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ABSTRACT. The structure of the human tRN)&2 anticodon stem and loop domain (A'StS) provides
evidence of the physicochemical contributionsNg-threonylcarbamoyladenosin€As;) to tRNALYS3
functions. The%As;-modified anticodon stem and loop domain of tRN®Ey (ASLYS3uu- t8A37) with

a UUU anticodon is bound by the appropriately programmed ribosomes, but the unmodifi€¢3A&L

is not [Yarian, C., Marszalek, M., Sochacka, E., Malkiewicz, A., Guenther, R., Miskiewicz, A., and Agris,
P. F., Biochemistry 8, 13390-13395]. The structure, determined to an average rmsd of £57
0.33 A (relative to the mean structure) by NMR spectroscopy and restrained molecular dynamics, is the
first reported of an RNA in which a naturally occurring hypermodified nucleoside was introduced by
automated chemical synthesis. The ABE,,u-tAs7 loop is significantly different than that of the
unmodified ASLYs3,yy, although the five canonical base pairs of both ASLyy stems are in the standard
A-form of helical RNA. A37, 3-adjacent to the anticodon, adopts the form of a tricyclic nucleoside with
an intraresidue H-bond and enhances base stacking ofi$iaedf the anticodon loop. Critically important

to ribosome binding, incorporation of the modification negates formation of an intralggp44 base

pair that is observed in the unmodified AStyuu. The anticodon wobble positionsnucleobase in
ASLYYS3yu-tAs7 is significantly displaced from its position in the unmodified ASL and directed away
from the codon-binding face of the loop resulting in only two anticodon bases for codon binding. This
conformation is one explanation for ASE3,yy tendency to prematurely terminate translation arid
frame shift. At the pH 5.6 conditions of our structure determinatiosy, i& protonated and positively
charged in ASLYs3,yy-t®A37 and the unmodified ASES3,,y. The ionized carboxylic acid moiety dfAs;
possibly neutralizes the positive charge ofz4 The protonated Ags can base pair with £, but £A3z7

may weaken the interaction through steric interference. From these results, we conclude that ribosome
binding cannot simply be an induced fit of the anticodon stem and loop, otherwise the unmodified
ASLYs3yyy would bind as well as ASES3,yu-t%As7. t8A37 and other position 37 modifications produce
the open, structured loop required for ribosomal binding.

Lysine tRNAs with UUU anticodons have a conventional presence of the tRNA’s modified nucleosideg ) and
role in ribosome-mediated protein synthesis. In addition, strand transfer is facilitated by the anticodon’s modified
tRNAYsyyy species facilitate—1 frameshifts for correct  nucleosides §. We hypothesized that anticodon domain
translation of théE. coli DNA polymerasey subunit () and modified nucleosides impart the unique chemical and
retroviral polymerasegj. Also, tRNAYs,yy often misreads  structural properties required to explain the stand@ydas
asparagine codon8,(4) and peptidyl-tRNAY> prematurely  well as the unconventional, roles of tRNAuy in protein
terminates translation more often than other tRNB)s [h synthesis and as primer for HIV replicatiohGj.
addition, reverse transcription of the HIV-1 genomic RNA o e . .

Two posttranscriptional modifications in the anticodon

is primed by the human tRNA3,y. Formation of the viral B .
T . S loop distinguish tRNAYS,yy from other tRNAYS species and

replication initiation complex is enhan in vitr h .

eplicatio tiation complex is enhanced tro by the from other tRNAs, in general. In human tRNAyy,
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Ficure 1: (A) Sequence and secondary structure of the tRNAu
anticodon stem/loop (AS¥s3,,y) with the €Az; modification. The

molecule used for structure determination had the terminal base

pair Uy7»Agz replaced with G+ Cys. (B) The structure oféz; with
the carboxylic acid of threonine dissociated (pH 5.6).

the tRNAWSyyy anticodon loop, but not those of the
anticodon stem, are important for aminoacyl-tRNA syn-
thetase recognition and aminoacylation of cognate tRINi (
and for ribosomal bindingl@, 13). Recently, we determined
that the individual modifications of the tRN¥&,u anticodon
loop, $Uzq, mnmPUs4 (of mnnPs?Us,) and £As37, restored
AAA-programmed ribosomal binding to the otherwise
unmodified and nonfunctional human tRN&,y anticodon
stem and loop domairi8, 14, preceding paper in this issue).
Here we report the structure of the human tRXAuu

