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Abstract

Blocking interactions between PD-1 and PD-L1 opens a new era of cancer treatment involving
immunity modulation. Although most immunotherapies use monoclonal antibodies, small-
molecule inhibitors offer advantages. To facilitate development of small-molecule therapeutics, we
implemented a rapid approach to characterize the binding interfaces of small molecule inhibitors
with PD-L1. We determined its interaction with a synthetic macrocyclic peptide by using two
mass-spectrometry-based approaches, hydrogen-deuterium exchange and fast photochemical
oxidation of proteins or FPOP and corroborated the findings with our X-ray structure of the PD-
L1-macrocycle complex. Although all three approaches show that macrocycle binds directly to
PD-L1 over regions 46-87 and 114-125, the two protein footprinting approaches show additional
binding at the N-terminus of PD-L1, and FPOP reveals some critical binding residues. The
outcomes not only show the binding regions but also demonstrate the utility of MS-based
footprinting to probe of protein-ligand inhibitory interactions in cancer immunotherapy.
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INTRODUCTION

Cancer immunotherapy, which harnesses the immune system to attack tumors, has seen
major breakthroughs in the treatment of cancers resistant to conventional radiation and
chemotherapy!-6. Combinations of immunotherapy with established genotoxic, targeted, or
anti-angiogenic therapies have further enhanced responses in melanoma, non-small-cell lung
carcinoma, and renal- cell carcinoma /-2, An area of recent promise involves blocking
immune checkpoint proteins that either up- or down-regulate immune cell molecular
signaling 10 to promote antitumor immunity11-12,

PD-1 protein (Programmed Death-1, or CD279), which is a member of CD28 family,
represents one of the inhibitory receptors that function as an immune checkpoint3-14,
Following immune activation, PD-1 expression is increased on the surfaces of T
lymphocytes, B lymphocytes, dendritic cells, and natural killer cells®. One of the ligands of
PD-1is PD-L1, a type I, transmembrane proteinl6 responsible for co-inhibitory signals in
activated T-cells. PD-L1 promotes the inactivity, anergy, and even apoptosis of T-cells by
binding to the immune cell surfacel’. Many cancer cells over-express PD-L1, preventing
activated, tumor-infiltrating T-cells from mounting a sustained response against the tumor.
Therefore, blocking the PD-1/PD-L1 immune checkpoint is an appealing approach to
antitumor immunity that has achieved unprecedented results in cancer treatment in recent
years (Figure 1A)18-19, For example, encouraging results were obtained recently for
therapeutic monoclonal antibodies (mAbs) including pembrolizumab, nivolumab, and
durvalumab that target either PD-1 or PD-L1 and restore T-cell activity, proliferation, and
cytokine production > 18, 20-21,

Small-molecule PD-1/PD-L1 inhibitors, which are mainly based on macrocyclic peptides?2,
peptidomimetics23, and nonpeptidic molecules?4, are emerging and may have advantages
over mAbs because they diffuse more easily and are taken up more readily in tumor tissue2>.
Their development has been impeded by the flat, non-contiguous PPI interface that
challenges drug development and by the limited number of methods for determining protein-
drug complex structures that can guide rationale design. The subject was recently
reviewed?S,

The usual approach to structure is X-ray crystallography, but thus far, only a few cocrystal
structures of small molecules targeting PD-1 and PD-L1 were reported. Holak and co-
workers20 found that some macrocyclic peptides can block the PD-1/PD-L1 interaction via
direct binding to PD-L1 through the PD-1 interacting surface. Other nonpeptidic molecules,
however, can achieve inhibitory interactions by inducing a dimeric interaction of PD-L1,
which occludes the PD-1 interaction surface of PD-L121,
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Another approach takes advantage of recent advances in mass spectrometry (MS)-based
protein footprinting, which enables elucidation of protein conformations and interactions
with high sensitivity, fast turnaround, and low sample consumption27-29, The large number
of possible inhibitors to be explored demands structural tools that have fast turnaround26.
Approaches include hydrogen-deuterium exchange (HDX)30-35, and hydroxy! radical
labeling36-39, the latter further elaborated as fast photochemical oxidation of proteins
(FPOP) by Hambly and Gross29: 40-44: for reviews, see?>-46. Herein, we describe the
independent use of HDX and FPOP for characterization of the interaction of PD-L1 and a
macrocyclic peptidic inhibitor (see structure in Figure 1B, referred to as the “macrocycle” in
this paper)22. We employed time-dependent measurements for both footprinting methods
and demonstrated that PD-L1 interacts with the macrocycle on the N-lobe at three
discontinuous regions.

