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ABSTRACT

The 7SK small nuclear RNA (7SKsnRNA) plays a key role in the regulation of RNA polymerase Il by sequestrating and inhib-
iting the positive transcription elongation factor b (P-TEFb) in the 7SK ribonucleoprotein complex (7SKsnRNP), a process
mediated by interaction with the protein HEXIM. P-TEFb is also an essential cellular factor recruited by the viral protein Tat
to ensure the replication of the viral RNA in the infection cycle of the human immunodeficiency virus (HIV-1). Tat promotes
the release of P-TEFb from the 7SKsnRNP and subsequent activation of transcription, by displacing HEXIM from the 5'-hair-
pin of the 7SKsnRNA. This hairpin (HP1), comprising the signature sequence of the 7SKsnRNA, has been the subject of
three independent structural studies aimed at identifying the structural features that could drive the recognition by the
two proteins, both depending on arginine-rich motifs (ARM). Interestingly, four distinct structures were determined. In
an attempt to provide a comprehensive view of the structure-function relationship of this versatile RNA, we present
here a structural analysis of the models, highlighting how HP1 is able to adopt distinct conformations with significant im-
pact on the compactness of the molecule. Since these models are solved under different conditions by nuclear magnetic
resonance (NMR) and crystallography, the impact of the buffer composition on the conformational variation was investi-
gated by complementary biophysical approaches. Finally, using isothermal titration calorimetry, we determined the ther-
modynamic signatures of the Tat-ARM and HEXIM-ARM peptide interactions with the RNA, showing that they are
associated with distinct binding mechanisms.
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INTRODUCTION (P-TEFb) (Michels et al. 2004; Bigalke et al. 2011; Kobbi
etal. 2016; Michels and Bensaude 2018a). P-TEFb, a heter-
odimer comprising the cyclin T1 and the cyclin-dependent
kinase CDK9, plays an essential role in regulating the tran-
scriptional activity of RNA polymerase Il (RNApol Il) in eu-
karyotes (Peterlin and Price 2006; Zhou and Yik 2006).
Capture by the 7SKsnRNP inhibits P-TEFb kinase activity
and prevents the phosphorylation of RNApol Il and pausing
factors. This reversible sequestration depends on the pro-
tein HEXIM, which binds the 7SK snRNA through its argi-
nine-rich motif (ARM) (Nguyen et al. 2001; Yang et al.
2001; Schulte et al. 2005; Yik et al. 2005; Dames et al.

In human and other vertebrates, the 7SK RNA is an abun-
dant small nuclear RNA (snRNA), acting as the scaffold of
the ribonucleoprotein complex 7SKsnRNP (He et al.
2008; Diribarne and Bensaude 2009; Xue et al. 2010; Bro-
gie and Price 2017), which includes the La-related protein
LaRP7 and the methylphosphate capping enzyme MePCE.
These proteins ensure the stability of a core 7SKsnRNP and
promote further assembly of larger complexes (Jeronimo
et al. 2007; Krueger et al. 2008; Markert et al. 2008; Xue
etal. 2010). In particular, a complex with the HEXIM protein
(HEXIM1 or HEXIM2 in human, with similar properties)
recruits the positive transcription elongation factor b
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Conformations of the 5'-hairpin of the 7SK snRNA

2007; Schénichen et al. 2010; Michels and Bensaude
2018b). P-TEFb is also an essential cellular factor for the
regulation of the human immunodeficiency virus (HIV-1)
replication and is hijacked to maximize HIV transcription
(Mbonye and Karn 2017). The protein Tat binds the cyclin
T1 using its activation domain, while its RNA-binding
domain associates with the trans-activating responsive
RNA element (TAR) located at the 5'-untranslated region
of the viral genome (Muesing et al. 1987; Marciniak et al.
1990; Mancebo et al. 1997; Isel and Karn 1999; Karn
1999; Berkhout and van Wamel 2000). Tat has been shown
to efficiently displace HEXIM1 from the 7SK RNA, resulting
in the release of P-TEFb (Barboric et al. 2007; Muniz et al.
2010; Rice 2017). Early reports show that the ARM within
the central region of HEXIM (residues 149-165 residues,
in human HEXIM1) is fully functional in vivo and in vitro
for 7SK binding and highlights the sequence similarity be-
tween the Tat and HEXIM peptides (Yik et al. 2004). The
HEXIM ARM is bipartite, and comprises two stretches of ar-
ginines and lysines, separated by a proline (P)- serine (S) in-
sertion in the middle. The first stretch resembles closely the
Tat peptide and ends at the proline residue. The second
part contains a conserved tryptophan residue (Yik et al.
2004). Several studies demonstrate that HEXIM and Tat
bind to the conserved 5'-terminal hairpin of the 7SK RNA,
with the (24-87) region (named HP1 hereafter) being the
minimal domain required for the interaction (Egloff et al.
2006; Belanger et al. 2009; Martinez-Zapien et al. 2015).
Both HEXIM and Tat recognition sites comprise the signa-
ture of the 7SK RNA, a GAUC repeat framed by single-
stranded uridines (Marz et al. 2009). However, the nucleo-
tides targeted by HEXIM1 and Tat are not strictly the same,
suggesting distinct binding modes (Lebars et al. 2010;
Muniz et al. 2010; Bourbigot et al. 2016; Martinez-Zapien
et al. 2017). Recently, a structural investigation of the Tat-
ARM motif binding to HP1 describes four preformed motifs
in the free RNA promoting the penetration of the peptide
as it meanders into a full turn of the major groove and folds
back to form a hairpin, with a minimal conformational
change upon recognition (Pham et al. 2018).

Aiming at identifying the structural features that could
drive the recognition of HP1 by HEXIM1 and Tat, we pre-
viously determined the three-dimensional structure of the
HP1 RNA (with a UUCG apical tetraloop) using nuclear
magnetic resonance (NMR) and X-ray crystallography
(Bourbigot et al. 2016; Martinez-Zapien et al. 2017).
Interestingly, the solution and crystal structures differ.
Subsequently, an independent group solved a structure
of the same region but with a different (GAGA) apical tet-
raloop by NMR (Pham et al. 2018).

