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ABSTRACT: The small glutamine-rich tetratricopeptide repeat protein (SGT) belongs to a family of
cochaperones that interacts with both Hsp70 and Hsp90 via the so-called TPR domain. Here, we present
the crystal structure of the TPR domain of human SGT (SGT-TPR), which shows that it contains typical
features found in the structures of other TPR domains. Previous studies show that full-length SGT can
bind to both Vpu and Gag of human immunodeficiency virus type 1 (HIV-1) and the overexpression of
SGT in cells reduces the efficiency of HIV-1 particle release. We show that SGT-TPR can bind Vpu and
reduce the amount of HIV-1 p24, which is the viral capsid, secreted from cells transfected with the HIV-1
proviral construct, albeit at a lower efficiency than full-length SGT. This indicates that the TPR domain
of SGT is sufficient for the inhibition of HIV-1 particle release but the N- and/or C-terminus also have
some contributions. The SGT binding site in Vpu was also identified by using peptide array and confirmed
by GST pull-down assay.

The rat small glutamine-rich tetratricopeptide repeat
protein (SGT)1 was identified as a binding partner of the
nonstructural protein of parvovirus H-1 (1). Independent
studies also showed that human SGT (hSGT, also referred
to as viral U-binding protein (UBP)) interacts with the
human immunodeficiency virus type 1 (HIV-1) viral-
encoded protein U (Vpu) and the viral core protein
precursor Gag (also known as Pr55gag) (2). Vpu is a 16
kDa type I integral membrane phosphoprotein that forms
oligomeric structures in ViVo and in Vitro (3, 4). Vpu
facilitates the degradation of CD4 receptor in the endo-
plasmic reticulum of infected cells (5, 6) and enhances
release of virus particles from the plasma membrane (4, 7).
The precursor Gag polyprotein drives the assembly and
budding of HIV-1, and during virus maturation, it is
cleaved to produce mature Gag proteins like the structural
proteins matrix, capsid, and nucleocapsid (8, 9).

Overexpression of hSGT in cells transfected with a HIV-1
proviral construct has been shown to reduce the efficiency
of viral particle release (2). Furthermore, Vpu can affect the
cellular localization of both hSGT and Gag (10). However,
much remains to be learned about the mechanism by which
hSGT influences HIV-1 particle release. SGT consists of
three structural units: an N-terminal self-association domain,
a tetratricopeptide repeat (TPR) domain, and a C-terminal

glutamine-rich domain (Figure 1A) (1, 2, 11). Both the N-
and C-terminal domains lack significant homology to any
known proteins. The centrally located TPR domain consists
of three TPR motifs arranged in tandem. Each TPR motif
consists of 34 amino acids and is arranged in tandem repeats
of 3 to >16 (12-14). Besides its ability to bind to viral
proteins, SGT has also been shown to be involved in a
number of biological processes that include apoptosis, cell
division, and intracellular cell transport (15-19). As TPR
domains are known to mediate protein-protein interactions,
it is not surprising that the TPR domain of SGT is involved
in the interaction with a number of proteins such as the heat
shock proteins Hsp70 and Hsp90 (11, 20, 21), cysteine string
protein (22), growth hormone receptor (23), and androgen
receptor (15). In addition, biochemical studies suggest that
SGT is a cochaperone as it has a negative effect on the in
Vitro ATPase and refolding activity of Hsp70 (24). It has
also been shown to be part of a trimeric protein complex
that functions as an ATP-dependent chaperone (22). How-
ever, it is not known if the TPR domain of hSGT is important
for its involvement in HIV-1 replication.

