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Application and Refinement of a Zero-Length Chemical Cross-Linking
and Mass Spectrometry Method to Examine Native Protein Structures

Abstract

Chemical cross-linking and mass spectrometry (CX-MS) is a structural technique that has been gaining in
popularity with the advent of instruments that provide increased access to high-resolution MS/MS data. The
Speicher laboratory is interested in zero-length cross-links, which provide the highest-quality data, but are the
most difficult to identify and analyze. A MS sample preparation and data analysis pipeline, including a
software package called ZXMiner, has been developed to collect and analyze zero-length CX-MS data to use
in molecular modeling experiments. I used this pipeline to examine the peroxiredoxin-6 (PRDX6) enzyme,
which prevents oxidative damage in the lung. I found the identified cross-links did not fit the published crystal
structure of a catalytic intermediate, which suggests PRDX6 undergoes conformational changes as part of
catalysis. A solution structure of PRDX6 was created using this CX-MS data. Next, I performed optimization
experiments in order to adapt the ZXMiner data analysis pipeline from the LTQ Orbitrap XL instrument it
was created for to a more state-of-the-art Q Exactive Plus instrument in order to expand its ability to probe
complex samples. Combined with a new version of ZXMiner, I was able to determine several parameters that
improved the quality of cross-link data for erythrocyte membrane white ghost (WG) samples. I combined the
cross-links identified in those samples with immunoprecipitation experiments and review of the pertinent
literature to determine a topology model for the anion exchanger 1 (AE1) protein, which plays critical roles in
CO2 transport and the erythrocyte membrane skeleton. Using this topology model and published crystal
structures for the N-terminal domain of AE1, I was able to perform combinatorial modeling experiments
which resulted in a model of the full-length protein that resolved several controversies in the field. These
results show that zero-length CX-MS is a powerful technique to determine structural information of proteins
difficult to interrogate through conventional means.
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Abstract
Application and Refinement of a Zero-Length Chemical Cross-linking and Mass Spectrometry
Method to Examine Native Protein Structures
Roland F. Rivera-Santiago
Dr. David W. Speicher

Chemical cross-linking and mass spectrometry (CX-MS) is a structural technique that has been
gaining in popularity with the advent of instruments that provide increased access to high-
resolution MS/MS data. The Speicher laboratory is interested in zero-length cross-links, which
provide the highest-quality data, but are the most difficult to identify and analyze. A MS sample
preparation and data analysis pipeline, including a software package called ZXMiner, has been
developed to collect and analyze zero-length CX-MS data to use in molecular modeling
experiments. | used this pipeline to examine the peroxiredoxin-6 (PRDX6) enzyme, which
prevents oxidative damage in the lung. | found the identified cross-links did not fit the published
crystal structure of a catalytic intermediate, which suggests PRDX6 undergoes conformational
changes as part of catalysis. A solution structure of PRDX6 was created using this CX-MS data.
Next, | performed optimization experiments in order to adapt the ZXMiner data analysis pipeline
from the LTQ Orbitrap XL instrument it was created for to a more state-of-the-art Q Exactive Plus
instrument in order to expand its ability to probe complex samples. Combined with a new version
of ZXMiner, | was able to determine several parameters that improved the quality of cross-link
data for erythrocyte membrane white ghost (WG) samples. | combined the cross-links identified in
those samples with immunoprecipitation experiments and review of the pertinent literature to
determine a topology model for the anion exchanger 1 (AE1) protein, which plays critical roles in
CO; transport and the erythrocyte membrane skeleton. Using this topology model and published
crystal structures for the N-terminal domain of AE1, | was able to perform combinatorial modeling
experiments which resulted in a model of the full-length protein that resolved several
controversies in the field. These results show that zero-length CX-MS is a powerful technique to
determine structural information of proteins difficult to interrogate through conventional means.
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Chapter 1: Introduction

In this chapter, | will introduce the underlying concepts necessary to frame the
context for the rest of this project. Specifically, | will discuss the theory behind structural
mass spectrometry and the literature of the field of chemical cross-linking combined with
mass spectrometry. | will then focus on zero-length chemical cross-linking combined with
mass spectrometry, including the studies that led up to the creation of the methods |
used and optimized as a member of the Speicher lab. Most of the content in this chapter
has been published as a manuscript in Methods (Rivera-Santiago, Sriswasdi et al.
2015). In this study, Dr. Sira Sriswasdi contributed the sections that describe the
ZXMiner software package, as well as the figures that describe the effect of high-
resolution MS-MS spectra and Xlinklnspector. He and Ms. Sandra Harper published the
papers that were referenced in the development of this method. | then wrote this

manuscript with input from the previous authors and Dr. David Speicher.

1.1. Structural MS

The field of structural mass spectrometry (MS) uses high-resolution MS data to
interrogate structural parameters of complex biological molecules. It is typically used as
a complement to more established structural methods, such as X-ray crystallography
and NMR. Recent studies have demonstrated its usefulness for proteins and protein
complexes that were difficult to examine by crystallography or NMR (Lasker, Forster et
al. 2012; Greber, Boehringer et al. 2014; Olson, Tucker et al. 2014; Sriswasdi, Harper et
al. 2014; Belsom, Schneider et al. 2015; Politis, Schmidt et al. 2015; Rivera-Santiago,
Harper et al. 2015). | will first discuss techniques other than chemical cross-linking

combined with mass spectrometry (CX-MS) then focus on CX-MS and advances that the



Speicher laboratory and other groups have made in this field, with an emphasis on

“zero-length” CX-MS.

Structural MS techniques can be broadly classified as either top-down or bottom-
up methods. Top-down methods derive structural insights from MS analyses of intact (or
large fragments of) proteins and protein complexes. Bottom-up methods typically involve
MS analyses of peptide mixtures after proteolytic digestion to identify specific amino acid
residues that have been chemically modified or cross-linked. These data are then

translated into structural information.

For example, ion-mobility MS (IM-MS) (Ruotolo, Benesch et al. 2008;
Konijnenberg, Butterer et al. 2013; Lanucara, Holman et al. 2014) is a top-down
technique that uses the relationships between the shapes and sizes of protein
complexes and their flight time induced by an electric field in the presence of a buffer
gas to provide collisional cross-sections of protein complexes. These cross-sections can
then be used to distinguish between independently generated 3D structure models.
Some advantages of IM-MS include its abilities to quantify the relative abundance of
simultaneously existing conformations and to analyze proteins under native conditions
(Konijnenberg, Butterer et al. 2013). One of its major limitations is that it requires stable
transfer of an intact protein or protein complex into the gas-phase for analysis by MS,

which is not always feasible or efficient.

