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Abstract

In 2HJyN-COSY experiments, which correlate protons with donor/acceptor nitrogens across Ngqe e ¢HN, bonds,
the receptor nitrogen needs to be assigned in order to unambiguously identify the hydrogen bond. For many
situations this is a non-trivial task which is further complicated by poor dispersion of (N,,Ng) resonances. To
address these problems, we present pulse sequences to obtain direct, internucleotide correlations between protons
in uniformly '3C/">N labeled nucleic acids containing NqeeeHN, hydrogen bonds. Specifically, the pulse sequence
H2(N1N3)H3 correlates H2(A,w1):H3(U,w>) protons across Watson—Crick A—U and mismatched Ge A base pairs,
the sequences HS(N3N1)H1/H6(N3N1)H1 correlate HS(C,w1)/H6(C,w1):H1(G,w>) protons across Watson—Crick
G-C base pairs, and the Ho(N2N7)HS8 sequence correlates NH(G,A,C;w1):H8(G,A;w2) protons across GeG,
AeA, sheared GeA and other mismatch pairs. These 'H-'H connectivities circumvent the need for independent
assignment of the donor/acceptor nitrogen and related degeneracy issues associated with poorly dispersed nitrogen
resonances. The methodology is demonstrated on uniformly '*C/!N labeled samples of (a) an RNA regulatory
element involving the HIV-1 TAR RNA fragment, (b) a multi-stranded DNA architecture involving a Ge(C-A)
triad-containing G-quadruplex and (c) a peptide-RNA complex involving an evolved peptide bound to the HIV-1
Rev response element (RRE) RNA fragment.

Introduction Hashimi et al., 2001b) (reviews summarizing some

of these developments may be found in Gemmeker,

Ever since the discovery of trans-hydrogen bond
2hjuN coupling constants in nucleic acids (Ding-
ley and Grzesiek, 1998; Pervushin et al., 1998) a
number of 2MJyn and *PInN correlated spectroscopic
techniques have been developed (Majumdar et al.,
1999a,b; Liu et al., 2000a; Dingley et al., 2000; Hen-
nig and Williamson, 2000; Luy and Marino, 2000;
Majumdar et al., 2001) and applied to structural,
dynamical and physico-chemical studies of a vari-
ety of RNA (Wohnert et al., 1999a; Jiang et al.,
1999; Hennig and Williamson, 2000; Luy and Marino,
2000; Gosser et al., 2001) and DNA (Dingley et al.,
1999; Kettani et al., 1999, 2000a,b; Kojima et al.,
2001; al-Hashimi et al., 2001a, Barfield et al., 2001)
systems and their complexes (Liu et al., 2000b; al-
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2000; Mollova and Pardi, 2000; Dingley et al., 2001,
Grzesiek et al., 2001, Zidek et al., 2001). Some
of the methodology has been aimed at overcoming
technical difficulties such as large chemical shift dif-
ferences between donor and acceptor nitrogens (Ma-
jumdar et al., 1999a; Dingley et al., 2000) whereas
others have dealt with circumventing problems re-
lated to exchange broadening of the hydrogen bonded
proton (Majumdar et al., 1999b, 2001; Hennig and
Williamson, 2000; Luy and Marino, 2000). One-
dimensional 2"Jyn spectroscopy with selective N
labeling and direct !N detection has also been em-
ployed (Kojima et al., 2000). The basic objective of
two-dimensional experiments has been to generate a
TH-3N correlation spectrum in which a proton on
the donor/acceptor base shows a cross peak to the
acceptor/donor nitrogen involved in the Ng—He e o N,
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Figure 1. HNN-COSY spectrum of the uniformly 13¢/15N labeled fragment derived from HIV-1 TAR RNA (Figure 2a), showing cross peaks
between hydrogen bonded protons to their respective donor and acceptor nitrogens within A-U and G—-C Watson—Crick base pairs. Uridine H3
protons show cross peaks to N3(U) and N1(A) nitrogens, whereas guanine H1 protons show cross peaks to N1(G) and N3(C). The H1(G):N3(C)
region is expanded to highlight the degree of degeneracy amongst N3(C) nitrogens. The spectrum was acquired with 32 transients, 1024 t, and
250 t; complex data points and spectral widths of 14.0 (w3) and 6.1 (w1) kHz, (t** = 71.0 ms, t}'** = 41 ms). A relaxation delay of 1.5 s

was used, resulting in total data acquisition time of ~ 7 h.

hydrogen bond. In the HNN-COSY and soft-HNN
COSY experiments, the hydrogen bonded proton is
correlated with the acceptor nitrogen. In the event of
exchange broadening of the hydrogen bonded proton,
a non-exchangeable proton on the acceptor base is cor-
related with the donor nitrogen in the H{CN)N(H) type
of experiments (Majumdar et al., 1999b; Hennig and
Williamson, 2000; Luy and Marino, 2000), or a proton
on the donor base is correlated with the acceptor nitro-

gen in the H2N3N1 and (N)H6N3H2 sequences for
detecting sheared GeA mismatches (Majumdar et al.,
2001).

