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Abstract: The conformational analysis of the backbone angl®5 —C5—C4 —C3) and the stereospecific assignment

of the H3(Pro-S) H5(Pro-R) diastereotopic protons in a uniformt$C,15N labeled RNA oligonucleotide was performed
using new Exclusive COSY (E.COSY) type multidimensional heteronuclear NMR experiments designed to measure
3J(H4',H5') homonuclear and)(C4,H5) heteronuclear coupling constants. The experiments were demonstrated on
a uniformly13C 15N labeled 19-mer RNA hairpin (§GCACCGUUGGUAGCGGUGC-3 derived from the RNA |
transcript involved inCol E1replication control. From the small(H4',H5') couplings constants observed for the
RNA hairpin, it was concluded that gllangles assume a gauch®tamer conformation(= 60°). From the signs

of the 2)(C4,H5") coupling constants, the Mprotons were stereospecifically assigned. In the helical stem region
of the hairpin, the H%-S) protons were found to resonate downfietd0(4 ppm) of the H3P-R) protons. In the

loop region of the hairpin, the chemical shift differences between tH@ % H5 (Pro-R) resonances were found to

be smaller, and in most cases, the' ™SS protons were found to resonate upfield of the’ ™SR protons. The
different chemical shift patterns observed for theé®5% and H5®-R) protons in the two secondary structure elements
are discussed.

Introduction In DNA, empirical rules based on chemical shift arguments have
been used quite successfully to stereospecifically assign the H2
diastereotopic protons. In most cases, the®¥®) proton is
found to resonate upfield of the HZ°R) proton? A similar

The quality of structures determined by NMR spectroscopy
relies on the extent to which a full interpretation can be made

gIat:ti ex_lpc()erlmgn;e:llgl ?E;emlgri%i'\lliiz 1‘1‘:;) Lﬂ:ggt ccc))fn-N OE chemical shift analysis has been proposed for the stereoselective
) ’ 9 9 assignment of H5protons found in the context of a canonical

dlstances. and torslon.angle.s to one of two-dlastereotoplc groups, ¢ RNA conformatior® according to which the H&™S)
can provide a significant improvement in the use of NOE

distance and torsion angle constraints in NMR structure proton resonates downfield from M5, In sum, however,
determinatiod— In RNA a?ld DNA oliqonucleotides. assian- the chemical shift approach to stereospecific assignment has

S 9 ' 9 obvious fallibilities such as inapplicability in regions of non-
ment of NOE distances, and coupling constants stereo-

specifically to one of the two H5orotons is rather critical for canonical structure or in the presence of bound .Iigands.
the precise determination of nucleic acid backbone geordétry The use of measured or (_ast|ma¥é(1-|4',H5'_) co_upllng_s_about
The NOEs and coupling constants that involve the H.- "y combined with a comparison of the relatlvg intensities of the
stereotopic protons not only define the backbone torsion angle H3, HSE™% and H3, HS®™R cross peaks in a 2D NOESY

g . ) (nuclear Overhauser effect spectroscopy) experififdrs also
y (O5-C5-C4—C3) but also can reveal other long-range )., seq for stereospecific assignment in oligonucleotides (e.g.,
correlations either within the given ribose or along the oligo-

nucleotide backbone. In particular, stereospecific assi nmentif v = 60° as determined from smatli(H4'HS) couplings,
: part ’ Pe 9 the distanced(H3',H5 (ProR) andd(H3',H5 (P-S) should differ
of the HB protons can be critical for determining the angle

b ~E . o . by ~1.5 A). Although this method has been applied with some
E)??hethetecr:c?nucC::Ii;%{Hasllolx\;lr::%lzlg)(lair?gt;e(rzizssit):ﬁtlzc assignment o, cess to small DNA oligonucleotides, it has been quite limited

. o . in application to RNA oligonucleotides due to the extremel
Previous methods for stereospecific assignment 6firtions bp g y

in oli leotides h neluded th tth hemi Ipoor resolution of the ribose (M2H3', H4', and H3) protons.
in oligonucleotides have included the use of the proton chemical \oe_pased methods for stereospecific assignment may also be
shifts® the interpretation of NOEs together with small homo-

. : subject to errors due to spin diffusion or conformational
nuclear3J(H,H) coupling$’ and stereoselective deuteratfon. ) P

averaging.
*To whom correspondence should be addressed. In gomparison to methods based on the interpretat@qn of
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(a) 6/v H Angle 2J(CH)
% 0<161<90 negative
161 =90 zero
90 <181 < 180 positive
(b) v
05' ~ H5'eros) H5 ®oR
o4 C3' o4 C3' 04 C3'
H5' v H5'poR  H5' 0ok 05’ 05 HS'wros)
H4' H4' H4'
rotamer l I[ III
Y angle 60° (gauche+) - 60° (gauche-) 180° (trans)
3J(H4' H5'(pro-S)) small large small
3)(H4' H5'(Pro-R)) small small large
2J(C4',H5'Pro-S)) negative negative positive
2)(C4',H5'(Pro-R)) positive negative negative

Figure 1. (a) Newman projection showing the sign dependence of
the 2J(C,H) on the angled for a generalized XECH fragment. (b)
Newman projection aroung with the predicted signs and coupling
constants for the three rotamer states (gatichans, and gauchg

From work on model systems it has been established that in

an H—-C—C—X system, where X is an electronegative atom,
the sign of the?J(C,H) coupling shows a dependence (Figure
1a) on the torsion angle between H and X. From theoretical
calculation on ethanol, th&)(C,H) was found to be negative
when @ < |0| < 90°, zero when 6| = 90°, and positive when
90° < |0] < 18C, with maximum values observed fof @nd
18C°. Hines and co-worket8exploited this?] correlation and
showed that the sign dependence (Figure 1b) ofi@4, H5)
coupling constants associated wighcould be used both to
stereospecifically assign the Hprotons and to determine the
conformation of they angle. Using a 30%°C labeled UUCG
tetraloop RNA sample, stereospecific assignments for the
H5' protons were obtained from the sign of tA§C4,H5)
coupling constants measured using E.COSY patterns observe
in X-filtered NOESY and TOCSY (total correlation spectros-
copy) experiments! The X-filtered experiments used in these
studies, however, suffered from insensitivity and cross peak
overlap to such an extent that only tR&C4',H5') coupling
constants for three out of 12 residues were reported.

