RESEARCH ARTICLES

Influence of Drug Resistance Mutations
on the Activity of HIV-1 Subtypes A and
B Integrases: a Comparative Study

O. A. Shadrina', T. S. Zatsepin®3, Yu. Yu. Agapkina®, M. G. Isaguliants*®, M. B. Gottikh**
'Faculty of Bioengineering and Bioinformatics, Lomonosov Moscow State University, Leninskie
gory, Moscow, 119991, Russia

2Belozersky Institute of Physical-Chemical Biology, Lomonosov Moscow State University, Leninskie
gory, Moscow, Russia; 119991

3Chemistry Department, Lomonosov Moscow State University, Leninskie gory, Moscow, 119991,
Russia

‘lvanovsky Institute of Virology, Gamaleya Str., Moscow, 123098, Russia

*Department of Microbiology, Tumor and Cell Biology, Karolinska Institutet, Stockholm, 17177,
Sweden

*E-mail: gottikh@belozersky.msu.ru

Received: 22.10.2014

Copyright © 2015 Park-media, Ltd. This is an open access article distributed under the Creative Commons Attribution License,which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

ABSTRACT Integration of human immunodeficiency virus (HIV-1) DNA into the genome of an infected cell is one
of the key steps in the viral replication cycle. The viral enzyme integrase (IN), which catalyzes the integration,
is an attractive target for the development of new antiviral drugs. However, the HIV-1 therapy often results in
the IN gene mutations inducing viral resistance to integration inhibitors. To assess the impact of drug resistance
mutations on the activity of IN of HIV-1 subtype A strain FSU-A, which is dominant in Russia, variants of the
consensus IN of this subtype containing the primary resistance mutations G118R and Q148K and secondary
compensatory substitutions E138K and G140S were prepared and characterized. Comparative study of these
enzymes with the corresponding mutants of IN of HIV-1 subtype B strains HXB-2 was performed. The mutation
Q148K almost equally reduced the activity of integrases of both subtypes. Its negative effect was partially com-
pensated by the secondary mutations E138K and G140S. Primary substitution G118R had different influence
on the activity of proteins of the subtypes A and B, and the compensatory effect of the secondary substitution
E138K also depended on the viral subtype. Comparison of the mutants resistance to the known strand transfer
inhibitors raltegravir and elvitegravir, and a new inhibitor XZ-259 (a dihydro-1H-isoindol derivative), showed
that integrases of both subtypes with the Q148K mutation were insensitive to raltegravir and elvitegravir but
were effectively inhibited by XZ-259. The substitution G118R slightly reduced the efficiency of IN inhibition by
raltegravir and elvitegravir and caused no resistance to XZ_259.

KEYWORDS integrase, HIV-1 subtype A, strain FSU-A, strand transfer inhibitor, drug resistance mutations.
ABBREVIATIONS HIV-1 — human immunodeficiency virus type 1; IN —integrase; IN, —integrase of HIV-1 subtype
A strain FSU-A; IN|, — integrase of HIV-1 subtype B strain HXB-2; RAL - raltegravir; EVG — elvitegravir; DTG —
dolutegravir; IC_  — inhibitor concentration causing 50% decrease in enzymatic activity; FC — fold change in IC
of a mutant protein compared to that of wild-type integrase, wt — wild-type integrase; PAAG — polyacrylamide
gel; DTT — dithiothreitol, EDTA — ethylenediaminetetraacetic acid, TBE — tris-borate-EDTA buffer.

INTRODUCTION

Integrase (IN) is one of the key enzymes of human im-
munodeficiency virus type 1 (HIV-1) required for its
replication. IN catalyzes the insertion of a DNA copy of
the viral genomic RNA into the host DNA in two con-
secutive reactions. The first reaction is the 3’-process-
ing, consisting in the GpT dinucleotide cleavage from
both 3’-ends of the viral DNA. The second reaction is
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the strand transfer, in which the viral DNA is inserted
into the host cell’s DNA.