In this work, we first provide a detailed analysis of the
structural differences between the four models. Since the
various structures were solved from very different environ-
ments in terms of salt content and pH, we used comple-
mentary biophysical approaches to investigate how the

buffer conditions could lead to the observed variations.
Finally, using isothermal titration calorimetry (ITC), we de-
termined the thermodynamic binding parameters of the
Tat-ARM and HEXIM1-ARM peptides to the RNA in order
to obtain a comprehensive view of the driving forces in-
volved in the formation of the complexes. The present
manuscript thus summarizes the results obtained while
also providing a synthetic view of our present knowledge
about this particularly versatile RNA.

RESULTS

Distinct conformations observed at high resolution
illustrate the high flexibility of the RNA HP1-
tetraloop molecules

Comparison of the four structures

Three independent structural studies of the 5'-terminal
hairpin of the human 7SK RNA have been conducted using
two different RNA constructs: one construct with a thermo-
stable UNCG tetraloop (HP1-UUCG) and the second con-
struct with a GNRA tetraloop (HP1-GAGA), both replacing
the 11-nt apical loop of the HP1 hairpin. The secondary
structure of HP1 comprises a long stem and several bulges
(Fig. 1). The 7SK signature, a short helix formed by the re-
peat (GAUC), framed by the single-stranded uridines U40-
U41 on one side and U63 on the other, is located in the api-
cal part of the molecule (Fig. 1). Four distinct structures of
HP1 have been observed (Fig. 1). Crystallographic deter-
mination from three different crystals (PDB Id: 5LYS,
5LYU, 5LYV) revealed that two major conformations of
HP1-UUCG coexist in a single crystal (Fig. 1A; Martinez-
Zapien et al. 2017). They mainly differ at the position of
the uridines framing the (GAUC), sequence. A completely
different, more extended, conformation of HP1-UUCG was
determined simultaneously by NMR (Fig. 1B, PDB Id:
5IEM; Bourbigot et al. 2016). More recently, a NMR study
described a conformation of the HP1-GAGA version (Fig.
1C, PDB Id: 6MCl), which is compact and closer to the crys-
tal structures than that of 5IEM conformation (Pham et al.
2018).

The four models are similar at the level of the helices and
the apical loops, as well as for the U72 and U76 residues,
which are swung outside the helix. They differ essentially
atthe predicted bulges (Fig. 1A,B). In the crystal structures,
the stems are stabilized by coaxial stacking interactions,
which extrude the single-stranded residues. Most nest
into the major groove forming base triples with base pairs
often remarkably far in sequence. This leads to straight and
compact structures, in contrast to the loosely packed NMR
structures and results in a large difference of ~17 A in
length between the crystal structure (~66 A) and the ex-
tended NMR (~83 A) models. Alternative structures are ob-
served at the internal loop in the central part of the
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FIGURE 1. Comparison of the four structures from crystallography (A) and NMR (B and C) highlighting the conformational landscape explored by
HP1. (Top) Secondary structures showing nucleotides modified from the natural sequence of homo 75K (outlined) and bulged nucleotides (col-
ored). These are colored according to their situation: stacked inside the helix (green), swung outside the helix (red), or forming base triples (blue),
with dashed lines connected to their coplanar base pairs. Base triples and the noncanonical pairs are further described using the Leontis—-Westhof
notation (Leontis 2002; Abu Almakarem et al. 2012). The small arrow in panel B indicates that U41 lies in the major groove in the vicinity of A43:
Ué6 base pair in this structure. (Bottom) 3D structures in similar orientation emphasizing local dynamics, with the crystal structures colored by B-
factors and NMR structures by local RMSD differences colored and represented as a thickness of the backbone. The color scales are indicated.
The indicated size of each conformer was estimated as the distances from G24(C1’) to U240,(C1°) for crystal (A) and 5IEM (B) structures, and from

G24(C1") to A2i50p(C1") for the 6MCl structure (C).

molecule (Fig. 1; Supplemental Table S1). An interesting
difference lies at the level of the U68 residue, a residue lo-
cated just below the 7SK signature. In the extended con-
formation (5IEM), U68 is observed transiently involved in
two possible hydrogen bonds with A39 and U40, in con-
trast with the Hoogsteen base pair formed in the compact
solution structure (6MCI) and the Watson-Crick base pair
formed with A39 in the crystal structures (Supplemental
Fig. S1C). Amajor variation was observed at the 7SK signa-
ture. Two different conformers are observed for U40 and
U41 residues (PDB Id: 5LYS, 5LYV) within the same crystal.
In the OUT conformation, U41 is flipped outwards to the
solvent while U40 is involved in a base triple with the
A43:U66 base pair of the (GAUC); helix (Fig. 1A; Supple-
mental Fig. S1B). In the IN conformation, both uridines
are positioned within the major groove of the (GAUC); he-
lix, in which case U41 is involved in the triple with A43:U66,
and U40 displaced toward the apex, making a base triple
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with the C45:G64 base pair. The OUT conformation is ob-
served for 80% of the total conformers obtained from na-
tive, osmium or gold crystals, each comprising two
molecules in the asymmetric unit and was shown to be
more stable than the IN conformation in a molecular dy-
namics study (Réder et al. 2020). In contrast, in the extend-
ed NMR structure (5IEM), experimental data did not show
evidence for nucleobase flipping between U40 and U41
residues. U41 lies in the major groove and in proximity of
A43-Ubb and G42-C67 Watson—Crick base pairs, without
establishing specific interactions (Fig. 1B; Supplemental
Fig. S1B). The recent NMR analysis performed with the
HP1-GAGA construct (6MCI) shows a conformation similar
with OUT, with U41 turned outwards, and U40 in a triple
with A43:U66 (Fig. 1C). While this structure is compact,
with a comparable length as in the crystal structures (66
A), it shows alternative positions for several of the bulged
residues. While C71, C75, and U63 make the same triples
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as in the crystal structures (Fig. 1), A34 and A77 residues
are stacked inside, as in the extended NMR structure
(5IEM).