In this paper, we report new sensitive heteronuclear NMR
methods that measure the homonucléafH4', H5) and
heteronucleatJ(C4,H5') coupling constants in uniformi#C
labeled oligonucleotide® 15 A “directed” HCC-TOCSY-
CCH-E.COSY tailored for the measurement of vicitigH4',H5)
coupling constants and a family of (35'-selective experiments
for the measurement of gemirfd(C4',H5') coupling constants

are presented. The coupling constants measured using thes

NMR experiments have provided fairly complete stereospecific
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20, 4507-4513.
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Figure 2. Pulse sequence for the “directed” HCC-TOCSY-CCH-
E.COSY used for the determination@{H4',H5') coupling constants

in this study. The details of the parameters used to implement this pulse
sequences are given in part B of the Experimental Section.

assignment of H5protons and allowed analysis of the confor-
mation about all thes backbone angles in the 19-mer RNA
hairpin under investigation.

NMR Experiments

A. Measurement of3J(H4',H5') Coupling Constants. In
order to increase resolutiofl(H4',H5") homonuclear coupling
constants were measured using a “directed” HCC-TOCSY-CCH-
E.COSY experimeft1’as shown in Figure 2. The “directed”
HCC-TOCSY-CCH-E.COSY experiment first excites proton
magnetization, which is frequency labeled in and then
transferred via a refocused INEPT step into in-phase carbon
magnetization. The refocusing periol' (= 3.0 ms), duration
of the isotropic C,C-TOCSY mixing period (DIPSI-3 durimg
= 13.5 ms), and3C constant time evolution delayl = 7.6
ms) that are then applied have been exactly matched such that
coherence originating from Mduring t; frequency labeling
forms predominantly “forward directed” antiphase coherence
of the type 2§,S+1, (Withi =3, 4, 1=C1,2=C2,3 =
C3, 4 = C4 and 5= C5) at the end of the constant time
evolution!” Finally, a13C COSY (correlation spectroscopy)
pulse is applied and a reversed DEPT is utilized for the €&

(pack-transfer stép with a small flip angle proton pulses(=

45°)19.20 gpplied to meet the E.COSY requirement of leaving
the spin state of the passive spins (theé Higd H4 protons in

this experiment) unperturbed. In this experiment, the undesired
coherence transfer between nonconnected transitions that results
from the 8 pulse is removed by a post-acquisition processing
proceduré? The experiment allows both the correlation of the
HCCH-E.COSY'?2 cross peaks (Figure 5a) with the usually
well resolved H1chemical shifts within a given ribose and the
extremely selective coherence transfer within the ribose spin
system. As a result, the experiment yields well-resolvetf C4
H5' cross peaks that are normally overlapped in the standard
2D HCCH-E.COSY? with the autocorrelated C4H4' cross
Beaks and the backward-directed' (43 cross peaks.

The “directed” TOCSY principle relies on a judicious
combination of isotropic and longitudinal mixing periéé
linear spin systems with uniform coupling constants. For an
initial density operatoo(0) = S; 4, isotropic mixing alone yields
opposite signs but equal magnitudes of the expectation values
of forward-directed coherence of sping.e., 25,S+1,) and of

(16) Schwalbe, H.; Marino, J. P.; Glaser, S. J.; Griesinger).GAm.
Chem. Soc1995 117, 7251-7252.
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time evolution period off = 7.6 ms, where the expectation
Figure 3. Plots of the evolution of the coherences of interest as a ya|yes of almost all undesired in-phase and backward-directed
function of the constant time delay, for the spins $= CI' through coherences approach zero while the expectation values of the

S, = C4 in a linear spin system (§S,—S—S—S) with ap- . et
proximately uniform coupling constantd(C,C) = 40 Hz and fixed desired forV\_/ard (?Ilrected coherences, &% and 23,55, are
close to their optimal values.

delays ofA’ = 3.0 ms andr, = 13.5 ms. In each panel, the forward- )
directed coherences (2SS+1,) are drawn as solid lines, while the B. Measurement 0f2)(C4',H5') Coupling Constants. The
backward directed (2S,S,) and in-phase coherence {Sare drawn family of C5,H5'-selective experiments (the selective' E5'-
as short and long dashed lines, respectively. Vertical lines through the HSQC (heteronuclear single quantum spectroscopy), the selec-
four panels denote the durations of the three mixing perid¢s, and tive HCCBH5'-COSY, and the selective HCGH'-TOCSY)

T. At T = 7.6 ms, the forward-directed coherences, 35 and 23,Ss, designed to measufd(C4,H5) coupling constants are shown
are close to their optimal values, while all other backward-directed and jp, Figure 4. The core element found in all these experiment is
in-phase coherences are all close to zero. the selective correlation of the C&rbon with the H5protons,

