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ABSTRACT: Checkpoint blockade of the Programmed cell Death-1 (PD-1) immunoreceptor with its ligand 1 (PD-L1) by the mon-

oclonal antibody pembrolizumab provided compelling clinical results among various cancer types, yet the molecular mechanism by 

which this drug blocks the PD-1:PD-L1 binding interface and reactivates exhausted T cells remains unclear. To address this question, 

we examined the conformational motion of PD-1 associated with the binding of pembrolizumab. The largely overlooked innate 

plasticity of both PD-1 C’D and FG loops appears crucial to closing 

in the receptor edges on the drug. Herein, we describe how PD-1 

bends to initiate the formation of a deep binding groove (371 Å3) 

across several epitopes while engaging pembrolizumab. Our analy-

sis ultimately provided a rational design for mimicking the pem-

brolizumab H3 loop [RDYRFDMGFD] as a PD-1 inhibitor. A series 

of H3 loop mimics were synthesized and their folding characterized 

by CD and NMR spectroscopy. As a result, a first-in-class -hairpin 

peptide inhibitor of the PD-1/PD-L1 interface was identified (IC50 of 

0.6 ± 0.2 μM). Overall, this study demonstrates that the dynamic 

groove formed between the C’D and FG loops of PD-1 is an attrac-

tive target for the development of peptide-based PD-1 inhibitors.  

Checkpoint inhibitors have recently drawn considerable in-

terest in cancer immunotherapy as modulators of the immune 

response.1,2 Tumors have been shown to target certain immune-

checkpoint mechanisms to evade detection by activated T cells. 

The PD-1 receptor (also known as CD279) associated with one 

of its natural ligand PD-L1 (i.e. CD274 or B7-H1) was estab-

lished as a major checkpoint exploited by cancer cells to sup-

press the immune response.3-5 Indeed, cancer tissues inhibit the 

host immune response by upregulating PD-L1 which in turn 

leads to the exhaustion of antigen-specific CD8+ T cells in the 

tumor microenvironment. Monoclonal antibodies (mAbs) 

blocking the PD-1:PD-L1 checkpoint have been shown to re-

store T-cell function and rapidly emerged at the forefront of one 

of the most significant breakthrough in cancer (immuno)ther-

apy.6,7 Pembrolizumab, the second FDA-approved PD-1 

blocker8 is being currently tested in various cancer types and 

over 750 active clinical trials.9 Despite this success, only a frac-

tion of patients show a durable and complete response to these 

agents10-12 and some immune-related adverse events have been 

reported,13,14 thus suggesting that effective and safer small-mol-

ecule inhibitors of the PD-1 pathway are needed. Our current 

understanding of the pembrolizumab affinity to PD-1 is also 

limited, underlying the need to seize molecular insights into the 

PD-1 activity modulation.15 Therefore, we became interested in 

generating a comprehensive structural comparison between all 

available high-resolution crystal structures of PD-1 in complex 

with pembrolizumab and PD-L1 to investigate the differences 

in interactions at the molecular level (residues, patches/seg-

ments, and surface).16 Based on this new structural analysis, we 

were able to set a clear definition of 3 epitopes on PD-1 targeted 

by pembrolizumab and the dynamic nature of their binding in-

terface(s) (Figure 1). Our study also revealed important insights 

into the nature of conformational dynamics responsible for 

forming a groove between the C’D and FG loops of PD-1 upon 

binding to pembrolizumab. These results enabled the reinterpre-

tation of the PD-1:pembrolizumab interactions recently pro-

posed by Wang and Song,17 and suggested that the (complemen-

tary determining region heavy-chain) CDR-H3 loop could in-

form the design of peptide-based PD-1 inhibitors. While large 

mAb blockers have demonstrated impressive clinical results, 

only a handful of small-molecule inhibitors of PD-L1 have been 

 
Figure 1. Distinct mechanisms for protein-ligand binding: (A) lock-and-

key model. (B) Koshland’s induced-fit model. (C) conformational selec-

tion followed by induced-fit model, as proposed herein for the PD-

1:pembrolizumab binding. 

 



 

developed, and no PD-1 inhibitors have been reported to date.18-

22 Using a technology for the synthesis of -hairpins displaying 

long loops recently developed by our group23, several medium-

size molecules mimicking the H3-loop of pembrolizumab 

[99RDYRFDMGFD108] were synthesized and evaluated as PD-

1 inhibitors in vitro. As a result, the first-in-class peptide -hair-

pin inhibitor 1c reported herein (IC50 of 0.6 μM) validated a new 

promising modality for the design of PD-1 inhibitors.  

