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The human immunodeficiency virus type 1 (HIV-1) vif gene is conserved among most lentiviruses, suggesting
that vif is important for natural infection. To determine whether an intact vif gene is positively selected during
mother-to-infant transmission, we analyzed vif sequences from five infected mother-infant pairs following
perinatal transmission. The coding potential of the vif open reading frame directly derived from uncultured
peripheral blood mononuclear cell DNA was maintained in most of the 78,912 bp sequenced. We found that 123
of the 137 clones analyzed showed an 89.8% frequency of intact vif open reading frames. There was a low degree
of heterogeneity of vif genes within mothers, within infants, and between epidemiologically linked mother-
infant pairs. The distances between vif sequences were greater in epidemiologically unlinked individuals than
in epidemiologically linked mother-infant pairs. Furthermore, the epidemiologically linked mother-infant pair
vif sequences displayed similar patterns that were not seen in vif sequences from epidemiologically unlinked
individuals. The functional domains, including the two cysteines at positions 114 and 133, a serine phosphor-
ylation site at position 144, and the C-terminal basic amino acids essential for vif protein function, were highly
conserved in most of the sequences. Phylogenetic analyses of 137 mother-infant pair vif sequences and 187
other available vif sequences from HIV-1 databases revealed distinct clusters for vif sequences from each
mother-infant pair and for other vif sequences. Taken together, these findings suggest that vif plays an

important role in HIV-1 infection and replication in mothers and their perinatally infected infants.

The majority of AIDS cases in children occur as a result of
mother-to-infant transmission of human immunodeficiency vi-
rus type 1 (HIV-1), at an estimated rate of more than 30% (1,
8,12, 13, 24, 29, 37, 38, 50, 54, 61, 65). However, the molecular
mechanisms and the factors involved in perinatal transmission
are not known, making it difficult to develop strategies for the
prevention and treatment of HIV-1 infection in children. Sev-
eral maternal factors, including the advanced clinical stage of
the mother, low CD4 ™ cell counts, maternal immune response
to HIV-1 antigenemia, recent infection, high levels of circulat-
ing HIV-1, and maternal disease progression, have been im-
plicated in an increased risk of mother-to-infant transmission
of HIV-1 (1, 5, 7, 8, 13, 20, 22, 49, 50). Furthermore, the
possibility of viral determinants associated with maternal trans-
mission cannot be discounted, since more than half of the
children born to HIV-1-infected mothers are uninfected.

In addition to the usual retroviral gag, pol, and env genes,
HIV-1 has several regulatory and accessory genes, including
tat, rev, nef, vif, vpu, and vpr. Genetic variability in HIV-1 has
been observed in several regions of the genome but mainly in
the variable regions of the envelope gene within infected indi-
viduals (41). Little sequence information is available on HIV-1
accessory and regulatory genes within and among infected
individuals (41). HIV-1 variants arise during retroviral repli-
cation by errors made during reverse transcription (11, 47, 48)
because of immunologic pressure for change, alteration in cell
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tropism, and replication efficiency (23, 34, 55, 57). Several
studies have shown a correlation between viral dynamics and
HIV-1 disease progression (19, 25, 31, 70).

To understand the molecular mechanisms involved in moth-
er-to-infant transmission of HIV-1, we (2) and others (39, 40,
53, 69) have shown that the minor HIV-1 genotypes of infected
mothers are transmitted to their infants. This conclusion was
based on an analysis of HIV-1 env sequences from mother-
infant pairs following perinatal transmission. The sequences
from mothers were found to be more heterogeneous than the
sequences from infants. Initially, the minor genotypes in the
infants predominated as a homogeneous sequence but became
more diverse as the infants grew older (2, 39). Recently,
greater HIV-1 genetic distances relative to the time of infec-
tion were shown for infected children with low virion-associ-
ated RNA levels and slow disease progression relative to chil-
dren with high virion-associated RNA levels and rapid disease
progression (19). In addition, selective transmission was dem-
onstrated for sexual transmission of HIV-1 from transmitters
to recipients, including a homogeneous sequence population
present in the recipients (10, 35, 45, 68, 72-74).

Genetic analysis of HIV-1 sequences in other regions of
the genome, in addition to the variable regions of env, from
mother-infant pairs following perinatal transmission has been
very limited. The possibility exists, however, that several other
regions or motifs in the HIV-1 genome are involved in
mother-to-infant transmission and are critical determinants of
perinatal transmission. Since the accessory gene vif is highly
conserved and functional during natural infection (60, 66),
there should be a high prevalence of intact vif open reading
frames in HIV-1 maternal-fetal isolates that are involved in
perinatal transmission. Therefore, we sought to examine vif
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TABLE 1. Demographic, clinical, and laboratory findings for HIV-1-infected mother-infant pairs
Patient Age Sex” Race? CD4"* lymphocytes/mm? (%) Antiretroviral drug® Clinical evaluation?
Mothers
A 36 yr B 706 None Asymptomatic
B 28 yr B 509 None Asymptomatic
C 23 yr w 818 None Asymptomatic
D 31yr w 480 None Asymptomatic
E 26 yr B 395 ZDV Symptomatic AIDS
Infants
A 6 wk F B 2,994 (53) None Asymptomatic, P1A
B 4.75 mo M B 1,942 (42) None Asymptomatic, P1A
C 14 mo F W 772 (26) ZDV Symptomatic AIDS, P-2A, D1, 3, F
D 28 mo M W 46 (8) ddC Symptomatic AIDS, P-2A, B, F, failed
to respond to ZDV therapy
E 34 mo M B 588 (34) ZDV Symptomatic AIDS, P-2A, B

“F, female; M, male.

