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FIG. 4. Cumulative effects of HLA-associated polymorphisms on
viral RC during chronic infection. RC measurements were compared
to the total number of Gag mutations present in each virus that could
be attributed to the host’s HLA, as defined previously (14). Significant
associations were observed between the number of HLA-associated
polymorphisms specific for A*25 (Pearson R = —0.37; P = 0.04) (a),
A*26 (R = —0.35; P = 0.02) (b), B*41 (R = —0.89; P < 0.0001) (c),
and B*55 (R = —0.53; P = 0.002) (d) and lower RCs in individuals who
expressed these alleles, suggesting a dose-dependent impact of new
Gag polymorphisms selected for by these HLA alleles. Associations for
HLA-A*26, -B*41, and -B*55 remained significant after correction for
multiple comparisons (g < 0.2). The slope of each association is indi-
cated by a solid line.
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amined. Consistent with results from acute/early infection
studies, no associations were observed between the viral RC
and the total number of HLA-A-, HLA-B-, or HLA-C-associ-
ated polymorphisms for alleles that were not expressed by the
host (not shown). This result suggests that putative transmitted
mutations could be observed for chronic viruses but that these
polymorphisms were not a major determinant of RC for this
cohort. However, the possibility that fitness-reducing muta-
tions were transmitted and subsequently reverted cannot be
ruled out.

Associations between Gag sequence polymorphisms and vi-
ral RC in chronic infection. A systematic analysis of viral
amino acids associated with the RC in chronic infection was
also undertaken. A total of 63 polymorphisms located at 40
codons in Gag and two polymorphisms located at codon 61 in
protease that were associated with viral RC at a g value of <0.2
were identified (see Table S2 in the supplemental material). Of
the Gag codons associated with viral RC, 22 (55%) are under
selection pressure by at least one HLA allele (14). Polymor-
phisms correlating with lower viral RCs in chronic infection
included Gag E12Q (associated with B*49), K28T (A*03,
A*24, and C*17), R30K (B*15), R58G (B*49), S67A (C*03),
T122I (A*33), A146P (B*13, B*39, B*57, and C*08), S148T
(B*53, C*02, C*06), V218Q (B*40), V223L (A*25, B*55,
B*56), F383T (A*31 and B*27), T3891 (B*13, B*27, B*39,
B*42, and B*44), T427P (A*26, B*40, and B*58), and E482D
(B*40 and B*78). Of note, changes at Gag codons 67, 218, 479,
and 486 were identified as being associated with RC in both the
acute/early and chronic infection data sets.

Impact of secondary mutations in Gag on the B*57-associ-
ated T242N mutation in chronic infection. In contrast to acute/
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early infection, B*57-derived recombinant viruses did not dis-
play significantly reduced RCs in chronic infection. In order to
further investigate this observation, we examined chronic viral
sequences for the presence of HLA B*57-associated polymor-
phisms. As expected, we observed a significant enrichment of
known Gag CTL escape mutations, A146P, 1147L, T242N, and
others, in chronically infected B*57-expressing individuals;
however, we failed to observe a significant correlation between
the overall number of B*57-associated polymorphisms in these
sequences and viral RC (not shown). Taken together, these
observations indicate that during chronic infection, the rela-
tionship between viral sequence and RC is more complex than
the raw number of primary escape mutations.

We therefore hypothesized that the lack of a B*57 associa-
tion with RC at the chronic stage was due to the accumulation
of compensatory mutations during the natural course of infec-
tion. To assess the potential relationship between compensa-
tory mutations and viral RC in chronic infection, we examined
the sequences of 50 viruses derived from B*57-expressing in-
dividuals harboring the T242N mutation for evidence of sec-
ondary mutations at Gag H219Q, 1223V, M228I, and G248A.
These mutations have been shown to restore the in vitro RC of
T242N variants, presumably by altering the ability of capsid to
interact with the host cyclophilin A protein (10, 41, 42). In
viruses encoding T242N, we observed a significant positive
correlation between RC and the number of compensatory mu-
tations in the recombinant viral sequence (R = 0.36; P = 0.01)
(Fig. 5a). Similar results were obtained if all T242N mutation-
containing viruses (regardless of the host HLA type) were
analyzed (n = 72; R = 0.33; P = 0.004) (not shown). Together,
these data indicate that the effects of the T242N escape mu-
tation on RC may be restored by secondary mutations in a
cumulative manner.

Limited experimental data exist to show the consequence of
secondary mutations following CTL escape on HIV-1 fitness.
We hypothesized that other polymorphisms in Gag might alter
the impact of the T242N mutation, and therefore, we examined
our chronic data set for evidence of additional secondary mu-
tations that were associated with either an enhanced or re-
duced RC in context of T242N. Polymorphisms at Gag codons
12 (P = 0.027), 127 (P = 0.027), 146 (P = 0.003), 315 (P =
0.015), 483 (P = 0.015), and 488 (P = 0.016) were associated
with lower RCs, indicating a deleterious effect of these muta-
tions in combination with T242N (Fig. 5b). Polymorphisms at
residues 146 and 315 are consistent with escape from HLA
B*57-restricted CTL responses to the IW9 (Gag,47.155) and
QW9 (Gagyys.316) epitopes, but only Gag codon 146 remained
significant after correction for multiple comparisons (g < 0.2).
These results support previous work indicating an additive
effect of B*57-mediated escape mutations on viral fitness
(9, 19).

In addition, we observed that polymorphisms at Gag codons
84 (P = 0.005), 132 (P = 0.008), 218 (P = 0.030), 219 (P =
0.015), 228 (P = 0.0006), 248 (P = 0.002), 370 (P = 0.031), and
487 (P = 0.014) were associated with higher RCs in T242N
mutation-containing viruses (Fig. 5¢). Of these polymorphisms,
those present at codons 219, 228, and 248 were described
previously to function as compensatory mutations for the
T242N mutation (10, 41, 42). Note that only codons 228 and
248 remained significant after correction for multiple compar-
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FIG. 5. Impact of secondary mutations in Gag on RC of chronic
viruses carrying the T242N mutation. The presence of Gag H219Q,
1223V, M228I, and G248A mutations was examined for recombinant
viruses derived from B*57-expressing hosts that carried the T242N
mutation (n = 50). (2) A significant correlation was observed between
the RC and the total number of sites harboring previously described
compensatory mutations (Pearson R = 0.36; P = 0.01). The slope of
the association is indicated by a solid line. To identify novel secondary
mutations that might alter the fitness of T242N mutation-carrying
viruses, pairwise Mann-Whitney U tests were conducted to compare
the RCs of 72 chronic viruses from all patients that harbored the
T242N mutation with all variable residues in Gag. (b and c) Results
indicated significant associations between mutations at Gag codons 12,
127, 146, 315, 483, and 488 with lower RCs (b) and between mutations
at Gag codons 84, 132, 218, 219, 228, 248, 370, and 487 with higher RCs
(c) (all P < 0.05). Associations at codons 146, 228, and 248 remained
significant after correction for multiple comparisons (g < 0.2). Median
RC values (lines), interquartile ranges (boxes), and extreme values
(whiskers) are indicated for each group.

isons (g < 0.2). Altogether, our results confirm and extend the
list of secondary mutations in Gag that might enhance or
compensate for fitness costs associated with the T242N muta-
tion.

Clinical associations with viral RC in chronic infection.
Finally, we wished to examine associations between Gag-Pro-
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tease RC and clinical parameters (Fig. 6). A modest positive
correlation was. observed between RC and plasma viral load
(pVL) (R = 0.12; P = 0.0007), while an inverse correlation was
observed between RC and the CD4 cell count (R = —0.17;
P < 0.0001) in chronic infection. Restricting this analysis to
individuals expressing protective HLA alleles associated with
lower acute/early fitness in our study (B*13, B*57, or B*5801)
(n = 110) revealed stronger associations between the RC and
pVL (R = 0.27; P = 0.005) and CD4 cell counts (R = —0.33;
P = (.0005). Although these analyses are derived from cross-
sectional data, results suggest that Gag fitness may increase
over the course of chronic infection. The stronger Rho ob-
tained from the analysis of protective alleles suggests that the
increase in viral RC over the infection course may be greater
for these alleles than for others, which is consistent with our
observation of reduced RCs in acute/early infection with re-
combinant viruses derived from individuals expressing protec-
tive alleles.

DISCUSSION

An effective AIDS vaccine must overcome the extreme ge-
netic diversity of HIV-1 (4, 26, 61). Targeting of the most
conserved regions of the viral proteome has been proposed as
a means to elicit robust, long-lasting CD8 T-cell responses.
Indeed, highly conserved HIV-1 epitopes that escape very
slowly during natural infection have been identified, for exam-
ple, the B*57-restricted KF11 (Gag;s,.172) (20) and B*27-re-
stricted KK10 (Gagyes.272) (25, 29) epitopes. Structural con-
straints on these regions of the viral capsid likely require
compensatory mutations to occur concurrently in order for
viruses encoding these altered epitopes to remain viable (20,
58, 59, 65). A vaccine approach that targets these and other
regions of Gag may also force HIV-1 to adopt an attenuated
phenotype through the selection of detrimental CTL escape
mutations. This seems plausible, since some conserved
epitopes escape relatively rapidly in the presence of CTL pres-
sure but revert to the wild-type sequence upon transmission to
an HLA-mismatched recipient. The B*S57-restricted TW10
(Gagy40.040) epitope is an example of one such case where
escape mutations reduced viral fitness; however, this mutation
also appears to be restored through the subsequent acquisition
of compensatory mutations (8, 10, 42). The functional conse-
quences of escape and potential pathways for compensation
have been described for only a limited number of selected
HIV-1 mutations, and data remain biased toward certain pro-
tective HLA alleles. Therefore, it is not known whether escape
mutations selected in the presence of other alleles will display
similar functional limitations that might be exploited for vac-
cine design.