Results and Discussion 

Role of PD-1 C’D and FG Plasticity in Forming a Binding 

Groove at the Interface with Pembrolizumab. The confor-

mational plasticity of proteins has emerged as a compelling 

strategy to enable the recognition of multiple ligands at a single 

molecular surface (e.g. mostly same set of surface residues and 

patches) to modulate biological functions. The importance of 

protein plasticity is increasingly recognized to play a major role 

in protein–ligand binding, conformational selection and in 

epitope mapping24-27 in comparison to static models, yet the 

plasticity of PD-1 has been largely overlooked until now. Given 

that binding of PD-1 to PD-L1 was shown to be entropically-

driven by ligand approach,28,29 we thought to closely examine 

the potential binding modes of pembrolizumab to PD-1, such as 

lock-and-key, induced-fit, and dynamic conformational-fit 

mechanisms (Figure 1A-C).30,31 Interestingly, a molecular dy-

namics (MD) simulation study by Liu and coworkers suggested 

that the flexibility of the CC’ loop in apo-PD-1 is enhancing a 

conformational pre-equilibrium of the receptor prior to binding 

PD-L1, similar to a conformational selection followed by in-

duced-fit mechanism (Figure 1C).32 Although, the considerably 

higher affinity of PD-1 for PD-L2 rather than PD-L1 remained 

unexplained for years, the recent study by Kim and Tang re-

vealed that binding to PD-L2 triggered a major conformational 

motion of the PD-1 CC’ and FG loops to create a favorable 

binding pocket at the surface of PD-1.33 Along these lines, the 

recent study by Goa and coworkers on anti-PD-1 mAbs also 

suggested that the PD-1 FG loop plasticity played a crucial role 

in the binding event of blockers and provided a novel targetable 

region.34 Taken together, these results suggested that apo-PD-1 

present a substantial innate plasticity in the unbound state suit-

able to conformational selection, leading to our hypothesis that 

binding to pembrolizumab could operate through a dynamic 

conformational-fit mechanisms (Figure 1C). 

The lack of complete structural and conformational infor-

mation on the pembrolizumab:PD-1 interface has hampered the 

rational design of PD-1 inhibitors. At first, epitopes on the PD-

1 surface were mapped to decipher the entire binding interface 

with pembrolizumab (Figure 2). Since the initial interpretation 

by Wang and Song of the “hot spot” residues essential to the 

protein–protein interaction (PPI) between the PD-1 ectodomain 

and the antigen-binding fragment (Fab) of pembrolizumab 

(PDB code: 5JXE, 2.9 Å resolution),17 the acquisition of higher 

resolution crystal structures by Nomura (PDB code: 5B8C, 2.1 

Å resolution),35 and most recently by Heo (PDB code: 5GGS, 

2.0 Å resolution)36 enabled a more accurate description of the 

protein–ligand interface. Yet, several assumptions in the inter-

pretation of the initial low-resolution crystal structure –in which 

water molecules and the conformationally flexible PD-1C’D loop 

backbone were unresolved– thwarted the initial investigation of 

the main antigen-binding sites (paratopes) of pembrolizumab 

responsible for the drug affinity to PD-1. From our analysis, the 

PD-1:pembrolizumab interface could be divided into 3 main 

sub-surfaces (Figure 2, see also Supplementary Table S4 and 

Figure S1).37 Epitope-1 formed by residues of the PD-1CC’ -

hairpin (Asn66, Tyr68, Gln75 (only in 5B8C) Thr76, Asp77 and 

Lys78) was found to interact with several complementary deter-

mining regions (CDRs) of pembrolizumab, notably with resi-

dues from the CDR-H1 (ThrH30, TyrH33), CDR-H2 (AsnH52, 

SerH54) and CDR-H3 (TyrH101, ArgH102). This highly localized 

epitope also contains a large hydrophobic core which corre-

sponds to the hinge region of the PD-1 curvature. Interestingly, 

earlier computational32, and NMR binding studies29 as well as 

crystallographic structures of the PD-1:PD-L1 complex38 (PDB 

code: 4ZQK, 2.4 Å resolution)39 already suggested that the PD-

1CC’ -hairpin of epitope-1 was essential to the native ligand 

PD-L1 recognition (See also Supplementary Video S1).  As a 

competitive inhibitor of PD-L1, the higher affinity of pembroli-

zumab (Kd = 29 pM)40 could not be attributed solely to the in-

teractions generated at epitope-1 as initially suggested.17 In fact 

PPI blockers must typically exhibit large surfaces of interac-

tions for competitive binding with the native ligand,41 therefore 

a closer analysis of paratopes-2 and -3 was deemed necessary. 

Epitope-2 was mapped entirely to the PD-1C’D loop [Phe82 – 

Phe95], which displayed interactions with the CDRs H1-3 and 

CDR-L1,3 (Figure 2). Because the C’D loop does not engage in 

any binding interactions with PD-L1 (PDB: 4ZQK), its coiled 

structure is highly flexible and disordered, similar to the C’D 

loop in apo-PD-1 (PDB: 3RRQ at 2.1 Å resolution). In stark 

contrast, in all the reported crystal structures of pembroli-

zumab:PD-1 complexes, the C’D loop is extremely structured 

and in extended interactions with the CDR-H3 of pembroli-

zumab. In order to analyze the conformational changes induced 

upon binding with pembrolizumab, we remodeled the C’D loop 

of apo-PD-1 using Chimera to obtain the lowest-energy state 

(from 500 low-energy conformers, Supplementary Figure S4). 

We then engaged this de Novo PD-1 structure bearing the en-

ergy-minimized C’D loop (PDB file 3RRQ**) in MD and 

morphing simulations to assess the dynamic nature of the vari-

ous loops.42,43 The morphing simulation generated by Pymol 

clearly established the role of the PD-1C’D loop motion when 

binding to pembrolizumab (see Supplementary Video S2). 

