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Abstract

Small molecules that block PD-L1 bind a pocket that exists only when two PD-L1 molecules pair up, and oral
compounds acting this way are in phase 2 trials. I asked whether a tumour could escape such a compound by
mutating that pocket. Working from crystal structures and a codon alignment of 44 vertebrate orthologs of
CD27} spanning about 429 million years, I find the drug pocket and the PD-1 binding interface are the same
surface: all 10 drug-contacting residues lie within 5.0 A of PD-1, against 1.9 expected by chance (hypergeometric
p = 8.7 X 1079), and the result holds at every distance cutoff I tested. Those residues are under purifying
selection. CD274 evolves at dn/ds = 0.236, no pocket residue shows positive selection, and the pocket evolves
more slowly than accessibility-matched residues elsewhere in the protein: median dy/ds = 0.077 against a
permutation null median of 0.287, roughly 3.8-fold lower, p = 0.0028. That comparison stays below 0.05 across
every robustness variant I ran, including every single-residue deletion. The overlap is what makes this useful:
the residues a compound would have to lose are the residues PD-1 binds, so escape by pocket mutation is

constrained by the very function the tumour expresses PD-L1 to perform.

1 Introduction

PD-1 is a receptor on T cells that essentially shuts
down their attack mechanism when it is engaged. PD-
L1 is a protein that engages this receptor and causes
the T cells to switch off their attack mechanism. So,
many tumours express PD-L1 a lot, which effectively
puts the switch under their control, and they shut
down the T cells that would otherwise be able to de-
stroy them. Antibodies against PD-1 and PD-L1 are
now standard treatment in several cancers around the
world (Chen and Mellman, 2017; Zou et al., 2016).

Due to the fact that antibodies are quite large pro-
teins that, in this case, are given via infusion, they
cannot reach every compartment a tumour has oc-
cupied. Given this scenario, there has been long-
standing interest in small molecules that can block the
same type of contact and can be taken orally (Guzik
et al., 2019).

BMS-202 and BMS-8 were the ones that opened this
route. They bind to PD-L1 molecules and lock them
together into a dimer, and this buries the surface of
PD-L1 that would otherwise have been engaged by
PD-1 (Zak et al., 2016).

Compounds of this class are now in patients.
INCBO086550 blocks the PD-L1/PD-1 interaction by
inducing the same dimerization and internalisation
(Koblish et al., 2022), and INCB099280 and ABSK043
are in phase 2 studies in solid tumours (Incyte Cor-
poration, 2023; University Health Network, 2025).

The question that I had was if a tumour can change
the amino acids the compound touches, so that the
compound stops working for that particular case. The
question I had was whether the drug pocket and the

PD-1 binding interface are the same surface. If they
are, then a tumour cannot look for an escape muta-
tion among the amino acids PD-1 leaves free, because
there would be none. The question I had is evolu-
tionary: whether these amino acids have been held at
fixed points across vertebrate evolution, which would
be evidence that changing them is costly. As another
angle to look at it, I asked whether human germline
and tumour somatic variation offered any insights.

2 Methods

2.1 Structures

The pocket is the PD-L1 amino acids contacted by
BMS-202 in 5J89 or BMS-8 in 5J80. I took the union
across both structures and all chains (Zak et al., 2016):
F19, T20, 154, Y56, Q66, V76, M115, A121, Y123
and K124. All 10 contacts were profiled with PLIP
(Adasme et al., 2021) and cross-checked against a
4.5 A heavy-atom criterion. Due to the fact that BMS-
202 and BMS-8 are different molecules, I took the
union of the two. Both structures are registered one-
to-one with UniProt QINZQ?7.

Relative solvent accessibility was computed with
DSSP (Kabsch and Sander, 1983) on chain A of 5C3T,
the unbound PD-L1 monomer, and further normalised
on the empirical maxima of Tien et al. (2013). The
native window is residues 18 to 134, giving n = 117,
with the expression tag at 135 to 143 excluded. Ac-
cessibility enters only as a continuous matching co-
variate, never as a grouping: across the window the
relationship between accessibility and rate is a slope
rather than a step (Spearman p = 0.42), which is why



I matched on it rather than binning (Franzosa and
Xia, 2009; Ramsey et al., 2011).