Analysis of the models in light of NMR data

These differences led us to examine the compatibility of
the models (IN and OUT conformations, and 6MCI) with
our NMR data recorded with HP1-UUCG. Our reported as-
signment of HP1-UUCG was based on the analysis of a
large set of homonuclear and heteronuclear experiments
recorded on unlabeled and ">N/"3C fully, segmentally or
selectively labeled RNA constructs (Bourbigot et al.
2016). The nucleotide specific labeling allowed the obser-
vation of NOEs resulting from the ">N/**C nucleotide alone
or arising from the unlabeled other three nucleotides by re-
cording 2D 13C- edited/filtered NOESY, respectively. Inad-
dition, 3D heteronuclear experiments (‘H, "°N, *C, 3'P)
granted the determination of NMR restraints for each nu-
cleotide. In particular, assignment of U40 and U41 residues
stands on the analysis of 3D-HCP experiments (Marino etal.
1995) combined to '3C-filtered/edited NOESY that were
recorded on "*C/">N -G or-U or -A or -C selectively labeled
RNA. These sets of experiments provided unambiguous
assignment and restraints for structure calculation.

First, to investigate the compatibility of the structures
with the NMR data from HP1-UUCG (5IEM), we selected
a series of protons as landmarks for specific conformations
(stacking with adjacent bases or interaction with a nucleo-
tide of the other chain). Then corresponding distances
were calculated in crystal structures (HP1-UUCG: PDB Id
5LYS, 5LYU, 5LYV) and NMR (HP1-GAGA: 6MClI) structure
and we checked whether these could be observed in

NOESY experiments (Supplemental Table S2). As NOE
cross-peaks correlate protons within a distance of 5 A, no
peak can be observed when protons are more than 5 A
apart. For example, at the level of the U40-U41 bulge, a
NOE involving U40-Hé and A39-H1" indicates that U40 is
unpaired and stacked on residue A39 (Bourbigot et al.
2016). In the crystal structure, the corresponding distances
are, respectively, 9.7 £0.1 Aand 8.0+ 0.1 Ain IN and OUT
conformations, which are too long to observe NOE corre-
lations (Supplemental Table S2). On the other hand, the
U41 imino proton exhibits weak NOE cross-peaks with
both U66-H3 and C67-H5 protons in HP1-UUCG, which
are not explained by the other three models (Bourbigot
et al. 2016). Similar results are observable for A34, A77,
and U63 (Supplemental Table S2). Nucleotide C71, at
the (C71-U72) bulge, shows the only example where dis-
tances (G73-H8 and C71-H1’) are consistent with the ob-
servation of a NOE correlation in all structures. However,
our NMR data did not provide evidence of the involvement
of C71 in a triple with G74:C35 as observed in crystals and
HP1-GAGA structures.

Second, we compared all models with the measured
one-bound N-H and C-H residual dipolar couplings
(RDCs) from HP1-UUCG (5IEM) (Bourbigot et al. 2016).
RDC data orient the internuclear vector with respect to
the axis of the molecule and thus, provide long-range
global restraints improving the accuracy of the structure.
We observe that the RDCs calculated from crystal and
HP1-GAGA structures clearly deviate from the measured
RDCs (Fig. 2; Supplemental Table S3). As RDCs are sensi-
tive to both local environment and global fold, this indi-
cates that the crystal and 6MCI structures are not
observed under the conditions used in our NMR study.
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FIGURE 2. Correlation of experimental RDC values with RDCs calculated from (A) NMR solution structures (PDB Id: S5IEM) (Bourbigot et al. 2016)
refined with distances, torsion angles and RDC constraints; (B) from X-ray structures (PDB Id: 5LYS, 5LYU, 5LYV) (Martinez-Zapien et al. 2017); and
(C) from NMR structures determined by Pham et al. (PDB Id: 6MClI) (Pham et al. 2018). For NMR structures, each color represents one conformer
(panels A and C). For X-ray structures, conformers used for calculations are indicated. The correlation coefficient (R?) is indicated for each

structure.
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Undoubtedly, the NMR interpretation depends on the
detection of cross-peaks with line shape and line width,
which are directly impacted by the dynamic and the con-
centration of one or more conformations. The determina-
tion of models does not fully take into account the
presence of different conformations with low percentages.
Thus, we cannot exclude that the molecule HP1-UUCG
(and most probably HP1-GAGA) fluctuates between differ-
ent structures, not detectable by NMR.

The four experimental models were obtained from very
different buffer conditions, raising questions about the im-
pact of pH and magnesium concentrations on the major
conformation in a given solution. In the following sections,
we present investigations of the influence of the buffer
composition (pH and M92+) on the structure and recogni-
tion by Tat and HEXIM1 peptides.

Impact of the buffer composition on the HP1-UUCG
structures

UV melting experiments were carried out to examine the
thermal stability of HP1-UUCG at various pH values (5.2,
6.4, and 7.5) that were used for the different structural stud-
ies. HP1-UUCG exhibits a similar melting temperature (T,,)
at all tested pH, suggesting that there is no significant sta-
bilization resulting from the variation of pH by itself (Table
1; Supplemental Fig. S2). We next investigated the influ-
ence of the magnesium concentration, an ion well known
to impact the stability and folding of RNA structures. Ther-
mal denaturation experiments were recorded at pH 5.2,
6.4, and 7.5 with increasing magnesium concentrations in
the range of 0.1 to 6 mM in a buffer containing 50 mM
sodium phosphate (Table 1; Supplemental Fig. S2). At
each pH, aclearincrease of T, is observed upon increasing
magnesium concentration, indicating an enhancement in
the thermal stability of the RNA (Table 1; Supplemental
Fig. S2). There is also a global decrease of T, upon increas-
ing pH (Supplemental Fig. S2C), suggesting a combined
effect of pH and magnesium on the stability of the RNA.

