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Visualizing a Dynamic Allosteric Network in Human Herpesvirus Proteases with an

Inhibitory Antibody
Marcell Zimanyi
Abstract

Exploiting conformational dynamics is a powerful method for inhibiting enzymes
and can produce new allosteric inhibitors for managing disease. In this work, we outline
the discovery and characterization of an antibody fragment called Fab5 which inhibits
the human Cytomegalovirus protease (HCMV Pr). Using ensemble biophysical
techniques, we describe the dynamic relationship between Fab5 and HCMV Pr, from
which we propose a mechanism of inhibition along with potential insights into the
broader conformational network that controls all human Herpesvirus Protease (HHV Pr)
activation. Mutagenesis and biochemical characterization allow us to validate our
hypotheses in vitro. We provide novel tools and strategies for HHV Pr inhibition that we
believe can be leveraged in future therapeutic development. In Chapter 1.1, we use
cryogenic electron microscopy (cryo-EM) to reveal the Fab5 binding site on HCMV Pr
which we call the Latch Loop. We propose that Fab5 inhibits HCMV Pr by preventing
dimerization through an allosteric mechanism that is both mechanistic and dynamic,
ultimately preventing the protease from activating. Mutagenic studies demonstrate the
previously unrecognized importance of the Latch Loop in the conformational network
that links dimerization to HHV Pr activation. In Chapter 1.2, we use X-ray radiolytic
Footprinting to survey solvent accessibility changes on HCMV Pr after Fab5 binding.
These studies reveal a residue network near the HCMV Pr active site that influences

dimerization and, thus, activity despite being buried in the center of the protease.

Vii



Table of Contents

L0 5 - T o L= e 1
Antibody Inhibition of Human Cytomegalovirus Protease Via a Conserved Motif .......... 1
AADSTIACT. ...ttt nn e 2
INEFOAUGCTION ...ttt snnnnnnes 3
RESUILS ...t n s s e nn e e nnnne 7
Identification of an inhibitory antibody fragment against HCMV Pr...........ccccc.. 7
Fab5 is a Non-Competitive Inhibitor that Isolates HCMV Pr Monomers ................... 7
Cryo-EM Structure of Fab5/HCMV Pr Complex Reveals a Cryptic Epitope.............. 8
Fab5 Inhibits HCMV Pr through a Dynamic Allosteric Mechanism ..............cccccc...... 9
The HCMV Pr Latch Motif Governs Dimerization and Activity .........ccccccooeviviinnnnnnn. 11

Structural and Sequence Conservation of the HCMV Pr Latch Across the HHV Pr

= 0 012 12
IS U S SION .t e e e 13
Materials and MEthOAS ..... ..o 28

L0 5 - T o =T U 35
X-ray Footprinting Reveals HCMV Pr Allosteric Network ..., 35
A DS A C .o 36
INEFOAUGHION ..o e e e e e 37
RO SUIS . .o 39



HCMV Pr Dynamics Revealed by Fab5 Binding...........ccoooii 39

M75 and F155 Play Key Roles in HCMV Pr ACtiVity ........ccooovviiiiiiiiiiiiiiiii 40

(DI ETo1 U137 (o] n IR 41
Materials @Nd METNOAS ... ..o et 49
R IO CES ... oo e e e e 51



List of Figures

Figure 1.1: The HCMV Pr conformational cycle and characterization of Fab5s ............. 17
Figure 1.2: Schematic of the UL80 gene .........ooooiiiiiiiiiiiiiiiieeeee 18
Figure 1.3: Inhibition assay with 5 unique Fab clones ..............cccoooii 19
Figure 1.4: Cryo-EM reveals Fab5 epitope ... 20
Figure 1.5: Flow chart of EM data processing ...........cccoeviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 21
Figure 1.6: Map comparison with EMReady ... 22
Figure 1.7: Multiple states of HCMV Pr all show C-terminal disorder ............cccccceeee. 23
Figure 1.8: B-factor mapped onto Fab5/HCMV Prmodels .........ccooooiiiiiiiiiiiiiieeeeeeeees 24
Figure 1.9: Exploration of Fab5 epitope plastiCity ..o 25
Figure 1.10: Mutagenesis of the Latch Motif in HCMV Pr ... 26
Figure 1.11: SEC chromatograms of dimer formation ............ccccccviiiiiiiiiii. 27
Figure 1.12: Conservation of the Latch Motif across HHV Prs ... 27



Figure 2.1: XFMS Results Mapped Onto HCMV Pr Crystal Structure ............ccccceeee. 44

Figure 2.2: XFMS mapped onto FabS/HCMV Pr compleX .........ccoooeeieiiiiiiiiiiiiieeeeeeeees 45
Figure 2.3: M75 and F155 are important for activity and dimerization........................... 46
Figure 2.4: M75 and F155 Conservation ... 47

Xi



List of Tables

Table 2.1: List of peptides used in XFMS analysis

Xii



Chapter 1

Antibody Inhibition of Human Cytomegalovirus Protease Via a Conserved Motif



Abstract

The human herpesviruses (HHVs) are a neglected family of pathogens that
cause serious illness and currently infect over 90% of the global population. The viral
lifecycle depends on the activity of the human herpesvirus maturational protease (HHV
Pr), and loss of proteolysis arrests the lifecycle and disables viral egress. Using human
cytomegalovirus protease (HCMV Pr), we panned for antibody fragments (Fabs) that
bind to HCMV Pr and disrupt proteolysis. We identified a Fab termed Fab5 that inhibits
proteolytic activity and disrupts dimerization by engaging a cryptic surface antipodal to
the HCMV Pr active site. Our cryo-electron microscopy structures of the HCMV Pr/Fab5
complex reveal that Fab5 prevents proper packing of the HCMV Pr C-terminus, thus
disrupting helices that facilitate active site coordination and homodimerization. We
identified a three-residue motif called the C-terminal latch that is conserved across most
HHV Prs, and we determined that mutating any of these residues to alanine ablates
HCMV Pr activity and disrupts dimerization. Structural and functional characterization of
Fab5 reveals that C-terminal latch disruption is a viable strategy for allosteric HHV Pr
inhibitor development and could have broader implications for potential antibody-based

HHV neutralization via cellular delivery.



Introduction

Human herpesviruses (HHVs) cause lifelong infections and are seroprevalent in
over 90% of the global population.’ Several serious diseases are associated with HHV
infection, including encephalitis and certain cancers, and links between HHV infection
and neurodegeneration have been suggested. In particular, human Cytomegalovirus
(HCMV) represents a significant unmet clinical need. Although infected
immunocompetent adults may never experience symptoms, immunocompromised
individuals such as organ transplant recipients, HIV patients, and patients with
autoimmune disease undergoing immunosuppressant treatments are at risk of life-
threatening acute infections, and infants with congenital CMV infection can develop
lifelong congenital disabilities or end-organ failure.>> Current antivirals available to
manage HHYV infection suffer from toxicity and emergent resistance, and the only
available HHV vaccine is against the Varicella-Zoster virus to prevent chickenpox and
shingles.'® Developing new HHV antiviral therapies is thus critically necessary to treat
this neglected viral family.

All HHVs express a structurally conserved serine protease (HHV Pr), which
facilitates viral capsid maturation.”-8 Due to their essential role in viral replication, HHV
Prs are a promising target for viral neutralization. HHV Pr is expressed with the
assembly protein (AP) as a monomeric fusion (Pr-AP) in the host cytosol and
translocates into the nucleus along with the major capsid protein (MCP), where it
becomes enclosed in procapsids (Fig. 1.1a)." Not all APs are fused with a Pr due to
multiple open reading frames in the UL80 gene (Fig. 1.2), and the C-terminal region of

the Pr domain and most of the AP are thought to be disordered in monomeric states.®



