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ABSTRACT

Allostery is the presence of a communication network that links functional sites of
a protein that are distal from one another. The existence of an allosteric network can be
observed through conformational change or a change in protein dynamics. These
networks can be used to provide insight into the mechanistic function of proteins or
protein complexes. In this thesis, four protein complexes were studied (RPA, HBV,
Cascade, and Csy) and allosteric networks within the complexes were observed by
monitoring the changes in protein dynamics upon an energy perturbation. To measure the
changes in protein dynamics, hydrogen deuterium exchange mass spectrometry was used.
This technique allows for the determination of how often the hydrogen bonding within a
protein structure is broken. By tracking the longevity of the hydrogen bonding network
that comprises the studied protein’s structure, the dynamics of the protein can be studied.
In this work, each of the proteins had changes in protein dynamics that were distal from
the site of the energy perturbation that had functional impacts on each of the protein
complexes. The combined presence of the distal changes in dynamics with an effect on
protein function fits the definition of allostery. If allostery is present in these four diverse
systems, is it possible that allostery is present in all proteins?
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CHAPTER ONE

INTRODUCTION

According to Levinthal’s Paradox, the amount of time it would take for a protein
to fold if it randomly sampled every possible configuration would be too long to be
biologically relevant (7). There are two models to explain how protein folding occurs. In
one model there is a single pathway that the protein takes to the final structure and there
are set intermediates in this folding pathway (2). However, this model does not explain
the presence of differently folded intermediate species. This led to the energy landscape
theory of protein folding. The energy landscape theory was adopted to explain how
proteins fold in microseconds to milliseconds, as well as the presence of unpredictable
intermediates (3,4). As proteins fold they travel down a rugged energy landscape that
narrows as the protein approaches its native fold; this is termed a protein folding funnel
(5,6) (Figure 1.1). At the top of the funnel, the sample space is large so denatured
proteins can adopt many conformations, but as the protein begins to fold, it travels down
the energy landscape (Z-axis) and the available number of conformations lessens (X and

Y axes) (6).
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Figure 1.1. A 2D cartoon representation of a protein folding funnel. (A) The wider the x
and y axes, the more conformational entropy is present. The funnel is wider toward
higher energy conformations. As the protein folds, it loses entropy but this is
compensated for by a release of energy (favorable enthalpy). As the protein travels down
the funnel, the conformational landscape becomes more narrow allowing for fewer
conversions between conformations of similar energy. The conformational space
continues to narrow until the base of the funnel is reached. The base of the funnel can be
a smooth valley or a rugged valley allowing for fewer or more native conformations in
the ensemble. Figure adapted from Wolynes et al. (1995). (B) The base of the protein
folding funnel showing two possible conformations in the native ensemble. One is the
most prevalent conformation in the absence of ligand and the other is the most populated
conformation in the presence of ligand. The higher in energy the conformational well
lies, the less the conformation is represented in the conformational ensemble. Higher
energy wells contain fewer representative proteins than lower energy wells. In the
unbound condition, both conformations can be sampled, though the unbound
conformation will be sampled with higher frequency (this conformation will be more
populated) than the ligand bound conformation. However, ligand binding remodels the
energy landscape so that the ligand bound conformation lies at a lower energy and is
therefore more populated, but both conformations are represented in each scenario.

The bottom of the protein folding funnel may not be a smooth valley and instead
the native form of a protein may exist as a conformational ensemble. Each conformation

may be represented as a shallow valley that exists at the same energy and is separated



from other valleys by a low activation energy barrier for interconversion (4). Higher
energy valleys may also be present, and these conformations may still be sampled but
with less frequency. The population distribution of the conformational ensemble is
dependent on the energy of the conformation with the lowest energy conformations

making up the majority of the distribution of the ensemble.

Protein Dynamics

Conversion between conformational states within the energy landscape leads to
protein dynamics. There is movement associated with the protein converting between
accessible conformations. More dynamic proteins (such as intrinsically disordered
proteins) sample many similar in energy conformations and more stable proteins (such as
structural proteins) sample fewer conformations.

Protein dynamics can be described as a continuum, with intrinsically disordered
proteins (IDPs) or regions (IDRs) possessing the most dynamic nature at one end and
strongly folded domains are at the other (7). IDPs and IDRs possess a wide
conformational space leading to the sampling of many conformations, thus making them
highly dynamic. Local unfolding events could be considered the next most dynamic
stage. These events also lead to a variety of conformations that can be adopted within the
unfolded region causing these regions to be highly dynamic. The next range of dynamics
could be considered backbone dynamics, this leads to larger scale conformational
changes. Following this, would be side chain dynamics. These would alter the

conformation in local areas. Finally, in the continuum are rigid body motions. This is a



4
rearrangement of domains with respect to one another, where hinge regions would show
protein dynamics, but the structured domains remain static.

These different motions can span a wide range of timescales (1071 seconds to
days) (3). Figure 1.2 gives ranges of protein motion as a time continuum. The distance of
these motions also has a wide range: um (bond vibration) to nm (local denaturation) (§).
Larger motions have more time associated with them (local denaturation, 0.5-1 nm,
milliseconds-seconds timescale) and more local motions occur on a faster timescale
(bond vibration, 0.001-0.01nm, 107'* seconds) (8). Table 1.1 provides insight into the
timescales of protein motions as well as the distance traveled during the motion. The
conformational changes that were probed in this thesis occurred on the seconds to

minutes timescale.

PROTEIN DISTANCE OF TIMESCALE OF
MOVEMENT  (\{NOMETERS)  (SECONDS)
Bond vibration 0.001-0.01 10141013
Side chain rotation 0.5-1.0 1011210710
Motions of globular 0.1-0.5 10719-107
domains
Rigid body motions 1.0-5.0 10°-10°
Helix-coil transition >3.0 107-10°°
Beta sheet formation >2.0 10°-1073
Local denaturation 0.5-1.0 107-10!

Table 1.1 Timescales and distances associated with protein movement. Table adapted
from reference (8).
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Figure 1.2 Time continuum of protein motions. Conformational changes probed in the
following chapters of this thesis occur on the seconds to minutes timescale. Figure
adapted from Ben-Nissan and Sharon (2011).

Ligand Binding Alters the Conformational Landscape

The rugged base of the protein folding funnel also has implications in protein
binding. Originally it was thought that the active site of an enzyme was the exact shape of
the substrate that binds (key and lock model), however, this did not explain differing
affinities for similarly structured substrates (9). This led to the development of the
induced fit model of ligand binding. In the induced fit model, the interaction between the
ligand and the protein remodels the intramolecular interactions of the protein thus causing
conformational change to occur as ligand binds (9). This model explains the presence of a
ligand bound conformation which differs from the unbound conformation. However, if
proteins exist as an ensemble of conformations, it would be logical that both
conformations are sampled to some extent by the protein. To understand how ligand
binding effects the conformational ensemble, the conformational selection model was
developed. The conformational selection model postulates that in the absence of ligand,
the ligand bound conformation exists in an equilibrium with the unbound conformation,

though the ligand bound conformation may be at a higher energy and therefore less
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populated (10). As ligand binds, the conformational landscape is remodeled such that the
equilibrium favors the ligand bound conformation. This model has experimental evidence
whether the ligand is a small molecule, another protein, or DNA (70).

As the ligand binds, the conformational shift leads to a change in protein
dynamics. This change in dynamics upon ligand binding can be present regardless of the
class of ligand. By monitoring the change/s in protein dynamics upon ligand binding,
insights about the ligand bound conformation can be gained. If a ligand stabilizes a
secondary structural element or if a rearrangement of the tertiary structure is made, this
can impact protein function. The impact of changes in protein dynamics on protein

function is explored in chapters 2-5.

Allostery

Ligand binding, or another energetic perturbation such as a mutation, can have
effects on the protein structure and dynamics at areas distal from the
interaction/perturbation site. This is called allostery (71,12). In the original model of
allostery (the MWC model or the symmetry model), an allosteric protein complex exists
in one of two states: a high affinity state or a low affinity state (Figure 1.3). These two
states exist in equilibrium with one another even when ligand is not present (72). All
subunits within the complex adopt the same conformation, thus leading to the alternative
name for this model: the symmetry model. In the WMC model, the binding of the
allosteric effector shifts the equilibrium such that the high affinity conformation is

favored (12,13).
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Figure 1.3 Allowed states for each of the proposed allosteric models. A homodimeric
protein is used as an example. In each model squares represent the low affinity states and
circles represent the high affinity states. Filled shapes represent ligand bound and open
shapes represent protein not bound to ligand. The ensemble allosteric model (EAM)
allows for more conformational heterogeneity than the other two proposed models.
Figure adapted from Hilser et al. (2012).

However, the MWC model fails to explain negative cooperativity (upon binding
of an allosteric effector or substrate, substrate binding is less favorable) (13). This was
addressed by a follow up model called the KNF model or the sequential model (Figure
1.3). In the KNF model there are still two states, the high affinity state and the low
affinity state, but, unlike the MWC model, conformational change is a direct effect of
ligand binding. This conformational change is communicated through the protein:protein
interface such that bound subunits also change conformation. This model is not an
ensemble model, instead it postulates that the bound conformation is only adopted in the
presence of ligand (induced fit).

In order to reconcile the ensemble nature of proteins with the presence of negative
cooperativity, the ensemble allosteric model (EAM) was developed (12). In this model,
proteins can be simplified into independent domains where each domain traverses the
energy landscape sampling different conformations. These domains can exist in two

states: the high affinity state and the low affinity state. As one domain adopts a high




affinity state, this information is communicated to the other domain/s causing a
rearrangement of their energy landscape and the distribution of the conformation/s.
Because each of these domains exist in an equilibrium of conformations, each possible
combination of high and low affinity states can be accounted for by this model (Figure
1.3). This model is also not limited to just ligand binding, any energetic perturbation that
can rearrange the energy landscape can be viewed as an allosteric effector. One of these
potential perturbations is a point mutation. Investigation of a point mutation altering the
energetic landscape is further explored in chapter 3. This model also allows for the
investigation of allosteric networks that are not rooted in structural change.

Allostery can be present in a protein even in the absence of observed structural
change (14). In this case, it is a change in conformational entropy that is detected when a
ligand binds. The mean conformation remains the same, but fluctuations about this mean
are altered in amplitude or frequency. This is, in essence, the dynamics of the protein.
Because most experimental methods track the average conformation of a protein, there
may appear to be no change in conformation but the interconversion between the
conformational ensemble is altered (75). By tracking changes in dynamics upon mutation
or ligand binding, the allosteric network within a protein can be probed. Chapter 3 of this
thesis provides an example of a protein whose dynamics are altered upon a point
mutation, but the structure of the protein remains the same. This chapter focuses on the
capsid protein (Cp) of Hepatitis B virus (HBV). Upon mutating this one residue, the
function of the Cp is abrogated (it is no longer capable of assembling into capsids)

showing that this mutation has a functional effect on the protein, but the structure is
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unaltered. An investigation into the changes in dynamics of the Cp upon mutation
showed that regions of the protein distal from the mutation site were affected by the point
mutation. This led to the conclusion that altering the dynamics in regions distal to the
mutation site had a functional effect on the Cp without altering the mean conformation of
the protein. Therefore, an allosteric network exists within the Cp.

This discussion of allostery leads to the question of whether or not every protein
has the potential to possess an allosteric network. If these communication networks are
present even in the absence of structural change, can they be observed in every protein? It
would make sense that in the presence of an energetic perturbation (for example, ligand
binding or mutation), the energetic landscape of the protein will be remodeled, and the
conformational ensemble will be affected. Input of energy or alteration of the energy will
change the strength and, therefore, the longevity of the noncovalent interactions that
make up protein structure. Protein function is determined by the structure of the protein.
If an allosteric network exists, the information in this network is transmitted through the
formation, strength, and longevity of the noncovalent interactions that make up protein
secondary, tertiary, and quaternary structure. Can a deeper understanding of these
networks and their role in protein function give insight into how proteins work, be it a
structural protein, and enzyme, a molecular motor, etc.? By understanding the effects of
ligand binding or mutation on a protein, even at regions distal from the energy
perturbation, the function of the protein may be better understood. Does this protein bind
other proteins once a ligand is bound? Investigation into changes in protein dynamics

may give insight into what this interaction signal is (See Chapter 4 for an example of
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this). Does the binding of another protein alter the function of the studied protein? By
studying this type of interaction, the mechanism behind the function of the protein can
begin to be determined (see Chapter 5 for an example of this).

In this thesis, four model systems are tested for the presence of an allosteric
network. To determine if there are changes to the protein upon either ligand binding or
mutation, protein dynamics were probed through the use of hydrogen deuterium
exchange mass spectrometry (HDX-MS). In each chapter, the changes in dynamics upon
either ligand binding or mutation occur at the site of the energetic perturbation as well as
in regions distal from the perturbation. The systems studied are a diverse representation

of different protein complexes, all of which show allosteric effects.

Introduction to HDX-MS

The changes in protein dynamics upon an energetic perturbation can be probed
through the use of hydrogen deuterium exchange mass spectrometry (HDX-MS). HDX
was developed in 1954 by Linderstrom-Lang to probe the hydrogen bonding network
within proteins (76). This was before the first structure of proteins was solved, so the
hydrogen bonding within secondary structure had yet to be proven. It was discovered that
short peptides show complete deuterium exchange rapidly while structured proteins can
take days to show complete exchange (17).

HDX relies on the fact that -NH, -OH, or -SH hydrogens will exchange with
hydrogen in the solvent (/8). By replacing the bulk solvent with a deuterated buffer, an
exchange of a hydrogen to a deuterium can occur. Sidechain -NH, -OH, and -SH groups

will exchange rapidly while -NH groups in the protein backbone will exchange on the



11
milliseconds to days timescale (1/7—19). The exchange of a hydrogen for a deuterium can
be tracked through the use of mass spectrometry which is a sensitive enough analytical
method to measure a net increase of one amu per exchange event.

The wide range of timescales observed for HDX of natively folded proteins is
caused by the structured nature of the proteins. Amide hydrogens that are solvent
accessible and not involved in secondary structural elements will exchange rapidly (20).
However, amide hydrogens that are involved in hydrogen bonding with the protein
backbone (secondary structural interactions) or with other amino acid residue side chains
(tertiary structural interactions) will exchange much more slowly. The ability of these

protected amide hydrogens to exchange is reliant on local unfolding events (21).

k(open) k(exchange) en)
—NH (closed) «—— — NH(open) —— — ND(open)<—> —ND(closed)

The exchange of these amide hydrogens (-NH) for a deuterium (-ND) is dependent on the
rate of the unfolding event (k(open)). If the actual exchange of a hydrogen for a
deuterium is rapid in comparison to the k(open) rate for a folded protein this is termed
EX1 kinetics, if multiple unfolding events need to occur in order for an exchange event to
occur then the kinetics of the exchange are termed EX2 (18). EX1 can be used to view
global unfolding/folding events while EX2 is commonly used to probe a structured
protein’s dynamics.

By tracking the exchange of hydrogen for deuterium, the longevity of the
hydrogen bonding networks that make up protein structure can be probed. The more often
a local unfolding event occurs, the faster the hydrogens in this region will be exchanged

for a deuterium (217). The local unfolding which allows for this exchange event plays a
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role in protein dynamics. The more dynamic a region, the more deuterium will be taken
up in this region at earlier time points (79). If the hydrogen bonding network is stable,
fewer local unfolding events will occur during the time course, and fewer deuterium will
be taken up by the region (20). Thus, in cases when less deuterium is taken up, the
protein structure is more stable and less dynamic. A typical HDX-MS experiment is

outlined in Figure 1.4.

Time Time
(seconds) (minutes/hours)
ﬁ
@ Hydrogen Solvent accessible region Structured regions exchange at
‘ Deuterium exchange at early time points later time points
Non-deuterated
peptide
HDX quench by A |
lowering pH and — ——— m/z
. " =
temperature + pepsin —— L —
digestion . ‘i — i Deuterated
—— I peptide
= | | L]
m/z
LC-MS analysis Determination of deuterium

incorporation

Figure 1.4 A typical HDX-MS workflow. The HDX reaction is initiated by diluting the
protein 1:10 (v/v) into deuterated buffer. Solvent accessible regions exchange deuterium
at early time points while more structured regions exchange deuterium at later time
points. The reaction is quenched at various time points by lowering the pH and the
temperature. The protein is then digested by a non-specific protease that has activity at
low pHs (pepsin). The peptide mixture is then stored in liquid nitrogen until LC-MS
analysis. LC-MS allows for the determination of how many deuterium are taken up per
peptide through the analysis of the isotopic distributions for each peptide.

By comparing the amount of deuterium taken up by a complex either unbound or

bound to a ligand, the changes in protein dynamics and solvent accessibility upon ligand
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binding can be determined (22). At early time points, protection from HDX in the ligand
bound protein/complex allows for the determination of the binding site of the ligand, if
there are changes in solvent accessibility in this region (20). At later time points, changes
in deuterium exchange allow for the determination of changes in protein dynamics upon
ligand binding. These changes in dynamics may occur even if the structure of the
protein/protein complex remains similar. By comparing the two conditions (bound and

unbound) determinations about changes in the conformational ensemble can be made

(22).

Applying HDX-MS to Track Allosteric Networks

HDX-MS was used to investigate changes in protein dynamics upon ligand
binding in four systems. These experiments involved tracking the changes in deuterium
exchange upon DNA binding or small protein binding as well as changes in dynamics
upon introduction of a point mutation. In each of the systems studied, there were
observed changes in deuterium uptake upon energetic perturbation in regions distal from
the perturbation site. This implies that allostery exists in each of the studied systems. The
role of allostery in the function of each of the protein complexes studied was investigated
to develop a deeper understanding of how these protein complexes function. In the
replication protein A (RPA) system (Chapter 2), HDX-MS was used to determine the
effects on the conformation of RPA upon ssDNA binding. This provided evidence to
support an existing model that RPA has a more dynamic half and a less dynamic half.
Within the heterotrimeric protein complex, domains that are distal from the ssDNA

interaction sites showed changes in deuterium exchange. These domains are involved in
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protein:protein interactions, showing that upon ssDNA binding, the allosteric network
communicates this binding event to functional regions of the complex which are spatially
distant from the binding site. In Chapter 3, the capsid protein homodimer (Cp) of
hepatitis B virus (HBV) was used as a model system to study the changes in protein
dynamics upon mutation of a single residue. This mutation prevents the viral capsid from
assembling and allowed for the determination of key protein regions that must remain
stable for capsid assembly to occur productively. The changes in protein dynamics
observed within the Cp occur throughout the protein structure. There was a significant
difference in deuterium exchange located at the intra-dimer interface which is spatially
distal from the dimer:dimer interface where the mutation occurs. This data showed that
there is an allosteric network within the Cp that connects the two interaction interfaces
and alteration of the dynamics within this network has a direct effect on protein function.
In Chapter 4, the difference in deuterium exchange when dsDNA is bound to the Type IE
CRISPR interference complex Cascade allowed for the functional prediction of the
binding site of the non-target strand of DNA as well as revealing a key Cas3 recruitment
site. This Cas3 recruitment site was located in a region that is not directly involved with
dsDNA recognition or binding. This region is on the surface of the Csel protein within
the tail of the Cascade complex, and changes in protein dynamics in this region serve as a
recruitment signal for the helicase/endonuclease Cas3. This illustrates the functional use
of an allosteric network to transmit signals between two distal regions of a protein or
protein complex. Finally, in Chapter 5, the changes in the conformational landscape of

the Type IF CRISPR interference complex, Csy, upon binding of two different anti-
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CRISPRs were determined using HDX-MS as a guide. The changes in protein dynamics
spanned throughout the Csy complex upon binding of either anti-CRISPR, and upon
binding the function of the Csy complex is negated. These experiments show that the
function of a whole protein complex can be obstructed by the binding of a small protein
because this binding event has long reaching effects on protein structure and/or
dynamics. These long-range effects are a perfect example of allostery and show that these
networks can be used by invaders or inhibitors to completely negate a protein’s function.
In this thesis, the following chapters illustrate the presence of allosteric networks across a
wide range of protein complexes. These complexes have various functions and, in each

case, the allosteric network which is present provided important insight into that function.
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Abstract

Replication protein A (RPA) binds to single-stranded DNA (ssDNA) and interacts
with over three dozen enzymes and serves as a recruitment hub to coordinate most DNA
metabolic processes. RPA binds ssDNA utilizing multiple oligosaccharide/
oligonucleotide binding domains and based on their individual DNA binding affinities
are classified as high versus low-affinity DNA-binding domains (DBDs). However,
recent evidence suggests that the DNA-binding dynamics of DBDs better define their
roles. Utilizing hydrogen—deuterium exchange mass spectrometry (HDX-MS), we
assessed the ssDNA-driven dynamics of the individual domains of human RPA. As
expected, ssDNA binding shows HDX changes in DBDs A, B, C, D and E. However,
DBD-A and DBD-B are dynamic and do not show robust DNA-dependent protection.
DBD-C displays the most extensive changes in HDX, suggesting a major role in
stabilizing RPA on ssDNA. Slower allosteric changes transpire in the protein—protein
interaction domains and linker regions, and thus do not directly interact with ssDNA.
Within a dynamics-based model for RPA, we propose that DBD-A and -B act as the
dynamic half and DBD-C, -D and -E function as the less-dynamic half. Thus, segments
of ssDNA buried under the dynamic half are likely more readily accessible to RPA-

interacting proteins.

Introduction

In eukaryotes, the single-strand DNA (ssDNA)-binding protein replication protein

A (RPA) is essential for most DNA metabolic processes including DNA replication,
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repair, and recombination. RPA binds to ssDNA with high affinity (KD <107'°M) (23)
and protects it from degradation by exo- and endonucleases. Formation of RPA-ssDNA
complexes trigger the ATM/ATR cellular DNA damage checkpoint response (24,25).
RPA physically interacts with over three dozen DNA processing enzymes and recruits
several of them onto DNA (26). Finally, RPA hands-off the DNA to these enzymes and
correctly positions them to facilitate their respective catalytic activity (27). Plasticity for
such multiplexed functional roles for RPA can be ascribed to its flexible structure and its
corresponding context-dependent interactions with DNA (28,29).

RPA is a heterotrimer composed of RPA70, RPA32, and RPA 14 subunits.
Structurally, it can be further partitioned into six oligonucleotide/oligosaccharide-binding
folds (OB-folds; denoted A-F in Figure 2.1a). RPA70, the largest subunit, is composed
of OB-folds F, A, B, and C. RPA32 consists of an N-terminal phosphorylation region,
OB-fold D, and a C-terminal winged-helix domain (wh). RPA14 harbors OB-fold E
(Figure 2.1a). The heterotrimer is constitutively held together by the trimerization core
(Tri-C) through interactions between domains C, D and E (Figure 2.1a) (30-32). RPA
mediates protein-protein interactions with over three dozen proteins primarily through
two dedicated protein-interaction domains (PIDs) (33—35). For clarity, here we partition
the OB-folds as DNA binding domains (DBDs) and protein interaction domains (PIDs)
based on their established biochemical functions. Domains A, B, C, D and E are DBDs
whereas F and wh are PIDs. The F-domain in RPA70 (PID’"N) and the ‘wh’ domain in
RPA32 (PID*%) mediate direct physical interactions to most RPA interacting proteins

(RIPs). DBDs and PIDs are connected by flexible linkers of varying lengths and thus
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allow RPA to adopt a multitude of configurations on ssDNA (28,36,37). The DNA-bound
crystal structure of Ustilago maydis RPA shows how the DBDs of RPA are arranged on
ssDNA (16). DBDs-A, B, C and D engage the DNA and parlay 5’-3" directionality with
DBD-A residing towards the 5’ end (32,38—42). PID’N and PID*2€ are not present in this
structure, and DBD-E does not contact the DNA. Most of the intervening linker regions

are also disordered (i.e. flexible; electron density not visualized) in the structure.
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Figure 2.1. Sequence coverage of the DNA binding and protein interaction domains of
RPA. a. Top - Domain composition of human RPA70, RPA32, and RPA14 subunits and
their respective linkers. The red dotted line in the N-terminus of RPA32 denotes the
region of phosphorylation. Bottom — The crystal structures of the individual domains of
RPA are depicted and color coded to match the domains on the top panel. For domain C,
DNA is modelled onto DBD-C using SWISS-MODEL with the Ustilago maydis structure
as reference. Peptides identified in the MS analysis corresponding to b. RPA70, c.
RPA32, and d. RPA14 are shown. 56 peptides from RPA70 (59% sequence coverage), 17
peptides from RPA32 (50% sequence coverage), and 11 peptides from RPA14 (49%
sequence coverage) were identified. The y-axis indicates the peptide fragment number,
and the x-axis denotes peptides fragments arranged in order of increasing residue
numbers from the N-terminus of each subunit as denoted in Supplemental Table 1

Although RPA binds to ssDNA with high affinity, it must be removed by RIPs
that bind ssDNA with much lower affinity. This is achieved by the differential DNA
binding properties of individual DBDs (43). In solution, human RPA displays multiple
NaCl concentration-dependent DNA binding modes denoted by the occluded site-size
(44). This varies from 22 nucleotides (nts) in conditions below 50 mM NaCl to 28-30 nts
at higher salt concentrations of up to 1.5 M NaCl. These binding modes are propagated
by selective binding of one or more DBDs. Furthermore, transitions between the DNA
binding modes likely drive the diffusion and remodeling of RPA on ssDNA (45). Thus,
multiple configurations of RPA on ssDNA can be formed by using one or a subset of the
DBDs. Two models have been proposed for the utilization of DBDs: A sequential DBD
binding model posits that smaller occluded site-sizes are likely due to the higher affinity
ssDNA binding properties of DBDs-A and B which bind first onto DNA (46).
Subsequent binding of the other DBDs in the trimerization core drive the 30 nt mode. An
alternate dynamic DBD engagement model is built on the intrinsic on-off properties of
each DBD with no particular emphasis on the order of DBD binding (43). Both models

are built on decades of DNA binding studies of isolated DBDs, where DBDs-A and B are
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classically defined as the high affinity binders with DBDs-C and D as low affinity
ssDNA binding domains (47—49). A few studies have also reported DBD-E and PID"N to
possess very weak DNA binding properties (50,51). In both scenarios, a canonical bias
exists that DBDs-A and -B are drivers of stable or robust complex formation between
RPA and ssDNA. Therefore, many models also invoke that RIPs will have to remove the
interactions between DBDs-A & -B and DNA to displace or remodel RPA.

