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Hypermodified Nucleosides in the Anticodon of tRNAStabilize a Canonical
U-Turn Structuré*
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ABSTRACT. Modified nucleosides in the anticodon domainksfcherichia coltRNALYS are necessary for
high-affinity codon recognition and reading frame maintenance. Human ¥RR& the specific primer

for HIV-1 reverse transcriptase and also requires nucleoside modification for proper function. We now
present NMR solution structures for the fully modified 17-nucleofidecoli tRNAYS anticodon stem-

loop domain (ASL). NMR data were also collected for several partially modified ASLs, revealing the
contributions each modified nucleoside (nfst34, A37, andi39) makes in transforming the disordered,
unmodified tRNA ASL into the highly ordered native structure. The solution structure of the native ASL
domain provides insight into longstanding questions regarding both wobble position modification and the
nearly ubiquitous®\37 found in tRNAs with an adjacent U at position 36. Native tRX#4as a U-turn
structure similar to the yeast tRNI® crystal structure, unlike previously proposed “unconventional”
anticodon structures characterized by stable interactions betweefstong4 and $A-37.

Human tRNAYs3 and the single tRNAS isoacceptor in
Escherichia colboth have the anticodon sequencgUidsUsg,
and the anticodon domains are highly functionalized with
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hypermodified nucleosides at positions 34 and 37 (Figure HNT Y N Yo
1). The requirement for hypermodification is underscored SJ\N @ ® @ HO o

by results that show that the unmodified anticodon is @ . @

relatively unstructuredl) and that nucleoside modification Ho ° Ho oH

is necessary for nRNA-dependent ribosome binda). AR . @ 39 P

The tRNA anticodon is a specific recognition element for
lysyl tRNA synthetase, with the anticodon nucleoside
modifications providing a 140-fold increase in binding
affinity over an unmodified tRNA transcrip#). Similarly,
in the human immunodeficiency virus 1 (HIViltyanscrip-

32©@ @
(U8) mnm3s2U ©
o9

B_OH
/ﬁﬁ o
OH
o HNI,(
[e]
N
1N? >\
N

tion initiation complex, there is a modification-dependent N
interaction between the anticodon of tRN#®3 and the HIV

genomic RNA B, 6), and there is also an interaction between (A7) tBA  HOTN\O
the tRNAYSS3 anticodon and reverse transcriptase (R/F) ( VAR

9)- Biochemical studies have implicated the hypermodified Ficure 1: RNA secondary structure and structures of the modified

) - bases for theéE. coli tRNAYS ASL. The upper stem sequence of
TThe work was supported by National Institutes of Health Grant human tRNAYs3 was used to facilitate subsequent comparisons
GM55508 to D.R.D., by Grants RR06262 and RR13030 for NMR petween the human and tie coli isoacceptors. The two tRNAs
instruments, and by Grant CA42014 to support the RNA synthesis and haye the same sequence for the last two base-pairs and the loop,
mass spectrometry facilities. . . . the “extended anticodon”. Human tRN&3 has mcristU34,
*The coordinates have been deposited with the Protein Data Bank ,2i6p37 andy39 modifications in the anticodon domain. In the
under accession code 1FL8. text, native tRNAYs refers to the fully modified ASL with mnfs?-
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! Abbreviations: ASL, anticodon stem-loop; HIV-1, human immu-

nodeficiency virus 1; RT, reverse transcriptage; pseudouridine;
mnnPU, 5-methylaminomethyl,2-thiouridine; mésiu, 5-methyl-
carboxymethyl,2-thiouridine;*s), 4-thiouridine; A, N-[(9-3-b-ribo-
furanosyl-9H-purin-6-yl)carbamoyl])-I-threonine; NOE, nuclear Over-

5-methylcarboxymethyl,2-thiouridine (mésiU) nucleoside
as the main contributor to stabilization of the complex
between the tRNA anticodon and the HIV A-rich loak)(
11). The very similar modifications in human tRN¥&2 and

E. coli tRNAYs suggest thaE. coli tRNAYS will also be a
good structural model for the anticodon of human tRKA

hauser effect; MALDI-MS, matrix assisted laser desorption ionization
mass spectrometry; LC/MS, liquid chromatography/mass spectrometry;
NOESY, nuclear Overhauser effect spectroscopy; COSY, correlation
spectroscopy; TOCSY, total correlation spectroscopy.

and theE. coli tRNAYs structure should give insights into
the effects nucleoside modifications have on tRNA interac-
tions with HIV-1 genomic RNA and with HIV-1 RT.
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tRNAYS exhibits high frameshifting frequencies at
A—AAA —AAG mRNA sites where the A-site tRNA initially

Sundaram et al.

the functional groups on the hypermodified nucleosides. The
column bound material was treated with 1@&#-butylamine

has the wobble position nucleotide paired with G and then in dry pyridine, and the support material was then dried to

slips 1 nucleotide in the'Slirection to pair with an evidently
more stable AAA codon12, 13). In the example from the
dnaX gene with tandem lysine codons, the P-site tRNA
appears to simultaneously move in thelBection along with
the A-site tRNA where the'5A allows for two AAA codons

in the —1 frame. The “shiftiness” of tRNAS in the A-site

remove acrylonitrile. The RNA was then cleaved from the
column, and the base protecting groups were removed with
NHsOH/ethanol (3:1, v/v). The solution was lyophilized and
then subjected to a two-step fluoride treatment with neat
EtN-3HF followed by tetrabutylammonium fluoride in
tetrahydrofuranZ1, 22). Two different fluoride reagents were

is also seen with other codons in the P-site, as seen for therequired to cleanly remove the trimethylsilylethyl group used