Useful as these experiments are, there are two im-
mediate consequences of recording 2hyuN correlated
spectra in this fashion: (a) the donor/acceptor nitrogen
needs to be assigned. This is an important issue espe-
cially when the folding topology of the nucleic acid is
either unknown or not known accurately, and necessi-
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Figure 2. Primary sequences and RNA folding topologies: (a) the RNA regulatory element involving the HIV-1 TAR RNA fragment containing
a stable UUCG hairpin loop replacing the natural CUGGGA hairpin, and (b) an RNA regulatory element involving the evolved peptide bound
to the HIV-1 Rev response element (RRE) RNA stem II-B. The Watson—Crick (c) A-U and (d) G—C base pairs, and the (¢) AeG mismatch are
also shown, indicating the TH-1H correlations (gray circles) described in this paper and the relevant 2hJNN couplings (arrows).
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Figure 3. (a) Schematic of the multi-stranded DNA architecture involving a dimeric Ge(C-A) triad-containing G-quadruplex formed by
d(GGGTTCAGG) in Na cation solution. The (b) GeGeGeG tetrad and the (c) Ge(C-A) triad are also shown schematically, indicating the
TH-1H correlations (gray circles) described in this paper and the relevant Zhy NN couplings (arrows).
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Figure 4. Pulse sequences and schematic description of magnetization transfer pathways in the trans-hydrogen bond 'H-1H correlation ex-
periments (a) H2(NIN3)H3 in an A—U Watson—Crick and mismatch AG base pair, (b,c) HS(N3N1)H1, H6(N3N1)HI in a Watson—Crick G-C
pair and (d) Hp(N2N7)H8 in a mismatch GeG and sheared GeA pair. The basic elements of the magnetization transfer pathway is outlined
below each sequence, and also indicated on the schematic of the appropriate base pair, above the sequence. The appropriate coupling constant
and step number are shown above and below, respectively, of each arrow marker in the transfer pathway outline below the pulse sequence.
Narrow and thick lines represent high power 90° and 180° pulses, respectively, applied with phase x unless explicitly specified. High power
pulses were applied with rf field strengths of 45 kHz ('H), 18.5 kHz (13C) and 6.6 kHz (N). All water-flipback (Grzesiek and Bax, 1993) and
WATERGATE (Piotto et al., 1992) pulses on 'H were applied as 1.8 ms rectangular pulses with phase —x, unless explicitly specified. The 'H
carrier was placed at 4.75 ppm for (a)—(c), and at 5.0 ppm for (d). All z-gradients were rectangular, applied for 0.5 ms at approximately 15 G/cm.
Iy decoupling was applied using a DIPSI-3 sequence (Shaka et al., 1988) employing an rf field strength of 8 kHz. 5N WALTZ16 decoupling
(Shaka et al., 1983) during acquisition was performed using 1-1.3 kHz rf fields. Quadrature detection along w; was achieved via States-TPPI
phase cycling (Marion et al., 1989) of ¢o(—x) and ¢(x) in (a) and (d), and ¢ (x),¢2 (y) and $3 (—x) in (b, c). Details of sequence-specific
pulse-widths, delays and phase-cycles are: (a) H2(NIN3)H3. The 13¢ carrier was placed at 155 pm (8¢3). The I5N carrier was initially placed
at 220 ppm (3N of adenine, point A) until point B when it was moved to 182.5 ppm (center of uridine 8n3 and adenine 8yp) and at point C
it was moved to 162 ppm (uridine 3n3). The shaped pulse labeled a was a 2.5 ms G3 pulse (Emsley and Bodenhausen, 1990) and the pulse
labeled B was a 2.78 ms G3 pulse centered at 182.5 ppm and cosine modulated to achieve simultaneous inversion at 220 and 162 ppm. The
pulse labeled o’ was a 216 s rectangular pulse, phase modulated at —65 ppm to achieve selective inversion at 83 (U)/dn1(G) with minimal
excitation at 3N1(A). Delays used were: Typ: 13.0 ms, T’ pp: 11.0 ms, typ: 22.0 ms, €: 5.5 ms, ty,: 2.5 ms. Phase-cycles: ¢q,¢$; see above; do
=X, —X, $3 = X, X,—X, —X, ¢g = 4(x), 4(—x), dR = 2(X,—X),2(—x,X). (b). H5(N3NI)HI. The 13¢C carrier was initially placed at 100 ppm
(8¢5, point A) and moved to 167 ppm (8c4) at point D. Selective pulses: a: 1.95 ms G3 pulse, cosine modulated for simultaneous excitation at
100 and 167 ppm, B: 1.0 ms time-reversed gsneeze, f’: 1.0 ms gsneeze pulse, 8: 1.5 ms G3 pulse, y: 0.5 ms frequency-shifted G3 pulse with
inversion at 100 ppm (3¢5), n: 3.0 ms G3 pulse. The I5N carrier was initially positioned at 198 ppm (3§73 of cytosine) until point E, when it was
moved to 173 ppm (center of 8x3:C and 3y1:G) and to 148 ppm (3N of guanine) at point F. Selective pulses: 8': 1.0m G3 pulse, x: 3.75 ms
G3 pulse cosine modulated for simultaneous excitation at 148 and 198 ppm. Delays: tc: 1.2 ms, tee: 4.0 ms, ten: 18 ms for the TAR fragment
(Figures 6a and 6b) and 13 ms for the peptide—-RRE complex (Figures 9a and 9b), thn: 24 and 20 ms, for the TAR RNA and peptide-RRE
complex, respectively, e: 5.5 ms, tyy: 2.5 ms. Phase cycles: ¢, ¢p, 3 see above; o4 = X,—X, d5 = X, X, —X, -X, ¢pg = 4(x), 4(—X), dR =X,
—X, —X, X. H6(N3N1)H]I. Identical to the HS(N3N1)H1 sequence except that the 13¢C carrier was initially placed (point A) at 140 ppm (8cg)
and the sequence between points B and C replaced with the one in (c). At point b — prior to the 13C DIPSI-3 (Shaka et al., 1988) sequence —
the 13C carrier was moved to 120 ppm (center of 3¢5 and 8¢g), and to 100 ppm (3¢5) at point b’. The duration of the DIPSI-3 sequence was
7.4 ms, using an RF field strength of 8.1 kHz. (c). Ho(N2N7)HS. The I5N carrier was initially placed at 85 ppm (3n2, point A) until point B,
when it was moved to 235 ppm (3N7). Selective pulses: o: 2.0 ms G3 pulse, B: 1.2 ms time-reversed qsneeze pulse, f: 1.2 ms gsneeze pulse,
v, ¥': 1.0 ms G3 pulses with off-resonance excitation at 235 ppm (150 ppm phase-modulation) and 85 ppm (—150 ppm phase modulation)
respectively and compensated for Bloch-Siegert type effects (Vuister and Bax, 1992). Delays: typ: 2.5 ms, €: 2.75 ms, tyn: 24 ms, Tpp: 15 ms.
13C WALTZ-16 decoupling (4 kHz rf field strength) was also applied during acquisition. Phase cycles: ¢q, ¢1 see above; ¢4 = X, —X, d5 = X,
X, =X, =X, ¢g = 4(x), 4(—x), PR =X, —X, =X, X, =X, X, X, —X.
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Figure 4. Continued.

