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ABSTRACT. The isothermal equilibrium folding of the unmodified yeast tRN#s studied as a function

of Na*, Mg?*, and urea concentration with hydroxyl radical protection, circular dichroism, and diethyl
pyrocarbonate (DEPC) modification. These assays indicate that this tRNA folds'ialblze. Similar to

folding in Mg?*, folding in Na™ can be described by two transitions, unfolded-to-intermediate-to-native.
The I-to-N transition has a Namidpoint of ~0.5 M and a Hill constant of-4. Unexpectedly, the urea
m-value, the dependence of free energy on urea concentration, for the I-to-N transition is significantly
smaller in N& than in Mg*, 0.4 versus 1.7 kcal mol M1, indicating that more structure is formed in

the Mg>™-induced transition. DEPC modification indicates that the | state iniNduced folding contains

all four helices of tRNA and the I-to-N transition primarily corresponds to the formation of the tertiary
structure. In contrast, the intermediate in WMgnduced folding contains only three helices, and the I-to-N
transition corresponds to the formation of the acceptor stem plus tertiary structure. The cation dependence
of the intermediates arises from the differences in the stability of the acceptor stem and the tertiary structure.
The acceptor stem is stable at a lowerNMancentration than required for the tertiary structure formation.
The relative stability is reversed in Mg so that the acceptor stem and the tertiary structure form
simultaneously in the I-to-N transition. These results demonstrate that formation of the RNA secondary
structure can be independent or coupled to the formation of the tertiary structure depending on their
relative stability in monovalent and divalent ions.

The stability of a tertiary RNA is very sensitive to metal in either Na or Mg?" and this intermediate resembles the
ions due to their interactions with the negatively charged cloverleaf secondary structure of a tRNA.
phosphodiester backbone. Metal ions can stabilize an RNA  Our previous study on the unmodified yeast tRNA
structure through nonspecific interactions as well as specific suggests that its penultimately populated intermediate in the
binding to ligands in phosphate-lined pockets formed by the Mg?*t-dependent equilibrium folding has a noncloverleaf
tertiary fold of the RNA (, 2). Although both Na and Mg+ structure 4). Applying the urea-dependent parameter, the
ions can interact nonspecifically with RNA, the divalent m-value! as a quantitative measure of structure formation,
cations are generally more effective in specific binding. the intermediate in M&j-induced folding contains less struc-

Transfer RNAs have been used as model systems in RNAture than the sum of the four helices in the secondary struc-
folding for more than 3 decades. As measured by either ab-ture of a tRNA. In this previous study, the folding of tRRA
sorbance or fluorescence spectroscopy, tRNAs with posttran-was monitored solely as a function of Kfgconcentration
scriptional modifications can fold into their native structure at a constant, low Naconcentration{10 mM). The nature
in the presence of Naor Mg?", although much higher con-  of the Na-induced folding transitions was not investigated.
centrations of Naare needed for tertiary folding [reviewed It was unclear whether Naalone would be sufficient to fold
in (3)]. These early results suggest thatNbke Mg?*, can this unmodified tRNA, and whether the thermodynamic
bind to the highly negatively charged pockets in the native intermediate in tRNAfolding would be the same in mono-
tRNA structure. Most of these early studies focused on the and divalent ions.
analysis of the native structure, and specific information on  The present work demonstrates that"Ndone can fold
the thermodynamic intermediates in either'™a Mg?+ was unmodified tRNAeto its native structure. Surprisingly, the
largely not investigated. It was generally assumed that thefolding in Na™ and in Mg " results in different thermody-
thermodynamic intermediate in tRNA folding is the same namic intermediates, as monitored by site-specific chemical
modification and circular dichroism (CD). The Nanduced
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results demonstrate that the type of metal ion is an importantdried. To each dried reaction was addedd.(f 1 M aniline
factor in determining the structure of thermodynamic inter- (pH 4.5 in sodium acetate buffer) followed by incubation at
mediates in RNA folding, and is likely due to the differential 60 °C for 20 min. The RNA was precipitated with ethanol,
effects of N& and M@* on the relative stability of RNA  briefly dried, and redissolvechi9 M urea and 100 mM

secondary and tertiary structures. EDTA loading buffer. The reaction mixture was then
separated using denaturing polyacrylamide gels containing
MATERIALS AND METHODS 7 M urea, and the amount of products was quantitated using

a Fuji Film phosphorimager and Image Gauge software.
Data Analysis The yeast tRNA™ undergoes two Na
dependent structural transitions. As in the case ofMg
folding of this tRNA @), we describe these transitions with

a cooperative Nabinding model.

