Solution structure of the 5'-terminal hairpin of the 7SK
small nuclear RNA
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ABSTRACT

The small nuclear 7SK RNA regulates RNA polymerase Il (RNA Pol Il) transcription, by sequestering and inhibiting the positive
transcription elongation factor b (P-TEFb). P-TEFb is stored in the 7SK ribonucleoprotein (RNP) that contains the three nuclear
proteins Hexim1, LaRP7, and MePCE. P-TEFb interacts with the protein Hexim1 and the 7SK RNA. Once P-TEFb is released
from the 7SK RNP, it activates transcription by phosphorylating the C-terminal domain of RNA Pol II. P-TEFb also plays a
crucial role in the replication of the human immunodeficiency virus HIV-1, through its recruitment by the viral transactivator
Tat. Previous work demonstrated that the protein Tat promotes the release of P-TEFb from the 7SK RNP through direct binding
to the 7SK RNA. Hexim1 and Tat proteins both comprise conserved and similar arginine-rich motifs that were identified to
bind the 7SK RNA at a repeated GAUC site located at the top of the 5'-terminal hairpin (HPI). Here, we report the solution
structure of this region as determined by nuclear magnetic resonance, to identify HPI structural features recognized by
Hexim1 and Tat. The HPI solution structure displays an elongated shape featuring four helical segments interrupted by one
internal loop and three bulges with distinct folds. In particular, the repeated GAUC motif adopts a pre-organized geometry.
Our results suggest that the binding of Hexim1 and Tat to the 7SK RNA could originate from a conformational selection of this
motif, highlighting how RNA local structure could lead to an adaptive recognition of their partners.
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INTRODUCTION

The 7SK RNA is an abundant 331-nt small nuclear RNA
(snRNA) transcribed by RNA polymerase III discovered in
mammalian cells in the middle 1970s (Zieve et al. 1977;
Gurney and Eliceiri 1980; Kruger and Benecke 1987;
Murphy et al. 1987). 7SK regulates the transcriptional activity
of RNA polymerase IT (RNA Pol II) by sequestering the pos-
itive transcription elongation factor b (P-TEFb) into the 7SK
ribonucleoprotein (RNP) (Gurney and Eliceiri 1980). This
complex also contains the three nuclear proteins Hexim1,
LaRP7, and MePCE (Fig. 1A; Nguyen et al. 2001; Yang
et al. 2001; Michels et al. 2003; Egloff et al. 2006; Zhou and
Yik 2006; Barrandon et al. 2007; Michels and Bensaude
2008; Diribarne and Bensaude 2009; Czudnochowski et al.
2010). The La-related protein LaRP7 and the methylphos-

phate capping enzyme (MePCE) act cooperatively to pro-
mote the 7SK RNP assembly (Jeronimo et al. 2007; He
et al. 2008; Krueger et al. 2008; Markert et al. 2008; Xue
et al. 2010). MePCE, which comprises a methyltransferase
domain, adds one y-monomethyl phosphate cap structure
onto the 5'-end of the 7SK RNA while LaRP7 binds to its con-
served 3 UUU-OH region. P-TEFb is stored on the 7SK RNP
by interacting in a reversible manner with Hexim1 and the
7SK RNA (Nguyen et al. 2001; Yang et al. 2001; Michels
etal. 2003; Yik et al. 2005; Egloff et al. 2006). P-TEFb is a het-
erodimer comprising the cyclin T1/T2 and the cyclin-depen-
dent kinase CDK9. Once P-TEFbD is released from the 7SK
RNP, CDK9 phosphorylates the C-terminal domain of
RNA Pol II, the C-terminal region of the Spt5 subunit of
the DRB sensitivity-inducing factor (DSIF), and the NELF-
E subunit of the negative elongation factor (NELF) to restore
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NMR structure of the HPI hairpin of the 7SK RNA
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FIGURE 1. The 7SK RNA and its 5'-terminal hairpin HPI. (A) Schematic representation of the 7SK RNP complex. P-TEFb comprises the cyclin T1
and the cyclin-dependent kinase CDKO9. (B) Sequences and secondary structures of (i) the 7SK 5'-terminal hairpin (HPI-wt), (ii) HPL, and (iii) the
three subdomain constructs (HPI-a, HPI-b, and HPI-c) used for nuclear magnetic resonance (NMR) studies. Outlined nucleotides at 5'-end were
changed to improve transcription efficiency. The 11-nt apical loop of HPI-wt was substituted by a thermo-stable UUCG tetraloop (HPI). The
RNA oligonucleotides HPI-a, HPI-b, and HPI-c comprise nucleotides 35-74, 29-38/69-82, and 24-36/73-87, respectively. Both HPI-a and HPI-
b contain two additional G-C base pairs. The internal loop IL1 comprises (34/75-77) nucleotides. The bulges B1, B2, and B3 comprise (71/72),
(40/41), and (63) residues, respectively. The M1 motif (green) contains the helix H2, the internal loop ILI, and the bulge B1. The M2 motif

(blue) comprises the helix H3 and bulges B2 and B3.

the transcription (Marshall et al. 1996; Peterlin and Price
2006; Zhou and Yik 2006; Chapman et al. 2008; Egloff and
Murphy 2008). The 7SK snRNA mediates the interaction of
Hexim1 with P-TEFb, thereby inhibiting P-TEFb kinase ac-
tivity. More recently, the PPM1G phosphatase has been
shown to bind directly 7SK and Hexim1 once P-TEFD is re-
leased from the 7SK RNP (Gudipaty et al. 2015). In addition,
P-TEFD plays a crucial role in regulating the human immu-
nodeficiency virus HIV-1 replication. P-TEFb is recruited
by the viral transactivator Tat that binds to cyclin T1 through
its activation domain, while the RNA-binding domain of Tat
associates with the trans-activating responsive RNA element
(TAR) located at the 5'-untranslated region of the viral ge-
nome (Muesing et al. 1987; Marciniak et al. 1990; Mancebo
et al. 1997; Isel and Karn 1999; Karn 1999; Berkhout and
van Wamel 2000). TAR captures Tat and P-TEFb, resulting
in the displacement of the 7SK RNP, which activates the
phosphorylation of RNA Pol II (Barboric and Lenasi 2010;
D’Orso and Frankel 2010). Interestingly, it was also demon-
strated that Tat promotes the release of P-TEFb from the 7SK
RNP (Barboric et al. 2007; Sedore et al. 2007; Muniz et al.
2010). Hexim1 and Tat proteins both comprise conserved
and similar arginine-rich motifs (ARMs) that were found
to bind the 7SK RNA (Weiss and Narayan 1998; Yik et al.
2004). Tat was shown to efficiently displace Hexim1 from
the 7SK RNA, suggesting that the 7SK RNA contains a
TAR RNA-like Tat-binding motif embedded with the
Hexim1 recognition site (Muniz et al. 2010).

