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ABSTRACT. Many tRNAs undergo tertiary folding transitions at temperatures well below the main thermally
induced (hyperchromic) transition. Such transitions are essentially isochromic and isoenthalpic and display
an absolute requirement for divalent cations; however, the nature of the structural transition is not known
for any tRNA. Using a combination of transient electric birefringence (TEB) and gel electrophoretic
measurements, we have characterized the influence of magnesium ions on the apparent angle between the
anticodon and acceptor stems of a yeast tRMAonstruct. TEB is a particularly sensitive method for
guantifying the bends introduced in RNA by various nonhelix elements. In the current instance, the
tRNA construct comprises an unmodified tRRIAmMolecule in which the anticodon and acceptor stems
have been extended by70 bp to more effectively “report” the interstem angles. Upon the addition of
sub-millimolar concentrations of magnesium ions, the tRNA core undergoes a substantial rearrangement
in tertiary structure, passing from an open form witregparentinterstem angle o150 to a conformation

with an interstem angle ef70° (200uM Mg?*). Further addition of magnesium ions results in a minor
adjustment of the apparent interstem angle 8)—90°, in line with earlier results. Finally, the magnesium-
induced structural transition is essentially isochromic, in agreement with previous observations with native
tRNAs. The current results suggest that changes in local divalent ion concentration in the ribosome could
profoundly affect the global conformations of tRNAs during the translation cycle.

A principal feature of the tertiahstructure of native yeast  known in detail, except that it is essentially isoenthalpic and
tRNAP"® is jts L-shaped conformation, defined by the isochromic (see Discussion). One approach to the charac-
approximately perpendicular arrangement of the anticodon terization of this transition would involve a description of
and aminoacy! helix stems [refined structures in Holbrook the relative (angular) positions of the acceptor and anticodon
et al. (1978) and Hingerty et al. (1978); see also Stout et al. stems (comprising the termini of the “L") as a function of
(1976)]. Previous spectroscopic studies have demonstratedhe concentration of Mg ions, since the positions of these
that the native tRNA (tertiary) structure is not formed in the arms undoubtedly reflect the formation of tertiary interactions
absence of divalent cations, even at temperatures that arevithin the tRNA core (Holbrook et al., 1978; Hingerty et
well below the principal hyperchromic transition and in high al., 1978; Stout et al., 1976; Moras et al., 1980; Romby et
concentrations of monovalent ions (Ishida & Sueoka, 1968; al., 1987). To examine this issue, we have determined the
Cohn et al., 1969; Ruer et al., 1970; Danchin & Gueron, apparent interstem angle of yeast tRN#as a function of
1970; Eisinger et al., 1970; Beardsley et al., 1970; Robison Mg2* ion concentration throughout the tertiary folding
& Zimmerman, 1971; Willick & Kay, 1971; Lynch & transition, at temperatures that are well below the start of
Schimmel, 1974a; Stein & Crothers, 1976; Labuda et al., the main, hyperchromic (melting) transition.

1977). Calorimetric studies have confirmed that the low- Using an unmodifed yeast tRN% RNA molecule with
temperature structures of several tRNAs (absesgeesence elongated anticodon and acceptor stems (designated E-

O.f Mg” ions) +are thermodynamical'ly disti'nct, with the [tRNAP") 2we and others (Friederich et al., 1995; Nakamura
binding of Mg®" and formation of native tertiary structure et al., 1995) have recently demonstrated that the angle

tl)gngg Ie_lccorr]ngasr1lﬁq by ?nllg%e??:e- n Ientr?pyl/ (i';;lg_' f't al., subtending the acceptor and anticodon stems (for millimolar
»Lyne chimme, a, Frivalov etal, » Ainz Mg?" ion concentrations) is approximately equal to the

etal., 1977; Privalov & Filimonov, 1978). corresponding value for the native (fully modified) tRNA

traﬁzrilioounglhe;z?n E)t(ésiﬁgcl% rﬂaﬁoﬂl\gﬁgfcivcsttllgrlll_geigwglim in the crystal. For the solution study, Friederich et al. (1995)
9 employed the method of transient electric birefringence

established, the nature of the conformational transition is nOt(TEB) (Fredericq & Houssier, 1973; Hagerman, 1996:
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induced by M@" in RNA bulges (Zacharias & Hagerman, with phenol/chloroform and precipitation with 2-propanol.
1995a,b) and in self-cleaving “hammerhead” RNAs (Gast A 1 mL transcription reaction mixture typically yielded 65
et al., 1994; Amiri & Hagerman, 1994, 1996). 1.0 mg of single-stranded RNA. T7 RNA polymerase was

In the current work, the TEB approach has been used in Prepared as described previously (Shen & Hagerman, 1994).
conjunction with the extended tRNA constructs to examine Single-stranded RNAs were examined for any degradation
the M@ *-induced transition; the principal finding is that the ©0n denaturing (8 M urea) polyacrylamide gels (monomer/
transition involves a major conformational rearrangement bis ratio of 19/1) with TBE running buffer [90 mM Tris-
with a substantial¢70°) reduction in the interstem angle. borate (pH 7.2) and 2.0 mM NaEDTA].

The major transition is complete in sub-millimolar concen- ~ Transcripts were annealed in equimolar amounts to form
trations of M@*, although a second, minor rearrangement €ither the E[tRNA"] heteroduplex or the 174 bp linear
takes place in the 45 mM range. The M#-induced duplex control. Annealing reactions (0 of total RNA/
transition apparently does not represent a significant (net)uL) were performed in 100 mM Tris-HCI (pH 6.5), 100 mM
change in secondary structure; it is essentially isochromic, NaCl, 5 mM NaEGTA, and 10 mM NaEDTA (pH 8.0).

