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Abstract

The complex of the HIV TAR RNA with the viral regulatory protein Tat is of considerable
interest, but the plasticity of this interaction has made it impossible so far to establish the structure
of that complex. In order to explore a new approach to obtain structural information on protein-
RNA complexes, we performed 13C/1°N-19F REDOR NMR experiments in the solid state on TAR
bound to a peptide comprising the RNA-binding section of Tat. A critical arginine in the peptide
was uniformly 13C and 1°N labeled and 5-fluorouridine was incorporated at the U23 position of
TAR. REDOR irradiation resulted in dephasing of the 13C and 1°N resonances, indicating
proximity of the U23(5F)-C and U23(5F)-N spin pairs. Best fits to the REDOR data shows the
U23(5F)-C distances and the U23(5F)-N distances are in good agreement with the distances
obtained from solution NMR structures of partial complexes of Tat with TAR. These results
demonstrate that it is possible to study protein-RNA complexes using solid-state REDOR NMR
measurements, adding to a growing list of solid state techniques for studying protein-nucleic acid
complexes.

The interaction between the HIV-1 transactivation response element (TAR) RNA and Tat
protein is essential for viral replication1™4 and is a paradigm for a class of protein-RNA
complexes. However, a structure of this classic complex remains to be determined, in part
because of conformational dynamics in the complex. Although various models and
structures of TAR in the presence and absence of Tat-derived peptides and argininamide
have been reported,7~11 it has not been possible to directly observe the interaction between
TAR and Tat using NMR or X-ray crystallography. The region of TAR comprising the UCU
bulge and neighboring base pairs is essential for the specific binding of Tat (Figure 1A) and
undergoes a substantial conformational change upon binding of Tat and even of a single
argininamide molecule.1:5:6 In this work, we use solid-state Rotational Echo Double
Resonance (REDOR) NMR12 to observe intermolecular interactions between TAR and a
peptide mimic of the arginine-rich RNA-binding domain of Tat. The REDOR technique
detects heteronuclear dipolar coupling and therefore the distance between two heteronuclei.
In our set-up, 13C or 13N is the observed nucleus, while 19F is the dephasing nucleus (Figure
S1).

We previously showed that with 31P-19F REDOR it is possible to measure the distance
between nucleotides within TAR that are remote in the absence of Tat peptide, but move
into closer proximity upon binding to Tat peptides.13 Upon peptide binding, the separation
between phosphorothioate and the 2’-F label incorporated at A27 in the upper helix and U23
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in the bulged loop, respectively, decreases from 10.3 A in the unbound RNA to 6.6 A. This
change was consistent with distances observed in solution NMR studies showing significant
rearrangement in the position of bulge residue U23 in the bound RNA.9 However, it did not
demonstrate in a direct way that side chains of basic amino acids in Tat were positioned in
proximity to the bulged loop of TAR. Solid state TEDOR NMR experiments were used
recently to measure intermolecular distances between 1°N and 3IP in another protein-RNA
complex14. While this approach measures distances between the RNA backbone and the
protein backbone, our approach here measures intermolecular distances between RNA bases
and both the side chain and backbone in a protein.

An 11-mer peptide 47Y GRKKKRRQRRRS57 representing the arginine rich domain of Tat
was used to form the complex with TAR (29 nucleotides, Figure 1A). Previous work has
shown that this region of Tat provides direct contacts with the TAR bulge region and that
the conformational change induced in TAR is very similar to that of full Tat protein.1™
3:5:6:15724 Uniformly 13C and 1°N labeled FMOC-Arg(Pbf)-OH was incorporated into the
peptide at the position equivalent to Arg52 using solid phase peptide synthesis. In the
structure of TAR bound to arginine and to peptides derived from Tat, U23 repositions itself
in close proximity to G26 and to the A27-U38 base pair in the major groove.8:9:23:25727
Thus, to demonstrate the feasibility of our new method, we prepared a 19F U23 residue
labeled at the 5 position in order to measure the distance between U23 (5F) and the labeled
arginine using 13C/15N-19F REDOR. U42 (5F) was also labeled in the sample for another
purpose, but it is too distant from both U23 (5F) and arginine to cause measureable dipolar
dephasing, so it has no effects on the current REDOR experiments.

Figure 2 shows the 13C and 1°N magic angle spinning reference (Sp) spectra of the bound
11-mer peptide-TAR complex corresponding to the initial REDOR S/Sq point; all S and Sp
spectra are shown in Figure S2 and Figure S3. The labeled 13C resonances in arginine are
well resolved, with only the B and y carbons overlapped; the other resonances visible in the
spectrum arise from the RNA backbone and other amino acids in the peptide at natural
abundance. The carbon and nitrogen resonances in the complex are not shifted relative to
free arginine, within the experimental linewidth. This conclusion is supported by the
analysis of BioMagResBank28 which shows a C; chemical shift distribution of only 0.5
ppm (FWHM), and a Ne chemical shift distribution of 1 ppm (FWHM). The C, and CO
peaks are resolved enough to obtain REDOR dephasing curves. However, they could be
overlapped with some natural abundance 13C signals. Those signals are small compared
with labeled carbon, but they may generate unpredictable decays. Labeled 1°N resonances,
indicated in lower panel of Figure 2, are also well resolved except the n1 and n2 nitrogens.
Although parts of Ne and Nn1,n2 signals are also overlapped, they can be separated into two
Gaussian-shaped peaks. Thus, distances from the 19F spin in the base of U23 in TAR RNA
to C¢, CO, NH, Ne, and Nn1, Nn2 in Arg52 are observable.

