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ABSTRACT. Experimental studies of protein stability often rely on the determination ofravélue”,

which describes the denaturant dependence of the free energy change between twAGtatesG,0

— m[denaturant]). Changes in tmevalue accompanying site specific mutations are usually attributed to
structural alterations in the native or unfolded ensemble. Here, we provide an example of significant
reduction in them value resulting from a subtle deviation in two-state behavior not detected by traditional
methods. The protein that is studied is a varianEse€herchia coliRNase H* in which three residues
predicted to be involved in a partially buried salt bridge network were mutated to alanine (R46A, D102A,
and D148A). Equilibrium denaturant profiles monitored by both fluorescence and circular dichroism
appeared to be cooperative, and a two-state analysis yield&€l,q of approximately—3 kcal/mol with

anm value of 1.4 kcal moi* M~1 (vs 2.3 for RNase H*). Analysis of kinetic refolding experiments sug-
gests that the system is actually three-state at equilibrium with an appreciable concentration of an inter-
mediate state under low denaturant concentrations. The stability of the native state determined from a fit
of these kinetic data is-6.7 kcal/mol, suggesting that the stability determined by traditional two-state
equilibrium analysis is a gross underestimate. The only hint to this loss of two-state behavior was a decrease
in the apparentn value, and the presence of the equilibrium intermediate was only identified by a kinetic
analysis. Our work serves as a cautionary note; the possibility of a three-state system should be closely
addressed before interpreting a change innthealue as a change in the native or unfolded state.

The three-dimensional structure and stability of a protein Implicit in this rational is the assumption that the system is
are determined by a cooperative network of tertiary interac- two-state, and only the native and unfolded states are
tions. The relative importance of each of these interactions populated (U= N). Population of a third state, or intermedi-
is often evaluated using site-specific mutagenesis in a so-ate, could also result in a decrease in the apparevilue
called protein engineering approach. This approach, however (U <= | < N) (6, 7).
can yield deceptive results. Point mutations can cause Here, we demonstrate a change in the appamenalue
unpredicted changes, altering the basic properties of thearising from a subtle deviation from two-state behavior due
protein. Such changes can be dramatic and obvious (such aso the population of an intermediate not detected by
causing the protein to unfold under previously native traditional means. The potential for a multistate system to
conditions), or they can be masked and difficult to detect. have an apparently cooperative denaturant transition has been

In addition to changes in the overall stability of the protein, noted in the literature7( 8). We observe an experimental
point mutations often change a protein’s apparemvélue” example of this phenomenon, and lend a cautionary note to
[a parameter describing the dependence of stability oninvestigators, showing that it can be difficult to rule out such
denaturant)]. The basis for these changes is controversial. deviations. Such a subtle and undetected deviation from two-
The folding stability of a proteinAGyn [the change in free  state behavior could explain discrepancies in the literature
energy between the unfolded (U) and the folded state (N)], between the free energy derived from denaturant melts and
is thought to be linearly dependent on chemical denaturantsthat derived by other means, such as hydreggguterium
such as urea or GAmC2);, AG = AGu,0 — m[denaturant], exchange9).
where themvalue is thought to correlate with the difference In this work, our initial goals were to analyze the energetics
between accessible hydrophobic surface areas in the unfoldeaf a buried salt bridge network composed of one Arg residue
and folded states3¢-5). Changes irm value, therefore, are  and two Asp residues iBscherichia colRNase H* (Figure
usually attributed to changes in the conformations of either 1) (10, 11). To measure the free energy of interaction
the folded or unfolded ensemble. Since most single-site between these residues, we constructed a series of mutant
mutations do not dramatically affect the structure of a protein, proteins to be used in a thermodynamic analysis, based on
large changes in thm value (particularly decreases) have

been ascribed to changes in the unfolded ensemf)le ( 1 Abbreviations: CD, circular dichroism; GdmCl, guanidinium

chloride; RNase HE. coli ribonuclease HI; RNase H*, fully active
T This work was supported by a grant from the NIH (GM50945). variant of RNase H in which three free cysteines are replaced with
* To whom correspondence should be addressed. Telephone: (510)alanine; R46A/D102A/D148A, triple-mutant protein of RNase H* in
642-7678. Fax: (510) 643-9290. E-mail: marqusee@uclink4.berkeley.edu.which all three indicated residues are replaced with alanine.
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This plasmid encodes the RNase H* protein with mutations
R46A, D102A, and D148A and is termed R46A/D102A/
D148A, or simply the triple mutant.