In order to gain insights into the mechanism of interaction
between hSGT and Vpu, we have determined the crystal
structure of the central domain of hSGT (residues 85-210).
Using GST pull-down assays, we also showed that this
domain is sufficient for the interaction with Vpu. Overex-
pression of this domain of hSGT also reduces the amount
of HIV-1 p24, which is the viral capsid, secreted from cells
transfected with the HIV-1 proviral construct significantly,
albeit at a lower efficiency than the full-length protein.
Furthermore, we have identified the hSGT binding site in
Vpu.
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EXPERIMENTAL PROCEDURES

Expression and Purification. Bioinformational analysis
identified residues 85-210 of hSGT as the boundary of the
TPR domain (25). This fragment of hSGT was expressed as
a glutathione S-transferease (GST) (pGEX6p1; GE Heath-
care) fusion protein. GST-SGT-TPR was expressed in
Escherichia coli BL21(DE3) (Novagen). Cultures were
grown at 37 °C in Luria-Bertani (LB) medium and on
reaching an OD600 of 0.8, cells were cooled to 30 °C and
induced with isopropyl �-D-1-thiogalactopyranoside (IPTG)
to a final concentration of 0.2 mM. After an incubation period
of 4 h, cells were harvested. Bacterial pellets were resus-
pended in lysis buffer (50 mM Tris-HCl (pH 7.4), 300 mM
NaCl, and 2 mM DTT) supplemented with Complete
protease inhibitor (Roche). For purification, cells were
subjected to sonication. The lysate was cleared by centri-
fugation and supernatant loaded onto a 5 mL glutathione-
Sepharose column (GE Healthcare) preequilibrated with lysis
buffer. The column was washed to remove unbound material.
Removal of the GST tag from the N-terminus of SGT-TPR
was achieved by proteolytic cleavage using recombinant 3C
protease (GE Healthcare). Cleaved protein was further
purified by size-exclusion chromatography using a Superdex
S75 column (GE Healthcare) preequilibrated in 10 mM Tris-
HCl (pH 7.4), 50 mM NaCl, and 2 mM DTT. Purified SGT-
TPR was concentrated to 35 mg/mL using Amicon Ultra (5
kDa cutoff; Millipore).

Crystallization and Data Collection. Crystals of recom-
binant SGT-TPR (35 mg/mL) were obtained at 15 °C using
the sitting-drop vapor diffusion method from 1:1 µL of
protein and precipitant containing 4 M sodium formate.
Crystals were transferred to a reservoir solution containing
6 M sodium formate before flash freezing in liquid nitrogen.

X-ray diffraction data from a single crystal of SGT-TPR
was collected at the European Synchrotron Radiation Facility

(Grenoble, France) on beamline ID 14-1. Raw data were
integrated and scaled using the HKL2000 program suite (26)
(Table 1).

Structure Determination and Refinement. The structure of
SGT-TPR was determined by the molecular replacement
method, employing the TPR domain of protein phosphatase
5 (27) as the search model, with the program Molrep from
the CCP4 suite (28). The model was refined with CNS (29),
and multiple rounds of manual fitting with the program O
(30) using 2Fo - Fc and Fo - Fc electron density maps.
The refined model consists of 190 water molecules, with a
final R and Rfree of 19.0% and 25%, respectively. There are
two molecules in the asymmetric unit, termed A and B, with
128 and 123 residues, respectively. The stereochemistry of

FIGURE 1: Structural features of the TPR domain of hSGT. (A) hSGT contains three functional domains: an N-terminal dimerization domain,
a centrally located TPR domain, and a C-terminal glutamine-rich domain. The numbers represent the position of the amino acid residues
in hSGT. (B) A ribbon representation of the structure shows three TPR motifs (red, cyan, and purple) and an additional seventh helix
(blue). N- and C-termini are labeled as are the first and last helix (R1 and R7). (C) Superimposition of the TPR domains of hSGT (red) and
CHIP (green). Despite sharing only 27% amino acid identity, the main chain atoms of these two TPR domains superimposed with a rmsd
of only 0.94 Å. All structural figures were generated with PyMOL (http://pymol.sourceforge.net/).

Table 1: Data Collection and Refinement Statistics

Data Collection

wavelength (Å) 0.95
resolution (Å)a 30-2.4 (2.49-2.4)
space group P21212
unit cell parameters (Å; deg) a ) 67.82, b ) 81.93, c ) 55.92;

R ) � ) γ ) 90
observed reflectionsa 61085 (5856)
unique reflectionsa 12726 (1246)
completeness (%)a 100 (99.0)
I/σ(I)a 19.2 (6.8)
Rmerge (%)a 6.7 (21.5)
multiplicitya 4.8 (4.7)

Refinement Statistics

R (%) 19
Rfree (%) 25
rmsd, bond lengths (Å) 0.005
rmsd, bond angles (deg) 1.0

Model Quality (Ramachandran Plot)b

residues in most favored regions (%) 91.6
residues in additional allowed regions (%) 8.4
residues in generously allowed and

disallowed regions (%)
0

a Values in parentheses indicate values in the highest resolution shell.
b Values from PROCHECK (31).
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SGT-TPR was checked with PROCHECK (31).The refine-
ment statistics are summarized in Table 1.

