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Abstract Human immunodeficiency virus-1 tropism

highly correlates with the amino acid (aa) composition of the

third hypervariable region (V3) of gp120. A shift towards

more positively charged aa is seen when binding to CXCR4

compared with CCR5 (X4 vs. R5 strains), especially posi-

tions 11 and 25 (11/25-rule) predicting X4 viruses in the

presence of positively charged residues. At nucleotide lev-

els, negatively or uncharged aa, e.g., aspartic and glutamic

acid and glycine, which are encoded by the triplets GAN

(guanine-adenosine-any nucleotide) or GGN are found more

often in R5 strains. Positively charged aa such as arginine

and lysine encoded by AAR or AGR (CGN) (R means A or

G) are seen more frequently in X4 strains suggesting our

hypothesis that a switch from R5 to X4 strains occurs via a

G-to-A mutation. 1527 V3 sequences from three indepen-

dent data sets of X4 and R5 strains were analysed with

respect to their triplet composition. A higher number of

G-containing triplets was found in R5 viruses, whereas X4

strains displayed a higher content of A-comprising triplets.

These findings also support our hypothesis that G-to-A

mutations are leading to the co-receptor switch from R5 to

X4 strains. Causative agents for G-to-A mutations are the

deaminases APOBEC3F and APOBEC3G. We therefore

hypothesize that these proteins are one driving force facili-

tating the appearance of X4 variants. G-to-A mutations can

lead to a switch from negatively to positively charged aa and

a respective alteration of the net charge of gp120 resulting in

a change of co-receptor usage.

Keywords HIV-1 � APOBEC3G � APOBEC3F �
Co-receptor switch

Background

The human immunodeficiency virus-1 (HIV) attaches to its

target cells by binding its viral glycoprotein gp120 to the

cellular receptor CD4. An additional co-receptor is required

for successful cell entry. In general, HIV uses one of the

chemokine receptors CXCR4 and CCR5 as co-receptor, in

vivo [1]. The interaction between the co-receptor and gp120

is mediated mainly by V3 and by the co-receptor-binding

site located in the bridging sheet of gp120 [2]. In more than
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50% [3–6] of infected individuals, HIV entry requires a

switch from CCR5 to CXCR4. This switch is associated

with an accelerated decline of CD4? and CD8? T cells and

a faster progression to the acquired immune deficiency

syndrome (AIDS) in untreated patients [7–10].

With respect to protein biochemistry, the switch from

CCR5 to CXCR4 is accompanied by an increase in the net

charge of V3. This is often mediated by mutations from the

negatively charged aspartic acid (Asp) and glutamic acid

(Glu) to the positively charged arginine (Arg) and lysine

(Lys) [11, 12]. Differences in the V3 amino acid composition

are the basis of sequence-based predictions of the co-receptor

usage [2, 13] (e.g. geno2pheno[coreceptor]). The 11/25 rule

predicts a CXCR4-usage in case of a positive charge at posi-

tion 11 and/or 25 [11, 14] and is commonly accepted due to its

high specificity. In R5 viruses, these positions are filled by

Asp, Glu, and Gly, encoded by the triplets GAN (guanine-

adenosine-any nucleotide) and GGN. Interestingly, a single

nucleotide mutation from G-to-A in the first position within

these triplets can lead to the formation of the triplets AAR and

AGR (R represents A or G), which encodes for the positively

charged residues Lys and Arg predominantly found at the

respective positions of X4 viruses.

Besides the viral reverse transcriptase (RT), which has an

impact on the appearance of mutations, deletions and

deletions with insertions within the HIV genome [15–17],

APOBEC3F and APOBEC3G, which are members of the

APOBEC3 (apolipoprotein B mRNA-editing enzyme, cat-

alytic polypeptide 3) protein family, could also be involved

[18–21]. APOBEC3F and APOBEC3G have been identified

as antiviral host factors of the innate immune system and

their activity has been detected in the absence of HIV Vif

[18–21]. APOBEC3G/F inhibit retroviral replication by

deaminating cytidines (C) to uracil (U) in newly synthe-

sized single-stranded DNA during reverse transcription.

Consequently, G-to-A mutations can be observed in the

viral genome [22–24]. While APOBEC3F preferentially

mutates G into A in a GA-context, APOBEC3G prefers a

GG-motif, resulting in a switch to AA and AG, respectively

[18, 19, 21, 25]. It has been proposed that, in the absence of

fully functional Vif, viral genomes are hypermutated to

such an extent that they cannot produce infectious progeny

viruses [22, 24, 26–28]. In contrast, cell culture experiments

show that Vif does not cause a complete degradation of

APOBEC3G: low-level catalytic activity of APOBEC3G

was found [29] inducing mutations in HIV of long-term

cultures [28]. This low-level activity of APOBEC3G might

have a positive effect on viral infectivity by facilitating drug

resistance [30], immune evasion [31, 32] and/or co-receptor

switch as discussed herein.

