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ABSTRACT. Nucleoside base modifications can alter the structures, dynamics, and metal ion binding
properties of transfer RNA molecules and are important for accurate aminoacylation and for maintaining
translational fidelity and efficiency. The unmodified anticodon sténop from Escherichia coltRNAPhe

forms a trinucleotide loop in solution, but Mgand dimethylallyl modification of A, N6 disrupt the

loop conformation and increase the mobility of the loop and loop-proximal nucleotides. We have used
NMR spectroscopy to investigate the binding and structural effects of multivalent cations on the unmodified
and dimethylallyl-modified anticodon stertoops fromE. coli tRNAP"e The divalent cation binding

sites were probed using Mhand Co(NH)s**. These ions bind along the major groove of the stem and
associate with the anticodon loop on the major groove side in a nonspecific manner.é(stabilizes

the U-turn conformation of the loop in the dimethylallyl-modified molecule, and the chemical shift changes
that accompany Co(N§3* binding are similar to those observed with the addition oPM@he base
phosphate and bas@'-OH hydrogen bonds that characterize the UNR U-turn motif lead to spectral
signatures in the form of unusu#N and'H chemical shifts and reduced solvent exchange of the U
2'-OH and N3H protons. The unmodified molecule also displays spectral features of the U-turn fold in
the presence of Co(Ng#3™, but the loop has additional conformations and is dynamic. The results indicate
that charge neutralization by a polyvalent cation is sufficient to promote formation of the U-turn fold.
However, base modification is necessary to destabilize competing alternative conformers even for a purine-
rich loop sequence that is predicted to have strongly favorable base stacking energy.

The U-turn is an RNA structural motif that was first tightly bind at four sites12, 13). In addition to these sites,
identified in the anticodon sterloop of crystalline yeast  crystallographic studies of yeast tRR& reveal positions
tRNAP"and is now recognized as a basic architectural unit that bind Md* less tightly, including within the anticodon
of many RNA molecules. The U-turn reverses the direction stem-loop (14). Solution NMR studies also support the
of the phosphate backbone, frequently t8 a uridine presence of low-affinity or nonspecific binding sites for Mg
nucleotide. The turn is achieved by adoption of the non- ions in the anticodon regiorl§).
standardrans conformation of thex torsion angle 3to the Nucleotide base modification can alter the structure,
uridine and is often stabilized by hydrogen bond and stacking stability, and metal ion affinity of RNA molecules (reviewed
interactions {, 2). The U-turn also has been identified in in ref 16). Threonyl modification of A; of tRNAWYS:3 disrupts
the solution structures of RNAs including tetraloops of the the hydrogen bond network of the loop, and hypermodifi-
GNRA class 8), a conserved UGAA tetraloop found in 18S  cation within the anticodon sterioop promotes and stabi-
eukaryotic rRNA 4), the HIV-1 A-rich loop 6), the lizes the U-turn fold {7, 18). In E. coli tRNAV¥, Mg?*
hammerhead ribozymé&), and a conserved hexanucleotide stabilizes secondary structure, and tertiary interactions and
loop found in 23S ribosomal RNAY( 8). Interestingly, the modification increase the affinity of Mg binding sites
unmodified anticodon sterrloops from initiator and elon-  within the D stem and the anticodon stefoop (19). In
gator tRNAYet form U-turns in solution §), but the anti- matureE. coli tRNAPPS A3 is replaced by nis°Azz. The
codon stemmrloops of human tRNAS3 andEscherichia coli modification enzyme dimethylallylA*-isopentenyl) diphos-
tRNAPPedo not (10, 11). phate:tRNA transferase (MiaA) catalyzes the addition of the

Metal ions play important roles in the structures and dimethylallyl unit from dimethylallyl diphosphate (DMAPP)
catalytic functions of RNA molecules. These cations assist to produce theNS-isopentenyl-modified 4y, A3z This
RNA folding and stabilize RNA tertiary structures by modification occurs in 10 of 4&. coli tRNA species and
balancing local electrostatic environments. The tertiary

structure of yeast tRN&e is stabilized by M§" ions that 1 Abbreviations: ACSE" anticodon stemloop of Escherichia coli
tRNAP"e (GAA); i%A3; ACSLP"e A3, Né-dimethylallyl-modified anti-
codon stemloop of E. coli tRNAP" (GAA); NTP, nucleoside
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Ficure 1: Nucleotide sequences corresponding to fully modified
anticodon arms oE. coli tRNAFh¢and yeast tRNA" Nucleotide
numbering corresponds to the full-length tRNA molecule. The
unmodifiedE. coli tRNAPe forms a triloop with base pairs

Asg and Ug*Azz. The PA3; ACSLPPe molecule contains only the
dimethylallyl modification at A; (right).

disrupts intraloop hydrogen bondskn coli tRNAPredue to
steric clashesl(l).

Cabello-Villegas et al.

low salt buffer to a volume of 20QL and lyophilized to a
powder. For experiments involving the nonexchangeable
protons, the samples were exchanged once with 99.989%6 D
and then resuspended in 20Q of 99.96% DQO. For
experiments involving detection of the exchangeable protons,
the samples were resuspended in 200f 90% H,O/10%
D,0. The samples contained 5030 Aysp OD units of
unmodified RNA oligonucleotide in 200L (=1.7—4.3 mM)
and 75-100A,60 OD units of modified RNA oligonucleotide
(~2.5-3.4 mM).

Preparation of the 4 Né-Dimethylallyl-Modified ACSEe
The dimethylallyl modification was introduced at position
Az of purified ACSLPreusing the enzyme MiaA dimethyl-
allyl diphosphate:tRNA transferase and DMAPR)( His-

We have used heteronuclear NMR spectroscopy to probetidine-tagged MiaA was expressed i coli and purified
the metal ion binding sites and examine the structural effectsusing N#* affinity resin as described2(). The typical

of metal ion binding on the unmodified and MiaA-modified
forms of the anticodon arm @&. coli tRNAP"e These studies

modification reaction was performed using/&d ACSLP"
125uM DMAPP, 50 mM Tris-HCI, pH 7.6, 10 mM MgGJ

were conducted using a 17-nucleotide RNA molecule that 0.1 mg/mL BSA, 5 mMB-mercaptoethanol, and 2&)/mL

forms a stem-loop secondary structure in solution (Figure

MiaA. The reactions were incubated overnight at %0

1). Our results demonstrate that the anticodon loop can adoptUpon completion, the solution was extracted with cold
multiple conformations in the presence of multivalent cations phenot-chloroform—isoamyl alcohol (25:24:1) and chloro-
and that cobalt hexamine more effectively stabilizes these form, and the RNA was precipitated with ethanol. The

conformations than Mg. The data also show that the
dimethylallyl modification alters the relative stabilities of the
metal ion-induced conformers so that only the U-turn fold

reactions were monitored using 20% denaturing PAGE and
proceeded t0>=95% completion. The modified ACSIe
migrates slower than unmodified AC8E and leads to a

of the loop is observed in the presence of cobalt hexamine.band shift equivalent to one additional nucleotide.

