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Kaposi’s sarcoma-associated herpesvirus (KSHV) encodes a viral G protein-coupled
receptor, KSHV-GPCR, that contributes to KSHV immune evasion and pathogen-
esis of Kaposi’s sarcoma. KSHV-GPCR shares a high similarity with CXC chemok-
ine receptors CXCR2 and can be activated by selected chemokine ligands. Like other
herpesvirus-encoded GPCRs, KSHV-GPCR is characterized by its constitutive activity by
coupling to various G proteins. We investigated the structural basis of ligand-dependent
and constitutive activation of KSHV-GPCR, obtaining high-resolution cryo-EM struc-
tures of KSHV-GPCR-Gi complexes with and without the bound CXCL1 chemokine.
Analysis of the apo-KSHV-GPCR-Gi structure (2.81 A) unraveled the involvement
of extracellular loop 2 in constitutive activation of the receptor. In comparison, the
CXCL1-bound KSHV-GPCR-Gi structure (3.01 A) showed a two-site binding mode
and provided detailed information of CXCL1 binding to a chemokine receptor. The dual
activation mechanism employed by KSHV-GPCR represents an evolutionary adaptation
for immune evasion and contributes to the pathogenesis of Kaposi’s sarcoma. Together
with results from functional assays that confirmed the structural models, these findings
may help to develop therapeutic strategies for KSHV infection.

Kaposi's sarcoma | chemokine | KSHV-GPCR | CXCL1 | cryo-EM structure

Kaposi’s sarcoma-associated herpesvirus (KSHV), also termed human herpesvirus-8
(HHV8), is a y2-herpesvirus and the etiologic agent of Kaposi’s sarcoma (KS), a multifocal
spindle-cell tumor (1, 2). In addition to KS, the virus causes primary effusion lymphoma,
multicentric Castleman’s disease, and KSHV inflammatory cytokine syndrome (3). As a
double-stranded DNA virus, KSHV has a genome of around 165,000 base pairs that
encode many homologs of mammalian proteins, likely pirated by the virus from its mam-
malian host cells (4). These hijacked genes code for functional orthologs of interleukin-6,
Bcl-2, cyclin-D, the chemokines CCL2 and CCL3, interferon regulatory factors, and a
G protein-coupled receptor (GPCR) in KSHV (5, 6). Altogether, these genes are believed
to contribute to KSHV viral immune evasion and the pathogenesis of KS.

Among the virus-encoded proteins of KSHV, KSHV-GPCR (encoded by ORF/4)
contributes to immune responses, tumor transformation, and angiogenesis (7, 8). KSHV-
GPCR is highly expressed by the host cell during the lytic cycle (2), which is characterized
by the upregulation of KSHV-GPCR and other lytic proteins including viral interferon
regulatory proteins that inhibit type I interferons. In addition, the expression of host
genes, particularly cytokines interleukin 6 and CXCLI, are up-regulated by coexpression
of KSHV-GPCR with cell-type specificity (9). The expression of KSHV-GPCR also elicits
VEGF-mediated angiogenesis in a paracrine manner (10, 11). It has been suggested that
the oncogenic mechanism of KSHV highlights KSHV-GPCR, which can activate NF-xB
and AP-1 signaling pathways and induce the expression of growth factors, cytokines, and
chemokines (12, 13). /n vivo studies also suggest that transgenic expressing KSHV-GPCR
could cause Kaposi’s sarcoma-like tumors (14). These findings point out the ability of
KSHYV to modulate host responses for immune evasion (15, 16).

KSHV-GPCR shares a high sequence similarity with human CXC chemokine receptors,
especially CXCR1 and CXCR?2 that bind common chemokine ligands including CXCL1,
CXCL2, and CXCLS8 (6). Besides, KSHV-GPCR also has ligand-independent constitutive
activity (7). As a result, KSHV-GPCR may influence cellular functions similar to other
chemokine receptors but without binding endogenous ligands. Several other viral GPCRs
also share this striking feature of constitutive activity, including Epstein-Barr virus
(EBV)-encoded BILF1, human cytomegalovirus (HCMV)-encoded US28, UL33, human
herpesvirus 6 and human herpesvirus 7 (HHV6/HHV7)-encoded U12 and U51 (5, 6).
The constitutive activity of viral GPCRs modulates host gene expression, cell-signaling
events, and host immunity, further contributing to the survival and proliferation of the
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virus (15). Previous studies have investigated the downstream
oncogenic signaling pathways constitutively activated by
KSHV-GPCR (12, 13, 17); however, the molecular and structural
basis of the ligand-independent activation of this particular viral
GPCR has yet to be unraveled. Recently, a study identified the
structure of BILF1 in complex with human heterotrimeric Gi
protein, providing a structural basis for ligand-independent
BILF1-Gi signaling (18). Previous studies have also identified
structures of an apo-US27-Gi protein complex and a US28-
CX3CLI1-Gi protein complex (19). However, the signaling path-
way downstream of US27 is still uncharacterized despite forming
a constitutively inactive conformation in complex with Gi pro-
teins. Moreover, neither US27 nor BILF1 has identified endoge-
nous ligand, whereas KSHV-GPCR binds the ELR-positive CXC
chemokines CXCL1 and CXCL2 (20). These chemokines further
activate KSHV-GPCR above its constitutive levels, making
KSHV-GPCR a structural and functional homolog of CXCRI1
and CXCR2 with ligand-dependent and -independent activation
capability (20). Here, we present the cryo-EM structure of
KSHV-GPCR-Gi protein complex at an overall resolution of 2.81
A, and the cryo-EM structure of monomeric CXCL1-bound
KSHV-GPCR-Gi protein complex at an overall resolution of 3.01
A. Functional analysis confirmed that extracellular loop 2 (ECL2)
works together with conserved structural motifs for constitutive
activation of KSHV-GPCR. With a nearly complete N terminal
sequence of KSHV-GPCR solved (5 amino acids to the first Met),
the cryo-EM structure of the CXCL1-bound KSHV-GPCR-Gi
complex provides insight into the interaction of a chemokine
receptor with CXCL1, which was not previously available.