Proteolysis is regulated by concentration-dependent HHV Pr homodimerization via
weak, micromolar affinity self-association. This ensures protease activity occurs only
within the capsid where the local HHV Pr concentration is high enough to promote
dimerization.'%-'2 Crystal structures of wild-type HCMV Pr are dimeric (Fig. 1.1b) and
reveal a Ser-His-His catalytic triad, an oxyanion hole loop, and a dimerization interface
comprised of major helices a5 and a1. Studies of the Pr domain in vitro showed that
homodimerization initiates a disorder-to-order structural transition that orders the C-
terminal region, which includes major helices a5 and a6, which packs beneath the
protease active site (Fig. 1.1c).">"3 These structural changes stabilize the oxyanion
hole loop, leading to a catalytically competent active site on each monomer.® Once
dimerized, HHV Prs free themselves from the AP by cleaving a release site (R-site) at
the C-terminus of the Pr domain. This process likely happens in trans due to the
distance between the release and active sites, coupled with the structural constraints
required for activity.” This limits the premature release of HHV Pr before Pr-AP is
incorporated into a procapsid. Once released, Pr cleaves the maturational site (M-site)
on the AP leading to clearance of the scaffolding and ultimately capsid maturation.
Due to the active site's dynamic and shallow nature, efforts to develop active site
inhibitors of HHV Prs have not yielded clinical candidates. An alternative approach to
HHV Pr inhibition is interference with the conformational transition that ties dimerization
to catalytic competency. We previously identified broad-spectrum small molecules that
inhibit multiple HHV Prs by exploiting their conformational equilibrium. Compound DD2
occupies a pocket directly behind helix a5, which prevents the dimer interface from

forming.'*-'7 Compound 43 is an irreversible inhibitor that targets a conserved cysteine



near the HHV Pr active site, and it stabilizes the HCMV Pr dimer in a nonproductive
state.’® While both of these compounds leverage promising mechanisms of inhibition,
they face unique challenges for development into high-potency drug leads, including
solubility, specificity, and cell permeability. Recombinant antibodies (Abs) are particularly
well suited to stabilizing conformational states of proteins, and they exhibit exquisite
selectivity and potency for their targets.'® Abs have been used to uncover novel
mechanisms for protease inactivation, including non-canonical substrate pocket binding,
disruption of dimerization or oligomerization, and uncovering new allosteric inhibitory
sites.?0-23 This presents an alternative method to disrupt HHV Pr activity by identifying
Abs that stabilize the protease in inactivated conformations, with particular focus on
disruption of HHV Pr dimerization. While the therapeutic application of Abs has long
been considered limited to extracellular targets, new advances in adeno-associated
virus (AAV) gene transfer technology make intracellular delivery of Abs possible.?425
This opens the door to developing Ab-based biologics targeting intracellular HHV Prs to
neutralize viral replication. An Ab could also reveal new druggable binding pockets on
HHV Prs that can be exploited for therapeutic development, and there is potential that a
single antibody could be broadly neutralizing across multiple HHV homologs.

In this work, we screened a phage-displayed Fab library and isolated a lead
candidate termed Fab5, which can completely inhibit HCMV Pr activity in vitro.?® Size-
exclusion chromatography and multi-angle light scattering (SEC/MALS) revealed that
Fab5 isolates HCMV Pr monomers. Solving a cryo-EM structure of the Fab5/HCMV Pr
complex allowed us to model the Fab5 epitope, and a comparison to published dimeric

HCMV Pr crystal structures revealed that Fab5 binds a cryptic site only available on the



HCMV Pr monomer. Fab5 disrupts a motif we termed the C-terminal latch, and mutating
the three key residues that comprise the latch to alanine disrupts both HCMV Pr
dimerization and activity. This latch motif is structurally conserved in all nine HHV Prs,
and the key sidechains on the HCMV Pr latch are conserved across two-thirds of the
HHV family. Mutating the latch residues in Kaposi’'s Sarcoma-associated virus (KSHV)
and Eppstein-Barr virus also disrupts protease activity, which demonstrates that the C-

terminal latch is a molecular switch that can be exploited to neutralize protease activity.



Results

Identification of an inhibitory antibody fragment against HCMV Pr

Using a phage-displayed naive human B-cell derived Fab library, we identified
five unique Fabs that recognize HCMV Pr (Fig. 1.3). We immobilized HCMV Pr on
magnetic beads at low protein concentration to bias binders toward the monomeric
species.?52” We used a synthesized peptide substrate with a donor/quencher pair to
monitor in vitro HCMV Pr activity in the presence of each purified Fab. Two showed no
effect on HCMV Pr activity (Fab1 and Fab2), one showed dose-dependent activation of
proteolytic activity (Fab3), and two inhibited proteolytic activity (Fab4 and Fab5). We
selected our best inhibitory Fab5 (ICso = 722 nM, Fig. 1.1d) for further study. Fab5 binds
HCMV Pr with a Kdof 1.6 uM as measured by BLI (biolayer interferometry, Fig. 1.1e), in

good agreement with the measured inhibitory potency.

Fab5 is a Non-Competitive Inhibitor that Isolates HCMV Pr Monomers

HCMV Pr activity is controlled by a conformational transition where multiple
discrete events occur to coordinate the active site. Fab5 may inhibit HCMV Pr by
occluding the active site or by an indirect mechanism where Fab5 prevents catalytically
competent conformations. To evaluate whether Fab5 was a competitive inhibitor, we
determined HCMV Pr Km and Vmax in the presence of varying concentrations of Fab5
(Fig. 1.1f). Increasing concentrations of Fab5 decreases Vmax, which indicates that
Fab5 does not directly compete for substrate binding to the active site. A modest
increase in Km is also observed, possibly indicating the isolation of an HCMV Pr

conformation with reduced affinity for substrate binding.



Since dimer formation is vital to HCMV Pr function, we used SEC/MALS (Size-
Exclusion Chromatography/Multi-Angle Light Scattering) to determine the stoichiometry
of the Fab5/HCMV Pr complex. We combined equimolar amounts of Fab5 and HCMV
Pr WT (Wild-Type) and incubated the mixture for 1 hour before injecting the sample.
The observed mass of the complex was 78 kDa, which corresponds to one copy of
Fab5 (50 kDa) bound to one HCMV Pr monomer (28 kDa) (Fig. 1.1g). We also
conducted this experiment with HCMV Pr S225M, which carries a mutation that
promotes HCMV Pr dimer formation (Fig.1.1h). Running HCMV Pr S225M alone results
in a single peak corresponding to a HCMV Pr S225M dimer (56 kDa), yet the
Fab5/HCMV Pr complex still elutes as a single 78 kDa peak. These results demonstrate

that Fab5 isolates and stabilizes HCMV Pr monomers.

Cryo-EM Structure of Fab5/HCMV Pr Complex Reveals a Cryptic Epitope

Fab5 inhibits HCMV Pr by isolating its monomeric state, yet it does not directly
block substrate binding. To provide structural insights into how Fab5 isolates HCMV Pr
monomers, we used cryo-EM to study the Fab5/HCMV Pr complex. Fab5 and HCMV Pr
were incubated at a 1:1 molar ratio, and the stable complex was purified using SEC. We
determined the structure of the Fab5/HCMV Pr complex where the entirety of Fab5,
including the Fab5/HCMV Pr interface, is resolved to 2.6 A (Fig. 1.4a), which allowed
for precise placement of residues of the Fab5 binding site on HCMV Pr, also known as
the epitope. The remaining density corresponding to HCMV Pr decreases in resolution

with distance from Fab5 due to the flexibility between the two members of the complex.



We determined the sequence of the epitope using de novo model building into
high-resolution density that did not correspond to Fab5 (Fig. 1.4b). We then used lower
resolution features of our map to orient the remaining helices and beta-barrel core of
one HCMV Pr monomer (Fig. 1.4c). The C-terminal region is deleted in our model
because we expect this region to be disordered when HCMV Pr is monomeric. A rigid-
body placement of HCMV Pr into our map aligns well, which is expected because the
globular core of HHV Prs remain intact even when the C-terminal region is disordered.'
We used AlphaFold3 to generate the initial C-terminal-deleted HCMV Pr model because
many loops are missing from HCMV Pr crystal structures. The resulting prediction
aligned almost exactly with known structures of HCMV Pr.

Fab5 does not bind near the active site or the dimer interface. Instead, it binds a
proline-rich loop of HCMV Pr, which lies between major helices a1 and a2. In dimeric
crystal structures, this loop latches the C-terminal tail against the core of the protein
(Fig. 1.4d), thus we have termed this motif the Latch Loop. Steric hindrance precludes
Fab5 from accessing the Latch Loop when HCMV Pr is dimeric, meaning this cryptic
site is available when HCMV Pr is a monomer and the C-terminal region is disordered.
This leads us to a model (Fig. 1.4e) where Fab5 binds to and isolates the HCMV Pr

monomer via a conformational selection mechanism.