The dimethylallyl modification may destabilize otherwise

NMR Spectroscopyll NMR spectra were acquired on a

energetically favorable metal ion-induced conformations of Bruker AMX-500 spectrometer equipped withd—{X}

the anticodon loop that compete with the U-turn fold.

MATERIALS AND METHODS

All enzymes were purchased from Sigma Chemical Co.,

except for the T7 RNA polymerase and dimethylallyl

broad-band probe. Broad-band decoupling of the carbon and
nitrogen resonances was achieved using GARP with=
3125 Hz for carbon angB, = 1570 Hz for nitrogen. kD
spectra were collected at Z with solvent suppression
using either spin lock pulses or binomial ot 13 31 read

diphosphate:tRNA prenyl transferase enzymes, which werepulses. RO spectra were collected at 2& with presatu-

prepared as describe@Q; 21). Deoxyribonuclease | type

ration or spin lock pulses to suppress the residual HDO peak.

I, pyruvate kinase, adenylate kinase, and nucleotide mono-Quadrature detection was achieved using the Staie®|
phosphate kinase were obtained as powders, dissolved inmethod, and acquisition was delayed by a half-dwell in all

15% glycerol, 1 mM dithiothreitol, and 10 mM Tris-HCI,
pH 7.4, and stored at20 °C. Guanylate kinase and nuclease
P1 were obtained as solutions and stored—&0 °C.
Unlabeled 5nucleoside triphosphates'{§TPs) were pur-

indirectly detected dimensions. Typically, the data points
were extended by 25% using linear prediction for the
indirectly detected dimensions, and the data were apodized
using 1 Hz line broadening and 65 deg shifted sine-bell

chased from Sigma, phosphoenolpyruvate (potassium saltffunctions.H spectra were referenced to DSS (0.00 ppm).

was purchased from Bachem, and 99%NJammonium
sulfate and 99%'fC]methanol were purchased from Cam-
bridge Isotope Laboratorieg,y-Dimethylallyl diphosphate
(DMAPP) was purchased from Sigma.

Preparation of RNA Sample$he RNA sequence fdE.
coli ACSLP" shown in Figure 1 was synthesized in vitro

using T7 RNA polymerase and a synthetic DNA template.

References for th&C and'®N spectra were calculated using
the spectrometer frequencies. THe spectra were referenced
to an external standard of TMP which was set at 0.00 ppm.
All spectra were processed and analyzed with Felix 98.0
(Molecular Simulations, Inc.).

Base and ribose resonances were sequentially correlated
using NOESY and multiple-bonéPN—H HSQC experi-

The nucleotide sequence of the stem corresponds to residuesients. The adenine €H2 pairs were correlated to the €8

G,7—Cy3 of full-length E. coli tRNAP" |sotopically labeled
RNA molecules were prepared from 10 mL transcription
reactions using 3 mM uniformly**N-enriched and*C-
enriched 5NTPs as described2®). The RNA molecules

H8 pairs of the same base using an HCCH-TOCSY spectrum,

and the 2 chemical shifts were assigned by correlation to

the H1 resonances using an HCCH-COSY spectrum.
Distance constraints for the nonexchangeable resonances

were purified by passage through 20% (w/v) preparative of modified ACSLP"ewere derived at 253C from 2D *H—

polyacrylamide gels, electroeluted (Schleicher & Schuell),

H NOESY spectra (180 and 360 ms mixing times). Similar

and precipitated with ethanol. The purified oligonucleotides experiments were acquired for the nonexchangeable reso-
were dissolved in 1.0 M NaCl, 20 mM potassium phosphate, nances of9As;; ACSLP"eexcept that 2D NOESY spectra were
pH 6.8, and 2.0 mM EDTA and dialyzed extensively against also collected at 12, 18, and 3Z. For the exchangeable
10 mM NacCl, 10 mM potassium phosphate, pH 6.8, and 0.05 resonances, 2B°N—H HSQC spectra were collected to

mM EDTA (low salt buffer). The samples were diluted with

identify 1®N—!H chemical shift correlations. Two-dimen-
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FiIGURE 2: Stereoview of the ACSiehighlighting sites of MA* ion broadening. The strongest Kinbroadening effects (yellow) occur in

the major groove of the stem. Medium to weak effects (orange to red) localize to nucleotides of the triloop and at the base of the stem. The
dimethylallyl modification (green) and broadening effects unique to the modified anticodor lstepn(gray) also are shown. The G34 C8

is very broadened in the modified RNA hairpin. The pattern of resonance broadening in the loop is accommodated by the solution structure
of the unmodified ACSE" and a delocalized Mt ion.

