Biochemistry1999, 38, 86478656 8647

A Distinctive RNA Fold: The Solution Structure of an Analogue of the Yeast
tRNAPe TWC Domairl#

Karl M. Koshlap$ Richard Guenthet Elzbieta SochackhAndrzej Malkiewicz! and Paul F. Agris#®

Department of Biochemistry, North Carolina State bbrsity, Raleigh, North Carolina 27695-7622, and Institute of
Organic Chemistry, Technical Upérsity, Lodz 90-924, Poland

Receied January 19, 1999; Resed Manuscript Receed May 11, 1999

ABSTRACT. The structure of an analogue of the yeast tRRA'WC stem-loop has been determined by

NMR spectroscopy and restrained molecular dynamics. The molecule contained the highly conserved
modification ribothymidine at its naturally occurring position. The ribothymidine-modifideCTstem-

loop is the product of the Pis,tRNA methyltransferase, but is not a substrate for tHAJptRNA
methyltransferase. Site-specific substitutions &hidabels were used to confirm the assignment of NOESY
cross-peaks critical in defining the global fold of the molecule. The structure is unusual in that the loop
folds far over into the major groove of the curved stem. This conformation is stabilized by both stacking
interactions and hydrogen bond formation. Furthermore, this conformation appears to be unique among
RNA hairpins of similar size. There is, however, a considerable resemblance to the analogous domain in
the crystal structure of the full-length yeast tRRIA We believe, therefore, that the structure we have
determined may represent an intermediate in the folding pathway during the maturation of tRNA.

Transfer RNA (tRNA) has been studied extensively, and anticodon stem. The two arms are held together by a complex
a large amount of information has been obtained about its network of conserved tertiary interactions between tHeCT
structure and function. A tRNA molecule was first sequenced stem-loop, the D stemloop, and the variable region.

in 1965 by HO”ey et al., who also noted that the nucleotide Since tRNA was the Oniy |arge RNA molecule whose
Sequence C0u|d be Wl’itten in the nOW'famiIiar CIOVerIeaf structure was known for many yearsl it Served as a modei
representation1). The cloverleaf is composed of the'D,  for other RNAs as well. Many of the structural features found
anticodon, and WC stem-loop domains; the duplex amino  j5 tRNA—such as noncanonical base pairs, base triples, and
acyl acceptor stem; and a variable region (Figure 1). The pase zippershave since been observed in other RNA
fOldlng of these domains into the three-dimensional structure molecules. However, a Striking difference between tRNA and
was described in 1974 when the first tRNA CryStal structures other classes of RNA is the number and Variety of modified
were SOIVedZ, 3) These, and the few other tRNA structures nucleosides present in tRNA. To date’ approximateiy 100
that have followed, share a general L-shaped motif. One arm(jfferent modifications have been identified, all of which are
of the L—Shaped molecule is an extended helix formed from introduced posttranscriptiona”yix_ They range from rela-
the coaxial stacking of theWC and acceptor stems, while  tjvely simple methyl additions to quite elaborate modifica-
the other is formed from the stacking of the D stem on the tjons, such as is seen in the tricyclic guanine derivative
wybutosine. These modifications vary not only in kind and
T This research was supported by USPHS Grant GM-23027 (P.F.A.), degree of complexity, but also in the frequency of their
Cambridge Isotope Laboratories, Inc. (PFA), and the Polish Com- occurrence. Some modified nucleosides are Specific to

mittee for Scientific Research Grant PBO506/P3/93/05 (A.M.). : : . .
* Coordinates and conformational restraints have been deposited inpamCUIar tRNA species or classes of organisms, while

the Brookhaven Protein Data Bank under the accession code 1kos. Others—notably ribothymidine at position 54 €Jj and
* To whom correspondence should be addressed at the Departmenipseudouridine at position 53¥ss)—are present in most

of Biochemistry, 128 Polk Hall, Box 7622, North Carolina State i
University, Raleigh, NC 27695-7622. Phone: 919-515-6188. FAX: tRNAs of most OrgamsmSS( 6)' Indeed, they are so

919-515-2047. E-mail: Agris@bchserver.bch.ncsu.edu. conserved that they lend their name to the domain in which
8 North Carolina State University. they occur, the WC stem-loop.
' Technical University. PP
1 Abbreviations: T, ribothymidine¥, pseudouridine; D, dihydro- TsqandWss not only are extremely common .mOdlﬂcatlons
uridine; n¥C, 5-methylcytidine; Gm, '20-methylguanosine; PC, but also are among the earliest to appear during the complex

