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Abstract
Purpose  Despite extensive research, HIV-1 remains a global epidemic with variations in pathogenesis across regions and 
subtypes. The Viral Infectivity Factor (Vif) protein, which neutralizes the host protein APOBEC3G, has been implicated 
in differences in clinical outcomes among people living with HIV (PLHIV). Most studies on Vif sequence diversity have 
focused on subtype B, leaving gaps in understanding Vif variations in HIV-1C regions like South Africa. This study aimed 
to identify and compare Vif sequence diversity in a cohort of 51 South African PLHIV and other HIV-1C prevalent regions.
Methods  Sanger sequencing was used for Vif analysis in the cohort, and additional sequences were obtained from the Los 
Alamos database. Molecular modeling and docking techniques were employed to study the influence of subtype-specific 
variants on Vif-APOBEC3G binding affinity.
Results  The findings showed distinct genetic variations between Vif sequences from India and Uganda, while South African 
sequences had wider distribution and closer relatedness to both. Specific amino acid substitutions in Vif were associated 
with geographic groups. Molecular modeling and docking analyses consistently identified specific residues (ARGR19, 
LYS26, TYR30, TYR44, and TRP79) as primary contributors to intermolecular contacts between Vif and APOBEC3G, 
essential for their interaction. The Indian Vif variant exhibited the highest predicted binding affinity to APOBEC3G among 
the studied groups.
Conclusions  These results provide insights into Vif sequence diversity in HIV-1C prevalent regions and shed light on 
differential pathogenesis observed in different geographical areas. The identified Vif amino acid residues warrant further 
investigation for their diagnostic, prognostic, and therapeutic potential.
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Introduction

HIV-1 continues to be a global epidemic, affecting a signifi-
cant number of individuals worldwide, with approximately 
38.4 million people living with HIV (PLHIV) to date [1]. 
HIV-1 is classified into four major groups known as groups 
M, N, O, and P [2, 3]. Among these, group M is the most 
widespread and extensively studied. Group M can be further 
categorized into several subtypes, including A, B, C, D, F, 
G, H, J, and K [2, 3]. Each subtype displays distinct genetic 
characteristics and is often linked to specific geographical 

regions. Moreover, recombination events between different 
subtypes can lead to the emergence of circulating recombi-
nant forms (CRFs) and unique recombinant forms (URFs) 
with diverse genetic compositions. Between 1990 and 2015, 
subtype C (HIV-1C) accounted for the highest global HIV 
prevalence, comprising 46.6% of cases. It was predomi-
nantly found in Southern Africa, Ethiopia, and South Asia 
(India) [4]. Subtype B (HIV-1B) had the second highest 
prevalence with 12.1% and was primarily associated with 
Western and Central Europe, North America, the Caribbean, 
Latin America, and Oceania. Lower HIV-1 incidence rates 
were observed for Subtype A (10.3%), CRF02_AG (7.7%), 
CRF01_AE (5.3%), subtype G (4.6%), and subtype D (2.7%) 
[4]. Other circulating recombinant forms (CRFs) accounted 
for 3.7% of cases, while unique recombinant forms (URFs) 
constituted 6.1% of cases. Combined, subtypes F, H, J, and 
K accounted for 0.9% of cases [4]. HIV-1 subtype variation 
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can also be seen by subtype-specific changes in amino acid 
residues of the HIV-1 viral proteins.

The HIV-1 viral proteins, such as glycoprotein (gp)120, 
Transactivation of transcription (Tat), Viral protein R 
(Vpr), and Viral infectivity factor (Vif), exhibit subtype-
specific variations, with certain amino acids being more 
prevalent in specific subtypes. Of particular interest in this 
study is the HIV regulatory protein Vif due to its impor-
tance in HIV-1 replication by counteracting the host cellu-
lar antiviral protein known as APOBEC3G (apolipoprotein 
B mRNA-editing enzyme catalytic polypeptide-like 3G) 
[5]. Vif is a relatively small cytoplasmic protein with a 
molecular weight of around 23 kDa and is composed of 
approximately 192 to 216 amino acids, depending on the 
HIV-1 subtype. The Vif protein consists of several func-
tional domains and motifs. The tryptophan-rich stretch 
(amino acids 1–35) is the region that contains a high con-
centration of tryptophan residues and is essential for recog-
nizing and interacting with the host protein APOBEC3G. 
The Vif APOBEC3F/G interaction domain (amino acids 
42 and 43) is conserved and enables Vif to interact with 
APOBEC3F and APOBEC3G proteins. The RLRR nuclear 
localization inhibitory signal (amino acids 90–93) helps 
prevent the nuclear localization of Vif. The phosphoryl-
ation sites (S95, T96, S165, T170V, and T188) contain 
amino acids that can undergo phosphorylation, which may 
regulate Vif's function and interactions with other proteins. 
The Zinc-binding motif HCCH (H108, C114, C133, and 
H139) is involved in binding zinc ions, which is impor-
tant for the structural stability and function of Vif. The 
SLQYLA motif (amino acids 144–149) plays a role in the 
antiviral activity of APOBEC3F and APOBEC3G against 
HIV-1. The PPLP Vif dimerization domain (amino acids 
161–164) is responsible for promoting the dimerization of 
Vif protein [6]. These various domains and motifs within 
the Vif protein contribute to its functionality and interac-
tion with host proteins and cellular processes.

APOBEC3G is cellular protein that has the ability to 
restrict HIV replication by causing hypermutation in the 
viral genome [7]. However, Vif counteracts this antiviral 
activity by binding to APOBEC3G and targeting it for deg-
radation through the host cellular proteasome pathway [8]. 
By neutralizing APOBEC3G, Vif ensures the production of 
non-mutated, replication-competent viral particles. There-
fore, functional Vif is crucial for HIV-1 replication, and 
the absence of this protein results in a significant impair-
ment of HIV replication, leading to reduced viral infectivity 
[9]. Several studies have now shown that subtype-specific 
mutations in the Vif protein can alter the interaction with 
APOBEC3G, affecting its ability to degrade or neutralize 
the host antiviral factor.

A study has shown that the motif at residues 90–93 
(RKKR) is thought to code for a nuclear localization inhib-
itory signal (NLIS) in subtype B (HIV-1B). However, in 
HIV-1C participants, the motif at this position is RLRR 
[10]. The arginine-rich motif is capable of nucleic acid 
interaction; however, the presence of Leucine at this posi-
tion alters the positive charge and solubility of the pro-
tein at that site, thereby abrogating nucleic acid interac-
tions [10]. In a HIV-1 long-term nonprogress or (LTNP), 
a mutant motif KKRK was identified, which demonstrated 
a typical nuclear localization signal (NLS) and facilitated 
predominant nuclear localization of Vif [10]. However, it 
is crucial for Vif to remain in the cytoplasm to perform 
functions such as APOBEC3G inactivation, as aberrant 
localization to the nucleus has been shown to significantly 
reduce viral infectivity [10]. Another study discovered a 
naturally occurring Vif mutant (I107T) that attenuates anti-
APOBEC3G activity and HIV-1 replication [11]. In a study 
conducted in South Africa, it was found that all HIV-1C 
isolates contained a lysine (K) at the putative second phos-
phorylation site (T155). While the T155 phosphorylation 
site is not highly conserved [12] the substitution of T with 
K could potentially affect the phosphorylation and subse-
quently the activity of Vif [13]. Collectively, this highlights 
the fact that amino acid diversity of the Vif protein can 
influence its biological activity.

A major caveat of this line of research is that most stud-
ies examining these naturally occurring Vif mutations have 
been conducted in HIV-1B, and there is limited research on 
Vif protein sequence diversity in Southern Africa, where 
HIV-1C is predominant. The existing studies in South 
Africa have been conducted on small cohorts and have 
not explored the potential biological implications of these 
mutations [6, 13, 14]. Given that HIV-1C is responsible for 
the highest HIV-1 prevalence, it is crucial to understand 
how HIV-1C specific amino acid variations may influence 
HIV-1 pathogenesis. Furthermore, it is relevant to deter-
mine the biological role of these naturally occurring muta-
tions in Vif-APOBEC3G binding.

