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Abstract

Triple resonance HCN and HCNCH experiments are reliable methods of establishing sugar-to-base connectivity
in the NMR spectra of isotopicaly labeled oligonucleotides. However, with larger molecules the sensitivity of the
experiments is drastically reduced due to relaxation processes. Since the polarization transfer Féiveeeh

15N nuclei relies on rather small heteronuclear coupling constants (11-12 Hz), the long evolution periods (up to
30-40 ms) in the pulse sequences cannot be avoided. Therefore any effort to enhance sensitivity has to concentrate
on manipulating the spin system in such a way that the spin—spin relaxation rates would be minimized. In the
present paper we analyze the efficiency of the two known approaches of relaxation rate control, namely the use of
multiple-quantum coherence (MQ) and of the relaxation interference between chemical shift anisotropy and dipolar
relaxation — TROSY. Both theoretical calculations and experimental results suggest that for the sugar moiety (H1
C2-N1/9) the MQ approach is clearly preferable. For the base moiety (H6/8-C6/8-N1/9), however, the TROSY
shows results superior to the MQ suppression of the dipole—dipole relaxation at moderate magnetic fields (500
MHz) and the sensitivity improvement becomes dramatically more pronounced at very high fields (800 MHz). The
pulse schemes of the triple-resonance HCN experiments with sensitivity optimized performance for unambiguous
assignments of intra-residual sugar-to-base connectivities combining both approaches are presented.

Abbreviations CSA, chemical shift anisotropy; MQ, multiple-quantum; SQ, single-quantum; TROSY, transverse
relaxation optimized spectroscopy.

Introduction ments do not depend on the spatial configuration of
the studied molecule and the resulting assignment is
Since the advent of techniques for the preparation therefore more reliable. Triple resonance HCN exper-
of 13C- and 1>N-labeled RNA (Batey et al., 1992; iments have been proposed for sugar-to-base correla-
Nikonowicz et al., 1992; Michnicka et al., 1993), tions (Farmer etal., 1993, 1994; Skiéréhal., 1993a,
heteronuclear through-bond correlation experiments b; Tate et al., 1994), for sequential backbone assign-
have become the preferable tool for resonance as-ments (Heus et al., 1994; Marino et al., 1994, 1995;
signment in NMR spectra of oligonucleotides. Un- Tate et al., 1995; Varani et al., 1995; Wijmenga et
like the traditional proton-only assignment methods al., 1995; Ramachandran et al., 1996), and for corre-
that rely on through-space interactions due to the lating exchangeable and non-exchangeable protons in
nuclear Overhauser effect (NOE) (Wuthrich, 1986; pyrimidine (Simorre et al., 1995; Sklehét al., 1996)
Goljer and Bolton, 1994), the through-bond experi- and purine (Fiala et al., 1996; Simorre et al., 1996a,
P itute of M ooular Chemisiry. Acad b; Sklend et al., 1996) bases. For optimal polariza-
of rsetf’izgcz Of“iﬁz' gzse'clﬁl eR‘;puafé?";‘éij‘feg; mr‘;m'zs r{'GZCgGemy tion transfer between nuclei X and Y with a coupling
Praha 6, Czech Republic. constant ¥y, an evolution delay of length 1/(2J)
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is needed. Since the heteronuclé3E-1°N coupling
constants in RNA are 12 Hz or less, a complete polar-
ization transfer would require evolution periods of up
to 100 ms long. As the spin—spin relaxation times in
large RNA oligonucleotidesx 30 residues) are in the
range of 20—-50 ms, most of the signal is lost during the

pulse sequence due to transverse relaxation. Not sur-G G G U U G UGGCAC

prisingly, applications of the experiments mentioned
above to these systems often produced disappointing
results. Since different spin orders vary in their relax-
ation properties, keeping the spin system in the state
that exhibits the slowest relaxation rate can reduce the
sensitivity loss due to the relaxation processes dur-
ing an experiment. Keeping a spin pair in the state
of multiple-quantum coherence (MQ) eliminates most
of the dipolar contribution to the spin—spin relaxation
(Griffey and Redfield, 1987; Bax et al., 1989; Grze-
siek and Bax, 1995). This is partially offset by a
higher rate of cross-relaxation of the proton spin in

G4 A
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Scheme 1The ATP-binding RNA aptamer.

