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Tripartite motif protein isoform 5 alpha (TRIM5«) is a potent anti-
viral protein that restricts infection by HIV-1 and other retrovi-
ruses. TRIM5a recognizes the lattice of the retrovirus capsid
through its B30.2 (PRY/SPRY) domain in a species-specific manner.
Upon binding, TRIM5a induces premature disassembly of the viral
capsid and activates the downstream innate immune response. We
have determined the crystal structure of the rhesus TRIM5a PRY/
SPRY domain that reveals essential features for capsid binding.
Combined cryo-electron microscopy and biochemical data show
that the monomeric rhesus TRIM5a PRY/SPRY, but not the human
TRIM5a PRY/SPRY, can bind to HIV-1 capsid protein assemblies
without causing disruption of the capsid. This suggests that the
PRY/SPRY domain alone constitutes an important pattern-sensing
component of TRIM5« that is capable of interacting with viral cap-
sids of different curvatures. Our results provide molecular insights
into the mechanisms of TRIM5a-mediated retroviral restriction.

RIMSa potently inhibits infection by HIV-1 and other ret-
roviruses at an early postentry stage in a species-specific
manner (1). Rhesus TRIM5a (rhTRIM5a) potently blocks HIV-
1 infection (2). In contrast, human TRIMSa (huTRIMS5«) only
weakly inhibits HIV-1, but potently restricts N-tropic murine
leukemia viruses (N-MLV) (3, 4). TRIMSa is able to induce
premature capsid disassembly (5) and activate downstream innate
immune responses upon recognizing the retroviral capsid lattice (6).
TRIMSa is composed of RING, B-box 2, coiled-coil (CC), and
B30.2 (PRY/SPRY) domains (Fig. 14), similar to many tripartite/
RBCC motif (TRIM) family members (7). The RING domain
functions as an E3 ubiquitin ligase (8); the B-box 2 domain
mediates formation of higher-order structure and self-associa-
tion (9, 10); and the coiled-coil domain mediates dimerization
(11) and facilitates the formation of the hexagonal lattice (12).
The PRY/SPRY domain is essential for recognition of retroviral
capsids and determines the specificity of restriction (13, 14). Two
linker regions, L1 and L2, separate RING/B-box 2 and coiled-coil/
(PRY/SPRY) domains, respectively (Fig. 14). The antiviral potency
of TRIM5a has been shown to correlate with its affinity for the viral
capsid lattice (5). Interestingly, a single amino acid change from
arginine to proline at residue 332 (R332P) in the PRY/SPRY do-
main of huTRIM5a conferred the ability to restrict HIV-1 (14-16).
HIV-1 capsid (CA) proteins can assemble into closed fuller-
ene cones or helical tubes; other structurally homologous ret-
rovirus CA proteins form cylindrical or spherical capsids (17-19).
Despite the diverse array of retroviral capsids, different shapes
are recognized by the same TRIMS5a protein or highly homolo-
gous orthologs (20). The binding interaction requires an as-
sembled capsid lattice as individual CA molecules do not have an
appreciable affinity to TRIMSa (21). This broad, yet specific
lattice pattern-sensing ability resides in the capsid-recognition
PRY/SPRY domain of TRIMSa (5, 13, 14, 16, 22). A TRIMSa
truncation construct containing the coiled-coil and the PRY/
SPRY domains (CC-SPRY) is sufficient to bind and disrupt
HIV-1 CA assembly (23). However, the lack of detailed structural
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data on TRIM5a PRY/SPRY poses an obstacle to understanding
the pattern-sensing mechanism by which TRIMSa interacts with
the retrovirus capsid. Here we report the crystal structure of the
rhTRIMS5a PRY/SPRY domain that reveals important features
for viral capsid recognition. Both our EM and biochemical data
demonstrate that thTRIMS5a PRY/SPRY (PRY/SPRY ;) alone is
able to recognize HIV-1 capsid tubes, whereas huTRIMSa PRY/
SPRY (PRY/SPRYy,) cannot. These findings provide a structural
framework that enables us to begin understanding the capsid
pattern-recognition mechanisms of TRIM5a.

