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ABSTRACT. Mg?"-induced folding of yeast tRNA®ewas examined at low ionic strength in steady-state
and kinetic experiments. By using fluorescent labels attached to tRNA, four conformational transitions
were revealed when the Mg concentration was gradually increased. The last two transitions were not
accompanied by changes in the number of base pairs. The observed transitions were attributed to Mg
binding to four distinct types of sites. The first two types are strong sitesKyithof 4 and 16«M. The

sites of the third and fourth types are weak witKgsof 2 and 20 mM. Accordingly, the Md-binding

sites previously classified as “strong” and "weak” can be further subdivided into two subtypes each.
Fluorescent transition | is likely to correspond to Mdpinding to a unique strong site selective for Mg

binding to this site causes only mindego change. The transition at 2 mM Nigis accompanied by
substantial conformational changes revealed by probing with ribonucleases T1 and V1 and likely enhances
stacking of the tRNA bases. Fast and slow kinetic phases of tRNA refolding were observed. Time-resolved
monitoring of Mg+ binding to tRNA suggested that the slow kinetic phase was caused by a misfolded
tRNA structure formed in the absence of MgOur results suggest that, similarly to large RNAs, g
induced tRNA folding exhibits parallel folding pathways and the existence of kinetically trapped
intermediates stabilized by Mg A multistep scheme for Mg-induced tRNA folding is discussed.

An intriguing feature of biopolymers is their ability to zymes b, 6). The discovery of ribozymes, in which the
acquire three-dimensional structures of unique and irregular catalytic activity results from unique folding of the RNA
shapes that are efficient in molecular recognition and chain and from coordination of Mg at specific sites, inspires
catalysis. Although the majority of studies are focused on growing interest in Mg"-induced RNA folding. It was
protein folding, RNA folding is also of great interest due to demonstrated that Mg-induced folding of large RNAs
the key role of RNAs in many cellular structures and involves a number of kinetically distinct steps{9). Parallel
processes. In contrast to most proteins, RNAs can adopt theirfolding pathways may exist and cause formation of misfolded
folded state only if complexed with mono- and bivalent species 10, 11).
cations and/or polycations, like polyamines, required to For several decades tRNA was the most extensively
overcome the electrostatic repulsion of negatively charged studied RNA molecule. X-ray data on individual tRNAs
RNA chains. While binding of monovalent cations to RNA  provide a detailed view of the tRNA molecule that most
is predominantly unspecific, that of bivalent cations and likely represents its actual native state in solution. Numerous
polyamines is site-specificl( 2). Spermine molecules and  studies of M§* binding to tRNA in solution revealed the
Mg?* ions are coordinated in specific negatively charged role of Mg?* in stabilization of tRNA structural elements.
binding pockets as seen in the X-ray structure of yeast For many tRNAs, the discrete steps of tRNA heat-induced
tRNAP"e (3, 4). unfolding have been assigned to melting of distinct structural

Mg?* ions play a key role in RNA folding and often elements, and the effect of Migon their stability has been
provide catalytically reactive centers or the correct confor- revealed in steady-state and kinetic studies (reviewed in ref
mation of functionally important elements of RNA structure. 12). The general scheme of tRNA folding proposed in these
Most classes of catalytic RNAs, such as hammerhead ribo-studies suggests that in the absence of?Mgnd at a
zymes and group | introns, require Kfgfor both folding moderate ionic strength an equilibrium occurs between two
and catalysis and therefore can be regarded as metalloenconformations. One of these conformations possesses the
complete set of base pairs and intact structural elements. In
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secondary structure elements resembles the molten globulef 0.2 M sodium acetate, pH 4.3. After reaction with FITC
state known for globular protein3, 16). The tight binding and 2-fold precipitation with ethanol, tRNA was subjected
of Mg?" to the native state strongly stabilizes the tertiary to preparative gel electrophoresis, and the fluorescent band
structure so that its melting temperature surpasses that ofwas cut out and eluted. To remove traces of acrylamide, the
the remaining secondary structure, and then the whole solution was extracted with water-saturated phenol and tRNA

structure melts in the two-state manner. Solution studies of was ethanol-precipitated.

tRNA stabilization by M§" demonstrated that at moderate
temperatures the presence of 401 Mg?* is sufficient to
completely shift the equilibrium toward the native tRNA state
with all strong Mdg"-binding sites occupiedly—19).
According to the outlined general scheme, submillimolar
concentrations of Mg are sufficient to maintain the native
tRNA structure. However, to gain the maximal efficiency,
almost all in vitro processes involving tRNA require the
presence of millimolar M§. Therefore, it is suggested that
weak M@ binding occurring at millimolar Mg concentra-
tions notably contributes to tRNA folding and is important
for accomplishment of the conversion into the native state.
Here, we focus on the Mg-induced tRNA folding in terms
of distinct steps of native structure formation as a result of

Steady-State and Slow Kinetic MeasuremeAtsmea-
surements if not indicated otherwise were carried out in
HEPES-KOH, pH 7.8 at 20°C. For fluorescent measure-
ments, a Shimadzu RF-5301 spectrofluorimeter with a
thermostated cell holder was used. Fluorescein fluorescence
was measured at 515 nm; the excitation was at 485 nrit Mg
binding to tRNA was monitored using the fluorescent
indicator 8-hydroxyquinoline-5-sulfonic acid (HQS). Calcu-
lation of the number of bound Mg per tRNA molecule
was performed as describelB]. The indicator fluorescence
was registered at 500 nm with excitation at 350 nm.

Absorbance of tRNA was measured using a Shimadzu
1601 spectrophotometer. For slow kinetic measurements,
small volumes of a My stock solution were added to the

Mg?* binding to strong and weak sites and search for possible cell containing tRNA, and the solution was mixed vigorously.

intermediates in this process. It is also tempting to reveal

The dead time did not exceé s inmost experiments.

possible differences between recently studied folding of large ~ Stopped-Flow ExperimentsStopped-flow experiments

RNAs and fairly short RNASs, like tRNAs.

