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ABSTRACT. Previous nuclear magnetic resonance (NMR) studies of unmodifiegh@@anodified tRNAYS
anticodon stem loops (ASLs) show that significant structural rearrangements must occur to attain a canonical
anticodon loop conformation. THescherichia colitRNALs modifications mnrPs2U34 and $A37 have
indeed been shown to remodel the anticodon loop, although significant dynamic flexibility remains within
the weakly stacked U35 and U36 anticodon residues. The present study examines the individual effects
of mnnPs?U34, gU34, fA37, and M@+ on tRNAYS ASLs to decipher how th&. coli modifications
accomplish the noncanonical to canonical structural transition. We also investigated the effects of the
corresponding human tRNX-3 versions of theE. coli modifications, using NMR to analyze tRNA ASLs
containing the nucleosides médB4, mcn¥s?U34, and m&A37. The human wobble modification has
a less dramatic loop remodeling effect, presumably because of the absence of a positive charge on the
mcn side chain. Nonspecific magnesium effects appear to play an important role in promoting anticodon
stacking. Paradoxically, botB437 and m#5A37 actually decrease anticodon stacking compared to A37
by promoting U36 bulging. Rather than stack with U36, th&37 nucleotide in the free tRNAs is
prepositioned to form a cross-strand stack with the first codon nucleotide as seen in the recent crystal
structures of tRNAYS ASLs bound to the 30S ribosomal subunit. Wobble modificatiofs3%, and
magnesium each make unique contributions toward promoting canonical tRNA structure in the
fundamentally dynamic tRNASyyy anticodon.
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human modifications (Figure 1). The most interesting ques- . : .
tions regarding these tRN& molecules pertain to the C A H3C y Oy e
function of the hypermodified nucleosides at the wobble U A9 m H/\dl&s
position (mcmMs?U34 in tRNAYS3 and mnmis?U34 in E. coli H H
tRNAYS) and at the position directly’ 2f the anticodon U9 U U i DW/O
(MSBA37 in tRNAYS2and BA37 in E. coli tRNALYS). It has mems=U mnms°U
been widely appreciated that modifications in the anticodon _ 5
domain affect function, and nucleoside modification has been rF#SLéﬁﬁe(lj' rﬁibggg’egd?%r?g“ﬂ”ﬁ:ﬁ;ﬁ”giy”ﬂfgﬁ Endctohlf

shown to affect ribosome binding-{4), missense error rates  {rNALs, Nucleosides U9 (mcPU), A9 (mtEA), andy are found
(5), frameshifting frequencyg), speed of translatiorvy, and in the human tRNA, and mn¥gU, t%A, andy are the correspond-

The Escherichia colitRNAYS and human tRNAS3
anticodon loops have closely related hypermodified nucleo-
sides, and their primary loop sequences are identlgalbe
identical loop sequences for these two tRNAs allowed us to
use the 17-nucleotide human tRNA2 anticodon stem loop
(ASL)! sequence as a common structural context within
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initiation of HIV-1 reverse transcriptiors( 9). ing modifications in the singl&. coli lysine tRNA.
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L Abbreviations: ASL, anticodon stem loop; NOE, nuclear Over- anticodon loop of native lysine tRNA<Q). A later NMR
hauser effectyy, pseudouridine; mnfs?U, 5-methylaminomethyl,2-  structure of the same stem loop with aecoli modifications

thiouridine; mcnis?U, 5-methylcarboxymethyl,2-thiouridine; mét, P
5-methylcarboxymethyl-uridine;2d, 2-thiouridine; €A, N-[(9-3-D- _(mnnﬁsZU34 an.d tA37) showed that_ hypermOdlflc.atlon
ribofuranosyl-8-purin-6-yl)carbamoyl])-threonine; m&eA, 2-thio- induces formation of a nearly canonical tRNA anticodon
methyIN-[(9-3-p-ribofuranosyl-$i-purin-6-yl)carbamoyl])--threonine. loop; however, the loop uridine riboses still interconvert
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tRNAYS Anticodon Structure

between the 2endo and 3endo conformations because of
the fundamentally weak uridine stackingjlj. The X-ray
crystal structure of human tRN¥%3 demonstrated that when
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(19) experiments. By convention, the downfield 'H$5"
resonance is labeled as the'Hproton. Additional experi-
ments include 1BH and®'P spectra and lower mixing time

the anticodon residues are base-paired the ribose conformaNOESY experiments for some of the ASLs. A 60 ms CBD-

tion becomes 100%'&ndo within the context of an A-form
RNA duplex (2). The E. coli tRNAYS NMR structure

NOESY spectrum that minimizes spin diffusion was obtained
for the tRNAYS3-mgt®A37, 139 ASL for comparison with

showed that modified nucleosides remodeled the noncanoni-a standard 60 ms NOESY spectru@0); Imino proton

cal loop of they39 singly modified ASL, but it did not fully
explain how this was accomplished. Several specific ques-
tions remained with respect to the loop conformational effects
of the E. coli modifications and the related human tRN#
modifications. Here, we report on the specific effects of the
& and ® modifications that enable mrisiU34 and
mcnPs?U34 to promote U-turn formation. We also report
on the role that (n®t°A37 plays in loop remodeling. Thus,
our NMR studies help clarify the individual effects 634,
mnnPstU34, mentU34, ments?U34, mgteA37, and $A37

in the context of the tRNAS3-39 ASL.

MATERIALS AND MATERIALS

RNA Synthesis and NMR Sample Preparatidhe 17-
mer ASLs were synthesized on an Applied Biosystems 394
oligonucleotide synthesizer on aufnol scale. The tRNAS*

39 and tRNAYS3-s2U34, 39 ASLs were synthesized,
deprotected, and purified as described previousby, (with

the exception that the normal/H,O oxidation steps were
replaced with a 10% tBuOOH solution for oxidation steps
in the presence of934 (11, 13). The tRNAYSEmnPs?U34,
139, tRNAYS38A37, 139, and the nativé&. coli tRNAYS
ASLs were synthesized, deprotected, and purified as de-
scribed previously {1). The ASLs containing the human
modifications were also prepared as reported earlier by our
laboratory (4—16).