TABLE 1. Melting temperature, T, of 7SK HP1-UUCG

(76
[Mg?*] (mM) pH 5.2 pH 6.4 pH 7.5
0 63.7+0.2 64.0+0.0 65.0=0.0
0.1 67.0=0.5 65.5+0.5 65.2+0.2
0.3 69.2+0.2 66.7+0.2 66.5+0.5
1 73.5+0.5 71.0=0.0 67.5+0.5
3 78.0=0.0 75.7+0.2 71.0=0.0
6 81.0=0.0 80.0+0.0 73.5+0.0

Each T, is represented by the mean = standard error calculated from two
or three independent measurements.
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The Mg®*-induced effects were previously analyzed by
monitoring the imino proton region in the spectrum of
HP1 (Bourbigot et al. 2016). As recalled in Supplemental
Figure S3 and Figure 3, only a few changes were observ-
able at low magnesium concentration (up to 10 mM),
and in particular the stabilization of the base pairs involving
G69, G70,G73, and G74 residues located in the central re-
gion. Further structural analysis based on NMR bidimen-
sional experiments recorded at 3 mM Mg** showed a
bending of the structure and the shift of residue U41 closer
to the A43:U66 base pair. In the present study, the titration
by monitoring of imino protons was continued until a con-
centration of 60 mM Mg?* was reached, in order to attain
the high magnesium concentration that was present in the
crystallization drop (initially 50 mM Mg®*). No significant
changes were observed beyond a concentration of 10
mM Mg2+ (Fig. 3; Supplemental Fig. S3), at which the
chemical shifts perturbation reaches a plateau. However,
additional NOESY experiments recorded at 6 mM Mg?*
concentration show the disappearance of cross-peaks be-
tween U66-H3 and U41-H3 on one hand, and U40-H3 and
G42-H1 on the other hand suggesting a further dis-
placement of U40 and U41 residues (Fig. 3). Moreover,
the concomitant appearance of a weak cross-peak be-
tween G70-H1 and G73-H1 indicates a stacking between
residues G70 and G73 that was not observed at low
magnesium concentration. The initiation of a structural
compaction is thus observed at higher magnesium con-
centrations. Due to spectral broadening at concentrations
above 6 mM, changes could not be followed by bidimen-
sional NMR.

To overcome these limitations, we turned to small-angle
X-ray solution scattering (SAXS), another independent
structural method to observe molecules in solution that
provides only low resolution information, but allows to
work in various buffers. Concentrated solutions of the
HP1-UUCG were studied by SEC-SAXS, where the diffu-
sion data are recorded at the exit of a size exclusion chro-
matographic column, thus reducing aggregation. SAXS
diffusion experiments were performed in three different
buffers: (i) buffer “X,” as close as possible to the crystalliza-
tion condition (Martinez-Zapien et al. 2017) (50 mM TRIS
pH 7.5, 50 mM NaCl, 50 mM MgCly); (i) buffer “NMR,"”
used in the original structure determination (Bourbigot
et al. 2016) (10 mM sodium phosphate at pH 6.5); and
(iii) buffer “SAXS" (10 mM sodium cacodylate at pH 6.5,
6 mM MgCl,, 0.25 mM EDTA, 100 mM NaCl), which in ear-
lier SAXS investigations of the 7SK RNA was found to pro-
vide the most reproducible and aggregation-free data (AC
Dock-Bregeon, unpubl.).

The SAXS diffusion curves obtained in the different buff-
ers are similar and show only small differences. In particu-
lar, the scattering profiles obtained in the “X" and “SAXS"
buffers, which contain magnesium, are very close (Fig. 4,
red and yellow curves, respectively). Interestingly, the
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FIGURE 3. (A) Secondary structure of HP1-UUCG highlighting the nucleotides showing chemical shift perturbations (CSP) upon addition of mag-
nesium at high concentration (60 mM). The extent of the CSP is represented as the thickness of the character. Nucleotides showing CSP at a
threshold of 0.05 ppm are represented in blue, while nucleotides at threshold of 0.40 ppm are indicated in bold blue. (B) Imino-protons region
of 1D spectra recorded at 15°C in 50 mM sodium phosphate buffer (pH 6.4) with increasing magnesium concentrations, indicated on the left.
Imino protons that undergo variations are indicated in blue. (C) Imino/imino protons region of NOESY spectrum recorded at 15°C in 90/10
H20/D20 with a mixing time of 400 msec in the absence of magnesium (black) and with 6 mM M92+ (blue). Cross-peaks that show up upon mag-

nesium are highlighted in blue.

scattering profile from the solution in the “NMR” buffer,
without magnesium, shows higher intensity at the smallest
angles compared to the profile measured in “X" or
“SAXS" buffers (Fig. 4, green curves above the others),
and very close to the theoretical blue curve calculated
with 5IEM coordinates (panel A). Indeed, the radius of gy-
ration (Rg) deduced from the Guinier analysis is larger for
the molecule in this Mg-free buffer (24.20+0.03 A), as
compared with Ry in the case of the X buffer (23.70+
0.02 A) or the SAXS buffer (22.90+0.02 A) (Supplemental
Fig. S4). These observations sustain that the magnesium
tends to compact the HP1-UUCG structure. The Kratky
plots (Supplemental Fig. S4) indicate that the RNA is cor-
rectly folded in all three buffers. However, for the Mg-
free buffer, the curve shows a shallower peak followed
by a less strongly sloped tail as compared to the curves ob-
tained with the Mg-containing buffers, which indicates that
the conformation is more disordered (Plumridge et al.
2018).

The experimental curves acquired in all three buffers
were compared to the theoretical diffusion curves calcu-
lated using CRYSOL (Svergun et al. 1995) from three
models: the crystal structure OUT (Martinez-Zapien
et al. 2017), which gives a very similar curve as the IN
conformation (not shown), the NMR structure (5IEM,
Bourbigot et al. 2016) and the structure determined
with the GAGA tetraloop (6MCI, Pham et al. 2018). As
shown in Figure 4 (lower panels) the model that shows
the best fit between calculated and experimental scatter-

ing profiles is the extended NMR model HP1-UUCG (Fig.
4A), while larger differences are observed with the model
HP1-GAGA.

These results altogether highlight that HP1 is able to
adopt several distinct conformations, the more compact
being associated with magnesium ions. Whether these
conformations are related to its function, especially to rec-
ognition by Tat or HEXIM1, is still an issue. We took the op-
portunity of this study evidencing buffer effects to
question the binding of the peptides in the diverse pH
conditions.

Investigation of binding of HEXIM1 and Tat ARM
domains to HP1-UUCG by ITC

In order to determine the physical basis of HP1-UUCG
binding by Tat and HEXIM1, we performed isothermal ti-
tration calorimetry (ITC) experiments at various pH (5.2,
6.4, and 7.5). ITC is a widely used approach to directly
study molecular interactions, and which provides insight
into binding mechanisms.

