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(TRIMS proteins). HIV-1 can indeed counteract human proteins
corresponding to these restriction factors. APOs exhibit cytidine
deaminase activity, and introduce lethal mutations into HIV-1
genome. HIV-1 Vif is able to neutralize the antiviral activity of
human APOs, but not macaque APOs [6—8]. CypA acts on
incoming HIV-1 core to regulate infection positively in human
cells but negatively in macaque cells [9—11], though amino acid
sequences of CypA from human and macaque are identical.
Macaque TRIMS5a recognizes and interacts with incoming HIV-
1 core, and restricts virus infection in a less-defined mechanism
[9—11]. Macaque TRIMS5« is polymorphic, and has sequence
variation in a C-terminal B30.2/SPRY domain important for
capsid (CA) binding. Sequence variation in this domain causes
modulation of host susceptibility to retrovirus infection [12,13].
Macaque TRIMCyp is a fusion protein resulied from replace-
ment of a B30.2/SPRY domain with CypA. Both CyM and RhM
cells express TRIMCyp, but affinity of these proteins to HIV-1
core is different due to amino acid substitutions in Cyp
domains. Thus, CyM TRIMCyp restricts HIV-1 replication, but
not RhM TRIMCyp [14,15].

Identification of host restriction factors in macaque cells

and their target proteins in HIV-1 has prompted us to generate
macaque-tropic HIV-1 (HIV-1mt) with a minimal modification
of HIV-1 genome. We successfully constructed prototype HIV-
1mt, NL-DT5R, by replacing CypA binding region on a loop
between helices 4 and 5 (h4/5L) in gag-CA and entire vif
genes with the corresponding regions of pathogenic SIV-
mac239 (Fig. 1) [16]. But growth potential of NL-DT5R was
inferior to that of SIVmac239 both in vitro and in vivo [16,17].
These results indicated that genetic modifications in NL-DT5R
were insufficient to confer the ability on the virus to grow
efficiently in macaque cells [16—18]. In an attempt to improve
growth potential of NL-DT5R, we adapted NL-DT5R and its
RS5-tropic version NL-DT562 to a CyM derived lymphocyte
cell line HSC-F, and found a number of genetic substitutions
“in viral genomes of adapted viruses [19]. We introduced these
mutations and CA h6/7L from SIVmac239 into NL-DT5R,
and the resultant clone was designated MN4-5S (Fig. 1)
[19]. MN4-5S exhibited enhanced growth potential in CyM
both in vitro and in vivo compared to NL-DT5R [19]. But
growth ability of MN4-5S was still lower than that of
SIVmac239.

In this study, to further improve replication potential of
HIV-1mt, we adapted MN4-5S in macaque cells and identified
an adaptive mutation in CA that enhances growth ability in the
cells. In silico structural modeling of the adaptive mutation
predicted that Q110D mutation on helix 6 in CA (CA-Q110D)
would promote viral replication in macaque cells. Indeed,
a proviral clone carrying CA-Q110D, designated MN4Rh-3,
exhibited marked enhancement of growth potential in
macaque cells relative to all the other HIV-1mt clones we have
constructed (Fig. 1). CyM TRIMS5a/TRIMCyp susceptibility
assays revealed that MN4Rh-3 completely evades from
TRIMCyp restriction but not TRIMS« restriction as observed
for the other HIV-1mt clones. While CA-Q110D contributed
to neither endowment of further resistance to TRIMCyp nor
evasion from TRIMSa restriction, CA-Q110D did lead to
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Fig. 1. Proviral genome structure of various HIV-1mt clones used in this study.
HIV-1 NL4-3 [26] and SIVmac239 (GenBank: M33262) sequences are indi-
cated by white and black areas, respectively. Gray areas in MN5-10S, MN5-
14S and MN5Rh-3 show sequences from NF462 [21]. Blue arrows and black
arrowheads show nucleotide substitutions that appeared in viral genomes of
NL-DT5R and NL-DT562 during adaptation in HSC-F cells. Among nucle-
otide substitutions, adaptive mutations that enhance viral growth potential are
indicated by blue arrows. Red arrows show the CA-Q110D mutation.

enhanced single-cycle infectivity to a macaque cell line
compared with the other HIV-imt clones. Our results here
indicate that CA-Q110D accelerates viral growth in macaque
cells independently of TRIMS proteins restriction.

2. Materials and methods
2.1. Plasmid DNA

Construction of NL-DT5R, NL-DT562, NL-DT5RS, and
MN4-5S were described previously [16,19—21]. MN4-5S
carries all nucleotide substitutions that are present in adapted
NL-DT5R and NL-DT562 clones except for mutations in the
env gene of RS5-tropic viruses (MNS5-10S, MNS5-14S, and
MNS5Rh-3 in Fig. 1) [19]. MN4-8S contains adaptive (growth-
enhancing) mutations in MN4-5S but not the other mutations.
MN4Rh-3 was constructed by introduction of the CA-Q110D
mutation into MN4-8S. To construct RS5-tropic viruses, 3’
halves of viral genomes (EcoRI in vpr to Sphl at the 3’ end of
viral genome) of MN4-5S, MN4-8S, and MN4Rh-3 were
replaced with the corresponding regions of adapted-NL-DT562,
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and were designated MNS5-10S, MNS-14S, and MNS5Rh-3,
respectively. For single-cycle infectivity assays to monitor
viral susceptibility to TRIMS proteins and to determine infec-
tivity for CyM cells, env-deficient HIV-1mt variants encoding
luciferase gene were constructed. NL-DT5R was cleaved with
Ndel and Nhel (both sites in env gene), blunt ended by T4 DNA
polymerase, and resealed by T4 DNA ligase. The resultant
clone was designated SRAEnv. Luciferase gene was then
introduced into nef gene of SRAEnv as described previously
[22], and the resultant clone was designated SRAEnv + Luc. A
fragment containing the 3’ half genome was cut out from the
SRAEnv + Luc, and introduced into the corresponding region
in HIV-1mt variants (DT5R/4-3, NL-DT5RS, MN4-8, MN4-8S,
and MN4Rh-3) to generate 5R/4-3AEnv  + Luc,
5SRSAEnv + Luc, 4-8AEnv + Luc, 4-8SAEnv + Luc, and 4Rh-
3AEnv + Luc, respectively.

2.2. Cell culture

A human monolayer cell line 293T [23], a feline kidney
cell line CRFK (ATCC CCL-94), and a CyM kidney cell line
MK.P3(F) (JCRB 0607) were maintained in Eagles’s minimal
essential medium (MEM) containing 10% heat-inactivated
fetal bovine serum (hiFBS). CRFK cells expressing
TRIMS5a/TRIMCyp were maintained in MEM containing 10%
hiFBS and 400 pg/ml G418 (SIGMA). Macaque lymphocyte
cell lines, HSC-F [24] and HSR5.4 [25], were maintained in
RPMI-1640 medium containing 10% hiFBS. Recombinant
human IL-2 (AbD Serotec) was added to the medium
(50 units/mL) for maintenance of HSR5.4 cells. A human
lymphocyte cell line MT4/CCRS (MT4 cells stably expressing
CCRS5) was maintained in RPMI-1640 medium containing
10% hiFBS and 200 pg/mL hyglomycine (SIGMA).

2.3. Virus replication assays

Virus stocks for infection were prepared from 293T cells
transfected with proviral clones as described previously
[16,19,26]. Virion-associated reverse transcriptase (RT)
activity was measured as described previously [16]. HSC-F
cells (10% were infected with equal RT units of viruses in
the presence of IL-2. For infection of MT4/CCRS5 cells (10°),
the spinoculation method [27] was used. Viral growth was
monitored by RT activity released into the culture superna-
tants. We assessed the viral growth potential by the peak day
of virus production, and if the viral growth kinetics are similar,
by the production level on the peak day.

2.4. Generation and characterization of adapted
viral clones

MN4-5S and MNS-10S viruses (Fig. 1) prepared from
transfected 293T cells were inoculated into HSR5.4 cells
(3 x 10°%) with an equal amount of viruses (5 x 107 RT units).
The cultures were maintained in the presence of IL-2, and
HSC-F cells were added on day 34 post-infection. The culture
supernatants (collected on day 18 post-cocultivation, the peak

day of virus production) were inoculated into fresh HSRS5.4
cells, and total DNA was extracted from the cells on day 15
post-infection. Integrated proviruses were amplified from total
DNA as two overlapping fragments by the polymerase chain
reaction (PCR), and amplified products were cloned into
MNS5-10S as described previously [16]. Viruses were prepared
from 293T cells transfected with the resultant clones, and
inoculated into HSR5.4 cells. Only one clone exhibited a rapid
growth kinetics compared to MNS5-10S, and was designated
Ad clone-25. To identify an adaptive mutation that enhances
growth potential, each mutation found in the genome of Ad
clone-25 was introduced into MNS5-14S by site-directed
mutagenesis (STRATAGENE). For screening, viruses
prepared from transfected 293T cells were inoculated into
HSC-F cells, and virus replication was monitored by RT
activity released into the culture supernatants.