Bacillus subtilis cytidine deaminase gene frameshift site
(CGA—AAG), where a—1 frameshift of A-site tRNAYS
occurs with tRNA" in the P-site {4). Hagervall and co-
workers have investigated lysine tRNA facilitated frame-
shifting in modification deficienE. coli mutants to delineate
the effects individual functional groups of the 5-methylami-
nomethyl,2-thiouridine (mnPs?U) nucleoside have on frame-
shifting. While the frameshifting frequencies are sensitive
to the modification status of the wobble nucleoside, no
conclusive model was apparent from their result$)(
Wobble modification in tRNAYS also affects in-frame
codon-anticodon recognition as shown by the misreading
of asparagine codons (AAU/C) by tRNAduring asparagine
starvation 16).

to protect the % carboxylate and to remove theert-
butyldimethylsilyl groups on the sugars and thesecondary
hydroxyl. The tetrabutylammonium fluoride solution was
dried to a viscous gum and redissolved in water, and the
solution was passed through an NAP-25 (Pharmacia) column
to remove the excess tetrabutylammonium ions. The RNA
was then purified by anion exchange HPLC using a Resource
Q (Pharmacia) column2@).

Mass Spectrometry.he compositions of the crude RNAs
and the final, purified RNAs were determined by molecular
weight measurements using MALDI-MS as describ20).(

The presence of specific modified nucleosides was deter-
mined by liquid chromatography/mass spectrometry (LC/
MS) (24) using a HP 1090 liquid chromatograph interfaced

Unconventional structures have been proposed to explainto a Fisons Quattro Il triple quadrupole mass spectrometer

the unusual functional properties of tRNA(17, 18), and

(Manchester, UK) using electrospray ionization. Nucleoside

NMR studies of a pentamer model for the anticodon led to samples for LC/MS were prepared by digesting approxi-
a proposed structure in which the key feature was a direct mately 50ug each of the native tRNA, oxidized native tRNA,

interaction between mntsU34 and A (18). The 17-
nucleotide tRNAYS ASL in Figure 1 is structurally restrained

and the native tRNA ASL to mononucleosides using nuclease
P1, phosphodiesterase |, and then alkaline phospha8se (

as compared to the pentamer model studied previously, and CD Spectroscopy and UV Spectroscapip. spectroscopy
the hairpin restraint may prevent non-native interactions was done on 1:53.0uM RNA samples in the NMR buffer

between the highly functionalized modified nucleosides.

using a JASCO 720 spectrometer with 1-cm temperature

tRNA ASLs have been shown to be functionally competent regulated CD cells. The RNA concentrations were deter-

in MRNA dependent ribosome binding, (3, 19) and

mined by UV absorption assuming an extinction coefficient

represent a minimal system for structure determination of of 1.73 x 10° L mol~! cm™L. Ellipticities are reported per
the anticodon domain. We had previously determined the mole of RNA oligonucleotide. The full-length, nati& coli

structure of the unmodified tRNA ASL and the ASL with
a single pseudouridiney) modification (). These structures
were quite dynamic and allowed for a noncanonical-&

tRNALYS (Sigma) was selectively oxidized using 10% tBuOOH
in acetonitrile while monitoring the change in ellipticity at
330 nm 60 min). UV absorbance vs temperatuiB,)

interaction at the base of the stem. The major questions ofmeasurements were done on an HP 8452A spectrophotom-

the current study were whether the introduction of the
hypermodified nucleosides would significantly restrict the
conformational flexibility of the 7-nucleotide anticodon loop,

eter; the temperature was increased RClincrements with
a 1-min equilibration time. Melting experiment samples
contained 1Q:M RNA dissolved in NMR buffer. Measure-

whether the native ASL adopts a structure similar to other ments were repeated four times for each hairpin, and the T
well-characterized tRNAs, and whether there are direct and thermodynamic parameters were calculated with the Melt
contacts between the hypermodified nucleosides. ResolvingFit Il program assuming a two-state transitict6),

these issues is critical for understanding the unique properties NMR Data Acquisition and AnalysiRNA samples were

of tRNAYs and for understanding structutéunction proper-
ties of these hypermodified nucleosides in other tRNA
isoacceptors.

MATERIALS AND METHODS

RNA Synthesis and PurificatioRNA oligonucleotides
were synthesized on a/mol scale using PAC phophora-

dissolved in 10 mM phosphate buffer at pH 7.0 containing
50 mM KCI, 50 mM NacCl, and either 0 or 10 mM Mg£lI

to final RNA concentrations of 1.5 mM. NMR data was
collected on Varian Unity 500 and Varian INOVA 600 NMR
spectrometers using Nalorac probes. The fully modified and
partially modified hairpins were monomers at NMR con-
centrations as determined by measuring their translational

midites (Glen Research). The modified phosphoramidites diffusion rates 27) and by measurin@,,'s over a 100-fold

were synthesized and incorporated into the tRNASLs
as we have describe®@. The normal #H,O oxidation
solution was used until the mrtsdU nucleoside was added,
and 2 x 5 min oxidation cycles with 10% tBuOOH in

concentration range from 2 to 2. The NMR spectra
were assigned using 2D NOESZXgj and TOCSY 29 NMR
experiments following the basic sequential assignment
strategy established for RNA3Q). Complete assignments

acetonitrile were used subsequently. The RNA was depro-were made for all nonexchangeable protons, except that

tected using a multistep protocol specifically optimized for

stereospecific assignments were not made for théH%8
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protons. The imino protons were assigned from 2D NOESY
spectra at 10C in 90% HO buffer using a NOESY pulse
sequence with a flip-back WATERGATE elemeBt). The
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(36). The initial phase of the restrained molecular dynamics
simulations included 3.5 ps of restrained dynamics at 1200
K with initial force constants scaled by 0.01 (distance) and

