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ABSTRACT

Signal transduction networks comprising protein-protein interactions (PPIs)
mediate homeostatic, diseased, and therapeutic cellular responses. Mapping these
networks has primarily focused on identifying interactors, but less is known about the
interaction affinity, rates of interaction or their regulation. To better understand the extent
of the annotated human interactome, | first examined > 2500 protein interactions within
the B cell receptor (BCR) signaling pathway using a current, cutting-edge
bioluminescence-based platform called “NanoBRET” that is capable of analyzing
transient and stable interactions in high throughput. Eighty-three percent (83%) of the
detected interactions have not been previously reported, indicating that much of the BCR
pathway is still unexplored. Unfortunately, NanoBRET, as with all other high throughput
methods, cannot determine binding kinetics or affinities. To address this shortcoming, |
developed a hybrid platform that characterizes > 400 PPIs quantitatively and
simultaneously in < 1 hour by combining the high throughput and flexible nature of
nucleic programmable protein arrays (NAPPA) with the quantitative abilities of surface
plasmon resonance imaging (SPRi). NAPPA-SPRi was then used to study the kinetics
and affinities of > 12,000 PPIs in the BCR signaling pathway, revealing unique kinetic
mechanisms that are employed by proteins, phosphorylation and activation states to
regulate PPIs. In one example, activation of the GTPase RAC1 with nonhydrolyzable
GTP-yS minimally affected its binding affinities with phosphorylated proteins but
increased, on average, its on- and off-rates by 4 orders of magnitude for one-third of its

interactions. In contrast, this phenomenon occurred with virtually all unphosphorylated



proteins. The majority of the interactions (85%) were novel, sharing 40% of the same
interactions as NanoBRET as well as detecting 55% more interactions than NanoBRET.
In addition, | further validated four novel interactions identified by NAPPA-SPRIi using
SDS-PAGE migration and Western blot analyses. In one case, we have the first evidence
of a direct enzyme-substrate interaction between two well-known proto-oncogenes that
are abnormally regulated in > 30% of cancers, PI3K and MYC. Herein, PI3K is
demonstrated to phosphorylate MY C at serine 62, a phosphosite that increases the
stability of MYC. This study provides valuable insight into how PPIs, phosphorylation,
and GTPase activation regulate the BCR signal transduction pathway. In addition, these
methods could be applied toward understanding other signaling pathways, pathogen-host

interactions, and the effect of protein mutations on protein interactions.
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Figure 55. Fluorescent analyses of tyrosine phosphorylation of slides incubated with 500
units of CIP and then LPP buffer or enzyme. False-colored gray-scale image where black

represents high phosphotyrosine level and white represents low phosphotyrosine level.

Figure 56. Percent of SYK serine phosphorylation remaining after de-phosphorylating the
array with the standard protocol or new protocol using 500 units of CIP for 1 incubation
and 2K units of LPP across 1 — 3 incubations. Error bars represent range across duplicate
] 010 TSRS 142
Figure 57. Percent of tyrosine phosphorylation remaining after de-phosphorylating the
array with the standard protocol or optimized protocol using 500 units of CIP for 1
incubation and 2K units of LPP across 3 inCUbations...........ccoccvvviinienienniencsee e 143
Figure 58. Tyrosine phosphorylation profile of target proteins is different between the
HeLa cell-free expression system and Ramose B cell lysate on HaloTag-based NAPPA,
as determined via fluorescent analyses using an anti-phosphotyrosine antibody. False-
colored rainbow-scale images representing level of phosphotyrosine. Images were
analyzed at the SAME SEIEINGS. .......viiiieee e 145
Figure 59. Fluorescent analyses of tyrosine phosphorylation of target proteins incubated
with Ramos B cell lysate from 0.5 — 5.0 hours at 30 °C. Data represents average raw
intensity value of duplicate spots referenced to MAP2K2 with no phosphorylated tyrosine
response on each array. Fluorescent images of VAV1 are in false-colored rainbow scale
where black/blue represents low phosphorylation and red represents high
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Figure 60. Equations of the Langmuir binding model assuming simple 1:1 protein
interaction. A = analyte or query. B = ligand or target protein immobilized on the array.
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DOE: design of experiment

dsRNA: double-stranded ribonucleic acid

EDC: 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride

EDTA: ethylenediaminetetraacetic acid

Fab: fragment antigen-binding

FDA: U.S. Food and Drug Administration

FPLC: fast purification liquid chromatography

FRET: fluorescence resonance energy transfer

GDI: guanosine nucleotide dissociation inhibitor

XXXiii



GEF: guanine nucleotide exchange factor

GO: Gene Ontology

GTP: guanosine triphosphate

GVHD: graft-versus-host disease
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NHL: Non-Hodgkin lymphoma

NHS: N-hydroxysuccinimide

NMR: nuclear magnetic resonance
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OFAAT: one factor at a time
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PBS: phosphate buffered saline
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RIU: refractive index units
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ROCK: rho associated coiled-coil containing protein kinase 1
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(in alphabetical order)
See also Appendix A
AKT1: AKT serine/threonine kinase 1
AKT2: AKT serine/threonine kinase 2
AKT3: AKT serine/threonine kinase 3
BAD: BCL2 associated agonist of cell death
BAFF: B cell activating factor
BCL10: B-cell CLL/lymphoma 10
BCL2: BCL2, apoptosis regulator
BCL2A1: BCL2-related protein Al
BCL2L1: BCL2-like 1
BCR-ABL (fusion gene): B cell receptor — Abelson tyrosine protein kinase 1
BLK: B lymphoid tyrosine kinase
BSA: bovine serum albumin
BTK: Bruton agammaglobulinemia tyrosine kinase
CARD11: caspase recruitment domain family, member 11
CD-SIGN: CD209 molecule (CD209)
CD19: CD19 molecule
CD21: Complement C3d receptor 2 (CR2)
CD22: CD22 molecule

CD72: CD72 molecule
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CD79A: CD79a molecule, immunoglobulin-associated alpha (IgA)
CD79B: CD79b molecule, immunoglobulin-associated beta (I1gB)
CD81: CD81 molecule

CDC42: cell division cycle 42

CDKNZ2A: cyclin-dependent kinase inhibitor 2A

CFTR: cystic fibrosis transmembrane conductance regulator
CHP-1: calcineurin life EF-hand protein 1

DAPP1: dual adaptor of phosphotyrosine and 3-phosphoinositides (Bam32)
EGFR: epidermal growth factor response 1

EGRL1.: early growth response 1

ER: estrogen receptor

ETS1: ETS proto-oncogene 1, transcription factor

EZR: ezrin (VIL2)

FCGR2B: Fc fragment of IgG, receptor I1b (CD32)

FGF: fibroblast growth factor

FLT3: Fms related tyrosine kinase 3

FOS: fos proto-oncogene, AP-1 transcription factor subunit
FOXO3A: forkhead box O3

GM-CSF: granulocyte macrophage-colony stimulation factor
GRAP2: GRB2-related adaptor protein 2

GRB2: growth factor receptor-bound protein 2

GSK3B: glycogen synthase kinase 3 beta
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GST: gluthione S-transferase

HPV2: human papillomavirus 2

HPV4: human papillomavirus 4

HRAS: HRas proto-oncogene, GTPase

IFITM1: interferon induced transmembrane protein 1

IKBKA: conserved helix-loop-helix ubiquitous kinase (CHUK)
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INPP5D: inositol polyphosphate-5-phosphatase (SHIP1)
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KRAS: KRas proto-oncogene, GTPase

LAT?2: linker for activation of T cells family, member 2
LILRB3: leukocyte immunoglobulin-like receptor B3 (PIRB)
LIME1: Lck interacting transmembrane adaptor 1

LYN: LYN proto-oncogene, Src family tyrosine kinase
MALT1: MALT1 paracaspase

MAP2K1: mitogen-activated protein kinase kinase 1
MAP2K2: mitogen-activated protein kinase kinase 2
MAP2K3: mitogen-activated protein kinase kinase 3

MAPKZ1: mitogen-activated protein kinase 1 (ERK2)

MAPKS3: mitogen-activated protein kinase 3 (ERK1)
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MAPKS8: mitogen-activated protein kinase 8 (JNK1)

MAPKQ9: mitogen-activated protein kinase 9 (JNK2)

MAPKZ12: mitogen-activated protein kinase 12 (p38 gamma)
MAPK13: mitogen-activated protein kinase 13 (p38 delta)
MAPK14: mitogen-activated protein kinase 14 (p38 alpha)
MDM2: MDM2 proto-oncogene

MY C: v-myc myelocytomatosis viral oncogene homolog
NCKZ1: NCK adaptor protein 1

NCKAP1L: NCK-associated protein 1-like

NFATS: nuclear factor of activated T cells 5

NFATC1: nuclear factor of activated T cells 1

NFATCS: nuclear factor of activated T cells 3

NFATCA4: nuclear factor of activated T cells 4

NFKB1: nuclear factor of kappa B subunit 1 (p105)

NFKBIA: NFKB inhibitor alpha

NFKBIB: NFKB inhibitor beta

NFKBIE: NFKB inhibitor epsilon

NOD2: nucleotide binding oligomerization domain containing 2
NRAS: neuroblastoma RAS viral oncogene homolog
PIK3AP1: phosphoinositide-3-kinase adaptor protein 1 (BCAP)
PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha

PIK3CB: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit beta
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PIK3CD: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit delta
PIK3CG: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit gamma
PIK3R1: phosphoinositide-3-kinase, regulatory subunit 1

PIK3R2: phosphoinositide-3-kinase, regulatory subunit 2

PIK3R3: phosphoinositide-3-kinase, regulatory subunit 3

PIK3R5: phosphoinositide-3-kinase, regulatory subunit 5

PLCG2: phospholipase C, gamma 2

PPP3CA: protein phosphatase 3, catalytic subunit, alpha

PPP3CB: protein phosphatase 3, catalytic subunit, beta

PPP3CC: protein phosphatase 3, catalytic subunit, gamma

PPP3R1: protein phosphatase 3, regulatory subunit B, alpha

PPP3R2: protein phosphatase 3, regulatory subunit B, beta

PRKCA: protein kinase C, alpha

PRKCB: protein kinase C, beta

PTEN: phosphatase and tensin homolog

PTPNG: protein tyrosine phosphatase, non-receptor type 6 (SHP1)

RAC1: ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding protein
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RAC?2: ras-related C3 botulinum toxin substrate 2 (rho family, small GTP binding protein
Rac2)

RAC3: ras-related C3 botulinum toxin substrate 3 (rho family, small GTP binding protein

Rac3)
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VEGF: vascular endothelial growth factor
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PREFACE

A comprehensive understanding of the dynamic and complex signaling networks
within cells remains one of the grand challenges in the pursuit for precision medicine. In
regards to cancer, therapy resistance and disease recurrence largely occur through
multiple, yet interconnected pathways that help the diseased cell(s) to evade treatment,
the immune response, and normal physiological cell-death signals. The identification of
the key proteins involved in pathway crosstalk or driving disease progression and therapy
resistance will no doubt aid in creating targeted and combinatorial therapy approaches
that will be more effective than current treatments. For sure, the successful story of
imatinib mesylate, sold under the trade name of “Gleevec,” in treating chronic
myelogenous leukemia (CML) by specifically targeting the BCR-ABL protein
underscores the potential impact of understanding diseases at the molecular level.
Combinatorial therapy has been repeatedly proven to be more effective than single-drug
cancer treatment over the last five decades. For instance, the FLT3 tyrosine kinase with
an internal tandem duplication mutation (FLT3-1TD) results in constitutive activation of
the kinase and, subsequently, acute myeloid leukemia (AML). The small-molecule drug
sorafenib in combination with chemotherapy was recently shown in a phase Il clinical
trial to increase the 1-year survival rate in older AML-FLT3-ITD patients than standard
chemotherapy alone (Uy et al., 2015).

Given the importance of protein-protein interactions (PPIs), it is surprising that
their binding kinetics and affinities have been studied only minimally. Numerous

techniques, which are discussed in more detail in Chapter 1, have been developed to
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study PPIs. However, many of them rely on stable interactions even though protein
interactions are known to occur over a wide range of affinities (i.e., strengths) and
Kinetics (i.e., rates). Moreover, none of the available approaches can assess unique
binding events quantitatively in a high throughput manner, thus resulting in a paucity of
affinity and kinetic information. The B cell receptor (BCR) signaling pathway, for
example, is considered to be one of the most well understood pathways, involving > 100
proteins and potentially > 21% interactions, yet most of its interactions have been studied
using classic equilibrium-based assays and only 12 protein interactions have been
characterized quantitatively.

Scientists and mathematicians have proposed that models, built from large-scale
binding affinity information and protein abundance data, could improve our
understanding of signaling pathways and allow prediction of cellular outcomes. Such
models would rely on sufficient data about the participants in the pathways, their
abundance, and their interaction characteristics to be accurate. | chose to study the BCR
pathway because it was already well studied, still had room for additional discovery and
because my collaborators were studying other aspects of the pathway that eventually
would strengthen our model. I first studied the BCR signaling pathway using an
equilibrium assay, albeit a modern one with the potential to detect some transient
interactions. | then developed an entirely new methodology that could detect even more
interactions (including weak ones) and which would provide kinetic data on interaction

rates.
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In this thesis, > 2500 protein interactions of the BCR signaling pathway were first
examined using a current, cutting edge technology in which transient and stable
interactions can be detected in high throughput. Seventy-two known and 401 previously
unreported protein interactions were identified, highlighting the fact that the BCR
pathway — and the human interactome — remain largely unexplored. Just like other high
throughput protein interaction methods, however, the binding rates and affinities of these
interactions could not be characterized. To address this need, this thesis describes how a
high throughput protein microarray platform was combined with a traditionally low
throughput technique capable of studying binding events in real-time to analyze > 400
protein interactions in less than an hour. The hybrid “NAPPA-SPRIi” technology then
studied > 12,000 PPIs within the BCR signaling pathway under different protein
activation and phosphorylation states. An initial steady state model of the B cell is
currently being built from kinetic and protein abundance data obtained from NAPPA-
SPRi and mass spectrometry, respectively. This project represents the first high
throughput, quantitative analyses of protein-protein interactions for any signaling
pathway.

In Chapter 1, the history of how protein-protein interactions were conceptualized
is examined. Chapter 2 focuses on the current techniques to study PPIs and reviews what
is known about the BCR signaling pathway. Chapter 3 contains the qualitative analyses
of > 2500 protein interactions in the BCR signaling pathway as determined by a high
throughput bioluminescence-based approach. Chapters 4 — 7 cover the development of

the technology, methodology, and software, respectively, regarding NAPPA-SPRI
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applications and analyses. Chapter 8 contains the quantitative analyses of the PPIs in the
BCR signaling pathway by NAPPA-SPRI. The data are also discussed in the context of
biology — for example, what is the biological purpose of increasing the on-rate for a
particular PP1? Finally, in Chapter 9, a description of how the NAPPA-SPRI data can be
incorporated into a steady state model of B cell response and a perspective on the

potential uses and impact of NAPPA-SPRI are given
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CHAPTER 1
1 PROTEIN-PROTEIN INTERACTIONS
1.1 History of protein-protein interactions: from solitary molecules to protein networks

External stimuli are transmitted through the membrane by cell surface receptors,
and then propagated through the cell via protein-protein interactions to elicit specific
cellular responses. Disruptions to normal signaling from aberrant proteins (e.g., from
mutation or altered expression) or chemicals can therefore initiate disease (Gonzalez &
Kann, 2012). However, protein interactions in homeostasis and disease were not
appreciated until the mid- to late-20™" century.

Prior to the 1940s, proteins were largely considered to be solitary molecules
without much function. Then, following the discovery that myosin B, a protein that had
been studied for nearly a century, was actually a complex of myosin and actin, physical
associations between proteins were observed with increasing frequency (Braun &
Gingras, 2012). Proteins’ three-dimensional structures and their effect on interactions
also became of interest. The first signal transduction pathway, which happened to also be
a kinase cascade, was identified in 1968 during a time when phosphoproteins were
believed to be “biologically inert and (...) uninteresting.” The Krebs laboratory showed
that protein kinase A activated phosphorylase kinase in response to increases in cyclic
AMP. The activation of phosphorylase kinase via phosphorylation was proven a year
later. In the 1970s and 1980s, protein interactions became widely recognized as essential
for most cellular responses following studies that showed their roles in homeostasis and

disease, like the cell cycle and cancer. In 1990, the src homology domain (SH2)



preferentically interacted with phosphorylated proteins, providing proof that specific
domains mediate interactions with post translational modifications. It also suggested that
dynamic protein interactions may occur more often than originally believed. Within a
decade, low throughput technologies became commercially available that could
characterize the interaction strengths and the rates at which the proteins bound and
unbound, like surface plasmon resonance and isothermal titration calorimetry (see
Chapters 1.3 and 4.1.2). High throughput studies using yeast-2-hybrid and affinity
purification mass spectrometry constructed the first large-scale maps of the interactome
in the early 2000s. These data provided insights into the structural organization of protein
networks as well as assigning biological function(s) to unknown proteins unveiled by the
Human Genome Project.

The importance of understanding signaling pathways was underscored in 2001
with the first U.S. Food and Drug Administration (FDA)-approved small molecule
“targeted therapy” kinase inhibitor, “Gleevec,” to treat chronic myelogenous leukemia
(CML) (Kurzrock & Markman, 2008). Gleevec, also known as imatinib mesylate, was
specifically designed to
bind and block the activity

of a fusion kinase, BCR-

ABL, since the active form

- - = - ——

results in unchecked cell
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Gleevec increased the percentage of complete cytogenetic responses in chronic phase
CML patients from 5% - 25% to 50 — 60%. Further understanding of CML’s initial or
eventual tumor resistance to Gleevec has led to the development of more powerful kinase
inhibitors, including dasatinib, nilotinib, and bosutinib. Within 10 years of Gleevec’s
release, drugs targeting the epidermal growth factor receptor (EGFR), vascular
endothelial growth factor (VEGF), and the proteasome became available to treat
advanced non-small cell lung cancer, kidney and some gastrointestinal stromal tumors,

and multiple myeloma, respectively.

1.2 Current understanding of protein-protein interactions

The human genome contains ~ 20,000 — 25,000 protein-coding genes that result in
> 2 million protein species due to post-transcriptional alterations, mutations, and post
translational modifications (PTMs) (Ponomarenko et al., 2016). Histone H4 alone, with
combinations of its twenty PTMs, could represent > 3 million protein species with
different protein interactions and functions (Phanstiel et al., 2008). The physical

interactions between the
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Figure 2. Signaling pathways can converge, diverge, and crosstalk with
each other.
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nucleus and eliciting a specific cellular phenotype(s) (e.g., proliferation, apoptosis).
However, signal transduction via these protein-protein interactions (PPIs) is much more
complex and interconnected where the pathways converge, diverge, and crosstalk with
each other (Figure 2) (Karp & Patton, 2013). Convergence is when two or more different
pathways result in the same molecular or cellular response. Divergence is when multiple
signaling pathways are activated from a single stimulus. Crosstalk occurs when proteins
are involved in more than one signaling pathway. Signaling cascades can be driven by a
small number of proteins called “driver nodes.” Thus, charting PPIs in homeostasis and
disease would have a significant impact on medicine by identifying potential
pharmacological targets. One of these targets, for example, could be a driver node that
enables “disease crosstalk.” Moreover, an in-depth understanding of how signaling
pathways crosstalk with each other — and ultimately cause treatment resistance — will be
fundamental in designing more effective combinational therapies based on the unique
profile of the disease or patient.

Despite its importance, a complete PPI map of any species has proven to be a
daunting task. The human proteome network, for instance, contains an estimated ~
650,000 PPIs (Stumpf et al., 2008), with 49% of these estimated PPIs annotated in the
Biological General Repository for Interaction Datasets (BioGRID) interaction database
(Stark et al., 2006)(319,419 unique physical and genetic human PPIs; BioGRID database
statistics 2018). It is probable that the coverage is much less since the PPI estimate does
not take into account multiple splice variants and is based on experiments that are

uninformative and inherently biased toward stable PPIs and scientific interests. For



example, equilibrium-based assays, which are commonly employed to study protein
interactions, generally detect interactions with high binding affinities. Many experiments
focus on studying arbitrary subsets of proteins that are known to be involved in disease,
in a process that can be tautological. Moreover, very few studies fully annotate the PTMs
of the proteins involved and detection methods are biased toward detecting highly
abundant proteins. These reasons likely contribute to the notoriously small overlap across
interaction datasets. A comparison of high throughput yeast interactions, for instance,
revealed that only 14% of the detected PPIs were identified across different studies and
methods (Reguly et al., 2006). Two independent large-scale yeast-2-hybrid screens using
the same method had < 30% overlap (Ito et al., 2001).

Whether and how proteins physically interact with each other can be affected by
numerous factors; for example, amino acid mutations, truncations, PTMs, co-regulators,
intracellular location, viscosity, protein abundance, available domains, viruses, and
conformation. Given the numerous aspects that can affect PPIs, it should come as no
surprise that alterations to these finely-tuned protein signaling networks can lead to
disease, including Huntington’s disease, Von Hippel-Lindau syndrome, cystic fibrosis,
Alzheimer’s disease, and cervical cancer (Gonzalez & Kann, 2012). In autosomal
recessive Cystic fibrosis, a mutant CFTR gene results in an amino acid deletion in the
middle of the translated protein that renders it non-functional, resulting in the inability of
sodium and chloride molecules to be transported across membranes (Mall & Galietta,
2015). Amino acid substitutions in the NOD2 protein result in a 2- or 40-fold risk

increase for acquiring Crohn’s disease depending on whether the person is heterozygous



or homozygous for the mutations, respectively (King et al., 2006). The mutations occur in
regions responsible for detecting bacteria and NF-«xB signaling. Estrogen (ER)-positive
breast cancers are treated with a small molecule drug Tamoxifen. However, not all ER-
positive breast cancer patients respond similarly to the drug. For example, the
phosphorylation of ERa at serine residue 118 results in a better clinical outcome when
using Tamoxifen than the unphosphorylated form (de Leeuw, Neefjes, & Michalides,
2011). On the other hand, breast cancer patients with serine phosphorylation at amino
acid residue 305 of ERa do not respond to Tamoxifen. Finally, viral proteins can interact
with endogenous proteins and alter homeostatic signaling networks. Human
papillomavirus (HPV) increases the risk for developing cervical cancer because it
encodes for E6 and E7 proteins, which bind to and inactivate the tumor suppressor
protein TP53 (Yim & Park, 2005).

Bi-molecular interactions are described using the equation A + B <> AB where A
and B represent two different proteins while AB represents the resulting complex
(Goodrich & Kugel, 2007). The binding affinity, also known as the dissociation constant
Kb, is generally described as the fraction of unbound proteins to bound proteins (i.e.,
[A][B]J/[AB]) at equilibrium. Lower dissociation constants refer to protein interactions
that strongly favor binding, resulting in most of the A and B proteins in the bound state at

equilibrium (i.e., high binding affinity).
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be further used to determine the strength of the interaction (i.e., affinity). Thus, Kp can
also be represented by the dissociation rate, kq, divided by the association rate, Ka.
Therefore, quantitative analyses of protein interactions can reveal whether the interaction
is stable or transient, which has dissociations constants in the pM-nM and pM range,
respectively. It is possible that protein interactions may have the same binding affinity
but have different on- and off-rates as long as the changes to the binding rates are
proportional (Figure 3). This raises the question about whether protein interactions are
regulated at the level of binding strength (proportion of molecules bound at equilibrium;
Kb), binding rates or both. To date, many more binding affinities have been collected
than the on- and off-rates, which is largely due to two reasons. First, there are more
available methods that can measure or estimate binding affinities than methods that can
determine binding kinetics (see next section, Chapter 1.3). Second, it has been assumed

that reasonable estimates of off-rates can be determined from the binding affinities

because the on-rates for most proteins are believed to occur within a narrow range of 10°



to 10’ M*s due to diffusion and protein size (Pollard, 2010). As such, the dissociation

rate is often regarded as the main factor that determines binding affinity.

1.3 Current methods for studying protein-protein interactions

Protein-protein interactions can be predicted and studied using in silico
approaches (Gonzalez & Kann, 2012; Wetie et al., 2014). The first step toward computer
modeling of PPlIs is to obtain structural information about the proteins-of-interest (POISs)
since protein conformation can drastically affect whether and how a protein can interact
with another protein (or other molecule). Protein structure can be obtained from
databases using experimentally-produced data like Protein Data Bank or simulated using
homology modeling (e.g., SwissModel, M4T, Modeller), de novo modeling (e.g., I-
TASSER, Phre2), or threading (e.g., NovaFold, I-TASSER). The second step relies on
virtual analyses of the structures and, sometimes, how the proteins behave over time
and/or in various environments. The third and final step of in silico analyses is the
calculation of the thermodynamics of protein complexes based on protein orientation and
binding epitope(s). This information can help predict the likelihood that two proteins will
interact with each other and, if so, where and when they are most likely to bind.

Numerous “wet lab” methods have been developed to study PPIs, yet very few
provide quantitative (i.e., kinetic, affinity) information in a high throughput way
(Gonzalez & Kann, 2012; Meyerkord & Fu, 2015; Wetie et al., 2014; Zhou, Li, & Wang,
2016). For example, commonly employed low throughput and qualitative methods

include fluorescence gel retardation assay, far-Western blot, X-ray crystallography, and



Table 1. Capabilities of the most common methods for analyzing protein interactions

. Binding . .
Method High kinetics and Transient Stable (.:DI'IEEI'ItrEltIDI'I-
throughput . PPIs PPIs  independent*
affinities
2-hybrid b
Affinity capillary electrophoresis pd X b X
Circular dichroism X X X X
Far-Western blot X X
Fluorescence gel retardation assay X X
Fluorescence polarization assay X X X X
FRET/BRET Possible X X Possible

Isothermal titration calorimetry X X X X

Mass spectrometry X Possible Possible X
MAPPA-SPRI X X X X X
NMR X X X X

Phage display X X
Protein microarrays X Possible X X

Pull-down assays b X
SPR bt X X X
SPRi Possible X X X X
X-ray crystallography X X

Mote: This summary does not consider the use of cross-linking.
¥ Detection methods in in wivo systems often depends on protein concentration

fluorescence resonance energy transfer (FRET)(Table 1). A fluorescence gel retardation
assay applies potential complexes-of-interest to an SDS-PAGE gel; any resulting PPIs are
identified by a shift in their gel migration when compared to the shift of single proteins.
In far-Western blots, proteins separated via gel and transferred onto a membrane are
probed with a labeled query protein, which is then used to determine its interaction
partners. X-ray crystallography studies protein-protein structures by measuring the X-ray
diffraction pattern of the crystallized complex. FRET employs chromophore-attached
POls that fluoresce at a different wavelength when they are in very close proximity to

each other; FRET measures this change in fluorescence to detect interactions.



Bioluminescence resonance energy transfer (BRET) measures the change in emitted
fluorescence where the resonance energy donor species is a luciferase.

High throughput qualitative methods for characterizing PPIs include phage
display, mass spectrometry, 2-hybrid, protein microarrays, pull-down assays (e.g., co-
immunoprecitation), and FRET\BRET. In phage display, a POl is displayed on a
bacteriophage and then screened against other proteins. Mass spectrometry can identify
PPIs in a couple of ways: it can ascertain which proteins are in a pull-down assay and
analyze the contact areas of interacting proteins that are protected from proteolytic
cleavage. 2-hybrid approaches identify PPIs by fusing one part of a transcription factor to
a bait protein and the other part to a prey protein. If the proteins interact with each other,
the transcription factor can bind to and initiate the transcription of a reporter gene. The 2-
hybrid approach, however, has high false positive and negative rates that are estimated to
be 50 — 70% and 43 — 90%, respectively (Deane, Salwinski, Xenarios, & Eisenberg,
2002; Huang & Bader, 2009). Protein interactions can be studied using protein
microarrays by incubating the array with a known POI fused to a detectable tag. After
washing off non-bound proteins, the tag location is determined and, since the address of
each arrayed protein is known, the corresponding protein partner on the array can be
identified. Pull-down assays extract a bait protein-of-interest (primarily via an antibody)
along with its interacting proteins from solution. Since they isolate protein interaction
complexes, the identified proteins may not interact directly but can bind through one or
more bridging proteins. Without the use of chemical cross-linking (explained in more

detail on page 12), pull-down assays also require the protein interactions to be stable
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enough to withstand the washes prior to sample elution. In FRET and BRET, the POIs
have fluorophore or luciferase tags, respectively, that will emit at a specific wavelength
when a PPI occurs. More specific detail about FRET and BRET is on page 37.

Protein microarrays detect PPIs in a concentration-independent manner unlike in
vivo methods that are biased toward detecting highly abundant proteins. Detecting
interactions in a concentration-independent manner is advantageous because protein
microarrays can 1) identify interactions between low abundance proteins that may
significantly affect cellular responses, and 2) offer an unbiased detection of PPIs
regardless of cellular state since the amount of proteins can be drastically different across
conditions. While protein microarrays are primarily utilized for detecting strong PPIs
(i.e., antigen-antibody interactions), transient interactions can be detected with protein
microarrays in an indirect fashion. For example, protein targets of AMPylators can be
determined by incubating an array with an AMPylator and N°pATP, and then identifying
the location of the N®pATP (X. B. Yu & LaBaer, 2015). Reviews of the different types of
protein microarrays in which | am first co-author include “Advancing translational
research with next-generation protein microarrays” and “Advances in cell-free protein
array methods” (X. Yu, Petritis, Duan, Xu, & LaBaer, 2018; X. B. Yu, Petritis, &
LaBaer, 2016). | also co-authored a manuscript entitled “Multiplexed Nucleic Acid
Programmable Protein Arrays” (X. B. Yu et al., 2017). This article describes a
modification to Nucleic Acid Programmable Protein Arrays, or NAPPA (see also Chapter
4.1.1), where as many as five different proteins are displayed in one feature for high

throughput, cost-effective biomarker screening and discovery.
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Chemical cross-linking essentially “freezes” a PPI, thus allowing the detection of
both stable and transient interactions by SDS-PAGE, in-gel digestion, and shotgun liquid
chromatography mass spectrometry (Tang & Bruce, 2009). The reactive groups on the
cross-linker act as a covalent bridge between interacting proteins. Numerous cross-linkers
are available, although all of them have two or more reactive groups separated by a
spacer, which may or may not be cleavable. Unfortunately, this approach has its
disadvantages (Bruce, 2012). Most cross-linkers are lysine-reactive, which can be
problematic for mass spectrometry analyses where the proteins are usually digested by
the protease, trypsin, that also cuts at lysine residues (Holding, 2015). The identification
of the protein partners during mass spectrometry analyses is challenging due to the
additional mass of the cross-linker and a fragmentation spectrum that contains product
ions from both peptides. Cross-linkers will covalently bind to anything within their reach,
which means that proteins that are in close proximity, but not necessarily in contact with
each other, will be crosslinked to each other. Finally, the binding rates or affinities cannot
be determined with cross-linked protein complexes. The false detection rate for chemical
cross-linking is unknown, but nonspecific binding of proteins to the crosslinked
complexes during sample processing or to the stationary phase used for protein
purification have been documented. Stringent washing during the enrichment procedure
and utilization of short cross-linkers is assumed to decrease the number of non-
crosslinked and nonspecific interactions that are identified, respectively.

The most common low throughput and quantitative (i.e., affinity, kinetics)

methods for PPI analyses include circular dichroism (CD), surface plasmon resonance
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(SPR), isothermal titration calorimetry (ITC), nuclear magnetic resonance (NMR),
affinity capillary electrophoresis (ACE), and fluorescence polarization assay. CD detects
changes in the far ultraviolent spectra to quantify PPIs since the changes are proportional
to the number of protein-protein complexes that are formed. Interactions between
unlabeled proteins can be quantitatively observed with SPR, which detects refractive
index changes at the surface of a gold-coated slide that occur during interactions. ITC
measures the change in temperature following the step-wise addition of a prey protein to
a bait protein since thermodynamically-favored protein interactions will release heat.
Using a strong magnetic field, NMR can provide structural information of protein
interaction contacts by observing the proton resonance frequencies of the proteins. ACE
measures changes in electrophoretic mobility that occur upon the formation of protein
complexes to determine the general strength (not rate) of the interaction. Moreover, ACE
requires minimal sample amounts and each binding event can be analyzed within two
minutes. Affinity information can be obtained with a fluorescence polarization assay by
an increase in fluorescence polarization, which occurs when a green fluorescent protein
(GFP)-fused protein binds to another protein. Notably, both FRET and mass spectrometry
can also be used to determine dissociation constants of PPIs, but they are not commonly
used and are low throughput in regards to the number of unique protein interactions that
be analyzed at one time.

There is no high throughput, quantitative method for analyzing PPIs. However, a
few quantitative platforms could be adapted to large-scale studies of PPIs, such as ACE

and an array format SPR technology called SPR imaging (SPRi). Unfortunately, the
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throughput capability of these methods has not been appropriately tested because of their
reliance on purified proteins, which is a labor- and time-intensive process (see also page
67). Herein, | describe how | combined a protein microarray technology called NAPPA
that doesn’t require purified proteins with SPRi to create a high throughput, quantitative
platform for analyzing > 400 PPIs in less than an hour. Both stable and transient PPIs are
detected in real-time, and their corresponding kinetics (i.e., ka, kq) and affinities (i.e., Kp)
are determined. Table 1 compares the attributes of NAPPA-SPRi with the
aforementioned methods for analyzing PPIs. More detail about the disadvantages of
protein purification and the methodology of this “cell-free” protein microarray is
provided on page 67. A detailed description and comparison of SPR and SPRi is on page

75.

1.4 Modeling signaling pathways and cells

Over the past twenty years, the human interactome has grown from a handful of
protein interactions to a staggering 319,419 unique physical and genetic protein
interactions (Stark et al., 2006). These data provide, for the first time, a remarkable
opportunity to understand how the thousands of interconnecting molecular gears regulate
homeostasis, disease, and therapeutic response. However, they also emphasize the need
for a computational model that can identify proteins that are essential in signaling and
predict cellular response(s) from large-scale, complex data. An accurate cell model could
pinpoint attractive drug targets as well as determine the molecular events underlying

disease initiation and progression.

14



Cell or protein signaling models are generally built in four steps (Henrigues,
Villaverde, Rocha, Saez-Rodriguez, & Banga, 2017; Sachs, Perez, Pe'er, Lauffenburger,
& Nolan, 2005a; Saez-Rodriguez et al., 2011). First, reported protein interactions in
literature and databases are curated. The modeler selects the type of information with
which to work. For example, only protein interactions with directional binding may be
retained for further analyses. Second, a scaffold model is constructed, which often relies
on ON/OFF or AND/IF/THEN logic gates. An example of a logic gate is “IF protein A is
active AND protein B is active, THEN protein C is active.” The number of scaffold
models can be extraordinary large. In one case in which there were 78 proteins with 112
known interactions, 10% scaffold models were built. An advantage of scaffold models is
that potential proteins-of-interest for perturbation experiments can be identified. Third,
cells are exposed to various conditions and their responses annotated. Finally, the
scaffold models are trained using these in vitro experiments to accurately represent the
data. In other words, models are assembled, in part, by reverse engineering. Modelers
may not follow all of the aforementioned steps; instead, some models have been built
using only in vitro perturbation experiments.

The disadvantage of current cell models is that they are essentially “black boxes,”
providing little insight into molecular mechanisms taking place inside the cell. Another
important consideration is that models are only as good as the experimental data on
which they’re built. Unfortunately, as Chapter 1.3 discusses, current experimental data
are biased in numerous ways. Proteins associated with disease are studied much more

than proteins with unknown or poorly understood functions. Detection methods are
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biased toward identifying stable interactions involving highly abundant proteins.
Moreover, very little kinetic and affinity information has been determined, which is
primarily due to low throughput methods for analyzing the binding rates and strengths
(Heinrich, Neel, & Rapoport, 2002). As such, modelers are forced to build algorithms
from qualitative-based data, resulting in “best guess” approximations that could miss
individual, yet critical binding kinetics that regulate signaling. Calculated kinetics guided
by cellular responses may be misassigned to particular signaling components or diluted
across multiple proteins. An example in which binding kinetics have been experimentally
determined but would likely be overlooked in a signaling model is actin polymerization.
GTPases CDC42 and TC10 share 70% homology to each other, but only CDC42 can
stimulate actin polymerization (Ou, Matthews, Pang, & Zhou, 2017; Schreiber, Haran, &
Zhou, 2009). This is because CDC42 binds to WASp 1000-fold faster than TC10.
Modelers, therefore, are working with incomplete, biased networks with little
understanding of the temporal regulation of signaling.

Models built from experimentally-produced kinetic and affinity data would have
distinct advantages over current models. The cellular effect of converging signals could
be determined since the different on-rates of competitive binders would be known.
Likewise, the binding kinetics would be used to ascertain the relative effects of divergent
signals. Signal duration and the relative availability of proteins to interact could be
calculated. Altered binding kinetics from protein mutations could be easily incorporated.
Proteins that were not previously known to be essential in homeostasis, disease, and

therapeutic responses would be more accurately identified. By using experimentally-
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produced binding kinetics and affinities, models would not be “black boxes” built from
best guesses and approximations, but a virtual computer chip reflecting the true
molecular mechanisms taking place within a cell. An accurate cell model would likely
have the biggest effect on the pharmaceutical industry. Drug pipelines would be
streamlined since drug targets-of-interest with predictable responses could be identified,

thereby increasing the number of approved drugs for public use in less time.
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CHAPTER 2
2 BCELLS AND THE B CELL RECEPTOR SIGNALING PATHWAY
2.1 Introduction

In this thesis, the protein interactions in the B cell receptor (BCR) signaling
pathway were examined in detail. The BCR pathway was chosen as the focus of this
study for several reasons. First, the BCR pathway has relevance in homeostasis and
disease. It regulates B cell maturation, VDJ recombination, antibody production,
proliferation, cell survival, somatic hypermutation, class switching, germinal center
formation, and antigen presentation. Disruptions to normal BCR signaling can lead to
immunodeficiencies, autoimmunity, graft-versus-host disease, and cancer. Second, my
collaborators were also studying B cells and the BCR pathway using flow cytometry and
mass spectrometry. Since our long-term objective is to build an accurate, predictive
virtual cell model, their results could complement my data and strengthen our model.
Third, as one of the more well understood signaling pathways, the BCR signaling
pathway provided a backdrop in which to compare the data collected here. Finally, the
current map of the protein interactions and their temporal regulation in the BCR pathway
remains incomplete. Approximately 80% of the protein interactions have been
determined using co-immunoprecipitation techniques, which are notorious for identifying
only stable complexes. Moreover, protein partners identified with co-affinity methods
may not interact directly with the target-of-interest, but through a bridging protein. The
BCR signaling pathway includes > 100 proteins and possibly > 21% interactions, yet only

12 interactions have been characterized quantitatively (Table 2). These data were
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obtained with a literature searching algorithm written by Dr. Parag Mallick of Stanford

University.

Table 2. Documented binding affinities of protein interactions in the BCR signaling pathway

Interactor A ID Interactor A name* Interactor B ID Interactor B name* KD, hinding affinity (M) Detection method**  PubMed IL}{s)

uniprotkh: QEWWVIE BLME uniprotkh: PAZ93 GREZ 2.00E-05, 6.00E-04 ITC 16912232, 16912232
uniprotkbh:P31994 FCGRZB uniprotkb:JR2E35 I[NPP5SD 4.70E-07 SPR 24642916
4.5E-08, 1.2E-04,
uniprotkh: PO1100 FOS uniprotlth PO5412 JUN 7.90E-07, 2.66E-05, ITC 21199371
1.27E-06, 6.90E-03
uniprotkh: 089100 GRAP2 uniprotih: QFWVIE BLMNE ITC 12773574
uniprotkb PA2993 GRE2 uniprotkh: P23 GRE2 6. 60E-07, 6.00E-07 MaT 22720438
. . 3.90E-05, 1.17E-04,
uniprotkh 2993 GRE2 uniprothkb: Q07580 2081 5.60E-05, 5 20E-05 ITC 19323566
uniprothch: JEBTIY PIK3CB uniprotlth: PAITEE CDC42 2.90E-06 ITC 23706742
uniprotkh: JEBTIY PIK3CE uniprotkhi)61411 HEASZ 271E-06 ITC 23706742
uniprotkh: QB TIY PIK3ICE uniprotkh: PA3001 RaCl 1.47E-06 ITC 23706742

8.00E-08, 1.23E-06,
7.50E-06, 3.00E-07,

uniprotikh: QSEBHI RASEFS uniprotkh: PO1112 HEAS 7.50E-06, 5.70E-08, Fluorescent assay 18596699
1.91E-05, 5.00E-07,
3.50E-06
uniprotih: Q04207 RELA uniprotkh:015111 IKBK A 6.20E-11 PR 21056033
uniprotkh: Q04207 RELA uniprotkh: P25799 NFEB1 6.20E-11 SPR 21056033
uniprotlh: Q07589 2081 uniprotlkh: P62993 GREBE2 1.25E-04 ITC 19323566

* Only proteins analyzed with NanoBRET and NAPPA-SPR1 in this thesis
** Tsathermal calonimetry, ITC; surface plasmon resonance, SPR; microscale thermophorests, MET

2.2 B cells in homeostasis

Our body’s ability to protect itself from infection and disease is made possible by
the immune system, a multi-layered defense strategy that includes physical, chemical,
and biological barriers; signaling molecules and proteins; and white blood cells (Alberts,
2015; Murphy & Weaver, 2016). As the only cells that produce antibodies, B cells are an
essential part of the adaptive (or acquired) immune response, which recognize and mark
specific pathogens for destruction. B cells are also antigen presenting cells (APCs), which
internalize antigens, process them into fragments that are typically 8 — 11 amino acids in
length, and then present them on their surface through class | and class Il MHC proteins

to activate T cells.
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B cells are born in the bone marrow, arising from multipotential progenitor cells.
From this point on, their purpose in life is to assist in adaptive immunity as an APC and
by making specific and sensitive antibodies to non-self antigens. Late pro-B-cells in the
bone marrow undergo a process called VDJ recombination in which the gene segments
V, D, and J of the immunoglobulin heavy chain locus are rearranged to create the unique
B cell receptor on the cell surface and, later, the secreted antibodies (Alberts, 2015). High
antibody diversity is the result of recombining > 8500 VVDJ gene segments and its
associated “junctional diversification,” where nucleotides are lost or added during
segment joining. Thus, > 10*? different antibodies could be produced in the human body!

Pre-B cells are not immediately released from the bone marrow upon assembly.
Instead, they are exposed to a constellation of self-antigens. This “central tolerance” test
is extremely important since release of self-reactive B cells would result in autoimmune
disease, in which the immune system attacks normal host cells and tissues. B cells that
react to self-antigens become unresponsive or die through apoptosis. Other B cells
undergo receptor editing so that they no longer bind to self-antigens.

B cells that do not bind to self-antigens in the cellular environment of the bone
marrow are transported to the central sinusoids, where they then enter into circulation as
IgM* immature B cells. They then migrate to secondary lymphoid tissues like the spleen,
lymph nodes, and Peyer’s patches where they are considered to be “transition” B cells. It
is in the circulation and secondary lymphoid tissues where B cells bind to their specific
antigen and become activated mature B cells. A subset of B cells become antibody-

producing plasma cells in situ, of which 90% will undergo apoptosis after 2 — 3 days.
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Some activated B cells, however, will migrate to secondary lymphoid tissues, where they
will stimulate the formation of B cell islands called germinal centers.

Within the germinal center, the B cell rapidly proliferates and becomes a
centroblast that undergoes somatic hypermutation where nucleotide substitutions are
made in the variable region in an attempt to make a more sensitive antibody. However,
many of these changes are unfavorable and will result in cell death. If the changes to the
variable region are favorable, the centrocyte will receive signals in the form of released
cytokines from follicular dendritic cells and T follicular helper cells to promote B cell
survival, stimulate class switch recombination (e.g., IgM to 1gG), and differentiation into
an antibody-producing machine called a plasma cell. In immature B cells, the antigen
receptors are low-affinity IgM and IgD immunoglobulins. Upon class switch
recombination, B cells may also express high-affinity 19G, IgA, or IgE antibodies.

The “primary response” following the first exposure of a B cell to its specific
antigen is weak and brief. The lag phase between antigen exposure and antibody
production is, on average, 7 — 10 days (Institute of Medicine (U.S.). Committee to
Review Adverse Effects of VVaccines. & Stratton, 2012). However, this phase can be
shorter, or as long as weeks to months. The antibodies that are produced are
predominately low-affinity IgM, with low levels that quickly fade.

Not all centrocytes differentiate into antibody-secreting plasma cells. Some
centrocytes are transformed into quiescent, memory B cells that are essential in long-term
immunity. During repeat exposure to the same antigen, the primed memory B cell will

initiate a faster and more vigorous “secondary response” than a naive B-cell would. The
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lag phase is 1 — 3 days, with high levels of high-affinity 1gG antibodies being produced
over a long period of time.

The life span of a B cell depends on its activation state and type. Circulating B
cells generally live for ~ 3 days, but some are long-lived, having a half-life of 1 — 2
months. Memory B cells can live for many years, thus imparting long-lasting immunity

to the host.

2.3 Bcells in disease
2.3.1 Autoimmune diseases

Autoimmune diseases occur when the immune system attacks normal host cells
and tissues. B cells can cause and contribute to the pathology of these diseases in several
ways: 1) produce auto-reactive antibodies; 2) secrete proinflammatory molecules like
TNF-alpha, interferon-gamma, and macrophage migration inhibitory factor; 3) present
self-antigens for T cell activation; and 4) aid in de novo generation of ectopic germinal
centers that are present in chronically-inflamed tissue (Hampe, 2012).

Poor checkpoint controls during central tolerance and somatic hypermutation can
lead to the inappropriate production of autoantibodies. Loss of skin pigment in vitiligo is
due to the destruction of pigment cells called “melanocytes” by antibodies
(Gottumukkala et al., 2003). Tear and saliva glands targeted by antibodies in Sjogren’s
syndrome cause dry eyes and mouth (Suresh, Malyavantham, Shen, & Ambrus, 2015).
Autoantibodies in the spinal fluid of Multiple Sclerosis (MS) may contribute to the

demyelination of nerve fibers within the central nervous system (Kolln et al., 2006).
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Antibodies to self-antigens have also been associated with the pathology of type 1
diabetes (Taplin & Barker, 2008).

B cell involvement in autoimmune diseases can be independent of antibody
production. Antigen presentation by B cells have been shown to assist in driving lupus
and experimental autoimmune encephalomyelitis (MS model) in mice (Giles,
Kashgarian, Koni, & Shlomchik, 2015; Pierson, Stromnes, & Goverman, 2014). B cells
also promote chronic allergic lung disease in this manner (Lindell, Berlin, Schaller, &
Lukacs, 2008). The B cells of rheumatoid arthritis patients expressed higher levels of an
essential cytokine for bone-resorbing osteoclastogenesis, RANKL, than the B cells in
healthy patients (Meednu et al., 2016). The secretion of the pro-inflammatory cytokine,
granulocyte macrophage-colony stimulation factor (GM-CSF), by B cells has also been
linked to driving MS and causing relapses (R. Li et al., 2015). Ectopic germinal centers
may maintain the pathology of autoimmune diseases by supporting the plasma cells that

secrete autoantibodies.

2.3.2 Primary immunodeficiency diseases

Primary B cell immunodeficiency diseases are characterized by insufficient
antibody production as the result of too few or defective B cells. Individuals with X-
linked agammaglobulinemia (XLA) have a mutated protein called Bruton’s Tyrosine
Kinase (BTK) that is necessary in B cell maturation (Mak, Saunders, & Jett, 2014). Since
their B cells cannot mature, XLA patients have severe deficiencies in all of the antibody

isotypes. While XLA is relatively rare (i.e., 1 out of 200,000 live births), Common
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Variable Immune Deficiency (CVID) affects 1 out of 25,000 people (Cunningham-
Rundles, 2012). B cells in CVID also fail to mature and produce normal levels of
antibodies, but the cause(s) is unclear. In Hyper-lgM syndrome, the B cells are unable to
undergo class switch recombination from the low-affinity IgM isotype (Davies &
Thrasher, 2010). Selective deficiencies in IgM, IgG or IgA subclasses can also occur
(Asano et al., 2004; Louis & Gupta, 2014; Vidarsson, Dekkers, & Rispens, 2014). In X-
linked Severe Combined Immune Deficiency (X-SCID), a gene mutation for the common
gamma chain abolishes B cell function since the receptors for growth factors are
abnormal (Fischer, 2000). The diseases outlined here cover only some of the primary
immunodeficiency diseases that arise from defects in B cell development and function.

Not surprisingly, individuals with B cell-related primary immunodeficiency
diseases are prone to various infections and have a higher risk of getting cancer. Their
chance of getting cancer is increased because they can have chronic inflammation as the
result of infection and because their immune system, which usually monitors for and
destroys neoplastic cells, is compromised. Gastrointestinal complaints are often a
common symptom since antibody levels are normally high in the gut; thus, primary
immunodeficiency diseases are associated with malabsorption.

Patients with severe B cell primary immunodeficiency diseases are treated with
intravenous immunoglobulin replacement therapy every 1 - 4 weeks for life, depending
on the route of administration (Fried & Bonilla, 2009). Prophylactic antibiotics also

reduce the risk of infection by Pneumococcus, Staphylococcus, and mycobacteria.
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2.3.3 Cancer

AsS exp|ained in the Table 3. WHO classification of B cell-related NHL and percentage of

total cases

previous section, B cell-related — Classification % cases
Peripheral B cell neoplasms

primary immunodeficiency Precursor B lymphoblastic leukemia/lymphoma

diseases can increase the risk ~ oture 8 cellneoplasms
CLL/small lymphocytic lymphoma 6.7
B cell prolymphocytic leukemia

of cancer. B cells can also be Lymphoplasmacytic lymphoma 12
Splenic marginal zone lymphoma <1

cancerous, which result in “B Extranodal marginal zone B cell lymphoma of MALT 7.6
Modal marginal zona lymphoma 1.8

cell lymphomas.” In Hodgkin Fallicular lymphoma 221
Mantle cell lymphoma 6.0

Iymphoma, the cancer Diffuse large B cell lymphoma 30.6
Mediastinal {thymic) large B cell lymphoma 2.4

Intravascular large B cell lymphoma

originates from an abnormal, Primary effusion lymphoma

. Burkitt lymphoma/leukemia <1
giant B cell called a Reed- Hairy cell leukemia
Plasma cell myeloma
Sternberg cell (Kuppers & Solitary plasmacytoma of bone

Uncertain malignant potential
Hansmann, 2005). The cells are grante

Lymphomatoid granulomatosis
Post-transplant lymphoproliferative disorder, polymorphic

large, multinucleated, and have
a unique morphology. Interestingly, these cells have also been detected at low levels in
non-Hodgkin lymphomas and infectious mononucleosis, although their role in these
diseases is unknown. Non-Hodgkin lymphoma (NHL) is the most common hematological
malignancy in adults, 85% of which are caused by B cells (Table 3)(Coffey, Hodgson, &
Gospodarowicz, 2003). In 2013, non-Hodgkin lymphoma was the 8" and 11" most
common cancer and cause of cancer deaths worldwide, respectively (Fitzmaurice et al.,

2015).
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2.3.4 Other B cell-related diseases

B cells have been implicated in non-autoimmune diseases, graft-versus-host
disease (GVHD), and the spread of human immunodeficiency virus (HIV). Altered
cytokine profiles of B cells contribute to the pathology of non-autoimmune inflammatory
diseases like type 2 diabetes and periodontal disease (Nikolajczyk, 2010). In comparison
to healthy patients, B cells from type 2 diabetic patients were shown to secrete elevated
levels of pro-inflammatory cytokine IL-10 while also being unable to secrete the anti-
inflammatory cytokine IL-10 (Jagannathan et al., 2010). A common complication
following bone marrow tissue or cell transplantation is GVHD, in which donor immune
cells attack host cells. This is due, in part, to a breakdown in peripheral B cell tolerance
as well as abnormal processing of B cell activating factor (BAFF) that promotes B cell
activation and antibody production (Sarantopoulos, Blazar, Cutler, & Ritz, 2015). Finally,
HIV has been shown to bind directly with the B cell receptors, CD21, CD-SIGN, and
VH3 (Haas, Zimmermann, & Oxenius, 2011). The biological consequences of these

receptor-viral interactions remain to be elucidated.

2.4 B cell receptor signaling pathway

The interaction of a B cell to its specific antigen initiates a series of intracellular
signaling cascades, and results in specific cellular responses at the phenotypic and genetic
levels (Dal Porto et al., 2004; Justement & Siminovitch, 2000). The BCR signaling
pathway begins when the immunoglobulin-based BCR at the cell membrane recognizes

and binds to its antigen, resulting in BCR cluster formation into glycolipid-rich
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microdomains of the plasma membrane where the Src family tyrosine kinase, LYN, is
anchored via acylation (Figure 4)(Kanehisa, Furumichi, Tanabe, Sato, & Morishima,
2017).

Phosphorylation drives the B cell receptor pathway. LYN then phosphorylates
the immunoreceptor tyrosine-based activation motif (ITAM) on the cytoplasmic tail of
the BCR-associated heterodimer proteins, CD79A and CD79B (or Iga and Igf,
respectively). CD79A and CD79B are the primary transducing structures that couple
BCR-antigen binding to intracellular effectors. Interestingly, CD79A appears to mediate

phosphotyrosine kinases while CD79B activates calcium mobilization and 1L-2

production.

I B CELL RECEPTOR SIGHALING FATHWAY

Antigen  —M +p
»{Bam |-
\\\‘
| — — — = Regulation of actin
[vav ——»] Rac |- gcmsmm

O — O o Call FulWFAT e
IP3 ot \
Calcium sigraling \
i %

% B cell ondogeny

DHa
asiird— R | par s ] e e[ o

. Trarenmo response
‘0-inkdbitpr MAPK signaling, s I(?tfggfmﬁxr\l
— - [FogRIE— By /
[PEop —E—w{carn /
Co—shmulﬁtnr BCL-10 “ s
KK« [F | °
Leuiz] 4 MALTH IKEy DHA
Cos : g e[ e ]
—w{ oo | o—» 4KT | S EE igraling I
==+l o FIFs vy :
=i ¥
CD19-21 coraplex FI3K-Lkt +p [ GSK3R Thigguitin rozchiated
FIT— signaling pathway protealysis
coagilation cascade

04562 212016
(¢) Kanghisa Laboratories

Figure 4. KEGG BCR signaling pathway (reprinted with permission)
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Phosphorylation at both tyrosine residues within the ITAMs of CD79A and
CD79B results in the binding of tyrosine kinase SYK through its phosphotyrosine-
binding Src homology 2 (SH2) domains. SYK is then phosphorylated and activated by
the nearby phosphotyrosine kinase, LYN. SYK is now capable of facilitating the
initiation of several different sub-signaling pathways, which will be referred here as the
PI3BK/AKT, MAPK, NF-kB, RAC, NFAT pathways. Co-receptors like CD19 are
essential in enhancing the BCR signal, while others like CD22 decrease it. Currently, the
BCR signaling pathway is known to involve ~ 100 proteins, some of which assist in the
convergence, divergence, and crosstalk of the sub-signaling pathways within it.

Phosphorylation is a post translational modification that can significantly affect
PPIs and is often used to propagate signal through a cell, like the BCR signaling pathway.
Phosphorylation, or the transfer of the terminal phosphate group of ATP to specific
tyrosine, serine, and threonine residues of target proteins are mediated by a set of
enzymes called kinases. The BCR pathway has at least 37 serine-threonine kinases and 4
tyrosine kinases (Appendix A), thereby making phosphorylation an important
modification in in this pathway (Bounab, Getahun, Cambier, & Daeron, 2013). Many of
the phosphatases, which are responsible for de-phosphorylating proteins, in the BCR
pathway are considered to be negative regulators of signal propagation. For example,
tyrosine-protein phosphatase non-receptor type 6 (PTPNG6) negatively regulates BCR
signaling by dephosphorylating CD79A and CD79B on their ITAM motifs as well as
LYN and SYK (among others). INPP5D, INPPL1, and PTEN are other phosphatases that

inhibit the BCR signaling pathway. The regulation of PPIs via phosphorylation, however,
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can be very complicated. Phosphorylation can activate and inactivate proteins, which
depends on the site and the presence of other phosphorylation events. The modification
can also affect protein interactions. BLNK, for example, has at least 41 phosphorylated
residues, some of which are known to affect the interaction partners of BLNK differently
(Koretzky, Abtahian, & Silverman, 2006; Oellerich et al., 2009).

Adaptor proteins. Adaptor proteins, particularly BLNK, GRB2, NCK1, and
DAPP1 (also known as Bam32), act as molecular scaffolds that bring proteins in close
proximity to each other as to facilitate a PPI between them (Koretzky et al., 2006;
Kurosaki & Tsukada, 2000). For example, BLNK binds to BTK and phospholipase C
gamma 2 (PLCG2); BTK then phosphorylates and activates the key lipid metabolizing
enzyme PLCG2.

Pathways within the BCR signaling pathway regulate a multitide of cellular
responses. The PI3BK/AKT, MAPK, NF-kB, RAC, NFAT pathways result in overlapping
and distinct cellular responses, which are outlined in Table 4. Very briefly, the
PI3SK/AKT pathway is initiated when PI3K is activated via phosphorylation by receptor
tyrosine kinases like CD19 (Figure 5)(Castellano & Downward, 2011). PI3K then
converts phosphatidylinositol (3,4)-bisphosphate (PIP2) lipids to phosphatidylinositol

(3,4,5)- trisphosphate (PIP3), which binds to and aids in the activation of a central

Table 4. Cellular responses of the signaling pathways within the BCR pathway

Pathway Cellular responses
MAPK proliferation, survival apoptosis
NFAT proliferation, differentiation. apoptosis,
NF-kB proliferation, class switching, survival pro-inflammatory cytokine secretion
PI3K/AKT metabolism, growth, proliferation, survival protein synthesis, transcription, apoptosis
RAC proliferation, survival differentiation, cell mobility
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serine/threonine kinase, AKT.
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Figure 5. PTEN is a negative regulator of the PISK/AKT pathway. localization of pro-survival
transcription factors, NFAT and FOXO3A (Woyach, Johnson, & Byrd, 2012). The
PISK/AKT pathway mediates metabolism, growth, proliferation, survival, protein
synthesis, transcription, and apoptosis.

Activated PLCG2 hydrolyzes PIP2 to InsP3 and diacylglycerol (DAG); it is InsP3
that stimulates an influx of calcium into the cytoplasm. A sustained rise in calcium level
activates the serine/threonine phosphatases, PPP3CA, PPP3CB, PPP3CC, that then
dephosphorylate the transcription factor, NFAT, to expose a nuclear localization signal
(Scharenberg, Humphries, & Rawlings, 2007). NFAT translocates into the nucleus
where it supports cell proliferation, differentiation, and cytokine production (Mognol,
Carneiro, Robbs, Faget, & Viola, 2016; Woyach et al., 2012).

The MAPK pathway also contributes to BCR-induced survival (Woyach et al.,
2012). The MAPK pathway is initiated when diacylglycerol (DAG) activates protein
kinase C directly, or when VAV and GRB2 interact with RAC and SOS, respectively.
These events stimulate the well-known RAF/MEK/ERK kinase cascade in which RAF’s

phosphorylation leads to the phosphorylation of MEK (known as proteins MAP2K1/2),
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which can then phosphorylate ERK (known as proteins MAPK1/3). Phosphorylated ERK
enters the nucleus where it targets specific transcription factors that facilitate cell
proliferation, survival, and apoptosis.

The NF-«xB pathway begins when the IkB kinase (i.e., IKBKA or IKBKB) is
activated and phosphorylates inhibitors of NF-«kB that complex with NF-kB homo- or
hetero-dimers in the cytoplasm (Woyach et al., 2012). The phosphorylation marks the
inhibitors for degradation, allowing NF-kB to translocate into the nucleus where it
regulates the transcription of genes that are involved in cell proliferation, class switching,
survival, and the secretion of pro-inflammatory cytokines. NF-«kB consists of a protein
with a transactivation domain (RELA, RELB, REL) and/or a transcriptional inhibitor
(NFKB1, NFKB2). Depending on the proteins that dimerize with each other, as well as
other associated proteins, the NF-kB complex can activate or inhibit transcription.

GTPases have pleiotropic roles in B cells. The activation of Rho GTPases
marks the beginning of the RAC pathway. GTPases are considered to be “activated”
when the enzyme is bound to GTP, and “inactivated” once the GTP is hydrolyzed to GDP
(G. P. Li & Zhang, 2004). The GTPases are capable of activating or inactivating itself,
although these processes are generally very slow and can be accelerated with the
assistance of guanine nucleotide exchange factors or GTPase-activating proteins,
respectively. GTPases modulate numerous downstream effector molecules that regulate
cell mobility, differentiation, survival, and proliferation (Guo, Velu, Grimes, & Zheng,
2009; Nayak, Chang, Vaitinadin, & Cancelas, 2013; Walmsley et al., 2003). For instance,

active Rho GTPases have been reported to interact with > 50 downstream proteins.

31



To note, B cell cancers can arise from constitutive activation or overexpression of
kinases (e.g., PI3K, AKT, BTK) and GTPases within the BCR signaling pathway (Cinar
et al., 2013; Rudelius et al., 2006; Vega & Ridley, 2008; Woyach et al., 2012). Some
primary immunodeficiency diseases, as discussed in Chapter 2.3, stem from defects in
BTK, which inhibits B cell development and production of specific types of antibodies.

Cell fate is determined by external environment, cell stage, and signals from
multiple cell surface receptors. The BCR signaling pathway regulates numerous B cell
phenotypes (see also Chapter 2.2), which is made possible by different external
environments, developmental stages of the B cell, and signals propagated by other cell
surface receptors. For instance, antigen-independent pre-BCR signaling in large pre-B
cells in the bone marrow is critical in stimulating B cell development and maintaining B
cell specificity (i.e., “allelic exclusion”) (Martensson, Almgvist, Grimsholm, & Bernardi,
2010). The signaling mechanism, which is still incompletely understood, inhibits further
VDJ recombination and produces a negative feedback loop to terminate pre-BCR
expression. Antigen-dependent pre-BCR signaling causes cell apoptosis as a part of the
“negative selection” process to remove B cells that are reactive to self antigens. Once in
the periphery, antigen binding activates immature B cells to become short-lived plasma
cells or to travel to secondary lymphoid organs where they stimulate the formation of
germinal centers (Alberts, 2015). Antigen-BCR binding of mature B cells that are in
germinal centers can result in somatic hypermutation, class switching, or the generation
of plasma or memory B cells. An example of how signals from other receptors affect B

cell response is the binding of the CD40 ligand from activated immune cells (e.g., T cells,
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granulocytes) to the B cell CD40 receptor. Co-stimulation of the BCR and CD40 produce
signals that, depending upon their relative levels of stimulation, induce proliferation,

immunoglobulin switching, inhibition of apoptosis, or antibody secretion.

2.5 Selection of query proteins for protein interaction analyses
2.5.1 NanoBRET and NAPPA-SPRIi queries

Five proteins in the B cell receptor (BCR) signaling pathway were chosen as
queries to probe the entire BCR pathway protein set in both NanoBRET and NAPPA-
SPRi analyses because they occur at key nodes in the BCR pathway and are important
regulators of B cell response. These included an adaptor (BLNK), a tyrosine kinase
(BTK), a lipid and serine/threonine kinase (PI3K), and two Rho GTPases (RACL,
RHOA). B cell-related immunodeficiencies and cancers are associated with their altered
activity from mutations or overexpression. As such, they are attractive drug targets. In
fact, small molecular BTK inhibitors are FDA-approved to treat certain B cell cancers
and graft-versus-host disease. BLNK, BTK, and PI3K are also proximal to the
membrane, mediating different signaling pathways. Therefore, their activity (or lack
thereof) has a more profound effect on cell fate than proteins further downstream
(Appendix A, Figure 4). The ability to test different protein types also provided insight
into their unique methods of regulation. Inclusion of RAC1 and RHOA presented an
opportunity to compare the binding partners and kinetic profiles of active and inactive

GTPases.
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BLNK. BLNK is an adaptor that binds to many proteins, thereby bringing them
into close proximity to each other to interact. BLNK is essential for B cell development
and in BCR signaling. Mutations in BLNK have been demonstrated to cause
immunodeficiences, and downregulation of BLNK occurs in mediastinal large B cell
lymphomas and Hodgkin lymphomas. Thus, BLNK appears to act as a tumor suppressor.

BTK. BTK is a non-receptor tyrosine kinase that mediates different pathways in
the B cell and, as such, acts as a bottleneck. It is essential for B cell development and
differentiation. BTK mutations are the cause of a severe immunodefiency disease called
X-linked agammaglobulinemia (XLA) (see also Chapter 2.3.2). Increased BTK activity is
observed in several B cell cancers, including diffuse large B cell lymphoma, mantle cell
lymphoma (MCL), and chronic lymphocytic leukemia (CLL). Since 2013, the FDA has
approved small molecule inhibitors of BTK to treat MCL, CLL, and graft-versus-host
disease.

PI3K. PI3K is most well known for its lipid kinase activity, in which it
phosphorylates the small signaling molecule, PIP2, to PIP3. It can also phosphorylate
serine and threonine residues, most notably on itself and AKT1. It is critical for B cell
metabolism, cell growth, development, and survival. Activating mutations are observed
in 30% of cancers and some immunodeficiency disorders. PI3K is a heterodimer
consisting of a catalytic and regulatory subunit, both of which have various isoforms. In
these studies, the alpha isoforms of both the catalytic and regulatory subunits were used
(i.e., PIK3CA and PIK3R1, respectively). These isoforms were chosen because, unlike

the other isoforms, both PIK3CA and PIK3R1 are ubiquitously expressed. Moreover,
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PIK3CA is the only catalytic isoform that is frequently mutated in cancer, while PIK3R1
is the most frequently mutated regulatory subunit in cancer (i.e., 20%) (Herrero-Gonzalez
& Di Cristofano, 2011; J. J. Zhao et al., 2006).

GTPases. RAC1 and RHOA are both Rho GTPases with well-documented roles
in regulating the cytoskeleton during cell growth, adhesion, and migration. They are
essential for B cell development, proliferation, endocytosis, and antigen presentation.
They also regulate apoptosis and survival. Increased RAC1 expression or activity are
implicated in the initiation and progression of several types of cancers, including those of
the lung, breast, prostate, skin, colon, but their roles in B cell-related cancers are
unknown. Mutations in RHOA are associated with Burkitt’s lymphoma and diffuse large
B cell lymphoma. Both the inactive and active forms of RAC1 and RHOA were analyzed
with GDP and GTPyS, respectively. GTPyS was used for these experiments because it is
non-hydrolyzable; a hydrolyzable GTP would result in interactions representing a
mixture of active and inactive states. Thus, seven queries were employed for both

NanoBRET and NAPPA-SPRi analyses (Chapters 3 and 8).

