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The X-C motif chemokine receptor XCR1, which selectively binds to the chemok-
ine XCL1, is highly expressed in conventional dendritic cells subtype 1 (¢<DCls) and
crucial for their activation. Modulating XCR1 signaling in cDCls could offer novel
opportunities in cancer immunotherapy and vaccine development by enhancing the
antigen presentation function of ¢DCls. To investigate the molecular mechanism of
XCL-induced XCR1 signaling, we determined a high-resolution structure of the human
XCRI1 and G, complex with an engineered form of XCL1, XCL1 CC3, by cryoelectron
microscopy. Through mutagenesis and structural analysis, we elucidated the molecular
details for the binding of the N-terminal segment of XCL1 CC3, which is vital for
activating XCR1. The unique arrangement within the XCL1 CC3 binding site confers
specificity for XCL1 in XCR1. We propose an activation mechanism for XCR1 involving
structural alterations of key residues at the bottom of the XCL1 binding pocket. These
detailed insights into XCL1 CC3-XCRI1 interaction and XCR1 activation pave the way
for developing novel XCR1-targeted therapeutics.

XCR1 | XCL1 | cryo-electron microscopy (cryo-EM) | conventional dendritic cells subtype 1 |
chemokine receptors

Dendritic cells (DCs) are professional antigen-presenting cells, orchestrating both innate and
adaptive immunity. Studies over the past two decades have revealed various subsets of DCs,
each with distinct functions (1, 2). Notably, among these subsets, conventional dendritic
cells subtype 1 (cDCls) are the most potent DCs specialized in cross-presentation of exog-
enous antigens or neoantigens on major histocompatibility complex class I molecules to
CD8" cytotoxic T lymphocytes (CTLs) (3—7). This ability of cDCls for cross-presentation
serves as a pivotal mechanism for initiating CTL responses against viral infections and tumors.
'The consistent findings from previous studies have underscored an important role of cDCls
in the context of immune checkpoint blockage therapy (1, 2, 8-10). In addition to priming
CD8" T cells, cDCls can also prime CD4" T cells, thereby promoting T helper type 1 (T;1)
immune responses, to regulate self-tolerance and anti-tumor immunity (1, 2, 11, 12).

As distinct features characterizing both mouse and human ¢DCls, several unique cell
surface markers have been identified (1, 2). One of them is the X-C motif chemokine
receptor 1 (XCR1, also named GPRS5), which is the only G-protein coupled receptor
(GPCR) for the X-C motif chemokine ligand XCL1 or lymphotactin (4, 13, 14). XCL1,
secreted by activated CD8" T cells (3) and natural killer (NK) cells (15), among other
lymphocytes, functions as a potent chemoattractant specifically for cDCls expressing
XCR1 (16). The XCL1-XCRI signaling axis regulates the function of cDCls, effectively
shaping the landscape of appropriate and sufficient cytotoxic immune responses that are
mediated by CTLs and NK cells (6, 7, 12, 15-17). XCL1 and engineered variants have
undergone investigation to augment the efficacy of various anti-tumor therapeutics and
vaccines by activating XCR1 (18-23).

Among the four subfamilies of chemokines, CXC, CC, C, and CX;C, which target
over 20 different chemokine receptors, XCL1 is the primary member of the C motif
chemokine subfamily and XCR1 is the only receptor identified for XCL1 (24, 25). For
CX3C chemokines, CX3CR1 is also the only receptor identified. In contrast, CXC and
CC chemokines act on multiple chemokine receptors (CXCRs and CCRs). As an unusual
metamorphic protein, XCL1 has the ability of sampling two different native conformations
with distinct structural elements under physiological conditions (26-29). Only the mon-
omeric form of XCL1 with a canonical chemokine structure can bind to and activate
XCRI. In addition, a unique feature of the canonical chemokine structure of XCL1 and
its closely related paralog XCL2 among chemokines is that the unstructured N terminus
connects to the globular core region through a single disulfide bond, while all other CXC,
CC, and CX;C chemokines have two disulfide bonds between their N terminus and the
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We report the cryoelectron
microscopy structure of the
chemokine receptor XCR1 with Gi
protein and XCL1. As the only
known G protein-coupled
receptor for XCL1, XCR1 is a
marker for conventional type 1
dendritic cells (cDC1). XCL1 and its
closely related paralog XCL2 are
the only chemokines with a single
disulfide bond, distinguishing
them from other chemokines. The
XCL1-XCR1 axis is crucial for cDC1
cross-presentation to activate
cytotoxic T cells and natural killer
cells (NK cells) against viral
infection and tumors. Our
structure elucidates the molecular
mechanisms of how XCL1
specifically binds to and activates
XCR1, providing a foundation for
designing optimized XCR1
modulators, which may potentiate
XCR1 signaling in the tumor
microenvironment to promote
anti-tumor immunity.
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core region (Fig. 14) (26). Upon binding to XCR1, XCL1 acti-
vates downstream signaling pathways mainly through the heter-
otrimeric G; protein (14). For many chemokine receptors, in
addition to G;, P-arrestins have been shown to play critical roles
in their signaling, leading to receptor internalization (30) and the
chemotaxis of leukocytes (31). However, the internalization of
XCR1 does not require B-arrestins (32). Therefore, the role of
p-arrestins in regulating XCR1 signaling is still not clear.

To date, only a limited number of engineered XCL1 variants
have been identified as synthetic XCR1 ligands. How XCLL1 inter-
acts with and activates XCR1 on a molecular level is still largely
unknown. Previous studies from Kroczek lab (33) and Volkman
lab (34) have examined the functional impacts of various mutations
of XCL1 and XCR1 in the XCL1-XCR1 signaling axis, providing
molecular insights into the key interactions between XCL1 and
XCRI. In this study, as an initial step for our effort of developing
XCRLI ligands with desired pharmacological properties to investi-
gate XCR1 signaling in various disease settings, we report the
cryo-EM structure of a human XCRI1-G,; signaling complex with
an engineered XCL1, named XCL1 CC3 (35), at an overall reso-
lution of 3.1-A. Together with mutagenesis studies, the structure
reveals the molecular details of the binding pocket in XCR1 for
the N-terminal segment of XCL1 CC3, which is the primary region
of XCL1 responsible for receptor activation (35). The distinctive
configuration of the binding pocket determines the selective XCL1
recognition by XCR1. Structural comparison analysis suggested a
receptor activation mechanism involving conformational changes
of XCR1 residues at the bottom of the XCL1 CC3 binding pocket.