Here, we have examined clinical Gag and protease se-
quences from individuals during acute/early infection and rel-
atively advanced chronic infection to investigate the impact of
HLA-associated immune selection pressures on HIV-1 fitness.
We observed that Gag-Protease function, as indicated by the in
vitro RC, was significantly lower for acute/early viruses derived
from individuals who expressed a protective HLA class I allele,
either B*13, B*57, or B*5801. This was associated with the
presence of known HLA-associated polymorphisms in Gag
that were expected in the context of each host’s HLA class I
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FIG. 6. Clinical associations with Gag-Protease RC in chronic infection. RC was compared to clinical pVL and peripheral blood CD4 T-cell
counts at the time of collection for all chronic samples (a and b} and for the subset of samples collected from individuals who expressed a protective
HLA allele, either B*13, B*57, or B*5801 (n = 110) (c and d). (a and b) Among all subjects, modest statistically significant correlations were
observed between RC and pVL (a) (Pearson R = 0.14; P < 0.001) and CD4 cell count (b) (R = —0.21; P < 0.0001). (¢ and d) For individuals who
expressed protective HLA alleles, we observed stronger associations between RC and pVL (c) (R = 0.27; P = 0.005) as well as CD4 cell count
(d) (R = —0.33; P = (L.0005). The slope of each association is indicated by a solid line.

genotype. Notably, for viruses derived from acute/carly-in-
fected, B*57-expressing individuals, we observed that the RC
correlated inversely with the number of days elapsed since the
estimated infection date. Although based on a cross-sectional
analysis, this result is consistent with the appearance of escape
mutations in Gag early following infection (2, 7, 11, 21, 28, 44,
54) and their continued selection over time (29), leading to
cumulative reductions in the viral replication capacity during
the early stages of HIV-1 infection (8, 19). Our observation
that the RC of viruses from acute/early infection correlated
inversely with the total number of host HLA-B-associated
polymorphisms present in Gag also supports this model. Taken
together, these results suggest that an accumulation of primary
escape mutations, selected predominantly by HLA-B alleles,
contributes to reduced Gag function in a cumulative manner
during acute/early infection. More detailed longitudinal anal-
yses of Gag protein function will be necessary to evaluate this
association further.

In an exploratory analysis of acute/early viruses, we identi-
fied polymorphisms at 14 codons that were significantly asso-
ciated with viral RC (see Table S1 in the supplemental mate-
rial). A majority of these sites (8 of 14 sites) were associated
previously with HLA pressure (14), and all of them lay within
known CTL epitopes. However, we were surprised to observe
an overall lack of significant associations between RC and
specific escape mutations restricted by protective HLA alleles.
Trends were observed for several epitopes targeted by HLA-
B*57/*5801, suggesting that the effect of these HLA alleles on
RC may require multiple mutations to act in concert. The
significant inverse association identified between the RC and
the total number of host-specific HLA-B polymorphisms in
Gag further suggests that the observed functional defects result

from an additive effect of mutations, perhaps selected by more
than one HLA-B allele during acute/early infection. It should
be noted that our data set of 66 acute/early viruses was insuf-
ficiently powered to comprehensively identify specific amino
acids associated with viral RC and to fully investigate potential
correlations between RC, HLA, and clinical parameters.

Using a panel of 803 recombinant viruses generated from
patients with chronic infection, we failed to observe an asso-
ciation between these same protective HLA alleles and Gag-
Protease RC. However, a number of significant associations
between RC and host HLA alleles were apparent. Our results
indicated that host expression of HLA-A*26, -A*31, -B*48,
-B*53, and -B*5801 may be associated with lower Gag function
during chronic HIV-1 infection. Of these alleles, A*26, A*31,
and B*5801 have been associated with a lower relative hazard
for progression to AIDS in natural-history studies (51). In this
study, only the host expression of HLA B*5801 correlated with
a lower Gag-Protease RC in both acute/early infection and
chronic infection.

The lack of a major association between HLA-B*57 and
viral fitness in our chronic cohort may be due to the relatively
late-stage infection of these individuals. In a previous study, we
observed a modest association between HLA-B*57/B*5801
and a reduced Gag-Protease RC in a smaller cohort of chron-
ically infected individuals with higher CD4 cell counts (48).
Indeed, it is possible that the functional impact of early im-
mune pressure by protective HLA class I alleles on Gag wanes
over the disease course. This outcome is consistent with the
ability of HIV-1 to evolve and to develop compensatory mu-
tations, which appeared to be particularly relevant for the
chronic infection samples analyzed here. Notably, we observed
that nearly all viruses derived from chronically infected B*57-
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and B*5801-expressing hosts harbored the Gag T242N escape
mutation in the TW10 epitope and that the RCs of these
strains correlated significantly with the accumulation of known
and putative compensatory mutations in the capsid protein.
Together with previously reported data from mutagenesis
studies (10), these findings indicate that the accumulation of
secondary mutations restores the fitness defects associated
with primary escape mutations in a dose-dependent manner,

Despite a complex mixture of CTL escape and compensa-
tory mutations present in chronic viral sequences, we observed
a modest negative correlation between Gag-Protease function
and CD4 T-cell count, which was strengthened upon restriction
to protective HLA alleles only. Although these analyses are
derived from cross-sectional data, results suggest that viral RC
increases concomitantly as CD4 cell counts decline over the
course of chronic infection. Indeed, the stronger correlations
observed when analyses were restricted to protective HLA
alleles suggest that changes in RC are greater over the course
of chronic disease in the context of these alleles. This inter-
pretation is consistent with our observation of a reduced RC in
acute/early infection of individuals expressing protective HLA
alleles, which is followed by an accumulation of compensatory
changes that rescue the fitness costs of primary escape muta-
tions. Unfortunately, we cannot fully explore this hypothesis,
since infection dates are unknown for the chronic infection
cohort. Efforts to examine RCs using longitudinal samples
from well-characterized seroconverter cohorts will be neces-
sary to address these issues further. Importantly, however, the
fact that individuals with protective alleles exhibit reduced viral
loads in chronic infection compared to those of their non-
protective-allele-expressing counterparts strongly suggests that
these early fitness hits, although no longer directly detectable
at later time points due to the accumulation of compensatory
mutations, may provide long-lasting beneficial effects.

The larger data set of recombinant viruses from chronically
infected patients provided greater power to uncover specific
amino acids in Gag and protease associated with RC. We
identified 63 polymorphisms located at 40 codons in Gag and
two polymorphisms located at codon 61 in protease that were
independently associated with RC after correction for multiple
comparisons (¢ < 0.2) (see Table S2 in the supplemental
material). As seen for acute/early infection samples, the ma-
jority of these sites (22 of 42 sites) were previously associated
with HLA-mediated selection (14), and many others lie within
known CTL epitopes. However, few of these mutations
matched the predominant HLA-associated polymorphisms
identified in the published literature, possibly suggesting that
less-common mutations at these sites are more likely to result
in severe RC defects. Of interest, the strongest HLA associa-
tions with lower RCs in chronic infection were observed for
HLA-A*31 and -B*40, and polymorphisms targeted by these
alleles were also identified, namely, F383T (A*31) and E482D
(B*40). Future studies will be necessary to examine the impact
of these specific mutations on Gag RC and to assess their
potential relevance for disease progression.

Polymorphisms at Gag codons 67, 218, 479, and 486 were
associated with RC in both acute/early and chronic viruses. Of
these polymorphisms, the S67A, V218X (acute/early) or
V218Q (chronic), and L486X (acute/early) or L486S (chronic)
mutations appeared to attenuate Gag RC, but interpretation
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of these results proved complex. For example, Gag position 67
appears to be under opposing selection pressures by different
HLA alleles at the population level: while HLA-C*03 selects
for S67A, HLA-A*02 selects for the wild-type serine at this
residue (14). Mutations at codon 218 are associated with HLA-
B*40, but this allele typically selects for alanine (rather than
glutamine) at this residue (14). To our knowledge, mutations
at codon 486 have not been identified as HLA footprints,
although this residue lies within the known B*40-restricted
KL9 epitope. Future site-directed mutagenesis studies will
confirm these and other associations with viral RC so that they
may be considered potential regions for inclusion or exclusion
from Gag vaccine antigens designed to attenuate viral RC.

Several limitations of this study should be noted. First, we
focused this work only on the Gag-Protease region of HIV-1.
While we believe that the approach used provides a robust
analysis of the impact of mutations in Gag and protease on the
viral RC, we have not assessed important potential roles of
polymorphisms located elsewhere in the viral genome. Second,
due to the very large number of samples tested, we used bulk
PCR products to construct recombinant viruses. The presence
of amino acid mixtures in resulting stocks may have reduced
our ability to detect minor differences in RC. Third, our acute/
early infection study was limited to 66 individuals. This number
was sufficient to observe a strong effect of protective HLA
alleles on acute/early RC, but substantially larger acute/early
infection cohorts may yield the ability to investigate RC asso-
ciations with individual alleles and/or viral polymorphisms in
greater detail.

