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ABSTRACT

The NMR structure of a 31mer RNA constituting a
functionally important domain of the catalytic RNase P
RNA from Escherichia coli is reported. Severe spectral
overlaps of the proton resonancesinthe  natural 31mer
RNA (1) were successfully tackled by unique spectral
simplifications found in the partially-deuterated 31mer
RNA analogue (2) incorporating deuterated cytidines
[C5 (>95 atom % 2H), C2' (>97 atom % 2H), C3' (>97 atom
% 2H), C4' (>65 atom % 2H) and C5' (>97 atom % 2H)] [for
the ‘NMR-window’ concept see: Foldesi,A. et al. (1992)
Tetrahedron , 48, 9033; Foldesi,A. et al. (1993) J.
Biochem. Biophys. Methods , 26, 1, Yamakage,S.-l. et
al. (1993) Nucleic Acids Res. , 21, 5005; Agback,P. et al.
(1994) Nucleic Acids Res. , 22, 1404; Foldesi,A. et al.
(1995) Tetrahedron , 51, 10065; Foéldesi,A. et al. (1996)
Nucleic Acids Res ., 24, 1187-1194]. 175 resonances
have been assigned out of total of 235 non-exchange-
able proton resonances in (1) in an unprecedented
manner in the absence of 13C and 15N labelling. 41 out
of 175 assigned resonances could be accomplished
with the help of the deuterated analogue (2). The two
stems in 31mer RNA adopt an A-type RNA conforma-
tion and the base-stacking continues from stem | into

the beginning of the loop I. Long distance cross-strand
NOEs showed a structured conformation at the junc-
tion between stem | and loop I. The loop |-stem II
junction is less ordered and shows structural perturba-

tion at and around the G11-C22 base pair.

INTRODUCTION

RNase P is responsible for the maturation of titerfini of

at the correct positions in the absence of any praeimfus,
RNase P RNA is a true ribozyme. In the enzyme—substrate
complex the RNA interacts with the two cytosine residues in the
conserved ‘3terminal ‘RCCA sequence of a tRNA precursor.
The ‘GGU-motif’ in RNase P RNA that is involved in this
interaction is part of an internal loop. This loop structure is also
part of a divalent metal ion(s) binding site as revealed by the fact
that both PB* and M@+ induce cleavage within this structure.
Binding of M¢?* to this region has been suggested to be of
functional importance3(4-6). Hence, knowledge of the three
dimensional structure of this domain of RNase P RNA is
important to understand the function of this ribozyme. Herein, we
have investigated the solution conformation of a 31mer RNA
(Fig. 1) representing this domain Bfcherichia colRNase P
RNA by NMR spectroscopy. In order to stabilize the secondary
structure of this domain of RNase P RNA, i.e. nucleotides
250-299, we have excised the nucleotide residues 263-287 and
have transplanted a stable C-G base pair with a tetraloop (UUCG)
(7) as a link between the residues 262 and 288 to give finally our
31mer RNAL using T7 RNA polymerase. This study is a part of
our goal to identify the conformational features of the internal
loop in 31mer RNA (i.e. Loop |, see Fifj). Owing to the
relatively large size of the natural 31mer RINAevere spectral
overlap precluded an unambiguous assignment of the proton
resonances from the NOESY and DQF-COSY spectra, thereby
restricting the number of structural information. We have tackled
this problem by using a partially-deuterated 31mer RNA
analogue? (Fig. 1) in which deuterated cytidine residues [C5
(>95 atom 9%¢H), C2 (>97 atom 9%8H), C3 (>97 atom %¢H),

C4 (>65 atom %?H) and C5 (>97 atom %?H)] (39) were
incorporated by T7 RNA polymerase reaction. The choice of
cytidine was dictated by two factors: (i) The H5-H6 NOE
crosspeaks are very strong and often obscure the anomeric-aro-

almost all tRNAs in the cell. This ubiquitous ribonucleoproteiratic region of the NOESY spectra, and (ii) the C residues are
complex consists of a00 nucleotide (nt) RNA, which is the found in both stems | and Il of the 31mer RNA, yet they are the

catalytic subunit of RNase P RNA, and a protein subyaj. (
Bacterial RNase P RNA cleaves various tRNA precuiseiso

only nucleotide units which are not part of the loop I. Since
divalent metal ions cleave the RNase P RNA, we have also

* To whom correspondence should be addressed
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Figure 1. (A) Sequence of the natural 31mer RNAnd its partially-deuterated an

alo@|deuterated cytidine residues (B) are shown in the ‘outline’ font]. The italic

numbers are derived from ref. 6 and show the location of the nucleotides in the RNase P RNA subunit. All nucleotides are numbered by superscripts and refer
notation used in the NMR study. The vertical dotted lines show the different regions of the 31mer RNAGsteT] §nd28G to31U), loop | @A to 10G and23G
to27A), stem Il £1G to14C andl9G t022C), loop Il £5U t018G). B) 5,2,3 ,4',5'/5" -Hexadeuterated cytidine block [cytiding-tas been incorporated in the deuterated

31mer RNA analogu2 and shown in the ‘outline’ font in (A).

studied the effect of Mg on this 31mer RNA by NMR
spectroscopy.

MATERIALS AND METHODS

Synthesis of 31mer RNA and its partially-deuterated
analog by T7 RNA polymerase

C5-Deuterated2() cytidine-¢ block was prepared from,2-O-
isopropylidine uridine-¢l using our procedurel®), which was
subsequently converted to itstdphosphate Z1). The natural
31lmer RNAL and its deuterated counterp2rivere synthesized
using T7 DNA dependent RNA polymerase as described elsewh

Spectra irfH,0. 2D NMR spectra of the RNA in 99.98%,0

were recorded using the TPPI methd8) @nd pre-irradiation at

low decoupler power of the residual HDO peak. NOESY spectra
(26) were recorded at 100, 300 and 600 ms (512 FIDs with 4K
data points, spectral width of 5050 Hz, 32—64 scans for each FID).
The data were zero-filled to 2 K2 K or 2 Kx 1 K before
applying a 2 Hz line-broadening factor in the F1 and F2
dimensions. Relaxation delays of 3 s were used. The DQF-COSY
spectra Z7) were acquired with 4K data points in t2 and 512
points in t1 (32—64 scans for each FID with a sweep width of 5050
Hz). The data were zero filled to give a¥RK matrix, and a4
shifted sine-square bell window was applied in both dimensions
eefore Fourier transformation. The clean-TOCSY spega (

(22,23) and the concentration of DNA template was optimized tavere acquired with 512 spectra of 4K data points. The data were

0.15 uM. In the preparation o, cytidine 5-triphosphate was
substituted with cytidinegeb'-triphosphate39).