2.5.2 NanoBRET queries

NanoBRET employs proteins that are produced in vitro without the need for
purification. Therefore, obtaining functional and purified recombinant proteins was not a
consideration with NanoBRET as it was with NAPPA-SPRi since any protein-of-interest
could be studied with NanoBRET as long as the plasmid cDNA was available. In

addition to the aforementioned queries, NanoBRET was used to analyze the protein
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interactions with an additional five queries important in B cell regulation: AKT1,
DAPP1, LYN, MAPK14 (i.e., p38), and SYK. AKT1 is a serine/threonine kinase that is
activated downstream of PI3K in stimulated B cells. It promotes B cell growth,
proliferation, survival, maturation, and survival. Increased activity of AKT1 is associated
with a poorer prognosis in patients with diffuse large B cell lymphoma. DAPP1 is an
adaptor protein that, via its signalosome, stimulates the RAC1/JNK pathway involved in
B cell adhesion and spreading (Al-Alwan, Hou, Zhang, Makondo, & Marshall, 2010b;
Ulivieri & Baldari, 2005). It is also involved in MAPK/ERK signaling, which regulates
cell proliferation and survival. LYN is a tyrosine kinase proximal to the membrane that
quickly becomes activated upon BCR aggregation. It then activates SYK, another
tyrosine kinase, via phosphorylation. LYN is important in B cell differentiation and B
cell tolerance, while SYK is essential in calcium mobilization and B cell development.
Finally, MAPK14 is a serine/threonine kinase that promotes B cell proliferation and

survival.
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CHAPTER 3

3 QUALITATIVE ANALYSES OF THE BCR SIGNALING PATHWAY USING
NANOBRET

3.1 Introduction

Mapping the human interactome has been pursued with enthusiasm following the
first large-scale protein interaction studies in 2000 (Ito et al., 2001; Ito et al., 2000; Uetz
et al., 2000; Walhout et al., 2000). The majority of these interactions have been
determined using equilibrium-based assays (e.g., co-immunoprecipitation) that are
inherently biased toward detecting stable complexes even though transient interactions
are believed to occur with higher frequency. I therefore wondered how much of the
protein network is still unexplored. To determine this, | decided to characterize the
protein interactions of a “well understood” pathway, the B cell receptor (BCR) signaling
pathway, and then compare our results to what is currently known. The identification of
only a few new interactions, for example, would indicate that the BCR pathway and, as
an extension, the human interactome were well annotated. Many new interactions, on the
other hand, would suggest that much of the interactome remains unmapped.

To accomplish this task, | searched for a method that would meet the following
criteria: high throughput, capable of detecting stable and transient interactions, high
signal-to-noise ratio, easy-to-use, and amenable for in vitro analyses using proteins
produced from plasmid cDNA using a cell-free expression system. Promega’s

NanoBRET ™ fit four of the five criteria, with the exception that it has only been applied
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in vivo. Since standard BRET has been successfully applied in vitro, | describe herein
how NanoBRET was adapted to do the same.

My analyses focused on the protein interactions of 12 queries in the BCR pathway
that are critical to various B cell phenotypes, including two GTPases that were
represented in their active and inactive forms. Over 2500 interactions were analyzed,
identifying 490 protein interactions, 83% of which have never been previously reported.
This study suggests that only a fraction of the protein interactions in the BCR signaling

pathway (and human interactome) have been characterized.

3.2 Promega NanoBRET™ technology
BRET, or “Bioluminescence resonance energy transfer,” is a common method for
analyzing transient and stable protein-protein interactions (Pfleger, Seeber, & Eidne,
2006; Y. Xu, Piston, & Johnson,

No interaction Interaction 1999, It relies on protein “A”

=

—

YEP having a luciferase tag and

protein “B” fused to a

fluorescent label like the yellow
fluorescent protein (YFP)

(Figure 6). The proteins are

Light intensity
Light intensity

mixed together along with a
Wavelength Wavelength

Figure 6. Schematic illustration of BRET technology. luciferase substrate. The
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oxidation of the substrate by the Table 5. Advantages and disadvantages of BRET compared to other
methods for analyzing PPls

luciferase will generate light called Advantages Disadvantages

* Does not require * Limited sensitivity and

(13 4 b 29
bioluminescence” around the excitation illumination dynamic range

luciferase tag. In the case of firefly ~ * No photobleaching  « Weaker signal than FRET

. C . # Detects transient and # Influenced by fluorophore
luciferase, which is the most v P

stable interactions orientation
commonly used luciferase in » Real-time detection * Poor luminescence
stability
BRET experiments, the substrate o Invitro and invivo  » Donor/acceptor needs to
analyses be <10 nm

is a mixture of beetle D-luciferin,
®» Fully reversible

magnesium, ATP, and oxygen response

(Adams & Miller, 2014; Andreu, Zelmer, & Wiles, 2011). The oxidation of luciferin by
firefly luciferase will produce AMP, carbon dioxide, oxy-luciferin, and “flash-type” light
that decays over ~ 15 seconds. Other types of luciferase are derived from sea pansy (i.e.,
renilla), beetle, railroad worm, and copepod. If the proteins are in very close proximity to
each other (< 10 nm), energy from the bioluminescence is absorbed and emitted by the
fluorophore on protein “B” at a different wavelength. Protein interactions are detected
when the amount of emitted light from the fluorophore (i.e., signal) is higher than that of
the bioluminescence (i.e., noise).

Like any system, BRET has both advantages and disadvantages, which are
summarized in Table 5 (Pfleger & Eidne, 2006; Xie, Soutto, Xu, Zhang, & Johnson,
2011). Its primary advantages include easy real-time measurement of PPIs in vitro and in
vivo. It is often compared to a similar technology, fluorescence energy resonance transfer

(FRET), in which the donor protein “A” has a fluorophore (instead of luciferase).
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However, the fluorophore on protein “A" must be excited by an external light source,
making analyses much more difficult. Furthermore, autofluorescence, photobleaching,
and possible direct excitation of the acceptor fluorophore by the external light source
(i.e., higher noise) may occur during FRET analyses. Both BRET and FRET are sensitive
to protein orientation as the luciferase and fluorophores need to be < 10 nm from each
other for the donor energy to be transferred to the acceptor fluorophore. BRET’s
disadvantages include limited sensitivity and dynamic range, and poor luminescence
stability.

Promega Corporation’s NanoBRET™ technology has a few distinct differences
and advantages compared to standard BRET (Figure 7) (Hall et al., 2012; Machleidt et
al., 2015). First, NanoBRET uses a different luciferase than standard BRET. Firefly or
renilla luciferases that are 36 kDa and 61 kDa, respectively, are often used in BRET,
although their large sizes can interfere with protein interactions and can be problematic
for certain applications; for

No interaction Interaction

NanoBRET
618 ligand

example, when inserting the

reporter genes into viruses.

NanoBRET, on the other hand, Q

employs a 19 kDa luciferase

subunit of the shrimp Oplophorus

gracilirostris that Promega has

Light intensity
Light intensity

dubbed “NanoLuc’®. It is fully

Wavelength Wavelength

active between pH 7 — 9 and ) . _ )
Figure 7. Schematic illustration of NanoBRET technology using a

fluorophore-conjugated HaloTag ligand.
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retains activity following 30 minutes at 55 °C. In comparison, firefly luciferase has a
sharp decrease in activity below pH 8 and above 31 °C. Second, protein “B” is not a
fluorescent protein, but is the HaloTag fusion protein that is fluorescently and covalently
labeled with a fluorophore-conjugated chloroalkane ligand. Third, NanoBRET uses a
novel luciferase coelenterazine analog substrate, furimazine, that produces high intensity,
“glow-type” luminescence that has a signal half-life of > 2 hours. No magnesium or ATP
is necessary for the reaction to occur. The combination of nanoLuc with furimazine
results in a 100-fold increase in specific activity compared to that obtained with standard
BRET using firefly and renilla luciferase. In addition, NanoBRET has a small overlap
between the donor bioluminescence (460 nm peak) and the acceptor absorption spectra
(618 nm). The large difference in wavelengths between the generated bioluminescence
and emitted fluorescence during PPIs results in a sensitive NanoBRET system. In
comparison, the spectral overlap in standard BRET is much higher than NanoBRET,
resulting in a low signal-to-noise ratio. For example, the combination of firefly luciferase,
D-luciferin, and red fluorescent protein result in a donor peak emission of 562 nm and an
acceptor emission at 583 nm (Daunert & Deo, 2006). Renilla luciferase, coelenterazine,
and enhanced YFP have a donor peak emission of 480 nm and an acceptor emission at

527nm.

3.3 Adapting NanoBRET ™ technology for in vitro analyses
NanoBRET was originally developed by Promega Corporation to analyze protein

interactions in cells. Briefly, plasmids encoding for proteins “A” and “B” are introduced
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into the cell-of-interest, and the resulting interaction is detected using a plate reader or
bioluminescence microscope. In this section, the adaptation of NanoBRET technology for
in vitro analyses of PPIs within the BCR signaling pathway is discussed.

The following filters and mirror were added to the Perkin EImer Envision plate
reader to make the instrument compatible with NanoBRET: emission filter 460/50m,
emission filter 590 nm long pass, and a luminescence -/- single mirror. To ensure that the
set-up was correct, a recombinant NanoLuc-HaloTag fusion protein with the HaloTag®
NanoBRET™ 618 ligand from Promega Corporation was used. The negative control was
the recombinant protein without the ligand. Luciferase substrate was added at 1-, 10-, and
20-fold dilutions to the protein, where the 1-fold dilution represents the dilution
recommended by Promega (i.e., 500-fold). The noise, or luciferase emission, was read at
410 — 510 nm for one second. The signal, or NanoBRET 618 ligand emission, was read at
> 590 nm for 1 second. The signal-to-noise ratio was then multiplied by 1000 for the
recombinant fusion protein with and without ligand, thus resulting in the milliBRET unit
(mBU) (Figure 8A). The response, or corrected mBU, was obtained by subtracting the
mBU of the recombinant protein without ligand (i.e., the negative control) from the mBU
of the recombinant protein with ligand (Figure 8B). The Perkin Elmer Envision plate

reader with the aforementioned modifications detected the NanoBRET system with

A) 6l8umy, =BU x 1,000 = mBU
360nm, - oW

Em

B) Mean mBU experimental — Mean mBU no-ligand control = Mean corrected mBU

Figure 8. NanoBRET calculations. A) PPI response where the acceptor, or signal, emission is 618 nm and the donor, or
noise, emission is 460 nm. B) Mean corrected mBU calculations.
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corrected mBUs > 100. This high response is not surprising since the luciferase and
fluorophore are stably and covalently linked to each other; in other words, this
configuration will result in the highest mBU possible. Real PPIs interactions analyzed in
vivo, on the other hand, have much lower responses (i.e., 1.4 — 7 mBU range with 2 — 4
mBU being normal; personal communication with Dr. Thomas Machleidt of Promega
Corporation).

To optimize NanoBRET for in vitro PPI analyses using proteins expressed in the
cell-free expression system, the following parameters were tested: buffer compatibility
with NanoBRET, type of buffer to block the plate from nonspecific interactions, amount
of expression lysate per well, length of protein expression, query-to-target ratio, the
amount of NanoBRET 618 ligand and luciferase substrate, and the incubation
temperature for PPIs. Different proteins and PPIs require different buffer conditions. For
example, some kinases require MgCl, while other proteins prefer Tris buffers over

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). The NanoLuc recombinant
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Figure 9. NanoBRET signal response across different buffers using a NanoLuc-HaloTag recombinant protein.
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protein, as well as the NanoBRET 618 ligand and luciferase substrate, is routinely diluted
in phosphate-buffered saline (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPOa, 2 mM
KH2POs, pH 7.4), or PBS, for assessing instrument settings for the NanoBRET assay.
Other types of buffers have not been tested by Promega Corporation, but it is an
important consideration since certain reagents like phenol red can contribute to
background noise. Therefore, | compared PBS, PBS + 3 mM MgCl., PBS + 10 mM
MgCly, PBS + 0.01% Tween-20, PBS + 0.05% Tween-20, PBS + 1 mM tris(2-
carboxyethyl)phosphine (TCEP), PBS + 5 mM ethylenediaminetetraacetic acid (EDTA),
PBS + 200 uM ATP, 50 mM HEPES + 150 mM NaCl (HEPES buffer), and 50 mM Tris
+ 150 mM NaCl (Tris buffer). All buffers were at pH 7.4. Compared to the default PBS
buffer, all of the buffers resulted in as high or higher signal response, indicating that all of
the buffers tested are compatible with NanoBRET (Figure 9).

In the first step of the procedure, blocking buffer is added to the wells of the plate
to inhibit nonspecific interactions between the proteins and plastic surface. 5% fat-free
milk (w/v), 1% bovine serum albumin (BSA), or 1% BSA heat shock fraction (i.e.,
without immunoglobulin or proteases) in PBS with 0.1% Tween-20 (PBST) was applied
to the wells of a half-area 96-well plate and incubated at room temperature for two hours.
The plate was washed with PBST to remove excess blocking buffer. Target proteins, Fos
and BTK with a C-terminal HaloTag, expressed in the in vitro transcription translation
(IVTT) system were added to the plate and three of the six replicates were covalently
bound to the NanoBRET 618 ligand. The query protein, Jun with a C-terminal NanoLuc,

also expressed with IVTT, was then mixed with the target proteins, Fos or BTK, for one
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hour at room 16
temperature.
Immediately after

the addition of

1% BSA/PBST 5% mik/PBST 1% heat 1% BSA/PBSTS5% mik/PBST 1% heat
shock shock
BSA/PBET BSA/PBET

luciferase substrate,

MWean corrected mBU across triplicates

or NanoBRET

Fos BTK
NanoGlo, the plate

Target protein with a C-terminal HaloTag; plate blocking buffer
was read with the Figure 10. Effect of different blocking buffers on signal

Perkin Elmer

Envision plate reader and analyzed as described above. Similar binding responses were
obtained for the known Jun-Fos interaction across the different blocking buffers (Figure
10). Moreover, the blocking buffers resulted in similar background for the negative
control wells containing Jun and BTK, which do not interact with each other. 1% BSA in
PBST was chosen to be the blocking buffer for future experiments since the BSA heat
shock fraction is significantly more expensive and the complex protein composition of
milk may compete with target proteins for some queries (e.g., kinases).

In the second step of the procedure, target proteins are expressed in IVTT.
According to the manufacturer’s instructions, protein expression can occur from 90
minutes to 6 hours at 30 °C. Target and query proteins were expressed for 1, 1.5, 2, 3, 4,
or 5 hours, and then processed as described above. The 1.5 hour expression resulted in

the highest signal-to-background ratio, where signal represents the mBU from the Fos-
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Once the target and query proteins are expressed, the target protein is diluted with
a Tris- or HEPES-based buffer to 50 pL per well, the query and target proteins are added
to the well, and the luciferase substrate is applied just prior to analyses. To determine the
appropriate amounts of the aforementioned parameters (or factors), I used a design of
experiments (DOE) approach that can easily analyze the effect of each factor on the
response and to each other (see page 92 for a more detailed explanation of DOE). 30-, 36-
, and 45-fold dilutions of the query and target proteins were compared. These dilutions
were chosen based on previous experiments that identified this dilution range as the
“sweet spot” (data not shown). In NanoBRET, the amount of NanoLuc query protein
should be at or below the amount of HaloTag target protein to decrease noise. Thus,
query-to-target ratios of 1:2, 3:4, and 1:1 were tested. For in vivo NanoBRET, the
suggested dilution of the luciferase substrate is 500. In this DOE experiment, the
substrate was diluted 500, 750, and 1000-fold. The target and query proteins were the

same as previously mentioned, and all comparisons performed in duplicate. Based on the
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Figure 11. Contour plot of signal-to-noise (S/N) versus target dilution,

S L query:target ratio, and luciferase substrate dilution. Blue = low S/N.
dilution for in vitro PPl analyses, Green = high s/N.

the same was found for the NanoBRET 618 ligand dilution (i.e., 1000-fold)(data not
shown).

Finally, the temperature at which the query and target proteins should be
incubated was investigated. The overall NanoBRET binding response is based on the
accumulated light emission within the analyses window (i.e., 1 second). Thus, higher
signal would result from more interactions and more stable interactions taking place
during this time. Theoretically, this could be accomplished by slowing down the rate at

which the proteins dissociate from each other with decreased temperature. To determine
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i . i ff NanoBRET signal.
rpm. For the stable Jun- Figure 12. Incubation temperature affects Nano signa

Fos interaction, higher response was achieved at 15 °C and 25 °C (Figure 13). In the case
of more transient interactions in which proteins dissociate from each other at an increased
rate, even lower temperatures may be beneficial for NanoBRET analyses.

The final protocol for in vitro NanoBRET analyses of PPIs using proteins

expressed in cell-free lysate is provided in Chapter 3.4.2.
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3.4 Analyses of PPIs in the BCR signaling pathway using NanoBRET

3.4.1 Introduction

The NanoBRET technology
provides a high throughput method for
analyzing both transient and stable PPIs in
a qualitative manner. It was applied
toward mapping the PPIs in the BCR
signaling pathway to gain a more
comprehensive understanding of the
interactions that take place. 107 proteins
in the BCR signaling pathwaywere
represented separately with HaloTag at
the N-terminus and C-terminus, hereafter
called “target” (Table 6). 12 proteins in
the BCR signaling pathway had NanoLuc

as an N-terminal fusion tag; these proteins

are hereafter called “query.”

3.4.2 Materials & Methods

Preparation of plasmid cDNA

Table 6. Proteins in the BCR signaling pathway analyzed
with NanoBRET

Target Proteins

AKTL* EGR1 MALTL  MFEBIA PTEM
AET2 ETS1 MAPZEL MFEBIB  PTPME
AET3 EZR MAP2ZK2Z  MFKBIE  RACL*
ARHGEFT FCGRZE MAPZEDZ  MRAS R&C2
BCL1O FOS  MaP3K3 PIKIAPLT  RACS
BCLZ GR&PZ MAPKL  PIK3ICA*  RAFL
BCL2&]l  GRBZ  MAPKIZ PIK3ICE  RAPLA
BCLZL1  G5K3B  MAPK13Z PIK3ICD  RAPLB
BLE HRAS  MAPKLA* PIK3CG  RAPZA
BLME®  IFITML  MAPKS  PIK3R1* RAPZC
BTK* [KBEA  MAPKE  PIK3R2 RASGRP3
CARD11 IKBKER  MAPKS  PIK3R3  RASSFS
Co12 IKBEG  WNDMZ - PIK3RS RELA
CD22  IMPPSD RIYIC PLCG2  RHOA*
covZ2 IMPPLI MCEL  PPP3CA 5051
CO79.48 JUR MCKAPLIL PPP3CB 5052
CD73B KR&S MFATS  PPP3CC SYk™
CDgl LAT2  MFATC1  PPP3R1 TEC
COC42  LILRB3 MFATCE  PPP3R2Z TRS3
COEMZA LIMEL  MEATC4  PRECA WA
DAPPL*  LYN* MFKBL  PRECE  Wih2
WA D

* Als0 @ query protein

Plasmid cDNAs encoding for the genes-of-interest (GOIs) were obtained from the

Virginia G. Piper’s Center for Personalized Diagnostics’ plasmid repository, DNASU
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(Tempe, AZ), and Open Biosystems (Lafayette, CO), and shuttled into vectors with a
HaloTag at the N-terminus (pJFT7_nHalo), a HaloTag at the C-terminus (pJFT7_cHalo),
or a NanoLuc at the N-terminus (pJFT7_nNanoLuc). Successful cloning of the GOIs was
confirmed through GOl insert size analyses via DNA agarose, and GOl sequence analysis
via Sangar sequencing using primers adjacent to the start and stop codons of the GOI.
The Sangar sequencing was performed by the DNASU Sequencing Core at Arizona State
University (Tempe, AZ). These vector backbones were created by Justin Saul at the VGP
CPD and are compatible with Invitrogen’s Gateway® recombination cloning technology.
All target genes were represented with HaloTag at the N- and C-terminus, with the
exception of genes with HaloTag only at the N-terminus (BLNK, PPP3CC) or only at the
C-terminus (IFITM1, MAP2K1, PPP3R2). The target genes, AKT2, IKBKB, and
PIK3R1, were represented with two different isoforms that differed significantly in size
(Table 7). The query genes, AKT1, BLNK, BTK, DAPP1, LYN, MAPK14,
PIK3CA/PIK3R1, GDP-bound RAC1, GTP-bound RAC1, GDP-bound RHOA, GTP-
bound RHOA, and SYK, had an N-terminal NanoLuc. Note that GTP-bound RAC1 and
RHOA used GTPyS (BIOLOG Life Science Institute; Germany) because GTPyS cannot

be hydrolyzed.

Reagents
The 1-Step Human Coupled IVT Kit and Bond-Breaker™ TCEP Solution, Neutral pH,
were from Thermo Fisher Scientific (Waltham, MA). The ATP was from Cell Signaling

Technology (Danvers, MA). The HaloTag® NanoBRET 618 Ligand and Nano-Glo
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Substrate were from Promega Corporation (Madison, W1). Unless otherwise noted, all

other materials and reagents were obtained from Sigma-Aldrich (St. Louis, MO).

NanoBRET analyses

White, high binding half-area 96-well plates (Greiner Bio-One; Austria) were blocked
overnight at 4 °C with 100 puL 1% BSA (w/v) in PBST, then washed with 100 uL PBST
and 100 pL PBS. The HeLa lysate was spun at 10k x g for 2 min at 4 °C, and the
insoluble pellet was discarded. Target and query proteins were expressed for 1.5 hours at
30 °C in the 1-Step Human Coupled IVT Kit, in which the HeLa lysate, reaction mixture,
accessory proteins, and 200 ng/pL plasmid cDNA are mixed at a 5:2:1:2 ratio,
respectively, such that 1 pL of target mixture or 1 pL of query mixture were added per
well. The GTPase queries were GTP- or GDP-bound with 1 mM GTPyS (BIOLOG Life
Science Institute; Germany) or GDP, respectively, in 50 mM HEPES, 150 mM NaCl, 5
mM MgCI2, 5 mM EDTA, 1 mM TCEP, pH 7.4, for 1 hour at room temperature. Each
query had five 96-well plates containing targets, with each set having a specific buffer.
The BLNK, DAPP1, and JUN queries were analyzed in 50 mM HEPES, 150 mM NacCl,
1 mM TCEP, 0.01% Tween-20, pH 7.4. The GDP-bound RAC1, GTP-bound RAC1,
GDP-RHOA, and GTP-RHOA queries were analyzed in 50 mM HEPES, 150 mM NacCl,
1 mM TCEP, 5 mM MgClz, 0.01% Tween-20, pH 7.4. The AKT1 query was analyzed in
50 mM Tris-HCI, 150 mM NacCl, 0.01% Tween-20, 250 uM ATP, 1 mM TCEP, pH 7.4.
The BTK query was analyzed in 50 mM Tris-HCI, 150 mM NacCl, 0.01% Tween-20, 250

MM ATP, 1 mM TCEP, 4 mM MgCI2, pH 7.4. The LYN query was analyzed in 50 mM
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HEPES, 150 mM NaCl, 1 mM TCEP, 0.01% Tween-20, 10 mM MgCI2, 250 uM ATP,
pH 7.4. The MAPK14 (p38) query was analyzed in 20 mM Tris-HCI, 150 mM NaCl,
0.01% Tween-20, 250 uM ATP, 1 mM TCEP, pH 7.4. The PIK3CA/PIK3R1 (PI13K)
query was analyzed in 50 mM Tris-HCI, 150 mM NaCl, 0.03% Tween-20, 250 uM ATP,
1 mM TCEP, 3 mM MgCI2, pH 7.4. The SYK query was analyzed in 60 mM HEPES, 5
mM MgCI2, 5 mM MnCI2, 1 mM TCEP, 250 uM ATP, 0.01% Tween-20, pH 7.5. Query
and target proteins were diluted 30-fold each in buffer, such that 1 pL of query and 1 pL
target protein were diluted to 60 pL total per well. One replicate received NanoBRET
618 ligand while the second (control) replicate received DMSO at a 1000-fold dilution.
Samples were incubated at 15 °C for 1 hour. The Nano-Glo luciferase substrate was
added at a 500-fold dilution and the plates immediately analyzed with a Perkin Elmer
Envision plate reader equipped with an emission filter 460/50m, emission filter 590 nm
long pass, and a luminescence -/- single mirror. The noise, or luciferase emission, was
read at 410 — 510 nm for one second. The signal, or NanoBRET 618 ligand emission, was
read at > 590 nm for 1 second. A positive control, in triplicate, was placed on each plate,
which was the Jun (query) — Fos (target) interactions with and without NanoBRET 618
ligand. The Jun-Fos interaction was used as a quality control of the sample processing as
well as to determine the standard deviation within each plate. Duplicate or triplicate
negative controls were included on each plate, which were the Jun (query) with no target,
with and without the NanoBRET 618 ligand. All pipetting steps, with the exception of
making the GTPases GDP- or GTP-bound, were performed with the Beckman Coulter

Biomek FX liquid handler (Brea, CA).
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NanoBRET data analyses

The corrected mBU value was determined as described in Chapter 3.3 (Figure 8).
The mean (n) and standard deviation (A) of the negative controls within each plate were
also determined. Protein interactions were identified as those having corrected mBU
values > 1 + 2A, or two standard deviations higher than the mean of the replicate
negative controls in their associated 96-well plate. To determine whether the detected
interactions were known or novel, the data were compared with the online protein
interaction databases, Biological General Repository for Interaction Datasets (BioGRID)
and Human Protein Reference Database (HPRD) (Appendix C). Proteins isoforms with
the same name but different sequences (i.e., AKT2, IKBKB, PIK3R1) (Appendix A)

were counted as different proteins.

3.4.3 Results & Discussion

NanoBRET detected known and novel interactions. Over 2500 protein-protein
interactions (PPIs) in the BCR signaling pathway were tested with NanoBRET using
proteins produced with a human cell-free expression system. To determine the number of
known and novel interactions detected with NanoBRET, the data were compared to the

online PPI databases, Human Protein Reference Database (HPRD) and Biological

Table 7. Known and novel PPIs detected by NanoBRET

Type of PPI AKT1 BLNK BTK DAPP1 LYN MAPK14 PI3K RAC1(GDP) RAC1{GTP) RHOA(GDP} RHOA(GTP) SYK
Known PPIs that were not detected 6 8 11 2 15 16 14 9 10 9 8 13
Known PPIs that were detected 20 8 4 1 7 2 13 5 4 4 5 8
Novel PPIs 40 50 22 22 38 12 28 39 59 32 32 35
Total PPIs detected 60 58 26 23 45 14 41 44 63 36 37 43
% known PPIs that were detected 77 50 27 33 32 11 413 36 29 31 33 38
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General Repository for Interaction Datasets All queries

(BioGRID) (Prasad et al., 2009; Stark et al.,
2006). NanoBRET detected ~ 40% (81/202) of
known PPIs across all twelve queries, with
some queries having as low as a 11%
(MAPKZ14; 2/18) and as high as 77% overlap
(AKT1; 20/26) with known PPIs (Table 7, ;it%;’;(fﬂlois\gee't‘:c‘tjgggvﬁm Klfa'r‘]r;%"gl‘z?rﬁd novel
Figure 14). As an example, PI3K, which is a

heterodimer composed of the catalytic unit PIK3CA and the regulatory unit PIK3R1, had
a 46% overlap with known interactions. Over half (i.e., ~60%) of previously-reported
interactions were not identified with NanoBRET. Several reasons could account for this
discrepancy. First, a significant portion (i.e., ~76%, Table 8) of reported PPIs were
detected using pull-down (i.e., “affinity capture”) methods. These types of methods
feature the detection of stable protein complexes, many of which are held together by
bridging protein. Therefore, many of these reported interactions may not be direct, and
hence would not show up in a direct assay like this. Second, a fraction of the reported

interactions may be false positives (other than inaccurately assigned direct interactions).

For example, yeast-2-hybrid has a false positive rate of 25 — 40%. Third, experimental
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conditions, such as buffers, can affect protein interactions. Fourth, NanoBRET requires
the use of fusion tags, which may block binding epitopes. It is worth mentioning that
even with similar experimental conditions, identical results will not be obtained. Two
large-scale, independent yeast-2-hybrid screens using the same method had < 30%
overlap (Ito et al., 2001). Detailed lists of the known PPIs and their associated
experiments are in Appendix C.

Despite these potential limitations, NanoBRET detected 409 interactions not
previously reported; these represented 83% of the total number of interactions. Although
some of these novel interactions may be false positives, | detected a majority of them
(64%; 167/262) using an orthogonal method, NAPPA-SPRI (see Chapter 8). The high
number of new interactions is likely because NanoBRET can detect both transient and
stable complexes.

The fusion tag may have interfered with some interactions. Some protein
interactions were detected by NanoBRET when the HaloTag was at the N- or C-terminus,
but not both (for a detailed list of protein interactions, see Appendix D). One possible
reason is that the relative orientation of the luciferase to the NanoBRET 618 ligand
(covalently bound to the HaloTag) is more favorable for NanoBRET analyses with

particular tag locations for certain interactions since the fluorophore ligand and NanoLuc

Table 8. Most known PPIs have been detected using “pull-down” methods

Methods using "pull-down" methods Non "pull-down methods"
- Affinity . . . - A =
Affinity Capture- Co- Reconstituted Biochemical Co-crystal Co- Co- Dosage Far Phenotypic Protein- Synthetic Two-hybrid
Capture-MS fractionation  Complex Activity  Structure localization purification Lethality Western Enhancement peptide Lethality
Query* Western
BLNK 8 18 o 8 1] 1 1 0 1] 0 ] ] 1 ] 0
BTK 3 12 o 3 6 2 o o 1 o o o o o 2
PI3K** 16 32 2 17 4 0 4 0 0 0 1 o 0 o 9
RAC1 4 7 o 1 4 o o o o 1 o 1 o 1 o
RHOA 4 4 o 2 2 o 1 2 o o o o o o o
Total Number 35 73 2 31 16 3 6 2 1 1 1 1 1 1 11

* These queries were used for both NanoBRET and NAPPA-SPRi analyses.
** PI3K represents the heterodimer that includes PIK3R1 and PIK3CA. The PPIs in this table are those that interact with one or both of these subunits.
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need to be within 10 nm of each other to produce signal. This BRET phenomenon is well
documented (Brown, Blumer, & Hepler, 2015). Please note that all query proteins had the
NanoLuc fusion tag at the N-terminus; no interactions were assessed with the NanoLuc at
the C-terminus. Another possible reason why a known interaction may not have been
detected is that the tag may interfere with interactions, thus suggesting the location of the
binding epitope on the target protein. For instance, the known LYN- SYK interaction was
detected only when LYN as a target protein had the HaloTag at the N-terminus. The
HaloTag at the C-terminus of LYN, near its kinase domain, may interfere with LYN’s
ability to phosphorylate SYK at tyrosine residue 323 (Geahlen, 2009). However, not all
PPIs demonstrate this correlation. The C-terminal C2 domain of PLCG2 binds to BLNK,
yet only the C-terminal tagged PLCG2 interacted with BLNK in the NanoBRET analyses
(Engelke et al., 2013).

Rho GTPases. Protein targets of the GTPases, RAC1 and RHOA, in both the
GDP- and GTP-bound states were analyzed. Although GTP-bound GTPases are
considered to be activated and the mediator of most downstream functions, GDP-bound
GTPases can also interact with other proteins, albeit to a lesser degree. In the NanoBRET
analyses, RAC1 GTPase had more protein partners in its activated state, with GTP-bound
RAC1 having 47% more interactions than GDP-bound RAC1 (Table 7). Some of these
GDP- and GTP-based interactions overlap with each other (Figure 15). For example,
RAC1 dimerized regardless of its GTP status. Indeed, this GDP/GTP-independent
dimerization of Rho GTPases has already been documented (B. L. Zhang & Zheng,

1998). However, activated and inactivated RAC1 had distinct binding partners as well.
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Only GDP-bound RAC1 interacted with ARHGEF7, a guanine nucleotide exchange
factor (GEF) that activates RAC1 by exchanging the GDP with GTP. It also targets
RAC1 to membrane ruffles and focal adhesions. ARHGEF7 was previously shown to
bind to RAC1 independent of the GDP/GTP status; why ARHGEF7 only interacted with
GDP-bound RACL in this analyses is unclear (ten Klooster, Jaffer, Chernoff, & Hordijk,
2006). Notably, ARHGEF?7 interacted with GDP-bound RHOA, but not GTP-bound
RHOA. It is possible that the GEF has a nucleotide preference, which affects its ability to
bind and release the GTPase in the absence of competing nucleotides (GTP or GDP with
the GDP- and GTP-bound GTPase queries, respectively). GRB2, an adaptor protein,
bound to GDP-, but not GTP-, bound RACL1. It has been associated with RAC1 through
pull-down complexes via their mutual interactions with PAK1 and SOS1; however, a
direct interaction between GRB2 and RAC1 has not been detected before (Oak, Zhou, &
Jarrett, 2003; Puto, Pestonjamasp, King, & Bokoch, 2003). Only GTP-bound RAC1 was
able to bind to TEC and VAV1, both of which are known to be involved in the activation
of RACL1 (Kline, Moore, & Clevenger,
2001). For a more detailed discussion
on the GTPases, please refer to Chapter
2.4). Novel interactions were also
detected, although these need to be

validated and their biological roles in

cellular response ascertained. A similar

Figure 14. Venn diagram of shared PPIs between GDP- and f f ins f h
GTP-bound RAC1 detected with NanoBRET. preference of target proteins for the
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GDP- or GTP-bound GTPase state was observed for RHOA. Both GDP- and GTP-bound
RHOA had 36 protein partners with only 9 that interacted with RHOA regardless of
activation state.

RAC1 and RHOA are well known to be involved in cytoskeleton rearrangement
that is essential in cell mobility and proliferation (Heasman & Ridley, 2008). RAC1 and
Rho protein family members have also been shown to promote cell survival and death
(Jiang et al., 2003; Murga, Zohar, Teramoto, & Gutkind, 2002). In the NanoBRET
analyses, the GTP-bound GTPases bound specifically to numerous proteins, including
BTK, CD81, LAT2, LILRB3, NFATC3, PPP3CA, RAC2, RAF1, RAP1A, RAP1B,
RAP2A, RASSF5, TEC, TP53, and VAV1. Moreover, they interacted with more proteins
involved in the regulation of the actin cytoskeleton (e.g., Rap GTPases) than their GDP-
bound counterparts, thus supporting previous reports. Proteins that specifically bound to
the GDP-bound GTPases included ARHGEF7, BCL10, BCL2, CD19, DAPP1, GSK3B,
HRAS, and PIK3APL1. Interestingly, both CD19 and PIK3AP1 (also known as BCAP) are
involved in decreasing the threshold for antigen receptor-dependent stimulation by
linking BCR signaling with PI3K activation. Upon binding an antigen, the CD19 and
BCR co-localize into lipid rafts where CD19 recruits several signaling molecules,
including PI3K, that can further augment signal transduction. PIK3AP1, on the other
hand, promotes the translocalization of PI3K to the cell membrane where PI3K is then
phosphorylated and activated. The preference of the GDP-bound GTPases for CD19 and
PIK3AP1 suggests that the inactivated GTPases may help to decrease the threshold of the

BCR-stimulated response.
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Tyrosine and serine/threonine kinases. Several kinases were included as queries
in this study. BTK, LYN, and SYK are tyrosine kinases. AKT1, MAPK14 (also known as
p38), and PI3K are serine/threonine (S/T) kinases; PI3K also phosphorylates lipids.
Whether their interactions with the protein substrates in the NanoBRET analyses is from
the kinase phosphorylating them or from an interaction independent of their kinase
activity is uncertain. AKT1 was the most promiscuous Kinase, interacting with 57 unique
proteins; on the other hand, MAPK14 was the least promiscuous, binding only 14
partners.

Two of the three tyrosine (YY) kinases, BTK and SYK, bound to RasGRP3
(regardless of tag location), a GEF in the MAPK signaling pathway. It is possible that
RasGRP3 is phosphorylated by activated BTK and SYK following BCR stimulation,
which may assist in RasGRP3’s ability to activate the MAPK signaling pathway. Indeed,
mass spectrometry studies have identified two tyrosine residues on RasGRP3, at tyrosine
residues 45 and 179 (Cell Signaling Technology curation set 2234; 2007)(Bassani-
Sternberg et al., 2016). Although the function of the phosphorylated tyrosines on
RasGRP3 have yet to be elucidated, tyrosine phosphorylation of other GEFs have been
shown to promote the activation of downstream GTPases (DeGeer et al., 2013; Kiyono,
Kato, Kataoka, Kaziro, & Satoh, 2000; Teramoto, Salem, Robbins, Bustelo, & Gutkind,
1997).

Adaptor proteins. Two of the queries, BLNK and DAPP1, were adaptor
proteins. Adaptors facilitate PPIs between other proteins by possessing a variety of

protein-binding motifs that bring protein partners in close proximity to each other. BLNK
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(also known as SLP-65) is a critical protein in B cell response by binding to proximal
kinases to downstream effectors of various signaling pathways. Without BLNK, B cells
are unable to develop properly, with a specific block in the pro- to pre-B cell transition
(S. L. Xu et al., 2000). DAPP1 (also known as Bam32), on the other hand, is not crucial
for B cell development, but instead plays a role in 1IgG3 class switching, cytoskeletal
rearrangements, and calcium mobilization (Al-Alwan, Hou, Zhang, Makondo, &
Marshall, 2010a; Fournier et al., 2003). BLNK was a promiscuous adaptor in this
NanBRET analyses by interacting with 56 unique target proteins; DAPP1 interacted with
only 22 proteins.

DAPPL1 is phosphorylated by a Src family kinase (presumably LYN) upon antigen
engagement with the BCR and assists in RAC1 activation, although the exact mechanism
in which DAPP1 maintains GTP-bound RAC1 is unknown (Allam, Niiro, Clark, &
Marshall, 2004). Allam et al. speculate that DAPP1 may interact directly with RAC1.
Indeed, in this preliminary screen of PPIs within the BCR signaling pathway, GDP-bound
RAC1 (and GDP-bound RHOA) interacted with DAPP1. Another possibility is that
DAPP1 acts upstream to RAC1, interacting with proteins like VAV and SOS. However,
these NanoBRET analyses did not detect an interaction between DAPP1 and any of the
proteins in the VAV or SOS families. DAPP1 was the only query to interact with all three
co-inhibitors of BCR signaling upstream to PTPNG6 (also known as SHP1), which were
CD22, CD72, and LILRB3 (also known as PIRB). PTPNG is a negative regulator of
cytokine signal transduction and, more recently, DAPP1 has been suggested to play a role

in negatively regulating cytokine production as well (Kile, Nicola, & Alexander, 2001,
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Onyilagha et al., 2015). It is possible that DAPP1’s ability to control cytokine production
may be the result of its interaction with CD22, CD72, and LILRBS3.

Pairwise linear regression analyses to determine differences in binding
interactions across queries. To understand whether there was a difference between two
queries in terms of enriched biological processes and gene families in their interactions,
targets were first defined using the Protein Analysis Through Evolutionary Relationships
(PANTHER) and HUGO Gene Nomenclature Committee (HGNC) classification
systems, respectively. The number of targets with different biological process or gene
family was then determined per query and a pairwise linear regression analyses
comparing different queries were performed (Appendix D). Enriched processes or gene
families were defined as having more than two standardized residuals away from the
predicted mean of the fitted linear regression line. Notably, this method of analyses
cannot determine whether the enrichment in each group is statistically significant.

BTK interacted with significantly more proteins involved in the G-protein
coupled receptor signaling pathway (Gene Ontology, GO:0007186) and intracellular
signal transduction (GO:0035556) than both of the other two tyrosine kinases that were
studied, with standardized residuals > 2.1 (Appendix B, D). It is interesting to note that
BTK has been demonstrated to be an integral part in intracellular signal transduction and
the G-protein coupled receptor signaling pathway (Qiu & Kung, 2000). LYN and SYK
were not enriched in any process when compared to the other Y kinases.

PI3K interactions were enriched in the transmembrane receptor protein tyrosine

kinase (TRTK) signaling pathway (GO:0007169) compared to AKT1 and MAPK14, with

61



standardized residuals > 2.5 (Appendix B, D). Protein targets of AKT1 and MAPK14, on
the other hand, were enriched in intracellular signal transduction (GO:0035556)
compared to PI3K, having standardized residuals > 4.3. In a general way, proteins in the
TRTK pathway are upstream in BCR signaling compared to the proteins classified under
intracellular signal transduction. For example, BTK, CD19, LYN, and SYK are all TRTK
pathway proteins, while BCL2, GSK3B, MAP2K1-3, and RAC1-3 are all intracellular
signal transduction proteins. These data support numerous experimental evidence that
PI3K acts upstream of AKT1 and MAPK14 (p38a) (Berra, Diaz-Meco, & Moscat, 1998;
Castellano & Downward, 2011; Stechschulte et al., 2014).

A comparison of the proteins that interact with S/T kinases and Y kinases reveal
that S/T kinase interactions are enriched in cell surface receptor signaling pathway
(G0O:0007166) proteins, specifically those in the “CD molecule” protein gene family
(Appendix B, D). The standardized residuals of these results were 2.4 and 3.9,
respectively. CD, or cluster of differentiation, molecules are often receptors or ligands
that initiate a signaling cascade. In B cells, these types of molecules act to promote or
inhibit BCR signaling. These results warrant further investigation.

Compared to DAPP1, BLNK’s interactions were enriched with “SH2 domain
containing” proteins, as reflected by a standardized residual of 4.2 (Appendix B, D). The
Src homology 2 (SH2) domain is highly conserved, ~ 100 amino acids long, present in a
wide array of proteins, directs PPIs, and is important in protein-protein signaling (Gan &
Roux, 2009; Schaffhausen, 1995). It recognizes, and binds to, phosphorylated tyrosine

motifs in a promiscuous fashion, although the surrounding amino acid residues can affect
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the overall affinities of these interactions. BLNK contains 13 potential tyrosine
phosphorylation sites, eight of which have previously been determined to be
phosphorylated and six as part of YXXP motifs within BLNK’s C-terminal SH2 domain
(Hornbeck et al., 2015; Kabak et al., 2002; Kéri & Toth, 2003). The YXXP motif is
considered to be a classic binding site for SH2 domains. DAPP1, on the other hand, has
11 potential phosphotyrosine sites, none of them in a YXXP motif, with only two of them
being experimentally observed (Y139, Y195). These results reflect the biological
functions of these adaptor proteins in BCR signaling: BLNK’s phosphotyrosines
essentially anchor a multimolecular complex proximal to BCR engagement called the “B
cell signalosome” that is important in initiating multiple signaling cascades, whereas
DAPP1 stimulates the RAC1/INK pathway involved in B cell adhesion and spreading

(see Chapter 2.4)(Al-Alwan et al., 2010b; Ulivieri & Baldari, 2005).

3.4.4 Conclusions

“NanoBRET” is a BRET-based platform that was recently developed by
Promega Corporation to study PPIs in living cells, with higher sensitivity and dynamic
range than standard BRET assays (Machleidt et al., 2015). Here, | adapted NanoBRET
for high throughput in vitro studies, employing proteins produced in cell-free expression
systems and 96-well plates. | compared the effect of different buffers on blocking non-
specific adsorption to the plates and suspending the proteins for analyses. NanoBRET
was determined to be compatible with all conditions tested, with HEPES buffer resulting

in the highest signal-to-noise ratio. Additional parameters were examined, including the
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length of protein expression, query-to-target ratio, the amount of NanoBRET 618 ligand
and luciferase substrate. These results indicate that 1.5-hour protein expression, 30-fold
protein dilution, 1:1 query-to-target ratio, 1000-fold dilution of the NanoBRET 618
ligand, and 500-fold dilution of the luciferase substrate had the maximum response. 60
ML per half-area well of a 96-well plate were applied in this experiment to ensure that the
pipetting performed by an automated liquid handler was within the linear range of the
instrument; however, a lower volume, depending on the liquid handler and the
experimental setup, could feasibly be used (i.e., > 30 pL).

Quialitative analyses of > 2500 potential protein interactions within the BCR
signaling pathway were performed using NanoBRET between 12 query proteins and 107
unique target proteins represented separately with a fusion tag at the N- and C-terminus.
This study is the first time that NanoBRET has been used to study PPIs in vitro. Distinct
differences in binding partners between S/T kinases, Y kinases, and GDP- and GTP-
bound GTPases were detected. The majority (83%) of the interactions have never been
previously reported, thus indicating that much of the BCR pathway has not been mapped.

All of the queries interacted with proteins that are known to promote and inhibit
BCR signaling, thus highlighting possible dual roles in signal transduction. For sure, the
BCR signaling response is tightly controlled and relatively transient with proteins that
can amplify and/or inhibit the BCR signal. LYN, the tyrosine kinase that is activated
immediately upon BCR-antigen binding, regulates the PI3K/AKT pathway both
positively and negatively (H. L. Li, Davis, Whiteman, Birnbaum, & Pure, 1999).

Stimulation of the CD40 receptor can result in cell proliferation or apoptosis, depending
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on the differentiated state of the B cell (Billian, Mondiere, Berard, Bella, & Defrance,
1997; Ingley, 2012). DAPP1 has also been implicated as having a dual role in inhibiting
and promoting the BCR signaling pathway (Richards, Watanabe, Santos, Craxton, &
Clark, 2008).

NanoBRET identified which proteins interact with each other and provides insight
into the relative promiscuity and function of each query. However, further analysis to
validate these results is warranted. It is important to note that all of the proteins for this
study were expressed in the human Hela cell-based in vitro transcription translation
(IVTT) system, which can modify proteins post translationally, most notably
phosphorylation. The phosphorylation status of the query and target proteins was not
controlled; thus, the detected PPIs may only reflect those that occur (or not occur) in
Hela cells. In addition, NanoBRET cannot measure the kinetics and affinities of the
PPIs. This type of quantitative information would provide a more time-resolved picture
of signal transduction, particularly for predictive algorithms or steady state models. To
complement these qualitative NanoBRET data in an orthogonal fashion, | developed a
high throughput and quantitative platform, NAPPA-SPRI, which is described over the
next few chapters. Moreover, control over target protein phosphorylation, an important
PTM in the BCR signaling pathway, is possible with this technology. By analyzing PPIs
under different phosphorylation states (i.e., with and without phosphorylation), the

inactive and active BCR signaling protein interaction network can be further delineated.
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CHAPTER 4

4 DEVELOPMENT OF NAPPA-SPRI
4.1 Technology overview

4.1.1 NAPPA

Protein microarrays generally refer to a technology that displays hundreds to
thousands of different proteins of known address on a solid planar or bead substrate. It
enables the high throughput analysis of proteins, and has been used in basic research and
translational research to study protein-protein interactions, protein-drug binding,
posttranslational modifications, and antibody biomarkers of disease. More recently, bead-
based protein microarrays and, to a lesser extent, planar arrays have been implemented in
the clinic as in vitro diagnostic tools to test for serological protein and antibody
biomarkers of allergies, autoimmune diseases, cancer, heart disease, infectious diseases,
and Alzheimer’s disease (Hartmann, Roeraade, Stoll, Templin, & Joos, 2009). Protein
microarrays are primarily defined by the method in which the proteins are produced and
immobilized.

Traditional protein microarrays print purified proteins expressed in Escherichia
coli (E. coli), yeast and baculovirus insect cells (X. B. Yu et al., 2016). The use of
nonhomologous systems to express mammalian proteins can be problematic since they
may not have the appropriate chaperones for proper folding or ability to attach post
translational modifications (PTMs) (Saul et al., 2014). Even if a protein were to get post
translationally modified, it is unlikely that the type and location of the PTM would reflect

those occurring in native systems. The purification procedure is often low throughput and
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tedious regardless of the host system and requires additional protein manipulation that
may negatively affect protein conformation and activity (Costa, Almeida, Castro, &
Domingues, 2014). For example, a protein that can be expressed may not necessarily be
able to be purified due to insoluble aggregation. Thus, it is not uncommon that individual
proteins require separate optimizations, which involve protein denaturation and refolding,
to increase protein recovery. Furthermore, the purification process is long and does not
result in 100% purification. Protein purity, however, can be improved if fast pressure
liquid chromatography (FPLC) is used. Due to the time involved in optimizing protein
expression and purification, protein microarrays are not cheap. For example, the
ProtoArray® Human Protein Microarrays (Thermo Fisher Scientific; Waltham, MA) that
have > 9,000 full-length human proteins expressed with the baculovirus system were
$1,200 per array at the time that this thesis was written (2018). This is in contrast to the
Human GE 4x44K v2 cDNA microarray offered by Agilent Technologies, which cost
~$55 per 9,000 transcripts. The instability of proteins when compared to DNA also
contributes to their high cost when considering shelf-life and experimental results.
Spotting proteins directly onto the slide may result in non-specific adsorption and
denaturation (Karlsson, Ekeroth, Elwing, & Carlsson, 2005; X. Li & Zhou, 2013). For
most researchers, the biggest drawback of expressing human proteins in nonhomologous
systems and/or purifying them is that the proteins may not be properly folded or

functional.
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NAPPA Technology In 2004, another type of protein
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protein-of-interest (POI) is spotted onto
a glass surface, which then can be transcribed and translated by an in vitro expression
system (e.g., E. coli, rabbit, insect, human, wheat germ) at the time of the experiment
(Figure 16). The use of a cell-free expression system has many advantages over
expressing protein in vivo. First, proteins are produced with homologous ribosomes and
chaperones, increasing the likelihood that the proteins are folded properly and are
functional. Several NAPPA-based experiments studying protein-protein interactions and
kinase activity have demonstrated that NAPPA proteins are functional (Ramachandran et
al., 2004; Ramachandran et al., 2008; Rauf et al., 2018; X. B. Yu & LaBaer, 2015).
Second, NAPPA proteins are produced in 2 hours, requiring only a plasmid backbone
with the appropriate promoter and enabling same-day analyses. Third, proteins that may
be toxic to cells can be synthesized. Fourth, non-natural amino acids can be incorporated.

Fifth, NAPPA uses a fusion tag, which minimizes substrate-induced denaturation by

distancing the protein-of-interest from the substrate surface (Karlsson et al., 2005). Sixth,
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the NAPPA approach does not require the proteins to be purified in the traditional sense

(e.g., FPLC) since the expressed GST-tagged proteins are captured to the slide in situ via
an anti-GST antibody. Finally, additives, detergents, cofactors, and binding partners can

be easily added to the cell-free expression system.

When this thesis was written, NAPPA could customarily express as many as
2,300 different proteins per standard 75 mm x 25 mm slide that are 640 um apart (center-
to-center) with a 450 pum spot diameter. Although not in general use, others have
increased the number of proteins to 14,000 or more using a different type of slide and
printing method (Song et al., 2017; Takulapalli et al., 2012). Additional technical work
implies that NAPPA could one day reach as many as 48,000 different proteins per slide
(personal communication with owner of Engineering Arts and co-developer of high
throughput NAPPA, Dr. Peter Wiktor).

The plasmid cDNA employed by NAPPA is in a Gateway-compatible vector and
encodes for a fusion gene encoding for the protein-of-interest and glutathione-S-
transferase (GST). The Invitrogen™ Gateway™ cloning system allows the transcript
inserts to be easily shuttled between Gateway-compatible vectors with the use of enzyme
mixtures known as “BP Clonase II” and “LR Clonase I1” that contain the restriction
enzymes Int, and IHF; and Int, Xis, and IHF, respectively (Stewart, 2016). In the first
step, PCR products flanked by the specific attB sequence replace the ccdB (controller of
cell division or death B) gene of a donor vector and transformed into DH5a E. coli cells
for propagation. The ccdB gene encodes for a protein that inhibits cell division, thus cells

containing a vector with the “death cassette” will not grow and will not be selected for
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further use. Successful shuttling of the PCR product into the donor vector is also assured
through an antibiotic resistance gene encoded by the donor vector. PCR inserts in the
resulting entry clone can then be transferred to any Gateway-compatible destination
vector, which confers different antibiotic resistance than the entry clone. For NAPPA,
genes without a stop codon are inserted into the pANT7_cGST destination vector
containing a T7 transcriptional start site, ampillicin resistant gene, and a GST gene at the
3’ end of the insert.

The plasmid cDNA is printed onto glass microscope slides of standard size (25
mm X 75 mm x 1 mm) functionalized with 3-aminopropyltriethoxysilane
(“aminosilane”). In other words, the slides are coated with a chemical that results in free
amines being exposed on the surface. In addition to DNA, the printing master mix
contains bovine serum albumin (BSA), bis(sulfosuccinimidyl)suberate (BS3),
dimethylsulfoxide (DMSO), and an anti-GST polyclonal antibody (Ramachandran et al.,
2008). The Virginia G. Piper Center for Personalized Diagnostics (VGP CPD; Tempe,
AZ) has found that while linear DNA binds well to the glass surface, it is not transcribed
well in the cell-free expression systems. On the other hand, circular DNA is transcribed
well, but has difficulty binding to the glass surface. The BS3 is a bifunctional amine-to-
amine crosslinker that binds the amine-coated slides to the lysine residues on BSA and
the anti-GST antibody to each other and, by forming a matrix, it theoretically helps trap
the plasmid DNA to the surface. BSA is necessary as its removal results in the significant
decrease in DNA deposition. Whether BSA “traps” DNA physically or electrostatically is

unclear. DMSO is used to decrease the drying time following printing to improve spot
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shape, spot size, and matrix formation. Finally, POls are then produced and captured
during a two-hour incubation using a cell-free expression system. (Genes can be shuttled
into destination vectors that are compatible with the expression system-of-interest, which
includes those arising from E. coli, rabbit, wheat germ, human, or insect.) The anti-GST
antibody enables the capture of the expressed fusion protein to the slide surface. Since the
26 kDa GST fusion tag is at the C-terminus of the POI, the capture of the GST means that
the POI was fully translated.

Notably, the use of a tag has both advantages and disadvantages (Costa et al.,
2014; Kosobokova, Skrypnik, & Kosorukov, 2016). The primary advantage of fusion
tags is that they minimize substrate-induced denaturation by distancing the protein-of-
interest from the substrate surface. For example, coating glass with protein A prior to
antibody addition reduces antibody denaturation (X. Li & Zhou, 2013). Non-specific
protein adsorption and denaturation on positively-charged amine surfaces has also been
previously documented (Karlsson et al., 2005). On the other hand, a fusion tag may
negatively affect the conformation and activity of the protein. It can occlude binding
epitopes, such that a protein that would otherwise interact with the POl may not be able
to bind to the target protein when the tag is at one terminus. The tag at the other terminus,
however, may expose the epitope for binding. Therefore, attempts to have a GST tag at
the N-terminus of the POl have been made; they were unsuccessful. It is speculated that
the reason why an N-terminal GST tag is incompatible with NAPPA is that the region of

GST to which the capturing antibody attaches is obscured.
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NAPPA often studies protein interactions at equilibrium, primarily stable
antibody-antigen interactions (Diez et al., 2015; Miersch et al., 2013; J. Wang et al.,
2014). After protein expression and capture, most NAPPA users subject the array to
serum from patients having the disease-of-interest. After washing, a labeled anti-human
antibody that can be fluorescently detected to determine the location of the antibodies and
their target antigens probes the slide. The comparison of binding patterns between control
(i.e., healthy) and disease samples helps to identify specific antibodies that potentially
could be used as diagnostic biomarkers of disease. A similar approach tracks the immune
response over time in response to infection or treatment.

Interactions other than antibody-antigen interactions detected with NAPPA (e.g.,
Fos binding to Jun) support the conclusion that the expressed proteins are functional and
most likely folded properly (Ramachandran et al., 2008; X. B. Yu & LaBaer, 2015).
Other studies performed in the lab have shown that known kinases maintain their ability
to auto-phosphorylate (Rauf et al., 2018).

While NAPPA has numerous advantages, it still has its limitations. Like any
equilibrium-based assay, NAPPA (in its present form) can only detect protein complexes
with high binding affinities that can withstand numerous washes inherent to the
procedure. Stable interactions, however, only represent a small fraction of the protein
interactions that actually occur in vivo. Thus, NAPPA is missing interactions within
signaling networks that may be fundamental to disease onset, progression, and response
to treatment. The current cell-free expression system that is primarily used with NAPPA

is lysate from human HeLa cells that is mixed with accessory proteins and a reaction
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mixture containing various other reagents (e.g., reducing agent) to enhance transcription
and translation. The expression system is capable of performing PTMs, with
phosphorylation being documented the most. The type and location of these PTMs are
likely similar to those seen in HelLa cells in vivo, but may not be relevant to the disease or
interaction-of-interest. As previously acknowledged, PTMs often affect protein activity
and interactions.

NAPPA has relied on the GST tag to capture the expressed protein to the slide
surface, which is not advantageous for some applications. First, the GST tag is
compatible with the platform only when the GST is at the C-terminus. Since some
epitopes on the displayed proteins may be blocked by GST, it would be advantageous to
have the displayed proteins without a fusion tag, a smaller tag, or have the proteins also
represented on the array with the GST at the N-terminus. Second, the antibody-GST
capturing method is not covalent.

To address the limitations of the GST tag, the laboratory has recently investigated
the possibility of using a covalent capturing method using the HaloTag® fusion
(Promega Corporation; Madison, WI)(J. Wang et al., 2013). The replacement of a single
amino acid in a haloalkane dehalogenase enzyme originating from Rhodococcus
rhodochrous results in a stable covalent bond between the HaloTag protein and a
chloroalkane substrate (England, Luo, & Cai, 2015). Indeed, harsh denaturing conditions
showed that HaloTag fusion proteins remained on the slide surface while GST fusion

proteins were removed (see also Figure 23, page 91)(J. Wang et al., 2013). In addition,
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proteins with HaloTag at the N- and C-terminus of the proteins-of-interest can be

successfully captured to the NAPPA surface.

4.1.2 SPR and SPRi

The term “surface plasmon resonance” (SPR) refers both to a light-electron
phenomenon and the sensor platform that employs it (Homola & Dostalek, 2006;
Schasfoort & Tudos, 2008). The SPR phenomenon was first observed in 1902 by R. M.
Wood at Johns Hopkins University, in which polarized light shone onto a metal-backed
diffraction grating resulted in reflected light composed of dark and light bands. Nearly
four decades later, Hugo Fano recognized that the “Wood’s anomaly” was due to the
incident light being converted into wave-like oscillations of the free electrons within the
metal surface. In 1983, Bo Leidberg et al. exploited the SPR phenomenon for the first
time as a biosensor to specifically detect the interaction of human 1gG with anti-human
IgG (Liedberg, Nylander, & Lundstrom, 1983). SPR has since become recognized as a
sensitive, label-free approach for analyzing the interactions between DNA, drugs,
peptides, and proteins in real-time. In the pharmaceutical industry, SPR identifies and
studies the differential binding of drugs to their pharmacological targets (Olaru, Bala,
Jaffrezic-Renault, & Aboul-Enein, 2015). This thesis, however, will focus on the
detection of protein-protein interactions by SPR.

All SPR instruments have three main components: optical unit, liquid handler,
and the sensor surface. The sensor surface is generally a portable chip or slide in which

proteins are adhered; these captured proteins are called “ligands” or “targets.” The liquid
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handler is essential in injecting any reagent-of-interest in buffer across the surface,
including a purified “analyte” or “query” protein. The optical unit enables the
measurement of protein interactions through the use of a prism, grating, or optical
waveguide. In the case of a prism, the optical unit essentially filters out light noise (i.e., s-
polarized light) so that the p-polarized light can be properly focused and synchronized
with the surface plasmons.

The sensor chip is generally composed of a glass substrate coated with a thin (~50
nm) layer of gold. Other metals, like silver, copper, tin, lead, mercury, cadmium, indium,
and the alkali metals can also produce SPR, but have more disadvantages than gold. For
example, copper results in a weaker signal. Mercury cannot be used with light in the
visible range. Silver, the second most common metal used with SPR, isn’t very stable and
is easily oxidized in air.

The metal is then coated with an adhesion linking layer and immobilization
matrix. The adhesion linking layer is usually composed of a > 10-carbon alkane with a
terminal thiol group, which stacks against each other in a self-assembling monolayer that
is oriented perpendicular to the surface via the thiol during an extended incubation (i.e., 4
— 24 hours). (Whether the thiol-gold interaction is covalent is still up for debate.) The
adhesion linking layer enables a bioinert, hydrophilic immobilization matrix to be
attached to the surface, the purpose of which is to 1) reduce non-specific binding of the
query protein to the “sticky” metal and 2) capture the target protein to the slide. Matrices
can be 2D or 3D in structure, which are composed of polymers like dextran,

carboxymethyldextran, poly(vinyl alcohol), poly(ethylene glycol), poly(acrylic acid), and
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poly(L-lysine). The type of immobilization topcoat depends on the specific needs of the
experiment. The NAPPA-SPRi platform in this thesis used a self-assembling monolayer
that combined both the adhesion linking layer and immobilization matrix: HS-Cy1-
(C2H40)s-NHa, where HS-C11 represents the adhesion linking layer and (C2H40)s-NH;
represents the matrix (ProChimia Surfaces; Poland).

The target protein (usually purified) is then captured to the surface via the
immobilization matrix. For example, a biotin-functionalized self-assembled monolayer
will bind to proteins with a streptavidin
tag. The addition of the immobilization A} {A
layer and target to the slide are often A .

done under flow.
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the other optical units can be found elsewhere (Schasfoort & Tudos, 2008). SPR
instruments with the Krestchmann configuration require a light source to produce the
incident light, a prism, a sensor surface (described above), and a device to measure the
reflected light (Figure 17A). The light source can be a laser or halogen lamp that is
directed toward a prism at a specific angle, resulting in photons with direction and
momentum. Both the direction and momentum of these photons will change as they move
from different mediums (i.e., vacuum to prism). The sensor chip is coupled to the prism
through immersion oil with a similar refractive index (RI) of the slide. The key to SPR is
that, at the critical incident angle or “angle of minimum reflectance” (AMR), the
direction and momentum of the photons become parallel to the surface and equal to the
electron plasmons of the metal, respectively. This results in total internal reflection and
SPR, such that no light is reflected (Figure 17B) (i.e., the dark band observed by Wood in
1902). It is important to note that the momentum of the electron plasmons is sensitive to
the RI of the medium surrounding them. Thus, an interaction between a query and target
protein will change the local RI of the medium, resulting in a different AMR. SPR
instruments measure the change in this angle during the association and dissociation of a
protein-protein interaction (PPI).

SPR has two components that are inherently linked to one another: wave-like
oscillations in the plane of the metal layer and an electric field perpendicular to the
surface. The electric field, or “evanescent wave,” decays exponentially from the interface

surface, extending approximately one light wavelength (of the light source) into the
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medium on either side of the metal layer. For most instruments, the depth of the
evanescent wave is 200 — 300 nm.

There are three main steps in SPR analyses (Figure 17C). In the first step of
analyses, only buffer is injected across the surface with the captured target proteins to
obtain a baseline signal. In the second step known as the “association phase,” a purified
query protein in buffer is added, allowing the query to associate with the target on the
surface. In the third and final step known as the “dissociation phase,” the addition of
query is ceased and only buffer is injected, allowing the flowing buffer to remove query
as it dissociates from the target. SPR sensorgrams of an interaction can look like Figure
17B, where the change in AMR is depicted on the x-axis and the reflected light intensity
is on the y-axis. However, the most common sensorgram format is like Figure 17C,
where time is on the x-axis and the binding response (or, change in RI) is on the y-axis.
The y-axis can also be interpreted as the occupancy frequency of ligand epitopes by the
query (i.e., response).

The buffer for SPR analyses is often phosphate- or Tris-buffered saline with 0.01
— 0.1% Tween-20. The use of a nonionic detergent like Tween-20 decreases nonspecific
hydrophobic interactions and helps to prevent bubble adsorption on the surface. High
concentrations of detergent, however, may interfere with real binding events. Therefore,
both buffer and detergent choice and amount can have drastic effects on the protein
interactions and should be chosen carefully, taking into consideration the proteins-of-
interests and the instrument set-up. The pH of Tris-buffered saline, for example, changes

based on temperature. The SPRi instrument that was used in the experiments described
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herein (i.e., PlexArray® HT System) can control the temperature at the sample holding
area and sensor surface, but the temperature of the 1 mL sample loop is not controlled.
The flux of pH in the Tris-based buffer from 4 °C in the holding area to RT in the sample
loop to 30 °C on the sensor slide may not be desirable. Most SPR experiments use
phosphate-buffered saline (PBS), but this buffer may not be appropriate for the
experiment either. The phosphate groups in PBS may interfere with studying the effects
of phosphorylation on protein interactions.
During the “association phase,”

A) Non-binder sensorgram

the query and target proteins are

introduced to each other. Proteins that do é
not interact with each other, or “non- :
binders,” would ideally produce a o
sensorgram with a flat horizontal line, B) Binder sensorgram
but this is usually not the case. Instead,
the sensorgrams of non-binders look like z

&

Figure 18A, which depict differences in
RI1 between the baseline and association

Titme (zec)

steps and resemble a blockier curve than Figure 17. SPR sensorgrams reflecting A) bulk refractive
index shift and B) real PPI.

binders (Figure 18B) since the RI

quickly reverts to baseline during the “dissociation step.” The query protein should be

buffer exchanged into the same buffer used in the baseline step; however, small

variations in temperature or buffer composition will result in an altered RI. Although a
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region-of-interest on a slide is designated as a specific protein target, it should be
remembered that there are numerous target molecules within this region (i.e., not just one
protein molecule). Therefore, the y-axis reflects the sum of the target residues interacting
with the query, where the amount of protein complex increases over the length of the
association time (or until the complex has reached equilibrium). Instead of the blocky
shape of a simple RI change in medium observed in a sensorgram of a non-binder, an
interaction should have an exponential binding curve.

When the query-target on-rate is limited by the rate of flow, an issue called “mass
transport” occurs (Schasfoort & Tudos, 2008). In other words, the query is binding to the
target as quickly as diffusion will allow and is, therefore, dependent on the query
concentration. Increasing the flow rate, decreasing the target concentration, increasing the
query concentration, altering the flow chamber design above the sensor surface (to reduce
stagnant areas), and decreasing the query size can all help minimize the mass transport
effect. Several of these suggestions, however, may not be possible. Maximum flow rates
are often limited. For example, the maximum flow on the PlexArray® HT System is 5
pL/sec; above this, the flow chamber can leak for durations > 30 sec. The volume of the
sample and injection loop will also affect the flow rate. Flow chambers are often
commercially optimized and produced, so alterations to their design by the user are not
realistic. Reducing the query size (by only using certain domains) so that it can diffuse
faster to the surface can also greatly affect results. Due to diffusion constraints, higher

flow rates increase the dynamic range of the instrument.
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A) Weak interaction sensorgram With the exception of covalent
protein interactions, all PPIs are in flux,

coming together and apart in varying

Response units

degrees of on- and off-rates. During the
, S association step, PPIs are constantly
B) Strong interaction sensorgram being formed and broken under flow as

query is continually transported across

the surface. It is only during the

Response units

“dissociation phase” in which only
Time (sec) buffer is injected that the off-rate, or

aFr']g“Eg)e 18 Sensorgrams reflecting aA) transient interaction  gjissociation, of the PPIs can be
determined. Weak or transient interactions are those in which the query protein is shuttled
quickly away from the target under flow, thus resulting in a rapid drop back down to
baseline as fewer queries occupy the target residues (Figure 19A). Query proteins in
stable interactions, on the other hand, tenaciously bind to their targets, as evidenced by a
slow return to baseline (Figure 19B).

Often, a fourth regeneration step will be used in which a high salt, acid, or base
will be applied to the slide to disrupt any PPIs remaining following the dissociation step
to return the sensorgram to baseline. This is especially common when working with
surface-bound antibodies, which are generally stable under the regeneration conditions.

Following regeneration, steps 1 — 4 can be repeated with a different query or query

concentration. Regeneration has a couple of advantages: 1) removes molecules non-
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specifically bound to the surface that may cause baseline issues and 2) allows the same
chip to be re-used, which makes the experiment more cost effective than using one chip
per query type or concentration. Regeneration is used when the immobilized target
molecule, like antibodies and peptides, are stable enough to withstand the harsh
regeneration treatment without detrimentally affecting their ability to bind other
molecules. Thus, a regeneration step may not be appropriate when the activity and/or
conformation of less stable target proteins are important to the experiment.