tates the development of a parallel set of experiments
for correlating the donor/acceptor nitrogen with other,
independently assigned protons. In this process, one
encounters the second problem, namely, (b) degener-
acy among the nitrogens that need to be assigned. In
nucleic acids, the dispersion of hydrogen bonded N
nuclei is often poor. This is illustrated in the HNN-

COSY spectrum (Figure 1) of a uniformly '3C/N
labeled 27 nucleotide RNA regulatory element involv-
ing the HIV-1 TAR RNA, containing a stable UUCG
hairpin loop replacing the natural CUGGGA hairpin
loop (Figure 2a). Excluding the terminal G-C pair
for which the imino proton is considerably exchange
broadened, the guanine imino (H1) protons show cross
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Figure 4. Continued.

peaks to the directly bonded donor guanine N1 ni-
trogen as well as the acceptor cytosine N3 nitrogen,
mediated through the trans-H-bond *MJxn coupling.
While the identities of the donor N1 nitrogens of
the guanines may be obtained from independent H1
proton assignments, the corresponding acceptor N3 ni-
trogens of the cytosines need to be assigned separately.
This is usually achieved through N4H4; >(amino):N3
(Rudisser et al., 1999) or H5:N3 COSY (Gosser et al.,
2001) spectra of cytosines. However, it is evident from
the expansion of the H1(G):N3(C) cross peak region
in Figure 1 (lower right), that considerable degeneracy
exists within the N3 nitrogen frequencies, preventing
the assignment procedure from being straightforward.

In A-U base pairs the imino (H3) resonances of
uridines show cross peaks to the directly bonded N3
(uridine) and trans-hydrogen-bond N1 (adenine) reso-
nances. As in the case of G—C pairs, the donor uridine
N3 nitrogens are identifiable from H3 proton assign-
ments, but the acceptor adenine N1 nitrogens need
to assigned either from additional long range H2-N1

HSQC spectra or NOE cross peaks between H3 and
H2 protons. Since the TAR RNA fragment has only
two stable A—U pairs, with resolved N1 nitrogens,
degeneracy is not an issue. However, it would still
be desirable to obtain direct correlations between the
H3(U) and H2(A) protons so that the intermediate
NI(A) assignment step can be eliminated. Further-
more, A-U rich systems will undoubtedly suffer from
degeneracy problems within the N1(A) nitrogens, in a
manner analogous to the G—C pairs in TAR RNA.

Although we have highlighted these problems in
the context of Watson—Crick base pairs, they are ac-
tually far more general in nature, and equally applica-
ble to mismatched base pairs containing N-H,e e N
(n = 1,2) hydrogen bonds, such as in GeG, GeA,
AeA alignments, observed frequently in RNA and
higher order DNA structures (reviewed in Hermann
and Westhof 1999; Patel et al., 1999; Masquida and
Westhof, 2000; Westhof and Fritsch, 2000).

The solution to the problem lies in recognizing
that it is not necessary to correlate protons specif-
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Figure 5. Regions of H2(NIN3)H3 (a) and HNN-COSY (b) spectra of the uniformly !3C/!19N labeled fragment of the HIV TAR RNA, showing
cross peaks between H3 protons of uridine and (a) H2 protons and (b) N1 nitrogens of adenine, in the two Watson—Crick A-U base pairs (see
Figure 1). The H2(NIN3)H3 spectrum was acquired with 16 transients, 1024 t, and 38 t; complex data points and spectral widths of 14.0 (w;)

and 1.5 (w1) kHz, (tgmx = 73 ms, tNax

1 =25 ms). A relaxation delay of 1.5 s was used, resulting in total data acquisition time of ~ 35 minutes.
The spectrum was folded in the ;| dimension. Acquisition parameters for the HNN-COSY spectrum are given in the legend to Figure 1.

ically with trans-hydrogen bond nitrogens. Hydro-
gen bonding between two bases is established if
we can correlate any two nuclei on the acceptor
and donor bases via the ZMJyn bridge. In this pa-
per, we have adopted the view that since protons
need to be assigned anyway, for structure determi-

