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Abstract

ment of HIV-1 RNA.

Phylogeny, Silent codon changes

Background: The HIV-1 RNA genome has a biased nucleotide composition with a surplus of As. Several hypotheses
have been put forward to explain this striking phenomenon, but the A-count of the HIV-1 genome has thus far not
been systematically manipulated. The reason for this reservation is the likelihood that known and unknown sequence
motifs will be affected by such a massive mutational approach, thus resulting in replication-impaired virus mutants.
We present the first attempt to increase and decrease the A-count in a relatively small polymerase (pol) gene seg-

Results: To minimize the mutational impact, a new mutational approach was developed that is inspired by natural
sequence variation as present in HIV-1 isolates. This phylogeny-instructed mutagenesis allowed us to create repli-
cation-competent HIV-1 mutants with a significantly increased or decreased local A-count. The local A-count of the
wild-type (wt) virus (40.2%) was further increased to 46.9% or reduced to 31.7 and 26.3%. These HIV-1 variants repli-
cate efficiently in vitro, despite the fact that the pol changes cause a quite profound move in HIV-SIV sequence space.

Conclusions: Extrapolating these results to the complete 9 kb RNA genome, we may cautiously suggest that the
A-rich signature does not have to be maintained. This survey also provided clues that silent codon changes, in par-
ticular from G-to-A, determine the subtype-specific sequence signatures.

Keywords: HIV-1 evolution, RNA genome, Nucleotide composition, Evolution, A-rich, Subtypes, Mutagenesis,

Background

It has been noticed since long that the RNA genome of
the human immunodeficiency virus type 1 (HIV-1) has
a significantly biased nucleotide composition [1]. The
A-numbers reach 35.1% and the C-count is particularly
low at 18.1% [2]. This A-pressure is rather strong and
even influences the amino acid composition of the HIV-1
proteins with a preference for residues that are encoded
by A-rich codons [3]. Two evolutionary scenarios have
been proposed to explain this phenomenon. First, the
biased nucleotide composition may be imposed over
evolutionary times by a distinct mutational pattern of
the viral polymerase. HIV-1 Reverse Transcriptase cop-
ies the RNA genome and indeed, at least under some
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conditions, introduces C-to-U mutations that result in
G-to-A changes in the RNA genome [4, 5]. Alternatively,
the cellular Apobec enzymes may have edited the HIV-1
RNA genome by G-to-A hypermutagenesis [6-8]. A sec-
ond scenario entertains a functional role for the A-rich
RNA genome. For instance, we previously suggested that
this A-bias may create a distinctive signature that is rec-
ognized by the viral Gag protein during selective pack-
aging of the viral RNA genome amongst a multitude of
cellular transcripts [9]. There is some recent support for
the latter scenario. The HIV-1 nucleocapsid (NC) domain
of the Gag protein was reported to undergo a switch in
RNA-binding mode during virion assembly: from rec-
ognizing GU-rich sequences as NC monomer to pack-
aging of A-rich sequences by Gag multimers as part of
the assembling virion [10, 11]. It was also proposed that
the particular nucleotide composition of the invading
HIV-1 RNA is critical for reverse transcription [12], that
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two A-rich domains within the Gag open reading frame
direct translation events [13] and that it is detected by the
innate immune system in human cells [14, 15]. Analysis
of the A-richness is further complicated by other nucleo-
tide pressures, e.g. strong suppression of the CG dinucle-
otide [16, 17], codon usage bias that is possibly coupled
to restriction by the cellular Schlafen 11 protein [18] and
a certain bias for codon-pairs [19].

Thus, it seems important to probe the replication
capacity and molecular properties of modified HIV-1
variants with an altered A-count of the RNA genome.
However, it is quite risky to massively increase or
decrease the number of A nucleotides in the HIV-1 RNA
genome because of the likelihood that multiple impor-
tant sequence elements will be affected. For instance,
packaging signals in the viral RNA are known to extend
into the Gag open reading frame [20] and the HIV-1
genome is riddled with regulatory splice signals [21-23].
Here, we present a first conservative attempt to create
such A-up/down HIV-1 variants. Several precautions
were made to increase the chance of generating replica-
tion-competent virus variants. First, only silent codon
changes were allowed in order not to change the encoded
viral proteome. Second, only a small genome segment of
498 nucleotides was chosen for this round of A up/down
mutagenesis, which represents some 5.5% of the com-
plete genomic RNA. Third, we have chosen a relatively
“relaxed” part of the HIV-1 genome for mutagenesis, e.g.
a domain that does not encode overlapping open read-
ing frames or important regulatory RNA signals, in order
to minimize the chances of inducing replication defects.
Fourth and likely most important, we implemented a
new approach to select functionally neutral base substi-
tutions, a method that we will call phylogeny-instructed
mutagenesis (PIM). The resulting viruses were tested in
single cycle assays that score the early phase (infectivity)
and late phase (virus production) of the HIV-1 replication
cycle and virus spread was measured in a transformed T
cell line and primary T cells.