Recent cryoEM and single molecule studies present a more nuanced view of the
DBDs of RPA (43,52,53). CryoEM structures of Saccharomyces cerevisiae RPA on
longer ssDNA (100 nts) reveals an interaction between the DBDs when multiple RPA
molecules are bound (53). In these structures, the resolution of DBDs-A and -B are poor
compared to Tri-C. Furthermore, DBD-A from one RPA molecule physically interacts
with DBD-E of the neighboring RPA molecule. Such an arrangement opens up segments
of ssDNA bound between two RPA molecules, likely acting as DNA binding regions for
RIPs (32). In the single-molecule experiments, DBD-A and DBD-D have four binding
states on DNA with the lifetime of each state differing between the two DBDs (43,52).
Associated bulk fluorescence kinetic experiments have shown conditional displacement
of DBD-A by Tri-C (52). These findings contradict the high-affinity binding label
ascribed to DBDs-A and B as these domains are either not bound to DNA, or readily
outcompeted by Tri-C. The dynamics and arrangement of individual DBDs can also be
altered by post-translational modifications and interactions with RIPs. Phosphorylation at
S178 in S. cerevisiae RPA70, a position on the FA-linker adjacent to DBD-A, alters its

positioning with respect to the neighboring DBDs (53). Similarly, the presence of Rad52,
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a mediator protein that functions in homologous recombination, selectively alters the
number of states formed by DBD-D on ssDNA (52). This alteration enables Rad52 to
load onto the 3’ end of the RPA-coated DNA by remodeling DBD-D. In contrast to
classical DNA-binding studies of RPA, these new tools provide information on individual
DBDs whilst investigating full-length RPA. Nevertheless, information on the DNA-
binding dynamics of DBD-B, C, E and the PIDs are lacking due to technical limitations.

Here, we use time-resolved hydrogen-deuterium exchange mass spectrometry
(HDX-MS) and full-length human RPA to investigate the protein solvent accessibility
and kinetic stability of each DBD on ssDNA. HDX-MS is ideal for studying protein
folding and its conformational dynamics (54—57). HDX-MS measures the rate of amide-
H exchange to report on changes in the local environment. D-O exchange rates are
shaped by dynamics, H-bonding, secondary structure, and solvent exposure. Increased
rates of D>O exchange result from greater solvent accessibility, disruption in backbone
H-bonding, or increased dynamics. Decreased D>O exchange rates suggest less solvent
accessibility or local stabilization (i.e. H-bonding and/or formation of secondary
structure). As such, exchange rate disruptions are valuable indicators of protein allostery,
dynamics and interfaces (58). In recent years, HDX-MS has gained attention as a
powerful tool to study protein-DNA binding interactions (54,57,59,60). Here, using
HDX-MS we identify the effects on solvent accessibility, which are interpreted in terms
of protein dynamics caused by changes in the contacts between the various DBDs,
linkers, and PIDs of human RPA upon complex formation with ssDNA. Based on the

data, in the context of the dynamics-based model for RPA, we propose that RPA can be
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envisioned to function as two halves: DBD-A, DBD-B, and PID’N (all in RPA70) serve
as the dynamic half of RPA. Tri-C, consisting of DBD-C (RPA70), DBD-D (RPA32) and
DBD-E/RPA14, functions as the less dynamic half with DBD-C serving as the anchor

that likely controls the residence time of RPA on ssDNA.

Material and Methods

HDX-MS

Human RPA was purified as described (44). RPA and DNA (dT)30 were mixed
as 1:1 molar equivalents (3.9 mg/mL RPA) and diluted 1:10 into deuterated reaction
buffer (30 mM HEPES, 200 mM KCI pD 7.8 in D,0). Undeuterated controls (zero time
points) were diluted 1:10 into non-deuterated buffer. 10 puL of the reaction was removed
at each time point (0.008, 0.05, 0.5, 3, and 24h) and quenched on ice by adding 60 pL of
0.75% formic acid (FA, Sigma) pH 2.5 containing 0.25 mg/mL porcine pepsin (Sigma).
Each sample was digested for two minutes with vortexing every 30 seconds and then
flash frozen in liquid nitrogen. Samples were stored in liquid nitrogen until liquid
chromatography mass spectrometry (LC-MS) analysis. All reactions were performed in
triplicate.

LC-MS analysis of RPA was performed on a 1290 UPLC series chromatography
stack (Agilent Technologies) coupled directly to a 6538 UHD Accurate-Mass QTOF
LC/MS mass spectrometer (Agilent Technologies). Before electrospray—time-of-flight
(ESI-TOF) analysis, peptides were separated on a reverse phase (RP) column
(Phenomenex Onyx Monolithic C18 column, 100 x 2 mm) at 1 °C using a flow rate of

500 pL/min under the following conditions: 1.0 min, 5% B; 1.0—9.0 min, 5-45% B;
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9.0—11.8 min, 45-95% B; 11.80—12.0 min, 5% B; solvent A =0.1% FA in water
(Thermo-Fisher) and solvent B = 0.1% FA in acetonitrile (ACN, Thermo-Fisher). Data
were acquired at 2 Hz over the scan range 50—1700 m/z in positive mode. Electrospray
settings were as follows: nebulizer set to 3.7 bar, drying gas at 8.0 L/min, drying
temperature at 350 °C, and capillary voltage at 3.5 kV.

Peptides were identified as outlined in Berry et al. (55) using MassHunter
Qualitative Analysis version 6.0 (Agilent Technologies), Peptide Analysis Worksheet
(PAWSs, ProteoMetrics LLC), and Peptide Shaker version 1.16.42 paired with Search
GUI version 3.3.16 (Compomics). Deuterium uptake was determined using HDExaminer

version 2.5.1 (Sierra Analytics).

Data Analysis

Average relative deuterium uptake difference (AHDX) averaged over all HDX

incubation periods was calculated using Equation 1 (60).

AHDX = Y, %
The AHDX between bound and free RPA was calculated with the above equation, where
A is the deuterium uptake for sample A (RPA+DNA) at one time point (ti), and B is the
deuterium uptake for sample B (free RPA) at the same time point (ti). Summation of
AHDX at all five time points together gives AHDX for a peptide (Figure 2). Mean of the
deuterium uptake value of a peptide was used to generate a heatmap and plotted using
GraphPad Prism 8.4.1. Crystal structures were rendered using PyMOL (Schrodinger,

LLC). The uptake curve for each peptide was plotted using a non-liner/non-logarithmic

scale using MS-Excel. Each data point represents the mean value, and error bars
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represent the =SD of mean for three biological replicates. Peptides with a SD> 0.5 were
excluded from this study. To compare the difference at time points with =DNA statistical
significance were determined. *, the first incubation time point that shows statistical
difference is indicated in the linear plot. No significance is indicated as ‘ns’ and p<0.05
was considered statistically significant (* p-value <0.05, ** p<0.01, ***p<0.001, two-
tailed, unpaired t test). In the full-length RPA plasmid, RPA32 is his-tagged, thus HDX

peptide 17 has an extra 6 His residues at its C-terminus i.e., TDAEHHHHHH.

Results

HDX-MS Generates a Conformational
Landscape for DNA-Induced Changes in
Human RPA

To determine the ssDNA binding associated conformational changes in RPA, we
performed HDX-MS experiments with human RPA in the absence and presence of
ssDNA. A (dT)30 oligonucleotide was used to provide adequate binding sites for all the
domains of RPA as the binding site-size for RPA is ~22-28 nt (44). Since RPA binds to
ssDNA stoichiometrically, we used an equimolar concentration of RPA and (dT)30.
Although RPA is a large (1007 amino acids), we observe excellent sequence coverage
(Figure 2.1b-1d). We identified 56, 17, and 11 different peptides for the three subunits,
respectively. This provided an overall 51% sequence coverage (RPA70 — 363 of 616 aa
~59%, RPA32 — 139 of 276 aa ~50%, RPA14 — 59 of 121 aa ~49%) with the majority of
the unreported sequence in the FA-linker (Figure 2.1b). For much of the complex,

multiple overlapping peptides were identified. These were grouped and assigned Roman
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numerals for clarity (Figure 2.2). There are 14, 8, and 5 groups for three RPA subunits,

respectively (Figures 2.2a, 2.2b and 2.2¢).
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Figure 2.2. Global deuterium uptake profiles and DNA induced changes in RPA. Heat
map representing the deuterium content of a. RPA70, b. RPA32, and c. RPA14 peptides
in unbound and DNA bound states as a function of time. Each row represents a timepoint
and each column represents a peptide. The heat map gradients are color coded yellow
(low deuterium uptake) to red (high deuterium uptake). The white boxes depict absence
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of a corresponding dataset for specific peptides under one condition (presence or absence
of DNA). « Denotes peptides in DNA binding sites, and + marks peptides from the linker
regions. To map the peptide location in RPA70, RPA32 and RPA14, peptides in same
region were grouped and assigned roman numerals. Binding to ssDNA leads to varying
patterns of protection by HDX-MS and the differences are denoted as bar graphs below
the respective heat maps. The arrows denote whether the peptides were protected or

exposed to solvent upon DNA binding. The data show the cumulative difference in
deuterium uptake (AHDX) in RPA over all five HDX timepoints

RPA binds rapidly to sSDNA (kon =1.1£0.6x108 M"!'s!) (52). Therefore, we
reasoned direct DNA-binding induced changes would occur rapidly, while diffusion and
DBD rearrangement associated deuterium exchange would occur on a longer timescale.
To get a direct readout of the kinetics of deuterium exchange in the absence and presence
of ssDNA we performed the experiments as a function of time. The data are described in
terms of the kinetics and patterns of HDX. In terms of the HDX kinetics, two prominent
deuterium exchange patterns are observed which we classify as fast and slow exchange.
Fast exchanges are deuteration that has occurred before the first time point captured in
our experiments. RPA binding to ssDNA is diffusion limited; thus, the initial DNA-
induced rapid conformational changes occur faster than our ability to capture them.
Differences in exchange kinetics that occur only on a fast timescale, suggest both rapid
and stable changes on binding to ssDNA. If exchange is only observed at early time
points, and the amount of deuterium taken up by the peptide does not increase over time,
the exchange is consistent with lasting H-bond networks and a stable structure. Slow
exchange is used here to describe deuterium exchange occurring at later time points.
Slow exchange is a result of dynamic H-bond networks leading to solvent exposure. This
infers slower on/off rates due to conformational changes and dynamics. Difference in

HDX rates that occur over a 3 to 30 min interval are likely due to rearrangements of the
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domains’ organization and other allosteric effects, which we have classified as slow
exchange.

With respect to HDX patterns, we either observe a protection or exposure of
certain regions of RPA upon binding to ssDNA. In our experiments, data is collected
after mixing RPA with ssDNA. Since the binding is diffusion limited, a change in uptake
at the first time point (30 sec) likely reflects a direct DNA-induced change. If a domain
forms a long-lived stable complex on DNA, a corresponding long-lived difference in
deuterium exchange for a particular peptide will be observed compared with RPA alone.
We classify such a signal as protection. This can be thought of as protein surfaces that
become buried upon DNA binding and do not come apart. If exchange continues at the
minutes to hours timepoints, then those peptide regions are transiently exposed to solvent
and are therefore ‘less’ protected, hence more exposed or dynamic.

Data for all the peptides are summarized as a heat map where red and yellow
indicate high and low deuterium uptake, respectively (Figures 2.2a-¢). White boxes
denote absence of data as one of the corresponding peptides were not identified in the MS
analysis. Peptides 1 to 5, and 10 to 56 show the highest degree of deuteration and
correspond to PID’N, DBDs -A, -B, and -C in RPA70, respectively (Figure 2.2a). For
RPA32, peptides 7 to 8 and 11 to 14 in DBD-D show larger changes in deuteration when
bound to DNA. Peptides 15 and 17, which are in the winged-helix domain (PID**¢) show
less exchange (Figure 2.2b). Thus, both protein interaction domains in RPA (PID’"N and
PID?*2%) show minimal changes that transpire on a slower timescale, likely reflecting

conformational changes driven indirectly after DNA binding to the DBDs. Peptides 5, 6
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and 8 to 11 in DBD-E show moderate deuterium exchange, but the fast exchange kinetics
coincide with the rate of DNA binding (Figure 2.2¢). This is consistent with interactions
between DBD-E and DNA as suggested by crosslinking experiments (50).

To construct a global landscape of the DNA induced deuterium exchange in RPA,
we quantified the average relative deuterium uptake difference (AHDX) in the absence
and presence of DNA (Figure 2.2). AHDX for each DNA binding experiment relative to
apo RPA is averaged over time for every peptide. The scale of the bars denotes the net
change in deuterium uptake. A change in the upward direction denotes increased
deuterium uptake (‘less’ protected or exposed) in the presence of DNA. Conversely,
change in the downward direction denotes less uptake (protected) upon DNA binding.
AHDX shows robust deuterium exchange in DBD-C with additional changes in DBD-A
and DBD-B as expected from known DBD-ssDNA interactions (Figure 2.2a). Similarly,
AHDX are observed for DBD-D (RPA32; Figure 2.2b) and DBD-E (Figure 2.2¢). DBD-
E binding to DNA has been observed in a few biochemical studies, but not in the X-ray
or cryoEM structures of RPA-DNA complexes. Our data show DNA-driven fast
exchanges in DBD-E and supports interactions with DNA.

To best represent the AHDX data, we mapped the peptides identified in the MS
analysis onto the available crystal structures of human RPA (Figures 2.3, 2.4, 2.5). Since
a structure of full-length human RPA is not available, we constructed one for reference
using the information available for the two halves of human RPA. We used the ssDNA-
bound structure of DBD-A and -B (PDB ID:1JMC (61)) and RPA Tri-C (PDB ID: 1L10

(31)). However, the Tri-C structure is not in complex with DNA. Thus, we used the
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DNA-bound structure of Ustilago maydis RPA as reference and modeled DNA onto
human RPA Tri-C (1L10) using SWISS-MODEL (62). Our data below are presented
from the perspective of two dynamic halves in RPA: PID’N, DBD A and DBD-B
constituting the ‘FAB half>, and the ‘Tri-C half> made of DBD-C, DBD-D, PID**“ and

DBD-E.

The FAB Half of RPA Shows Highly Dynamic
ss-DNA-Dependent Changes in HDX

PID’'N, DBD-A and DBD-B reside in RPA70 and are connected by flexible
linkers. The 79 aa FA-linker connects DBD-A to the PID’N and the shorter 10 aa long
AB-linker links DBD-A and -B (Figure 2.3a). DBD-A and -B are well-established DNA
binding domains (KD =2 uM DBD-A; 20 uM DBD-B; 50 nM DBD-A+B) (43,48,49).
Canonically, these DBDs are considered as the high affinity DNA binding domains of
RPA. For PID’"N we observe changes on longer time scales accompanied by a slow
decrease in protection upon DNA binding (Figures 2.3b-e). Peptides 4 and 5 are part of
the basic cleft of the proposed weak DNA binding site of PID’?N, Both peptides show
similar total exchange with or without DNA, but the uptake rate is slower without DNA
(Figure 2.3c). Peptide 6 is protected without DNA, becoming more dynamic (exchange
over a long timescale), with slow conformational changes when DNA bound (Figure
2.3d). These observations suggest that the conformational changes in PID’"N in the
presence of DNA occur on a timescale well past the initial formation of the RPA-DNA

complex. Thus, PID’"N does not likely interact directly with DNA.
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Figure 2.3. Time-resolved HDX-MS analysis of DNA-induced conformational changes in
the FAB half of RPA. a. Peptides identified in the MS analysis are mapped onto the
crystal structure of PID’'N, DBD-A, and DBD-B. The F-AB linker and A-B linkers are
denoted by dotted lines. DNA is depicted as black sticks. b-q. Deuterium exchange
profiles of individual peptides from the FAB half of RPA. Error bars reflect standard
deviations, calculated as described in Material and Methods. */**/*** are p-values
calculated using a two-tailed unpaired t-test between the respective time points for the

RPA and RPA+DNA samples. Each star denotes t-test values that differ by an order of
magnitude. No significance indicated as ‘ns’.

For DBD-A, six peptides were observed with varying HDX changes. Peptidel5 is
one of two loops (L12) at the cleft of the DNA binding pocket (Figure 2.3f). This region
does not show rapid HDX but slower exposure to solvent is observed. The regions away
from the cleft in the a2/p4 loop do not show changes in HDX (peptides 16, and 17;
Figure 2.3g, h). Rapid DNA induced protection is observed behind the DNA binding
cleft, and the tail-end of this region feeds into the linker that connects to DBD-B
(peptides 19 and 20; Figure 2.3i, j). In the absence of DNA, peptides 21 and 22 from the
AB-linker show slow and fast deuterium exchange overtime, respectively. Upon DNA
binding an increase deuterium uptake is observed for both the peptides, however, the
pattern was different (Figures 2.3k & ). The rate of exchange for peptide 21 was
impacted at the first time point, whereas peptide 22 was impacted at later time points.
This suggests that protection and dynamics are altered by DNA binding. Presumably,
since the linker is located closer to the DNA binding cleft of DBD-B, greater deuterium
uptake in these two peptides is likely directly tied to DNA binding (. Overlay of apo and
DNA bound DBD-A show overall conformational changes upon DNA binding.

MS coverage for DBD-B yielded a total of 14 peptides (Figure 2.1b). The HDX

changes in this domain were minimal upon DNA binding. Most peptides in this region
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(peptides 23, 24, 27, 2918) do not show significant changes in HDX. Peptides 25 and 26
showed slower conformational changes upon DNA binding (Figure 3m & n). Peptide 26
in DBD-B (B3-strand) shows slow deuterium uptake kinetics with significantly decreased
uptake (protection) at later time points with DNA. Regions within the DNA binding cleft
(peptides 27, 28, 29, 30) have similar D>O exchange patterns, with a minor decrease
initially that is more pronounced at later time points upon DNA binding (Figures 2.30 &
p). In the C-terminus of DBD-B (a2-helix; peptide 31), DNA binding leads to protection
from D,0O exchange. Peptide 32 shows significant DNA-induced protection at the first
time point (Figure 2.3q). Peptides corresponding to the BC-linker (peptides 32, 33 and
34) display dynamic changes with DNA dependent protection. Along with the DNA
induced conformational changes, HDX kinetics in several regions of DBD-B fluctuate
between time points, especially within the DNA binding cleft. Comparison of apo
(PDB:1FGU) and DNA-bound (PDB:1JMC) DBD-B structures reveals several regions
undergoing conformational changes. Specifically, largescale changes occur in the L12
and L45 loop regions.

In the context of the full-length RPA, our data support a more dynamic model for
DBD-A and DBD-B engagement in agreement with recent single molecule fluorescence
studies (52). As expected, binding to DNA is observed as rapid HDX changes are
observed for both DBDs, however, the extent of protection is not consistent with a stably
bound configuration. DBD-A and DBD-B can adopt an array of configurations due to
flexible and rotational effects of the AB linker (36). Our HDX data is consistent with

conformational flexibility of these domains. Residues 314 to 316 (peptides 24-25) and
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395 to 401 (peptides 29-30) are at the interface between DBD-A and -B in the DNA
bound structure and are solvent occluded. These residues show protection upon DNA
binding (Figures 2.2a, 2.3m & p). Similarly, peptide 20 in DBD-A that includes the
linker to DBD-B also supports similar DNA binding induced protection (Figure 2.3j).
Thus, our observations agree with the existence of various configurational states of DBD-
A and DBD-B (36,63). There are limited contacts between DBD-A and -B with a flexible
linker in apo structures which are brought together upon DNA binding. Time resolved
deuterium exchange in the FAB half of RPA shows a gradual increase in deuterium
uptake that is not linear. Furthermore, the amplitude of deuterium uptake does not reach
saturation (Figure 2.3). Such deuterium exchange profiles are characteristic of protein-
DNA interactions that are dynamic with rapid on and off rates (59,64). The dynamic
DNA binding properties of the FAB half are in agreement with recent single molecule
studies that showcase multi-step dynamic interactions between DBD-A, DBD-B and

ssDNA (43,52).

Tri-C Shows Less Dynamic ssDNA-Dependent
Changes in HDX

The trimerization core (Tri-C) is composed of DBD-C (RPA70), DBD-D
(RPA32), PID**“ and DBD-E (Figure 2.4a). Structural and biochemical evidence
suggests that Tri-C works as a single unit and binds to 24 nts (30). DBD-C is connected
to DBD-B by the BC-linker (13 residues) and can be envisioned as a hinge holding the
two halves of the RPA together (Figure 2.1a). HDX analysis of DBD-C, the largest DNA
binding domain in RPA, yields excellent coverage with total 24 peptides (Figure 2.1b).

The HDX changes in DBD-C align well with expectations for a stable DNA binding
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domain. Most differences in deuterium uptake upon DNA binding in DBD-C occurred on
fast timescales and were of significant magnitude (Figures 2.2a, 2.4). Part of the BC-
linker and the N-terminus of DBD-C (peptides 35, 36, 37, and 39) consistently show
deuteration differences at every time point with a noticeable decrease in deuterium uptake
upon DNA binding (Figure 2.4b-e). The N-terminus is less protected on DNA binding
(peptide 38, Figure S5a). The BC-linker in the U. maydis RPA structure assumes two [3-
turn structures (65). The first B-turn inserts into the DNA binding groove of DBD-B and
is proposed to preclude DNA from adopting conformations observed in the 8 nt mode. In
human RPA, this linker is shorter (13 residues) compared to U. maydis RPA (28
residues). However, the residues in the first B-turn are conserved (G435,435, V436,436,
G437, G438). Our data likely reflects this structural transition from a flexible loop into a
two B-turn upon binding to ssDNA. Furthermore, the loss in deuterium uptake amplitude

upon DNA binding suggests occlusion of this region from solvent.
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Figure 2.4. Time-resolved HDX-MS analysis of DNA-induced conformational changes in
DBD-C.a. Crystal structure of the Tri-C core of human RPA composed of DBD-C,
RPA32 and RPA14. The peptides identified in the MS analysis corresponding to DBD-C
are denoted as in red. DNA 1is denoted as black sticks. b-m. Deuterium exchange profiles
of individual peptides from DBD-D are shown. Error bars reflect standard deviations,
calculated as described in Material and Methods. */**/*** are p-values calculated using a
two-tailed unpaired t-test between the respective time points for the RPA and RPA+DNA
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samples. Each star denotes t-test values that differ by an order of magnitude. p-values are
denoted in Supplemental Table 2. No significance indicated as ‘ns’.

Upon DNA binding, major changes in the DBD-C structure are also observed
around the Zn?*-finger motif. Four cysteines (C481, C486, C500, and C503) that
coordinate zinc binding match peptides 41-43 and 45-46 (Figure 2.4f-h).
Correspondingly, in our HDX analysis, peptides 43 to 48 have major changes in
deuterium uptake (Figure 2.4f-j). The inner surface of DBD-C containing the DNA
binding cleft shows significant decrease in deuterium exchange levels suggesting
protection upon DNA binding and displays rapid exchange kinetics (peptides 43, 45;
Figures 2.4f-g). The decrease in D,O uptake reflects occlusion of this region from
solvent upon DNA binding and the rapid kinetics denote direct DNA induced changes.
Similarly, the solvent exposed outer surface region of the Zn**-finger region showed a
robust increase in deuterium uptake upon DNA binding with fast exchange kinetics
(peptides 46, 47; Figures 2.4h-i).