NMR spectroscopy

Sample preparatiaThe natural 31mer RNAand the partially-
deuterated 31mer RNA analogievere dissolved in 0.4 ml of a

zero filled to give a 4k 2K matrix, and aw2 shifted sine-square
window was applied in both dimensions before Fourier trans-
formation with the MLEV-17 sequence applied for mixing time
using an extra delay of & for compensation of NOE. Total
mixing times of 25, 50 and 100 ms were used.

XPLOR structure refinement

phosphate buffer consisting of 50 mM NaCl, 10 mM sodiuni? the distance-geometry [XPLOR v.3.15]], 655 NMR

phosphate, 0.1 mM EDTA at pH 6.2. For measuremefiti(D,
the sample was lyophilized three times from 992940 and
dissolved in 0.5 ml of 99.98%,0. The final RNA concentra-

constraints were used: we performed usual substructure embed-
ding followed by regularization [(i) two energy minimizations,
(i) 625 MD steps at 2000 K, (iii) cooling to 100 K over 1000 MD

tion was 1 mM. All NMR spectra were recorded on a BRUKERteps] and seven cycles of simulated annealing [(i) from 1000 K

AMX 500 MHz instrument.

Exchangeable proton spectrdhe 1D spectra in 1.9, viv,
2H,0/H,O were recorded using a 1331 binomial solven
suppression pulse sequenzé)(

Rate of exchangeA combination of NOESY and ROESY
experimentsy) was used to calculate the rates of exchange of
imino protons. The mixing times used were 8, 10, 20, 25, 30

The experiments were performed at 5, 8, 11, 14, 17, 20 4ad 2

to 100 K cooling over 2000 MD steps, (ii) 200 steps of energy
minimization. Force constants for the distance constraints were
set to 50 kcal A2in the first four cycles, followed by three cycles
tvith force constants of 100, 200 and 400 kc#] AThe MD step
length was set to 3 fs. Extra planarity constraint of 2.0 kcal was
used in the first cycle, which was raised gradually to 20 kcal in the
fourth cycle and then kept constant. For all dihedral restraints a

tZgrce constant of 200 kcal r&dvas used.
and 55 ms for NOESY and 8, 12, 16, 20 and 24 ms for ROES

MBER structure refinement

(128 FIDs with 2 K data points, 16 scans per FID with a sweephe SANDER module of the AMBER 4.0 program packagg (
width of 10200 Hz). A recycle delay of 5 s was used, which gawgas used both for the MD simulations and the energy minimiz-
an optimal intensity of the NOE crosspeaks. The volumes of NC#Eions with infinite non-bonded cut-offs and flat bottom potential
crosspeaks and diagonal were measured using the prograsdlls for constraining both distances [the RANDMARDI

AURELIA (25). The activation energy gEof the exchange

(30-33,39) assigned widths of the wells were at le&8b6 or+0.1

process was obtained from Arrhenius plot of the temperatufg and dihedral angles45° to +90° for the backbone torsions

dependent exchange rate.

and+6.1° to +21.5° for the endocyclic sugar torsions). Force
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Figure 2. (8) IH-NMR spectra of the exchangeable imino protofi aé a function of temperature. The assignment of peaks was made from 2D NOESY spectra.
(b) Contour plot of a portion of the 600 ms 2D NOESY spectrufinretorded in 90%/10% 4/2H,0 at 13 C and showing the imino proton to 5 region.
Each base pair G imino proton shows three crosspeaks in'thisdgion. These NOE crosspeaks are characteristic of an A-RNA type helix (8).

constants = 40 kcalZ&for the distances and 40 kcalTéfbr the  and G28 and hence it was attributed to G29. The two resonances
backbone torsions, and 100 kcal Fador endocyclic sugar from G2 or G28 could not be distinguished on the basis of imino to
torsions. In the MD simulations, the following settings were usedmino NOESs alone. The additional three resonances in the chemical
(i) time step of 1 fs, (ii) bonds involving hydrogen atomsshift range of base paired imino protons at 12.4, 12.0 and 11.9 p.p.m.
constrained using shak&7, (iii) constant temperature mode could not be assigned due to more rapid exchange yithTHese
[Berendsen algorithiilg), T = 0.2 ps], (iv) the force constants are attributed to the imino protons of U15 and U16 in the loop Il and
were gradually increased from 5 kcalAS or 12.5 kcal radtfor  to the imino proton of G11. No NOE was observed between the G18
torsions) to 40 kcal & (40 or 100 kcal rad for torsions) over and U15 imino protons which would indicate that a G18-U15
the first 2 ps. The AMBER refinement involved (1) Energywobble pair is not formed in the loop Il. On the other hand, the NOE
minimization for 500 steps. (2a) MD simulation of 7 ps at 400 Kfrom the G18 imino proton to the H5(U15) together withsyre
(2b) Cooling to 300 K over a 1 ps period. (2¢c) MD simulation otonformation of G18 (see below) would support a reverse-wobble
2 ps at 300 K. During the last 2 ps the atomic coordinates we@18-U15 base pair with two hydrogen bornts.(The fast rate of
saved at 250 fs intervals. (3) The eight collected conformers wesgchange with the solvent &®of the U15 imino proton could be
averaged and the average structure was energy minimized. responsible for the absence of NOE between the imino protons of
U15 and G18. The C-amino protons were assigned from the NOEs
RESULTS AND DISCUSSION from the corresponding base paired G imino protons (data not
shown). The downfield resonances (7.9-9.0 p.p.m.) were assigned
to the hydrogen bonded amino protons and the upfield resonances
The downfield region of the NMR spectrumlpfecorded in 10% (6.4—7.0 p.p.m.) to the non-hydrogen bonded amino protons. Each
H20-90% DO at O'C, in Figure2a shows the imino protons of the G imino resonance (G2, G12, G13, G18, G19, G28 and G29)
RNA. The assignments of the exchangeable ifihcesonances showed three NOE crosspeaks in thgHBLregion (Fig2B). One
were obtained from the 2D NOESY spectra (data not shown). Thé these crosspeaks arises from the G imino proton to H5(C)
starting point for the assignment was made using the assumption thtgraction. The other two arise from interactions between the G
the IH resonance at 10 p.p.m. belongs to the imino proton of GI®ino and the H1of the 3-end sugar on the same strand and from
in the hairpin tetraloop [U15-U16-C17-G18, i.e. loog)],(which  interaction between the G imino and thé éfithe 3-end sugar on
then was used4) to sequentially assign the imino protons of G1%the opposite strandB), These two latter NOE crosspeaks are
G13 and G12 using imino to imino NOEs. Of the six remainingharacteristic of an A-RNA type heli&)( Once the non-exchange-
exchangeable resonances, one has NOEs to the resonances dllB2 spectrum was assigneitié infrg, these NOEs provided a

