Journal of Biomedical Science (2005) 12:701-710
DOI 10.1007/s11373-005-9011-4

Structural analysis of reverse transcriptase mutations at codon 215 explains
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Summary

Mutations at codon 215 of HIV-1 reverse transcriptase (RT) confer resistance to nucleoside analogs
through RT-catalyzed ATP-dependent phosphorolysis. We showed that mutation T215Y is predomi-
nant over T215F (respectively 38.8 vs. 7.04% of 7312 sequences from a cohort of patients receiving
antiretroviral therapy in France). Ambiguous mixtures at codon 215 (e.g. TNYS and TFSI) were
resolved by cloning and sequencing representative clinical samples. Mutation T215F was preferentially
associated with K70R (>71%), D67TN (>73%) and K2I19Q/E/N (>76%), whereas T215Y was
associated with M41L (>84%) and L210W (>358%). A similar distribution was observed with RT
sequences stored in the Stanford HIV Drug Resistance Database. The structural background of these
two distinct mutational patterns was investigated by molecular modeling of ATP-mutant RT com-
plexes, on the basis of known ATP-protein interactions. We found that the aromatic side chain of
tyrosine (Y) — but not phenylalanine (F) — optimally stacked with the adenine ring of ATP. Mutation
L210W further stabilized this aromatic 7—= stacking interaction, increasing the affinity of the T215Y/
L210W double mutant for ATP. Overall, this study provides a biochemical basis accounting for the
evolutionary pathway of T215 mutations in HIV-1 RT, leading to the preferential selection of T215Y
vs. T215F.

Introduction resistant variants containing aromatic amino acids

at position 215 arise under drug selective pressure

Mutations at codon 215 of HIV-1 RT play a
central role in HIV-1 resistance to thymidine
analogs such as zidovudine (AZT) and stavudine
(d4T) [1]. HIV-1 reverse transcriptase (RT) amino
acid position 215 is monomorphic for threonine
(Thr, T) in the wild-type virus population. Drug
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[2]. The main mutated amino acids are tyrosine
(Tyr, Y) or phenylalanine (Phe, F) [3]. As two
nucleotide changes (ACC to TAC or TTC) are
required to substitute T by Y or F, intermediate
genotypes with single nucleotide mutations can
also be detected during the course of antiretroviral
therapy [3]. Interestingly, these transient mutations
do not confer by themselves resistance to thymi-
dine analogs but represent a step towards the
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emergence of T215Y/F [4, 5]. Accordingly, it is
widely admitted that AZT resistance requires the
introduction of an aromatic residue at position 215
[6, 7]. In contrast with mutation M 184V, which
decreases the affinity of the mutated RT for the
nucleoside analog lamivudine (3TC) through a
steric hindrance mechanism [8], thymidine analog
mutations (TAMs), including T215Y/F, do not
prevent drug binding to RT [9]. Instead, TAMs
confer increased rates of phosphorolytic removal
of chain-terminating AZT from the 3’ terminus of
the primer [10]. Thus, the AZT-resistant mutant
RT exhibits an increased rate of RT-catalyzed
ATP-dependent phosphorolysis [11]. In this re-
spect, TAMs act essentially by increasing the
affinity of RT for ATP, so that the excision
reaction can occur at physiological ATP concen-
trations. In particular, the presence of an aromatic
side chain at position 215 is likely to allow a
stacking interaction with the aromatic cycles of
adenine through n—7 interactions [11, 12]. TAMs
generally associated with T215Y/F (i.e. M4IL,
D67N, K70R, L210W, and K219Q) may also
contribute to increase the affinity of RT for ATP
through a fine tuning of the three-dimensional
structure of the enzyme [12]. However, TAMs
cannot be stochastically combined: if some of them
are very frequently associated (e.g. M41L and
T215Y), some appear to be mutually exclusive
(e.g. K70R and L210W) [3, 13]. Correspondingly,
two specific sets of TAMs combinations have been
characterized: (i) 41L + 210W + 215Y, and (i)
67N + 70R -+ 215F + 219Q/E/N [14]. These
profiles reveal that 215Y can be associated with
210W, but not with 70R, whereas 215F can be
associated with 70R, and not with 210W [135].
Considering that Y and F only differ by a hydroxyl
(-OH) group in their side chains (-CH,-phenyl for
F, —CHj,-phenol for Y), such a high level of
selectivity in these mutational patterns may be
somewhat surprising. The aim of the present study
was to analyze the mutational patterns associated
with 215F and 215Y in two independent large
HIV-1 RT of sequence databases: our own data-
base, which has been initiated in 1997 in Marseille
and counts more than 7000 RT sequences collected
during the clinical follow-up of HIV-infected
patients under treatment [3, 16, 17], and the
Stanford Drug Resistance Database developed
on a world-wide basis by Robert W. Shafer [18].