In conclusion, this study and our previous report (64) focus-
ing on subtype C infection represent the first systematic, pop-
ulation-based investigations of the contribution of HLA class I
selection pressure on HIV-1 RC. Taken together, our findings
are consistent with a model whereby HLA-associated CTL
responses select for primary escape mutations in Gag during
acute/early infection, some of which occur at a substantial
fitness cost. Negative consequences for RC may be cumulative
as additional escape mutations are selected; however, compen-
satory mutations that restore Gag function may also arise over
extended periods of time. By late chronic infection, due to a
balance of escape and compensatory mutations, many HLA-
associated fitness defects observed during early infection are
no longer detectable. A significant positive correlation be-
tween RC and the presence of compensatory mutations in
chronic viruses illustrates the profound ability of continued in
vivo viral evolution to rescue fitness defects. Nevertheless, the
fact that individuals with protective alleles maintain lower
pVLs than their non-protective-allele-expressing counterparts
well into chronic infection strongly suggests that these early
fitness hits may provide long-lasting benefits. These data pro-
vide important new information to better understand the com-
plex interactions between HLA-mediated immune pressure
and HIV-1 sequence evolution, the impact of escape and com-
pensatory mutations on HIV-1 RC, and the potential utility of
targeting attenuation-inducing sites in Gag for the rational
design of an effective vaccine.
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Genome-wide screening of host factors that regulate HIV-1 replication has been attempted using numer-
ous experimental approaches. However, there has been limited success using T cell-based cDNA library
screening to identify genes that regulate HIV-1 replication. We have established a genetic screening strat-
egy using the human T cell line MT-4 and a replication-competent HIV-1. With this system, we identified
the C-terminal domain (CTD) of SEC14-like 1a (SEC14L1a) as a novel inhibitor of HIV-1 replication. Qur T
cell-based cDNA screening system provides an alternative tool for identifying novel regulators of HIV-1
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1. Introduction

The molecular interaction between HIV-1 and the host is not
fully understood. A systematic genome-wide approach provides
the critical information for the completion of the HIV-1-host inter-
actome. Many experimental genome-wide screening systems have
been established to identify the cellular genes required for HIV-1
replication (Table 1, [1-8]). More than a hundred genes have been
identified as being cellular factors that regulate HIV-1 replication.
However, different screening systems do not identify the same set
of genes, and many systems yielded non-overlapping candidates.
These discrepancies are assumed to be due to differences in the
experimental approaches, such as the virus, the cell line, or the
genetic materials used.

For viruses, the wild-type HIV-1 [1,3-6] or a replication-
incompetent HIV-1 pseudotyped with vesicular stomatitis virus
(VSV)-Gis used [2,7,8]. The VSV-G-pseudotyped “HIV-1-based vec-
tor” has been used to identify factors associated with the viral
entry processes. However, in reality, it covers the events from post-
membrane fusion to translation. One of the potential caveats in
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fax: +81 3 5285 5037,

E-mail address: ajkomano@nih.go.jp (J. Komano).
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the use of the VSV-G-pseudotyped vector is that it enters cells via
the VSV-G-restricted route, which is fundamentally different from
the HIV-1 Env-mediated entry pathway [9-12]. The replication-
competent HIV-1 should be ideal to cover the entire viral replication
cycle; however, this may raise biosafety concerns.

For cells, non-T cells, such as a genetically engineered HelLa cells
that ectopically express luciferase or beta-galactosidase (TZM-bl
cells), are often used, since they are efficiently transduced with
genetic materials [2,5-8]. Not many studies employ a T cell-based
system, partly because genetic materials are not efficiently trans-
duced into T cells [1,3,4]. To identify HIV-1 replication regulatory
factors, it is preferable to perform the functional analysis in the
natural targets of HIV-1 including T cells. The gene expression pro-
file of non-T cells is apparently different from that of T cells as
exemplified by the absence of T cell specific markers on non-T
cells such as CD4. It is possible that a candidate gene isolated in
the non-T cell-based system might not be expressed in T cells. It is
impossible to identify T cell-specific factors in the non-T cell-based
screening using the siRNA library or in the screening using cDNA
libraries derived from non-T cells. Also, the effect or functions of
some genes may not be identical in distinct cell types. The poten-
tial risk of a non-T cell-based assay is that we may falsely score
a gene as a regulator of HIV-1 replication, although many genes
have been discovered using non-T cell-based screening systems
including the viral receptors. Ideally, the primary CD4-positive T
cells, dendritic cells, macrophages, or NK/T cells should be used.
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Table 1
Summary of genome-wide screening strategies to identify regulatory factors of HIV-1 replication.
Genetic material Transduction approach Cell line Replication competency of HIV-1 Reference
cDNA library Retroviral, stable TE671 Incompetent [2.,8]
siRNA library Transfection, transient Hela or 293T Competent or incompetent [5.6,7]
cDNA library Lenti- or retroviral, stable MT-4 Competent [1.3.4]

Given technical limitations, this is currently unrealistic for genetic
screening experiments.

As for the genetic material, cDNA libraries are often used [1-4,8].
Recent studies utilized siRNA libraries [5-7]. The cDNA approach is
advantageous for providing genetic diversity. Expression of the full-
length open reading frame of a gene can upregulate the function of
the gene, whereas cDNA fragments can function in a diverse fash-
ion. The gene silencing approach downregulates gene expression;
however, the silencing efficiency of a gene varies in different cell
types and at different time points in the assay (reviewed in [13]).
As mentioned above, the gene silencing approach is unable to score
the contribution of genes that are not expressed in the cells used in
the assay.

The screening can be performed in cells that are either tran-
siently [5-7] or stably [1-4,8] transduced with genetic materials.
In the transient transfection assays, it is possible that the dysregu-
lation of a gene function can damage the physiology of the cells. In
such a case, the inhibition of HIV-1 replication can be observed, but
may not be a direct inhibitory effect of the gene of interest. Such
a risk can be minimized by using cells stably transduced with the
genetic materials.

We conducted a phenotype cDNA screen using a T cell line-based
assay to identify cellular genes that render cells resistant to HIV-1
replication [3]. The advantage of our functional screening system
is that cDNA libraries are stably transduced into cells, and that a
replication-competent HIV-1 and a human T cell line MT-4 are used.
With this system, we have successfully identified the SEC14-like
1a (SEC14L1a) C-terminal domain (CTD) as an inhibitor of HIV-1
replication that targets the late phase of the viral life cycle.

2. Materials and methods
2.1. Cells, transfection, cDNA selection

Cells were maintained in RPMI 1640 medium (Sigma, St. Louis,
MA) supplemented with 10% fetal bovine serum (Japan Bioserum,
Tokyo, Japan), 100U/ml penicillin, and 100 pg/ml streptomycin
(Invitrogen, Tokyo, Japan). Cells were incubated at 37 °Cin a humid-
ified 5% CO, atmosphere. Cells were transfected with Lipofectamine
2000 according to the manufacturer’s protocol (Invitrogen). The
method of selecting human cDNAs that confer resistance to HIV-1
has been described previously in detail [1,3].

2.2. Plasmids

The SEC14L1a CTD1 was amplified from MT-4 polyA RNA by
reverse transcriptase PCR (RT-PCR) using the primers 5'-GCACCGG-
TCTCGAGCCACCATGGACTACAAAGACGATGACGACCCTGCGTGCGC-
CGCCAGCAGC-3’ and 5’-CCAATTGCTACCTGGAGATCATGGAGCTG-
3’. The SEC14L1a CTD2 was amplified by PCR from human lymph
node cDNA library (Takara, Otsu, Japan) using the primers 5’-GCAC-
CGGTCTCGAGCCACCATGGACTACAAAGACGATGACGACTGCGAAG-
TGCCAGAGGGTGGAC-3' and 5'-CCAATTGCTACCTGGAGATCAT-
GGAGCTG-3". Full length (FL) SEC14L1a was amplified by PCR
from a plasmid containing the SEC14L1a open reading frame
(ORF, CSODL004YN18, Invitrogen), using the primers 5'-GCA-
CCGGTCTCGAGCCACCATGGACTACAAAGACGATGACGACGTGCAG-
AAATACCAGTCCCCAG-3’ and 5'-CCAATTGCTACCTGGAGATCATGG-

AGCTG-3'. The Agel-Mfel fragments of the PCR products were
cloned into the Xmal-Mfel sites of the pEGFP-C3 plasmid (Clon-
tech, Palo Alto, CA), generating pEGFP-SEC14L1a-CTD1, -CTD2,
and -FL. The Xhol-Mfel fragments from the resulting plasmids
were cloned into the corresponding restriction sites of the pCMMP
KRAB vector, creating pCMMP GFP-SEC14L1a-CTD1, -CTD2, and
-FL. The HIV-1 tat was amplified by PCR using the primers 5'-
AACCGGTCTCGAGCCACCATGGAGCCAGTAGATCCTAGAC-3" and 5'-
GGATCCTCAGTCGTCATCGTCTTITGTAGTCTTCCTTCGGGCCTGTCGG-
GTC-3'. A Tat expression vector pPCMMP Tat was constructed by
cloning the Agel-BamHI fragment of the PCR product into the
corresponding restriction sites of the pCMMP KRAB vector. The
HIV-1 Env and GFP expression vectors (plllex and pCMMP GFP,
respectively) are described previously [3,12,14]. To construct the
pCMMP GFP-FLAG (GFPf), pPCMMP CXCR4 d-10 [15] was digested
with Agel and Xhol to remove CXCR4 d-10 ORF and self-ligated
after blunting with T4 DNA polymerase. The HIV-1 gag-pol, tat, and
rev expressing plasmid pCMVR8.91 was a generous gift from Dr.
Trono’s group [16].