literature (Pervushin et al., 1997, 1998a, b; Anders-
son et al., 1998; Rance et al., 1999), only one study
dealing with the specifics ofH-13C TROSY in nu-

cleic acids (Brutscher et al., 1998) has been published
and the three papers describing the first applications
of TROSY to triple-resonance experiments (Salzmann

the transverse plane with the remote protons as com-et al., 1998, 1999; Loria et al., 1999) concentrated on
pared to the single quantum (SQ) coherence. Thanksproteins. In this contribution we propose experimen-
to a rather low proton density in oligonucleotides, the tal schemes for TROSY implementation HbCNb
use of MQ coherence proved to produce a signifi- out-and-backand HsSCNbCHb all-the-way-through
cant sensitivity improvement in the HCN experiment experiments for sugar-to-base correlation in labeled
(Marino et al., 1997; Fiala et al.,, 1998; Skléna oligonucleotides. We provide a theoretical analysis
et al., 1998). The other approach to control the re- of the relaxation processes in different versions of
laxation rate uses the effect of the cross-correlation the experiments. Possible sensitivity gains are eval-
between chemical shift anisotropy (CSA) and dipolar uated by theoretical simulations and experimentally
interactions (DD) which has become known as trans- demonstrated at 500 and 800 MHz on an ATP-binding
verse relaxation optimized spectroscopy — TROSY aptamer complex containing 40 nucleotides.
(Pervushin et al., 1997, 1998a, b; Andersson et al.,
1998; Brutscher et al., 1998; Salzmann et al., 1998,
1999; Loria et al., 1999; Rance et al., 1999). In a Materials and methods
doublet corresponding to a J-coupled spin pair, the
cross-correlated cross-relaxation between the DD and Sample preparation
CSA mechanisms interferes constructively for one of The uniformly labeled RNA aptamer (Scheme 1)
the components (the contributions subtract) and de- was enzymatically synthesized from labeled NTPs by
structively for the other (the contributions add). A in vitro transcription from a DNA template witH{C,
refocusing pulse in the middle of an evolution interval 15N)-labeled nucleoside triphosphates using T7 RNA
switches the two components and eliminates the effect polymerase and purified by gel electrophoresis (Batey
of the cross-correlation to the first order. If a contri- et al., 1992; Nikonowicz et al., 1993). One and a half
bution of CSA to the relaxation is significant, better equivalents of unlabeled AMP were added to form the
sensitivity is achieved by eliminating the refocusing complex. The final sample concentration was 3.5 mM
pulse and keeping only the slower relaxing component in 99.95% DO with 10 mM sodium phosphate and
of the pair. The effect of cross-correlation depends on 0.2 mM EDTA at pH 6.7. The sample was placed
the relative size of the relaxation contribution of CSA, in a Shigemi sample tube, with a total volume of
which in turn is a function of the magnetic fielchB -
Therefore, the Sensitivity increase achievedin TROSY INuclei in bold'with sgfﬁx sor b dgnote spins on thg ribose or base
. . oL . used for chemical shift labeling in 2D or 3D experiments, Hs/Hb
varies with the magnetic field used. While a number indicates that correlations of both Hs and Hb are obtained at the
of papers analyzing various aspects of the double- same time.
resonancéH-1°N and'H-13C TROSY appeared in the



270 pl. The details of the sample preparation have
been published elsewhere (Jiang et al., 1996).

Ab initio calculations

The geometries for ab initio calculations were ob-
tained using the following procedure.

(1) The standard geometries of adenosine, cyti-
dine, guanidine and uridine, as implemented in the
Insight/Biopolymer software package for a single-
stranded A-RNA (Discover, 1996), were taken as an
initial guess for full ab initio geometry optimization on
the RHF/3-21G (Hehre et al., 1985) level using default
options of the GAUSSIAN-94 suite of programs (Frish
etal., 1995).

(2) The electron correlation effects on geometry were
treated by the Density Functional Theory (DFT). The
RHF/3-21G minimum served as a starting structure
for optimizations using GAUSSIAN-94. The B3LYP
functional (Becke, 1993) and the standard 6-31G

basis set were employed to account for the electron

correlation.
We used the SOS-DFPT-IGLO methodology for
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evolution intervals. With the typical length af = 15

to 18 ms their contribution amounts to 60—72 ms of the
length of the pulse sequence. During these intervals
the C-H magnetization can be in the state of either
single-quantum or multiple-quantum coherence. In the
original SQ experiment (Sklehat al., 1993b), the ini-

tial INEPT transfer produces antiphase magnetization
2H,C, that during the evolution oscillates between in-
phase and antiphase magnetizations and relaxes with a
corresponding relaxation ratp?sﬂ In the MQ experi-
ment, the magnetization is kept as a mixture of zero-
and double-quantum coherences & which relaxes

with an average relaxation ratgﬁ. The TROSY ver-
sion of the HCN experiment, while essentially similar
to the SQ, allows the simultaneous use of bidthand