To investigate the binding of ARM-HEXIM1 to HP1, we
used a 17 aa peptide encompassing the HEXIM1-ARM
bipartite sequence corresponding to residues 149-165
of the human protein with the proline (P) and serine (S) in-
sertion of sequence GKKKHRRRPSKKKRHWK (Lebars
et al. 2010). To analyze Tat binding, we used a peptide
comprising the RNA binding motif (8 aa) and downstream
amino acids (48-67) from the Tat sequence,
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FIGURE 4. Small-angle X-rays scattering (SAXS) analysis of the HP1-UUCG molecule in different buffers solutions. (Top) Experimental scattering
curves obtained in buffer X" (50 mM NaCl, 50 mM MgCl,, 50 mM Tris-HCl pH 7.5; red line), buffer “NMR"” (10 mM Na phosphate pH 6.5; green
line), or buffer “SAXS” (100 mM NaCl, 10 mM NaCacodylate pH 6.5, 6 MM MgCl,, 0.25 mM EDTA,; yellow line) are represented together with the
theoretical curves (blue line) back-calculated from the high-resolution structures with the program CRYSOL (Svergun et al. 1995). (A) Fit with the
extended NMR structure (model 5IEM, blue line) (Bourbigot et al. 2016). (B) Fit with the crystal structure “OUT" (blue line) (Martinez-Zapien et al.
2017). A similar result was obtained with the “IN" crystal structure (not shown). (C) Fit with the compact NMR structure (model 6MCI, blue line)
(Pham et al. 2018). (Bottom) Differences between experimental and theoretical scattering curves.

GRKKRRQRRRPSQGGQTHQD, designed such as to per-
form ITC experiments with peptides of similar size.

Salt-dependence of ARM-peptides binding to HP1

As ARM motifs contain a high density of positively charged
lysines and arginines at neutral pH that could significantly
contribute to nonspecific binding through electrostatic in-
teractions with the RNA backbone, we examined the influ-
ence of salt on ARM/RNA interactions. As shown in
Supplemental Figure S5, the data obtained at low range
of salt concentrations (0.1 and 0.2 M NaCl) could not be fit-
ted to a binding isotherm. This indicates a large contribu-
tion of nonspecific binding. The nonspecific binding
decreases as the salt concentration increases and be-
comes negligible at 0.5 M NaCl. Similar observations
have been reported for Rev-ARM/RNA complexes
(Jayaraman et al. 2015). Consequently, all experiments
were conducted in the presence of 0.5 M NaCl at pH
5.2,6.4,and 7.5.

ITC reveals different binding mechanisms for Tat-ARM
and HEXIM1-ARM to HP1

We first carried out ITC experiments by titrating the HP1-
UUCG RNA by HEXIM1-ARM peptide on one hand, and
by Tat-ARM peptide on the other hand at pH 6.4 (NMR
conditions supplemented with 0.5 M NaCl). Both interac-
tions display similar dissociation constants (Ky): 23.1 £0.6
pM with HEXIM1-ARM and 21.9 0.7 yM with Tat-ARM.
However, the associated thermodynamic parameters
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show distinct features (Table 2; Fig. 5B; Supplemental
Fig. S6, middle). The Tat-ARM binding is characterized
by a favorable enthalpy change (AH: —19.9+0.4 kcal.
mol™") and an unfavorable entropy change (—TAS: 13.6 =
0.4 kcal.mol™), while the HEXIM1-ARM binding is driven
by a smaller negative AH (=6.3 0.1 kcal.mol™") and neg-
ligible entropy change (~TAS % 0). The favorable enthalpy
(AH < 0) observed for both interactions indicates that the
binding is driven by the formation of hydrogen and other
noncovalent bonds. In contrast, the entropic difference
suggests a loss of conformational freedom (—TAS >0)
only for the Tat-ARM binding. Our previous NMR analysis
showed that both peptides induce a stabilization of G69:
C38 and G70:C37 base pairs and the closure of the base
pair A39:U68, not formed in the free RNA (Lebars et al.
2010; Bourbigot et al. 2016). The appearance of new hy-
drogen bonds and base-pairing correlates well with the
observed favorable enthalpy upon peptide binding. A
contrasting difference was that HEXIM1-ARM promoted
an additional opening of two base pairs within the
(GAUQ); helix (Lebars et al. 2010). The entropy value close
to zero observed for HEXIM1-ARM binding could thus be
explained by a compensation between the loss of confor-
mational freedom common to the two peptides and the in-
creased disorder associated with the unwinding at
(GAUC); induced only by the HEXIM1-ARM.

Next, we performed the same ITC experiments at pH 5.2
(Fig. 5A; Supplemental Fig. Sé, left). Upon HEXIM1-ARM
binding, the dissociation constant (Ky) decreases to 11.6
+0.6 pM with favorable enthalpic and entropic contribu-
tions. The enthalpy value is similar to that observed at pH
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TABLE 2. Isothermal titration calorimetry of HEXIM1-ARM and Tat-ARM binding to HP1-UUCG

pH Ky (M) AH (kcal/mol) —TAS (kcal/mol) AG (kcal/mol)
HEXIM1-ARM 5.2 11.6x0.6 -4.0+0.2 -2.8+0.3 —-6.7 0.1
6.4 23.1+0.6 -6.3+0.1 -0.002+0.012 -6.3+0.1
7.5 73.9+6.4 -5.6+0.3 —0.005 +0.361 —-5.6+0.1
Tat-ARM 5.2 225+0.6 -22.4+0.6 16.0+0.6 -6.3+0.2
6.4 21.9+0.7 -19.9+0.4 13.6+0.4 -6.4+0.0
7.5 98.5+21.9 -7.8+x0.7 2.3+0.8 -5.5+0.1

6.4 (4.0 £0.2 kcal.mol™") while the entropy is now nega-
tive (—2.8 = 0.3 kcal.mol™") indicative of hydrophobic and
stacking contributions. On the other hand, the titration con-
ducted atpH 5.2 with the Tat-ARM peptide shows the same
profile as at pH 6.4, characterized by an enthalpy-driven
binding reaction with a dissociation constant of 22.5+0.6
uUM and AH and (-TAS) values of —=22.5+0.6 and 16.0+
0.6 kcal.mol™", respectively. Thus, in contrast to HEXIM1-
ARM, there is a minimal influence of the pH on Tat-ARM
binding to the RNA. Finally, at pH 7.5 the thermodynamic
signatures are similar as observed at pH 6.4, but with a
globally weaker binding as demonstrated by a higher dis-
sociation constant (Fig. 5C; Supplemental Fig. S6).

