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ABSTRACT. The folding thermodynamics of the catalytic domain from Bazillus subtilisRNase P RNA

is analyzed using circular dichroism and fluorescence spectroscopies, hydroxyl radical protection, and
catalytic activity. Folding of this 255-nucleotide ribozyme can be described with three populated species:
unfolded (U), intermediate (I), and native (N) states. The U-to-I transition primarily involves secondary
structure formation, whereas the I-to-N transition is dominated by tertiary structure formation. The I-to-N
transition is highly cooperative as indicated by the coincidence of the four probes applied here. Two
isothermal methods are used to determine the stability of the N state relative to the | state at 10 and 37
°C. The first method measures the extent of?Mmduced folding without urea or at constant urea
concentrations. The second method measures the extent of urea-induced unfolding at constant Mg
concentrations. Via application of a cooperative binding analysis, tie Mansition midpoint Kvg), the

Hill constant ), and the urea-dependent surface burial parametea{ue) determined by both methods

are identical, indicating that they report the same, reversible folding event. Three conclusions can be
drawn from these results. (i) The folding free energy of @Mdependent tertiary RNA structure can be
described by th&yg andn parameters according to a cooperative?Minding model. (ii) The Hill
constant for this tertiary RNA structure probably represents the differential number%fibtgs bound

in the I-to-N transition. (iii) Under physiological conditions, the stability of this large ribozyme is similar

to that of small globular proteins.

The elucidation of the thermodynamic properties of a  The second consideration is the ¥Mgrequirement for
biopolymer is one of the central aspects in understanding tertiary RNA folding. Due to the differential interaction of
its folding behavior. A number of thermodynamic studies Mg?t among the different structural states, the stability of

on tertiary RNA structures have been conductied4). Two the native state is explicitly dependent on the?Mgoncen-
significant factors must be considered in thef¥tgependent  tration. A Mg?"-dependent folding transition may be de-
folding of tertiary RNAs. scribed by a binding model in which the number of cations

First, a thermodynamic analysis requires the identification that bind cooperatively is correlated with an empirical
of multiple thermodynamic states because the folding free parameter, the Hill constamt (3, 4). The Hill constant is
energy is defined as the logarithm of the ratio of two often interpreted as the minimal number of Mdgons bound
populations. For example, the stability of the RNA secondary in the folding transition from a less structured state to the
structure can be described as the comparison betweemative state. Whether this Hill-type, cooperative binding
unpaired, unstacked RNA and paired, stacked RNA in a model describes the underlying mechanism of?Mstabi-
duplex (). In our previous study on the ribozyme from the lization, and hence can be used to define the free energy of
Bacillus subtilis ribonuclease P (denoted P RNA)e tertiary folding, is unclear. To properly interpret the Hill
identified two less structured states, the unfolded state andconstant and the validity of a Mgbinding model, a method
an intermediate state, in addition to the native st@le (  independent of the assumptions in this model is needed to
Hence, the thermodynamics of P RNA folding involves the measure the folding free energy at constanfMzpncentra-
relative stability among at least three populated states. tions.
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Tertiary Folding of a Large Ribozyme

urea-dependent folding equilibrium of the C-domain is
examined by hydroxyl radical footprinting, catalytic activity,
circular dichroism (CD), and fluorescence spectroscopies at
constant temperatures. We apply a framework to quantitate
the stability of tertiary RNA structures based upon the#Mg
and urea dependence of the folding transition. This work,
together with the accompanying pap&9), represents a
systematic thermodynamic study of RNA folding using
techniques and concepts commonly applied in protein folding
studies.

