1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2017 September 01.

-, HHS Public Access
«

Published in final edited form as:
J Immunol. 2016 September 1; 197(5): 1926-1936. doi:10.4049/jimmunol.1600162.

Extensive citrullination promotes immunogenicity of HSP90
through protein unfolding and exposure of cryptic epitopest

Timothy S. Travers™2, Lisa Harlow™, lvan O. Rosas¥, Bernadette R. Gochuico$, Ted R.
Mikuls', Sanjoy K. Bhattacharyall, Carlos J. Camacho*#, and Dana P. AschermanT#
*Department of Computational and Systems Biology, University of Pittsburgh School of Medicine,
Pittsburgh, Pennsylvania 15213

TDepartment of Medicine, Division of Rheumatology, University of Miami Miller School of
Medicine, Miami, Florida 33136

*Department of Medicine, Division of Pulmonary and Critical Care Medicine, Brigham and
Women'’s Hospital, Boston, Massachusetts 02115

SMedical Genetics Branch, NHGR, NIH, Bethesda, Maryland 20892

Department of Medicine, Division of Rheumatology, University of Nebraska Medical Center,
Omaha, Nebraska 68198

IDepartment of Ophthalmology, University of Miami Miller School of Medicine, Miami, Florida
33136

Abstract

Post-translational protein modifications such as citrullination have been linked to the breach of
immune tolerance and clinical autoimmunity. Previous studies from our laboratory support this
concept, demonstrating that autoantibodies targeting citrullinated isoforms of HSP90 are
associated with rheumatoid arthritis complicated by interstitial lung disease. To further explore the
relationship between citrullination and structural determinants of HSP90 immunogenicity, we
employed a combination of ELISA-based epitope profiling, computational modeling, and mass
spectrometric sequencing of peptidylarginine deiminase (PAD)-modified protein. Remarkably,
ELISAs involving selected citrullinated HSP90B/a peptides identified a key epitope corresponding
to an internal Arg residue (R502 (HSP90B)/R510 (HSP90a)) that is normally buried within the
crystal structure of native/lunmodified HSP90. /n vitro time/dose response experiments reveal an
ordered pattern of PAD-mediated deimination events culminating in citrullination of R502/R510.
Conventional as well as scaled molecular dynamics (MD) simulations further demonstrate that
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citrullination of selected Arg residues leads to progressive disruption of HSP9O0 tertiary structure,
promoting exposure of R502/R510 to PAD modification and subsequent autoantibody binding.
Consistent with this process, ELISASs incorporating variably deiminated HSP90 as substrate
antigen indicate a direct relationship between the degree of citrullination and the level of ex vivo
antibody recognition. Overall, these data support a novel structural paradigm whereby
citrullination-induced shifts in protein structure generate cryptic epitopes capable of bypassing B
cell tolerance in the appropriate genetic context.

INTRODUCTION

Development of autoimmune disease reflects the breakdown of immune tolerance to self-
antigens (1, 2). Although multiple mechanisms likely contribute to this process, post-
translational protein modifications and the generation of “cryptic” epitopes that are seen as
foreign by the host immune system play a central role in the breach of B/T cell tolerance (3-
6). Particularly for B cell recognition, however, this paradigm fails to provide a complete
explanation for the exposure of three dimensional conformational epitopes that are sterically
obscured in the native state of complex, folded proteins. From a structural point of view,
defining the relationship between post-translational modifications, protein unfolding, and
accessibility to antibody binding is therefore critical for understanding factors contributing
to immunogenicity of autoantigens targeted by aberrant humoral immune responses in
human disease.

Among the most common systemic autoimmune diseases linked to post-translationally
modified autoantigens, rheumatoid arthritis (RA) is characterized by chronic synovitis (7) as
well as extra-articular manifestations that significantly contribute to morbidity and mortality
(8-14). In fact, current evidence indicates that RA patients fall into distinct subsets based on
the presence or absence of anti-citrullinated protein antibodies (ACPAS) (15) that generally
portend a more aggressive disease course (16-18). In RA patients possessing ACPAS
(approximately 70-80% (19, 20)), the autoimmune response is shaped by immune
recognition of citrullinated (deiminated) autoantigens in an appropriate genetic background;
for instance, the HLA-DRBL shared epitope alleles are associated with RA primarily in the
ACPA-positive subset (21-23). For these patients, a gene-environment interaction has been
identified that involves an association between HLA-DRBL alleles and injurious lung stimuli
such as cigarette smoke or silica dust (24-26). Interestingly, smoking also enhances the
expression of the enzyme peptidylarginine deiminase 2 (PAD2), potentially triggering
increased protein citrullination in lung epithelial tissue (27). The lung therefore represents a
site of putative immunologic “danger,” with induction of citrullination and breakdown of
tolerance hinging on genetic susceptibility to environmental insults (28).