The sequence of the 7SK RNA is highly conserved in ver-
tebrates (Wassarman and Steitz 1991; Egloff et al. 2006;
Gruber et al. 2008a; Gursoy et al. 2000), and 7SK homologs

exist in invertebrates and insects (Gruber et al. 2008b;
Nguyen et al. 2012). Based on chemical and enzymatic prob-
ing experiments, the human 7SK RNA has been proposed to
fold into a structure composed of four domains: highly con-
served 5'- (HPI) and 3'- (HP4) hairpins, bordering one three-
way junction and a middle hairpin (HP3) (Wassarman and
Steitz 1991). More recently, an alternative secondary struc-
ture based on computational analysis has been proposed,
with major differences in the middle part of the 7SK RNA
while the upper part of HPI and HP4 structures were con-
served (Marz et al. 2009). Several studies demonstrated that
the 5'-terminal hairpin of 7SK includes the Hexim1 binding
site, the (24—87) region being the minimal sequence required
for interaction (Egloff et al. 2006; Belanger et al. 2009;
Martinez-Zapien et al. 2015). The 3’-terminal hairpin was
also identified as essential for P-TEFb regulation but not in-
volved in Hexim1 binding (Muniz et al. 2013).

The recognition mechanism underlying the interaction be-
tween the 7SK RNA and Hexim1 or Tat is still an open ques-
tion. A repeated (G4AUC,5-Gg4AUCy;) motif flanked by
(UgoUy;) and Ugs bulges is located in the top part of the
(24-87) region in the Hairpin I (M2 region, Fig. 1B). This se-
quence, highly conserved in eukaryotes and other organisms
(Wassarman and Steitz 1991; Gursoy et al. 2000; Gruber et al.
2008a,b), was previously shown to be essential for specific
Hexim1 recognition (Lebars et al. 2010). The same region
was shown to be involved in Tat binding (Muniz et al.
2010). Aiming at identifying structural features recognized
by Hexim1 or Tat at the 5’-terminal hairpin of 7SK, we solved
the solution structure of the (24-87) region using nuclear
magnetic resonance (NMR). To overcome the challenging
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spectral crowding and transverse relaxation problems raised
by the size of HPI (18.2 kDa), we used the “divide and con-
quer approach” (Lukavsky and Puglisi 2005). We divided the
HPI hairpin into three smaller overlapping RNAs (Fig. 1B).
The set of experimental restraints, including distances from
NOE measurements, dihedral angles and orientational re-
straints from residual dipolar coupling constants, led to
well-defined models of the solution structure of HPI. Its sol-
ution structure features four helical segments, interrupted
by one internal loop (IL1) and three bulges (B1, B2, B3)
with distinct structures. Our three-dimensional structure
suggests that the differential binding of Hexim1 and Tat to
the 7SK HPI could involve a conformational selection of a
pre-organized motif. The solution structure of 7SK HPI pro-
vides structural basis to understand how RNA local structure
could modulate the specificity of recognition.

RESULTS

Design of RNA oligonucleotides for NMR studies

The HPI RNA

In a previous study, the 5'-terminal hairpin (HPI) of 7SK
RNA was shown to fold similarly whether isolated or in the
context of the full-length RNA, and its secondary structure
was determined (Lebars et al. 2010). The 11-nt apical loop
of the 5'-terminal hairpin of the 7SK RNA (HPI-wt) was sub-
stituted with a thermo-stable UUCG tetraloop (HPI) to re-
duce spectral complexity arising from the superposition of
high and low intensity signals (Fig. 1B; Varani et al. 1991;
Molinaro and Tinoco 1995). The pattern of imino protons
"H and "N resonances of HPI-wt and HPI are almost iden-
tical with the exception of the apical loop regions, indicating
that the loop substitution does not alter the global fold of the
RNA (Fig. 2A). In addition, carbon chemical shifts, which
provide a sensitive probe of the chemical environment, indi-
cate that the RNAs adopt the same conformation (Fig. 2B,C).
Two distinct RNA samples were produced selectively:
C/'™N labeled at either G or A nucleotides. As shown in
Figure 2B, the chemical shifts of C8H8 cross-peaks of G res-
idues, are similar for HPI-wt and HPI RNAs, with the excep-
tion of G60 and the nucleotides located in the apical loops
(Gloop). Chemical shifts of C2H2 cross-peaks of A residues
are also similar (Fig. 2C). In particular, the chemical shifts
of A34 and A77 are identical, indicating that HPI-wt and
HPI adopt the same conformation in the bulged region.
These observations show that the overall structure of the
7SK 5'-terminal hairpin is not altered upon the modification
of the apical loop.

Divide and conquer approach: subdomain constructs of HPI
(HPI-a, HPI-b, HPI-c)

Based on the chemical shift data described above, we de-
signed three subdomain constructs of HPI: (i) HPI-a (nucle-
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FIGURE 2. HPI-wt and HPI adopt the same conformation. (A)
"H-""N HSQC spectra showing imino protons region of HPI-wt (top)
and HPI (bottom). All imino protons were assigned via sequential nucle-
ar Overhauser effects (NOEs) observed in 2D-NOESY experiments. In
the HPI construct, imino protons of the UUCG apical loop resonate
at the expected chemical shifts typically observed, which ensures a prop-
er folding of the RNA (Varani et al. 1991; Molinaro and Tinoco 1995).
(B) '"H-"C HSQC spectra showing the aromatic H8-C8 of selectively
labeled ["?C/">N-G] HPI-wt (black) and HPI (blue), recorded at
30°C. (C) 'H-"*C HSQC spectra showing the aromatic H2-C2 correla-
tions of the selectively labeled ['°C/'°N-A] HPI-wt (top), the selectively
labeled ["*C/'*N-A] HPI (middle), and the segmentally and selectively
labeled [*C/"°N-A(G24-G60)] HPI (bottorn). HPI was selectively la-
beled at all A positions (middle), and segmentally and selectively labeled
at A positions in the G24-G60 segment (bottom). Assignment of aromat-
ic H2—-C2 of HPI-wt had been previously reported (Lebars et al. 2010).
Assignment of HPI was based on analysis of NOESY spectra recorded at
4°C, 10°C, 15°C, 20°C, 30°C in 90/10 H,O/D,0 and at 20°C and 30°C in
99.9% D,O0. Spectra were recorded in 50 mM sodium phosphate buffer
at pH 6.2.

otides 35-74), (ii) HPI-b (nucleotides 29-38/69—82), and
(iii) HPI-c (nucleotides 24-36/73-87) (Fig. 1B). The three
fragments cover the entire 5'-terminal hairpin of HPI. Both
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HPI-a and HPI-b contained two additional G-C base pairs
and a UUCG-tetraloop to stabilize their fold. The conserva-
tion of the subdomain construct structures was assessed by
comparing their chemical shifts with those measured on
HPI. The imino proton resonances of all three subdomains
overlap with those of HPI for common regions (Supplemen-
tal Figs. S1, S2). Furthermore, the chemical shift values of
C8HS aromatic cross-peaks observed in "H-">C HSQC spec-
tra are very similar for common regions of HPI and the sub-
domain constructs (Supplemental Fig. S3). Notably, the
chemical shifts of the C8H8 cross-peaks of A34 and A77, lo-
cated at a stem—loop junction, are identical in HPI-b and HPI
(Supplemental Fig. S3D). These observations suggest that the
local RNA motifs adopt the same conformation in both HPI
RNA and smaller constructs.