RNA SynthesistJnmodified yeast tRNA*was synthesized
using T7 RNA polymerase by standard in vitro transcription
from aBsiNI cut plasmid DNA template5). The transcript
was precipitated with ethanol, redissolved in 9 M urea and
100 mM EDTA loading buffer, and purified on a polyacryl-

amide gel containig 7 M urea and 2 mM EDTA. The RNA 0 [Na*] ny
was eluted from the gel by the crush and soak method in 50 Fraction folded= = (1a)
mM potassium acetate and 200 mM KCI, pH 7, precipitated Ul +11  [Na'™ + (Kya)™
with ethanol, and stored in water a20 °C. o

Folding Monitored by Hydroxyl Radical Protectioifhe Fraction folded= [N] — [Na'] (1b)
fraction of tRNA protected from hydroxyl radical cleavage ] +IN]  [Na"]™+ (Kyao)™

was determined by the standard Fe(Il)-EDTA footprinting

method with 50uM Fe(ll) and 60uM EDTA at 0.5uM The CD data were fit as a linked equilibrium between these
tRNA (6). The tRNA was heated in 20 mM sodium two transitions according to

cacodylate (pH 6.6) at 90C for 2 min followed by

incubation at 26-25 °C for 3 min. Varying concentrations A€y, = fuAey + fAe, + fiAey =

of NaCl were added, and the solutions were incubated at [Na 7\ n(Na']\™
ambient temperature for an additional 5 min. Ascorbic acid A€+ Ag ) ( ) ( )
and dithiothreitol were added to 1 mM and 5 mM, respec- Kiaz Nal Kiaz

(22)

tively. The hydroxyl radical generation and cleavage reaction [Na']|™ [Na

were initiated by the addition of a ¥0solution of Fe(NH),- 1+ K

(SQy), and EDTA (pH 8.0). The cleavage reaction was Nal Knat Knaz

allowed to proceed at 37C for 2 h and was quenched by fut+fi+fy=1 (2b)

the addition of thiourea to a final concentration of 10 mM.
The reaction mixture was then separated using denaturingwhere Aeqs is the observed signal intensitey, Ae;, and
polyacrylamide gels containin7 M urea, and the amount  Aey are the spectroscopic signals for the U, |, and N states,
of products was quantitated using a Molecular Dynamics respectively Kna: and Kyaz are the N& midpoints, andn,
phosphorimager and ImageQuant Software. and n, are the Hill coefficients of the U-to-l and I-to-N
Folding Monitored by Circular DichroismCircular dichro- transitions, respectively. DEPC modification revealed that
ism was measured using a Jasco J715 spectropolarimetethe U-to-l transition probably corresponded to several
interfaced with a Hamilton titrator. The sample cuvette holder overlapping transitions. Therefore, only the thermodynamic
was outfitted with a magnetic stirrer and circulating water parameters for the second transition were interpreted for the
jacket for proper mixing and temperature control. CD data CD data. The hydroxyl radical protection data were fit only
were collected at 260 nm with 2 nm bandwidth and an to the I-to-N transition using eq 1b, since the protection did
acquisition time of 15 s in order to minimize UV cross- not change for the U-to-I transition for this tertiary RNA.
linking observed for this moleculer). The quantitative extent of DEPC modification of RNA
The tRNAPrewas refolded by heating in buffered solution relative to the modification in the presende8oM urea and
(20 mM sodium cacodylate, pH 6.6, and varying concentra- 10 mM Na" is presented as a protection factor (PF). The
tions of urea when appropriate) at 90 for 2 min followed parameter 1/PF is the fraction of RNAs modified by DEPC
by incubation at 26-25°C for 3 min. The tRNA at this stage  and is directly related to the fraction folded.
was designated as the U state. Data analysis was performed using the Microcal Origin
Folding Monitored by DEPC ModificatiariThe fraction version 5.0 nonlinear fitting.. Errors Iistgd are the standard
of tRNA protected from modification by DEPC was deter- deviation calculated by the fitting algorithm and reflect the
mined by the published procedure with minor modifications Statistical uncertainty of the fitted parameters.
(8). The tRNA was heated in 20 mM sodium cacodylate (pH RESULTS
6.6) in varying concentrations of urea at 90 for 2 min
followed by incubation at 2625 °C for 3 min. Varying Na™-Induced Tertiary Folding of Unmodified Yeast
concentrations of NaCl were added, and the solutions weretRNA™ Hydroxyl radical protection is a commonly used
incubated at ambient temperature for an additional 5 min. probe to identify the ribose moieties that are buried in the
DEPC was added to 0.34 M to a final volume ofl0, and tertiary RNA structure §). In Mg?*-induced folding, sig-
the modification was allowed to proceed at 3Z for 30 nificant protection was observed in two regions of tRI%A
min and was quenched by the addition ofig of E. coli consistent with the crystal structure. We observe the same
tRNAs in 100uL of cold potassium acetate/KCl (pH 7.0) pattern and extent of protection for unmodified tRN®at
buffer. The mixture was precipitated twice with ethanol and saturating Na (>1 M) as at saturating Mg (>0.05 mM)
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FicUrRE 1: Folding of the tertiary structure of the unmodified yeast tRR¢An 20 mM sodium cacodylate, pH 6.6 and 3, monitored