> B, black; W, white.

< ZDV, zidovudine; ddC, zalcitibine.

4 Evaluation for infants was based on the criteria in reference 9.

sequences from mother-infant pairs following perinatal trans-
mission.

The vif open reading frame is conserved among most lenti-
viruses (42) and facilitates HIV-1 infection and cytopathoge-
nicity (15, 17, 36, 51, 58, 59, 62). In addition, vif is required for
HIV-1 replication in primary lymphocytes and macrophages
(15, 17, 18, 51, 59, 64). These studies suggest that an intact vif
gene may be required during natural HIV-1 infection. Sova et
al. (60) performed sequence analysis of the HIV-1 vif gene in
DNA from infected patient peripheral blood mononuclear
cells (PBMC) and found limited sequence variability and a
high level of conservation of vif during natural infection. How-
ever, an analysis of vif sequences following HIV-1 mother-to-
infant transmission has not been performed. Since HIV-1 in
sexual (73) and vertical (33) transmissions seems to be macro-
phage tropic and since vif is required for viral replication in
macrophages, vif should have a role in HIV-1 infection and
replication in mothers and infants and in perinatal transmis-
sion.

In this study, we analyzed vif sequences from five mother-
infant pairs following perinatal transmission. We show that the
vif open reading frame was conserved in most of the mother-
infant pair sequences. The functional domains required for vif
function in terms of viral infectivity and replication were also
present in most of the mother-infant pair sequences. The data
presented here support the notion that an intact vif open read-
ing frame is necessary for HIV-1 infection and replication in
maternal-fetal isolates that are involved in perinatal transmis-
sion.

MATERIALS AND METHODS

Patient population and sample collection. This study was approved by the
Human Subjects Committee of the University of Arizona, Tucson, and the
Institutional Review Board of the Children’s Hospital Medical Center, Cincin-
nati, Ohio. Written informed consent was obtained for participation in the study.
We studied five HIV-1-infected mother-infant pairs. Blood samples were col-
lected from mother-infant pairs; the infants” ages at the time of specimen col-
lection were 6 weeks (infant A), 4.75 months (infant B), 14 months (infant C), 28
months (infant D), and 34 months (infant E). The demographic, clinical, and
laboratory findings for the HIV-1-infected mother-infant pairs are summarized
in Table 1.

Isolation of DNA from PBMC. PBMC were isolated by a single-step Ficoll-
Paque procedure (Pharmacia-LKB) from the whole blood of HIV-1-positive
mothers and their infants. DNA was isolated according to a modification of the
procedure described by Oram et al. (44). Approximately 10° PBMC were cen-
trifuged at 12,000 rpm (Eppendorf model 5417C centrifuge) for 2 min, and the
cell pellet was resuspended in 0.5 ml of TNE buffer (0.5 M Tris-HCI [pH 7.5], 0.1

M NaCl, 1 mM EDTA). The suspension was treated with 0.5% sodium dodecyl
sulfate and 10 pg of proteinase K (Boehringer Mannheim Biochemicals) per ml
at 60°C for 3 h, followed by several extractions with phenol and chloroform. The
DNA was precipitated with ethanol, dissolved in 50 to 100 wl of TE buffer (10
mM Tris-HCI [pH 7.5], 1 mM EDTA), and sheared by repeated pipetting.