Based on this conceptual framework, Harlow et al. developed a “reverse
immunophenotyping” approach using patient sera to define autoantibody targets in RA-
associated interstitial lung disease (RA-ILD)--and identified citrullinated isoforms of heat
shock protein 90 (citHSP90a., citHSP90P) as potential autoantigens (29). Comprehensive
antibody profiling through ELISA-based screening demonstrated that anti-citrullinated
HSP90 antibodies identified RA-ILD sera with modest sensitivity (~30%), but great
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specificity (>95%). More importantly, comparative antibody assessment in sera and
bronchoalveolar lavage fluid (BALF) (30) revealed both quantitative and qualitative
differences in anti-citrullinated HSP90 protein/peptide profiles between matched sera and
BALF specimens, providing compelling evidence that the lung is actively involved in
initiating and/or shaping the humoral immune response against autoantigens such as
citrullinated HSP90.

Collectively, these observations linking anti-citrullinated HSP90 antibody responses to RA-
ILD led us to explore the relationship between citrulline-induced changes in protein
structure and the resulting epitope specificity of targeted autoantibodies. Although a single
citrullination event that replaces an arginine side chain NH, group with an oxygen atom is
not expected to significantly impact overall protein structure, studies involving trichohyalin
(31), filaggrin (31), and myelin basic protein (32) have shown that multiple modifications
can promote unfolding of protein secondary and tertiary structure—with the potential to
expose highly immunogenic/cryptic internal epitopes.

Because citrullinated versions of proteins such as filaggrin and myelin basic protein have, in
fact, been identified as targets of RA autoantibodies (33, 34), we sought to explain how
different regions of alternative autoantigens such as HSP90 become exposed to PAD
enzymes and subsequent humoral immune responses. Using molecular dynamics (MD)
simulations, we assessed the impact of multiple citrullination events on the tertiary structure
of the HSP90 middle domain (comprising residues 303—706) that encompasses major
peptide epitopes recognized by RA-ILD sera. In concert with mass spectrometry (MS)
profiling of /n vitro deiminated HSP90, these structural modeling efforts demonstrated that
initial citrullination of multiple sites (i.e., hypercitrullination) is critical for inducing partial
unfolding of HSP90 structure and revealing cryptic/hidden epitopes that stimulate significant
autoantibody production in RA-ILD. Bolstered by ELISA-based epitope mapping studies
that reflect immune responses to /n vivo citrullination events, these observations support a
structural/mechanistic paradigm linking extensive post-translational modifications to
alteration of protein structure, exposure of critical immunogenic regions, and the breakdown
of B cell tolerance.

METHODS

Inclusion criteria and patient samples

In accordance with approved Institutional Review Board protocols, all serum samples were
obtained from previously established registries that incorporate cohorts of patients meeting
the American College of Rheumatology classification criteria for RA (35). These registries
included the Veterans Administration Rheumatoid Arthritis (VARA) database (36), Brigham
and Women’s Hospital, the National Institutes of Health (37), and the University of
Pittsburgh Connective Tissue Database.

Time- and dose-dependent protein citrullination

Citrullination of recombinant HSP90p protein (Sigma-Aldrich, St. Louis, MO) was
performed through in vitro enzymatic reactions involving incubation of recombinant HSP90
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(100 pg/ml; Sigma-Aldrich, St. Louis, MO) with either high (5 units/mL) or low (0.5
units/mL) concentrations of rabbit skeletal muscle peptidylarginine deiminase (PAD; Sigma-
Aldrich, St. Louis, MO) in a buffer containing 20 mM Tris (pH 8.8), 0.3 M NaCl, 1 mM
EDTA, 10 mM DTT, and 5 mM CaCl,. Aliquots from both /n vitro reactions were obtained
after 30, 60, 120, and 360 minutes, as well as after overnight incubation.

Mass spectrometric identification of citrullination sites

Citrullinated HSP90P protein obtained from different time points during /n vitro
citrullination reactions was digested with chymotrypsin (0.1ug/ug protein), eluted, and
subjected to mass spectrometry for sequence analysis of derivative peptides on a Q-exactive
Orbitrap mass spectrometer equipped with an Easy nLC 1000 nanoliquid chromatography
system (Ophthalmology Mass Spectrometry Core Facility, Bascom Palmer Eye Institute,
University of Miami Miller School of Medicine). Chymotrypsin-digested peptides from
approximately 1 pg of HSP90 protein were loaded onto the Easy nLC 1000 using a 20-pL
loop, with a flow rate of 300 nL/min and a pre-set elution gradient comprised of varying
percentages of solvent A (water + 0.1% formic acid) and solvent B (acetonitrile + 0.1%
formic acid) (0 to 5 minutes, 5% solvent B at 350 nL/min; 5 to 15 minutes, 5-30% solvent B
at 350 nL/min; 15 to 20 minutes, 30-70% solvent B at 350 nL/min; 20 to 30 minutes, 95%
solvent B at 350 nL/min). Mass spectrometry was then performed using a Q Exactive mass
spectrometer (ThermoFisher Scientific). Subsequent analysis was carried out in Proteome
Discoverer (Thermofisher Scientific), with minimum and maximum precursor mass settings
of 350 Da and 5000 Da, respectively. Aiding the process of peptide sequencing and
identification of citrulline residues, Mascot and SequestHT (UniProt) database search
engines were employed with the following key parameters to generate probability scores:
peptide minimal length of 6 and maximum length of 144 amino acids, fragment mass
tolerance of 0.6 Da. Dynamic modifications were set to target citrullination +0.984 Da (R),
and the percolator was fixed to a maximum Delta Cn of 0.05, with strict confidence of 99%
and relaxed confidence of 95%.