In parallel, we obtained the X-ray crystal structure of the PD-L1-macrocycle complex to
show that the contact sites mapped by footprinting agree well with those observed by in the
solid-state structure. The contact sites approximately include those interfaces of PD-L1 that
involve PD-1 binding to PD-L147. We further show, consistent with results from both
footprinting approaches, that the binding induces protection on the N-terminal region of PD-
L1, an interaction that was not observed in the crystal structure or reported in a similar
crystal structure of another macrocyclic inhibitor and PD-L1 complex 20, Importantly, our
results not only demonstrate that small macrocycles can inhibit PD-1/PD-L1 interactions but
also help establish MS-based footprinting as an effective probe of protein-ligand inhibitory
interactions and as a map of small-molecule drug interactions.

MATERIALS AND METHODS

PD-L1 and Macrocycle Preparation.

The PD-L1 ectodomain protein (see Supporting Information for materials and PD-L1 protein
cloning, expression, purification, and /n vitro characterization assays) was dissolved in
formulation buffer at 9.6 mg/mL and stored in a —80 °C freezer until the time of
footprinting. The macrocyclic peptide was dissolved in dry DMSO at 10 mM prior to
storage in —20 °C freezer. At the time of footprinting, an aliquot of the PD-L1 stock solution
(9.6 mg/mL) was diluted with 10 mM PBS buffer to 25 pM, to form the macrocycle-
unbound samples. To prepare macrocycle-bound samples, an aliquot of the PD-L1 stock
solution was diluted to 50 uM with 10 mM PBS, and mixed at 1:1 molar ratio with the
macrocycle at gentle vortex for 1 h at room temperature. The final concentration of
macrocycle-bound PD-L1 samples was 25 pM, with approximately 35 mM DMSO.

Continuous Hydrogen-Deuterium Exchange (HDX).

The design of the HDX was based on tight binding of the macrocycle PD-L1 (low nM K)22.
The continuous labeling with deuterium was conducted as described previously20: 31, 41, 48,
and detailed in Supporting Information. In brief, PD-L1 samples (bound or unbound) of 3
uL were mixed with 17 uL D20 buffer to initiate HDX labeling. Samples were then
incubated on ice for different labeling times ranging from 30 sec to 4 h, followed by
chemical quenching with 30 pL 3 M urea and 250 mM TCEP at pH 2.5. Pepsin digestion of
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PD-L1, chromatographic separation, MS detection, and subsequent data processing were
conducted as described in Supporting Information. All analyses were done in triplicate. To
minimize back exchange, all accessories including columns, injector, solvent lines were
immersed in ice-water slush.

FPOP Footprinting.

FPOP, except as amended by adding a reporter peptide®®, was performed as previously
described and detailed in Supporting Informationl®. An estimate of the laser fluence was
made as described in SI. The pulsed oxidative labeling experiments were initiated in a flow
cell (at 25 uL/min) by submitting 50 uL of mixed solution containing protein (PD-L1 bound
or unbound), LeuEnk (reporter peptide), H,O5, and histidine to approximately 1000 laser
shots (operated at 7.4 Hz). The lifetime of hydroxyl radicals, which determines the extent of
oxidative modifications given the same protein conformation, was adjusted by using
different histidine concentrations ranging from 0.5 to 30 mM as described in Supporting
Information. Each sample condition was prepared and studied in triplicate. Directly
following FPOP, samples were submitted to trypsin digestion, LC-MS/MS separation and
detection, data analysis and processing as detailed in SI.

X-ray Co-crystallization and Structure Determination.

