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Allostery is critical to survival in living organisms due to its biological relevance in signal
transduction, metabolism, and drug discovery. However, the molecular details of this phenomenon
remain unclear.

In this thesis, I present my work on two allosteric protein systems, each representative
of structure-based (E. coli Biotin Protein Ligase) and dynamics-based (B. taurus S100B) allostery.
I examined the structural and dynamic features of the proteins and associated variants subjected
to various allosteric triggers (ligand /salt/mutations) to study how external /internal perturbations
transmit across large distances using Molecular Dyanmic simulations in conjunction with the ex-
periments carried out by our collaborators. Additionally, I carried out Network analyses on the two
systems to characterize communication pathways on the protein/ protein family levels. Together,
the structural and dynamic features would help us elucidate the underlying mechanism of allostery.

The first chapter introduces the two systems with a brief dive into the history of al-
lostery. In the second chapter, my work on FE. coli Biotin Protein Ligase and its variants reveal one
possible mechanism by which disorder-to-order transitions at the functional surfaces transmit via
local changes around the critical residues in the allosteric network. The third chapter explores how
the protein network reconfigures to adopt a new allosteric function by studying the allosteric and
non-allosteric Biotin Protein Ligases. The fourth chapter elucidates the structural and dynamical
markers in bovine S100B, which help to relay information about an allosteric signal by varying two
allosteric triggers - ionic strength and target peptide. The final chapter sums up my conclusions,
where I propose additional experiments and computational analyses that could be carried out to
further our understanding of allostery.
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1. Introduction

1.1 What is allostery?

Allostery is a biological phenomenon where perturbation at one site would elicit a struc-
tural/ functional response at a distant location."~ An allosteric signal can be triggered by ligand
binding (protein/DNA/RNA/small molecule/lipid), “° light (LOV2, HisH-HisF bienzyme),”"" mu-
tations,'” covalent modi cations (like phosphorylation, glycosylation):**> or changes in the envi-
ronment (pH, ionic strength, temperature, pressure etc):*° It is critical to cellular signaling,
metabolism; - and transcription regulation.“> Additionally, elucidating the allosteric mecha-
nism in orthosteric drugs is important for rational drug desigri.”“® Since its rediscovery in the
1960s, how signal relays across a biomolecule has been of great interest for the past half-century,
with the mechanism/origin of allostery still largely unknown. ~ In this dissertation, | shall describe
the computational work | have done validated by the experimental studies(structural, dynamical,
and functional) carried out by our collaborators to investigate the long-ranged interactions in two
model systems -E. coli Biotin Protein Ligase (BPL) and B. taurus S100B proteins. Using this
work, the hope is to shed some light on allostery's general/system-speci ¢ mechanisms in the two

biomolecular complexes, with their practical applications extended to rational drug design.



1.2 Timeline of allosteric concept

In 1904, allostery was rst documented in a protein called Hemoglobin (Hb) by Bohr,
Kasselbach, and Krogh, where they reported how Carbon dioxide weakens the Oxygen binding
a nity in the protein, in contrast to the previous notion that the Oxygen and Carbon dioxide
uptake in blood were independent (because earlier experiments were conducted at high Oxygen
partial pressures).” Furthermore, Bohr also noted that the separate Oxygen binding events are
cooperative, with each successive binding event a ected by the previous Oxygen binding (leading
to a sigmoidal binding curve):” This was subsequently called \Bohr e ect", with the following
decades overseeing the development of several equations to describe it, such as the Hililair,

Klotz,* and Pauli" equations.

This idea was revisited in the 1960s when Monod and Jacob rst used \allosteric in-
hibition" to describe the phenomenon where the inhibitor is not a steric analog for the substrate.
Most of the allosteric biomolecular systems known at that time underwent conformational/structural
changes, and various phenomenological models, including Monod-Wyman-Changeux (MWC Model)
and Koshland-Nemethy-Filmer (KNF Model);**> were introduced to describe structure-based al-

lostery.

First described in 1964 to explain cooperativity in hemoglobin, the MWC model(also
called the Symmetry model) postulated that even without an allosteric modulator, the biomolecule
exists in at least two interconvertible conformational states (low-a nity Tense(T) and high-a nity
Relaxed(R) in the original idea ) simultaneously whose ratio is determined by thermodynamic equi-

librium. The distinct conformational states can bind to the ligand, but the a nities might di er



due to the structural perturbations. The regulator's role is to shift the conformational ensemble

from Tense (T) to Relaxed (R) state.

In contrast to the MWC model, the KNF model (alternatively called Induced Fit or se-
guential model) conjectured that the ligand/allosteric modulator induces structural changes in the
protein, a ecting the active site sequentially. In hemoglobin, Oxygen binding induces structural
changes at the next Oxygen binding site, thus sequentially modulating the a nity for the next
Oxygen, resulting in the sigmoidal curve. However, neither the KNF nor MWC models provide
molecular details of hemoglobin's positive cooperativity, which prompted further investigations us-

ing structural and thermodynamic approaches.

In the 1960s, the advent of X-ray crystallography made it possible to illuminate the molec-
ular details of allostery in hemoglobin. Although initial studies were too low-resolution to provide
any molecular description of Relaxed-Tense states, further developments in crystallographic tech-
niques (by the Perutz group) in the 1970s nally led to molecular characterization of the two states.
One key assumption in structural approaches is that the conformational features are preserved, and
signal transmission between non-local sites transpires via rigid-body motions. In 1984, Cooper and
Dryden proposed a di erent mechanism of allostery where signal transmission can occur without
any conformational changes. They demonstrated using statistical thermodynamics that cooperative
interaction energies amounting to several kJ mot could be generated via entropy in biomolecular
systems. This can involve dynamics ranging from highly correlated, low-frequency normal mode
vibrations to random, local anharmonic motions, changing independently or even without any struc-
tural changes.” Essentially, the response to the e ector binding could be two-fold - it might lead
to a shift in the mean of probability distribution (conventional conformational changes) or alter

3



the shape of probability distribution (varying dynamics in the system such as narrowing implies
\sti ening" in biomolecule, and vice-versa).”” This idea paved the way for the widely accepted

ensemble theory and its derivatives for allostery.

According to ensemble theory, any biomolecule exists in an ensemble of conformational
substates around the native state in equilibriuni.’ In systems with distinct structural features be-
tween functionally active and inactive tertiary states, the energy landscape shifts in response to an
allosteric perturbation to favor \active" state. In dynamic allostery, e ector binding modi es the
width of the population distribution. *° How do we relate shifts in ensembles to signal transmission
between two sites? It was earlier thought that the message is channeled via a xed pathway of amino
acids/base units consisting of both covalent and non-covalent bonds in protein/DNA/lipids. Under
the assumption that the signaling pathway stays conserved, plausible allosteric pathways can be
extracted by analyzing those interactions from crystal structures. However, this vastly undermined
the importance of the e ect of solvent and dynamic contacts in a protein complex in solution. Fur-
thermore, the recent shift in paradigm to ensemble theory also suggested the existence of multiple
allosteric pathways rather than one xed path, whose population modulates in response to allosteric
perturbation. The system-speci ¢ and general details of population shift in mechanical pathways
traversed by allosteric stimuli in distinct allosteric biomolecular systems, or even in the same system
with promiscuous ligands, are still unclear. In my research, by usirig. coli BPLs and B. taurus
S100B as allosteric model systems, we explored the e ects of various allosteric triggers (mutations,
e ector binding, ionic strength) to elucidate signal transmission in proteins. Furthermore, we also

addressed how functional allostery can arise in a previously non-allosteric protein system in BPLS.



1.3 Biophysical approaches to study allostery

Several experimental and computational approaches have been implemented in the past
century to investigate long-ranged signal transmission in biomolecules. More than one technique is
often employed to obtain a holistic picture of allostery. A brief review of those techniques, along

with their pros and cons, are highlighted in the following section.

1.3.1 Experimental approaches

1.3.1.1 Structure-based approaches

Since the 1960s, structural approaches like Circular Dichroism (CD) spectroscopyx-
ray crystallography,”” " Cryogenic Electron Microscopy (Cryo-EM), "< and NMR spectroscopy
have been frequently employed to analyze allostery by obtaining biomolecular crystal/solution struc-
tures wherever possible. CD spectra can give information about any changes in the secondary
structure of the protein due to e ector binding. It has been previously used to probe Relaxed-
Tense transformations in Hemoglobiri The application of X-ray crystallography is limited to
biomolecules that can form di ractable crystals. Cryo-EM has recently gained attention due to ap-
plications in determining structural model for large biomolecules. However, cryo-EM cannot be used
to resolve structures for small proteins (because of loss in signal-to-noise ratio). By contrast, NMR
spectroscopy is employed to determine solution structures of small biomolecules, as resolving NMR
spectra for large biomolecules turn increasingly complex with system size. Overall, the method of

structure determination depends on the size and environment of the biomolecule investigated.

Structure-based approaches are useful when the inactive and active conformations have



distinct conformational features. However, it should be noted that the structural model obtained

is static and often under unnatural environmental conditions ( X-ray crystallography and cryo-
EM) - both might contribute to a poorly conceived allosteric mechanism. Static structures ignore
the role of dynamic interactions within biomolecular complex and solvent, which might play a
pivotal role in \dynamic allostery".“® Similarly, > 90% of protein crystal structures are resolved

at temperatures below 160K (room temperature 300K). Biomolecules usually feature a broader
conformational ensemble at room temperature compared to crystallization temperature. For this
purpose, NMR spectroscopy collects conformations in the solution - however, it su ers from size
restrictions. To conclude, dynamic approaches should complement structure-based approaches to

investigate allostery.