MATERIALS AND METHODS

Yeast tRNA"™ was isolated from total yeast tRNA
(Boehringer Mannheim) using BD-cellulose chromatography
(20). Further purification was achieved either by preparative
denaturing polyacrylamide gel electrophoresis or by two

sequential chromatographic steps on a DEAE 3SW HPLC

column (Pharmacia) in the presend&/dvl urea and EDTA.

In all further experiments doubly distilled water passed

through a Millipore water purification system was used for

RNA storage, buffer solutions, etc. To remove traces of

bivalent metals, tRNA was heated at 80D in the presence

of 1 mM EDTA for 1 min and then precipitated with ethanol.
Fluorescent Labeling of tRNA& This procedure was

performed in three steps: (1) generation of an amino reactivey, improve the signal-to-noise ratio

site at the labeling position by appropriate chemical treat-
ment, (2) incorporation of carbohydrazide, and (3) coupling
of fluorescein isothiocyanate (FITEWwith the generated

were carried out using an SF-61 stopped-flow spectrofluo-
rimeter/spectrophotometer from Hi-Tech Scientific (Salis-
bury, England). The solution in the observation chamber was
excited with a 100 W short-arc mercury lamp (Osram,
Germany), and the fluorescence was detected at right angles
to the incident light beam with an R928 multialkali side-on
photomultiplier. The exciting light was passed through a
grating monochromator with a blaze wavelength of 500 nm.
For experiments using fluorescein-labeled tRINA the
mercury line at 436 nm was used for excitation, and the
fluorescence was collected at wavelengtids’5 nm by using
an OG475 glass cutoff filter (Schott, Mainz, Germany) in
front of the photomultiplier. The kinetic data were collected
via a high-speed 12-bit analog-to-digital data acquisition
board and were analyzed using software developed by Hi-
Tech Scientific. Each kinetic trace consisted of 1024 points.
—20 experimental
traces were averaged before the reciprocal relaxation time
was evaluated.

For measurement of absorbance changes, the photomul-

amino group. Carbohydrazide, sodium borohydride, SOdiumtiplier was adjusted to collect the light passing directly

periodate, and FITC were purchased from Sigma.

Position 76.The terminal ribose of tRNA*was oxidized
with sodium periodate 21) followed by reaction with
carbohydrazide and FITC as describ@@)(

Position 37. Wybutine was excised by incubation of
tRNAP"eat pH 2.8 for 3 h 23) followed by incubation with
carbohydrazide (2 mg/mL) in 0.2 M sodium acetate, pH 5.6,
for 1 h at 37°C. After ethanol precipitation tRNA was
dissolved in 40 mM HEPESKOH, pH 8.0, and 30%
DMSO. FITC was added to a final concentration of 1 mg/
mL, and the reaction was runrf@ h at 37°C.

Positions 16 and 17Dihydrouracils were reduced with
sodium borohydride3). Reaction with carbohydrazide and

through the mixing chamber. The zero transmission level
was set by closing the shutter in front of the photomultiplier.

To measure fast kinetics of Mgrinduced tRNA folding,
one of the drive syringes was filled with the fluorescently
labeled tRNA in 20 mM HEPESKOH, pH 7.8, and the
other with the same buffer containing 0.2 or 20 mM MgCl
After equal volumes of the two solutions were mixed, the
final concentration of MgGlin the observation chamber was
either 0.1 or 10 mM, respectively.

Chemical and Enzymatic Probingll probing experiments
were done using'dabeled yeast tRNA*®in standard buffer
containing 20 mM HEPESKOH, pH 7.8; for native and
semidenaturing conditions probing was carried out &0

FITC was performed as described above for wybutine, but 3'-Terminal labeling was performed as described elsewhere
reaction with carbohydrazide was conducted in the presence(24). After labeling, tRNA was purified by high-resolution

1 Abbreviations: FITC, fluorescein isothiocyanate; HQS, Mg
sensitive fluorescent indicator 8-hydroxyquinoline-5-sulfonic acid.

preparative gel electrophoresis. All enzymes were purchased
from Boehringer Mannheim; diethyl pyrocarbonate (DEPC)
was purchased from Sigma.
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Ficure 1: Mg?*-inducedAyso changes of tRNAMe(filled circles), s 0
3'-FI tRNAPre(triangles), D-FI tRNAMe(squares), and Y-FI tRNZ&e 6%
(open circles). The plots are not cooperative; the best fit to the -
Hill equation (eq 1, see text) was obtained when the parameter of 8
cooperativityn was set to 1. The beginning of the curves showed ©
substantial deviation from the fit, which probably suggests the E
presence of an extra low-amplitude transition<& uM Mg?2". 512
-1
DEPC modification and subsequent treatment with aniline 6 5 4 3 2 A
as well as enzymatic cleavage reactions were carried out Log[Mg?"]
essentially as describedR) except that for incubation with 4L . . .
DEPC or enzymes the standard buffer (see above) was used. -6 -5 -4 -3 -2
For probing with RNases T1 or V1, tRNA was incubated Log[Mg*]

with 0.2 or 0.3 unit of the corresponding RNase for 10 min. .y o
RNase T1 and acidic ladders were generated as describe('lilGURE 2: Mg?t-induced changes of fluorescence emission’ef 3

. ) | tRNAP"e (triangles), D-FI tRNA&" (squares), and Y-FI tRN&e
(24). Before application to the gel, all samples were subjected (gjcles). Emission was monitored at 515 nm with excitation at 495

to Cerenkov counting, and equal amounts of radioactive nm. The inset shows the same curves and the correspondifig Mg
material were applied to each lane. titration Aggo curve for unlabeled tRNRe(filled circles) normalized

by the amplitude of the changes and plotted versus the logarithm
of the M@?* concentration. It shows that the two last fluorescence
transitions were not accompanied Byso changes.

RESULTS

Mg?"-Induced Conformational Transitiond.o monitor
conformational changes of yeast tRRNA we used tRNA
preparations containing fluorescein in one of the following
positions: 3-end (3-FI tRNA), anticodon loop, position 37  Since the plots are not cooperative (see legend to Figure 1),
(Y-FI tRNA), or D-loop, positions 16 and 17 (D-FI tRNA).  the AG change is 2.BTApK. For the worst case of Y-FI
None of these positions are directly involved in tertiary tRNA, the energetic cost associated with theghift is 0.5
interactions, as seen from the crystal structure of yeastkcal/mol, which is believed to be minor. This implies that,

labels can be easily estimated from the obtainkd/plues
for the unlabeled tRNA* and its fluorescent derivatives.

tRNAPe(26). Fluorescent derivatives of tRNEEwith labels
introduced at 16/17 or 37 locations exhibited almost normal
aminoacylation efficiency27).