sional'H—'H NOESY experiments optimized separately for shortened version of the simulated annealing protocol previ-
imino (NH) and amino (NH) proton resonances i, were ously described1(l) in which the randomization step was
acquired at 360 ms mixing time in 90%,8 to obtain omitted. The starting coordinates were derived from the
distance restraints involving the exchangeable protons.  solution structure of ACSthe(11) and allowed to undergo
13C T, relaxation times were measured using 20—H 10 ps of constrained molecular dynamics followed by energy
ctHSQC-based experimen®3 separately optimized for C2,  minimization. The dimethylallyl group was generated using
C6/8, and Clregions by centering th€C carrier at 152.6, Insight Il (Accelerys) and parametrized as report2d).(
134.8, and 90.2 ppm, respectively. A 2.3 kHZ spin lock
field was used with delays of 4, 8, 12, 16, 24, 60, and 80 ms RESULTS
and 4, 8, 12, 16, 24, 44, 60, 80, and 120 ms for the C6/8 Localization of Metal lon Binding Sites in the Anticodon
and C1 measurements, respectively. The 12 and 24 ms Stem-Loop.Mg?" produces chemical shift changes of stem
experiments were collected twice to provide an estimate of and loop nucleotide resonances of both unmodified agd A
the error of the measured intensities. T#@—'H cross-peak  NO-prenylated ACSE"*molecules (Figure 1)i(1). Mg?* also
volumes were fit to a single-exponential decay. broadens resonances in the loop of unmodified ACShut
Modeling of Co(NH)¢**-Bound fAs; ACSIF™ Semiquan-  sharpens some of the same resonances in the modified
titative distance constraints between nonexchangeable proton&CSLP" These spectral changes point to the interaction of
were estimated from cross-peak intensities in 2D NOESY Mg?" with the RNA molecules but do not allow precise
and 3D'3C-edited NOESY spectra. Using the covalently localization of the metal ion binding site(s). Knand C&*-
fixed pyrimidine H5-H6 distance 2.4 A) as a reference, hexamine were used to better define the sites of metal ion
peak intensities were classified as strong, medium, weak, orassociation with the unmodified and modified ACSL
very weak and their corresponding proton pairs given upper molecules.
bound distance constraints of 3.0, 4.0, 5.0, or 6.0 A, Mn?* is a paramagnetic ion that causes a distance-
respectively. All distance constraints were given lower dependent broadening of resonances for nuclei that are within
bounds of 0.0 A. Distance constraints involving exchangeable a radius of~10 A of the ion @5, 26). MnCl, was titrated
protons were estimated from 180 ms mixing time NOESY into Mg?"-free solutions of 0.5 mM ACSite and PAz;
spectra and were classified as either weak or very weak ACSL"" and the resonance-specific broadening was moni-
except for the intra-base-pair distancedJAH2—NH and tored using 2D experiments. Figure 2 shows the distribution
G-C NH—NH,, which were classified as strong constraints. of Mn?*-induced resonance broadening within the unmodi-
The Watsonr-Crick base pairs &+Cis, Gog' Caz, Goo"Cus, Gaor fied ACSLP" In both molecules, the H8C8 resonances of
Cao, and As;Usg were constrained by 2.9 0.3 A between residues G—Ggo are extremely broad at /M Mn?*, and
donor and acceptor heavy atoms and 2.0.2 A between  the NH resonances of 5-Gs; are weakly broadened. In
acceptor and hydrogen atoms. Since the separation betweeACSLP" the N7 and N9 resonances of,g5Gs are
the pairs WYs 2'-OH, Ass N7 and U3 HN3, Azs O1P could broadened beyond detection and thg N7 is moderately
not be precisely determined from the NMR data, the broadened; the A N9 is not affected. No other resonances
hydrogen-heavy atom constraint distances were set to 2.2 of either molecule are affected at this concentration of Mn
+ 0.4 A on the basis of crystallographically observed At 25uM Mn2*, the base resonances 0f/&Gso, including
distances 15). the NH resonances, are completely absent, and the base
An initial set of structures was calculated for cobalt resonances of A—Gss are broad in both molecules. The
hexamine-boundPAz; ACSLP"using X-PLOR 3.8.1 and a  degree of broadening exhibited by residues#Gss of
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Table 1: Mr#*-Induced Resonance Broadening of ACSland PAz; ACSLP"e2

residue H6-8/C6-8 H5/C5 H1CY H2/C2 H3-P P (1D) H1/H3 N7 N9
Ga7 ++ (nd) nd (nd) +++ nd +
Gzs +++ (+++) ++ (+++) +++ ++ ++ +++ +++
Goo 4+ (+++) nd (++-+) +++ ++ ++ +++ +++
Gao +4++ (++4) nd (+++) +++ ++ ++ +++ +++
As ++ (++4) —(++) ) ++ nd ++ -
Uz ++ (++4) ++ (++4) nd (=) ++ nd -
Uss ++ (+++) ++ (++) nd (-) ++ nd -
Gas ++ (+++) + (nd) - nd -
Ass - (+++) - (=) - (=) - - ++ +
A = (++4) — (nd) () - - - -
A = () ~ () ~(d) - - - -
Asg ++ (++) nd (nd) -() - - - -
Us () +() - () - - -
Co () - (+) - () - -
Ca -(=) -7 - () - nd
Co  —(9) - () - () - nd
Ca () ) ) -

aMn?* concentration of 2xM. Key: (—) no broadening, ) slight broadening,{+) intermediate broadening#-+) peak broadened beyond
detection, and (nd) not determined due to spectral overlap.

ACSLP"¢is less than that observed for these residues in the A Garyos, Goo

i®A3; ACSLP"e (Table 1). The H8-C8 resonances of 4 of Use Gao

both RNA molecules are moderately broadened.®hg- 1 U G
ACSLP"e the C8-H8 resonances of &, As7, and Agg are J_J\/”:’Qj Wwe o %
broad at 25uM Mn2*, and in ACSIP"¢ the H5-C5 B

resonances of 4 exhibit a small degree of broadening. None Uso Uss  Gas

of the adenine H2 resonances of either molecule are affected
at this concentration.

The sugarphosphate backbone of the unmodified hairpin
also was examined for possible interactions with’Mions
using the®'P—'H HetCor experiment. The H3esonances L”w
of Gy;—Gsp and the®'P resonances of phosphates between
residues @ and Ag; are extremely broadened. Ffnhas a
lesser effect on &} and U3 H3' resonances and caused no
discernible broadening of either H8r 3P resonances from Use
Ggq4 through Ga. . S

The resonance broadening from;® Ggo iS consistent 140 130, 120 110 100

: " 'H (ppm)
with the known preference of Mn for stretches of consecu- FiGURE 3: Imino 'H spectra of ACSEMin (A) the absence and

tive guanine nucleotide®7) (Figure 2). The N7 resonance  (g) the presence of 8 mM Co(N§#2+ and PAz-modified ACSLPhe
is particularly sensitive to the interaction of the metal ion in (C) the absence and (D) the presence of 8 mM Caj#d
along the major groove. The effects on residues 38 and 39Cobalt hexamine promotes a similar hydrogen-bonding pattern in
suggest that there might also be a binding site in the loop Egi}g?%gii%ﬁniﬁngghRmé ??Aﬁ;f'gfgﬁgt g;gfd;tgolgg tshee ggﬁ%%
region. Itis unhkely_ that th? effects omé&and Lo are caused within the loop region, the modification stabilizes the cobalt
by the Mr#* associated with §—Ggs since the resonances pexamine-induced conformation.
of atoms closer to these gaunine residues are not affected.
For example, the & H2 of the unmodified hairpin is«2 A Resonance assignments for the Cog\#-bound mol-
closer to Go N7 than Ag H8 and is not broadened. The ecules were obtained using heteronuclear-based sequential
cause of the differential broadening o§AN7 and N9 is assignment methods. The H814', H5, and H3' were not
less certain but is presumably due to the relative proximity assigned due to the broadness of many of the ribose
of the atoms to the paramagnetic center. resonances which led to very weak cross-peaks in 3D HCCH-
Localization of Metal lon Binding Sites Using Co(jk". TOCSY spectra. Cross-peak overlap in NOESY spectra
Cobalt hexamine has a size and coordination geometry thatpermitted only partial assignment of these resonances.
mimic those of hydrated M{, and thus the ion can be used Several nonprotonatééN resonances were assigned through
to probe the interaction of RNA with Mg through RNA- correlations to adenine H2, purine H8, and pyrimidine H6,
Co(NH)e* " intermolecular NOEsZ6, 28). The base and’'l  and in the §As; ACSLP' 11 of the 16 interresidué'P
chemical shifts of ACSE" and PA3; ACSLP"ewere moni- resonances were assigned.
tored during titration with Co(NBJ¢**. Unlike the addition The NH proton resonances (Figure 3) were assigned using
of Mn?*, Co(NHk)s®" alters the chemical shifts of several NOESY and'>N—!H HSQC spectra. All NH resonances
resonances and necessitates reassignment of thePAG&H except that of G are present in the HSQC spectrum. The
i%A3; ACSLPre spectra. The resonances affected by Co- N6 secondary amine ofAs; ACSLP also is present and
(NH3)s®" are largely the same for both molecules, although was assigned from NOESY spectra through cross-peaks to
the magnitude of the chemical shift changes tends to bethe dimethylallyl resonances. The cytidine amino resonances
greater for §Az; ACSLPS were detected but could not be sequence specifically assigned