2.5. Molecular médeling of HIV CA N-terminal
domain (NTD)

The crystal structure of HIV-1 CA NTD at a resolution of
2.00 A (PDB code: IM9C [28]) was taken from the RCSB
Protein Data Bank [29]. The three-dimensional (3-D) models
of HIV-1 CA NTD were constructed by the homology
modeling technique using ‘MOE-Align’ and ‘MOE-
Homology’ in the Molecular Operating Environment (MOE)
(Chemical Computing Group Inc., Quebec, Canada) as
described [30—32]. We obtained 25 intermediate models per
one homology modeling in MOE, and selected the 3-D models
which were the intermediate models with best scores accord-
ing to the generalized Born/volume integral methodology [33].
The final 3-D models were thermodynamically optimized by
energy minimization using an AMBER99 force field [34]
combined with the generalized Born model of aqueous
solvation implemented in MOE [35]. Physically unacceptable
local structures of the optimized 3-D models were further
refined on the basis of evaluation by the Ramachandran plot
using MOE.

2.6. Single-cycle infectivity assays

To generate CRFK cells expressing CyM TRIMCyp, the
cDNA was isolated from HSC-F cells, and expression vector of
FLAG-tagged CyM TRIMCyp was constructed as described
previously [18]. The sequence of TRIMCyp from HSC-F cells
was identical with Mafa TRIMCyp2 (GenBank: FJ609415).
CRFK cell lines expressing CyM TRIMCyp were selected by
G418 as described previously [18]. Expression and inhibitory
effect of the selected cell clones were verified by Western
blotting with anti-FLAG antibody (SIGMA) and by infection
with vesicular stomatitis virus G protein (VSV-G) pseudotyped
5R/4-3AEnv + Luc, respectively. Assays using naive CRFK,
CRFK expressing CyM TRIMS« [18] or CyM TRIMCyp, and
MK.P3(F) cells were similarly performed as described previ-
ously [36]. VSV-G pseudotyped virus stocks were prepared
from 293T cells transfected with individual HIV-
ImtAEnv + Luc clones and pCMV-G (GenBank: AJ318514)
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at a molar ratio of 1:1. Naive CRFK, CRFK expressing
TRIM5a/TRIMCyp and MK.P3(F) cells were infected with an
equal titer of viruses (to generate approximately 10’ relative
luminescence (RLU) for naive CRFK cells), and on day 2
post-infection, cells were analyzed for luciferase activity.
Assays using recombinant Sendai virus (SeV)-CyM TRIM5a/
TRIMCyp expression system were performed as described
previously [31].

3. Results

3.1. An adaptive mutation G114E on helix 6 in CA (CA-
G114E) enhances viral growth potential in macaque cells

An HIV-1mt variant MN4-5S replicated more slowly than
SIVmac239 in macaque cells. In order to improve its growth
potential, we carried out virus adaptation in a macaque
lymphocyte cell line HSRS 4. Virus adaptation was performed
by long-term culture of HSR5.4 cells infected with MN4-5S
(X4-tropic) or its R5-tropic version MNS5-10S (Fig. 1).
Construction of proviral clones from adapted viruses was
described in Materials and methods. We obtained only one
clone (Ad clone-25) with enhanced growth potential from 100
proviral clones constructed and tested. We sequenced the
entire genome of Ad clone-25, and found three non-
synonymous mutations in CA (533N, G114E, aﬁa‘Tl47A in
Fig. 2A) and one synonymous mutation in_ integrase
(IN)(a4943c in Fig. 2A). To identify an adaptive niutation that
enhances growth potential, each mutation found in Ad clone-
25 was introduced into a parental clone MN5-14S (Fig. 1).
MN35-148S carries only growth-promoting mutations in MNS5-
10S, and the two clones exhibit similar growth potential in
macaque cells. Viruses were prepared from 293T cells trans-
fected with MNS5-14S, Ad clone-25, or clones carrying indi-
vidual mutations, and inoculated into HSC-F cells (Fig. 2A).
Only one clone carrying CA-G114E exhibited similar growth
kinetics to that of Ad clone-25 but not the others. This result
indicates that CA-G114E is an adaptive mutation enhancing
growth potential of HIV-1mt in macaque cells. This mutation
is exactly the same as the previously found adaptive mutation,
which enhanced growth of NL-4/5S6/7SvifS virus in human
CEM-SS cells [37]. NL-4/5S6/7SvifS virus is a prototype
HIV-1mt bearing the same CA with that of MN4-5S.

3.2. Molecular modeling of the CA NTD of HIV-1mt
variants suggests that CA-G114E and CA-Q110D
mutations have a similar positive effect onviral replication

The amino acid at position 114 is located in CA NTD. To
obtain structural insights into impacts of the G114E substitu-
tion in order to improve growth capability of HIV-1mt variants
in macaque cells, we conducted computer-assisted structural
study: we constructed 3-D models of CA NTD of three HIV-
Imt variants, CA-G114E, CA-G114Q, and MN4-5S, using
homology-modeling technique (see Materials and methods).
Main chain folds of the three models were indistinguishable,
suggesting that 3-D position and type of side chain are critical

A
8000
-8~ MN5-14S
§ @~ Ad clone-25
& 6000 -&- CA-S33N
) &~ CA-G114E
?_ -8~ CA-T147A
£ 4000 -5~ a4943¢c
2000
o
0 L= g
3 8 9 12 15
Days post-infection
Nucleotide . Amino acid changs
change Region in the region
gi1283a CA S33N
g1526a CA G114E
al624g CA T147A
24943¢ IN None

r? )

Fig. 2. Mutations in Gag-CA. (A) Identification of an adaptive mutation that
enhances viral growth. Nucleotide substitutions found in the genome of Ad
clone-25 are indicated at the bottom. Virus samples were prepared from 293T
cells transfected with the indicated proviral clones, and equal RT units were
inoculated into HSC-F cells. MN5-14S and Ad clone-25 served as controls.
Viras replication was monitored by RT activity released into the culture
supernatants. (B) 3-D structural models for CA NTD of HIV-1mt variants.
Structural models of CA NTD of HIV-Imt variants were constructed by
homology-modeling using “MOE-Align” and “MOE-Homology” in MOE as
described previously [30—32). Crystal structure of HIV-1 CA NTD at a reso-
lution of 2.00 A (PDB code: IM9C [28]) was used as template for homology
modeling. Main chain folds were indistinguishable among the models, and
only the model of G114E CA is shown as a representative. Magenta and red
sticks: side chains of 110th and 114th amino acid residues, respectively, of the
G114E CA NTD.
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for the phenotypic change. The modeling study revealed that
114th residue of G114E CA NTD is located on helix 6 in CA
NTD such that its side chain protrudes into the exposed
surface of CA (Fig. 2B). A charged amino acid residue on
a protein surface participates in determining physicochemical
properties of interaction surface of the protein and thus
influences its structural and functional properties. Therefore,
we assumed that the protrusion of a negatively charged side
chain from helix 6 into exposed surface could have somehow
a positive effect on growth capability of the HIV-1mt variants
in macaque cells. In this regard, especially worth noting is that
110th amino acid residue on helix 6 of the HIV-1mt variant
CAs was positioned on the same helical face with 114th amino
acid residue (Fig. 2B). Therefore, we predicted that substitu-
tion of glutamine (Q) at position 110 by acidic amino acid
such as aspartic acid (D) and glutamic acid (E) may also have
a positive effect on growth capability of the HIV-1mt variants
in macaque cells as G114E does. STVmac239 has aspartic acid
and glutamine at the positions 110 and 114, respectively.

3.3. CA-Q110D promotes viral growth more efficiently in
macaque cells than CA-GlI14E mutation but its
enhancing effect is species-specific

To confirm our prediction described above, CA-Q110D
mutation was introduced into MN5-14S (designated
MN5Rh-3), and the growth property in HSC-F cells of
MN5Rh-3 and a viral clone carrying G114E (CA-G114E in
Fig. 2A) was compared. As shown in Fig. 3A, MN5Rh-3 grew
better than CA-GI114E, indicating that CA-Q110D further
accelerates HIV-Imt replication in macaque cells compared
with an adaptive CA-G114E mutation. We next constructed an
X4-tropic proviral clone carrying the CA-Q110D (designated
MN4Rh-3) (Fig. 1), and compared its growth property with
MNS5Rh-3 in HSC-F cells (Fig. 3B). MN4Rh-3 was found to
exhibit higher growth ability than MN5Rh-3, and was there-
fore used for infection experiments hereafter.

While CypA and TRIM5a have inhibitory effect on HIV-1
replication in macaque cells, CypA promotes HIV-1 infection
in human cells and human TRIM5a only weakly inhibits HIV-1
replication [38—40]. Since the CA-Q110D mutation (acquisi-
tion of negatively charged side chain), as predicted by structural
modeling, could impact on the interaction of HIV-1 CA and its
binding factor(s) by altering physicochemical properties of CA
binding surface, it can be speculated that CA-Q110D may
promote viral replication specifically in macaque cells. Thus,
we analyzed the effect of CA-Q110D on viral growth in
macaque and human cells. In this experiment, we used HIV-1mt
variants (MN4-8, MN4-8S, and MN4Rh-3) that have distinct
CA structures (Fig. 1). Viruses prepared from transfected 293T
cells were inoculated into macaque HSC-F and human MT4/
CCRS cells, and examined for growth property (Fig. 3C). The
introduction of SIVmac239 CA h6/7L (MN4-8S) resulted in
enhanced and reduced viral growth in macaque and human
cells, respectively, relative to MN4-8. MN4Rh-3 grew clearly
better in macaque cells relative to MN4-8 and MN4-8S, but
more poorly in human cells than the other twos. These results

demonstrate that the CA-Q110D mutation enhances viral
replication in a host cell species-specific manner.

3.4. CA-Q110D does not contribute to evasion from
CyM TRIMS proteins restriction

We predicted that the growth enhancement by CA-Q110D
may come from the increased resistance to CyM TRIMS
proteins, and therefore examined the susceptibility of HIV-1mt
variants to them by two independent assays.