Native mature tRNA"™ was compared with its three
fluorescent derivatives bgso measurements at increasing
Mg?* concentrations (Figure 1). These experiments were
carried out in order to show the preservation of strond™g
binding sites after the modification. The curves for native
tRNA and 3-FI tRNA virtually coincide, showing the
maintenance of all strong M&-binding sites. The curves
for D-FI tRNA and Y-FI tRNA differ from that for native
tRNAP"e This result was anticipated because, according to
X-ray data for tRNAMcrystals, two M@™-binding sites are
located in the D-loop and anticodon loop8}. However,
the difference between the dissociation constants for tRRNA
and 3-FI tRNA (pKgiss= 5.14 for both tRNAs) on one hand
and for D-FI tRNA and Y-FI tRNA (qiss= 4.90 and 4.74,
respectively) on the other is rather small. ChangeS@of

after modification, tRNA conformation remained mostly
unaltered. It should be noted that preservation of the binding
constants represents a highly sensitive indicator of mainte-
nance of the native structure. For instance, unmodified tRNA
transcripts showed about 10-fold weaker Mgoinding
constants as compared to the mature tRNA spedi@s (

We observed strong quenching of fluorescence for all
fluorescent tRNA derivatives as compared with free fluo-
rescein in solution and a shift in the maximum of fluores-
cence toward shorter wavelengths (515 nm instead of 520
nm). This observation probably implies that at all three sites
the fluorescent labels strongly interact with surrounding
regions of tRNA. M@" concentration dependence of the
yield of fluorescence for the three fluorescent tRNA deriva-
tives is shown in Figure 2. For all derivatives, four transitions
were observed. The amplitudes and directions of the transi-
tions depended on the location of the label. However, the
middle points of all four transitions for all three tRNA

the transitions caused by the presence of covalently attachedlerivatives virtually coincide. We attribute the observed
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Ficure 3: Decomposition of the experimental fluorescence titration curves shown in Figure 2 into individual sigmoidal transitiois for 3
tRNAPhe (@), D-FI tRNAPe (b), and Y-FI tRNA"e (c). For each fluorescent tRNA species, experimental points are shown with the same
symbols as in Figure 2. The individual transitions are shown by solid (transition 1), long dashed (transition Il), short dashed (transition Il1),
and dotted lines (transition IV). The thick lines show the sum of the sigmoids and represent least-squares fits of the experimental titration
curves to eq 2. Each sigmoid was plotted according to eq 1 using obtained fit parameters. For all three fluoresc®ateRM#tives a

good coincidence between experimental data and calculated curves was observed. The parameters of cooperativity were in most cases
determined with high experimental error and therefore are not discussed.

changes of fluorescence intensity to conformational transi- As mentioned above, the first two fluorescence transitions
tions of the tRNA molecule resulting from Mgbinding to were apparently accompanied By, changes. However, as
distinct types of Mg'-binding sites. Since the transitions follows from the inset in Figure 2, only on&o transition
are well separated from each other, it was possible towas observed for unlabeled tRNA, with the appar€mts
decompose the experimental curves shown in Figure 2 intovalue intermediate between those for transitions | and Il. The
individual sigmoidal sections for all three derivatives. Each shape of thé\usotitration curve was not exactly sigmoid; its
elementary transition following Mg binding to tRNA and slope at low M@" concentrations indicated that probably
causing a change in fluorescence emission inteddigymay an additional transition occurred which could not be distinctly
be described by the semiempirical Hill equation: resolved due to its small amplitude. Accordingly, both fluor-
escence transitions | and Il exhibit their absorbance transition
Al = A(Mg# 1K™/ + [Mg*]K") 1) counterparts, although the former, withKa;ss of a few
micromoles, is associated with a relatively sn#gl change.
whereK is the Mg" dissociation constan# is the total Fast Kinetic Steps of tRNA Folding.he stopped-flow
amplitude of emission change, amdis a cooperativity technique was used to follow the rapid kinetics of folding
parameter related to the number of bouncMigns required caused by a jump in Mg concentration. Figure 4 shows
to yield the transition. If four independent transitions take the kinetics of absorbance and fluorescence emission changes
place, then caused by a MY concentration jump to 0.1 mM. This
minimal concentration change should be sufficient to provide
Alg = Alggy + Algp) + Alggy + Algy, (2) Mg?* binding to the strong binding sites of tRNA and convert
it from its semidenatured state into its native tertiary structure
Although in the case of D-FI tRNA transition | may appear and D-arm. The kinetics of fluorescence emission appeared
questionable, the use of fewer sigmoid curves (e.g., threeto be biexponential, and all three fluorescent derivatives of
instead of four) to fit the data proved to give an unsatisfactory tRNAP"® showed very similar reciprocal relaxation times.
result. Figure 3 shows the decomposition for each of the Although theAzs curves were usually not smooth, there was
fluorescent tRNA species. The calculated midpoint?Mg  a clear accordance between the kinetics of absorbance and
concentrations for the relevant transitions of the three fluorescence intensity changes. The biexponential character
fluorescent tRNA derivatives appeared to be similar. For the of the fluorescence kinetics was indicative of two elementary
four transitions, the IKqiss Values averaged from the three steps of folding, apparently caused by sequential binding of
titration curves were 5.4, 4.8, 2.7, and 1.7. The inset in Figure Mg?* to tRNA. The reciprocal relaxation times of the two
2 shows normalized changes of the fluorescent emission andohases were 1.9 and 28 ms. Further elevation of thé&'Mg
absorption caused by titration with Mg As seen from these  concentration to 10 mM (a concentration saturating the weak
results, the last two transitions with midpoint ktgconcen- binding sites) had virtually no influence on the kinetics of
trations of 2 and 20 mM were not associated with changes the Ayso changes but caused the appearance of an additional
of Ao This implies that these two transitions are not slower phase in the fluorescence kinetics (Figure 4c). This
accompanied by alterations in the number of nucleotide pairs.behavior agrees with the above steady-state experiments that
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Ficure 4. (a) Stopped-flow kinetics ofx60 changes upon Mg concentration jump. Mg concentration after mixing was 0.1 mM. The

