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ABSTRACT: We have explored the linkage of monovalent and divalent ion binding in the folding of the
P4—P6 domain ofTetrahymena thermophilabozyme by examining the Mg-induced folding and the
urea-induced denaturation of the folded state as a function dfudder equilibrium folding conditions
using hydroxyl radical footprinting. These studies allowed a thermodynamic examination of eight discrete
protection sites within P4P6 that are involved in several tertiary structure contacts. Monovalent ions
compete with Mg" ions in mediating P4P6 folding. The urea denaturation isotherms demonstrated
AAG values of>2 kcal molt in experiments conducted in 10 versus 200 mM NaCl at a constant 10 mM
MgCl,. However, the individual-site isotherms reported by footprinting revealed that larger than average
changes inAG values were localized to specific sites within the #tgich A-bulge. The competitive
effects of monovalent ions were less wheh iather than Na was the monovalent cation present. This
result indicates the importance of the specifit Kinding sites that are associated with AA-platform
structures to P4P6 folding and stability. These site-specific footprinting data provide quantitative and
site-specific measurements of the ion-linked stability for-P4 that are interpreted with respect to
crystallographic data.

To achieve compact folded structures in the face of the The hammerhead, hairpin, and VS ribozymes are all active
electrostatic repulsion of its phosphate backbone, RNA at high concentrations of monovalent ion without the
molecules bind monovalent and divalent cations to neutralize presence of divalent ions8). Basu et al. 9) has also
the anionic phosphates of the backbone. The important roleidentified site-specific coordination of Kion in the P4-P6
of Mg?* in stabilizing RNA tertiary structure is well-known.  subdomain of theTetrahymenaribozyme. Recent studies
In early studies of tRNA folding, M ions were found to point to a role for condensed counterions in mediating the
stabilize the tertiary structure of the RNA and reconstitute electrostatic collapse of RNA during foldingl@—12).
its biological activity (). Moreover, many studies have Together, these studies highlight the important role for
shown that M@" is also important in assembling specific monovalent ions in stabilizing the highly compacted structure
tertiary structures and recovering functions of other RNAs characteristic of many RNAs.

as well as t(RNA. For example, thgetrahymenagroup | The folding of theTetrahymend.-21 ribozyme has been
intron requires millimolar concentrations of Mgto fold extensively studied using a variety of techniques, including
into a functionally active structure2), and a pseudoknot ity assays, chemical modification by Fe(ll)-EDTA-based
derived from theEscherichia coli-mRNA is effectively v qroxyl radical, synchrotron X-ray footprinting, X-ray
s;abmzed by Mg" (3). Direct visualization of M§" ions in scattering, and RNase cleavad&{23). Also, a number of
high-resolution X-ray crystal structures of yeast tRI#and  gy,gies have examined stable subdomains of the ribozyme
the Tetrahymenaibozyme have allowed an understanding it can fold independently. For example, the 160-nt P4
of the specific coordination of divalent ions and their role pg domain, as well as its P5abc substructure, can fold

in stabilizing tertiary structure4-6). independently, and hydroxyl radical footprinting reveals

Monovalent ions as well as Mg are involved in  jemal tertiary contacts similar to those seen in the native
electrostatic interactions stabilizing tertiary structure of RNA. ribozyme @4). Equilibrium folding studies as a function of

Specifically bound NH' stabilizes the tertiary structure of Mg?* concentration for both P4P6 and the L-21 ribozyme

a conserved domain of the large-subunit ribosomal RIJA ( (13, 24) have determined that small differences in thermo-