TWC stem and loop domain; RUMT, 3ds,tRNA methyltransferase; maturation process of tRNA6). Ts, and Wss have been
1 . : . . . .
RAMT, m'AsstRNA methyltransferase; NMR, nuclear magnetic  found, for example, in primary transcripts that still had an

resonance; HPLC, high-performance liquid chromatography; DEAE, . . . .
diethylaminoethyl: EDTA, ethylenediaminetetraacetic acid: NOE, Mtron and unprocessed@nd 3 extensions). This implies

nuclear Overhauser effect; NOESY, nuclear Overhauser effect spec-that nfUs+tRNA methyltransferase arttlsstRNA synthase-
troscopy;zm, mixing time; ROESY, rotating-frame Overhauser effect which are responsible for the methylation ofstb produce
spectroscopy; TOC_:SY, total correlation spectroscopy; HETCOR, het- Tss, and the conversion ofdgto Wss, respectively-recognize
eronuclear correlation; HSQC, heteronuclear single quantum coherence;

DQ, double quantum; DQFC, double quantum filtered correlation features that are common to many tRNAs, and are not

spectroscopy; rmsd, root-mean-square deviation. necessarily dependent on the overall folded structure of the
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Ficure 1. Primary sequence and secondary structure of yeast
tRNAPhe and its TWC stem and loop. (Top) Nucleoside sequence
of native yeast tRNA"¢including all modified nucleosides shown

in the cloverleaf representation of secondary structure. The modified
nucleosides are (in order from thé ® 3 termini): n?G, N2-
methylguanosine; D, dihydrouridine;gﬁa, N2,2-dimethylguano-
sine; Cm, 20-methylcytidine; Gm, 2D-methylguanosine; Y,
wybutosine; W, pseudouridine; AC, 5-methylcytidine; MG, N7-
methylguanosine; T or P, ribothymidine or 5-methyluridine;
m!A, N1-methyladenosine. (Bottom) Sequence and secondary
structure of the yeast tRN/A® TWC stem and loop domain with
Tss, TSL-Tss. The structure of this singly modified domain was
determined in this study.

Koshlap et al.

RAMT demonstrate that the enzymes require conformational
constraints on their substrates for efficient function (unpub-
lished data).

Thus, results from studies of modifying-enzyme recogni-
tion of substrate TSL raise several issues regarding the
structure of the isolatedWC stem-loop, the influence of
modified nucleosides on the structure, and the relationship
of any intermediate structure(s) during maturation to its final
conformation in the mature, folded tRNA. The relatively
small size of the heptadecamer TSL makes it amenable to
both chemical synthesis and NMR spectroscopy. The fact
that it can clearly be considered an independent domain for
enzyme recognition also makes it a useful model for our
studies on the effect of nucleoside modifications on stability
and structure. We present here the solution structure of an
analogue of the yeast tRNE TWC stem-loop containing
Ts4 as the only modification (TSL-h)(Figure 1). Using
standard NMR techniques in concert with site-specific labels
and nucleoside substitutions, we were able to assign most
of the proton resonances. Our results reveal a hairpin with
an unusual conformation: the locally structured loop folds
over to make contact with the curved stem. While surprising,
this structure bears considerable resemblance to that of the
TWC stem-loop in the crystal structure of the mature tRNA.

MATERIALS AND METHODS

Sample PreparationThe oligoribonucleotide 'S3CUGUG-
TUCGAUCCACAG, corresponding to the yeast tRRIA
TWC stem and loop domain withs7 (TSL-Tss), and related
sequences used in this study were chemically synthesized
on an Applied Biosystems 394 DNA/RNA Synthesiz&B)(

The ®>N-labeled phosphoramidites were prepared in our
laboratory (4—16). The other nucleoside phosphoramidites
were obtained from commercial sources: T andCm
phosphoramidites from ChemGenes Corp. (Waltham, MA);
and A, U, C, G, and dI from Glen Research (Sterling, VA).
TSLs were HPLC-purified as previously describ&d)(using

a Nucleogen 60-7 DEAE (258 10 mm) column; desalting
was accomplished with Waters Corp. Sep-pak columns. The
samples were prepared for NMR spectroscopy by extensive
dialysis with buffer (10 mM sodium phosphate, pH 6.0, 0.1
mM EDTA, 94% HO/6% D,O) using Amicon Centricon 3
concentrators. The solvent was exchanged t® Dby
repeatedly drying the sample in the NMR tube with a gentle
stream of N (g), and then resuspending the sample in 99.96%

mature molecules. In fact, a number of recent studies haveP20- The samples used for structural analysis had a final

demonstrated that an RNA hairpin corresponding in sequenc
to that of the unmodified PC stem and loop domain (TSL)

is a substrate for the #ds,-tRNA methyltransferase (RUMT)
(8—11) and theWsstRNA synthase 11, 19. Recently, we

eRNA concentration of~1.6 mM.