Methods

Synthetic HIV-1 DNA

We used numbering according to the HIV-1 LAl DNA
plasmid map with the 41 being the first nucleotide of the
LTR promoter [24, 25]. Restriction enzyme sites are num-
bered according to the first nucleotide position. Synthetic
HIV-1 gene fragments encompassing the Bcll-Bst11071
fragment (2512-3015) were synthesized by GeneArt
Strings DNA Fragments. We cloned these fragments,
digested them with Bcll and Bst1107I into the similarly
digested pLAI plasmid that was isolated from the dam™
E. coli strain 3902. The complete inserts were verified by
sequence analysis.
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Virus production

Human embryonic kidney (HEK) 293T cells were cul-
tured in DMEM (Invitrogen) supplemented with 10%
fetal bovine serum (FBS), non-essential amino acids
(0,1 mM, Invitrogen), 100 U/ml penicillin and 100 U/ml
streptomycin at 37 °C and 5% CO,. Cells were grown in
9.5 cm? wells and transfected by the calcium phosphate
method with 5 pg wt or mutant pLAI-based construct, as
previously described [26]. Two days post transfection, the
supernatant was harvested and the supernatant CA-p24
level was determined by ELISA [27, 28].

RT activity assay

Virus stocks were produced in transfected 293T cells.
The Reverse Transcriptase (RT) activity present in virion
particles in the culture medium was determined with a
real-time PCR-based RT assay that used avian myeloblas-
tosis virus (AMV) RT as standard [29].

Single cycle infection TZM-bl assay

These cells express the HIV-1 receptors CD4, CCR5 and
CXCR4 and contain the luciferase gene under control
of the HIV-LTR promoter. TZM-bl cells are routinely
used to measure HIV-1 infectivity. Cells were cultured
and maintained in DMEM supplemented with 10% FBS,
non-essential amino acids (Invitrogen), 100 U/ml peni-
cillin and 100 pg/ml streptomycin at 37 °C and 5% CO,.
Cells were grown to 60% confluency in 0.95 cm? wells
and infected with wt or mutant 293T-produced virus
(the equivalent of 0, 0.5, 5 or 50 ng CA-p24). Cells were
washed with phosphate-buffered saline (PBS) after 2 days
and lysed in passive lysis buffer (Promega). The firefly
luciferase was measured in cell lysates with the luciferase
assay kit (Promega).

HIV-1 infections

The SupT1 T cell line (10° cells) was infected with
293T-produced virus (equivalent of 2.5 ng CA-p24). To
perform infections on CD4" T lymphocytes, we first
isolated peripheral blood mononuclear cells (PBMCs)
from bufty coats (Sanquin) of healthy volunteers using
Ficoll-Hypaque density centrifugation [30]. Cells of three
donors (homozygous wild-type CCR5) were pooled and
cultured in RPMI containing 10% FCS, 100 U/ml penicil-
lin, 100 pg/ml streptomycin, 100U/ml recombinant IL-2
and the first 3 days also with 2 pg/ml phytohemagglutinin
(PHA) to activate the T lymphocytes. At day 5 the CD4™"
T lymphocytes were isolated by depleting the CD8"
population using CD8 Dynabeads (Invitrogen) accord-
ing to manufacturer’s protocol. The CD4 T lymphocytes
(4 x 10°) were infected at 37 °C with equal amounts of
293T-produced virus (equivalent of 5 ng CA-p24). Cells
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were maintained with 100 units/ml recombinant inter-
leukin-2 following infection.