anticodon stem and loop with the amino acid modification,

t8A37 (ASLYYS3,yu-tPAs7), which is critical to its ribosome
binding function (4). Structures of the unmodified ASE3,yy
and the stem modified AS¥s3,y-Wse have been reported
(15), but neither bind the ribosoméd4). We compare the
structure of the functional ASYS3,,u-tfAs; to that of the
nonfunctional, unmodified ASEs3,yy. The hypermodified
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butylsilyl-3'-15N3-uridine phosphoramidite was synthesized
as previously described ) and the protected'8rityl-2'-
dimethyltertbutylsilyl-3-phosphoramidite of®A was pre-
pared in our laboratories (unpublished). All other nucleoside
phosphoramidites were obtained from Glen Research (Ster-
ling, VA). The oligomer was HPLC-purified as previously
described 17) using a Nucleogen 60-7 DEAE (250 10
mm) column, and its nucleoside composition determined
(18). Sample desalting was accomplished with Waters
Corporation Sep-pak columns. The sample was prepared for
NMR spectroscopy by extensive dialysis with buffer (10 mM
cacodylate buffer, pH 5.6, 0.1 mM EDTA, 6%,0/94%
H>0) using Amicon Centricon 3 concentrators. For experi-
ments in RO, the sample solution was evaporated down with
N, and exchanged with f® three times before resuspending
the sample in 99.96% {®. The samples used for structural
analysis had a final RNA concentration of 1.2 mM.
Methods: (i) ASL Thermodynamic ParametéSLYs3,y
samples were dissolved to a concentration ghRin either
a phosphate or cacodylate buffer (10 mM sodium phosphate
or 10 mM sodium cacodylate, 100 mM NaCl, 0.1 mM
EDTA, with the pH adjusted with HCI). Thermal denatur-
ations, performed in triplicate, were monitored by UV
absorbance (260 nm) using a Cary 3 spectrophotometer as
previously describedl@). Data points were averaged over
20 s and collected three times a minute. Denaturations and
renaturations were conducted over a temperature range of
5—90 °C and at three pH values (7.2, 6.0, and 5.0) with a
ramp rate of 1°C/min. Data from denaturations and
renaturations were treated similarly. No hysteresis was
observed. Thermodynamic parameters were calculated with
a van't Hoff analysis of the data as described by Serra and
Turner Q0) using Origin software (Microcal). Substitution
of the U»Ays terminal base pair with a £Cy; added

nucleoside has a pronounced effect on the anticodon loopStability to the molecule. A pH between 5.0 and 6.0 was
conformation as determined from NMR-derived distance and deemed to be optimal for stability and pH 5.6 was chosen
torsion angle restraints using restrained molecular dynamics.for NMR studies.

The structure explains the role ofAt in achieving an

(ii) Unimolecular Property of Sample§o demonstrate

anticodon architecture required for ribosome binding, as well that the RNA was a monomer at the NMR concentrations

as the unique properties displayed by tRXAuy species.
EXPERIMENTAL PROCEDURES

Materials: Sample PreparationThe heptadecamer oli-
goribonucleotides corresponding to the unmodified H6e
threonylcarbamoyladenosinéAt,)-modified sequence of the
human tRNAYS3,y, anticodon stem and loop domain,
ASLYs3yyy (Figure 1) were chemically synthesized using

of this study, we measured the translational diffusion
coefficient of the unmodified andAs;-modified ASLs, and
compared them to that of other RNA sequences of various
lengths. This was accomplished with the pulsed field-gradient
spin—echo technique 21, 22), performed on the NMR
sample itself, thereby obviating any complications or am-
biguities of interpretation that may arise from approaches
other than that by NMR method23). As would be expected
for a monomer of this size, the translational diffusion

standard phosphoramidite chemistry on an Applied Biosys- coefficient of the heptadecamer was bracketed by those

tems 394 DNA/RNA Synthesize6). The B to 3 terminal
base pair was changed from the native sequéfgeA,; to
G,2Cys for the increased yield and increased stability
necessary for NMR analysis. Thé-teityl-2'-dimethyltert-

1 Abbreviations: ASL, anticodon stem and loop domaf, tN6-
threonylcarbamoyladenosine; msitJ, 5-methoxycarbonylmethyl-2-
thiouridine; W, pseudouridine; NMR, nuclear magnetic resonance;
HPLC, high-performance liquid chromatography; DEAE, diethylami-

measured for a hexamer and a dodecamer, and by that of a
28-mer. Our results are in good agreement with published
values of the translational diffusion coefficients of nucleic
acids of similar sizes23, 24).

(iii) NMR SpectroscopyAll NMR spectra were collected
on a Bruker DRX500 spectrometer and processed using either
XWINNMR (Bruker Inc., Rheinstetten, Germany) or FELIX
(Biosym/MSlI, San Diego, CA). The residual water peak in

noethyl; EDTA, ethylenediaminetetraacetic acid; NOE, nuclear Over- DO samples was suppressed using low power presaturation
hauser effect; NOESY, nuclear Overhauser effect spectroscopy; TOC-whereas exchangeable proton resonances for samples in 94%

SY, total correlation spectroscopy; HETCOR, heteronuclear correlation;
HSQC, heteronuclear single quantum coherence; DQ, double quantum
DQF-COSY, double quantum filtered correlation spectroscopy; rmsd,

root-mean-square deviation.

