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Abstract

A quantitative analysis of Jpy scalar couplings in nucleic acids is difficult due to small couplings to phosphorus, the
extreme overlap of the sugar protons and the fast relaxation of the spins involved in the magnetization transfer. Here
we present a new methodology that relies on heteronuclear Constant Time Correlation Spectroscopy (CT-COSY).
The three vicinal 3Jpy3/, *Jprs and 3Jpys» scalar couplings can be obtained by monitoring the intensity decay of
the P;-H3;_, peak as a function of the constant time T in a 2D correlation map. The advantage of the new method
resides in the possibility of measuring the two 3Jpys and 3Jpys» scalar couplings even in the presence of overlapped
H5'/H5” resonances, since the quantitative information is extracted from the intensity decay of the P-H3’ peak.
Moreover, the relaxation of the H3’ proton is considerably slower than that of the H5'/H5” geminal protons and
the commonly populated conformations of the phosphate backbone are associated with large 3Jpy3/ couplings and
relatively small 3 Jpys /u5”- These two facts lead to optimal signal-to-noise ratio for the P-H3' correlation compared
to the P-H5'/H5” correlation.

The heteronuclear CT-COSY experiment is suitable for oligonucleotides in the 10-15 kDa molecular mass range
and has been applied to the 30mer HIV-2 TAR RNA. The methodology presented here can be used to measure
P-H dipolar couplings (Dpy) as well. We will present qualitative results for the measurement of P-Hp,se and P-H2'
dipolar couplings in the HIV-2 TAR RNA and will discuss the reasons that so far precluded the quantification of
the Dpys for the 30mer RNA.

Abbreviations: HETCOR, HETeronuclear CORrelation; J-HMBC, J-Heteronuclear Multiple Bond Correlation;
COSY, COrrelation SpectroscopY; P-FIDS (Fitting of Doublets from Singlets)-HSQC, Heteronuclear Single
Quantum Coherence; HIV, Human Immunodeficiency Virus; CSA, Chemical Shift Anisotropy.

Introduction constants Jyy, Jpu, Jop and Jcy in oligonucleotides
(Schwalbe et al., 1993, 1994; Richter et al., 1998;
Marino et al., 1996; Hines et al., 1993; Sklenar and

Bax, 1987; Gotfredsen et al., 2001; Clore et al., 1998;

In structural studies of nucleic acids by NMR the con-
formation of the phosphate backbone is often poorly

defined, due to the paucity of NOE restraints. The
backbone dihedral angles §, y, 8 and ¢ are accessi-
ble through homonuclear and heteronuclear coupling
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Hu et al., 1999; Szypersky et al., 1997; Legault et al.,
1995; Wu and Bax, 2001). However, the determina-
tion of 3Jpy couplings particularly in RNA remains an
experimentally challenging problem. HETCOR and J-
HMBC techniques applied to RNA are complicated by
severe spectral overlap and by the presence of compet-
ing 3Jyy homonuclear couplings, since the H2', H3/,
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H4’, H5' and H5” ribose protons are specially over-
lapped and cannot be selectively inverted. E.COSY
techniques are not practical, due to the lack of a well
resolved passive coupling to the phosphorus. Quanti-
tative homonuclear J-correlation spectroscopy is suit-
able for DNA molecules only, where the H2'/H2”
resonances are well resolved from other sugar proton
resonances. In the P-FIDS-HSQC method the accu-
racy of the measured coupling constants diminishes
substantially when J * T3 < 0.15 (Schwalbe et al.,
1993), which is likely to apply to H5'/H5” protons in
RNA molecules > 10 kDa.

Here we introduce a new methodology to mea-
sure 3Jpy scalar couplings in RNA based on PH-CT-
COSY correlation spectroscopy. The scalar couplings
are obtained from the intensity modulation of cross-
peaks for different constant times, similarly to existing
methodologies for the measurement of H-H dipolar
and scalar couplings (Billeter et al., 1992; Tian et al.,
1999; Wu and Bax, 2001). The new method can be
applied to unlabeled RNAs as large as 10-15 kDa.
The ribose H3’ resonances are resolved by correlation
to the phosphorus chemical shift. The three vicinal
3Jpuy, 2Jpus and 3Jpysy scalar couplings can be ob-
tained by analyzing intensities of the P-H3' correlation
alone, that contain information on both the active
3JpH3/ coupling and the two passive 3JpH5/ and 3JPH5//
couplings. In this way the problem of the extreme
overlap of the geminal H5/H5” protons is circum-
vented. Moreover, the presence of conformational
averaging can be effectively detected by fitting the data
to different models. Effects due to coherence relax-
ation processes are quantitatively discussed in the Data
Analysis section.

The trans activation response element TAR RNA
binds to an arginine-rich region in the N-terminal
domain of the Tat regulatory protein in HIV-1 and
HIV-2, this event is essential for effective viral repli-
cation. The amide derivative of arginine also binds
specifically to TAR, although with lower affinity (Tao
etal., 1992, 1993). NMR structures of the TAR RNA
both bound to argininamide and free in solution are
available (Puglisi et al., 1992; Brodsky et al., 1997;
Aboul-ela et al., 1996; Long and Crothers, 1999).
The nucleotides important for Tat binding are clus-
tered around a bulge (Figure 2b) and involve the bulge
nucleotide U23 and the G26-C39 and A27-U38 base
pairs in the upper stem region. In the free TAR RNA,
the upper and lower stems have been found to be
at an angle of about 50° with respect to each other
(Zacharias and Hagerman, 1995). Upon binding of

cognate peptides or argininamide, the bulge region
undergoes a major conformational change resulting in
coaxial stacking of the upper and lower stem regions
and this process is likely to be accompanied by vari-
ations in the RNA backbone torsion angles. Tracking
the difference in the backbone conformation between
the free and bound form of the HIV-2 TAR RNA is
a demanding task due to the paucity of experimen-
tal restraints. Consequently, Jpy scalar couplings have
a major impact on the precision of the description
of the backbone conformation in NMR studies. The
new experiment described here will allow us to derive
quantitative 3Jpy coupling restraints that will help in
defining the different phosphate backbone conforma-
tions around the torsion angles f and ¢ in the bound
and free form of the TAR RNA. For this methodolog-
ical study the 30mer HIV-2 TAR RNA was used in its
unbound form.

Additionally, we have observed P-H dipolar cou-
plings (Dpy) in oriented samples with the new
methodology. Due to the fast phosphorus transver-
sal relaxation and to the small size of the Dpys we
were unable to reliably quantify the dipolar couplings.
However, qualitative results were obtained for both the
P-Hpase and P-H2' dipolar couplings. A more accurate
analysis of the Dpys could be performed at lower field,
where the Chemical Shift Anisotropy contribution to
the phosphorus transversal relaxation is remarkably
reduced.

