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Abstract

Objective: Synonymous substitutions K65K or K66K in HIV-1 reverse transcriptase
(RT) alleviate fitness and fidelity defects in HIV-1 molecular clones harboring
thymidine analog mutations (TAMs); however their potential for transmission and
persistence is unknown. Here we investigated the temporal appearance of
K65K/K66K relative to TAMs in a HIV-1 cohort, their prevalence over time, and
their impact on viral fitness in the context of patient-derived RT sequences.

Methods: Retrospective analyses of the temporal appearance and longitudinal
prevalence of synonymous substitutions and drug resistance mutations were
performed using the British Columbia Centre for Excellence in HIV/AIDS Drug
Treatment Program (DTP) database. Plasma-derived HIV-1 from the DTP was used
to generate infectious molecular clones. Growth competition assays were performed
to determine viral fitness.

Results: The prevalence of K65K/K66K in drug-naïve individuals tripled from 11%
in 1997 to 37% in 2014 (P<0.0001, n=5221), with K66K mainly accounting for the
increase. These mutations emerged in drug-treated individuals without TAMs in 14%
of the cohort and conferred a fitness advantage in the context of patient-derived
multidrug-resistant (MDR) virus in the absence of drug.

Conclusions: The appearance of K65K/K66K in drug-treated individuals was largely
independent of TAMs, suggesting alternative factors are likely associated with their
emergence. The increasing K65K/K66K prevalence to over a third of treatment-naïve
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individuals in the mostly subtype B DTP cohort and their ability to confer a fitness
advantage to MDR virus might explain the transmission and persistence of virus
harbouring K65K/K66K in untreated individuals, and highlights their role in adaptive
HIV-1 evolution.

Key words: synonymous mutations, HIV-1, transmitted drug resistance, thymidine
analogue mutations, drug resistance, fitness, replicative capacity
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Introduction
Transmission of drug-resistant virus is a threat to treatment success in HIV-infected
individuals. The estimated prevalence of transmitted drug resistance (TDR) has in
general remained stable over the past 15 years at 10-15% in Europe, USA and
Australia [1-4]. Drug resistance mutations (DRM) with low fitness costs are slower to
revert to wild-type in the absence of drug pressure [5, 6] and their presence can
potentially influence onward transmission [7], while the genetic background of DRM
can influence their persistence in vivo [5].

Synonymous or „silent‟ mutations at codons K65K (AAAAAG) and K66K
(AAAAAG) in subtype B HIV-1 reverse transcriptase (RT) can emerge in
individuals on antiretroviral therapy and are strongly associated with the presence of
thymidine analogue mutations (TAMs)[8]. K65K/K66K alleviate a 100-fold increase
in insertion/deletion (indel) frequency and a decrease in viral fitness conferred by the
TAMs D67N and K70R in the context of the NL4.3 genetic backbone [9]. Rescue of
indel formation by either K65K or K66K has been ascribed to disruption of a
homopolymeric stretch of eight adenines due to the presence of D67N that causes
pausing of recombinant HIV-1 RT during DNA synthesis [8, 9]. Unlike subtype C
virus that naturally carries the K65K (AAG) and K66K (AAG) polymorphisms, the
HIV-1 subtypes A, D, G, CRF_AE and CRF_AG, which together with subtype B
represent a significant global HIV-1 burden, all harbour an A-triplet (AAA) at codons
65 and 66 [10]. However, the temporal appearance of K65K and K66K synonymous
mutations relative to TAMs, their prevalence in a population and their impact on viral
fitness in the genetic background of multidrug resistant (MDR) HIV-1 are unknown.
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Materials and Methods
Cohort Participants
Subtype B HIV-1 infected individuals included in this study (n=8443) were enrolled
in the Drug Treatment Program (DTP) at the British Columbia (BC) Centre for
Excellence, Vancouver, Canada. The demographics of the cohort are well-established
[11, 12] and are described in Methods, Supplemental Digital Content 1,
http://links.lww.com/QAD/A988. Ethics approval for use of blinded patient
samples was granted by the University of British Columbia- Providence Healthcare
Research Ethics Board (certificate H06-03350).

Temporal Appearance of Mutations
The temporal appearance of K65K/K66K relative to the emergence of TAMs was
assessed by an analysis of available sequential genotypes from individuals enrolled in
the DTP. The analysis was performed with 2131 combination antiretroviral therapy
(cART)-naïve individuals who did not carry any of the TAMs D67, K70 and K219Q
or the synonymous mutations K65K and K66K in their first sample.