After the identification of APOBEC3G, another member

of this family with anti-HIV activity, APOBEC3F, was

characterized. Both deaminases have substantial similarities,

biochemically as well as functionally. However, most stud-

ies have been conducted on APOBEC3G, especially in T

cells [33] or with recombinant APOBEC3G protein [34].

Both systems show that APOBEC3G exists in two forms, the

high molecular mass (HMM) form as an inactive ‘‘precur-

sor’’ and the low molecular mass (LMM) form having the

antiretroviral activity. The presence of the LMM APO-

BEC3G in immature dendritic cells (DCs) might contribute

to the low-level HIV replication observed in this cell type

[35], in comparison with higher HIV replication in T cells

[36]. Depending on the time point of activation, activating

APOBEC3G with either a double-stranded RNA-homolog

(poly(I: C)) or with type I Interferon could eradicate HIV

entering the cells or synthesized de novo [37]. It has also been

shown that APOBEC3G can be activated at transcriptional

level by stimulating CCR5 [38]. Whether APOBEC3F does

respond to the same stimuli needs to be determined.

We found in the V3 region of gp120, as the co-receptor

important site, G-to-A mutations in a GA- and GG-context

indicating an involvement of APOBEC3G/F. G-to-A

mutations can lead to a switch from negatively to positively

charged aa and a respective alteration of the net charge of

gp120 resulting in a change of co-receptor usage. There-

fore, we hypothesize that the APOBEC3G/F proteins are

one but most likely not the only driving force facilitating

the appearance of X4 variants.

Methods

Los Alamos data set

Nucleotide sequences with experimentally determined R5

or X4 co-receptor tropism were downloaded from the Los

Alamos Sequence Database (db). To avoid bias from over-

represented patients, at most one R5 and one X4 sequence

per patient was randomly chosen. This resulted in a data set

of 1026 V3 sequences (874 R5, 152 X4). Sequences were

translated and aligned using CLUSTALW [39]. The

alignment was done using the geno2pheno[coreceptor] align-

ment procedure (http://www.geno2pheno.org). For this,

each aa sequence is individually aligned against a reference

profile containing gap-columns at positions that typically

display insertions. Based on these aa alignments, the

nucleotide sequences were aligned. According to tropism,

alignments were split into sets of R5 and X4 sequences.

The percentage of the four nucleotides (A, C, T and G) at

each position in V3 for each data set was calculated.

HIV-GRADE clinical data set

A total of 501 samples (349 R5, 152 X4) from patients

screened for Maraviroc therapy were sequenced and
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collected by the HIV-GRADE consortium (http://www.hiv-

grade.de), accession numbers HQ117318–HQ117818. In

addition, the co-receptor usage of these samples was deter-

mined with the Monogram Trofile Tropism Assay. Data were

analysed as described above. Numbering of both, Los

Alamos and HIV-GRADE, data sets is according to the V3

sequence of consensus B (TGTACAAGACCCAACAACA

ATACAAGAAAAAGTATACATATAGGACCAGGGAG

AGCATTTTATACAACAGGAGAAATAATAGGAGATA

TAAGACAAGCACATTGT, Los Alamos HIV Sequence

Database, November 16th 2009).

PCR amplification of the HIV gp120 V3 region

(longitudinal samples)

Reverse transcription polymerase chain reaction (RT–PCR)

and nested PCR were used to amplify gp120 from plasma

samples. The RT–PCR was performed using the OneStep

RT–PCR System QIAamp OneStep RT–PCR kit (Qiagen,

Hilden, Germany) according to the manufacture’s instruc-

tions. Using an external primer pair, V3F and V3R

(Table 1) at the conditions listed in Tables 2 and 3, a PCR

product of approximately 1.6 kb was generated. If

required, a nested PCR was performed to generate a 0.8-kb

product using the HotStarTaq kit (Qiagen) and the primer

pair V3-1 and V3-5 (Table 1). The cycler conditions for the

nested PCR are listed in Table 3. A PCR product of

approximately 0.5 kb was generated.

Sequencing of the HIV gp120 V3 region

PCR products were used for multiple sequencing using

BigDye TaqCycle sequencing kit v1.1 (Applied Biosys-

tems, Darmstadt, Germany). Multiple primers (Table 1)

were used to generate sequences. The conditions are listed

in Table 4. Sequence analysis was acquired using the ABI

3130xl Genetic Analyzer (Applied Biosystems) and

DNASTAR Lasergene SeqMan Pro (GATC Biotech AG,

Konstanz, Germany). Sequences are published at GenBank

accession numbers HQ117819–HQ117844.