Careful comparison of different modified ASLs required
that each NMR sample be prepared in a rigorously defined
fashion. HPLC-purified RNA was dialyzed successively
against 5 mM EDTA/50 mM NaCl, 0.1 mM EDTA/50 mM
NaCl, 500 mM NaCl/500 mM KCI, 250 mM NaCl/250 mM
KCI, and finally deionized water (3) before lyophilization.
NMR buffer was made starting with a ¥Osolution that
results in the final buffer containing 10 mM phosphate buffer
at pH 7.5, 50 mM NacCl, 50 mM KCI, and 0.1 mM EDTA.
For each sample, 248_ of 10x NMR buffer was lyophilized
and then dissolved in 99.996%O before being combined
with the lyophilized RNA sample. The pH of the 250
NMR sample was then adjusted to pH7.5 before heat
annealing at 85C followed by rapid cooling in ice. A 0.5
mM MgClI; solution in 99.9% DO was used to bring the
Mg?" concentration to 15 mM. The pH was checked and
readjusted to pH 7.5 if needed after addition of magnesium.
NMR sample concentrations ranged from 0.75 to 2 mM
RNA.

NMR Data Acquisition and AnalysidNMR data were
collected using Varian Unity 500 MHz and Varian Inova
600 MHz spectrometers fitted with Nalorac probes. All 2D

spectra with a spectral width of 11 000 Hz were recorded
using the 1 solvent suppression scheme at several tem-
peratures Z1). The 1D 3P spectra were collected using
proton decoupling, and proton-detecteti*'P heteronuclear
COSY (22) spectra were collected to assign the phosphates.
The 'H and3'P spectra were externally referenced to TSP
and TMP, respectively.

Criteria Used to Compare Modified ASL&ur recent
NMR structure of theE. coli tRNAYs anticodon loop (i.e.,
the tRNAYSSmnnPs?U34, €A37, 39 ASL) showed that
tA37 promotes formation of the canonical U335p36
interaction and mnfs*U34 promotes U-turn formation and
increases anticodon stackinglj. The wobble modifications
mnnPU and mems?U belong to the %°U class of modified
nucleosides and each modificatior? Gnd g) is predicted
to affect the loop structure in specific ways that can be
monitored by NMR. On the basis of our previous NMR
studies 11), the ¥ moiety is predicted to alter the dihedral
angle of the U-turn phosphate so that the loop attains a more
canonical U-turn conformation. The canonical conformation
for the 33p34 phosphate is one where thdihedral angle
is trans R3), and this is conveniently monitored B{? NMR
because a downfield shift is seen for the phosphate in a
U-turn structure 24, 25). The thio moiety in 4J34 is
predicted to increase the percentage ofe®do ribose
conformation 26, 27), increase base stacking within the
anticodon triplet 28, 29), and stabilize base pairing with
adenosineZ9—-31). The extent of base stacking is coupled
to the ribose conformation, and the ribose conformation is
determined by measuring H1H2' coupling constants, which
are then converted to estimates of the percentagéafid
ribose conformation32). In summary, our evaluation of the
effects of nucleoside modification on loop structure is mainly
through monitoringH and3'P chemical-shift changes, ribose
conformation changes, and selected NOE changes relative
to the reference molecule (tRN¥&3139).

Loop Modeling Because of the inherent flexibility of these
ASLs and the observation that there are few modification-
dependent NOEs that unambiguously define a single stable
structure, structures were not generated for the purpose of
defining modification-dependent root-mean-square deviations
or for Protein Data Bank submission. However, structural
models were generated for some ASLs for the purpose of
testing how well the data fit a particular structural hypothesis.
The models were generated using previously determined
distance restraints to define the five base pairs of the stem
and residues C32 and A38 of the lod0). The region of
the loop most affected by modification (U3237) was
modeled using distance restraints determined from 400 ms

NMR experiments were collected as hypercomplex data sets2D NOESY data in BO. In some cases, shorter mixing time
using TPPI-states phase cycling and processed with VarianNOESY spectra (66200 ms) were also used if spin diffusion

VNMR software. Most assignments were obtained from
standard 400 ms 2D NOESY.T) experiments at 36C, but
the nonstereospecific assignment of thé/H5" protons was
made using 2D two-quantum COSY§g) and 2D DQCOSY

issues arose. NOE volumes were converted to distances by
scaling to the H5H6 cross-peaks of uridine and cytidine,
and measured distances typically included upper and lower
bounds of+0.5 A. Structure models were generated using
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Table 1: Percentage of-Endo Ribose Conformation and Chemical-Shift Change for the Turning Phosphate (33p34) [15 m¥MDAtCI
Shown in Parentheses]

us3 U*34 U35 u36 A*37 33p3a
tRNAYS339 at pH 5.4 38 22 9 19 64
tRNAWYS339 at pH 7.5 55 (58) 25 (29) 15 (21) 28 (44) 7676)
tRNAYS3mcnPU34, 139 60 (57) 25 (27) 15 (17) 29 (45) 7373) 0.09 (0.07)
tRNALYS32U34, 139 60 42 15 28 72 0.03
tRNALS3menPsU34, 139 64 (59) 55 ¢55) 19 (42) 31 (31) 76%76) 0.35 (0.33)
tRNALYSEmnnPs2U34, 139 67 (86) 60 £ 60) 32 (51) 39 (58) 79%79) 0.48 (0.83)
tRNALS35A37, 139 38 (38) 21 (24) 13 (12) 19 (27) 6% 61) -0.11
tRNALYSEmSSA37, 139 35 (34) 21 (21) 10 (12) 19 (21) 7373) —0.13 (-0.26)
tRNAYS3mnnPs2U34, $A37, 139 57 (58) 66 (71) 24 (55) 24 (32) 66 66) 0.34

2 A positive chemical-shift change indicates a downfield shift relative to tRN#Ay39.

the Discover module of the Insight/Discover program (MSI) suggest a bulge conformation that is consistent with a
and the AMBER force field. Molecular dynamics protocols trilooplike structure (i.e., A37 H8U36 H4 and H3/H5"

similar to those described previously were us#d, (L1). NOEs) (Figure 2B and Supplementary Figure S1 in the
Supporting Information). The proposed trilooplike conforma-
RESULTS AND DISCUSSION tion is basically a more dynamic version of the pH 5 triloop

Revised Model for the tRNAS3139 ASL The previously structure resulting from _repla_lcement of the C3238 and
published NMR structures of the unmodified tRN®8uu0, U33—A37 base pairs with bifurcated C32/U33 ©237/

