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Recurrent, ancient arms races between viruses and hosts have shaped both host immu-
nological defense strategies as well as viral countermeasures. One such battle is waged
by the glycoprotein US11 encoded by the persisting human cytomegalovirus. US11
mediates degradation of major histocompatibility class I (MHC-I) molecules to prevent
CD8+ T-cell activation. Here, we studied the consequences of the arms race between
US11 and primate MHC-A proteins, leading us to uncover a tit-for-tat coevolution and
its impact on MHC-A diversification. We found that US11 spurred MHC-A adaptation
to evade viral antagonism: In an ancestor of great apes, the MHC-A A2 lineage acquired
a Pro184Ala mutation, which confers resistance against the ancestral US11 targeting
strategy. In response, US11 deployed a unique low-complexity region (LCR), which
exploits the MHC-I peptide loading complex to target the MHC-A2 peptide-binding
groove. In addition, the global spread of the human HLA-A*02 allelic family prompted
US11 to employ a superior LCR strategy with an optimally fitting peptide mimetic that
specifically antagonizes HLA-A*02. Thus, despite cytomegaloviruses low pathogenic
potential, the increasing commitment of US11 to MHC-A has significantly promoted
diversification of MHC-A in hominids.
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CD8+ T cells detect peptide antigens presented by major histocompatibility class I
(MHC-I) molecules, leading to the elimination of cancerous and virally infected cells. In
the human genome, classical MHC-I is encoded by the most polymorphic human genes,
the human leukocyte antigen class I (HLA-I) genes HLA-A, -B, and -C. Among these,
HLA-B displays the highest level of diversity likely due to its ability to adapt to emerging
infections (1). HLA-A and HLA-C loci are less diverse, with HLA-A having coevolved
with DNA viruses, such as herpesviruses (2). The evolution of HLA-A provides a unique
opportunity to understand the cadence and mechanisms of immune restriction of DNA
viruses, and viral evolution to counteract this restriction.

Cytomegaloviruses (CMVs) belong to the family of Betaherpesviridae. Despite vigorous
immune responses, CMV infection is lifelong and characterized by periodic phases of latency,
reactivation, and viral dissemination. Both with respect to its genome length and numbers
of transcribed open reading frames (3), the human cytomegalovirus (HCMYV) is by far the
largest of all human herpesviruses. A considerable proportion of its coding capacity is ded-
icated to evading both innate and adaptive pathways (4). Despite a subclinical course of
infection in immunocompetent hosts, HCMV infection has a permanent impact on
immune cell subsets, such as CD8" memory T cells and memory-like NK cells (5, 6). For
immunocompromised individuals, HCMV-related complications are a major cause of mor-
bidity and mortality and can result in severe and permanent sequelae to the developing fetus
if maternal HCMV is acquired and congenitally transmitted during pregnancy (7).

CMVs have coevolved in a species-specific manner with mammalian hosts throughout
mammalian history (8) and impacted immune evolution (9-13). Coevolution is indicated
both by the species-specificity of infection and by the genetic distance between cytomeg-
alovirus subfamily members that infect, e.g., mice, rats, and primates such as rhesus
macaques and chimpanzees (14). As a consequence, immune evasion strategies by CMV's
are often species-specific. One such immune evasion strategy is encoded by the genes of
the US2 and US6 gene families that inhibit MHC-I antigen presentation to CD8+ T
cells. These gene families are only found in primate CMVs (15-17).

Heterodimeric MHC-I molecules comprise a membrane-attached heavy chain (HC),
which forms an a1/a2 peptide-binding domain above the membrane-proximal a3 domain,
and the soluble non-covalently bound beta-2-microglobulin (3,m). The majority of MHC-I
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peptide ligands are generated by the proteasome in the cytosol and
transported into the endoplasmic reticulum (ER) by the transporter
associated with antigen processing (TAP). In the ER, MHC-I het-
erodimers are recruited to the peptide loading complex (PLC),
consisting of TAD, tapasin, calreticulin, and ERp57. The PLC con-
trols optimal peptide loading and release of MHC-I for trafficking
to the cell surface. The HCMV US2 and US6 gene families encode
at least five immunoevasins that manipulate MHC-I levels at the
cell surface. For example, US3 retains MHC-I in the ER and blocks
tapasin function (18, 19), whereas US6 inhibits TAP. (20-22). By
exploiting ER-associated protein degradation (ERAD), US2 and
US11 initiate MHC-I retro-translocation to the cytosol and pro-
teasomal degradation (23, 24).

Here, we investigated the coevolution between MHC-I and
US11, with an ectodomain that comprises an Ig domain and an
N-terminal low-complexity region (LCR) (25). LCRs are often
involved in protein—protein interactions (26), and we recently
demonstrated that the US11 N-terminus is crucial for US11 inter-
action with f,m-assembled MHC-I and the PLC (25). Furthermore,
HLA-B allotypes can escape US11-mediated degradation, whereas
HLA-A allotypes are efficiently blocked (25). Hence, this prompted
further examination to gain insight into the so far poorly under-
stood specificity of cytomegaloviral MHC-I immunoevasins. By
assessing the interplay between primate MHC-A lineages and US11
homologs, we identified two distinct mechanisms, LCR-dependent
and -independent, of US11-mediated downregulation of MHC-A,
which arose as a result of a coevolutionary arms race. We show that
US11’s LCR-independent mechanism is ancestral and targets the
a3 domain of MHC-A. However, in an early ancestor of great apes,
a Pro184Ala escape mutation emerged with the A2 lineage in the
a3 domain. In response, US11 deployed an LCR-dependent

mechanism retargeting the ol/a2 antigen-binding groove.
Furthermore, US11 specifically targets HLA-A*02:01 using pep-
tide mimicry. Our data provide evidence for a tit-for-tat dynamics
(27) that shaped the coevolution of herpesviral US11-like mole-
cules and diversification of MHC-A proteins in hominids.

Results

The HCMV-Encoded Immunoevasin US11 Differentially Regulates
the Surface Expression of HLA-A Allotypes. The US11 N-terminus
contains a proline-rich LCR (residues 27 to 40, pink line in
SI Appendix, Fig. S1A), which is critical for US11’s conformational
specificity. Previous studies have shown that the N-terminus is
required for the interaction with p,m-assembled MHC-I but not
with free HCs (25). Further, we observed differences in the level of
surface expression between HLA-A allomorphs and hypothesized
that US11 has a preference for certain HLA-A allomorphs.
Therefore, we assessed the importance of the US11 N-terminus
for HLA-A regulation.