Bottom-up methods are generally more flexible than top-down methods, but they
suffer from high sample complexity, challenges in MS/MS data analysis, and difficulty in
detecting low-abundance modified peptides. Hydroxyl radical footprinting (Kiselar and

Chance 2010; Wang and Chance 2011; Monroe and Heien 2013; Vahidi, Stocks et al.



2013; Maleknia and Downard 2014; Yan, Chen et al. 2014), also known as oxidative
footprinting, is an example of a bottom-up technique that modifies solvent-accessible
amino acid side chains with hydroxyl radicals from hydrogen peroxide or irradiated water
molecules. Changes in the pattern of modified residues reflect changes in protein
surface topology. These changes can then be used to probe protein-protein and protein-
ligand binding interfaces, or to infer the folding process (Poor, Jones et al. 2014).
However, the fact that almost every amino acid residue can be modified in this manner
(Xu, Takamoto et al. 2003; Xu and Chance 2004; Xu and Chance 2005; Maleknia and

Downard 2014) greatly complicates downstream peptide identification.

Hydrogen-deuterium exchange (HDX) (Wales and Engen 2006; Konermann, Pan
et al. 2011; Wei, Mo et al. 2014) utilizes a similar premise as oxidative footprinting, but
one key difference is that it measures solvent accessibility of backbone hydrogen atoms
via exchanges of deuterium atoms from deuterium-containing water (D20) instead of
chemical reactivity. HDX is a versatile technique that can be used as either a bottom-up
approach or a top-down approach in order to visualize complex-wide exchange patterns
(Wang, Abzalimov et al. 2013). Back-exchange, which is defined as the deuterated site
reverting back to hydrogen, is a major concern for this technique, and special sample
preparation steps coupled with rapid MS analysis need to be taken in order to ameliorate

its effects (Wei, Mo et al. 2014).

1.2. CX-MS

CX-MS (Back, de Jong et al. 2003; Sinz 2006; Leitner, Walzthoeni et al. 2010;
Rappsilber 2011; Paramelle, Miralles et al. 2013) is a bottom-up structural MS technique
that provides information in the form of 3D spatial constraints between reactive amino

acid side chains, which are tied together using a cross-linking reagent. This basic
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concept has been used to probe proteins since the 1970s (Fasold, Klappenberger et al.
1971), but the difficulty of identifying these peptides and specific cross-linked residues in
a protein sequence has severely limited its use. Interest in chemical cross-linking has
increased steadily over the past decade primarily due to the great improvements in MS
resolution and mass accuracy, which enable the precise detection of cross-linked
peptides. The development of cross-linking reagents designed specifically for MS
analysis, and development of specific data analysis tools and strategies have also
contributed. Even large multi-subunit protein complexes and expansive protein-protein
interaction networks can be probed with this structural MS technique (Chen, Jawhari et
al. 2010; Herzog, Kahraman et al. 2012; Lasker, Forster et al. 2012; Leitner, Joachimiak
et al. 2012; Walzthoeni, Leitner et al. 2013). Moreover, applications of CX-MS are not
limited to the use of the canonical tryptic peptides typical of bottom-up structural MS
techniques, as it has also been demonstrated to be useful in the analysis of intact

proteins (Sinz 2006).

Most modern cross-linking reagent designs follow a basic template and contain
features that belong to four broad aspects: cross-linking reactivity (required), an
enrichment tag (optional), an isotopic label (optional), and an MS-cleavable site
(optional) (Paramelle, Miralles et al. 2013). These optional features are typically found in
the reagent’s spacer arm, which is a set of atoms that is chemically inserted between the
two cross-linked amino acid side chains. The cross-linker’s reactivity is defined by the
amino acid side chains that are amendable to cross-linking for a given chemistry. Some
of the commonly utilized reactivities are amine-to-amine, carboxyl-to-amine, cysteine-to-
cysteine, and cysteine-to-non-specific (photo-activated). Some of these cross-linkers

also involve enrichment tags such as biotin (Petrotchenko, Serpa et al. 2011). Cross-
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linking reagents that employ isotopic labels are commercially available as 1:1 mixtures of
a single cross-linking reagent that have “heavy” and “light” versions of the spacer arm.
By performing a cross-linking reaction with these reagents, all cross-linked peptides
should have similar yields of peptide (precursor) ions that differ in mass by an amount
equal to the mass difference of the heavy and light linker regions (and an m/z value of
that mass difference, divided by the charge). In an LC-MS/MS experiment, signals
corresponding to cross-linked peptides can be differentiated from the uncross-linked

background by this distinctive heavy-light pattern of co-eluting peptides.

MS-cleavable sites are labile bonds that dissociate upon exposure to the low-
energy fragmentation within the mass spectrometer. These sites are either attached to a
reporter ion as a marker of cross-link-specific MS/MS spectra (Back, Hartog et al. 2001),
or located within the spacer arm of the cross-linker to allow the two peptides forming the
cross-link to be separated for individual MS? analysis (Tang, Munske et al. 2005; Kao,
Chiu et al. 2011). However, these isotopic tags usually requires a spacer arm of >7A in
length. The incorporation of enrichment tags and MS-cleavable tags make the cross-
linker spacer arm even bulkier. This can result in residues whose spatial locations in the
structure of the protein or protein complex are not near each other to be cross-linked,

and therefore greatly reduces the stringency of the derived distance constraints.

1.3. Structural analysis gaps addressed by CX-MS

CX-MS is at its most valuable when providing a basis upon which to base a
medium-resolution structural model that could not have been completed using traditional
structural means. Because traditional structural biology techniques such as X-ray
crystallography and NMR are limited by the availability of pure, highly concentrated

protein samples, any technique that is capable of providing structural insights in the
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event that obtaining the aforementioned samples is not possible will fill some gaps in the

traditional structural biology paradigm.

Moreover, X-ray crystallography and NMR tend to be limited in terms of size as
to what proteins and protein complexes they can survey. This is most notably the case
for NMR, as the spectra get exponentially more complicated with increased protein size.
CX-MS does not have this size limitation, and properly designed experiments can gather
valuable insights about the conformation of proteins in close to an in vivo setting, as will

be discussed in Chapter 4.