This allowed us to provide a precise assessment of
the percentage of associations between T215Y and
T215F with other TAMs. Moreover, a significant
percentage of sequence data could not be directly
interpreted because of ambiguities at position 215
due to multiple codon possibilities. To clarify this
point, representative samples were cloned and
sequenced. This strategy confirmed the predomi-
nance of T, Y and F at codon 215, leading to a
clear-cut simplification of sequence electrophore-
gram interpretations in routine clinical practice.
Finally, the respective impact of T215F and
T215Y mutations on ATP positioning in the
mutated RT has been studied by modeling
approaches. The mutational background in which
these mutations occurred has also been studied by
molecular modeling, giving rise to a biochemical
explanation for the emergence of specific muta-
tional profiles.

Materials and methods
Sequence analysis

Plasma samples from HIV-1 infected patients
under antiretroviral therapy were obtained from
routine clinical practice in specialized AIDS
hospitals, from January 1997 to May 2004 [16].
Viral RNA extraction, polymerase chain reaction
(PCR) amplification in the RT gene, and sequenc-
ing were carried out as described previously [17].
A 1316 bp fragment encompassing the RT coding
region was sequenced in both the 5 and 3’
directions using the ABI Prism Big Dye Termi-
nator cycle sequencing Ready Reaction kit ver-
sion 2.0 (Applied Biosystems). Overall, 7312 RT
sequences were available for analysis and the data
were stored in a specifically designed database
[16, 17]. Specific queries were made in this
database and in the Stanford HIV Drug Resis-
tance Database ([18], http://hivdb.stanford.eduy).
Sequence differences were compared with an
HIV-1 standard laboratory strain (HXB2) and
were analyzed at key positions associated with
drug resistance as well as other polymorphic sites.
TAMs, also referred to as nucleoside excision
mutations (NEMs), were defined as M4I1L,
D67N, K70R, L210W, T215Y or F, and
K219Q, E or N [19].



Clonal sequencing

Amplified RT fragments were inserted into
PGEM-easy plasmid (Promega) and cloned in
competent Escherichia coli. The recombinant plas-
mids were purified using Wizard plus SV mini-
preps DNA purification system (Promega). The
inserted pol gene fragments were amplified using
inner primers. Bidirectional overlapping dideoxy-
nucleoside sequencing reactions were performed
and products were resolved electrophoretically on
an ABI 3100 sequencer (Applied Biosystems).
Approximately 20 clones per isolate were
sequenced.

Molecular modeling

Modeling of RT mutations into the p66 subunit of
the ternary RT-template primer-dTTP complex
[20] was carried out with the Swiss Model program
[21]. The A chain of the RT (PDB entry IRTD:A)
was chosen as template for the generation of the
model. In our models, the orientation of aromatic
215 mutant residues was obtained from crystal
structures of mutant RT (PDB Entry 1RT3 for
Phe215 and 1LWO for Tyr215) [11, 22]. For
Trp210 and Arg70 side chains, minor adjustments
were obtained by selecting adequate rotamers in
the PDB library and/or using the torsion com-
mand of the software. This allowed us to obtain
these residues in the configuration proposed by
Boyer et al. [11]. The Hyperchem 7 package was
used for studying the geometry of the ATP site of
mutated HIV-1 RT (IRTD:A) and docking in
ATP. After calculating the minimal energy of each
ATP-RT complex with the Polak—Ribiere algo-
rithm, the Hyperchem files were saved in a PDB

Table 1. Associations of T215Y or T215F with other TAMs.