ASL and the singly modified tRNAS%39 ASL showed A38 N6H interactions (Figure 3A). The bifurcated U33

thaty39 increases the stability of the closing base pair (A31- A37 interaction shogld decrease 'ghe strgm on thg loop
1»39) and slightly increases stacking between A37 and A3g SomPpared to a canonical U337 pair and likely explains
(10). We also determined that the hypomodified ASLs were the small increase in'&ndo ribose conformatlon' for _U33
very sensitive to pH changes because of protonation of A38 (38 = 55%) and A37 (64— 76%) when the pH is raised
and formation of a C32-A38 base pair. At pH 5.4, the AC from 5.4 to 7.5 (Table 1). The bifurcated interaction should

base pair stabilizes a U337 base pair, and this results /S0 be more dynamic than a canonical base pair, making
in formation of a UUU triloop rather than a canonical U alternate conformations more accessible. Evidence of alter-

turn. At pH 7, the usual NMR indicators of a canonical U nate conformers is manifested by the weak inter-residue H6
turn are still missing. The turning phosphate (33p34) is not H2/H3 NOEs of the 400 ms NOESY spectrum (Figure 2C).
shifted downfield, the anticodon uridines are predominantly 1hes€ NOES can arise from either a minor population of a
in the 2-endo ribose conformation (Table 1), the strong inter- dynamic B-RNA-like U turn or from conformational fluctua-

residue NOEs expected for an A-form anticodon are not seen,lion of the weakly sta(,:ked bases of the triloop. The weak
and there is no indication of a stable U33 N3Bbp36 U34 H6-U33 H2/H3 NOEs could be formed by a

phosphate hydrogen bond in the exchangeable protonconformerwith U33-U34 stacking but probably just reﬂect_
spectrum. We concluded that the anticodon triplet acts as athe conformational freedom of U34. In summary, there is
dynamic linker between the relatively well-stacked U33 and Predominantly a highly populated trilooplike conformer, with
A37 residues, but it was still possible that our structures were & best only a small population of conformers having
simply underdetermined because of some chemical-shift@nticodon stacking.
overlap and incomplete assignments. We have since been Magnesium Alters the Population Density of the Conform-
able to assign all protons in the tRNA3-y39 ASL (and ers by Promoting U36A37 StackingThe most significant
all other ASLs described here), and analysis of the new dataeffect of adding 15 mM MgGlis the increase in U36A37—
confirms our earlier contention that the pH 7 structure is A38 stacking, as evidenced by the increase'iar&lo ribose
conformationally heterogeneous. The more complete data seconformation for U36 (28~ 44%) and A37 (76—~ ~100%)
also provided greater insight into the conformations that are (Table 1). The magnesium-inducd chemical-shift changes
present in the loop. Because the modifications are evaluatedFigure 4A) are also concentrated in this region (including
within the context of the tRNA&s339 ASL, we begin the  U35), indicating that the population of the triloop conformer
discussion of our current results by describing our revised of Figure 3A has decreased to accommodate increased U36
model for the pH 7 structure of the tRN¥&3-)39 ASL. A37 stacking. The 0.1 ppm downfield shift for the U35'H4
Multiple Models Are Consistent with the NMR Data. proton suggests that the backbone of the 35p36 step is less
Although the NOESY data are not consistent with a single influenced by proximity to A37, as expected for a decreased
anticodon triplet conformation, we were able to use structure population of the triloop conformer. When magnesium is
defining NOEs to describe conformers likely present within added, the U36 HBH5" protons no longer have degenerate
the loop. Population density values for each conformer are chemical shifts and are each shifted-8012 ppm downfield.
not assigned; however, the ease of pH-induced triloop The increased U36A37 stacking suggested by the U36
formation suggests that a trilooplike conformer is signifi- ribose conformation is also evidenced by the strong A37
cantly populated. The rationale for the presence of a H8—U36 HZ NOE, while a weaker A37 H8U36 H4 NOE
trilooplike conformer is based on key A37 H1U35 H4 (Supplementary Figure S1 in the Supporting Information)
and U36 HYH5" NOEs (Figure 2A), showing that the indicates that a noncanonical conformation is still present.
backbone of the 3536 step is stacked under A37 (Figure The broader U36 Hland A37 H8 protons indicate altered
3A). In addition, the NOEs describing U3&8\37 stacking dynamics, either because of increased U887 stacking
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FIGURE 2: tRNAYS3439 400 ms NOESY spectrum collected at
pH 7.5 with standard NMR buffer at 30C. (A and B) One-
dimensional slices of the NOESY spectrum highlighting unusual
inter-residue A37U35/U36 NOEs (circled). (C) Weak inter-residue
H6—H2'/H3 NOEs (boxed) indicative of weak anticodon stacking.
(D) Same as in C, but the sample contains 15 mM MgCThe
U36 H6—-U35 H3 NOE cannot be determined because of overlap
with the large U36 H6 to H2NOE.
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A37 stacking and a bifurcated U337 interaction (Figure
3B). The minor increase in'&ndo ribose conformation for
U34 (25— 29%) and U35 (15— 21%) could easily arise
from this alternate triloop whenever the dynamic U337
interaction opens to allow transient formation of a canonical
U33—35p36 interaction. The effect of magnesium on the
chemical shift, therefore, reflects a general increase inrtJ36
A37 stacking, whether the starting structure is a triloop (ASL
with U34) a a U turn with a bulged U36 (ASL with
mnmPs?U34, Figure 4).

Implications of the tRN&s%y39 ASL ResultsThe
tRNAYs3939 ASL exhibits several unfavorable structural
characteristics that must be corrected by nucleoside modi-
fication to form a functional anticodon loop. A canonical
anticodon loop conformation is not highly populated in the
tRNAWYs3939 ASL because of intrinsically low uridine
stacking enthalpy, the absence of a hydrogen-bond acceptor/
donor at U35 (i.e., no purine N7U33 2-OH interaction),
and the entropically favored unstacked uridines. The net
result is the absence of a thermodynamic driving force to
promoe a U turn, thereby allowing the relatively weak U33
02—A37 N6H bifurcated hydrogen bond and van der Waals
interactions to dictate the loop conformation by out-compet-
ing a canonical U33 N3H35p36 interaction.