31p spectra were assigned using a combination of 2D 0.05 (dihedral). In the final 2 ps of this 1200 K period, the

heteronuclear COSY3@) and 2D hetero-TOCSY-TOCSY

scale factor was increased in two steps to final values of

(33) experiments. DQCOSY34) was used for sugar coupling  0.04 (distance) and 0.2 (dihedral). A subsequent 3 ps of
constant measurements. Data were processed and analyzedl/namics at 1200 K started with relaxation of the scale factor
with VNMR (Varian) and Felix (MSI) software. Unambigu- to 0.01 (distance) and 0.025 (dihedral) for 1 ps and then a
ous assignments were facilitated by comparing the 2D two-step increase as before to final values of 1.0 (distance)
NOESY spectra for the native tRMX ASL and three and 0.1 (dihedral). After this 1200 K equilibration run, the
different doubly modified tRNAS ASLs: tRNAYS-mnnPs?- temperature was first cooled to 850 K and then to 100 K in
U34, 39; tRNAYS-t5A37, 139; and tRNAYS-s2U34, 139 5 x 1 ps steps with scale factors of 0.75 (distance) and 0.05
(Supporting Information). (dihedral). The final step of the refinement involved conju-
Restraint DeterminationDistance restraints were deter- gate gradient energy minimization until a maximum deriva-
mined from 2D NOESY data in water and in® collected tive of less than 0.05 was obtained. The scale factors were
with a 180 ms mixing time. An upper bound was determined setto 0.015 (distance) and 0.005 (dihedral) during the energy
for a small number of proton pairs based on NOEs observedminimization. To avoid having the base pairs fall apart and
in 400 ms NOESY spectra. Restraints were only included to prevent the loop from expanding during the weakly
from the 400 ms data in cases where spin diffusion could restrained minimization, the force constants for the base pair
clearly be ruled out. Nuclear Overhauser effect (NOE) restraints were increased, and the U33 N3H and U36 O1P
volumes were converted to distances by scaling to the H5 atoms were fixed.
H6 cross-peaks of uridine and cytidine. The sugars were

restrained to the'3endo conformation in cases where there
was no detectable MH2' DQCOSY or TOCSY cross-peak.
Residues 3336 all had some percentage ¢féhdo character

RESULTS

CD spectroscopy of Nate tRNAYS and Natve tRNAYS
ASL Sulfur-modified uridine nucleosides have a long

based on the correlation experiments, and the sugars weravavelength UV absorption with a maximum near 330 nm,

left unrestrained. The backbone and { angles were
restrained based on ti¥ chemical shifts according to the
method of Moore and co-worker8%). This method es-

and this contributes a band in the CD spectrum that is
sensitive to local RNA structurd {, 37—39). The sign and
intensity of the sulfur CD band can be used to monitor

