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Probing protein flexibility reveals a
mechanism for selective promiscuity
Nicolas A Pabon, Carlos J Camacho*

Department of Computational and Systems Biology, University of Pittsburgh,
Pittsburgh, United States

Abstract Many eukaryotic regulatory proteins adopt distinct bound and unbound
conformations, and use this structural flexibility to bind specifically to multiple partners. However,
we lack an understanding of how an interface can select some ligands, but not others. Here, we
present a molecular dynamics approach to identify and quantitatively evaluate the interactions
responsible for this selective promiscuity. We apply this approach to the anticancer target PD-1
and its ligands PD-L1 and PD-L2. We discover that while unbound PD-1 exhibits a hard-to-drug
hydrophilic interface, conserved specific triggers encoded in the cognate ligands activate a
promiscuous binding pathway that reveals a flexible hydrophobic binding cavity. Specificity is then
established by additional contacts that stabilize the PD-1 cavity into distinct bound-like modes.
Collectively, our studies provide insight into the structural basis and evolution of multiple binding
partners, and also suggest a biophysical approach to exploit innate binding pathways to drug
seemingly undruggable targets.

DOI: 10.7554/eLife.22889.001

Introduction

Structural and proteomic research over the past decade has supplanted the traditional structure-
function paradigm by establishing the functional relevance of protein dynamics (Wright and Dyson,
1999; Dunker et al., 2000; Haynes et al., 2006; Romero et al., 2006; Ward et al., 2004,
Xie et al., 2007). In particular, eukaryotic regulatory and signaling proteins are skewed toward nota-
bly higher degrees of flexibility when compared to other functional categories (Liu et al., 2009;
lakoucheva et al., 2002). Regulatory proteins also tend toward comparatively higher degrees of
binding promiscuity, and we have previously shown thermodynamically how the entropy associated
with their flexibility can relate to their specificity toward multiple binding partners (Liu et al., 2009).
However, a structural understanding of how this selective promiscuity is achieved is still lacking.

Flexible human regulatory proteins such as MDM2 and PD-1 usually only crystallize when ligand-
bound. Although nuclear magnetic resonance (NMR) can occasionally resolve unbound (apo) struc-
tures of these proteins, it is noteworthy that their apo NMR ensembles often deviate from their
bound crystal structures (Schon et al., 2002; Lo Conte et al., 1999; Betts and Sternberg, 1999;
Cheng et al., 2013; Zak et al., 2015; Lazar-Molnar et al., 2008; Lin et al., 2008). Thus, for many
such proteins, available structural data do not capture the full binding dynamics, and the pathway
from the apo, non-bound-like state to the bound-like state is unclear. This lack of data obscures the
mechanistic connection between interface flexibility, binding promiscuity, and ligand specificity.
Moreover, given that many regulatory proteins are promising drug targets, this missing puzzle piece
often spells failure for drug design efforts that only target the bound-like state, assuming that this
state is available in the apo ensemble. Rational approaches to target flexible proteins will thus bene-
fit from new methods that can reveal the binding pathways connecting the non-bound-like to the
bound-like states.
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elLife digest Many proteins need to interact with other proteins to carry out their various tasks
in cells. Such interactions are essential for almost all biological processes and are often disrupted in
disease. Cells have thousands of different types of proteins and each has a unique shape that
determines which other proteins it can bind to.

It was previously thought that two proteins bind to each other in a manner similar to that of a
lock and a key, in which the rigid shape of one protein meshes perfectly with the rigid shape of its
partner. However, many proteins are flexible and adopt different shapes depending on whether
they are attached to their partner, or not. Moreover, an individual protein may also bind to several
different partners, each requiring that protein to adopt several different shapes. These observations
have challenged the lock and key model and suggest that flexibility in the structure of a protein
plays a key role in its binding to other proteins. However, it is not clear how structural flexibility
enables a protein to bind to several different partners while being selective enough to prevent the
protein from binding to the wrong ones.

A protein called PD-1 is involved in immune responses in humans and is an emerging target for
drugs to treat cancer. Pabon and Camacho used computer simulations to model PD-1s structural
flexibility and to find out how this enables the protein to form different shapes when it binds to
different partners. The experiments show that the region of PD-1 that binds to other proteins
adopts a different shape in the absence and presence of its partners. The binding partners make
initial contact with PD-1 via specific features that they share in common. This causes PD-1 to change
shape, uncovering a surface of PD-1 that is flexible and is able to accommodate a variety of
partners. After this, the binding partners form additional contacts with PD-1 that are specific to each
partner.

These findings suggest that the ability of a protein to bind to several different partners is
unlocked by certain structures that are present in the binding partners. These structures are found in
proteins produced by many different organisms, suggesting that this mechanism is likely to be
widespread in nature. This work may open up new avenues for designing drugs to target PD-1 and
other proteins that contribute to disease but have so far been impossible to target with drugs.

DOI: 10.7554/eLife.22889.002

Binding to flexible receptors is traditionally described by conformational selection (Ma et al.,
1999; Tsai et al., 1999) or induced fit (Koshland, 1958) mechanisms, and NMR techniques are often
used to distinguish between these two (Figure 1). Generally speaking, one assumes a conforma-
tional selection scenario if the apo protein ensemble samples bound-like states (apog|) (Boehr et al.,
2009; Hoang and Prosser, 2014). If not, one assumes induced fit (Schon et al., 2002). In reality,
whether a protein-protein interaction occurs via conformational selection or induced fit depends on
the flux of the system through the two alternate pathways from the non-bound-like apo state
(aponsL) to the bound-like encounter complex (ECg) (Hammes et al., 2009). Flux through the con-
formational selection pathway is limited by the free -energy difference between the apog_ and
apongL states, AGy,°, which determines the fractional population of the bound-like state and thus
restricts when selection-association with the ligand can occur. On the other hand, flux through the
induced fit pathway is for the most part independent of AGZ}’, as the ligand is presumed to be able
to associate with all apo receptor microstates. Instead, flux through this pathway is limited by the
free-energy difference between the ECg|_ and the non-bound-like encounter complex (ECngi), AGES,
which is a function of specific interactions between receptor and ligand, and the energy barrier
between these states. Both pathways terminate via a ubiquitous optimization step in which minor
structural rearrangements at the ECg, interface lead to the high-affinity complex.

To shed light on the structural basis of selective promiscuity in the aforementioned class of flexi-
ble-interface multi-ligand proteins, we study the binding mechanism of PD-1 to its cognate ligands
PD-L1 and PD-L2. Human PD-1 is a T-cell receptor and immune response regulator that has recently
emerged as a breakthrough anticancer target (Démling and Holak, 2014; Couzin-Frankel, 2013).
NMR and crystallographic studies have revealed the flexibility of the PD-1 interface by showing that
its apo and bound conformations are very different (Cheng et al., 2013; Zak et al., 2015; Lazar-
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Figure 1. General mechanism for ligand binding to flexible receptor. In the conformational selection pathway, the ligand docks to the bound-like (BL)
form of the apo receptor (apogy) to form the bound-like encounter complex (ECg)). In the induced fit pathway, the ligand docks to the non-bound-like
(NBL) form of the apo receptor (aponsl) to form the non-bound-like encounter complex (ECygy). Intermolecular interactions then drive structural
transitions to the ECg,. Both pathways end with a final induced fit step that optimizes interface side chains, transitioning to the high-affinity complex
(HAC). The binding mechanism also highlights an anchor residue often found to be important in molecular recognition (Rajamani et al., 2004).

DOI: 10.7554/¢eLife.22889.003

Molnar et al., 2008; Lin et al., 2008) (Figure 2, Figure 2—figure supplement 1), suggestive of an
induced fit mechanism. Specifically, while the apo PD-1 interface shows a polar surface around
Asné6 with an unmatched NH2 (Figure 2a), in complex this NH2 group forms two hydrogen bonds,
with the PD-L1-bound interface exhibiting a hydrophobic patch around lle126 (Figure 2b), and the
PD-L2-bound interface forming a large hydrophobic cavity flanked by lle126 and lle134 (Figure 2c,
Figure 2—figure supplement 2).

To date, no small molecular weight PD-1 inhibitors have been reported in the literature despite
the importance of this blockbuster target (Démling and Holak, 2014; Couzin-Frankel, 2013; Zar-
ganes-Tzitzikas et al., 2016). This was somewhat surprising, since the Trp110 binding site observed
in the PD-L2-bound cocrystal (Figure 2c¢) displays two key characteristics known to be favorable for
ligand binding: concavity (Laskowski et al., 1996, Liang et al., 1998) and hydrophobicity
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Figure 2. Flexibility of the PD-1 binding interface. (a) The apo PD-1 binding interface (Cheng et al., 2013),
showing a flat, polar, core binding interface. Surface residues that shape the core binding interface are labelled.
(b) The core PD-1 (green) - PD-L1 (yellow) binding interface, showing a flat hydrophobic receptor surface

(Zak et al., 2015). White dashed lines indicate hydrogen bonds between PD-L1 side chains. (c) The core PD-1
(cyan) — PD-L2 (orange) binding interface, showing a large hydrophobic receptor cavity (Lazar-Molnar et al.,
2008). White dashed lines indicate hydrogen bonds between PD-L2 side chains. Note that the conserved anchor
residue Tyr123/112 is present in both (b) and (c). (d) Fractional occlusion of each bound-like Trp110 and Tyr123/112
atom position in the NMR ensemble of apo PD-1. Numerical values at each atom position denote the fraction of
NMR frames that overlap, or ‘occlude’, that position (see Materials and methods for full details of how fractional
occlusion is calculated). Aside from the Cg, the Trp110 pocket is mostly occluded in the apo PD-1 ensemble,
whereas the Tyr123/112 anchor pocket is largely open. (e) Overlay of apo, PD-L1-bound, and PD-L2-bound
structures of PD-1 defining the ‘open’ and ‘closed’ states of PD-1 residues Asné6 and Ile126 in relation to the open
and closed states of the Trp110 binding pocket.

DOI: 10.7554/eLife.22889.004

The following figure supplements are available for figure 2:

Figure supplement 1. The cognate ligands of PD-1.

DOI: 10.7554/eLife.22889.005

Figure supplement 2. Modulation of PD-1's flexible interface cavity.

DOI: 10.7554/eLife.22889.006

(Cheng et al., 2007). It is reasonable to assume that the flexibility of the Trp110 pocket, and the
fact that in the apo state it is largely occluded by the unmatched, polar NH2 group of Asnéé
(Figure 2a,d), would present significant obstacles to traditional structure-based drug-design meth-
ods attempting to target this cavity (Cozzini et al., 2008). Thus, efforts to model the binding mecha-

nism of PD-1 would not only shed light on nature’s design principles for flexible and promiscuous
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protein-protein interfaces, but they may also offer novel avenues for pursuing rational drug design
against this and other high-impact targets.

