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Promoter-proximal pausing by RNA polymerase II (Pol II) is a key
regulatory step in human immunodeficiency virus-1 (HIV-1) tran-
scription and thus in the reversal of HIV latency. By binding to the
nascent transactivating response region (TAR) RNA, HIV-1 Tat
recruits the human super elongation complex (SEC) to the pro-
moter and releases paused Pol II. Structural studies of TAR
interactions have been largely focused on interactions between
the TAR bulge and the arginine-rich motif (ARM) of Tat. Here, the
crystal structure of the TAR loop in complex with Tat and the SEC
core was determined at a 3.5-Å resolution. The bound TAR loop is
stabilized by cross-loop hydrogen bonds. It makes structure-
specific contacts with the side chains of the Cyclin T1 Tat-TAR
recognition motif (TRM) and the zinc-coordinating loop of Tat.
The TAR loop phosphate backbone forms electrostatic and VDW
interactions with positively charged side chains of the CycT1 TRM.
Mutational analysis showed that these interactions contribute im-
portantly to binding affinity. The Tat ARM was present in the
crystallized construct; however, it was not visualized in the electron
density, and the TAR bulge was not formed in the RNA construct
used in crystallization. Binding assays showed that TAR bulge-Tat
ARM interactions contribute less to TAR binding affinity than TAR
loop interactions with the CycT1 TRM and Tat core. Thus, the TAR
loop evolved to make high-affinity interactions with the TRM while
Tat has three roles: scaffolding and stabilizing the TRM, making
specific interactions through its zinc-coordinating loop, and making
electrostatic interactions through its ARM.
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Despite the remarkable progress in developing novel anti-
retroviral therapies (ARTs) against the human immunode-

ficiency virus-1 (HIV-1), HIV-1 remains an incurable infection
due to the virus’s ability to persist in a latent state mainly in
resting memory CD4+ T lymphocytes. Upon interruption of
ART, the reactivated latent virus can reinitiate rounds of viral
infection.
Different approaches to a cure for HIV-1 infection include elim-

ination of all viral reservoirs following reactivation of the latent
provirus (referred to as shock and kill), immune control without
reservoir eradication, or a combination of both (1, 2). An alter-
native approach to a functional cure aims to lock out proviruses
in a deep latency that prevents viral reactivation by inhibiting viral
transcription (3–5), thereby suppressing the residual viremia aris-
ing from reactivation of latently infected cells. In this so-called
lock-and-block approach, transcriptional inhibitor treatment com-
bined with ART could potentially reduce the size of the viral res-
ervoir by blocking ongoing viral replication, as well as reactivation
events, that replenish the viral latent reservoir under current ART.
Understanding and manipulation of transcriptional regulation

of the HIV-1 viral genome is central to both approaches. Bio-
chemical and structural studies have in recent years revealed a
clearer picture of many of the critical factors and interactions
regulating Tat-dependent transcription of the HIV-1 genome (6,
7). HIV transcription is regulated at the levels of chromatin orga-
nization, transcription initiation, polymerase recruitment, and

transcription elongation, with Tat playing a central role in the
latter. During viral transcription, RNA polymerase II (Pol II) is
recruited to the HIV promoter and initiates transcription, which
stalls after a short 50–60-nucleotide transcript containing the Tar
region has been formed. The HIV Tat protein bound to a host
super elongation complex (SEC) binds to TAR and releases the
paused polymerase (8, 9). The host SEC consists of positive
elongation factor b (P-TEFb), composed of CDK9 and Cyclin T1
(CycT1), the transcriptional elongation factors ELL2 and ENL/
AF9, and the ∼1,200-amino acid scaffold proteins AFF1 and/or
AFF4. Tat recruits the SEC to Pol II by simultaneously binding to
CycT1, AFF1/4, and the nascent TAR RNA (10–12). A recent 5.9-Å
resolution model of TAR bound to Tat:AFF4:P-TEFb provided
a first glimpse of the overall binding mode between TAR and the
SEC (10) and showed that the TAR loop contacted the CycT1
Tat-TAR recognition motif (TRM) and the Zn2+ coordinating loop
of Tat. The analysis of this structure was limited by the avail-
able resolution. Thus, the nature of interactions with individual
nucleobases and amino acids was not defined and the origins of
TAR recognition were unclear.
We have now determined the crystal structure of TAR with