2.3. Western blotting

Western blotting was performed according to techniques
described previously [17]. The following reagents were used:
anti-FLAG (rabbit polyconal, 600-401-383, Rockland, Gilbertsville,
PA), anti-p24 (183-H12-5C, NIH AIDS Research and Reference
Reagent Program), anti-gp120 (vA-20 and vT-21 antibodies,
Santa Cruz Biotech, Santa Cruz, CA), biotinylated anti-goat anti-
body (GE Healthcare Bio-Sciences, Piscataway, NJ), horseradish
peroxidase-conjugated streptoavidin (GE Healthcare Bio-Sciences),
and EnVision+ system (Dako, Glostrup, Denmark). Signals were
visualized with an LAS3000 imager (Fujifilm, Tokyo, Japan) and
quantified by Multi Gauge ver 3.0 software (Fujifilm).

2.4. Confocal microscopy

293T cells transiently transfected with expression vectors for
SEC14L1a derivatives were grown on glass plates, fixed in 4%
formaldehyde in phosphate buffer saline (PBS) for 5min at 24h
post-transfection, stained with Hoechst 33258 (Sigma), mounted
(Vectorshield, Vector Laboratories, Burlingame, CA), and imaged
using a confocal microscope META 510 (Carl Zeiss, Tokyo, Japan).
For MT-4 cells, live cells were incubated with Hoechst 33258 and
imaged unfixed. Image brightness and contrast were processed by
METAS510 software (Carl Zeiss).

2.5. Immunoprecipitation

Cells expressing FLAG-tagged proteins were harvested and
washed twice with PBS and then lysed in the lysis buffer (50 mM
Tris-HCI, pH 8.0, 0.5% IGEPAL CA630, protease inhibitor cocktail
from Sigma) on ice for 30 min. The soluble fraction was obtained by
centrifugation at 15,000 rpm for 30 min at 4°C, and was incubated
with 20 !l of Red-Anti-FLAG M2 Affinity Gel (Sigma) with gentle
mixing overnight at 4°C. After washing the agarose beads for five
times with the lysis buffer, the bound complexes were eluted with
the FLAG peptide, and analyzed by Western blotting.
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2.6. Flow cytometry

Cells were labeled with PE-Cy5-conjugated anti-CD4 antibody
or PE-conjugated anti-CXCR4 antibody (Beckton Dickinson, San
Jose, Calif.) for 30 min at 4°C, Cells were washed once with PBS
supplemented with 1% FBS and analyzed by FACS Aria (Beckton
Dickinson). The GFP-positive cells were sorted using FACS Aria.

2.7. Monitoring HIV-1 replication

For HIV-1 infection, 1x 10° cells were incubated at the room
temperature with the HIV-1yxp;-containing culture supernatant,
which had approximately 1.0ng of p24®, for approximately
30min. The culture supernatants were collected at 4 d post-
infection and subjected to ELISA to measure the p24 A antigen,
using a Retro TEK p24 Antigen ELISA Kit according to the manu-
facturer's protocol (Zepto Metrix, Buffalo, NY). The signals were
measured with an ELx808 microplate photometer (BIO-TEK®,
Winooski, VT).

2.8. PCR analysis

The cellular DNA and RNA were extracted from cells infected
with VSV-G-pseudotyped HIV-1 vector produced by using pNL-
Luc plasmid, as described previously [17]. The Alu-LTR PCR and
RT-PCR were performed as described previously [3,17] using
the following primers: for the first Alu-LTR PCR reaction, 5'-
AACTAGGGAACCCACTGCTTAAG-3’ and 5-TGCTGGGATTACAGGC-
GTGAG-3"; and for the second Alu-LTR PCR reaction, 5'-AACT-
AGGGAACCCACTGCTTAAG-3' and 5-CTGCTAGAGATTITCCACA-
CTGAC-3'. For amplification of HIV-1 mRNA, 5'-ATGGAGCCAGTAG-
ATCCTAGAC-3' and 5-CTATTCCTTCGGGCCTGTCGGG-3' primers
were used. For the control, we amplified beta-globin and cycloph-
ilin A using the following primers: beta-globin, 5-TATTGGTCT-
CCTTAAACCTGTCTTG-3’ and 5'-CTGACACAACTGTGTTCACTAGC-3";
and cyclophilin A, 5- CACCGCCACCATGGTCAACCCCACCGTGTTCT-
TCGAC-3' and 5'- CCCGGGCCTCGAGCTTTCGAGTTGTCCACAGTCA-
GCAATGG-3'. The amplicons were separated in a 2% agarose gel,
stained with ethidium bromide, and imaged with a Typhoon
scanner (GE Healthcare Bio-Sciences).

2.9. Collection of virus-like particle

Tissue culture supernatants containing virus-like particles (VLP)
were passed through nitrocellulose filters (0.45 um, Millipore,
Tokyo, Japan) and the virions were collected by centrifugation
{Optima™ TL, TLA 100.3 rotor, 541k x g for 1 h; Beckman Coulter,
Miami, FL). i

3. Results

3.1. Identification of SEC14L1a as a potential regulator of HIV-1
replication

We prepared MT-4 cells that constitutively express cDNA trans-
duced by a lentiviral vector or an MLV-based retroviral vector
(Fig. 1A). The cDNAs were derived from human peripheral blood
mononuclear cells (PBL) and Oryctolagus cuniculus (European rab-
bit) kidney-derived cell line RK13 cells. MT-4 cells transduced with
cDNA were collected by FACS sorter using the green fluorescence
as a marker since viral vectors encoded the GFP expression cas-
sette. Then, cells were infected with HIV-1. Surviving cells were
propagated and the genomic DNA was extracted to recover the
transduced cDNA by PCR as previously described [3]. We iso-
lated two clones encoding the carboxy terminal domain (CTD) of
SEC14L1a (Gene ID 6397, Fig. 1B and C); one from the PBL cDNA

library (1/65 independent clones, 1.5%), and one from the RK13
cDNA library (1/42 independent clones, 2.4%). The fact that the
SEC14L1a CTD was successfully identified from two independent
cDNA libraries strongly suggests that it is a negative regulator of
HIV-1 replication. It is important to note that previous genome-
wide screenings for HIV-1 regulators have not identified SEC14L1a
CTD. This clearly suggests that our T cell-based cDNA screening
system is unique, and should be able to complement the other
genome-wide screening systems.

SEC14L1a belongs to the widely-expressed SEC14-superfamily
that is involved in membrane trafficking and phospholipid
metabolism [18-21]. The function of SEC14L1a is not well under-
stood. The C-terminus of SEC14L1a encodes a Golgi dynamics
(GOLD) domain (amino acids (aa) 523-674; Fig. 1C) that mediates
the protein-protein interaction possibly involved in the mainte-
nance of Golgi apparatus function and vesicular trafficking [22].
The only reported biological activity of SEC14L1a is to interact
with cholinergic receptors AchT and CHT1 [23]. The GOLD domain
is responsible for the physical interaction between SEC14L1a and
cholinergic receptors. However, the functional significance of these
interactions remains to be clarified. The conserved SEC14 domain
directly interacts with lipid molecules [17-21], However, the lipid
ligand of SEC14L1a (aa 319-490, Fig. 1C) has yet to be identified.

3.2. Construction of expression vectors for SEC14L1a derivatives

The longest SEC14L1a cDNA recovered from the PBL cDNA
library spanned nucleotides (nt) 2045-2492 of SEC14L1a mRNA
(NM_003003.3), covering the CTD of the SEC14L1a open reading
frame (ORF; Fig. 1B). We detected a potential translational start
codon at nt 2188-2190 within the GOLD domain (asterisk, Fig. 1B).
We speculated that the isolated cDNA might have expressed the
carboxy half of the GOLD domain (aa 641-715) in MT-4 cells, lead-
ing to the inhibition of HIV-1 replication.

To test this, we constructed an expression plasmid for FLAG-
tagged CTD (aa 642-715) fused to the carboxy terminus of GFP
(CTD1; Fig. 1C). We also constructed GFP fusion proteins spanning
the GOLD domain (CTD2, aa 493-715) or the full-length SEC14L1a
(FL; Fig. 1C). Expression of these proteins was verified by Western
blotting of transient transfected 293T cells (Fig. 1D). The confo-
cal microscopy analysis indicated that the FL localized mainly in
the cytoplasm, with some accurmnulation in the perinuclear regions
(Fig. 1E), consistent with a previous report [23]. CTD1 was dis-
tributed in the cytoplasm and the nucleus, with a slight preference
for the cytoplasm. CTD2 was evenly distributed to the nucleus and
cytoplasm. When MT-4 cells constitutively expressing FL, CTD1,
and CTD2 were analyzed, the subcellular distribution was less clear,
due to the small cytoplasm (Fig. 1F). However, FL was distributed
evenly to the nucleus and cytoplasm in MT-4 cells. In contrast, CTD1
was excluded from the nucleus in MT-4 cells (Fig. 1F), The distribu-
tion of CTD2 in MT-4 cells was similar to that in 293T cells (Fig. 1F).
The differences of protein distribution in two cell types may be
caused by the cell type-dependent regulation of protein trafficking
and/or the effect of protein expression levels.