nation purposes, a good choice would be to try and
correlate protons residing on the paired nucleotides,
via the Z"Jyn couplings. This not only eliminates
the need for assigning the nitrogens separately, but
also, by providing information complementary to the
HNN-COSY experiment, helps resolve degeneracy is-
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Figure 6. Regions of the (a) HS(N3N1)H1, (b) H6(N3N1)H1 and (c) HNN-COSY spectra of the uniformly 13¢/15N labeled fragment of the
HIV TAR RNA, showing cross peaks between H1 protons of guanine and (a) H5 and, (b) H6 protons, and (c) N3 nitrogens of cytosine, in six
of the seven Watson—Crick G—C base pairs (see Figure 1). Spectra were acquired with (a) 64 and (b) 96 transients, 896 complex t; data points,
a spectral width of 12.5 kHz along mz(tg‘ax = 72 ms), and a relaxation delay of 1.3 s. Parameters for the indirect dimension were: complex
data points: (a) 75, (b) 74; spectral width (kHz): (a) 1.5, (b) 1.8; t‘lnax (ms): (a) 49.0, (b) 41.0; total data acquisition time (h): (a) 4.2, (b) 6.2.
Adequate S/N was achieved in about half the total acquisition time. Spectra were folded in the w; dimension. Parameters for the HNN-COSY
spectrum are provided in the legend to Figure 1.
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sues associated with the poorly dispersed nitrogen
nuclei. In this work, we present pulse sequences
— which can be generally classified as H(NN)H
and H(CNN)H - to establish the following kinds
of "H-'H connectivities mediated through hydrogen
bonds: (a) H2(adenine)-H3(thymine/uridine) in A-—
T/U base pairs, (b) H5,H6(cytosine)-H1(guanine) cor-
relations in G—C Watson—Crick base pairs and (c)
NH;(guanine/adenine)-H8(guanine/adenine) correla-
tions in GeG, GeA and AeA mismatches, where either
the Watson—Crick edge or the minor groove of the
donor nucleotide aligns with the Hoogsteen edge of
the acceptor, such as in GeGeGeG tetrads and sheared
GeA mismatches, respectively. Examples are demon-
strated on the following uniformly I5N,13C-labelled
systems: (a) an RNA regulatory element involving
the HIV-1 TAR RNA fragment (Figure 2a), (b) a
multi-stranded DNA architecture involving a Ge(C-
A) triad-containing G-quadruplex (Figure 3a) (Kettani
et al., 2000b) and (c) a peptide-RNA complex in-
volving an evolved peptide bound to the HIV-1 Rev
response element (RRE) RNA fragment (Figure 2b)
(Gosser et al., 2001).

NMR spectroscopy

The magnetization transfer schemes and details of
pulse sequences for the frans-hydrogen bond 'H-'H
correlation experiments are shown in Figure 4a—d.
A product operator outline for each sequence is pre-
sented below, followed by a brief discussion,. All
coupling constant information has been obtained from
the review by Wijmenga and van Buuren (1998).

A-U correlations: the H2(NIN3)H3 sequence

This is the simplest of HINN)H schemes, which also
illustrates some of the general principles used in all the
pulse sequences described here. Magnetization trans-
fer proceeds in the direction: H2(A, t;) — N1(A) —
N3(U) — H3(U, t2). A product operator outline is as
follows:

Y
03 90%

H2,(t) ~ 2 2H2,N1, — > 2H2,N1,

2o 2 TN

90},
7 2NIyN3, = 2NI1,N3,

2hyning I 90%;, 90%
— IR N3, H3, N 0H3,N3,

1y
H3N3 H3X (tz)

The sequence begins with the generation of trans-
verse H2 magnetization of adenine, which evolves
under the 2JpoNg coupling, during the constant time
2xTyn evolution period (Tpn ~ 10-15 ms). To avoid
the ‘diagonal peak’ pathway H3(U)/HI1(G) (t;) —
N3(U)/N1(G) —H3((U)/H1(G) (tp), a selective off-
resonance inversion pulse is applied at the center of
N3(U) and N1(G) with a null at N1, in the middle
of the t; period. Proton magnetization is then trans-
ferred to the N1 nitrogen, which refocuses w.r.t. the
2N coupling and evolves under the ZhJN1N3 cou-
pling during the subsequent 2xt,, period. Using a
cosine modulated selective 180° pulse with simul-
taneous, selective excitation maxima at the N1 and
N3 frequencies improves the sensitivity of the ex-
periment considerably relative to that of a ‘hard’ (or
composite) 180° pulse, which also engages undesir-
able scalar coupling pathways. To avoid Bloch—Siegert
type phase shifts due to the simultaneous excitation,
the duration of the pulse needs to be carefully ad-
justed, typically to multiples of 1/8n1n3 Where dN1N3
is the frequency difference between the centers of the
NI1(A) and N3(U) regions (Sklendr et al., 1999). At
the end of the first 2xt,, period, coherence is trans-
ferred to the N3 nitrogen of uridine, which refocuses
w.r.t. the ZhJN1N3 coupling during the second 2 Xty
period. Evolution under the lJN3H3 coupling occurs
in the final 1/2Jxy (e) period during which 'H decou-
pling is terminated. In the final step, magnetization is
transferred to the H3 proton for detection. In larger
systems, increased sensitivity may be achieved by
eliminating 'H decoupling and using a TROSY based
approach (Dingley and Grzesiek, 1998; Pervushin
etal., 1997) for the N3 — H3 step. Throughout the se-
quence, water-flipback (Grzesiek and Bax, 1993) and
watergate elements (Piotto et al., 1992) are used for
optimal water-suppression. The 2D spectrum yields
cross peaks between H2(w1) and H3 (w7) protons.

In principle, this sequence can also be acquired in
reverse, that is, the transfer pathway can be H3(t;) —
N3 — N1 — H2(tp). The sequence then becomes sim-
ilar to that of the Hp(N2N7)HS8 experiment described
below.

G-C correlations: the HS(N3NI)H1 experiment

The HS(N3N1)H1 and H6(N3N1)H1 sequences con-
stitute the H(CNN)H class of experiments. In the
HS5(N3N1)H1 sequence, magnetization transfer pro-
ceeds as: H5(t;) —» C5 — C4 — N3 — N1 —Hl(t)
(Figure 4b). The series of concatenated INEPT trans-
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Figure 7. Regions of (a) soft Hy(N2N7)H8 and (b) soft HNN-COSY spectra of the uniformly 13C/!>N labeled d(GGGTTCAGG) DNA
fragment that forms a dimeric quadruplex, showing cross peaks between NH; protons of guanine (indicated with lines) and (a) H8 protons, and
(b). N7 nitrogens of guanine/adenine. Schematics of the GeGeGeG tetrad and Ge(C—A) triad motifs are also shown. Acquisition parameters
were: number of transients: (a) 96, (b) 112; complex data points (w2, wy): (a) (576, 64), (b) (960, 80); spectral widths in kHz (w>, w1): (a)
(4.8, 4.8), (b) (12.0, 2.0); resolution in ms (5%, t'¥): (a) (72,13), (b) (80, 39.5); relaxation delay (s): (a) 1.4, (b) 1.5; total data acquisition
time (h): (a) 6.0, (b) 10.0. Adequate S/N was achieved in about half the total acquisition time. The Hp(N2N7)HS8 spectrum was folded in the

w1 dimension.