MATERIALS AND METHODS

Preparation of the C-DomainThe C-domain of theB.
subtilis P RNA was derived from a circularly permuted P
RNA with the 8-end at nucleotide 24@). The C-domain
construct contains the T7 RNA polymerase promoter, nucle-
otides 246-409 and 185 of the P RNA, and 14'3
nucleotides which include Bok restriction site. Transcrip-
tion was carried out using the standard in vitro transcription
procedure with the T7 RNA polymeras®) (using Foki-cut
plasmid DNA as the template. The transcription mixture
contained 50 mM Tris-HCI (pH 8.0), 20 mM Mg&Ill mM
spermidine, 5Q:g/mL bovine serum albumin, 2 mM DTT,
each nucleoside triphosphate at 4 mM, andug@mL T7
RNA polymerase. The C-domain containing a fluorescein
at the 5-end was also prepared by in vitro transcription in
the same buffer with 14 mM Mggl1 mM ATP, 1 mM
CTP, 1 mM UTP, 0.5 mM GTP, and 0.75 mNuorescein-

G. The 3-fluorescein-G compound was synthesized by
Dharmacon Research (Boulder, CO) using fluorescein phos-
phoramidite purchased from Glen Research (Sterling, VA).
Unreacted fluorescein-G was removed by performing two
phenol/chloroform extractions on the completed transcription
mixture. The C-domain transcript was precipitated with
ethanol, redissolveahi7 M urea and 100 mM EDTA loading
buffer, purified on a polyacrylamide gel contaigiid M urea

and 2 mM EDTA (to chelate residual cations), and stored in
water at—20 °C.

In all experiments, the purified C-domain transcript was
first heated in 20 mM Tris-HCI (pH 8.1) at 890 °C for 2
min followed by incubation at ambient temperature for 3
min. The C-domain at this stage was designated as the U
state.

Mg?* Titration Monitored by Hydroxyl Radical Protection.
The fraction of the RNA protected against hydroxyl radical
attack was determined by the Fe(tEEDTA footprinting
method (0). The procedure at 37C was the same as
described for the full-length P RNA with 1 mM Fe(NH
(SOy), and 1.2 mM EDTA (1). For measurements at 10
°C, varying concentrations of Mg were added to the U
state and the mixture was incubated at°@for 15 min.
Ascorbic acid and DTT were then added to final concentra-
tions of 1 and 5 mM, respectively, and the reaction was
initiated by the addition of a 120 mixture of 0.5 mM Fe-
(NH2)2(SQy), and 0.6 mM EDTA (pH 8.0). The reaction
proceeded at 18C for 14 h and was quenched upon addition
of 10 mM thiourea. The reaction mixture was separated on
a denaturing polyacrylamide gel contaigi@ M urea and
the result quantitated with a Molecular Dynamics phos-
phorimager.

Mg?" Titration Monitored by Catalytic Actity. The
fraction of the catalytically competent C-domain as a function
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of Mg?"t concentration at 10C was determined by the
amount of cleavage of an in vitro-selected substrée (
Varying concentrations of Mg were added to the U state,
and the mixture was incubated at 1G for 10 min. The
folding half-life at this temperature was 260 s, depending
on the M@t concentration®). The ribozyme was then mixed
with an equal volume of renatured substrate in 50 mM Tris-
HCI, 200 mM MgC}, and 2 mM spermine. The cleavage
reaction proceeded for715 s, and the reaction was stopped
upon adding twice the volumef ® M urea and 90 mM
EDTA. The reaction product was separated from the unre-
acted substrate on 15% denaturing polyacrylamide gels and
the fraction of the product quantitated by phosphorimaging.
Compared to a control reaction mixture with the C-domain
preincubated at 37C, >70% of the RNA incubated at 10
°C was catalytically active.

Mg?* and Urea Titration Monitored by Spectroscofijne
U state was obtained as described above. When needéd, Mg
was added to appropriate concentrations and the RNA
incubated at 28C for 5 min to obtain the | state and the N
state. The absorbance, CD, and fluorescenge= 493 +
5 nm andlem > 500 nm) measurements were conducted with
the Jasco J715 spectropolarimeter interfaced with a Hamilton
electronic titrator.

