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(43.2 %), as well as in the TAR stem loop (31.1 %). In con-
trast, NF-κB-I (11.7  %), NF-κB-II (8.6  %), Sp-I (13.8  %), 
Sp-II (23.8  %), and ATF-CREB (11.8  %) showed rather 
modest differences between X4 and R5 in terms of nucle-
otide usage. Statistically divergent positions were identi-
fied within several of these transcription factor binding 
sites (Fig. 8), specifically sites C/EBP-I (position 346), C/
EBP-II (positions 281 and 284), and Sp-III (position 384), 
as well as position 477 of the TAR stem loop, in agree-
ment with the maximal differences observed in the two-
sequence logos. Specifically, when comparing R5 to X4 
sequences, the aforementioned positions demonstrated a 

propensity for an A-to-G (HXB2 position 346) mutation 
within C/EBP-I, an A/C-to-G (HXB2 position 281) and a 
T-to-C (HXB2 position 284) mutation within C/EBP-II, 
and a G-to-A (HXB2 position 384) mutation within Sp-
III. Finally, a large T-to-C (HXB2 position 477) mutation 
was observed within the bulge region of the TAR stem 
loop. The bulge region plays a crucial role in Tat recruit-
ment and binding to the transcription complex, raising 
the possibility that X4 HIV-1 may contain a large sub-
population of genomes that have altered Tat recruitment 
and binding relative to R5 HIV-1 [34].

Although R5- and X4-specific nucleotide positions 
were identified throughout the LTR, it was not clear if 
those changes would result in meaningful differences 
between R5 and X4 in terms of transcription factor 
binding affinity. In order to quantitatively evaluate the 

Fig. 8 HIV-1 LTR demonstrates high divergence both upstream and 
downstream of the transcription start site. HIV-1 long terminal repeat 
(LTR) sequences were sorted into R5 (n = 615) and X4 (n = 35) popu-
lations according to the predicted co-receptor usage of the co-linear 
V3 region. a The diversity index at order = 1 was calculated for each 
position for both R5 (red) and X4 (blue) LTR sequence populations, 
numbered according to the HXB2 reference sequence. b Following 
the same approach applied for amino acid analysis, Jensen–Shannon 
divergence between R5 and X4 LTR sequences was computed for 
each nucleotide position and plotted. Statistically divergent positions 
were plotted in red and identified throughout the LTR, both upstream 
and downstream of the transcriptional start site and within transcrip-
tion factor binding sites. A Monte Carlo permutation simulation was 
performed to randomly group LTR sequences and calculate a distri-
bution of expected Jensen–Shannon divergence values, with the full 
range (light blue) and interquartile range (dark blue) of the distribution 
plotted across each position of the LTR

Fig. 9 R5 and X4 LTR sequences demonstrate signature enriched 
nucleotide variants in transcription factor binding. HIV-1 transcription 
factors that have been confirmed in vitro, C/EBP-II (HXB2 positions 
281–289), ATF-CREB (330–337), C/EBP-I (338–349), NF-κB-II (350–
359), NF-κB-I (363–373), Sp-III (377–386), Sp-II (388–398), and Sp-I 
(399–408), as well as the TAR stem loop (454–518), were evaluated 
to detect enrichment and depletion of nucleotide variants in R5 and 
X4 sets of aligned LTR sequences using two sample logos. Enriched 
nucleotides were plotted proportional to the difference between the 
populations, with the sum of the most differential position plotted on 
the vertical axis
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difference between R5 and X4 LTR sequence groups, 
analysis was performed using the JASPAR database, a 
collection of transcription factor DNA-binding prefer-
ences modeled as matrices [35, 36]. Each LTR sequence 
was scanned for transcription factor binding sites by 
scoring against position weight matrices (PWMs), which 
were converted from JASPAR position frequency matri-
ces (PFMs) downloaded from the JASPAR vertebrate 
database for C/EBP, SP1, NF-κB, and CREB. Each score 
was then compared to the maximum possible score of the 
corresponding PWM in order to determine a percentile 
score. Only binding sites with a mean percentile score 
>0.30 in either the R5- or X4-classified LTR sequences 
were considered for statistical analysis (Table 3). The dis-
tribution of R5- and X4-binding scores was statistically 
compared using a Kolmogorov–Smirnov (KS) test to cal-
culate a P value.