Results

Overall Structures of KSHV-GPCR-Gi Complex Without and with
Bound CXCL1. Stable complexes of KSHV-GPCR-Gi protein were
reconstituted by coexpression of KSHV-GPCR and heterotrimeric
Gi proteins in §f9 insect cells (S7 Appendix, Fig. S1A). The purified
receptor—Gi protein complexes were then subjected to single-
particle cryo-EM analysis, yielding a structural model of the KSHV-
GPCR-Gi complex at a global resolution of 2.81 A (Fig. 1 A and
Band SI Appendix, Fig. S1 B—F). The monomeric CXCL1-bound
KSHV-GPCR-Gi complex was reconstituted by coexpression of
human CXCLLI together with the receptor and Gi proteins in Sf9
cells. Single-particle analysis of the CXCL1-KSHV-GPCR-Gi
complex produced a structural model at a global resolution of 3.01 A
(Fig. 1 C and D and SI Appendix, Figs. S2 B—F and S3). The
reconstituted 3D structures revealed a typical seven-transmembrane
(7-TM) topology of GPCRs with either ligand-free (Fig. 1B) or
CXCL1-bound (Fig. 1D) TM pocket. The structures of CXCL1-
bound and constitutively active KSHV-GPCR are nearly identical,
with a root mean square distance (RMSD) of 0.32 A between their
Co atoms. However, small differences are observed adjacent to the
chemokine binding sites (Fig. 1 £ and F). To accommodate the
binding of CXCL1, ECL2 of KSHV-GPCR tilts upward, thereby
disengaging the interactions with the binding cavity. TM3 bends
toward the center of the transmembrane binding pocket (Fig. 1£).
From an extracellular view of the receptor, it is well observed
that the p-hairpin region of ECL2 and ECL1 move closer to the
chemokine for accommodation of the chemokine core (Fig. 1F).In
both structures, the disulfide bond between ECL1 (C118*) and
ECL2 (C196%™) is clearly visible, whereas the predicted disulfide
bond between N terminus (C39"") and ECL3 (C286°“") is
not [Ballesteros-Weinstein numbering in superscript denotation
indicates the relative position of the amino acid residue in class A
GPCR, (21)]. A close examination found that the two cysteines

https://doi.org/10.1073/pnas.2403217121

were 3.6 A apart, making it difficult to form a disulfide bond. The
N terminal Pro-Cys (PC motif) found in most chemokine receptors
becomes Val-Cys in KSHV-GPCR and lacks the bent conformation.
The constitutively active KSHV-GPCR interacts extensively with
the o5 helix of Ga, and to a close proximity with the alN helix of
Gaii and GP subunit, thereby securing the conformation of an active
receptor—Gi protein complex as is commonly seen in agonist-bound
Class A GPCRs (22). To verify the ligand-independent constitutive
activity of KSHV-GPCR, we further examined Gi signaling of the
receptor by analyzing basal levels of cAMP accumulation and G
protein dissociation without ligand. In both assays, cAMP inhibition
and G protein dissociation were correlated positively with the
amount of input plasmid DNA coding for KSHV-GPCR (Fig. 1
G and H).

Extracellular Loop 2 Is Crucial for the Constitutive Activation
of KSHV-GPCR. Constitutively active GPCRs display high basal
activity without agonist binding. Previous reports illustrated the
possibility that a large extracellular loop 2 (ECL2) may provide
additional contacts for constitutive activation of a viral chemokine
receptor (18). The ECL2 in KSHV-GPCR (a.a. 183 to 207) is
the largest among the 3 extracellular loops (Fig. 2 4 and B), and
its role in constitutive activation of the receptor was examined
by substitution of the loop with ECL2 counterparts from several
other Class A GPCRs including CXCR2, FPR1, CXCR4, and
CMKLRI1 (Fig. 2 C-F). These mutants were further subjected to
functional analysis using a NanoBiT-based complementation assay
(23) for measurement of G protein dissociation. Basal levels of G
protein dissociation were compared among different mutants and
with the wild-type KSHV-GPCR control. Significantly elevated
chemiluminescence signals were observed for ECL2 substituted
mutants, indicating that constitutive activation of G protein
was abrogated in the ECL2 substituents. These findings further
suggested an important role of ECL2 in the constitutive activation
of KSHV-GPCR.

To investigate how ECL2 engages in the constitutive activation
of KSHV-GPCR, we focused on polar contacts between ECL2
and the rest of the receptor. Among the amino acid residues exam-
ined in the constitutively active KSHV-GPCR model, E1985¢12
forms multiple polar bonds with R2786‘62(Fig. 2H). Alanine sub-
stitution of R278%%* was performed, and subjected to a NanoBiT-
based G protein dissociation assay. As shown in Fig. 2/, a signifi-
cantly elevated chemiluminescence signal was observed, demon-
strating reduced G protein activation. The mutant was readily
expressed on the cell surface (S Appendix, Fig. S4). Altogether,
these results imply a direct engagement of ECL2 in constitutive

activation of KSHV-GPCR.