Virus evolution

The protocol for virus evolution by prolonged cell-free
passage of virus onto fresh, uninfected SupT1 cells was
described previously [27]. SupT1 T cells were cultured
in advanced RPMI 1640 medium supplemented with 1%
(v/v) EBS, 100 U/ml penicillin, 100 U/ml streptomycin at
37 °C and 5% CO,. Cells (5 x 10° were transfected with
1 ug DNA of the pLAl-based variants by means of elec-
troporation (250 V, 975 pF) using a BioRad Gene Pulser II
as previously described [31]. Cells were split 1-5 twice a
week. The CA-p24 level in the culture medium was mon-
itored by ELISA. Isolation of total cellular DNA from
HIV-infected cells was performed by Tween20/Protein-
ase K treatment [32]. The pol region was PCR-amplified
with primers gag2 (with codons marked CT.CTA.TTA.
GAT.ACA.GGA.GCA.GAT.G) and ET43 (CTT.CTG.
TAT.GTC.ATT.GAC.AGT). The PCR products were
“directly” sequenced by BigDye terminator sequencing
(Applied Biosystems, Foster City, CA), thus yielding the
“population” sequence of the viral quasispecies.

Results

Design of the Low, Min and Max mutants

We decided to redesign a 498-nt HIV-1 pol gene frag-
ment that encodes part of the RT enzyme by means of
PIM. We choose the fragment encoded between the
restriction sites Bcll (2512) and Bst1107I (3015) in the
pLAI molecular clone to facilitate easy cloning. PIM
used the sequence of 675 HIV-1 subtype B isolates pre-
sent in the Los Alamos sequence compendium [33]. All
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sequences were aligned with the prototype LAI isolate
and we scored the number of A, C, U and G nucleotides
per position. Insertions and deletions, usually a multiple
of 3-nt codons, were ignored. To restrict the mutagenesis
to silent codon changes, we focused on 3rd codon posi-
tions. We selected natural sequence variation that dif-
fers from the LAI sequence for introduction in the LAI
genome, but with the following thresholds. The Max
variant incorporated all possible changes from a regular
LAl residue into A when observed in at least 5 HIV-1 iso-
lates (0.7%). This led to the introduction of 34 A nucleo-
tides (Table 1). As there is more room for A-removal, we
decided to make two mutants, the Low and Min vari-
ants by removing 42 and 69 A nucleotides, respectively
(Table 1). Changes from A to another nucleotide were
incorporated when present in at least 5 or 20 of the 675
isolates (0.7—-3.0%, respectively).

The nucleotide, dinucleotide and codon characteristics

The basic nucleotide characteristics of these RNA
genomes are plotted in Table 1. Of the 498-nucleotide
encoded by the Bcll-Bst1107I fragment, the wt LAI
clone contains 200 A nucleotides (40.2%), which was
raised to 46.9% for Max and reduced to 31.7 and 26.3%
for the Low and Min mutants. A bigger shift is obtained
for A-removal than A-addition, which is related to two
simple facts. First, the wt starting sequence contains very
many As that can be removed. Second, A-addition calls
for a specific mutation (N-to-A), whereas A-removal
can be towards any other nucleotide (U, C or G). As
expected, a concomitant decrease (Max) and increase
(Low and Min) was apparent for the non-A nucleotides,
although with a non-random distribution. For instance,

Table 1 Nucleotide composition of the wt/mutant HIV-1 pol segment

wit % Low nz5 %
U 127 25.2 U 128 +1 25.4
G 99 19.6 G 139 +40 27.6
A 202 40.1 A 160 —42 31.7
C 76 15.1 C 77 +1 15.3
Total 504 100 Total 504 100
Max n=5 % Min n=20 %
U 115 —12 22.8 U 132 +5 26.2
G 83 -16 16.5 G 157 +58 31.2
A 236 +34 46.8 A 133 —69 26.4
C 70 -6 13.9 C 82 +6 16.3
Total 504 100 Total 504 100.0
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As were replaced in the Min mutant for G (58x), C (6x)
or U (5x). In toto, G-to-A and especially A-to-G changes
dominate the mutations chosen, which thus reflects the
natural mutational bias of HIV-1 isolates. We believe that
this trend is dictated by the characteristics of the codon
table. There are eight 4-codon groups where the silent
third base can be any nucleotide, but there are also five
2-codon groups where the silent third base change con-
cerns a G/A choice. Another reason for the frequent
occurrence of A-to-G over A-to-U/C changes is the
observation that transitions are much less frequently
observed in HIV-1 evolution than transversions [34,
35]. In fact, we realize that more dramatic silent muta-
tions are possible for the two 6-codon groups, e.g. one
could change the CGU codon for Arg silently into AGA
and create 2 more As (or remove them in the reversed
scenario). We did not implement such multiple changes
because they were never observed in the pol gene seg-
ment of natural virus isolates (results not shown).