GST Pull-Down Assay. GST pull-down assay was per-
formed in a similar manner to that described in Callahan et
al. (2). Briefly, the Vpu gene was amplified from pNL4-3.
Luc.R-E- (32, 33) and cloned into a mammalian expression
vector pXJ3′HA (T. Leung, Institute of Molecular and Cell
Biology, Singapore, personal communication), which allows
protein expression via the T7 promoter. Then, 35S-labeled
Vpu protein was expressed using the rabbit reticulocyte lysate
in Vitro transcription-translation system (Promega) accord-
ing to the manufacturer’s instruction. Approximately 30 µg
of GST and GST fusion proteins were captured on glutathione-
Sepharose beads, washed with Vpu-binding buffer (20 mM
Tris-HCl (pH 7.9), 100 mM NaCl, 1 mM EDTA, 5%
glycerol, 0.02% NP40, 0.02% BSA), and incubated with the
35S-labeled Vpu protein for 2 h at 4 °C followed by 2 h at
room temperature. Then the beads were washed three times
with Vpu-binding buffer, and the bound proteins were eluted
by boiling in Laemmli’s SDS buffer for 10 min and subjected
to electrophoresis on a 15% SDS-polyacrylamide gel, which
was then fixed and autoradiographed.

GST-Vpu (residues 27-45) was also expressed and
purified using the same method described above for GST-
SGT-TPR. GST pull-down assay was then performed in the
same manner using 35S-labeled SGT protein produced using
pXJ40flag-SGT and an in Vitro transcription-translation
system (Promega).

HIV-1 p24 Capsid Release Assay and Western Blot
Analysis. The effects of SGT on HIV-1 particle release were
examined by cotransfection of pXJ40flag-SGT or pXJ40flag-
SGT-TPR and the HIV-1 proviral construct, pNL4-3.
Luc.R-E- (32, 33). The plasmids pXJ40flag-SGT and
pXJ40flag-SGT-TPR were constructed as previously de-
scribed (34). Briefly, 293T cells were plated onto 6 cm dishes
and allowed to attach overnight. Then, 1 µg of pNL4-
3.Luc.R-E- and 2 µg of pXJ40flag vector, pXJ40flag-SGT,
or pXJ40flag-SGT-TPR were cotransfected using Lipo-
fectamine 2000 reagent (Invitrogen) according to the manu-
facturer’s instruction. Fresh DMEM medium containing 10%
FBS was added after 6 h, and the culture supernatant was
collected at 48 and 72 h posttransfection. Levels of HIV-1
p24 in 1:100 dilution of each of the culture supernatant
samples were quantified by use of the Alliance HIV-1 p24
antigen ELISA kit (PerkinElmer). The cells were subse-
quently harvested for Western blot analysis. Western blot
analysis was performed as previously described (35), and
the primary antibodies (anti-flag polyclonal and anti-actin
monoclonal antibodies) were purchased from Sigma.

Mapping of the SGT-TPR Binding Motif on Vpu Via
Peptide Array. Overlapping peptides spanning the entire
sequence of Vpu (81 amino acids) were designed so that
each peptide fragment consisted of sequential 15 amino acids
with an overlap of 10 amino acids between each peptide.
Peptides were synthesized by JPT Petpide Technologies
Gmbh (Berlin, Germany) and immobilized on a cellulose
membrane. The membrane was prepared according to the
manufacturer’s instruction. The spot array membrane was
rinsed in methanol for 5 min followed by four washes in
TBS-T (50 mM Tris-HCl (pH 8.0), 137 mM NaCl, 2.7 mM
KCl, 0.05% TWEEN 20) for 20 min. The membrane was
subsequently incubated overnight in blocking buffer (0.1%

