










contribution of sites 35 and 39 to this behavior. As described
previously, cells were infected with LGIT variants at low mul-
tiplicity of infection, and GFP	 cells were sorted by fluores-
cence activated cell sorting (FACS) 7 days post-infection after
stimulation with TNF-� (36). The sorted cells were allowed to
relax for 9 days, and GFP� cells infected with the LGIT vector,
but not expressing GFP, were sorted (supplemental Fig. S6A).
These silent proviruses were then monitored for GFP expres-
sion over the course of 12 days (supplemental Fig. S6B).
As anticipated, the functionally inactive Q35L and I39Q Tat

variants showed very low levels of gene activation.However, the
DM Tat partially restored gene expression to WT Tat levels,
and very closely tracked the activation rate of Tat C (supple-
mental Fig. S6B), a result that suggests that residue pairs at sites
35 and 39 may be important determinants in setting the gene
activation levels for different Tat variants.
Coevolving Sites 35 and 39 Impact Both P-TEFb Binding and

Phosphorylation at the CTD of RNAPII—To identify potential
molecularmechanisms that restore gene expression for theDM
Tat, we reasoned that the compromised transactivation of
either Tat singlemutantmay be due to disruption in its binding
to one of numerous cellular factors necessary for efficient trans-
activation. For example, the activation domain of Tat (amino
acids 1–48) has previously been shown to interact with
P-TEFb, which mediates the critical phosphorylation of the
CTD of RNAPII and thus the production of full-length viral
transcripts (9, 37). HeLa cells were transfected with plasmids to
express FLAG-taggedTat under the control of the humanubiq-
uitin promoter (Ubiquitin-mCherry-IRES-Tat or UbChIT),
and immunoprecipitates of Tat were probed for Cdk9 and
CycT1 (Fig. 3, A and B) (18). WT Tat bound P-TEFb; however,
the Q35L Tat mutant failed to efficiently bind either Cdk9 or
CycT1, suggesting that site 35 is critical for binding P-TEFb

(Fig. 3, A and B), and the loss of this binding possibly underlies
the defective gene expression for this mutant (Fig. 2, C and D).
Similarly, other factors that have recently been shown to inter-
act with the Tat�P-TEFb complex and aid in transcriptional
activation, such as ENL, AF9, AFF4, and ELL2, failed to bind to
theQ35L Tatmutant (supplemental Fig. S7) (38). Interestingly,
the DM Tat partially restores binding with Cdk9 and CycT1,
likely the mechanism by which the I39Q mutation rescues the
loss of function for the Q35L Tat mutant (Fig. 3, A and B).

To gain further insights into the loss of P-TEFb binding, we
performed in silicomodeling based on a recently solved struc-
ture of Tat�P-TEFb (37). These results indicated that Asn180 of
CycT1 is positioned between and can form hydrogen bonds
with aGln at eitherTat site 35 or 39. TheQ35Lmutation results
in the loss of this hydrogen bonding, whereas the compensating
mutation I39Q in the DM Tat enables Gln39 to replace this
hydrogen bond with Asn180 in CycT1 (Fig. 3C). Although a
previous study predicted that other naturally occurring muta-
tions (exceptTyr) could readily be accommodated at site 35 and
maintain the structure of the protein complex (37), our analysis
and accompanying experimental data suggest that the loss of
hydrogen bonding may well be responsible for the drastic loss
of function observed in the Q35L Tat mutant.
In contrast to the Q35L Tat mutant, however, the I39Q Tat

mutant is able to bind CycT1 at levels close to the DMTat (Fig.
3B), but lower than WT Tat, suggesting that its inability to
activate gene expression (Fig. 2C) arises from reasons other
than P-TEFb binding. To probe other transcriptional steps at
which I39Q Tat may fail, we quantified viral transcripts. Cells
infected with LGIT vectors containing one of the four Tat vari-
ants were stimulated with TNF-� 7 days post-infection, and
infected, GFP	 cells were isolated by FACS. The sorted cells
were allowed to relax for 9 days (Fig. 4A), total cellular RNAwas