1.3.1.2 Dynamics-based approaches

Nuclear Magnetic Resonance (NMR) spectroscopy o ers a unigue toolbox to study biomolec-
ular dynamics at distinct timescales, ranging from fast (ps-ns) to slow (ms-) dynamics. This is
employed to identify and characterize equilibrium dynamics in biomolecules' free and bound states,
provided the chemical shifts are di erent. Fast timescale dynamics are explored by combining mea-
surements of diverse spin relaxation parameters related to NMR active nuclei, while slow timescales
are accessible through studies sensitive to exchange line broadening in NMR spectra. In particular,
NMR relaxation dispersion techniques characterize distinct conformations and transitions between
conformational states. NMR relaxation dispersion has been previously employed to distinguish be-
tween KNF and MWC models. Furthermore, biomolecular dynamics can be investigated by residual
dipolar coupling,” and single-molecule Fluorescence Resonance Energy Transfer (FRET) mea-

surements.



1.3.1.3 Thermodynamic approaches

Thermodynamic approaches like Isothermal Calorimetry (ITC), >~ Sedimentation equi-
librium, >*®> and double-mutant cycles’ have been used to quantify allosteric e ects in several
biological systems. ITC involves accurate measurements of the heat released and absorbed in
real-time when the ligand is titrated against the protein solution and used to measure the thermo-
dynamics of the binding reactions.”>~ Sedimentation equilibrium is a thermodynamic technique
that analyzes molecular mass, stoichiometry, association constants, and solution non-ideality:

A double-mutant cycle is a thermodynamic cycle that involves wild type (WT) biomolecule (pro-
tein/DNA/RNA), two single mutants, and corresponding double mutant.”® If the summation of
changes in free energies associated with functional property di ers from the summation of free
energy changes from individual single mutations, the two positions are coupled. We observe an
allosteric event if they are not located in the immediate vicinity. Together with mutagenesis stud-
ies, ITC and Sedimentation equilibrium quantify the coupling between remote regions in allosteric
systems. However, thermodynamic approaches do not fully explain the atomistic-level description
of remote communication between distal sites. Unlike molecular dynamic simulations, thermody-
namic, structural, and dynamic approaches are often limited by a lack of full control over environ-
mental conditions. Computational techniques supplement thermodynamic methods to distinguish

mechanisms when multiple operations are at work.



1.3.2 Computational approaches

1.3.2.1 Atomistic Molecular Dynamics simulations

Molecular Dynamic (MD) simulations are a powerful tool to sample conformational en-
sembles at desired temperatures using pre-de ned Hamiltonian optimized to match experimen-
tal/quantum parameters. In silico, the atoms interact using Newton's laws of motion, where forces
are de ned based on the aforementioned potential. The MD trajectories thus obtained can be an-
alyzed to quantify fast (ps-ns) and slow time (s) scale dynamics and compared against factors
obtained from X-ray crystallographic and NMR measurements. Current developments in High-
Performance Computing (HPC) and MD software have allowed us to explore fast time-scale mo-
tions up to a few microseconds (even milliseconds on ANTON), encompassing motions ranging from

vibrations and transient interactions to alterations in secondary structure.

MD simulations can support \wet lab" experiments by sampling conformational ensembles
otherwise di cult to obtain due to experimental limitations like protein expression or puri cation.
However, allosteric events occur at short and long timescales and ranges, and regular MD simulations
are limited by time and resources to capture essential dynamics only at fast timescales. To study
rigid body motions involving disorder-to-order transitions or binding events for large biomolecules
(that occur at slow timescales), enhanced sampling techniques like Replica Exchange Molecular Dy-
namic simulations or Metadynamics are implemented. Similarly, Coarse-Grained (CG) modeling
is another tool to capture longer timescales at the cost of reduced atomistic resolution. It is often
employed to study biomolecular systems undergoing extensive modi cation in structure due to al-

losteric perturbations. It should be noted that simulations provide a way to theoretically calculate



thermodynamic quantities, with the additional bene t of a description on an atomistic scale.

Since long-range communication is delocalized, it stands to reason that allosteric signals
should traverse via low-frequency normal mode across the biomolecule. Normal Mode Analysis
(NMA) helps identify e ects of external perturbations like e ector binding or pressure or mutations
as shifts in normal mode variables: Provided that the motions are approximated by Harmonic
potential (the assumption fails if motions are large-scale), the essential modes should capture the
slow-timescale dynamics. Any changes in slow-timescale dynamics due to allosteric stimuli would
provide a clue to elucidating the allosteric mechanism. Since frustrated residues are more likely
to participate in signal transmission due to their inherent tendency to perturb more to stimuli,
guantifying changes in residual stress and strain as a response to e ector binding is another way to
characterize allostery’” > Overall, MD tools and associated analytical techniques give us a better

picture of signal transmission between two non-local sites.

1.3.2.2 Evolutionary approaches

Since allostery is imperative to multiple biomolecular processes, its mechanism should be
conserved. Ancestral protein reconstruction and coevolution analysis on Ser-Thr kinase revealed
that the allosteric network is encoded within the kinase and stayed stable over a billion years
of evolution.”” Of practical interest is the ability to engineer allostery in previously functionally
non-allosteric systems, which has been explored using Statistical Coupling Analysis (SCA) and
Dynamical Statistical Analysis (DCA). SCA measures covariation between any pair of residues in
a Multiple Sequence Alignment.: Using SCA, Suel et al. discovered a subset of residues forming

a physically connected network linking two distant functional sites in Hemoglobin and G Protein-



Coupled Receptor (GPCR).“ Similarly, Direct Coupling Analysis (DCA) implements statistical
modeling to quantify the magnitude of the relationship between any pair in the biological sequence
(amino acids, RNA, DNA base pairs). DCA successfully predicts residue contacts, allowing one
to explain the evolutionary tness landscape and correlate with epistasis. Recently, it has been
applied to describe the origin of long-ranged e ects in allosteric materiails. Together with Mutual
Information (MI) analysis on MSAs, evolutionary approaches are particularly useful to characterize

the mechanism of allosteric function conserved throughout biomolecular evolution.

1.3.2.3 Network approaches and deep scanning mutagenesis

Since allostery involves the participation of multiple residues to relay information between
non-local sites, graph theory provides an excellent tool to quantify the contribution of nodes in signal
transmission between distal sites. The amino acid system is described by a graph of nodes linked
by weighted or unweighted edges. The weight of an edge usually depicts the strength of correlation
or interaction (some function of pairwise interaction energies). Depending on how coarse-grained
we want to de ne our protein network, nodes can represent Catoms, backbone, side chains, center
of mass of residues, or all heavy atoms. Contact is usually user-de ned. Initial studies on protein
structure networks (PSNs)~ and, later, Protein Energy Networks (PENSs, interactions de ned by
force elds) by Vishveshwara et al. explored various aspects of communication pathways in a protein
system.” Meanwhile, Perturbation Response Scanning was developed by Atilgan (and the group)
to quantify the sensitivity of residues in the propagation of information signals.

In my research, | have focused on three avenues of allosteric analysis using networks : (1)
identi cation of allosteric pathways, (2) identi cation of critical residues/nodes involved in allosteric

communication, and (3) explore the response of protein architectures to allosteric stimuli/triggers.
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For the latter, | employed mutagenesis or utilized homologous proteins coupled with thermodynamic
studies to compare the information pathways traversed in functionally allosteric and non-allosteric
biomolecular systems in two systems - bovine S100B and E. coli biotin Repressor A (BirA). The

following sections o er a brief introduction to these two systems.

1.4 Biotin Protein Ligase

Biotin Repressor A (BirA) belongs to a family of BPLs (or holocarboxylase synthetase)
which allosterically represses transcription, in addition to catalyzing biotinylation of biotin-dependent
carboxylases.’ It is vital to biotin metabolism in living organisms and a precursor to fatty acid
synthesis, an essential constituent of the bacterial cell envelope.Infections caused by resistant
pathogens like Multiple Resistant Staph Aureus (MRSA) have been a major threat to human
health, and tackling them requires developing novel antibacterial drugs. Studies onStaph aureus
(S. aureug and Mycobacterium tuberculosigM. tb) BPLs suggest that targeting BirA/BPL would
compromise downstream metabolic pathways, and no alternative biotinylation pathway exists.
This a ects bacterial mortality and virulence, making it an excellent drug target.” Rational drug
designing necessitates proper characterization of structural and dynamical features of BirA, as well
as its interactions with other biomolecules (bio-5'-AMP/DNA/itself) that enable allosteric commu-

nication.