Results

TRIMS5a PRY/SPRY Is a Monomer in Solution. It has been shown that
a full-length TRIM5a chimera (TRIMSRh-21R) exists as a mix-
ture of monomers and dimers whereas a truncated TRIMS5a (CC-
SPRY) is a dimer (11, 23, 24). We investigated the oligomeriza-
tion state of PRY/SPRY, and PRY/SPRY},.. To overcome the
poor yield and solubility problem of TRIMS5a PRY/SPRY, either
PRY/SPRY,, or PRY/SPRY},, was fused to the end of the C-
terminal helix of the maltose binding protein (MBP) (295),
resulting in MBP-PRY/SPRY 11575 (residues 275-493) and MBP-
PRY/SPRY 273 (residues 273—489). Typical yields for these fu-
sion proteins were over 10 mg/L of Escherichia coli cells. Both
fusion proteins are very soluble (>10 mg/mL) and elute as mon-
odispersed peaks from a size exclusion column (Fig. 1B), with the
elution volumes precisely matching those expected for mono-
mers. These data confirm that PRY/SPRY,;, and PRY/SPRY,
are monomeric in solution and are consistent with the notion that
the coiled-coil domain is critical for TRIMSa dimerization.

Crystal Structure of MBP-PRY/SPRY,,. We determined the Ocrystal
structure of MBP-PRY/SPRY ;575 at a resolution of 3.3 A (Ta-
ble S1 and Fig. S1). Two independent fusion protein molecules
with an identical conformation (rmsd 0.1 A) were observed in
the asymmetric unit of the crystal. Similar to the known struc-
tures of the PRY/SPRY domain of other proteins, PRY/SPRY
adopts a highly distorted p-sandwich fold, comprising two, seven-
stranded antiparallel f-sheets with an a-helix at the N terminus,
beginning with residue 287 (Fig. 24 and Fig. S2). TRIMSa res-
idues before 287 were not observed in the crystal structure and
are most likely disordered, except residues 275-279 that connect
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Fig. 1. (A) Schematic depiction of dimeric TRIM5a. The four domains are
colored differently and their respective molecular masses are indicated. The
two linker regions are labeled L1 and L2. (B) Size-exclusion chromatograms
of rhesus (solid) and human (dashed) MBP-TRIM5a PRY/SPRY. The molecular
masses of protein standards are indicated at the top.

PRY/SPRY;, to the C-terminal helix of MBP. This segment is
part of the L2 region (residues 234-296) of TRIM5a (28) and is
presumably unstructured because the majority of the L2 residues
are not included in the construct.

A distinct feature revealed by the structure is that the variable
regions (V1-V3) that harbor the viral capsid-interacting residues
(29-31) form a surface on one side of the molecule (Fig. 24;
Figs. S2 and S3). This surface likely constitutes the capsid-
binding interface. This surface includes a triangular shaped, ~40
A large core region that is largely flat. The bulk of the variable
regions is composed of loops that extend out from the core fold.
Most of the V1 loop (residues 328-347) is disordered and is not
observed in the crystal, highlighting most likely its intrinsic
flexibility. The electron density for residues 384-388 in V2 is
observed, but poorly defined. The V3 loop is well ordered by
packing interactions with a neighboring molecule in the crystal.
The V4 loop that has not been implicated in capsid binding is
also well structured. The flexible V1-V3 loops have the ability to
adopt a variety of different conformations, thereby enlarging the
putative capsid-binding interface to up to ~70 A in dimension.
This ability may have profound implications in recognizing viral
capsids of different curvatures (discussed below).