NMR SpectroscopyAll NMR spectra were collected on
a Bruker DRX500 spectrometer and processed using either
XWINNMR (Bruker Inc., Rheinstetten, Germany) or FELIX

have found that the TSL is also a minimal substrate for the (Biosym/MSI, San Diego, CA). Solvent suppression for
m!AsgtRNA methyltransferase (RAMT), the enzyme re- samplesin 94% bD/6% D,O was accomplished using either
sponsible for methylation of & (unpublished data). Elements 11 spin-echo (8) or WATERGATE (19) pulse sequences.

of the TSL primary structure were identified as determinants The residual water peak in:D samples was suppressed

for theE. coli (12) andS. cereisiae (11) WsstRNA synthase.

using low-power presaturation.

While there appear to be some primary sequence elements Exchangeable proton resonances of the TglLsample

responsible for the functioning of theSt,-tRNA methyl-
transferase in yeasiL{) and inE. coli (10), it is probable
this enzyme primarily recognizes the three-dimensional
structure of tRNA’s C stem-loop domain. Results from
our recent studies of the. coliRUMT and theT. pyriformis

were observed and analyzed using two-dimensional NOESY
spectra 20, 21 obtained at 1 and 18C with 7, = 150 ms.
Spectra were acquired with sweep widths of 12 019 Hz in
both dimensions, 1024 points iy and a minimum of 300
points int; with 96—128 scans per increment. A ROESY
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experiment 22, 23 also was performed at 1C. One- were loosely constrained to exclude the trans conformation

dimensional spectra were obtained as a function of temper-for those residues whosé chemical shifts fell within the

ature (50 °C). narrow range commonly seen for regular A-form structures
NOESY spectra of the sample in,O were collected at  (36).

10, 15, 20, and 25C with mixing times varying from 50 to Structure calculations were performed using X-PLOR

400 ms. At least 256 points were collectedtnwith 32— version 3.851%7), and were based on published protocols

64 scans per increment. For these and the following (36—-38) with minor modifications. Initially, 50 starting
homonuclear experiments (except where noted), the spectraktructures were obtained by metric matrix distance geometry
width was 5000 Hz in both dimenSionS, and 1024 pOintS were embedding of all atoms (dgu”_embed"qp) These struc-
collected int,. TOCSY @4) or clean TOCSY 25) experi-  tures were regularized by subjecting them to the dgsa.inp
ments using the MLEV17 mixing sequence were performed protocol that involves template fitting and simulated anneal-
at 15, 20, and 25C with mixing times of 74-149 ms. DQF-  ing. To obtain the global fold of the TSL, NOE and

COSY @6) and double quantum (DQ2T, 2§ experiments  hydrogen-bonding restraints were used, but experimental
were obtained at 25C. The two-dimensional heteronuclear  dihedral angle restraints were omitte&6( 39. However, to

spectra that were collected includet-&->'P HETCOR R9), enforce proper chirality, dihedral angle restraints involving
a'H—%P heteroTOCSYJ0), and a heteroTOCSY-NOESY  the four ligands of each chiral center were introduced. As
(31). These spectra were all acquired at Z5. Natural-  previously described3@), to obtain a higher percentage of
abundancéH—3C HSQC experiments3@—34) were per-  converging structures, the bond angle potential was increased

formed at both 10 and 25C. For some samples with site-  8-fold while the NOE ceiling was decreased by a factor of
specific®N labels,'H—""N HSQC spectra were obtained in 10 from the published X-PLOR values. During the simulated
H.0O at 1°C. annealing procedure, the structures were heated to 2000 K