Because SPR measures the AMR for each ligand protein on the surface, it
requires a separate light detector per ligand. This results in SPR being extremely low
throughput with the most common platform used in academic settings (i.e., Biacore
T100) being able to measure 4 different binding events at the same time through the use
of 4 separate flow chambers and light detectors. Also, it is important that one of these
analyses is used as a reference, so the interactions of interest are further decreased to
three. Biacore also offers the Biacore A100, which can analyze as many as 20 PPIs at one
time.

The desire for a high throughput SPR instrument led to the development of SPR
imaging (SPRi). Although similar to SPR, SPRi has a few distinct differences (Wong &
Olivo, 2014). One, SPR measures the AMR while SPRi measures the reflected light
intensity across time at a set incident angle. Two, SPRi uses only one light detector (i.e.,
charge-coupled device “CCD” camera) for an entire chip. Three, since SPRi needs only
one camera while SPR needs a separate detector per ligand type, SPRi can be in an array

format, thus resulting in higher throughput. The MX96 instrument from IBIS
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Technologies (Netherlands), for example, can analyze as many as 96 PPIs at one time
(Krishnamoorthy et al., 2010). Neumann et al. demonstrated that as many as 9216 protein
fragments (i.e., fragment library) could be immobilized on a single SPRi array for drug
discovery and screening (Neumann, Junker, Schmidt, & Sekul, 2007). During SPRi data
analyses, regions-of-interest (ROIs) — or, spotted target protein — on the captured video
can be selected and the pixel intensities, or the intensity of the reflected light, of the ROIs
analyzed across time. One ROI will produce a corresponding sensorgram, with time on
the x-axis and the amount of reflected light on the y-axis. While SPRi has high
throughput capability, its measurement of reflected light rather than the AMR results in
lower sensitivity than SPR instruments. The use of a camera also results in optical
vignetting, which can negatively affect the quality of data around the edges of the array.
Given the information provided above regarding SPR technology, the PPI that
would result in the largest signal-to-noise ratio would be one where the 1) target protein
was small (i.e., low mass), 2) target protein was very close to the surface, and 3) query
protein was large. In actuality, most SPR instruments are not sensitive enough to detect

binding of an analyte to queries that are less than 1 kDa.

4.2 History of NAPPA-SPRi

SPRi platforms like those from IBIS Technologies (Netherlands), GWC
Technologies (Madison, WI), and Plexera LLC (Woodinville, WA) have the capacity of
analyzing any type of PPI in a high throughput manner, yet most SPRi studies rely on

antibody- or peptide-based interactions (Joshi, Peczuh, Kumar, & Rusling, 2014;

84



Stojanovic, Schasfoort, & Terstappen, 2014; Zhu et al., 2014). Even proof-of-concept
demonstrations of SPRi throughput have been based on numerous replicates of stable
antibody-antigen interactions rather than more biologically-relevant, non-antibody PPIs
(Geertz, Shore, & Maerkl, 2012). In actuality, only one study has examined the Kinetics
of non-antibody, full-length proteins in high throughput. In 2016, 96 unique proteins
from Yersinia pestis were expressed and purified from E. coli, biotinylated, and printed
onto an SPRIi chip coated with avidin using the Biacore FLEXchip and then probed with
the same 96 proteins (Keasey et al., 2016). (Of note, the Biacore FLEXchip, which was
reported to analyze as many as 400 binding events at one time, has been discontinued.)
With the purported high throughput capabilities of various SPRi platforms, why then
aren’t there more studies like those of Keasey et al.? Simply put, purifying proteins is
costly and labor intensive (see also page 67). It is also easier from an experimental
standpoint to use peptides or antibodies as captured targets on the SPR array since they
are resilient to buffer changes and harsh regeneration conditions. Antibodies also bind to
their antigens with high affinity with long half-lives. Therefore, Dr. Joshua LaBaer asked
in 2006 whether his high throughput DNA-based NAPPA chemistry could be made
compatible with SPRi.

Dr. Sanjeeva Srivastava and Dr. Manual Fuentes first worked on making NAPPA
compatible with SPRi. Their platform relied on using a C-terminal GST e-coil fusion tag
in which the e-coil would bind very strongly via a coiled-coil interaction with a k-coil
ligand on the surface (Kp = ~60 pM™) (De Crescenzo, Litowski, Hodges, & O'Connor-

McCourt, 2003). E-coil and k-coil are short (< 40 amino acids) amphiphilic alpha-helical
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peptides that form heterodimers through interhelical hydrophobic (i.e., coiled-coil)
interactions (Aronsson et al., 2015). The k-coil and e-coil sequences were
LKVSALKEKVSALKEKVSALKEKVSALKEKVSALKE and
LEVSALEKEVSALEKEVSALEKEVSALEKEVSALEK, respectively. Note that the
amino acids, leucine (L) and valine (V), are hydrophobic while the amino acids in bold,
lysine (K) and glutamine (E), are hydrophobic.

The use of a ~4 kDa k-coil peptide instead of a massive antibody (i.e., 150 kDa)
as a capturing ligand will significantly reduce the surface mass and would, theoretically,
make the SPR analysis more sensitive to binding events. Furthermore, the use of a k-coil
appeared to eliminate the need for BSA, which has been found to be an essential reagent
for plasmid cDNA immobilization with standard NAPPA. The GST tag was maintained
in order to analyze protein display levels fluorescently with an anti-GST monoclonal
antibody. Briefly, the printing master mix contained only k-coil and plasmid cDNA and
the protein expressed with rabbit reticulocyte lysate. (At this time, no other mammalian
cell-free expression system was available.) By 2009, antibody-antigen interactions were
successfully detected using the e-coil//k-coil chemistry (i.e., version 1), but the data were
never published.

Dr. Lusheng Song, a collaborator in China at the National Center for NanoScience
and Technology, created the second version of NAPPA-SPRi in 2012. Like standard
NAPPA, he used a C-terminal GST tag and an anti-GST polyclonal antibody to bind the
translated fusion protein. The antibody was not part of the printing master mix, but was

instead bound to the entire bare gold surface through electrostatic interactions; no
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adhesion linking layer and immobilization matrix were used. He was able to demonstrate
the interactions of query antibodies to their target proteins, as well as between TP53 and
MDMZ2. His data were not published.

Biacore SPR instruments were, at this time, the most popular; however, they
relied on Biacore-specific flow chamber chips that were not amenable to printing (i.e.,
NAPPA). Therefore, VGP CPD worked with Plexera® Bioscience to develop a SPRIi
instrument that would be compatible with NAPPA, which is the PlexArray® HT System.

| worked on the first (e-coil/k-coil) and second (GST-based) versions of NAPPA-
SPRi when | first joined the laboratory (separate from the individuals mentioned above),
but found concerning disadvantages with both. The e-coil/k-coil chemistry prompted
further optimization. First, only the k-coil and plasmid cDNA were contained in the
printing master mix. In other words, the k-coil was not covalently captured to the array
surface, but rather bound nonspecifically to the positive-charged slide through non-
covalent, van der Waals forces. (The slides used the same amine-coating that | later used
in the optimized NAPP-SPRi experiments.) Rather than adopting a vertical configuration
where one end of the k-coil is captured to the surface, the k-coil molecules likely laid
horizontally on the slide. It is therefore uncertain 1) whether this affected the k-coil’s
ability to interact specifically with the e-coil of the target protein, and 2) how much of the
target protein is captured to the slide specifically via the k-coil/e-coil interaction or
through van der Waals forces. To determine whether the target protein is captured
specifically to the surface through the e-coil/k-coil interaction, | printed both GST-tagged

proteins with and without the e-coil tag on an array and then analyzed the level of
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Figure 19. Proteins are denatured when they bind non-specifically to the slide.
Fluorescent analyses of A) protein display using an anti-tag antibody and B) tyrosine
phosphorylation using an nti-phosphotyrosine antibody. False-colored rainbow images,
where blue = low antibody binding, yellow = moderate antibody binding, red = high
antibody binding.

mouse antibody. The data revealed no significant difference in the level of protein

captured between GST-tagged proteins and GST-ecoil-tagged proteins (data not shown,

September 2010).

Non-specific protein adsorption and their denaturation on positively-charged

amine surfaces is a known phenomenon (Karlsson et al., 2005). | have also observed non-

specific target immobilization on NAPPA
arrays. In fact, some antibodies bind more
strongly to the area around the spot that has no
capturing reagent (i.e., “the ring”) than the spot
itself (Figure 20), which may be due to the

antibodies having a preference for linear

Association Dissociation

| | | I I
epitopes or that the antibodies’ epitopes are 9‘;3 00 0 120 1X0 140
Ime
more exposed upon partial or full target Figure 20. SPRi binding curves using a

streptavidin and biotinylated k-coil coated slide
surface. GST-tagged TP53, Fos, and Jun proteins

denaturation. Therefore, it’s important to point  probed with an anti-GST antibody.
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out that while the e-coil/k-coil chemistry detects interactions between target proteins and
query antibodies, there are no data supporting its ability to detect non-antibody PPIs that
may rely on conformational epitopes (Figure 21). Of note, the query antibodies that were
used (i.e., anti-JUN, anti-FOS, anti-TP53) are specific to linear epitopes, since synthetic
peptides were used to immunize the animal hosts.

Another major issue with the k-coil/e-coil chemistry A

was that the amount of required plasmid cDNA was five times
that needed for standard NAPPA. For example, standard
NAPPA needs a 1.2 mg/mL concentration of plasmid cDNA
while the NAPPA-SPRi printing mixture required 6 mg/mL.
Indeed, it’s been demonstrated that amphiphilic a-helical
peptides bind to plasmid cDNA (Figure 22A)(Niidome et al.,

1997). A viscous substance formed immediately upon the

mixture of k-coil peptide and plasmid cDNA, which was easily " o
Figure 21. Amphiphilic a-

) ] helical peptide forms an

seen by eye (Figure 22B). The viscous substance captured insoluble aggregate with

plasmid cDNA. Observed by

A) Niidome et al. with electron

microscopy and B) me in 2010

by eye. Reprinted with

printing (as determined through spectrophotometric analyses). ~ Permission.

approximately 20 — 40% of the DNA, making it unavailable for

The strong interaction between the k-coil and plasmid cDNA is likely why this approach
did not require BSA to capture DNA to the slide surface.

Version 2 of NAPPA-SPRi using a GST antibody to capture the GST-tagged
proteins to the slide surface was also less-than-ideal. First, the GST-antibody interaction

was not covalent; thus, under flow, the captured target protein theoretically should be
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removed from the surface. Further, the use of a large 150 kDa anti-GST antibody would
result in decreased sensitivity compared to a smaller capturing agent. In both NAPPA-
SPRi versions, the target proteins were not captured covalently to the slide and only
represented the target with the tag at the C-terminus. The tag may block binding epitopes
and, therefore, the additional representation of the target with a tag at the N-terminus
would be desirable. | decided that the disadvantages of the previous versions warranted a
new approach.

In 2005, Promega Corporation (Madison, WI) reported for the first time a
covalent tagging system using a modified haloalkane dehalogenase “HaloTag” enzyme
that covalently binds to a small ~ 400 Da ligand (Los et al., 2005). In the unmodified
version, the covalent ester interaction between the terminal chloride and aspartate residue
on the enzyme is hydrolyzed by a nearby histidine at position 272 (England et al., 2015).
Promega mutated the histidine to a phenylalanine, thus causing the HaloTag-ligand
interaction to remain intact. The chloroalkane ligand can be altered to make the HaloTag
system compatible with in vitro and in vivo platforms and numerous applications. (Please
note that the term “ligand” can also refer to the protein captured to the sensor surface. To
avoid confusion, the use of “ligand” in this thesis will only refer to the chloroalkane
ligand that binds covalently to HaloTag.)

In parallel with my colleague, Dr. Jie Wang, who was testing HaloTag with the
standard NAPPA platform, | began working with HaloTag in the context of NAPPA-
SPRi in 2012. His interest in HaloTag was based on its ability to covalently capture

proteins to the slide so that he could subsequently denature the proteins and probe the
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array with patient serum to identify NAPPA

capturing method Denatured

Control

antibody biomarkers of disease (J. Wang

et al., 2013). Although proteins are folded GST
in vivo, they may become misfolded

during disease (or occluded by the tag) HaloTag

and expose epitopes that would otherwise

remain hidden. Dr. Wang was also Figure 22. HaloTag NAPPA can withstand harsh
denaturing conditions. Captured TP53 target protein was
assessed with an anti-TP53 antibody. Both images are false-
colored rainbow images, where blue = low antibody
binding, yellow = moderate antibody binding, red = high

proteins tagged at either the N- or C- antibody binding. Reprinted with permission.

interested in the idea of making the target

terminus. In addition to these attributes, the HaloTag offered another advantage regarding
SPR analyses: its small capturing ligand.

The covalent and specific capture of HaloTagged target proteins to the slide
surface via the HaloTag-ligand interaction was elegantly demonstrated by Dr. Wang (J.
Wang et al., 2013). The target protein, TP53, was immobilized to the array using both
GST- and HaloTag-based chemistries. The slides were then subjected to harsh denaturing
conditions, which included incubating the array with 125 mM Tris-HCI, 2% SDS, 100
mM B-mercaptoethanol at 37 °C for 30 min with mild agitation. A comparison of
captured TP53 target protein before and after denaturation revealed that TP53 continued
to be captured only on the HaloTag-based NAPPA slide surface (Figure 23).

Although the VGP CPD had long conceptualized synthesizing proteins in situ for
SPR analyses, they were not the first to publicly demonstrate it. In July 2012, Seefeld et

al. of University of California published the article, “On-Chip Synthesis of Protein
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Microarrays from DNA Microarrays Via Coupled In Vitro Transcription and Translation
for Surface Plasmon Resonance Imaging Biosensor Applications,” in the Journal of
American Chemical Society (Seefeld, Halpern, & Corn, 2012). In it, they bound linear
dsDNA to one spot on a microfluidic SPR chip while a neighboring feature had a Cu(ll)-
nitriloacetic acid (NTA) monolayer. His-tagged proteins were expressed in IVTT,
diffused to the neighboring spot, and bound to the Cu(Il)-NTA. A total of 16 features
were on the array, with four features per protein. They demonstrated their platform by
expressing and capturing green fluorescent protein and luciferase, then probing them with

their specific antibodies.

4.3 Optimization of NAPPA-SPRI using design of experiments (DOE)

No binding signal can be obtained on the SPRi using the NAPPA chemistry used
with the standard fluorescent-based protein microarrays. This incompatibility is because
the “noise” is too high compared to the “signal;” in other words, the change in mass upon
query binding is too little compared to the high mass of the printing master mix and target
protein within the spot. The appropriate amounts of printing reagents for SPRi analyses
were determined through a series of design of experiments (DOEsS).

Scientists generally use the "one-factor-at-a-time" (OFAAT) approach to optimize
their experiments, which means that they optimize one factor before optimizing the
setting for the next factor and so on. However, the experimental landscape is like a 3D
surface. Locking all parameters except one will force the scientist to only investigate a

portion of that landscape, which may never include the optimal region. Additional
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disadvantages of OFAAT include time, expense, and the inability to determine whether
the effect of one factor will depend on the level chosen for a different factor (i.e., “factor
interaction”). DOE, on the other hand, analyzes different combinations of factors across
the experimental plane (Montgomery, 2008). This allows the optimum to be found and
factor interactions to be identified. Data interpretation is also made easy through the use
of DOE software. Although scientists, particularly those in the research arena, rarely use
DOE, engineers use the DOE approach all of the time. The engineers at Honeywell
International Inc. (Morris Plains, NJ) used DOE, for example, to design a Boeing airplane
engine (personal communication with a Honeywell employee, Dr. Don Holcomb).

Optimization via DOE is an iterative process, requiring a cascade of experiments
that are designed based on the results from the previous experiment. The questions when
designing a DOE experiment are: Which and how many factors should be tested? How
will the best parameters be determined quantitatively? How many experiments can be
reasonably done at one time? How will the reproducibility of the experiment be
determined? How many levels of each factor should be tested? And, finally, what levels
of the factors should be tested?

Herein, | describe one of the last DOE experiments that | performed to optimize
the NAPPA-SPRI printing chemistry. The amount of the four reagents (or factors) in the
printing master mix was tested, which included the plasmid cDNA, BSA,
bis(sulfosuccinimidyl) suberate amine-to-amine crosslinker (BS3), and HaloTag amine
(O4) ligand. I kept the amount of DMSO constant at 2.5%. The maximum binding

response of the query, an anti-TP53 D01 monoclonal antibody, to the target TP53 (with a
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C-terminal HaloTag) provided a Table 9. DOE factors and levels

quantitative value that would determine Low  Center High
level point level
the optimal reagent levels. Within the Reagent -1 0 1
DNA 12 g 18 pg 24 ug
SPRi analyses window of 1.2 cm x 1.2 BSA 004pg 731ps 1465ps
_ HaloTag ligand 0.75pug 125pg 175 g
cm, 441 target proteins could be BS? finker Sy 876pg 1252 g

analyzed at one time (9 grids of 7 x 7).

The reproducibility could have been done using replicate slides, replicate target spots on
the array, or through the use of replicate “center points.” In a standard DOE experiment,
there are two levels to each factor, representing a low and high value called a “corner
point.” The center point is usually the average value between these two extremes. |
employed a two-level factorial experiment with four center and four corner point
replicates. Although the reproducibility could have been achieved with either type of
replicates (i.e., center or corner point replicates), | had space on my sensor surface to
perform both. And since the experimental landscape may not be linear across the range of
values tested, having center points may be advantageous since they are able to provide
more detail about the experimental plane. With 2 factor levels and four factors, there
were 17 different printing mix combinations (i.e., center points + 2 levels 4©°") Taking
into consideration the replicates, the total number of target spots was 68, or 4 replicates x
(2 levels #%ctor) + 4 center points. The levels of the corner and center points for the four

factors are depicted in Table 9.
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Figure 23. Print lay-out based on printing mix combinations. DNA deposition was determined via fluorescence using
PicoGreen staining; green-scale false-colored image. Protein display determined via fluorescence using an anti-
HaloTag antibody; rainbow false-colored image. Original SPRi image was altered to have circular spots like the other
images above; spots on the SPRi usually have an oval-shape.

The lay-out of the 17 different printing mix combinations on the slide is shown in
Figure 24, where the combinations are given arbitrary numbers 1 — 17. Note that the
mixes were deposited in a somewhat random manner in order to minimize any possible
effect of location on response. Table 9 summarizes the factor levels for each printing mix,
where “+1” represents the high factor level, “-1” represents the low factor level, and “0”
represents a center point.

The random print lay-out for the TP53 target protein according to the printing mix
combination is shown in Figure 24. The DNA deposition, protein display, and refractive
index differences (as observed by SPRi) are also shown in Figure 24. The SPRIi
“snapshot” image depicts the reflected light, where the brightness is proportional to the
amount of mass on the surface. Figure 25 and Figure 26 show the plasmid cDNA and
captured HaloTagged-TP53 target protein levels on the slide, respectively, determined via

fluorescence and an anti-HaloTag antibody. Fluorescent analyses reveal that more DNA
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deposition results in

more protein display and

brighter SPR spots, with

printing mix

combination #16 having
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Printing master mix

highest DNA deposition

and TP53 capture. SPRi Figure 24. Deposition of TP53 plasmid cDNA on a gold SPRi slide
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Instrument. Figure 25. Protein display of HaloTagged TP53 target protein on a gold SPRi slide
as determined by an anti-HaloTag polyclonal antibody
In addition to

TP53, negative controls that will not bind to the anti-TP53 antibody were also included
on the array, which included firefly luciferase and calcineurin life EF-hand protein 1
(CHP-1). These negative controls were laid out exactly like TP53, but in supergrids on
either side of the TP53 supergrid. Unless otherwise noted, the TP53 binding sensorgrams
for the following results were referenced to the binding sensorgrams of CHP-1. (Similar
results were obtained without referencing as well as with referencing to firefly luciferase

instead of CHP-1.)
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StdOrder | RunOrder | CenterPt | Blocks | Master Mix #| A [ B | C | D |Response| |StdOrder|RunOrder|CenterPt |Blocks|Master Mix #| A |B| C | D |Response
1 1 1 1 1 -1|-1|-1|-1| 115.53 33 9 1 1 9 -1|1|-1|-1| 257.24
2 26 1 1 1 ~1-1|-1|-1| 113.79 34 30 1 1 9 -1|1|-1]-1| 187.69
3 42 1 1 1 -1|-1|-1|-1| 53.04 35 36 1 1 9 -1|1|-1]-1| 180.25
4 63 1 1 1 -1-1)-1)-1| 111.03 36 57 1 1 9 -1)1)-1)-1) 262.74
3 2 1 1 2 1-1)-1]-1] 133.15 37 10 1 1 10 1)1]-1]-1| 68.77
6 18 1 1 2 1)-1|-1|-1| 98.55 38 22 1 1 10 1]1]-1]-1] 23.81
7 47 1 1 2 1)-1]-1]-1 2.05 39 40 1 1 10 1)1)-1]-1] 33.59
8 56 1 1 2 1|-1-1|-1] 70.09 40 52 1 1 10 1|1f-1]-1] -58.5
9 3 1 1 3 -1(-1(-1] 1| 154.69 41 11 1 1 11
10 27 1 1 3 -1(-1(-1]1| 135.99 42 31 1 1 11
11 44 1 1 3 -1(-1(-1|1| 104.55 43 45 1 1 11
12 64 1 1 3 -L(-1(-1)1) 46.27 44 61 1 1 11
13 4 1 1 4 1|-1)-1)1| 100.52 45 12 1 1 12
14 19 1 1 4 1)-1)-1)1] 120.02 46 23 1 1 12
15 49 1 1 4 1)-1]-1)1| 558.58 47 50 1 1 12
16 68 1 1 4 1)-1]-1]1 90.7 43 54 1 1 12
17 35 1 1 3 -1(-1(1(-1| 100.92 49 13 1 1 13 -1)1)1)-1] 211.39
18 28 1 1 5 -1)-11|-1] 70.09 50 32 1 1 13 -1|1)1|-1] 215.77
19 35 1 1 5 -1(-1(1]-1 63.8 51 37 1 1 13 -1|1]1]-1] 204.33
20 59 1 1 5 -1(-1(1(-1| 45.73 52 66 1 1 13 -1|1)1]-1] 201.73
21 6 1 1 & 1]-1]1]-1] 7153 53 14 1 1 14 1|1]1]-1] 3135
22 20 1 1 & 1|]-1)1|-1] 78.79 54 24 1 1 14 11111]-1 4.34
23 39 1 1 & 1)-1)1]-1] 4211 55 41 1 1 14 1)11]1]-1 -17
24 62 1 1 6 1)-1)1)-1] 137.8 56 67 1 1 14 1)1]1]-1] -6.01
25 7 1 1 7 -1-1) 1) 1) 12445 37 15 1 1 15 L)1) 1)1 261.48
26 29 1 1 7 -1-1) 1) 1) 121.89 58 33 1 1 15 -1 1) 1)1 24044
27 43 1 1 7 -1-1) 1) 1) 101.23 39 46 1 1 15 -1)1)1)1] 131.96
28 55 1 1 7 -1|-1|1]|1] 12556 60 58 1 1 15 -1|1]1]1| 140.82
29 8 1 1 8 1|-1]1]1]| 101.53 61 16 1 1 16 1|1]1]1]| 65.09
30 21 1 1 8 1]-1]1]1 91.31 62 25 1 1 16 1|1]1]1] 79.23
31 43 1 1 8 1]-1]1]1 11.81 63 51 1 1 16 111]1]1 69.7
32 65 1 1 8 11-1]1]1 17.19 64 60 1 1 16 1|1]1]1] 3925

65 17 0 1 17 ojojojo 72.2
66 34 0 1 17 0|0j0|0| 6016
67 38 0 1 17 0|ojo|0| 5775
63 33 0 1 17 0jojojo| 2174

Figure 26. Printing master mix combinations and their associated response on the SPRi sensorgram. A = DNA, B =
BSA, C = Ligand, D = BS3. StdOrder = Standard order, organized by master mix combination. RunOrder was
determined on the spot’s location on the array reading from left-to-right, top-to-bottom. TP53 response was referenced
to CHP-1.

The maximum response of the binding sensorgrams was chosen for each printing
mix combination, as denoted in Figure 27. The point at which the response value was
chosen was at the end of the association phase where the number of anti-TP53 antibody
molecules bound to TP53 target proteins was at a maximum for the entire NAPPA-SPRI
analyses. The data were analyzed using the Minitab® 17 software, which is software that
was specifically created to design and analyze DOE data.

The normal plot is a visual way of seeing which factors or factor interactions are

important. In general, the responses are first ranked from smallest to largest. Then, the

97



cumulative Normal Plot of the Standardized Effects
(response is Response, oo = 0.05)

frequency of those 99

Effect Type
& Mot Significant

- 85 W Significant
responses is
50 Factor Mame
A DMNA
a0 B BSA
spread along the 70 ¢ Ligend
E 60 D B3
y-axis. Alineis  § i
30
usually drawn =
10 mAE
between the 25t : ma
and 75t|’l percentile 1-12.5- -1000 -1.5 -5.0 -2.5 0.0 2.5 5.0

Standardized Effect

Figure 27. Normal plot of standardized effects shows that DNA, BSA, and the interaction

points, which between the two reagents are significant.

allows the user to identify which combinations may be significant. Negligible effects are
normally distributed along a line where the mean is 50%. The farther away from the line,
the more significant the factor. DNA and BSA appeared to have the most significant
impact on response, as well as the combination of AB and ABCD (Figure 28). In other
words, the interaction of factors A (DNA) and B (BSA) and between all of the factors
significantly affected the SPR response. The factor with the largest impact on response is
the amount of DNA.

The residual plots of the referenced data looked acceptable, with expected
randomness (Figure 29A). Interestingly, non-referenced TP53 response data did have
reveal a nonconstant variance in observation order, showing a downward trend from the
top to bottom of the slide (Figure 29B). A possible reason for this is due to the SPR lay-
out where the query protein passes over the slide from top to bottom. As the antibody

binds to targets with low dissociation, less and less query is available for binding across
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Figure 30. Boxplot of response.

A boxplot of response shows the reproducibility of each printing mix type across
the four replicates. It is clear that low DNA and high BSA give the highest response. The
amount of ligand didn’t appear to make much difference, at least for the levels tested.
The variable levels that will produce the maximum response and highest reproducibility
are indicated (Figure 31).

The experiment underscores the importance of analyzing the data in an
appropriate manner for the intended application. While the fluorescent analyses favored
the printing mix combination #16, the printing mix that had the highest binding response
(with the highest reproducibility) on the SPRi was #11.

The DOEs, through this example, decreased the amount of standard HaloTag-

based NAPPA printing mix from 183 pg to 40 ug in 30 pL for optimal NAPPA-SPRi
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sensitivity, representing an 78% reduction in mass  Table 10. Comparison of reagent mass for
standard HaloTag-NAPPA and HaloTag-

NAPPA-SPRi

(Table 10). It also altered the amount of each - -
Standard NAPPA-SPRi

Reagent __ _
reagent in comparison to each other (Figure 32). NAPPA* after DOE
DNA 30 pg 12 pg
To summarize, the DOE approach is time- BSA 110 pg 14.65 pg
HaloTag . .
L e o . 2ug 0.75 pg
and cost-effective, identifies significant factors, ligand
i _ hether { _ i each BS linker 37.5 pg 12.52 pg
and determines whether factors interact with eac TOTAL 180 pg 40 ng
other. In a biological setting, factor interaction * In 30 pL for printing

may also help to elucidate Standard NAPPA  Optimized NAPPA-SPRi

. . master mix master mix
function and mechanisms. The
183 pg* 40 pg*
analyses and plots presented

here represent only a fraction = pna
B BSA

BS3 linker

of those that are possible with

B HaloTag ligand

DOE software.

*In 30 pL for printing

Figure 31. Pie chart comparing the reagent mass and ratio differences
between standard NAPPA and NAPPA-SPRi using HaloTag-BSA
chemistry.

4.4 Other parameters and methods tested

While Chapters 4.2 — 4.3 cover the history and development of NAPPA-SPRI,
they only provide a small glimpse into the actual work that was required to arrive at the
optimized surface chemistry. In this section, the different surface chemistries that were
tested and why they weren’t ideal will be covered. The investigation of some of the other

parameters to improve signal response and reproducibility will also be discussed.
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4.4.1 Cell-free expression systems for expressing target proteins

Until 2012, NAPPA employed rabbit reticulocyte lysate from Promega
Corporation (Madison, WI) to express the target proteins because it was the only
mammalian-based in vitro transcription translation system that was available. In
December 2011, Thermo Fisher Scientific (Waltham, MA) launched a new mammalian
expression system using lysate from human HelLa cells. The VGP CPD quickly adopted
the new system once it was clear that the human target proteins were expressed at a much
higher efficiency with HeLa cells instead of rabbit reticulocyte. As Figure 33
demonstrates, 100% of the rabbit-based reagents recommended by Promega for one
reaction resulted in slightly higher expression levels than 20% of the human-based
reagents recommended for one reaction by Thermo Fisher Scientific; the cost for both
systems are similar. At 100% HelLa lysate, the target proteins were so highly expressed
that they began to diffuse into other spots! Another advantage of using the human
expression system was that it was able to express some target proteins that did not
express (or express well) in the rabbit expression system. Ultimately, both regular
NAPPA users and | determined that the “sweet spot” for NAPPA slides was 60% of

HeLa lysate using the standard Hybriwell™ seals from Grace Bio-Labs (Bend, OR).
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Figure 32. A comparison of the expression efficiency between rabbit reticulocyte lysate and human HelLa cell
lysate. False-colored rainbow images.

4.4.2 Chamber for protein target expression

Target protein expression on standard NAPPA slides are always performed with
Hybriwell™ seals from Grace Bio-Labs (Bend, OR), which has a non-adhesive internal
compartment that covers the entire NAPPA slide and has a ~ 150 pL capacity. These
were produced specifically for NAPPA, with a chamber depth of 0.25 mm rather than the

standard 0.15 mm. After expression is complete, the seal is removed and the slide is
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washed to remove any non-specifically bound protein. The slide is kept wet throughout
the experiment (i.e., probing with serum or antibodies) until it is dried with compressed
air. The slide is finally analyzed in a microarray scanner.

| also employed the Hybriwell™ seals when I began working with the SPRi
system, which had been done with the previous versions of NAPPA-SPRi. However, they
presented two issues that needed to be addressed. First, the detectable area for SPRi is
much smaller than that used for NAPPA (i.e., 12 mm x 12 mm for SPRi versus 21 mm X
60 mm for NAPPA); in other words, the use of the Hybriwell required much more
expression lysate (and money) than was necessary. Second, the SPRi flow chamber had
to be adhered to the slide prior to SPRi analyses, which would require the slide (and
target proteins) to be dried. Slide drying following the removal of the Hybriwell™ seals,
adherence of the SPRi flow chamber, and subsequent reconstitution of the target proteins
in buffer could be performed in < 2 minutes, but was definitely far from ideal.

An initial attempt to replace the Hybriwell with the SPRi flow chamber was made
to resolve both issues when rabbit reticulocyte lysate was still being employed as the cell-
free expression system. The Plexera SPRi flow chamber is made of hard plastic with an
internal volume of 30 pL and 0.15 mm depth and designed to distribute the query protein
in a uniform manner across the sensor surface. However, the decrease in rabbit
reticulocyte lysate (i.e., from 150 pL to 30 pL) resulted in a significant loss of signal,
thus requiring the use of the larger volume Hybriwell (data not shown). A Hybriwell

chamber with smaller surface coverage was also tested with an internal depth of 0.15
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mm; this resulted in lower expression and reproducibility across the array (data not
shown).

The increased expression efficiency of the human HeLa cells compared to the
rabbit reticulocyte lysate invited a re-examination into employing the SPRi flow chamber
for expression. Three slides were prepared for this test: 1) Hybriwell with 60% Hela
lysate, 2) Flow chamber with 60% HelLa lysate, and 3) Flow chamber with 100% HelLa
lysate. Target TP53 and firefly luciferase proteins were probed with an anti-TP53
monoclonal antibody, and the TP53 binding sensorgrams were referenced to luciferase.
The interaction between TP53 and anti-TP53 antibody were detected in all three methods;
however, the use of the flow chamber with 100% HeLa lysate resulted in the highest
signal and reproducibility (Figure 34). Please note that the Hybriwell uses 150 pL
whereas the volume capacity of the flow chamber is only 30 pL; thus, 60% HelLa lysate
with the Hybriwell uses 90 pL of HelLa lysate while 100% HeLa lysate with the flow
chamber uses 30 pL Hela lysate. The flow chamber, at both HelLa lysate concentrations,
resulted in very good reproducibility across replicates. These data are similar to those |
obtained at a previous laboratory that used Cy3/Cy5 in-house cDNA microarrays;
inflexible 1 mm thick (mSeries) Lifterslips™ resulted in more consistent signal across the

array compared to the standard flexible Lifterslips™ that are ~0.2 mm thick.
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Based on these results, the flow chamber was adhered to the NAPPA-SPRI slide
prior to expression and throughout the additional steps. The switch from the Hybriwell to
the flow chamber decreased the overall cost of the experiment because it required less
reagent. In the case of expression, the cost was cut by ~5-fold. The target proteins were

also able to stay in solution throughout the duration of the experiment.

Hybriwell™ Flow chamber Flow chamber
60% HelLa cell lysate 60% HelLa cell lysate 100% HelLa cell lysate
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Figure 33. Binding response of TP53 target protein with an anti-TP53 antibody with different expression chambers,
lysate, and lysate amount. Blue line indicates the end of the association phase and the beginning of the dissociation
phase.

4.4.3 EDC-NHS surface chemistry

EDC-NHS refers to the covalent crosslinking between primary amines and
carboxylic acids with the aid of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS). It is the most frequently
employed crosslinking chemistry to couple target proteins to the immobilization matrix in
SPR experiments. Briefly, the sensor surface is coated with an alkane-PEG self-
assembled monolayer having terminal carboxyl and hydroxyl groups at a ~ 1:50 ratio.
When the purified target proteins are ready to be attached to the slide, the carboxyl

groups are made into an active ester with the addition of EDC; the coupling of primary
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amines of target proteins to the active esters is made more efficient with NHS. The
reactive NHS-ester has a half-life that is highly dependent on pH; at pH 7, the half-life is
~5 hours while at pH 8.6, the half-life is 10 minutes (Tiwari & Uzun, 2017). Regardless,
the EDC-NHS reagents are used immediately upon preparation for best results (i.e.,
coupling).

Standard fluorescent-based NAPPA arrays do not use EDC-NHS to immobilize
the capture reagent to the slide surface. Instead, the amine-to-amine bifunctional NHS
crosslinker, BS3, is employed. The inactive, lyophilized form of the reagent is stored in
the dark at -20 °C. Just prior to adding the BS3 to the printing mixture, the lyophilized
BS3 is activated by reconstituting it in water or DMSO. Various incubation lengths and
temperature have been tested; for NAPPA, an overnight incubation (~ 16 hours) at 4 °C
in the dark with immediate printing the following morning is not only the most
convenient approach (compared to a 1-hour incubation at room temperature), but also
results in the highest plasmid cDNA deposition and protein display. In short, the BS3
crosslinks the 1) BSA lysines to each other, forming a meshwork that theoretically holds
the plasmid cDNA in place, and 2) capturing reagent to the amine-coated slide surface.

The incorporation of surface chemistry similar to standard NAPPA was utilized in
NAPPA-SPRI, where the slide surface was terminated with amines and the printing
mixture contained BS3 crosslinker. However, | became concerned when | saw that
components from the HeLa lysate expression system was binding strongly to the highly

positive-charged surface as soon as it was injected over the surface. The nonspecific
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interactions resulted in a A) B)

wave-like image (Figure
35A) in the direction that
the lysate was applied to the

SEN S EINTEWACSIICEE A mine-terminal PEG  Carboxyl/hydroxyl PEG
(No EDC/NHS) (EDC/NHS)

with the EDC-NHS

Figure 34. SPRi image of an A) amine-terminated and B) EDC-NHS
i L . chemistry sensor surface that has been incubated with the HeLa expression
chemistry indicated that this system. Brighter areas indicate higher mass than darker areas. Same SPRi
incident angle used for both images.

phenomenon was
significantly reduced (Figure 35B), so | investigated whether the surface chemistry
should be based on EDC-NHS, rather than BS3, coupling.

In my first experiments, the sensor surface was coated with carboxyl/hydroxyl-
terminated groups. The carboxyl groups were activated with EDC-NHS, and the slides
were printed immediately after that with a printing mixture containing plasmid cDNA,
HaloTag (04) amine ligand, BSA, and DMSO. Unfortunately, the short half-life of the
reactive carboxyl group with slow print times resulted in poor protein display (data not
shown).

A different approach was then tried, which was to activate the carboxyl groups
and immediately coat the slide with HaloTag (04) amine ligand, followed by spotting a

printing mixture without the HaloTag ligand. | compared the binding responses of TP53
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Figure 36. Binding sensorgram of an anti-TP53 antibody query interacting

with an expressed, immobilized TP53 target protein using a 1:1 _ ;

carboxyl:hydroxyl surface and HaloTag-BSA printing mixture. Since the NAPPA-SPRI, the

HaloTag ligand coats the entire slide, diffused expressed TP53 protein can

be captured specifically outside of printed spot. Referenced to CARD11. requirement to coat the slides

with HaloTag ligand prior to printing resulted in (not too surprisingly) the diffused target
proteins being specifically captured and displayed farther away from their printed spot
than with standard BS3 chemistry. Figure 37 shows that the binding response of the
target spot is the same as the response as the ring around the target spot. Moreover, slight
binding was even observed where a non-p53 target protein, PTEN, was expressed and
displayed, which would make the interpretation of PPIs on this surface impossible. The

amine-terminated chemistry, on the other hand, did not have diffusion of TP53 into other
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Figure 37. Binding sensorgram of an anti-TP53 antibody query interacting with an expressed, immobilized TP53 target
protein using an amine-terminated surface and HaloTag-lysine printing mixture. Since the HaloTag ligand coats the
entire slide, diffused expressed TP53 protein can be captured specifically outside of printed spot. Referenced to
CARD11.

spots, although some non-specific capture of TP53 protein around the spot was observed
(Figure 38); this phenomenon has also been observed with standard NAPPA and is
referred to as “the ring effect.” Due to the extreme diffusion with the EDC-NHS
chemistry, the use of EDC-NHS as a coupling mechanism for NAPPA-SPRi was

ultimately discarded.

4.4.4 Baseline instability

Baseline drift during an SPR analyses can be caused by numerous sources,
including the instrument itself. Those arising from the instrument should be accounted for
by the manufacturer, so baseline drift is often the result of experimental conditions,
including small fluctuations in temperature, changes in flow rate, matrix effects, loss of
target protein over time, and improperly matched buffers (across injections). Baseline

drifts that are occur with dextran-based sensor chips can be due to changes in the depth or
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Figure 38. Baseline drift with NAPPA-SPRi across duplicate spots of expressed PRCKA target protein. Sensorgram
was zeroed at time 0 sec.

extension of the dextran layer over time. Regeneration and extremely long injection times
help to stabilize the surface and, therefore, the baseline drift.

Baseline drift was observed with NAPPA-SPRi regardless of the buffer that was
applied. In the example shown in Figure 39, the drift was -6.4 RU / minute during part of
the analyses when only buffer was applied to the slide (i.e., from a 1,000 sec segment).
The drift was also not reproducible across replicate spots on the same slide. Surface
regeneration, as mentioned previously, was not an option. Extremely long buffer
injections (> 5 hours) per slide were not practical since multiple chips in one block or
batch needed to be run after an > 8-hour slide preparation (i.e., expressing, e-
phosphorylating, re-phosphorylating the target proteins). Furthermore, the non-antibody

target proteins may not be stable in buffer for that long.
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Figure 39. Addition of milk supernatant to NAPPA-SPRi sensor surface removes a lot of nonspecifically-bound mass.

The addition of 5% (w/v) milk supernatant removed nonspecifically-bound
material from the slide surface (Figure 40, Figure 41). 5% BSA (w/v) also removed mass
from the sensor surface, but not as much as the milk supernatant (data not shown). Milk
further helped to stabilize baselines across replicates, but did not remove drift. In the
example given in Figure 41, the drift was 21.7 RU / minute. Interestingly, the drift
appeared to be specific for the target protein as these baselines were similar across

different slides (Figure 42). Based on these observations, it appears that the baseline drift
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Figure 40. Baseline drift is across duplicate spots of expressed PRCKA target protein following the addition of milk
supernatant.
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Figure 41. Baseline drift across different slides for the same expressed target protein following the addition of milk
supernatant. “-C” indicates that the HaloTag is at the C-terminus of the target protein.

from NAPPA-SPRi may be due to spot-specific matrix effects in regards to the poly(L-
lysine), BS3, HaloTag (O4) amine ligand, plasmid cDNA, and/or displayed protein.

Drift correction was applied on a per-spot basis during data analyses.

4.4.5 Kinetic titration

Surface regeneration with acids, bases, nonpolar water-soluble solvents, high
detergents, or high salts disassociates any query protein that remains bound to the target
following dissociation, thus allowing the slide to be re-used (Andersson, Areskoug, &
Hardenborg, 1999; Helmerhorst, Chandler, Nussio, & Mamotte, 2012). This approach is
advantageous because it reduces cost and allows the kinetics to be better approximated
through multiple injections of varying query concentrations. Regeneration is often used
when the target proteins are antibodies, which are very stable protein species that remain
functional even in the presence of regeneration buffers. However, regeneration may not

be appropriate for other applications. In the case of this experiment, in which the PPIs of
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> 100 different proteins in the BCR signaling pathway are studied, most of the proteins
are likely to be negatively affected by the regeneration buffer, either through partial or
full denaturation.

Kinetic titration is an alternative option when regeneration is not possible
(Schasfoort & Tudos, 2008). During kinetic titration, the query is added to the sensor
surface as increasing concentrations in consecutive injections without regeneration (i.e.,
“multi-cycle kinetics™). This approach has been successfully used with 4-channel Biacore
SPR instruments where each flow cell of a moderate-capacity carboxymethyldextran-
derivatized CM5 sensor chip routinely captures > 10 ng of target protein (Jokiranta et al.,
2001). [The sensor chip, according to the Biacore Assay Handbook, has dimensions of
2.4 x 0.5 (I x w) with a ~ 100 nm dextran matrix coating (Murthy, Voelcker, &
Jayaraman, 2006). It also well-established that 1 RU = 1 pg/mm2 for dextran-coated
slides (Potyrailo & Mirsky, 2009). Jokiranta et al., for example, used CM5 sensor chips
to immobilize C3b protein, which resulted in a 10,000 — 14,000 RU shift.]

| explored the possibility of performing kinetic titrations with NAPPA-SPRi.
Target proteins immobilized on the array included the HaloTag fusion target proteins,
TP53 and AKT1, following cell-free expression and recombinant purified proteins, TP53
and GST, which were obtained from Sigma-Aldrich, Co. (St. Louis, MO). The
recombinant proteins were diluted to 50, 100, 200, and 400 ng/uL for printing. A mouse
anti-TP53 monoclonal antibody (D01 clone) was applied to the array at increasing

concentrations, ranging from 2.67 E-08 to 5.33 E-07 M. Kinetic titration was a feasible
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Figure 42. Kinetic titration of anti-TP53 antibody to spotted TP53 recombinant proteins and displayed TP53 expressed
and captured with the NAPPA-SPRi approach.

approach for analyzing the binding kinetics between the antibody and recombinant
proteins (Figure 43). However, it was not compatible with NAPPA-SPRi chemistry since
the target protein on the surface is nearly saturated with minimal query concentration,

indicating that amount of target protein is low.

4.4.6 3D surface chemistry

Instead of a monolayer of target protein, a 3D hydrogel surface chemistry can be
employed in SPR experiments to increase the amount of target protein that is
immobilized — thus resulting in higher signal (Schasfoort & Tudos, 2008). Could a 3D-
based NAPPA-SPRI be possible? If so, it would increase signal and may make kinetic
titration possible.

Some NAPPA users, including myself, have successfully used a 3D hydrogel

slide in their fluorescent-based experiments, noticing that the slide results in a higher
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signal-to-noise ratio than regular NAPPA slides coated with aminopropyltriethoxysilane
due to lower nonspecific binding (personal communication with Dr. Ji Qiu and Kailash
Karthikeyan of VGP CPD). These amine-reactive, thin film 3D polymer-coated slides are
NEXTERION® Slide H slides from Applied Microarrays, Inc. (Tempe, AZ). They
incorporate a cross-linked, multi-component polymer layer on glass that is activated with
NHS to covalently immobilize amine groups. Unfortunately, the funding to optimize
making this polymer layer compatible on the SPRi chips was not available.

A sensor chip with HC polycarboxylate hydrogel, NHS activated surface
chemistry that is compatible with pin printing was obtained from XanTec Bioanalytics
(Germany). It had a gold thickness of 43 nm and low fluorescence soda lime glass with
an Rl of 1.52.

Preliminary attempts to use this chip were not successful (i.e., no binding
response detected). Later, Dr. Lusheng Song also tried to get a 3D-based NAPPA-SPRI

version to work; he was also unsuccessful.

4.5 Optimized NAPPA-SPRi chemistry details

As mentioned previously in Chapter 4.1.1, the printing master mix must include
BSA to retain the plasmid cDNA to the sensor surface. Although the mechanism is only
speculative, it is believed that the BSA essentially forms a meshwork — in which the
DNA is captured — through its lysine residues and the amine-terminal surface via an
amine-to-amine crosslinker. BSA is 67 kDa with 618 amino acids, 59 of which are lysine

residues (or < 10% of the mass). While the 90% “non-necessary” mass is not an issue
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with fluorescent-based NAPPA, it is a concern with the SPR technology in which this
extra mass can decrease the signal-to-noise ratio of the detected binding events. How then
could these lysines be utilized while discarding the unnecessary mass from the surface?

BSA also had an additional disadvantage, which is discussed in more detail in
Chapter 6.2. Very briefly, the addition of BSA in the target protein spot made analyses of
phosphorylation events very difficult since BSA can also be phosphorylated.

The solution for both BSA-related issues was poly(L-lysine), a positively charged
amino acid polymer of lysines. Although the polymers are large (70 — 150 kDa), 100% of
the residues would theoretically be useful, thus requiring less material than BSA. Another
advantage of using poly(L-lysine) is that it is unlikely to be phosphorylated. First, lysine
phosphorylation is not recognized as a common post translational modification when
compared to serine, threonine, and tyrosine phosphorylation. Second, the amino acid
residues surrounding known phosphorylation sites are generally conserved, indicating
that phosphorylation is affected by the neighboring amino acids. The use of poly(L-
lysine) is discussed in more detail in Chapter 6.2.

The optimized reagent amount in the printing mixture for NAPPA-SPRi was
finally determined to be: 0.4 pug/pL plasmid cDNA, 0.0003% poly(L-lysine), 250 um
HaloTag amine (O4) ligand, 291 pm BS3, and 0.007% DMSO in water. Compared to the
standard GST-based NAPPA printing master mix, this represented a 92% decrease in
mass (Figure 44). The substitution of poly(L-lysine) instead of BSA, along with the
subsequent DOE analyses, resulted in ~50% less mass on the surface and a 90% increase

in SPRi signal when compared to printing master mix #11, which was chosen following
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the DOE experiment in Standard NAPPA NAPPA-SPRi
235 ug* 19 ug*
Chapter 4.3 (Figure 45).

92% decrease in mass!

= DNA = BSA = BS3 linker anti-GST antibody =DNA =Pollysne = BS3linker = HaloTag ligand
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cDNA deposition is R? ~
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d Splay 1S 0.79 mixture were significantly differently than that used in standard GST-based

) NAPPA.
(Appendix J). The

reproducibility was

determined with ~ 110

Ao R e | ale oad e A ad
TR B e e i e AT Ay alied

unique proteins.

Average binding response (RU)
o
S

NAPPA-SPRi binding signal
improved 90%

50

This master mix

R AR o RN RENY BRI SANRENIER
ARAT TR R AR R B ERRERR B wd0 sl
€

24
47
0
93
116
139
162
185
208
231
54
277
323

: 2
combination was used in i

—PolylySNemaster mix  e=BSA master mix

(sec)

the quantitative analyses Figure 44. SPRi binding response between anti-TP53 monoclonal antibody query
and C-HaloTagged TP53 target protein. Sensorgrams referenced to the non-binder,

LYN target protein, with the same master mix.
of the B cell receptor

signaling pathway, which is described in more detail in Chapter 8.

4.6 Potential alterations of NAPPA-SPRi
Improvements in NAPPA-SPRI reproducibility, throughput, and protein

immobilization should be explored. For example, the plasmid cDNA printing mixture
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was pin-spotted onto the arrays in this iteration of NAPPA-SPRi. Other printing methods,
like piezoelectric printing or microfluidics, may result in more uniform sample deposition
on the array since piezo printers have better control over the amount of sample that is
deposited and are not as greatly affected by changes in humidity as pin spotters.

NAPPA-SPRI throughput could also be increased. Like standard NAPPA,
NAPPA-SPRI throughput is limited by the diffusion of expressed proteins during in vitro
transcription translation since spots that are less than 640 um apart (i.e., center-to-center)
may become contaminated with proteins from neighboring features. Takulapalli et al.
addressed the diffusion and issue through the use of silicon nanowells that were
approximately 250 microns in diameter and 75 microns deep (Takulapalli et al., 2012).
The nanowells physically blocked the diffusion of expressed proteins to other nanowells
and, as such, the throughput of NAPPA increased from 2,300 to 14,000 features per slide.
More recently, Karthikeyan et al. used a “contra capture” approach to capture the
expressed proteins separately from the printing mixture (Karthikeyan et al., 2016). The
printing mixture containing plasmid cDNA, amine-to-amine crosslinker, and BSA was
deposited into microwells of a polydimethylsiloxane (PDMS) wafer. During protein
expression, the wafer was sandwiched to a slide coated with capturing reagent. The
expressed protein was then immobilized by the capturing slide and the PDMS wafer was
discarded. A variation of these themes could be applied toward NAPPA-SPRi. Contra
capture NAPPA-SPRI via the use of a nanowell wafer would increase the throughput. It
would also reduce the mass on the SPR slide, thus increasing the sensitivity of the

platform. Another important consideration is that DNA within each spot may not be
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compatible with certain experiments; for example, transcription factors that bind to
proteins and DNA cannot be used as queries because their mixed binding responses could
not be resolved into their separate binding events (i.e., transcript factor-protein binding,
transcription factor-DNA binding). Finally, it is likely that the contra capture approach
would also decrease baseline drift — and therefore data analyses — because the slide
surface would be less complex.

The amount of immobilized protein per spot on NAPPA-SPRI is too low for
Kinetic titration (see Chapter 4.4.5). Kinetic titration is a method that allows the binding
kinetics of multiple query concentrations to be analyzed without the need for slide
regeneration. A possible solution to this issue would be the use of a 3D surface

chemistry, like a carboxymethlated dextran matrix.
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CHAPTER 5
5 PURIFED QUERY PROTEINS FOR NAPPA-SPRI
5.1 Purified query proteins for accurate kinetic analysis

SPR analyses must utilize one very pure query protein per injection to simplify
data analyses. A binding response between a known target protein “A” and a query
solution containing only one protein “B” directly reflects an interaction between proteins
“A” and “B.” With query solutions containing two or more proteins, the delineation of
which query (or queries) is binding to the captured target protein may not be possible.
Query proteins that are not purified from the host expression system present an additional
issue during data analyses. Cell lysate is markedly different than buffer alone and will
result in a large bulk refractive index shift that may be outside the linear range or
detection limit of the instrument. Indeed, a query-of-interest expressed in human cell
lysate and diluted in buffer resulted in a refractive index shift that overwhelmed any real
binding response on NAPPA-SPRi (data not shown).

Purified recombinant proteins can either be obtained in-house or through a
commercial source. There are two primary reasons why researchers would prefer making
the proteins instead of purchasing them through a company: flexibility and cost. In-house
processing means that the user can control which proteins are purified, the host system in
which they’re expressed, the fusion tag, the location of fusion tag, and the final amount of
material. In-house recombinant proteins can also be a cheaper option compared to
commercially-produced proteins, which range from hundreds to thousands of dollars

depending on the protein, purity level, and amount. However, there are two main reasons
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why a recombinant protein from a company would be preferred: time and resources since
protein expression and purification can require a lot of troubleshooting and optimization.
The project may need the purified protein immediately and may not be able to wait for
the plasmid with the gene-of-interest to be prepared and validated, the host system to be
grown, the host to be transformed or transduced, and the protein to be purified and tested.
The experiment may require the protein to be highly pure and functional. Whereas these
proteins can be easily produced and tested in a company that routinely performs such
experiments with expensive equipment like fast purification liquid chromatography
(FPLC, ~ $50K for a new unit), research laboratories that perform small-scale protein
purifications generally rely on more cost-effective gravity-dependent columns that have
notoriously low resolution. It should be noted, however, that some SPR and non-SPR
applications do not require a highly purified or functional protein. For instance, an SPR
experiment may simply screen for query-target interactions without needing kinetics and
affinity information.

SPR and SPRi have traditionally relied on purified recombinant proteins to be the
targets as well as the queries, which has ultimately limited their throughout due to the
tedious process of protein expression and purification. With NAPPA-SPRI, the need for
purified target proteins is no longer a requirement; however, the need for purified
proteins as queries has not yet been abrogated. For NAPPA-SPRI, the possibility of
expressing and purifying the query proteins in-house was investigated with the initial
intention of using > 50 query proteins for these analyses. For the POlIs in the BCR

signaling pathway, these were, on average, ~ $300 / 10 ug. In vivo E. coli expression,
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wheat germ cell-free expression, and human cell-free expression were pursued as options
to produce the human proteins, which is described in more detail in the manuscript,
“Development of a full-length human protein production pipeline,” that arose, in part,
from this work (Saul et al., 2014). It compared the expression and purification rates of 31
full-length human proteins ranging from 10 — 120 kDa in E. coli, the cell-free wheat germ

expression system, and the cell-free human expression system.

5.2 Producing and purifying query proteins in-house

The primary advantage of expressing proteins in E. coli is that a large amount of
protein can be made with minimal cost. The use of E. coli to synthesize the BCR
signaling pathway proteins was first pursued using the maltose binding protein (MBP) as
an N-terminal fusion tag because MBP significantly enhances the solubility of the
proteins-of-interest (POIs) compared to other fusion tags, which is particularly important
since inclusion bodies are often produced during recombinant protein expression in E.
coli (Kapust & Waugh, 1999). Protein purification was performed using an amylose
affinity column, which bound to the MBP tag. The MBP-protein was then eluted via
competitive exchange with the addition of maltose.

E. coli is known to have difficulty expressing proteins that are larger than 50 kDa.
However, the handful of BCR signaling pathway proteins that were expressed in E. coli
appeared to be fully translated despite being > 50 kDa (Figure 46). Of note, a fraction of

the POIs were not fully translated, such that only the 40 kDa MBP N-terminal tag was
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expressed. The disadvantages of using E.
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significant amount of the POI to be lost Figure 45. Coomassie gel of purified recombinant

proteins with N-terminal MBP tags expressed in E.

during the washing steps (data not coli. MBP is 40 kDa.

shown)(Terpe, 2003). Both of these issues could be minimized with the optimization of
buffers and numbers of washes, although the use of amylose affinity chromatography to
purify MBP-tagged proteins is known to result in insufficient purity for various types of
studies (Austin, Nallamsetty, & Waugh, 2009). Second, the use of a tag, particularly a
larger one like MBP, could also occlude binding sites on the query. It would be necessary
to have a small tag (like His) or a specific cleavage site between the tag and POI. Finally,
human proteins expressed in E. coli may not be folded properly since E. coli do not have
the same chaperone proteins as human cells that facilitate proper 3D conformation. As a
consequence, the activity and interactions of the POIs may be affected. Taking these
considerations in mind, it was decided that eukaryotic cell-free expression systems would

be a preferable alternative to synthesize the query proteins for NAPPA-SPRI.
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The production of recombinant proteins using cell-free expression systems has
several advantages over in vivo cell-based techniques (Zemella, Thoring, Hoffmeister, &
Kubick, 2015). First, the only thing that is required in cell-free expression is a plasmid
backbone with the appropriate promoter, which is mixed with the lysate mixture to
produce proteins in < 8 hours, or more if a dialysis approach is used to increase protein
yield. Thus, cell-free expression is much faster in synthesizing protein than cell-based
methods because it does not require gene transfection or cell culturing. Second, proteins
or labels that may be toxic to a cell host can be synthesized. Third, non-natural amino
acids can be incorporated. Finally, additives, detergents, cofactors, and binding partners
can be easily added to the cell-free expression system. One disadvantage of using a cell-
free system is that it does not produce as much protein as a cell-based system (i.e.,
micrograms to milligrams in a cell-free system versus milligrams to grams of protein in a
cell-based system). Another important disadvantage of a cell-free expression system is
that the cost to amount of purified protein ratio is low compared to using E. coli cells. A
comparison of the advantages and disadvantages of the different cell-free expression
systems are in Error! Reference source not found..

Eukaryotic cell-free expression systems that were explored for this project were
derived from wheat germ and human HeLa cells. Due to its low expression efficiency, the
rabbit cell-free expression system was not tested to produce the query proteins (see also
page 103, Figure 33) (L. Zhao et al., 2010).

Wheat germ is the vitamin-rich sprouting section (i.e., “embryo”) of a wheat

kernel, and the use of its lysate to produce proteins was first reported in 1973 when
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Table 11. Comparison of different cell-free protein expression systems. Adapted from (Harbers, 2014)

System Advantages Disadvantages
E. coli * Established systems *Many eukaryotic proteins insoluble
Tested for many proteins *No post-translational modifications
*Established systems *Codon usage optimization is preferable
*Tested for many proteins
*Low cost
*Easy to make extracts
#ery high translation speed
*\ery high protein yield
*Genetic modification of strains possible
*Recombinant system available (PURE)
Wheat *Well established system *Extract preparation time consuming
germ *Tested for many proteins *Some background phosphorylation was
*Best yield for eukaryotic system observed in protein M5 studies
*Very high solubility rate *No glycosylation
*Synthesis of very large proteins
demonstrated (~200 kDa range)
*Cap independent translation
*Commonly no codon optimization needed
*Stable system allowing work with different
additives
Insect *Translation of large proteins *New system
*Cap independent translation *Lower protein yields than E. coli or
*MN-glycosylation possible wheat germ systems
*Formation of disulfide bridges *Higher cost
*UUsed in combination with vesicles *Tested for few proteins
Rabbit *0ld but very well established system *Treatment of animals required

reticulocyte

Human

*Tested for many proteins
*Mammalian system

*Cap independent translation
*(Often used in research

*Some protein modification

*Sensitive to additives

*No glycosylation

*Co-expression of off-target proteins
*Hemoglobin concentration ~90% of
protein

*Low yield
*Sensitive to additives
*Tested for limited number of proteins

commercially available wheat germ was able to produce tobacco mosaic virus-related

proteins and rabbit 9S globin (Roberts & Paterson, 1973). Since then, the cell-free wheat

germ expression system has become a highly efficient protein production option,

synthesizing 1.6 — 20 mg of protein depending on the different reaction formats (Harbers,
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2014). Various studies have highlighted its ability to successfully synthesize human
proteins compared to both in vivo and in vitro E. coli systems (Harbers, 2014).

The human cell-free expression system uses lysate from HelLa cells, a cervical
cancer cell line that was cultured in 1951. The use of HeLa cells to express recombinant
proteins was first suggested in 1973 when Reichman et al. showed that HeLa cell extract
was able to initiate polypeptide formation using radiolabeled N-terminal methionine
(Reichman & Penman, 1973). As a human expression system, it offers unique advantages
over other expression systems when producing human proteins. For example, it can
synthesize high molecular weight human proteins due to the natural codon usage
(Zemella et al., 2015). It also possesses the chaperone machinery to fold proteins into
their native conformations.

Plasmids compatible with the wheat germ and human cell-free expression system
were constructed by my colleague, Justin Saul, with a HaloTag at the N-terminus or C-
terminus (pJFT7_nHalo, pJFT7_cHalo). A tobacco etch virus (TEV) sequence that is
specifically targeted for cleavage by TEV protease was placed between the POl and
HaloTag.

Proteins in the BCR signaling pathway were successfully synthesized with E. coli,
wheat germ, and HeLa cells (Saul et al., 2014). The eukaryotic cell-free expression
systems had a higher success rate of expression than E. coli across the tested proteins
(87% vs 73%). Of the 30 — 31 POls that were tested, only 10 proteins were soluble in E.
coli while at least 25 were soluble in the cell-free extracts. Expression yield was variable

across the different POIs and systems. Longer incubation times are used to increase
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protein yield; however, this study saw that longer incubation also resulted in increased
degradation of full-length POls.

The POIs were then purified using a ligand-conjugated resin and HaloTagged
TEV protease from Promega Corporation (Madison, WI), which also bound to the resin
and were removed from the purified fraction. More proteins were purified when they
were expressed in the human extract, yet the yield of purified product (i.e., > 1 pug, > 90%
purity) was the lowest of the three systems. That is, 6 proteins were purified from E. coli
with 42% purification recovery, 10 proteins were purified from wheat germ extract with
24% purification recovery, and 13 proteins were purified from human cell extract with
15% recovery. The mean purification yield was dismal. With 100 pL (~ $125) of the
human cell expression system using a dialysis format to replenish the reagents, the mean
purification yield was only 3.5 pg. Furthermore, the cleaved HaloTag protein and
HaloTagged TEV protease were common impurities in the samples. For a HaloTag-based
NAPPA chemistry, these impurities are definitely causes for concern and would
complicate SPR analyses. HaloTag can bind to unbound HaloTag ligand. The TEV
protease could cleave target POIs from the slide since the TEV site is located between

HaloTag and the POIs.

5.3 Purchasing purified query proteins
After this in-house effort, several considerations led us to opt to purchase the
query proteins from commercial sources. An exhaustive search for purified proteins from

commercial sources that could be employed as queries in the NAPPA-SPRI experiments
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was performed. These were the criteria that had to be met: 1) human protein, 2) important
protein in the BCR signaling pathway, 2) expressed in human or insect cells, 3) have a
small tag (e.g., His), and, if possible, 4) tested for activity such that kinases were tested
by their ability to phosphorylate a substrate and adaptors were tested by their ability to
bind to a known interactor. The query proteins that fit all of these criteria included
BLNK, BTK, and PIK3CA/PIK3R1 (PI3K). Notably, the catalytic PIK3CA protein is
unstable without its heterodimer regulatory partner, PIK3R1, and is always found as a
purified complex. Two major proteins in the BCR signaling pathway, SYK and DAPP1,
were unattainable or not tested for functionality, respectively. DAPP1 was purchased
despite not having known functionality because of its importance. Not surprisingly, it did
not interact with any target proteins on the array.

Two queries produced in-house, RAC1 and RHOA, were used with NAPPA-SPRi
analyses because they are important in B cell signaling and were easily and cheaply
obtained. They were expressed in Escherichia coli by members of Dr. Kim Orth’s
laboratory (UT Southwestern; Dallas, TX), and have been used in various published
experiments demonstrating their activity (Woolery, Yu, LaBaer, & Orth, 2014;
Yarbrough et al., 2009). Moreover, the proteins were tested for functionality by Dr.
Xiaobo Yu (personal communication; National Center for Protein Sciences; Bejing,
China) by their ability to bind to known protein partners on NAPPA arrays.

The purified query proteins were then used to analyze protein interactions with

NAPPA-SPRI. The data are in Chapter 8.
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CHAPTER 6
6 MODULATING PROTEIN PHOSPHORYLATION ON NAPPA
6.1 Introduction

Numerous cellular mechanisms are mediated by protein phosphorylation, and
aberrant phosphorylation has been linked to a range of disorders, including cancer,
diabetes, cardiovascular disease, inflammatory diseases, and infectious diseases (Fabbro,
Cowan-Jacob, & Moebitz, 2015). Due to the role that phosphorylation plays in disease,
the development of effective kinase inhibitors to treat the various disorders has been
pursued with gusto. Since the first kinase inhibitor to treat chronic myeloid leukemia was
approved by the FDA in 2001 (i.e., Gleevec), 27 more were approved for other types of
diseases within the next fourteen years (Wu, Nielsen, & Clausen, 2015). One of these,
Ibrutinib, has been approved to treat B cell lymphomas, including chronic lymphocytic
leukemia (CLL), mantle cell lymphoma (MCL), and marginal zone lymphoma (MZL). It
is also used to treat chronic graft-versus-host disease, which has been associated with
altered B cell activation and signaling (Rhoades & Gaballa, 2017). It inhibits the
enzymatic activity of BTK, a kinase that is critical to B cell growth and survival, by
binding covalently to a cysteine in BTK’s catalytic domain (Wu et al., 2015). Notably,
BTK was used as a query in my NanoBRET and NAPPA-SPRi experiments.

Phosphorylation is used as a major mechanism of signal transduction for the BCR
signaling pathway and is generally considered to be a PTM of positive regulation (see
also Chapter 2.4). Therefore, the study of protein interactions within the BCR signaling

pathway should consider interactions with and without phosphorylation. Since the human
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cell-free expression system can phosphorylate the proteins that it expresses, the de-
phosphorylation of NAPPA proteins to enable PPl analyses in the absence of
phosphorylation is addressed in Chapter 6.2. The phosphorylation of target proteins in a

B cell-specific manner is described in Chapter 6.3.

6.2 De-phosphorylation of NAPPA proteins
6.2.1 Standard de-phosphorylation protocol

NAPPA proteins are produced with a cell-free expression system based on the
HeLa cervical cancer cell line, which has phosphorylation capability that likely reflects a
phosphorylation pattern specific to the cells at the time that they were collected. Thus, the
inherent phosphorylation of the target proteins was unlikely to be physiologically
relevant for this study of the B cell receptor signaling pathway. Herein, | describe the de-
phosphorylation of target proteins, which enabled their phosphorylation in a B cell-
specific manner (see Chapter 6.3) and established a baseline to which the phosphorylated
data could be compared.

Target de-phosphorylation for NAPPA-SPRi analyses was first attempted
following NAPPA chemistry optimization employing BSA (see also Chapter 4.3). The
standard protocol that was developed in the Virginia G. Piper Center for Personalized
Diagnostics (VGP CPD) to de-phosphorylate standard NAPPA arrays required that the
slide be incubated twice with 18K units of lambda protein phosphatase (LPP) for 45 min
at 30 °C, which resulted in 36K units or $184 of LPP per slide. However, this cost was

inhibitory in this project. Furthermore, it became apparent from the data that de-
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complete (Figure 47). The most likely phosphorylated
component in the printing mixture was BSA, which is
necessary for plasmid cDNA deposition. BSA shares
76% sequence homology with human serum albumin

(HSA), which is well-documented to be
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P P P Figure 46. Fluorescent analyses of
phosphorylated at multiple sites. The use of BSA in ohosphorylated tyrosines following de-

phosphorylation of a NAPPA array using an

the printing mixture, therefore, would require more anti-phosphotyrosine antibody and HRP-
conjugated secondary antibody. False-

colored gray-scale image where black
phosphatase to completely de-phosphorylate the SPOtS  reflects high levels of phosphorylation,

while white reflects low levels of
than displayed proteins alone. In addition to phosphorylation.

increasing background and complicating the analyses of kinase arrays, phosphorylation
profiles, and de-phosphorylation optimization, BSA also presented a mass issue for
NAPPA-SPRi since > 90% of its mass was unnecessary (see also Chapter 4.5). Poly(L-
lysine) (PL), a polymer of lysine residues, offered a possible alternative to BSA. In
addition to providing lysines that aid in DNA retention, PL cannot be phosphorylated
since it lacks serine, threonine, and tyrosine residues.