Data AnalysisThe two Mg "-dependent transitions were
described according to a semiemperical cooperative binding
model
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wheren andKyg are the Hill constant and Mg midpoint

of each transition, respectivelyl?). Because the two
transitions were well separated in this system, each transition
was fit independently according to
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TheKyg andn parameters were used to define the2¥g
dependent stability of the C-domain. For the transition
between the | and N states wher#g?* cations were bound
cooperatively, the (Mf-dependent) free energy of the N
state relative to the | state was written as

AGy(IMg?']) = —RTIn(IN[I]) =
—nRTIN(Mg* 1/Ky,) (3)

whereR s the gas constant afds the absolute temperature.

The Kyg values of both transitions increase significantly
in the presence of urea, but the Hill constants remain
unchanged (re? and this work). The shift in the midpoint
in the presence of urea was used to calculate the change in
stability according to

AAG = —nRTIn[Ky,,(urea)Ky,,] 4)

As is frequently done in protein folding studiek3( 14),

the folding free energy was approximated with a linear
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dependence on denaturant concentration: tions. To fully elucidate the applicability of our thermody-
namic analysis, folding of this ribozyme is examined at 10
AG(urea)= AG + m[urea] (5) and 37°C.

Mg?*-Dependent Folding Monitored by Four Probéour
structural and spectroscopic probes are applied here in
examining the Mg" and urea dependence of the equilibrium
folding transitions. In protein folding studies, a cooperative,
two-state folding process without significantly populated

m= —nRTIN(K.. /K. Y(lureal. — [urea 6 intermediates implies that all probes report the same transi-
( Mg2 Mgl) ([urea}, — [ureah)  (6) tion. We apply multiple probes in investigating the cooper-

obtained by combining egs 4 and 5. In the urea unfolding 2Vity of the folding of the C-domain. L
measurementAG andm values at a fixed My concentra- _ Hydroxyl radlcal_ prote(_:tlo_n _prowdes_ site-specific informa-
tion were obtained by fitting the observed sigrlas the tion about the folding of individual regions of the RNA. The

sum of the signal from the | (fractiofi, signalS) and N r_ela'give level of proteption as afunction of Mgconqentrz_a—
(fraction fy, signalSy) states according to tion is the same for different regions of the C-domain (Figure

2A,B). This behavior indicates that these regions fold

The Kyg, and henceAG, values obtained from the Mg
titrations at two urea concentrations were used to calculate
the denaturant response parameter,thealue, according

to

S+S, o (AG+murea)RT cooperatively in a single structural transition. This transition
Surea)=f,§ + fy\§ = (7 can be fit with a cooperative binding, Hill-type model (eq
1 + g (AGtmureaDRT 2) (12), yielding two parametersy, (the Mg+ concentra-

tion required to fold 50% of this RNA) and (differential
Extraction of the free energy from urea titrations does not ion binding term or Hill constant). Thigy, is 0.4 mM at 10
require knowledge of the Hill constant. However, thetg  °C and increases to 1.2 mM at 3. The Hill constant of
can be used to calculate the Hill constant upon a rearrangeTaple 1).
ment of eq 3: Catalytic cleavage of an in vitro-selected substrate provides
ot o a second probe for the N state. To assess the catalytically
n=(AG, — AG)/RTIn([Mg~"],/IMg~"],) ~ (8) active fraction, the C-domain is first incubated with varying
o ] concentrations of M. Then prefolded substrate is added
whereAG; andAG; are the stgbﬂmes at Mg concentrations 4t 5 high M@* concentration, and the cleavage reaction is
[Mg?']1 and [Mg*], respectively. _ ~ carried out for 715 s. Because the folding half-life of the
Data analysis was performed using the Microcal Origin j_to-N transition at 10°C is ~30 s, catalytic activity is
version 5.0 nonlinear fitting routine. Unless otherwise noted, primarily due to prefolded molecules. At 3T, however,
errors listed are the standard deviation calculated by thefo|ding occurs in<1 s (7) and additional molecules fold
fitting algorithm and reflect the statistical uncertainty of the during the activity assay. Hence, the amount of molecules