Significant differences in HDX was also observed in the helix-turn-helix motif
(Supplemental Figure S6, HTH; a2a- a2b- a2c; 533 to 566 aa), a region underneath the
DNA binding cleft of DBD-C (peptides 49 to 54, Figures 2.4k-1). Peptide 48 is protected
in presence of DNA, becoming more dynamic (exchange on a long timescale), having
slow movements when DNA is absent (Figure 2.4j). Upon DNA binding, the N-terminal
half of HTH motif (peptides 49-51) showed reduction in deuterium uptake levels. The
first incubation time point that shows statistical difference in deuterium uptake from the
RPA alone are indicated for peptides 49-51 respectively (Figure 2.4K). In contrast, the C-

terminal half of HTH motif (peptides 52 to 54) displayed increased deuterium uptake and
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faster exchange kinetics (Figures 2.41-m). The first time point post DNA addition that
shows statistical difference in deuterium uptake are indicated for peptides 52-54
respectively (Figures 2.41-m). Simultaneous protection and exposure in DO exchange
within this region suggests correlated conformational movements. That is, occlusion from
solvent on the N-terminal side and exposure to solvent on the C-terminal side of HTH
motif. It can be envisioned that DNA binding occludes the N-terminal end from
deuteration by compaction which leads to conformational change that extends the C-
terminal half. Indeed, in our modelled structure, we do see an extended conformation of
HTH C-terminal half which can now contact DBD-D and DNA through van der Waals
interactions (65). A similar interaction between DBD-C and DBD-D is observed in the
cryoEM structure of S. cerevisiae RPA (53). The L45 loop, connecting B-strand 4 and 3-
strand 5, is a flexible region in DBD-C and harbors Y581, a conserved residue that base-
stacks with DNA. Another conserved aromatic residue F532 resides in f3-strand of
DBD-C. Other residues in this region (R575, K577, Y581, and R586) also make
extensive contacts with ssDNA. Electron density for L45 in the structure of U. maydis
Tri-C is poorly defined and suggests a dynamic region that is likely ordered upon binding
to DNA. Peptide 55 corresponds to the L45 loop and is protected on DNA binding at
early time points with a steady increase in HDX. Our data for DBD-C showcase robust
and stable changes in deuteration levels upon interaction with DNA. In comparison to the
highly dynamic FAB-half of RPA, DBD-C appears to stably interact with DNA with

fewer dynamic changes.
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RPA32 harbors a disordered N-terminal region which can be heavily
phosphorylated, DBD-D, and PID*?C. 17 total peptides for RPA32 were identified and
analyzed: Peptides 1 to 5 cover the N-terminal region and show small changes in HDX
upon DNA binding. Peptides 1 and 5 show rapid DNA binding dependent changes
whereas peptides 2 and 4 do not (Figure 2.5b-d). These data suggest that this region is
undergoing conformational changes upon DNA binding, but it is interesting to note that
this region is not part of the DNA binding domain in the structures. Peptides 9 to 13
encompass DBD-D and correspondingly show fast exchange kinetics at early time points,
indicative of direct DNA binding induced changes in the structure (Figure 2.5f-j). The
data are consistent with DNA dependent occlusion/compaction of the DNA binding site.
One key structural motif in DBD-D is the B4-B5 hairpin (i.e. f4-L45-B5) which is an
extension of the DNA binding site and displays rapid exchange (peptide 9 and 10) with a
two-phase deuterium exchange profile observed for the B5 peptide (peptide 10). Upon
DNA binding the C-terminal a-helix shows exposed (peptide 11) and protected (peptide
12) profiles (Figures Sh-i1). These changes suggest that the a-helical bundle of Tri-C is

dynamic and propagates DNA-induced conformational changes.
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Figure 2.5. Time-resolved HDX-MS analysis of DNA-induced conformational changes in
RPA32 and RPA14. a. Crystal structure of the Tri-C core of human RPA composed of
DBD-C, RPA32 and RPA14. The peptides identified in the MS analysis corresponding to
RPA32 and RPA14 are denoted in red. DNA is depicted as black sticks. b-q. Deuterium
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exchange profiles of individual peptides from RPA32 and RPA14 are shown. Error bars
reflect standard deviations, calculated as described in Material and Methods. */**/*** are
p-values calculated using a two-tailed unpaired t-test between the respective time points
for the RPA and RPA+DNA samples. Each star denotes t-test values that differ by an

order of magnitude. p-values are denoted in Supplemental Table 2. No significance
indicated as ‘ns’.

Interestingly, PID2¢ (peptide 15, 16, 17) and its linker region (peptide 13) also
show changes in deuteration in the presence of DNA (Figures 2.5j-1). Peptide 13
corresponds to the linker connecting DBD-D and PID*?¢ (Figures 2.2b and 2.5a) and
shows a significant increase in deuterium uptake suggesting solvent exposure (Figure
2.5j). One possibility is that interactions exist between PID*?¢ and DBD-D are these
interactions are perturbed upon DNA binding. Altered uptake patterns are also observed
in the tail-end of the helix in DBD-D (described above) and the linker. The deuteration
profile of the PID*?¢ peptides do not show robust changes (peptide 15-17, Figures 2.5k-1)
similar to the observations for PID’"N (Figures 2.3b-e). An overlay of apo (PDB:1L10)
and DNA bound (PDB:4GNX) DBD-D structures reveals mild changes. Thus, we
conclude that both the protein interaction domains in human RPA do not interact directly
with ssDNA.

DBD-E is the third component of Tri-C. In the crystal structures, no direct
interactions are observed between DNA and DBD-E. However, crosslinking experiments
have suggested DNA interactions in this domain (50). Interestingly, in the cryoEM
structure of multiple yeast RPA molecules on ssDNA, DBD-A of one RPA molecule
interacts with DBD-E of the neighboring RPA (53). This interaction is further stabilized
upon phosphorylation at position S178 in the FA-linker closer to DBD-A. Thus, DBD-E

is an integral component of cooperative binding of RPA molecules upon phosphorylation.
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Eleven peptides were tracked in DBD-E. Our data show both fast (peptides 5-6, 8, 10)
and slow (peptides 3-4, 7, 9, 10-11) D,O exchange for DBD-E. Several of the
corresponding peptides (4-6, and 8-9) show DNA dependent solvent exposure (Figures
2.5m-q). Peptides 3 and 4 are in the f1-strand region, and significant solvent exposure
was observed for peptide 4 (Figure 2.5m). Peptide 5 is part of L34 loop in DBD-E and
also displays significant solvent exposure kinetics at 3h (Figure 2.5n). There are two
overlapping peptides for the 4-B5 hairpin; where peptide 6 shows rapid and robust
deuterium uptake while significant change was observed for peptide 7 (Figure 2.50).
This suggests solvent exposure of the 4 and L45 regions in DBD-E. Analogous regions
in other DBDs (DBD-B peptides 18-19; DBD-C peptides 41-44; DBD-D peptides 9-10)
show large conformational changes upon DNA binding. The loop between 5 and a2
region in DBD-E was covered by peptides 8, 9 and 10. Peptide 8 that overlaps both 9 and
10 showed significant and delayed deuterium uptake (Figure 2.5p). Interestingly,
peptides 9 and 10 showed greater exchange reflecting exposure and protection
respectively (Figure 2.5q). Thus, the entire DBD-E is exposed and the beginning of a2
(peptide 10) is protected (Figure 2b and Supplemental Figure S8c). However, most of the
a2-helical region in DBD-E (peptide 11) is dynamic without any significant change in
deuteration on DNA binding. The dynamic characteristics of the C-terminal a-helix in
DBD-E is similar to the C-terminal a-helix in DBD-D (Figures 2.5h-i). Both these a-
helices are part of the a-helix bundle in Tri-C.

Taken together, our data show that the Tri-C region of RPA is more stable

compared to the FAB region. The Tri-C region of RPA shows rapid deuterium uptake in
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the presence of DNA and the deuteration levels suggest that the structures (H-bonding
networks) are stable compared to the FAB region. Much of this stability arises from the
interaction of DBD-C and DNA, with dynamic changes observed in DBD-D and DBD-E.
Thus, within Tri-C, DBD-D and DBD-E are relatively dynamic in comparison to DBD-C
but are less dynamic compared to DBD-A and -B. Our data support a model for RPA
where DBDs-A and -B form the ‘dynamic half” and DBDs-C, -D and -E form a ‘less
dynamic half” of RPA. These conclusions do not suggest a loss in DNA binding for the

FAB half but likely reflect faster intrinsic on-off rates for ssDNA interactions.

Discussion

One of the primary roles of RPA is to protect ssDNA from nucleases and act as a
platform to recruit other proteins. This is an inherently dynamic process in which RPA
hands off the DNA to the incoming enzyme. The flexibility in RPA structure arises from
the compartmentalization of its DBDs and PIDs which are tethered together by flexible
linkers. The modular architecture allows the domains of RPA to employ both
independent and coordinated DNA interactions that are tailored for specific functional
outcomes (28,29,43).

Canonical models for RPA-DNA interactions primarily arose from biochemical
investigations of isolated or select pairs of DBDs. DBDs-A and -B are defined as high
affinity DNA binding domains. Tri-C is considered the weaker DNA binding portion of
RPA. Recent single molecule and structural data suggest that these high-affinity DBDs
might be more dynamic. DBD-A and DBD-B dissociate from DNA and interact with

DBD-E from the neighboring molecule when multiple RPA molecules are visualized
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using cryoEM (53). The Tri-C is more ordered in these structures as well. In single
molecule experiments where the DNA binding dynamics of individual DBDs are
monitored, DBD-A and DBD-D can form four distinct configurations on DNA and
transition between these states. In the presence of an RPA interacting protein, one of
these states is not formed (43,52). These studies provide direct support for the dynamics-
based model wherein the dynamics of individual DBDs provides a mechanism to access
RPA-bound ssDNA whilst not completely dissociating RPA (28,29,37). The single
molecule experiments do not provide such information for the other DBDs or PIDs (due
to technical limitations). Thus, a complete picture of the dynamics of all the domains of
RPA and how they are rearranged in the presence of DNA is lacking.

The HDX data presented here provide a coarse-grain structural and kinetic
landscape of the DNA-driven conformational changes (Figure 2.6a). The HDX profiles
of all five DBDs (A, B, C, D, E) have altered exchange kinetics on a fast timescale in the
presence of DNA. This result is consistent with rapid on-rates for the individual DBDs
binding to DNA. However, the exchange patterns of the HDX signal varies for the
individual DBDs. The HDX of DBDs-A and -B rapidly re-equilibrate suggesting rapid
on-off kinetics. Thus, these domains and their interactions are more dynamic in nature as
denoted by the early timepoints in the HDX analysis. DBDs-C, -D and -E also show large
scale deuterium uptake profiles and show slow re-equilibration. HDX data at the later
timepoints reveal that deuterium uptake levels off over a period of 24 hours for many of

their peptides suggesting formation of stable H-bonding networks (Figures 2.4 and 2.5).
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Thus, the DBDs in the Tri-C region are less dynamic compared to the ones in the FAB

half of RPA.
a.
more uptake
less uptake
P ssDNA

--.-linker

Dynamic Half

Less Dynamic Half

Figure 2.6. RPA binds to ssDNA using dynamic and less dynamic halves. a. Global HDX
changes in human RPA upon binding to DNA are mapped onto a composite structure.
Blue and red denote the difference in scale of deuterium uptake for the unbound (RPA)
versus DNA-bound (RPA+DNA) forms of RPA. DNA binding primarily drives
protection of regions from deuterium uptake as they become occluded from solvent. b.
An updated dynamics-based model for RPA+DNA interactions is depicted. RPA is
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proposed to function as two halves (FAB and CDE/Tri-C). PID’N (F domain), DBD-A
and DBD-B form the dynamic half and have short residence on time. DBD-C, RPA32
(DBD-D) and RPA14 (DBD-E) form the less dynamic half and have longer residence
time on DNA owing to the stability of DNA binding arising from the larger DBD-C
domain. The refined model allows RPA to be stably bound to DNA using all DBDs while
providing access to both ends of the DNA due to the dynamics of the individual DBDs.

PID’"N and PID?*¢ primarily serve to bind and recruit RPA-interacting proteins onto
DNA.

We do not observe fast exchange kinetics or robust deuterium changes in either
PID’%N or PID*?¢ suggesting that the primary roles of these domains are to interact with
RIPs. Binding of p53 to the cleft in PID’"N has been shown to be outcompeted by DNA,
and thus proposed to possess very weak DNA binding properties (57). But more
importantly, PID’"N serves as a high affinity binding site for more than two dozen
proteins including p53 (51) and Dna2 (66). In addition, PID’’N interacts with the N-
terminal phosphorylation motif of RPA32 (67). Thus, the HDX changes we observe in
the later timescales likely originate from the release of such intra-RPA:PID’™N
interactions upon DNA binding to DBD-C and DBD-D, and not from direct DNA
binding to PID7N,

Biophysical characterization of full-length RPA suggests that DNA binding is
highly dynamic and that the interaction of individual DBDs is not sequential as
previously envisioned (46). The correlated movements/dynamics of the DBDs (and likely
PIDs) enable rapid RPA diffusion on ssDNA (~5,000 nt> sec ! at 37 °C) and efficiently
melt small hairpins and duplex regions as it diffuses (44). RPA—DNA complexes have
also been shown to exchange rapidly in the presence of free RPA (68,69). Transition
between specific DNA binding modes are thought to promote such mechanical

movements of RPA. An initial 8-10 nt is formed first followed by transition to a 20 nt
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mode and finally resulting in the 30 nt mode where all DBDs are DNA-bound (70). RPA
dynamically forms at least two kinetically distinct complexes on DNA with different
stabilities that are microscopically dissociating and re-associating (71).

Our data support a DNA binding dynamics-based model for RPA-DNA
interactions. We envision RPA to function as two dynamic halves partitioned as the FAB
half and the Tri-C half (Figure 2.6b). The FAB half is dynamic with rapid on-off kinetics
on ssDNA and the Tri-C half is less-dynamic with more stable interactions with DNA,
primarily driven by the stability of DBD-C. These data are not to interpreted as the FAB
half having poor DNA binding activity as the domains likely maintain high affinity
interactions whilst possessing rapid on-off kinetics. These findings do suggest that the
DNA buried under the FAB half of RPA should be transiently accessible to RIPs.

The HDX data do not support a role for the PIDs in mediating direct DNA
interactions, but intra-domain interactions exist between the PIDs and the DBDs. These
interactions are released as conformational changes are driven upon DNA binding as
slow exchange HDX is observed for both PIDs. Such changes would allow RPA to
maintain high affinity interactions through stable binding by DBD-C and contributions
from other parts of Tri-C. The dynamic interactions of DBDs-A and -B would enable
RIPs that interact with PID"N to gain access to the 5’ end of the RPA-coated DNA.
Similarly, even the less-dynamic DBDs-D and -E can be remodeled by RIPs that interact
with PID*2€ and bind to the 3’ of the RPA-coated DNA as previously observed for Rad52
(43,52). When multiple RPA molecules are bound on the DNA, the dynamic nature of the

DBDs would enable RIPs to bind between multiple RPA molecules bound to the DNA.
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Abstract

While there is an effective vaccine for Human Hepatitis B Virus (HBV), 257
million people have chronic infections for which there is no cure. The assembly process
for the viral capsid is a potential therapeutic target. In order to understand the capsid
assembly process, we investigated the dimeric building blocks of the capsid. To
understand what blocks assembly, we took advantage of an assembly incompetent mutant
dimer, Cp149-Y132A, located in the inter-dimer interface. This mutation leads to
changes in protein dynamics throughout the structure of the dimer as measured by
hydrogen deuterium exchange mass spectrometry (HDX-MS). To further understand how
the HBV capsid assembles, the homolog woodchuck HBV (WHYV) capsid protein dimer
(Cp) was used. WHYV is more stable than HBV in HDX-MS and native mass
spectrometry experiments. Because the WHV Cp assembles more rapidly into viral
capsids than HBV, it was suspected that an increase in stability of the intra-dimer
interface and/or in the contact region leads to increased assembly rates. The differences in
dynamics when comparing HBV and human Cp149-Y132A as well as the differences in
dynamics when comparing the HBV and WHYV Cps allowed us to map an allosteric
network within the HBV dimer. Through a careful comparison of structure, stability and
dynamics using four different capsid protein dimers, we conclude that protein subunit

dynamics regulate HBV capsid assembly.
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Introduction

The human pathogen Hepatitis B Virus (HBV) chronically infects 257 million
people worldwide and is responsible for around 800,000 deaths each year due to liver
failure, hepatocellular carcinoma, and cirrhosis (72). The mature virion consists of a
protein studded outer membrane surrounding a nucleocapsid core which contains the
gapped dsDNA genome and the reverse transcriptase (73). The capsid assembles with
T=4 (Figure 3.1, panel A) or T=3 symmetry which contain 240 or 180 copies of the core
protein (Cp) respectively. T=4 particles are the most prevalent form and are the infectious
particle (74—79). The Cp consists of 183 amino acids and serves a variety of functions
during the viral lifecycle (80-84). The basic C-terminal domain is transiently exposed to
the capsid exterior and is involved in intracellular trafficking through interactions with
host cell proteins (8§5—91). The first 149 amino acids of the Cp (Cp149) make up the
assembly domain and are all that are needed for efficient capsid assembly in vitro

(Figure 3.1, panel B) (74,92-94).
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C. hCp149-Y132A
hCp149
ada

Spike tip/
intra-dimer interface
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Contact/

inter-dimer interface

Figure 3.1. Structure of human and woodchuck hepatitis B viruses. A) T=4 capsid of
human wild type HBV (left) T=4 capsid of the woodchuck wild type HBV (right). B)
Subdomains of interest within the homodimer are shown. One monomer of the protein is
displayed in blue while the other is yellow. C) Overlay of the mutant hCp149-Y132A
crystal structure, which crystalized as a trimer of dimers, (green) over the wild type
hCp149 crystal structure (blue) for human HBV in the capsid form (top, PDBIDs 3KXS
and 1QGT, respectively). The black arrow indicates the location of the Y132A mutation.
Overlay of the wCp149 in the capsid form (purple, PDBID 6EDJ) and wCp149-Y132A,
which crystalized as a dimer of dimers, (orange, PDBID 6ECS) for the woodchuck HBV
(middle). Overlay of the hCp149 (blue) with the wCp149 (purple, bottom). The sidechain
of the mutated residue is displayed. Alpha helices are labeled.

Woodchucks chronically infected with woodchuck hepatitis B virus (WHV)
develop hepatocellular carcinomas similar to humans infected with HBV (95). Because of
the similarities between WHV and HBV, WHYV has been an important model for testing

antiviral therapies (95). The capsid proteins of these two viruses share 63% identity, with
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the highest concentration of differences (23 of 55) in the intra-dimer interface (spike tip)
(Supplemental Figure 1; Figure 1, panel C) (96). Woodchuck Cp149 (wCp149) dimers
assemble into about half T=4 capsids in vitro, with the other half forming particles larger
than T=4 capsids (97). While T=3 capsids are present in wCp149 assembly reactions,
they appear less common than in hCp149 assembly reactions (96).

Assembly rates of both hCp149 and wCp149 can be regulated by adjusting dimer
concentration, pH, and ionic strength (93,96,98,99). By maintaining a low dimer
concentration, low ionic strength, and a near neutral pH, it is possible to study hCp149
and wCp149 proteins in as dimers (98). The ability to study capsid building blocks free in
solution, presents an opportunity to develop a deeper understanding of a regulated
assembly mechanism. While the tertiary and quaternary structures of WHV and HBV
capsids are very similar, the association energy differs. wCp149 assembles at lower ionic
strength and temperature than hCp149 and assembly reactions carried out at the same
ionic strength show that the formation of wCp149 capsids is more thermodynamically
favorable (96). WHV Cp149 assembles more rapidly than hCp149, with a substantially
stronger association energy, and a high positive AC,, which differs from hCp149’s near
zero AC, (96,100). The majority of primary sequence differences between WHV and
HBYV Cps occur in the two helices forming the intra-dimer interface. Nonetheless, these
substitutions lead to a difference in assembly; suggesting that allostery may play a role in
the assembly process.

An assembly incompetent mutant serves as a tool to connect aspects of protein

structure and/or dynamics that modulate capsid assembly. Mutation of tyrosine at
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position 132 to an alanine (Y132A) in either hCp149 or wCp149 renders the dimer
assembly incompetent. The Y132A mutation is located in the inter-dimer contact region
(Figure 3.1, panel C) (107). In HBV, Y132 makes up 10% of the buried surface area
when the dimer is assembled into capsids, however HBV Cp149-Y 132A can co-assemble
with WT hCp149 to form fragile capsids (102). Therefore, it is capable of adopting an
assembly competent conformation, though the mutation weakens dimer-dimer
interactions. The structures of hCp149-Y132A and hCp149 are similar; however, it is
somewhat surprising that the largest differences occur in the spike tip and intra-dimer
interface, (Figure 3.1, panel C)(/01) leading us to propose that changes in protein
dynamics, both at the site of the mutation and areas distal to the mutation, may be the
reason for the functional difference. If changes in dynamics control assembly of dimers
into capsids, this suggests that the mutation alters the energy landscape. By comparing
the differences in dynamics between hCp149-Y132A and WT hCp149, an understanding
of whether these proteins sample different conformations at different rates can start to be
determined.

It is suspected that there is an allosteric relationship between the spike tip, at the
intra-dimer interface, and the contact region, at the inter-dimer interface, based on
biophysical studies of hCp149, wCp149, hCp149-Y132A, and wCp149-Y132A
(100,101,103). We sought to provide new evidence for this relationship by directly
measuring the intra-dimer interface stability and overall protein dynamics for each of
these dimers. In this study, we used hydrogen deuterium exchange coupled to mass

spectrometry (HDX-MS), native mass spectrometry (NMS), and differential scanning
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fluorimetry (DSF) to investigate the biophysical differences between hCp149, wCp149,
hCp149-Y132A, and wCp149-Y132A. wCp149 can more readily assemble into capsids
than hCp149. This suggests that wCp149 possesses a conformer in its ensemble that is
more readily poised for oligomerization. By comparing the hCp149 to the wCp149, we
were able to determine that the spike tip and intra-dimer contact region of Cp149 are
important functional regions. The assembly incompetent conformation of hCp149-
Y 132A shows a decrease in stability at the intra-dimer interface. The differences in
stability and dynamics at the intra-dimer interface show that there is a connection
between the contact region (where the mutation occurs) and this interface, which is a
direct effect of the allosteric network that controls the hCp149 protein. This suggests that
decreased intra-dimer stability destabilizes a key conformation in the energy landscape,

making the free energy of assembly for hCp149-Y132A unfavorable.

Methods

Purification of HBV and WHYV Dimers

Four expression plasmids, pET11a-hCp149, pET11a-hCp149-Y132A, pET11a-
wCp149 and pET11a-wCp149-Y132A, were transformed into E. coli BL21(DE3) for
protein expression. All proteins were purified based on a previously published protocol
(104). Specifically, each protein was purified as described: hCp149 (93,104), hCp149-

Y132A (101), wCp149 (96), and wCp149-Y132A (100).
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Differential Scanning Fluorimetry (DSF) of
HBYV and WHV Dimers

To determine the thermal stability of hCp149, hCp149-Y132A, wCp149, and
wCp149-Y132A differential scanning fluorimetry was used. Reactions contained 3-8ug
protein in 50 mM ammonium bicarbonate pH 7, as well as 2.5 pLL of a 50x stock of
SYPRO orange dye (Invitrogen) for a total reaction volume of 30 uL. The samples were
loaded into a Rotor-Gene Q instrument (Qiagen) with SYPRO orange absorbance

monitored at 570 nm as temperature was ramped from 25°C-95°C at 1°C/minute.