Using the JASPAR matrices, we were able to correctly 
identify the locations of each of the eight known tran-
scription factor binding sites within the LTR when using 
a percentile scoring threshold of 0.3. At this threshold, 
the JASPAR matrices for C/EBP, Sp1, and CREB also 
identified several other potential novel binding locations 
(Table  3). Statistical analysis identified differential bind-
ing scores between the R5 and X4 populations at sites 
C/EBP-I, C/EBP-II, and Sp-III, but not at known tran-
scription factor binding sites Sp-I or Sp-II (Table 3). This 
result is in agreement with the positions identified using 
Jensen–Shannon divergence. Additionally, novel puta-
tive Sp1 and C/EBP binding sites with differential R5/
X4 JAPSAR scores were noted at positions 223 and 150, 
respectively.

Interestingly, the relative magnitude of R5 and X4 
mean binding scores of C/EBP-I and -II were opposite 
one another, with X4 LTRs having a greater mean bind-
ing score than R5 LTRs for C/EBP-I, whereas R5 LTRs 
have a greater mean binding score for C/EBP II. The 
novel putative C/EBP site followed the trend of C/EBP 
site I, and had a greater mean score among X4 LTRs. 
This relationship may be a compensatory effect by which 
the diminished binding affinity of C/EBP II, as the virus 
mutates from R5 to X4, leads to greater binding to C/
EBP I and perhaps other putative C/EBP sites. This over-
all trend is also reflected among Sp binding sites. As the 
binding affinity of Sp-III diminishes in X4 virus when 
compared to R5, a putative novel Sp site at position 223 
gains enhanced binding affinity as indicated by JASPAR 
scoring. Generally, Sp sites have been shown to be more 
important for LTR-driven transcription in T lymphocytes 
than cells of the monocyte-macrophage lineage [37]. Fur-
thermore, transcription factor binding at Sp-III varies 
with respect to the level of differentiation of monocytes 
[38]. Overall, we find that LTR-driven transcription is 

modulated by proteins of the Sp family in a manner that 
is specific to cell phenotype. As an important contrast, 
CREB and NF-κB binding sites did not demonstrate a dif-
ference in overall binding affinity between the R5 and X4 
groups, although the analysis identified all known bind-
ing sites in both R5 and X4 populations. This is likely due 
to the fact that these sites have been shown to be essen-
tial for both T-lymphocyte and monocyte-macrophage 
replication [39–42].

Conclusion
The V3 domain of the HIV-1 env gene evolves through-
out the course of infection, often resulting in a switch 
from an R5 to an X4 swarm. However, the characteriza-
tion of R5 and X4 HIV-1 has not been defined beyond the 
envelope, specifically with respect to the transcriptional 
regulation of HIV-1. Our findings indicate that when 
comparing X4 HIV-1 to R5 HIV-1 sequences, Tat amino 
acids variants are more strictly selected at several key 
positions and specific LTR nucleotide variants are prefer-
entially present in X4 HIV-1 sequences when compared 
to R5 HIV-1. One particular caveat of our analysis, and 
any that involves historical sequence review, is our choice 
of the functional annotation algorithm used in these 
studies. While the specific results may differ to some 
extent with the choice of computational tools used in a 
given study, the overall finding that there is co-evolution 
between gp120 and other regions of the HIV-1 genome 
remains consistent. These results are significant because 
they indicate that the transcriptional phenotype of HIV-1 
may diverge with respect to co-receptor utilization. 
Importantly, the HIV-1 amino acid positions identified 
in Tat as different between X4 and R5 play roles in sup-
porting robust transactivation, while the LTR nucleotide 
mutations associated with X4 and R5 strains are found 
within known and putative transcription factor binding 
sites and may affect their occupancy and contributions 
to the regulation of HIV-1 gene expression. We regard 
the genetic variation between X4 and R5 HIV-1 Tat and 
LTR sequences to be indicative of selection caused by 
the differential intracellular environments of cells pref-
erentially infected by X4 versus R5 HIV-1 quasispecies. 
Consequently, the evolution of HIV-1 from an R5 to an 
X4 swarm likely requires adaptation at the level of tran-
scriptional control in addition to co-receptor binding and 
entry.