Instead of just taking a published crystal list or
amino acid list, I derived the PD-1 interface from co-
ordinates in 4ZQK, chain A (which is PD-L1) and
chain B (which is PD-1) (Zak et al., 2015). I measured
the minimum heavy-atom distance from any chain A
residue to any chain B atom. An amino acid is in
the interface if the distance is at or below 5.0 A. The
denominator in this case was the 115 residues that
were actually present in the chain A model. This is
due to the fact that any residue that is missing from
the structure has no chance of having any distance to
measure and could not have been counted. I tested
enrichment with the hypergeometric distribution and
swept the cutoff so the one free parameter is visible.

2.2 Sequences

I used 44 vertebrate CD274 orthologs. All of the
sequences were annotated as PD-L1 with no PD-L2
flags. Of these 44, 17 were primates, 13 were other
mammals, 6 were birds, 4 were turtles, and 4 were
fish, spanning about 429 million years of divergence,
the crown Osteichthyes date (Broughton et al., 2013;
Kumar et al., 2022). I corrected 16 of 44 species la-
bels, reassigning them from NCBI taxonomy and con-
firming them by a BLAST search and again by clade
monophyly in the tree.

I took coding sequences by parsing the coded_by
qualifier of each protein record and fetching exactly
that span. All 44 were able to be translated back to
their original protein. I aligned these proteins with the
help of MAFFT (Katoh and Standley, 2013) and then
threaded nucleotides through that alignment, three at
a time, giving 44 sequences over 535 codon columns.

Human PD-L1 has 290 amino acids, and the re-
maining columns exist only to hold insertions in other
lineages. Therefore a column with no human residue
cannot inform a claim about the human residue, so
I restricted the alignment to just the 290 measurable
columns before fitting any selection model.

The tree was estimated using IQ-TREE (Nguyen
et al., 2015) under GTR4+F+G4, selected by Mod-
elFinder (Kalyaanamoorthy et al., 2017), with 1,000
bootstrap replicates and seed 20260101, rooted on the
fish outgroup. I estimated it on the full 535-column
alignment rather than the reference-mappable subset,
because the tree from the subset fails primate mono-
phyly. The estimated tree recovers primates, birds,
turtles, Mammalia and Sauropsida as monophyletic
groups (Figure 1).

2.3 Selection

I made use of FEL (Kosakovsky Pond and Frost, 2005)
in HyPhy 2.5.101(MP), which estimated the site-
specific synonymous and non-synonymous rates across
the 290 codons, further corrected using the Benjamini-
Hochberg procedure (Benjamini and Hochberg, 1995)
across those 290 sites. Gene-level selection was as-
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Figure 1: The phylogeny independently validates
the corrected species labels. Maximum-likelihood
tree of 44 vertebrate CD27/ orthologs, estimated from
the 535-column codon alignment with no taxonomic
input. Primates, birds, turtles, Mammalia and
Sauropsida are all recovered as monophyletic, which a
remaining mislabelled taxon would break. Brackets mark
groups forming a single clade here; other-mammal tips
carry colour but no bracket, because that group excludes
the nested primates and so is paraphyletic by
construction rather than a clade. Open circles mark the
12 internal nodes below 70 percent bootstrap support, all
within shallow radiations. Branch lengths are drawn to
scale, so the primate radiation is compressed relative to
the deep fish branches; thin leaders connect each tip to
its label.



sessed by the Nei-Gojobori method (Nei and Gojo-
bori, 1986) over all pairwise comparisons among the
44 taxa.