13C steady state polarization. After the initial INEPT
transfer, the magnetization can be expressed in the
product operator formalism (Sorensen et al., 1983) as

5(0) = kCy — 2H,C,, @)

where k is the ratio of the carbon and hydrogen steady
state magnetizations; for a completely relaxed sys-

the nuclear magnetic shielding tensor calculations tem k =yc/yy. The relative sign of3C originating

(Malkin et al., 1995). The data in Table 1 were
obtained with deMon-NMR-CS code (Malkin et al.,

in-phase magnetization ad# originating anti-phase
magnetization depends on the phase of the second

19944, 1995), which implements sum-over-states den- proton 90 pulse and has to be chosen properly to

sity functional (Rayleigh—Schrédinger) perturbation allow the desired slow relaxing components to add.
theory with the IGLO (Kutzelnigg et al., 1990) gauge Considering the relations

choice. The Perdew-Wang-91 exchange-correlation

12 _
potential (Perdew and Wang, 1992; Perdew et al., Gy = 1/2(Cy + 2H,Cy) (2a)
1997), the approximation Loc. 1 SOS-DFPT (Malkin 34

et al, 1994a, 1995), and the basis set IGLO-II &y = 1/2(C = 2H.Cy), (2b)

(Kutzelnigg et al., 1990) were used.

NMR spectroscopy
The NMR experiments were recorded at 298 K on

we can express the magnetization of Equation 1 using
the single transition operators

0(0) = CY4(1— k) — CH41+ k) ()

Bruker Avance 500 and 800 spectrometers using Due to the cross-correlation between the DD and CSA

triple resonancéH/3C/BB (500 MHz) or*H/13C/A5N
(800 MHz) probeheads equipped with a self-shielded
z-gradient coil. The spectral widths were 5 ppm in
the 'H dimensions and 30 ppm in th®N dimen-
sion, 512 (860 at 800 MHz) real points ixy 200 real
pointsin t, 64 (32) scans per increment and repetition

time 1.5 s. The spectra were processed using Bruker

XWIN NMR software resulting in 1024« 512 ma-
trices; a 90-shifted square sine-bell window function

mechanisms the relaxation rates of the two compo-
nents are different. Their respective relaxation rates
can be written as

R3? = ROP + RGSA 4+ RE + RGC (4a)

R3* = R® + R§™ + R — RS© (4b)

where the DD, CSA, E and CC superscripts denote
autorelaxation fromt3C-'H dipolar coupling of an

was applied in both dimensions. The schematics of isolated spin pair, relaxation due {6C CSA, H

the new pulse sequences for tiBCNb-TROSY and
HsSCNbCHb-TROSY experiments are shown in Fig-
ure 1. From the sensitivity point of view, the crucial

cross-relaxation with neighboring protons ahtC
CSA and!®C-'H dipolar coupling cross-correlated re-
laxation, respectively. Note that a 18froton pulse

elements in the pulse sequence are the carbon-nitrogerchanges a §:2 component into @4 and vice versa. It
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Figure 1. Pulse schemes foHbCNb out-and-back TROSY (Transverse Relaxation Optimized Spectroscopy) (a) Hs@NCHb
all-the-way-throughMQTR (multiple-quantum-TROSY) (b) experiments. The thin and thick bars represent nonselettaedo080 pulses,
respectively; the shaded bars are optionaPl@dses. Pulses, delays and phase cycles are as follovds=(4)25 ms A = 15 ms. At 500 MHz

the band-selective pulses were set as follows: 2.5 ms REBURP®nentered at 140 ppm fétb CNb correlations; 2.0 ms IBURP-2 OFPN
positioned at 158 ppm. Phase cycling; = X, —X; ¢2 = 2(X), 2(=X); ¢3 = 8(X), 8(=X); ¢4 = 4(X), 4(—X); ¢5 = abba, where a x, —x,

—X, X, and b= —Xx, X, X, —x. In addition, ¢3 is incremented in the States-TPPI| manner to achieve quadrature detection indimeelRsion.