Fab5 Inhibits HCMV Pr through a Dynamic Allosteric Mechanism
Because Fab5 inhibits HCMV Pr by binding to the Latch Loop and isolating the
monomeric state, we hypothesized that the Latch Loop influences the overall

conformation of HCMV Pr. In our early reconstructions, we could only resolve the



captured Latch Loop, but then we were able to visualize this flexibility using extensive
classification, model building, post-processing via EMReady, and 3D variability analysis
(Fig. 1.5,1.6,1.9). Four major classes emerge, and HCMV Pr is captured in all classes
(Fig. 1.7a). Density corresponding to major helices a1 and o2 is resolved in classes
One through Three, and we use these features to orient HCMV Pr relative to Fab5.
While there is a progressive loss of density furtherer away from the Fab5 interface,
lower resolution density corresponding to the beta-barrel and distal helices in classes
One and Two leads us to believe that the core of HCMV Pr is still folded similarly to that
of known structures. B-factor also decreases distally from the epitope in a linear fashion,
indicating a flexible interaction (Fig. 1.8).% In Class Four, we can see the main epitope
of HCMV Pr, but the rest of the protein is unresolved. The Latch Loop acts as a pivot
around which HCMV Pr can rock and twist when bound to Fab5 (Fig. 1.7b). We
hypothesize that classes One, Two, and Three represent energy minima where transient
interactions on the Fab5 heavy chain stabilize certain poses of HCMV Pr (Fig. 1.7¢).
For example, residue Y60H (Y60 Heavy chain) on the Fab5 interacts with E122 in Class
One (Fig. 1.7d) and K119 in Class Two, where K119 can adopt multiple poses (Fig.
1.7e). A deeper exploration of epitope plasticity can be found in Fig. 1.9. The Latch
Loop is a short, fixed 2D epitope. These transient interactions make up a larger plastic
epitope that stabilizes a dynamic interaction.

We next examined the structural determinants of how Fab5 prevents dimer
formation. We started by placing a hypothetical C-terminal region (purple tube helices,
Fig. 1.7f-h) alongside our models where we would expect it to be if folded properly. We

then docked the composite model into its corresponding EM map and lowered the
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threshold. In every case, HCMV Pr becomes enveloped. However, density that would
correspond to helices a5 and a6 is not present (Fig. 1.7f-h third panels), which
suggests that these regions remain disordered. In classes One and Three (Fig. 1.7f and
1.79g, respectively), there is a clash between the heavy chain of Fab5 and the C-terminal
tail of HCMVpr. Class Two (Fig. 1.7g) is in a pose that could permit proper folding of the
C-terminal region, yet there is no EM density to suggest that this happens. Fab5 does
not clash with either helix a5 or a6 in any of these poses. Hence, we reason that C-
terminal tail displacement is sufficient to disrupt HCMV Pr dimerization through an

allosteric mechanism that leads to disorder in the C-terminal region.

The HCMV Pr Latch Motif Governs Dimerization and Activity

Upon closer inspection of the HCMV Pr C-terminal tail in dimeric crystal
structures, we noticed that three residues make contacts to hold the tail in place (Fig.
1.10a). Residue E122 forms a salt bridge with K255, and Y253 occupies a hydrophobic
cleft formed by the Latch Loop while keeping its hydroxyl group solvated. We termed
this 3-residue motif the C-terminal Latch Motif, and since Fab5 disrupts the Latch Motif,
we wanted to determine its importance in HCMV Pr dimerization and activity. Mutating
any of the three latch residues to alanine makes HCMV Pr inactive in a Michaelis-
Menten assay (Fig. 1.10b), which we carried out at protease concentrations of 0.5 yM.
We next evaluated the effect of these alanine point mutations on dimerization by using
SEC. HCMV Pr dimer and monomer elute as separate peaks, and we took the ratio of
these two peaks at enzyme concentrations ranging from 0.9 yM to 35 yM to determine

what percentage of the protease was dimeric (Fig. 1.10c, 1.11). Mutants Y253A and
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K255A never dimerized in this assay, and E122A could overcome dimer disruption only
at the highest concentration of 35 uM. We also measured the thermal stability of the
latch mutants using differential scanning fluorimetry. We found that melting temperature
decreased only slightly, with K255A having the most significant shift at -3.4°C (Fig.
1.10d). From this experiment, we conclude that the latch mutations do not cause HCMV
Pr to misfold, and their effects on HCMV Pr activity and dimerization are likely
mechanistic. Overall, we establish that the C-terminal latch is a motif with previously

unreported importance that can control HCMV Pr activity and dimerization.

Structural and Sequence Conservation of the HCMV Pr Latch Across the HHV Pr
Family

There are nine human herpesviruses classified into three subfamilies (a, 3, and
y) (Fig. 1.12a), and the structures of 6 HHV Prs have been solved. HCMV Pr, a B
herpesvirus, has a sequence similarity of 24-38% to other HHVSs, yet the other known
HHV Pr structures share its fold, dimeric state, and active site residues. The C-terminal
latch is one of the few conserved motifs across the HHV Prs. HCMV Pr shares identical
latch motif residues with all members of the 3 and y herpesviruses, and while the latch
sequences of the a herpesviruses diverge, there is structural conservation in this region.
We wanted to assess whether the latch motif is as important in other HHV Prs as it is in
HCMV Pr, so we made alanine mutations in Kaposi’'s sarcoma-associated virus (KSHV)
and Eppstein-Barr virus (EBV), which are both y herpesviruses (Fig. 1.12b). Mutating
the latch residues in KSHV also inactivate the enzyme in a Michaelis-Menten activity

assay (Fig. 1.12c)
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Discussion

Dimerization of HHV Prs triggers conformational rearrangements that coordinate
the active site and lead to catalytic competency. These structural constraints, combined
with the fact that HHV Prs are expressed as Pr-AP fusions, exert spatial and temporal
control to minimize activation of the Pr domain before it reaches the interior of a viral
capsid. We identified a conformationally selective inhibitory Fab termed Fab5 which
inhibits HCMV Pr by isolating its monomeric state. Cryo-EM structures of the
Fab5/HCMV Pr complex reveal a short proline-rich epitope that is distal from both the
interfacial helix a5 and the oxyanion loop-stabilizing helix a6, as well as the active site.
In dimeric HCMV Pr crystal structures, the Fab5 epitope typically pins the C-terminal tail
to the core of the protein, which led to us referring to the epitope as the Latch Loop.
HCMV Pr has a large range of motion when bound to Fab5, which we visualized by
resolving 3 unique binding poses from a single cryo-EM dataset. Two of these states
clash with a hypothetical folded C-terminal tail in the active dimeric conformation, which
led us to hypothesize that Fab5 disrupts the dimer interface through both steric
hindrance and the sequestration of an important binding loop in the HCMV Pr
conformational cycle. In crystal structures, E122 on the Latch Loop forms a salt bridge
with K255 on the C-terminal tail, and Y253 is enveloped by this interaction. An alanine
scan of this E-Y-K Latch motif demonstrated that these residues play an important role
in both dimerization and proteolytic activity. Because all HHV Prs have a Latch Loop
and two-thirds of HHV Prs share the same latch motif as HCMV Pr, the Fab5
mechanism of inhibition represents a new route to HHV Pr inactivation by targeting a

cryptic allosteric site.

13



The sequences of all HHV Pr Latch Loops also contain multiple proline residues.
Proline-rich motifs (PRMs) often preclude visualization by structural biology because
they seldom participate in secondary structure. While PRMs are disordered in this
sense, proline does increase the order of loops by constraining the conformational
space of neighboring residues. The result is a rigidified amino-acid backbone, which
lowers the entropic cost of binding, which is why PRMs often participate in protein-
protein interaction (PPI). In a host cell, the HHV Pr domain is also linked to an AP
domain, which itself contains 12.8% proline. The AP is also composed primarily of
alanine and serine, which, together with proline, comprise 44.7% of its sequence. Pr-AP
fusions likely aggregate through PRM interactions with loosely defined quaternary
structures and ultimately form a spherical procapsid together with the major capsid
protein (MCP). Once concentrated inside the procapsid, the Pr domain relies on a PRM
via the Latch Loop to assume its active form, and Fab5 exploits this interaction to inhibit
activity.