A HaloTag-based NAPPA array was prepared with BSA or PL in the printing
mixture and then expressed with the human cell-free expression system. Using an anti-
phosphotyrosine antibody and HRP-conjugated secondary antibody, the level of
phosphorylation for the four target proteins (i.e., GRB2, RAC3, LYN, MAPK9) was

determined via fluorescence (Error! Reference source not found.). Although it is clear

from the image that LY N is tyrosine phosphorylated, its relative intensity within the spot

134



No dephosphorylation Dephosphorylated
| BSA | Polylysine | BSA ‘ Polylysine | BSA Polylysine BSA | Polylysine
S -\+ S & & o+ -\+ &

¥ 9% @ ‘?~e, F o° 5‘* N \‘34@ N *Zé@ Q,@, & ¢
<+ s’bs@@\& ,r—?@ \3\"’ s&eﬁ(o@ e’b@@@ o s G e S f-)@@e@@
ise Qoq~ 3
o0  |se0
GRB2 protein RACS3 protein GRB2 protein RAC3 protein
LYN protein MAPK9 protein LYN protein MAPK9 protein

Figure 47. Tyrosine phosphorylation of target protein, LYN, before and after the addition of LPP as
determined with an anti-phosphotyrosine antitbody and HRP-conjugated secondary antibody. Master mix =
printing mixture without DNA or displayed protein. Gray-scale image where black reflects high
phosphotyrosine level.
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A second array was
de-phosphorylated with LPP, and then probed with an anti-phosphotyrosine antibody and
HRP-conjugated secondary antibody (Error! Reference source not found.). De-
phosphorylation of LYN in the BSA- and PL-based printing mixtures decreased the

phosphotyrosine level by 31% and 84%, respectively. These results demonstrated that
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BSA could be replaced by PL and, furthermore, that the use of PL resulted in lower
phosphorylation background on NAPPA arrays.

The HaloTag-PL printing mixture was then optimized using a DOE approach to
maximize the signal-to-noise ratio in NAPPA-SPRi analyses. Assuming an average
molecular weight of 110 kDa, 0.7 ug of PL could be substituted for 14.65 pg of BSA in
30 pL of printing mixture, which helped contribute to a 90% increase in SPRi signal (see

also Chapter 4.5).

6.2.2 De-phosphorylation optimization using DOE

The standard de-phosphorylation protocol of BSA-based NAPPA used 36K units
of LPP, or $184 per slide, yet still resulted in incomplete de-phosphorylation. The use of
PL instead of BSA in the printing mixture decreased background (see previous section),
but questions remained: Could less than 36K units of LPP be used? Was only one
phosphatase enough? Could the addition of other phosphatases decrease the overall cost
of de-phosphorylation?

Husberg et al. compared the ability of four phosphatases to de-phosphorylate
target proteins in cardiac muscle tissue. Their work demonstrated the unique and
overlapping substrate specificities of two generic phosphatases (i.e., alkaline
phosphatase, LPP) and two endogenous serine/threonine phosphatases in the heart (i.e.,
protein phosphatase 1, and protein phosphatase 2) (Husberg, Agnetti, Holewinski,
Christensen, & Van Eyk, 2012). All 22 target proteins were de-phosphorylated by LPP or

calf intestinal alkaline phosphatase (CIP), which supports the unique preference of LPP
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Table 12. Protein Phosphatase Specificity Chart. Data from New England Biolabs

Phosphatase Specific phosphatase activity (nmol/'min/mg)* Units required for 100%
p-5erine/Threonine p-Tyrosine p-NPP phosphatase activity phosphatase removal
LPP 26,600 2200 1,250,000 100 - 500
CIP 1,520 26,440 128,300 10 - 50

* Phosphatase activity determined using phasphorylated myelin basic protein and p-nitrophenylphosphate (p-MPP)

for phosphorylated serine and threonine residues and CIP for tyrosine phosphorylation
(Table 12).

CIP can de-phosphorylate proteins, but it is often not used in this manner in
research laboratories. Instead, CIP is used to de-phosphorylate the 5* and 3’ ends of DNA
in cloning to prevent re-ligation of linearized plasmid DNA. Even in New England
BioLab’s product description, CIP is for dephosphorylating “5° and 3’ ends of DNA and
RNA,” “cloning vector DNA to prevent recircularization during ligation,” “DNA prior to
end-labeling using T4 Polynucleotide,” and “treatment of dNTPs in PCR reactions prior
to sequencing or SNP analysis;” nowhere does it mention protein de-phosphorylation.
This may be the reason why CIP was never used to de-phosphorylate NAPPA arrays.

Given the overlapping and unique substrate selectivity of LPP and CIP, | decided
to perform a DOE two-level factorial experiment to optimize the de-phosphorylation of
HaloTag-PL NAPPA microarrays with LPP and CIP. (To learn more about DOE, please
see Chapter 4.3, page 92.) The low (“-1”) and high (“1”) levels of LPP, CIP, and number
of incubations are depicted in Error! Reference source not found.. Reproducibility was
determined with the use of duplicate spots. Fluorescent responses were achieved with an

anti-phosphotyrosine antibody and HRP-conjugated secondary antibody.
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Table 13. De-phosphorylation DOE factors, levels, and responses as determined with an anti-phosphotyrosine antibody
and HRP-conjugated secondary antibody.

Responses (Fluorescent Intensity)

S$tdOrder RunOrder CenterPt Blocks Lambda PP CIP No. Incubations
SYK BLK BTK RMAPK14

3 1 1 1 -1 -1 7489023 21242273 5687074 9581459
10 1 1 1 -1 -1 7753694 20247578 TTIT1TT B364363
11 5 1 1 1 1 -1 5270646 12607330 3968517 6325507
3 T 1 1 1 1 -1 4731364 12379572 5515866 5534016
10 f 1 1 1 -1 -1 4ade662 11350427 6ele229 5482511
2 11 1 1 1 -1 -1 4503201 11070727 5152214 5319444
4 9 1 1 1 1 -1 BATTE38 10085970 6874461 5429412
12 14 1 1 1 1 -1 6237153 5721424 5929799 6318374
13 a 1 1 -1 -1 1 4975975 14973518 4372892 5562295
5 15 1 1 1 -1 1 4801562 13057346 5813109 4398380
15 1 1 1 1 1 1 5632192 10470425 3733797 5047304
T 13 1 1 1 1 1 5183485 9901595 4704700 5077499
14 2 1 1 1 -1 1 4005963 5106597 2500966 3678604
12 1 1 1 -1 1 3148167 5167750 2690539 2526834
4 1 1 1 1 1 6207282 14447025 4065023 6159505
16 16 1 1 1 1 1 6067050 14438215 5864541 5297188
Factor -1 1
Lambda PP 12K units 12K units
CIp 0 units 300 units
Mo, Incubations® 1 3

*  Eachincubation at 30 Cfor 30 min

The mouse anti-phosphotyrosine monoclonal antibody (P-Tyr-100) from Cell
Signaling Technology, Inc. (Danvers, MA) was used for all of the phosphotyrosine
experiments herein because it detected more phosphorylation events than any of the other
anti-phosphotyrosine antibodies on the NAPPA kinase arrays (antibody comparison
performed by Dr. Fernanda Festa of the VGP CPD). Anti-phosphoserine and anti-
phosphothreonine antibodies were also used for this de-phosphorylation optimization
experiment, but did not result in sufficient signal. This is unsurprising since anti-
phosphoserine and anti-phosphothreonine antibodies are sensitive to the adjacent amino
acids, and generally must be chosen for the specific phosphorylation site. Anti-
phosphotyrosine antibodies recognize phosphorylated tyrosines more independently of
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the surrounding amino acid sequence; even so, the detection rate for this antibody was

~30% on the kinase arrays.

A phosphorylated slide and a slide de-phosphorylated with the standard protocol

using LPP were also prepared at the same time as the DOE experiment. As Figure 50

shows, the standard protocol in which the slide was incubated twice with 18K units of

LPP (36K units total) for 45
min at 30 °C did not result in
complete de-phosphorylation
despite substituting the BSA
with PL in the printing
mixture. LPP decreased the
level of phosphotyrosine by
~ 70%.

DOE analyses using
the Minitab® 17 software
indicates, through a Normal
plot of standardized effects,
that all factors and
combinations are significant
(Figure 51). As anticipated,
both CIP and LPP de-

phosphorylated tyrosines .
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Figure 49. Fluorescent analyses of tyrosine phosphorylation of a A)
phosphorylated slide and a B) slide de-phosphorylated using the standard
LPP-based protocol. False-colored gray-scale image where black represents
high phosphotyrosine level and white represents low phosphotyrosine level.
Images analyzed with the same settings to make a direct comparison.
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Figure 50. Normal plot of standardized effects for SYK response. Similar

plots were obtained for other tyrosine phosphorylated target proteins. Alpha =
0.05
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The parameter that led to the
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Figure 51. Interaction plot of response means for SYK. Other target proteins
min at 30 °C. While the use  had similar plots.
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CIP and LPP interact with

Figure 52. Box plot of response for SYK across different factors and levels.
Other target proteins had similar plots.

each other (Figure 52). This

interaction interferes with de-phosphorylation as high levels of both phosphatases result
in poorer de-phosphorylation than when CIP is added at a lower amount (Figure 53). This
interaction may be the de-phosphorylation of one phosphatase by the other, which would
affect phosphatase activity. In other words, LPP and CIP should not be mixed together,
but rather added to the slide separately. Moreover, additional incubations with CIP did
not significantly affect the level of de-phosphorylation. The number of incubations,

however, was important when using LPP.
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To determine how much CIP
should be used to de-phosphorylate ~ Buffer g
the target proteins, 500 units of CIP
(or buffer) were added for 30 min at

30 °C, then probed with an anti-

phosphotyrosine or anti-

Figure 53. Fluorescent analyses of tyrosine phosphorylatlon of

phosphoserine antibody. CIP slides incubated with CIP buffer or enzyme. False-colored gray-
scale image where black represents high phosphotyrosine level

and white represents low phosphotyrosine level.

significantly de-phosphorylated

tyrosine residues (Figure 54), but did not appear to affect serine phosphorylation of SYK.
These results matched the known substrate specificity of CIP for phosphorylated
tyrosines (Table 12).

The DOE experiment, revealed that CIP and LPP could not be mixed together
during de-phosphorylation, and that the number of incubations with LPP made a dramatic
impact on the response. Therefore, NAPPA microarrays were first incubated with 500
units of CIP for 30 min at 30 °C. The arrays were then incubated 1 — 3 times with 2K, 4K,
or 6K units of LPP for 30 min at 30 °C. Tyrosine and serine phosphorylation were
fluorescently assessed with anti-phosphotyrosine and anti-phosphoserine antibodies,
respectively, with an HRP-conjugated secondary antibody. Tyrosine de-phosphorylation

was similar with 2K or 4K units of LPP across two or three incubations (Figure 55).
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Figure 54. Fluorescent analyses of tyrosine phosphorylation of slides incubated with 500 units of CIP and then LPP
buffer or enzyme. False-colored gray-scale image where black represents high phosphotyrosine level and white
represents low phosphotyrosine level.

However, three incubations de- 100
=l
phosphorylated serine on SYK g
E 70
g &0
much better than two £
. . . . 4
incubations (Figure 56). Taken =
o # o
together, the most efficient and 10
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COSt effeCtlve de' Standard 1 incubaion 2 incubaions Sincubaions

Figure 55. Percent of SYK serine phosphorylation remaining after de-
phosphorylating the array with the standard protocol or new protocol
using 500 units of CIP for 1 incubation and 2K units of LPP across 1 — 3
incubations. Error bars represent range across duplicate spots.

phosphorylation approach was
incubating the slides with 500
units of CIP for 30 min at 30 °C, then three times with 2K units of LPP at 30 °C for 30
min each. Compared to the standard protocol, the optimized protocol de-phosphorylated
the proteins more effectively than the standard protocol by 45% (Figure 50, Figure 55),

was 2 hours long instead of 1.5 hours, and was only 32% of the cost. A follow-up
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experiment 100
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not improve the level of
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Figure 56. Percent of tyrosine phosphorylation remaining after de-phosphorylating
the array with the standard protocol or optimized protocol using 500 units of CIP
for 1 incubation and 2K units of LPP across 3 incubations.

6.3 Treatment of NAPPA with B cell lysate

The human cell-free expression system that is used to express the target proteins
on NAPPA and NAPPA-SPRi uses lysate from HeLa cells, a cervical cancer cell line,
and is well-known to contain kinase activity. While it seems reasonable to assume that
the expression system phosphorylates its targets in a HeLa-specific manner, the target
phosphorylation profile has never been examined. For this project, however, it was
necessary to determine whether the expression system’s target phosphorylation profile
was unique or similar to B cells given the potential impact that phosphorylation can play
in protein interactions and in the BCR signaling pathway. Briefly, the phosphorylation
profile differences between the expression system and Ramos B cell lysate was
performed using two HaloTag-PL NAPPA slides. The cells were rapidly proliferating
(i.e., ~22 hour doubling rate), representing an activated, tonic signaling state. After

expression, one slide was de-phosphorylated using the standard LPP-based de-
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phosphorylation protocol and incubated in lysate from Ramos B cells that included
phosphatase and protease inhibitors, 200 uM ATP, and metal additives to assist in kinase
activity at 30 °C for 1 hour.

More specifically, Ramos RA-1 cells Ramos B cells (ATCC; Manassas, VA)
were grown in RPMI-1640 (ATCC; Manassas, VA) supplemented with 10% HyClone™
fetal bovine serum (GE Healthcare Life Sciences; Logan, UT). Cells were washed twice
with ice-cold 1 mM NasVVOs in TBS, then solubilized in 50 mM Tris-HCI (pH 7.7), 0.5%
nonidet P-40, 2.5 mM EDTA, 20 mM beta-glycerophosphate, 10 mM NaF, 1 mM
Na:Mo0Os, 1 mM NazVOs, 0.25 uM PMSF, 1 uM pepstatin, 0.5 ug/mL leupeptin, 10
ug/mL soybean trypsin inhibitor, and 1 ug/mL microcystin-LR. Cells were spun at 4k x g
for 5 min and the supernatant stored in single-use aliquots at -80 °C such that the lysate
from 20 million cells were in 1 mL of solubilization buffer. Slides were rinsed with 50
mM HEPES, 150 mM NaCl, pH 7.4. B cell lysate was buffer exchanged using a 7 kDa
MWCO Zeba desalting spin column (Thermo Fisher Scientific; Waltham, MA) into
kinase buffer containing 20 mM HEPES, 5 mM MnCl, 5 mM MgCl;, 0.25 uM PMSF,
0.5 ug/mL leupeptin, 10 ug/mL soybean trypsin inhibitor, 20 mM beta-glycerophosphate,
10 mM NaF, 1 mM NaxMo0Oa, 1 mM NazVOg4, 500 uM ATP, pH 7.5. Slides were
incubated with B cell lysate in kinase buffer for 1 hour at 30 °C. Slides were rinsed with
with 50 mM HEPES, 150 mM NaCl, pH 7.4. The arrays were then probed with an anti-
phosphotyrosine antibody and HRP-conjugated secondary antibody to fluorescently

assess the level of phosphotyrosine.
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Indeed, the profiles HelLLa Ramos

between the Hela expression BLK
system and Ramos B cells were BTK Amount of
Phosphotyrosine

different from each other (Figure LYN High
58), and indicated that the MAPK 14 Sl
necessity of phosphorylating the NFATC3 Low
target proteins with B cell lysate TEC N

one

for this project. Note that LYN, a VAV1

tyrosine kinase that is known to Figure 57. Tyrosine phosphorylation profile of target proteins is
different between the HeLa cell-free expression system and Ramose B
. . cell lysate on HaloTag-based NAPPA, as determined via fluorescent
be tyrosine phosphorylated in B analyses using an anti-phosphotyrosine antibody. False-colored
rainbow-scale images representing level of phosphotyrosine. Images

cells, is phosphorylated on the were analyzed at the same settings.

array that is incubated with B cell lysate. Moreover, VAV1, which is tyrosine-
phosphorylated in activated B cells by SYK, is also phosphorylated by the B cell lysate.
As mentioned previously, a large-scale screen of serine and threonine phosphorylation is
not possible since anti-phosphoserine and anti-phosphothreonine antibodies do not bind
to phosphorylated serines and tyrosines in a general manner and cannot be used for large-
scale phosphorylation screens.

One of the objectives of this study is to determine the effect of B cell-specific
phosphorylation on protein interactions in the B cell receptor signaling pathway. It is
therefore necessary to compare the interactions with targets that are un-phosphorylated
and phosphorylated targets. Interactions with targets of mixed phosphorylation levels will

complicate analyses and will not allow the direct comparison of the datasets. Therefore,
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in Chapter 6.2, the targets were de-phosphorylated completely with phosphatases. Here,
the incubation length with the B cell lysate to achieve maximum phosphorylation was
determined.

The amount of phosphorylation depends on the concentration of the kinase,
substrate, and ATP; the incubation length; and the enzyme Kinetics (Bertics & Gill,
1985). HaloTag-PL NAPPA slides compatible with SPRi were expressed, de-
phosphorylated, and incubated with B cell lysate (20 million Ramos B cells in 1 mL) in
the HEPES buffer described above for 0.5, 1, 1.5. 2, 3, 4, and 5 hours at 30 °C. The slides
were the probed with an anti-phosphotyrosine monoclonal antibody and an HRP-
conjugated anti-mouse secondary antibody to analyze the level of phosphorylated
tyrosines via fluorescence. Figure 59 represents the various responses observed across the
array, where the signal appears to plateau at 3 — 4 hours. A decrease in signal at 5 hours

VAV1 VAV1
2.0 hr 3.0 hr VAV1

@ ‘%

VVVVVVV VAV1

AAAAAAAA 5.0 hr
VAV1

Average raw intensitysum

Incubation length with B cell lysate

— o INPPL1 NFATS e P 1K 3 R3 — 5052 VAV1

Figure 58. Fluorescent analyses of tyrosine phosphorylation of target proteins incubated with Ramos B cell lysate from
0.5 - 5.0 hours at 30 °C. Data represents average raw intensity value of duplicate spots referenced to MAP2K2 with no
phosphorylated tyrosine response on each array. Fluorescent images of VAV1 are in false-colored rainbow scale where
black/blue represents low phosphorylation and red represents high phosphorylation. Images were analyzed at the same

settings.
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may be due to protein degradation. Based on these results, the length of B cell

phosphorylation was set at 3 hours to achieve stable and maximum phosphorylation.
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CHAPTER 7
7 DEVELOPMENT OF HIGH THROUGHPUT SPR SOFTWARE
7.1 Standard SPR data analyses and kinetic models

The “gold standard” software for SPR data analyses is Scrubber2, a program from
BioLogic Software (Australia). It can analyze as many as four binding curves at one time;
a number not arbitrarily chosen since the most common SPR instrument in general
research laboratories is the Biacore T100, an instrument with four channels. Scrubber2
can zero and crop the data, align the injection times, reference (e.g., subtract a non-binder
curve from a binder curve), and determine the on- and off-rates of the interactions by
fitting the binding curves.

Scrubber2 uses two Langmuir model

. . . . ka
conventional kinetic models to fit A+B — AB

. . I‘(d
the data: Langmuir and Langmuir
Rate of formation of AB = d[AB] = k,[A][B]

with mass transport. The Langmuir dt
adsorption model is useful for Association R, = KROE’B[‘L] [1 — e-(ka[A] + kd)tJ
D

simple 1:1 protein interactions; in
P P Dissociation Rt = Roe‘(kd)t

other words, one epitope on the Figure 59. Equations of the Langmuir binding model assuming simple
1:1 protein interaction. A = analyte or query. B = ligand or target

. ] ] protein immobilized on the array. Rt = response at a specific time. Ro
query interacts with one epitope = response at end of association phase.

on the target. Additionally, the Langmuir model is appropriate when the target protein is
in a monolayer, the surface is uniform, and the proteins interact independently of
neighboring residues (Edwards et al., 1995; Jonsson et al., 1991; Oshannessy,

Brighamburke, Soneson, Hensley, & Brooks, 1993; Schasfoort & Tudos, 2008). The
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Langmuir model equation is shown in Figure 60. It reflects a pseudo first-order Kinetic
reaction where the on-rate is proportional to the concentration of one reactant (i.e, query),
which is initially assumed to occur on SPR platforms where the target concentration is
fixed while the query concentration is in excess. As detailed in Chapter 4.1.2, mass
transport occurs when the target concentration is high and the rate of diffusion is lower
than the on-rate (i.e., km << ka[B]) (OShannessy & Winzor, 1996; Schasfoort & Tudos,
2008). This results in a linear, rather than an exponential, binding signal.

The Langmuir-based models are generally sufficient for most SPR data, but there
are PPIs in which a different kinetic model would better fit the data. A bivalent analyte
model is appropriate when a query has two separate binding sites. For example, an
antibody can bind to two identical antigens at the end of the arms of its Y-shaped
structure via the variant “Fab” region. The second antibody-antigen interaction is
dependent on the first interaction due to the proximity of the binding sites. During
dissociation, one interaction may break while the other forms, resulting in a dissociation
rate that represents the bivalent nature of the complex rather than a single interaction. (To
circumvent this avidity issue of antibodies, it is recommended that antibodies are
captured as targets rather than injected as queries.) Another example of why a non-
Langmuir model should be implemented is when there are two target species or two
different binding locations on the target, each capable of binding to the query
independent from each other. The heterogeneous analyte or ligand binding models may
be used in these situations. A target that changes conformation upon binding the query

could be explained by the two-state conformation model. Further detail on how the

149



equations were derived and the background for the Langmuir and other models are
provided in (Edwards et al., 1995; Oshannessy et al., 1993; Schasfoort & Tudos, 2008).
The appropriate model for the data can be obtained by knowing the PPI type a
priori or by fitting the binding curve to various kinetic models to identify which model
best fits the interaction; the Langmuir models, however, fit most data. Another popular
software package is BIAevaluation software from Biacore Life Sciences, which includes
the Langmuir, bivalent analyte, heterogeneous, and two-state conformation kinetic
models. Like Scrubber2, this software was developed to analyze low throughput data

only.

7.2 Developing in-house software to analyze Plexera SPRi data

The Plexera® HT PlexArray instrument that was used for the NAPPA-SPRI
experiments has a separate Plexera Data Analysis Module software for analyzing the
produced data. Unfortunately, it cannot reference the data or fit the data well. More
importantly for this project, it could not handle high throughput data; the software would
simply freeze indefinitely with the NAPPA-SPRI data. Low throughput, manual software
packages like BlAevaluation and Scrubber2 were also not feasible options.
In collaboration with Stanford, the “SPRite” software in Python for fitting the biosensor
data from NAPPA-SPRi was built. The SPRite software can do the following: 1) calibrate
data; 2) alphabetize the sample names; 3) reference; 4) determine and correct for drift; 5)
globally fit data using the 1:1 Langmuir kinetic model; 6) export the binding curves as

PDF figures (Figure 61); 7) export a tab delimited text file that can be properly formatted
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in SPRuce for Scrubber2 analyses; 8)

raw_dc
data
fitted
residuals

150

export a tab delimited text file with

100

calibrated curves (i.e., binder,
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To ensure that the binding
Figure 60. An example of a PDF output file of SPRite depicting
. . the raw binding curve (light green), the referenced binding curve
kinetics and affinities calculated by (black), the fitted curve (red), and the residuals between the fitted
curve and referenced binding curve (blue). X-axis = time (sec).

SPRite are similar to those obtained ~ Y-axis = response units (RU).

with Scrubber2, binding curves from seven datasets analyzed with bboth software
packages and then compared. More specifically, all of the binding curves from one
dataset and several binding curves representing a range of binding rates and affinities
from six other datasets were analyzed with SPRite and Scrubber2. These 7 datasets were
chosen because they came from multiple different experiments, they had a wide range of
binding kinetics and affinities (i.e., ka= 1.2 x 10? to 1.33 x 10° M!s™}, kd = 3.74 x 10°to
7.41x10%s? Kp=8.97 x 109 t0 6.0 x 10° M), were within the linear range of the
instrument, did not have mass transport, the association response had some curvature, and
the binding responses followed a single exponential. A comparison of the results from
SPRite and Scrubber is displayed as scatter plots for ki, kq, and Kp in Figure 62 where the
R? correlations are 0.992, 0.9974, and 0.9788, respectively. These data demonstrate the
accuracy of SPRite. A meta-analysis of the kinetics and affinities determined with

Scrubber2 versus SPRite indicates that there were no biases across the range of ka, k¢, and
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Figure 61. Correlation of ka, k¢, and Kp values obtained
with SPRite and Scrubber2 for seven datasets. NP = targets
are Not Phosphorylated, LT = targets are Lysate-Treated

Kp values (Figure 63). Moreover, SPRite is
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Figure 62. Meta-analysis of the ka, kg, and Kp values
obtained with Scrubber2 and SPRite indicate that SPRite
has no biases across the ranges of values. Values were
obtained from the seven datasets in Figure 74.

reproducible, calculating the same values for the same dataset across different analyses,

thus resulting in an R? correlation of 1 (Figure 64).

SPRite allows the entry of fitting parameters for a group of samples by command

line. Once this is done, it will fit ~50 curves against three different references in about 5

minutes on a standard desktop computer. Scrubber2, in comparison, requires manual

adjustments from the user during the curve fitting. Thus, in the same 5 minutes, 4 curves

can be processed against one reference. This represents almost a 40-fold increase in

throughput for curves fit globally. If the binding curves are fit with the Langmuir model
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without drift correction and global fitting in

SPRite, the throughput increases to 143 k

curves with three different references in 5
minutes! A comparison of the options in sPAite technical replicate 1

SPRite are Scubber2 is in Figure 65.

In SPRite, each binding curve is
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THREE PDFs are created per target protein.

Figure 63. Technical reproducibility of the SPRite

In other WOI’dS, an array of 100 target protelns software has an R? correlation of 1 for ka, k¢, and Kp

will generate a PDF file with 300 pages. In
some cases, not all referenced data may be needed and a short python script,
“MergePDFsOnFileNames.py,” can be used to extract PDFs with a specific reference-of-
interest, and subsequently collated together. The directions for running the
“mergePDFsOnFileName.py” script as well as script itself can be found in Appendix H.
SPRite will be open-source, which will make it easy for the software to be added
to and improved upon based on the needs of the SPR community. For example, SPRite is
currently capable of analyzing curves with the 1:1 Langmuir kinetic model one dataset at
a time. It could, however, be altered so that it can analyzed multiple datasets

simultaneously within one command prompt window. Moreover, other kinetic models
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Options Scrubber2 SPRite

Automated Yes

Zeroes Data Yes Yes

Calibrates Yes

Alphabetizes Yes

References Yes Yes

Corrects drift Yes

Spike Correction Yes
Models 1:1 Langmuir 1:1 Langmuir
1:1 Langmuir with mass transport

Sensorgrams exported Yes

Saves data Yes
Throughput 1x 39x - 107%™

Analysis-to-analysis correlation RF=1 RF=1
Open source software Yes

* 5PRite throughput depends on type of fitting performed

Figure 64. Comparison of Scrubber2 and SPRite software for analyzing SPR data

could be incorporated in SPRite, like the Langmuir model with mass transport or the
heterogeneous ligand model. Spikes in the data can occur from physical anomalies during
the analyses (e.g., bubble) or imperfect timing alignment (or “offset”) between a binder
and its reference since the target proteins will experience association and dissociation at
slightly different times across the array. Scrubber2 has the ability to identify some of
these spikes and remove them from the binding sensorgram; at the moment, SPRite does
not (Figure 65). A generic timing “offset” file is presently created by the user (see
Appendix E) and fed into SPRite. Since the offset will be different for each target protein,
slide, and flow rate, a separate or an embedded script in SPRite to automatically
determine the offset values for each experiment would be ideal. Some of this work has
already begun.

Two files constitute SPRite, “parseSPRandFitCurves.py” and
“curveFittingKineticModels.py.” The command line options are first read by

“parseSPRandFitCurves.py” which determines the general framework of SPRite.
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Software libraries like “pandas” and “numpy” are imported into SPRite via
“parseSPRandFitCurves.py” to provide standard data structures and operations for
python-based scripts. It also performs calibration, defines phrases, indicates where to go
in the “curveFittingKineticModels.py,” and formats the final documents. As the file name
suggests, “curveFittingKineticModels.py” contains the equations for fitting the binding
curves. It also drift-corrects the data. Directions on using SPRite is given in Appendix E.
In Appendix F and Appendix G, the script is provided for the
“parseSPRandFitCurves.py” and “curveFittingKineticModels.py” files, respectively.
Please note that the appropriate python package must be installed before any of these
scripts can be run. SPRite will also be available through the Mallick Lab website at

mallicklab.stanford.edu.
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CHAPTER 8
8 QUANTITATIVE ANALYSES OF THE BCR SIGNALING PATHWAY USING
NAPPA-SPRI
8.1 Introduction

Cellular responses to external stimuli are mediated through dynamic and complex
signal transduction networks that are comprised of protein-protein interactions (PPISs).
Signal propagation is not only dependent on which proteins interact, but how they
interact. For instance, CDC42 and WASP must interact rapidly to stimulate actin
polymerization (Hemsath, Dvorsky, Fiegen, Carlier, & Ahmadian, 2005). Fast
association rates and slow dissociation rates control antibody maturation and B cell
selection (Foote & Milstein, 1991). Mutations that lead to faster association and
dissociation rates between Ras and Raf result in more phosphorylated ERK, a
downstream product of the Ras-Raf interaction, compared with the wild-type interaction
(Kiel & Serrano, 2009). Despite the biological importance of kinetics and affinities, very
little of this quantitative space has been explored due to the low throughput nature of
current quantitative methods (see Chapter 1.3, page 8). The B cell receptor (BCR)
signaling pathway, for example, is considered to be one of the best understood signaling
pathways, yet only a handful of these interactions have been quantitatively characterized
(Table 2Error! Reference source not found.).

| applied NAPPA-SPRI, a high throughput platform that is capable of analyzing >
400 protein interactions quantitatively in less than an hour, toward studying > 12,000

PPIs in the BCR signaling pathway using different query proteins (BLNK, BTK, PI3K,

156



RAC1, RHOA). Since kinase cascades play an important role in signal transduction in the
BCR pathway, | tested these interactions under conditions where the target proteins were
either dephosphorylated or treated with lysate from naturally proliferating B cells with
active kinases (see Chapters 2.4, 6.2, 6.3). In addition, the GTPase query proteins were
tested in different activation states (i.e., GDP- versus GTPyS-bound). Interaction Kinetics,
affinities, and protein partners were affected by lysate treatment of targets, GTPase query

activation state, and the tag location of the target proteins.

8.2 Materials and Methods

ATP was from Cell Signaling Technology (Danvers, MA). GTPyS was obtained from
BIOLOG Life Science Institute (Germany). Brij-35; Bond-Breaker TCEP Solution,
Neutral pH; NUPAGE Transfer Buffer; and SuperSignal West Femto were from Thermo
Fisher Scientific (Waltham, MA). All other reagents, unless otherwise noted, were

obtained from Sigma-Aldrich (St. Louis, MO).

Plasmid cDNA

Plasmid cDNA was obtained from the Virginia G. Piper Center for Personalized
Diagnostics’ (VGP CPD) plasmid repository, DNASU (Tempe, AZ), and Open
Biosystems (Lafayette, CO), and prepared as previously described using the
pJFT7_nHalo_DC and pJFT7_cHalo_DC with the capturing fusion tag (i.e., HaloTag) at

the N- or C-terminus (Saul et al., 2014). The list of these genes is in Appendix A with the
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sequences publicly available at https://dnasu.org/DNASU/. Successful cloning of the

GOls was confirmed with Sangar sequencing at DNASU.

NAPPA-SPRi slide preparation
A 48 nm layer of gold was deposited via electron beam evaporation on low sodium
optical D263 borosilicate slides with an index of refraction of 1.52 (Plexera LLC;
Woodinville, WA). The slides were sonicated for 10 min in 0.1 N KOH, 100% methanol,
washed three times in 100% ethanol, and then dried with compressed gas. 1 mM amine-
terminated polyethylene glycol [HS-C11(C2H40)s-NH2] (Prochimia Surfaces; Poland)
was resuspended in ethanol and applied to the slide overnight at 4 °C to create a self-
assembled monolayer. To prevent evaporation of the ethanol during the incubation, these
slides were placed on upside-down Wheaton® stainless steel 30-slide rack (Capital
Scientific, Inc.; Austin, TX) within a plastic Lock & Lock food storage container (Food
Storage Mall; China) with ~ 0.5 cm of 100% ethanol on the bottom. The slides were
washed three times in 100% ethanol and dried with compressed gas just prior to printing.
The printing master mix included 0.0003% poly-L-lysine (Thermo Fisher
Scientific; Waltham, MA), 0.3% DMSO, 250 uM BS3 (Thermo Fisher Scientific;
Waltham, MA), 375 uM HaloTag® amine (O4) ligand (Promega; Madison, WI), and 0.4
mg/mL plasmid cDNA. The printing master mixture was incubated at 4 °C overnight,
then deposited onto the prepared slides with the QArray2 spotter (Molecular Devices,
LLC; Sunnyvale, CA) using solid pins. The random array layout and DNA deposition

analysis are shown in Appendix J.
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The development of this hybrid platform, which combines the advantages of

NAPPA and SPRIi, is described in more detail in Chapter 4.

Target protein expression

Slides were blocked with Tris-based SuperBlock (Thermo Fisher Scientific; Waltham,
MA) to minimize non-specific binding overnight at 4 °C. They were then washed in 1x
PBS three times for 2 min each, rocking. The slides were rinsed in water and dried with
compressed air. SPRi flow chambers (Plexera; Woodinville, WA) with 30 uL volume
were applied onto the slides followed by 1-step human coupled in vitro protein
expression mixture according to the manufacturer’s instructions (Thermo Fisher
Scientific; Waltham, MA). Expression was performed for 1.5 hours at 30 °C and then 30
min at 15 °C. Slides were rinsed in 200 puL 1x PBS. Analysis of target protein expression

is shown in Appendix J.

Query protein expression

Three purified queries were obtained from commercial companies. BLNK and BTK had
an N-terminal His tag (Sino Biological; Beijing, China) and tested for activity through a
functional ELISA and kinase assay tests, respectively. BLNK was expressed in human
cells while BTK was expressed in baculovirus insect cells. PIK3CA/PIK3R1
(p1100/p85a) (Life Technologies Corporation; Carlsbad, CA) was expressed in
baculovirus insect cells, tested for activity using a kinase assay, and had an N-terminal

His tag on PIK3CA. The GTPases, RAC1 and RHOA, were expressed in Escherichia coli
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by members of Dr. Kim Orth’s laboratory (UT Southwestern; Dallas, TX), and have been
used in various published experiments demonstrating their activity (Woolery et al., 2014;
Yarbrough et al., 2009). Moreover, the proteins were tested for functionality by Dr.
Xiaobo Yu (personal communication; National Center for Protein Sciences; Bejing,

China) by their ability to bind to known protein partners on NAPPA arrays.

De-phosphorylation of target proteins
Calf intestinal alkaline phosphatase (CIAP) (New England BioLabs; Ipswich, MA) and
lambda protein phosphatase (New England BioLabs; Ipswich, MA) were buffer
exchanged into 1x NEBuffer 3 or 1x NEBuffer for PMP supplemented with 1 mM MnCl;
(New England BioLabs Ipswich, MA), respectively, using 7 kDa molecular weight cut-
off (MWCO) Zeba spin desalting columns (Thermo Fisher Scientific; Waltham, MA).
Slides were rinsed in 200 pL 1x NEBuffer 3 and then incubated in 300 units of CIAP at
30 °C for 30 min. Slides were rinsed in 200 pL 1x NEBuffer for PMP supplemented with
1 mM MnCl2. The slides were then incubated three times with 2,000 units of lambda
protein phosphatase at 30 °C for 30 min. Slides were rinsed in the same HEPES- or Tris-
based buffer that was used for SPRi analyses (Appendix J).

The de-phosphorylation of the array proteins is optimized and discussed in

Chapter 6.2.

Phosphorylation of target proteins with Ramos B cell lysate
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Ramos B cells (ATCC; Manassas, VA) were grown in RPMI-1640 (ATCC; Manassas,
VA) supplemented with 10% HyClone™ fetal bovine serum (GE Healthcare Life
Sciences; Logan, UT). Cells were washed twice with ice-cold 1 mM NazVOs in TBS,
then solubilized in 50 mM Tris-HCI (pH 7.7), 0.5% nonidet P-40, 2.5 mM EDTA, 20
mM beta-glycerophosphate, 10 mM NaF, 1 mM Na>MoOs, 1 mM NazVOg, 0.25 uM
PMSF, 1 uM pepstatin, 0.5 ug/mL leupeptin, 10 ug/mL soybean trypsin inhibitor, and 1
ug/mL microcystin-LR. Cells were spun at 4k x g for 5 min and the supernatant stored in
single-use aliquots at -80 °C such that the lysate from 20 million cells were in 1 mL of
solubilization buffer. Slides were rinsed in 200 pL 50 mM HEPES, 150 mM NaCl, pH
7.4. B cell lysate was buffer exchanged using a 7 kDa MWCO Zeba desalting spin
column (Thermo Fisher Scientific; Waltham, MA) into kinase buffer containing 20 mM
HEPES, 5 mM MnCl,, 5 mM MgCly, 0.25 uM PMSF, 0.5 ug/mL leupeptin, 10 ug/mL
soybean trypsin inhibitor, 20 mM beta-glycerophosphate, 10 mM NaF, 1 mM Na:MoOa,
1 mM NasVOs, 500 pM ATP, pH 7.5. Slides were incubated with B cell lysate in kinase
buffer for 3 hours at 30 °C. Slides were rinsed with the same HEPES- or Tris-based
buffer that was used for SPRi analyses. All slides were stored at 4 °C when not being
analyzed.

The phosphorylation of the array proteins in a B cell-specific manner is optimized

and discussed in Chapter 6.3.

Activation of GTPases, RAC1 and RHOA
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Purified GTPases were incubated in 10 mM HEPES, 150 mM NaCl, 5 mM MgClz, 5 mM
EDTA, 1 mM TCEP, pH 7.4, and 1 mM GTPyS or GDP for 1 hour at room temperature
to activate or inactivate the GTPases, respectively. Samples were then buffer exchanged
into 50 mM HEPES, 150 mM NaCl, 5 mM MgCl2, 1 mM TCEP, pH 7.4, which was the

buffer used for SPRi analyses.

NAPPA-SPRi analyses

The Plexera HT PlexArray instrument was primed three times with filtered and degassed
“running buffer” specific to the query (Appendix J). Each slide was subjected to the
following runs, in consecutive order: 0.5% glycerol, 1.0% glycerol, running buffer,
protein query, and 5.34 E-8 M anti-TP53 D01 monoclonal antibody. Glycerol in running
buffer was injected with 100 sec association and 100 sec dissociation each and used to
normalize inter- and intra-slide data where the change in refractive index is equal to
0.000565 response units (RU). Kinase query runs were performed at 5 pL/sec at 30 °C.
Running buffer, purified query protein in running buffer, and antibody in running buffer
were injected with 180 sec association and 400 sec dissociation. Non-kinase query runs
were performed at 3 pL/sec at RT. Running buffer, purified query protein in running
buffer, and antibody in running buffer were injected with 300 sec association and 700 sec
dissociation. Data were acquired in real-time with the Plexera Instrument Control

software.

NAPPA-SPRI data analyses
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Data analyses were performed in three steps. Regions-of-interest in the AV video format
were first identified and analyzed with the Plexera SPR Data Analysis Module software.
The in-house software, SPRite, calibrated the data to standard response units (RU),
formatted the data to be compatible with Scrubber2, selected the time frame(s) of interest,
referenced the binding curves to non-binders, drift corrected the data, and fit the curves
using Langmuir kinetic models (with and without mass transport). Finally, the curves
were assessed by eye. More information about the SPRite software is in Chapter 7.2.

Specific information regarding SPRi analyses is in Appendix I.

Qualitative analyses of protein interactions using NanoBRET
See Chapter 3.4. Only the protein interactions with BLNK, BTK, PI3K, GDP-bound
RAC1, GTP-bound RAC1, GDP-bound RHOA, and GTP-bound RHOA are considered

in this chapter.

Protein interaction validation using Phos-Tag SDS-PAGE

Recombinant human BTK with an N-terminal His tag was obtained from Sino Biological
(Wayne, PA). Recombinant human ETS1, JUN, and BCL2 with an N-terminal His tag
were obtained from RayBiotech (Norcross, GA), respectively. Recombinant human
protein PI3K, constituting PIK3CA with an N-terminal His tag and untagged PIK3R1,
was obtained from Thermo Fisher Scientific (Waltham, MA). Recombinant human MYC
with an eleven-arginine tag at the C-terminus was obtained from Abcam (Cambridge,

MA). MY C was first de-phosphorylated with 1200 units of lambda phosphatase for 2 hr
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at 30 °C, and then 2 mM sodium orthovanadate was added to inhibit any further
phosphatase activity. Kinase and substrate were mixed together at a 3:4 ratio (w/w) in 50
mM HEPES, pH 7.5, 100 mM NacCl, 10 mM MgCl2, 0.01% Brij-35, 1 mM ATP, and
incubated at 30 °C for 1 hr. BTK samples with substrate and ATP were de-
phosphorylated with 800 units of lambda protein phosphatase (New England BioLabs;
Ipswich, MA) for 2 hrs at 30 °C. 1x Laemmli loading dye (Bio-Rad; Hercules, CA) and
10 mM Bond-Breaker TCEP Solution, Neutral pH were added to the samples before
heating at 65 °C for 10 min. Samples were added to SuperSep Phos-Tag™ (50 umol/L),
12.5% SDS-PAGE gels (Wako Pure Chemical Industries; Richmond, VA) using tris-
tricine running buffer containing 50 mM Tris, 50 mM N-[2-hydroxy-1,1-
bis(hydroxymethyl)ethyl] glycine (Tricine), 0.10% (w/v) SDS, 5 mM sodium bisulfite.
Gels were run at 100 V for 1 hr, and then transferred overnight to a PVDF membrane at 4
°C and 150 mA using the Bio-Rad Mini Trans-blot cell and 1x NuPAGE transfer buffer
supplemented with 5 mM sodium bisulfite. Membranes were blocked with 3% BSA in
PBST (“blocking buffer”) for 1 hr at room temperature, and then probed with rabbit anti-
human anti-c-Jun monoclonal antibody (clone 60A8; Cell Signaling Technology;
Danvers, MA), anti-ETS1 monoclonal antibody (clone D808A; Cell Signaling
Technology; Danvers, MA), anti-c-MYC monoclonal antibody (Abcam; Cambridge,
MA), anti-c-MYC phospho S62 monoclonal antibody (Cell Signaling Technology;
Danvers, MA), or mouse anti-human BCL2 monoclonal antibody (Cell Signaling
Technology; Danvers, MA). The membrane was washed three times in PBST, incubated

for 1 hr at room temperature with HRP-conjugated anti-rabbit 1gG (Cell Signaling
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Technology; Danvers, MA) or anti-mouse 1gG (Jackson ImmunoResearch; West Grove,
PA) at a 1:15,000 dilution in blocking buffer, and then washed again three times in
PBST. Signal was visualized using SuperSignal West Femto chemiluminescent substrate

using the ImageQuant LAS 4000 system (GE Healthcare Life Science; Pittsburgh, PA).

8.3 Results & Discussion

8.3.1 NAPPA-SPRI detected known and novel interactions

To evaluate Table 14. Percentage of known and novel PPIs detected by NAPPA-SPRI

BLNK BTK PI3K RAC1(GDP) RACI(GTP) RHOA(GDP) RHOA(GTP)
Detected PPIs NP LT NP LT NP LT NP LT NP LT NP IT NP LT

how many known

All 54 53 78 81 34 16 59 67 95 78 35 5 91 72
) _ %Known* 15 17 14 12 32 31 14 13 13 15 14 20 14 14
Interactions were % Novel 85 83 86 88 63 69 8 87 87 8 8 80 85 86

* Known human, mouse, or rat PPIs in the online databases, BioGRID and HPRD

detected with
Table 15. NAPPA-SPRI detected 66% of known PPIs

NAPPA-SPRI. the BLNK BTK PI3K  RAC1(GDP) RAC1{GTP) RHOA(GDP) RHOA(GTP)
! Type of PPI Al NP LT All NP LT All NP LT All NP LT All NP LT All NP LT All NP LT
Known PPI* 14 14 14 15 15 15 26 26 26 14 14 14 14 14 14 13 13 13 13 13 13

data were Compared Known PPl detected 0 8 9 11 11 10 11 11 5 10 8 9 12 12 12 5 5 1 13 13 10

% Known PPl detected 71 57 64 73 73 67 42 42 19 71 57 64 86 86 86 338 38 8 100 100 77

* Known human, mouse, or rat PPIs in the online databases, BioGRID and HPRD

to human, mouse, and
rat PPIs curated by the online databases, BioGRID and HPRD (Appendix C) (Prasad et
al., 2009; Stark et al., 2006). Of the NAPPA-SPRi PPIs that were detected, 15% were
known and 85% were novel (Table 14). Across the seven queries, NAPPA-SPRi detected
72 (66%) known interactions listed in these sources while also identifying 401 previously
unreported interactions (Table 14, Table 15).

The PI3K query had one of the lowest coverage of known interactions (i.e., 42%)
with NAPPA-SPRi (Table 15). In vivo, PI3K can exist as a heterodimer consisting of one

of five different regulatory subunits and one of four different catalytic subunits (Cheung
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et al., 2015). Unlike the catalytic subunits, the regulatory subunits can act as a monomer
or homodimer. In this experiment, the PI3K query was a heterodimer, containing the
regulatory subunit PIK3R1 and the catalytic subunit PIK3CA. Its interactions on
NAPPA-SPRi were cross-referenced with those that are known for PIK3R1, PIK3CA,
and the heterodimer. Most of the PI3K interactions curated by BioGRID and HPRD were
for the PIK3R1 subunit, which may or may not have been also been interacting with
PIK3CA or one of the other catalytic isoforms. This may explain why the known PPI
coverage of PI3K was low. The GTPases, RAC1 and RHOA, identified more known
proteins when they were GTP-bound (i.e., active) than when they were GDP-bound

because they interacted with > 20% more proteins than the inactive GTPases.

8.3.2 Tag locations may provide helpful insight into binding sites

NAPPA-SPRi employed fusion tags to capture the expressed target protein to the
slide surface. Since fusion tags may interfere with interactions by blocking binding
epitopes or altering protein structure, particularly at the end of the protein where they are
located, targets were represented separately on the array with the tag at the N-terminus
and C-terminus. We observed 62.3% more interactions when the tag was at the C-
terminus. Of the 101 target proteins represented on the array with a tag in each position,
and which interacted > 3 queries across all conditions and concentrations, 69 showed a
preference of at least two-fold for a tag in one position or the other. Twenty (20) proteins
had more interactions with the queries when the tag was at the N-terminus, while 49

proteins had more interactions when the tag was at the C-terminus. Some isoforms within
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the same protein family behaved similarly, which may account for some interaction bias
in this study toward C-terminally tagged targets. For example, most of the interactions
with targets in the SHIP (INPP5D, INPPL1), p38 (MAPK12, MAPK13, MAPK14), ERK
(MAPK1, MAPK3), NFATC (NFATC1, NFATC3, NFATC4), and PKC (PRKCA,
PRKCB) protein families occurred when the tag was the C-terminus. Other isoforms
within the same protein family behaved differently from each other. For example, AKT1
and AKT?2 interacted with at least three times as many queries when the tag was at the C-
terminus than at the N-terminus; AKT3 had no preference, with N-terminal tagged AKT3
binding to queries 22 times and C-terminal tagged AKT3 binding to queries 24 times. All
four PI3K catalytic isoforms had different binding profiles with respect to tag location.
PIK3CA had no tag preference, PIK3CB interacted with 4-fold more queries when it had
a tag at the C-terminus, PIK3CD did not interact with any queries, and PIK3CG
interacted with 2.3-fold more queries when it had a tag at the N-terminus. These
dissimilarities may be the result of different protein structures despite having high
sequence homology.

Protein interactions that are affected by the location of the tag may provide
helpful insight into where a query may be binding. For example, an N-terminal tag is
more likely to occlude binding sites toward the N-terminus. NAPPA-SPRi detected the
known interaction between the adaptor proteins, GRB2 and BLNK. The interaction was
altered with lysate treatment, which supports the current understanding of how GRB2
binds to BLNK in unstimulated and stimulated B cells. BLNK only bound to NP- GRB2

with a tag at the C-terminus, implying that BLNK is binding to GRB2 toward its N-
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terminus (Figure 66), In fact, NP-GRB2, C-terminal Tag LT-GRB2, C-terminal Tag

BLNK binds to GRB2’s N-

terminal SH3 domain in
UnStlmU|ated B Ce“S Whel’e NP-GRB2, N-terminal Tag LT-GRB2, N-ter;ninaITag
GRB2 is in a homodimer.

Following lysate treatment of

GRB2 on NAPPA-SPRi Figure 65. Binding sensorgrams of the query, BLNK, binding to NP- and
’ LP-GRB2.

BLNK interacted with GRB2

regardless of the location of the fusion tag. These data suggest that GRB2 is indeed
phosphorylated by the B cell lysate, resulting in a conformational or electrostatic change
that favors a GRB2-BLNK interaction. Indeed, phosphorylation at tyrosine 160 of GRB2
in stimulated B cells is reported to destabilize GRB2’s homodimer complex, thereby
allowing BLNK to bind to the C-terminal SH3 domain (Ahmed et al., 2013; Justement &
Siminovitch, 2000; S. G. Li, Couvillon, Brasher, & Van Etten, 2001; Riera et al., 2010;
Wienands et al., 1998). BLNK also binds to GRB2’s central SH2 domain in activated B
cells. In the lysate-treated data, either the C-terminal tag does not interfere with BLNK
binding to GRB2’s C-terminal SH3 domain or BLNK may be binding to GRB2’s central

SH2 domain.

8.3.3 Phosphorylation affects binding partners
Phosphorylation is a common posttranslational modification (PTM) in which a

phosphate is covalently bound to a serine, threonine, or tyrosine residue by kinases and
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removed by phosphatases. It is estimated that one-third of all proteins within a cell are
phosphorylated at any given time, playing important roles in intracellular signaling and
metabolic control (Kitchen, Saunders, & Warwicker, 2008). Phosphorylation can affect
PPIs by altering protein structure, blocking binding sites, creating new binding epitopes,
or causing bulk electrostatic changes that are sensitive to the subcellular location (Nishi,
Shaytan, & Panchenko, 2014; Serber & Ferrell, 2007). As such, phosphorylation has been
traditionally viewed as a posttranslational modification that promotes or inhibits
interactions, or activates or inactivates enzymes. Phosphosites — particularly those with
serine and threonine — are often in regions that are flexible and disordered under native
conditions. Since the phosphate group is dianionic at physiological pH, it can form
extensive hydrogen bonds and salt bridges with neighboring residues (Nishi, Hashimoto,
& Panchenko, 2011). As such, phosphorylation is generally considered to induce protein
disorder-to-order conformational changes in the region around the phosphosite; order-to-
disorder transitions may occur elsewhere in the protein as a consequence of
phosphorylation.

Phosphorylation plays an important role in regulating the BCR pathway. For this
reason, PPIs were studied using target proteins that were either de-phosphorylated (i.e.,
not phosphorylated; NP) or “phosphorylated” using lysate from activated B cells
supplemented with kinase co-factors and phosphatase inhibitors (i.e., lysate-treated; LT).
Fluorescence analyses using anti-phosphotyrosine antibodies to arrays before and after
lysate treatment demonstrate that the lysate contains active kinases since proteins are

phosphorylated (see Chapter 6.3, Figure 58). Although lysate treatment represents the
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Table 16. Unique PPIs based on target phosphorylation

Query protein BLNK BTK PI3K RAC1(GDP) RAC1(GTP) RHOA(GDP) RHOA(GTP)
Target Phosphorylation NP T NP T NP T NP T NP I NP T NP T
EGR1  CD79B NFATC1 CDC42  AKT2*  BLK NFKBIE AKT2®  AKT2** AKT2* BCLI0  GRAP2
LYN GSK3B PRKCA  ETS1 cD22 TEC  BCL2A1  BCL2 AKT2** BCL2  NFATS
MAPK14 IKBKA ~ VAVZ  LILRB3  CD79A EGRL BLK BCL2L1 CD798  PIK3R3
MAPK3  NFATCA MAP2K2  HRAS FOS co72 CARD11 CD8L RACL
NFKBL  SYK RAC3 IKBKA MAPKI  CD79A co72 cDcaz
PIK3CG  VAVL SOS2  IKBKB## NFKB1  CDC42 ETS1 CDKN2A
RACL IKBKG PPP3CB  FCGR2B GRB2 DAPP1
INPPLL RACI  GRAPZ IKBKB# EGRL
KRAS SOS1  INPPSD IKBKB## GSK3B
MAP3K3 S0S2  MALTL IKBKG HRAS
MAPK12 MAPKS INPPSD KRAS
MAPK13 NFATS LAT2 LYN
MDM2 NFATC3 LILRB3 MAPK12
NCKAPIL PIK3CB MAP2K2 NFATC4
PLCG2 PIK3R2 MAP2K3 NFKBIA
PPP3CB PIK3RS MAP3K3 NRAS
RACL RASSFS MAPKL PIK3AP1
VAV2 MDM2 PTEN
vAV3 MYC PTPNG
NCKAPIL RAFL
NFATC3 RasGRP3
NFATCA s0s1
NFKB1 VAV3
PIK3CA
PIK3CB
PIK3RL™
PPP3CB
PPP3R1
PTPNG
RHOA

Reference Sequence ID = *BC063421, **BC120994 , #BC006231, ##BC108694, ~BC030815, ~~BC094795
NP =target proteins are Not Phosphorylated. LT = target proteins are Lysate-Treated.
Known interactions that are in the online databases, BioGRID or HPRD

“phosphorylation” arm of the experiment, it should be noted that certain target proteins
may not be phosphorylated by the lysate and that the sites of the phosphorylation, if they
do occur, are unknown. That said, as described below, | found significant differences in
affinity and binding rates between the de-phosphorylated and lysate-treated proteins, thus
| inferred that the main effect of the lysate treatment was to modify phosphorylation.

For the most part, treatment with lysate did not alter which proteins interacted:;
that is, 84% of the targets showed detectable binding to the same queries regardless of
phosphorylation state. However, in many cases, lysate treatment had a profound effect on
either binding affinity, interaction rates or both. Those interactions that occurred in one
but not the other target phosphorylation state are displayed in Table 16. Notably, some

query proteins bound to > 20% more NP- than LT-targets (Table 17). These included
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Table 17. Query interactions with NP- and LT-targets

Query protein
BLNK BTK PI3K RAC1{GDP) RAC1(GTP) RHOA(GDP) RHOA(GTP)

# PPls with NP-targets 4 78 24 59 95 35 91
i PPIs with LT-targets 53 81 16 67 78 5 72
Overlap: PPIs with NP- and LT-targets 47 75 15 57 73 5 68
% increase in PPIs with NP-targets 2% 113% 22% 600% 26%
% increase in PPIs with LT-targets 4% 14%

PI3K, active RAC1, inactive RHOA, and active RHOA (for Venn diagrams, refer to

Appendix M).

8.3.4 Phosphorylation affects binding kinetics

Protein interactions that occurred regardless of phosphorylation state were
compared with each other to determine the relative effect of lysate treatment on binding
kinetics and binding affinity. These results are depicted as bar plots in Figure 67, Figure
68, Figure 69, Figure 71, Figure 70, and Figure 72. On-rates, off-rates, and binding
affinities for each protein interaction in the unphosphorylated dataset were set to “0” and
represented as blue circles. The relative changes in log10 in binding kinetics and affinity
for each protein pair following lysate treatment were represented as a connected orange
circle. For example, in Figure 67, in its interaction with BLNK, VAV2 showed an
increase of 0.7 log10 in its kg (i.e., dissociation), almost no change in ka (i.e.,
association), and a decrease of 0.7 log10 in the Kp (i.e., binding affinitiy).

BLNK and PI3K interactions are regulated primarily through their off-rate.
Approximately half of the targets showed higher binding affinity to the adaptor protein
BLNK after they were lysate-treated. In these examples, this change was associated with

small increases in on-rates or decreases in off-rates (Figure 67, Appendix Q). The other
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half of the BLNK interactions had lower binding affinities with LT-targets, a result
largely associated with faster off-rates, with little or no change in the on-rate. Lysate

treatment generally resulted in stronger binding affinities with PI3K, which were

associated with slower off-rates (Figure 68).
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Figure 66. Bar plots showing the relative log10 change in kq, Kp, and ka with LT-targets compared to NP-targets for
the BLNK query.
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Figure 67. Bar plots showing the relative log10 change in ka4, Kp, and ka of all of the PPIs of PI3K with NP- and LT-
targets.
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BTK interactions are regulated through their on- or off-rates. For the non-
receptor tyrosine kinase, BTK, stronger affinities with LT-targets compared to NP-targets
were associated with slower dissociation rates, whereas weaker affinities were associated

with slower association rates (Figure 69, Appendix Q).
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Figure 68. Bar plots showing the relative log10 change in kq, Kp, and ka with LT-targets compared to NP-targets for
the BTK query. Bar plots showing all of the PPIs is in Appendix P.
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RACL interactions are regulated through their on- and off-rates. Among the
most surprising findings of this study relates to RAC1 binding to targets. GTP-bound
RAC1, showed significantly faster on- and off-rates to lysate-treated targets compared to
their dephosphorylated counterparts (Figure 70, Appendix Q); however, despite binding
rate changes that sometimes exceeded several orders of magnitude, the overall affinity
(Kp) was largely unchanged. Thus, it appears that phosphorylation of some targets results
in a dramatic form of regulation of binding rates without a significant effect on the
fraction of molecules bound. Such an effect has never been previously reported. The LT
- NP transition increased the average on-rates and off-rates of active RAC1 by 220- and
257-fold, respectively, with only a 1.48 change in affinity. In other words, the on- and

off-rates increased or decreased proportionally with relatively little change in binding
RAC1(GTP): NP-targets 2>
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associated with slower off-

rates. Inactive RHOA interacted with only five targets that were unphosphorylated and
lysate-treated, with no overall differences in binding kinetics and affinities between de-

phosphorylated and LT-targets (Appendix P). Taken together, the different kinetic
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profiles illustrate that proteins employ different methods of regulation in their
interactions with other proteins. They also indicate that the interactions are not an artefact

from the NAPPA-SPRi platform.

8.3.5 Pairwise analyses of low and high binding affinities

To understand whether there was a difference of interacting targets with particular
biological processes and gene families that had low or high binding affinities to a specific
query, targets were first defined using the Protein Analysis Through Evolutionary
Relationships (PANTHER) and HUGO Gene Nomenclature Committee (HGNC)
classification systems, respectively. The number of targets with different biological
process or gene family were then determined per query and a pairwise linear regression
analysis was performed comparing the targets with low binding affinity to those with
high binding affinity to the same query (Figure 73, Figure 74). Enriched processes and
gene families were defined as having more than two standardized residuals away from
the predicted mean of the fitted linear regression line. Residual plots of these analyses are
in Appendix N).

BLNK Targets. Target proteins of BLNK having > 3 x 10" M difference in
binding affinities following lysate treatment were compared in terms of their biological
processes and gene families using pairwise linear regression analyses. The biological
process that was most enriched in targets with stronger affinities to BLNK following
lysate treatment was the stress response. BLNK has already been demonstrated to be

important in the stress response, mediating protein interactions for the PI3K/AKT and
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Figure 73. Radial plot of enriched HGNC gene families in PPIs that have stronger binding affinities following lysate
treatment. Numbers represent the standard deviation away from the mean.

JNK signaling pathways that regulate cell survival and apoptosis, respectively (Ding et
al., 2000; Han et al., 2001; Kabak et al., 2002). Stress also increases tyrosine
phosphorylation of numerous proteins that are targeted by SH2 domains (Suzuki, Ohsugi,
& 0no, 1996). Interestingly, the SH2 domain containing gene family was enriched in this

group as well.
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BTK Targets. Twenty targets of BTK with the highest binding affinities and
slower dissociation constants were compared against the 29 proteins with the lowest
affinities and slower association rates following lysate treatment. One of the gene
families that were enriched in targets with stronger affinities following lysate treatment
was RAS type GTPases. Interestingly, BTK resembles some Ras GTPase-activating
proteins (GAPS) through its PH domain and BTK motif (~150 amino acids); GAPs bind
to active Ras GTPases and accelerate GTP hydrolysis (Grewal, Koese, Tebar, & Enrich,
2011). It is possible that the lysate-treated Ras GTPases are activated by components in
the lysate, thus resulting in a stronger interaction with BTK. Lysate treatment may have
also resulted in the phosphorylation of Ras GTPase, which has previously been shown to
promote GTPase activity and its association with GAPs (Bunda et al., 2014).

RHOA Targets. The role of RHOA in cytoskeleton rearrangement and cell
migration is well-established (Zegers & Friedl, 2014). Targets in the biological processes
of cellular component movement, localization, and locomotion were enriched in
interactions with higher binding affinities to active RHOA following lysate treatment.
This target group was also enriched in the PI3K subunit gene family, which acts upstream
of RHOA to promote cell migration (J. M. Kim, Kim, Lee, & Jeong, 2016; A. L. Zhang,

Yan, Wang, Huang, & Liu, 2017).

8.3.6 GTPase activation state affects binding partners and Kinetics
GTPases regulate a variety of biological processes, including cell proliferation,

survival, migration, and growth. In vivo, they exist in two conformational states, an
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inactive GDP- form and an active GTP-bound form (Kumawat, Chakrabarty, & Kulkarni,
2017; Vetter & Wittinghofer, 2001). GTPase activation is accompanied by a structural
change that occurs primarily by the switch I and II domains that bind to the y-phosphate
of GTP. The ~ 200 angstrom? GTP-bound switch region is a focal point of most
biomolecular interactions that mediate most downstream signaling (Dvorsky &
Ahmadian, 2004). | therefore sought to better understand the effect of the two
conformational states on protein partners, binding kinetics, and binding affinities. Two
Rho GTPases sharing 60% sequence homology and that are important regulators of the
BCR signaling pathway, RAC1 and RHOA, were chosen for this study. They were
inactivated and activated with GDP and non-hydrolyzable GTP (i.e., GTPyS),
respectively. Since RAC1 and RHOA have intrinsic GTP hydrolysis, the use of
hydrolyzable GTP would have resulted in mixed signals arising from inactive and active
GTPase interactions.

Active GTPases interacted with more proteins than inactive GTPases. In this
study, RAC1 and RHOA interacted with 95 and 97 targets, identifying 96% known
interactions and 166 (86%) novel interactions. Both GTP-bound RAC1 and RHOA had
significantly more protein RAC1 query RHOA query
interactions than their GDP-

bound Counterparts (Figure Inactive & Active p ¢ Inactive Active

RAC1 RHOA RHOA

75), which is consistent with 69 2 o2

the idea that active GTPases

mediate most downstream ) _ . )
Figure 74. Active Rho GTPases, RAC1 and RHOA, interacted with more

proteins than inactive Rho GTPases.
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effectors. Ninety-two percent (92%) of the targets that interacted with inactive GTPases
also interacted with their active forms. The primary difference between the inactive and
active states of RAC1 and RHOA is that they interacted with 38% and 171% more
targets, respectively, when active. Additional Venn diagrams are in Appendix M.

Some of these data are supported by a recent study by Paul et al. that examined
the interaction partners of RAC1 and RHOA using affinity purification mass
spectrometry (Paul et al., 2017). In short, the GTPases were expressed in E. coli with an
N-terminal GST tag, purified with a glutathione column, loaded with GDP or GTPyS to
inactivate or activate them, respectively, and then incubated in the lysate of mouse brain
tissue. Mass spectrometry analyses were then performed following pull-downs in
triplicate. Like the NAPPA-SPRI data, Paul et al. identified more novel interactions
(82/116; 71%) than known interactions. They also observed that RAC1 and RHOA had
8- to 3.5-fold more interactions, respectively, when active. They did not, however, detect
the same protein partners of the inactive and active forms. This is surprising since GDP-
and GTP-bound GTPases have been demonstrated to interact with some of the same
proteins (Bos, Rehmann, & Wittinghofer, 2007; Cotton et al., 2007). Other differences
between our two studies are worth mentioning. NAPPA-SPRi detected 43% more
interactions than the study performed by Paul et al. and, since their pool of target proteins
theoretically includes all expressed proteins, NAPPA-SPRi also detected more known
interactions. Ninety-six percent (96%; 26/27) of the possible known interactions of RAC1
and RHOA were detected with NAPPA-SPRi whereas Paul et al. detected 49% (34/69) of

the protein interactions curated by the online BioGRID database for mice. Finally, their
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Figure 75. Venn diagram comparing the PPIs between inactive and active GTPases with (left) NP-target proteins and
(right) LT-target proteins.

affinity purification method selects for stable interactions and it cannot characterize the
interactions in terms of their binding kinetics of affinities.

Inactive and active GTPases interacted with NP- and LT-targets differently.
As discussed in sections 8.3.4 and 8.3.5, GTPase activation affected the binding
interactions with NP- and LT-targets (Figure 76, Appendix Q). Inactive RAC1 bound to
14% more LT- targets than NP- targets. However, active RAC1 and RHOA interacted
with 22% and 26% more NP-targets than LT-targets. Inactive RHOA, on the other hand,
interacted with 600% more NP-targets than LT-targets. This binding profile of inactive
RHOA has not been reported by others, which is likely because the majority of known
RHOA interactions are from studies employing active RHOA; for example, the study by
Paul et al. discussed above (Paul et al., 2017). These results suggest that inactive RHOA
may play a more significant role in regulating unphosphorylated proteins — perhaps in

unstimulated cells where RHOA activation and protein phosphorylation are minimal —
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than previously believed. Inactive and active RAC1 GTPase had significantly different
kinetic profiles with NP- and LT- targets as well (Figure 70, Figure 71). The effect of
lysate treatment of the target proteins affected binding with GDP-bound RAC1 by
increasing the affinity, which was mostly associated with small increases in its on-rates
and decreases in its off-rates.

Among the most dramatic observations in my study was the effect of lysate
treatment on the target interactions with active RAC1. Lysate treatment significantly
slowed both on and off rates of binding to active RAC1, but in direct proportion to each
other. Thus, even though the magnitude of difference in binding to RAC1 between
dephosphorylated and lysate-treated protein was often more than 220-fold, there was
almost no change in the dissociation constant (i.e., binding affinity). This suggests that
phosphorylation specifically regulates the interaction rates among proteins without
changing the fraction of proteins bound!