To study the mechanism of PD-1 binding, we use molecular dynamics simulations (MDs) to iden-
tify and quantify the effects of intermolecular interactions on the PD-1 binding interface. We first

apo

estimate Gy’ for the free receptor and demonstrate that apog, states are exceedingly rare. We then
estimate GEC for PD-1 interacting with various peptide constructs that mimic distinct subsets of
ligand interface motifs (Figure 3) and identify the critical features that trigger shifts in the PD-1 con-
formational ensemble toward the bound-like states. By quantifying the energetic contribution of
each triggering contact in the ECnp., we rationalize how PD-1 uses flexibility to simultaneously
achieve both promiscuity, that is, binding to multiple ligands, and specificity. We show that a con-
served set of three contacts in the PD-1 encounter complexes with PD-L1/2 progressively lowers the
free energy of bound-like receptor states with respect to the non-bound-like state. These molecular
triggers reshape the non-bound-like hydrophilic interface around Asné6 into a bound-like hydropho-
bic surface. A fourth contact that differs by a single atom stabilizes this surface into either a shallow
patch that interacts with Ala121 in PD-L1, or a deep cavity that buries Trp110 in PD-L2.

We find that these triggers, which include the anchor Tyr123/112 in PD-L1/PD-L2 (Figure 2b,c,d)
(Rajamani et al., 2004), are highly conserved across species (Lazar-Molnar et al., 2008) and drive
quantitatively similar, kinetically efficient downhill binding pathways. The importance of these trig-
gers is underscored by the PD-1 - targeting, anticancer antibody pembrolizumab, which evolved via
a distinct evolutionary pathway yet, as we show, exploits some of the same triggering machinery as
PD-1's natural ligands. Finally, we suggest how these induced-fit triggers could be used in rational,
small-molecule drug discovery by studying the binding mode of a potent macrocyclic PD-1 inhibitor.
Collectively, our findings demonstrate how nature exploits structural flexibility to achieve selective
binding promiscuity in regulatory proteins.
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Figure 3. Structures of PD-L1/2 — mimicking peptides used to probe PD-1 interface dynamics. Left: core interface binding residues of (a) PD-L1 and (b)
PD-L2 in their bound-like conformations. Right: peptides that were simulated in the presence of apo PD-1 in order to identify the triggers of induced fit

interface deformations: (c) Y, (d)

DOI: 10.7554/eLife.22889.007

DY, (e) GGG, () GGY, (g) GDG, (h) ADG, (i) GDY, (j) ADY, and (k) mGDV.
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Results

Open and closed states of PD-1 Asn66 and lle126 describe a
hydrophilic or hydrophobic interface

Analysis of aligned PD-1 structures (Figure 2) led us to classify the bound-like and non-bound-like
conformational states using two binary order parameters defined by the ‘open’ or ‘closed’ states of
Asné6 and lle126. Namely, for a non-bound-like interface Asnéé is closed and lle126 is open; for the
PD-L1-specific bound-like state Asn66 is open and lle126 is closed; and for the PD-L2-specific
bound-like state both Asné6é and lle126 are open (Figure 2e). In the PD-L1-bound state, the inter-
face exhibits a large hydrophobic patch that interacts with the side chain of ligand interface residue
Ala121 (Figure 2b). In the PD-L2-bound state, the interface exhibits a deep hydrophobic cavity that
buries ligand residue Trp110 (Figure 2c). Neither this hydrophobic patch nor deep cavity is sampled
in the apo PD-1 NMR ensemble, where, instead, the closed state of Asné6é blocks the Trp110-bind-
ing pocket by exposing its NH2 group (Figure 2a,e, Figure 2—figure supplement 2), making a
hydrophilic site. MDs of apo PD-1 confirm that Asné6é remains closed (Figure 4a), stabilized by a
hydrogen bond with Lys78 that is also present in NMR structures (Figure 5a). These findings suggest
that specific interactions between apo PD-1 and a nearby ligand might be required to open Asnéé
and reshape the hydrophilic interface into its hydrophobic bound-like states.

Bound-like conformations of unbound Tyr123/112 in PD-L1/2 facilitates

molecular recognition

For both induced fit and conformational selection, the association of the apo receptor and ligand is
driven mainly by diffusion (DelLisi, 1980; Northrup and Erickson, 1992). It has been shown that
often protein-protein interactions stabilize the initial encounter complex through the burial of a
bound-like anchor motif on the ligand (Rajamani et al., 2004), which allows subsequent,
longer timescale intermolecular interactions to take shape. Co-crystal structures, MDs and docking
studies of PD-L1/2 suggest that the homologous interface residues Tyr123/112 (see Figure 2b,c)
may serve as anchors. Specifically, MDs of apo PD-L1/2 show that Tyr123/112 remain within 0.5 A
heavy atom RMSD of their bound-like conformations 88 + 16% of the time. Furthermore, the Tyr123/
112-binding pocket is unobstructed in the apo PD-1 NMR ensemble (Figure 2d), facilitating immedi-
ate burial of the side chain upon association. Docking exercises also point to the stabilizing role of
the Tyr anchor. Namely, ClusPro (Comeau et al., 2004) successfully re-docked the wild-type human
PD-1 — PD-L1 co-crystal (Zak et al., 2015), but it failed for single-residue PD-L1 mutants Y123G and
Y123A (Table 1). Collectively, these results suggest an anchor role for Tyr123/112 that facilitates
molecular recognition between non-bound-like apo PD-1 and its ligands (as sketched in Figure 1).

Conserved PD-L1/2 Asp122/111 form a specific intermolecular
hydrogen bond network that opens PD-1 Asné6 and switches the
receptor interface from hydrophilic to hydrophobic
Co-crystal structures of bound PD-1 exhibit an open Asné6 that forms two hydrogen bonds: the first
with the backbone oxygen of homologous PD-L1/2 Ala121/Trp110 and the second with either PD-1
Tyr68 (human PD-1 - PD-L1 complex) or a crystal water (murine PD-1 — PD-L2 complex) (Figure 5b,
c). MDs of PD-1 in complex with a GGG peptide positioned to mimic the backbone of PD-L1/2 resi-
dues ADY123 and WDY112, respectively, show that Asné6 fluctuates back and forth between a
bound-like open state, where it makes the aforementioned backbone hydrogen bond to the GGG
peptide, and the non-bound-like closed state, where it is bonded to PD-1 Lys78 (Figure 4a). On the
other hand, simulations with a GDG peptide show that the Asp122/111 mimic forms a hydrogen
bond to the Tyr68 OH group, stabilizing a Tyré68 rotamer that can simultaneously hydrogen bond to
the NH2 of Asné6 (Figure 5d). Together, this Asn66 — Tyr68 hydrogen bond and the aforemen-
tioned Asné6 — backbone hydrogen bond stabilize the bound-like open state of Asnéé (Figure 4a).
The robust, four-membered hydrogen bond network between the Ala121/Trp110 backbone
mimic, Asn66, Tyr68, and the Asp122/111 mimic that we observe in GDG MDs is fully consistent
with all available structures and mutagenesis experiments. Namely, the hydrogen bonds rationalize
the conservation of Asp122/111 in all known PD-L1/2 sequences and explain PD-L2 mutagenesis
studies showing that the D111A mutation abolishes binding to PD-1 (Lazar-Molnar et al., 2008).
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Figure 4. Dynamics of PD-1 binding interface in the presence of different ligands. (a) Rolling averages of distance
between Trp110_NE1 (from bound PD-L2) and Asné6_ND2 from MDs of apo PD-1 (blue) alone and interacting
with GGG (maroon) and GDG (red) peptides. Only GDG peptide sequesters Asnéé away from Trp110 binding
pocket. (b) Rolling averages of PD-1 binding cavity volume from simulations of apo PD-1 alone (blue) and
interacting with GDG (red) and GDY (orange) peptides shows that only GDY stabilizes an open cavity. (c) lle126 X,
rotamer angle from MDs of apo PD-1 interacting with GDG (red), GDY (orange), and ADY (yellow) peptides.
Peptide ADY and GDY position lle126 in the closed and open states, respectively (as in Figure 2e). Replicate
trajectories for panels a, b, and ¢ are shown in Figure 4—figure supplement 2. (d) Fractional occlusion of each
bound-like Trp110 atom position in simulations of PD-1 interacting with the GDY peptide show an open Trp110-
binding pocket. The fractional occlusion of a Trp110 atom position is defined as the percentage of simulation
frames in which a PD-1 atom overlaps, or ‘occludes’, that position (see Materials and methods for full details of
how fractional occlusion is calculated). (e) Fractional occlusion of each bound-like Trp110 atom position in
simulations of PD-1 interacting with the ADY peptide show a closed Trp110-binding pocket.

DOI: 10.7554/eLife.22889.008

The following source data and figure supplements are available for figure 4:

Source data 1. Excel workbook containing all the simulation trajectory data plotted in Figure 4, Figure 4—figure
supplement 2, and Figure 4—figure supplement 3.

DOI: 10.7554/elife.22889.009

Figure supplement 1. Apo PD-1 interactions with GDY peptide opens a hydrophobic cavity.

DOI: 10.7554/elLife.22889.010

Figure supplement 2. Replicate trajectories from Figure 4a,b,c.

DOI: 10.7554/elife.22889.011

Figure supplement 3. Dynamics of PD-1 binding cavity in the presence of different anchor substitutes.

DOI: 10.7554/elife.22889.012

MDs of apo PD-L1/2 further support the importance of Asp122/111 interactions in the encounter
complex by showing that this side chain remains within 0.4 A RMSD of its bound-like conformation
82 + 25% of the time. The stabilization of the bound-like Asp122/111 side chain in simulation is
achieved via hydrogen bonds with the neighboring Lys124/113, bonds which are also observed in
bound cocrystal structures of PD-1 (Figure 2b,c). The importance of this stabilizing interaction is
underscored by the fact that the K124S and K113A point mutations in PD-L1 and PD-L2, respec-
tively, both abolish binding to PD-1 (Lazar-Molnar et al., 2008; Lin et al., 2008).
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(a) Apo
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(e)

Figure 5. Hydrogen bond network of PD-1 Asnéé in different contexts. (a) NMR structure of the dominant apo, non-bound-like state of the human PD-1
interface (Cheng et al., 2013). Asné6 is in the closed state, forming a single hydrogen bond with Lys78. (b) Cocrystal structure of the human PD-1 — PD-
L1 complex (Zak et al., 2015). PD-1 bound-like interface shows Asnéé in the open state, forming two hydrogen bonds with the ligand Ala121 backbone
and the neighboring Tyré8. For clarity, only relevant ligand atoms are shown. (c) Cocrystal structure of the murine PD-1-PD-L2 complex (Lazar-

Molnar et al., 2008). PD-1 bound-like interface shows Asnéé is in the open state, forming two hydrogen bonds with the ligand Trp110 backbone and a
crystal water stabilized by neighboring residue Asné8. (d) Simulation snapshot of human PD-1 interacting with the GDG peptide, showing the same
hydrogen bond network as in (b). (e) Simulation snapshot of human PD-1 Y468N mutant interacting with the GDG peptide, showing the same water-

mediated hydrogen bond network as in (c).
DOI: 10.7554/elife.22889.013

PD-1 ligands open Asnéé by offering two novel hydrogen bonds (with the Ala121/Trp110 back-
bone and Tyr68) that out-compete the single Lys78 hydrogen bond that stabilizes the closed state.
Interestingly, the one known PD-1 sequence that diverges at the Tyr68 position is murine PD-1,
which has a Y68N mutation. The murine PD-1-PD-L2 co-crystal shows that although the shorter
Asné8 side chain cannot hydrogen bond directly to Asné6 or Asp111, it hydrogen bonds to a crystal

Table 1. Anchor Tyr123 is key determinant of bound-like docked conformations. Backbone RMSD of
top 10 ClusPro (Comeau et al., 2004) predicted PD-L1 binding modes to the human PD-1-PD-L1
cocrystal (PDB: 4ZQK). RMSDs shown for docked wild type human PD-L1 (WT) and for docked PD-L1

anchor mutants Y123G and Y123A.