(b) § = 1.6 ms,A = 15.0 ms; = 18.0 ms,t = 15.0 ms,c = 1.25 ms. At 500 MHz the band-selective pulses were set as follows: 1§0(C1
2.862 ms REBURP centered at 90 ppm, 180(CK/8): 3.0 ms IBURP2 pulse with additional cosine modulatign 3144 Hz) to provide
inversion at 98:-4.3 and 146-4.3 ppm, 180(C6/8): 2.862 ms REBURP centered at 140 ppm, 180(N1/9): 2.0 ms IBURP-2 pulse centered at
158 ppm, 180(H): 4.0 ms REBURP centered at 5.7 ppm. Phase cycling= x + States-TPPlipy = 4(y), 4(-Y); ¢3 = 2(X), 2(-X);

@4 = 16(X), 16(-X); 95 = X, —X; 95 = 32(X), 32X); 97 = 8(X), 8(—X); 9g = abba, 2(baab), abba, where-&, —X, —X, X, and b= —x, X, X,

—X. The same gradient pulses as in Figure 1a were used. For a 3D version of the expéts@aHiCHb, the phasepg can be incremented for

the States-TPPI quadrature detection in%Pil dimension and the delay can be varied in a constant time manner. The pulses were applied
along the x-axis unless otherwise specified. At 800 MHz, all the band-selective pulses were set to 62.5% of their durations specified above.
Sine-bell modulated gradient pulses of 8§08 duration were applied with the strengths-gl4.2, g2= 2.5, g3= 4.8, g4= 7.2, g5= 9.0,

g6= 8.4 G/cm followed by 10qus recovery delays. GARP decoupling (Shaka et al., 198%3@fand5N was used during detection.
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Table 1. CSA parameters calculated ab initio for selected carbon and hydrogen atoms in RNA

nucleosides

011 622 033 0x(°) Oy (®) 06z(°) B Ao r

(ppm)  (ppm)  (ppm) (ppm)  (ppm)  (ppm)
C8(G) —27.4 555 109.0 304 120.4 89.1 138.2 119.0 -77.8
C8(A) —29.5 46.4 112.2 294 119.4 89.8 140.8 122.8 -81.4
C6(C) —60.7 235 150.2 26.9 117.9 89.3 146.2  183.9-121.6
C6(U) —-643 395 148.3 257 115.7 89.5 142.7  184.1-128.9
CY(G) 64.0 80.5 1112 227 109.1 78.2 98.6 415 —-25.2
Cr(A) 64.2 79.9 1104 215 107.7 78.2 99.0 40.7 —25.9
CY(C) 63.4 78.8 106.1 28.6 116.2 79.3 101.1 37.4 -22.3
CY () 63.9 79.3 108.0 235 1115 81.0 100.2 38.8 —25.0
H8(G) 155 243 28.4  90.0 136.6 46.6 8.6 11.4 -39
H8(A) 148 23.8 285 87.9 137.7 47.8 8.9 121 -3.9
H6(C) 16.7 21.8 29.2 773 1442 57.2 8.7 10.8 -2.8
H6(U) 16.7 221 29.0 787 1449 57.2 8.7 10.6 -2.7
H1(G) 19.9 246 30.2 782 126.6 39.1 6.4 89 -43
H1(A) 19.6 24.8 295 7717 1211 33.9 6.6 8.6 —438
H1'(C) 21.8 247 29.3 884 1215 315 6.0 6.6 —-4.0
H1'(U) 215 246 29.3 853 1252 35.6 6.1 6.9 -39

011, 022 andogz are the principal component of the chemical shielding tertgofy and6; are the

angles between the corresponding tensor component and the C-Hdignithe (TMS referenced)
isotropic chemical shift calculated &s = o1pms —(011 + o022 + 033)/3, whereoTyg values

were 183.87 and 31.27 ppm for C and H, respectively, is CSA andAcc is the part of CSA
responsible for cross relaxation calculated from the shielding tensor components according to the

relations (Brutscher et al., 1998X¢ = /(0% + 67 — oxoy), I' = oxP(C0Stx) + oy Pa(cosby),
ox = 033 — 011, Oy = 033 — 02, P2(X) is the second-rank Legendre polynomial.

follows that, to achieve the advantage of the reduced
relaxation rate, no proton refocusing pulses are al-
lowed between the initial and the final INEPT steps.
This condition is not met in the SQ experiment be-
cause of the!H 180 pulse in the middle of the;t
period. At this point, the fast and the slow relaxing
component are switched for the second C-N evolution
period, resulting in the averaged relaxation rate R
If the 234N coupling caused a loss of sensitivity loss
due to the line broadening in tHéN dimension, the
interaction can be decoupled in TROSY by applying
two proton refocusing pulses instead of one, placed
at /4 and 3t/4 points. In this case, the two compo-
nents are switched only for a period @f2, which is
much shorter than& and does not result in significant
sensitivity loss. With the 2D or 3IiIsSCNbCHb ex-
periment there are some important differences. First,
since the 2D experiment f$4-1H correlation and the
3D version correlate¥H-1°N-1H, it is in principle im-
possible to combine the contribution frotH and3C