Fab5 exhibits a mechanistic example of allostery where Fab5 binding leads to
the disorder of discrete conformational elements, such as helix a6, that are required for
catalytic competency. However, it is also possible that conformational entropy
redistribution plays a role in the way Fab5 disrupts active site coordination. We recently
provided comprehensive evidence linking cryo-EM density loss and B-factor changes to
conformational flexibility and entropy redistribution in protein complexes. Namely,
rigidification of a protein interface can lead to increased flexibility in distal areas.
Molecular dynamics studies of homologous KSHV and Varicella Zoster (VZV) Prs

corroborate this model by indicating that dimerization induces lower conformational
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mobility at the dimer interface and increases mobility at the substrate binding pocket.?®
In addition to disrupting the interaction between the Latch Loop and the C-terminal tail,
Fab5 binding may introduce flexibility in both the active site and the start of the C-
terminal region. Both sites are antipodal to the Latch Loop, and we observe the total
loss of density corresponding to the oxyanion loop and the entire C-terminus and drastic
increases in B-factor. While Fab5 displaces the C-terminal tail in classes One and
Three, Class Two could permit proper folding of the dimer interface. Fab5 binding may
introduce greater overall flexibility into the C-terminal region which, in addition to Latch
Loop binding, results in an entropic barrier to dimer interface formation that is too high
for HCMV Pr to overcome.

The dynamic network that links HHV Pr dimerization to activity is well-established
and complex and ultimately results in a dearth of stable surfaces on the Pr domain,®'3
which is likely why the primary epitope of Fab5 is only seven residues in length. Despite
the flexibility between Fab5 and HCMV Pr, we believe our 3 atomic models represent
energy minima in the motion of HCMV Pr that provide a framework for improving the
affinity of Fab5. By creating a phage-displayed sub-library with mutations in the
complementarity determining regions (CDRs) of the Fab5 heavy chain, a panning
campaign could result in new binders that stably capture more distal residues on HCMV
Pr like W179 and R183. Interactions such as this could transform an ultimately two-
dimensional epitope into a true three-dimensional one. Furthermore, the propensity of
Fab5 for PRM binding could mean that Fab5-based sub-libraries are a feasible starting

point to isolate Fabs against homologous HHV Prs.
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In this work, we harnessed the synergy between antibodies and cryo-EM as the
foundation to characterize a loop in HCMV Pr with broader implications for therapeutic
development across the HHV Pr family. Our efforts also establish a framework for Fab
epitope mapping via cryo-EM which enables structure-guided study and design of
antibodies. From the perspective of cryo-EM, the asymmetric Fab5/HCMV Pr complex
is small and flexible,® which poses a technical challenge to structure determination.
We, among others,3' demonstrate that there should be no size or flexibility limitations on
antigens when mapping the epitope of a Fab via cryo-EM using currently available

technology.
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Figure 1.1: The HCMV Pr conformational cycle and characterization of Fab5 a) HCMV Pr is
expressed as a fusion with the assembly protein (AP) in the host cytosol. It then traffics into the
nucleus where the complex incorporates into maturing (figure caption continued on next page)
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(figure caption continued from the previous page)viral capsids. The Pr domain dimerizes in the
capsid and becomes active, and then frees both itself and AP from the major capsid proteins,
allowing for viral capsid maturation. b) Crystal structure of HCMV Pr dimer showing catalytic triad
(blue), oxyanion loop (green), and C-terminal region (purple) comprised of helices a5 which forms
the dimer interface, and a6 which stabilizes the oxyanion loop. c¢) Disorder-to-order transition of the
HCMV Pr domain. d) Fab5 inhibits HCMV Pr with an ICso of 722 nM. e) Fab5 has a Ky of 1.6 uM. f)
The Michaelis-Menten curve of HCMV Pr was determined in the presence of varying concentrations
of Fab 5 (left). The K and Vimax were quantified for each Fab 5 concentration and are summarized
as bar graphs (right). Data are reported from triplicate technical replicates as the mean + standard
deviation (Michaelis-Menten) or standard error of mean (Km, Vimax). g) Fab5 isolates a monomer of
both WT HCMV Pr (g) and the dimer-promoting mutant S225M HCMV Pr (h) determined via SEC-
MALS.

Catalytic (Pr) Domain Scaffolding (AP) Domain @

C-teLalregion
| [ e ] AP
| |
R-site M-site AP
(Release) (Maturation)

MCP

Figure 1.2: Schematic of the UL80 gene The HCMV UL80 gene. Primary components are the
catalytic domain, a linker region, and the Scaffolding domain. Proteins can either be expressed as
Pr-AP or AP due to multiple open reading frames. Pr-AP associates with the major capsid protein
(MCP) in the cytosol. Catalytically competent Pr frees itself from AP via the R-site, and the
scaffolding is cleared away via the M-site. The wild-type Pr domain contains multiple autoproteolytic
sites, which is why our expression construct contains mutations (A141V, A143V, P144A and A209V)
to limit autoproteolysis.
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Figure 1.3: Inhibition assay with 5 unique Fab clones Inhibition assay with the five unique clones
from HCMV Pr phage-displayed panning. Fab5 has the best IC50. We did attempt to carry forward
with study of Fab3 (an activator) as well, but we were not able to purify a stable complex on SEC or
visualize a complex via negative-stain EM
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Figure 1.4: Cryo-EM reveals Fab5 epitope a) cryo-EM structure of the Fab5/CMVpr complex at a
resolution of 2.6 A. b) Model of the Fab5/HCMV Pr interface docked into EM density (left). The
sequence of the captured loop is written in black, and key residues are labeled. The Fab5 epitope
extends deep between the Fab5 heavy and light chains (right). ¢c) Model of Fab5/HCMV Pr complex
showing that Fab5 binds distally from the active site (cyan and green residues). d) Fab5 epitope, or
Latch Loop, marked on a dimeric crystal structure of HCMV Pr (one monomer shown). e) Fab5
isolates monomeric states of HCMV Pr.
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Figure 1.5: Flow chart of EM data processing a) Flow chart of EM processing workflow. The
graphs next to the final volumes in the bottom right are GSFSC curves and orientation distributions
for final volumes. Final volumes for classes One, Two, and Three were solved using non-uniform
refinement, local refinement with a focused mask, and local refinement with a full mask. All volumes
were used iteratively for model building. b) size-exclusion chromatography of Fab5/HCMV Pr
complex preparation. Only the largest peak was used for cryo-EM sample. ¢) Representative
micrograph of Fab5/HCMV Pr complex. d) representative 2D classes of Fab5/HCMV Pr complex.
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Real Map

Figure 1.6: Map comparison with EMReady a) EMReady post-processing results of final maps for
classes One (orange HCMV Pr), Two (Red) and Three (pink). b) Transparent real map overlayed
with EMReady map for Class One. c¢) Representative comparison of side-chain density between real
maps and EMReady maps. All models built using an EMReady improved map were manually
checked against real maps and were also validated using Phenix Comprehensive Validation against
real maps.
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Figure 1.7: Multiple states of HCMV Pr all show C-terminal disorder a) Major classes from 3D
classification show that HCMV Pr is flexible when bound to Fab5. b) Models of classes One
(orange), Two (red), and Three (pink) superimposed. Focusing on helix a1, twisting and rocking
motions of HCMV Pr can be observed. c) Transient contacts are made between the Fab5 heavy
chain (light blue) and the various poses of HCMV Pr, demonstrating the plasticity of the overall
epitope. d) Fab5 residue Y60H makes a predicted hydrogen bond (black dashed line) with HCMV Pr
residue E122 in Class One. e) In Class Two, Y60H interacts with K119. K119 can adopt alternate
poses, interacting either with Y60H or the HCMV Pr Latch Loop. f-h) Models of Fab5/HCMV Pr
complex with folded C-terminal region from an intact HCMV Pr dimer superimposed. The models are
then fit into EM density with high and low thresholds. Fab5 clashes with the C-terminal tail in Class
One (f), and there is no density that would correspond to a folded C-terminal region. Class Two could
permit the C-terminal region to fold (g). However, density for this region is still not observed. Class
Three (h) clashes with the C-terminal region as well.
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Figure 1.8: B-factor mapped onto Fab5/HCMV Pr models Fab5/HCMV Pr complexes colored by
B-factor. B-factor was calculated with Phenix Real-Space Refinement. B-factor at the interface is
about the same as the entirety of the Fab in each model and increases on HCMV Pr with greater