'(25) solvent suppression. Eight one-dimensional spectra as

H,0/6% D,O were collected at 2C with WATERGATE

a function of temperature between 4 and “€l and three
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HSQC spectra at three pH values were obtained to aid signak e 1- Thermodynamic Parametefsr ASLYS? Constructs
assignments and assess protonation gf WOESY spectra
. Tm  AGsr AH AS
(26, 27) Useq for ana_1I¥S|s O_f the exchangeable protons were  asi construct pH (°C) (kcal/molp (kcal/mol) (cal/mol K)
acquired with a mixing time of 150 ms. Spectra were

. ; . ; . . ASLYs3,yy unmodified 7.2 57.5  —3.4 —55.4 —168
acquired with sweep widths of 12019 Hz in both dimensions, o 60 616 -42  _578  _172
4096 points int;, and a minimum of 512 points iy with 50 56.3 —35 —60.6 —184

. Lys3 6 — — —
64 scans per increment. ASLYShuu-tAsy Z'g 56‘(1)-72 ég 7‘518-2 igi
Nonexchangeable protons were assigned using an assort- 50 584 —31 —480 _143

ment of two-dimensional spectra acquired at 10, 16, and 25— om0t o A G 0 4 AR, £3.0:AS,
_OC' NOESY spectra of the sample in@had mIXIng times +7.° AGg; determined at 3‘7Cm:’. ¢ Also ci'ted in,the pr’eceaing péper in
in the range of 50 to 400 ms. At least 256 points were thjs issue {4).

collected int;, with 64 scans per increment. For these and
the following homonuclear experiments, the spectral width
was 6000 Hz in both dimensions, and 1024 points were
collected int,. TOCSY £8) or clean TOCSY 29) experi-
ments using the MLEV17 mixing sequence were performed
at 16 °C with a mixing time of 60 ms. DQFCOSY 30)

and double quantum (DQ)3{, 32) experiments were intain ol b
obtained at 16C. The two-dimensional heteronuclear spectra maintain planar ases. . .
that were collected included's—3P HETCOR 83) and a Structure calculations were preformed using Insightll

hetero-TOCSY-NOESY 34). These spectra were all ac- (MSI) and protocols of Varani and otheraQ( 42). To
quired at 16°C. Natural abundanctH-1C HSQC experi- achieve the global fold of the molecule, 50 initial distance

ments 85—37) were performed at both 16 and 26. For geometry structures were generated from a matrix of random
samples with site-specifiN labels,*H-15N HSQC spectra trial distances Qerlved from covalent bonds, distance, dihedral
were obtained in kD at 1°C angle, and chiral restraints. The resulting structures were

) regularized as part of the distance geometry protocol by
simulated annealing using the default settings in Insightll.

residues whosé'P chemical shifts fell within the narrow
range commonly seen for regular A-form structu® 41).

Last to better define the hydrogen-bonding pattern, distance
restraints were added to the five base pairs in the stem and
through-space dihedral restraintd10°) were added to

Distance restraints were derived from a series of phase

sensitive NOESY spectra acquired with a 5000 Hz spectral . .
width in both dimensions, 2048 points inand 512 points For the refinement phase, the AMBER force fieltB was

with 64 scans per block ifv. Spectra were collected at 16 used with the standard nucleoside parameters except for the
°C with mixing times of 50 '100 140. 200. and 400 ms and modified nucleoside®As; and adenosine protonated at the

o . :
processed (XWINNMR) with 60 phase-shifted sine bell 1 pﬁs't'?n (Ade’s()j The .:,t?;le_oigﬁ at pH dSt6 ;V'tth the
apodization functions. The baseline in both dimensions was carboxylic acid dissociatedi{—46) was used to determine

- - ; its partial charges, which were calculated from scaled
treated in FELIX using the FLATT algorithm38). To : .
provide suitable digital resolution for cross-peak integration, MOPAC charggs_ﬁU, 48). Its atom types were denyed b_y
the spectra were zero-filled to 2048 by 1024 points. merging the existing AMBER atom types for adenine with
(iv) Structure DeterminatiarDistance restraints between that of threonine 43). The set of 50 distance geometry

nonexchangeable protons were obtained from the NOESYStrUCtureS was .heateq. to 2.000 Kfor 5 ps.wnh a05fs t|.me
mixing time study. The NOE buildup curves were calculated step. During this equilibration s}ep, ”;e dihedral and chiral
by integrating the cross-peaks using FELIX and normalized rest[zlzunts ZKdihe'a' = 50 keal mot Ora(T » Keniat = 25 keal

by setting pyrimidine H5-H6 cross-peaks to a distance of mol " rad ) were scaled from 10% to their full vglue while
2.44 A. Upper and lower bounds were set to the 20% abovethe distance restraints remained at 50 kcal tél-2. Next,

or below the calculated distance using flat-bottomed qua- th.(;:hstrl:'cture? Wer? chofleddfrqm 20r(])_0hto "100 It< str 25 ps
dratic potentials. Cross-peaks with more than 35% overlap with @ imeé step ot L.5 1S during which all restraints were
were classified strong (1:8 A), medium (1.8-5 A), or mal_ntamed at their full values. Longer simulation times did
weak (1.8-6 A) with large bounds to account for ambiguity not improve the convergence of the lowest energy structures.

of the peaks volume measurement. Threonine methyl protonspesyLTS

of t°A were handled as pseudo atoms and adjusted accord-

ingly (39). The distance restraints involving exchangeable = Thermodynamic Parameterhe anticodon stem and loop

resonances were obtained from a single NOESY spectrumdomain of human tRNAS3,yy, ASLYS3,yy (Figure 1), was

of the sample in 94% pD/6% D,O. The cross-peaks were chemically synthesized with and without the threonine-

qualitatively classified as strong (+8.5 A), medium (1.8 modified adenosindl6-threonylcarbamoyl-adenosinéit;.