Distances from the Arg52 C¢ and CO to U23 (5F) were measured using 13C-19F REDOR as
shown in Figure 3. A y2 analysis (Figure S4) of the fits using SIMPSON29 to the REDOR
data shows the U23(5F)-C¢ distance to be 5.6 + 0.1 A and the U23(5F)-CO distance to be
6.6 + 0.4 A (Figure 1B). In this analysis, homonuclear 13C-13C couplings were only
considered for CO with the closest carbon; all others 13C-13C couplings were ignored
because they are distant enough to have no effect on the simulation.

The 1°N-19F REDOR dephasing curves are shown in Figure 4. Since the ®Nn1 and 15Nn2
are not resolved, only one dephasing curve is obtained for those two 1°N spins. This results
in multiple solutions for the Nn1 and Nn2 distances in the simulations. Slower decay is
observed for the NH of Arg52 in the main chain of the Tat peptide, confirming that the
guanidinium group has closer contacts with the bulge region. In the simulation,

J Am Chem Soc. Author manuscript; available in PMC 2011 December 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Huang et al.

Page 3

homonuclear 15N-15N couplings are only considered within the guanidinium group, and are
assumed to be 111 Hz (2.23 A). Best fits to the 15N-19F REDOR data show the U23(5F) -
NH distance to be 5.2 £ 0.2 A, and U23(5F) - Ne distance to be 4.6 + 0.1 A. Multiple
solutions exist for the U23(5F) - Nn1 and U23(5F) - Nn2 distances. The best fits using
SIMPSON are (4.3A,6.7A), (4.4A 59A), 45A,55A),(46A 52A), 47A 51A)
and (4.8 A, 4.9 A), as indicated in the upper panel of Figure 4. The above distances agree
with the conclusions derived from the 13C- 1°F measurements.

The results provide direct evidence for a close interaction between Arg52 and U23.7~
9:12:15:23 They are also quantitatively in agreement with models based on solution NMR
data9 that unfortunately did not contain sufficient information in the form of intermolecular
NOEs to generate an unambiguous structure for the entire peptide; only the position of a
single arginine could be defined. In the reported 20 models (PDB ARJ), the average
interlabel U23(5F)-Cy distance was 4.2 A, ranging between 3.1 A and 5.9 A. The average
inter-label U23(5F)-CO distance was 6.6 A, ranging between 5.1 A and 8.5 A. These results
are consistent with the distances obtained from REDOR and presented here.

The solid-state REDOR technique used in this work offers a direct method to measure
intermolecular protein-RNA distances when intermolecular distance constraints cannot be
obtained using solution NMR. We report distances which are consistent with solution state
structures even if the solid state sample conditions correspond to an amorphous powder.
Other peptide-RNA constrains will be measured in the future to obtain more detailed
structural information and reconstruct the conformation of this paradigmatic complex. The
application of multiple solid state NMR methods provide a suit of highly complementary
experiments to measure intermolecular distance constraints in protein-RNA complexes
which are not tractable using solution NMR or crystallography.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

a) Secondary structure of TAR RNA, indicating the position of the 5-19F base-labeled U23
nucleotide. b) Structure of the complex between TAR and a Tat-derived 37-mer peptide9.
The phosphate backbone is represented by an orange ribbon and distances between TAR
RNA and arginine are indicated by dash lines. Single argininamide is indicated in green with
C¢ shown in blue 1, CO in blue 2, Ne in gold 1, Nn1,n2 in gold 2, 3, and NH in gold 4. U23
is indicated in yellow with the labeled 19F shown in red.
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Figure 2.

Reference REDOR MAS spectrum (Sg) recorded at the initial dephasing time point along
with spectral assignments. 13C observed spectra were obtained with 20,000 scans under a
spinning speed of 6,000 Hz, while 1°N observed spectra were obtained with 22,000 scans
under a spinning speed of 8,000 Hz. The inset shows the position of each carbon and
nitrogen in the arginine amino acid
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Figure 3.

13C-19F REDOR dephasing curves for the complex of TAR with an 11-mer Tat-derived
peptide, reported with simulations of the internuclear distances performed with SIMPSON.
The upper panel reports the decay of C in the labeled arginine, while the lower panel
monitors the CO.
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Figure 4.

15gN—19F REDOR dephasing curves for the complex of TAR with an 11-mer Tat-derived
peptide, reported with simulations of the internuclear distances performed with SIMPSON.
The upper panel reports the decay of Ne and Nn1, Nn2 in the labeled arginine, while the
lower panel monitors the NH.
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