1.4.1 BirA Protein structure, dynamics, and functional studies

BPLs can be categorized into three classes based on their structural and functional archi-
tecture. Class | is abundant in prokaryotes, Class Il is found in eukaryotic single-celled organisms,

and Class Il consists of BPLs from multi-cellular organisms. Central and C-terminal domains

11



Figure 1.1: Introduction to bacterial Biotin Protein Ligases (BPLS) A. Schematic diagrams
of non-allosteric Class | and allosteric Class Il BPLs B. Three-dimensional structural alignment of
representative protein structures from Class INl. tb, PDB id: 4o0p0) and Class Il E. coli, PDB is:
2EWN) BPLs. C. The dimer structure of E. coli BPL. (Figures are prepared in Pymol)

are common to all three classes (except in a few cases where the organism contains two types of
biotin protein ligases such a<Clostridium acetobutylicun).’” They are critical in catalyzing bi-
otinylation to Biotin Carboxylase Carrier Proteins (BCCPs). The DNA-binding Head-Turn-Head
(HTH) domain on the N-terminal side is absent in Class | BPLs, and is extended in Class Il BPLs
relative to Class Il BPLs. Unlike Class Ill BPLs, there have been extensive structural and func-

tional studies on Class | and Class Il BPLS! For this study, we shall focus on the latter two classes.
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Barring the DNA-binding domain, Class | and Class Il BPLs are structurally similar.
However, the homodimerization in Class Il BPLs is remotely controlled by bio-5-AMP binding,
while oligomerization (if any) in Class | BPLs is independent of e ector binding. E ectively, Class
Il BPLs are allosteric while Class | BPLs are non-allosteric regarding self-association. In both
BPL classes, the Biotin binds to Biotin-Binding Loop (BBL, residues 116-124 ig& coli, Loop L1),
while the Adenylate group binds to Adenylate Binding Loop (ABL, residues 211-222 i& coli,
loop L5) to synthesize bio-5'-AMP at the Catalytic Site/Active Site (CS/AS) (Figure 1.1). Biotin
demand leads to rise in free Biotin Carboxylase Carrier Protein (apoBCCP) level. The holo BPLs
from both classes interact with apoBCCP to transfer biotin and yield holoBCCP and apoBPL
at the Protein-Protein Interaction site (PPI, residues 140-146 [loop L2] and 193-199 [loop L4] in
E coli BPL). However, a rise in Biotin levels leads to a drop in apoBCCP concentration, which
gives rise to a second possible pathway in Class Il BPLs. Class Il BPLs utilize the same PPI site
to homodimerize. The bio-5-AMP/BPL homodimeric complex binds to the biotin operon to re-
press biotin transcription. By contrast, oligomerization in Class | BPLs varies across species, sites,
and conditions. For example, while functional forms of apo, biotin and bio-5'-AMP bound BPLs

from M. tb are monomeric, all states ofA. aeolicusand P. horikoshii BPLs are dimeric in solution’

Previous studies on Class Il BPLs fronE. coli, S. aureus and B. subtilis have illus-
trated thermodynamic coupling between e ector binding (at CS/AS) and self-association (at PPI)
by at least 2.7 kcal/mol. To understand how the functional sites - CS/AS and PPI - communi-
cate in Class Il BPLs, functional studies were previously conducted on the variants inspired by
crystallographic studies/genetic screening exhibiting functional defects at various levels for Class
Il E. coli BPL homodimerization. Isothermal Calorimetric (ITC) and Sedimentation equilibrium
measurements on amino acid substitutions (typically to Ala/Cys/Thr/Trp) of residues at the PPI
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surface (G142A, P143A) and hydrophobic cluster in CS/AS (M211A, V219A, W223A) showed the
variants exhibited weakened bio-5'-AMP binding a nities and defective coupled dimerization rel-
ative to the wild type. Mutating residues in CS/AS (M211A, F124A) and PPI (P143A, G142A)
impaired the disorder-to-order transitions at the remote functional surfaces. Double mutants at
the two functional sites (P143A/M211A, F124A/G142A) recovered otherwise compromised bio-5'-
AMP binding/synthesis/dimerization, suggesting communication between the two sites. Molecular
Dynamics studies conducted on mutants at PPl (P143A), CS/AS (M211A), and the resultant dou-
ble mutant (P143A/M211A) also indicated coupled structural and dynamical transitions at the
functional surfaces.” However, how is reciprocal communication of disorder-to-order transitions
established between the allosteric and active sites? X-ray crystallographic structure suggests an
electrostatic residue network between the two functional surfaces might be involved in coupled
structural ordering. The second chapter shall primarily focus on understanding forces driving cou-

pled transitions at remote locations.

Previous studies on Class | and Class Il BPLs reveal similarities as well as dissimilarities
on structural, sequential, and functional levels across multiple species. The burden of an additional
allosteric function in Class Il BPLs is suspected of showing rearrangement in signal transmission
and sequence covariance. So, what structural and sequential changes does a protein system undergo
to develop a new allosteric function? | aim to approach this question in Chapter 3 by performing
MD simulations on the representative proteins from Class | and Class Il BPLs and supplementing
them with mutual information analysis to examine co-evolution patterns of residue pairs in the two

BPL classes.
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1.5 S100B

S100 proteins (S100s) belong to a class of vertebral®Cainding proteins (CaBPs) con-
taining helix-loop-helix motif called EF-hand (examples include Calmodulin, Parvalbumin, and
Recoverin)/* They regulate biological pathways using G4 mediated Protein-Protein Interactions
(PPI1) and play an essential role in apoptosis, cell di erentiation, and proliferation. S100B, a mem-
ber of the S100 protein family, can act as a potential biomarker for various types of cancer, like

anaplastic astrocytoma, glioblastoma, and malignant melanoma:.

In general, the C&* level in mammalian cells is [100 nM] at rest. On C4 signaling, it
can rise up to 1000 nM to set o a series of physiological activiti€$. Therefore, C&"* homeosta-
sis is integral for biological functioning. With over 600 intracellular CaBPs, allosterically tunable
metalation of S100 proteins by target molecules is crucial to maintain €alevels and ensure G4
availability for signaling. Thus, drugs targeting PPIs in S100B require proper characterization of

protein structure and dynamics at the molecular level to minimize potential side e ects.

In S100B, the C&" ligation a nity is allosterically enhanced by the TRTK-12 associa-
tion. However, the molecular underpinning of allosteric communication is still under investigation.
In this work, we combined NMR, thermodynamic measurements, Molecular Dynamic simulations,
and network science to understand the e ect of allosteric triggers like ionic strength and amino acid

substitutions on signal transmission.
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Figure 1.2: Introduction to bovine S100B. A. Stereo view of the canonical EF2 hand (Asp61,
Asp63, Asp65, Asp67, and Glu72) where Oxygens from these residues and water (highlighted in
Orange) coordinate C&" (black bead) B. The dimeric model S100B/C# in complex with TRTK-

12 viewed in VMD. Residues 1-19 (Helix I, I', blue), 28-40 (Helix II, II', green), 49-61 (Helix IlI,
[, red), 70-85 (Helix IV, IV', orange), TRTK-12 (magenta), and 61-72 (canonical EF-hand, black)
highlighted.

1.5.1 S100B protein structure, dynamics, and functional studies

The canonical EF-hand loop in S100B coordinates €ain a pentagonal bipyramidal ge-
ometry. Each loop contributes six side-chain or Carbonyl Oxygens at 1, 3, 5, 7, and 12 (2 Oxygens)
positions, and another Oxygen contributed by water interacting with the residue at the™ position
(see Figure 1.2A). Like S100 family members, S100B is dimeric in solution. It comprises four helices
in each subunit (helices I, II, Ill, and 1V). Helices I/l form a low-a nity pseudo-EF hand, and
helices 1II/1V are part of the high-a nity canonical EF hand. Pseudo and canonical EF-hands
are connected by a 12-14 residues long \hinge region" (See Figure 1.2B). The hydrophobic bind-
ing pocket (Protein-Protein Interaction or PPI surface/Site 1) where TRTK-12 binds constitutes
residues from the hinge region and part of helices IlI/IV. In S100B, canonical and pseudo-EF-hand
loops are 12 and 14 residues long, respectively. The dissociation constants of* Cfar canoni-
cal EF-hand reduces nearly ve-fold fromKp, =56 9M to Kp =12 10M on TRTK-12

binding. Other members from the S100 family, such as S100A1 and S100A4, also display similar
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elevation in C&* metalation on peptide binding like RyR or p37.'{"° Henceforth, SI00B/TRTK-12

complex would serve as a model to study metal/peptide-mediated allostery in S100 protein systems.

Crystallographic studies on S100B revealed similar structural features for TRTK-12 bound
and unbound S100B/C&" species. C# -binding in apo-S100B is accompanied by helix Ill rota-
tion, which allows TRTK-12 access to bind at the PPI surface. However, it is not apparent what
structural features lead to enhanced metalation on TRTK-12 binding. The TRTK-12 bound (Pro-
tein Data Bank or PDB id: 31QQ) and unbound (PDB id: 31Q0) S100B/C&" crystal structures
were quite similar (RMSD< 0:5A).°° The C&* coordination stays intact irrespective of TRTK-12
binding (see Figure 4.1A). Since the structural properties at the metalation and the PPI surfaces
are unchanged irrespective of TRTK-12, it begs the question: what are the physical manifestations
of TRTK-12 binding as it controls C&* -metalation a nities from a distance? It is speculated that

dynamics might be at play here, which can be quanti ed using NMR studies.