fitted parameters. folded prior to the assay cannot be determined accurately at

37°C. The folding transition monitored by catalytic activity
RESULTS . X )

is in excellent agreement with that monitored by hydroxyl

Choice of the Tertiary RNAThe C-domain used in this  radical protection (Figure 2C and Table 1).
study originates from a circularly permuted version of the P CD provides an effective method for monitoring additional
RNA having the 5 and 3-ends at nucleotides 240 and 85, folding transitions that occur at lower Mgconcentrations
respectively (Figure 1A8). This domain folds independently  (2). In the Mg@" titration of the C-domain, pronounced
as determined by the hydroxyl radical protection method changes occur in the near-UV CD spectrum at 260 and 287
(Figure 1B). In this method, nucleotides in RNA secondary nm (Figure 3). These signal changes can be explained with
structures are readily cleaved, and only those in regions witha U-to-I and an I-to-N transition, just as observed for the
a reduced level of solvent exposure due to tertiary folding full-length P RNA. The absorbance signals at 260 and 287
are protected3, 10). The protected regions in the C-domain nm mirror the U-to-I transition identified by CD. The U-to-I
are essentially identical to their counterparts in the full-length transition occurs below 100M Mg?" at 10 and 37C and
P RNA (11). For example, the J18/2, J18/4, J3/4, and P4 accounts for most of théyeo (hypochromicity due to base
regions that form the active sitég, 16) are well protected.  stacking) andAezgo (helix formation) change. These spec-
We chose to carry out a thermodynamic analysis of this troscopic probes indicate that the | state has a near-native

RNA based on three observations. (i) This ribozyme folds amount of secondary structure (Figure 3). Because both
without kinetic traps from 2 to 37C (7). Therefore, the  transitions are well separated, each can be fit independently
observed intermediate state is likely to be on-pathway andwith a Hill-type equation (eq 2). The focus of the study
productive, thus avoiding ambiguities in the interpretation presented here, the I-to-N transition, can be readily observed
related to misfolded structures. (ii) This ribozyme is fully with Aezs; and is coincident with the I-to-N transition
active in the cleavage of an in vitro-selected substrate. observed by the hydroxyl radical cleavage and catalytic
Therefore, the native state can be unambiguously assignedactivity (Table 1).
and correlated to the folding transitions observed by spec- To enhance our ability to monitor folding with spectro-
troscopy and hydroxyl radical protection. (i) This ribozyme scopic techniques, a fluorescein was covalently linked to the
has two well-separated structural transitions in the thermo- 5'-end of the C-domain. This fourth probe is sensitive to the
dynamic folding pathway, and the folding and unfolding can two transitions observed by CD (Figure 4). The fluorescence
be studied over a wide range of Kfgand urea concentra-  signal decreases for the U-to-l transition, but increases for
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Ficure 1: (A) Sequence of the C-domain construct and summary of the hydroxyl radical protection dat&€afB@ nucleotide numbering

is according to the phylogenetically derived secondary structure @ .tabtilisP RNA (28). Nucleotide residues with a protection factor

of >1.5 are shaded. Residues that cannot be analyzed due to gel resolution are shown in lowercase letters. The proposed active site of P
RNA is composed of residues in the J18/2, J19/4, J3/4, and P4 redisrks|. (B) Hydroxyl radical protection of the C-domain at 3€

in the absence or presence of 8 mM Mgdlhe asterisk indicates an A292 G mutation in the construct used in this work. This mutation

changes an A-U base pair to a G-U pair and has no effect on the catalytic activity of the C-domain (data not shovar)d @Hanes
represent partial alkaline hydrolysis and nuclease T1 digestion of the same RNA.
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Ficure 2: Mg?t dependence of C-domain folding monitored by hydroxyl radical protection and catalytic activity. (A) Hydroxyl radical

protection at 37°C for residues 286288 (O), 314-316 ), 373-375 (»), and 43-46 (v). (B) Hydroxyl radical protection at 18C for
residues 286288 (©), 373—-375 (v), and 263-268 (). (C) Catalytic activity at 10C. All data are fit to the Hill equation (eq 2).

the I-to-N transition. This change in sign clearly distinguishes cence yieldsKyg and n values for the I-to-N transition

the two folding transitions, particularly the U-to-I transition identical to those determined by the three other methods
identified by Axeo and Aezgo. Folding monitored by fluores-  (Table 1).