Uss
Uz
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FIGURE 4: H8—N7 regions of the multiple-bontH—1N HSQC spectra ofAs;-modified ACSLPhein (A) the absence and (B) the presence

of cobalt hexamine and unmodified ACBEin (C) the absence and (D) the presence of cobalt hexamine. The adenim¢lH20ss-peaks

also are present in (B) and (D). ThesMN7 resonance of the modified hairpin is broadened by chemical exchange in the absence of cobalt
hexamine but significantly sharpens and shi#8 ppm upfield with the addition of the cation complex. Cobalt hexamine causes a similar
change in the unmodified hairpin but also leads to additional conformation(s) of the loop nucleotides.

due to cross-peak overlap. The Co(j" proton resonance A
is intense and has a chemical shift coincident with the
literature value of 3.65 ppni2g).

Cobalt hexamine induces chemical shift changes for base j
and 1 resonances of nucleotides,gsUs9 of modified

ACSLP" The majority of H8, H6, and Hichemical shift B :
perturbations are<0.3 ppm and frequently are in the

downfield direction. The exceptions are the H8 resonances o
of Azs and PA37 and the Hlresonances of #—Uszg which c

are shifteck0.8 ppm upfield and=0.4 ppm upfield, respec-
tively. All of the adenine H2 and uridine H5 resonances shift
downfield ~0.2 ppm with the exception of £ and U
resonances, which do not change. The H2 resonance of
i%As; has a chemical shift of 7.90 ppm in the presence of
cobalt hexamine but is broadened beyond detection in its
absence. The A N7 also is extremely broad in the absence
of Co(NH)e®", spanning 2.5 ppm, but resonates in the region
characteristic of purine N7, between 226 and 232 ppm 31P (ppm)

(Figure 4). In the presence of Co(NlF", Ass N7 resonates a o o

at 221.9 ppm and has a much narrower line width (Figure erc]séJR(E)S.thePp?gseé:;?eo(f)fur;mnc])ﬁ/lmgg&)cdinégd(ﬁkgiem%%siﬁgge

4). All of the other purine N7 resonances cluster in the aAcsLPhein (C) the absence and (D) the presence of 5 mM Co-
expected chemical shift region, downfield from 228 ppm. (NH)s*". The phosphorus resonances are identified with the number
The Gs—G3o NH resonance chemical shifts also are unaf- of the residue immediately 8 the phosphate. Peaks marked with
fcted, bt he U NH resonance shisupfield to 117 ppm - S125ik 2 10 Sdberee speiiegly sssone Tre ol
and the _u3_NH resonance appears at 11.5 ppm (Flgurg 3). angle changes. Mg shifts some resonances also, but the displaced
The majority of resonances of th8P spectrum remain  peaks are broadlp).

clustered between3.46 and—4.90 ppm in the presence of

cobalt hexamine. However, tR& resonance corresponding The Co(NH)s*t protons have intense NOE cross-peaks
to the Gs—Ass phosphate linkage shifts downfield from  with nucleotides on the' Strand of the stem and weak cross-
—3.52 ppm to—2.76 ppm (Figure 5). A second downfield peaks with those on the 8trand of the modified ACSie
resonance £0.45 ppm) is present and corresponds to a Co(NHs)s*" has NOE cross-peaks of moderate intensity to
phosphate 5to Gy, Gg, Uss, Gag, i8As7, Or Agg. These®'P the H8 and H6 of residues65-Uss (mixing time of 360
chemical shift changes could result from conformational ms) and the broadened NHkbrotons of residues f—Cis.
changes of the phosphate backbone or from newly formed The NH protons of G—Ggzo and U3 have intense cross-
electrostatic or hydrogen bond interactions. peaks with Co(NR)s®*. The G4 H8, Az H2, Azs H8, and

00 -1.0 -20 -30 -40 -50
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i®A37 H2 resonances have weak cross-peaks to CglftiH

A

Together, these NOE interactions position a binding site for 5N, D;0
Co(NHs)e®™ along the major groove of the stem distal to the |
loop. A second site of association exists on the major groove M EC )
side of the loop but is less precisely defined by the pattern s W
of NOEs. These binding sites are consistent with the locations c E
identified using MA-induced broadening. o, dee. s

The chemical shift changes indicate multiple sites for
interaction of cobalt hexamine along the RNA hairpin but 88 84 80 76 88 84 80 7.6
also suggest that the ion may induce a conformational change H (ppm)
in the loop region. Such a change is accompanied by
increased stability of the RNA structure as resonances that AggH8 UggHE ANHz UgHT'  UggH2
are broadened by the dimethylallyl modification sharpen in — B i
the presence of Co(Ngt**". Cobalt hexamine reduces the 8 - i o § be e
line widths of all of the uridine H5 and H6 and the 5 Py S 7

dimethylallyl group proton resonances, but most notably the ]
Uss H5 resonance decreases from 81 to 26 Hz. In contrast, H (ppm)

the Uso NH resonance broadens, but its chemical shift does FI{IGl_L'JREsJ? SSpe;:tra offAg; ﬁ\C?L;heéréthegpg%%}an[gg 0/7;8 mg/logo-
not ch_ange, and the £5NH resonance broadens beyond I(—|203%?3—.E)P?riléi;’z)?g%g%r?r?cﬁm?an’t3(|:nand15l\(l]) of tge)soa{mplgs
detection. The resonances from nonexchangeable protons ofind whether decoupling was applied are indicated-E% The
these two nucleotides are not unusually broad, indicating thatproton resonating at 8.6 ppm was determined to be@H2 since
the Gy and Uyg NH effects are probably due to accelerated it is exchangeable and exhibits no one-bd#d or >N coupling.

solvent exchange of the NH protons rather than conforma- The seguence-specific assignment of this resonancesjovals
tional exchange determined from cross-peaks to the resonance in the NOESY

