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and the HLA-A2 peptide binding domain. Although the conformational
changes are consistent with a classical induced fit mechanism, further investi-
gations using fluorescence anisotropy, proline mutagenesis, and molecular sim-
ulations revealed that the conformational changes were triggered instead by the
presence of peptide-specific conformational dynamics in the HLA-A2 protein
as well as flexibility in the TCR CDR loops. Overall, the results indicate that
A6 recognition of the Tellp peptide requires the mutual adaptation of two flex-
ible molecules, with the degree of flexibility in the peptide/MHC complex de-
pendent on the nature of the presented peptide. These findings have implica-
tions for the nature of TCR binding and cross-reactivity and shed new light
on how structural diversity can be presented to and accommodated by receptors
of the immune system.
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Mechanical Unbinding of Leukocyte Function-Associated Antigen-1 with
ICAM-1 and ICAM-3 Complexes involves a Single Energetic Barrier
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Integrin belongs to a family of proteins that play crucial roles in both cell ad-
hesion and signal transduction. Integrins on leukocytes (leukocyte function-as-
sociated antigen-1 or LFA-1) bind to intercellular adhesion molecules (ICAMs)
to facilitate the adhesion and the migration of the cell to an inflammatory site.
Recently, Moy et al. probed the unbinding of LFA-1 with ICAM-1 and ICAM-2
using AFM at the single-molecule level. They observed two separate regimes
where the most probable unbinding force depended linearly on the logarithm
of the loading rate and interpreted the two-regime behavior as the crossing of
two free energy barriers. In the present work, we used coarse-grained Brownian
Dynamics simulation to study the mechanical unbinding of LFA-1 from ICAM-
1 and ICAM-3. We observed that the force-loading rate curves also displayed
the fast and slow loading regimes, and the extracted kinetic parameters accord-
ing to the Bell and Evans models were in quantitative agreement with those ex-
tracted from the experimental data. Moreover, employing the force-clamp
mode, we found only a single energetic barrier and the two regimes resulted
from an abrupt change in the transition state position. We expect similar results
for the LFA-1/ICAM-2 complex, whose PDB structure is thought to be similar
but not yet available.
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PDZ domains, one of the most ubiquitous and important scaffolding modules in
human proteins, bind the disordered C-terminus of plasma membranes, medi-
ating protein-protein interactions. Experiments have demonstrated that dissim-
ilar C-terminal peptides bind to the same PDZ domain and different PDZs can
bind the same peptides. Crystallographic studies revealed that binding to the
PDZ domains requires a four residue long strand anchored by a C-terminal hy-
drophobic residue. Based on this information, we developed a novel semi-flex-
ible docking method to model the peptide-PDZ complex structure and estimate
its absolute affinity. The method has been tested on a set of 126 15-residue long
natural peptides binding to PDZ3 of PSD95. The resulting sensitivity and spec-
ificity rates were 90.91%/79.13% by defining a kinetic and a thermodynamic
threshold. Moreover, complex structures of 5 different peptides bound to
PDZ domains were successfully recovered as the top ranked predicted models.
This general structure-based technology is the first de novo approach to dock
disordered peptides, providing a needed complementarity to proteomic assays
to mine GeneBank for new targets of scaffold proteins and to predict novel pro-
tein-protein interactions. Our findings also reveal that the four-residues C-ter-
minal recognition motif leads to only a weak non-specific binding intermediate
complex, while an extended network of contacts established by the next three to
five unconstrained residues determines the high specificity of the complex.

2217-Plat

Statistics and Physical Origins of pK and Ionization State Changes Upon
Protein-Ligand Binding

Boris Aguilar!, Ramu Anandakrishnan!, Jory Z. Ruscio?,

Alexey V. Onufriev!.

lVirginia Tech, Blacksburg, VA, USA, 2University of California, Berkeley,
CA, USA.