in conformance with earlier observations using native tRNAs. Samples were heated to 35 for 5 min followed by cooling
Moreover, the current experiments were performed at tem- t0 room temperature over a period of 30 min. The double-
peratures that are at least 2@ below the onset of the stranded RNA molecules were purified further by running
thermal unfolding (hyperchromic) transition for the unmodi- the complete annealing reaction on 6% polyacrylamide gels

fied tRNA constructs. (monomer/bis ratio of 29/1, TBE running buffer). The band
of interest was visualized by brief UV shadowing and was
MATERIALS AND METHODS excised from the gel, macerated, and suspended overnight

at 4°C in 0.5 M NaOAc, 50 mM Tris-HCI, and 10 mM

Plasmid Constructs.The construction, characterization, NaEDTA (pH 8.1). After elution, the double-stranded RNAs
and purification of plasmids used in the production of the \were precipitated with 2-propanol and stored-&0 °C in
extended yeast tRNA® heteroduplex and linear control 200 mM NaCl, 50 mM Tris-HCI (pH 8.1), and 10 mM
duplex have been described previously (Friederich et al., NaEDTA (pH 8.0).
1995). Briefly, double-stranded oligonucleotides corre- | ead (PB+) Cleavage Reactions.The stored duplex and
sponding in sequence to the 1%alf (dhU, D-loop) and the  heteroduplex RNAs were precipitated and resuspended in
3 half (TyC, T-loop) of yeast tRNA"™ (plus short flanking 30 mM Tris-HCI (pH 8.1). P¥" cleavage reactions were
sequences) were inserted into tHendlll cloning sites of  performed following the protocol of Pan et al. (1991) with
the parent plasmids, pGJ122A and pGJ122B, respectively.some modifications. The E[tRNA] construct (2:M) was
These parent plasmids are derivatives of the plasmid jncubated for 30 min in 15 mM (morpholino)propanesulfonic
PGEM7Zft (Promega) in which the DNA sequences be- acid (MOPS, pH 7.0) containing 0, 1, 5, or 15 mM MgCl
tween positions 2692 and 72 of pGEM#Zfhave been  and 0.4 mM lead acetate at either 37 or°&Dfor 30 min.
replaced by a fragment containing a T7 promoter, a 136- The PB* cleavage reaction was also carried out in 15 mM
base pair (bp) template with a centHihdlll insertion site, MOPS (pH 7.5) and 5 mM MgGl In addition, in one set
and a downstrear®ma site. The resultant plasmids are of experiments, the lead acetate was added before the
designated pGJ122A or pGJ122B, depending on the orienta-addition of the buffer containing the MgCl After the
tion of the 136 bp template. The derivative plasmids, completion of the cleavage reaction, NaEDTA (pH 8.0) was
designated pGJ122A9 and pGJ122B11, when transcribed anthdded to a final concentration of 25 mM; the cleaved RNAs
annealed, yield an E[tRNA] heteroduplex molecule in  were then precipitated in order to remove the lead acetate.
which the anticodon and acceptor stems have each beenrhe precipitated RNA was resuspended in 30 mM Tris-HCl
extended by approximately 70 bp. Plasmids containing the (pH 8.0), 15 mM MgC}, and T4 polynucleotide kinase
templates for the linear control have been designated (NEB) and incubated at 3T for 45 min. After the addition
PGJ122A38 and pGJ122B38. Annealing the RNA tran- of 30 mM Tris-HCI (pH 7.5), 8 mM DTT, §-32P]JATP, and
scripts from these latter two plasmids results in a fully duplex T4 polynucleotide kinase, the reaction mixture was incubated
linear control RNA molecule (174 bp). at 37 °C for another 30 min. After the incubation was

Transcription, Purification, and Production of Double- complete, NaEDTA (pH 8.0) was added to a final concentra-
Stranded (ds) RNA.Plasmid constructs to be used for tion of 25 mM; the RNA was then precipitated with ethanol
transcription reactions were digested wiBmad (New and held fo 1 h at —20 °C. The precipitated RNA was
England Biolabs, NEB) overnight at room temperature. resuspended in 3@L of diethyl pyrocarbonate (DEPC)-
After the digest was complete, the plasmids were incubatedtreated water, and one-third of the reaction mixture was used
with proteinase K (0.5 mg/mL) and SDS (1%) at 42 for for gel analysis.
30 min, followed by extraction with phenol/chloroform and The E[tRNA"] species was also end-labeled by incubat-
precipitation with ethanol. Transcription reactions were ing 2 uM RNA with calf intestinal phosphatase (CIP) for
performed as described previously (Amiri & Hagerman, 30 min at 37°C, extracted once with phenol/chloroform,
1994; Zacharias & Hagerman, 1995a,b; Friederich et al., and ethanol precipitatedifd h at—20°C. The precipitated
1995). A standard T7 transcription reaction mixture con- RNA was incubated with T4 polynucleotide kinase (NEB)
sisted of 0.06-0.18ug/mL Smd-digested plasmid DNA, T7  in 70 mM Tris-HCI (pH 7.6), 10 mM MgGl 5 mM DTT,
RNA polymerase, and transcription buffer: 40 mM Tris- and [y-32PJATP for 30 min at 37°C, extracted with phenol/
HCI (pH 8.1), 0.1 mM spermidine, 5 mM DTT, 0.001% chloroform, and ethanol precipitatedfb h at—20°C. The
Triton, each NTP (2.5 mM), and 20 mM Mg£l After 2 h precipitated RNA was resuspended intd0of DEPC-treated
at 37°C, the reaction mixture was terminated by the addition water, and one-third of the reaction mixture was used for
of NaEDTA at pH 8.0 (50 mM final), followed by extraction  gel analysis. The Pb-treated and end-labeled E[tRR
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constructs were analyzed on denatgria M urea, 8% equilibrated with 5 mM NaP(pH 7.2), 1 mM NaEDTA,
polyacrylamide gels (monomer/bis ratio of 19/1) with TBE and 850uM MgCl, (NaEDTA-buffered free Mg§" concen-
running buffer; gels were run at 4®0 °C. tration, 23uM). Approximately 10ug of each construct was

Buffered Free Magnesium lon ConcentratioriReported diluted in NaR buffer to a volume of 0.95 mL; the
magnesium ion concentrations are EDTA-buffered, free ion absorbance at 260 nni\f{g) was measured using a Varian
concentrations that have been estimated from the quadraticCary 219 spectrophotometer at 20. After the establish-
relation ment of the baseline absorbance, fg, was re-examined
as the MgCJ concentration was increased in increments to
yield free Mg+ concentrations of up to 88aM. After the
addition of MgC}, the sample was pipetted two times, and
a rearrangement of the expression given by O’Sullivan the Axso was taken immediately and then again after 5 min.
(1969). In the above relatioMr andEr are the total (added)  The observedAys at a particular EDTA-buffered Mg
MgCl, and NaEDTA concentrations, respectivaly,is the concentration was corrected for dilution on the basis of the
effective free M@" ion concentration, anld,pis the apparent ~ volume of 20 mM MgCi stock added.

