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The reverse transcriptase sequence of human
immunode�ciency virus type 1 is under positive
evolutionary selection within the central
nervous system
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The human immunode�ciency virus type 1 (HIV-1) enters the central
nervous system (CNS) during the acute phase of infection and causes
AIDS-related encephalitis and dementia in 30% of individuals. Previ-
ous studies show that HIV-1 sequences derived from the CNS of in-
fected patients, including the sequence encoding reverse transcriptase
(RT), are genetically distinct from sequences in other tissues. The hy-
pothesis of the current study is that the RT sequence of HIV-1 is un-
der positive selection within the CNS. Multiple alignments of non–CNS-
derived and CNS-derived HIV-1 RT sequences were constructed using the
ClustalW 1.8 program. The multiple alignments were analyzed with the
Synonymous/Nonsynonymous Analysis Program. Codon positions 122–125,
135–149, and 166–212 of the CNS-derived RT sequences underwent a greater
accumulation of nonsynonymous than synonymous substitutions, which was
markedly different from the analysis results of the non–CNS-derived RT se-
quences. These residues are located in the �nger and palm subdomains of the
RT protein structure, which encodes the polymerase active site. The analysis of
CNS-derived partial-length RT sequences that encompass these regions yielded
similar results. A comparison of CNS-derived RT sequences to a non–CNS-
derived RT consensus sequence revealed that a majority of the nonsynonymous
substitutions resulted in a speci�c amino acid replacement. These results in-
dicate that reverse transcriptase is under positive selection within the CNS.
The amino acid replacements were visualized on a three-dimensional struc-
ture of HIV-1 RT using the Sybyl software suite. The protein structure analysis
revealed that the amino acid replacements observed among the CNS-derived
sequences occurred in areas of known structural and functional signi�cance.
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Introduction

The human immunode�ciency virus type 1 (HIV-1)
enters the central nervous system (CNS) during the
acute phase of infection ( Shaw et al, 1985; Di Stefano
et al, 1996; Strizki et al, 1996; Gisslen et al, 1997;
An et al, 1999). During the later stages of disease
progression, approximately 30% of HIV-1 seropos-
itive patients experience neurological debilitation
(McArthur, 1987; Masliah et al, 2000). Pathologies
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associated with HIV-1 infection of the CNS in-
clude HIV encephalitis and HIV-associated dementia
(McArthur et al, 1989; Glass et al, 1993). Despite the
extensive use of antiretroviral drugs, HIV encephali-
tis remains a complication of AIDS (Masliah et al,
2000), underscoring the importance of understand-
ing HIV-1 infection of the CNS.

The replicatingHIV-1 population in the CNS is
compartmentalized by anatomical distance. The
compartmentalization of the virus population is evi-
dent on both genotypic (Wong et al, 1997; van’t Wout
et al, 1998; Gatanaga et al, 1999; Venturi et al, 2000)
and phenotypic (Gatanaga et al, 1999; Cunningham
et al, 2000; Ellis et al, 2000; Haas et al, 2000; Venturi
et al, 2000) levels. In terms of genotype, studies
show that CNS-derived sequences and non–CNS-
derived sequences, obtained from the same individ-
ual, cluster separately from each other in phyloge-
netic analyses (Wong et al, 1997). Additionally, in the
presence of antiretroviral treatment, mutations con-
ferring drug resistance evolve independently in the
cerebrospinal �uid (CSF) as compared to peripheral
tissues (Gatanaga et al, 1999; Cunningham et al, 2000;
Venturi et al, 2000). In terms of phenotype, studies
show that HIV-1-infected patients undergoing highly
active antiretroviral therapy experience a slower re-
gression of HIV-1 RNA levels in the CSF relative to
the regression of plasma levels (Iftimovici et al, 1998;
Ellis et al, 2000; Haas et al, 2000).

Compartmentalization within the CNS results in
a virus population that is distinct from the periph-
eral virus population, and is designated as a qua-
sispecies (Epstein et al, 1991; Korber et al, 1994b;
Power et al, 1995; Wong et al, 1997; Bratanich et al,
1998; van’t Wout et al, 1998; Gatanaga et al, 1999;
Venturi et al, 2000). Viral quasispecies are reservoirs
of phenotypic variants. For example, mutations asso-
ciated with antiretroviral drug resistance are found
in the CSF of drug-naṏve patients (Najera et al, 1995).
Unique selective pressures provided by the microen-
vironment of the CNS contribute to the quasispecies
nature of HIV-1 within the CNS and include local im-
mune response, constraints on viral entry and repli-
cation rates due to target cell availability, as well as
local availability of antiretroviral drugs. These se-
lective pressures result in the emergence of HIV-1
CNS-derived quasispecies, evidenced by the se-
quence analysis of four regions of the HIV-1 genome
including the long terminal repeat (LTR), env, tat, and
reverse transcriptase (RT) (Power et al, 1995; Strizki
et al, 1996; Corboy and Garl, 1997; Wong et al, 1997;
Bratanich et al, 1998; Krebs et al, 1998; van’t Wout
et al, 1998).