PCR amplification. A two-step PCR amplification, first with outer primers and
then with nested or inner primers, was performed to detect the presence of
HIV-1 in infected patient PBMC (2). An equal amount of PBMC DNA was used
for each HIV-1-infected patient, as determined by end-point dilution (16). For
pairs A and B, we used DNA oligonucleotide primers VF4937 (5'-GGACCAG
CAAAGCTCCTCTGGAAAGT, nucleotides [nt] 4937 to 4962, sense), VF5710
(5'-CAGTGCAAAAAATTCCCCTCCACAATT, nt 5710 to 5735, antisense),
VF52 (5'-GAGAAGCTTTAATACAAGATAATAGTGACAT, nt 4979 to 4999,
sense), and VF32 (5'-CTCGGATCCCATAAGTTTCATAGATATGTTG, nt
5988 to 5707, antisense), provided by David Volsky, St. Luke’s-Roosevelt Hos-
pital Center (60). The nucleotides are numbered as in HXB-2 (41). PCRs were
performed according to the procedure of Ahmad et al. (2-4) with a 25-pl
reaction mixture containing 2.5 pl of 10X PCR buffer (100 mM Tris-HCI [pH
8.3], 100 mM KCl, 0.02% Tween 20), 2.5 mM MgCl,, 40 uM (each) dATP,
dCTP, dGTP, and dTTP, a 0.2 to 1.0 uM concentration of each outer primer
pair, and 2.5 U of ULTma DNA polymerase (Perkin-Elmer Cetus, Norwalk,
Conn.). The reactions were carried out at 94°C for 30 s, 45°C for 45 s, and 72°C
for 1 min for 35 cycles. In an attempt to amplify a larger fragment encompassing
other regions in addition to vif, for pairs C, D, and E, we used DNA oligonu-
cleotide primers VIFS (5'-TGGCAGCAATTTCACCGGTACTA, nt 4580 to
4602, sense) and VPR1 (5'-CAACTTGGCAATGAAAGCAACAC, nt 5916 to
5939, antisense) as outer primers and VIF6 (5'-TCAAGCAGGAATTTGGAA
TTCCC, nt 4633 to 4655, sense) and VPR2 (5'-GGTACAAGCAGTTTAGGC
TGACT, nt 5875 to 5898, antisense) as inner primers; these primers were syn-
thesized according to the published HIV-1 NL4-3 sequence (41). PCRs were
performed as described above with a 25-pl reaction mixture containing 2.5 ul of
10X buffer (25 mM tris-(hydroxymethyl)-methylaminopropanesulfonic acid, so-
dium salt [TAPS] [pH 9.3]), 50 mM KCl, 2 mM MgCl,, 1 mM 2-mercaptoetha-
nol, 400 pM (each) dATP, dCTP, dGTP, and TTP, a 0.2 uM concentration of
each outer primer, and 2.5 U of TaKaRa LA Taq polymerase (TaKaRa Bio-
medicals, Shiga, Japan). The reactions were carried out at 95°C for 30 s, 50°C for
45 s, and 72°C for 3 min for 35 cycles. The amplified DNA products were
analyzed by electrophoresis on a 1.2% agarose gel. Negative controls consisting
of DNA from PBMC of seronegative individuals were included in each set of
reactions and were negative in all the assays. After the first round of PCR, 1 pl
of the product was amplified for 25 cycles with the corresponding inner primers
at 95°C for 30 s, 55°C for 45 s, and 72°C for 1 min (for inner primers VF52 and
VF32) and 95°C for 30 s, 55°C for 45 s, and 72°C for 3 min (for inner primers
VIF6 and VPR2). The PCR products were analyzed by electrophoresis on a 1.2%
agarose gel. To avoid contamination, all the samples, reagents, and first- and
second-round PCR products were kept separately and dispensed in a separate
room free from all laboratory DNAs. We also included the known HIV-1 NL4-3
sequence for PCR amplifications as a control to assess errors generated by
ULTma DNA polymerase and TaKaRa LA Taq polymerase.

Cloning and DNA sequencing. The PCR products amplified by inner primer
pairs VF52-VF32 and VIF6-VPR2 were blunt ended with DNA polymerase I
(Gibco-BRL, Gaithersburg, Md.), treated with T4 polynucleotide kinase (Gibco-
BRL), and cloned into the Smal site of the pGem 3Zf (+) vector (Promega
Corp., Madison, Wis.). Individual bacterial colonies were screened for the pres-
ence of recombinants by restriction enzyme analysis of plasmid DNA. The clones
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with the correct sizes of inserts were selected and propagated for DNA prepa-
ration, followed by nucleotide sequencing of 10 to 19 clones for each patient
according to the Sequenase protocol (U.S. Biochemical Corp., Cleveland, Ohio)
as reported before (2, 4).

Computer alignment and analysis of HIV-1 sequences. The nucleotide se-
quences of the vif genes (576 bp) from the five mother-infant pairs were trans-
lated to corresponding amino acid sequences (192 amino acids). Alignments
were performed manually, as no positions contained gaps. Pairwise distances,
defined as the percentages of mismatches between two aligned nucleotide se-
quences, were used to study the extent of genetic variability within an individual
and between mother and infant. For intraindividual variability (within mother
and infant sequence sets), pairwise distances were calculated for all possible
comparisons of pairs of sequences within the sets. For interindividual variability
(between related mother-infant sets and between epidemiologically unlinked
individual sets), each sequence from one set was compared with each sequence
from the other set. The selection pressure was calculated as the ratio of nonsyn-
onymous to synonymous substitutions (42) by comparison of all possible pairs of
sequences between related mother-infant sets. The phylogenetic analysis was
performed with PHYLIP version 3.5 software (14). The tree was built from a
distance matrix (function DNADIST) by use of the neighbor-joining method
(function NEIGHBOR). The robustness of the neighbor-joining tree was as-
sessed by bootstrap resampling of the multiple alignments (function SEQ-
BOOT). One tree was generated for the 137 sequences of the five mother-infant
pairs and the reference HIV-1 NL4-3 sequence (GenBank accession no.
U26942), used as a root for the tree display. Another tree contained the se-
quences of the five mother-infant pairs and 187 outgroup sequences extracted
from genetic databases, including 152 vif sequences published in three recent
studies of the variability of the vif gene (60, 63, 66). These outgroup sequences
were extracted with Entrez version 6.04 (56), a program for retrieving data from
databases, and Sequin version 2.20 (26), a program for managing the data.
Entrez allowed us to retrieve and align all the sequences encompassing the vif
gene present in the genetic databases. Sequin was used to merge the alignment
of our sequences with the alignment of the outgroup sequences and to save them
in a format compatible with PHYLIP.