Resonance assignment of HPI and the three
subdomains

The secondary structures of HPI-a, HPI-b, and HPI-c (Fig.
1B) were characterized by the analysis of 2D NOESY and
"H-""N HSQC experiments recorded in 90/10 H,O/D,O at
various pHs and temperatures (see Materials and Methods
section). All base-paired imino protons were assigned via
sequential NOEs observed in 2D NOESY spectra at different
mixing times (Supplemental Fig. S2). Watson-Crick
"N-"H-""N hydrogen bonds were directly observed in het-
eronuclear J(N,N)-HN COSY experiments performed in
H,O (Supplemental Fig. S4A; Dingley and Grzesiek 1998;
Hennig and Williamson 2000). The assignment of imino
protons was possible for HPI except for U72 and U76, where
no imino proton signal could be detected. In the bulges, U40
and U41 were partially protected from solvent exchange and
could be assigned in NOESY spectra performed at 4°C with
50 msec and 75 msec mixing times (Supplemental Fig. S5A).

Complete assignments of nonexchangeable protons and
their directly bound carbons and nitrogens were obtained
for HPI-a, HPI-b, and HPI-c, using standard homonuclear
and heteronuclear 2D and 3D correlation experiments ('H,
15N, B¢, *'p) (Supplemental Figs. S4, S5). Sequential H6/
8-H1’ connectivities observed in a classical helix A were iden-
tified for all residues, except for U40, U41, G46, U63, U68,
C71, U72, C75 to A77 and the apical loop. No sequential
H6-H1’ connectivities were observed for U41, U68, U72,
and U76. Weak sequential cross-peaks were observed in the
case of U40, U63, and A77 while strong correlations were vis-
ible between G46 and C45, and C71 and G73 (Supplemental
Fig. S5B).

To overcome strong overlaps of chemical shifts during HPI
NOESY assignment, spectra were interpreted by superimpos-
ing the NOE patterns observed in spectra of the subdomain
constructs. In addition, resonances were discriminated using
"H-""C HSQC experiments recorded on selectively '*N/">C-
labeled HPI. Partial assignments (30%) of protons and their
directly bound carbons and nitrogens were obtained.

Three-dimensional structure of HPI

The three-dimensional structure of HPI was determined by
combining local structural restraints obtained from the three
subdomain constructs (HPI-a, HPI-b, and HPI-c) and global
restraints from residual dipolar couplings (RDCs) measured
on HPI RNA (Ottiger et al. 1998). Structures were calculated
using 854 NOE distance restraints, 484 dihedral torsion re-
straints, and 51 residual dipolar coupling (RDC) constraints
measured at 30°C (Supplemental Figs. S4, S6). The overall
structure is well defined with a heavy atom root-mean-square
deviation compared to the global average structure (RMSD)
of 0.8 £0.1 A (Table 1; Fig. 3A). HPI contains four helical
segments comprising G24-C33/G78-C87 (H1), C35-C38/
G69-G74 (H2), G42-C45/G64-C67 (H3), G46-C48/G60-
C62 (H4), interrupted by one internal loop (IL1) and three
bulges (B1, B2, and B3) with distinct structures (Fig. 1B).
HPI RNA displays an elongated shape with a bend that takes
place at motif M1 (Fig. 3C). The interhelix angle between
(C35-36/G73-G74) and (C37-38/G69-G70) stems is 82 £ 5°
(Fig. 3C, left panel).

The structure of the M1 motif is dominated by weak
interactions

The M1 motif is formed by four Watson-Crick base pairs,
C35:G74, C36:G73, C37:G70, and C38:G69, interrupted by
one internal loop (IL1: 34/75-77 nucleotides) and one bulge
(B1: 71-72 nucleotides) (Fig. 4A,B). These base pairs are
characterized by weak interactions as indicated by enhanced
line broadening of G69, G70, G73, and G74 imino protons
upon increasing temperature (Supplemental Fig. S7). The
destabilization of these base pairs in the M1 region may result
from distortions within the flanking bulges.

In the bulge B1, C71 is stacked on residue G70, whereas
U72 is swung outside the helix (Fig. 4A). This conformation
is supported by the observation of sequential H6/8-H1’ con-
nectivities between C71, G70, and G73. In the case of U72,
only one inter-residue contact could be detected between
G73-H8 and U72-H5. The H1'/H2' cross-peak observable
in COSY and TOCSY experiments indicated a C2'-endo con-
formation of C71 and U72 sugar puckers, whereas € dihedral
angles were constrained to gauche™ conformations as deter-
mined from analysis of HP-COSY and HCP experiments.

In the internal loop (IL1), A34 is in a C3'-endo and anti
conformations, stacked on residue C33 (Fig. 4B). Consistent-
ly, sequential H6/8-H1’ connectivities with C33 and C35 and
NOEs involving A34-H2, C35-H1’, and G78-H1’ were ob-
served. Several unambiguous NOE contacts place A77 inside,
but devoid of stacking interaction. Weak H8-H1’" connectiv-
ity with G78 and NOEs involving A77-H2 and G78-H1’ were
observed. A cross-strand NOE contact between A34-H2 and
A77-H2 was also identified. As a result, the average distance
between A34(N1) and A77(N6) in the ensemble of 10 struc-
tures is 3.31 = 0.05 A, which is compatible with a water-me-
diated hydrogen bond. In addition, as described above, NMR
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TABLE 1. NMR restraints and statistics for the 10 converged structures in the absence of magnesium and with 3 mM Mg**

Free Mg>* 3 mM Mg**
Distance and dihedral restraints
Intra-residue distance restraints 355 355
Inter-residue distance restraints 381 381
Hydrogen bonding distance restraints 118 118
Total distance restraints 854 854
Torsion angle restraints for sugar pucker 285 285
Backbone angle restraints 199 199
Total angle restraints 484 484
Total restraints 1338 1338
Residual dipolar couplings 51 43

RMS deviation from experimental restraints
Distance restraints (A)
Dihedral restraints (°)
Deviation from idealized geometry
Bond (A)
Angle (°)
Impropers (°)
RMSD? (A)
Heavy atom for all structures
Backbone for all structures
RDC quality”
w/o opls
Qc
RMS (‘D) (Hz)
RMS ('Dcr) (H2)!
Refined with opls
Qc
RMS ('Dnw) (H2)°
RMS ('Der) (H2)!

0.0499 + 0.0009
0.3535+0.0105

0.0505 + 0.0007
0.3583 +0.0259

0.0089 + 0.0000
0.9967 +0.0027
0.4241 +0.0099

0.0089 + 0.0000
0.9974 +0.0019
0.4308 + 0.0091

0.77+0.10 0.81+0.20
0.79+0.11 0.84+0.11
0.117 +0.002 0.100 +0.001
0.67£0.03 0.56 +0.01
2.24+0.13 1.14+0.03
0.125+0.011 0.116 +0.008
1.76 £0.16 1.68+0.16
3.17+0.29 3.09+0.39

“Root-mean-square deviation + SD compared to the global average structure.