solid line represents the fit to a single-exponential time function. (b) Changes of the emission of fluorescence for DEF ¢RbbRd by

a jump of the M@* concentration to 0.1 mM. The solid line represents a biexponential fit. The calculated reciprocal relaxation times were
1.9 and 28 ms. Two other fluorescent tRRiRderivatives exhibited similar reciprocal relaxation times, but the amplitudes of changes were
smaller (not shown). (c) Additional slower exponential change yielded by increasidg éémcentration to 10 mM (after mixing) as
monitored by the emission of -Fl tRNAPhe

.84

but demonstrated two fluorescence transitions with midpoints
at 2 and 20 mM Mg". Therefore, the third phase is likely
to correspond to transition Il seen in the steady-statéMg
titration of fluorescent tRNA derivatives. The reciprocal M
relaxation time of this phase was 320 ms. Thus, in contrast 200 00 o 100 200
to temperature-jump kinetics where a singleattgependent : Time, s
transition was found29), the kinetics of fluorescence showed
three steps of folding after Mg addition, one of them being
observed at a high Mg concentration only.

As previously shown by the temperature-jump technique, 0 200 400
folding of the tRNA tertiary structure and D-stem was rather Time, s
rapid with a single reciprocal relaxation time of about 7 ms
in the absence of Mg and 2 ms in the presence of 3 mM
Mg?* (29). The above experiments also gave 1.9 ms as the i (b)
fast transition reciprocal relaxation time, but we observed
an additional slower phase of fluorescence changes that was
not seen in T-jump experiments. Our results on &g
kinetics also suggested the presence of a slower phase (Figure
4a). Therefore, the discrepancy between previous data and
our own probably originates from different ionic conditions.
For Escherichia colitRNA™et at high ionic strength (0.17
M Na™), a single-exponential kinetic transition was coupled
with a single stage of tertiary structure and D-arm formation 0 100 200 300 400 500 600
(29). The presence of an additional slower component for
yeast tRNA"suggests a two-step character of formation of
the native tertiary structure and D-stem at low concentrations MgZ* to 0.05 mM concentration as monitored Ay, changes. The
of monovalent ions. solid line represents a biexponential least-squares fit. The calculated

Slow Kinetic Phase after Mg Addition. Earlier, slow reciprocal relaxation times were 233 and 170+ 20 s. The right
biexponential renaturation kinetics after Mgaddition was ~ axis represents the total steady-state amplitude oAtgchanges
studied in detail foEE. colitRNA'"® (17). Yeast tRNAalso to show the partial amplitude of the slow-phase kinetics. The inset

. . . shows the corresponding kinetics of fluorescence emission changes
showed slow kinetics for Mg-induced refolding as followed ¢ F| tRNAPRemeasured under the same conditions, (b) Kinetics

from changes ofAxo and fluorescence of the attached of emission changes of the NMigsensitive fluorescent indicator
fluorescent labels over an interval of hundreds of seconds (HQS; see Materials and Methods) measured as indicated in (a).
(Figure 5a). The slow-phase kinetics was also biexponential, The tRNA"*concentration was 22V. The emission of HQS was
with reciprocal relaxation times of 20 and 170 s. As was proportional to the concentration of free KgThe right axis shows

. . . the calculated number of bound ions per tRNA molecule.
suggested foE. colitRNA" and is most probably applicable  The gashed line represents a bieﬁtgonent?al least-squares fit. The
for yeast tRNA" two sequential conformational transitions calculated reciprocal relaxation times were-22 and 180+ 12 s.
take place. Since the biexponential origin of slow renaturation
was previously analyzed in detail for tRN&A(17), we the Mg?*™ binding in renaturation experiments using avilg

focused on the other aspect of this process. We followed sensitive fluorescent indicator (HQS; see Materials and

showed no extréygo transition at high Mg" concentrations l
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o 0.1 s, while the slow phase took longer than 100 s. The
’ + mg?* I mgZ* amplitudes of the fast changes were much higher than those
& 1 _] I——| at the slow phasé\:so changes of the slow phase comprised
- | | | only about 15% of the total amplitude (Figure 5a). During
< &1 | | | the fast phase, about 10 mol of Kfgbound/mol of tRNA,
© while during the slow phase the value was less than 0.5 mol
81 | I of Mg2* (Figure 5b).
< \ AN The slow kinetics of M&" binding is most probably
= TEDTA associated with occupation of newly formed strong?ig
o 400 800 1200 binding sites. At 0.05 mM about 10 Mg ions are bound
Time, s per tRNA molecule, while solution studies under similar

conditions showed the presence ofd5 1 strong Mg"

Ficure 6: Folding and unfolding kinetics of yeast tRR&induced binding sites in yeast tRN?e (18). Therefore, under the

by addition and removal of Mg, respectively. The first round of . . .
folding was carried out as in Figure 5a, and then EDTA was added 9/V€Nn conditions the strong sites should be saturated.

to 2 mM to bind Mg*. The next folding step was initiated by ~ Furthermore, the amplitude of the slawo kinetics reached
addition of Mg@" to 2.1 mM concentration. a plateau at less than 0.05 mM kigdata not shown), which
suggests saturation of the strong Wdinding sites. Further