by hydroxyl radical protection. (A) The L-presentation of the yeast tRMAThe protected residues are shaded and include nucleotides 58,
59, 48, and 49. (B) Protection as a function of Na@ncentration. Lane T1: partial T1 ribonuclease digestion under denaturing conditions.
Lane OH-: partial alkaline hydrolysis of the same RNA. (C) Fraction folded versus][N&e plot of the fraction folded versus Na
concentration is fit with eq 1b to obtakkya2 andn,. (D) Protection as a function of Mg concentration. (E) Fraction folded versus [My

(Figure 1). No additional protection upon the addition of 10 structure in the denatured state obscures the first transition
mM Mg?" to 1 M Na" sample was observed (data not that has already begun in the initial conditions1Q0 mM
shown). We conclude that unmodified tRRRfolds to the Nat). The value ofAeyq for the native state at saturating
native structure in Naalone. Na* concentrations is very similar at all urea concentrations
The folding transition of tRNA™ with either metal ion  studied, just as for folding in Mg. Likewise, the magnitude
can be fit with a Hill-type equation (eq 1b). The midpoint of the CD change of the I-to-N transition is relatively

of the transition in Na and M@" is 520+ 30 mM (Kna), insensitive to urea concentration.

and 0.022+ 0.001 mM Kwg), respectively. The Hill The two folding transitions monitored by CD can be fit
constant, however, is very similar for folding in Né4.6 + with a linked equilibrium formula (eq 2) to obtaky, and
1.0) as it is in Mg" (4.1 £ 0.6). n for each transition (Table 1). Because DEPC modification

A second probe, circular dichroism (CD), is applied to indicates that the U-to-l transition probably corresponds to
monitor Na'-dependent folding in the presence of urea. As several overlapping transitions (see below), only the ther-
with Mg?*-induced folding, Na-induced folding has two  modynamic parameters for the second, I-to-N transition are
folding transitions as monitored by CD at 260 nrkefqg) interpreted for the CD data. Under all urea conditions, the
(Figure 2). These two transitions are clearly separated only Hill constant for the I-to-N transition is essentially the same
in the presence of urea. In the absence of urea, residualas that obtained for tRN#&®folding in the absence of urea
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Ficure 2: Folding of 0.5uM unmodified yeast tRNA"®as a function of N& or Mg concentration in 20 mM sodium cacodylate, pH 6.6
and 37°C, monitored by circular dichroism at 260 nm.)(2 M urea. (B 4 M urea. (§ 6 M urea. The data are fit with eq 2 as a linked

equilibria. The M@ titration data are from4).

Table 1: N4 Titration of the Unmodified Yeast tRN&e at
Constant Urea Concentratiéns

presence of Na or Mg?", and these residues serve as
excellent controls for the modification reaction.

All 14 adenosines monitored (from a total of 18 in

[urea] (M) Kna1 (M) Ny Knaz (M) Ny

0 0.52+ 0.0 4.6+1.0
0.46+0.0Z 4.9+1.0
2 0.76+0.02 3.4+0.2
4 0.85+0.02 5.1+04
0.21+0.0Z2¢ 1.5+0.1 0.73£0.0F¥ 3.6+0.5
6 1.3+0.03 5.0+04
0.28+0.0*¢ 1.94+0.2 0.82+£0.0F% 4.6+0.8

8 0.53+£0.09¢ 23+0.6

tRNAPM9 are fully modified in the presence of urea at
concentrationsfod M or higher. Eleven are protected in the
native structure, but not the three exposed adenosines in the
anticodon loop (Figure 3). At least one adenosine in each of
the four helices is sensitive to DEPC modification: A23 in
the D stem, A29/A31 in the anticodon stem, A62/A64 in

aConditions: 20 mM sodium cacodylate, pH 6.6, @8l tRNA,
37 °C. P Hydroxyl radical protection¢ DEPC modificationd Circular
dichroism.® Acceptor stem folding.

determined by hydroxyl radical protection. The uniform
change in both the CD signal and Hill constant for the I-to-N
transition indicates that a well-defined intermediate exists
in Na", as well as in Mg", although the two speciesy.l
and lg, could be structurally distinct.