While in the original report, Asp85 was shown to create a salt 

bridge with ArgH99, and residues Ser87 and Gly90 hydrogen 

bonded to ArgH99 and ThrH58, 4-6 new contacts interactions were 

 

Figure 2. Mapping and partitioning of PD-1 epitopes at the binding in-

terface with pembrolizumab (structure of pembrolizumab-fab omitted for 
clarity). Ribbon representation of PD-1 excised from the co-crystal 5B8C 

with patches of residues involved in contacts shown in pink. 

 

 



 

later reported from higher resolution crystals (5B8C and 

5GGS). For instance, residue Glu84 was shown to create con-

tacts with TyrL36 and SerL95 (only in 5GGS), the salt bridge was 

consolidated with an external hydrogen bond to AspH104, with 

close proximity contacts Arg86:AsnH59, Gln88:AspH52,H55,H59, 

Pro89:AspH52,H55, and Gln91 with ThrH58 and AsnH59 (only in 

5GGS). Those hydrogen bonds mainly involved the backbone 

amides of the C’D loop residues with the CDR-H2 of pembroli-

zumab through water molecules. Due to the low-resolution 

crystal diffraction of the pembrolizumab:PD-1 complex 

(5JXE), water molecule coordinates could not be determined 

accurately, leaving several “hot” spots from solvent-exposed in-

teractions between the PD-1C’D loop and pembrolizumab unex-

plained (sub-interface I in reference (17); epitope-2 in this 

work). Our morphing simulation further suggested that the 

binding of pembrolizumab required a pivotal folding of the 

highly hydrated PD-1C’D loop surface. The flexible nature of the 

C’D loop was further confirmed by a 500 ns molecular dynam-

ics (MD) simulation of the reconstituted apo-PD-1 and the 

bounded PD-1 structures using the ToeLoop algorithm (See 

Supplementary Figure S6).44,45 According to the calculated MD 

trajectories, the C’D loop mobility was characterized by “fast” 

dynamics. The overall flexibility of this 14 residues loop [Phe82 

– Phe95], as well as the distance between segment termini (dPhe82-

Phe95 = 11.7 Å) in comparison to the longest C-C distance 

within the loop (dPro83-Arg94 = 16.3 Å) are characteristic features 

of a -type loop.37,46,47 We showed that the conformational tran-

sition from the open-form of apo-PD-1 to the closed-form of 

the receptor complexing pembrolizumab (Figure 3) was charac-

terized by a closure of 12.1 Å between the C’D and FG loops 

(C atoms of Pro89 and Lys131). The formation of a binding 

groove between the CC’, C’D and FG loops of PD-1 fits the 

approach of the CDR-H3 loop of pembrolizumab. Collectively, 

these results suggest that the distal PD-1C’D loop (epitope-2) and 

PD-1FG loop (epitope-3) are the main structural elements afford-

ing the necessary plasticity to PD-1 for the receptor folding onto 

pembrolizumab (Figure 3, See also Supplementary Video S2).  

Epitope-3 is composed of patches from the PD-1BC and PD-1FG 

loops and residue Val64 from the C strand which generated a 

large surface of contacts with the corresponding CDR-H3, 

CDR-L1 and CDR-L2 regions of pembrolizumab. Overall, hy-

drogen-bond contacts from Leu128:TyrH53, Ala129:LeuH58 and a 

salt bridge Lys131:GluL59 (CDR-L2), and 3 other hydrogen 

bonds from Lys131 and Ala132 to MetH105, AspH108 and ArgH102, 

and Val64:PheH103 (CDR-H3) were observed. These data are 

consistent with the important role of the PD-1FG loop previously 

demonstrated by mutagenesis studies of PD-1,48 and therefore 

highlights the significance of the pembrolizumab CDR-L2. In-

terestingly, we found that paratope-3 is highly lipophilic (~10 

van der Walls contacts) due to a segment of the CDR-L 2 rich 

in leucine and tyrosine residues (TyrL53, LeuL54, TyrL57, and 

LeuL58) in addition to Gly33 and Tyr34 from the CDR-L1.  

Collectively, the morphing and MD simulations demon-

strated that the two distal epitopes 2-3 (C’D and FG loops) dis-

play an important elasticity across the receptor (Supplementary 

Videos S2-S3). The conformational analysis also revealed that 

the CDR-H2 makes a number of contacts with the folded -

type C’D loop of PD-1, thus engaging fully with the PD-1 target 

through a solvent-exposed surface. The entropic penalty asso-

ciated with the folding of PD-1 to form a binding groove at the 

interface with pembrolizumab is likely offset by the enthalpic 

contributions from a large number of polar contacts and the two 

salt bridges created on each side of the pembrolizumab CDR-

H3 with epitope-2 (Asp85-:ArgH99+) and CDR-L2 with epitope-3 

(Lys131+:GluL59-). 

Rational Design of the Pembrolizumab H3 loop mimics. 