4.5 A), or weak (1.85.5 A). At pH 7.2, the unmodified AS®s3,,, had a significantly
Dihedral angle restraints were placed on ¢hbackbone higher melting temperaturel,{ = 57.5°C) and enhanced

(C5-C4-C3-03) to characterize the sugar puckers based overall stability AG = —3.4 kcal/mol) than the ASYs3,,u-

on the3Jyrp from the DQF-COSY spectrum. Observable  t%Az; (T, = 54.7°C andAG = —2.7 kcal/mol) (Table 1).

H1'-H2' cross-peaks with coupling constants less than 3 Hz Interestingly, the introduction ofAz; made a significant

were constrained to the G8ndoconformation § = 85 + contribution toAS though theT,, of the RNA had decreased.

30°) while those with coupling constants greater than 7 Hz The two RNAs exhibited greater stability at pH 6 than at

were constrained to the G&ndoconformation § = 160+ pH 7.2 or pH 5.0 (Table 1 and r&#). The increased stability

30°). Sugars with intermediate coupling constants were left and NMR-derived solution structures of the unmodified and

unrestrained. Thex and ¢ torsion angles were loosely Wsg-containing heptadecamers at low pH had already been

constrained to exclude the trans conformation for those reported and attributed to a4£A 35 base pair 15). At the
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Ficure 2: Comparison of exchangeable proton spectra of ASlyy-téAs; with that of the unmodified ASEs3,yy. (A) One-dimensional
1H spectra in HO of ASLYs3,,u-tfAs7 (i) and unmodified ASES3,yy (ii). Iminos involved in base pairing in the stem are shown with
dashed lines. (B) Overlay of the two-dimensional0HNOESY spectra of the imino region with ASE3,,y-t8Az; shown in black and the

unmodified ASIYYs3,,, shown in red.

lower pH 5.0, protonation of Cs destabilizes the RNAs. Thus, denaturation studies at pH 6 compared to 7.2, it was not

we determined the ASYs3,,u-tfAs; structure at pH 5.6 by
NMR spectroscopy and restrained molecular dynamics.
Assignment of Exchangeable ResonancElse one-

directly observable by NMR. However, a pH dependent
change in the chemical shift of the;2, indicative of the
protonation of the basel§), was observed in HSQCH-

dimensional and NOESY spectra of the unmodified and *°C) spectra of both the unmodified ASE3,y, and
modified ASLs in HO revealed that the ASYS3,yu-t°As; ASLYS3,yy-t8A37. Thus, introduction of®A3; did not affect
was stable and had a single predominant conformation protonation of As.

(Figure 2). Sequential imineimino connectivities for the While most signals of the spectra could be assigned using
stem were observed, indicating that the RNA adopted a standard protocols, site-specific substitution$®d-labeled
folded structure. As is often the case, however, due to fraying, nucleosides of the unmodified ASES,,y were used to
these sequential connectivities did not extend to the terminalconfirm or to identify the imino proton resonances of the
base pair, @~C4s. The broad signal of the base-paireg; G uridine-rich loop. We were able to unambiguously identify
was visible in both the one-dimensional and NOESY spectra the imino protons of loop residuessiJUss and Uss (Figure
(Figure 2). In addition to the imino resonances of the stem, 2A). Comparison of the one-dimensional spectra of tAg-
t%A37; H11, corresponding to the amide NH of threonine, had modified and unmodified hairpin indicated a major rear-
cross-peaks to the amino acid’sttdnd H3 and the purine’s rangement of the loop uridines with the introduction®fy,.

H2 (Figure 2B). This is the pattern one would expect with In the one- and two-dimensional spectra of the unmodified
a side-chain coplanar to the parent bat® 60) and results ~ ASLYs3yy, a base-paired imino resonance at 13.55 ppm was
in the modified nucleoside adopting the form of a tricyclic assigned to k. This was the only imino proton unaccounted
base. When the NOESY spectrum of the imino to amino for by standard anéPN-labeling procedures. Its position in
region of the ASLYs3,,u-t®A3; was compared to that of the the spectrum was that of a canonicaldbase pair that we
unmodified sequence, a very similar pattern of resonanceassigned to kkAs7 in the unmodified ASL. However, the
cross-peaks (except that contributed Bf)twas observed  signal was not observed in spectra of ABEyyy-t°As.