Data were obtained for structure calculations from a seriesfor 15 ps, and then cooled to 100 K over 22 ps with a 0.5 fs
of phase-sensitive NOESY spectra that were collected at 25time-step. These folded molecules were then further refined
°C with mixing times of 50, 75, 100, 200, 300, and 400 ms. (refine.inp), with the modified parameters returned to their
The sample was not removed from the magnet during the standard values. All experimental dihedral angle constraints
process of collecting these spectra. The spectra were acquiregvere introduced at this stage. During the second round of
with spectral widths of 5000 Hz in both dimensions, 1024 simulated annealing, the structures from the previous step
points intp, 360 points with 64 scans per blocktn and a  were cooled from 2000 to 100 K over 40 ps with a time-
recycle delay of 2.5 s. Using FELIX, the spectra were step of 0.5 fs. Finally, a 1000-step minimization using the
processed with 60 phase-shifted sine bell apodization fuyll van der Waals term was performed. The chirality of the
functions and third degree polynomial base line flattening final structures was analyzed with chiralcheck.awi)(
in both dimensions. The base line tinwas further treated Helix parameters were calculated using Curves 5]3(
using the FLATT algorithm35). To provide suitable digital
resolution for cross-peak integration, the spectra were zero-RESULTS
filled to 2048 by 2048 points.

Structure DeterminationDistance restraints between  Assignment of Exchangeable ResonancBEse two-
nonexchangeable protons were obtained from the NOESY dimensional NOESY spectrum of the sample iOHevealed
spectra of the mixing time study. The spectra were processedhat the TSL was stable and had a single predominant
and integrated using FELIX and were calibrated by setting conformation (Figure 2). Sequential imifronino connec-
pyrimidine H5-H6 cross-peaks to a distance of 2.44 A. All tivities for the stem were observed, indicating that the RNA
lower bounds were set to 1.8 A' upper bounds were set to adopted a folded structure. As is often the case, however,
the calculated distance20%. In the case of methyl protons, due to fraying these sequential connectivities did not extend
an additional 1.5 A was added to the upper bounds. The to the terminal base pair4£Ggs. While most of the spectrum
distance restraints involving exchangeable resonances werg&ould be assigned using standard protocols, site-specific
obtained from NOESY spectra of the sample in 94%H substitutions of°N labels were used for confirmation or to
6% D,O. The cross-peaks were qualitatively classified as identify proton resonances of loop residues. For example,
strong (1.8-3.5 A), medium (1.8-4.5 A), or weak (1.8 we were able to positively identify the imino protons of loop
5.5 A). residues s and Usg and to confirm the assignments of the

A high-resolution DQFC spectrum withP decoupling stem imino proton resonances using samples which were site-
in both dimensions was collected in order to characterize SPecifically **N-labeled (data not shown).
the sugar conformations. The spectrum was acquired with a Cross-peaks observed in the imino to imino, and imino to
spectral width of 2500 Hz in both dimensions, 2048 points amino, aromatic, and Hiegions of the spectrum were those
in t;, and 360 points iy, with 64 scans per block. Residues expected for right-handed, helical nucleic acidg,(43. In
with no observable HEX-H2' coupling were constrained to  contrast, cross-peaks (indicated in Figure 2) involving the
the C3-endo conformation. Those sugars with coupling loop nucleoside g, amino protons and residues from the
constants>7 Hz were constrained to the G@ndorange. distal region of the stem are quite unusual. TReH5, Uso-
Those residues with either intermediate coupling constantsH5, UsoH6, and G;H8 assignments were initially proposed
(i.e., <7 Hz but>3 Hz) or whose H1-H2' cross-peaks were  based on the comparison of NOESY spectra i®tdnd DO
too close to the diagonal were left unconstrained. The at 10°C. Since these cross-peaks suggested an unexpected
glycosidic torsion anglg was loosely constrained for most and unusual fold of the molecule, additional evidence for
residues on the basis of the intensity of their intraresidue these assignments was sought. Therefore, two sequences with
H1'-aromatic NOESY cross-peak. Theand§ torsion angles  site-specific nucleoside substitutions were synthesized and
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FiGure 2: Portion of a two-dimensional NOESY spectrum of the TSJ,4h H,O at 1°C. The sequential imineimino connectivities of
the stem are traced in the lower left corner. The NOE cross-peaks between protons of the loop rgsiahgetiibse from stem residues
are indicated.

studied. A sample of identical sequence, but withh U two Cso amino protons was an NOE and not an exchange
replaced by ¥, (TSL-TsoTs4), confirmed the original assign-  cross-peak (data not shown). Furthermore, a set of one-
ment of UsoH5; i.e., the cross-peaks attributed tetds were dimensional spectra taken at temperatures between 1 and 50
replaced by ¥, methyl cross-peaks (Supporting Information). °C demonstrated that these peakke those of the hydrogen-
Likewise, a sample with ACs replacing Go (TSL-Ts4m°Ceg) bonded imino protons of the stenpersisted to high tem-
confirmed the assignment 0§15 (Supporting Information). perature, unlike the imino proton peaks of the loop &hd