With regard to pathology, it is important to de-
termine whether these viral coding sequences un-
dergo positive evolutionary selection within the CNS.
Positive selection is evident by prominent protein
sequence changes within a population. Protein se-
quence changes can occur when the replicating viral
genome undergoes nucleotide substitution, which is

a frequent event during HIV-1 replication (Mansky
and Temin, 1995). Recent studies show that the
HIV-1 LTR, env, and tat sequences are under posi-
tive selective pressure within the CNS (Corboy and
Garl, 1997; Bratanich et al, 1998; Krebs et al, 1998;
van’t Wout et al, 1998). However, studies regarding
whether HIV-1 RT is under positive selection within
the CNS are con�icting and inconclusive. A phy-
logenetic analysis by Wong et al (1997) reveals the
in vivo compartmentalization and quasispecies na-
ture of RT within the CNS by comparing CNS-derived
sequences and peripheral sequences. However, the
study included only four patient sequences and did
not speci�cally address the issue of positive selec-
tion. Bratanich et al (1998) report that RT is not
under positive selection within the CNS as deter-
mined by the comparison of sequences from patients
with and without HIV-1-associated dementia. This
study addresses pathological distinction within the
CNS; however, the study does not address whether
the RT sequence is under positive selection within
the CNS, as would be evident by comparing CNS-
derived RT sequences with non–CNS-derived RT se-
quences.

The selective pressure of antiretroviral drugs in-
�uences the representative RT sequences within a
population, and may alter analyses for tissue-speci�c
reverse transcriptase sequences. Studies to date in-
clude RT sequences derived from the CNS of patients
treated with antiretroviral drugs that target reverse
transcriptase (Wong et al, 1997; Bratanich et al, 1998;
Gatanaga et al, 1999; Venturi et al, 2000). It is clear
that an in-depth analysis for tissue-speci�c selection
of the HIV-1 RT sequence derived from the CNS is
needed. Therefore, the aim of this study was to deter-
mine if HIV-1 RT is under positive selection within
the CNS, and if so, to identify structural correlations
of the protein sequence alterations.

The hypothesis that HIV-1 RT is under positive se-
lection within the CNS was tested by the comparison
of nucleotide substitution among CNS-derived se-
quences and non–CNS-derived sequences. There are
two types of nucleotide substitutions, synonymous
and nonsynonymous. A synonymous substitution is
a nucleotide base change that does not result in an
amino acid replacement and therefore does not alter
the protein sequence. A nonsynonymous substitution
is a nucleotide base change that results in an amino
acid replacement and therefore alters the protein se-
quence. Amino acid replacements within a protein
sequence are subject to selection. Positive selection
is characterized by higher rates of nonsynonymous
than synonymous substitution, termed substitution
behavior.

This study compared the substitution behavior
of RT sequences derived from the CNS to RT
sequences derived from peripheral tissue. Mul-
tiple sequence alignments were constructed us-
ing the ClustalW 1.8 program (Jeanmougin et al,
1998). The Synonymous/Nonsynonymous Analysis
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Program (SNAP) (Korber, 1994a) was used to deter-
mine substitution behavior. In addition, the Sybyl
software suite was used to visualize protein sequence
changes among CNS-derived sequences on a three-
dimensional level. The coordinates derived from a
crystal structure of HIV-1 RT (Huang et al, 1998)
were used to identify structural correlations. The re-
sults of this study indicate that HIV-1 RT is under
positive selection within the CNS, represented by a
greater accumulation of nonsynonymous than syn-
onymous substitutions among CNS-derived RT se-
quences, which was markedly different from the anal-
ysis results for the non–CNS-derived RT sequences.
Speci�cally, the �nger and palm subdomains of RT
underwent more nonsynonymous than synonymous
substitution among CNS-derived sequences. The �n-
ger and palm subdomains encode the polymerase ac-
tive site of RT; therefore, the locations of the amino
acid replacements within the tertiary structure of
RT were determined. The protein structure analy-
sis revealed that the amino acid replacements oc-
cur in known regions of structural and functional
signi�cance.