Purified human PD-L1 ectodomain (7.5 mg/mL in 25 mM Tris, pH 7.5, 150 mM NaCl) was
mixed at 1:1 molar ratio with the macrocycle and allowed to incubate on ice for at least 1 h
prior to crystallization. Diffraction-quality crystals were obtained at room temperature by
using the sitting-drop vapor diffusion technique. Drops (2 pL) containing 1 pL of the PD-L1/
macrocycle solution and 1 pL of reservoir solution (20% peg 3000, 0.1 M sodium citrate, pH
5.5) were equilibrated against 1 mL of 100% reservoir solution. Prior to data collection,
crystals were soaked briefly in a solution containing 20% peg 3000, 0.1 M sodium citrate at
pH 5.5, and 15% glycerol and then flash frozen in liquid nitrogen. Data were collected on
beamline 5.0.2 at the Advanced Light Source (Berkeley, CA) at cryogenic temperatures with
a Quantum-315 CCD detector using 0.5° oscillations until greater than 90% overall
completeness was observed. Data were processed with the programs DENZO and
SCALEPACK 0.

The structure of the human PD-L1 ectodomain bound to macrocycle was determined by
molecular replacement by using data collected to 2.0 A resolution, a previously determined
apo structure of human PD-L1 (PDB ID: 4718°1) as the search model, and the PHENIX
software suite®2. The molecular replacement solution was subjected to several iterative
cycles of torsion angle annealing in PHENIX and manual refitting in COOT®3. Atoms for
the macrocycle and water molecules were added to the model during the later rounds of
refinement. The PD-L1-macrocycle structure PDB ID is 6PV9. DEPOSITION ID:
D_1000243159. The data collection and refinement statistics for the PD-L1/macrocycle
complex are detailed in Sl Table S1.
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RESULTS AND DISCUSSION
Macrocycle Binds Specifically to PD-L1 and Blocks the PD-1/PD-L1 Interaction in vivo and

in vitro.

To characterize the PD-L1 macrocycle in biochemical binding, blocking and cellular assays,
we used a PD-L1 specific antibody, Atezolizumab, as a positive control in all assays. For the
biochemical binding and blocking assays, we used mammalian recombinant ectodomains for
the proteins. Direct binding studies using the label-free Biacore assay revealed the PD-L1
macrocycle binds specifically to PD-L1 coated surface (Ky= 2.1 nM), and no binding was
detected at concentrations up to 10 pM on surfaces coated with PD-1 (Supporting
Information Table S2). For the biochemical PD-1/PD-L1 and CTA4-CD80 protein-protein
interaction assays, the PD-L1 macrocycle specifically only inhibited the PD-1/PD-L1
interaction (/Csp= 1.6 nM; Sl Table S2).

More importantly, the binding and blocking activity observed in the biochemical assays
translates to functional cellular activity in a reporter assay that indirectly measures T-cell
activation using a NFAT-luciferase reporter. This assay uses two cells lines: a CHO cell line
that stably expresses the native (full-length) form of PD-L1 and a Jurkat cell line that stably
expresses native (full-length) PD-1 and the NFAT-luciferase reporter. Co-cultivation of the
two cell-lines results in activation of the T-cell receptor leading to NFAT-promoter-driven
luciferase activity, which is inhibited by the interaction between PD-1 and PD-L1 on the cell
surface. Blocking the interaction between PD-1 and PD-L1 would promote T-cell activation
and re-activate the NFAT-promoter driven luciferase activity. In this assay the PD-L1
macrocycle inhibits the native PD-1/PD-L1 interaction resulting in re-activation NFAT-
luciferase reporter (EC5p= 476 nM; Sl Table S2). In summary, the PD-L1 macrocycle binds
specifically to PD-L1 and blocks the PD-1/PD-L1 interaction both biochemically and in
cells with a profile that is similar, although less potent, to the PD-L1 antibody.

HDX Kinetics Locates Discontinuous Binding Interfaces.

To determine the binding interfaces between PD-L1 and the macrocycle (structure is shown
in Figure 1B), we compared comprehensive differential HDX analysis of the macrocycle-
bound and unbound PD-L1. We identified 96 peptic peptides that are in common in the
macrocycle-bound and unbound PD-L1 (the centroid of the isotopic profile of each peptide,
as monitored by MS, was taken to determine the extent of HDX).

We were able to cover more than 95% of the PD-L1 sequence, with some regions covered by
multiple overlapping peptides that arose by cleavage at multiple pepsin sites and appeared in
the mass spectrum with various charge states. Although the maximal deuterium uptake level
should be 85%, which is the %D,0 in the buffer, we observed that the highest deuterium
uptake for some peptides was approximately 80%, suggested there is a small extent (5%) of
back exchange.