We investigate statistical prevalence and overall physical origins of changes in
charge states of receptor proteins upon ligand binding. These changes are ex-
plored as a function of ligand type (small molecule, protein, and nucleic
acid), and distance from the binding region. Standard continuum solvent meth-
odology is used to compute pK changes upon binding for a total of 5899 ioniz-
able residues in 20 protein-protein, 20 protein-small molecule, and 20 protein-

nucleic acid high resolution complexes. The size of the dataset combined with
an extensive error and sensitivity analysis allows us to make statistically justi-
fied conclusions: in 60% of all protein-small molecule, 90% of all protein-pro-
tein, and 85% of all protein-nucleic acid complexes there exists at least one ion-
izable residue that changes its charge state upon binding at physiological
conditions (pH=6.5). Considering the most biologically relevant pH range of
4 to 8, the number of ionizable residues that experience substantial pK changes
(> 1.0) due to ligand binding is appreciable: on average, 6% of all ionizable
residues in protein-small molecule, 9% in protein-protein, and 12% in pro-
tein-nucleic acid complexes experience a substantial pK change upon ligand
binding. Most of the change occurs in the immediate binding interface region,
where about one out of five ionizable residues experiences substantial pK
change regardless of the ligand type. However, the physical origins of the
change differ between the types: in protein-nucleic acid complexes, the pK
values of interface residues are predominantly affected by electrostatic effects,
whereas in protein-protein and protein-small molecule complexes structural
changes due to the induced-fit effect play an equally important role. In pro-
tein-protein and protein-nucleic acid complexes, there are a statistically signif-
icant number of substantial pK perturbations, due to the induced-fit structural
changes, in regions far from the binding interface.
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Long-term spatiotemporal regulation of chemical environments in and around
cells or tissues is critical to understand developmental signaling where dynamic
responses to chemical factors control the subsequent coordinated events in de-
velopment. Although progress has been made in the manipulation of single cell
environments, both long-term and high-speed regulation of multicellular stim-
ulation in developmental organisms is still challenging. We have developed
a novel microfluidic feedback control system that allows long-term and high-
speed manipulation of a laminar flow interface in a microfluidic channel for
probing developmental systems. Our approach enabled long-term spatiotempo-
ral manipulation of chemical environments of Animal Cap (AC) explants dur-
ing the gastrulation stage in Xenopus laevis embryonic development. We pres-
ent time and frequency responses of AC explants to periodic stimulation of
steroid hormone dexamethasone (DEX) by tracking a hormone-activated nu-
clear-localizing green fluorescent protein tagged glucocorticoid receptor
(GR) that can report the localized activity of DEX in the explants. We examine
the sensitivity of GR-complex translocation to DEX concentration and fre-
quency of stimulation. Concentration and frequency are critical factors when
analyzing multicellular developmental systems such as Xenopus. We believe
that our approach will be useful in diverse areas including biophysics, embry-
onic development, and engineering spatiotemporally integrated biological re-
sponses.
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Cells detect and process spatiotemporal signals and activate gene regulatory
pathways in response. Here we use high-throughput microfluidic cell culture,
quantitative gene expression analysis and mathematical modeling- to investi-
gate how mammalian cells detect external concentrations of the signaling mol-
ecule TNF-a and relay information to the gene expression programs via the
transcription factor NF-kB. We measured NF-kB activity in thousands of fluo-
rescently labeled live cells with single-cell resolution with a temporal resolu-
tion of 6 minutes and for durations up to 12 hours under TNF-a concentrations
covering 4 orders of magnitude. TNF-a induced mRNA levels of 23 genes were
measured and quantified at the same concentration range and duration, linking
the transcription factor dynamics to the gene expression. A stochastic model
was developed that reproduces the single-cell dynamics and gene expression
profiles at all measured conditions, constituting a broadly applicable model
for TNF-a induced NF-«kB signaling. We find, in contrast to population studies,
that the activation is a discrete process at the single cell level with fewer cells
responding at lower doses. Nevertheless, the activated cells respond robustly
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