Results

Positive selection is operating on HIV-1 RT
in the CNS
The SNAP analysis of full-length non–CNS-derived
HIV-1 RT sequences is plotted in a graph as cumu-
lative substitution behavior (Figure 1A). There were
more synonymous substitutions than nonsynony-
mous substitutions throughout the non–CNS-derived
RT sequences. The sequences are highly similar, as
all sequences were derived from the peripheral blood
mononuclear cells (PBMCs) or plasma of antiretrovi-
ral drug-naṏve patients infected with HIV-1 clade B
of group M. The RT sequences classi�ed as clade B
of group M were used in this study due to the greater
availability of such sequences in the database. This
result provided a baseline for the amount of nonsyn-
onymous substitution relative to the amount of syn-
onymous substitution to be expected in a comparison
of RT sequences that are highly similar, and not under
positive selection.

A multiple alignment was constructed using full-
length RT sequences derived from the CNS of an-
tiretroviral drug-naṏve patients. The sequences de-
rived from the CNS are classi�ed as HIV-1 clade B of
group M. The cumulative substitution behavior was
plotted in a graph using SNAP (Figure 1B). Codon po-
sitions 122–125, 135–149, and 166–212 of the CNS-
derived RT sequences accumulated more nonsyn-
onymous than synonymous substitutions, which was
markedly different from the analysis results of the
non–CNS-derived RT sequences. This was due to an
increased rate of nonsynonymous substitution rela-
tive to synonymous substitution among CNS-derived
sequences in these regions. These regions of the RT

protein sequence are located within the �nger and
palm subdomains of the RT protein structure. The
RT protein structure is a heterodimer consisting of
monomers p66 and p51. The monomers fold into a
typical polymerase hand conformation consisting of
subdomains referred to as the �nger, palm, connec-
tion, and thumb (Kohlstaedt et al, 1992). Notably, the
�nger and palm subdomains encode the polymerase
active site of the enzyme.

A greater number of partial-length CNS-derived RT
sequences provided a more in-depth analysis of these
regions of the RT sequence. The sequences used to
create the plot of full-length non–CNS-derived RT
sequences (Figure 1A) were used to create a partial-
length (the �rst 219 codons of RT) plot of non–
CNS-derived RT sequences shown in Figure 2A. A
multiple alignment of the �rst 219 codons of RT
sequences derived from the CNS was constructed.
The sequences derived from the CNS are classi-
�ed as HIV-1 clade B of group M. The low avail-
ability of viral sequences derived from antiretrovi-
ral drug-naṏve patients necessitated including partial
RT sequences from individuals receiving antiretro-
viral therapy. The cumulative substitution behav-
ior was plotted in a graph using SNAP (Figure 2B).
There were several regions within codon positions
1–219 of CNS-derived RT sequences that underwent
a greater rate of nonsynonymous than synonymous
substitution.

The partial CNS-derived RT sequence analysis in-
cluded sequences from a study by Wildemann et al
(1993). Partial RT sequences recovered from the
plasma and CSF of the three patients in this study
were available in the database. Therefore, it was pos-
sible to compare paired non–CNS- and CNS-derived
sequences. The analysis showed similar trends as
the full-length and partial-length RT sequence anal-
yses (data not shown). Noteworthy, the trend was
detected in an analysis of three sequences (N D 3),
which substantiates the relevance of the full-length
CNS-derived RT sequence analysis with an N D 3
(Figure 1).

It is important to note that the scale of the Y-axis is
different for Figures 1A and 1B. More substitutions
occurred among non–CNS-derived RT sequences as
compared to CNS-derived reverse transcriptase se-
quences (Figures 1 and 2). These results are consis-
tent with previous studies that report that the HIV-1
population within the CNS is genetically more ho-
mogenous than the virus population in peripheral
tissues (Pang et al, 1991; Ball et al, 1994; Korber et al,
1994b; Di Stefano et al, 1996; van’t Wout et al, 1998;
Morris et al, 1999).