Native Mass Spectrometry (NMS) of HBV and
WHYV Dimers

Dimer stocks at 2 mg mL™! were buffer exchanged into 10 mM ammonium acetate
pH 7 using mini-dialysis cassettes (Thermo-Fisher) overnight at 4°C. Buffer exchanged
dimers were then diluted 1:10 into 10 mM ammonium acetate pH 7. Buffer exchanged
and diluted dimers were then loaded into in house prepared gold coated borosilicate
capillaries prepared as outlined in Luo et al.(105) and analyzed using a Waters Synapt
G2-Si with the following settings: capillary kV was set to 2.11, sampling cone: 148,
source offset: 150, trap collision energy: 20.0-140V, transfer collision energy: 5.0V,
source temperature: 60°C, and trap gas: 7.0 mL/minute. Trap collision energy was
increased by 10V every 30 seconds from 20V to 140V. Data was analyzed using Waters
MassLynx version 4.1Hydrogen-Deuterium Exchange Coupled to Mass Spectrometry

(HDX-MS) of HBV and WHV Dimers
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Hydrogen-Deuterium Exchange Coupled to

Mass Spectrometry (HDX-MS) of HBV and
WHYV Dimers

Dimer (hCp149, hCp149-Y132A, wCp149, and wCp149-Y132A) stocks at 2 mg
mL! were diluted 1:10 into deuterated reaction buffer (10 mM HEPES, pD 7.5 in D>0).
Control samples (time zero) were diluted into non-deuterated reaction buffer. At each
time point (0,0.25, 3, 30, 180, and 1800 minutes) 10 pL of the reaction solution was
removed and quenched by adding it to 60 pL of 0.75% formic acid (FA, Sigma) and 0.25
mg mL! porcine pepsin (Sigma) at pH 2.5 on ice. Each sample was digested for two
minutes with vortexing every 30 seconds and then flash frozen in liquid nitrogen.
Samples were stored in liquid nitrogen until liquid chromatography mass spectrometry
analysis (LC-MS).

LC-MS analysis of HBV dimers was completed on a 1290 UPLC series
chromatography stack (Agilent Technologies) coupled directly to a 6538 UHD Accurate-
Mass QTOF LC/MS mass spectrometer (Agilent Technologies). Before
electrospray—time-of-flight (ESI-TOF) analysis, peptides were separated on a reverse
phase (RP) column (Phenomenex Onyx Monolithic C18 column, 100 X 2 mm) at 1 °C
using a flow rate of 500 pL/min under the following conditions: 1.0 min, 5% B; 1.0-9.0
min, 5—45% B; 9.0—11.8 min, 45-95% B; 11.80—12.0 min, 5% B; solvent A =0.1% FA
(Sigma) in water (Thermo-Fisher) and solvent B = 0.1% FA in acetonitrile (ACN,
Thermo-Fisher). Data were acquired at 2 Hz s~ ! over the scan range 50—1700 m/z in
positive mode. Electrospray settings were as follows: nebulizer set to 3.7 bar, drying gas

at 8.0 L/min, drying temperature at 350 °C, and capillary voltage at 3.5 kV.
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Data processing was carried out as outlined in Berry et al.(106) Briefly, peptides
were identified using MassHunter Qualitative Analysis version 6.0 (Agilent
Technologies), Peptide Analysis Worksheet (PAWSs, ProteoMetrics LLC), and Peptide
Shaker version 1.16.42 paired with Search GUI version 3.3.16 (Compomics)(7107,108).
Peptide mapping to the structure was carried out as outlined in van Erp et al. and Berry et
al.(106,109) Briefly, nested peptides were resolved. The amount of deuterium taken up
per amide was determined by taking the amount of deuterium taken up by the peptide and
dividing it by the number of amide hydrogens minus the two N-terminal amides. This
amount of deuterium taken up per amide was then divided by the amount of deuterium
taken up per amide for the 24-hour time point to determine the percentage of deuterium
uptake. The percentage of deuterium uptake was compared between conditions and

mapped to the HBV dimer structure.

Results

Differential Scanning Fluorimetry (DSF) of
HBYV and WHV Dimers

To determine if differences in the amino acid sequence at the spike tip or a
mutation in the contact region alters the overall stability of the dimers, DSF was used.
Thermal stability melting curves were generated for the dimers: hCp149, hCp149-
Y132A, wCp149, and wCp149-Y132A. In DSF, the sample temperature is slowly raised
while recording the fluorescence intensity of a dye that binds to hydrophobic pockets that

become exposed as a protein unfolds (7/0,111). hCp149 had a melting temperature of
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68°C (Figure 3.2), which is consistent with the melting temperature of 67°C for the
reduced dimer observed by Wingfield ef al. using differential scanning calorimetry(94).
The hCp149-Y 132A dimer was not significantly different from hCp149 dimer. The
melting temperatures of the two types of woodchuck dimer were lower than the human
dimers by around 5°C. The similar melting temperatures between the wild type dimers
and the mutant dimers indicates that the Y132 A mutation has little effect on the overall
thermal stability of the dimer. However, the changes in primary structure between WHV
and HBV dimers do cause a shift in melting temperature. DSF measurements were
repeated across a range of buffer conditions to assure that the differences in melting
temperature are intrinsic properties of the dimers themselves and not an artifact of ionic

strength or buffer conditions.
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Figure 3.2. Differential scanning fluorimetry of HBV and WHYV dimers. From this
experiment it was determined that the two human Cp dimers have similar thermal
denaturation temperatures which are higher than the two woodchuck Cp dimers.
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Native Mass Spectrometry Probes Intra-Dimer
Interface Stability

To further investigate the intra-dimer interface stability, a set of native mass
spectrometry collisional induced unfolding experiments were performed on each of the
dimers. Solutions containing dimers at 0.2 mg mL™! in 10 mM ammonium acetate were
analyzed by direct infusion, producing spectra that contained charge state distributions
for both the monomer and the dimer (Figure 3.3). Low concentrations and low ionic
strength conditions were used to eliminate the presence of multimers by limiting dimer-
dimer interaction or non-specific clustering in the ionization process (93,96,98,99,112).
To probe the relative strength of the intra-dimer interface, the collision energy was
increased in 10V increments from 20V to 140V while monitoring a specific dimer charge
state (11+). As the energy was increased, the intensity of the peak for the 11+ ion, which
only has contributions from the dimeric species, decreased indicating that the dimer was
being broken apart into monomers in the mass spectrometer. When the collision energy
exceeded 120V the intensity of the 11+ peak was significantly decreased for all dimers,
allowing it to be used as a proxy for dimer stability.

The 11+ dimer peak intensity at 120V was compared to the initial dimer 11+ peak
intensity at 20V (Figure 3.3, panel C). The hCp149-Y132A dimer was the least stable
based on the changes in intensity from 20V to 120V followed by the hCp149, the
wCpl149-Y132A, and finally the wCp149. The Y132A mutation lowered the intra-dimer
interface stability for both human and woodchuck dimers. The mutation is distal to the
intra-dimer interface, yet, has a clear effect on interface stability. The woodchuck dimers

had a stronger intra-dimer interface than the human dimers. This could be due to
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differences in the amino acid sequence between the human and woodchuck dimers
specifically in the intra-dimer interface.
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Figure 3.3 Native mass spectrometry of hCp149 and wCp149. Spectra at 20V collision
energy (top) and 120V of collision energy (bottom) for human Cp149. A), woodchuck
Cpl149. B). The +11 dimer peak is indicated by a red box. As collision energy is
increased, the intensity of the dimer decreased. Monomer peaks are indicated by one
diamond, dimer peaks by two diamonds, and peaks that have contribution from both
monomeric and dimeric species are indicated by three diamonds C) Percentage of the +11
dimer peak intensity left at 120V collision energy. Error bars are representative of the
standard deviation of three experiments. Percentages of the dimer +11 peak left at other
collision energies can be found in Supplemental Material Figure 5. The intensity of the
+11 peak at 120V was divided by the intensity of the +11 peak at 20V. The intensity of
the peak is proportional to how much of the dimer species is present in the sample. The
+11 peak intensity is a measure of the relative stability of the dimers.

HDX-MS of wCpl149 and hCp149 Dimers

Because the secondary and tertiary structure of WHV and HBV Cp149 dimers are
highly similar (100), we hypothesized that the differences in melting temperature, intra-
dimer interface stability, and assembly rates arise from protein dynamics. To investigate

the conformational flexibility between the two dimers, we used HDX-MS. Hydrogen
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deuterium exchange measures the rate of exchange of the amide hydrogen on the protein
backbone with solvent (18,20). The exchange rate is inversely related to the stability of
hydrogen bonding in the secondary and tertiary structure of the protein (713).
For HDX-MS experiments, each dimer was diluted into deuterated buffer and allowed to
exchange for specific lengths of time. Reaction conditions were optimized to maintain the
dimeric state of each of the proteins tested. Exchange was quenched with acid followed
by pepsin digestion and analysis by LC-MS. Pepsin digestion created a reproducible set
of peptides that were used for analysis. The amount of deuterium taken up per peptide
was determined at 0.25, 3, 30, 180, and 1800 minutes.

We found that the intra-dimer interface of the wCp149 spike tip takes up less
deuterium than hCp149 dimer (Figure 3.4). That is, the hydrogen bonding network of the
wCp149 spike tip has a more stable intra-dimer interface. To determine if amino acid
sequence differences between human and woodchuck proteins in this region were
responsible for the observed differences in exchange, we calculated the intrinsic rates of
exchange from the sequences of the specific peptides. The observed rates of exchange at
the 15 second time point for hCp149 (84-103) and wCp149 (84-102) differed by greater
than three-fold while the intrinsic rates of exchange differed by less than 5%. This
indicates that the observed differences are unlikely to be strictly a factor of sequence
specific intrinsic exchange and rather are the result of changes in the stability of the
hydrogen bonding network in the spike tip. In contrast, the fulcrum and inter-dimer
contact regions (helix 5) had greater exchange in wCp149 than the hCp149 dimer. The

calculated intrinsic rates of exchange in the contact region (helix 5) are similar, giving
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confidence to the interpretation that this region is more dynamic in the wCp149 dimer
than in the hCp149 dimer. However, the calculated intrinsic rate of exchange is different
in the fulcrum region between the two proteins, so for the fulcrum it is not possible to

confidently assign this to a change in protein stability and dynamics.
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Figure 3.4. Deuterium uptake in the intra-dimer interface. between hCp149 and wCp149
at the intra-dimer interface. Helix 4a which is comprised of amino acid residues 79-109,
is central to stability at the intra-dimer interface (A). The peptide 84-103 in hCp149 or
84-102 in wCp149 is shown in blue. At the three-hour time point, the human peptide
takes up 8.8 deuterium (B) whereas the woodchuck peptide takes up 5.1 deuterium (C).
Even though the hCp149 peptide is longer by one amino acid residue, the difference is
statistically significant with a p-value < 0.01 at all time points. Calculations of the
intrinsic rate of exchange are within 5% for the two peptides.

HDX-MS Analysis of Mutant Cp149

If an allosteric network connects the inter-dimer interface to the intra-dimer
interface, we reasoned there should be differences in dynamics between the mutant
Cpl149-Y132A dimers and the wild type Cp149 dimers. In support of this hypothesis, we
observed by HDX-MS that the Y132A mutation led to differences in exchange that
propagated throughout the entire structure (Figure 3.5, panel A). Also, differences in
deuterium uptake were not the same between the human and woodchuck dimers. In the
HBYV dimer, the site of the Y132A mutation was more flexible in the mutant and the

chassis and fulcrum were more stable in the mutant. The spike tip showed more exchange
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at earlier time points in the hCp149 dimer, but at three hours this trend switched and the
hCp149-Y 132 A mutant took up more deuterium overall. This suggests that the spike has
at least two populations of amides, fast and slow exchanging, that respond differently to
the distal Y132A mutation.

In the wCp149 dimer, the residues near the Y132A mutation had an increase in
exchange at early time points, but at later time points shows no difference in exchange
when compared to wild type (Figure 3.5, panel A). This shows that the overall
secondary structure of this region is not affected by the mutation at position 132,
however, hydrogen bonding is less stable in the mutant implying that it is more dynamic
than the wild type. The fulcrum and the chassis of the two forms of woodchuck have the
same trends as the human forms of the dimer at early time points. At later time points, the
chassis has more exchange in the wCp149-Y 132 A mutant indicating that this region has a
less stable secondary structure in the mutant. The spike tip shows more exchange in the
wCp149-Y132A mutant than in the wCp149 dimer indicating that the mutation
destabilizes the hydrogen bond network on the other side of the protein. An important
point is that there are changes in exchange throughout the HBV Cp dimer when the
tyrosine at position 132 is mutated to an alanine, consistent with the idea that this is an

allosterically regulated protein.
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wCp149- wCp149-Y132A at 15 sec wCp149 - wCp149-Y132A at 3 hours

Figure 3.5. Mutation at residue 132 alters exchange across Cp149. A. The difference in
the amount of deuterium taken up by the wild type and Cp149-Y 132A human dimers at
15 seconds (left) and 3 hours (right). Areas where the wild type dimer takes up more
deuterium than the Cp149-Y 132A mutant dimer are displayed in red. Areas where the
mutant Cp149-Y132A dimer takes up more deuterium than the wild type dimer are
displayed in blue. Regions with no difference are displayed in white and regions that
were not reported in this experiment are displayed in gray. B. The difference in the
amount of deuterium taken up by the wild type and Cp149-Y132A woodchuck dimers at
15 seconds (left) and 3 hours (right). The location of the Y132A mutation is shown with
an arrow in panel A.

Discussion

Biophysical, structural, and computational studies of the HBV capsid have helped
to build a model in which protein dynamics and allostery are critical factors in the
assembly and function of the T=4 particle. To date, a detailed model incorporating the

behavior of assembly incompetent mutants is lacking. To understand the role of allostery
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in the capsid assembly process of the HBV Cp149 protein, we compared the melting
temperature, the strength of the intra-dimer interface, and protein dynamics of hCp149,
hCp149-Y132A, wCp149, and wCp149-Y 132A. These four dimers are nearly identical in
structure, but perform differently in assembly assays. Both the hCp149-Y132A and
wCp149-Y132A mutants are blocked from assembling into capsids. The Y132A
mutation, located in the inter-dimer contact region, causes changes throughout the protein
including stability of the intra-dimer interface. wCp149 assembles into capsids more
rapidly than its human homolog. However, the proteins differ in sequence mainly in the
spike tip region. This difference in sequence does not greatly affect the overall structure
of the dimer, but it does cause changes to both the dynamics of the dimer and the stability

of the intra-dimer interface.

Stability of the HBV Intra-Dimer Interface

The wCp149 and hCp149 dimers share 63% sequence identity and are structurally
very similar (96) (Figure 3.1). Therefore, we were not expecting hCp149 to display 5°C
greater thermal transition than wCp149. Most sequence differences are localized to the
spike tip. NMS and HDX-MS data show that the intra-dimer interface is more stable in
wCp149 than in hCp149. This increase in stability may play a role in the ability of the
wCp149 to assemble more readily into capsids than the hCp149. Our data also show that
both the hCp149-Y132A and wCp149-Y 132A mutations, which are well removed from
the spike tip, none-the-less decreases stability at the intra-dimer interface. In both the
human and the woodchuck dimers, the collision energy needed to disrupt the dimer in

NMS was lower for the mutant (Figure 3.3). An increase in deuterium exchange was also
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detected in the mutants in these regions at the three-hour time point (Figure 3.5). Of the
four dimers, hCp149-Y132A was the least stable in NMS and had the most deuterium
exchange in the spike region (Figure 3.3C, Figure 3.4), which is consistent with a less
stable intra-dimer interface and more dynamic spike tip.

In Zhao et al., it was determined that a decrease in stability at the intra-dimer
interface caused by the mutation D78S reduced the rate of capsid assembly (703). This
mutation, located in the top of the intra-dimer interface, destabilizes helix 4a leading to a
more flexible spike tip. This mutation slowed the assembly rate of the capsid showing
that destabilization of the intra-dimer interface directly affects assembly kinetics.
Together with our data, a model emerges that in order to have productive capsid
assembly, the intra-dimer interface must be stable.

If increased stability in the spike tip causes the capsid to assemble more readily,
the decrease in stability of this region in the hCp149-Y 132A mutant should contribute to
the inability of this mutant to assemble into capsids. However, there is a limit to the
amount of stability that is beneficial to capsid assembly. Selzer et al. determined that if
the intra-dimer interface is stabilized by a disulfide bond between the two C61 residues
present in the interface, the rate of capsid assembly is slowed (7/4). This trend in
stabilization was also observed by Zhao et al. when investigating the oxidized wild-type
human dimer and the oxidized D78S mutant dimer assembly at differing salt
concentrations. These human dimers showed similar assembly kinetics to one another
which were both slower than the wild-type hCp149 assembly kinetics, though the

difference in rate of assembly decreased at higher ionic strengths (703).Taken together,
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these data indicate that there is a balance between stability and dynamics in this interface

that must be maintained for productive capsid assembly (103,114).

Inter-Dimer Contact Region of WHV and HBV

The contact region, which mediates dimer-dimer interactions, shows a complex
pattern of deuterium exchange. The loop containing residue 132, located within the
contact region, takes up more deuterium in both the hCp149-Y132A and wCp149-Y132A
mutants than in the WT dimers at early time points (Figure 3.5). This implies that the
mutation causes this region to be more flexible. In the a5 helix (Figure 3.1C), both the
human and the woodchuck Cp149-Y132A mutants take up less deuterium than the
respective WT dimers (Figure 3.5), as the helix becomes more structured upon mutation
of Y132. Loss of structure in the loop of the contact region and a gain of structure in the
a5 helix may contribute to the inability of the hCp149-Y132A and wCp149-Y132A
mutants to assemble into capsids. The loop within the contact region shows similar
deuterium exchange between the wCp149-Y132A and the hCp149-Y132A, however,
there is more deuterium exchange in the wCp149-Y132A as compared to the hCp149-

Y 132A in the a5 helix. An increase in deuterium exchange is consistent with increased
disorder in this region in the WHV Cp149-Y132A as compared to the HBV Cp149-

Y 132A. While we cannot be certain that the observed exchange rates in HDX were not
partially caused by differences in intrinsic exchange rates due to changes in primary
amino acid sequence, our results are supported by the observations made by Zhao et al.
through limited proteolysis (100). This is also consistent with Hilmer et al., who

measured the rate of proteolytic cleavage of the C-terminal region of the hCp149 protein
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in free dimer and capsid. It was determined that the region near Y132 in the dimer
becomes more folded in conditions that favor assembly (775). This implies that

stabilization of the contact region is necessary for productive assembly into capsids.

Comparison of Dynamics Between the hCp149
Free Dimer and hCp149 Capsid

In Bereszczak et al., comparisons between the dynamics of the wild type HBV
dimer free in solution and within the capsid show similar hydrogen deuterium exchange
patterns in all regions except in the spike tip (residues 89-103) and the contact region
(residues 122-140) which show less overall deuterium uptake in the capsid when
compared to the free dimer (7/6). In our data, the spike tip (intra-dimer interface) shows
more deuterium incorporation in the hCp149-Y132A mutant than in the WT hCp149
dimer at later time points (Figure 3.5, panel A). The loss of stability (increased
deuterium exchange) in this region may be detrimental to capsid assembly. In the inter-
dimer contact region, hCp149-Y 132A takes up more deuterium than hCp149 (Figure
3.5A), indicating that this could be another region where an increase in dynamics blocks
capsid assembly. One interpretation of this is that the effect of the Y132A mutation on
the spike tip and contact regions is to increase entropy. This must be compensated for
during assembly, making the overall assembly process less thermodynamically favorable.

Our data show that changes in capsid assembly occur when the stability ad
dynamics of the dimer change. The inter-dimer contact region has increased stability in
the capsid and the capsid assembly-competent conformation. This seems logical based on
the buried surface area between dimers in this region when assembled. The spike tip also

shows an increase in stability in assembly competent dimers. The correlation of the
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dynamics in the distal spike tip with assembly is characteristic of an allosteric network
being present across the Cp149 dimer. Based on our dynamics data, this network spans
the whole protein, connecting the inter-dimer interface (contact region) to the intra-dimer
interface (spike tip).

An outcome of this work is that a deeper understanding of the capsid assembly
process will provide targets for the further development of antivirals that disrupt the
infection cycle of HBV. Our work highlights regions of the dimer where altered stability
and dynamics lead to either enhanced or diminished capsid assembly. Current assembly
directed HBV antivirals act by increasing buried surface area in the inter-dimer contact
region generating large aberrant structures (//7). An important outcome from our work is
that the spike tip or intra-dimer interface represents another target for assembly

disruptors.

Conclusions

Dynamic proteins exist as an ensemble of conformers in solution. Modulation of
the energy landscape of the ensemble, and thus the relative population, through changes
in conformation or dynamics, is the business of allostery (72). To understand how HBV
Cp149 assembles into capsids, we have worked to bring allosteric features into the light.
The assembly competent conformer of HBV has a stable, but not too stable, intra-dimer
interface and a stable inter-dimer interface. Our data strongly suggest that the Y132A
mutation alters the ensemble of conformations present in solution. This implies that the
hCp149-Y132A dimer does not sample the assembly active conformation. However, the

WHYV Cp149, which is structurally similar to the HBV Cp149, assembles more rapidly
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implying that it more frequently samples a capsid assembly competent conformer. HBV

dimer is an excellent example of why structural models alone can be insufficient when

trying to understand and predict functional outcomes of mutations. By using information

about the energy landscape and dynamics of a protein or complex, even sophisticated

mechanisms can be elucidated.
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Abstract

Bacteria and archaea rely on CRISPR (clustered regularly interspaced short
palindromic repeats) RNA-guided adaptive immune systems for sequence specific
elimination of foreign nucleic acids. In Escherichia coli, short CRISPR-derived RNAs
(crRNAs) assemble with Cas (CRISPR-associated) proteins into a 405-kilodalton
multisubunit surveillance complex called Cascade (CRISPR-associated complex for
antiviral defense). Cascade binds foreign DNA complementary to the crRNA guide and
recruits Cas3, a trans-acting nuclease-helicase required for target degradation. Structural
models of Cascade have captured static snapshots of the complex in distinct
conformational states, but conformational dynamics of the 11-subunit surveillance
complex have not been measured. Here, we use hydrogen-deuterium exchange coupled to
mass spectrometry (HDX-MS) to map conformational dynamics of Cascade onto the
three-dimensional structure. New insights from structural dynamics are used to make
functional predictions about the mechanisms of the R-loop coordination and Cas3
recruitment. We test these predictions in vivo and in vitro. Collectively, we show how
mapping conformational dynamics onto static 3D-structures adds an additional dimension

to the functional understanding of this biological machine.

Introduction

The adaptive immune system in Escherichia coli (type I-E) consists of
eight cas genes flanked by a CRISPR locus (Figure 4.1A). Five of the cas genes encode

proteins (Cseli, Cse2,, Cas7s, Cas5i, Cas6ei) that assemble with a 61-nucleotide
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CRISPR-derived RNA (crRNA) into a seahorse-shaped complex called Cascade
(CRISPR-associated complex for antiviral defense), with subunits that resemble a head,
backbone, belly, and tail (Figure 4.1B) (1/8—121). Cascade is a crRNA-guided
surveillance complex that identifies foreign DNA and recruits a trans-acting nuclease-

helicase (i.e. Cas3) for target degradation (122—124).
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Figure 4.1 Binding of dsDNA increases the stability of Cascade. (A) The type 1-E
CRISPR system of E. coli consists of eight cas genes and a CRISPR locus.

Five cas genes (colored) code for proteins that assemble with a crRNA into the Cascade
complex. (B) Schematic representation of three stages of Cascade during the interference
process. Subunits colored according to Figure 1A. (C) Deuterium uptake curves for the
individual subunits of Cascade. Error bars show the standard deviation (n=3) and are
smaller than the circular symbols used to plot the data. Both the unbound and dsDNA
bound Cascade complexes were incubated in deuterated buffer for 0.5 to 77.5 minutes.
Colors of the data points on the uptake curves correspond with the subunits of Cascade as
colored in Figure 1A. Differences in deuterium uptake were determined by subtracting
deuterium uptake of the unbound complex from the dsDNA bound complex at 77.5
minutes. The percentage change in uptake was mapped onto the dSDNA bound structure
of Cascade (S5H9F). Increasing blue hue indicates greater protection (i.e., less deuterium
uptake) in the dSDNA bound form. Overall, the dsSDNA bound form of Cascade takes up
less deuterium and is more protected.
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Target DNA recognition by Cascade relies on protein-mediated recognition of a
three-nucleotide PAM (protostpacer adjacent motif) and a protospacer sequence that is
complementary to the crRNA-guide (118,125—127). Structures of E. coli Cascade before
binding DNA (120,121,128), bound to ssDNA (129), bound to a partially duplexed
dsDNA target (125), and recent structures of Cascade from Thermobifida fusca bound to
a dsDNA target (130), provide snapshots of the complex poised at different stages of
antiviral defense. Collectively, these structures explain how DNA binding triggers a
conformational rearrangement in which the two belly subunits (i.e. Cse2) slide along the
ridged Cas7 backbone via a molecular relay that relies on a series of conserved arginine
residues (728). One of the Cse2 subunits abuts the C-terminal domain (CTD) of Csel
(also called Cas8e), and the DNA-induced transition of Cse2 is thought to shove the CTD
of Csel between the two strands of the DNA duplex (7120,121,125,129). While the CTD
of Csel appears to function like a molecular pry bar that helps separate the two strands of
the DNA duplex, three structural features (i.e. lysine finger, glycine rich loop and
glutamine wedge) in the N-terminal domain of Csel are involved in PAM
recognition (/25). PAM recognition relies on sequence- and shaped-based recognition of
the minor groove, resulting in a diverse combination of different PAMs that are
recognized with varying affinities (124,125,131,132).