1.4. Zero-length cross-linking and its role in improving structural models

Among the groups of cross-linking reagents discussed in Section 1.2, one group
stands out as different. Zero-length chemical cross-linkers are cross-linking reagents
that do not feature a spacer arm between their reactive groups. The most common
example of a zero-length cross-linker is 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC). This cross-linker creates a highly reactive but unstable acylisourea
with a short half-life upon interaction with a carboxyl amino acid residue such as Asp,
Glu, or the C-terminal carboxyl group of the protein. This intermediate ester can then
interact with a primary amine (Lys or protein N-terminal amine) to form a peptidyl bond
with the elimination of a water molecule. Ordinarily, this intermediate species has a
lifetime of several seconds. However, addition of a second reagent, N-
hydroxysuccinimide (NHS) or its water-soluble sulfo-derivative (sulfo-NHS), greatly
extends the lifetime of this reactive intermediate, which in turn magnifies the extent of
cross-linking (Staros, Wright et al. 1986; Grabarek and Gergely 1990). For further details

on the chemistry of this reaction, please see Fig. 1-1.



Fig. 1-1: Zero-length cross-linking reaction chemistry. Reproduced with permission
from (Rivera-Santiago, Sriswasdi et al. 2015). (A) Chemical formula for EDC (left) and
forward cross-linking reaction involving an acylisourea intermediate (right) (B) Chemical
formulas for EDC and sulfo-NHS (left) and reaction chemistry for zero-length cross-
linking reaction, including: (1) the reverse reaction, (2) cross-link formation, and (3)
stabilization of the acylisourea intermediate via substitution for an amine-reactive sulfo-

NHS ester, followed by cross-link formation.
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As was demonstrated via a systematic in silico analysis (see Fig. 1-2) (Leitner,
Walzthoeni et al. 2010), zero-length cross-links provide the most specific and powerful
distance constraints for the refinement and verification of homology models. This is
because zero-length cross-linkers do not incorporate atoms from a spacer arm between
the reactive sites, which implies that only residues whose side chains are within salt
bridge distance can interact, and these shorter distances give a researcher or a

structural prediction program greater resolving power between potential models.

Fig. 1-2: Results of in silico analysis of cross-link distance restraints and their
effect on molecular models. Adapted with permission from (Leitner, Walzthoeni et al.

2010). Red line denotes zero-length cross-linker distance restraints.
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Moreover, because the reaction can only occur between residues that are
roughly within salt bridge distance of each other at the time of reaction, any residue
interactions captured in this way are more likely to describe direct contact sites, rather
than simply sites that are in close proximity (Zybailov, Glazko et al. 2013). Zero-length
cross-linking reagents are also less likely to generate “dead-end” products. These

products occur when only one of the reactive groups is able to react with a site on a
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protein and the second site reacts either with water or a quenching reagent. EDC is less
likely to produce these than other cross-linkers, partly because the intermediate ester is
relatively unstable and reverts back to the unmodified carboxyl if it does not react with an
amine. As a result, EDC dead-end adducts have only been observed at much high
concentrations of cross-linker than those typically used for zero-length CX-MS (Lopez-
Alonso, Diez-Garcia et al. 2009). In contrast, dead-end products are common and can
often have higher stoichiometries than the actual true cross-links for other cross-linking
chemistries. These dead-end products complicate the analysis of non-zero-length cross-
link experiment data by enlarging the search space a database must consider. Zero-
length cross-link experiments are also less likely to generate “self-linked” products that
occur when interacting reactive groups are on the same peptide (Zybailov, Glazko et al.
2013), as both reactive groups would have to be on the same digestion enzyme peptide
and also directly interact in a salt bridge for that to happen. Dead-end and self-linked
products of non-zero-length cross-linkers are problematic because they must be

accounted for in database searches.

The major challenge with zero-length cross-linkers for CX-MS experiments is
how difficult it is to identify these sub-stoichiometric cross-linked peptides in the
presence of the far more numerous and more abundant linear peptides. This is because
adding MS-cleavable bonds to generate MS® fragmentation spectra (Kao, Chiu et al.
2011) or direct incorporation of differential isotopic labels as part of the cross-linking
reaction are not feasible, as discussed above. However, there is an alternative isotopic
labeling method can be used with zero-length cross-linkers. It involves tagging the N- or
C-termini of peptides following the cross-linking reaction, which helps distinguish cross-

linked peptides as they contain two N- or C-termini instead of one each (El-Shafey, Tolic



et al. 2006). Unfortunately, with the exception of strategies that introduce an isotopic tag
during proteolysis, such as '®0 (Back, Notenboom et al. 2002), interpretation of N- or C-
terminal tags can be complicated by the presence of internal reactive groups in linear

peptides.

Another challenge with zero-length CX-MS, which also applies to its non-zero-
length counterparts, is that the number of possible cross-links increases exponentially
with the amount of unique sequences in the target protein or protein complex, potentially
making the search space unmanageably large (Leitner, Walzthoeni et al. 2010). For the
purposes of database search space, the limiting factor is the amount of unique primary
sequence, rather than the molecular weight of the total protein complex. This sequence
complexity problem is particularly challenging for zero-length cross-linking experiments.
This is due in large part to the absence of an MS-based method to differentiate between

modified and unmodified peptides.

As with most other types of cross-linkers, the specificity of zero-length cross-
linkers (such as EDC) is a double-edged sword. Because its cross-linking reaction only
involves lysine, aspartic acid, glutamic acid residues, and unmodified protein termini,
EDC cannot be used to interrogate regions that lack any of these residues. Furthermore,
the reactive groups themselves need to be accessible in aqueous solution. Hence, any
reactive groups that are buried within a protein or macromolecular complex, or buried
within the lipid bilayer will be refractory to cross-linking. Additionally, very large and very
hydrophobic cross-linked peptides are generally very difficult to detect in a mass
spectrometer tuned for peptide analysis. Therefore, regions of protein that contain
reactive sites but no conveniently located proteolytic sites will be difficult to interrogate

by CX-MS, although use of an alternative protease may minimize this problem.
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1.5. Other groups’ efforts

Due in large part to the disadvantages mentioned above, zero-length CX-MS has
typically been a low-usage technique in the CX-MS field. In fact, | surveyed a series of
CX-MS reviews published since 2012, and | saw that zero-length CX-MS was either not
mentioned (Hyung and Ruotolo 2012; Serpa, Parker et al. 2012; Stengel, Aebersold et
al. 2012; Merkley, Cort et al. 2013; Walzthoeni, Leitner et al. 2013; Budayeva and
Cristea 2014) or only superficially discussed (Pacholarz, Garlish et al. 2012; Paramelle,
Miralles et al. 2013). Despite all of these caveats, several studies by other groups have

productively utilized zero-length CX-MS in various capacities.

