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SUMMARY

Chronic or persistent stimulation of the programmed cell death-1 (PD-1) pathway prevents T cells
from mounting anti-tumor and anti-viral immune responses. Blockade of this inhibitory
checkpoint pathway has shown therapeutic importance by rescuing T cells from their exhausted
state. Cognate ligands of the PD-1 receptor include the tissue-specific PD-L1 and PD-L2 proteins.
Engineering a human PD-1 interface specific for PD-L1 or PD-L2 can provide a specific reagent
and therapeutic advantage for tissue-specific disruption of the PD-1 pathway. We utilized ProtLID,
a computational framework, which constitutes a residue-based pharmacophore approach, to
custom-design a human PD-1 interface specific to human PD-L1 without any significant affinity to
PD-L2. In subsequent cell assay experiments, half of all single-point mutant designs proved to
introduce a statistically significant selectivity, with nine of these maintaining a close to wild-type
affinity to PD-L1. This proof-of-concept study suggests a general approach to re-engineer protein
interfaces for specificity.
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In Brief

Shrestha et al. present a computational approach that employs a residue-based pharmacophore
approach to design mutations for the interface of PD-1, specific to one of its cognate ligands only,
PD-L1 without any significant affinity to PD-L2. In subsequent cell assay experiments half of all
single-point mutant designs proved to introduce a statistically significant selectivity.

INTRODUCTION

Lymphocyte activation requires two signals mediated by protein-protein interactions: the T
cell receptor interaction with antigenic peptide/MHC complex that provides the specificity
of the immune response and an antigen-independent co-modulatory signal that modulates T
cell clonal expansion and acquisition of effector function (Lafferty and Cunningham, 1975).
Engagement of co-stimulatory receptors such as CD28 and ICOS with their cognate B7
family ligands expressed on antigen-presenting cells results in T cell activation and
proliferation. In contrast, engagement of cytotoxic T lymphocyte associate antigen,
programmed cell death protein-1 (PD-1), and B and T lymphocyte attenuator with their
corresponding ligands negatively regulate T cell activation (Chen and Flies, 2013).

PD-1 is a type | transmembrane protein, composed of an extracellular immunoglobulin
variable (IgV) domain, a transmem-brane domain, and an intracellular domain with tyrosine-
based signaling motifs (Ishida et al., 1992). The PD-1 ligands, PD-L1 (Dong et al., 1999)
and PD-L2 (Latchman et al., 2001), are also type | transmembrane proteins, and possess
ectodomains composed of tandem IgV and immunoglobulin constant domains, a single-pass
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helical transmembrane region and a cytoplasmic domain (Keir et al., 2008; Chattopadhyay et
al., 2009). T cells, natural killer T cells, B cells, and some myeloid cells, express PD-1
receptor (Keir et al., 2008). PD-L1 is constitutively expressed on immune cells such as T
cells, B cells, and dendritic cells (DCs) (Yamazaki et al., 2002). Nonhematopoietic cells can
also express PD-1, with expression levels depending on a variety of other stimuli (Keir et al.,
2008). Expression of PD-L2 is limited to DCs, macrophages, and bone marrow-derived mast
cells (Latchman et al., 2001).

Engagement of PD-1 with either of its two known ligands, PD-L1 (B7-H1) or PD-L2 (B7-
DC) from the B7 family (Chemnitz et al., 2004), provides inhibitory signals that control
autoimmune responses by maintaining immune tolerance to self-anti-gens (Riella et al.,
2012). PD-1 signaling also makes important contributions to responses against microbial
pathogens. Persistent PD-1 expression can cause T cell exhaustion, which reduces antiviral
and anti-tum or immune responses, and leads to unfavorable disease progression by
inhibiting T cell proliferation and cytotoxicity, as well as cytokine production (Wherry,
2011). Blockade of the PD-1 pathway can reverse T cell exhaustion and enhance anti-tum or
responses (Sakuishi et al., 2010). Malignant cells utilize a range of mechanisms to evade
host immune surveillance, including the overexpression of PD-L1 on their surface, which
can result in a highly immune-suppressive milieu in the tum or microenvironment (lwai et
al., 2002; Dong et al., 2002). Therapeutic agents, especially monoclonal antibodies (mAbs),
have been developed to block the PD-1 signaling pathways (Nguyen and Ohashi, 2015) and
have shown activity against several cancers, with US Food and Drug Administration
approval for multiple indications (Topalian et al., 2012; Brahmer et al., 2012). Among these,
nivolumab and pembrolizumab have shown clinical efficacy for the treatment of metastatic
melanoma, non-small-cell lung cancer and other malignancies (Postow et al., 2015).
Similarly, re-invigorating T cells through PD-1 blockade can elicit beneficial immune
responses in chronic viral infections (Lazar-Molnar et al., 2010; Barber et al., 2006; Day et
al., 2006). To further increase potency, engineered T cells have been combined with other
therapeutics targeting the PD-1 signaling pathway (Hoos, 2016; Fesnak et al., 2016).
However, mAbs have inherent limitations such as antigenicity, poor tissue penetrance due to
their large size (~150 kDa), and detrimental Fc-effector functions that deplete immune cells
(Lee and Tannock, 2010). As a complementary approach to mAbs, PD-1 ectodomains and
their engineered variants could be used to interrupt the PD-1 pathway by directly binding to
the PD ligands. Directed evolution via yeast-surface display has been used to engineer a
PD-1 variant that specifically antagonizes PD-L1. The resulting PD-1 construct had 10
residues mutated compared with wild-type (WT) PD-1, resulting in a 15-to 40,000-fold
increase affinity to PD-L1, while not binding to PD-L2 (Maute et al., 2015). While
possessing remarkable affinity and selectivity, the large number of altered residues could
result in undesirable antigenic properties, making variants with the smallest number of
mutations desirable. In a recent study, a cross-reactive single mutant (A132L) in PD-1 was
reported to enhance binding activity to PD-L1 and PD-L2 by 45- and 30-fold, respectively,
compared with WT PD-1 (Lazar-Molnar et al., 2017).

