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Developing anti-viral therapies targeting HIV-1 transcription has been hampered by the limited structural knowl-
edge of the proteins involved. HIV-1 hijacks the cellular machinery that controls RNA polymerase Il elongation through
an interaction of HIV-1 Tat with the positive transcription elongation factor P-TEFb, which interacts with an AF4 family
member (AFF1/2/3/4) in the super elongation complex (SEC). Because inclusion of Tat-P-TEFb into the SEC s critical for HIV
transcription, we have determined the crystal structure of the Tat:AFF4+P-TEFb complex containing HIV-1 Tat (residues
1-48), human Cyclin T1 (1-266), human Cdk9 (7-332), and human AFF4 (27-69). Tat binding to AFF4+P-TEFb causes con-
certed structural changes in AFF4 via a shift of helix H5" of Cyclin T1 and the a-3, helix of AFF4. The interaction between
Tat and AFF4 provides structural constraints that explain tolerated Tat mutations. Analysis of the Tat-binding surface of
AFF4 coupled with modeling of all other AF4 family members suggests that AFF1 and AFF4 would be preferred over AFF2
or AFF3 for interaction with TatP-TEFb. The structure establishes that the Tat-TAR recognition motif (TRM) in Cyclin T1
interacts with both Tat and AFF4, leading to the exposure of arginine side chains for binding to TAR RNA. Furthermore,
modeling of Tat Lys28 acetylation suggests that the acetyl group would be in a favorable position for H-bond formation
with Asn257 of TRM, thereby stabilizing the TRM in Cyclin T1, and provides a structural basis for the modulation of TAR

RNA binding by acetylation of Tat Lys28.

Introduction

The 2010 UNAIDS AIDS Epidemic Update estimated over
33 million people were infected with the human immunode-
ficiency virus (HIV-1) and, unfortunately, most of the 2 to 3
million newly infected individuals each year have a dismal prog-
nosis.! Approximately 1.5 million United States citizens are cur-
rently infected with the virus and about 500000 have died of
acquired immunodeficiency syndrome (AIDS) caused by HIV-1.
The death rate from AIDS in the United States has declined due
to tremendous progress made in developing anti-HIV drugs. A
few of these drugs block viral entry, but most block 1 of the 3
virally encoded enzymes; reverse transcriptase, protease, or inte-
grase.” To date no effective vaccines have been developed and
there is no practical cure.! Removal of the antiviral treatment
leads to rapid re-establishment of active viral infection due to
latently infected cells that become activated and release virus.?
Patients whose viral titers are held to a very low level by cur-
rent drug regimens can still infect others and suffer from ail-
ments caused by the remaining viruses or the drugs themselves.*
Another serious problem for a number of infected individuals is
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that a number of strains of HIV have become resistant to the cur-
rent cadre of anti-HIV drugs”

HIV transcription is the most promising stage of the viral life
cycle inhibition for which no drugs exist. Not only is transcrip-
tion required for viral gene expression, but the RNA produced is
the genetic material packaged into propagating virions. Because
the viral Tat protein is the major transactivator of HIV transcrip-
tion® and is essential for viral replication,’ it is the most likely
target for drugs that would specifically block HIV transcrip-
tion. Importantly, compared with the current drugs, blocking
the function of Tat would halt viral replication at a very early
stage and stop production of viral particles in infected individu-
als. Thus, it would eliminate the toxicity of the viral particles and
block the transmission of the virus. In fact, if an effective inhibi-
tor of HIV transcription was developed it could be considered a
functional cure for AIDS.*

HIV Tat hijacks the machinery that controls RNA poly-
merase 1 elongation which plays an important role in regulat-
ing much of cellular transcription.®'® The positive transcription
elongation factor P-TEFD plays the central role in this process by
causing promoter proximal paused RNA polymerase II to enter
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productive elongation.' HIV Tat interacts with P-TEFb comprised
of Cdk9 and Cyclin T1."»" The RNA binding domain of Tat
mediates recruitment of the TatsP-TEFb complex to the nascent
HIV transcript, TAR, leading to activation of the HIV LTR and
robust HIV gene expression.” Tat can also extract P-TEFb from
the 7SK snRNP which normally functions to sequester P-TEFb in
an inactive conformation until the kinase activity of the factor is
needed.""'® Tat can bind to 7SK RNA™!® and when overexpressed
in cells can be found associated with the snRNP."” P-TEFb is also
a component of the super elongation complex (SEC) comprised
of an AF4 family member AFF1 or AFF4, AF9/ENL, ELL1/2/3,
and EAF1/2."%2 Tat has also been found in the SEC presumably
through its interaction with P-TEFb.""*%

Although important aspects of the function of Tat in recruit-
ing P-TEFb to TAR remain to be determined, the interaction
between Tat, P-TEFb, and the SEC is critical.® A structure of
HIV-1 Tat bound to P-TEFb demonstrated that Tat interacts
mainly with Cyclin T1 and forms an extensive interface burying
3500 A2 of surface area.2¢ The interaction of P-TEFb with the
SEC is mediated by the N-terminal domain of AFF1/4 referred
to as Cyclin T1 binding site (CBS)***” and the Alber group has
solved a structure of P-TEFb bound to the CBS of AFF4.2 In
silico superimposition of the 2 structures suggested that both Tat
and AFF4 might be able to associate with P-TEFb at the same
time.?® We describe here a structure obtained from the crystal-
lization of a complex formed by HIV Tat, and human AFF4 and
P-TEFb. The Tat-AFF4-P-TEFb complex reveals extensive inter-
actions between AFF4 and Tat that could provide a target for
development of compounds that could disrupt the complex and
thereby inhibit HIV transcription.