periment, the relaxation rates of the two components
in the CH doublet are not averaged. This means that
the original SQHSCNCHb pulse sequence (Skleh&
et al., 1993a) accidentally involves the principle more
recently utilized in the TROSY experiments. This ex-
plains why the sensitivity increase of the MQ over
the SQ version of thelbCNCHb experiment is sub-
stantially lower than the corresponding increase in the
HbCNb experiment (Fiala et al., 1998). TRel 180°
pulse in the C-N evolution period does have the effect
of interchanging ¢? and G4 components. This pulse

is necessary to provid&C magnetization in-phase
with respect to its attachetH before the transfer to
15N and cannot therefore be omitted. However, the
pulse is placed asymmetrically in the C-N evolution
period and an arrangement is possible where the mag-
netization relaxes with the faster relaxation rat}éa2 R
for the short intervab and with the slow rate g# for

the rest of the period, i.e.&2-3. With § set optimally

at 1/(43c) and a typical value for the aromatic moi-

steady state magnetizations. Second, the SQ pulse Seety H6/8-C6/8 ofs = 1.25 ms, much of the TROSY
quence does not have a proton refocusing pulse in thegengitivity increase is retained. As we will discuss

center and, unlike in thels/Hb CNb out-and-baclex-
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later, the values of CSA for the Ctarbon are low is the distance of the nuclei X and ¥x is the Larmor
and therefore the cross-correlation effect here is in- frequency of spin X and\ox andI'x are the chemi-
significant. The optimized pulse sequence (Figure 1b) cal shift anisotropies of X defined as indicated in the
therefore uses the MQ magnetization in the transfer footnotes to Table 1. The spectral density function was
from the HI—-C1—N1/9 and the TROSY method assumed in the form (Cavanagh et al., 1996)
(identical with SQ here) for the magnetization transfer . 2 2.2

N1/9—C6/8—-H6/8. The pulse sequences described Jw) = 2/5[S Trg/(“_ @ Tg‘)z
here use broadband decoupling during acquisition +(1=3)1/(1+ 0] (10)
since the CSA values of both sugar and base protonsThe rotation correlation times were estimated for the
are too small (see Table 1) to provide any significant studied molecule at 298 K as, = 8.10°° andt =

TROSY effect. 8.10712 s. The calculations were performed for the
case of a rigid molecule £S= 1.0) and a moderately
Relaxation rate simulations flexible molecule (3 = 0.75).

The relaxation rate constants ffiC SQ and'H-13C
MQ coherences and the slowly relaxing component of
the doublet were calculated according to the following Results and discussion
equations (Goldman, 1984; Peng and Wagner, 1994;
Fushman and Cowburn, 1999; Rance et al., 1999):  Chemical shift anisotropy
SQ _ 2 _ The ab initio calculations have been performed for
Re™ = dCw/BLA0) +Jwn = we) + 3dwe) both RHF and B3LYP geometries. The geometry

+3JwH) + 6o + «c)] strongly affectedH shielding tensors. The shielding

+(C2/6)[4X0) + 3X20¢)] of the hydrogen nuclei was too high when RHF/3-21G

2 2 eometry was employed, mainly due to considerabl
+(ch/2)Awn) + Y diy /830 g y ployed, y y
(Ch/2) ) Z H/B1O) shorter C—H bond lengths obtained on this level. We
+3dwH) + 6X2wH)] () have observed discrepancies in the orientation of the

principal components of sorm# shielding tensors as

MQ _
Ry~ = dgu/8d(wn — wc) well (data not shown). On the other handC ten-

+3Jwc) + 3AwH) + 6JwH + oc)] sors remain essentially unaffected by the geometry.
+(c%/6)[4.](0) + 3Jweo)] The results reported in Table 1 are for the B3LYP/6-
2 31G** optimized structures only. The bond lengths at
+(G/OAX0) + 3Xwr)] the B3LYP global minimum of adenine are very close
+ Z dZ/8[5X0) + 9 wH) to the values found using neutron diffraction (Klooster
+6X2w)] (6) etal., 1991) at 123 K (e.qg., for the bond length C8—H8

a value of 1.080 A has been reported). Therefore, we

RIR = d2,,/8[4X0) + JwH — oc) consider the geometries used reliable for the purpose

of our study. The discrepancies between experimen-
+3‘]2(wC) + 3wn) + 6w +2wC)] tal chemical shifts and values from Table 1 can be
+(Cc/B)[4X0) + 3 we)l + (¢5/2) attributed mainly to neglect of the site-specific inter-
3Xoh) + 1/(2v3)gcdnc[4X0) actions present in the investigated aptamer. Computed