Although we focus in this study on the A-count, other
important HIV-1 genome characteristics will also be
affected. For instance, studies in diverse viral systems
reported an impact on the viral fitness by changes in the
dinucleotide count, the codon usage or the codon pair
bias [15, 19, 36—38]. As example, we inspected the occur-
rence of the CG dinucleotide, which is strongly discrimi-
nated against in HIV-1 RNA [39]. CG occurs only once
in the wt pol gene fragment, whereas the GC dinucleo-
tide occurs 10, underscoring the strong CG discrimina-
tion. The single CG was removed in the Max mutant by a
C-to-A mutation, but 4 additional CGs were introduced
in the Min mutant, all by A-to-G changes. More changes
are likely avoided because other virus isolates also exhibit
CG-discrimination. As a control, we also looked at the
UA dinucleotide that does not have biased count in
HIV-1 RNA [39]. The wt pol gene segment encodes 38
UAs, which goes up to 45 in the Max mutant and down
to 20 in the Min mutant. Similar changes are expected
for the other genome parameters. Although all changes
occur in nature, their clustered appearance is unnatural
and may impose problems.

The phylogeny-instructed mutations do obviously have
an impact on the codon usage within the mutated pol
gene segment that encodes 167 codons. First of all, we like
to stress that all changes are based on viral sequences and
the codons do not become more human-like or “codon-
optimized” The PIM-introduced synonymous changes
by definition affect the synonymous codon bias of the
pol segment. This is reflected in a change in the “effec-
tive number of codons” [40] or ENC value (results not
shown). Closer inspection indicated that the expected nt-
changes were present, e.g. towards the use of A-ending
codons in the Max mutant. The prevalence of A-ending
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codons within all 4-codon groups was increased from wt
to Max (Ala: 0.60-1.00, Gly: 0.42-0.83, Pro: 0.50-0.86,
Thr: 0.45-0.55, Val: 0.64—0.93). The A-count only infre-
quently reaches saturation (value of 1.00) at these posi-
tions, indicating a local restriction in A-saturation in
some natural HIV-1 isolates. Local sequence signatures
may correlate with distinct cases of A-avoidance.

A change away from the A nucleotide was apparent
for the Low and especially the Min mutant. Within the
4-codon groups, two distinct patterns were observed. As
expected, A is replaced by G in the Val codons (preva-
lence 0.07-0.46). But all other 4-group codons favored
C-ending codons instead. For 3 of these, the presence of
C at the second codon position explains the G-avoidance
as otherwise a CG dinucleotide would be created (Ala:
GCN, Pro: CCN, Thr: ACN). To underscore this scenario,
we in fact scored a complete absence of G-ending codons
at these three positions in natural virus isolates. The Gly
codon group (GGN) favors replacement of the terminal
A by C and not by G, which may indicate another local
sequence constraint (Fig. 1).

Nucleotide skew analysis

We next performed a nucleotide skew analysis along the
wt and mutant RNA genomes to reveal the nucleotide
compositional landscape of this segment (Fig. 2). Skew
values were plotted for the 6 comparisons, including 3
with A (A vs G, A vs U, A vs C) along the 498-nt frag-
ment in overlapping windows of 10-nt with a step size of
2-nt. Analysis of the modified fragment included 300-nt
5" and 3’ flanks, reflecting the wt HIV-1 LAI sequence.
As a result, 550 data points were obtained along the ana-
lyzed HIV-1 RNA segment. We purposely used the same
Y-axis scale for the 6 skew plots to allow a direct compar-
ison of the virus-specific signatures. It should be noted
that GA in skew language does not represent a basepair,
but a comparison of the number of G-nucleotides with
the number of A-nucleotides. The graphs nicely illustrate
further enhancement (Max) or attenuation (Low and
Min) of the local A-bias. These changes are uniformly
distributed over the 498-nt fragment with some minor
local fluctuations. The 5'-to-3/ analyses show uniform
curve up to position 2512, where the lines start to diverge
in the 498-nt fragment, and the lines again move in a par-
allel manner from position 3015 onwards.

The major effects are observed for the comparisons
that include the A-nucleotide (Fig. 2, left hand panels).
Among these, the AG skew is most dramatically affected
by the A addition/removal, which is explained by the
more frequent A—G transition-based mutation in natu-
ral HIV-1 isolates that instructed our PIM mutagenesis
strategy. For instance, the 34 A-additions of the Max
mutant affected G most frequently (16x) over U (12x)
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wt UGAUCAGAUA CUCAUAGAAA UCUGUGGACA UAAAGCUAUA GGUACAGUAU UAGUAGGACC UACACCUGUC AACAUAAUUG GAAGAAAUCU GUUGACUCAG
Max UGAUCAaAUA CUaAUAGAAA UaUGUGGACA UAAAGCaAUA GGUACAGUAU UAGUAGGACC aACACCaGUC AACAUAAUUG GAAGAAAUCU aUUaACaCAa
Low UGAUCAGAUA CUCAUAGAgA UCUGUGGQCA UAAgGCUAUA GGUACAGUgQU UAGUAGGGCC UACACCUGUC AACAUAAUUG GgAGQAAUCU GUUGACUCAG
Min UGAUCAGAUA CUCAUuUGAgA UCUGUGGQCA UAAGGCUAUu GGUACAGUQU UgGUgGGgCC UACecCCUGUC AACAUCAUUG GQAGQAAUCU GUUGACUCAG