Docked PD-L1 backbone RMSD (A) to 4ZQK PD-L1

ClusPro model wWT Y123G Y123A
0 4.65 8.8 497
1 54.0 38.2 49.1
2 49.5 491 39.2
3 475 40.4 40.4
4 394 494 48.5
5 48.0 40.07 53.2
6 45.8 53.2 49.5
7 40.6 46.5 48.1
8 48.6 47.8 47.6
9 50.7 48.7 50.4
DOI: 10.7554/elife.22889.014
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water molecule that forms the same hydrogen bond network as Tyré68 (Figure 5c). MDs of a human
Y68N PD-1 mutant and the GDG peptide suggest a functional equivalence of Asné8 to Tyré8: the
Asné8 side chain spontaneously recruits a stable water to the co-crystal position that then opens
Asnéb6 via a specific hydrogen bond network analogous to that formed by Tyré8 (Figure 5e).

ADY/GDY ligand motifs stabilize distinct bound-like states for PD-L1/2

While GDG MDs show an open Asnéé (Figure 4a) that exposes a hydrophobic surface, this surface
remains flexible and fluctuates between a deep open cavity and closed shallow patch (Figure 4b).
Contrary to the GGG MDs that exhibited open-closed fluctuations of Asné6 (Figure 4a), the pocket
instability observed in GDG MDs is caused by open-closed fluctuations of PD-1 residue lle126
(Figure 4c). In contrast, MDs show that the GDY peptide stabilizes the open states of both Asnéé
and lle126 and maintains the open hydrophobic interface cavity seen in the PD-L2 bound-like state
of PD-1 (Figure 4b,c,d). Comparison of the GDG and GDY MDs reveal that the Tyr side chain serves
as a 'wedge’ that stabilizes the flexible loop surrounding lle134 into a bound-like configuration that
is observed in both the PD-L1 and PD-L2 co-crystal structures (Figure 6). In the presence of the GDY
peptide, the bound-like lle134 makes a hydrophobic contact with the long arm of lle126, which pulls
the latter residue out of the pocket and stabilizes its open state (Figure 4—figure supplement 1).
Although the PD-L1 interface exhibits the GDY scaffold, 1le126 is closed in the PD-L1-specific
ECp, state, suggesting that an additional ligand motif not contained in the GDY scaffold is responsi-
ble for closing the pocket. MDs with an ADY peptide that mimics Ala121 show that the extra Cg car-
bon of the Ala side chain out-competes lle134 for the long arm of lle126, stabilizing its closed state
(Figure 4c,e). Interestingly, MDs with GDG and ADG peptides both show similarly unstable open-
closed fluctuation of lle126 (see Figure 7 below), which suggests that the effect of the Ala121 Cg

1134 RMSD to bound-like state

| g

N
| I |
GGG GDG Y DY  GGY GDY

PD-1 system

e

|

ADY

apo

Figure 6. Stabilization of bound-like lle134 by conserved tyrosine (Y) anchor. Average and standard deviation
heavy atom RMSD of PD-1 lle134 to the PD-L1/2 bound-like state (measured from human PD-1 — PD-L1 cocrystal,
47QK; lle134 has <0.2 A heavy atom RMSD between 4ZQK and the PD-L2 cocrystal 3BP5). Data are shown for
three 200ns replicate simulations for each system, including apo human PD-1 and PD-1 interacting with various
peptides.

DOI: 10.7554/elife.22889.015

The following source data is available for figure é:

Source data 1. Excel workbook with a single sheet containing the numerical RMSD data shown in the Figure 6
bar chart.
DOI: 10.7554/elife.22889.016
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=3 PD-L1 pathway
=3 PD-L2 pathway

GD ADG

open <€— AGopen (AS“GG) [kBT] —> closed

PD-L2 - bound - like
open <€— AGopen (“9126) [kBT] — closed

Figure 7. Downhill binding pathways of PD-1 triggers of induced fit for each cognate ligand. Points on the plot
represent average and standard deviation equilibrium free energy differences (from three replicate simulations)
between the open and closed states of receptor residues Asné6 and lle126 for apo PD-1 and PD-1 interacting with
nine distinct ligand-mimicking peptides. The corresponding numerical values can be found in Table 2. Yellow and
orange lines represent the ligand-specific induced fit binding pathways from the apo receptor ensemble to the
PD-L1 and PD-L2 bound-like ensembles, respectively.

DOI: 10.7554/eLife.22889.017

The following source data is available for figure 7:

Source data 1. Excel workbook with a single sheet containing the numerical AG,,., data plotted in Figure 7.
DOI: 10.7554/elLife.22889.018

carbon on lle126 dynamics only emerges in the presence of the anchor Tyr123/112. Thus, in addition
to facilitating molecular recognition, stabilization of the 1le134 loop by the burial of Tyr123/112 is
shown to enable ligand-specific induced fit responses by the PD-1 interface.

PD-L1/2 triggers ADY/GDY produce energetically downhill induced fit
binding pat?\ways

We applied Maxwell-Boltzmann statistics to our peptide simulations (see Materials and methods) to
quantify the role played by each trigger in the structural transitions at the PD-1 interface. We evalu-
ate AG,., that is, the free energy differences between the open and closed states of Asn66/lle126
for PD-1 in isolation and PD-1 interacting with nine different peptides representing distinct PD-L1/2
interface motifs (Figure 3, Table 2; note that AG,,., and AGp, are trivially related). These AG,.,
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Table 2. Free energy difference between the non-bound-like and bound-like states of PD-1 interface
residues Asné6 and lle126 in various systems. Listed values show the average and standard deviation
of Gp;, (from three replicate simulations) for Asnéé and lle126 in the different PD-1 systems. Since the
bound-like state of Ile126 is closed when PD-L1 — bound and open when PD-L2 - bound, the AGp, val-
ues for this residue take opposite signs. The trivial relationship between AGp, and AG,p., are indi-

cated for each column. Values shown are in units of kgT, with T = 300 K.

Pd-11 / PD-L2 PD-L1 PD-L2
PD-1 AGpr,(Asn6b) AGy (le126) AGy (le126)
Simulation AG ypen(Asn6s6) —AG ypen(1le126) AG ypen(11€126)
(keT) (keT) (keT)
apo (AGE) 3.6+ 0.60 44+12 44412
Y (AGY) 17 £061 13+03 13403
DY (AGBY) 0.11 £ 0.44 —0.21 £ 074 021+074
GGG (AGS5C) ~0.28+0.52 07+08 —07+08
GGY (AGEEY) 002 +0.17 0.58 + 0.22 —0.58 + 0.22
GDG (AGSP9) ~23+032 —0.46 +0.36 046 +0.36
ADG (AGAPO) ~30+045 0.35 + 0.60 —0.35 + 0.60
GDY (AGEPY) ~30+07 234072 ~23+072
ADY (AGAPY) —27+044 —20+036 20+0.36
mGDV (AG1SPY) ~3.0+047 ~18+048 18+ 048

DOI: 10.7554/elife.22889.019

values are plotted in Figure 7. Remarkably, the ADY and GDY motifs, respectively, shift the ratio of
our predefined bound-like to non-bound-like states from 1: 44 + 24 (based on AG%° (Asn66)) to

open

7.4 + 2.8: one for the PD-L1 bound-like state (based on AGPY (Ile126)) and 12 + 9.6: one for the PD-

open
L2 bound-like state (based on AGGY (1le126)). More importantly, we show that each triggering con-
tact monotonically lowers the relative free energy of ligand-specific bound-like states starting from
no contacts (apo), to the first, conserved contact with the anchor (Y), to the second, conserved con-
tact with Asp122/111 (DY), to the final, unconserved contact with the backbone O of A/G in the
complete triggering motifs (ADY/GDY) (Figure 7). The fact that these downhill binding pathways do
not encounter energy barriers strongly suggests that the PD-1 binding mechanism is primarily one of
induced fit (see Figure 1).

In the apo simulation Asné6 is closed (AG;‘Z;’"(Asn66) =~ 3.6 kgT), repelling lle126 into an open con-
formation (AG;’ZZn(IleI%) =~ —4.4 kgT). Docking of the Tyr anchor (Y) and formation of the encounter
complex destabilizes the non-bound-like apo PD-1 interface, causing increased open-closed fluctua-
tions in both Asné6 and lle126. The subsequent docking of Asp122/111 (DY) allows Tyré68 to com-
pete with Lys78 to form one hydrogen bond with Asnéé, causing it to swap back and forth between

open and closed (AG)
of lle126 (AG)), (lle126)~ 0). Adding the adjacent Ala121/Trp110 backbone from PD-L1/2 (ADY/
GDY) provides the second hydrogen bond for the NH2 of Asnéé that fully stabilizes its open state

(AGSPY/ADY (Asn66) = — 3.0 kgT). With Asné6 open, the CB atom of Ala121 modulates Ile126 dynam-

ope

(Asn66) = 0). Fluctuations of Asné6 correlate with simultaneous fluctuations

ics. When present (ADY), the Cgz hydrophobically recruits lle126 into the closed pocket state
(AGﬁﬁ};(llel%) = 2.0 kgT). Without Cz (GDY), lle126 remains open (AGOGpIi,f(Ilel%) = —2.3 kgT).

Our AG,., calculations also quantify the critical role of the anchor residue Tyr123/112 in ensuring
the ligand specificity of PD-1 interface deformations. This is demonstrated by the fact that GDY and
ADY peptides impose clear differential influence on the dominant rotamer state of lle126, while for
both GDG and ADG, lle126 fluctuates about evenly between the open and closed state

(AGEPG/APG ([1¢126) ~ 0) (Figure 7).

open
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Encounter complex simulations suggest chronology of induced fit
triggering interactions

We ran MDs of the PD-L1/2 encounter complexes starting from docked poses of apo PD-1 and the
interacting domains of PD-L1/2 that anchored Tyr123/Y112 (see Supporting Materials and methods).
Encounter complex MDs recapitulated the triggering mechanisms we identified in our peptide simu-
lations and their resulting PD-1 interface transitions from the ECng. to the ligand-specific ECg_
states. The chronology for these interactions (Table 3) is the same for both ligands. Consistently, the
first interaction to take place after docking the conserved anchor is the formation of the hydrogen
bond between receptor residue Tyr68 and ligand residue Asp122/111. This is followed by stabiliza-
tion of Asnéé in the open pocket state via hydrogen bonds with neighboring Tyr68 and the ligand
Ala121/Trp110 backbone. The Ala121/Trp110 side chains then proceed to stabilize a closed/open
hydrophobic pocket. Note that the Trp in the WDY motif of PD-L2 readily fills the hydrophobic
pocket as the XDY motif latches and opens Asné6 (Figure 8). Consistent with a downhill free
energy induced fit mechanism, the realization of these four contacts takes less than 10 ns total. On a
longer timescale, encounter complex simulations demonstrate the formation of secondary hydrogen
bonds at the interface periphery that are also observed in co-crystal structures of human and murine
PD-1. These secondary hydrogen bonds, including the bond from PD-1 Lys78 to PD-L1/2 Phe19/21
and from GIn75 to Arg125/Tyr114 (Figure 9), were consistently observed to form approximately 10
nanoseconds after the aforementioned Asnéé and Tyré68 hydrogen bonds (Table 3), suggesting that
ECpg| contacts shaped by the triggers of induced fit are enough to drive the subsequent transition to
the HAC.