distance from the epitope.
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Figure 1.9: Exploration of Fab5 epitope plasticity a) model of Class One for reference to area of
interest. b) The area over the Fab5 heavy chain is circled. We call this area the plastic epitope
because transient contacts form here in the different Classes. The movement of a short helix is
highlighted. On the right, the primary epitope is highlighted. Residues caught between the Fab5
heavy and light chains align well between classes, then rapidly diverge distally from the Fab. c¢) Side
views of models for reference of HCMV Pr motion. d) Vignettes of shifting contacts between classes.
First three frames are inter-class comparisons, last three frames are the same image with EM
volume superimposed. E122 and K119 in Class One, (figure caption continued on next page)
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(figure caption continued from the previous page) E122 is engaged by both Y60H and S108. In
Class Two, E122 is peeled away from the interface and Y60H engages K119 instead. K119 can
adopt multiple poses, and occupies density near Y60H about 25% of the time. E122 comes back into
contact with Y60H in Class Three, however density is weak. S108 now points towards solvent. R109
In both Classes One and Two, density for R109 is weak and it points towards solvent. R109 adopts
multiple poses in Class One, pointing mostly towards solvent. Class Three has the strongest density
for R109 as it lays across the top of the Fab5 heavy chain. E105 is similar to R109 insofar as it
points towards solvent in Classes One and Two while making interactions, albeit weakly, with K58H
in Class 3. W179 and R183 make a pi-pi stack between their respective indole ring and guanidino
group. In Class One, the pair pack against the Fab5 heavy chain more distally from the interface,
whereas in Class Two they pack above K58H, closer to the interface. In Class Three, the pi-pi stack
is broken, and the W/R residue pair is smeared near the primary epitope. This pair of residues
completes an arc of about 30 angstroms in length between the three classes. e) 3D Variability
analysis was run with five principle components with all particles from all three classes. Two scenes
are highlighted where Y60H can be observed changing contacts as HCMV Pr twists and rocks on
Fab5.
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Figure 1.10: Mutagenesis of the Latch Motif in HCMV Pr a) The Latch Motif, comprised of E122
on the HCMV Pr Latch Loop and Y253 and K255 on the C-terminal tail. b) Mutating any of the Latch
Motif residues to alanine results in no activity in a Michaelis-Menten assay. c) Latch Motif mutants
disrupt dimerization. Percent dimer is calculated by integrating the peak area of monomer and dimer
HCMV Pr peaks on SEC, then plotting the ratio. WT HCMV Pr dimerizes in a concentration-
dependent manner, and the Latch mutants remain in monomeric states. Only E122A is able to
overcome dimer disruption at the highest concentration measured. d) Thermal stability measured via
DSF. Latch mutants have small melting temperature shifts, suggesting that these mutations do not
cause HCMV Pr to be misfolded.
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Figure 1.11: SEC chromatograms of dimer formation All SEC chromatograms from dimerization
experiments. Peak areas were integrated, and a ratio was taken to make the percent dimer graph in
Fig. 4. Results are normalized for intensity, and the x-axis has column volume. The left column is
wild-type HCMV Pr, and concentration-dependent dimerization can be observed. All mutant
constructs remain as monomers except for E122A, which can dimerize at the highest concentration.

N, - ¥ M = =
a b P | N N C KSHVpr Latch Mutants Michaelis-Menten
a I‘# IS 0,004
. . o/
Alphaherpesviruses Betaherpesviruses o / .
Varicella Zoster Cytomegalovirus . b )
- KSHVWT
Herpes Simplex 1 ° E 00024 B KSHV E104A
HHV-§ 4 H - KSHV Y2277
Herpes Simplex 2 HHV-7 4 2001 ¥ KSHV K228A
\ \
Gammaherpesviruses S o - ]
. D ——"
Latch Locp C-terminus T T ? |
Epstein-Barr| P npr——— [} 50 100 150 200
P Kaposi's Sarcoma PVSPBEQPDKVVEF SEVEA Substrate (uM)
Associated KSHVpr PVKNEPKEPLLEI VMLEA Kn vmaz keat keat/km
QRLPEPREPKVEA SHLEA (uM) luhtfsec) [s1] 5*M )
KSHVpr WildType 1025 0.0057 00114 1cE1

Figure 1.12: Conservation of the Latch Motif across HHV Prs a) Phylogenetic tree of the human
herpesvirus family. The red circle indicates which HHV Prs have a conserved Latch Motif. b)
Structural and sequence alignment of HCMV Pr, KSHV Pr, and EBV Pr. The Latch Loop in all three
Prs is rich in proline and the critical glutamate residue in the Latch Motif is conserved, along with
lysine and tyrosine residues at the C-terminus. A leucine that packs together with the tyrosine is also
conserved. ¢) Mutating Latch Motif residues on KSHV Pr also disrupts activity in a Michaelis-Menten
assay.
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Materials and Methods

Phage display panning: A fully human naive B cell Fab library was displayed on
phage. Antigen was biotinylated using EZ-Link NHS-Chromogenic-Biotin (Pierce),
immobilized using magnetic streptavidin beads (Invitrogen) and underwent four rounds
of selection with decreasing concentration of antigen. Candidate Fabs were identified
using dotblots and subsequently expressed, purified and validated using biolayer

interferometry.

Fab expression and purification: Fabs 1-5 were expressed and purified as previously

described.?’

HCMV Pr Mutagenesis: All HCMV Pr constructs bear a N-terminal 6X-His tag. Point
mutagenesis was performed using a Quickchange Lightning Site Directed Mutagenesis
Kit (Agilent). PCR products were transformed into XL-10 Gold competent E. coli cells
and selected using Ampicillin (AMP) and Chloramphenicol (CAM). Cultures were grown
in 5 mL Luria Broth (LB) supplemented with AMP (100 ug/mL final concentration) and
CAM (34 pg/mL final concentration) while shaking at 37°C overnight. DNA was isolated

using a Qiagen Miniprep Kit and sequenced.

HCMV Pr Expression: HCMV Pr constructs were expressed in Rosetta 2 BL21 E. coli
cells (Millipore). Cells were grown in 50 mL LB supplemented with AMP (100 pug/mL)
and CAM (34 pg/mL) while shaking at 37°C overnight. The next day, 10-50 mL of culture

was used to inoculate 1 L LB supplanted with antibiotics and shaken at 37°C to an
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ODesoo of 0.6. Isopropyl 3-d-1-thiogalactopyranoside (IPTG) was added (1 mM final

concentration) and cultures were shaken at 16°C overnight.

HCMV Pr Purification: Cells were harvested, pelleted and suspended in a buffer
containing 50 mM potassium phosphate at pH 8.0, 300 mM KCI, 25 mM imidazole and 5
mM 2-mercaptoethanol (BME). Cells were lysed by microfluidization and pelleted, and
the supernatant was purified on a GE HealthCare LifeSciences Akta Explorer FPLC at
4°C. Protein was eluted over two stacked 5 mL HisTrap Nickel columns with gradient
elution into a buffer containing 25 mM potassium phosphate at pH 8.0, 150 mM KCI,
300 mM imidazole and 5 mM BME. Eluate was collected and dialyzed overnight against
a buffer containing 25 mM potassium phosphate at pH 8.0, 150 mM KCI, 0.1 mM EDTA
and 1 mM BME. Dialyzed protein was concentrated to ~2 mL and purified over HiLoad
26/60 Superdex 75 (GE Healthcare) into the same buffer. Protein bands were analyzed
by SDS-PAGE and pure protein was collected, flash frozen and stored at -80°C. Protein
concentrations were determined using a NanoDrop 2000c UV spectrophotometer
(Thermo Scientific) using an extinction coefficient of 28,420 M-' cm for all HCMV Pr

constructs.