The critical assignments of thegCamino protons were  Usg residues (Figure 3). As has been observed in DNA
unambiguously identified with a sample in which the amino triplexes, the downfield-shifted positions of thge@mino
group of Gowas®N-labeled (TSL-F45N-Cq). In the spectra  proton peaks indicated thatgwvas protonateddd). Proto-

of this sample, the § amino proton resonances were clearly nation of Go was confirmed by thé®N chemical shift of
split by coupling to thé®N-exocylic amino nitrogen (Figure  the Gy amino nitrogen45) as determined from thigd—°N

3 and Supporting Information). Several lines of evidence HSQC of the TSL-F4°N-Cgo [91.8 ppm using®>NH,Cl in
indicated that the g amino protons are involved in  10% HCI as an external reference; following the recent joint
hydrogen-bonding interactions. For example, the ROESY IUPAC—-IUBMB —IUPAB recommendationsig) concern-
spectrum revealed that the strong cross-peak between théng the referencing of heteronuclei, this corresponds to a
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ppm Ficure 4: H1 and H5 to aromatic proton region of a NOESY
Ficure 3: Temperature study of the TSLsJd One-dimensional spectrum of the TSL-&k. The NOESY spectrum was acquired at
spectra of the TSL-d; in H,O were collected at temperatures 25 °C with the TSL in BO. The sequential Hfaromatic
between 1 and 50C. The portion of the spectra shown includes connectivities are indicated. Near the top of the figure is the cross-
the hydrogen-bonded imino protons of the stem and some of the peak between kH5 and GoH5.
exchangeable resonances of the loop. At the top is the coupled
spectrum of the TSL-g4**N-Ceo at 1°C, showing the splitting of  spectrum and a DQ spectrum were also helpful in assigning
the G amino protons due to theN label. o
the HZ resonances. In addition to DQ, DQFC, and TOCSY
experimentstH—3'P heteronuclear experiments were used
in assigning the H3resonances. The Héand H3, H5'
resonances that could be assigned were identified on the basis
of these experiments.
Sequential aromatieH1' connectivities can be traced from

chemical shift of 113.8 ppm]. Cross-peaks of thg &nino
protons had essentially the sadeand>N chemical shifts

at pH 5.0 as at pH 6.0, but disappeared at pH 7.0. Although
it made little difference to the final structure determination,

a protonated & was used in the calculations for the the B and the 3termini of the stem to the second residues
structL_Jres presented here. ) of the loop (Figure 4). At those points, there are breaks in
Assignment of Nonexchangeable Resonar@signment  the sequential connectivities. However, a sequential con-
of the nonexchangeable resonances relied on a variety ofyectivity between AH8 and G/H3' was present, and is
homo- and heteronuclear experiments. The presencesof T indicated in Figure 4. The assignments for these two residues
in our sequence provided a convenient starting point for were confirmed using site-specific substitutions, one with
assignments. Thes] H6—Tss methyl cross-peak was ob- ¢ at position 57 (TSL-Tdls;), and the other with dI at
served in both DQFC and TOCSY experiments, which also position 58 (TSL-Tudlsg). In addition, Gs had a few
readily identified the pyrimidine HSH6 cross-peaks. Par-  interresidue cross-peaks, all tg/Gn contrast to these fairly
ticularly helpful were natural-abundancei—*C HSQC typical cross-peaks, the cross-peak betwegHEof the loop
spectra which not'on_ly differentiated the CH5 from the pHS and UH5 of the stem was unexpected, and indicated that
resonances and indicated the'Hitotons, but also distin-  this sequence has an unusual conformation. The assignment

guished the AH2 from the purine H8 and pyrimidine H6 of this cross-peak was confirmed by NOESY spectra of the
resonances. Comparison to NOESY spectra of the sampler, T, and T;,m°Cs, TSLs in D,O.