N-terminally hemagglutinin (HA) epitope-tagged HLA-A allo-
types were expressed along with either full-length US11 or an
N-terminal truncation mutant (AyUS11 with deletion of residues
20 to 44; Fig. 1A and SI Appendix, Fig. S1A4), and HLA-A cell
surface expression was quantified. The N-terminal truncation did
not significantly affect the US11-mediated downregulation of
HLA-A*03:01 and A*01:01. In contrast, the surface expression
of HLA-A*02:01, A*29:02, and A*68:02 was strongly increased
(more than 20-fold) in the absence of the US11 N-terminus
(Fig. 1 Band C). These findings were confirmed by western blot
analyses, which showed higher levels of HLA-A*02:01 when
expressed with AyUS11 as compared to co-expression with US11

SP N Ig-like ™
A
ust[ [ ] [ T ]1-215
AGUS11[ [ A20-44 [ ] J1-190
B
123 "7 “1A*03:01 2584 "1 A*02:01 |\ 2933 — control
31 : JU 7251 i) o8 — ust
o o o o ) —- AGUSM
not transfected
anti-HA
c D a0z a3 A2 A0S
100_ _n.|s. _I'I.|S. :‘** :‘** :‘** - - — “: [ “:
= 2 S-08n £c-9L£c-9
> E-DE «D S 0 S 0
5 £ 80 i = 5235283 385837
st _
2 60 ° N B - — e — HA-HLA-A
Sy - S SET sy
52 40 2 - _ Ll L — AUST
=8 N
TP 504 42 — B-actin
- ﬂ M % e I oSSR rorp
0 ©l |l all.e kDa

A*03 A*01 A*02 A*68 A*29

HelLa wild-type HeLa TMEM129 KO

Fig. 1. The HCMV-encoded immunoevasin US11 differentially regulates the surface expression of HLA-A allotypes. (A) Schematic representation of full-length
US11 and A US11. SP, signal peptide, Ig-like, immunoglobulin-like domain; TM, transmembrane domain. (B) HelLa cells were transiently co-transfected with
plasmids encoding HA-tagged HLA-l and CD99 and pIRES-EGFP encoding either US11, A US11, or a control protein. At 20 h post-transfection, surface expression
was determined by flow cytometry (anti-HA) on EGFP-positive cells. Representative histograms are shown. Example of gating is shown in S/ Appendix, Fig. S1B.
(C) The percentage of MFI (mean fluorescence intensity) as compared to control transfected cells was determined from analysis in (B). Dots represent individual
values and bars mean values + SEM from three independent experiments. Significance was analyzed by two-way ANOVA. (D) HeLa wild-type cells and TMEM129
KO cells were transfected as in (B). At 20 h post-transfection, cells were lysed and western blot analysis was performed with antibodies detecting indicated

proteins (anti-HA for detection of HA-tagged HLA-A).
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(Fig. 1 D, Left). No difference in total protein level was apparent
for HLA-A*03.

As US11 and A US11 were expressed at different levels, this
could affect the ability to counteract HLA-A expression. Therefore,
HLA-A surface expression was re-examined after transfection with
alower concentration of US11- and A US11-encoding plasmids.
Still, AyUS11 downregulated HLA-A*03:01, whereas regulation
of HLA-A*02:01 required the LCR regardless of the US11 con-
centration (8] Appendix, Fig. S1C), showing a qualitative difference
between the full-length US11 and the truncation mutant. Previous
studies demonstrated that US11 exploits the E3 ligase TMEM129
for HLA-A*02:01 degradation (28, 29). Accordingly, we observed
no degradation HLA-A*02:01 and A*03:01 in TMEMI129
knock-out Hela cells (Fig. 1 D, Right). Therefore, despite apparent
differences in HLA-A targeting, both US11 and A US11 utilize
the same ERAD pathway to degrade HLA-A. These results suggest
that US11 uses the LCR to initiate degradation of a specific subset
of HLA-A allotypes, including HLA-A*02:01.

The US11LCR Protects HCMV from HLA-A*02:01-Restricted CD8+
T Cells. We extended our analyses of HLA-A antagonism from
transient transfection of US11 to HCMYV infection. On the basis
of the HCMV AD169VarL strain—derived BAC virus (30) that
lacks the genes US2-US6 we deleted the US11-coding sequence
(AUS11) and replaced it with either wild-type US11 (+US11), or
with A, US11 (+AgUS11). Similar levels of expression and binding
of US11 and AUS11 to non-assembled HLA-I were controlled

for by immunoprecipitation with the HC10 mAb (Fig. 24). Next,
human foreskin fibroblasts (HF-a) endogenously expressing
both HLA-A*02:01 and A*03:01 were infected with the HCMV
mutants. Previous analyses showed that US11-mediated regulation
of HLA-A reaches a maximum at 48 to 72 h post-infection (p.i.)
(31). Therefore, HLA-A surface expression was monitored at 48
h p.i. by flow cytometry. To estimate the maximum of HLA-A
expression, control cells were treated with saturating concentration
of IFNYy. Both HLA-A*02:01 and A*03:01 were markedly reduced
on +US11-infected cells as compared to AUS11-infected cells.
Similar to our results in Fig. 18, HLA-A*02:01 was more efficiently
downregulated by US11 than HLA-A*03:01. Cells infected with
+US11 and +AUS11 HCMV mutants showed a similar level
of HLA-A*03:01 expression, whereas the HLA-A*02:01 level
was twofold higher on +A US11-infected cells than on +US11-
infected cells (Fig. 2 B and C). Hence, this verified that also in
HCMV-infected cells the US11 LCR is important to control
HLA-A*02:01, but not HLA-A*03:01.