: : : : dynamic parameters (e.g., apparent binding constants and
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When folding is examined in real time after the addition extent of hydroxyl radical protection was quantitated using
of Mg?" by using synchrotron-based hydroxyl radical foot- the ImageQuant software (Molecular Dynamics) as has been
printing, the process is initiated by concerted formation of described13, 29). Fractional saturation (Yof the individual
numerous tertiary contacts within the PR6 structure at a  sites was determined from the digitized intensities by
rate of~1—2 s at low monovalent ion concentratioris4j. nonlinear least-squares fitting of the data against the coupled
The peripheral domains fold subsequently with rates of 0.3 equations
s 1, while protections within the catalytic core appear much
more slowly. The folding of isolated P46 domain is also P = Pijower T (Pi.upper— P towen Y, (1)
concerted with rates similar to those observed for the full-
length ribozyme at low monovalent ion concentrations. gng
Significant acceleration of the folding rate 30 s was
seen as the concentration of monovalent cation was increased
(16, 25). Studies of the global conformation of RNAs have Y =
shown that monovalent ions compact both-f®6 and the '
L-21 RNA in the absence of Mg, perhaps reducing the

entropic barrier to folding X1, 16, 22). It is necessary 10 \herep, is the protection of Sité, pijower AN Piupperare the
understand the effects of monovalent ions on RNA structure lower and upper transition end points, respectivilyis the

in order to interpret these effects on the folding mechanism. apparent equilibrium disassociation constant forisftelg?]

By combining urea denaturation and footprinting, the is the magnesium concentration, ands the Hill coefficient,
stability as well as the cooperative coupling of individual which indicates the apparent cooperativity of the transition
tertiary contacts of RNA can be individually monitoreib). (13, 29). The data from replicate experiments were individu-
In this investigation, Mg'-folding and urea-unfolding hy-  ally scaled toY; and analyzed globally.
droxy! radical footprinting equilibrium experiments were Urea-Unfolding IsothermsThe unfolding of RNA folded
carried out as a function of monovalent ion concentration in jn the presence of Mg was accomplished by urea titration.
order to probe site-specific effects on stability. We deter- The solvent accessibility at each point on the isotherms was
mined thermodynamic parameters for eight hydroxyl radical gnalyzed by Fe-EDTA footprinting as described above. RNA
protections in the P4P6 domain, corresponding to several samples in CE buffer to which was added the indicated
discrete tertiary contacts. The results suggest that monovalentoncentration of monovalent cation were folded by heating
ion competes with site-specifically bound fgons inthe {5 95°C for 1 min and then incubating in the presence of
A-rich bulge of P4-P6 (6, 26) and that this competition 10 mm MgCh at 42°C. Increasing concentrations of urea
destabilizes P4P6 ~15-fold for 200 versus 10 mM NacCl. were added, and the solutions were incubated &t for
In addition, a small stabilizing effect of the'kon compared 20 min. The data from replicate experiments were combined

to Na’ is observed, which may be related td Kinding in and scaled, and each protection was plotted as a function of
AA-platform sites identified in the crystal structure of P4 jncreasing urea concentration.

K'nH[MQZ-&-] Ny
1
1 _|_ KinH[Mngr]nH

()