sentially restrains phosphates with chemical shifts in the structural stability and even to probe base pairing interactions.
A-form range to A-RNA geometries and leaves phosphates CD spectroscopy was used to provide a qualitative measure-
with anomalous shifts unrestrained. The nucleosides with ment of the secondary structure of the tRIMBASLs and
“unusual” phosphates were given additional conformational to compare the synthetic ASLs with full-length, natitze
freedom during the refinement by also using loose backbonecoli tRNAYS, The CD spectra in the region of the UV
restraints for their 5and 3 neighbors, and the remaining absorbance maximum displayed typical A-RNA like behavior
loop residues were given a wider range within the allowed (not shown) with the major band near 260 nm decreasing in
conformations than the stem residues. intensity with increasing temperature. The long wavelength
The five stem base pairs were maintained using hydrogen-region of the CD spectra of our native tRNAASL is shown
bonding restraints set to 18 0.2 A for the central base in Figure 2, trace c. The negative ellipticity with a maximum
pairs and 2.1 0.3 A for the weaker base pairs at the ends at 338 nm is typical of thiolated uridines in single-stranded
of the stem. Restraints for the-AJ base pairs also included structural environmentd.¢). This indicates that the mrisiU
adenosine H2 to uridine O2 restraints to maintain base pairnucleoside does not form a stable base-pairing type interac-
planarity. Dihedral angles for the stem residues were tion with other nucleosides in the tRNA anticodon. The
restrained to literature A-RNA values 30° (o, 3, y, €, ). negative ellipticity for the ASL is in contrast to the positive
Ribose sugar dihedrals for stem residues and the 100% 3 band for the full-length native tRNA in Figure 2, trace a.
endo loop residues were set to A-RNA valde20°. Ribose The CD spectrum in Figure 2, trace a is very similar to that
dihedral angles for loop residues that were not 100% 3 reported previously and was given as evidence for a stable
endo (residues 3336) were not restrained. Except for special interaction involving mnifg?U (17). However, E. coli
cases discussed below, loop residue dihedral angleg, ( tRNADS contains 4-thiouridine ¢&)) at position 8 in addition
y, € C) were allowed to encompass A- and B-form values to mnnPs?U34. The positive CD band at 330 nm is very
+ 30°. To accommodate the downfield shifted phosphate characteristic of the*s)8 nucleoside in tRNA37), which
assigned to 33p34, the and { angles for 34 were not forms the highly conserved reversed-Hoogsteen tertiary base
restrained. Thex and ¢ angles were also left unrestrained pair with A14 @0, 41). Since the tRNAS CD spectrum
for mnnPs?U34 andy39 because strong-fH4' cross-peaks  contained contributions from bothl$8 and mnrstU34, we
for these residues were seen in thé-3'P heteronuclear  selectively oxidized the“®) in full-length tRNAYS and
COSY spectrum. Ally dihedral angles were restrained to obtained the CD spectrum shown in Figure 2, trace b where
the anti ranget 90°. the only contribution to the long wavelength ellipticity is
Structure DeterminatiorStructure calculations were per-  from mnn?s?U. The nucleoside compositions of each tRNA
formed using the general strategy we described previously sample in Figure 2 were verified by enzymatically digesting
(1) and detailed below (Table 1). Molecular dynamics the tRNAs and the ASL to mononucleosides and then
calculations were done with the NMR Refine module of the analyzing the nucleoside mixtures by LC/M34). The
Insight/Discover program (MSI) and the AMBER force field presence of4J, mnnPs?U, and A was confirmed for the
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FIGURE 2: CD spectra of (a) native tRN# (1.5 uM); (b) native
tRNAUDS after selective oxidation of*dl8; (c) the tRNAYS 17-mer
ASL (3.0uM) for the long-wavelength region where the ellipticity
is due to thiouridine nucleosides. The negative ellipticity due to
mnnPs?U34 in trace b is no longer masked by the more intense
contribution from 4U8 in trace a. The CD spectra indicate that the
ASL structure is similar to the native tRNA and o coli tRNAGM 13.5 12.5 11.5 10.5 9.5 ppm
which does not havelA or s*U8 (17).
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commercialE. coli tRNAYs, while the selectively oxidized

tRNA was missing 4J. The composition of the native

tRNAYSASL was confirmed by LC/MS analysis of the
digested oligonucleotide and by MALDI-MS of the intact
RNA (20).

Exchangeable Proton Spectrianino spectra at 10C of
the native tRNAYS and the doubly modified tRNAS-
mnmPs?U34,»39 and tRNAYS-t8A37 139 hairpins are shown
in Figure 3. The tRNAS-mnnPsfU34 339 hairpin (Figure _ _
3, trace ¢) has the simplest NMR spectrum since the wobbleFIGURE 3: (&) Imino spectra for the native tRNA ASL, 10 °C.

e ; . TheH NMR spectrum of the exchangeable imino protons indicate
modification contributes no additional resonances to the stable hydrogen bonding interactions for the three central Watson

downfield region. Peaks are seen for the three central crick base pairs and for the A3239 interaction at the base of the
Watson-Crick base pairs and for the A3%39 interaction stem. NMR resonances are seen39 N3-H and the characteristic
at the base of the stem. Pseudouridine stabilizeJ thiey yN1-H proton hydrogen-bonded through a water molecule to the
nearly 5°C, and this stabilization of the 3139 base pair is phosphates of A38 angl39. The two peaks for the amide protons

. - e of t8A are upfield of theyy N1-H resonance. A weak resonance is
required to slow the imino exchange sufficiently to observe gaan at 11.3 ppm, which is assigned to the U33 imino proton. (b)
an N3-H resonance. We have not been able to detect animino spectra for the tRNAS-tSA37, 139 ASL, 10°C. (c) Imino
imino proton resonance for the A31-U39 interaction in spectra for the tRNAS-mnnPs?U34, 139 ASL, 10°C.
tRNAYS ASLs with unmodified U39. In addition to the
139N3-H proton hydrogen bonded to A31, th&9N1-H The chemical shift is characteristic of a uridine hydrogen
proton coordinated to a stable water molecule is seen at 10.7bonded to a phosphatédd) and is nearly identical to that
ppm. seen for an ASL of yeast tRNA® (43). We have also seen

The native tRNAYS imino spectrum (Figure 3, trace a) a similar, though more stable resonance for a tRINASL
contains several additional peaks as a resulfA&81. The hairpin and unambiguously assigned this resonance by
amide proton resonances at 9.0 and 10.2 ppm were assignedpecific*N labeling (unpublished).
from 2D NOESY and TOCSY connectivities. The NH11 Phosphorus NMRThe 3P NMR spectrum of the native
resonance has TOCSY connectivity to thet tdnd H3 tRNAYS ASL has a single phosphorus resonance shifted
resonances of the side chain as well as NOE connectivity tosignificantly downfield of the envelope of resonances)(
side chain protons as discussed below. The sharp resonanc&his resonance was assigned to the 33p34 phosphate using
at 8.6 ppm is the®A H2 proton. Another additional weak 2D 'H-3P COSY and'H-3'P hetero-TOCSY-TOCSY ex-
imino resonance is seen at 11.3 ppm in the native tRNA  periments. The significant shift in thBP NMR spectrum
spectrum and a similar resonance at 11.5 ppm in the tRNA  indicates either thet or ¢ angle is trans, consistent with a
t5A37,39 spectrum is seen in Figure 3, trace b. This peak z-turn geometry in the tRNA ASL 44, 45). We also
is due to the U33 N3-H imino proton hydrogen bonded to observed a downfield shifted 33p34 phosphorus resonance
the phosphate between U35 and U36. The support for this(Supporting Information) for tRNAS-mnnPs?U34 339, in-
assignment is indirect but seems compelling. First, there aredicating the backbone angle is also trans in the doubly
a limited number of possible residues that could contribute modified ASL. In contrast, we saw no such NMR resonance
an imino resonance at this position, namely, the loop uridines. for tRNAYS-s?U34 339 or tRNAYS-t8A37 139 indicating that