FIGURE 3. Co-immunoprecipitation and homology modeling shows that the Q35L Tat mutant fails to bind P-TEFb. A, immunoprecipitation (IP) of nuclear
extracts (NE) with �-FLAG, obtained from HeLa cells transfected with the UbChIT vector, were followed by Western blots (WB) with �-Cdk9 and �-CycT1
antibodies. B, quantification of binding of different Tat mutants with CycT1. CycT1 is normalized to Tat, and its interaction with WT Tat is arbitrarily assigned the
value 1. Error bars represent S.D. for two independent �-FLAG IPs and Western blots. ** denotes statistically significant differences (p � 0.05) from WT Tat in
CycT1 binding. C, interaction of P-TEFb with WT and DM Tat are shown. Dark green and purple colors represent the ATP	 and ATP� structures for WT Tat,
respectively, whereas light green and purple colors represent the ATP	 and ATP� structures for DM Tat. The structure shows hydrogen bonding between Asn180

in CycT1 with Gln35 in WT Tat, as well as hydrogen bonding between Asn180 in CycT1 with Gln39 in DM Tat. Hydrogen bonding is thus critical for Tat�P-TEFb
binding.
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extracted, and the levels of viral transcripts were quantified
using RT-qPCR (36). The I39Q and DM Tat both had similar
percentages of elongated transcripts (Fig. 4B); however, the
I39Q Tat has much lower levels of total transcripts compared
with the DM Tat (Fig. 4C), suggesting that it fails to induce
transcription at the same efficiency as the DM Tat.
We explored the possibility that loss of gene expression for

I39Q Tat arises due to its inability to interact with an upstream
transcription factor such as Sp1 or a chromatin remodeling
complex such as SWI/SNF (21, 39). However, co-immunopre-
cipitation showed no differences in Sp1 binding between I39Q
and the DM Tat (Fig. 5A). A change in interaction with SWI/
SNF could alter disruption of the nucleosome (Nuc-1) situated
at the transcription start site; however, nuclease sensitivity
assays showed that both I39Q and the DM Tat had similar
effects on Nuc-1 (Fig. 5B).
At the heart of viral gene expression is the apparent ability of

Tat to affect RNAPII phosphorylation. Sequential phosphory-
lation of serines at positions 5 (Ser5) and 2 (Ser2) within an
evolutionarily conserved but unstructured domain in mamma-
lian RNAPII, consisting of 52 repeats of the heptapeptide
Y1S2P3T4S5P6S7 at its CTD, is critical for mRNA synthesis and

processing (40). Normally, RNAPII recruited to the promoter
of a gene is phosphorylated at Ser5 by Cdk7 within the tran-
scription factor complex TFIIH (41). Shortly after transcription
initiation, the polymerase briefly stalls �30–40 bp down-
stream of the transcription start site to allow for pre-mRNA
processing steps such as capping (42, 43). Phosphorylation at
Ser2 by the P-TEFb complex then promotes transcriptional
elongation. In HIV-1 gene expression, however, Tat directly
recruits and enables P-TEFb to phosphorylate both Ser5 and
Ser2, and thereby greatly enhances transcriptional elongation
(11, 12, 44).
Consistent with these results, the recently solved crystal

structure of the Tat�P-TEFb complex shows that Tat binding
induces P-TEFb conformational changes (37). To analyze the
potential structural effects of mutations at sites 35 and 39, we
performed additional in silicomodeling based on this structure
of Tat�P-TEFb, either in complex with or without an ATP ana-
log molecule (ATP	 or ATP�). Interestingly, both the ATP	

and ATP� structures of I39Q Tat are slightly energetically sta-
bilized compared withWTTat. In contrast, for the DMTat the
ATP	 structure was destabilized by 3.42 kcal/mol*, and the
ATP� structure was stabilized by 2.38 kcal/mol* compared

FIGURE 4. Viral transcript quantification reveals a potential transcriptional step at which I39Q Tat may fail. A, GFP histograms for Jurkat cells infected
with wild-type (red), Q35L (green), I39Q (blue), and DM (brown) Tat 9 days post-sorting of TNF-�-stimulated GFP	 cells. B and C, quantification of the percentage
of elongated and total viral transcripts obtained from total cellular RNA of infected Jurkat cells. �-Actin is used for normalization. The assay is able to detect and
quantify transcripts containing the full transactivation response element RNA but not very short aborted transcripts. All qPCR measurements are in triplicate
and error bars represent S.D. * denotes statistically significant differences (p � 0.05) between the indicated pairs of Tat variants.