fers that achieve the desired transformation are as
follows:

Ucsn 907, 90X
H5,~ =™ 2H5,C5. (1) ——F5 2H5,C5,
Unscs, LI 9025, 90
RSG5, 04, —S Y 005,04,
Uesca, ' 90%,, 90%
SN 4, N3, —C— N 204,N3,

lJ ’Zh J 90X
RN HNB, N1, — 2N3,N1,

2hy ,1_]
N3NI. JNIH 2lele

90%;, 905 1
BN, HI, T HIL (1)

Most elements are very similar to the H2(N1N3)H3
experiment and therefore, only key features will be

described. A BIRD sequence (Bax, 1983) restores
H>0O magnetization to equilibrium while simultane-
ously generating antiphase H5¢C5, magnetization.
After frequency labeling of the H5 proton during the
subsequent t; period, coherence is transferred to the
CS carbon. From the C5 carbon to the N3 nitrogen,
the protocol closely follows that of Wohnert et al.
(1999b), for intraresidue correlations of HS protons
with exchangeable protons in cytosine and uridine
bases. Since the chemical shifts of C5 and C4 are sep-
arated by about 67 ppm (~ 11 kHz at 14.1 T), efficient
Jcscs evolution during the 2xte. period requires a
shaped pulse with simultaneous excitation points at C5
and C4 and a null at C6 to avoid ' Jcscg evolution, with
the pulse duration adjusted to avoid phase distortions
at the C5 frequency (Sklendr et al., 1999). Selec-
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PEPTIDE-RRE RNA COMPLEX

(@)

H2(N1N3)H3-638
A75:U45 72
6 H2
A52:U66 (bpm)
7.6
A73:G47
L 78
141 135 129 123
H3,H1 (ppm)
(b) HNN-COSY
0 .219.7
| 2203
N1
0 (ppm)
-221.0
0 L 221.6
14.1 135 12.9 12.3
H3,H1 (ppm)

Figure 8. Regions of H2(NIN3)H3 (a) and HNN-COSY (b) spectra of the uniformly !3C/!5N labeled RRE RNA-peptide (unlabeled) complex,
in which uridine H3 protons involved in the two Watson—Crick A-U base pairs and a guanine H1 proton involved in a mismatched AeG base
pair show cross peaks to (a) H2 protons and (b) N1 nitrogens of adenine. The sequence and folding topology of the RNA is shown in Figure 2b.
The H2(NIN3)H3 spectrum was acquired with 32 transients, 2048 t, and 80 t; complex data points, spectral widths of 14.0 (w;) and 4.0 (w1)
kHz, (7% = 73 ms, '™ = 20 ms), and a relaxation delay of 1.5 s, resulting in total data acquisition time of ~2.5 h. The HNN-COSY
spectrum was acquired with 32 transients, 1024 t; and 165 t; complex data points, spectral widths of 14.0 (w;) and 5.5 (w) kHz, (t‘zn'dlx =
73 ms, t‘lnax = 45 ms), and a relaxation delay of 1.5 s, resulting in total data acquisition time of 5.0 h. The apparent differences in line-widths

between the spectra in (a) and (b), especially in the 'H dimension, are primarily due to differences in window functions.

tive pulses are also required for efficient C5,C4, —
C5,C4y transfer, as well as during the subsequent
C4—N3 (2xtcy) period, for refocusing of the Uyesca
coupling and evolution under the 1Jeans (~7 Hz)
coupling, especially because the small !Joynz cou-
pling compares unfavorably with the larger, competing
1Jcana (~20 Hz) coupling. The C4 — N3 step clearly
represents the weakest link in the steps leading up to
magnetization transfer to the N3 nitrogen. The N3(C)
— NI1(G) (2xtyp) step across the hydrogen-bond also
requires selective inversion pulses on the C4 carbon
to refocus the Jcans coupling, and cosine modulated
pulses with simultaneous N1(G)/N3(C) excitation, to
avoid undesirable leakage via the s (~8Hz) and
213Na (~ 6 Hz) pathways, both of which compete
strongly with the 2" Jy1n3 (5-6 Hz) coupling. After the

2 Xtpn period, coherence is transferred to the N1 ni-
trogen and finally, to the H1 proton for detection. The
spectrum yields cross peaks between cytosine H5(w1)
and guanine H1(w;) protons.

Needless to say, the sensitivity of this experiment is
poorer than the H2(N1IN3)H3 experiment, due to the
larger number of transfer steps involved. The trans-
fer from HS5 to C4 is fairly efficient because of the
large esca coupling constant, but the small eans
coupling (~ 7 Hz) acts as a bottleneck in the transfer
to the N3 nitrogen. However, careful usage of selec-
tive pulses to keep the magnetization transfer events
focused on the desired pathway as well as to opti-
mize excitation efficiency keeps the sensitivity of the
sequence adequately high for moderately sized mole-
cules. This sequence can also be designed for ‘reverse’
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PEPTIDE-RRE RNA COMPLEX