I report the per-site dy/ds. Normalising by the
synonymous rate matters because that rate varies
from site to site in real alignments (Kosakovsky Pond
and Muse, 2005), and ignoring this variation inflates
false positives in selection analyses (Wisotsky et al.,
2020). The ratio is undefined at the 2 window sites
where the synonymous rate is zero, and those are
dropped from the comparison pool; all 10 pocket
residues have a non-zero synonymous rate.

For each drug-contacting residue I collected every
non-pocket residue within £10 accessibility points. I
then drew one at random, took the median of the
10 draws, and repeated this 50,000 times with seed
20260605. This test was one-tailed because the hy-
pothesis is directional. The mean comparison pool
is 27.1 residues, and the comparison is never pocket
against whole protein, but 10 like-for-like comparisons
at matched accessibility combined into one statistic.

The per-site dy /dg is heavily skewed where the syn-
onymous rate approaches zero, so the mean of the
permutation medians is unstable across random seeds
while the median is stable to three decimal places.
Therefore I quoted the median rather than the mean.

2.4 Variation

I made use of the UniProt variation API for QINZQ7
(Consortium, 2023), which gave me germline missense
variants. Population frequencies were reported there,
and a gene-level cross-check against gnomAD (Kar-
czewski et al., 2020) was also conducted there.

I then took the somatic mutations in CD27/ from
cBioPortal (Cerami et al., 2012) across 8 cohorts:
seven TCGA PanCancer Atlas studies in the tumour
types where PD-L1 blockade is used, plus the MSK-
IMPACT targeted panel. Table 1 gives each cohort
with its sequenced-sample denominator, 14,330 sam-
ples in total. I kept all coding mutation classes, and
the counts are mutation rows rather than distinct sam-
ples.

3 Results

3.1 Overlap

Of the 115 PD-L1 residues modelled in chain A of
47QK, 22 lie within 5.0A of PD-1. All 10 drug-
contacting residues are among them, against 1.9 ex-
pected for a randomly chosen set of ten (hypergeo-
metric p = 8.7 x 1079). Distances run from 2.68 A
to 4.57 A, mean 3.37 A, with the closest contacts at
hydrogen-bonding distance. The pocket is one physi-
cal surface, not two adjacent patches (panel c of Fig-
ure 2, and Figure 3).

The distance convention does not carry the result
(Table 2). At 4.0 A the interface contains 17 residues
and 8 of the pocket (p = 1.6 x 107%); at 5.5 A it con-
tains 24 and all ten (p = 2.6 x 1078). Every cutoff

Table 1: The 8 cBioPortal cohorts contributing somatic
mutations in CD27/, with the sequenced-sample
denominator for each. Counts are mutation rows, not
distinct samples; one MSK-IMPACT sample carries two.
CD27/ is rarely mutated in coding sequence in every
cohort, which is why the depletion test is underpowered.

Cohort Sequenced Mutated Mutations
blca* 410 5 5
coadread™ 534 3 3
hnsc* 515 2 2
luad* 566 4 4
lusc* 484 1 1
msk_impact_2017 10945 30 31
skcm™ 440 5 5
stad* 436 4 4
Total 14,330 — 55

cBioPortal study id, shared suffix _tcga_pan_can_atlas_2018
omitted.

Table 2: Overlap between the BMS pocket and the
PD-1 interface is significant at every distance cutoff
tested. Interface membership is minimum heavy-atom
distance to PD-1 in 4ZQK; the denominator is the 115
residues modelled in chain A. p from the hypergeometric
distribution.

Cutoff (A) Interface Pocket Expected p

4.0 17 8/10 1.48 1.6 x 1076
45 18 9/10 1.57 6.4 x10-8 The
5.0 22 10/10 1.91 87x107°
5.5 24 10/10 2.09 2.6 x 108

5.0 A row is the definition adopted throughout.

gives a p-value at least six orders of magnitude below
conventional thresholds.