To determine the impact of the US11 N-terminus for antigen
presentation, we used ex vivo expanded polyclonal CD8+ T cells,
which had been cultured for 14 d with either an HLA-A*02:01-
restricted, pp65-derived peptide (NLVPMVATYV, NLV) or with an
HLA-A*03:01-restricted, UL77-derived peptide (GLYTQPRWK,
GLY) (32). The CD8+ T cells were co-cultured for 5 h with
HCMV-infected HF-a fibroblasts starting at 24 or 72 h p.i., repre-
senting early and late time-points of the protracted HCMV replica-
tion cycle. Epitope-specific activation of CD8+ T cells was determined
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Fig.2. The US11 LCR protects HCMV from HLA-A*02:01-restricted CD8+ T-cells. (A) US11 or A\US11 in pIRES-EGFP were transiently transfected into HeLa cells.
MRC-5 fibroblast were mock treated or infected with an MOI of 7 with indicated HCMV mutants. At 48 h p.i., cells were metabolically labeled for 2 h. The anti-
US11 antiserum or the mAb HC10 were applied for immunoprecipitation. Retrieved proteins were separated on sodium dodecyl sulfate - polyacrylamid gel
electrophoresis (SDS-PAGE) and detected by autoradiography. (B) HF-a fibroblasts were treated as indicated and infected with an MOI of 8. At 48 h p.i., HLA-A*02:01
and A*03:01 cell surface expression was determined by flow cytometry. (C) The percentage of MFI as compared to AUS11-infected cells was determined from
the analysis in (A). Dots represent individual values and bars mean values + SEM from three independent experiments. Significance was determined using one-
way ANOVA. (D) The fold change in the percentage of activated CD8+ T cells as compared to CD8+ T cells co-cultured with AUS11-infected cells is depicted. HF-«
fibroblasts were mock treated or infected as indicated with an MOI of 8. At 24 and 72 h p.i., the cells were co-cultured for 5 h with HLA-A*02:01"" or HLA-A*03:01¢"
specific polyclonal ex vivo expanded CD8+ T cells. Activation of CD8 and tetramer-positive T cells was determined by staining of intracellular IFNy and TNFa.
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by intracellular staining of IFNy and TNFa (87 Appendix, Fig. S2).
At 24 h pi., no, differences in activation were observed between
HLA-A*02:01""-specific CD8+ T cells that had been co-cultured
with +US11, +A US11, or AUS11-infected cells (Fig. 2D). This
was not unexpected, since the highly abundant tegument protein

pp65 (33) has previously been shown to efficiently activate CD8+
T cells at early time points of infection despite the presence ofimmu-
noevasins (34, 35). At 72 h p.i., activation of HLA-A*02:01™"-specific
CD8+ T cells was strongly blocked by +US11-infected cells (twofold
decreased IFNY expression), and to a lesser extent by +AUS11, in
comparison to AUS11-infected cells. This pattern clearly contrasted
with the US11-mediated block of activation of HLA-A*03:01""-
specific CD8+ T cells, which remained largely unaffected by the
deletion of the US11 N-terminus. This result further supports that
US11-mediated inhibition of HLA-A*02:01 antigen presentation
is dependent on the LCR.

Peptide-Loaded HLA-A*02:01 Confers Resistance to US11. We
next investigated which domain of HLA-A*02:01 is targeted by
the LCR. For this purpose, HA-tagged HLA-I chimeras with
segments from HLA-A*02:01 swapped into the US11-resistant
HLA-B*07:02 were generated (Fig. 34). In accordance with
previous studies (25), HLA-B*07:02 cell surface levels were
minimally affected by US11 and A US11. However, when the a1 -
2 domains of HLA-A*02:01 were transferred into HLA-B*07:02
(A2B7), US11 reduced the expression to ca 20% as compared to
control cells, while AyUS11 did not affect expression (Fig. 38and
SI Appendix, Fig. S3A). Hence, the al-2 domains of HLA-A*02:01
are sufficient for LCR-dependent targeting. Expression of the

reciprocal B7A2 chimera, containing the ol-2 domains of
HLA-B*07:02 in the context of HLA-A*02:01, was reduced by
US11 to ca 40%, yet moderately by A US11, suggesting that the
HLA-B*07:02 a1-2 domains are not resistant to US11.

We next sought to delineate the mechanism by which the US11
N-terminus targeted the HLA-A*02:01 a1-2 domains. In particu-
lar, we aimed to determine whether the US11 N-terminus bound
the peptide-bound or peptide-free HLA-A*02:01. For this, we
generated two single-chain (SC) HLA-A*02:01 constructs. First,
the HC with mutation Tyr84Cys, f,m, and the disulfide-trapped
NLV peptide were covalently connected by flexible linker sequences
(SCy1y)» thereby enforcing stable peptide loading (36). In a second
SC construct without a ligand, a disulfide bridge was introduced
(SCpg; Tyr84Cys/Alal139Cys), stabilizing the peptide-binding
domain in the absence of peptides (37, 38) (Fig. 3C). We expressed
the SC constructs and the wild-type HLA-A*02:01 HC in HeLa
cells in the presence of US11, or the TAP inhibitor US6. Consistent
with previous studies (39, 40), we found that TAP inhibition
reduced HLA-A*02:01 surface expression by about 50% on
HLA-A*02:01 HC transfected cells, but this effect was less pro-
nounced for both SC constructs (Fig. 3D), demonstrating less TAP
dependency for these constructs. Intact US11 almost completely
abolished surface expression of HLA-A*02:01 HC transfected cells
and significantly reduced surface expression of SCpg to ca. 10%
as compared to the control. However, US11 only modestly affected
surface expression of SCy;y (ca. 70% remaining). A metabolic
pulse-chase co-immunoprecipitation experiment confirmed that
SCyyy was able to gain Endoglycosidase H (EndoH)-resistant
glycans in the presence of US11, indicating its escape from US11
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Fig. 3. Peptide-loaded HLA-A*02:01 confers resistance to US11. (A) Schematic representation of HA-HLA-A*02:01 and B*07:02 chimeras. (B) HA-HLA-I surface
expression was determined as in Fig. 1B. Representative histograms are shown. Statistical analysis is depicted in S/ Appendix, Fig. S3A. (C) Schematic representation
of HLA-A*02:01 SC constructs. "SP, HA SP; #2SP, HLA-A*02 SP; S-S, disulfide stabilization. (D) HLA-A*02:01 HC or SC constructs encoded in pcDNA3.1 were
transiently co-transfected with pIRES-EGFP encoding a control protein, US6 or US11 into Hela cells. At 20 h post-transfection HLA-A*02:01 cell surface expression
was analyzed by flow cytometry using the mAb BB7.2. The percentage of MFI as compared to control transfected cells was determined. Dots represent individual
values and bars mean values + SEM from three independent experiments. Significance was analyzed by two-way ANOVA. (£) Cells were transfected as in (D)
with indicated constructs. At 20 h post-transfection, cells were metabolically labeled for 15 min and a pulse-chase experiment was performed. The mAb BB7.2
and anti-US11 were applied for immunoprecipitation. Retrieved proteins were EndoH (EH) digested as indicated prior to separation on SDS-PAGE and detection

by autoradiography.
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regulation and transit through the Golgi complex. This was not
the case for SCpyg, which remained EndoH sensitive in the presence
of US11 (Fig. 3E). As a final confirmation, we found that US11
robustly co-immunoprecipitated with SCpyg, but not with SCy.
To analyze whether SCy;y escaped US11 regulation due to
enhanced ER-Golgi trafficking, we trapped proteins in the ER
with brefeldin A (BFA). Still, no interaction between SCyy, and
US11 was observed, implying that SCy;y escaped US11 due to
lack of recognition rather than through enhanced ER-Golgi traf-
ficking (87 Appendix, Fig. S3B). Altogether, our results indicate
that the N-terminus of US11 targets peptide-free HLA-A*02:01
and that occupation of the HLA-A*02:01 peptide-binding groove
protects against US11.