Characterization of HIV-1 CNS-derived RT
sequence changes
The SNAP codon-by-codon analysis of substitution
behavior was used as a guide to identify the codon
positions in HIV-1 RT sequences derived from the
CNS that underwent nonsynonymous substitutions
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Figure 1 Substitution behavior of full-length non–CNS- and CNS-derived HIV-1 RT sequences. (A) A SNAP plot of the cumulative
substitution behavior among full-length HIV-1 RT sequences derived from the PBMCs of antiretroviral drug-naṏve patients infected with
HIV-1 clade B of group M. (B) A SNAP plot of the cumulative substitution behavior among full-length RT sequences derived from the CNS
of antiretroviral drug-naṏve patients infected with HIV-1 clade B of group M. The bracket above the plot indicates regions where more
nonsynonymous substitution than synonymous substitution occurred among RT sequences derived from the CNS. The corresponding
structural subdomains of RT are indicated below the codon position axis. Synonymous substitution D Syn; Nonsynonymous substitution D
Nonsyn.
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Figure 2 Substitution behavior of partial-length non–CNS- and CNS-derived HIV-1 RT sequences. (A) A SNAP plot of the cumulative
substitution behavior of the �rst 219 codons of RT sequences derived from the PBMCs of antiretroviral drug-naṏve patients infected with
HIV-1 clade B of group M. (B) A SNAP plot of the cumulative substitution behavior of the �rst 219 codons of RT sequences derived from
the CNS of patients infected with HIV-1 clade B of group M. The * indicates regions that underwent a greater rate of nonsynonymous
substitution than synonymous substitution.
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relative to an RT consensus sequence representa-
tive of non–CNS-derived RT sequences. This primary
sequence data analysis revealed the speci�c amino
acid replacements and potential structure-function
correlations of the nonsynonymous substitutions
that occurred among CNS-derived RT sequences.
It was observed that the majority of nonsynonymous
substitutions that occurred among CNS-derived RT

Table 1 Amino acid replacements in the �nger and palm subdomains of CNS-derived RT sequences

Codon Consensus CNS Color in
position sequence sequence Figures 3 and 4 Predicted functional correlation

8 Val Ile Blue
13 Lys Arg Magenta
17 Asp Gly Blue
20 Lys Arg Blue Template grip3

35 Val Leu, Arg, Ile Blue
36 Glu Asp Blue
39 Thr Ile Red
40 Glu Val Red
41 Met Leu Red Drug resistant6

43 Lys Glu Red
44 Glu Ala Red
60 Val Ile Blue Stabilizing3 and substrate binding4

67 Asp Asn Yellow Drug resistant6 and substrate binding2;4

68 Ser Gly Yellow Substrate binding3;4

70 Lys Arg Yellow Drug resistant6 and substrate binding3

81 Asn Tyr Magenta
82 Lys Arg Magenta
83 Arg Lys Magenta
85 Gln Leu Magenta
91 Gln Pro Blue Template grip1 and substrate binding3

98 Ala Ser Blue Drug resistant6

102 Lys Gln Orange Increased RT activity5

103 Lys Arg, Thr Orange Drug resistant6 and wild-type RT activity (Thr)5

104 Lys Asn Orange
106 Val Ile Orange Drug resistant6 and wild-type RT activity5

121 Asp His, Tyr Blue-green
122 Lys Glu, Gln, Pro Blue-green
123 Asp Asn, Glu Blue-green Wild-type RT activity (Asn, Glu)5

124 Phe Asn Blue-green
135 Ile Thr, Val Blue Wild-type RT activity5

142 Ile Thr Blue
162 Ser Cys Blue Decreased RT activity5 and substrate binding2

166 Lys Thr Blue Decreased RT activity5

169 Glu Asp Blue Increased RT activity5

171 Phe Tyr Blue Wild-type RT activity5

173 Lys Arg Blue Increased RT activity5

177 Asp Glu Orange Increased RT activity5

178 Ile Met, Leu Orange Increased RT activity (Leu)5

179 Val Ile Orange Drug resistant7 and increased RT activity5

196 Gly Glu Blue
200 Thr Ala, Ile Blue Decreased RT activity (Ile) and increased RT activity (Ala)5

202 Ile Val Blue Increased RT activity5

208 His Tyr Blue
210 Leu Trp Cyan Drug resistant6

211 Lys Arg Cyan
214 Phe Leu Cyan
215 Thr Tyr Cyan Drug resistant6

218 Asp Glu Yellow Substrate binding1

219 Lys Gln Yellow Drug resistant6 and substrate binding site1

1Ding et al, 1997.
2Halvas et al, 2000.
3Sara�nos et al, 1999.
4Shah et al, 2000.
5Wrobel et al, 1998.
6Shafer et al, 1999.

sequences resulted in a single, speci�c amino acid
replacement at a given codon position rather than a
variety of possible amino acids. In addition, the
amino acid replacements occurred in regions of the
RT structure implicated in catalysis and �delity.
These results are summarized in Table 1.