We carried out homology modeling to gain more insight into
the V1 loop. The I-TASSER program (32) was used to model the
PRY/SPRY;, structure based on the crystal structures of multiple
homologous proteins. As expected, the core fold of PRY/SPRY
is predicted consistently, whereas the predicted conformation of
the V1 loop varies significantly among the top homology models
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produced. This is consistent with the flexible nature of the V1 loop.
An example of the conformation is shown in Fig. 2. The V1 loop
contains many important residues in retroviral capsid interaction,
and its flexibility may allow these residues to recognize various
viral capsids of different shapes (discussed below). Regardless of
the conformation of the V1 loop, some critical residues (residues
332, 335, and 336 of huTRIMS5a) that confer restriction speci-
ficity (15, 16, 33, 34) are located in the middle of V1. This lo-
cation could place the residues at the tip of the V1 loop when it
is extended (Fig. 2D and Fig. S3). It has been demonstrated that
a swap of the V1 region of rhTRIMS5a and huTRIMSa can
change the restriction specificity toward MLV CA mutants har-
boring mutations in the p1/p2 region (30), supporting a potential
interaction between TRIMS5a V1 and CA f1/p2.

We compared the conformations of the variable regions of
PRY/SPRY,, with those in homologous proteins to gain further
structural insight. The crystal structures of 14 SPRY-containing
proteins of different functions are available in the Protein Data
Bank (PDB). Structural superposition of all 14 structures reveals
that the disposition of the variable regions falls roughly into two
groups (Fig. 2B), indicating their well-defined structures and low
degree of variability within each group. This analysis also sug-
gests that the positions of the loops from the TRIM family
cluster, except TRIMS5«a, may be inherited from a common an-
cestor, whereas those from the other two clusters may derive
from another origin (Fig. 2 B and C). In contrast, V1-V3 of
PRY/SPRY,;, do not fall into either group, and V1 is significantly
longer. These findings reinforce the notion that the variable
regions of TRIMSa PRY/SPRY are mostly flexible and have
evolved for antiviral activity (29-31).

TRIM5« PRY/SPRY Is an Evolutionarily Conserved Module That Acquired
Unique Features for Retrovirus Capsid Recognition. Our crystal
structure allowed us to carry out a structure-based sequence
alignment to further examine the details of the antiviral elements
of TRIM5a PRY/SPRY. The SPRY domain is a commonly used
protein—protein interaction module in many proteins from a va-
riety of species. Distinct from its evolutionary ancestor SPRY,
the B30.2 (PRY/SPRY) domain is found only in vertebrates and
contains an additional PRY, N-terminal to SPRY (35). Over 150
human proteins contain B30.2 and SPRY domains, functioning
in diverse cellular processes (7). We analyzed the evolutionary
relationship between TRIMS5a PRY/SPRY and other B30.2 and
SPRY domains by structural alignment. Despite the extensive
amino acid sequence variation (identity ranges from below 10%
to 40%), the fold of the SPRY domain is highly conserved
(backbone rmsd of 0.42-1.93 A). This suggests that the SPRY
fold is a robust scaffold that can be modulated by sequence
variation for distinct cellular functions.

We generated a structure-based phylogenetic tree for the
PRY/SPRY and SPRY lineage among all available structures
(Fig. 2C), using the Structure Homology Program (26). This tree
shows that all of the TRIM family members that contain PRY,
including rhTRIMS5a, are clustered together. Those lacking PRY
(SSB-2) or exhibiting an ambiguous PRY (GUSTAVUS) fall
into a separate group. The structure of PRY/SPRY , reveals that
some regions implicated in viral capsid recognition, i.e., V2-V3,
are located in the SPRY subdomain whereas the most critical V1
resides in the PRY subdomain (Fig. 2 4 and D). This suggests
that the acquisition of the PRY subdomain into the more ancient
SPRY domain may correlate with the emergence of a viral
capsid-sensing capacity in vertebrates.