Tat:AFF4:P-TEFb to 3.5-Å resolution. At this resolution, the
interaction surfaces between the TAR loop and Tat/CycT1 are
delineated, with CycT1 contributing roughly two-thirds and Tat
contributing one-third of the protein interaction surface. The
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CycT1 TRM is flexible in the absence of TAR (11), and its structure
could not be defined at the resolution of the previous TAR com-
plex. Here, we have been able to visualize the ordered TRM and
find that it contributes the majority of direct interactions with TAR
nucleobases. Based on this improved structure and the additional
details it provides, it is now possible to account for recognition of
the TAR loop by the TRM and the core Zn2+-coordinating loop
of Tat.

Results
Crystal Engineering. The major obstacle to understanding sequence-
specific recognition of TAR by the Tat-SEC complex has been a
long-standing lack of well-ordered, well-diffracting crystals. We
carefully analyzed the packing of a previous crystal form that dif-
fracted anisotropically to 5.9 Å in the best direction (10). This
crystal form contained a 21-nucleotide RNA (TAR21 WT; Fig.
1A). This RNA oligonucleotide had been designed to have blunt
ends (Fig. 1A); however, in the crystal a dimer was formed
through base pairing between apparent overhanging ends. The
RNA rearrangement also appeared to eliminate the TAR bulge,
although it was not possible to be certain given the limited order in
this region and the limited resolution. We sought to generate a more
stable RNA dimer to promote more stable and ordered crystalliza-
tion. This led to the TAR20 construct (Fig. 1A), which was designed
to have a normal loop, no bulge, and seven interstrand Watson-
Crick base pairs. We also noted potential charge repulsion between
twofold symmetry-related AFF4 Lys47-residues at a lattice contact
(Fig. 1B) and therefore engineered the mutation AFF4 K47Y.
Cocrystallization with the optimized TAR20 and AFF432–67-Y47

yielded crystals that diffracted to 3.5-Å resolution with a much
improved anisotropic ΔB = 21 Å2 compared with ΔB = 110 Å2

for the previous analysis. The protein-RNA complex refined to an
R/Rfree 0.248/0.281 at 3.5-Å resolution with clearly resolved elec-
tron density for the TAR loop and CycT1 TRM region (Fig. 1D
and SI Appendix, Table S1). As expected, two TAR20 molecules
form a dimer in the crystal structure, although the details of the
interactions are different from the initial design (Fig. 1A). TAR
nucleotides A22U23C24U25 interact with A22U23C24U25 of the
twofold symmetry-related molecule through edge-on hydrogen
bonds in two canonical Watson-Crick (A-U) and two noncanonical
(C-U) base pairs (Fig. 1 A and C) (13). Thus, five sets of base pairs

were formed, instead of the expected seven, with G21, G26A27, and
A40 bulged out. This crystallographic TAR dimerization mode
results in a more compact RNA dimer (Fig. 1A), thus stabilizing
crystal formation in the context of the SEC complex. We empha-
size that structural conclusions can be drawn only with respect to
the TAR loop from this structure, given the noncanonical na-
ture of the RNA stem and the absence of the U23C24U25 bulge.