. - . while leaving the spin state of the Gegarbon unperturbed. This
backward-directed coherences of spifi 1 (i.e., 23:5+1,) for is achieved in similar fashion in each of the experiments by

all mixing timeszt, because of the conservation of coherence

ororller. Hence, _'t 1S m:jpossmle tob SileCt df%(wartd-éhre(r:]ted transfer and selective carbon decouplingii?* This selective

co erenzces (253“'3) an hsuppreshs ac vyarf- |r?|ce_ coner- pulse sequence element was used previously to measure
ences ( 'SS.‘“’V) and in-phase co erence; gfor a Spinsi 2)(H,C) coupling constants in proteirs. In all experiments,
using pure isotropic mixing experiments. However, this coher- £ ~5gy typ&%26 cross peaks (Figure 5b) are generated by
:annc?ttr;rr:sflerrn?))(/irr?rngy_Fﬁn beti?rz oll<en gﬁﬁd?iltlgnzzlmeenods of allowing the relatively large associaté#{C4,C5) coupling to

0 C?Tud Ia g d el Ot Ia co a fo S d’dt'l, d evolve during the C5chemical shift evolution which resolves

an elays needed to selectively generate forward-directed i, gg| 2J(C4 ,H5) coupling that evolves during proton
coherence transfer were found using a series of computeracquisition

. . : . 1 . L
S|r_n_ulat|ons in which Wea_kBC € coupllng (Iongltuc_imal In the selective C5H5'-HSQC (Figure 4a), approximately
mixing) was assumed during th® and T periods and ideal . \
. SR o - . 60% of the potential CHH5' cross peaks were resolved so that
isotropic mixing conditions were assumed during thperiod. 2 e .
. . ' 1ol 1 - their 2J(C4,H5) coupling constants could be extracted. For

While the duration oA’ = [21](],S)]~! = 3.0 ms was dictated . . 8 .
by the heteronuclear coupling consta(C,H) = 160 Hz, the this reason the 3D selective HCE&B'-COSY (Figure 4b) and

y ping ’ ' 3D selective HCCH5'-TOCSY (Figure 4c) were implemented

duration of the isotropic mixing period could be varied to ) : :
achieve the desired distribution of coherences along the Iineartc.) resolye th? CoHS5 cross peal§s by Igbellng tr?em in the
dimension with the chemical shift of either the ‘Gé&rbon or

spin system formed by;S= C1' to S = C5 with approximately " . - .
uniform coupling constants)(C,C) = 40 Hz. For the desired the HT proton, respectively. The 3D selective HCBES
case in this paper, the optimum coherence transfer frpmo S (24) Eggenberger, U.; Schmidt, P.; Sattler, M.; Glaser, S. J.; Griesinger,
S; and § was found using; = 13.5 ms. Figure 3 shows the C.J. Magn. Reson1992 100, 604-610.

; ; : ) (25) Vuister, G.; Bax, AJ. Biomol. NMR1992 2, 401—-405.
evolution of the coherences of interest for fixed deldys= (26) Griesinger. C.. Sarensen, O. W.: Ernst, RJRAM. Chem. Soc.

3.0 ms and;; = 13.5 ms and variable delays f(0 < T < 20 1985 107, 6394-6396; Griesinger, C.; Sgrensen, O. W.; Emst, RJR.
ms). This simulation yields an optimal duration of the constant Magn. Reson1987, 75, 474-492.

using a selective C®arbon 90 pulse for the C5— H5' back-
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(a) (b)

1jca,cs)
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L 2(C4HS)

H4'

1J(C4',Ha") ~ 3J(H4' H5")
4 —— i 5§ ——Hs

3)(H4' H5")

2J(C4',H5")

RS

CaCs)

— Qca I Qcs

Qus Qs
Figure 5. Schematic E.COSY multiplet pattern observed in the (a)
HCC-TOCSY-CCH-E.COSY experiment and (b) 'CH5 selective

experiments.

COSY experiment (Figure 4b) was designed to resolve cross
peaks that belong to residues in nonhelical regions of the RNA
structure. In these regions, such as the loop in this hairpin, the
C4 carbons are usually dispersed well enough to resolve the
C5, H5 cross peaks. In the 3D selective HCB5-COSY
experiment, the labeling of the CBS' cross peaks with the

C4 carbon resonances is obtained by a constant time carbon

evolution of 3[4J(C,C)] ! prior to the*C COSY pulse, which

also serves simultaneously to generate antiphase carbon mag

netization of the form 2¢,Cs,. The proton 90 pulse applied
simultaneously with the second98C pulse converts operators
associated with non-refocused proton magnetization into non-
observable multiquantum coherence.

For the residues in the helical portion of the RNA where the
C4 carbons are severely overlapped, the 3D selective HIZC5
TOCSY experiment (Figure 4c) was used to correlate the
C5,H5 cross peaks to the usually well resolved' ptotons.

In this experiment, a C,C-TOCSY mixing period of 24 ms was
chosen to obtain the maximum transfer from theé ©the C5
carbon. The optimal C,C-TOCSY mixing period was extracted
from transfer functions that were originally calculated for the
aliphatic carbon spin systems found in amino acid side clains.
For the ribose five-carbon spin system witi{C,C) ~40 Hz,
the transfer function calculated for the five-carbon linear spin
system of lysine was used with a simple rescaling of-#€,C)
couplings from 35 to 40 Hz. The correlation to the'kptoton

via the C,C-TOCSY is the most favorable way to resolve most
of the CB,H5 cross peaks, but it suffers in sensitivity with

J. Am. Chem. Soc., Vol. 118, No. 18, 19381

from the multiplet patterns of simple COSY-type experiments
is difficult due to the fact that line widths normally are of the
same size or exceed the size of the couplings of interest.
Moreover, in RNA molecules, severe chemical shift overlap of
H2', H3, H4', and H5 ribose protons makes even an estimation
of coupling constants from H,H-COSY cross peaks all but
impossible. In macromolecules where the line widths are on
the order of the coupling of interest, a partial cancellation of
the antiphase components results in the observation of antiphase
splittings that are systematically larger than the true coupling
constant. By using the E.COSY met#8é only connected
transitions are observed in a particular multiplet and therefore
passive couplings can be measured without interference from
components of opposite phase. Heteronuclear-based E.COSY
methods, as discussed in this paper, utilize relatively large
associatedJ couplings to resolve the smaller couplings of
interest and so allow the sign and magnitude of a coupling
constant to be determined in macromolecules where the
couplings are usually smaller than the line widths. As previ-
ously discusseéf however, the faster relaxation of the antiphase
terms as compared to in-phase terms results in an observed value
Jeff from an E.COSY-type multiplet which tends to be smaller
than the actual coupling constant. For the measti@d4’,-