PQuality of residual dipolar couplings (RDCs) data calculated with the PALES software (Zweckstetter and Bax 2000), reported before (w/o
opls) and after refinement with the nucleic acid force field to include optimized potentials for liquid simulation (OPLS), charges, and non-
bonded parameters (Jorgensen and Tirado-Rives 1988). Calculations of Q factors include both "H-""N and 'H-'>C RDCs.

Q) RDC Q-factor calculated according to Q = {Zi_; _n[dF°™(exp)—d®™(calc)]/N}"#/D*M, with N being the number of measured and nor-

malized couplings, d'™(exp). D"™®

refers to root-mean-square value of RDCs for randomly distributed internuclear vectors.

94(RMS) Root-mean-square deviation between input and calculated RDCs; (opls) optimized potentials for liquid simulation.

experiments (COSY-DQF, TOCSY, NOESY, and HCP)
pointed out that C75 is in C2'-endo and syn conformations,
with the ¢ torsion angle in the gauche™ conformation. C75
is positioned deep into the major groove in the proximity
of the C33:G78 base pair (Fig. 4B). Analysis of structures
shows that the average distance between C75(02) and C33
(N4) is 3.3 £0.2 A, which is compatible with the formation
of a (WW-tHW (cis-Watson-Crick/Watson-Crick, trans-
Hoogsteen/Watson-Crick) base triple involving C75:C33:
G78 (Fig. 5A; Abu et al. 2012). Finally, U76 is swung outside
the helix adopting C2'-endo and syn conformations with ¢
and f torsion angles in gauche™ conformations (Fig. 4B).

The M2 motif folds into a preformed platform

The M2 motif encompassing the repeated GAUC sequence
contains a helical segment composed of four Watson-Crick
base pairs (H3) and two bulges, B2 and B3, defining a pre-
formed pocket (Fig. 4C).

1848 RNA, Vol. 22, No. 12

In the bulge B3, U63 is unpaired and stacked on residue
C62. This is supported by the observation of weak sequential
H6/8-H1' connectivities between U63, C62, and G64.

In the bulge B2, U40 is unpaired and stacked on residue
A39. NOEs involving A39-H2 and U40-H1’, U40-H6 and
A39-H1’, and U40-H3 and G42-H1 were observed
(Supplemental Fig. S5B). Concerning U41, NOE contacts
and dihedral angle constraints place this residue deep into
the major groove in the proximity of A43-U66 and G42-
C67 Watson-Crick base pairs. Indeed, the U41 imino proton
H3 has NOE interactions with both U66-H3 and C67-H5
protons. In addition, the U41 sugar pucker adopts a C2'-
endo conformation and the B and ¢ torsion angles gauche™
conformations. The conformation of U4l suggests that it
could form a base-triple with A43-U66 or G42-C67 (Fig.
4C). However, analysis of NOESY experiments at various
pHs (from 6.5 to 5.5) and temperatures (from 4°C to
30°C) did not provide evidence for the formation of a U41-
mediated hydrogen bond with either of these two base pairs.
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FIGURE 3. Three-dimensional structure of HPI. (A) Superimposition of 10 converged NMR
structures. Bases and sugars are shown in light blue and the backbone in dark blue. (B)
Structures of HPI calculated using RDCs measured in the absence of Mg** (dark blue) and
with 3 mM Mg*" (light blue). The regions H1 are superimposed. (C) Inter-angle axis measure-
ment for the free—Mg2+ structure (left) and 3 mM Mg2+ model (right). Overall axes (A) of RNAs
are shown in blue. Five stems were defined using the 3DNA software (Colasanti et al. 2013).
Helical axes for the five stems were generated using MOLMOL software and are indicated in
pink (Koradi et al. 1996). Angles between each stem and the overall axis are indicated in blue.

Angles between helices are indicated in orange.

Finally, the A39:U68 closing base pair of the M2 motif devi-
ates from classical Watson-Crick geometry. Indeed, the im-
ino proton of U68 could not be detected unambiguously due
to fast exchange with the solvent (Supplemental Fig S5A).
Nevertheless, nonexchangeable proton NMR data place
U68 inside, between C67 and G69 (Figs. 4C, 5B). Analysis
of the ensemble of structures reveals that U68-H3 could be
involved in two hydrogen bond networks (Fig. 5B). On one
hand, the average distance between A39(N1) and U68(N3)
in the ensemble of 10 structures is 4.1 + 0.2 A, which is com-
patible with the formation of a water-mediated hydrogen
bond. On the other hand, the average distances between
U40(H3) and U68(02) as well as U40(0O4) and U68(H3)
in the ensemble of 10 structures are 3.3+ 0.1 A and 2.6 +
0.2 A respectively, which is compatible with a UU (2-carbon-
yl-N3, 4-carbonyl-N3) base pair. The U68 residue is in a

Free-Mg2*-—4

weak stacking and could transiently be
involved in these hydrogen bond net-
works. The destabilization of A39:U68
base pair probably originates from the
distortion induced by the (U40/U41)
dinucleotide bulge B2.

Effect of magnesium on HPI structure

Since Mg®" ions are involved in RNA
folding, stabilization of tertiary structure,
and catalysis, we examined their impact
on HPI structure.

Native gel analysis was first performed
to assess the global effect of magnesium
on the conformation of both HPI and
HPI-wt with respect to monomeric or
dimeric forms. As illustrated in Figure
6A, both HPI and HPI-wt fold in a mono-
moneric form at all magnesium concen-
trations tested. Next, NMR titrations
monitoring exchangeable and aromatic
protons were performed to detect poten-
tial Mg>" binding sites by chemical shift
perturbation analysis (Fig. 6B,C; Supple-
mental Figs. S8, S9). In particular, the
NH resonances of U30, G64, and G78
shift upfield, whereas G25, U66, G70,
G82, and G73 shift downfield. Among
these residues, G70 and G73, located in
the M1 motif, exhibit the most drastic
changes: G70-H1 undergoes a shift of
0.19 ppm whereas Mg”* binding results
in the narrowing of G73-HI resonance
(Fig. 6B; Supplemental Fig. S8). Interest-
ingly, NOESY spectra analysis shows
that base-pairing patterns remain unal-
tered at all magnesium concentrations
tested. The Mg>* induced effects were
also analyzed by monitoring nonexchangeable protons in
"H-""C HSQC spectra (Fig. 6C; Supplemental Figs. S8C, S9).
C8-H8 and C2-H2 cross-peaks undergo chemical shift chang-
es, generally limited to <0.12 ppm for both >C and 'H.
Remarkably, G69, G70, G73,and G74, located in the M1 motif,
showed up with increasing magnesium concentration. Alto-
gether, these observations suggest that magnesium stabilizes
the M1 motif and the stem—loop junctions of HPI, while the
base-pairing and the global fold of the RNA are maintained.

However, the additive effect of slight changes could lead to
local and long-range helical distortions. To investigate this
possibility, residual dipolar couplings (RDCs) were measured
for HPI in the presence of 3 mM Mg>" (Supplemental Fig.
S6B,C). As chemical shifts and NOE patterns were not signif-
icantly affected upon magnesium addition, the same dihedral
and distances restraints were used to generate a model of

A1-A:10£2°
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FIGURE 4. Bulges and internal loop. (A) View of the bulge B1 in the M1 Motif. (B) View of the
internal loop IL1 in the M1 motif. (C) View of the M2 motif. Broken lines indicate possible hy-

drogen bonds.