Methods). A weak complex formation between the indicator increase of Mg" concentration to saturate the weak binding
and Mg™ virtually did not affect their concentrations, and sites does not affect the amplitude of the kinetics.
the fluorescence of the indicator was proportional to con-  Since less than 0.5 mol of Mgwas bound per mole of
centration of free M@ (18). Figure 5b shows changes of tRNA under conditions when all strong sites were saturated,
the indicator fluorescence accompanying slow renaturationit indicates that only a minor fraction of tRNA molecules
of tRNA. The right axis refers to the calculated number of accounts for the slow kinetic phase. We assume that an
bound Mg" ions during renaturation. The rate constants alternative tRNA conformation exists in Mgfree solution,
calculated for thé\xe (Figure 5a) and Mg binding kinetics which slowly converts after Mg addition to the native
(Figure 5b) perfectly coincide. It is seen from these data that folded form. It follows from the fasie relaxation after
slow kinetics of tRNA renaturation was accompanied by Mg?" removal that, in the absence of kfg fast exchange
Mg?* binding. Considering that Mg binding itself is a fast between the conformations takes place; otherwise, slow
process, one can assume that slow conformational rearrangerelaxation kinetics of unfolding should be revealed.
ments lead to the formation of new Kgbinding sites and Accordingly, after Mg" addition, the major conformation
by this way limit the observed rate of Mgbinding. folding proceeds fast, accounting for the majgg, change

To learn the origin of the slow kinetic phase in more detail, of the fast kinetic phase (about 85% of the tofsko
we examined its reversibility using fast ®Mgremoval by amplitude), while the slow kinetic phase is attributed to
an excess of chelating agent (EDTA). Figure 6 shéws folding of the minor conformation.
changes of tRNA following EDTA addition after the For both fast and slow relaxations, intermolecular RNA
completion of the first round of Mg-induced slow kinetics.  RNA interactions such as dimerization or aggregation appear
As can be seen, after the addition of EDTA the equilibrium not to contribute. In all experiments dealing with fluores-
was reached in less than a few seconds (time required forcently labeled tRNA, the physical concentration of the sample
mixing) andAyse returned to its initial value. Thus, the slow was low, which should prevent intermolecular interactions.
unfolding phase was not observable. Further addition of an Moreover, no dependence of the kinetic parameters on tRNA
excess of Mg" caused the next round of the slow folding concentration was observed.
phase. Since fast release of Mdn the presence of EDTA Chemical and Enzymatic Probinghemical and enzy-
took place, M@" dissociation/binding should be fast pro- matic probes are widely applied for monitoring conforma-
cesses. Therefore, the observed slow rate of'Mijnding tional changes of RNA3Q, 31) and provide information
(Figure 5b) is limited by slow conformational rearrangements supplementary to that obtained by spectroscopic measure-
of the tRNA. Furthermore, one can assume thatMzpund ments. We used chemical modifications of adenines with
at the preceding fast kinetic phase (about 1GMgns/tRNA diethyl pyrocarbonate and specific cleavage by RNases T1
molecule, Figure 5b) slows down further conformational and V1 to show changes of base pairing and conformational
rearrangements, presumably by stabilization of folding rearrangements caused by different concentrations éf Mg
intermediates. The latter assumption is consistent with the Although the reactivity of different nucleotides in yeast
strong temperature dependence of the kinetic rate constantstRNAP"¢toward chemical probe82) and nucleases TBJ)
The activation energies, calculated for the faster and slowerand V1 @4) was examined in detail, it was important to
exponents, were 6.4 and 8.4 kcal/mol, respectively. Theseobtain structural information directly related to the given
values are sufficient for disruption of several base pairs; evenexperimental conditions. Figure 7 shows DEPC modification
larger activation energies have been reportedHorcoli patterns of 3labeled yeast tRNA®€in denaturing (70C),
tRNA'"e (17). semidenaturing (20C, EDTA), and native conditions. As

It can be seen from the combined data for fast (Figure 4, seen, the presence of 0.05 mM Nglane 6) efficiently
panels a and c) and slow (Figure 5, panels a and b) kineticsprotects A14 and A44 from the DEPC modification, indicat-
of Mg?*-induced tRNA folding that under these conditions ing the formation of tertiary interactions. Similar protection
(20 mM HEPES-KOH, 0.1 or 0.05 mM MgdCJ, 20°C) two of these adenines was also observed in the presence of 0.2
phases of folding take place that differ in their rates by at M NaCl (lane 7) and 0.02 M NaG+ 10 mM Mg** (lane
least 1000-fold. The fast phase was completed in less than8). Paired adenines located in the helical segments were not
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Ficure 7: Gel electrophoresis of products after DEPC modification

of 3'-labeled yeast tRNAe lane 1, control incubation without (b) [M92+] mM
DEPC; lane 2, RNase T1 ladder; lane 3; lddder. The following !

lanes show DEPC modification in standard buffer containing the 005 05 20 50 10 20 0.0
following components: lane 4, standard buffer,°T lane 5,+1 f‘!\\

mM EDTA, 20°C; lane 6,+0.05 mM MgC}, 20°C; lane 7,+0.2
M NaCl + 1 mM EDTA, 20°C; lane 8, 0.2 M NaCH 10 mM
MgCl,, 20 °C. The standard buffer contained 20 mM HEPES
KOH, pH 7.8.

when secondary structure was preserved (lanre®)5A35
and A36 located in the anticodon were partly protected by

0.05 mM Mg* but remained reactive in 0.2 M NaCl. A ﬁ"“‘\/w‘\\} U U
higher concentration of Mg (lane 8) was required to ensure M

their effective protection. These data were consistent with
previous findings §2) and suggested that formation of Fgyures: (a) Susceptibility of yeast tRNAeto cleavage by RNase

tertiary structure is coupled with occupation of the strong T1 at different Md* concentrations: lane 1, control incubation
binding sites. without RNase T1; lane 2, RNase T1 ladder; lane 3,latider.