in H,0 enabled us to assign the AH2 resonances. Both stem Hajrpin Characterization.A general problem in studies
AH2 protons had NOE cross-peaks to the fitbton of their  of nucleic acid hairpins is the question as to whether the
3 neighbor, as well as an interstrand cross-peak to tHe H1 sample is indeed a monomer. Given the unusual cross-peaks
proton of the Sadjacent base pair. These were helpful we observed in our NOESY spectra between the loop
guideposts in the assignment procedure, and sequentiahycleoside @ and residues from the distal portion of the
aromatie-H1' connectivities could be traced for most of the stem, we felt compelled to show that our RNA was in fact
molecule (see below). a monomer under the conditions of this study. To demon-
Cross-peaks between Hind H2 protons for Gs and the strate this, we measured the translational diffusion coefficient
loop residues (excluding 4 were observed in DQFC and of our hairpin, and compared it to that of other RNA
TOCSY experiments. A short mixing-time (50 ms) NOESY sequences of various lengths. This was accomplished with
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Table 1: Structure Determination Statistics G57
distance restraints 278
intranucleotide NOEs 128 A C
internucleotide NOEs 124 58 56
hydrogen-bonded stem base pairs 26
torsion angle restraints 39 U U
refinement statistics (8 final lowest-energy structures) 59 55
NOE violations ¢0.5 A) 0 ‘
dihedral angle violations>5°) 0 C
average pairwise rmsd (all heavy atoms) (A) 60 ‘ 54
all residues 1.9 0.27 \ Q\\
stem residues (4953, 61-65) 0.98+0.14 AN
loop residues (5460) 2.54+ 0.48 661 m‘:@\“ GSS
average rmsd from ideal covalent geometry NN
bond lengths (A) 0.015 /'A-\-;\“g:\
bond angles (deg) 5.01 Aez “\\\ U52
impropers (deg) 0.416 AN A
N
) . . . Ces ‘“\‘@ Gs1
the pulsed field-gradient spitecho technique4(7, 49. The \\i\

method is performed on the NMR sample itself, and thereby
obviates any complications or ambiguities of interpretation A64
that may arise from approaches other than that by NMR

methods 49). As expected for a monomer of this size, the Ges C49

translational diffusion coefficient of the heptadecamer was _ o

bracketed on one side by those measured for a hexamer an@IGURE 5: Long-range NOEs used in determination of the TSL-

. 54 Structure. The primary sequence and secondary structure of the
a dodecamer, and on the other side by that of a 28-mer. ourTSL-T54 are depicted with some of the interresidue, long-distance

results are in approximate agreement with published valuesNOEs most important to constraining the global structure of the
of the translational diffusion coefficients of nucleic acids of molecule. Intraresidue, intra-base pair, and sequential NOEs are
similar sizes 49, 50. omitted.

Further evidence for the monomeric nature of the sample . ) .
resulted from analysis of spectra obtained from the sample  The o torsion angles for 13 residues were constrained
at high dilution. Upon 5-fold dilution (i.e., fronv1.6 to~0.3 based on the analysis of a high-resolution DQFC spectrum.
mM), the spectrum obtained is nearly identical to that of Residues &k Css, Ass, and Go had HI1—H2' coupling
the original sample. In particular, the similarity of chemical constants greater than 7 Hz and therefore were constrained

shifts of the Go amino proton resonances at both concentra- to the C2-endorange. In contrast, the stem residues (except
tions indicates that their NOE cross-peaks with the stem for Ges) had no observable HtH2' cross-peak, and were

residues do indeed arise from a fold-back of the loop, and constrained to the C&ndorange. Residuessl, Gs, Uss,
not from intermolecular contacts. In addition, at neither @nd Gs were left unconstrained. Based on i@ chemical
concentration is there any evidence of a second set of crossShifts of residues &, Usz, Tss, Gsz, and A their corre-

peaks, as would be expected if a monomgimer equilib- spondinga. and & torsion angles were loosely constrained
rium really did exist. to exclude the trans conformation. Using the relative intensi-