AUUGGUUGCA CUUUAAAUUU UCCCAUUAGU CCUAUUGAAA CUGUACCAGU AAAAUUAAAG CCAGGAAUGG AUGGCCCAAA AGUUAAACAA UGGCCAUUGA
AUUGGaUGCA CUUUAAAUUU UCCaAUaAGU CCUAUUGAAA CUGUACCAGU AAAAUUAAAa CCAGGAAUGG AUGGCCCAAA AGUaAAACAA UGGCCAUUaA
AUUGGUUGCA CUUUAAAUUU UCCCAUUAGU CCUAUUGAgA CUGUACCAGU AAAAUUgAAG CCAGGAAUGG AUGGCCCAAA gGUUAAgQCAg UGGCCAUUGA
AUUGGUUGCA CUUUAAAUUU UCCCAUUAGU CCUAUUGAgA CUGUQCCuGU gAAQUUgQAAG CCAGGQAUGG AUGGCCCgAA gGUUAAQCAg UGGCCcUUGA

CAGAAGAAAA AAUAAAAGCA UUAGUAGAAA UUUGUACAGA AAUGGAAAAG GAAGGGAAAA UUUCAAAAAU UGGGCCUGAA AAUCCAUACA AUACUCCAGU
CAGAAGAAAA AAUAAAAGCA UUAGUAGAAA UaUGUACAGA AAUGGAAAAa GAAGGaAAAA UUUCAAAAAU aGGaCCUGAA AAUCCAUACA AUACUCCAGU
CAGAgGAgAA gAUAAAGGCA UUGGUGGAgA UUUGUACAGA gAUGGAGAAG GAAGGGAAGA UUUCAAAAAU UGGGCCUGAG AAUCCAUACA AUACUCCAGU
CAGAgGAgAA gAUAAAGGCu UUGGUGGAgA UUUGUACAGA gAUGGAGAAG GAgGGGAAGA UUUCGAAGAU UGGGCCUGAgG AAUCCAUACA AUACUCCAGU

AUUUGCCAUA AAGAAAAAAG ACAGUACUAA AUGGAGAAAA UUAGUAGAUU UCAGAGAACU UAAUAAGAGA ACUCAAGACU UCUGGGAAGU UCAAUUAGGA
AUUUGCaAUA AAaAAAAAAG ACAGUACUAA AUGGAGAAAA UUAGUAGAUU UCAGAGAACU UAAUARaAGA ACUCAAGACU UCUGGGAAGU aCAAUUAGGA
gUUUGCCAUA AAGAAGAAQG ACAGUACUAA gUGGAGAAAgG UUAGUAGAUU UCAGGGAGCU UAAUAAGAGG ACUCAGGACU UCUGGGAQGU UCAQUUAGGG
gUUUGCCAUA AAGAAgAAQG ACAGUACUAA gUGGAGgAAG UUgGUQGAUU UCAGGGAGCU UAAUAAGAGY ACUCAGGACU UCUGGGAQGU UCAQUUGGGG

AUACCACAUC CCGCAGGGUU ARAAAAGAAA AAAUCAGUAA CAGUACUGGA UGUGGGUGAU GCAUAUUUUU CAGUUCCCUU AGAUGAAGAC UUCAGGAAGU
AUACCACAUC CaGCAGGaUU AAAAARaAAA AAAUCAGUAA CAGUACUaGA UGUaGGaGAU GCAUAUUUUU CAGUaCCaUU AGAUGAAGAC UUCAGaAAGU
AUACCACAUC CCGCAGGGUU gAAgAAGAAG AAGUCUGUAA CAGUCCUGGA UGUGGGUGAU GCAUAUUUUU CAGUUCCCUU AGAUGAQGAC UUCAGGAAGU
AUeCCeCAUC CCGCgGGGUU gAAgAAGAAG AAgUCUGUgA CAGUECUGGA UGUGGGUGAU GCAUAUUUUU CgGUUCCCUU gGAUGAQGAC UUCAGGAAGU