Lysate treatment resulted in both lower and higher binding affinities with active
RHOA, which were primarily associated with slower on-rates or slower off-rates,
respectively (Figure 72). Overall, the changes in binding kinetics were minimal, although
for ~24% of the interactions, the average on- or off-rates decreased by 17-fold and 35-
fold, respectively, with a 21-fold change to the binding affinities. The binding affinities
of inactive and active RAC1, on the other hand, were small (i.e., average 1.48-fold
change) compared to binding kinetics that decreased, on average, > 200-fold with lysate

treatment.
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increased the average on-rates and

off-rates by 25- and 64-fold, respectively, while the average binding affinity decreased
3.3-fold (not including the RAC1-VAV1 interaction) (Figure 77). However, for 31%
(17/55) of RAC1’s interactions with LT- targets, the on- and/or off-rates increased by > 2
orders of magnitude. That is, RACL1 activation increased the overall on- and off-rates in
this group by 4.5 and 5.1 orders of magnitude, respectively, with only a decrease in

binding affinity by 1.3-fold. This effect was enhanced with NP- targets where the average
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on- and off-rates increased by 3.9
and 4.2 orders of magnitude,
respectively, with an average
increase in binding affinity by
1.9-fold for 98% of the
interactions (Figure 78). This
novel kinetic regulation cannot
be detected using classic
equilibrium-based assays. It is
also interesting that RAC1

activation significantly increased
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Figure 77. Bar plots showing the relative log10 change in kq, Kp, and
ka with inactive RAC1 compared to active RAC1 to NP-targets. Bar
plots showing all of the PPIs with NP- and LT-targets are in Appendix

P.

its interactions with NP- targets as well. That is, RAC1’s interactions with LT- targets

increased only 16% after activation while increasing 61% for NP- targets.

Surprisingly, RHOA activation did not significantly affect the binding kinetics or

affinities with NP- targets. On average, the on-rate increased 1.8-fold, the off-rate

decreased by 1.25-fold, and the binding affinity decreased 1.9-fold (Figure 79). This

kinetic regulation was different from the regulation following lysate treatment, which

either increased the on-rates or decreased the off-rates to increase the binding affinity.

Inactive and active RHOA interacted with the same five NP- and LT-targets, resulting in

a small group for comparison. However, changes to binding affinities following RHOA
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In summary, RAC1 and
RHOA are both Rho GTPases, but have different protein partners and kinetic profiles.
RAC1 activation results in faster on- and off-rates with relatively little change in affinity.
This effect was observed with nearly all of its interactions with unphosphorylated targets
while only affecting 31% of lysate-treated targets. In regards to its biological
consequences, faster association rates allow RACL to interact competitively with targets
with much higher efficiency than inactive RAC1. It also allows RAC1 to sample more
interactions in a shorter amount of time. Faster dissociation rates allow proteins like
GAPs access to RACL1 to negatively regulate its signaling. RAC1 activation also allows it
to interact with many more unphosphorylated targets. RHOA activation causes moderate
alterations in its on- and off-rates and binding affinities. Notably, activated RHOA

demonstrated binding to many more proteins than inactive RHOA, suggesting that

activation expands its target range.
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Disorder-to-order transitions might explain faster binding rates of active
GTPases to unphosphorylated proteins. Both active RAC1 and RHOA experienced
faster on-rates with NP-targets than LT-targets. The dissimilar kinetics between NP- and
LT-targets suggest that the targets are being modified by the B cell lysate, most probably
via phosphorylation. Phosphorylation increases the local negative charge and, at least
around the phosphosite, stimulates a disorder-to-order transition via the formation of salt
bridges and hydrogens between the phosphate and neighboring residues (Nishi et al.,
2011; Nishi et al., 2014; Raggiaschi, Gotta, & Terstappen, 2005). This is particularly
relevant for the phosphorylation of serine and threonine residues where the majority of
phosphorylation occurs (i.e., 65 — 99%, depending on the source) and which are
frequently found in disordered and flexible regions. Thus, these kinetic profiles may be
explained by a variation of the “fly-casting” hypothesis, which was originally proposed in
2000 by Shoemaker et al. (Shoemaker, Portman, & Wolynes, 2000). The hypothesis
states that unfolded, intrinsically disordered proteins (IDPs), characterized by
composition biases toward polar and charged amino acids and low sequence complexity,
can bind to other proteins faster because they have a larger capture radius; the bound
protein can then be “reeled in” (Uversky, 2013; Wright & Dyson, 2015). Subsequent
experiments indicate that IDPs with some pre-formed structure generally do have faster
on-rates and that IDPs can be very selective about their binding partners (Mollica et al.,
2016). While NP-targets are not IDPs, | speculate that the binding interfaces of NP-
targets are more disordered and flexible prior to phosphorylation with lysate treatment.

Notably, not all of the interactions with active RAC1 and RHOA behaved this way;
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somes on-rates did not change while others actually decreased following lysate treatment.

A possible explanation is that the phosphorylation either does not affect the binding

interface or induces a disorder-to-order transition at the binding site(s).

8.3.7 Comparison of protein-protein interactions between NanoBRET and NAPPA-

SPRi.

Protein interactions identified with NAPPA-
SPRi were compared with those obtained with the
qualitative, bioluminescence-based platform,
NanoBRET (see Chapter 3.4.3, page 53). Forty
percent (40%; 328/818) of all interactions and 41%
(286/702) of novel interactions detected with
NAPPA-SPRi were also detected with NanoBRET
(Table 18, Figure 80) (additional Venn diagrams are
in Appendix O). NAPPA-SPRI detected 473 unique
interactions across all seven queries while
NanoBRET only detected 305. NAPPA-SPRI likely

detected 55% more interactions than NanoBRET

Not phosphorylated targets

NAPPA-SPRi NanoBRE

268 127

Lysate-treated targets

NAPPA-SPRi NanoBRET

222 155

Figure 79. Venn diagram of protein
interactions detected by NanoBRET and
NAPPA-SPRI.

because it can analyze interactions in real-time across a wide range of on-rates, off-rates,

and binding affinities whereas NanoBRET signal is determined by the number of bound

proteins at equilibrium.
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Table 18. PPIs that were observed by NanoBRET and NAPPA-SPRi

Query protein BLNK BTK PI3K RAC1(GDP) RAC(GTP) RHOA(GDP) RHOA(GTP)
Target Phosphorylation NP 8} NP LT NP &) NP LT NP 8} NP T NP i)
Total count 28 28 16 19 13 3 24 29 54 44 12 2 a1 22
Target proteins AKTL AKTL AKT1 AKTL AKT1 AKTL AKT3 AKTZ* AKT1 AKTL AKTL AKTL  AKTZ®*  AKT2**
AKT2*  AKT2®  BCL2A1  BCL2A1  BCL2A1  BCL2A1  BCL1O AKT3 AKT2*  AKT2®  CARDIl MAPKIZ BCL2A1  BCL2A1
AKT2®*  AKT2*= BLNK BLNK CD79A BLK BCL2L1  BCLID  AKT2™  AKT3 ETS1 BTK BTK
BCL2A1  BCL2A1  CD798 CD798  IKBKB## MAPKL  CD19 BCL2A1  AKT3 BCL2A1  IKBKG cD72 co72
CD79A CD794 IFITM1 ETS1 1IKBKG MYC CD22 BCL211 BCL2A1 BCL2L1 MAP2K2 CcD81 IFITM1
D81 CD798 LIME1 IFITM1 KRAS  PIK3RI™ CDKN2A  CD19 BCL2L1  CARDIL  MAP3K3 CDCA2  IKBKA
IKBKB&#  CD81  NFATCL  LIMEL MAPK1 GRB2 cp22 BLK CD798  MAPK13 GSK3B  IKBKBY
IKBKG IKBKA RACZ  MAP2KZ  MAPK1Z GSK3B  CDKN2A  CARDIlL  CD8L MDM2 HRAS  IKBKBH##
INPPL1  IKBKB##  RAP2A RAC2 MYC HRAS EGR1 CD72  CDKN2A  NCKAPIL IFITM1  IKBKG
LYN IKBKG RAP2C RAC3  NCKAPIL IKBKA GRB2 cD79A EGRL NFKBL IKBKA LAT2
MALTL  INPPLL  RasGRPZ  RAP2A  PIK3RL™ IKBKB#Y  GSK3B8  CD798 ETS1 PIK3CA IKBKB#  LILRE3
MAP3K3 MALT1 RASSF5 RAP2C PLCG2 JUN HRAS CD81 EZR PPP3R1 IKBKB## MAP2K2
MAPKI2 MAP3K3  RELA  RasGRP3  PPP3CB KRAS IKBKA  CDKN2A  IKBKA IKBKG  MAP2K3
MAPK1Z  MAPK12 TEC RASSFS MAP2K2  IKBKB##  EGRL IKBKB# KRAS  MAPK13
MAPKLA MAPKI3  VAVL RELA MAP2K3 JUN ETS1  IKBKBH## LAT2 MYC
MYC MYC vAV2 5082 MAPKL  KRAS 7R IKBKG LLRB3  PPP3CA
NFKBL  NFATC4 TEC MAPK12 MAP2K2  GRAP2 KRAS MAP2K2  RAP1B
NFKBIA  NFKBIA VAVL MAPKIZ  MAP2K3  IKBKA LAT2 MAP2KZ  RAP2A
NFKBIE NFKBIE VAVZ MAPK14 MAPK1 IKBKB# LILRB3 MAPK13 RASSF5
NRAS NRAS MDM2  MAPK12  IKBKB# LYN MYC TEC
PIK3CA  PIK3CA MYC  MAPKI3  IKBKG  MAP2K2 NFATCA  TPS3
PIK3CG  PIK3RL™ PIK3APL  MAPK14  INPPSD  MAP2K3 PPPICA VAV
PIK3R1®  PTEN PIK3RZ  MDM2 KRAS  MAP3K3 PTEN
BTEN RAP1B PPP3R1 MYC LAT2  MAPK13 RAF1
RACL RAP2A NFKBL  LILRB3  MAPK14 RAP1B
RAP1B SYK PIK3APT LYN MDM2 RAP2A
RAP2A  VAVL PIK3R3  MALTL MYC RASSFS
VAV2 vAV2 PPPIR1  MAP2K2  NFATCA TEC
RACI  MAP2K3  NFKB1 P53
MAP3KZ  NFKBIA VAVL
MAPK13  NFKBIB VAV3

MAPK14 NFKBIE
MDM2 PIK3CA
MYC PIK3CG
NFATC3 PPP3R1
NFATC4 PTEN
NFKB1 PTPNG
NFKBIA RAC1
NFKBIB RAP1B
NFKBIE RAP2A
PIK3CA SYK
PIK3CB TEC
PIK3CG TP33
PPP3R1 VAVL
PTEN
PTPNG
RACL
RAP1B
RAP2A
RASSFS
SYK
TEC
TP53
VAVL

Reference Sequence ID = *BC063421, **BC120994 , #BC006231, ##BC108694, ~BCO30815, ~~BC094795
NP =target proteins are Not Phosphorylated. LT = target proteins are Lysate-Treated.
Known interactions that are in the online databases, BioGRID or HPRD

In both NAPPA-SPRi and NanoBRET analyses, GTP- bound RAC1 had more
protein partners than GDP-bound RAC1 (38% and 43% more PPIs, respectively).
NAPPA-SPRI also detected significantly more interactions with activated RHOA than
inactivated RHOA (271%), although no difference between activated and inactivated

RHOA was observed with NanoBRET (3%).
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8.3.8 Novel interactions detected by NAPPA-SPRi and NanoBRET

BTK-ETSL1 interaction. Both NAPPA-SPRi and NanoBRET detected a novel
interaction between BTK and the transcription factor, ETS1, which inhibits B cell
differentiation into plasma cells and decreases autoantibody tolerance (Figure 81)
(Russell et al., 2015). Several studies have demonstrated that ETS1 downregulation in
activated B cells is dependent upon BTK (Gutierrez, Halcomb, Coughran, Li, &
Satterthwaite, 2010; Luo et al., 2014). In one study, transgenic mice were generated
expressing different levels of BTK and ETSL. Increased BTK expression levels resulted
in decreased expression of ETS1, and vice versa (Mayeux et al., 2015). Thus, a
functional, but not physical or biochemical, relationship between BTK and ETS1 for
maintaining plasma cell homeostasis has been established. This study shows that BTK
and ETS1 bind to each other in vitro. It is also possible that the proteins physically
interact with each other in vivo because they are both in the cytoplasm and nucleus. This

interaction is discussed in more detail in the next section (Chapter 8.3.9).

BTK binding to ETS1 NanoBRET: BTK query binding to ETS1
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Figure 80. Novel BTK-ETS1 interaction detected by NAPPA-SPRi and NanoBRET. NAPPA-SPRi binding
sensorgram (left) and NanoBRET response (right), where error bars represent the range of response across technical
replicates.
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NAPPA-SPRi: BLNK query NanoBRET: BLNK query
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Figure 81. Novel BLNK-PTEN interaction detected by NAPPA-SPRi and NanoBRET. NAPPA-SPRi binding
sensorgram (left) and NanoBRET response (right), where error bars represent the range of response across technical
replicates. BLNK interacted with NP- and LT-PTEN; LT-PTEN data not shown.

BLNK-PTEN interaction. Another novel interaction that was detected by
NAPPA-SPRi and NanoBRET was between the adaptor protein, BLNK, and the
phosphatase and tumor suppressor, PTEN (Figure 82). PTEN is a negative regulator of
PI3K signaling and, as such, is a negative regulator of the BCR signaling pathway as
well. More specifically, PTEN reverses PI3K’s effect by dephosphorylating the PI3K
substrate, PIP3, back to PIP2 (Milella et al., 2015). PTEN also has roles that are
independent from PI3K and phosphatase activity, including contributing toward
centrosome stability in the nucleus. While the BLNK-PTEN interaction has not been
reported previously, another phosphatase that is a negative regulator of the BCR
signaling pathway and a PIP3 phosphatase, PTPNG, has been demonstrated to de-
phosphorylate BLNK. De-phosphorylation of BLNK by PTPN6 modulates BLNK’s
ability to bind other proteins, which results in a decrease of MAPKS (i.e., JNK) kinase
activity. Therefore, it’s possible that PTEN binds to BLNK in order to alter its
phosphorylation and PPIs. PTEN’s PI3K-independent roles in B cells have not been

explored but may have relevance in B cell-related cancers that have PTEN deficiencies,
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including diffuse large B cell lymphoma, mantle cell lymphoma, and primary cutaneous
follicle center lymphomas (X. X. Wang, Huang, & Young, 2015).

Active RHOA-IKBKA interaction. In both NAPPA-SPRi and NanoBRET
analyses, GTP-bound RHOA, but not GDP-bound RHOA, interacted with IKBKA
(Figure 83). The connection between RHOA and the NFkB pathway has been well-
documented (H. J. Kim, Kim, Moon, Park, & Park, 2014; Tong & Tergaonkar, 2014).
Central to the NF-kB pathway is the IkB complex that is composed of two
serine/threonine kinases (IKBKA, IKBKB) and one scaffold protein (IKBKG) (Woyach
etal., 2012). IKBKA or IKBKB activation results in the phosphorylation — and
subsequent degradation — of proteins that bind to and sequester the transcription factor
NF«B in the cytoplasm. Once the inhibitor proteins are degraded, NFkB translocates into
the nucleus where it regulates the transcription of genes involved in cell proliferation,
class switching, survival, and the secretion of pro-inflammatory cytokines (Carlberg,
2016). RHOA, through its downstream kinases, has previously been demonstrated to
increase the transcriptional activity of NFkB in the NF«xB pathway (Shih, Tsui, Caldwell,

& Hoffmann, 2011). These data indicate that active RHOA may have a more direct

NAPPA-SPRi: RHOA query NanoBRET: RHOA query
binding to NP-IKBKA binding to IKBKA
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Figure 82. Novel RHOA-IKBKA interaction detected by NAPPA-SPRi and NanoBRET. NAPPA-SPRi binding
sensorgram (left) and NanoBRET response (right), where error bars represent the range of response across technical
replicates. NanoBRET response for GDP-bound RHOA and IKBKA is -0.00992.
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involvement with the NFkB pathway by binding to IKBKA. The RHOA-IKBKA
interaction may provide insight into the upstream events leading to non-canonical NFxB
activation and explain why RHOA is essential in B cell development (S. M. Zhang, Zhou,

Lang, & Guo, 2012)

8.3.9 Validation of novel protein-protein interactions

Analyzing protein interactions with unphosphorylated and lysate-treated
“phosphorylated” targets presented a unique opportunity to look for potential novel
phosphorylation events based off of distinct Kinetic profiles between the two datasets. In
this section, four novel interactions that appeared to involve the phosphorylation of a
target by BTK or PI3K were validated. The interactions were analyzed using zinc-based
Phos-Tag™ SDS-PAGE separation in which zinc attached to highly cross-linked agarose
inhibits the migration of phosphorylated species more than standard SDS-PAGE. The
gels were then transferred for Western blot analyses using target-specific antibodies.

BTK-JUN interaction. On the NAPPA-SPRI platform, the on-rate and binding

response of the BTK query BTK binding to JUN
600
with JUN were much higher = /"Jl
2 250
with NP-JUN than LT-JUN e / N\m%

: _ 2 25 / “‘“'«\,m ——NP-JUN
(Figure 84). This suggested g i iff LT-JUN
that BTK may be Sl

B eRELENRENAOBETENERY
Time (sec)

phosphorylating JUN, a

.. Figure 83. NAPPA-SPRi binding sensorgram of the BTK query binding
transcription factor that controls JUN with a fusion tag at the C-terminus.
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the expression of genes involved in cell proliferation,

JUN + + + +
BTK = @
apoptosis, transformation, differentiation, and ATP R T
Phosphatase & = & +

development, were (de Gorter, VVos, Pals, &
Spaargaren, 2007). A migration shift was observed
only when JUN was mixed with BTK and ATP (Figure

85). Addition of phosphatase to the mixture ensured

that the migration was the result of a phosphorylation Figure 84. Western blot image showing

that BTK phosphorylates JUN. Black
triangle marks migrated JUN band due to

event. phosphorylation.

In pre-B-lymphoblastic lymphoma cells, BTK
knockdown inhibited JUN expression (Hiratsuka et al., 2016). Both BTK and JUN are
also often overexpressed in splenic marginal zone lymphoma and Hodgkin disease
(Mathas et al., 2002; Troen et al., 2004). Therefore, BTK-mediated phosphorylation may
make JUN more resistant to proteases. Interestingly, the only tyrosine known to be
phosphorylated on JUN, Y170, protects JUN from ubiquitination-mediated degradation
(Gao, Lee, & Fang, 2006; Hornbeck et al., 2015). BTK may be phosphorylating JUN at
this site.

This interaction was not detected by NanoBRET. One possible reason is that JUN
may have been phosphorylated by components in the cell-free expression system before
BTK was added. Another possibility is that the interaction between BTK and JUN was
simply too transient to be detected since NanoBRET signal, as an equilibrium-based

assay, is determined by the number of bound proteins at equilibrium. These data also
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highlight the utility of NAPPA-SPRI in detecting novel, transient interactions in regards
to post translational modifications like phosphorylation.

BTK-BCL2 interaction. BTK binding to BCL2

225

BTK also interacted with BCL2, an

§ 175 m
important anti-apoptotic protein, on 2 .. /,/ MM
E | ——NP-BCL2
the NAPPA-SPRI platform with g 7 l , T
p % : " Kf;J H‘W*Jluﬁ"ﬁﬂmwpwMWMJJW» LT-BCL2
different binding profiles when N W SnnaBgEIgNzES
Time (sec)

BCL2 was de-phosphorylated and
Figure 85. NAPPA-SPRi binding sensorgram of the BTK query

. ] binding JUN with a fusion tag at the N-terminus.
lysate-treated (Figure 86). This : :

interaction was also not detected with NanoBRET, BCL2 O ¥ =
BTK - + + +
further demonstrating the usefulness of NAPPA-SPRi in AT e
Phosphatase i = & +
detecting phosphorylation events. BCL2 >

>
phosphorylation was validated with Phos-Tag Western

blot analysis using an anti-BCL2 antibody and

subsequent phosphatase treatment (Figure 87). Two

migrated BCL2 bands, one heavy and one light in Figure 86. Western blot image that

shows BTK phosphorylates BCL2.
intensity, might reflect two different phosphorylation Black triangle marks migrated BCL2

band due to phosphorylation.
events.
A functional relationship between BTK and BCL2 has been demonstrated using
BTK small molecule inhibitors, in which BTK inhibition increases a cell’s sensitivity to

the anti-apoptotic effects of BCL2 (Deng et al., 2015). Moreover, the use of BTK and

BCL2 inhibitors in combination successfully killed chronic lymphocytic leukemia (CLL)
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cells ex vivo (Davids, 2017). Several clinical trials using BTK and BCL2 inhibitors in
conjunction to treat chronic lymphocytic leukemia (CLL) are underway even though the
biochemical relationship between BTK and BCL2 is not understood. The novel BTK-
mediated phosphorylation of BCL2 identified in this study may inhibit BCL2’s
subcellular location or activity. Phosphorylation of other proteins in the BCL2 family
have been demonstrated to affect their translocation to the outer mitochondrial
membrane, interactions, and activity (Schinzel, Kaufmann, & Borner, 2004).
BTK-ETS1 interaction. Both NanoBRET and NAPPA-SPRi detected the
interaction between BTK and ETS1 (Figure 81). Although BTK can have kinase-
independent roles, the distinct binding profiles with unphosphorylated and lysate-treated
ETS1 suggested that BTK may be phosphorylating ETS1, a transcription factor that is
essential in B cell differentiation and tolerance (Figure 88) (Middendorp, Dingjan, Maas,
Dahlenborg, & Hendriks, 2003; Russell et al., 2015; Saito et al., 2003). That is, BTK

binds strongly to the unphosphorylated form

ETS1 + + + +
and releases the lysate-treated form rapidly, BTX ) . N N
which would be expected of a kinase binding ATP - -+ +
- +

Phosphatase s _
its unmodified substrate, and then releasing it Lo s '

after the modification. As the Western blot
image in Figure 88 shows, ETS1 does not

experience any migration shifts in the

absence of BTK or ATP. In the presence of

Figure 87. Western blot image showing that BTK

BTK and ATP, however, a migrated band is  phosphorylates ETSL1. Black triangle marks migrated
ETS1 band due to phosphorylation.
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observed. To verify that the shift was due to phosphorylation, the BTK-ETS1-ATP
sample was treated with lambda protein phosphatase.

Previous studies have shown that ETS1 phosphorylation events can inhibit or
promote DNA binding, make ETS1 more protease resistant, or have no effect (Cowley &
Graves, 2000; Lu et al., 2014). It’s already been established that BTK downregulates
ETS1 expression in activated B cells as well as B cells in diffuse large B cell lymphoma,
Burkitt’s lymphoma, and Hodgkin disease (Mayeux et al., 2015; Testoni, Chung, Priebe,
& Bertoni, 2015). It is thus possible that BTK-mediated phosphorylation makes ETS1
more prone to degradation.

PI13K directly phosphorylates myc at serine 62. In a manner similar to those
examples described above, PI3K favored binding with unphosphorylated MYC over the
lysate-treated form on the NAPPA-SPRI platform (Figure 89). This interaction was
detected with NanoBRET as well (Figure 90). MYC is a transcription factor that is
dysregulated in 70% of all cancers with two well-studied phosphorylation sites that affect

its stability: serine 62 and threonine 58. Phosphorylation of serine 62 by Erk and Src
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Figure 88. NAPPA-SPRI binding sensorgram of PI3K Figure 89. PI3K-MYC interaction detected by
query binding to MYC. NanoBRET
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family kinases increases MYC’s half-life, MYC + + + + 4
PI3K = 0 H s
while phosphorylation of threonine 58 by AlR o -+ o+ -
Phosphatase -+ + + + 0+
. . . *Phosphatase inhibitor - - + + - -
GSK3B promotes its degradation. Previous P SRR v o

studies have shown that P13K indirectly SR
inhibits MYC’s degradation by activating

AKT1, a serine/threonine kinase that inhibits NIV SEZaritibody

GSK3B. This may account for the observation _

* Added after MYC incubated with phosphatase
that sustained PI3K activity and MYC Figure 90. Western blot demonstrating that PI3K

phosphorylates MYC at serine 62.

overexpression result in cancer. However, no
known direct physical or biochemical relationship between the two proteins have been
previously reported. Here, PI3K-mediated phosphorylation of MYC was validated with
Western blot analyses, demonstrating that PI3K also inhibits MYC’s degradation by
directly phosphorylating MYC at serine 62 (Figure 91).

Using NAPPA-SPRI, four interactions that appeared to be novel phosphorylation
events based on distinct binding responses with NP- and LT-targets were identified.
These were then validated using SDS-PAGE migration and Western blot analyses.
Notably, only two of these interactions, BTK-ETS1 and PI3K-MYC, were also observed
with NanoBRET. The interactions, BTK-JUN, BTK-BCL2, BTK-ETS1, and PI3K-MYC,
include proteins that are important in maintaining homeostasis. Therefore, their

interactions have potentially real and direct applications to human health and disease.

Follow-up experiments to determine whether these events occur in vivo, the location of
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the phosphorylation site(s), and the biological consequences of these phosphorylation

events are needed.

8.3.10 Identification of promiscuous proteins

Proteins have traditionally been considered to be specific in which proteins they
bind. However, protein promiscuity — or the ability to bind other proteins in a nonspecific
or broad manner -- in biological processes and evolutionary fitness has only recently
become appreciated. Proteins hubs essential in maintaining homeostasis and often
disrupted in disease, like p53, p21, BRCAL, and ubiquitin, are promiscuous by definition
because they have a disproportately high connectivity in protein networks (Patil,
Kinoshita, & Nakamura, 2010). Lab-directed evolution experiments in 2005 and 2011
that used error-prone PCR and gene amplification in E. coli demonstrated that evolution
selects for promiscuous proteins and that promiscuity increases fitness (Aharoni et al.,
2005; Soo, Hanson-Manful, & Patrick, 2011). Promiscuous proteins are therefore likely
to be more prevalent than traditionally believed, and the identification of such proteins
may help to understand the molecular mechanisms underlying homeostasis, disease, and
drug resistance. In this NAPPA-SPRi study, the number of interactions for each query
and target protein widely differed from each other, thus suggesting a possible advantage
of using this platform to identify novel protein hubs.

This study identified target proteins that behaved promiscuously by binding to
queries > 12 times out of the 14 different query-target conditions. The eleven targets

included AKT1, BCL2A1, ETS1, IKBKB (Ref Seq ID: BC108694), IKBKG, MAPK1,
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MAPK13, MYC, NCKAP1L, RAP2C, and RHOA. Six of these target proteins were also
shown to bind to at least 5 (out of 7) different queries in the NanoBRET analyses: AKT1,
BCL2A1, IKBKB (Ref Seq ID: BC108694), IKBKG, MAPK13, and MYC.

At the other end of the promiscuity spectrum, there were some target proteins that
bound to very few proteins. LIME1, NFATC3, PIK3CD, PPP3CC, and RAP1A bound to
< 2 queries out of the fourteen query-target conditions. RAP1A also displayed non-

promiscuous behavior in the NanoBRET analyses, binding to two of the seven queries.

To help determine whether these differences o
were real or artefacts from the experimental set-up, 600 -
the number of previously reported PPIs curated by 500
the online database, BioGRID, was determined for § 400
©
the proteins identified as “non-promiscous” (i.e., % 0 i
=

low number of interactions) and “promiscuous” o

(i.e., high number of interactions) using NAPPA-
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SPRi (Figure 92) (Stark et al., 2006). Promiscuous
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proteins had an average of 177 unique human _ . .
Figure 91. Number of unique human protein

L. . . interactors with the target proteins identified
protein interactions that have been previously as promiscuous and non-promiscuous with
NAPPA-SPR_i. Horizontal line represents the
reported, with AKT1, IKBKB, MYC, and MAPK1  ™ean datapoint for each group.
having as many as 315, 327, 618, and 249 interactions, respectively. Non-promiscuous
proteins, on the other hand, had an average of 31.4 unique protein interactions, with
RAP1A having the most PPIs (i.e., 87) amongst this group. Some of the proteins

identified as promiscuous, including BCL2A1, IKBKG, NCKAPLL, and RAP2C, had a
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low number (< 20) of documented interactions in BioGRID. It is possible that these
proteins bind many protein partners, but have not been studied to the same extent that
AKT1, IKBKB, MYC, and MAPK1 have been. Taken together, these data suggest that
the identification of novel protein hubs may be possible with NAPPA-SPRI.

No common domain, motif, or biological function among this group of proteins
can explain their promiscuous behavior. However, a study of 305 enzymes by
Chakraborty et al. revealed that > 80% promiscuous proteins have > 39% polar (or > 20%
charged) residues within 3 angstroms of the active site (p-value ~ 0.05) (Chakraborty &
Rao, 2012). A weaker correlation was obtained regarding the features of the residues (i.e.,
basic, acidic, polar, charged) around the active site, such that the promiscuity was highest
for charged residues and lowest for acidic residues. Thus, the promiscuity of the proteins
in this study may be explained by the presence of charged residues around their binding

sites rather than a specific domain or motif.

8.4 Conclusions

Here, a high throughput, quantitative method, NAPPA-SPRIi, was applied toward
studying protein interactions within the BCR signaling pathway. The platform detects
distinct interactions, kinetics, and affinities depending on protein phosphorylation,
GTPase activation state, protein isoform, and tag location. The differing kinetics indicate
that the data are not the result of artefacts, but actually reflect the exquisite regulation of
protein interactions to propagate signal. The vast majority of the interactions (85%)

detected with NAPPA-SPRi were novel. The high overlap of novel interactions between
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NAPPA-SPRi and NanoBRET as well as novel phosphorylation events validated with
Western blot analyses reveal that the BCR signaling pathway — which is considered to be
one of the better understood pathways — is still largely unmapped. Moreover, the kinetic
profiles of RAC1 underscore the importance of measuring the on- and off-rates as this
unique method of regulation would not be detected using methods that only measure
binding affinity or simply determine which proteins bind to RAC1. Interestingly, the
effect of tag location on binding may help provide information regarding binding
epitopes and, theoretically, could help build structural networks by distinguishing which
protein interactions are competitors or non-competitors with each other.

As an in vitro platform, the NAPPA-SPRi data may not accurately represent what
is occurring in vivo. First, NAPPA-SPRIi allows protein interactions to occur that would
otherwise be impossible due to the proteins’ in vivo subcellular locations. Since the
subcellular location(s) of a vast majority of proteins have already been experimentally
determined, however, this information could help filter out PPIs that could not, or are less
likely to, occur in vivo. A larger concern perhaps is the high macroscopic viscosity of the
cytoplasm, which affects the rotational movement and long-range diffusion of proteins,
such that the concentration and location of a protein-of-interest may vary from one spot
to another within a cell (Schreiber et al., 2009). The intracellular viscosity has also led
scientists to estimate that the binding on-rates for most proteins to cannot exceed ~ 10" M-
st in vivo (Pollard, 2010). Therefore, interactions identified in this study with extremely
fast on-rates are not likely to occur in vivo (e.g., active RAC1 with NP-targets). Second,

the immobilization of the target proteins could affect their conformation and, as a
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consequence, their binding interactions. Indeed, there is evidence that kinetic values of
PPIs obtained with SPR may differ from those obtained in solution (Schreiber et al.,
2009). Third, NAPPA-SPRI, like many other methods that study PPIs, uses a fusion tag
to capture the expressed target proteins to the slide surface. These could affect a protein’s
native conformation and block binding epitopes. One of these concerns was addressed by
representing each target protein with a tag on the N-terminus or C-terminus, such that
binding epitopes that may be blocked in one configuration could be available in the
second. Fourth, the aqueous environment of NAPPA-SPRi is not well-suited for
membrane proteins, which is why our study focused particularly on soluble proteins.
Fifth, the buffers and cofactors were selected based on the query that was used; however,
these do not accurately represent in vivo conditions. For example, intracellular GTP is
roughly ten times higher than GDP. The non-hydrolyzable GTP (i.e., GTPyS) was also
used to study the interactions of active GTPases in some of these experiments; no GTP or
GDP were supplied. While exteme conditions were used in our experiments (e.g.,
completely unphosphorylated target proteins, GTPyS-bound GTPase queries), it is
important to mention that these were necessary so that we could document the different
behaviors in each state. Finally, some proteins expressed as separate spots on the array
are usually found as heterodimers or complexes in vivo. These would include the
regulatory and catalytic subunits of PI3K and calcineurin A; the heterodimer NFKB1-
RELA,; and the complex CARD11-BCL10-MALTL. It is possible, however, that proteins

in the human cell-free expression system may bind and stabilize these monomers.
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Standard SPR experiments generally use five to seven different concentrations of
the query spanning as much as seven orders of magnitude to obtain absolute binding
Kinetics. These types of experiments are made possible through a cost-effective approach
of regenerating the surface of the slide after each query concentration, which removes all
residual query proteins from the slide. Regeneration is ideal for experiments in which
peptides or antibodies are immobilized on the surface since these are stable to
regeneration conditions that use acidic, basic, or high salt buffers. As such, regeneration
may not be appropriate for some experiments as the buffers may negatively affect protein
structure and, consequently, their protein interactions and binding kinetics. Regeneration
was not performed in the NAPPA-SPRi experiments out of concern that the regeneration
buffers were too harsh for the target proteins. An alternative approach called “kinetic
titration” was explored, in which the query is added to the surface in increasing
concentrations with no regeneration step. Unfortunately, NAPPA-SPRIi is not compatible
with Kinetic titration due to the low amount of protein that is displayed (see Chapter
4.4.5). Two different query concentrations with NAPPA-SPRi were therefore tested in
order to keep the experimental costs within budget. Since the standard five to seven
different query concentrations were not used and some of the kinetic values obtained in
this study were outside the linear detection range of the SPRi instrument (ka = 10° to 10’
Mst: kd = 10° to 10 s, KD = 10 to 10712 M), these results cannot be considered to
be absolute kinetic values. Rather, these values are relative to each other and still
represent the altered kinetics and affinities as the result of phosphorylation and protein

activation states.
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In these experiments, target protein phosphorylation was controlled by de-
phosphorylating the proteins with phosphatases or phosphorylating them using B cell
lysate from Ramos RA-1 B cells (spiked with protease and phosphatase inhibitors).
Ramos is a Burkitt’s lymphoma cell line that is negative for the Epstein-Barr virus. As
such, its phosphorylation of the target proteins — and their protein interactions — represent
a diseased state at a specific point in time. It is likely that the use of a different cell line
would result in unique PPIs and Kinetics.

Wild-type Rho GTPases were used in this experiment because | wanted to directly
compare how GTPase activation states affected their interactions. Constitutively active or
dominant negative mutant GTPases could have been used instead. However, they are
structurally different than their wild-type counterparts, thereby making their kinetic
analyses outside the scope of this study (Davis et al., 2013; Kumawat et al., 2017).
Follow-up experiments of GTPase mutants, particularly those that are relevant in disease,
would be interesting (Porter, Papaioannou, & Malliri, 2016).

This large-scale study enabled a unique perspective into the effect of protein
phosphorylation on PPIs that would not be identified in low throughput experiments. The
NAPPA-SPRI data show that phosphorylation does not determine whether most protein
interactions occur or not occur, but rather affects their binding kinetics. Biologically,
alterations to the on- and off-rates would have significant effects in signal transduction.
Faster on-rates, for example, would provide an advantage to proteins that are competing
for the same binding epitope. Slower off-rates would lengthen the effect of the PPI,

whether it be to activate or inhibit downstream signaling. Faster off-rates would allow
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regulatory proteins to turn the signal off more quickly. The differential binding kinetics
across the tested queries illustrate how proteins have different ways to regulate their
interactions.

Perhaps the most interesting kinetic results that were revealed in this study were
those of RAC1. RACL activation did not change its binding affinities but increased its
on- and off-rates by ~4 orders of magnitude with 31% of the LT-targets! In contrast, this
phenomenon occurred with 98% unphosphorylated proteins. These data show that RACL,
a protein that regulates numerous pathways and biological outcomes, has a high
competitive edge to propagate signaling while also being able to be turned off quickly.
They also highlight the importance of measuring the kinetics because techniques that
only calculate the binding affinity would not have been able to detect this important

method of regulation.
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CHAPTER 9
9 CONCLUDING REMARKS

The term “interactome” to describe the interconnecting protein network was first
coined by French researchers in 1999 (Ji, 2012). Since then, large-scale interaction maps
have been constructed, illuminating the complexity of the human interactome and the
potential to cause a paradigm shift in personalized and precision medicine by pinpointing
attractive drug targets and determining the molecular events underlying disease initiation
and progression. The abundance of complex information has also stimulated the
development of mathematical models to understand the system behavior of signaling
pathways. Unfortunately, computational models of cells and signaling pathways have
thus far been built using qualitative experiments that are either inherently biased or
provide little mechanistic insight. For example, proteins that are known to be involved in
disease are studied more than proteins of unknown or poorly understood function, and
highly abundant proteins and stable interactions are preferentially identified by current
detection methods. With a paucity of kinetic and affinity data, modelers are forced to
build algorithms from qualitative-based data, resulting in “best guess” approximations
that could miss individual, yet critical binding Kinetics that regulate signaling. Calculated
kinetics guided by cellular responses may be misassigned to particular signaling
components or diluted across multiple proteins. Finally, experiments in which proteins-
of-interest are perturbed and the cellular responses observed are essentially “black boxes”

in which many of the molecular processes remain obscure (Aldridge, Burke,
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Lauffenburger, & Sorger, 2006; Fumia & Martins, 2013; Heydari et al., 2017; Janes &
Yaffe, 2006; Kirouac et al., 2012; Sachs, Perez, Pe'er, Lauffenburger, & Nolan, 2005b).

The human interactome has been studied primarily through high throughput
methods like yeast-2-hybrid and affinity purification mass spectrometry, which rely on
stable protein interactions. However, transient interactions underlie important cellular
processes, thus begging the question: How much of the interactome has been missed? To
help answer this question, | first adapted a current, high throughput method capable of
detecting transient and stable interactions in vivo, NanoBRET™, to analyze protein
interactions in vitro using proteins produced from a cell-free expression system. | then
applied NanoBRET toward studying > 2500 interactions in the B cell receptor signaling
pathway. Although this pathway is considered to be relatively well understood compared
to other pathways (e.g., Hippo/Warts/FGF), 83% of the interactions detected by
NanoBRET have not been previously reported. These data indicate that the human
interactome is still largely unmapped. Unfortunately, NanoBRET, just like any other high
throughput method, cannot characterize protein interactions in regards to their binding
kinetics and affinities.

Herein, | described the development of methods, technology, and software to
determine the binding kinetics and affinities of protein interactions with and without
target phosphorylation. These included:

e  Modulation of protein phosphorylation on NAPPA using phosphatases or

activated B cell lysate.
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e A platform that quantitatively characterizes > 400 protein-protein interactions
simultaneously in < 1 hour by combining the high throughput and flexible
nature of nucleic programmable protein arrays (NAPPA) with the
quantitative ability of surface plasmon resonance imaging (SPRi).

e Built automated “SPRite” software capable of analyzing high throughput
SPR data.

| then applied NAPPA-SPRI to study the kinetics and affinities of > 12,000

protein interactions in the B cell receptor signaling pathway under different protein
phosphorylation and GTPase activation states. NAPPA-SPRi detected 66% of known
interactions and 401 novel interactions, 41% of which were also observed with
NanoBRET. Notably, NAPPA-SPRi detected 55% more interactions than NanoBRET.
NAPPA-SPRI data show that phosphorylation does not determine whether most (84%)
protein interactions occur or not occur, but rather affects their binding kinetics and
affinities, which appear to be uniquely modulated across proteins. Increased interactions
upon RAC1 and RHOA GTPase activation align well with current understanding that
active GTPases mediate most downstream pathways. RAC1 activation with
nonhydrolyzable GTP-yS minimally affected its binding affinities but increased its
overall on- and off-rates by ~4 orders of magnitude. This phenomenon was observed with
31% of targets treated with activated B cell lysate capable of phosphorylation and 98% of
unphosphorylated targets. This underscores the importance of measuring Kinetics as
equilibrium assays that simply measure binding affinities would not have detected this

important method of regulation.
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Four novel interactions that had significantly altered binding profiles to targets
before and after lysate treatment were validated as phosphorylation-mediated events
using SDS-PAGE and Western blot analyses. One of these interactions included two
proteins that are frequently mutated in cancer, PI3K-MYC, but were not previously
known to physically associate with each other. Instead, | show that PI3K directly
phosphorylates MY C at serine 62, a phosphosite that is known to increase the half-life of
MY C. Follow-up experiments are necessary to determine the phosphorylation sites of the
other three interactions and what, if any, the biological effects of these interactions are in
VIVO.

Target proteins are all represented equally on NAPPA-SPRI, thereby allowing
interactions important in signal transduction to be identified that would otherwise be
masked by interactions of highly abundant proteins in vivo. However, interactions in vivo
are regulated in part by protein abundance. Thus, the abundance of proteins in the B cell
receptor signaling pathway in four B cell lines, Ramos RA-1, Jeko-1, Rec-1, and Toledo,
was determined with mass spectrometry analyses (data not shown). NAPPA-SPRi and
mass spectrometry data are currently being incorporated into a virtual B cell model.
Additional experiments will be required to determine whether the model can accurately
predict proteomic — and possibly phenotypic — changes as the result of specific stimuli. It
will be the first model of any signaling pathway built from large-scale, experimentally-
produced kinetic data.

An accurate cell model has far-reaching consequences in medicine and science. It

would — theoretically — be able to delineate the effects of genetic mutations on disease
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pathology specific to the individual or tumor. Central protein hubs for signal transduction
in homeostasis and disease would be identified. Alternate signaling pathways in treatment
resistance would be known. With this knowledge in hand, drugs could be designed
smarter and patients could be treated more effectively based on their unique genetic
background, thereby resulting in a paradigm shift in personalized and precision medicine.
Synthetic biologists interested in sustainable energy could re-engineer cyanobacteria to
become highly efficient fuel producers. Tissue engineers could identify the components
essential in cell-to-cell variability and signaling crosstalk. And virologists could use the
generated information to develop safer and more effective vaccines for various diseases
and bioterrorism incidents.

In this thesis, NAPPA-SPRi was applied toward studying protein-protein
interactions in the B cell receptor signaling pathway, but it could be used to study any
interactions as long as the plasmid cDNA can be constructed. Since the proteins are
produced using a cell-free expression system from numerous sources (e.g., human, wheat
germ, E. coli), NAPPA circumvents disadvantages that are inherent in expressing
proteins in vivo (e.g., toxic proteins) or in a non-homologous system. It can be imagined
that NAPPA-SPRI could be expanded to drug screening and studying other signaling
pathways, host-pathogen protein-protein interactions, and the effect of protein mutations
on protein interactions. The array format would also be compatible with screening
antibodies or validating protein functionality. Potential substrates of kinase
phosphorylation could be screened. Altered binding based on the location of the fusion

tag on NAPPA-SPRi may also assist in identifying binding epitopes. Membrane proteins
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are not likely to be folded correctly on NAPPA due to their native hydrophobic
environment, but their hydrophilic intracellular or extracellular protein domains could be
displayed instead. | demonstrate that the phosphorylation of NAPPA proteins can be
altered in a B cell-specific manner using lysate from activated B cells, but the methods
developed and described herein could easily be used to study the effect of
phosphorylation patterns from other cell types on protein interactions. Other post
translational modifications could be studied with NAPPA-SPRi as well. Proteins
displayed by traditional fluorescence-based NAPPA have been citrullinated and
AMPylated for autoantibody and protein interaction studies, respectively, by adding
peptidyl arginine deiminase 2 and AMPylators to the array (Karthikeyan et al., 2016; X.

B. Yu & LaBaer, 2015).
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Table 19.

Detailed list of human proteins in the BCR signaling pathway (continued on next page)

Protein Symbol Full Protein Name Ref Seq ID UniProt #
AKTL v-akt murine thymoma viral oncogene homolog 1 BC000479.2 P31743
AKTZ v-akt murine thymoma viral oncogene homolog 2 BC120994 P31751
AKTZ v-akt murine thymoma viral oncogene homolog 2 BC063421 QB6PAH3
AKT3 v-akt murine thymoma viral oncogene homolog 3 AJ245709 Q9y243

ARHGEF7 Rho guanine nucleotide exchange facgtor (GEF) 7 EU832554.1 Q14155
BCL10 B-cell CLL/lymphoma 10 NM_003921 095939
BCL2 B-cell CLL/lymphoma 2 BC027258 P10415
BCL2A1 BCL2-related protein Al U29680 Q16548
BCL2L1 BCL2-like 1 BC0O19307 Qo7s17
BLK B lymphoid tyrosine kinase BC0O7371 P51451
BLNK B-cell linker BC018906.2 QaWV28e
BTK Bruton agammaglobulinemia tyrosine kinase NM_000061 Q06187
CARDI1 caspase recruitment domain family, member 11 BC111719 QIBXL7
CD19 CD19 molecule BC006338 P15391
Ccb22 CD22 molecule BC109306 Q32mae
CcD72 CD72 antigen BCO30227 pP21854
CD79A CD79a molecule, immunoglobulin-associated alpha BC113733 P11912
CD79B CD79b molecule, immunoglobulin-associated beta BCO30210.1 QBPIS4
CD81 CD81 molecule BC0O02978 PE0O033
cbcaz cell division cycle 42 (GTP binding protein, 25kDa) NM_001791 PB0953
CDKN2A cyclin-dependent kinase inhibitor 2A (melanoma, pl6, inhibits CDK4) u26727 Q3N726
DAPPL dual adaptor of phosphotyrosine and 3-phosphoinositides (BAM32) BC012924 Q3UN19
EGRL early growth response 1 BC073983.1 P18146
ETS1 v-ets erythroblastosis virus E26 oncogene homolog 1 (avian) X14798 P14921
EZR villin 2 (ezrin) (VIL2) BC013903 P15311
FCGR2B Fc fragment of IgG, low affinity Ilb, receptor (CD32) BC031992 P31994
FOS v-fos FBJ murine osteosarcoma viral oncogene homolog BC0044S0 PO1100
GRAPZ GRB2-related adaptor protein 2 BC025692 Q75791
GRB2 growth factor receptor-bound protein 2 BCO00631 P62933
GSK3B glycogen synthase kinase 3 beta BC000251 P43841
HRAS v-Ha-ras Harvey rat sarcoma viral oncogene homolog NM_005343 PO1112
IFITM1 interferon induced transmembrane protein 1 {3-27) BCO0O0S97 P13164
IKBKA conserved helix-loop-helix ubigquitous kinase (CHUK) NM_001278 015111
IKBKB inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta BCO06231 014920
IKBKB inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase beta BC108654 Q32ND9
IKBKG inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase gamma BC000299 QI9Y6BKS
INPP5D inositol polyphosphate-5-phosphatase, 145kDa (SHIP1) BC113580 Q92835
INPPLL inositol polyphosphate phosphatase-like 1 BC140853 015357
JUN v-jun sarcoma virus 17 oncogene homolog (avian) BCO0B175 P05412
KRAS v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog BCO13572 PO1116
LAT2 linker for activation of T cells family, member 2 BC009204.2 Q9GZYe
LILRB3 leukocyte immunoglobulin-like receptor, subfamily B (with TM and ITIM domains), member 3 (PIRB) BC112198 075022
LIMEL Lck interacting transmembrane adaptor 1 BCO17016 QSH400
LYN v-yes-1Yamaguchi sarcoma viral related oncogene homolog NM_002350 P0O7348
MALTL mucosa associated lymphoid tissue lymphoma translocation gene 1 BC030143 QsuDyYs
MAP2KL mitogen-activated protein kinase kinase 1 BC137459 A4QPAY
MAP2K2 mitogen-activated protein kinase kinase 2 BCO00471 P36507
MAP2ZK3 mitogen-activated protein kinase kinase 3 NM_002756 P46734
MAP3K3 mitogen-activated protein kinase kinase kinase 3 ALB34303 Q99759
MAPKL mitogen-activated protein kinase 1 BCO17832.1 P28432
MAPK12 mitogen-activated protein kinase 12 CR456515 P53778
MAPK13 mitogen-activated protein kinase 13 BCO85196.1 015264
MAPK14 mitogen-activated protein kinase 14 BT006933 Q16539
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Protein Symbol Full Protein Name Ref Seq 1D UniProt #
MAPK3 mitogen-activated protein kinase 3 BCO13992 P27361
MAPKE mitogen-activated protein kinase 8 NM_002750 P45933
MAPKS mitogen-activated protein kinase 3 NM_135069 P45534
MDM2 Mdm2, p53 E3 ubiquitin protein ligase homolog (mouse) NM_002392.3 Q00987

MYC v-myc myelocytomatosis viral oncogene homolog (avian) BCO00141 PO1106
NCK1 NCK adaptor protein 1 BCO06403.2 P16333
NCKAPIL NCK-associated protein 1-like BC093769 P55160
NFATS nuclear factor of activated T-cells 5, tonicity-responsive BC131509 094916
NFATC1 nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1 BC112243 Q2m1s3
MNFATC3 nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 3 BCO01050 Q12968
NFATCA nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 4 BC053855 Q14934
NFKB1 nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 {p105) BCO051765 P19338
NFKBIA nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha NM_020529 P25963
NFKBIB nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, beta BCO15528 Q15653
NFKBIE nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor, epsilon NM_004556.2 000221
NRAS neuroblastoma RAS viral (v-ras) oncogene homolog BCO05219 PO1111
PIK3APL phosphoinositide-3-kinase adaptor protein 1 NM_152309 QeZuIs
PIK3CA phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha BC113603 P42336
PIK3CB phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit beta BC114432 P42338
PIK3CD phosphoinositide-3-kinase, catalytic, delta polypeptide BC132919.1 000329
PIK3CG phosphoinositide-3-kinase, catalytic, gamma polypeptide BC035633 P48736
PIK3RL phosphoinositide-3-kinase, regulatory subunit 1 {alpha) BCO30815 P27986
PIK3RL phosphoinositide-3-kinase, regulatory subunit 1 {alpha) BC094795 P27336
PIK3R2 phosphoinositide-3-kinase, regulatory subunit 2 (beta) BCO32647 QosBvVeE
PIK3R3 phosphoinositide-3-kinase, regulatory subunit 3 (p55, gamma) BC021622 Q8N381
PIK3RS phosphoinositide-3-kinase, regulatory subunit 5 BCO28212 QBWYR1
PLCG2 phospholipase C, gamma 2 (phosphatidylinositol-specific) BCOO7565 P16885
PPP3CA protein phosphatase 3 (formerly 2B), catalytic subunit, alpha isoform (calcineurin A alpha) BC025714 Q08209
PPP3CB protein phosphatase 3, catalytic subunit, beta isozyme BC028049.1 P16298
PPP3CC protein phosphatase 3, catalytic subunit, gamma isozyme HO443368 P48454
PPP3R1 protein phosphatase 3, regulatory subunit B, alpha BC027913 P63098
PPP3R2 protein phosphatase 3, regulatory subunit B, beta JFA32717 Q96173
PRKCA protein kinase C, alpha NM_002737 P17252
PRKCB protein kinase C, beta BCO36472 POS771
PTEN phosphatase and tensin homolog (mutated in multiple advanced cancers 1) BCO05321 P60434
PTPNG protein tyrosine phosphatase, non-receptor type 6 BCO02523 P29350
RACL ras-related C3 botulinum toxin substrate 1 (rho family, small GTP binding protein Racl) BC107748.1 P63000
RAC2 ras-related C3 botulinum toxin substrate 2 (rho family, small GTP binding protein Rac2) BCO01485 P15153
RAC3 ras-related C3 botulinum toxin substrate 3 (rho family, small GTP binding protein Rac3) BCO09605 PBO763
RAF1 v-raf-1 murine leukemia viral oncogene homolog 1 BC018119 P04049
RAP1A RAP1A, member of RAS oncogene family BC014086.2 P62334
RAP1B RAP1B, member of RAS oncogene family ALOB0212 P61224
RAP2A RAP2A, member of RAS oncogene family BCO70031.1 P10114
RAP2C RAP2C, member of RAS oncogene family BC003403.1 Q9Y3Ls
RasGRP3 RAS guanyl releasing protein 3 (calcium and DAG-regulated) NM_170672 QsIvel
RASSFS Ras association (RalGDS/AF-6) domain family member 5 ALB32784.1 Q8WWWO
RELA v-rel reticuloendotheliosis viral oncogene homaolog A (avian) BC110330 Q2TAMS
RHOA ras homolog family member A (RHOA) NIM_001664 PB1586
S0s1 son of sevenless homolog 1 (Drosophila) NM_005633 Q07389
s0s2 son of sevenless homolog 2 (Drosophila) HQ258542 Qo7aso
SYK spleen tyrosine kinase BCO11399 P43405
TEC tec protein tyrosine kinase BC143487 P42680
TP53 tumor protein p53 (TP53) BCO003596 P04637
VAV1 vav 1 oncogene BCO13361 QseD37
VAV2 vav 2 oncogene BC132567 P52735
VAV vav 3 oncogene NM_006113 QIUKW4
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Table 20. Unique PANTHER biological processes, part 1 (to be cross-referenced to Table 22)

Unique biological processes of target proteins®

Corresponding #

apoptotic process|GO:0006915)
B cell mediated immunity(G0:0019724)
biosynthetic process(G0:0009058)
blood coagulation(G0:0007596)
calcium-mediated signaling(G0:0019722)
cell adhesion(G0:0007155)
cell cycle(GO:0007049)
cell death(G0:0008219)
cell differentiation(G0:0030154)
cell proliferation{G0O:0008283)
cell surface receptor signaling pathway(G0:0007166)
cell-cell adhesion(G0:0016337)
cellular component morphogenesis(GO:0032983)
cellular component movement(G0O:0006928)
cellular component organization(GO:0016043)
cellular defense response(GO:0006968)
cellular process{GO:0009987)
cellular protein modification process(G0O:0006464)
chromatin organization(G0:0006325)
cytoskeleton organization(GO:0007010)
ectoderm development(GO:0007398)
embryo development(GO:0009790)
exocytosis(GO:0006887)
female gamete generation(G0:0007292)
glycogen metabolic process(G0:0005977)
G-protein coupled receptor signaling pathway({G0:0007186)
hemopoiesis{GO:0030097)

I-kappaB kinase/NF-kappaB cascade({GO:00072439)
immune response(GO:0006955)
immune system process(G0O:0002376)
induction of apoptosis{GO:0006917)
intracellular protein transport(G0:0006886)
intracellular signal transduction(G0:0035556)
JNK cascade(G0O:0007254)
localization(G0:0051179)
locomotion(G0:0040011)
macrophage activation(G0:0042116)
MAPK cascade(G0:0000165)
meiosis{GO:0007126)
mesoderm development(G0O:0007498)
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* Obtained from PANTHER (Protein Ananalysis Through Evelutionary Relationships)
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Table 21. Unique PANTHER biological processes, part 2 (to be cross-referenced to Table 23)

Unique biological processes of target proteins®

Corresponding #

mitosis(GO:0007067)
monosaccharide metabolic process(G0:0005996)
mRMA processing(GO:0006397)
mRNA splicing, via spliceosome(GO:0000398)
natural killer cell activation(G0:0030101)
negative regulation of apoptotic process(GQ:0043066)
nervous system development{GO:0007339)
neurological system process(G0:0050877)
nitrogen compound metabolic process{G0:0006807)
nucleobase-containing compound metabolic process(G0O:0006139)
phagocytosis(G0:0006509)
phosphate-containing compound metabolic process(GO:0006796)
phospholipid metabolic process(G0:0006644)
protein complex assembly(GO:0006461)
protein phosphorylation{G0:0006468)
receptor-mediated endocytosis{GO:0006898)
regulation of biological process{G0:0050789)
regulation of carbohydrate metabolic process{G0:0006109)
regulation of catalytic activity(G0:0050790)
regulation of cell cycle(GO:0051726)
regulation of nuclecbase-containing compound metabolic process(G0:0019219)
regulation of phosphate metabolic process{G0:0019220)
regulation of sequence-specific DNA binding transcription factor activity(GQ:0051090)
regulation of transcription from RNA polymerase Il promoter{GO:0006357)
response to abiotic stimulus(G0:0009628)
response to biotic stimulus{G0:0009607)
response to endogenous stimulus{G0:0009719)
response to external stimulus{GO:0009605)
response to stimulus{G0:0050896)
response to stress(G0:0006950)
RMNA splicing, via transesterification reactions(G0:0000375)
segment specification(G0:0007379)
signal transduction(G0O:0007165)
single-multicellular organism process(G0:0044707)
synaptic transmission(GO:0007268)
transcription from RMA polymerase Il promoter(GO:0006366)
transcription, DNA-dependent(GO:0006351)

transmembrane receptor protein serine/threonine kinase signaling pathway({G0:0007178)

transmembrane receptor protein tyrosine kinase signaling pathway(G0:0007169)

a1
42

43
44
45
46

a7
48
49
50
51
52
53
54
55
56
27
58
29
60
61
62

63
64
635
66

67
68
69
70
71
72
73
74
75
76
77
78
79

* Obtained from PANTHER (Protein Ananalysis Through Evolutionary Relationships)
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Table 22. Unique PANTHER biological processes, part 1 (to be cross-referenced to Tables 20 - 21)

Gene Symbol Biological Process(es)™
AKT1 33 52 57 89
AKT2 33 52 57 89
AKT3 33 52 57 69
ARHGEF7 2 26 34 5 16 48
BCL2 11 33 46 70
BCL2A1 11 33 46 70
BCL2L1 11 33 46 70
BLK 9 10 20 29 46 51 52 54 70 79
BLMK 29 33 57 79
BTK 9 10 23 52 57 70 79
CARD11 17
CD15 16 29 57 67 70 79
CD22 17 69
CD79A 9 11 27 29 57 74
CD7SB 9 11 27 29 57 74
CD81 11 57 a9
CDC4az2 26 32 33 56
CDKMN2A 7
ETS1 3 9 17 49
EZR 13 17
FCGR2B 2 37 45
GRAP2 9 10 14 29 35 36 52 57 70 79
GRB2 9 10 14 29 35 36 52 57 70 79
GSK3B 11 21 22 25 33 40 41 47 72
HRAS 17 32 56
IKBKA 17 29
IKBKEB 17 29
IKBKG 28 3 49 61 63 69 77
INPPR5D 17 32 42 53 56
INPPLL 17 32 42 53 56
JUN 3 3 9 10 49 60 65 66 67 68 70
KRAS 26 28 38 6 32 48 36 75
LILRB3 17 69
LIMEL 71 15 17 44 49
LYM 1 4 9 10 12 14 15 23 27 29 36 47 52 57 70 74 79
MAP2K1 1 33 53 60 B2 70
MAP2K2 1 33 3 60 62 70
MAP2ZK3 1 33 59 60 62 70
MAP3K3 1 33 59 60 62 70
MAPKL 38 7 30 J0
MAPK12 38 7 30 F0
MAPK13 38 7 30 7O
MAPK14 38 7 30 F0
MAPK3 38 7 30 J0
MAPKS 38 7 30 J0
MAPKS 38 7 30 70

* Obtained from PANTHER (Protein Ananalysis Through Evolutionary Relationships)
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Table 23. PANTHER biological processes of target proteins, part 2 (to be cross-referenced to Tables 20 - 21)

Gene Symbol Biological Process{es)*
MDM2 17 =0

MY 7 o4

MNFATS 16 17 29 64 70

MNFATCL 16 64

MNFATC3 16 64

NFATCA 16 64

NFKBIA 28 1 30 32 53 64 TO

MNFKBIB 28 1 30 32 53 64 70

NFKBIE 64

MNRAS 26 28 38 6 32 48 56 75

PIK3CA 3 4 14 29 33 35 36 53 55 57 70 74
PIK3CE 3 4 14 29 33 35 36 53 55 57 V0O T4
PIK3CD 3 4 14 29 33 35 36 53 55 57 V0O 74
PIK3CG 3 4 14 29 33 35 36 53 55 57 V0O T4
PIK3R1 3 53 62 67 79

PIK3R2 3 53 62 67 79

PIK3R3 3 53 62 67 79

PPP3CA 1 25 30 33 43 39 41 55 58 61 70 76
PPP3ICBE 1 25 30 33 43 39 41 55 58 61 70 76
PPP3CC 1 25 30 33 43 39 41 55 58 6l 70 76
PPP3R1 5 18

PPP3R2 3 18

PRECA 33 52 57 o9

PRKCB 33 52 57 69

PTEN 7 53 55

PTPNG 18

RACL 26 32 33 56

RAC2 26 32 33 56

RAC3 26 32 33 56

RAF1 28 34 13 22 24 30 31 7B

RAPLA 26 28 38 6 32 48 56 U5

RAP1B 26 28 38 6 32 48 56 75

RAP2A 26 28 38 6 32 48 56 U5

RAP2C 26 28 38 6 32 48 536 U5

RasGRP3 26 38 41 79

RASSF5 1 73

RHOA 26 32 33 56

5051 260 38 41 79

5052 26 38 41 79

SYK 4 9 10 12 23 27 29 37 52 57 70 T4 79

TEC 9 10 29 552 57 TJ0 79

TP53 1 3 18 19 33 43 60 64 65 70

VAV1 2 26 34 5 16 48

Vav2 2 26 34 5 16 48

VAV3 2 26 34 5 16 48
* Obtained from PANTHER (Protein Ananalysis Through Evolutionary Relationships)
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Table 24. Associated HGNC protein domains for each protein target, part 1

Protein Symbol  Protein domain 1

Protein domain 2 Protein domain 3

Tec family tyrosine kinases

Minor histocompatibility antigens

AKTL Pleckstrin homology domain containing
AKT2 Pleckstrin homology domain containing
AKT3 Pleckstrin homology domain containing
ARHGEF7 Pleckstrin homology domain containing Rho guanine nucleotide exchange factors
BCL10 Caspase recruitment domain containing CBM complex
BCL2 BCL2 family Protein phosphatase 1 regulatory subunits
BCL2A1 BCL2 family Minor histocompatibility antigens
BCLZL1 BCL2 family Protein phosphatase 1 regulatory subunits
BLK SH2 domain containing src family tyrosine kinases
BLNK 5H2 domain containing
BTK Pleckstrin homology domain containing SH2 domain containing
CARDI11 Caspase recruitment domain containing CBM complex
CD19 CD molecules Immunoglobulin like domain containing
CcD22 CD molecules
cD72 CD molecules
CD79A CD molecules V-set domain containing
CD79B CD molecules V-set domain containing
D31 CD molecules
cDCca2 Rho family GTPases
DAPP1 Pleckstrin homaology domain containing SH2 domain containing
FCGR2B CD molecules Immunoglobulin like domain containing
FOS Basic leucine zipper proteins
GRAP2 SH2 domain containing
GRB2 SH2 domain containing
HRAS RAS type GTPases
IFITM1 CD molecules
INPPSD Phosphoinositide phosphatases SH2 domain containing
INPPLL Phosphoinositide phosphatases SH2 domain containing
JUN Basic leucine zipper proteins
KRAS RAS type GTPases
LILRB3 CD molecules
LYN SH2 domain containing src family tyrosine kinases
MALT1 CBM complex Immunoglobulin like domain containing
MAP2K1 Mitogen-activated protein kinase kinases
MAP2K2 Mitogen-activated protein kinase kinases
MAP2K3 Mitogen-activated protein kinase kinases
MAP3K3 Mitogen-activated protein kinase kinase kinases
MAPK1 Mitogen-activated protein kinases
MAPK12 Mitogen-activated protein kinases
MAPK13 Mitogen-activated protein kinases
MAPK14 Mitogen-activated protein kinases
MAPK3 Mitogen-activated protein kinases
MAPKS Mitogen-activated protein kinases

Note: Only the proteins with an HGNC protein domain are listed
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Table 25. Associated HGNC protein domains for each protein target, part 2

Protein Symbol

Protein domain 1

Protein domain 2 Protein domain 3

MAPKI
MNCK1
NFATS
NFATC1
MNFATC3
NFATCA
NFKB1
MNFKBIA
NFKBIB
NFKBIE
NRAS
PIK3CA
PIK3CB
PIK3CD
PIK3CG
PIK3R1
PIK3R2
PIK3R3
PLCG2
PPP3CA
PPP3CB
PPP3CC
PPP3R1
PPP3R2
PRKCA
PRKCB
PTEN
PTPNG
RACL
RACZ
RAC3
RAF1
RAPLA
RAP1B
RAP2A
RAP2C
RasGRP3
RELA
RHOA
5051
5052
SYK
TEC
VAVL
VAVZ
VAV

Mitogen-activated protein kinases

SH2 domain containing

nuclear factors of activated T-cells
nuclear factors of activated T-cells
nuclear factors of activated T-cells
nuclear factors of activated T-cells
Ankyrin repeat domain containing
Ankyrin repeat domain containing
Ankyrin repeat domain containing
Ankyrin repeat domain containing

RAS type GTPases
Phosphatidylinositol 3-kinase subunits
Phosphatidylinositol 3-kinase subunits
Phosphatidylinositol 3-kinase subunits
Phosphatidylinositol 3-kinase subunits
SH2 domain containing

5H2 domain containing

SH2 domain containing

SH2 domain containing

Protein phosphatase catalytic subunits
Protein phosphatase catalytic subunits
Protein phosphatase catalytic subunits
EF-hand domain containing

EF-hand domain containing

C2 domain containing protein kinases
C2 domain containing protein kinases
Phosphoinositide phosphatases

SH2 domain containing

Endogenous ligands

Endogenous ligands

Endogenous ligands

Mitogen-activated protein kinase kinase kinases

RAS type GTPases
RAS type GTPases

RAS type GTPases

RAS type GTPases

EF-hand domain containing

NF-kappa B complex subunits

Rho family GTPases

Pleckstrin homaology domain containing
Pleckstrin homology domain containing
SH2 domain containing

Pleckstrin homology domain containing
Pleckstrin homology domain containing
Pleckstrin homology domain containing
Pleckstrin homalogy domain containing

NF-kappa B complex subunits

Protein phosphatase 3 regulatory subunits
Protein phosphatase 3 regulatory subunits

Rho family GTPases
Rho family GTPases
Rho family GTPases

Rho guanine nucleotide exchange factors
Rho guanine nucleotide exchange factors

SH2 domain containing Tec family tyrosine kinases
Rho guanine nucleotide exchange factors SH2 domain containing
Rho guanine nucleotide exchange factors 5H2 domain containing
Rho guanine nucleotide exchange factors 5H2 domain containing

Note: Only the proteins with an HGNC protein domain are listed
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Table 26. Known protein interactions with BLNK

Protein Experiment type* Author Year published Curated by
Affinity Capture MS Hashimoto S 1999 BioGRID
Oellerich T 2011 BioGRID
Yasuda T 2002 BioGRID
BTK Hashimoto S 1999 BioGRID
Affinity Capture-Western Janda E 2011 BioGRID
Su 1999 HPED
Imamura 2004 HPRD
Co-crystal Structure Huang 2006 HPRD
CD72 Affinity Capture-Western Fusaki N 2000 BioGRID
Affinity Capture-MS Oellerich T 2011 BioGRID
CD79A Affinity Capture-Western Kabak S 2002 BfoGRID
Reconstituted Complex Engels N 2001 BioGRID
Kabak S 2002 BioGRID
Affinity Capture-Western Yankee TM 2003 BioGRID
GRAP2 Protein-peptide Berry DM 2002 BioGRID
Reconstituted Complex Berry DM 2002 BioGRID
Affinity Capture-MS Oellerich T 2011 BioGRID
FuC 1998 BioGRID
GRB2 Affinity Capture-Western Fusaki N 2000 BioGRID
Oellerich T 2011 BioGRID
Reconstituted Complex Engels N 2001 BioGRID
Wienands T 1998 BioGRID
LYN Affinity Capture-MS Oellerich T 2011 BioGRID
) Affnity Capture- Western FuC 1998 BioGRID
NCKI1 Sauer 200 HPED
Co-localization Chen TC 2014 BioGRID
PIK3R1 Reconstituted Complex Watanabe 2000 HPRD
Affinity Capture-MS Oellerich T 2011 BioGRID
PLCG2 Affinity Capture-Western Oellerich T 2011 BioGRID
Reconstituted Complex Janssen 2003 HPRD
PTPNG Affinity Capture-Western Ad%dﬁ T 2001 BioGRID
Mizuno 2000 HPED
8051 Reconstituted Complex Watanabe 2000 HPRD
_— Affinity Capture-MS Oellerich T 2011 BioGRID
Affinity Capture-Western Janda E 2011 BioGRID
VAV Affinity Capture-Western FucC 1998 BioGRID
VAV3 Affinity Capture-MS Oellerich T 2011 BioGRID

* BioGRID Experimental Evidence Code

Nete: PPIs not sufficiently supported by experimental evidence were not included

Note: List contains human, mouse, or rat PPIs
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Table 27. Known protein interactions with BTK

Protein Experiment type™ Author Year published Curated by
Affinity Capture-MS Hashimoto 5 1999 BioGRID
Oellerich T 2011 BioGRID
Yasuda T 2002 BioGRID
BLNK . Hashimoto § 1993 BioGRID
Affinity Capture-Western
Janda E 2011 BioGRID
Su 1999 HPED
Co-crystal Structure Huang 2006 HFED
Affinity Capture-Western Morrogh LM 1999 BioGRID
Egloff AM 200 BioGRID
BTK Biochemical Activity Morrogh LM 1999 BioGRID
Park H 1996 BioGRID
Co-crystal Structure Mao C 2001 BioGRID
DAPPI Biochemical Activity Stephens 2001 HPFRD
GRB2 Affinity Capture-MS Brehme M 2009 BioGRID
Two-hybrid Bandvopadhvay 8 2010 BioGRID
LN Reconstituted Complex Cheng G 1994 BioGRID
Affinity Capture-Western Rawlings 1996 HPRD
MAPK1 Reconstituted Complex Imamura Y 2004 HPFRD
MYC Dosage Lethality Tovoshima M 2012 BioGRID
PIK3API Biochemical Activity Okada 2000 HPFRD
PIK3R3 Two-hybrid Grossmann A 2015 BioGRID
Affinity Capture Western Yasuda T 2002 BioGRID
PLCG2 Guo B 2000 BioGRID
Biochemical Activity Watanabe 2001 HPFRD
PREKCA Biochemical Activity Yao 1994 HFED
PRKCEB Reconstituted Complex Yang XL 2003 BioGRID
SYK Affinity Capture-Western Morrogh LM 1993 BioGRID
Baba 2001 HPRD
TE53 Affinity Capture-Western Jiang 2004 HERD
VAV Affinity Capture-Western Guinamard R 1997 BioGRID

* BioGRID Experimental Evidence Code

Note: PPz not sufficiently supported by experimental evidence were not included

Note: List contains human, mouse, or rat PPz
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Table 28. Known protein interactions with PI3K*

Protein E: i type* Author Year published Curated by M TH dimer**
KT Affity Cagnre- Western Mitra § 2011 BfoGR.tD Unclear: simgly states "PI3K"
Xiong Y 2009 BioGRID PIK3R1 and PIK3CA antibodies
cD19 Affinity Capture-Western Okada T 2000 BioGRID PRI antbody
Weng 1994 HPRD PIK3R1
cnce Biochemical Activity Tolias 1995 HPRD PIK3CA activity
Reconstituted Complex Zheng 1994 HPRD PIK3R1 antibody
7R Affinity Capture-Western Gautreau A 1999 BioGRID PIK3R1 antibody
Reconstituted Complex Gautreau A 1999 BioGRID PIK3R1 domains
FOs Affinity Capture-Western Luo X 1987 BioGRID PIK3R1 antibody
Affity Capture-MS Bisson N 2011 BfoGRJD PIK3R1 and PIK3CA probed separately
B Hurtlin EL 2017 BioGRID PIK3CA
Saleem A 1985 BioGRID PIK3R1 antibody
Wang J 1985 BioGRID PIK3R1 antibody
Gelkop § 2001 BioGRID PIK3R1 antibody
Affinity Capture-Western Jain SK 1987 BfDGRJD PIK3R1 antibody
Ren §Y 2005 BioGRID PIK3R1
GRB2 Cerboni C 1998 BioGRID PIK3R1 zntibody
Bisson N 2011 BioGRID PIK3R1
Weinger IG 2008 BioGRID PIK3R1 antibody
Saleem A 1985 BioGRID PIK3R1 antibody
Reconstituted Complex Wang J 1995 BioGRID PIK3R1 zntibody
Weinger IG 2008 BioGRID PIK3R1 antibody
Two-hybrid Wang J 1985 BfDGRJD PIK3R1 antibody
il Bandyopadhyay § 2010 BioGRID PIK3R1
Co-localization Chen TC 2014 BioGRID PIK3R1 antibody
Vargiu P 2004 BioGRID PIK3CA
HRAS Reconstituted Complex Rodriguez-Viciana P 1996 BioGRID Heterodimer
Rodriguez-Viciana P 1997 BioGRID Heterodimer
Two-hybrid LW 2000 BioGRID Unclear; simply states "PI3K"
INPPSD | Affinity Capture-Western Zhang § 1999 BioGRID PIK3R1 zntibody
INPPLI Affinity Capture-MS Brehme M 2009 BioGRID PIK3R1
KRAS Two-hybrid LW 2000 BioGRID Unclear; simply states "PI3K"
NCK1 Affinity Capture-Western Gelkop § 2001 BioGRID PIK3R1 antibody
NFKBIA Reconstinuted Complex Beraud C 1999 BioGRID PIK3R1 antibody
PIK3APL Affinity Capture-Western Okada T 2000 BioGRID PIK3R1 antibody
Affinity Capture-MS Hein MY 2015 BioGRID PIK3R1 and PIK3CA probed separately
Sun M 2010 BioGRID PIK3R1
PIKICA | Affinity Capture Western Fang D 2001 BioGRTD PICR]
Xiong Y 2009 BioGRID Heterodimer
Luo 2005 HPRD PIK3R1
Reconstinuted Complex Woscholski R 1994 BioGRID PIK3R1
Affinity Capture-MS Hein MY 2015 BioGRID PIK3R1
Affinity Capture Western HuP 1994 BtoGRJD PIK3R1
PIKICB Sun M 2010 BtoGRJD PIK3R1
Co- Havugimana PC 2012 BioGRID PIK3R1
Wan C 2015 BioGRID PIK3R1
Co-localization Chen TC 2014 BioGRID PIK3R1 antibody
Affinity Capture-MS Hein MY 2015 BioGRID PIK3R1
PIK3CD | Affinity Capture-Western Vanhaesebroeck B 1997 BioGRID PIK3R1
Reconstinrted Complex Vanhaesebroeck B 1997 BioGRID PIK3R1
Hein MY 2015 BioGRID PIK3R1
Affiny Capture MS Sun M 2010 BTDGRID PIK3CA
PIK3R1 FangD 2001 BioGRID PIK3CA
Xiong Y 2009 BioGRID Heterodimer
Reconstinrted Complex Woscholski R 1994 BioGRID PIK3CA
Hein MY 2015 BioGRID PIK3CA
PIKIR2 Affinity Capture-MS Huttlin EL 2015 BfoGRID PIK3R1
Hurtlin EL 2017 BioGRID PIK3R1
Affinity Capture-Western Kuchay § 2013 BioGRID PIK3CA
Hein MY 2015 BioGRID PIK3CA
Affinity Capture-MS Huttlin EL 2017 BioGRID PIK3CA
PIK3R3 Huttlin EL 2017 BioGRID PIK3R1
Two-hybrid Mothe T 1997 BfoGRID PIK3CA
Grossmann A 2015 BioGRID PIK3CA
PLCG2 Co-localization Chen TC 2014 BioGRID PIK3R1 antibody
PTPNG Affinity Capture-Western Cuervas 1999 HPRD PIK3R1
RACI Reconstituted Complex Zheng 1994 HPRD PIK3RI antibody
Biochemistry Activity Tolias 1995 HPRD PIK3CA
SOs1 Co-localization Chen TC 2014 BioGRID PIK3R1 antibody
Affiity Capture Western Moon KD 2005 BfoGRJI) PIK3R1 antibody
YK Huang ZY 2006 BioGRID PIK3R1 antibody
Reconstituted Complex Moon KD 2005 BioGRID PIK3R1 antibody
Two-hybrid Moon KD 2005 BioGRID PIK3R1 antibody
Bertagnolo V 1998 BioGRID PIK3R1 antibody
Affinity Capture-Western Shigematsu H 1997 BioGRID PIK3R1 antibody
VAVI Weng 1994 HPRD PIK3R1 antibody
Reconsianed Complex Bertagnolo V 1998 BioGRID PIK3RI antibody: catalytic activity suggests heterodimer
Shigematsu H 1997 BioGRID PIK3RI antibody: catalytic activity suggests heterodimer
VAV3 Affinity Capture-Western Zeng 2000 HPRD PIK3R1

* BioGRID Experimental Evidence Code

*sSince PI3K is aften found as @ complex, the presence of a heterodimer cannot be discounted even if only a PI3K monomer was used to probe these PPIs.
**+0ur query, PI3K, was a heterodimer containing PIK3R1 and PIK3CA.