M? + (Er — My + 1K )M — M/K_ =0

stability constant for MgEDTA (2.5x 10° M™%, pH 7) Transient Electric Birefringence Measuremeniansient
(O’Sullivan, 1969). For the purpose of ion buffering, the electric birefringence (TEB) measurements (Hagerman,
NaEDTA concentration has been held at 1.0 mM. 1996) were performed in essentially the same manner as

There are two principal sources of uncertainty in the described previouslyelg, Amiri and Hagerman (1994,
effective free ion concentration. Fird{ap, increases with 1996), Zacharias and Hagerman (1995a,b), and Friederich
increasing pH; thusK.p, may be increased by as much as et al. (1995)], except for the use of a smaller cell volume
2-fold at pH 7.2, where most of the measurements are (35uL). The temperature was maintained at 3& The
performed. This shift would result in a lowering of the free standard amplitude of the orienting electric field pulse was
ion concentration, and a leftward shift in the transition 1.5 kV (electrode spacing, 1.5 mm; 10 kV/cm). Measure-
depicted in Figure 3 by as much as 0.3 log at the lowest ments performed at lower field strengths revealed no
MgCl, concentrations. Second, the freegoncentrations  differences in decay times or amplitudes. The duration of
may be further reduced through ion binding to RNA. The the pulse was 1.@s, with a repetition frequency of 1 Hz.
molar concentrations of RNA molecules used in the TEB The decay curves were accumulated and averaged on a
experiments range from 1 to/&M. Since the tRNA core  LeCroy 9310 digitizing/averaging oscilloscope and were
possesses several strong binding sites fof'Mide effective stored as files on floppy disks. From 128 to 1000 individual
concentration of those sites could range from 5 tquih decay curves were accumulated per average. Identical
Although we have made no attempt to refine this estimate, averages were accumulated for buffer alone in order to
mass binding of Mg ions by the tRNA would also shift  correct for water birefringence. The data files were trans-
the transition (Figure 3) to the left. Consequently, since our ferred to 80486-based (Dell) computers, where the decay
principal interest is the nature of the structural transition, profiles were analyzed using software written in the labora-
we have made no effort to extract effective Mdinding tory. The analysis of the decay curves is based on the
constants from the titration curves. Levenberg-Marquardt (LM) method (Press et al., 1992).

Gel Electrophoresis Electrophoretic mobility assays were The RNA molecules used for TEB analysis were repre-
performed on 6% nondenaturing polyacrylamide gels (mono- cipitated from the storage buffer and resuspended in TEB
mer/bis ratio of 29/1) at room temperature using increasing buffer [5 mM NaR (pH 7.2) and 1 mM NaEDTA] with the
concentrations of Na[10, 20, and 50 mM sodium phosphate addition of 6-7 mM MgCl. The RNA species were passed
(NaR) (pH 7.2) and 0.125 mM NaEDTA] with buffer through a Sephadex G25 column (1/50 RNA sample/bed
recirculation. Three independent measurements were maderolume) equilibrated with the appropriate TEB buffer plus
at each N& concentration. In addition, electrophoretic MgCl,. TEB measurements were also performed with
mobility assays were performed using 10 mM INgi#M 7.2) increasing NaPconcentrations (10, 15, and 20 mM) in the
in the presence of 5 mM Mggl Relative electrophoretic  absence of Mg ions. In addition, TEB measurements were
mobility (u) refers to the ratio of the mobility of the performed in 15 mM NaP(pH 7.2) with increasing free
E[tRNAP"q heteroduplex to that of a 174 bp linear duplex Mg?" ion concentrations (4265uM). TEB cell resistances
RNA. were measured prior to each TEB measurement using an AC

Thermal Denaturation Analysis of the E[tRRI4 Het- ohmmeter. The amount of RNA used for TEB measurements
eroduplex. The E[tRNA"] heteroduplex was passed through was 4.5-9 ug per 35uL. After each series of measurements,
a Sephadex (Pharmacia Biotech) G25 column (1/50 RNA the RNA was examined on nondenaturing polyacrylamide

sample/bed volume) equilibrated with 5 mM N&pH 7.2), gels; no evidence of RNA degradation or strand separation
1 mM NaEDTA (pH 8.0), and 94@M MgCl, (NaEDTA- was observed for any measurement.
buffered free Mg" concentration, 3ZM). Melting curve Ratios of the terminal decay timeg{na/Ti74 were

analysis was performed using a Varian Cary-1 spectropho-analyzed as described elsewhere [Friederich et al., 1995; see
tometer interfaced to a Dell XPS P133c computer. The also Vacano and Hagerman (1997) and Zacharias and

concentration of RNA used for this analysis wasutfdmL. Hagerman (1997)]. The helix parameters used in this study
The temperature was increased at a rate i er minute, were those of double-stranded RNA: persistence length, 700
from 2 to 70°C with approximately one absorbano&:q) A:; helix rise, 2.8 A/bp; and hydrodynamic radius, 13 A (Gast

acquired every 0.01C. & Hagerman, 1991; Kebbekus et al., 1995). As discussed

Hypochromicity AnalysisThe E[tRNAP"] heteroduplex elsewhere (Zacharias & Hagerman, 1995a; Vacano & Hager-
and 174 bp linear duplex RNA were passed through a man, 1997), the derived angles are remarkably insensitive
Sephadex G25 column (1/50 RNA sample/bed volume) to changes in the above helix parameters.



Magnesium Dependence of tRNA Structure Biochemistry, Vol. 36, No. 20, 1996093

1 T T T T T - 1 T T T T T -

An(t)/An(0)
An(t)/An{0)

0.01 L . L 0.01

time (usec) time (usec)

FiIGurRe 1: Representative birefringence decay curves of the Ficure 2: Representative birefringence decay curves of the
E[tRNAP" molecule ©) and the 174 bp dsRNA linear control  E[tRNAP"Y molecule in the presence of various concentrations of
molecule ¥) in the absence of M. For each curve, the actual  (buffered) free Mg" ions: 4uM (O), 37 uM (M), 265uM (a),
data points are displayed along with double-exponential fits to the and 6 mM @). Also shown are data for the 174 bp dsRNA linear
data (solid lines). The experimental decay curves were fit using control molecule (2 mM M§", ¥). For each curve, the actual data
the LevenbergMarquardt (LM) method (Press et al., 1992; see points are displayed along with double-exponential fits to the data