bovine serum albumin, TBS-T) at 4 °C. GST-SGT-TPR (0.1
µg/mL) was added to the blocking buffer, and the mixture
was incubated with the membrane for 2 h at room temper-
ature. After extensive washes with TBS-T buffer to remove
unbound protein, the membrane was incubated with mouse
monoclonal GST antibody (Santa Cruz Biotechnology) for
2 h. The wash process was repeated, and the membrane was
incubated with goat anti-mouse IgG conjugated with horse-
radish peroxidase (Pierce). The membrane was developed
with the SuperSignal West Pico chemiluminescent substrate
(Pierce) for 3 min and exposed to photographic film (GE-
Healthcare). The membrane was stripped according to the
manufacturer’s instruction and the experiment repeated with
either GST-SGT or GST.

RESULTS

Structural Determination and OVerall Architecture. To aid
purification, the central domain of hSGT (residues 84-210)
was expressed as a N-terminal glutathione S-transferease
fusion. The fusion was removed with the 3C protease, but
five amino acids (GPLGS) remained fused to the N-terminus
of the central domain of hSGT. This domain crystallized in
space group P21212. The structure was solved by molecular
replacement using the structure of the TPR domain of protein
phosphatase 5 (27) and refined to the crystallographic
R-factor of 0.19 (Rfree 0.25). Two molecules were identified
in the asymmetric unit. Due to lack of density, residues
83-85 in the first molecule and residues 80-85 and
209-210 in the second molecule were not observed. The
refinement statistics are shown in Table 1.

The TPR domain of hSGT consists of three TPR motifs
(TPR 1-3) arranged in tandem and shows typical features
found in the structures of other TPR domains (27, 36-38)
(Figure 1B). Each TPR motif consists of a pair of R-helices
arranged in an antiparallel fashion and is structurally almost
identical; main chain atoms of TPR1 superimpose with TPR2
and TPR3 with a root mean square deviation (rmsd) of 0.45
and 0.41 Å, respectively. At the C-terminus of TPR3, there
is an additional helix, which is the equivalent of the “capping
and/or solubility” helix (termed as the C-helix) that packs
against the second helix in TPR3. The C-helix is present in
almost all of the TPR structures solved to date and appears
to be an integral part of the TPR domain (13). We shall term
this domain of hSGT (residues 85-210), i.e., TPR1-3 and
C-helix, as SGT-TPR in this paper.

Structural comparisons with other TPR domain structures
reveal the conservation of the overall structure despite low
sequence identity. The highest degree of similarity is
observed with the TPR domain of CHIP (C-terminal of
Hsp70 interaction protein) (PDB code 2C2V) (38). The main
chain atoms of the TPR domain of CHIP superimpose with
SGT-TPR with an rmsd of 0.94 Å despite 27% sequence
homology. In comparison with CHIP-TPR, the first helix of
TPR1 (R1) of SGT-TPR is elongated. Furthermore, the loop
connecting TPR3 to the C-helix (R7) is shorter (Figure 1C
and 5A).

The TPR Domain of SGT Is Sufficient for the Binding of
Vpu. In Vitro GST pull-down assay was previously used to
demonstrate the interaction between SGT and Vpu (2). Here,
the assay was repeated to determine if the TPR domain of
SGT alone is sufficient for the binding of Vpu. As shown in
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Figure 2A, in Vitro translated Vpu protein binds specifically
to both GST-SGT (lane 3) and GST-SGT-TPR (lane 2) but
not to GST alone (lane 1).

In order to determine the purity of the proteins, ∼10 µg
of GST (lane 1) and GST fusion proteins (lanes 2 and 3)
were also separated on SDS-PAGE and subjected to
Coomassie blue staining (Figure 2B). While the GST fusion
form of SGT-TPR migrated as a single protein of the
expected molecular mass (Figure 2B, lane 2), the GST fusion
form of full-length SGT migrated at two molecular masses
(Figure 2B, lane 3). The more intense band has the predicted
molecular mass while the one that migrates faster probably
corresponds to a degraded SGT product. This may be similar
to the degradation product observed when the Caenorhabditis
elegans SGT was expressed in bacteria (21). Attempts to
separate this degraded product from full-length SGT by
chromatography were unsuccessful (data not shown).