Recognition of CXCL1 by KSHV-GPCR. Next, we examined the
cryo-EM structure of the CXCL1-bound KSHV-GPCR-Gi
complex. CXCL1 (also termed GRO1 oncogene, GROa, and
melanoma growth stimulating activity) is an agonist of KSHV-
GPCR that further activates the receptor above constitutive level
(20). In the CXCL1-KSHV-GPCR-Gi complex, CXCL1 was
solved from Al to 161 following the first turn of the C-terminal
helix, after which there was insufficient map quality for modeling
(Fig. 34). As an ELR-positive chemokine, E6-L7-R8 presents an
ELR motif in CXCL1. The CXC motif (C9-Q10-C11) in the
N-loop forms two disulfide bonds for connections to the 30s-
loop and the p3-strand (Fig. 34). The globular core of CXCL1
is defined by the p1-strand, 30s-loop, B2-strand, 40s-loop, B3-
strand, and a C-terminal helix. In the CXCL1-KSHV-GPCR
structure, the chemokine and the receptor are in 1:1 stoichiometry,
and their interaction appears to follow the two-site model (24, 25)
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Fig. 1. Overall structure of KSHV-GPCR-Gi complex and KSHV-GPCR-CXCL1-Gi complex. (4) Cryo-EM map of constitutively active KSHV-GPCR in complex with
heterotrimeric Gi proteins at an overall resolution of 2.81 A. Ligand-free constitutively active KSHV-GPCR is shown in purple, Gai in lime green, Gp in salmon red,
and Gy in dark green. (B) Atomic coordinates of constitutively active KSHV-GPCR in complex with heterotrimeric Gi proteins from side view (Left panel) and top
view (Right panel). Ligand-free constitutively active KSHV-GPCR is shown in purple, Gai in lime green, GB in salmon red, and Gy in dark green. (C) Cryo-EM map
of CXCL1-bound KSHV-GPCR in complex with heterotrimeric Gi proteins at an overall resolution of 3.01 A. CXCL1-bound KSHV-GPCR is shown in cyan, CXCL1
in magenta, Gai in lime green, Gp in salmon red, and Gy in dark green. (D) Atomic coordinates of CXCL1-bound KSHV-GPCR in complex with heterotrimeric Gi
proteins from side view (Left panel) and top view (Right panel). CXCL1-bound KSHV-GPCR is shown in cyan, CXCL1 in magenta, Gai in lime green, Gp in salmon
red, and Gy in dark green. (£) Side view of superimposed structures of CXCL1-bound KSHV-GPCR (cyan) and constitutively inactive KSHV-GPCR (purple). (F) Top
view of superimposed structures of CXCL1-bound KSHV-GPCR (cyan) and constitutively active KSHV-GPCR (purple). An inward movement of receptor ECL1,
ECL2, and TM3 was observed for CXCL1-bound KSHV-GPCR. (G) Basal levels of cAMP accumulation without ligand treatment. Data were shown as % of negative
control (0 ng KSHV-GPCR plasmid DNA/well) and obtained from three independent experiments, each with three replicates. ***P < 0.001; ****P < 0.0001.
(H) Basal levels of NanoBiT-based G protein dissociation without ligand treatment. Data were shown as % of negative control (0 ng KSHV-GPCR plasmid
DNA/well) and obtained from three independent experiments, each with three replicates. ***P < 0.001; ****P < 0.0001.

with clearly identifiable chemokine recognition sites 1, 2, and 1.5 of KSHV-GPCR fits into a groove on CXCLI in between
(CRS1, CRS2, and CRS1.5) (Fig. 3B). At CRS1, the globular the Pl-strand and the C-terminal helix (Fig. 3C). Extensive
core of CXCL1 interacts with the N terminus of KSHV-GPCR,  hydrophobic contacts between the residue pairs are observed at
which was solved to the 5th amino acid. Notably, the N terminus CRS1, including D5NT-830, FGNT—V28, L7 T—V28, TSNT-N27,
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Fig. 2. Extracellular loop 2 of KSHV-GPCR is crucial for constitutive G protein activation. (A) The structure of constitutively active KSHV-GPCR in an extracellular
view. Receptor N terminus and extracellular loops are shown as surface. N terminus loop is colored in cyan, ECL1 is marked with green, ECL2 is shown in red
and ECL3 is highlighted in yellow. (B) The structure of constitutively active KSHV-GPCR in an extracellular view. Receptor N terminus and extracellular loops are
shown as cartoon. ECL2 of KSHV-GPCR occupies a relatively large space over the canonical binding pocket of the receptor. The asterisk indicates a small region
where the EM density is relatively weak due to its lack of interactions and its intrinsic flexibility. (C-F) Extracellular view of the structures of (C) CXCR2 (active, PDB
ID: 6LFO), (D) FPR1 (active, PDB ID: 7EUO), (F) CXCR4 (inactive, PDB ID: 30DU), and (F) CMKLR1 (active, PDB ID: 7YKD). (G) ECL2 of KSHV-GPCR was substituted by
ECL2 of CXCR2, FPR1, CXCR4, and CMKLR1, respectively. Basel levels of G protein dissociation were tested and compared between mutants and wildtype control.
(H) Polar interaction between ECL2 of KSHV-GPCR and the canonical transmembrane binding pocket. (/) Reduced ligand-independent constitutive G protein
activation in the R278A mutant. Data were obtained from three independent experiments, each with three replicates. ****p < 0.0001.

19N-v26, L11N-123, W17V"-K21 (Fig. 3C). In addition, multiple
polar interactions are present between D13 of the receptor and
K21 of CXCLI, and between Y26 of the receptor and CXCL1
K61 (Fig. 3D). These interactions allow the N terminus of KSHV-
GPCR to wrap around the chemokine core tightly.

At CRS1.5, defined by the PC motif of chemokine receptors,
extensive polar interactions hold together the receptor PC motif
(VC in KSFV-GPCR) and the CXC motif of CXCL1. $37""
forms two polar bonds with L12 and Q13 of CXCLI, C3oNTt
interacts with the backbone oxygen atom of Q10, and E40NT
interacts with K49 on the p3-strand of CXCL1 (Fig. 3E).

The N terminus of CXCL1 protrudes deep into the transmem-
brane binding pocket of the receptor that forms CRS2. Here,
R2897?% interacts with the backbone of C9. There are two polar
contacts: D274%°® and N2937? form polar interactions with R8
of CXCL1, R212%% interacts with E6, and R183%% at the bottom
of the binding pocket forms polar interaction with S2 of CXCL1
(Fig. 3F). This ELR motif at the chemokine’s N terminus contrib-
utes to the main intermolecular polar interactions at CRS2. For

https://doi.org/10.1073/pnas.2403217121

nonpolar interactions, Al of CXCL1 forms multiple hydrophobic
contacts with 154", E1032'60, and E121°?. A4 has nonpolar
interactions with A297”%°. T'5 forms nonpolar interactions with
Y1972, Moreover, the N terminus of CXCL1 favors the minor
subpocket of KSHV-GPCR in proximity to TM1-3.