The US11 LCR Mimics Peptide Binding to HLA-A*02:01. Following
from our finding that peptide-bound HLA-A*02:01 escapes
US11 antagonism, we investigated whether US11 targets the
HLA-A peptide-binding groove by mimicking a peptide ligand.
To test this, we replaced the US11 N-terminus with either the
high-affinitcy HLA-A*02:01 ligand NLV (NLV-US11) or the
mutated NPV (NPV-US11; Fig. 44), predicted to ablate binding
to HLA-A*02:01 (NetMHCA4.1 (41) was applied for peptide-
binding predictions). Indeed, NLV-US11 robustly downregulated
HLA-A*02:01, similarly to full-length US11, while the mutated
NPV-US11 did not (Fig. 4B). Prompted by these findings, we next
tested ligand sequences of HLA-A*68:02, A*29:02, and A*03:01
(81 Appendix, Fig. S4A) as replacements of the US11 N-terminus.
Both HLA-A*68:02 and A*29:02 were strongly downregulated
by their ligand-US11 counterparts, but not by the unmatched
HLA-A*03:01 ligand (GLY-US11; Fig. 4C). Unmatched ligand-
chimeras maintained the level of regulation of HLA-A*03:01
relative to AyUS11 (Fig. 4C). Although fusion with the GLY
peptide also endowed A US11 with the ability to downregulate
HLA-A*03:01, its efficacy was less powerful compared to other
matching ligand-US11 HLA-A combinations. In addition, western
blot analysis demonstrated that the ligand-US11 constructs
facilitated degradation of HLA-A target molecules (Fig. 4D).

The ability of the HLA-A ligand sequences to compensate for the
N-terminus suggested that this part of US11 may itself act as a
peptide ligand mimic. To further explore this, we replaced the signal
peptide and the NLV peptide sequence of the SC construct SCyy,
with the US11 residues 1 to 43 (US11-SC; Fig. 4E). In addition,
we constructed a control molecule with a signal peptide placed
directly in front of p,m without stabilizing the peptide-binding
groove (SC). As expected, the TAP inhibitor US6 significantly
reduced surface expression of HLA-A*02:01 SC (Fig. 4F and
SI Appendix, Fig. S4B) but not of US11-SC, demonstrating a sta-
bilizing effect of the US11 LCR in a peptide-deprived situation.

Two potential HLA-A*02:01 high-affinity ligand sequences
were predicted in the US11 N-terminus: SMPELSLTL (SMP)
(17 t0 25, 22 nM) and TLFDEPPPL (TLF) (24 t0 32, 5 nM). In
both sequences, Leu25 occupies an anchor residue position
(underlined letter). Hence, accordingly, a leucine to glycine muta-
tion at position 25 should disrupt binding to HLA-A*02:01. As
predicted, the mutated US11},55-SC was expressed at a lower level
compared to US11-SC and was significantly blocked by US6
(Fig. 4F and SI Appendix, Fig. S4B).

Finally, using a fluorescence polarization-based binding com-
petition assay, we found that the US11 LCR can compete with
ligand (GILGK""“VFTV, GV9) binding to HLA-A*02:01. The
wild-type US11 peptide S28V_WT (residues 17 to 44) clearly
reduced GV9 loading of HLA-A*02:01 with an IC50 of 3.83 pM,
while the mutated S28V_L25G peptide did not show any effect
on GV9 binding (Fig. 4G and S/ Appendix, Fig. S4C).
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To understand the molecular basis for the US11 peptide mim-
icry, we determined the X-ray crystal structure of US11-SC at 1.8 A
resolution (Fig. 4 H and I and SIAppendix, Table S1). The
US11-SC fusion did not significantly affect the HLA-A*02:01
fold, with a root mean squared deviation of 0.5 A between the
HLA-A*02:01 of US11-SC and a previously determined binary
X-ray crystal structure (42). Clear unambiguous electron densit
was observed for 13 residues of US11 (S"’MPELSLTLFDEP*)
with the N-terminus captured within the peptide-binding pocket.
The structure revealed that US11 adopted a binding mode char-
acteristic of HLA-A*02:01 peptide docking (43) with Serl7 sta-
bilized by a network of hydrogen bonds with Tyr7, Glu63, Lys66,
Tyr159, and Tyr171 of HLA-A*02:01 (Fig. 4/). Met18 penetrated
deeply within the B pocket and the US11 Glu20 carboxyl formed
salt bridge interactions with Arg65 on the a-chain of HLA-A*02:01.
Centrally, Leu21-Thr24 adopted a linear epitope and via this lin-
earity, Leu25 buried into the F pocket acting as the PQ anchor.
To accommodate the C-terminal extension and US11 Phe26,
HLA-A*02:01 Tyr84 rotated away from the peptide, as previously
observed for HLA-A*02:01 presenting binders with extended C
termini (44, 45). Overall, US11 docked within HLA-A*02:01
reminiscent of binding modes previously observed for C-terminally
extended peptides.

As mentioned, also an additional high-affinity ligand for
HLA-A*02:01 was predicted reflecting the central region of the
US11 N-terminus (TLF; T* LEDEPPPL*?). We refolded recom-
binant HLA-A*02:01 in the presence of the 9-mer peptide and deter-
mined the X-ray crystal structure to 1.6 A resolution (S7 Appendix,
Fig. S4D and Table S1). The peptide bound conventionally within
the binding groove, with Leu25 and Leu32 forming the canonical
anchor residues, docking within the B pocket and F pocket,
respectively. Without US11 C-terminal extension, Tyr84 adopted
a conventional position, effectively closing off the binding pocket.

Collectively, our results strongly support that the US11 LCR
serves asa peptide ligand mimic to anchor itselfin the peptide-binding
groove and restrict surface levels of HLA-A*02:01. Our findings
further suggest that the US11 N-terminus may provide multiple
HLA-A*02:01 binding interfaces to mimic ligand binding.

Optimal US11 LCR Targeting of HLA-A*29:02 and A*68:02 Is
Tapasin Dependent. Although peptide mimicry provides a
satisfying explanation of US11 antagonism of HLA-A*02:01, it
cannot explain USI1 regulation of HLA-A*29:02 and A*68:02
allotypes. Unlike HLA-A*02:01, no optimal sequences for binding
to the peptide-binding grooves of HLA-A*29:02 and A*68:02 were
identified within the US11 N-terminal sequence. Consistent with
our predictions, the US11 N-terminus did not robustly stabilize
HLA-A*29:02 in a SC construct (S Appendix, Fig. S5). Thus, how
US11 regulates these HLA-A allotypes remained elusive.