The TPR Domain of SGT Is Sufficient for the Inhibition
of HIV-1 p24 Release. Previous studies showed that a high-
level expression of hSGT in cells transfected with a HIV-1
proviral construct reduces the efficiency of viral particle
release (2). Here, we cotransfected pXJ40flag-SGT or
pXJ40flag-SGT-TPR with a HIV-1 proviral construct,
pNL4-3.Luc.R-E- (32, 33), into 293T cells and determined
the amount of HIV-1 p24, which is the viral capsid, secreted
into the culture supernatant. Consistently, the overexpression
of full-length SGT inhibits p24 release efficiently as the
amount of p24 in the culture supernatant was approximately
20% when compared to the cells transfected with an empty
pXJ40flag vector (Figure 3A). In the cells overexpressing
SGT-TPR, the amount of p24 in the culture supernatant was
also significantly reduced to ∼50%, suggesting that the TPR
domain is sufficient for this inhibition effect (Figure 3A).

Gel filtration analysis (data not shown) of SGT-TPR shows
that it exists as a monomer, which is consistent with previous

findings that the N-terminus of hSGT is required for
dimerization (11). In contrast, the barley SGT dimerizes via
its TPR domain (39). Interestingly, the highly charged
residues in the C-helix of barley SGT, which appear to be
involved in the dimerization, are not conserved in the hSGT
(39). Although we could not observe a significant difference
between the binding of Vpu to SGT or SGT-TPR in the in
Vitro GST pull-down assay, it is possible that the dimerization
of full-length SGT in the cellular compartment(s) leads to a
more potent inhibition of Vpu-mediated virus release through
additive effects.

Residues 31-35 in Vpu Are Important for Binding to SGT.
To identify the SGT binding site in Vpu, a peptide array
was designed from the protein sequence of Vpu. A total of
15 overlapping peptides were designed to cover the entire
sequence of Vpu (MQPIIVAIVALVVAIIIAIVVWSIVI-
IEYRKILRQRKIDRLIDRLIERAEDSGNESEGEVSALVE-
MGVEMGHHAPWDIDDL). Peptides were immobilized
onto a cellulose membrane and screened with SGT-TPR.
Binding was detected with three overlapping peptides (Figure
4A). Similar results were obtained when the membrane was
stripped and rescreened with SGT (data not shown). Residues
31-35 in Vpu (KILRQ) are found in three peptides that
could bind SGT-TPR, suggesting that these residues are
important for the interaction between Vpu and SGT. A
fragment of Vpu, that contained residues 27-45, was
expressed as a GST fusion protein (Figure 4B, upper panel),
and GST pull-down assay was performed to confirm this

FIGURE 2: Binding between SGT and Vpu determined by GST pull-
down assay. (A) GST (lane 1) and GST fusion proteins (SGT-TPR
(lane 2) and full-length SGT (lane 3)) were expressed in E. coli
and affinity purified with glutathione-Sepharose beads. GST pull-
down assays were then carried out by mixing the bacterially
expressed proteins bound to glutathione-Sepharose beads with in
Vitro translated 35S-labeled HIV-1 Vpu protein. The amount of Vpu
bound was analyzed by SDS-PAGE and autoradiography. The
experiment was repeated at least three times, and a representative
set is shown. (B) Equivalent amounts of purified proteins (GST
(lane 1), GST-SGT-TPR (lane 2), and GST-SGT (lane 3)) were
analyzed by SDS-PAGE followed by Coomassie blue staining to
ascertain the purity of the proteins.