To determine when individual helices and tertiary struc-
tures form, DEPC modification is used to analyze the folding
in Na" and Mg* (Figures 3 and 4). DEPC carbethoxylates
the N’ position of adenosines. Adenasines that are stacked,
as in a base-paired region, or have tharVolved in tertiary
interactions, are protected from modification by DEPC. In
the case of tRNA'™ modification of the exposed adenosines
in the anticodon loop, A35/A36/A38, is not sensitive to the

the T stem and A66/A67 in the acceptor stem. Therefore,
the cation-dependent formation of every helix in this tRNA
can be monitored by DEPC modification of these seven
adenosines. The formation of the tertiary structure can be
monitored by modification of four adenosines, A14/A21 in
the D loop, A58 in the T loop, and A44 in the variable loop.
DEPC modification data for all adenosines within a particular
stem or loop were fit separately. Averaged data and their
fits are shown in Figures 3 and 4 for each stem and loop
region.

Similar to the hydroxyl radical protection and CD mea-
surements, protection from DEPC modification depends on
the Na and Mg" concentration (Figures 3 and 4). The
extent of protection of the residues involved in tertiary
structure can be fit with the same Hill-type equation (eq 1b)
to obtain the cation midpoints and Hill constants (Figure 3).
As expected, th&yyg is significantly lower than theéys,,
but the Hill constants are the same for both cations and are
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Ficure 3: Tertiary structure formation as monitored by DEPC maodification in 20 mM sodium cacodylate, pH 6.6 @.d &Y Modification

as a function of N&a concentration. The modification of 14 adenosine residues is determined. Lane T1: partial T1 ribonuclease digestion
under denaturing conditions; lane OH-: partial alkaline hydrolysis of the same RNA. (B) 1/PF versii$diNaop residues fit to a single

I-to-N transition (eq 1b) to obtaiKna2 andn,. (C) Modification as a function of Mgy concentration. (D) 1/PF versus [N for the loop
residues.

independent of urea concentration (Tables 1 and 2). TheA67 in the “acceptor” stem are measured. Importantly, the
DEPC modification data provide further support that un- initial and final (high M@™) levels of protection for the “T”
modified tRNAP" can fold to the native state in both Na  and “acceptor” stems in the bimolecular construct are very
and Mg*. similar to the corresponding values measured in the full-
Residual Structure in 10 mM Naln the absence of urea, length tRNA™ This identity of PFs indicates that this
DEPC modification of the helical residues in ftginduced construct is a faithful analogue of the T and acceptor stems
folding does not change until thggto-N transition, sug-  in the context of the full-length tRNA®
gesting that some of the helices either are not present or are  From a comparison of the Mg dependence of PF of this
already formed in the starting condition which contairs0 bimolecular construct [yF@9) and yF(49-73)] to that of
mM Na" (Figure 4B). In the starting condition, the anticodon, the “T stem” containing piece [yF(4973)], we conclude
D, T, and acceptor stems have protection factors of about 5,that for tRNA"¢the acceptor stem is not formed, but the T
2.5, 2, and 1.3, respectively. Complete DEPC modification stem is formed in the starting condition, based upon the
(PF=1.0) occursm 4 M urea where the residual structure following results. In the absence of the complementary
is disrupted, consistent with our previous studigsl(). The strand, the PF is-1.2 for A66/A67 in the “acceptor” portion,
high PF value for the anticodon stem indicates that it is indicating that this level of protection represents that of an
formed while the intermediate values for the D and T stems unstructured region. Upon addition of about 10 mM g
suggest that they are formed as well. in the presence of the complementary strand, the PF sharply
To accurately identify the helical complement of the increases from-1.2 to 5 for the “acceptor” stem, indicating
starting condition, in particular the status of the T and that a high PF is the signature of the formation of the
acceptor stems, DEPC modification is carried out with a “acceptor” stem. This same change is observed for the
bimolecular construct that contains just these two regions acceptor stem in the full-length tRNI% in the I-to-N
(nucleotides £9 and 49-73 of tRNAPM9. In this construct, transition. The “T” stem, however, only experiences a mild
the “T” stem region is part of a single, contiguous strand increase in PF from 2.5 to 3 at 10 mM Ffg We interpret
whereas the “acceptor” stem requires binding of the two this mild increase to result from base stacking of the newly
pieces (Figure 4C). As with the full-length tRN% the formed “acceptor” stem on top of the “T” stem. In summary,
protection factors for A62/A64 in the “T” stem and A66/ these data in conjunction with those for the full-length
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FiGURE 4: Secondary structure formation as monitored by DEPC
modification. (A) Modification as a function of Naconcentration.
The plot of 1/PF versus Naconcentrationn 6 M urea is fit to a
single U-to-l transition (eq 1la) to obtaikn,: and n;.
Modification as a function of Mg concentration. The plot of 1/PF
versus M@" concentrationn 6 M urea is fit to a linked equilibria
(eq 2) to obtainKygi, Kugz, M, and ny. (C) Modification of a
model construct containing nucleotides—4& and 19 of the
yeast tRNAMe at 20 mM sodium cacodylate, pH 6.6 M urea,