3.3. Verification of anti-HIV-1 activity associated with SEC14L1a
CID1

We introduced FL, CTD1, or CTD2 into MT-4 cells using the
MLV vector, and isolated cells constitutively expressing FL, CTD1,
or CTD2. Expression of SEC14L1a derivatives in MT-4 cells was
verified by Western blotting (Fig. 2A). FL expression was verified
by immuno-precipitation assay (Fig. 2A). The detection of FL by
Western blotting was inefficient considering the fact that all the
SEC14L1a derivatives are GFP-tagged, and the GFP intensity of FL-
expressing MT-4 cells was not lower than that of CTD1-expressing
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Fig. 1. Identification of SEC14L1a CTD as a potential regulator of HIV-1 replication. (A) The experimental strategy used to screen a cDNA library for genes rendering cells
resistant to HIV-1. MT-4 cells were infected with a retroviral or lentiviral vector carrying cDNA libraries and were challenged with wild-type HIV-1yxg2. The HIV-1-infected
cells (gray with cross) quickly undergo cell death. The surviving cells were propagated, collected, and the transduced cDNA labeled X was determined. (B) Schematic
representation of SEC14L1a mRNA (NM_00303.3) and the isolated gene fragments. The open reading frame (ORF) is assigned from nucleotides (nt) 268 to 2415. The potential
internal translational initiation codon is marked with an asterisk. (C) Schematic representation of the SEC14L1a protein (NP.002994). SEC14L1a has a CRAL.TRIO.N domain
(CTN, amino acids 241-313), a SEC14p-like lipid-binding domain (SEC14, amino acids 319-490), and a Golgi dynamics domain (GOLD, amino acids 523-674). The cloned
fragments (CTD1 and CTD2) and full-length (FL) gene were tagged with a FLAG epitope (indicated with an “F") on their N-termini, and fused to the C-terminus of GFP. (D)
Verification of FL, CTD1, and CTD2 expression in 293T cells by Western blotting using anti-FLAG antibody. (E) Confocal microscopy images of 293T cells expressing FL, CTD1,
or CTD2. The green signal represents GFP fluorescence. Magnification, 630x; scale bar, 10 um. (F) Confocal microscopy images of MT-4 cells constitutively expressing FL,
CTD1, or CTD2. The blue signal represents the Hoechst-stained nucleus, and green represents GFP fluorescence. Magnification, 630x; scale bar, 5 m.

cells (Fig. 1F). The MLV vector expressing GFP alone was used as a
control. The cell proliferation, morphology, and cell surface lev-
els of HIV-1 receptors were unaltered by any of the SEC14L1a
derivatives (Fig. 1F, 2B, and data not shown). HIV-1 replication
was tested in these cells. The level of HIV-1 replication was sig-
nificantly inhibited in CTD1- and CTD2-expressing cells (69.1% and
69.8% on the average from seven independent experiments, respec-
tively, P<0.05, two-tailed Student’s t-test), but was hardly inhibited
in FL-expressing cells (86.4%, not statistically significant; Fig. 2C).
This observation was reproducible in independently established
MT-4 cells and SupT1 cells (data not shown). These data verified
the original screening results, and suggest that the C-terminal half

of GOLD domain of SEC14L1a serves as an inhibitor of HIV-1 repli-
cation. In contrast, it is suggested that FL is not a potent negative
regulator of HIV-1 replication.

3.4. SEC14L1a CTD1 and CTD2 target the late phase of the HIV-1
life cycle

We analyzed the viral entry and production phases to determine
which step of the HIV-1 life cycle CTD1 and CTD2 target.

The Alu-LTR PCR assay was performed to examine the effect
of SEC14L1a derivatives on the viral entry phase. The MT-4 cells
stably expressing GFP, FL, CTD1, or CTD2 were infected with VSV-
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Fig. 2. Functional characterization of the SEC14L1a derivatives. (A) Detection of stable expression of FL, CTD1, and CTD2 in MT-4 cells by Western blotting using anti-FLAG
antibody. FL was detected by the immunoprecipitation (IP) assay using agarose beads conjugated with anti-FLAG antibody. The flow cytometric analysis of the cell surface
expression of HIV-1 receptors CD4 and CXCR4 in MT-4 cells stably expressing GFP, FL, CTD1, and CTD2. (C) Constitutive expression of CTD1 and CTD2 limited the replication
of HIV-1 in MT-4 cells. The concentration of viral p24* antigen in the culture supernatant was measured at 4 d post-infection. The results represent the average of seven
independent experiments + the standard error of the mean. The reduction of viral p24“* concentration relative to GFP was shown on the top. Asterisks indicate the statistical
significance compared to GFP (P<0.05 by two-tailed Student’s t-test). (D) The PCR-based assay to examine the effect of SEC14L1a derivatives on the early phase of viral life
cycle (top two panels) and the transcription from LTR promoter (bottom two panels). The HIV-1 entry efficiency was examined by Alu-LTR PCR. Beta globin was used as
an internal control. The HIV-1 transcription efficiency was examined by RT-PCR targeting spliced viral mRNA. Cyclophilin A was used as a control. The expected length of
each PCR amplicon was indicated. (E) The effect of SEC14L1a derivatives on the HIV-1 production. The 293T cells grown in a well of a 6-well plate were transfected with
200 ng of HIV-1 proviral DNA and 2 pg of expression vector for GFPf, FL, CTD1, or CTD2. The culture supernatant was recovered at 2 d post-transfection and the p24*
concentration was measured. The representative data from five independent experiments was shown. The results indicate the average + the standard deviation. The relative
p24©A concentration compared to GFPf was shown on the top. Asterisks indicate the statistical significance compared to GFPf (P<0.001 by two-tailed Student’s t-test). The
Env incorporation onto the virus-like particles (VLP) produced by 293T cells expressing SEC14L1a derivatives. The 293T cells grown in a well of a 6-well plate were transfected
with 1 pg of gag-pol (PCMVR8.91) and Env (plllex) expression vectors along with 2 pg of expression vector for GFPf, FL, CTD1, or CTD2. The cell lysates (Cell) and VLP fractions
(Virus) were subjected to Western blot analysis detecting gp120 and p24A harvested at 2 d post-transfection. The Env incorporation levels normalized to p24* relative to
GFPf were shown at the bottom.

G-pseudotyped HIV-1 vector, and the cellular genomic DNA was
recovered at 4 d post-infection. The amount of Alu-LTR PCR prod-
ucts from FL-, CTD1-, or CTD2-expressing MT-4 cells was almost
equal to that from GFP-expressing cells, suggesting that the early
phase of the viral life cycle is not inhibited by any of the SEC14L1a
derivatives (Fig. 2D). To examine the viral production phase, we
examined the LTR-driven viral gene transcription by RT-PCR. Cel-
lular RNA was extracted from the same MT-4 cells infected with
VSV-G-pseudotyped HIV-1 vector, and RT-PCR was conducted to
amplify LTR promoter-driven spliced HIV-1 mRNA. The amount of
viral RNA expressed in FL-, CTD1-, or CTD2-expressing cells was
not lower than that in GFP-expressing cells when the levels of the
internal control was taken into account (Fig. 2D). Given that the
similar number of viral genome was integrated as indicated by the

Alu-LTR PCR, these data suggest that viral transcription is not inhib-
ited by any of the SEC14L1a derivatives, and that the action point of
CTD1 and CTD2 should be at post-transcriptional levels of the viral
production phase.

Next, the FL, CTD1, or CTD2 expression vector was co-
transfected with HIV-1 proviral DNA into 293T cells, and viral
production was quantified by p24“ ELISA. The FLAG-tagged GFP
(GFPf) was used as a control hereafter. We found that the FL expres-
sion significantly reduced the production of HIV-1 (44.2%, P<0.001,
two-tailed Student’s t-test) compared to the GFPf control (Fig. 2E).
In contrast, the CTD1 enhanced the production of HIV-1 (145.9%,
P<0.001, two-tailed Student’s t-test; Fig. 2E). However, CTD2 did
not measurably affect the HIV-1 production (105.1%, not statisti-
cally significant; Fig. 2E). As the ELISA assay examines the effect
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of CTDs on Gag functions, we next tested the functional interac-
tion between CTDs and Env. The Env incorporation onto the virion
was examined by tripartite-transfection of expression vectors for
Env, gag-pol, and SEC14L1a derivatives into 293T cells, and the VLP
was collected by centrifugation. The immunoblotting against gp120
was performed on the cell lysate and the VLP fraction. The cellu-
lar Env and Gag expressions were not detectably affected by any
of the SEC14L1a derivatives (Fig. 2F, left panel). The Env incorpo-
ration onto the VLP was slightly enhanced by FL (157%; Fig. 2F,
right panel). In contrast, the VLP produced from CTD1- or CTD2-
expressing cells incorporated substantially fewer Env than those
from GFPf-expressing cells (59% or 54%, respectively; Fig. 2F, right
panel). These data were reproducible in independently performed
experiments. The densitometric analysis of Western blot image
showed that the average + the standard error of the mean of Env
incorporation onto the virion was 129.7 +39.9%, 54.8 + 24.7%, and
25.5+10.3% for FL, CTD1, and CTD2 compared to GFPf, respectively
(3-4 independent experiments). The Env-mediated cell-to-cell
fusion assay indicated that SEC14L1a derivatives did not limit the
cell surface targeting and function of Env (data not shown). In addi-
tion, the Gag processing in virion was unaffected by any of the
SEC14L1a derivatives (data not shown). Collectively, these data
suggest that the HIV-1 replication is inhibited by CTD1 and CTD2
due to the inefficient Env incorporation onto the virion. To test this
possibility, we infected fresh MT-4 cells with the equal amount of
HIV-1 propagated in CTD1- or CTD2-expressing MT-4 cells (1-2 ng
p24CA), and the viral replication was monitored at 3-4 days post-
infection by measuring the p24“A concentration. The infectivity of
HIV-1 propagated in CTD1- or CTD2-expressing cells was attenu-
ated to 83.1+17.9% or 82.4 + 5.5% relative to the virus recovered
from GFP-expressing cells, respectively (the average + the standard
error of the mean of 3 independent experiments). Altogether, these
data suggest that the inhibition of HIV-1 replication by CTD1 and
CTD2 is attributed to the attenuation of viral infectivity by lowering
the Env incorporation onto the virion.