Since IN homologues within human cells have not
been described, IN is an attractive target for developing
new antiviral drugs. Three strand transfer inhibitors are
currently used as components of highly active antiretro-
viral therapy: raltegravir (RAL), elvitegravir (EVG), and
dolutegravir (DTG). However, strand transfer inhibitors
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cause drug resistance mutations in the IN gene both in
patients and in a HIV-infected cell culture [1]. The virus
rapidly develops resistance, including cross-resistance,
to the first generation of strand transfer inhibitors —
RAL and EVG. One of the common reasons for the high
resistance to both inhibitors is a primary mutation at the
Q148 residue [2—6]. In most cases, this mutation occurs in
combination with secondary mutations, most frequent-
ly G140S/A and E138K /A [2—T7]. The results of in vitro
and in vivo studies have demonstrated that secondary
mutations partially restore the viral replication ability
reduced by primary substitutions and may also increase
drug resistance [7—11].

DTG is a second-generation drug active against most
RAL- and EVG-resistant virus strains [9, 12, 13]. How-
ever, investigation of the DTG effect on HIV-1 isolates
from patients insensitive to RAL and EVG showed that
Q148H/K/R substitutions in the integrase structure
lead to some resistance to DTG. Secondary and tertiary
mutations (G140A/C/S, L74I and E138A /K /T) further
enhance the resistance [14, 15]. Variants containing a
number of amino acid substitutions in IN (H51Y, L1011,
G118R, T124A, S153F /Y, R263K) were found during
selection of HIV-1 strains resistant to DTG in a lym-
phocytes culture [13, 16]. However, only two substitu-
tions, G118R and R263K, proved to be responsible for
the virus resistance to DTG [15, 17].

HIV-1 is represented by different subtypes and re-
combinant strains, and among them subtype B is prev-
alent in the United States, Australia, Japan, and West-
ern Europe. Mutations Q148H/R/K lead to RAL- and
EVG-resistance in different HIV-1 subtypes. Muta-
tions associated with DTG-resistance are more specif-
ic. Thus, in vitro selection of DTG-resistant strains of
HIV-1 subtypes B, C, and A/G demonstrated that only
the R263K substitution was common to all subtypes;
the G118R substitution was found only in the subtypes
A /G and C[16]. In subtype C, this mutation was found
also by in vitro-selection with the second-generation
strand transfer inhibitor MK-2048 [18]. The same study
demonstrated that the E138K mutation was a second-
ary compensatory substitution for G118R. The fact that
the G118R mutation is associated with the lack of sensi-
tivity to RAL in patients infected with the CRF02_A/G
strain has recently been demonstrated [19]. It is im-
portant to note that this virus isolate, containing the
G118R substitution in the IN gene, was resistant not
only to RAL, but also to EVG and DTG [15]. All these
data suggest that the G118R substitution is most char-
acteristic for non-B subtypes of HIV-1 and that the
presence of this substitution can lead to patient insensi-
tivity to all IN inhibitors approved for therapeutic use.

HIV subtype A (FSU-A) dominates within the ter-
ritory of the former Soviet Union, and IN of this viral

subtype has not been fully characterized [20]. In par-
ticular, information on resistance mutations caused
by IN inhibitors in HIV-1 strain FSU-A is limited. To
assess the impact of drug resistance mutations on the
enzymatic properties of IN of HIV-1 subtype A, we
prepared a consensus IN of the FSU-A strain, where
RAL- and EVG-resistance mutations were introduced
by site-directed mutagenesis [21, 22]. The consensus
IN sequence of HIV-1 strain FSU-A (IN,) differs from
the sequence of the best studied IN of HIV-1 subtype
B (HXB-2) by substitutions of 16 amino acid residues,
nine of which are located in the catalytic domain.
We characterized the catalytic activity of IN, and its
variants containing two major combinations of RAL-
and EVG-resistance mutations: E92Q, V1511, N155H,
G163R, L74M (mutant 1), and Q148K, E138K, G140S
(mutant 2) [22]. The consensus enzyme was significant-
ly more active than IN of subtype B (IN,) in 3’-process-
ing and strand transfer reactions. The introduction of
these mutations significantly increased IN, resistance
to RAL and EVG but dramatically reduced its catalytic
activity in both reactions [22].