Therefore, in this study, we aimed to (1) identify the nat-
ural occurring Vif protein sequence diversity in South Afri-
can HIV-1C PLHIV, (2) to compare the observed sequence 
diversity in South Africa with other geographical regions 
where subtype C is prevalent, including Southern Africa, 
India, and Uganda, and (3) to employ molecular modelling 
techniques to investigate whether these subtype-specific 
variants have any impact on Vif-APOBEC3G interaction. 
Findings from this study may highlight key variants that 
may serve as diagnostic, prognostics and therapeutics tar-
gets as well as provide insight into the differential patho-
genesis of HIV-1 across HIV-1C infection.
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Methods

Study participants

The international Prospective Urban and Rural Epidemi-
ology (PURE) study is a multinational prospective epide-
miological study focused on assessing the development 
of cardiovascular diseases. In 2005 and 2010, baseline 
data collection took place in the North-West province of 
South Africa, with a sample size of 2010 and 1285 par-
ticipants, respectively. HIV status was determined using 
the protocol of the South African Department of Health, 
which involved conducting the First Response rapid HIV 
card test (Premier Medical Corporation Limited, Daman, 
India). In cases where the test yielded a positive result, it 
was confirmed using the SD BIOLINE HIV 1/2 3.0 card 
test (Standard Diagnostics, INC, Korea). Once a positive 
result was confirmed, whole blood samples were sent 
to a health clinic for CD4+ cell count analysis using the 
flow cytometric method (Beckman COULTER, EPICS 
XlTM, Fullerton, USA) conducted by the National Health 
Laboratory Service. Informed consent was obtained for 
experimentation with human samples. The study proto-
col received approval from the Ethics Committee of the 
North-West University in Potchefstroom, South Africa 
(NWU-00106–22-A1).

For this specific study, a subset of n = 120 treatment-naïve 
participants was selected from the 2010 leg of the study. 
Out of this group, sequencing was successfully performed, 
and data was available for n = 51 participants (43%). These 
sequences, referred to as the HIV-1C SA study (HIV-1C 
SA-s), were included for further analysis. Additionally, 
we included 204 HIV-1C sequences from the Los Alamos 
database, which were obtained from countries where HIV-
1C is prevalent. This includes 178 sequences from South 
Africa (HIV-1C SA-LA) in Southern Africa, 8 sequences 
from Uganda (HIV-1C UG-LA) in Eastern Africa, and 18 
sequences from India (HIV-1C IND-LA) in South Asia.

Laboratory assessment of blood

RNA was extracted from 200 μl of prepared plasma using 
the Quick-RNA™ Viral Kit (Zymo Research). Total RNA 
was reverse transcribed by reverse transcriptase-polymer-
ase chain reaction (PCR) using the ProtoScript® II First 
Strand cDNA Synthesis Kit (New England Biolabs) and 
DNA was prepared for PCR analysis. The Tat exon 1/Vpr/
Vif (HXB2 position 4900–6351) was amplified using the 
primer pair Vif-1 (5’GGG​TTT​ATT​ACA​GGG​ACA​GCA​

GAG​) / CATH- 4R (5’-GTA​CCC​CAT​AAT​AGA​CTG​
TGACC), respectively. Amplification conditions were held 
at 94 °C for 2 min, followed by 40 cycles of denaturing 
(94 °C; 30 s), annealing (60 °C; 30 s), extension (68 °C; 
2 min) and a final extension step for 10 min at 68 °C. 
Purification of all PCR products was performed with the 
Nucleospin® Gel and PCR clean-up kit, according to man-
ufacturer instructions (Machery-Nagel GmbH & Co.KG, 
Germany). All PCR products were sequenced by BigDye 
Terminator v.3.1 Cycle Sequencing Ready Reaction Kit 
(ThermoFisher Scientific) and analysed on the ABI Prism 
3130xl automated DNA sequencer (Applied Biosystems, 
Foster City, CA).

Bioinformatic analysis of the clinical cohort: HIV‑1C 
SA‑s

Sequences were analysed using the Gene studio™ profes-
sional sequence analysis software (Version 2.2). Nucleo-
tide sequences were translated into amino acid sequences 
using Expasy translate (Gasteiger et al. 2003). The study 
cohort was subtyped using COMET, which is an adap-
tive context-based modeling for ultrafast HIV-1 subtype 
identification [15].

Bioinformatic analysis of database sequences: 
HIV‑1C SA‑LA, HIV‑1C UG‑LA and HIV‑1C IND‑LA

The HIV-1C Vif sequence datasets from South Africa, 
Uganda, and India were acquired from the Los Alamos 
database (https://​www.​hiv.​lanl.​gov/​compo​nents/​seque​nce/​
HIV/​search/​search.​html) for the period spanning 2010 to 
2023. The nucleotide sequences for each group was trans-
lated into amino acid sequences using Expasy translate 
(Gasteiger et al. 2003), and the corresponding amino acid 
sequences were identified for each sequence. Consensus 
amino acid sequence alignments were subsequently con-
structed for each respective group using Jalview.

Phylogenetic analysis

Phylogenetic tree construction was conducted to examine 
the relationships among the clinical cohort (HIV-1C SA-s) 
and downloaded HIV sequences (HIV-1C SA-LA, HIV-1C 
UG-LA, and HIV-1C IND-LA). The analysis was performed 
using CLC Genomics Workbench v12.0 software (https://​
www.​qiagen.​com/). The software was used to import the 
sequences, and the "Create Alignment" tool with default 
settings (alignment mode = very accurate) was applied to 
generate a multiple sequence alignment.

https://www.hiv.lanl.gov/components/sequence/HIV/search/search.html
https://www.hiv.lanl.gov/components/sequence/HIV/search/search.html
https://www.qiagen.com/
https://www.qiagen.com/
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To determine the most appropriate substitution model 
for constructing a maximum likelihood tree, the align-
ment underwent four different procedures supported by 
the "Model testing" tool: hierarchical likelihood ratio test 
(hLRT), Bayesian information criterion (BIC), Akaike 
Information Criterion (AIC), and Akaike Information Cri-
terion corrected (AICc). These tests assessed various substi-
tution models, including Jukes-Cantor (JC), Felsenstein 81 
(F81), Kimura 80 (K80), Hasegawa-Kishino-Yano (HKY), 
and General Time Reversible (GTR).

Using the optimal substitution model identified during 
the model testing step (GTR with gamma rate variation and 
topology variation), the resulting alignment was employed 
to construct a maximum likelihood tree. The "Maximum 
Likelihood Phylogeny" tool was utilized, and the tree was 
built with 100-round bootstrap conditions. The tree was 
visualized in "cladogram" mode, grouping sequences based 
on their relatedness. Phylogenetic trees were constructed 
for Vif representative variants, including 4 HIV-1C SA-s, 
3 HIV-1C SA-LA, 7 HIV-1C UG-LA, and 7 HIV-1C IND-
LA. These representative variants were selected based on 
the criteria that the tree represents Southern and Eastern 
Africa as well as South Asia, regions where HIV-1C is 
predominant.

Retrieval of HIV‑1 Vif and the human APOBEC3G 
sequences

Consensus amino acid sequences were generated for each 
group, namely HIV-1C SA-s, HIV-1C SA-LA, HIV-1C 
UG-LA, and HIV-1C IND-LA, and these sequences were 
employed for downstream in-silico analysis (“Bioinformatic 
analysis of database sequences: HIV-1C SA-LA, HIV-1C 
UG-LA and HIV-1C IND-LA” section). The target sequence 
for this analysis was the Human APOBEC3G sequence, spe-
cifically residues 1–384, as specified by the Uniprot entry 
Q9HC16 (available at www.​unipr​ot.​org) (Supplementary 
Table 1). We acknowledge that Vif interacts with multiple 
binding partners; however, our study specifically focused 
on its major interacting partner, APOBEC3G, to elucidate 
the mechanisms underlying the variations in binding among 
Vif variants.