PD-1 - targeting antibody validates the critical role of Asn66 and
suggests an anchor-independent binding mechanism with closed lle126
and lle134
Recently, two FDA-approved PD-1-targeting antibodies have emerged as part of a new generation
of anticancer immune checkpoint inhibitors. Published crystal structures of one of these antibodies,
pembrolizumab, bound to extracellular PD-1 show a hydrophobic receptor binding surface that over-
laps that which binds PD-L1/2 (Figure 10b) (Horita et al., 2016; Lee et al., 2016; Na et al., 2017).
Comparison of the pembrolizumab — PD-1 interface to the PD-L1 — PD-1 interface using the Fast-
Contact server (Champ and Camacho, 2007) highlights several differences in the main contacts that
characterize the two binding modes (Figure 10a, Tables 4 and 5). Remarkably, the pembrolizumab-
bound crystal structures reveal that the antibody stabilizes the same open state of Asné6 as PD-L1/2
using an analogous hydrogen bond network (Figure 10c). The fact that this antibody, designed via a
distinct evolutionary pathway, shares PD-L1/2's mechanism for opening Asné6 and revealing a
hydrophobic binding surface (Figure 2a,b,c, Figure 10b) underscores the role of this specific inter-
action in PD-1 interface remodeling.

Although pembrolizumab’s interaction with Asn66 mimics the native-like contacts of PD-L1/2, the
antibody-bound receptor exhibits a novel configuration of lle134, with both lle126 and lle134 in
inward-flipped, ‘closed’ states (Figure 10b). The result is a large hydrophobic surface where, like in

Table 3. Chronology of the formation of intermolecular interactions between PD-1 and PD-L1/2 in
encounter complex simulations. Listed values show the average and standard deviation time to for-
mation (from three replicate simulations) of various inter- and intramolecular hydrogen bonds follow-
ing the burial of the ligand anchor and formation of the key Tyr68-Asp122/111 hydrogen bond.

At (ns) after Tyr68 — Asp122/111 hydrogen bond formation

PD-1 - PD-L1 PD-1 - PD-L2
Hydrogen bond Encounter Complex Encounter Complex
Asnéb — Ala121/Trp110 63+£29 67 +72
Asnéb — Tyré8 50+17 83+75
GIn75 - Arg125/Tyr114 15+78 17 £ 11
Lys79 — Phe19/21 13+£15 15+ 20

DOI: 10.7554/elife.22889.023
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Occlusion of the W110 binding cavity in PD-1 - PD-L1 &
PD-1 - PD-L2 encounter complex simulations
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Figure 8. Modulation of the PD-1 interface binding cavity in encounter complex simulations with PD-L1 and PD-L2. Plot shoes the (rolling average)
number of atoms in the bound-like Trp110 side chain reference that are occluded by the PD-1 interface throughout encounter complex simulations with
PD-L1/2 (see Materials and methods for full details of how occlusion is calculated). Both encounter complexes begin with a closed Trp110 pocket, as
this is the dominant state of apo PD-1. The PD-L2 trigger then stabilizes the hydrophobic cavity (no overlap), while the PD-L1 trigger stabilizes the
hydrophobic patch (significant overlap).

DOI: 10.7554/elife.22889.020

The following source data is available for figure 8:

Source data 1. Excel workbook with a single sheet containing the time-series Trp110 atom overlap data from the encounter complex simulations plot-

ted in Figure 8.
DOI: 10.7554/elife.22889.021

the PD-L1-bound state, the closed lle126 occludes the Trp110-binding pocket, but where, unlike the
PD-L1/2-bound states, a closed lle134 partially fills the Tyr/123/112 anchor cavity. In fact, pembroli-
zumab has no anchor analog. Instead, the Arg102 side chain extends along the PD-1 interface such

Figure 9. Secondary, non-triggering contacts in PD-1 encounter complexes. Specific hydrogen bonds observed in the PD-1 - PD-L1 (a) (Zak et al.,
2015) and PD-1 — PD-L2 (b) (Lazar-Molnar et al., 2008) cocrystal structures. In simulation, these contacts form approximately 10 ns after triggering
interactions and their resulting induced fit deformations of the receptor (Table 3). Note also that the conserved Tyr123/112 anchor forms identical
hydrogen bonds with Glu136 in the PD-L1- and PD-L2-bound states.

DOI: 10.7554/eLife.22889.022

Pabon and Camacho. eLife 2017;6:€22889. DOI: 10.7554/¢Life.22889 13 of 24


http://dx.doi.org/10.7554/eLife.22889.020
http://dx.doi.org/10.7554/eLife.22889.021
http://dx.doi.org/10.7554/eLife.22889.022
http://dx.doi.org/10.7554/eLife.22889

e LI F E Research article

Biophysics and Structural Biology | Computational and Systems Biology

(b) Pembrolizumab heavy chain
Pembrolizumab - bound PD-1

PD-L1 - bound PD-1

lle134

) 2
open (from Ab cocrystal)
closed

Glul36

Figure 10. Pembrolizumab-bound PD-1 interface resembles PD-L1-bound interface with a closed lle134. (a) Alignment of crystal structures of the
pembrolizumab antibody (Ab) (Hoerita et al., 2016) and PD-L1 (Zak et al., 2015) binding modes, showing distinct but partially overlapping binding
interfaces on PD-1. The light chain of the Ab is shown in magenta and the heavy chain is shown in purple. (b) Detailed comparison of the aligned Ab-
bound (grey) and PD-L1-bound (green) PD-1 interfaces. Most receptor interface residues exhibit near-identical conformations, except lle134 which is
open when bound to PD-L1 but closed when bound to pembrolizumab. Heavy chain Ab interface residues are shown in purple. (c) Detail of the Ab-PD-
1 interface, highlighting the hydrogen bond (hydrogen bond) network that stabilizes the open state of Asnéé. This hydrogen bond network is
functionally analogous to those observed in the PD-L1 and PD-L2-bound cocrystals (Figure 5), although the OD1 and ND2 atoms of Asnéé are flipped.
(d) Simulation snapshot of human PD-1 interacting with the mGDV motif from Bristol-Myers Squibb macrocyclic PD-1 inhibitor, highlighting the
canonical hydrogen bond network that opens Asné6.

DOI: 10.7554/eLife.22889.024

The following figure supplements are available for figure 10:

Figure supplement 1. Model of potent Brystol-Myers-Squibb macrocyclic PD-1 inhibitor.

DOI: 10.7554/eLife.22889.025

Figure supplement 2. Predicted interactions of Brystol-Myers-Squibb macrocyclic PD-1 inhibitor.

DOI: 10.7554/eLife.22889.026

that the Cz carbon overlaps the C, position of Tyr123/112 (Figure 10—figure supplement 1), and
the NH1/2 groups hydrogen bond to a crystal water above the receptor interface (Figure 10b). In
this configuration, the hydrophobic carbon chain of Arg102 forms a ‘cap’ above the closed lle126
and lle134, desolvating their hydrophobic interactions with each other and the neighboring Gly124
and stabilizing a flat hydrophobic surface (Figure 10b).

A similar closed conformation of lle134 is observed in our MDs of PD-1 interacting with the GDG
peptide (Figure 4—figure supplement 1). This is unsurprising: like pembrolizumab, the GDG pep-
tide has the necessary machinery to trigger the opening of Asné6, but lacks an anchor ‘wedge’ that
prevents the resulting inward collapse of lle134. Results of the GDG MDs thus rationalize the pem-
brolizumab binding mode and suggest an anchor-independent induced fit PD-1 binding pathway:
one in which the antibody opens Asné6 using the canonical hydrogen bond network and stabilizes
the resulting flat hydrophobic interface by ‘capping’ the closed states of lle126/134 with the carbon
chain of Arg102.
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Table 4. Top 5 PD-1 residues contributing to electrostatic energy when binding to PD-L1 and pem-
brolizumab. Binding energies were calculated using the FastContact web server (Champ and Cama-
cho, 2007) and cocrystal structures of PD-1 bound to PD-L1 (Zak et al., 2015) and pembrolizumab
(Horita et al., 2016).

PD-L1-bound Pembrolizumab-bound

Residue Energy (kcal/mol) Residue Energy (kcal/mol)
Glu136" —11.531 Asp85* —8.367

Asp77 -5.073 Ser87 —3.629

Lys7BJr —4.266 Asp77 —2.417

GIn75 —4.027 Tyré68 —2.156

Glugd -3.119 Glu136 —2.096

“The E136A mutation abolishes binding of PD-1 to PD-L1 and greatly reduces binding to PD-L2 (Ldzar-
Molndar et al., 2008).

"The K78A mutation abolishes binding of PD-1 to PD-L1 and greatly reduces binding to PD-L2 (Lazar-
Molnar et al., 2008).

#The D85G mutation abolishes binding of PD-1 to pembrolizumab (Na et al., 2017).

DOI: 10.7554/elife.22889.027

Can molecular triggers be exploited to drug PD-1?

Although two PD-1-targeting antibodies already exist on the market, there are no small-molecule
PD-1 inhibitors in clinical trial, despite the enormous interest in this blockbuster immunotherapy tar-
get (Démling and Holak, 2014; Couzin-Frankel, 2013; Zarganes-Tzitzikas et al., 2016). Given that
ligand-binding sites tend to be concave (Laskowski et al., 1996; Liang et al., 1998) and largely
hydrophobic (Cheng et al., 2007), the undruggability of PD-1 might be due to the closed Asné6
and the resulting flat polar interface in the apo form (Figure 2a). However, the highly specific hydro-
gen bond network presented by PD-L1/2 and pembrolizumab strongly suggests a path to open
Asné6 and transform the hard to drug hydrophilic patch into a hydrophobic one. Interestingly, Brys-
tol-Myers-Squibb recently patented a 1.03 nM macrocyclic inhibitor of the PD-1-PD-L1 interaction
(Miller et al., 2014). Although no mechanism of action has been described, the macrocycle includes
a peptidic mGDV motif that is structurally similar to the aforementioned ADY induced fit trigger,
with an N-methylated Gly and an Asp side chain that resemble PD-L1’s Ala121 and Asp122, respec-
tively (Figure 10—figure supplements 1 and 2). This alignment puts the mGDV motif's short Val

Table 5. Top 5 PD-1 residues contributing to desolvation energy when binding to PD-L1 and pem-
brolizumab. Binding energies were calculated using the FastContact web server (Champ and Cama-
cho, 2007) and cocrystal structures of PD-1 bound to PD-L1 (Zak et al., 2015) and pembrolizumab
(Horita et al., 2016).

PD-L1-bound Pembrolizumab-bound

Residue Energy (kcal/mol) Residue Energy (kcal/mol)
lle126” —1.853 Leut2g' ~2.886

Leu128" —1.673 Pro89 —2.486

lle134% —1.361 Valé4 —1.721

Val64 —0.463 Pro130 —1.586

Ala132 —0.37 Pro83 —-1.131

“The 1126A mutation greatly reduces binding of PD-1 to both PD-L1 and PD-L2 (Ldz&r-Molnar et al., 2008).

"The L128A mutation abolishes binding of PD-1 to PD-L1 and partially reduces binding to PD-L2 (Lazar-
Molnar et al., 2008).