4. Discussion

In the present study, we provide the first evidence that the C-
terminal fragment of SEC14L1a functions as an inhibitor of HIV-1
replication. The advantage of this system is that, since MT-4 cells
are stably transduced with a cDNA library, the anti-HIV-1 function
of a candidate gene is not due to a perturbed cell physiology. This
system has been successful in identifying CD14, CD63, and Brd4-
CTD as regulators of HIV-1 replication [1,3,4], and more candidates
are being analyzed. Among the candidates, SEC14L1a CTD appeared
to be one of the relatively modest inhibitors of HIV-1 replication.
However, of note, the SEC14L1a derivatives have not been identi-
fied in other genetic screening systems. These facts point that our
T cell-based system is sensitive in detecting the modest anti-HIV-
1 activity of a gene, and is a unique tool in the pursuit of HIV-1
regulatory factors to complete the HIV-1-host interactome.

SEC14L1a may affect the Golgi-mediated vesicular trafficking
since SEC14L1a lowers the cell surface levels of cholinergic trans-
porters [23]. However, we do not have any data to suggest that
SEC14L1a and its derivatives affect the cell surface targeting of
membrane proteins including CD4, CXCR4 and Env. These data sug-
gest that SEC14L1a’s effect on cholinergic receptor expression is
specific, and that the CTD’s ability to inhibit HIV-1 replication is
independent from SEC14L1a’s regulatory functions on vesicular
trafficking. The action point of CTD1 and CTD2 was shown to be
the late phase of the viral life cycle. Given that CTD1 and CTD2
did not inhibit the biogenesis and the cell surface targeting of Gag
and Env, the major mechanism of CTD1 and CTD2 to inhibit HIV-1
replication was to reduce the infectivity of HIV-1 by limiting the
Env incorporation onto the virion. Consistent with this idea, the

viral infectivity of virions produced in CTDs-expressing cells was
attenuated. Then, how do CTDs block the Env incorporation onto
the virion? We detected a weak interaction between Gag and CTD1
or CTD2 by immuno-coprecipitation analysis. Thus, we speculate
that the interaction between Env and Gag at the plasma membrane
is interfered by Gag-CTDs interaction, resulting in the reduction of
Env incorporation onto the virion.

The CTD1 was an inhibitor of HIV-1 replication. While the CTD1
negatively affected the Env incorporation onto the virion, it pos-
itively affected the HIV-1 production. These observations may be
seemingly controversial. However, the SEC14L1a derivatives’ effect
on HIV-1 replication is a summation of their effects of on each step
of the viral life cycle. Therefore, it is conceivable that CTD1 can
serve as a negative regulator of HIV-1 replication as well as a posi-
tive and negative factor on distinct steps of the viral life cycle. These
seemingly controversial findings may be in part due to the cells in
which the biological functions of SEC14L1a derivatives were exam-
ined. The effect of SEC14L1a derivatives on HIV-1 replication was
investigated in MT-4 cells, whereas those on the HIV-1 production
and Env incorporation onto the virion were examined in 293T cells.
Although the basic biological features are largely shared among dif-
ferent cell types, it is possible that the SEC14L1a derivatives may
function slightly differently in MT-4 cells from 293T cells given that
the intracellular distribution of SEC14L1a derivatives in MT-4 cells
was not identical to that in 293T cells (Fig. 1E and 1F).

Elucidating the molecular mechanism underlying CTDs' activity
not only provides a hint to understand how the HIV-1 virion actively
uptakes Env through the Gag-Env interaction, but also leads to the
development of a novel anti-retroviral drug that lowers the infec-
tivity of the virus by preventing Env incorporation onto the virion.
This is the strength of our T cell-based assay since CTDs inhibit
HIV-1 replication specifically. In the previous study, we proposed
that a small portion of Brd4 may serve as a therapeutic molec-
ular target for HIV-1 infection, since the constitutive expression
of Brd4-CTD limited HIV-1 replication specifically [3], akin to the
SEC14L1a CTDs. However, it remains to be examined whether the
SEC14L1a and Brd4 derivatives inhibit HIV-1 replication in primary
HIV-1 target cells.

The genome-wide screening has potential caveats, including a
¢DNA bias and a cell line bias. A cDNA library is not a perfect rep-
resentation of mRNA expressed in the cells from which the library
is constructed. For example, the longer the mRNA, the less effi-
ciently the full-length cDNA is synthesized. In fact, we isolated
Brd4-CTD from the PBL cDNA library as a potent inhibitor of HIV-
1 replication [3]. However, although Brd4 (approximately 5000 nt
mRNA in length) is expressed in MT-4 cells, we were unable to
recover Brd4-CTD from the MT-4 c¢DNA library [3]. This clearly
demonstrates the cDNA bias in the genetic screening. A cDNA
library derived from non-T cells does not contain genes specifi-
cally expressed in T cells. Thus, we have to explore many more
cDNA libraries to completely cover the genetic diversity of human
cells. The cDNA libraries isolated from long-term non-progressors
of HIV-1-seropositive individuals or from elite controllers might
be of particular interest, considering that a dominant innate HIV-
1 resistance gene, such as CCR5 delta 32, may partly account for
the slow progression of AIDS. Similarly, use of a particular cell line
and/or virus strain may bias the results. MT-4 cells are positive
for HTLV-1, and are able to support robust HIV-1 replication. MT-
4 cells do not express CCR5, and are unable to support R5-tropic
HIV-1 strains. What if other T cell lines and R5-tropic viral strains
are used? What if we assay the same cDNA library in TZM-bl cells?
We plan to address these issues in the future studies.

In conclusion, genome-wide genetic screening is a powerful
tool for identifying the regulatory factors of HIV-1 replication and
innate HIV-1 resistance factors that limit HIV-1 infection and AIDS
progression. The HIV-1-host interactome should also reveal poten-
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tial therapeutic molecular targets that may be used to develop
novel anti-AIDS drugs to tackle the emerging drug resistant viruses.
However, the fact that different experimental systems often yield
non-overlapping candidates suggests that we have to explore more
experimental systems to fully understand the HIV-1-host inter-
actome. Our T cell-based system provides an alternative tool for
identifying novel HIV-1 regulatory factors, and should help us
understand the HIV-1-host interaction in more detail.
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Intracellular localization of human immunodeficiency virus
type 1 Gag and GagPol products and virus particle release:
relationship with the Gag-to-GagPol ratio
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ABSTRACT

Human immunodeficiency virus (HIV) Gag precursor protein is cleaved by viral protease (PR) within
GagPol precursor protein to produce the mature matrix (MA), capsid, nucleocapsid, and p6 domains. This
processing is termed maturation and required for HIV infectivity. In order to understand theintracellular
sitesand mechanisms of HIV maturation, HIV molecular clonesin which Gag and GagPol were tagged with
FLAG and hemagglutinin epitope sequences at the C-termini, respectively were made. When coexpressed,
both Gag and GagPol were incorporated into virus particles. Temporal analysis by confocal microscopy
showed that Gag and GagPol were relocated from the cytoplasm to the plasma membrane. Mature cleaved
MA was observed only at sites on the plasma membrane where both Gag and GagPol had accumulated,
indicating that Gag processing occurs during Gag/GagPol assembly at the plasma membrane, but not
during membrane trafficking. Fluorescence resonance energy transfer imaging suggested that these were
the primary sites of GagPol dimerization. In contrast, with overexpression of GagPol alone an absence
of particle release was observed, and this was associated with diffuse distribution of mature cleaved
MA throughout the cytoplasm. Alteration of the Gag-to-GagPol ratio similarly impaired virus particle
release with aberrant distributions of mature MA in the cytoplasm. However, when PR was inactive, it
seemed that the Gag-to-GagPol ratio was not critical for virus particle release but virus particles encasing
unusually large numbers of GagPol molecules were produced, these particles displaying aberrant virion
morphology. Taken together, it was concluded that the Gag-to-GagPol ratio has significant impacts on
either intracellular distributions of mature cleaved MA or the morphology of virus particles produced.

Key words GagPol, HIV-1, plasma membrane, ratio.

Human immunodeficiency virus (HIV) contains three vi- ~ budding occurs. During translation of Gag mRNA, ribo-
ral structural proteins: Gag, GagPol, and Env. Gag protein, ~ somal frameshifting occurs at an efficiency of 5-10% and
the main structural component of HIV particles, is syn-  generates a 160 kDa GagPol fusion protein at a 10-20:1

thesized in the cytosol as a 55 kDa precursor protein and  ratio of Gag to GagPol (1). Following protein synthesis,
is targeted to the cellular membrane, where virus particle =~ Gag and GagPol proteins are relocated to the membrane

Correspondence
Yuko Morikawa, Graduate School for Infection Control, Kitasato University, Shirokane 5-9-1, Minato-ku, Tokyo 108-8641, Japan.
Tel: +81 3 5791 6129; fax: +81 3 5791 6268; email: morikawa@lisci kitasato-u.ac.jp

Received 10 August 2010; revised 28 September 2010; accepted 1 October 2010.