T
z
[o)
o
=

13.5 12.5 11.5 10.5 9.5 ppm



tRNAYS Anticodon Structure Biochemistry, Vol. 39, No. 41, 2002579

a b
3 H5M1 Region (28 N4aH  A29 H2
1c * [>:] [ ¢ Y39=429ppm F1 - ; 7 - )
F1 18 ?‘_ C40 N4H@ 4630 (ppm} 2%
eppmjo 00000 fE - E .,
Eln | E 7
7.22% 5.87- ey ) uw@
jo i N HF 7 U36 H5 U35 H5
1T _
7.49@ : NOEs to U33 H1’
1T e L B e L S R
2 c F2 (ppm) 5.85 5.80 5.75 5.70 5.65
7.6‘: N _
El | F13 ‘ t6A37 CH3 t°A37 HA
E | (ppm}
7.87 Ad3e- 1.357 ! ASHI  AY7HB
E "y 21 ABH2 8 t
k| |
E . 5s2U34 CH3 U33 HS
8.0 " @ E mnm X
E TS o ' U33 HA
E A38 H2 = 8.04 ppm -65° ! Us3 HI® U35 HS '
8.2 >0 mnm3s2U34 He ’ 552034 CH2
1 [mom3s2U34 & cao Nant . mnms7U34 C
E C28 NigH . t6A37 NH11
8.4] ‘| : A38 H2
1 16A37 10.2- '\ | onn
3 E t6A37 HA
3 t6A37 H2© S6A37
M o N
6.1 6.0 5.9 5.8 5.7 5.6 5.5 5.4 5.3 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
F2 (ppm) F2 (ppm)

Ficure 4. 2D NOESY NMR data of native tRNAS ASL at 30°C with 10 mM MgCb. (a) The base-HIregion: peaks are labeled next

to the H1 proton. Boxes are used for peaks that are not visible at this contour level. The connectivity is traced using solid lines from A43
to U33 and dashed lines from U33 to U27, reflecting the U-turn between U33 andstu8y. The A31 H2 to C32 HINOE is indicated

on the right by a diagonal arrow. (b) The U-turn confirming NOEs: U33td1U35 and U36 H5 protons. These NOEs help place the
U35pU36 phosphate in proximity to the U33 imino proton. (c) NOEs defining the positions ofAhe&ntd mnn¥s?U side chains. Each

panel is labeled with the identities of the parent peaks at the chemical shifts indicated.

for these ASLs the backbone is either unrestricted or adoptsanticodon. The A-form RNA connectivity is broken between

a standard A-RNA conformation. The downfield shiffég U33 and mnrs?U34 at the turn, with very weak mrfisi-
resonances move further downfield when the magnesiumU34 H6 to U33 Hl1and H2 NOEs and no H6 to HINOE.
concentration is increased and when the temperature iSNOEs are seen between the U33'Hitoton and the H5
decreased, indicating that the U-turn is stabilized at low protons of U35 and U36 (Figure 4, panel b), helping place
temperature and by Mg. The spectra in the absence of Mg  the U33 imino proton within hydrogen bonding distance of
show downfield resonances for the native tRXASL and the U35pU36 phosphate. The corresponding H6 toNES
tRNAYS-mnnPstU34 39 with the greatest downfield shift  were significantly overlapped with the U35 and H36
seen for the native ASL in 10 mM Mg. These molecules  sequential NOEs; therefore, the restraints to U33 were based
also show a typical, general broadening of # spectra on the H5-H1 NOEs.

when magnesium is added. _ NOEs involving methyl groups on the hypermodified
NMR Assignment and NOE Structural Restrainkse nucleosides and for the NH11 amide proton %37 are

nonexchangeable protons were assigned from 2D NOESY ,gpown in Figure 4, panel c. The NH11 amide protonSaf t

COSY, and TOCSY experiments on the native tRIRASL has NOE connectivity to the side chain protons andfto t

and the two doubly modified tRNAS ASLs. The comparison  A37 H2 and A38 H2 protons. The threonyl GHa, and

of the native and the two undermodified ASLs was invaluable Hg protons give NOEs to A38 H2, and the ghias an NOE

for making unambiguous assignments, and we were alsoig A38 H1'. The CH; of the mnnis2U34 side chain also has
aided by additional data for tRNA-s2U34.39 (not shown)  numerous internucleotide NOEs to both U33 and U35, as
and tRNAY-y39 (1). Sequential NOE connectivity (Figure  ye|l as the intranucleotide NOEs to H6 and the @roup.