with very little change in the chemical shifts. Likewise, Instead, a fourth free-imino signal from a uridine was
comparison of other parts of the spectrum showed small observed between 10.9 and 11.4 ppm. This is the expected
changes in the chemical shifts of the resonances assigned toesult from modification of the exocyclic amine of;A
the stem, but considerably larger differences to the loop because®fs; would be unable to form a canonical base pair
resonances. Cross-peaks observed in the imino to imino, andwith Uzs. Thus, the introduction ofAs; negated an intraloop
imino to amino, aromatic, and Mtegions of the spectra  Usz:As; base pair that was observable in the unmodified
were those expected of right-handed, helical nucleic acids ASLYs3yyy. Loss of the intraloop base pair was probably
(35, 51). This implies that the®A3z; modification did little responsible for the lower .J of ASLYs3,,y-tfAsz;, relative

to perturb the stem of the hairpin, but significantly affected to that of the unmodified ASPs3,yy (Table 1).

the conformation of the loop region. At pH 5.6, the N1 of  Assignment of Nonexchangeable Resonacssgnment
Asgis protonated in the unmodified ASE3 uy (15). Though of the nonexchangeable resonances relied on a variety of
this imino proton may be involved in a hydrogen bond with homo- and heteronuclear experiments. Initial assignment of
Csz and thereby increase stability as was observed in thermalthe aromatic H5H6 protons relied on assigned nonex-
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Ficure 3: NOESY spectrum of ASEs3,,y-tAz7 in D,O at 25°C showing connectivity between the aromatic protons and tHeofHthe
ribose. The 5side of the loop is shown in red and thesdde of the loop is in green. Vertical dashed lines indicate each of the aromatic
resonances, H8, H6, or H2. One of the important intraloop cross-pedkg;l&Us,H1' is marked with an asterisk.

changeable resonances and both B@BOSY and TOCSY Identification of three uridine nucleoside spin systems of
experiments. Differentiation of cytidine from the uracil the anticodon (kh, Uss, Uss) was hindered by overlap in the
aromatic protons was aided by natural abundalité3C spectra and a lack of resolvable intraresidue aromatic to

HSQC spectra. Cross-peaks from HSQC spectra were usedibose NOEs. Several long distance NOEs from already
to identify H1 protons and distinguished adenosine H2 from identified nucleosides in the loop to anticodon uridines were
purine H8 and pyrimidine H6 resonances. Both adenosineschosen for distance geometry analysis to determine the most
in the stem (Ag and Ag;) had NOE cross-peaks from H2 to  likely uridine spin system assignment. A set of distance
the HZ proton of their 3neighbor and Ay also had an inter-  geometry calculations was performed with all assigned
strand cross-peak to the Haf the 3-adjacent base pair. distance restraints and one interresidue restraint from an
Comparison to NOESY spectra of the sample #®tenabled assigned resonance to an unassigned uracil. Then 60 struc-
us to assign the adenosine H2 resonances. Sequentialures were generated with three distance restraint sets (e.g.,
aromatic-H1 connectivities of the NOESY spectrum (in  from AzgH2 to either WH1', UssHY', or UsH1'). After
D,0) could be traced for most of the molecule (Figure 3). steepest decent minimization, the sets of structures were
As in the stem, Ag and £A3; stacked as indicated by NOEs evaluated based on their total energy and magnitude of
to the H1 of their 3 neighbor. Several unique cross-peaks restraint violations. Assignment of an NOE to a particular
were also observed. There was a cross-peak fronfAhe t anticodon uridine spin system was accomplished by elimi-
H2 to the methyl of the side chain {fjiand an unexpected nating those possibilities that yielded highly distorted
NOE from AggH2 across the loop to both Hand H2 of geometries or high-energy structures.

Cs.. Sequential aromatic-Honnectivities could be traced Both DQF—COSY and TOCSY experiments were used
from the B terminus of the stem to the first residue of the to assign Hland H2 resolvable cross-peaks. HIH2' cross-
loop, G, (Figure 3). At that point there was a break in the peaks in the DQFCOSY spectrum were observed for loop
sequential connectivity that included the invariantsU  residues, g to A3, and for Gs. The most intense HA
Though NOEs were observed betweeg &hd U, sequen- H2' cross-peaks were residuessWWo Uss. A short mixing

tial aromatic to H1 connectivities began again 48, and time (50 ms) NOESY spectrum also aided in determining
continued to the ‘3terminal Gz (Figure 3). In the longer  H2' resonances. The HB8f the riboses were assigned using
mixing time NOESY spectrum (400 ms), sequential con- the above spectra and thid-3'P HETCOR spectrum. The
nectivities between the nucleobase aromatics (H6, H8) weresame experiments were used to determine more than half of
observed. These connectivities were apparent on'tbelé the H4 and HB3/5" protons.

of the stem from & to As; and on the 3side of the loop NOE and Dihedral Angle RestraintA total of 272
from t5A37 up to the 3terminus, with one exception. The distance and dihedral angle restraints were used in the
chemical shift of GoH6 was too close to its neighbors to be structure calculations (Table 2). Of the 220 NOE-derived
resolved reliably from the diagonal. Similar to the lack of restraints, there were 117 intranucleotide and 103 internucle-
aromatic to H1 connectivities, no sequential aromatic-to- otide distance restraints. Thirteen restraints were derived from
aromatic resonances were observed from residg¢hrough exchangeable proton spectra and were added to mimic the
t5A37. hydrogen-bonding pattern of the stem and to limit fraying
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Table 2: Structure Determination Statistics

total NOE distance restraints 220
intranucleotide NOEs 117
internucleotide NOEs 90
hydrogen-bonded stem base pairs 13
dihedral angle restraints 52

refinement statistics (10 lowest-energy structures)