0.0




16844 Biochemistry, Vol. 38, No. 51, 1999

Table 1: Thermodynamic Parameters of the I-to-N Transition
Obtained from Mg" Titrations

KMg (mM) n
probe 37rC 10°C 37°C 10°C
hydroxyl radical 1.2-0.2 0.42+0.06 2.8+0.3 2.7+0.6
catalytic activity NDO' 0.40+0.01 NI 28+0.1
Aeargr 11+£0.2 043+0.04 35-04 28+0.5
Flrags 11+0.1 0.43+0.02 3.6+08 24+0.7

2 Not determined due to significant folding during assay.
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Ficure 3: (A) CD (top) and absorbance (bottom) spectra of the
C-domain at 37C. Mg?* concentrations are 0, 0.4, and 5 mM,
levels necessary to form the U-9), | (----), and N () states,
respectively. The difference spectra between the U and | states (-
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Ficure 4: Fluorescence-monitored Mg titration of the 3
fluorescein-labeled C-domain at (A) 37 and (B)*ID. The U-to-I

and I-to-N transitions are well separated as indicated by the change
of sign.

Table 2: Thermodynamic Parameters of the I-to-N Transition
Obtained from Mg" Titrations Carried Out in the Presence of 3 M
Urea

temp €C) Kmg (MM) n m(kcal mol-t M~1)P
37 6.5+ 1.2 2.7+0.4 1.1+ 0.1
10 29+ 04 3.1+ 04 1.0+ 0.1

aMonitored by CD at 287 nnf Calculated according to eq 6.

transition is highly cooperative. These observations are
consistent with our kinetic dat&)

Folding and Unfolding in the Presence of Urddrea de-
naturation has been used extensively in protein folding where
the free energy is often linearly related to the urea concentra-
tion (eq 5). This same linear relationship also applies to RNA
folding (29). The dependence of free energy on urea con-
centration is described by timevalue which correlates to the
amount of surface area buried in the folding transition of
protein (L7) and RNA @9). In this work and the accompany-
ing paper, we show that the Migdependent tertiary fold-
ing transition, I-to-N, can be characterized by three param-
eters: Kyg, N, andm. All three parameters can be obtained
from Mg?" titrations at constant urea concentrations as well
as from urea titrations at constant Mgconcentrations.

Mg?*t-Dependent Folding in the Presence of Urdde
Mg?" midpoints for the U-to-l transition (not shown) and
the I-to-N transition (Table 2) increase in the presence of
urea, but the Hill constants remain unchanged, similar to
those for the folding of the full-length P RNA&R) and tRNA
(29). The invariance of the Hill constant for the I-to-N

exhibit significant CD and absorbance changes at 260 nm, whereadransition suggests that the structures of the | and N states
the difference spectra between the | and N states (- - -) exhibit a are largely unchanged in the presence of urea with respect

significant change in CD only at 287 nm. (B) Ffgtitration of the
C-domain at 37C monitored by CD @) and absorbanceD) at
260 (top) and 287 nm (bottom). The U-to-I transition is monitored

to Mg?" binding. We calculated thm value for the I-to-N
transition from the decrease in the free energy (obtained from

at 260 nm by CD and absorbance, and the data are fit to eq 1. Thethe Mg#* titrations) upon addition of urea according to eq
I-to-N transition is monitored at 287 nm by CD, and the data are 6. Them value for this transition is~1.0 kcal mot* M2,
fit to eq 2. (C) CD and absorbance spectra of the C-domain at 10 equivalent to the surface buried in the formation-df2 base