Structure of TAR20 and Its Interactions with the SEC. The crystal
structure of TAR20 in complex with Tat:AFF4:P-TEFb confirms
the overall location and orientation of TAR relative to CycT and
Tat (Figs. 1D and 2 A and B). However, at 3.5-Å resolution, this
new structure reveals interactions between specific TAR loop
nucleotides and CycT1 TRM and Tat amino acid residues (Fig. 2
C and D). Although true atomic details of these interactions are
still missing, we can now infer which residues and bases are hy-
drogen bond donors and acceptors at reasonable distances.
The TAR loop conformation is stabilized by Watson-Crick hy-

drogen bonds between nucleobases C30 and G34, with the G33
base also pointing into the loop. The G33 N2 atom is in hydrogen-
bonding distance to C30 O2 and N3 atoms (Figs. 1C and 2D). This
base cluster appears to stabilize the loop structure, while nucleotides
U31, G32, and A35 point away from the TAR loop center (Fig. 2C).
Despite pointing outward, nucleobase G32 is well-defined in the
electron density map due to a G32 base interaction with the CycT
TRM residue W258 (Fig. 1D). In contrast, missing density for the
A35 purine base and weak density for U31 are consistent with
their orientation both outside the TAR loop and away from the
CycT1 or Tat interaction surface. This TAR loop structure leads
to an extended flat molecular surface of 355 Å2 (14), which faces a
similarly flat molecular surface composed of CycT1 TRM (233 Å2)
and the Tat cysteine-rich domain (121 Å2) (Fig. 2B). The buried
surface area for the loop contacts (700 Å2) combined with the
buried surface from the bulge contacts lies within the range of ob-
served values for other RNA-protein complexes (15).
CycT1 TRM, the major component of the protein interaction

surface, adopts a helical conformation for residues 252–256 sur-
rounded by more extended peptide conformations for residues
250–251 and 257–261. The TRM is anchored by coordination
between CycT1 C261 and a Tat Zn2+ ion, as also seen in the ab-
sence of TAR. The difference is that residues 251–260 are much
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Fig. 1. Crystal optimization. (A) Synthetic TAR oligo-
nucleotides used for cocrystallization with Tat:AFF4:P-
TEFb, EMSAs, and FP experiments. Symmetry-related
molecules for TAR20 crystallization design and experi-
mental result are shown in blue. (B) Crystal packing of
the initial low-resolution crystal of the TAR-SEC com-
plex. TAR (orange and green) forms extensive contacts
in the direction of the threefold symmetry axis (ver-
tical direction). CDK9 (cyan), CycT1 (yellow), and Tat
(red) provide additional contacts. AFF4 (blue) makes
unfavorable contacts between symmetry-related K47,
indicated by the red circle. (C) Symmetry-related TAR
molecules form a dimer with a continuous helical struc-
ture in the crystal environment. (D) 2Fo-Fc density (1.1σ)
of refined TAR20 complex with Tat:AFF4:P-TEFb shows
clear density for the TAR phosphate backbone and
many of the nucleobases, as well as for the protein
model.
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less well-defined in the absence of TAR. This conformation of the
TRM positions the Arg251, Arg254, and Arg259 side chains in the
vicinity of TAR backbone phosphates, where they can form elec-
trostatic interactions with the negatively charged phosphate
backbone (Fig. 2 C and D). The orientation of CycT1 Arg251 could
potentially also allow contacts with the TAR base G33. In addition
to arginine electrostatic interactions, the CycT1 Trp258 and Arg259
side chains contribute multiple van der Waals contacts with the
flipped-out G32 TAR base to strengthen the TAR complex.
The CycT1 TRM conformation is stabilized by its interactions

with TAR and two subunits of the SEC complex, AFF4 and Tat.
CycT1 residues Leu255 and Trp256 contact AFF4 Leu56 and
Gly57, and the whole TRM folds on top of the Cys-rich domain of
Tat. Thus, the Tat core contributes in two ways to TAR binding:
indirectly, by providing a scaffold for CycT1 TRM folding, and
directly, through hydrogen bonds between the Tat Zn2+-binding
loop, Asn24 to Tyr26, and TAR G33 (Fig. 2 C and D). AFF4 itself
has no direct contacts with TAR (10, 11).