Functional validation of receptor—chemokine interactions was
further conducted through site-directed mutagenesis and
NanoBiT-based G protein dissociation assay. Alanine substitution
at CRS1 (D13V"A and Y26™"A) did not completely eliminate G
protein activation with a response of about 35% of WT remaining
(Fig. 3G). At CRS1.5, alanine substitutions including S37A,
C39A, and E40A reduced G protein activation upon CXCL1
stimulation, with a maximum response around 40% of WT and
an EC,, comparable with WT (~1.3 x 10* M) for the S37A
mutant, and a loss of both potency and efficacy for mutants C39A
and E40A (Fig. 3H). Deep into the TM pocket, alanine substitu-
tion at CRS2 (R183A, R212A, D274A, R289A, and N293A)
abrogated G protein dissociation, with a maximum response

around 20% of WT and an EC,;, comparable with WT for
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Fig. 3. Molecular interactions between CXCL1 and KSHV-GPCR. (A) Structure of CXCL1. Structural regions of CXCL1 are highlighted, including N terminus
(magenta), ELR motif (red), CXC motif (slate blue), N-loop(green), 30s-loop (yellow), 40s-loop (grass green), $1-p3 strands (magenta), and C-terminal helix (orange).
(B) Overview of the interaction between CXCL1 (magenta) and KSHV-GPCR (cyan). Chemokine binding sites CRS1, CRS1.5, and CRS2 are marked with dashed boxes.
(C) The N terminus of KSHV-GPCR (resolved to the fifth amino acid D5) wraps around the globular core of CXCL1. Residues with hydrophobic interactions are
shown in sticks. CXCL1 is shown in surface representation. (D) Polar contacts between CXCL1 and KSHV-GPCR at chemokine recognition site 1 (CRS1). Hydrogen
bonds (red dashed lines) are observed between D13"" and K21, Y26"", and K61 (shown in sticks), respectively. (E) Polar interactions between CXCL1 and KSHV-
GPCR at chemokine recognition site 1.5 (CRS1.5). (F) Polar interactions between CXCL1 and KSHV-GPCR at chemokine recognition site 2 (CRS2). Hydrogen bonds
are highlighted in dotted lines. (G) NanoBiT-based G protein dissociation of CRS1 alanine substitution mutants. (H) NanoBiT-based G protein dissociation of
CRS1.5 mutants. (/ and /) NanoBiT-based G protein dissociation of alanine-substituted mutants at CRS2 residues. Data were obtained from three independent
experiments, each with three replicates, and presented as percentages of the negative control without ligand treatment.
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mutants D274A, R289A, and N293A and a loss of both potency
and efficacy for R183A and R212A (Fig. 3 / and /). Cell surface
expression of the mutants was comparable to WT (8] Appendix,
Fig. S4). These results confirmed the two-site model of receptor—
chemokine interaction, in which CRS1 is responsible for the initial
recruitment of chemokines but does not alter the downstream G
protein signaling, while CRS1.5 and CRS2 contribute more to
the potency and efficacy of chemokine activation of G proteins.

Computational Analysis of KSHV-GPCR Activation Dynamics. To
further examine molecular details in the dynamics of constitutive
activation and CXCL1 chemokine activation of KSHV-GPCR,
we performed all-atom molecular dynamics simulations. In
the constitutively active structure, the interactions between
R®® and E*" are observed, and polar contact pairs Y>¥-§>%2
and R*-D** are also maintained throughout the simulation
(SI Appendix, Fig. S5 A and B). In CXCL1-bound KSHV-GPCR
structure, the distances between E6 of CXCL1-R*%%, EECL2.R%2)
Y*Y7-87% and R***-D®*® are maintained throughout the 5 replicas
of 1 ps simulation (S7 Appendix, Fig. S5 A and B). These data
demonstrate the thermostability of the constitutively active and
CXCLI-bound KSHV-GPCR structures, providing computational
support to the engagement of ECL2 in the constitutive activation
of KSHV-GPCR.

Next, we analyzed the intramolecular interactions between
CXCL1 and KSHV-GPCR. The surface electrostatic potential of
the N terminus of KSHV-GPCR is negative, while the globular
core of CXCL1 carries positive charges. The complementary
charges between the chemokine and receptor facilitate CXCL1
recognition by KSHV-GPCR (87 Appendix, Fig. S5C). The orien-
tation of CXCL1 in the transmembrane binding pocket is mainly
supported by hydrogen bonds and salt bridges between the
chemokine and the receptor (S/ Appendix, Fig. S5 D and F). In
CRS1, T8"" of KSHV-GPCR forms hydrogen bonds with N27
of CXCL1, E15™" interacts with K21 of CXCL1 via salt bridges
and hydrogen bonds, E19N interacts with K61 of CXCL1 through
salt bridges and hydrogen bonds, and $37NT interacts with Q13
and C51 through multiple hydrogen bonds (87 Appendix, Fig. S5D).
In CRS1.5, salt bridge dominates the interaction between sidechains
of E40N" and K49, and multiple hydrogen bonds and water bridges
support the hydrogen bond network between R**%, R™*, €9, and
C11 (81 Appendix, Fig. S5E). The sidechain amine nitrogen of RO
forms a hydrogen bond with the backbone carbonyl oxygen of C11,
and the two sidechain amine nitrogen atoms of R"** form hydrogen
bonds with the backbone carbonyl oxygen of C11 and C9, respec-
tively. In CRS2, extensive polar interactions secure the binding
between the chemokine N terminus and the receptor transmembrane
binding pocket (SI Appendix, Fig. S5F). R8 of CXCL1 uses one of
its sidechain amine nitrogen atoms to form hydrogen bonds and salt
bridges with the sidechain oxygen of D®**, and another amine nitro-
gen to form hydrogen bonds with the sidechain oxygen of N7~7,
Moreover, CXCL1 uses E6 to form extensive salt bridge network
with the sidechains of R>*’, R’ and R*®%. At the proximal N
terminus of CXCL1, S2 and Al are involved in a hydrogen bond
network with water bridges, further enhancing the dynamic inter-
actions between CXCL1 and KSHV-GPCR. The sidechain oxygen
of $2 has multiple hydrogen bonds with the sidechain of R*, and
E*?*, while A1 utilizes its backbone amine nitrogen to form hydro-
gen bonds with sidechain oxygen atoms of E**° and E***. The exten-
sive salt bridge network formed between E6, R8, and the receptor
binding pocket further strengthens CRS2 interactions between
CXCL1 and KSHV-GPCR. Altogether, data from MD simulation