. . spectrum (bottom). The identity of the-ANH, cross-peak could
Cobalt Hexamine Alters the Structure 6Ai; ACSIF"™®. not be determined. The slow-exchange properties of thid+2
The exchangeable proton NMR spectrum %fs; ACSLPhe proton and its chemical shift are consistent with thg 2-OH—
points to cobalt hexamine-induced structural changes of theAss N7 hydrogen bond characteristic of the U-turn.
RNA. In the absence of Co(N##*, the NH proton _
resonance of bé is exchange broadened, and in unmodified These SpeCtI’a| features demonstrate that the modified RNA
ACSLP" its chemical shift is 13.2 ppm (Figure 3). With hairpin does not maintain the triloop conformation in the
cobalt hexamine, the 4JNH resonance appears at 11.5 ppm Presence of Co(Nk)s**. However, the small number of
and is intense (Figure 3). ThestNH proton chemical shift experimental constraints that can .be rehably_ extracted do
and the protection of this proton from solvent exchange are NOt support the calculation of a high-resolution structure.
consistent with participation of the proton in an intramo- Thus, the conformation of the loop was modeled beginning
lecular H-O hydrogen bond. The addition of cobalt hex- with the coordinates of the structure of unmodified ACSL
amine also leads to appearance of a peak at 8.6 ppm. Thidising a limited simulated annealing protocol and semi
1H resonance is not observed under sample conditions ofduantitative distance constraints. Residues 32 of A
100% DO and does not exhibit one-bofN or 13C coupling ACS.LPhewere constralned_usmg 50 NOE-derived dls'tances.
(Figure 6). The only exchangeable resonance with suchNO rlbose_ puckers or torsmnal angles were constrained for
properties in RNA is the’20H, but the 20H protons often these_ residues _du_e to the mixed'[C3-endo chara<_:ter of
are in fast exchange with the solvent and generally are notthe ribose moieties. The model generated using these
Observed' Th|s'2OH resonance haS Weak NOE Cross_peaks constraints haS thé Ba.se-stacked pattel’n of nUCleO“d% A
with Uss H6 and As H8 and strong NOEs with 4 H1' and through fA3;, and the' phosphate backbone turns sharply
Uss H2' and was identified as thes2-OH (Figure 6).  between s and G (Figure 8).
Notably, U3 NH and 2-OH protons form the hydrogen Base-base and interresidue basgose NOEs are con-
bonds that stabilize the U-turn of fully modified yeast tiguous from G; to Us,, and the intensities of the base
tRNAP"e (Figure 7). ribose NOEs are consistent with ‘@hdo ribose puckers.
The chemical shifts of the A N7 and 5-pAss 3P The continuity of the sequential NOEs is broken between
resonances also suggest a structural change. In the absendds; and Gy, unlike the unmodified metal-free molecule,

of cobalt hexamine, the Abase is stacked beneathsAand indicating that these bases do not stack. On thealf of
i°Az7, and the N7 is solvent exposed (Figure 2). Fré&ppm the stem-loop and beginning with &, the sequential H6/8
upfield shift of the As N7 resonance upon Co(NJ#t NOE connectivities are contiguous. The H2 of each adenine

binding indicates creation of a stable hydrogen bond involv- residue has a moderately intense NOE with theé éflthe

ing the N7 @9). In yeast tRNA" this atom serves as the 5'-flanking nucleotide at a NOESY mixing time of 180 ms.
hydrogen bond acceptor of the;d 2'-OH (Figure 7). The Only the Ag; H2 resonance has a cross-strand NOE involving
3P resonance corresponding to the phosphate betwgen G an HI resonance (& H1'); there are no cross-strand H2 to
and Ags resides in the main cluster of resonances but shifts H1' NOEs for residues &—Aass. This is in contrast to spectra
downfield with addition of Co(NR)¢*" (Figure 5). Another of the cobalt-free molecule which exhibit cross-strand NOEs
peak also shifts downfield but could not be assigned. One Us3 H1'—A3s H2 and A;H2—CyoH1' and suggests that the
possibility for these shifts is a conformational change about regular A-form helix terminates at thesAUszg base pair in
the phosphate backbone, but the formation of ionic or the cobalt-bound molecule. In addition, the nonsequential
hydrogen bond interactions cannot be excluded. NOE cross-peaksddH1' —A3zs H8 and Uz H1'—A3s H8 are
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FicUrRE 7: Crystal structure of residues 339 of yeast tRNA" Modifications within the anti-codon stertoop are highlighted in dark.
The 3-stack of the anticodon bases and thg B-OH—A3s N7 and Wz HN3—Aj3s O1P hydrogen bonds characterize the U-turn motif.

Ficure 8: Stereoview of residues 2812 of the PA3; ACSLPin the presence of Co(N§3*. Spheres indicate protons that give rise to

NOEs with Co(NH)e3", and the dimethylallyl modification of & is shown in dark. The &4 2'-OH—A35 N7 and Ws HN3—A3; O1P

hydrogen bonds deduced from chemical shift and exchange data are shown as dashed lines. The diffusion of intermolecular NOEs within
the loop region does not allow precise localization of the Cofyfi4.

very weak in the metal-free spectrum but have moderate sharpen and shift downfield into the main cluster of 1
intensity when Co(Nk)¢®" is present, reflecting the proxim-  resonances. These relative NOE intensities and the downfield
ity of these bases. Finally, a parallel stacked arrangement ofshifts of the C1resonances are consistent with a shift of
the Ass and Ags bases is supported by a moderately intense the ribose puckers from the G&ndo conformation to the

H2—H2 NOE. C3-endo conformation. This conformational change is
The sugar-phosphate backbone of the loop also undergoes further supported by the loss of HIH2' cross-peaks from
conformational rearrangement with Co(§)ki*. The in- the DQF-COSY spectrum, although the increased line width

traresidue G, Ase, and PAz; H8 to H2Z NOE cross-peaks  could also contribute to their absence.
are very weak, and the intraresidugsA8—H2' NOE cross- The binding of Co(NH)¢*" to i®Az; ACSLPPe does not

peak has medium intensity but is clearly weakened in the significantly alter the NOE cross-peak pattern of the di-
presence of Co(NkJs*". The intensities of the sequential methylallyl protons. There are cross-strand NOEs from the
H2'—H8 connectivities for residues 389 increase with Co-  methyl protons to kb H2', Us3 H1', Uss H6, and Ws HS'.
(NH3)e*". The C1 resonances of loop residues -337 The CH—HY' interaction is particularly intense, and thesA
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Table 2: C2, C6, C8, and CT, Relaxation Times for thefAs7
ACSLP"e RNA Molecule in the Presence of Co(Nj#+
Co(NHg)e®" Ty, (MsS)P °
residué ce/C8 c1 c2 ¢
Gor
Gos 38.9 46.4 o
Gao 39.6 45.7 3
Gao 38.2 46.2 ' ’ : y .
A 38.2 50.0 40.2 2=
Usz 335 46.1
Uss 34.0 46.6 oF
Gaa 42.4 49.8 =53
Ass 421 51.1 35.9 ==
Ass 37.2 475 36.1 g
Aszr 36.3 49.9 39.3 o
Ass 32.3 42.8 38.3 . -3
Usg 32.2 48.5 : : ‘ ' -
Cao 35.8 47.3 c
Cu 35.4 49.9
Cu 33.2 46.6
Cus 326 45.6 G34 ety 2
As5) I
@ The transcription reactions were primed withGMP, resulting in .
incomplete labeling of the'Serminal nucleotide and preventing the
G7 C8 and C1lrelaxation rates from being measurédhe uncertainty _3
in the measured relaxation times4$5%. =