*The 1134A mutation abolishes binding of PD-1 t oPD-L1 and greatly reduces binding to PD-L2 (L&zar-
Molnar et al., 2008).

DOI: 10.7554/eLife.22889.028
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side chain at the position of the much longer Tyr123 anchor, where it aligns with the C, side chain
carbon of pembrolizumab residue Arg112 (Figure 10—figure supplement 1).

Given the resemblance of the mGDV motif to the interface residues of both PD-L1 and pembroli-
zumab, we used our MDs method to evaluate whether this motif was capable of remodeling the
apo, non-bound-like PD-1 interface into a bound-like state. We observed that mGDV opened Asné6
using a native-like hydrogen bond network analogous to those seen in previous simulations (Fig-
ures 5, 7 and 10d). However, lle126 and lle134 dynamics mirrored those seen in the pembrolizumab
cocrystal, with both sidechains favoring inward-flipped ‘closed’ configurations (Figure 11). Simula-
tion trajectories showed that the short Val side chain of the mGDV motif, unlike the cognate Tyr123/
112 anchors, did not penetrate deep enough into the PD-1 interface to be a ‘wedge’ stabilizing an
open lle134. Instead, like the carbon chain of pembrolizumab residue Arg102, the Val ‘capped’ sta-
ble hydrophobic interactions between a closed Ile134, a closed lle126, and the neighboring Gly124.

Our GDG, ADG, GDY and ADY simulations demonstrated that precise regulation of the closed/
open states lle126 via the Ala121 Cg is realized only when the Tyr123/112 anchor is buried (Figure 7).
Thus, given that mGDV lacks an anchor, a natural question to ask is whether a lle126 would be
opened by a GDV peptide without the N-methyl group. Interestingly, MDs of PD-1 interacting with
a GDV peptide revealed identical lle126 and lle134 dynamics to mGDV simulations (Figure 117), indi-
cating that the N-methyl group was not recruiting 1le126 into the closed state in the style of Ala121
Cgp. These results help to further illuminate the role of the conserved anchor Tyr123/112, which in its
absence does not wedge lle134 into the open state, disabling the capability of PD-1 to stabilize an
open lle126 and form a hydrophobic cavity at that site.

Compared to GDG simulations in which lle126 fluctuated between open and closed (Figure 4b,
¢), in GDV simulations it remained closed, suggesting a stabilizing role for the Val side chain. The
overlap of (m)GDV’s Val with the carbon chain of pembrolizumab’s Arg102 (Figure 10—figure sup-
plement 1) and the similarity between the (m)GDV-induced PD-1 interface and the pembrolizumab-
bound interface supports the ‘capping’ role of Arg102 in stabilizing the flat hydrophobic surface of
PD-1. This mechanism is also consistent with models of macrocycle conformations generated by Bal-
loon (Vainio and Johnson, 2007) docked to PD-1, which readily identify poses that align the mGDV

PD-11le126/134 X, rotamer distributions

ADY mGDV GDV

3000 %
032% 0% 045%

open

PD-L1- boun

PD-L1 - bound PD-L1 - bound

lle134

Ab - bound

o

Ab - bound

closed

Ab - bound

0% 0% 0%

&
3

-60° 300 600 3000
open closed open closed open closed

lle126

Figure 11. Macrocyclic mGDV motif induces structural changes in the PD-1 interface towards the pembrolizumab-bound state. Heat maps show the
distributions of PD-1's lle126 and lle134 X; rotamer angles in MDs of the receptor interacting with the ADY PD-L1 trigger (left), the BMS macrocycle
mGDV motif (center), and the GDV peptide. Data for each ligand were gathered from three distinct 200ns simulations. White dots on the plots indicate
the rotamer angles of the same two residues in the pembrolizumab (Ab)-bound (Herita et al., 2016) and PD-L1-bound (Zak et al., 2015) cocrystal
structures.

DOI: 10.7554/elife.22889.029

The following source data is available for figure 11:

Source data 1. Excel workbook with a single sheet containing the 2D histogram data for the heatmaps shown in Figure 11.
DOI: 10.7554/eLife.22889.030
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motif to corresponding PD-L1 and pembrolizumab interface residues (Figure 10—figure supple-
ments 1 and 2), rationalizing the potency and specificity of the compound.

Discussion

Induced fit motif XDY shared by PD-1 ligands modulates the flexible
PD-1 binding interface from hydrophilic to hydrophobic

Our studies show that apo PD-1 does not sample bound-like hydrophobic interface conformations,
but instead presents a non-bound-like hydrophilic patch around Asnéé at the core of its binding
interface (Figure 2). By mapping the effect of specific ligand contacts on the apo PD-1 interface, we
identify a highly conserved subset of PD-L1/2 motifs responsible for coordinating Asn6é and trigger-
ing the transition from the hydrophilic to hydrophobic interface. Namely, Asp122/111 and the back-
bone O of PD-L1/2 Ala121/Trp110 form a robust, four-membered hydrogen bond network with
Tyr68 and Asné6 that neutralizes the latter residue into a bound-like open state. Simultaneously, the
conserved anchor Tyr123/112 stabilizes lle134 into a bound-like state that, with Asn66 open, creates
a hydrophobic surface that fluctuates between a patch and a cavity modulated by lle126. These
three linear ligand motifs (XDY), shared by both PD-L1/2, comprise the molecular key that unlocks
the promiscuity of PD-1 by revealing a flexible hydrophobic binding surface (Figure 4).

A single carbon atom difference can shift the hydrophobic PD-1 binding
surface from a stable patch to a stable cavity

With XDY triggering the transition to the flexible hydrophobic surface, specificity toward the two
PD-1 ligands is actualized by the formation of the hydrophobic patch when binding PD-L1 vs. the
formation of hydrophobic cavity when binding PD-L2. These two states can be distinguished by the
conformation of 1le126 (Figure 2e). For PD-L1, we show that the ADY motif is sufficient to stabilize
the hydrophobic patch (Figure 4c). Specifically, the Ala121 CB atom, which does not overlap with
PD-1 apo NMR structures (Figure 2d), recruits lle126 into the closed (patch) state. On the other
hand, in the absence of Cg, the GDY trigger stabilizes the open state of lle126, producing a large
hydrophobic interface cavity consistent with the pocket that buries PD-L2 Trp110. Note that the Trp
in the WDY motif of PD-L2 readily fills the hydrophobic pocket as the XDY motif latches and opens
Asnéb6 (Figure 8).

Bound-like XDY residues and molecular recognition
The pre-arrangement of PD-L1/2 motifs XDY in bound-like conformations in the absence of the
receptor is important for efficient ligand recognition and binding. Docking studies and peptide MDs
highlight a critical role for the conserved Tyr123/112 anchor both in both molecular recognition and
in modulating lle134 during induced fit, both of which require the Tyr side chain to maintain a stable
bound-like rotamer. Furthermore, simulations demonstrate that peptides such as GDG, mGDV, and
GDV, which either lack or have a modified anchor analogue, cannot stabilize an open state of lle126,
highlighting an allosteric role for Tyr123/112 in splitting the PD-1 induced fit binding pathway.

Several anchors substitutes were tested in simulation starting in bound-like configurations similar
to the cognate Tyr112/123. These MDs produced three broad types of PD-1 interface dynamics (Fig-
ure 4—figure supplement 3): (1) aromatic substitutions XDF and XDW stabilized either an open
(X=@G) or closed (X=A) pocket like the cognate XDY motif. (2) Polar substitutions XDH, XDR, and
XDK were not accommodated in the hydrophobic anchor pocket and their side chains laid along the
receptor surface, consistent with pembrolizumab’s bound Arg102 (Figure 10b), producing a closed
pocket like that of (m)GDV. (3) XDG or XDA resulted in open-closed fluctuations of both lle134 and
lle126 (Figure 4b,c). These observations suggest that certain anchor mutations are tolerated by PD-
1 and are consistent with mutagenesis studies showing that the Y112A PD-L2 point mutation slightly
reduces, but does not abolish, binding to PD-1 (Lazar-Molnar et al., 2008). However, the observed
conservation of Tyr123/112 in mammalian species (Lazar-Molnar et al., 2008) might suggest specific
kinetic constraints on ligand recognition arising from hydrophobic contacts with 1le134 and the
hydrogen bond with Glu136 (Figure 9), which are not shared by other sidechains.

In addition to the anchor residue, our peptide MDs also suggest an essential role for the con-
served Asp122/111 in erecting a stable hydrogen bond network that opens PD-1 Asné6, which can
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only be achieved by a bound-like Asp side chain. The primacy of these intermolecular interactions to
PD-1 binding is reinforced by our MDs of apo PD-L1/2, which reveal that Tyr123/112 and Asp122/
111 all remain in bound-like conformations in the absence of the receptor, primed to interact imme-
diately upon interface association. Equally important is the fact that apo PD-1 structures all accom-
modate (i.e. do not block) any of contacts of the XDY scaffold, ensuring a rapid recognition process
that facilitates subsequent induced fit transitions.

Downhill binding pathways strongly suggest an induced fit binding
mechanism

Our MDs demonstrate that the set of consecutive intermolecular interactions triggered by ADY and
GDY peptides lead to energetically downhill binding pathways with no opposing energy barriers.
These pathways strongly suggest that PD-1 occurs mostly by induced fit (Figure 1). Specifically, sim-
ulations and estimated AG,., values show that apog, states of PD-1 are rare, which undermines a
conformational selection mechanism. On the other hand, ligand-specific triggers are shown to effi-
ciently shift the PD-1 interface conformational ensemble from a non-bound-like: bound-like ratio of
roughly 44: 1 (in the apo ensemble) to roughly 1: 7 (in the encounter complex ensemble) (Figure 7).
Unconstrained MDs of PD-L1/2 encounter complexes show that the geometry and chronology of
triggering contacts is highly optimized, driving the transition from the non-bound-like to the bound-
like states in less than 10 ns. This time scale promotes rapid recognition and ensures fast activation
of this important T-cell checkpoint.

Two-step binding pathway of PD-1 reveals a simple mechanism for
selective promiscuity

Although regulatory proteins are promiscuous in that they bind multiple targets, they must also be
specific so as to limit binding to just those targets. Our analysis of the binding mechanism to PD-1
reveals how these two seemingly contradictory requirements can be simultaneously achieved. Here,
we show that apo PD-1 samples an ensemble of non-bound-like conformations that present an
obstructive Asné6 on its interface, which likely prevents non-specific binding. The apo PDL1/2 inter-
faces feature a conserved, bound-like, XDY binding motif that holds the key to opening Asnéé and
forming a flexible hydrophobic surface, which completes the first binding step. In the second step,
the ligands then attune the flexible interface via specificity-determinant contacts (X=A for PD-L1,
X=W for PD-L2) that modulate lle126, splitting the binding pathway and stabilizing either a hydro-
phobic patch or a binding pocket (Figures 2, 4 and 7). The key structural properties in this pathway
are: (a) a flexible, non-bound-like apo receptor interface ensemble that presents an unfavorable
binding surface, (b) a core subset of shared ligand binding motifs clustered about an anchor residue
that latch the receptor interface but allow it to remain flexible, and (e) ligand-specific motifs that split
the binding pathway by stabilizing different conformations of the flexible interface.