List of Abbreviations: CA, capsid; EGFP, enhanced green fluorescent protein; FRET, fluorescence resonance energy transfer; GFP, green fluorescent
protein; HA, hemagglutinin; HIV, Human immunodeficiency virus; IN, integrase; MA, matrix; NC, nucleocapsid; PR, protease; RT, reverse transcriptase;
WT, wild-type.

734 (© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

— 188 —



HIV Gag-to-GagPol ratio & particle assembly

and co-assembled into virus particles. Although HIV par-
ticle assembly is essentially directed by Gag protein (2, 3)
and GagPol protein is only incorporated into virus par-
ticles through co-assembly with Gag (4, 5), the incorpo-
ration of GagPol into virus particles is crucial for virion
infectivity, since the Pol region harbors virus-specific en-
zymes, PR, RT, and IN, all of which are essential for HIV
replication.

Concomitant with the incorporation of GagPol pro-
tein, Gag protein undergoes a process termed maturation
in which it is cleaved by PR located in GagPol to produce
mature pl7/MA, p24/CA, p7/NC, and p6 domains, and
pl and p2 spacer peptides (6). Expression of the intact
GagPol region produces a mature form of virus parti-
cle, which displays an electron-dense core encased in a
conical capsid, whereas expression of Gag without the
Pol region results in an immature form of virus particle,
with a characteristic doughnut-like morphology (2, 5). A
number of studies have shown that Gag expression with
genetically engineered inactive PR fails to cleave Gag pro-
tein and results in production of virus particles that have
been arrested at the immature stage (4, 7, 8). Since two
forms of virus particles (immature and mature) have tra-
ditionally been observed for many retroviruses, retroviral
maturation has been thought to take place at a very late
stage of particle assembly, such as particle budding, or
even after particle release (9). However, it is difficult to
know when and where Gag processing takes place because
mature virion morphology is only seen extracellularly,
whereas Gag processing products are often observed in the
cytoplasm.

Despite the obligatory role of active PR in HIV matura-
tion, overexpression of GagPol fusion protein or an active
PR domain induces enhancement of intracellular Gag pro-
cessing, leading to a failure of particle production (10-12).
These findings suggest that premature Gag processing in
the cytoplasm can occur when the Gag-to-GagPol ratio is
altered, and that the products of such premature process-
ing may not participate in virus particle formation. Recent
studies have also indicated that the Gag-to-GagPol ratio
is important for virion RNA dimerization (13). Since the
enzymatically active form of PR is a dimer, and the ap-
pearance of PR activity is accompanied by autoprocessing
of PR from a GagPol precursor (14, 15), it is plausible that
dimerization of GagPol precursors is a prerequisite for au-
toprocessing of PR. Timing of autoprocessing of the puta-
tive precursor dimer must be regulated for efficient parti-
cle production to occur in HIV infection. However, so far
no studies have revealed the primary intracellular sites of
Gag/GagPol processing or GagPol dimerization. The dif-
ficulties for such studies are: (i) discrimination between
Gag and GagPol, because the N-terminal half of Gag-
Pol is identical with Gag, and (ii) discrimination between

(© 2010 The Societies and Blackwell Publishing Asia Pty Ltd

Gag/GagPol precursors and their processing products. To
overcome these difficulties, we here added two distinct
epitope tags (FLAG and HA) to the C-termini of Gag and
GagPol, respectively, and immunostained with anti-HIV-
1 pl7/MA antibody, an antibody which recognizes the
mature form of p17/MA but not uncleaved Gag precur-
sors (16). Our confocal data demonstrated that Gag and
GagPol were relocated from the cytoplasm to the plasma
membrane and that Gag processing occurred only at sites
in the plasma membrane where both Gag and GagPol had
accumulated. Furthermore, we confirmed that these were
the sites of GagPol dimerization by FRET imaging. Impor-
tantly, our data indicated that the failure of particle release
caused by overexpression of GagPol could be explained by
aberrant distribution of the mature p17/MA in the cy-
toplasm. Our study provides clues toward understanding
the overall process of HIV maturation.

MATERIALS AND METHODS

Construction of HIV-1 molecular clones

In this study HIV-1 molecular clone pNL43 was used
to construct its derivatives (17). An HIV molecular
clone expressing an inactive form of PR has also been
described previously (18). The FLAG and HA epitope
sequences were added to the C-termini of Gag and GagPol
proteins, respectively. For in-frame insertion of the FLAG
sequence into the p6 region, overlapping PCR was carried
out using a forward primer 5-GATTACAAGGACGA
CGACGACAAGAGACCAGAGCCAACAGCCCCAC-3'.

Addition of the HA epitope tag sequence to the C-
terminus of the pol gene was similarly carried out
using a reverse primer 5'-GCTATGTCGACCATATGGCT
AAGCGTAATCTGGAACATCGTATGGGTATCTAGAAT
CCTCATCCTGTCTACTTGCCAC-3'. For expression
of Gag without GagPol protein, two termination
codons were introduced into the pol frame immediately
downstream of the gag termination codon using 5'-
CCCCTCGTCACAATAAAGTAAGGGGGGTAATTAAA
GGAAGCTCTAT-3' (termination codons in the gag and
pol frames are underlined). For expression of GagPol
protein alone, the gag and pol genes were placed into
the same reading frame by deleting the 5T nucleotides
at the frameshifting site (nucleotide positions 2086 to
2090). For FRET imaging, unique Xbal and NotI sites
were initially introduced at the junction of PR/RT and the
sequences encoding EGFP and Strawberry protein were
inserted in-frame between the Xbal and Not! sites. The
sequences encoding EGFP and Strawberry fluorescent
protein were similarly added to the C-termini of Gag (for
positive controls).
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Cell culture and DNA transfection

HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (Sigma, St Louis, MO, USA) supplemented with
10% FBS. DNA transfection was carried out using Lipo-
fectamine 2000 (Invitrogen, Tokyo, Japan).

Western blotting

Following transfection, culture media were subjected to
centrifugation through 20% (wt/vol) sucrose cushions at
120,000 x g for 2 hr at 4°C. Cells and virus particles
were analyzed by Western blotting using anti-FLAG rabbit
(Sigma), anti-HA mouse (Sigma), anti-HIV-1 RT mouse
(ICN Pharmaceuticals, Cleveland, OH, USA), anti-HIV-1
p24/CA mouse (19), and anti-HIV-1 p17/MA mouse (Ad-
vanced Bio-technologies, Suwanee, GA, USA) antibodies.
In some experiments, virus particles were further sub-
jected to equilibrium centrifugation in 20-60% (wt/vol)
sucrose gradients at 120,000 x g for 16 hr at 4°C and
subjected to fractionation.

Confocal microscopy

HeLa cells were fixed with 3.7% paraformaldehyde in
PBS for 30 min at room temperature, then permeabi-
lized with 0.1% Triton X-100 for 5 min at room temper-
ature. Following blocking, the cells were incubated with
anti-FLAG mouse or rabbit (Sigma), anti-HA mouse or
rabbit (Santa Cruz, Santa Crz, CA, USA), anti-HIV-1 RT
mouse, and anti-HIV-1 p17/MA mouse antibodies, and
subsequently with Alexa Fluor 488 or 568-conjugated anti-
mouse and anti-rabbit antibodies (Molecular Probes, Eu-
gene, OR, USA). Nuclear staining was carried out with
TOPRO-3 (Molecular Probes) and the cells observed with
a laser scanning confocal microscope (Leica, Heidelberg,
Germany).

Electron microscopy

HelLa cells were fixed with 2.5% glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.4) for 1 hr at 4°C prior to treat-
ment with 2% osmium tetroxide for 1 hr at 4°C. Ultrathin
sections were stained with uranyl acetate and lead citrate
and examined with an electron microscope (H-7500, Hi-
tachi, Tokyo, Japan) at 80 kV.

Fluorescence resonance energy transfer
imaging

Hel.a cells were fixed with 3.7% paraformaldehyde in PBS
for 30 min at room temperature and subjected to laser
scanning confocal microscopy (Yokogawa, Sugar Land,
TX, USA). Images were acquired using three filter com-
binations: EGFP excitation/EGFP emission (donor chan-
nel), Strawberry excitation/Strawberry emission (acceptor
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channel), and GFP excitation/Strawberry emission (FRET
channel). FRET was confirmed by two changes in fluores-
cence signals upon photobleaching of the acceptor: (i) a
decrease in donor fluorescence, and (ii) a proportional
increase in acceptor fluorescence. Pixel by pixel analysis
of FRET was carried out using the PixFRET plug-in of
Image] software (20).