In this study we continued the investigation of the
role of drug resistance mutations and meticulously
compared the effect of the primary mutation Q148K
and the secondary mutations E138K and G140S on the
activity of IN, and IN,. We also described the activi-
ty of the IN, mutants containing the primary G118R
substitution and compensatory E138K substitution for
the first time. The Q148K mutation dramatically de-
creased the activity of enzymes of both viral subtypes
in both reactions: 3’-processing and strand transfer.
This decrease was partially restored by the secondary
mutations E138K and G140S. The G118R substitution
reduced the efficiency of 3’-processing for both inte-
grases by 5 times, but it differently affected the en-
zymes of different strains in the strand transfer reac-
tion: IN, activity decreased more significantly than IN
activity. Moreover, the secondary substitution E138K
had a compensatory effect on IN, only. We also com-
pared the resistance of all the mutants to RAL, EVG,
and the new strand transfer inhibitor XZ-259 [23]. XZ-
259 effectively inhibited the RAL- and EVG-resistant
IN forms containing substitution Q148K. Substitution
G118R slightly reduced the efficiency of IN inhibition
by RAL and EVG, this effect was more pronounced in
the case of IN, and did not affect the sensitivity of INs
to XZ-259.

MATERIALS AND METHODS
Enzymes

Plasmid vector pET-15b (Novagen, USA) was used
for expression of recombinant INs (wt and mutants)
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of both HIV-1 subtypes with N-terminal His6-tag .
Protein samples were isolated from cells of the Roset-
ta (DE3) Escherichia coli producer strain and purified
without adding a detergent as per [24]. Genetic con-
structs encoding IN mutant forms were obtained by
site-directed mutagenesis of a plasmid encoding corre-
sponding wild-type IN using a QuikChange II Site-Di-
rected Mutagenesis kit (Agilent Technologies, USA).
All procedures were performed in accordance with the
manufacturer’s instructions. Preparations were ana-
lyzed by electrophoresis in 12% SDS-PAGE according
to Laemmli, followed by staining with SimplyBlueTM
SafeStain (Invitrogen, USA) according to the manufac-
turer’s instruction. The purity of the IN preparations
was not lower than 90%.

Oligodeoxyribonucleotides

All oligodeoxyribonucleotides were synthesized using
the phosphoramidite method on an ABI 3400 DNA syn-
thesizer (Applied Biosystems, USA) in accordance with
the standard operating procedures using commercially
available reagents (Glen Research, USA).

The radioactive *P-label was introduced at the 5’-
end of the oligonucleotides. To achieve this, 10 pmol
of the oligonucleotide was incubated with T4-poly-
nucleotide kinase (Fermentas, Lithuania) and 50 pCi
(16 pmol) [y-*P]ATP (3000 Ci/mmol), in 10 pl of a buff-
er containing 50 mM Tris-HCI, pH 7.5, 10 mM MgCl,,
5 mM DTT, 0.1 mM spermidine, 0.1 mM EDTA, for 1 h
at 37°C. Then, the kinase was inactivated by adding
2 pl of 250 mM aqueous EDTA and heating to 65°C for
10 min. An equimolar amount of the complementary
oligonucleotide was added, and a duplex was formed
by heating the oligonucleotide mixture to 95°C followed
by slow cooling to room temperature. The duplex was
purified from the excess [y-**P]ATP and salts on a Mi-
croSpin G-25 column (Amersham Biosciences, USA)
according to the manufacturer’s instructions.

HIV-1 1IN catalytic activity assays

Duplex U5B/U5A consisting of 21-mer oligonucleo-
tides U5B (5’-GTGTGGAAAATCTCTAGCAGT-3)
and UHA (5’-ACTGCTAGAGATTTTCACAC-3’) and
mimicking the end of the HIV-1 U5 LTR was used as a
substrate for the 3'-processing. For this reaction, 3 nM
duplex U5B/U5A (with 3?*P-labeled U5B-chain) was
incubated with 100 nM IN in 20 pl of a buffer (20 mM
HEPES, pH 7.2, 7.5 mM MgCl2, 1 mM DTT) at 37°C.
The incubation time varied from 1 to 2,000 min. The
reaction was stopped by adding 80 pl of the buffer
containing 7 mM EDTA, 0.4 M sodium acetate, 10 mM
Tris-HCI, pH 8, and 0.1 g/1 glycogen (stop solution).
The IN protein was extracted with phenol: chloro-
form: iso-amyl alcohol = 25: 24: 1, the DNA duplex
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was precipitated with ethanol (250 pl). The reaction
products were separated by electrophoresis in a 20%
polyacrylamide/7 M urea gel in the TBE buffer. Au-
toradiographic data analysis was performed using a
GE Typhoon FLA 9500 scanner; densitometry was
performed using the ImageQuant 5.0 software. The
efficiency of 3’-processing was determined as the in-
tensity ratio of the bands corresponding to the U5B
substrate and the reaction product U5B-2 truncated
by two residues using the ImageQuantTM 5.0 soft-
ware. The statistical analysis was performed using the
Gnuplot version 4.6.

