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A hydrophilic region consisting of strikingly clustered charged amino acids is present at the center of hu-
man immunodeficiency virus type 1 (HIV-1) Vif. In this study, the role for this central hydrophilic region
(E88WRKKR93) in the virus replication in nonpermissive H9 cells was investigated by extensive deletion and
substitution analysis. A total of 31 mutants were constructed. Deletion of the E88 or W89 residue alone
abolished viral infectivity in H9 cells and impaired virus replication in primary macrophage cultures. Sub-
stitution analysis indicated that the hydrophilicity and charge of the central region are insignificant for the
function of Vif. Of the 16 substitution mutants, 3 mutants with substitution of E88 and W89 with an A residue
did not grow in H9 cells. Upon transfection, four mutants (i.e., two mutants with deletion of E88 or W89; a
mutant with substitution of E88 and W89 with A; and a mutant with substitution of E88, W89, and R90 with A)
were found to express Vif at a very reduced level relative to that by the wild-type clone. These results have thus
demonstrated that amino acid residues 88 and 89 of Vif are critical for the replication of HIV-1 in target cells
by enhancing the steady-state expression of Vif. In addition, E88 and W89 residues were found to be extremely
conserved among the Vif proteins of naturally occurring HIV-1 field isolates as well as those of laboratory
HIV-1 strains.

Vif is one of the human immunodeficiency virus type 1
(HIV-1) accessory proteins, but is conserved in the primate
lentivirus groups (29) and is essential for virus replication in a
certain type of cells (9, 10, 22). It acts during the stage of
assembly, budding, or maturation to augment the infectivity of
progeny virions in a producer cell-dependent manner (6, 8, 12,
17, 31, 34, 38). Producer cells are therefore divided into per-
missive and nonpermissive, and HIV-1 grown in nonpermissive
cells, such as H9 (27) and peripheral blood mononuclear cells
(PBMCs), in the absence of Vif cannot replicate in any type of
target cells. Recent evidence has demonstrated that vif-defi-
cient HIV-1 is impaired in endogenous reverse transcription
and in its ability to form proviral DNA in newly infected cells
(20, 34, 36, 38). HIV-1 Vif is a highly basic, 23-kDa protein
composed of approximately 190 amino acids (HIV Sequence
Compendium 2000 [http://hiv-web.lanl.gov]) that is synthesized
at a late phase of virus replication. The basic residues are
predominantly present in the N- and C-terminal regions. At
the center of HIV-1 Vif, however, there is a striking cluster of
basic and acidic residues. This major hydrophilic region con-
sists of six amino acids and contains four basic residues and
one acidic residue in the case of laboratory HIV-1 strains (HIV
Sequence Compendium 2000). Another feature of HIV-1 Vif
is that it contains two cysteine residues. These are conserved

among HIV-1, HIV-2, and some simian immunodeficiency vi-
rus isolates (HIV Sequence Compendium 2000).

Quite surprisingly, extensive systemic studies on the struc-
ture-function relationship of HIV-1 Vif to identify functional
domains, motifs, and residues have not been amply carried out.
Some studies described below have demonstrated the regions
or amino acid residues important for the Vif function. It has
been shown by scanning mutagenesis of HIV-1 Vif that there
could be an effector domain in the internal region containing
the two cysteine residues (35), although the characterizations
of many deletion, insertion, and substitution mutants have
indicated that amino acids dispersed throughout Vif are im-
portant for function (14, 32, 35). The two cysteine residues
have been reported to be critical for the replication of HIV-1
in nonpermissive cells (14, 15, 26, 32). Deletion analysis has
shown that HIV-1 Vif is packaged into a nucleoprotein com-
plex through an interaction of its central region with viral
genomic RNA and suggested that the incorporation of Vif into
virions is important for its function (24). It has been demon-
strated by mutational analysis that the C-terminal region of Vif
is important for its function (19, 21), which appears to be
inconsistent with the results of the others (13, 30, 32). Another
report has shown that deletion of C-terminal region of Vif
abolishes its interaction with Gag precursor (7). To the best of
our knowledge, an extensive structure-function analysis of the
central hydrophilic region of HIV-1 Vif (E88WRKKR93) has
not yet been described. In this study, we systematically ana-
lyzed the functional significance of the region. Various dele-
tions and substitutions were introduced into the pNL432 (1) vif
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gene to generate mutants of the region. The proviral mutants
constructed were then examined for virus replication in various
target cells and for the expression of Vif. We demonstrate here
that amino acid residues 88 and 89 of HIV-1 Vif are important
for virus replication in H9 cells and monocyte-derived macro-
phages (MDMs). We also show that these two residues are
critical for steady-state expression of Vif.