P6 ©). Data were analyzed as described previously; briefly, the
EXPERIMENTAL PROCEDURES AG"N___U andm valugs were calcglated fpr each unfolding
transition curve by direct fitting using the linear extrapolation
RNA PreparationP4—P6 RNA was prepared by in vitro ~ method (5, 30). This expression is based on fitting a straight
transcription and purified as previously describ2d (RNA line to the baselines before and after the transition region
was labeled at the '5end with [-32P]JATP using T4  and assuming tha = Fu/F;, whereK is the equilibrium
polynucleotide kinase and repurified by 4% polyacrylamide/7 ratio of unfolded to folded RNA. Use of this equation
M urea gels. requires that the unfolding is reversible and that the specific
Mg?+-Folding IsothermsThe sites of the RNA protected tertiary contacts analyzed are _ejther in_ a completgly folded
against hydroxyl radical attack were determined using Fe- or unfolded st'ate_ln th_e transition region of th.e |sotherm.
(IN-EDTA footprinting (2, 28) as described previousiy8 Two-s'_tate folding is typlcally assumed in analysis of protein
15). In the Mg*-induced folding experiment, the-&p- _unfolo_llng curves derived from fluorescence or CI_D spectra,
labeled P4-P6 samples were denatured by heating t6@5 N Which the curve represents the global unfolding of an
for 1 min in CE buffer (10 mM sodium cacodylate and 0.1 entire small protein or domain. Here, the two-state assump-
mM EDTA) to which was added the indicated concentration fOn iS used for curves that represent a small (one or two
of monovalent ion. After the addition of various concentra- bas_e) mteractlo_n. RefOId'ng e_3>_<per|ments were performed to
tions of Mc?*, the solution was equilibrated at 42 for 1 verify the reaction’s reversibility.
h. The cleavage reaction was initiated by addition of 0.1 mM RESULTS
Fe(NH,)2(SOy)2/0.2 mM EDTA solution, following addition
of 0.3% HO, and 1 mM ascorbic acid. The reaction was  Mg2*-Induced Folding of the Isolated P46 Domain.
allowed to proceed at 42 for 2 min and was quenched by  Free radicals generated by a chemical reaction involving the
the addition of thiourea to a final concentration of 10 mM. Fe-EDTA complex can cleave solvent-accessible phospho-
After addition of an equal volume of gel loading buffer ribose backbone positions. When the RNA folds, sections
(Ambion), the reaction mixture was then separated using 8% of the backbone that become inaccessible to solvent are
polyacrylamide gels containgn7 M urea. The dried gel was  protected from radical cleavage. The extent of protection is
imaged by exposure of a phosphor storage plate that wascorrelated with the folding of the molecul®, (L3). The Mg*
scanned using a Phosphorimager (Molecular Dynamics). Thedependence of the appearance of protection for eight sites
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Ficure 1: Mg?*-folding isotherms of P4P6 at 10 mM (solid symbols) and 200 mM NaCl (open symbols). The fractional saturation is
seen on theg-axis. Eight separate protections were monitored, and triplicate experiments were globally fit. The red curve is the fit to the
data at 10 mM NacCl, and the blue curve is the fit at 200 mM NacCl.

within P4—P6 was quantitated. Analysis of the data provides near the A-bulge, are at the low end of the observed range
two thermodynamic parameters, the equilibrium constant for (0.50-0.56 mM), while the tetraloop and tetraloop-receptor
the transitionKyg, and the Hill constantyy, which reflects contacts exhibit values near 0.8 mM. Specifically, our results
the apparent cooperativity of the transition. Eight protections are equal within error to those originally reported by Murphy
previously examined at 10 mM Ng13) were determined  and Cech at 30 mM Na(24), where it was also observed
at 200 mM Nda (Figure 1). Triplicate experiments were that the protections within the A-bulge (as well as bases
globally fit to the equations outlined in the Experimental 139-140) had midpoints less than those observed elsewhere
Procedures section to provide the thermodynamic data showrwithin P4—P6. The values observed in these two studies are
in Table 1. higher than those we have seen in the corresponding regions
At 10 mM NaCl, theKyg values of the eight discrete of the full-length ribozymeX3), consistent with the reduced
protections ranged from 0.5 to 0.8 mM in accordance with stability of the isolated P4P6 domain compared to the full-
those previously reported , 16, 24). The Kygy values for length L-21 (L5). The Mg *-folding isotherms obtained at
the sites within the A-bulge, including bases 881, 183- 10 mM Na' for the isolated P4P6 are more cooperative
184, and 185188, as well as 139140, which make contacts than those for P4P6 within the full-length ribozyme
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Table 1: Equilibrium Data for the Mg-Induced Folding of the
Isolated P4-P6 Domain

[Na'] (<]