H5') coupling constants, the effect of this differential relaxation
leads to systematic errors when the correlation tirgedgecomes
exceedingly large. In this case these coupling constants should
be determined using the DQ/ZQ methodol&gyhich largely
suppresses differential relaxation effects. In contrast, the
measuredJ(C4,H5') couplings constants will only be affected

by differential relaxation for correlation times, that are greater
than 100 ns becauséC—1H dipolar relaxation becomes less
effective with increasing. and'3C—13C dipolar relaxation can

be neglected for, < 100 ns.

The schematic cross peaks of the correlated spins in a
multiplet from the “directed” HCC-TOCSY-CCH-E.COSY
experiment is shown in Figure 5a. As in the parent HCCH-
E.COSY experimert!-22a relatively largelJ(C4,H4') hetero-
nuclear coupling is used to displace the two components of the
E.COSY cross peak multiplet in the inverse carbon dimension.
The sign and magnitude of the passA¥H4',H5') couplings
is extracted from the displacement of two components of the
E.COSY multiplet observed in the proton acquisition dimension.
The schematic cross peak pattern for the family of selective
C5,H5 experiments is shown in Figure 5b. In these experi-
ments, the relatively larg&)(C4,C5) homonuclear coupling
is again utilized to displace the two components of the E.COSY

respect to the COSY experiment due the fact that magnetizationmultiplet in the inverse carbon dimension. As in the “directed”

that originates from the CXarbon is transferred to a certain
extent over all carbons in the ribose ring. The choice of
experiment should therefore be made on the basis of the
requirements for resolution vs sensitivity in a given sample.

Both the HCC-TOCSY-CCH-E.COSY- and E&'-selective
experimental methods are relatively insensitive to strong
coupling effects. It can be shown by simulations that strong
coupling between the Hprotons starts to systematically alter
the size of the coupling constants extracted only whAéh <
271-20 Hz (data not shown). Nonetheless, even in the limit of
strong coupling between Hprotons, the sign of th&)(C4',H5')
couplings remain true.

Results and Discussion

A. NMR Experiments. In the study of macromolecules
(10—-25 kDa), the precise determination of coupling constants

(27) Eaton, H. L.; Fesik, S. W.; Glaser, S. J.; Drobny, GJPMagn.
Reson.199Q 90, 452-463.

HCC-TOCSY-CCH-E.COSY experiment, the sign and magni-
tude of the passiv&)(C4,H5) couplings is extracted from the
displacement of two components of the E.COSY multiplet
observed in the proton acquisition dimension.

B. Conformation Analysis of y and Stereospecific As-
signment of H3®-S) and H5' (PR}, The assignment of
conformation about the anglg to one of three possible
staggered conformations (gau¢hgauche, and trans) can be
made using théJ(H4',H5') and2J(C4,H5') coupling constant
signatures that are found for each of the three rotamers (Figure
1b). Each of the three rotamers (gauthgauche, and trans)
abouty shows a characteristic and distinguishable pattefd of
and?3J coupling constants. In the canonical A-form geometry
(y = 60°, gauchée), both 3J(H4',H5) coupling constants are

(28) Harbison, G. SJ. Am. Chem. S04993115, 3026. Norwood, T. J.
J. Magn. Reson. A993 104, 106. Norwood, T. JJ. Magn. Reson. A993
101, 109.

(29) Rexroth, A.; Schmidt, P.; Szalma, S.; Geppert, T.; Schwalbe, H.;
Griesinger, CJ. Am. Chem. Sod.995 117, 10389-10390.
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(a) JEAHS ) = 1.0Hz  KHAHS ™) = 26 He for the upfield C5 H5' cross peak was found to be small (0.3
A3 i ! Hz) and positive. This leads to the stereospecific assignment
“ . of the downfield proton to H®-S) and the upfield proton to
H5 (PR, For the U1l residue, théJ(H4',H5) coupling
= a3 constants measured in the “directed” HCC-TOCSY-CCH-
=596 pom E.COSY experiment (Figure 6c) were also both found to be

'Jca 1) J

“C [ppm]

(b) 3 ZJ(C4',H5'“":))= 32Hz ZJ(C4',H5'(:'“'R)) =03 Hz

'J(C4',C5')I ol

[79.0

C (ppm]

3

| 65.4

C [ppm]