Nucleotide sequence accession numbers. The sequences have been submitted
to GenBank with accession numbers AF019419 to AF019555.

RESULTS

PCR amplification of the HIV-1 vif gene from mother-infant
pair PBMC DNA. PCR amplification of the vif gene was per-
formed as a two-step procedure as described by Ahmad et al.
(2). The first round of amplification was performed with
primer pairs VF4937-VF5710 and VIF5-VPRI, followed by
nested PCR amplification with primer pairs VF52-VF32 (54)
and VIF6-VPR2. The inner primer pairs yielded 728- and
1,246-bp fragments from PBMC DNA of infected mother-
infant pairs (data not shown). HIV-1 was not detected in
PBMC DNA from a normal donor. An equal amount of
PBMC DNA from each HIV-infected patient was used in PCR
amplifications, as determined by end-point dilution (16). In
addition, we confirmed the PCR results with another set of
primers from the gag (6) and env (2) regions, and the PCR
results from the gag and env regions correlated with those from
the vif region. To determine errors generated by ULTma DNA
polymerase and TaKaRa LA Taq polymerase, we included a
known HIV-1 sequence (NL4-3) for PCR amplification and
sequencing.

Coding potential of the vif open reading frame in maternal-
fetal isolates. The multiple alignments of the deduced amino
acid sequences (192 amino acids) of the vif gene of HIV-1 from
PBMC DNA of the five mother-infant pairs are shown in Fig.
1A to E. The amino acid sequences were deduced from the
nucleotide sequences of 137 different vif sequences and were
aligned with reference to the subtype B consensus sequence
(Fig. 1A to E). The coding potential of the vif open reading
frame was maintained in most of the 78,912 bp sequenced. We
analyzed 137 different vif clones, and 123 clones contained an
intact vif open reading frame, an 89.8% frequency of conser-
vation of the intact vif open reading frame. The frequency of
defective vif genes in our five mother-infant pair sequences was
10.2%. A total of 13 clones contained stop codons, and 1 clone,
in mother C (CM09), had a 150-bp (50-amino-acid) deletion at
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FIG. 1. Multiple alignments of deduced amino acid sequences for the vif gene of HIV-1 from five mother-infant pairs following perinatal transmission. In the five mother-infant pair sequences, A, B, C, D, and E
correspond to mother-infant pairs A, B, C, D, and E, respectively. In each mother-infant pair sequence, M represents mother and I represents infant. In the alignment, the top sequence (CON-B) is the consensus sequence
of the clade or subtype B, as defined elsewhere (41, 60). Dots indicate amino acids identical to those in the CON-B sequence, dashes represent gaps, and asterisks represent stop codons. Above each alignment, asterisks

locate the two cysteine residues critical for Vif function; a, protein kinase C phosphorylation site; b, N myristoylation site; c, cyclic-:AMP- and GMP-dependent protein kinase phosphorylation sites; and d, casein kinase
II phosphorylation site. In addition, above each alignment, a vertical arrow at position 144 indicates a serine of the most highly conserved motif SLOXLA (positions 144 to 149) among all lentivirus Vif proteins (43);

the serine at position 144 is critical for Vif function (71). The basic amino acid (lysine and arginine) motifs at positions 157 to 160 and 173 to 184, important for Vif activity (18), are conserved.

J. VIROL.
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TABLE 2. Distances in the vif sequences within mother sets, within infant sets, and between mother and infant sets

% Distances”

Sequence Pair? Within mother set Within infant set Between mother and infant sets

Min Median Max Min Median Max Min Median Max

Nucleotide A 1.2 2.6 4.5 1.0 2.5 3.8 1.2 3.1 5.0
B 0.3 2.1 4.5 0.2 1.8 4.3 0.5 2.3 4.7

C 0.5 1.6 2.6 0.3 1.9 3.1 0.3 1.8 3.5

D 0.2 0.9 1.6 0.3 1.2 2.1 0 1.1 2.1

E 0.3 1.8 33 0.9 2.4 4.0 0.9 2.7 4.9

Total 0.2 1.8 4.5 0.2 2.0 4.3 0 2.2 5.0

Amino acid A 1.0 4.6 7.3 2.1 4.7 8.3 1.0 5.2 9.9
B 0.5 3.7 7.3 0 3.3 7.3 52 3.7 7.3

C 14 3.0 4.7 1.0 3.5 6.3 0.5 32 6.8

D 0 1.7 3.6 0.5 2.4 42 0.5 3.7 7.3

E 0.5 3.6 6.8 1.6 4.7 7.8 1.6 5.8 9.4

Total 0 3.3 7.3 0 3.7 8.3 0.5 4.3 9.9

“ Totals were calculated for all pairs together.
> Min, minimum; max, maximum.

the 3’ end. In addition, three clones (BM10, EM01, and EM03)
that contained stop codons also lacked initiation codons. These
data demonstrated that vif sequences directly derived from the
five HIV-1-infected mother-infant pairs following perinatal
transmission were conserved. The high frequency of intact vif
open reading frames observed here is in agreement with the
data of Sova et al. (60) and Wieland et al. (66), who found
intact vif in 87 and 90% of clones analyzed, respectively. It is
interesting to note that vif-encoded amino acid sequences from
each mother-infant pair displayed a pattern that was not seen
in epidemiologically unlinked pairs (Fig. 1). No common sig-
nature sequence was seen in all mother-infant pair sequences.
These data suggested that an intact vif open reading frame is
conserved in maternal-fetal isolates following perinatal trans-
mission.