Michaelis-Menten Kinetics: HCMV Pr, KSHV Pr, and their respective Latch Motif
mutants were diluted to 500 nM in buffer containing 25 mM potassium phosphate at pH
8.0, 150 mM KCI, 0.1 mM EDTA, 1 mM BME , 10% glycerol and 0.01% TWEEN-20. An
internally quenched FRET substrate was used: NH2-Lys(MCA)-Tbg-Tbg-Asn-Ala-Ser-

Ser-Arg-Leu-Lys(Dnp)-Arg-OH, where Tbg is L-fert-leucine, Lys(MCA) is a lysine
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residue with side chain linked to a 7-methoxycoumarin-4-acetic acid and Lys(Dnp) is a
lysine linked to 2,4-dinitrophenyl. Substrate was prepared in 1:2 serial dilutions from 7.5
—0.06 mM in DMSO, then 98pL protein + 2 pL substrate (150 — 0.3 pM final
concentration) in a 96-well black untreated polystyrene plate. Enzyme velocity was
monitored by fluorescence increase (excitation: 328 nm, emission: 393 nm) on a BioTek
Synergy H4 Bioreader at 30°C. Mean velocity (RFU/s) during steady state was fit using
BioTek Gen5 data analysis software. The mean velocity of control wells containing only
buffer and substrate was averaged and subtracted from calculated enzyme velocity. A
serial dilution of free MCA was prepared, ex/em at 30°C was determined and
fluorescence (RFU) was plot in triplicate against MCA concentration (uM) then fit to a
linear regression to get a slope of 11053 RFU/uM, which was used to convert initial
velocity values from RFU/s to uM/s. Substrate concentration vs. velocity curves were
plot in GraphPad Prism then fit using the standard Michaelis-Menten and kca: equations
then resulting values were used to calculate kca/Km with standard propagation of error.
All data were collected duplicate or triplicate from technical replicates and are reported

in figures as the mean, including error bars depicting standard deviation.

ICso values: Panning hit validation: HCMV Pr was diluted to 1 uM in buffer containing
25 mM potassium phosphate at pH 8.0, 150 mM KCI, 0.1 mM EDTA and 10% glycerol.
Fab 1, 2, 3, 4 or 5 was diluted in 1:3 serial dilution from 8 - 0 uM in phosphate-buffered
saline (PBS) then 48 yL HCMV Pr solution and 50 pyL Fab solution was combined in a
96-well black untreated polystyrene plate and incubated for 20 min at room temperature

(500 nM HCMV Pr final, 5% glycerol). A 7-amino-4-carbamoylmethylcoumarin (ACC)
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cleavable substrate was used: Ac-NH-Tbg-Tbg-N4Me2Asn-Ala-ACC, where Ac-NH
refers to an acyl capped N-terminus, Tbg is L-tert-Leucine and N4Me2Asn is N4,N4-
dimethyl asparagine. Substrate diluted in DMSO was added to the HCMV Pr + Fab
solution (2 pL, 40 uM final) and enzyme velocity was monitored by fluorescence
increase (excitation: 380 nm, emission: 460 nm) on a BioTek Synergy H4 Bioreader at
30°C. The velocity (V) of PBS-only controls was averaged and used to normalize data
as percent activity:

Vcompound

%Activity = ( ) x 100

DMSO

The log1o[Fab] was plotted vs. percent activity and curves were fit with a standard four

parameter log(inhibitor) vs. response with variable hill slope equation.

Biolayer-interferometry: Fab 5 was diluted into PBS then biotinylated for 1 h at room
temperature using EZ-Link NHS-Chromogenic-Biotin (Pierce).?” HCMV Pr, HCMV M75A
or HCMV R79A was dialyzed into buffer containing 25 mM potassium phosphate at pH
8.0, 150 mM KCI and 0.1 mM EDTA then diluted to 50, 500 or 5000 nM in the above
phosphate buffer plus 1% bovine serum albumin and 0.01% TWEEN-20. Biotinylated
Fab 5 was immobilized on ForteBio streptavidin SA biosensors and the affinity of each
HCMV Pr construct for Fab 5 was determined on an Octet RED384 biolayer

interferometer as previously described.?’

Size-exclusion chromatography and multi-angle light scattering: HCMV Pr + Fab
5: Equimolar amounts of Fab 5 and HCMV Pr were mixed and incubated at room

temperature for 1 h. 500 pL of the mixture was injected onto a Superdex75 10/300
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column and eluted over 1 CV. Low molecular weight standard (source) was injected
onto the same column and eluted in the same buffer at the same flow rate. Linear
regression analysis of the elution peaks using R allowed interpolation of the apparent
molecular weight of the complex.

HCMYV Pr dimerization: WT HCMV Pr, HCMV M75A or HCMV F155A were diluted (0.9
uM, 1.8 uM, 3.5 uM or 35 uM final concentration) into buffer containing 25 mM
potassium phosphate pH 8.0, 150 mM KCI, 0.1 mM EDTA, 10% glycerol and 1 mM f3-
mercaptoethanol then incubated at room temperature for 1-7 h. A Superdex 75 10/300
GL column was equilibrated at 4°C into the same buffer used to dilute proteins. For all
protein samples, 500 yL was injected onto the column and protein eluted over 1 CV at
0.6 mL/min flow rate while monitoring Absorbance at 280nm. For each individual sample
run, the absorbance at A280 was plotted against time (min). The minimum absorbance
value across the full spectrum was calculated in Microsoft Excel and subtracted from
each absorbance value to correct the baseline to zero. The maximum absorbance
between 14-23 min was calculated, then all data were normalized to this value using the
following equation, where Ax is the 280 nm absorbance at time x and Amax is the
maximum value calculated between 14-23 min:

Ay

Normalized Intensity = ( ) x 100

max

Multi-angle light scattering was performed by running the elution from an SEC run and
injecting into a Wyatt Dawn Pro and Optilab combined instrument. Data were plotted in
Astra and imported to GraphPad Prism where they were overlayed on normalized SEC

data using a second Y-axis.
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Cryo-EM Sample Preparation and Data Collection: Fab5/HCMV Pr complex was
purified by SEC and concentrated to 1 mg/mL. The sample was diluted to 0.1 mg/mL
and 3 microliters was pipetted onto glow-discharged gold grids coated in holey carbon
film (Quantifoil, 300 mesh 1.2/1.3, Au) or holey gold film (UltrAuFoil, 400, mesh 1.2/1.3).
Grids were then blotted and plunge-frozen using a Vitrobot Mark IV equipped with
Whatman type 4 blotting paper with a blotting time of 4 s and blotting force of -2, at 4 °C
and 100% humidity. Data was collected at the Janelia Research Campus in Ashburn, VA
on Krios 3. This 300 keV microscope is equipped with a Thermo Scientific Falcon 4i
camera, Selectris X energy filter, and cold Field emission gun with 6 eV slit width during
acquisition. A nominal magnification of 165,000x was used for a physical pixel size of
0.743 (0.371 in super resolution) with a total dose of 50 e-/A°2. Automated data
collection was performed using SerialEM to collect movies with a defocus range

between 0.8-2.0 A".

Image Processing: Dose-fractionated super resolution images stacks were motion
corrected and Fourier-cropped by 2 using both cryoSPARC and MotionCor2. CTF
estimation was performed using cryoSPARC, followed by micrograph curation, blob-
based particle picking, 2D classification, and ab initio modeling. The ab initio model was
used to generate templates for further particle picking and curation. Iterative rounds of
multi-class ab initio modeling and heterogeneous refinement were used to generate
particle stacks where HCMV Pr could be resolved in the complex. Particles were then
sent to Relion using the PyEM code suite for 3D Classification. Particles were then
reimported to cryoSPARC for further 3D Classification, reference-based motion

correction, 3D refinement, and 3D variability analysis.
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Model Building and Refinement: A model of Fab5 generated by Alphafold 3 was
docked into cryo-EM density and refined using ISOLDE and PHENIX. To identify the
Fab5 epitope, we generated each flexible loop of HCMV Pr as a peptide in COOT and
began modeling it into the non-Fab5 cryo-EM density. We identified that the loop from
P111-P117 fit this density well, and then appended the rest of an HCMV Pr monomer
onto it (PDB:1CMV) and built the missing loops in COOT. The complete model was
further refined using real-space refinement in PHENIX and ISOLDE. Cryo-EM maps
enhanced with EMReady were also used in intermediate stages of the modeling

process. B-factors were calculated in PHENIX.
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Chapter 2

X-ray Footprinting Reveals HCMV Pr Allosteric Network
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Abstract

X-ray footprinting and mass spectrometry (XFMS) is a way to assess the solvent
accessibility of individual amino acid residues in solvent. By performing XFMS on the
Fab5/HCMV Pr complex, we corroborate our model that Fab5 isolates HCMV Pr
monomers by binding to the Latch Loop. We also observed that certain residues around
the active site, namely M75, are protected from solvent when Fab5 binds HCMV Pr.
Because we do not resolve M75 or most of the active site in our cryo-EM structures, we
employed a multipronged approach using HSQC NMR, mutagenesis and biochemical
assays to investigate the importance of M75 and surrounding residues on HCMV Pr
activity and dimerization. We discovered that M75 is part of an allosteric network
together with F155 that is conserved across the HHV Pr family and plays a key role in

activity and dimerization.
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Introduction

Fab5 is a conformationally selective antibody that inhibits human
cytomegalovirus protease (HCMV Pr) by isolating its monomeric state. HCMV Pr is a
dynamic protein that changes conformation between monomeric and dimeric states,
and as we show in our cryo-EM structures, the interaction between Fab5 and HCMV Pr
is also dynamic. Three-dimensional structures are ultimately static snapshots of a
structural landscape. While new methods in cryo-EM are enabling the interpretation of
protein dynamics,?® we are interested in elucidating the dynamics of HCMV Pr and the
Fab5/HCMV Pr complex in solution. We used X-ray footprinting mass spectrometry
(XFMS) to assess how the solvent accessibility of HCMV Pr changes once it binds to

Fab5.