FIGURE 5. Mutations do not alter Tat binding with Sp1 or show differences in Nuc-1 disruption. A, immunoprecipitation of nuclear extracts with �-FLAG
antibody, obtained from HeLa cells transfected with the UbChIT vector, were followed by Western blots with �-Sp1 antibody. Both I39Q and DM Tat appear to
bind Sp1 with similar affinity. B, Jurkat cells infected with different Tat variants were incubated with or without a nuclease DNase I and genomic DNA was
extracted using the EpiQ Chromatin Analysis Kit. The human hemoglobin gene (hHBB) was used as an internal control. All qPCR measurements were made in
triplicate and error bars represent S.D. None of the Tat variants showed any statistical difference in Nuc-1 disruption from each other (p � 0.05).
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with WT Tat (Table 1). Based on the energetics of the ATP	

structures, these modeling results suggest that compared with
I39Q Tat, P-TEFb associated with the DM Tat may have a
higher propensity to transfer the phosphate group fromATP to
a substrate and transit to the more stable ATP� state. More-
over, based on the collective evidence from literature, viral
transcript data, and in silicomodeling results, we hypothesized
that the I39Q Tat mutant, unlike the DM,may fail to efficiently
induce P-TEFb-mediated phosphorylation of theCTDof RNA-
PII (Fig. 4C and Table 1) (37, 44).
To explore this potential phosphorylation defect for I39Q

Tat during transcriptional initiation and early elongation
involved in efficient escape of RNAPII from the promoter, we
performed chromatin immunoprecipitation (ChIP) with qPCR
analysis to quantify the levels of total and Ser5 and Ser2 phos-
phorylated RNAPII associated with the HIV-1 promoter in the
presence of different Tat variants. Interestingly, even though
similar levels of total RNAPII are recruited to the viral pro-
moter (Fig. 6C), the level of Ser-5-P-CTD of RNAPII close to
the transcription start site for the I39QTatmutantwas dramat-
ically lower than for theDMTat, and slightly lower than forWT
Tat (Fig. 6A). Similarly, the level of Ser-2-P-CTD of RNAPII for
I39Q Tat during early elongation was significantly (p � 0.05)
lower than both WT and DM Tat (Fig. 6B).
Thus, it appears that the combination of weak Ser-5-P-

CTD of RNAPII, strong P-TEFb binding affinity, and high
Ser-2-P-CTD of RNAPII, for theWT Tat or the combination
of high Ser-5-P-CTD of RNAPII, moderate P-TEFb binding
affinity, and high Ser-2-P-CTD of RNAPII for the DM Tat,
mediates efficient escape of RNAPII from the HIV-1 pro-
moter and activates gene expression for these two variants
(Figs. 3B and 6, A and B). Thus, it is possible that WT and
DM Tat achieve similar levels of gene expression through
orthogonal combinations of P-TEFb binding and Ser-5-P-
CTD of RNAPII (Fig. 6D).
In contrast, although the I39Q Tat displays moderate

P-TEFb binding affinity, the extremely low levels of Ser-5-P-
CTD and Ser-2-P-CTD of RNAPII likely impairs its ability to
activate gene expression (Figs. 3B and 6, A and B). Therefore, it
appears that a Gln at site 35 (as seen for theWT and I39Q Tat)
reduces the ability of Tat to induce P-TEFb-mediated Ser-5-P-
CTD of RNAPII, but the presence of a Leu at site 35 (as in the
Q35L and DM Tat) dramatically increases this function (Fig.
6A). However, Q35L Tat fails to bind P-TEFb and promote
efficient escape of RNAPII from the promoter, as seen from the

significantly lower levels (p � 0.05) of Ser-2-P-CTD of RNAPII
for this mutant compared with WT and DM Tat. Thus,
although the I39Q and DM Tat both have similar, but lower,
P-TEFb binding affinity than WT Tat, the high Ser-5-P-CTD
and Ser-2-P-CTD of RNAPII observed with the DM but not
I39Q Tat apparently rescues gene expression.