base 10 mM 50 mM 100 mM 200 mM 200 mM
139-140 Kyg 0.56+0.02 1.2+0.1 1.6+0.1 2.3£0.1 2.0+0.1
ngy 3.14+03 3.0+04 4.2+05 4.1+0.5 454+0.6
153-154 Kyg 0.78+£0.03 1.740.1 1.8+0.1 2.6+0.2 1.9+0.1
ngy 43+07 31+03 4.4+0.7 2.6+0.4 4.4+0.6
163-164 Kyg 0.65+0.03 1.3+0.1 1.740.1 2.6+0.1 1.9+0.1
ny 34+06 35+05 48+08 3.7£0.4 52+05
180-181 Kyg 0.52+0.03 1.0£0.1 1.8+£0.1 2.2+0.1 1.8+0.1
ng 29+05 52+11 49+1.4 44+0.6 4.1+0.6
183-184 Kyg 0.55+0.03 1.1+0.1 1.6+0.1 2.3+0.1 1.8+0.1
ny 29+05 44+13 55+18 44+0.8 4.6+0.4
185-188 Kyg 0.50+£0.03 1.1+£0.1 1.7+£0.1 2.2+0.1 2.0+0.1
ng 32+05 33+12 35+0.5 4.1+0.6 4.6+0.5
200-201 Kyg 0.84+£0.06 1.3+0.2 1.3+£0.1 2.3£0.1 2.0+0.1
ngy 28+06 29+09 3.6+0.8 48+1.2 4.1+0.5

224-225 Kyg 0.78+0.04 0.95+0.21 1.4+0.2 2.5£0.3 1.8+0.1

Ny 41+£09 18+06 3.0+1.1 2.5+0.7 4.4+0.5
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FIGURE 2: Kyg2- is plotted versus [NaCl] with logarithmic scales.

The calculated values @f In Kyg/d In [NaCl] range from 0.3 to
0.5 (see text).

(ny = 2.8+ 0.5t0 4.3+ 0.7, Table 1, vy = 1.9-2.4)
(13).

[Na*] and [K*] Dependence of Mg-Induced Folding.
To examine the effect of monovalent ions on-H2b6 folding,
Mg?*-folding isotherms for the P4P6 domain were deter-
mined at 10, 50, 100, and 200 mM Nand 200 mM K
(Table 1). The dependence l§fi; on Na" concentration for
all eight sites is summarized in Figure 2. THggy values
increase as [Ng is increased. For example, tii&y value

Uchida et al.

of the protection at nucleotides 18%88 increased about
4-fold (0.504 0.03 to 2.2+ 0.1 mM) in 200 versus 10 mM
Na' (Table 1). This result demonstrates direct competition
between Mg" and Na for the ion binding sites. In addition,
the Hill coefficients increased slightly at 200 versus 10 mM
Na", with the average value for all eight sites increasing from
3.3 at 10 mM Na to 3.8 at 200 mM N& The dependence
of Mg?* binding upon NaCl concentration was quantitatively
determined from the linkage relationship In Kyg/d In
[NaCl] (Figure 2) @1), yielding clustered values ranging
from 0.30+ 0.08 to 0.514 0.03 for the eight protections of
P4—P6. This result indicates a net exchange of less than one
ion upon folding.

In the Mg?*-folding experiments conducted at 200 mM
KCI, the resolved values oKyg are smaller than those
observed at the same concentration of NaCl (Table 1). The
Kwg values in 200 mM K are ~1.9 mM, while the
corresponding values at 200 mM Nare ~2.4 mM. The
Hill coefficients in Kt are all highly concerted, on the order
of ~4.5 (Table 1). The reduction ikyg value implies that
K* stabilizes the native form of P4P6 compared to Na

Urea Unfolding at Low and High Saltrea denaturation
experiments in conjunction with hydroxyl radical footprinting
were carried out to further investigate the effect of monova-
lent ion on stability of the P4P6 domain. Similar to
approaches originally developed to determine the global
stability of proteins 80), urea unfolding has also been applied
to RNA (32, 33). When urea denaturation and footprinting
are combined, site-specific unfolding isotherms are generated
that can lead to an understanding of both stability changes
and cooperative coupling within the moleculEs). For a
two-state transition with respect to the specific protections
examined, a linear dependence of folding free energy on urea
concentration is fit to the data to determine the folding free
energy & 0 M urea, AG°y—y, and the sensitivity to urea
denaturation, expressed as thevalue (L5, 30).

Figure 3 shows an autoradiogram of a urea denaturation
experiment conducted at 10 mM Rfgand 200 mM Na.