We postulated that other proteins could increase the avidity of
US11 for slightly mismatched HLA-A allotypes. One candidate
protein that could accomplish this compensation is tapasin, which
plays an important role in stabilizing the peptide-binding pocket
(46). To test this, we determined the ratio of HLA-A*68:02 and
A*29:02 surface expression between AyUS11-and US11-expressing
cells in the presence and absence of tapasin. In wild-type Hela
cells, HLA-A*29:02 and A*68:02 were 30- to 40-fold higher
expressed when US11 lacked the N-terminus (Fig. 5 4 and B).
However, in tapasin knock-out cells (TPN-KO), this difference
was reduced to twofold to fourfold, due to loss of efficacy of the
full-length US11 in TPN-KO cells. We validated the effect of
LYV-AUS11 (N-terminal HLA-A*29:02 ligand) on HLA-A*29:02
and observed a complete loss of HLA-A*29:02 expression in
TPN-KO cells (Fig. 5C). These findings support our hypothesis
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Fig. 4. The US11 LCR mimics peptide binding to HLA-A*02:01. (A) Schematic representation of chimeric HLA-A ligand-US11 constructs. (B and C) Panels show
flow cytometry histograms of HA-tagged HLA-A expressed by transient co-transfection with pIRES-EGFP encoding ligand-US11 variants or a control. At 20 h
post-transfection, surface expression was determined by flow cytometry (anti-HA) on EGFP-positive cells. Representative histograms are shown. (D) Cells were
transfected as in (B and (). At 20 h post-transfection, cells were lysed and lysates were treated with EndoH. Proteins were detected by western blot analysis
with indicated antibodies. (F) Schematic representation of HLA-A*02:01 SC constructs. (F) HLA-A*02:01 SC constructs encoded in pcDNA3.1 were transiently
co-transfected with pIRES-EGFP encoding a control protein or US6 into HelLa cells. At 20 h post-transfection, SC cell surface expression was analyzed by flow
cytometry using the mAb BB7.2. Representative histograms are shown. Statistical analysis is depicted in S/ Appendix, Fig. S4B. (G) Effect of the US11 peptide
S28V_WT (amino acids 17 to 44) and the mutated peptide S28V_L25G on binding of the fluorescein isothiocyanate (FITC)-labeled GV9 peptide to HLA-A*02:01 in
an MHC-I fluorescence polarization assay. A representative experiment out of three independent experiments to determine the IC50 value is shown. Primary
data are shown in S/ Appendix, Fig. S4C. (H) X-ray crystal structure of a US11,,,3-HLA-A*02:01 SC. Cartoon representation of HLA-A*02:01 and p,m, colored in
lavender and wheat, respectively. The US11 LCR (blue) is shown in stick format with the N and C termini marked (PDB ID: 8FRT). (/) Close-up of the peptide-
binding groove of H with US11 LCR residues indicated in single-letter code, and key HLA-A*02:01 residues in stick format and in three-letter code. Hydrogen
bonds are displayed as dashed lines.
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that tapasin is able to compensate for the weaker avidity of the
US11-LCR for some HLA-allotypes, whereas tapasin is not nec-
essary when the N-terminus is well matched, e.g., to HLA-A*02:01.
Thus, the better the LCR matches the peptide-binding groove,
the less LCR targeting is tapasin dependent. These results point
at a key role for tapasin in HLA-A regulation by US11 and
underlines the importance of a previous finding, demonstrating
an interaction between US11 and the PLC in HCMV-infected
cells (25).

60f 12 https://doi.org/10.1073/pnas.2315985121

A Single Residue in the o3 Domain Dictates N-terminus-
Independent Regulation of HLA-A by US11. Although targeting
of HLA-A*02:01, A*68:02, and A*29:02 requires the US11
N-terminal LCR, this region of US11 is dispensable for efficient
inhibition of HLA-A*03:01 and A*01:01. We next investigated
the mechanism of this LCR-independent regulation, which
might also reveal insights into which mechanism of regulation
evolved earlier. Alignment of HLA-A sequences identified four
variable residues in the &3 domain of HLA-A: 184, 193, 194,
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(C) Flow cytometry analysis as described in A with US11 variants as indicated. Representative histograms are shown.

and 207 (Fig. 64 and SI Appendix, Fig. S6A). To delineate their
impact on US11 susceptibility, HA-tagged HLA-A chimeras were
generated by swapping a segment (residues 179-236, marked with
a black line in Fig. 64), comprising all four varying residues:
HLA-A*02:01 with the a3 segment from A*03:01 (A232)
and HLA-A*03:01 with the a3 segment from A*02:01 (A323)
(Fig. 6B). When co-expressed with US11, no major changes of

the surface level of the chimeras were observed as compared to
their wild-type counterparts (HLA-A*02:01 compared to A232,
and HLA-A*03:01 to A323; Fig. 6C and S Appendix, Fig. S6B).
However, co-expression of A US11 revealed striking differences.
First, compared to HLA-A*03:01, A323 surface expression was
significantly enhanced. Second, the A232 chimera was more
efficiently downregulated than HLA-A*02:01. Finally, we found
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that the A232 chimera was regulated comparably to HLA-A*03:01.
Thus, the insertion of the a3 fragment from HLA-A*03:01 into
HLA-A*02:01 resulted in a full gain of sensitivity toward an
LCR-independent inhibition. To identify the specific residues
required for this targeting, we introduced single point mutations
into HLA-A*02:01 and A*03:01. No effects were observed when
amino acids 194 and 207 were changed (Fig. 6C). In contrast,
we found that a single Pro184Ala mutation in HLA-A*03:01 and
Ala184Pro in HLA-A*02:01 recapitulated the effects of swapping
the entire a3 fragment. This suggests that Pro at position 184 in
the a3 domain is critical and Ala at position 184 of HLA-A*02:01
confers resistance against AyUS11 regulation.

To allow simultaneous engagement with a surface comprising
position 184 on the HLA-A*02:01 a3 domain, it would require
that the LCR reaches the peptide-binding groove from its
C-terminal end. To investigate how US11 interacts at both sites,
we used the AlphaFold Multimer structural prediction program
to generate 2 model of f,m-assembled HLA-A*02:01 in complex
with full-length US11. The fold of HLA-A*02:01 closely agreed
with experimentally determined X-ray crystal structures, with a
root mean squared deviation of 0.5 A with HLA-A*02:01 from
our US11-SC X-ray crystal structure (SI Appendix, Fig. S6C). In
further agreement with our US11-SC X-ray crystal structure, the
US11 LCR was captured within the HLA-A*02:01 peptide-bind-
ing pocket with Met18 buried in the B pocket (S/ Appendix,
Fig. S6D). Of interest, the Ig domain of US11 docked adjacent
to Alal184 on the a3 domain, illustrating that US11 can both
engage this part of the molecule and hook the LCR to occupy the
peptide-binding pocket in the correct orientation to mimic peptide

binding.