Molecular triggers could be exploited to design small-molecule PD-1
antagonists

Bound cocrystal structures of the PD-1-targeting antibody pembrolizumab reveal that it exploits an
evolutionarily designed induced fit trigger: the four-membered hydrogen bond network that opens
Asné6 and makes the receptor interface hydrophobic. This same principle can be applied to design
smaller molecular weight PD-1 inhibitors. We have shown that the mGDV motif of the Brystol-Myers-
Squibb PD-1 inhibitor combines key pharmacophore features of both PD-L1 and pembrolizumab
interfaces: the backbone O of the Gly resembles that of PD-L1’s Ala121, the Asp side chain resem-
bles PD-L1's Asp122, and the Val side chain resembles pembrolizumab’s Arg102. Simulations sug-
gest that this structural resemblance produces functionally similar dynamics by displacing receptor
residue Asné6 (Figure 10d) and stabilizing a bound-like, flat hydrophobic surface formed by closed
lle126 and lle134 (Figures 7 and 11). Docked conformations of the full inhibitor recapitulate most
secondary native-like contacts in addition to the core triggering interactions (Figure 10—figure sup-
plements 1 and 2). Taken together, these results support the idea that nature’s mechanisms for
modulating receptor surfaces might be exploited to design novel chemistries capable of transform-
ing hard to drug targets into more druggable candidates.
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Selective promiscuity via induced fit offers potential advantages over
conformational selection for multi-ligand regulatory proteins

Promiscuous regulatory proteins must optimize binding kinetics for multiple ligands by exploiting
structural flexibility. Given nature’s general mechanisms for flexibility-mediated binding (Figure 1),
specificity toward multiple ligands could, in principle, be conferred either through conformational
selection, by evolving the receptor to intrinsically sample different ligand-specific apog,_ states, or by
induced fit, by evolving interface interactions that efficiently drive transitions to the ligand-specific
ECg_ states. If conformational selection is used to achieve multi-ligand specificity, the binding path-
way flux will de facto be limited by AG%)’, the free energy difference between each ligand-specific
bound-like states and other states in the apo ensemble. In this scenario, a natural bottleneck would
emerge as an increasing number of ligands would lead to lower association rates.

On the other hand, if selective promiscuity is conferred through induced fit, binding pathway flux
will not depend on the fractional populations of apo ensemble microstates, but instead will be deter-
mined by the ligand-specific triggering mechanisms. We show here that induced fit can efficiently
reshape the shallow polar interface of a flexible receptor into a hydrophobic interface amenable to
binding multiple ligands by co-evolving a common set of intermolecular contacts. From an evolution-
ary perspective, this is an efficient approach to spawning novel protein interactions, since these core
contacts can be designed just once. Selectivity to novel ligands can then be achieved by evolving rel-
atively small sequence modifications around these core contacts. Perhaps more importantly, we note
that contrary to conformational selection, the induced fit approach to selective promiscuity is in prin-
ciple not limited by the total number of ligands.

It is interesting to note that many well-characterized eukaryotic regulatory domains (Pawson and
Scott, 1997) bind to several linear binding sequences that share common motifs around an anchor
residue and differ in other nearby regions. This trend suggests that the selective promiscuity via
induced fit mechanism proposed here for PD-1 might apply elsewhere in nature. This possibility is
currently being studied by analyzing the triggers of induced fit in other systems.

Materials and methods

Initial protein structures used in simulations

Molecular dynamics simulations (MDs) of the extracellular domain of PD-1 were run in triplicate using
the first three solution NMR structures of apo human PD-1 (PDB ID: 2M2D [Cheng et al., 2013]).
Before simulating specific receptor-ligand interactions, MDs of apo PD-1 were evaluated to ensure
that the resultant dynamics are consistent with the experimentally derived apo NMR ensemble. As
shown in Figure 12, apo MDs stabilize within about 2.0 A backbone RMSD of their respective NMR
starting points, suggesting that we can successfully sample native-like unbound states.

Available co-crystal structures of human PD-1/human PD-L1 (PDB ID: 4ZQK [Zak et al., 2015]),
murine PD-1/human PD-L1 (PDB ID: 3BIK [Lin et al., 2008]) and murine PD-1/murine PD-L2 (PDB ID:
3BP5 [Lazar-Molnar et al., 2008]) complexes were used as templates for placement of peptides in
bound-like loci at the receptor interface, and the dynamics of the PD-1 binding interface in response
to interactions with different structural motifs on the ligands were analyzed. We focus on interactions
relevant for the opening and closing of the pocket around Asné6é. Based on co-crystals, we noticed
that the core interacting residues of PD-L1 (Ala121, Asp122, Tyr123) and the homologous residues
on PD-L2 (Trp110, Asp111, Tyr112) form critical hydrogen bonds (hydrogen bonds) shaping this
pocket. Thus, to dissect the contribution of each contact, we simulate the effects of the receptor
interacting with a diverse set of peptide derivatives of these specific ligand residues.

Peptide ligand mimics used in simulations

Ten distinct PD-1 systems were simulated in order to dissect the ligand groups that trigger induced
fit interface deformations on the receptor. These systems included the apo receptor in isolation and
in complex with nine different peptides that mimic cognate ligand backbone and side chain interac-
tions with the receptor (Figure 3): the anchor residue Tyr, the backbone peptide GGG, five peptides
to probe role of ligand side chain contacts DY, GGY, GDG, ADG, GDY, the PD-L1 peptide ADY, and
the mGDV peptide, which mimics a patented PD-1 inhibitor.
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Figure 12. Stability of apo PD-1 simulations. Backbone RMSD of apo PD-1 to the first three NMR models (shown in blue, red, and yellow, respectively).
Data are shown for six simulations: two replicates (a,b) starting from each of the first three NMR models (1,2,3).

DOI: 10.7554/elife.22889.031

The following source data is available for figure 12:

Source data 1. Excel workbook with a single sheet containing the time-series RMSD-to-unbound data from the apo PD-1 simulations plotted in Figure 12.
DOI: 10.7554/eLife.22889.032

Simulating PD-1-peptide interactions

To generate initial structures for our receptor-peptide MDs, NMR models 1-3 of the human PD-1
were backbone aligned to the murine receptor co-crystal (Lin et al., 2008) and peptides were mod-
eled after the corresponding human PD-L1 interface residues Ala121-Tyr123, homologous to PD-L2
interface residues W110-Tyr112. Systems are simulated for 200 ns, resulting in three replicate MDs
per system (including the apo PD-1 system, which does not include any peptide), and receptor inter-
face dynamics are compared across systems to identify the ligand motifs and interactions responsi-
ble for structural transitions toward the bound-like receptor state. Harmonic restraints (100.0 kcal/
mol) on all heavy atoms of ligand-mimicking peptides were used in simulation to prevent dissociation
of the peptide from the receptor interface.

In peptide MDs, harmonic restraints (100.0 kcal/mol) were also placed on backbone atoms of
non-interface PD-1 beta sheets residues 50-55, 80-81, 96-98, 106-109 and 120-122. These residues
exhibit <0.35 A backbone RMSD in the apo NMR ensemble, and previous studies have also shown
that the conformational changes induced by ligand binding do not propagate through the major
fold of PD-1 (Cheng et al., 2013). Hence, these restraints should not prevent our ability to sample
the native-like binding dynamics of the receptor interface in biological conditions. The resolved por-
tion of the N-terminal tail of PD-1 (residues 33-36), which in NMR models has <0.65 A backbone
RMSD, was also restrained so as to limit artificial mobility that might result from the fact that resi-
dues 1-32 were missing from simulation.

Encounter complex modeling and simulation

Human PD-1-PD-L1 and PD-1-PD-L2 encounter complexes were modeled and then simulated in
triplicate to probe induced fit trajectories and determine the chronology of inter-molecular interac-
tions and specific interface deformations. We modeled encounter complexes by rigid body docking
the extracellular domain of the apo receptor and the Ig-like V-type domains of the apo ligands,
allowing no structural overlaps. Docked models of PD-L1 had an average backbone RMSD of
5.7 £ 1.2 to the human PD-1-PD-L1 cocrystal. Docked models of PD-L2 had an average backbone
RMSD of 4.8 + 1.8 to the murine PD-1-PD-L2 cocrystal (no human cocrystal is currently available for
the PD-1-PD-L2 complex).

Structural models of apo human PD-L1 and PD-L2 that we used when building encounter com-
plexes were generated by simulating the ligands in solution for 400 ns, using a VMD
(Humphrey et al., 1996) clustering plugin (https://github.com/luisico/clustering) to cluster frames by
backbone RMSD using a 3 A cutoff, and taking the centroid frame of the largest cluster for each
ligand. The initial structure for the PD-L1 clustering MDs was taken as the structure of the bound
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human ligand from the co-crystal complex with murine PD-1 (PDB ID: 3BIK). As there are currently
no available crystal structures of human PD-L2, a homology model was built as a starting point for
the clustering simulation by manually mutating the bound structure of murine PD-L2 (PDB ID: 3BP5)
and minimizing the resulting structure. We used the ClusPro protein-protein docking server
(Comeau et al., 2004) to dock the top apo PD-L1 and PD-L2 centroid structures from their respec-
tive MDs to the first three NMR structures of apo human PD-1 (all three receptor structures are non-
bound-like). Three bound-like candidate models for the PD-1-PD-L1/2 encounter complexes that
correctly anchored Tyr123/112 were chosen from the ClusPro output. We then simulated these
encounter complexes for 400 ns to probe the dynamics of the induced fit binding pathway.

Simulation parameters

We ran MDs using AMBER14’s (Case et al., 2014) pmemd.cuda module (Gétz et al., 2012) and the
AMBER ff12SB force field. The cutoff for non-bonded interactions was set at 10 A. Systems were
simulated in an octahedral TIP3P water box with periodic boundary conditions and a 12 A buffer
around the solute. Cl ions were added to the solvent to neutralize the charge of the systems. We
minimized each system twice and then equilibrated them before beginning production runs. In the
first minimization, solute atoms were held fixed through 500 steps of steepest descent and 500 steps
of conjugate gradient minimization. In the second minimization, only the solute backbone atoms
were restrained through 2000 steps of steepest descent and 3000 steps of conjugate gradient. After
minimization, system temperatures were raised to 300 K over the course of a 200 ps constant vol-
ume simulation (with an integration step of 2 fs) during which the solute was fixed with weak (10.0
kcal/mol) restraints. Bonds involving hydrogens were held at constant length. For the production
MDs, the 200-400 ns simulations were held at 300 K under constant pressure with the constraints as
listed above for each system and an integration step size of 2 fs.

Analysis tools

The PyMOL Molecular Graphics System v1.7.4.0 was used for structure preparation and analysis
(Schrodinger, 2010). Trajectories were analyzed using VMDv1.9.2 (Humphrey et al., 1996) and the
MDpocket software package v2.0 (Le Guilloux et al., 2009; Schmidtke et al., 2010) for cavity
detection and volume/surface area measurement. Measurements of PD-1 binding pocket occlusion,
shown in Figures 2d and 4d,e, were calculated from molecular dynamics simulations of PD-1 using a
Python script (available at https://github.com/npabon/md_pocket_occlusion; a copy is archived at
https://github.com/elifesciences-publications/md_pocket_occlusion [Pabon, 2016]). Briefly, the
script takes a molecular dynamics trajectory and a set of static reference atoms and identifies which
reference atoms are overlapped in each frame of the simulation. Overlap occurs when any simulated
atom crosses the ‘clash radius’ of a reference atom, the clash radius being equal to the sum of the
van der Waals radii of the two atoms. The output of the script is the fractional occlusion of each ref-
erence atom position, equal to the percentage of simulation frames in which that reference atom is
overlapped by simulated atoms. This script was used to evaluate the extent to which the Trp110 and
Tyr112/123 binding cavities are open in simulations of PD-1 interaction with various peptides, simu-
lations of apo PD-1, and the apo NMR ensemble of PD-1.