4, panel a) is seen from U27 to U33, and the relative NOE A corresponding set of NOEs was seen for the,@rbup
intensities indicate that the RNA conformation is essentially anq helped confirm the assignment of the methyl NOEs. The
A-form throughout this region. The sugars ateeBdo with complementary NOES for the Gldnd CH groups position

the exception of U33, which gives a cross-peak between thethe side chain in the structures and provided long-range
U33 HI and H2 protons in the 2D TOCSY spectrum. A stryctural information in that key region.

notable AH2 to HLNOE is seen between A31H2 and C32

H1' indicated by the diagonal arrow in Figure 4, panel a. p|SCUSSION

On the 3 side of the hairpin, NOE connectivity typical of a

A-form geometry is seen fronfA37 to A43, and the sugars CD Supports a Carentional tRNA Conformatiorsulfur-

on this side are all 100%'&ndo. The 2D NOESY shows maodified uridine nucleosides have a long wavelength UV
strong sequential NOEs between nistol34, U35, and U36,  absorption with a maximum near 330 nm, and this contrib-
indicative of RNA A-form stacking. The NOEs for the base utes a band in the CD spectrum that is sensitive to local
to H2, H3 protons (Supporting Information) confirm the RNA structure 17, 37—39). The sign and intensity of the
sequential assignments, and the relative intensities show thasulfur CD band can be used to monitor structural stability
the structure has a basically A-form geometry for the and even to probe base pairing interactions. An unconven-
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tional structure for tRNA® was first proposed based on a
comparative CD study with tRN&, which also has the
hypermodified mni’s?U nucleoside at position 34 in the
anticodon 17). The structure of the tRNAS anticodon was
proposed to be significantly different from that of tRRIA
based on a positive CD band in tRNA This CD profile
suggested that the migiJ nucleoside was hydrogen bonded
in tRNADS but not in tRNASY. A critical assumption was
that mnms?U34 was the only sulfur-containing nucleoside
in E. coli tRNAYs, However, E. coli tRNAYS contains
4-thiouridine (4U) at position 8 in addition to mnf?U34.
The positive CD band at 330 nm is very characteristic of
the $U8 nucleoside in tRNAZ7), which forms the highly

Sundaram et al.

conformation in the upper loop that allows for the U33 N3-H
to 35p36 hydrogen bond (Figure 6). This interaction is a
classic structural feature of the U-turn geometry and dem-
onstrates that the tRN# anticodon adopts a conventional
tRNAPe|ike conformation (Figure 5). The U33 N3-H imino
resonance and a downfield shifté# resonance for the
33p34 phosphate are the two characteristic NMR signatures
of U-turns @3, 44, 46).

Structural Enironment of the Modified Nucleosides.
Substantial stabilization of the anticodon loop structure
occurs upon introduction of the modified nucleosides at
positions 34 and 37. We have previously shown that the
unmodified andy39-containing tRNAS ASLs are very

conserved reversed-Hoogsteen tertiary base pair with A14dynamic with only weak stacking between U35-U36 and no

(40, 41).

The CD of our native tRNAS ASL (Figure 2, trace c) is
different from that of the full-length, native tRNX (Figure
2, trace a and reported previouslyl7j. The negative
ellipticity indicates the structure of the tRNA anticodon does
not contain an unconventional interaction involving ntgin
U34. Furthermore, the similar CD spectra for oxidized
tRNAYS and the native tRNAS ASL indicate that the ASL
is an appropriate model for the tRIWAanticodon. Proposing

NOEs to indicate base stacking between U34 and U35 (
The 3P NMR spectrum of the native ASL has a single
phosphorus resonance shifted significantly downfield of the
envelope of resonance&(j. This resonance was assigned
to the 33p34 phosphate using 2B-3'P COSY andH-3P
hetero-TOCSY-TOCSY experiments. The significant shift
in the3P NMR spectrum indicates either theor ¢ angle is
trans, consistent with a-turn geometry in the tRNA ASL
(44, 45). We also observed a downfield shifted 33p34

a structural model based simply on the CD spectra is phosphorus resonance for tRNAMnnPs?U34 39 (Sup-

problematic as we have shown, but a negative band for theporting Information), indicating the phosphate backbone
ellipticity from mnnPs?U is consistent with a single-stranded angle is also trans in the doubly modified ASL. In contrast,
environment. we saw no such NMR resonance for tRNAs?U34,»39 or
Secondary Structure and Stabilifjhe downfield, imino tRNAWS-t8A37,139, indicating that for these ASLs the
proton NMR spectra in Figure 3 indicate that the native ASL backbone is either unrestricted or adopts a standard A-RNA
and the two doubly modified ASLs form stable stem-loop conformation. We believe that the additional conformational
structures. Slowly exchanging imino proton resonances arerestriction is a simple result of steric restraints imposed by

seen for the three internal Watse@rick base pairs and for
both the N3-H and N1-H imino protons ¢f39 in the A31-

the mnnt side chain, but an ionic interaction between the
amine and the turning phosphate could also help position

139 base pair. Pseudouridine stabilizes each ASL, and thethe wobble nucleoside. Preliminary data from our laboratory

geometry of the Ay base pair and stacking stabilization on
the 3 side of the anticodon loop is similar to that of the
tRNAYS-39 ASL (1). The mnms?U34 modification has
little effect on the imino spectrum and increases the
thermodynamic stability by only 1.4C. While this effect is

on mcn¥s?U, the eukaryotic modification in human tR-
NAYs3 indicate that the structural effects are similar for the
two hypermodified wobble nucleosides although the pattern
of hydrogen bond donors/acceptors in the side chains is quite
different. We think this also argues in favor of a steric role

modest, we saw no change in the thermodynamic stability for the side chain. The position of the mpstJ side chain

for tRNAYS ASLs with the simple 4J34 modification. The
effects of U without the side chain are complicated by a
noticeable change in the nucleoside dynamics. PS4
H1' proton is significantly broadened in this ASL, and we

is well-defined by NOEs from the C+and CH of the side
chain to sugar protons on U33 and to the H5 proton of U35
(Figure 6).