US11 Evolved an LCR-Dependent Strategy Specifically to
Counteract A2 Lineage Escape from N-terminus-Independent
Antagonism. Position 184 is a key determinant for LCR-
independent US11 regulation. This residue differs between the two
major polymorphic MHC-A lineages in great apes, A2 and A3 (47).
While the A3 lineage has a highly prevalent Pro at position 184
(81 Appendix, Fig. S6A), found in both classical and non-classical
primate MHC-I, this position was mutated to an Ala during
evolution of A2. Gorillas only have alleles of the A2 lineage, whereas
chimpanzees only have polymorphic alleles of the A3 lineage (47,
48). Humans have both A2 and A3 HLA-A alleles. Intriguingly,
the LCR-sensitive allotypes HLA-A*02:01, A*29:02, and A*68:02
belong to the A2 lineage, while HLA-A*03:01 and A*01:01 belong
to the A3 lineage (49), visualized by aligning genomic sequences
comprising intron 3, exon 4, intron 4, and exon 5 (Fig. 74).

As a result of a gene duplication, an additional A locus, MHC-A
like (MHC-AL), has been maintained as an active gene in some
species (50). In orangutans, it evolved into the major antigen-presenting
A locus (Popy-A), which displays a high level of polymorphism.
About 50% of chimpanzees have a haplotype comprising the
MHC-AL locus as an active but non-polymorphic gene (Patr-AL)
(50). Parts of this locus could be more related to A2 than to A3
(Fig. 7A), as it lacks the A3-specific deletion of 17 nucleotides in
intron 3 (51), and, also, similarly to A2 proteins, it encodes an alanine
at position 184.

To test the conservation of US11 specificity for MHC-A in
great apes, we assessed US11 regulation of MHC-A from chim-
panzee (Pan troglodytes; Patr-A*03:01, A*04:01, and AL), gorilla
(Gorilla gorilla; Gogo-A*01:01 and A*04:01), and orangutan
(Pongo pygmaeus; Popy-A*01:01 and A*04:01). Full-length US11
strongly downregulated all MHC-A (Fig. 7B). In contrast,
ALUS11 did not inhibit Gogo-A*01, Popy-A*01, Popy-A*04,
and Patr-AL to the same extent as wild-type US11, supporting

https://doi.org/10.1073/pnas.2315985121

conservation of the N-terminus dependent targeting of A2 lineage
molecules. Interestingly, AUS11 efficiently downregulated
Gogo-A*04 despite an Ala at position 184. This suggests that even
the Ala “resistance” variant could be overcome by other changes
during the US11-MHC-A coevolution, which may be revealed
by analysis of US11 and MHC-A sequences from further CMV
and host pairs.

These results suggest that US11 evolved distinct targeting strat-
egies in a stepwise manner to cope with MHC-A lineages. Since
chimpanzees have lost the polymorphic A2 lineage, we hypothe-
sized that the chimpanzee CMV US11 homolog (cUS11) should
not depend upon an LCR-dependent mechanism to control this
lineage. Consistent with this hypothesis, there is a modest 45%
sequence identity between hUS11 (HCMV) and cUS11, which is
reduced to only 26% identity in the N-terminus alone (alignment
in ST Appendix, Fig. S1A). To test cUS11 specificity, we compared
surface expression levels of MHC-A molecules co-expressed with
either hUS11 or cUS11. As hypothesized, cUS11 downregulated
HLA-A*03:01 but not HLA-A*02:01 (Fig. 7 C, Lefi). However,
when the N-terminus of cUS11 was substituted with the corre-
sponding hUS11 region (residues 1 to 44; schematic representation
Fig. 7 C, Right), the chimeric h/cUS11 gained the ability to down-
regulate HLA-A*02:01. In contrast, a near-reciprocal chimera,
with the cUS11 N-terminus replacing residues 20 to 44 in USI1,
did not efficiently regulate HLA-A*02:01. All four native and chi-
meric USI1 variants strongly reduced surface expression of
HLA-A*03:01 and the chimpanzee Patr-A*03. This finding implies
that the US11 LCR evolved to target the MHC-A A2 lineage. In
conclusion, our data support the overarching model that the viral
immunoevasin US11 specifically developed an additional MHC-A
targeting mechanism using its N-terminal region early during evo-
lution of the great apes, prior to the gene duplication of MHC-A2
and MHC-AL.

Discussion

US2 and US11 were the first viral proteins shown to exploit the
ERAD pathway for elimination of host proteins (23, 24). While the
contact sites between US2 and HLA-A*02:01 were resolved in a
X-ray crystal structure (52), the basis of binding specificity of US11
has remained unclear due to lack of structural data. Here, we have
characterized the specification of US11 toward HLA-A locus prod-
ucts and demonstrated that the A2 and A3 subfamilies are targeted
by US11 through two independent spatially separated subdomains,
with the variability centered on the use of a LCR at the N-terminus
of US11. The presence of the LCR is decisive for control of HLA-
A*02:01-restricted CD8+ T cells in HCMYV infection.

In agreement with earlier studies (53), our data demonstrate
the importance of the HLA-A*02:01 ol-2 domains for
US11-mediated regulation. However, this mechanism applies only
to the A2 and not to the A3 lineage HLA-A. Our analysis further
extends this insight, demonstrating that it is the N-terminal LCR
that targets the peptide-binding groove.

As proof-of-principle, the US11 N-terminus could be func-
tionally substituted by HLA-A peptide ligand sequences, which
led to degradation of target molecules. However, in the natural
US11 N-terminus stabilizing ligand sequences were not identified
for HLA-A*29:02 and A*68:02. Instead, US11 takes advantage
of the endogenous MHC-I quality control and overcomes the lack
of specificity by exploiting the function of tapasin, which prevents
loading of low-affinity peptides and maintains an empty peptide-
binding groove in the PLC (54). Further studies are required to
better understand how US11 utilizes this and which part of the
peptide-binding groove US11 targets. Importantly, we have
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control of CMV, spurring dedication of US11 to regulate MHC-A. The lineages A2 and A3 evolved in an ancestor of great apes. The A2 lineage is characterized by
Ala at position 184, resisting control by the concurrent US11. US11 gained a new function at the N-terminus; in a tapasin-dependent manner, this sequence is
able to interact with the peptide-binding domain of assembled A2 molecules and redirects the target molecule for degradation. In the human population, the
HLA-A*02 allelic family became highly prevalent prompting US11 to target this allotype specifically by a peptide mimetic in the LCR.
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demonstrated that US11 interacts with the PLC in HCMV-infected
cells (25), underlining the relevance of these interactions for US11
function.