Materials and Methods). (solid lines, see Materials and Methods).
RESULTS 1.0 AP 1 T
. (X 1) A
The Angle between the Acceptor and Anticodon Stems of Ge oo

the tRNAM Heteroduplex Is Substantially Reduced upon the
Addition of Mg" lons. It had been demonstrated previously
(Friederich et al., 1995) that the relative electrophoretic
mobility of the E[tRNAC] construct is strongly dependent
on Mg ion concentrations in the sub-millimolar range, with
mobilities decreasing dramatically (relative to a linear duplex
RNA control) as the concentrations increased from zero to 2#.-
ca. 200uM Mg?t. Although the reduction in mobility is ]
consistent with a reduction of the angle subtending the 180 | ; | | |
anticodon and acceptor stems (greater departure from colin-
earity) upon the addition of magnesiura.gj, Cooper and °
Hagerman (1989), Gast et al. (1994), Bassi et al. (1995), 150 [oe® i
Zacharias and Hagerman (1995a,b), and Leehey et al. °
(1995)], absolute values for the interstem angles are not
readily obtainable from gel mobility data. Accordingly, we
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T
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have used TEB to quantify the magnesium dependence of 90 L . ?
the interstem angle for the yeast tRRIAconstruct. Rep- <
resentative decay curves for the heteroduplex and linear 6 .0’.6

control RNAs are presented in Figures 1 and 2. Fhatios
(tirnalT174) fOr 26 sets of measurements are presented in | | | ! !
Figure 3A. In Figure 3B, the ratios have been converted 5 4 3 2 4 0 A

to apparent interstem angles as described elsewhere (Frieder- log Mg®* (mM)

ich et al., 1995; Zacharias & Hagerman, 1995a; Vacano & Ficure 3: (A) Plot of the ratio,rirna/T174 @S a function of free

Hagerman, 1997) and are plotted as a function of Mgn Mg?* concentration in the presence of either 5 mM N or 15
concentration. mM NaR (V). (B) Plot of the apparenti.g., average) interstem

It is evident (Figure 3B) that, for free Mgion concentra-  angle of the E[tRNA" heteroduplex as a function of the free Mg

tions below +-104M, the apparent interstem angles are quite fr?”ce”tla“o”' For reference,r, varies from 3.60 to 3.1ms as
. . e e Mg concentration is increased from zero to 6.0 mM. Note

large, equivalent to the two stems lying within30" of that, belowca. 10 uM free M2+ ion, the reported concentrations
colinearity. As the Mg" ion concentration increases from  are subject to substantial uncertainty (see Materials and Methods).
about 10 to 20QuM, there is a dramatic reduction in the The hatched arrow to the right of the graph corresponds to the
apparent angle to approximately °7OFurther addition of interhelix angle reported for yeast tRR& from X-ray crystal-
Mg?" results in slight broadening of the angle to a final value '©9raphy (Holbrook et al., 1978).
in the 80-90° range (Figure 3B; Friederich et al., 1995; M. amount (~1—2%) of aggregation was detected as a slight
W. Friederich and P. J. Hagerman, unpublished observa-flaring of the end of the terminal decay component.
tions). For Md@" ion concentrations above-8 mM, a small However, the relative mobility of the tRNA construct reached
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Ficure 5. Plot of the change iAo as a function of Mg~

Fi 4: Plot of the fractional (sl litud f th
IOURE ot of the fractional (slow) amplitudea) of the concentration for the E[tRNA construct ¢) and for the 174 bp

birefringence decay profile as a function of the calculated bend - ! \ ; !
angle o?‘ the E[tRNg{hg heteroduplex: ©) 0 to 23xM Mg2* and linear duplex RNA @). The change i\sis defined as the ratio

(®) 364M to 6 mM Mg2*. For comparison, the relative amplitudes of the absorbance (at 260 nmz)+at a particular’Mgoncentration
for a series of A and U, bulges are displayeda( 2 mM Mg?) to the absorbance at 28V Mg=*.

(zacharias & Hagerman, 1996). (Figure 3) within and below the Mg transition represent
a constant value above4 mM, indicative of a limiting averages of broadened angle distributions; that is, thé 150
interstem angle. “angle” is likely to reflect a relatively broad distribution of

It is important to bear in mind that the observedatios conformers. Nevertheless, the distribution means are clearly
reflect the population distribution of interstem angles at any shifted to more open conformations.
given Mgt ion concentration, hence the “apparent” designa- The Mgt-Induced Reduction of the Acceptointicodon
tion for the angles. For a nonhelix element in which there Interstem Angle Is Not Associated with Any Significant
is broad angle dispersion (increased flexibility relative to the Change in the Absorbance of the tRNA Heteroduplex.
surrounding helix), the ratios represent an average over Although the thermal stability of an unmodified yeast
the ensemble, the nature of which will depend not only on tRNAFe transcript is slightly lower than its fully modified
the breadth of the angle distribution but also on whether the (native) counterpart, the onset of thermal unfolding for the
conformers are in fast or slow exchange on the time scaletranscript &30 °C, ~80 mM K*, no M¢?*) (Sampson &
(microseconds) of the birefringence response (Shen & Uhlenbeck, 1988) is still well above the temperature (3.5
Hagerman, 1994; Zacharias & Hagerman, 1996, 1997; °C) employed in the current investigation. We have con-
Vacano & Hagerman, 1997). For the yeast tRItran- firmed that, under the conditions used in the current study,
script) core in the presence of at least 1 mM gons, the absorbance of the tRNA heteroduplex changes by less
recent experimental evidence suggests that the980angle than 1% below 25C (8.0 mM Na, 40uM Mg?*; data not
is well-defined, possessing little or no additional flexibility shown). However, in order to determine whether there is
over that expected for pure RNA helix [Nakamura et al., any significant change in the UV absorbance of the tRNA
1995; analyzed in Hagerman (1997); M. W. Friederich et construct upon the addition of Mg at temperatures below
al., in preparation]. These experimental findings are sup- the onset of the thermally induced unfolding (hyperchromic)
ported by a recent normal mode analysis of Nakamura andtransition, the absorbances of solutions containing either the
Doi (1994); the lowest normal mode, corresponding to hinge tRNA heteroduplex or the control duplex were determined
flexure, was only about % even though the authors’ before and after the addition of aliquots of Mg@k 20°C
computedB factors exceeded those found for the yeast (Figure 5). It is evident that the pronounced reduction in
tRNAP"e crystal structure. the interstem angle is not accompanied by any substantial