RESULTS

Addition of epitope tags had no detrimental
effect on viral particle production

HIV-1 molecular clone pNL43 (17) is referred as WT in
this study. To discriminate between Gag and GagPol pro-
teins, we added FLAG and HA epitope tag sequences to
the C-terminal regions of HIV-1 Gag and GagPol pro-
teins, respectively (Fig. la). The Gag/GagPol constructs
were introduced into pNL43. The C-terminal p6 domain
of Gag has three functional motifs as follows. The first two,
namely the PTAP and YPXnL sequences, are binding sites
of tumor susceptibility gene 101 and ALG-2-interacting
protein X/ALG-2-interacting protein 1, respectively, and
both are required for particle budding (21-25). The third,
the LXXLFG sequence, is a binding site of viral accessory
protein Vpr (26, 27). The FLAG-tag sequence (DYKD-
DDDK) was inserted upstream of the PTAP sequence,
in-frame in the p6 domain, which generated insertion of
the RLQGRRRQE sequence in the pol frame. The HA-
tag sequence was added to the C-terminus of the GagPol
protein. The construct expressing both Gag-FLAG and
GagPol-HA is referred to here as Gag-FLAG/Pol-HA. We
also created a pNL43 derivative expressing GagPol-HA
alone by deletion of the frameshift signal (referred to as
GagPol-HA).

To assess the effect of the addition of the epitope tags,
Hela cells were transfected with the Gag-FLAG/Pol-HA
construct, GagPol-HA construct, and its parental clone
without the epitope tags, all of which are pNL43 deriva-
tives containing inactive PR. Then, intracellular expres-
sion of Gag/GagPol proteins and particle production were
examined by Western blotting using anti-HIV-1 p24/CA
and anti-FLAG (for Gag protein) and anti-HIV-1 RT and
anti-HA (for GagPol protein) antibodies (Fig. 1b). Gag-
FLAG and GagPol-HA proteins were specifically detected
by anti-FLAG and anti-HA antibodies and the levels of ex-
pression were comparable to those of the parental Gag and
GagPol proteins when probed with anti-HIV-1 p24/CA
and anti-HIV-1 RT antibodies. When viral particles were
purified through sucrose cushions and analyzed by West-
ern blotting, in the context of Gag-FLAG/Pol-HA, the
amounts of Gag-FLAG and GagPol-HA were also com-
parable to those of Gag and GagPol in the parental virus

(© 2010 The Societies and Blackwell Publishing Asia Pty Ltd
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Fig. 1. Effects of epitope tagging on viral particle production. (a)

Schematic representation of HIV-1 cDNA molecular clones tagged with
the FLAG and HA sequences. HIV-1 molecular clone pNL43 is referred
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particles, respectively, indicating that both Gag-FLAG and
GagPol-HA were incorporated into the viral particles to
the same degree as occurs with authentic Gag and GagPol.
Thus, the Gag-FLAG/Pol-HA construct produced a parti-
cle yield largely equivalent to that of the parental molec-
ular clone. Particle production of the Gag-FLAG/Pol-HA
construct was further examined using its molecular clone
containing an active PR by HIV-1 p24/CA antigen capture
ELISA, the results indicating that the Gag-FLAG/Pol-HA
construct produced virus particles at a level nearly equiv-
alent to that of WT (Fig. 1¢). In contrast, expression of
GagPol-HA alone did not yield virus particles, a finding
which is consistent with previous studies (4, 5). These re-
sults indicate that the addition of epitope tags exerts no
detrimental effects on particle production.

Gag and GagPol proteins were relocated
from the cytoplasm to the plasma
membrane

To gain a better understanding of the intracellular traf-
ficking of Gag/GagPol proteins, their intracellular local-
ization was observed by confocal microscopy at various
time points (6, 12, and 24 hr post-transfection) (Fig. 2b).
HelLa cells were transfected with the Gag-FLAG/Pol-HA
construct, which had inactive PR, and stained with anti-
FLAG and anti-HA antibodies. As shown in Figure 2a,
three patterns of antigen distribution, consistent with
previous studies (28, 29), were observed, namely, diffuse
cytosolic distribution alone, accumulation at the plasma
membrane, and punctate staining in the cytoplasm. We
observed approximately 100 cells at each time point and
sorted them into the three categories (Fig. 2¢). As expected,
Gag was diffusely distributed at 6 hr post-transfection
(83.3% of Gag-positive cells) and had accumulated at the

to as WT. The FLAG and HA tag sequences were inserted in-frame in
the C-terminal p6 domain of the Gag protein and the C-terminus of
the GagPol protein, respectively (referred to as Gag-FLAG/Pol-HA). For
expression of GagPol-HA alone, the HA tag sequence was added to the
C-terminus of GagPol, and the 5T sequence at the frameshift site was
deleted. The same set of HIV-1 molecular clones except for an inactive
form (D25N mutation) of the PR domain was similarly made. LTR, long
terminal repeat. (b) Intracellular expression of Gag/GagPol and produc-
tion of viral particles. Hela cells were transfected with Gag-FLAG/Pol-HA,
GagPol-HA and their parental molecular clones, all of which contain an
inactive form of PR. After 48 hr, cells and viral particles were subjected to
Western blotting using anti-HIV-1 p24/CA, anti-HIV-1 RT, anti-FLAG, and
anti-HA antibodies. (c) Production of viral particles. Hela cells were trans-
fected with the WT, Gag-FLAG/Pol-HA and GagPol-HA constructs, all of
which had an active form of PR. Culture media were clarified and virus
particles yields (from three independent experiments) were measured by
p24 antigen capture ELISA.
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Fig. 2. Temporal study of Gag and GagPol localization. Hela cells
were transfected with the Gag-FLAG/Pol-HA construct containing an
inactive form of PR. At 6, 12, and 24 hr post-transfection, cells were
immunostained with anti-FLAG (for Gag) and anti-HA (for GagPol) anti-
bodies. Nuclei were stained with TOPRO-3. All micrographs are shown
at the same magnification. Bar, 10 m. (a) Representation patterns of in-
tracellular localization. (b) Temporal analysis of intracellular localization
patterns. DIC, differential interference contrast. (c) Semiquantification
of Gag and GagPol localization. Approximately 100 Gag and GagPol-
positive cells were observed at each time point and the number of cells
with each pattern of Gag and GagPol distribution was counted. PM,
plasma membrane.
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plasma membrane at 12 and 24 hr post-transfection (69.0
and 66.7% of Gag-positive cells, respectively). Punctate
staining of Gag in the cytoplasm was observed frequently
(24.0% of Gag-positive cells) at 24 hr post-transfection.
When we observed GagPol, we found a very similar pat-
tern of relocation: GagPol was diffusely distributed at 6 hr
post-transfection (70.8% of GagPol-positive cells) and had
accumulated at the plasma membrane at 12 and 24 hr
post-transfection (78.9 and 74.9% of GagPol-positive
cells, respectively). Overall, these data indicate that Gag
and GagPol relocated from the cytoplasm to the plasma
membrane. Similar observations were made when a
molecular clone containing a reverse combination of tag-
ging, Gag-HA/Pol-FLAG (data not shown) was used. Pre-
vious confocal studies have indicated that the intracellular
puncta observed at late time points correspond to Gag
internalized to endosomes (28).

Gag/GagPol processing occurs
predominantly at the plasma membrane
where Gag and GagPol co-assemble

The Pol region of GagPol contains PR that cleaves Gag
and GagPol proteins and generates mature functional do-
mains such as p17/MA, p24/CA, and RT. The profiles of
Gagand GagPol processing in the Gag-FLAG/Pol-HA con-
struct containing an active PR were examined by Western
blotting using anti-RT (for p66 and p51 subunits), anti-
p24/CA (for p55 precursor and mature p24/CA domain),
and anti-p17/MA antibodies (for mature p17/MA domain
alone) (Fig. 3a). The anti-p17/MA antibody specifically
recognized the mature form of p17/MA, but not the un-
processed p55 precursor, consistent with previous studies
(16). Expression of Gag/GagPol proteins was faintly de-
tected at 6 hr post-transfection and had increased by 24 hr.
Efficient processing of Gag/GagPol was observed at 24 hr
post-transfection but not before that. When HeLa cells
were co-stained with anti-FLAG and anti-HA antibodies
and observed by confocal microscopy, Gag and GagPol
were diffusely distributed at 6 hr post-transfection and
had accumulated at the plasma membrane at later time
points (12 and 24 hr post-transfection) (Fig. 3b), profiles
which are essentially similar to those of the Gag/GagPol
construct containing inactive PR (Fig. 2b). To examine in-
tracellular sites of Gag/GagPol processing, we co-stained
HeLa cells with anti-p17/MA and anti-HA antibodies. No
p17/MA signals were seen at 6 hr post-transfection, by
which time Gag and GagPol were diffusely distributed in
the cytoplasm. At 12 and 24 hr post-transfection, punctate
p17/MA signals were observed at the plasma membrane,
where both Gag and GagPol had accumulated (Fig. 3b).
These results suggest that Gag/GagPol processing by PR
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Fig. 3. Intracellular sites of Gag/GagPol processing. (a) Intracellular
processing of Gag and GagPol proteins. HeLa cells were transfected with
the WT and Gag-FLAG/Pol-HA constructs, both of which have an active
form of PR. At 6, 12, and 24 hr post-transfection, cells were subjected to
Western blotting using anti-HIV-1 p24/CA and anti-RT antibodies. West-
ern blotting was also probed with anti-HIV-1 p17/MA antibody that
specifically recognizes the mature form of p17/MA alone. (b) Intracellu-
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lar localization of the mature form of p17/MA and Gag/GagPol products.
HelLa cells were transfected with the Gag-FLAG/Pol-HA constructs, which
have an active form of PR and were immunostained with a combination
of anti-FLAG (for Gag and p6) and anti-HA (for GagPol and IN), and with
a combination of anti-p17/MA (for mature MA) and anti-HA antibodies.
Nuclei were stained with TOPRO-3. All micrographs are shown at the
same magnification. Bar, 10 um. DIC, differential interference contrast.
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