We next performed the same experiments with the HP1-
GAGA construct (Supplemental Fig. S7). Similar results as
those with HP1-UUCG were obtained for the Tat-ARM but
they were different with the HEXIM1-ARM peptide. At pH
6.4, the favorable enthalpy is now accompanied by a weak,
but clear, favorable entropy (Supplemental Fig. S7). At pH
5.2, surprisingly, the data could only be fitted with a two
sites binding model (see Discussion).

In conclusion, our ITC experiments highlight different
behaviors when Tat-ARM or HEXIM1-ARM bind to the
HP1-tetraloop. Interestingly, Tat-ARM recognizes HP1
similarly at all tested pH, for both constructs, HP1-UUCG
and -GAGA, with an enthalpy-driven reaction overwhelm-
ing the entropic cost. In contrast, the thermodynamics of
the binding mode of HEXIM1-ARM depend on the pH
and the nature of the construct.

DISCUSSION

NMR and crystallography provide complementary infor-
mation. On one side, NMR structure determination based
mostly on short averaged proton—proton distances (<5 A)
leads to structural fluctuations. Nowadays, the accuracy
of the solution structures has been improved with comple-
mentary long-range information (Hansen et al. 1998; Getz
et al. 2007). On the other side, the crystal structures are
directly deduced from the electron density, but are sensi-
tive to the packing forces. These can nevertheless lead to
observation of transient conformations, which are frozen in
the crystal when they favor stable packing (Dock-Bregeon
et al. 1988).

In the study of HP1-tetraloop, these techniques revealed
the ability of an RNA molecule to adopt (at least) four con-
formations differing by their compactness and the local
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FIGURE 5. ITC profiles for the binding of HEXIM-ARM and Tat-ARM
to HP1-UUCG at 25°C in 50 mM sodium phosphate with 0.5 M NaCl,
at pH 5.2 (A), pH 6.4 (B) and pH 7.5 (C). Top panels show ITC traces,
and the bottom panels show integrated heat values as a function of
the [peptide]/[RNA] ratio. Data were fitted using the single-site bind-
ing model.
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structures at the predicted bulges (Bourbigot et al. 2016;
Martinez-Zapien et al. 2017; Pham et al. 2018). Crystal
structures enabled to observe stabilized conformations in
which helix-helix interactions are maximized by extruding
most of the bulged nucleotides toward the major groove
or the solvent. The equilibrium between these conforma-
tions was recently investigated by molecular dynamics
techniques (Réder et al. 2020). This study demonstrated
their coexistence at different relative abundances: a major-
ity in the OUT-conformation (in the range of 64%—-69%), a
minimal amount in the IN-conformation (0% to 6%) and a
proportion of the extended conformation (SIEM) of
~25%-29%, depending on the calculation strategy. The
transition between these conformations may be important
for HEXIM binding, since several point mutations leading
to a loss of HEXIM-binding change the population of con-
formers in the ensemble (Réder et al. 2020), thus pointing
toward a binding mechanism based on conformational se-
lection. In the present work, we investigated the buffer
conditions for their global impact on the structural land-
scape of the HP1-tetraloop.

Impact of pH and magnesium concentration

The HP1-UUCG solution structure observed at pH 6.4 in
the absence of magnesium is strikingly more extended
than the others, which all comprise protonated cytidines
C71 and C75. In the HP1-UUCG crystal structures these
residues form base triples, which contribute to lock the
central region into a tight architecture together with anoth-
er triple involving A77 (Martinez-Zapien et al. 2017). This
suggests that the compaction of the RNA originates from
the protonation, thus the acidic pH. On the other hand,
the SAXS experiment shows that the compaction is also fa-
vored by the presence of magnesium. Our NMR investiga-
tions highlight stabilization by Mg®* ions for several base
pairs in the central region (Fig. 3), including two which
were involved in base triples with residues from the inter-
nal loop (A34 with G69-C38, C71 with C35-G74) in the
crystal structures. Moreover, the crystal structures show a
magnesium ion bound to the protonated C71 and to
A34, which connects the central region to the upper part
of HP1. On the whole, the emerging picture is that the
compaction is driven by protonation and the resulting for-
mation of base triples involving several internal loop resi-
dues (Fig. 1), but is also further stabilized by magnesium.

Mg**-induced effects were already reported in a study
on the full-length 7SK RNA (Krueger et al. 2010; Brogie
and Price 2017). The 5'-region of the human 7SK RNA con-
tains a third GAUC sequence, which has been suggested
to be involved in a "GAUC switch” with alternative
base-pairing with one GAUC of the HP1 domain and de-
pending on magnesium concentration (Merino et al.
2005; Brogie and Price 2017). Since this requires melting
of the (GAUC); base pairs of HP1, the extended structure
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observed in solution could reflect a step within this
process.

Conformational changes upon magnesium addition
leading to distinct NMR and crystal structures have been
described for other RNAs (Wu and Tinoco 1998). The abil-
ity of HP1 to switch like a spring oscillating between ex-
tended (neutral pH, low Mg) and compact (acidic pH,
high Mg) forms could be one key feature of its biological
function as regulator.

Binding to peptides

Formation of RNA complexes often involves conformation-
al adaptation of partners, termed “induced-fit” (William-
son 2000), as described in several RNA-ARM complexes
such as HIV Tat-TAR (Puglisi et al. 1992; Aboul-ela et al.
1995), HIV Rev-RRE (Battiste et al. 1996), or BIV Tat-TAR
(Ye et al. 1995). Peptides corresponding to ARMs, often
found in disordered regions of proteins, have been proven
to be excellent models for characterizing fine specific inter-
actions with their RNA targets (Smith et al. 2000). Here, we
analyzed the binding of Tat-ARM and HEXIM1-ARM to
HP1-UUCG and HP1-GAGA using ITC. Our results high-
light thermodynamic features compatible with induced-
fit mechanisms for both peptides, and in-line with previous
observations by NMR. In particular, the thermodynamic
signatures for HEXIM1-ARM binding is compatible with
the additional opening of two base pairs within the
(GAUCQ), helix (Lebars et al. 2010), not observed for Tat-
ARM (Supplemental Fig. S6). With the Tat-ARM peptide
chosen for our studies, the thermodynamic signatures indi-
cate an induced fit mechanism. This is contrasting with the
interaction proposed by Pham et al. which showed the Tat
peptide, being folded as a hairpin, nesting in an open ma-
jor groove (Fig. 6), and where most residues are in the
same conformations as in the free RNA, except nucleotide
A39. The difference may be ascribed to our extended ver-
sion of the Tat-ARM peptide, which includes downstream
residues with different physicochemical properties.