Not the entirety of US11 regulation is tapasin dependent how-
ever. We found that a well-matched sequence at the N-terminus
of US11 rendered US11 tapasin independent, possibly by its abil-
ity to outcompete peptide binding. Strikingly, in its natural form,
the US11 LCR exhibits a specificity that might be unique for the
peptide-binding groove of HLA-A*02 alleles. Two distinct US11
sites are capable of docking within the HLA-A*02:01 binding
groove, SMP and TLE Interestingly, TLF was found also by others
to stabilize HLA-A*02:01 (55).

The SMP peptide is predicted to bind to the most prevalent
HLA-A*02 allelic variants (A*02:02, A*02:03, A*02:05, A*02:006,
and A*02:07) with high affinity. Although the highest sequence
variability is found in the N-terminal part of US11 (S Appendix,
Fig. S7 Aand B), of 231 HCMV-US11 sequences analyzed, only
three showed variation in the SMP sequence (Leu23Met
SI Appendix, Fig. S7A), which is predicted not to significantly
affect binding to HLA-A*02:01. We speculate that the extraordi-
nary immunodominant HLA-A*02:01""-specific CD8+ T-cell
responses (56) may have spurred this immune evasion strategy
focused against HLA-A*02. Consistent with this hypothesis, a lack
of the US11 N-terminus in HCMYV infection resulted in a strong
activation of HLA-A*02:01™"-specific CD8+ T cells, almost to
the same extent as a complete deletion of US11 (Fig. 2D).

A3 lineage HLA-A allotypes are controlled by US11 inde-
pendently of the N-terminus. To maintain this independence, a
Pro at position 184 in the a3 domain of HLA-A is critical. The
interface at the a2/a3 junction is also targeted by the Ig domain
of US2 (52) and by the adenovirus immunoevasin E3/19k (57),
suggesting this interface may be pre-disposed to be targeted by
immunoevasins. Our experimental data and the AlphaFold pre-
diction suggest that the Ig domain of US11 may also dock at this
site. It is currently unclear why Ala at position 184 makes
HLA-A*02:01 more resistant to AyUS11 regulation. However,
both LCR-dependent and -independent targeting mechanisms of
US11 require TMEM129 for HLA-A degradation, indicating a
convergent downstream degradation pathway. In addition, we
have shown that the HLA-B HC bears an intrinsic resistance to
degradation by US11 (25). Since HLA-B allotypes have an invar-
iable Pro at position 184, additional positions must be decisive
for US11 sensitivity.

Our data display compelling evidence for a distinct spatial and
temporal shaping of US11 subdomains to both the A2 and A3
lineages of MHC-A. On the basis of hominid MHC-A evolution
and the functional as well as structural analysis of US11 homologs,
we propose a model for the parallel evolution of US11 as depicted
in Fig. 7D. To date, no clear US11 sequence homolog has been
found in CMV species infecting New World monkeys (S Appendix,
Fig. S7C). Thus, US11 is likely to have evolved after the split of
New World and Old World monkeys, which took place approx-
imately 40 Mya (58), coincident with the emergence of the
MHC-A locus in an ancestor of Old World monkeys (59). This
locus might have controlled CMV replication better, forcing US11
to focus on this locus. Early during the evolution of great apes, the
MHC-A locus segregated into the A2 and A3 lineages. The
Pro184Ala mutation in the A2 lineage might have conferred resist-
ance against the ancestral US11. Strikingly, the A2 lineage in great
apes appears to be the only primate MHC-I with an Ala at position
184. This unique feature prompts the speculation that US11
induced a balanced evolution with variability at this position. In
response, US11 evolved a new function in the N-terminal subdomain
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targeting the MHC-A2 a1-2 domains. Chimpanzee CMV US11
lacks this function, in accordance with complete loss of the pol-
ymorphic MHC-A2 lineage, presumably caused by a simian
immunodeficiency virus induced selective sweep (60). As a limi-
tation to our study, the genomes of gorilla and orangutan CMV
are still awaiting sequencing and the effects of US11 from these
CMV species could not be analyzed.

Last, since a possible introgression into modern human popu-
lations from Neandertals, alleles of the HLA-A*02 allelic family
have become the most prevalent in the human population (61, 62).
In a relatively recent counterattack, the US11 LCR might have
gained the ability to act as an HLA-A*02 peptide mimetic to pro-
tect HCMV-infected cells from the exceptionally strong response
of HLA-A*02-restricted HCMV=-specific CD8+ T cells.

Polymorphic MHC-I allele diversification is considered to be
permanently driven by the need to control emerging infections
and pathogen escape variants (63). This study demonstrates the
impact of a viral immunoevasin as an independent driving force
for MHC-I allele variability. We speculate that future studies will
reveal further DNA viruses expressing tailored immunoevasins
targeting antigen-presenting MHC-1.

Materials and Methods

Cell Lines and Transfection. Hela cells (ATCC CCL-2), FO-1(64), MRC-5 fibro-
blasts (ECACC 05090501), and HF-a fibroblasts (a kind gift of Dieter Neumann-
Haefelin and Valeria Kapper-Falcone, University Medical Center Freiburg) were
grown in Dulbecco's Modified Eagle Medium supplemented with 10% fetal calf
serum (FCS) and penicillin/streptomycin at 37 °Cand 5% CO,. ATMEM129 Hela
knock-out clone was generated by nucleofection of a multi-guide sgRNA and
Cas9 (Gene Knockout Kit v2, Synthego). A tapasin knock-out Hela cell line was
generated by transient expression of Cas9 and a gRNA targeting the sequence
GCCCTATACGCCAGGCCTGG (65).

Molecular Cloning. HLA-I molecules tagged with an N-terminal HA epitope
were constructed as previously described (25). More detailed information about
molecular cloning of HLA-I molecules and chimeric constructs can be found in
Sl Appendix.

RL8 (used as a negative control), US11, A US11,and US6 in pIRES-EGFP have
been described previously (25, 66). The cloning of US11 variants is described in
Sl Appendix.

Viruses. Generation, reconstitution, and propagation of the recombinant HCMV
viruses have been previously described, as the AUST1 deletion mutant (25). The
construction of mutants is described in S/ Appendix.