NOE and Torsion Angle Restraing total of 278 distance  i€S of the intraresidue H+H6/H8 NOE cross-peaks as a
constraints were used in the structure calculations. TheseCriterion, the glycosidig torsion angle was constrained to
restraints included 252 restraints from NOEs and 26 hydrogen-the anti range for all residues excepkand Uo. The intense
bonding constraints for the 5 base pairs of the stem (Table/Ass H1'—H8 cross-peak clearly indicated that it was syn,
1). Of the NOE-derived restraints, 192 were obtained from and in f_act was found to _be soin e.arly calculatlops in wh.|ch
the mixing time study of the nonexchangeable protons, while O torsion angle constraints were mcluded. The intraresidue
60 constraints came from spectra of exchangeable reso-H1 —H6 cross-peak of k) overlapped its H5H6 cross-
nances. There were 124 and 128 inter- and intraresidueP€aK, and so thg torsion angle was left unconstrained.
d|stanC(_a constraints, respecuvely. However_, the Ion.g'rangeDISCUSSION
constraints illustrated in Figure 5 were more informative and
certainly more important in determining the global fold of RNA hairpins can be problematic for NMR structural
the molecule. In particular, the distance constraints betweenstudies. The loops can be flexible and unstructured, particu-
the loop nucleoside ggand both Wy and G;; of the middle/ larly when as large as the seven-residue loop of the TSL.
distal region of the stem and those between the loop Even if the loop is structured and does have a single
nucleoside Ag and the proximal stem base pair of;@nd conformation, it is often difficult to determine the spatial
Gss were critical in defining the structure of the TSL. relationship of the loop relative to the stem. We are fortunate
Distance constraints betweeg,@nd U or Gs; were defined that neither problem arose in the current study. The large
by NOEs from GeH41 to G;1H8, UsgH3, UsgH5, and Wo- number of long-range NOE cross-peaks observed between
H6; from GsoH42 to Gs;H8, UsgH3, UsgH5, and WH6; and Asg of the loop and the §—Cs; stem base pair indicates
from CsoH5 to UsgH5 and WoH6. Constraints betweensi that the loop is at least locally structured (Figure 5). There
and the base pairéeGss were defined by NOEs from £ were even more NOE cross-peaks between the loop residue
H1' to GsH42, G H5, and GH6; from AsgH2 to GoH1' Cso and both @, and U of the stem. This leads to the
and G;H6; and from AgH8 to GssH1. inescapable conclusion that the hairpin bends in such a
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Ficure 6: Defocused stereo representations of the superimposed, calculatedsJ Sttu€tures. The TSL+f structures are oriented in
order to present an oblique view into the minor groove of the stem. The@Gy and Gs—Gs; base pairs, and residuegs@nd Usg are in
blue; the A4s—Uso and As;—Us, base pairs, and residuessldnd G are in red; and the &—Gsz base pair, and residuessTAsg, and Go
are in black. (Top) Superposition of the eight lowest-energy structures. (Middle) Family A, yith fhe minor groove (5 of 8 structures).
(Bottom) Family B, with &4 in the interior of the loop (3 of 8 structures).

fashion so as to bring that portion of the loop into the major some extent. The curvature of the stem is such thaisGn
groove of the stem. Together, these two sets of cross-peakghe proximity of all three of the central base pairs of the
dictate the global fold of the molecule. stem (Figure 7). This leads to some uncertainty in determin-
A superposition of the eight lowest-energy structures is ing potential hydrogen-bonding partners @f.@Jsing criteria
shown in Figure 6. The average pairwise rmsd for these eightthat the distance between hydrogen-bond donor and acceptor
structures is 1.9% 0.27 A for all heavy atoms of the stem heteroatoms is no more than 3.5 A and that the angle is
loop. Relative to the mean structure, the non-hydrogen atomgreater than 120 the Go amino proton H41 could form
average rmsd was 1.31 A. The precision of the stem regionhydrogen bonds with k& 04, G; 06, or G N7. Although
is higher than that of the loop; the heavy-atom average the evidence indicates thatd2H42 is also involved in a
pairwise rmsd for the stem and loop are 0:28).14 and hydrogen bond, the acceptor is not obvious; one might
2.54+ 0.48 A, respectively. Statistics for the refinement of postulate a water-mediated hydrogen bongi€protonated,
the structures are summarized in Table 1. and the resultant H3 is positioned such thet G6 is a likely
The compact appearance of the structure is fairly unusual,hydrogen bond acceptor. Hydrogen bond formation would
and could not have been anticipategdriori. The base-paired  explain the apparently higheiKg of Cso than is observed
stem is decidedly curved; the total angle between the first for mononucleoside cytidines(). It should be noted that
and last helical segments is approximately 857°, and these possibilities arise from an analysis of the average
results in an end-to-end shortening of the helical axis path structure, and that no hydrogen-bonding constraints involving
of ~4.1+ 1.0%. The loop folds over to positions§in the Ceso were introduced in the calculations.
major groove midway down the stem, well below theg6 In addition to hydrogen bonds, of course, stacking interac-
Ce1 base pair adjacent to the loop. This fold also draws U tions are also important in determining the stability of the
into the major groove, where it extends down from the loop molecule. In all structures of all calculationssgstacks on
toward the terminus of the stem, thereby shielding 16 Ce1, Which is in the final stem base pair adjacent to the loop.
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FIGUrRe 7: Lowest energy TSL-d structure. (Top) A view into
the major groove. The £&—Cg; base pair and & are in blue, and

the Ass—Usg base pair and £ are in red. (Bottom) A view of the
structure rotated with respect to the above orientation. For clarity,
only Cs and the central three base pairs of the stem are shown.
Cso and the As—Usg base pair are in red; thesG-Cgs base pair is

in blue; and the A—Us, base pair is in black.