Longitudinal Analysis of DRMs, Prevalence of Synonymous Mutations in RT and
Growth Competition Assays
The prevalence of K65K/K66K, M184V/I and K103N was determined by a
population-based analysis of cART-naïve HIV-1-infected (n=5221 persons) and drugtreated individuals (n=5713 persons) aged 18 or older enrolled in the DTP between
1997 and June 2014 for whom HIV-1 RT sequences were available. In this analysis,
individuals appeared in a median of two years (IQR: 1-4). Additionally, the
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prevalence of both K65K/K66K was assessed using available subtype B sequences
from the US (n= 2771 sequences), downloaded from the Stanford HIV Drug
Resistance Database [13] on October 26th 2015. The analysis focused on sequence
data collected between 1995 and 2009 from the US as subtype B predominates the
epidemic in this region. Determination of the prevalence of silent substitutions
(AAAAAG) at 22 consensus lysine residues across HIV-1 RT and growth
competition assays were performed as described in Methods, Supplemental Digital
Content 1, http://links.lww.com/QAD/A988.

Results

No temporal association between K65K/K66K and TAMs
As K65K/K66K are co-localised on the same genome as TAMs D67/K70/K219
(Table, Supplemental Digital Content 2, http://links.lww.com/QAD/A988), we
hypothesised that K65K/K66K were more likely to emerge after the appearance of
TAMs to compensate for fitness defects, particularly those mediated by D67N [9].
Accordingly, we assessed the temporal appearance of TAMs and synonymous
mutations in individuals on cART using a retrospective population analysis.
Surprisingly, our analysis did not support our initial hypothesis. Of the 29 individuals
for whom K65K/K66K and TAMs showed any temporal association, no significant
pattern was observed [P=0.52; Table 1 comparing (a), (b) and (c)]. Instead
K65K/K66K emerged before or independently of TAMs in 299 individuals [Table 1,
(a)+(d); 14%] compared to 17 individuals [Table 1, (b)+(c); 0.8%] in whom
K65K/K66K were observed concurrently with or following TAMs [comparison of
(a)+(d) and (b)+(c); P<0.0001, n=316]. Although the majority of individuals included
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in this analysis (83%) had neither synonymous mutations nor TAMs [Table 1(f),
n=1769], the appearance of either K65K or K66K alone (n=287) was more likely
than TAMs (D67, K70 or K219; n=46) in the absence of K65K/K66K [Table 1
comparing (d) and (e), P<0.0001].

K65K/K66K prevalence is decreasing in drug-treated individuals from 19972014 while their prevalence is increasing in drug-naïve individuals with K66K
largely contributing to this increase
A retrospective longitudinal analysis of the DTP cohort revealed that the prevalence
of K65K/K66K declined (Fig 1a, 31% in 1997 to 23% in 2014, P<0.0001) in
individuals with drug resistance mutations (DRM) undergoing therapy (Individuals
with DRM) and in „All Individuals‟ (Fig 1a, 27% in 1997 to 22% in 2014, P<0.0001),
encompassing every person included in the analysis. This decline coincided with the
decreasing number of individuals failing therapy in the DTP cohort and thereby
requiring a drug resistance test (see Figure, Supplemental Digital Content 3,
http://links.lww.com/QAD/A988, P<0.0001). Strikingly, in drug-naïve individuals
the prevalence of K65K/K66K increased from 11% in 1997 to 37% in 2014 in the
DTP cohort (Fig. 1a, P<0.001; n=5221). This trend was confirmed in an independent
population analysis using sequences from the US, which showed the prevalence of
K65K/K66K increased from 9% in 1997 to 23% in 2009 (Fig. 1b, P=0.003; n=2771).
Comparatively, within the same DTP population, the prevalence of K103N increased
(0-4.5% from 1997-2013; P<0.01) and M184V/I remained relatively low over time
(1.94-0% from 1997-2013; P<0.01)(Fig. 1c). These data suggest that K65K/K66K
may confer an advantage to HIV-1 by potentially increasing their transmission
efficiency and persistence in therapy-naïve individuals.
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We next analysed the relative contribution of K66K compared to K65K in addition to
the evolution of silent substitutions (i.e. AAAAAG) at 20 other consensus lysine
residues across HIV-1 RT in antiretroviral drug naïve patients initiating cART in the
DTP cohort between 1996-2014 (see Table, Supplemental Digital Content 4,
http://links.lww.com/QAD/A988). Our analysis reveals that while 11 of the 22
positions showed a significant (p<0.002) increase in prevalence of AAA to AAG only
two sites showed dramatic increases (slope >0.5) over time. These were K66K (slope
= 0.79, p<<0.0001) that had the greatest increase in prevalence and K220K (slope
=0.67, p<<0.0001) with the second highest increase in prevalence. While K65K also
increased in prevalence, the magnitude of the increase was lower (slope = 0.22,
p=0.0013) than K66K. These data show that K66K is the most important AAA-toAAG silent mutation with regard to increasing prevalence in HIV-1 RT compared to
K65K and silent mutations at other lysine (AAA) codons.