Effect of CycT1 Mutations on TAR Binding Affinity. To measure the
contribution of CycT1 TRM residues to TAR loop binding af-
finity and to validate the TAR complex structure, we determined
dissociation constants (Kd) for Tat1–57:AFF42–73:P-TEFb bind-
ing to a synthetic fluorescein-labeled TAR loop oligo (TAR19;
Fig. 1A) in fluorescence polarization (FP) experiments (Fig. 3
and SI Appendix, Figs. S1 and S2). We determined dissociation
constants for the protein complex with WT CycT1 (Kd = 5.5 nM,
SD = 0.66) and with five TRM mutants: CycT1 R251A (51 nM,
SD = 13.35), R254A (20.7 nM, SD = 4.5), W256A (3 nM, SD =
0.31), W258A (69 nM, SD = 9.88), and R259A (11 nM, SD =
1.09). The results confirm TRM Arg251 and Trp258, with 10–12-
fold increases in Kd when mutated, as key residues for TAR loop
binding. This is consistent with the structural observation that
their side chains interact with the phosphate backbone and the
TAR loop base G32 (Fig. 2 C and D). In contrast, the CycT1
W256A mutant has a slightly higher affinity than the WT, and
CycT1 R254A and R259A have a four- and twofold reduced
affinity, respectively, compared with the WT. In the crystal
structure, Trp256 points away from the CycT1-TAR interface

and the Arg259 side chain, although in contact distance to
TAR nucleotide G32, is not well-defined in the electron density.
Cys261 in the CycT1 TRM region was previously shown to be es-
sential for HIV-1 Tat binding to human CycT1 and hence indirectly
essential for TAR binding (16). Collectively, these results amount to
a highly consistent dataset accounting for the central role of the
TRM in TAR loop recognition.

Effect of TAR Mutations on Tat:AFF4:P-TEFb Binding. Early studies of
TAR binding to isolated Tat peptides identified TAR bases
important for Tat binding to the TAR bulge (17, 18). Later ex-
periments focused on the study of TAR loop interactions in the
ternary CycT1-Tat-TAR complex (19, 20) and suggested critical
nucleotides for TAR loop stability and for interactions with
CycT1 and Tat. However, productive transcription of the in-
tegrated HIV-1 genome requires recruitment of the complete
Tat:AFF4:P-TEFb complex to TAR, and the presence of AFF1/
4 has a profound effect on TRM folding and function (11, 21).
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Fig. 3. Effect of CycT1 TRM mutations on binding affinity for the HIV-1 TAR
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We analyzed the binding affinity of this quaternary complex to WT
TAR27 and to TAR mutants in the stem, bulge, and loop regions
of TAR, using electrophoretic mobility shift assay (EMSA) (Fig. 4
and SI Appendix, Fig. S3). The TAR mutants were chosen with
reference to earlier studies to quantify the relative contribution
of the TAR stem, bulge, and loop to Tat:AFF4:P-TEFb affinity.
The results from EMSAs show that mutations in the lower TAR
stem region (U22A40, A21U41) adjacent to the bulge lead to
just 1.7- and 2-fold reductions in Tat:AFF4:P-TEFb binding. A
mutation of the TAR bulge nucleotide U23 to A or C results
in threefold and ninefold reductions in binding affinity, and a
destabilized bulge structure with WT sequence in TAR21 shows
a sevenfold reduced affinity (Fig. 4). However, replacement of
TAR loop nucleotides 31–34 UGGG with CAAA drastically
reduces binding affinity to Tat:AFF4:P-TEFb, by more than 50-fold,
indicating that TAR loop interactions are providing the majority
of high-affinity interactions. TAR bulge interactions contribute
to a substantial but lesser degree of affinity, and the contribu-
tion of stem nucleobases is negligible. These observations are
completely consistent with the structural finding that interac-
tions with the ordered core of the SEC occur primarily through
the TAR loop.