One of these studies took a qualitative approach to zero-length CX-MS by
utilizing it as a low-impact stabilizing reagent for protein macrocomplexes, which were
then analyzed by matrix-assisted laser desorption ionization (MALDI) time of flight
(TOF)-MS (Lepvrier, Doigneaux et al. 2014). This study did not identify specific cross-
linked peptides. It instead used cross-linking to stabilize quarternary protein complexes

of up to 388 kDa in size, which contained around 126.6 kDa in unique protein sequence.

Another study combined MALDI-TOF MS with zero-length cross-linking in an
effort to gain insights on the interactions composing the photosystem Il (PSIlI) in green
algae (Nagao, Suzuki et al. 2010). This study found that the proteins known as PsbO,
PsbP, and PsbQ form close interactions with each other, as well as with several other
proteins in PSIl. Additionally, an interaction between PsbP’s N-terminus and PsbQ’s C-
terminus was identified via manual analysis of uncross-linked and cross-linked MS/MS

spectra.
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Several studies focused on mapping protein-protein interactions and used zero-
length cross-links to determine the precise interaction sites between two purified proteins
known to associate with each other (Schmidt, Kalkhof et al. 2005; Marekov 2007;
Bumpus and Hollenberg 2010). One study focused on the interaction between the
cytochrome P450 2B6 enzyme and NADPH-cytochrome P450 reductase (Bumpus and
Hollenberg 2010). This study used "®0 labeling and de novo MS/MS sequencing to
identify and analyze cross-links between a synthetic peptide mimicking the C-helix of

cytochrome P450 2B6 and the connecting domain of the 76.7 kDa P450 reductase.

Another study used Fourier transform ion cyclotron resonance (FT-ICR) MS
analysis to probe the interface between calmodulin and adenylyl cyclase 8 (Schmidt,
Kalkhof et al. 2005). A similar technique with a variety of cross-linkers, including EDC,
was later used to map the interaction between calmodulin and the skeletal muscle
myosin light chain kinase M13 (Kalkhof, lhling et al. 2005). The resulting cross-links
were manually identified with the aid of the General Protein Mass Analysis for Windows
(GPMAW) (Peri, Steen et al. 2001) and the Automatic Spectrum Assignment Program
(ASAP) (Young, Tang et al. 2000) software packages, along with manual verification.
These cross-links revealed an interaction between a 26-residue peptide corresponding
to the N-terminus of M13 and the EF-hand 2 domain in calmodulin, which is in

agreement with an NMR structure of the complex.

Zero-length CX-MS was also utilized in combination with data from other structural
techniques to assist homology modeling of the interaction interface between proteins.
One such study explored the interface between cytochrome P450 2E1 and cytochrome
b5 using FT-ICR MS, and was able to generate a model of the interaction surface of the

roughly 70kDa 1:1 complex (Gao, Doneanu et al. 2006). In another study, the binding
12



interface of the transiently PSll-associated protein known as Psb27 was probed via zero-
length CX-MS (Liu, Huang et al. 2011), and the resulting cross-links were identified
using MassMatrix (Xu and Freitas 2009). This experiment showed that Psb27 associates
with the chlorophyll binding protein CP43 at two distinct sites, and a model of for the 61
kDa complex (with 61 kDa of unique sequence) was constructed. An interesting study
combined HDX and zero-length CX-MS to re-examine the dimerization interface of the
14-3-3C protein (Haladova, Mrazek et al. 2012). These analyses uncovered novel
contacts in the 56kDa dimer interface and resolved ambiguous salt bridge interactions

that were previously noted.

Several groups have attempted to improve zero-length CX-MS data analysis and
to reduce the reliance on manual verification. One study proposed a program, named
Popitam. Popitam was based on the premise that a fragmentation pattern of a zero-
length cross-linked peptide can be approximated as a mixture of two peptides, each
having a modification of unknown size (corresponding to the other peptide) attached.
This allows the MS/MS spectra of cross-linked peptides to be semi-automatically
annotated via conventional peptide identification schemes (Singh, Shaffer et al. 2008).
The algorithm was tested on a model system of the cytochrome P450 2E1-cytochrome
b5 complex. A later study by the same group employed this protocol as part of a de novo
protein modeling experiment in conjunction with previously published cryo-EM data in
order to determine the structure of the roughly 20 kDa gpE viral capsid protein for
bacteriophage lambda (Singh, Nakatani et al. 2013). Another zero-length CX-MS
analysis strategy modified the database search algorithm of a popular MS data analysis
software package, known as SEQUEST (Eng, McCormack et al. 1994). This modified

algorithm considered all possible products from a cross-linking reaction and the
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subsequent tryptic digest (cross-linked peptides, adducts, and linear peptides),
generated theoretical spectra, then matched them to the observed spectra (Mcllwain,

Draghicescu et al. 2010).

As the above studies illustrate, applications of zero-length CX-MS were mostly
limited to fairly small proteins or protein complexes because of the limitations in
detection capacity for zero-length cross-links. Many of these studies also either relied on
prior knowledge of the interaction interace or reported protein-protein interactions
without identifying specifically cross-linked residues. Those that did identify specific
cross-linked residues typically involved extensive manual analysis of MS/MS spectra,

which make the data analysis tedious and unfeasible.

1.6. The Speicher laboratory’s initial enhancements to zero-length CX-MS

The Speicher laboratory also performed several early zero-length CX-MS studies
of red cell spectrin. These were done using recombinant protein constructs that
preserved functionally important interfaces instead of the full-length protein. Initially, a
combination of the SEQUEST (Eng, McCormack et al. 1994), GPMAW (Peri, Steen et al.
2001), and ASAP (Young, Tang et al. 2000) software packages, along with extensive
manual curation of MS/MS spectra, was used to develop a structure for the spectrin
heterodimer initiation site. The recombinant proteins used here were approximately 100

kDa in size, with an equivalent amount of unique protein sequence (Li, Tang et al. 2008).