NMR measurements(conducted by our collaborator Dr. Weber's group) were performed
on the peptide bound and unbound species, along with their €a bound and unbound coun-
terparts in solution (whereby possible) for both fast (ps-ns, Chemical shift, and NOE) and slow
( s-ms, Relaxation dispersion) timescales to quantify the e ect of target peptide or €a binding
on protein dynamics:” For S100B, the NMR experiments indicated that the TRTK-12 binding
guenches motions of residues in the hinge region, helices | and IV (especially, the end of the C-
terminus). However, NMR studies show no e ect in the EFII loop for both fast and slow time
scales for backbone atoms. To test if changes in side-chain dynamics are responsible for heightened
Ca?* -binding a nity, NMR measurements were performed on D63N as it allows relaxation disper-
sion measurements for side-chain (in canonical EF-hand) without a ecting €& binding a nities
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and C&* coordination. The results showed TRTK-12 binding reduced slow timescale dynamics at

the 3rd position in EFIl loop.”” We speculate a similar change in side-chain dynamics in Wild Type.

In addition to the above structural, dynamic, and functional experiments, computational
studies were performed on S100 family members like S100A1 and S100A11 to elucidate the molec-
ular details of their target speci city and/or enhancement in peptide/C&* binding.””** One study
on S100A1 explores the e ect of post-translational modi cations (PTMs) of C85 on TRTK-12/C#"
binding a nity by carrying out MD simulations on Ca 2" unsaturated (apo), half-saturated, and
fully saturated forms of S100A1 protein in presence/absence of TRTK-12 for WT and C85 mu-
tants.”” Binding thermodynamic models and contact map analysis indicate that C85R or C85E
mutations (to emulate PTM) disrupt F44/F88 interactions between hinge/helix 1V region,
which led to enhancement in C& binding a nities. S100B has a structurally similar (albeit more
hydrophobic) pocket compared to S100A1 for TRTK-12 binding, and S100A1 studies can be a useful

guide to understanding S100B allostery.

In most studies, a prevalent notion is that the metal ion would be the origin of the al-
losteric cascade that nally a ects the local PPI environment where the target peptide binds. In
S100A11, where annexin A2 binding is allosterically controlled by €43, it was proposed that C&*
binding need not necessarily trigger the allosteric cascade. Instead, it acts as a \block" to a dy-
namic salt bridge that destabilizes PPIs. Multiple mechanisms have been proposed to describe
signal propagation between two ligand-binding sites in S100 systems, and no consensus has been
achieved yet. My primary goal regarding S100B is to investigate the in uence of TRTK-12 binding
on Ca2+ ligation in bovine species. We would like to address the following questions: (i) Does the
di erence in dynamics drive S100B/TRTK-12 allostery? (ii) How does the information regarding
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peptide binding get transmitted to C&* binding site? What are the structural and dynamical

e ects of peptide and C&* binding on helices involved in PPI? Since dynamic bonds (including salt
bridges and hydrophobic interactions) in protein complexes are a ected by altering ionic strength in
solution, NMR HSQC measurements at distinct ionic strengths could verify the local environment
of dynamic bonds as well as note the e ect of salt (in this case, NaCl) on allosteric signaling. These
guestions were investigated with two speci ¢ aims by performing Molecular Dynamics simulations
on the TRTK-12 bound and unbound species of S100B Wild Type (WT) and variants at distinct

salt concentrations.

1.6 Organization of the dissertation

Chapter 2 describes my research on Biotin Protein Ligase froEa coli published in Bio-
chemistry in 2019. We collaborated with Dr. Beckett's lab and integrated computational and
experimental approaches to study how disorder-to-order transitions at the two functional sites
communicate inE. coli BirA. Structural analysis indicates the formation of a network of charged
residues that may function in allostery. Molecular dynamic simulations and network analysis reveal
a more extensive subset of residues that possibly relay information about disorder-to-order transi-
tions between distal locations. Protein linkage analysis supports the formation of the electrostatic
network in solution. The role of this network in allostery was demonstrated by functional and ther-
modynamic measurements on single amino acid (to Alanine/Cysteine/Glycine) substitutions at the
network residues. Force Distribution and volume analyses on MD trajectories of selected variants
suggested how local changes in the environment of the allosteric network residues can relay infor-

mation about disorder-to-order transitions between remote surfaces. The experimental methods,
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results, and Supporting Information related to this work are included in Appendix A.

Chapter 3 reports my research published in the Journal of Chemical Physics in 2023,
where we discussed one possible mechanism allostery can evolve in Class Il BiPkitro thermo-
dynamic measurements ort. coli variants suggest that e ector binding and catalytic activity are
perturbed by amino acid substitutions generally limited to the Catalytic/Allosteric site (CS/AS).
However, sedimentation equilibrium measurements by Dr. Beckett's group suggest that mutations
throughout the protein modulate homodimerization. Thus, experiments suggested a new function(in
this case, allostery) that can evolve in a protein system (in bacteria BPLs) while maintaining its
previous activity (catalytic activity). We integrated experiments, MD simulations, network theory,
and mutual information approaches for multiple sequence alignments on more than 1000 protein
sequences from the two BPL classes to propose one possible mechanism by which allostery evolves
in a protein system while preserving its previous function. The experimental methods, results, and

Supporting Information related to this work are included in Appendix B.

Chapter 4 presents my work on dynamic allostery in S100B in collaboration with Dr.
Weber's group, which is currently submitted for peer review. Molecular dynamic simulations indi-
cate disruption in interactions within and between the monomeric subunits due to e ector binding
might lead to enhanced C& a nity. Both NMR chemical shift measurements and computational
analyses at di erent salt concentrations suggested reorganization in protein networks due to e ector
binding, and this rearrangement is robust to perturbations like salt. The experimental methods,

results, and Supporting Information related to this work are included in Appendix C.

Chapter 5 summarizes my conclusions of structural and dynamic allostery through this
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research on the two protein systems (BPL and S100B). Further experiments (both computational
and wet lab) are proposed that will elaborate on comprehending BPL and S100B allostery, and its

biological applications to other protein systems in general.
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2. How disorder-to-order transitions between distant

surfaces are transmitted?

2.1 Contribution statement

This work was completed in collaboration with Dr. Beckett's group at the Department
of Chemistry and Biochemistry, University of Maryland-College Park, and it was published in
Biochemistry in 2019. Dr. Jingheng Wang from Dr. Beckett's lab primarily conducted the exper-
iments, including protein puri cation and functional measurements. Members from our lab (me,
Dr. Gregory Custer, Christopher Look, and Dr. Silvina Matysiak) performed Molecular Dynamic
simulations and computational analyses. Both labs contributed to the general interpretation of

simulation and experimental results and analyzed their biological signi cance.

2.2 Introduction

Allostery, or energetic coupling between events occurring at distinct sites in a protein, is
a widespread phenomenon. As \the second secret of life;"it is utilized in virtually all of biology,
including metabolism;*~ cell signaling;” and transcription regulation.”” Consequently, its molec-
ular basis remains the subject of intense research. Although many studies have highlighted the
importance of disorder for the thermodynamics of protein allostery, the physicochemical basis of

long-range energetic coupling between disordered protein segments remains to be elucidatéd.
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The E. coli biotin protein ligase (birA) provides a system for determining how disorder-
to-order transitions are communicated in allostery. The protein is a transcription repressor that
is allosterically activated for homodimerization via biotinyl-5'-adenylate (bio-5-AMP) binding.
The resulting holoBirA homodimer binds to DNA to repress transcription of the biotin biosynthetic
operon.”»”* Structural studies reveal that bio-5-AMP binding is accompanied by disorder-to-order
transitions on the coupled ligand binding and dimerization surfaces, which are separated3\30A
(Figure 2.1)°%°* The adenylate and biotin-binding loops (ABL and BBL, respectively) on the
ligand binding surface are disordered in apoBirA but fold around bio-5-AMP in the holo repres-
sor. On the dimerization surface, e ector binding is coupled to the extension of an-helix and
ordering/packing of two loop segments. Functional measurements performed on BirA variants with
amino acid substitutions indicate critical roles of disorder-to-order transitions on each functional
surface for allostery”®” and coupling of the distant folding processes:°® The molecular mecha-

nism of this coupling is unknown.

Results of previous studies suggest that a number of electrostatic residues may contribute
to BirA allostery.” Inspection of the holoBirA structure reveals that the e ector nucleates mul-
tiple interactions involving charged/polar amino acid side chains (Figure 2.1B). Only a subset of
the observed interactions is likely to form in apoBirA because, in the absence of the ligand, the
BBL (which contains residues R118, R119, and R121) is disordered.” An analysis of molecular
dynamics (MD) simulation trajectories revealed that an alanine substitution that perturbs folding
on the ligand binding surface and bio-5'-AMP-linked dimerization disrupts interactions involving
residue R118." Additionally, analysis of the simulation trajectories obtained for BirA variants with

single amino acid substitutions in the core predicts a correlation of rearrangement of the electro-
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Figure 2.1: Structural analysis of disorder-to-order and network formation upon bio-5'-

AMP binding to birA. A) BirA structures with loop disorder-to-order transitions highlighted:
residues 140{146 (red), residues 193{199 (green), BBL (orange), and ABL (cyan). The dashed
segments indicate disorder. (B) Network interactions in holoBirA with the following side chain
color codes: red, negatively charged; blue, positively charged; black, ligand. Models were created
in Pymol with Protein Data Bank entries 1BIA and 2EWN as input.

static interaction network with altered bio-5'-AMP binding-linked dimerization.”” Although these
previous studies implicate an electrostatic residue network in BirA allostery, the full scope of the
network, its functional signi cance, and its role in coupling disorder-to-order transitions on the

ligand binding and dimerization surfaces remain to be determined.