We anticipate that a comprehensive understanding of the molecular
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interactions governing XCL1 binding and XCR1 activation can
facilitate the development of new XCR1-targeted therapeutics, not
only for cancer but also for various inflammatory conditions.

Results

Overall Structure of the XCL1-XCR1-G; Complex. Our previous
studies have suggested that XCL1 is an unusual metamorphic
protein that can automatically interconvert between the canonical
chemokine structure and an all--sheet dimer structure (26-29). To
stabilize the monomeric canonical chemokine structure of XCL1 for
XCR1 binding, we used a XCL1 variant, XCL1 CC3, by introducing
two mutations, V21C and V59C, to human XCL1 following our
previous study (35) (Fig. 1B). In that study, we have demonstrated
that the two cysteine residues C21 and C59 within the globular
core region of XCL1 CC3 formed a disulfide bond to stabilize the
canonical chemokine structure of XCL1, allowing it to function as a
canonical chemokine agonist of XCR1 (35) (S Appendix, Fig. S14).
Notably, XCL1 CC3 retains a single disulfide bond between the
flexible N-terminal region and the core region, distinguishing
it from other CXC, CC, and CX;C chemokines that have two
such bonds (Fig. 14 and SI Appendix, Fig. S1A). In the current
study, we tested the agonistic action of XCL1 CC3 by measuring
the recruitment of P-arrestin2 or an engineered version of Gi,
miniG;(36), to XCRI1 as a result of receptor activation. The results
confirmed that the potency of XCL1 CC3 is comparable to that
of the WT XCLI in both assays (Fig. 1C).

To enhance the stability of the XCL CC3-XCR1 complex for
high-resolution cryo-EM data collection, we linked the C-terminal

1

Fig. 1. XCL1 CC3 and overall structure of the XCL1 CC3-XCR1-G; complex. (A) Structural comparison of chemokines from four difference chemokine subfamilies.
The structures of XCL1 (PDB ID 2NYZ), CCL5 (PDB ID 5COY), CXCL8 (PDB ID 5D14), and CX5CL1 (PDB ID 30NA), which belong to the C, CC, CXC, and CX5C subfamilies
of chemokines, respectively, are shown in blue, dark gray, pink, and green, respectively. In all chemokines except for XCL1, there are two cysteine residues at
the N-terminal region, forming two disulfide bonds with cysteine residues in the 30 s-loop and p3 regions, respectively. In XCL1, the disulfide bond with the 30
s-loop is absent. (B) Sequences of wild type XCL1 (WT XCL1) and XCL1 CC3. The two cysteine mutations V21C and V59C in CC3 XCL1 are highlighted in red. The
yellow lines indicate disulfide bonds. (C) Functional characterization of WT XCL1 and XCL1 CC3 by Bioluminescence Resonance Energy Transfer (BRET) assays.
Both ligands show similar potencies in miniG; and p-arrestin recruitment measured by BRET assays. Data are means + SEM. for n = 3 or more. (D) cryoelectron

microscopy (Cryo-EM) density and overall structure of the XCL1 CC3-XCR1-G; complex. XCL1 CC3 and XCR1 are colored in yellow and slate, respectively. G

s

G;, and G, subunits are colored in salmon, green, and pink, respectively. ScFv16 is colored gray. (E) Cryo-EM density of XCL1 CC3 and the extracellular region of
XCR1 after local refinement. The cryo-EM density maps in D and £ are contoured at the level of 1.4-2.0.
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end of XCL1 CC3 to the N-terminal end of XCR1 with a highly
flexible 40-amino acid linker. This was designed to increase the
local concentration of the ligand while still allowing XCL1 CC3
and XCRI the freedom to move relative to each other. A similar
strategy has been used to obtain cryo-EM structures of the signaling
complexes of CX;CR1 (37) and CCR5 (38). Our functional assays
demonstrated that the fusion protein induced p-arrestin recruit-
ment at levels comparable to those observed with the WT XCR1
(wtXCR1) when stimulated with free XCL1 CC3 (SI Appendix,
Fig. S1B). Both the fusion protein and wtXCR1-mediated recruit-
ment were effectively inhibited by the chemokine antagonist
vMIP-1I (81 Appendix, Fig. S1B). These findings suggest that the
fused XCL1 CC3 retains its agonistic activity, capable of activating
its associated XCR1. This fusion protein was coexpressed together
with a dominant negative version of human G; (39) using a
NanoBit tethering strategy in insect S9 cells (40). We also used
an antibody fragment, scFv16, which has been developed previ-
ously to stabilize the G; heterotrimer (41). The structure of the
XCL1 CC3-XCRI1-Gj=scFv16 complex was determined by
cryo-EM to an overall resolution of 3.1-A (Fig. 1D and ST Appendix,
Fig. S2) and Table. S1.

The clear cryo-EM density allowed the modeling of XCR1
from P21 to Q304, encompassing the 7 transmembrane helices
(7-TMs) and all the extracellular and intracellular loops (ECLs
and ICLs) in the structure. The overall structure of XCR1 resem-
bles those of other chemokine receptors. For XCL1 CC3, the
density is less clear. To improve the density, we further performed
local refinement on the XCLI CC3 and XCR1 complex. However,
despite observing clear density for the N-terminal region of XCL1
CC3, the density for its globular core region was still weak and
fragmented after local refinement, making it challenging to model
even the main chain of the globular core of XCL1 CC3 (Fig. 1E).
At the end, we were able to model residues Val1-Val12 of XCL1
CC3 (residues in XCL1 CC3 and other chemokines are referred
to by three-letter names, and residues in XCR1, G protein, and
other GPCRs are referred to by one-letter names hereafter) in
the structure based on the maps from overall and local refine-
ments (Fig. 1 D and E). Most of the G; protein heterotrimer is
modeled except for the helical domain of G; due to the structural

fexibility (42).

Binding of XCL1 CC3 to XCR1. One intriguing aspect of
chemokine pharmacology is the “two-site” binding mechanism
that chemokines employ to act on their specific receptors (34,
43-45). This involves an initial interaction of the core region of
a chemokine with the extracellular N terminus of its receptor
(Chemokine recognition site 1, CRS1), also referred to as the
“docking” or “recognition” site. This first interaction facilitates the
secondary binding of the N-terminal segment of the chemokine
to the major orthosteric binding pocket in the 7-TM region
(Chemokine recognition site 1, CRS2). The CRS2 binding allows
the chemokine to make specific interactions with its receptor and
cause conformational changes of the receptor, leading to receptor
activation and downstream signaling through G, or other signaling
partners. For XCL1 CC3, since we could not model the core
region, the molecular details of the CRS1 are still elusive.