A subsequent study utilized Rosetta Elucidator (Rosetta Biosoftware, Seattle,
WA), GPMAW (Peri, Steen et al. 2001), and the homology modeling program
MODELLER (Sali and Blundell 1993) to determine a model of the spectrin

tetramerization interface using a “mini-spectrin” recombinant construct. This construct
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formed a 180 kDa “tetramer” complex with 90 kDa of unique sequence (Li, Harper et al.

2010).

While these studies resulted in useful structural insights, similar limitations to the
above studies by other groups were encountered. As mentioned above, the data
analysis methods used were tedious and time-consuming, and the number of high-
confidence cross-links identified was modest. These limitations led to the development
of a new data analysis pipeline specifically tailored for zero-length CX-MS analysis,

which is described in below.

1.7. Development of ZXMiner and multi-stage MS analysis of zero-length CX-MS
peptides

Because zero-length cross-linkers do not possess any of the special properties
discussed above that can aid in cross-linked peptide identification, the Speicher
laboratory developed an LC-MS/MS data analysis method coupled with an open-source
software tool named Zero-Length Cross-link Miner (ZXMiner). The data acquisition
method and the software were specifically optimized for identification of zero-length

cross-links.

There are two key components to this strategy (see Fig. 1-3). First, parallel LC-
MS/MS analyses of a cross-linked sample and an otherwise identical uncross-linked
control are performed, and a label-free comparison of the resulting LC-MS datasets is
performed to identify putative cross-linked precursors. This process was developed for
use with LTQ-Orbitrap XL mass spectrometers (Thermo Scientific, Waltham, MA), which
can conduct MS scans in the high-resolution orbitrap and MS/MS scans in the low-

resolution ion trap in parallel to achieve a high duty cycle. However, the duty cycle was
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too low when MS/MS scans were also conducted in the orbitrap in order to obtain high
resolution, high mass accuracy MS/MS data in unbiased discovery runs. This approach

resulted in very few identified cross-linked peptides.

Fig. 1-3: Diagram for the zero-length CX-MS cross-linking protocol, as optimized
for a LTQ Orbitrap MS instrument. Reproduced with permission from (Rivera-
Santiago, Sriswasdi et al. 2015). The protocol is separated into 3 major categories:
sample preparation, label-free LC-MS comparison, and comparison to all possible
theoretical cross-linked peptides (in yellow), database search of candidate spectra and
cross-link identification (in red), and incorporation of distance restraints into homology

modeling experiments (in light blue).
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In order to counteract this problem, the Speicher laboratory employed a two-
tiered MS analysis approach (Li, Harper et al. 2010; Harper, Sriswasdi et al. 2013;
Sriswasdi, Harper et al. 2014; Sriswasdi, Harper et al. 2014). Specifically, as shown in
Fig. 1-3, the initial comparison of the control and cross-linked is achieved by a “discovery
run”. This is defined as a high-speed, low-resolution acquisition run of MS/MS data in the
ion trap. This is followed by a “targeted run” with low-speed, high-resolution acquisition
of MS/MS data in the orbitrap. This two-step procedure required additional LC-MS/MS
runs for most experiments, but it allowed acquisition of high-resolution MS/MS data for
all putative cross-linked peptides without compromising the method’s depth of analysis.

Some key details of the method and representative results are described below.

In an ideal cross-linking experiment, each molecule of protein or protein complex
should contain only one, or at most a few, cross-links in order to minimize the risk of
over-cross-linking and altering the native structures of interest. Because of this, cross-
linked peptides typically constitute much less than 1% of the peptides in a tryptic digest
of a cross-linked sample. Because uncross-linked control samples should contain all
detectable linear peptides, a quantitative label-free comparison of LC-MS patterns of a
control and cross-linked sample can be used to remove these peptides from further
consideration. In an earlier study [ref], a 10-fold intensity enrichment (cross-link to
control) cutoff was used to compensate for the limited ability of the Elucidator software
that was being used by the Speicher laboratory at that time to distinguish isotopic

envelope patterns of low-intensity cross-linked precursors from overlapping noise.

To overcome this limitation, the Speicher laboratory developed a label-free
comparison software module for ZXMiner whose purpose was determine the correct

precursor masses and charge states of all ions and aligned two LC-MS patterns

17



(manuscript in preparation). This module operates under similar concepts to those
utilized by the proteome analysis software known as MaxQuant (Sriswasdi, Harper et al.
2014). Namely, it used the correlation of intensity profiles across LC-MS scans to
improve the detection and de-convolving of isotopic envelopes into monoisotopic
species prior to performing label-free comparisons. This is a critical improvement when
compared to Elucidator, which matches discrete MS signals regardless of whether they
are part of a peptide isotopic envelope. The current label-free comparison module
greatly diminishes random matches between cross-linked peptide signals and spurious
signals in the control sample, as illustrated in Table 1-1. This increases the specificity of
label-free comparison, and greatly decreases the number of candidate cross-linked

peptides for subsequent targeted high-resolution MS/MS analyses.

Table 1-1: Distinguishing Interference in Control Samples Using Label-Free

Comparison Software. Reproduced with permission from (Sriswasdi, Harper et al.

2014).
Charge Intensity in Intensity in
ID Statg m/z Cross-linked Peptide Sequences Control Control
(Elucidator) (LFA)
1 3 819.0875 YEEHLY[E]R-{MSPILGYWIK]IK 1.9e+05 Absent
1 4 614.5674 YEEHLY[E]R-{MSPILGYWIK]IK 3.7e+05 Absent
1# 5 495.0544 YEEHLY[EIR-{M#SPILGYWIK]IK 4.7e+03 Absent
FELGLEFPNLPYYIDGID]VK-
2 4 877.9311 HNMLGGCPIKIER 3.6e+05 Absent
FELGLEFPNLPYYIDGID]VK-
2# 3 1175.5707 HNM#LGGCPIKIER 9.3e+04 Absent
HNMLGGCP[K]ER-
3 4 970.4894 NKKFELGLEFPNLPYYIDG[D]VK 5.1e+04 Absent
HNM#LGGCP[KJER-
3# 4 974.4881 NKKFELGLEFPNLPYYIDG[DIVK 2.9e+04 Absent
KFELGLEFPNLPYYIDGID]VK-
4 3 1212.9374 HNMLGGCPKIER 6.2e+04 Absent
KFELGLEFPNLPYYIDGID]VK-
4 4 909.9549 HNMLGGCP[KIER 4.3e+05 Absent
KFELGLEFPNLPYYIDGID]VK-
4t 3 1218.2691 HNM#LGGCPKIER 5.7e+04 Absent
44 4 913.9536 KFELGLEFPNLPYYIDG[D]VK- 1.7e+04 Absent