Because the HDX rates of protein backbone amides are highly dependent on the local
hydrogen-bonding environment and solvent accessibility 32, we expected regions of PD-L1
associated with macrocycle binding to exchange more slowly and consequently show a
larger difference in deuterium uptake compared to the unbound. For convenience of
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comparing the bound-versus-unbound states, we computed the average differential
deuterium uptake for the triplicate analyses across the seven labeling times for each peptide
(SI,Table S3). By requiring a threshold of 5% to assign with confidence significant
differences that report on binding, we identified three discontinuous regions of PD-L1 that
are involved in binding (represented by peptides N-terminal to 28, 46-87, and 116-122). We
selected 12 peptides (from SI, Table S3) to represent the full PD-L1 protein and measured
the time-dependent HDX of the bound and unbound states (Figure 2). The entire region,
starting from residue 123 to the C-terminus showed consistently low differential deuterium
uptake (i.e., below 4%), indicating that the C-lobe region of PD-L1 is not the macrocycle
binding interface.

The kinetic curves of the first identified binding region, as represented by two peptides
18-27 and 20-28, featured an obvious deuterium uptake difference in the beginning (first 10
min), revealing protection afforded by binding of the macrocycle to PD-L1; however, the
differences became less at longer labeling times—the two curves converge at a plateau of
~80% exchange (Figure 2). The high HDX extent is consistent with an expected highly
dynamic and flexible N terminus (and C terminus)®#, and the convergence suggests a
significant off rate of the macrocycle that allows the HDX extent of the bound state to
become ultimately equal to that of the unbound®5-56.

The second putative macrocycle binding interface pertains to amino acids 46 to 87,
exemplified by peptides 46-52, 57-66, 60-66, 64-74, and 74-87 (Figure 2), which all showed
pronounced difference in HDX between the bound and unbound states (>17%, Supporting
Information Table S3). The bound PD-L1 exhibited significantly less HDX than did the
unbound (Figure 2). The results suggest that the region of the protein represented by
peptides 57-66 and 60-66 is more strongly involved in binding, whereas regions represented
by peptides 64-74 and 74-87 show smaller and converging changes, indicating some reduced
flexibility induced by a nearby binding site. Furthermore, for regions 57-66 and 60-66, the
HDX of the bound state is low (<2%) at the start of the exchange (Figure 2), indicating that
this region becomes more rigid upon macrocycle binding.

Although regions 57-66, 60-66, 64-74, and 74-87 showed increases in differential HDX for
the first 5 min of exchange (SI, Figure S1), the differences then decreased at longer times for
regions 64-87, corroborating that region 57-66 is most directly involved in binding32: 57-58,
Region 116-122 shows statistically significant differences at multiple HDX time points,
affirming interactions of PD-L1 with the macrocycle (Figure 2). In summary, discontinuous
regions 18-28, 57-87, and 116-122 are all involved in the interactions of the protein with the
macrocycle.

Binding Interfaces Determined by Fast Photochemical Oxidation of Proteins (FPOP).

To confirm the PD-L1/macrocycle binding interfaces, we employed a second approach of
targeting the protein backbones by footprinting with OH radicals, which impart fast and
irreversible mapping of the protein’s surface solvent accessibility, as described previously
20,42,59-60 Hydroxyl radicals are remarkably reactive and short-lived 61, and the approach
can identify some key binding residues. To enable the acquisition of “FPOP hydroxy! radical
dose-response curves”, we incorporated a reporter peptide (e.g., Leu-enkephalin) in the
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FPOP protocol, the FPOP yields of which serves as good approximate of reaction time.
These dose-response curves resemble those of HDX, and although the time axis is on the
microsecond frame, it is not converted to actual time but reported as %modification of the
reporter (see below) 4°.

To vary the time of footprinting, we adjusted the concentrations of the scavenger histidine
(lower histidine means longer radical lifetime). To normalize the differential scavenging and
compare the FPOP outcomes between macrocycle-bound and unbound PD-L1 at the peptide
level, we plotted the modification extents of Leu-enkephalin at each histidine concentration
versus the corresponding modification extents of each tryptic peptide of the protein (y-axis).
The modification extents of reporter peptide can be considered as a “ruler” of «OH lifetime
(i.e., longer times yield more modifications)®2. For each peptide, the curves for bound and
unbound should overlap if their solvent-accessibilities are the same (Figure 3), whereas for
bound regions, the more protected state should show lower oxidative modification®®.