HSP90-derived peptides

ELISA

Ten 25-mer peptide sequences from HSP90P and HSP90a were derived from a previous
mass spectrometric analysis of citrullinated proteins immunoprecipitated by RA-ILD patient
sera (29). The ten HSP90-derived peptide sequences (9 from HSP90p, one from HSP90a.)
are shown in Table I. For peptides 7 and 10 (from HSP90P and HSP90a., respectively), F499
(HSP90pB) and F507 (HSP90a.) to alanine mutations were incorporated to generate the
following peptides used as substrate antigens in ELISA (citrullination sites are shown as
capitalized residues between dashes; mutated residues are also capitalized):

skeqvansaAve-R-vrkrgLevvymt (HSP90B) — 7/17-M3
tkdgvansaAve-R-Irkhgleviymi (HSP90a) — 10/20-M3

Serum levels of IgG antibodies recognizing the HSP90-derived peptides were measured
using standard solid-phase ELISA according to the following protocol that uses biotinylated
peptide substrate antigens (CPC Scientific, Inc., Sunnyvale, CA) and streptavidin-coated
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microplates (R&D Systems, Inc., Minneapolis, MN). ELISA plates were initially coated
with either peptide pools (consisting of five peptides, each at 0.2 pg/mL) or individual
peptides (1.0 pg/mL) in carbonate buffer (100 mM NaHCO3/Na,COs3, pH 9.6) for 30
minutes. Following multiple washes with PBS/0.1% Tween-20, substrate-bound microplates
were blocked for 1 hour with PBS/Tween containing 4% whey protein and 15% goat serum.
Diluted serum samples (1:250) were then added for 1 hour (in competition ELISASs, diluted
serum samples were pre-incubated with designated peptides/proteins for 45 minutes before
being added to wells containing substrate antigen). Sequential incubations with horseradish
peroxidase-conjugated, anti-human 1gG secondary antibodies (0.04 mg/mL; Santa Cruz
Biotechnology, Santa Cruz, CA) and 3,3,5,5-tetramethylbenzidine (TMB) (Sigma-Aldrich,
St. Louis, MO) substrate permitted spectrophotometric measurements of optical density at
450 nm (ODg4s5p). Ranges of relative reactivity were established for corrected ODy5q values
(OD4s50 peptide- OD4s5p no antigen control) using designated control samples for inter-assay
standardization; simultaneous measurement of serum reactivity against individual peptides
further facilitated intra-assay comparisons. ELISA-based assessment of antibody binding to
uncitrullinated versus citrullinated HSP90 (1 pg/ml) adhered to a similar protocol employing
conventional, rather than streptavidin-coated, ELISA plates (Nunc, Rochester, NY).

Homology modeling of HSP90p protein structure

We used a crystal structure for the middle domain of human HSP90a., from PDB 1D 3Q6M
(38), as the basis for building a homology model structure for the middle domain of human
HSP90B (comprising residues 303 to 706). The middle domains for both HSP90 isoforms
share 87% sequence identity and 95% sequence similarity, based on a pairwise sequence
alignment performed using the EMBL-EBI web interface for EMBOSS Stretcher (39) with
default parameters. /n silico point mutations were established using PyMOL (40) to match
the human HSP90B sequence.

Conventional and scaled MD simulations

All MD simulations were performed in explicit solvent using the GPU (graphics processing
unit)-accelerated pmemd.cuda program from Amber version 14 (41, 42) with the Amber
ff14SB force field (43). To derive AMBER-compatible parameters for citrulline, we used an
approach outlined in reference (44) that derived GROMOS-compatible parameters by using
GLN parameters for the side chain CONH, moiety and ARG parameters for the rest of the
citrulline atoms. To prepare the HSP90P middle domain simulations, the N- and C-termini
of the human HSP90B homology model structure were neutralized using acetamide and N-
methylamide patches, respectively. For the HSP90-derived peptide simulations, the starting
structures of the 25-mers (with unpatched termini) were taken from the homology model.
All protein and peptide starting structures were then solvated with TIP3P water molecules
(45) in an octahedral box, and counter ions were added to neutralize the system charge. A
cutoff of 8.0 A was used for calculating the short-range Lennard-Jones and electrostatic
interactions, while long-range electrostatic contributions were computed using the particle
mesh Ewald approach (46). An Amber implementation of the hydrogen mass repartitioning
scheme (47) was used that allows the time step to be increased to 4 fs. All bond lengths
involving hydrogen were kept constant using SHAKE (or SETTLE for water) (48, 49).
Energy minimization was then performed using steepest descent for 1000 steps and then
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conjugate gradient minimization for 1000 steps, with position restraints on all protein heavy
atoms. This was followed by temperature equilibration at 300 K for 50 ps under canonical
(NVT) ensemble conditions and then pressure equilibration at 1 atm and 300 K for another
50 ps under isothermal-isobaric (NPT) ensemble conditions, with the same position
restraints. These position restraints were removed for the succeeding steps. For the
conventional MDs, we performed further equilibration for 100 ns and then a production run
for 1000 ns, all under NVT ensemble conditions at 300 K. For the scaled MDs, we
performed the same equilibration and production runs but with the empirical scaling factor
(A) that enables enhanced sampling along the potential energy surface set to 0.65 (within the
A range of 0.5-0.7 used for typical biomolecular simulations, as outlined in reference (50)).