Computational protein design methods generate and assess large numbers of sequence
variants at predetermined binding surfaces. These approaches dramatically reduce the
number of designs for subsequent experimental evaluation (Mandell and Kortemme, 2009;
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Lippow et al., 2007). Computational design algorithms have been used to design new folds
(Kuhlman et al., 2003), enzymatic functions (Rothlisberger et al., 2008), and novel binding
functions (Looger et al., 2003). Computational approaches for optimizing selectivity often
require both positive design considerations to stabilize the desired interactions and negative
design considerations to distinguish among a number of sequence and structurally similar
competitor molecules (Havranek and Harbury, 2003; Bolon et al., 2005).

In the context of PD-1 pathway modulation, our goal is to computationally redesign the
ligand recognition surface of PD-1 to antagonize the PD-1:PD-L2 interaction, while
maintaining or enhancing the affinity of the PD-1:PD-L1 interaction. We utilized our
recently developed ProtLID (protein-ligand interface design) method to predict residue-
based pharmacophore (rs-pharmacophore) signatures over the binding surface for PD-L1
and PD-L2 (Yap and Fiser, 2016). We then compared these rs-pharmacophores with the
known binding interfaces of PD-1 and predicted positions and residue types to alter
specificities. In subsequent cell-based assays, we vali-dated a number of these designs. Half
of all predicted single-mutant PD-1 designs exhibited statistically significantly reduced
interaction with PD-L2, nine of which maintained close to WT interaction with PD-L1, and
among these, three designs showed no detectable affinity to PD-L2. These new constructs
are both reagents and possible drug leads for modulation of the PD-1 pathway.

Residue-Specific Pharmacophore Generation

Understanding the intermolecular interactions between PD-1 and its two cognate ligands
(PD-L1 and PD-L2) can help selectively block the PD-1 signaling pathway for mechanistic
analysis and potentially provide therapeutic leads. We focused on rede-signing the human
PD-1 (hPD-1) interface to selectively bind to hPD-L1 (positive design), but not to hPD-L2
(negative design), to obtain a selective reagent.

hPD-1 and hPD-L1 contribute 15 and 12 residues, respectively, to the recognition interface
(4ZQK) (Zak et al., 2015) (Figure 1; Table S1). As there is no existing structure of the
human hPD-1:hPD-L2 complex, the murine mPD-1:mPD-L2 complex (3BP5) (Lazar-
Molnar et al., 2008) was used as a proxy. Out of the 14 interface residues that are
structurally superposable between hPD-1 and mPD-1, 11 residues (N66, S73, Q75, T76,
K78, G124, 1126, K131, A132, 1134, and E136) are identical. In the case of PD-L2, 10 out
of 14 superposable interface residues (F21, E28, Q60, S67, 1105, W110, D111, Y112, K113,
and Y114) are identical between hPD-L2 and mPD-L2 orthologs (Figure 1; Table S1). A
computational homology model (Sali and Blundell, 1993) was built for hPD-1:hPD-L2 using
hPD-1 and mPD-1:mPD-L2 as a template; these orthologs share 64% and 70% overall
sequence identity for the entire length of the proteins, respectively. Superposition of the
hPD-1 and mPD-1 structures with DALI (Holm and Sander, 1995) resulted in C, root-mean-
square deviation = 1.8 A over 107 out of 113 residues. Interface residues were identified by
the CSU program (Sobolev et al., 1999): by this definition, K98 of mPD-1 is not part of the
interface of the mPD-1:mPD-L2 complex, although K98 of mPD-1 aligns with K131 of
hPD-1.
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To design a PD-L1-specific interface on hPD-1, we used our recently developed
computational algorithm, ProtLID, to generate rs-pharmacophores for the hPD-L1 and
mPD-L2 interfaces (Figure 2). Rs-pharmacophores are descriptions of idealized
complementary interacting surface patches to these ligands, which are obtained through the
analysis of single-amino acid binding preferences after an extensive molecular dynamics
simulation. When the calculated rs-pharmacophore for hPD-L1 is compared with the actual
binding residues of hPD-1, 10 out of 15 WT residues (67%) were correctly recapitulated
(Table S1). Likewise, 11 out of 19 (58%) WT binding residues of mPD-1 were recapitulated,
of which six (N66, Q75, T76, K78, 1126, and E136) were identical to hPD-1 interface
residues. Four residues are conserved between the interfaces of hPD-L1 and hPD-L2 (the
PD-L2 interface residues were obtained through the comparative model built using the
mPD-1:mPD-L2 experimental structure) (Table S1).