Generation and characterization of various mutants of the
HIV-1 Vif hydrophilic region. As shown in Table 1, to delineate
the appreciate amino acid residues in the central hydrophilic
region crucial for the Vif function in T-lymphocytic cells and
MDMs, 15 deletion and 16 substitution mutants were de-
signed and constructed from wild-type pNL432 (1) with a
QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, Calif.). Construction of the deletion mutants, which lack
one of the six amino acids in the hydrophilic region, aimed at
direct evaluation of the importance of the amino acid in ques-

tion. To obtain more drastic mutational effects, mutants with
deletion of three amino acids were also constructed. Substitu-
tion mutants in the present study were designed to change
authentic amino acids into those with distinct or similar bio-
physical characteristics, such as hydrophilicity and charge.
Drastic changes could be introduced into the hydrophilic re-
gion by alanine, arginine, and glutamic acid substitutions. By
alanine substitution, both hydrophilicity and charge were lost.
Only charge was changed by substitution of arginine or lysine
with glutamic acid and by substitution of glutamic acid with
arginine.

The mutants thus generated were examined for their ability
to grow, first in M8166 (33) cells and then in H9 cells nonper-
missive for vif-negative mutants (�Vif). Input cell-free mutant
viruses for infection were prepared from 293T (25) cells trans-
fected with various proviral clones (Table 1) by the calcium-
phosphate coprecipitation method (1). As shown in Table 1,
wild-type and mutant viruses grew similarly well in M8166
cells. In sharp contrast, in H9 cells, some mutant viruses did
not grow at all like �Vif virus. As clearly observed in Fig. 1 and
summarized in Table 1, the mutants with a growth phenotype
similar to that of �Vif virus included NL-fE88del, -fW89del,
-f90/3del, -f91/3del, -f88/2A, -f88/3A, and -f88/6A. Thus, dele-
tion of E88 or W89, but not of the other residues in the hydro-
philic region, completely abolished viral infectivity in H9 cells.
Deletion of three amino acids in the region also destroyed the
ability of the virus to grow. As for substitution mutants, it was
necessary to change both E88 and W89 into A residues to
inactivate the virus. Alteration of E88 into A, R, or D and
alteration of W89 into A or Y were not enough to impair viral
infectivity.

The expression of mutant Vif proteins in cells was moni-
tored by Western blot analysis (3–5, 16, 39). 293T cells were
transfected with various proviral clones (Table 1), and 2 days
later, cell lysates were prepared for analysis. As shown in Fig.
2, all of the proviral clones tested produced a comparable level
of p24gag upon transfection. In contrast, as clearly observed in
Fig. 2 and summarized in Table 1, mutant Vif was expressed at
a very reduced level in cells transfected with pNL-fE88del,
-fW89del, -f88/2A, or -f88/3A. The low level of expression of
mutant Vif (NL-fE88del) became normal when transfected
293T cells were cultured in the presence of proteasome inhib-
itors (M. Fujita and A. Adachi, unpublished results). The re-
duced level of Vif expression was also observed in H9 cells
transfected with pNL-fE88del, -fW89del, or -f88/2A by electro-
poration (M. Fujita, A. Sakurai, and A. Adachi, unpublished
results). Of note here is that NL-fE88del, -fW89del, -f88/2A,
and -f88/3A were unable to replicate in H9 cells (Fig. 1). No
major reduction in the level of expression of mutant Vif was
observed for the other mutants, including pNL-f90/3del, -f91/
3del, and -f88/6A, which produce viruses noninfectious for H9
cells (Fig. 1) upon transfection into 293T cells.