The weak cryo-EM density of XCL1 CC3 core region implies
a high flexibility of this region relative to the receptor (Fig. 1E).
For other CC, CXC, and CX;C chemokines, there are two cysteine
residues at the N-terminal region mediating the formation of two
disulfide bonds with the 30 s-loop and B3 regions, respectively
(45), potentially stabilizing the core region relative to the N-terminal
region in these chemokines (Fig. 14). In XCL1, there is only one
cysteine residue at the N terminus, Cys11, which forms a disulfide
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bond with Cys48 in the B3 strand (26, 35). The lack of the con-
served disulfide bond with 30 s-loop in XCL1 (Fig. 14) may result
in increased flexibility of the core region relative to the N-terminal
region, potentially accounting for the weak cryo-EM density of the
core region of XCL1 CC3 in our structure. To further probe the
conformational dynamics of XCL1 CC3 in the signaling complex,
we modeled the structure of entire XCL1 CC3 bound to XCR1
using our structure as a template and performed molecular dynam-
ics (MD) simulations on the complex (S/ Appendix, Fig. S3).
Indeed, the results indicate that the core region of XCL1 CC3
exhibits high flexibility relative to the receptor in the complex
(81 Appendix, Fig. S3), consistent with the poor cryo-EM density
of this region observed in our structure.

Among the N-terminal 12 residues from Vall to Val12 of XCL1
CC3 modeled in the structure (Fig. 24), the main chain of
Arg9-Vall2 engages in multiple hydrogen bonds with the main
chain of XCR1 residues P21-N24, reminiscent of a -strand motif
(Fig. 2B). This site is similar to the chemokine recognition sites
1.5 (CRS1.5) identified in the structures of CXCR4 in complex
with a viral chemokine, vMIP-II (46), and the viral chemokine
receptor US28 in complex with CX;CL1 (47). A turn of the XCLI
CC3 conformation at Lys8 allows its N-terminal segment to insert
into the deep orthosteric CRS2 of XCR1 (Fig. 2Cand SI Appendix,
Fig. S4). Notably, within CRS2, there are sparse interactions
between XCL1 CC3 and XCRI. Not all residues in the N-loop
are involved in the direct interactions with the receptor. In the
upper region of CRS2, the side chain of XCL1 CC3 Val5 forms
hydrophobic interactions with XCR1 residues W27'%%, 90>,
and Y91*. In the lower region of CRS2, the amine group and
the carbonyl group of Gly2 in XCL1 CC3 form hlydrogen bonds
with the side chains of XCR1 residues Y241%°" and R2737%’
(Ballesteros-Weinstein numbering (48), respectively (Fig. 2C). In
addition, the amine group of Vall and the side chain of Glu4 in
XCL1 CC3 form hydrogen bonds with the side chain and the
main chain amine of XCR1 residue Y177°“"%, respectively, and the
side chain of XCLI residue Ser3 forms a hydrogen bond with the
side chain of XCR1 residue N106>% (Fig. 2C). Besides those polar
interactions, the side chain of XCL1 CC3 Vall engages in hydro-
phobic interactions with XCR1 residues V1 87°4 and L.245% at
the bottom of the binding pocket (Fig. 2C). No other direct inter-
actions are observed in this region.

Our structure largely agrees with previous studies on XCL1
variants (34). XCL1 Vall and Ser3 form direct interactions with
XCRI. Consequently, mutations of Vall and Ser3 to Ala or the
Vall deletion could cause significantly decreased binding of XCL1
(34). In addition, Vall and Gly2 are situated within a constricted
space at the bottom of the binding pocket (S7 Appendix, Fig. S4A).
Introducing an additional N-terminal residue to Vall or mutating
Gly2 to Ala would lead to potential steric clash with nearby XCR1
residues, explaining the decreased potency of those XCL1 variants
(34). XCL1 Glu4 has been suggested to be a critical residue in
XCL binding (34). Indeed, we observe direct interactions between
XCLI CC3 Glu4 and XCR1 (Fig. 2C). On the other hand, mutat-
ing XCL1 Val5 to Ala did not substantially impact binding affinity
of XCL1 (34). This implies that the hydrophobic interactions
facilitated by XCL1 CC3 Val5 on the extracellular surface of the
binding pocket (Fig. 2C) may not be important for the binding
of XCL1.

We performed miniG; and B-arrestin2 recruitment experiments
to investigate the impact of mutations of XCRI1 residues within
the XCL1 CC3 binding pocket on the agonistic activity of XCL1
CC3 (Fig. 2D and SI Appendix, Fig. S5). Consistent with the
insights derived from the cryo-EM structure, mutating key residues
including N106>%, V18771, Y241%', and 1.245% in CRS2 that
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Fig. 2. XCL1 CC3 recognition. (A) Overall binding pose of Val1 to Cys11 of XCL1 CC3. XCL1 CC3 and XCR1 are colored in yellow and slate, respectively. (B)
Interactions between XCL1 CC3 and XCR1 within CRS1.5. (C) Interactions between XCL1 CC3 and XCR1 within CRS2. In A-C, residues in XCL1 CC3 are labeled with
three-letter names while residues in XCR1 are labeled with one-letter names. Hydrogen bonds are shown as black dash lines. (D) XCR1 mutations assessed for
the agonistic activity of XCL1 CC3 in the recruitment of miniG, and p-arrestin2. The expression level of each mutant is shown in S/ Appendix, Fig. S4. Data are

means + SEM. for n = 3 or more.

direct interact with XCL1 CC3 to Ala could either abolish the
agonistic activity or significantly reduce the potency of XCL1 CC3
(Fig. 2D and SI Appendix, Fig. S5). Intriguingly, our mutagenesis
studies also suggested that the alanine substitution of any of the
four aromatic residues within the XCL1 CC3 binding pocket,
F80™%%, W87>%, F109°*%, and F277"%, which do not directly
interact with XCL1 CC3, had profound detrimental effects on the
potency of XCL1 CC3 (Fig. 2D and S Appendix, Fig. S4B). These
four residues, together with W95""!, are positioned along one
side of the XCL1 CC3 binding pocket, forming an aromatic cluster
(SI Appendix, Fig. S4B). It is plausible that this aromatic cluster
contributes to shaping the overall structure of the XCL1 CC3
binding pocket. Introducing mutations in any of these residues is
likely to disrupt the structural integrity of the binding pocket,
subsequently impacting the binding of XCL1 CC3.