For the homologous strand transfer reaction, the
U5B-2/U5A duplex was used as both a DNA substrate
and a target. The reaction was carried out in the buffer
used for 3’-processing with the 10 nM U5B-2/U5A du-
plex (with **P-labeled U5B-2 chain) and 100 nM IN at
37°C; aliquots were taken after 2, 4, and 6 h.

For the heterologous strand transfer reaction,
U5B-2/U5A and 36-bp duplex DNA (5’-ACAAAAT-
TCCATGACAATTGTGGTGGAATGCCACTA-3’,
5TAGTGGCATTCCACCACAATTGTCATGGAAT-
TTTGT-3’) were used as a DNA substrate and a target
respectively. The U5B-2/U5A substrate (2 nM, **P-la-
beled U5B-2chain) was first incubated in the buffer for
3’-processing with 100 nM IN at 25°C for 30 min; the
target DNA (8 nM) was then added, and the mixture
was incubated for 2 h at 37°C. The reaction products
were isolated and analyzed as described above.

Inhibition of the strand transfer reaction

The resistance of INs to inhibitors, RAL, EVG (San-
ta Cruz Biotechnology Inc., USA) and XZ-259 (kindly
provided by Dr. Xue Zhi Zhao from NIH, USA), was
investigated in the homologous strand transfer reaction
carried out as described above for 2 h in the presence
of increasing inhibitor concentrations. Using the results
of three independent determinations, IC, values were
determined for each inhibitor. Data for the reaction ef-
ficiency were approximated by the exponential decay
function; the concentration value corresponding to 50%
of inhibition was calculated.

RESULTS AND DISCUSSION

Fourteen mutant proteins (seven for each IN: Q148K,
G140S, E138K, G118R, Q148K /E138K, Q148K /G140S,
and G118R/E138K) were prepared by site-directed
mutagenesis for the comparative analysis of the effect
of drug resistance mutations on the catalytic activity of
INs of FSU-A (IN,) and HXB-2 (IN) strains. Enzymatic
activities were determined in 3’-processing and strand
transfer reactions using synthetic DNA duplexes corre-
sponding to the end of the Ub region of the viral cDNA
long terminal repeat .
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Fig. 1. The kinetics of 3'-processing product accumulation catalyzed by consensus IN of HIV-1 subtype A strain FSU-A
(IN,) and IN of HIV-1 subtype B strain HXB-2 (IN,) and their mutants. The reaction was carried out at 37°C using 100 nM
IN and 3 nM U5 substrate. The average values of at least three independent measurements with a standard error of less

than 12% are shown

Mutations influence on the catalytic activity

of IN, and IN in the 3’-processing reaction

We used a 21-mer DNA duplex U5B/U5A mimicking
the U5 region of HIV-1 DNA (Ub5-substrate) and the
conditions (enzyme and DNA concentrations, buffer
composition) described earlier for the analysis of cat-
alytic activities of IN, and IN [22] in the 3'-processing
reaction.

We evaluated the dependence of the 3’-processing
efficiency on time and plotted kinetic curves for prod-
uct accumulation (Fig. 1). The initial rates of the 3’-pro-
cessing reaction (V) were calculated from the linear
part of the curve (first 60 min) (Table 1).

As we demonstrated earlier [22], IN, was more active
thanIN, in the 3’-processing reaction. All IN, mutants
were also characterized by a higher efficiency of prod-
uct accumulation than the corresponding IN, mutants
(F7g. 1). However, the initial reaction rates for mutant
forms of both INs were not significantly different (Ta-
ble 1).