Secondary structure prediction

The PSIPRED secondary structure prediction server 
(http://​bioinf.​cs.​ucl.​ac.​uk/​psipr​ed) was utilized to predict 
the secondary structure elements, including alpha-helices, 
beta-sheets, and random coils, for HIV Vif variants and 
APOBEC3G [16]. Secondary structure prediction plays a 
crucial role as the initial step towards tertiary structure 
prediction. Additionally, it provides valuable insights into 
protein activity, relationships, and functions [17].

Prediction of disordered state of Vif variants 
and APOBEC3G

The DISOPRED3 program (available at http://​bioinf.​cs.​ucl.​
ac.​uk/​disop​red [18]) was employed for protein disorder pre-
diction and protein-binding site annotation within disordered 
regions. By submitting protein sequences, the server pro-
vides a probability estimate for each residue in the sequence 
indicating its likelihood of being disordered. In this study, 
the protein sequences of Vif variants and APOBEC3G were 
uploaded to the DISOPRED Prediction database for analysis.

3D structure prediction using I‑TASSER

The interactive threading assembly refinement (I-TASSER) 
server is a comprehensive platform that employs a sequence-
to-structure-to-function approach for automated protein 
structure and function prediction [19]. I-TASSER has been 
highly regarded and ranked as one of the top servers for 
generating accurate 3D protein structure predictions among 
various automated servers, as evidenced by its performance 
in the Critical Assessment of Structure Prediction (CASP10) 
[20]. The I-TASSER server utilizes multiple threading align-
ment to identify structural templates from the Protein Data 
Bank (PDB). These templates are then used for iterative 
structure assembly, resulting in the generation of predicted 
protein structures. Additionally, the predicted structure 
models are compared and matched with known proteins in 
function databases to derive functional insights [21]. This 
integrated process enables I-TASSER to provide valuable 
predictions for both protein structure and function.

In this study, the Vif and APOBEC3G protein sequences 
were submitted to the I-TASSER system, which is accessible 
at https://​zhang​group.​org/I-​TASSER/. During the prediction 
process, the C-score is used as an indicator of the likeli-
hood of success for the predicted models. Higher C-score 
values indicate a higher level of confidence in the quality of 
the model [21]. The template modelling score (TM-score), 
on the other hand, is a sequence length-independent metric 
used to measure the structural similarity, ranging from zero 
to one [22]. A TM-score greater than 0.5 indicates a higher 
confidence level, while scores below 0.5 suggest lower 
confidence.

The following templates were used for the prediction 
of HIV-1C SA-s: 4n9f (sequence identity: 83% and cover-
age: 0.90, Normalized (Norm.) Z-Score: 10.09), HIV-1C 
SA-LA: 4n9f (sequence identity: 81% and coverage: 0.90, 
Norm. Z-score: 10.07), HIV-1C UG-LA: (sequence identity: 
% and coverage:, Norm. Z-score:), HIV-1C IND-LA: 4n9f 
(sequence identity: 81% and coverage: 0.90, Norm. Z-score: 
10.14), APOBEC3G: 6p40A (sequence identity: 75% and 
coverage: 0.95, Norm. Z-score: 5.76). The templates above 
had the highest sequence identity, coverage and normalized 

http://www.uniprot.org
http://bioinf.cs.ucl.ac.uk/psipred
http://bioinf.cs.ucl.ac.uk/disopred
http://bioinf.cs.ucl.ac.uk/disopred
https://zhanggroup.org/I-TASSER/
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Z score to the target sequences and were selected for model 
building.

3D structure quality assessment

To evaluate the quality of the predicted 3D structures, sev-
eral structural parameters were assessed for each model. 
The Procheck and ERRAT tool from the Structural Analy-
sis and Verification Server (SAVES) (https://​saves.​mbi.​
ucla.​edu/) was utilized to determine if the predicted resi-
dues fell within the acceptable region of the Ramachandran 
plot [23]. Structures were deemed reliable if the major-
ity (> 80%) of residues exhibited favourable distributions 
of phi and psi dihedral angles. ERRAT is a program for 
verifying protein structures determined by crystallogra-
phy and the relative frequencies of noncovalent interac-
tions between atoms of various types [24]. According to 
the generally accepted standard, a high-quality model is 
typically indicated by an ERRAT score greater than 50 
[25, 26]. Furthermore, the root mean square deviation 
(RMSD) values were computed between the predicted 
structure and the homologous template structure using 
PYMOL/Maestro molecular visualization software. This 
step allowed for a comparison of the backbone structural 
similarity to the experimentally solved template structure. 
Structures with RMSD values below 2 Å were considered 
highly similar, indicating homology [27]. On the other 
hand, higher RMSD values indicated a lack of structural 
similarity between the predicted structures and templates. 
Protein structures that passed most, if not all, of the qual-
ity parameter tests were considered reliable for subsequent 
docking studies.

Refinement and energy minimization

The predicted 3D structures were subsequently subjected 
to energy minimization using ModRefiner, an algorithm 
designed for high-resolution protein structure refinement 
[28]. The ModRefiner server refines the structure through 
a two-step process. In the first step, the central chain atoms 
are built using C alpha, followed by energy minimization. 
The second step involves building side chain rotamers while 
further refining the atoms [29]. The resulting model after 
energy minimization represents the conformation with the 
lowest energy minima for the protein structures, which are 
then utilized in molecular docking [29].

Molecular docking: HADDOCK

The molecular docking of the Vif variants to APOBEC3G 
was performed using HADDOCK (High Ambiguity Driven 
protein–protein DOCKing) webserver (Version 2.2) in the 
EASY interface available at https://​wenmr.​scien​ce.​uu.​nl/​

haddo​ck2.4/. The key regions for the interaction between 
APOBEC3G-Vif have been identified, which include 
126-FWDPDYQ-132 of APOBEC3G and 22-KSLVK-26, 
40-YRHHY-44, 69-YWGL-72 of Vif [30–34]. Therefore, 
these were given as input active site residues to specify 
the search space for the docking simulation. The docked 
structures were organized into clusters, and each cluster 
was assigned several parameters, including a HADDOCK 
score, cluster size, RMSD from the overall lowest energy 
conformations, Z-score, buried surface area, and bonding 
energies such as Vander Waal's, electrostatic, desolvation, 
and restraints violation energies. Among these clusters, we 
identified and selected the best-docked complex for further 
analysis. The selection was based on the topmost cluster 
suggested by HADDOCK, which exhibited the desired 
residual interactions. To assess the binding affinity (ΔG) 
and dissociation constant (Kd) of the docked complexes, 
the PRODIGY webserver was utilized. The PRODIGY 
webserver, available at https://​wenmr.​scien​ce.​uu.​nl/​prodi​
gy/, employs inter-molecular contacts within a distance 
cut-off of 5.5 Å to predict binding affinities [35]. Using 
this tool, the binding affinities and dissociation constants 
of the docked complexes were calculated.

Statistical analysis

All analyses were conducted using SPSS (version 27, 
IBM, USA). The chi-squared test was utilized to compare 
groups, and a significance level of p < 0.005 was deemed 
as statistically significant.

Accession numbers for Vif variants

The Vif sequences from South Africa reported in this 
study were deposited in GenBank under accession num-
bers OR194556-OR194606.