While a variety of PAMs support target binding, different PAM and protospacer
combinations have been shown to elicit distinct biological outcomes (131,133,134).
Binding to a limited number of PAMs elicits an “interference response”, which is

characterized by recruitment of a nuclease active form of Cas3 that processively degrades
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the target (124,134—137). Alternatively, some PAMs or mutations at specific positions in
the protospacer, reduce interference to levels below what is required for clearance of
plasmids or virus elimination, and trigger a “priming response.” Priming is a positive
feedback mechanism characterized by the rapid integration of new fragments of foreign
DNA into the CRISPR locus, which are used to restore immunity (/317,133,134,138).
Priming relies on all the of the CRISPR machinery (Cascade, Casl, Cas2, and Cas3) in
addition to a partial complementary target.

Recently, Forster resonance energy transfer (FRET) studies have been used to
monitor the conformational state of Cascade in association with targets that elicit priming
or interference. Xue et al. used structures of Cascade to position FRET dyes at specific
locations in the tail of Cascade to monitor the conformational state of Csel in response to
binding DNA targets that elicit priming or interference (136,139). These studies
demonstrated that Cascade adopts distinct conformational states based on sequence
characteristics of the dSDNA target and that the conformational state of the Csel tail
subunit correlates with the relative rates of interference and priming. While structure
guided placement of FRET dyes provides a powerful means for measuring distances
between two selected landmarks, this approach cannot provide a global understanding of
the complex conformational dynamics of a large multi-subunit machine like Cascade.

Rather than examining movements of specific locations on Cascade, here we use
hydrogen-deuterium exchange coupled to mass spectrometry (HDX-MS) to investigate
protein interactions and dynamics of Cascade before and after DNA binding. HDX

measures the stability of hydrogen bond networks and solvent accessibility on global and
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local scales (140,141), enabling a mechanistic analysis of coordinated changes associated
with target binding. To our knowledge, this is the first application of HDX-MS to a
ribonucleoprotein of this complexity (i.e., 5 unique proteins totaling >1,450 amino acid
residues). Peptide-resolution HDX-MS experiments reveal residues predicted to be
involved in binding the displaced DNA strand (i.e. R-loop) and regions of the Csel
subunit that are part of the Cas3 binding site. We test the function of these residues
using in vivo and in vitro assays and show that HDX-guided mutations at specific
locations eliminate Cas3-mediated DNA degradation without altering Cascade’s ability to

bind dsDNA.

Results

Structural studies have captured snapshots of Cascade before and after target
binding, but these static structures provide limited information about the conformational
dynamics of the complex, which are important for function (7120,121,125,129). To
measure global changes in the stability and dynamics of Cascade upon target binding, we
used intact protein HDX-MS to measure HD-exchange in all 11-protein subunits of
Cascade, both before and after binding DNA. We diluted unbound Cascade and Cascade
bound to a 72-base pair dsDNA target containing a 3'-TTC-5' PAM into deuterated buffer
and then analyzed both complexes by Liquid Chromatography Mass Spectrometry
(LCMS) over 15 time points (Figure 4.1). At each time point, dsSDNA bound Cascade
exhibited less deuterium uptake than the unbound form, though the difference was less
pronounced at later time points. Overall, the intact protein HDX-MS revealed a net

stabilization of each protein subunit in the complex upon dsDNA binding (Figure 4.1C).
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This stabilization was further confirmed using differential scanning fluorimetry, which
showed that Cascade bound to a dsDNA target has a melting temperature that is
approximately 10°C above the melting temperature of unbound Cascade.

Having established that DNA binding globally decreases deuterium uptake and
increases stability, we set out to map these changes to specific regions of the complex. To
accomplish this, we digested Cascade and dsDNA-bound Cascade with pepsin (i.e., a low
specificity protease), prior to LCMS. Deuterium uptake curves were generated by
quenching the HDX reaction after 0, 0.16, 0.5, 2.5, 5.0, 10, 30 and 180 minutes. 255
peptides, representing more than 90% of all Cascade protein sequences, were analyzed.
Parent spectra (MS1) were used to determine the number of deuterons incorporated per
peptide, and the difference in deuteron incorporation between peptides isolated from
dsDNA bound and unbound states of Cascade were used to calculate changes in HD-
exchange. Overall, 185 of the 255 peptides showed increased deuterium incorporation
over the time course in either or both complexes, while 70 peptides did not. After binding
dsDNA, 22 of the 255 peptides increased deuterium incorporation, while 119 peptides
had decreased deuterium incorporation compared to the unbound complex.

HD-exchange profiles are not uniformly distributed across the complex or within
an individual subunit. By analyzing the distribution of deuterium uptake over the time
course, changes in the stability and dynamics of hydrogen bond networks upon dsDNA
binding can be determined. Early time points report on changes in solvent accessibility
upon dsDNA binding, whereas later time points provide information on the stability of

hydrogen bonding networks and the participation of peptide backbone amides in protein
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secondary structures that are protected from deuterium exchange because of noncovalent
interactions (/42). Regions of the complex that displayed significant protection upon
dsDNA binding (i.e. decreased deuterium exchange) were investigated as potential DNA
binding sites (Figure 4.2A, blue). We also analyzed peptides that assimilate more
deuterium (i.e. become less protected) after binding DNA (Figure 4.2B, red). An
increase in exchange indicates greater solvent exposure or dynamics. These regions are

anticipated to have functional roles, such as docking sites for the nuclease-helicase Cas3.
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Figure 4.2. Peptide-resolution mapping of deuterium uptake reveals areas of Cascade that
become more or less protected upon dsDNA binding. (A) The percentage difference in
deuterium uptake between the unbound and dsDNA bound complex for individual
peptides at the 180-minute time point was mapped onto the dSDNA bound structure
(5H9F). Blue indicates less deuterium incorporation in the dsDNA bound form
(protection) while the red indicates more deuterium incorporation in the dsDNA bound
form (de-protection). White indicates regions where there is no difference in deuterium
uptake or peptides where no data is available. The inset shows the ribbon structure of the
Csel subunit with the glutamine wedge and Loop 1 showing increased protection. The
Csel subunit consists of a four-helix bundle (CTD) and globular domain (NTD). (B)
Deuterium uptake curves show increased protection in the dsSDNA bound form for
peptides in Loop 1 (p-value<0.01 for all time points) and the glutamine wedge (p-
value<0.01 for all time points after 2.5 minutes). Error bars represent the standard
deviation of three replicates.

DNA Binding

To validate the HDX data we examined regions of the complex known to interact
with DNA. The expectation is that DNA binding will stabilize the peptide backbone and
physically occlude these regions from HD-exchange. Recognition of the PAM sequence
takes place in the tail of the complex and involves three structural elements in the Csel
subunit: lysine finger, glycine loop, and glutamine wedge (725). The glutamine wedge
(Csel amino acids 352—-358) forms a beta-hairpin that is positioned (i.e. wedged) between
the complementary and non-complementary strands of the DNA target (Figure 4.2). In
the dsSDNA bound complex, a peptide corresponding to this feature (amino acids 345—
358) exchanges less deuterium over time, than the same peptide in the unbound complex
(Figure 4.2B). This indicates that the glutamine wedge is protected from exchange and is
less dynamic when Cascade is bound to DNA. Similarly, a peptide covering the PAM
sensing lysine finger (Csel amino acid 268) also exchanges less deuterium upon dsDNA
binding. Results for the glutamine wedge and lysine finger are consistent with the

structural models, however the glycine loop (Csel amino acids 157-161) showed no
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increase in protection upon dsDNA binding, which was surprising since the crystal
structure indicates that this feature interacts with the minor groove of the double-stranded
PAM. This suggests, that in solution, the glycine loop may be more dynamic after DNA
binding than is indicated by the crystal structure.

The Csel subunit is critical for binding DNA and the conformational state of this
subunit has been implicated in recruitment and allosteric regulation of Cas3 (124, 143—
145). In structures of Cascade without DNA or bound to dsDNA, the Csel subunit is
tethered to Cas5 via a short loop (L1, amino acids 125-131) on Csel that is buried in a
pore on Cas5 (120). However, in the structure of Cascade bound to a complementary
ssDNA target, the N-terminal domain (NTD) of Csel comes “unhitched” from the
complex and L1 loop is disordered in the structure (129). Collectively, these structures
demonstrate that the NTD of Csel adopts conformationally distinct positions and recent
FRET experiments by Xue et al. suggest that NTD of Csel is conformationally
dynamic (/36). While the structures of Cascade without DNA suggest that Csel isin a
“closed” conformation where L1 is buried in the Cas5 pore, our HDX data reveals that
the L1 peptide of Csel (amino acids 118—129) is significantly more protected (less HD-
exchange) in the dsSDNA bound complex, as compared to the unbound complex (Figure
4.2). These data suggest that the Csel subunit is dynamic in the absence of DNA,
sampling both the “open” and “closed” conformations.

Target recognition by Cascade relies on both specific- and non-sequence specific
interactions with DNA. Recently, we showed that a lysine-rich helix (amino acid residues

137-144) on the fingers domain of two adjacent Cas7 subunits (i.e. Cas7.5 and Cas7.6)
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creates a lysine-rich vise that makes non-sequence specific interactions with dsDNA and
that these interactions are essential for target binding (128). We predicted that dsSDNA
would result in less HD-exchange for peptides corresponding to the lysine-rich vise. To
test this prediction, we examined a peptide covering the lysine-rich helices of Cas7
(amino acid residues 134—148). This peptide showed a small degree of protection upon
dsDNA binding. However, there are six copies of the Cas7 subunit in the surveillance
complex and only two of these subunits (Cas7.5 and Cas7.6) interact with the phosphate
backbone of the incoming DNA (728). The Cas7 peptide corresponding to the lysine-rich
vise (residues 134-148) should have a different exchange rates depending on their
position in the complex. Peptides from Cas7.5 and Cas7.6 should have less HD-exchange
than the same peptides form Cas7.1-7.4, and this difference should result in a bimodal
distribution of these peptides. In fact, we observe a bimodal behavior, which is consistent

with a subset of the Cas7 subunits having increased protection upon DNA binding.

Path of the Displaced Strand

One of the outstanding questions about the mechanism of target binding is the
location of the displaced DNA strand. Once Cascade binds to a dsDNA target, the
complementary strand of the DNA target base pairs with the crRNA, while the non-
complementary strand is displaced and forms an R-loop (719,146). Structures of E.
coli Cascade bound to dsDNA showed 10 to 12 nucleotides of the displaced DNA strand,
but it remains unclear if this fragment reflects the path of the displaced strand when the
complex binds to a full-length target duplex (725). In the structure, the partial displaced

strand is stabilized by interactions with residues on the Csel subunit of Cascade and we
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expected that the remaining part of the displaced strand would interact with specific
residues on Cas subunits as it traversed form the PAM proximal tail to the PAM distal
head. These stabilizing interactions would shield specific amino acid residues from HD-
exchange. To trace the path of the displaced strand, we used our HDX-MS data to
identify peptides that show greater protection from exchange in the dsSDNA bound form

(Figure 4.3A).
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Figure 4.3 Using HDX to identify residues involved in binding the displaced DNA
strand. (A) Differences in deuterium uptake between the unbound and dsDNA bound
complex for individual peptides at the 180-minute time point are mapped onto the
dsDNA bound structure . Only peptides that are more protected in the dSDNA bound
complex (blue) are shown. The proposed path of the displaced strand is indicated (green).
(B) Deuterium incorporation for peptides Cse2 6—27 and Cas7 296311 at the 180-minute
time point is displayed for Cascade without DNA (teal), ssDNA bound (green), and
dsDNA bound complexes (red). The Cse2 peptide shows increased protection in the
dsDNA bound complex, as compared to the unbound or the ssDNA bound complex
(p<0.01). The Cas7 peptide shows the most protection in the dsSDNA bound complex.
Error bars represent the standard deviation of three replicates. (C) HDX-guided mutation
of positively charged residues on Cse2 (R12E), Cse2 (R53D, K77D, K78D, R89D,
R135D, R143D and K158D, named Cse2 charge swap), and Cas7 (K296E, K299E,
K301E) were tested in a plasmid-curing assay to determine the biological impact of
mutating these residues. The Cas7 mutant did not have a significant impact while the
Cse2 mutants displayed a small, but significant defect. The single mutation of Cse2 R12E
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had an equal impact as mutation of seven Cse2 residues. The error bars represent the
standard error of the mean of three replicates.

Analysis of the tail of Cascade revealed a peptide in the C-terminal domain
(CTD) of Csel (amino acid residues 381-398) with significant protection (p<0.01) in the
dsDNA bound form of the complex compared to the unbound complex (Figure 4.3A)
(141). This is consistent with the path of the displaced strand in the dsSDNA bound
structure from Hayes et al (125). However, to clarify the mechanism of protection at this
location, we conducted an additional comparison by performing HDX-MS on Cascade
bound to ssDNA. Comparison of the dSDNA and ssDNA bound complexes reveal
regions of protection specifically resulting from the presence of the displaced strand.
Importantly, this comparison showed equivalent levels of protection in the ssDNA bound
and dsDNA bound form of Cascade, indicating that the increase in protection observed in
the dsDNA bound structure is not necessarily due to direct interactions with the displaced
strand, but likely an allosteric stabilization of the hydrogen-bonding network across this
peptide. This result is consistent with a recent structure of 7. fusca Cascade bound to a
complete dsDNA target. In this structure, the R-loop is disordered in the region of the
Csel-CTD (130).

Once the displaced strand leaves the four-helix bundle, it must travel up the
complex where it is expected to form interactions with the belly or backbone subunits of
the complex. The HDX data revealed two distinct areas of increased protection that may
accommodate the displaced strand (Figure 4.3A). The upper route travels across the top
of the Cse2 subunits and includes a peptide that shows strong protection (residues 6-27).

The lower path of protection is formed by peptides covering residues 296-311 of the
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Cas7 subunits. This lower route is part of the basic cleft that is formed by the Cse2 and
Cas7 subunits and has previously been hypothesized to accommodate the displaced
strand (120,125,129). Interestingly, the Cse2 peptide corresponding to the “upper path”
(amino acid residues 6—27) showed comparable levels of exchange in the unbound and
ssDNA bound forms, while it was more protected from exchange in the dsSDNA bound
form (p<0.001), suggesting that this peptide may interact with the displaced strand
(Figure 4.3B). Conversely, the Cas7 peptide corresponding to the “lower path” (amino
acid residues 296-311) showed comparable levels of exchange in both the ssDNA and
dsDNA bound states (p>0.05), suggesting that the enhanced stability measured by HDX
upon dsDNA binding is not a result of stable interactions with the displaced strand
(Figure 4.3B). To test the role of these residues in stabilizing the displaced strand we
mutated arginine 12 on Cse2 to glutamic acid (Cse2 R12E) and three lysine residues on
Cas7 to glutamic acids (Cas7 K296E, K299E, and K301E). We then tested the impact of
these mutations using a plasmid-curing assay that measures the in vivo efficiency of
Cascade/Cas3 to detect and degrade a target plasmid (Figure 4.3C) (128,147). The Cse2
mutant (i.e. Cse2 R12E) displayed small, but reproducible defects, while the Cas7 mutant
did not result in a measurable defect. We compared the HDX-guided mutants to a mutant
we previously made based on electrostatic surface potential, where we mutated seven
positively charged residues on Cse2 that line the basic cleft (Cse2 R53D, K77D, K78D,
R89D, R135D, R143D and K158D, named Cse2 charge swap) (Figure 4.3C) (120,129).

The charge swap of seven Cse2 residues resulted in a small defect comparable to the
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mutation of the single arginine 12 on Cse2. Collectively this suggests that precise

coordination of the R-loop, may not be critical for immune system function.

Recruitment of the Nuclease-Helicase Cas3

DNA binding triggers a conformational change in Cascade that recruits Cas3 to
the Csel subunit (120,121,123,125,128,148). We hypothesized that dsDNA binding
exposes a Cas3 docking site on Cascade and that these residues would display greater
HD-exchange after Cascade binds dsDNA. To test this hypothesis, we compared HD-
exchange before and after dSDNA binding and identified a large beta-hairpin, termed
Loop 3 (L3, amino acids 285-296) on Csel that is more flexible after DNA binding
(Figure 4.4A). The increased exchange in L3 coincides with movement of a short loop
called L4 (amino acids 316-326). L4 is positioned next to L3 in the unbound and ssDNA
bound Cascade structures, but moves 11 A away from L4 upon dsDNA binding. To
assess the functional importance of L3 and L4 we compared the Csel protein structure
from E. coli to homologous protein structures from Thermobifida fusca, Thermus
thermophiles, and Acidimicrobium ferrooxidans (125,128,130,149—151). While there is
no detectable amino acid sequence conservation, L3 and L4 are conserved structural
features. Based on structural conservation and dynamic response to dsDNA binding, we
hypothesized that L3 and L4 may participate in Cas3 recruitment. To test this hypothesis,
we deleted L3 (L285-K296, AL3) and performed plasmid-curing assays. Deletion of L3
caused a plasmid-curing defect, indicating that L3 has an important functional role in
DNA binding, Cas3 recruitment, or both (Figure 4.4B). To clarify the function of L3, we

expressed and purified the Csel AL3 deletion mutant of Cascade. Size exclusion
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chromatography and SDS-PAGE gel electrophoresis confirmed that the complex
assembles and purifies like wild type Cascade. However, Electrophoretic Mobility Shift
Assays (EMSAs) revealed that the L3 deletion results in a DNA binding defect (Kp=
135.2 nM) compared to wild type Cascade (Kp= 1.5 nM) (Figure 4.4C), which indicates
that defects in DNA binding are responsible for the immune defect observed in the
plasmid-curing assays. To further investigate the function of L3, we focused on two
conserved lysine residues (Csel K289 and K290) at the apex of L3. Alanine substitution
of these two lysine residues (Csel K289A/K290A) resulted in a similar plasmid-curing
defect as deletion of the entire 11 residue loop (Figure 4.4B). Like the AL3 mutant, the
Csel K289A/K290A mutant expressed and purified similar to wild type. However, the
Csel K289A/K290A mutation does not impair DNA binding (Kp= 1.8 nM) (Figure
4.4C). This suggested that the lysine residues might be involved in Cas3 recruitment or
activation. To determine the role of the lysine residues, we performed an in vitro cleavage
assay in which Csel K289A/K290A Cascade was pre-bound to dsDNA followed by the
addition of Cas3. However, in contrast to our prediction, Cascade with the Csel
K289A/K290A mutation results in a very modest DNA degradation defect (Figure
4.4D). We speculate that the discrepancy between the in vivo plasmid-curing assay
(defect) and the in vitro DNA degradation assay (no defect) might be explained by high
Cas3 concentrations (300 nM) and low of sensitivity in our DNA degradation assay. The
mechanistic basis of this distinction requires further investigation, but the result illustrates

the importance of performing both in vivo and in vitro experimentation.
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Figure 4.4. Predicting the Cas3 interaction site using HDX. (A) Ribbon representation of
Csel colored according to the percentage difference in deuterium uptake of the dsDNA
bound complex minus the unbound form of the Cascade complex at the 180-minute time
point. Areas in red are more available for HDX after dsDNA binding. dsDNA is colored
green. (B) Residues in three of the peptides (L3, H1 and H2) that exchange more
deuterium after binding dsSDNA and one peptide that exchanges less deuterium (H3) after
binding dsDNA, were targeted for mutagenesis and tested using plasmid-curing assays.
Deletion of Loop 3 (Csel AL285-K296, denoted AL3) or mutation of the lysine residues
present at the tip of Loop 3 (Csel K289A/K290A, denoted KK) result in large immune
system defects. Mutation of alpha helices H1 (Csel N379A/E380K), H2 (Csel N332A,
Q333A, R335E) and H3 (Csel R194E/K197E) resulted in immune system defects for H1
and H3. Mutants showing defects were selected for further study. The error bars represent
the standard error of the mean of three replicates. (C) Measurement of the binding
affinity for 72 bp dsDNA containing a protospacer and interference PAM (3'-TAC-5' or
3'-TTC-5") using Electrophoretic Mobility Shift Assays (EMSAs). Only the deletion of
Loop 3 resulted in a major binding defect. Error bars represent the standard deviation of
three replicates. (D) Denaturing polyacrylamide gels showing time courses of
Cascade/Cas3 mediated DNA degradation. 72 bp dsDNA containing P7 protospacer and
3'-TTC-5' PAM was pre-bound to wild type Cascade or the Cascade mutants and
incubated for various lengths of time with Cas3. Wild type Cascade facilitates destruction
of the DNA by Cas3. The HI mutant severely reduces the ability of Cas3 to degrade the
DNA, indicating that this mutant blocks Cas3 recruitment or activation. The percentage
of DNA degraded after 60 minutes is indicated with the error representing the standard
deviation of three replicates.
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In addition to L3, we identified other surface exposed peptides on Csel with
changes in their HDX profile upon DNA binding. We made mutations in three distinct
locations that cluster on an exposed surface of Csel that is anticipated to be involved in
Cas3 recruitment (Figure 4.4A). Two alpha-helices (H1 and H2) that showed increased
exchange upon dsDNA binding and one alpha helix (H3) with a slight decrease in HD-
exchange were selected for mutational analysis. Polar residues with uncharged side
chains were mutated to alanine residues, and residues with charged side chains were
swapped for the opposite charge. The H1 mutation (Csel N379A/E380K) and the H3
mutation (Csel R194E/K197E) both result in pronounced defects in the plasmid-curing
assay, while the H2 mutation (Csel N332A, Q333A and R335E) results in a modest
immune system defect (Figure 4.4B). To clarify the functional importance of H1 and H3
we expressed and purified these two mutants. The expression levels and stoichiometry of
the purified mutants were comparable to wild type Cascade. In vitro binding assays
revealed that the HI mutant binds dsSDNA with wild type affinity (Kp=0.86 nM), while
the H3 mutant has a small defect (Kp=4.87 nM) (Figure 4.4C). To test the function of
these residues in Cascade-mediated recruitment of Cas3, we performed DNA cleavage
assays. The HI mutant binds DNA like wild type Cascade, but does not facilitate Cas3-
mediated DNA degradation, while the H3 mutant, which has a modest binding defect,
degrades DNA similar to wild type (Figure 4.4D). A high concentration of Cascade (300
nM) was used in the DNA cleavage assays to compensate for the small DNA binding

defect observed. These data indicate that residues in H1 are critical for Cas3 recruitment
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or activation, while the plasmid-curing defect of the H3 mutant is caused by the small

DNA binding defect.

Discussion

Structures of Cascade have captured the complex in several distinct
conformational states (120,121,123,125,128,129,152). Collectively, these structural
models reveal a series of conformational changes that coincide with DNA recognition
and Cas3 recruitment. Here, we add an additional dimension to this work by performing
HDX-MS on Cascade before and after target recognition. HDX-MS analysis reveals
specific regions of the complex that have more or less HD-exchange after binding DNA.
Mapping this data onto 3D-structures of Cascade highlights regions of functional
importance that have been previously identified, as well as functionally important regions
that do not stand out in static structures.

The lysine-rich vise of Cas7 and the PAM sensing domain of Csel are critical for
DNA binding (125,128). Slow deuteration of a peptide is indicative of low solvent
exposure or extensive hydrogen bonding and we measure significant decreases in
deuterium incorporation after dsDNA binding for peptides that cover the lysine-rich vise,
and two the PAM sensing elements (i.e., lysine finger and glutamine wedge). However,
the glycine-rich loop (amino acids 157—-161), which has previously been shown to
intercalate in the minor groove of the PAM duplex is not protected from HD-exchange in
the dsDNA bound complex. These results suggest that the glycine-rich loop may be more

dynamic after binding than indicated by the crystal structure.
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While the mechanism of PAM sensing and directional hybridization of the crRNA
guide to the DNA target is relatively well understood, the location of the displayed strand
has not been determined for the E. coli Cascade complex. Based on the structure of E.
coli Cascade bound to a partially duplexed DNA target, we expected the displaced strand
to traverse over the C-terminal four-helix bundle of Csel and continue along a basic cleft
formed by the Cse2 and Cas7 subunits (Figure 4.3) (129). Indeed, peptides covering the
C-terminal four-helix bundle of Csel (amino acids 381-398) incorporate significantly
less deuterium after dsDNA binding. However, this same peptide is also protected (i.e.
less deuterium incorporation) in the ssDNA bound complex, suggesting that the lack of
deuterium uptake is due to changes in hydrogen bonding networks, rather than direct
interactions with the displaced strand. This conclusion is consistent with the recent
structure of 7. fusca Cascade bound to a dSDNA target, which shows no density for the
displaced DNA strand in this region (130).