All mutations introduced into INs of both subtypes
reduced both the 3’-processing rate and the efficien-
cy of product accumulation (Fig. 1, Table 1). The most
significant decrease was detected for proteins with the
Q148K substitution; this finding is in good agreement
with the previous results for IN [25].

As we expected based on published data [7—11, 13],
the negative effect of the primary mutation Q148K
was partially recompensed by the G140S substitution
(Fig. 1, Table 1). The compensatory effect of G140S was
stronger for IN,: the difference in the 3’-processing ef-
ficiency and initial rate for mutants IN,G1#05/Q148K and

Table 1. Initial rates and efficiencies of 3'-processing cata-
lyzed by IN, and IN; and their mutants

Relative
V,, pPM/min* reaction
Mutation efficiency, %**
IN, IN, IN, IN,
Wild type 101 +029 | 6.4+0.19 100 100
G118R 0.98 +0.074 {0.79 =0.15 21 20
E138K 4.8 +0.24 46 +0.9 69 76
G118R/E138K | 2.6 =0.37 14+0.18 24 24
G140S 43+021 | 48=*0.75 58 51
Q148K 0.90=0.16 |0.65=+0.35 6 13
E138K/Q148K| 1.2+ 0.31 0.7 = 0.61 13 11
G140S/Q148K | 2.62+0.11 | 1.3 +0.23 25 15

*Mean values of at least three independent experiments
with standard deviations are shown.

**Relative reaction efficiency after 1,500 min of incubation
is shown; efficiency of the reaction catalyzed by wt INis
100%.

IN, %% was more pronounced than that for the corre-
sponding pair of subtype B (Fig. 1, Table 1). However, it
should be noted that the compensatory effect of G140S
on the Q148K mutation observed for IN,**** and IN-
4 was not as significant as on the Q148H substitu-
tion in IN [8]. This may be explained by the stronger
negative impact of the Q148K mutation on the IN ac-
tivity. The difference in the activities of IN with the
primary mutations Q148K and Q148N correlated with
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the differences in the integration capacity of viruses
carrying these mutations [7, 10, 11].

A compensatory effect of E138K on the catalyt-
ic activity of both INs with the primary Q148K sub-
stitution was also detected (Fig. 1, Table 1). However,
both double mutants IN FIE/QUEK and N FI38K/QUEK-
were less active than the double mutants carrying
the G140S/Q148 substitutions. This finding is con-
sistent with a decrease in the replication and inte-
gration activity of HIV-1 subtype B mutants in the
series: Q148K<Q148K/E138K<Q148K/G140S [7].
Interestingly, activity of IN, with triple mutation
E138K/G140S/Q148K was slightly higher than that
of the enzymes with two substitutions: 1,500 min af-
ter initiation of the reaction, the 3’-processing efficien-
cy for the triple mutant was about 30% of that for the
wt IN, [22], while for the most active double mutant
N G140S/QU8K it was not higher than 20% (Table 1). Thus,
the compensatory effect of the combination of two mu-
tations, E138K and G140S, was slightly higher than
that of the individual secondary substitution, G140S
or E138K. A similar observation was made earlier for
HIV-1 subtype B: the addition of the E138K mutation
to the Q148K /G140S substitutions improved viral rep-
lication while not affecting viral sensitivity to strand
transfer inhibitors [11].

Finally, we found that the G118R substitution
strongly decreased the activities of both IN, and IN,
(Fig. 1, Table 1). This result contradicts the data re-
ported in [17], which demonstrated that the efficiency
of 3’-processing catalyzed by recombinant IN, with
the G118R substitution was slightly reduced, whereas
the double mutants G118R/E138K and G118R/H51Y
were somewhat more active than the wt enzyme. Un-
der our conditions, the introduction of the secondary
E138K substitution also led to increased activities of
both the IN, ¢*® and IN_®'*® mutants; however, the
activities of all enzymes with the G118R substitution
were significantly lower than those of wt IN, and IN
(Fig. 1, Table 1). This contradiction can be explained
by the different 3’-processing conditions; in particu-
lar, by the length of the DNA substrate: we used a
standard 21-mer DNA duplex, while a 32-mer sub-
strate was used in [17].