U36 Has a Tendency to BulgRecent literature reports
suggest that U36 would have a natural tendency to bulge
because it is an unpaired uridine and because it is the3
uridine d a U turn (ide infra). A computational comparison
of duplexes containing an unpaired adenosine or uridine
shows that adenosine favors a stacked conformation and
uridine favors an extra-helical conformatiod3]. Analysis
of the bulge trajectories showed that the bulge uridine has a
2'-endo ribose conformation and thé residue can either
be 2-endo or 3-endo. This would explain why U35 does
not adopt a 100%'3ndo ribose conformation characteristic
of an ideal U-turn geometry. In the context of U turns, when
then + 3 residue da U turn is a uridine [as in the GUAIBA
hexaloop NMR structures3d, 35)], there are confllctmg
reports on whether the uridine is stacked or bulged. The
hexaloopn + 3 uridines have the potential to stack between
adenosine residues, but stacking apparently depends on salt
conditions. Another example is the initiator tRN#cau,
ASL NMR structure, where U36 is onlky24% 3-endo even
though it is between two adenosines and the U turn is well-
formed as a result of a purine at position 3B)( Residues
C34 and A35 are also dynamic in this tRNA, as shown by
the ~50% 3-endo ribose conformation for these residues,
thus highlighting the effects of U36 bulging on residues 34
and 35. Many elongator tRNA&! anticodon loops are
modified with a 3-endo stabilizer to help increase -335
stacking (i.e., G34 or a¢C34).

or a change in the interconversion rate between conformers Therefore, with or without (nft°A37, U36 does not

(Supplementary Figure S1 in the Supporting Information).
The A37 HI—-U35 H4 and the A37 H8-U36 H4 NOEs
show that the Figure 3A triloop is still accessible, if less
prevalent. The lack of an imino proton characteristic of a
U33 N3H-35p36 interaction, the predominantly-énhdo
riboses, and the weak inter-residue -H862'/H3 NOEs

(Figure 2D) argue against a canonical U-turn conformation.

contribute interactions that promote a canonical U-turn
conformation, and it is the interactions involving U34 and
U35 that are the most influential for determining whether
anticodon stacking occurs. This again highlights the impor-
tance of wobble modification because, unless nucleoside
modification is used to enhance-385 stacking, closed loop
and other noncanonical conformers are highly populated.

Because the low pH and no magnesium data suggest that Structural Effects of mcty34 Modification. Replacing
there is an inherent preference for a closed loop, we proposeU34 with mcn?U34 has almost no effect on the structure of

that the alternate conformation is a closed loop with Y36

tRNAWYs3-439 as evidenced by the lack %1 chemical-shift
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Ficure 3: (A) pH 7 triloop conformer. Arrows indicate characteristic triloop NOEs. Anticodon riboses are blue, and anticodon bases are
gray. (B) Alternate triloop conformer resulting from magnesium-induced-8%7 stacking; supported by A37 H8A\36 H2 NOE. (C)
Alternate triloop conformer resulting from modification-induced-3% stacking and U36 bulging supported by inter-residue NOEs and
3'-endo sugar. (D) Proposed alternate conformer with modification-induce@34tacking, a dynamic U335p36 interaction, and a
bulged U36, supported by NOEs as in C. Bold circles represesndo ribose, and thick bars represent stacking interactions. The double
arrow in D represents a U335p36 phosphate hydrogen bond. The dotted lines represent bifurcated 32f&¥/32 N6H hydrogen

bonds.

changes (Figure 4C). The usual NMR indicatofs & turn force promoting canonical U-turn formation. At the nucleo-
are still missing, and there is no increase in the percentageside level, the mctmodification has almost no effect on
of 3'-endo ribose conformation at the wobble position or the the ribose conformation (& 12% 3-endo and mciU =
other anticodon uridines (Table 1). The NOEs describing 19% 3-endo) 87); therefore, mcifU34 is unable to promote
anticodon stacking remain very weak (Figure 5A), and the anticodon stacking. In theory, the memodification could
NOEs describing the triloop conformer are unchanged. The favor a U turn by forming a hydrogen bond with a nearby
NOEs involving the mcrhside chain are consistent with all ~ functional group, but this does not occur. The methylene
conformers described for the tRINA%-39 ASL. The CH— protons of the mciside chain have degenerate chemical
U35 H5 NOE is consistent with the small population of shifts and appear as a singlet rather than a doublet (Figure
anticodon stacking, and the weak €HJ33 H5 NOE is 6A), suggesting that the mérside chain has complete
consistent with 3334 stacking (Figure 6B). The strong rotational freedom and does not form a stable hydrogen bond
CH,—U33 H4 NOE (Figure 6B) suggests that a triloop with any nearby functional group. This property of the side
conformation is highly populated. The memmodification chain does not appear to be the result of the noncanonical
does not appear to inhibit triloop formation because we seestructure of the tRNAS3-mcnPU34, 39 ASL because the
an upfield chemical shift for the U35 Hgroton even at pH  same behavior is observed in the more canonical tRMNA
6.9. This proton is significantly shifted upfield in the triloop mcnPs?U34,139 ASL, the tRNAYS*mnnPsU34,139 ASL,
because of proximity to A37 (Figure 3A). Further evidence and the nativeE. colitRNAYS ASL. Thus, any effect of the
that the mcrh modification does not stabilize anticodon mcn? modification must occur by a steric mechanism,
stacking is the fact that residues 34 and 35 are even morewhereby the freely rotating side chain inhibits alternate
resistant to magnesium-induced stacking effects than in theconformations such as the closed loop conformers. However,
U34 ASL (Table 1). We conclude that the mtmodification steric restriction does not occur in the tRNA*mcnPU34,
has essentially no effect on the loop conformation and the 139 ASL because residue 34 is unstacked and the entire
mcnP modification does not inhibit alternate conformations nucleoside is free to take almost any conformation. Therefore,
such as a triloop. the mcnt modification most likely influences anticodon
Implications for the Function of the ménvodification. structure through a steric mechanism that only functions
In our discussion above regarding the barriers to remodelingwhen 34-35 stacking is induced by the presence of a 2-thio
the loop, we stated that U34J35 stacking is the driving  or 2-O-methyl modification.
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Ficure 4: Modification- and magnesium-inducédl chemical-shift changes greater than 0.03 ppm. A negative value indicates that the
change in conditions (Mggbr modification) shifts the resonance downfield. Effect of magnesium on U34 (A) ancPstndd (B) ASLs.

Effect of modification: (C) mcrflJ34, (D) $U34, (E) mcms?U34, (F) mnms?U34, (G) fA37, and (H) m3 modification (i.e., comparison

of t%A37 and m&°®A37 ASLs).