HNM#LGGCPIK]JER
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5 3 854.4874 LLL[E]YLEEK-IEAIPQID[K]YLK 1.4e+04 Absent
5 4 641.1174 LLL[E]YLEEK-IEAIPQID[K]YLK Absent 6.05e+06 °
6 4 680.1426 LLL[E]YLEEK-RIEAIPQID[K]YLK 7.0e+03 Absent
7 3 912.1363 LLLEYLE[E]K-YIAD[KIHNMLGGCPK Absent Absent
TH# 3 917.4679 LLLEYLE[E]JK-YIAD[KIHNM#LGGCPK 1.0e+04 Absent
T# 4 688.3527 LLLEYLE[E]K-YIAD[KIHNM#LGGCPK 4.3e+04 Absent
8 3 683.3577 [DIF[E]TLK-IAYS[K]DFETLK 1.1e+05 Absent
8 4 512.7701 [DIF[E]TLK-IAYS[K]DFETLK 1.2e+05 Absent
YIAWPLQGWQATFGGG[D]HPPK-
9 5 664.5565 IKIGLVQPTR 1.9e+04 Absent
10 4 464.7658 LLL[E]YLEEK-YL[K]SSK Absent Absent
11 3 1023.5399  LP[E]JMLK-[KJFELGLEFPNLPYYIDGDVK 1.1e+05 Absent
1% 3 1028.8716  LP[EJM#LK-[KIFELGLEFPNLPYYIDGDVK 2.3e+05 Absent
YIAWPLQGWQATFGGGDHPPIK]}-
12 3 1248.3078 VIDIFLSKLPEMLK 1.2e+05 Absent
13 3 1012.5001  MFE[D]R-[KJFELGLEFPNLPYYIDGDVK 1.7e+05 Absent

& Further inspection confirms that a precursor with similar m/z and charge state is present in the control
sample. The intensity level of this precursor was 16 times lower than that of the cross-link sample and did
not trigger an MS/MS scan. Elucidator could not detect this precursor.

The capability of modern mass spectrometers to produce high-resolution, high-
mass-accuracy MS data has been instrumental in advancing the field of proteomics.
Until recently, acquisition of high-resolution MS/MS spectra was less common (Frank,
Savitski et al. 2007; Pan, Park et al. 2010). To identify linear peptides, low-resolution
MS/MS spectra with mass accuracy of about £ 0.5 Da, such as those obtained in a linear
ion trap, were reasonably adequate for common search engines such as SEQUEST

(Eng, McCormack et al. 1994), MASCOT (Perkins, Pappin et al. 1999), etc.

However, because cross-linked peptides are much larger and typically feature
higher charge states than their linear counterparts, their MS/MS spectra are much more
complex. Multiple fragmented ions, often with different charge states, will frequently
occur within a + 0.5 Da mass tolerance window with substantial frequency. Furthermore,
the combinatorial expansion in search space when considering cross-linked samples
from n peptides to the order of n? cross-linked peptides dramatically increases the
frequency where different theoretical cross-linked peptides having precursor masses

within 5-10 ppm of one another by chance. Because of these factors, low-resolution
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MS/MS spectra can be relatively ineffective at distinguishing between alternative cross-

linked peptide assignments (see Fig. 1-4).

Fig. 1-4: High-resolution MS/MS spectra are required for high-confidence
identification of cross-linked peptides. Reproduced with permission from (Rivera-
Santiago, Sriswasdi et al. 2015). In a zero-length cross-linking study of a large 526 kDa
spectrin heterodimer using an Orbitrap XL mass spectrometer, a typical MS/MS scan
can be matched to as many as 97 distinct theoretical cross-linked peptides within a 10-
ppm mass tolerance range. The red X highlights the correct assignment. The geometric
mean (GM) score (Sriswasdi, Harper et al. 2014) represents the quality of a match
between a cross-link sequence and an MS/MS spectrum. (A) Analysis of low-resolution
MS/MS data cannot distinguish between the 97 alternative theoretical cross-linked
peptides. (B) With high-resolution MS/MS data, only a single correct assignment stands

out with a non-zero score.
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The ZXMiner data acquisition strategy overcomes the aforementioned drop in
duty cycle that occurs on hybrid ion trap instruments when MS/MS scans are acquired at
high resolution by acquiring LC-MS/MS data in two stages. LC-MS data from the
discovery analyses was subjected to the label-free comparisons described above and
the low-resolution MS/MS associated with putative cross-linked spectra were evaluated
using ZXMiner (Sriswasdi, Harper et al. 2014) with low stringency scoring parameters.
These two analyses significantly narrow down the list of candidate cross-linked peptide
precursors. As a result, only a few parallel targeted LC-MS/MS runs were needed to

obtain high-resolution, high-accuracy MS/MS spectra for all candidate precursors.

In these targeted analyses, both MS and MS/MS scans were conducted in the
Orbitrap and for complex samples, lists of candidates were split among multiple LC-
MS/MS runs to ensure several attempted MS/MS analyses of all targeted peptides
across each chromatographic peak. The number of runs required can be estimated by
plotting the expected number of target precursors during each chromatographic time
interval (the precursor retention times are extracted from the discovery runs). The
minimum signal threshold for triggering an MS/MS scan was set at 30,000 ion counts (as
compare to the typical setting of 1,000 ion counts to trigger MS/MS scans in the ion trap)
to compensate for the reduced sensitivity of the orbitrap mass analyzer. Additionally, the
monoisotopic precursor selection option was turned on, and precursors with charge
states of +1 and +2 were screened out, as they would rarely correspond to cross-linked

tryptic peptides.