The protein database coordinates derived from
a crystal structure of HIV-1 RT (Huang et al,
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1998, protein database number 1RTD) were used
to visualize the amino acid replacements that oc-
curred among CNS-derived sequences on a three-
dimensional structure of the RT p66 monomer with
bound primer template and dTTP (Figure 3). The ma-
jority of the amino acid replacements were placed
in color-coded groups, based on proximity to each
other, within the structure of the RT p66 monomer.
The groups were located on all sides of the �nger and
palm subdomains relative to the bound dTTP.

For clarity, close-up views of each group of amino
acid side chains are shown in relation to the bound
dTTP in Figure 4. The red group of amino acid
replacements (Figure 4A) is part of an alpha he-
lix. The orange group of amino acid replacements
(Figure 4B) was located on the external protein
surface. The yellow group of amino acid replace-
ments in Figure 4C associated with the dNTP binding
site (Ding et al, 1997; Sara�anos et al, 1999) as well
as regions thought to modulate the �delity of reverse
transcriptase (Shah et al, 2000). The blue-green group
(Figure 4D) was located on the external surface of the
protein. The cyan group of amino acid replacements
(Figure 4E) have not been reported to be involved
in dNTP binding; however, the residues are close to
the bound dTTP. The magenta group (Figure 4F) was
located on the external surface of the protein, and
is near residues involved in �delity (Halvas et al,
2000).

Discussion

The results of this study support the hypothesis
that HIV-1 RT is under positive selection within the
CNS. A comparison of the substitution behavior of
non–CNS- and CNS-derived full-length RT sequences
(Figure 1) revealed a difference in the rates and ac-
cumulation of nonsynonymous substitution relative
to synonymous substitution in these sequences. The
non–CNS-derived RT sequences underwent synony-
mous substitution more frequently than nonsynony-
mous substitution. These results indicate that RT
is not undergoing frequent amino acid replacement
within peripheral tissues, and the protein sequence
is optimal in terms of function in the periphery. In
contrast, the CNS-derived RT sequences underwent
nonsynonymous substitution more frequently rela-
tive to synonymous substitution in the regions span-
ning codon positions 122–125, 135–149, and 166–
212. These results indicate that RT is not optimal in
terms of function in these regions within the CNS,
and is undergoing positive selection.

This is the �rst report to show that the RT protein
sequence changes among CNS-derived sequences fall
within the �nger and palm subdomains of the RT
protein structure. The region spanning codon posi-
tions 122–212 of the RT structure comprise those
subdomains, which encode the polymerase active
site of the enzyme. The substitution behavior anal-

ysis of CNS-derived partial-length RT sequences
(Figure 2) con�rmed that distinct changes within
the �nger and palm subdomains of RT occur among
HIV-1 CNS-derived sequences, and further demon-
strates that positive selection is operating on the
HIV-1 reverse transcriptase sequence within the CNS.
This �nding is important, as a previous study dis-
misses the signi�cance of CNS-derived RT sequences
based on the inconsistency of speci�c sequence alter-
ations among CNS-derived RT sequences (Bratanich
et al, 1998).

There are two signi�cant differences between the
non–CNS- and CNS-derived sequences used in this
study. First, the CNS-derived partial-length RT se-
quence analysis included sequences recovered from
patients receiving antiretroviral therapy, possibly al-
tering the results of this analysis. However, the CNS-
derived partial-length RT sequence analysis yielded
similar trends to the analysis of CNS-derived full-
length RT sequences obtained from antiretroviral
drug-naṏve patients. Second, the majority of the CNS-
derived partial-length RT sequences were recovered
from RNA, whereas the majority of the non–CNS-
derived partial-length RT sequences were recovered
from DNA. To resolve this difference, it should be
noted that the CNS-derived full-length RT sequences
were recovered from DNA and yielded similar trends
to the CNS-derived partial-length RT sequence anal-
ysis, which contends that the partial non–CNS- and
CNS-derived comparisons are appropriate (Table 2).