In previous computational docking study (34), we predicted
that XCL1 Glu4 directlgy interacts with XCR1 residues Y1775,
R252%%, and R273"%. However, contrary to the predicted
XCL1 binding mode, the cryo-EM structure does not suggest
direct polar interactions between XCL1 CC3 Glu4 and these
polar residues of XCR1. Instead, in the cryo-EM structure,
Y1775 and R2737% of XCR1 form hydrogen bonds with the
main chain amine group of XCL1 CC3 Vall and the carbonyl
group of XCL1 CC3 Gly2, respectively. These findings align
with our E[érevious mutag nesis studies, where we showed that
the Y177°°"*A and R273"?A mutations resulted in significantly
reduced XCL1 CC3 binding (34). On the other hand, in the
cryo-EM structure, R252%%%is positioned distantly from XCL1
CC3 (Fig. 20), with no direct interactions observed. Consistently,
our mutagenesis studies showed that substituting R252%% with
Ala had only modest effects on the agonistic activity of XCL1
CC3 (Fig. 2D).

https://doi.org/10.1073/pnas.2405732121

Structural Comparison of Chemokine Binding in XCR1 and
Other Chemokine Receptors. The overall configuration and
geometry of the chemokine binding pocket determines the
specificity (43—45) or promiscuity (49) of chemokine binding.
Structural comparison of XCRI1 with the representative
chemokine receptors CXCR2 (50), CX;CR1 (37), and CCR5
(38, 51) from the CXCR, CX;CR, and CCR classes, respectively,
reveals largely similar extracellular regions with distinct
conformations of TMs and ECLs. A noticeable difference is
observed in the position of the extracellular region of TM6 in
XCRI1, which is more inwardly displaced compared to other
chemokine receptors (SI Appendix, Fig. S6). Interestingly,
the ECL2 in XCR1 is more similar to the ECL2 in CX;CR,
whereas the ECL2 in the other two receptors is significantly
elongated (SI Appendix, Fig. S6). Moreover, while the conserved
disulfide bond between TM3 and ECL2 is present in all four
receptors, only CXCR2 and CCRS5 but not CX;CR or XCR1
possess an additional disulfide bond between the N terminus
and the extracellular end of TM7 (81 Appendix, Fig. S5). These
observations align with previous phylogenetic analyses of
chemokine receptors, which indicate that CX;CR is the closest
phylogenetic neighbor to XCR1 (52).

In chemokines, the N-terminal amino acids occupy CRS2 to
activate their receptors. Previous structural studies suggested a
minor subpocket, primarily formed by TMs 1 to 2, and a major
subpocket, primarily formed by TMs 4 to 6, within CRS2 (45).
Various chemokines bind in CRS2 at different depths and form
distinct interaction patterns within the major and minor sub-
pockets, which are associated with different mechanisms of recep-
tor activation (45). We compared the binding modes of the
N-terminal regions up to the conserved N-terminal Cys residues

of XCL1 CC3 (Cysll), CCL5 (Cysl1), CXCL8 (Cys9), and
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CX;CL1 (Cys8) in their respective receptors XCR1, CCR5 (38),
CXCR2 (50), and CX;CR1 (37) (Fig. 3). The N-terminal regions
of XCL1 CC3, CCL5, and CX;CL1 penetrate CRS2 more deeply
compared to that of CXCL8 (Fig. 3). In addition, while the N
termini of XCL1 CC3, CCL5, and CX;CL1 sample both major
and minor subpockets, the CXCL8 N terminus predominantly
occupies the major subpocket (Fig. 3). Upon closer examination,
our structural comparison analysis suggested that the overall bind-
ing pose of the XCL1 N terminus exhibits a more pronounced
resemblance to that of CX;CL1 as opposed to the N termini in
the other two chemokines. On the other hand, despite the sim-
ilarity between XCL1 CC3 and CX;CL1, the binding pocket of
CX,;CL1 is significantly larger and more open than that of XCL1
CC3 (Fig. 3).

The distinct molecular features associated with XCL1 CC3
binding to XCRI, particularly the interactions of the XCL1 CC3
N-terminal region at the CRS2 of XCR1, appear to differ from
those involved in other chemokine-receptor interactions. These
unique features likely serve as molecular determinants for the
specificity of the XCL1 CC3-XCR1 interaction. Both the length
and amino acid composition of the XCL1 N terminus are crucial
in determining its specificity as the XCR1 ligand. This is consistent
with our previous studies on XCL1 variants, which demonstrated
that alterations of the N-terminal residues Vall, Gly2, Ser3, and
Glu4 of XCL1 could substantially affect receptor binding and/or
receptor activation (34).

¢ XCL1CC3

Activation of XCR1 Involving Distinctive Micromotifs. The
active conformation of XCR1 highly resembles those of other G;-
coupled chemokine receptors such as CCR5(51) and CXCR2(50),
especially within the cytoplasmic region, with the exception of
CX,CR1(37) (Fig. 44). Structural alignment of active XCR1 and
inactive CXCR4 bound to a chemokine antagonist, vMIP-I1,
showed inward rearrangements of TM5 and TM7 and an outward
displacement of TMG at the cytoplasmic region (Fig. 44), which
are characteristic of the active conformations of Class A GPCRs
(53-56). In contrast, the conformation of G;-coupled CX;CR1
in the previously reported structure (37) mirrors that of inactive
CXCR4 within the cytoplasmic region, especially for TM6 (Fig. 44).
'The underlying mechanism for such a distinctive conformation of
G;-coupled CX;CR1 may need further investigation.

To further investigate the activation mechanism of XCR1, we
compared the structure of active XCR1 to the AlphaFold2-predicted
inactive structure (AF structure) (57-60) of XCR1. Very subtle
conformational differences are observed in the extracellular region
(Fig. 4B). In the core region of 7-TM, an outward movement of
TMG6 at 1245 and Y241%" was observed, potentially due to
steric effects with Vall and Gly2 of XCL1 CC3 (Fig. 4C). Such a
conformational change is associated with pronounced displace-
ments of W238%% and Y234%* located at the core region of TM6
and even more significant displacements observed at the cytoplas-
mic end of TM6 (Fig. 4B). In addition to 1.245%% and Y241,
a large conformational change of H190°* was also noted at the