Cleauage o yeast RAeby Riase T4 atdifereni iy 1 910N lanes corespond o ncuaion 1 sarcar e
concentrations showed (Figure 8a) that gfficiently mM; lane 5, 0.5 mM; lane 6, 2 mM; lane 7, 5 mM; lane 8, 10 mM;
protected guanosines, as anticipated from previous studiedane 9, 20 mM. Lane 10: standard buffér1 mM EDTA. For
(33). An exception was G20, which showed substantially lanes 1 and 410, incubation was at 20C. (b) A cross-lane
enhanced cleavage in0.05 mM Mg@". Since G20 is known ?lgzzgogig)y profile of the gel from panel a for the G30 position
to form a M@ pocket in yeast tRN&(1, 28), the enhanced '
susceptibility toward RNase T1 seems to be associated withjated in the presence of more than 1 mM MdFigure 9).

a local change of G20 conformation due to coordination of The positions of the stimulated cleavage are indicated on
the Mg* ion. For all other G’s (including G65 which is not  the right. As can be seen, the millimolar transition was also
shown), the presence of 0.05 mM Kigprovided protection  manifested. RNase V1 is conformation-specific and forms
against T1 cleavage. However, for all G’s the cleavage was three to four contacts with the phosphates of double-stranded
enhanced if the M concentration was increased further. RNA and can also cleave single-stranded regions that are in
Figure 8b shows the densitometry profile for G30 recorded 3 stacked helical conformatioB%). Therefore, on the basis
across lanes-410 (Figure 8a). This profile was typical and  of the stimulation of RNase V1 cleavages, the transition at
could represent other G’s as well. As can be seen, a transition; mM Mg2+ seems to bring double-stranded segments of
with a midpoint at 2 mM Mg" was revealed. Further tRNA into the highly stacked helical conformation.

increase of the MR level from 5 to 20 mM yielded virtually We also attempted to examine the structural changes
no changes in the cleavage efficiency. occurring during the slow kinetic phase of tRNA folding

Probing experiments performed with RNase V1 showed using RNase probing. These experiments were performed
that under the given conditions tRNA cleavage was stimu- by increasing the enzyme concentration about 10-fold. After

affected by M@" or NaCl and were completely protected [ \ f*,-, [ \J

L
S SR,
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binding, each of them has to be assigned to distinct types of
binding sites that differ in their affinity toward Mg. Thus,

our data suggest that under the given conditions four types
of Mg?" binding exist for tRNA" These types can further
be subdivided into two classes by their affinity to MgThe

first two types, | and I, withKgss of 4 and 16 uM,
respectively, are strong Mgbinding sites, while the two
other types, lll and IV, withKgss 2 and 20 mM, respectively,
correspond to loose Mg binding.

In early studies on MR binding to tRNA a model of two
types of noninteracting Mg-binding sites (“strong” and
“weak”, differing in their stability constants by-23 orders
of magnitude) was applied to account for the roughly biphasic
character of the corresponding Scatchard pl88).(This
model was the simplest to adequately describe the experi-
mental data. Until now the terms strong and weak foPMg
binding sites have been widely used in the conventional
manner. The data presented in this paper point to the
possibility of a more detailed and precise interpretation of
the previously obtained Scatchard plots. In particular, on the
basis of the above results for Ffgtitration, a model of three
types of noninteracting binding sites may be proposed to
describe the biphasic Scatchard plots. It follows from
decomposition of the fluorescence titration curves (Figure
FiGURE 9: Mg?" dependence of RNase V1 cleavages of yeast 3) that~0.5 mM Mg concentration initiates transition Ill.
tRNAP" lane 1, control incubation in which RNase V1 was Assuming that transition Il represents weak electrostatic
omitted; lane 2, RNase T1 ladder; lane 3; ladder. Lanes 47 binding of Mc?" ions to numerous phosphates of the tRNA
represent cleavage patterns obtained at the indicated kln- . - .
centrations at 20C: lane 4, 0.05 mM: lane 5, 1 mM: lane 6, 4 backbone (see below), it can substantially contribute to the
mM: lane 7, 12 mM. overall Mg?*-binding stoichiometry and account for the slope

of the Scatchard plots in the region of weak binding.
a 1 min incubation the reactions were immediately stopped Transitions | and II, withKgss of 4 and 16uM, have to be
by phenol extraction. However, no significant differences assigned to two types of strong sites. This model implicates
were observed between digestion patterns obtained withthree types of sites, two of which are strong and the third,
tRNA preincubated with M#§ and those obtained when represented by numerous unspecific sites, is weak. Simulation
Mg?* was added at zero time (data not shown). Apparently, of Scatchard plots derived from this model using binding
the misfolded structure was represented by a minor fraction parameters found for transitions-lll has shown that the
of tRNA molecules and therefore could not be revealed in biphasic character of the plots is preserved (not shown) due

1234567

probing experiments. to the close binding constants for types | and Il (Table 1).
Many contradictions between Scatchard plots for different
DISCUSSION conditions mentioned in the literatur2g, 36, 37) might be

related to the application of a simplified model to fit the

Mg?* Binding and Structural Transitions of tRNKg ions  experimental data. For example, at intermediate ionic strength
represent an integral part of native RNA structure, and Scatchard plots for Mg binding toE. coli (19) and yeast
therefore RNA folding is tightly associated with ®fg  (Serebrov, unpublished) tRNare not simply biphasic but
binding. Monitoring the conformational changes of RNA are of a more complex nature. After a fast initial slope
caused by Mg binding is helpful for understanding the indicative of the presence of a single strong2#ginding
elementary steps of the folding process. To study"Mg  site, they have a distinct bulge that cannot be explained in
induced folding of yeast tRNA, we have used fluorescent  the framework of the model for two types of binding sites.
labels Covalently attached to three remote pOSitionS in theA|ternative|y, this bu]ged region can read”y be ascribed to
tRNA molecule. In Mg@* titration experiments four confor-  an intermediate class of cooperative sites with a stability
mational transitions were resolved as monitored by fluores- constant decreasing at h|gh concentrations of monovalent
cence emission of the labels (Figure 3). The results on thejons. It is assumed from the results presented here that at
transitions are summarized in Table 1. low ionic strength such sites are strong, with a stability