The most critical component in the development of an optimized zero-length
cross-linking analysis pipeline was the creation of ZXMiner. This software tool was

developed to address three major goals: increase the throughput of zero-length cross-
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linking experiments by automating data analysis, increase the number of assigned
cross-links, and improve the confidence of cross-link assignments. The Speicher
laboratory tested ZXMiner against other cross-linked peptide analysis software. Only one
previously developed cross-link analysis software package, pLink (Yang, Wu et al.
2012), could utilize high-resolution MS/MS data effectively. Additionally, none of the
software packages that had been previously utilized in zero-length CX-MS studies were
capable of interpreting the aforementioned data in a high-mass accuracy, high-
throughput fashion, which is what prompted development of ZXMiner. A direct
comparison shows that ZXMiner significantly outperforms pLink (Zhu, Smith et al. 2010),
StavroX (Gotze, Pettelkau et al. 2012), Crux (Park, Klammer et al. 2008), and
MassMatrix (Xu and Freitas 2009) when used for zero-length cross-link detection, as
shown in Table 1-2. The data for the true positives as compared to the false positives
(assigned by comparison to the crystal structure) suggests that the maximum distance
cutoff that can be expected for an EDC cross-link is roughly 16A. Another interesting
observation is that the the actual false discovery rate (FDR) is typically much higher than
an estimated FDR for all methods when tested on standard proteins. It is also
noteworthy that at the unique sequence level, ZXMiner could identify the largest number

of true cross-links with no false positives.

Table 1-2: Comparison of GST crosslink identifications using alternative software.
Reproduced with permission from (Sriswasdi, Harper et al. 2014). For each peptide

sequence, charge states of the cross-linked peptide identified by each software package
are indicated. Estimated false discovery rates (FDRs) were derived from the decoy data

that each software package provided (not available from MassMatrix). Number of
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identifications, false positives, and the actual FDRs were calculated directly from this

table.
Unique Ca-Ca a Mass
Sequence Peptide Sequence . ZXMiner pLink StavroX Crux . b
D Distance Matrix
True Positives
1 YEEHLYER-{MSPILGYWKIK 55 34 345 3 34,5 34 5
1# YEEHLYER-{M#SPILGYWKIK 55 5 45 - 34 N/A 5
FELGLEFPNLPYYIDGDVK-
2 HNMLGGCPKER 8.7 4 4 - - 3.4
FELGLEFPNLPYYIDGDVK-
o HNM#LGGCPKER 8.7 3 8 - - N/A 3
HNMLGGCPKER-
3 NKKFELGLEFPNLPYYIDGDVK 87 4 4.5 - - 4.5 4
HNM#LGGCPKER-
3# NKKFELGLEFPNLPYYIDGDVK 87 4 4 - - N/A 5
KFELGLEFPNLPYYIDGDVK-
4 DML OGOPKER 87 34 3.4 . . 34 3
KFELGLEFPNLPYYIDGDVK-

4# VAL GOCPKER 87 34 3.4 . . N/A 5
5 LLLEYLEEK-IEAIPQIDKYLK 9.2 34 3.4 3 34 34 .
6 LLLEYLEEK-RIEAIPQIDKYLK 9.2 4 4 X 4 : -
7 YEEHLYER-{M#SPILGYWK 10.0 . - . 34 N/A N/A
8 LLLEYLEEK-YIADKHNMLGGCPK 11.4 3 3 3 N 3 3
8# LLLEYLEEK-YIADKHNM#LGGCPK 14 3.4 3.4 - . N/A -
9 DFETLK-IAYSKDFETLK 11.6 34 3.4 3 34 .

YIAWPLQGWQATFGGGDHPPK]}-
10 GLVOPTR 118 5 5 . 5 5
11 LPEMLK-KFELGLEFPNLPYYIDGDVK 124 3 3.4 . 34 34 3
114 LPEM#LK-KFELGLEFPNLPYYIDGDVK 12.4 3 3 - 4 N/A 4
12 LLLEYLEEK-YLKSSK 12.4 4 4 - 34 4 -
AEISMLEGAVLDIRYGVSR- .

13 YIADKHNM#LGGCPK 138 - - - - N/A 4
YIAWPLQGWQATFGGGDHPPK]}- o

14 VDFLSKLPEMLK 146 - 5 5 - 45 5
YIAWPLQGWQATFGGGDHPPK]}- o

144 DRLSKLPENHLK 14.6 . 34 N/A 5
15 MFEDR-KFELGLEFPNLPYYIDGDVK 15.8° 3 . . .

154 M#FEDR-KFELGLEFPNLPYYIDGDVK 15.8° - 3 N/A 3

False Positives
1 LLLEYLEEK-LVCFKK 16.3 y y . . 3 .
2 IKGLVQPTR-DEGDK 16.4 . . 3 4 3 .
3 IKGLVQPTR-DEGDKWR 16.4 . y X 3 - .
4 DEGDKWR-LPEMLK 185 . . y 34 3 .
5 DEGDKWRNK-LPEMLKMFEDR 18.5 . . . - 3 .
6 VDFLSKLPEMLKMFEDR-ER 19.0 . . y . X 3

6# VDFLSKLPEMLKM#FEDR-ER 19.0 . . . 3 N/A -
7 IKGLVQPTR-LLLEYLEEK 191 . . y X - 3
8 {MSPILGYWKIK-ERAEISMLEGAVLDIR 209 . - - 4 - -
9 ERAEISMLEGAVLDIRYGVSR-WRNKK 215 . . . . 3 .
10 IKGLVQPTR-DFETLK 227 . 3 3 . 3
11 HNMLGGCPKER-LVCFKK 23.9 y X X . 3
12 LLLEYLEEK-DEGDKWR 252 . 3 y 3 X .

YEEHLYERDEGDKWR-
13 AEISM#LEGAVLDIR 212 - - - - N/A 4
VDFLSKLPEMLKMFEDR-

14 YIADKHNMLGGCPK 285 - - - - 5 -
15 IEAIPQIDKYLK-MFEDR 296 y y 3 . . .
16 LLLEYLEEK-LPEMLKMFEDRLCHK 334 . . X . 3 .
17 DFETLK-LVCFKK 342 - - - 3 - -

Esfimated  <1% <5%  <5% <5% <5% N/A
Unigue Precursor Level True 25 30 6 20 19 15
Positives:
False 0 2 3 8 9 4
Positives:
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0% 6.3% 33% 29% 32% 21%

. True
Unique Sequence Level Positives 13 15 6 10 11 10
False 0 2 3 7 9 4
Positives:
Actual 0%  12%  33% 41% 45% 29%

FDR:

? Crux’s default setting cannot identify peptides with variable modifications.