s?U34 Shifts the Equilibrium toward 3435 Stacking. anticodon stacking is hampered by competing alternate
Similar to the U34 and mcP/34 ASLs, the tRNAYSS- conformations that are still thermodynamically accessible
U34, 139 ASL lacks most of the usual NMR indicators despite the stacking enthalpy contributed By34. Although
of a U turn. The 33p34 phosphate is not shifted downfield, the 2-thio-promoted increase in-385 stacking diminishes
there is no evidence of a U33 N3t85p36 interaction in  the prevalence of the proposed triloop conformation favored
the exchangeable proton spectrum, the anticodon triplet isby the tRNAYS3-¢39 ASL (Figure 3A), there is little
predominantly 2endo, and the NOEs describing the triloop evidence of canonical anticodon stacking, as shown by the
conformation of Figure 3A are still observed. However, very weak U36 H6-U35 HZ NOE (Figure 5B). The
chemical-shift changes (Figure 4D) show th#t34 does tendency of U36 to bulge likely explains the weak U36-H6
alter the average structure of the loop, and the stronger inter-U35 HZ NOE.
residue H6-H2'/H3' NOEs (Figure 5B) suggest that these At least two models would be consistent witHU84—
chemical-shift changes reflect a shift in equilibrium toward U35 stacking and U36 bulging. In one model, U33 interacts
34—35 stacking. The%J34 modification promotes 3435 with A37 to form a closed loop (Figure 3C), and in the other
stacking and inhibits the closed-loop conformers compared model, U33 forms a dynamic canonical interaction with the
to menPU34 because it more strongly promotes theBdo 35p36 phosphate (Figure 3D). The conclusion from thi34
ribose conformation. Indeed, compared to U33U3} results is that, although the equilibrium is shifted away from
increases the'&ndo ribose conformation from 25 to 42% the Figure 3A triloop conformation, the loop is still a mixture
(Table 1). However, this is actually a rather modest effect of conformers and the 2-thio modification alone does not
considering that%J is 59% 3-endo at the nucleoside level alter the geometry of the 33p34 phosphate.
(37) and 8U within an r(GSUUUC) single-stranded pen- How Is Such a Dynamic Loop Able to Bind Ribosomes?
tamer is 75% 3endo @9). In the pentamer, 2-thio modifica-  To explain how 3J34 enhances the ribosome-binding ability
tion is also much more effective at increasing the stacking of unmodified tRNAYs (2), we suggest that the slight increase
of the following two uridines (to 75%'3ndo), whereas the  in 34—35 stacking modestly contributes to mRNA binding,
ribose conformations of U35 and U36 in the ASL are but the biggest factor is likely the free energy gained by
unchanged by the presence 884. The ribose conforma-  forming a codor-anticodon duplex containing 8.$—A base
tion data implies that the intrinsic ability ofl$34 to promote pair. It has previously been shown that tRemmdification
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Ficure5: NOESY spectra (400 ms) collected at°& The spectra
show inter-residue H6H2'/H3' NOEs (boxed) for U35 and U36
when the wobble position is modified to médB4 (A), U34 (B),

or menPs?U34 (C). Samples contain standard NMR buffer with no
magnesium.

significantly enhances the stability of RNA duplexe9,(
31). The ability of a more energetically favorable codon
anticodon pairing to compensate for the tRIN&-s?U34,
139 ASL reorganization penalty may also be operable in
ribosome-binding experiments with the unmodified human
tRNAYSL3cu0) ASL (3). In this case, C34 should not be any
more proficient than &34 in remodeling the putative
trilooplike structure of unmodified tRNAS3cyy), but the
formation of a G-C base pair favors induced fit codon
binding. The fact that the?934 ASL translocates in
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Ficure 6: (A) Upfield region NOEs for the H6 proton of the
mcnPU34 residue. Note the single Ghbeak indicative of free
rotation. (B) NOEs to the Ciigroup of mcnmu34. (C) NOESY
data showing magnesium-induced nativelike NOEs for the
tRNAWYSSmnPs?U34, 39 ASL. All data shown are from 400
ms 2D NOESY spectra in standard NMR buffer. The spectra shown
in A and B were obtained in the absence of magnesium.

o]

NOE (Figure 5C). The 33p34'P chemical-shift change
indicates that the averageor ¢ dihedral angle has become
less A form and shows that the U turn is more defined than
with the 2-thio modification alone. The increase ireBdo
ribose conformation shows that 3385 stacking is more
prevalent but, as with théld34 ASL, does not in itself prove
that the loop is more canonical because we cannot rule out
the presence of a U33A37 interaction facilitated by U36
bulging (Figure 3C). Fortunately, this point is addressed by
a strong U36 H6-U35 HZ2 NOE consistent with a conformer

ribosome-binding experiments reinforces the idea that a with U35—U36 stacking, most likely arising from a continu-

stronger codofranticodon duplex can compensate for a
dynamic loop 88). The singly modified mni34 and tA37

ation of modification-enhanced 3485 stacking. This single
NOE is important because evidence of significant UBEB6

ASLs bind programmed ribosomes but do not translocate stacking was not observed in th#J84 ASL, implying that

because of the weak codeanticodon duplex containing
three A-U base pairs.

mcn?s?U34 Increases 3435 Stacking and Alters 33p34
GeometryThe addition of the mcfmodification to 8U34

brings the loop closer to a canonical anticodon conformation.

a certain amount of U-turn stability must occur before
conformers with U35U36 stacking are populated to the
extent that a strong NOE arises. The small increase in U35
3'-endo ribose conformation (X5 19%) indicates that there

is only a minor increase in the population of conformers with

The biggest changes are the 0.3 ppm downfield shift for the U35—U36 stacking. The relatively strong U36 H&/35 HZ

33p34 phosphate resonance, the increasé-en@o ribose
conformation at the wobble position (42% @84 to 55%,
Table 1), and the appearance of a strong U36-H85 HZ

NOE can by explained by keeping in mind tha0% of
the NOE volume can arise from a conformation present only
in ~10% of the time 89). Although this modified loop
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exhibits more canonical properties, the A37'HU35 H4 conflict. In other words, the mchmodification has no effect
NOE characteristic of a triloop is still present and, on the on the structure unless in the context of a stacked G-
basis of the minor percentage dféhdo ribose population U35 unit.
for U35 and U36, U36 still populates a bulge conformation.  mnn¥s?U34 Shifts the Equilibrium Closer to a Canonical
We interpret the data as indicating that the 2-thio modifica- Anticodon Conformation than mégiu34. tRNA ASLs with
tion of £U34 increases 3435 stacking but not to the extent mnnPs?U have a more stable U turn than misi-modified
that the U33-35p36 interaction is stabilized or completely ASLs because of stabilization of theénhdo sugar conforma-
favored over the U33A37 interaction. Adding onthe mém  tion (19 versus 27%'&ndo at the nucleoside level). The
modification further increases 3485 stacking, alters the increased 3435 stacking (mnits?U34 is 60% 3-endo) is
dihedral angle of the turning phosphate, and destabilizes thepropagated to increased U3B836 stacking (U35 is 32%
U33—A37 interaction sufficiently that conformers with 3'-endo compared to 19% in the mestu34 ASL) and to
U35—U36 stacking are transiently populated. increased U36A37 stacking (U36 is now 39%'2&ndo).
Effect of Magnesium on the tRNA*mcn?s?U34, 139 As aresult, the 33p34 phosphate geometry is more canonical
ASL. When 15 mM MgC} is added to the tRNASS (shifted 0.5 ppm downfield, Table 1). Thus, the increased
mcnPs?U34, 939 ASL, 34-35 stacking is strengthened ability of mnnPs?U34 to stabilize 3435 stacking and the

enough to promote a large increase in U886 stacking. increased ability of the mnhmodification to stabilize a trans
The stronger U35U36 stacking is evidenced by a large a-dihedral angle for the 33p34 phosphate directly translates
increase in the'3endo ribose conformation for U35 (19 into significant 34-35—36—37 stacking. A critical threshold