13

463 e 423 420 small (0.7 and 1.0 Hz) and positive. In the selective,B5
H[ppm] HSQC experiment (Figure 6d), the coupling constant measured
for the downfield C5 H5' cross peak was found to be small
(0.7 Hz) and positive, while the coupling constant measured
for the upfield C5 H5 cross peak was found to be relatively
large (4.9 Hz) and negative. In contrast to residue A3, this
pattern leads to the stereospecific assignment of the downfield
proton to H&P©-R) and the upfield proton to H&™-S) In Table
465 459 423 420 1 it can be seen that all the measufd(H4',H5) coupling
'H [ppml constants were found to be relatively smaltl-5 Hz) and that
no significant distinction in the coupling patterns was observed
© . e between the stem and loop residues of this hairpin. This
UIJI(H4’H5 )5, 07 He JEHAHSTT) = 10 Hz indicates that all residues (independent of the secondary structure
element) in the hairpin have angles that are in a gauche
conformation (Figure 1b). The rather uniform gauthmn-
‘](MM)I formation observed for aly angles in this hairpin seems to
suggest thay is not involved in any loop “kinks” or turns.
=539 ppal The signs and magnitudes of tid(C4',H5) coupling
a1 ' 40 j 39 constants that were used to stereospecifically assign the H5
Hippm) protons as either pro-S or pro-R for the residues in the 19-mer
(d) NEEHS™™) 07 Hy IHAHS™) - 49 1z RNA hairpin are also shown in Table 1, with the observed
U1l i b chemical shifts for the more downfield Hprotons highlighted
‘ in bold. For the residues in the helical stem region of the
hairpin, with the exception of residue G13, all the more
IW,,CS,)T downfield resonating H5protons have been assigned to
=) H5'(Pre-S). This is in agreement with the expected chemical shift
o i for a nucleotide in a helical conformati®# and follows the
al YY) original chemical shift rules proposed by Remin and Shdagar.
H [ppm] Within the loop region (residues U8 through A12) of the hairpin,
Figure 6. Expansion of the regions from the 3D “directed” HCC-  With the exception of residue U8, the 15 protons were
TOCSY-CCH-E.COSY showing the GHI5' cross peaks associated ~ found to resonate slightly downfield of the K%-S)proton. The
with (a) residue A3 (H1plane of A3,w; = 5.96 ppm) and (c) residue  correlation of stereospecific assignment and chemical shift for
U1l (HI plane of Ull,w; = 5.89 ppm) and an expansion of the 2D  these H5 protons was therefore opposite from what was
C5,HS selective HSQC experiments showing the 65 cross peaks  observed for the residues in the helical stem region. In addition,
ob_se_rved for (b) residue A3 and (d) residue U11 of the 19-mer RNA ha proton chemical shift differences between thees) and
hairpin. H5'(Pro-R) resonances were found to be smaller and less regular
expected to be small and positive. For this rotamer conforma- tharl for the HP*S) and HS(F?VO i resonances found in the
tion, the 2J(C4,H5®S) coupling constant is expected to be helllcal stem, where the chemical shift differences between the
large and negative and tB&(C4 ,H5 Pro-R) coupling constant |H5 resonances were found usually to 58.4 ppm. For the
is expected to be small and positive, which yields the stereo- oop residues, the proton chemical shift differences observed
specific assignment of the Hprotons. In the other rotamer between the HZprotons in the loop were found to be less than
states (i.e. trans and gauchge one large and one small 0.1 pp_m (Ta_ble D). ) )
3)(H4',H5") coupling constant is expected. To distinguish the AN inversion of the chemical shifts of the K% and
trans and gauchieconformers, stereospecific assignment of the H5 > resonances similar to the one described here for the
H5®oS) and HB(PR) protons using the signs of the RNA I hairpin has been observed in UUCG tetraloop RNA,
2)(C4 H5'®-S) and 2J(C4 ,H5®°-R) coupling constants is  Where the stereospecific assignment of the ptbtons has been
necessary. determined® From the measured signs of t#&(C4 ,H5)
The E.COSY cross peak patterns observed in the “directed” coupling constants aboytin the UUCG tetraloop? the more
HCC-TOCSY-CCH-E.COSY and the selective' &5 -HSQC downfield proton was assigned to ¥®R) rather than
for residues A3 and U11 are shown in Figure 6. The E.COSY H5®Sfor residues C7 and G8, which are both found within
cross peak patterns shown for residues A3 and U1l arethe U6-G8 loop of the hairpin. In a DNA TTTA tetraloop
representative of those observed for stem and loop residueshairpin studied by Blommers and co-workérshe more
respectively. For the A3 residue, tHd(H4',H5) coupling downfield proton was assigned to ¥®®), rather than
constants measured in the “directed” HCC-TOCSY-CCH- H5®©S for residues T3 and A4, which are also both found
E.COSY experiment (Figure 6a) were found to be both small Within the T1-A4 loop of this hairpin.
(1.0 and 2.6 Hz) and positive. In the selective @5 HSQC A plot of the C5, H5 region of a normal constant time
experiment (Figure 6b), the coupling constant measured for the!H,13C-HSQC is shown in Figure 7a with cross peaks labeled
downfield C5B, H5' cross peak was found to be relatively large according to their stereospecific assignment (bold cross peaks
(—3.2 Hz) and negative, while the coupling constant measured indicate an assignment of the Hproton resonance to pro-S
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Table 1. C5 and H5 Chemical Shifts andJ(H4',H5) and2J(C4,H5) Couplings abouy Determined for the 19-mer RNA

residue Q(C5)? Q(H5'®)2 3)(H4' ,HE®)P 2)(C4 H5 ®G)Pp Q(H5'®)2 3)(H4' , HE ®)P 2)(C4 H5 R)P
1 64.19 4.34 nd nd 4.23 nc° nc
2 65.06 4.10 2.6 -34 4.00 né -0.5
3 62.82 4.60 1.0 —-3.2 4.21 2.6 0.3
4 62.41 4.51 1.0 —-3.7 4.06 <0.2 0.8
5 62.86 4.48 <1.0 -39 4.00 1.4 0.6
6 62.44 4.47 1.0 —5.1 4.06 <1.0 -0.2
7 62.10 4.458 2.1 nd 4.03 <1.0 nd
8 63.99 4.27 1.0 —-4.9 4.02 1.1 1.4
9 65.38 4.00 3.0 —-5.1 4.05 4.4 1.0

10 65.36 4.02 2.5 —5.4 4.06 2.3 1.2
11 65.66 3.93 1.0 —-4.9 4.02 0.7 0.7
12 65.98 4.30 <1.0 —-3.0 4.32 <1.0 <1.0
13 65.55 4.28 0.7 —-4.3 4.37 <1.0 0.2
14 62.33 4.46 <0.2 —6.7 4.05 1.0 —-1.5
15 63.61 4.45 2.7 —-4.3 411 <1.0 -1.4
16 63.23 4.47 1.3 -5.0 4.06 1.6 —-1.2
17 62.19 4,54 <1.0 nd 4.03 <1.0 nd
18 62.95 4.54 0.6 —-3.0 4.10 0.6 -1.0
19 65.22 4.0¢ nde nde 3.94 noe noe

aThe chemical shift of the proton and carbon resonances is given in parts per ntilliba3J and2J coupling constants are given in hertnd.
= stereospecific assignment not determined due to chemical shift overlap of the residue crosg fmaktS protons that have not been
stereospecifically assigned, the more downfield resonance is listed in tlhg€-B5olumn. The proton chemical shifts of the more downfield H5
resonances are highlighted in bold.