Comparison of vif sequences from epidemiologically linked
maternal-fetal isolates. To determine the degree of variability
of the vif gene from five mother-infant pairs, we analyzed
variations in nucleotide and amino acid sequences as shown in
Table 2. The nucleotide sequences of the vif genes in the
mother sets (mothers A, B, C, D, and E) differed by 2.6, 2.1,
1.6, 0.9, and 1.8% (median values), respectively (range, 0.2 to
4.5%). The variability in the infant set (infants A, B, C, D, and
E) was similar to that in the mother set: 2.5, 1.8, 1.9, 1.2, and
2.4% (median values), respectively (range, 0.2 to 4.3%). Inter-
estingly, the variability between mother and infant sets (epide-
miologically linked pairs A, B, C, D, and E) was also on the
same order, 3.1, 2.3, 1.8, 1.1, and 2.7% (median values), re-
spectively (range, 0 to 5%). The median values of amino acid
sequence variability for vif products for mothers A, B, C, D,
and E were 4.6, 3.7, 3.0, 1.7, and 3.6%, respectively; within
infants, respective values were 4.7, 3.3, 3.5, 2.4, and 4.7%; and
between epidemiologically linked mother-infant pairs, respec-
tive values were 5.2, 3.7, 3.2, 3.7, and 5.8%. There was no
difference in the variability of vif sequences with increasing
infant age. However, the variability in general was greater
between mother-infant pairs than within mothers or within
infants. These results indicated that the sequence variability
within and among vif clones obtained from mother-infant pairs
in our study is on the same order as reported before for vif (60,
63) and gag (35, 52, 72) genes from infected individuals. We
also determined whether the low variability of the vif gene
from maternal-fetal isolates was due to errors generated by
ULTma DNA polymerase or TaKaRa LA Taq polymerase. We

rarely found any errors generated by ULTma DNA polymer-
ase or TaKaRa LA Taq polymerase when using the known
sequence of HIV-1 NL4-3 for PCR amplifications and DNA
sequencing of the vif gene. Despite the low variability in the
deduced amino acid sequences for vif from the five mother-
infant pairs, the sequences from the infants displayed amino
acid patterns similar to those of the sequences from their
mothers.

Comparison of vif sequences from epidemiologically un-
linked maternal-fetal isolates. Figure 2 shows histograms of
the distributions of the vif nucleotide sequence distances within
mothers, within infants, between epidemiologically linked
mother-infant pairs, and between two epidemiologically un-
linked mothers; the medians of the distributions were 1.9, 1.9,
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FIG. 2. Distribution of the vif gene nucleotide distances between epidemio-
logically linked and unlinked mother-infant pairs. The percentages of mis-
matches were calculated between nucleotide sequences within mother sets (A),
within infant sets (B), between epidemiologically linked mother-infant pair se-
quences (C), and between epidemiologically unlinked mother sequences (D).
The distance percentages were rounded off to the nearest decimal. The numbers
on the y axes represent the total numbers of pairwise comparisons that yielded
the corresponding percent nucleotide distances. The median values of the dis-
tributions (indicated by the arrows) were 1.9% (A), 1.9% (B), 2.1% (C), and
8.0% (D).
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2.1, and 8.0%, respectively. The data suggested that vif se-
quences from epidemiologically linked mother-infant pairs
were closer than those from epidemiologically unlinked indi-
viduals, keeping in mind the fact that a low degree of variability
of the vif gene was observed in sequences from our five moth-
er-infant pairs and other infected individuals (60, 66). By using
the sequence distances for a conserved region such as vif, we
were able to easily differentiate the epidemiologically unlinked
individuals from the epidemiologically linked mother-infant
pairs (Fig. 2D). Interestingly, the vif sequences from older
infants (28 and 34 months old) were closer to those from their
mothers (pairs D and E) than to those from epidemiologically
unlinked individuals, suggesting that epidemiologically linked
viral sequences can be identified even in older infants.

Rates of accumulation of synonymous and nonsynonymous
substitutions. The selective pressure on mother-infant pair vif
sequences was determined by calculating the ratios of nonsyn-
onymous to synonymous substitutions (42). Several HIV-1 se-
quence analyses have suggested that nonsynonymous/synony-
mous substitution ratios of more than 1 indicate positive
selective pressures by immune responses selecting for escape
variants (2, 25, 69, 70, 72). The selective pressure on the vif
gene, quantified as the ratio of nonsynonymous to synonymous
substitutions, showed no evidence for positive selection pres-
sure for change. Comparisons of infant sequences with mother
sequences from pairs A, B, C, D, and E gave ratios of nonsyn-
onymous to synonymous substitutions of 0.4, 0.5, 0.2, 0.9, and
0.5, respectively. Thus, there was very little selection pressure
(a ratio of <1) on vif sequences to change. These values are
comparable to (although greater than) those found for the gag
gene (72).