Analysis of MD trajectories

RESULTS

Visual Molecular Dynamics (VMD) (51) was used for trajectory visualization, for clustering
of side chains in the peptide simulations, and for computing side chain relative solvent-
exposed surface area (SASA) for the conventional and scaled MDs of the HSP90B middle
domain. Moving averages at every nanosecond were computed and plotted for the relative
SASA. The CPPTRAJ program (52) included with Amber was used for computing
backbone RMSD and distances between atoms.

Mass spectrometric profiling reveals in vitro PAD-mediated hypercitrullination of HSP90

A previous mass spectrometric analysis of human HSP90 isoforms immunoprecipitated by
RA-ILD sera following /in vitro citrullination of K562 cell extracts with PAD indicated that 9
out of the 32 arginine residues in HSP90B become modified to citrulline (29) (shown with
their surrounding sequences in Figure 1A and Table I, respectively). Based on the crystal
structure of the closely-related HSP90a isoform (PDB ID 3Q6M (38)), we constructed a
homology model for HSP90B (Figure 1B) and found that: (i) not all of these 9 citrullination
sites were readily accessible to interact with a PAD molecule (particularly R502 (peptide 7
in Table 1) that is buried within the protein structure (Figure 1C)) and (ii) several accessible
arginines exposed on the protein surface were not found to be citrullinated (such as R337
that is adjacent to the site at R338 (peptide 4 in Table I)). These observations led us to
examine factors beyond accessibility to PAD that determine how specific arginine residues
become citrullinated and then targeted by humoral immune responses in RA-ILD.

To ascertain whether a requisite set of citrullination events is needed to induce structural
transitions that can expose other citrullination sites as well as cryptic epitopes, we performed
a time and dose response experiment involving /n vitro citrullination of recombinant
HSPI0B. Detailed mass spectrometric analysis of PAD-modified HSP90p then permitted
identification of citrullinated residues at different time points and different enzyme
concentrations. As shown in Tables Il and 111 (high (5 units/ml) and low (0.5 units/ml) PAD
concentrations, respectively), these experiments demonstrated that more arginines of
recombinant HSP90B became citrullinated compared to the original analysis of
immunoprecipitated cell extract—clearly indicating that citrullination of HSP90p proceeds
in a dose- and time-dependent manner, with citrullination “hot spots” that are modified at
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almost all time points. These sites include the previously identified residues R82, R392, and
R612 (peptides 2, 5, and 8; Table I), as well as novel sites encompassing R177, R604, R679,
and R682. The site at R502, which is buried in the native protein structure (Figure 1C), gets
citrullinated only at later time points, suggesting that hypercitrullination at the
aforementioned “hot spots” triggers structural changes which then render R502 accessible to
PAD.

Degree of citrullination does not correlate with reactivity to sera from RA-ILD patients

We next performed ELISA-based screening of sera from RA patients with various stages of
ILD (using substrate peptides shown in Table 1) to assess potential correlations between the
extent of citrullination (based on the earlier mass spectrometric analysis) and the degree of
in vivo antigenicity for particular sites. Peptides bound strongly by patient sera tended to
demonstrate skewed profiles, with predominant recognition occurring for the citrullinated
form of these peptides (Table IV). In particular, we found this pattern of recognition for
peptides 3C, 4C, 6C, 7C (derived from HSP90p), and 10C (derived from HSP90a.,
homologous to HSP90B peptide 7C), with peptides 6C, 7C, and 10C demonstrating the
highest affinity for disease-associated autoantibodies.

More detailed analysis of these peptide recognition patterns indicated that citrullination itself
does not automatically confer /n vivo immunogenicity. Among the three sites previously
identified as citrullination “hot spots”, for example, R/C82 (peptides 2/2C) showed no
reactivity with patient sera, R/C612 (peptides 8/8C) showed only weak reactivity without
clear distinction between citrullinated/uncitrullinated forms, and R/C392 showed
considerable reactivity favoring (but not exclusive to) the citrullinated version of its
corresponding peptide (peptide 5C). Notably, however, citrullinated forms of R502
(HSP90B, peptide 7C) and R510 (HSP90a., peptide 10C) were strongly recognized by
several patient sera, despite the fact that HSP90B R502 (and presumably HSP90a R510)
was citrullinated only at later time points in the previously described /in vitro time/dose
response experiments.