°C. The Mg+ concentration is 0, 0.15, and 5 mM for the U-},
| (-+e-er ), and N () states, respectively. Compared to that at 37

°C, the magnitude of signal change between U and | states is much

pairs in an RNA helix (see Figure 6 in r2$). This relatively
small m value indicates that the | state already has a

smaller at 10°C, suggesting that the U state has more secondary significant amount of surface burial, consistent with this state

structure at the lower temperature. (D) Mgtitration of the
C-domain at 10°C. The data are treated in a manner identical to
that of the data depicted in panel B.

having a near-native amount of secondary structure as
indicated by UV absorbance.
Urea-Dependent Unfolding at Constant RgConcentra-

tions. An alternative method for measuring the folding free
In summary, thé&yg andn values for the I-to-N transition ~ energy is urea titration at fixed Mg concentrations. This
are essentially identical as measured by all four probes. Thismethod does not require knowledge of the Hill constant in
overlapping behavior for different probes demonstrates that determining the folding free energy. Two parameters can be
no other species are significantly populated and the folding obtained from a single urea titration, the free energy at 0 M
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A meaningful discussion of the folding free energy must
include the identification of a thermodynamic reference state.
For small globular proteins, the reference state is typically
the unfolded or denatured state. For the C-domain of P RNA,
however, the energy level nearest to the native form is the
| state. The | state has a near-native amount of secondary
structure as indicated by the absorbance at 260 nm. Just like
the spectrum of the N state, the spectrum of the | state is
Urea (M) Urea (M) relatively insensitive to temperature and urea, indicating that
the | state is a well-defined thermodynamic entity. The U
state is less well-defined and is sensitive to temperature and

Ficure 5: Urea titration of the C-domain (A) with 83) and 12
mM MgCl, (®) at 37°C and (B) with 2 ©) and 4 mM MgC} (®)

at 10°C. Folding is monitored by CD at 287 nm. urea, presumably due to the presence of residual secondary
structures.

Table 3: Thermodynamic Parameters of the I-to-N Transition Tertiary RNA Folding Described by a Mg Binding

Obtained from Urea Denaturation at Constant?Mgoncentratiorfs Model. Two types of Md" ions are often considered in RNA

temp [Mg?'] m folding studies, specifically bound and delocaliz&8,(20).

(°C) (mM)p AG (kcal/moly (kcal moFt MY nd According to polyelectrolyte theory(), delocalized cations

37 6.0 3.0+0.2(3.0+0.1) 1.0+ 0.1 28+ 04 preferentially associate with folded structures having in-

12.0 4.2+0.3(4.3£0.2) 1.0+ 0.1 creased charge density. Both the | and N states probably have

comparable charge density because both have comparable
10 20 274£03(2.7+0.2) 0.9+0.1 28+05 amounts of secondary structur@,y) and surface burial
40 3.840.4(3.9+0.3) 1.14+0.1 "
- . " . . (small m value for the transition; see below). Hence,
Monitored by CD at 287 nmi: Mg2" concentrations equivalentto - 4o|ncajized cations presumably interact similarly well with

~5Kmg and~10Kyqg of the I-to-N transition® In parentheses are listed .
AG values calculated according to eq 3 with data fron?Mifrations both the | and N states. Therefore, by using the | state as

(Table 1).9 Calculated according to eq 8. the reference state, the effect of the delocalized'™Mgns
on tertiary RNA stability is likely to be minimal and is not
urea,AG, and themvalue (Figure 5). As expected for ¥ig considered further.

dependent folding, the stability increases with increasing !N the cooperative binding model applied in this study, a
Mg2+ concentrations (Table 3). Tha value, however, is  Mg?*-dependent RNA folding transition is characterized by
independent of the Mg concentration and depends only o parameters: the Mg concentration at the_mldpomi of
on the level of surface burial between the | and the N statestransition,Kyg, and the Hill constanth. At a given Mg*
(Table 3). concentration, the stability can be calculated according to