With decreasing M# ion concentrations (increasing change in absorbance. This observation is consistent with
ratio) within the transition region, the relative amplitude of earlier reports that Mg ion-induced structural changes in
the slow phase in the birefringence decay profile (Figure 4) native tRNAs are associated with only marginal changes
remains much smaller than expected for relatively fixed (<5%) in absorbance (Danchin & Gueron, 1970; Robison
bends (Zacharias & Hagerman, 1995a); such amplitude & Zimmerman, 1971; Danchin, 1972; Lynch & Schimmel,
behavior is indicative of increased conformational freedom 1974a; Roner & Hach, 1975); such observations suggest that
(Shen & Hagerman, 1994) and is considered in more detail there is nanetchange in stacking interactions for the tRNAs.
elsewhere (Vacano & Hagerman, 1997; Zacharias & Hager- Na' lons Do Not Induce a Transition in the Interstem
man, 1997). Moreover, recent observations involving the Angle of the tRNA Heteroduplex Comparable to the Transi-
torsional phasing of the tRNA core with a second bend center tion Obsered in the Presence of Mglons. Despite a large
also indicate that the core becomes much more flexible asbody of evidence in support of a specific role of Mdons
the angle distribution shifts to larger angles (M. W. Friederich (and perhaps other divalent metal cations) in the formation
et al., in preparation). Thus, the larger apparent anglesof the nativetertiary structure of tRNAs (see Discussion),
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Ficure 6: Plot of the ratiorirna/T174 @s a function of the Na Ficure 7: Plot of the relative electrophoretic mobilities,, of
concentration in the absence of KMy(®). The dashed line “ifers E[tRNAP] as a function of the Naconcentration. Mobility assays
to the limiting ratio in the presence of 6 mM NIg(8 mM Na'). were performed on 6% nondenaturing polyacrylamide gels (29/1

monomer/bis ratio) at room temperature using increasing Na

several reports have appeared in which the tertiary structuresconcentrations: 16, 32, and 80 mM N#.125 mM NaEDTA @)
of tRNAs are presumed to be native in the presence of Na With buffer recirculation. In addition, electrophoresis mobility assays
; : : were performed for 16 mM Nain the presence of 5 mM Mg
lon ConC(Entratlllons exceeding30 mM and at temperatures. (2). Relative electrophoretic mobilityfe)) refers to the migration
below 20°C (Ramer & Hach, 1975; Yang & Crothers, 1972, gistance of the E[tRNAY heteroduplex relative to that of a 174
Tropp & Redfield, 1983). Using the interstem angle as a bp linear duplex RNA. The data points are the average of three
sensitive indicator of tertiary structure, the above issue hasindependent measuremenisl( SEM).
been re-examined by performing a series oftio measure- _
ments for several Naion concentrations in the absence of transcript (Sampson et al., 1987; Behlen et al., 1990). Thus,
magnesium (Figure 6). From theratio data, it is evident  lead-induced cleavage represents a convenient assay of the
that, for monovalent ion concentrations of up+80 mM, proper coordination between the D ang/C@ loops in the
the tRNA core does not assume a folded (L shape) E[tRNA”" heteroduplex employed in the current study.
conformation comparable to the one formed in the presenceAccordingly, the E[tRNA"] heteroduplex was subjected to
of Mg?*. These TEB results are reinforced by the observa- lead cleavage at various Mgion concentrations (0, 1, 5,
tion that the relative mobilitiesu(e) of the tRNA construct ~ and 10 mM) and temperatures (37 and’&l). Site-specific
are much higher (larger interstem angle) inNaffers than ~ cleavage was observed in both 1 and 5 mMPNMgpncentra-
in Mg2* (or Mg#*/Na") buffers (Figure 7). Thus, for Na tions and at both 37 and 5@ (Figure 8), consistent with
ion concentrations of up to 80 mM, there is no evidence of earlier observations for both native and unmodified tRIA
a significant trend toward the smaller interstem angles Species, and indicating correct coordination between the D
induced by magnesium at Mijion concentrations nearly 2 and TyC loops in the E[tRNA™ construct. Specific
orders of magnitude lower. cleavage was reduced in solutions containing 15 mMyig

Low Na* ion concentrations appear to have a small, POSSibly due to competition between the binding of the two
synergistic effect on the Mg ion-induced transition (Figure ~ 10nS (Behlen et al., 1990); cleavage was also reduced in the
3A). This latter effect may reflect a small screening absence of Mg ions, presumably reflecting the loss of
contribution from the monovalent ions and would be distinct co0rdination between the two loops. This last observation
from the well-described competition between‘Nmd Mg+ is consistent with the TEB observations (Figure 3B) that
ions observed at higher Naon concentrations (see Discus- indicate a more open, flexible tRNA core in the absence of
sion). However, the effect of Naons presented in Figure Mg?* ions, with the concomitant loss of interloop coordina-
3A has not been examined in a systematic fashion and mayt°":
also reflect contributions of the Ndons to the strength of
the Mg+—EDTA interaction. DISCUSSION

The Extended tRNA¢ Heteroduplex Undergoes Site- In a previous investigation of the tertiary conformation of
Specific, Lead-Induced Cleage of the DihydroU Loop, yeast tRNAM it was demonstrated using TEB that the angle
Indicative of the Natie DihydroU-TyC Loop Juxtaposition.  between the anticodon and acceptor stems of the unmodified
Lead ions induce the specific cleavage of the dihydroU (D) tRNA core (89+ 4°) (Friederich et al., 1995) is quite similar
loop of native yeast tRNA® with cleavage (primarily  to the corresponding value-82°) in the crystal (Holbrook
between residues U17 and G18) being dependent on theet al., 1978), both structures being studied in the presence
tertiary interaction between the D and/T loops (Werner of Mg?" ions. In the current work, the TEB analysis of
etal., 1976; Sampson et al., 1987; Kryzyzosiak et al., 1988; tRNAP"®has been extended by demonstrating that millimolar
Behlen et al., 1990). Moreover, the specificity of cleavage concentrations of divalent (Mg) ions are required to form
is essentially unchanged in the unmodified yeast tRRA the final L-shaped conformation. In the absence offMg
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FiGURe 8: Lead acetate cleavage analysis of the E[tRMAThe
E[tRNAP" molecule (2uM) was first subjected to cleavage by
lead acetate (400M) in 15 mM MOPS (pH 7.0 or 7.5) containing

0, 1, 5, or 15 mM Mgd at 37°C (data not shown) or 56C for

30 min. The specific cleavage site was labeled by incubating the
cleaved molecules with T4 polynucleotide kinase and’P]ATP.