Results

Clinical data of HIV‑infected participants

This sub-study included n = 51 PLHIV from South Africa 
who participated in the 2010 leg of the PURE study. These 
participants were recruited from the North-West province 
in South Africa. The average age of the participants was 
48.196 (± 7.54), and the majority of them were female 
(n = 38, 75%). At the time of sample collection, all par-
ticipants were treatment-naïve, and their mean CD4 count 
was 297.41 (± 147.3) cells/mm3.

https://saves.mbi.ucla.edu/
https://saves.mbi.ucla.edu/
https://wenmr.science.uu.nl/haddock2.4/
https://wenmr.science.uu.nl/haddock2.4/
https://wenmr.science.uu.nl/prodigy/
https://wenmr.science.uu.nl/prodigy/
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Phylogenetic analysis

Sanger sequencing was employed to analyse the Vif 
genetic variations in all HIV-1C SA-s participants. HIV-1 
subtyping revealed that all participants from the clini-
cal cohort HIV-1C SA-s of this study belonged to sub-
type C. To assess sequence similarity, the Vif sequences 
from the clinical cohort (HIV-1C SA-s) were compared 
to Vif sequences from the Los Alamos database repre-
senting South Africa (HIV-1C SA-LA), Uganda (HIV-1C 

UG-LA), and India (HIV-1C IN-LA). These sequences 
represented variations observed in Southern Africa, 
Eastern Africa, and South Asia, respectively. A phyloge-
netic tree was constructed using the maximum likelihood 
method, with representative variants included (Fig. 1). 
The Vif sequences from India (blue) and Uganda (green) 
appeared less closely related to each other, while the South 
African sequences (red) exhibited broader distribution 
and were found to be closely related to both Ugandan and 

Fig. 1   The maximum likelihood phylogenetic tree analysis representing the similarities on the Vif gene of HIV-1C from South Africa (blue), 
India (red) and Uganda (green). The bootstrap probability (> 60%, 100 replicates) are highlighted

Fig. 2   Multiple sequence alignment of consensus Vif protein sequences from HIV-1C SA-s, HIV-1C SA-LA, HIV-1C UG-LA and HIV-1C 
IN-LA. Sequence variation amin acids between groups were displayed in red
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Indian sequences (Fig. 1). The phylogenetic tree including 
all sequences can be found in the Supplementary Fig. 1.

Vif protein sequence alignment

The nucleotide sequence was translated into amino acid 
sequence for the Vif protein, and the consensus sequence 
for each group was used to determine sequence variation 
(Fig. 2). From the consensus sequence alignment, several 
variants are highlighted which include K17R (HIV-1C 
SA-LA), V31I (HIV-1C SA-LA),V51I (HIV-1C UG-LA), 
E61D (HIV-1C SA-LA), R63K (HIV-1C IN-LA), D78E 
(HIV-1C SA-LA), D99E (HIV-1C IN-LA), I129S (HIV-1C 
UG-LA), Q135P (HIV-1C UG-LA), R159I (HIV-1C SA-s, 
HIV-1C SA-LA) and I159K (HIV-1C UG-LA and HIV-1C 
IN-LA) and N176K (HIV-1C UG-LA) (Fig. 2).

Furthermore, we aimed to determine the frequencies of 
specific variants in each group based on the sequences inves-
tigated, as shown in Table 1. The K17R substitution was 
found to be more common in South African participants and 
sequences, particularly in HIV-1C SA-s (45%) and HIV-1C 
SA-LA (87%), compared to Ugandan and Indian HIV-1C 
sequences (p < 0.001). On the other hand, the V31I substitu-
tion was more prevalent in HIV-1C SA-LA sequences com-
pared to the other groups (p < 0.001). The D99E substitution 
was predominantly found in Indian HIV-1C sequences, with 
negligible occurrence in the other groups (p < 0.001). The 
I130S substitution was highly prevalent in Ugandan HIV-1C 
sequences (86%), while being less common in Indian (44%) 
and South African sequences (20% and 29% respectively) 
(p = 0.002). Additionally, the I159K and N176K substitu-
tions were also more prevalent in the Ugandan sequences 
compared to the other groups (p < 0.001) (Table 1).

Molecular modelling

According to the secondary structure prediction, Vif HIV-1C 
SA-s was expected to have seven β-strands, seven α-helices, 
one disordered state, and one disordered state with protein 
binding (Supplementary Fig. 2A). Vif HIV-1C SA-LA was 
predicted to have seven β-strands, eight α-helices, one dis-
ordered state, and one disordered state with protein binding 
(Supplementary Fig. 2B). Vif HIV-1C_UG-LA was pre-
dicted to have six β-strands, seven α-helices, and one disor-
dered state with protein binding (Supplementary Fig. 2C). 
Vif HIV-1C_IN-LA was predicted to have seven β-strands, 
seven α-helices, and one disordered state with protein bind-
ing (Supplementary Fig. 2D). However, based on the 3D 
predicted models, both Vif HIV-1C SA-s and Vif HIV-1C 
SA-LA exhibited five β-strands and seven α-helices. Vif 
HIV-1C UG-LA displayed five β-strands and seven α-helices 
(Fig. 3A-D), while Vif HIV-1C IN-LA showed five β-strands 
and five α-helices (Fig. 3A-D). Furthermore, APOBEC3G 
was predicted to have ten β-strands and sixteen α-helices 
(Supplementary Fig. 1E), but it was found to have eleven 
β-strands and fourteen α-helices (Fig. 3E).

Furthermore, all 3D predicted structures exhibited 
favourable C-scores within the upper range, indicating 
high confidence in the models. Additionally, all models 
achieved TM-scores greater than 0.5, indicating correct 
topology (Table 2). To ensure further quality assessment, 
we subjected the models to additional evaluations such as 
ERRAT and Procheck. All models obtained scores above 
50 in ERRAT, indicating high-quality models. Moreover, 
all models passed Procheck, with more than 80% of resi-
dues falling within the allowed regions. Lastly, all Vif vari-
ants had RMSD scores less than 2 Å when compared to the 
homologous templates suggesting high structural similarity 

Table 1   Frequency of HIV-1 
Vif variants in HIV-1C

Significant findings are in bold

Vif residue variant HIV-1C SA-s HIV-1C SA-LA HIV-1C UG-LA HIV-1C IN-LA p
N = 51 N = 138 N = 7 N = 18

K17R 23 (45%) 120 (87%) 3 (43%) 3 (17%)  < .001
V31I 13 (25%) 99 (72%) I (14%) 3 (17%)  < .001
V51I 14 (27%) 59 (43%) 4 (57%) 8 (44%) .019
E61D 26 (51%) 57 (41%) 6 (86%) 5 (28%) .040
R63K 9 (18%) 26 (19%) 2 (29%) 9 (50%) .019
D78E 27 (53%) 65 (47%) 2 (29%) 3 (17%) .006
D99E 1 (2%) 2 (1%) 0 (0%) 16 (89%)  < .001
I130S 10 (20%) 40 (29%) 6 (86%) 8 (44%) .002
Q136P 4 (8%) 34 (25%) 4 (57%) 3 (17%) .007
R159I 13 (25%) 67 (49%) 4 (57%) 12 (67%) .006
I159K 0 (0%) 1 (1%) 3 (43%) 1 (5%)  < .001
N176K 20 (39%) 23 (17%) 7 (100%) 5 (28%)  < .001



332	 European Journal of Clinical Microbiology & Infectious Diseases (2024) 43:325–338

1 3

(Table 2). The APOBEC3G had a RMSD slightly higher 
than 2 Å (Table 2).

Molecular docking: HDDOCK

When comparing the binding of Vif variants to APOBEC3G, 
it was observed that Vif HIV-IN-LA exhibited the high-
est predicted binding affinity, with a docking score of 
-207.1 ± 1.9, a binding affinity of -14.6 kcal/mol, and a Kd of 
2.1 × 10–11 M. Furthermore, Vif HIV-IN-LA demonstrated 
the highest number of intermolecular contacts (ICs) with 
APOBEC3G, totaling 98 ICs (Table 3). Following Vif HIV-
IN-LA, the Vif variants HIV-1C SA-LA, HIV-1C UG-LA, 
and HIV-1C SA-s showed progressively decreasing binding 
affinities (Table 3).

In the case of the interaction between HIV-1C IN-LA and 
APOBEC3G, a total of 98 ICs were reported. Among these 

ICs, the Vif amino acids ARG19 (9), LYS26 (6), HIS43 (6), 
TRP79 (5), and TRP174 (5) made the most significant contri-
butions to the interaction with APOBEC3G (Supplementary 
Table 2). For HIV-1C SA-LA, the Vif amino acids LYS26 
(6), TYR30 (8), PHE39 (6), HIS42 (8), TYR44 (9), and 
ARG47 (6) were identified as the major contributors to the 
ICs (Supplementary Table 3). In the case of HIV-1C UG-LA, 
the Vif amino acids ARG19 (7), TYR30 (5), TYR44 (10), 
and TRP70 (5) were found to be the primary contributors to 
the ICs (Supplementary Table 4). Lastly, for HIV-1C SA-s, 
the Vif amino acids MET16 (6), ARG19 (7), TYR44 (7), 
TRP79 (5), and LYS160 (6) were observed to have significant 
contributions to the ICs (Supplementary Table 5).