(a) B (s HS'(pro-R) (b) position in bold of the residues for which the more downfield
Ry - proton is assigned to I—’KB“O_'R), rather than_H@'O'S)_ as normally
o= - predicted in a double-helical conformation. It is interesting to

GWG:’ ql ¢ Gio note that there is an overall anticorrelation of the’ Carbon

Pl = @ =6 UG” UA‘ chemical shifts and the difference of the 'Hoton chemical
a1 616 Ur— G shifts for the residues of this hairpin (Figure 7c).
ad Sars g = Go— C1s Currently, the available data base of oligonucleotides for
i Sus & Cs—Gis which the stereospecific assignment of'Hifotons has been
i # Ci—Gus determined and from which the chemical shift patterns of the
IR § é3: Un H5'®Po-S)and H3(R) protons can be predicted is quite limited.
== 2—Gs In the 19-mer RNA hairpin investigated here, the phenomeno-
e = $G1—Cus, logical observation that the chemical shift patterns correlate with
DA R the secondary structure shifted by one residue toward the 3
445 430 15 305 "€ end of the primary sequence (Figure 7b) hints at an influence
H [ppm] of the preceding nucleotide on the chemical shifts of thé H5
protons of each particular nucleotide. Although intranucleotide
(©) influences on the differential shielding of the Hirotons can

8[H5'(pro-8)] - & [H5'(pro-R)] (ppm)

0.2 T T

62

625

63

63.5

64

64.5

not be ignored, it is interesting to note tredi initio quantum
mechanical calculations ort-&nd 3-phosphate mononucleotide
system& predict that the chemical shielding for the 'Hiffotons
should be rather equivalent in both'@hdo and C3endo sugar
conformations when the backbone anghks, ande assume
canonical conformations.

A possible means via which the preceding nucleotide could
influence the chemical shifts of the Hprotons is through
hydrogen bonding networks involving the preceding ribose 2
OH. In A-form RNA where the ribose sugars are in a-C3

CS' Chemical Shift (ppm) endo conformation, a hydrogen bridge can potentially form
Figure 7. (a) Expanded plot of the C5H5' region of a constanttime  between the "20H; -1y hydroxyl and O4%;, and a water-mediated
HSQC performed on the 19-mer RNA hairpin with the residue cross hydrogen bridge can potentially form between theO®;_1)
peak assignments indicated. The cross peaks stereospecifically assignedydroxyl and P®. Both interactions, although probably weak
to H5®"9) and H8®® protons are shown with bold and normal lines,  anq transient, are unique to the A-form geometry and are not
respectively. (b) Schematic of the secondary structure of the 19-mer coan tor C2endo sugar puckef. Since a significant C2
RNA hairpin with residues having *noncanonical” proton chemical - o\, ¢onformation is found for all the loop residues (U8 through

shifts for their H5(P-S and H3F°R) protons highlighted in bold. (¢ : ' X
Plot of the C5 carbon versus the di?'ference ir? wg,,s) and HB(WO,R() ) A12)16 the inverted pattern of Hxchemical shifts observed

proton chemical shifts (ppm) for each of the stereospecifically assigned fOr residues G9 through G13 corroborates this interpretation.
residues in the 19-mer hairpin together with a best-it line (the This mechanism of influence on the chemical shifts also

correlation coefficienR is —0.96) to show the general anticorrelation ~ provides a potential explanation for the observed anticorrelation
trend observed for the chemical shifts of these resonances. between the chemical shifts of the 'G&rbon resonances and

and thin-lined cross peaks indicates an assignment of the H5 ,_(30) Giessner-Prettre, C.; Pullman, @. Re. Biophys1987 20, 113~

proton resonance to pro-R). Figure 7b .Sh_OWS a_schematic of ™" (31) smger, W.Principles of Nucleic Acid Structur&pringer-Verlag:
the secondary structure of the RNA | hairpin and indicates the New York, 1988.
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difference in the chemical shifts of Hproton resonances since exception of stereospecific assignment of igfotons, has previously
it is well-known that perturbations in the electronic network of been determine#.

a molecule can have an alternating through-bond effect on the B. Acquisition and Processing of NMR Data. The “directed”
chemical shifts of atoms that are distant from the perturbation :)fi)g;;?eitsﬁﬁfHsje-cc:t?/?(:éggggstge 'ﬁ;ﬁﬂiﬁ;veaﬂi(?tﬁe
by differing number_s of intervening boné?s..lA Slm”‘fﬂ shifted selective HCCHH5'-TOCSY experiment were all recorded at 298 K
pattern of correlation between H&hemical shifts and the

. . on a Bruker AMX-600 spectrometer equipped with a triple-resonance
secondary structure is also observed in the UUCG tetraloop, poaq-hand probe with actively shielded gradients and linear amplifiers
where a significant C2endo conformation is found for the Ioop g all three channels. All spectra were processed using Felix 2.30
residues (U6 and C7) and an inverted pattern of ¢temical software (Biosym Technologies) on a Silicon Graphics workstation.
shifts is observed for residues C7 and G8. The “directed” HCC-TOCSY-CCH-E.COSY experiment used in this