® MassMatrix cannot identify cross-links involving the protein terminus as one of the cross-linked
sites.

° Cross-links between subunits.
4 Cross-links involving flexible regions (as reflected by the elevated B-factors and/or loops).

ZXMiner accepts input MS data in mzXML format, along with a list of candidate
MS/MS scans generated by a label-free comparison tool, and databases of pertinent
protein sequences in FASTA format. The software first performs an in silico digestion of
the proteins with the specified enzyme (usually trypsin), which is then followed by
production of a list of all possible theoretical cross-linked peptides. The masses of these
theoretical cross-linked peptides are calculated as the sum of the theoretical peptide
masses after accounting for the mass change caused by a cross-linking reaction, which
is defined by the user. These masses are then compared to those of the candidate
cross-linked peptide precursors, resulting in matches between theoretical cross-link
sequences and candidate MS/MS spectra. As the LC-MS data was obtained at high
mass accuracy, a stringent mass tolerance, typically 5 or 10 ppm, is applied here. For
each match, ZXMiner processes the MS/MS spectrum, performs an in silico
fragmentation of the putative cross-link sequence to generate a list of theoretical MS/MS
ions, and calculates “coverage” scores that represent how well the two sets of data
overlap. Individual scores, as well as their geometric mean (GM), which is an overall
indicator of cross-link match quality, are reported. When analyzing high-resolution
MS/MS spectra, ZXMiner de-convolutes all isotopic envelopes and collapses them into

monoisotopic peaks. This use of de-convoluted high-resolution MS/MS data is a critical
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factor that helps ZXMiner outperform other software packages and achieve a low false
discovery rate (FDR) without sacrificing cross-link coverage, as previously shown

(Sriswasdi, Harper et al. 2014) (see Table 1-2).

Another important feature of ZXMiner is that it creates intermediate files
throughout a run’s progression that record the output of its raw search results and
subsequent interpretation. These files can contain the scores of all evaluated MS/MS
spectra, cross-linked peptides, and even alternative cross-linked sites on each peptide.
Hence, users can re-specify search parameters such as minimum peptide length,
minimum scores, or precursor mass tolerance and use ZXMiner to rapidly recalculate
the FDR for each identified cross-link without having to re-process LC-MS/MS and
sequence data. Xlinklnspector, which is part of the ZXMiner package, can be used to
inspect the quality of each identified cross-link and confirm the exact cross-linked site
(see Fig. 1-5). In recognition that frequently only a few weak MS/MS ions distinguish
between alternative cross-linked sites within a peptide, the final decision regarding
alternative cross-link site assignments is left to the user, instead of simply having

ZXMiner output the highest-scoring candidates.

Fig. 1-5: Xlinkinspector is a graphical interface within ZXMiner that aids
verification of cross-linked peptide assignment and determination of cross-linked
sites. Reproduced with permission from (Rivera-Santiago, Sriswasdi et al. 2015). (A)
The tabbed interface allows quick navigation between individual cross-link assignments
for visual inspection of data quality. (B) The header displays basic information about the
selected MS/MS spectrum. (C) This more detailed interface provides flexibility for
spectrum annotation and plotting. (D) The list of identified fragmented ions can be

exported for further inspection. The annotated spectrum can also be exported in
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publication-ready Scalable Vector Graphics format (SVG). (E) Visual representation of
the identified b- and y-ions on the two peptide sequences. The assigned cross-linked
residues are highlighted in red. (F) Color-coded plot of MS/MS data. Identified major b-
and y-ions are shown in green. Neutral losses are shown in blue. Precursor-related ions
are shown in red. Yellow and pink cutoff lines indicate minimum intensity values required
to be designated as a peak or scored in the GM scoring algorithm, respectively. (G)
Alternative cross-linked sites are listed along with their respective coverage scores.
Annotation of the MS/MS spectrum dynamically changes in panel F when different

cross-link sites are selected in panel G.

| 4| XlinkInspector v2.0 - July 2014 =G

MasterTab | Xk ID: 18 q A

B [INFORMATION] ~ RawFile:OB1_20130916_Ghost_EDC60m_TargetC.RAW  ScanNumber:6197  Charge:+3  PrecursorMZ:977.8094  RT{minj:76.4  MassEror(ppm): ml
C [OPTIONS] lons to Display: [¥] Major bly-Jons (GREEN) [¥] Neutral-Losses (BLUE) [v] Precursor-Related (RED) lons Source: |Both Peptides |~ |  Comparison Mode Export Spectrum Export Peak Assignment ‘lD
[OPTIONS] m/z Range: [0.0 to |2000.0 Redraw Spectrum ‘
- S R =
E |rorEssr GQQLVEAAEILDCQDLEER I
F 00%

i A .
0 100 200 300 400 300 600 700 300 200 1000 1100 1200 1300 1400 1500 1600 1700 1300 1900 2000

G D Crosslink-Site Peak Cov Intensity Cov lon Cov-A lon Cov-B lon Cov GM Score
1 <K>0OLESSR-GQALV<E=A 0.78 074 0.58 0.65 0.61 071 =
2 <K>0LESSR—-GQOLVEAA= 092 0.98 058 082 | 0.69 086 L
3 <K=0LESSR-GOOLVEAAE] 081 0.85 058 071 064 0.76 3
4 <K>QLESSR-GQOLVEAAEL 072 0.81 058 059 059 07 =
5 <K>OLESSR-GOOLVEAAEL 0.64 0.74 58 047 052 063 =

1.8. Previous studies done by the Speicher laboratory using ZXMiner
The Speicher laboratory has employed ZXMiner and zero-length CX-MS in
several projects. The most common use of these zero-length CX-MS IDs are to uncover

or confirm protein-protein interactions and to contribute to structural determination of
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proteins and protein complexes. For this latter application, high confidence cross-link
assignments from ZXMiner are then applied as distance constraints to molecular
modeling programs, such as MODELLER (Sali and Blundell 1993). The distance
constraint utilized for such experiments is typically tied to the location of the a-carbon
atoms of the cross-linked residues. The reason why the Speicher laboratory chose this
as the restriction method is because the a-carbon backbone of a protein usually provides
more reliable information for the purposes of model-building. This distance restraint is
typically set at 12A, but the Speicher laboratory has reported observing distances of up
to 16A for high-confidence c