Results

Crystal structure determination

For the crystallization of a TatsAFF4:P-TEFb complex we
produced a large variety of Cyclin T1, Cdk9, Tat and AFF4 con-
structs with different N-terminal and C-terminal truncations
co-expressed in baculovirus infected insect cells. In our previ-
ously reported structure of the TatsP-TEFb complex® residues
252-261 of Cyclin T1 were difficult to assign unambiguously
due to potential competition between Cys261 and the histidines
from the C-terminal His -tag on Cdk9 for 1 of the 2 bound
zinc atoms. To avoid this problem we fused the His -tag to the
N-terminus of Cyclin T1 with a cleavage site and removed the
tag during purification. The TatsAFF4:P-TEFb complex com-
prised of HIV-1 Tat (1-48), human Cyclin T1 (1-266), human
Cdk9 (7-332), and human AFF4 (27-69) produced the best
initial crystals in the form of tiny needles (Fig. S1A). Gradual
variation of crystallization conditions only marginally improved
the size and shape of crystals. However, addition of yttrium
ions changed the crystal morphology to well-diffracting plate
crystals (Fig. S1B) that contained equal molar amounts of the
4 proteins (Fig. S1C). Diffraction dataset was collected at the
Argonne National Laboratory Advanced Photon Source. The
structure was solved using molecular replacement and refined
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at 2.9 A resolution to an R, . of 26.7%. Inspection of crystal
packing revealed that yttrium ions included in crystallization
conditions mediated intermolecular interactions (Fig. S2). The

VL
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Figure 1. Overall view of Tat-AFF4-P-TEFb complex. (A) Functional con-
text of the Tat-AFF4+P-TEFb complex. P-TEFb comprised of Cdk9 (orange)
and Cyclin T1 (blue) provides a platform for the docking of HIV-1 Tat
(magenta) and the AFF4 subunit (beige) of the super elongation complex
(SEC). The SEC has 1 of each of these proteins: AFF1/4, EAF1/2, ELL1/2/3,
and AF9/ENL. The nascent transcript (TAR) synthesized by Pol Il engaged
in the HIV LTR interacts with the RNA binding domain of HIV-1 viral pro-
tein Tat. Tat binds to Cyclin T1 and the N-terminus of the AFF4 subunit of
the SEC which interacts with the PAF1 complex (PAF1C). PAF1C associates
with Pol Il further stabilizing the interaction of P-TEFb with the transcrip-
tion complex. P-TEFb phosphorylates DSIF causing the transition into
productive elongation and the synthesis of HIV mRNAs. (B) Cartoon rep-
resentation of Tat:AFF4-P-TEFb complex. (C) A close-up view of activation
domain (AD) of Tat and AFF4 CBS positioning on the surface of P-TEFb. In
panel (B) the TRM of Cyclin T1 is drawn as cartoon and was not included in
calculation of P-TEFb surface. Zinc ions of Tat are drawn as balls.

Cell Cycle 1789

©2014 Landes Bioscience. Do not distribute.



crystal contains 2 independent TatAFF4-P-TEFb molecules
in an asymmetric unit with rmsd of 0.69 A for 652 matching
a-carbons. Final refinement statistics are provided in Table 1.

Architecture of Tat-AFF4-P-TEFb complex

The TatAFF4-P-TEFb complex provides the link between
promoter proximal paused Pol II on the HIV LTR and the SEC.
Although the order of addition of Tat, P-TEFb, the SEC and the
PAF1 complex to the elongation complex is not precisely known,
the connectivity of the factors is illustrated in Figure 1A. The
Tat-AFF4.P-TEFb complex is at the nexus. The 2 domains of
Tat bridge from the nascent transcript (TAR) to P-TEFb associ-
ated with AFF4 in the SEC. The PAF1 complex contacts both
Pol IT and the SEC. The overall functional consequence of the
Tat-AFF4-P-TEFb interaction is the recruitment of SEC to Pol
IT specifically engaged in transcription on the HIV-LTR. This
leads to strong activation of transcription and productive HIV
infection.