Decreases in time-dependent FPOP yields (attributed to decreases in solvent accessibility)
reveal that three regions on the N-lobe of PD-L1 form the macrocycle binding interfaces, as
represented by five peptides: 18-25 (N-terminus), 47-62, 47-75, 114-124, and 114-125
(Figure 3). These assignments agree well with our HDX results that also identify three
discontinuous regions as the critical binding interfaces between the protein and the
macrocycle. The FPOP kinetics also reveal that many regions do not change solvent-
accessibility in going from unbound to macrocycle-bound state (e.g., regions represented by
tryptic peptides 87-105, 141-162, 190-198, etc.). These overlapping curves serve as negative
controls, and convincingly indicate that these regions are not involved in association with
macrocycle whereas those that do are associated with binding.

Residue-Specific Binding Sites of PD-L1.

With MS/MS, we can also identify some site-specific amino-acid modifications (SI, Figure
S2). Most of these identified residues, not surprisingly, have side-chains that are either
sulfur-containing (Met18, Met36, Met59, Met115) or aromatic (Phel9, Trp57, Tyr160,
Phe211, His220, etc.), which are highly reactive towards hydroxyl radicals3®. Other less
reactive residues including Leu, Val, Arg, and Lys reacted to smaller extents with the free
radicals. The residue-specific FPOP modifications of all identified residues are detailed
comprehensively (S, Table S4).

The site-specific FPOP modifications provide a “magnified” view of the PD-L1-macrocycle
interacting region and pinpoint some of the critical residues or short regions responsible for
ligand binding. For instance, we detected significant differences in the FPOP yields on
residues Met18, Trp57, Met59, and Met115 (Figure 4B). It is noteworthy that, although the
oxidation of Phe19 was not high (Figure 4A), the time-dependent quantitation at the residue
level showed noticeable decreases of Phe19 modification for the bound state (Figure 4B and
Figure S2). Met36, on the other hand, showed similar FPOP vyields for the two states (Figure
4B). These residues are typically highly reactive in «OH-mediated modifications, even under
the high-scavenging environment where identification and quantitation of other FPOP-
labeled residues can be challenging. At this point, we can only suggest that those residues
that show differences are critical binding residues (or adjoin critical binding adjacent
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residues). A more conclusive picture will arise with the development of comprehensive
footprinting and/or residue-specific HDX. A productive and efficient strategy would be to
use the HDX and FPOP results to guide site-specific metagenesis.

Nevertheless, we can demonstrate that the incomplete data we have are reliable. We show
the extracted ion chromatograms (XICs) and precursor-ion spectra of the unmodified and
singly oxidized species of peptide 190-198 (Figure 5A and 5B). Although the peptide-level
extent of modification for this peptide was below 2%, we could see multiple
chromatographic peaks for the oxidized species (+15.9949 Da), corresponding to isomeric
peptides eluting at different retention times. Manual interpretation of product-ion spectra of
these modified peptides locate modifications on spatially proximate residues Leu190,
Phe191, Leul97, and Arg198 (for an example, see Figure 5C).

X-ray Crystallography of PD-L1/Macrocycle Complex Reveals Two Binding Pockets.

A parallel crystallography effort to characterize the interactions between human PD-L1 and
the macrocycle afforded a high-resolution crystal structure of the protein-inhibitor complex.
Two major hydrophobic binding pockets comprised of residues 1le54, Tyr56, GIn66,
Argl13, Met115, and Tyr123 form on the surface of PD-L1 to accommodate the two
tryptophan side chains of the macrocycle (Figure 6B). In addition, Asn63, GIn66, Glu71,
and Asp73 form specific interactions with polar and charged atoms of the macrocycle
(Figure 6B). The macrocycle used in the current study binds to the N-lobe of the PD-L1
ectodomain (Figure 6A) in a similar fashion to the two macrocyclic peptide inhibitors
described previously by Holak and co-workers®3. The N-terminal peptide of PD-L1,
however, was not found to interact with the macrocycle according to the X-ray crystal
structure.