K65K and K66K confer a fitness advantage to MDR virus
The increasing prevalence of K66K and to a lesser extent K65K in drug-naïve
individuals suggests that these mutations may confer a fitness advantage to MDR
virus in a manner similar to that seen previously in a laboratory strain [9]. We
subjected HIV-1, derived from the plasma of individual B, with distinct RT coding
regions carrying either K65K (MDR1K65K) or K66K (MDR2K66K)(see Tables,
Supplemental Digital Content 2 and 5, http://links.lww.com/QAD/A988) to growth
competition assays with their corresponding isogenic clones MDR1 and MDR2
lacking silent mutations in the absence of drug (Figures 1d-e). The fitness vector
slopes for MDR1K65K and MDR2K66K were positive with linear coefficients of
0.007±0.001 and 0.005±0.001, respectively (Figure 1f, p<0.0001, n=3 for each)
Copyright © 2016 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

indicating that the presence of either K65K or K66K in the context of MDR RT
increased viral fitness compared to virus without either synonymous mutation. These
data demonstrate that synonymous mutations potentiate the fitness of virus with RT
coding regions from a MDR clinical isolate.

Discussion
We report that synonymous mutations K66K and to a lesser extent K65K in the HIV1 RT are increasing in prevalence in the DTP cohort and that both K65K and K66K
confer a fitness advantage to MDR virus. Our observations suggest that virus
harbouring these synonymous mutations have the potential to be transmitted more
efficiently and persist in treatment-naïve individuals. Despite K65K and K66K
appearing on the same genome as TAMs when both are present, our data indicate that
K65K/K66K are more likely to arise in drug-treated individuals independent of
TAMs.

Our analysis of the evolution of silent mutations at consensus lysine residues in HIV1 RT demonstrates that K66K and K220K occurred most frequently (Table,
Supplemental Digital Content 4, http://links.lww.com/QAD/A988). Similar to
K66K, the silent A to G change at position K220 occurs at the ultimate nucleotide in a
homopolymeric stretch of 6A‟s. This observation is consistent with the hypothesis
that extensive homopolymeric stretch of A‟s can negatively impact HIV-1 fitness with
4 runs of A‟s associated with RT pausing on the DNA template, decrease in RT
processivity, and an increase in indels (frameshift) and base substitutions as reported
by us and others [8, 9, 14]. Notably, we have previously reported that K66K is
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strongly selected by antiviral drug pressure, while K220 does not appear to be
similarly selected [8].

Other lysine-encoding positions in RT were also present in the context of a
homopolymeric run of 4 A‟s including positions comprising a run of 6A‟s where a
small (i.e. slope = 0.22, K30K and K65K) or no (K101K, K103K, K104K and
K219K) significant increase in the prevalence of AAA to AAG silent mutations were
observed. Positions K101, K103, K104 and K219 are associated with known
polymorphisms and/or drug resistance mutations observed in drug naïve and/or drug
treated individuals [15]. The lack of evolution of silent mutations at positions
associated with drug resistance is consistent with a previous study showing that
synonymous mutations are less likely to occur at positions where nonsynonymous
drug resistance mutations are selected in individuals on cART [16]. For the remaining
residues with 4 runs of A‟s, constraints on the evolution of silent mutations imposed
by RNA secondary structure or cis-acting regulatory elements that are critical for
HIV-1 replication [17] might explain the lack of silent mutation evolution at these
positions.