In this work, we applied computation and experiment to identify an energy-based residue
network in BirA, to determine the function of the network, and to elucidate how the network is
integrated with the disorder-to-order transitions in BirA allostery. Computational analysis reveals
a residue network more extensive than that extracted from structural analysis. Measurements of
proton linkage to e ector binding support network formation in solution. Results of ITC and sedi-
mentation equilibrium measurements reveal that disruption of the network by alanine substitution
signi cantly perturbs both allosteric e ector binding and e ector-linked dimerization. Finally, force
distribution analysis reveals that the network is directly linked to disorder-to-order transitions on

the two functional surfaces. The results support a highly distributed mechanism in which allosteric

24



communication is accomplished through integration of a residue network with local folding events

and general compaction of the protein.

Dr. Beckett's group conducted all the experiments presented in this chapter. The exper-

imental details are included in the Appendix A.

2.3 Materials and Methods

2.3.1 Molecular Dynamics Simulations and Analysis

MD simulations were performed on BirA, both the wild type (wt) and its variants, in
complex with the co-repressor analogue biotinol-5'-AMP (btnOH-AMP), with chain A of the BirA
dimer structure in Protein Data Bank (PDB) entry 2EWN " used as the starting con guration of
the complex. The simulation trajectories used in this study were taken from our previous pub-
lication, where Dr. Gregory Custer from Dr. Matysiak's lab carried out the simulations: The
GROMACS 4.6 simulator with the OPLS-AA force eld was used for simulation. For each simula-
tion, the protein was placed in a rhombic dodecahedral box with boundaries extending out 1 nm
from the protein. The system was then solvated with 20300 SPC/E water molecules. Random
replacement of a water molecule with a Nacounterion rendered the system neutral. Prior to each
production run, the energy of the system was minimized using the steepest descent method. After
minimization, NVT and NPT equilibration runs, each of 100 ps, were carried out using position
restraints with a force constant of 1000 kJ mof:nm * on the protein and ligand. Position restraints
were removed for the production run, which used an NPT ensemble at a temperature of 300 K and
a pressure of 1 bar. The duration of the production run, using an NPT ensemble at 300 K and 1

atm, was 1 s, with the nal 500 ns used in trajectory analysis. As our previous work indicated
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that the simulations take no longer than 500 ns to equilibrate, the duration of the production run

was 1 s, with the nal 500 ns used for analysis.

Parameters for btnOH-AMP are the same as our previous publication, and parametriza-
tion was carried out by Dr. Gregory Custer. The time step for the simulations was 2 fs, with
updating of neighbor lists every ve steps. The LINCS algorithm was used to constrain bond
lengths.”” Protein/ligand and water/ion temperature were regulated independently using the V-
rescale algorithm with a time constant of 0.1 ps.* The ligand was grouped with the protein for
temperature coupling, while the Na counterion was grouped with water. The Parrinello-Rahman
barostat was used for isotropic pressure coupling, with a time constant of 2 ps and compressibility

of 45 10 °bar 1.

A BirA residue network was calculated using a method based on Ribeiro and Ortiz in
which communication between residue pairs is assumed to be transmitted along minimum energy
paths. To calculate the shortest (low-energy) paths, a residue network was rst constructed
on the basis of the MD simulation, with the nal 500 ns of the simulation trajectory used for
analysis. In the network, each protein residue is considered a node and connections between a pair
of nodes (residues) by an edge required contact for at least 20% of the analyzed simulation time.
Contacts were identi ed using a distance-based cuto, with distances between all pairs of atoms
in the residues considered. The distance cuto for each pair of atoms was 1.7 times the sum of
their van der Waals radii. Use of this criterion allowed capture of both secondary and tertiary
features of the BirA protein structure. For each residue i, edges with residues 1;i 2, andi 3
were excluded. The weight (or length)w; , of each edge in the network was calculated using the
pairwise interaction energy, j , between residues i and j connected by that edge. This pairwise
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interaction energy was de ned as the sum of all nonbonded interactions between the residues and

was calculated at each time step. The weighty; , was calculated from j; as follows:
. .1
Wi =145 3

Such a weight function is chosen to put hydrophobic and electrostatic interactions on a

similar scale.

The shortest paths between all nonlocal residue pairs were calculated for trajectory frames
sampled at 80 ps intervals using the Floyd{Warshal algorithm to generate an ensemble of shortest
paths between all nonlocal residue pairs. Residues i and j are de ned as nonlocal if they are
separated by more than three residues in the protein sequence. Residues most likely to contribute
to the network were de ned by their betweenness centralityCg, which provides a measure of the
in uence of a node in a network by computing the extent of its participation in the shortest paths
between nodes. Critical residues for the system are identi ed using Node Betweenness Centrality

measures Cg (Vv)) calculated and normalized as follows:

P
: (s;tjv)
_ sV
Cs(v) = max( oy (Si0)

where (s;tjv) is minimum energy path between nodes andt through v, and V is set of network

nodes.

In the network calculations, the nal 500 ns of the entire trajectory was divided into 10

sets, with each set spanning an approximately 45 ns window. This window size avoided the serial
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correlation observed in the punctual stress autocorrelation analysis. The betweenness centrality
of a particular residue was calculated for each set and normalized to the residue with the largest
CB value. After the centrality measures had been generated for each set, the values were averaged
across all 10 sets. Errors in the resulting betweenness centrality for each residue re ect the standard

deviation of the averaged betweenness centrality values calculated for all 10 sets.

The force distribution analysis, based on the method outlined by Stackliet al."”* and
Costescu and Grater,”” was carried out for wild type and variant holoBirA species. Based on
bonded and nonbonded interactions, residual pairwise forces were used to calculate the punctual
stress using the time-resolved force distribution analysis (TRFDA) code. These calculations were
carried out on re-runs of the nal 500 ns of each MD trajectory. For each residugpunctual stress

S is computed as follows:

i6]

This calculation generates the punctual stress for each of the 317 residues that were mod-
eled in the structure for every frame, which is then averaged across all frames. Initial analysis of
the punctual stress for each residue spanning the nal 500 ns of the simulation trajectory indicated
an autocorrelation between residues E313 and K172, with a coe cient that dropped below 0.2 at
intervals greater than 20 ns. This correlation was avoided in the averaging by dividing the nal
500 ns of the trajectory into ten sets, with each set spanning 45 ns. The nal punctual stress
value for each residue, which represents the average value for the ten sets, was used to calculate
the per residue punctual stress di erence between each variant and the wt protein. The statistical
signi cance of each punctual stress di erence was evaluated using a two-sample t-test{p0.01).

For each residue, the error in the absolute punctual stress di erence was calculated as the sum of
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the standard deviations of the average per residue punctual stress obtained for the ten sets.

Volume calculations were obtained for the helical segments de ned by residues 146{160,
234{257, and 260{270, which were selected on the basis of the secondary structure assignments in
PDB entry 2EWN and visual inspection of the protein structure. The total volume occupied by
these segments in each BirA variant was obtained using the convex hull algorithm implemented
in Python 2.7, where theC atoms in the helical regions de ned the points in the hull. Water
molecules within the tessellated space of the convex hull, which was generated using the Delaunay
triangulation algorithm, were de ned by the presence of oxygen atoms. Both volume and water
occupancy for the variants were obtained as probability distributions by calculating the values for

multiple frames in the nal 500 ns of each MD trajectory.

2.4 Results and Analysis

2.4.1 An extensive network of critical residues was identi ed . coli holoBirA

The residue network previously identi ed in holoBirA"* was based on visual inspection of
the structure, an inherently biased process. Consequently, an alternative energy-based analysis was
used to identify residue networks in BirA. Computational network analysis of equilibrium trajecto-
ries from all-atom MD simulations was performed using a method in which holoBirA residues and
the ligand are ranked according to the frequency with which each participates in pairwise low-energy
(favorable) paths with nonlocal nodes, amino acid residues or the ligand, in the proteiin: " The
analysis was performed on the holoBirA monomer, the allosterically activated species for dimer-
ization, with the goal of identifying residues that may function in coupling between the distant

disorder-to-order transitions on the e ector binding and dimerization surfaces.
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The computational analysis yields a more extensive network that, nonetheless, includes
the majority of the residues identi ed by visual inspection (Figure 2.2). The 317 amino acid residues
and the ligand included in the analysis were ranked according to the magnitudes of their \node be-
tweenness centrality”, and those in the top 5%, 16 amino acid residues and the e ector, were
designated as high-probability nodes. For the remainder of the paper, the network refers to these
residues, which comprise a nearly continuous surface on one face of the protein that extends from
the N-terminal domain{central domain interface to the interface formed between the central and

C-terminal domain (Figure 2.2).

Figure 2.2: Computationally determined allosteric residue network in E. coli BPL. A)
Normalized Node betweenness centralities calculated fiar coli and averaged over 10 sets. B) Po-
sitions of the \critical" residues for E. coli holoBPL. In both (A) and (B), blue indicates residues
identi ed both computationally and structurally. Orange represents \critical" residues solely iden-
ti ed using computations.