Effect of mutations on the catalytic activities of

IN, and IN, in the strand transfer reaction

We also investigated the mutations effect on the second
reaction catalyzed by IN, which is the strand transfer.
In in vitro reaction, the 3’-processed DNA substrate
may be inserted by IN into itself (homologous strand
transfer) or into any random DNA duplex or plasmid
(heterologous strand transfer). The U5B-2/Ub5A du-
plex was used as a DNA substrate. A synthetic 36-mer
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oligonucleotide duplex was used as a target for heter-
ologous strand transfer. Since the sites of the substrate
insertion do not depend on the DNA target sequence,
reaction products with different lengths were detected
(Fig. 2).

As we established earlier [22], IN, activity was
slightly higher than that of IN in the strand transfer
reaction (Fig. 2). A difference in the profiles of the in-
tegration products for the homologous (Fig. 2A4) and
heterologous strand transfer (Fig. 2B) catalyzed by IN
and IN can be observed.

INs of both subtypes carrying the Q148K substitu-
tion were the least active in the strand transfer reac-
tion, identically to 3’-processing. For these mutants,
the efficiency of homologous strand transfer was re-
duced to approximately 5% of that of the wt enzymes.
Surprisingly, the G140S substitution significantly de-
creased the reaction efficiency, too (Fig. 24, C). This
effect was observed for the enzymes of both subtypes,
IN, %" and IN_ %%, though no data on a G140S nega-
tive effect on the activity of recombinant IN have been
published, and only a slight decrease in the integra-
tion and replication capabilities was demonstrated for
HIV-1 subtype B with this substitution [7, 8]. Despite
the negative effect of the G140S substitution, its com-
bination with the Q148K mutation increased the reac-
tion efficiency and the double mutants IN ,¢1#05/Q145K and
IN G1405/QIK were more active than IN, @*% and IN @4
(Fig. 2C). Some compensatory effect was also produced
by the E138K mutation. Moreover, the compensatory
effect of G140S was somewhat stronger for IN,, while
the compensatory effect of E138K was stronger for
for IN, (Fig. 2C). It is interesting to note that a single
E138K substitution significantly increased the reaction
efficiency for INs of both subtypes (Fig. 2C). In gen-
eral, the primary mutation Q148K and its compensa-
tory substitutions G140S and E138K equally affected
the activities of IN, and IN, during 3’-processing and
strand transfer reactions. Thus, the differences in the
primary structure of IN, and IN, did not affect the en-
zymatic properties of this group of mutants in vitro.

It is important that another group of mutations,
G118R and G118R/E138K, exhibited a different effect
on the activity of INs of different subtypes in strand
transfer reactions. IN, was more sensitive to the G118
substitution than IN,: the reaction efficiency was
strongly reduced for the IN,“'"*f enzyme, while it was
not changed significantly for IN '*® (Fig. 24, C). It
should also be noted that in the case of IN,, the G118R
mutation resulted in a changed integration profile, and
only two predominant products were detected for IN-
L instead of the large set of products found for wt
IN, (Fig. 2A). The addition of the compensatory muta-
tion E138K had virtually no effect on the activity of the
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Fig. 2. The catalytic activity of the mutant INs of HIV-1 subtypes A and B in the strand transfer reaction. All products
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fer was performed at 37°C for 2, 4, 6 h using 100 nM IN and 10 nM substrate U5B-2 /U5A. B. Reaction of heterologous
strand transfer was performed using 100 nM IN, 2 nM substrate U5B-2 /U5A (pre-incubated for 30 min at 25°C) and 8
nM 36-mer DNA target for 2 h at 37°C. C. Relative efficiency of homologous strand transfer catalyzed by the mutant INs:

the reaction efficiency for wt IN and IN
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g is considered to be 100%. The average values of at least three independent
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IN_®"*%® mutant, while the double mutant IN G!18R/E138K
was more active than IN,**® carrying a single sub-
stitution. However, the efficiency of the homologous
strand transfer catalyzed by IN , “"**/F1%% was only 23%
of the reaction catalyzed by the wt IN, (Fig. 2C).