703

compatible format, visualized and further ana-
lyzed with the Deep View program ([23], http://
www.expasy.org/spdbv/).

Results

Of the 7312 RT sequences stored in our database,
2837 (38.8 %) were unambiguously 215Y, and 515
(7.04%) 215F. The percentages of TAMs associ-
ated with either 215Y or 215F are shown in
Table 1. The data were obtained from our database
(Marseille database) or from the Stanford HIV
Drug Resistance Database (Stanford database).
The results were remarkably convergent. In both
cases, 215Y was often accompanied by 41L and
210W mutations, but not with 70R. In contrast,
215F was often associated with 67N, 70R and
219Q/E/N.

As a matter of fact, careful examination of
sequence electrophoregrams at position 215
revealed a significant proportion of ambiguous
base calling, indicating possible nucleotide mix-
tures. Representative types of ambiguities at
codon 215 are shown in Figure 1 (left panel). In
all cases, the very low background in these
electrophoregrams is consistent with the detection
of HIV-1 variants within a mixture. Despite the
multiple theoretical codon possibilities listed in the
central panel of Figure 1, two main profiles
corresponding to either TNYS or TFSI can be
interpreted. In our database, these profiles were
observed in 152 and 47 sequences, respectively for
TNYS and TFSI. To discriminate between these 4
possibilities for each profile, 2 representative
samples of each profile were cloned and sequenced.
For TFSI, 21 and 23 clones were generated from 2

% Of sequences with RT gene mutation

T215 mutation 41L 67N
Marseille database
T215Y 90 48
T215F 54 84
Stanford database
T215Y 84 40
T215F 48 73

70R 210W 219Q/E/N
10 70 27
71 11 79
13 58 14
76 8 76

Associations of mutations were analyzed in HIV-1 RT sequences obtained in Marseille patients since 1997 and stored
in our own database (7312 sequences) or in RT sequences available through the Stanford HIV resistance database.
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Figure 1. Representative electrophoregrams of codon 215 of HIV-1
column, and the corresponding amino acids in the right column.

clinical isolates, and the results were: (i) for the
first sample, 17 clones with 215F, 5 with 215T, and
I with 215L; for the second sample, 12 clones with

RT sequences. The theoretical codons are listed in the middle

215T. and 9 clones with 215F. For the TNYS
profile, 23 and 25 clones were generated from 2
isolates, and the results were : (i) 19 clones with



215T, and 4 with 215Y; (i1) 9 clones with 215T, 14
clones with 215Y, and 2 with a deleted 215 codon.
Overall, these data demonstrated the high preva-
lence of 215T, 215Y and 215F in the ambiguous
mixtures, excluding other hypothetical variants
such as S, I, and N. Moreover, detection of
mutants that were not predicted from the mixtures
(L and the deletion) was anecdotic (3 cases over 92
clones, i.e. 3.26%). Overall, these data reinforce
the conclusion that Y and F are the most frequent
mutations at codon 215. Thus, the modeling
approach used thereafter has been conducted in
order to shed some light on the biochemical logic
of the T215Y vs. T215F preference that clearly
emerged from the data in Table 1.