Relative free energies of bound-like versus non-bound-like interfaces

We classified PD-1 interface conformations using two binary order parameters that define whether
interface residues Asn66 and Ile126 are in their ‘open’ or ‘closed’ rotamer states. These parameters
are used to distinguish the non-bound-like interface, where Asnéé6 is closed and lle126 is open, from
the PD-L1-specific bound-like state, where Asn66 is open and lle126 is closed, and the PD-L2-spe-
cific bound-like state, where both Asné6 and lle126 are open (Figure 2e). We estimated the energy
differences AG})’ and AGES (Figure 1) using Maxewell-Boltzmann statistics by assessing the bound-
like (BL) and non-bound-like (NBL) state population distributions in the apo and encounter complex
(EC) receptor ensembles:

apo/EC
<nB/Z / > A GZ,?,Z,/EC

()~ X
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In the above equations, <n§’20/EC> and <an;§L/EC> denote fractional equilibrium populations of the

apo / encounter complex receptor ensembles in the bound-like and non-bound-like macrostates,
and kgT is the product of the Boltzmann constant and temperature. We used MDs to generate the
equilibrium ensembles of receptor conformations and analyzed the trajectories to calculate

apo/EC
"1 /NBL

> values.

MDs trajectories were analyzed as follows. Reference structures for the open and closed states of
Asn66 were defined using its side chain configuration in the first apo NMR model and PD-L1-bound
human cocrystal, respectively (Asné6 has <0.2 A heavy atom RMSD between PD-L1 and PD-L2 coc-
rystals 4ZQK and 3BP5). Each frame of the MDs trajectory is labeled with the state to which the sim-
ulated Asné6 had the smaller side chain RMSD to the reference structure. Reference structures for
the open and closed states of lle126 were defined using its X; rotamer angle in the murine PD-L2
and human PD-L1 cocrystals, respectively, this angle being the main distinguishing feature between
the two different ligand-bound interfaces (Figure 2e). Each frame of the MDs was labeled with the
state to which the simulated lle126 had the closest rotamer angle. The free energy changes of open-
ing Asné6 and lle126 are calculated using Equation (1) and then compared across different simula-
tions in order to identify triggers of interface deformations.

Acknowledgements
This work was funded by the National Institute of Health (grant GM097082 to CJC) and the National
Science Foundation (grant 1247842 to NAP).

Additional information

Funding

Funder Grant reference number  Author

National Science Foundation 1247842 Nicolas A Pabon
National Institutes of Health GMQ097082 Carlos J Camacho

The funders had no role in study design, data collection and interpretation, or the decision to
submit the work for publication.

Author contributions

NAP, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Visualiza-
tion, Methodology, Writing—original draft, Writing—review and editing; CJC, Conceptualization,
Formal analysis, Supervision, Funding acquisition, Methodology, Writing—review and editing

Author ORCIDs
Nicolas A Pabon, () http://orcid.org/0000-0002-2591-4349
Carlos J Camacho, () http://orcid.org/0000-0003-1741-8529

References

Betts MJ, Sternberg MJ. 1999. An analysis of conformational changes on protein-protein association:
implications for predictive docking. Protein Engineering Design and Selection 12:271-283. doi: 10.1093/
protein/12.4.271, PMID: 10325397

Boehr DD, Nussinov R, Wright PE. 2009. The role of dynamic conformational ensembles in biomolecular
recognition. Nature Chemical Biology 5:789-796. doi: 10.1038/nchembio.232, PMID: 19841628

Case DA, Babin V, Berryman JT, Betz RM, Cai Q, Cerutti DS, Cheatham TE, Darden TA, R.E.Duke, Gohlke H,
Goetz AW, Gusarov S, Homeyer N, Janowski P, Kaus J, Kolossvary |, Kovalenko A, Lee TS, LeGrand S, Luchko
T, et al. 2014. Amber 14. San Francisco: University of California.

Champ PC, Camacho CJ. 2007. FastContact: a free energy scoring tool for protein-protein complex structures.
Nucleic Acids Research 35:W556-W560. doi: 10.1093/nar/gkm326, PMID: 17537824

Cheng AC, Coleman RG, Smyth KT, Cao Q, Soulard P, Caffrey DR, Salzberg AC, Huang ES. 2007. Structure-
based maximal affinity model predicts small-molecule druggability. Nature Biotechnology 25:71-75. doi: 10.
1038/nbt1273, PMID: 17211405

Pabon and Camacho. eLife 2017;6:€22889. DOI: 10.7554/¢Life.22889 22 of 24


http://orcid.org/0000-0002-2591-4349
http://orcid.org/0000-0003-1741-8529
http://dx.doi.org/10.1093/protein/12.4.271
http://dx.doi.org/10.1093/protein/12.4.271
http://www.ncbi.nlm.nih.gov/pubmed/10325397
http://dx.doi.org/10.1038/nchembio.232
http://www.ncbi.nlm.nih.gov/pubmed/19841628
http://dx.doi.org/10.1093/nar/gkm326
http://www.ncbi.nlm.nih.gov/pubmed/17537824
http://dx.doi.org/10.1038/nbt1273
http://dx.doi.org/10.1038/nbt1273
http://www.ncbi.nlm.nih.gov/pubmed/17211405
http://dx.doi.org/10.7554/eLife.22889

e LI FE Research article

Biophysics and Structural Biology | Computational and Systems Biology

Cheng X, Veverka V, Radhakrishnan A, Waters LC, Muskett FW, Morgan SH, Huo J, Yu C, Evans EJ, Leslie AJ,
Griffiths M, Stubberfield C, Griffin R, Henry AJ, Jansson A, Ladbury JE, lkemizu S, Carr MD, Davis SJ. 2013.
Structure and interactions of the human programmed cell death 1 receptor. Journal of Biological Chemistry
288:11771-11785. doi: 10.1074/jbc.M112.448126, PMID: 23417675

Comeau SR, Gatchell DW, Vajda S, Camacho CJ. 2004. ClusPro: a fully automated algorithm for protein-protein
docking. Nucleic Acids Research 32:W96-W99. doi: 10.1093/nar/gkh354, PMID: 15215358

Couzin-Frankel J. 2013. Breakthrough of the year 2013. Cancer immunotherapy. Science 342:1432-1433.
doi: 10.1126/science.342.6165.1432, PMID: 24357284

Cozzini P, Kellogg GE, Spyrakis F, Abraham DJ, Costantino G, Emerson A, Fanelli F, Gohlke H, Kuhn LA, Morris
GM, Orozco M, Pertinhez TA, Rizzi M, Sotriffer CA. 2008. Target flexibility: an emerging consideration in drug
discovery and design. Journal of Medicinal Chemistry 51:6237-6255. doi: 10.1021/jm800562d, PMID: 1878572
8

DelLisi C. 1980. The biophysics of ligand-receptor interactions. Quarterly Reviews of Biophysics 13:201-230.
doi: 10.1017/5S0033583500001657, PMID: 7015404

Dunker AK, Obradovic Z, Romero P, Garner EC, Brown CJ. 2000. Intrinsic protein disorder in complete
genomes. Genome Informatics. Workshop on Genome Informatics 11:161-171. PMID: 11700597

Doémling A, Holak TA. 2014. Programmed death-1: therapeutic success after more than 100 years of cancer
immunotherapy. Angewandte Chemie International Edition 53:2286-2288. doi: 10.1002/anie.201307906,
PMID: 24474145

Gotz AW, Williamson MJ, Xu D, Poole D, Le Grand S, Walker RC. 2012. Routine microsecond molecular
dynamics simulations with AMBER on GPUs. 1. generalized born. Journal of Chemical Theory and Computation
8:1542-1555. doi: 10.1021/ct200909j, PMID: 22582031

Hammes GG, Chang YC, Oas TG. 2009. Conformational selection or induced fit: a flux description of reaction
mechanism. PNAS 106:13737-13741. doi: 10.1073/pnas.0907195106, PMID: 19666553

Haynes C, Oldfield CJ, Ji F, Klitgord N, Cusick ME, Radivojac P, Uversky VN, Vidal M, lakoucheva LM. 2006.
Intrinsic disorder is a common feature of hub proteins from four eukaryotic interactomes. PLoS Computational
Biology 2:100. doi: 10.1371/journal.pcbi.0020100, PMID: 16884331

Hoang J, Prosser RS. 2014. Conformational selection and functional dynamics of calmodulin: a (19)F nuclear
magnetic resonance study. Biochemistry 53:5727-5736. doi: 10.1021/bi50067%¢, PMID: 25148136

Horita S, Nomura Y, Sato Y, Shimamura T, Iwata S, Nomura N. 2016. High-resolution crystal structure of the
therapeutic antibody pembrolizumab bound to the human PD-1. Scientific Reports 6:35297. doi: 10.1038/
srep35297, PMID: 27734966

Humphrey W, Dalke A, Schulten K. 1996. VMD: visual molecular dynamics. Journal of Molecular Graphics 14:33-
38. doi: 10.1016/0263-7855(96)00018-5, PMID: 8744570

lakoucheva LM, Brown CJ, Lawson JD, Obradovi¢ Z, Dunker AK. 2002. Intrinsic disorder in cell-signaling and
cancer-associated proteins. Journal of Molecular Biology 323:573-584. doi: 10.1016/50022-2836(02)00969-5,
PMID: 12381310

Koshland DE. 1958. Application of a theory of enzyme specificity to protein synthesis. PNAS 44:98-104. doi: 10.
1073/pnas.44.2.98, PMID: 16590179

Laskowski RA, Luscombe NM, Swindells MB, Thornton JM. 1996. Protein clefts in molecular recognition and
function. Protein Science : A Publication of the Protein Society 5:2438-2452. doi: 10.1002/pro.5560051206,
PMID: 8976552

Lazar-Molnar E, Yan Q, Cao E, Ramagopal U, Nathenson SG, Almo SC. 2008. Crystal structure of the complex
between programmed death-1 (PD-1) and its ligand PD-L2. PNAS 105:10483-10488. doi: 10.1073/pnas.
0804453105, PMID: 18641123

Le Guilloux V, Schmidtke P, Tuffery P. 2009. Fpocket: an open source platform for ligand pocket detection. BMC
Bioinformatics 10:168. doi: 10.1186/1471-2105-10-168, PMID: 19486540

Lee JY, Lee HT, Shin W, Chae J, Choi J, Kim SH, Lim H, Won Heo T, Park KY, Lee YJ, Ryu SE, Son JY, Lee JU,
Heo YS. 2016. Structural basis of checkpoint blockade by monoclonal antibodies in Cancer immunotherapy.
Nature Communications 7:13354. doi: 10.1038/ncomms13354, PMID: 27796306

Liang J, Edelsbrunner H, Woodward C. 1998. Anatomy of protein pockets and cavities: measurement of binding
site geometry and implications for ligand design. Protein Science 7:1884-1897. doi: 10.1002/pro.5560070905,
PMID: 9761470

Lin DY, Tanaka Y, lwasaki M, Gittis AG, Su HP, Mikami B, Okazaki T, Honjo T, Minato N, Garboczi DN. 2008. The
PD-1/PD-L1 complex resembles the antigen-binding Fv domains of antibodies and T cell receptors. PNAS 105:
3011-3016. doi: 10.1073/pnas.0712278105, PMID: 18287011

Liu J, Faeder JR, Camacho CJ. 2009. Toward a quantitative theory of intrinsically disordered proteins and their
function. PNAS 106:19819-19823. doi: 10.1073/pnas.0907710106, PMID: 19903882

Lo Conte L, Chothia C, Janin J. 1999. The atomic structure of protein-protein recognition sites. Journal of
Molecular Biology 285:2177-2198. PMID: 9925793

Ma B, Kumar S, Tsai CJ, Nussinov R. 1999. Folding funnels and binding mechanisms. Protein Engineering Design
and Selection 12:713-720. doi: 10.1093/protein/12.9.713, PMID: 10506280

Miller MM, Mapelli C, Allen MP, Bowsher MS, Boy KM, Gillis EP, Langley DR, Mull E, Poirier MA, Sanghvi N.
2014. Macrocyclic inhibitors of the pd-1/pd-I1 and ¢d80(b7-1)/pd-I1 protein/protein interactions. Google
Patents. US20140294898 A1. https://www.google.com/patents/US20140294898.