2 values of the tensor component&g, and6 are in
+3Xwe)] + Z di/8I0) + 3 om) reasonable agreement with the data published for the

+6J2wH)] (7) simplified models of nucleosides by Case and co-
where !vgglg)ars (Dejaegere and Case, 1998; Sitkoff and Case,
dxy = yxyyhio/(Brky) (8) As expected, the\c values of Clatoms are much

smaller than in the case of C6/8. However, there is
Ox = wxAox/V'3 (92) also an important difference in the values /& be-

gx = wxI'x/+/3 (9b) tween purine and pyrimidi_ne nucleosides. Namely, the
values ofA¢ are substantially« 60 ppm) larger for
o is the permittivity of free space, h is Planck’s con- the latter. Simultaneously, the anglgsare slightly

stant,yx is the gyromagnetic ratio of the spin Xy larger in purines, thus further increasing the difference
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Figure 2. The transverse relaxation rate dependence on the static magneticdfielddBlated for (a) C8 of guanine, (b) C6 of cytosine and
(c) CY (average value for all nucleosides). Short dashes: single-quantum coherence; long dashes: multiple-quantum coherence; solid line: the
slowly relaxing (TROSY) component of the CH doublet.

in the effect of cross-correlation. For all carbon nuclei Relaxation rates

the orientation of the shielding components is rather The relaxation rates for SQ, MQ and TR magnetiza-
uniform with o close to thes11 principal element. In tions were calculated according to Equations 5-7 and
the case of H6/8 and M1the components closest to the results are summarized in Table 2. We also studied
the C—H bond vector akess. For the'H shielding ten- the effect on the relaxation rates of distant protons and
sors the difference between bases and correspondingntramolecular motions. The relaxation contributions
nucleosides is significant. On the other hand, the pres-due to the dipolar effect of the adjacent heteroatoms
ence of the (deoxy)ribose ring only moderately affects is small enough to be neglected, less than 2% of the
the C6/8 shielding. contribution from the directly attached proton for car-
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Table 2. Spin—spin relaxation rates for single quantum coherence, multiple quantum coherence and the slowly
relaxing component of the doublet for selected carbon atoms in RNA nucleosides at 11.75 and 18.8 T

500 MHz 800 MHz
Raso(s™) Romo (D) Rotr(sH) Rasols™ Romg (D Ryr(s™

C6(CP 51.6 16.9 20.5 74.6 41.2 25.3
C8(GP 43.3 8.1 23.2 52.6 18.9 20.9
C8(A2 43.7 8.6 22.7 53.7 20.2 20.5
C6(UR 52.2 16.9 19.0 75.3 41.2 22.6
crae  37.6 2.0 30.1 38.2 35 26.4
ce(CP 387 12.7 15.4 56.0 30.9 19.0
C8(GP 325 6.1 17.5 39.5 14.2 15.7
C8(AP 328 6.5 17.1 40.3 15.2 15.4
ceUP 39.2 12.7 14.3 56.5 30.9 17.0
crbe 282 1.6 22.6 28.7 2.6 19.8
C6(Cf 58.9 53.4 27.8 81.9 77.6 32.6
C8(Gf 48.4 33.7 28.4 57.8 44.4 26.0
C8(AX 4858 34.2 27.8 58.8 45.7 25.6
C6(UF 59.6 53.4 26.3 82.6 77.6 29.9
cree 384 6.2 31.0 39.0 7.7 27.2
cecf 51.9 47.1 22.7 71.9 68.1 25.7
c8(Gy 427 29.8 25.8 50.7 39.0 24.1
csAa)d 431 30.3 24.9 51.6 40.2 22.9
ce(Uf 525 47.1 22.9 72,5 68.1 25.9
crde 339 5.7 27.3 34.3 6.8 23.9

3Isolated rigid spin pair.

Psolated pair and dynamics characterized by an order parametér=e0S75.

CRigid C-H pair with remote protons included

dc-H pair with remote protons and dynamic< (S 0.75) taken into account.