The relatively protected location of s&may explain our
recent observation that thelAsg-tRNA methyltransferase

is unable to use this particular hairpin as a substrate
(unpublished data). The stacking ofgfon G is also seen

in the crystal structure of the mature tRRA In the native
yeast tRNAM Aggis modified to mMAsg, and participates in

a reverse Hoogsteen base pair with. However, we see
little evidence of a T,—Asg base pair. In fact, the structures
can be divided into two families that are distinguished by
the orientation of T, In one family, &, is excluded from
the loop and is positioned in the minor groove of the stem a* 5'

(Figure 6). In the other family, & is within the loop and is Ficure 8: Comparison of the solution structure of the TSisT
approximately parallel to the stem base pairs, so that ¢he T and the énalogous region from the crystal structure of yeast BENA

methyl group stacks on 4 (Figure 6). In the study of a  (56). The eight lowest-energy structures of the TS, dalculated
related, but totally unmodified hairpin which otherwise has in this study are shown in gray. The crystal structure in black is

the same loop sequence and proximal stem base pair, Yasuperimposed on the solution structures. (Top) A view of the
et al. 62) also saw no evidence of asiF-Asg base pair. comparison looking into the major groove. (Bottom) A view of
However, their molecule appeared to have a very dynamicthe comparison rotated 3%vith respect to the above orientation.
loop, as evidenced by the fact thagsA2 had NOE cross-  large time-averaged ensemble to one major and five or six
peaks to five different Hlprotons. In a subsequent paper minor conformational families. It is interesting that for all
(53), they reanalyzed their data and were able to reduce theirmembers resulting from this latter analysisy 6lides into
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the major groove to some degree, although certainly not to diffusion experiments in kD at 1°C and in DO at 25°C
the extent that we observe with our sequence. In our (6 pages). This material is available free of charge via the
structures, & is directed away from the loop and is extended Internet at http://pubs.acs.org.

into the solvent. g and U, both of which form base pairs
with residues of the D stemoop in the mature wild-type
tRNAP"e are fairly disordered in our structures.

The striking contrast between the results we report here
and those obtained by Yao et al. could arise from the
differences in pH employed in the two studies, i.e., theirs at
pH 6.4, ours at pH 6.0. It is conceivable that this slight
difference is significant, perhaps by affecting the protonation
state of Go. However, apparently this is not the case; at pH
6.4, we still observe the crucial, diagnostic cross-peaks
between the g amino protons and bothsgand U, of the
stem (Supporting Information). It would appear, therefore,
that the decisive factor is instead the particul&®# Q@ stem
and loop sequence they investigated. It is probably significant
that their sequence was totally unmodified, and/or that it does
not correspond to any naturally occurrinC domain. The
sequence they employed in the NMR structural studies is
not the Val TSL used earlieB( 10, and is not found in the
tRNA databaseX), nor in theE. colior yeast §. cereisiae)
database$d, 59. Thus, it might be of interest to study other,
authentic sequences in order to assess the generality of our
results.

When our solution structure is compared to th&#@
stem-loop portion of the crystal structure of the mature

tRNA, a strong resemblance is apparent (Figure 8). The 11.

distinguishing geometric feature of the isolated domain from

the crystal structure is the marked folding of the loop region 12-

into the major groove of the stem. This is mimicked to a
large extent by our solution structure. The greatest divergence

in the superposition of the backbones appears to be in the 14,

region of the loop from C56 to U59. In the intact tRNA,
intrusive interactions occur between residues of the D loop
and this region of the PC loop. Gg intercalates between
m'Asg and G, while Gs7 in turn intercalates between;§
and Go, thereby forming a AAsg—Gis—Gs,—Gio base
zipper. Ggand Gg are also involved in base pairs witHss

and Gg, respectively. In light of these tertiary interactions
which are necessarily absent in our construct, the observed
similarity is all the more remarkable. Furthermore, we believe
that it is highly unlikely that this similarity is coincidental.
Rather, in agreement with a hierarchical view of RNA
folding, we conclude that the WC stem-loop is largely
preassembled, and that our structure represents an intermedi-
ate in the folding pathway of tRNA.
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