Following the displaced strand beyond the four-helix bundle we predicted that the
remaining portion of the R-loop would be coordinated by residues that form a positively
charged cleft between Cse2 and Cas7 (129). To test the role of this cleft in DNA binding,
we flipped the charge on seven positively charged residues on Cse2 (i.e. R53D, K77D,
K78D, R89D, R135D, R143D and K158D) and three positively charged residues on Cas?
(i.e. K296E, K299E and K301E). Remarkably, neither of these mutants resulted in a
pronounced immune defect (Figure 4.3C). Using the HD-exchange data, rather than
focusing strictly on electrostatic surface potential, we identified a peptide on Cse2 (amino

acids 6-27) that exchanges significantly (p<<0.001) less deuterium upon binding of
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dsDNA. Mutation of a single arginine (Cse2 R12) resulted in a small, but reproducible
immune defect, which is consistent with a minor role for this peptide in stabilizing the
displaced strand. In support of this conclusion, the recent 7. fusca Cascade structure
reveals an equivalently positioned arginine (R16) that is located ~4 A from the phosphate
backbone of the displaced strand (730). While we initially expected to identify an
extensive network of non-sequence specific, protein-mediated interactions involved in R-
loop stabilization, our results and recent structures of the Cascade complex from 7.
fusca reveal a poorly ordered displaced strand that makes few direct interactions with the
Cas proteins. Collectively this suggests that precise coordination of the R-loop at
positions distal to the PAM, may not be critical for immune system function.

In addition to DNA binding, Csel also plays a critical role in Cas3
recruitment (123,124,137). We hypothesized that regions of Csel that incorporate more
deuterium after DNA binding, may be involved in Cas3 recruitment. To test this
hypothesis, we designed HDX-guided mutations in L3, H1, and H2 regions of Csel
(Figure 4.4). Mutations in L3 and H1 result in significant immune defects, while the H2
mutation has no measurable phenotype. We expected that the increase in HD-exchange
would be indicative of regions involved in Cas3 recruitment; however, only the H1
mutant blocks Cas3-mediated DNA degradation, suggesting that this may be a docking
site for Cas3.

Conformational dynamics are critical to the function of any molecular machine.
Magnetic tweezers have been used to measure the dynamics of torque-dependent R-loop

formation and DNA dissociation for Cascade (146,153). These experiments reveal
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conformational changes in the DNA target and recent FRET studies have been used to
identify distinct conformational states of Cascade that are controlled by the sequence of
the DNA target (136,139,144). FRET has been used to show that binding to DNA targets
containing specific PAM or protospacer mutations correspond with a rotation of the N-
terminal domain in Csel. This conformation is referred to as the “open” state, which does
not effectively recruit nuclease-active Cas3, but recruits a nuclease-repressed form of
Cas3, in the presence of Casl and Cas2 (135). Collectively these studies suggest that the
conformational state of Cascade is determined by the sequence of the DNA ligand, and
that these conformations control the immune response by regulating the activity of
Cas3 (120,135,136).

While structure guided placement of FRET dyes provides a powerful means for
measuring distances between two selected landmarks, this approach cannot provide a
global understanding of the complex conformational dynamics of a large multi-subunit
machine like Cascade. Here we demonstrate how the high-spatial resolution of FRET is
complemented by the peptide-resolution of HDX-MS. In this paper, we validate the
method by comparing our results to previous insights (e.g. PAM binding residues) and
provide new information about the mechanism of DNA binding (e.g. coordination of the
displaced strand), and Cas3 recruitment (e.g. role of H1). Future experiments performed
using HDX-MS should focus on Cascade bound to DNA targets that have previously
been shown to elicit interference or priming responses. These experiments will be critical
to understanding how DNA-induced conformational states of Cascade control the

downstream immune response.



110

Materials and Methods

Hydrogen-Deuterium Exchange Coupled with
Mass Spectrometry (HDX-MS)

Three forms of the Cascade complex were tested using HDX-MS: unbound
Cascade, Cascade bound to a ssSDNA substrate, and Cascade bound to a dsSDNA bound
substrate. First Cascade was expressed and purified (see below) and pre-bound to ssDNA
or dsDNA substrate, by incubating unbound Cascade with an excess of the appropriate
oligonucleotide at 37 °C for 15 minutes. Excess oligonucleotides were removed from the
ssDNA and dsDNA bound Cascade preparations by gel filtration as described below.
Cascade (10mg/mL) was diluted 10-fold into reaction buffer (10mM sodium acetate,
50mM NaCl, pH 7.0) which was made in D>O. Samples were removed at different time
points and quenched to stop the exchange after 0, 0.16, 0.5, 2.5, 5.0, 10, 30 and 180
minutes. At each time point, 10 pL. was withdrawn and placed into quenching/digestion
solution at pH 2.5 containing 1% formic acid (FA, Sigma) and 0.2 mg/mL pepsin
(Sigma) at 0°C. After one and half minutes of digestion, the tube was frozen in liquid
N> and stored at —80°C until liquid chromatography-mass spectrometry (LC-MS)
analysis. For Intact protein HDX-MS the reaction started in the same manner as the
pepsin-based HDX-MS. Time points were collected at 0.5, 6, 11.5, 17, 22.5, 28, 33.5, 39,
44.5, 50, 55.5, 61, 66.5, 72, and 77.5 minutes. The intact protein HDX-MS time points
were quenched in the same manner; however, the intact protein quench solution did not
contain pepsin, and tubes were immediately frozen in liquid N» and stored at —80°C until

liquid chromatography-mass spectrometry (LC-MS) analysis
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LC-MS analysis of intact Cascade and Cascade peptides was completed on a 1290
UPLC series chromatography stack (Agilent Technologies) coupled directly to a 6538
UHD Accurate-Mass Q-TOF LC/MS mass spectrometer (Agilent Technologies). Before
electrospray-time of flight (ESI-TOF) analysis, peptides were separated on a Reverse
Phase (RP) column (Phenomenex Onyx Monolithic C18 column, 100 x 2 mm) at 1°C
using a flow rate of 600 pL/min in the following conditions: Imin, 5% B; 1.0-9.0min, 5—
45% B; 9.0-9.80 min, 95% B; 9.80-9.90 min, 5% B solvent A = 0.1% formic acid (FA,
Sigma) in water (ThermoFisher) and solvent B = 0.1% FA in acetonitrile (ACN,
ThermoFisher). Data was acquired at 2 Hz sec™! over the scan range 501700 m/z in
positive mode. Electrospray settings were: nebulizer set to 3.7 bar, drying gas 8.0 L/min,
drying temperature 350°C, and capillary voltage 3.5 kV.

Data processing was carried out in Agilent MassHunter Qualitative Analysis
version 6.0. Unique peptides were identified by using Peptide Analysis Worksheet
version 2000.6.8.0 (PAWSs, ProteoMetrics LLC.) with an accuracy of 10 ppm. Peptide
sequences were also confirmed by MS-MS data acquisition, with a scan range of 50—
1700 m/z (auto MS-MS)) with an isolation width of 4 m/z and an acquisition rate of 1
spectrum/s. Different collision energy voltage (20V, 25V, and 30V) and linear gradient
voltages were applied in auto MS-MS mode. MS-MS data were analyzed and mapped to
confirm the corresponding sequence by using Peptide Shaker version 0.41.1 paired with
Search GUI version 1.30.1 (Compomics) (107).

Deuterium incorporation in each peptide was calculated using the program

HDExaminer (version 1.3.0 beta 6, Sierra Analytics Inc.) which measures the shift of the
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centroid peak of the peptides collected throughout the time course in different samples.
The shift of the centroid was then compared to a non-deuterated control (no exchange)
and a fully deuterated sample (24-hour reaction) to determine the extent of exchange
using methods previously reported by Guttman et al. (140). Back-exchange during
chromatography was estimated from a fully deuterated protein. The 24-hour time point
was denoted as 100% (m100%) exchange. The non-deuterated control was denoted as 0%
(mo%) exchange. Percentage deuteration for each peptide at different time points was

calculated by following formula.

, m; — Moy
% Deuteration = ———
Mio0% — Mooy,

m;= deuterium uptake at different times

Statistical analysis on deuterium uptake was performed using MEMHDX (741).
P-values less than 0.05 were considered statistically significant. For the uptake curves
(Figures 4.2 and 4.3), peptides that were the most representative of the data were
displayed. Uptake information for all peptides can be found in online in Supplementary
Data Set 1.

Nested or sister peptides that shared the same N-terminal or C-terminal residue
and varied in length were manually resolved to determine the contributions of the
different amides to the overall uptake of the peptides. The overlapping regions of the
peptides were assumed to take up the same amount of deuterium and the non-overlapping
regions were assumed to be responsible for the rest of the uptake in the longer peptide.
For example, if the peptide covering residues 1-4 took up two deuterium and the peptide

covering residues 1-6 took up three deuterium, it would be assumed that residues 5 and 6
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together took up, on average, one deuterium. The uptake percentage of the resolved
peptides of the unbound complex were then subtracted from the dsSDNA bound complex
and mapped onto the structural model of dSDNA bound Cascade (SH9F) using Chimera
version 1.10.2 (UCSF Resource for Biocomputing, Visualization, and Informatics), to

create the difference maps shown in Figures 1-4 (154).

Cascade Expression and Purification

Cascade and Cascade mutants were expressed and purified using previously
described methods (728). Briefly, cas genes and CRISPR RNAs were coexpressed in E.
coli BI121 (DE3) cells with Cse2 fused to an N-terminal Strep tag. Cells were grown in
LB media at 37°C under antibiotic selection and induced at an ODsoonm 0f 0.5 using 0.2
mM isopropyl-D-1-thiogalactopyranoside (IPTG). Cells were cultured overnight at 20
°C, pelleted by centrifugation and suspended in lysis buffer (100 mM Tris—HCI pH 8.0,
150 mM NaCl, 1 mM Ethylenediaminetetraaceticacid (EDTA), 1 mM tris (2-
carboxyethyl) phosphine (TCEP) and 5% glycerol), and frozen at —80 °C. Cells were
lysed by sonication and lysates were clarified by centrifugation. Cascade self-assembles
in vivo and the complex was affinity purified on StrepTrap HP resin (GE) using N-
terminal Strep-II tags on Cse2. Elution of Cascade was performed using the lysis buffer
supplemented with 2.5 mM desthiobiotin. The Strep-II tag was removed with HRV-3C
protease. Cascade was concentrated prior to gel filtration chromatography using 10/300
Superose6, 16/60 Superose6 or 26/60 Superose6 columns (GE Healthcare) equilibrated
with 50 mM Tris—HCI pH 7.5, 100 mM NaCl, ]| mM EDTA, 1 mM TCEP and 5%

glycerol and stored at —80 °C until use. Stoichiometry of the different Cascade mutants
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was analyzed by SDS-PAGE gel and the presence of crRNA was checked by

phenol/chloroform extraction of the protein followed by denaturing polyacrylamide gel.

Cas3 Expression and Purification

Cas3 was expressed and purified using previously described methods (722,123).
Briefly, the Cas3 gene fused to an N-terminal Hise-MBP (maltose binding protein) tag
was expressed from pHMGWA plasmid in E. coli BL21 (DE3) cells. Cells were grown in
LB media at 20°C under antibiotic selection and expression was induced at an ODsoo
am 0f 0.3 using 0.2 mM IPTG. Cells were pelleted by centrifugation and suspended in
lysis buffer (20 mM TRIS-HCI pH 8.0, 200 mM NaCl, 1 mM TCEP and 10 % glycerol).
Cells were lysed by sonication and lysates were clarified by centrifugation. Cas3 was
affinity purified using Ni-NTA superflow resin (Qiagen), washed with lysis buffer
supplemented with 5 mM Imidazole followed by a 1 M Nacl wash. Cas3 was eluted with
lysis buffer supplemented with 250 mM Imidazole. Cas3 was concentrated prior to gel
filtration chromatography using 16/60 Superoses6 column equilibrated with 20 mM
TRIS-HCI pH 8.0, 200 mM NaCl, 1 mM TCEP and 5 % glycerol and stored at —80°C

until use. Protein purity was checked by SDS-PAGE gel.

Oligoduplex Preparation and DNA Labeling

Oligonucleotides were 5-end labeled with [y-*>P] ATP (PerkinElmer) using T4
polynucleotide kinase (NEB). Labeled oligonucleotides were purified by
phenol/chloroform extraction followed by MicroSpin G-25 columns (GE Healthcare).
Oligonucleotides were gel purified on a denaturing polyacrylamide gel and recovered.

dsDNA was prepared by mixing labeled oligonucleotides with a 5-fold molar excess of
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the complementary oligonucleotide in hybridization buffer (20 mM HEPES pH 7.5, 100
mM KCl and 5 % glycerol). The mixture was heated to 95°C for 5 minutes and allowed
to cool to room temperature. Duplexed oligonucleotides were purified on a native
polyacrylamide gel and recovered in hybridization buffer. Duplexed oligonucleotides

were used for EMSA and Cascade/Cas3 mediated DNA degradation assays.

Electrophoretic Mobility Shift Assay (EMSA)

Electrophoretic mobility shift assays were carried out as described
previously (128). The reported Kps are the average from three independent experiments
and error bars represent the standard deviation. Oligonucleotides used for EMSAs are
listed in Supplemental table 1 which can be found online. The non-target DNA strand

was labeled.

Plasmid-Curing Assays

Plasmid-curing assays were carried out as described previously (728). Briefly,
competent E. coli cells containing plasmids encoding Cascade, Cas3, and a crRNA
targeting the pUC-P7-TAC plasmid were transformed with an equal molar mixture of
pUC19 (non-target) and pUC-p7-TAC (target) plasmids. Expression of Cascade, Cas3,
and the crRNA was induced using 0.2 mM isopropyl-D-1-thiogalactopyranoside (IPTG)
and cells were plated on LB-agar plates. Forty individual colonies were screened using
PCR designed to discriminate target from non-target plasmids based on size. Three
replicates were carried out for each experiment and the average value of the ratio of
target to non-target plasmid was calculated and plotted in the graphs (Figures 4.3 and

4.4). An active immune system will destroy the target plasmid and result in a value close
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to 0, while an inactive immune system will preserve the original 1:1 ratio of target to
non-target plasmid and result in a value close to 1. The error bars represent standard error

of the mean calculated from three independent experiments.

Cascade/Cas3 Mediated DNA Degradation

Duplexed oligonucleotides were [y-*2P] ATP labeled on the 5'end of the non-
target DNA strand and incubated with 300 nM Cascade or Cascade mutants for 15
minutes at 37°C in reaction buffer (20 mM HEPES pH 7.5, 100 mM KCl, 10 mM MgCla,
10 mM CaCly, 100 uM NiSO4, 100 uM CoCl, and 2 mM TCEP) supplemented with 2
mM ATP (Lanes marked No ATP did not receive ATP, lanes marked EDTA contained
17 mM EDTA, Figure 4.4D). Reactions were incubated on ice for 5 minutes prior to
addition of Cas3 to a final concentration of 300 nM. After the addition of Cas3 reactions
were incubated for 60 minutes at 37 °C except for the samples that were part of the time
course (triangle in Figure 4.4D, incubated for 0, 15 and 60 minutes). Once the reactions
were complete the samples were quenched by the addition of EDTA and Sodium
Dodecyl Sulphate (SDS) to a final concentration of 8§ mM EDTA and 1 % SDS. Samples
were mixed with 2x Formamide loading buffer, heated to 95°C C for 5 minutes and run
on a pre-run 7 M Urea, 15 % polyacrylamide (29:1) gel in Tris-Taurine-EDTA (TTE)
buffer. Gels were dried, exposed to phosphor storage screens and scanned with a
Typhoon phosphorimaginer. Degraded and undegraded DNA fractions were quantified
using GelQuant.NET software and used to calculate the fraction of degraded DNA
compared to the total DNA. Reported degradation percentages are the average of three

independent experiments with the error representing the standard deviation.
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Abstract

CRISPR RNA-guided detection and degradation of foreign DNA is a dynamic
process. This process is interrupted during viral infection through the binding of small
viral proteins called anti-CRISPRs. While the structure of many anti-CRISPRs bound to
their target CRISPR system have been solved, questions remain centering around the
mechanism of how these small viral proteins disrupt the interference step of their
associated CRISPR systems. Here we use hydrogen deuterium exchange-mass
spectrometry (HDX-MS) and differential scanning fluorimetry (DSF) to measure changes
to the conformational landscape of the type IF CRISPR RNA guided surveillance
complex (Csy) upon binding of two different anti-CRISPR proteins (AcrIF9 and AcrIF2).
While both anti-CRISPRs block sequence specific detection of DNA, binding may have
further implications in Csy function. To determine how these anti-CRISPR proteins effect
the Csy, a thermodynamic analysis of the complex either bound or unbound were probed.
HDX-MS was used to track changes in protein dynamics as a proxy for understanding
conformational entropy, while DSF was used to determine changes in enthalpy. The
strength of the interaction between either AcrIF2 or AcrIF9 and the Csy complex is the
driving force behind the ability of the Acr to inhibit the binding of dSDNA to Csy. The
results from our experiments demonstrate that AcrIF2 binding relies on enthalpic
stabilization, whereas AcrIF9 uses entropic stabilization to bind to Csy. This shows that
CRISPR systems are an opportune model to dissect the nature of protein-protein

interaction and the thermodynamic basis of molecular recognition by monitoring the
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ability of viruses to take advantage of evolutionary space to arrive at different solutions to

the same problem.

Introduction

CRISPR (clustered regularly interspaced short palindromic repeats) and
associated cas genes are essential components of adaptive immune systems that protect
bacteria and archaea from foreign genetic elements (755). In Class 1 CRISPR systems,
the crRNA array is transcribed and processed by the CRISPR associated (Cas) protein,
Cas6, into CRISPR RNA (crRNA) (118,156). Once processed, multiple Cas proteins
assemble around the crRNA forming the surveillance complex. This complex surveys the
cell, looking for foreign DNA that matches the crRNA guide (1/8). In the Type IF
system found in Pseudomonas aeruginosa, the CRISPR surveillance complex is called
Csy. It consists of crRNA surrounded by a Cas6f protein at the head of the complex, six
Cas7 subunits which form the backbone in the middle of the complex, and a Cas5 and
Cas8f subunit at the tail of the complex (Figure 5.1) (157). Upon recognition of target
dsDNA by the surveillance complex, Cas3, a helicase/endonuclease is recruited to

degrade the foreign DNA, protecting the cell from infection (122,124,158).



127

AcrlF9.1

AcrlF2

Figure 5.1. Cartoon depictions of the Csy complex either bound to AcrIF9 (A) or AcrlF2
(B). Two AcrlIF9 proteins bind to the Csy complex along the Cas7 backbone while one
AcrlIF2 protein binds at the tail of the complex interacting with Cas7.6 and Cas8.

To escape the protection afforded by CRISPR immune systems, viruses have
evolved small (<150 amino acid residues) proteins which interact with the Cas proteins to
prevent DNA degradation (759). These proteins, called anti-CRISPRs (Acr), work
through a variety of mechanisms including sterically blocking DNA from binding to the
complex, acting as a DNA mimic, inhibiting the helicase/endonuclease Cas3, or
covalently modifying key Cas proteins (/60—163). While similar in size, they show no
homology to each other or other known proteins (764). The anti-CRISPR protein AcrIF9
binds Cas7 subunits in the middle and at the tail of the Csy complex (Figure 5.1)
(165,166). AcrlF9 interacts with dsSDNA recognition residues, thus preventing specific
binding of dsDNA to the complex (766). Another anti-CRISPR of the Type IF system,

AcrlF2, acts as a DNA mimic. AcrlF2 has a structure and electrostatic surface potential
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reminiscent of B-form DNA. Acidic residues on the anti-CRISPR interact with lysine
rich regions on Cas7.6 and Cas8f of the Csy complex(762) (Figure 5.1). This area is
critical for initial DNA binding. Similar to AcrIF9, the structure and binding sites of
AcrlIF2 are known. However, the effects of these anti-CRISPRs on Csy complex
dynamics and stability are unknown.

Recent structural studies have answered questions about where AcrlF2 and
AcrlIF9 bind to Csy (162,166), while raising others. Both of the Acr bound complexes are
similar in structure, however, there appears to be slight conformational changes which
occur distal to the Acr binding site. Though these conformational changes are slight, the
presence of long-distant changes indicates that allostery may be involved in Acr function.
This idea is supported by our previous work on the Type IE CRISPR interference
complex, Cascade, which demonstrated a role for allostery in nuclease recruitment (709).
Does the allosteric network which may be present in Csy, play a role in Acr binding?
Many proteins exist as an ensemble of conformations in the native state. The ensemble
can be described by an energy landscape on which highly populated conformations reside
in deep wells while conformations which contribute less to the ensemble are in shallow
wells (4). The binding of ligands to a protein or protein complex alters the
conformational landscape favoring the ligand bound conformation (70). By comparing
the structure and dynamics of ligand bound and unbound forms, functional properties of
the conformational ensemble, as well as the basis for allostery can be elucidated.

Hydrogen deuterium exchange coupled to mass spectrometry (HDX-MS) is a

powerful tool for studying protein stability and dynamics (27,167). HDX-MS takes
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advantage of the chemical tendency for amide hydrogens on the protein backbone to
exchange with solvent (168). When a protein is incubated in deuterated buffer, this
exchange event can be monitored using mass spectrometry to track the increase in mass
due to the exchange of a deuteron for a proton. Exchange can only occur if the amide
hydrogen is solvent exposed and is not participating in a hydrogen bond (20). Initially
protected amide hydrogens can exchange through local or global conformational change
in which hydrogen bonds temporarily break (2/). By comparing the uptake of deuterium
between conditions, changes in solvent accessibility, secondary structure stability, and
protein dynamics can be inferred. These changes can lead to insights into anti-CRISPR
mechanisms and the potential role of allostery in blocking dsDNA binding.

Differential scanning fluorimetry (DSF) analyzes protein thermal stability. In
DSF, proteins are unfolded by slowly raising the temperature (for example 1°C/minute
from 25 to 90°C) exposing hydrophobic regions. Using a dye that increases fluorescence
in nonpolar environments, thermal stability can be monitored by tracking fluorescence
intensity (110,111). Intensity vs temperature plots are used to assign a melting
temperature which can be used to compare thermal stability.

By measuring changes in local and global protein backbone hydrogen exchange
along with thermal stability, we determined that AcrIF9 and AcrIF2 alter Csy in very
different ways. Our in-solution analysis using hydrogen-deuterium exchange mass
spectrometry (HDX-MS) and differential scanning fluorimetry (DSF) reveal
thermodynamically distinct outcomes of Acr binding. While the global conformation of

the Acr bound complex does not change dramatically from that of unbound Csy, the
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stability and dynamics are significantly altered. Here in, we present a model for Csy
inhibition by AcrlF9 and AcrIF2 in which allosteric effects are driven by entropic or
enthalpic modulation, respectively. Our model is consistent with recent ensemble theories
of allostery and highlights that these two Acrs function through fundamentally different

mechanisms.

Methods

Purification of Csy Complex

The Csy complex was purified as described previously (169). Csy genes and a
synthetic CRISPR were co-expressed on separate vectors (Addgene IDs: 89232 and
89244) in Escherichia coli BL21 (DE3) cells (NEB). Expression was induced with
0.5 mM isopropyl-D-1-thiogalactopyranoside (IPTG) at an optical density (ODsoo nm) of
0.5. Cells were incubated overnight at 16 °C, then pelleted by centrifugation (3000 x g
for 10 min at 4 °C) and re-suspended in lysis buffer containing 50 mM Tris at pH 7.5 and
500 mM sodium chloride. Pellets were sonicated on ice and the lysate was clarified by
centrifugation at 10,000 x g for 25 min at 4 °C. The Csy complex self-assembles in vivo
and the His-tagged complex (N-terminal 6-histidine affinity tags on Cas7f) was affinity
purified using Ni-NTA resin (QIAGEN). The resin was washed with five column
volumes of lysis buffer before elution with 50 mM Tris (pH = 7.5), 300 mM NaCl,

250 mM imidazole, 5% glycerol. Protein was then concentrated (Corning Spin-X
concentrators) at 4 °C prior to size-exclusion chromatography (Superdex 200, GE

Healthcare) in 20 mM HEPES, pH 7.5, 100 mM NaCl, 5% glycerol, and 1 mM TCEP.
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ssDNA Bound Csy Preparation

Oligos for the target strand (GCT GTA CGT CAC TAT CGA AGC AAT ACA
GGT AGA CGC GGA CAT CAA GCC CGC CGT GAA GGT GCA GCTTCT CTA

CAG AGT GC) were annealed to the Csy complex.