Our comprehensive structural and conformational analysis of 

the pembrolizumab:PD-1 interface revealed that the CDR-H3 

hypervariable loop (H3 loop) of pembrolizumab interacts with 

all three epitopes of PD-1, further suggesting that the [ArgH99 – 

AspH108] patch is likely the most important binding pharmaco-

phore (see binding surfaces in Figure S1). The full-length pem-

brolizumab antibody was originally reported by Merck scien-

tists to be unusually compact and rigid (PDB: 5DK3 at 2.3 Å 

resolution), thus imparting a high degree of preorganization to 

the entire Fab Fv-region in solution.8 As shown in Figure 4A, 

the rigidity and compactness of the H3-loop backbone was es-

tablished by aligning the unbound pembrolizumab antibody 

(5DK3, in blue) with the 3 pembrolizumab-Fab excised from 

PD-1 X-ray co-crystal structures. Next, we calculated the con-

formational root mean square deviations (RMSD) of the super-

imposed loops to the unbounded loop over residues ArgH99 to 

AspH108. The loop motif is well defined as shown by the mean 

RMSD values of 0.22 ± 0.06 Å for the 10 loop C atoms, and 

of 0.35 ± 0.13 Å over the entire 40 backbone atoms. In addition 

to the number of internal hydrogen bonds present across the 

loop, these RMSD values suggest that the H3 loop is highly 

rigid, compact and conformationally constrained.  

This [ArgH99 – AspH108] H3-loop motif offers a suitable spa-

tial distribution of binding “hot” spots, thereby enabling inter-

actions with the three epitopes across the PD-1 receptor (Figure 

4). Due to the low-resolution of the 5JXE crystal structure, and 

the lack of defined water molecules in this complex, fewer con-

tacts can be observed (Figure 4B), but our interpretations of the 

5B8C and 5GGS high-resolution crystals afforded more infor-

mation. For instance, the H3 loop engaged not only with a 

groove in epitope-1 (TyrH101:Thr76, ArgH102:Asn66, and 

TyrH101/TyrH102:Tyr68/Lys78), but also with residues in epitope-2 

ArgH99:Ser87, the salt bridge ArgH99/AspH104: Asp85, and with 

epitope-3 residues TyrH101/ArgH102:Glu136, ArgH102:Ala132, 

 
Figure 3. Conformational motion of the PD-1 C’D and FG loops upon 

binding to pembrolizumab. Overlay of 7 selected conformers extracted 
from the conformational motion simulation forming the binding groove 

around the pembrolizumab H3 loop (yellow). The central region of PD-1 

is shown in grey with the loops motion in light blue and both extreme 
open and closed conformations in dark blue. Pro89 and Lys131 on each 

edge of the receptor are represented to show the C–C distance closing 

the groove onto pembrolizumab. see Supplementary Video S2 



 

PheH103:Val64, and MetH105/AspH108:Lys131 (Figure 4C-D). Fur-

thermore, the total buried surface area (BSA) at the pembroli-

zumab/PD-1 interface was estimated to 1,218 Å2.37 From this 

interface, we found that a large surface of interactions (715 Å2) 

was created by the antibody heavy-chain region. Strikingly, our 

data suggest that the binding of pembrolizumab to PD-1 is heav-

ily associated to the CDR-H3 domain, as the [ArgH99 – AspH108] 

loop surface itself accounts for 38% of the overall BSA (460 

Å2). The dimensions of the groove formed between the C’D and 

FG loops of PD-1 were calculated by POCASA 1.1 using a 

probe sphere of 6 Å radius adapted for shallow cavities.49 The 

entire groove volume was estimated to 371 Å3 (Supplementary 

Figure S2). Our calculations support an earlier hypothesis from 

Iwata and Nomura who postulated that the 16-residue -hairpin 

peptide [CysH96 – GlyH111] might be essential to the pembroli-

zumab binding mechanism.35 Taken together, the rigidity of the 

H3 loop [ArgH99 – AspH108] and the number of contact interac-

tions with residues pertaining to all three epitopes of PD-1 over 

an extended BSA justified the design of pembrolizumab CDR-

H3 mimics as novel scaffolds for developing PD-1 inhibitors.  

Chemical Synthesis, Characterization and Biological 

Evaluation of -Hairpin Inhibitors of PD-1. A number of 

“hot” loops found at antibody–protein interfaces,50,51 are poten-

tially very attractive targets for developing novel drug blockers. 

Yet the design of inhibitors of dynamic PPIs amenable to initi-

ating conformational selection by induced-fit adjustment, like 

the PD-1:PD-L1 checkpoint interface described herein remains 

challenging.52 Our comprehensive binding analysis suggested 

the CDR-H3 peptide fragment 99–108 of pembrolizumab as a 

suitable binder of PD-1 (Figure 4C-D). Therefore, a synthesis 

of β-hairpin mimics was undertaken by exploiting a technology 

of stabilizing -straps developed in our laboratory.23 β-Hairpins 

displaying long loops (N ≥ 10-mer) are inherently challenging 

to prepare due to the large entropic penalty associated with their 

loop nucleation and folding.53,54 For this reason, we recently de-

veloped several stabilizing -strap motifs specifically crafted 

for long loops to create amphipathic structures with hydropho-

bic residues such as W/W pairs on one face and ionic residues 

on the other. 