Methods
HIV‑1 sequence collection
HIV-1 sequences containing the Env-V3 region in addi-
tion to a co-linear Tat or LTR were collected and anno-
tated from the Los Alamos National Laboratory (LANL) 
HIV Sequence Database as of October 2014, while 
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Table 3 Predicted transcription factor binding sites in the HIV-1 LTR

Transcription  
factor

JASPAR  
matrix

In vitro  
confirmed

HXB2  
index

Strand  
direction

X4 mean  
score

R5 mean  
score

P value

C/EBP MA0102.1-CEBPA 76 Reverse 4.55 4.06 0.3860

MA0102.2-CEBPA 79 Reverse 4.94 4.41 0.3860

MA0102.2-CEBPA 81 Forward 4.24 3.12 0.2304

MA0102.1-CEBPA 150 Reverse 5.16 3.39 <0.0001

MA0102.2-CEBPA 153 Reverse 6.35 4.58 <0.0001

MA0102.2-CEBPA 154 Forward 4.53 1.83 <0.0001

MA0102.1-CEBPA 197 Reverse 5.27 4.63 0.0092

MA0102.2-CEBPA 200 Reverse 4.33 4.34 0.0063

MA0102.1-CEBPA C/EBP II 278 Reverse 5.84 6.29 0.0005

MA0102.2-CEBPA C/EBP II 281 Reverse 5.26 5.70 0.0010

MA0102.3-CEBPA C/EBP II 281 Forward 7.65 9.67 0.0008

MA0102.2-CEBPA C/EBP I 342 Forward 5.26 4.65 <0.0001

CREB MA0018.2-CREB1 173 Forward 4.74 3.93 0.1020

MA0018.2-CREB1 ATF/CREB 330 Forward 5.25 5.63 0.4547

MA0018.2-CREB1 410 Reverse 4.43 4.68 0.8684

NF-kB MA0105.1-NFKB1 NF-kB II 350 Forward 13.66 14.52 0.9605

MA0105.1-NFKB1 NF-kB II 350 Reverse 7.43 8.30 0.9605

MA0105.2-NFKB1 NF-kB II 350 Forward 6.67 7.41 0.9605

MA0105.3-NFKB1 NF-kB II 350 Forward 12.37 13.41 0.9722

MA0105.1-NFKB1 NF-kB II 351 Reverse 4.85 5.31 0.9813

MA0105.1-NFKB1 NF-kB I 363 Forward 6.18 6.77 0.8062

MA0105.2-NFKB1 NF-kB I 363 Forward 8.20 8.62 0.8062

MA0105.2-NFKB1 NF-kB I 363 Reverse 7.60 7.88 0.8345

MA0105.1-NFKB1 NF-kB I 364 Forward 14.55 14.35 1.0000

MA0105.1-NFKB1 NF-kB I 364 Reverse 8.33 8.26 1.0000

MA0105.2-NFKB1 NF-kB I 364 Forward 7.44 7.29 1.0000

MA0105.3-NFKB1 NF-kB I 364 Forward 15.66 15.15 0.8907

MA0105.1-NFKB1 NF-kB I 365 Reverse 5.34 5.15 1.0000

MA0105.2-NFKB1 NF-kB 504 Forward 6.09 6.46 0.9850

MA0105.2-NFKB1 NF-kB 504 Reverse 8.56 8.83 0.9881

MA0105.1-NFKB1 NF-kB 505 Reverse 6.01 6.30 0.9850

Sp MA0079.2-SP1 98 Reverse 4.68 5.68 0.0093

MA0079.1-SP1 99 Forward 5.01 5.35 0.0093

MA0079.1-SP1 223 Forward 4.35 3.31 <0.0001

MA0079.1-SP1 224 Forward 4.57 2.05 <0.0001

MA0079.1-SP1 266 Reverse 4.36 3.37 0.1034

MA0079.2-SP1 Sp-III 373 Reverse 5.30 5.86 0.5696

MA0079.1-SP1 Sp-III 374 Forward 4.12 4.82 0.0755

MA0079.2-SP1 Sp-III 376 Reverse 5.22 6.46 <0.0001

MA0079.1-SP1 Sp-III 377 Forward 3.86 5.56 <0.0001

MA0079.2-SP1 Sp-III 382 Reverse 4.71 5.81 <0.0001

MA0079.2-SP1 Sp-II 387 Reverse 6.72 7.11 0.7894

MA0079.3-SP1 Sp-II 387 Reverse 10.11 10.46 0.6982

MA0079.1-SP1 Sp-II 388 Forward 5.78 6.14 0.2648

MA0079.2-SP1 Sp-II 392 Reverse 6.62 7.07 0.1179

MA0079.2-SP1 Sp-II 393 Reverse 5.51 6.81 0.0168

MA0079.1-SP1 Sp-I 398 Forward 4.35 4.35 0.6176

MA0079.2-SP1 Sp-I 398 Reverse 6.69 7.21 0.5383

MA0079.1-SP1 Sp-I 399 Forward 4.30 4.47 0.5539
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additional sequences from the Drexel Medicine CNS 
Research and AIDS Eradication Study (CARES) Cohort 
were added to supplement the total number of sequences 
publicly available. The Drexel Medicine CARES Cohort 
is a subtype B patient cohort from Philadelphia, Penn-
sylvania and has been previously described [43–46]. The 
sequences from the Drexel Medicine CARES Cohort 
have been submitted to Genbank under BioProject 
ID:  PRJNA319822. To reduce the effect of regional and 
subtype differences, the LANL database query was lim-
ited to include only subtype B sequences isolated from 
North America. The query was further limited to a single 
sequence per patient using the LANL query tool which 
specifically excludes laboratory strain sequences or those 
used for functional studies. Table 1 shows the breakdown 
of sequences for each region.

Co‑receptor usage classification