Methodology

Pulse sequence

To measure >Jpy coupling constants we propose to use
the PH-CT-COSY pulse sequence, shown in Figure 1a,
that represents a Constant Time (CT) version of the
PH-COSY experiment proposed by Sklenar (Sklenar
et al., 1986). After saturating the protons with a se-
ries of 120° pulses separated by 5 ms delays for about
3 s, transverse phosphorus magnetization is generated
by the first 90°(P) pulse. During the constant time T,
magnetization evolves under the effect of 3JpH scalar
couplings and the term 2PxH,, present at point b, is
transformed in the observable 2HyP, term by the last
two 90°(P) and 90°(H) pulses. The observed signal
is dispersive and antiphase with respect to the 3Jpy
coupling.
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Figure 1. (a) PH-CT-COSY sequence. The brief product operator description at time points a, b and c is given in the text. The protons were
saturated with a series of 120° pulses for 3 s with an RF field of 28 kHz. The phases are: 1 = 0,2; ¢ =1, 1,3,3; ¢3 =0,0,0,0, 2, 2, 2,
2; drec = 0,2,2,0,2,0,0, 2. The pulses without explicit phase settings are applied along x. The constant time T was varied between 20 and
80 ms. (b) Sequence for the measurement of R;. The phases are: 1 =0,2; $p =0,0,2,2; 3 =1,1,1,1,3,3,3,3; drec = 0,2, 2,0, 2,
0, 0, 2. Tyjx Was equal to 40 ms and T was varied between 1 and 70 ms. (c) Similar to (a) with a B3¢l HMQC editing step added at the
end of the pulse sequence. A = 3.4 ms. Quadrature detection in the phosphorus and carbon dimensions was obtained by altering ¢ and ¢4,
respectively, according to States-TPPI.
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The product operator description of the sequence
at points a, b and ¢ (Figure 1a) is as follows:

(a) - Pya
(b) 2PxHy, sin(mJy,pT) g cos(mIy,pT) exp(—R3T),
(c) 2P Hyy sin(mJg,pT) Ik cos(m ]y, pT) exp(—RéT),

where Hj is the nucleus observed in t, and Hj are
the protons passively coupled to the phosphorus. R}
is the effective relaxation rate of the transverse phos-
phorus magnetization that includes contributions from
the phosphorus Ry and the R; of the protons scalar
coupled to the phosphorus. In the following analysis,
we make the assumption that the effective relaxation
rate R} during the constant time can be measured by
monitoring the decay of the magnetization with in-
creasing the relaxation delay Ty (Figure 1b). In this
PH correlation, magnetization is transferred from the
phosphorus to the proton during the time tp;x, as in
the PH-CT-COSY sequence described above. How-
ever, during the relaxation delay Ty, the transverse
magnetization of phosphorus nuclei relaxes with an
effective relaxation constant which is equal to R,
provided that the following two assumptions are ful-
filled: (a) (ZTEJle)2 > (Rp-RpH)2 (Cavanagh et al.,
1996), where Rp is the R, relaxation rate of the
phosphorus nucleus and Rpy is the relaxation rate of
the antiphase term 2PxHj,; (b) potentially contribut-
ing cross-correlated relaxation rates, such as I'ppy
between the 3'P-CSA and the 3'P-'H3’ dipolar inter-
actions, are small enough to be neglected. The first
assumption is obviously not always fulfilled especially
for the H5/H5” protons, due to the fast Ry of the
geminal H5'/HS” protons and to the small 3Jpys JHS"
coupling constants in a standard A-form helix. We will
provide evidence based on theoretical simulations that
this does not bias the accuracy of the measured 3Jpy
scalar couplings. This observation is due to the fact
that the most efficient mechanism of magnetization
transfer during each half of the T or T,.; delays in the
experiments of Figures la and 1b is the scalar cou-
pling to the H3' proton. The H3’ proton also has the
longest T and the condition (ZJerH)2 > (Rp-RpH)2
is fulfilled for the P-H3’ spin system in the 30mer
RNA used in the present study, which approximates
the condition (27Jpm)? > (Rp-Rpn)?. The value of
the I'p py cross-correlated relaxation depends on the
global correlation time t. and the projection angle
between the P-H3’ distance vector and the directions
of two of the principal axis of the phosphorus CSA
tensor. Assuming a t. of 4.0 ns (unpublished results)
at 298 K for the 30mer RNA used in this work and

CSA tensor components according to Herzfeld et al.
1984), the maximum possible value of the I'p py is
6.0 Hz. However, theoretical simulations verified that
the difference in the R} values measured using the
sequence of Figure 1b for a J-coupled (P, H3', H5,
H5") four-spin system with cross-correlated relaxation
rates I'p pg3 of 6.0 Hz and 0.0 Hz is only 2%, which
is well within the experimental error. The I'p py does
not contribute to the magnetization transfer pathway
in the experiment of Figure 1a, due to the presence of
the t(H) pulse in the middle of the constant time T.

The two-dimensional P-H correlation of a 1.5 mM
isotropic solution of the 30mer HIV-2 TAR RNA in
D,0 is shown in Figure 2a, together with a schematic
representation of the secondary structure of the RNA
(Figure 2b). The spectrum was obtained with the pulse
sequence of Figure 1a. Due to the partial overlap of the
H3’ and H5'/H5” resonances, only 58% of the signals
can be quantitatively analyzed. Resolved spectra can
be obtained by adding a '3C editing step to the exper-
iment of Figure la, as outlined in Figure 1c (Varani
etal., 1995). In Figure 3 the '3C-'H plane correspond-
ing to the phosphorus resonance of A22 and C46 at
—4.01 ppm is shown: the two P2y-(C3})-H3), and
P4s-(C3)5)-H3}5 peaks, that overlap in the P-H 2D
map of Figure 2a, are well resolved. Alternatively,
for unlabeled RNAs an additional proton editing step
through a NOESY correlation with the well resolved
H1’ protons could be used as well.

Data analysis

Ten experiments with constant time duration T span-
ning the range 18—82 ms were recorded for the HIV-2
TAR RNA on a Varian INOVA 600 MHz spectrom-
eter using the pulse sequence of Figure la. In order
to discuss the procedure used to extract coupling con-
stants and the effect of relaxation processes on the
accuracy of the results, we will focus on the peaks cor-
responding to the correlations between the phosphorus
of U40 and U31 and the H3' proton of the preceding
nucleotide. The R’z‘ relaxation rates for U40 and U31,
measured with the experiment of Figure 1b by fitting
the decay of the signal intensity as a function of T, to
a mono-exponential decay function, are 35.0 £ 0.7 Hz
and 27.7 &+ 0.5 Hz, respectively. The signal decay with
increasing constant time T values, measured with the
experiment of Figure 1a for the connectivity P4o-H3%,
is shown in Figure 4a. The signal intensity can be
described by the function:
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Figure 2. (a) Two-dimensional P-H correlation recorded with the sequence of Figure 1a for the 30mer HIV-2 TAR RNA, showing P-H3' and
P-H5'/HS5” cross peaks. The proton carrier was at 4.78 ppm and the phosphorus carrier was at —3.65 ppm. Sixteen complex points were
acquired for the phosphorus dimension. After mirror image linear prediction in the indirect dimension and zero-filling in both dimensions, the
final matrix was 2048(w;) x 128(w1) points. The constant time T was 40 ms for the spectrum shown here. All spectra were recorded on a
four-channel Varian Inova 600 MHz spectrometer equipped with an actively shielded z-gradient triple resonance probe, at a temperature of
298 K. Spectra were processed and analyzed with FELIX 2000 (MSI, San Diego, U.S.A.). The sample buffer contained 10 mM phosphate
buffer, pH 6.4, 50 mM sodium chloride, and 0.1 mM EDTA in 500 pl of 99.9% D,O. (b) Secondary structure of the 30mer HIV-2 TAR RNA.