3.2 Selection

Every drug-contacting amino acid has
synonymous rate below its synonymous rate, and none
shows any signal of positive selection (Table 3, Fig-
ure 2b). At the gene level CD27/ is strongly con-
strained, with dx /ds = 0.236, while the mean dx was
0.280 and the mean dg was 1.188. That ratio pools
946 pairwise comparisons that share a phylogeny, so I
ran it again on 19 branch-disjoint pairs, which share
no branch of the tree. The result holds there as well
(Z =4.62,p=1.9x 1079).

Therefore, as a group the pocket evolves more
slowly than accessibility-matched residues everywhere
in the protein. The observed pocket median dy/dg
is 0.077 against a permutation null median of 0.287,
which is a 3.8-fold lower rate (p = 0.0028, one-tailed,
50,000 draws). Amino acid by amino acid, 6 of 10 were
slower than their own comparison pool (Figure 2a).

4 residues are individually significant after correc-
tion across the 290 analysed sites at ¢ < 0.1: A121,
T20, M115 and Y123. In the rest of the native win-
dow 42 of 107 residues clear the same correction, 39.3
percent against the pocket’s 40 percent.

Every robustness variant I ran stays below 0.05 (Ta-

a non-
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Figure 2: The drug pocket is evolutionarily constrained and coincides with the PD-1 interface. (a)
Paired difference for each of the 10 drug-contacting codons: its per-site dn /ds minus the median of non-pocket residues
within +10 accessibility points, which is the comparison the group-level test makes. Negative values are slower than
matched comparables; 6 of 10 are. (b) Per-site dn/ds per drug-contacting codon, n = 10 codons. Every residue sits
well left of neutrality. Filled markers survive Benjamini-Hochberg correction across the 290 analysed sites at ¢ < 0.1 (4
of 10); open markers do not. (¢) Minimum heavy-atom distance to PD-1 in 4ZQK, for the 10 drug-contacting residues
and the other modelled residues of chain A (n = 115 modelled residues in total). Vertical ticks are group medians; the
dashed line is the 5.0 A interface definition.

a BMS-202 bound (5)89) b PD-1 bound (4ZQK)

Figure 3: The drug pocket and the PD-1 interface are the same surface. (a) PD-L1 surface with the 10
drug-contacting residues coloured, with BMS-202 bound (5J89). (b) The same surface and colouring against PD-1
(4ZQK). All 10 drug-contacting residues lie within 4.57 A of PD-1, and 22 of the 115 residues modelled in chain A are
within 5.0 A.



Table 3: The ten drug-contacting residues of the BMS pocket. Rates and ¢-values are from FEL on the 290
reference-mappable codons of a 44-taxon codon alignment, corrected across those 290 sites; PD-1 distances are
minimum heavy-atom distances in 4ZQK chain A versus chain B. Relative solvent accessibility is from DSSP on the
apo monomer 5C3T chain A on the Tien scale. n = 10 codons. dn and ds are the component rates the ratio is built
from; Source is the structure or structures in which the contact is seen.

Residue RSA (%) dn/ds  dn ds P q PD-1 (A) Source
K124 30.9 0.000 0.000 0.375 0.0329 0.1110 2.91 both
Y1231 44.1  0.000 0.000 0.501 0.0177 0.0705 2.70 both
F19 13.3  0.000 0.000 0.239 0.0717 0.1856 2.92 5J89
A121f 52.7 0.011 0.052 4.695 0.0000 0.0000 2.68 both
T201 44.8 0.040 0.109 2.721 0.0000 0.0004 4.57 5J89
M115 219 0.113 0.202 1.787 0.0064 0.0377 3.79 both
Q66 204 0.248 0.678 2.734 0.0468 0.1358 2.91 both
Y56 21.3 0354 0.468 1.323 0.2040 0.3819 3.55 both
V76 44.8 0.524 0.534 1.019 0.3516 0.5665 4.17 5J80
154 325 0.663 0.719 1.083 0.5935 0.7788 3.50 both

 survives Benjamini-Hochberg correction at g < 0.1 (4 of 10). All ten have dn/ds < 1; none shows positive

selection.