It was shown previously that G118R substitution in
IN, significantly (over 90%) reduces its activity in the
heterologous strand transfer reaction [17]. The double
mutation G118R/E138K resulted in partial recovery of
the activity, but it failed to achieve even 50% of the wt
IN activity [17]. Similar effects were observed for HIV-1
subtype B containing these mutations: G118R substitu-
tion caused a significant decrease in the viral replication
and integration, and the addition of the E138K mutation
led to their partial recovery [18]. Our study of the G118R
effect on the ability of IN, and IN to catalyze the het-
erologous strand transfer showed that, identically to the
homologous strand transfer, the effect of this substi-
tution on the enzymes of different HIV-1 subtypes is
different (Fig. 2B). The G118R mutation decreased IN
activity by approximately 50%, while the corresponding
IN, "% mutant was virtually inactive. The secondary
substitution E138K had a compensatory effect only on
IN,: the activity of the IN '"¥*/F1% double mutant was
somewhat higher than that of the IN_“"*® mutant (Fig.
2B). These results are consistent with data [17], and the
difference in the activities of IN,; mutant forms (in our
work and [17]) can be explained by differences in the re-
action conditions. As for subtype A IN mutants, IN, "%
and IN,GUSR/EISE they demonstrated equally low activ-
ities, although the substitution E138K alone resulted
in increased efficiency of heterologous strand transfer
catalyzed by INs of both subtypes (Fig. 2B).

The reduced integration activity of the subtype B
mutant IN_ %"*F had been explained by the reduced
ability of the complex of this mutant with its DNA sub-
strate to bind the DNA target [17]. As a result of natu-
ral polymorphism, IN, contains Ser at position 119 and
IN, contains Pro [21]. It should be noted that Ser119
is likewise present in drug-resistant strains of HIV-1
subtype C, which most often contain the G118R muta-
tion [16, 18]. The proline residue increases the rigidity
of the IN spatial structure in the vicinity of the active
site (Aspl16 is a component of the catalytic triad). The
Prol19 and G118R mutations obviously affect the abil-
ity of IN, to interact with the DNA target to a higher
extent than a combination of Ser119 and G118R. As a
result, IN, containing a G118R substitution is signifi-
cantly less active in the strand transfer reaction than
the corresponding IN, mutant.

The effects of mutations on the sensitivity of

IN, and IN,, to strand transfer inhibitors
We have studied the influence of the selected drug re-
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sistance mutations on the IN sensitivity to three strand
transfer inhibitors: RAL, EVG, and the new inhibitor
XZ-259, a dihydro-1H-isoindole derivative, with bio-
chemical and antiviral activities comparable to RAL
[23]. We determined the concentration of the inhibitor
required to reduce IN activity by 50% (IC,)) in the ho-
mologous strand transfer reaction (Table 2; increased
IC,, shows a decreased sensitivity of the enzyme to the
inhibitor).

Our results demonstrate that IC, values for RAL
and EVG were comparable for INs of both subtypes,
but the average IN, sensitivity to both inhibitors was
somewhat higher; this finding correlates with the data
obtained previously [22]. IN, sensitivity to the new in-
hibitor XZ-259 was also slightly higher than that of
IN; the IC, value for IN (65 nM, Table 2) is in good
agreement with [23] (77 nM).

It is convenient to use the FC values indicating by
how much the IC_  value for a particular mutant has
changed compared to the wild-type (i.e,, a higher re-
sistance of mutants to inhibitors in comparison with the
wt enzyme) to analyze IN sensitivity to inhibitors. FC
analysis of the protein family containing the primary
substitution Q148K (INQK TNEIBK/QUEK gpnd TNGI0S/
QU8K) showed that the resistance of the mutant INs of
both subtypes to EVG increased in a similar manner
(Table 2). RAL inhibited IN, carrying the Q148K and
G140S/Q148K substitutions twice more effectively
than the corresponding IN, variants. A compensatory
E138K mutation decreased the resistance of IN "%
to RAL and EVG almost twofold, without a significant
effect on the resistance of the IN, #** mutant. It should
also be noted that the sensitivity of both Q148K mu-
tants to XZ-259 was significantly higher than the sensi-
tivity to EVG and especially to RAL; these results were
in agreement with the results obtained earlier for IN,
[23]. It is interesting to note that the secondary E138K
substitution increased the sensitivity of the IN,#*% and
IN ¥"**® mutants to XZ-259, while G140S reduced their
sensitivity (Table 2).