As previously noted, the homogeneity among CNS-
derived HIV-1 sequences observed in this study is
consistent with previous reports (Di Stefano et al,
1996; van’t Wout et al, 1998; Morris et al, 1999). The
homogeneity of CNS-derived HIV-1 quasispecies may
be the product of a lower viral replication rate within
the CNS, as a lower viral replication rate decreases
the opportunity for nucleotide substitution. If this
was accurate, then the substitution behavior patterns
of non–CNS- and CNS-derived sequences plotted by
SNAP should look similar, despite a decreased oppor-
tunity for nucleotide substitution. The results of this
study discount the possibility of a lower viral replica-
tion rate due to the difference in substitution behavior
of non–CNS- and CNS-derived sequences (Figures 1
and 2). In addition, it is important to note that the
majority of the CNS-derived sequences were recov-
ered from RNA (Table 2), which implies active viral
replication. Recent studies indicate that viral repli-
cation within the CNS may not be signi�cantly lower
from that in peripheral tissues (Stankoff et al, 1999).
Alternative explanations for the homogeneity among
HIV-1 sequences derived from the CNS could be
highly selective constraint, or a decrease in the mu-
tation rate during viral replication. A decrease in the
mutation rate during viral replication is relevant to
this study, as sequence variation within the �nger
and palm subdomains of RT alter the rate and pat-
tern of mutation during reverse transcription (Kim
et al, 1999; Lewis et al, 1999; Boyer and Hughes, 2000;



Figure 3 Images from the Sybyl software-assisted visualization of the amino acid replacements that occurred among CNS-derived RT
sequences. The image shows the p66 monomer of HIV-1 RT with bound primer/temple (green), dTTP (white), MgCC cations (white), and
the location of the amino acid replacements that occurred among CNS-derived sequences. (A) A side view. (B) Top view of the structure
shown in panel A. The amino acid replacements were divided into groups based on proximity to each other and color-coded as red,
orange, yellow, green-blue, cyan, and magenta. The dark blue residues are nongrouped amino acid replacements.
288



Figure 4 Close-up views of each of the grouped amino acid replacements. (A) Represents the red group, which is part of an alpha
helix. (B) Represents the orange group, which is located externally. (C) Represents the yellow group, which includes dNTP-binding sites.
(D) Represents the blue-green group, which is located externally. (E) Represents the cyan group, which is located near the bound dTTP.
(F) Represents the magenta group, which is located near residues involved in �delity. The side chains of the amino acids are annotated
and represent the consensus sequences (except the blue-green residue Phe124).
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Table 2 Sources of HIV-1 sequences

Accession no Submitting author(s) Biological source

HIV-1 peripheral reverse transcriptase sequences
AY037268 Carr et al, 2001 DNA from HIV-1-seropositive patient PBMCs
AY037269 Carr et al, 2001 DNA from HIV-1-seropositive patient PBMCs
AY037270 (*) Carr et al, 2001 DNA from HIV-1-seropositive patient PBMCs
AY037274 Carr et al, 2001 DNA from HIV-1-seropositive patient PBMCs
AY037282 Carr et al, 2001 DNA from HIV-1-seropositive patient PBMCs
U69584 Matala, 1996 RNA from HIV-1-seropositive patient plasma
AF331192 Lukashov et al, 2000 RNA from HIV-1-seropositive patient plasma
U34603 Guillon et al, 1995 DNA from HIV-1-seropositive patient PBMCs

Full-length HIV-1 CNS reverse transcriptase sequences
M93258 Li et al, 1992 DNA from HIV-1-seropositive patient brain tissue
U63632 O’Brien et al, 1991 DNA from HIV-1-seropositive patient brain tissue
AF042101 Oelrichs et al, 1998 DNA from HIRT supernatant of HIV-1 seropositive

patient CSF after low passage with donor PBMCs

Partial-length HIV-1 CNS reverse transcriptase sequences
U63632 O’Brien et al, 1991 DNA from HIV-1-seropositive patient brain tissue
U82089 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82091 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82092 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82093 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82094 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82095 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82096 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82097 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
U82098 (C) Lui et al, 1996 RNA from HIV-1-seropositive patient brain tissue
X70589 (C) Haas, 1993 DNA from HIV-1-seropositive patient CSF
X70603 (C) Haas, 1993 DNA from HIV-1-seropositive patient CSF
X70634 (C) Haas, 1993 DNA from HIV-1-seropositive patient CSF
M93258 Li et al, 1992 DNA from HIV-1-seropositive patient brain tissue
AF042101 Oelrichs et al, 1998 DNA from HIRT supernatant of HIV-1 seropositive

patient CSF after low passage with donor PBMCs

All sequences are classi�ed as HIV-1 group M clade B. Reverse transcriptase sequences that were isolated from patients receiving
antiretroviral drugs (C) or unknown antiretroviral drug use (¤) are indicated.