42%), increased chemical-shift dispersion, and nativelike of U-turn stability is attained in the 3335 region of the
NOEs from the U35 and U36 H5 protons to the U33'H1 loop so that increased 386—37 stacking and presumably
proton (similar to the NOEs shown in Figure 6C for the a stronger U33:35p36 interaction then occurs. However, the
mnnPs?U34-modified ASL). The results are consistent with loop remains a mixture of conformers, as evidenced by the
a decreased population of the proposed Figure 3C closed-A37 H1'—U35 H4 NOE, the lack of an imino proton
loop conformer, but the relatively high percentage 'e¢2do resonance for U33, and the significant percentagé-eh#o
ribose conformation for U35 and U36 indicate that a ribose conformation for the loop uridines.

canonical U turn is still not highly populated. We favor a Magnesium Promotes Anticodon Stacking and Abrogates
model where U36 oscillates between a near-canonical andU36 Bulging.Upon addition of 15 mM magnesium, anti-
bulged (Figure 3D) conformation. The addition of magne- codon stacking increases (Table 1); all uridines are now

sium results in a general increase in-3®6—36 stacking, ~50% 3-endo or higher, the 33p34 phosphate is shifted 0.83
and the loop seems poised at the thermodynamic edge of gopm downfield compared to the tRN¥&3-139 ASL, and
canonical U turn. the NOE pattern becomes similar to that seen for the native

Implications for the Mechanism of Codon Bindinthe E. coli ASL. For example, the U35 and U36 H5 protons
results above show that significant anticodon stacking only now show NOEs to the U33 HYroton (Figure 6C). The
occurs when the mchrmodification is combined with the  observed nonspecific magnesium effects appear to be
s? modification in the presence of magnesium. The inability synergistic with the conformational stabilization promoted
of the meniside chain to significantly increase codon binding by the mnnmis?U34 modification, resulting in a higher
without the added presence of &ehdo stabilizing sulfur ~ prevalence of anticodon stacking. Magnesium also appears
modification is supported by the modification status of the to reduce the bulging of U36 as evidenced by a stronger
mammalian tRNA®1Se(,c), which must read a UGA stop  A37 H8—U36 HZ NOE and much weaker A37 H8J36
codon to insert selenocysteine. We predict a dynamic U turn H4' NOE. In fact, anticodon stacking is more canonical in
for this tRNA based on sequence similarity with Bncoli the tRNAYSEmnnPs?U34, 139 ASL than theE. colitRNAYS
tRNATPccay ASL studied in our laboratory (unpublished ASL because®A37 promotes U36 bulging. It is interesting
results). Two isoforms of tRNBeISe,c,) are present that  that the magnesium effects for U3837 stacking are much
differ in the extent of modification at the wobble position. greater in tRNAYS3-mnnPs?U34, 139 ASL compared to the
When selenium levels are low, the predominant modification tRNAYS3-mcnPs?U34, 39 ASL (58 versus 31%'&ndo
is mecnPU34, and when selenium levels increase, the propor- ribose conformation for U36). This appears to be as a direct
tion of menPU,,34 containing tRNA increases (reviewed in  result of a more rigid conformation from positions U33 to
ref 40). The 2-O-methyl modification should have effects U35 that increases the prevalence of the canonical-U33
similar to the 8 modification because both promote the 3  35p36 interaction. Thus, in the context of the tRM&
endo conformation. Our studies would predict that the mnnPs?U34, 39 ASL, there is sufficient stacking that
mcrPU-modified tRNA does not read UGA stop codons nonspecific magnesium effects are able to further promote
efficiently, thereby minimizing inappropriate reading of stop 36—37 stacking. Nevertheless, the lack of a U33 N3H
codons. It was recently reported that tRIRAS{ ) without resonance and the tendency of U36 to bulge (as evidenced
the 2-O-methyl modification is much less efficient at SECIS- by the A37 H8-U36 H4 NOE) shows that considerable
directed UGA codon recognition in selenoprotein mRNAs dynamics remain in this region.

(42). These biological observations are consistent with the  Effect of $A37 on the tRNA®239 ASL.Incorporation
steric mechanism that we propose for altering the turning of t8A37 into an unmodified tRNAS ASL enables binding
phosphate geometry. When the wobble position is not stackedto poly-A programmed ribosomes, @) and allows formation
on U35, the wobble base has enough conformational freedomof a stable complex between tRINA339 and the HIV-1

to avoid steric conflict, but when 3435 stacking is increased  A-rich loop (15). Previous hypotheses regarding the function
by & or 2-O-methyl modification, the turning phosphate of t%A37 point to the probability that it inhibits base pairing
o-dihedral angle would become more trans to avoid steric with residues on the'Side of the loop, and it was suggested
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A are consistent with a dynamic anticodon loop and provide
- - - - ideal double-quantum COSY spectra for determination of
603  Ulhumme =[=]U33 =U35 ribose conformations (see Supplementary Figure S2 in the
o - ' - Supporting Information for a spectrum of the #3837-
e modified ASL). Also, U36 appears to bulge relative to
7 5.6 5.5 5.4 5.3 position 37 significantly more than in the tRNA&3-139
FL (ppm) ASL. The noncanonical 37 H8U36 H4 and H3/H5" NOEs
B (similar to the NOE seen for the At%A37-modified ASL