The TatsAFF4:P-TEFb complex has an extended shape
with Cdk9 on one side and TatsAFF4+Cyclin T1 on other side
(Fig. 1B). The N-terminal activation domain of Tat together
with the CBS of AFF4 and TatTAR recognition motif (TRM)
residues 249261 of Cyclin T1 complement the V-shaped struc-
ture of cyclin boxes to form a more globular Cyclin T1 structure.
The activation domain of Tat is bound between the cyclin boxes
1 and 2 (Fig. 1C). The N-terminal half of the activation domain
is an extended U-shaped coiled-coil that is laid on Cyclin T1
surface and interacts with the T-loop of Cdk9. The C-terminal
region of the activation domain is predominantly helical. It coor-
dinates 2 zinc ions and is bound between the cyclin boxes. The
N-terminal coiled-coil and first helix (a-helix) of the AFF4 CBS
conforms to the surface of Cyclin T1 Cyclin Box 2 and with its
second helix (a-3, -helix) packs onto the hydrophobic depression
formed by Tat and Cyclin T1 (Fig. 1C). The Cyclin T1 TRM is
folded into an extended coil with a short one-turn a-helix HC in
the middle. These residues lie at the junction of Tat and AFF4
and form a link between the cyclin boxes and the second zinc fin-
ger of Tat by providing Cys261 for zinc coordination (Fig. 1C).
Interaction with P-TEFb results in a buried surface area of 3810
A2 for Tat and 3264 A? for AFF4. The extensive interactions of
AFF4 and Tat with P-TEFb bury a total of 6757 A2, indicating
that P-TEFb plays an important role in induction of both AFF4
and Tat folds. Indeed, the CBS of AFF4 does not possess a hydro-
phobic core and has only 1 well-defined intramolecular H-bond
between its Lys40 and Asp60 residues. As seen in the TatsP-TEFb
structure,”® the tertiary structure of Tat is stabilized by 2 zinc
ions, 6 intramolecular hydrogen bonds and an extended exposed
hydrophobic patch that docks on Cyclin T1.

Comparison with P-TEFb, Tat-P-TEFb and AFF4-P-TEFb
complexes

Comparison of TatsAFF4-P-TEFb structure with the crys-
tal structures of P-TEFb (PDB code 3BLH),* Tat-P-TEFb
(3M19)*, and AFF4-P-TEFb (4IMY)* provide a complete pic-
ture of conformational changes occurring during formation of
ternary and quaternary complexes. The binding of either Tat or
AFF4 affects the conformation and position of Cyclin T1 helices
H5' and HC (Figs. S3A and S3B). The a-helix in Tat displaces

the HC helix of cyclin T1 and shifts the C-terminal portion of
helix H5" in Cyclin T1. This results in nearly complete straight-
ening of the “banana” shape of helix H5' seen in the P-TEFb
alone structure. Complete straightening of helix H5" occurs for
the accommodation of AFF4 a-helix during AFF4 binding. In
summary, comparisons of P-TEFb structure with Tat-P-TEFb
and AFF4-P-TEFb structures point to a cooperative action of Tat
and AFF4 in displacing the HC helix of Cyclin T1 and changing
the conformation of the H5" helix.

Superimposition of Cyclin T1 subunits in TatP-TEFb and
in AFF4-P-TEFb shows some overlap in positions of 3, -helix
in Tat and -3 -helix in AFF4, as well as steric hindrance
between the C-terminal portions of a-helix in AFF4 and helix
H5" in Cyclin T1 (Fig. 2A). This indicates that additional

Table 1. Data collection and refinement statistics

Data collection

Space group (@)
Cell dimensions:
a(h) 166.862
b(A) 186.739
c(A) 108.661
B () 120.24

Resolution (A)* 50-2.8 (2.85-2.80)

Unique reflections 67551
R rerge (%) 8.3(45.3)
1/0(l) 18.1(2.2)
Completeness (%) 95.0 (87.1)
Redundancy 2.9(2.1)
Temperature (K) 100
Mosaicity (°) 0.22-0.49

Refinement

Resolution (A)

41.9-2.9 (3.08-2.9)

No. reflections 60890
Roonc! Rie 0.225/0.267
No. atoms/B-factors (A?)
Protein 10758/58.2
lons 40/60.3
Water 100/27.6
R.m.s. deviations
Bond lengths (A) 0.009
Bond angles (°) 14
Ramachandran plot
Favored (%) 81.1
Allowed (%) 18.0
Generously allowed (%) 0.5
Disallowed 0.4

*Values in parentheses are for the last shell.
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conformational changes are necessary to release the steric hin-
drance between Tat and AFF4. Indeed, Tat binding to AFF4-P-
TEFb shifts the a- and a-3, -helices in AFF4 up to 3 A: first,
by fixing helix H5" in Cyclin T1 in a slightly bent conformation
that pushes the C-terminal portion of the a-helix in AFF4; and,
second, by pushing the a-3, -helix of AFF4 with Phe32 from the
3,,-helix of Tat (Fig. 2A). Dislocation of the AFF4 a-helix results
in a switch in the conformation of the preceding loop (residues
42-45), while dislocation of the a-3, -helix places Asp60 side-
chain at a position that leads to formation of an intramolecular
H-bond with Lys40 (Fig. 2B). Only AFF4 residues N-terminal
to Lys40 were not substantially affected by Tat binding.

The structure of TateAFF4+P-TEFb revealed additional
AFF4+Cyclin T1 interactions that are absent in the AFF4.P-
TEFDb structure. For example, AFF4 Arg51 forms H-bonds with
His239 and Glu246 of Cyclin T1 (Fig. 2C). Furthermore, a sul-
fate ion re-enforces the AFF4+Cyclin T1 interaction by bridg-
ing H-bonds from Tyr59 and Lys63 of AFF4 and Serl67 and
Trp210 of Cyclin T1 (Fig. 2D). The AFF4-P-TEFb structure
is lacking this sulfate-mediated interaction. Instead, a single
H-bond is formed between Tyr59 in AFF4 and Aspl169 in Cyclin
T1 (Fig. 2E). Elimination of this H-bond by

Structural constraints for Tat mutations

Tat tolerates up to 40% sequence variation without loss of
transcriptional activity.®® Previously, based on the crystal struc-
ture of TatsP-TEFb, we explained how mutations in the acti-
vation domain of Tat can avoid the disruption of Tat-P-TEFb
complex.?® Similar analysis of the AFF4-interacting surface of
Tat shows that among the eight interacting residues of Tat 3 are
invariant residues (Metl, Lys28, and Leu43), one is a residue with
a randomly occurring Phe38Leu polymorph, 2 are residues with
predominantly functionally equivalent substitutions (Glu2Asp
and Phe32Tyr/Trp/Leu), and 2 residues (Lysl9 and Lys29) are
with a variety of substitutions (Fig. 4A).