IR(T) = Ipexp(—R5T) sin(mtlpy3 T) cos(mtlpys T)
(D

where Jpyg represents passive P-H couplings other

than the 3Jpys/ /H5"» such as the long-range 4pinari and
the 4in,H2/i_1. After deconvoluting the dependence
of Ir(T) on R3, the data of Figure 4b is obtained.
The time dependence of the signal intensity is now
described by the function:

I(T) = Ipsin(mtJpys T) cos(mtlpus T)
cos(mlpys T) Xk cos(mtlppk T)

cos(mJpys» T) Xk cos(mtIpukT)

@)

The P4o-H5), and P4o-HS5), correlations are not
observable due to low signal-to-noise ratio. However,
we will show that the time dependence of the inten-
sity of the single J-mediated cross peak P4o-H3% is
sufficient to reveal the presence of the two additional
passive coupling partners to the P49 nucleus, namely

the H5' and H5” protons. In a first approximation
and for the sake of simplicity we will assume that the
4Tpinai and 4in,H2/i_1 are close to zero and will ne-
glect them. The presence of these additional passive
long-range couplings and their effect on the accuracy
of the extracted *Jpy3 and p angle will be discussed at
the end of this section.

Erroneously assuming, from the observation of one
P-H peak only, that the P49 nucleus has a single pro-
ton coupling partner, we would try to fit the data of
Figure 4b to the function:

I(T) = Io sin(mJpy3T) 3)

(gray curve), obtaining very poor agreement between
the experimental and the simulated data. The parame-
ter set of the fitting procedure comprises the intensity
Io and the coupling constant 3Jpy3. A remarkably bet-
ter fitting of the experimental data is obtained using the
function of Equation 2 (black line), which describes
the cross-peak intensities as dependent on both the
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Figure 3. Bc.ly plane for the P-C-H correlation acquired with
the sequence of Figure lc. The two peaks corresponding to the
P2y-(C3},)-H3),| and P4-(C3),5)-H3)s correlations, that are over-
lapped in the spectrum of Figure 2a, are well resolved here in
the 13C dimension. Twelve and forty-eight complex points were
acquired for the phosphorus (tp) and the carbon (t;) dimensions,
respectively; after linear prediction in the indirect dimensions and
zero-filling in all dimensions, the final matrix was 2048(w3) X
128(wy) x 256(w1) points. The constant time T was 37 ms.

active coupling *Jpys and the two passive couplings
3JPH5’/5” (4Jka = 0.0 HZ). The two 3JPH5’/5“ scalar
couplings are not fitted independently: it is assumed
that they follow the parameterized Karplus depen-
dence on the torsion angle B (Figure 5a) (Lankhorst
et al., 1984). The parameter set of the fitting procedure
comprises the intensity I, the coupling constant 3 Jpy3
and the torsion angle f (the best fit is obtained for
3Iphuy = 9.2 + 0.6 Hz, B = 168/192° + 2°. The intro-
duction of the additional fitting parameter p is justified
by a high F-statistics value. This result verifies that the
coupling constant 3Jpy3 and the torsion angle B can
be efficiently measured by analyzing the time depen-
dence of the P;-H3!_, peak alone, with considerably
better signal-to-noise ratio and resolution compared to
the P;-H5'/H5!" correlation. It shall be noted that the
high precision obtained on the angle p reflects the fact
that the two passive 3 Jpus /Hs are not independent of
each other. Any B value significantly deviating from
180° would give rise to at least one large (> 6.0 Hz)
3 Ipus /H57, Which would be clearly detectable in the
time-dependence of the P-H3' peak intensity. Thus,
the applied fitting procedure detects the absence of
such a high passive coupling (160° < p < 200°) and,
due to the correlation of the two 3Jpys JH5, Teturns
a very precise p value. However, because of internal
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Figure 4. (a) Decay of the signal intensity as a function of the con-
stant time T for the peak P40—H3§9 in the experiment of Figure la.
T was varied between 18 and 82 ms. (b) Data points of Figure 4a
after multiplication by exp(R3T) with R} = 35.0 £ 0.7. The gray
and black curves correspond to fitting the data to the function of
Equation 3 and 2, respectively. A decrease of the X2 value from 31
to 8 and a large F-statistics value (19 > Fy g5 = 5.6) indicate that
the data is appropriately described by the function of Equation 2,
leading to 3JPH3’ =92+ 0.6 Hz, p = 168/192° £ 2.0. (c) The
data are of the same kind of (b) for the peak P3 1—H3’30. The gray
curve corresponds to data fit applying Equation 3, the dashed black
curve represents the fitting of the data to Equation 2, with 3Jpys and
3Jpps following a Karplus dependence on f, and the continuous
black curve represents the fitting of the data to Equation 2 assuming
3Jpusr = 3Ipysy . The x2 value decreases from 24 to 7 when fitting
the data to Equation 2 assuming 3JPH5’ = 3Jpys (continuous black

line) compared to 3Jpys: # 3Jpys» (dashed black line), indicating
conformational averaging around the f torsion angle.
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Figure 5. Karplus dependence of the 3 Jpys and 3Jpysy couplings
on the torsion angle B (panel a) and of the 3JPH3/ and 3JPC2/ scalar
coupling on the torsion angle € (panel b), according to the equation
3Jpy = 15.3 cos26 — 6.1 cosB + 1.6 and 3Jpc = 9.1 cos26 — 1.9
cosf + 0.8 (Lankhorst et al., 1984; Plavec and Chattopadhyaya,
1995).

fluctuations, this result has to be considered as an aver-
age value and a larger tolerance than the reported error
AP should be allowed for § in structure calculations.
The nucleotide U31, located at the beginning of the
hexanucleotide loop, exhibits conformational averag-
ing around the P torsion angle, as can be concluded
from the degenerate chemical shifts of the geminal
H5'/H5” protons. In this case the data can be opti-
mally fitted to the function of Equation 2, imposing
3Jpus: = Jpusr (continuous black line, Figure 4c)
(3JPH3’ =95+06 HZ; 3JPH5/ = 3JPH5’ =45 =+
0.2 Hz). Assuming a Karplus dependence of the 3Jpys/
and 3Jpyss on a single B rotamer (dashed black line)
leads to an unsatisfactory fitting of the experimental
data, according to the x 2 test. The 2 and F-statistic
values for the data fitting of the connectivities Pag-
H3’,, and P31-H3), are given in the caption to Figure 4.
The resulting 3JPH3/ and B values for 16 of the 29
HIV-2 TAR RNA nucleotides are summarized in Ta-
ble 1 (columns 2 and 6). Interestingly, a remarkable
amount of valuable information can be derived from
the time dependence of the intensity of one single
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cross peak, which makes this method superior to any
spin echo based quantitative J correlation scheme in
its ability to unravel additional coupling partners and
detect conformational averaging.