Our observation of significant yet mostly modest increases in AAA to AAG
synonymous mutations at positions comprising a single triplet of A‟s (K22K, K154K,
K223K and K238K) suggest that HIV-1 in this cohort is evolving towards the use of
AAG codons preferred by the host [18], as previously reported for early expressed
HIV-1 genes [19]. The exceptions in our analysis were K70K, a known drug
resistance site, and K73K, which is a polymorphic site in drug-treated individuals
[15]. Synonymous mutations might therefore also emerge in HIV-1 due to
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evolutionary pressure to use codons and the corresponding tRNA favoured by its host
for improving translation efficiency [19, 20].

An intriguing question is whether silent AAA to AAG mutations can mutate to drug
resistant forms under antiviral drug pressure. In this regard we analysed the
predominately subtype B infected DTP cohort to determine if the K65R tenofovir
resistance mutation is preferentially selected in ARV-naïve individuals who start
therapy with AAG vs. AAA at position 65 (described in Methods, Supplemental
Digital Content 1, http://links.lww.com/QAD/A988). We found no preference for
selection of the K65R tenofovir resistance mutation (data not shown). Unfortunately,
the rarity of K65R and the relatively low number of individuals with AAG at baseline
are a limitation of this analysis.

These data are in stark contrast to the role of a natural silent polymorphism (AAG) at
position K65 in subtype C that is reported to accelerate selection of K65R during
ARV therapy [14]. Notably, in subtype C, the ultimate A in a homopolymeric stretch
of six A‟s is located at the middle base of the AAG triplet. Accordingly, a single base
substitution can occur as a result of dislocation mutagenesis (involving Streisinger
strand slippage during DNA synthesis) resulting in a nonsynonymous change to AGG
(i.e. K65R) with the mutagenesis mechanism dependent on the presence of a G at the
end of the homopolymeric A stretch [14]. The importance of this sequence context is
highlighted by the accelerated in vitro selection of K65R in the presence of tenofovir
in a subtype B virus engineered with the 64-65 (AAA AAG) motif of subtype C,
compared to subtype B HIV [21]. In contrast to subtype C, the probability of strand
slippage and mutagenesis to AGG encoding an arginine at codon 65 with a
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synonymous mutation (AAG) for subtype B HIV-1 strains is unlikely, as the middle
A of this codon is not at the end of 4 A homopolymeric stretch (codon 64 is AAG).
However, dislocation mutagenesis could explain why the prevalence of synonymous
mutations at position K66 in subtype B is greater than K65 as the A to G change
occurs at the ultimate A in the homopolymeric run of As with this A immediately
upstream of a “G” at codon 67.

The observed tripling of K65K/K66K prevalence in treatment-naïve individuals in the
DTP cohort over the past 20 years (Fig 1a) is suggestive of the transmission of virus
harbouring these mutations and their persistence in cART-naïve individuals. This
observation alludes to the potential of these mutations to confer a transmission and/or
persistence advantage to HIV-1, a hypothesis supported by our in vitro data showing
that both K65K and K66K confer a fitness advantage to MDR virus (Figure 1d-e). By
comparison, our data showing that the M184V/I mutations exist at low levels in drugnaïve individuals, while the prevalence of K103N increased from 1997 to 2014
(Figure 1c), is consistent with previous studies [22, 23]. Mutations with relatively low
fitness costs such as K103E/N, Y181C and G190A [24] account for >80% of
nonnucleoside reverse transcriptase inhibitor-associated TDR across all regions and
subtypes while transmission and/or persistence of high-fitness-cost mutations such as
M184V/I are declining [4]. Consistent with our hypothesis, transmission efficacy has
been previously linked to fitness. For instance, M184V/I exhibits diminished HIV-1
transmission efficacy in an in vitro model due to lower replicative capacity whereas
K103N transmissibility is comparable to HIV-1 WT [7]. Although the contribution of
viral fitness to transmission efficiency is debated [25], our data support the notion that
the fitness cost of mutations likely plays a role in their transmission efficiency.
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Treatment-naïve individuals are a major source of TDR [26, 27]. K103N, which can
persist in the absence of drug pressure [6], is detected significantly more often in
recently-infected individuals compared to those with unknown infection duration as
reported in the European SPREAD program [28] and can exhibit higher
transmissibility [29]. Given that the prevalence of K65K/K66K is increasing in drugnaïve individuals in the DTP cohort, coupled with the increased replicative capacity
conferred by these mutations it is likely that these synonymous mutations persist in
treatment-naïve individuals who consequently serve as a source for onward
transmission of HIV-1 harbouring K65K and K66K.