Selecting Single-Mutant Designs

Differences between the rs-pharmacophores generated for each ligand and the observed
interface of WT hPD-1 suggested residue types and positions to modify for enhanced PD-L1
selectivity (Table S1). One set of design targets consisted of positions where the two ligands
(PD-L1 and PD-L2) have different residues interacting with the receptor (PD-1), and there
were also differences between the rs-pharmacophores designed for these ligand residues.
These differences can be utilized to suggest mutations that selectively prefer only one
ligand. For instance, in the case of K131 in hPD-1, the interacting residue in hPD-L1 is Q66,
while in both hPD-L2 and mPD-L2 it is S67. The differences between the calculated rs-
pharmacophores suggest that hPD-L1 uniquely preferred H and P as interacting partners.
After visual inspection of the local structural environment, the K131H variant was selected
for testing. Other selections involved cases where both ligands had the same residue type
interacting with the receptor, but the calculated rs-pharmacophores, influenced by other
residues in the environment, suggested differences in preferences between the two ligands.
An example is F19 in hPD-L1 (and the equivalent F21 in mPD-L2), interacting with K78 in
hPD-1. The rs-pharmacophore for hPD-L1 had two unique residue preferences, R and T,
which are not preferred by PD-L2; however, K78T was previously studied (Maute et al.,
2015). After visual inspection, we tested K78R, which in a subsequent cell assay showed
selective binding to hPD-L1, relative to hPD-L2 (Figure 3).

Other design elements required more elaboration due to the complex network of interactions
between interface residues, which are not readily deconvolved into simple pairwise contacts.
These positions often exhibit “promiscuity,” as they can accommodate a wider range of
amino acid substitutions. Once these positions are identified from rs-pharmacophore
preferences, they provide a more flexible target environment for exploration. For instance,
one of the conserved interface residues is Y123 of hPD-L1, the equivalent of which is Y112
in mPD-L2 (and is also identical in hPD-L2). The calculated rs-pharmacophores for the two
ligands suggested similar complementary interacting patches, to accommodate the two
“functional atos” of Tyr (aromatic ring center and hydroxyl group, see the STAR Methods).
The rs-pharmacophore contains residues that are hydrogen bond donors or acceptors
(DEPNQRHT), hydrophobic (LM), and aromatic (FYW) (Table S1). The wide spectrum of
tolerated residues in the rs-pharmacophore is explained by the interacting region on the
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hPD-1 receptor side, where six residues with diverse properties are found in spatial
proximity to Y123 of hPD-L1, including hydrogen bond acceptors or donors (E136, G124,
and T76), hydrophobic (1126 and 1134), and aromatic (Y68) residues. The corresponding
residue in mPD-L2, Y112, interacts with hydrogen bond acceptors or donors (N35, E103,
and T43) and a hydrophobic residue (1101) in the WT interface of mPD-1. Interestingly, T76
(T43) and E136 (E103) are conserved residues between mPD-1 and hPD-1. Once the rs-
pharmacophore was rationalized in this local context, a total of 13 mutations were explored
in three positions of hPD-1. Two of these variants, T76D and T76E, achieved high
selectivity for PD-L1 (Figure S1; Table S1).

Another promising location that was revealed by the rs-pharmacophore analysis was position
Y68 in hPD-1, of which the equivalent is N35 in mPD-1; however, despite being different
residue types, both interact with a Tyr in hPD-L1 (Y123) and mPD-L2 (Y112). Y68 is part
of a cluster of interacting residues in hPD-1, whose members include E136, G124, 1126,
1134, and T76, making the resulting rs-pharmacophores relatively accommodating and
suggesting a highly tolerant position ripe for exploration. We explored six mutants for Y68,
four of which induced selectivity for PD-L1 (Figure 3).