Assignment of exchangeable protons
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Table 1.1H-NMR chemical shifts (p.p.m.) of the natural 31mer RNAt 26 C

msidue HA/H6 H2/ HI fv3 "3 HT HY HS' ___ imino __ amino
Gl 8.20 - 551 499 4.72 462 4.48,4.32 - -
G2 1.75 - 389 4638 4562 42 < 13,514 .
C3 7.75 528 561 4,460 ¢ c ¢ - 8624 _ & osd
o4 759 539 551 440 4430 4q9b ¢ 7.914 - g.704
AS 803 752 58 448 48 € c -
Ab 1.73 .64 5.55 4258 4,318 C € -
AT 7.91 . 564 44T 46l 442 408, ¢ -
s 755 549 568 425  44@ 4338 ¢ . -
AQ 812 812 579 4T 452 443 412¢ . -
Glo 786 . 586 479 4500 438 42605 - -
Gl 7.86 - 5.62 473 4438 43538 c - -
GI2 738 . 82 459 452 418 c 12751
an 731 - S8l 457 449 a0 c 13 34d -
Cld 742 526 555 456 424 405 e - goyd_gagd
UlS 783 576 572 385 441 456 c -
Uls 807 590 614 472 437 406 c . -
ClIT 77 618 &D1 414 453 3183 1565, 3.83 . .
GIR 7.9 - 600 480 565 444 422,383  ggd -
G19 8.33 - 444 444 43 £ c 13.604 -
QW 7MW 531 5578 4a9b 44s5b 4anb c - 919 gopd
C21 782 558 555  g40b - 4.09b € - gsmd.po8d
Cc22 7.64 545 549 4.53b 4300 411b C - -
G23 - - 5.61 4.37 4,130 c c - -
CH yga8 - 5458 443 g3s2 € c -
G25 7.81 - 5.62 4.65 4748 2 4 -
U2 772 566 583 448 4400 ¢ ¢ -
AT 822 788 607 486 470 443 431, 4.3 -
G8 7.70 - 5.20 4.63 448 4408 4200 43090 12230
G 734 - 578 450 463 408 421 13.254 .
C30 7.55 5.18 5508 444b  433F  4s51b c - 8519. 7.00d
U3l 781 567 584 420 4058 ¢ ¢ - -

2 Could only be assigned unambiguously on the basis of the data from the partially-deuterated 31-mer RNAgnalogue (
binvisible in the partially-deuterated 31mer RI8Analogue due to substitution of these protons by deuterium, but
could be assigned unambiguously by comparison of the NOESY spectra of the natural 31nieni#iNAat of

the partially-deuterated 31mer RNA analogue

CCould not be extracted from the NMR spectra of the natural 31merlRXA from the NMR spectra of the partial-
ly-deuterated 31mer RNA because of the crowding or a lack of the sequential connectivity.

dHave been observed in both the natural 31mer RNAd partially-deuterated 31mer RKAdissolved in 90%
H,0-10%2H,0 at 10C.

further support for the assignment of the G imino protons, and f&ate of exchange of the imino protons with wAteombination

the distinction between G2 and G28 imino protons. The chemical NOESY and ROESY experimentd) (has been used to
shifts of the imino and amino protons are listed in Table evaluate the rate of exchangg) of the imino protons df at pH

6.2 with water at 3C intervals from 5 to 23 (Table2). The ky

of resonances at 11.9 and 12.0 p.p.m. could not be measured ever

all resonances are relatively sharp except for the broad pedits® © Pecause of rapid exchange. The imino proton at 12.4
around 10.5-11 p.p.m. Thege brogd resopnances are mostp lik&h-m. exchanges fastest, followed by G2 and G18. The rates of
due to non-hydrogen-bonded imino protons of U and/or & qhange of G28, G12 and G13 imino protons are quite similar
residues located in the internal loop and/or at'taed5-termini, ~ While G19 and G29 exchange the slowest a€23he resonance
which are not well protected from solvent. The three nort12.4 p.p.m. has a chemical shift close to G28 imino proton and
assigned imino resonances at 11.9, 12.0 and 12.4 p.p.m. broaei? the chemical shift range of a G-C base pair, thereby
firstat 10C. The G2 and G18 imino resonances start broadeniggeculating that it corresponds to the G11-C22 base pair. The fact
at 20°C. Above 30C, the G28 and G29 resonances begin téhat G11 and G28, located at the two ends of loop |, and yet the
broaden and vanish at8D. The G19, G12 and G13 resonance&ex 0f G11 is much faster than that of G28 at all temperatures
corresponding to the base pairs of the stem Il only start to broadiggests that the access of water to the G28-C4 base paired iminc
at this temperature. These data show that the base pairs locatdgf@ton is much reduced compared with the G11-C22 base pair.
the stem Il near the loop Il are more stable than the base paie reduced water activity around G28-C4 is most probably due
constituting the stem | of the 31mer RNA. The behaviour of G1® stronger stacking interactions (see below). The slow rate of
also shows that the loop Il protects the H-bonded imino protaxchange of G19 imino proton shows that the loop Il strengthens
from a rapid solvent exchange and increase the stability of thiéa) the stability of hydrogen bonding of G19-C14 base pair. The
base pair. estimation of the JH{Table2) for exchange of imino protons with

Temperature dependence of imino protéfigure2a shows the
temperature-dependent NMR spectra of imino protons®@t 0
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Table 2.Rate constantsk (s™1) and E, (kcal.motl) determined for the exchange process of the imino protohs of
by NOESY experiments without M (a) and with Mg* (b)

T GILH0 | GII-C2z | Giz2l | GI-C2v | GIBULS | GISC4 | GI8-C4 | G29-C3
C | a] 35103 | 154612 | 24503 | 09501 | 1503 s 51106 :
$C | a| 61107 | 206+26 | 1205 | 1503 | 2401 : 12 £ 0.2 g
10°C | a| 83202 | 289£10 | 2902 | 21201 | 35:02 | 0502 } 2202 d

b | 71302 | 30854 | 4501 | 23205 | 47507 | 0803 | 2809 .
14°C | a | 144106 | 449419 | 4.4 +1.2 3103 54 104 0.9 + 0.2 4.1+04 *
b | 12308 | 461%28] 57503 | 35-04 | 85$07 | 09701 | 3609 d
T7°C | 8] 216512 | 573 | 5.5:05. | 37202 | 78205 | 12201 | 62204 | 07201
b [ 1932061 7713 | 20202 | 4804 | 1673141 16201 | 54201 v
T°C | 8 | 349525 | 921219 | 71202 | 5408 | 120406 ] 21202 | 83302 | 164402
b | 350222 | 1149526 | 1065 11| 72+09 | 265+36| 25%01 | 78207 | 08502
[23°C | ] 582253 - 94%03 | 71%02 | 1931 | 30202 | 108604 | 28+ 04
b | 5756 = 141209 ] 82£0.5 {31451] 43203 | 98204 | 15201
| By | al268+10|2062+28] 158216168216} 240610 | 248622 | 220336 [ 396164
Ty | D] 294£08 | 2482 14| 162420 | 182524 | 308222 | 246342 | 184216 | 3640

#The ke calculated from NOESY and ROESY were very similar, hence onlygiffedin NOESY are reported.
*Cannot be calculated due to slow exchange.