We propose this model for the interpretation of the’ H5 study is shown schematically in Figure 2. Narrow and wide pulses
chemical shifts with some confidence because the only grossdenote 90 and 180 flip angle pulses, respectively. The protgn=
conformational change observed in the backbone geometry of4% pulse was implemented as a pair of*gfllses that were phase
this RNA hairpin seems to be confined to the backbone angle ;?'_ﬂxe)d;’yé' XT_h)f Z'git'it(i)p ﬂi‘;sergg‘ie (‘)’("isx a_sxf)((’)no‘q_‘ﬁgé_ dif;)'s
d. In contrast, the backbone angjésy, ande all appear not WereA 2 3 m%,w’[Zla(C,H)]"l; A = 3.0 ms,~’[21’J(C’,H-)]‘1, which I)é
to vary S|gn|f|cantly_ from the expected canonical A-form optimized for the transfer of the CH groups and= 6.25 ms,
geometry as determined from measuriigH,P) and®J(H,H) ~[45(C,O)I'%. The C,C-TOCSY was accomplished using DIPSF-3,
coupling constants (data not shown). In addition, although the with yB,/27 = 6.0 kHz and a mixing time of 13.5 ms, and the constant
anglesa and ¢ cannot be measured directly, none of the time periodT = 7.6 ms. The carbon transmitter frequency was centered
observed phosphorus chemical shifts are significant outliers, on the ribose region of the spectrum&0 ppm), and the proton
indicating a rather uniform behavior forand.3® In addition, ~ transmitter was centered on the residual HDO signal (4.75 ppfQ).
we also have an indication in the RNA loop that the angle  decoupling was achieved with GARRusingyB./2z = 2.0 kHz. 3P
does not play a decisive role in determining the chemical shift decoupling was achieved with GARP usin@./2z = 1.25 kHz.
of the HB protons since residues G9 and G10, which are both Quadrature detection was obtainedunby incrementingp, and inw;

found to be in the syn conformatidhare not significant outliers g)t/a't':;r_e{gg]}mg all carbon pulses after theevolution according to

from the observed chemical shift patterns. The HCC-TOCSY-CCH-E.COSY experiment was collected with 512
] (ts"> = 128 ms), 36 L™ =7.6 ms), and 46t{">* = 24 ms) complex
Conclusion points inws, w2, andw,, respectively. Sixteen scans pgtt, increment

In summary, we present here robust methods for the measure_Were collected with spectral widths of 4000, 5000, and 2000 Hasjn

L, i . - w», and w, respectively. Total experiment time was 48 h. Mirror
me_nt of 3J(H4',H5) an(_:i 2)(c4 ’HS_) coupling constants in image linear predictiofiwas used to expang, from 36 to 118 complex
uniformly *3C labeled oligonucleotides. These NMR methods points using 24 poles and 12 peaks. Square cosine bell apodization
have been demonstrated to unambiguously determine theand zero-filling was applied in all dimensions, with strip transformation
backbone angle and stereospecifically assign Harotons in from 6.1 to 3.8 ppm inw; yielding a final matrix size of 51 128 x
a uniformly 13C labeled RNA hairpin. They rely on through- 128 real points inws, w2, andws, respectively.
bond heteronuclear correlation of resonances and therefore in The family of selective C3H5' experiments used in this study is
contrast to NOE-based methods do not have the drawback ofshown schematically in Figure 4. Narrow and wide pulses dendte 90
poor resolution and low sensitivity. Like in NOE-based and 180 flip angle pulses, respectively. Gaussian selectivie@ses

- : - .. are drawn schematically. Selective'@&coupling was achieved using
”?e.thOdS' however,_ Conforma_ltlonal averaging will also make It MLEV-16 expansions of G3-pulsés. 3P decoupling was achieved
difficult to unambiguously interpret a measured coupling

" using a WALTZ sequence/B1/2r = 1.25 kHz). Selective inversion
constant. The NMR methods proposed here can be ealSIIyG?;-pulsei%0 used for the decoupling of CBarbons during acquisition

extended to the stereospecific assignment of ptstons in were applied with a duration of 4.096 ms, and the selective®®
uniformly 13C labeled DNA. In addition, the selective Q35 and time-reversed G4-pul$ésvere applied with durations of 3.2 ms.
correlation methods presented here can be adapted to measurall selective pulses used a 5% truncation factor.
other 2J(C,H) couplings in uniformly13C labeled oligo- The selective C5H5-HSQC (Figure 4a) employed an eight-step
nucleotides and thereby provide further information about sugar phase as followsp: = 4(X), 4(=X), ¢2 = X,—X; ¢s = 2(x),2(—X), rec
pucker conformations and dynamics. = (% =%=xX), (=xXX~X). The delayA = 3.0 ms~*/,J(C,H). The
two carbon 90 pulses were applied as Gaussian G4- and time-reversed
G4-pulses for the selective excitation of the @sonances. The carbon
transmitter frequency was centered in the middle of the &@Bbons