Both HDX and FPOP outcome reveal that the N-terminus of PD-L1 is associated with
binding of macrocycle (Figure 2 and Figure 3C). However, the X-ray crystal structure does
not see it (Figure 6B). This difference may be attributed to the different N-terminal solvent
accessibility of PD-L1 obtained under solution environment and solid state®4-65, That the N-
terminal of PD-L1 interacts with its binding targets (small molecules or proteins) is not
without precedent. Crystal structures of hPD-L1/PD-1 complex have seen hydrogen bond
formation between Phe19 of PD-L1 and side-chain amine of Lys78 of PD-147. Nonpeptidic
small molecules, including BMS-200 and BMS-202, interact with the N-terminus of PD-L1
through hydrogen bond with Thr20%6, and a water-mediated interaction with the backbone
carbonyl of Phe1921, respectively. Moreover, the PD-L1 N-terminal region participates in the
interaction with durvalumab, through an ionic interaction and van der Waals contacts,
involving N-terminal residues Thr20, Val23, Asp2657. Nevertheless, there is good agreement
between interacting regions of PD-L1 identified by HDX and FPOP and the molecular
interactions observed in the crystal structure of the protein-macrocycle complex.

To compare the outcomes of HDX, FPOP, and X-ray crystallography, we show in Table 1 the
macrocycle binding regions identified by HDX, FPOP, and X-ray, respectively. Overall, we
obtained good qualitative agreement between the HDX and FPOP results, despite several
distinct differences between the two approaches. First, FPOP modifies side chains of protein
with a reactive species, whereas HDX reports on the protein backbone. Second, the shortest
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D,0 incubation time in our HDX experiment is 30 s, providing an averaged ensemble of
conformations over time, whereas FPOP affords a “snapshot” on microsecond time scale for
reactions of primary radicals.

Nevertheless, the FPOP and HDX results show conclusively the regions where the
macrocycle interacts with the PD-L1 surface via discontinuous regions. Both approaches
reveal decreased solvent accessibility on the N-terminal region and the region spanning
114-125, upon macrocycle binding (Figure 2 and Figure 3A). Further, FPOP showed
protection for peptide 47-75 (Figure 3A). Region 76 to 86, however, was not covered in the
analysis owing to multiple trypsin cleavage sites that led to many small peptides that are not
retained by HPLC. HDX filled in the coverage of this region, by showing peptide 74-87 also
exhibited protection upon binding (Figure 2). Both approaches show that the entire C-lobe of
PD-L1 is not affected by macrocycle binding (Figure 2 and Figure 3C).

Additionally, FPOP provided some site-specific binding information that is largely
consistent with the X-ray crystallography structure. For example, residue Met115, which
showed FPOP protection upon macrocycle binding (Figure 4B and 4C), constitutes one of
the two hydrophabic binding pockets identified from X-ray structure, comprising amino
acids Arg113, Met115, and Tyr123 (Figure 6B). Interestingly, the amino acids Trp57 and
Met59 also reported protection in FPOP (Figure 4B,C); these two are adjacent to the amino
acids that form the other X-ray identified hydrophobic binding pocket (i.e., 1le54, Tyr56, and
GIn66; Figure 6B). Side-chains of tryptophan and methionine are 10-20 fold more reactive
towards hydroxyl radical compared to Ile and Gln 36-37. 68 this may justify the preferential
FPOP modifications in this binding pocket. By and large, the FPOP site-specific information
effectively narrows the localization of critical binding regions and affords a coarse-grained
guide to potential “hot spots” on PD-L1.

CONCLUSIONS

In summary, our approaches of time dependent HDX and FPOP measurements not only
provide assurance that the modification reactions occur normally, but also add statistical
weight to the bound and unbound states comparison. The footprinting results are consistent
with the X-ray crystal structure and substantiate that the structure is largely relevant in vitro.
Moreover, the MS footprinting will usually be a faster approach, gaining binding
information especially in the early stages of drug development or when crystallization is
difficult. Those results can also guide site-directed mutagenesis studies if more detail is
needed. Taken together, the data presented here provide an in-depth understanding of small-
molecule PD-L1 interaction and suggest that modulation of the immune system with small-
molecules may complement those efforts with large biologics.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Cartoon showing inhibitors of programmed death-ligand 1 (PD-L1) or programmed cell