Discussion
HIV-1 Tat functions as key activator of viral transcription by
recruiting the host cell SEC to the nascent TAR RNA (8, 9).
Seminal studies showed that Tat binds through its transactivation
domain to CycT1 (22–24) and to the AFF4 subunit of the SEC
(11, 21), thereby inducing a conformational state that allows the
CycT1 subunit of SEC to bind to the TAR loop (24). While both
the TAR bulge and the TAR loop are essential for Tat-mediated
transactivation (25–27), structural information on TAR loop
interactions with Tat and the SEC has been lacking. Our recent
integrative structure of the TAR loop in complex with Tat:SEC
provided a first low-resolution outline of the contact regions
(10). However, a detailed structural description of how the TAR
loop is recognized has been elusive.
The crystal structure we present in this study describes nucleobase-

level details of the bound TAR loop structure and its interactions
with Tat:AFF4:P-TEFb. The bound TAR loop is stabilized by
cross-loop hydrogen bonds between C30 and G34 (Figs. 1C and
2D) and additional contacts with G33, which also points toward
the loop center. The remaining loop residues G32, A35, and
U31 point outward from the loop. This stable loop structure places

two nucleobases, G32 and G33, in a position to make contacts
with CycT1 Trp258 and Tat Tyr26. The TAR loop conformation
confirms indirect evidence for a cross-loop hydrogen bond from
molecular dynamics (MD) studies and CycT1 binding studies
(19, 20, 28), where mutations in C30 or G34 showed large reduc-
tions in CycT1 binding but could be rescued by also mutating the
hydrogen-bonding nucleobase to restore hydrogen-bonding capa-
bilities. The structure is also in agreement with combined NMR/
MD studies of the free TAR stem-loop that showed high flexi-
bility of the loop region with transient formation of a C30-G34
Watson-Crick base pair and increased stability for G33 (29).
These observations support that the TAR loop conformation
in this TAR20-SEC complex faithfully represents the functional
conformation in HIV-1 transactivation.
In previous structures of P-TEFb, either the CycT1 TRM was

poorly ordered, despite its tethering through Cys261 to the tri-
coordinate Tat-bound Zn2+ ion (11, 30), or it was stabilized by
crystal contacts with symmetry-related Tat molecules (12). Even
in our previous 5.9-Å structure of the Tat-SEC complex with
TAR, the conformation could not be established with confidence
and was modeled as an ensemble of multiple possible states (10).
The present structure provides a striking clarification of this
situation. CycT1 TRM adopts an alpha helical structure in the
TAR complex, similar to the TRM conformation in the apo-
SEC, stabilized by crystal contacts (12). The stable structure of
the TRM in the TAR complex explains our previous observation
that this was one of two regions of the protein complex with the
largest decreases in hydrogen-deuterium exchange upon TAR
binding (10).
Folded RNAs are typically read out at the structural level rather

than through a series of individual nucleobase recognition sites
(15, 31, 32). The TAR loop-TRM interaction fits this pattern. The
TAR loop contacts a mostly flat, positively charged protein in-
teraction surface composed of Tat and the CycT1 residues (Fig.
2B). Only two TAR bases, G32 and G33, contact the protein
complex directly. However, extensive contacts between the TAR
sugar phosphate backbone and residues in the CycT1 TRM, es-
pecially Arg251, Arg254, and Arg259 (Fig. 2 C and D), are ob-
served. Thus, SEC recognition of TAR is predominantly based on
readout of the structure as opposed to the sequence.
The TAR loop complex structure with Tat:AFF4:P-TEFb

described in this study provides the missing part of TAR inter-
actions with Tat-SEC, but is lacking information on Tat ARM
interactions with TAR, which have been reported in previous
NMR structures of a homologous TAR stem loop with linear
Tat peptides (33) and cyclic peptide Tat mimetics (34, 35). These
puzzle pieces can now be conceptually combined into one
structure by superimposing the structures on the common TAR
molecules (Fig. 5).
The combined structures clearly show that Tat ARM-peptide