We irradiated our samples with synchrotron X-ray radiation at the Advanced Light
Source beamline 3.2.1. which generates hydroxyl radicals in situ from the bulk solvent
and structure-coordinated water molecules that can covalently label solvent-accessible
amino acid side chains. A sample is exposed for varying lengths of time in front of the X-
ray beam, which results in a dose range of generated hydroxyl radicals. The extent of
oxidative modification is quantified using bottom-up liquid chromatography-tandem
mass spectrometry (LC-MS/MS) and the ratio of modified versus unmodified peptide is
plotted as a function of exposure time. The result is a dose/response graph for each
modified residue detected in the experiment with a hydroxyl reactivity rate constant ks.
By taking the ratio of rate constants at each detected residue between two or more
protein states, we can infer structural changes that result in differences in solvent

accessibility. This technique is especially useful when paired with cryo-EM because our
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atomic models of the Fab5/HCMV Pr complex can be used as the basis to interpret our

XFMS results.

In our XFMS data, we see that the Fab5 epitope is protected from solvent
exposure upon complex formation, and residues that normally participate in the HCMV
Pr dimer interface become solvent-exposed. We also see solvent accessibility changes
around the active site when Fab5 binds. The active site-proximal residues captured in
our XFMS dataset are not resolved in our cryo-EM structures. By combining our XFMS
and cryo-EM datasets, we can gain deeper insights into the dynamics of the HCMV Pr

active site in the monomeric state.
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Results

HCMV Pr Dynamics Revealed by Fab5 Binding

Our XFMS results show that Fab5 binding leads to global HCMV Pr solvent
accessibility changes. We detected 20 amino acids that are modified by hydroxyl
radicals via LC-MS/MS (Table 1). To quantify these changes, we compared the ratio of
oxidation rate constants (ks) for HCMV Pr alone over the Fab5/HCMV Pr complex (Fig.
2.1a). One residue in our data set exhibited no change in solvent exposure (ratio equal
to one). Many residues were protected from solvent upon Fab5 binding (ratio greater
than 1), while some residues became more solvent-exposed (ratio less than one).

These residues are evenly dispersed across the HCMV Pr surface (Fig. 2.1b).

By mapping XFMS-derived solvent accessibility changes onto both the
Fab5/HCMV Pr EM structure and the dimeric HCMV Pr crystal structure (Fig. 2.2a-
2.2b), we can interpret the effect that Fab5 binding has on HCMV Pr conformation.
Residues F123 and Y230 typically participate in the HCMV Pr dimer interface, and Fab5
binding makes them both more solvent exposed. Y230 is not represented in the
Fab5/HCMV Pr structure because the interfacial helix a5 is disordered in the complex.
Nearby residue Y128 is solvent protected, indicating that there are conformational

changes occurring at the dimer interface.

The residues with the greatest degree of protection are in and around the HCMV
Pr active site. H157, a member of the catalytic triad, undergoes 2.5-fold solvent
protection upon Fab5 binding, and M75, which resides directly behind the active site, is

protected 3.38-fold (Fig. 2.2c). HCMV Pr residues that are near the Fab5 become
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solvent protected. P111 directly participates in in the epitope and shows a 2.13-fold
decrease in solvent accessibility (Fig. 2.2d). W179 makes direct contact with Fab5 in
the three classes of the complex that we determined, and it is protected by 2.28-fold. All
together, these observations corroborate the allosteric inhibition mechanism of Fab5,
and also provide additional information on how the active site is influenced by the

HCMV Pr monomer to dimer transition.
M75 and F155 play key roles in HCMV Pr activity

Because residue M75 undergoes the most solvent protection upon Fab5 binding,
we hypothesized that its location near the active site undergoes conformational changes
between HCMV Pr monomeric and dimeric states. Inspection of several HCMV Pr X-ray
crystal structures indicates that F155 is oriented with its sidechain towards M75 and
could be a bridge to the active site (Fig. 2.3a-2.3b). When HCMV Pr is not bound to
substrate, F155 is highly flexible, ranging from 5-11A away from the M75 sidechain.
Overlaying crystal structures of substrate mimetic-bound HCMV Pr reveals that F155 is
consistently about 5A away from M75, which indicates that F155 is sensitive to the
active site environment.3233 In the 'H-13C HSQC spectrum of unbound HCMV Pr, the
peak corresponding to M75 accesses at least four distinct resonance shifts (Fig. 2.3c).
The observation of multiple peaks indicates that M75 is in several chemical
environments, most likely due to different protein conformational states. Mutation of
F155 (HCMV F155) causes a shift in M75 and a single HSQC peak, confirming an

interaction between the two residues.

We next investigated whether the observed M75 resonances were associated

with monomeric or dimeric states of HCMV Pr. Point mutations along the dimer interface
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that stabilize either the monomer (HCMV L222D) or the dimer (HCMV S225M) were
used to determine "H-"3C chemical shifts of M75 when isolated in each oligomeric state
(Fig. 2.3c). In the L222D spectrum, M75 shows a major peak that overlaps with peak 3
in the HCMV Pr WT. In the HCMV S225M dimer spectrum, one peak corresponding to
M225 partially overlaps with the major peak, which also appears to overlap with
resonance 3 in the WT HCMV Pr spectrum. There is also a second resonance that
overlaps with resonance 4 in the WT HCMV Pr spectrum, which is not present in the
monomer spectrum. We therefore conclude that this peak is specifically associated with

the HCMV Pr dimeric state.

While structural evidence shows that M75 and F155 are sensitive to HCMV Pr
conformation, we wondered whether they are important for activity as well. By mutating
each residue to alanine and performing steady-state kinetics, we show that M75 is
important for HCMV Pr activity and F155 is essential (Fig. 2.3d). Comparing WT HCMV
Prto HCMV M75A, substrate Km is not significantly changed (33uM and 44uM,
respectively), while both Vmax and kcat of HCMV M75A (0.004 uM/s, 0.007 s) is 4-fold
decreased compared to WT HCMV Pr (0.016 uM/s, 0.031 s™'). Calculating kca/Km for
each protein construct shows a 6-fold decrease in catalytic efficiency between WT
HCMV Pr (939 s'M-") and HCMV M75A (159 s'M-"). The HCMV F155A mutant showed

no proteolytic activity, so a comparison of kinetic values was not possible in this case.

To determine the effects of mutagenesis on HCMV Pr dimerization, we used SEC
to monitor the concentration-dependent monomer/dimer equilibrium as described in
chapter 1. WT HCMV Pr elutes as a mixture of monomer and dimer, and increasing

protein concentration enhances dimerization (Fig. 2.3e). HCMV M75A also elutes as a
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mixture of monomer and dimer, but with an increased concentration of monomer. This
effect is more pronounced in the case of HCMV F155A, which remains fully monomeric
until the highest concentration tested. Based on this, we conclude that both M75 and

F155 are important for HCMV Pr dimerization.
Discussion

We performed XFMS concurrently with cryo-EM to investigate the epitope and
inhibitory mechanism of Fab5. With cryo-EM, we visualize the epitope in exquisite
detail. However, the decreasing resolution further from the Fab5 binding site precluded
us from modeling residues of the active site. Led by our XFMS data, we identified a
relationship between residues M75, F155, and HCMV Pr activity. Sequence alignment
of all HHV Prs shows that F155 is fully conserved across the HHV Pr family (Fig. 2.4a).
While M75 is not conserved, residues at this location contain bulky hydrophobic
sidechains. Inspection of the crystal structures of Kaposi’'s Sarcoma-associated
herpesvirus (KSHV), Epstein-Barr virus (EBV), Herpes Simplex Virus type 2 (HSV-2)
and Varicella-zoster virus (VZV) proteases indicates structural conservation of sidechain
interactions at this location (Fig. 2.4b). This conservation suggests that M75 and F155

play similar roles in homologs to mediate dimerization and activity.