Citrullination does not impact the secondary structure of strongly-immunoreactive

peptides

As indicated above (Table 1V), ELISA-based screening of HSP90-derived peptides showed
that citrullinated forms of R475 (peptide 6C) and R502 (peptide 7C) in HSP90B and R510
(peptide 10C) of HSP90a elicited the strongest antibody recognition by RA-ILD patient
sera--suggesting that epitopes containing these citrullinated residues are, in fact, generated /n
vivo. Because citrullination sites in these peptides are located within helical structural
elements (Figures 2A-C, top row), we assessed the impact of citrullination on the stability of
secondary structures within these peptides. Using 1-us explicit-solvent molecular dynamics
(MD) simulations of these three peptides in the presence/absence of arginine-citrulline
conversions, we found that the secondary structure of these peptides was preserved in both
native and citrullinated states (Figures 2A—-C, bottom row). Collectively, these MD
simulations therefore indicated that increased antibody binding of selected citrullinated
peptides relative to their uncitrullinated versions is critically dependent on specific
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recognition of citrulline residues rather than secondary structural alterations of targeted
epitopes.

The epitope for peptides 7/10 includes a conserved phenylalanine that undergoes
citrullination-induced conformational shift

Unlike HSP90B R475, the homologous HSP90B R502 and HSP90a. R510 residues strongly
recognized by patient sera (in their citrullinated form) are largely buried within their
respective tertiary protein structures--suggesting that these sites constitute cryptic epitopes
which require significant unfolding of surrounding protein structure prior to PAD-mediated
citrullination. Coupled with mass spectrometric profiling of /n vitro time/dose response
experiments, these considerations raised the question whether citrullination at single or
multiple sites might be required to induce structural modifications of HSP90B/a that, in
turn, could promote accessibility of HSP90p R502 (or the HSP90a. R510 homologue) to
PAD and subsequent antibody binding of citrullinated epitopes.

Before addressing the relationship between citrullination of distant sites and exposure of the
R502/R510 residues, however, we investigated how more proximal citrullination events
might impact the conformation of other amino acids (and their side chains) contributing to
epitope recognition in the homologous peptides 7C and 10C. Clustering analysis based on
MD simulations showed that the sampled side chain orientations of a conserved
phenylalanine (F499 in HSP90B, F507 in HSP90a) underwent a shift upon deimination of
R502/R510, moving from a more “inward” (Figure 3A) to a more “outward” configuration
(Figure 3B). This observation suggested that F499/F507 comprise important parts of the
targeted HSP90R/HSP90a epitopes, a conclusion supported by ELISAs demonstrating that
peptides containing phenylalanine-alanine mutations at these sites abolished recognition by
patient sera (Table V). MD simulations of these mutant peptides also revealed stable
secondary structure either with or without citrullination (Figure 3C), indicating that the
observed decrease in sera reactivity stemmed from loss of the phenylalanine side chain
rather than destabilization of secondary structure.

Hypercitrullination destabilizes protein tertiary structure to reveal the R502/F499 epitope

Consistent with previously cited data demonstrating that both R502 and F499 in HSP90B
(as well as R510 and F507 in HSP90a) are buried within the overall protein structure
(Figure 1C), 1-us MD simulations of the native (uncitrullinated) protein showed that both of
these residues have low relative solvent-accessible surface area (SASA) throughout the
course of modeled trajectories (Figure 4A). However, based on our mass spectrometry data
and the observation that hypercitrullination of proteins such as filaggrin (31), trichohyalin
(31), and myelin basic protein (32) causes structural destabilization, we surmised that
extensive deimination could similarly alter the tertiary structure of HSP90p, allowing
exposure of the concealed epitope containing R502 and F499 without disruption of the
secondary helical structure contributing to autoantibody recognition.

To test this hypothesis, we used an approach called scaled MD (50) that enhances the
sampling of conformations during the simulation by a simple modification of the potential
energy surface of the protein. When we simulated the uncitrullinated version of HSP90B
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using scaled MD, we found that R502 and F499 again remained buried throughout most of
the run, despite the fact that their relative SASA showed more variability than in
conventional MD simulations (Figure 4B; compare with Figure 4A). Alternatively, scaled
MD simulations incorporating mass spectrometrically-demonstrated citrullination “hot
spots” at R392, R604, R612, and R679 (Tables 1I1-111) showed that deimination of these four
arginine residues generated greater than 50% relative SASA for R502 and F499, most
notably in the last 200 ns (Figure 4C). Additional citrullination of R475 and R682 (which
showed moderate levels of citrullination by mass spectrometry) to produce a total of six
citrullination sites yielded scaled MD simulations demonstrating even more conformations
with both R502 and F499 having at least 50% relative SASA (Figure 4D). Experimental
assessment of these MD simulations through competition ELISAs (Supplementary Table I)
demonstrated that pre-incubation of patient sera with peptide 7C (containing C502)
diminishes subsequent binding of fully citrullinated HSP90g, indicating that the R502/F499
epitope does become exposed with hypercitrullination and that the secondary structure/
conformation of peptide containing C502 is largely preserved in the context of the overall
citrullinated protein.