Note: PPIs not suficiently supported by experimental evidence were not included

Note: List contains lnman, mouse, or rat PPl
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Table 29. Known protein interactions with RAC1

Protein Experiment type* Author Year published Curated by
AKT1 Biochemical Activity Kwon 2000 HPRD
Affinity Capture-MS Sandrock K 2010 BioGRID
ARHGEF7 Affity Captuwe Western Feng Q 2004 BioGRID
Shin 2004 HPRD
GRB2 Affinity Capture-MS Huttlin EL. 2017 BioGRID
MAPKI1 Affinity Capture-Western Kim Y 2009 BioGRID
NRAS Synthetic Lethality Wang T 2017 BioGRID
Affinity Capture-Western Chan 2002 HPRD
PIK3R1 Far Western Zheng 1994 HPED
Biochemical Activity Tolias 1993 HPRD
PRECA Biochemical Activity Slater 2001 HPRD
RACI Affinity Capture-MS Sandrock K 2010 BioGRID
Reconstituted Complex Zhang B 2001 BioGRID
RAC3 Affinity Capture-MS Huttlin EL. 2017 BioGRID
5081 Affinity Capture-Western Jeganathan N 2016 BioGRID
TEC Phenotypic Enhancement Kline JB 2001 BioGRID
WAV Affinity Capture-Western Kaminuma O 2001 BioGRID
WVAV2 Affinity Capture-Western Bartolome 2006 HPRD
VAV3 Reconstituted Complex Movilla N 1999 BioGRID
* BioGRID Experimental Evidence Code
Note: PPIs not sufficiently supported by experimental evidence were not included
Note: List contains human, mouse, or rat PPIs
Table 30. Known protein interactions with RHOA
Protein Experiment type™ Author Year published Curated by
EZR Co-purification Gajate C 2005 BioGRID
IKBKB Affmity Capture-Western Kim HI 2014 BioGRID
IKBKG Reconstituted Complex Kim HI 2014 BioGRID
Co-localization Chen TC 2014 BioGRID
MAPKS
Co-purification Gajate C 2005 BioGRID
MDM2 Affnity Capture-Western MalJ 2012 BioGRID
. Huttlin EL 2015 BioGRID
NFKBIA Affinity Capture-MS
Huttlin EL 2017 BioGRID
PRECA Biochemical Activity Slater 2001 HPRD
PTEN Affmity Capture-Western Chang CC 2012 BioGRID
RAP2C Affinity Capture-MS Huttlin EL 2017 BioGRID
EHOA Affinity Capture-MS Hutchins JR 2010 BioGRID
VAV1 Affinity Capture-Western Bartolome 2006 HPRD
VAV2 Biochemical Activity Booden 2002 HPRD
VAV3 Reconstituted Complex Movilla N 1999 BioGRID

* BioGRID Experimental Evidence Code

Note: PPIs not sufficiently supported by experimental evidence were not included

Note: List contains hman, mouse, or rat PPIs
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APPENDIX D

SUPPLEMENTAL NANOBRET DATA
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Table 31. Table of PPIs detected by NanoBRET, part 1

Target RefSeqID UniProt# Query
AKT1 BLNK BTK DAPP1 LYN MAPK14 PI3K RAC1-GDP RAC1-GTP RHOA-GDP RHOA-GTP SYK
AKT1 BCOOD479.2 P31749 NfC N/C C C C N C N/C C
AKT2 BC063421 P31751 C N C N/C
AKT2 BC120994  Q6P4H3 N C N/C C N
AKT3 AJ245709 Q9Y243 C C C C N
ARHGEF7 EU832554.1 Q14155 N C C
BCLI0O NM_003521 ©95999 C C
BCL2 BC027258 P10415 N C C C
BCL2A1 29680 Q16548 MN/C N C N C C N/C N
BCL2L1 BCO19307 Q07817 N/C N C N N
BLK BCOO7371 P51451 C N N N
BLNK BCO18306.2 Q8WWV2E8 N N N
BTK NM_000061 QO6187 N N N N
CARD11 BCI111719  Q9BXL7 N N N C N
CD19 BCO06338 P15391 N C C
Cch22 BC109306 Q32M46 N/C C
CcDh72 BC030227 P21854 C C N C C C C C
CD79A BC113733 P11912 N/C N C C N/C C N/C C N/C N
CD798 BCO30210.1 Q6PIS4 N/C N N C C N N C N N
CD81 BC002978 P60033 NfC N C N N/C N
CDC42 NM_001791 P60953 N C N N C C N
CDKN2A u26727 QBNT26 C N C
DAPP1  BCO012924 Q9UNI19 C C
EGR1  BCO73983.1 P18146 N/C N C N C
ETS1 X14798 P14921 C C NfC C C C
EZR BC013903 P15311 N/C N N N/C N C N
FCGR2ZB  BCO31992  P31994  N/C N/C
FOS BC004490 PO1100 C N N/C N
GRAP2  BCO25692 O75791 N N C
GRB2 BCO00G31 P62993 C
GSK3B BCO0O0251 P49841 C C C N
HRAS NM_005343 PO1112 C C C N
IFITM1  BCOO0897 P13164 C C C C
IKBKA NM_001278 015111 C C C C C C C
IKBKB BCO06231 014920 N/C C N/C C N N
IKBKB BC108694 Q32ND3 N N N N/C C N N N
IKBKG BC000299 Q9Y6K9 N N N N C N
INFPSD  BC113580 (092835 N N N
INPPL1  BC140853 015357 N
JUN BCO06175 PO5412 C
KRAS BC013572 P01116 C C C C C C C C
LAT2 BCO09204.2 Q9GZY6 C C C N C
LILRB3 BC112198 075022 N/C N C C N N/C N
LIMEL BCO17016 Q9H400 N C C C N C N
LYN NM_002350 P0O7948 N C C N C C N
MALT1  BCO30143 QSUDYS8 N C N/C C C
MAP2K1 BC137459  A4QPAY9 C C
MAP2K2 BCO00471 P36507 N/C N C N C C C C N
MAP2K3 NM_002756 P46734 N/C C N C C C C
MAP3K3  AL834303 Q99759 C C N N C C N
MAPK1 BCO017832.1 P28482 N/C C N C N
MAPK12 CR456515 P53778 C N/C N
MAPK13 BCOB85196.1 015264 C C N/C C N/C C C
MAPKI14 BT006933 Q16539 C N N N C C

"N" and "C" indicate whether the HaloTag is at the M- or C-terminus, respectively
Only the target proteins that interacted with a query protein are shown.
Known PPIs in human and mouse are highlighted in blue. Obtained from the online PPI databases, HPRD and BioGRID.
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Table 32. Table of PPIs detected by NanoBRET, part 2

Target RefSeqlID UniProt# Query
AKT1 BLNK BTK DAPP1 LYN MAPK14 PI3K RAC1-GDP RAC1-GTP RHOA-GDP RHOA-GTP SYK
MAPK3 BC0133992  P27361 N
MAPKS NM_002750 P45983 N N
MDM2 NM_002392.3 Q00987 N N C C
MYC  BCOO0141  PO1106 NfC N/C N N N N
NCK1 BCODG6403.2 P16333 N C C
NCKAPIL BC093763  P55160 N N/C C N
NFATS  BC131509 094916 C
NFATC1 BC112243  Q2M1S3 c N C
NFATCZ BCO01050 Q12968 C c N C C
NFATC4 BC053855 Q14934 C  N/C C C C
NFKB1  BCO051765  P19838 N N C C C
NFKBIA NM_020529 P25963 N N N N N N
NFKBIE  BC015528 (15653 N N N N
NFKBIE NM_004556.2 000221 N N/C N N C N
MRAS  BC005213  PO1111 N C
PIK3AP1 NM_152309 Q6ZUJ8 c N C C
PIK3CA BC113603  P42336 C C N C C
PIK3CB  BC114432  P42338 C N N N N
PIK3CD BC132919.1 (00329 N N N C
PIK3CG  BC035683  P48736 NfC N N/C N
PIK3R1  BCO30815 P27986 N C N/C N
PIK3R1  BC094795  P27986 N N N/C C
PIK3R2  BCO32647 QOSBVE N
PIK3R3  BC021622 (Q8N381 N C N
PIK3RS  BC028212 Q8WYR1L C N N/C C N
PLCG2  BCOO7565 P16885  C C N C C N/C N/C
PPP3CA BCO25714 Q08209 N C C
PPP3CB BCOD28049.1 P16298 N N N
PPP3CC HQ448368 P48454 N N N N N N
PPP3R1 BC027913 PG3098 N N N C N C
PPP3R2  JF432717 Q96173 C
PRKCA NM_002737 P17252 N N
PTEN  BCO05821 P60434 C C c C C C c
PTPNG  BCD02523  P29350 C
RAC1 BC107748.1 P63000 € N/C C C N/C C C
RAC2  BC001485 P15153 N/C N N/C N N N N
RAC3  BCO09605 PE0763 N/C C C C
RAF1  BCO18119 PO4049 C C C N/C C
RAP1A BCO14086.2 P§2834 NfC N/C C
RAPIB  AL0S0212  PG1224 N NfC C C C
RAPZA BCO70031.1 P10114 N C N C N/C N N
RAP2C BCO03403.1 Q9Y3L5 N N c N
RasGRP3 NM_170672 Q8IV61 N/C N/C
RASSF5 AL832784.1 Q8WWWO0 C N/C C N/C C C N
RELA  BC110830 Q2TAMS C c cC C
5052  HO258542 Q07390 C NfC
SYK BCO11399  P43405 N NfC C
TEC BC143487  P42680 N N N C N/C N N
TP53  BCO03596 P04637 N N N N N/C N
VAV1  BCO13361 Q96D37 C NfC C N C C
VAV2Z  BC132967  P52735 N N C
VAVZ  NM 006113 QIUKWA C N

"N" and "C" indicate whether the HaloTag is at the N- or C-terminus, respectively.

Only the target proteins that interacted with a query protein are shown.
Known PPIs in human and mouse are highlighted in blue. Obtained from the online PPI databases, HPRD and BioGRID.
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Table 33. Number of PPIs per NanoBRET query within the same PANTHER Biological Process

Biological processes of target proteins

All queries AKT1 BLNK

BTK DAPP1 LYN MAPK14 PI3K RACL(GDP) RAC1(GTP) RHOA(GDP) RHOA(GTP)

SYK_Ykinases*

S/Tkinases**

apoptotic process{GO:0006915)

8 cell mediated immunity{G0:0015724)

biosynthetic process(GO:0009058)

blood coagulation(G0:0007596)

calcium-mediated signaling(G0:0019722)

cell adhesion(GO:0007155)

cell cycle(G0:0007043)

cell death(GO:0008219)

cell differentiation(G0:0030154)

cell proliferation{G0:0008283)

cell surface receptor signaling pathway(GO:0007166)
cell-cell adhesion(G0:0016337)

cellular component morphogenesis(G0:0032389)

cellular component movement{GO:0006928)

cellular component organization|G0:0016043)

cellular defense response(GO:0006968)

cellular process(G0:0009387)

cellular protein modification process(GO:0006464)
chromatin organization(G0:0006325)

cytoskeleton orzanization(G0:0007010)

ectoderm development(G0:0007398)

embryo development(G0:0009790)

exocytosis(GO:0006887)

female gamete generation|G0:0007292)

glycogen metabolic process(G0:0005977)

G-protein coupled receptor signaling pathway(GO:0007186)
hemopoiesis(G0:0030097)

I-kappaB kinase/NF-kappaB cascade(G0:000724)

immune response(G0:0006955)

immune system process(G0:0002376)

induction of apoptosis(G0:0006917)

intracellular protein transport(GO:0006886)

intracellular signal transduction|G0:0035556)

INK cascade(GO:0007254)

localization(G0:0051179)

locomotion(GO:0040011)

macrophage activation(GO:0042116)

MAPK cascade(GO:0000165)

meiosis|G0:0007126)

mesoderm development(G0:0007498)

mitosis(G0:0007067)

monosaccharide metabolic process(G0:0005996)

MRNA processing(G0:0006357)

mRNA splicing, via spliceosome{G0:0000398)

natural killer cell activation(G0:0030101)

negative regulation of apoptotic process(GO:0043066)
nervous system development(G0:0007393)

neuralogical system process(G0:0050877)

nitrogen compound metabolic process(GO:0006807)
nucleobase-containing compound metabolic process(G0:0006139)
phagocytosis(GO:0006909)

phosphate-containing compound metabolic process(GO:0006796)
phospholipid metabolic process(G0:0006644)

protein complex assembly(G0:0006461)

protein phosphorylation(GO:0006468)

receptor-mediated endocytosis(GO:0006898)

regulation of biological process(G0:0050783)

regulation of carbohydrate metabolic process(G0:0006103)
regulation of catalytic activity(G0:0050730)

regulation of cell cycle{G0:0051726)

regulation of nucleobase-containing compound metabolic process(G0:0019219)
regulation of phosphate metabolic process(G0:0019220)
regulation of sequence-specific DNA binding transcription factor activity(G0:0051090)
regulation of transcription from RNA polymerase Il pramoter(G0:0006357)
response to abiatic stimulus(GO:0009628)

response to biotic stimulus(G0:0009607)

response to endogenous stimulus(G0:0009715)

response to external stimulus(G0:0009605)

response to stimulus(G0:0050896)

response to stress(GO:0006950)

RNA splicing, via transesterification reactions(GO:0000375)
segment specification(GO:0007379)

signal transduction(GO:0007165)

single-multicellular organism process(G0:0044707)

synaptic transmission(G0:0007268)

transcription from RNA polymerase Il promoter{GO:0006366)
transcription, DNA-dependent(G0:0006351)
transmembrane receptor protein serine/threonine kinase signaling pathway(G0:0007178)
transmembrane receptor protein tyrosine kinase signaling pathway(G0:0007169)
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Standard Residual Plot of BTK interactions
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Figure 92. Enriched and under-represented PANTHER biological processes in BTK interactions compared to the other
Y kinase queries
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Figure 93. Enriched and under-represented PANTHER biological processes in PI3K interactions compared to the other

S/T kinase queries
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Table 34. Number of PPIs per NanoBRET query within the same HGNC protein domain

Biological processes of target proteins All queries AKT1 BLNK BTK DAPP1 LYN MAPK14 PI3K RAC1{GDP) RAC1{GTP) RHOA(GDP) RHOA(GTP) SYK Y kinases* S/T kinases**
Ankyrin repeat domain containing 4 2 a ] ] a ] 1 1 4 2 0 3 11 3
Basic leucine zipper proteins 2 1 1 o o o o 1 1 o 0 0 1 2 2
BCL2 family 3 2 1 1 1 o 2 2 3 2 1 1 1 2 6
C2 domain containing protein kinases 2 0 1 ] ] [} ] 1 o ] 0 0 0 1 1
Caspase recruitment domain containing 2 0 o o 1 o o 1 1 1 2 0 1 1 1
CBM complex 3 1 1 o 1 1 o 1 2 2 2 0 1 3 2
CD molecules 9 7 a 3 5 2 2 8 5 5 2 5 4 10 17
EF-hand domain containing 3 1 1 1 [ o [ 1 1 1 2 0 1 2 2
Endogenous ligands 3 3 3 3 ] 2 ] 1 1 2 0 1 2 7 a
Immunoglobulin like domain containing 3 2 1 ] ] 1 ] 2 2 1 1 0 0 2 4
Minor histocompatibility antigens 2 1 1 1 ] [} 1 2 2 1 1 1 0 1 4
Mitogen-activated protein kinase kinase kinases 2 2 2 1 ] 1 1 0 o 2 1 1 1 4 3
Mitogen-activated protein kinase kinases 3 3 1 1 1 2 1 0 2 2 1 3 0 3 4
Mitogen-activated protein kinases 7 3 a 0 1 3 0 2 5 2 1 1 3 10 5
NF-kappa B complex subunits 3 1 2 1 ] 1 ] 0 1 1 1 0 1 4 1
nuclear factors of activated T-cells 4 2 2 1 1 2 0 0 1 2 2 2 0 4 2
Phosphatidylinositol 3-kinase subunits 4 2 3 ] ] 3 1 0 2 4 2 0 1 7 3
Phosphoinositide phosphatases 3 1 3 ] ] o 1 1 1 2 1 1 0 3 3
Pleckstrin homology domain containing 13 5 6 5 1 6 ] 3 6 7 3 5 5 17 g
Protein phosphatase 1 regulatory subunits 2 1 ] ] 1 [} 1 1 2 1 1 0 1 1 3
Protein phosphatase 3 regulatory subunits 2 1 1 L] L] o L] 1 1 1 2 0 0 1 2
Protein phosphatase catalytic subunits 3 3 1 1 2 1 ] 1 ] 2 0 1 2 4 L]
RAS type GTPases 7 3 3 2 2 5 1 1 2 4 2 5 3 11 5
Rho family GTPases 4 3 4 3 1 2 1 2 1 2 1 2 3 9 6
Rho guanine nucleotide exchange factors 6 1 2 3 ] 3 ] 1 1 1 1 2 1 6 2
SH2 domain containing 21 8 12 4 1 7 1 10 4 10 4 4 8 27 19
Src family tyrosine kinases 2 1 1 1] 1] 2 1] 2 0 2 1 0 2 5 3
Tec family tyrosine kinases 1 1 1 ] 1 ] 1 o 2 0 2 2 4
V-set domain containing 2 2 2 1 2 2 1 2 2 2 1 1 2 [ 5
*BTK, LYN, 5YK
** AKT1, MAPK14, Pi3K
Standard Residual Plot of Y kinase interactions
compared to S/T kinase interactions
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Figure 94. S/T kinases interacted with more targets in the cell surface receptor signaling pathway

than Y kinases
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Standard residuals

Standardresiduals

Standard Residual Plot of Y kinase interactions
compared to S/T kinase interactions

CD molecules

In total, 5/T kinasesinteracted with 17 CD
molecules and Y kinases interacted with 9 CD
maolecules
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Figure 95. S/T kinases interacted with more CD molecules than Y kinases
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Figure 96. BLNK interacted with more proteins with SH2 domains than DAPP1
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APPENDIX E

DIRECTIONS ON USING SPRITE TO ANALYZE SPR DATA
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The SPRite script is a flexible software that can theoretically analyze an infinite
number of protein interactions using the 1:1 Langmuir Kinetic model with and without
drift correction. This is in direct contrast to current software packages in which the
binding curves must be fit manually in low throughput (e.g., BlAevaluation, Scrubber?2).
Although SPRite was developed to analyze high throughput NAPPA-SPRI data, it can be
used for any SPR experiment (as long as the input file is correctly formatted). Below are

directions on how to analyze SPR data with SPRite.

Step 1: Set up computer to run SPRite
2. Make a folder called “StanScripts” in your root directory e.g. c:\StanScripts
3. Download the following files from the Mallick lab website,
mallicklab.stanford.edu, and place in the “StanScripts” folder
a. curveFittingKineticModels.py
b. OffSets.txt
c. parseSPRFileAndFitCurves.py
d. StanScripts.yml
4. Download and install Anaconda2
5. Open Anaconda Prompt and navigate to the “StanScripts” folder
cd c:\StanScripts
6. Build the environment from the StanScripts.yml file

conda env create —f StanScripts.yml —n StanScript
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Step 2: Format data file

1. Analyze SPR data in Plexera® Data Analysis Module software according to

Plexera® instructions

2. Export file as a tab delimited file. (An example of the file format is in Figure

97.)
a. Column A:
i. Row 1: Name: Sample_Name ID: Set: Family: Group:
Block: Position(must be a unique number) Row: 1 Column:
1
ii. Row 2: Relative time (starts from 0 and continues to increase
throughout the SPR analyses)
b. Column B:

I. Row 2: Raw intensity (This is the pixel intensity of the spot for

each time segment)
c. ColumnC:

i. Row 2: Satellite Intensity (Sometimes regions around the spots
are chosen by SPR users to act as a reference. The satellite
intensity is the pixel intensity of these regions. Note that
satellites were not used in the analyses.)

d. Column D:

i. Row 2: Subtracted Intensity (The Subtracted Intensity = Raw

Intensity — Satellite Intensity)

263



e. Column E: Leave blank

A B C D E F G H 1
1 |Name: AKT2 ID: Set: Family: Group: Block:1 Row:1 Column:1 Mame: BLK ID: Set: Family: Group: Block:2 Row:1 Column:1
2 |Relative Time Raw Intensity Satellite Intensity Subtracted Intensity Relative Time Raw Intensity Satellite Intensity Subtracted Intensity
3 0 0 0 0 0 0 0 0
4 1 100.32476 0 100.32476 1 100.1549 0 100.1549
5 2 98.427727 0 98.427727 2 97.978546 0 97.978546
G 3 95.557419 0 95.557419 3 95.607834 0 95.607334

Figure 97. Format of input file from the Plexera® Data Analysis Module software for SPRite analyses in text tab
delimited format.

(stanscript? c:Stanscriptzpython parseSPRFileAndFitCurves.py —h
Uzage = parseSPRFileAndFitCurves.py [options] CUse —h or —help to see all op
tions >

yi] show thiz help meszage and exit
» —infile=INWFILE
input "Processed Prior to scrubber® csev file
CREQUIRED>»
GLYCALIB, —glycalib=GLYCALIB
Glycerol calibration parameter string — format:
units.tsl,.tdl.t=2,.¢td2,.dRI
Accepted value for wunits: "au, ru, riu"For example —g
ru,. 780, 825,1245% 12908088565
TOFILE, ——tofile=TOFILE
Spot Time offset "txt' file <(REQUIRED}:
ACONC,. ——aconc=ACONC
Analyte COMCENTRATION <{REQUIRED>
TSTART, ——tstart=TSTART
Time start for SPOT-1 (REQUIRED>
TASS0C, —tassoc=TASS0C
Azzociation duration time (REQUIREDX»
TDISSOC, —tdissoc=TDISSOC
Dissociation duration time (REQUIRED>
PREASSO0C, —preaszsoc=PREASS0C
Pre Association time for drift correction C(REQUIRED:
REFCOUNT. —refcount=REFCOUHT
Mumber of references C(REQUIRED>
REFSPOTS,. —refspots=REFSPOTS
Reference spots name —
values of all the rveference
spot locations should he separated by a comma
AMASS . ——amasz==AMASS
Analyte MASS <OPTIONALY
FRATE. ——frate=FRATE
Flow Rate
MSELECT, ——mselect=MSELECT
Model select <Options: 1 . 11d, Imts, mlld, mglld,. hl
or alld
DRIFTCORR, ——driftcorr=DRIFTCORR
Drift correction method (Options: or adl
DELIMSEP,. ——szep=DELIMSEFP
Separ?tiun method for input file (Options: , or
oF g

Figure 98. SPRite options displayed within the python terminal.

INFILE

Step 3: Fit data
1. Go to computer > SYSTEM (C:) > StanScripts

2. Place correct input file of interest in “StanScripts” folder (see Figure 97).
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. Go to Start > Anaconda Prompt >

. Type Activate StanScript

. Type cd c:\StanScripts

. To see all of the options like Figure 99 within SPRite, add the following

command: python parseSPRFileAndFitCurves.py —h

For further explanations about the options, please see “Descriptions about

SPRite Options” below

Fill in the appropriate data in the command line

a.

python parse SPRFileAndFitCurves.py —i <input_filename> -0
<OffSets.txt>-c <conc_analyte> -t
<association_start_time_for_block1> -a
<total_association_duration_time> -d

<total dissociation_duration_time> -r 3 -s

<refl_block _no.1,ref_block no.2,ref_block_no.3>-m <mass_analyte>
-f <flow_rate> -1 <model_type> -g
<Units_to_convert_file,Start_time_of first_calibration,End_time_of f
irst_calibration,Start_time_of second_calibration,End_time_of secon
d_calibration,Conversion_factor>

An example of a command line to analyze a dataset is:

python parseSPRFileAndFitCurves.py -i SPRdatafile.txt -0 OffSets.txt
-¢ 0.0000001166 -t 1500 -a 300 -d 700 —p 100 -r 3 —s405,236,201 -m

51465 -f 3 -1 1 —g ru,770,820,1240,1285,0.000565
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where the inputted data file (-i) is “SPRdatafile.txt,” the concentration
of the query (-¢) is 0.0000001166 M, the query injection time (-t) is
1500 sec, the association length (-a) is 300 sec, the dissociation length
(-d) 1s 700 sec, the seconds before the query injection (-p) to include
in the figures are 100, the number of reference spots (-r) to use is 3, the
reference spots are located (-s) in positions 405, 236, and 201, the
query mass (-m) is 51465 Da, the flow rate (-f) is 3 uL/sec, the kinetic
model (-1) to use is Langmuir, the data will be calibrated and converted
(-g) to RU, the start time of the first glycerol injection is 770 sec, the
end time of the first glycerol injection is 820 sec, the start time of the
second glycerol injection is 1240 sec, the end time of the second
glycerol injection is 1285 sec, and the known RIU between the first
and second glycerol injections is 0.000565. Also see calibration
example in Figure 100 using 0.5% and 1% glycerol where the correct
command would be —g ru,115,150,580,625,0.000565.
Calibration reagent #2

% Calibration
reagelnt #1 [Known )'q
2 a4 RI shift
g s f—-\a ' lf \

S R .

Figure 99. Plateaued responses of two calibration reagents result in a known
shift in RI. The responses on the Plexera HT PlexArray instrument are in %
reflectivity, or arbitrary units (AU).
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8. Output will now be in the “SPRdatafile” folder within the “StanScripts”

folder, which will contain:

a. Folder denoting the model used containing separate PDFs per binding

sensorgram

Text file containing all of the kinetic data

Text file containing the calibrated curves over time

Text file that is compatible with Scrubber2

PDF file of all of the sensorgrams

Descriptions about SPRite Options

1. Required input files with flags

a.

-1 ,--infile: The input text tab delimited file for processing. The file

must be in the correct format (see also Step 2, Figure 97, page 264)

-0, --tofile: Spot Time offset "txt" file A B
1 Spot Offsetfromt0ins

(tab-separated). In essence, this file 2| 1 0

3| 2 0

aligns the injection time for each spot. 4 3 0

o 5| 4 0

This file is used because only the start 6| 5 1

. : : 7 6 1

time “-t” in which any of the target spots g | 7 1

first observe the query is inputted into the

Figure 100. Offset file example
where column A has the spot

) ) ) number and column B denoted the
command line in SPRite, yet the target time offset. If the start time “-t” is
“100” in the command line, this
. - . offset file tells SPRite that the real
protein spots on a SPRi slide will be start time is “100” for spots 1 — 4

and “101” for spots 5 — 7.
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exposed to query protein at different times due to the flow of reagents
from one end of the array to the other. The file denotes how the spots
are exposed to the query from the start time “-t”. The file needs to be
made by the user to fit their slide format. In the case with NAPPA-
SPRi, the targets close to the injection inlet will be exposed to query a
few seconds before the targets close to the injection outlet. Based on
observation of RI changes across the slide due to glycerol injections,
the offset file was generated. The offset file should look like Figure
101. The time offset for one particular NAPPA-SPRI dataset using the
Plexera flow chamber is depicted in Figure 102 in which the flow was
5 uL per second. The offset file should be changed if the flow is
altered. For example, the time offset for a NAPPA-SPRi dataset with a
c. flow of 3 pL per second is different than that of 5 pL per second

(Figure 102, Figure 103).

Plexera flow cell

Time
Offset (sec)

0

1,

Direction

of flow 5

w

£~

\/

Figure 101. Time offsets for a 21 x 21 spotted array on a Plexera sensor chip using a
Plexera flow cell with a dataset having 3 pL/sec flow
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Plexera flow cell
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Figure 102. Time offsets for a 21 x 21 spotted array on a Plexera
sensor chip using a Plexera flow cell with a dataset having 5 pL/sec
flow

2. Required input parameters (strings) with flags

a.

b.

-c, --aconc: Analyte concentration in Molarity.

-t, --tstart: Assoctiation start time start for first array/spot. Calculate
the start time for each array using this input and using the
“SpotTOffsets.txt” file for each spot (Figure 101).

-a ,--tassoc: Association duration time in seconds

-d, --tdissoc: Dissociation duration time in seconds

-p, --preassoc: Pre-Association time to include in figures

-r, --refcount: Number of references. Currently, 3 references should be
used. The response of each reference sensorgram “1, 2, or 3” will be
subtracted from each target sensorgram “X” separately, such that “X”

will be analyzed with “X-1,” “X-2,” and “X-3”
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g. -s, --refspots: Reference spots name - values of all the reference spot

locations should be separated by a comma (for example: 203,350,480).
3. Optional input parameters with flags

a. -m, --amass: Mass of the analyte in Daltons.

b. -f--frate: Flow rate as uL/sec.

c. -l ,--mselect: Model selection for curve fitting. One or more models
can be chosen at one time, each one separated using commas.
Available options: | (default), Ild, Imt, hl or all

1. |- Langmuir 1:1; default

2. Imts - Langmuir mass transport (currently in progress,
not ready to be used)

3. lld - Langmuir linear drift; PDF files do not display
drift corrected curves

4. mlld — Langmuir linear drift; PDF files display drift
corrected curves

5. mglld — Langmuir linear drift; Association and
dissociation curves are fit globally; PDF files display
drift corrected curves

6. hl - Heterogeneous ligand (currently in progress, not
ready to be used)

7. all - For now, all runs only | and Imts
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. —g, --glycalib: Conversion of intensity units to AlU, RIU, or RU. Any
type of reagent can be used to calibrate as long as the refractive index
shift is known. Glycerol, PBS, and ethanol are common reagents for
calibrating data. For the example given in Figure 100, the correct
command to convert data into RU would be: -g
ru,115,150,580,625,0.000565

Where the first two numbers indicate the time in which the plateaued
response of the first calibration reagent begins and ends, while the
second two numbers indicate the time in which the plateaued response
of the second calibration reagent begins and ends. The fifth number is
the known RI difference between the two calibration reagents, which
happen to be 0.5% and 1% glycerol in running buffer.

. —e, --driftcorr: Drift correction method (Options: d or ad). Default =No
drift correction. Options: d (dissociation), ad (association and

dissociation). Leave blank if no drift correction is needed.
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APPENDIX F
“PARSESPRANDFITCURVES.PY” SCRIPT
#!/usr/bin/env python
import re
from os.path import *
from os import getcwd, makedirs
from optparse import *
from pandas import *
from numpy import *
from scipy.optimize import curve_fit
from PyPDF2 import PdfFileReader, PdfFileMerger
import curveFittingKineticModels as CFM
import matplotlib.pyplot as plt
# Integrating SPRuce:
# Convert to RU/RIU based on glycerol injections
def glycerolCalibration(one_prot_au_df,\
one_prot_name,\
glycalib_str, time_colname, riu_to_ru_factor = 1e+6):
#riu_to_ru_factor = 1e+6 #Domain knowledge
one_prot_converted unit_df = DataFrame()

if glycalib_str:

conversion_unit, ts1, td1, ts2, td2, dRI = glycalib_str.split(",")
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ts1, td1, ts2, td2, dRI = int(tsl), int(td1), int(ts2), int(td2), float(dRI)

tend1=tsl+td1l

tend2=ts2+td2

ws_t_one_prot_df cil =one_prot_au_df.loc[(one_prot_au_df.time>=tsl)
&\
(one_prot_au_df.time<=td1)]

avg_au_cil = mean(ws_t_one_prot_df cil[one_prot_name])

ws_t _one_prot_df ci2 = one_prot_au_df.loc[(one_prot_au_df.time>=ts2)

&\

(one_prot_au_df.time<=td2)]
avg_au_ci2 = mean(ws_t_one_prot_df ci2[one_prot_name])
CalFac =dRI / (avg_au_ci2 - avg_au_cil)
one_prot_riu_df = one_prot_au_df*CalFac
if conversion_unit == "riu":
one_prot_riu_df[time_colname] =
one_prot_au_df[time_colname]
one_prot_converted unit_df = one_prot_riu_df
elif conversion_unit == "ru":
one_prot_ru_df = one_prot_riu_df*riu_to_ru_factor
one_prot_ru_df[time_colname] =

one_prot_au_df[time_colname]
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one_prot_converted unit_df = one_prot_ru_df
else:
print "Entered incompatible conversion unit entered:",
conversion_unit,\
". Please select one of \"riu\", \"ru\""
else:
one_prot_converted_unit_df = one_prot_au_df
return one_prot_converted_unit_df
# Get the slope and intercept values for the preassociation time RU values
# This is to drift-correct the data.
def IFitData(t, response_unit):
Ifit = polyfit(t,\
response_unit,\
1, full=True)
Icoef, Iresid, Irank, Ising_values, Ircond = Ifit
# Get slope and intercept from the fit coefs
response_m, response_c = lcoef
return response_m, response_c
def calcSlopelntercept(ws_t_response):
t = np.array(ws_t_response.iloc[:,0].astype(’int’))
response_unit = np.array(ws_t_response.iloc[:,1])

slope, intercept = IFitData(t, response_unit)

274



return slope, intercept
def parseTimeOffsetFile(time_offset_file, delim_operator):
time_offset_df = read_csv(time_offset_file, sep=delim_operator, engine =
‘python’)
return time_offset_df
# 0 to #refs-1 need to be looped since python follows zero-indexing
def calcNewTimeForQueryRefsEachSpot(time_offset_df,\
tstart_spotl,\
block_name,\
refn_spots_list,\
refs_count):
time_offset = time_offset_df[time_offset_df['Spot']==block_name]
time_offset_value = int(time_offset.iloc[:,1].values)
query_tstart = tstart_spotl+time_offset_value
refn_tstarts_list = list()
for ref_spot_icol in range(0, refs_count):
ref_offset =
time_offset_df[time_offset_df['Spot]==int(refn_spots_list[ref_spot_icol])]
ref_offset_value = int(ref_offset.iloc[:,1].values)
ref_tstart = tstart_spotl+ref offset value
refn_tstarts_list.append(str(ref_tstart))

query_refn_tstarts_str = ",".join([str(query_tstart)]+refn_tstarts_list)
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return query_refn_tstarts_str
# Adding time and raw columns to get total column count per protein
# For each protein:
# First cell in each protein column has spot information
# Python follows zero indexing, so we split time+raw+#refs-1
# Get rid of the row with second header
# If protein name is missing in the header info. Just use "1" instead!
def splitByProteins(df, time_offset_df,\
analyte_conc,\
analyte_mass,\
flow_rate,\
tstart_spotl,\
t_assoc, t_dissoc,\
preassoc_time, refs_count,\
refn_spots_str,
time_colname):
one_protein_col_count = refs_count+2
refn_spots_list = refn_spots_str.split(",")
split_cells_index = arange(0,len(df.columns),\
one_protein_col_count)
data_by protein_dict = dict()

refn_spots_df = DataFrame()

276



refn_spots_df list = list()
# Get reference spots only to fill in the columns after the reference for scrubber
format:
refn_spots_block _list = ["Block: " + one_ref _spot_block for one_ref spot_block
in refn_spots_list]
for one_ref _spot_block in refn_spots_block_list:
one_ref _spot_colname =
df.columns[df.columns.to_series().str.contains(one_ref spot_block)][0]
one_ref spot_colname_loc =
df.columns.get_loc(one_ref spot_colname)
one_ref spots_df = df.iloc[:,one_ref spot _colname_loc+1]
refn_spots_df_list.append(one_ref_spots_df)
refn_spots_df = concat(refn_spots_df _list, axis=1)
#refn_spots_df = refn_spots_df.convert_objects(convert_numeric = True)
for i in split_cells_index:
df_by protein = df.iloc[:,i:(i+one_protein_col_count)]
prot_array_info = df_by_protein.columns[0]
prot_block_match = re.match(r"Name: (.*?) .*Block: (.*?) .*",
prot_array_info)
prot_name = "NoName"
block_name ="1"

if prot_block_match:
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if prot_block_match.group(1):

prot_name = prot_block _match.group(1)

prot_name = prot_name.replace(" ", ") # Might not need
this!
if prot_block_match.group(2):
block_name = prot_block _match.group(2)
prot_block _name = prot_name + " " + block_name
if block_name in refn_spots_list:
continue
block_name = int(block_name)
df by protein = concat([df by _protein.iloc[:,[0,1]], refn_spots_df],axis =
1)

df_by protein = df_by_protein[1:len(df by protein)]

df_by protein = df_by_protein.convert_objects(convert_numeric = True)

query_refn_tstarts_str =
calcNewTimeForQueryRefsEachSpot(time_offset_df,\

tstart_spotl,\

block_name,\

refn_spots_list,\

refs_count)
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refn_spots_name_list =

[prot_block_name+" ref"+str(one_ref spot+1)+" "+str(refn_spots_listfone_ref spot])\

for one_ref_spot in range(0, refs_count)]
prot_block refn_spots_name_str =
" ".join([prot_block_name]+refn_spots_name_list)
pro_kinetics_params_info = [prot_block refn_spots_name_str,\
str(t_assoc),\
str(t_dissoc),\
str(preassoc_time),\
str(analyte_conc),\
str(analyte_mass),\
str(flow_rate),\
query_refn_tstarts_str]
pro_kinetics_params_info_str = "|".join(pro_kinetics_params_info)
df_by protein.columns = [time_colname, prot_block_name]+\
refn_spots_name_list
data_by protein_dict[pro_kinetics_params_info_str] = df_by_protein
return(data_by protein_dict)
def getProKineticsParamsAndIntensities(data_by protein_dict):
pro_kinetics_params_info_str = data_by protein_dict.keys()

for one_pro_kinetics_params_info_str in pro_kinestics_params_info_str:
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df time_raw_refs =
data_by protein_dict[one_pro_kinetics_params_info_str]
prot_name, t_start, t_assoc, t_diss,\
analyte_mass, analyte conc, p_calib, p_driftCorr,\
refn_spots_tstart, ref2_tstart, ref3_tstart =
one_pro_Kkinetics_params_info_str.split(" ")
return prot_name, t_start, t_assoc, t_diss,\
analyte_mass, analyte_conc, p_calib, p_driftCorr,\
refn_spots_tstart, ref2_tstart, ref3_tstart, df time_raw_refs
def get_raw_ref_intensities(df_time_raw_refs):
relative_time = df_time_raw_refs.iloc[:,0]
time_raw_intensities = df_time_raw_refs.iloc[:,[0,1]]
time_refn_spots_intensities = df_time_raw_refs.iloc[:,[0,2]]
time_ref2_intensities = df_time_raw_refs.iloc[:,[0,3]]
return relative_time, time_raw_intensities,\
time_refn_spots_intensities, time_ref2_intensities
def windowSelectValues(df_time_raw_refs,\
preassoc_tstart,\
preassoc_tend,\
assoc_tstart,\
dissoc_tend,\

one_prot_colname, time_colname):
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ws_t_one_prot_df preassoc =
df time_raw_refs.loc[(df _time_raw_refs.time>=preassoc_tstart) &\
(df _time_raw_refs.time<=preassoc_tend),\
[time_colname, one_prot_colname]]
ws_t _one_prot_df ad =
df_time_raw_refs.loc[(df _time_raw_refs.time>=assoc_tstart) &\
(df_time_raw_refs.time<=dissoc_tend),\
[time_colname, one_prot_colname]]
ws_t_one_prot_df pread =
df_time_raw_refs.loc[(df time_raw_refs.time>=preassoc_tstart) &\
(df_time_raw_refs.time<=dissoc_tend),\
[time_colname, one_prot_colname]]
return ws_t_one_prot_df_preassoc,\
ws_t_one_prot_df ad,\
ws_t_one_prot_df pread
# Zeroed time to association start time
def bcValues(window_selected_df, t_start):
baseline_correction_var =
window_selected _df[(window_selected_df.time==t_start)]
bc_values_df = window_selected df-baseline_correction_var.values.squeeze()
bc_values_df = bc_values_df.reset_index(drop=True)

return bc_values_df
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# subtract slope*(t-t0) it from the association/dissociation
# The assoc/dissoc base correction depends on given start time
def driftCorrectInputBased(ws_t_one_prot_df pread,\
ws_t _one_prot_df preassoc,\
tstart, tend, time_colname):
ws_t one_prot_df d=
ws_t_one_prot_df pread[(ws_t one_prot_df pread.time>=tstart) &\
(ws_t_one_prot_df pread.time<=tend)]
preassoc_prot_m, preassoc_prot_c =
calcSlopelntercept(ws_t _one_prot_df preassoc)
prot_td0 =
ws_t_one_prot_df _pread.ix[ws_t_one_prot_df pread.time==tstart,0].values
one_prot_dc =ws_t_one_prot_df d.iloc[;,1]-
(preassoc_prot_m*(ws_t_one_prot_df d[time_colname]-prot_td0))
# Copy df to different variable and apply drift correction to the new variable
dc_t one_prot_df pread =ws_t_one_prot_df pread.copy(deep=True)
dc_t one_prot_df _pread.ix[(dc_t_one_prot_df pread.time>=tstart) &\
(dc_t_one_prot_df pread.time<=tend),1] = one_prot_dc
return dc_t_one_prot_df pread
# Drift correct the dissociation phase data
# Find New start time before Zeroing data-may reset the time again but later

# Get slope (m) and intercept (c) for the prior to assoc values
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# Call the function to correct drift based on user input
### Options: 1. Drift correct Assoc+Dissoc 2. Dissoc ONLY 3. NO correction!
# Loop for the query and reference spots
# Note: Make a copy of dataframe, then update the dissociation phase
def dcValuesAndNewTstart(ws_t_one_prot_df preassoc,\
ws_t _one_prot_df pread,\
t assoc,\
assoc_tstart, dissoc_tend,\
input_dc_method, time_colname):
dissoc_tstart = assoc_tstart+t_assoc+1
if input_dc_method == "d" :
dc_t one_prot_df pread =
driftCorrectinputBased(ws_t_one_prot_df pread,\
ws_t_one_prot_df _preassoc,\
dissoc_tstart, dissoc_tend, time_colname)
elif input_dc_method == "ad":
dc_t_one_prot_df pread =
driftCorrectinputBased(ws_t_one_prot_df pread,\
ws_t_one_prot_df _preassoc,\
assoc_tstart, dissoc_tend, time_colname)
else:

dc_t one_prot_df pread =ws_t_one_prot_df pread
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return dc_t_one_prot_df pread
def refQuery(input_values_query, input_values_ref):
referenced_query = input_values_query - input_values_ref
return referenced_query
# We need to subtract each reference from query
# But since we have a df of all values,
# Just reference the df by subtracting the entire df with the query
# Note: query column becomes zero
# Then negative correct the value and update the df to add time and set bc query values
# Finally, rearrange all the columns to form the sequence=> time,query, refdl, refd2....
def refQueryDF(bc_t_prot_allrefs_df,\
prot_block_refn_spots_name_list,\
refs_count, time_colname):
query_prot_name = prot_block_refn_spots_name_list[0]
refn_spots_name_list =
prot_block_refn_spots_name_list[1:len(prot_block refn_spots_name_list)]
time_only_df =bc_t_prot_allrefs_df[time_colname].T.drop_duplicates().T #
Remove multiple time columns! => Issues!
# Hack: Just incase the time series sequence breaks at some point
if len(time_only_df.columns) > 1:

time_only_df = time_only_df.iloc[:,0]
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time_refd_all_df = -(bc_t_prot_allrefs_df[refn_spots_name_list].sub(\
bc_t_prot_allrefs_df[query_prot_name],\
axis=0))
time_refd_all_df[time_colname] = time_only_df.astype(int)
time_refd_all_df =time_refd_all_df[[time_colname]+refn_spots_name_list]
time_query_df = concat([time_only_df, bc_t prot_allrefs_df[query_prot_name]],
axis=1)
return time_refd_all_df, time_query_df, query_prot_name, refn_spots_name_list
# query_tstart is assoc_start_time query_tend is dissoc_end_time
# Make a dictionary with protein nametype (query, refl ..) and their corresponding start
times
# Reference the query protein by subtracting query values with given reference values
def windowSelectBCRefValues(one_prot_df,\
preassoc_tstart,\
preassoc_tend,\
t_assoc,\
assoc_tstart,\
dissoc_tend,\
one_prot_colname,\
input_dc_method, time_colname) :

ws_t_one_prot_df _preassoc,\
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ws_t one_prot_df ad, ws_t one_prot_df pread =
windowSelectValues(one_prot_df,\
preassoc_tstart,\
preassoc_tend,\
assoc_tstart,\
dissoc_tend,\
one_prot_colname, time_colname)
dc_t_one_prot_df pread = dcVValuesAndNewTstart(ws_t_one_prot_df_preassoc,\
ws_t_one_prot_df pread,\
t_assoc,\
assoc_tstart,\
dissoc_tend,\
input_dc_method,
time_colname)
# Baseline correct/Zeroing data
bc_t one_prot_df = bcValues(dc_t _one_prot_df pread, assoc_tstart)
return bc_t_one_prot_df
def callCF(df_time_allrefs_ad,\
df_time_raw,\
analyte_conc,\
analyte_mass,\

flow_rate,\
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t assoc, t_dissoc,\
assoc_tstart, dissoc_tend,\
plot_filename,\
base_input_filename,\
plots_file_path,\
fit_type,\
refs_spots_list,\
merge_onefit_pdfs,time_colname) :

all_coefs_fits_df list = list()

print "Curve fitting...."

coefs_df = DataFrame()

response_unit_pread ="

try:

response_unit_pread, coefs_df =
CFM.fitCurveModels(df_time_allrefs_ad,\

df time_raw,\

analyte_conc,\

analyte_mass,\

flow_rate,\

t_assoc, t_dissoc,\

assoc_tstart, dissoc_tend,\

plot_filename, fit_type,\

287



base_input_filename, plots_file path,\
refs_spots_list, merge_onefit_pdfs, time_colname)
except ValueError:
print "Skipping array protein. Data too noisy..."
all_coefs_fits_df _list.append(coefs_df)
all_coefscolumnfits_df = concat(all_coefs_fits_df_list, axis=1)
all_fits_coefs_df =  concat(all_coefs_fits_df _list)
return response_unit_pread, all_fits_coefs_df, all_coefscolumnfits_df
# Get the model type and populate "fit_types_list":
def getFitType(input_model_selected,\
fit_types_list):
# Basic model, in place and use with all. Make this default!
if input_model_selected == "1" or input_model_selected == "all":
fit_types_list.append("I")
# In place and tested but NOT included with default-"all" option yet!
if input_model_selected == "11d":
fit_types_list.append("lld"™)
# In place but not satisfied and NOT included with default-"all" option yet!
if input_model_selected == "mlld":
fit_types_list.append("mild™)
# In place but testing and NOT included with default-"all" option yet!

if input_model_selected == "mglld™:
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fit_types_list.append("mglld™)
# NOT in place! Weird outputs
if input_model_selected == "Imt™:
fit_types_list.append("Imt™)
# Working and validation in process!
if input_model_selected == "Imts" or input_model_selected == "all":
fit_types_list.append("Imts™)
# In place but NOT validated!
if input_model_selected == "hl":
fit_types_list.append("hl™)
return O
def processSPRFileAndFitCurves(input_filename, time_offset_file,\
analyte_conc, tstart_spot1,\
t_assoc, t_dissoc_input,\
preassoc_time, refs_count,\
refn_spots_str, analyte_mass,\
flow_rate, input_model_selected,\
input_dc_method, delim_operator,
glycalib_str):
# Brute force: Resetting the dissociation time by decreasing the tail by 5 seconds
t_dissoc =t_dissoc_input - 5

time_colname = "time"
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fit_types_list = list()
getFitType(input_model_selected, fit_types_list)
# Need to set this properly
current_dirpath = getcwd()
base_input_filename = basename(input_filename)
base_input_filename_noext = splitext(base_input_filename)[0]
results_subdir = "results_"+base_input_filename_noext
results_subdir_path = join(current_dirpath, results_subdir)
# Create a subdirectory for each file under current directory (if not present):
print "Creating sub-directory: \n", results_subdir_path
if not exists(results_subdir_path):
makedirs(results_subdir_path)
all_spots_fits_coefs_df = DataFrame()
all_spots_columnfits_coefs_df = DataFrame()
# Loop over all the fit types requested (used when "all” option is selected).
for fit_type in fit_types_list:
plots_file_path = join(results_subdir_path, fit_type)
print "Creating sub-directory for model: \n"\
fit_type, "at:", results_subdir_path
if not exists(plots_file_path):
makedirs(plots_file_path)

time_offset_df = parseTimeOffsetFile(time_offset_file, delim_operator)
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# Read input processed prior to scrubber file
input_df = read_csv(input_filename, sep=delim_operator, engine =
'python’)#, skiprows=0)

data_by protein_dict = splitByProteins(input_df, \

time_offset_df,\

analyte_conc,\

analyte_mass,\

flow_rate,\

tstart_spotl,\

t assoc, t_dissoc,\

preassoc_time,\

refs_count,\

refn_spots_str, time_colname)
pro_kinetics_params_info_str = sorted(data_by_protein_dict.keys())
merge_onefit_pdfs = PdfFileMerger() # open pdf merger document!
all_plots_merged_filename = fit_type+" "+\

base_input_filename_noext+\
" all_merged.pdf"

bc_t_prot_allrefs_df filt_list = list()
output_prot_df _list = list()

for one_pro_kinetics_params_info_str in pro_kinetics_params_info_str:
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df time_raw_refs =
data_by protein_dict[one_pro_kinetics_params_info_str]
prot_block refn_spots_name_str,\
t_assoc, t_dissoc, preassoc_time,\
analyte_conc, analyte_mass,\
flow_rate, query_refn_tstarts_str =
one_pro_kinetics_params_info_str.split("|")
t_assoc, t_dissoc, preassoc_time = int(t_assoc),\
int(t_dissoc),\
int(preassoc_time)
prot_block refn_spots_name_list =
prot_block_refn_spots_name_str.split(",")
query_refn_tstarts_list = map(int, query_refn_tstarts_str.split(","))
prot_names_tstarts_dict =
dict(zip(prot_block_refn_spots_name_list,\
query_refn_tstarts_list))
bc_all_t_prot_df_list = list()
array_protein_name = prot_block_refn_spots_name_list[0]
one_prot_all_list = list()
for one_prot_colname in prot_names_tstarts_dict.keys():
assoc_tstart = prot_names_tstarts_dict[one_prot_colname]

dissoc_tend = assoc_tstart+t_assoc+t_dissoc
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preassoc_tstart = assoc_tstart-preassoc_time

preassoc_tend = assoc_tstart-1

one_prot_au_df = df time_raw_refs[[time_colname,
one_prot_colname]]

one_prot_df = glycerolCalibration(one_prot_au_df,\

one_prot_colname,\
glycalib_str, time_colname)

one_prot_all_list.append(one_prot_df)

bc t one_prot_df =
windowSelectBCRefValues(one_prot_df,\

preassoc_tstart,\

preassoc_tend,\

t_assoc,\

assoc_tstart,\

dissoc_tend,\

one_prot_colname,\

input_dc_method, time_colname)

bc_all_t prot_df list.append(bc_t_one_prot_df)

bc_t_prot_allrefs_df = concat(bc_all_t_prot_df list, axis=1) # We
will have duplicates for "time™ column here
print "Protein=>"+array_protein_name+"....."