Table 1 Primer sequences and

location according to the HXB2

nucleotide position (nt pos)

Name nt pos in HXB2 Sequence

V3F 6206–6234 50GCAGAATTCAGTGGCAATGAGAGTGA30

V3R 7785–7811 30AGTGCTTCCTGCTGCTCCYAAGAACCC50

V3-1 6558–6582 50TGGGATCAAAGCCTAAAGCCATGTG30

V3-2 6955–6973 50CAGTACAATGYACACATGG30

V3-3 6955–6973 30CCATGTGTRCATTGTACTG50

V3-4 6959–6980 50GTACAATGTACACATGGAAT30

V3-5 7352–7371 30AAAATTCCCCTCCACAATTA50

Env-6 6556–6586 50CAAAGCCTAAAGCCATGTGTAAA30

Env-7 6858–6880 30GCACAATAATGTATGGGAATTGG50

Env-8 6198–6222 50TAASAGAAAGAGCAGAAGACAGTGG30

Env-9 7356–7382 30ATTRCARTAGAAAAATTCYCCTCCACA50

Table 2 PCR conditions
Cycles Temp (�C) Time

50 30 min

95 15 min

95 30 s

50 45 s

72 3 min

38 cycles 95 30 s

56 45 s

72 3 min

72 10 min

Table 3 Nested PCR

conditions
Cycles Temp (�C) Time

95 15 min

95 30 s

50 45 s

72 3 min

43 cycles 95 30 s

56 45 s

72 3 min

72 10 min

Table 4 Pre-sequencing

conditions
Cycles Temp (�C) Time

96 20 min

29 cycles 96 10 s

52 10 s

60 3 min
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Statistical analysis

The frequencies of the different nucleotides in V3 within

R5 and X4 strains were correlated as follows: We first

computed the frequencies fR5/X4,position(nt) of the nucleo-

tides at the different positions within the R5 and X4 sets,

e.g. fX4,4(G) displays the frequency of a G at position 4

within the X4 data set. We then calculated the difference

dposition(nt) = fR5,position(nt) - fX4,position(nt) between the

frequencies in R5 and X4 sequences, reflecting a possible

shift from one nucleotide to another. Finally, we correlated

the differences of one nucleotide with the differences of

another nucleotide using Pearson’s product–moment cor-

relation coefficient Rho (R), a measure of linear relation-

ship. The rational behind this is that if we, e.g., often have a

mutation from C to T at a given position (pos), then

dpos(C) should roughly be -dpos(T), the relative decrease in

C’s in R5 viruses should be compensated for by a similarly

increased frequency of T’s. If there is no such directed

mutation towards T, one also would not expect these

numbers to lie in the same range.

Results

GAN or GGN triplets are found more often in V3

regions of R5 and AAR or AGR in V3 regions of X4

strains

The V3 net charge is one determinant for the prediction of

HIV-1 co-receptor usage. While a lower net charge (B?5)

is associated with a tight gp120-CCR5 binding, a net

charge of C?5 facilitates a gp120 interaction with CXCR4

[40, 41]. Since the amino acid composition plays a major

role, we further analysed the nucleotide sequences in

triplets, the basis of the genetic code (supplementary

Table 1). V3 nucleotide sequences of classified R5 and X4

strains from 501 clinical samples (HIV-GRADE, Fig. 1,

Table 5) as well as 1026 sequences originating from the

Los Alamos HIV Sequence Database (supplementary

Fig. 1, Table 5) were analysed for their triplet composition.

By calculating the average triplet composition, we found in

the HIV-GRADE data set a reduction of GAN triplets from

1.61 (R5) to 1.45 (X4) (Table 5). In contrast, AAR triplets

occurred in R5 strains 1.06 times on average and 1.67 times

in X4 strains (Table 5). The same pattern was observed for

the sequences from the Los Alamos HIV Sequence Data-

base. While the average GAN amount was reduced from

1.67 in R5 to 1.27 in X4, AAR triplets occurred in R5

strains 0.96 on average and in X4 strains 1.50 (Table 5). In

addition, we observed in the HIV-GRADE data set a

reduction of GGN triplets from 4.19 (R5) to 4.00 (X4)

(Table 5). AGR triplets occurred in R5 strains on average

of 3.81 and of 4.11 in X4 strains (Table 5). The same trend

showing a reduction of GGN triplets from R5 to X4 as well

as an enhancement of AGR triplets from R5 to X4 was

observed for the data from the Los Alamos Database: while

the average GGN amount was reduced from 4.18 in R5 to

4.07 in X4, the average number of AGR triplets was 3.72 in

R5 strains and 4.13 in X4 strains (Table 5).

In order to analyse the amino acid composition and their

respective triplets, we compared the sequences of those two

data sets, HIV-GRADE and Los Alamos HIV Sequence

Database. We found four positions that differed strongly

Fig. 1 Triplet and amino acid (aa) distribution in R5 and X4 strains.