€Sugar Civalues are averages for all nucleosides.

fRemote proton distances: H6 at 3.2, 2.2, 2.4, 2.0, and 3.0 A for intraresid(iaHBl2and H5 and sequential
H2' and H3, respectively. H8 at 3.3, 2.2, 2.1, and 3.0 A for intraresidudl &l H3 and sequential H2and
H3, respectively. Hiat 2.7, 3.4, and 3.6 A for intraresidual H24' and sequential H2.

bon and even less for nitrogen atoms. In all cases, lower fields and the relaxation rate reduction is more
the effect of the distribution of othéH nuclei in the pronounced. The non-colinearity of the carbon CSA
vicinity of the studied C-H spin pair is significant. This  with the C-H bond causes that the minimum on the
is especially true for MQ coherence, where we found RER curve appears at lowergB but it is shallower,
differences up to several hundred per cent within the i.e. the relaxation rate reduction is less effective. For
family of structures deposited in the Brookhaven data- the individual bases we found optima at 18.3, 18.6,
base for the studied aptamer. This prevented us from12.2, and 12.9 T for adenine, guanine, cytosine, and
calculating the relaxation rates for specific residues in uracil, respectively. For sugar Cihe optimum lies
the molecule with any reasonable degree of accuracy.at over 50 T, far beyond the currently available mag-
On the other hand, this high structural sensitivity of netic fields. We can see that for the pyrimidines, the
the MQ relaxation rates in principle opens a possi- optimal TROSY performance occurs at fields between
bility for exploiting the relaxation rate information in 500 and 600 MHz while for the purines the optimum
structure determination studies. A crucial parameter is achieved at a much higher field of about 780 MHz.
for the efficiency of the TROSY approach is the sta- The minimum is quite broad in both cases, however.
tic magnetic field B. Figure 2 shows the dependence Moreover, SQ and MQ relaxation rates grow rather
of RgQ, Rg"Q and RR on B for guanine C8, cyto-  quickly with the increasing magnetic field due to large
sine C6 and (average) sugar’'CHor higher values of  values of base carbon CSAs. As a result, the sensitiv-
CSA, the optimum TROSY relaxation is achieved at ity increase of the TROSY experiment over both SQ



299

da
500MHz 800MHz

MQ TR MQ TR
C26 C26
I A
u25 u25
N U . e J\ ,
* * A12’ﬂi/\u\m_ A12, A1E/J\M%

11 11
N G N _~J\‘G _,/L
TR L N YT T R

8.5 8. ppm 85 8.0 ppm 85 8.0 ppm 85 8.0 ppm

N I

b
500MHz 800MHz

MQ * TR MQ TR
erw _,\_J\.A/\AMEZG‘A_/\,/\/\AN
A u25 ” ’\ uU25 “

G11

G11
LA TTTTT T TR YT T TR TTTTTTTTTTTTT T
85 80 ppm 85 8.0 ppm 85 80 ppm 85 8.0 pp

Figure 3. Traces from 2D (aHbCNb and (b)HsCNCHb spectra illustrating the sensitivity differences of MQ and TROSY versions of the
experiments at 500 and 800 MHz for the residues indicated in the figures. The relevant peaks are labeled with asterisks where necessary. The
plot scales may vary between different residues.

and MQ is significantly higher at 800 MHz than at the low values of CSA for the sugar Cgarbon do

500 MHz. not offer suitable conditions for TROSY we applied
the method to the base correlations only. The MQ
Sensitivity and TROSY experiments differ only in the relaxation

We chose to compare the TROSY experiments with rates during the evolution of the CN magnetization.
the most sensitive existing versions, namely the selec- The expected effect of the relaxation on the sig-
tive MQ experiments that showed superior sensitivity nal intensity during this period can be calculated for
in the previous studies (Fiala et al., 1998). Since multiple-quantum coherence as
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Table 3.Calculated and experimental sensitivity dain _ ;

G = ITr/Ivg of the TROSY over the MQ version of théCN A typ;a RNA alnd _the ex#oenmk(‘a ntal d_atahare avleraglges

andHCNCH experiments at 11.75 and 18.8 T over four nuc eotldgs of each type in the molecule.
The simulated data in Table 3 seems to understate sys-

