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that compensatory mutations rescue the fitness defect 
associated with the Q577 mutants. WT, W1, and W2 
all show rapid growth and hit similar peak p24 levels. 
Importantly, starting viral titers of the Q577 mutant 
stocks (normalized to p24) vary significantly from WT, 
ranging from greatly reduced (~ 40-fold for Q577K 
and ~ 7-fold for Q577R) to increased (~ threefold for 
Q577N). Additionally, although the output viral popu-
lation was not sequenced, it is possible the Q577N 
sample regained replication fitness by reverting to WT 
during the course of the assay since it was not under 
the selective pressure of PIE12-trimer.

Identification of potential compensatory mutations 
to overcome the Q577 fitness defect
To identify additional mutations that arose during the 
selection for resistance, the entire env gene for each 
resistant pool (and control pool propagated in the 
absence of inhibitor) was deep sequenced. To comple-
ment these short reads and obtain linkage information, 
we also performed Sanger sequencing on 13 PIE12-
trimer resistant clones (five from W1 and eight from 
W2). This search should identify mutations that compen-
sate for the fitness defects associated with Q577R/N/K as 
well as those that contribute modestly to PIE12-trimer 
resistance, as W1 and W2 are slightly more resistant than 
the Q577 mutants alone (Fig. 1 and Table 1).

Using the deep sequencing data, we identified all point 
mutations, insertions, and deletions within the env gene 
of the PIE12-trimer resistant populations with > 10% 
absolute difference in abundance from the control pool 
(Table 3 and Additional file 1). We predict that 10% is a 
high enough threshold to filter out noise due to genetic 
drift and sequencing errors, but low enough to catch 
minor variations in the population that could contribute 
to resistance. Following these guidelines, 25 candidate 
protein mutations (74 env nucleotide positions) were 
identified for further analysis.

To focus our analysis on a more limited set of muta-
tions most likely to contribute to resistance and fit-
ness compensation, we narrowed our list to the those 
that were not silent (except in the Rev Response Ele-
ment (RRE), where a silent mutation could impact RNA 
structure) and with the highest penetrance (> 50% abun-
dance in both resistant viral pools but not in the control). 
Eight mutations meet these criteria (indicated in italics 
in Table  3). Interestingly, when we compared the clonal 

Fig. 3 Crystal structures of PIE12/IQN17 (Q577R) (PDB: 6PSA) and PIE12/IQN17 (WT PDB:3L37). Stereoview of the overlay of crystal structures of 
PIE12 binding to the WT (yellow) and a mutant (Q577R, turquoise) pocket showing the disruption of hydrogen bonding interactions mediated by 
Q577

Fig. 4 Viral Growth Assays. Comparison of growth kinetics between 
control clonal NL4-3 (WT), Q577 mutant viruses (R, N and K), 
and resistant polyclonal viral pools (W1 and W2). Viral titers were 
determined by qRT-PCR and compared to a standard curve of 
known HIV-1 titers (based on p24 antigen levels). Each culture was 
inoculated with virus containing 1 ng p24 (average of biological 
duplicate assays shown with s.d. error bars)
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Sanger sequence data to these final mutations of interest, 
all but one are present in every clone. Only A48T lacked 
100% penetrance and was found in 3/5 W1 and 3/8 W2 
clones.

In addition to identifying the primary resistance muta-
tion (Q577R/N/K) in the PIE12-trimer binding site, this 
analysis identified three gp120 and four gp41 mutations 
(Table  3 and Fig.  5). Of the gp120 mutations, one is a 
point mutation (A48T), and two are in-frame deletions 
(Δ161–164 in the V1/V2 loop and Δ396–400 in the V4 
loop). The V4 loop deletion truncates a tandem dupli-
cation of 5 amino acids (FNSTWFNSTW), with only 
one FNSTW copy linked with PIE12-trimer resistance. 
This deletion has also been reported in a virus resistant 
to T-2635, a third-generation C-peptide fusion inhibi-
tor [15]. The four gp41 mutations are all located out-
side the PIE12 binding site. Two (Q550H and the silent 
V583V) are located within the RRE, L663F is in the gp41 

membrane-proximal external region (MPER), and A823V 
is in the cytoplasmic domain between LLP-3 and LLP-1.

Discussion
This study identifies Q577R/N/K within the 
gp41 N-trimer hydrophobic pocket as the primary resist-
ance mechanism used to escape inhibition by the highly 
potent d-peptide entry inhibitor PIE12-trimer. As pre-
dicted by the resistance capacitor hypothesis, the selec-
tion for high-level resistance required: (1) extended 
passaging compared to those against earlier-generation 
entry inhibitors, (2) a mutation that dramatically reduced 
inhibitor affinity at the cost of substantially reduced 
viral fitness, and (3) compensatory mutations to restore 
viral fitness in the face of such a destabilizing mutation. 
Despite these obstacles, HIV-1 was ultimately able to 
resist PIE12-trimer in vitro.