Mg**-HPL. Structures were then calculated as previously de-
scribed (Table 1). Analysis of converged structures shows that
while the overall structure of HPI is maintained, Mg>* bind-
ing induces a slight bending at the M1 motif where residues
show the biggest changes in NMR data upon magnesium ad-
dition (Fig. 3B). As illustrated in Figure 3C, angles between
(G24-C33/G78-C87), (C37-C38/G69-G70), and (G46-C48/
G60-C62) stems and the principal axis of HPI undergo slight
variations. The analysis of models obtained from RDC mea-
sured in the presence of 3 mM Mg>" indicates little changes
on the conformation, except for U41 in the B2 bulge that is
shifted closer to the A43:U66 base pair upon magnesium ad-
dition (Fig. 5C). This is supported by the measurement of
RDC constants in Mg*"-free and 3 mM Mg>" samples, the
values being, respectively, 13.4 Hz and 6.7 Hz for the U41
(C5-HS5). Analysis of Mg”>* model shows that the average dis-
tances between U41(02) and A43(N6) and between U4l
(N3) and U66(04) are 2.7 A and 3.9 A, respectively, which
deviates from a cWW-tHW (cis-Watson-Crick/Watson-
Crick, trans Hoogsteen/Watson-Crick) base triple (Fig. 5D).

1850 RNA, Vol. 22, No. 12

Mapping of the interaction with HIV-
1 Tat RNA-binding domain

In our previous work, we used a com-
bined NMR and biochemical approach
to identify the recognition elements in
7SK RNA for Heximl binding (Lebars
et al. 2010). Our results demonstrated
that the repeated GAUC motif (M2)
was essential for Heximl recognition.
Similarly, here we used NMR to investi-
gate Tat binding to HPI-wt. Several stud-
ies showed that Tat contains a highly
conserved arginine-rich motif (ARM)
that binds to HIV-1 TAR RNA and 7SK
HPI RNA (Weiss and Narayan 1998;
Yik et al. 2004). Therefore, we used a 36
aa peptide encompassing the ARM motif
(RKKRRQRRR) to map its interaction
on HPI RNA (Fig. 7A).

The chemical shift perturbations of
HPI-wt imino protons were monitored
as a function of the peptide concentra-
tion and were used to identify the RNA
helical regions in contact with Tat.
Successive addition of Tat on HPI in-
duced several changes in the imino pro-
tons region (Supplemental Fig. S10A).
Distinct signals corresponding to the
free and bound form of U44 and U66 im-
ino protons were observed, consistent
with a slow exchange between these two
states and submicromolar dissociation
constant (Supplemental Fig. SI0A). Satu-
ration of the RNA was observed at a Tat/
RNA ratio of 1.3:1. Assignment of imino protons in HP1:Tat
complex was based on analysis of NOESY experiments
(Supplemental Fig. S10B). Tat peptide binding induced spe-
cific changes in imino protons that were mainly confined in
the upper half of HPI-wt (Fig. 7B; Supplemental Fig. S10).
First, imino protons of residues G42, U44, G46, G64, U66,
G69, G70, and G78 undergo chemical shift variations upon
the addition of Tat peptide, whereas the imino protons of
the other part of the RNA molecule remain unchanged.
Except for G78, no change is observed in the H1 stem.
Secondly, two new resonances at 13.25 and 13.45 ppm
show up, revealing lower solvent accessibility. Whereas the
signal at 13.45 ppm could not be unambiguously assigned,
the resonance at 13.25 ppm was assigned to the U68 imino
proton that forms a Watson-Crick base pair with A39 residue
upon Tat peptide interaction. It is worth noting that the
binding of Tat peptide results in the narrowing of G69-H1
resonance, indicating that the Tat peptide binding to HPI sta-
bilizes the H2 stem, similarly to Hexim1 NLS. In contrast to
Hexim1 NLS, Tat binding does not induce an opening of
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C75

G78

FIGURE 5. Hydrogen bond networks. (A) Base triple involving C33:G78:C75 in the free-Mg™*
structure. (B) Zoom on A39, U40, and U68 residues in the free-Mngr structure. (C) Comparison
of the U41 residue from Mg”—free (dark blue) and Mg“—bound structures (light blue). (D) Base
triple involving A43:U66:U41 in the 3 mM Mg*" model. Distances consistent with the formation
of hydrogen bonds are displayed. Broken lines indicate possible hydrogen bonds.

Helix H3. Possible conformational changes of HPI RNA
upon Tat peptide binding were further investigated using
nonexchangeable protons (Supplemental Fig. S10C).
"H-">C HSQC spectrum recorded on a selectively *C/"°N
G-labeled HPI shows the disappearance of G42, G46, and
G64 cross-peaks, concomitant with the appearance of new
cross-peaks. In conclusion, these experiments show that
Tat peptide targets the same site as Hexim1 NLS with a dif-
ferent mechanism (Fig. 7C).

DISCUSSION

To understand the structural basis for HPI recognition by
Hexim1 and Tat, we determined the solution structure of
the 5’'-terminal hairpin (HPI) of the 7SK snRNA.

The HPI RNA is highly structured

HPI is highly structured with four helical segments (H1 to
H4), interrupted by one internal loop (IL1) and three partial-
ly structured bulges (B1, B2, B3). Two preformed “plat-
forms” are located in M1 (IL1/H2/B1) and M2 (H3/B2/B3)
motifs (Fig. 1B). The structural analysis of HPI reveals that
the M1 motif adopts a fold defined by a consistent set of
NOE and dihedral angles constraints. However, this structure
lacks the stabilizing interaction provided by hydrogen bond-
ing, indicating the possibility to adopt alternative local folds
under the influence of external factors, such as the interaction
with partners of the 7SK RNA. Indeed, the base-pairing inter-
action network is weak, as shown by the fast exchange with
the solvent enhanced upon a mild increase in the temperature

-7 39A

evidenced by NMR. Similar features were
observed for the M2 motif that adopts a
particular geometry structured with
four Watson-Crick base pairs and the
U41 residue positioned deep into the ma-
jor groove. The plasticity of the M2 motif
is evidenced by behaviors of U40 and
U41 residues. Their imino protons are
broad, which indicate that these residues
are in weak stacking and interactions,
thus able to adopt other conformations
not detectable by NMR.

Our observations for M1 and M2 mo-
tifs are reminiscent of those reported for
the 7SK HP4 RNA hairpin that comprises
a dinucleotide CU bulge (Durney and
D’Souza 2010). In HP4, the C residue
was found to be positioned into the major
groove in the proximity of a G:C base pair,
although no direct hydrogen bond could
be observed. The authors demonstrated
that this geometry could constitute a pre-
formed pocket for ligand binding.