Up to this point we have assumed that the addi-
tional passive *Jpipa; and 4in,H2/i_1 coupling con-
stants are close to zero. However, the *Jpy coupling
can reach values as high as 2.5-3.0 Hz when the
four intervening bonds are coplanar and describe a
W shape (Wijmenga and van Buuren, 1998). This is
the case for the *Jpipai in standard B-form helical
geometry (y = 36° and § = 213°) and in DNA mole-
cules this coupling often gives rise to an observable
Pi-H4! peak in a P-H correlation map. However in
the A-form helical geometry the W shape is distorted
(y = 54° and p = 178° and the *Jpiya; couplings
are expected to be smaller than 2.5-3.0 Hz. To verify
this, we measured the *Jpigas couplings in a spin-
echo difference experiment (Hu et al., 1999) for the
HIV-2 TAR RNA. Despite the extensive overlap of
the C4’-H4' correlation in helical regions, the absence
of significant intensity difference between the refer-
ence and attenuated spectra allows us to conclude
that the *Jpigasi coupling constants are smaller than
1.8 Hz in helical regions (1.8 Hz represents the small-
est coupling constant value that would give rise to
an observable intensity difference, given the S/N ra-
tio and the constant time length in the experiment).
Only five nucleotides, located in non-regular struc-
tural regions, show pinasi coupling constants larger
than 1.8 Hz, namely U23 (2.8 4+ 0.3 Hz), C30 (2.4
+ 0.3 Hz), C31 (2.5 + 0.3 Hz), G32 (1.8 £ 0.4 Hz)
and the terminal nucleotide C46 (3.3 £+ 0.3 Hz). In
the P-H correlation map of the HIV-2 TAR RNA we
do not observe any P;-H4 peak. Despite these obser-
vations, we repeated the fitting of the experimental
data to Equation 2, assuming 4 Ipimi # 0. The 4inH4/i
is included in the parameters set of the fitting pro-
cedure and is varied between 0.1 and 2.9 Hz. The
optimal 3Jpu3 and B values obtained are reported in
the columns 3 and 7 of Table 1. The F-statistics test for
introducing a new parameter in the fitting procedure
(Fo.1) is negative for all data sets. This result verifies
that no information on the magnitude of the additional
small *Jpigari coupling is contained in our data, due
to the limited time-domain sampled. Therefore the
piai coupling cannot be reliably determined with
the methodology presented here. However, the *Jpyy
and B values obtained from fitting the experimental
data to Equation 2 using 4Tpinari = 0 Hz and allowing
0.1 < *Jpigai < 2.9 Hz are virtually the same, con-
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firming that the presence of an additional small passive
coupling does not bias the extraction of 3Jpuy and
B. One exception is represented by U38: due to the
large experimental uncertainties for the intensities of
the peak P3g-H3},, the 3Jpu3 value remains undeter-
mined (0.0 < 3JPH3/ < 10.0 Hz) in the four parameter
fitting (Io, *Jpu3', B and *Jpingi).

The *Jpigoi_i coupling approaches 2.5-3.0 Hz
when ¢ is in the gauche- conformation. This situ-
ation occurs for none of the measured ¢ torsion in
the HIV-2 TAR RNA, with the possible exception of
conformational averaging between the frans and g-
conformations for the hexaloop nucleotides (see Re-
sults section). *Tpipi_i couplings larger than 1.0 Hz
were found for A27, G33 and G34 in a spin-echo dif-
ference experiment (Hu et al., 1999); however none
of these nucleotides is included in the present study.
Therefore the *Tpipi_ 1 passive coupling can be safely
neglected in our case.

In general, the effect of an additional small passive
coupling constant on the accuracy of the 3Jpyy and
angle values is negligible, provided that the 3Jpy3 is
large. On the other hand, if 3JPH3/ <2 % 4JE§:}‘4,1, the
potential presence of the passive *Jpipa/; can affect the
accuracy of the 3JpH3/ value by as much as 50%. In
such cases, additional information should be obtained
on the ¢ torsion (e.g., 3Jpcor coupling constant) and
the extracted 3Jpy3 value should be considered as an
upper bound for the effective 3Jpy3.

The validity of the proposed methodology has
been verified by comparing the 3Jpyy values ob-
tained with the PH-CT-COSY approach with the ones
derived from a spin echo difference experiment (Ta-
ble 1) (Vuister et al., 1998; Clore et al.,, 1998; Hu
et al., 1999). The agreement is excellent with the sole
exception of G26 and G36. The reason for this dis-
crepancy will be discussed in the following section.
The average value of the 3Jpysy coupling constants
in helical regions, derived from the spin-echo dif-
ference experiment, is 8.7 Hz, which is identical to
the value obtained with the PH-CT-COSY method-
ology. The 3Jpys /s averaged coupling constants,
extracted from the spin-echo difference experiment
(Hu et al., 1999), for the three residues in the hexanu-
cleotide loop that show conformational averaging of
the H5'/H5” protons, are also in good agreement with
the values derived from the PH-CT-COSY experiment.
It is noted that the 3Jpys /H5” coupling constants for
the nucleotides that do not experience conformational
averaging around the B torsion could not be measured
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with the spin-echo difference approach, due to low
S/N ratio and extensive spectral overlap.

We have demonstrated that it is possible to de-
rive the 3Jpyy coupling constant and the B torsion
angle from the intensity decay of the P-H3' peak.
However, due to the highly correlated nature of the
three parameters Iy, 3Jpyz and B in the fitting pro-
cedure, the potential benefits and limitations of this
approach deserve an additional comment. If the error
of the experimental intensities, after deconvolution of
the relaxation term, is > 10%, large uncertainties are
obtained for 3Jpyy. Similarly to what Billeter et al.
found (1992), we observe that the function x2(3Jpys/)
is very steep for Jpysy > Jphs min”™ but rather shallow
for 3Jpn3 < 3JpH3 min. On the other hand the x? (B)
function is steep on both sites of By, as discussed
previously in this section. If the precision of the ex-
perimental data is low, a continuum of solutions is
found for 3Jppy < 3JPH3/,min. However, even in such
an unfavorable case, the conformational space consis-
tent with the experimental data can be restricted. Low
values of 3JpH3/ correlate with low values of $ and
high values of Iy. The combinations of 3Jpu3 and B for
which one 3Jpys /5 becomes larger than 3Jpyy can be
excluded, provided that a strong P-H3’ peak and no P-
H5'/H5” peaks are observed in the spectrum. This is
justified by the fact that the amount of magnetization
transferred from the phosphorus to each proton nu-
cleus depends on the relative size of the 3Jpy couplings
and if 3Jpys /57 > 3Jpuy, the pattern of the P-H3 and
P-H5'/H5” peaks should be different from what one
usually observes in RNA (strong P-H3’ peak and van-
ishingly small P-H5'/H5” peaks). If the uncertainty
of the experimental intensities is less than 10%, the
3Jpuy coupling and the torsion angle B can be deter-
mined to a good degree of accuracy, as demonstrated
in Table 1.