Remarkably, the midpoint Mg concentrations of the constant close to that for the unique site found at high
transitions coincide well for all three positions of the labels, monovalent salt concentration.
although they are located distantly from each other. On the Some previous findings support the above assumption.
contrary, the sign and amplitude of the emission changes of While at low ionic strength four to six strong metal ion
an individual transition depend on the location of the label. binding sites are usually found, at high concentration of
Apparently, the observed conformational changes affect themonovalent ions this number was reduced to only one strong
structure as a whole rather than its local regions and thussite for different tRNAs {8, 19, 29, 37). Thus, one of the
cause the concerted, but distinct, response of the labels instrong sites found at low ionic strength is weakly sensitive
remote locations. Since these transitions are caused By Mg to competition with an excess of monovalent ions. This
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Table 1: Conformational Transitions of Yeast tRRA

transition Kaiss M2 Aoso DEPC T1 V1 comments
| (4+£5)x10° +b +¢ +¢ +¢ minor Azso changes; strong Mg binding to a single specific site
1l (1.6+3.2)x 10° + + + + strong M@* binding; formation of the tertiary structure and
D-stem base pairs
1l (2.0+1.3)x 10°® - - + + weak Mg " binding; no changes in base pairing
v (2.0£1.0)x 102 - - - -

a2 TheKgssvalues were calculated from the decomposition of the fluorescence titration curves (FiguiP®8ily resolved due to a small amplitude.
¢ Transitions | and Il were not resolved separately.

implies that in this site the Mg ion is specifically coor- coordinated and cannot be readily substituted by a monova-
dinated and cannot be easily replaced by a monovalent ion,lent cation. Evidently being a location with high-density
while the other strong sites correspond to purely electrostaticnegative charge, this site must be predicted by the electro-
binding to negatively charged pockets which are much less static model as one of the electrostatic sites.
sensitive to the nature of the positively charged cation. The When this work was accomplished, new results presenting
different modes of Mg binding may argue for two types a 2 A resolution X-ray structure of yeast tRRIRemerged
of strong binding sites with different, though close at low (46) that provided novel insights into the fine structure of
ionic strength, stability constants. The existence of specific strong Mdg"-binding sites and could serve as a structural
(or selective) and unspecific strong binding sites has recentlybasis of the above proposal on existence of a unique strong
been revealed for various RNA8&—42). binding site in this tRNA capable of discrimination between
It should be mentioned that the results on tRNA structural Mg?" and monovalent ions. These results show clearly that
transitions reported in this paper give only indirect clues to one of the detected strong binding sites differs strikingly from
the types of M@" interactions with tRNA, and the above the others both in the geometry of the surrounding RNA
discussion is aimed only at interpretation of these results in groups and in the Mg coordination type. This site is located
the light of the available data on Migbinding to tRNA. in the D-loop and is formed by the phosphate groups of G20
Recent studies point to the key role of Coulombic interactions and A21 (site 2). The phosphates of these nucleotides are
in the Mg?™ binding to RNA @3, 44). The theoretical model  extremely closely spaced due to a very sharp turn of the
of purely electrostatic interactions between¥ignd tRNA tRNA backbone. The Mg ion is directly coordinated to
based on computation of the total electrostatic potential of the both phosphates, thereby stabilizing the turn. Strikingly,
the yeast tRNAmolecule from its known X-ray structure this site is not a typical pocket in the tRNA structure with a
has very recently demonstrated a good agreement betweeration embedded into it, and its high-density negative charge
calculated and experimental parameters of?Mbinding results from the close proximity of the two phosphate groups.
against the background of monovalent catiod§).( This The hydration shell water molecules are not involved ifMg
model suggests that strong sites are “pockets” possessingoordination, while at other sites they are responsible for a
negative charges of high density where magnesium ions arerigid multipoint cation fixation inside the binding pocket.
retained solely by Coulombic interactions. Interestingly, a At this site, Mg ion has tetrahedral rather than octahedral
similar correlation was also demonstrated by a model configuration. The first distinctive feature of this site is the
assuming electrostatic interactions betweertvand a fixed key one in understanding the origin of its possible selectivity
number ofidentical tRNA sites with adjustable binding for Mg?" and probably for other multivalent cations as well.
constants 7). The adequacy of the electrostatic model to The efficient charge neutralization of the two phosphate
the experimental data implies that electrostatic interactions groups required to maintain their close spacing (thePP
are the main driving force for Mg binding and RNA distance= 3 A) demands a direct Mg coordination, with
stabilization, and contribution of specific interactions, like the phosphate oxygen atoms being the ligands involved into
short-range coordination and hydrogen bonding, may appearthe inner coordination sphere of the kgln this case the
questionable. However, some data suggest that at least iroctahedral configuration of the coordination sphere becomes
some cases a purely electrostatic model fails to explain thedisadvantageous because it would undergo a strong distortion
experimentally observed Mg-binding parameters. In this  resulting from repulsion of the charged phosphate groups.
model with tRNA considered to be a rigid polyelectrolyte With larger angles between the bonds (10%tead of 90)
molecule, Mg@" binding is always anticooperative. The and shorter MgO distances, the tetrahedral configuration
positive cooperativity of Mg binding observed in a certain  appears to be preferable, as it provides a smaller radius of
range of ionic strength1Q, 37) is consistent with an  the coordination sphere together with minimized ligand
interpretation assuming that conformational changes inducedrepulsion. This coordination type is accompanied by a partial
by initial Mg?" binding facilitate further binding by increas- Mg?" dehydration that is energy consumable. However,
ing the compactness and charge density of the tRNA according to theoretical assessments, it proves to be still
molecule. At low ionic strength, the M¢rbinding parameters  advantageous if the cation radius is small and the binding
seem to entirely follow the electrostatic model. However, at site has a high density of negative charg®)( The above
high ionic strength, when the electrostatic sites should be clarifies the probable mechanism of selectivity toward?Mg
occupied by monovalent cations, the initial slope of the exhibited by the tRNA in the presence of a high concentration
Scatchard plot for M binding strongly deviates from that  of monovalent ions. The structural organization of site 2 and
predicted from the electrostatic model (see, e.g.,3Bf the mode of M@" coordination suggest that this site has a
indicating the presence of a unique specific binding site. This strong preference for cations having both a small radius and
deviation suggests that, at this site, Wgs specifically a high charge and allowing the tetrahedral geometry of the
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to be low. This follows from the fast relaxation of the system
after removal of Mg" by EDTA (Figure 6). After Mg*"
addition, both conformations fold into the nativelike structure

N (Figure 10). The latter is supposed to be the L-shaped
form of tRNA, in which both D-stem and tertiary structure
are preserved. It has been demonstrated using the tempera-
ture-jump technique that, for the D state, folding is associated
with a low activation energy and exhibits fast single-
exponential kinetics 53). Therefore, the D state can be
Ficure 10: Generalized scheme for multiple steps ofMduced regarded as a ready-to-fold conformation. However, for the

tRNA folding. See text for details. D state at a low ionic strength our data suggest two steps of
. . . ) , folding rather than one at high salt concentration.