First, assays were performed in feline kidney CRFK cells
expressing TRIMSa or TRIMCyp by using VSV-G pseudo-
typed viruses encoding the luciferase gene (Fig. 4A—C). The
sequence differences between HIV-1mt variants reside only in
CA and IN (Figs. 1 and 4). Since adaptive mutations in IN
contribute to enhancement of virion production but not early
replication phase (manuscript in preparation), only the
difference in CA affects the relative single cycle infectivity in
this assay. A pseudotyped virus SR/4-3 carries HIV-1 (NL4-3)
CA without any modifications and served as negative control.
‘While 5R and 4-8 have an identical CA structure carrying h4/
5L from SIVmac239, 5RS and 4-8S have both h4/5L and h6/
7L from SIVmac239 CA. 4Rh-3 carries CA-Q110D mutation
in addition to h4/5L and h6/7L from SIVmac239 CA. Viral
infectivity was measured by luciferase activity in infected cells
and presented as RLU. Naive CRFK and CRFK cells
expressing TRIMSa were infected with an equal amount of
viruses generating 10’ RLU in naive cells. As shown in
Fig. 4B, the infectivity of 5R and 4-8 for cells expressing CyM
TRIMS5o was similar to that of a negative control 5R/4-3.
However, higher infectivity was observed for SRS and 4-8S
relative to SR and 4-8. These results were consistent with
previous reports that h4/5L and h6/7L in HIV-1 CA are a part
of determinant for TRIMSa restriction [20,36]. The sensitivity
of 4Rh-3 to TRIMSa was similar to that of SRS and 4-8S. This
indicates that CA-Q110D did not contribute to increase the
resistance to TRIMSa. It has been reported that CyM TRIM-
Cyp has the ability to restrict HIV-1 replication [15]. To
examine the susceptibility of HIV-1mt variants to TRIMCyp, |
we generated feline CRFK cells expressing TRIMCyp, and the
cells were infected with pseudotyped viruses as described
above. As shown in Fig. 4C, all the clones tested were more
resistant to a similar extent to TRIMCyp than the control SR/
4-3. In agreement with a previous study showing that elimi-
nation of alanine at position 88 within h4/5L of HIV-1 CA
confers the resistance on the virus to TRIMCyp [15], our
results indicate that the replacement of HIV-1 CA h4/5L with
that of SIVmac239 is sufficient for HIV-1mt to evade from the
TRIMCyp restriction. Second, we performed another suscep-
tibility assay using the recombinant SeV expression system.
This system assures a very high expression level of target
proteins in cells infected with the recombinant SeV. Therefore,
the ability of viruses to completely counteract the restriction
effect of TRIMS proteins could be determined by MT4/SeV-
TRIMS expression system. Human MT4 cells were infected
with recombinant SeV expressing CyM TRIMSa, TRIMCyp,
or SPRY(—)TRIMS, and then super-infected with HIV-1
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Fig. 3. Effect of CA modification on viral growth in macaque and human lymphocyte cell lines. (A and B) Growth kinetics of HIV-1mt clones carrying CA-G114E
or CA-Q110D (MN5Rh-3 and MN4Rh-3) in CyM HSC-F cells. Virus samples were prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (5 x 10° RT units) were inoculated into HSC-F cells (10°). Virus replication was monitored by RT activity released into the culture supernatants. (C)
Growth kinetics of MN4-8. MN4-8S. and MN4Rh-3 in HSC-F (Macaque) and MT4/CCRS (Human) cells. Virus samples were prepared from 293T cells transfected
with the indicated proviral clones, and equal amounts (10° RT units) were inoculated into HSC-F cells (10%). For spinoculation of MT4/CCRS5 cells (10%),
6 x 10° RT units were used as inocula. Virus replication was monitored by RT activity released into the culture supernatants.

(NL4-3), SIVmac239, or HIV-Imt variants. SPRY(—)TRIMS
which can not bind to viral CA served as control. NL4-3 and
SIVmac239 also served as controls for viral replication. As
shown in Fig. 4D, NL4-3 replicated in cells expressing
SPRY(—)TRIMS, but not in TRIMS5x and TRIMCyp
expressing cells. SIVmac239 exhibited similar growth kinetics
in SPRY(—)TRIMS, TRIMS5a and TRIMCyp expressing cells.
All HIV-1mt variants replicated in TRIMCyp expressing cells
similarly well in SPRY(—)TRIMS cells. Together with assays
in CRFK cells, these results showed that all HIV-1mt variants
except for 5SR/4-3 completely evade from TRIMCyp restric-
tion. In contrast, the growth of all HIV-1mt variants was
inhibited in CyM TRIMS5« expressing MT4 cells. These
results indicate that HIV-1mt variants do not evade from
TRIMS5a restriction as effectively as STVmac239.

Results obtained by our two assay systems with respect to
the susceptibility of HIV-1mt variants to CyM TRIMSa were
apparently different (Fig. 4B and D), but this difference is
most likely to be due to the TRIMS5a expression level. In MT4
cells infected with recombinant SeV, TRIMSa is expressed at
much higher level than that in transduced CRFK cells,
masking the increase of resistance to TRIM5a detectable by
the transduced CRFK system (Fig. 4B). Indeed, the growth
enhancement of 5RS relative to 5R [20] can be explained by

the results in Fig. 4B but not those in Flg 4D. The apparent
discrepancy of the sensitivity depending on TRIMSa expres-
sion level was also observed between B-LCL cells and

transduced CRFK cells [41]. In sum, we can conclude here

that MN4Rh-3 exhibits a partial resistance to TRIMSa insuf-
ficient for complete evasion as SRS and 4-8S do, and that the
CA-Q110D mutation is irrelevant to this property.

3.5. CA-Q110D enhances viral infectivity for macaque cells

Results so far showed that CA-Q110D does not contribute
to evasion from TRIMS proteins restriction in rather artificial
systems using feline and human cells (Fig. 4). To investigate
further how CA-Q110D enhances viral replication, we
examined single-cycle viral infectivity in macaque cells. CyM
kidney MK.P3(F) cells, which have heterozygote for TRIMS5a.
and TRIMCyp, were infected with various VSV-G pseudovi-
ruses and analyzed for their infectivity as described above. As
shown in Fig. 5A, viral infectivity was increased by modifi-
cation of h4/5L (compare 5R/4-3 and SR&4-8). Modification
of h6/7L in addition to h4/5L further augmented viral infec-
tivity (compare 5R&4-8 and 5RS&4-8S). Introduction of the
CA-Q110D mutation into 4-8S clone gave the highest infec-
tivity among the viruses tested (see 4Rh-3). The results in
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Fig. 4. Effect of CA modification in HIV-1mt variants on viral infectivity. (A) CA structure of viral clones used in TRIMS5o/TRIMCyp susceptibility assays. Blue
and white areas show helices and loops from HIV-1 NL4-3 CA, respectively. Sequences from SIVmac239 are indicated by black areas. (B and C) Susceptibility of
HIV-1mt variants to CyM TRIMS proteins as examined by CRFK system. Results for CyM TRIM5¢ (B) and for CyM TRIMCyp (TCyp) (C) are shown. VSV-G
pseudotyped viruses were prepared from transfected 293T cells as input samples. Viruses generating 10’ RLU in CRFK-naive cells were inoculated into CRFK
cells that express CyM TRIMSa. or CyM TCyp. On day 2 post-infection, cells were analyzed for luciferase activity by a luminometer. (D) Susceptibility of HIV-
Imt variants to CyM TRIMS proteins as examined by SeV system. Human MT4 cells (10%) were infected with recombinant SeV expressing CyM TRIM5a,
TRIMCyp, or SPRY (—) TRIMS. Nine hours after infection, cells were super-infected with 20 ng (Gag-p24) of HIV-1 NL4-3, various HIV-1mt clones, or 20 ng
(Gag-p27) of SIVmac239. Virus replication was monitored by the amount of Gag-p24 from NL4-3 and HIV-1mt clones or Gag-p27 from SIVmac239 in the culture
supernatants. Error bars show actual fluctuations between duplicate samples. Data from one representative of three independent experiments are shown.
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Fig. 5A show that CA-Q110D uniquely increases viral infec-
tivity in macaque cells not observed in the other experimental
systems (Fig. 4), and suggest that some factor(s) in CyM cells
other than TRIMSa and TRIMCyp proteins is associated with
this enhancement.

As shown in Fig. 5B, MN4Rh-3 displayed slower growth
kinetics relative to those of SIVmac239 (note the peak day
of virus production), although it grew better than the other
HIV-1mt clones in CyM HSC-F cells. Approximately 100-fold
more input virus (RT units) compared to SIVmac239 was
required for MN4Rh-3 to exhibit similar growth kinetics with
SIVmac239 (data not shown). These results have shown that
even MN4Rh-3 grows more poorly in macaque cells than
a standard SIVmac clone pathogenic for macaque monkeys.