The in silico co-receptor usage prediction tool Web-
PSSM was used to classify all sequences as CCR5- or 
CXCR4-utilizing based on the score of the co-linear 
Env-V3 amino acid sequence [17]. Numerous exclusion 
methods were utilized to reduce noise introduced by 
Web-PSSM predictions as discussed previously [47]. 
Sequences were excluded from the study if the V3 region 
was not 35 amino acid residues in length, if the V3 per-
centile determined by Web-PSSM was greater than 
0.95 (indicating that a given sequence may not be a V3 
sequence), or if the V3 PSSM score was in the ‘indetermi-
nate range’ (using scoring cutoffs of >−2.88 and <−6.96 
for X4 and R5 Env-V3 sequences, respectively), which 
was defined as a scoring range consisting of sequences 
with R5 and/or X4 properties including sequences that 
are dual tropic (X4/R5). Using these cutoffs, this predic-
tor has an 84 % sensitivity and 96 % specificity indicating 
its ability to detect X4 binding sequences and non-bind-
ing sequences, respectively [17]. This filtering method 
allowed the genetic analysis to focus on sequences with 
the highest confidence classification in the PSSM-derived 
distribution, definitively signifying CCR5- or CXCR4-
utilizing Env-V3 sequences. Following classification as R5 
or X4, the co-linear gp120, Tat, and LTR sequences were 
aligned to the HXB2 reference sequence (K03455) using 
Multiple Sequence Comparison by Log-Expectation 

(MUSCLE), (version 5.05) [48] utilizing default param-
eters; insertions relative to the reference were removed 
to simplify the analysis. This pipeline resulted in R5- and 
X4-associated and multiple sequence alignments for each 
gp120, Tat, and LTR sequence (Table 1).

Genetic diversity and rarefaction
The diversity of each amino acid or nucleotide position 
of the respective multiple sequence alignments was cal-
culated using a window length, w, of 1 and an order of 1 
[equivalent to exp(Shannon entropy with base e)] accord-
ing to Eq. 1 [49].

First-order genetic diversity

Diversity, D, weighs the abundance of all variants, p, at a 
given position, i, in the protein. A window length, w, is 
applied, with w = 1 used in order to independently assess 
the diversity of each position within a multiple sequence 
alignment. At an order, or Hill number, of q = 1, D does 
not exist; however, the limit as q approaches 1 can be 
computed as shown here.

Diversity at order  =  1 calculates the effective num-
ber of species (amino acids or nucleotides) in a popu-
lation while giving greater weight to neither rare nor 
abundant species. The maximum possible diversity 
is 20 for amino acid sequences (gp120 and Tat) and 4 
for nucleotide sequences (LTR), with gaps regarded as 
missing data. In general, positions of high structural or 
functional importance are evolutionarily constrained 
in their use of amino acids or nucleotides and therefore 
demonstrate low diversity, while positions more permis-
sive to variation in amino acid or nucleotide usage dis-
played higher genetic diversity [50]. Rarefaction curves 
for each position were generated in order to ensure 
that sufficient sample sizes existed for each comparison 
being made.

Jensen–Shannon divergence
Jensen–Shannon divergence is a measure of the simi-
larity between two probability distributions that can be 
applied to profile-to-profile multiple sequence alignment 

(1)Dw,p = exp
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LTR sequences classified as either R5 or X4 based on their co-linear Env-V3 sequence were scanned for potential transcription factor binding sites. All binding sites 
with a percentile score >0.3 in either of the two groups were included in this analysis. The overall score distribution of R5 and X4 binding sites was compared using a 
KS-test, and multiple testing was accounted for using the Benjamini–Hochberg procedure. Statistically significant sites (P < 0.01) are highlighted in italics