ligands. It is obvious that monovalent ions, like Nar K, The slow kinetic phase results from conformer M refold-
do not meet these requirements. ing, which requires a substantial activation energy. Appar-

Transition Il corresponding to 2 mM Mg can be  ently, the M§+-stabilized conformation M results in a kinetic
attributed to weak electrostatic Mig binding to tRNA  rap for the conversion into the native state. It is obvious
backbone phosphates. For short hairpins similar to tRNA that this process should be accompanied by partial melting
arms, Mg* and other multivalent ions possess small prefer- of the misfolded structure M. Therefore, its stabilization
ence for binding to phosphates in both single- and double- jncreases the activation barrier. These conclusions on the
stranded regions and exhilbitiss values similar to the value  origin of the slow phase are entirely consistent with those
estimated for transition 11139, 47). Effects observed for  ade for salt-induced tRNA refoldingt§). However, the
transition Il in probing experiments (Figures 8 and 9) (jfference in Mg* and monovalent ion action should be
suggest that transition Ill brings tRNA stems into a more mentioned. While a single elementary transition has been
stacked helical state. Therefore, transition Il can be associ-reyealed for salt-jump refolding, Mg jump results in two
ated with considerable conformational changes and could bef0|ding steps (Figure 5). As pointed out above, in folded
important for tRNA functions. tRNA there is a unique specific binding site in which ¥g

Transition IV, with an estimatelissof 20 mM, probably  cannot be substituted by a monovalent ion, and melting of
is not related to tRNA structure in vivo, because such the tertiary structure leads to release of¥@ns from this
concentrations are far beyond the intracellular?Mtgvel. site 654). Thus, monovalent salt alone probably cannot
For this transition, the mode of Mgbinding as well as the  accomplish the conversion, and this explains the difference
origin of the conformational changes is not clear, but its in kinetics of salt- and Mg -induced tRNA refolding.
extremely high dissociation constant implies weak diffuse  The observation that at least two conformations of tRNA
binding resulting in further screening of the tRNA negative coexist in solution and their folding pathways are different
charge. provides evidence for parallel and simultaneous tRNA

Parallel Pathways of tRNA Foldindhe results presented  folding pathways. It should be pointed, however, that our
here can be summarized in a generalized scheme shown irdata do not allow us to judge whether each of the parallel
Figure 10. On the basis of our data and previous findings pathways (D to N and M to N) necessarily occurs by strictly
we suppose that in the absence of #gand at low sequential steps, although at least for the M to N conversion,
concentration of monovalent ions (semidenatured conditions) sequential steps can be anticipated from previous stubiges (
tRNA partitions between two exchanging conformations, one  The structure proposed for the misfolded tRNA conforma-
of which (D) is a cloverleaf tRNA lacking D-stem pairing tion M and the fact that there is a fast exchange between the
and tertiary contacts, while the other (M) is an alternative, native and misfolded conformations suggest that at low salt
probably misfolded, species. As follows from known tRNA  concentrations not only is the D-stem unpaired but the T-stem
phase diagrams, the M state can be attributed to theis also melted or “breathing”. Indeed, the D-to-M conversion
“extended” form found at low ionic strength for several (Figure 10) cannot occur without disrupting both the D- and
tRNAs (48). According to the above data, the M state is only T-stems of the cloverleaf tRNA. Therefore, the fast exchange
represented by a small fraction of molecules under the givenpetween D and M implies that under the given conditions
experimental conditions. On the scheme this conformation the T-stem is destabilized. Accordingly, the low salt region
is shown as an extended bulged hairpin (Figure 10). This on the equilibrium phase diagramg) might be associated
structure has been proposed for the low-salt form and with destabilization or melting of both D- and T-stems.
suggests an alternative base pairing in the regions of D- and Evidently, stability of the structure M as well as the rate
T-arms of tRNA @8). Although this model remains specula- of its stabilization during Mg binding is to be strongly
tive, it is supported by recent findings. For example, the dependent on the tRNA sequence. The primary structure of
human mitochondrial tRNA® transcript does not fold into  some tRNAs may rule out any alternative base pairing. For
a cloverleaf structure but into an extended bulged hairpin other tRNAs, the Mg -dependent alternative folding may
(49, 50). A similar structure has been found for the inactive be stable enough to make the rate of the-M transition
conformer ofE. coli tRNAS! (51). Finally, the long bulged  hardly noticeable. Indeed, theMD transition induced by
hairpin is a near-optimal structure generated for tRNA by an elevated salt concentratiodg] is characterized by an
algorithms for predicting RNA secondary structuresgld activation energy varying strongly as dependent on amino
software 62)]. acid specificity of tRNA. Therefore, the tRNA stable inactive

In Mg?*-free solution the activation barrier for the conformers undergoing transformation into native tRNAs
exchange between native and misfolded conformations seemsnly at an elevated temperature in the presence 6f vy
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be regarded as the extreme case of misfolding that is typical 21.

of many tRNAs. There have been reported stable misfolded
structures oE. coli tRNAs specific for Glu, GIn, His, and
Trp as well as those of yeast tRRAand tRNA=®! (55). As
mentioned, the stable inactive conforniercoli tRNACM has
been shown to be a long bulged hairpbi); Similar studies
of other tRNAs mentioned above would be of interest for
the critical assessment of the above scheme of tRNA folding.
Although the formation of structural elements is accom-
plished upon Mg" binding to strong binding sites, our results
suggest that further weak binding induces substantial con-
formational changes of tRNA. The latter could be function-
ally important. For example, the aminoacylation optimum
of yeast tRNA"® corresponds to 3 mM Mg (27); this is
close to the concentration at which transition 11l is completed.
Therefore, the formation of the'Mtructure (Figure 10) at
millimolar Mg?" concentrations corresponds presumably to
“fine-tuning” of the tRNA molecule that ensures highly
specific and efficient recognition and catalysis in the course
of protein biosynthesis.
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