4. Discussion

In this study, we have demonstrated that a single CA
mutation (Q110D) greatly promotes HIV-Imt growth in
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Fig. 5. Replication ability of various viruses in CyM cells. (A) Single-cycle
infectivity of various HIV-1mt clones in CyM kidney MK.P3(F) cells. VSV-
G pseudotyped viruses indicated were prepared from transfected 293T cells.
MK .P3(F) cells were infected with an equal titer of viruses giving 107 RLU in
CRFK-naive cells. On day 2 post-infection, cells were analyzed for luciferase
activity by a luminometer. (B) Multi-cycle growth kinetics of SIVmac and
HIV-1mt viruses in CyM lymphocyte HSC-F cells. Virus samples were
prepared from 293T cells transfected with the indicated proviral clones, and
equal amounts (10* RT units) were inoculated into HSC-F cells (10%). Virus
replication was monitored by RT activity released into the culture superna-
tants. MA239N, an infectious clone of SIVmac239 with nef-open.

macaque cells (Fig. 3). This enhancing effect was afforded
independently of TRIMS proteins restriction. The virus carrying
the CA-Q110D mutation (MN4Rh-3) certainly overcame the
anti-viral action of CyM TRIMCyp but not completely CyM
TRIMS5a. However, the mutation itself (Fig. 1) did not influence
anti-TRIMCyp/TRIMS5a. activity of MN4Rh-3 reported here
(Fig. 4). Notably, this mutation exquisitely enhanced viral
growth in macaque cells (Fig. 3) by augmenting viral single-
cycle infectivity (Fig. 5). The viral growth enhancement re-
ported here is well reproduced in CyM peripheral blood
mononuclear cells and in CyMs (manuscript in preparation).
Regarding the mechanism for enhancement of viral growth
by CA-Q110D, we initially thought a possibility that CA-
Q110D compensates the disadvantage in HIV-1mt genome
resulted from replacement of HIV-1 CA h4/5L and h6/7L with
those of SIVmac239. However, this is highly unlikely because
the enhancing effect is macaque cell-dependent (Fig. 3). Most
feasible explanation is that CA-Q110D contributes to evade
from a negative factor(s) in macaque cells such as CypA.
Because HIV-1mt CA was designed not to bind to CypA, and
the interaction between the two molecules was indeed unde-
tectable by monitoring CypA virion-incorporation [18,20], we
analyzed the binding by computer-assisted structural
modeling. Homology modeling of the CA-CypA complexes
was performed based on the crystal structure of HIV-1 CA
NTD bound to CypA (PDB code: IM9C [28]), and the binding
energies, Eping, were calculated using MOE as described
previously [42,43]. As shown in Fig. 6, HIV-1 (NL4-3) CA
was predicted to interact with CypA via its h4/5L (binding
energy: —64.4 kcal/mol). The binding energy of CA and CypA
was decreased by CA modifications, such as h4/5L replace-
ment (NL-DT5R: —31.0 kcal/mol), h4/5L. and h6/7L
replacement (NL-DT5RS: —36.1 kcal/mol), and Q110D
substitution in addition to h4/5L and h6/7L replacement
(MN4Rh-3: —30.1 kcal/mol). Decrease in Ej;,g in NL-DT5R
is consistent with the result that the h4/5L region directly
interacts with CypA [28]. Notably, the Ey;,g for the NL-
DT5RS CA was greater than that of the NL-DT35R and
MN4Rh-3 CAs. These results suggest that not only h6/7L
replacement but also Q110D substitution can influence struc-
ture of CypA binding surface of CA. The Q110D substitution
is located on the exposed surface of helix 6 connecting to the
h6/7L (Fig. 2B). CA helix 6 has been reported to interact with
CypA binding region on h4/5L through hydrogen bonding
[44,45]. Thereby it is reasonable that the local electrostatic
change on the helix 6 by the Q110D substitution influenced
structures of h4/5L via changes in fluctuation and conforma-
tion of h6/7L. This in turn could lead to reduction in stability
of the MN4Rh-3 CA-CypA complex compared with NL-
DT5RS CA-CypA complex, as predicted in Fig. 6. Our
computer-assisted structural study suggests that the Q110D
substitution can induce electrostatic modulation of the overall
CA surface structure including h4/5L and h6/7L. Similar
modulation mechanism of binding surface structures via
charged amino acid substitution at distant site from the
binding surface has been reported for Cyp domain of CyM
TRIMCyp [15] and CD4 binding site of HIV-1 gp120 outer
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NL-DTSR

NL-DT5RS
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NL4-3 NL-DT5R NL-DTSRS MN4RR-3
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Fig. 6. Structural models of HIV CA NTD bound to CypA. The model of CA NTD bound to CypA was constructed by homology modeling using the crystal
structure of HIV-1 CA NTD and CypA complex (PDB code: 1M9C [28]). The binding energies, Ey;ng (kcal/mol), of the complex were calculated using MOE as

described previously [42,43]. The formula Eying = Ecomplex —

(Eca + Ecypa) was used for the Eying calculation, where Ecompiex 1S the energy of the CA/CypA

complex models, Ec, is the energy of the CA monomer model, and Ecypa is the energy of the CypA monomer model.

domain [46]. Thus, it is not unreasonable to assume that the
replication of MN4Rh-3 carrying CA-Q110D is enhanced in
macaque cells but reduced in human cells by augmenting its
dissociation from CypA (Fig. 6). However, it was found to be
difficult to experimentally confirm this structural insight by
determining the effect of cyclosporine A or of siRNA against
CypA on viral infectivity because interaction between
the HIV-Imt CA and CypA was so weak. Alternatively,
CA-Q110D may contribute to the alteration of the affinity to
unknown anti-CA factor(s) other than CypA and TRIMS
proteins. In this case, it is speculated that the factor(s) might
act negatively on HIV-1 replication in macaque cells but
positively in human cells, and vice versa. Further study is
required to elucidate the mechanism for enhancement of viral
growth potential by CA-Q110D.

In conclusion, further modification of the HIV-1mt genome
is necessary to overcome unconquered replication block(s)
present in macaque cells and obtain viral clones similarly
replication-competent in macaque cells and pathogenic for
animals with SIVmac (Fig. 5). Considering the genome struc-
ture of MN4Rh-3 and the results presented here, major targets
for modification now are gag-CA (against TRIM5a) and vpu
(against tetherin). Gag-CA is one of the two principal viral
determinants (CA and Vif) for the HIV-1 species-tropism.
Construction of HIV-1 CA that evades from TRIMS5« restriction
is also useful for elucidation of the less-defined CA-TRIMS5a
interaction and antiviral mechanism of TRIMS5cw. Tetherin,
identified as anti-virion release factor, is antagonized by Vpu
[47,48], but macaque tetherin was not counteracted by HIV-1
Vpu [49]. Construction of HIV-1 Vpu that down-modulate
macaque tetherin may enhance viral replication in vive as
well as in vitro {50]. Through these approaches, we may be able
to precisely analyze HIV-1 replication and pathogenesis in vivo
and provide new strategies against HIV-1/AIDS.
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Integrase (IN) is a retroviral enzyme that catalyzes the insertion of viral DNA (vDNA) into
host chromosomal DNA, which is necessary for efficient viral replication. The crystal struc-
ture of prototype foamy virus IN bound to cognate vDNA ends, a complex referred to as
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non-enzymatic roles during viral replication cycles at several steps other than integration.
However, the higher order structure of IN that is required for its non-enzymatic functions
remains to be delineated. This is the next major challenge in the field of IN structural biol-
ogy hoping to be a platform for the development of novel IN inhibitors to treat human
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INTRODUCTION

Reverse transcription of viral RNA into double-stranded (ds)
DNA, and the subsequent insertion of the synthesized viral DNA
(vDNA) into a host chromosome, are characteristic features of
retroviruses including human immunodeficiency virus type 1
(HIV-1). The reverse transcription and integration of the viral
genome is sequentially catalyzed by the enzymes reverse tran-
scriptase (RT) and integrase (IN), respectively. These retroviral
enzymes are originally packaged in the viral particle along with
the viral genomic RNA. After synthesis of vDNA by RT, IN acts on
the termini of vDNA and catalyzes insertion of the vDNA into
the host chromosome through two sequential enzymatic reac-
tions: 3’-end processing and strand-transfer (Katz and Skalka,
1994). Currently, a clinically approved IN inhibitor specifically
targets strand-transfer activity but not 3'-end processing activity
(Summa et al., 2008). Therefore, the IN inhibitor is referred to
as a strand-transfer inhibitor (STI). The STI shows very potent
antiviral activity; however, emergence of STI-resistant variants is
inevitable (Metifiot et al., 2010), as seen in patients treated with
a combination of inhibitors against RT and protease activities.
Efforts to develop novel drugs with distinct inhibitory mechanisms
must continue so that we can effectively treat HIV-1 infections. For
development of novel IN inhibitors, in addition to its enzymatic
action, other non-enzymatic functions of IN, as described below,
might be the next target(s) (Luo and Muesing, 2010).

STRUCTURE OF HIV-1IN

Human immunodeficiency virus type 1 IN is composed of 288
amino acids with three structurally distinct domains (Li et al.,
2011): an N-terminal domain (NTD), a central catalytic core
domain (CCD), and a C-terminal domain (CTD; Figure 1).
The NTD contains a highly conserved (His-His-Cys-Cys, HHCC)
motif, which binds to zinc ions (Zn?1) and folds a helix-turn-helix

immunodeficiency virus type 1 infectious disease.

Keywords: HIV-1, integrase, reverse transcriptase, pol, reverse transcription, intasome, Gemin2

(HTH) structure. Through a tetrahedral attachment to the HHCC
motif, Zn** enhances both multimerization and enzymatic activ-
ities of HIV-1 IN in vitro (Burke et al., 1992; Ellison et al., 1995;
Cai et al., 1997). The CCD contains the highly conserved Asp, Asp,
and Glu (DDE) residues directly involved in the catalytic activ-
ities of IN (Engelman and Craigie, 1992; Kulkosky et al., 1992;
LaFemina et al,, 1992; Bushman et al., 1993). Overall topology
of the CCD is similar to those of ribonuclease H (RNaseH), the
Holliday junction resolvase RuvC, and bacteriophage transposase
Mu. Despite lack of sequence similarity between the CCD and
RNaseH, there is remarkable similarity in the positioning of the
two Asp catalytic residues (Dyda et al., 1994). The CTD, consist-
ing of a structure that closely resembles Src homology 3 domains
(SH3-like), possesses sequence- and metal ion-independent DNA
binding activity (Eijkelenboom et al., 1995; Lodi et al., 1995). Each
domain has been demonstrated to form a dimer and higher mul-
timerization states (Dyda et al., 1994; Eijkelenboom et al., 1995;
Cai et al., 1997), which might be required for all the enzymatic
functions of IN.