support the cryo-EM structures of constitutively active and

https://doi.org/10.1073/pnas.2403217121

CXCL1-bound KSHV-GPCR and together provide molecular
insights into the interaction dynamics between CXCLI1 and
KSHV-GPCR.

Comparison of Chemokine Binding Mode Between KSHV-GPCR
and CXCR2. Given the structural homology and binding mode
similarity between KSHV-GPCR and CXCR2, it is speculated
that KSHV-GPCR is hijacked from CXCR2-expressing host
cells by KSHV (6). We therefore further compared the structures
of CXCL1-bound KSHV-GPCR and CXCL8-bound CXCR2
(81 Appendix, Fig. S6 A and B). Compared with CXCL8-CXCR2
interactions, the N terminus of CXCL1 protrudes 7.9 A deeper into
the KSHV-GPCR receptor binding cavity at CRS2 (87 Appendix,
Fig. S6 A, Lefi), and the globular core of CXCL1 rotates ~40°
counterclockwise from an extracellular point of view (S Appendix,
Fig. S6 A, Right). A series of counterclockwise inward bends are
observed at the extracellular regions of TM1, 2, and 3. The top
of TM loop 4 bends slightly outward, and TM7 displays an
inward movement to the center of the chemokine binding pocket

(81 Appendix, Fig. S6B).

Molecular Switches of KSHV-GPCR and Their Roles in Ligand-
Independent Activation. To answer the question of how KSHV-
GPCR has structurally evolved from its host analog into a
constitutively active receptor, we examined the molecular switches
conserved among class A GPCRs. The structure of KSHV-GPCR
was aligned with that of CXCR2 in either active state (Fig. 4
C-E and SI Appendix, Fig. S6) or inactive state (Fig. 4 A, B, and
F-H), and the structural motifs N74P7 0% Y723 Cwo48xp®>,
PO PO were compared. In the NPxxY motif, N4 s
substituted by valine in KSHV-GPCR (expressed as V/N"%).
In CW**xP®, the highly conserved W**® is substituted by a
cysteine (C/W6‘48) that greatly alters the spatial occupancy. Since
substitution at these conserved motifs may create hyperactive or
constitutively active class A GPCRs (26, 27), we further looked
into the details of the geometry of residues lining these structural
motifs (F1§ 4 C-H).

N7P%xY”>3 motif in class A GPCR mediates the transition
from inactive to active conformation for G protein binding. However,
the mutation of V/**’ back to asparagine did not markedly change
the constitutive activity of the receptor. Alanine substitution was con-
ducted at V7'49, P70 and Y2, respectively. No significant change in
the extent of constitutive G protein dissociation was observed, sug-
gesting that other players may also participate in the activation
process.

Another structural motif, CW***xP*" is mutated to CC***xP®*".
This “toggle switch” motif works as a rotamer switch, bending the
cytoplasmic half of TM6 outward to accommodate the binding of
G protein. By converting to cysteine at this position, the residue
with a smaller side chain can rearrange the orientation of TM6 for
activation (Fig. 4 D and G). Indeed, by mutating C**® back to
tryptophan, the constitutive G protein activation was reduced sig-
nificantly. This implies the importance of C** in constitutive G
protein activation.

Next, we analyzed the p>° motif, which forms an
interface between TM3, TMS5, and TM6. The conformational
change of this motif is responsible for the outward displacement
of TM6. The orientations of residue side chains in this motif are
nearly identical to those in an active CXCR2, favoring G protein
activation (Fig. 4 £and H). Alanine substitution at P> and F&4
abrogated the constitutive G protein dissociation, but alanine
substitution of I** did not significantly affect the constitutive
activation of KSHV-GPCR (sce Fig. 4, Table Inser).

_[340_p6:44
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Fig. 4. Comparison of conserved structural motifs between active KSHV-GPCR and either active or inactive CXCR2. (A) Side view of superimposed KSHV-GPCR
(purple) and inactive CXCR2 (light pink). (B) Top view of superimposed KSHV-GPCR (purple) and inactive CXCR2 (light pink). (C-E) Detailed comparison between
KSHV-GPCR (purple) and active CXCR2 (wheat gold). (C) NPxxY motif, (D) P**°-C/W®*® “toggle switch”, and (E) P>*°-I>°_F%#* motif were compared. (F-H) Detailed
comparison between KSHV-GPCR (purple) and inactive CXCR2 (light pink). (F) NPxxY motif, (G) P®*°-C/W®*® “toggle switch”, and (H) P>*°-1>“°-F5** motif were
compared. (Table) Basel levels of NanoBiT signals in G protein dissociation assay. Residues of these structural motifs were substituted by alanine. Readouts

were normalized and shown as percentages of G protein response of WT strain.

Altogether, based on structural geometry and signaling prop-
erties at these conserved molecular switch motifs, our KSHV-
GPCR structural model supports an active conformation. Among
these highly conserved residues, some substitutions found exclu-
sively at KSHV-GPCR may contribute to its constitutive activa-
tion by reshaping the G protein binding cavity.