**Cannot be calculated due to fast exchange.

“Only two points could be measured at 20 ant23

the bulk water showed that they can be distinguished in twdowever, the chemical shifts for tH&l resonances of the
groups: the G29 proton has a high(£39 kcal motl) while all  C14-(U15-U16-C17-G18)-G19 hairpin loop Il partlofind2

other protons havebetween 17 and 25 kcal mbl were nearly identical to those reported by Vaeaal (7a). Thus,
U16 and C17 were easily assigned from their appearance as a
Assignment of non-exchangeable protons doublet in the H1dimension of the NOESY spectrum which

indicates that the ribose of U16 and C17 is in the S-type

Aromatic and anomeric protonall 13 H5-H6 crosspeaks were conformation. Similarly G18 was easily assigned in the NOESY
assigned to each of the 13 pyrimidine residues in the DQF-cOSPectrum from its very strong H8-Hkosspeak which indicates
spectra ofl, showing that a single conformation predominated Syn conformation. The very unusual downfield shift of
under our NMR measurement conditions. The U residues cottp'(G18) at 5.5 p.p.m. is characteristic of a purine nucleotide in
be easily distinguished.() from the C residues in the DQF- asynNorth conform_ation and is again similar to what has been
COSY spectra o2 in which all C residues are C5 deuterateddescribed by Varamt al (7a). _
resu|ting G_O) ina disappearance of the H5-H6 Crosspeaks The anomeric-walk from C20 to U31lwas Compllcated due to
The assignment of the non-exchangeable protons was madbe strong H5-H6 NOE crosspeaks which obscured some of the
using the connectivities H8/H6(i)-H{)-H8/H6(i+1) in the 2D  weaker aromatic/anomeric NOEs that are critical for a full
NOESY spectra of at 26C (Fig.3A). The weak H8/H6(i) to assignment. Thus, the H6(C21):t120), H1-H8(G24) and
H5(i+1) NOEs were also used together with the sequené#(U31)-HI(C30) NOE crosspeaks could not be assigned
information to determine as well as to confirm the assignmeritnambiguously in the natural 31mer. The problem was neatly
Most of the ambiguities encountered in the resonance assignme@ived by examining the NOESY spectrum of the partially-deut-
procedure owing to the spectral overlap could be nicely resolvétiated analogug(Fig. 3b) where the H5-H6 crosspeaks of the C
from the NOESY spectrum recorded at@0 residues are absent. In this spectrum, it has been possible to assig
We found typical A-RNA features1{,12) such as two thoseimportant NOE crosspeaks which are hidden inthe NOESY
crosspeaks for each H8/H6 except for the one at 8.2 p.p.m. whipectrum of the natural RNAdue to spectral overlap with the
was then assigned to the H8(G1). Similarly, we found twbi5-H6 crosspeaks of C22 with H8-{&24) and of C21 with
crosspeaks for each Haxcept for the one at 5.85 p.p.m. whichH6(U31)-HX(C30) and H6(C21)-HIC20) (compare Fig3a
was then assigned as the '(dB1). Figure3a shows the with b). This ability of unambiguous assignment with the help of
anomeric-aromatic walk from G1 to C17. A#5 the H8(G2) partially-deuterated 31mer RNA analog@eis particularly
and H6(C3) have the isochronous chemical shifts, but these timpportant for the loop | protons where the assumption that the
resonances are well separated #CG40The NOE crosspeaks NOEs are sequential as in the helical region cannot be made.
between H8(G13)-H(G13) and H8(G13)-H{G12) are not Thus, all aromatic and anomeric resonances in natural 31mer
resolved at the temperatures investigated (10, 17, 26 46).40 RNA 1 have been assigned unambiguously with the help of the
The sequence specific connectivity was confirmed whefi” Mg partially-deuterated analogueand their chemical shifts are
was added. In this case, the NOESY spectra at 26 @ 40shown in Tabldl.
showed two slightly resolved H8(G13)-({313) and The observation of sequential anomeric-aromatic connecti-
H8(G13)-H1(G12) crosspeaks (data not shown). The U16 to CIvities within the loop | indicates that the stacking is an important
NOE is very weak but an NOE from H6(U16) to H5(C17)conformational feature. Some NOE connectivities are however
confirms the sequential assignment. The sequence connectivitgak at some points in the loop | suggesting specific structural
stops at C17. No NOE was observed between C17 and Gp@rturbations as in A7-U8 and U8-A9, C22-G23 and G25-U26
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Figure 3. (a) The anomeric-aromatic region of the 300 ms 2D NOESY spectrum of the natural 31nieréRiiled ifH,0 at 26 C. The anomeric-aromatic NOE

walk from G1 (crosspeak at 8.20-5.91 p.p.m.) to C17 is indicated by dotted lines. The H5-H6 crosspeaks for the cytidine and uridine residues are a)shi@dicated. (
aromatic-anomeric region of the 300 ms 2D NOESY spectrum of the partially deuterated 31rAee&ded ifH,0 at 26 C. The NOE walk from C20 (crosspeak

at 7.76-5.57 p.p.m.) to U31 is indicated by dotted lines. The H5-H6 crosspeaks of the cytidine residues have vanished due to deuteration at th@. @njposition in
the H5-H6 crosspeaks of the uridine residues are present. Some important NOE crosspeaks hidden due to spectral overlap in the natutzd/@lnosy BasHy
assigned: H8-H1G24), H6(U31)-HXC30), H6(C21)-HXC20). The peak denoted G19 represents the H8(G19FH) crosspeak.