DISCUSSION

For such a small protein, Tat shows a surprising diversity of
function mediated by interaction with numerous cellular part-
ners. It is post-translationally modified at specific sites by sev-
eral cellular factors that impact transactivation. In addition to
acetylation by PCAF and p300, there is evidence for methyla-
tion of Tat at Arg52 andArg53 by the argininemethyltransferase
PRMT6 (15) and methylation at Lys51 by the lysine methyl-
transferase Set7/9 (KMT7). Similarly, other lysinemethyltrans-
ferases have been shown to interact with Tat (16, 17). Tat is also
phosphorylated by Cdk2 (Ser16, Ser46) and PKR (Ser62, Thr64,
and Ser68) (18, 19). Further evidence of the versatility of Tat can
be seen in its interaction with other cellular proteins such as
SKIP/SNW1 and SWI/SNF (20, 21, 23). Conserved and func-
tionally important individual sites involved in these interac-
tions can often be identified from multiple sequence align-
ments. However, the identification of mutually dependent
coevolving sites, which can readily be missed by simple site
conservation, is enabled through the use of statistical measures
such as MI.
To date, the experimental discovery of correlated siteswithin

the HIV-1 proteome, such as in Tat, reverse transcriptase,
nucleocapsid, and Rev, has involved creation of libraries of viral
proteins or long term culture of HIV-1 strains with single, site-
directed mutations to reveal potential “suppressor mutations”
(45–48). These approaches can sometimes yield either rever-
sion of the introduced mutation or suppressor sites that do not
naturally or specifically coevolve but act in a global, indepen-
dentmanner to increase fitness. By comparison, statistical anal-
ysis of viral sequence databases can identify positions whose
evolution is correlated in a natural or clinical setting, as well as
reveal correlations between new, unanticipated amino acid
pairs. Here, we have harnessedMI to demonstrate functionally
important correlations between pairs of sites in Tat.
In computationally guided experiments using a model lenti-

viral systemmimicking the positive feedback loop in HIV-1, we
found that single point mutations Q35L and I39Q yielded Tat
variants that failed to activate gene expression from the viral
LTR, with a majority of the proviruses existing in a silenced
state that was activated only upon stimulation with pharmaco-
logical agents. However, introduction of both mutations Q35L
and I39Q into the same Tat protein restored gene expression
(Fig. 2, C and D). Thus, the Gln35–Ile39 and Leu35–Gln39 resi-
due pairs both result in efficient gene expression from the viral
promoter, for two Tat subtypes (Figs. 2C and supplemental Fig.
S4C), confirming that sites 35 and 39 are coevolving. Further-
more, co-immunoprecipitation and ChIP studies revealed dis-
tinct, complementary mechanisms that constrain amino acid
residues at these two sites: effective P-TEFb binding and alter-
ation of P-TEFb substrate specificity to include the phosphor-
ylation of Ser5 and Ser2 residues on the RNAPII CTD. Specifi-

TABLE 1
In silico modeling results of the stability (��G) of the Tat�P-TEFb or
Tat�P-TEFb�ATP complex after introducing mutations in Tat
Negative values indicate greater stability of a complex as compared to the complex
containingWTTat. The asterisk over kcal/mol indicates that these values are com-
putational determined. In contrast to the I39Q Tat, the Tat�P-TEFb�ATP complex
for theDMTat is destabilized and hencemay have greater propensity to transfer the
phosphate group to the CTD of RNAPII and transition into the more stable Tat�P-
TEFb complex.

��G (kcal/mol*)

Tat�P-TEFb
complex (ATP�)

(PDB 3MI9)

Tat�P-TEFb�ATP
complex (ATP�)
(PDB 3MIA)

Q35L �3.00 4.95
I39Q �1.01 �1.99
DM �2.38 3.42
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cally, we show that theQ35L singlemutant fails to bindP-TEFb,
whereas the DM partially rescues P-TEFb binding (Fig. 3). In
contrast, the I39Q Tat binds P-TEFb at levels close to the DM
Tat, yet still suffers from very low gene expression (Figs. 2C and
3B) potentially due to its inability to induce P-TEFb to phos-
phorylate the CTD of RNAPII (Fig. 6, A and B). It is plausible
that the inability of the I39Q Tat to induce efficient phos-
phorylation of the CTD of RNAPII involves loss of interac-
tion with additional host factors that remain to be discov-
ered. At any rate, unlike most coevolving or suppressor
mutations that help restore a single biological function (49),
the coevolving sites 35 and 39 each contribute to distinct

Tat-mediated mechanisms that are integrated to yield an
active protein. That is, mutationally induced deficits in one
mechanism can be compensated for by mutations in the
coevolving site that affect the other.
Most subtype B Tats pair Gln35 with Ile39/Leu39/Thr39,

whereas a majority of subtype C Tats contain the Leu35–Gln39
residue pair, similar to the DM Tat, with a few having a Gln35–
Leu39 residue pair. Based on the P-TEFb binding assay and lev-
els of Ser-5-P-CTD of RNAPII, it appears that different sub-
types could potentially have evolved alternate modes or
“solutions” to inducing gene expression from the viral LTR.
Subtype B Tats induce a low level of Ser-5-P-CTD in RNAPII