(@  ceogs0 C49:G70 HS(N3NDHI1| ,
G64:C54 | H5
e (ppm)
C51:G67 | <4
g C74:646 | -
© | - 5.8
C44:G76 |
13.4 S 130 1 126 ' 122
g H1 @pm) |
(b) H6(N3N1)H1 [ 72
; é o
° - H6
I (ppm)
: @ 7.6
o | 8.0
134 IRRREY: T 1Ze ' 1222
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© HNN-COSY| ..
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U N3
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- 201
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Figure 9. Regions of the (a) HS(N3N1)H1, (b) H6(N3ND)HI and (c) HNN-COSY spectra of the uniformly !3C/!N labeled HIV RRE
RNA-peptide complex, showing cross peaks between H1 protons of guanine and (a) H5 and, (b) H6 protons, and (c) N3 nitrogens of cytosine,
in six of the seven Watson—Crick G—C base pairs (see Figure 2b). Dashed lines indicate the degeneracy of the G50:C69 and G70:C49 cross
peaks in both the HNN-COSY as well as the HS(N3N1)H1 spectrum and its subsequent, although marginal, resolution in the H6(N3N1)H1
spectrum. Each spectrum was acquired with 1024 complex data points, a spectral width of 14 kHz along ty(t5®* = 73 ms), and a relaxation
delay of 1.5 s. Other parameters were: number of transients: (a) 96, (b) 144, (c) 32; complex data points along t;: (a) 72, (b) 36, (c) 165; spectral
width along w1 (kHz): (a) 1.8, (b) 1.8, (c) 5.5; t‘ln“" (ms): (a) 39, (b) 20, (c) 30; total data acquisition time (h): (a) 6.5, (b) 5.0, (c) 5.0. Adequate
S/N was achieved in (a) and (b) in about half the total acquisition time. The H6(N3N1)H1 spectrum was folded in the w; dimension.
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operation (H1(t;) - N1 - N3 - C4 —» C5 —
H5(ty)), but is not desirable since the HS5 protons
resonate very close to the water resonance thereby
demanding extremely high quality water-suppression.

G-C correlations: the H6(N3N1)HI experiment

In this companion H(CNN)H sequence, the H6 proton
is frequency labeled during t;, after which magnetiza-
tion is transferred to the C6 carbon and then to CS5 via
a 13C TOCSY (DIPSI-3, Shaka et al., 1988) sequence
(Figure 4c):

1 90%;, 90% 1
H6y % H6,C6, (1) -5 H6,C6,— " C6,

90Y. 1y 90Y.
=< 6,7 C5,~5 C5,

All subsequent steps are identical to the
H5(N3N1)H1 experiment described above and yields
cross peaks between cytosine H6(wj) and guanine
HI(wy) protons. This is clearly the least sensitive
of the above series of experiments. However, since
1Jcecs is about 68 Hz in cytosine, C6—C5 transfer
is quantitative in about 7.5 ms, which does not affect
the sensitivity seriously. Since H5— CS5 transfer is also
active simultaneously, both C6 and C5 magnetization
is present prior to the TOCSY period. As a result,
by varying the mixing time appropriately, simultane-
ous H6(w1),H1(w;) and H5(w1),H1(w3) correlations
may be obtained in the same spectrum, albeit with a
reduction in overall sensitivity.

Mismatches: the soft Hy(N2N7)HS8 experiment

This sequence (Figure 4d) is essentially the re-
verse of the H(INN)H experiment described above for
H2(A):H3(U) correlations, with additional incorpo-
ration of selective pulses to achieve magnetization
transfer between N2 and N7 nitrogens which have very
well-separated chemical shifts (3nxon7 ~ 160 ppm).
In principle, this sequence can be readily applied to
any coupling topology of the form Ng-HqjeeeN, —Hj,
(d = donor, a = acceptor), where N, —H, repre-
sents a long range ™JINapa (m > 1) coupling . Here,
we specifically consider NH,e e eN7— HS8 topologies
that exist in several commonly occurring mismatches
(see Introduction). Magnetization transfer proceeds as
Ha(t;) — N2 — N7 — H8 (t2). The product operator
outline of the sequence is as follows:

IJN
(Hzly + H22y)(t1) (ZHZIXNZZ + 2H22XN2Z)
903y, 90%
—H=N (2H2,N2y + 2H22,N2,)

Vg, 2y 90%,,, 90%
NN N2, N7, 2N N2, N,
2hynong, 2 ) 90%;, 90
— NN N7, HS, ——H 2HB N7,

2JN7H§
H8x (t2)

Magnetization originates on the amino protons and
is transferred to the amino nitrogen via an INEPT el-
ement. For exchange broadened amino protons, the
sequence may be easily modified to replace the INEPT
transfer with an appropriate CPMG sequence (Gullion
et al., 1990; Mueller et al., 1995). After transfer to
the amino nitrogen, evolution under the 2hy\aNg cou-
pling takes place for a period 2 xty, during which the
1JnH coupling is refocused using 'H decoupling after a
time 1/4Jny (€). Since amino and N7 nitrogen frequen-
cies are widely separated (~ 150-160 ppm), selective
180° and 90° pulses are used for the N2— N7 trans-
fer steps, as described previously (Majumdar et al.,
1999a,b; Dingley et al., 2000). The N7 magnetiza-
tion then evolves under the 2Jnx7ug (~ 11 Hz) coupling
during 2xTpy and is transferred to the H8 proton for
detection. The spectrum consists of cross peaks be-
tween the two NHy protons (w1) and the H8 proton
(wp). If the chemical shift separation between the
donor and acceptor nitrogens is not significant, hard
pulses may be used to achieve the Ng—N, transfer
which is essentially the reverse of the H2(N3N1)H3
sequence. In our experience, the relative sensitivity of
the two sequences is dictated largely by the system
under study, based on the interplay of relaxation and
exchange broadening effects.