In the scaled MD simulations based on citrullination of either four or six arginines, we also
found that two residues near R502 in the native protein structure--V585 and D631 (see
Figure 1C)--showed an increase in their alpha-carbon distance from this site (Figure 5),
providing additional evidence of citrullination-induced modification of HSP90g tertiary
structure. Although corresponding scaled MD runs showed an increase in alpha-carbon
distances for the uncitrullinated protein as well, these changes were of lesser magnitude and
occurred much later in the trajectory (compared to the scaled MD runs for citrullinated
HSP90pB). Most importantly, because scaled MD simulations showed that hypercitrullination
did not significantly disrupt the helical motif incorporating R502 and F499 (Figure 6;
RMSD ~ 1A) despite destabilization of surrounding tertiary structure (Figure 5), these
results substantiated our earlier observations with conventional MD simulations as well as
the underlying hypothesis that hypercitrullination of HSP90B can expose a highly
immunogenic, cryptic epitope containing R502 and F499. Further supporting this paradigm,
ELISA experiments involving HSP90p deiminated for varying time periods demonstrate that
antibody recognition of this autoantigen increases with progressive citrullination, mirroring
the exposure and enzymatic modification of the R502/F499 epitope (Table VI).

DISCUSSION

Through mass spectrometric analysis of /n vitro-citrullinated HSP90p, we have
demonstrated that this RA-ILD-associated autoantigen undergoes time- and dose-dependent
hypercitrullination at multiple arginine residues. Although several of these arginines
represent citrullination “hot spots” that are modified at almost all time points, our data
indicate that citrullination alone does not guarantee immunogenicity. Supporting this
concept, citrullination of “hot spot” residues such as R82 and R612 yielded little or no
immunoreactivity with sera derived from patients with RA/RA-ILD. Conversely, R502--a
HSPI0p site that is normally buried and relatively inaccessible to enzymatic modification--is
highly immunogenic in its citrullinated form, with avid binding to RA-derived
autoantibodies. As demonstrated by various MD simulation approaches, hypercitrullination
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of HSP90P destabilizes its tertiary structure without disturbing critical secondary structural
motifs—effectively exposing the region around R502 to further PAD-mediated citrullination
that is responsible for generation of an important B cell epitope preferentially linked to RA-
ILD (Table IV, peptide 7). Additional ELISA experiments incorporating sera derived from
patients with this autoimmune disorder (Table VI, Supplementary Table I) provide
compelling evidence that the extent of HSP9O0 citrullination has a direct impact on antibody
recognition of this autoantigen, which is driven in part by exposure of R/C502 in the context
of whole protein.

To better assess the structural consequences of HSP90p hypercitrullination, we
supplemented conventional MD simulations with a computational, scaled MD approach (50)
that enhances the sampling of conformations adopted by proteins during the course of the
MD trajectory. This more detailed sampling is achieved by modifying the potential energy
surface (PES) via multiplication with an empirical scaling parameter A that ranges between
0 and 1. Decreasing the value of A promotes flattening of the PES and lowering of barrier
heights for transitions between stable or semi-stable states at PES minima locations.
However, care must be taken in choosing the value of this empirical parameter A ; using a
very small A value, for instance, will essentially visit all configurations as a random walk
along the PES, biasing the distribution of sampled states that will not correspond to the
desired thermodynamic ensemble. For our analysis, we selected the optimal A value by
comparing tertiary structural stability of uncitrullinated HSP90@ for several scaled MD runs
(each with a different A value) to that of the conventional MD run (e.g., see the relative
SASA plots for R502 and F499 in Figure 3C). Based on these constraints, a A value of 0.65
defined the lower limit of this parameter needed to stably maintain the structure of
uncitrullinated HSP90B during the scaled MD trajectory, as values below 0.65 led to
unfolding of uncitrullinated HSP90P. Applying the same value of A (0.65) in the scaled MD
runs of various citrullinated forms of this protein then enabled us to assess the impact of
multiple citrullination events on the underlying structure of HSP9OB--with the goal of
determining whether hypercitrullination could modify tertiary conformation and enhance the
formation of cryptic epitopes.

Although multiple arginines became citrullinated over time following /n vitro incubation of
HSP90B with PAD (Tables Il and I11), computer modeling (via MD simulations) of all
possible combinations was not feasible. However, because four arginines (R392, R604,
R612, and R679) were consistently citrullinated at all time points following incubation of
HSP90p with high PAD concentrations (Table 1), we used this combination of arginine
residues as the “minimum? citrullination set. We intentionally excluded R82 and R177 from
this analysis given the lack of known structural data regarding the connection between N-
terminal and middle domains, focusing instead on the portion of HSP90P encompassing
amino acids 303 to 706. For the six-citrulline simulations, we did include R682 and R475, as
both of these arginines showed the next highest degree of citrullination (after R392, R604,
R612, and R679) at designated time points in the high PAD concentration data set. As shown
in Figures 4-6, this constellation of citrullinated residues effectively destabilizes the tertiary
structure of HSP90B without disrupting critical secondary structural motifs contributing to
epitope recognition in RA-ILD.
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In our overall analysis, we observed that citrullination of two arginines, R55 and R338
(encompassed by peptides 1 and 4; Table I), was only detected in the original mass
spectrometric characterization of whole cell extracts immunoprecipitated by RA-ILD sera.
Given that subsequent assessments identifying additional/alternative citrullination sites
focused on /n vitro-modification of recombinant HSP90p, it is likely that the presence of
other proteins in whole cell extracts impacted the activity of PAD or accessibility of target
sites. Beyond this issue, we observed that for some sites (such as R475), citrullination
occurred at early and late, but not interim, time points. These gaps likely reflect stochastic
effects arising during aliquot collection for time point analysis of sites having less extensive
citrullination than sites without observed gaps. Indeed, a semi-quantitative measure of
overall citrullination derived from the mass spectrometric data supports this notion,
demonstrating a direct correlation between degree of citrullination and consistency of
detection at different time points (data not shown).