Our finding of an increasing prevalence of K65K/K66K in the BC patient population
is uniquely representative of all patients receiving drug resistance tests in BC as the
DTP is the sole source of clinical HIV resistance testing in this province. Moreover,
our findings are generalizable outside of the BC cohort, as this trend was confirmed in
an independent population analysis using sequences from the US deposited in the
Stanford HIV database, which showed the prevalence of K65K/K66K increased from
9% in 1997 to 23% in 2009 (Fig. 1b). However, it is likely that chance variation in
the initial “seed” virus and many other factors could play a role, and we have no
evidence that this is necessarily a universal phenomenon in all regions with
predominantly subtype B virus.

Our study highlights the unappreciated roles of silent mutations in the adaptive
evolution of HIV-1 and in the transmission and persistence of this virus in untreated
populations.
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Figure 1 Legend

Fig. 1. Prevalence of K65K, K66K, K103N and M184V/I in the DTP cohort in
British Columbia and increased fitness of drug-resistant HIV-1 variants carrying
silent mutations K65K or K66K. (a) Prevalence of silent mutations K65K and/or
K66K in patients in the DTP cohort from 1997 to January 1 2014. „All individuals‟
includes total individuals analysed, „Individuals with DRM‟ harboured ≥1 IAS-USAdefined resistance mutation, „Drug-Naïve Individuals‟ were treatment-naïve at
baseline irrespective of DRM, „Drug-Naïve Individuals (-D67/K70/K219)‟ were
treatment-naïve and did not harbour any D67, K70 and K219 mutations. (b)
Prevalence of K65K and K66K in subtype B HIV-1 infected treatment-naïve
individuals from the US (n=2771). Available subtype B sequences from the US were
downloaded from the Stanford HIV Drug Resistance Database on October 26th 2015.
The presence of K65K and/or K66K was assessed between the available collection
dates (1995-2009) (c) Prevalence of K103N and M184V/I in same subset of
treatment-naïve patients as in (a). The Cochran-Armitage test assessed the trends
observed for the prevalence of mutations in the DTP during 1997-2014 and Stanford
Database cohort during 1995 and 2009. All statistical analyses were performed using
XLSTAT 2015 version 16.01 (Addinsoft, New York, NY) or SAS version 9.2 (SAS
Institute, Cary NC). (d-f) Growth competition dynamics of MDR HIV-1 carrying
K65K or K66K. Representative plots from n=3 assays performed in MT-2 cells with
(d) MDR1 and MDR1K65K and (e) MDR2 and MDR2K66K in the absence of drug. (f)
Average fitness vectors from n=3 independent assays representing the rate of change
in the proportion of MDR1K65K and MDR2K66K relative to their isogenic variant
lacking either K65K or K66K (MDR1 and MDR2 respectively).
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Table 1. Temporal appearance of K65K and K66K relative to TAMs in a retrospective analysis
of samples from subtype B HIV-1 infected individuals
#
†
‡
P
Temporal Appearance
Count
%
¶

0.52&

a)

Silent mutation before TAM

12

0.56

b)

TAM before silent mutation

10

0.47

c)

Concurrent emergence

7

0.33

d)

Silent mutation only

287

13.47

<0.0001§

e)

TAM only

46

2.16

<0.0001+

f)

None

1769

83.01

<0.0001⌃

#

Number of drug-naïve individuals
Percentage of individuals; total n= 2131
‡
Statistical analysis performed using the chi square (χ2) test to evaluate the temporal association between silent
mutations and TAMs by comparing the frequencies of each category. P<0.05 indicates statistical significance.
The χ2 tests indicate the difference between observed and expected frequencies of each mutation.
¶
TAM defined as mutations at D67, K70 or K219
&
Comparison of differences between (a), (b) and (c), n=29. No differences in frequency between the outcomes
were detected.
§
Comparison of (a)+(d) and (b)+(c), assessing the difference in frequency of independent emergence of K65K
and K66K versus their emergence in concert with TAMs.
+
Comparison of (d) and (e), assessing the difference between the frequency of TAMs and the silent mutations,
K65K or K66K.

Represents subtype B HIV-1-infected individuals in whom neither silent mutations nor TAM were detected
⌃
Comparison of difference between (f) and the cumulative total frequency of (a), (b), (c), (d) and (e).
†
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