Experimental Validation

After excluding all the previously studied mutations (Lazar-Molnar et al., 2017; Maute et al.,
2015), we prioritized 34 mutants covering 14 residues in hPD-1 for experimental validation.
Previously studied mutations were excluded from the current study to focus on novelty. Only
four of the mutations defined in Maute et al. (2015) overlapped with our interface definition,
and three out of these four, and the one defined in Lazar-Molnar et al. (2017), are part of the
suggested preferences of rs-pharmacophores (Table S1). Site-directed mutagenesis was
performed, resulting in 32 single-point mutations, which were all sequence validated and
expressed as GFP fusions presented on the surface of suspension-adapted HEK293 cells.
Analysis of the hPD-1 mutants binding to hPD-L1 and hPD-L2 was performed by high-
throughput flow cytometry. The percent of hPD-1-expressing cells bound to either hPD-L1
or hPD-L2 was determined and the data normalized to the highest ligand concentration for
WT hPD-1 binding. Out of the 32 hPD-1 mutants, 16 (N66Q, Y68N, Y68K, Y68R, Y68Q,
S73R, Q75N, T76D, T76E, D77E, K78R, G124V, L128V, K131H, 1134N, and 1134F)
showed statistically significant (p < 0.05, two-tailed t test) increases in selectivity toward
PD-L1 (Table S2). Of these, six maintained close to WT binding interaction to PD-L1. We
selected five of these designs for titration experiments, where HEK293 cells expressing WT
or mutant hPD-1 were challenged with hPD-L1- or hPD-L2-expressing cells (Figure 3). Two
mutants, Y68R and Y68K, showed undetectable PD-L2 binding, while half maximal
effective concentration values for PD-L1 were 1.50 and 4.48 nM, respectively. The other
three mutants (Y68N, T76D, and T76E) showed a 4- to 12-fold selectivity for PD-L1. All
the successful mutants achieved selectivity by diminishing PD-1 binding to PD-L2 (negative
design), but none of the selectivity was achieved by increasing PD-1 binding to PD-L1
(positive design) in a statistically significant manner.
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Structural Insights

We generated comparative protein structure models to gain further insight about mutations
that achieved high selectivity between the two ligands. The models of the complexes were
subject to 25-ns molecular dynamics simulations using GROMACS (Lundborg and Lindahl,
2015) to accommodate the rearrangement of local contacts. Interestingly, the Y68 mutant
interacts with a highly conserved cluster of residues on hPD-L1 and hPD-L2, which includes
D122 (D111 for hPD-L2), Y123 (Y112), and K124 (K113). However, the modeling suggests
that residue A121 in hPD-L1 (W110 in hPD-L2) is the most relevant for recognition of Y68
of PD-1. When mutated to long, polar side chains (i.e., Y68R and Y68K), a possible steric
conflict emerged with W110 of hPD-L2 despite the otherwise favorable complementary
charge interactions (Figure 4). When a shorter side chain is introduced, Y68N, selectivity is
still achieved, but to a lesser extent (Figure 4).

When exploring the other most selective site for mutation, hPD-1 T76D or T76E, it appears
that a more favorable charged or hydrogen bond interaction is established with R125 and
K124 of PD-L1, while the Y114 side chain of hPD-L2 is not suitable to support this mutant
(Figure S1).

Correlation with Predicted Free Energy Changes

Once experimental data were obtained we also attempted to retrospectively correlate the
results with methods that predict the energetic effect of point mutations. We ran three
different programs, FoldX (Schymkowitz et al., 2005), Mutabind (Li et al., 2016), and
BeAtMuSiC (Dehouck et al., 2013), all of which returned random predictions (calculated
correlations between predicted and measured binding affinity changes are 0.31, 0.1 2, and
0.03, respectively, Figure S2). These approaches were either unable to distinguish the
differential effect of mutations on the two ligands (BeAtMusSiC), or, if differences were
detected, these turned out not to correlate with the observations (FoldX and Mutabind).
These results highlight the difficulty of predicting specificity-inducing mutations correctly
and support the utility of the rs-pharmacophore-based approach described in this work in
efficiently capturing these designs.

DISCUSSION

The PD-1 signaling pathway is one of the inhibitory checkpoints that shapes T cell activity
for anti-cancer (Sznol and Chen, 2013) and anti-viral (Gardiner et al., 2013) immune
responses (Sznol and Chen, 2013; Nguyen and Ohashi, 2015). Highly effective mAbs have
been developed to disrupt both sides of the PD-1:PD-L1 interaction for the treatment of
cancer (Topalian et al., 2012; Brahmer et al., 2012). As an alternative approach, a re-en-
gineered PD-1 with picomolar affinity to hPD-L1 was developed to block the WT
hPD-1:hPD-L1 interaction, with some possible advantages over conventional mAbs (Maute
etal., 2015).