The growth of deletion mutants in human MDMs was mon-
itored to determine whether amino acid residues in the hydro-
philic region are important for virus replication in nonlympho-
cytic cells. To obtain differentiated MDMs for infection,
monocytes were separated from PBMCs by adhesion to the
plastic essentially as previously described (37) and cultured in
RPMI 1640 medium supplemented with 10% heat-inactivated
human serum AB (Nabi, Boca Raton, Fla.) for 3 days and then

TABLE 1. Deletion and substitution mutants of
HIV-1 vif gene used in this study

Clone
Sequence

(amino acids
88–93 of Vif)a

Growth inb:
Expressionc

M8166 H9 MDM

NL432 (WT) EWRKKR � � � WT
NL-Nd (� Vif) ������ � � �
NL-fE88del �WRKKR � � Low
NL-fW89del E�RKKR � � Low
NL-fR90del EW�KKR � � WT
NL-fK91del EWR�KR � � WT
NL-fK92del EWRK�R � � WT
NL-fR93del EWRKK� � � WT
NL-f90/3del EW���R � � WT
NL-f91/3del EWR��� � � WT
NF462 (WT) EWRKKR � � �
NF-Nd (� Vif) ������ �
NF-fE88del �WRKKR �
NF-fW89del E�RKKR �
NF-fR90del EW�KKR �
NF-fK91del EWR�KR �
NF-fK92del EWRK�R �
NF-fR93del EWRKK� �
NF-f90/3del EW���R �
NL-fE88A AWRKKR � � WT
NL-fE88R RWRKKR � � WT
NL-fE88D DWRKKR � � WT
NL-fW89A EARKKR � � WT
NL-fW89Y EYRKKR � � WT
NL-f88/2A AARKKR � � Low
NL-f88/3A AAAKKR � � Low
NL-fE88R/R90E RWEKKR � � WT
NL-f90/3A EWAAAR � � WT
NL-f90/3E EWEEER � � WT
NL-f91/3A EWRAAA � � WT
NL-f91/3E EWREEE � � WT
NL-f90/4A EWAAAA � � WT
NL-f90/4E EWEEEE � � WT
NL-f88/6A AAAAAA � � WT
NL-fE88R/90/4E RWEEEE � � WT

a The amino acid sequence of NL432 Vif is from the GenBank database
(accession no. M19921). Clone pNF462 was constructed from pNL432 (23).
Generation and characterization of � Vif of NL432 and NF462 have been
previously described (2, 23). Asterisks indicate deletion of amino acids.

b �, virus replication comparable to that of wild-type virus; �, no or poor virus
replication similar to that of �Vif. Blank spaces indicate that virus replication
was not monitored.

c WT, wild-type level of Vif expression in transfected 293T cells; Low, low level
of expression relative to that by the wild-type clone; �, no expression. Blank
spaces indicate that the expression level of Vif was not determined.
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in RPMI 1640 medium supplemented with 10% heat-inacti-
vated fetal bovine serum for 7 days in the presence of 5 ng of
granulocyte-macrophage colony-stimulating factor (GM-CSF
[PeproTech EC, Ltd., London, England]) per ml. For infection
of MDMs, macrophage-tropic NF viruses (23) were used. It
has been reported that MDMs are nonpermissive for �Vif (18,
23, 28, 38). In our infection system here (Fig. 3), however,
MDMs were semipermissive. While �Vif did not grow at all in
four preparations of peripheral blood lymphocytes, it did at a
reduced level relative to that of wild-type virus in four prepa-
rations of MDMs (M. Fujita and A. Adachi, unpublished re-
sults). Figure 3 shows the growth kinetics in MDMs of various

NF deletion mutants (Table 1) with �Vif as a control. As
clearly illustrated and summarized in Table 1, NF-fE88del,
-fW89del, and -f90/3del displayed a growth defect similar to
that of �Vif. On the contrary, the other mutant viruses grew
normally in MDMs.