U41

uee

The recognition of HPI could be driven
by a conformational selection

Mutation studies within the M1 motif indicated that this
region could constitute a secondary binding site for the
Heximl1 protein (Lebars et al. 2010). The 359 aa protein
Hexim1 comprises three functional domains: (i) an N-termi-
nal unstructured part containing a proline-rich region (1-
148), (ii) the ARM RNA-binding motif (149-179) overlap-
ping with a nuclear localization signal (NLS), and (iii) a C-ter-
minal region containing an acidic region and a coiled-coil
domain involved in P-TEFb inhibition and binding, respec-
tively (Weiss and Narayan 1998; Schulte et al. 2005). The
ARM motif has been shown to bind the 5'-terminal hairpin
(HPI) of the 7SK RNA (Weiss and Narayan 1998; Lebars
et al. 2010). Previous work suggested that Hexim binds 7SK
as a dimer (Blazek et al. 2005; Dulac et al. 2005; Li et al.
2005). The way Hexim interacts with the 7SK RNA is still
an open question, and several possible binding mechanisms
have been proposed (Martinez-Zapien et al. 2015). Among
them, the repeated GAUC-GAUC bordered by U-bulges
(motif M2) may provide a high-affinity primary binding site
targeted by the ARM motif of Hexim, and the M1 region
may provide a secondary weak binding site contacted by
another part of the protein. The M2 motif is conserved in
eukaryotes and several organisms (Gursoy et al. 2000;
Gruber et al. 2008a,b; Marz et al. 2009; Nguyen et al. 2012).
Interestingly, several studies demonstrated that the HIV-1
Tat also binds with high specificity and efficiency to the 5'-ter-
minal hairpin of the 7SK snRNA (Muniz et al. 2010). The Tat
binding site is embedded within the Hexim recognition motif.
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FIGURE 6. Effect of magnesium on HPI (A) Native gel electrophoresis on 10% polyacrylamide. HPI-wt (top) and HPI (bottom) were loaded in the
buffer used for NMR studies with increasing magnesium concentration. The last lane (control) contains a thio-modified RNA at its 5'-end, which
allows the visualization of a monomer (55-nt: S-RNA) and a dimer (110-nt: RNA-S-S-RNA). (B) Titration of HPI by magnesium by monitoring ex-
changeable protons. The assignment of imino protons based on the analysis of NOESY experiments is indicated for the Mg*"-free RNA (fop) and the
10 mM Mg**-RNA corresponding to a ratio of 57:1 (bottom). Broken lines and bold assignments indicate imino protons that undergo chemical shifts
changes. (C) Magnesium titration of HPI using nonexchangeable protons. Overlays of regions of "H-">C HSQC spectra showing the aromatic H8-C8
of selectively labeled ['°C/'°N-G] HPI at 30°C, Mg”*-free (black) and upon successive additions of magnesium. Arrows indicate the cross-peaks that
shifted upon addition of magnesium. (D) Summary of the effects observed in 'H and *C experiments on HPT upon Mg*" binding. Small effects are

indicated by one star, while stronger effects are highlighted using two stars.

In addition, Tat was shown to efficiently displace Hexim on
the 7SK RNA. In the present work, possible changes in HPI
RNA upon Tat peptide binding were investigated using
NMR by monitoring imino protons in helical regions.
Our experiments revealed a close similarity between Tat
and Hexim binding to 7SK HPI: the A39:U68 base pair that
was not observable in the free RNA, closes upon binding
and, G69:C38 and G70:C37 base pairs are stabilized.
However, in contrast to Hexim1, the binding of Tat does
not induce an opening of the helix H3 but rather a stabiliza-
tion of the structure (Fig. 7C). Although Tat and Heximl
contain a similar RNA-binding motif, our results imply
that the two proteins interact with the same site through
different mechanisms. Further experiments and modeling
studies will be needed to establish accurate mechanisms of
interaction.

Another intriguing question is how Tat discriminates TAR
and 7SK-HPI RNAs? It has been proposed that Tat binds to

1852 RNA, Vol. 22, No. 12

the 7SK RNP to recruit the catalytically inactive form of P-
TEFb. TAR captures Tat and P-TEFb from the 7SK RNP, lead-
ing to the displacement of the inhibitory complex 7SK RNP,
which allows the phosphorylation of RNA Pol II (Barboric
and Lenasi 2010; D’Orso and Frankel 2010). Comparison of
the 7SK 5'-terminal hairpin with HIV-1 TAR and HIV-2
TAR revealed that HPI carries the conserved Tat-binding ele-
ment (Fig. 8). Tat recognizes a consensus motif in TAR RNA,
in which U23 and the adjacent base pairs G26:C39 and A22:
U40 were identified as essential for Tat binding (Dingwall
et al. 1989; Weeks et al. 1990; Sumner-Smith et al. 1991;
Weeks and Crothers 1991). In the free HIV-1 TAR RNA,
the bulged residues U23 and C24 were shown stacked within
the helix, while U25 was swung out (Aboul-ela et al. 1996).
Later, other research groups found different stacking arrange-
ments at the trinucleotide bulge with U23 stacked on A22 and
residues C24 and U25 in a predominant looped out confor-
mation (Fig. 8; Long and Crothers 1999; Franck et al. 2009).
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combined molecular dynamics and mea-
sured RDCs demonstrated that U23 and
U25 were looped out (Franck et al.
2009). Finally, all studies showed that
the A22:U40 base pair was not stable.
The analysis of the solution structure of
the 7SK HPI reveals that the repeated
GAUC-GAUC motif (M2) adopts a ge-
ometry that slightly differs from those ob-
served in the TAR RNA element (Fig. 8).
The U40 residue in the 7SK HPI shows
similarity with the U23 residue in HIV-
1 TAR RNA. Both residues are stacked
on the A:U adjacent base pair and the
sequential walk observable in NMR ex-
periments is interrupted at this position.
Another common point relates to the
U68 residue in HPI, the imino proton
not being observable, as reported for the
U40 residue from TAR RNA. This com-
mon feature present both in the 7SK
HPI, HIV-1, and HIV-2 TAR RNA prob-
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FIGURE 7. Interaction with Tat peptide and comparison with TAR RNA.
Heximl and Tat RNA binding domains. (B) Titration of HPI RNA by Heximl NLS domain
and Tat peptide. The imino protons region of 1D spectra recorded at 15°C in 50 mM sodium
phosphate buffer in 90/10 H,O/D,0 at pH 6.4. The assignment of imino proton based on analysis
of NOESY experiments is indicated for the free HPI-wt (top), the HPI-wt:Hexim1(NLS) complex
(middle), and the HPI-wt:Tat complex (bottom; Supplemental Fig. S10B). The assignment of HPI-

wt:Hexim1(NLS) complex has already been reported in our previous work

Broken lines and bold assignments indicate imino protons that undergo chemical shift changes.
(C) Summary of the effects observed on HPI upon interaction. The results obtained with Hexim1
NLS have been previously reported (Lebars et al. 2010). The opening of base pairs is indicated
with stars. The stabilization of base pairs is indicated with squares. Residues for which imino pro-
tons undergo chemical shifts changes upon addition of peptide are highlighted with circles.