The substitutions at Tat positions 32 and 38 are of high inter-
est since they are buried in the hydrophobic core at the interface
of Tat, Cyclin T1 and AFF4. Because all the substitutions are for
hydrophobic residues, the major issue is whether they can cause
steric hindrance preventing Tat binding. Modeling of Phe32Tyr
substitution shows that Tyr32 could stabilize the complex because
the hydroxyl group of Tyr32 is in an ideal position to provide a
H-bond to main-chain oxygen of AFF4 Leu56 (Fig. 4B). Indeed,
the highest preference of Tat at this position is for Tyr, followed

Aspl69Ala substitution increases the K of
AFF4 binding 4-fold*® pointing to sensitivity
of AFF4 binding to changes around the sulfate
binding site. Cyclin T1 Serl67 with a closely
located sulfate ion resembles a phosphorylated
serine raising the possibility that phosphoryla-
tion of Ser 167 might enhance AFF4 binding.

Contrary to significant structural changes
in AFF4 caused by Tat binding, the binding of
AFF4 induces only local shifts in Tat at 2 posi-
tions. First, Asp68 of AFF4 forms a H-bond
with the main-chain at Lys19 of Tat, shifting
it by 1.1 A. Second, Phe32 of Tat is moved 0.9
A toward the hydrophobic surface formed by

A AFF4-P-TEFb g8

Leu56, Met62, Phe65, and 1le66 of AFF4, and
by Phel76 and Trp207 of Cyclin T1 (Fig. 2F).

Tat-AFF4 interface

AFF4 significantly enhances Tat-binding
to P-TEFb by burying 4374 A? of surface
area between Tat and AFF4.P-TEFb com-
pared with 3810 A2 buried berween Tat and
P-TEFb. Residues 55—69 in CBS of AFF4 that
include the C-terminus of the a-helix and the
-3, -helix are involved in interactions with

Tat. Met55, Leu56, Met62, Phe65 and Ile66

of AFF4 significantly expand the hydropho-

bic surface of Cyclin T1 to bury hydrophobic
residues (Metl, Phe32, Phe38, and Leu43)
and interact with hydrophobic portions of
Lys28 and Lys29 of Tat (Fig. 3A and B).
Gly67, Asp68, and Arg69 from AFF4 form
3 main-chain to side-chain H-bonds and 1
main-chain to main-chain H-bond with Tat

(Fig. 3C).

Figure 2. Structural changes induced by Tat binding to AFF4-P-TEFb or AFF4 binding to Tat-P-
TEFb. (A) AFF4 structural changes induced by Tat binding to AFF4-P-TEFb. Red arrows indicate
the directions of shifts in AFF4. (B) Tat binding results in closer positioning of AFF4 Lys40 and
Asp60 side chains enabling the formation of H-bond. (C) H-bonds between AFF4 and Cyclin T1
that present in Tat-AFF4-P-TEFb structure and absent in structure of AFF4-P-TEFb. (D) Sulfate-
mediated H-bonds between AFF4 and Cyclin T1 in the structure of Tat:AFF4+P-TEFb. (E) H-bond
between AFF4 Tyr59 and Cyclin T1 Asp169 in the structure of AFF4-P-TEFb that is substituted by
sulfate-mediated H-bonds in Tat-AFF4+P-TEFb. For the comparison, the locations of sulfate ion
and Asp169 from the superimposed structure of Tat-AFF4-P-TEFb are also shown. (F) Structural
changes of Tat induced by AFF4 binding to Tat-P-TEFb.
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by Phe, Trp and Leu. The Trp side chain can fit into the hydro-
phobic cavity (Fig. 4C) with small (less than 1 A) adjustments in
side-chain position of Cyclin T1 Phel76, explaining less prefer-
ence for Trp. The least preferable residue at position 32 is Leu
because it freely fits the hydrophobic cavity, but participates in
fewer intermolecular interactions (Fig. 4D). The low occurrence
of Phe38Leu substitution is, first, due to formation of fewer inter-
molecular interactions with Leu38 compared with Phe38; and
second, the fitting of Leu side chain requires approximately 1 A

shift in side-chain position of Cyclin T1 Phel76 (Fig. 4E).