The Mg"-folded P4-P6 in the absence of urea is seen in
the right-hand lanesl{, 18); clear protections are seen at,
for example, base 200 or base 180. As urea is increased in
the lanes to the left3-16), the protections disappear as the
RNA unfolds in the presence of Mg Quantitative analyses

of the changes in intensity along a “row” were, as for the
Mg?" titrations, carried out for eight hydroxyl radical
protections in P4P6. The results of triplicate experiments
at 200 mM N& and at 10 mM N& were globally analyzed
(Figure 4).

Each of the transitions reaches a well-defined end point
that is independently established by thearee unfolded
control lanes (Figure 4, open symbols on the right of each
curve). The midpoints of the folding transitions at 200 mM
Na' cluster from 4.0 to 4.7 M (averaging 4.3 M), with
values ranging from 0.49 to 0.69 kcal m&M 2, yielding
AG°\_y values ranging from 2.3 to 2.8 kcal mél(Table
2). In contrast, the data for unfolding at 10 mM Nhave
significantly higher midpoints for each protection (Table 2),
ranging from 5.4 to 6.9 M (averaging 6.0). This increased
stability at low monovalent ion is consistent with the results
of the M?* titrations (Figure 1).

The protections at nucleotides 18081, 183-184, and
185-188, which are located in the A-rich bulge, have the
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of both delocalized and site-specific cations. Although all
cations can function as agents to neutralize negative charge
and promote compaction, the role of site-specific cations has
been of increasing interest, and the linkage of the effects of
monovalent and divalent cations has been a subject of intense
study ©—11, 26, 31, 34—36).

Classical studies of transfer RNAs have provided the
foundation of our understanding of the thermodynamic and
structural basis for metal ion function in the biological
activity of RNAs 37). Structural studies4( 5, 38, 39) have
identified Mg?"™ ions that are specifically bound to tRNA
and have associated these “coordinated” ions with the high-
affinity sites @7, 40). However, univalent ions can promote
formation of native tRNA structure in the absence of divalent
ions 7). In addition, some catalytic RNAs can act as
catalysts at high concentrations of monovalent ions such as
potassium or ammonium, without any divalent ioBs35).

Recent thermodynamic analysis of tRNA shows that the
crystallographically observed Mgbinding sites are located
in regions of high negative electrostatic potential created by
clustering of RNA helices in the formation of tertiary contacts
(36). Although the ion binding is site-specific, in the sense
that a distinct tertiary folding event must occur for the site
to form, the Md@" ions are indicated to retain their hydration

Ficure 3. Gel image of urea denaturation and Fenton-based shells and thus can fold the RNA while remaining electro-

footprinting of P4-P6 RNA carried out in 200 mM NaCl and 10
mM Mg?*. Lanes: 1 and 2, unfolded controls (no ¥y 3—16,

urea concentrations (M) of 7.8, 7.5, 7.0, 6.5, 6.0, 5.5, 5.0, 4.5, 4.0,

statically bound.
Site-Specific Effects of Monalent lons on RNA Folding.

3.5, 3.0, 2.5, 2.0, and 1.0: 17 and 18, no urea; 19, no Fenton reagent] € Mg**-folding and urea-unfolding experiments show that

highestAG°y_y values at 10 mM N§ 4.5+ 0.4, 4.2+
0.4, and 4.0+ 0.3 kcal motl?, respectively, and are

the Mg*-folded form of P4-P6 is less stable as the
monovalent ion concentration is increased. The largest
differences inAG°y—y values between 10 and 200 mM Na

consistently higher than the values determined at 200 mM Were observed in the A-bulge at nucleotides-1881, 183-

Na" (2.3 +£ 0.2, 2.6+ 0.3, and 2.5+ 0.2 kcal mot?,
respectively). Than values range from 0.51 to 0.66 under
these conditions. Overall, the averagevalue for the low
monovalent ion titration is 0.58 kcal mdIM 1, comparable

to the average of 0.57 observed at 200 mMN&ince the
mvalue likely reflects the amount of surface area buried (or
exposed) in the folding (unfolding) transition, this result
suggests that it is similar for the different conditioraS)(
The largestAG°y—y values are 4.5 kcal mot at 10 mM
Na" and 2.8 kcal mol* at 200 mM Nd. These values