Phylogenetic tree analysis of vif sequences of maternal-fetal
isolates. The similarity relationships among the 137 vif se-
quences from the five mother-infant pairs and 187 other vif
sequences from infected individuals (in HIV-1 databases) were
traced and are shown in Fig. 3 and 4. The phylogenetic tree
analysis performed as described in Materials and Methods for
the 137 vif sequences from the five mother-infant pairs re-
vealed that the five mother-infant pairs were well discrimi-
nated, separated, and confined within subtrees (Fig. 3), indi-
cating the absence of PCR product cross-contamination (27,
28). These subtrees were equidistant from each other. The root
of the tree was the reference HIV-1 NL4-3 sequence. High
bootstrap values further emphasized the separation of the sub-
trees into distinct clusters. Bootstrap analysis performed by
resampling the data sets 100 times formed the same clusters of
the sequences all 100 times for the five mother-infant pairs.
Furthermore, the five subtrees showed homogeneous vif se-
quences in which some mother and infant sequences were
intermingled.

In the second phylogenetic tree analysis (Fig. 4), the 137 vif
sequences from the five mother-infant pairs and 187 other
available vif sequences were included. These 187 additional vif
sequences were the result of three independent analyses of the
vif gene from infected individuals (60, 63, 66) and included 35
sequences belonging to subtypes B, A, A/E, C, and D (in
HIV-1 databases). The tree grouped the 324 vif sequences in a
manner similar to that for the env and gag genes (2, 35, 41, 69,
70, 72). The largest, starlike cluster contained all subtype B
sequences. The subtype A, A/E, and C sequences diverged in a
common lineage. Subtype D sequences (ELI and NDK) di-
verged independently from the center of the tree. In the sub-
type B cluster, the vif sequences from each individual and from
each mother-infant pair were grouped closely together in sub-
trees. The average genetic distance between two sequences of
subtype B (intra- and interindividual distances included) was
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FIG. 3. Phylogenetic tree of 137 vif sequences from five mother-infant pairs
(A, B, C, D, and E). The distances were calculated between the nucleotide
sequences from the five mother-infant pairs. Each leaf of the tree represents one
vif sequence. The mother sequences in each pair are labeled with the number of
the clones (Fig. 1), whereas the infant sequences are unlabeled. The root of the
tree was the reference HIV-1 NL4-3 sequence (41). The numbers at branch
points indicate the numbers of occurrences of branches over 100 bootstrap
resamplings of the data sets. The mother-infant pairs formed a distinct cluster
and were discriminated, separated, and confined within subtrees, indicating the
absence of PCR product cross-contamination (27, 28).

6.9% (range, 0 to 11.8%). The average pairwise distance within
the cluster containing sequences of subtypes A and C and
recombinants was 11% (range, 2.8 to 15.1%). The average
distance between sequences of subtype B and sequences of the
cluster of subtypes A and C and recombinants was 12.8%
(range, 8.3 to 16.3%). These values did not change when the
two sequences of subtype D were included in the subtype B
cluster. This analysis further suggested that the vif sequences
from the five mother-infant pairs were more closely related to
subtype B than to any other subtype. The vif sequences from
our five mother-infant pairs were distinct from each other and
from vif sequences from other infected individuals (in HIV-1
databases, including HIV-1 NL4-3, which is used in our labo-
ratory).

Conservation of functional domains required for Vif protein
function in maternal-fetal isolates. We next examined the
presence of functional domains essential for Vif function in
deduced Vif amino acid sequences from five mother-infant
pairs. Ma et al. (32) showed that cysteines present at positions
114 and 133 (HXB2 clone numbering) are essential for viral
infectivity. Both cysteines were present in 134 of the 137 Vif
sequences (Fig. 1A to E). In one clone from mother B (BMO08)
and in two clones from mother-infant pair E (EM02 and EI07),
cysteine was replaced with tyrosine and arginine, respectively.
These data indicated a strong selection for the cysteine resi-
dues that are critical for vif-mediated viral infectivity in mater-
nal-fetal isolates during perinatal transmission. We also iden-
tified protein kinase C phosphorylation, N myristoylation, and
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et al. (60) are labeled S-p1 to S-p10, S-gc, S-i, and S-gmk (p, gc, i, and gmk represent clusters of sequences from patients); the sequences from Wieland et al. (66) are
unlabeled, except for W-A86 (GenBank no. Z30637); and the sequences from Tominaga et al. (63) are labeled T. The other 35 sequences from the HIV-1 databases
belong to the following HIV-1 subtypes: B, LAI (GenBank accession no. K02013), MN (M17449), CAM1 (D10112), Jresf (M38429), Jrfl (U63632), NL4-3 (U26942),
NYS5 (M19921), NH52 (L07424), RF (M17451), B clade (U26546), MCK1 (D86068), PM213 (D86069), PV22 (K02083), OYI (M26727), SF2 (K02007), HAN (U43141),
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(L39106), and 92UG027 (U51190); C, 92BR025 (U52953) and C2220 (U46016); A/C (recombinant), Zam184 (U86780); A/D (recombinant), MAL (X04415); A/E
(recombinant), CM240 (U54771), 93TH253 (U51189), and 90CR402 (U51188); and D, ELI (K03454) and NDK (M27323). The values in italics are the numbers of
occurrences of the corresponding branches over 100 bootstrap resamplings of the data sets. The tree grouped the 324 vif sequences, and the largest, starlike cluster
contained all subtype B sequences. Subtypes other than B are indicated in parentheses after the isolate names. The five mother-infant pair sequences clustered with

subtype B sequences.