Figure 3. Tat-AFF4 interface. (A) AFF4 hydrophobic residues in contact
with Tat hydrophobic residues. Only AFF4 residues are labeled for clar-
ity. Tat and AFF4 main-chains are drawn as ribbons. The interacting side
chains are drawn as balls-and-sticks. Cyclin T1 is displayed in pale cyan
surface representation. The darker (cyan) surface areas correspond to
hydrophobic residues interacting with Tat. (B) Similar to panel (A) with
the exception of only Tat residues labeling and AFF4 surface representa-
tion. Darker orange surface area corresponds to AFF4 hydrophobic resi-
dues shown in panel (A). (C) H-bonds between Tat and AFF4.
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The side chain of Lys19 in Tat is on a solvent exposed surface
and does not participate in intermolecular interactions. Only its
main-chain is H-bonded with AFF4 (Fig. 3C). Consequently,
Lys19 substitutions are not expected to have an impact on
Tac-AFF4 interaction. The Glu2Asp substitution also will have
minimal impact because Asp2 retains a H-bond with the main-
chain of Asp68 in AFF4 (Fig. 4F). Finally, Lys29 protrudes into
the exposed surface of protein. Modeling of amino acid substi-
tutions at this position shows no interference with TateAFF4
interactions (Fig. 4G). This analysis, together with the reported
analysis of Tat polymorphs in the structure of TatsP-TEFb com-
plex,?® demonstrates that Tat polymorphs are selected in such way
that enables Tat binding to AFF4-P-TEFb.

Tat-binding surface of AF4 family members

P-TEFb-mediated physical interactions have been reported
for Tat with AFF1/4 within SEC.?*%” Other AF4 family mem-
bers, AFF2 and AFF3 bind P-TEFb, ENL/MLLT1, and AF9/
MLLT3 to form SEC-like 2 (SEC-L2) and SEC-like 3 (SEC-L3)
complexes.’ Amino acid sequence alignment of 38-residue in the
CBS of AFF4 with other AF4 family members shows 46% iden-
tity (18 positions) (Fig. 5A). Among eight Tat-interacting resi-
dues of AFF4, including 5 hydrophobic residues (Met55, Leu56,
Met62, Phe65, and Ile66) and 3 hydrophilic residues (Gly67,
Asp68, and Arg69), only Leu56 is identical.

Arg69 substitutions are not expected to have a negative
impact on the AFF4<Tat interaction because only the main-chain
of Arg69 is involved in a H-bond with Tat. The only negative
effect of Asp68Thr substitution is expected to be disruption of a
H-bond with Tat. However, analysis of Asp68 and Arg69 substi-
tutions alone are not informative since substitution of preceding
Gly67 with either Ser in AFF1 or Thr in AFF2, and AFF3 inevi-
tably changes its main-chain ¢ and ¥ torsion angles, resulting in
a different conformation of entire C-terminal region of the CBS.
Nevertheless, AFF1 still forms a complex with AFF4-P-TEFb,”
indicating that rearrangement of the AFF4 Gly67, Asp68, and
Arg069, or its equivalents is not critical for Tat binding. Modeling
of Met62Val, Phe65Leu, and Ile66Leu substitutions indicate
that they can be tolerated without loss of interaction with Tat
(Fig. 5B).

The most interesting difference between the 4 family mem-
bers is in the position corresponding to Met55 in AFF4. AFF1 is
identical, but AFF2 and AFF3 have a substitution of Thr for Met.
Met55 in AFF4 faces the N-terminal part of Cyclin T1 helix H5'
and is among the major determinants of AFF4 a-helix position-
ing relative Cyclin T1 helix H5" (Fig. 2A). Met55Thr substitu-
tion would be expected to shift the AFF4 a-helix toward the
Cyclin T1 helix H5" and possibly form a hydrogen bond with the
side chain of Cyclin T1 Glu246 (Fig. 5C). As a result, the AFF4
conformation with Thr55 would be closer to its conformation in
AFF4-P-TEFb structure that is not as favorable for Tat docking
(Fig. 5C). This suggests that AFF1 and AFF4 would be preferred
over AFF2 and AFF3 for interaction with TatsP-TEFb. Two stud-
ies support of this idea. The double mutant Met55Ala/Leu56Ala
in AFF4?® and the equivalent Met60Ala/Leu61Ala mutant in
AFF1% were shown to severely impact the binding of AFF1/4
to P-TEFb. Moreover, wild-type AFF1, but not the Met60Ala/
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Leu6lAla mutant, was shown to rescue binding of the weakly
interacting Tat Cys22Gly mutant with P-TEFb.?

Acetylation of Tat Lys28 and implications for TAR binding

Acetylation plays an important role in regulation of HIV tran-
scription.’*® In particular, D’Orso and Frankel have found that
acetylation of Tat Lys28 by PCAF modulates the assembly of
Tat’TAR-P-TEFb complex.?® They also found that Asn257 in the
TRM of Cyclin T1 is essential for the recognition of acetylated
Tat. On the other hand, the photocrosslinking and protein foot-
printing studies by Rana and colleagues revealed that the TRM
interacts with the loop in TAR RNA.* This provides a plau-
sible mechanism for the modulation of TAR RNA recognition
through stabilization of the TRM in Cyclin T1 by interaction of
acetylated Lys28 of Tat with Asn257 in the TRM.

The TRM of Cyclin T1 was disordered within the high-
resolution TateP-TEFb structure;?® however, the structure of
TateAFF4-P-TEFb resolved the folding of the TRM (Fig. 6A).
Cys261 in the TRM coordinates to the second zinc ion of
Tat, and TRM residues Leu252 and I1e255 participate in van-
der Waals interactions with the residues of the Tat Zn-finger
domain. One inter-subunit H-bond is formed between the
side chain of Tat Lys28 and main-chain oxygen of Asn257.
Furthermore, Leu252, Lys253, and Trp256 in the TRM partici-
pate in van-der Waals interactions with the C-terminus of the
a-helix in AFF4.