184, and 185-188 that differ by 2.2, 1.6, and 1.5 kcal m|
respectively (Figure 5) compared with differences of 1.0 kcal
mol~! for the tetraloop protection and 1.1 kcal mblfor
bases 139140. The Md"-folding isotherms are consistent
with these urea-unfolding experiments. Specifically, the
midpoints of the folding isotherms for the above protections
were lower that those in the rest of PR6 at low monovalent
ion concentration, while by 200 mM NacCl the midpoints
for all eight protections were within the error (Table 1). This
implies a more concerted transition in the equilibrium folding

represent a minimum estimate of the global free energy of mechanism at 200 mM NaCl. However, the differences in

unfolding (L5) and correspond to an increased stability of
about 15-fold for P4 P6 at low monovalent ion concentra-
tions.

Urea Unfolding in the Presence of KQUrea-unfolding
experiments were also carried out in buffer containing 200
mM K rather than Na. The midpoints of the isotherms
are consistently greater than those for 200 mM I&verag-
ing 5.2 versus 4.3 M), yieldindA\G°y_y values larger by
0.3-0.4 kcal mot? (Table 2). The M titration and urea-
unfolding results together show :2-fold greater stability
of the P4-P6 RNA in 200 mM KCI compared to the same
concentration of NaCl.

DISCUSSION

midpoints at 10 mM NaCl are not sufficient to support the
idea of an equilibrium folding intermediate because the
transitions overlap to a significant degree. Instead, one could
argue that the distribution of conformations has changed, so
that there exists greater homogeneity at higher salt concen-
trations.

Multiple Mg?t ions coordinated within P4P6 were
evident in the X-ray crystal structure of the isolated domain;
these M@" ions are shown in green in Figure 6)(Six of
these ions provide a substantial anomalous signal in Mn
substitution experiments, and five of these are found in the
A-bulge region 26). Of the Mgt ions in the A-bulge, one
directly coordinates with nucleotides A184, A186, and A187
and indirectly coordinates with G188. Another Mgnakes
direct inner-sphere coordination to nucleotides A183, A184,

Monovalent and divalent cations allow nucleic acids to and A186. The third M binds directly to G188 and makes
fold into compact, stable structures, overcoming the intrinsic indirect inner-sphere coordination to three nucleotides (C166,
repulsion provided by the charged phosphate anions of theU168, and U182). The footprinting data of the A-bulge sites
backbone 34). RNA stability is dependent on the binding indicate that these Mg ions are most affected by changes



5804 Biochemistry, Vol. 41, No. 18, 2002

1.0

0.0}

1.0

Fractional Loss of Protection

1.0

0.0

139-140 -

051

0.0F

o oM
2R
/o

° oA ° «¥n
[ 8 ¢ "oblo
§ B o

L= - ]
L

A

S oa
S m

r
am

1.0

1200-201

'y

0 2 4 6 8

[Urea] (M)

N

[Urea] (M)

Ficure 4: Urea-unfolding isotherms at 10 mM (solid symbols) and 200 mM NaCl (open symbols). The scaled extent of protection (1.0
corresponds to unfolded and a loss of protection) is seen opdRis. Eight separate protections were monitored, and triplicate experiments
were globally fit. The red curve is the fit to the data at 10 mM NacCl, and the blue curve is the fit at 200 mM NaCl. The open symbols on

the right-hand side of the curves in each graph represent unfolded controls &ip Mg

Uchida et al.

in the monovalent ion concentration. These results are P4—P6 A-bulge sites involve desolvation of Ffgions in

consistent with phosphorothioate substitutions showing that the formation of specific contacts with the phosphate oxygens

disruption of the Mg"-site ligation for some of the A-bulge  in the sites. The situation in tRNA is, in general, quite

sites destabilizes folding of the P#6 domain 26).