Fig. 1 Sequence alignment of the wt LAl and mutant Gag sequences. The 2512-3015 fragment is flanked by restriction enzyme sites (Bcl1-
Bst11071) that are marked in bold. Nucleotide positions used for A-insertion (Max) or A-removal (Low and Min) are shown as small bold letter

and C (6x). These trends are visible in the graphs. The
pyrimidine skew (UC) is not at all affected by the A-intro-
duction/removal. Perhaps surprisingly, the CG and UG
skews do show a small up-effect for Max and stronger
down-effect for Low and Min. These trends also reveal
the preferential exchange of A by G (transition) over C/U
(transversion). This leads to preferential G depletion in
Mayx, such that the CG and UG skews move up a bit. Big-
ger effects are observed due to G addition in the Low and
Min mutants, which move the CG and UG lines signifi-
cantly down.

Viral gene expression

We measured virus production in the supernatant of
293T cells transfected with the wt or mutant molecu-
lar clones by measuring the CA-p24 level by Elisa. This
assay scores the ability of the DNA genomes to be prop-
erly expressed, which includes the steps of transcription,
RNA splicing needed to synthesize the appropriate level
of Tat and Rev protein, and mRNA translation. We scored
no profound effect of A-manipulation on these pro-
cesses, but the Max mutant may be somewhat reduced
compared to wt and the other two mutants (Fig. 3a). As
an alternative means to measure virus production, we
measured the activity of the virion-associated Reverse
Transcriptase (RT) enzyme, but no major effect of the
A-changes were apparent (Fig. 3b). The minor changes
observed likely reflect experimental variation.

Testing the early phase of virus infectivity

We used to TZM-bl-reporter cells to score the infectivity
of the wt and mutant viruses. For this, we used virus that
was produced by transfected 293T cells. Equal amounts
of virus (based on CA-p24) were used to infect TZM-
bl cells and 2 days later we scored the amount of lucif-
erase produced from the Tat-responsive LTR-reporter
construct (Fig. 4). No significant differences were scored
between the wt and mutant viruses, indicating that the
A-manipulation does not affect processes like RNA
genome packaging and reverse transcription.

Spreading infection of A-modified viruses

We next tested the ability of the mutant viruses to repli-
cate in the SupT1 T cell line and primary T cells (Fig. 5).
No differences in replication capacity were apparent
for these mutants, indicating that silent codon changes
designed by PIM allows one to change the viral genome
sequence in a neutral manner. We were also interested
to verify the genetic stability of the introduced muta-
tions. A priori, one may expect good stability as the
mutant viruses replicate as efficiently as the wt LAI
virus. We analyzed the sequence of the mutant viruses
upon 44-49 days of replication on SupT1 cells. We iso-
lated genomic DNA from these cells and PCR-amplified
the integrated proviral sequences. Population-based
sequencing indicated that no additional mutations were
acquired in the modified pol gene segment for the Low,
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Fig. 2 Skew analysis of HIV-1 RNA mutants with an altered A-bias. Skew analysis of the wt and mutant RNA genomes. Skew values (N1 — N2)/

(N1 + N2) have been calculated in overlapping windows along the HIV-1 sequence from position 2212 to 3315, which represents the 498-nt Bcl1-
Bst11071 fragment with 300-nt wt flanks. Window size was set at 10-nt with a step size of 2-nt, resulting in 550 data points on the X-axis. We used the
same Y-axis for the cumulative skew values to allow a direct comparison of the compositional signatures of the wt and mutant RNA genomes

Min and Max mutants (results not shown), thus testifying
to the genetic stability of the PIM-introduced mutations.

Phylogenetic positioning of the Low, Min and Max mutants
Finally, we analyzed the positioning of the A-mutated
HIV-1 variants in a phylogenetic tree. To highlight the
impact of the changes, we restricted the analysis to the
498-nt pol fragment and made comparisons with virus
isolates belonging to different HIV-1 subtypes of the M