 

  

  

Figure 4. Comparison of binding modes from close-up views of pembrolizumab CDR-H3 loop at the interface with PD-1. (A) Overlay of pembrolizumab 

H3 loops [ArgH99 – AspH108] excised from co-crystal structures (PDB: 5JXE, 5B8C, 5GGS, in magenta) with the unbounded form (PDB: 5DK3, in blue), 

corresponding RMSD values of 0.28 Å, 0.15 Å, 0.22 Å over C atoms, and 0.48 Å, 0.26 Å, 0.30 Å over backbone atoms respectively calculated against 

the unbounded structure. (B–D) Ribbon representation of binding complexes from PDBs 5JXE, 5B8C and 5GGS are shown with PD-1 in cyan, and with 

the heavy and light chains of pembrolizumab in yellow and pink respectively. The network of contact interactions created by the H3 loop in each complex 

is depicted with H-bonds between H3 loop and PD-1 residues in magenta and green cyan respectively, and hydrophobic contacts in the same lighter colors. 

Direct and water mediated H-bonds are displayed with yellow and cyan dashed lines and salt bridges with red dashed lines.     
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To display the 10-residue loop, we evaluated the two most sta-

bilizing -strap RW(VW)•••(WV)WE motifs constituted of a 

hydrogen bond network, a hydrophobic core and a terminal salt 

bridge. As a control, the native hairpin sequence excised from 

pembrolizumab RW-CAR-[RDYRFDMGFD]-YWG-WE 1a 

was prepared with the shortest strap. Two other analogs such as 

1b in which the C3/V18 pair was replaced by a V/V pair, and 1c 

bearing a longer strap motif were also prepared to determine the 

stabilizing effect of the strap either placed after a short -strand 

or directly flanking the loop. By inserting two extra glycine res-

idues in the loop a more flexible analog 1d was built around the 

second -strap motif Ac-W•••WTG-NH2.
53 Finally, we synthe-

sized two analogs 1e,f carrying simple unfunctional polyglycine 

G4KKG(2/4) loops which will serve as negative controls to ascer-

tain relationships between biological activity, loop sequences 

and the conformational topology of these hairpins.  

We then determined the structure and folding features of 

these constructs 1a-f, by a combination of far UV-CD (circular 

dichroism) and NMR (nuclear magnetic resonance) spectros-

copy (Figure 5). Due to Trp/Trp facing residues inside the -

straps (EtF indole rings), a characteristic and intense exciton 

couplet comprised of a negative and a positive maxima at 212 

and 228 ± 1 nm should be observed on the CD spectra.55 As 

shown in Figure 5A, the original peptide sequence 1a directly 

excised from pembrolizumab presented no such folding exci-

ton. In addition, peptide 1a was found to be poorly soluble in 

aqueous solutions even with the addition of organic cosolvents 

(DMSO or MeOH). Similarly, the CD spectra of peptides 1d 

and 1f harboring flexible loops showed no band at 228 ± 1 nm, 

but a distinctive band at 200 ± 1 nm indicative of random coil 

conformations, thus establishing that no hairpin fold was ob-

tained in solution (Supplementary Figure S8). In contrast, the 

intense exciton at 228 ± 1 nm from the highly flexible construct 

1e supported the formation of a hairpin secondary structure 

(Figure 5A). This result suggested that the 

RW(VW)•••(WV)WE -strap played an important stabilizing 

role. Excitingly, both constructs 1b-c also exhibited several 

spectral features expected for -hairpins with a characteristic 

band at 213 ± 1 nm typical of -sheet, and the exciton couplet 

at 212/228 ± 1 nm from the Trp/Trp -strap interaction. Peptide 

concentrations in phosphate buffer (pH 6.5) were accurately 

measured by UV absorbance to achieve a reliable quantification 

of hairpin folding as a function of temperature by variable-tem-

perature CD spectral analysis (Figure 5B). The decrease in am-

plitude of the 228 nm exciton upon heating was exploited to 

measure the hairpin unfolding transition inside the -strap. The 

changes in intensity of the molar ellipticity [θ(T)]228 indicated a 

temperature-induced unfolding of 1e from a typical hairpin/coil 

transition in agreement with a two-state model (folded/un-

folded). Having generated the curves of [θ(T)]228 for peptides 

1b-f, the plots of %-folding as a function of temperature were 

obtained for each hairpin (see Supplementary Figure S9), along 

with their melting temperatures Tm and the thermodynamic pa-

rameters characterizing the unfolding transition (GF
o, HF

o, 

and TSF
o).56 Collectively, results from our VT-CD study 

demonstrate that constructs 1b,c and 1e are significantly well-

folded hairpins at ambient temperature given their respective Tm 

of 36.9, 23.8, and 51.8 ± 0.1 oC and thermal stability curves 

(Figure 5C).37 Whereas hairpin 1e with a flexible loop was 

found to be well-folded at ambient temperature (χF of 87 ± 1%), 

the most rigid mimics 1b and 1c were also characterized by rel-

atively high levels of folding χF of 58 ± 1% and 53 ± 3% respec-

tively. 

To confirm the secondary structures suggested by our CD 

study, a careful structural assignment and conformational anal-

ysis was secured by a combination of 1H, TOCSY, NOESY and 

HSQC NMR analyses. The solution structures of hairpins 1b,c 

and 1e were confirmed based on the large chemical shifts dis-

B 

 
a Loop sequences in brackets. b Determined from the best-fitted CD melting curves 

to the Gibbs-Helmholtz equation for a two-state model. 