junctions. This is also corroborated by the fact that &C400  H2(A9)-H1(G25), both at 100 and 300 ms. Finally, at 100 and
NOE connectivity was found between C22-G23 and betwee300 ms at 26 and 4C, the H2(A27) shows an NOE with the
G25-U26 residues. Although sequential connectivities are ob#l'(A6). These interstrand NOEs together with the extra imino
served from A9 to G10 to G11, weak non-sequential NOE®sonance observed in a region where hydrogen bonded imino
between H8(A9) and H({G11l) and between H8(G11l) and protons appear provide evidence that the loop | is indeed
H1'(A9) are also observed suggesting that G10 might be bulgstiuctured.

out while A9 and G11 are stacked on each other. . .
Non-anomeric sugar protonsor a molecule of such a size, the

Assignment of the H2 resonances of adenosine. assignment of the non-anomeric sugar protons is a considerable
Intrastrand NOEs. In A-RNA, H2(A), in the minor groove, ischallenge due to severe spectral overlap. This problem was
close to both the Hbf its 3-neighbour on the same strand andtackled by analyzing the NMR spectr&2oThe NOESY spectra

to the H1 at the 3end of its base pair on the opposite strand. Aef 2 are strongly simplified compared to that Dfsince all

both 100 and 300 ms mixing times at 26 ant[],ﬁhree of the crosspeaks inVOIVing the H5, Ha HB/H5" of all C residues do

five H2(A) protons give NOEs to the Haf their respective ot appear in the NMR spectra (compare 4#agand b, and Fig.
3-neighbouring residue: A5, A6 and A27. The H2(A7) wa$a and b). In this way, it has been possible to assign 22 additional
identified only at 40C by the NOE observed at 100 and 300 mgion-anomeric sugar protons from the A, G and U residues of loop
with the H1 of U8. The assignments of H2(A5), H2(A6) and! by comparing the NMR spectra band?.

H2(A27) were also confirmed by the weak NOEs at 300 ms to The H2s were identified by the strong NOE td Hilshort

their own HL The H2(A9) did not show any NOE with its'H1 Mixing time (100 ms) using high contour levels as well as from

or with the H1 of its 3-neighbour, but a weak NOE with the crosspeaks in the DQF-COSY spectra. ThéH31to H2
H1'(G11) and HXU8) was found at 26&C. region of the NOESY spectrum bfis crowded in the 5.4-5.7

p.p.m. and 4.35-4.65 p.p.m. range, and the assignments of
Interstrand NOEs. Eight interstrand NOEs have been observed#t-H2' crosspeaks of A6, A7, G23, G24, G25, C3, C20,C21 and
26 and 40C involving H2(A) and H1 At 300 ms, the H2(A5) C30 were achieved by comparing the NOESY specttanfi2
shows an NOE with H{G28) and H2(A27). At 100 and 300 ms, where all H1-H2' crosspeaks involving the C residues are
an NOE is observed between H2(A6)4AR7) and between masked (compare Fi§a and b).
H2(A6)-H1'(U26). The aromatic/aromatic region of the 300 ms In the DQF-COSY spectrum df, only 14 crosspeaks are
NOESY spectrum at 2& also shows an NOE between present indicating that the corresponding sugars have an appreci-
H2(A6)-H2(A27). No interstrand NOE was observed forable amount of S-type conformation (TaBje A6, G23, G24,
H2(A7). At 26°C, an NOE is observed betweenA27 ofloopland theterminal G1and U31 residues have coupling
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Table 3.3Jy> (Hz) coupling constants and sugar conformaiirl at 26 C in 2H,0

Nuclegtide { 1 G2 C3 Cd AS Ab AT us A9 Gl Gl
3]112: 4 <2 <2 <l <2 5 7 B 8 7 <l
% Norh 56 100 100 100 100 42 13 1] 0 13 100
Nucleotide | G12 G133 Cl14 Ul1S VUls <CI17 GI8 Gly C20 C21 (22
Ipp <2 <2 <2 <2 8 8 <2 <2 <2 <2 <2
% North 100 100 100 100 0 0 100 100 100 100 100
Nucleotide {| G23 G24 G215 U268 A27 G288 G29 C3xM UM
3y 6 [ 8 8 5 <2 <2 <2 4
% North 27 27 [{] Q 42 100 100 100 56

aThe sugar conformation was estimated from thieHL coupling constants measured in the DQF-COSY spectrum
using the equation: % N = 100(7.9 — 3:2)/6.9 (45).
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Figure 4. Contour plots of the aromatic to 513, H4, H5 and H3 region of the 300 ms 2D NOESY spectrua).The natural 31mer RNAat 26°C. The region

between 8 and 7.5 p.p.m. is crowded and an unambiguous assignment or accurate determination of NOE volumes st fiusgibtgally deuterated 31mer

RNA 2. The region between 8 and 7.5 p.p.m. is relatively much less crowded compared with the natural counterpart due to the banishment of all crosspeaks invc
the H2, H3, H4 and HYH5" of the cytidine residues. The residual crosspeaks are much sharper allowing an easier and more accurate extraction of the NOE volu

used for molecular modelling.

constants between 4-6 Hz. On the other hand, the A7, U8, A9.1,12). (i) Loop Il has a conformation very similar to the one
G10, G25 and U26 sugar residues of the loop | and U16 and Q®Eported by Vararet al.(7a). (iii) The conformation of loop | is
sugar residues of the loop Il have coupling constants of 7-8 Hrpre flexible than that of the loop Il, as expected.

suggesting that these sugars are more locked in the preferredlhe above assignments were then confirmed and extended by
South conformation. The other sugars (for G2, C3, C4, G28, Ga%ing the H8/H6 to HMH3/H4'/H5/5" and the HIH5 to

C30 of stem | and G11, G12, G13, C14, G19, C20, C21, C22 bR'/H3/H4' regions of the NOESY spectralodnd2 (Fig.4a and

stem Il and U15, G18 of the loop Il) do not show anyHZ b, and Fig.5a and b). In A-type RNA, the HB-H6/H8(i+1)
crosspeaks indicating that thl» coupling constants are <2 Hz distance is very short2 A). Thus, at 100 ms, the base to sugar
and that the corresponding sugars are in the N-type conformatioegion showed strong H8/H6()) to Ki21) NOE crosspeak
Interestingly, only the A5 residue of the loop | does not show @onnectivities between G1 and U16. The H8(i)iH2) crosspeaks
H1'-H2' crosspeak indicating that its sugar is in the Northwere weaker between A6 and G10, which is consistent with the fact
conformation. The perusal of all of thege gouplinggpoints to  that these nucleotides are not in pure N-type conformation. No
three structural features of 31mer RNA in a qualitative mannet2'(i)-H6/H8(i+1) connectivities were observed between U16, C17
(i) stems | and Il have features of A-type RNA conformatiorand G18. A weak NOE was observed between H8(G19) and
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Figure 5. Contour plots of the HH5 to H2, H3, H4', H5’' and H3 region of the 300 ms 2D NOESY spectrua):The natural 31mer RNAat 26°C. The region

between 5.9 and 5.5 p.p.m. is crowded and an unambiguous assignment or accurate determination of NOE volumedjsTdi#fipalttiélly deuterated 31mer

RNA 2. The region between 5.9 and 5.5 p.p.m. is relatively much less crowded compared with the natural counterpart due to the banishment of all crosspeaks inve
the H2, H3, H4 and HYH5" of the cytidine residues. The residual crosspeaks are much sharper allowing an easier and more accurate extraction of the NOE volu
used for molecular modelling.