Variation in amino acid sequence of the HIV-1 Vif hydro-
philic region. We then asked whether our results described
above are applicable to naturally occurring viruses. The impor-
tance of the E88 and W89 residues for the Vif function in vivo
was evaluated by examining amino acid sequences of the hy-
drophilic region of 112 nonlaboratory HIV-1 strains in the
HIV Sequence Compendium 2000. The sequence alignment in

FIG. 1. Growth kinetics in nonpermissive H9 cells of various vif mutants. H9 cells (1 � 106) were infected with equivalent reverse transcriptase
(RT) units of cell-free viruses (5 � 107) as previously described (11), and virus replication was monitored at intervals by RT production in the
culture supernatants (39). Input viruses were prepared from 293T cells transfected with 20 �g of various pNL clones (Table 1). The results for
deletion mutants (A), substitution mutants involving one or two amino acids (B), substitution mutants involving two or three amino acids (C), and
substitution mutants of involving four to six amino acids (D) are shown. WT, NL432 (wild type); �Vif, NL-Nd.
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the Compendium was carefully constructed by balancing the
number of representatives of all HIV-1 subtypes and by main-
taining geographical diversity. Figure 4A shows the alignment
of amino acid sequences of the Vif hydrophilic region with the
NL432 sequence as a standard. When similar amino acids
(K and R or D and E) occurring at identical positions in the
region were considered to be same, 21, 65, 22, and 4 clones
had zero to three amino acid changes relative to the NL432
sequence, respectively. It was therefore concluded that the
E88WRKKR93 motif is quite conserved in the Vif sequence.
Figure 4B shows the frequency of amino acids at positions 88
to 93 based on the sequence data in Fig. 4A. As clearly shown,
there was almost no variation in amino acids at positions 88

FIG. 2. Monitoring of expression of various mutant Vif proteins by Western blotting. 293T cells were transfected with 20 �g of various pNL
clones (Table 1), and 2 days later, cell lysates were prepared as described previously (39). Proteins were resolved on sodium dodecyl sulfate–12.5%
polyacrylamide gels, followed by electrophoretic transfer to polyvinylidene fluoride membranes (Immobilon-P, Millipore Co., Bedford, Mass.). The
membranes were treated with anti-HIV-1 antibodies as previously described (4, 5) and visualized with an ECL Plus enhanced chemiluminescence
Western blotting detection system (Amersham Pharmacia Biotech, Inc., Buckinghamshire, United Kingdom) (3–5, 16). The results for deletion
mutants (A), substitution mutants involving one amino acid (B), substitution mutants involving two or three amino acids (C), and substitution
mutants involving four to six amino acids (D) are shown in panels A to D, respectively. WT, pNL432 (wild type); �Vif, pNL-Nd.