Cases-Gonzalez et al, 2000; Jonckheere et al, 2000;
Kaushik et al, 2000; Shah et al, 2000; Weiss et al,
2000).

The codon-by-codon account of substitution be-
havior from SNAP was used to identify the residues
that underwent amino acid replacement within the
CNS relative to a non–CNS-derived consensus se-
quence (Table 1). It was observed that the majority of
nonsynonymous substitutions among CNS-derived
RT sequences resulted in a single, speci�c amino acid
replacement at a given codon position rather than
a variety of possible amino acids. This observation
supports the hypothesis that positive selection, a di-
rective force for a speci�c sequence, is operating on
HIV-1 RT in the CNS. There were eight amino acid re-
placements among the CNS-derived sequences that
are reported to increase the activity of the enzyme
(Wrobel et al, 1998). An increase in activity of the
enzyme is a phenotype upon which positive selec-
tion may operate. Also, there were �ve amino acid
replacements among the CNS-derived sequences that
maintain wild-type activity (Wrobel et al, 1998). Typ-
ically, wild-type activity is a phenotype that would
not be susceptible to selection. However, the amino
acid replacements that result in wild-type activity

in these sequences may give rise to alternative phe-
notypes. For example, Lys103Thr (Figure 4B) main-
tains wild-type activity, but is also a drug resistance
phenotype susceptible to positive selection (Shafer
et al, 1999). There were only three amino acid
replacements among the CNS-derived sequences that
decrease activity (Wrobel et al, 1998). The primary
structure analysis resulted in the identi�cation of
residues potentially involved in the catalytic activ-
ity and substrate �delity of the enzyme as well as
antiretroviral drug resistant phenotypes.

The Sybyl software suite was used to visualize
the structural correlations of the amino acid re-
placements that occurred among CNS-derived se-
quences on a three-dimensional structure of the RT
p66 monomer with bound template and dTTP, based
on the protein database coordinates of a crystal struc-
ture of HIV-1 RT (Huang et al, 1998) (Figures 3 and 4).
Amino acid replacements were commonly located
close to dTTP binding sites and template grip sites
within the RT structure. The regions within the �n-
ger and palm subdomains that underwent a greater
rate of nonsynonymous than synonymous substitu-
tion (Figure 2B) correlate with the color-coded groups
of amino acid replacements shown in Figure 4.
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Functional consequence of amino acid replace-
ments can be suggested according to their grouping
in Figures 3 and 4. The red group may be in-
volved in dNTP-binding as Glu40Val and Glu44Ala
face the dNTP-binding site, and resulted in the re-
placement of negatively charged amino acids with
noncharged amino acids (Figure 4A). Moreover, the
Met41Leu (red) results in decreased sensitivity to
AZT (Shafer et al, 1999). All the amino acid replace-
ments of the orange group in Figure 4B with the
exception of Lys104Asn are shown to either main-
tain or increase the activity of the enzyme (Wrobel
et al, 1998). The yellow group of amino acid re-
placements in Figure 4C associated with the dNTP
binding site (Ding et al, 1997; Sara�anos et al, 1999)
as well as regions thought to modulate the �delity
of reverse transcriptase (Shah et al, 2000). In fact,
residue 219 (yellow) is a dNTP-binding residue, and
Lys219Gln (yellow) results in resistance to nucleo-
side RT inhibitors (NRIs). The amino acid replace-
ment Asp121Tyr (blue-green) increases activity, and
the amino acid replacement Asp123Asn or Glu (blue-
green) maintains activity (Figure 4D). The amino acid
replacements shown in cyan (Figure 4E) are not re-
ported to be involved in dNTP binding, however the
residues appear close to the bound dTTP in the three-
dimensional structure. Furthermore, the amino acid
replacements Leu210Trp and Thr215Tyr (cyan) result
in resistance to NRIs. The magenta group (Figure 4F)
was located on the external surface of the protein,
and is near residues involved in �delity (Halvas et al,
2000). Aside from the amino acid replacements that
increase activity, the nongrouped amino acid replace-
ments (dark-blue) were farther away from the dTTP-
binding site and located on the external surface of the
protein.