Consistently across the different Vif variants, the resi-
dues ARG19, LYS26, TYR30, TYR44, and TRP79 were 
identified as the main contributors to the majority of inter-
molecular contacts (IC) between Vif and APOBEC3G.

Fig. 3   Model of The Vif proteins. A Vif HIV-1C SA-s, B HIV-1C SA-LA, C HIV-1C UG-LA and (D) HIV-1C IND-LA. The alpha helices are 
indicated in red and beta strands are indicated in yellow. The N-terminal Met-1 and C-terminal His-192 are indicated as yellow sticks

Table 2   Summary of the quality assessment scores for the 3D predicted structures of Vif variants and APOBEC3G

Protein name Template I-TASSER ERRAT​ Procheck residues (percent-
age in allowed region)

RMSD ( Å)

Estimated TM-Score C-score

HIV-1C SA-s 4n9f 0.69 ± 0.12 −0.15 89.6175 97.6 0.695
HIV-1C SA-LA 4n9f 0.70 ± 0.12 −0.11 91.3043 98.2 0.642
HIV-1C UG-LA 4n9f 0.70 ± 0.12 −0.10 92.3077 98.2 0.643
HIV-1C IND-LA 4n9f 0.69 ± 0.12 −0.16 83.6957 98.2 0.633
APOBEC3G 6p40A 0.81 ± 0.09 0.71 93.617 98.6 3.449



333European Journal of Clinical Microbiology & Infectious Diseases (2024) 43:325–338	

1 3

All Vif variants were found to bind to the same binding 
pocket of APOBEC3G, as illustrated in Fig. 4. The bind-
ing orientation of Vif HIV-1C SA-s (Fig. 4A) and HIV-1C 
UG-LA (Fig. 4C) to APOBEC3G was similar to each other. 
On the other hand, the orientation of HIV-SA-LA (Fig. 4B) 
and HIV-1C IN-LA (Fig. 4D) differed slightly in comparison 
to the other groups. The similarity in orientation between 
HIV-1C SA-s (Fig. 4A) and HIV-1C UG-LA may provide 
an explanation for the similar binding scores and affinities 
observed in these groups. In contrast, HIV-SA-LA and HIV-
1C IN-LA Vif exhibited distinct binding orientations. Nota-
bly, HIV-1C IN-LA displayed a more tightly fitted binding to 
APOBEC3G, which could account for the greater number of 
intermolecular contacts (ICs), as well as the higher binding 
scores and affinities observed in this group.

Discussion

This study has yielded three notable findings that warrant 
further discussion. Firstly, the phylogenetic analysis revealed 
distinct genetic variations between Vif sequences from India 
and Uganda, while South African sequences exhibited a 

broader distribution and demonstrated closer relatedness 
to both Ugandan and Indian sequences. This suggests that 
South African sequences may possess greater genetic diver-
sity compared to Indian and Ugandan HIV-1C sequences. 
Secondly, specific amino acid substitutions in the Vif pro-
tein were significantly associated with particular geographic 
groups. Notably, K17R and V31I substitutions were more 
prevalent in South African sequences, while D99E was sig-
nificantly more common in Indian sequences. In contrast, 
I130S, I159K, and N176K substitutions were found to be 
significantly more prevalent in Ugandan HIV-1C sequences. 
Thirdly, Vif HIV-1C IN-LA exhibited the highest predicted 
binding affinity to APOBEC3G among the groups studied, 
with a docking score of -207.1 ± 1.9, a binding affinity of 
-14.6 kcal/mol, and a Kd of 2.1 × 10–11 M. Among the dif-
ferent Vif variants, the residues ARGR19, LYS26, TYR30, 
TYR44, and TRP79 consistently emerged as the primary 
contributors to the majority of intermolecular contacts (ICs) 
between Vif and APOBEC3G. This finding underscores the 
significant functional role of these amino acids in the inter-
action between Vif and APOBEC3G.

To date, the majority of molecular analyses on HIV-1 Vif 
proteins have focused on subtype B-derived Vif. However, 

Table 3   The predicted 
binding affinities and number 
of interactions between 
APOBEC3G and Vif variants

Number of ICs at the interface within the threshold distance of 5.5 Å

Vif variant HADDOCK Score ΔG kcal mol−1 Kd (M) Number of inter-
molecular contacts 
(ICs)

HIV-1C SA-s −156.9 ± 7.7 −10.2 3.4 × 10–8 Total: 71
charged-charged: 11
charged-polar: 4
charged-apolar: 29
polar-polar: 1
polar-apolar: 4
apolar-apolar: 22

HIV-1C SA-LA −184.1 ± 7.2 −14.2 4 × 10–11 Total: 87
charged-charged: 13
charged-polar: 5
charged-apolar: 39
polar-polar: 1
polar-apolar: 16
apolar-apolar: 13

HIV-1C UG-LA −170.1 ± 4.2 −11.1 6.9 × 10–9 Total: 79
charged-charged: 12
charged-polar: 4
charged-apolar: 31
polar-polar: 1
polar-apolar: 7
apolar-apolar: 24

HIV-1C IN-LA −207.1 ± 1.9 −14.6 2.1 × 10–11 Total: 98
charged-charged: 17
charged-polar: 8
charged-apolar: 42
polar-polar: 0
polar-apolar: 14
apolar-apolar: 17
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it is worth noting that Vif proteins derived from subtype 
C strains have demonstrated the highest activity against 
APOBEC3G compared to subtypes A, B, CRF01_AE, and 
CRF02_AG [36]. This was ascribed to its increased its bind-
ing activity to APOBEC3G [36]. Gaining a comprehensive 
understanding of how HIV-1C Vif variation influences 
interactions with APOBEC3G is crucial for elucidating the 
pathogenesis of HIV-1C.

Previous studies have characterized Vif from South 
Africa [6, 13, 14] and India [37] respectively. However, to 
the best of our knowledge, this is the first study to character-
ize Vif from different geographical regions where HIV-1C 
predominates. Interestingly, our findings reveal that despite 
all sequences investigated belonging to HIV-1C, the Vif gene 
sequences from India displayed distinct genetic variations 
compared to the sequences from Uganda. This emphasizes 
the significance of considering regional variations, beyond 
subtype differences alone, when investigating the impact of 
viral proteins on pathogenesis.

South African sequences showed a closer genetic relation-
ship to both India and Uganda, whereas Indian and Ugandan 
sequences exhibited greater genetic differences from each 
other. These findings suggest that South African HIV-1C 
sequences may possess higher genetic diversity compared 

to those from India and Uganda, respectively. A previous 
study also observed a similar pattern, where HIV-1C from 
Southern African countries displayed genetic distinctiveness 
from Southeast Asian HIV-1C. Furthermore, the Southern 
African HIV-1C variants frequently displayed a dicysteine 
motif, which is a neurotoxic amino acid signature within the 
HIV protein known as Tat [38]. Consistent with these find-
ings, studies have demonstrated that higher HIV-1 genetic 
diversity is correlated with more severe clinical outcomes, 
such as AIDS progression and neuropsychological impair-
ment [39] well as reduced treatment effectiveness[40]. These 
observations may provide an explanation for the variations 
in clinical outcomes among PLHIV and the notably high 
prevalence of HIV-1 cases in Southern Africa.

On the protein level, certain amino acid variations were 
found to be more prevalent in HIV-1C sequences from spe-
cific geographic regions. Notably, the amino acid substi-
tutions K17R and V31I were specifically associated with 
South African HIV-1C sequences. Additionally, a separate 
study reported that the amino acids K17 and V31 were not 
derived from subtype C Vif sequences, which aligns with 
the findings mentioned in this study [36]. In the same study, 
it was observed that the introduction of a K17R mutation 
resulted in a significant decrease in viral infectivity. This 

Fig. 4   The top predicted bind-
ing poses for APOBEC3G 
docked to Vif variants. A HIV-
1C SA-s, B HIV-1C SA-LA, C 
HIV-1C UG-LA and (E) HIV-
1C IN-LA. N and C terminal 
amino acids are labelled in blue 
sticks with residue name
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finding suggests that the amino acid R17 plays a critical 
role in binding to APOBEC3G [36]. Furthermore, the study 
revealed that the V31I mutation promotes cell cycle arrest 
by inducing the degradation of protein phosphatase 2 regu-
latory subunit B family (PPP2R5) subunits. This suggests 
that the V31I mutation has an impact on the regulation of 
cell cycle progression through the modulation of PPP2R5 
subunit levels [41, 42]. In addition to its functional role in 
cell cycle arrest, we propose that the V31I mutation in HIV-
1C sequences may also contribute to APOBEC3G binding. 
However, it is important to note that further investigation is 
needed to fully understand the impact and significance of the 
V31I mutation in APOBEC3G binding.