Ultimately, despite these methodological considerations and the contrived conditions of /in
vitro citrullination, this collective analysis clearly indicates that progressive citrullination of
HSP90 is a relatively ordered, time- and dose-dependent process in which R502 only
becomes citrullinated in the setting of extensive citrullination of non-contiguous arginine
residues. In fact, recognition of internal/non-exposed citrulline residues (occurring at sites
such as R502/R510) by sera derived from RA patients suggests that this sequence of
progressive citrullination occurs /n vivo (primarily because autoantibody repertoires reflect
immune responses to /7 vivo structural modifications of target antigens)—fully supporting
the biological plausibility of our proposed framework for the permissive role of
hypercitrullination in cryptic epitope generation. Moreover, although the temporal
relationship between duration of RA-ILD and degree of /n vivo HSP9O citrullination is
difficult to gauge, the development of antibody responses targeting C502 does appear to
correlate with severity of pulmonary disease (occurring in 5/9 patients with fibrotic lung
disease versus 4/35 patients with milder interstitial abnormalities in an independent cohort
of RA-ILD patients (p=0.01), data not shown) and, presumably, the extent of PAD
activation.

Review of the literature indicates that citrullination is an essential post-translational
modification (PTM) in several biological activities (53) that include skin keratinization,
myelin formation in the central nervous system (CNS), histone-mediated epigenetic
regulation, and generation of neutrophil extracellular traps (NETS) needed to kill bacteria
during infection (54, 55). Importantly, however, the immune system must be able to tolerate
a certain degree of host protein citrullination in order to accommodate these homeostatic
processes without initiating deleterious autoimmune responses. As suggested by our
findings, hypercitrullination may breach this immunologic threshold and trigger
autoimmunity via structural changes that expose previously hidden/cryptic epitopes.

Based on existing data showing that known RA autoantigens such as citrullinated filaggrin
and citrullinated myelin basic protein (MBP) (33, 34) also undergo significant structural
changes mediated by citrullination of multiple arginine residues (31, 32), this mechanism for
breaching immune tolerance likely extends beyond HSP90P. In fact, serum immunoglobulin
binding protein (BiP, also known as HSPA5, GRP-78, and HSP70 protein 5) represents
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another autoantigen containing multiple sites of potential citrullination, only a subset of
which are recognized by RA patient sera (56). Of note, one of the key epitopes encompasses
R289, a citrullinated target residue that is not accessible to PAD (or autoantibodies) in the
native protein conformation (Figure 7). Conversely, two nearby arginines (R279 and R283)
that are surface exposed (and therefore readily susceptible to PAD-mediated citrullination)
do not trigger a humoral immune response—raising the possibility that hypercitrullination of
non-immunogenic portions of BiP (such as R279 and R283) can destabilize the structure of
this protein so that R289 becomes accessible to PAD in the process of cryptic epitope
formation. Coupled with our computational and experimental analysis of HSP90B-targeted
immune responses in RA-ILD, these observations support a more general paradigm in which
post-translational protein modifications such as (hyper) citrullination induce major structural
alterations capable of challenging the host immune system and inducing autoimmunity.
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Figure 1. A cryptic epitope is buried in native HSP90B
(A) Sequence of human HSP90P immunoprecipitated by RA-ILD serum demonstrates 9

arginines targeted by /n vitro citrullination (magenta) of whole cell extract as well as the

remaining unmodified arginines (cyan) (29). (B) Homology model depicts the middle
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domain structure of HSP90P corresponding to residues 303-706. Six of the nine previously
identified citrullination sites are shown as magenta spheres; other arginines are shown as
cyan sticks. (C) Magnified view of boxed portion of (B) showing the region surrounding
peptide 7/R502. While residues V585 and D631 are shown as sticks, the buried residue F499
is represented by spheres.
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Figure 2. Citrulline-specific antigenic peptides possess stable native-like secondary structure

both with and without citrullination

Starting peptide conformations (top) and backbone RMSD plots of indicated helical regions
over 1-ps MD simulations (bottom) for (A) HSP90B peptide 6 (site R475), (B) HSPI0R
peptide 7 (site R502), and (C) HSP90a peptide 10 (site R510). Modified arginines are
shown as spheres, while nearby residues are shown as sticks.
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Figure 3. Peptide and side chain stability of cryptic epitope in HSP90B/a
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(A) Clustering of sampled side chain orientations for F499 in HSP90p peptide 7 (top) and
F507 in HSP90a peptide 10 (bottom) based on MD simulations of the uncitrullinated
peptides. (B) Similar clustering analysis for MD simulations of the citrullinated peptide. (C)
Backbone RMSD plots of helical regions over 1-us MD simulations of F499A peptide 7