Recently, the entire prototype foamy virus (PFV) IN in a com-
plex with its cognate vDNA ends, referred to as the intasome,
has been successfully crystallized (Hare et al., 2010). The crystal
structure analysis of the PFV intasome revealed an unprecedented
tetramer structure for IN (see Cherepanov et al,, 2011; Li et al.,
2011 for recent review). The IN tetramer structure observed in the
PFV intasome demonstrated that two sets of IN dimer acts on each
vDNA end (Figure 2). The inner subunits of each IN dimer contact
with vDNA and form a tetramer. The outer subunits of each IN
dimer might be speculated to have supportive or other functions,
such as engagement of target DNA or interaction with host fac-
tors. Several models for the IN tetramer have been proposed from
previous structure analysis using partial IN fragments possessing
the NTD-CCD or CCD-CTD (Chen et al., 2000; Wang et al., 2001;
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FIGURE 1| Schematic diagram of HIV-1 IN. The genetic organization of HIV-1
is shown at the top. HIV-1 IN is encoded by the pol region and composed of
288 amino acids with three structurally distinct domains: an N-terminal domain
(NTD); a central catalytic core domain {CCD); and a C-terminal domain (CTD).
The CCD contains the highly conserved DDE motif, which is directly involved

NTD CCD
Zn2*binding catalytic site
(HTH) {RNaseH-like)

non-specific DNA binding
(SH3-like)

in the catalytic activities of IN. Overall topology of the CCD is similar to that of
ribonuclease H (RNaseH). The NTD, contains a highly conserved HHCC motif,
which binds to zinc and folds a helix-turn-helix (HTH) structure. The CTD,
consisting of a structure that closely resembles Src homology 3 domains
(SH3), possesses sequence- and metal ion-independent DNA binding activity.

Hare etal., 2009a). However, these IN tetramer models are different
from those observed in the active PFV intasome (Craigie, 2010).
Stable interaction of IN with 3’-end processed vDNA in the inta-
some might be a plausible explanation for the difference. The stable
IN tetramer formation observed in the intasome reflects the IN-
DNA complex required for proper concerted integration of both
vDNA ends into the proximal sites of the target host chromoso-
mal DNA. Furthermore, analysis of the PFV intasome interacting
with the STT elucidated its inhibitory mechanism. Based on the
PFV intasome structure as a template, structural modeling of the
HIV-1 intasome has also been reported (Krishnan et al., 2010).
Structural analysis of this intasome revealed numerous details of
retroviral integration and will contribute to the design of the next
generation of HIV-1IN catalytic inhibitors. The functional signifi-
cance of the DNA-independent IN tetramer as observed by analysis
of partial IN fragments (Chen et al., 2000; Wang et al., 2001; Hare
et al., 2009a) remains unclear (Cherepanov et al., 2011).

NON-ENZYMATIC FUNCTIONS OF IN

Originally, we found that introduction of amino acid substitutions
at conserved HHCC residues in the NTD of HIV-1 IN resulted in
almost complete abrogation of proviral DNA formation, concomi-
tant with a severe reduction in vDNA synthesis. This suggests the
mutations in the IN affected the viral life cycle at steps prior to
integration (Masuda et al., 1995). Further genetic analysis of HIV-
1 IN revealed that the pleiotropic effects of IN mutations affected
uncoating (Masuda et al,, 1995; Leavitt et al., 1996; Nakamura
eral, 1997; Briones et al,, 2010), reverse transcription (Engelman

et al., 1995; Masuda et al., 1993; Wu et al., 1999; Tsurutani et al.,
2000; Nishitsuji et al., 2009) nuclear import of vDNA (Gallay et al.,
1997; Tsurutani et al,, 2000; Tkeda et al., 2004), and protein process-
ing during viral particle assembly and maturation (Mohammed
et al., 2011). Importantly, HIV-1 carrying point mutations at the
catalytic sites of IN (DDE) affected the integration step, but not
vDNA synthesis (Masuda et al., 1995). Thus, the pleiotropic effects
of IN mutations might not be directly related to the loss of its
catalytic function. These experiments suggest that IN may pos-
sess non-enzymatic roles throughout the viral replication cycle
(Figure 2).

Among the possible non-enzymatic roles of IN, there has been
an accumulation of evidence to suggest involvement of retro-
viral IN during reverse transcription (Engelman et al,, 1995;
Masuda et al., 1995; Tsurutani et al., 2000; Lu ¢t al., 2005; Dobard
et al., 2007). The contribution of IN during reverse transcrip-
tion has also been noticed in a retrovirus-like element of Sac-
charomyces cerevisiae, Ty3 (Nymark-McMahon and Sandmeyer,
1999; Nymark-McMahon et al., 2002). A previous study from
our laboratory showed that reverse transcription of HIV-1 was
abrogated by knocking down a host factor, survival motor neu-
ron (SMN)-interacting protein 1 (SIP1/Gemin2), which binds to
HIV-1 IN (Hamamoto et al., 2006). Gemin 2 is a component of
the SMN complex that mediates the assembly of spliceosomal
small nuclear ribonucleoproteins and nucleolar ribonucleopro-
teins (Fischer et al,, 1997; Liu et al,, 1997; Buhler et al., 1999;
Jablonka etal, 2001; Meister etal., 2001). In a subsequent study, we
demonstrated that HIV-1 IN and Gemin2 synergistically stimulate
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FIGURE 2 | Non-enzymatic and enzymatic roles of HIV-1 IN that help
establish proviral DNA. After entry into cells, retroviral genomic RNA
(VRNA) is reverse transcribed into DNA (vDNA) by RT. Then, vDNA is
transported into the nucleus (nuclear import} and finally integrated into host
chromosomal DNA (black lines). IN forms a functional tetramer with vDNA
ends (intasome) to assist with integration. Subsequent repair processes by
host DNA repair machinery establishes the proviral DNA, in which retrovirus
DNA is stably integrated into host chromosomal DNA. IN tetramer
structures for its enzymatic (integration) and non-enzymatic functions
(reverse transcription and nuclear import) and possible involvement of host
factors are schematically depicted. The vRNA, vDNA, and host DNA are
shown as blue, red, and black lines, respectively. An arrowhead shows the
direction of each genome from the 5'- to the 3-end.

RT activity by enhancing the assembly of RT on viral RNA in vitro
(Nishitsuji et al., 2009). Chow and colleagues have also reported
that HIV-1 IN stimulates RT activity through physical interactions
withRT (Zhu etal., 2004). Thus, IN might possess a direct function
to support efficient reverse transcription by RT.

INSIGHT ON PUTATIVE STRUCTURE OF IN FOR ITS
NON-ENZYMATIC FUNCTION

Delineation of the IN mutant structure could provide clues for
depicting the IN conformation required for non-enzymatic func-
tions. Nuclear magnetic resonance (NMR) analysis of an isolated
NTD has shown that the NTD exists in two conformational states,
the E and D forms (Cai et al,, 1997). A previous study using NMR
spectroscopy indicated that the NTD mutant protein, in which the
Tyr 15 residue was replaced with Ala (Y15A), folds correctly but

onlyas the E form (Nomuractal,, 2006). The IN tetramer structure
was formed through interaction of NTD-CCD between the inner
subunits in the intasome (Hare et al., 2010). The residues 13-26
and 40-45 in the NTD interact extensively with residues 150-196
in the CCD of the other subunit. The importance of the NTD-
CCD interaction to form the IN tetramer has been proposed from
previous crystal structure analysis using the NTD—CCD IN frag-
ments (Wang et al., 2001; Hare et al., 2009b). As observed in these
previous analyses, the hydrogen-bond contacts between the side
chains of CCD residues Gln164 and Argl87 and the backbones
of the NTD residues Lys14 and Tyrl5 also persist in the recent
structure-based model of the HIV-1 IN intasome (Krishnan et al.,
2010). HIV-1 carrying IN mutations at the Lys186, Argl87, and
Lys188 residues exhibited a reverse transcription-defective phe-
notype (Tsurutani et al., 2000) as found in the NTD mutants
including Y15A. These experimental data suggest that the func-
tional tetramer form, stabilized with the NTD—CCD interaction,
might be critical for the non-enzymatic function of IN during
reverse transcription.

