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Abstract

A novel tetra-peptide insertion was identified in Gag-p6 ALIX-binding region which is appears in

protease inhibitor (PI) failure Indian HIV-1C sequences (Odds Ratio 17.1, p<0.001) but naturally

present in half of untreated Ethiopian sequences. The insertion will probably restore the ALIX

mediated virus release pathway, which is lacking in HIV-1C. The clinical importance of such

insertion need to be evaluated in HIV-1C dominating regions were PI-drugs are being scaled up as

second line treatment options.
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Subtype specific differences has been observed in Gag-p6 the motifs PTAPP and

LYPxnLxxL. Among the subtypes, HIV-1 subtype C (HIV-1C) has a higher frequency of

duplications in the PTAPP-motif after ART-failure [1, 2]. Also, a natural deletion of

L483Y484 residues has been observed in the LYPxnLxxL motif in >95% of the sequences

which abrogates the ALIX-mediated particle release in absence of PTAP/TSG101

pathway[3]. Considerable evidence also suggests that ART-induced changes in the Gag-p6

region may modulate the therapy response and the viral fitness [4]. Study have shown that

selective drug pressure leads to accumulations of substitutions and insertions in Gag-p6, at

sites distal from the mutations that render the virus highly resistant to PIs [5]. One of the key

examples is PTAPP-duplication in TSG101binding motif in the Gag-p6 which affect the

virological response to PI-drugs like amprenavir [6].

In this study we investigated the consequences of the sequence variations of Gag-p6, using

HIV-1C sequences of clinical isolates from India (HIV-1CIN; n=158), Ethiopia (HIV-1CET;

n=73) and Germany (HIV-1CDE; n=125) and its potential clinical impact. The patients are

from several clinical cohorts from India [7, 8], Germany [9, 10] and Ethiopia [11]. Among

the patients 61% (215/356) were therapy-naïve. Data were pooled with Gag-p6 sequences

(n=8589) of major non-C subtypes and recombinants from the Los Alamos HIV Database.

Gag-p6, protease and partial reverse transcriptase were amplified and sequenced from the

plasma viral RNA as described previously [12-15]. Primary and acquired drug resistance

mutations (DRMs) were evaluated using World Health Organisation mutations list 2009 [16]

and International AIDS Society list 2013[17] respectively. HIV-1 subtyping was performed

as described recently using three automated bioinformatics tools [18]. Multiple-template

homology models of the p6-ALIX complex were built in MODELLER 9v12 [19] using

crystal structure of human ALIX/AIP1 in complex with a peptide fragment of the

SIVmac239 and HIV-1 Gag-p6 proteins (PDB codes 2XS1 and 2R02) [20, 21]. The models

were analysed for accuracy using the DOPE statistical potential score [22]. The efficacy of

the binding was analysed by computing the electrostatics using the Adapted Poisson-

Boltzmann Solver software [23] and visualized using Chimera[24]. Statistical analysis was

carried out using SPSSv22.0 (IBM Corp, US). The study was approved by respective ethical

review committee in India, Germany, Sweden, and Ethiopia. Written informed consent was

obtained from the participants.

Cohort characteristics were presented in supplementary digital content (SDC) 1. The

multiple sequence alignments of the Gag-p6 of the representative strains were shown in the

SDC 2. Duplications of three to thirteen amino acids in the TSG101 binding site were

observed more frequently in the HIV-1CDE (29%) and HIV-1CET (25%) sequences than in

the HIV-1CIN (12%) sequences from therapy-naïve individuals (SDC 2 and Figure 1A).

When therapy-naïve and therapy-failure patients were compared, the duplications occurred

more frequently in the therapy-failure Indians (12% vs 25%; p<0.05) but not in the German

cohort (29% vs 33%; p=0.69) (Figure 1A). Interestingly, there are subtype specific
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differences in the accumulation of the PTAPP-duplication after therapy-failure. The

duplication occurred in greater frequency in HIV-1C (54%) compared to HIV-1B (9.3%)

and HIV-1F1 (17.6%)[2]. Previous controversial findings were shown that duplications of

PTAPP were associated with ART in one group of populations but not in others [2, 6,

25-28]. In our study we observed intra-HIV-1C specific preferential duplication in therapy-

failure patients compared to therapy-naïve individuals.