On the basis of their relationships to e ector binding and the disorder-to-order transitions
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on the ligand binding surface, the network can be divided into two residue subsets. One subset,
in which the majority of the residues have charged side chains, includes the e ector and seven of
the eight amino acids previously identi ed from the holoBirA structure (Figure 2.2A). Consistent
with its central role in allosteric activation, the e ector is by far the highest-ranking node in the
networkA.3. Most of the residues in this rst subset either form direct electrostatic bonding in-
teractions with the phosphate group on the e ector or contribute to a second shell of electrostatic
interactions. These residues also connect the central domain to the C-terminal domain via residue
E313. The second network subset, which includes E110, F124, P126, Y132, R213, and R235, is
comprised of residues that either fold around the ligand or facilitate folding on the ligand binding
surface but do not directly interact with the e ector. Residues F124 and P126, which contribute to

a hydrophobic cluster that packs on the adenine moiety of the e ector, function in both bio-5-AMP
binding and e ector-linked dimerization.”” " In vivo measurements have implicated R235 in BirA-
mediated transcription repressiort’ In addition to the two residue subgroups, the network
residue W265, which does not directly interact with any other highly ranked residues, is unique in
its proximity to the dimerization surface. The side chain of this residue packs against thehelix
(residues 145{164 in apoBirA) that is extended upon e ector binding to include residues 142{144
(Figure 2.1). Thus, distinct from the limited structurally de ned network, the computationally

de ned network has connections to disorder-to-order transitions on both BirA functional surfaces.
The interactions identi ed in the network analysis have some probability of forming in the absence
of the e ector. However, given the central role of the ligand in the network and the contribution
of residues from protein segments that are disordered in apoBirA, this probability is likely low for

many of the interactions.
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Figure 2.3: Location of residues in th&. coli BPL considered for mutagenesis in the experiments.
The model was created in Pymoi.

2.4.2 Experimental results

Details of experiments regarding ITC measurements of proton linkage associated with
network formation in solution and thermodynamic measurements to ascertain the functional role
of network residues are described in section A.2. The mutants are shown in Figure 2.3. To sum-
marize, proton linkage was observed for both wild-type and mutants, suggesting the formation of
the network in solution as a result of e ector binding. Furthermore, the resultant network in solu-
tion perturbs on mutating the charged residues that were predicted to be the part of the allosteric
network. Thermodynamic measurements of the allosteric input (e ector binding) and allosteric
output (homodimerization) showed that perturbing network residues identi ed from structural and
computational analyses a ected both functions by at least 2 kcal/mol. Thus, the results indicate

that the allosteric network is integral to relay information between the two sites.
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2.4.3 Force Distribution Analysis Indicates Coupling between Disorder-to-Order
Transitions and the Network in BirA Allostery

The relationship of the residue network to the distant disorder-to-order transitions that
function in BirA allostery was investigated using force distribution analysis (FDA), a method in
which one calculates the mechanical, or punctual, stress experienced by each amino acid residue in
a protein from all pairwise residue forces. Thus, the method provides information about the energy
distribution in a protein. If the network functions in coupling the distant transitions on the dimer-
ization and ligand binding surfaces, the transitions should be accompanied by changes in the force
experienced by network residues. Furthermore, perturbation of the transitions is expected to alter
the punctual stress experienced by network residues. Force distribution analysis of BirA variants
in which the disorder-to-order transitions are disrupted was performed to test this prediction. The
holo forms of BirAwt and its variants with alanine substitutions at P143, M211, and both P143 and
M211 (Figure 2.4) were subjected to the analysis. Previous studies indicated that single-alanine
substitutions of residues P143 and M211, which perturb the disorder-to-order transitions at the
dimerization and ligand binding surfaces, respectively, alter e ector binding and/or e ector-linked
dimerization (Table A.4). In the double variant, BirAP1434=M 2114 " fayorable energetic coupling in
e ector binding is observed between the two residues (Table A.4).”" = Thus, these variants pro-
vide ideal tools for investigating the relationship between disorder to order on the two allosterically
linked functional surfaces and the network in BirA.

FDA indicates that perturbations to disorder-to-order transitions are accompanied by
changes in the stress experienced by network residues. Moreover, the residue locations and magni-
tudes of these changes vary with the amino acid substitution. The analysis was carried out on the

equilibrium portion, the nal 500 ns, of the MD trajectories obtained for each holo variant, and the
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Table 2.1: Variants Show Punctual Stress Changes for Residues in that Helix the Contributes to
BirA Dimerization

Residue Variant Nonbonded Partner/Interaction
M211A P143A |P143A/M211A
G142 788 102 941 40 Disorder to order transition
P143 1010 113} 1032 49
Al44 266 100 203 53
Al145 396 86
A146 445 28
1147 168 78 262 32
G148 244 50
S150 423 79 N175, Hydrogen Bond
V152 196 73 257 48 F253, Hydrophobic
1153 214 124
1155 157 79 W265, Hydrophobic
V156 L246, Hydrophobic
E159 R264, Electrostatic
L161 198 95 289 96 G165, Hydrogen Bond
D167 (BB)
R162 582 189| 389 198 K168(BB) V169 (BB)
Charged Hydrogen Bonds
K163 223 176 E245, Electrostatic
A166 A229, Hydrophobic
R162
D167(BB) 580 186 Charged Hydrogen Bond
R162
K168(BB) 206 86 Charged Hydrogen Bonds
R162
V169(BB) 289 167 Charged Hydrogen Bonds

The color code is the same as that used to illustrate the residues with signi cant punctual stress

di erences in Figure 2.5.
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Figure 2.4: Coupling between disorder-to-order transitions and residue network in E.
coli BPL. A) Per-residue punctual stress deviation of the holoBPL variant relative to WT. B)
Numerical values for stress di erences (with respect to WT) at network residue positions for M211A,
P143A, and P143A/M211A C) Punctual stress dierences highlighted on M211A, P143A, and
P143A/M211A structures.

results are presented as the di erence in punctual stress at each residue in a variant relative to that
experienced by the same residue in the wild type protein. For each single-alanine variant, signi cant
punctual stress di erences 300 pN) are observed at the substituted residue position as well as at
multiple network residues (Figure 2.4A{C). For example, holoBirA 2'A shows the strongest e ects

on the stress experienced by network residues R118, D176, K183, and E313. In addition, consistent
with its weak binding to bio-5'-AMP, stress alterations are observed at network residues F124 and
Y132, which both participate directly in disorder-to-order transitions on the ligand binding surface.
For holoBirAP43A  punctual stress perturbations are found at network residues R118, R121, K183,

W265, and E313. However, the magnitudes of the stress perturbations for R118, K183, and E313
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are signi cantly lower than those observed in BirA'?1A 2 |n the double variant, which shows
energetically favorable coupling between the distant P143 and M211 residues in e ector binding,
the punctual stress perturbations for residues R118, D176, K183, and E313 are much lower than
those found in the single variant, M211A, a result consistent with partial reversal of the bio-5'-
AMP binding defect exhibited by the single mutant. In fact, the mean value of the punctual stress
di erence for E313 in the double variant is close to zero. Moreover, no perturbation is observed
in the stress at residue F124. Combined, the computational results indicate correlations among
perturbations to disorder-to-order transitions, functional e ects on allostery, and force distribution

in the residue network.

2.4.4 The Variants Show Punctual Stress Changes in arHelix That Functions
in Dimerization

In addition to the network residues, signi cant changes to punctual stress are observed
at residues in an -helix that plays a critical role in dimerization and in residues C-terminal to
it. On the dimerization surface, bio-5-AMP binding is accompanied by the extension of the he-
lix, comprised of residues 147{164 in apoBirA, to incorporate residues 142{146. The M211A,
P143A, and M211A/P143A variants are characterized by penalties to dimerization of +1.4, +1.0,
and +2.4 kcal/mol, respectively. Consistent with the P143A substitution, which decreases the he-
licity of residues 142{146, punctual stress di erences for residues 142{148 in holoBifA* and
BirA P143A=M 211A (Figure 2.5A and Table 2.1) are large. Signi cant stress di erences are also found
at other helical residues in all three variants, with the location and magnitudes of the perturbations
varying for the di erent variants (Figure 2.5A, B and Table 2.1). In addition to the perturbations

in the helix itself, residues that form nonbonded contacts with helical residues experience punctual
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Figure 2.5: Stress redistribution in the helix in E. coli BPL A) Per-residue punctual
stress deviation of the holoBPL variant relative to WT for residues 142-164 and the C-terminal
segment 165{169: M211A/holo (cyan), P143A/holo (red), P143A/M211A/holo (purple). The
shaded region represents the standard error in the punctual stress di erence. (B) Residue loca-
tions of punctual stress changes are shown on the helix and loop with colors indicating variants in
which punctual stress values di er from those found in WT/holo: red, P143A; blue, P143A, and
P143A/M211A; brown, M211A, P143A, and M211A/P143A; cyan, M211A (residue N175); green,
M211A and P143A (residue 1187). Numbering is provided at select residue positions to orient the
reader. (C) Residues (lavender spheres) in holoBirAwt form nonbonded interactions with dimeriza-
tion helix and C-terminal extension residues and undergo changes in punctual stress in the variants.

stress changes (Figure 2.5C and Table 2.1). For example, W265, a network residue that packs
against 1155 in the helix, shows a large punctual stress di erence in holoBirAP143A. In all three

variants, the stress experienced by R264, which forms an electrostatic interaction with helix residue
E159, is altered. In the 165{169 segment that is C-terminal to the helix, changes are observed at

residues A166 and D167, and K168 and V169. In the holoBirA structure, A166 packs against ABL
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residues A229 and the latter three residues form charged hydrogen bonds through their backbone
groups to the side chain of residue R162 in helix 142{164. The FDA results indicate that perturba-
tions of disorder to order on the ligand binding and dimerization surfaces are correlated with e ects

on the interactions of a critical -helix with the remainder of the protein.