These XFMS data alone did not allow us to confidently determine the Fab5
epitope. However, since these experiments were performed, upgrades in the beamline
3.2.1 and 3.2.2 endstations, along with more sophisticated LC-MS/MS data processing
strategies, led to numerous successful antibody epitope mapping endeavors using

XFMS.27:3% Furthermore, combining XFMS with cryo-EM is proving to be a powerful way
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to study protein dynamics because XFMS can report on structural features that are too

flexible for structure determination.3®
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Figure 2.1: XFMS results mapped onto HCMV Pr crystal structure. a) HCMV Pr
residue-specific changes in solvent accessibility upon Fab5/HCMV Pr complex
formation. The height of each column corresponds to the ratio of hydroxyl radical
reactivity rate of HCMV Pr alone over the rate of that of the Fab5/HCMV Pr complex.
Residues with values above 1 are protected from solvent, and residues with values
below 1 are more solvent-exposed. b) XFMS data mapped onto HCMV Pr crystal
structure (PDB:1CMV). Scale bar is the same for all structures shown in chapter 2.
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25

Figure 2.2: XFMS mapped onto Fab5/HCMV Pr complex. a) Oxidation rate changes between
HCMV Pr and Fab5/HCMV Pr complex mapped onto corresponding residues on the
Fab5/HCMV Pr cryo-EM model from Class One. b) XFMS data mapped onto an HCMV Pr
dimeric crystal structure with the dimer interface highlighted. One monomer is translucent. c)
XFMS data mapped onto the HCMV Pr active site area. d) a view of the Fab5/HCMV Pr
interface with residues P111 and W179 highlighted.
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Figure 2.3: M75 and F155 are important for activity and dimerization. a) M75 (red) is
located behind F155 (yellow), which is nearby the catalytic residue H157 (orange) and the
active site (greencyan). b) Top: Overlays of every chain in the asymmetric unit of several apo
HCMV Pr crystal structures (PDBs: 1CMV, 1LAY, 1WPO). F155 was not resolved in some of the
inspected chains, and is not depicted in those cases. Middle: Overlays of every chain in the
asymmetric unit of several substrate-mimetic bound HCMV Pr crystal structures (PDBs: 1NJT,
1NKK, 1NKM, 1NJU, 2WPO). Bottom: All overlays are merged. c) The 1H-13C resonances
associated with M75 are shown for WT HCMV Pr (black), HCMV F155A (purple), HCMV L222D
(blue) and HCMV S225M (red). d) The catalytic efficiency of WT HCMV Pr (black), HCMV M75A
(green) and HCMV F155A (purple) was determined. (figure caption continued on next page)
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(figure caption continued from the previous page) Data are depicted in triplicate from (continued
from previous page) technical replicates as the mean + standard deviation. ) SEC was used to
monitor the monomer/dimer equilibrium over a concentration range of WT HCMV Pr (black)
HCMV M75A (green) and HCMV F155A (purple). The monomer/dimer peaks are labeled for
reference.
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Figure 2.4: M75 and F155 conservation. a) A sequence alignment for all HHV Prs is
shown. M75 (red) is type-conserved as a bulky hydrophobic residue, and F155 (yellow)
is absolutely conserved. b) We overlaid the chains in X-ray crystal structures for KSHV,
HSV-2, VZV and EBV Prs (PDBs 1FL1, 1AT3, 1VZV, 106E). Residues corresponding to
M75 are red, residues corresponding to F155 are yellow.
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Tables

Table 2.1: List of peptides used in XFMS analysis. Oxidized residues in the XFMS
dataset are listed with accompanying peptide. The oxidation rate ks for unbound HCMV
Pr (knative) and the Fab5/HCV Pr complex (kcomplex) are given, as well as the ratio
(knavtive/kcomplex).

Residue Peptide knative | kcomplex kknatlvel
complex
Y15 DEQQSQAVAPVYVGGFLAR 1.05 1.06 0.99
P35 DEAELLLPR 1.30 0.90 1.44
R36 DEAELLLPR 1.51 1.27 1.19
DVVEHWLHAQGQGQPSL
W42 SVALPLNINH 4.03 2.08 1.94
H71 DTAVVGHVAAMQSVR 8.37 9.62 0.87
M75 DDTAVVGHVAAMQSVR 10.83 3.65 2.97
M75* DDTAVVGHVAAMQSVR 4.66 2.31 2.02
H71 +
M75* DDTAVVGHVAAMQSVR 4.43 0.28 15.82
R79 TAVVGHVAAMQSVR 4.39 1.30 3.38
M75 +
R79* DDTAVVGHVAAMQSVR 1.86 0.21 8.86
P111 LVSRGPVSPLQP 1.92 0.90 2.13
F123 VVEFLSGSYAGLSLSSR 0.32 0.40 0.80
Y128 VVEFLSGSYAGLSLSSR 0.49 0.18 2.72
H157 HVALCSVGR 0.32 0.13 2.46
Y173 GTLAVYGR 0.14 0.1 1.27
R175 GTLAVYGR 0.14 0.1 1.27
P177 +
W179* DPEWVTQR 0.96 0.55 1.75
W179 DPEWVTQR 3.69 1.62 2.28
Y230 DALYIR 0.97 1.43 0.68
R232 DALYIRE 0.39 0.25 1.56
E233 DALYIRE 0.91 0.51 1.78
D241 DKQLVGVTE 1.50 0.70 2.14
K242 DKQLVGVTE 1.50 0.70 2.14
R250 QLVGVTER 1.23 0.69 1.78
*Not included in final analysis
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Materials and Methods

Protein Purification and Steady-State Kinetics were performed as described in

Chapter 1.

HSQC NMR: Selective 13C-ILVM labeled HCMV Pr, HCMV L222D, HCMV S225M or
HCMV F155A was diluted to ~80-100 uM in a buffer containing 25 mM potassium
phosphate pH 7.0, 150 mM KCI, 0.1 mM EDTA, 5 mM dithiothreitol and 10% deuterium
oxide. All NMR spectra were acquired at 300 K on either a Bruker Avance DRX 500
MHz spectrometer equipped with a QCI CryoProbe and a 60-slot B-ACS sample
changer or a Bruker Avance AV 800 MHz spectrometer equipped with a TXI CryoProbe
and a 16-slot SE Lite sample changer. Spectral processing analysis was performed with

NMRpipe and NMRFAM-Sparky.35 Peak assignments were previously determined

Size-exclusion chromatography: WT HCMV Pr, HCMV M75A or HCMV F155A were
diluted (0.9 uM, 1.8 pM, 3.5 uM or 35 pM final concentration) into buffer containing 25
mM potassium phosphate pH 8.0, 150 mM KCI, 0.1 mM EDTA, 10% glycerol and 1 mM
B-mercaptoethanol then incubated at room temperature for 1-7 h. Data were acquired

and analyzed as previously described

XFMS: HCMV Pr samples with or without Fab 5 were prepared at 2 micromolar. Protein
concentrations and beam parameters were optimized using an Alexa-488 fluorophore
assay. Samples were exposed for between 0—150 ms to a focused synchrotron X-ray
white beam at beamline 3.2.1 at the Advanced Light Source in Berkeley, CA. Samples
were immediately quenched post exposure and overnight digestion with trypsin or glu-c
was initiated on the same day. Oxidation sites were detected by liquid chromatography-

tandem mass spectrometry (LC-MS/MS) carried out at Joint BioEnergy Institute,
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Berkeley, CA and analyzed as previously described.?” The amount of unmodified
peptide is calculated by dividing the unmodified peak area by the sum of unmodified
and modified peak areas. As the dose of X-ray radiation is increased, the fraction of
unmodified peptide decreases, and fitting this dose-response relationship to single
exponential decay reveals the rate of footprinting (ks). This rate is dependent on both
the intrinsic reactivity of the specific side chain and its accessibility to solvent. The ratio
R of the rate constants at specific amino acid sites between samples reveals changes in
relative solvent accessibility. The R values determined in this study were mapped onto

the presented structures for comparative structural analysis.
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