A novel tetra-peptide insertion [PYxE; where x represents either arginine (R), lysine (K) or

glutamine (Q)] was observed in the C-terminal position of the Gag-p6 in the defective

HIV-1C ALIX-binding domain. This PYxE insertion was observed in 52% of the untreated

Ethiopian sequences, but significantly less often in the untreated German sequences (16%;

p<0.001), and even more seldom in the untreated Indian sequences (3%; p<0.001) (Figure

1B). When analysing sequences of therapy-naïve individuals obtained from the Los Alamos

HIV Database, the frequency of the PYxE insertion was much less common in therapy-naïve

patients infected with non-C subtypes (0.1%; n=4263), but also less common in HIV-1C

sequences from southern Africa (1%, n=2295) and eastern African (3%, n=61).

The PYxE insertion restores the key Y484 residue (SDC 2 and Figure 1C). The 3D-

molecular models of the Gag-p6-ALIX complex showed a specific interaction involving the

inserted Y484 residue of Gag-p6 and the ALIX (Figure 1D). Thus the insertion variant

would restore the binding of Gag-p6 to ALIX that was lost due to the L483Y484 deletion in

HIV-1C and probably restores the ALIX mediated virus release pathway.

Among the HIV-1CIN sequences from therapy failed patients, the PYxE insertion was found

significantly more often in PI-failure patients (6/10) as compared to those failing a non-PI

containing regimen (5/62) (Odds ratio; 95% CI: 17.1; 3.6 – 81.4; p<0.001). Among the other

clinical and demographic parameters, the median CD4+ T-cell count was significantly lower

among the individuals with the PYxE insertion in the ALIX-motif compared to those

without the insertion (73 vs 160 cells/mm3; p<0.001). That Indian patients with the PYxE

insertion had significantly lower CD4+ T-cell counts than those without, could possibly

indicate that the virus with the insertion is more pathogenic. This suggestion was further

supported by the very low CD4+ T-cell counts in the three therapy-naïve Indian individuals

with the insertion before initiating ART (22, 90 and 56 cells/mm3). We further followed

those three patients for two years after initiation of therapy. None of the patients gain

optimal CD4+ T-cell count at two years (<350 cells/mm3) (data not shown).

In conclusion, for the first time we have identified a PYxE tetra-peptide insertion in the

ALIX-binding motif, which appeared in PI-therapy-failure cases in HIV-1CIN sequences,

but occurred naturally in more than half of the therapy-naïve HIV-1CET sequences

examined. We therefore hypothesised that the genetic background might have influenced the

preferential selection of these insertions. The insertion probably restores the ALIX-mediated

virus release pathway, which is lacking in HIV-1C and the virus with this insertion might be

more pathogenic. To better elucidate the clinical importance of such insertion, in countries

with a high prevalence of HIV-1C, further investigations are needed when the PI-drugs are

used in the ART regimen.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Prevalence of (A) duplications in the TSG101 binding PTAPP motif and (B) insertions in

the ALIX-binding LYPxnLxxL motif. Statistically significant differences are marked. (C)
Different types of ALIX-binding sites in lentiviral Gag-p6 region as describe by Zhai et al

2011 [20]. Representative clinical isolates from the cohort are presented which had PYxE

insertion. All the strains had the key residues conserved (highlighted). The 3D-molecular

models of the Gag-p6-ALIX complex (D) The ALIX is shown in surface representation,

interacting with the Gag-p6 protein PYKE shown in ribbon and stick (side-chain only)

representation. The residues that belong to the ALIX binding motif and the insertions are all

labelled in black. The residues in ALIX that is crucial to mediate the interaction with Gag-

p6 are labelled in magenta. The surface of the ALIX is coloured according to the

electrostatic potential with blue indicating positively charged regions and red indicating

negatively charged regions. The intensity of the colour reflects charge intensity. The models

also establish that the Y484 residue in the insertions play a role similar to the Tyr residue in

the wild type HIV-1B/SIV Gag-p6 protein by forming a specific hydrogen bond with the

ALIX. Similar results were observed with PYRE and PYQE insertions (data not shown).
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