FIGURE 3: Effects of the overexpression of SGT on HIV-1 p24
release. (A) The amounts of HIV-1 secreted from cells cotransfected
with pXJ40flag-vector, pXJ40flag-SGT, or pXJ40flag-SGT-TPR
and a HIV-1 proviral construct were determined by measuring the
amount of HIV-1 p24 capsid protein in the culture supernatant.
The percentages of p24 release in the presence of full-length SGT
or SGT-TPR were computed by normalizing the readings to the
values for vector control (i.e., viral particle release in the presence
of the pXJ40flag-vector is considered as 100%). All experiments
were performed in triplicates, and the average values with standard
deviations are plotted. The experiment was repeated at least three
times, and a representative set is shown. (B) Total cell lysates were
subjected to Western blot analysis to determine the expression of
SGT (lane 2) or SGT-TPR (lane 3) (top panel). Lane 1 contained
lysates from vector transfected cells. Equal amounts of lysates were
used in each lane as verified by the level of endogenous actin
(bottom panel).
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novel finding. As shown in Figure 4B, in Vitro translated
SGT protein binds specifically to GST-Vpu (residues 27-45)
(lower panel, lane 3) but not to GST alone (lower panel,
lane 2). Alignment of Vpu of the pNL4-3 clone with those
of different HIV-1 M group subtypes revealed that the SGT
binding site in Vpu is well conserved (Figure 4C).

DISCUSSION

SGT belongs to a family of cochaperones that interacts
with both Hsp70 and Hsp90 via the so-called TPR domain,
which consists of 34 amino acid motifs in tandem. In this
study, we obtained a high-resolution three-dimensional
structure of the TPR domain of SGT and showed that this

domain adopts a compact and globular structure. This is
consistent with a recent study which showed the TPR domain
of SGT can fold cooperatively as an independent unit (40).
The structure of SGT-TPR contains many typical features
found in the structures of other TPR domains, and the highest
degree of similarity is observed with the TPR domain of
CHIP (38).

The TPR domains of several proteins, including SGT-TPR,
have been shown to interact with the conserved EEVD motif
found in the C-terminus of molecular chaperones Hsp70 and
Hsp90 (41-45). Two well-studied Hsp70/Hsp90 binding
proteins are CHIP and Hop (Hsp70/90 organizing protein).
CHIP has been shown to bind either Hsp70 or Hsp90 through

FIGURE 4: Identification of the SGT binding site in Vpu. (A) Overlapping peptides spanning the entire sequence of Vpu (81 amino acids)
were designed so that each peptide consisted of 15 amino acids with an overlap of 10 amino acids. A total of 15 peptides were synthesized
(1-15), immobilized onto a cellulose membrane, and screened with GST-SGT-TPR. Binding was detected with peptides 5 (VWSIVIIEY-
RKILRQ), 6 (IIEYRKILRQRKIDR), and 7 (KILRQRKIDRLIDRL), suggesting that the KILRQ motif in Vpu is important for binding to
SGT. (B) GST (lane 2) and GST-Vpu (residues 27-45) (lane 3) were expressed in E. coli, affinity purified with glutathione-Sepharose
beads, and analyzed by SDS-PAGE followed by Coomassie blue staining to ascertain the purity of the proteins (upper panel). GST pull-
down assays were then carried out by mixing the bacterially expressed proteins bound to glutathione-Sepharose beads with in Vitro translated
35S-labeled SGT protein. The amount of Vpu bound was analyzed by SDS-PAGE and autoradiography (lower panel). One-tenth of the
input was loaded in lane 1. (C) Vpu of the pNL4-3 clone used in this study is aligned with those of different HIV-1 M group subtypes. The
consensus sequences for these subtypes (A, B, C, D, F1, F2, G, and H) were obtained from http://www.hiv.lanl.gov/. The structures of
the transmembrane (residues 2-30) and cytoplasmic domains (residues 39-81) of Vpu have been solved independently by Park et al. (58)
and Wilbold et al. (46), respectively. The positions of the R-helices in these domains are shown at the top and bottom. The basic region
(marked with a green arrow), which is located between the transmembrane and cytoplasmic domains, is well conserved among all of the
subtypes.
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the same TPR domain whereas Hop utilizes two different
TPR domains to bind Hsp70 and Hsp90 selectively. The
high-resolution crystal structures of CHIP and Hop in
complex with peptides containing the EEVD motif reveal
that key residues involved in binding Hsp70/Hsp90 are
conserved (36, 38). In CHIP, the side chains of Lys31,
Asn35, Asn66, and Lys96 of the TPR domain make
electrostatic interactions with the main chain and side chain
of the C-terminal Asp731 of the Hsp90 peptide, whereas in
Hop, equivalent residues Lys229, Asn233, Asn264, and
Lys301 of the TPR2A domain make similar electrostatic
interactions. With the Hop TPR1 domain, residues Lys8,
Asn12, Asn43, Lys73, and Arg77 make electrostatic interac-

tions with the C-terminal Asp641 of the Hsp70 peptide and
align well with equivalent residues in both CHIP and Hop
TPR2A (Figure 5A) (36). These electrostatic interactions are
crucial to the formation of the so-called carboxylate
clamp (11, 20, 21, 24).