NOE violations ¢0.1 A) 0

dihedral angle violations>(10°) 0

avg pair wise rmsd (all heavy atoms) (A)

all residues 2.3&:0.67
stem residues (2731,39-43) 0.76+ 0.20
loop residues (3238) 3.07+£ 1.07

Biochemistry, Vol. 39, No. 44, 2003401

of a high-resolution DQFCOSY spectrum. Residues;3)
Us4, and Us had HI—H2' coupling constants greater than
7 Hz and therefore were constrained to the-&2do range.
In contrast, the stem residues had narrow-H12' (<2 Hz)
cross-peaks, and were constrained to thé-e@8lo range.
Where the H3-H4' cross-peaks could be easily identified,
a large coupling constant was observed. Residues with
intermediate coupling constantsgsJt?As;, and Afzg, were
left unconstrained. On the basis of tF® chemical shifts
of all residues, their correspondingand ¢ torsion angles
were loosely constrained to exclude the trans conformation,
with the exceptions of k4 and Uyg, which were left
unrestrained.

Structural Determination Feature# superposition of the
10 lowest energy structures of the ASEyy-t°As; resulted
in an average pairwise rmsd of 2.300.67 A for all heavy
atoms of the molecule (Figure 5A). The five base paired stem
of ASLYs3,yy-t%A3; adopted the form of A-RNA, and all
stem nucleosides of the 10 lowest energy structures were
C3-endo. Only Us, Us,, and U of the loop were found to
be strongly C2endo. Sixteen glycosidic angles were found
to be anti, though no torsion angle restraints were used.
Relative to the mean structure, the average rmsd was 1.57
+ 0.33 A. The stem was much better defined than the loop.
The heavy atom average pairwise rmsd of the stem was 0.76
+ 0.20 A, while that of the loop was 3.6% 1.07 A. Relative
to the mean structure, the average rmsd was & 8214 A
and 2.13+ 0.52 A for the stem and loop, respectively. The
better rmsd relative to the average structure reflects that there
were two somewhat different families of low energy
structures. One family haddJstacked below ¢; while the
second group of structures hadslaced adjacent to 44
Similarly in determination of the structure of another seven-

FIGURE 4: lllustration of a portion of the distance restraints used Mmembered loop, that of the yeast tRRIATWC loop, we
to determine the structure of ASt3,yy-t°As7. Restraints derived ~ found two almost equally populated families of structures
from exchangeable resonances are depicted in blue while long-with mfUs, (Tss) either within the loop or displayed

range (2 or more residues apart) restraints calculated from ;
nonexchangeable NOE buildup curves are shown in green. Se_outwardly @2). The H8/H1 NOE between & and U in

quential distance restraints between bases are only shown for the*SL™*uuu-t?Asy is weaker than an H8/HInternucleotide
loop residues (&:A*3g) and are in red. NOE for A-form RNA. With Usz being the terminal base in

the stacking on the'Side of the stem, weak base stacking
of the terminal bases (Table 2). In addition, a total of 52 could best account for the weaker NOE. For structure
dihedral angle restraints were used for structural calculations.comparisons, we used a minimized average of the structures
From the DQF-COSY and3'P spectra, 46 dihedral angle with Cs; and Uss stacked (Figure 5B).
restraints defining the backbone and sugar pucker were RNA hairpins have an angle between the plane of the loop
incorporated. The torsion angles betweeg &hd U, were and the axis of the stem that can only be defined by structural
left unrestrained to not bias the possibility of a tRNA restraints between the loop and stem. A number of NOE
anticodon-like U-turn, though none was observed in*tRe cross-peaks are derived from ®n the 3-side of the loop
spectra of either the unmodified dAk7-containing ASLSs. and £A3; and Agg on the 3-side of the loop with the adjacent
In addition, five through space dihedral angle restraints were Az;—Uszg stem base pair. Restraints from these NOEs
placed between the bases of the stem to maintain theirstructure the loop locally at the junction with the stem (Figure
planarity ¢10°) and an additional restraint was needed on 5C) in an angle of 133 comparable to the 123f the yeast
the side chain oAz, to keep it planar. The glycosidic angles tRNAP"e X-ray crystallographic structurés®). In addition,
x were left unrestrained since the intranucleotidé/Haé or RNA loops can be flexible and unstructured, particularly in
H1'/H8 NOE is capable of defining their syn/anti conforma- the middle of the loop and when the loop is as large as that
tion. However, the long-range restraints, some of which are of the anticodon domain. The ASE3,yy-t%As; has a seven-
illustrated in Figure 4, were more informative and certainly membered loop typical of anticodon domains, but with four
more important in determining the global fold of the uridines in the middle of the sequence. Significant chemical
molecule. In particular, the distance restraints between theshift similarities of these four tandem uridinesz§UJzs, Uss,
5' side of the stem and£with Asg and the threonine of  and Uyg) made structure determination particularly challeng-
t5A37 with Azg and Wy of the 3-side of the stem were critical ~ ing. However®N-labeling and reiterative modeling allowed
in defining the stem to loop angle of the ASL. Thgorsion us to distinguish the uridines spin systems. A total of 69
angles for 14 residues were constrained based on the analysiBlIOE-derived distance and 16 backbone torsion angle
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A)