Figure 5. Comparison of -hairpin folding and denaturation properties. 
(A) Overlay of CD spectra for 1a-e recorded in a phosphate buffer (15 

mM, pH 6.5) at 20 oC. (B) Example of temperature dependence on the 

circular dichroism spectra of hairpin 1c (W/W exciton maxima at ~228 
nm) used to plot the melt curve of denaturation. (C) Thermal stability 

curves showing the free energy of unfolding for hairpins 1b, 1c and 1e 

as a function of temperature and summary of thermodynamic data. 

A 

B 
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persion of HN and Hα signals typical of foldamers, and the sig-

nificant positive and negative chemical shift deviations (CSDs) 

observed in both strap and loop regions respectively (see Sup-

plementary Figure S10).37 The hairpin folds were supported by 

several strong long-range NOESY correlations between back-

bone protons of the RW(VW)•••(WV)WE -strap motif. To-

gether, the NMR data conclusively established that -hairpin 

1b,c and 1e are folded.  On the other end, the NMR study of 1d 

and 1f strongly suggest that these peptides are misfolded or ex-

ist as unfolded random coils in solution.  

The robust loop-display system developed by our group ena-

bled the presentation of the pembrolizumab sequence within 

several hairpin scaffolds. Hence, we used the display system to 

evaluate the inhibitory activity of these hairpins in a PD-1:PD-

L1 binding assay (Figure 6). As positive controls, two commer-

cially available PD-L1 inhibitors (BMS202 and BMS1166), and 

pembrolizumab (PD-1 blocker) were tested in this assay (see 

Supplementary Figure S11). The PD-1:PD-L1 inhibition results 

obtained for the BMS small molecules were consistent with pre-

vious reports, with half-maximal inhibitory concentration IC50 

values of 0.2 ± 0.3 μM and 0.3 ± 0.6 μM respectively, and a 

potency of 1.0 ± 0.3 nM for pembrolizumab.37 Not surprisingly, 

hairpin 1e and its unfolded analog 1f presenting a polyglycine 

loop revealed no meaningful blocking activity in the assay (IC50 

of 3.3 ± 0.6 and 1.1 ± 0.2 M respectively). This result suggests 

that neither the -strap, nor the polyglicinyl loop achieved any 

significant binding to PD-1. Similarly, construct 1d which was 

predicted by NMR and CD spectroscopy to have no secondary 

structure exhibited no measurable activity. Similarly, the native 

sequence of 1a demonstrated no compelling activity (IC50 of 2.8 

± 1.0 M) as could be expected from an unfolded construct. 

Despite its well-folded behavior, -hairpin 1b had a surpris-

ingly modest inhibitory activity in the PD-1:PD-L1 blockade 

assay (IC50 = 1.0 ± 0.2 M). In contrast, hairpin 1c with a more 

constrained loop flanked by the stabilizing strap motif demon-

strated the most potency in a dose dependent manner. Hairpin 

RWVW-[RDYRFDMGFD]-WVWE 1c was shown to achieve a 

significant blockade of PD-1:PD-L1 interface with an IC50 of 

0.6 ± 0.2 μM. This result confirms that the loop of the -hairpin 

foldamer has a significant pharmacological activity, and vali-

dates the design of pembrolizumab CDR-H3 mimics for the in-

hibition of PD-1:PD-L1 binding.  

Conclusion 

In summary, a comprehensive reinterpretation of the PD-

1:pembrolizumab interface was carried out from three different 

co-crystal X-ray structures (Supplementary Tables S2-S4). 

Three distinct PD-1 epitopes were mapped capturing a detailed 

blueprint of binding contact interactions with the corresponding 

paratopes of pembrolizumab for the first time. The remarkable 

flexibility of both PD-1FG and PD-1C’D (-type) loops plays a 

crucial role in the conformational pre-equilibrium of PD-1 and 

its binding to pembrolizumab through a dynamic induced-fit 

mechanism. Morphing and MD simulations further demon-

strated that these two distal epitopes possess enough plasticity 

to bend both edges of the receptor and form a deep binding 

groove (C’D/FG loops) latching on the pembrolizumab H3 loop 

(see Supplementary Videos S2-S3). The inherent conforma-

tional motion of PD-1 presented herein is consistent with the 

elasticity reported recently towards PD-L132,57 and PD-L233, 

and contributes to a better understanding of the overall confor-

mational discrimination mechanism of this receptor.52 Central 

to this binding is the rigid H3 loop [ArgH99 – AspH108] which 

was shown to create an important number of contacts with res-

idues pertaining to all three epitopes of PD-1, across a large 

binding interface (38% of the total BSA). Guided by crystallo-

graphic data analysis, we evaluated a rational structure-based 

approach to derive -hairpin mimics of the pembrolizumab H3 

loop as PD-1 inhibitors. Several peptide constructs stabilized by 

a RWV(W/A)•••(W)VWE -strap were shown by CD and 

NMR spectroscopy to exist in a -hairpin folded conformation. 