Monomeric PRY/SPRY,,, Interacts with Individual CA Hexamers Very
Weakly. To investigate the binding strength between monomeric
PRY/SPRY ;, and hexameric CA, we examined the binding affinity
between monomeric PRY/SPRY;, and individual CA hexamers
(A14C/E45C/W184A/M185A) (36) in solution by size-exclusion
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Fig. 2. PRY/SPRY,, is a conserved module with unique structural features. (A) Two views of the crystal structure of PRY/SPRY,, in ribbon and surface rep-
resentations. Density for V1 is not observed. An example conformation of the V1 loop obtained by homology modeling is shown by the black dashed line in
the molecular surface (red). The arrowed line around this part of the structure indicates the conformational space available to V1. The variable regions (V1-V4)
are colored in red. (Inset) Dimensions of the triangular-shaped core. (B) Four variable regions are shown separately by superimposing 15 SPRY-containing protein
structures. TRIM5a is colored red and the others are grouped into two clusters, colored cyan and green, respectively. (C) Structure-based phylogenetic tree of the
15 SPRY-containing proteins [using the program SHP (26) and PHYLIP (27)]. The following structures with PDB ID in parentheses are included: PRY/SPRY-19q13.4.1
(2FBE), human TRIM21 (2IWG), murine TRIM21 (2VOK), TRIM20 (2WL1), TRIM72 (2KB5), Ash2L (3TOJ), SPRY-containing protein3 (2YYO), GUSTAVUS (2FNJ),
GUSTAVUS/VASA (2IHS), SSB-1/VASA (3F20), SSB-1/hPar-4 (2JK9), SSB-4 (2V24), human SSB-2/VASA (3EMW), and murine SSB-2 (3EK9). Protein names are color-
coded according to B. Proteins analyzed in D are underlined. (D) Structure-based amino acid sequence alignment. The secondary structure elements of rhTRIM5a«
are indicated. Fully conserved residues are marked in the solid red box; similar residues are shown in red type. Residues that do not fit into the structure-based

alignment are shaded in semitransparent red. Large protein-specific insertions were omitted in regions where orange dots are shown.

chromatography. No complex formation was detected even at very
high concentrations of both proteins (400 pM CA and 200 uM
PRY/SPRY,,). The elution profiles of the mixture of the CA
hexamers and PRY/SPRY ;, overlay precisely with their individual
profiles (Fig. 34), without any shift of peak positions expected for
complex formation. The results demonstrate that monomeric
PRY/SPRY,;, has a very weak binding capacity to individual CA
hexamers, implying that higher-order assemblies of CA and/or
TRIMSa are required for efficient capsid interaction.

Monomeric PRY/SPRY,;, Is Sufficient to Recognize HIV-1 Capsid but
Does Not Disrupt the CA Tubular Assembly. We performed further
dissection of the TRIMS5a-CA interaction to address the mech-
anistic question of whether the PRY/SPRY,;, domain alone is
sufficient to recognize the HIV-1 capsid. It had been demon-
strated previously that thTRIMSa (11, 37) and its truncation
containing the coiled-coil and PRY/SPRY domains (23) can bind
and disrupt HIV-1 CA/CA-NC assembled into tubes or purified
viral cores. We used monomeric MBP-PRY/SPRY, (24 pM) or
MBP-PRY/SPRY},, (21 pM) in a precipitation assay (23) with
preassembled CA tubes (69 uM). MBP-PRY/SPRY,;, copelleted
with assembled CA, demonstrating binding, whereas essentially
no binding was observed for MBP-PRY/SPRY},, under the same
assay conditions (Fig. 3B). Similar to thTRIMSa CC-SPRY, the
binding of MBP-PRY/SPRY , to CA tubes exhibited a clear dose
dependence (Fig. 3C). Compared with the dimeric thTRIMS5a
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CC-SPRY (23), monomeric MBP-PRY/SPRY;, displayed a lower
binding ratio, consistent with previous findings that showed an
increase in binding affinity upon dimerization (11).