B) caz

C43 3 G275

Ficure 5: NMR derived structure of ASPs3-t6Az;. The B-side of the stem is shown in green arigsiBle shown in cyan®s;is highlighted

in orange. (A) The superposition of 10 lowest energy structures of-&&lyu-t%Az7. (B) Minimized average structure of the family where
Uzs stacks with G,. (C) A close up view of the nucleosides at the base of the stem and the loop 6fSAGL-t°A37 with Us4 shown in
red for clarity. Hydrogen atoms are displayed with green lines indicating interresidue NOEs.

restraints defined the loop structure and some of the distance
restraints are shown in Figure 5C. NOEs limited the positions
of the anticodon nucleosides. NOEs from,ltb A*35 and
t5A37 restrained W, to a position in the loop (Figure 5C).
Uas in the unmodified ASEs3,,y structure also is located

in the loop and away from the other anticodon uridirEs),(
though its position is different from that in thf&t-modified
ASLYs3yyy (Figure 6). In contrast, Ggin the purine-rich
anticodon of the X-ray crystallographic structure of yeast
tRNAPheis stacked with the subsequent anticodon basds (
Also in contrast to yeast tRNAS, the lack of any far shifted
resonances in the phosphorus spectrum suggests that there
is no U-turn found in ASES3yyyu-t°A in solution. The
signature cross-peak of a U-turn, théo n + 2 internucle-
otide H1 to H8 resonance, was not observed due to overlap
in the NOESY spectra. Although we did not eliminate the
possibility of a U-turn in the dihedral restraints, no structures
with U-turns were generated. In factzdJcould not have
NOEs with A3 and £A3; and remain at the bottom of the
anticodon loop as in yeast tRNX

DISCUSSION

Incorporation of $A3; into the otherwise unmodified and
nonfunctional ASLYs3yy restored ribosome-mediated, poly-A
binding (14, preceding paper in this issue). Because the
physicochemical contributions ofAs; impart function to
the ASL, it was important to determine the ASE,yu-t?As;
structure and define the differences in conformation between
it and the unmodified ASL. The structures of the unmodified FIGURe 6: Superposition of the ASYS3;yy-t°As; (blue) and
ASLU=tuy and ASLStu, with Wi in the stem and - [HRSOTER A0 Ch byt (00 4, oD phosphate
. . . . were use .
|mmeQ|e}ter adjacent to the loofid) are pertinent to the backbone anngpwithpggl and U are not displayed to im|cr>,rovep
description of the ASE*%yy-t°%As; structure. The presence  clarity. (A) Side view showing b displacement by the threonyl
of pseudouridine demonstrably stabilized the conformation modification of £As;. (B) Top view showing that the new position
(14, 15). However, we have found that both the unmodified of Uss displaces &
and Wsg-containing ASLYs3,yy are nonfunctional, i.e., the
ASL constructs will not bind poly-A programmed ribosomes preceding paper in this issue). Examination of the exchange-
(14, preceding paper in this issue). able NOESY spectra shows th8At; does not change the

The addition of¥A3; to the 3-side of the loop and adjacent conformation of the stem. ThusbAts physicochemical
to the anticodon of ASPs3,y altered the structure of the contribution to a rearrangement of the loop results in the
molecule in a way that allowed it to bind the ribosomd,( ASL’s AAA codon binding activity. In the unmodified ASL,
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there is a potential WatserCrick base pair between b would neutralize the positive charge of A. While the H1
and Agz. An upfield, exchangeable, imino proton resonance, proton of Afsgis not directly observable, protonation of the
assigned to this base pair in the unmodified ASlyuu, was N1 of the nucleobase is evident from the chemical shift
not evident in spectra of théAsrmodified ASLYs3yy. change in H215, 54). An even clearer indicator of adenosine
Thus, the threonyl modification orfA3; negates the pos-  protonation is the upfield shift of the C2 resonand)(As
sibility of this intraloop base pair resulting in an overall lower A3 became protonated with the lowering of the pH, its C2
melting temperature (Table 1). An overall lowering of the resonance shifted upfield (see Supporting Information).
melting temperature was observed wh&ket was incorpo-  Formation of an intraloop base pair betweep @nd Atsg
rated into the anticodon stem and loop of the isoaccepting and adjacent to the stem, could be responsible for stabilizing
tRNAWstZyy species differing in sequence only by 8sC  the RNA at low pH (Table 1) 15). Introduction of $As;
and an inversion of the stem's £G4, base pair 14, altered the GrAts5 base-pairing geometry found in the
preceding paper in this issue). We had predicted these resultgnmodified ASILYs3,, (15). The threonyl group occupies
when we hypothesized that one function of position 37 the same space asdbf the unmodified ASEs3,yy (Figure
modifications was to inhibit canonical intraloop base pairs ). To adapt to the’ modification, Us, is displaced away
in order to maintain an open anticodon lod). ( from t%A;; and G, is moved to accommodatesb)(Figure
The seven-membered anticodon loop could be envisionede)' Displacement of b by ©As; distorts the G-A+ss base
as a point of structural dynamics in the tRNA molecule, and pair by shifting G, out of alignment with Azs. The through
a region in which stacking interactions would not be found. space hydrogen bonding anglesssAN1—H1 to Cs—02
However, hydrogen bonding betweéA4; H11 and N1 of and Ai—N6—HB.1 to G,—N3 are 163 and 168, respec-
the threonyl side chain ofAs; completes an additional planar tively, for the unmodified ASES3,uy. When #As; is added,
ring on adenosine and consequently makes it similar to the o hydrogen bonding angles decrease to® B&l 155, an
guanosine-derived, tricyclic base wybutosine-37 of yeast 5 erage of a 17difference from the unmodified structure
tRNA™" The tricyclic nature of%A possibly enhances the 04 3% from being linear. It should be noted that this