Detailed analysis of the ITC data reveals some differenc-
es in the peptides behavior. One relates to pH. While Tat-
ARM behaves similarly at all pH, HEXIM1-ARM binding is
different at acidic pH 5.2 as compared to pH 6.4 and 7.5.
Moreover, at pH 5.2, HEXIM1-ARM binding shows an ad-
ditional favorable entropic contribution, that suggests ad-
ditional stacking or hydrophobic interactions. This
observation tallies with our previous studies showing that
Tat-ARM and HEXIM1-ARM peptides target globally the
same site within HP1, but with an extent of the perturba-
tion (as represented by the number of affected nucleo-
tides) larger for HEXIM1. In particular, these include
changes at the base pairs just below the apical loop.

A puzzling difference appears for the two RNA con-
structs. At pH 5.2, binding with HEXIM1-ARM is clearly dif-
ferent for HP1-UUCG (one site, favorable entropy and
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FIGURE 6. Comparison of the conformations observed for HP1 with
focus on the major groove of the (GAUC), helix. (A) Surface view of
the structure from PDB ID 6MCF, with the bound Tat peptide (yellow
sticks) showing the two arginines (R53, left and R52, right) in the ASM4
and pseudo-ASM3, respectively. The colored surfaces correspond to
the nucleotides shown to undergo major conformational changes in
the four structures, that is, U40 (cyan), U41 (magenta), and U63 (or-
ange). (B) Similar view for the unbound conformation OUT (extracted
from PDB Id. 5LYS and 5LYU) showing the major groove and the
mouth open but not enough to accommodate arginine R52 in the con-
formation it takes in A. (C) Extended conformation 5IEM showing a
regular major groove, but filled partially by U41 (pink). (D)
Conformation IN (extracted from PDB Id. 5LYS and 5LYU), showing
the major groove tightly packed with the three uridines. The “mouth”
is indicated with arrows.

enthalpy, Kp ~ 12 pM) compared with HP1-GAGA, where a
two-sites binding model is required to fit the experimental
curve (Supplemental Fig. S7). For Tat-ARM, the thermody-
namic signatures are similar for HP1-UUCG and -GAGA.
This suggests that the tetraloop sequence/structure influ-
ences HEXIM binding. The comparison of the GAGA ver-
sus UUCG HP1 structures does not reveal major
differences, and contribution of UNCG and GNRA tetra-
loops to stem-loop stabilities have been shown to be sim-
ilar (Sheehy et al. 2010 and our data). However, this does
not exclude fine-tuning of the structural dynamics of the
closing base pairs at the small helix, between the apical
loop and the 7SK-motif. Interestingly, earlier NMR foot-
printing studies showed perturbation of this region upon
HEXIM1-ARM peptide binding (Lebars et al. 2010).

The pH effect could, at least partly, be due to the histi-
dine protonation, but since both peptides contain histi-
dines, the major effect is probably due to the
protonation of cytidines C71 and C75, which, as discussed
above, has strong structural impact. Interestingly, the fit to
a two-sites binding model suggests that the protonated

structure offers additional possibilities for the HEXIM-
ARM binding process, as compared with Tat-ARM.

Interestingly, most of the nucleotides, that we identified
to be involved in the induced-fit mechanism, in particular
U40, U41, and Ué3, undergo the largest changes within
all models. The original structural description highlighted
that the IN and OUT conformations (5LYS, 5LYU, 5LYV)
have direct impact on the accessibility of the major groove
in the apical region, suggesting a mechanism regulated by
conformational changes of “gates” such as U41, U40, and
Ué3 (Fig. 6B,D; Martinez-Zapien et al. 2017; Réder et al.
2020). A structural investigation of the HEXIM1-ARM inter-
action with its bipartite sequence may help clarify the
mechanism, but future investigations should take into ac-
count that HEXIM exists as a dimer. Moreover, HP1 is
part of a 331-nt RNA composed of four domains. The sec-
ond ARM binding site, hypothesized to be located in the
HP1 hairpin (Martinez-Zapien et al. 2015), was initially lo-
calized outside of the domain (Muniz et al. 2010). The
rest of the RNA possibly influences the selection of the
“good"” conformation of HP1, relative to its various biolog-
ical functions (Brogie and Price 2017). It cannot be exclud-
ed that bulged residues (among U41, U72, and U76),
which were trapped in the grooves of symmetrical mole-
cules in the monoclinic crystals, may be stabilized within
the large 7SK molecule. The 7SK RNA comprises, in partic-
ular, the conserved 3'-hairpin HP4, which was also impli-
cated in P-TEFb regulation (Egloff et al. 2006), and was
shown to adopt a conformation similar to TAR (Durney
and D'Souza 2010). In our opinion, the four conformations
adopted by the 5'-terminal hairpin of 7SK could corre-
spond to different states adapted to association with and
dissociation from different partners. The influence of other
proteins, such as LaRP7, required for 7SK stability cannot
be excluded.

MATERIALS AND METHODS

Structures analysis and visualization

Structures were visualized and analyzed with MacPymol2 (PyMOL
Molecular Graphics System, Version 1.2 Schrédinger, LLC) and
3DNA software packages (Colasanti et al. 2013). For distance
measurements, hydrogen atoms were added to crystal structures
using MOLPROBITY (Williams et al. 2018). Root-mean-square
deviation (RMS) between experimental RDC values and RDCs cal-
culated from NMR and X-ray structures were calculated with the
PALES software (Zweckstetter et al. 2004).