In the case of HIV-2 TAR RNA, U23 has been shown to be in-
volved in a weak or transient base stacking on A22, with U25
looped out (Fares et al. 2007). Additional studies based on
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ably originates from the U-bulge. Finally,
the position of U41 in the HPI 7SK RNA
in the major groove of M2 differs from
the looped out conformation of U25
found in HIV-1 and HIV-2 TAR RNA.
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Conclusion
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The three-dimensional solution structure
of HPI from the 7SK RNA shows that it is
highly structured. HPI contains four heli-
cal segments interrupted by one internal
loop and three bulges with distinct struc-
tures. The stacked structure of the internal
loop and bulges opposite helices induces
minor distortions leading to a bending
of the RNA that takes place at the M1 mo-
tif. HPI provides two pre-organized plat-
forms for binding. In particular, the M2
motif exhibits high similarity with the
TAR RNA element. How does Tat dis-
criminate HPI and TAR? Analysis of the
structures of HPI and TAR highlights
subtle differences, such as the position of
U41 in HPI compared to U25 in TAR.
These results provide elements to under-
stand how subtle structural changes of
RNA local structure could lead to an
adaptive recognition of their partners.
Further investigations will be necessary
to establish the detailed molecular and structural principles
of the distinct binding of Hexim1 and Tat to the same site
within the 7SK RNA.
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1996; Long and Crothers 1999; Franck et al. 2009).

MATERIALS AND METHODS

RNA samples preparation

Milligram quantities of RNAs were prepared either unlabeled, fully
and selectively '>C/'°N labeled by in vitro transcription with home-
made T7 RNA polymerase from oligonucleotide templates contain-
ing a 2’-O-methyl modification at position 2 or, in the case of HPI-wt
and HPI, from linearized plasmids (Milligan and Uhlenbeck 1989;
Kao et al. 1999). Plasmids were obtained by cloning the HPI-wt or
HPI sequence into pRZ or pHDV encoding for a hammerhead ribo-
zymein 3’ of the target RNA (Walker et al. 2003 ). The DNA templates
were purchased from Sigma and Eurogentec. Transcription condi-
tions were optimized according to previous protocols (Milligan
and Uhlenbeck 1989; Wyatt et al. 1991). Labeled NTPs (nucleotide
triphosphates) were purchased from Eurisotop and Sigma.

HPI was also segmentally '>C/"°N labeled. The RNA segment
(G24-Gloop) was prepared '>C/'°N labeled. The RNA segment
(G60-C87) was modified at its 5'-end by incorporating GMP nucle-
oside purchased from Sigma. After purification, the (G24-Gloop)
RNA segment was ligated to the modified (G60-C87) fragment by
T4 RNA ligase 2 using a complementary 43-nt DNA splint as de-
scribed previously (Lebars et al. 2014). The T4 RNA ligase 2 was
purchased from New England BioLabs. The 43-nt DNA splint (5'-
GCCTAGCCAGCCAGATCAGCCCGAAGGCGATCAATGGGGT
GAC-3") was purchased from SIGMA.

All RNAs were purified on denaturing polyacrylamide gels (Wyatt
et al. 1991). After electroelution and ethanol precipitation, RNAs
were dialyzed for 24 h against the buffer used for NMR experiments.

1854 RNA, Vol. 22, No. 12

Samples were concentrated by lyophilization and resuspended in 90/
10 H,0/D,0 for experiments involving exchangeable protons and
in 99.9% D,0 for nonexchangeable proton experiments. Each sam-
ple was refolded by heating at 95°C (2 min) and snap-cooled at 4°C.
The concentration of RNA samples was measured using a Nanodrop
Spectrometer and calculated with molar extinction coefficients ob-
tained from the Eurofins MWG Operon calculator (http:/www.
operon.com/tools/oligo-analysis-tool.aspx).

Native gel

The effect of magnesium on HPI-wt and HPI RNAs was character-
ized by electrophoresis under native conditions. The RNA samples
and the control (at 10 uM) were heated at 95°C (2 min) and
snap-cooled at 4°C in the NMR buffer (50 mM sodium phosphate
at pH 6.2). After centrifugation, at 10,000 r.p.m., for 5 min at
room temperature, increasing quantities of magnesium chloride
(from 1 to 10 mM) were added. After incubation for 10 min at
room temperature, the samples were examined by electrophoresis
on a 10% polyacrylamide native gel. The gel was run in 0.5x TBE
at 150 V, at 4°C. Bands were visualized with toluidine blue.

NMR spectroscopy

NMR experiments were recorded at 500, 600 MHz and 700 MHz on
a DRX and Avance III Bruker spectrometers equipped with a z-gra-
dient TBI probe (at 500 MHz), TCI (at 700 MHz) and TXI (at 600
MHz) z-gradient cryoprobes. NMR data were processed using
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TopSpin (Bruker) and analyzed with Sparky software packages
(Goddard and Kneller 2004). NMR experiments were performed
in 50 mM sodium phosphate buffer (pH 6.2). The concentration
of unlabeled and labeled RNA samples ranged from 0.2 to 0.8
mM. Sample volumes were 280 pL in Shigemi NMR tubes and
150 pL in 3 mm NMR tubes.

'H, C, N, and >'P assignments were obtained using standard
homonuclear and heteronuclear methods. NMR data were acquired
at 4°C, 10°C, 15°C, 20°C, and 30°C for exchangeable protons and at
15°C, 20°C, and 30°C for nonexchangeable protons. Solvent sup-
pression for samples in 90/10 H,O/D,0O was achieved using com-
bined “Jump and Return” and WATERGATE sequences (Plateau
and Gueron 1982; Piotto et al. 1992; Sklenar et al. 1993). The residual
HDO resonance in 99.9% D,0 was suppressed using low power pre-
saturation. Two-dimensional NOESY spectra in 90/10 H,0O/D,0O
were acquired with mixing time of 50, 150 and 400 msec. Base-pair-
ing was established via sequential nuclear Overhauser effects (nOes)
observed in 2D NOESY spectra at different mixing times and directly
observed from J(N,N)-HNN COSY experiments performed in 90/10
H,0/D,0 at 4°C and 15°C (Dingley and Grzesiek 1998; Hennig and
Williamson 2000). NOESY spectra with mixing times of 50, 150, and
400 msec in 99.9% D,0O were acquired at 15°C, 20°C, and 30°C.

Heteronuclear NMR spectra were measured at either 20°C or 30°
C in 99.9% D,O with the exception of "H-'"N HSQC experiments
that were acquired at 4°C, 10°C, and 15°C in 90/10 H,0/D,0. 3¢
and/or "N decoupling during acquisition was achieved using the
GARP composite pulse sequence. Assignments of RNAs were
achieved using 2D NOESY experiments at different mixing times,
2D TOCSY and 2D COSY-DQF. Assignments of nonexchangeable
protons of labeled RNAs were completed using ’C filtered-
NOESY, '"H-"°C constant-time HSQC, 3D-HCCH-TOCSY, and
HCN experiments (Santoro and King 1992; Zwahlen et al. 1997;
Iwahara et al. 2001; Riek et al. 2001). 2D filtered/edited NOESY per-
formed on selectively labeled samples with '>C/*°N -G or -U or -A
or -C were used to confirm NOE assignments. Dihedral restraints
were obtained from HP-COSY and HCP experiments at 30°C
(Sklenar et al. 1986; Marino et al. 1995).