V3 sequences from the HIV-GRADE data set were phenotyped with

the Monogram Trofile Tropism Assay. According to the aa alignment,

nucleotides were aligned and compared for their appearance in R5

(black) and X4 (grey). The percentage of each triplet (adenosine

(abbreviated A), cytosine (C), guanine (G) and thymine (T) and the

corresponding aa (Ala, alanine; Arg, arginine; Asn, aspargine; Asp,

aspartic acid; Gln, glutamine; Glu, glutamic acid; Gly, glycine; Lys,

lysine; Ser, serine; Thr, threonine, supplementary Table 1) for the

position 11, 22, 24, and 25 are shown. Amino acids are grouped with

respect to their physicochemical characteristics
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between R5 and X4 strains with respect to amino acid

characteristics (e.g. charge) and triplet composition.

Sequences of the HIV-GRADE data set (Fig. 1) showed at

position 11 an AGT (adenosine-guanine-thymine, coding

for serine, Ser) in 68.2% of the R5 strains in contrast to

42.8% of the X4 strains. The second most frequent triplet

was GGT (Gly) appearing in 22.9% of the R5 and in 26.3%

of the X4 sequences. In addition, we found at position 11 a

CGT (Arg) in 2.6% of the X4 sequences, an AGA (Arg) in

5.3%, and an AGG (Arg) in 8.6%, all encoding the posi-

tively charged arginine (Arg). Furthermore, 2.6% of the X4

viruses harboured an AAG, encoding the positively

charged amino acid lysine (Lys). For comparison: just

0.3% of the R5 strains had one of these triplets (namely

AGG) at this location. With respect to position 22, 70.8%

of the R5 strains had a GCA (guanine-cytosine-adenosine,

alanine, Ala) and 23.2%, an ACA (threonine, Thr) com-

pared with 50% with GCA and 40.1% with ACA (threo-

nine, Thr) in X4 viruses. We noticed a deletion of the

triplet at position 24 in 13.2% of the R5 and 17.8% of the

X4 strains (data not shown). Considering only sequences

without this deletion, we found that R5 mainly (81.2%) had

a GGA (glycine, Gly), whereas X4 viruses were more

diverse: 61.6% had a GGA (Gly), 12.8% a GAA (Glu),

5.6% an AAA (Lys), 4% a GAC, and 3.2% a GAT (both

aspartic acid, Asp).

At position 25 of the V3 region of R5 strains, 12.9% had

a GAT and 33.5% a GAC encoding for the negatively

charged Asp, 3.4% had GAG and 23.2% a GAA encoding

for glutamic acid (Glu), another negatively charged aa.

Additionally, 3.2% had an AAC (asparagine, Asn) and

8.6% a CAA (glutamine, Gln) giving the site a neutral

character. In contrast, the V3 region of X4 viruses showed

only 5.3% GAT and 19.7% GAC (Asp) at this position as

well as 2% GAG and 15.1% GAA (Glu). Furthermore,

5.9% AAC (Asn) and 6% CAA (Gln) were found.

Uniquely for X4, 8.6% AGA (Arg) and 15.1% AAA (Lys)

were identified. Both Arg and Lys are positively charged

and contribute to the positive V3 net charge of X4 strains

reflected by the 11/25-rule. The data collected from the Los

Alamos HIV Sequence Database gave similar results

(supplementary Fig. 1). Taken together, GAN and GGN

triplets are found more often in V3 regions of R5 and AAR

and AGR in X4 strains. Furthermore, in agreement with

already published data [11, 14], these results show a dif-

ference between R5 and X4 strains at positions 11, 22, 24,

and 25.

Differences in R5 and X4 strains occur mainly through

G-to-A mutations

By looking at the nucleotide level, we noticed that R5

strains have more G-containing and X4 strains have more

A-containing triplets, especially at positions 11, 22, 24 and

25. To confirm our hypothesis, we analysed the V3

sequences with respect to the possibility that the APO-

BEC3 proteins might be responsible for these differences.

APOBEC3F favours GA as recognition sequence and

APOBEC3G prefers a GG-motif resulting in a mutation to

AA and AG, respectively (Fig. 2a). In the triplets at posi-

tions 22, 24 and 25, changes from G to A were found

(Fig. 2b) in at least half of the sequences. In detail, GCA

(Ala) was the predominant triplet at position 22 in R5

strains, whereas in X4 strains mainly ACA (Thr) was

found. Furthermore, for position 24, GGA (Gly) was

identified as the main triplet in R5 strains, whereas in X4

strains GAA (Glu), AAA (Lys), AGA (Arg), ACA

(Thr),and GAC (Asp) were observed. AGA, AAA and

GAA fulfil the requirements of a G-to-A mutation; ACA

and GAC must have evolved through different mecha-

nisms. At position 25, the main triplets in R5 strains are

GAT, GAC as well as GAA. In contrast, X4 strains showed

AAT, AAC, AAA, AGA and CAA. The mutation of the G

in the triplets GAT, GAC and GAA (R5) resulted in the

corresponding triplets AAT, AAC and AAA, but not

directly in AGA or CAA in X4. However, position 11

showed AGT (R5) and AGG, AGA, CGT, and AAG (X4)

which did not follow the expected pattern indicating that

other factors such as the RT plays also a major role in

nucleotide substitution [15–17]. In order to identify the

deaminase, which might be responsible for the G-to-A

mutations, a closer look was taken at the context in which

they appeared (Fig. 2a). It seems that in triplet 24 and 25,

both APOBEC3G and APOBEC3F, are the main force

causing the switch from R5 to X4 viruses. Triplet 24 GGA

in R5 showed both of the preferred motifs (GG and GA) of

the two deaminases. Furthermore, all possible combina-

tions of triplets (AGA, GAA and AAA) resulting from

G-to-A mutations for this triplet were found in X4 viruses.