8.1

H2 has_int_ense NOEs to bpth of the methylene protons. These- . xc 9: Base 6/8 regions of 2B5C—1H HMQC spectra of (A
NOEs limit the conformational freedom of the prenyl group ¢ iéA;-modified ACSIPheand (D-F) unmodified ACSEhe (A,
within the loop region. It should be noted that Mcalso D) without Co(NH)e*+ or Mg?*, (B, E) with 8 mM Co(NH)e,

does not lead to significant changes of the pattern of cross-and (C, F) with 8 mM Mg". The broadened resonances indicate
peaks involving the prenyl group. that modification of A; and addition of Mg" or Co(NH)e®

. o - . destabilize the loop region of the ACBE However, Mg" and
Dynamics of the Modified Hairpin Molecule with Co-  ¢opait hexamine act in synergy with the prenyl modification and

(NHz)¢**. The reorientation of £C—*H bond vector on the  stabilize the structure of the ACSteloop. The redistribution of
picosecond time scale is reflected by its caraprelax- chemical shifts caused by cobalt hexamine points to a loop

ation: the longer the relaxation time, the more mobile the conformation that is different from the metal-free ACSt
13C—1H pair. TheTy, relaxation times for the adenine C2,
base C6/8, and ribose Cflositions of $As; ACSLP'were used for fAs7 ACS.LPhe. Also, there are ACStheresonances
measured to determine the effects of Cog#f on the fast  that have broad line widths in the presence of Co{yH
time scale dynamics of the RNA molecule (Table 2). In the that are indicative of intermediate exchange.
presence of Co(Nge", the C8 nuclei of G and Ags have The spectra of the unmodified AC8l exhibit many of
relaxation times 1520% longer than all other purines in the Co(NH)¢**-induced features observed féhs; ACSLP
the molecule. The relaxation times of the pyrimidine C6 but the spectra also indicate that cobalt hexamine causes
nuclei are largely uniform throughout the RNA molecule. multiple conformations of the RNA molecule. Whereas a
The majority of the CLnuclei in the loop region relax at  single set of resonances is observed in spectra of the modified
rates comparable to those in the stem region. This is in ACSLP"™ several loop nucleotide resonances of the unmodi-
contrast to the Clrelaxation rates of the metal-free unmodi- fied ACSL""exhibit broadening or are split into major and
fied molecule in which the & and Ag; relax significantly minor resonance pairs in the presence of cobalt hexamine
faster (L1). The most notable exception is thesAC1', but (Figures 4 and 9). The chemical shift differences between
its relaxation time is only slightly extended compared to the the major set of resonances and the corresponding resonances
other C1 atoms in the molecule. The relative uniformity of of the metal-free RNA molecule parallel the differences
the relaxation times throughout the molecule suggests thatbetween resonances &Ai; ACSLP"®and Co(NH)e**-bound
the motional properties of all residues are similar. This is 1®Asz ACSL™™ However, the magnitudes of the chemical
consistent with a well-ordered and stable loop structure sinceshift changes tend to be greater for nucleotides proximal to
the stem nucleotides of théAi;; ACSLPre are unlikely to  the modification site in%A3; ACSL™™ particularly the H8
exhibit a high degree of flexibility. Resonance broadening resonances of #, Asz, and A and the H2 of A,
and contributions from chemical exchange prevented an The NOE patterns for the modified and unmodified
accurate measurement of tfg, relaxation times in the  ACSLP"molecules also are similar in the presence of cobalt
presence of Mg hexamine. The sequential basE NOE connectivity is
Spectral and Structural Effects of Co(i)kt* on Unmodi- broken between & and Ags, and there is a nonsequential
fied ACSE" The unmodified ACSE'has a reduced affinity ~ Uss H1'—Azs H8 NOE. Further, the &4 H2—C4 H1' NOE
for cobalt hexamine so that chemical shift changes and NOEis the only cross-strand NOE involving an H2 resonance;
patterns similar to those induced #Ak; ACSLPhe require the H2 resonances ofzAthrough A exhibit NOE cross-
higher concentrations of the metal ion. For example, the A peaks only to H1lresonances of sequential nucleotides. The
and Agy H8 resonances achieve their maximum chemical shift C1' resonances of residues&As; are shifted downfield
change at a Co(Ngk*" concentration 5-fold higher than that and point to a loss of Cz&ndo character. The ;A N7
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resonance is shifted upfield to 220.3 ppm but is weak relative N7 resonances. Base pairing of adenine was shown to cause

to the N7 resonance of the modified molecule (Figure 4). a large upfield shift of the N1 resonance in duplex DNA

The U3 2'-OH resonance is not observed in spectra of the (29), and an~6 ppm upfield shift has been observed for

Co(NHs)e*"-bound ACSIP"e The NH resonances ofsJand adenine N1 resonances hydrogen bonded 40 protons

Uss also shift upfield as they do in the modified molecule (30). The relative shift of the N7 resonance appears to be

but are broad (Figure 3). dependent upon the identity of the H-bond donor, though.
The spectra also demonstrate that cobalt hexamine affectsThe sheared &\ base pair produces downfield shift of

the modified and unmodified RNA hairpins differently. For the N7 resonance, but the adenine N7 of a shearédoGir

the unmodified hairpin in the presence of cobalt hexamine, participates in a hydrogen bond with the exocyclic AN

the bases of nucleotidess4)Uss, and W have two sets of  the partner guanine basglj. The Hoogsteen AJ base pair,

resonances (Figure 9). The adenine H2 and purine H8Which involves a U N3H-A N7 hydrogen bond, also leads

resonances of loop nucleotides also exhibit doubling (Figure to @ downfield shift of the N7 resonancg(j. Observation

4), indicating that the loop region exists in two or more Of 2-OH resonances in RNA is atypical and usually occurs

conformations that are in slow exchange. This resonanceWhen the 20H forms a hydrogen bond that is sequestered

doubling is not present in spectra of thi; ACSLP"e from the solvent. Interestingly, the majority df@H protons

molecule. Thus Co(NEJs®" by itself is not sufficient to identified in RNA and simple carbohydrates resonate around

organize the loop region of unmodified AC®Einto one  6.1-6.9 ppm, upfield of the & 2-OH (27, 32-39).

stable conformation. However, the chemical shift of thestJ2'-OH is similar to
those observed for'2DH protons in the luteoviral P4P2
DISCUSSION frame-shifting pseudoknoB().