NOESY experiments recorded in 90/10 H,0O/D,O and in 99.9%
D,0, at different mixing times and various temperatures were also
performed in the presence of 3 mM Mg”". Heteronuclear NMR
spectra (*H-'>N HSQC, 'H-'>C HSQC) were also acquired with
3 mM Mg>".

For residual dipolar coupling (RDC) experiments, partial align-
ment of '>C/"’N HPI RNA was achieved by adding Pf1 filamentous
bacteriophage supplied in 10 mM sodium phosphate buffer at pH
6.5 (ASLA Biotech), resulting in a splitting of the deuterium solvent
line of 7 Hz. "H-""N and "H-">C RDCs were calculated as the dif-
ference between couplings measured for isotropic and partially
aligned samples with ipap-HSQC and constant time HSQC experi-
ments recorded at 30°C (Ottiger et al. 1998). RDCs could be mea-
sured for the Mg”*-free and 3 mM Mg** samples.

Distance and dihedral restraints for structure
calculation

Distance restraints involving nonexchangeable protons were derived
from cross-peak intensities in NOESY experiments using the H5/H6
cross-peaks of pyrimidines as internal standard. Interproton dis-
tances derived from NOE cross-peaks were classified into four dis-

tance bound ranges: strong (1.8-3.0 A), medium (3.0-4.5 A), weak
(4.0-5.5 A), and very weak (4.5-7.0 A). Hydrogen bonding re-
straints were used for base pairs: from G24-C87 to C33-G78,
C35:G74 to C36°G73, C37°G70 to C38:G69 and G42:C67 to
C48+G60. Classical A-helix dihedral angle values were used for
stem residues: o =—65+30° f=178+30° and &=—155%30°.
For residues G24, A34, C35, C37, U40 to G42, G46, Ul to G60,
U63, G64, U68, C71 to G73, C75 to G78, a was left unconstrained.
B was constrained to the trans conformation (178 + 30°) for most of
residues, except U41 and U76, which were constrained to gauche™
conformation (—60 + 30°) as determined from the analysis of *Jp.
nss Jpse and Jp.cy from HP-COSY and HCP experiments. €
was constrained to the trans conformation (—155 + 30°) for most
of residues, with the exception of C36, U4l, G46, U2, C3, C71,
U72, C75, and U76, that were constrained to gauche™ conformation
(260 +30°) as determined from the analysis of *Jy3.p, “Jco_p and
*Jca-p derived from HP-COSY and HCP experiments. Torsion an-
gles x were derived from the observation of intra-residue H6/H8-
HY’ cross-peak volumes. All bases were restrained to anti-conforma-
tion (—158 + 30°), with the exception of U41, G46, U2, C3, G4, C71,
U72, C75 to A77 which x angles were loosely constrained. The ribose
sugar pucker was determined from the analysis of H1'-H2’ coupling
constants. Torsion angles v, to v, were derived from the analysis of
COSY-DQF and TOCSY experiments. Nucleotides with no COSY
and no TOCSY cross-peaks between H1” and H2’ protons were re-
strained to the C3'-endo conformation (vy = 6 £+ 15°, v; = =25 + 15°,
v, =37 £ 15°% v3=-37+15°% v, =21 15°). Nucleotides U2, C3,
C71, U72, C75 to A77, with cross-peaks in the COSY spectrum,
were classified as C2'-endo (vo=-21+15°% v;=35+15° v,=
35+ 15% v5 =24 4 15°, v, = —2 + 15°).

Structure calculations

Structures were calculated with CNS (crystallography and NMR sys-
tem) torsion angle molecular dynamics (TAMD) protocol for nucle-
ic acids using NOE and dihedral angle restraints (Brunger et al.
1998). One hundred structures were generated from a randomized
extended strand. The first stage consisted of a high-temperature tor-
sion angle dynamics for 30 psec at 20 000 K with a van der Waals
scale factor of 0.1. During the second stage, the molecules were
cooled for 40 psec of torsion angle dynamics with a van der Waals
scale factor increased from 0.1 to 1. In the third stage, molecules
were submitted to a second slow cooling for 35 psec in Cartesian
space where the van der Waals scale factor increased from 1 to
4. Finally, 10 Powell cycles of energy minimization of 300 steps
each were done.

In the second step, the structures were refined adding RDCs data
to the structural restraints. Axial (Da) and rhombic (R) components
of the aligned tensor were determined from structures calculated in
the absence of RDCs with zero violation on NOE distance (0.2 A)
and dihedral (5°). The initial alignment tensor was first estimated
from the best fit of observed RDCs to the calculated prefolded struc-
tures, using the PALES software (Zweckstetter and Bax 2000). An
extensive grid search was then used to determine optimal Da and
R values (Clore et al. 1998). Da and R were calculated at —20.2 Hz
and 0.58, respectively, for the structures with no magnesium, and
at —22.2 Hz and 0.58, respectively, for the structures with 3 mM
magnesium. The prefolded structures were next submitted to a cal-
culation including RDC data. The first stage consisted of a torsion
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angle dynamics for 10 psec at 300 K with a van der Waals scale factor
of 0.1. During the second stage, the molecules were cooled for 9 psec
of torsion angle dynamics with a van der Waals scale factor increased
from 0.1 to 1. The SANI force constraint used for RDCs was grad-
ually increased from 0.01 kcal mol™" Hz™? to 1.00 kcal mol™’
Hz ™. Finally, 10 Powell cycles of energy minimization of 800 steps
each were done. These structures, with no violations and the best
fit with RDCs data, were further refined using the nucleic acid force
field to include optimized potentials for liquid simulation (opls),
charges and nonbonded parameters (Jorgensen and Tirado-
Rives 1988). Quality factors (Q) and root-mean-square deviations
(RMSD) between input and calculated RDCs were calculated with
the PALES software for the 10 final converged structures before
and after refinement with the opls force field (Table 1; Zweckstetter
and Bax 2000). Structures were visualized and analyzed with
MOLMOL, Pymol and 3DNA software packages (Koradi et al.
1996; Delano 2005; Colasanti et al. 2013).

Coordinates

Atomic coordinates have been deposited in the Protein Data Bank
(PDB ID code 5IEM) and the NMR data in the Biological
Magnetic Resonance Bank (BMRB access code 30026).

HIV-1 Tat peptide synthesis, purification, and analysis

Tat peptide was synthesized on a Applied biosystem 433A peptide
synthesizer using standard Fmoc chemistry and resins. The peptide
was purified by HPLC using a preparative scale C18 column
(Waters: PrepPak cartridge, 21 x 250 mm, 300 A, 5 pM) with an ace-
tonitrile gradient in 0.1% trifluoroacetic acid. The molecular weight
and purity of the peptide were confirmed by mass spectroscopy. The
sequence of HIV-1 Tat peptide is FITKGLGISYGRKKRRQRRRPS
QGGQTHQDPIPKQ. Tat peptide was dialyzed against the buffer
used for NMR experiments. The concentration was determined
on a Nanodrop Spectrometer using a molar extinction coefficient
calculated with the ExPASy Proteomics (http:/www.expasy.ch/
tools/protparam.html).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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