The E[tRNA’") was also end-labeled in order to size the uncleaved
full-length ssRNA transcripts by incubating:@1 molecule with
CIP followed by end labeling with T4 polynucleotide kinase and
[y-32P]ATP. The reactions were analyzed on a denaturing 8%
polyacrylamide gel containgh8 M urea and 20% formamide.
Lanes: (1) 1 mM MgdJ, 50 °C; (2) 5 mM MgCl, 50 °C; (3) 15

mM MgCl,, 50 °C; (4) no MgC}, 50 °C; (5) blank; (6) 15 mM
MOPS (pH 7.5) and 5 mM Mg@GJ 37 °C; (7) 15 mM MOPS (pH
7.5) and 5 mM Mgd, 50 °C; (8) blank; (9) lead acetate added
before the addition of 5 mM Mg@J 37 °C; and (10) lead acetate
added before the addition of 5 mM MgCBEO °C. Arrows to the
right of the image are positions of full-length, single-stranded
RNAs: (D) D-loop strand and (T) #C-loop strand.

ions, the native structure is not achieved in "Nin

Friederich and Hagerman

free conformers are, on average, much more open than the
native form; that is, the larger apparent angle is not a simple
consequence of additional flexibility of the native conforma-
tion (Vacano & Hagerman, 1997; Zacharias & Hagerman,
1997). Upon addition of sub-millimolar concentrations of
Mg?" ions (2-200uM), the tRNA core undergoes a dramatic
conformational rearrangement that involves-a80° reduc-

tion in the interstem angle. From 20M/1 to 4 mM Mg?t,
there is a gradual, small increase in the interstem angle to a
final value in the 86-90° range. The plateau above 4 mM

is based on both TEB and gel measurements.

The current results are in accord with previous descriptions
of a Mg?*-induced conformational transition for various
tRNAs. Ramer et al. (1970) demonstrated a small, albeit
significant increase in the sedimentation coefficient of yeast
tRNAFreas the M@" ion concentration was increased from
10 to 100uM (~10 mM Na'), with no further change in
the S value above 10«M Mg?*. Similar behavior was
observed using Y base fluorescence (Eisinger et al., 1970),
molar ellipticity (Willick & Kay, 1971; Robison & Zim-
merman, 1971), and electron paramagnetic resonance (EPR,
Mn?* ions) (Danchin & Gueron, 1970). In particular,
Danchin and Gueron (1970) defined three zones of‘Mn
binding to tRNA on the basis of Scatchard plots: zone |,
Mn?*/phosphate< 0.05 (cooperative M binding to
“strong” sites); zone Il, 0.05 Mn?"/P < 0.25 (remaining
strong sites bound); and zone Ill, 0.256 Mn?*/P (further
Mn?* binding to weak sites). For the current work (Kg
ions, 400-800uM RNA phosphate), zone | corresponds to
[Mg?*] < 40 uM, zone Il to [Mg*] = 40-160 uM, and
zone Il to [Mg?*] > 160uM. Thus, the early EPR study
defines regions that correspond approximately to the lower
plateau, transition region, and upper plateau for the confor-
mational transition observed in the current work. Similar
conclusions were made by Robison and Zimmerman (1971)
on the basis of both molar ellipticity and size-exclusion
chromatography measurements in the presence éf Mgs.

In this regard, it should be noted that ffgMn?*, and C&*
ions all display comparable binding affinities to strong sites
on tRNAs (Danchin, 1972). Moreover, a variety of divalent
cations (including Mg", Mn?*, C&", SP*, and B&") appear

to stabilizeEscherichia coltRNAT™ in a form that is active

in aminoacylation (Ishida & Sueoka, 1968).

Monavalent Cations Do Not Lead to the Formation of the
Native, L-Shaped Conformation of Yeast tRIA The
current results demonstrate that the global conformation of

concentrations as high as 80 mM, nor is there any evidencethe extended yeast tRN/¢heteroduplex does not approach

of a trend toward the L-shaped form with increasing

the canonical L-shaped structure even at e concentra-

monovalent ion concentrations. The current observationstions that are 100-fold higher than the Mgon concentra-

thus provide a structural framework for the substantial body tions required to approach the native conformation. Again,
of earlier thermodynamic and spectroscopic work on yeast these results provide a specific structural framework for a
tRNAPreand other tRNA species from both prokaryotic and large body of biochemical and thermodynamic work that
eukaryotic (cytoplasmic) sources. supports a specific role of divalent cationg., that ionic
Sub-Millimolar Concentrations of Mg lons Induce a strength is not an appropriate parameter for gauging the
Substantial Rearrangement of the Acceptor and Anticodon formation of native tRNA structure. Although the impor-

Stems of Yeast tRN Leading to the Natie, L-Shaped
Conformation. In the absence of M{ ions, theapparent
mean interstem angle is quite largel50°). Although this

tance of valence-specific stabilization of DNA has been
known for more than 40 years [Thomas, 1954; see also Dove
and Davidson (1962) and Krakauer (1971)], the importance

apparent angle value reflects a degree of conformationalof ion valence was underscored for tRNA with the demon-
flexibility (broad angle dispersion) that is much greater than stration not only that monovalent cations (e.g.;N&", Rb',