Table 4: Sensitivity of the group-level comparison.
Per-site dny/ds stays below 0.05 across every variant
tested: both extremes of the matching band, every
single-residue deletion, and the alternative phylogeny
rejected on topological grounds.

Variant dn/ds Note
Primary (£10 band) 0.0028 adopted
Band +5 0.00185

Band +15 0.00295

Band +20 0.00675 widest tested

0.00095-0.02525 all ten significant
0.0268 rejected on topology

Leave-one-out
Alternative tree

ble 4): both extremes of the matching band, each
single-residue deletion, and the alternative phylogeny.

3.3 Variation

34 missense variants are recorded at the ten drug-
contacting residues, 0 of them common at a 1 percent
threshold. Variant density is the comparison with a
denominator, and it runs in the direction of the hy-
pothesis: 3.40 distinct missense variants per residue
in the pocket against 4.14 elsewhere in the window
(p = 0.062, one-sided).

Across 8 cohorts covering 14,330 sequenced samples
(Table 1), CD274} carries 55 somatic mutations, 19
in the analysed window and 1 at a drug-contacting
residue, namely T20I, against 1.62 expected by chance
(hypergeometric p = 0.49).

3.4 Q66

Q66 carries the highest-frequency germline variant in
the pocket, it does not reach individual significance,
and its dy/dg is among the highest of the ten. It
still sits 2.91 A from PD-1, so change there is not free.
That makes a testable prediction: if escape occurs,
Q66 is where to look first, and A121 and T20 are

where constraint is strongest.

4 Discussion

This entire analysis goes to show that the drug pocket
and the PD-1 interface are one surface, and that sur-
face has been held fixed across 429 million years of
vertebrate evolution. A tumour cannot look for an
escape mutation among the amino acids PD-1 leaves
free, because the pocket contains none: every drug-
contacting residue is an interface residue. A change
that removes the compound is therefore a change in
the surface PD-1 binds, so the tumour would be giving
up the very function it expresses PD-L1 to perform.
And every one of those amino acids has been held fixed
across that entire span, which is the clearest evidence
available that changing them carries a cost.

The overlap rests on two crystal structures and
nothing else. It does not depend on the alignment, the
tree, the substitution model or the choice of metric,
and it holds at every distance cutoff I tested, each one
at least six orders of magnitude below conventional
thresholds (Table 2). The pocket is one physical sur-
face rather than two adjacent patches (Figure 3).

The evolutionary measurement agrees with the
structural one. CD274 is strongly constrained at the
gene level, no pocket residue shows positive selection,
and as a group the pocket evolves 3.8-fold more slowly
than residues elsewhere in the protein matched on ac-
cessibility. That comparison survives both extremes of
the matching band, every single-residue deletion and
the alternative phylogeny, so it does not rest on any
one analytical choice.

This matters for the compounds now in patients.
The pocket INCB099280 and ABSKO043 are built to
occupy is the pocket PD-1 uses, so the escape route
available to a tumour is not a free choice among sur-
face residues: it runs through the receptor interaction
the tumour expresses PD-L1 to exploit in the first



place.

What any particular substitution costs each inter-
action is a separate measurement, and Q66 is where I
would start.

4.1 Limitations

No patient has yet been sequenced after progressing on
a dimerization-inducing PD-L1 small molecule, so the
direct test of this argument is not yet available. And
conservation across species measures what a change
costs an organism over evolutionary time, rather than
what it costs a tumour cell under drug pressure.

5 Reproducibility

Every figure, table and number in this manuscript re-
generates from saved inputs with one command, and
the inputs are recorded with checksums. Every ran-
dom procedure is seeded: permutations at 20260605,
the co-variation background sample at 7, tree search
at 20260101. No measured or computed value is
transcribed into the text; each reaches it through a
machine-generated macro file, and the build asserts
both that a re-run of the analysis reproduces the com-
mitted results value for value and that no hand-typed
number has crept into the manuscript.

Code and data:
https://github.com/ChristianMangwanda/
pdll-evolutionary-analysis.
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