2.4.5 Altered Packing of the -Helix in the Variants

In the FDA, punctual stress is calculated as the absolute value and provides no information
about the direction of stress changes. In other words, di erences in punctual stress may re ect either
increased or decreased forces on residues. Thus, the FDA provides no insight into the structural
origins of changes in net forces at the helix residues. In the BirA structure, helix 142{165 is wedged
between two other helices comprised of residues 234{257 and 260{270 (Figure 2.6A). In light of
the observed perturbations to stress in residues in all three helices, the relationship of the observed
punctual stress changes in the variants to the packing of these helices was investigated by performing
volume calculations. First, a convex hull that wraps around the three helices was constructed for
holoBirA"* and the three variants. Because of the loss of helicity in variants with the P143A
substitution, only residues 146{160 of the dimerization helix were included in the constructed hulls
(Figure 2.6A). The hull volumes were then calculated for multiple frames in the trajectories for
each variant to obtain a distribution of volumes. The resulting probability distributions indicate
that the helices occupy a greater volume in the variants than in holoBir& (Figure 2.6B), with
the most probable volume occupied by the three helices in the wild type protein being 100{250
smaller than in the variants. These volume di erences are accompanied by di erences in the water

occupancy, with the helices in the wild-type protein containing less water than the variants (Figure
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2.6C). Interestingly, although the volume occupied by the three helices in holoBiFAL43A is the
largest among the three variants, the water content is similar to that of the other two variants.
Thus, the volume and water occupancy calculations suggest tighter packing of the dimerization

helix in the wild type than in the variant proteins.

Figure 2.6: Helix packing is altered in the BirA variants. (A) Model of the holoBirA monomer
structure with the convex hull (blue) de ned by helices comprised of residues 146{160 (royal blue),
234{257 (tan), and 260{270 (yellow) highlighted. The coloring of the loop regions is identical to that
used in Figure 2.1. (B and C) Distributions of volumes and water count probability, respectively,
calculated for the convex hull de ned by the helices in panel A for holoBir# (gray) and variants
with substitutions M211A (cyan), P143A (red), and P143A/M211A (purple).

2.5 Discussion

Although the signi cance of disorder for protein allostery is well-documented, how the
disorder is incorporated into allosteric mechanism is unknown for most systems. Hn coli BirA,
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coupled disorder-to-order transitions on two distant functional surfaces are critical for activating
the protein for dimerization. In this work, combined experimental and computational studies reveal

how a residue network functions in linking the folding transitions in allostery.

Computational analysis yields a network that, although more extensive, overlaps with
that derived from visual inspection of the structure. Although the network has some probability
of forming in apoBirA, e ector binding greatly enhances this probability, either because of direct
network residue contacts with the e ector (R118, R121, K172, and K183) or because many network
residues are in segments that fold concomitant with bio-5-AMP binding. Notably, residues P126
and F124, both of which directly participate in disorder-to-order transitions at the ligand binding
site, are among the computationally identi ed network residues: *° Thus, the hydrophobic packing
that accompanies folding on the ligand binding surface enables the formation of electrostatic inter-
actions in the vicinity of the e ector molecule. The network also includes one C-terminal domain
residue, E313, which forms interactions with multiple residues from the central domain. By con-
trast, the few identi ed N-terminal DNA binding domain residues have no connections with other
network residues, a result that is consistent with the apparent decoupling of dimerization energetics

from the a nity of the resulting holoBirA dimer for DNA observed for a number of BirA variants.

Measurements performed on BirA variants with alanine substitutions at network posi-
tions reveal important functional roles for the network in both bio-5-AMP binding and coupled
dimerization. Additionally, previous genetic studies indicated that residue R235 contributes to
BirA-mediated transcription repression. Finally, residues P126 and F124 contribute to both e ec-
tor binding and holoBirA dimerization.”>”® Only residue R119, which was designated as a network
residue on the basis of structure, was not identi ed in the computational analysis, and experimental
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measurements reveal its importance for bio-5-AMP-induced dimerization. Structural data suggest
that rather than contributing to allostery, R119 directly contributes to the dimerization interface.
Notably, with the exception of R119, the network variants experimentally tested in this work, which
uniformly show large perturbations to the dimerization free energy, all have amino acid substitu-

tions distant from the dimerization interface.

The residue network and the disorder-to-order transitions on the ligand binding surface
are tightly integrated into BirA allosteric activation. First, residues that directly participate in
disorder-to-order transitions, including P126 and F124, contribute to the network and allostery.
Second, as noted above, many network interactions are enabled by the disorder-to-order transitions.
Finally, FDA indicates that perturbations of disorder to order in the ligand binding surface are ac-

companied by changes in the punctual stress experienced by network residues.

The energy-based network alone, in which only one residue, W265, in the vicinity of the
dimerization surface is a member, provides little insight into how e ector binding is communicated
to disorder-to-order transitions on that surface. The combined network and force distribution anal-
ysis suggests that enhanced packing of the-helix that functions in dimerization plays a role in
this communication. In the M211A, P143A, and M211A/P143A variants, all of which dimerize less
tightly than BirA ™, punctual stress perturbations are observed at multiple residues in the helix
as well as in the 165{169 segment C-terminal to the helix. These stress perturbations in the helix
are correlated with changes in the stress experienced by residues interacting with the helix (Figure
2.5C and Table 2.1) and with the volume occupied by this central helix and its neighboring helices.
Comparison of apo and holoBirA structures indicates that in holoBirA the central helix interac-
tions fall into two classes. Formation of the rst class of interactions is contingent upon e ector
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binding. For example, reorganization of the loop containing residues 170{176 upon bio-5-AMP
binding results in the integration of residue D176 into the network and enables hydrogen bonding
between N175 and helix residue S150. Additionally, BBL folding upon bio-5-AMP binding allows
R118 and R121 to form network interactions coupled to enhanced packing of residue 1187 with
helix residues 1153 and M157. Finally, ABL folding decreases the distance between residue A166
in the loop that is C-terminal to the helix and residue A229 in the ABL from 7.5A in apoBirA to
3.7 A in holoBirA. A second category of dimerization helix interactions that are perturbed in the
variants includes a number of nonbonded interactions that are conserved in apo- and holoBirA but
di er in distance in the two structures. These include an electrostatic interaction between E159 and
R264 and hydrophobic packing between helix residues V156, V152, and V155 and L246, F253, and
network residue W265, respectively. The structural data also indicate that ligand binding results
in distance changes in charged hydrogen bonds that form among the D167, K168, and V169 back-
bone carbonyl groups in loop 165{169 with the side chain of helix residue R162. On the basis of
changes in punctual stress, many of both classes of helix interactions are altered to varying extents
in the variants. These alterations likely form the basis of the looser packing of the dimerization he-

lix with its two neighboring helices in the variants indicated by the volume calculations (Figure 2.6).

Overall, the combined FDA results and structural data support a role for the network in
enhancing the packing of the BirA dimerization helix in the central domain of the e ector-bound
protein. Previously published results support this enhanced packing. First, HDX-MS measure-
ments indicate that e ector binding is accompanied by the protection of backbone amide groups
distributed throughout the protein from deuterium exchange.” Second, heat capacity changes
associated with bio-5'-AMP binding by BirA variant monomers are linearly correlated with the
dimerization free energy of the resulting holo monomer, with smaller negative heat capacity changes

42



associated with weaker dimerizatiori.” These thermodynamics are consistent with a decrease in
the level of folding/packing in the weakly dimerizing proteins.” Importantly, none of amino
acid substitutions in the variants subjected to experimental studies in that work were at residues
that form noncovalent bonds at the dimerization interface. The relationships among helix packing
in e ector-bound BirA, the overall folding thermodynamics of the protein, and the extension of the

helix on the dimerization surface are currently under investigation.

Figure 2.7: Amino acid substitutions tune the BirA allosteric response. A) Amino acid
substitutions in BirA yield a broad range of holoBirA dimerization free energies. The bracketed
line above the bars indicates variants with substitutions that dimerize with free energies withinl
kcal/mol of that of holoBirAwt, and asterisks signify residues that contribute directly to the dimer
interface. (B) C atoms of amino acid positions in panel A shown on the holoBirA monomer with
small spheres signifying modest (within 1 kcal/mol) and large spheres indicating largerX 1
kcal/mol) e ects on the dimerization free energy. Color code: loops, orange, 116{124; red, 140{146;
purple, 170{176; green, 193{199; cyan, 211{222; blue, 280{283; yellow, 310{313; gray, protein core.
The model was created in Pymol with PDB entry 2ZEWN as input.

BirA allostery re ects contributions from numerous residues distributed throughout the

structure (Figure 2.7). Combined computational and experimental results indicate that residues
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on both functional surfaces as well as those in the network function in allostery. Additionally, on
the basis of the FDA presented in this work, residues that function in the packing of helices in the
protein core are also predicted to contribute to the allosteric response, a prediction that is currently
being experimentally tested. At a biological level, this distributed mechanism renders BirA allostery
robust to protein sequence changes. Indeed, amino acid substitutions at 18 di erent residues result
in holoBirA dimerization free energies that are within 1 kcal/mol of that measured for holoBirAwt
(Figure 2.7). However, in addition to these modest responses, residues in the network(particularly
in the electrostatic core, as well as a subset of residues on the ligand binding and dimerization
surfaces), are highly sensitive to substitution. Notably, a majority of these residues, including those

on the dimerization surface, do not directly contribute to the dimer interface (Figure 2.7).