A. Sample Preparation. The 19-mer RNA stem-loop, derived from  (~63.5 ppm), and the proton transmitter was centered on the residual
the RNA | transcript of theCol E1 replication control syster#f, was HDO signal (4.75 ppm). Quadrature detection was obtained imthe
synthesized by T7 run-off transcription and purified using standard gel dimension by cycling phase. according to States-TPPI. The
electrophoresis methods. THE 5N labeled NTPs were prepared from  selective CHH5'-HSQC experiments with 16 scans gerincrement
RNA isolated fromMethylophylus Methylotrophgrown in minimal were collected with 190t{" = 23.75 ms) and 2048, = 512 ms)
media with [3C]methanol and®NH,CI as the sole carbon and nitrogen ~ complex points recorded i, andw,, respectively. Total experiment
sources, respectively. The monomeric state of the 19-mer RNA-stem time was 2.5 h. Lorentz-to-Gauss transformation was used to enhance
loop at the NMR concentrations~(.5 mM) used in this study has the resolution in the H5CS cross peak region and by comparing the
been documented by mobility shift gel electrophoretic anafisithe extracted couplings of well-resolved cross peaks at different levels of
NMR sample was prepared to contairl.5 mM oligonucleotide in resolution enhancement; an internal check was available to ensure that
99.9996% DO, 25 mM NaCl, 1 mM MgC}, and 1 mM cacodylate - —
[pH = 6.5]. The experiments were measured in a Shigemi limited- 29:(3:.)’5) Shaka, A. J.; Lee, C. J.; Pines, AMagn. Resorl.98§ 77, 274~
volume NMR tube with a sample volume ofLl80uL. The complete (36) Shaka, A. J.; Barker, P.; Freeman, RJ.JMagn. Resonl985 64,
resonance assignment of the 19-mer RNA | stem-loop, with the 547-552.
(37) Marion, D.; Ikura, R.; Tschudin, R.; Bax, A. Magn. Resori1989

Experimental Section

(32) Buckingham, A. DCan. J. Chem1961, 38, 300. 85, 393.
(33) Marino, J. P. Thesis, Yale University, 1995. (38) Zhu, G.; Bax, AJ. Magn. Reson199Q 90, 405-410.
(34) Eguchi, Y.; Itoh, T.; Tomizawa, Annu. Re. Biochem.1991, 60, (39) Emsley, L.; Bodenhausen, G.Magn. Resonl989 82, 211-221.

631-652. Eguchi, Y.; Tomizawa, J. Mol. Biol. 1991, 220, 831-842. Emsley, L.; Bodenhausen, €hem. Phys. Lettl99Q 165 469-476.
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no artifacts had been introduced by the apodization. The data were HCCBHS5'-TOCSY experiment was collected with 92"¢*= 36.8 ms),

zero-filled and strip-transformed from 4.75 to 3.8 ppnuinto yield 32 "> = 40 ms), and 512t{m>= 128 ms) complex points recorded

a final matrix size of 1024« 1024 real points. in w1 and w,, respectively. Eight scans pér, t, increment were
The selective HCCBHI5'-COSY (Figure 4b) employed a four-step  collected with spectral widths of 4000, 800, and 2500 Hazi wy,

phase as follows:p1 = 2(X), 2(—X), ¢2 = X,—X; rec = (X,—X,—X,X). and w1, respectively. Total experiment time was 40 h. Linear

The delays wereA = 3.0 ms, ~23(CH)[ 5 A" = 2.2 ms, prediction was used to expand from 92 to 184 complex points using

~[41)(C5,H5)]™% and T = 18.75 ms,~3[4%J(C,C)I'L. The final 32 poles and 16 peaks. Square sine bell apodization shifted by 60

carbon 90 pulse was applied as a G4-pulse for the selective excitation was applied in all dimensions, and the data were zero-filled, with strip
of the CB resonances. The carbon transmitter frequency was centeredtransformation from 4.75 to 3.8 pm in3 to yield a final matrix size
in the middle of the CScarbons {63.5 ppm), and the proton transmitter  of 128 x 64 x 256 real points imws, w,, andws, respectively.

was centered on the residual HDO signal (4.75 ppm). Quadrature Coupling Constant Determination. The 3J(H4',H5) and

detection was obtained i, by cycling ¢, and inw, by cycling all 2)(C4,H5') coupling constants were determined by first extracting the
carbop pulses after thig evolutlo_n according to States_—TPﬁl.The appropriate rows invs of a “directed” HCC-TOCSY-CCH-E.COSY,
selective HCCH45'-COSY experiment was collected with 58"¢* = w> of a selective CRH5-HSQC, andws of the selective HCCHI5-

14.5 ms), 36 " = 48.3 ms), and 512t{"* = 128 ms) complex o5y and selective HCCBS-TOCSY. For each E.COSY multiplet,
points recorded imy, w2, andws, respectively. Eight scans par t, two w; traces corresponding to the upfield and downfield components
increment were collected W'th spectral widths O.f 4000',1200' and 4000 of the multiplet were obtained by a summation of the slices that
HZ in ws, w2, andw, respectively. Total experiment time was 28 h. ., hrise each of the multiplet components. The coupling constants
A linear phase correctidhwas applled_ in the, dimension to shift the were fit using a procedure of minimizing the power difference spectrum
center of the carbon spectrum downfield 52500 Hz from 63.5 ppm in the time domain after subtraction of the two respective rows extracted

I(.CSI centec? Ep 280 ppm (cedntter of theailb](()se cggb?nsl).lirror Ilmage from the cross peaks of the observed E.COSY multiplet. The details
Inéar predicion” was used o expana, from 0 174 complex of the fitting procedure and error analysis have been previously
points using 24 poles and 12 peaks, and linear prediction was used todescribed‘l

expandw; from 36 to 72 complex points using 12 poles and 6 peaks.

Square sine bell apodization shifted by°6@ias applied in all .
dimensions, and the data were zero-filled, with strip transformation ~ Acknowledgment. This work was supported by the Fonds
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(~80 ppm), and the proton transmitter was centered on the residual out th_at the qntlcorrelatlon between the_dlffere_nce inptdton

HDO signal (4.75 ppm). The final carbon@pulse was applied as an chemical shifts and the C&arbon chemical shift was stronger

off-resonance Gaussian G4-pulse (centered-@8.5 ppm) for the  than that between the HB°S chemical shift and the Csarbon

selective excitation of the CBesonances. Quadrature detection was chemical shift.
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