In Figure 2a and 2b, the p66 subunit of the RT
complexed with its substrates (template-primer +
dTTP) has been modeled with a Tyr or a Phe
residue instead of Thr at position 215. It is clear by
looking at both the front view (Figure 2a) and the
rear view (Figure 2b) of the enzyme that the
orientation of the aromatic side chain is different
for Phe and Tyr. It is important to state that these
models have been reproduced with the original 215
atom coordinates, i.e. withoul further refinement
in the direction of the side chains. This indicates
that Phe and Tyr mutations of codon 215 have
not the same impact on the three-dimensional
structure of HIV-1 RT. The positions of the 210W
and 70R mutants are also indicated in the model.
The side chain of the 210W mutant has been finely
tuned in order to project the aromatic indole ring
towards the aromatic side chain at position 215.
Although all these mutations cluster around the
dNTP binding pocket, their main effect is to
increase the affinity of ATP for RT by defining a
new binding site that is required for the ATP-
dependent excision reaction.

Now, let us consider that the first TAM to
appear is K70R. As shown in Figure 2c and 2e, the
delocalized guanidinium charge of the arginine
side chain may act as a donor H group, forming a
H-bond with the oxygen atom of the ribofuranose
cycle. This kind of interaction may not be optimal,
since it does not allow any stabilization for the
aromatic ring of the adenine moiety of ATP.
However, if mutation T215F occurs after the
K70R mutation, ATP will be wedged between
the side chains of Phe215 and Arg70, and the
interaction will be stabilized by an adenine-Phe
stacking. In this context, mutation L210W does
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not appear, probably because it would stack on
Phe 215 and displace the complex in the direction
of Arg70 (i.e. on the right in Figure 2e), which
would result in a steric clash with the guanidinium
cation of Arg70. On the other hand, if mutation
215Y appears first, ATP will bind to the Tyr side
chain through aromatic stacking with the adenine
ring, but also with the ribofuranose cycle (Fig-
ure 2d and 2f). Indeed, both cycles are in the range
of 4-5A from Tyr, a distance compatible with both
n—n (aromatic—aromatic) and CH-n (sugar—aro-
matic) stacking interactions [24]. In this context,
K70R is unlikely to appear, because ATP, trapped
by Tyr 215 (i.e. on the left in Figure 2f), would not
have any atom available for an interaction with
the arginine side chain. Thus, there is no particular
pressure for selecting K70R mutants from the
Y215 population. In contrast, the interaction
between Tyr215 and adenine needs a reinforce-
ment provided by the 210W mutation, which may:
(i) contribute to stabilizing the aromatic interac-
tion between ATP and Tyr by allowing the
formation of a complex network of n—n stacking
interactions (Trp + Tyr stronger than Tyr alone);
(ii) lock the aromatic side chain of Tyr so that it
cannot move outside the ATP binding site, for
instance by forming a H bond with Asp 218 (data
not shown). Finally, the two distinct patterns of
TAMs (41L + 67N + 210W + 215Y + 219Q, or
41L + 67N + 70R + 215F + 219Q) have been
modeled in the background of HIV-1 RT (Fig-
ure 2¢-[). These models were obtained by injecting
the sequence of two clinical RT isolates harboring
the adequate pattern of mutations into the Swiss
Model program, using 1RTD:A as template. The
side chains Y215 and F215 were positioned
according to the crystal structure of the corre-
sponding RT mutants [15, 22]. Significant differ-
ences in the ATP binding site can be visualized
between both patterns, in agreement with the
concept that there 1s biochemical logic in the
development of specific mutational pathways
involving positions 70, 210 and 215 of HIV-1
RT. In particular, if one assumes that the n—n
stacking interaction between the aromatic side
chain at position 215 is the key determinant of the
ATP-RT interaction, the nature of this side chain
(Tyr or Phe) may therefore affect the affinity of
mutant RT for ATP. This may in turn influence
the selective pressure that applies on residues 67
and 219 of HIV-1 RT.
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Figure 2. Models showing the HIV-1 RT with mutations T21SF and T215Y. The ternary complex RT-template/primer-dTTP is
shown in panel (a) (front view) and panel (b) (rear view) with mutations T215Y and 215F superimposed. The position of the
fi3—p4 loop in the finger subdomain, mutation K70R, and the ATP site of mutant RT are also described. The model was obtained
with the wild-type HIV-1 RT ternary complex (PDB entry IRTD) used as template. Panels (¢) and (d): Overall structure of the
ATP site determined by two distinct pathways ol mutations involving either T215F or T215Y. The model was obtained from the
sequence of two representative clinical isolates bearing either the T215F or T215Y pattern. Panel (e): potential interaction between
ATP and mutant T215F/K70R shown in panel (c), based on molecular mechanics simulations. Panel (f): potential interaction be-
tween ATP and mutant T215Y/L210W shown in panel (d), based on molecular mechanics simulations.