Pabon and Camacho. eLife 2017;6:22889. DOI: 10.7554/eLife.22889 23 of 24


http://dx.doi.org/10.1074/jbc.M112.448126
http://www.ncbi.nlm.nih.gov/pubmed/23417675
http://dx.doi.org/10.1093/nar/gkh354
http://www.ncbi.nlm.nih.gov/pubmed/15215358
http://dx.doi.org/10.1126/science.342.6165.1432
http://www.ncbi.nlm.nih.gov/pubmed/24357284
http://dx.doi.org/10.1021/jm800562d
http://www.ncbi.nlm.nih.gov/pubmed/18785728
http://www.ncbi.nlm.nih.gov/pubmed/18785728
http://dx.doi.org/10.1017/S0033583500001657
http://www.ncbi.nlm.nih.gov/pubmed/7015404
http://www.ncbi.nlm.nih.gov/pubmed/11700597
http://dx.doi.org/10.1002/anie.201307906
http://www.ncbi.nlm.nih.gov/pubmed/24474145
http://dx.doi.org/10.1021/ct200909j
http://www.ncbi.nlm.nih.gov/pubmed/22582031
http://dx.doi.org/10.1073/pnas.0907195106
http://www.ncbi.nlm.nih.gov/pubmed/19666553
http://dx.doi.org/10.1371/journal.pcbi.0020100
http://www.ncbi.nlm.nih.gov/pubmed/16884331
http://dx.doi.org/10.1021/bi500679c
http://www.ncbi.nlm.nih.gov/pubmed/25148136
http://dx.doi.org/10.1038/srep35297
http://dx.doi.org/10.1038/srep35297
http://www.ncbi.nlm.nih.gov/pubmed/27734966
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://www.ncbi.nlm.nih.gov/pubmed/8744570
http://dx.doi.org/10.1016/S0022-2836(02)00969-5
http://www.ncbi.nlm.nih.gov/pubmed/12381310
http://dx.doi.org/10.1073/pnas.44.2.98
http://dx.doi.org/10.1073/pnas.44.2.98
http://www.ncbi.nlm.nih.gov/pubmed/16590179
http://dx.doi.org/10.1002/pro.5560051206
http://www.ncbi.nlm.nih.gov/pubmed/8976552
http://dx.doi.org/10.1073/pnas.0804453105
http://dx.doi.org/10.1073/pnas.0804453105
http://www.ncbi.nlm.nih.gov/pubmed/18641123
http://dx.doi.org/10.1186/1471-2105-10-168
http://www.ncbi.nlm.nih.gov/pubmed/19486540
http://dx.doi.org/10.1038/ncomms13354
http://www.ncbi.nlm.nih.gov/pubmed/27796306
http://dx.doi.org/10.1002/pro.5560070905
http://www.ncbi.nlm.nih.gov/pubmed/9761470
http://dx.doi.org/10.1073/pnas.0712278105
http://www.ncbi.nlm.nih.gov/pubmed/18287011
http://dx.doi.org/10.1073/pnas.0907710106
http://www.ncbi.nlm.nih.gov/pubmed/19903882
http://www.ncbi.nlm.nih.gov/pubmed/9925793
http://dx.doi.org/10.1093/protein/12.9.713
http://www.ncbi.nlm.nih.gov/pubmed/10506280
https://www.google.com/patents/US20140294898
http://dx.doi.org/10.7554/eLife.22889

e LI FE Research article

Biophysics and Structural Biology | Computational and Systems Biology

Na Z, Yeo SP, Bharath SR, Bowler MW, Balik¢i E, Wang ClI, Song H. 2017. Structural basis for blocking PD-1-
mediated immune suppression by therapeutic antibody pembrolizumab. Cell Research 27:147-150. doi: 10.
1038/cr.2016.77, PMID: 27325296

Northrup SH, Erickson HP. 1992. Kinetics of protein-protein association explained by brownian dynamics
computer simulation. PNAS 89:3338-3342. doi: 10.1073/pnas.89.8.3338, PMID: 1565624

Pabon NA. 2016. md_pocket_occlusion. Github. 30df1422d70e016d3e427ad839afff18b330c750. https://github.
com/npabon/md_pocket_occlusion

Pawson T, Scott JD. 1997. Signaling through scaffold, anchoring, and adaptor proteins. Science 278:2075-2080.
doi: 10.1126/science.278.5346.2075, PMID: 9405336

Rajamani D, Thiel S, Vajda S, Camacho CJ. 2004. Anchor residues in protein-protein interactions. PNAS 101:
11287-11292. doi: 10.1073/pnas.0401942101, PMID: 15269345

Romero PR, Zaidi S, Fang YY, Uversky VN, Radivojac P, Oldfield CJ, Cortese MS, Sickmeier M, LeGall T,
Obradovic Z, Dunker AK. 2006. Alternative splicing in concert with protein intrinsic disorder enables increased
functional diversity in multicellular organisms. PNAS 103:8390-8395. doi: 10.1073/pnas.0507916103,

PMID: 16717195

Schmidtke P, Le Guilloux V, Maupetit J, Tufféry P. 2010. Fpocket: online tools for protein ensemble pocket
detection and tracking. Nucleic Acids Research 38:W582-W589. doi: 10.1093/nar/gkq383, PMID: 20478829

Schon O, Friedler A, Bycroft M, Freund SM, Fersht AR. 2002. Molecular mechanism of the interaction between
MDM2 and p53. Journal of Molecular Biology 323:491-501. doi: 10.1016/50022-2836(02)00852-5, PMID: 123
81304

Schrédinger LLC. 2010. The PyMOL Molecular Graphics System. 1.5.0.1.

Tsai CJ, Kumar S, Ma B, Nussinov R. 1999. Folding funnels, binding funnels, and protein function. Protein Science
8:1181-1190. doi: 10.1110/ps.8.6.1181, PMID: 10386868

Vainio MJ, Johnson MS. 2007. Generating conformer ensembles using a multiobjective genetic algorithm.
Journal of Chemical Information and Modeling 47:2462-2474. doi: 10.1021/ci6005646, PMID: 17892278

Ward JJ, Sodhi JS, McGuffin LJ, Buxton BF, Jones DT. 2004. Prediction and functional analysis of native disorder
in proteins from the three kingdoms of life. Journal of Molecular Biology 337:635-645. doi: 10.1016/].jmb.
2004.02.002, PMID: 15019783

Wright PE, Dyson HJ. 1999. Intrinsically unstructured proteins: re-assessing the protein structure-function
paradigm. Journal of Molecular Biology 293:321-331. doi: 10.1006/jmbi.1999.3110, PMID: 10550212

Xie H, Vucetic S, lakoucheva LM, Oldfield CJ, Dunker AK, Obradovic Z, Uversky VN. 2007. Functional anthology
of intrinsic disorder. 3. ligands, post-translational modifications, and diseases associated with intrinsically
disordered proteins. Journal of Proteome Research 6:1917-1932. doi: 10.1021/pr0603%4e, PMID: 17391016

Zak KM, Kitel R, Przetocka S, Golik P, Guzik K, Musielak B, Démling A, Dubin G, Holak TA. 2015. Structure of the
complex of human programmed death 1, PD-1, and its ligand PD-L1. Structure 23:2341-2348. doi: 10.1016/].
str.2015.09.010, PMID: 26602187

Zarganes-Tzitzikas T, Konstantinidou M, Gao Y, Krzemien D, Zak K, Dubin G, Holak TA, Démling A. 2016.
Inhibitors of programmed cell death 1 (PD-1): a patent review (2010-2015). Expert Opinion on Therapeutic
Patents 26:973-977. doi: 10.1080/13543776.2016.1206527, PMID: 27367741

Pabon and Camacho. eLife 2017;6:22889. DOI: 10.7554/eLife.22889 24 of 24


http://dx.doi.org/10.1038/cr.2016.77
http://dx.doi.org/10.1038/cr.2016.77
http://www.ncbi.nlm.nih.gov/pubmed/27325296
http://dx.doi.org/10.1073/pnas.89.8.3338
http://www.ncbi.nlm.nih.gov/pubmed/1565624
https://github.com/npabon/md_pocket_occlusion
https://github.com/npabon/md_pocket_occlusion
http://dx.doi.org/10.1126/science.278.5346.2075
http://www.ncbi.nlm.nih.gov/pubmed/9405336
http://dx.doi.org/10.1073/pnas.0401942101
http://www.ncbi.nlm.nih.gov/pubmed/15269345
http://dx.doi.org/10.1073/pnas.0507916103
http://www.ncbi.nlm.nih.gov/pubmed/16717195
http://dx.doi.org/10.1093/nar/gkq383
http://www.ncbi.nlm.nih.gov/pubmed/20478829
http://dx.doi.org/10.1016/S0022-2836(02)00852-5
http://www.ncbi.nlm.nih.gov/pubmed/12381304
http://www.ncbi.nlm.nih.gov/pubmed/12381304
http://dx.doi.org/10.1110/ps.8.6.1181
http://www.ncbi.nlm.nih.gov/pubmed/10386868
http://dx.doi.org/10.1021/ci6005646
http://www.ncbi.nlm.nih.gov/pubmed/17892278
http://dx.doi.org/10.1016/j.jmb.2004.02.002
http://dx.doi.org/10.1016/j.jmb.2004.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15019783
http://dx.doi.org/10.1006/jmbi.1999.3110
http://www.ncbi.nlm.nih.gov/pubmed/10550212
http://dx.doi.org/10.1021/pr060394e
http://www.ncbi.nlm.nih.gov/pubmed/17391016
http://dx.doi.org/10.1016/j.str.2015.09.010
http://dx.doi.org/10.1016/j.str.2015.09.010
http://www.ncbi.nlm.nih.gov/pubmed/26602187
http://dx.doi.org/10.1080/13543776.2016.1206527
http://www.ncbi.nlm.nih.gov/pubmed/27367741
http://dx.doi.org/10.7554/eLife.22889