The Vif amino acid region from 85 to 99 and 169 to192 
is also shown to mediate Vif-APOBEC3G binding [37, 43]. 
In this study, we present evidence of the high prevalence 
of the D99E mutation in Indian HIV-1C sequences. This 
finding aligns with a similar observation reported in a pre-
vious study [37] where the authors suggested a potential 
association between this mutation and viral infectivity [37]. 
According to the findings reported in our study, it is possible 
that D99E is one of several amino acid substitutions that 
contribute to an increased binding affinity to APOBEC3G, 
consequently influencing viral infectivity. I130S, I159K, and 
N176K substitutions were found to be significantly more 
prevalent in Ugandan HIV-1C sequences. Previous studies 
have indicated that the N-terminal amino acids of Vif play 
a critical role in binding to APOBEC3G. However, other 
research has suggested that the C-terminal amino acids of 
Vif might be involved in the interaction between Vif and 
the core binding factor (CBF)-β, as well as in the assembly 
of the Cullin (CUL)5-containing E3 ligase complex [44]. 
However, the exact functional roles of I130S, I159K, and 
N176K substitutions requires further investigation.

In our study, we employed molecular docking techniques 
to identify the key residues involved in the interaction 
between Vif and APOBEC3G. Through this analysis, we 
identified specific amino acids that contribute to the most 
intramolecular interactions between these proteins which 
included ARG19, LYS26, TYR30, TYR44, and TRP79. Our 
findings corroborate previous studies indicating that LYS26, 
TRY30, and TYR44 are located within the region of Vif 
that is crucial for suppressing the activity of APOBEC3G 
[31, 45–47]. Our study acknowledges that ARG19 may have 
importance in binding APOBEC3G. However, it is worth 
noting that previous research has shown that a mutation from 
arginine to lysine at position 19, which is present in subtype 
B, did not have a significant effect on viral infectivity [36]. 
The TRP79 residue in the Vif protein is highly conserved 
across various HIV-1 subtypes, indicating its potential func-
tional significance. Intriguingly, studies have demonstrated 
that TRP79 plays a more critical role in the degradation of 
APOBEC3C by Vif [47, 48]. However, it is noteworthy that 

TRP79 is not as essential for Vif-mediated degradation of 
APOBEC3G or its exclusion from virions [47, 48].

Lastly, we found that Vif HIV-1C IN-LA had the great-
est binding affinity to APOBEC3G in comparison to other 
geographical regions where HIV-1C predominates. Consid-
ering the higher prevalence virulence of HIV-1 in Southern 
Africa, it was expected that Southern African Vif to have the 
highest predicted binding affinity to APOBEC3G. This was 
shown in the case of other viral proteins including Tat and 
gp120, whereby these proteins had amino acid features that 
represented lower levers of virulence in India compared to 
Southern Africa [38, 49]. It is important to acknowledge that 
the number of Southern African sequences analyzed in this 
study was significantly higher compared to sequences from 
other geographical regions. It may also mean that due to 
the genetic diversity of Southern African sequences, it may 
possess the capacity to evade immune surveillance through 
various mechanisms beyond solely binding to APOBEC3G.

This observation underscores the critical need for further 
studies aimed at characterizing HIV-1 infections in regions 
where subtype C is prevalent. Such regions have been rela-
tively understudied and exploring the unique genetic char-
acteristics and viral-host interactions in these areas will 
significantly contribute to our understanding of the virus. 
Advancing research in this under-investigated field is crucial 
for the development of effective prevention and treatment 
strategies for HIV-1C infections.

Conclusion

In this study, we conducted a characterization of Vif protein 
sequence variation in geographical regions where HIV-1C 
subtype C predominates, namely Southern Africa, Eastern 
Africa, and Southeast Asia. Our findings revealed a distinct 
genetic variation between Vif sequences from India and 
Uganda, while South African sequences displayed a wider 
distribution and demonstrated closer relatedness to both the 
Ugandan and Indian sequences. Specific amino acid substi-
tutions in the Vif protein were found to be significantly asso-
ciated with particular geographic groups. To gain further 
insights, we employed molecular modeling techniques to 
generate accurate 3D structures of the Vif proteins. Molecu-
lar docking of Vif variants to APOBEC3G indicated that 
among the different variants of Vif, the residues ARGR19, 
LYS26, TYR30, TYR44, and TRP79 consistently emerged 
as the main contributors to the majority of intermolecular 
contacts between Vif and APOBEC3G. Additionally, Vif 
HIV-1C IN-LA (India) exhibited the highest predicted bind-
ing affinity to APOBEC3G among the groups studied. The 
protein signatures highlighted in this study should be further 
investigated to fully characterize the function of HIV-1C 
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Vif and establish its prognostic, diagnostic, and therapeutic 
potential.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10096-​023-​04728-0.

Acknowledgements  We thank the PURE-SA research team, the field 
workers and office staff in the Africa Unit for Transdisciplinary Health 
Research (AUTHeR), North-West University, South Africa, as well 
as Dr. S. Yusuf (PURE-International) and the PURE project staff at 
the PHRI, Hamilton Health Sciences and McMaster University, ON, 
Canada. This original work was financially supported by SANPAD 
(South Africa—Netherlands Research Programme on Alternatives in 
Development), South African National Research Foundation (NRF 
GUN numbers 2069139 and FA2006040700010), North-West Uni-
versity, Population Health Research Institute (PHRI), and the Medical 
Research Council (MRC) of South Africa.

Author contributions  MEW conceptualized the study, did the analysis 
and wrote the manuscript.

Funding  Open access funding provided by North-West University. 
MEW was funded by the NRF Thuthuka grant (TTK22031652) and 
Poliomyelitis Research Foundation (PRF) grant (23/84).

Data availability  All data used in this study is attached to this 
manuscript.

Declarations 

Ethics approval  The study protocol received approval from the Eth-
ics Committee of the North-West University in Potchefstroom, South 
Africa (NWU-00106–22-A1).

Patient consent  Informed consent was obtained for experimentation 
with human samples.

Conflict of interests  None.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 UNAIDS (2022) IN DANGER: UNAIDS Global AIDS Update 
2022

	 2.	 Taylor BS, Sobieszczyk ME, McCutchan FE, Hammer SM 
(2008) The challenge of HIV-1 subtype diversity. N Engl J Med 
358(15):1590–1602