In R5 strains, position 25 contained mainly the preferred

motif of APOBEC3F coding for the corresponding muta-

tion in X4 viruses. These findings suggest, in addition to

the fidelity of the RT, a mechanism based on the cytidine

Table 5 Calculation of the average triplet composition within the V3

region of the nucleotide sequence of 501 clinical samples (HIV-

GRADE) as well as 1026 sequences originating from the Los Alamos

HIV Sequence Database (Los Alamos)

Triplet HIV-GRADE Los Alamos

R5 X4 R5 X4

GAN 1.61 1.45 1.67 1.27

GGN 4.19 4.00 4.18 4.07

AGR 3.81 4.11 3.72 4.13

AAR 1.06 1.67 0.96 1.50

Med Microbiol Immunol (2012) 201:7–16 11

123



deaminase function of APOBEC3G/F. The activity of

APOBEC3G/F results in a G-to-A mutation, but not always

in a hypermutation. However, APOBEC3G and F do not

seem to be exclusively responsible for the co-receptor

switch as seen at position 11.

In R5 versus X4 strains G-to-A mutations correlate

at distinctive amino acid positions

The HIV-GRADE and the Los Alamos data set are cross-

sectional data sets. Therefore, it is not possible to differ-

entiate whether a nucleotide appeared through a mutation

from another or whether it was always there. Another

problem is that in contrast to the polymerase, the envelope

protein gp120 is due to immune selection highly polymor-

phic, especially within the variable loops. Therefore, there

are no conserved wild-type sequences, which could be used

as a template and against which one could compare these

sequences. Hence, mutations from one residue to another

can only be inferred indirectly. We accounted for this by

correlating differences in nucleotide frequencies between

R5 and X4 strains as described in the method section. We

separately analysed the two independent data sets (HIV-

GRADE (Fig. 3a, supplementary Fig. 2A) and Los Alamos

(Fig. 3b, supplementary Fig. 2B)) and graphed the corre-

lations of each nucleotide pair, namely d(G) versus d(C),

d(G) versus d(T), d(A) versus d(T), d(C) versus d(A),

d(C) versus d(T), and d(G) versus d(A) (Fig. 3a/b, supple-

mentary Fig. 2A/B). The largest R-value resulted in the

differences (d) of G’s and A’s (d(G) versus d(A)) with a

value of -0.71 (Fig. 3a). The analysis of the data set from

the Los Alamos HIV Sequence Database (Fig. 3b, supple-

mentary Fig. 2B) showed similar results. Again, the largest

R-value was calculated for the correlation of d(G) versus

d(A) (R = -0.53) (Fig. 3b). All other correlations were

much weaker (R values of at most -0.36, supplementary

Fig. 2A/B). The second and fourth quadrants (upper left and

lower right) of Fig. 3 and supplementary Fig. 2A/B

describe positions with reverse differences, i.e. where one

nucleotide was more often seen in R5 strains while the other

nucleotide was seen more in X4 viruses, or vice verse, e.g.

in case of the G–A correlation, a decrease of G’s in R5

strains associated with an increase of A’s in X4 strains is

found in the fourth quadrant. The higher the difference

between the frequencies in the two phenotypes, the higher is

the distance from zero. To highlight these positions, we

enlarged the fourth quadrant of the G–A correlation in both

data sets showing the area of x above 0.05 and y below

-0.03 (Fig. 3a/b, nucleotide (nt) position/triplet (tp) posi-

tion). Within the HIV-GRADE data set (Fig. 3a), we found

the most significant changes in G-to-A mutations at posi-

tions nt26/tp9, 32/11, 64/22, 70/24, 71/24 and 73/25. The

correlations from the V3 sequences of the Los Alamos HIV

Sequence Database occur at the same positions, namely

32/11, 64/22, 70/24, 71/24 and 73/25 (Fig. 3b). In summary,

both cross-sectional data sets, HIV-GRADE as well as Los

Alamos, have more G-containing triplets in R5 than in X4

viruses at key positions important for co-receptor usage,

while the latter have at these positions more A-containing

triplets than R5 strains. This suggests the involvement of a

member of the APOBEC3 family, such as APOBEC3G/F as

one driving force facilitating the switch from CCR5- to

CXCR4-usage of HIV.