IMPACT OF HOST FACTORS ON IN STRUCTURE AND
NON-ENZYMATIC FUNCTION

Numerous host factors that interact with HIV-1 IN have been
reported (Al-Mawsawi and Neamati, 2007). The best character-
ized factor is lens epithelium-derived growth factor/transcription
co-activator p75 (LEDGF/p75; Cherepanov et al,, 2003) for chro-
mosomal targeting of HIV-1 IN (Maertens et al,, 2003, 2004; Shun
et al, 2007). The crystal structure analysis of the PFV intasome
(Hare et al,, 2010) together with results from previous studies (Li
et al,, 2006; Hare et al,, 2009a) suggest that synapsis formation
with DNA ends of the virus through tetramerization of IN might
be critical for proper assembly and/or a stable and functionally
active intasome. Importantly, LEDGF/p75 stabilizes the functional
tetramer of IN for its enzymatic function. Meanwhile, a reduction
of the tetramer form of IN was reproduced when wild-type IN
was expressed in cells in which endogenous Gemin2 was knocked
down by RNA interference (Nishitsuji et al., 2009). We also noticed
that the intracellular stability and multimer formation of IN, espe-
cially the tetramer formation of IN, were dramatically reduced by
IN mutations that led to a reverse transcription-defective phe-
notype. Thus, in the absence of vDNA, host factors might be
involved in forming or maintaining highly ordered structures
of IN, which is critical for non-enzymatic function. Therefore,
inhibition of the interaction between IN and host factors could
be a novel therapeutic approach for the design and develop-
ment of new classes of IN inhibitors targeting non-enzymatic
functions.

CONCLUSION

It is obvious that IN must be closely associated with the viral
genome complex to form an active intasome upon the comple-
tion of reverse transcription. Physical interaction of IN with RT
(Zhu et al,, 2004; Wilkinson et al., 2009) could contribute to
keeping IN close to the viral genome complex. How is the IN
structure in the absence of vDNA before and during reverse tran-
scription maintained? What is the contribution of host factors to
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IN conformation that is required for non-enzymatic functions?
The highly ordered IN structure and/or its interface structure
for interaction with host factors required for non-enzymatic IN
function(s) should be determined.

Finally, it should be emphasized that IN mutations affecting
non-enzymatic function resulted in severe deleterious affects to
HIV-1 replication compared with IN mutations that specifically
affected catalytic activity. Clinical efficacy of the STI that blocks
IN catalytic activity guarantees that a greater impact on HIV-1
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. Abstract

P ’Vpr, an accessory protein of human lmmunodef' cuency virus type 1 isa multnfunctlonai protein that plays an important role
“"in.viral replication. We have previously shown that the region between residues 17 and 74 of Vpr (Vpryizcz4) contained a
- bona fide nuclear localization signal and it is targeted Vpry:7c74 to the nuclear envelope and then imported into the nucleus
by |mportm o (Impa) alone. The interaction between Impa and Vpr is important not only for the nuclear import of Vpr but
- also for HIV-1 replication in macrophages, however, it was unclear whether full- Iength Vpr enters the nucleus in a manner
“ similar to Vpryizcra. This study investigated the nuclear import of full-length Vpr using the three typical Impu isoforms,
Reh1, Qip1.and NPI-1,.and revealed that full-length Vpr is selectively imported by NPI-1, but not Rch1 and Qip1, after it
- makes_contact with the perinuclear region in digitonin-permeabilized cells. A binding assay using the three Impua isoforms
showed that Vpr.bound preferentially to the ninth armadillo repeat (ARM) region (which is also essential for the binding of
" CAS, the export receptor for Impo) in all three isoforms. Comparison of biochemical binding affinities between Vpr and the -
Impa isoforms using surface plasmon resonance analysis demonstrated almost identical values for the binding of Vpr to the
full-length isoforms and to their C-terminal domains. By contrast, the data showed that, in the presence of CAS, Vpr was
released from the Vpr/NPI-1 complex but was not released from Rch1 or Qip1. Finally, the NPI-1-mediated nuclear import of
Vpr was greatly reduced in semi-intact CAS knocked-down cells and was recovered by the addition of exogenous CAS. This
report is the first to show: the requirement for and the regulation of CAS.in the functioning of the Vpr-impa complex.
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Introduction

Molecular traflicking between the nucleus and the cytoplasm is
tightly regulated in eukaryotic cells. Nuclear import processes involve
the nuclear pore complexes (NPCs) of the nuclear envelope and,
typically, requirc nuclear localization signals (NLSs). The nuclear
import of classical NLS-bcaring proteins is mediated by specific
soluble factors, including Importin (Imp), which consists of two
subunits, Impa and Impp, small GTPase Ran/TC4, and nuclear
transport factor 2 [1]. The ternary complex with NLS-bearing
protein, Impa, and ImpP translocates into the nucleus, and the
binding GTP-bound form of Ran to Impp triggers the dissociation of
ternary complex, releasing Impo {2]. However, there are many
additional pathways that mediate nuclear import; for example,
Impp-like molecules (such as the transport factor for substrates
carrying the M9 shuttling signal or importin 7) and Imp itsell are
competent to transfer some cargo by themselves [3]. In addition, it
was previously reported that Impo could migrate into the nucleus in
an ImpB- and Ran-independent manner (4]. Impa alone can éscort
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Vpr, one of the accessory proteins of human immunodeficiency virus
type 1 (HIV-1) [5,6], as well as Ca**/calmodulin-dependent protein
kinase type IV (CaMKIV) into the nucleus without utilizing the
classical Impp-dependent transport system [7].

Impa is composed of a flexible N-terminal Impp-binding (IBB)
domain and a highly structured domain comprising ten tandem
armadillo (ARM) repeats [2]. The helical ARM repeats assemble
into a twisted slug-like structure whose belly serves as the NLS-
binding groove. The central portion of Impa, which contains the
ARM repeats, recognizes the NLS cargo, while its N-terminal basic
region, termed the 1BB domain, binds to Impp, and the region
between residues 383 and 497, corresponding to the ninth and tenth
ARM regions, binds to the cellular apoptosis susceptibility (CAS)
protein [2,8]. The crystal structure of Impa has shown that the
region between residues 469 and 478, within the tenth ARM region,
contains the core sequences for CAS binding [8]. The nature of the
dissociation of the NLS cargo from Impa is unclear, but it has been
proposed that nucleoporins (Nups), together with CAS, assist in the
dissociation process [2,9]. CAS binds preferentially to Impa, after its
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dissociation from the NLS cargo, and exports nuclear Impa to the
cytoplasm. However, Impa has at least seven isoforms in human
[2,10,11], grouped into three subfamilies (a1, %2 and o3) based on
their amino acid sequence similarities. There is approximately 80—
90% sequence homology in each subfamily [2,12]. Subfamily al
includes importin - a3 (NPI-1/SPR1/karyopherin = alpha 1
[KPNAL]), importin a6 (KPNA5) and importin a7 (KPNAS).
Sublamily o2 contains importin &1 (Rch1/SRP1a/KPNA2) and
the recently-reported importin o8 (KPNA7) [10,11]. Subfamily o3
includes importin 3 (Qipl/SRP3/KPNA4) and importin o
(KPNA3). Mcmbers of the three subfamilics have about 50%
homology with cach other [2,12]. Many studics have shown that
Impa isoforms differ in their cfficiencics with respect to classical
substrate-specific import, show unique cxpression patterns in
various tissues and cells, and depend on the state of cellular
metabolism and dilferentiation [2,6,13]. Taken together, this
information suggests that Impa proteins contribute primarily to
tissue-specific nuclear transport.

Vpr has multiple biological functions, including nuclear localization
activity [14,15,16], arresting cells at the G2/M phase of the cell cycle
[17,18,19], increasing the activity of the HIV-1 long terminal repeat
120}, sclective mhibition of cellular pre-mRINA splicing both @ vize and

in uitro [21,22], and positive and negative regulation of apoptosis [23].

These functions are carried out through interactions with a varicty of
cellular partners. Especially, the virion-associated viral protein, Vpr, is
necessary for the nuclear import of the viral pre-integration complex
(PIC) in non-dividing cells [6,14,15,24], although its exact role in the
PIC cntry mechanism remains unclear. There arc several pathways
that Vpr could use to cross the nuclear envelope. First, numerous
investigations regarding the subcellular localization of Vpr suggest that
the Vpr protein may cross the nuclear envelope by passive diffusion, as
it is small enough (15 kDa) to pass through the NPC [15,25]. Sccond,
Vpr cnters the nucleus by interacting with nucleoporins, which are
constituents of the NPC [26,27,28]. Third, Vpr binds to Impa , which
stimulates subsequent nuclear import of the cargo by increasing the
affinity of Impa for NLS-containing proteins [16]. Another report
describes a novel nuclear import mechanism for Vpr, involving two
putative alpha-helical domains, located between residues 17 and 34
(«H1) and between residues 46 and 74 («H3), which are required for
the nuclear localization of Vpr [23]. A subsequent study used
microinjection and in wo transport assays incorporating the chimeric
protein Vprxi7cz4 to show that the entire region between residues 17
and 74 is a bona fide NLS [5]. Furthermore, an # zitro transport assay
experiment designed to identfy the factors required for Vpryizcrs
nuclear entry found that Vpr itself is targeted to the nuclear envelope
and is then transported by Impa, without any involvement of Impf
[5]. The three typical Impat isoforms, Rchl, Qipl and NPI-1, appear
able to interact direetly with Vpray 7z and support its nuclear entry.
Interestingly, the interaction between Impa and Vpr is necessary not
only for the nuclear import of Vpr but also for HIV-1 replication in
macrophages [6]. These results suggest that the interaction between
Vpr and Impa may be a potential target for therapeutic intervention.
Indced, a potential parent compound, hematoxylin, has been
identificd, which suppresses the Vpryizcz7s-Impa interaction, thereby
inhibiting the nuclear import of the HIV-1 viral genome in
macrophages in a Vpr-dependent manner [29].