(major) group. As outgroup we included distant HIV-1
isolates from the N (new), O (outlier) and P groups, but
also several SIV strains from chimpanzee (cpz). The pol
nucleotide sequences were aligned and MEGAG6 (http://
www.megasoftware.net) was used to build a phyloge-
netic tree (Fig. 6). As a control, we also aligned the pol-
encoded amino acid sequences, which were identical
due to the silent nature of the introduced mutations (not
shown).
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Fig. 3 Virus production in DNA-transfected 293T cells. The wt and 3 mutant DNA constructs were transfected in 293T cells and virus production
was measured after 2 days by CA-p24 ELISA (a) or an RT activity assay (b) on the culture supernatant. Average values obtained in three independ-
ent transfection experiments are shown with error bars indicating standard deviations. Each supernatant sample was analyzed multiple times for
CA-p24 (threefold) and RT (twofold). Reduced viral gene expression for Max compared to wt and Low reaches borderline significance (student T
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Fig. 4 Virus infectivity on TZM-bl cells. We used the 293T-produced
virus stocks to measure the infectivity on TZM-bl cells that carry the
Tat-responsive luciferase reporter. Average firefly luciferase values
obtained in multiple independent experiments are shown with error
bars indicating standard deviations (n = 3)

An initial blast search indicated that the three mutants
(Max, Low, Min) stayed within the HIV-SIV clus-
ter of sequence space. Nevertheless, quite remarkable
and opposing movements were observed for the three
mutants within the HIV-SIV group in the phylogenetic
analysis (Fig. 6). Low and Min moved gradually away
from the LAI ancestor and Min migrated further as

expected because of the more severe A-minimization.
The high bootstrap value of 100 at the branching of Low
and Min was also anticipated because Min builds fur-
ther on the Low mutant by removing even more As. The
Tamura-Nei distance between LAI and Low (0.099) was
nearly doubled for the LAI-Min comparison (0.180).
However, both mutants are confidently clustered within
subtype B (bootstrap value 91 for the subtype B cluster),
with LAI as the closest relative. This result is not unex-
pected as the PIM approach used subtype B sequence
variation to design the changes in the LAI prototype
strain.

A contrasting movement within the HIV-SIV tree
was apparent for the Max variant, which apparently lost
the subtype B-specific signature by taking an “ances-
tral” position at the base of the complete M group. This
result was somewhat unexpected as the PIM approach
uses natural subtype B sequences to design the changes.
The Tamura-Nei distance for LAI-Max is 0.074, which is
in fact less than the distance between LAI and the Low/
Min variants. Nevertheless, the A-addition in Max has
a larger impact on the positioning in the tree topology.
The A-addition in Max does in fact slightly reduce the
distance to the SIV cluster (LAI-N is 0.215 and Max-N
is 0.176), which is likely due to the fact that A-nucleo-
tides are frequently present at identical positions both
in Max and the more distant SIV isolates. We previ-
ously reported that a similar A-pressure is apparent in all
HIV-1 and SIV strains and subtypes [2].
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replication curves are shown, but similar results were obtained in 3 independent SupT1 and PBMC infections

Discussion

The presence of naturally occurring sequence variation,
especially for viruses like HIV-1 that evolve quickly and
for which many isolates have been studied, provides a
powerful tool for the description of important sequence
and structure motifs. For instance, such a phylogenetic
approach has been instrumental in the dissection of criti-
cal RNA structures that support HIV-1 replication [41-
43]. We now used the sequence information available for
natural HIV-1 isolates in the construction of quite mas-
sively altered virus genome segments in which the num-
ber of A nucleotides was increased from 40.1 to 46.8% or
decreased to 26.4%. It is important to stress that although
all PIM-mutations were selected based on their occur-
rence in natural virus isolates, they usually are present
as individual mutations, and certainly not clustered as in
the PIM-mutated viruses. We report that the designed
virus variants are fully replication-competent, demon-
strating the power of this PIM as conservative approach.
For instance, although the CG dinucleotide is strongly
underrepresented in HIV-1 RNA, we could raise the local
CG dinucleotide count in the pol segment from 1 to 5
without imposing a significant replication deficit. Other
mutagenesis approaches resulted in a significant loss of
HIV-1 replication fitness, although the results are diffi-
cult to compare because of differences in target gene and
extent of the mutated segment.

In this study, we changed a small pol gene segment that
comprises 5.5% of the total HIV-1 genome length. Given
these promising results, one could consider a more com-
plete rewiring strategy for the 9 kb genome, although it

remains a quite elaborate and costly synthetic biology
project. Such a holistic approach clearly remains a high-
risk procedure as one has to avoid the mutational inac-
tivation of critical replication signals, e.g. the numerous
splicing signals (donors, acceptors, enhancers, silencers)
or the introduction of toxic signals (e.g. A-addition will
frequently introduce stop codons). PIM therefore seems
the ideal strategy because all selected mutations have
been repeatedly tested and approved in natural isolates.
Of course the combination of PIM-assigned changes that
are derived from different viruses may still become del-
eterious, adding to the high-risk. If replication of such
a rewired construct is hampered, it would be important
to study the interaction of HIV-1 RNA and DNA with
components of the innate immune system. One could
also use spontaneous virus evolution to repair and thus
identify the mutations that most seriously hamper virus
replication [44, 45].