# Reference the values (query-refl, query-ref2...)
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time_refd_all_df, time_query_df,\
query_prot_name, refn_spots_name_list =
refQueryDF(bc_t_prot_allrefs_df,\
prot_block_refn_spots_name_list,\
refs_count, time_colname)
# Reset the association start value to zero since we zeroed the data
to start from zero
response_unit_pread, all_fits_coefs_df, all_coefscolumnfits_df
= callCF(time_refd_all_df\
time_query_df\
float(analyte_conc),\
float(analyte_mass),\
float(flow_rate),\
int(t_assoc),\
int(t_dissoc),\
int(assoc_tstart),\
int(dissoc_tend),\
query_prot_name,\
base_input_filename,\
plots_file_path,\

fit_type,\
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refn_spots_name_list,\
merge_onefit_pdfs,time_colname)

all_spots_fits_coefs_df =
all_spots_fits_coefs_df.append(all_fits_coefs_df)

#### scrubber validation: START

#### Super crude hack!

# Filter patterns for Brianne: Refl with -C and Ref2 with -N for
easier filtering

subset_col_indices = [i for i, x in
enumerate(prot_block_refn_spots_name_list) if re.search(r'-C.*ref1|-N.*ref2', x)]

if len(subset_col_indices) < 1:

subset_col_indices = [1]

time_prot_block_selrefn_spots_name_list =
[prot_block_refn_spots_name_list[i] for i in [0]+subset_col_indices]

time_prot_block_selrefn_spots_name_list.insert(0, time_colname)

bc_t_prot_allrefs_df filt = bc_t prot_allrefs_df

bc_t_prot_allrefs_df filt[time_colname] =
bc_t_prot_allrefs_df filt.index

bc_t_prot_allrefs_df filt=
bc_t_prot_allrefs_df filt[time_prot_block_selrefn_spots_name_list].T.drop_duplicates().
-

bc_t_prot_allrefs_df filt.iloc[:,1] = response_unit_pread
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bc_t_prot_allrefs_df filt.iloc[:,2] =0

bc_t prot_allrefs_df filt['blank1] =""

bc_t prot_allrefs_df filt['blank2] = ™"

blank_df = DataFrame([['Relative Time','RAW
DATA''REFERENCE DATA', 'BLANK1', 'BLANK217],\

columns=bc_t_prot_allrefs_df filt.columns.values)

bc t prot_allrefs_df filt = concat([blank_df,
bc t prot_allrefs_df filt], ignore_index=True)

split_array _prot_info_list =
bc t prot_allrefs_df filt.columns.values[2].split(" ")

#Convert the header to scrubber format:

scrubber_first_header_prot_col = "Name:

"+split_array_prot_info_list[0]+" ID: Set: Family:
Group: Block: "+split_array_prot_info_list[1]+" Row: 1
Column: 1"

scrubber_first_header_all_cols = [scrubber_first_header_prot_col,

bc_t_prot_allrefs_df filt.columns = scrubber_first_header_all_cols
bc_t_prot_allrefs_df filt_list.append(bc_t prot_allrefs_df filt)

# Plexera output format?

one_prot_all_df = concat(one_prot_all_list, axis=1) # We will

have duplicates for "time" column here
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one_prot_all_nodup_df =
one_prot_all_dffprot_block_refn_spots_name_list]
one_prot_all_nodup_df[[time_colname]] =
one_prot_all_df[time_colname]. T.drop_duplicates().T
one_prot_all_nodup_df = one_prot_all_nodup_df[[time_colname]
+ prot_block_refn_spots_name_list]
blank_df = DataFrame([['Relative Time','Raw Intensity','Satellite
Intensity','Subtracted Intensity’, "]],\
columns=one_prot_all_nodup_df.columns.values)
one_prot_all_nodup_df = concat([blank_df,
one_prot_all_nodup_df], ignore_index=True)
one_prot_all_nodup_df.columns = scrubber_first_header_all_cols
output_prot_df_list.append(one_prot_all_nodup_df)
# Combine all pdfs for one model/fit-type into one pdf for Brianne!
# Slightly crude!
all_pdfs = plots_file_path
all_plots_merged_file = join(results_subdir_path,
all_plots_merged_filename)
print "Merging all pdfs for the selected model:" + all_plots_merged_file
merge_onefit_pdfs.write(all_plots_merged_file)
# Get raw baselined data, reference spot data out for Brianne+lan to cross-

check with scrubber:
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scrubber_format_df = concat(bc_t_prot_allrefs_df filt_list, axis=1)
output_prot_df = concat(output_prot_df_list, axis=1)
### Write an output file in scrubber format with only the binding curve
data for validation
scrubber_format_file = join(results_subdir_path,\
input_model_selected+\
" ScrubberFormat_"+\
base_input_filename)
scrubber_format_df.to_csv(scrubber_format_file,\
index=False, sep="\t")
### Write an intermediate output file in plexera format? with input data
for validation across multiple platforms
output_prot_file = join(results_subdir_path,\
input_model_selected+\
" QutputData_"+\
base_input_filename)
output_prot_df.to_csv(output_prot_file,\
index=False, sep="\t")
####Scrubber validation hack: END!

all_spots_fits_coefs_file = join(results_subdir_path,\

298



input_model_selected+\
" Formatlcoefs "+\
base_input_filename)
print "Creating all in one file-Formatl:" + all_spots_fits_coefs_file

all_spots_fits_coefs_df.to_csv(all_spots_fits_coefs_file,\

index=False,

sep="\t")

print "Results located at:", all_spots_fits_coefs_file

return O
#
# Read command line options
#
def readAndParseCommandlineArgs():

usage = "usage: %prog [options] (Use -h or --help to see all options)"

cl=OptionParser(usage=usage)
cl.add_option(’--infile', -i', action='store,
help="input \"Processed Prior to scrubber\" csv file
(REQUIRED)",
dest="infile")
cl.add_option(’--glycalib', '-g', action="store’,
help="Glycerol calibration parameter string - format:

units,ts1,td1,ts2,td2,dRI\
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Accepted value for units: \"au, ru, riu\"For example
-g ru,780,825,1245,1290,0.000565",
dest="glycalib", default="")
cl.add_option('--tofile’, '-0', action='"store’,
help="Spot Time offset \"txt\" file (REQUIRED)",
dest="tofile")
cl.add_option(‘--aconc', '-c', action="store’,
help="Analyte CONCENTRATION
(REQUIRED)",
dest="aconc")
cl.add_option('--tstart’, '-t', action="store’,
help="Time start for SPOT-1 (REQUIRED)",
dest="tstart")
cl.add_option('--tassoc’, '-a', action="store’,
help="Association duration time (REQUIRED)",
dest="tassoc")
cl.add_option(’--tdissoc', "-d', action="store’,
help="Dissociation duration time (REQUIRED)",
dest="tdissoc")
cl.add_option(’--preassoc’, '-p', action="store,
help="Pre Association time for drift correction

(REQUIRED)",
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dest="preassoc")
cl.add_option(’--refcount’, '-r', action='store,
help="Number of references (REQUIRED)",
dest="refcount")
cl.add_option('--refspots’, '-s', action="store’,
help="Reference spots name - \
values of all the reference\
spot locations should be separated by a comma”,
dest="refspots")
cl.add_option(‘--amass', -m’, action='"store’,
help="Analyte MASS (OPTIONAL)",
dest="amass")
cl.add_option(’--frate', '-f', action="store’,
help="Flow Rate",
dest="frate")
cl.add_option('--mselect’, -I', action="store’,
help="Model select (Options: I, lld, Imts, hl or
all)",
dest="mselect", default="1")
cl.add_option(’--driftcorr’, "-e', action='"store’,
help="Drift correction method (Options: d or ad)",

dest="driftcorr")
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cl.add_option(’--sep', -n', action="store'
help="Separation method for input file (Options: ,
or\t or\s)",
dest="delimsep", default="\t")
(options, args) = cl.parse_args()
### Need to add defaults for flexibility

#

# Check the command line options

if options.infile:

if isfile(options.infile):

input_filename = options.infile
glycalib_str = str(options.glycalib)
time_offset_file = options.tofile
analyte_conc = float(options.aconc)
tstart_spotl = int(options.tstart)
t_assoc = int(options.tassoc)
t_dissoc = int(options.tdissoc)
preassoc_time = int(options.preassoc)
refs_count = int(options.refcount)
refn_spots_str = str(options.refspots)
analyte_mass = options.amass

flow_rate = options.frate
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model_select = options.mselect
input_dc_method = options.driftcorr
delim_operator = str(options.delimsep)
return(input_filename, time_offset_file,\
analyte_conc, tstart_spot1,\
t assoc, t_dissoc,\
preassoc_time, refs_count,\
refn_spots_str, analyte_mass,\
flow_rate, model_select,\
input_dc_method, delim_operator,\
glycalib_str)
else:
cl.error("Please specify an input \"Processed Prior to scrubber\" csv
file to run the search. Use -h for more information.\n")
# Any line with "bc_ws_t_one_prot_df" variable part is only temporary for now.
# This is to check total raw biacore units with drift corrected values
def main():
input_filename, time_offset_file,\
analyte_conc, tstart_spot1,\
t_assoc, t_dissoc_input,\
preassoc_time, refs_count,\

refn_spots_str, analyte_mass,\
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flow_rate, input_model_selected,\
input_dc_method, delim_operator, glycalib_str =
readAndParseCommandlineArgs()

process_results = processSPRFileAndFitCurves(input_filename, time_offset_file,\

analyte_conc,
tstart_spotl,\
t_assoc, t_dissoc_input,\
preassoc_time, refs_count,\
refn_spots_str, analyte_mass,\
flow _rate,

input_model_selected,\
input_dc_method,

delim_operator, glycalib_str)

print process_results, "Done!"
if _name__ =="_ main__"™

# stuff only to run when not called via 'import' here

main()
#### Script command example:
#i#### python parseSPRFileAndFitCurves.py -i ../SPR\ analyses/Additional\
Data/BTK_Deph_TEMP.csv -0 ../SPR\ analyses/20150527_SpotTOffsets.csv -c 9e-08 -t
2570 -a 180 -d 400 -s 100,100,100 -p 100 -m 77800 -r 3 -f5 -l all -e d -n, (or -n $\t" or -n

$'\s"
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#iHH#H python parseSPRFileAndFitCurves.py -i ../SPR\

analyses/20151028 ASU/20151009 RAC1 reproducibility/09102015 RAC1 GTP_4ug_
deph_3.txt\

fHHE -0
..ISPR\ analyses/20150527 SpotTOffsets.csv -¢c 1.78174E-07 -m 22450 \

it 3

3-11-t2806 -a 300 -d 700 -s 405,201,236 -p 100 -n $\t'
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APPENDIX G

“CURVEFITTINGKINETICMODELS.PY” SCRIPT
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#!/usr/bin/env python
import re
from pandas import *
from numpy import *
from os.path import join, exists
from os import makedirs
from scipy.optimize import curve_fit#, leastsq
from scipy.integrate import odeint
from scipy.stats import chisquare
from collections import OrderedDict
import matplotlib.pyplot as plt
from PyPDF2 import PdfFileReader, PdfFileMerger
from parseSPRFile AndFitCurves import IFitData
def assocEqLangl(t, Req, kobs, X):
t0 = t[0]
r_assoc = (Req*(1-exp(-kobs*(t-t0))))+X
return r_assoc
def dissocEqLangl(t, RO, kd, X):
t0 = t[0]
#t = t-t0 #=> Zeroing dissoc so they go from 0 to 699 instead of 301-1000
r_dissoc = (RO*exp(-kd*(t-t0)))+X

return r_dissoc
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def assocEqLLD(t, Req, kobs, Y, X):
t0 = t[0]
t_assoc =t-t0
r_assoc = (Req*(1-exp(-kobs*t_assoc)))+(Y*t_assoc)+X
return r_assoc
def dissocEqLLD(t, RO, kd, Y, X):
t0 = t[0]
t_dissoc = t-t0
#t = t-t0 # Zeroing dissoc so they go from 0 to 699 instead of 301-1000
r_dissoc = (RO*exp(-kd*t_dissoc))+(Y*t_dissoc)+X
return r_dissoc
## Langmuir 1:1 with linear drift global equation
def solveAssocDissocEqsGLLD(assoc_init, dissoc_init,\
analyte_conc, fit_type,
plot_prefix):
t assoc_only, ru_assoc_only, Req0, ka0, Y0_assoc, X0_assoc = assoc_init
t_dissoc_only, ru_dissoc_only, RO, kd0, YO_dissoc, X0_dissoc = dissoc_init
t_assoc_dissoc = np.concatenate([t_assoc_only, t_dissoc_only])
ru_assoc_dissoc = np.concatenate([ru_assoc_only, ru_dissoc_only])
#ru_assoc_dissoc = ru_assoc_dissoc-ru_assoc_dissoc[0]
assoc_slope_limit = (Req0*20)/(100*t_assoc_only[len(t_assoc_only)-1])

## Add RO params for dissoc => last element from calc assoc values
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dissoc_slope_limit = (Req0*10)/(100*t_dissoc_only[0])
assoc_dissoc_param_bounds = ((0, 0, 0,-assoc_slope_limit,-np.inf),(np.inf, np.inf,
np.inf, assoc_slope_limit, np.inf))
assoc_dissoc_init_params = [Req0, ka0, kd0, YO0_assoc, YO_dissoc]
t assoc_start =t_assoc_only[0]
t assoc_end =t_assoc_only[len(t_assoc_only)-1]
t dissoc_start =t _assoc_end+1
t dissoc_end =t _dissoc_only[len(t_dissoc_only)-1]
#print t_assoc_start, t_assoc_end, t_dissoc_start, t_dissoc_end
def assocdissocEqGLLD(t, Req, ka, kd, Y_assoc, Y_dissoc):
t assoc_only = t[t_assoc_start:t_assoc_end+1]
t assoc =t_assoc_only-t_assoc_only[0]
t_dissoc_only = t[t_dissoc_start:t_dissoc_end+1]
t_dissoc =t_dissoc_only-t_dissoc_only[0]
#r_assoc = (Reg*(1-exp(-kobs*t_assoc)))+(Y_assoc*t_assoc)
r_assoc = (Req*(1-exp(-
(ka*analyte_conc+kd)*t_assoc)))+(Y_assoc*t_assoc)
RO =r_assoc[len(r_assoc)-1]
r_dissoc = (RO*exp(-kd*t_dissoc))+(Y_dissoc*t_dissoc)
r_assoc_dissoc = np.concatenate([r_assoc, r_dissoc])

return r_assoc_dissoc
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adfit_params, adcov = curve_fit(assocdissocEqGLLD,\
t assoc_dissoc,\
ru_assoc_dissoc,\
assoc_dissoc_init_params,\
bounds=assoc_dissoc_param_bounds,\
#gtol = 1e-20,\
#xtol = 1e-20, ftol = 1e-20,\
max_nfev=5000000)
Req_pred, ka_pred, kd_pred, Y_assoc_pred, Y_dissoc_pred = adfit_params
assoc_dissoc_values_pred = assocdissocEqQGLLD(t_assoc_dissoc, Req_pred,
ka_pred, kd_pred, Y _assoc_pred, Y_dissoc_pred)
#assoc_dissoc_values_pred = assoc_dissoc_values_pred -
assoc_dissoc_values_pred[0]
# Reverse calculating from the equation => kobs = kd+(ka*analyte_conc); Req =
[A]*Rmax/([A]+KD)
kobs_pred = (ka_pred*analyte_conc)+kd_pred
kD_pred = kd_pred/ka_pred

# Rmax_pred = (Req_pred/analyte_conc)*(analyte_conc+kD_pred)

glld_coefs_df = DataFrame([{ka’ - ka_pred,\
'kd' - kd_pred,\
'kD' :kD_pred\
'kobs' : kobs_pred,\
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"Y_assoc_pred' : Y _assoc_pred,\

"Y_dissoc_pred": Y_dissoc_pred,\

'Rmax’ - RO})
assoc_values_pred = assoc_dissoc_values_pred[t_assoc_start:t_assoc_end+1]
dissoc_values_pred = assoc_dissoc_values_pred[t_dissoc_start:t_dissoc_end+1]
#print len(assoc_values_pred), len(dissoc_values_pred), len(t_assoc_only),

len(t_dissoc_only), len(ru_assoc_only), len(ru_dissoc_only)
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t assoc_only, t_dissoc_only, glld_coefs_df\
adfit_params
def assocEQMT(Rt, t, Rmax,\
ka_analyte_conc,\
kobs, kakt ratio):
dRdt = (((ka_analyte_conc*Rmax)-(kobs*Rt))/(1+(kakt_ratio*(Rmax-Rt))))
return dRdt
def dissocEqMT (Rt, t, Rmax, kd, kakt_ratio):
dRdt = ((-kd*Rt)/(1+(kakt_ratio*(Rmax-Rt))))
return dRdt
def assocEqHL(t, C1, C2, kobs1, kobs2, X):
r_assoc = C1*(1-exp(-kobs1*t))+C2*(1-exp(-kobs2*t))+X

return r_assoc
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def dissocEqHL(t, D1, D2, kd1, kd2, X):
t0 = t[0]
t = t-t0 # Zeroing dissoc so they go from 0 to 699 instead of 301-1000
r_dissoc = (D1*exp(-kd1*t))+(D2*exp(-kd2*t))+X
return r_dissoc

# Calculate Residuals + Residual sum of squares/deviance

# Calculate Residual degree of freedom + Residuals Stdev

# Residual variance => reduced chisquare

def calcResidualsSsqSD(input_response, pred_response, params_count):
resids = input_response-pred_response
input_response_var = var(input_response)
resid_ssq = sum(resids**2)
resid_dof = len(input_response)-params_count
resid_var = resid_ssq/resid_dof
resid_sd = sqrt(resid_var)
chisq_value, chisq_p_value = calcChisq(input_response,\

pred_response,\
params_count)

return resids, resid_ssq, resid_sd, chisq_value

# Calculate chisquare and p-values

# delta degrees of freedom (ddof): p-k-1

# p = #parameters, k = #data points
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def calcChisq(input_response, pred_response, params_count):
chisq_ddof = len(input_response)-params_count-1
chisq_value, p_value = chisquare(f_obs=input_response,\
f_exp=pred_response,\
ddof=chisq_ddof)
#print "Chi>", chisq_value, p_value
return chisq_value, p_value
# Hard coding most of the params for now (other than Rmax)
def getAssocDissocParams(t, response_unit, \
analyte_conc, t_assoc,\
t_dissoc, t_assoc_start,\
t_dissoc_end, fit_type):
# set common assoc-dissoc params
ka0, kdO, ktO = 1e5, 1e-3, 1e8
kal0, kd10, ka20, kd20 = 1e5, 1e-3, 1e-4, 0.1
analyte_surf _concO=0
X0=0
YO0 = 0 #0.01 suggested by biaeval documentation
#1t_assoc_end =t_assoc time (since t starts from zero)
t assoc_end =t_assoc_start+t_assoc
t dissoc_start =t _assoc_end+1

# Adding one to extract the values because python is zero indexing!
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t assoc_only = t[t_assoc_start:t assoc_end+1]
ru_assoc_only = response_unit[t_assoc_start:t assoc_end+1]
t dissoc_only = t[t_dissoc_start:t_dissoc_end+1]
ru_dissoc_only = response_unit[t_dissoc_start:t_dissoc_end+1]
# Common association phase calcs
# Median of last 10 seconds of association phase:
ru_assoc_end = len(ru_assoc_only)-1 #t_assoc_end+1?
Rmax0 = float64(median(ru_assoc_only[(ru_assoc_end-10):ru_assoc_end]))
#float(max(response_unit))
#Rmax0 = float64(ru_assoc_only[ru_assoc_end] - ru_assoc_only[0])
#Rmax0 = float(max(response_unit))
kobs0 = kd0+(kaO*analyte_conc)
### set assoc and dissoc params for each model
# Langmuir 1:1
if fit_type =="1":
assoc_all_init = [t_assoc_only, ru_assoc_only,\
RmaxO0, kobs0, X0]
dissoc_noD_init = [t_dissoc_only, ru_dissoc_only,\
Rmax0, kd0, X0]
# Langmuir 1:1 with linear drift
elif fit_type == "lld":

# Works but might not use it!
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assoc_all_init = [t_assoc_only, ru_assoc_only,\
RmaxO0, kobs0, YO0, X0]
dissoc_noD _init = [t_dissoc_only, ru_dissoc_only,\
Rmax0, kd0, YO0, X0]
# Langmuir 1:1 with linear drift multimodel correcting for drift
elif fit_type == "mlld":
# Work in progress - troubleshooting
assoc_all_init = [t_assoc_only, ru_assoc_only,\
Rmax0, kobs0, YO0, X0]
dissoc_noD _init = [t_dissoc_only, ru_dissoc_only,\
Rmax0, kd0, YO0, X0]
# Langmuir 1:1 with linear drift multimodel correcting for drift
elif fit_type == "mglld":
# Work in progress - troubleshooting
assoc_all_init = [t_assoc_only, ru_assoc_only,\
Rmax0, ka0, Y0, X0]
dissoc_noD_init = [t_dissoc_only, ru_dissoc_only,\
Rmax0, kd0, YO0, X0]
# Langmuir 1:1 with mass transport
elif fit_type == "Imt™:
# Need to fix this! Might not need it!

kakt_ratio0 = kaO/kt0
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ka_analyte_concO = kaO*analyte_conc#*rmax
assoc_all_init = [t_assoc_only, ru_assoc_only,\
Rmax0, ka_analyte_conc0, kdoO,\
kobsO0, kakt_ratio0, X0]
dissoc_noD _init = [t_dissoc_only, ru_dissoc_only,\
Rmax0, kd0, kakt_ratio0Q, X0]
# Langmuir 1:1 with mass transport by surface conc. prediction:
elif fit_type == "Imts":
assoc_all_init = [t_assoc_only, ru_assoc_only,\
Rmax0, analyte surf_concO,\
kt0, ka0, kd0, X0]
dissoc_noD_init = [t_dissoc_only, ru_dissoc_only,\
kdo, X0]
# Heterogeneous ligand
elif fit_type == "hI"™:
# NOT validated yet and might not use it!
# Setting all second params to 10% of first. Need to fix this?
==>TESTING!
kobs10 = kd10+(kal0*analyte_conc)
kobs20 = kd20+(ka20*analyte_conc)
#<==TESTING!

Rmax10 = Rmax0
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Rmax20 = Rmax10*(10/100)
assoc_all_init = [t_assoc_only, ru_assoc_only,\
Rmax10, kobs10, Rmax20, kobs20, X0]
dissoc_noD _init = [t_dissoc_only, ru_dissoc_only,\
kd10, kd20, X0]
return assoc_all_init, dissoc_noD _init
HHHHHHH R
HHHHHHHH]
A Experimental hidden params START. Don't these models from CLI
### FUNCTIONAL MODELS:
## Langmuir 1:1 with RO (R0) NOT constant constant during dissociation!
def solveAssocDissocEgsLang1R0AsParam(assoc_all_init, dissoc_noD _init,\
analyte_conc, fit_type, plot_prefix):
t_assoc_only, ru_assoc_only, Req0, kobs0, X0 = assoc_all_init
afit_params, acov = curve_fit(assocEglLangl, t_assoc_only,\
ru_assoc_only,\
p0=[Req0, kobs0, X0],\
maxfev=2000000)
Req_pred, kobs_pred, X _pred = afit_params
assoc_values_pred = assocEqlLangl(t_assoc_only, Req_pred,\
kobs_pred, X _pred)

## Add RO for dissoc => last element from calc assoc values?
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t_dissoc_only, ru_dissoc_only, RO, kd0, X0 = dissoc_noD _init
# Reset RO since we are trying to use it as a parameter in this model and not
constant!
#RO0 = assoc_values_pred[len(assoc_values_pred)-1]
dfit_params, dcov = curve_fit(dissocEgqLangl, t_dissoc_only,\
ru_dissoc_only,\
p0=[RO, kd0, X0],\
maxfev=5000000)
Rmax_pred, kd_pred, X _pred = dfit_params
dissoc_values_pred = dissocEgLangl(t_dissoc_only, Rmax_pred, kd_pred,
X_pred)
# Reverse calculating from the equation => kobs = kd+(ka*analyte_conc)
ka_pred = (kobs_pred-kd_pred)/analyte_conc
kD _pred = kd_pred/ka_pred
|_coefs_df = DataFrame([{'ka": ka_pred,\
'kd": kd_pred,\
'kD": kD_pred, 'kobs' : kobs_pred}])
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, |_coefs_df,\
afit_params, dfit_params

## Langmuir 1:1 with linear drift NOT constant constant during dissociation!
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def solveAssocDissocEqsLLDROAsParam(assoc_init, dissoc_init,\

analyte_conc, fit_type, plot_prefix):

t assoc_only, ru_assoc_only, Req0, kobs0, Y0, X0 = assoc_init

afit_params, acov = curve_fit(assocEqLLD, t_assoc_only,\
ru_assoc_only,\
p0=[Req0, kobs0, Y0, X0]\
maxfev=1000000)

Req_pred, kobs_pred, Y_assoc_pred, X_assoc_pred = afit_params

assoc_values_pred = assocEqLLD(t_assoc_only, Req_pred,\
kobs_pred, Y_assoc_pred, X_assoc_pred)

## Add RO params for dissoc => last element from calc assoc values

t_dissoc_only, ru_dissoc_only, RO, kd0, YO0, X0 = dissoc_init

#RO0 = assoc_values_pred[len(assoc_values_pred)-1]

dfit_params, dcov = curve_fit(dissocEqLLD, t_dissoc_only,\
ru_dissoc_only,\
p0=[RO, kd0, YO0, X0],\
maxfev=1000000)

Rmax_pred, kd_pred, Y_dissoc_pred, X_dissoc_pred = dfit_params

dissoc_values_pred = dissocEqLLD(t_dissoc_only, Rmax_pred,\
kd_pred, Y_dissoc_pred, X_dissoc_pred)

# Reverse calculating from the equation => kobs = kd+(ka*analyte_conc)

ka_pred = (kobs_pred-kd_pred)/analyte_conc
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kD _pred = kd_pred/ka_pred
lld_coefs_df = DataFrame([{'ka": ka_pred,\
'kd": kd_pred,\
'kD' : kD_pred, 'kobs' : kobs_pred}])
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t assoc_only, t_dissoc_only, lld_coefs_df,\
afit_params, dfit_params
HHHHEHHAHE EXperimental hidden params END #t#H#HH I #HH
HHH B R
HHHHHHHH]
## Langmuir 1:1 with RO constant during dissociation!
def solveAssocDissocEqgsLangl(assoc_init, dissoc_init,\
analyte_conc, fit_type, plot_prefix):
t_assoc_only, ru_assoc_only, Req0, kobs0, X0 = assoc_init
afit_params, acov = curve_fit(assocEglLangl, t_assoc_only,\
ru_assoc_only,\
p0=[Req0, kobs0, X0]\
maxfev=2000000)
Req_pred, kobs_pred, X _pred = afit_params
assoc_values_pred = assocEqlLangl(t_assoc_only, Req_pred,\

kobs_pred, X_pred)
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## Add RO for dissoc => last element from calc assoc values?
t_dissoc_only, ru_dissoc_only, RO, kd0, X0 = dissoc_init
#RO0 = ru_dissoc_only[0]
#RO0 = assoc_values_pred[len(assoc_values_pred)-1]
def dissocEqLangl_ROconstant(t, kd, X):
t0 = t[0]
r_dissoc = (RO*exp(-kd*(t-t0)))+X
return r_dissoc
dfit_params, dcov = curve_fit(dissocEgLangl_ROconstant,\
t_dissoc_only,\
ru_dissoc_only,\
p0=[kd0, X0],\
maxfev=5000000)
kd_pred, X_pred = dfit_params
dissoc_values_pred = dissocEqLangl_ROconstant(t_dissoc_only,\
kd_pred, X_pred)
# Reverse calculating from the equation => kobs = kd+(ka*analyte_conc)
ka_pred = (kobs_pred-kd_pred)/analyte_conc
kD _pred = kd_pred/ka_pred
Rmax_pred = (Req_pred/analyte_conc)*(analyte_conc+kD_pred)
|_coefs_df = DataFrame([{'ka’ - ka_pred,\

'kd' - kd_pred,\
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'kD' :kD_pred,\
'‘Rmax’ : ReqO, 'kobs' : kobs_pred}])#Rmax_pred}])
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, | _coefs_df\
afit_params, dfit_params
## Langmuir 1:1 with linear drift
def solveAssocDissocEgsLLD(assoc_init, dissoc_init,\
analyte_conc, fit_type, plot_prefix):
t_assoc_only, ru_assoc_only, Req0, kobs0, YO_assoc, X0_assoc = assoc_init
t_dissoc_only, ru_dissoc_only, RO, kd0, YO_dissoc, X0_dissoc = dissoc_init
assoc_slope_limit = (R0*20)/(100*t_assoc_only[len(t_assoc_only)-1])
assoc_param_bounds = ((0,0,-assoc_slope_limit,-
np.inf),(np.inf,np.inf,assoc_slope_limit,np.inf))
assoc_init_params = [Req0, kobs0, YO_assoc, X0_assoc]
afit_params, acov = curve_fit(assocEqLLD,\
t_assoc_only,\
ru_assoc_only,\
assoc_init_params,\
bounds=assoc_param_bounds,\
#xtol = 1e-20, ftol = 1e-20,\

max_nfev=1000000)
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Req_pred, kobs_pred, Y_assoc_pred, X_assoc_pred = afit_params
assoc_values_pred = assocEqLLD(t_assoc_only, Req_pred,\
kobs_pred, Y_assoc_pred,\
X_assoc_pred)
## Add RO params for dissoc => last element from calc assoc values
dissoc_slope_limit = (R0*10)/(100*t_dissoc_only[0])
dissoc_param_bounds = ((0,-np.inf,-np.inf),(np.inf,np.inf,np.inf))
dissoc_init_params = [kd0, YO_dissoc, X0_dissoc]
def dissocEqLLD_ROconstant(t, kd, Y, X):
t0 = t[0]
t_dissoc = t-t0
r_dissoc = (RO*exp(-kd*t_dissoc))+(Y*t_dissoc)+X
return r_dissoc
dfit_params, dcov = curve_fit(dissocEqLLD_ROconstant,\
t_dissoc_only,\
ru_dissoc_only,\
dissoc_init_params,\
bounds=dissoc_param_bounds,\
#gtol = 1e-20,\
#xtol = 1e-20, ftol = 1e-20,\
max_nfev=5000000)

kd_pred, Y_dissoc_pred, X_dissoc_pred = dfit_params
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dissoc_values_pred = dissocEqLLD_ROconstant(t_dissoc_only,\
kd_pred, Y_dissoc_pred,\
X_dissoc_pred)
# Reverse calculating from the equation => kobs = kd+(ka*analyte conc); Req =
[A]*Rmax/([A]+KD)
ka_pred = (kobs_pred-kd_pred)/analyte_conc
kD pred = kd_pred/ka_pred

# Rmax_pred = (Req_pred/analyte_conc)*(analyte_conc+kD_pred)

Ild_coefs_df = DataFrame([{'ka' s ka_pred,\
'kd' - kd_pred,\
'kD' :kD_pred,\
'kobs' : kobs_pred,\

"Y_assoc_pred' : Y_assoc_pred,\
"Y_dissoc_pred": Y_dissoc_pred,\
‘Rmax’ : RO})#Rmax_pred}])
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t assoc_only, t_dissoc_only, lld_coefs_df\
afit_params, dfit_params
## Langmuir 1:1 with linear drift multimodel correcting for drift
def solveAssocDissocEqsMLLD(assoc_init, dissoc_init,\

t_preassoc, ru_preassoc,\
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analyte_conc, fit_type, plot_prefix):
Ifit = polyfit(t_preassoc,\
ru_preassoc,\
1)

preassoc_drift = polyval(lfit, t_preassoc)
ru_drift_corr_preassoc_only = (ru_preassoc - preassoc_drift)# + preassoc_drift[0]
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, Ild_coefs_df,\
Ild_afit_params, Ild_dfit_params = solveAssocDissocEgsLLD(assoc_init,\

dissoc_init,\

analyte_conc,\

fit_type,\

plot_prefix)
Req_pred, kobs_pred, Y_assoc_pred, X_assoc_pred = lld_afit_params
kd_pred, Y_dissoc_pred, X _dissoc_pred = Ild_dfit_params
#Rmax_pred = (Reqg_pred*(analyte_conc+kD_pred))/analyte_conc
assoc_drift =Y_assoc_pred*t_assoc_only
dissoc_drift = Y_dissoc_pred*t_dissoc_only
# Correct association + dissociation drifts by subtracting predicted drifts from the

referenced data

ru_drift_corr_assoc_only = (ru_assoc_only - assoc_drift) - X_assoc_pred
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ru_drift_corr_assoc_only = (ru_drift_corr_assoc_only -
ru_drift_corr_assoc_only[0]) +
ru_drift_corr_preassoc_only[len(ru_drift_corr_preassoc_only)-1]

#ru_drift_corr_assoc_only = ru_assoc_only-ru_assoc_only[0]-assoc_drift -
X_assoc_pred+ru_drift_corr_preassoc_only[len(ru_drift_corr_preassoc_only)-1]

ru_drift_corr_dissoc_only = (ru_dissoc_only - dissoc_drift) - X_dissoc_pred

ru_drift_corr_dissoc_only = (ru_drift_corr_dissoc_only -
ru_drift_corr_dissoc_only[0]) + ru_drift_corr_assoc_only[len(ru_drift_corr_assoc_only)-
1]

#ru_drift_corr_dissoc_only=ru_dissoc_only-ru_dissoc_only[0]-
dissoc_drift+ru_drift_corr_assoc_only[len(ru_drift_corr_assoc_only)-1]

#print ru_drift_corr_assoc_only[0], ru_drift_corr_dissoc_only[0]

t_assoc_only, ru_assoc_only, Req0, kobs0, Y0, X0 = assoc_init

t_dissoc_only, ru_dissoc_only, RO, kd0, YO0, X0 = dissoc_init

#print Ild_afit_params, Ild_dfit_params

ru_drift_corr_assoc_end = len(ru_drift_corr_assoc_only)-1

Rmax_drift_corr =
float64(median(ru_drift_corr_assoc_only[(ru_drift_corr_assoc_end-
10):ru_drift_corr_assoc_end]))

mlld_assoc_init = [t_assoc_only, ru_drift_corr_assoc_only, Req_pred, kobs_pred,

Y _assoc_pred, X0]
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mlld_dissoc_init = [t_dissoc_only, ru_drift_corr_dissoc_only, RO, kd_pred,
Y _dissoc_pred, X0]
#print type(t_assoc_only), type(ru_drift_corr_assoc_only), type(t_dissoc_only),
type(ru_drift_corr_dissoc_only)
ru_mlld_assoc_only, mlld_assoc_values_pred,\
ru_mlld_dissoc_only, mlld_dissoc_values_pred,\
t_assoc_only, t_dissoc_only, mlld_coefs_df,\
mlld_afit_params, mlld_dfit_params =
solveAssocDissocEqsLLD(mlld_assoc_init,\
mlld_dissoc_init,\
analyte_conc,\
fit_type, plot_prefix)
#print mlld_afit_params, mlld_dfit_params
return ru_drift_corr_assoc_only, mlld_assoc_values_pred,\
ru_drift_corr_dissoc_only, mlld_dissoc_values_pred,\
t assoc_only, t_dissoc_only, mlld_coefs_df\
mlld_afit_params, milld_dfit_params,
ru_drift_corr_preassoc_only
## Langmuir 1:1 with linear drift GLOBAL multimodel correcting for drift
def solveAssocDissocEqsMGLLD(assoc_init, dissoc_init,\
t_preassoc, ru_preassoc,\

analyte_conc, fit_type, plot_prefix):
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Ifit = polyfit(t_preassoc,\
ru_preassoc,\
1)

preassoc_drift = polyval(lfit, t_preassoc)
ru_drift_corr_preassoc_only = (ru_preassoc - preassoc_drift)# + preassoc_drift[0]
t_assoc_only, ru_assoc_only, Req0, ka0, Y0_assoc, X0_assoc = assoc_init
t_dissoc_only, ru_dissoc_only, RO, kd0, YO_dissoc, X0_dissoc = dissoc_init
kobsO = (kaO*analyte_conc)+kd0
assoc_init = [t_assoc_only, ru_assoc_only, Req0, kobs0, Y0O_assoc, X0_assoc]
t assoc_start =t_assoc_only[0]
t assoc_end =t_assoc_only[len(t_assoc_only)-1]
t dissoc_start =t _assoc_end+1
t_dissoc_end =t_dissoc_only[len(t_dissoc_only)-1]
t_assoc_dissoc = np.concatenate([t_assoc_only, t_dissoc_only])
ru_assoc_dissoc = np.concatenate([ru_assoc_only, ru_dissoc_only])
def assocdissocEqLLD_global(t, Req, ka, kd, Y_assoc, Y_dissoc):

t_assoc_only = t[t_assoc_start:t_assoc_end+1]

t assoc =t_assoc_only-t_assoc_only[0]

t_dissoc_only = t[t_dissoc_start:t_dissoc_end+1]

t_dissoc =t_dissoc_only-t_dissoc_only[0]

r_assoc = (Req*(1-exp(-(ka*analyte_conc+kd)*t_assoc))) +

(Y_assoc*t_assoc)
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RO =r_assoc[len(r_assoc)-1]
r_dissoc = (RO*exp(-kd*t_dissoc)) + (Y_dissoc*t_dissoc)
r_assoc_dissoc = np.concatenate([r_assoc, r_dissoc])
return r_assoc_dissoc
assoc_slope_limit = (R0*20)/(100*t_assoc_only[len(t_assoc_only)-1])
#assoc_param_bounds = ((0,0,-assoc_slope_limit,-
np.inf),(np.inf,np.inf,assoc_slope_limit,np.inf))
Ild_global_assoc_dissoc_init_params = [Req0, ka0, kd0, YO_assoc, YO0_dissoc]
Ild_global_assoc_dissoc_param_bounds = ((0, 0, 0, -assoc_slope_limit, -
np.inf),(np.inf, np.inf, np.inf, assoc_slope_limit,np.inf))
#print max(ru_assoc_dissoc), max(ru_drift_corr_assoc_only)
Ild_global_adfit_params, Ild_global_adcov =
curve_fit(assocdissocEqLLD_global,\
t_assoc_dissoc,\
ru_assoc_dissoc,\
Ild_global_assoc_dissoc_init_params,\
bounds=Ild_global_assoc_dissoc_param_bounds,\
#gtol = 1e-20,\
#xtol = 1e-20, ftol = 1e-20,\
max_nfev=5000000)
Req_pred, ka_pred, kd_pred, Y_assoc_pred, Y_dissoc_pred =

Ild_global_adfit_params
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#print Ild_global_adfit_params

#ru_assoc_only, assoc_values_pred,\

#ru_dissoc_only, dissoc_values_pred, t_assoc_only, t_dissoc_only,
glld_coefs_df\

#glld_adfit_params = solveAssocDissocEqsGLLD(assoc_init,\

#
dissoc_init,\
#
analyte_conc,\
#
fit_type,\
#
plot_prefix)

#Req_pred, ka_pred, kd_pred, Y_assoc_pred, Y_dissoc_pred = glld_adfit_params
#ru_assoc_only, assoc_values_pred,\

#ru_dissoc_only, dissoc_values_pred,\

#t_assoc_only, t_dissoc_only, Ild_coefs_df,\

#11d_afit_params, Ild_dfit_params = solveAssocDissocEqgsLLD(assoc_init,\

#

dissoc_init,\

analyte_conc,\
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fit_type,\

plot_prefix)

#Req_pred, kobs_pred, Y _assoc_pred, X _assoc_pred = Ild_afit_params

#kd_pred, Y _dissoc_pred, X _dissoc_pred = Ild_dfit_params

assoc_drift ='Y_assoc_pred*t_assoc_only

dissoc_drift = Y_dissoc_pred*t_dissoc_only

ru_drift_corr_assoc_only = (ru_assoc_only - assoc_drift)

ru_drift_corr_assoc_only = (ru_drift_corr_assoc_only +
ru_drift_corr_assoc_only[0Q]) #+
ru_drift_corr_preassoc_only[len(ru_drift_corr_preassoc_only)-1]

#print ru_assoc_only

#print ru_drift_corr_assoc_only

ru_drift_corr_dissoc_only = (ru_dissoc_only - dissoc_drift)

ru_drift_corr_dissoc_only = (ru_drift_corr_dissoc_only -
ru_drift_corr_dissoc_only[0]) + ru_drift_corr_assoc_only[len(ru_drift_corr_assoc_only)-
1]

##print ru_dissoc_only

#print ru_drift_corr_dissoc_only

#ru_drift_corr_assoc_only = ru_drift_corr_assoc_only -

ru_drift_corr_assoc_only[0]
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#print ru_drift_corr_assoc_only[0:10], ru_drift_corr_dissoc_only[0:10]

#ru_drift_corr_dissoc_only = ru_drift_corr_dissoc_only -

ru_drift_corr_assoc_only[0]

ru_drift_corr_assoc_end = len(ru_drift_corr_assoc_only)-1

Rmax_drift_corr =

float64(median(ru_drift_corr_assoc_only[(ru_drift_corr_assoc_end-
10):ru_drift_corr_assoc_end]))

#kobs_pred = (ka_pred*analyte _conc)+kd_pred

#ka_pred = (kobs_pred-kd_pred)/analyte_conc

#print ka_pred

#print glld_adfit_params

#print Ild_afit_params, lld_dfit_params

def dissocEqlLangl_ROconstant(t, kd):

t0 = t[0]
r_dissoc = (Rmax_drift_corr*exp(-kd*(t-t0)))
return r_dissoc

11_dissoc_param_bounds = ((0),(np.inf))

I11_dfit_params, 11_dcov = curve_fit(dissocEqLangl_ROconstant,\
t_dissoc_only,\
ru_drift_corr_dissoc_only,\
bounds=I1_dissoc_param_bounds,\

pO=[kd0],\
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max_nfev=5000000)
kd 11 pred =11_dfit_params
#print 11_dfit_params
kobs 11 _pred = (ka_pred*analyte_conc)+kd |1 pred
def assocdissocEqL_kdfixed(t, Req, ka):
#t_assoc_only = t[t_assoc_start:t_assoc_end+1]
#t_assoc =t_assoc_only-t_assoc_only[0]
#t_dissoc_only = t[t_dissoc_start:t_dissoc_end+1]
#t_dissoc =t_dissoc_only-t_dissoc_only[0]
r_assoc = (Reqg*(1-exp(-(ka*analyte_conc+kd_I1 pred)*t)))
#r_assoc = (Reg*(1-exp(-
(ka*analyte_conc+kd_I1_pred)*t_assoc)))+X_assoc
#r_dissoc = (Req*exp(-kd_I1_pred*t_dissoc))+X_dissoc
#r_assoc_dissoc = np.concatenate([r_assoc, r_dissoc])
#return r_assoc_dissoc
return r_assoc
Ikdf_assoc_dissoc_param_bounds = ((0, 0),(np.inf, np.inf))
Ikdf_assoc_dissoc_init_params = [Rmax_drift_corr, ka0]
Ikdf_adfit_params, Ikdf_adcov = curve_fit(assocdissocEqL_kdfixed,\
t_assoc_only,\
ru_drift_corr_assoc_only,\

Ikdf_assoc_dissoc_init_params,\
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bounds=Ikdf assoc_dissoc_param_bounds,\
#gtol = 1e-20,\
#xtol = 1e-20, ftol = 1e-20,\
max_nfev=5000000)
Req_lkdf pred, ka_lkdf pred = Ikdf_adfit_params
#print Ikdf_adfit_params
def assocdissocEqL_kdRelaxed(t, Req, ka, kd):
t assoc_only = t[t_assoc_start:it_assoc_end+1]
t assoc =t_assoc_only-t_assoc_only[0]
t _dissoc_only = t[t_dissoc_start:t_dissoc_end+1]
t_dissoc =t_dissoc_only-t_dissoc_only[0]
r_assoc = (Req*(1-exp(-(ka*analyte_conc+kd)*t_assoc)))
RO =r_assoc[len(r_assoc)-1]
r_dissoc = (RO*exp(-kd*t_dissoc))
r_assoc_dissoc = np.concatenate([r_assoc, r_dissoc])
return r_assoc_dissoc
Ikdr_assoc_dissoc_init_params = [Rmax_drift_corr, ka_Ikdf_pred, kd_I1_pred]
Ikdr_assoc_dissoc_param_bounds = ((0, 0, 0),(np.inf, np.inf, np.inf))
#print max(ru_assoc_dissoc), max(ru_drift_corr_assoc_only)
ru_drift_corr_assoc_dissoc = np.concatenate([ru_drift_corr_assoc_only,

ru_drift_corr_dissoc_only])
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Ikdr_adfit_params, Ikdr_adcov = curve_fit(assocdissocEqL_kdRelaxed,\
t assoc_dissoc,\
ru_drift_corr_assoc_dissoc,\
Ikdr_assoc_dissoc_init_params,\
bounds=Ikdr_assoc_dissoc_param_bounds,\
#gtol = 1e-20,\
#xtol = 1e-20, ftol = 1e-20,\
max_nfev=5000000)

Req_lkdr_pred, ka_lkdr_pred, kd_Ikdr_pred = Ikdr_adfit_params

#print Ikdr_adfit_params

mlld_assoc_dissoc_values_pred = assocdissocEqL_kdRelaxed(t_assoc_dissoc,

Req_lkdr_pred, ka_lkdr_pred, kd_Ikdr_pred)

# Temp for output purposes:

mlld_adfit_params = lkdr_adfit_params

t assoc_only =t_assoc_dissoc[t_assoc_start:t_assoc_end+1]

mlld_assoc_values_pred =

mlld_assoc_dissoc_values_pred[t_assoc_start:t_assoc_end+1]

ru_mlld_assoc_only = ru_drift_corr_assoc_dissoc[t_assoc_start:t_assoc_end+1]

t_dissoc_only =t_assoc_dissoc[t_dissoc_start:t_dissoc_end+1]

mlld_dissoc_values_pred =

mlld_assoc_dissoc_values_pred[t_dissoc_start:t_dissoc_end+1]
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ru_mlld_dissoc_only =
ru_drift_corr_assoc_dissoc[t_dissoc_start:t_dissoc_end+1]

kD _Ikdr_pred = kd_lkdr_pred/ka_lkdr_pred

kobs_lkdr_pred = (ka_lkdr_pred*analyte_conc)+kd_lkdr_pred

mlld_coefs_df = DataFrame([{'ka'

ka_lkdr_pred,\

'kd' - kd_lkdr_pred,\
'kD' :kD_Ilkdr_pred,\
'kobs' : kobs_lkdr_pred,\

"Y_assoc_pred': Y_assoc_pred,\
"Y_dissoc_pred": Y_dissoc_pred,\
‘Rmax’ : Req_lkdr_pred}])
#mlld_assoc_init = [t_assoc_only, ru_drift_corr_assoc_only, Rmax_drift_corr,
ka0, 0, 0]
#mlld_dissoc_init = [t_dissoc_only, ru_drift_corr_dissoc_only, Rmax_drift_corr,
kdo, 0, 0]
#ru_mlld_assoc_only, mlld_assoc_values_pred,\
#ru_mlld_dissoc_only, mlld_dissoc_values_pred, t_assoc_only, t_dissoc_only,
mlld_coefs_df,\
#mlld_adfit_params = solveAssocDissocEqsGLLD(mlld_assoc _init,\
#

mlld_dissoc_init,\
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analyte_conc,\

fit_type, plot_prefix)
#print mlld_adfit_params
return ru_mlld_assoc_only, mlld_assoc_values_pred,\
ru_mlld_dissoc_only, mlld_dissoc_values_pred,\
t assoc_only, t_dissoc_only, mlld_coefs_df\
mlld_adfit_params, mlld_adfit_params,
ru_drift_corr_preassoc_only
## Langmuir 1:1 with mass transfer using
## analyte surface concentration
def solveAssocDissocEqsAsurfLMT (assoc_all_init,\
dissoc_noD _init,\
analyte_conc,\
fit_type,\
plot_prefix):
#print assoc_all_init
## Asurf calculation
t_assoc_only, ru_assoc_only,\
RmaxO0, analyte_surf_conc0,\

kt0, kdO, ka0, X0 = assoc_all_init
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t_dissoc_only, ru_dissoc_only,\
kd0, X0 = dissoc_noD _init
def calcAnalyteSurfConcMT(R, t, Rmax,
analyte _surf_conc,\
kt, X):
dAsdt = (kt*(analyte_conc-analyte surf_conc))-X
#dAsdt = (kt_analyte _conc-kt_analyte_surf_conc))-
(ka*analyte_surf_conc*(Rmax-R))+(kd*R)
return dAsdt
def solveAnalyteSurfConcMT (t, Rmax, analyte_surf_conc,\
kt, ka, kd):
X = (ka*analyte_surf_conc*(Rmax-
ru_assoc_only[0]))+(kd*ru_assoc_only[0])
analyte_surf_conc_pred = odeint(calcAnalyteSurfConcMT\
ru_assoc_only[0], t,\
args=(Rmax,\
analyte_surf_conc,\
kt, X))
return analyte_surf_conc_pred[:,0].ravel()
asurf_params, asurf_cov = curve_fit(solveAnalyteSurfConcMT,\
t_assoc_only, \

ru_assoc_only,\
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p0=[Rmax0,\
analyte_surf_conc0,\
kt0, ka0,\
kd0])
#print "As---->", asurf_params
Rmax_pred, analyte_surf_conc_pred,\
kt pred, ka_pred, kd_pred = asurf_params
asurf_pred = solveAnalyteSurfConcMT (t_assoc_only,\
analyte_surf_conc_pred,\
kt pred, ka_pred,\
kd_pred, Rmax_pred)
#print "Asurf Pred=>", asurf_pred[len(asurf_pred)-1]
kobs_pred = (ka_pred*analyte_surf_conc_pred)+kd_pred
kobsO= (kaO*analyte_surf_conc_pred)+kdO
assoc_init = [t_assoc_only, ru_assoc_only,\
RmaxO0, kobs0, X0]
dissoc_noD_init = [t_dissoc_only, ru_dissoc_only,\
kd_pred, Rmax0, X0]
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, |_coefs_df =

solveAssocDissocEgsLangl(assoc_init,\
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dissoc_noD _init,\
analyte_surf _conc_pred,\
fit_type,\
plot_prefix)
Imts_coef_df init =
DataFrame([{'analyte_surf_conc_pred"analyte surf_conc_pred,\
'kt":kt_pred}])
Imts_coef_df = concat([Imts_coef _df init, | _coefs_df], axis=1)
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t _assoc_only, t_dissoc_only, Imts_coef_df,\
afit_params, dfit_params
## Langmuir 1:1 with mass transfer
def solveAssocDissocEqsLMT (assoc_all_init, dissoc_noD _init,\
analyte_conc, fit_type,\
plot_prefix):
## Assoc phase-->
t_assoc_only, ru_assoc_only,\
Rmax_assoc0, ka_analyte_conc0, kdO,\
kobs0, kakt_ratio_assoc0, X0 = assoc_all_init

#print "Init Assoc=> ", Rmax, ka_analyte_conc_rmax0, kdO,\
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#
kobs0, kakt_ratio_assoc0, X0
# Solve ODE for association phase:
def solveAssocEqsLMT (t, Rmax, ka_analyte conc,\
kobs,
kakt_ratio_assoc):
Rt_pred = odeint(assocEqMT, ru_assoc_only[0], t,\
args=(Rmax,
ka_analyte conc,\
kobs, kakt_ratio_assoc))
return Rt_pred[:,0].ravel()
afit_params, acov = curve_fit(solve AssocEqsLMT,\
t_assoc_only,\
ru_assoc_only,\
pO=[Rmax_assoc0,\
ka_analyte_concO,\
kobsO0, kakt_ratio_assocO],\
maxfev=1000000)
print "LMT ASSOC PARAMS=>" afit_params
Rmax_assoc_pred,\
ka_analyte_conc_pred,\

kobs_pred, kakt_ratio_assoc_pred = afit_params
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assoc_values_pred = solveAssocEqsLMT (t_assoc_only,\
Rmax_assoc_pred,\
ka_analyte_conc_pred,\
kobs_pred,\
kakt_ratio_assoc_pred)
## Dissoc phase-->
t_dissoc_only, ru_dissoc_only,\
Rmax_dissoc0, kd0, kakt_ratio_dissoc0, X0 = dissoc_noD _init
#print "Init Dissoc=>", Rmax, kd0, kakt_ratio_dissoc0, X0
# Solve ODE for dissociation phase:
def solveDissocEqsLMT (t, Rmax, kd, kakt_ratio_dissoc):
Rt_pred = odeint(dissocEQMT,\
ru_dissoc_only[0],\
t,\
args=(Rmax, kd, kakt_ratio_dissoc))
return Rt_pred[:,0].ravel()
dfit_params, dcov = curve_fit(solveDissocEqQSLMT \
t_dissoc_only,\
ru_dissoc_only,\
pO=[Rmax_dissoc0, kd0,\
kakt_ratio_dissocO],\

maxfev=1000000)
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print "LMT DISSOC PARAMS=>", dfit_params
Rmax_dissoc_pred, kd_pred,\
kakt_ratio_dissoc_pred = dfit_params
dissoc_values_pred = solveDissocEqsLMT (t_dissoc_only,\
Rmax_dissoc_pred,\
kd_pred,\
kakt_ratio_dissoc_pred)
# Return the required coefficients
ka_pred = (kobs_pred-kd_pred)/analyte_conc
kt assoc = ka_pred/kakt_ratio_assoc_pred
ka_from_rmax_conc_pred = ka_analyte_conc_pred/(analyte_conc)
kt from_rmax_conc_pred = ka_from_rmax_conc_pred/kakt_ratio_assoc_pred
kt_dissoc = ka_pred/kakt_ratio_dissoc_pred
kD _pred = kd_pred/ka_pred
Imt_coefs_df = DataFrame([{'ka": ka_pred,\
#'ka_from_rmax_conc_pred' : ka_from_rmax_conc_pred,\
#'kt_from_rmax_conc_pred' : kt_from_rmax_conc_pred,\
#'rmax_assoc_pred' : Rmax_assoc_pred,\
#'rmax_dissoc_pred' : Rmax_dissoc_pred,\
'kd": kd_pred,\
'kD'": kD_pred,\

'kt_dissoc": kt_dissoc,\
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'kt_assoc’: kt_assoc}])
return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, Imt_coefs_df,\
afit_params, dfit_params
## Heterogeneous Ligand
def solveAssocDissocEqsHL (assoc_all_init,\
dissoc_noD_init,\
analyte_conc,\
fit_type, plot_prefix):
t_assoc_only, ru_assoc_only,\
C10, kobs10, C20, kobs20, X0 = assoc_all_init
afit_params, acov = curve_fit(assocEqHL,\
t_assoc_only,\
ru_assoc_only,\
p0=[C10, kobs10, C20, kobs20, XO0],\
maxfev=1000000)
C1_pred, kobsl_pred, C2_pred, kobs2_pred, X _pred = afit_params
assoc_values_pred = assocEqHL(t_assoc_only,\
C1_pred, kobs1_pred,\
C2_pred, kobs2_pred,\

X_pred)

344



## Add RO for dissoc => last element from calc assoc values
t_dissoc_only, ru_dissoc_only, kd10, kd20, X0 = dissoc_noD _init
D10 = assoc_values_pred[len(assoc_values_pred)-1]
D20 = D10*(30/100)
dfit_params, dcov = curve_fit(dissocEqHL, t_dissoc_only,\
ru_dissoc_only,\
p0=[D10, kd10, D20, kd20, X0],\
maxfev=1000000)
D1 pred, kd1l _pred, D2_pred, kd2_pred, X _pred = dfit_params
dissoc_values_pred = dissocEqHL(t_dissoc_only,\
D1_pred, kd1_pred,\
D2_pred, kd2_pred,\
X_pred)
# Reverse calculating from the equation => kobs = kd+(ka*analyte_conc)
kal pred = (kobsl pred-kdl pred)/analyte _conc
kD1_pred = kd1_pred/kal_pred
ka2_pred = (kobs2_pred-kd2_pred)/analyte_conc
kD2_pred = kd2_pred/ka2_pred
hl_coefs_df = DataFrame([{'kal" kal_pred, 'kd1" kd1l pred,\
'kD1' : kD1_pred,\
'ka2'": ka2_pred, 'kd2": kd2_pred,\

'kD2' : kD2_pred}])
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return ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t assoc_only, t_dissoc_only, hl_coefs_df,\
afit_params, dfit_params

def combineAndPlot(response_unit_pread, t_pread,\

t_assoc_dissoc,\

assoc_dissoc_values pred,\

assoc_dissoc_values_resids,\

raw_time,\

raw_response,\

prot_block name,

plot_file_path):

plot_filenamepath = join(plot_file_path, prot_block_name + '.pdf’)

plt.plot(raw_time, raw_response, 'y-',label="raw_dc")

plt.plot(t_pread, response_unit_pread, 'k-'\
label="data’, linewidth=0.5)

plt.plot(t_assoc_dissoc, assoc_dissoc_values_pred, 'r-'\
label="fitted")

plt.plot(t_assoc_dissoc, assoc_dissoc_values_resids, 'b-'\
label="residuals’, linewidth=0.5)

plt.title(prot_block _name)

plt.legend(loc="best’)
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plt.savefig(plot_filenamepath)
plt.close()
return plot_filenamepath
def fitCurveModels(df _time_refdall,\
df_time_raw,\
analyte_conc,\
analyte_mass,\
flow_rate,\
t assoc, t_dissoc,\
assoc_tstart,
dissoc_tend,\
prot_block_name,
fit_type,\
base_input_filename,
plot_file_path,\
refn_spots_name_list,\
merger, time_colname):
# Reset the association start value to zero since we zeroed the data to start from
zero
# Zero Association start time since the dataframe is already zeroed to association
start time

assoc_tstart_new = assoc_tstart-assoc_tstart

347



dissoc_tend_new = dissoc_tend-assoc_tstart
raw_response = np.array(df_time_raw.iloc[:,1])
raw_time = np.array(df _time_raw.iloc[:,0])
df_time_refdall_preassoc = df _time_refdall.loc[(df time_refdall[time_colname] <
assoc_tstart_new)]
df_time_refdall_ad = df _time_refdall.loc[(df _time_refdall[time_colname] >=
assoc_tstart_new) & (df time_refdall[time_colname] <= dissoc_tend new)]
refs_count = len(refn_spots_name_list)
t pread = np.array(df_time_refdall[time_colname])
t_preassoc = np.array(df _time_refdall_preassoc[time_colname])
t = np.array(df_time_refdall_ad[time_colname])
one_spot_all_coefs_df = DataFrame()
coefs_df = DataFrame()
all_plot_filenames_by fittype = list()
term_refd_response_unit_pread =""
for icol in range(0, refs_count):
response_icol = icol+
ref_spot_name = refn_spots_name_list[icol]
print "Reference#", response_icol, "=>", ref_spot_name
plot_prefix = str(ref_spot_name) +' '+ fit_type
response_unit_preassoc =

np.array(df_time_refdall_preassoc.iloc[:,response_icol])

348



response_unit_pread = np.array(df _time_refdall.iloc[:,response_icol])
response_unit = np.array(df _time_refdall_ad.iloc[:,response_icol])
### get initial assoc + dissoc specific params
assoc_all_init,\
dissoc_noD _init = getAssocDissocParams(t,\
response_unit,\
analyte_conc,\
t_assoc, t_dissoc,\
assoc_tstart_new, dissoc_tend_new,\
fit_type)
spot_info_df = DataFrame([{'array_protein_spot' : prot_block_name,\
'reference_no' : response_icol,\
'reference_spot' : ref_spot_name,\
'input_filename' : base_input_filename,\
‘flow_rate' : flow_rate,\
‘analyte_conc': analyte_conc,\
‘analyte_mass': analyte_mass,\
‘assoc_tstart": assoc_tstart,\
‘assoc_time': t_assoc,\
'dissoc_time": t_dissoc,\
‘type_of_fit'": fit_type}])

try:
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if fit_type =="1":

#print "Fitting langmuir 1:1 ...."
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, coefs_df\
afit_params, dfit_params =

solveAssocDissocEqgsLangl(assoc_all_init,\

dissoc_noD_init,\
analyte_conc,\
fit_type, plot_prefix)

elif fit_type == "lld™:

#print "Fitting langmuir 1:1 with drift...."
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, coefs_df,\
afit_params, dfit_params =

solveAssocDissocEqgsLLD(assoc_all_init,\

dissoc_noD _init,\
analyte_conc,\
fit_type, plot_prefix)

elif fit_type == "mlld":

#print "Fitting langmuir 1:1 with drift...."
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ru_assoc_only, assoc_values_pred,\

ru_dissoc_only, dissoc_values_pred,\

t assoc_only, t_dissoc_only, coefs_df,\

afit_params, dfit_params, ru_drift_corr_preassoc_only =
solveAssocDissocEqsMLLD(assoc_all_init,\

dissoc_noD _init,\

t_preassoc, response_unit_preassoc,\

analyte_conc,\

fit_type, plot_prefix)

response_unit_pread =
np.concatenate([ru_drift_corr_preassoc_only, ru_assoc_only, ru_dissoc_only])

elif fit_type == "mglld":

#print "Fitting langmuir 1:1 with drift...."
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, coefs_df,\
afit_params, dfit_params, ru_drift_corr_preassoc_only =

solveAssocDissocEqsMGLLD(assoc_all_init,\
dissoc_noD _init,\
t_preassoc, response_unit_preassoc,\
analyte_conc,\

fit_type, plot_prefix)
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response_unit_pread =
np.concatenate([ru_drift_corr_preassoc_only, ru_assoc_only, ru_dissoc_only])
elif fit_type == "Imt":
#### Might not need to use this!
#print "Fitting langmuir 1:1 with mass transfer...."
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, coefs_df\
afit_params, dfit_params =
solveAssocDissocEqsLMT (assoc_all_init,\
dissoc_noD _init,\
analyte_conc,\
fit_type,\
plot_prefix)
elif fit_type == "Imts™:
#print "Fitting langmuir 1:1 with mass transfer (Area surface
conc.)...."
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\

t_assoc_only, t_dissoc_only, coefs_df,\
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afit_params, dfit_params =
solveAssocDissocEqsAsurfLMT (assoc_all_init,\

dissoc_noD _init,\

analyte_conc,\

fit_type,\

plot_prefix)

elif fit_type == "hI":

#rint "Fitting Heterogeneous ligand...."
ru_assoc_only, assoc_values_pred,\
ru_dissoc_only, dissoc_values_pred,\
t_assoc_only, t_dissoc_only, coefs_df,\
afit_params, dfit_params =

solveAssocDissocEqsHL (assoc_all_init,\

dissoc_noD _init,\
analyte_conc,\
fit_type, plot_prefix)

# Calculate assoc and dissoc residuals

# resids, resid_ssq, resid_sd

# Add 1 to dissoc params since one value is missing till we fit assoc phase

assoc_params_count = len(assoc_all_init)
dissoc_params_count = len(dissoc_noD _init)

assoc_resids, assoc_resid_ssq,\
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assoc_resid_sd, assoc_chisq =

calcResidualsSsqSD(ru_assoc_only,\

assoc_values_pred,\
assoc_params_count)
dissoc_resids, dissoc_resid_ssq,\

dissoc_resid_sd, dissoc_chisq =

calcResidualsSsqSD(ru_dissoc_only,\

t pread,\

dissoc_values_pred,\

dissoc_params_count)

t _assoc_dissoc = np.concatenate([t_assoc_only, t_dissoc_only])
assoc_dissoc_values_pred = np.concatenate([assoc_values_pred,\
dissoc_values_pred])

assoc_dissoc_values_resids = np.concatenate([assoc_resids,\
dissoc_resids])

add_coefs_df = DataFrame([{'assoc_resid_sd' : assoc_resid_sd,\
'dissoc_resid_sd' : dissoc_resid_sd,\

fit_quality' : 'SUCCESS'}])

coefs_df = concat([spot_info_df, add_coefs_df, coefs_df], axis=1)

plot_filenamepath = combineAndPlot(response_unit_pread,

t_assoc_dissoc,\

assoc_dissoc_values_pred,\
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assoc_dissoc_values_resids,\
raw_time,\
raw_response,\
plot_prefix, plot_file_path)
merger.append(PdfFileReader(plot_filenamepath, "rb"))
except ValueError:
print "Skipping ", ref_spot_name, ". Data might be too noisy..."
add_coefs_df = DataFrame([{'fit_quality' : 'NO FIT'}])
coefs_df = concat([spot_info_df, add_coefs_df], axis=1)
one_spot_all_coefs_df = one_spot_all_coefs_df.append(coefs_df)
if re.search(r'-C', prot_block _name) and response_icol == 1:
term_refd_response_unit_pread = response_unit_pread
elif re.search(r'-N', prot_block_name) and response_icol == 2:
term_refd_response_unit_pread = response_unit_pread

return term_refd_response_unit_pread, one_spot_all_coefs_df

355



APPENDIX H

“MERGEPDFSONFILENAME.PY” DIRECTIONS AND SCRIPT
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DIRECTIONS
Below are the directions for running the “mergePDFsOnFileName.py” script:
1. Make folder in the C: drive labeled “MergePDFs”
2. Place script “mergePDFsOnFileNames.py” in folder
3. Copy separate PDFs generated for one SPRi analyses into the folder
4. Open Anaconda Prompt
a. cdc:\MergePDFs
b. activate stanscript
c. python mergePDFsOnFileNames.py -p c:\MergePDFs
5. When script is complete, delete the separate PDFs and move the merged files into
the appropriate folder
6. Repeat steps 3, 4b, and 5 until all PDF datasets that you want to make are

completed

SCRIPT

import re

from os.path import *

from os import listdir

from PyPDF2 import PdfFileReader, PdfFileMerger
from optparse import *

def mergePDFsInFolder(input_folder_path,\

merged_reflref2_pdfname="Refl Ref2_merged.pdf",
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merged_ref3_pdfname="Ref3_merged.pdf"):
pdf_merger_reflref2 = PdfFileMerger()
pdf_merger_ref3 = PdfFileMerger()
for one_file in sorted(listdir(input_folder_path)):
if one_file.endswith(".pdf"):
#print one_file
reflc_ref2n_pattern = re.match(".*-C.*refl.*|.*-N.*ref2.*", one_file)
ref3_pattern = re.match(".*ref3.*", one_file)
if(reflc_ref2n_pattern and reflc_ref2n_pattern.group(0)):
#print reflc_ref2n_pattern.group(0)
#print one_file

pdf_merger_reflref2.append(PdfFileReader(join(input_folder_path, one_file),

")
else:
pass
if(ref3_pattern and ref3_pattern.group(0)):
#print ref3_pattern.group(0)
#print one_file
pdf_merger_ref3.append(PdfFileReader(join(input_folder_path, one_file),
"rb™)
else:

pass
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else:
pass
pdf _merger_reflref2.write(join(input_folder_path, merged_reflref2_pdfname))
pdf_merger_ref3.write(join(input_folder_path, merged_ref3 pdfname))
return(merged_reflref2_pdfname, merged_ref3_pdfname)
# Read input folder path, output filename and pass to rquired function
def main():
input_folder_path,\
merged_reflref2_pdfname,\
merged_ref3_pdfname = readAndParseCommandlineArgs()
merged_pdf_names = mergePDFsInFolder(input_folder_path,\
merged_reflref2_pdfname,\
merged_ref3_pdfname)
print merged_pdf _names, "Done!"
#
# Read command line options
#
def readAndParseCommandlineArgs():
usage = "usage: %prog [options] (Use -h or --help to see all options)”
cl=OptionParser(usage=usage)
cl.add_option(’--pdfpath’, '-p’, action="store’,

help="FULL PATH to input subdirectory",
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dest="pdfpath")
cl.add_option(--outpdfl’, '-1', action="store’,
help="Merged PDF filename (NO PATH)",
default="Refl_Ref2_merged.pdf",
dest="outpdf1")
cl.add_option(‘--outpdf2', '-2', action="store’,
help="Merged PDF filename (NO PATH)",
default="Ref3_merged.pdf",
dest="outpdf2")
(options, args) = cl.parse_args()
### Need to add defaults for flexibility
#
# Check the command line options
if options.pdfpath:
if isdir(options.pdfpath):
input_folder_path = options.pdfpath
merged_reflref2_pdfname = options.outpdfl
merged_ref3_pdfname = options.outpdf2
return(input_folder_path, merged_reflref2_pdfname, merged ref3_pdfname)
else:
cl.error("Please enter a filepath containing the PDFs\n")

if _name__ =="_ main__"™
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# stuff only to run when not called via ‘import' here

main()
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NAPPA-SPRI data analyses

Guidelines used for determining protein interactions with NAPPA-SPRi

1.) Affinity had to be within the detection limits of the instrument: 1E-05 to 1E-14

2.) The curve had to look real by eye, while taking into account what the raw curve
looked like.

3.) Had to be represented by at least two interactions across the four replicates (two
duplicates for two concentrations).

Rule exceptions: 1) Interactions that were seen at least twice (by eye), but there was
something wrong with all but one curve. For example, the kinetics were outside the range
of the instrument or something weird happened during the dissociation phase that
screwed up the numbers -- like a bubble. 2) PI3K had very few interactions. Therefore,
some interactors identified with PI3K were only identified by one binding curve. 3) Some
interactions that were observed in the RHOA dataset once were also selected if the

response was high (> 100 RU after referencing).

Additional notes on NAPPA-SPRi analyses

The kinetic data (ka, kg) was averaged within duplicates, then the Kp was
determined from these data. If the query interacted with the target protein with the fusion
tag at the N- and C-terminus, then the interaction with the strongest affinity was selected
to represent the interaction.

BLNK, PI3K, RACL1, and RHOA data were referenced to LIMEL. Array proteins

with an N-terminal HaloTag were referenced to N-terminally tagged LIME1, and array

363



proteins with a C-terminal HaloTag were referenced to C-terminally tagged LIMEL1. BTK
data were similarly referenced to N- or C-terminally tagged LUC2 (i.e., luciferase). Spot
numbers refer to the spot location used from the Plexera Data Module software files.

All data was analyzed with SPRite “MGLLD” parameters except for the
following: 1) RACL1 curves that had mass transport were processed with SPRite, but the
kinetics were determined with Scrubber.

All data was analyzed with the lower-bound and upper-bound limits for drift
correction as -/+ 20% except for the following: BTK and RHOA datasets. In these
datasets, the lower-bound limit for drift correction was changed to 0% to +20%. In the
curveFittingKineticModels.py script (Appendix G), the line
“lld_global assoc dissoc_param_bounds = ((0, 0, 0, -assoc_slope_limit, -np.inf),(np.inf,
np.inf. np.inf, assoc_slope limit,np.inf))” under the “def assocdissocEqLLD_global” sub
routine was changed to “Ild_global assoc_dissoc_param bounds = ((0, 0, 0, 0, -
np.inf),(np.inf, np.inf. np.inf, assoc_slope_limit,np.inf))”. The original bounds resulted in
binding curves with strange-looking dissociation curves (e.g., curves that were 0 or

negative Kq).
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Lay-out of plasmid cDNA on SPR slide

Top of slide (where sample is first injected)

AKT2NY BLK-C Fos-N IKBKB-C® | MAPKE-N | MOM2C | PIK3RLN® | AKTZN' | BCL2U-C | FCGRZE-N | IKBKA-C | MAPKS-N | MAPKIA-C | PICGRLN® | AKTIN | BCL2A1-C | EZR-N | IFTMI-C | MAPKLN | MAPKIIC | PIXICG-N
PPPSCAC | ARGEFTN | CARDILC | GSK3BN | INPPSDC | MAPKIIN | NCKAPILC | PLCGZC | ARHAN BIKC | GRBZN | IBKGC | MAPKIZN | NCKIC | PIXSRSC | AKTSN | BINKC | GRAPZN | ixmke-c’ | MAPKSN | MvCC
PIKIRSN | PPPIR2C | RasGRPIN | Rap2cc | sosin RELAC TECH | PK3RIN | peramic | BCI2N | cb2ac | WEKAN | JunC | MDM2N | PIKSRIN | PPPicRC | BOLION | CDISC | WRASN | INPPLLC | mapkuan

svC VAVZN VAVIC AkTzN? Fos-N MAPKE-N | NFATCLC | PPPSCA-N | PRKCB-C | VAVAC | axrz-n’ | FCGR2B-N | MAPKIN | NFATS.C | PLCGZN | PRKCAC AKTLN EZRN | MAPKLN

PIKIALN® | ARHGEFT-N | GSK3B-N | MAPKI-N | PI3AS.N | RasGRP3-N | SOSLN | pixaRin® | ARHA-N | GRB2.N | MAPKI2N | PIKIRIN | BCLZN | IKBKAN | PIKICG-N | AKTIN | GRAPZN | MAPXS-N | PIK3RZN | BCLION | HRASN
TECN vavZN BLcC KBKB-C® | MDM2C | PPPICA-C | CARDI-C | MDM2N | PPRICA-N | BCLZLIC | KBKAC | MAPKIAC | PLCGXC | BIK-C | MAPKISN | PLCGZ-N | BCLZALC | IFTMIC | MAPKIS-C | PIKZRS-C | BLNK-C
INPPSDC_| NCKAPILC | PPPaR2C | RAP2CC RELAC smC VAVI.C | WEKGC | Wckic | peeamic | cozc Jun-C | WFATCLC | PRKCB-C | igkg-C' | MYCC | PPPICBC | CDI9C | INPPLIC | NFATS.C | PRKCAC
AKT2C' | COBL-N | FCGRIB-C | Luc-N | MAPIKI-C | MFKBIEN | PIGCD-C | AXT2C' | CO79B-N | EZR-C | LIMEI-N | MAP2KI-C | NFKBIE-N | PIKICE-C | AKTI-C | CO79A-N | ETSI-C | LLRB3-N | MAPZKZ-C | NFKBIA-N | PIK3CA-C
Rafl-N | ARMGEFZ-C | DAPPLN | GREZC | MAPIKIN | MAPKS-C | PIKICA-N | RACI-N | ARMA-C | COKNZA-N | GRAPZ-C | MALTIN | MAPK-C | PIKIAPLN | RACZN | AKT:-C | cOcieN | Fosc NN | mapKiC | mRASN
PIGRLC® | RAPZAN | RAPZAL | RELAN | RASsESC SYR-N $052-C | mikamic® | RAPIGN | BCL2-C | ETSLN | HRAS-C | MAPSKIN | MAPKIZC | PIKICG-C | RAPIA-N | BCLI-C | EGRI-N | GSK3G-C | MARZKN | MAPKS-C
VAVLN 35-C RAPIB-C Akiz-c' | FCGRIBC | MAPIKIC | PIKICD-N | PIK3ESC | mse1 | vavac | akmec’ EZRC | MAPKS-C | PIK3CB-N | PIK3RZC | RAPICN AKTI-C ETS1.C | MAPZK2C
PIKICD-C_| ARHGEF7-C | GRBZC | WAPKEC | pixamic® | RAPPAC | RASSFS.C | PIKICB.C | ARMAC | GRAPZC | MAPKIC | piksrLc® | BOQ-C | HRASC | PIGCAL | AKTAC Fos-C | MAPKIC | PIKICG-C | BOLIOC | GSK3BC
5052.C TP33-C COBI-N Wei-N | WERBIEN | Ratin DAPPI-N | MAPKIZ-C | PIIR3-C | CO79B-N | UMEL-N | NPKBIB-N | RACE-N | COKMZA-N | MAPKS-C | PIKGRZ-C | CD79A-N | LLRBI-N | NFKBIAN | RACZN | COCAZN
MAPIEI-N | PIKICAN | RAPZAN | RELAN STKN VAVIN | RAPIBC | MALTLN | PIK3APLN | RAPIBN | ETSLN | MAPSKSN | PIKICD-N |  MsP1 LYN-N | NRASN | RAPIAN | EGRIN | MAPIKS-N | PIKICBN | RAPICN
BLCN COT9B-C_ | IKBKG-N | ULRE2-C | NCKAPIL-N | MFKBI-C | PPP3RI-N | BCLZIN | CO79A-C | IKBKB-N® | LAT2-C | NCKI-N | NFATCAC | PPPICC-N | BCL2ALN | CD72-C | (KBKB.N® | KRASC | MYCN | NFATCI-C | PPPICE-N
RACL-C o8N | CcORNZA-C | dun-N - NFATCI-N | NFKBIEC | PTPNG-C | CARDLL-N | CDCAZC | INPPLLN | LucdC | NFATCLN | NFKBIB-C | PTEN-C eI COBL-C_| INPPSD-N | UMELC | WFATSN | NFKBIAC
PTEN.N Rafl.c RASSFSN | RasGRP3C | s0S2. sosic TPSIN_| PRXCBN | RACIC | CD72N | EGRLC | LATZN | MAPIXIC | NFKBLM | PRKCAN | RACZC | CDZ22N | DAPPAC | KRASN | MAITIC | NFATCAN

TeCC VAVEN wavsC BN IKBKG N | NCKAPILN | PIX3APLC | RACLN | pDONR221 BCL2LN | meka-N® | NCKLN | NRASC | PTPNGN | RAPIAC BCLALN | meka-n' | MYCN
PPPSRLN | colon JunN NFATCSM | PTENM | RASSISN | SOS2N | PPPSCCN | CARDIIN | INPPLLN | NFATCIN | PRKCBN | CD72M | (ATZN | PppaceM | BTRN | INPPsDN | NFATSN | PAXCAM | cD22N | xmasn
TSN VAVSN | CO7%-C | ULRBSC | NWPKBIC | RACIC | COKM2AC | NPKBLN | RACIN | CO7AC | LATZC | WrATGAC | PIPNeC | CDGAZC | NPATGA-N | PIPNGN | CD72C | KRASC | WrATG-C | PTEN-C | cosic

N NFXBIEC RaflC | RosoRPaC | sosic TECC VAVSC | we2C | WRKBIBC | RACSC | EGRIC | MAP2KIC | PIK3APLC | pDONR221 | UMELC | NFKBIAC | RAC2C | DAPPAC | MATIC | NRASC | Rasuac
scosseal
BC120904

*scoceazy
ac108s84
8C030815
acogarss

Figure 103. Lay-out of plasmid cDNA and expressed proteins on SPR slide. The plasmid cDNAs encoding for genes-

of-interest were deposited on the array in a random manner using a pin spotter.