CXCR2

Fig. 3. Structural comparison of XCR1 with other chemokine receptors. The structures of four chemokine receptors, XCR1 (slate), CX;CR1 (blue, PDB ID 7XBX),
CXCR2 (purple, PDB ID 6LFO), and CCRS5 (light blue, PDB ID 707F), in complexes with their respective chemokine ligands, XCL1 CC3 (yellow), CX;CL1 (green), CXCL8
(salmon), and CCL5 (dark gray), are aligned. The chemokines belong to the C, CX;C, CXC, and CC chemokine subfamilies, respectively, highlighting the specificity
of receptor-chemokine interactions within these chemokine subfamilies. The red arrows point to the disulfide bonds linking the N-loop and the 30 s-loop within
CX5CL1, CXCL8, and CCL5, but not XCL1 CC3. The black arrows point to the disulfide bonds formed between the N-terminal region of the chemokine receptors
and their ligands in CXCR2 and CCR5. In each receptor, the minor pocket and the major pocket are divided by the red dashed line.
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Fig. 4. XCR1 activation. (A) Structural comparison of the cytoplasmic regions in the G protein-coupled active XCR1 (slate), CXCR2 (purple), CCRS5 (light blue), and
CX3CR1 (blue) and the inactive CXCR4 (green). The active conformation of CX;CR1 resembles that of inactive CXCR4, especially for TM6. (B) and (C) Structural
comparison of the extracellular region (B) and the core region (C) in the active Gi-coupled active XCR1 (slate) relative to them in the AlphaFold-predicted inactive
XCR1 (brown). Different conformations of key residues in the core region of XCR1 that may be involved in receptor activation are shown in c. The red arrow
indicates conformational changes of TM6. The black dashed line represents the hydrogen bond between Y234%* and $197°*° in the active XCR1.

bottom of the ligand binding pocket, potentially due to steric In most Class A GPCRs, TM6 features a highly conserved
effects with XCL1 CC3 (Fig. 4C). This shift may also be associated ~ F**xxCW***xxP motif, which has been shown to play an impor-
with the displacement of W238°%, which does not directly inter-  tant role in receptor activation (54). Specifically, W and F***

act with XCL1 CC3. Therefore, we propose that Vall and Gly2 ~ form a “transmission switch®, linking receptor activation at the
of XCL1 CC3 at the bottom of the ligand binding pocket can cytoplasmic region to the extracellular binding of agonists (54,
induce an outward shift of TM6 due to steric effects with sur- 55, 61, 62). However, in XCR1, while W8 is conserved, F&* is
rounding residues, thereby activating the receptor. Consistently,  substituted b(}r Y234%*, and its side chain forms a hydrogen bond
previous studies showed that mutations of Vall and Gly2 of XCL1 ~ with $197°°° (Fig. 4C). Interestingly, the same W**8/Y** pair is
CC3 to Ala or the deletion of Vall could significantly compromise ~ also seen in the arginine vasopressin receptor V2R (63). Our
the agonistic action of XCL1 CC3 on XCR1 (34). Also, our mutagenesis studies showed that mutating Y234%% to F, the more
mutagenesis data indicated that the H190A mutation nearly  conserved residue at this position, increased the efficacy of XCL1
diminished the agonistic action of XCL1 CC3 in both miniG,;and ~ CC3 in both G, and B-arrestin2 recruitment experiments assays
B-arrestin2 recruitment assays without affecting the receptor  (Fig. 2D). The underlyinég mechanism is not readily apparent. One
expression level (Fig. 2D and SI Appendix, Fig. S5). It should be possibility is that Y234 A4 participates in some water-mediated
noted that the structures of inactive GPCRs predicted by  polar interaction network in the inactive receptor, which helps to
AlphaFold might not be fully accurate. As such, our suggested  stabilize the inactive conformation (64). Mutating it to F could
activation mechanism for XCR1 remains a plausible hypothesis.  disrupt such network, potentially making the receptor easier to
Nevertheless, we simulated the AF structure of inactive XCR1 as  be activated.

well as the cryo-EM structure of the XCRI signaling complex

(81 Appendiix, Fig. S7). Both structures remained stable throughout ~ Conserved G; Binding Interface in XCR1. The overall XCR1
multiple MD simulations with critical residues in receptor activa-  and G; interface is similar to that observed in other G;-coupled
tion including 1245%%°,Y241%°! and H190>* showing minimal chemokine receptors such as CCR5 (51) and CXCR2 (50), with
conformational dynamics (S Appendix, Fig. S7), which may sup-  the exception of CX;CR1 (37) (Fig. 5A4). In the structure of G-
port the validity of using the AF structure of inactive XCRI1 for  coupled CX;CR1, CX;CRI adopts an inactive-like conformation
our structural comparison analysis. with potentially minor displacement of TM6 (Fig. 4A), resulting

A

XCR1+G,

= CXCR2+G,
- CCR5 +G,,
CX,CR1+G, P

Fig. 5. G protein coupling. (A) Conserved and divergent features of Gi-coupling for XCR1 (slate), CX;CR1 (blue, PDB ID 7XBX), CXCR2 (purple, PDB ID 6LF0), and
CCRS5 (light blue, PDB ID 707F). The G,; subunit that is coupled to XCR1, CXCR2, CCR5, and CX;CR1 is colored in salmon, yellow, dark gray, and green, respectively.
The red arrow points to the wavy hook region at the end of the o5 helix of Go; that is coupled to CX;CR1. The black arrow points to the same region in Go; that
is coupled to other chemokine receptors. (B) Details of interactions between XCR1 and Ge;. Hydrogen bonds are shown as black dashed lines.
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in a cytoplasmic pocket with limited space for the coupling of Ga,.
Consequently, the wavy hook region at the end of the a5 helix
of G, is too far away from TM5 and TMG6 to form interactions
with TMs 1, 2, and 7 (Fig. 5A4), whereas in the structures of G-
coupled XCR1 and other Gj-coupled chemokine receptors, the
same region in Ga, is close to TM5 and TM6 of XCR1 and forms
direct interactions with them (Fig. 5A4).

In the structure of the XCR1-G;, complex, the C-terminal a5
of G sticks into a pocket formed by the cytoplasmic ends of
TMs 2, 3, 4, 5, and 7 of XCR1, forming the main interaction
interface with the receptor (Fig. 5B). The conserved DR>Y
motif at the cytoplasmic end of TM3 in most Class A GPCRs is
replaced by an HR**’Y motif in XCR1 (65). The same motif is
also observed in the purinergic receptor P2Y,R (66). H126**
and R127>*" in this motif form hydrogen bonds with the side
chains of T66**” and Y205°%, respectively, covering the pocket
for the a5 of Gay; (Fig. 5B). The side chains of F354, 1.353, and
L348 on one side of a5 of G engage in hydrophobic interac-
tions with XCR1 residues L2125'65, L2266‘36, and 1227, while
the carboxylate group of F354 and the carbonyl group of 1353
of Go; form ;G)olar interactions with the side chains of XCR1
residues R222°%? and T223%%, respectively (Fig. 5B). In addition
to the interactions in the &5 helix binding pocket, as for other
G;-coupled GPCRs, XCRI1 also interacts with Ga at ICL2.
L135'“"* and L138'“"* of XCR1 form a hydrophobic cluster with
L194 in the p2-p3 loop and F336 and 1343 in the a5 helix of
Ga, (Fig. 5B).