Lastly, as it is extensively discussed in the Simu-
lations section, the accuracy of the method relies on
the possibility of acquiring data points for constant
time periods as long as 13 Tppy. If the 3Jpyy is sub-
stantially smaller than 1/CTpax the accuracy of the
extracted 3Jpyy and B torsion angle decreases. For a
3JPH3/ =4.5 Hz and CT,,x = 80 ms, the 3JPH3/ can be
determined with an accuracy of 50% and the p torsion
angle with an accuracy of 8%. Thus, the presented
data analysis is well suited for RNA molecules. For
DNA molecules (3JPH3/ = 1.2 Hz in standard B-form

*JPHS’,min and B, correspond to 3JPH3/ and B at the minimum

value of xz.
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helix) the analysis could be carried out in an analogous
manner on the most intense of the P-H5'/H5” peaks,
rather than on the P-H3’ peak.

Results

Seventeen spin systems out of 29 could be quantita-
tively analyzed for the HIV-2 TAR RNA. The P-H3'
resonances corresponding to the remaining 12 spin
systems overlap with other cross peaks in the 2D P-H
spectrum but can be resolved in a 3D carbon edited ex-
periment acquired with the pulse sequence suggested
in Figure lc. The 3Jpysy coupling constants and B
angles are reported in Table 1, for both the three pa-
rameter fitting (Io, *Jpu3z/, B) with *Jpia; = 0.0 Hz
(columns 2 and 6) and the four parameter fitting (Io,
3JPH3’s B and 4JPiH4’i) with 0.1 < 4JPiH4’i <29 Hz
(columns 3 and 7). Additionally, 3Jpcor couplings have
been measured (Szypersky et al., 1997; Legault et al.,
1995) for a 13C labeled HIV-2 TAR RNA to determine
the torsion angle ¢ (Table 1).

The B and € angle values (Table 2) for G17, A20,
C29, C30, C37, U38, C39, U40, C41, G44 and C45
are in agreement with the expected values for a regular
A-form helix (Saenger, 1984; Brodsky et al., 1997,
Aboul-ela et al., 1996).

U31, G32 and A35, that are part of the hexanu-
cleotide loop capping the upper stem, show fast con-
formational averaging around the torsion angle §, as
can be concluded by the degenerate chemical shift of
the H5'/H5” protons. The data could be best fitted
to the function of Equation 2 with 3Jpys = 3Jpysr.
The nucleotide G33, that is located in the middle
of the hexanucleotide loop, shows two distinguished
resonance frequencies for the H5'/H5” protons, both
around 3.95 ppm. The intensity decay of the peak
P33-H3’32 could not be fitted to any of the discussed
models, probably due to the presence of a more com-
plicated averaging mechanism. The average 3Jpys /5"
coupling constant values for U31, G32 and A35 are
consistent with fast conformational averaging of the
torsion in the range 90° < f < 270° with equal distrib-
ution probability for each § value. For A35 both 3Jpy3/
and 3Jpcy coupling constants are available. The two
values cannot be explained assuming a single rotamer
for the ¢ torsion. The g- rotamer must be partially
populated in order to account for the high value of
the 3J1>c2/ coupling while the rotamer with § &~ 220°
would justify the high 3Jpy3 value. A similar situation

cannot be excluded for U31 and G32, for which the
3Jpcy coupling constants are not available.

The 3Jpyy values for G26 and G36 are signifi-
cantly higher than the average, and in particular the
3Jpu3 of G26 can only be justified by assuming that
the strongly disfavored g+ conformer for the ¢ tor-
sion angle is partially populated (Murthy et al., 1999).
Moreover, the 3Jpysy values obtained with the PH-
CT-COSY methodology substantially differ from the
ones derived from the spin-echo difference experi-
ment. Being the P-H5'/H5” connectivities of G26 and
G36 observable in the PH-CT-COSY spectra, a third
estimate of the 3Jpyy coupling can be obtained by the
‘cross peak nulling method’ (Wu and Bax, 2001). This
approach leads to 3Jpyy coupling constants close to
7.0 Hz for both G26 and G36. Additionally, the in-
tensities of the two P-H5' and P-H5” peaks of G26
are quite similar, in contrast to what one would ex-
pect for a f angle of 156° (3JPH5//5~ = 6.7 Hz and
1.1 Hz). Lastly, the 3JPH3/ and the 3JPC2/ coupling
constants of G26 are not consistent with the presence
of a single rotamer for the ¢ torsion. The discrep-
ancies found for the coupling constants of these two
nucleotides can be explained by assuming slow con-
formational exchange. If the conformational exchange
is in the milliseconds time-scale or slower, partial or
no averaging of the coupling constants is obtained
during the constant time period. In this case the val-
ues of the 3JpH3/ and 3JpH5/ /57 depend on both the
length of the constant time and the nature of the de-
pendency of the peak intensities on the couplings (e.g.
sine function in the PH-CT-COSY approach and co-
sine function in the spin-echo difference approach).
In support to this explanation, two slightly different
phosphorus and proton chemical shifts are observ-
able for each of the P-H5' and P-H5” correlations
of G26 (Figure 2). Although both the 3Jpy and the
3Jpcy coupling constants of G36 are consistent with
¢ =239°, the dependence of the 3JpH3/ on the measure-
ment method, the similarity of the coupling constants
values with those of G26, and the fact that the phos-
phate group of G36, like the phosphate group of G26,
is situated at the 3’ end of a non-regularly struc-
tured region strongly suggest that both nucleotides
experience a similar conformational exchange.

Finally, we have also applied the PH-CT-COSY
methodology to a 14mer RNA comprising a stem re-
gion and the conserved GAAG tetraloop that caps
helix23a of the 16S rRNA in all eu-bacteria (data
not shown). The experimental uncertainties on the in-
tensities data for this molecule are notably smaller



Table 2.