Purification of AcrIF9 Bound Csy

AcrIF9 bound Csy was purified as described previously (7169). Briefly, Csy genes
(Addgene ID: 89232), a synthetic CRISPR (Addgene ID: 89244), and AcrIF9
(GenBank: EEG86164.1 cloned into pCDF-1b) were co-expressed on separate vectors, as
described above. The Csy—AcrIF9 complex was purified using methods similar to those
described for the Csy complex, except size exclusion was performed using a Superdex
200 26/600 column (GE Healthcare), equilibrated in 20 mM HEPES, pH 7.5, 100 mM

NaCl, 5% glycerol, and 1 mM TCEP.

Purification of AcrlF2 Bound Csy

AcrIF2 bound Csy was purified as described previously (770). Briefly, Gene 30
from phage D3112 (AcrlF2) was cloned in a pI5TV-L vector with N-terminal His6tags
and overexpressed in E. coli BL21 DE3 cells as previously described (Bondy-Denomy et
al., 2015). Briefly, E. coli BL21 DE3 cells were grown to an OD600 nm of 0.4 and then
induced with IPTG at 16°C for 16h. Cells were collected by centrifugation and suspended
in a lysis buffer containing 50 mM Tris, pH 7.5, 500 mM NaCl). The cells were lysed by
sonication and the lysate was centrifuged at 10,000 x g for 25 min to remove cell debris.
The supernatant was injected into a Ni-NTA column, washed with lysis buffer

supplemented with 20 mM imidazole and eluted from the column using a using a linear
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gradient to 300 mM imidazole in the wash buffer. Fractions were collected, and
concentrated (Corning Spin-X concentrators) at 4°C before cleavage of the purification
tag with TEV protease during dialysis against SEC buffer (20 mM Tris, pH 7.5, 100 mM
NaCl, 1 mM TCEP, 5% glycerol). The cleaved AcrIF2 was separated from the His-tag
and uncleaved product by passing through the Ni-NTA column again. A 4-fold molar
excess of the cleaved AcrIF2 was mixed with purified Csy complex and incubated at 37
°C for 15 min and free Acr protein was separated from the Csy-AcflF2 complex using a

Superdex 200 size-exclusion column (GE Healthcare) in SEC buffer.

Intact HDX-MS

Concentrated protein stocks, Csy (9.7 uM), Csy with ssDNA (15.7uM), Csy with
AcrlF9 (13.7 uM), and Csy with AcrlF2 (35.7 uM) were diluted 1:10 into deuterated 50
mM HEPES 150 mM KCI, pH 7.5 or into non-deuterated buffer for the 0 minute controls.
The reaction was placed in an Agilent 1290 UPLC series autosampler and at 1, 8, 60,
180, and 1440 minutes 10 uL were withdrawn. LCMS analysis for intact protein analysis
were conducted using a Phenomenex Onyx Monolithic C18 reverse phase column (100 x
2 mm) at 1°C using a flow rate of 300 pL/min under the following conditions: 1.0 min,
10% B; 1.0-4.0 min, 10-70% B; 4.0—4.5 min, 70-90% B; 4.5-6.0 min, 10% B; solvent A
=0.1% FA (Sigma) in water (Thermo-Fisher) and solvent B = 0.1% FA in ACN
(Thermo-Fisher), or a Phenomenex Luna C5 column (30 x 2mm), 1°C at 200 pL/min
with the following ramp: 0 min, 10% B; 1.0—6.0 min, 10—90% B; 6.0-7.0 min, 10% B.
Data for both experiments were acquired in positive mode. Electrospray settings were as

follows: nebulizer set to 5.0 bar, drying gas at 7.0 L/min, drying temperature at 200 °C,
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and capillary voltage at 4.5 kV. The capillary exit was set at 150V, skimmer 1 at 60V,
hexapole 1 at 26V, hexapole RF at 350 Vpp, and skimmer 2 at 22V. Data analysis was
carried out using Bruker DataAnalysis with the MaximumEntropy plug-in. Each reaction
was performed in triplicate. Statistically significant differences were determined using a
two tailed students t-test with a p<0.05 being considered significant. All experiments
were repeated a minimum of 3 times. Apo Csy was used as a baseline to normalize

exchange patterns between conditions

Peptide Level HDX-MS

As described for intact HDX-MS, protein was diluted 1:10 into deuterated buffer.
Ten pL. were removed from the reaction mixture at 0.25, 3, 30, 180, and 1800 minutes
and quenched by diluting 1:6 into 0.75% formic acid (FA, Sigma) and 0.25 mg/mL
porcine pepsin (Sigma) at pH 2.5 on ice. The sample was then digested for two minutes
on ice with vortexing every 30 seconds. After digestion, the samples were flash frozen
and stored in liquid nitrogen until LC-MS analysis. Each reaction was performed in
triplicate.

LC-MS analysis was carried out as described in Patterson et al.(171). Briefly, the
analysis was completed on a 1290 UPLC series chromatography stack (Agilent
Technologies) coupled directly to a 6538 UHD Accurate-Mass QTOF LC/MS mass
spectrometer (Agilent Technologies). Before electrospray—time-of-flight (ESI-TOF)
analysis, peptides were separated on a reverse phase (RP) column (Phenomenex Onyx
Monolithic C18 column, 100 x 2 mm) at 1 °C using a flow rate of 500 uL/min under the

following conditions: 1.0 min, 5% B; 1.0-9.0 min, 5—45% B; 9.0—11.8 min, 45-95% B;
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11.80—12.0 min, 5% B; solvent A =0.1% FA (Sigma) in water (Thermo-Fisher) and
solvent B =0.1% FA in acetonitrile (ACN, Thermo-Fisher). Data were acquired at 2 Hz
s—1 over the scan range 50—1700 m/z in positive mode. Electrospray settings were as
follows: nebulizer set to 3.7 bar, drying gas at 8.0 L/min, drying temperature at 350 °C,
and capillary voltage at 3.5 kV. Data analysis was carried out at previously described
(106,109) using MassHunter Qualitative Analysis (Agilent Technologies), Peptide
Analysis Worksheet (PAWSs, ProteoMetrics LLC), SearchGUI v3.3.16 (108),
PeptideShaker v 1.16.42 (107), HDExaminer v 2.5.1 (Sierra Analytics), and visualized

using UCSF Chimera (154).

Differential Scanning Fluorimetry

Differential scanning fluorimetry was performed with a final reaction volume of
30 pL. Four experimental conditions were tested: one with Csy only protein (final
concentration of 0.323 uM), one with Csy and AcrlIF9 protein (final concentration of
0.457 uM), one with Csy and AcrlIF2 (final concentration 0.475 uM), and another with
Csy and ssDNA (final concentration of 0.523 pM). Each reaction was buffered in 100
mM Citrate Phosphate Buffer (pH 7.5) and 2.5 puL of 50x stock SPYRO orange dye
(Invitrogen). Protein only and dye only controls were also tested. The samples were then
loaded into the Rotor-Gene Q instrument (Qiagen) reading SYPRO orange absorbance at
570 nm as temperature was ramped up to 95°C from 25°C at 1°C per minute. Data was
then plotted onto a graph of temperature vs relative fluorescence to observe the melting

curve.
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Results

Structural models of Acr bound Csy complexes reveal small differences in
conformation compared to the unbound complex (162,166). Based on previous work by
our group and others, conformational change is critical to CRISPR function (109). These
two pieces of information led us to hypothesize that anti-CRISPRs alter the stability and
dynamics of Csy in a process of allosteric inhibition. To test this, HDX-MS was used to
measure the strength and stability of the hydrogen bonding network of Csy, while DSF

quantified thermal stability with and without AcrIF9 or AcrIF2 bound.

Intact Protein HDX-MS Shows Global
Differences in Protein Dynamics Upon Acr

Binding

To probe for changes in exchange of the Csy complex on a global scale, intact
protein HDX-MS was performed on AcrIF9 and AcrlF2 bound Csy and compared to the
unbound form. Each complex was incubated in deuterated buffer over a time course
ranging from one to 1,440 minutes. The reaction was quenched by injection into the
acidic solvent stream of the LC-MS system. Deuterium uptake for each subunit of the
Csy complex was calculated from the deconvoluted protein mass at each timepoint. The
difference in uptake between conditions was calculated and mapped onto the structure
(Figure 5.2). This facilitated a comparison between deuterium uptake in the Acr bound
and unbound Csy complex.

The intact protein HDX-MS showed differences in exchange between the AcrIF9
and the AcrIF2 bound forms of Csy. In the AcrIF9 bound form, we observed no

significant difference in deuterium exchange at the head (Cas6f, except for the 8-minute
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time point) or tail (Cas5 and Cas8f except for the 8-minute time point) of the Csy
complex compared to the unbound form. However, there was a significant increase in
exchange in Cas7 along the backbone of the complex (p<0.05 from 1-60-minutes, Figure
5.2E). Cas7 continues to exchange throughout the HDX time course. In the AcrIF2 bound
form of Csy, we observed no significant difference in deuterium uptake at the head of the
complex (Cas6f). There was a significant decrease in deuterium exchange in the tail of
the complex (Cas5 early time points and Cas8f at all time points Figure 5.2C and 5.2E)
and the backbone (Cas7, all time points are statistically significant, Figure 5.2F). The
decrease in deuterium exchange is present throughout the time course in Cas7 and is most

pronounced at early time points in Cas8.
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Figure 5.2. Protein level HDX shows differences in dynamics of the Csy complex when
different anti-CRISPRs are bound. Intact HDX data from the 180-minute time point
mapped to the AcrIF9 (A) bound structure and the AcrlF2 (B) bound structure. Areas in
red show more deuterium exchange when the Acr is bound, while areas in blue show less
deuterium exchange when the Acr is bound. Regions in white show no difference in
exchange. Acrs are shown in orange (AcrlF9) and yellow (AcrlF2) and crRNA is shown
in purple. C. The difference in deuterium uptake in either the AcrIF9 (red), AcrIF2 (dark
blue), or ssDNA bound condition (light blue) compared to unbound Csy for the Cas5
subunit. Positive values indicate an increase in deuterium exchange when either the Acr
or ssDNA is bound, negative values indicate a decrease in exchange. Error bars represent
the standard deviation of three replicates. * indicates a significant p-value <0.05. D
Differences in deuterium exchange for the Cas6 subunit. Colors are the same as panel C.
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E. Differences in deuterium exchange for the Cas7 subunit. AcrIF9 bound Csy shows a
more dynamic Cas7 backbone while the AcrIF2 bound Csy shows a Cas7 backbone with
a more stable secondary structure. F. Differences in deuterium exchange for the Cas8
subunit.

Peptide Level HDX-MS Shows Differences in
Protein Dynamics Upon Acr Binding

To gain a higher resolution view of the changes in deuterium exchange, peptide
level HDX-MS was performed on the Csy complex alone and when bound to AcrIF9 or
AcrlF2. Concentrated complex was diluted into deuterated buffer and allowed to
exchange for 0.5 to 1,440 minutes. The reaction was quenched with formic acid followed
by pepsin digestion and LC-MS analysis. The Csy ribonucleoprotein complex is pushing
the limits of HDX-MS, with four different proteins totaling >1,300 amino acid residues.
Unequivocal assignment of peptides is challenging in such cases. Only peptides that
could be uniquely assigned based on accurate mass and MS/MS were reported. We
tracked exchange in >100 peptides across five time points, n=3. The peptides provided
coverage from the head to the tail of the complex, with Cas7 having >60% sequence
coverage. Deuterium uptake per peptide was calculated and used to generate heat maps
showing exchange across the protein sequence.

The peptide-level differences in deuterium uptake between Csy alone and when
bound by AcrIF9 or AcrIF2 were mapped on to the structure (Figure 5.3). The AcrlF9
bound form of Csy showed regions of increased deuterium uptake (near the crRNA) and
decreased deuterium uptake (regions distal from the crRNA) (Figure 5.3). The increase
in exchange near the crRNA 1is intriguing as it is present from the head to the tail of the

complex with the highest increases occurring in the Cas7 backbone. While some of the
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increases in exchange are modest, many of these regions show an increase in deuterium
uptake of over 10% at multiple time points. In the peptides analyzed in this experiment,
only three peptides within Cas7 showed bimodal behavior (99-113, 235-248, and 285-
312). All other peptides showed unimodal isotopic distributions and differences in these
peptides were mapped to the structure. This shows that in peptides near the crRNA the
observed increase in exchange is present throughout the Csy backbone and is not

localized just to the subunits that interact with the Acr.

More deuterium uptake
No difference

Less deuterium uptake

Figure 5.3. Peptide level HDX shows differences in dynamics of the Csy complex when
different anti-CRISPRs are bound. Peptide level HDX data from the 180-minute time
point mapped to the AcrIF9 (A) bound structure or the AcrlF2 (B) bound structure. Areas
in red show more deuterium exchange when the Acr is bound, while areas in blue show
less deuterium exchange when the Acr is bound. Regions in white either have no
coverage or show no difference in exchange. Acrs are shown in orange (AcrlF9) or
yellow (AcrIF2) and crRNA is shown in purple. AcrIF9 causes a complex change in
dynamics of the Csy complex when bound while AcrIF2 shows a net stabilization of the
secondary structure of the Csy complex when bound.

In accord with the intact HDX-MS data, the AcrIF2 bound Csy complex

displayed a dramatically different peptide exchange profile (Figure 5.3). While there
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were peptides with increased exchange upon AcrlF2 binding, the prevailing outcome was
a significant decrease in exchange across the complex at all time points. The decrease in

exchange was greater than 10% for most peptides and in many cases occurs distal from

the AcrIF2 binding site.

ssDNA Binding Shows a Decrease in HDX
Throughout the Csy Complex

Although AcrIF2 is a DNA mimic, the structure of Csy with AcrIF2 bound is
different from dsDNA bound Csy. This prompted us to test if there were differences in
stability or dynamics as well. For this experiment, a single stranded DNA (ssDNA)
bound version of Csy was used. Our reasoning was that target sSDNA bound complex
would undergo any associated allosteric changes, without exchange being confounded by
non-target strand (displaced strand) DNA binding on the surface of Csy (157).

Intact protein and peptide level HDX-MS was performed on the Csy complex
bound to ssDNA. In the intact HDX-MS, we saw a significant decrease in exchange for
Cas8f at the tail of the complex (p<0.03 at 8 minutes, Figure 5.4B and Figure 5.2F).
The difference in exchange between the ssDNA bound Csy complex and the unbound
Csy complex is statistically significant beginning with the 8-minute time point. In this
instance, the Cas8f subunit takes up less deuterium upon binding of ssDNA. In the Cas7
backbone of the complex we also observed a modest decrease in exchange (Figure 5.2E
and Figure 5.4B). With the peptide level HDX we observed a few areas of increased
deuterium exchange upon ssDNA binding, but a majority of the peptides analyzed
showed a decrease in exchange when compared to unbound Csy (Figure 5.4A). The net

protection from exchange in the Cas7 and Cas8f subunits is redolent of the protection
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from exchange observed in the AcrlF2 bound form of Csy, however, AcrlF2 protection is

more significant.

More deuterium uptake

No difference

Less deuterium uptake

Figure 5.4. Peptide level and protein level HDX shows decreased HDX upon the binding
of ssDNA. Peptide HDX data from the 180-minute time point mapped to the ssDNA
bound structure (A). Protein level HDX from the 180-minute time point mapped to the
ssDNA bound structure (B). Areas in red show more deuterium exchange when ssDNA is
bound, while areas in blue show less deuterium exchange when ssDNA is bound.
Regions in white show no difference in exchange. crRNA is shown in purple, and DNA
is shown in cyan (dsDNA bound structure is used as the template for the data, PDBID:
6B44). The majority of analyzed peptides showed a decrease in exchange, especially near
the crRNA backbone. Cas8f showed an overall decrease in exchange, and the Cas7
backbone showed a small decrease in exchange. This leads to the conclusion that the
binding of ssDNA leads to a net stabilization of the hydrogen bonding networks, similar
to what occurs when AcrlF2 is bound.

Differences in Csy Thermal Stability Upon Acr
Binding

The HDX data shows changes in deuterium exchange in the AcrIF9 and AcrlF2

bound forms of Csy. This suggests that there are differences in the conformational

stability and/or dynamics. The most straight-forward explanation for this is that the two
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anti-CRISPRs have different modes of binding. This led us to use an orthogonal test of
complex stability. The thermal stability of AcrIF9 bound, AcrIF2 bound, ssDNA bound,
and Csy unbound complex was measured using Differential Scanning Fluorimetry (DSF)
(Figure 5.5). The resulting fluorescence and temperature data were used to construct a

melting curve to compare thermal protein stability between conditions.
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Figure 5.5. Differential Scanning Fluorometry data for the unbound (black), ssDNA (light
blue), AcrlF9 (red), and AcrIF2 bound (dark blue) Csy complex. Arrows show the
maximum of each peak. The maximum was defined as the melting temperature for each
complex. The ssDNA and AcrIF2 bound conditions show increases in melting
temperature compared to the unbound Csy complex, whereas the AcrIF9 bound condition
shows a slight decrease in melting temperature when compared to the unbound Csy
condition. The melting temperature differences between AcrlF2 and AcrlF9 indicate the
Csy complex stability increases and decreases, respectively, upon Acr binding.

The maximum of each curve was used to determine the melting temperature (Tm)
(Figure 5.5, arrows). With unbound Csy as a control, the ssDNA bound condition has a

notably higher Tm (4°C higher), showing that ssDNA binding thermally stabilizes the
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Csy complex (Figure 5.5, arrows). AcrlF9 bound Csy, on the other hand, has a similar
Tm as unbound Csy indicating that the global thermal stability of the complex is
unaltered upon AcrIF9 binding. However, the AcrlF2 bound form shows an increase in
Tm compared to unbound Csy (3°C difference), signaling that the Csy complex becomes
thermally stabilized upon AcrIF2 binding. The DSF results for AcrIF2 mirror the
observations from the HDX-MS experiments.

The presence of shoulders on a melting curve rules out a simple two state system
and 1s indicative of local unfolding events (772). In the AcrIF9 bound complex, the
shoulder at 50°C is less pronounced than in the unbound and the ssDNA bound
conditions. This region is further stabilized in the AcrlF2 bound condition as the shoulder
is not present. Based on the intact HDX data, this shoulder could represent Cas5 or Cas7.
Both subunits show similar HDX between the ssDNA and unbound Csy conditions, an
increase in exchange in the AcrIF9 bound form as well as a decrease in exchange in the
AcrIF2 bound form (Figure 5.2). The lack of a shoulder and the symmetric shape of the
curve suggest that the AcrIF2 bound Csy complex unfolds cooperatively.

There is a shoulder in the ssDNA bound Csy complex at ~ 80°C, which is well
above the Tm. The ssDNA bound form of Csy is the only one that has a distinct shoulder
above the Tm, which implies that a component remains folded even after most of the
complex melts. The melting temperature of the ssDNA-crRNA interaction is around
65°C. This suggests that there are strong interactions between the ssDNA and Csy.

When taken together, the DSF and HDX results offer considerable insight to

Csy:ligand interactions. The DSF data reports on the relative strength of the non-



144
covalent interactions in the complex. HDX provides information on the strength of the
hydrogen bonding network present in the secondary, tertiary, and quaternary elements of
Csy. This data has allowed to assess the thermodynamic driving forces and underlying

mechanism of Acr function.

Discussion

Protein-protein interactions are ultimately driven by free energy. This is
formalized in the equation for Gibbs free energy (G) as, DG = DH-TDS where H is
enthalpy, T temperature, and S is entropy. A reaction is favorable when the change in free
energy (DG) is negative. With respect to protein:protein interactions, enthalpy will be
favorable (negative) when non-covalent interactions (hydrogen bonding, van der Waals
interactions, and ionic bonding) are formed between the two proteins (773). As the
strength of these interactions increases, the conformational space and dynamics of the
protein complex decreases, lowering the entropy, or degrees of freedom within the
system. Based on the equation for free energy, negative entropy makes a reaction less
favorable. Thus, protein:protein interactions are a balance of enthalpic and entropic
contributions. At a fundamental level, HDX provides a read out of the stability of
hydrogen bonding networks, allowing it to be used as a proxy for stability and dynamics
when investigating a protein under different conditions. When used judiciously, in can
provide qualitative insight into the entropic and enthalpic contribution to binding. In a
similar manner, melting temperatures determined by DSF can be used to assess the

relative enthalpic contribution to protein binding.
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AcrlF9 Binding is Entropically Stabilized

In an HDX time-course, exchange at early time points (seconds) report mostly on
solvent accessibility and high frequency low amplitude motion (20). Exchange at time
points on the minutes to hours scale, implies lower frequency lapses in the H-bond
network consistent with slow conformational change and/or protein dynamics (21,168).
In the case of Cas7, we observed an increase in deuterium exchange in the AcrIF9 bound
form across all time points (Figure 5.2). This suggests that Cas7 is more solvent
accessible and less stable in the AcrIF9 bound complex. A decrease in stability would
mean an increase entropy for the complex which would make AcrIF9 binding favorable.

However, in a protein complex, entropy and enthalpy are in a delicate balance. As
the entropy increases, the hydrogen bonding network present within the protein
secondary, tertiary, or quaternary structure must weaken, leading to a less favorable
enthalpy of binding. Therefore, if there is an increase in entropy in Csy upon binding of
AcrlF9, one would expect either no change or a small decrease in overall complex
enthalpy. Because DSF reports only on the stability of the protein complex and not the
protein plus solvent, as does calorimetry, the Tm is proportional to the van’t Hoff
enthalpy (174), or enthalpy of the complex (772,175). In our DSF data, AcrIF9 bound
Csy had a similar Tm and melting profile to the unbound Csy complex (Figure 5.5),
indicating that the enthalpic contribution to stability is similar. Taken together, the HDX
and DSF data support a model in which binding of AcrIF9 to the Csy complex is

entropically stabilized.
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AcrlF2 Binding is Enthalpically Stabilized

In the HDX data, AcrlIF2 binding to the Csy complex shows an inverse trend to
that of AcrIF9 binding. There is protection from deuterium exchange upon AcrlF2
binding in the Cas7 backbone as well as the tail of the complex (Cas5 and Cas8f, Figure
5.2 and 5.3). This decrease in deuterium exchange could be the result of a global
stabilization of the hydrogen-bonding network in the AcrIF2 bound form of Csy. This
implies a more favorable enthalpy, meaning stronger non-covalent interactions and a
negative enthalpy upon binding. A global increase in the stability of the hydrogen
bonding network would limit the conformational freedom of the complex and cause a
concomitant decrease in entropy.

If AcrIF2 binding does lead to a more favorable overall enthalpy, one would
predict an increase in the thermal stability of the complex. The Tm of AcrIF2 bound Csy
is higher than that of Csy by about 3°C (Figure 5.5). This could be interpreted as
stronger non-covalent interactions within the complex and a more negative enthalpic term
upon binding. A more negative enthalpic term upon AcrIF2 binding is in direct
agreement with the HDX where there was less exchange (longer-lived hydrogen bonding
networks) in the AcrlF2 bound complex. Taken together, this data favors a model in

which binding of AcrlIF2 is an enthalpically stabilized reaction.

Binding of Acrs Alters the Conformational
Landscape Implying a Role for Allostery

In our HDX data, we observed changes in deuterium exchange throughout the
Csy complex when either Acr was bound. These global changes demonstrate that the

hydrogen bonding network is altered throughout the complex, which implies that the
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conformational landscape was modified upon Acr binding. The conformational landscape
of a protein is a representation of the ensemble of conformations present at any given
time, with the lowest energy conformations being the most populated (7,10,176). The
landscape contains the ligand bound conformations, however, without ligand present,
they may be at a higher energy and will be infrequently populated (70). Other important
aspects of the landscape are the depth of a well which depicts the likelihood that the
conformation will be present, and the width which depicts the relative number of
conformations of similar energy. By monitoring changes in the hydrogen bond network
of the Csy complex bound to AcrIF9 or AcrIF2, we were essentially tracking differences
in the conformational ensemble and therefore the energy landscape (Figure 5.6). In the
AcrIF9 bound Csy complex, we propose increased conformational freedom implying that
there are a series of bound conformations with similar energy. This can be depicted as an
energy landscape with a broad energy well (Figure 5.6, red line). In the AcrlF2 bound
Csy complex, the HDX and DSF results suggest a stabilized hydrogen bond network,
thus the favored ensemble would collapse into a limited set of conformations, represented
by a narrow energy well (Figure 5.6, dark blue line). The global changes in protein

dynamics may have further implications than simply stabilizing the Acr:Csy interactions.
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Figure 5.6. The conformational energy landscape is remodeled upon ligand binding. The
hypothetical landscape shown here has four distinct populations. In the unbound state
(black line) the lowest energy conformation is the unbound Csy conformation. Ligand
bound conformations are present but are higher in energy. Upon AcrIF9 binding (red
line), the energy landscape is remodeled such that the AcrlF9 bound conformation is the
lowest energy conformation. This conformation has more favorable entropy implying that
the depth of the energy well is caused by the entropy of the conformation. This well is
wider than other energy wells because in increase in protein dynamics allows for the
sampling of multiple conformations with the same energy. When AcrIF2 is bound (dark
blue line), the conformational landscape is remodeled such that the AcrIF2 bound
conformation is the most favorable. This well is stabilized by the increase in favorability
of the enthalpy upon AcrIF2 binding thus causing this well to be narrower because fewer
conformations can be adopted. Fewer conformations can be adopted because of the
strength of the non-covalent interactions which limit protein dynamics. ssDNA binding
(light blue line) shows a similar trend to AcrlF2.
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The observation that there are changes in HDX distal to the Acr binding sites,
suggests there is an allosteric network within Csy (1/77). The binding of either Acr alters
the hydrogen bonding network as shown here, while altering the global structure of Csy.
While the structural changes are not large, there are distinct functional outcomes, as Csy
no longer will bind dsDNA specifically. We posit that the functional outcomes may have
more to do with the altering the thermodynamic profile of Csy, than trapping a novel
conformation. This alteration in the absence of overt conformational change, can be
indicative of an allosteric network (7). Communication within this network begins at the
binding site of the Acr to the complex and spreads from the tail to the head of the
complex. This network may play a role in each ligand interaction with the Csy complex.
Allosteric changes upon dsDNA binding are also present in the Type IE interference
complex Cascade (109). This suggests that allosteric networks play a significant role in

the function of Type I CRISPR interference complexes.