Previous studies have shown that an ASL witd34 has

also saw that the H5 protons of the loop uridines are significant ribosome binding activity2f. However, our NMR

broadened as was reported previously by Agris and co-

workers @). We found that the tRNAs-s°U34 ASL NMR

data indicate that there is a substantial structural difference
between the ASL with only%J34 and the fully modified

spectrum is further complicated by duplex formation above tRNA. The introduction of the methylaminomethyl side chain

approximately 30«M concentration; however, the introduc-
tion of 139 in the tRNAYS-sU34, 139 ASL prevented
duplex formation even at concentrations above 1 mM.
The £A modification destabilizes the ASL by aboufg
and also diminishes the stabilizing effect89. It appears
that the conformational effects ofAt that promote a
nativelike anticodon structure place stress on the 439

causes a significant structural change; there is no indication
of a U-turn for the 4J34 modified ASL. The ribosome
binding experiments compared P-site tRNA binding affinities
on poly(A) and poly(AG) mRNAs. This leaves open the
possibility that the native tRNAS and partially modified
tRNAs will show greater affinity differences at the ribosomal
A-site, which is known to be the critical step for tRNA

base pair, resulting in destabilization of the stem. Another discrimination 47).

perspective that we believe is useful for interpreting this

The €A side chain is oriented distal to the base imidazole

effect is that the native structure introduces conformational ring as seen in the crystal structure of the nucleosit (
stress on the upper loop/lower stem region, and this in turnand NOEs from NH11 to the’A H2 proton place NH11

explains why the compensating effectsyd89 modification
are needed. The critical function ofAt is to adjust the

within hydrogen bonding distance 6237 N1. There are a
large number of NOEs that define the conformation of the

stacking geometry between 36 and 37 and to promote aside chain, key NOEs defining the orientation of the side
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36

mnmas2u3d mnmas2usd

Ficure 5: (a) Superposition of the 20 lowest energy NMR structures. Theid3d base pair is black, and magiU34 and $A37 are blue.
(b) Structure for residues 3139 with the base color scheme of panel a, except the modified side chain carbons and hydrogens are black,
the nitrogens are blue, and the oxygens are red. Three-dimensional structural figures were made with RIBBONS (

chain relative to the base, and sequential NOEs that allow phosphate geometry was imposed during the refinement;
the €A nucleoside to be accurately positioned in the structure therefore, thez-turn geometry results entirely from the
(Figure 7). No NOEs are seen from the €gtoup of the experimental NOE restraints. It appears that avoiding an
t°A side chain to the mnPs?U side chain. The stable unfavorable interaction between U33 O2 and fideamide
interaction between U33 N3-H and the U35pU36 phosphate oxygen increases helical twist, pushing the 35p36 phosphate
is a specific result of ®A modification since a slowly  toward the U33 imino proton. Westhof and co-workers have
exchanging imino proton at 11.5 ppm was also seen for the documented how the known tRNA anticodon structures are
tRNALS ASL that contains onlyp39 and $¢A37 (Figure 3). significantly overwound as compared to A-form RNA and
Although we see no specific hydrogen bonds between have discussed the restrictions this places on the allowed
functional groups onfA and neighboring nucleosides, the sequence combinationgtq). The £A37 modification in
modification clearly strengthens the U33 imino proton tRNAYSchanges the unmodified ASL from a quite flexible
hydrogen bond to the U35pU36 phosphate. No particular structure into a structure having a well-stacked anticodon
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Table 1: Structural Statistics

no. structures used/calculated 20/35
distance restraints

measured 123

lower and upper bounds 102

base pair restraints 15

dihedral restraints 161

chiral restraints 68

distance violations none 0.45 A
dihedral violations none 10°

average pairwise RMSDs as compared
to the average structure (A)

for all atoms 0.52£ 0.16

stem 0.45+ 0.16

loop 0.53+0.11

anticodon 0.62+0.02

average distances for key interactions (A)

U33 N3H to 35p36 oxygen 2.38 0.36 (1.79)

mnmSs2U34 139 N1H to p39 oxygen 4.5% 0.03 (4.04%

139 N1H to p38 oxygen 5.0% 0.22 (5.90%
FIGURE 6: Details of the U-turn structure and mPstU34: The A31H21to C32 H1 4.234 0.06 (4.29)
key NOEs observed are indicated by dashed lines. The U33N3H aDistances for tRNAPhe from Rhodes and co-workesd) (in
phosphate hydrogen bond is indicated with a solid arrow. parentheses.

range NOEs in the pentamer, and few sequential base'to H2
or H3 NOEs, indicates that this molecule adopts an extended
conformation in solution.