base stacking ability of the nucleoside. In the solution yo,mery of structure arises from an analysis of the average

structure of the ASEs3,,y, t®As; and Afzg are coplanar and : L :
' ] . structure, and that no hydrogen-bonding constraints involvin
stacked but because the threonyl side chain must be accom;, ydrog 9 9

: ssWere introduced in the calculations. Wheg® 35 was
modoated n _the _Ioop, th_e two bases are offset t_)y an angle Ofﬁonstrained to be hydrogen-bonded and repeated with the
40.7°. Stacking interactions are very important in stabilizing

RNA structures. Calculations of the entropic thermodynamic same restrain set, no new viola_ltions arose d“r"?g the distance
parameter AS) for the €Azr-modified and unmodified geomgtry ph_ase of the_ modeling ar)d gfter refinement there
ASLLS3,,, (Table 1), and for the anticodon stem and loop was little difference in energy distribution among the
of the isoaccepting tRNASL%yy species 14, preceding structures (data not shown).

paper in this issue), indicate a considerable contribution by ~Most significant to biological function,’As; eliminates
t8A37. In all structures of all calculation$As; is stacked on  the canonical intraloop 4 As7 hydrogen bond, displaces)

Asg, Which is in turn stacked on the adjaceng ih the stem.  and facilitates 3stacking of the loop. Becaus#\g; negates
Thus, modification at position 37 structures thes@le of ~ base pair formation in the ASE*%,yy loop no additional

the loop with stacking to & and the adjacent stem. rearrangement of the bases need occur to accommodate the
t5A3; displaces b, relative to its position in the unmodified ~ modifications of Ws, mcnPs’Us,, and the m&derivative of
ASL. However, U, in proximity to Atz and fAz;, this t8A3; (Figures 5 and 6). From these results and those of the

leaves only two residues stJand Uss available for hydrogen — preceding paper in this issug4j, we conclude that an open,
bonding to a message on the ribosome (Figure 5). With only structured loop is required for ribosomal binding. Ribosome
two of three anticodon bases available for codon pairing, binding cannot simply be an induced fit of the ASL,
this unconventional anticodon structure is a reasonable otherwise the unmodified AS¥s3,yy would bind as well as
explanation for the bacterial and mammalian tRXAyy the unmodified ASEs1%yy (14, preceding paper in this
tendency to frame shift, prematurely terminate translation issue). This not being the case, anticodon stem and loop
and mis-read Asn codonsl@. We postulated that the domains are distinctive for unambiguous recognition of the
modified nucleoside distortion of the anticodon loop was a tRNA by cognate aminoacyl-tRNA synthetase and for
possible structural determinant for the preferential selection recognition of individual codons on the ribosome, yet share
of tRNAYs3,, as primer of HIV-1 reverse transcriptase in  a similar architecture for ribosome binding. Modified nucleo-

vivo (10). Uss and Uk, though not well defined in the  side chemistry and structure impart just such a duality to
structure for lack of NOE restraints to other nucleosides, were AS|Ys3,,, and probably function similarly for other tRNAs.

displayed outward from the 10 lowest energy structures

(Figure 5A). NOEs between the ribose ofsldnd the H6 of ACKNOWLEDGMENT
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SUPPORTING INFORMATION AVAILABLE

Graph summarizing the translational diffusion experiments 25,
in D,O at 25°C, high-resolution DQFCOSY and HSQC
spectra of ASE3-t5A 3, and a superposition of three HSQC
spectra highlighting the pH dependent shift o0gs@2.

Coordinates of the 10 lowest energy structures and an averageyo’ Bax, A.. and Davis, D. G. (1985) Magn Reson 65, 355—

structure have been deposited in the Protein Data Bank with —

24,

26.

27

accession number 1feq. This material is available free of 29,
charge via the Internet at http://pubs.acs.org.
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