FIGURE 6. I39Q Tat fails to efficiently induce phosphorylation of the CTD of RNAPII, and the subtypes of Tat have potentially evolved alternate modes
of inducing viral gene expression. A–C, ChIP for Ser-5-P-CTD of RNAPII, Ser-2-P-CTD of RNAPII and total RNAPII close to the transcription start site. Although
similar levels of RNAPII are recruited to the viral promoter for all Tat variants, the I39Q Tat apparently fails to induce P-TEFb to efficiently phosphorylate the CTD
of RNAPII, unlike the DM and WT Tat. Controls were performed without antibody. All qPCR measurements are in triplicate, and error bars represent S.D.
* denotes statistically significant differences (p � 0.05) between the indicated pairs of Tat variants. D, plot of Ser-5-P-CTD of RNAPII versus CycT1 binding, and
Ser-2-P-CTD of RNAPII versus CycT1 binding, for different Tat variants. The black and red symbols correspond to the levels of Ser-5-P-CTD of RNAPII and
Ser-2-P-CTD of RNAPII for different Tat variants, respectively. The blue oval encompasses the Q35L and I39Q Tat variants that fail to activate gene expression,
either due to its inability to bind P-TEFb or due to its failure to induce P-TEFb to efficiently phosphorylate the CTD of RNAPII. The green oval shows that the WT
and DM Tat activate gene expression, although potentially through different mechanisms. Markers within the green oval show that subtype B Tat (WT Tat)
displays high P-TEFb binding affinity and low Ser-5-P-CTD of RNAPII, whereas the DM Tat, mimicking most subtype C Tats at sites 35 and 39, shows moderate
P-TEFb binding and high Ser-5-P-CTD of RNAPII, with both Tat variants displaying comparable levels of Ser-2-P-CTD of RNAPII.
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(Fig. 6A), but the strong binding to P-TEFb could at least in part
compensate for this deficit (Fig. 3B) and eventually produce
efficient elongation, as can been seen from the high levels of
Ser-2-P-CTD of RNAPII, a marker for P-TEFb-induced elon-
gation (supplemental Fig. S8). In contrast, the DM Tat, which
mimics the majority of subtype C Tats at sites 35 and 39,
induces very high levels of Ser-5-P (Fig. 6A) coupled with rela-
tively weaker P-TEFb binding (Fig. 3B) that in combination
could ultimately drive comparable levels of Tat-mediated gene
expression as measured by GFP expression (Fig. 2C), viral tran-
script analysis, and Ser-2-P-CTDof RNAPII (supplemental Fig.
S8). Thus, the diversification of HIV-1 into different subtypes
has apparently resulted in the evolution of compensatory
mechanisms to trade off substrate binding and catalytic activity
in inducing Tat-mediated gene expression from the viral LTR,
such that the overall activity may be determined by the combi-
nation or “sum” of contributions from individual positions or
functions (Fig. 6D). This novel finding has some parallels with
other biological systems. For instance, it has been shown previ-
ously that autophosphorylation mutants of the epidermal
growth factor (EGF) receptor stimulate similar levels of MAP
kinase activation, gene expression, and mitogenesis as the WT
EGF receptor thoughdifferent compensatorymechanisms (50).
Wehave previously found that gene expression from theLTR

is a stochastic process, with bursts of mRNA production sepa-
rated by long intervals, a feature that could play an important
role in the establishment of viral latency (35, 36, 51). Changes to
Tat that distinctly affect transcriptional initiation or elongation
could differentially impact the frequency and size of mRNA
bursts. Gene expression data at lowTat levels indicates that Tat
variants from different subtypes, with potentially alternate
mechanisms for inducing gene expression, could impact prob-
abilistic gene expression events (supplemental Fig. S6). Future
work may explore whether these differences in Tat result in
different propensities for viral latency. In addition to its appli-
cation to HIV-1, such an integrated computational and exper-
imental approach could readily be extended to other pathogens
to gain deeper insights into their function and evolution, as well
as potentially aid in the rational development of novel thera-
peutic strategies.
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