Discussion

With the introduction of HIV-1 RT sequencing in
clinical practice, it has been possible to constitute
large databases of genotypic data and associated
resistance patterns. Qur own database, created in
January 1997, allows the retrieval of sequences
that meet specific criteria such as the occurrence
and frequency of a particular mutation, the nature
and frequency of the amino acid substitution at a
given codon, and/or the rate of association of two
resistance mutations [3, 16, 17]. As soon as in 1999,
a cross-sectional study of 287 HIV-infected pa-
tients of this database demonstrated that T215Y/F
was the most common point mutation (53%),
consistent with the widespread use of AZT (about
40% of patients) in the studied population [3]. In
the present study, conducted five years later, the
prevalence of this mutation remains very high, as
46.8% of sequences displayed either F (7.04%) or
Y (38.8%) instead of wildtype T at this position.
This is indicative of an unexpected level of
resistance despite the widespread use of suppres-
sive anti-HIV combination therapies [16]. Indeed,
recent studies in both Europe and the United
States showed that more than 75% of HIV-1
infected patients have virus strains that are resis-
tant to at least one NRTI [1, 16]. The relative
proportion between the mutations at codon 215
was 72% for T215Y and 18% for T215F in the
Marseille database (7312 genotypes), and 78% and
22%, respectively in the Stanford database (2284
genotypes). This distribution is in full agreement
with the study of Chappey et al. [14] who observed
a prevalence of 72% of T215Y and 21% of T215F
in a population of 9645 genotypes.

In clinical practice, it is of primary importance
to detect transitional mutations as well as geno-
typic mixtures because at the time of their detec-
tion, the virus still displays a sensitive phenotype
[3, 19, 25]. This is the case for transitional 215
mutations, which are found in viruses fully sus-
ceptible to NRTI in phenotypic assays [14].
However, these mutants have higher ability than
wild-type viruses to select 215Y/F under selective
drug pressure [19]. The prevalence of such transi-
tional 215 mutants in our database was estimated
to 3.98% (291 sequences). A key feature of the
sequencing methodology is that it allows the
detection of the simultaneous presence of wild-
type and mutant nucleotides at any position of the
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sequence. In the case of mutation 215, the situa-
tion is particularly complex because the ambigu-
ities may concern one, two or even the three bases
of the codon (Table 1). This property was already
reported in the first cross-sectional study of HIV-1
RT mutational patterns, but at this time all
theoretical codon possibilities were considered,
corresponding to two main hypothetical amino
acid mixtures TNYS and TFSI [3]. Since then, it
was occasionally observed during the follow-up of
genotyping testing that TNYS evolved towards Y,
whereas TFSI evolved towards F. This interpreta-
tion was logical, as TNYS for instance can be
resolved into wild-type T, transitional N and S,
and finally mutant Y. A decisive outcome of the
present study is that transitional mutants are
almost not detected after cloning representative
samples. Instead, only T, F or Y was found in the
sequenced clones, indicating that in these mixtures,
transitional mutants are not abundant enough (if
ever present) to be detected, at least within the
scale of ca. 20 clones per sample. This important
result will simplify the interpretation of such
electrophoregrams which were in the past consid-
ered as ambiguous data. Now, it can be reasonably
considered that TNYS profile means T/Y, and
TFSI means T/F, so that mutant viruses are likely
to be already selected.