that of the native form (Nakamura & Doi, 1994; Hagerman, Cs', NH*, and Tris") were unable to produce tRNAs that
1997; M. W. Friederich et al., in preparation), the Mg are active in charging assays, but also that the addition
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of the monovalent cations to Mg—tRNAs actually inhibited that the binding of Mg ions to yeast tRNA™ was not
charging (Ishida & Sueoka, 1968). associated with any significant change in enthalpy but was
Subsequent studies of yeast tRNAby Robison and  accompanied by a large gain of entropy. Rialdi et al. (1972)
Zimmerman (1971) provided support for the findings of suggested that the entropy gain was due, in part, to the release
Ishida and Sueoka (1968), namely that monovalent cationsof water of hydration of the Mg ions upon the binding of
inhibit the Mg?*-induced (tertiary) structural transition and the divalent cations to the tRNA. Their suggestion is in
cannot replace the divalent cations in promoting the forma- accord with earlier studies of the binding of fgions to
tion of the native tertiary structure, even for monovalent nucleoside phosphates (Belaich & Sari, 1969) and to ho-
cation concentrations as high as 2.0 M. Robison and moribopolymers (Krakauer, 1971); in both instances, the
Zimmerman (1971) also demonstrated that in the absencebinding is entropy-driven and may reflect changes in the
of Na* ions (10 mM Tris), yeast tRNA*®exhibits charging hydration state of the Mg ions (Robinson & Stokes, 1959).
activity for Mg?t ion concentrations as low as @M. Privalov et al. (1975) reinforced the earlier conclusion that
Furthermore, Lynch and Schimmel (1974b) noted that the the transition is entropy-driven and demonstrated that the
cooperativity of M@" binding decreased as the concentration overall transition enthalpy for tRNA unfolding is essentially
of monovalent salt increased. The inhibitory effects of Na independent of M# ion concentration. Privalov and
ions, both on the formation of the final tertiary structure and Filimonov (1978) demonstrated that the fundamental char-
on the cooperativity of the Mg-induced changes, were also acter of the M@" transition (isoenthalpic, positive entropy
noted by Labuda et al. [1977; see also Beardsley et al.change) is quite general among tRNAs frdrath E. coli
(1970)], who pointed out that the formation of final tertiary and yeast. TheT,'s of the overall thermal unfolding
structure (monitored by Y base fluorescence) was nevertransitions demonstrated considerable variation as a function
achieved in the absence of kfgions (again, for N& ion of Mg?* and/or N4 ion concentration; however, the transi-
concentrations of up to 2.0 M). Finally, the calorimetric tions were always much more cooperative in the presence
investigations of Privalov and co-workers (Privalov et al., of Mg?* ions than in their absence. Thus, the calorimetric
1975; Hinz et al., 1977; Privalov & Filimonov, 1978) investigations indicate that the Na and Mg*—tRNAs are
demonstrated that both the cooperativity and thermal stabili- thermodynamically distinct structures.
ties of several tRNAs (in buffers containing 1 mM Rig On the basis of NMR measurements (longitudinal relax-
ion) were diminished upon the addition of 150 mM™a  ation) of water molecules associated with ¥ions, Cohn
Thus, both the current findings and the bulk of the previous et al. (1969) suggested that krbinding to tRNA possessed
literature suggest that divalent cations are uniquely capableboth cooperative and site-specific character, possibly involv-
of promoting the formation of the native tertiary (L-shaped) ing the coordination of a single divalent cation with several
conformation of the tRNA and that monovalent cations phosphates. Furthermore, those authors proposed that such
generally oppose the final folding transition. coordination events brought secondary structural elements
The Conformational Transition Induced by Ridons Is together to form a final tertiary structure. Lynch and
Not Accompanied by a Detectable Absorbance ChaBge Schimmel (1974a) analyzed the binding of Mdons to
remarkable characteristic of the conformational transition is tRNA; they obtained a Hill cooperativity parameter 62,
that it is essentially isochromic. This property of the with binding constants that were essentially independent of
transition suggests (but does not prove) that there is notemperature (up to 3TC, the highest temperature employed
substantial change in either the number or the nature of thein the study). This latter observation is consistent with the
stacking interactions within the tRNA core. In this regard, isoenthalpic character of the ¥iginduced transition.
it should be noted that the current measurements were The cooperative (“strong”) binding of two or three divalent
performed nearly 20C below the onset of the thermally cations may well correspond to one or more of the site-bound
induced melting transition as defined by the hyperchromicity Mg?* ions identified in the crystal of yeast tRN% (Jack et
profile. The current results are in agreement with a number al., 1976; Holbrook et al., 1977, 1978; Hingerty et al., 1978).
of investigations of the divalent cation-induced transition in Two likely candidates are the Mg ion coordinating the
yeast tRNA" (Robison & Zimmerman, 1971; Roer & D-loop residues G19 and G20 with the T-loop residues U59
Hach, 1975), in unfractionated. coli tRNA (Danchin & and C60 and the Mg ion coordinating phosphates in the
Gueron, 1970; Danchin, 1972), andincoli tRNA" (Lynch tight (bp 8-12) turn between the' strand of the acceptor
& Schimmel, 1974a); all reported essentially no change in stem and the'Strand of the D-loop stem; however, a direct
absorbance accompanying the Wgnduced transition€5% mechanistic linkage between those ions and the conforma-
change). This characteristic of the transition thus appearstional transition has not been established.
to be relatively general. It is noteworthy that the absence A Provisional Model for the Formation of the Final
of an absorbance change accompanying the addition 6f Mg Tertiary Structure of Yeast tRN® A dramatic change in
ions has been (erroneously) interpreted to mean the absencéhe global conformation of the tRNA core is induced by

of a conformational transitiori,e., that the N& and Mg* Mg?" ions in a manner that is ion-valence-specific (current

conformations of tRNAs are the same. and previous observations). This central observation, coupled
The Md" lon-Induced Transition to the Na# Conforma- with the fact that the Mg -induced transition is isoenthalpic

tion of Yeast tRN®¢ Is an Isoenthalpic, Entropy-Dsen and entropy-driven (previous observations) and is isochromic

Process One additional property of the tertiary structural (current and previous observations), allows one to draw
transition promoted by MY ions helps to define the origin  several specific conclusions regarding the stabilization of the
of the stability of the native, L-shaped structure, namely that native tRNA structure. (i) The specific, tertiary hydrogen
the transition is entropically driven (Rialdi et al., 1972; Lynch bonds identified in the crystal of yeast tRRB while

& Schimmel, 1974a; Privalov et al., 1975; Hinz et al., 1977; important for structural specificity, probably do not provide
Privalov & Filimonov, 1978). Rialdi et al. (1972) first noted substantiahetstabilization of the final structure. However,
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by analogy to protein folding, the failure to form hydrogen al. (1995) demonstrated that the interstem angle for E-
bonds equivalent to those with water that are lost upon [tRNAPM] is essentially identical to the corresponding angle
folding would lead to a net destabilization of the native for the native tRNA. Moreover, the current work has
structure. (ii) The final, tertiary folding transition is unlikely  demonstrated that the extended construct retains the ability
to be accompanied by a significant net change in the numberto undergo site-specific Pb cleavage of the D loop,

or strength of stacking interactions. (iii) The formation of a indicative of the specific juxtaposition of the D and T loops.
relatively fixed native conformation is necessarily ac- In this regard, Swerdlow and Guthrie (1984) observed similar
companied by a loss of (RNA) configurational entropy; the patterns of cleavage/protection for mature yeast tRRand

net positive entropy change must therefore be derived froma precursor that possesses an intervening sequence (IVS) at
other events, including partial loss of Ffgion hydration, the end of the anticodon stem; the presence of the IVS
release of water bound via hydrogen bonds to bases'and 2 radically alters the context of the anticodon triplet (and loop),
OH residues, and a net reduction in the thermodynamic moving the triplet into a section of an elongated stem. Thus,
association of monovalent counterions. substantial alterations of local structure (including elongation