When we made such a PIM-rewired HIV-1 genome in
silico, it was immediately obvious that certain domains
of the HIV-1 genome do not allow many changes, e.g.
the Tat—Rev—Env region with gene overlaps (results not
shown). One could even envisage an extension of this in
silico survey by screening for the absence A nucleotides
in this otherwise A-rich genome. These segments may
encode yet unknown sequence motifs.

One can think of other applications of the PIM strat-
egy, e.g. the insertion of multiple restriction enzyme
sites to facilitate future cloning projects. PIM can be
adopted to the study of other viruses, e.g. those with
a biased nucleotide composition of their genome. We
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previously reported that each retrovirus group has its
particular nucleotide bias [46], but many other viruses
exhibit a biased nucleotide count [47]. For instance, we
recently reported generic and group-specific signatures
for the human coronaviruses like MERS and SARS [48].
We described a pan-corona bias of A over G, but also a
bias of C over U that differs significantly per virus type.
Extreme values were apparent with U-counts up to 40.3%
and C-counts down to 12.9% for the HKU strain.

The Min/Max results described in this study indicate
how far one can go in changing the A-count of the HIV-1
RNA genome without interfering with virus replication,
despite the fact that significant repositioning occurred
in the phylogeny of these mutants (at least based on the
relatively short pol fragment). Nevertheless, such virus
variants are fully replication-competent. In other words,
we have mapped here the limits of sequence space rela-
tive to A-richness in a small pol gene segment that gives
rise to a functional HIV-1 genome. We obviously cannot
exclude the possibility that the A-count is more critical in
other parts of the HIV-1 genome, although A-pressure is
intensely present across the genome [2]. This information
seems valuable for the design of replication-competent,
but attenuated virus variants with numerous mutations
that restrict easy reversion to the wt sequence. Such
genetically stable hypermutated virus variants could be
considered a novel strategy towards a safe live-attenuated
vaccine candidate.

We find the Max results perhaps most perplexing for
another reason. Using PIM we dramatically altered the
phylogenetic position of this LAI variant from within
the subtype B cluster to a “primordial” position at the
base of the complete M group. However, the Low and
Min mutants were in fact equipped with more muta-
tions than Max, but apparently without affecting the core
subtype B characteristics. The observation that only the
Max mutant lost the subtype B characteristics is intrigu-
ing. This differential behavior may hint at what the key
determinants are for the subtype-specific signatures.
We reason that the key subtype signature is formed by
those non-A nucleotides (mostly G) at silent codon posi-
tions that fluctuate towards A in other virus isolates as
these changes were used to design Max. The driving
force behind these decisive changes is likely the striking
preponderance of G-to-A changes in HIV-1 evolution
[7, 49-51]. As a consequence, other characteristics like
genetically stable A and non-A positions and non-silent
codon alterations seem less critical for the subtype sig-
nature. A related phenomenon has been reported pre-
viously for the characteristics that underlie differences
among viruses from distinct patient risk groups, in par-
ticular homosexual men versus drug users [52]. When
silent and non-silent codon positions were analyzed
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separately, it became apparent that the former deliver
the decisive HIV-1 genome characteristics. Although
surprising, this finding may suggest that selection at the
amino acid level is not the primary driving force for the
independent evolutionary behavior of the viral genes.

Conclusions

We demonstrate that the strongly biased A-count of the
HIV-1 RNA genome can be profoundly altered, at least
in a small segment of the genome, without imposing a
replication penalty. The A-count of a small 498-nt pol
fragment was changed from 40.2% (wild-type) to 26.3 or
46.9%. We thus failed to get a handle on a possible repli-
cative function of the A-rich viral genome. At the same
time, the full replication potential of the mutant viruses
indicates the success of the novel PIM strategy, which
proposes silent mutations only when the new nucleotide
is repeatedly observed in natural virus isolates. Quite
surprisingly, a phylogenetic survey indicated that the
mutant with a maximal A-count moved its position to a
“primordial” position at the base of all M group HIV-1
subtypes. This result counterintuitively suggests that
selection at the amino acid level is not the primary driv-
ing force in HIV-1 evolution. Rather, we propose that a
key subtype signature is formed by those non-A nucleo-
tides (mostly G) at silent codon positions that regularly
oscillate towards A in other virus isolates.
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