Materials and methods

All spectra were recorded on Varian INOVA spectrom-
eters operating at 14.1 T (600 MHz, 'H frequency),
equipped with actively shielded z-gradient probes.
To demonstrate the H2(N1N3)H3, HS(N3N1)H1 and
H6(N3N1)HI1 experiments, the following uniformly
13C/15N labeled samples were prepared using standard
procedures described previously (Cai et al., 1998):
(a) A 27 nucleotide fragment of HIV-1 TAR RNA



(mol. wt. ~9 kD) in 95% H,0/5% D, O solution con-
taining 15 mM phosphate/25 mM Na»S04/0.1 mM
EDTA buffer at pH 6.1 and 25 °C; (b) a 31-nucleotide
fragment derived from stem IIB of the HIV-1 Rev
response element (RRE) mRNA, complexed with an
(unlabeled) 22 residue peptide (mol. wt. ~ 13 kD)
(Gosser et al., 2001), in 95% H;0/5% D,O solu-
tion containing 10 mM phosphate/12.5 mM NaAc-
d4 buffer, at pH 6.0 and 25°C. To demonstrate the
NH>(N7)HS8 experiment, a dimeric DNA quadruplex,
d(G1G2G3T4T5CeA7GgGo) (mol. wt. ~ 6 kD) (Ket-
tani et al., 2000b) was uniformly '3C/'SN labeled
using the procedure described in Kettani et al. (1999),
in 95% H>0/5% D»O solution, containing 100 mM
NaCl/2 mM phosphate buffer, at pH 6.5 and 0 °C. All
sample concentrations were approximately 1.5 mM.

Results

Watson—Crick base pairs: HIV-1 TAR RNA

Protein-RNA recognition plays a key role in the life
cycle of lentiviruses. Transcription of the integrated
provirus is stimulated by a trans activating protein Tat
through interaction with the trans activation response
(TAR) element of the transcribed mRNA (reviewed in
Karn, 1999). The sequence of HIV-1 TAR shown in
Figure 2a contains an internal three base bulge, which
is the target site for the Tat protein. Our laboratory is
interested in the interaction of HIV-1 TAR with small
molecules capable of disruption of the Tat-TAR com-
plex. To this end, we are applying hydrogen bonding
and residual dipolar coupling methodologies in our
laboratory to supplement earlier available NOE data
(Puglisi et al., 1993; Aboul-ela et al., 1995; Brodsky &
Williamson, 1997) for structure determination of the
HIV-1 TAR in the free and bound states.

Figure 5a shows a region of the H2(N1N3)H3
spectrum recorded on the HIV-1 TAR RNA fragment,
consisting of cross peaks between the H2 protons of
A20 and A27 and the imino (H3) protons of their base
paired partners, U42 and U38, respectively. Evidence
for the A22-U40 base pair could not be obtained either
by HNN-COSY methods (due to exchange broadening
of the H3 proton of U40) or H{CN)N(H) techniques
to correlate H2:A22 with N3:U40. The HNN-COSY
spectrum correlating the uridine H3 protons with ade-
nine N1 nitrogens is shown in Figure 5b. Figure 5a
clearly demonstrates the feasibility of obtaining 'H-
'H correlations across A-U base pairs, thereby elimi-
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nating the need for separately assigning the N1 nitro-
gen. In systems with substantial degeneracy in the N1
region, these correlations can be significantly useful in
circumventing N1 overlap problems.

This aspect becomes evident in Figures 6a—c
showing G-C correlation spectra of the TAR frag-
ment. The HS(N3N1)H1 spectrum (Figure 6a) shows
H5(C,w1):H1(G,w>) cross peaks; the HO(N3N1)HI
spectrum (Figure 6b) shows corresponding H6(C,w1):
H1(G,wy) correlations, and N3(C,w1):H1(G,w>) cor-
relations are observed in the HNN-COSY spectrum
(Figure 6¢). All cross peaks are observed, barring
the terminal G—C pair where the imino proton is too
exchange broadened to be observable. For the TAR
fragment, it is clear that the HS(N3N1)H1 spectrum
not only eliminates the need for independent assign-
ment of the cytosine N3 nitrogen, but also removes the
degeneracy associated with these nitrogens — notably
C41, C44 and C37 — in the HNN-COSY spectrum of
Figure 6¢. The H6(N3N1)HI spectrum in Figure 6b
turns out to be less useful for TAR because the H6
protons are not as well dispersed as the HS protons.
However, as discussed below for the RRE-peptide
complex, situations may arise where the HO(N3N1)H1
spectrum may play a critical role. In any case, conver-
gent information obtained from complementary data
sets is always beneficial.

Mismatch alignments: multi-stranded, higher-order
DNA architecture

Our laboratory has been interested in defining the fold-
ing topology of higher order multi-stranded DNA ar-
chitectures stabilized through mismatch, triple, triad,
tetrad and hexad alignments (reviewed in Patel et al.,
1999). The identification of pairing alignments con-
stitutes a key process in differentiation amongst alter-
nate folding topologies and this is achievable through
identification of donor and acceptor pairs within in-
dividual hydrogen bond pairing alignments. Such an
approach has been used in our laboratory on a va-
riety of novel multi-stranded folding topologies re-
cently ranging from mismatch-aligned duplexes (Ket-
tani et al., 1999), to dimeric quadruplexes containing
stacked triads (Figure 2a) (Kettani et al., 2000b), and
four-stranded quadruplexes stabilized through hexad
formation (Kettani et al., 2000a).

Figure 7a shows the soft Ho(N2N7)HS8 spectrum
recorded on d(GGGTTCAGG), which forms a dimeric
G(CeA) containing quadruplex (Figure 3a) (Kettani
et al., 2000b), showing NH>(w1):H8(w>) cross peaks
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mediated via 2hJsz coupling constants across GeG
mismatches in the GeGeGeG tetrad and the sheared
GeA mismatch in the Ge(C-A) triad. Figure 7b shows
the corresponding soft-HNN COSY spectrum show-
ing N7(G/A,01):N2H>(G,w7) cross peaks. Possible
ambiguities arising from the near degeneracy of the
N7 nitrogens of G1 and A7 are immediately resolved
in the soft Hy(N2N7)H8 spectrum due to the clear
separation of the H8 protons. This is achieved de-
spite the substantially lower intrinsic resolution of the
H>(N2N7)H8 spectrum along w; (t]*** = 13 ms) rel-
ative to the soft HNN COSY spectrum (~40 ms).
In addition, the N7(G8,w1):NH2(G2,w2) correlation,
which is missing from the soft HNN COSY experi-
ment is observable as a NH»(G8,w1):H8(G2,w)) cross
peak in the soft Ho(N2N7)H8 spectrum. The exchange
broadened NH; protons of G2 are observed as weak
peaks in the 'H->N HSQC spectrum, but do not
survive the longer delays contained in the soft HNN
COSY sequence. However, in the Ho(N2N7)HS se-
quence, detection on non-exchangeable H8 protons
permits observation of this correlation. The only cross
peak missing from both spectra is the G2:G1 corre-
lation, because the G2:NH; protons are too severely
exchange broadened and not observable even in the
'H->N HSQC.