Longitudinal data of ten patients confirm cross-

sectional data

Based on the analysis of cross-sectional data, we hypoth-

esize that the co-receptor switch is mediated by APO-

BEC3F and APOBEC3G, at least in part, since G-to-A

transitions occur more often than others, especially on sites

Fig. 2 Summary of triplets and the respective amino acids divided in

R5 and X4 HIV. a Preferred recognition motifs (adenosine (abbre-

viated A), guanine (G)) and resulting mutations after deamination of

APOBEC3F (bold) and APOBEC3G (boxed). b Triplets at positions

11, 22, 24 and 25 in R5 (left) and X4 (right) are depicted (adenosine

(abbreviated A), cytosine (C), guanine (G) and thymine (T). Arrows
represent the changes from R5 to X4 in case of a G-to-A transition,

whereas arrows with dashed lines indicate G-to-A independent

changes. G-to-A changes that might be caused by APOBEC3F are

bold and changes caused by APOBEC3G are boxed. Amino acids

(abbreviation as in Fig. 1, supplementary Table 1) are grouped with

respect position and physicochemical characteristics are declared

12 Med Microbiol Immunol (2012) 201:7–16
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important for co-receptor usage. To further test this

hypothesis, 26 longitudinal V3 sequences from ten patients

(Fig. 4) were analysed. The time interval between samples

was at least 1 month and the co-receptor usage was

predicted using geno2pheno[coreceptor] with a false positive

rate (fpr) below 20% considered as predictive for CXCR4-

usage. Only the aa at position 11, 22, 23, 24 and 25 are

shown (Fig. 4) because only these displayed G-to-A

mutations in the longitudinal samples. G-to-A mutations at

positions 22, 24 and 25 are in agreement with the Los

Alamos and HIV-GRADE data sets. As highlighted in

bolded letters within the nucleotide alignment, G-to-A

mutations occurred in longitudinal samples and seem to be

part of the mechanism for the co-receptor switch (Fig. 4).

We found both, the recognition motif GG for APOBEC3G

(light grey), e.g. in patient (pat.) 1, triplet 11, or in pat. 4,

triplet 24, and the recognition motif GA for APOBEC3F

(black), e.g. pat. 4 and 6, triplets 25. In our 10 patients, we

found five APOBEC3G-based (pat. 1, triplet 11; pat. 4,

triplet 24; pat. 5, triplet 11; pat. 8, triplet 24/25, pat. 10,

triplet 11) and five APOBEC3F-based (pat. 3, triplet 25;

pat. 4, triplet 25; pat. 5, triplet 22/23; pat. 6, triplet 25; pat.

10, triplet 24 and 25) mutations. In addition, we also found

seven G-to-A transitions independent of the two motifs,

GG and GA. However, three of those (framed) display one

of the recognition motifs not following the expected

pathway. In particular, pat. 1 showed in triplet 25, the

APOBEC3G recognition motif GG, which changed in the

next sample to the resulting APOBEC3F sequence AA

(instead of AG). In pat. 3, we found in triplet 23 a mixed

population containing, in addition to the APOBEC3G

recognition motif GG, also a G/C sequence. The analysis of

the next viral sequence from this patient 4 months later

displayed an A/C at this position. We found also in pat. 5,

triplet 11, month 0 a mixed viral population containing the

APOBEC3G recognition motif GG and the corresponding

mutation AG (light grey). We also found for pat. 5 in triplet

23 and 24 (nts 69 and 70), a mixed population containing

possibly both recognition motifs (framed). While after

12 months an A became the dominant nucleotide (nt 69),

the second triplet (triplet 24) was deleted (—). Further-

more, triplet 24 showed deletions (—) (pat. 1, month 38;

pat. 2, month 4; pat. 5, month 12) and an insertion (pat. 3,

month [4), which of course could also have an impact on

changing the tropism. The appearance of deletions is not

caused by the APOBEC-proteins but most likely by the

activity of the RT [16]. In total, 9 of the 10 patients showed

G-to-A mutations possibly leading to or influencing co-

receptor switch (pat. 2 shows only a deletion in triplet 24).

Besides nucleotide changes noticed in the recognition

motifs of APOBEC3G and APOBEC3F, we also found

APOBEC3G/F independent G-to-A mutations being one

mechanism responsible for the co-receptor switch of

HIV-1.

Discussion

Here, we describe an increase of G-to-A mutations com-

paring R5 and X4 HIV on both, cross-sectional data as well

as longitudinal data on sites within the V3 region important

for co-receptor usage. Data were obtained from three

independent sources: HIV-GRADE, Los Alamos HIV

Sequence Database, and a collection of longitudinal patient

samples evaluated at the Institute of Virology, Cologne,

Germany. By analysing these three sets, we found in

co-receptor relevant sites more GAN triplets in R5 and more

AAR triplets in X4 strains (Fig. 1, supplementary Fig. 1 and

Fig. 2B), suggesting an APOBEC3 cytidine deaminase-

mediated co-receptor switch from CCR5 to CXCR4.