From the initial series of folded -hairpins, we identified one 

promising “hit”, -hairpin 1c, to inhibit PD-1:PD-L1 interac-

tion with an IC50 of 0.6 ± 0.2 μM. The activity and toxicity as-

sociated with such -hairpin peptides will need to be confirmed 

on T cells to further develop promising PD-1 inhibitor candi-

dates. To our knowledge, hairpin 1c is the first non-antibody 

molecule inhibitor of PD-1 reported to date. This study there-

fore establishes a proof-of-concept that mimicking the pem-

brolizumab H3 loop is an attractive approach to generate novel 

and desirable medium-sized peptide-based PD-1 inhibitors.  

METHODS  

X-Ray Crystal Structures Analysis and Interpretation. 

All co-crystal structures described in this paper were obtained 

from https://www.rcsb.org/. The interpretation of contact inter-

actions was assisted by LigPlot+,58 and the molecular visualiza-

tion with PyMOL.59 Reported PDB codes of pembrolizumab-

Fab complexed with human Programmed Cell-Death protein 1 

(PD-1) structures are 5JXE, 5B8C and 5GGS. Those co-crystal 

structures are formed by di-, tetra- and dimeric assemblies, re-

spectively. In each crystal, the monomer displaying the largest 

number of contact interactions was selected for analysis, and 

supplemental interactions found inside other monomers were 

also included if the residues were not found to be conforma-

tional outliers. The summary of polar contacts and hydrophobic 

interactions are reported in Supplementary Tables S2 and S3 

respectively. A maximum cut-off of 2.70 Å for hydrogen bonds: 

Hydrogen-Acceptor distance, 4.0 Å for salt bridges: Donor-Acceptor dis-

tance, and a range of 2.90 -3.90 Å for hydrophobic contacts dis-

tances were implemented for the automatized analysis in Lig-

plot+. 

 
Figure 6. Structure−activity relationship of peptide inhibitors 1a-f of 

the PD-1/PD-L1 interface. Overlay of dose-response curves for pep-
tide 1a-f obtained by ELISA using varying concentrations of each in-

hibitor to derive the IC50 values.  

https://www.rcsb.org/


 

Loop Modeling and Morphing Simulation. Due to the im-

portant plasticity of the C’D loop segment in the apo-PD-1 crys-

tal structure (PDB: 3RRQ), a remodeling and a minimum en-

ergy calculation of this loop was necessary to determine a 

model of stable unbounded conformation. To this aim, the in-

sertion of residue E61 was required prior to minimization. A 

portion of the C’D loop of PD-1 [Pro83 – Arg94], including se-

quence D85RSQPGQD92 was remodeled to obtain a set of 500 

low-energy conformers generated using the loop modeling pro-

tocol DOPE-HR from the MODELLER add-on60 in the UCSF 

Chimera Software43 (Supplementary Figure S4A). The lowest-

energy loop conformer was selected using the zDOPE score re-

lated to free energy (zDOPE -1.93 au) which enabled us to ob-

tain an initial wild-type PD-1 model with a reconstituted C’D 

loop (PDB: 3RRQ*). Secondly, the missing E61 residue was 

added with Interactive ROSETTA (KIC protocol > SES loop 

modeling, De Novo) to generate the complete model of the wild-

type apo-PD-1(PDB: 3RRQ**) bearing the reconstituted C’D 

and BC loops shown in Supplementary Figure S4B. In brief, a 

morphing simulation was achieved to extrapolate the plausible 

trajectory of PD-1 upon binding by using the remodeled apo-

PD-1 (PDB: 3RRQ**) as initial state, and a bounded PD-1 

structure extracted from the co-crystal with pembrolizumab 

(PDB: 5GGS) as final state. The new PD-1 model (PDB: 

3RRQ**) along with the apo-pembrolizumab (PDB: 3DK3) 

were overlaid with the reported PD-1:pembrolizumab-Fab X-

ray complex (PDB: 5GGS) (RMSD = 0.41 Å and 0.74 Å re-

spectively, Supplementary Figure S5, STEP 1). Interpolated tra-

jectories were calculated on each individual chain/object (pem-

brolizumab heavy-chain, light-chain and PD-1 separately) to 

obtain a conformational simulation from the apo-forms to the 

bounded states through a motion comprising 60 states (60 re-

finement cycles, STEP 2). The 3 objects were reassembled to-

gether to obtain the full-length simulation with the motion of 

both pembrolizumab and PD-1 and water molecules from the 

5GGS crystal were added to the final file to maintain the hydro-

gen bond and salt bridge contacts involving water (STEP 3). 

Dynamic polar interactions between the two proteins are dis-

played in the final state to generate the Supplementary Video 

S3. 

Loop Dynamics Validation. To better understand the plas-

ticity of the PD-1 receptor, both structures apo-PD-1 remodeled 

(PDB: 3RRQ**) and the PD-1 excised from PDBs 5GGS and 

5B8C have been tested for loop flexibility using ToeLoop.44,45 

Results from these MD simulations were exploited to estimate 

the difference of motions between loops (Supplementary Figure 

S6). 

Peptide Synthesis. Peptides were prepared by Fmoc solid-

phase peptide synthesis (SPPS) on a Protein Technologies PS-

3 peptide synthesizer. A detailed description of the peptide syn-

thesis, cleavage and purity analysis procedures are given under 

Supporting Information: Peptide Synthesis, Purification, and 

Structural Characterization.  