	 3.	 Bbosa N, Kaleebu P, Ssemwanga D (2019) HIV subtype diversity 
worldwide. Curr Opin HIV AIDS 14(3):153–160

	 4.	 Hemelaar J, Elangovan R, Yun J, Dickson-Tetteh L, Fleminger 
I, Kirtley S, Williams B, Gouws-Williams E, Ghys PD, AlG A, 
Agwale S, Archibald C, Avidor B, Barbás MG, Barre-Sinoussi 
F, Barugahare B, Belabbes EH, Bertagnolio S, Birx D, Bobkov 
AF, Brandful J, Bredell H, Brennan CA, Brooks J, Bruckova M, 
Buonaguro L, Buonaguro F, Buttò S, Buve A, Campbell M, Carr 
J, Carrera A, Carrillo MG, Celum C, Chaplin B, Charles M, 
Chatzidimitriou D, Chen Z, Chijiwa K, Cooper D, Cunningham 
P, Dagnra A, de Gascun CF, Del Amo J, Delgado E, Dietrich 
U, Dwyer D, Ellenberger D, Ensoli B, Essex M, Gao F, Fleury 
H, Fonjungo PN, Foulongne V, Gadkari DA, García F, Gar-
sia R, Gershy-Damet GM, Glynn JR, Goodall R, Grossman Z, 
Lindenmeyer-Guimarães M, Hahn B, Hamers RL, Hamouda O, 
Handema R, He X, Herbeck J, Ho DD, Holguin A, Hosseinipour 
M, Hunt G, Ito M, Bel Hadj Kacem MA, Kahle E, Kaleebu PK, 
Kalish M, Kamarulzaman A, Kang C, Kanki P, Karamov E, 
Karasi J-C, Kayitenkore K, Kelleher T, Kitayaporn D, Kostrikis 
LG, Kucherer C, Lara C, Leitner T, Liitsola K, Lingappa J, 
Linka M, Lorenzana de Rivera I, Lukashov V, Maayan S, Mayr 
L, McCutchan F, Meda N, Menu E, Mhalu F, Mloka D, Mokili 
JL, Montes B, Mor O, Morgado M, Mosha F, Moussi A, Mul-
lins J, Najera R, Nasr M, Ndembi N, Neilson JR, Nerurkar VR, 
Neuhann F, Nolte C, Novitsky V, Nyambi P, Ofner M, Paladin 
FJ, Papa A, Pape J, Parkin N, Parry C, Peeters M, Pelletier A, 
Pérez-Álvarez L, Pillay D, Pinto A, Quang TD, Rademeyer C, 
Raikanikoda F, Rayfield MA, Reynes J-M, Rinke de Wit T, Rob-
bins KE, Rolland M, Rousseau C, Salazar-Gonzales J, Salem 
H, Salminen M, Salomon H, Sandstrom P, Santiago ML, Sarr 
AD, Schroeder B, Segondy M, Selhorst P, Sempala S, Servais 
J, Shaik A, Shao Y, Slim A, Soares MA, Songok E, Stewart D, 
Stokes J, Subbarao S, Sutthent R, Takehisa J, Tanuri A, Tee KK, 
Thapa K, Thomson M, Tran T, Urassa W, Ushijima H, van de 
Perre P, van der Groen G, van Laethem K, van Oosterhout J, van 
Sighem A, van Wijngaerden E, Vandamme A-M, Vercauteren 
J, Vidal N, Wallace L, Williamson C, Wolday D, Xu J, Yang 
C, Zhang L, Zhang R (2019) Global and regional molecular 
epidemiology of HIV-1, 1990–2015: a systematic review, global 
survey, and trend analysis. Lancet Infect Dis 19(2):143–155

	 5.	 Salamango DJ, Harris RS (2020) Dual functionality of HIV-1 Vif 
in APOBEC3 counteraction and cell cycle arrest. Front Microbiol 
11:622012

	 6.	 Jacobs GB, Nistal M, Laten A, van Rensburg EJ, Rethwilm A, 
Preiser W, Bodem J, Engelbrecht S (2008) Molecular analysis of 
HIV type 1 vif sequences from Cape Town, South Africa. AIDS 
Res Hum Retroviruses 24(7):991–994

	 7.	 Wang Y, Kinlock BL, Shao Q, Turner TM, Liu B (2014) HIV-1 
Vif inhibits G to A hypermutations catalyzed by virus-encapsi-
dated APOBEC3G to maintain HIV-1 infectivity. Retrovirology 
11(1):89

	 8.	 Stupfler B, Verriez C, Gallois-Montbrun S, Marquet R, Paillart 
JC (2021) Degradation-Independent Inhibition of APOBEC3G by 
the HIV-1 Vif Protein. Viruses 13(4):617

	 9.	 Khan MA, Aberham C, Kao S, Akari H, Gorelick R, Bour S, Stre-
bel K (2001) Human immunodeficiency virus type 1 Vif protein is 
packaged into the nucleoprotein complex through an interaction 
with viral genomic RNA. J Virol 75(16):7252–7265

	10.	 Farrow MA, Somasundaran M, Zhang C, Gabuzda D, Sullivan JL, 
Greenough TC (2005) Nuclear localization of HIV type 1 Vif iso-
lated from a long-term asymptomatic individual and potential role 
in virus attenuation. AIDS Res Hum Retroviruses 21(6):565–574

	11.	 Peng J, Ao Z, Matthews C, Wang X, Ramdahin S, Chen X, Li 
J, Chen L, He J, Ball B, Fowke K, Plummer F, Embree J, Yao 
X (2013) A naturally occurring Vif mutant (I107T) attenuates 

https://doi.org/10.1007/s10096-023-04728-0
http://creativecommons.org/licenses/by/4.0/


337European Journal of Clinical Microbiology & Infectious Diseases (2024) 43:325–338	

1 3

anti-APOBEC3G activity and HIV-1 replication. J Mol Biol 
425(16):2840–2852

	12.	 Yang X, Goncalves J, Gabuzda D (1996) Phosphoryla-
tion of Vif and its role in HIV-1 replication. J Biol Chem 
271(17):10121–10129

	13.	 Scriba TJ, Treurnicht FK, Zeier M, Engelbrecht S, van Rensburg 
EJ (2001) Characterization and phylogenetic analysis of South 
African HIV-1 subtype C accessory genes. AIDS Res Hum Ret-
roviruses 17(8):775–781

	14.	 Bell CM, Connell BJ, Capovilla A, Venter WD, Stevens WS, 
Papathanasopoulos MA (2007) Molecular characterization of the 
HIV type 1 subtype C accessory genes vif, vpr, and vpu. AIDS 
Res Hum Retroviruses 23(2):322–330

	15.	 Struck D, Lawyer G, Ternes AM, Schmit JC, Bercoff DP (2014) 
COMET: adaptive context-based modeling for ultrafast HIV-1 
subtype identification. Nucleic Acids Res 42(18):e144

	16.	 McGuffin LJ, Bryson K, Jones DT (2000) The PSIPRED protein 
structure prediction server. Bioinformatics 16(4):404–405

	17.	 Ma Y, Liu Y, Cheng J (2018) Protein secondary structure pre-
diction based on data partition and semi-random subspace 
method. Sci Rep 8(1):9856

	18.	 Jones DT, Cozzetto D (2015) DISOPRED3: precise disordered 
region predictions with annotated protein-binding activity. Bio-
informatics 31(6):857–863

	19.	 Roy A, Kucukural A, Zhang Y (2010) I-TASSER: a unified 
platform for automated protein structure and function predic-
tion. Nat Protoc 5(4):725–738

	20.	 Zhang Y (2014) Interplay of I-TASSER and QUARK for 
template-based and ab  initio protein structure prediction in 
CASP10. Proteins: Struct Funct Bioinf 82:175–187

	21	 Zhang Y, Arakaki AK, Skolnick J (2005) TASSER: an auto-
mated method for the prediction of protein tertiary structures 
in CASP6. Proteins: Struct Funct Bioinf 61(S7):91–98

	22.	 Zhang J, Yang J, Jang R, Zhang Y (2015) GPCR-I-TASSER: 
a hybrid approach to G protein-coupled receptor structure 
modeling and the application to the human genome. Structure 
23(8):1538–1549

	23.	 Laskowski RA, MacArthur MW, Moss DS, Thornton JM (1993) 
PROCHECK: a program to check the stereochemical quality of 
protein structures. J Appl Crystallogr 26(2):283–291

	24.	 Colovos C, Yeates TO (1993) Verification of protein struc-
tures: patterns of nonbonded atomic interactions. Protein Sci 
2(9):1511–1519

	25.	 Messaoudi A, Belguith H, Ben Hamida J (2013) Homology mod-
eling and virtual screening approaches to identify potent inhibi-
tors of VEB-1 β-lactamase. Theor Biol Med Model 10(1):22

	26.	 Isaacs D, Mikasi SG, Obasa AE, Ikomey GM, Shityakov S, 
Cloete R, Jacobs GB (2020) Structural comparison of diverse 
HIV-1 subtypes using molecular modelling and docking analy-
ses of integrase inhibitors. Viruses 12(9):936

	27.	 Chothia C, Lesk AM (1986) The relation between the divergence 
of sequence and structure in proteins. EMBO J 5(4):823–826