Receptor-Gi Interface of KSHV-GPCR Compared with Active and
Inactive CXCR2. Next, we examined the receptor—Gi interface of
KSHV-GPCR. The DRY motif forms direct polar contact with
the Gai protein and is crucial for G protein activation. In KSHV-
GPCR, D** is substituted by valine. By reversely mutating valine
at position 3.49 back to D, no significant deviation in the extent

PNAS 2024 Vol. 121 No.42 2403217121

of G protein activation was observed. Polar interactions between
the receptor and Gai protein involve R**°-C351, L **-N347, as
well as Q®**-E318 pairs (Fig. 5). Alanine substitution of R**°
and 1’ resulted in a loss of G protein activity, while for the
QG'ZSA mutant, no significant difference was observed. The ionic
interactions in the G protein binding cavity are highly important
for G protein activation. Despite the high overall similarity in
structures between KSHV-GPCR and the active CXCR2, there
are some differences at the receptor—Gi interfaces (Fig. 5 4 and
B). First, a displacement toward the cytoplasm is observed for
TM3, resulting in a deeper protrusion of the a5 helix of the
Gai protein into the G protein binding cavity. Secondly, the
intracellular loop 2 (ICL2) of KSHV-GPCR is closer to the Gi
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Fig. 5. Comparison of receptor-Gai interface between
active KSHV-GPCR and either active or inactive CXCR2. (A)
Side view of superimposed KSHV-GPCR (purple) and active
CXCR2 (wheat gold) in complex with Gai protein (green).
(B) Close-up view of superimposed KSHV-GPCR (purple)

Expression and active CXCR2 (wheat gold) in complex with Gai protein
(% of WT) (green). Residues with polar interaction were highlighted
100% in sticks. (C) Side view of superimposed KSHV-GPCR
(purple) and inactive CXCR2 (light pink) in complex with
109.9 + 17.08 Gai protein (green). (D) Close-up view of superimposed
111.9 + 17.70 KSHV-GPCR (purple) and inactive CXCR2 (light pink) in
complex with Gai protein (green). (Table) Basel levels of
82.05 + 0.62 NanoBIT signals in G protein dissociation assay. Alanine
116.1 + 7.102 substitution was conducted to residues at receptor-Gi
interface of KSHV-GPCR. Readouts were normalized and

122.2 £ 14.12
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protein, while in active CXCR2, ICL2 bends outward. By
comparing the inactive CXCR2 structure with the KSHV-GPCR
structure, several distinct features support the active state model
of KSHV-GPCR (Fig. 5 C and D). In TM3, the geometry and
position of the DRY motif are similar in both structures, yet R**°
in KSHV-GPCR takes a more relaxed pose, with better contact
to the a5 helix in the G protein binding cavity. The outward
movement of TM6 of KSHV-GPCR in its active state allows
direct contact between Q6'28 and Gai protein, while the ICL3
and adjacent TMG6 in the inactive CXCR2 structure is distant
from the active conformation. These results indicate that the
G protein-activating capacity of KSHV-GPCR is robust, given
the orientations and geometry of its TM3 residues lining the G
protein binding cavity.

Discussion

In this work, we present cryo-EM structures of KSHV-GPCR in
active conformation. KSHV-GPCR, encoded by ORF74, is up-
regulated in the lytic cycle of HHV-8 and is responsible for angio-

genesis and oncogenic transformation of Kaposi’s sarcoma (8).

https://doi.org/10.1073/pnas.2403217121

shown as percentages of G protein response of the WT.

Exogenous expression of KSHV-GPCR in mice led to Kaposi’s
sarcoma-like pathological changes (11), indicating a crucial function
of the constitutively active receptor in oncogenic transformation.
Based on our cryo-EM model of the unliganded KSHV-
GPCR, ECL2 is essential for the constitutive activicy. ECL2 folds
back to the opening of the TM pocket and forms ?olar interaction
with KSHV-GPCR through the E198"*-R278%% pair. Distuption
of this polar interaction with alanine substitution of R278%®
reduced the constitutive activity, as was measured by cAMP response
and NanoBiT-based G protein dissociation assays. Moreover, the
substitution of ECL2 with its counterparts of CXCR2, FPRI,
CXCR4, and CMKLRI, all depending on agonist binding for
receptor activation, abrogated constitutive activation of the resulting
chimeras. At the receptor—Gi protein interface, there is no signifi-
cant change between the unliganded and CXCL1-bound KSHV-
GPCR, suggesting that ECL2 is able to hold the receptor in an
active conformation for Gi protein activation. It is worth noting
that, the assays used for measuring constitutive activity of KSHV-
GPCR may not quantitatively reflect the absolute extent of recep-
tor basal activities, as the assay readouts may be affected by protein
expression levels. Despite the mutants and chimeric receptors
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used in this study having comparable cell surface expression as
measured by flow cytometry, the assay readouts only provide a
relative comparison of constitutive activities among the mutated
receptors. Therefore, caution should be taken when interpreting
these results.

Constitutive activity was also observed in other viral GPCRs,
notably US28 from human cytomegalovirus (HCMV) and BILF1
from Epstein—Barr virus (EBV). US28 has a TM pocket for bind-
ing of CX3CLlI in a different mode (6). Nevertheless, the two-site
model applies to these interactions between the receptor and its
various ligands. US28 displays constitutive activity through Gi,
Gq, and G12/13 pathways. However, the binding of CX3CL1 to
US28 is context-dependent, as this ligand can serve as either a
partial agonist or an inverse agonist (28). In contrast, BILF1 does
not have an identified chemokine ligand, and its TM pocket is
occluded by the ECL2 (18). This structural feature is responsible
for the EBV oncogenic function of BILF1 by inducing constitutive
signaling mainly through the Gi proteins (18). Like BILFI,
KSHV-GPCR has an occluded orifice due to polar interactions
between ECL2 and the side chain of TM3, TMS5, and TM6.
However, KSHV-GPCR differs from other viral GPCRs in that
it binds a number of CC and CXC chemokines that further acti-
vate the receptor. Based on sequence comparison, KSHV-GPCR
has the highest homology with human CXCR2 (27% identical
amino acids). Therefore, KSHV-GPCR is likely a CXCR hijacked
by the virus. In this study, we chose CXCLI, also termed GROa
for its melanoma growth-stimulating activity and transforming
capability through CXCR2. Our structural model shows a clearly
defined TM pocket that accommodates CXCL1 and serves as
CRS2. CXCL1 binding disrupts the polar interactions between
ECL2 and the side chain of TM3, TM5, and TM6 but maintains
the active conformation of KSHV-GPCR based on structural
comparison of the unliganded and CXCL1-bound receptor. At
CRS2, the ELR motif of CXCLL is a critical determinant of the
potency of the agonist by polar interactions between E6 and
R212>¥. In addition, RS interacts with both D274%%® and
N293"%%, Disruption of these important interactions at CRS2
abrogates the CXCL1-induced G protein dissociation, confirming
that CRS2 is essential to the induced activation of KSHV-GPCR
by the chemokine.