RNA-peptide complexes: evolved peptide-RRE
complex

Recently, progress has been made towards the struc-
tural characterization of complexes between arginine-
rich peptides and their RNA targets in viral and phage
systems (reviewed in Patel, 1999; Frankel, 2000).
Such studies have the advantage that the peptide and
RNA components are minimalist modular domains
capable of undergoing adaptive structural transitions
on complex formation. Minimalist elements of pro-
tein secondary structure are enveloped within major
groove binding pockets within the RNA, with recog-
nition involving intermolecular interactions between
peptide backbone and side chains and precisely po-
sitioned mismatches, triples and looped out bases of
the RNA pocket. Recent structural studies from our
laboratory of two distinct peptides binding the same
RNA, has established that RNA defines the conforma-
tion of the bound peptide (Ye et al., 1999). Conversely,
studies from our laboratory of one peptide binding
two distinct RNAs, has established a peptide-triggered
conformational switch in HIV-1 RRE RNA complexes
(Gosser et al., 2001). In the latter study, we investi-

gated the NMR structure of the high affinity complex
between an evolved peptide (Harada et al., 1997) and
the RRE target (Gosser et al., 2001).

Figures 8 and 9 show H2(N1N3)H3, HS(N3N1)HI,
H6(N3N1)H1 and HNN-COSY spectra recorded on
the evolved-peptide RRE complex. Figures 8a and 8b
show regions of the H2(N1N3)H3 and HNN-COSY
spectra, respectively. Note that the H2(N1N3)H3 spec-
trum successfully reports the H2(A,w1):H3(G,w>)
correlation for an AeG mismatch, in addition to the
A-U Watson—Crick base pairs. Figures 9a—c show
regions of the HS(N3N1)H1, H6(N3N1)H1 and HNN-
COSY spectra, respectively, on the same system,
highlighting correlations across G—C Watson—Crick
base pairs. It must be noted here that the 'H-'H
correlation experiments were performed using less
sensitive, ‘first-generation’ versions of the sequences
presented here and therefore required significantly
longer acquisition times than the newer versions that
have been used in Figures 5-7. Even so, these spec-
tra demonstrate the high quality of data that may be
obtained on larger, complex systems (~ 13 kD). Fig-
ure 9 also points out an important application of the
H6(N3N1)H1 spectrum: in the peptide-RRE complex,
the degeneracy of the N3 nitrogens of cytosines 49
and 69 in the HNN-COSY spectrum (Figure 9c) is
not lifted by the HS(N3N1)H1 experiment (Figure 9a),
since the HS protons are also degenerate! It is in
the H6(N3N1)H1 spectrum (Figure 9b) that the corre-
sponding H6 protons resolve the degeneracy, although
by a narrow margin. This illustrates the complemen-
tary nature of the H5(N3N1)HI and H6(N3N1)H1
experiments.

Discussion

In this paper we have presented novel methods
H(NNH) and H(CNN)H based methods for correlating
exchangeable protons with non-exchangeable protons
across N-He e ¢N hydrogen bonds, under conditions
where exchangeable protons are detectable. These
'H-H correlation experiments complement the HNN-
COSY technique effectively by eliminating the need
for assigning the donor/acceptor nitrogen, and thereby
circumventing problems of degeneracy in the nitrogen
dimension. There are other possible applications of
these experiments as well, such as in the resonance
assignment procedure. These techniques may also be
extended to the detection of 'H-'H correlations across
inter-molecular N-HeeeN hydrogen bonds to comple-



ment the HNN-COSY and H(CN)N(H) methods used
previously (Liu et al., 2000b).

The 'H-'H correlation experiments can be conve-
niently augmented by equivalent 'H-'3C correlations.
A simple approach is to replace the frequency label-
ing of the non-exchangeable proton in the indirect
dimension with that of the directly bonded carbon, i.e.,
the H2(N1IN3)H3, H5(N3N1)H1 and H6(N3N1)H1
sequences may be substituted by corresponding
C2(N1IN3)H3, C5(N3N1)H1 and C6(N3N1)HI se-
quences, respectively, with minor modifications to the
experimental protocols described here. The two ap-
proaches may also be combined to yield appropriate
H,Ca(NyN¢)Hg type of 3D spectra as well.

With regard to sensitivity, the experiments per-
formed quite well on the systems and sample con-
ditions used in this study. The least sensitive of the
pulse-sequences, namely, the H6(N3N1)H1 experi-
ment, demonstrated adequate S/N within 2-3 h of data
acquisition, even with a non-optimized version of the
sequence, on the largest system — the 13 kD peptide-
RRE complex — used in this work. It must be borne in
mind that these sequences are sensitive to the choice of
selective pulses in terms of focusing the magnetization
transfer along the desired pathway, and efficient exci-
tation of well-separated nuclei. Also, since one of the
protons correlated by these experiments is always an
exchangeable proton, exchange broadening effects are
bound to degrade sensitivity. We anticipate that these
experiments will be adequately sensitive for moder-
ately sized systems (~ 15 kD) and may be extend-
able to larger molecules under favorable relaxation
and exchange broadening conditions. In conjunction
with relaxation optimized techniques such as TROSY
(Pervushin et al., 1997; Pervushin, 2001), we hope
to extend the domain of applicability to even larger
molecules.
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