and 23°C.

tRNAP"e indicate that the acceptor stem is not formed but
the other three stems are present in the starting, 10 mM Na

condition.

Structural Differences betweeRaland lyg. The above

(B)

Shelton et al.

Table 2: Md@* Titration of the Unmodified Yeast tRN&e at
Constant Urea Concentratidns

[urea] (M)  Kygr (MM) ny Kwmgz (MM) ny
0 0.022+ 0.00P 4.14+0.6
0.028+ 0.00F 3.3+0.2
2 0.065+ 0.008 3.1+ 0.5
4 0.061+0.036' 1.94+1.1 0.32+0.008 3.4+0.1
6 0.23+£0.09' 1.4+0.3 1.0+£0.0¢ 3.8+0.1
0.28+0.06 1.1+0.2 1.6+ 0.0 3.8+04

aConditions: 20 mM sodium cacodylate, pH 6.6, @8 tRNA,
37 °C. ® Hydroxy! radical protection¢ DEPC maodificationd Circular
dichroism data from4).

the addition of a molar of denaturant (units of kcal mol
M™Y. This quantity correlates with the differential accessible
surface area burial accompanying a folding transition for both
RNAs and proteins4, 11).

DEPC maodification indicates that the secondary structure
content of L is greater than that oful (Figure 4). In the
absence of urea for Nanduced folding, protection of all
helices continually increases until [Na~ 0.1-0.2 M, the
point where |, is the major species. This conclusion is based
on a similar PF value of the clearly identifiablg, species
in the presence fo6 M urea (Figure 4). The level of
protection, however, for each helix is different. Importantly,
the protection factor of the acceptor stem, the only helix not
formed at the starting condition, increases freth 2 to about
3, indicating that it also is present ial

Different behavior is observed for Nanduced folding
at 6 M urea because the starting condition lacks all four
helices. In 4 ad 6 M urea, the two folding transitions
monitored by DEPC modification of residues involved in
tertiary structures can be fit with eq 2 to obtdR, andn
for each transitionKna2 and n, values determined from
DEPC data (Table 1) are average values for all tertiary
residues. n 6 M urea, the approximate Ndevel for the
formation of all four helices is about 0.4 M, well below the
midpoint of the I-to-N transition which is close to 1 M. The
DEPC protection factors for anticodon and D stems continu-
ously increase whereas the PFs for the T and acceptor stems
have a sharper transition near 0.3 M NaCl. These data
indicate that the entire cloverleaf secondary structure is
present in |, even in the presence of urea.

In the absence of urea, the level of modification of the
helices in the \y state is the same as in the starting
conditions; i.e., the anticodon and D and T stems are present,
but the acceptor is not. The two transitions, U-{g-to-N,
still occur in the presence of%6 M urea although at elevated
Mg?" levels. Our previous study using small-angle X-ray
scattering 12) indicates thaty)y has the same dimension in
the absence and presence of urea. DEPC modification now
indicates that thew in the presence and absence of urea
contains the same helical structure (Figure 4B). Hence, the

results demonstrate that the equilibrium folding pathway in lvg is structurally very similar in the absence and presence
the presence of either cation contains a thermodynamicof urea. by differs from lyain at least one aspect, the absence
intermediate. Do the intermediates in the different cations of the acceptor stem.

have the same or distinct structures? This question is The change in thé\eygo Signal for ka-to-N transition is
addressed in two ways. The secondary structural differencessignificantly smaller compared to that for thgito-N

are visualized with DEPC modification. The quantitative transition (Figure 2). In Nj the Aezeo Signal change is-2
extent of the magnitude of the structural change in the I-to-N cm? mmol™2, compared te~4 cn? mmol for its folding in

transition is characterized by the umeavalue. Them-value
corresponds to the change in free enemy@—-n, UPON

Mg?*. This result suggests that more structure forms in the
Img-to-N transition, consistent with the DEPC data thaf |
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tertiary structure plus the acceptor stem and the structures

>

“ within anticodon, D, and T loops. Henceyyl probably

) - contains only the anticodon, D, and T stems.