H2'(G18). The sequence specific connectivities were then furthersonances at 11.9, 12.0 and 12.4 p.p.m. were not stabilized by
identified from G19 to U31. The Hand H4 protons are normally addition of M@ ions, suggesting that Mgion does not induce
assigned from DQF-COSY spectrum, but for a molecule of this siz significant conformational change in the base pair scheme.

the spectra were too crowded for any reliable analysis. Instead, the - .
H3 and H4 were assigned by using the intensities of NOESYate Of exchange of the imino protddpon addition of MgG,
crosspeaks at 100 and 300 ms in thetbisugar and base to sugar ©1lY the rate of exchange of the imino proton of G18 increases
regions. In the 300 ms NOESY spectra, the tdisugar region (Table2)2,+ar1_d Its ga!so _ch.anges §|9n|f|cantly, suggesting that the
shows crosspeaks from the’Hd H3 and H4 via spin diffusion first Mg=* binding site is in the vicinity of G1s. The increase of
from H2. The distinction between Hand H4 was based on the €Xchange rate observed upon®¥lginding might be due to its
fact that nucleotides with a N-type sugar andrinconformation hydrated nature, which promotes exchange rate with the imino

of the glycosidic bond have their H3ose (2.5-3 A) to their own Proton of G18 atthe G18-U15 base pair. The fact fiateases

H8/H6 proton and to the H8/H6 of their neighbouring nucleotideJESPite the fact thatkincreases also indicates that the entropy

whereas the H4s relatively far away(#.5 A) from the aromatic of activation has a large contribujtion to the 'observeq rate. IF is
protons. Few HEH5" were tentatively assigned from the weaknoteworthy that a G-U base pair also defines a divalent ion
NOE crosspeaks observed at long mixing times (300 ms) with H2Inding site in a tRNA acceptor steirs{and also at the Splice

or by the appearance of the weak crosspeak in the base to sE&ﬁrOf Group | introns1f).

region in the 300 ms NOESY spectra ‘(lBd H3 were not  Non-exchangeable aromatic and anomeric protoipan addi-
distinguished in these cases). Since in typical A-RNAjon of Mg?* ion, H8(A27) is shielded by 0.06 p.p.m. and
H2'()-H1'(i+1) is 4.0 A, whereas it is >5 A in B-DNA, our H41'(G28) by 0.15 p.p.m., while the protons of the other
observation of weak H(I+1)-H2 (i) NOEs for both the stem | and nycleotides have chemical shifts changes between 0 and 0.04
Il nucleotides [(G1-C4), (G11-U16), (G28-C30)] confirms thep.p.m., suggesting that the second?¥ginds in the vicinity of
A-type conformation for both stem | and Il. NOEs were a!SOIfOUHﬂ']e stem |_|00p | junction which is in Spatia"y proximity of
between HZC4)-HI(AS5) and between HA27)-HI(G28) indi-  U26-G25-G24 sequence [corresponding to residues U294, G293
cating that the A-type conformation of stem | continues even in thgd G292 of RNase P RNA,{—6)].

beginning of the loop .

Structure determination
Effect of Mg2*

Exchangeable imino protoridpon addition of Mg* ions (up to  Distance constraintddOESY volumes were obtained from four
10 equiv.), no new imino resonance was observed, and the imigiferent NOESY spectra, 100 and 300 ms mixing times for both



2030 Nucleic Acids Research, 1996, Vol. 24, No. 11

Wiy 5§ 6 1" 2 ¥ 4 54"

E YU 2 ; & 5 MWH FH B 1 E_ﬂ_!‘?s
uls syn | G18
5474 T L6 5 NHy KH B I'T I 4 5T
7 {7
cu O 4o |
4 ¥ Y gN Niig § K 1" % 4 si5°
T A 1\ 7] co
: ,

61 F 3 e 3N
Cc21

[
5'1"5"_2‘““25'h_2' ' B NH KHy 5 6 1'2 ' 4 3§

o1t | ] C S
55" 4 3""2"’{]"“’8 NH NH B I'Z 3 4 595"

o L |

s g Ty ey '
T

NH & I'2 ¥4 5457

7 en

A5

o O A H
“ %‘W -

TS 4 VT L6 S KHy HHOE 1T T4 i

st o4 T X )& Nh—-m{:: v l oy g spm
G2 | M c30

144

5T LY TN B ONH NHI 6 I'2 3 & 505

Figure 6. Schematic representation of sequential and long-range interesidual NOEs observed in the 31mer RNA. The solid lines represent the NOEs obtained
the natural 31mer RNA and the dotted lines represent the NOEs obtained from thg&tihlly deuterated 31mer RNA

the natural 31mer and its partially-deuterated counterpaxtie used an extra 52 distance constraints arising from both (i) the
Schematic representation of sequential and long-range interrdSOESY spectra in 8D (which were not used directly due to spin
dual NOEs observed in the 31mer RNA is given in Figuide  diffusion) as well as imino-imino, imino of residue (i) to'(Hil)
distance constraints in XPLOR were obtained by the classificand imino(i) to H1of the residue base pairing with residue (i-1) (i.e.
tion of NOESY crosspeak intensities as strong (1.8-3.0 Alypical A-RNA features) crosspeaks in@Hwere also included,
medium (1.8-4.0 A), weak (1.8-5.0 A) or very weak (1.8—7.0 Awhere precise distances could not be estimated. In this context, the
The distance constraints for AMBER were derived from thelistances found in models of the UUCG hairpin RK& (vere also
experimental NOESY volumes using the iterative relaxation ratesed for constraints. Other extra constraints included the distances
matrix method of MARDIGRAS and the RANDMARDI modifi- between heteroatoms in the H-bonded base pairs.