. ] . — in Figure 7C) have a greater volume, and there is a decrease
2 ] §—' == = ‘_.3 g ) g

in the U36 3-endo ribose conformation from 28 to 19%.
H2' o == Hp This behavior is unexpected because inhibiting a closed loop
: 33—37 interaction should allow stabilizatiofi @ U turn with

a canonical U3335p36 interaction. However, the 335p36

NNNNNNNNN
o
[

: = interaction is dynamic (a U33 imino proton is not observed
T T T = T . in the mét°A-modified ASL), the uridine stacking is weak,

e s ey T2 M0 and the lack of a purine at position 35 is problematic. When
. the U33-35p36 interaction is broken, many conformations
C ) are accessible to the anticodon triplet because there is little
e . . ‘ stacking enthalpy contribution for uridines. When the B33
sae A He  ASRHSI0 Q. < S 35p36 interaction is present, U36 tends to bulge because it
- ) ms2§3%3zi Heto 'maitgﬁis?lng,}o is then + 3 uridine n a U turn and becau_s%NS? abrogates
8209, , o[6] @ o) 36—37 stacking (dlscuss_ed b_elow). Re_5|_d_ue U34 at Fhe helix
8.203H1’ H2' H3' terminus should have significant flexibility even with the
e U < 1 o S S U33—-35p36 interaction. We see highly-@ndo riboses,
6.0 5.8 5.6 5.4 5.2 5.0 4.8 4.6 4.4 42 40 suggesting that multiple conformers are present, with the
F1 (ppm) NOE data suggesting that among these conformers are near-

Ficure 7: (A) Base to H5/H1region of a 400 ms 2D NOESY  canonical conformations giving rise to weak inter-residue
spectrum of the tRNAS3-m<t6A37, 139 ASL showing nativelike H6—H2'/H3 NOEs and a U35 H6U33 H NOE (parts A

U35 H6-U33 HI NOE. (B) Base to sugar region of the same . . ; L
spectrum as in A showirgg)inter-residuegHHZ'/gH3’ NOEs for and B of Figure 7). The inter-residue NOEs indicate that

anticodon residues U35 and U36. (C) NOESY spectrum (60 ms) canonical A-form 34-35-36 stacking is not significantly
showing unusual NM$A37 H8-U36 H4 and H3/H5" NOEs populated. Interconversion between conformations is likely

indicative of a bulged U36. quite rapid because degeneraté/H5" chemical shifts are
seen for U36 and’A37, indicating that dihedral angles near
that £A increases base stacking?( 43). We have previously  the 35p36 and 36p37 phosphates have motion on the
used imino and®P spectra of tRNAS*t8A37, 139 to chemical-shift time scale. Chemical shifts have changed
qualitatively determine which properties of the fully modified extensively, indicating that the average position of almost
E. coli tRNAYs ASL were due to mnAs2U34 and which all loop residues is altered (Figure 4G). The lack of
were due to %37 (11). The appearance of a weak imino magnesium effects on ribose conformation indicates that the
resonance at11.4 ppm in $A37-modified ASLs suggested anticodon uridines are so weakly stacked that neutralization
that €A37 somehow stabilized the canonical U33 N3H  of the phosphate backbone does not further increase stacking.
35p36 phosphate hydrogen bond, and we assumed that thign summary, $A37 inhibits the 33-37 interaction, but it does
occurred by increased base stacking of the anticodon uridinesnot stabilize a canonical U turn or eliminate alternate
It now seems clear that the main reason a U33 imino conformations.
resonance is not seen for the tRN#-39 ASL is because t5A37 Alters 3738 Helical Twist.We believe that the
closed-loop conformers compete with formation of the key property of {A37 is the change in helical twist that
canonical U33-35p36 phosphate interaction. WhéA37 occurs at position 37 as a result of the side-chain methyl
is present, U33 can no longer pair with A37 and this allows group occupying the same plane of space as A38 (Figure
U33 to interact with the 35p36 phosphate. The evidence for 8A). Our latest results confirm the encroachment of the
this specific interaction is that the chemical shift is indicative methyl group into the same plane of space occupied by A38
of an imino—oxygen hydrogen bond and the U35 HB33 because we see NOEs from the methyl group to thealdd
H1' NOE places the 35p36 phosphate proximal to U33 (a H4' protons ofiy39. The net result of this region of steric

similar NOE is shown in Figure 7A for the R%A37- clash is that, compared to A3PAB7 has increased helical

modified ASL). twist with respect to A38. The change in helical twist and
t6A37 Has Unexpected Effects on the Loop Structife. inhibition of the closed loop is reflected in the chemical-

have gone back and investigated the function®887 in shift changes seen for positions 37 and 38 on theid® of

detail and were surprised to find théA87 actually decreases the loop and positions 32 and 33 on thesile (Figure 4G).
base stacking within the anticodon loop. As shown in Table The increased anticodon flexibility of the tRNAS-t°A37,

1, residues 3336 all have a decreased percentage 'ef 3 39 ASL compared to the tRNA&3y39 ASL can be
endo conformation wherfA is present and®A37 itself explained by the combination of a more open loop that is
shows a decrease in-8ndo conformation from 76 to 61% even less tightly packed than a canonical tRNA and the
compared to A37. The narrow line widths and larg¢-H1  decreased stacking of U36 with position 37 (note the small
H2' coupling constants for the (f)$A37-modified ASLs overlapping surface area for 36 and 37 in Figure 8A). The



tRNAYs Anticodon Structure

Ficure 8: (A) Model of the region surrounding #%A37 based
on the previously published crystal structul®)( The fA37 side
chain and the nfsmodification were not defined in the crystal

Biochemistry, Vol. 44, No. 22, 2008087

A Proposal for How ¥A37 Enhances Ribosome Binding.
The £A “cure” for weak binding seems to be counterintuitive
at the loop level because anticodon flexibility is actually
increased. However, the net result of the change in helical
twist at the 3738 step is that residue 37 is now preposi-
tioned in a codon-bound conformation where it can stack
over the first adenosine of the codon (Figure 8B). This effect
of t8A37 is clearly illustrated by the recent crystal structure
of the A-modified ASL bound to the 30S ribosomal subunit
(44).

The fact that programmed ribosome and HIV A-rich loop
binding is still rather weak for ®A-modified ASLs is
consistent with our data showing th&387 does not stabilize
a rigid, canonical anticodon loop conformatic®, 4, 15).
The weak binding in theén vitro assays shows that pre-
positioning for optimal codon stacking barely compensates
for the dynamics of the anticodon loop. $tmodified ASL
did not translocate in aim vitro translocation assay®8). A
human mitochondrial disease is caused by the lack of a
wobble modification (the taurinomethyl group) that signifi-
cantly reduces translation of the cognate cod#).(This
tRNA still contains $A37, showing again thafA modifica-
tion alone is not sufficient to compensate for the weak
anticodon stacking that results from the lack of wobble
modification. Adding 15 mM magnesium does not signifi-
cantly alter the structure of theA-modified ASLs, because
the percentage of-&ndo ribose conformation for the uridines
in the A37 and m&®A37-modified ASLs is essentially
unchanged (Table 1).