Nucleotide ¢ (°)

number without 4J PiH4i

e (®)
with Ipipy i

B (°) or average
*Ipins'i (H2)
without 4JPiH4/i

B (°) or average
*Tpinsi (H2)
with 4JPiH4/i

A-form helical regions

G17 220+ 6 218+ 8
A20 206 + 10 203+ 12
C29 216 £ 3 214+ 3
C30 213+ 8 210 £+ 10
C37 229+ 5 229+ 4
U38 204 £ 17 -

C39 219+ 6 215+ 6
U40 219+ 4 216 £ 4
C41 217 £ 11 215+ 11
G44 219+ 4 216 = 4
C45 214+ 8 210+ 8
Hexanucleotide loop

U31 223+ 4 223+ 4
G32 216 +4 215+ 4
A35 averaged averaged

trans-gauche-

trans-gauche-

Others

G26 slow slow
conformational conformational
exchange exchange

G36 239 + 3 orslow 239 + 3 or slow
conformational conformational
exchange exchange

168/192 + 4
173/187 £ 7
168/192 &+ 3
172/188 =7
169/191 + 6
172/188 &= 8
169/191 + 4
168/192 2
172/188 &= 8
169/191 + 2
173/187 £ 7

averaged (90-270°)
averaged (90-270°)
averaged (90-270°)

slow
conformational
exchange
162/198 + 1
or slow
conformational
exchange

172/188 £ 7
173/187 £ 7
172/188 £5
173/187 £ 7
172/188 £ 8
172/188 £ 8
173/187 £ 7
168/192 £ 2
172/188 £ 8
170/190 £ 3
174/186 £ 6

averaged (90-270°)
averaged (90-270°)
averaged (90-270°)

slow
conformational
exchange
164/196 £+ 1
or slow
conformational
exchange
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4B and ¢ torsion angles for the nucleotides of the HIV-2 TAR RNA listed in column 1. The ¢ angle
C4{—C3{—O3;—Pi+1 is referred to the nucleotide i+1. The values for € are reported in italics when

only the 3JPiH3’i—1 is available. In this case the € torsion angle that is closer to that expected for a
standard A-form helix is given. Two possible values of  satisfy the experimental data, due to the
lack of stereospecific assignment of the H5'/H5” protons. Columns 2 and 4 report on the results of
fitting the experimental intensities to Equation 2 with *Jppya; = O (three parameters fitting: I, 3JPH3/’
B); columns 3 and 5 report on the results of fitting the experimental intensities to Equation 2 with
0.1 < *pipari < 2.9 Hz (four parameters fitting: I, 3JPH3/’ B, “Ipipari)-

than for the HIV-2 TAR RNA, due to slower relax-
ation processes (R3 ~ 11 Hz) and consequently higher
signal-to-noise ratio. The € and § values found for the
nucleotides in the stem region are in excellent agree-
ment to what expected for an A-form helical geometry,
further verifying the validity of the proposed method.

Simulations

The methodology presented here relies on the assump-
tion that the relaxation term R} can be measured with
the sequence of Figure 1b. The assumption is justi-
fied when (ZTthH)2 > (Rp-RpH)Z. This condition is
evidently not fulfilled for the geminal H5'/H5” pro-
tons, for which we estimated a longitudinal relaxation
time T| of ~100 ms for the 30mer HIV-2 TAR RNA
(tc = 4.0 ns, unpublished result). Moreover, cross-
correlation effects among the protons can also affect
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the accuracy of the J coupling values. To evaluate the
influence of relaxation phenomena on the accuracy of
the measured couplings, we simulated the behavior of
the spin system P;, H3!_,, H5!, H5, assuming a stan-
dard A form helical geometry (Jpyy = 9.0 Hz, B =
168.0°). The relaxation properties of the protons were
described considering H-H dipolar relaxation contri-
butions among all protons with inter-nuclear distance
dyn < 4.0 A and for the phosphorus relaxation only
the chemical shift anisotropy contribution was taken
into account (Herzfeld et al., 1984). A global correla-
tion time of 4.0 ns was used in the calculations. Both
experiments of Figures la and 1b were simulated for
the same experimental time course and the procedure
described above was used to extract the J coupling
and torsion angle values. The effective RY rate ex-
tracted from the simulated experiments of Figure 1b
was 1.1 Hz larger than the transversal relaxation rate
R, of the phosphorus, as expected due to the contri-
butions of the longitudinal relaxation of the protons
(R1,uy ~ 3 Hz). The Jpys scalar coupling and the
angle p measured from the time dependence of the P-
H3’ peak in the simulated PH-CT-COSY experiments
differ by less than 1% from the theoretical value. This
verifies the fulfillment of the condition (Rp-RpH)2 <
(2mJpn)? for the J-coupled P-H3' spin system. If the
P-H5' and P-H5” cross peak intensities were used to
extract the desired Jpysy and P values, a larger devia-
tion of the measured parameters from the theoretical
one was observed. The least accurate results were ob-
tained using the P-H5” peak, for which (Rp-Rpp)?* ~
(27Jpu)?; nevertheless, even in this case the extracted
Jpuy coupling and B angle deviate from the theoretical
values by only 5%.

In order to investigate further the effect of the
proton longitudinal relaxation rate Rjyg on the accu-
racy of the measured couplings, we simulated a two
spin system P-H with Jpy = 5.0 Hz and Rjg = 2.0,
10.0 or 50.0 Hz. The transversal relaxation rate of
the J-coupled phosphorus nucleus Ryp was equal to
21.4 Hz. The effective R values measured with the
pulse sequence of Figure 1b are 21.6 Hz, 22.3 Hz
and 23.4 Hz for a Rjg of 2.0, 10.0 and 50.0 Hz, re-
spectively. The constant time T for the sequence of
Figure la was varied in the simulations in steps of
10 ms ranging from 20 to 180 ms. The simulated
data obtained with the PH-CT-COSY sequence after
deconvolution of the relaxation dependence term are
shown in Figure 6a. The data were fitted to the func-
tion of Equation 3, for the measurement of the Jpy
coupling constant. For Ry = 2.0 Hz (solid curve,

|-
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Figure 6. (a) Simulated peak intensities for the sequence of Fig-
ure la, after deconvolution of the relaxation term, for a two spin
system AB, with Jog = 5.0 Hz and Rig = 2.0 Hz (solid dots),
10.0 Hz (solid triangles) and 50 Hz (solid squares). The R’2‘ con-
stants were derived from the sequence of Figure 1b, simulated for
the three combinations of Jog and Rg described above. If the con-
stant time T is varied between 20 and 180 ms, the data for the case
where Joap = 5.0 Hz and Rig = 50 Hz cannot be satisfactorily
fitted to the function of Equation 3 and no accurate J value can be
extracted. The data represented by the solid triangles can be fitted to
the function of Equation 3 and a Jog of 5.19 Hz is extracted. This
value deviates by 4% from the theoretical one Jog = 5 Hz). AJap
of 5.08 Hz is measured from the data represented by the solid dots,
that deviates by less than 2% from the theoretical one. (b) The same
data as in panel (a) for T = 20-80 ms. A less accurate J4p value
is obtained if the constant time T is limited to 80 ms. The extracted
coupling constant values are: Jog = 5.35 Hz (solid dots), 6.39 Hz
(solid triangles). The data for the combination Jog = 5.0 Hz and
R1p = 50 Hz cannot be satisfactorily fitted to the function of Equa-
tion 3, as shown by the poor agreement of the dashed line with the
solid squares data points.



solid dots), the quality of the fitting is excellent and
the measured Jpy is 5.08 Hz. For Rjgy = 10.0 Hz
(dotted line, solid triangles), the quality of the fit-
ting is acceptable and the measured Jpy is 5.19 Hz.
For the case where Rig > 2nJpy (solid squares) the
data largely deviates from the function of Equation 3
and no Jpy value can be extracted. The accuracy of
the measured Jpy improves when the sine function
of Equation 3 is sampled for T > 1/J. However, in
practice the transversal relaxation rate Ry of the phos-
phorus for RNA molecules in the order of 10 kDa
limits the maximum constant time T to 80—100 ms at
600 MHz. If one attempts to measure scalar couplings
of the order of 5 Hz for a maximum constant time T of
80 ms (Figure 6b), a smaller accuracy of the measured
value is to be expected (measured Jpy = 5.35 Hz for
Rig = 2.0 Hz; 6.39 Hz for Rjg = 10.0 Hz; 8.56 Hz
for Rijg = 50.0 Hz). In this case the condition Ry
< J needs to be verified, to ensure that the extracted J
value is accurate within a 90% confidence.