In this proof-of-concept study, we utilized the ProtLID computational method (Yap and
Fiser, 2016) to re-engineer the protein binding interface of PD-1 for selective recognition of
PD-L1, with the goal of introducing as few mutations as possible. ProtLID reduces the
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theoretical number of possible mutations to an experimentally manageable set using the
concept of pharmacophore elaboration (Xu et al., 2012). The construction of a high-
specificity interface to discriminate among multiple proteins with similar structure from the
same superfamily, as in the current work, is highly challenging (Schreiber and Keating,
2011), in this case because PD-1 and its ligands share the same immunoglobulin fold.
Interestingly, the most effective mutant designs of PD-1 to induce selectivity involved two
residues (Y68 and T76), which interact with a highly conserved cluster of residues in PD-L1
and PD-L2. Retrospective structural analysis can explain the effect of these mutations, but
these are hard to predict a priori. A parallel aim to introduce selectivity was to increase
affinity of PD-1 to PD-L1, which was not successful (positive design). A possible synergistic
construct design with results from previous works may achieve that. In this study we focused
on the proof-of-concept of using the ProtLID program alone to locate possible spatial
locations and residue types for introducing specificity of binding, and we intentionally
avoided previously tested constructs. In Maute et al. (2015), ten mutations were identified
that contributed to an increase in affinity of PD-L1 binding. Out of these ten, only four are
part of the strictly defined interface, while the others were either mutations in the core of the
protein or just outside of the periphery of the interface. Of the four positions that we
explored with ProtLID, we identified the same mutations in three cases (Y68H, K78T, and
A1321), but we intentionally did not pursue them further. Meanwhile, the mutation described
in Lazar-Molnar et al. (2017), A132L, was also identified in our study (Table S1), and
intentionally not explored further. The failure to achieve improved binding affinity to PD-L1
can be explained either by the fact that we steered clear of these already proven mutations,
and no or very few additional combinations are left that can achieve the same effect, or that
ProtLID is more suitable to identify incompatible sites and residue types for a given
interface than compatible ones.

In this work we provided a proof-of-concept study of how residue-based pharmacophore
design can aid mutational studies to achieve desired binding selectivity. The resulting
variants of PD-1 should prove to be useful reagents for mechanistic studies. Meanwhile,
understanding the possible biomedical impact of these PD-1 variants will require a better
insight about the role PD-L2 plays in modulating the immune response (Yearley et al.,
2017).

STARXMETHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Requests for further information or resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Andras Fiser (andras.fiser@einstein.yu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The HEK 293 Freestyle suspension adapted cells sold by Thermo Fisher (Invitrogen) were
used in this study. We obtained this cell line directly from the company, we did not
authenticate the line ourselves. The sex of these cells is reported as female. We culture these
cells in Freestyle 293 media (Thermo Fisher Cat# 12338018). The HEK?293 cells are
maintained in a 150mL culture volume in a 500 mL baffled tissue culture flask. Cultures are
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routinely split to 0.5x1076 cells/mL and not allowed to grow above 3x1076 cells/mL. Cells
are routinely checked for mycoplasma about every 4 — 6 months.

Site-Directed Mutagenesis of Human PD-1 Variants—The coding sequence for the
full-length ectodomain of human PD-1 (Leu 25 — Thr 168) was cloned by ligation-
independent cloning into a vector that adds the leader sequence from erythropoietin (EPO)
and the transmembrane domain from mouse PD-L1 followed by mCherry (hPD-1 Type |
mCherry). Site-specific mutagenesis was performed as described previously using high
fidelity KOD polymerase (Ramagopal et al., 2017). After two rounds of primer design 32 of
the 34 predicted mutations were successfully cloned and sequence validated (94% success
rate). These mutants were tested for expression by transient transfection of 1 mL suspension
HEK 293 cells. Prior to utilization in downstream binding experiments, all of the hPD-1
mutants were shown to express at levels com parable to the parental hPD-1 construct as
analyzed by FACS and showed correct membrane localization as observed by fluorescence
microscopy (Figure S3).