Discussion

As the only member of the C chemokine receptor family, XCR1
is a relatively understudied chemokine receptor. Nevertheless, the
roles of XCL1-XCRI signaling in regulating cDCl1s and antigen
presentation to different T cells have attracted much research
interest in the past decade. We report a high-resolution structure
of the XCR1-Ga, signaling complex with XCL1 CC3, which
revealed the molecular details of the potential CRS1.5 and the
orthosteric CRS2 in XCR1 for XCL1 CC3 and the interactions
between XCL1 CC3 and XCR1 at these two sites. Structural com-
parison analysis indicates a distinctive binding pocket for XCL1
CC3, which differs from CRS2 in other chemokine receptors,
elucidating the specificity of XCL1I recognition. The activation of
XCRI1 involves the conformational changes of residues H1905'43,
1.245%%, and Y241%°" at the bottom of the XCL1 CC3 binding
pocket, potentially due to steric effects with the N-terminal region
of XCL1 CC3. The structural insights are validated by mutagenesis
studies. It is worth noting that none of the mutations of XCR1
we have examined in both B-arrestin and miniG, recruitment
assays exhibited significant signaling bias compared to the WT
receptor when induced by XCL1 CC3 (SI Appendix, Fig. S8).
Given the central role of XCR1 in orchestrating immune
responses, targeting this receptor may offer new opportunities in
drug development aimed at modulating immune functions. For
example, XCL1 has already demonstrated promising effects in
enhancing immune responses to vaccines through the activation
of XCR1 (67-69). In addition, activation of XCR1" DCs can
promote the presentation of tumor antigens to CTLs, thereby
potentially stimulating more robust anti-tumor immune responses.
On the other hand, blocking XCR1 signaling may dampen over-
reactive immune responses in autoimmune diseases. Reducing the
activity of XCR1" DCs may help induce tolerance to self-antigens
and reduce the severity of autoimmune reactions. However, cur-
rently, no synthetic ligands functioning as either agonists or antag-
onists of XCR1 have been reported, which has greatly hindered
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the investigation of XCR1 pathophysiology. The minor and major
subpockets of XCR1 revealed in our structure can be used to design
synthetic ligands for XCR1. In addition, intracellular allosteric
antagonists have also been identified for several CCRs including

CCR2 (70) and CCR9 (71). In the cytoplasmic allosteric site of

CCR2, residues V**°, Y23, K5 and F**° are critical for the
binding of the allosteric antagonist CCR2-RA-[R] and form hydro-
gen bonding or hydrophobic or -7 interactions with the ligand
(70,72).Y P isa part of the conserved N/DP”*’xxY”*® motif in
Class A GPCRs. Interestingly, all other three residues are conserved
in XCR1, corresponding to XCR1 residues 1.226%%, K2938'49, and
F294%°, ‘Therefore, it may be feasible to design intracellular antag-
onists for XCR1 as well. Targeting the chemokine receptor XCR1
holds significant therapeutic potential in a variety of diseases, from
cancer to autoimmune diseases. While challenges exist, advance-
ments in understanding the structure and pharmacology of this
receptor are paving the way for innovative treatments that harness
the power of the immune system. XCR1-targeted therapies may
become an integral part of therapeutic methods against various
diseases caused by a dysfunctional immune system.

Materials and Methods

Expression and Purification of XCL1 CC3 for BRET Assays. Recombinant
XCL1 CC3(V21C,V59C) used in the BRET experiments was expressed and purified
similar to previously described methods (73). Briefly, XCL1 CC3 was expressed
in BL21 (DE3) Escherichia coli cells transfected with a pET28a expression vec-
tor containing an N-terminal 6xHis-SUMO3 tag. Cells were grown at 37 °Cin
Luria-Bertani media containing 50 pg/mL kanamycin to an OD,q, of 0.6 before
induction with 1 mM isopropyl-B-D-thiogalactopyranoside (IPTG). The cultures
were grown for an additional 5 h before the cells were pelleted by centrifugation
at5,000xg and stored at =20 °C.

Bacterial pellets were resuspended in lysis buffer (50 mM Na,PO, (pH 8.0),
300 mM NaCl, 10 mM imidazole, 1 mM phenylmethylsulfonyl fluoride, and 0.1%
(v/v) 2-mercaptoethanol (BME). Resuspended cells were lysed via sonication and
clarified by centrifugation at 18,000 g for 20 min. The lysate supernatant was
discarded, and the remaining insoluble pellet was dissolved in buffer AD (6 M
guanidinium chloride, 50 mM Na,PO, (pH 8.0), 300 mM NaCl, 10 mM imidazole)
with 0.1% (v/v) 2-BME.The insoluble pellets were resuspended by sonication and
again clarified by centrifugation at 18,000 g for 20 min.The resulting superna-
tant was loaded onto a 5 mL Ni-NTA column equilibrated in Buffer AD using an
AKTA-Start system (GE Healthcare). The column was washed with Buffer AD, and
terminal 6xHis-SUMO3-CC3 was eluted using Buffer BD (6 M guanidinium, 50
mM sodium acetate (pH 4.5), 300 mM NaCl, and 10 mM imidazole). CC3 was
refolded overnight via drop-wise dilution into a sixfold greater volume of Refold
Buffer (50 mM Na,PO, (pH 7.4), 150 mM NaCl) with the addition of 10 mM
cysteine, and 1 mM cystine. Refolded CC3 was concentrated in an Amicon Stirred
Cell concentrator (Millipore Sigma) using a 10 kDa membrane. CC3 was added
to 6 to 8 kDa dialysis tubing with the addition of ULP1 to cleave the N-terminal
6xHis-SUMO3-tag and dialyzed at 25 °C against Refold Buffer overnight. The
AKTA-Start system was used to load the cleaved protein onto a 10 mL column
of SP Sepharose Fast Flow resin (GE Healthcare) equilibrated in Refold Buffer.
The column was washed with Cation Buffer A (50 mM Na,PO, (pH 7.4), 150
mM NaCl), and CC3 was eluted using Cation Buffer B (50 mM Na,PO, (pH 7.4),
2 M NaCl). XCL1 CC3 was purified to >99% homogeneity using reverse-phase
high-performance liquid chromatography with a 60 min gradient from 30 to
60% acetonitrile with 0.1% TFA.