=] -16 -

£ =

3 a8 By DISCUSSION

& &

‘: -20 “’A Folding of Tertiary RNAs with Mon@lent lons We have

£ » é“ shown that unmodified yeast tRN% can fold in the
E ) presence of Naalone, albeit at concentrations greater than
g e 0.5 M. As with folding in Mg*, folding in Na" can be

= 26 described by two transitions, U-to-I-to-N, and a well-defined

R T S S S Sy e A thermodynamic intermediate exists. This intermediate irNa

[Urea] (M) induced. folding requires~0.1 M Na, anq it contains all
four helices of the tRNA™ The Na requirement and the
B cloverleaf secondary structure are similar to those observed

' in the folding of the modified yeast tRN/A¢in the presence
6] NatoMe™ 212 ; of monovalent ions alonelB, 14), except that higher Na
g % % lia = concentration is needed for the I-to-N transition for the
= 1is i unmodified tRNA" This result provides additional evidence
S 27 5 that modified tRNAs are generally more stable than the
= 0 g s 1" corresponding unmodified version.

P P 120 = Several other tertiary RNAs have been shown to fold with
ﬁ " {20 B monovalent ions alone. The L11 binding site of rRNA folds
= % " E with NH,* (15, 16). The hammerhead, hairpin, and VS
°§ 67 = ribozymes are functional at high concentrations of monova-

PSS S S lent ions alone 17). The presence of K Nat, or NH,;" is
[Urea] (M) sufficient to fold the pseudoknot structure involved in

FicUrRe 5: Stability as a function of urea concentration. Thealue translational f_ra_meshiftingl@, 19). _Clearly, monovalent ions

of the I-to-N transition is obtained from the slope of the plot of alone are Su_ﬁ'CIent to fol(_j the t_ertlary structure_ of some small
nRT In K versus [urea], normalized to a standard cation concentra- RNAS, albeit at much higher ion concentrations compared
tion of 1 M. (A) The values ofK are obtained from CD and to folding with divalent ions.

hydroxyl radical protection data [Mg-dependent CD data from It is unclear whether the monovalent ions bind to the same
gg%'tino%(salkgl' ;2?1?/'5}‘1'“('292‘6%‘55 fgrl.’lde?&:d (;\I/'% |2:rae| sites as the divalent ions in tertiary RNA structures. The
mol-1 M~ (r2 = 0.989), respectively. (B) The values &f are crystal structures of the tRN/Aewith different divalent ions
obtained from DEPC modification. The slightly lowéy, or (20—22) show that other divalent ions can occupy the same
slightly higherKyg probably reflects the presence of 0.34 M DEPC.  sites as M, as well as new sites. Even trivalent ions such
Nevertheless, similan-values can be obtained from the DEPC data 55 g3t can occupy some of the same sites as?Mg

compared to CD and hydroxyl radical protection data (dashed line). suggesting that it is possible to substitute a specifically bound
contains one less helix thag.) and an extra helix forms in ~ Mg*" with an ion of a different valence. _
the Iyg-to-N transition. Previous analysis of the Mginduced folding of the
The uream-value for the I-to-N transition indicates that Unmodified tRNA"suggests that the observed Hill constant
Ina is much more structured thanyl The mvalue is  Of 4 represents the number of Kgions that bind in the
determined from the slope of the trace-ohRT In(Kys) or I-to-N Fran_S|t|on @). The change'ln stability determmeq from
—nRTIn(Kyg) versus [urea], normalized to a standard state Urea titrations conducted at dlff_erent Mgconcgntrgtlons
concentration b1 M (Figure 5), wherekya (Kug) andn are was the same as that determined from 21’§/Ig;|trat|_ons.
determined by CD, hydroxyl radical protection, or DEPC Furthermore, the Hill constant was the same determined from
modification. The mrvalue for the Na-induced I-to-N the urea and Mg titrations. The most parsimonious conclu-
transition is only 0.39t 0.06 kcal mot* M~1, whereas it is sion is that the Hill constant in this system represents the
1.7+ 0.1 kcal moft M~1 for the Mc*-induced transition. ~ nhumber of M@" cations bound cooperatively in the I-to-N
The significantly smallem-value for Na-induced folding ~ transition.
indicates that less structural change accompanies the I-to-N  The Hill constant in the Nainduced folding is identical
transition in N& compared to that in M. to that observed in the Mg-induced folding. Unfortunately,
Because the native structure of tRRIAis the same in  the low m-value of the I-to-N transition in Nainduced
Na* and in M@+, the differentialm-value must reflect the  folding prevents accurate determination of the free energy
structural differences of the equilibrium intermediates. The of the native structure in Naby urea titration (unpublished
mue-value is consistent with the calculated surface area burial results). Hence, we cannot compare the stability based upon
that includes only the formation of the tertiary structure urea titration to that based upon Ntration for this RNA.
between D, T, and variable loops. This estimate suggestsTherefore, it is unclear how many and where™Nans bind
that Iy, contains all secondary structures plus the structuresin the I-to-N transition.
within the anticodon, D, and T loops, but it has no leop Parallel versus Sequential PathwayEhe different ther-
loop interactions. The largenyg-value is consistent with modynamic intermediates observed in "Naand Mg*-
the surface area burial accompanying the formation of the induced folding suggest two possible scenarios for the
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A. Implications of Switching the Intermediate on Stability
U A/IMg \ The free energy of a tertiary RNA, as defined N, o,
4MUma\ - N is proportional to the logarithm of the ratio of the native
Ina population to the intermediate population. The structure and