) ) . ) The Us3 NH position also has unusual spectral properties.
Divalent metal ions and modified nucleoside bases extendthe NH proton is protected from rapid solvent exchange

the structural and functional diversity of RNA molecules. gnd its chemical shift of 11.5 ppm is consistent with an

Metal ions participate in RNA folding, structure stabilization, oxygen-NH hydrogen bond. The 4 NH resonance is
and RNA-mediated catalysis. Base modifications can alter jhtense and has NOEs WithedH8, Ass H1', and As; H2 or
the chemical and electrostatic properties of RNA molecules Ass H8. Our efforts to obtain through-bond NHP correla-
and create unique opportunities for nonstandard interactions tions and 20H—N7 correlations were not successful,
We have chosen the ACSI®from E. coli as a system 10 possibly due to the line widths of the NH an@H peaks
examine in detail the interactions between ions and base(zo and 30 Hz, respectively) and presumably small scalar
modifications and their individual and combined effects on coupling constants. Nonetheless, the exchange properties of
RNA structure. This study demonstrates that these interac-these protons and the chemical shifts of these resonances
tions are important to form the U-turn motif within the appear to be diagnostic of the crystallographically defined
sequence context of tHe. coli ACSLPe hydrogen bond networki( 2).

The Hydrogen Bond Pattern of the U-Turn Is Reflected  The U-turn motif has been reported for several RNA
in the Chemical Shifts of the Paired Atoriitie U-turn motif stem-loop sequences other than the yeast tRN/Anti-
was first revealed by the crystal structure of fully modified codon, and some of these employ alternative hydrogen bond
yeast tRNA"(13) and is characterized by an abrupt change pairs to stabilize the turr8(8, 18, 36). In GNRA tetraloops,
in the direction of the phosphate backbone. The motif is their is a sharp turn of the phosphate backbone immediately
stabilized by cross-strand hydrogen bonds, but stacking offollowing the G nucleotide. The hydrogen bond network
bases that follow the turning phosphate may also contribute within the GNRA loop is more extensive, but the geometry
stability. In the anticodon sterrloop, the first nucleotide of  of the Uy interactions is conserved. The G Meind 2-OH
the turn, W, forms hydrogen bonds between the; BIH groups functionally substitute for thest/NH and 2-OH
and thepro-R(p) phosphoryl oxygen (O1P) of the phosphate groups, donating protons to the R N7 and RpA phosphate
preceding As and between the 4J 2-OH and the N7 of  acceptor atoms3j. In E. coli tRNACYs (anticodon GCA),
Ass (13). This cross-strand hydrogen bond pattern is a Us; and Gs form a turn-stabilizing hydrogen bond that
hallmark of the UNR class of U-turns. Only in the presence is functionally equivalent to the 44—Ass interaction of
of Co(NHs)s*" does the dimethylallyl-modified molecule  tRNAPhe but the donoracceptor roles are reversed. The
show spectral evidence supporting all of the above structuralexocyclic NH, group of Gs donates the proton to thesyJ
characteristics. The spectra of the unmodified molecule in 02 and preserves the ability of;€to form Watsonr-Crick
the presence of Co(Ndt*" also show effects of a tight turn,  base pair interactiong). In the modified ACSL ofE. coli
base stacking and hydrogen bonding, but as one of at leastRNALYs (anticodon mnfe>-UUU), only the Uz NH—O1P
two conformations. hydrogen bond interaction is maintaingid). The 2-OH of

In solution studies of RNA molecules, non-Watsa@rick Uss does not form an intramolecular hydrogen bond, but the
hydrogen bond interactions often have been inferred on theabsence of this bond may be compensated by interactions
basis of the proximity of doneracceptor pairs in calculated of modifications on W, and Ag7. Thus, the hydrogen bond
structures. Although scalar correlation of the participating pairs that help to stabilize the U-turn can provide direct
heavy atoms may not be possible, these hydrogen bonds casupport for the motif in solution through a characteristic set
produce characteristic spectral signatures. In the Ce(dkiH of spectal signatures involving exchangeable protonshd
bound fA3z; ACSLPPe the 2-OH of Uss is protected from  or 3P chemical shifts.
rapid exchange with solvent and has a chemical shift of 8.60 The ACSL Associates Weakly with the Metal |ofise
ppm. The putative acceptor atomgsAN7, has a chemical  hydrated M@" binding properties of unmodified anéfiz~
shift that is>6 ppm upfield from the main cluster of purine  modified ACSLP"hairpins were examined using the divalent
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Mn?t and the trivalent Co(NkJe*". Mn?t broadens reso-
nances between Jsand G, of the unmodified hairpin in
addition to Agg on the 3 strand of the stem, but the strongest
effect is localized to Gg—Ggo. In addition to the resonances

Cabello-Villegas et al.

observed with Co(Nk)e*". The inability of Mg?* to fully
mirror the RNA organizational effect of Co(N}4%* could

be attributed to its reduced charge density relative to cobalt
hexamine.

corresponding to the same stem nucleotides, the prenylated Although Co(NH)" and hydrated M ions share

molecule exhibits resonance broadening frogatd Asg with
Ass, Asg, and PA3z; being most affected. The amine protons

coordination geometry and are of similar size, only Co-
(NHa3)e®" appears to stabilize the U-turn motif. These results

of Co(NHs)e*" have NOE cross-peaks to residues in the stem are consistent with the nonlinear Poissd@oltzmann model

and along the Bhalf of the loop region (H6/8 of &—Uz3)
of the modified hairpin. Co(NgJ¢*" also has an NOE to the
Ass H8. The Mr#t broadening patterns and the distribution

used to describe Mg binding to tRNA @1). The di- and
trivalent ions cluster in a region of high negative electrostatic
potential, such as that created by the turn of the phosphate

of the cobalt hexamine NOE cross-peaks indicate that thesebackbone 42). The higher positive charge of Co(N)*

ions localize to the major grooves of both RNA hairpins and
to the loop region of the modified ACSI® but are not
sufficiently restrictive to permit identification of unique
coordination sites.

The ACSLPre contains features that accommodate the
binding modes of M§", Mn?*, and Co(NH)¢*" ions. The
interactions of these ions with RNA often involve the O6

leads to a stronger electrostatic effect when interacting with
the RNA. This is consistent with thre10-fold higher affinity

of Co(NHs)e*" for nucleic acids 26, 43). The increased
charge may better neutralize repulsion of the phosphate
backbone and permit collapse of the loop into the U-turn.
Analogously, Co(NH)¢*" has been shown to stabilize the
A-form geometry in DNA helices whereas Kgdoes not

and N7 atoms of guanine nucleotides and can include the(44, 45). The phosphatephosphate distance is shorter for

phosphoryl oxygens of the backbon25( 37—39). The

A-form geometry than for B-form geometry, and charge

sequential guanine residues of the stem create an electroneneutralization by Co(Nk)¢*" is capable of inducing the
gative surface along one side of the major groove and provide B-to-A helix transition 45).