Comparison of P4P6 and tRNACompetition between
Na" and Mg" for stabilization of RNA has also been
observed for tRNA. However, a 100-fold decreaseKi
was measured upon increasing the"Nancentration from
10 to 170 mM 40, 41). The preference for particular ions
in a nucleic acid binding site reflects a complex interplay of
forces. In the binding of “delocalized” ions, which play an

different, as the bound Mg ions retain their hydration
sphere to a greater degre86), providing a reasonable
explanation for the difference in thermodynamic linkage
between M@" and Na ions for tRNA compared to P4P6.
In the former case, Naions are capable of mediating
formation of native structure.

Stabilization of P4P6 by PotassiumThe above argu-

ments are relevant to rationalizing the ability oft Ko

important role in neutralization of negative charges, the ions stabilize P4-P6 relative to N& in terms of the specific K

are not stripped of their hydration shedg). In contrast, the

binding sites that are observed in the structure of P&



Cation Binding and RNA Tertiary Structure

Tetraloop Tetraloop ﬁ:}\’
receptor E"_‘ﬂ

A-U

C--G

Péb g-_g

AU

ucu

Biochemistry, Vol. 41, No. 18, 2005805

Y ; .
ety it e P4
P5c “c’i’f‘

A-bulge 9. ’._z\_--

P5b Ji
e -
7 e =

Tetraloop " .

Tetraloop-receptor '

Pé

P6b

Ficure 5: The secondary structure of PB6 is shown in left-hand panel. The protections examined in this study are colored in blue and
green. The three A-bulge protections have a green highliigBty— values for the eight specific protections are shown within the highlights
for 10 mM NacCl (black numbers) and 200 mM NacCl (red numbers). The right-hand panel shows a ribbon diagrarP@fi@ded on the
crystal structure®). The protection sites are colored orange, and the green spheres dréNhgjidentified from the crystallographic data.

Table 2: Fitting Results for the Urea-Induced Unfolding of the
P4—P6 Domain at Various Salt Concentrations

concn midpoint AG°N-y m (kcal

base (mM) (M) (kcal molY)  mol*M™Y)
139-140 [Na]=10 6.2+0.1 3.4+ 0.2 0.54+ 0.04
[Nat] =200 4.1+0.1 2.3+ 0.2 0.52+ 0.05
[Kf]=200 5.1+0.1 2.7+ 0.2 0.52+0.03

153-154 [Na]=10 5.4+0.2 3.3+0.3 0.60+ 0.04
[Nat] =200 4.1+0.1 2.3+0.1 0.55+ 0.03
[Kf]=200 5.2+0.1 2.9+ 0.2 0.54+ 0.04

163-164 [Na]=10 6.0+0.1 3.3+0.2 0.54+ 0.04
[Nat] =200 4.0+0.1 2.8+ 0.3 0.69+ 0.05
[Kf]=200 5.5+0.1 2.8+ 0.2 0.51+0.03

180-181 [Na]=10 6.9+0.1 45+ 04  0.65+0.06
[Nat] =200 4.6+0.1 2.3+0.2 0.49+ 0.03
[Kf]=200 5.6+0.2 2.8+0.3 0.47+ 0.06

183-184 [Na]=10 6.4+ 0.1 42+ 0.4 0.64+ 0.06
[Nat] =200 4.2+0.1 2.6+0.3 0.60+ 0.06

[Kf]=200 4.9+0.1 2.7+ 0.3 0.53+ 0.05

185-188 [Na]1=10 6.0+0.1 4.0+0.3 0.66+ 0.04
[Naf] =200 4.7+0.1 2.5+ 0.2 0.51+ 0.04

[Kf]=200 5.1+0.1 2.8+ 0.3 0.53+ 0.05

200-201 [Na]=10 54+0.1 2.8+0.2 0.51+ 0.02
[Nat] =200 4.5+0.1 2.7+0.2 0.56+ 0.04

[Kf]=200 5.3+0.1 3.1+ 0.2 0.57+ 0.04

224-225 [Na]l=10 5.6+0.1 3.0+ 0.2 0.53+ 0.04
[Nat] =200 4.0+0.1 2.8+ 0.3 0.67+ 0.07

[Kf]=200 5.2+0.1 3.1+ 04  0.58+0.07

(9). Unlike the M@ binding sites discussed above, the AA-
platform binding sites located within the tetraloop receptor,
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