FIG. 3. Growth kinetics in MDMs of vif deletion mutants. Human
MDMs (2 � 105) in a well of 24-well tissue culture plates were infected
with equivalent reverse transcriptase (RT) units of cell-free viruses
(1 � 106) in the presence of 5 �g of DEAE-dextran per ml, and virus
replication was monitored at intervals by RT production in the culture
supernatants (39). MDMs were cultured in the presence of GM-CSF
(5 ng/ml) throughout the infection experiment. Input viruses were pre-
pared from 293T cells transfected with 20 �g of various pNF clones
(Table 1). HIV-1 NL432 virus (1), which is known to be highly infec-
tious for T-lymphocytic cells, but not for macrophages, did not replicat-
ed at all in the MDMs, as shown. WT, NF462 (wild type); �Vif, NF-Nd.
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FIG. 4. Variation in amino acid sequence of the HIV-1 Vif hydro-
philic region. (A) Amino acids in the Vif hydrophilic regions of various
nonlaboratory HIV-1 strains. The sequences in the hydrophilic region
of 112 nonlaboratory HIV-1 strains are compared with that of a lab-
oratory HIV-1 strain, NL432. A dash represents an amino acid iden-
tical to that of NL432. The sequences of nonlaboratory strains are from
the HIV Sequence Compendium 2000. (B) Frequency of amino acids
at specific positions in the HIV-1 Vif hydrophilic region. The fre-
quency of each amino acid at positions 88 to 93 in the Vif sequence was
determined for 112 nonlaboratory HIV-1 strains in panel A and de-
picted as a bar graph. Amino acids and their frequencies (in paren-
theses) are shown at the top of the bars. Black, gray, and dotted bars
indicate the frequency of amino acids with a positive charge, negative
charge, or without a charge, respectively.
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and 89. Positively charged R and K residues were present quite
frequently at positions 90, 92, and 93, but not at position 91. In
conclusion, amino acids at positions 88, 89, 90, 92, and 93 were
much more conserved than the amino acid at position 91.

Role of a highly charged region of HIV-1 Vif spanning res-
idues 88 to 93. To determine whether the E88WRKKR93 motif
in the HIV-1 Vif, the central hydrophilic region, is crucial for
the Vif function, we have generated a number of in-frame
deletion and missense substitution mutant proteins. These
were all evaluated for function in infectivity and expression
assays. In this study, amino acid residues 88 and 89 were
demonstrated to be important for the steady-state expression
of HIV-1 Vif and therefore were critical for virus replication
in nonpermissive lymphocytic H9 cells and semipermissive
MDMs (Table 1). The highly conserved nature of E88 and W89

in vivo (Fig. 4) is consistent with the observations described
above. However, alterations in hydrophilicity and charge pro-
files of the hydrophilic region by various mutations did not
affect the virus replication potential in H9 cells (Table 1).

In this study, two types of vif mutants were found to be
replication incompetent in H9 cells. While mutants pNL-f90/
3del, -f91/3del, and -f88/6A expressed Vif at a level comparable
to that of the wild-type clone upon transfection, mutants pNL-
fE88del, -fW89del, -f88/2A, and -f88/3A did so at a very re-
duced level (Table 1). Of particular note are the results ob-
tained for pNL-f88/2A, -f88/3A, and -f88/6A. The low level of
expression of Vif observed for pNL-f88/2A and -f88/3A was
apparently restored to a high level by substitution of all six
amino acids, including E88 and W89, with A (pNL-f88/6A). It
has been reported that a deletion in HIV-1 Vif encompassing
the whole hydrophilic region does not affect its level of expres-
sion in cells (24). Although the molecular basis for these ob-
servations is currently unknown, it is conceivable that E88W89

and 90RKKR93 regions are involved in the suppression of in-
stability of Vif and the instability of Vif, respectively. The
structure or structures of HIV-1 Vif responsible for its steady-
state expression remain to be determined. Another important
point here is that NL-f90/3del and -f91/3del displayed impaired
Vif function in the absence of Vif instability. These mutant Vif
proteins need to be analyzed for their subcellular localization
and virion incorporation.

In our in vitro assays using substitution mutants, a combi-
nation of E88 and W89 in the hydrophilic region was critical for
the Vif function, and one of the two residues was changeable
without loss of viral infectivity in H9 cells (Table 1). In addi-
tion, the 90RKKR93 motif was found not to be important for
the Vif function (Table 1). However, analysis of Vif sequences
of HIV-1 field isolates (Fig. 4) revealed that almost no varia-
tion is found at positions 88 and 89 and that charged amino
acids such as R and K strikingly cluster at positions 90 to 93. It
is therefore conceivable that each of the two residues and the
RK motif are critically required for the Vif function in vivo.
Further study is necessary to understand fully the structure-
function relationship of HIV-1 Vif.
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