Expression and Purification of the XCL1 CC3-XCR1-Gi Complex. We
designed a construct of WT human XCR1 fused with XCL1 CC3 and a 40-amino
acid linker at its N-terminal end. We also added the signal peptide from bovine
prolactin to the N-terminal end of XCL1 CC3, which is cleaved posttranslation,
ensuring the exposure of the first N-terminal residue of XCL1 CC3. We also added
the LargeBit protein along with an 8xHis tag and a FLAG tag to the C-terminal
end of XCR1 to facilitate protein purification and complex formation (40). For the
G; protein, a dominant negative form of Gy, (DNGay,) with four mutations
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(S47N,G203A, E245A,A326S) was used. Human Gp1 was fused with an N-terminal
6xHis tag and a C-terminal HiBiT peptide (40) together a 15-amino acid linker.
These proteins were cloned into the pFastBac vector for expression in insect cells
using the baculovirus system (Fisher).

XCL1 CC3-XCR1, DNGay;, and Gp,y, were coexpressed in Sf9 insect cells using
the baculovirus method, as previously described in our earlier studies (74, 75).
The three types of viruses were used to transfect Sf9 cells at the ratio of 1:1:1 for
48 h at 27 °C. After infection, cell pellets were collected by centrifugation and
stored at —80 °C. Cell pellets were thawed in buffer containing 20 mM HEPES pH
7.5,50 mM NaCl, 10 mM MgCl,, 5 mM CaCl,, 2.5 pg/mLleupeptin, and 300 pg/
mL benzamidine. To facilitate complex formation, 25 mU/mL Apyrase (NEB) and
100 pM TCEP were added and incubated at room temperature for 2 h. The cell
membranes were isolated by centrifugation at 25,000 g for 40 min and then
resuspended in solubilization buffer containing 20 mM HEPES pH 7.5, 100 mM
NaCl, 0.5% (w/v) lauryl maltose neopentylglycol (LMNG, Anatrace), 0.1% (w/v)
cholesteryl hemisuccinate (CHS, Anatrace), 10% (v/v) glycerol, 10 mM MgCl,,
5mM CaCl,, 12.5 mU/mLApyrase, 2.5 pg/mLleupeptin, 300 pg/mL benzamidine,
and 100 uMTECP for 2 hat 4 °C. After centrifugation at 25,000 x g for 40 min, the
supernatantwas collected and then incubated with nickel resin at4 °C overnight.
The resin was washed with a buffer A containing 20 mM HEPES pH 7.5, 100 mM
NaCl, 0.05% (w/v) LMNG, 0.01% (w/v) CHS, 20 mM imidazole, 2.5 pg/mLleupep-
tin, 300 pg/mL benzamidine, and 100 uM TECP. The complex was eluted with
buffer A containing 400 mM imidazole. The eluate was loaded onto anti-Flag
M2 antibody resin. After wash, the complex was eluted in buffer A containing
200 pg/mL FLAG peptide and concentrated using an Amicon Ultra Centrifugal
Filter (MWCO, 100 kDa). Finally, a 1.3 molar excess of scFv16 was added to the
elution. The sample was then loaded onto a Superdex 200 Increase 10/300 col-
umn (GE Healthcare) pre-equilibrated with buffer containing 20 mM HEPES pH
7.5, 100 mM NaCl, 0.00075% (w/v) LMNG, 0.00025% (w/v) GDN, 0.00015%
(w/v) CHS and 100 uM TECP. Peak fractions of the complex were pooled and
concentrated for cryo-EM experiments.

ScFv16 was expressed in Hi5 insect cells using Bac-to-Bac expression sys-
tem. To purify the protein, the cell supernatant was collected and loaded onto
Ni-NTA resins. Following nickel affinity chromatography, the protein was further
subjected to size exclusion chromatography on a Superdex 200 Increase 100/300
GLcolumn.The purified scFv16 was then collected and concentrated for complex
assembly.

Cryo-EM Sample Preparation and Data Collection. The 3 pl protein sample
was loaded to 1.2/1.3 UltrAufoil 300 mesh grids that had been plasma-cleaned
and then plunged into liquid ethane using an FEI Vitrobot Mark IV (Thermo Fischer
Scientific). 11,176 movies were collected using Titan Krios transmission electron
microscope, equipped with a Falcon 4 Summit direct electron detector. Images
were recorded with a nominal magnification of 96,000 x using the EPU software
with a calibrated pixel size of 0.82 A and a defocus range of —1.0 to —2.0 um.
Each stack was dose-fractionated to 40 frames with a total dose of 55 e /A%,

Cryo-EM Data Processing. The cryo-EM data processing was done following
a similar protocol outlined in our previous studies (74, 75). Movies were sub-
jected to patch motion correction in cryoSPARC (76). Contrast transfer function
(CTF) parameters were calculated using the patch CTF estimation tool. Total of
8,036,426 particles of XCL1 CC3-XCR1-G; complex were autopicked and then
subjected to 2D classification to discard bad particles. After ab initio reconstruction
and heterogeneous refinement, 255,110 particles were subjected to nonuniform
refinement, which generated a map with an indicated global resolution of 3.07 A
at a Fourier shell correlation of 0.143. The map was sharpened with deepEM-
hancer (77) and used for subsequent model building and analysis. To further
improve quality of the XCRT and XCL1 CC3, local refinement with a soft mask
focusing on the receptor and peptide was performed in cryoSPARC. The focused
refinement map for the XCR1 and XCL1 CC3 shows the indicated resolution of
3.99 A, which was sharpened with deepEMhancer. Local resolution was estimated
in cryoSPARC.

Model Building and Structure Refinement. The AlphaFold-predicted structure
of XCR1 and structures of G; and scFv16 obtained from the GPR84-G-scFv16
complex (PDB ID 8G05) were used as initial models for docking into the cryo-EM
map using Chimera (78). The structure of XCL1 CC3-XCR1-G, was subsequently
generating using iterative manual building and adjustment in Coot (79),
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followed by real-space refinementin Phenix (80). The final model was validated
by Molprobity. Detailed statistics for data collection, processing, and structure
refinement statistics are provided in S/ Appendix, Table S1.