Several lines of evidence indicate that the urea titration AG(Mg*]) = —RTIn(NJ/[I)) = —nRTIn(Mg?*)/Kyg). The
and the M@* titration monitor the same I-to-N transition. ~ fraction of N increases and the fraction of | decreases with
(i) The AG values are identical (Table 3). (i) Thevalues ~ increasing M@" concentrations as described by a Hill
are identical (Tables 2 and 3). (iii) Th&G values obtained ~ €guation (eq 2) so that the folding free energy becomes
from the urea titrations at different Mtjconcentrations can ~ increasingly negat|+ve (i.e., more stable). At the transition
be used to calculate the Hill constant according to eq 8. Midpoint (i.e., [Mg'] = Kyg), the populations of N and |
The Hill constant so obtained is in excellent agreement with &€ oequa] and\G is zero. L+Jnder physiological conditions
that obtained directly from the Mg titrations (Tables 1 and 3). (37 °C with 5-10 mM Mg™"), the stability of this tertiary

In summary, by performing Nl?g' or urea titrations at RNA is on the order of 24 kcaI/mOI, Comparab|e to the
different concentrations of the complementary variable, one Stability of many small globular proteins.
can obtain the three thermodynamic parametéys, n, and The Hill constant, or the differential ion binding term, of
m. These parameters can be used to calculate the stability af folding transition has been called the minimum number of
any given Md* or urea concentration. By performing both Mg*" ions bound in the transitior8(22). The experimentally
a urea unfolding titration and a Mg folding titration, one determined Hill constant in several cases can be lower than
can also confirm the reversibility of the folding transition. the actual number of binding sites. For example, a Hill con-
Because the determination of the free energy from ureaStant of unity observed for the U-to-I transition probably
titration does not rely on the same assumptions as those usefePresents multiple but independent binding events. Alter-
from these two methods provides strong support for the A notable example for the latter case is the oxygen binding

sigmoidal Hill plot corresponds to a Hill constant of 2.8,
DISCUSSION even though four oxygen molecules are bouh2| 3, 24).

We have applied chemical, enzymatic, and spectroscopicClose inspection of the binding behavior shows that the
probes in characterizing thermodynamic states and examiningbinding of the first and last oxygen can be separated, each
the cooperativity of tertiary folding of a large RNA under with a Hill constant of unity at extremely low and high oxy-
isothermal conditions. Using Mg and urea titrations, we  gen concentrations, respectively. This incompletely coopera-
have implemented a cooperative Mgbinding model to tive, stepwise binding results in a maximum Hill constant
quantify the folding free energy. Our results consolidate some that is less than the total number of oxygen molecules bound.
previous conclusiondl g, 19) and provide some new insights A method for resolving the ambiguity over the interpreta-
regarding the stability of tertiary RNA structures. tion of the Hill constant and for justifying the applicability
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of a cooperative binding model is to measure the stability context of other parts, the assembly need not occur in a single
with a method that does not require knowledge of the Hill kinetic step. In fact, our kinetic data for the I-to-N transition
constant. The urea titration provides this option because theof the C-domain indicate that folding does occur in multiple,
free energy is obtained from the data fitting using eq 7. The sequential M§" binding steps ). However, the multistep
change in stability determined from urea titrations conducted Mg?" binding must still obey the thermodynamic rule in
at different M@" concentrations can be used to calculate which the partially formed species are not stable in equilib-
the Hill constant. The resulting Hill constant is identical to rium relative to the beginning and ending states, although
that derived from the Mg titrations. These results argue kinetic intermediates may accumulate transiently. Hence,
that the Hill constant in this system probably represents the cooperativity in RNA folding is a statement about the relative
number of M@" cations bound cooperatively in the I-to-N  stability of RNA structures, not the temporal process of
transition. structural transitions.
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