The structure of the TRM shows that all 3 arginines within
the TRM protrude toward the same surface as an RNA-binding

arginine rich motif (ARM) of Tat (Fig. 6B), providing an
additional surface for docking to TAR RNA. This is consis-
tent with involvement of the TRM in the recruitment of TAR
RNA.“ However, temperature factors of the TRM residues are
relatively high pointing to the flexibility of the TRM (Fig. S4).
This explains why the stabilization of the TRM by acetylation
of Lys28 enhances the binding of TAR RNA.% Indeed, model-
ing of Tat Lys28 acetylation places the acetyl group in a position
that is favorable for H-bond formation with Asn257 in the TRM
(Fig. 6B). This provides a structural basis for the modulation
of TAR RNA binding by acetylation of Lys28 in Tat and for
involvement of Asn257 in Cyclin T1.%

Discussion

The structure of the Tat-AFF4-P-TEFb complex described
here defines the contacts that lead to simultaneous inclusion of
both P-TEFb and Tat in the SEC. Both Tat and AFF4 inter-
act primarily with Cyclin T1. As seen in both the Tat-P-TEFb*
and the TatsAFF4.P-TEFb structures, Tat also interacts with
the T-loop of Cdk9. Modeling of Tat from the TatP-TEFb
structure into the AFF4-P-TEFb structure suggested that AFF4
might interact with Tat*® and our results here reveal a number
of direct contacts that are orchestrated by the extensive inter-
actions of both proteins with the surface of Cyclin T1. These
contacts provide additional constraints that explain the limited

Lys29 substitution to a bulky tryptophan side chain.

Figure 4. Structural constraints for Tat mutation imposed by AFF4. (A) Color-coded AFF4-interacting residues of Tat: invariant residues are in deep gray,
residue with a randomly occurring polymorph is in slate, residues with predominantly functionally equivalent substitutions are in pink, and residues
with a variety of substitutions are in green. AFF4 surface is shown in light orange. Darker orange surface area corresponds to Tat-interacting hydropho-
bic residues of AFF4. (B) Tat Phe32Tyr substitution results in a H-bond to main-chain oxygen of AFF4 Leu56. (C) Tat Phe32Trp substitution inserts tryp-
tophan side chain into the hydrophobic cavity surrounded by Tat, Cyclin T1 and AFF4 residues. (D) Tat Phe32Leu substitution shows an empty space on
the left of Leu32 side chain. (E) Tat Phe38Leu substitution places Leu38 side chain close to the side chain of Cyclin T1 Phe176. (F) Tat Glu2Asp substitution
results in a H-bond formation between Asp2 and Asp 68 of AFF4. (G) Lys29 of Tat tolerates a variety of substitutions. This panel displays an example of
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range of Tat mutants that are tolerated in the AFF4-Tat interface.
These constraints along with those created by the Tat-P-TEFb
interface®® now explain almost all of the tolerated Tat activation
domain mutants and this suggests that there are no other sig-
nificant interactions made with the activation domain of Tat. In
the presence of both Tat and AFF4 the structure of the TRM of
Cyclin T1 was finally revealed with certainty and C261 is seen to
interact with 1 of the 2 zinc atoms that are coordinated primarily
with Tat.

Modeling studies starting with the TatsAFF4-P-TEFb com-
plex allows us to make additional predictions concerning modifi-
cations of Tat and selection of the AF4 family members in SECs.
Acetylation of Lys28 of Tat has a positive impact on the asso-
ciation of the TatsP-TEFb complex with TAR RNA.?* Modeling
suggests that acetylation of Lys28 would provide additional sta-
bility to the TRM which would enhance the interaction of the
TRM with the main loop in TAR, thereby explaining the positive

effect of Lys 28 acetylation on TAR binding. Tat displays speci-
ficity for SECs that contain AFF1 and AFF4 rather than AFF2
or AFF3.7?> The Met55 residue AFF4 is conserved in AFF1,
but AFF2 and AFF3 have a threonine at the analogous position.
Met55 in AFF4 determines the position of AFF4 a-helix relative
to Cyclin T1 helix H5" and modeling of a Met55Thr mutation in
AFF4 shows structural changes leading to a significant clash with
Tat. This is likely the explanation of why AFF2 and AFF3 are not
bound by the TatP-TEFb complex.

Determination of structure of the TateAFF4<P-TEFb com-
plex significantly advances our understanding of Tat function
in recruiting P-TEFb and the SEC to the HIV-1 promoter, how-
ever, a number of issues remain to be determined. Tat can extract
P-TEFb from the 7SK snRNP and this is important for efficient
HIV replication.”'®4 The 7SK snRNP is not tightly associ-
ated with chromatin and is rapidly extracted from nuclei even
at very low salt.*! Expression of Tat in cells leads to disruption

of the 7SK snRNP and the for-

A

Tat-interacting region
_

AFF4 SPLFAEPYKV———TSKEDKLSSRIQ GDR
AFFl IPLFGEPYK----TAKGDELSSRIQ GNYEEVKE STK
AFF2 FDLFGEPYKVAEYTNKGDALANRVONTLGNYD TNH
AFF3 YSLFSEPYK----TNKGDELSNRIQNTLGNYD lLTDR

mation of a TatP-TEFb complex
in the absence of any other viral
proteins or the viral genome.'>'¢
However, components of the 7SK
snRND have been cross-linked to
the HIV promoter and it has been
suggested that the extraction of
P-TEFb occurs at the promoter. >4