SGT-TPR superimposes for the entirety with CHIP, Hop
TPR1, and Hop TPR2A with rmsd of 0.94, 1.17, and 2.11
Å, respectively, reflecting similarity of these domains (Figure
5A). The highest degree of similarity is observed with CHIP
where the CR of the conserved side chains of Lys95, Asn99,
Asn130, and Lys160 superimpose with rmsd of 0.57, 0.74,
0.21, and 0.60 Å, respectively, suggesting SGT-TPR most
likely binds to the EEVD motif in Hsp70/Hsp90 with a

FIGURE 5: Structural comparison of the Hsp70/Hsp90 binding site in hSGT and CHIP. (A) Structural-based sequence alignment of hSGT,
Hop, and CHIP TPR domains. Key residues involved in forming the carboxylate clamp are marked by blue stars. The black star represents
an arginine conserved in most of the currently known Hsp70/Hsp90-binding TPR proteins except CHIP. Cyan, blue, and green boxes
represent those residues in Hop TPR1, Hop TPR2A, and CHIP, respectively, that interact with residues upstream of the EEVD motif. (B)
The TPR domain of hSGT is superimposed onto the CHIP TPR domain bound with the Hsp90 C-terminal decapeptide. The TPR domains
of CHIP (deep purple) and hSGT (light brown) show high similarity, suggesting the mechanism of binding to Hsp70 or Hsp90 may be
similar. The side chains of the key residues involved in forming the so-called carboxylate clamp are shown.
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similar network of electrostatic interactions (Figure 5B).
However, unique to CHIP, the side chain of Phe100 is
involved in forming a hydrophobic pocket whereas the side
chain of the equivalent residue in Hop TPR2A, Arg305,
forms electrostatic interaction with Asp731 of Hsp90 and is
conservedinallotherTPRdomainsthatbindHsp70/Hsp90(36,38).
The equivalent residue, Arg164, in SGT most likely con-
tributes to forming the carboxylate clamp (Figure 5A).

Like CHIP, SGT can bind to both Hsp70/Hsp90 with
similar affinities as demonstrated by Worrall et al. (21).
Furthermore, in CHIP, a unique hydrophobic pocket is
formed by side chains Lys96, Phe99, Phe100, Phe132, and
IIe136, providing a binding site that can accommodate either
Met727 of Hsp90 (DDTSRMEEVD) or IIe637 of Hsp70
(GSGPTIEEVD) (38). As a consequence, the bound peptide
is twisted such that residues upstream of Met727 or IIe637
are pushed clear of the TPR domain and can no longer form
additional contacts, explaining how CHIP can bind either
Hsp70 or Hsp90 with similar affinities. However, with SGT-
TPR, the residues involved in forming this hydrophobic
pocket are absent, suggesting a different mechanism of dual
recognition. In Hop, both TPR1 and TPR2A bind to the
EEVD motif with a similar network of electrostatic interac-
tions and as a consequence are not sufficient to account for
the different specificity of TPR1 and TPR2A (36). Specificity
is conferred by interactions with residues upstream of the
EEVD motif. Crucial contacts between Hop TPR1 and Hsp70
involve hydrophobic interactions between Pro635 (Hsp70)
and its binding cavity formed by Glu83 and Phe84 and van
der Waals interaction between IIe637 (Hsp70) and Ala46,
Ala49, and Lys50 (36). In TPR2A, Met727 (Hsp90) is
involved in forming hydrophobic contacts with a cavity
mainly formed by side chains Tyr236 and Glu271. Selectivity
appears to be due to residues N-terminal to the EEVD motif
binding to different hydrophobic pockets in TPR1 and
TPR2A. In comparison with SGT-TPR, the only conserved
residues in the Hsp70 binding region are equivalent to Ala46
and Lys50 in Hop TPR1. Whether these residues contribute
to forming a binding pocket for Hsp70/Hsp90 in SGT and
are responsible for dual recognition is unclear and requires
further study.