Table 3 Amino acid changes in HIV-1 Env in polyclonal viral pools with high-level PIE12-trimer resistance

List of amino acid mutations (point mutant, insertion or deletion) in either resistance pool that occurs at a rate > 10% different than in the control pool. In italic are the 
mutants that meet the stricter criteria of: (1) high prevalence (≥ 50%) within both resistant populations but not in the control, (2) not silent (except in the RRE, where a 
silent mutation could impact RNA structure)

Mutation Codon Prevalence

Control (%) W1 (%) W2 (%) Notes

T19I acc → atc 44

A48T gca → aca 72 57

E83K gaa → aaa 32 20 10

N136D aat → gat 99 99 glycosylation site

N136K aat → aag 47

R146K aga → aaa 18 24

Δ161–164 90 90 V1/V2, glycosylation site

F175L ttc → ctc 67 V1/V2

V200E gtc → gaa 67

V255A gta → gca 46

N301K aac → aaa 71 100 99 glycosylation site

S306R agt → aga 64 20 V3

T319A aca → gca 85

Δ396–400 58 59 V4, glycosylation site

N460I aat → att 17 near CD4 binding site

G464E ggg → gag 82 glycosylation site

S465P tcc → ccc 11

Q550H cag → cac 92 98 N-trimer, RRE

Q577R cag → cgg 99 PIE12 binding site, RRE

Q577N cag → aac 97

V583V gtg → gta 100 100 silent/RRE

A612T gct → act 13 glycosylation site, RRE

H643Y cac → tac 99 46 97 C-peptide

L663F tta → ttt 99 99

N674T aac → acc 56 glycosylation site

V693I gta → ata 21

A823 V gct → gtt 98 99
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Interestingly, even though the gp41 hydrophobic 
pocket is highly conserved, in rare cases HIV-1 naturally 
accommodates alternate residues at position Q577. For 
example, the uncommon Group O HIV-1 strains (< 1% of 
global HIV-1 infections) primarily contain Q577R. Not 
surprisingly, we previously observed high-level PIE12-
trimer resistance in two HIV-1 Group O isolates [8]. 
Additionally, within the > 50,000 non-Group O sequences 
from the Los Alamos HIV Sequence Database, ~ 1.4% 
contain Q577R.

Q577R has also been identified in viral resistance 
screens against other HIV-1 entry inhibitors that target 
the prehairpin intermediate. Against N-trimer peptides 
N44, N36, and IZN36, the C-peptide T2635, and the ret-
rocyclin RC-101, Q577R is found in some [15, 21, 22] or 
all [23, 24] of the resistant viruses and always accompa-
nied by other gp41 mutation(s). By itself, Q577R provided 
only modest resistance to the N-trimer and C-peptide 
inhibitors (< threefold) [15, 24]. Viral escape from a 
recently identified adnectin, 6200_A08, which simi-
larly targets the gp41 hydrophobic pocket, has also been 
shown to use Q577R as the primary mechanism [25]. 
Consistent with our results, many of these studies have 
demonstrated a fitness defect for Q577R [15, 23–25]. 
Importantly, Q577R Env (HXB2 strain) has been shown 
to be properly expressed, processed, and incorporated 
into pseudovirions, so the fitness defect is likely down-
stream of virus production [26]. Surprisingly, genetic 
analysis of the virus from a patient resistant to the FDA-
approved peptide fusion inhibitor enfuvirtide also identi-
fied the Q577R mutation [27], and in the context of that 
patient’s pre-treatment env, provided 25-fold resistance 
to enfuvirtide. This discovery is an outlier, however, as 

the primary resistance mechanism to enfuvirtide involves 
mutation within gp41 residues 547–556 [11], and the 
enfuvirtide sensitivity of other studied HIV-1 strains is 
minimally affected by Q577R [15, 22–24]. Indeed, our 
data demonstrate only modest differences in C-peptide 
inhibition of Q577R compared to WT pseudoviruses, 
including C34, T20 (enfuvirtide) and T1249 (Additional 
file 3), and our PIE12-trimer resistant pools retain sensi-
tivity to a related peptide, C37 (Table 1).

The Q577 mutation in the critical N-trimer region 
could conceivably influence multiple stages of the entry 
process, leading to its effect on viral fitness. Using mul-
tiple methods, Weiss, et  al. have investigated the effect 
of Q577R on Env structure and function. They have 
shown that the Q577R substitution leads to: (1) a more 
stable  6-helix bundle structure, (2) greater neutraliza-
tion sensitivity to CD4 mimetics, and (3) decreased sus-
ceptibility to CD4-induced gp41 conformational changes 
that lead to viral inactivation [21, 22, 24, 28]. This wide 
influence of Q577 mutation on Env function supports the 
concept that both gp120 and gp41 modifications would 
be needed to restore viral fitness, as is seen in our PIE12-
trimer resistant pools. However, there is little overlap 
between the Env modifications seen in our pools and 
those in naturally occurring strains with Q577R and in 
Q577R virus resistant to other entry inhibitors. As shown 
in an alignment of the ~ 750 Group M primary isolate 
Q577R Envs (out of > 50,000 Group M sequences from 
the Los Alamos HIV Sequence Database) with our PIE12-
trimer resistant sequences, none of the candidate PIE12-
trimer-resistant compensatory mutations are prevalent in 
the primary isolates (Additional file  4). Additionally, we 
did not identify any overlap of our specific compensatory 

Fig. 5 Prominent mutations in gp120 and gp41 observed in PIE12-trimer resistant viruses. The primary structure of the Env precursor, gp160, is 
depicted, with HXB2 (UniProtKB P04578) numbering. The gp41 N- and C-peptide regions are numbered according to [45]. gp160 is processed into 
two non-covalently associated subunits, the surface gp120 (orange) and the membrane-spanning gp41 (blue). gp120 comprises five constant 
domains (C1–C5) and five variable domains (V1-V5). gp41 contains a fusion peptide (FP), an N-peptide region that forms the N-trimer coiled coil (N), 
a C-peptide region (C) that together with the N-trimer forms a 6-helix bundle in the post-fusion state, a membrane-proximal external region (MPER), 
a transmembrane domain (TM), and a cytoplasmic tail (CT). The primary resistance mutations (Q577R/N/K) are represented in red, and candidate 
resistance and fitness compensation mutations are shown in black. Mutations denoted by * are within the Rev Response Element (RRE)