Because Tat has low affinity to

C Tat-AFF4 vs
TatAFF4(M55T)

TAR in the absence of P-TEFb,?
whether the extraction takes place
in the nucleoplasm or in close
proximity to the HIV promoter
is not clear. The order of assembly
of the TateAFF4+P-TEFb complex
is also not resolved. The structure
described here does not indicate
whether Tat binds to P-TEFb in
the SEC or Tat-P-TEFb binds to
the SEC. Although Tat and AFF4
have a significant interaction with
each other when bound to P-TEFb,
it is unlikely that they would inter-
act with each other in the absence
of P-TEFb. We favor the idea that
Tat first extracts P-TEFb from the

7SK snRNP and then becomes

Figure 5. Analysis of Tat binding by AF4 family members. (A) Amino acid sequence alignment of AFF4 CBS
with AFF1, AFF2 and AFF4 sequences. Conserved sequences are marked in yellow. Tat-interacting hydro-
phobic sequences of AFF4 that are not conserved are marked in magenta. Corresponding residues in other
AF4 family members are marked in magenta if they are the same as in AFF4 or gray if they are different
than in AFF4. (B) Modeling of Met62Val, Phe65Leu and lle66Leu substitutions. Original residues are in light
orange and substituted residues are in blue. (C) Possible effect of Met55Thr substitution in AFF2 and AFF3.
The Cyclin T1 domains of AFF4-P-TEFb and Tat-AFF4-P-TEFb were superimposed. Then the AFF4 domain
from AFF4+P-TEFb with a modeled Met55Thr substitution was displayed together with Tat:AFF4+P-TEFb.
Met55Thr shifts AFF4 a-helix toward the Cyclin T1 helix H5' and forms a hydrogen bond with Glu246 of
Cyclin T1. As result, the AFF2 or AFF3 conformation will be closer to the AFF4 conformation in AFF4-P-TEFb
structure. This would cause a conflict between the a-3, -helix of AFF2 or AFF3 and 3, -helix of Tat. Red
arrows indicate the directions of shifts caused by Met55Thr substitution.
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associated with the SEC. Insight
into the function of Tat will be
aided by structurally defining
the interactions of other proteins
such as HEXIM1 and Brd4 with
P-TEFb. In turn, this will aid the
development of compounds with
anti-viral activity that disrupts the
Tate P-TEFb and or the Tat-AFF4
interaction without affecting nor-
mal P-TEFb partners.
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Materials and Methods

Expression of Tat-AFF4-P-TEFb

Sf21 insect cells were co-infected with 4 baculoviruses that
individually directed the expression of N-terminally His-tagged
human Cyclin T1 (1-266), human Cdk9 (7-332), HIV-1 Tat
(1-48), and human AFF4 (27-69). To remove the His-tag from
CyclinT1, TEV cleavage site (ENLYFQ) was inserted between
His-tag and Cyclin T1. The 4 coding sequences were individually
cloned into the pFastBacl vector (Invitrogen) after PCR amplifica-
tion. The baculoviruses were generated by Bac-to-Bac baculovirus
expression system kit (Invitrogen, 10359-016), and these viruses
were transfected into Sf21 cells following the manufacturer’s
instructions. The viruses were amplified several times to obtain
viral stocks with 10® pfu/ml. The presence of the gene of interest
was determined by conducting PCR on bacmid DNA isolated by
phenol extraction from the baculoviral stocks. Large scale produc-
tion of the Tat-AFF4+P-TEFb complex was performed in 1 L of
S£900 II serum-free medium (GIBCO 10902-088) with 1.25 x
10° Sf21 cells/ml. Typically, 1 L of cells was infected at once by
adding 2.9 ml of each of the 4 viral stocks. The flasks were then
incubated for an additional 72 h.

Purification of Tat:AFF4-P-TEFb

To avoid protein degradation, all solutions and equipment
were kept cold and the purification was performed swiftly. Cells
were harvested from 1 L cultures by spinning for 7 min at 200 x
g in a Sorvall Legend RT 6441 rotor. The pellets were frozen at
-80 °C overnight. Pellets were resuspended in Lysis Buffer (500
mM NaCl, 20 mM Tris pH 7.5, 10 mM K, HPO,, 2 mM MgCl,,
5 mM B-ME, 3% glycerol, and 0.1% PMSF solution). Lysates
were combined and kept on ice for 10 min and then centrifuged
at 16000 x g for 40 min in a Sorvall RC5C §S-34 rotor in Oak
Ridge tubes. The high-speed supernatant was loaded into 6 ml
of Qiagen Ni-IDA Agarose column that had been equilibrated
in Lysis Buffer. After loading, the column was washed with
35 ml Wash Buffer (2 mM imidazole, 200 mM NaCl, 20 mM
Tris pH 7.5, 5SmM B-ME, 3% glycerol). The column was then
eluted with 45 ml of Wash Buffer supplemented with 150 mM
imidazole. The eluted material was pooled and digested by TEV
protease (1/10 molar ratio) for 16 h at 4 °C to remove the His-
tag from Cyclin T1. The digested material was then dialyzed for
3 h. against 1 L of dialysis buffer (20 mM Tris pH 7.5, 25 mM
NaCl, 5 mM B-ME, 3% glycerol). The dialyzed material was
centrifuged at 16000 x g for 20 min in a Sorvall RC5C SS-34
rotor and then loaded onto another 6 ml Qiagen Ni-IDA Agarose
column that had been equilibrated in binding buffer (20 mM
Tris pH7.5, 30 mM NaCl, 5 mM B-ME, 3% glycerol). The
flow-through from second Ni-IDA column was passed through a
5 ml SP column and loaded onto a 5 ml Q column that had been
equilibrated in binding buffer (10 mM HEPES pH7.5, 30 mM
KCl, 5 mM BME, 3% glycerol). After 30 ml wash, the Q column
was eluted with a 30 ml gradient from 69 to 108 mM KCl in
elution buffer. The TatsAFF4-P-TEFb complex eluted at 85 mM
KCIL. The peak fractions were free of contaminating proteins.
The eluted peak fractions were pooled and brought to 5 mM
ammonium sulfate by adding 2 M ammonium sulfate. Then