The principle conclusion drawn from this study
is that the �nger and palm subdomains of the HIV-1
RT sequence are under positive selection in the CNS.
There are several possible reasons for RT to be un-
der positive selection within the CNS. First, the CNS
is predominated by nondividing cells that may offer
a unique environment in terms of polymerase activ-
ity including lower dNTP pools (Julias and Pathak,
1998) and other replication machinery components.
Second, there may be CNS-speci�c cellular factors
that inhibit reverse transcription. Third, the immune
response in the CNS is different than that of the pe-
riphery, possibly impacting reverse transcriptase ac-
tivity. Finally, there are a lower number of cellular
targets within the CNS that provide a productive in-
fection, possibly resulting in a highly �t replicating
viral population.

The protein data analysis in this study provides
a guide for future studies concerning structure-
function relationships of HIV-1 RT. Future studies
should address the phenotypic analysis of CNS-
derived HIV-1 RT sequences and provide a greater
understanding of the signi�cance of CNS-speci�c
reverse transcriptase sequences.

Materials and methods

Sequences
The sequences used in this study were obtained from
the Los Alamos HIV Sequence Database hhttp://hiv-
web.lanl.gov/i and are listed in Table 2. All of
the sequences used in this study are classi�ed as
HIV-1 clade B of group M. HIV-1 is divided into
three groups main (M), outlier (O), and new (N).
The M group includes the subtypes, or clades, of
HIV-1 that are most prominent worldwide. The RT
sequences classi�ed as clade B of group M were used
in this study due to the greater availability of such se-
quences in the database. In addition, the sequences
used in this study were obtained directly from
HIV-1-seropositive patient tissue, with the exception
of one CNS-derived sequence (AF042101). Therefore,
the sequences are representative of the replicating
virus population within a host, and are not a prod-
uct of cell culture. This criterion greatly reduced
the number sequences available in the database that
could be included in this study. The CNS-derived
sequence AF042101 was included to increase the
number of full-length CNS-derived sequence com-
parisons. An important caveat is that although the
open reading frames of the sequences included in
this study are intact, it cannot be ruled out that these
sequences are from replication incompetent viral
genomes.

Substitution behavior analysis of non–CNS-derived
HIV-1 RT sequences
A multiple alignment of six non–CNS-derived RT
sequences was constructed using the ClustalW 1.8
program (Jeanmougin et al, 1998). ClustalW 1.8 per-
forms a comparison of all sequences to each other
(pairwise alignments), groups sequences by similar-
ity, and the output is controlled for gaps in the �nal
multiple alignment. The non-CNS RT sequences were
derived from the PBMCs or plasma of antiretroviral
drug-naṏve patients. The multiple alignment of non–
CNS-derived RT sequences was submitted to SNAP
(Korber, 1994a) to analyze the substitution behavior,
de�ned as the amount of synonymous substitution
relative to the amount of nonsynonymous substitu-
tion observed between compared DNA sequences.
SNAP is available on the Los Alamos HIV sequence
database website hhttp://hiv-web.lanl.gov/ i, and has
been used previously in HIV-1 research (Ganeshan
et al, 1997). The SNAP program calculates the syn-
onymous and nonsynonymous substitution rates of
all pair-wise comparisons in a multiple alignment of
codon-aligned DNA sequences based on the method
of Nei and Gojobori (1986), which incorporates a
statistic of Ota and Nei (Ota and Nei, 1994). The
SNAP plot output represents the most common calcu-
lations for all pair-wise comparisons. Changes in sub-
stitution behavior are indicative of selective forces
operating within a sequence.
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Substitution behavior analysis of CNS-derived
HIV-1 RT sequences
Multiple sequence alignments of full-length and
partial-length HIV-1 RT sequences derived from the
CNS of patients infected by HIV-1 clade B of group
M were constructed using ClustalW 1.8 (Jeanmougin
et al, 1998). Three full-length RT sequences de-
rived from the CNS of antiretroviral drug-naṏve
patients were available on the Los Alamos HIV se-
quence database. In addition, there were 15 partial-
length RT sequences derived from the CNS of in-
fected patients available on the database. The partial
sequence alignment included 12 sequences derived
from patients receiving antiretroviral drugs, due to
the low availability of sequences derived from drug-
naṏve patients. The partial sequence alignment in-
cluded the �rst 219 codons of the RT sequence. The
multiple alignments were submitted to SNAP for sub-
stitution behavior analysis.

Characterization of HIV-1 CNS-derived RT
sequence changes
A SNAP analysis includes a codon-by-codon account
of substitution behavior, in addition to the cumu-
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