Before high-resolution chemokine receptor structures became
available, domain-swapping experiments were carried out and led
to the prediction that the N terminus of KSHV-GPCR s neces-
sary for the binding of chemokine ligands but not for transmem-
brane signaling (29). The N terminus of KSHV-GPCR (a.a. 1 to
47) contains a stretch of negatively charged amino acids, notably
12-DDDE-15. Moreover, the disulfide bond between the PC
motif (VC in KSHV-GPCR) and C286"“"” is not found in this
structure. These features presumably make the N terminus of the
receptor more flexible in the initial interaction with chemokines
at CRSI. In the reconstructed 3D model of CXCLI-bound
KSHV-GPCR-Gi complex, the receptor N terminus wraps
around the globular core of CXCL1. Analysis of a fully settled
CXCLLI in the TM pocket shows D13 interaction with K21 of
CXCL1 and Y26™" interaction with K61. These polar interactions
serve to stabilize the bound chemokine. As a transition from CRS1
to CRS2, CRS1.5 contains several residues in the receptor N
terminus that interact with the N-loop and p3-strand of CXCL1,
including Q10, L12, Q13 of the N-loop and K49 of the f3-strand.
These interactions may be helpful in guiding the N terminus of
the chemokine into the TM pocket, as indicated by data from our
mutagenesis assay.

PNAS 2024 Vol. 121 No.42 2403217121

Early studies, conducted shortly after the discovery of KSHV-
GPCR, focused on key residues that profoundly influence the
constitutive activity of the receptor (30). These studies did not
identify key residues unique to KSHV-GPCR. For example, the
substitution of R143%°°, which is a part of the critical DRY motif,
abolished all Class A GPCR signaling. This and other findings
suggest that the constitutive activity of KSHV-GPCR is the com-
bined outcome of mutations of the hijacked receptor gene in the
virus (26, 30). Nevertheless, the “ionic lock” characterized by the
interaction between D/E**?, R**°, and D/E® stabilizes the inac-
tive conformation of GPCRs (31). In KSHV-GPCR, D/E** and
D/E®*" are substituted by V*** and R®*, respectively. As demon-
strated by previous studies and in line with our mutagenesis data,
V2D substitution did not decrease the constitutive activity of
the receptor. Besides, the geometry of R** is distant from V*%
and R>, thereby disruptinﬁ the “ionic lock”. Another important
and conserved residue, W** for TMG conformational change, is
substituted by cysteine in KSHV-GPCR. This mutation may have
a strong impact on KSHV-GPCR constitutive activity, as C8w
disrupted the ligand-independent G protein activation. The
canonical NPxxY motif is characterized by a hydrogen bond net-
work between N7’ and D**°. However, these residues are mutated
to V¥ and $** in KSHV-GPCR, respectively. The two residues
are distant from each other, which is unable to support the canon-
ical hydrogen bond network. As evidenced in our study and other
biochemical studies, V/*’N and $**°D mutations did not alter
the constitutive activity. Previous studies suggested the importance
of L** and L**' in constitutive activity, as the L>**D and L**'D
mutants diminished the constitutive activity but could still be
activated by chemokine ligands, and KS lesions were absent in
transgenic mice carryin LD mutant (11, 32). In line with their
hypothesis, L**® and L**" in our KSHV-GPCR structures indeed
face the lipid bilayer, supporting the active conformation in both
unliganded and CXCL1-bound KSHV-GPCR. Substitution by
charged amino acids may destabilize the active conformation of
the receptor, thus requiring extra energy (ligand binding) for effec-
tive conformational changes toward activation.

In conclusion, our cryo-EM model provides the structure of a
CXC chemokine bound to a viral GPCR that possesses both con-
stitutive and ligand-induced activities. Moreover, this study also
provides the first high-resolution structure of CXCL1 bound to
a chemokine receptor. These pieces of structural information will
likely shed light on how viral GPCRs maintain constitutive activ-
ity, which may help us to understand chemokine binding and
activation mechanisms in general.

Materials and Methods

Generation of Recombinant CXCL1. The coding sequence of human CXCL1
with a C-terminal His6-tag was modified with a glycoprotein 67 (gp67) signal
peptide. The construct was expressed in Sf9 insect cells as secreted proteins using
the baculovirus infection system. The media were collected after infection for 48 h
and subjected to affinity chromatography purification. For details, please refer to
Sl Appendix, Materials and Methods.

Preparation of apo-KSHV-GPCR-Gi and CXCL1-KSHV-GPCR-Gi Complexes.
The full-length KSHV-GPCR was used to obtain apo and CXCL1-bound signaling
complexes.The N termini of the KSHV-GPCR coding sequence were modified with
a hemagglutinin peptide sequence, followed by a FLAG-tag, a human rhinovi-
rus 3C (HRV 3C) protease cleavage site, and a thermostabilized apocytochrome
b562RIL (BRIL) as a fusion protein to increase protein expression and stability.
A dominant-negative Gai1 (DNGai1) was cloned into a pFastbac1 vector and
GPB1y2 was cloned into a pFastBac-Dual vector, respectively.

https://doi.org/10.1073/pnas.2403217121
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For expression of apo-KSHV-GPCR-Gi complex, the KSHV-GPCR, DNGai1,
GB1y2 were coexpressed in Sf9 insect cells at a viral infection ratio of 1:1:1
when the cell density reached 2 x 10° cells per ml. After 48 h of infection, the cells
were collected for further purification. For expression of CXCL1-KSHV-GPCR-Gi
complex, the baculovirus of CXCLT was also added as the same ratio as KSHV-
GPCR to facilitate the signaling complex formation.