500 MHz 800 MHz tematically the TROSY sensitivity with purines and
Geal® Geal Gexp Geald® Geal Gexp overstate it with pyrimidines. We should note here that
HCN due to the high sensitivity ofgf‘\’Q to distant protons,
cé 348 324 281 11.13 955 9.79 a minor change of about 0.2 A in the interproton dis-
G8 1.03 095 1.05 226 1.83 296 tance to the closest neighbor would reverse the trend.
A8 110 1.04 094 251 212 3.07 In some cases, the experimental amplitudes cannot be
U6 381 320 307 1310 943 744 reliably evaluated due to peak overlap or because the
crd 017 021 - 023 o027 - amplitudes of the MQ peak are imprecise due to a
HCNCH very low signal/noise ratio. The contribution of thi€
c6 1.00 097 100 170 159 171 steady-state magnetization depends on the ratéiof
cs 056 054 076 080 073 1.13 and13C spin-lattice relaxation times and the value of
A8 057 056 076 0.84 0.78 1.31 k is typically greater than 0.25. Brutscher et al. (1998)
U6 1.04 096 1.06 183 158 155 reported values of } k in the range 1.5-2.0 for a
crd 023 026 - 027 029 - partially labelled RNA 33-mer and repetition times of
8ror the purpose of the calculations, INEPT transfer was con- 1.5s.The datfa in Table 3 were c_:alculated using a value
sidered 100% efficient. of k = 0.5. Finally, the relaxation rates are affected
bRigid (& = 1) site. by intramolecular dynamics of the studied molecule,
CFlexit.JIe (£ = 0.75) site. In both cases, remote protons were of which nothing is known yet. From the data shown
taken into account. it is evident that theHs/HbCNb-TROSY experiment

daverage values for all nucleosides. . . .
is superior to the other versions for base proton to

" MO glycosidic nitrogen correlation. With theésCNbCHb

IMQ = lpexp(—R; ~Tv) (11) experiments, the situation is less favorable, as reduced
and for TROSY R2 in TROSY can only be used in one half of the pulse
TR_1/p K TR 5 sequence. Also, the benefit of theC steady-state

I =1/2lo(m + k) exp(—R;"Ty). (12) magnetization is not available in tHél-1H correla-
Equation 12 considers the fact that only one compo- tion experiment. Significant sensitivity enhancement
nent of the doublet relaxes slowly. The coefficients can be achieved only in pyrimidines and mainly at the
m < 1 and k> yc/yn account for the limited effi-  highest magnetic fields (750—-800 MHz).
ciency of the INEPT transfer and for the contribution
of the 13C steady-state magnetization, respectively.
The total time T during the applicable evolution pe- Conclusions
riods was T = 4A = 60 ms in the 2DHs/HbCNb
experiment and = 2t — o = 28.75 ms in the 2D  Theoretical analysis, based on ab initio calculated
HsCNCHb experiment. A comparison of experimen- carbon CSA, suggests that significant sensitivity im-
tal sensitivity gains and corresponding values expected provement can be achieved in triple-resonance NMR
based on calculated relaxation rates for MQ and TR is experiments with the use of the slowly relaxing mag-
given in Table 3 and examples of experimental peak netization component of the base carbon nuclei. The
amplitudes are shown in Figure 3. The experimental approach is more efficient with pyrimidines than with
data generally confirm well the theoretical predictions. purines due to the larger values of pyrimidine C6 CSA.
However, for several reasons it is impossible to re- The sensitivity gain is strongly field dependent and be-
produce experimental data exactly. As we mentioned comes quite dramatic for the highest magnetic fields.
above, the MQ relaxation rates are extremely sensitive With the HbCNb-TROSY experiment at 800 MHz,
to the proton environment of the C-H moiety as well we found sensitivity enhancements over the best ex-
as to the site mobility. Therefore, the precision with isting experiment by a factor of3 for purines and
which the structure is known has a considerable influ- in the range of 5-10 for pyrimidines in the case of
ence on variations in the calculated relaxation times. H6/8-N1/9 correlation. For the HIN1/9 correlation,
For the calculations, we used generic interproton dis- the low value of C1 CSA does not allow for effi-
tances (Wuthrich, 1986; Goljer and Bolton, 1994) for cient application of the TROSY principle, leaving the
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selective multiple-quanturdsCNs experiment (Fiala ~ Goldman, M. (1984)). Magn. Reson60, 437-452.
et al., 1998) as the most sensitive approach. The Golier, I. and Bolton, P.H. (1994) Ifwo-Dimensional Spec-

. . troscopy. Applications for Chemists and BiochemigEds,
HsCNbCHb correlation experiments do not allow the Croasmun, W.R. and Carlson, RM.K.). VCH Publishers, New

full use of the benefits of the TROSY approach. In York, NY, pp. 699—740.
spite of that, significant sensitivity improvements, by Griffey, R.H. and Redfield, A.G. (1987. Rev. Biophys.19, 51—
a factor of 1.1-1.7, can be achieved at 800 MHz. 82. _
Grzesiek, S. and Bax, A. (1993) Biomol. NMR 6, 335-339.
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initio Molecular Orbital Theory Wiley-Interscience, New York,
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