The significance of the above features is that they are likely of the anticodon stem) appear to have only modest effects
to be of general importance in the tertiary folding of RNA. 0n the tertiary structure of the tRNA core.
For yeast tRNAM failure to properly coordinate the closely Finally, for their analysis of the global conformation of a
apposed phosphates in the-B turn, coupled with the  self-cleaving hammerhead RNA, Amiri and Hagerman
failure to coordinate D and T loops via one or more (1996) used helix extensions that were identical to those
interdigitated Md@* ions, would likely result in an opening  employed in the current investigation; they observed that the
of the core, with a corresponding increase in the interstem interstem angles were (i) fully active in self-cleavage.(
angle and a concomitant increase in angle dispersion. Athe helix extensions displayed no inhibitory effects) and (ii)
similar set of observations has been made for the anglesion-valence-specific ife., not ionic strength-dependent).
subtending helices | and Il of the self-cleaving hammerhead These results are not surprising, since electrostatic interac-

RNA, where the addition of Mg ions results in an~70° tions between the extended stems are expected to have only
increase in the interstem angle for the extended hammerheaé minimal influence (if any) on the interstem angle for the
(Gast et al., 1994; Amiri & Hagerman, 1994). angles and ionic conditions examined in the current work
(Olmsted & Hagerman, 1994). Moreover, in support of this
POTENTIAL LIMITATIONS OF THE CURRENT last statement, it is observed that, as theiMgn concentra-
STUDY tion is reduced from 5 to 0.2 mM, the interstem angle actually

h ded loved in th decreases slightly, a result that is opposite of expectation if
The Extended tRNA Const.ruc_:ts Emp oyed In the current screening effects are dictating the arrangement of the
Study Lack the Post-Transcriptional Modifications Present y, - avtended stems.

in the Natbe tRNA The results of both the current Further Consideration of the Analytical ApproaciThe

investigation and previous TEB (Friederich et al., 1995) and . . : .
EM (Nakamura et al., 1995) studies indicate that the _comblned experimental and computational methods compris-

anticodon-acceptor interstem angle of the unmodified ing the TEB method have now been employed in several

; ; ; dozen studies of nonhelix elements in RNA (Hagerman
extended) tRNA heteroduplex is nearly identical to that of - Lo
'Ehe native )tRNA in the crys{)al (Holbrookyet al., 1978). This 1996). Where other methods are capable of providing similar

concordance suggests that, whereas most transcriptionainform‘rmo.n regarding conformgﬂon, the TEB r_esults are
modification of the tRNA core may affect stability, such generally in close agrs_:ement with t_he other studies (Hager-
modifications do not result in any significant alteration of man & Amiri, 1.996)' .F|n§1||y, the-ratio approagh emplloyed
the tertiary structure of the tRNA core (at least for yeast in the current investigation has been extensu_/ely discussed
tRNAP"Y_ The close agreement between the solution and and analyzed and has been found to be quite robust as a

crystal-derived angles could be fortuitous, confounded by method for extracting apparent angles. In the current work,

crystal packing forces and/or the helix extensions (see the angles at th? upper end (.)f th? ngrans_ltlon are
below): however, none of the base modifications in the relatively well-defined (M. W. Friederich et al., in prepara-

tRNAP"e core appears to be essential for maintaining the Fon);_powevgr,ttrk]]etappa{_ent angles_tforlfthe I%War end of thet
integrity of its tertiary structure, and none is directly involved ransition, as in the transition region Itsett, probably represen
with any evident secondary or tertiary interactions (Holbrook population averages of broadly distributed angles rather than

et al., 1978). Moreover, the aminoacylation activity of the a single, well-defined angle.
unmodified yeast tRNB*®transcript is nearly equal to that
of its native (fully modified) counterpart under appropriate
ionic conditions (Sampson & Uhlenbeck, 1988; Dabrowski  Upon exposure to sub-millimolar concentrations ofa¥lg
et al, 1995). This latter point argues that the global jons, the yeast tRN®e core undergoes a substantial con-
conformationsi(e., the interstem angles) of the modified and  formational transition to a final, L-shaped tertiary structure.
unmodified SpeCieS are not SUbStantia”y differnergolution A|though the transition involves a major Change in the
since the yeast tRNA® aminoacyl synthetaseRNA™™®  architecture of the tRNA core, the transition itself is
interaction requires both anticodon and acceptor stemisochromic, suggesting that there is net change in the
contacts. Finally, Dabrowski et al. (1995) demonstrated that number or nature of stacking interactions. An important
polypeptide synthesis with the unmodified transcript was feature of this transition is that it is not principally governed
nearly as effective (7398%) as that with the native tRNA.  py jonic strength effects; in particular, monovalent ioas(

The Current tRNA Construct Possesses Extended Anti-Na*) are incapable of effecting the final (tertiary) folding
codon and Acceptor Stem#\s noted above, Friederich et transition. The current observations, coupled with the vast

CONCLUSIONS
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previous literature which establishes the transition as es-Krakauer, H. (1971Biopolymers 102459-2490.
sentially isoenthalpic (entropy-driven), suggest that the Kryzyzosiak, W. J., Marciniec, M., Wiewiorowski, M., Romby,

binding of a small set of Mg ions is principally responsible P., Ebel, J. P., & Gieger. (1988)Biochemistry 275771-5777.
for thegtertiary transitionNPg P pallyresp Labuda, D., HaertleT., & Augustyniak, J. (197 7ur. J. Biochem.

. . 79, 293-301.
The tRNA model remains a paradigm for the study of the Leehey, M. A., Squassoni, C. A., Friederich, M. W., Mills, J. B.,

formation of tertiary structure in RNA,; the currentwork has & Hagerman, P. J. (1998iochemistry 3416235-16239.
underscored the potential of TEB to examine specific aspectsLynch, D. C., & Schimmel, P. R. (19748jochemistry 131841
of the tertiary structural transition. However, this investiga- ~ 1852. . . .

tion has also provided a direct demonstration of the potential Lyggg,lD. C., & Schimmel, P. R. (1974Bjiochemistry 131853~
for coupling the addition or removal of Mg ions to major '
conformational transitions in tRNA during translation (Stein
& Crothers, 1976; Yarus & Smith, 1995). In fact, this kg
ion response may turn out to be a defining physical

Moras, D., Comarmond, M. B., Fischer, J., Weiss, R., Thierry, J.
C., Ebel, J. P, & GiegeR. (1980)Nature 288 669-674.

Nakamura, S., & Doi, J. (1998 ucleic Acids Res. 2514-521.

Nakamura, T. M., Wang, Y.-H., Zaug, A. J., Griffith, J. D., & Cech,

characteristic of certain classes of tRNAsd, Leehey et
al. (1995)].
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