Cryo-electron microscopy (cryo-EM) was used to confirm binding
of PRY/SPRY,;, to HIV-1 CA tubes and to probe whether mono-
meric PRY/SPRY};, can disrupt these tubes (Fig. 3 D-G). We
obtained cryo-EM images that clearly show decoration of the tubular
CA assemblies by MBP-PRY/SPRY;, on the surface of the tubes
(Fig. 3E). In addition, these CA tubes are well separated (Fig. 3D),
which differs from the bundled appearance of the CA tubes without
TRIMS5a (38). In contrast, using MBP-PRY/SPRYy,, in the same
assay, the CA tubes remain bundled (Fig. 3F), and no additional
density can be observed on their surfaces (Fig. 3G). Unlike full-length
rhTRIMSa and thTRIMSa CC-SPRY, the binding of MBP-PRY/
SPRY,;, does not cause shortening or destruction of the CA helical
assemblies (Fig. 3 D and E). Thus, the above findings demonstrate
that the monomeric PRY/SPRY likely constitutes an important part
of the pattern-sensing module of TRIMS5a that is capable of recog-
nizing assembled CA, but cannot disrupt the HIV-1 capsid.

Discussion

TRIMS5a has evolved to be a potent antiviral restriction factor
with very unique properties. It has strong species specificity that
determines the tropism of retroviruses such as HIV/SIV and
MLV (3, 4, 39, 40). At the same time, it possesses a pattern-
sensing ability that recognizes retroviral capsids of a broad range
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Fig. 3. Interaction of TRIM5a PRY/SPRY domains with CA hexamers and wild-type CA tubular assemblies. (A) Size-exclusion chromatographic profiles of
individual CA hexamers (CA concentration 400 pM) (black dashed line), PRY/SPRY,, (200 pM) (black solid line), and their mixture (gray solid line). (B and C)
Binding of MBP-TRIM5a PRY/SPYR to preassembled wild-type CA tubes. Binding reactions were analyzed by SDS/PAGE using CA tubular assemblies (69 uM),
incubated with MBP-PRY/SPRY y, (24 pM), MBP-PRY/SPRY},, (21 pM), and binding buffer (B) or MBP-PRY/SPRY,, at various concentrations of 5-52 uM (C).
Samples of the reaction mixture before centrifugation (t), of supernatant (s), and of pellet (p) are shown. (D-G) Cryo-EM images of the reaction mixture. Low-
dose projection image of wild-type CA tubes (72 pM) incubated with MBP-TRIM5« PRY/SPRY at nominal magnifications of 4,700x (D and F) and 59,000 (E and
G). CA tubes are well separated (D) and decorated with protein density (E) upon binding of MBP-PRY/SPRY 1, (24 pM). Incubation with MBP-PRY/SPRY/,, (21
uM) yields bundled CA tubes (F) similar to CA assembly alone, and no additional protein density is observed on the CA tube surface (G). (Scale bars: 1 pm in D

and F; 100 nm in E and G.)

of shapes. The viral capsid proteins are highly similar in struc-
ture, with the predicted TRIMSa-binding regions located at the
same surface areas (Fig. S4), even though the L4/5 region of HIV
CA is much longer than the corresponding region in MLV CA.
An emerging consensus is that a conserved TRIMS5a-binding
mode exists for various viral capsids and that the surface details
of the CA lattice dictate the species-specific interaction with
TRIMSa (5, 14, 22, 41-43). On the other hand, TRIMS5a pos-
sesses an intriguing curvature-independent pattern-recognition
property. Given that TRIMS5a proteins bind to the contiguous
surface of the HIV capsid that comprises varying interhexamer
interfaces, the flat CA lattice formed in vitro, as well as the
spherical surface of the N-MLV capsid (4, 12), it must be able to
recognize CA assemblies with different curvatures.