Analysis of PD-1 Variants Binding to PD-L1 and PD-L2 by High-Throughput
Flow Cytometry—Wild-type and mutant hPD-1 constructs were transiently transfected
into 1 mL suspension of HEK 293 cells at a density of 1x106 cells/mL in 24-well plates
using 0.5 pg plasmid DNA and 2 ug linear PEI. Two days post transfection, cells were
counted and diluted to 1x108 cells/mL with 1x PBS with 2% BSA. In 96-well V-bottom
plates, 100,000 cells were challenged with 0.1 pug of hPD-L1 or hPD-L2 Fc-fusion protein
(R&D Systems) for 1 hour at room temperature while shaking in a 96-well plate shaker at
900rpm. Cells were subsequently pelleted by centrifugation at 500xg and washed with
1xPBS with 2% BSA two times. Goat anti-human Alexa 488 secondary antibody (0.25 pg)
was added to the cells and they were incubated at 4°C for 45 min. After washing three times,
antibody binding was assessed by FACS analysis on a BD Accuri cytometer connected to an
Intellicyt Hypercyte auto sampler. Flow data were gated for mCherry positive events (hPD-1
expression) and then sub-gated for hPD-L1/L2 binding (Alexa 488 channel). The experiment
was performed in triplicate and the data from each experiment were normalized to wild type
PD-1 binding.

For titration experiments, WT and selected PD-1 mutants were transiently transfected as
described above. Two days post transfection cells were diluted to 1x106 cells/mL with 1x
PBS with 2% BSA and 100,000 cells were challenged with increasing concentrations of
hPD-L1 hlgG1 or hPD-L2 higG1 (R&D Systems) from 0.1 — 200 nM final concentrations.
After binding for 1 hour at room temperature, the cells were washed once with 1x PBS with
2% BSA and goat anti-human Alexa 488 secondary antibody (0.25 pg) was added. After
incubation with secondary antibody, the cells were washed twice with 1x PBS with 2% BSA
and analyzed by FACS as described above. The percent of PD-1 expressing cells bound to
either PD-L1 or PD-L2 was determined and the data normalized to the highest ligand
concentration for wild-type PD-1 binding. The ECsgs were estimated by plotting the
normalized titration data in Graphpad Prism software and fitting the data using the equation
for a three-parameter dose response non-linear regression analysis Y = Bpin + (Bmax —
Bmin/(1 + 10(LogECS0 - X))_
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METHOD DETAILS

PD-1, PD-L1, and PD-L2 Proteins and Their Complexes—The crystallographic
structures of the human ectodomains of PD-1 and PD-L1 complex (4ZQK) were recently
published (Zak et al., 2015). The hPD-1 and hPD-L2 complex is not available, but the
structure of the orthologous mouse mPD-1:mPDL2 (PDB ID: 3BP5) complex has been
determined (Lazar-Molnar et al., 2008). Since hPD-1 and mPD-1 proteins share 64%
sequence identity, a computational homology model for the hPD-1:hPD-L2 complex was
generated for this study (Rai et al., 2007; Fernandez-Fuentes et al., 2007; Rai and Fiser,
2006), using the mPD-1:mPD-L2 complex and hPD1 (5GGS.Y) as the templates.

ProtLID, Residue-Specific Pharmacophore Approach for Interface Design—We
recently developed a residue-based pharmacophore (rs-pharmacophore) approach for
interface design (ProtLID, Protein Ligand Interface Design) that was used to identify
cognate ligand binding partners for given target proteins (Yap and Fiser, 2016). In this
current application, we used ProtLID to generate rs-pharmacophores for the interfaces of
ligand proteins (PD-L1 and PD-L2) in order to identify the ideal matching three-dimensional
residue pattern signatures (rs-pharmacophore). These rs-pharmacophores were compared
with each other and with the wild type receptor interface to identify differences that could be
utilized to design ligand-specific single mutant variants of hPD-1. The rs-pharmacophore
generation consists the following steps (Figure 2):

Identify Interface Residues—Interface residues for hPD-L1 (4ZQK.A) and mPD-L2
(3BP5.B) were identified with the CSU program (Sobolev et al., 1999): residues interacting
between the receptor and ligand were identified if these satisfied CSU classification for
legitimate interactions and the nearest atomic distance fell within 4.0 A (Sobolev et al.,
1999). Interface residues were required to have at least 1 A2 accessible surface area.

Mesh Generation over Interface Residues—A hypothetical mesh was constructed
over the interface of the ligands, using a 1 A distance and probe radius over the solvent
accessible region of the interface residues of hPD-L1 and mPD-L2 (Xu and Zhang, 2009).
These mesh points served as starting points for subsequent MD simulations.