Mutagenesis and BRET-Based Signaling Assays. BRET experiments were
performed to provide a direct and high-throughput readout of receptor activity
in response to functional mutants. We used methods similar to those used in
our previous studies (81). The full-length sequence of XCR1 was cloned into a
pcDNA3.1 vector to include an N-terminal HA-FLAG tag and a C-terminal IDTG
linker proceeding the Rluc8 gene. Amino acid substitutions were made using
Quikchange mutagenesis (Product Number: 200524 - Agilent). A pcDNA3. 1 vec-
tor containing p-arrestin2 with an N-terminal Venus tag was used in this assay.
The miniGa; construct was provided by the lab of Dr. Andy Chevigné and was
cloned into the pcDNA3.1 Venus expression vector described above. HEK293T
cells (ATCC) maintained in Dulbecco’s modified Eagle's medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) were transiently transfected on 10
cm plates with 0.3 pg of XCR1-Rluc8 constructs and 5 pg of Venus-transducer at
~50% confluency using TransIT-293 (Mirus). At 24 h posttransfection, cells were
resuspended in PBS supplemented with 0.1% glucose and plated in 96-well
plates at a density of 100,000 cells/well in a total of 60 uL. After an additional 1
hat 37 °C, cells were stimulated with Coelenterazine-H to a final concentration
of 5uM and incubated for 5 min. XCL1 CC3 and vMIP-Il were suspended in PBS
supplemented with 0.1% glucose and were added at concentrations from 10 pM
to 10 uM. WT-XCR1:CC3 was included in each plate as a positive control and
BRET (540/480 nm) signals were measured upon CC3 addition on the Mithras
LB940 (Berthold Technologies). Measurements on individual plates were per-
formed in duplicate for each chemokine concentration. Data were analyzed with
anonlinearfit to create a dose-response curve in GraphPad Prism 10 (Graphpad
Software Inc., San Diego, CA). Data from three independent plates were used
in the analysis and calculation of SE. All data were baseline corrected to wells
collected in the absence of chemokine. Mutant XCR1 expression levels were
determined as the mean RLuc8 signal (480 nM) over three independent plates,
normalized to WT XCR1.

Mutagenesis and BRET-Based Signaling Assays. BRET experiments were
performed to provide a direct and high-throughput readout of receptor activity
in response to functional mutants. We used methods similar to those used in
our previous studies (81). The full-length sequence of XCR1 was cloned into a
pcDNA3.1 vector to include an N-terminal HA-FLAG tag and a C-terminal IDTG
linker proceeding the Rluc8 gene. Amino acid substitutions were made using
Quikchange mutagenesis (Product Number: 200524 - Agilent). A pcDNA3. 1 vec-
tor containing p-arrestin2 with an N-terminal Venus tag was used in this assay.
The miniGa; construct was provided by the lab of Dr. Andy Chevigné and was
cloned into the pcDNA3.1 Venus expression vector described above. HEK293T
cells (ATCC) maintained in DMEM supplemented with 10% FBS were transiently
transfected on 10 cm plates with 0.3 pg of XCR1-Rluc8 constructs and 5 pg of
Venus-transducer at ~50% confluency using TransIT-293 (Mirus). At 24 h post-
transfection, cells were resuspended in PBS supplemented with 0.1% glucose
and plated in 96-well plates at a density of 100,000 cells/well in a total of 60 L.
After an additional 1 h at 37 °C, cells were stimulated with Coelenterazine-H to
a final concentration of 5 uM and incubated for 5 min. XCL1 CC3 and vMIP-II
were suspended in PBS supplemented with 0.1% glucose and were added at
concentrations from 10 pMto 10 uM. WT-XCR1:CC3 was included in each plate as
a positive control and BRET(540/480 nm) signals were measured upon CC3 addi-
tion on the Mithras LB940 (Berthold Technologies). Measurements on individual
plates were performed in duplicate for each chemokine concentration. Data were
analyzed with a nonlinear it to create a dose-response curve in GraphPad Prism
10 (Graphpad Software Inc., San Diego, CA). Data from three independent plates
were used in the analysis and calculation of SE. All data were baseline corrected
to wells collected in the absence of chemokine. Mutant XCR1 expression levels
were determined as the mean RLuc8 signal (480 nM) over three independent
plates, normalized to WT XCR1.

Inactive XCR1 Modeling. A molecular model of the inactive XCR1 was gener-
ated with AlphaFold 2 using the ColabFold platform on Google Colaboratory.
(57)The sequence of human XCR1 was obtained from UniProt (P46094)(82). The
XCR1 sequence was submitted to ColabFold and the program was run without
structural templates to enhance output heterogeneity. The sequence alignment

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2405732121#supplementary-materials

used MMseqs2 and UniRef90, and the value of pLDDT was used to rank the five
resulting models. The top-ranked model was used as an input for MD simulations.

CC3-XCR1 Modeling. The full chemokine sequence of XCL1 V21C V59C (CC3)
was modeled onto the cryoEM structure of CC3-XCR1-Galpha with AlphaFold 2
using the ColabFold platform on Google Colaboratory. The sequence of human
XCL1 was obtained from UniProt and the V21C and V59C mutations were incor-
porated (P47992) (UniProt 2023). The sequences of CC3, XCR1, and GNAI were
submitted to ColabFold in a hetero-oligomer format and the program was run
using the XCRT cryoEM structure as a structural template. The sequence alignment
used MMseqs2 and UniRef90, and the value of ipTM was used to rank the five
outputted models against one another.

After the conclusion of the modeling, the top-ranked AlphaFold complex was
superimposed with the cryo-EM structure of XCR1T in PyMOL 3.0.3.The PDB files
for the cryoEM structure and the AlphaFold complex were rewritten with the new
superimposed coordinate system. Using these superimposed PDB files, the coor-
dinates for residues 11-93 of CC3 were appended to the PDB file of the cryo-EM
structure of XCR1, and the beta/gamma subunits were removed - providing a
final input for MD simulations which included the full XCL1 CC3 structure.

MD Setup and Production. The MD inputs (described above) were uploaded
to Charmm-GUI (charmm-gui.org) where the disulfides were reclassified, the
membrane orientation was determined with PPM 2.0, and each model was placed
into a synthetic biological membrane containing cholesterol, POPA, DDPC, DOPC,
POPE, and POPS in a 6:2:2:8:6:1 ratio(83-88). Water, along with sodium and
chloride ions at final concentrations of 150 mM, were then added to the system.
After assembly, the system was downloaded in GROMACS format.
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