A nuclear magnetic resonance structural analysis revealed that full-
length Vpr forms three amphipathic alpha helices surrounding a
hydrophobic core [30,31]. It has a flexible, negatively-charged N-
terminal domain flanking the helices and its C-terminal domain is also
flexible, positively charged, and rich in arginine residues {30,31]. Two
motifs, amino acids 36 to 77 in the third a-helical domain («H3) and
amino acids 77 to 96 in the arginine-rich C-terminal domain, are
critical for the inhibition of pre-mRINA splicing by Vpr [20], while the
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C-terminal domain appears to be critical for Vpr-induced G2 arrest
and apoptosis [32,33]. The N-terminal domain was shown to be
important for localization to the nuclear rim [34]. Taken together,
these results clearly indicate that the N-terminal and the C-terminal
Vpr domains play critical roles in the multiple functions of Vpr.
However, it is unclear whether full-length Vpr enters the nucleus in a
manner similar to that of the chimeric protein, Vprxiscze. In this
investigation, we have studied the detailed mechanism of full-length
Vpr entry into the nucleus. Using a digitonin-permeabilized transport
assay, the nuclear import of fulllength Vpr by the three major
isoforms of Impy, Rehl, Qipl and NPI-1, was analyzed. Further-
more, to clarify the means by which NPI-1 selectively transports full-
length Vpr, the Impat isoform domain involved in the interaction with
Vpr and these accurate binding affinities were identified using a
glutathione-S-transferase (GST)-pull down assay and surface plasmon
resonance (SPR). Moreover, we used a GST pull-down assay to show
that although Vpr binds to the CAS-binding domain of all of three
Impat isoforms to roughly the same extent, CAS can dissociate the
interaction between Vpr and NPI-1 but not between Vpr and Rchl or
Qipl. Finally, we used an i zitro nuclear import assay using Hela cells
with knocked-down CAS to demonstrate that CAS is required for the
nuclear entry of full-length Vpr.

Results

Full-length Vpr is preferentially imported into nuclei by
Impa5 (NPI-1)

A chimeric protein comprising full-length Vpr fused at the N-
terminus to GST and green fluorescent protein (GFP) (~63 kDa)
was constructed, which surpassed the limit for passive diffusion
into the nucleus (Fig. 1A). An in vitro nuclear import assay was
then performed using digitonin-permeabilized, semi-intact HeLa
cells (Fig. 1B). In the absence of soluble factors, full-length Vpr
localized predominantly to the perinuclear region in a manner
similar to that of the Vprxi7¢74 mutant. By contrast, no signal was
detected in the perinuclear region when using a negative control
protein (a chimeric GST-GFP protein). Interestingly, the nuclear
import of Vpr changed significantly in the presence of the different
Impa isoforms. High levels of Vpr entered the nucleus in the
presence of NPI-I; however, the levels were much lower in the
presence of Qipl, and no entry was observed in the presence of
Rchl. By contrast, in agreement with a previous report [6], the
Vpricy4 mutant entered the nucleus at similar levels in the
presence of all three Impa. isoforms. GST-GFP failed to enter the
nucleus, even in the presence of all three Impa isoforms.

Next, the extent of the nuclear import activity exhibited by Vpr
in the presence of 0.25, 0.5, 1 or 2 uM of the Impa isoforms was
examined by measuring the fluorescence intensity in the nucleus
(Fig. 1C). Only NPI-] efficiently enhanced the nuclear import of
Vpr. Qipl showed a very weak effect on the nuclear entry of Vpr,
which remained at a low level even in the presence of 2 uM Qjp1.
By contrast, no nuclear import of Vpr was detected in the presence
of Rchl, even at a concentration of 2 pM.

The effect of Rehl and Qjpl on the nuclear entry of full-length
Vpr mediated by NPI-1 was then examined (Fig. 1D). NPI-1-
mediated nuclear import of Vpr did not decrease in the presence
of Rchl or Qipl. Morcover, the Impa isoform-driven nuclear,
import of Vpr was completely inhibited when Impf was added to
semi-intact Hela cells (Fig. 1E). Likewise, Impf decreased the
nuclear import of the Vpry7¢74 mutant in the presence of Rehl
(Fig. 1E). Taken together, these results suggest that full-length
Vpr is targeted to the perinuclear region and is then transported
into the nucleus by NPI-1 alone, without any requirement for

Impp.
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Figure 1. Importin ¢5/NPI-1 preferentially mediates the nuclear import of Vpr. (A) Twenty-five pmol of purified recombinant GST- and GFP-
tagged Vpr (Vpr), GST- and GFP- tagged Vpryi7c74 (N17C74), GST-tagged GFP (GST-GFP) were resolved by 10% SDS-PAGE and stained with Coomassie
brilliant blue (CBB). (B) Nuclear import of Vpr by importin o (Impa) isoforms. Digitonin-permeabilized Hela cells were incubated with 1 uM of Vpr,
N17C74, and GST-GFP in the absence (-) or presence of 1 uM (for Vpr and GST-GFP) or 3 uM (for N17C74) of each of the recombinant Impa isoforms,
Rch1, Qip1 and NPI-1. Cells were fixed in 3.7% formaldehyde and stained with Hoechst 33342 to show the position of the nucleus (right panel). After
fixation, cells were analyzed by confocal laser scanning microscopy. Bar=10 pm. (C) Fluorescence intensity of Vpr per surface area was quantified for
at least 70 nuclei in the presence of the indicated concentrations of the Impa isoforms from three independent experiments. The bar shows the
standard errors of measurements. (D) In vitro nuclear import assay for GST-GFP-Vpr was performed in the absence (-) or presence of 1 uM of the Impa
isoforms. After fixation, cells were analyzed by confocal microscopy. Bar=10 um. (E) In vitro nuclear import assay for Vpr was performed in the
absence (-) or presence of 1 uM of the Impe isoforms, and 1 uM of Impa isoforms with 1 uM ImpB. N17C74, as a control, was performed with 1 uM of
Rch1 and 1 pM Impp. After fixation, cells were analyzed by confocal microscopy. Bar=10 pm. (F) Binding assay between Vpr and the Impu isoforms.
Glutathione-Sepharose beads were coupled with the GST-Impa isoforms, Rch1, Qip1 and NPI-1 or GST alone, and were incubated with Vpr protein
purified from 293T cells transfected with pCAGGS mammalian vectors encoding Flag-mRFP (mRFP), or Flag-mRFP-Flag-Vpr (mRFP-Vpr). The bound
fractions and 1/20 of the input of mRFP-Vpr and mRFP were analyzed by immunoblotting with an anti-Flag M2 monoclonal antibody (MAb) (right
panel). Twenty-five pmol of GST or GST-Impa isoforms were resolved by 10% SDS-PAGE and stained with CBB (left panel). The positions of mRFP and
mRFP-Vpr are indicated.

doi:10.1371/journal.pone.0027815.g001

promote its nuclear entry as well as did NPI-1, which showed
preferential transport of Vpr into the nucleus.

Full-length Vpr interacts with all three Impa isoforms
To examine further whether full-length Vpr interacts directly
with all three Impa isoforms, the recombinant GST-tagged Impa

isoforms, Rchl, Qipl and NPI-1 (immobilized on glutathione-
Sepharose beads), were incubated with mRFP-Vpr purified from
vertebrate cells. Interestingly, full-length Vpr was able to interact
with all three isoforms (Fig. 1F), indicating that Vpr is able to bind
directly to Rchl and Qipl, even though these isoforms did not
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Full-length Vpr binds to the Impa CAS-binding domain
Since the three major Impa isoforms, Rchl, Qipl and NPI-1,
share approximatcly 50% overall amino acid sequence similarity
[2,12], we decided to determine whether the same domain was
involved in binding full-length Vpr in all three isoforms. Impa is
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composed of an N-terminal IBB domain, a highly-structured
domain comprised of ten tandem ARM repeats and a C-terminal
acidic domain [2], as shown in Fig. 2A. For each isoform, three
truncated mutants were prepared as fusion proteins with GST: 1)
the IBB domain mutant, 2) the mutant containing the ARM
repeat domain but lacking the tenth ARM repeat, and 3) the
mutant including the C-terminal region between the ninth ARM
repeat and the acidic domain, (Fig. 2B). These mutants were then
assessed for their binding activity with full-length Vpr (Fig. 2D).
The recombinant mutant corresponding to the ARM repeat
domain between residues 70 to 438 of Rchl was very unstable and
was diflicult to purify; therefore, a slightly extended form of the
mutant, between residues 70 to 475 but without the tenth ARM
repeal, was used.

Vpr bound to all mutants of all three Impa isoforms: two of the
delction mutants, the ARM repeat domain lacking the tenth ARM
repeat (R(Zhln}_ﬁf,, clipl(;gp}gg and NPI-176_451) and the C-
terminal region containing the ninth ARM repeat (Rehlygs 500,
Qiplsgs_537 and NPI-156_541), bound to Vpr with the same level as
full-length Impa. The IBB domain mutant (Rchl; go, Qipl).gs
and NPI-1,_7;) also Interacted with Vpr, albeit with lower affinities
than thosc shown by the full-length Impa isoforms. These results
suggested that the main Vpr binding site is located somewhere
between the structural ARM repeats and the C-terminal region
but is not found in the IBB domain for all three Impat isoforms.

The two mutant forms that bound strongly to Vpr, as
mentioned above, shared the ninth ARM repeat (Fig. 2A).
Therefore, different truncated forms lacking the ninth ARM
repeat (Rchlsg.403, Qiplso-ser and NPI-175_403) were constructed
(Fig. 2C) and a pull-down assay was performed using mRFP-Vpr
(Fig. 2E). The binding of the ARM repeat mutants lacking the
ninth ARM repeat to Vpr was reduced significantly, indicating
that the ninth ARM repeat region of all of three Impa isoforms
(RC[]I:;(M 475 Qiplggz 439 and NPI-1404,451) is the major bmdmg
site for full-length Vpr.