Plasmid cDNA deposition on SPR slide
The quality of the printing onto the SPR slide was assessed using a fluorescent
nucleic stain, PicoGreen® (Thermo Fisher Scientific; Waltham, MA). First, the slides
were blocked with Tris-based SuperBlock (Thermo Fisher Scientific; Waltham, MA) to
minimize non-specific binding overnight at 4 °C. Then,
PicoGreen® diluted in SuperBlock at 1:500 was
applied to the slide, incubated in the dark for 10 min,
washed three times in 1x PBS, rinsed in water, and

dried under compressed air. Fluorescence was

determined using the PowerScanner Micorarray™ from

Figure 104. False-colored image of DNA
Tecan Group Ltd. (Switzerland). deposition using PicoGreen
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Plasmid cDNA:
Intra-side reproducibility

y = 1.0026x + 303931
R?=0.9323 L e

Duplicate 2: Raw

Duplicate 1: Raw intensity sum

Figure 105. Reproducibility of plasmid cDNA deposition across duplicates

Plasmid cDNA:
Inter-side reproducibility

y =0.9967x+434693 N
R?=0.9375 S

Te
b

slide 1: Raw intensity sum

Figure 106. Reproducibility of plasmid cDNA deposition across slides

Protein expression on SPR slide

The expression and subsequent capture of target proteins onto the SPR slides were
assessed fluorescently. First, the slides were blocked with Tris-based SuperBlock
(Thermo Fisher Scientific; Waltham, MA) to minimize non-specific binding overnight at
4 °C. They were then washed in 1x PBS three times for 2 min each, rocking. The slides

were rinsed in water and dried with compressed air. SPRi flow chambers (Plexera;
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Woodinville, WA) with 30 puL volume were applied onto the slides followed by 1-step
human coupled in vitro protein expression mixture according to the manufacturer’s
instructions (Thermo Fisher Scientific; Waltham, MA). Expression was performed for 1.5
hours at 30 °C and then 30 min at 15 °C. To remove the flow cells, the slides were placed
at -80 °C for 30 sec. Slides were rinsed in 200 pL 1x PBS and blocked for 1 hour at RT
with 5% milk in 1x PBST (“blocking buffer”). The slides were incubated in rabbit anti-
HaloTag polyclonal antibody (Promega; Madison, WI) diluted 1:250 in blocking buffer
for 1 hour at RT, rocking. After washing the slides three times in blocking buffer, the
slides were incubated in Alexa Fluor 555 goat anti-rabbit IgG (Thermo Fisher Scientific;
Waltham, MA) diluted 1:500 in blocking buffer for 1 hour at RT, rocking. The slides
were then washed three times in 1x PBS, rinsed in water, and dried under compressed air.
Fluorescence was determined using the PowerScanner Micorarray ™ from Tecan Group

Ltd. (Switzerland).

Figure 107. Target protein expression on an SPR slide as determined with an anti-HaloTag antibody. False-colored
rainbow image where black represents low protein expression and red represents high protein expression. Note that the
HaloTag binds preferentially to proteins with an N-terminal HaloTag.
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Duplicate 2: Raw intensity sum

1.0E+07

Target protein display:
Intra-slide reproducibility

2.0E+07

y =0.8889x+6E+06
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5.0E+07 6.0E+07 7.0E+07 B.0E+07

Duplicate 1: Raw intensity sum

Figure 108. Reproducibility of displayed protein across duplicates.

Slide 2: Raw intensity sum

3.0E+07

2.0E+07

1.0E+07
1.0E+07

Target protein display:
Inter-slide reproducibility

y =0.8471x +8E+06
R? =0.7886 A e

2.0E+07

5.0E+07 60E+07 7.0E+07 B.OE+07

Slide 1: Raw intensity sum

Figure 109. Reproducibility of displayed protein across different slides.

Table 35. Buffer conditions used for NAPPA-SPRi

Query Flow (uL/sec) Assocation (sec) Dissociation (sec) Temp °C SPR running buffer (bulk) Additives in sample
BLNK 3 300 700 25 50 mM HEPES, 150 mM NaCl, 0.05% Tween-20, pH 7.4 1 mM TCEP

BTK 5 180 400 30 50 mM Tris-HCl, 150 mM NaCl, 4 mM MgCI2, 0.01% Tween, pH7.5 500 ubM ATP, 1 mM TCEP
PIK3CA/PIK3R1 5 180 400 30 50 mM HEPES, 100 mM NacCl, 3 mM MgCl2, 0.03% Tween, pH 7.5 1 mM TCEP, 250 uM ATP
RACL(GDP) 3 300 700 25 50 mM HEPES, 150 mM NacCl, 5 mM MgCI2, 0.05% Tween-20, pH7.4 1 mMTCEP, 1 mM GDP
RAC1(GTP) 3 300 700 25 50 mM HEPES, 150 mM NacCl, 5 mM MgCI2, 0.05% Tween-20, pH 7.4 1 mM TCEP, 1 mM GTPyS
RHOA(GDP) 3 300 700 25 50 mM HEPES, 150 mM NacCl, 5 mM MgCI2, 0.05% Tween-20, pH7.4 1 mMTCEP, 1 mM GDP
RHOA(GTP) 3 300 700 25 50 mM HEPES, 150 mM NacCl, 5 mM MgCl2, 0.05% Tween-20, pH 7.4 1 mM TCEP, 1 mM GTPyS
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Figure 110. NAPPA-SPRi image on the Plexera SPRi biosensor.
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PROTEIN INTERACTIONS DETECTED BY NAPPA-SPRI
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Table 36. PPIs detected by NAPPA-SPRI, part 1

BLNK BTK PI2K RAC1{GDP) RACL{GTP) RHOA(GDP) RHOA(GTP)
Protein Isoform NP LT NP LT NP LT NP LT NP LT NP LT NP LT
AKTL C/N C N N C c/N C C C C C C
AKT2 BCO63421 C C /N C/N N C C C C C C
AKT2Z BC120994 C C C/N  C/N C C C C C c
AKT3 C/N N /N C/N C/N C/N C C
ARHGEF7 N C/N N N
BCL10 N N C/N  C/N N N C/N M C/N
BCL2 C/N  C/N C N
BCL2AL C/N /N C C C C o C/N C C C C C
BCLZL1 N C C C C C C C C C C
BLK C C N C/N C C
BLNK C C C C C C C C
BTK C C C C
CARD11 C C C C C C c/N C C C C
CcD19 C C C C C C C C
CD22 C C C C C C C c/N C/N C C
CcD72 C C C/N C C C
CD79A C/N C N N C C
CD798 C N N C C C
CDB1 N N N N c/N C/N C/N
cDhc42 N N N
CDKN2A N c/N N N C/N  C/N N
DAPP1 C N C/N M N
EGR1 C N C/N /N N
ETS1 N N C N N N N C/N /N C C/N c
EZR C/N  C/N N N N M C/N C
FCGR2B c/N C/N C C C
Fos N N C C/N C C C
GRAP2 /N C/N C C
GRB2 C/N /N N C/N N G/N C/N  C/N C C/N  C/N
GSK3B C N N C C C C c/N
HRAS C/N  C/N C/N N C/N /N C/N C/N  C/N C/N
IFITM1 C C C C
IKBKA N C/N  C/N N N N N M C/N  C/N
IKEKE BCO06231 C C C/N C C C/N C
IKEKB BC108694 C C C C C c C C C C C c
IKBKG C C C C C C C C/N  C/N C C C
INPP5D C C C C C c
INPPLL C C C N C C o C C C C
Jun C/N /N C C /N C/N C/N C/N C/N c
KRAS N N N N N N M C/N
LAT2 C/N /N N N N C/N N /N C C/N C
LILRB3 N C C C C C
LIMEL N N
LYN N N N C/N /N N
MALT1 C C N N C
MAP2K1 C C C C
MAP2K2 C /N /N C/N /N C /N C
MAP2K3 C C /N C/N C/N  C/N C C/N C
MAP3K3 N N N N N c/N C/N C /N C

"N" and "C" indicate whether the HaloTag is at the N- or C-terminus, respectively.

Only the target proteins that interacted with a query protein are shown.

Known PPIs in human and and mouse are highlighted in blue. Obtained from the online PPI databases, HPRD and BioGRID.

372



Table 37. PPIs detected by NAPPA-SPRI, part 2

BLNK BTK PI3K RAC1{GDP) RACI(GTP) RHOA(GDP) RHOA(GTP)
Protein Isoform NP LT NP IT NP IT NP IT NP IT NP IT NP IT
MAPK1 C cC ¢N N C C C C C C C C C
MAPK12 C c N N C C C C C C
MAPK13 C c N /N C C C C C C c N c
MAPK14 C c/N  C/N C C C C C c oN ¢c/N
MAPK3 N ¢/N N C C C C C C
MAPKS c/N  C/N c/N C C
MAPKS N N C C C C C
MDM2 c/N /N C N N CN Cc/N C c/Nn C
MYC C/N /N C C C cC ¢N CN CcN CN C C C
NCK1 C C C/N C/N C/N C/N C C
NCKAPIL C C C C C C C C C C C C
NFATS N N C C C/N C/N C/N C
NFATC1 C o C C C C C C C
NFATC3 C C
NFATC4 o C C C C
NFKB1 N N CN CcN C
NFKBIA ¢/N N N N C/N C/N c/N
NFKBIB N N N N
NFKBIE C o N N C C C C C
NRAS N N N N C/N N c/N
PIK3AP1 N N N N N N N N C
PIK3CA /N C/N N N CN c/N Cc/N Cc/N /N c/N C/N
PIK3CB C C N C C C
PIK3CD
PIK3CG N N N N N C/N N /N C
PIK3R1 BCO30815 N N C/N C/N /N C/N Cc/N c/N N N /N
PIK3R1 BC094795 N N N N
PIK3R2 N N N
PIK3R3 c/N  C/N C C C C c/N
PIK3RS C/N  C/N C C C /N C
PLCG2 /N Cc/N C /N C
PPP3CA c/N  C/N c/N  C/N
PPP3CB C C N C C C C C C
PPP3R1 C C C C C C C C C
PPP3R2 C C C C
PRKCA c c c
PRKCB C C C C C C C C
PTEN C o C C /N C C
PTPNG c c c c c c N cC c c
RAC1 N N N C/N Cc/N C
RAC2 N N
RAC3 N C C C C
Rafl N N C
RAP1A
RAP1B C o c /N C C C C C C
RAP2A C o C C C C C C /N C
RAP2C N N C cC CN N CN C¢/N cN cN C C C C
RasGRP3 N N N N C/N N N
RASSFS C C c/N C C
RELA c c c c c/N C/N c/n C
RHOA C c N N C C C C C C C C C
S051 C/N N N N N C/N N N
s0s2 C N C/N C/N C C
SYK o C C C cC C/N ¢c/N C C
TEC c/N  C/N N ¢/N N N N
TPs3 C/N  C/N C C
VAVL N C C N N C/N N C C
VAVZ N N C C C N N C/N N c/N  C/N
VAV3 C o C C c/N C

"N" and "C" indicate whether the HaloTag is at the N- or C-terminus, respectively.

Only the target proteins that interacted with a query protein are shown.

Known PPIs in human and and mouse are highlighted in blue. Obtained from the online PPI databases, HPRD and BioGRID.
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Table 38. BLNK and BTK queries: Kb, ka, and kq data, part 1

BLNK_NP BLNK_ LT BTK_NP BTK_LT
Protein KD ka kd KD ka kd KD ka kd KD ka kd
AKTL 7.56E-09 6.15E+04 4.65E-04 1.73E-08 6.15E+04 1.07E-03 5.11E-08 5.35E+04 2.73E-03 1.19E-07 2.69E+04 3.21E-03
AKT2* 2.77E-08 5.81E+04 1.61E-03 1.90E-08 8.02E+04 1.52E-03 3.56E-08 7.28E+H)4 2.39E-03 1.89E-08 L.12E+05 2.11E-03
AKT2** 2.950E-08 6.64E+04 1.93E-03 2.68E-08 6.89E+04 1.84E-03 1.78E-08 1.07E+05 1.90E-03 2.61E-08 1.17E+05 3.04E-03
AKT3 4.07E-08 5.85E+04 2.38E-03 1.99E-07 1L31E+4 2.60E-03
ARHGEF7 1.37E-07 1.70E+04 2.33E-03 6.61E-08 2.15E+04 1.42E-03
BCL10 2.97E-08 5.7TE+04 1.71E-03 1.71E-08 6.03E+04 1.03E-03 8.91E-08 3.57E+)4 3.19E-03 3.14E-07 9.61E+03 3.01E-03
BCL2 2.09e-08 1.33E+H05 2.77E-03 1.75E-09 4.60E+03 8.06E-06
BCL2A1 1.85E-08 4.13E+04 7.64E-04 1.56E-08 7.91E+04 1.23E-03 6.66E-08 5.94E+04 3.96E-03 5.56E-08 4.60E+04 2.56E-03
BCL2L1 1.62E-08 A4 44E+04 7.15E-04 1.46E-08 7.22E+04 1.06E-03 3.66E-08 T.71E+H04 2.82E-03 2.02E-08 7A4E+HM4 1.50E-03
BLK 5.30E-08 6.09E+04 3.23E-03 4,54E-08 6.75E+H04 3.06E-03
BLNK 7.51E-08 3.23E+04 2.42E-03 1.10E-07 1.38E+04 2.07E-03
BTK 7.94E-08 2.36E+04 1.88E-03 9.24E-08 1.02E+04 9.41E-04
CARD11 3.34E-08 3.78E+04 1.26E-03 2.17E-08 4.88E+04 1.06E-03 1.80E-07 1.55E+04 2.78E-03 2.21E-08 1.19E+05 2.62E-03
CD19 1.48E-07 A4.92E+)4 7.28E-03 4,41E-08 A4.01E+04 1.77E-03
cbzz 1.25E-08 8.18E+04 1.02E-03 1.21E-08 7.46E+04 9.06E-04 2.65E-08 L.03EHDS 2.72E-03 2.82E-08 1.26E+05 3.56E-03
CD72 3.02E-08 6.19E+04 1.87E-03 1.60E-08 5.54E+04 8.85E-04
CD73A 1.83E-08 6.33E+04 1.17E-03 2.22E-08 7.01E+04 1.56E-03 2.42E-08 9.11E+04 2.21E-03 1.28E-07 3.00E+04 3.83E-03
CD79B 4.26E-08 5.59E+04 2.38E-03 2.65E-08 8.50E+04 2.36E-03 5.71E-08 2.74E+04 1.56E-03
CDE1 1.98E-08 A4.46E+04 3.86E-04 1.99E-08 5.89E+04 1.17E-03
CcDc42 8.23E-07 1.91E+03 1.57E-03
CDKN2A 1.89E-08 4.21E+04 7.96E-04 2.37E-08 5.33E+04 1.26E-03
DAPP1 1.76E-08 5.10E+04 9.00E-04 2.34E-08 6.61E+04 1.55E-03
EGR1 2.28E-09 6.46E+04 1.47E-04
ETS1 1.10E-08 A4.36E+04 4,77E-04 1.83E-08 5.50E+04 1.01E-03 1.52E-07 1.36E+04 2.06E-03
EZR 3.28E-08 8.02E+)4 2.63E-03 5.74E-08 4.65EH4 2.67E-03
FCGR2B 2.45E-08 8.19E+04 2.01E-03 4.38E-08 4.02E+04 1.76E-03
Fos 8.79E-08 3.05E+04 2.68E-03 8.76E-08 3.39E+04 2.96E-03
GRAP2 3.16E-08 6.57E+04 2.08E-03 9.33E-08 2.30E+04 2.15E-03
GRB2 1.93E-08 5.35E+04 1.03E-03 1.37E-08 4. 84E+04 6.64E-04 2.96E-08 6.15E+04 1.82E-03 1.65E-08 1.ATE+DS 2.42E-03
GSK3B 2.40E-08 5.67E+H04 1.36E-03 5.21E-08 4. 72EH)E 2.46E-03 9.08E-08 2.40E+04 2.18E-03
HRAS 1.50E-08 4.83E+04 9.17E-04 1.71E-08 5.43E+04 9.29E-04 5.45E-08 5.42E+04 2.98E-03 1.70E-08 3.54E+03 6.01E-05
IFITM1 8.03E-08 A4.61E+04 3.70E-03 7.83E-08 3A9E+4 2.73E-03
IKBKA 2.00E-08 5.82E+04 1.16E-03 3.96E-08 5.99E+04 2.37E-03 4.39E-08 5.30E+04 2.33E-03
IKBKB# 4,70E-08 5.85E+04 2.75E-03 5.13E-08 5.16E+04 2.64E-03
IKBK B 4.19e-08 4. 19E+04 1.76E-03 2.34E-08 6.36E+04 1.54E-03 9.75E-08 3.96E+04 3.86E-03 3.83E-08 4.41E+H04 1.69E-03
IKBKG 2.40E-08 4. 75E+04 1.14E-03 1.80E-08 6.22E+04 1.12E-03 4.41E-08 6.03E+04 2.66E-03 2.00E-08 6.83E+04 1.37E-03
INPP5SD 4.65E-08 6.55E+04 3.05E-03 3.62E-08 7.61E+04 2.76E-03
INPPL1 2.48E-08 5.86E+04 1.45E-03 1.83E-08 5.50E+04 1.01E-03 1.23E-07 5.81E+04 7.13E-03 6.03E-08 1.38E+04 8.31E-04
Jun 7.86E-09 3.49E+04 2.74E-04 2.42E-08 6.56E+04 1.59E-03 2.66E-08 8.64E+04 2.29E-03 3.41E-08 3.61E+04 3.04E-03
KRAS 1.37E-08 5.19E+04 7.12E-04 3.19e-08 4.42E+H04 1.41E-03
LAT2 1.34E-08 5.16E+04 6.90E-04 1.59E-08 6.91E+04 1.10E-03
LILRE3 5.74E-07 2.54E+03 1.46E-03
LIMEL 5.33E-08 4.63EHM 2.47E-03 2.66E-07 LI11E+HM 2.94E-03
LYN 1.61E-09 3.73E+04 6.01E-05
MALTL 2.74E-08 6.55E+04 1.79E-03 3.45E-08 5.86E+04 2.03E-03 8.17E-08 2.91E+)4 2.38E-03 1.20E-06 1.99E+03 2.40E-03
MAP2K1 7.50E-09 1.27E+05 1.01E-03 2.62E-08 6.04E+04 1.58E-03
MAP2K2 9.06E-08 3.23E+04 2.92E-03
MAP2K3 3.94E-08 8.76E+04 3.45E-03 3.58E-08 6.94E+04 2.49E-03
MAP3K3 1.79E-08 3.86E+04 6.93E-04 1.48E-08 6.35E+04 9.41E-04

Reference Sequence ID = *BC063421, **BC120994 , #8C006231, ##BC108694, “BCO30815, ~~BC094795
MNP =target proteins are Not Phosphorylated. LT =target proteins are Lysate-Treated.
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Table 39. BLNK and BTK queries: Kb, ka, and kq data, part 2

BLNK_NP BLNK_LT BTK_NP BTK_LT
Protein KD ka kd KD ka kd KD ka kd KD ka kd

MAPK1 2.81E-08  5.08E+04 1.43E-03 1.98E-08 5.40E+04  L.0VE-03 6.36E-08 9.00E+04  5.73E-03 6.94E-08 3.76E+04 2.61E-03
MAPK12 2.45E-08  5.85E+04 1.43E-03 2.10E-08 6.48E+04  1.36E-03 4.24E-08 6.18E+04 2.62E-03 1.62E-07 1.65E+04 2.66E-03
MAPK13 2.42E-08  5.94E+04 1.44E-03 1.60E-08 6.31e+04  1.01E-03 3.90E-08 4.64E+04 1.81E-03 6.83E-08  4.39E+04 3.00E-03

MAPK14 1.60E-08 9.26E+04 1.48E-03 4.62E-08 6.65E+04 3.08e-03 3.06E-08 7.43E+04 2.28E-03
MAPK3 1.39E-08  5.34E+04 7.40E-04 3.68E-08 711E+04 2.62E-03 1.26€-07 2.42E+04 3.04E-03
MAPKE 2.93E-08 7.46E+04 2.19E-03 9.48E-08 2.48E+04 2.35E-03
MAPKS 9.09e-08 LE5E+04 1.68E-03 1.09E-08 1.73E+04 1.89E-04
MDM2 4.93E-08 4.61E+HM4 2.27E-03 4.02E-08  5.61E+04 2.25E-03

MYC 1.19E-08  4.57E+04  5.43E-04 2.12E-08 5.43E+04  1.15E-03 9.50E-08 4.99E+04  4.74E-03 4.56E-08 6.05E+04 2.76E-03

NCKL 3.61E-08 7.14E+04 2.58E-03 3.10E-08 7.47E+04 2.31E-03

NCKAPIL 2.58E-08  4.88E+04 1.26E-03 1.96E-08 6.03E+04  1.1BE-03 3.33E-08 7.20E+04 2.40E-03 2.76E-08 7.73E+04 2.14E-03
NFATS 1.68E-08  5.84E+04 9.82E-04 3.51E-08 2.63e+04  9.24E-04  4.35E-08 7.60E+04 3.30E-03 1.34E-07 1.98E+04 2.66E-03
NFATC1 2.59E-08  5.28E+04 1.37E-03 1.77E-08 7.15e+04  1.27E-03 2.61E-08 L13E+05 2.94E-03
NFATC4 2.02E-08 6.75e+04  1.36E-03
NFKB1 7.21E-09 4.65E+04 3.38E-04
MNFKBIA 1.39e-08 6.08E+04 8.45E-04 2.06E-08 A4.52E+04  9.31E-04
NFKBIE 5.78E-09 4.62E+04 2.67E-04 3.12E-08 4.17e+04  1.30E-03 2.95e-08 7.43E+04 2.19e-03 6.05E-07 6.79e+03 4.11E-03

NRAS 4.28E-08 1.91E+04 8.20E-04 3.58E-08 3.22e+04  1.15E-03

PIK3APL 1.34E-08 3.75e+04  5.02E-04 2.01E-08 4.79+04  9.60E-04

PIK3CA 1.80E-08 3.80E+04 6.83E-04 1.89E-08 5.35e+04  L.01E-03

PIK3CB 3.24E-08 5.80E+HM 1.88E-03 4.04E-08 4.23E+04 1.71E-03
PIK3CG 1.53E-08  4.73E+04 7.27E-04 2.11E-07 1.80E+04 3.79E-03 6.29E-08 2.42E+04 1.53E-03
PIK3R1™ 2.20E-08  4.29E+04 9.45E-04 1.82E-08 4.80E+04  B.75E-04 2.90E-08 8.57E+04 2.49E-03 1.97E-08 1.26E+05 2.49E-03
PIK3R1™™ 5.94E-08 5.40E+04 3.20E-03 4.90E-08  5.90E+04 2.89E-03
PIK3R2 1.45e-07 2.31E+04 3.35E-03 1.65E-07 1.11E+04 1.83E-03
PIK3R3 4.54E-08 3.07E+04 2.30E-03 2.43E-09 6.99E+04 1.70E-04
PIK3RS 3.62E-08 6.87E+04 2.48E-03 5.36E-08  4.67E+04 2.50E-03
PLCG2 8.04E-08 4.57E+H0M4 3.68E-03 8.04E-08 2.58E+04 2.08E-03
PPP3ICA 1.04E-07 3.78E+04 3.92E-03 8.17E-08 2.89E+04 2.37E-03
PPP3CBE 7.21E-08 3.41E+04 2.46E-03 9.78E-08 2.38E+04 2.32E-03
PPP3R1 3.10E-08 6.92E+04 2.14E-03 3.95E-08 3.76E+04 1.48E-03
PPP3R2 3.73E-08 7.54E+04 2.81E-03 2.86E-08 7.67E+04 2.20E-03
PRKCA 3.29e-07 7.39E+03 2.43E-03
PRKCB 4.63E-08 7.50E+04 3.47E-03 5.12E-08  4.16E+04 2.13E-03

PTEN 1.55E-08 9.05E+04 1.40E-03 2.55E-08 6.32E+04  1.64E-03
PTPNG 2.14E-08  5.89E+04 1.26E-03 2.70E-08 5.71E+04  L.54E-03
RACL 6.85E-09 5.14E+04 3.52E-04

RACZ2 2.94E-06 3.75E+00 1.10E-05 1.42E-06 1.86E+03 2.65E-03
RAC3 1.28E-08 2.35E+04 3.01E-04
Rafl 6.23E-07 4.06E+03 2.53E-03 1.52E-07  5.25E+03 7.99E-04

RAPI1B 1.24E-08 7.15E+04 8.92E-04 3.97E-08 5.00E+04  1.95E-03 6.26E-08 2.74E+04 1.71E-03 3.20E-08 3.47E+04 1.11E-03
RAP2A 2.00E-08  5.58E+04 1.11E-03 4.22E-08 A.77E+04 2.01E-03 1.05e-07 2.16E+04 2.26E-03 1.16E-09 7.89E+04 9.14E-05
RAP2C 1.40E-08  5.66E+04 7.93E-04 1.97e-08 5.33e+04  1.05E-03 6.21E-08 7.36E+04  4.57E-03 3.19e-08 6.28E+04 2.01E-03

RasGRP3 7.94E-08 4.11E+04 3.26E-03 7.97E-08 4.27e+04 3.40E-03
RASSF3 9.52E-08 3.68E+04 3.50E-03 3.75E-08 3.97E+04 1.49E-03
RELA 4.72E-08 7.21E+04 3.41E-03 4.10E-08 3.88E+04 1.59e-03

RHOA 2.00E-08  4.64E+04 9.30E-04 1.71E-08 6.32E404  1.0BE-03 3.31E-08 6.40E+04 2.11E-03 5.09E-08 3.96E+04 2.02E-03
5051 5.87E-09 5.26E+04 3.09e-04 2.44E-08 3.17e+04  7.73E-04  5.45E-08 5.36E+04 2.92E-03 1.27e-07 1.71E+04 2.16E-03

5052 1.54E-07 1.22E+04 1.88E-03
SYK 2.84E-08 5.86E+04  1.66E-03 4.61E-08 7.25E+04 3.34E-03 1.85E-08 8.39E+04 1.55E-03
TEC 9.25E-08 2.89E+04 2.68E-03 4.28E-08  4.15E+04 1.78E-03
VAVL 5.30E-08 3.93e+04  2.08E-03 3.80E-09 L41E+04  5.35E-05 1.48E-08 1.67E+04 2.47E-04

VAV2 1.63E-08  4.23E+04 6.89E-04  4.88E-08 4.19E+04  2.04E-03 3.98E-08 7.82E+04 3.11E-03 2.00E-08 8.52E+04 1.70E-03
VAV 1.92E-08  4.83E+04 9.28E-04  4.46E-08 4.87e+04  2.17E-03 5.55E-08 7.35E+04  4.08E-03

Reference Sequence ID = *BC063421, **BC120994 , #BC006231, ##BC108694, ~“BC030815, ~~BC094795
NP = target proteins are Mot Phosphorylated. LT = target proteins are Lysate-Treated.
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Table 40. PI3K query: Kp, ks, and kq data

PI3K_NP PI3K_LT
Protein KD ka kd KD ka kd
AKTL 6.81E-09 5.86E+05 3.99E-03 1.31E-09 1.99E+05 2.61E-04
AKT2* 5.20E-09 1.98E+05 1.03E-03
AKT2** 1.24E-08 4,54E+05 5.63E-03 5.69E-10 2.99E+05 1.70E-04
BCL2A1 7.63E-09 5.76E+05 4.40E-03 1.02E-09 1.66E+05 1.69E-04
BLK 1.03E-08 2. 40E+05 2.47E-03
CcD22 7.97E-09 5.90E+05 4.70E-03
CO79A 1.89E-09 4.04E+05 7.65E-04
ETS1 1.32E-08 7.8BE+04 1.04E-03 2.8BE-08 7.43E+04 2.14E-03
HRAS 1.38E-08 3.32E+05 4.57E-03
IKBKA 4.58E-09 1.98E+05 9.09E-04
|IKBKBH&# 1.62E-08 3.35E+05 5.44E-03
IKBKG 9.07E-09 A4.93E+05 4.47E-03
INPPLL 1.59E-08 2.92E+05 4.64E-03
KRAS 3.59E-08 5.37E+04 1.93E-03
LAT2 1.48E-09 1.14E+05 1.69E-04 1.98E-08 1.03E+05 2.04E-03
MAPIK3 1.72E-09 8. 77e+04 1.51E-04
MAPKL 6.38E-09 5.81E+05 3.71E-03 5.38E-09 4,06E+05 2.26E-03
MAPK12 9.95E-09 4,20E+05 4,18E-03
MAPK13 1.03E-08 6.30E+05 6.51E-03
MDM2 8.70E-09 6.25E+05 5.44E-03
MYC 1.31E-08 4, 74E+05 6.19E-03 4,24E-09 3.44E+05 1.46E-03
NCKAPIL 1.01E-08 5.01E+05 5.03E-03
PIK3AP1 4. 15E-10 1.94E+05 8.06E-05 1.64E-08 2.05E+06 3.37E-02
PIK3CA 7.45E-09 1.50E+05 1.12E-03 1.16E-08 1.18E+05 1.38E-03
PIK3R1™™ 2.43E-09 3.67E+05 8.89E-04 8.69E-10 1.45E+06 1.30E-03
PLCG2 1.14E-08 6.60E+05 7.54E-03
PPP3CB 1.55E-09 2.30E+05 4.45E-04
PTEN 1.35E-08 2.63E+05 3.55E-03 7.13E-10 3.93E+05 2.80E-04
PTPMG 3.85E-09 2.98E+05 2.64E-03 5.44E-10 5.8BE+05 3.20E-04
RACL 4_20E-09 8.52E+04 3.58E-04
RAP2C 8.11E-09 1.0BE+05 8.74E-04 1.64E-08 4.33E+06 7.11E-02
RELA 1.79E-08 3.51E+05 6.27E-03 1.27E-09 6.70E+05 8.54E-04
RHOA 7.18E-09 3.32E+05 2.38E-03 6.66E-10 3.75E+05 2.50E-04
VAV2 1.00E-08 4,55E+05 4,57E-03
VAV 4.12E-09 2,32E+05 9.55E-04

Reference Sequence ID = *BC063421, **BC120994 , #BC006231, ##BC108694, ~“BC030815, ~~BC094795
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Table 41. RAC1 query: Kbp, ki, and kq data

RAC1(GDP)_NP RAC1(GDP)_LT RACL(GTP)_NP RAC1(GTP)_LT
Protein KD ka kd KD ka kd KD ka kd KD ka kd
AKTL 1.12e-07 7.87E+08 8.84E+01 7.82E-08 5.10E405 3.99€-02
AKT2* 3.73E-08 4.13E+04 1.54E-03 1.21E-07 6.46E+08 7.82E+01 6.23E-08 1.62E+09 1.01E+02
AKT2** 1.12e-07 4.16E+07 4.68E+00

AKT3 5.99E-08  2.17e+04  1.30E-03 244808 2.32e+04  5.67E-04  103E-07 5.22e+08  5.39e+01  8.49E-08 2.43e+04 2.06E-03
BCL10 5.15E-08  2.38E+04  1.22E-03 6.09E-08 3.02E+04  1.84E-03 5.92E-08  5.98E+07  3.54E+00  1.40E-07 1.21E+09  1.69E+02

BCL2 1136-07 313404  3.556-03
BCL2A1 5.26E-08  195E+404 LO3E-03  1.28E-07 4.43E+08 S5.67E+01  7.396-08  2.27E+#05  L.68E-02
BCL2L1  B8.34E-08  189E+04 1.586-03 3.01E-08 4195404 126E-03  116E-07 3.326+409 3.86E+02 4.696-08 5.05E+404  2.37E-03
BLK 4.93E-08  2.656409  1.31E+02

BLNK 4.38E-09  140E+04  6.14E-05 4.18E-09  2.18E+04  9.12E-05  8.556-08  1.69E+08  L44E+01  4.41E-08  5.53E+04  2.44E-03
CARD11 3.50E-08  1.76E#04  6.17E-04 1.06E-08 3.18E+04  3.36E-04  6.84E-08 1.50E+09 1.02e#02  1.11E-07 1.32E405 1.47e-02
CD13 6.49E-08  1.82E+04  1.18E-03 2.65E-08 3.31E+04  8.78E-04  7.06E-08 1.09e+09 7.68E+01  1.02E-07 3.87e+04 3.94E-03
CcD22 4.46E-08  2.51E+04  1.12E-03 2.93E-08 3.16E+04  9.26E-04  6.79E-08 2.50E+08  L.70E+01  9.51E-08 3.37E409  3.20E+02

co72 1.22E-07 3196406  3.90E-01
CD79A 3.636-07  3.576+08  1.30E+02
cp798 1.30E-07  2.236+09  2.89E+02 G6.00E-08  5.776+04  3.46E-03
cps1 3.49E-08  1.63E+04  5.69E-04  2.85E-08  2.59E+04  7.36E-04  6.14E-08  7.29E+08  4.48E+01  6.77E-08  175E405  1.18E-02
cpcaz 1.18E-07 4.63E+09  5.48E+02
CDKN2A 7.71E-08  1.21E+04  1.40E-03 7.88E-08 2.50E+04  1.97E-03 1.16E-07 3.44E+09  4.00E+02  1.02E-07 6.59E+04 6.73£-03
DAPP1 104E-07 4.17E+08  4.35E+01  1.29E-07 3.22E+05  4.14E-02
EGR1 4.99-09  2.62E+404  L31E-04  8.05E-08  3.99E406  3.21E-01 127607 8.17E+06  1.03E00
ETS1 9.49E-08  1.856+404 176E-03  6.16E-08  199E+04  1.22E-03  7.92E-08  2.39E+09  L.89E+02  3.38E-08  3.82E404  1.296-03
EZR 5.78E-08  6.70E+04 3.88E-03 5.42E-08  3.08E+04 L67E-03  7.556-08  4.10E+09  3.09E+02 G6.18E-08  9.56E+05  5.91E-02
FCGR2B 7.45E-08  6.49E+08  4.83E+01
Fos 1.026-08  3.336+404  341E-04  1.036-07 3426409  3.53E+02  7.59E-08  3.55E+04  2.69E-03
GRAP2 7.88E-08 3.66E+04 2.88E-03

GRB2 4.26E-08  1.66E+04  7.08E-04 1.72e-08 2.74E+04  A70E-04  2.65E-08 7.95E+02  6.88E+02  8.71E-08 3.42E405 2.98E-02
GSK3B 112E-07 1076404 1.206-03  6.04E-08  4.35E+04  2.63E-03  7.56E-08  6.16E+06 4.656-01  L.06E-07  3.92E404  4.16E-03
HRAS 5.98E-08  2.80E+04 1.68E-03  4.22E-08  4.44E+04  L87E-03  8.226-08 1526409  L256402 L10E-07  2.59E+08  2.86E402
IKBKA 1.38E-07  2.00E+04 2.756-03  6.556-08  2.01E+04 1.32E-03  7.24E-08  1.78E+07 129400 9.16E-08  7.0SE405  6.45E-02
IKBKB# 8.18E-08  4.56E+09  3.73E+02  5.656-08 4426404  2.50E-03
IKBKB##  4.53E-08  2.63E+04  1.19E-03  2.686-08  4.16E+04 L11E-03  8.30E-08  3.376+07  2.80E+00  7.07E-08  4.03E+04  2.856-03
IKBKG 9.38E-08  1.53E#04  143E-03  5.70E-08 2.73E+04  1.56E-03 7.82E-08 1.24e+09 9.66E+01  7.65E-08 2.36E+04 1.80€-03

INPPSD 5.74E-08 1.386+06 7.93E-02
INPPLL 6.69E-08  1.83E404  1.20E-03 3.726-08 3.05E+04  1.13E-03 7.56E-08 2.22E+06 1.67e-01  7.62E-08 2046406 1.86E-01
Jun 412608 1.87E+04  7.686-04 4.23E-08  2.38E+04  LO1E-03  7.48E-08  5.99E+07 4.48E+00  8.89E-08  8.74E#06  7.77E-01

KRAS 6.42E-08  2.18E+04  140E-03  4.53E-08 2.79E+04  1.26E-03 6.37E-08  4.77e+07  3.04E+00  6.20E-08  4.83E+06 3.00E-01
LAT2 140E-07  1.74E+04  2.43E-03 6.14E-08 2.30E+04  1.41E-03 142E-07 1.44E+03 2.04E+02  1.18E-07 4.00E+04  4.71E-03

LILRB3 8.63E-08 1476407  L27E+00 9.67E-08  4.01E+04  3.886-03
LYN 1.34E-08  1.B0E+04 2.41E-04  8.84E-08  9.33E+03  8.24E-04  L.O6E-07  2.34E+09 2486402 8.16E-08 2196404  L79E-03

MALTL 1.296-07 4986408  6.41E+01

MAP2K1 8.786-08  L61E+07  141E+00  2.51E-06  2.10E+04  5.26E-02

MAP2K2  3.40E-08  1.28E+04 4.36E-04  2.03E-08  2.24E+04  4.56E-04  7.06E-08  2.34E+09  2.08E+02  1.0SE-07 5.60E+04  5.89E-03
MAP2K3 115e-07  1.76E+04  2.03E-02 3.96E-08 2.25E+04  8.90E-04  9.62E-08 1.32e+07  127e+00  5.66E-08 2.21E405 1.25e-02
MAP3K3 189E-07  1.40E+04  2.63E-03 8.91E-08 2.08E+04  1.85E-03 1.10E-07 3.79E+06  4.15E-01  1.02E-07 6.50E+04 6.66E-03
MAPKL  4.01E-08  2.70E#04  1.086-03  1.B83E-08  3.74E+04  6.856-04  8.90E-08  2.656+09  2.366402 LI15E-07  L30E#05  1.49E-02
MAPKI2  L10E-07 1.63E+04 1.78E-03 5.73E-08 2766404 158E-03  LO1E-07 2706409 2726402  1O7E-07  4.07E+405  4.356-02
MAPKI3  5.21E-08 2456404 1.28E-03  3.776-08  3.96E+04 149E-03  6.99E-08  9.21E+09  6.43E+02  1456-07  4.66E+05  6.76E-02
MAPKI4  7.076-08 151E+04 107E-03 5.095-08 3.66E+04 1.86E-03  6.54E-08 2776406  181E-01  7.31E-08  3.80E+04  2.786-03
MAPK3  8.99E-08  B.95E+03  B.04E-04  4.63E-08  2.08E+04  9.64E-04  1.42E-07  1.66E+06  2.36E-01  8.50E-08  4.09E#04  3.48E-03
MAPKS 7.79e-08 2.06E+09 1.61E+02
MAPKS 3.74E-08 3.02E+04  1.13E-03 8.21E-08 1.64E+09 1.35E+02  8.33E-08 1.68E+05 1.40E-02
MDM2 3.04E-07 5.08E403  1.55E-03  4.90E-08 2.30E+04  1.12E-03 9.99E-08  4.11E+03 4.11E+02  1.53E-07 7458407 1.19E+01
MYC 4,54E-08  2.20E404 9.96E-04  3.78E-08  2.79E+04  LOSE-03  7.756-08  2.50E+09  L94E+02  8.43E-08  L97E+08  L.GGE0L
NCK1 8.74E-03 124404 1.09E-03  3.056-08  3.96E+04 1.21E-03  7.39E-08  7.62E+407 5.63E+00 3.22E-08  5.62E404  1.81E-03
NCKAPIL  4.376-08  2.13E+#04  9.31E-04  3.026-08  3.40E+04 1.03E-03  6.40E-08 1726409  110E#02 1456-07  9.30E408  1.35E+02
NFATS 4.76E-08  8.11E+03  3.86E-04  3.17E-08  1.88E+D4  5.98E-04  6.556-08  441E+05  2.89E-02
NFATC1 ~ 9.798-08  1.176#04  1156-03 5.126-08  3.26E+04 1.67E-03  116E-07 4.83E+06  5.59E-01  2.91E-07  5.81E+#05  1.69E-01

NFATC3 1.36E-07 2.33e+04 3.44E-03
NFATC4 9.85E-08  5.29+06  5.20E-01  1.72E-07 3.04E405  5.21E-02
NFKBL 4.62E-08  L58E+04  7.30E-04  191E-07  8.01E+06  LS53E+00  1.29E-07  9.26E+04  L.19E-02

NFKBIA  5.51E-08  5.38E404 2.96E-03 3.75E-08 1266405 4.73E-03  9.196-08 1526409  140E+02 8.03E-08 4.50E+04  3.61E-03
NFKBIB  141E-07  8.80E+03  124E-03  124E-07 1476404 1.82E-03 6.87E-08  5.18E+06  3.56E-01  142E-07 1526404  2.16E-03
NFKBIE  2.09E-07  8.46E+03  1.77E-03 3.336-07  7.94E406  2.64E+00 114E-07  8.78E+04  1.00E-02
NRAS 1.89E-08  1.98E+04 3.73E-04  5.36E-12  2.50E+08  1.34E-03  1.04E-07  2.656407 2756400 1.23E-07  9.22E405  L13E-01
PIK3APL 4.01E-08  142E+04  5.70E-04  5.97E-08 2.24E+04  1.34E-03 1.66E-07 2.86E+08  4.74E+01  1.44E07 2.23e+06 3.21E-01
PIK3CA 3.01E-08  2.72E+04  8.20E-04 3.31E-08 2.99e+04  9.91E-04  6.80E-08 1.00E+09 6.82E+01  5.61E-08 3.86E+06 2.16E-01
PIK3CB 1.26E-07  LI19E+09  L49E+02
PIK3CG ~ 116E-07 9.89E#03  1.156-03  4.256-08  2.93E+04 1.256-03  9.50E-08  6.93E+08  6.58E+401  7.30E-08  4.02E405  2.93E-02
PIK3R1™  4.23E-08  1.976+04 8.34E-04  3.16E-08 3.38E+04 1.07E-03  837E-08 L03E+07 8.60E-01 7.17E-08 5.876+04  4.21E-03
PIK3R2 3.686-08  3.96E+05  L.4BE-02
PIK3R3 2.37E-07 1.09E+04  2.596-03  4.58E-08  6.04E+04  2.77E-03  1.09E-07  7.19E+06  7.84E-01  1.24E-07  3.87E#04  4.81E-03
PIK3RS 166E-08  1.556+04  2.58E-04  4.40E-09 3.02e+04  1.33E-04  4.85E-08 2.10e+06 1.02e-01
PPP3CB 1.12e-08 2.26E+04  2.54E-04  1.34E-07 3.60E+04  4.83E-03 3.83E-08  5.44E+04 2.08e-03
PPP3R1 9.98E-08  1.24E404  1.24E-03 3.26E-08 3.44E+04 1L12E-03 1.43E-07 1.51E+09 217402  1.05E-07 3.04E404 3.186-03
PRKCB 5.05E-08  124E+04 6.256-04 LO3E-08  3.75E+404  3.86E-04  9.626-08  4.08E+06  3.93E-01  1.01E-07  3.61E+04  3.66E-03

PTEN 2.06E-07 2776404  5.726-03  8.33E-08  4.056+04  3.37E-03
PTPNG 8.27E-08 1856404  153E-03  3.78E-08  3.30E+04  1.256-03  1.39E-07  2.08E+07  2.896+00 1.84E-07  2.62E404  4.83E-03
RACL 6.51E-09  1.876+04  122E-04  5.16E-08  4.34E+06  2.24E-01  129E-07  6.38E+04  8.23£-03

RAC3 1.26E-07 1326404  1.66E-03 4.07E-08  4.40E+04  1.798-03  1.23E-07  2.55E+406  3.15E-01  1.03E-07  3.00E#04  3.10E-03
RAP1B 9.49-08  1.98E+04  1.88E-03 1.40E-08  4.738+04  6.60E-04  9.09E-08 3.65E+09 3.32E+02  9.65E-08  4.09E+05 3.956-02
RAP2A 5.54E-08  1.90E+04  1.05E-03 3.396-08 3.19E+04  1.08E-03 8.48E-08  4.04E+03 3426402 1.TIE-07 1.26E409  2.15E+02
RAP2C 3.90E-08  2.61E+04 1.02E-03  7.08E-09  4.096+04  2.89E-04  9.63E-08  3.31E+09  3.196+402 6.196-08  6.06E406  3.75E-01

RasGRP3  2.77E-07  1.20E+04  3.33E-03  4.996-08  196E+04 9.75E-04 9.42E-08  7.23E+07  6.81E+400 1.09E-07  2.91E409  3.18E+02

RASSFS 8.59E-08  9.656+07  8.29E+00
RELA 7.54E-08  3.076+09 2326402  138E-07  L.65E+04  2.27E-03
RHOA 1.65E-07 1156404  1.30E-03  4.556-08  3.29E+04  1.50E-03  1.36E-07  1.84E+08  2.51E+01 1.00E-07  3.34E#04  3.356-03
sS0s1 6.14E-08 2.08E+04  1.28E-03 9.53E-08 2.44E+03 2.32E+02  1.09€-07 7.92E+04 8.67e-03
5082 1.19e-09 2.40E+04  2.86E-05 8.59E-08 9.42E+05 8.10E-02  1.88E-07 8.19e+04 1.54E-02
SYK 2.84E-08  1.656+04  4.68E-04  2.326-08  3.82E+04  8.88E-04  8.10E-08  4.29E+07 3476400 L77E-07  LO2E409  L.B1E+02
TEC 5.24E-08 1456404  7.61E-04 7.82E-08  7.83E+08  6.13E+01  G6.63E-08  LGOE+0S  1.06E-02
TPS3 8.01E-08  5.996+08 4.80E+01  122E-07 1.76E#06  2.14E-01

VAVL 3.48E-07  7.90E+03  2.75E-03  5.55E-08  2.30E+04  1.28E-03  6.68E-08 2726408  1.81E+01  9.71E-08  6.95E405  6.74E-02
VAV2 2.57E-08  2.48E+04  6.38E-04  1.89E-08  247E+04  4.66E-04  9.07E-08  3.96E+09  3.59E402  1.06E-07  3.13E409  3.31E+02
VAVZ 7.50E-08  4.00E+06 3.00e-01 1.27e-07 7.11E408  9.06E+02

Reference Sequence ID = *BC063421, **BC120994 , #BC006231, ##BC108694, “BCO3081S, ~~BC094795
NP =target proteins are Not Phosphorylated. LT = target proteins are Lysate-Treated.
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Table 42. RHOA query: Kbp, ks, and kq data

RHOA(GDP)_NP RHOA(GDP)_LT RHOA(GTP)_NP RHOA(GTP)_LT
Protein KD ka kd KD ka kd KD ka kd KD ka kd
AKTL  149E-07 690403 LO03E-03 9.29-07 121E+03 LI2E-03  7.96E-08 L22E+04  9.68E-04 LI4E-07 447603  5.11E-04
AKT2*  3.80E-07 5.93E403  2.25E-03 9.456-08  L47E+04  139E-03  L34E07  7.99E403  1.O7E-03
AKT2**  4.61E-07 S511E+H03  2.36E-03 8.856-08  LI2EH04  9.95E-04 343607  3.96E403  1.36E-03
AKT3 403607 6.27E403 252603  2.38E-06  B.40EH02  2.00E-03
ARHGEF7 126E-07 L73EH04  2186-03 290607 7.09E403  2.06E-03
BCL10 273607 531EH3  145E-03
BCL2 L1007  LS6E+4  L72E-03
BCL2AL 377607  3.84E+03 145603  3.97E-07 2.35E+403  9.35E-04  L25E-07 1376404 L72E-03 294607 4.36E+03  1286-03
BCL2L1  4.06E-07 5.23E+03  2.126-03 L64E-07 L3264 217603 433607  3.72E403  161E-03
BLK LB0E-07  L23E+H04 222603 266607 6.63E403  1.76E-03
BLNK 222607 LI0EH  245E-03  7.48E-07  L79E403  1.34E-03
BTK 248607 LOSEH  267E-03 812607 LIZE03  9.136-04
CARDIL  3.38E-07  7.46E+03  2.526-03 L14E-07  128E+04  146E-03 249607 4.31E403  1.O7E-03
D19 2.86E-07 778EH03 222603 3.70E-07 4.90E403  1.81E-03
D22 L90E-07 LSIEHA  2.88E-03  6.28E-07  2.64E403  1.66E-03
CD72  434E07  AJ0E+03  2.04E-03 724608 L33EH4  9.59E-04 332607  2.89E+03  9.60E-04
D798 102607  159E+04  L61E-03
cog1 1456-07 1276404 L84E-03
cocaz 9.69E-08  L18E+H4  L14E-03
CDKN2A 404607 3.026403 122603
DAPP1 142607 L93E+04  2.75E-03
EGR1 120607  8.86E+03  LO6E-03
ETS1 6.49E-08  LA4EH04  9.34E-04 1486-07 L1IEH4  L65E-03  4.96E-07 2.26E403  1.126-03
EZR 209607 LO03EHA 215603 217606 S5.03E402  1.09E-03
FCGR2B 7.786-08  LS0E+04  L16E-03  LG2E-06 L28E+03  2.08E-03
Fos 201607 LOLEHA  2026-03 L22E-06 1496403  1.81E-03
GRAP2 454E-07  4.68E403  2.12E-03
GRB2  3.956-07 B.ASEH03  3.21E-03 126E-07 128E+04  L161E-03  5.28E09 LIOE+04  5.78E-05
GSK3B L16E-07  L86E+04  2.17E-03
HRAS 374807  616EH3  2.30E-03
IFITML 234607 L0+ 238E-03  440E-07  L6TE03  7.36E-04
IKBKA 2.676-07  7.83EH03 209603 572609 A.87E403  2.78E-0S
IKBKB#  4.54E-07  7.67E+03  3.49E-03 L076-07  L67E+04  L79E-03  281E07 6.81E403  1.91E-03
IKBKB#  3.756-07 4826403  L181E-03 LO4E-07  2.09E+04  2186-03  S.0E-07  2.63E403  1.34E-03
IKBKG ~ 4.97E-07  6.62E403  3.29E-03 129E-07  L26E+04  163E-03  3.60E-07 3.01E+03  1.126-03
INPPSD  3.82E-07  8.23E+03  3.15E-03 2.96E-07 8.05E+03  2.38E-03  4.B4E-08 420403 2.03E-04
INPPLL 2.776-07  101E+04  2.80E-03 4.76E-06 4.20E+02  2.00E-03
Jun 1546-07  135E+04  193E-03  1I19E-07 2.51E+03  2.99E-04
KRAS 144E-07  156E+04  2.24E-03
LAT2 114E-07  7.09E+03  8.10E-04 6.21E-10  641E+03  398E-06  8.J0E-07  L79E+03  1.55E-03
ULRB3  4.72E-07 661E+03  3.12E-03 1076-07  13256+04  133E-03  9.95E-07 3.01E+03  3.00E-03
LYN 2.926-07 833E+03  2.43E-03
MAP2K2  3.696-07  6.99E+03  2.58E-03 2.576-07 9.27E+03  2.38E-03  13SE-07  S.65E+03  7.62E-04
MAP2K3  5.296-07 47903 2.54E-03 1136-07 150E+04 169E-03  6.36E-07 1.96E+03  1.25E-03
MAP3K3  7.136-07 AJ7E+03  3.40E-03 401E-07 3.60E¥03  144E-03  3.12E-07 4.50E+03  1.40E-03
MAPKL  1A42E-07 6.35E+03  9.02E-04 1256-07 150E+04 187E-03 9.92E-08 A475E03  4.71E-04
MAPK12 3.216-07 7508403  2.40E-03

MAPK13  8.02E-08  1.556+04 124E-03 5.18E-08 2.07E+04  1.076-03  1.856-07 7.71E+03  142E-03  2.14E-07  5.21E+03  112E-03
MAPK14  1.70E-07  1.14E+04  134E-03  2.526-07 4.01E+03  1.01E-03  1.04E-07 1.59E+04  1.65E-03  2.85E-07  3.87E+03  1.11E-03

MAPK3 1.276-07  1.23E+04  156E-03  4.47E-07  3.83E+03  17IE-03
MAPKS 8.91E-07  1.65E+03  147E-03  1.32E-08  G6.10E+03  B.07E-05
MAPKS 3.13E-07 5.30E+03  1.66E-03  2.34E-08  5.31E+03  151E-04
MDM2 237607  6.926+03  1.64E-03 1.06E-07  1.356+04 1.43E-03 238607 G6.51E+03  155E-03
MYC 3.39E-07  5.726+03  1.94E-03 1.70E-07  1.20E+04 2.04E-03 228607  3.37E+03  7.68E-04
NCKL 1.63E-07  9.76E+03  159E-03  LG9E-07  S5.72E+03  9.67E-04

NCKAPIL ~ 2.59E-07  7.91E+03  2.05E-03 1.00E-07  1.34E+04 1.34E-03  L68E-07  S5.41E+03  9.11E-04
NFATS 4.076-07  2.54E+03  1.04E-03
NFATCL 1.39E-07  1.19E+04  1.66E-03  L1.68E-06 1.05E+03  177E-03
NFATCZ  3.31E-07 5.708+03  1.29E-03

NFATC4  3.20E-07 4716403  151E-03 1.55E-09  6.04E+03  9.39E-06

NFKBL  3.16E-07 6.37E+03  2.01E-03

NFKBIA 2.20E-07  8.23E+03  1.21E-03

NFKBIE 6.69E-08  1.63E+04 1.09E-03  2.62E-07  3.64E+03  9.56E-04
NRAS 2.036-07  7.59E+03  1.54E-03

PIK3APL 2.82E-07  1.366+03  1.20E-03

PIK3CA  2.36E-07 LI7E+04  2.77E-03 1.14E-07 8926403  1.01E-03 293608  2.79E+03  B8.17E-05
PIK3CB  3.53E-07  7.256+03  2.59E-03 1.16E-07  1.28E+04  1.48E-03  5.53E-09  G6.136+03  3.39E-05
PIK3CG 3.50E-07  7.67E+03  2.69E-03  1.45E-07 1176404  1.70E-03
PIK3R1®  3.256-07 1148404  3.71E-03 9.55E-08  1.61E+04  153E-03  3.776-07  3.326403  125E-03
PIK3R3 2.18E-08  3.74E+03  3.058-04
PIK3RS 1.51E-07  1.326+04 1.99E-03  9.99E-07  2.26E+03  2.26E-03
pLCG2 2.226-07  3.43E+03  7.60E-04  4.42E-06  3.83E+02 172E-03
PPP3CA 1.376-07 2026404 2.78E-03  4.87E-09  7.34E+03  3.58E-05
PPPCB 283507  LOLE+04  2.89E-03 1.24E-07  1.16E+04  1.44E-03  8.07E-06  2.036+02  168E-03
PPPIRL 241607  7.50E+403  1.81E-03 2.286-07  7.53+03 17IE-03 172607  3.336+03  5.30E-04
PPPIR2 1.656-07 1.08E+04 177E-03  §.22E08  4.83E+03  3.97E-04
PRKCA 1.476-06  1.98E+03  2.90E-03  9.62E-08  3.73E+03  3.64E-04
PRKCB 1.56E-07  8.49E+03  1.33E-03  3.80E-07  3.04E403  116E-03
PTEN 8.05E-07  3.26E+03  2.63E-03

PTPNG  3.34E07  5.93E+03  1.98E-03 3.986-07  3.16E+03  1.26E-03

RACL 5.086-07  3.59E+03  1.32E-03
Rafl 2.326-07  6.83E+03  1.59E-03

RAP1B 5.56E-07 3.57E+03  198E-03  6.57E-06  2.31E+02  1.52E-03
RAP2A 1.656-07  8.60E+03  142E-03 245607  3.40E+03  8.34E-04
RAP2C  3.285-07 7.058+403  2.32E-03 4.87E-07 550E+03  2.685-03  112E07  145E+04 1.63E-03 235606  LOTE+03  2.41E-03

RasGRP3 1.34E-07  1.09E+04  147E-03

RASSFS 6.26E-07  2.40E+03  150E-03  2.01E-07  5.04E+03  110E-03
RELA 1.856-07  1.13E+04  2.09E-03  2.70E-07  2.97E+03  8.00E-04
RHOA 1.63E-07 8316403  1.35E-03 517608 213E+04  110E-03  4.11E-07  3.37E+03  1.39E-03
5081 1.776-07  1.126+04  1.99E-03

5082 1.036-07  1.21E+04 126E-03  2.69E-07 3.15E+03  8.47E-04
SYK 1.036-07  1.39E+04 1.42E-03  3.096-07 4.676+03  144E-03
TEC 1.856-07 1.05E+04 1.95E-03  8.00E-07  3.76E+03  3.01E-03
TPS3 9.926-07  2.30E+03  2.28E-03  L14E-06  1.61E+03  134E-03
VAVL 2.656-07  7.91E+03  2.10E-03  4.93E-06  4.80E+02  2.37E-03
VAV2 2.286-07  6.96E+03  LS9E-03  3.67E-07  2.86E+403  1.0SE-03
VAV3 6.95E-09  3.20E+04  2.23E-04

Reference Sequence ID = *BC063421, **BC120994 , #BC006231, ##BC108694, “BC030815, ~~BC094795
NP = target proteins are Not Phosphorylated. LT = target proteins are Lysate-Treated.
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NAPPA-SPRI: VENN DIAGRAMS OF NP- AND LT-TARGET INTERACTIONS

380



BLNK query

Not phosphol Lysate-treated
7 6

Figure 111. Venn diagram comparing the PPIs
between BLNK and NP- and LT-targets

BTK query

Lysate-treated

6

Not phospho
3

Figure 112. Venn diagram comparing the PPIs between
BTK and NP- and LT-targets

PI3K query

Lysate-treated
1

Figure 113. Venn diagram comparing the PPIs
between PI3K and NP- and LT-targets
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RACL(GTP) query

RAC1(GDP) query

Lysate-treated Not phosphorylated
10 17

; ; ; Figure 115. Venn diagram comparing the PPIs
. he PPIs between
glggrgolu% ;/;gld;?]%r?\ln;_c;)rr]réple_ltll_r_lg:g:ts between GTP-bound RAC1 and NP- and LT-targets

RHOA(GDP) query RHOA(GTP) query
Not phosphory Lysate-treated
23 4
Figure 116. Venn diagram comparing Figure 117. Venn diagram comparing the PPIs between
the PPIs between GDP-bound RHOA GTP-bound RHOA and NP- and LT-targets

and NP- and LT-targets
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Active GTPase

Figure 118. Venn diagram comparing the PPIs with active RAC1
and RHOA

383



APPENDIX N

NAPPA-SPRI: STANDARDIZED RESIDUAL PLOTS
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Figure 119. Residual plot comparing the binding of NP- and LT-targets.
Queries preferentially bound to NP-VAV3 compared to LT-VAV3.
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Figure 120. Residual plot comparing the HGNC gene families that interacted with
BLNK with stronger and weaker binding affinities following lysate treatment.

Standard residual plot: BTK PPIs with stronger
and weaker binding affinities after LT
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HGNC gene family

Figure 121. Residual plot comparing the HGNC gene families that interacted with
BTK with stronger and weaker binding affinities following lysate treatment.
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Standard residual plot: RACL{GTP) PPIs with
stronger and weaker binding affinities after LT

Standard residuals

HGNC gene family
Figure 122. Residual plot comparing the HGNC gene families that

interacted with RAC1(GTP) with stronger and weaker binding affinities
following lysate treatment.

Standard residual plot: RHOA(GTP) PPIs with
stronger and weaker binding affinities after LT

Phosphatidylinositol 3-kinase subunits

Standard residuals

HGNC gene family

Figure 123. Residual plot comparing the HGNC gene families that
interacted with RHOA(GTP) with stronger and weaker binding affinities
following lysate treatment.
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Standard residual plot: BLNK PPIs with stronger
and weaker binding affinities after LT
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Figure 124. Residual plot comparing the PANTHER biological processes that
interacted with BLNK with stronger and weaker binding affinities following lysate
treatment.

Standard residual plot: BTK PPIs with stronger
and weaker binding affinities after LT
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Figure 125. Residual plot comparing the PANTHER biological
processes that interacted with BTK with stronger and weaker binding
affinities following lysate treatment.
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Standard residual plot: RAC1{GTP) PPIs with
stronger and weaker hinding affinities after LT
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Figure 126. Residual plot comparing the PANTHER biological processes
that interacted with RAC1(GTP) with stronger and weaker binding
affinities following lysate treatment.

Standard residual plot: RHOA(GTP) PPIs with
stronger and weaker binding affinities after LT
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Figure 127. Residual plot comparing the PANTHER biological processes
that interacted with RHOA(GTP) with stronger and weaker binding
affinities following lysate treatment.
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VENN DIAGRAMS OF NAPPA-SPRI AND NANOBRET INTERACTIONS
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BLNK query: All interactions

BLNK query: NP-targets

BLNK query: LT-targets

Figure 128. Venn diagram comparing BLNK’s PPIs identified similarly and uniquely
with the NanoBRET and NAPPA-SPRi platform

BTK query: All interactions

BTK query: NP-targets BTK query: LT-targets

Figure 129. Venn diagram comparing BTK’s PPIs identified similarly and uniquely with the
NanoBRET and NAPPA-SPRi platform
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PI3K query: All interactions

PI3K query: NP-targets PI3K query: LT-targets

Ge

Figure 130. Venn diagram comparing PI3K’s PPIs identified similarly and uniquely with
the NanoBRET and NAPPA-SPRi platform

RAC1(GDP) query: All interactions
| l
RAC1(GDP) query: NP-targets RAC1(GDP) query: LT-targets

Figure 131. Venn diagram comparing GDP-bound RAC1’s PPIs identified similarly and
uniquely with the NanoBRET and NAPPA-SPRi platform
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RAC1(GTP) query: NP-targets RAC1(GTP) query: LT-targets

Figure 132. Venn diagram comparing GTP-bound RAC1’s PPIs identified similarly and uniquely
with the NanoBRET and NAPPA-SPRIi platform

RHOA(GDP) query: All interactions

, 0

RAC1(GDP) query: NP-targets RAC1(GDP) query: LT-targets

(:

Figure 133. Venn diagram comparing GDP-bound RHOA’s PPIs identified similarly
and uniquely with the NanoBRET and NAPPA-SPRi platform
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RHOA(GTP) query: All interactions

RAC1(GTP) query: NP-targets RAC1(GTP) query: LT-targets

Figure 134. Venn diagram comparing GTP-bound RHOA’s PPIs identified similarly and uniquely with the
NanoBRET and NAPPA-SPRi platform
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BAR PLOTS OF RELATIVE BINDING KINETICS
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Figure 135. Bar plots showing the relative log10 change in kd, KD, and ka of all PPIs
between NP- and LT-targets and the BTK query.
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Figure 136. Bar plots showing the relative log10 change in kd, KD, and ka of all PPIs between NP- and LT-targets and
the RAC1(GDP) query.
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137. Bar plots showing the relative log10 change in kd, KD, and ka of all

PPIs between NP- and LT-targets and the RAC1(GTP) query.
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RHOA(GDP): NP-targets =

Dissociation Affinity Association
Slower Faster Weaker Stronger Slower Faster
MAPK13 | ' oo ‘ | I ‘ oo ] [ ' oo |
MAPK14 | oo e I ® g | o e E
BCL2AL1 } e—eo . o oo B L e— o .
RAP2C} e . - o—e E 3 e :
AKTL | ® : ] 4 I o——o R

-1.0 —6.5 O.‘O Oj5 1.0 1.0 0.‘5 010 —6.5 -1.0 -1.0 —6.5 0‘,0 015 1.0
Figure 138. Bar plots showing the relative log10 change in kd, KD, and ka of all PPIs between NP- and LT-targets and
the RHOA(GDP) query.
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Figure 139. Bar plots showing the relative log10 change in kd, KD, and ka of all PPIs between NP- and LT-targets and
the RHOA(GTP) query.
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RAC1, NP-targets: GDP = 1P
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Figure 140. Bar plots showing the relative log10 change in kd, KD, and ka of all PPIs with inactive and active RAC1
to NP-targets.
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RHOA, LT-targets: GDP -
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Figure 141. Bar plots showing the relative log10 change in kd, KD, and ka of all PPIs with inactive and active RHOA
to NP-targets.
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NAPPA-SPRI BINDING SENSORGRAMS
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A) BLNK binding to CD72 B) BLNK binding to NFKBIE
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Figure 142. BLNK’s interactions are largely regulated by their off-rates
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Figure 143. BTK’s interactions are largely regulated by their A) off-rates or B) on-rates.
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Figure 144. Inactive RAC1’s interactions are largely
regulated by their on- AND off-rates.
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Figure 145. Active RACI1’s interactions are largely regulated by their
on- AND off-rates.
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Figure 146. RAC1 activation increases its on- and off-rates with little
change in binding affinities with LT-targets
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RAC1 binding to VAV2
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Figure 147. RAC1 activation significantly increases its on- and off-rates
with little change in binding affinities with NP-targets
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Figure 148. RAC1 activation minimally affects binding kinetics and affinities
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