AcrlF9 Interactions with DNA

Allosteric effects have an impact on the ability of Csy to bind nucleic acids. In the
AcrlF2 bound Csy complex, DNA interactions are blocked, however, AcrIF9 bound Csy
can still interact with dsDNA through non-specific interactions or ssDNA through
sequence specific binding (169, 178). Non-specific binding of dsSDNA to the AcrIF9
bound Csy complex occurs mainly through interactions with the two Acrs, as well as the
N-terminal hook of Cas8f (169). Because AcrlF9 does not bind dsDNA on its own, there
must be a conformational change upon binding to Csy that facilitates affinity for dsSDNA.

The specificity of ssDNA binding implies that it binds directly to the crRNA template
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(178). Because of this, it may be subject to Cas3 degradation while degradation of the
non-specifically bound dsDNA is prevented.

In both cases of DNA binding, changes in the Cas8f subunit upon AcrIF9 binding
play a role. In non-specific dsDNA binding, interactions between dsDNA and Cas8f may
be facilitated through an increase in solvent accessibility or in protein dynamics. HDX
shows that the Cas8f N-terminal hook has areas of increased exchange upon AcrIF9
binding (peptides covering residues 28-31, 56-65, 135-150, Figure 5.7) throughout the
time course. These changes in exchange are in concordance with the changes observed in
this region in the solved structures (Figure 5.7B). In the intact HDX data for CasS8f, we
observed an increase in exchange in this subunit when AcrlIF9 is bound at the early to
middle time points (1 minute — 60 minutes, Figure 5.2). This increase in exchange is
most pronounced at the 8-minute time point suggesting enhanced dynamics or
conformational change. This change may inhibit the ability of Cas8f to perform strand
separation and therefore prevent the AcrlF9 bound complex from binding dsDNA with
sequence specificity. Taken together, the changes that occur in Cas8f upon AcrIF9
binding prevent the Csy complex from functioning. Because AcrIF9 does not bind in the
N-terminal hook region, this illustrates the functional role of the allosteric network which

is observed in the Csy complex.
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Figure 5.7. AcrlF9 changes the conformation and deuterium exchange in the Cas8f N-
terminal hook region. A. Alignment of Cas8f unbound (PDBID: 6B45, white), AcrIF2
bound (PDBID: 6B47, blue), and AcrIF9 bound (PDBID: 6VQV, pink). B. A closer view
of the N-terminal hook (amino acid residues 1-166) comparing the AcrIF9 bound
structure (pink) to the unbound structure (grey). In this region three peptides had
increased deuterium exchange in the AcrIF9 bound complex (red). C-E. Uptake curves
showing the deuterium uptake for peptides that show differences in exchange in the N-
terminal hook. Each data point represents the average of three replicates with error bars
representing the standard deviation of those three replicates.

Conclusions

The biophysical analysis of anti-CRISPR binding to the Csy complex revealed
distinct perturbations to the conformational landscape that were inhibitor specific. The
two Acrs tested provide a striking example of the mechanistic diversity and

thermodynamic options that drive biomolecular interactions. Upon AcrlF2 binding, we
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observed a stabilization of the hydrogen bonding network of both the Cas8f subunit and
the Cas7 backbone. Comparisons with the ssDNA bound complex, shows that there is a
similar stabilization of Cas8f in both conditions; however, the stabilization of Cas7 in the
AcrlF2 bound Csy complex is more pronounced than the ssDNA form (Figure 5.2). This
suggests that AcrlF2 binding stabilizes a conformation that prevents productive dsDNA
binding. In the AcrIF9 bound form of the complex, we observed changes in deuterium
uptake which indicate that the hydrogen bonding network is altered. This implies that the
conformational landscape is remodeled such that the lowest energy conformation has a
more dynamic Cas7 backbone (Figure 5.2). This could mitigate specific dsSDNA binding
to the AcrIF9 bound Csy complex by adding an entropic penalty that must be overcome
to adopt the dsSDNA bound conformation. We posit this range of thermodynamic
differences in the driving force for protein binding and the underlying thermodynamic
effects on mechanisms of protein complexes are not an extraordinary example of
evolution, but rather a theme that is common in the regulation of protein complexes

across all domains of life.
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CHAPTER SIX

SUMMARY

Each of the systems studied in this thesis have implications in human health, be it
in the form of understanding a disease state (Chapters 2 and 3) or potential applications
as a biotechnological tool used for curing disease (Chapters 4 and 5). In order to tackle
the problem of curing a disease, the underlying biochemical mechanism of the disease
must be understood. Similarly, in order to use a biological system as a biotechnological
tool, the system must be fully understood at the mechanistic level in order to abrogate off
target effects. In this thesis, an investigation in the changes in protein dynamics within
four systems were studied. This investigation provided valuable insights into the
mechanism behind how these systems function in order to gain a fundamental
understanding of each system.

In the four systems studied in this thesis, my research revealed that the stability
and dynamics of the proteins changed upon ligand binding or mutation. Through high-
resolution mapping and quantification of the solution phase properties, a deeper
understanding of how the system functions was gained. In each system, changes in
dynamics were observed at the site of the perturbation (ligand binding or mutation) as
well as regions distal from the perturbation. The observation of changes in protein
dynamics in distal regions led to the investigation of the role of the allosteric network
within these complexes. The allosteric networks present were all determined to be
instrumental in the function of the protein complexes studied. These allosteric networks

are discussed in detail below.
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Allostery in RPA

Replication protein A (RPA) is the most abundant ssDNA binding protein in cells
and is involved in DNA recombination, replication, and repair (23,179). Its involvement
with the recruitment of enzymes that perform recombination, replication, and repair show
how important this protein complex is in directing the traffic that surrounds these
processes (180). By investigating the changes in protein dynamics upon ssDNA binding,
an understanding of what these protein recruitment signals may look like can begin to be
developed. Furthermore, an understanding of how the ssDNA is handed off from RPA to
the enzymes that act on the ssDNA can begin to be elucidated.

To understand the changes in protein dynamics that occur when ssDNA is bound
to RPA, HDX-MS was performed on either unbound RPA or ssDNA bound RPA (Figure
6.1). Through this analysis it was determined that the RPA protein complex can be
viewed as two halves: the less dynamic half (DBD-C,-D, and -E) and the more dynamic
half (DBD-A and -B). In this context, dynamics refers to the residence time of the RPA
complex domains on the ssDNA substrate. HDX-MS was used to determine if the
protein:DNA interactions were stable or transient by examining the differences in
exchange in the unbound RPA and ssDNA bound RPA across five time points spanning
from 30-seconds to a day. The longer the domain resides on the substrate, the harder the
hand off between RPA and other DNA interacting proteins. In the more dynamic half, the
residence time for the RPA molecule on the DNA is less long-lived allowing for more

interactions between the ssDNA and other binding partners.
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Figure 6.1 Schematic representation of the allosteric and energetic effects observed upon
ssDNA binding. (A) The linker regions that connect the various DNA binding domains
(DBDs) showed a difference in deuterium exchange upon ssDNA binding (red for
increased exchange in the ssDNA bound form, blue for decreased exchange). This shows
that the arrangement of the DBDs in relation to one another was altered upon ssDNA
binding. The PID70N region showed decreased exchange upon ssDNA binding. This
region is located distal to the ssDNA binding sites and is involved in the binding of other
proteins to the RPA complex. This distal change in dynamics in this region shows that
there is an allosteric network that connects ssDNA binding to this protein interaction site.
(B) A cartoon representation of the remodeling of the energy landscape upon ssDNA
binding. In the unbound state, the unbound conformation lies at the lowest energy and is
the most populated conformation. As ligand binds, the equilibrium shift because the
energy landscape is remodeled such that the ligand bound conformation is the most
energetically favored conformation.
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In the RPA system, we see changes in deuterium exchange upon ssDNA binding
which are not solely localized to ssDNA interaction sites. Altered patterns of exchange
are even located in domains that do not interact with DNA at all. This shows that there is
a communication network located within the RPA protein complex. Upon ssDNA
binding, increased deuterium exchange in the PID’*N domain (a non-DNA interacting
domain) as well as increased exchange in the linker regions both at the 30-second time
point imply an increase in solvent accessibility in these regions. This increase in solvent
accessibility implies a decrease in secondary structural elements. For the disordered
linker regions, this decrease propensity to adopt a stable secondary structure is not
surprising because the architecture of the RPA complex is remodeled onto the ssSDNA
substrate which leads to differing associations between domains. By changing how the
domains are organized, the linkers that connect these domains would likely be affected.
However, changes in the PID’"N region would not necessarily have to be affected by this
rearrangement of the DBDs.

The PID’’N region is an important protein interaction domain. Since this is where
RPA interacts with other protein binding partners, it would make sense for this domain to
be linked to ssDNA interacting domains in order to receive a signal that ssDNA has been
productively bound. This signal may not alter the structure of the PID’?N, but it does alter
the dynamics of this region. This functional change in dynamics in a region distal from
the ssDNA binding site is a characteristic of allostery, thus, showing that allostery plays a

role in RPA complex function.
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Allostery in HBV

Another system that has a human health impact, is Hepatitis B Virus (HBV). Even
though there is a vaccine for HBV, it is still of huge health concern causing over 800,000
deaths a year globally (72). Currently, there is no cure for a chronic HBV infection which
can cause cirrhosis, liver failure or hepatocellular carcinoma (72). In order to discover a
cure for HBV, an understanding of the viral lifecycle needs to be gained in order to
identify druggable steps to prevent the replication of the virus. One of these viral
lifecycle stages is capsid assembly. If we can understand how the capsid assembles, we
can potentially disrupt this process and be one step closer to curing HBV.

To gain a deeper understanding of how the HBV capsid assembles, we
investigated the role of protein dynamics in the assembly process. To do this, we
compared the protein dynamics, through the use of HDX-MS, of four capsid protein
(Cp149) dimers to determine the important sub-domains of the protein regarding capsid
assembly (Figure 6.2). In the Y132A mutants of these dimers (hCp149 and wcCp149),
assembly is blocked by the mutation. Comparing the protein dynamics of the mutant and
the wildtype dimers led to the determination that the spike region plays an important role

in capsid assembly.
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Figure 6.2. Representation of the effects of the Y132A mutation on the protein dynamics
of the Cp149 dimer as well as the energy landscape. (A) Schematic representation of the
subdomains within a representative HBV dimer that are affected by the mutation of

Y 132A. The main changes in deuterium uptake occur in the contact region and the spike
region. In both regions there is an increase in deuterium exchange upon mutation of Y132
to an A. This increase in exchange is indicative of increased protein dynamics within
these regions. The spike is of particular interest because this region is located on the
opposite side of the monomer from the mutation location. (B) In the wild type dimer, the
energy landscape shows that the assembly competent conformation is more prevalent in
the population distribution than the assembly incompetent conformation. Upon mutation
of Y132 to an A, this landscape is remodeled such that the assembly incompetent
conformation is the conformation that a majority of the dimers are in. The low population
of assembly competent dimers in the Y132A mutant, make it statistically unlikely for a
capsid nucleation event to occur, thus blocking assembly.

Even though the spike is located as far from the contact region (inter-dimer
interface) as possible within the protein structure, it was determined that changes in
protein dynamics in this region are correlated to capsid assembly. In the capsid assembly
incompetent mutants, this region was more dynamic than in the wild type Cp149. In each
of the mutants (hY132A and wY132A) the intra-dimer interface was less stable than the
interface in the wildtype dimer. This led to the conclusion that the stability of the
secondary structural elements, in this case the alpha-helices that make up the spike tip

(intra-dimer interface), is important to capsid assembly.
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Assembly of the HBV capsid begins with the association of dimers through
interactions in the contact region of both dimers (inter-dimer interface). The spike is
located at the intra-dimer interface that is on the opposite side of the monomeric Cp149
from the contact region or the inter-dimer interface. The importance of this region, which
is distal from the site of the mutation, in capsid assembly shows that there is an allosteric
network within the Cp149. This allosteric network is not apparent in the static structures
of each of the studied dimers, however, changes in protein dynamics upon mutation of
the tyrosine at position 132 to an alanine highlights the changes in the longevity of the
hydrogen-bonding network that makes up the helical structure of the spike.

In the wild type dimer, this tyrosine, which is a bulky amino acid residue, may
sterically lessen the likelihood of adopting an assembly incompetent conformation, thus,
causing a majority of the population of the Cp dimer to be in an assembly competent
conformation. By mutating this residue to a small amino acid residue, alanine, the energy
landscape of the dimer is altered such that the most energetically favorable conformation
is an assembly incompetent conformation (or series of conformations) where the spike
secondary structure is less long lived. By stabilizing this more dynamic conformation (or
closely related conformations), the assembly process is not observed. Increased dynamics
at the spike reduces the likelihood of assembly even though the dimer:dimer interface is
distal to the region affected.

This shows that allosteric networks exist even in the absence of structural change
or ligand binding. By perturbing the protein dynamics within the Cp149 protein, even

though the structure of the protein does not change drastically, the function of the protein
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was interrupted. The capsid protein is a structural protein whose function is to assemble
into a T=4 viral capsid. By altering the protein dynamics of the spike tip, the capsid

assembly process was interrupted, and the protein was rendered nonfunctional.

Allostery in Cascade

CRISPR systems are of interest currently because of their potential as gene
editing tools (181,182). Gene editing has huge implications in treating disease caused by
genetic mutations, for example sickle cell disease (183). By understanding how these
CRISPR systems work, their applicability as gene editing tools becomes more significant
through the limiting of off target effects (editing genes that should not be edited). Type I
CRISPR systems are of interest because these systems completely degrade large portions
of DNA. This has implications in disease states where whole genes or chromosomes need
to be deleted to cure the disease, or as potential anti-microbials (/84). By understanding
how these systems work at a fundamental level, we can begin to use these tools to combat
diseases that have no cure.

To begin filling in the gaps of knowledge that existed around the mechanistic
function of the Type IE interference system Cascade, changes in protein dynamics upon
binding of the dsDNA substrate to the complex were investigated. This analysis was
performed to determine key interaction sites between the displaced strand of DNA and
the Cascade complex as well as key recruitment signal/s for the helicase/endonuclease
Cas3. The path of the displaced strand of DNA was determined by looking for areas of
decreased HDX within the complex. It was hypothesized that interactions with the DNA

would limit solvent accessibility as well as stabilize secondary structural elements. The
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pathway of the displaced strand was determined and tracked from the tail to the head of
the complex.

It was hypothesized that a Cas3 recruitment signal would only be present when
the Cascade complex was productively bound to dsDNA. This recruitment signal would
probably have an increase in solvent accessibility or a change in dynamics upon binding
of the target dSDNA. To investigate this, we looked for areas of increased deuterium
exchange. The regions of most interest were located at the tail of the Cascade complex in
the Csel subunit. This was the known interaction site for Cas3. Upon investigation, it
was determined that H1 in the Csel subunit played an important role in Cas3:Cascade

interactions (Figure 6.3).

A. B.
Before dsDNA binding
>
po
2]
c
w
After dsDNA binding

o &
S g
F @ kol
S N
S g &
S S
o IS
&

&

. Ligand (dsDNA)

Csel )
. Increased deuterium exchange

Figure 6.3 Schematic representation of the allosteric network within Csel of the Cascade
complex and its effects on the energy landscape. (A) Upon binding of dsDNA (black
ribbon) to the Cascade complex, the amount of deuterium taken up by the H1 region of
Csel is increased. This increase in deuterium uptake implies that this region becomes
more dynamic. In Chapter 4 of this thesis, it was shown that this H1 region is involved in
the recruitment of the helicase/endonuclease Cas3 which degrades the foreign DNA
bound to the Cascade complex. Because this H1 region is located across the protein from
the dsDNA binding site, the information from dsDNA binding must be transmitted
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through the protein using an allosteric network. (B) Binding of dsDNA to the Cascade

complex remodels the energy landscape so that the ligand bound conformation is favored
over the unbound conformation within the ensemble.

HI1 is of interest as a key recruitment site for Cas3 because this helix is located
across Csel from the dsDNA interaction site. Binding of dsDNA to the Cascade complex
alters the dynamics of H1 showing the presence of an allosteric network within Csel
allowing for communication between the dsDNA interaction site and this distal helix.
This communication plays a direct role in the function of the Cascade complex. The main
purpose of Cascade is to selectively bind matching dsDNA and recruit Cas3 to degrade
the bound dsDNA.. If the allosteric network did not exist within Cascade, Cas3 could not
be recruited to degrade the foreign DNA and this adaptive immune system would no
longer function.

The allosteric network within Cascade is not limited to just the Csel subunit.
Changes in deuterium uptake upon dsDNA binding are propagated from the head (Cas6)
to the tail (Csel) of the complex. These distal changes in uptake were present across all
time points indicating that there are changes in solvent accessibility as well in protein
dynamics. Each subunit of this large ribonucleoprotein complex plays a role in the
allosteric network present within Cascade. This shows that even large complexes can be

functionally reliant on allostery.

Allostery in Csy

Also, of biotechnological interest are the use of anti-CRISPR proteins. Anti-

CRISPR proteins can be used to act as an “off-switch” for CRISPR gene editing (1835).
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These proteins prevent the CRISPR system from functioning as intended by acting as
inhibitors. By temporally controlling the gene editing of CRISPR systems, it is possible
to limit off target effects (7/86). Anti-CRISPR proteins also have implications in the use
of phage therapy (187). In phage therapy, a bacteriophage is introduced to the site of a
bacterial infection. By having the bacteriophage encode for anti-CRISPR proteins, the
adaptive immune systems within the bacterial infection can be countered thus rendering
the phage therapy more effective. In order to apply these two functions of anti-CRISPR
proteins, the mechanism behind how these proteins inhibit their target CRISPR system
must be understood.

To understand the mechanism behind how anti-CRISPRs inhibit the interference
step of CRISPR immunity, the changes in protein dynamics upon binding of three
different ligands to the Type IF CRISPR interference complex Csy were investigated.
These ligands were either a small inhibitor protein or target ssDNA. Upon binding of any
ligand, changes in deuterium exchange were tracked throughout the complex with these
changes being interpreted as changes in dynamics (Figure 6.4). Changes in exchange
were not limited to just interaction interfaces. This shows that allostery exists within the
Csy complex, and this allosteric network is present regardless of the ligand bound to the

complex.
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Figure 6.4 Allosteric effects and the changes in the energy landscape caused by Acr
binding. (A) Schematic representation of changes in the dynamics of the Cas7 backbone
of Csy upon anti-CRISPR binding. On the left, the increase of deuterium exchange (red)
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when AcrlIF9 (black) is bound to the Csy complex is shown. This increase in exchange
was observed in the intact HDX-MS and by using peptide based HDX-MS it was
determined that the increase in exchange was localized to near the crRNA (grey ribbon).
On the right, the effect of the binding of AcrIF2 (black) to the Csy Cas7 dynamics is
shown. There is a decrease in deuterium exchange in this region upon binding of AcrIF2
(blue). This decrease in exchange is in a different subunit of the complex from where
binding occurs. This shows that there is an allosteric network present within the Csy
complex, and communication through this allosteric network alters the protein dynamics
upon inhibitor binding. (B) When each Acr binds, it alters the distribution of the
conformational ensemble by altering the energy of the ligand bound conformation. In the
AcrlF2 bound form, this interaction is enthalpically stabilized, so the energy well is a
deep, narrow well. In the AcrIF9 bound form, this interaction is entropically stabilized, so
the energy well is a deep but wide (multiple similar conformations) well.

Again, this network plays an important role in the function of the complex. The
change in dynamics when anti-CRISPRs are bound has a functional role in preventing the
Csy complex from productively binding dsDNA. AcrlF9 binding leads to an increase in
protein dynamics near the crRNA thus, either providing an entropic barrier for dsDNA
interactions or providing an insurmountable entropic penalty to dSDNA binding. Binding
of AcrlF2, on the other hand, stabilizes the secondary structural elements of Csy such that
the dsDNA bound conformation cannot be adopted. These changes in dynamics
productively disrupt the function of Csy and are present across the whole of the
ribonucleoprotein interference complex. By disrupting the allosteric network within Csy,
either of these two Acrs are able to completely alter the function of the complex while

having a small interaction interface.

Is Allostery Present in Every Protein Complex?

HDX-MS has been used to study the changes in protein dynamics in many protein

systems. Changes in deuterium uptake can be observed in small proteins (77) as well as



169
large complex systems (/88). If allostery can be viewed as existing in the absence of
structural change, then HDX-MS can be used to probe the changes in the conformational
dynamics of a protein or protein complex allowing for the tracking of the allosteric
network. In every protein system studied in this thesis, deuterium exchange differed at
areas distal from the energetic perturbation site which translated to a change in dynamics
(Figure 6.5). If the dynamics change then there must be a communication network that

connects these distal changes from the site of perturbation. This is an allosteric network.

RPA

* Increasesin protein dynamics .

HBV

Increases in protein dynamics

of the linker regions upon
ssDNA binding
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in the PID70N region upon
ssDNA binding

of the contact region upon
mutation

Increases in protein dynamics
of the spike region upon
mutation

Cascade
Increases in protein dynamics
revealed a key interaction site
for Cas3
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the complex showed non-
target strand interaction sites

Csy
* ~Increases in protein dynamics
of the Cas7 backbone when
AcrlF9 binds
* Decreases protein dynamics of
Cas7 backbone when AcrlF2
binds

Figure 6.5 Summary of findings covered in this thesis. Four protein complexes were
studied. Each complex showed the presence of an allosteric network when the changes in
protein dynamics upon an energy perturbation were analyzed.
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In each system I studied, I was able to define the presence of an allosteric network
within the protein complex. This allosteric network played an important role in protein
function, and disruption of this network altered the ability of the complex to function as
intended. Allostery is present even in the studied complex systems which leads to the
question, is allostery present in every protein? It would stand to reason that proteins have
integral interaction networks which allow for the communication of signals across the
whole structure. Protein structure is determined by covalent interactions (primary
structure or disulfide bonds) as well as non-covalent interactions (secondary, tertiary, and
quaternary structure). As any aspect of these structural tiers are altered, the interaction
networks are adjusted to compensate for that alteration. This changes the interactions
present within the protein thus changing the conformation of the protein or the dynamics
of the protein (the mean conformation remains the same, but the oscillation about this
mean conformation changes in either amplitude or frequency). Change in conformation
can present itself as a structural conformational change or through a change in protein
dynamics (stabilization or destabilization of non-covalent interactions). In respect to this
definition of allostery, I would hypothesize that allosteric networks are present in every
protein system, and upon an energetic perturbation, changes in non-covalent interactions
will be present at functional areas distal from the perturbation site.

By definition, an energetic perturbation alters the energetic landscape of the
protein. In the example of ligand binding, the ligand bound conformational state must lie
at a lower energy than the unbound state in order for binding to be spontaneous. This

shift in what is the most stable form of the protein illustrates that the energy landscape is
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remodeled. For any energy perturbation, there will be either an increase or a decrease in

energy input upon perturbation which will change the energic landscape of the protein.

This change in energy landscape can present itself as a change in the average protein

conformation or it can present itself as a change in protein dynamics. Because of this

change in the energy landscape, the conformational differences will be propagated

throughout the protein structure. This implies that allosteric networks will be able to be

tracked in any protein if probed through an energetic perturbation.
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