Single-Residue Probe Simulation Using Molecular Dynamics—Extensive
molecular dynamics (MD) simulations were performed for hPD-L1 and mPD-L2 from each
mesh point constructed over their interfaces using AMBER (Case et al., 2005) with seven
replicas, each with different starting orientations using the 20 amino acid residues as probes.
The system was minimized from 5.0 kcal/mol to 0 with 5000 steps using harmonic restraints
on heavy atoms and simulated to 30 ps using the Generalized Born implicit solvation model
with no periodic boundary condition at 300 K, using Andersen thermal coupling. The system
contains either hPD-L1 or mPD-L2, with single-residue probes (uncapped N-terminal N-H
and C-terminal C=0). Each probe residue is uniquely defined by one or more side-chain
atoms that represent the most characteristic chemical functional group -these were defined as
functional atoms (FA). There are 26 Fas to define 18 amino acids (non-specific mainchain
interactions were not considered, and consequently neither Gly nor Ala). For example, the
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amino acid Trp is represented by aromatic ring center (RC_W) and hydrogen-bond donor
(NE1_W) (Yap and Fiser, 2016).

Functional Atom Preference over the Mesh Point—The propensity of an FA in the
proximity of the mesh point determines residue preferences in various spatial locations.
Actual preferences are estimated using the actual to expected (A/E) ratio. The A/E ratio
compares the actual FA propensity to the expected FA propensities observed from the
similar interaction of all snapshots nearest to the mesh point, and as such implicitly accounts
for geometrical artifacts on the molecular surface. In addition, only legitimate molecular
interactions were considered such as hydrogen bond acceptor-donor or hydrophobic contacts
according to CSU definitions (Yap and Fiser, 2016).

Match the Predicted rs-Pharmacophores with the Interface Residues of PD-1
—The calculated rs-pharmacophore for hPD-L1 (4ZQK.A) is then matched with the known
residues from the interaction surface of hPD-1 (4ZQK.B) and similarly, the pharmacophores
calculated for mPD-L2 (3BP5.B) were matched to mPD-1 (3BP5.A) using CSU (Sobolev et
al., 1999). When multiple residues are in close proximity, the union of their suggested
variants was considered. The rs-pharmacophores generated using hPD-L1 and mPD-L2
(equivalent residues with hPD-L2) were compared with one another and with the observed
interface of hPD-1 to select hPD-1 mutants with selectivity for hPD-L1.

Molecular Dynamics Simulations for Selected Mutant Complexes—Input models
for hPD1:PD-L1 and hPD1:PD-L2 complexes were prepared in the following way: The
complex of hPD1:PD-L1 was modeled with Modeller (Sali and Blundell, 1993) using the
combination of templates of hPD1:PD-L1 (4ZQK) and hPD1 (5GGS.Y) (Lee et al., 2016) in
order to obtain a full atom starting model without missing residues. In the absence of an
experimentally known hPD1:PD-L2 complex, a homology model was created using the
mouse ortholog (3BP5) (Lazar-Molnar et al., 2008) and human PD1 (5GGS.Y) with
Modeller. The mutant variants (Y68R and T76D) of hPD1:PD-L1 and hPD1:PD-L2
complexes were generated in a similar way.

Wild type and mutant complexes were simulated using Gromacs v5.0.6 (Abraham et al.,
2015) with the AMBER99sb force field (Hornak et al., 2006) and the TIP3P water model
(Jorgensen et al., 1983) in a dodecahedron box. Each system was neutralized by adding
sodium or chloride ions and was further relaxed by energy minimization with force
threshold of 1000.0 kJ/mol/nm. Subsequently, the system was equilibrated by a 5ns MD
simulation under an NV T ensemble followed by an NPT ensemble. After completion of the
two equilibrations, the simulation was continued using the NPT ensemble for a production
run for 25 ns. The V-rescale thermostat (Bussi et al., 2007) and Parrinello-Rahman pressure
(Parrinello, 1981) coupling were utilized throughout the simulation. Periodic boundary
conditions were applied. The thresholds for electrostatic and van der Waals interactions were
set to 1 nm whereas long range electrostatic interactions were treated using particle-mesh
Ewald method (Darden et al., 1993). The bonds were constrained using LINCS algorithm
(Hess et al., 1997).
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To explore dominant conformations of wild type PD1 and its mutants (Y68R and T76D), we
collected 5 snapshots from intermediate conformations separated by 4ns. The first 5 ns of
production were ignored from each simulation.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis of data on Figures 3A and 3B, we used Graphpad Prism (https://
www.graphpad.com/scientific-software/prism/). Statistical t-tests in Table S2 were
performed by scipy (https://docs.scipy.org/doc/scipy/reference/stats.htm 1).