Dipolar couplings

The experiment of Figure 1a was adapted to measure
Dpy dipolar couplings between the phosphorus nu-
cleus P; and either the H6/H8 base protons of the same
nucleotide or the H2' sugar protons of the preceding
nucleotide. To obtain selective coupling between the
phosphorus and the desired protons, the w(H) pulse in
the constant time T was substituted by a shaped pulse,
selectively inverting either the H6/H8 base protons re-
gion (7.0-8.8 ppm) or the H2' sugar protons region
(4.0-5.0 ppm). Due to the extensive spectral overlap
of the H2', H3', H4'/, H5' and H5” sugar protons,
selective coupling of the P nuclei to the H2' pro-
tons can only be accomplished by usage of selectively
deuterated nucleotides. In this case the P-H2' dipolar
couplings were measured for a RNA molecule consist-
ing of d4-nucleotides, where the H3', H4/, H5' and
H5” protons had been substituted with deuterons (Tol-
bert and Williamson, 1996, 1997; Scott et al., 2001).
Additionally, a homonuclear decoupling scheme was
applied during the acquisition time, as previously de-
scribed (Hennig et al., 2001), to eliminate the line
broadening originating from H-H dipolar couplings.
The experiments were performed for 1 mM HIV-2
TAR RNA aligned in a Pf1 filamentous bacteriphage
solution (ASLA, Ltd., Riga, Latvia) of 44 mg/ml. The
P-Hpase correlation is shown in Figure 7.
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Figure 7. Two-dimensional P-Hy,ee correlation recorded with the
sequence of Figure la modified for the measurement of Dpy cou-
plings. The m(H) hard pulse during the constant time delay T was
substituted with a w(H) Q3 pulse of 2.4 ms. The proton carrier was
at 7.65 ppm and the phosphorus carrier was at —3.65 ppm. HS
homonuclear band selective time-shared adiabatic decoupling was
applied in ty. Adiabatic hyperbolic secant inversion pulses (Silver
et al., 1984) of duration of 6.67 ms covering a bandwith of 1400 Hz
were applied at 4.88 ppm with a duty cycle of 10%. Sixteen complex
points were acquired for the phosphorus dimension. After mirror
image linear prediction in the indirect dimension and zero-filling in
both dimensions, the final matrix was 2048(w;) x 128(w1) points.
The constant time T was 40 ms. Spectra were processed and ana-
lyzed with FELIX 2000 (MSI, San Diego, U.S.A.). The P;-Hpgse i
peaks are identified according to the i nucleotide. The HIV-2 TAR
RNA was aligned in a Pfl filamentous bacteriophage solution of
44 mg/ml. The sample buffer contained 10 mM phosphate buffer,
pH 6.4, 50 mM sodium chloride, and 0.1 mM EDTA in 500 pl of
99.9% D, 0.

Due to the large R} of phosphorus, constant time
delays T longer than ~100 ms could not be used and
a reliable quantification of the small Dpys (< 5.0 Hz)
was not possible (see the Simulations section). How-
ever, we can qualitatively map the intensity of the
observed P-H peaks on the secondary structure of the
HIV-2 TAR RNA (Figure 8). The one letter code cor-
responding to the nucleotide i in the RNA sequence
is circled if a Pj-Hpasei peak (Figure 8a) or a P;-
HZ{_1 peak (Figure 8b) was observed in a P-Hpgge
or a P-H2’ correlation. The gray scale in Figure 8 is
directly proportional to the P-H peak intensity. The
pattern of distribution of the Dping/g,; and of the
Dpigyi—1 dipolar couplings is different and in general
the absolute size of the two types of Dpys is anti-
correlated. This observation is consistent with the fact
that the internuclear vectors sample different direc-
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tions of the three-dimensional space. The non-uniform
distribution of both the Dpine/s,i and Dpipoii—1 cou-
plings indicate that these dipolar couplings contain
valuable structural information and that their values
are not averaged by extensive internal motion. We
are in the process of evaluating the impact of intro-
ducing qualitative Dpy-derived restraints in structure
calculations.

Discussion

The PH-CT-COSY experiment allows the measure-
ment of the three vicinal 3Jpy scalar couplings related
to the B and ¢ torsion angles in oligonucleotides by
analyzing the time dependence of the P;-H3/_, cross
peak. The proposed approach has considerable advan-
tages with respect to the methods presented in the
literature. The geminal H5'/H5” protons are usually
severely overlapped in RNAs, and for example, only
40% of the H5'/H5" protons could be resolved for the
HIV-2 TAR RNA in a C-H correlation. Moreover, pro-
hibitively long constant time delays during which the
H5'/H5” magnetization is transverse, as required by
J-HMBC and quantitative J correlation spectroscopy,
are impracticable for large RNAs. Very efficient H-
H dipolar relaxation mechanism and the presence of
the large geminal 2Jyy scalar coupling result in un-
favorable line broadening of the H5'/H5” resonances
(Kaikkonen and Otting, 2001). In the method pro-
posed here neither the overlap of the H5'/H5” region
nor the fast relaxation of the H5'/H5” protons impede
the measurement of the 3Jpys /H5” couplings, as they
are extracted by analyzing the time decay of the better
behaved P-H3' cross peak. The overlap of the H3_,
proton with the H5; proton and of H3' protons belong-
ing to different nucleotides can be efficiently solved by
adding a 13C editing step, as suggested in Figure Ic.
Interestingly, the quantitative analysis of the time
dependence of the intensity of the P-H3' cross peak re-
veals the presence of conformational averaging around
the P torsion angle. This can be attributed to the si-
multaneous dependence of the intensity of this cross
peak on both passive 3JpH5/ and 3JpH5~ couplings. If
a sufficient signal-to-noise ratio can be obtained for
the P-H3' peak, different models of conformational
averaging around the torsion angle § can be used to fit
the time decay of the peak intensity. It is quite promis-
ing that the data for those nucleotides with degenerate
H5'/H5” protons could be accurately fitted with a
model that assumes fast averaging around the § torsion

angle yielding equal 3Jpys and 3Jpys couplings. For
G33, where the H5'/HS” protons have distinct but very
similar chemical shifts, the model that assumes equal
3 Ipus /H57 couplings fails to successfully fit the data.