Our results and the large body of available data on TRIMSa-
CA-capsid recognition allow for a mechanistic interpretation of
this interaction at a molecular level. First, our crystal structure
reveals the most likely CA-binding interface on PRY/SPRY,
that contains all elements of positive selection (41) and muta-
tional hot spots identified previously (15, 16, 29-31, 40-42, 44)
(Figs. 24 and 44; Fig. S3). Second, the TRIM5a-binding site has
been mapped to encompass the entire outer surface of CA (Fig.
44 and Fig. S4), including the B1/p2 hairpin, L5/6, and L4/5
regions in HIV CA and the corresponding sites on MLV CA (30,
33, 45-50). Specifically, TRIMSa V1 may interact with CA p1/p2
at the center of the CA hexamer, as swapping the V1 region of
rhTRIMSa and huTRIMSa resulted in a change of the re-
striction specificity toward MLV CA with mutations in the p1/p2
region (30). Third, our cryo-EM and cosedimentation experi-
ments reveal that the PRY/SPRY,;, domain retains the ability to
bind HIV-1 CA helical tubes without breaking the assembly.
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Importantly, our crystal structure of PRY/SPRY},, the crystal
structure of the HIV-1 CA hexamer lattice (36, 51), and the cryo-
EM maps of HIV-1 capsid and helical tubes (18, 38) together
establish a structural framework for further detailed investigation
of this lattice-specific interaction.

A potential binding mode is that the PRY/SPRY domain pri-
marily interacts with a hexamer CA unit and that the dimerization
or higher-order oligomerization of TRIMS5a allows for the rec-
ognition of the capsid lattice (Fig. 4 A-C). It is interesting to note
that the putative interaction interface on PRY/SPRY appears to
be larger than that on a single CA protein (Fig. 44). TRIM5«
PRY/SPRY therefore may contact more than one CA monomer
in the hexamer unit, or even in a second CA hexamer nearby. A
TRIMSa dimer can then bridge two CA hexamers, each of which
is primarily recognized by one PRY/SPRY domain (Fig. 4 B and
C). The L2 linker region may have a certain degree of flexibility
that allows the PRY/SPRY dimer to adapt to the capsid lattice
with varying curvatures (Fig. S54). The higher oligomerization or
the lattice formation of TRIM5a (10-12) may further enhance the
capsid pattern-sensing ability of the molecule.

Alternatively, a single PRY/SPRY domain may constitute an
important part of the pattern-sensing module of TRIMS5a and
may be capable of binding capsids of various shapes. It has been
established that individual CA molecules do not have an ap-
preciable affinity to TRIMS5a (21), and our data show that the
CA hexamer interacts with PRY/SPRY,, very weakly (Fig. 34).
In contrast, the preassembled CA lattice has a stronger interaction
with PRY/SPRY, as we could detect substantial binding to CA
tubular assemblies (Fig. 3 B and D). This corroborates the
observation that monomeric TRIMS-21R retains its ability to
interact with CA tubes, where the binding ratio of monomeric
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Fig. 4. Analysis of the interaction of the PRY/SPRY,, domain and assembled HIV CA tubes. (A) The potential binding surfaces on the PRY/SPRY domain and
two neighboring HIV CA hexamers are colored in red and green, respectively, in intrahexamer (Upper) and interhexamer (Lower) binding scenarios. The
molecules are drawn to the same scale and are shown in surface representations with the interaction elements marked. The HIV-1 CA model is from the
hexamer crystal structure (PDB ID: 3H4E). (B) A conceptual model of two PRY/SPRY molecules (red and yellow surface) with each binding to a neighboring CA
hexamer (tan: N-terminal domain; light blue: C-terminal domain) separately. (C) Side view of B. (D) A conceptual model for binding between the PRY/SPRY
domain and interhexamer CA interfaces in different directions on an HIV-1 CA tubular assembly. Note that the binding surface in the PRY/SPRY core (red) fits
well at the CA hexamer interface (buried in the top view of the CA hexamer assembly) and that the flexible V1 loop adopts various conformations to fit the
varying curvature along different directions. The CA tube model was created by docking the crystal structure of HIV-1 CA hexamer (PDB ID: 3H4E) to the EM
map of the HIV-CA helical tube (Electron Microscopy Data Bank accession code: EMD-5136). (E) A side view of PRY/SPRY binding to the interhexamer interface
in the a-b direction in D. The CA-NTD is shown in ribbon representation. The arrow marks the range of distances that PRY/SPRY needs to span across
neighboring CA hexamers in the HIV capsid. (F) A schematic depiction of how the dimeric TRIM5a causes the disruption of the HIV CA tubular assembly.