DATA AND SOFTWARE AVAILABILITY
N/A.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. A residue-based pharmacophore approach is used to design specific protein
interfaces
. Designed point mutations of PD-1 interface made it specific to PD-L1 only
. Cell-based assays confirmed selectivity of mutants
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Figure 1. Sequence Alignments Derived from DALI Structural Superpositions
(A and B) Pairwise alignments between orthologs: (A) human and mouse PD-1 (hPD-1 and

mPD-1), and (B) human and mouse PD-L2 (hPD-L2 and mPD-L2). (C) Alignment between
1g-like variable-type domain of hPD-L1 and hPD-L2. Stars indicate interface residues, red
and black refer to conserved and non-conserved ones, respectively. The green star indicates a
conserved residue that was not found to be part of mPD-1 by the CSU program. All
structures and homology models were energetically relaxed in a 25-ns-long molecular
dynamics (MD) simulation prior to superposition.
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Figure 2. Schema of ProtLID Algorithm
Major steps of the algorithm are shown: (A) input protein complexes(upper PD-1 [red]:PD-

L1 [green], lower PD-1 [red]:PD-L2 [blue]), (B) identification of interface residues in target
protein (in gray surface representation), (C) generation of mesh over interacting atoms of the
interface residues of target proteins, (D) amino acid probes are placed in each mesh point
and undergo extensive MD simulation to determine their preferencesover the surface, (E)
prediction of rs-pharmacophores (orange spheres) from the analysis of MD simulation,
consisting of the position and functional atom types (FAs), and (F) comparison of suggested
FAs after com paring alternative rs-pharmacophores for different cognate ligands, (G)
identifying differences of residue preferences between the two pharmacophores.
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Figure 3. Experimental Testing of Selectivity of PD-1 Mutants

(1) Flow cytometric analysis of hPD-1 mutants binding to PD-L1 and PD-L2. The data

Page 19

represent the average of three independent experiments with error bars showing the standard
deviation. (I1) Titration of hPD-1 mutants show s selective binding to PD-L1.
(1) (A) HEK?293 suspension cells transiently expressing WT or mutant PD-1 were

challenged with increasing concentrations of hPD-L1 higG

1 (0.1-200 nM) and

fluorescence-activated cell sorting analysis was used to determine the percent of PD-1
expressing cells (mCherry) bound to PD-L1. For each experiment, the titration data were
normalized to WT PD-1 binding to the highest concentration of PD-L1. Data shown
represents four independent experiments with SD. (B) The same analysis as shown in (A)
except titrating hPD-L2 hlgG1 protein. Half maximal effective concentration (ECsp) values
could not be estimated for Y68R and Y68K (N/A) as no detectable binding was observed

within the range of concentrations analyzed.
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Figure 4. Structural Models of Mutant PD-1:L1:L.2 Interfaces

(A-D) (A) Wild-type PD-1 (green):PD-L1 (magenta) complex, (B) mutant (Y68R) PD-1
(green):PD-L1 (magenta) complex, (C) W T PD-1 (green):PD-L2 (magenta) complex, and
(D) mutant (Y68R) PD-1 (green):PD-L2 (magenta) complex. In all panels, for PD-1 five
conformations taken every 4 ns during the MD simulation are shown.

Structure. Author manuscript; available in PMC 2019 September 16.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Shrestha et al.

KEY RESOURCES TABLE

Page 21

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies
Anti-human (H+L) Alexa 488

Thermofisher

Cat# A-11013

Chemicals, Peptides, and Recombinant Proteins

Human PD-L1 hlgG1
Human PD-L2 hlgG1
Deposited Data

R&D Systems
R&D Systems

Cat# 156-B7-100
Cat# 1224-PL-100

mouse PD-1 and PD-L2 complex (Lazar-Molnar et al., 2008)  PDB: 3BP5
human programmed death-1 (PD-1) and its ligand PD- (Zak et al., 2015) PDB: 4ZQK
L1

Experimental Models: Cell Lines

HEK 293-F Freestyle Thermofisher Cat# R79007

Oligonucleotides

DNA primers
Recombinant DNA

see Table S3 for all primers

human PD1 cDNA

GeneCopoeia

Cat# EX-B0169-M98

mChery N1 ClonTech Cat# 632523

Software and Algorithms

Gromacs Gromacs v5.0.6 http://www.gromacs.org

Pymol Pymol v1.7 https://sourceforge.net/projects/pymol/files/pymol/1.7/
Modeller (Sali and Blundell, 1993) https://salilab.org/modeller/

BeAtMusic (Dehouck et al., 2013), http://babylone.ulb.ac.be/beatmusic/

FoldX (Schymkowitz et al., 2005)  http://foldxsuite.crg.eu/

MutaBind (Lietal., 2016) https://www.nchi.nlm.nih.gov/research/mutabind/
ProtLID (Yap and Fiser, 2016). N/A

matplotlib Python version 2.7.10 https://matplotlib.org

pandas Python version 2.7.10 https://pandas.pydata.org/index.html

numpy Python version 2.7.10 http://www.numpy.org/reference/stats.html

scipy Python version 2.7.10 https://docs.scipy.org/doc/scipy
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