cyclic AMP- and cyclic GMP-dependent protein kinase phos-
phorylation sites in the Vif sequences (Fig. 1A to E). The 10
potential phosphorylation sites identified in the subtype B con-
sensus Vif sequence were conserved in most of the mother-
infant pair Vif sequences (Fig. 1A to E). Yang et al. (71)
showed that phosphorylation of Vif by a serine/threonine pro-
tein kinase(s) plays an important role in regulating HIV-1
replication and infectivity. Serine at position 144 is present in
the motif SLOXLA (positions 144 to 149), which is the most
highly conserved sequence among all lentivirus Vif proteins
(43). Mutation of serine to alanine at position 144 resulted in
90% inhibition of HIV-1 replication (71). The SLQXLA motif
at positions 144 to 149 and the serine at position 144 were
examined in Vif amino acid sequences and found to be highly
conserved in 135 of the 137 clones (Fig. 1A to E). The other
important domain essential for Vif function, for membrane
localization during HIV-1 replication, requires basic amino
acids at the C terminus (21). The C terminus of Vif contains a
high density of basic amino acids, such as lysine and arginine,
clustered at positions 157 to 160 and 173 to 184 (21, 41).
Mutations of these basic amino acids to alanine impaired Vif
function and HIV-1 replication (21). We investigated the pres-
ence of these basic amino acid domains in the C termini of the
deduced amino acid sequences for the mother-infant pair vif
sequences (Fig. 1A to E). The basic amino acids (lysine and
arginine) at positions 157 to 160 and 173 to 184 in the C
termini were highly conserved (Fig. 1A to E), supporting the
significance of these essential domains for Vif function (21)
during mother-to-infant transmission. The data on the conser-
vation of the functional domains required for Vif function
suggested that functional Vif is essential for HIV-1 infection
and replication in maternal-fetal isolates.

Importance of vif in mother-infant HIV-1 infection. The vif
open reading frame was generally conserved in sequences from
five mother-infant pairs following perinatal transmission (Fig.
1A to E). We found that 123 of the 137 clones analyzed had a
conserved intact vif open reading frame. The frequency of an
intact vif open reading frame in the five mother-infant pair
sequences analyzed was 89.8%. The functional domains re-
quired for Vif function (in terms of viral infectivity and repli-
cation) including the two cysteines at positions 114 and 133, a
serine phosphorylation site at position 144, and the basic
amino acids at the C terminus, were highly conserved in
mother and infant sequences (Fig. 1). The variability of the vif
gene within mothers, within infants, and between mother-in-
fant pairs was low, but there was a distinction between epide-
miologically linked and unlinked individuals (Fig. 2). Our data
showed that there was no difference in vif sequence variability
with increasing age of the infants (Tables 1 and 2), contrary to
the situation for V3 region sequences (2). There was no obvi-
ous correlation between vif intactness and the disease status of
the mothers or infants (Table 1 and Fig. 1). Considering the
complete sequence analysis of the vif gene from five mother-
infant pairs, an intact vif gene with functional sites conserved is
important for HIV-1 infection and replication in maternal-
fetal isolates that are involved in perinatal transmission, as
shown before for natural HIV-1 infection (60, 66).

DISCUSSION

We have performed a complete analysis of HIV-1 vif se-
quences from five mother-infant pairs following perinatal
transmission. The vif sequences directly derived from the DNA
of uncultured PBMC, the closest in vivo situation, revealed an
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89.8% frequency of conserved intact vif open reading frames in
maternal-fetal isolates. The two cysteines at positions 114 and
133 (32), the serine phosphorylation site at position 144 (71),
and the C-terminal basic amino acid domains (21), required
for vif-dependent viral infectivity and replication, were highly
conserved in most of the mother-infant pair Vif sequences.
Our results also showed a low degree of variability of vif se-
quences following mother-to-infant transmission. However,
the epidemiologically linked mother-infant pair vif sequences
were easily distinguishable from those of the epidemiologically
unlinked individuals. These findings indicate that an intact vif
open reading frame is required for HIV-1 infection and repli-
cation in mothers and infants and suggest a role in perinatal
transmission. Our results are consistent with the earlier pub-
lished analysis of vif sequences from HIV-1-infected individu-
als (60, 66), which suggested that vif plays a critical role in
natural HIV-1 infection.

The coding potential of the vif gene was maintained in most
of the sequences (78,912 bp were sequenced), except for 13
sequences containing stop codons and 1 having a deletion (Fig.
1A to E). A total of 89.8% of the vif clones obtained from
uncultured PBMC DNA from five mother-infant pairs con-
tained intact vif open reading frames. Similar observations of
87% (60) and 90% (66) conservation of intact vif open reading
frames in infected individuals and 83% (60) conservation in
short-term virus cultures have been reported. The frequency of
inactive vif genes in isolates from our five mother-infant pairs
was 10.2%, on the same order as the 13% (60) and 10% (66)
frequencies observed for uncultured PBMC DNA from HIV-
1-infected individuals. In contrast, a frequency of 31% defec-
tive vif genes in infected individuals has been reported (63).
These differences could be attributed to the time of sampling,
clinical stage, or geographic origin. The frequency of inactivat-
ing mutations found in our five mother-infant pair vif se-
quences was higher than those observed for gag (1.5%) (30, 52)
and nef (3.3%) (46) genes. However, the possibility exists that
the inactive vif genes that persisted in the mothers may have
been transmitted to their infants at a very low rate.