Table 3 continued

Transcription  
factor

JASPAR  
matrix

In vitro  
confirmed

HXB2  
index

Strand  
direction

X4 mean  
score

R5 mean  
score

P value

MA0079.2-SP1 Sp-I 400 Reverse 5.78 5.83 1.0000

MA0079.1-SP1 479 Forward 5.21 5.02 0.9279
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comparisons, with the divergence score bound by 0 
(similar) and 1 (dissimilar) [51, 52]. Multiple sequence 
alignments (MSA) generated from R5- and X4-classified 
sequence populations were used to generate position fre-
quency matrices (PFMs). Each PFM contains the relative 
abundance of each residue (amino acid or nucleotide) for 
each position (N) of the multiple sequence alignment, 
resulting in 20 × N or 4 × N matrices for amino acid or 
nucleotide sequences, respectively. Residues that are not 
present in any of the sequences at a particular position 
of the MSA were represented with a pseudo-count of 
1 × 10−7, equivalent to a relative abundance of 1 instance 
per ten million sequences, which ranges from approxi-
mately 1  ×  104-fold to 1  ×  106-fold lower abundance 
than being present in a single sequence. PFMs derived 
from R5- and X4-classified sequences were used to cal-
culate the Jensen–Shannon divergence between popula-
tions according to Eq. 2.

Jensen–Shannon divergence

where

Jensen–Shannon divergence, DJS, is determined accord-
ing to the abundance of each amino acid variant, Qa, in 
populations 1 and 2, using an information theory-based 
calculation. The value Q0 is calculated for each amino 
acid variant, and a pseudo-count is utilized for amino 
acid variants absent in both populations.

Statistically significant positions were identified by 
applying a Monte Carlo permutation test, which ran-
domly re-grouped the total pool of sequences into groups 
of size M and N iteratively (n = 1000), where M and N 
are equivalent to the number of sequences in the X4 and 
R5 groups, and generated a probability density function 
(PDF) of the Jensen–Shannon divergence values of the 
randomized model using a Gaussian kernel density esti-
mator implemented in SciPy. Numerical integration was 
used to determine the probability of finding a random 
value greater than or equal to the true Jensen–Shannon 
divergence.

Statistical analysis
Statistical analysis was performed in custom IPython 
Notebooks using the SciPy Python library (version 
0.14.0). Spearman’s rank correlation coefficient was used 
to evaluate the relationship between R5 and X4 diversity 
(Fig.  1), as well as the relationship of Jensen–Shannon 
divergence to mean genetic diversity and the absolute 
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difference in genetic diversity (Fig. 2), respectively. gp120 
domain enrichment analysis (Fig. 4) of statistically diver-
gent positions utilized a hypergeometric test, with a null 
hypothesis of equal distribution of divergent positions. 
Enrichment of consensus amino acids within statistically 
divergent Tat positions was performed using a Fisher’s 
exact test (Fig. 6).

Two sequence logos
Experimentally validated transcription factor bindings 
sites C/EBP-II (HXB2 positions 281–289), ATF-CREB 
(330–337), C/EBP-I (338–349), NF-κB-II (350–359), 
NF-κB-I (363–373), Sp-III (377–386), Sp-II (388–398), 
and Sp-I (399–408), as well as the RNA stem loop (454–
518), were evaluated using Two Sample Logo [53]. Two 
Sample Logo is a web-based application that calculates 
and visualizes the differences between two sets of aligned 
sequences. Each nucleotide was represented with a differ-
ent color, and the height of the one-letter nucleotide code 
was scaled according to the magnitude of the difference 
in abundance of the nucleotide at a given position, with 
the largest difference in each comparison represented by 
the maximum height in the logo.

Identification of putative transcription binding sites
Position frequency matrices (PFMs) were downloaded 
from the JASPAR redundant vertebrate database for C/
EBP, Sp, NFκB, and CREB. Each PFM was converted into 
a position weight matrix (PWM) as previously described 
[52]. Each LTR sequence was scanned along its entirety 
to score every potential binding site using each of the 
PWMs. Each score was then compared to the maximum 
possible score for the PWM being used in order to deter-
mine a percentile score. Only binding sites with a mean 
percentile score >0.30 in either the R5- or X4-classified 
LTR sequences were considered for statistical analysis 
(Table  3). Binding affinities as defined by PWM score 
show a non-Gaussian distribution (data not shown). As 
such, the Kolmogorov–Smirnov (KS) test was used to 
compare affinities between different groups. The PWM 
was applied to each LTR and then the R5 and X4 distri-
butions were compared. The P values were adjusted using 
the Benjamini–Hochberg procedure.
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