RNA samples preparation

Milligram quantities of RNAs were prepared by in vitro transcrip-
tion using in-house T7 RNA polymerase from oligonucleotide
templates and from linearized plasmids (Milligan and Uhlenbeck
1989). Plasmids were obtained by cloning the HP1 sequence
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into pRZ or pHDV encoding for a hammerhead ribozyme in 3’ of
the target RNA (Walker et al. 2003). The DNA templates were pur-
chased from IDT (Belgium). Transcription conditions were opti-
mized according to previous protocols (Milligan and Uhlenbeck
1989; Wyatt et al. 1991).

All RNAs were purified on 8M urea denaturing polyacrylamide
gels (Wyatt et al. 1991). After electroelution and ethanol precipi-
tation, RNAs were dialyzed against water. Samples were dried us-
ing a SpeedVac and resuspended at a chosen concentration in
buffers used for ITC and UV melting experiments. Each sample
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.

UV melting experiments

Thermal denaturation of HP1-UUCG was monitored on a
CARY3500 UV/vis spectrophotometer (Agilent) equipped with an
eight-position sample holder and a Peltier temperature control
accessory. The experiments were performed at 1 uM final concen-
tration in 50 mM sodium phosphate buffer, at pH 5.2, 6.4and 7.5 at
20°C, in 100 pL micro quartz cuvettes. The RNA was refolded as de-
scribed above and the magnesium was next added in order to have
a monomeric form of HP1 as we previously determined. For each
pH, magnesium was added at concentrations ranging from 0.1 to
6 mM. A cuvette that contained the buffer with no magnesium
was used as a reference. Samples were overlaid with 200 pL of min-
eral oil to prevent evaporation at high temperature. Aniinitial 15 min
equilibrium time at 25°C was included prior to the temperature
ramping. Denaturation of the samples was achieved by increasing
the temperature at 1°C/min from 25 to 95°C and followed at
260 nm. The melting temperature (T,,,) was determined as the max-
imum of the first derivative of the UV melting curves. Each experi-
ment was repeated independently two or three times.

Peptide synthesis, purification, and analysis

Tat-ARM and HEXIM-ARM peptides were synthesized on an
Applied biosystem 433A peptide synthesizer using standard
Fmoc chemistry and resins. Peptides were purified by HPLC using
a preparative scale C18 column (Waters: PrepPak cartridge, 21 x
250 mm, 300 A, 5 uM) with an acetonitrile gradient in 0.1% tri-
fluoroacetic acid. The molecular weight and purity of the peptide
were confirmed by mass spectroscopy. The sequences of Tat-
ARM and HEXIM-ARM peptides are respectively GRKKRRQ
RRRPSQGGQTHAD and GKKKHRRRPSKKKRHWK. Peptides
were dialyzed against water. After lyophilization, the concentra-
tion of Tat-ARM peptide was determined by weighting the result-
ing powder. The concentration of HEXIM-ARM was determined
on a Nanodrop Spectrometer using a molar extinction coefficient
calculated with the ExPASy Proteomics (https://web.expasy.org/
protparam/).

NMR experiments

Magnesium titrations were performed at 700 MHz on an Avance
Il Bruker spectrometer equipped with a z-gradient TCI probe.
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NMR data were processed using TopSpin (Bruker). NMR experi-
ments were performed in 50 mM sodium phosphate buffer (pH
6.4) at 15°C, in 90/10 H,O/D,O. The concentration of RNA sam-
ple was 100 pM. Sample volume was 150 pL in 3 mm NMR tube.
Solvent suppression was achieved using combined “Jump and
Return” and WATERGATE sequences (Plateau and Gueron
1982; Piotto et al. 1992). Two-dimensional NOESY spectra were
acquired at 15°C in 90/10 H,O/D,0. Base-pairing was estab-
lished as previously described (Lebars et al. 2010).

SEC-SAXS (size exclusion chromatography-small
angle X-ray scattering) data acquisition
and data reduction

SEC-SAXS data were collected at the SOLEIL Light Source on
beamline SWING. Samples at a concentration of about 100 uM
were loaded onto a size exclusion column, Agilent BioSEC3
with a pore size of 300 A, previously equilibrated in the buffer cho-
sen among Buffer “X” (50 mM TRIS pH 7.5, 50 mM NaCl, 50 mM
MgCl,), Buffer “NMR” (10 mM sodium phosphate at pH 6.5) or
Buffer “SAXS” (10 mM sodium cacodylate at pH 6.5, 6 mM
MgCl,, 0.25 mM EDTA, 100 mM NaCl). The main advantage of
SEC-SAXS is that it allows the separation of monodisperse sam-
ples from aggregates. The primary reduction of the SAXS data
was performed using the Foxtrot software from the SWING beam-
line at SOLEIL synchrotron (https://www.synchrotron-soleil.fr/en/
beamlines/swing). Briefly, buffer curves were averaged and the
average buffer diffusion curve used to correct all the sample
curves along the elution profiles for the solvent contribution.
Then, an initial Guinier approximation was used to obtain the ra-
dius of gyration (Rg) of each frame along the elution profiles.
Curves showing a constant Ry were averaged to obtain a final
SAXS data curve for each sample. The program PRIMUS from
the ATSAS suite of programs was used for the calculation of the
Ry indicated in the text (Konarev et al. 2003). The fit of the models
with the diffusion data was estimated with the program CRYSOL
(Svergun et al. 1995).

Isothermal titration calorimetry experiments

ITC experiments were performed using an ITC-200 microcalorim-
eter (Malvern). RNA was synthesized using T7 RNA polymerase as
described above. RNA samples were refolded by heating at 95°C
(2 min) and snap-cooled at 4°C (5 min) in the buffer used for ITC
experiments. Peptides were synthesized as described above. The
concentration of RNA sample in the cell and peptide in the sy-
ringe were 50 and 600 pM, respectively. Titration experiments
were performed at 25°C in 50 mM sodium phosphate buffer
(PH 5.2, 6.4, and 7.5) supplemented with 0.5 M NaCl, under cons-
tant stirring at 750 rpm, with 21 or either 42 x 2 pL injections into
200 pL sample cell volume, with 3 min between injections. Each
experiment was accompanied by the corresponding control ex-
periment in which the peptide at the same concentration was in-
jected into the buffer alone. Buffer corrected ITC profiles were
then fitted with a one site model for binding using MicroCal
PEAQ-ITC analysis software (Malvern). Each experiment was re-
peated independently two or three times.
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