	28.	 Gupta P, Karthik K, Sreevathsa R, Rai R, Dash PK (2022) Clon-
ing and characterization of phloroglucinol biosynthetic gene phl 
C from an Indian strain of Pseudomonas fluorescens. Indian J 
Exp Biol (IJEB) 60(08):607–614

	29.	 Xu D, Zhang Y (2011) Improving the physical realism and 
structural accuracy of protein models by a two-step atomic-
level energy minimization. Biophys J 101(10):2525–2534

	30.	 Kouno T, Luengas EM, Shigematsu M, Shandilya SM, Zhang 
J, Chen L, Hara M, Schiffer CA, Harris RS, Matsuo H (2015) 
Structure of the Vif-binding domain of the antiviral enzyme 
APOBEC3G. Nat Struct Mol Biol 22(6):485–491

	31.	 Russell RA, Pathak VK (2007) Identification of two distinct 
human immunodeficiency virus type 1 Vif determinants criti-
cal for interactions with human APOBEC3G and APOBEC3F. 
J Virol 81(15):8201–8210

	32.	 Pery E, Rajendran KS, Brazier AJ, Gabuzda D (2009) Regula-
tion of APOBEC3 proteins by a novel YXXL motif in human 
immunodeficiency virus type 1 Vif and simian immunodefi-
ciency virus SIVagm Vif. J Virol 83(5):2374–2381

	33.	 Chen G, He Z, Wang T, Xu R, Yu XF (2009) A patch of posi-
tively charged amino acids surrounding the human immuno-
deficiency virus type 1 Vif SLVx4Yx9Y motif influences its 
interaction with APOBEC3G. J Virol 83(17):8674–8682

	34.	 Dang Y, Wang X, Zhou T, York IA, Zheng YH (2009) Identi-
fication of a novel WxSLVK motif in the N terminus of human 
immunodeficiency virus and simian immunodeficiency virus Vif 
that is critical for APOBEC3G and APOBEC3F neutralization. 
J Virol 83(17):8544–8552

	35.	 Xue LC, Rodrigues JP, Kastritis PL, Bonvin AM, Vangone 
A (2016) PRODIGY: a web server for predicting the bind-
ing affinity of protein-protein complexes. Bioinformatics 
32(23):3676–3678

	36.	 Iwabu Y, Kinomoto M, Tatsumi M, Fujita H, Shimura M, 
Tanaka Y, Ishizaka Y, Nolan D, Mallal S, Sata T, Tokunaga 
K (2010) Differential anti-APOBEC3G activity of HIV-1 
Vif proteins derived from different subtypes. J Biol Chem 
285(46):35350–35358

	37.	 Ronsard L, Raja R, Panwar V, Saini S, Mohankumar K, Srid-
haran S, Padmapriya R, Chaudhuri S, Ramachandran VG, 
Banerjea AC (2015) Genetic and functional characteriza-
tion of HIV-1 Vif on APOBEC3G degradation: first report of 
emergence of B/C recombinants from North India. Sci Rep 
5(1):15438

	38.	 Rao VR, Neogi U, Talboom JS, Padilla L, Rahman M, Fritz-
French C, Gonzalez-Ramirez S, Verma A, Wood C, Ruprecht 
RM, Ranga U, Azim T, Joska J, Eugenin E, Shet A, Bimonte-
Nelson H, Tyor WR, Prasad VR (2013) Clade C HIV-1 isolates 
circulating in Southern Africa exhibit a greater frequency of 
dicysteine motif-containing Tat variants than those in South-
east Asia and cause increased neurovirulence. Retrovirology 
10(1):61

	39.	 Hightower GK, Wong JK, Letendre SL, Umlauf AA, Ellis 
RJ, Ignacio CC, Heaton RK, Collier AC, Marra CM, Clifford 
DB, Gelman BB, McArthur JC, Morgello S, Simpson DM, 
McCutchan JA, Grant I, Little SJ, Richman DD, Kosakovsky 
Pond SL, Smith DM (2012) Higher HIV-1 genetic diversity 
is associated with AIDS and neuropsychological impairment. 
Virology 433(2):498–505

	40.	 Santoro MM, Perno CF (2013) HIV-1 genetic variability and 
clinical implications. ISRN Microbiol 2013:481314

	41.	 Marelli S, Williamson JC, Protasio AV, Naamati A, Greenwood 
EJ, Deane JE, Lehner PJ, Matheson NJ (2020) Antagonism of 
PP2A is an independent and conserved function of HIV-1 Vif 
and causes cell cycle arrest. Elife 9:e53036

	42.	 Salamango DJ, Ikeda T, Moghadasi SA, Wang J, McCann JL, 
Serebrenik AA, Ebrahimi D, Jarvis MC, Brown WL, Harris RS 
(2019) HIV-1 Vif triggers cell cycle arrest by degrading cellular 
PPP2R5 phospho-regulators. Cell Rep 29(5):1057-1065.e1054

	43.	 Santa-Marta M, da Silva FA, Fonseca AM, Goncalves J (2005) 
HIV-1 Vif can directly inhibit apolipoprotein B mRNA-editing 
enzyme catalytic polypeptide-like 3G-mediated cytidine deami-
nation by using a single amino acid interaction and without 
protein degradation*. J Biol Chem 280(10):8765–8775



338	 European Journal of Clinical Microbiology & Infectious Diseases (2024) 43:325–338

1 3

	44.	 Wang H, Lv G, Zhou X, Li Z, Liu X, Yu X-F, Zhang W (2014) 
Requirement of HIV-1 Vif C-terminus for Vif-CBF-β interac-
tion and assembly of CUL5-containing E3 ligase. BMC Micro-
biol 14(1):290

	45.	 Simon V, Zennou V, Murray D, Huang Y, Ho DD, Bieniasz 
PD (2005) Natural variation in Vif: differential impact on 
APOBEC3G/3F and a potential role in HIV-1 diversification. 
PLoS Pathog 1(1):e6

	46.	 Mehle A, Wilson H, Zhang C, Brazier AJ, McPike M, Pery E, 
Gabuzda D (2007) Identification of an APOBEC3G binding site 
in human immunodeficiency virus type 1 Vif and inhibitors of 
Vif-APOBEC3G binding. J Virol 81(23):13235–13241

	47.	 Zhang W, Chen G, Niewiadomska AM, Xu R, Yu X-F (2008) 
Distinct determinants in HIV-1 Vif and human APOBEC3 pro-
teins are required for the suppression of diverse host anti-viral 
proteins. PLoS ONE 3(12):e3963

	48.	 Tian C, Yu X, Zhang W, Wang T, Xu R, Yu XF (2006) Differ-
ential requirement for conserved tryptophans in human immu-
nodeficiency virus type 1 Vif for the selective suppression of 
APOBEC3G and APOBEC3F. J Virol 80(6):3112–3115

	49.	 Rao VR, Neogi U, Eugenin E, Prasad VR (2014) The gp120 
protein is a second determinant of decreased neurovirulence of 
Indian HIV-1C isolates compared to southern African HIV-1C 
isolates. PLoS ONE 9(9):e107074

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	HIV-1 Vif protein sequence variations in South African people living with HIV and their influence on Vif-APOBEC3G interaction
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study participants
	Laboratory assessment of blood
	Bioinformatic analysis of the clinical cohort: HIV-1C SA-s
	Bioinformatic analysis of database sequences: HIV-1C SA-LA, HIV-1C UG-LA and HIV-1C IND-LA
	Phylogenetic analysis
	Retrieval of HIV-1 Vif and the human APOBEC3G sequences
	Secondary structure prediction
	Prediction of disordered state of Vif variants and APOBEC3G
	3D structure prediction using I-TASSER
	3D structure quality assessment
	Refinement and energy minimization
	Molecular docking: HADDOCK
	Statistical analysis
	Accession numbers for Vif variants

	Results
	Clinical data of HIV-infected participants
	Phylogenetic analysis
	Vif protein sequence alignment
	Molecular modelling
	Molecular docking: HDDOCK

	Discussion
	Conclusion
	Acknowledgements 
	References