To understand why T215Y is more frequent in
mutant viruses than T215F, it is necessary to
determine in which genetic background these
mutations appeared. In the present study, two
different and specific patterns associated with a
215 mutation were observed. These patterns were:
(i) 215Y with 41L and 210W, and (ii) 215F with
67N, 70R, and 219Q/E/N. These data are consis-
tent with two recent studies [14, 15]. The mutual
exclusion of mutations K70R and L210W has also
been reported in the cross-sectional study pub-
lished by our laboratory in 1999 [3] and has been
further documented in a specific study [13]. Since
K70R generally precedes mutation 215 during the
course of NRTI therapy [26], these data suggest
that K70R preselects T215F instead of T215Y.
Conversely, in absence of K70R, this is T215Y
rather than T215F that is selected first, followed
by L210W. This sequence of mutations explains
why K70R and L210W are very rarely observed
together in the same viral genome. Overall, these
data suggested that the combination of mutations
T215Y/L210W confers a higher level of resistance
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to thymidine analogs than K70R/T215F. Interest-
ingly, none of these combinations appeared to
affect the binding of AZT to the dNTP binding site
of HIV-1 RT [6]. In particular, molecular model-
ing approaches showed that the azido group linked
to the 3'C of ribose has room in both wild-type
and mutated RTs. Thus, the concept that TAMs
(including mutation 215) acted by decreasing the
affinity of mutant RT for AZT had to be aban-
doned. Instead, TAMs may confer increased rates
of phosphorolytic removal of chain-terminating
AZT from the 3’ terminus of the primer [27].
Originally, two potential phosphorolytic sub-
strates have been considered: PPi and ATP [10].
However, the involvement of PPi in the excision
reaction is not very likely, at least for three
reasons: (i) the hydrolysis of PPi, which occurs
immediately after the incorporation of the last
nucleotide into the growing DNA chain, is the
driving force of the DNA synthesis reaction.
Indeed, this reaction is thermodynamically unfa-
vored, and only the rapid hydrolysis of PPi by
cellular pyrophosporylases can prevent the reverse
reaction, i.e. DNA hydrolysis. In other words, the
cellular PPi concentration during reverse tran-
scription is not consistent with a role for PPi in the
excision of AZT-MP, (ii) the excision reaction
driven by PPi would regenerate AZT-TP, (iii)
TAMs have no detectable effect on PPi binding to
mutated RT [11]. In contrast, the candidature of
ATP is more serious. The excision product is
distinct from AZT-TTP. The cellular concentra-
tions of ATP, even in infected cells, are consistent
with an ATP-dependent phosphorolysis. Finally,
TAMSs may increase the affinity of RT for the ATP
substrate by delineating an ATP binding site
distinct from the dNTP binding pocket [11].

Now it remains to explain why ATP prefers
T215Y/L210W rather than K70R/T215F. Hope-
fully, the way proteins recognize ATP has been the
subject of in-depth structural studies [28-30]. ATP
consists of three building units: adenine, which has
a largely hydrophobic protein interface, phos-
phate, which interacts primarily with hydrophilic
residues, and ribose, which is intermediate (Fig-
ure 2¢ and 2d). Consequently, the main problem
to solve in order to create a binding pocket for
ATP is to provide a complementary hydrophobic
surface for adenine. Tyrosine and phenylalanine
residues are particularly suited for this function,
because their aromatic side chains can share =