www.landesbioscience.com

the sample buffer was exchanged with optimal buffer (10 mM
HEPES pH7.5, 60 mM KCl, 5 mM ammonium sulfate, 2 mM
DTT) by 10 kDa MWCO Vivaspin-20 centrifugal devices (GE
Healthcare). After buffer exchange, the sample was concentrated
into 5.2-5.6 mg/ml. The purification protocol was performed
more than 6 times with minor modifications and usually resulted
in 1.8-3 mg of the TatsAFF4:P-TEFb complex per 1 L of cells.
The obtained samples were kept in small aliquots at -80 °C.

Crystallization and diffraction data collection

The frozen TatsAFF4-P-TEFb samples were thawed at room
temperature and Dynamic Light Scattering was used to moni-
tor the state of sample aggregation. Initial crystallization screen-
ing was performed at a temperature of 295°K in 96-well plates
using 50% diluted Crystal Screen and Crystal Screen 2 solutions
(Hampton Research) by the sitting-drop vapor-diffusion method
by mixing 1 wl of complex solution with 1 pl of reservoir solu-
tion. Tiny needle-like crystals appeared in the 22nd condition of
the Crystal Screen 2 containing 50 mM MES buffer pH 6.5 and
6% w/v PEG 20000. Variations in concentration of the compo-
nents, molecular weight of PEGs, buffers and pH only slightly
improved the shape and size of crystals. Screening of additives
from Hampton Research Additive Screen resulted in a novel

Figure 6. Cyclin T1 TRM and implications for TAR binding. (A) In addition
to zinc coordination by Cys261, the residues from TRM helix HC interact
with both Tat and AFF4. (B) Modeling of Tat Lys28 acetylation shows the
formation of potential H-bond with the side chain of Asn257. The side
chains of TRM arginines and lysine are shown as balls-and-sticks. The
arrow indicates the location of Tat residue leading to its TAR-binding ARM.
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crystal type of rectangular plate shape in presence of YCI,. The
final well solution producing best diffracting crystals contained
50 mM MES pH 6.5, 3.7-3.75% w/v PEG 20000, 5 mM YCIL,,
200 mM NDSB 211, 2 mM TCEP pH7.5. SDS-PAGE of dis-
solved crystals revealed all 4 subunits of Tat-AFF4+P-TEFb in
stoichiometric (1:1:1:1) proportions.

The crystals were soaked in cryoprotectant for a few seconds,
scooped in nylon-fiber loop and flash cooled in a dry nitrogen
stream at 100°K. The cryoprotectant solution contained all
components of well solution, with PEG 20000 concentration
increased to 8%, plus 24% v/v ethylene glycol. Preliminary X-ray
examinations of crystals were performed using a Rigaku R-AXIS
IV imaging plate with Osmic VariMax® HR mirror-focused
CuK | radiation from a Rigaku FR-E rotating-anode generator
operated at 45 kV and 45 mA. The final data set was collected
on Argonne National Laboratory Advanced Photon Source
NE-CAT beamline 24ID-E using an ADSC Q315 detector. All
intensity data were indexed, integrated and scaled with DENZO
and SCALEPACK from the HKL2000 program package. The
crystal parameters and data-processing statistics are summarized
in Table 1.

Structure determination

The structure was determined by molecular replacement
starting with the coordinates of TatP-TEFb (PDB entry 3MI9).
Two molecules of Tat-AFF4-P-TEFb were located in an asym-
metric unit. In addition to initial model, the electron density
was clearly identifiable for AFF4 residues 32—69 in both mol-
ecules. The traceable density also was found for the residues
248-261 of Cyclin T1 in 1 molecule; however, in the second
molecule the density for the residues 255-259 was of pour qual-
ity and was contiguous only at lower 0.6—0.70 curoffs, indicat-
ing high flexibility. The building of newly identified fragments
and adjustments in the initial model were performed manually
with TURBO-FRODO software. Due to anisotropic diffraction,
the maps with the inclusion of data at resolution 2.9-2.8 E were

noisy, so final refinement was performed at resolution of 2.9 E
toan R of 225% and an R, of 26.7%. CNS version 1.1
was used for all crystallographic computing. Application of zonal
scaling® and bulk solvent correction improved the quality of
electron density maps. The figures containing molecular struc-
tures were rendered with PyMOL Molecular Graphics System,
Version 1.3, Schrédinger, LLC.
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