Comparison of tRNAS with Yeast tRNA®. The tRNAYS
structure is generally similar to the early tRRAcrystal
structure 50), but a comparison of the upper loop region
and the anticodon gives some insight into the degree to which
certain tRNA structural elements are conserved. First, the
A31H2 to C32H1 distance is 5.3 A in the 2.5-A crystal
structure as compared to 4.1 A in the tRNAstructure,
resulting in different angles between the stem and the loop.
Interestingly, in the recently refined 2.0-A tRNX crystal
structure $1), this distance is decreased dramatically to 4.29
FiGURE 7: Details of $A 37, A38,39, A31, and C32. Some of  A. The strong H2 to HINOE (Figure 4, panel a) we observe
the key NOEs used to define the position of th& side chain are between A31 and C32 is typical for A-form stacking. This
indicated. NOE was seen in all the partially modified tRINA ASLs
with a U33 imino to 35p36 phosphate hydrogen bond. The in solution and in unrelated ASLs of tRN#& that also have
structural strain from®A37 decreases th€&, by 2 °C, but A31 (Durant and Davis, unpublished). The structure in this
this is compensated for by an almost equal increase fromregion may be important for understanding the “extended

mnnPs?’U34 and a further increase in stability fropB9. anticodon” hypothesis of Yarus, which describes how the
Correction of Preious AssignmentsThe NMR assign- identities of the last two stem base pairs and the upper loop
ments and structural interactions in our tRN®ASL differ affect the function of the anticodorb?). The identity of

significantly from that reported previously for a modified tRNA isoacceptors is of course characterized by the antic-
pentamer oligonucleotidd.8). While we were not surprised  odon sequence, but this in turn places specific restrictions
that the structures differ, we found that some of our chemical on the sequence of the upper loop and the last two base pairs
shift assignments for the hypermodified nucleosides differed of the stem. This hypothesis was tested by functional analysis
from those reported, and our assignments for intranucleotideof tRNAs with unnatural combinations within the extended
NOEs contradicted those for the pentamer. We discoveredanticodon $2) and recently discussed in a detailed structural
that the 2D NOESY spectrum presented by Agris etl8) ( context by Auffinger and Westhof49). The structural
(their Figure 4) incorrectly assigned cross-peaks as due tosimilarity between tRNAS and the recent tRNA®structure
internucleotide NOEs between mpsitJ-34 and $A-37 when (51) supports the hypothesis that the structure in the upper
these peaks are in fact intranucleotide NOEs. The peakloop might be conserved.

assigned to mnPs?U34 H1/t®A37 H8 is instead an NOE A significant structural difference for tRN# as compared
from t°A-37 H8 to A H1', and the peak assigned f&\87 to tRNAPe is that there is some percentage dfefdo
H5'/mnmPs?U34 H6 is clearly the intrabase NOE between conformation for all the residues from U33 to U36 in contrast
mnnPs?U34 H6 and the Chkigroup of the mnrhiside-chain. to the 100% 3endo residues in tRNZ&E This implies that
The unambiguous data supporting the correct assignmentghe anticodon residues still have some conformational
are provided by the two doubly modified ASLs (Supporting flexibility, consistent with the still relatively weak U33 imino
Information) where only one of the hypermodified nucleo- peak. Of the anticodon residues, the nisitd34 wobble
sides is present, yet NOEs similar to those incorrectly nucleoside has the lowest percentage’ @tlo conformation
assigned in the pentamer are still observed. The lack of long-(<30%) as expected from the strong effect sulfur has on
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nucleoside conformatiorb8, 54), but U36 is approximately  a rigid loop conformation are particularly important for
50% 2-endo despite being adjacent $.37, which is 100% tRNADS function since the coderanticodon interaction is
3-endo. While it is often stated that thé 8ide of the mediated by three relatively weak uridine-containing base
anticodon in tRNAMe forms a continuous stack, in fact the pairs 63). Preorganization is necessary in tRiN#o reduce
base stacking is quite discontinuous between 36 and 37. Thehe entropic cost for the formation of-AJ base pairs that
tRNADS structure exhibits this characteristic as well. There have relatively modest levels of enthalpic stabilizati6é)(
is a marked difference between the sugar conformation for The anticodon interaction with the HIV-1 A rich loop)(is
U36 and $A37, but in the tRNAMstructure all the anticodon  presumably stabilized for the same reason that modification
(purine) nucleotides are’-8ndo in the crystal structure as is required for stable coderanticodon interaction, a pre-
well as in solution 43). Nevertheless, both theA37 organized tRNA and favorable Watse@rick pairing sta-
modification in tRNAYS and yW37 in tRNA" promote a  bilized by a sulfur-modified nucleoside. The mfsu
stacking arrangement that is similar, with the hypermodified nucleoside promotes an A-RNA conformation for the wobble
purine residue positioned to stack over the helix formed by nucleoside, stabilizes stacking of the anticodon nucleosides,
the codonr-anticodon complex rather than stacking directly and stabilizes ther-turn phosphate conformation. The
on the third anticodon nucleotidé%, 56). The hypermodified hypermodified $A nucleoside promotes a base-stacking
nucleosides at position 37 in the two tRNAs also have the conformation in the upper loop that positions the 35p36
role of preventing a closed anticodon loop structures(). phosphate for hydrogen bonding with U33 and further
stabilizes the U-turn. The modification pattern in tRN#®yy
CONCLUSIONS is evolutionarily conserved and represents an elaborate, but
The structure described here allows us to correct severalapparently required, mechanism for stabilizing the tRNA
misconceptions regarding tRNA structure and function. anticodon structure.
Studies of wobble pairing, frameshifting, or miscoding
invariably invoke the potential for unusual structures to ACKNOWLEDGMENT
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