Effect of m%%A37 on the tRNAS2y39 ASL.The human
m<1A37 modification has essentially the same structural
effects on stacking a8437, except that nA37 is slightly
more 3-endo (73 versus 61%). It has been shown at the
nucleoside level that thé-8ndo conformation is slightly less
favored for 8A compared to adenosine, but the equivalent
data for m&°®A are not available46). NOEs from the CHl
protons of the threonyl side chain are similar to that seen
for t8A37. NOEs from the SCK methyl group are not
consistent with a single conformation and indicate that either
the thiomethyl group or mi¥A37 itself has significant
conformational freedom. The NH11 imino resonance is
involved in a hydrogen bond with the base N1 position but

structure but are modeled here based on NOE data. Residues 32S Somewhat weaker than that seen with37 (11, 16),

33, and 35 are black wireframe, and U36 and A38 are blue sticks.
Note the clash of the MSA methyl with A38 and the lack of
overlap of m&%A and U36 (B) Same model as in A is docked into
the crystal structure of the ribosomal A sitd7]. This model
highlights the potential for th€A37 side chain to hydrogen bond
with the first adenosine of the codon and the extensive stacking of
mstA37 over this adenosine. The space filling of the Maide
chain highlights the fact that free rotation may be restricted when
bound to the ribosome. Ribosomal residues G530, A1492, and
A1493 are pink, the mRNA is green, and U35 and 36 are blue
sticks.

increased helical twist also weakens-3¥ stacking in the
context of the nativeE. coli tRNAYS ASL. As shown in
Table 1, the gain in 3637 stacking because of the presence
of mnnPs?U34 is lost when®A37 is added to the ASL (U36
drops from 39 to 24% '3endo). Thus, the main effect of
t5A37 is to alter the helical twist at the 3B8 step, decrease
36—37 stacking, and allow U33 to form a dynamic hydrogen
bond with the 35p36 phosphate.

suggesting that the presence of the 3@kup may weaken
this interaction. The 3335p36 interaction also appears to
be weaker than in théA ASL because we do not observe
a U33 imino proton in the exchangeable spectrum. The U35
and U36 chemical-shift differences induced by the?ms
modification are likely due to the weaker-335p36 interac-
tion (Figure 4H). We believe that the main function for the
ms group is to further increase the strength of the codon
anticodon interaction by stacking over the first adenosine
nucleoside of the codon. The mmodification has been
shown to significantly enhance binding in #i¥&-modified
tRNAs. As mentioned in the previous section, th& side
chain likely enhances the effect of the SCidodification

by prepositioning residue 37 for stacking on the codon. The
interaction of tRNAYS with the HIV A loop is significantly
stabilized for m¥%A37 compared to®A37 (350uM versus

2.4 mMKp at 1 M NacCl, 4°C) (15). The additional m%
modification in human tRNAS3 is likely needed to com-
pensate for the more dynamic U turn when the wobble
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position is modified with mcAs?U34 instead of mnAs?U34.
Both the nativeE. coli and human tRNA® ASLs have
canonical tRNA conformations and bind the HIV A loop
with low micromolarKp values {1, 12, 15).

CONCLUSIONS

fication of ©A37 is rarely used, being found only in
mammalian tRNAYS molecules with mcifs?U34 and not in
tRNAYS molecules with C34%). The only known exception
is Bacillus subtilustRNAYS, which contains cmnfs?U34.
tRNAYs Anticodon Neer Becomes RigidThe results
presented here show how difficult it is to force a UUU
Mechanism for U Turn Stabilizatiohe comparison of ~ anticodon triplet to stack in a completely rigid, canonical
mcnPU34-, gU34-, and mcrPs?U34-modified tRNAYS? conformation. The U36 nucleoside is never 100%13do,
ASLs enables us to suggest a steric mechanism for U-turneven with high concentrations of magnesium. These results
stabilization by the %side chain of wobble nucleosides. The also point to why%A37 is present in almost all tRNAs with
slight 0.09 ppm downfield shift of the 33p34 phosphate a U36. Inhibition of across-the-loop interactions is not the
caused by mchtw34 is consistent with a weak steric effect main reason in our view because many anticodon loop
of the freely rotating mciside chain on the average position sequences, such as tRM# do not have problems with
of residue 34 and 33p34 phosphate geometry. The effectsacross-the-loop base pairing. Also, there are many simpler
are minor because, in the absence of the 2-thio modification, modifications suitable for inhibiting inappropriate base
the weak 34-35 stacking allows steric conflict involving  pairing. The general purpose 6AB7 modification appears
the mcnt side chain to be avoided without forcing formation to be to strengthen codon binding by positioning residue 37
of the energetically unfavorable transdihedral angle. The  for stacking over the first anticodercodon base pair. Thus,
s modification of mcmis’lU34 increases 3435 stacking, the positive effect ofA37 modification (prepositioning of
thereby restricting the conformational freedom of the wobble position 37) appears to be balanced out by increased loop
nucleoside. A more trans-dihedral angle for 33p34 is then  flexibility. Modeling of t*A37 in the ribosomal A site shows
required to diminish steric clash involving the mcon mnn? the potential for additional hydrogen bonds, indicating that
side chains. Thus, mctd only affects the 33p34 dihedral the potentially neutral effects dfA37 modification may be
angle in a context where there is also good-38 stacking supplemented with hydrogen bonds involving th& side
(i.e., 2U34 or U,34). Our data hints at the possibility that chain (Figure 8B). Although the tRN# anticodon loop
mcnPU34 prefers to be unstacked relative to U35. Thus, there is rather unusual compared to most tRNAs, we believe that
is a distinct possibility that mcP34 in tRNASe1Seq ) is the arguments presented here explain the near universal
unstacked to avoid steric conflict and the ensuirgd2 presence offA37 in tRNAs that read adenosine in the first
methylation of mcrfU34 in the presence of selenocysteine codon position. The remarkable conservation ®A3%7
acts as a conformational switch that ensures 38 stacking throughout biology highlights the importance of a proper
for efficient reading of stop codons. The mpwU34- geometry for the first codonanticodon pair when binding
modified ASL displays more U-turn promotion and increased to the ribosomal A site.

anticodon stacking compared to mw34 because the
mnn? side chain stabilizes the-8ndo conformation more ~ SUPPORTING INFORMATION AVAILABLE

effectively than mcrh and the positively charged amino Two-dimensional NOESY spectra for tRNA&3139 and

group may partially neutralize nearby phosphates. Thenm yyo-dimensional DQCOSY spectrum of tRNAXMSPA37.
side chain could also stabilize the codamticodon duplex  Thjs material is available free of charge via the Internet at

by charge neutralization upon duplex formation. The com- . /amww.pubs.acs.org.
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