Previous studies showed that full-length SGT can bind to
both Vpu and Gag of HIV-1 (2), but SGT and Gag form a
strong complex only in the absence of Vpu. Given that all
three proteins are normally present in HIV-1 infected cells,
we focused our investigations on the interaction between
SGT and Vpu. It has also been demonstrated that the
overexpression of hSGT in cells reduces the efficiency of
HIV-1 particle release (2); however, the mechanism of
inhibition is unclear, and it is not known if the TPR domain
of SGT is required for this effect. In this study, we show
that SGT-TPR can bind Vpu and reduce the amount of HIV-1
p24 secreted from cells transfected with the HIV-1 proviral
construct. This indicates that SGT-TPR can inhibit the HIV-1
particle release, albeit at a lower efficiency than full-length
SGT. Thus, the TPR domain of SGT is sufficient for the
inhibition of HIV-1 particle release but the N- and/or
C-terminus should also have some contributions. We also
cannot rule out that the interaction between SGT and Gag is
another important determinant for viral release especially
since the expression of Vpu appears to cause the cellular
localization of SGT and Gag to overlap (10). As it has not

yet been determined which domain of SGT is involved in
the interaction with Gag, it is possible that the N- and/or
C-terminus of SGT also participate(s) in this interaction.

Unlike Hsp70 and Hsp90, Vpu does not contain any EEVD
motif, suggesting that Vpu uses a different binding mecha-
nism for its interaction with SGT. Using overlapping peptides
and GST pull-down assay, we have identified five residues
(31KILRQ35) in Vpu that are important for binding SGT.
These residues are part of the so-called short basic region
which is located between the transmembrane and cytoplasmic
regions (46). The transmembrane and cytoplamic regions
have been reported to be important for two separate functions
of Vpu, with the former responsible for its ability to enhance
viral release and the latter for its ability to downregulate the
CD4 receptor (47-49). However, the role of the short basic
region is unclear. This region appears to be highly
flexible (50, 51), but some of the residues may be involved
in salt bridge formations between the transmembrane helix
and the first helix of the cytoplasmic domain (52, 53). By
binding to the basic region, overexpressed SGT may interfere
with the integrity of these salt bridges and/or create steric
hindrance, thus reducing the ability of Vpu to anchor to the
phosphoilpid bilayer via its transmembrane. Consequently,
the ability of Vpu to mediate viral release is affected by the
overexpression of SGT.

To our knowledge, there are three other TPR-containing
cellular proteins that interact with viral proteins. The first
one is the hepatitis B virus X-associated protein 2, XAP2,
which was first identified by its ability to bind the hepatitis
B virus X-protein (54). XAP2 contains a TPR domain at its
C-terminus which is required for its interaction with Hsp90
(55). The second one is called rotavirus X protein associated
with NSP3, RoXaN, which was first identified by its ability
to bind the viral nonstructural protein NSP3 of rotavirus (56).
RoXaN contains four TPR repeats at its N-terminus, but this
region is not essential for its interaction with NSP3 (56).
Lastly, the N-terminal TPR domain of the kinesin light chain
(KLC) interacts with the cytoplamic tail of the viral protein
A36R of vaccinia virus (57). Currently, there is no informa-
tion on the three-dimensional structures of any of these virus-
interacting TPR proteins.

In future studies, it will be crucial to determine if Vpu,
SGT, and Hsp70/ Hsp90 can form ternary complexes and if
these complexes are important for HIV-1 particle release.
As our results suggest that the modes of binding for Vpu
and Hsp70/Hsp90 to SGT are different, crystallization of
these complexes is actively being pursued. Besides the viral
proteins of HIV-1, SGT can also interact with the nonstruc-
tural protein of parvovirus H-1 (1) and the accessory protein
ORF7a of the severe acute respiratory syndrome coronavirus
(SARS-CoV) (34). However, the effects of SGT on the
replication of parvovirus and SARS-CoV remain to be
determined. The high-resolution three-dimensional structure
of SGT-TPR provides a basis for future studies to define
the precise roles of SGT in viral infections.
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