Antibodies and Reagents. Antibodies and reagents used for this study can be
found in SI Appendix.

HLA-I Cell Surface Analysis. Hela cells(ca. 2 x 105)Weretransientlytransfected
with an HA-HLA-I-encoding puc2CL6IP vector (500 ng), pIRES-EGFP encoding an
immunoevasin or control protein (150 ng), and a non-coding plasmid (350 ng)
using SuperFect (Qiagen). When analyzing HLA-A*02:01 SC constructs, 200 ng
expression plasmid (pcDNA3.1) was transfected. Cells were harvested by trypsin,
washed, and stained with antibodies diluted in phosphate-buffered saline with
3% FCS.

HF-a fibroblasts were infected with an MOI of 8 and centrifugal enhance-
ment (800 x g, 2x 15 min). Cells were harvested using accutase, washed, and
treated with FcR blocking reagent. Antibodies used for staining were diluted in
phosphate-buffered saline with 3% FCS. Cells were fixed in 4% paraformaldehyde
prior to flow cytometry analysis (FACS Canto II, BD Biosciences).

Western Blot Analysis. Western blot analysis was performed as described pre-
viously (25). Briefly, proteins were separated by SDS-PAGE and transferred to a
nitrocellulose membrane. After incubation with specific antibodies, peroxidase-
conjugated secondary antibodies were used. Proteins were detected by an ECL
reagent and an Odyssey XF Imager (Licor).
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HLA-A-Restricted HCMV-Specific CD8+ T-Cell Activation. PBMCs from four
healthy HCMV seropositive donors (two positive for HLA-A*02:01 and two for
HLA-A*03) were isolated from EDTA blood by density separation. The PBMCs
were cultured in Roswell Park Memorial Institute 1640 medium supplemented
with 10% FCS, penicillin/streptomycin, 1.5% HEPES, 0.5 ug/mLanti-CD28, 5 uM
peptide, (NLV or GLY),and 20 IU/mLIL-2. After 14 d, the PBMCs were co-cultured
for 5 h with HF-afibroblasts (E:Tratio: 5:1,in the presence of BFA), mock treated,
orinfected with HCMV BAC2 mutants atan MO of 8 for 24 or 72 h. Activation was
determined by staining with anti-CD8 and peptide-specific tetramers generated
from HLA-I easYmers (immunAware) and streptavidin-R-PE. Subsequently, fixed
and permeabilized cells were stained with anti-IFNy and anti-TNFa. As positive
controls, PBMCs were cultured with 2 pg/mL PMA and 40 pg/mL ionomycin or
with 15 uM peptide (NLV or GLY) for 5 h.The project was examined and approved
by the ethical committee at the Albert-Ludwigs-University Freiburg (22 to 1,196),
and informed consent was obtained from all participants.

Immunoprecipitation. Immunoprecipitations were performed as previously
described (67). Briefly, cells were metabolically labeled with *S-Met-Cys. Cells
were treated with lysis buffer[140 mM NaCl, 20 mMTris (pH 7.6), and 5 mM MgCl,]
containing 1% digitonin (Calbiochem)and protease inhibitors. Lysates were incu-
bated with antibodies and protein A Sepharose (Merck) for 1 h at 4 °C. The beads
were washed, and, where indicated, an EndoH digestion was performed according
to the manufacturer'sinstructions (New England Biolabs). Samples were separated
by a gradient SDS-PAGE. Gels were fixed, dried, and exposed to phosphor screens,
which were scanned by a Typhoon FLA 7000 phosphorimager (GE Healthcare). For
better illustration, contrast and light settings were adjusted in the figures.

MHC-I Fluorescence Polarization Assay. Fluorescence polarization assays
were performed with HLA-A*02:01 refolded with photocleavable peptide, pho-
toKV9 (KILGFVRI*V; J*: 3-amino-3-(2-nitro) phenyl-propionic acid). HLA-A*02/
photoKV9 was purified by gel filtration in TBS buffer (20 mM Tris, 150 NaCl, pH
7.23) and protein quality was confirmed by Tm measurement. Exchange to the
FITC-labeled high affinity peptide FITC-GV9 (GILGK™™VFTV) was determined in
the presence of US11 peptides (WT, amino acids 17 to 44, or the mutated L25G
peptide) after UV-exposure.

In brief, 20 pLof 1 pM purified A*02/photoKV9 was UV-exposed on ice for 5
min and added to the 384-well plate (Corning® 384-well Low Flange Black Flat
Bottom Polystyrene NBS Microplate 3575). Subsequently, 40nM FITC-GV9 was
added toTBS bufferonly orto US11 peptides at different concentrations (in 0.1M
Tris pH 8.0). Each condition was measured in three replicates. FITC-peptide was
set to baseline at a final concentration of 10 nM. FP signals were recorded on a
Tecan Spark reader (Aex = 485 nm; Aem = 535 nm). For kinetic measurements,
the FP signals were monitored for 3 h. Static measurements were performed
overnight at room temperature with FITC-GV9 and different concentrations of
US11 peptides. Experimental data analysis was processed with Origin 2019, and
IC50 was fitted by the mode of dose-response.

Protein Expression and Purification. A single chain construct (yg;SC)
encoding the US11 N-terminus, B,m, and HLA-A*02:01 was codon optimized
for expression in Escherichia coli. ,¢;,SC was expressed as inclusion bodies in
Ton A- BL21 (DE3) E. coli, solubilized in 6 M guanidine-HCl and subsequently
refolded. Following dialysis, refolded s,,SC was purified by a combination of
anion exchange (DEAE and Hitrap Q, Cytiva) and size exclusion (Superdex 200,
Cytiva) chromatography systems. Purified 5;,5C was concentrated to 5.2 mg/
mLfor crystallization experiments. Isolated 3,m and the HLA-A*02:01 were also
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expressed as inclusion bodies in Ton A- BL21 (DE3) E. coli, before being refolded
with the TLF peptide in the ratio 3.2 uM HC, 2.6 pM B,m, and 11 pM peptide,
and purified as described above. Detailed information is given in S/ Appendix.

Crystallization, Data Collection, Structure Determination, and Structure
Prediction. All crystallization conditions that were used are described in
SI Appendix. Diffractions images were collected by an EIGER detector on the
MX2 beamline at the Australian Synchrotron, part of ANSTO (68). Diffraction data
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the median fluorescence intensity and shown with the SEM. The applied statistical
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mined using GraphPad Prism software (v8). A P-value < 0.05 was considered
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Data, Materials, and Software Availability. Protein structure data have been
deposited in RCSB Protein Data Bank (8FRT (75) and 8FU4 (76)).
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