Full-length Vpr binds with similar affinity to the C-

terminal domain of the three Impa isoforms

To quantify the binding affinities between Vpr and each of the
Impa isoforms accurately, the BlAcore 2000 SPR scnsor system
was used. In this system, four samples can be immobilized
individually on the same chip, and their interactions with analytes
can be tested simultaneously. Each of the three recombinant full-
length Impa isoforms and their C-terminal peptide mutants
(Rehlygy 509, Qiplags 537 and NPI-176 54y), the GST was cleaved
with PreScission protease, were immobilized on one lanc of a
sensor chip and a remaining vacant lane was used as a negative
control for the non-specific binding of GST-Vpr and GST 1o the
chip. The chip-bound Impa isoforms were exposed to various
concentrations of GST-Vpr and GST, and their aflinity constants
were measured by analyzing the curves (Fig. 3). Typical sensor
curves of various Vpr concentrations (0 to 40 pM) interacting with
full-length NPI-1 (NPI-1g,) are shown in Fig. 3A. The binding
affinitics obtaincd arc summarized in Table 1. The Kp, values for
the full-length Vpr-Impa isoform interactions were very similar:
8.9 uM (Rchl), 6.8 uM (Qipl), and 7.4 uM (NPI-1). The Kp
values for two of the Vpr-Impa C-terminal peptides were similar
to thosc for the full-length Impa isolorms, 6.5 UM (Qiplsgo_537)
and 6.7 pM (NPI-1404.541); however, the Kp of the Rehl C-
terminal peptide, 4.3 pM  (Rchlygss99), showed a two-fold
decrease compared with the Kp of fulllength Rchl. This
experiment confirmed that the binding affinities between Vpr
and all Impa isoforms are very similar.

@ PLoS ONE | www.plosone.org
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CAS disrupts the interaction between Vpr and NPI-1, but
not between Vpr an Rch1 or Qip1

The sequences required for binding to the CAS nuclcar export
factor are located between the ninth and tenth ARM repeats
within Impat [2]. The present study indicated that the ninth ARM
repeat of Impa is the main region involved in binding to Vpr and
is also nccessary for the interaction with CAS. Therefore, to
determine whether CAS affects the interaction between Vpr and
Impa, glutathione-sepharose beads coupled to GST-Rchl, -Qipl
or -NPI-1 were incubated with mRFP-Vpr in the absence or
presence of purified recombinant CAS and a RanGTP analog
RanGTP is nccessary for the
interaction between Impo and CAS in cell nuclei. As shown in
Fig. 4B and C, the amount of Vpr bound to NPI-1 decreased as
the concentration of CAS increased in the presence of
Q69LRanGTP in a dose-dependent manner (a 0.2-fold difference
in the presence of 50 pmoles CAS). This was not the case for Rch!l
and Qipl, indicating that CAS causes the dissociation of Vpr from
NPI-1 (which can import the full-length Vpr into the nucleus) but
does not disrupt Vpr/Rchl or Vpr/Qipl interactions, which are
not involved in Vpr nuclear import. When Q69LRanGTP was
absence on Pull-down assay, CAS only showed a very weak cffect
on the dissociation of Vpr from NPI-1 (Fig. 4D).

CAS regulates the NPI-1-mediated nuclear entry of
full-length Vpr

Finally, the requirement for CAS for NPI-1-mediated nuclear
entry of [ull-length Vpr was confirmed using an iz vilro nuclear
import assay. The results clearly showed that the expression of the
endogenous CAS protein was not affected by digitonin-induced
permeabilization (Fig. 81). Thercfore, an i zitro nuclear import
assay was performed using Hela cells in which CAS expression
had been knocked down. Knock-down was confirmed by
immunoblotting experiments conducted after a 36 h treatment
with two siRNAs (siRNAI and siRNA2) against CAS mRNA
(Fig. 5A). Helaa cells were permeabilized with digitonin and used
in an  vitro import assay (Fig. 5B, C). The nuclear import of
GST-G¥P-Vpr, which was enhanced by the addition of NPI-1,
was greatly decreased in HeLa cells treated with either CAS-
specific siRNA1 or siRNA2, but not in negative control siRNA-
transfccted cells or in untreated cells. Furthermore, this reduction
in nuclear import was rescucd by up to 50% by the addition of
exogenous CAS (recovery was considered to be 50% because
exogenous CAS needs time to reach the cell nuclei). However, Vpr
was able to localize to the nuclear envelope in these cells,
indicating that CAS has no effect on the perinuclear localization of
Vpr, an cvent that docs not require both Impa isoforms. These
results clearly demonstrate that CAS is essential for the NPI-1-
mediated nuclear import of Vpr.

Discussion

This study investigated the nuclear import of full-length Vpr,
the HIV-1 accessory protein, using an 2 vitro nuclear import assay
with digitonin-permeabilized HeLa cells and a pull-down assay.
The results produced two major conclusions: first, the data
suggested that full-length Vpr is preferentially imported into the
nucleus by NPI-1 but not Rchl and Qipl, in contrast with
Vprni7e74, which can be imported by all threec major isoforms of
Impa [6]. Certain previous studies have shown that each Impa
isoform imports different viral proteins; for example, Qipl
interacts with HIV-1 integrase (IN) and contributes to HIV-1
nuclear import and replication [33], while NPI-1 and Rchl
interact with the influenza virus Nucleoprotein to promote its
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doi:10.1371/journal.pone.0027815.g002

nuclear import [36]. Second, our data from the @ witro nuclear
import assay using HeLa cells with the knocked-down nuclear
export receptor, CAS, indicated that CAS is essential for the NPI-

@ PLoS ONE | www.plosone.org

1-mediated nuclear import of Vpr. We also showed that CAS
mediated the release of Vpr from NPI-1 but not from Rchl and
Qipl, thus facilitating the transport of Vpr into the nucleus. It was
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Material and Methods).
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Table 1. Dissociation equilibrium constants determined
using BiAcore.

Analite  Ligand KD (M) Ligand KD (M)

Vpr Rehi 8.9x107° Rch 404520 43x107°
QipTgun 6.8x10 ¢ Qip13sz-537 65x%10 ©
NP1 74x1078 NPI-1 404541 6.7%107°

Dissociation equilibrium constants determined using BlAcore. Kp of Vpr was
determined by using the Vpr sensorgrams obtained by subtracting GST
sensorgrams from GST-Vpr sensorgrams at the same concentrations, Full: full-
length.

doi:10.1371/journal.pone.0027815.t001

known, from previous reports, that in the classical nuclear import
of the NLS cargo/Impo/ImpP complex, CAS increased the
dissociation of the Impo/NLS cargo complex together with
nucleoporins, such as Nup530, after the dissociation of Impf from
the ternary complex in the nucleus [2,37,38]. However, a
requircment for CAS in this process had not previously been
confirmed by in vitro nuclcar import assay. In addition, it was
previously reported that although CaMKIV, which is transported
by Impa without utilizing Impf, binds to the G-terminal region of
mouse Rchl (Rchlyjs 4s9) In a similar manner to Vpr, the
interaction between Impe and CaMKIV was not disrupted by the
addition of CAS in a solution-binding assay [7]. Therefore, this
study is the first to demonstrate, using  viro nuclear import and
pull-down assays, that CAS is required for Impo-mediated nuclear
import and plays a direct role in the regulation of the NLS cargo-
Impa complex without utilizing the Impp-dependent transport
pathway.

Our present and previous results have allowed us to
characterize the mechanism governing the entry of full-length
Vpr into the nucleus as follows: i) full-length Vpr localizes to the
perinuclear region, without a requirement for soluble factors,
before it is transported into the nucleus by Impa, as shown by the
in vitro nuclear Import assays using digitonin-pcrmeabilized Hela
cells (Fig. 1) and CAS-specific siRINA-treated permeabilized HelLa
cells (Fig. 5). This perinuclear localization in the absence of Impa
isoforms is in agreement with the nuclear import of Vpryizcrs
(Fig. 1B) [6] and distinguishes the nuclear import of Vpr from
that of other NLS-bearing proteins. ii) The detailed binding assay
with truncated forms of the three Impa isoforms showed that full-
length Vpr binds preferentially to the ninth ARM repeat, which is
also the domain required for CAS interaction with Impa. This
data partially agrees with a previous report in which Vprnisczs
required the C-terminal peptide of Impa directly to entry into
nucleus, though it majorly bound to IBB domain of the Impa [5].
i) Our SPR analysis clearly demonstrated similar binding
affinities for Vpr to each of the three full-length Impa isoforms
as well as to their C-terminal domains, which contained the ninth
ARM region, identified as the major Vpr-binding site, and also the
CAS binding site [8,37]. iv) This study demonstrated that the
rclease of Vpr from the Vpr/NPI-1 complex depends on CAS. By
contrast, CAS did not cause the dissociation of Vpr from
complexes with Rchl or Qipl, ecven though they were capable
of importing Vpr into the nucleus (Fig. 4B, C). v) We also showed
that the nuclear import of Vpr by NPI-1 was not affected by Rchl
or Qipl (Fig. 1D), suggesting that each of the Impa isoforms exist
in equilibrium with Vpr in the cytoplasm. It was assumed that all
the Impa isoforms have same binding affinity for Vpr (Fig. 3 and
Table 1). vi) After interacting with Impa at the perinuclear
region, full-length Vpr was selectively imported by NPI-1 but not
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