binding in the major groove of TAR and Tat/CycT1 binding to
the TAR loop are compatible with each other. The last visible
Tat residue in the crystal structure, G48, is positioned close to
the TAR bulge and the major groove of the superimposed TAR-
peptide complex so that the adjacent Tat residues in the ARM
region can easily interact with nucleotides in the TAR bulge and
the major groove, as seen in the NMR structures with cyclic Tat
mimetics. Such a two-point binding mode increases binding
specificity and affinity for TAR and has been observed in other
RNA-binding proteins (32, 36) (Fig. 5). The two-point binding
mode also explains the detrimental effect of amino acid inser-
tions between the Tat transactivation domain and the ARM on
transactivation (37), because insertions lead to misalignments
between the TAR bulge and loop and the corresponding protein
binding sites. Thus, the composite X-ray/NMR model of the
TAR loop complex with Tat-SEC and the TAR complex with
Tat-peptide provides a holistic model of the complete TAR in-
teractions with the Tat-SEC complex. While details of side chain
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conformations and hydrogen bonding are still incomplete at the
present resolution, these data have clarified how the TAR loop is
recognized when the SEC is hijacked by Tat, substantially resolving
a question of 20 years’ standing.

Materials and Methods
Protein Expression and Synthesis. Human AFF42–73 was cloned into a modified
pET28 plasmid (SI Appendix, Fig. S4). The recombinant protein includes an
N-terminal TEV-protease-cleavable His-tag (21). An AFF4 peptide 32–67 with
acetylated and amidated termini was synthesized at the University of Utah
DNA/Peptide Facility.

P-TEFb and P-TEFb-Tat1–57 were expressed in High Five insect cells using
recombinant baculovirus infections (SI Appendix, Fig. S4). We coexpressed
human His-tagged CDK9 1–330 and human CycT1 1–264 with and without
untagged codon-optimized HIV-1 Tat 1–57. Baculovirus generation and High
Five cell infections have been described in detail (21). AFF4 fragments 2–73
and 32–67 with an N-terminal TEV-protease-cleavable His-tag and a His6-
GST-tag, respectively, were expressed in E. coli.

TAR RNA. Synthetic TAR fragments of WT and mutant TAR27, encompassing
nucleotides 18–45, and TAR20 (nucleotides 21–40: rGrArUrCrUrGrArGrCrCr-
UrGrGrGrArGrCrUrCrA) were purchased from IDT. The RNA was annealed at
0.1 mg/mL in 20 mM Na-Hepes pH 7.3, 100 mM KCl, and 3 mM MgCl2. Best
results were obtained by heating the RNA at 75 °C for 2 min followed by rapid
cooling on ice. The purity of the RNA, analyzed by denaturing and native 10%
polyacrylamide gel electrophoresis, was at least 95%.

Protein Purification. Tat-P-TEFb and AFF42–73 were purified separately
following recently described procedures (21). AFF432–67 was purified as
GST-fusion protein over glutathione Sepharose (GSTrap FF; GE Healthcare) fol-
lowed by TEV cleavage and a second purification step over a HisTrap column
(GE Healthcare). The flow-through fractions of the HisTrap column containing
cleaved AFF432–67 were concentrated and, in a final step, purified over a Superdex
S200-size exclusion column. Tat-P-TEFb and AFF432–67 were combined at a
1:1.4 (mol/mol) ratio, concentrated to 0.6 mL, and injected onto an analytical
Superdex S200-size exclusion column equilibrated with 25 mM Na-Hepes
pH 7.4, 0.2 M NaCl, 0.05 M KCl, and 1 mM TCEP.