cation of MARDIGRAS by Jame al.(30-33,38) starting from In the final MD simulations and energy minimizations, distance
many different distance-geometry derived conformers. In addionstraints calculated by averaging the results from a series of
tion, data from a 600 ms NOESY experiment #Ohvas used to RANDMARDI (30-33,38) distance calculations on 109 con-
determine the spatial proximities between bases. Due to tfemers using four different NOESY spectra (100 and 300 ms
decrease in the problem of signal overlap, the partially-deuteraterking times for both the natural and the partially-deuterated 31mer
31mer allowed us to extract an additional 28 distances (8 intl®NA, yielding 436 individual RANDMARDI results) were used in
and 20 interresidue). From the four NOESY experiments run tonjunction with the same 52 extra distance constraints described
D,0O a total of 375 distance constraints were generated, 2@Bove. The RANDMARDI program calculated distance constraints
intraresidue distances and 168 interresidue distancesitioradd from NOESY volumes by averaging the results from 30 individual
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Figure 7. Stereoview of the best of the 109 structures after NMR constrained AMBER MD and energy minimization, as judged by R-factor analysis by MARDIGRA
Only heavy atoms are shown (see Fig. 1 for the numbering scheme and Fig. 8 for the zooms of various parts of this structure).

MARDIGRAS calculations in which randomized noise with a nois¢éorsion was calculated in such a way that the phaseangle of
level corresponding to the smallest volume in the entire spectrymeudorotation of a particular sugar would be within&@ the
was added 34) to the experimental NOESY volumes. Thepuckering amplitude would be withirf ®f the value for the
MARDIGRAS program §0-33) is based on the analysis of the corresponding sugar in the 12mer RNA. Typically, torsions were
complete relaxation rate matrix and, given a particular startirglowed to differ betwees9 andt15° from the center value. 48
conformer, tries to find the inter-proton distances which best fit th#ihedral constraints of this type were used. 26 dihedral con-
experimental NOESY volumes in an iterative fashion. There weggraints, typical of A-RNA (as evident from NOESY spectra),
a total of 362 different distance constraints generated by the 4&@ére applied to backbone torsions of the double-stranded part of
RANDMARDI calculations, 13 distance constraints were rejectethe 31mer (stem |): thee B8, y, €, { andy torsions were constrained
by the RANDMARDI program. to 60 + 60°, 180" + 60°, 60° + 60°, 18C° + 60°, —60° + 60°

) ) ) ) and 180 + 90°, respectively. All residues for which the »J
Dlhzdral rtl:or]jsltlralntsA total of 2ﬁ8 dihedral cgnlstramts wedre indicated a clear preference for either the S-type or the N-type
used in the following manner. The stem Il and loop Il residueg,gar were constrained (P = #0B0° for N-type sugars and 165
(Helaatictictaytut’cléctog20c21c?2C) in our 3lmer . 390° for S-type sugars with a puckering amplitude 6f-88°).
RINA have the corresponding residues (except for the base paifgdiotal, we used 655 experimental distance and torsional
%G and®°C) in the 12mer hairpin loop RNA, GEUUCG-  constraints for distance-geometry and simulated annealing of
GUCC, studied by Vararet al (7). The chemical shifts of the 31mer RNA, which makes an average of 21.1 constraints/nucleo-
residues within the looffCtUTOUI'CIEGISG in 31mer RNA fige residue. However, it should be noted that for constrained MD
and in Varani's tetraloopy] are within0.15 p.p.m., suggesting and energy minimization by AMBER, only 642 constraints were

their structural similarity. Hence, 79 of the backbone torsions gfseq (average of 20.7 constraints/nuclectide residue).
stem Il and loop Il residues were constrained to the vatdgs)(

found in the 12mer RNA, 3 andy for residues G12—-C28and  Distance-geometry and simulated annealing using the XPLOR
X for residues G11-C22 andndl for residues G11-C21. The program.Using the constraints described above, 200 structures
sugar moieties of residues G11-C22 were similarly constraineglere generated using distance-geometry, regularization and
as found in the 12mer RNA loop, by applying constraintggpn simulated annealing calculations (see Materials and Methods).
V1, V2 andvy. The center value and the allowed variation of eaclfter the seven cycles of simulated annealing, the 200 structures
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Table 4. Number of distance and dihedral constraints used in XPLOR. Distance constraints generated
by RANDMARDI approach, shown in parenthesis, were used in AMBER

Residue Gl |52 | C3 JC4 [AS | A6 | A7 | US [ A9 |G10 [G11
Intres. dist® ) () 6(6) {6¢5) i) la@ |3 trm 13e |1 1IN T
Interres. dist B¢ | 44y 00010y 113019 D22y oo eas hizan hzon [uay i 7@ inan

Interres. dist®d | - . . oA Lses b - - iy { - -
Extra®® 1 3 2 - . - - - . - L
| Exma™d - 3 3 4 1 - - - - . 3
| Dibegirad - g 11 g 5 - |-s 5 s 5 B

Towlconswe, {32 (12) 132(3%) [35(34) 132 (31) 123 {23) 120 (200 ;34 {24) |24 (23) |24 (24) {1919 30 3O)
Residue G12 (G133 | CI4 |ULS {UL6 |CL17 [G1§ {G1y [ C20 | C21 | C22
Iomres. div? 1 7(7y 1747 187 17¢6) 1B |76 |88 ja 8m |76 &N
Interres. dist®e |11(11) 115019 11909 6ae) zan | s [ 30 Jsm | em | 8@ 1M

Interres. disc bd - - - 22 - 22 - - - - -
|Extrat.< 3 3 L 1 2 1 2 4 2 1 1
Exiratd 4 3 3 3 1 - 1 5 3 4 4
Dihedrat 11 1 1 u 1 11 11 11 11 1l

Towl constr. 136 (36) 14141) {42 can) 140 (39) {34 (33) 126.28) |27 27 {333% 133(32) [3130) |29 (28 |
Residue G23 |G24 [G25 |U26 | A27 |G28 [G29 |C30¢ (U3
Ioirgres. dist® | 646y | 665} {4 1708 {8® |7en [o) |5 | 706
Interres, dist 9 {5 81 9{9 740 1) 113an Haas {1747 | 949

Tnerves. dige bd - - Ly L) 5[5 - . - :
Bxirat< - 1 1 - 1 3 3 2 ]
Extraf4 - - - - - 4 5 3 1
Dihedrat 5 5 s i - B 11 9 :

Total consr. |36 (16) 120 oy 120000 {20.019) {2528) |35 35) 134 038 [36.33) 1 (imy

aThe number of intraresidue distance constraints calculated directly from the NOESY volumes by the
‘strong-medium-weak’ approach or by RANDMARDI (in parenthesis).

bThe number of interresidual constraints calculated directly from the NOESY volumes by the ‘strong-me-
dium-weak’ approach or by RANDMARDI (in parenthesis). The number of interresidual distance con-
straints is shown twice because of involvement of two residues in a NOE crosspeak.