Nuclear Magnetic Resonance Data Collection. NMR sam-

ples were prepared by dissolving the freeze-dried peptide (~ 1-

2 mg) in a mixture of phosphate buffer (50 mM, pH 6.5) and 

D2O (9:1, v/v) for 1d-f, a mixture of phosphate buffer (50 mM, 

pH 6.5) and DMSO-d6 (7:3, v/v) for 1c, and a mixture of water 

and DMSO-d6 (8:2, v/v) for 1b, using 2,2-dimethyl-2-silapen-

tane-5-sulfonate (DSS) as internal standard for chemical shifts 

(0 ppm). Samples were prepared in a range of 3-10 mM of pep-

tide for 1H NMR, TOCSY (mixing time 80 ms), NOESY (mix-

ing time 200 ms) and 1H-13C HSQC experiments, and in a range 

of 10-20 mM to record 1H-15N HSQC and HMBC spectra. A 

PRESAT experiment was used to suppress the H2O solvent sig-

nal, in order to record the initial 1H NMR. All spectra were rec-

orded at 291 K (18 oC) on a Varian Mercury500 (500 MHz) 

spectrometer and processed using the Vnmrj 4.2 software. Sig-

nals assignments were obtained on the basis of a set of 1H and 

TOCSY spectra (for intra-residue connectivities), NOESY 

spectra (for vicinal and interstrand backbone connectivities), 

and HSQC spectra (for Hα to Cα connectivities and W side-

chains assignments). 

Far-UV Circular Dichroism (CD) Spectroscopy. Peptide 

solutions were prepared at 20-100 µM concentration range in 

phosphate buffer (15 mM, pH 6.5), with addition of MeOH (up 

to 50% v/v) if required to increase solubility. Each sample con-

centration was determined accurately by measuring the solution 

UV-absorbance using a JASCO V-670 spectrophotometer 

based on the combined molar absorptivity of Trp and Tyr resi-

dues at 280 nm (280 = 5580 M-1.cm-1 per Trp, 280 = 1280 M-

1.cm-1 per Tyr). CD spectra were recorded on a JASCO J-810 

Spectropolarimeter with a temperature controller module 

JASCO PFD-425S. In brief, raw CD data were recorded in 

mdeg from 185 nm to 270 nm every 0.1 nm, and CD spectra of 

the blank solutions were subtracted for baseline correction. 

Spectra were smoothed, the baseline was set to 0 between 260 

nm to 270 nm, and the ellipticity scale was converted into molar 

ellipticity (deg.cm2.dmol-1) using SpectraGryph 1.2.61 To obtain 

the melting curves representing the peptides unfolding transi-

tions, variable-temperature CD experiment were required. The 

temperature ramp was controlled automatically from 5 to 95 oC 

with a ramp speed of 0.75 oC/min. Intensity values at 228 nm 

were recorded by the instrument every 0.1 oC to obtain raw 

melting curves. Likewise, intensities for the corresponding 

blank solutions were recorded and subtracted to afford the ex-

perimental melting curves’ output. These melting curves were 

reported in molar ellipticity (deg.cm2.dmol-1) divided by the 

number of tryptophan pairs present in the peptide construct 

([(T)]228/pTrp) in order to normalize the spectra. Finally, a pro-

tocol has been developed to compute the best-fitted melting 

curves from the raw data of [θ(T)]228 as function of temperature 

by using the thermodynamic Gibbs-Helmholtz equation and a 

nonlinear least square fitting routine programmed in Origin 9.0 

(Originlab Corporation, U.S.A.). A detailed description of the 

%-folding best-fitted curves, and the thermodynamic calcula-

tions to obtain the values for ΔGo, Tm, ΔCp
o are given under Sup-

porting Information: Peptide Synthesis, Purification, and Struc-

tural Characterization.   

PD-1 ImmunoBlocking Assay. Peptide inhibitors stock so-

lutions were prepared at ~5 mM concentration range in DMSO. 

Assay kit for screening and profiling inhibitors of the PD-1/PD-

L1 interaction was purchased from BPS Bioscience (cat # 

72005).  Briefly, a 96-well plate was coated with PD-L1 at 

2µg/mL overnight at 4 oC.  Plate was then washed and blocked 

with blocking buffer for 1 h at room temperature.  Inhibitor so-

lutions (0.01-100 μM) and blank (DMSO/PBS buffer solution) 

were added to designated wells.  To initiate the reaction, 0.5 

ng/μL of biotin-labeled human PD-1 was then added into posi-

tive control wells and inhibitor solution wells. After 2 h incuba-

tion at room temperature, plate was washed and blocked again 

for 10 mins. Streptavidin-HRP (1:1000 dilution) was added and 

incubate for 1 h at room temperature with slow shaking. Plate 



 

was washed and block again for 10 mins. ELISA ECL substrate 

was then added and the resulting chemiluminescence was im-

mediately read in luminometer (FLUOstar OPTIMA, BMG 

Labtech).  Luminescence value of the blank is subtracted from 

all readings according to manufacturer instruction. The half 

maximal effective concentrations (IC50) values were deter-

mined from the fit of experimental normalized luminescence 

data to the Hill model (Figure 6) with RLUmax values represent-

ing maximal relative luminescence values from the PD-1/PD-

L1 interaction. Inhibitory curves were overlaid accordingly to a 

reported procedure.62 
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