Crystallization and Structure Determination. Purified Tat1–57:AFF432–67K47Y:P-
TEFb was combined with an annealed TAR20 fragment, nucleotides 21–40,
at a 1:1.3 (mol/mol) ratio and concentrated to 7 mg/mL in 25 mM Na-Hepes
pH 7.3, 0.2 M NaCl, 0.05 M KCl, 0.1 M ammonium sulfate, 3 mM MgCl2, and
0.5 mM TCEP. Crystals were grown in sitting drops from 0.8 μL protein-TAR
complex combined with 0.5 μL reservoir solution. The drops were equili-
brated against 50 mM Tris 8.5, 0.2 M ammonium acetate, 6 mM MgCl2, and
8% PEG 4K at 18 °C. Single needle-shaped crystals grew to a size of about
0.05 × 0.05 × 0.25 mm.

Crystals were soaked in 0.1 M Na-Hepes pH 8.0, 50 mM NaCl, 100 mM
ammonium acetate, 6 mM MgCl2, 15% PEG 4K, 30% glycerol, and 2 mM DTT
for cryoprotection, and flash-frozen in liquid nitrogen. X-ray data were
collected at beamline 8.3.1 at the Lawrence Berkeley National Laboratory’s
(38) Advanced Light Source using a Pilatus 3 6M detector (Dectris AG). The
reflections were processed using XDS (39), AIMLESS, and CTRUNCATE (40) (SI
Appendix, Table S1). Reported anisotropic ΔB values were calculated using
AIMLESS/CCP4 (40). The Rmerge for the whole dataset was relatively high due
to the inclusion of very weak reflections. Based on their Pearson correlation
coefficient between random half datasets (CC1/2) (41), these weak reflec-
tions contributed significant information and were included in structure
refinement. The mean I/SD was greater than 2.0 at 3.74-Å resolution.

The structure was determined by molecular replacement with PHENIX (42)
using the Tat:AFF4:P-TEFb complex (PDB ID 4OGR) as the search model,
followed by refinement of the protein complex in PHENIX. Electron density
maps showed some strong extra density close to CycT TRM and extending
from there into the crystal solvent channel. The dimensions and strength of
the electron density were consistent with the presence of TAR in this loca-
tion. Since it is very difficult to build a de novo RNA structure into relatively
low resolution maps, we superimposed the NMR structures of TAR, bound to
a Tat peptide (pdb ID 1ARJ) (33), onto the extra electron density and chose
the best fitting model #8 of the ensemble as a starting point for further
complex refinement. The most critical parts of the structure, CycT1 TRM and
TAR, went through multiple cycles of manual rebuilding into omit maps
using COOT (43), followed by automatic refinement in PHENIX. RNA-specific
tools for rebuilding and refinement, RCrane (44) and Erraser (45), were used
to guide RNA modeling. The TAR complex structure was refined at 3.5-Å
resolution to an Rfree value of 28.12% (SI Appendix, Table S1) with good
geometry based on Molprobity scores. The atomic coordinates and structure
factors (PDB ID 6CYT) are available at the Protein Data Bank (www.rcsb.org).
Figures were prepared with PyMOL (46) and Chimera (47).

Electrophoretic Mobility Shift Assay. Refolded synthetic TAR (nucleotides
18–44) was radioactively labeled with 32P-γ−ATP using T4-polynucleotide
kinase. A 10-μl reaction was prepared with 200 nM TAR, 0.3 mCi 32P-γ−ATP
(7,000 Ci/mmol; MP Biomedicals), and 10 units of T4-polynucleotide kinase
(New England BioLabs) in 70 mM Tris/HCl pH 7.6, 10 mM MgCl2, and 2 mM
DTT. After incubating at 37 °C for 1 h, 25 μl annealing buffer (20 mM Na-
Hepes pH 7.3, 100 mM KCl, and 3 mM MgCl2) were added to the reaction.
The mixture was purified twice over Illustra G25 spin columns (GE
Healthcare) to remove free nucleotides. The purified labeled TAR was di-
luted to 10 nM (3,000–5,000 cpm/μl) with annealing buffer for storage and
use in EMSAs.