electrons with the adenine rings, forming a geo-
metrically optimized z-7 stacking interaction.
However, the respective propensities of Tyr and
Phe to interact with adenine are not similar:
according to the calculations of Moodie et al.
[30], based on the study of a non-homologous
dataset of 18 high-resolution protein/nucleotide
crystal structures, the propensity IT was 0.225 for
Tyr, and 0.118 for Phe. Since Il represents the
frequency of a given amino acid found in the ATP
binding site of these proteins, one could conclude
that Tyr is significantly more efficient than Phe for
interacting with adenine. There are several bio-
chemical reasons for this preference. For instance,
the —OH group of Tyr can form a H-bond with
ribose (generally with the —OH linked to the C'2
atom), whereas Phe cannot. Correspondingly, the
propensity of Phe to interact with ribose is close to
0, compared to 0.18 for Tyr (see Table 8 in ref.
[30]). Such a double interaction (n—=n stacking +
H-bond) can be observed in carbamate kinase
(PDB entry 1E19), between Tyr244 and ADP [31].
However, the orientation of ATP in modeled RT
mutants is not compatible with this kind of
interaction, suggesting that other parameters may
be involved (discussed below). On the other hand,
phosphate predominantly hydrogen bonds with
the main-chain NH groups and the side chains of
Arg or Lys. Yet the preference is clearly for Arg
rather than Lys, as shown by the calculation of
their propensity to interact with phosphate [30].
These structural data, together with the molecular
modeling study shown in Figure 2, strongly sug-
gest that the ATP binding surface formed by
T215Y/L210W is particularly functional for two
reasons (Figure 2d): (i) the aromatic side chain of
Trp (210W) strengthens the n—n stacking interac-
tion of Tyr (215Y) with the adenine ring. This is
important because Tyr has a slightly weaker
stacking capability than Phe, due to polarization
of the m electronic system toward the phenolic —
OH [32]. This is not incompatible with the
recorded preference of Tyr vs. Phe in ATP
recognition, because a slightly weaker interaction
may allow a greater flexibility of the side chain,
which may be important to find an optimal fit, (ii)
The ribofuranose cycle stacks onto the phenol
ring, so that not only n—n but also CH—= stacking
interactions are involved in ATP binding, forming
a complex network of stabilizing bonds. The
interaction of ATP with the K70R/T215F mutant



is less sophisticated (Figure 2¢): ribose forms a
H-bond with the Arg side chain, and the adenine
ring interacts with Phe215 through a suboptimal,
because nonparallel, n-7 tacking. Each combina-
tion of mutations determines a specific geometry
for the ATP binding site, as shown in Figure 2¢c
and 2d. Both orientations are compatible with the
ATP-dependent phosphorolysis reaction, although
the Tyr215 mutant may be more fit than T215F
[15]. It should be emphasized that the marked
difference in the orientation of the aromatic side
chains of Tyr215 and Phe 215 is based on previous
structural studies of mutant RT [33], and not
from molecular modeling simulations. Therefore,
it can be reasonably hypothesized that a subopti-
mal stacking interaction between adenine and
Phe215, compared to an optimal one with
Tyr215/Trp210, is sufficient per se to explain the
Tyr vs. Phe preference of 215 mutants. Moreover,
the data of Table 1 do support the view that there
is a steric constraint in the ATP site so that only
T215F can occur after K70R, and L210W after
T215Y. Further adjustments of the binding site
may then explain the preference of M4I1L for
T215Y, and D67N + K219Q/E/N for T21S5F
(Table 1). In the wild-type RT complex, there is an
electrostatic interaction between side chains D67
and K219 [20]. This bridge may impair the
accessibility of the y-phosphate of ATP to the
excision site, so that either D67 or K219 has to be
mutated to facilitate the ATP-dependent phospho-
rolysis process [11].

In conclusion, this study based on the analysis
of a large number of RT sequences from two
independent databases confirmed the existence of
two main mutational patterns according to the
nature of the aromatic substitution at codon 215.
The cloning of ambiguous samples due to multiple
mixtures at codon 215 has allowed to solve the
theoretical formulas TNYS and TFSI into T/Y
and T/F, respectively, so that for the clinician such
samples should now be considered as mutated
T215F or T215Y. Molecular modeling approaches
in the background of known protein—ATP inter-
actions have shed some light on the biochemical
logic explaining the preferential selection of a
combination of TAMs with T215Y/L210W rather
than K70R/T215F. This study may provide a
rational basis for the analysis of sequence
data with a mutation at codon 215 and a bio-
chemical reassessment of our understanding of the
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resistance mechanisms associated with this muta-
tion.
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