For the purification of the apo-KSHV-GPCR-Gi complex, cell pellets from 2 L
of culture were thawed at room temperature and suspended in the lysis buffer,
lysed, and the complex was extracted from the membrane fraction for affinity
chromatography purification. For the CXCL1-KSHV-GPCR-Gi complex, the same
steps were performed by adding purified CXCL1 during the process of protein
purification. These experiments are described in detail in S/ Appendix, Materials
and Methods.

Cryo-EM Grid Preparation and Data Collection. For the cryo-EM grid prepara-
tion of the purified complexes, the proteins were deposited onto glow-discharged
holey grids (Quantifoil). Then, the grids were blotted and vitrified by plunging into
liquid ethane in a Vitrobot Mark IV (Thermo Fisher Scientific). Cryo-EM images
were obtained by a Titan Krios C3i cryo-TEM (Thermo Fisher Scientific) operating
at 300 kV, using a K3 Summit detector (Gatan, Pleasanton, CA) with a pixel size
of 0.85 A. The procedures are detailed in S/ Appendix, Materials and Methods.

Data Processing and Three-Dimensional Reconstruction. The software cry-
0SPARC version v4.2.1 (Structura Biotechnology, Toronto, Canada) was used to
perform single particle analysis of the complexes. Multiple rounds of refinements
generated an EM map [Coulomb potential map (33)] of apo-KSHV-GPCR-Gi with
an estimated global resolution of 2.81 Aat a Fourier shell correlation of 0.143.
And for the CXCL1-KSHV-GPCR-Gi complex, the EM density map yielded an indi-
cated global resolution of 3.01 A at a Fourier shell correlation of 0.143. Details
are included in S/ Appendix, Materials and Methods.

Model Building, Structure Refinement, and Figure Preparation. The mod-
els were manually builtin CO0T-0.9.8. Real-space refinements were performed
using Phenix. The model statistics were validated using MolProbity. Structural
figures were prepared in Chimera and PyMOL (https://pymol.org/2/). The final
refinement statistics are provided in S/ Appendix, Table S1.The maximum distance
cut-off for polar hydrogen bond interactions and hydrophobic interactions were
setat3.5Aand 4.5A, respectively.

MD Simulations. System preparation and Molecular Dynamics (MD) simulations
were performed following the detailed protocol in (34). Details are described in
Sl Appendix, Materials and Methods.

The analysis of the resulting trajectories was performed using MDAnalysis (35),
visualization and image rendering were performed with PyMOL, and graphical
representations were obtained with the Seaborn Package (36).

Mutagenesis Study. Wild-type and mutant KSHV-GPCR were cloned into the
pcDNA3.1(+) vector (Invitrogen). The coding sequences were chemically syn-
thesized (General Biol.) and mutagenized by overlap PCR using the ClonExpress
Ultra One Step Cloning Kit (Vazyme Biotech; C115). All constructs were verified
by DNA sequencing (Genewiz).

cAMP Inhibition Assay. Hela cells were transfected with receptor plasmids
using Lipofectamine 3000 (Invitrogen) for 24 hrs. For the constitutively active
KSHV-GPCR model, different plasmid DNA concentrations were applied for trans-
fection. Cells were harvested and subjected to cAMP detection using the LANCE
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Ultra cAMP kit (#TRF0263; PerkinElmer Life Sciences, Waltham, MA) following
the manufacturer's instructions. Signals for cAMP levels were collected using an
Envision 2105 multimode plate reader (PerkinElmer).

NanoBiT-Based G Protein Dissociation Assay. HEK293T cells were seeded
and cotransfected with pcDNA3.1(+) vector encoding KSHV-GPCR (WT/mutants),
pcDNA3.1-Gaxi1-LgBiT, pcDNA3.1-GB1, and pcDNA3.1-SmBIiT-Gy2. After 24 hrs
transient expression, cells were collected and loaded onto a 384-well white plate
and incubated with 10 uM coelenterazine H for 2 hrs at room temperature (Yeasen
Biotech, Shanghai, China). Luminescence signals were read by an Envision 2105
multimode plate reader (PerkinElmer). This experiment is described in detail in
Sl Appendix, Materials and Methods.

Surface Expression Analysis. Cells were transfected with FLAG-tagged WT or
mutant KSHV-GPCR expression vectors for 24 hrs at 37 °C. Then, cells were har-
vested and stained with an Alexa Fluor™ 488-labeled anti-FLAG antibody (L5;
Invitrogen, Cat # MA1-142; 1:50 diluted by HBSS buffer) for 60 mins on ice.
The fluorescence signals for the antibody-receptor complex on the cell surface
were then quantified by flow cytometry (CytoFLEX, Beckman Coulter, Brea, CA).
The experiment procedure is detailed in S/ Appendix, Materials and Methods.

Statistical Analysis. For all cellular assays, at least three independent exper-
iments were performed in duplicates. The data were expressed as mean =+
standard error of means (SEM), and data analysis was performed in GraphPad
Prism version 9.5.0. Analysis of Variance (ANOVA) using the one-way method
was applied for statistical comparison. A P-value of 0.05 or lower is considered
statistically significant.

Data, Materials, and Software Availability. Cryo-EM density maps of KSHV-
GPCR-Gi complex and CXCL1-KSHV-GPCR-Gi complex resolved in this study and
the associated atomic coordinates have been deposited in the Electron Microscopy
Data Bank (EMDB entry ID: EMD-36889; EMD-36888) and in the Protein Data
Bank (PDB entry ID: 8K4P, 8K40), respectively (37-40). All other data are included
in the manuscript and/or S/ Appendix.
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