Protein disorder is important for the thermodynamic coupling that lies at the heart of
allostery, © and manipulation of this disorder provides a means of modulating the coupling. The
results reported in this work demonstrate that a residue network can work in concert with distant
disorder-to-order transitions to a ect allostery.”-”*** The results also support the ensemble view
of allostery in which the functional output can be tuned via the redistribution of energy at multiple

residues in a protein.
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3. Examine the possible origin of allostery in bacterial

biotin protein ligases

3.1 Contribution Statement

The work presented in this chapter was completed in collaboration with Dr. Beckett's
group from the Department of Chemistry and Biochemistry at the University of Maryland-College
Park, MD, US. Dr. Beckett's group performed the functional measurements and mutual information
analysis. Our lab (me, Neel Sanghvi, and Dr. Matysiak) have conducted simulations and performed

computational analyses for this work.

3.2 Introduction

Another approach to elucidating molecular mechanism of allostery is to analyze protein
families from an evolutionary perspective." "= Bacterial biotin protein ligases, comprised of an

allosteric and non-allosteric class, are ideal for such studies.

3.2.1 Overview of biotin protein ligases

In both eubacteria and archaebacteria, BPLs fall into two classes, with Class | enzymes

only catalyzing the biotin transfer in which the intermediate, bio-5-AMP, is rst synthesized from
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Figure 3.1: Functional and structural features of Class | and Class Il bacterial biotin

ligases. A. Class | ligases catalyze the two-step biotin transfer to the Biotin Carboxyl Carrier
Protein (BCCP) subunit of biotin-dependent carboxylases. Class Il ligases have an additional
function in transcription - repression, in which the enzyme-intermediate complex, holoBirA, rst
dimerizes and then binds sequence-speci cally to DNA. B. Three-dimensional structural alignment
of representative protein structures from Class INl. tb, PDB id: 40p0) and Class Il E. coli, PDB

is: 2EWN) BPLs. (The alignments and models were created in Pymol.)

biotin and ATP [Fig. 3.1(a)]."*~ In the second step, the intermediate serves as the donor in
biotin transfer to the carboxylase biotin carboxyl carrier protein (BCCP) subunits.”" In addition
to their enzymatic function, the Class Il BPLs repress transcription initiation at biotin related

operons, including those that code for biotin synthesis, transport, and/or utilization.

3.2.2 Sequence and structure of biotin protein ligases

Despite low sequence conservation, even within a single class, the biotin protein ligases
(BPL) show high structural similarity. Alignment of the Class | (Mtb) and Class Il (Ec) ligase
sequences shows 28% identity and 40% similarity. A comparison of the Class | Mtb ligase sequence
with that of the Class Il Staphylococcus aureus indicates a 25% identity. Even with this mod-

est sequence conservation, the Class | and Class Il BPLs share similar structures. Excluding the
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Table 3.1: Functional measurements of variants

Location Bio-5'- Bio-5'- Biotin Dimerization
AMP AMP transfer (Allostery)
synthesis | binding

BBL 118, 119,/ 118, 119, 119 118, 119, 121
121, 124, 124, 126
126

ABL 211, 214, 211, 214, 211, 214, 218
218, 219,| 218, 219, 219
223 223

140-146 142 142 142

loop (PPI)

193-199 194 193, 194, 195

loop (PPI) 197

170-176 172, 175, 171, 172,/ 171, 172, 175

(KWPND) | 176 176 176

280 loop 280, 282
178 183 183 178,183,

313,154

Table 3.2: Functional measurements of variants. Residues marked in red show enhancement in the
functional activity relative to WT by at least ve-fold.

DNA binding domain, pairwise 3D alignment of theMtb “> and EcBPL"" structures indicates a
backbone RMSD value of 1.8\, with the largest deviations localized to the surface loop regions,
including Loop 5 (L5), which functions in bio-5-AMP binding and allostery in the Ec protein [Fig.

3.1(h)].%> %

Thermodynamic, structural, and dynamic features of allostery in the Class IEcBPL
are well characterized. First, loops on the e ector binding (L1 and L5) and dimerization sur-
faces (L2 and L4) undergo disorder-to-order transitions concomitant with bio-5-AMP binding [Fig.
3.1(b)].°* Second, perturbation of these disorder-to-order transitions through amino acid sub-
stitution compromises the coupling between bio-5-AMP binding and dimerizatior ™ Third, the

disorder-to-order transitions facilitate the formation of an interaction network in holoEcBPL that
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incorporates the ligand as well as amino acid side chains of residues in the surface loops, the central
domain core, and the C-terminal domain: Moreover, experimental results indicate that residues in
this network all contribute to allostery. Finally, computational force distribution analysis predicts
that the combined surface loop folding transitions and accompanying network formation enable
enhanced protein core packing. This packing may be critical for communication between the dimer-
ization and ligand binding surfaces in allostery. The emerging picture in the Class IIEcBPL is

of a distributed allosteric mechanism in which local e ector-linked folding processes on the ligand
binding and dimerization surfaces communicate through a network of residues in the protein's cen-

tral domain core.

Structural and sequence analysis of proteins from the two BPL classes provide little in-
sight into the distinguishing features that enable allostery in the Class Il enzymes but not in the
Class | enzymes. For example, residues in the ligand binding loop, L1, of all enzymes from the
two classes thus far studied undergo disorder-to-order transitions upon ligand binding:~
By contrast, variations in folding that do not correlate with allostery are observed in dimerization
surface loops as well as the responses of the ligand binding loop L5 to bio-5-AMP binding. In
the Class | non-allostericMtb enzyme, L5 folding requires bio-5-AMP binding, while it does not
in the Class | Pyrococcus horikoshiienzyme.“> <" Moreover, the same loop in the allosteric Class
II' S. aureusprotein is ordered in both the apo and holo species. Additionally, sequences of the
segments that comprise L5 on the ligand binding surface and L2 and L4 on the dimerization surface
are not conserved within each BPL class or between them. Therefore, the features that distinguish

allosteric from non-allosteric biotin protein ligases have yet to be determined.

This work reports on combined experimental and computational analysis to identify fea-
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tures that enable allostery in Class Il BPLs. Although experimental studies of Class | BPLs are
limited, comprehensive analysis of the e ect of amino acid substitution on the Class Bscherichia

coli BPL binding, catalytic, and allosteric functions reveals a range of sensitivities of each function
to amino acid substitution. Energy-based network analysis performed on representative members
of the Class | and Class |l BPL proteins reveals distinct residue networks, connectivity among the
networks, and responses to e ector binding. Mutual information analysis performed on multiple
sequence alignments of the two BPL protein classes indicates distinct patterns of pairwise residue
co-evolution. Overall, the results indicate that allosteric function can emerge in a protein family
via sequence changes that alter the distribution of residues in local energy-based communities, the
responses of the community-network structure to e ector binding, and the interaction of these com-

munities with one another.

3.3 Materials and Methods

Details about the kinetic measurements and Mutual Information analysis are in the Ap-

pendix B.

3.3.1 Molecular Dynamics simulations

Chain A of Class IMtb (PDB id: 40p0)-> and Class Il Ec (PDB id: 2ewn)’~ proteins
served as the starting con gurations for standard all-atom MD simulations of the Biotin Protein
Ligases (BPLs) in complex with the co-repressor biotinoyl-5'-AMP (bio-5'-AMP) for theMtb pro-
tein and the analog biotinol-5'-AMP (btnOH-5'-AMP) for the Ec protein. MODELLER 9.22

was used to create residues 118{123, which are absent in f&oBPL model. For each simulation
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performed using the OPLSAA force eld with the GROMACS 4.6.5 simulator,”*** the protein
was placed in a rhombic dodecahedral box with a 1 nm boundary surrounding it. The box was
solvated using SPC/E water molecules, and counterions were added in to render the system neutral.
Energy minimization was carried out, followed by a production run of 530 and 1000 ns for Mtb and
EcBPL, respectively. RMSD analysis of the resulting MD trajectories indicated that the Mtb and
EcBPL simulations reached equilibrium after 100 and 500 ns, respectively. The nal 430 ns (Mtb)

and 500 ns (Ec) were used for trajectory analyses.

3.3.2 HREMD/REST2 simulations of Mtb and Ec apoBPLs

The structures of the apo (unliganded) BPLs contain exible segments that, due to the
absence of electron density, are not resolved in the experimental crystal structure. Consequently,
the loop heterogeneity and dynamics were captured using Hamiltonian Replica Exchange molecular
dynamics (HREMD) simulations. "~ The starting structure models for theMtb and Ec apoBPL
loops were obtained by removing the ligand removal from the holoBPL models obtained from the
pdb les 40p0 and 2ewn. Next, standard MD simulations were performed using the same protocol
as that used for the holo-structures. Finally, the last frame from the equilibrated portion of the

simulation was selected as the starting con guration for the replica used in the HREMD simulations.

In HREMD simulations, the charge, Lennard-Jones parameter and proper dihedral po-
tentials are altered by a scaling factor in \heated" regions of a protein for which dynamics are
sampled. This is done so that the e ective temperature T/ is in the \heated" region, while the

interactions within the remainder of the protein occur at T. ForEc apoBPL, HREMD simulations
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