TRIMS-21R to CA has only a modest reduction (two- to
threefold less at 0.15-0.6 pM TRIMS-21R) (11) compared with
that of dimeric TRIMS5-21R to CA. The increased binding
strength to the CA lattice suggests that monomeric PRY/SPRY
likely engages in interhexamer binding of CA, indicating an in-
trinsic capsid lattice sensing ability in the PRY/SPRY monomer.
To achieve binding across the interhexamer CA interface,
a single thTRIM5« PRY/SPRY domain (~40 A across the core
fold) must simultaneously interact with an extended surface area
on CA including p1/p2, L5/6, and L4/5, as well as at least one
additional binding element (such as a neighboring L4/5) from
a second CA hexamer (Fig. 44). This binding interface spans
a distance ranging from ~45 A in the flat lattice to ~70 A in the
CA assembly with the largest curvature at the tip of the HIV
capsid cone (Fig. S5) (17, 18). The most likely scenario is that an
extended V1 latches onto the binding surface on one CA mol-
ecule, as it has been implicated in interaction with p1/p2 (30) and
residue 110 of MLV CA (corresponding to the L5/6 region in
HIV CA) (47), whereas V2 and V3 interact with CA molecules
in a neighboring hexamer (Fig. 4 D and E). In this binding mode,
the flexible V1-V3 regions of PRY/SPRY , especially V1, most
likely undergo conformational changes to adapt to the varying
curvatures in the retrovirus capsids (Fig. 4 D and E; Fig. S5).
Interestingly, the maximum distance that the PRY/SPRY do-
main can cover when the V1 loop is fully extended is about 70 A,
which coincides with the largest separation of CA-binding ele-
ments in the capsid cone (Fig. S5). The flexibility of the variable
regions in PRY/SPRY has the ability to make TRIMS5a a robust
pattern-recognition sensor for diverse retroviral capsids.
TRIMS5a achieves both recognition and disruption of viral cap-
sids. Regardless of whether the initial capsid sensing is achieved
by monomer, dimer, or a combination involving higher-order

18376 | www.pnas.org/cgi/doi/10.1073/pnas.1210903109

oligomers of the PRY/SPRY domain, binding to the CA lattice is
likely to be an early step in the process of TRIMSa restriction.
Monomeric PRY/SPRY binds to CA assemblies, but cannot dis-
rupt them. In contrast, full-length TRIMS5a or a dimeric CC-SPRY
is able to break CA tubular assemblies via simultaneous binding of
the two monomeric units in the dimer (Fig. 4F). Oligomerization
or lattice formation by TRIMSa may increase the binding affinity
of each PRY/SPRY domain sufficiently to promote capsid dis-
ruption, with avidity compensating for the intrinsically low affinity
of the monomeric units and contributing significantly to the anti-
viral function of this important host restriction factor.

Materials and Methods

MBP-tagged PRY/SPRY,, or PRY/SPRY,,, was expressed in E. coli and puri-
fied using affinity and size-exclusion chromatography. The CA hexamer
(A14C/E45C/W184A/M185A) was expressed and purified as previously de-
scribed (36). MBP-PRY/SPRY,, crystals were grown by the microbatch-un-
der-oil and the hanging-drop vapor diffusion methods. Diffraction data
were collected at the Advanced Photon Source beamline 24-ID and the
National Synchrotron Light Source beamline X29. The structure was solved
by molecular replacement using the coordinates of MBP (1ANF) and mu-
rine TRIM21 PRY/SPRY domain (2VOL) as search models. Diffraction data
and refinement statistics are summarized in Table S1. Cosedimentation and
cryo-EM experiments were performed as described previously (23), using
preassembled wild-type HIV-1 CA tubes and PRY/SPRY,, or PRY/SPRY},
protein at various concentrations.
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