CIntrastrand distance constraints.

dinterstrand distance constraints.

eNumber of distance constraints derived indirectly from NOESY data such as the hydrogen bond con-
straints in a Watson—Crick base pair or distances approximated from volumes with a high degree of spin
diffusion as well as all data from NOESY experimentsi®HThe number of interresidue distance con-
straints is shown twice because of involvement of two residues in a NOE crosspeak.

were evaluated in terms of number of violations of the distanggocedure were used as starting structures for 109 separate runs
constraints. 91 Structures had more than two 0.2 A distanasing the NMR constrained AMBER procedure (see Materials
violations and they were rejected. The remaining 109 structuread Methods).

were analyzed by the MARDIGRAS program and the agreement

between their theoretically calculated NOE volumes with th recision of the structureNine conformers out of the 109
experimental ones were measured. The F&, Ry and Structures were selected because they showed the lowest com-

Re-factors were found to be in the range 0_5£,r3_0_87jamat|on of R-factors after the constrained MD and minimization

0.658-1.106, 0.099-0.159 and 0.126-0.194 respectively. THE AMBER in the previous step, the structure showing the best

: o greement with the NMR data, as evident by R-factor analysis, is
conformational similarity between the 109 structures was aé wn in Figureg and8. The ranges of the R-2R R.- and

sessed by calculating an average structure and comparing all :

structures to the average (rmsd): 5.9 (.04 A) for all heavy "~ -factors for these nine best conformers were 0.330_—0.429,
0.369-0.522, 0.066—0.083 and 0.082-0.110 respectively. It

atoms of the structure, 1.87 &€ 0.84 A) for stem 1, 1.93 Ag( .

= 0.79 A) for stem II, 4.4 Ad = 0.62 A) for loop | and 2.26 A should be noted here that such low R-factors in the MARDI-

(6 = 0.5 A) for loop |’| GRAS were earlier obtained only for a much smaller oligo-DNA/

' ' RNA (35-37), comprising approximately two-thirds of the
Molecular dynamics simulations and energy minimizations usingumber of nucleotides of the present 31mer RNA. The nine
the AMBER programThe 109 selected structures from theindividual structures were then compared with the average of
distance-geometry simulated annealing structure refinemetfiese nine structures with respect to all heavy atom, showing an
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Figure 8. Stereoviews of the zooms of the various parts of the best structure shown in Figure 7 (see Fig. 1 for the numbering scheme as well as for the nomencle
(A) Watson—Crick base paired A-RNA type helix for 346 to0 28G residues (left strand) aR@ to4C residues (right strand) in stemB) (A partial continuity of

the base-stacked A-RNA type helix for 814 to 23G residues (left strand) aRa to 19G residues (right strand) in the flexible loopd) Watson—Crick base paired
A-RNA type helix for the?2C to 19G residues (left strand) aA#G to 14C residues (right strand) in stem D)(The UUCG tetra loop fofoU (lower right) tol8G

(lower left) residues in loop II.
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average rmsd of 6.02 A. When only a specific region of the 31m&he access of water to the G28-C4 base paired imino proton is
was considered, the average rmsd was 0.86, 0.77, 4.08 and Yd€ifuced probably through stacking interactions. Thus, NOESY
A for stem | and I, loop | and I, respectively. A simpledata have shown that G28 strongly stacks on A27 and that C4
comparison of these rmsds reveals that most of the structustdongly stacks on A5. The observation of interstrand NOEs in the
differences in all heavy atom comparison come from the largeternal loop in close proximity of the G28-C4 base pair together
loop | region, but in contrast the conformation of the twawith the observation of NOEs between the H2 of A5, A6 and A27
double-stranded stems | and 1l regions and loop Il region shaw the H1 of their 3-neighbouring residue also indicate that the
significant conformational homogeneity. One of the main reasolstype conformation continues until the beginning of the stem |
for the observed rmsd differences between stem |, stem Il, lotgloop | junction. The loop | conformation is more flexible in the

II, in one hand, and loop | on the other, is owing to the fact th&dop |I-stem Il region. The stacking interactions between A9,
relatively larger number of experimental NMR constraints peG10, G11 and between C22, G23 and G24 are weaker and NOE
nucleotide residue is available in the former group (22.8 distandata suggest that G10 is bulged out. These data together with the
constraint/nucleotide) compared with the latter (17.5 distandast rate of exchange of G11 indicate a less ordered region of the
constraint/nucleotide) (Tab®. A comparison of the types of loop | with structural perturbation at and around G11. Magnesium
constraints for various nucleotides in various parts of the 31miem binding occurs most probably around the G18-U15 base pair
RNA in Table4 also shows an absence of imino td(H1) and  in the loop Il and around the A27 and G28 nucleotides at the stem
imino to H1(i-1) of the opposite strand, Watson—Crick hy-I-loop | junction. This second site of binding is of particular
drogen-bonds, as well as of imino to imino cross- and intra-straintterest since magnesium ion has been shown to bind in the
distance constraints for loop | nucleotides, which makes it vergcinity of loop | region in th&.coliRNase P RNA. Work is now
difficult to define its conformation, thereby suggesting either & progress in our lab to study the solution conformation of large
highly flexible nature or simply that the residues are moregthan functional RNA using the deuterated analogues in which
A away from each other. deuterated residues are incorporated in the NMR-invisible part
(39-44) and appropriateC and!®N labelled sugar residues are
incorporated in the NMR-visible par8444) to extract the
sugar—phosphate backbone constraint for more accurate structure
q_lgtermination.

Conclusion

We have shown that the deuteration of nucleotides helps
simplify the NMR spectra of RNA. By deuteration at the C5, C2
C3, C4 and C5 positions of the cytosine nucleotides whichACKNOWLEDGEMENTS
constitute the stems, we were able to assign without ambiguity
anomeric and aromatic protons. This was not possible from t
NOESY spectra of the natural 31mer RNA where the stron
H5-H6 crosspeaks were overlapping with some aromatic-ano
eric NOEs. This possibility of assignment without ambiguity wa!
particularly important for the loop | region where no assumptio
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base stacking interactions and the North conformation of the& (a) Varani,G., Cheong,C. and Tinoco,I. Jr. (1BibEhemistry30,
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; . eus,H.A. and Pardi,A. (1991) Am. Chem. Sqd13 4360-4361.
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