death protein 1 (PD-1) can block the interaction between the two proteins, reactivating the
immune response; (B) Structure of macrocyclic peptide (macrocycle), an inhibitor of
PD-1/PD-L1 protein-protein interaction.
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Figure 2. Peptide-level HDX kinetics analysis of PD-L1.
The comparison between macrocycle-bound (teal) and unbound (orange) states shows

significant changes of HDX for mainly three regions, region A is represented by peptide
116-122 (denoted in purple), region B includes peptides 46-52, 57-66, 60-66, 64-74, 74-87
(denoted in orange), and region C that contains N-terminal peptides 18-27, 20-28 (denoted
in light blue). The HDX results mapped onto the crystal structure of PD-L1 (PDB 4Z18)
show all three regions are discontinuously located on the N-lobe. No deuterium uptake
differences observed for peptides on C-lobe. Error bars correspond to + SD from triplicate
measurements and are nearly always smaller than the diameters of the open circles
representing data points. For binding regions, the differences between the curves
representing bound and unbound are at least 5 times the SD.
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Figure 3. “Time-dependent” FPOP response curves of each peptide of PD-L1.
(A) Differential yields of FPOP observed between macrocycle-bound and unbound PD-L1

(represented by 5 tryptic peptides) suggest three discontinuous binding interfaces on PD-L1,
including N-terminus, 47-75, and 114-125. (B) The overlapping of FPOP response curves
indicate comparable surface solvent accessibility of these regions between bound and
unbound states. These regions are not involved in the macrocycle binding. (C) FPOP results
mapped onto the PD-L1 structure (PDB 4Z18) shows comparable outcome as that of HDX.
The error bars correspond to = SD from triplicate measurements and show that for binding
sites, the differences between the accumulated differences for three points representing
bound and unbound are at least 3 times the propagated errors (sq root of the sum of the
squares of the SDs). This corresponds to 99.7% confidence in the assignment.
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(A) XICs corresponding to modified and unmodified peptide 18-25 (amino acid sequence
MFTVTVPK) showed Met18 is the major modification site, whereas modification on Phe19
is less abundant. The insert represents a zoomed-in region where peptides with Phel9
oxidation elutes. (B) Residue-level time-dependent curves of macrocycle-bound and
unbound PD-L1. Residues identified that show significant differential FPOP yields between
bound and unbound states of PD-L1 include M18, F19, W57, M59, and M115. Residues
were identified by manual interpretation of the product-ion (MS/MS) spectra. Error bars
correspond to = SD from triplicate measurements. The error bars correspond to £ SD from
triplicate measurements and show that for binding sites, the differences between the
accumulated differences for three points representing bound and unbound are at least 3 times
the propagated errors (sq root of the sum of the squares of the SDs). This corresponds to
99.7% confidence in the assignment. (C) Close-up view of these residues show they are

spatially localized on the N-lobe of PD-L1.
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Figure 5.

Example of LC-MS/MS separation, detection, and identification of unmodified and
oxidatively modified species of peptide 190-198. (A) XICs of unmodified and singly
oxidized peptide 190-198; (B) mass spectra of precursor ions (+2 charge) show a 16 Da shift
from unmodified to modified peptide 190-198; (C) the product-ion (MS/MS) spectra of the
singly oxidized peptide 190-198 locates modification on Phe191.
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Figure 6.
(A) Overall structure of the macrocycle (cyan) bound to human PD-L1 (beige). The structure

confirms only the N-terminal lobe is involved in binding; (B) Residue-specific binding
interface between macrocycle and human PD-L1. The macrocycle carbon atoms are colored
cyan while the PD-L1 carbon atoms are colored beige. Oxygen atoms (red), nitrogen atoms
(blue), and sulfur atoms (yellow) are colored accordingly.
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Regions identified by HDX and FPOP show good agreement with those identified by the crystal structure of

the complex.

Table 1.

Contact Region
(residue #)

18(N-terminal)-28
46-87
113-125

Observed in X-ray*k
None
54-56, 63, 66-68, 71, 73, 76
113, 115, 121, 123

Identified by HDX

18-28
57-87
116-122

Identified by FPOP
18-25
47-75
114-125

*
A heavy-atom to heavy-atom distance cut off of less than or equal to 4 A was used to select residues in close contact to the macrocycle.
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