The PH-CT-COSY methodology does not require
expensive 13C labeling of the RNA and 58% of the
3Jpy scalar couplings were successfully extracted for
the unlabeled 30mer TAR-RNA. However, for a more
complete analysis of the *Jpy couplings, a better sep-
aration of the H3' protons is needed. This can be
achieved by adding a '3C editing step (Figure 1c).
For a 13C labeled molecule the H3’ T; relaxation
times will significantly decrease, due to the additional
efficient 13C-'H dipolar relaxation mechanism. Never-
theless, theoretical simulations show that the coupling
constants extracted with the PH-CT-COSY method-
ology are accurate within 5% of the real value even
in the limit where Ry = 2*Jpy. This degree of accu-
racy represent the optimum achievable in measuring
coupling constants for biomolecules independently of
the methodology, due to systematic errors introduced
by differential relaxation effects (Harbison, 1993;
Norwood, 1993).

The phosphodiester backbone conformation is
poorly defined in NMR structures calculated by NOE
restraints only. In the structure calculation of the
HIV-1 TAR RNA (Aboul-ela et al., 1996) semi-
quantitative restraints on the f and ¢ torsion angles
have been introduced based on the observation of
a peak in a PHCH correlation spectrum, while no
restraints on B and ¢ have been used for structure calcu-
lation of the HIV-2 TAR RNA bound to argininamide
(Brodsky et al., 1997).* For the oligonucleotides in
standard A-form helical region (17, 20, 29 and 3745
in Table 2), we find average f and € angles of 170/190°
and 217°, respectively, that compare well with the av-
erage values for the corresponding nucleotides in the
HIV-1 TAR RNA structure (Bay = 188° + 34° and
gay = 225° + 18°) by Aboul-ela et al. and in the
HIV-2 TAR RNA/argininamide structure by Brodsky
et al. (Bay = 188° £ 22° and g5y = 192° £ 35°). The
distribution of values for the ¢ torsion angle of residues
in helical regions is very narrow. Conformational av-
eraging around the f and possibly ¢ torsion angles is
found in the present study for most of the nucleotides
located in the loop (Table 1).

Of special interest is the value for the ¢ torsion
angle C4/5-C3/,5-03)5-P26. Upon binding of argini-

*The HIV-1 and HIV-2 TAR RNA are virtually identical, except for
the bulge region, that comprises three and two nucleotides in the
HIV-1 and HIV-2 TAR RNA, respectively
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Figure 8. Map of the intensity of the P;-H6;/HS8; (a) and Pi-HZ;_ | peaks (b) on the secondary structure of the HIV-2 TAR RNA. Each P-H
connectivity has been attributed to the nucleotide i. The peaks were observed in P-Hp,ge and P-H2' correlations recorded with the pulse sequence
of Figure 1a, modified to observe dipolar couplings, as described in the caption to Figure 7. Dark gray circles correspond to strong peaks, light
gray circles to peaks of medium/weak intensity. The absence of a circle indicates that no P-H peak mediated by residual dipolar couplings could

be observed.

namide or cognate peptides the TAR RNA undergoes
major conformational changes in the bulge region.
The base triple U38-A27-U23 is formed and the
nucleotide U25 is projected into solution. The C4)5-
C3)5-03)5-Pyg torsion angle is 221° £ 26° in the
HIV-1 TAR RNA structure by Aboul-ela et al., similar
to the value of 248° £ 23° found for the HIV-2 TAR
RNA/argininamide structure by Brodsky et al. How-
ever, our coupling values suggest the presence of slow
conformational averaging for both the € and § torsion
angles. Aboul-ela et al. conclude from the lack of NOE
constraints involving U25 that this nucleotide might be
disordered in the HIV-1 TAR RNA (Aboul-ela et al.,
1996). The peculiar behavior of G26 demonstrates the
importance of obtaining torsion angles restraints in
non-helical regions. Structural perturbations due to the
lack of complete base complementarity of the intra-
molecular duplex strands are quite common in RNA
and often constitute the site of intermolecular interac-
tions. It is essential to provide experimental tools to
describe the non-helical structure that RNA assumes
to interact with other molecules and thus exert its
biological function.

The methodology was originally designed to mea-
sure Dpy dipolar couplings between the phosphorus
nucleus and the H6/HS base protons (Hennig et al.,
2001) for partially oriented HIV-2 TAR RNA in a
Pf1 bacteriophage solution. Unfortunately, these cou-
plings were found to be smaller than 5 Hz while the
longitudinal relaxation rate R; for the H6/H8 base
protons is estimated to be approximately 10 Hz due
to the close proximity of the H2' proton of the pre-
ceding nucleotide. With the effective R} relaxation
rate of the phosphorus nuclei being in the order of
30 Hz, the maximum constant time delay T applicable
was 100 ms. With these limitations the couplings con-
stants can be measured with only 75% accuracy (see
the Simulations section). More accurate values of the
couplings could be obtained by a thorough compari-
son of the experimental intensity decay with simulated
data, taking both Ryp and Ry into account. Alter-
natively, the experiments can be performed at lower
fields, where the CSA contribution to the phospho-
rus relaxation is reduced. The PH-CT-COSY method
can be easily employed to measure Dpy dipolar cou-
plings in small RNA molecules, where, due to the
slower Rop and Ry, longer constant time delays are
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feasible. It should be noted that the accurate mea-
surement of small couplings between rapidly relax-
ing nuclei is inherently difficult. This is true also
for spin-echo difference experiments, where the cou-
pling constant is extracted from differences in cross
peak 1o and Ip intensities according to the function
J = cos™!(Ia/Ig)/2nT (Vuister et al., 1998). In this
case the constant time delay T must be sufficiently
long to assure a significant deviation from the condi-
tion TJT = 0 and cos(wJT) = 1 with respect to the
signal-to-noise ratio. This requirement is increasingly
difficult to meet for fast relaxing coherences. More-
over, longer constant time delays T are associated with
increasing differential relaxation effects.

Conclusions

We have presented a new method to measure Jpy
scalar couplings related to the phosphodiester back-
bone torsion angles f and ¢ in nucleic acids. The
advantage of the proposed method lies in the possi-
bility of extracting the vicinal 3Jpyy scalar coupling
and the P torsion angle by the quantitative analysis of
the intensity decay of the P;-H3_, cross peak. This
allowed us to obtain accurate values of the B tor-
sion angle even in the presence of severely overlapped
H5'/H5” proton resonances.

The technique has been applied to the unlabeled
30mer HIV-2 TAR RNA allowing for a quantitative
analysis of 58% of the nucleotides. We were able to
distinguish between different analytical models for in-
dividual nucleotides reflecting specific conformational
averaging processes. If necessary, the resolution can
be improved by adding a !3C editing step. The new
method is suitable for RNAs molecules as large as
10-15 kDa. Additionally, the PH-CT-COSY approach
allows the measurement of P-H dipolar couplings in
small nucleic acids. Detailed experimental and the-
oretical results, considering the involved relaxation
mechanisms of ribose protons and phosphorus nuclei,
are presented that should provide guidelines for further
investigations of the phosphodiester backbone confor-
mations and interactions involving ' P nuclei by NMR
methods.
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