(top) and F507A peptide 10 (bottom).
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Figure 4. Increasing number of citrullines unfolds HSP90
Plots of relative side chain solvent-accessible surface area (SASA) measurements for R502

(top row) and F499 (bottom row) over 1-us conventional MD simulations for the middle
domain of HSP90B (comprising residues 286—691) with no citrullines (A) versus 1-us
scaled MD simulations of the same domain with (B) no citrullines, (C) four citrulline
modifications at R392, R604, R612, and R679, and (D) six citrulline modifications that
include residues designated in (C) as well as R475 and R682.
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Figure 5. Core of HSP90B opens up between peptide 7 and surrounding domains following
multiple arginine-citrulline conversions

Designated plots depict the distance between alpha-carbons of R502 and (A) V585 or (B)
D631 over 1 ps conventional (black curve) or scaled MD simulations (yellow, green, and
blue curves for 0, 4, and 6 citrullines, respectively) of HSP90p.
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Figure 6. Helical domain of cryptic peptide remains stable (RMSD ~ 1A) upon citrullination-
induced unfolding of HSP90B

Backbone RMSD plots demonstrate relative stability of helical region around citrullination
site R502 over 1 ps conventional (black curve) or scaled MD simulations (yellow, green, and
blue curves for 0, 4, and 6 citrullines, respectively) of variably citrullinated HSP90.
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Figure 7. RA patient sera show strong antibody recognition of citrullinated R289 that is buried
in structure of BiP

Nearby sites at R279 and R283 are solvent-exposed, but they are not targeted by
autoantibodies derived from RA patient sera. Structure taken from PDB ID 3IUC (57).
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Table |

HSP90-derived 25-mer peptides containing citrullination sites identified by mass spectrometric analysis of
citrullinated proteins immunoprecipitated by RA-ILD patient sera (29).

1-R) LISNASDALDKI-R-YESLTDPSKLDS 5571
2-R) ELKIDIIPNPQE-R-TLTLVDTGIGMT 82

3-R) HLKEDQTEYLEE-R-RVKEVVKKHSQF 196
4-R) QLEFRALLFIPR-R-APFDLFENKKKK 338
5-R) VVDSEDLPLNIS-R-EMLQQSKILKVI 392
6-R) GDEMTSLSEYVS-R-MKETQKSIYYIT 475

7-R) SKEQVANSAFVE-R-VRKRGFEVVYMT 502
8-R) ANMERIMKAQAL-R-DNSTMGYMMAKK 612
9-R) EINPDHPIVETL-R-QKAEADKNDKAV 639
10-R) TKDQVANSAFVE-R-LRKHGLEVIYMI 5102

1-C) LISNASDALDKI-C-YESLTDPSKLDS

2-C) ELKIDIIPNPQE-C-TLTLVDTGIGMT

3-C) HLKEDQTEYLEE-C-RVKEVVKKHSQF
4-C) QLEFRALLFIPR-C-APFDLFENKKKK
5-C) VVDSEDLPLNIS-C-EMLQQSKILKVI

6-C) GDEMTSLSEYVS-C-MKETQKSIYYIT
7-C) SKEQVANSAFVE-C-VRKRGFEVVYMT
8-C) ANMERIMKAQAL-C-DNSTMGYMMAKK
9-C) EINPDHPIVETL-C-QKAEADKNDKAV
10-C) TKDQVANSAFVE-C-LRKHGLEVIYMI

Position of the citrullination site in the full protein sequence. Wild-type (uncitrullinated) and citrullinated peptide sequences (with citrullination
site between dashes) are shown on the left and right, respectively.

2Peptides 1-R/1-C to 9-R/9-C were derived from HSP90P; peptides 10-R/10-C were derived from HSP90a..
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Table VI

Antibody recognition of variably citrullinated HSP90B %2

CitHSP90B-30 min | citHSP90B-120 min | citHSP90B-overnight
0.69 0.70 1
0.59 0.86

<0.01 0.54 1
0.79 1.06 1
0.68 1.04 1
0.33 0.71 1
0.24 0.29 1
0.25 0.51 1
0.39 0.67 1

0.8 1.04 1
0.24 0.55 1
0.28 0.45 1
1.03 1.50 1

lvalues equal ratio of OD45( (citHSP90B - HSPI0B)-time “x” to OD450 (citHSP90P - HSPI0P)-time overnight, where x equals duration of PAD-
mediated deimination; the absolute OD45( values for (citHSP90pB - HSP90B)-overnight ranged from 0.2-1.0

Zcontrol polyclonal anti-HSP90 antibody binding confirmed equal amounts of substrate HSP90B preparations bound to ELISA plates
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