energetics of the intermediate must be considered in any
B. prediction of the stability of the native state. Thus, the
ULyt tren Iy, Ina N differential cation binding to the I and N states is the relevant
FiGURe 6: Equilibrium folding models of the unmodified yeast ~quantity, not just the binding to the N state. The present study
tRNAP"e (A) Parallel pathway. (B) Sequential pathway. All residual - also emphasizes that the structure of the intermediate can
structures are disrupted in 20 mM sodium cacodylate, pH 6.6, 4 M vary, and predictions of stability in different cations need to
urea, 37°C, represented asiM urea (4, 12). account for this structural change.
The cation dependence of the intermediate has implications

equilibr_ium fold?ng path\_/vay of thi§ tRNA. In the_ first for mutational studies. Even though the native structure is
scenario, these intermediates fold directly to the native stateiha same for tRNAM folding in Na- and Mg*, the

via two structurally distinct, parallel pathways (Figure 6A).
In this case, the thermodynamic pathway is different in
monovalent and divalent metal ions. In the second scenario
these intermediates fold sequentially to the native state vi
the same pathway (Figure 6B). In this casg, and k. are
two intermediates that differentially populate depending on
the solution condition. In M -induced folding, {4 is less

intermediate is different, and mutations may have different
effects on the stability depending on the cation used. If a
'mutation destabilizes a particular region which is formed in
3poth Iya and N states to the same degree, the free energies
of both states are shifted by the same amount, and the
difference AG,——n, Will not change. However, if this region
stable than bothyy and N at all Mg* concentrations, so gtg?;g’rejsggg:ﬁ;j‘nIz;ﬁecsgzggléy i?]f t,t}%'_\l Et:;i: a%ge