Phylogenetic analysis performed on the five mother-infant
pair vif sequences and 187 other vif sequences from HIV-1
databases clearly demonstrated that the five pairs were well
discriminated, separated, and confined within subtrees (Fig. 4),
indicating the absence of PCR product cross-contamination
(27, 28). In addition, our five mother-infant pair vif sequences
formed clusters distinct from those of all the other sequences,
including HIV-1 NL4-3, which is used in our laboratory (Fig.
3). The variability of the vif gene within mothers, within in-
fants, between mother-infant pairs, and between epidemiolog-
ically unlinked mothers was 1.9, 1.9, 2.1, and 8.0%, respec-
tively, suggesting that the epidemiologically linked sequences
were closer than the epidemiologically unlinked sequences.
Our data also suggested that the low variability of vif sequences
was not due to errors generated by ULTma or TaKaRa poly-
merases. Therefore, the low variability of vif sequences ob-
served in mother-infant pairs persisted in vivo and was in
agreement with those reported for infected individuals (60,
66).

The data presented here do not provide evidence for posi-
tive selection pressure for change in vif sequences. This finding
is in contrast to the situation for env V3 region sequences from
maternal-fetal isolates, for which positive selection pressure
for change was observed (2, 39, 53, 69). The V3 region se-
quence population is known to be variable and to contain
several variants or genotypes (2, 41, 69, 70). In a V3 region
sequence analysis for mother-infant pairs, it was shown that
HIV-1 minor genotypes were transmitted from mothers to
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infants (2, 39, 40, 53, 69). The minor genotypes predominated
initially as a homogeneous virus population in the infants and
then became heterogeneous as the infants grew older (2, 39),
supporting the notion that there was strong pressure on the V3
region sequences to change. On the contrary, vif (like gag [72])
evolves with little selection, and variants from mothers persist
during transmission. Evidence for this conclusion is provided
by the low variability of and little selection pressure for the five
mother-infant pair vif sequences.

The most interesting observation was the high conservation
of the functional domains essential for Vif function in mother-
infant pair sequences. The two cysteines at positions 114 and
133 were present in 134 of the 137 clones (Fig. 1A to E),
confirming the finding of Ma et al. (32), who demonstrated that
the two cysteines in HIV-1 Vif are critical for Vif-mediated
viral infectivity. Phosphorylation of Vif by serine protein ki-
nases at position 144 plays an important role in regulating
HIV-1 replication and infectivity (71). Mutation of serine to
alanine at position 144 in the motif SLQXLA (positions 144 to
149) (43) results in a loss of Vif activity and 90% inhibition of
HIV-1 replication (71). The mother-infant pair Vif sequences
contained the motif SLQXLA and the serine residue at posi-
tion 144, supporting the preservation of these elements in the
Vif protein (43, 71). In addition, Vif sequences contained the
basic amino acids (lysine and arginine) at positions 157 to 160
and 173 to 184 of the C terminus (Fig. 1A to E) that are
required for membrane localization-dependent Vif activity and
HIV-1 replication (21). Our data also supported the impor-
tance of these basic amino acids at the C terminus (21) during
maternal-fetal transmission of HIV-1. These motifs were also
preserved in vif sequences from HIV-1-infected individuals
(60, 63, 66, 67), consistent with our results. The conservation or
selection of functional domains, such as cysteines, serine phos-
phorylation sites, and motifs of basic amino acids at the C
terminus that are required for Vif function in maternal-fetal
isolates suggests that a functional vif gene is required for
HIV-1 replication in maternal-fetal isolates.

The molecular mechanisms of maternal transmission of
HIV-1 are not known. The demonstration of selective trans-
mission of HIV-1 minor genotypes or variants from mothers to
infants was a significant first step in understanding the molec-
ular mechanisms involved in perinatal transmission of HIV-1
(2, 39, 40, 53, 69). In addition, the elucidation of viral factors
or determinants influencing maternal transmission may pro-
vide useful information for the development of strategies for
the prevention and treatment of HIV-1 infection in children.
Since the vif gene is conserved among most lentiviruses (41, 43)
and is required for viral replication in primary lymphocytes and
macrophages (15, 17, 18, 51, 59, 64), its role in HIV-1 trans-
mission seems logical. The data presented here, showing a high
frequency (89.8%) of intact vif open reading frames and con-
served functional domains for Vif function, suggest that vif is
involved in instituting HIV-1 infection and replication in moth-
ers and their perinatally infected infants and may be one of the
viral determinants of mother-to-infant transmission. This in-
formation may be helpful in the development of strategies for
the prevention of HIV-1 mother-to-infant transmission by
means of perinatal interventions.
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