The correlation data of both, HIV-GRADE and Los

Alamos, showed more G-to-A mutations than every other

substitution. Most of the G-to-A mutations appeared at

positions 22, 24 and 25, especially positions 24 and 25 are

known to be important for co-receptor usage [11, 14]

implying that APOBEC proteins could play a role in the

evolution towards X4 strains. In particular, position 25

Fig. 3 G-to-A changes from R5 to X4 strains show highest

correlation. The differences at each position in V3 between R5 and

X4 strains regarding the percentage of nucleotide pairs (adenosine

(abbreviated A) and guanine (G) from the HIV-GRADE (a) and the

Los Alamos (b) data set were calculated and correlated. Based on this

calculation, the positions with the highest differences in R5 versus X4

that mutate from one nucleotide to the other are located in the fourth

(lower right) quadrant. The greatest correlation is boxed in red and

enlarged (x C 0.05, y B -0.03). Nucleotide and triplet positions are

indicated and separated by a slash
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showed in R5 the triplet GAA and in X4 the triplet AAA

supporting our hypothesis. In contrast, position 11, also

very important for co-receptor usage, did not show such an

obvious pattern in most sequences. At position 11 we found

in R5 strains mainly AGT. A G-to-A mutation would lead

to an AAT (Fig. 2B). Nevertheless, this triplet was not

found at this position, neither in R5 nor in X4 strains

(Fig. 1, supplementary Fig. 1). This suggests that the

asparagine residue at this position is disadvantageous for

the virus. In addition to G-to-A mutations, C-to-T muta-

tions were also seen frequently. They could be the conse-

quence of the deamination of methylated cytosine residues

within the integrated HIV genome resulting in thymidine

instead [42].

Two candidates of the APOBEC3 family, namely

APOBEC3G and APOBEC3F, seem to be involved. Our

data support a slightly higher activity of APOBEC3F

because more deamination was seen in the GA context

(Figs. 2, 4). However, the infidelity of the RT might have

a substantial impact on these nucleotide substitutions

[15–17]. As described by Preston et al., the preference of

nucleotide mismatches of A:C [ A:G [ A:A [17] with a

high preference of G-to-A mutations (frequency 7 9 10-6

per base pair per cycle) [15] and a deletion rate with a

frequency of 2 9 10-6 [16] must not be underestimated.

However, the summary of the HIV-GRADE and Los

Alamos data showed the APOBEC3G recognition motif

only at position 24, whereas the APOBEC3F recognition

pattern with the resulting mutations were seen in both,

position 24 and 25 (Fig. 2). The work of Han et al. who

compared the activity of APOBEC3G and APOBEC3F

showed in CEM-SS T cells that APOBEC3G inhibits viral

replication of Vif-deficient HIV stronger than APOBEC3F

[43]. This suggests that APOBEC3G causes more often

hypermutated, replication incompetent viruses [22, 24, 26–

28], whereas APOBEC3F activity resulted more often in

mutated but replicating viruses. One possible mechanism is

suitable for APOBEC3G, which can change TGG (Trp) in

TAG (Stop) leading to a strong inhibition of viral repli-

cation. However, both APOBEC3 proteins cause mutations

leading to drug resistance [30], immune evasion [31, 32]

and/or possibly co-receptor switch as we suggest here. The

analysis of the 26 longitudinal samples from ten individ-

uals resulted in five APOBEC3G- and seven APOBEC3F-

based G-to-A mutations (Fig. 4). Two samples from pat. 4

were available. While the first sequence was predicted as

triplet 11 triplet 22 triplet 23 triplet 24 triplet 25
month pat tropism fpr(%) -31 -32 -33 -64 -65 -66 -67 -68 -69 -70 -71 -72 -73 -74 -75

0 1 X4 16.4 A G T A C A A C A G G A G G C
1 X4 11.5 G G T A C A A C A G G A G G C
38 X4 6.8 A G T A C A A C A - - - A A A
0 2 R5 89.1 A G T G C A A C A G G A G A C
4 X4 17.8 A G T G C A G G/c A - - - G A C
0 3 R5 23.9 A G T G C A G G A - - - G A C
1 X4 15.6 A G T/c G C A G G/c A - - - G A C
4 X4 14.3 A G T G C A A C A G G A G/A A A
2 X4 1.7 A G G/C A C A A C A G G A C A C
0 4 R5 60.8 A G T A C A A C A G G A G A T
41 X4 1.7 A G T/g G/a C A A C A G/a G A G/A A T/C
0 5 R5 28.7 G/A G T G/A C G/A A A G/A G/A A G A A A
12 X4 1.7 G G T A C A A C A - - - A A A
0 6 R5 67 A G T A C A A C A G G A G A A
60 R5 51.8 A G T G C A A C A G G A G/a A/g C/t
0 7 R5 25.6 A G T G C A A C A G G A G G C/a
17 X4 18.2 A G T G C A A C A G G A G A/g A/g
0 8 R5 38.1 A G T A C A A C A G G G/a G A/g T
30 R5 21.2 A G T A C A A C A G G A G A T
2 R5 43 A G T A C A A C A G G A G A T
29 X4 15.6 A G T A C A A C A G G A G A T
1 X4 15.6 A G T A C A A C A G G A G A T
0 9 R5 90 A G T G C A A C A G G A G A A
23 X4 1.7 C A T A C A A C A G G A G A C
0 10 R5 23 G/a G T G C A A C A G G A G/c A A/t
1 X4 0.1 A/g/c G/a T G C A A C A G G/a A A/g/c A A