a scaffold of hydrogen bond acceptors. The binding ofMn
and Co(NH)®" ions at three or more sequential@Gbase
pairs has been observed for other RNA2$, (28, 39), but
the affinity of these sites is low compared to helices
containing tandem @&J base pairs48). Although the U-turn
motif is stabilized by less than a 3:1 ratio of Co(RJi":
RNA in the modified hairpin, the cobalt hexamine complex
could not be uniquely positioned in the loop region. The
RNA—Co(NHs)e®™ NOEs are distributed over several resi-
dues and suggest that localization of the ion within the loop
region does not involve site-specific coordination to the
RNA. The orthorhombic crystal form of yeast tRR%&
contains a Mg" in the anticodon loop that is situated between
Aszg N7 and the ¥; O1P (@4). However, the octahedral
coordination of this Mg" is not resolved and suggests that
the ion is not rigidly fixed. No Co(Nk)¢*" ions have been
identified in the anticodon loop region of yeast crystalline
tRNAPe(39), but G4 N7 and the phosphoryl oxygen of the
5' flanking phosphate coordinate a €an the monoclinic
form of the crystal {4). However, the C& interaction
involves inner-sphere coordination and thus is unlikely to
serve a significant role in the cobalt hexamine-stabilized
conformation.

The chemical shift and line width changes and the NOE
patterns generated by Co(Nef" are similar to those
observed for Mg" and indicate that cobalt hexamine can
effectively substitute for Mg . Although the magnitudes of
the Mg*-induced chemical shift changes are predictably
smaller than those produced by Co(§&", the Usz—Ass

Synergy between Metal lon Binding and Base Modifica-
tion. The binding of cobalt hexamine t&As; ACSLPhe
substantially alters the structure and stability of loop region
nucleotides, converting the dynamic loop into a stable U-turn.
The well-organized triloop of ACSI*®also changes in the
presence of Co(NEJ®*, but the U-turn is only one of several
dynamic folds that the nucleotides sample in the loop region.
The inability of Co(NR)e** to induce formation of a single
nonexchanging conformation in the unmodified hairpin
indicates that the dimethylallyl group &#s; either enhances
the binding of cobalt hexamine by organizing a favorable
environment for coordination of the metal ion complex or
destabilizes alternate conformations of the unmodified loop
that thermodynamically compete with the U-turn. Co-
(NHa3)e®", Mg?*, and PA3; cause similar spectral effects for
ACSLP"ethat indicate disruption of thedgAz; and Uy Asg
base pairs and creation of structural heterogengity These
effectors clearly destabilize the triloop and establish a
conformational landscape with shallow energy wells. How-
ever, the ACSE"requires more than 15 equiv of Co(kt™
to produce maximum change and stability of the loop
conformation whereas théAz; ACSLP" requires only
3 equiv of Co(NH)£". These results suggest that the
dimethylallyl modification promotes the U-turn conformation
by destabilizing the triloop, presumably through disruption
of intraloop hydrogen bonds.

Folding of RNA and maintenance of tertiary structure have
been linked to the aggregate effects of base modification and
Mg?" binding at other positions in tRNA1Q, 46, 47). At

NOE cross-peaks, which are expected to result from a U-turn position 40 of yeast tRNAS 5-methylcytidine enables the

fold, are of comparable intensity with Mgand Co(NR)®*.
Also, like cobalt hexamine, Mg leads to multiple confor-
mations among loop nucleotides of the unmodified AESL

cooperative binding of Mg to the anticodon stemloop.
At a concentration of 0.1 mM, Mg induces a conforma-
tional change in the loop region that is not observed in the

while both ions lead to a single set of resonances for the absence of the modification4§). Mg?" has also been

modified ACSLP This effect is consistent with fluorescence
studies using fully modified yeast tRNi2& showing that
Mg?" stabilizes one of three conformations of the anticodon
stem-loop (40). However, Md@" does not produce the

implicated in altering the conformation of the modified
residue %, of yeast tRNAM by promoting its stacking4().
The unmodified yeast tRN#® adopts a nativelike tertiary
fold, but requires>10 times more Mg to maintain its global

hydrogen bond spectral signatures for a U-turn that are structure than the fully modified form48). The structural
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integrity of the D-stem and of D-loop:T-loop tertiary REFERENCES

interactions of unmodified tRNX®' requires a>20-fold
molar excess of Mg (19), but these structure elements are
stabilized without added Mg in the fully modified molecule
(19).

The U-turn motif is important for ribosome binding of
tRNA. Although the closed form of the anticodon loop from

E. coli tRNAP" is relaxed by M§" and dimethylallyl 3.

modification of Ag; (11), intermolecular interactions in the
context of the translational machinery can stabilize an open
loop conformation of thé&. coli ACSLP"¢in the absence of
modifications. Crystallographic data show that the unmodi-
fied ACSLP"® maintains a U-turn motif when bound to a
complex of the 30S subunit and mMRNA9j. This conforma-

tion appears to be stabilized by a network of hydrogen bonds 6.

that includes codonanticodon base pairing. eJdoes not
appear to form direct intermolecular contac#9)( but 7
modification or substitution of k4 can reduce the affinity
of the anticodon stemloop for the ribosome50, 51). Uz
base or ribose substitutions that prevent the N&4P or
2'-OH—N7 hydrogen bonds or fix the ribose pucker or the

conformation of the glycosidic bond lower the affinity 9.

between yeast tRNA&° and the ribosome. However, the
severity of the inhibitory effects can be partially mitigated
by natural modifications within the ACSL5(). Thus,
although the translational effect of forming a stable U-turn
motif prior to ribosome binding has not been quantified, the
importance of this conformation on the ribosome is estab-
lished.

For theE. coli ACSLP"¢ we have shown here that the
combined effects of base modification and charge neutraliza-
tion by multivalent cations are synergistic and promote
U-turn formation within the loop. Mg does not stabilize
the U-turn as effectively as cobalt hexamine®i-modified
and unmodified ACSE"molecules, but the fully modified
stem—loop contains three other modificationg’sy, 139, and
msAs7. The substitution offs9 with Use within the context
of fully modified tRNAP" disrupts the secondary structure
of the anticodon stem proximal to the loop2}, and the
methylthio modification of C2 can improve stacking of the
anticodon bases within the mMRNARNA minihelix (53).
Mutagenesis experiments demonstrate that these modifica-
tions are important for normal cell growtb4—56). How-
ever, these mutations affect modification of multiple tRNA
species. Of these base modifications, pseudouridine is the

[any

[N

most abundant and most studied. A conserved pseudouridine 1g.

within the branch-point helix of the'Splice site of pre-
mMRNA causes an unpaired adenine on the opposite strand
to loop out of the helix rather than stack7. Thus,
additional modifications of®As; ACSLP" may contribute
properties that allow Mg to stabilize the overall architecture

of the loop or may in themselves lead to a stable U-turn.
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SUPPORTING INFORMATION AVAILABLE

Two tables listing chemical shifts of the cobalt hexamine-
bound fAz; ACSLP" RNA molecule. This material is
available free of charge via the Internet at http://pubs.acs.org.
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