The FC analysis of the protein family with G118R
and G118R/E138K substitutions showed a slight de-
crease in the sensitivity of both subtypes INs to RAL
and EVG (Table 2). A single G118R mutation reduced
the IN, sensitivity more significantly (Table 2). Inter-
estingly, the compensatory E138K substitution re-
duced the emerging resistance (Table 2). It is also im-
portant to note that resistance to XZ-259 did not occur.
In general, our results correlate well with previously
published data. Thus, the HIV-1 subtype CRF02_A/G
isolate carrying a G118R substitution in the IN gene
was resistant (FC>100) to all IN inhibitors approved for
therapeutic use: RAL, EVG, and DTG [15]. Meanwhile,
the HIV-1 subtype B (clone pNL4-3) carrying this mu-
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Table 2. Inhibition of the activity of INg, IN, and their mutants in the reaction of homologous strand transfer by RAL, EVG,

and XZ-259
Inhibitory activity, IC_ ' (nM), and ratio of IC_ for mutants over wt (FC)
IN IN
Mutati a B
HEAHOR RAL EVG XZ-259 RAL EVG X7-259
ic, |rc| 1c, |[Fc| 1cC, FC IC,, FC IC., FC| 1C, FC
Wild type 5£2 | 1| 17+5 | 1| 40=15 1 73 1 2510 | 1 | 6510 | 1
G118R 12+5 | 24| 45=10 |26| 4010 1 30£10 | 43 | 90=30 | 36 | 80+20 | 12
E138K 7£3 |14| 35+5 | 2| 50=15 | 1.25 7 £5 1 20«8 | 08| 70+10 | 1
G118R/E138K | 73 |14 40=10 |24| 30%10 | 075 | 25+8 | 36 | 50+15 | 2 | 80=15 | 1.2
G140S 15+5 | 3 | 300=50 | 18| 150+50 | 38 | 35=15 | 5 | 200=80 150 =50 | 2.3
Q148K 400 =100 | 80 | 700 =80 | 41 | 350 =100 | 88 | 1100 =250 157 | 1000 =200 | 40 | 600 = 100 | 9.2
E138K/Q148K | 35080 | 70 | 650 =100 | 38 | 20050 | 5 | 500150 | 71 | 600150 | 24 |500=200| 7.7
G140S/Q148K | 400 = 150 | 80 | 450 = 150 | 26 | 600 =150 | 15 | 1000 =200 | 200 | 850 =200 | 34 | 850 =100 | 13

*Values are the average results of at least three independent determinations = standard deviation.

tation showed negligible resistance to these inhibitors
(FC = 3.1 for EVQG, 8.2 for RAL and 10 for DTG) [15].
Thus, our study confirms the heterogenic effect of the
primary G118R mutation on the drug resistance of dif-
ferent HIV-1 subtypes.

CONCLUSIONS

We have carried out the first systematic study of the
enzymatic properties of consensus IN of HIV-1 subtype
A strain FSU-A, which is dominant in the territory of
the former Soviet Union, containing mutations G118R
and Q148K causing HIV-1 resistance to strand transfer
inhibitors. We have demonstrated that the sensitivity
of IN, to the inhibitors approved for therapeutic use,
RAL and EVG, as well as to the novel inhibitor XZ-259,
is somewhat higher than the sensitivity of IN,. The
primary mutation Q148K associated with resistance to
RAL and EVG caused a sharp decrease in IN, activ-
ity, which is partially restored by the secondary mu-
tations E138K and G140S. A similar dependence was
observed for IN,. At the same time, the primary mu-
tation G118R reduced the integration activity of IN,
much more significantly than the activity of IN,. This
may be due to the IN natural polymorphism , and in

particular to the presence of Prol19 in IN, instead of
Serl19 in IN,. We can assume that the Ser119Pro sub-
stitution, which leads to a more rigid conformation of
the IN, active site, confers higher enzyme activity but
reduces the ability to adapt its active site to the G118R
mutation. Recombinant IN activity reduced by drug
resistant mutations usually corresponds to a reduced
replicative capacity of the mutant virus; therefore, we
can expect the emergence and fixation of drug-resist-
ant variants of HIV-1 FSU-A carrying the primary
mutation Q148K and compensatory mutations E138K
and/or G140S, while the emergence and fixation of
drug-resistant variants of FSU-A with the G118R sub-
stitution are unlikely. ®
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