Fig. 4 Potential involvement of APOBEC3G and APOBEC3F in

G-to-A changes in longitudinal samples of ten patients. Nucleotide

alignment of ten patients (pat. 1–10) showing a switch in co-receptor

usage or a drop of the false positive rate (fpr). The fpr \ 20 is

representing X4 and highlighted in bolded numbers. Shown are

triplets 11, 22, 23, 24, and 25 (adenosine (abbreviated A), cytosine

(C), guanine (G), thymine (T), deletion (–)) and the corresponding

nucleotide positions per column. All detected nucleotides of mixed

populations are shown and divided by a slash, whereas the major

population is indicated by the capital letter. The APOBEC3G

recognition motif (GG) with a subsequent G-to-A mutation is

highlighted in light grey. The APOBEC3F recognition motif (GA)

with a G-to-A change is marked in black. G-to-A changes that appear

independent of an APOBEC-related recognition motif are bolded.

Sequences with one of the recognition motifs that do not follow the

expected pathway are framed
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R5 (fpr 60.8%) the second, which was collected 41 months

later, was predicted as X4 (1.7%). The comparison of the

two sequences clearly shows on APOBEC3G-based

mutation in triplet 24 and an APOBEC3F-based mutation

in triplet 25. We also detected mixed populations (e.g. pat.

5, triplet 11, GGT/AGT, Gly/Ser) representing the exis-

tence of two major virus populations. One could speculate

that the population with the AGT genotype might have

been evolved from the GGT genotype after the deamina-

tion activity of APOBEC3G. Furthermore, APOBEC3G/F-

independent mutations were found. They might have been

evolved either non-specifically by APOBEC3G/F or by

other mechanisms such as the RT fidelity [3–6, 15–17].

This is shown in pat. 9 where the fpr drops from 90% down

to 1.7% 23 months later only showing G-to-A mutations in

triplet 11 and 22 without an APOBEC3-recognition motif.

In summary, our data from three independent sources,

HIV-GRADE, Los Alamos and longitudinal data sets,

strongly suggest an involvement of APOBEC3 deaminases

in the background of the RT fidelity. Their activity in

deaminating cytidines resulting in a change from G to A in

the viral template with the effect that the aa composition of

the V3 region is changed in a way that co-receptor usage

switches from CCR5 to CXCR4. Our findings are leading

to the question: Does HIV exploit APOBEC proteins to its

own benefit? Mulder et al. [30] demonstrated that APO-

BEC3G facilitates drug-resistance mutations in HIV in the

presence of 3TC in vitro. Protease inhibitor resistance

mutations were observed most frequently when APO-

BEC3G and APOBEC3F dinucleotide target motifs were

mutated [31]. Furthermore, due to the APOBEC-mediated

effect, CTL-specific epitopes within the viral protease [31]

and the envelope proteins [32] are mutated leading to

immune evasion. With respect to co-receptor switch, Pido-

Lopez et al. [38] have shown that stimulating the CCR5

receptor with its natural ligand CCL3 (Mip-1a) increases

the mRNA levels of APOBEC3G. It is possible that by

binding its co-receptor R5 HIV induces the expression of

APOBEC proteins and thereby facilitates mutations in the

co-receptor relevant sites.

Conclusions

Our data support the hypothesis that the antiviral potential

of APOBEC3G/F and the RT might also be used by the

virus to create genetic diversity in order to adapt to the

host-specific environment in the presence and absence of

antiviral drugs. In particular, both, APOBEC3G and APO-

BEC3F seem to facilitate co-receptor switch by mutating

co-receptor relevant sites within the V3 region of gp120.

This mechanism needs to be further explored in vitro as well

as in vivo. Additionally, it would be useful to control for

this mechanism by using vif-deficient virus when testing

the development of drug resistance mutations in vitro.

Furthermore, it could be possible that the use of CCR5

antagonists, such as Maraviroc, inhibits the expression of

APOBEC3G/F by blocking the CCR5 signalling. Therefore,

our data open further perspectives of the role of APOBEC

proteins in the HIV infection and disease progression.
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