Binding reactions (10 μL) were carried out in 20 mM Na-Hepes pH 7.3,
100 mM KCl, 3 mM MgCl2, 1 mM DTT, 4% glycerol with 12 units RNasin
(Promega), 10 μg/mL BSA, and 5 μg/mL Poly(I:C) (Invivogen). Each reaction
contained 100 pM labeled TAR RNA. Reactions were incubated at 20 °C for
30 min, and RNA-binding complexes were separated on a prerun 6% poly-
acrylamide gel in 0.5× TBE (100 V, 1 h at 4 °C). Gels were dried, exposed to
storage phosphor screens, and measured on a Typhoon phosphorimager (GE
Healthcare). Each EMSA was repeated two to three times and analyzed with
GraphPad Prism Version 7.

Fluorescence Polarization Assay. Tat-P-TEFb WT and Tat-P-TEFb with CycT1
single-site mutation R251A, R254A, W256A, W258, or R259A were expressed
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Fig. 5. Combined structure of the TAR-peptide complex and the TAR loop-
SEC complex. The TAR-peptide complex (PDB ID 2KX5; TAR: slate; peptide:
magenta) and the TAR loop-SEC complex (coloring as in Fig. 2) are aligned
on the common TAR component. Tat and CycT1 TRM contact the TAR loop.
The TAR bulge is positioned in a pocket formed by CycT1 helices H1, H3, and
H4 and Tat residue G48, adjacent to the missing Tat ARM, whose binding site
is indicated by the Tat-peptide mimetic bound in the major groove of TAR.
Views A and B are rotated 180°.
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and purified as described above. AFF42–73 was expressed and purified as
described previously (21). Protein stocks at 5–100 μM concentration were
flash-frozen and stored at −80 °C. The sequence of 5′-6-Fam-TAR19 was
chosen to validate the crystal structure, which included TAR20 without a
bulge. The TAR19 molecule was expected to have a low nanomolar Kd
suitable for fluorescence polarization experiments with a fluorescein-
labeled ligand.

5′-6-FAM labeled ssRNA TAR19 (rArUrCrUrGrArGrCrCrUrGrGrGrArGrCrUrCrA)
(Integrated DNA Technologies) (Fig. 1A) was dissolved in water to 100 μM. The
TAR19 RNA was diluted to 15 μM in annealing buffer (20 mM Na-Hepes 7.5,
100 mM KCl, 3 mM MgCl2) and refolded by incubating the RNA at 75 °C for
2 min followed by a quick transfer to ice.

All further dilutions of protein and TAR19 were made in FP-buffer (25 mM
Na-Hepes pH 7.3, 100 mM NaCl, 10% glycerol, 0.05% Nonidet P-40, 0.5 mM
TCEP).WT andmutant Tat-P-TEFbwere preincubated for 15minwith twofold
molar excess AFF4 2–73 before making serial threefold dilutions in FP-buffer.
Diluted protein was combined with 5′-FAM-TAR19 in a final assay volume
of 90 μL and at a final RNA concentration of 2 nM. Three times 20 μL of
each solution were transferred to a Greiner 384 flat-bottom, black small-
volume plate.

Fluorescence anisotropy was measured at 30 °C with a Synergy Neo2
reader (Biotek) with an excitation wavelength of 485 nm and an emission
wavelength of 528 nm. All measurements for one experiment were done in
triplicate, and each experiment was repeated three times and analyzed with

GraphPad Prism Version 7. Binding curves were fit with a single-site qua-
dratic binding equation (48, 49):
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�
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where Bmax is the maximum specific binding, L is the concentration of nucleic
acid, x is the concentration of Tat:AFF4:P-TEFb, and Kd, app is the apparent
dissociation constant for Tat:AFF4:P-TEFb and nucleic acid. Error bars are
representative of the SD from the mean of three experimental replicates.
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