that a does not popL_JIate. In _Nanduced foldlng_, ha IS thermodynamic effects of mutations can depend on the metal
more stable thanv, at intermediate Naconcentrations, so ion used to fold the RNA.
that a does populate. ) An additional issue highlighted by the present study is the
Our results favor the sequential pathway model for yossibility of the reference state shifting upon mutation. For
tRNAP"*folding in Na’. The structure ofyg is largely the  example, if a mutation sufficiently stabilizes the acceptor
same as the starting condition of the'Ngependent pathway.  stem so that it now forms i}, the reference state is altered
_The Ivg exh|b|ts no increase in DEPC protection nor a change gpg comparing the Md-dependent free energy of the mutant
in the radius of gyration upon the addition of fg(12). In to the wild-type tRNA would not be meaningful. On the other
essence, the entire structural componenigfi$ already in hand, because the acceptor stem already forms in the
place prior to the addition of_the di\_/alent cation. Ev<_an in reference state when folding in Nathe reference state for
the presence of urea where Mds required for the formation  {he pative structure remains the same, so that comparing the
of lyg, the lyg Structure is the same as the structure in the Na*-dependent free energy of the mutant to the wild-type
absence of urea in the starting condition. Hence, the-Na  {rRNA now would be meaningful. Conversely, if a mutation
dependent pathway essentially begins from a species strucsglectively destabilizes the acceptor stem when folding in
turally equivalent topg, providing evidence for a sequential Na*, a different intermediate without the acceptor stem may
pathway. become the reference state, again changing the interpretation
Equilibrium Folding of the Unmodified Yeast tRRAThe of the stability of such RNA mutants. In these cases, one
main structural difference between the two intermediates is should ensure that the equilibrium folding of the mutant and
the presence of the acceptor stemyp This difference is  the wild-type tRNA follows the same pathway, for example,
likely to be attributed to how Naand Mg* stabilize the as indicated by the same urewvalue for the I-to-N
acceptor stem, a secondary structure, relative to the tertiarytransition.
structure of tRNA. When the acceptor stem is more stable  Comparisons to Thermal Unfolding of tRNA%e cation-
than the tertiary structure, as is the case for{Naluced induced thermodynamic folding of the yeast tRN@ahas
folding, this helix forms at lower Naconcentration, and a  similarities but some striking differences to the thermal
distinct thermodynamic intermediatea,| populates contain-  unfolding sequence of several tRNAs. These differences
ing this helix. In Mg*-induced folding, the acceptor stem |argely can be explained by the altered stability of the helices
is unstable without the tertiary structure, so that this helix dye to their differential GC content. For tEecoli tRNAfmet
forms only in conjunction with the tertiary structure and the in 0.17 M Na', the first structures to unfold at increasing
comparable intermediate t@.ldoes not populate. temperature are the tertiary structure plus the D s (
The differential stability of a secondary structure and the The T stem and the anticodon stem unfold next, with the
tertiary structure as a function of monovalent and divalent acceptor stem unfolding at the highest temperature. For the
metal ions suggests that the thermodynamic pathway of RNAyeast tRNAS in 0.5 M Na', the first structures to unfold at
folding can be an intricate interplay between the formation increasing temperature are the tertiary structure plus the D
of the secondary and tertiary structures. The population of and acceptor stem28&). The anticodon stem unfolds next,
thermodynamic intermediates depends on the nucleotidewith the T stem unfolding at the highest temperature. For
sequence of the secondary structure as well as the ionicthe yeast tRNAY in 0.15 M Na', the first structures to unfold
conditions, even though the native structure can stay theat increasing temperature are the tertiary structure plus the
same. This interplay has implications for kinetic studies D and anticodon stem&$9). The acceptor stem unfolds next,
where pathways are dependent upon the starting ionicwith the T stem unfolding at the highest temperature. For
conditions 23—26). the helical stems of these tRNAs, the order of thermal
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unfolding has a good correlation with the GC content of the respectively. Such an increase in the Mgequirement is
particular helices. The ultimate helix to unfold contains 100% similar to the folding of the unmodified yeast tRRB&where

GC, and the penultimate helix to unfold contains-BD%

the Mg?* requirement increases from 0.02 to 0.3 mM upon

GC, whereas the helix that unfolds with the tertiary structure increasing the Na concentration from 0.01 to 0.15 M

contains less than 60% GC.
For the modified yeast tRNZ&¢in 0.03 M Na', the first

(unpublished results).

structure to unfold at increasing temperature is the tertiary CONCLUSIONS

structure, followed by the acceptor and the anticodon stems

The unmodified yeast tRNA&efolds to the native tertiary

(30). The T stem unfolds next, with the D stem unfolding at trcture both in Naand in Mg+ alone. The thermodynamic

the highest temperature. This order of thermal unfolding also ;
follows the GC content of this tRNA: 75% for the D stem,
60% for the T stem, 60% for the anticodon stem, and 43%
for the acceptor stem.

ntermediate in Mg"-induced folding, which contains the
anticodon, D, and T stems, but not the acceptor stem, is less
structured than the Nainduced species, which contains all
four helices as well as structures within the anticodon, D,

These thermal unfolding studies indicate that the nucleotide 54 T loops. This result can be explained by a differential

sequence of the helical stem is a significant factor in the giapility of a secondary structure, the acceptor stem, and the
equilibrium folding pathway of a tRNA. The acceptor stem e rtiary structure as a function of monovalent and divalent

of the yeast tRNA" composed of three GC, one GU, and

metal ions. Hence, the equilibrium folding of tertiary RNAs

three AU base pairs, has the lowest GC content among allcan pe an intricate interplay between the formation of the

four helical stems in this tRNA. This low GC content of the  gacondary and tertiary structures, and the pathway can have
acceptor stem may in part explain the observed equilibrium gitterent intermediates, depending on the ionic conditions.

folding of this tRNA.

The fact that any helix can fold first implies there is no ACKNOWLEDGMENT

single equilibrium folding pathway for the generic tRNA
structure, although there may be a dominant pathway for a
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