Protein Expression and PurificatiopGS300 was trans-
formed intoE. coliBL21 pLysS (Novagen) cells. Cells were
grown at 37°C in Luria-Bertani (LB) medium with 100 mg/
mL ampicillin. Induction of R46A/D102A/D148A was
obtained by addition of 1 mM IPTG to cells in midlog phase
(ODegoo ~ 0.6). Cells were grow 3 h after induction, and
were harvested by centrifugation. The protein was found in
inclusion bodies, and purification was carried out on cell
pellets using the protocol previously described for other
RNase H variants18). The protein obtained from this
preparation was purified by reversed-phase HPLC, and the
purity and molecular weights were verified by mass spec-
troscopy (data not shown). The protein was then lyophilized
and stored at 4C.

Equilibrium CD and Fluorescence Experimen@Srcular
dichroism (CD) measurements were carried out on an Aviv
62DS spectrometer with a Peltier temperature-controlled cell
holder. All CD experiments were carried out in 20 mM kH
PO, and 50 mM KCI at pH 5.5. To measure the CD signal
as a function of temperature, the sample g50mL protein
7 in 0.5 M GdnHCI) was allowed to equilibrate for 4 min at

S Y each temperature (data were collected at 222 nm eve@y 3
FiGURE 1: Crystal structure of. coli RNase HI containing a  with a path length of 1 cm). Under these conditions,
partially buried salt bridge network ). The three side chains that  denaturation is reversible, as seen by comparison of spectra
are involved are shown (R46, D102, and D148). This putative gt 4°C pefore and after the thermal melt.
network of interactions involves atoms lessrit@A apart. For chemical denaturation studies, samples at different urea
concentrations were made up individually (z@/mL protein
and the indicated urea concentration) and were allowed to
equilibrate at room temperature overnight. These samples
were probed by both CD and fluorescence. The CD signal
was measured at 222 nm, and data were averaged over a 3
min window.

These same samples were also evaluated by intrinsic
fluorescence in a Perkin-Elmer LS50B luminescence spec-
trophotometer, using an excitation wavelength of 295 nm.
Emission spectra were collected from 300 to 400 nm. The
signal at 374 nm (the maximum of the unfolded signal) was
divided by the signal at 324 nm (the maximum of the folded
signal) for each sample, and the resulting signal was plotted
against urea concentration.

the free energy of unfolding determined for each of the
variants obtained by standard chemical denaturation studies
This method, pioneered by Fersht and co-work&gs-(15),

is the most common method of assessing the interaction
energy between residues. The equilibrium denaturant profiles
obtained here exhibited apparent two-state behavior in all
respects, with the singular concern of loweradalues. A
three-state kinetic analysis (& | <= N) of the refolding of
one of these low-apparentvalue mutants revealed that the
transient intermediate (I) has a stability anmdvalue such
that it is significantly populated during the equilibrium
studies. While the wild-type protein also folds via a kinetic
intermediate, it only significantly populates the native and

un_]l‘_(;llded lsta:es undherCtihe.sgmefcondmons. behavior of Two-State Analysis of Equilibrium Experimentemper-
e only clue to the deviation from two-state behavior of o, re melts were fit to a two-state model, using the Gibbs

the elqumbnéjm I;s_yst(_am of the \;]arlant was the appz?jrent oW Heimholtz relationshipX9). Urea denaturation profiles were
mvalue, and a kinetic approach was necessary to determing;; using a two-state assumption, and a linear extrapolation
the true equilibrium stabilities and populations of the native, (20):

unfolded, and intermediate states. Withoutnawalue of the
wild-type protein for comparison, traditional equilibrium AGy = AG,, , — mdenaturant] 1)
denaturation melts would have missed this intermediate and 2
have been extremely inaccurate in determining the stability

; CD SpectraSpectra were recorded on the denaturant melt
of the protein.

sample containig 0 M urea. The signal was measured every
MATERIALS AND METHODS nanometer between 290 and 190 nm, and the average signal
over 1 s was collected for each wavelength. This was
Construction of the Triple MutanSite-directed mutagen-  repeated three times, and the average of these spectra was
esis of R46 or D148 to alanine was performed on a cysteine-obtained.
free variant ofE. coliRNase H (RNase H*), encoded in the Kinetic Folding ExperimentRefolding was initiated by
plasmid pSM101 16) using the standard Kunkel method a 1:11 dilution of an unfolded stock [2.2 mg/mL R46A/
(17). The resulting plasmids containing single mutations, D102A/D148A, 4.5 M urea, 20 mM KHPQO,, and 50 mM
together with pTA202 (encoding D102A), were digested and KCI (pH 5.5)] into refolding buffer (20 mM KHPO,, 50
religated to yield pGS300, which encodes all three mutations. mM KCI, and the appropriate concentration of urea) in an
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Aviv 202SF circular dichroism spectrometer (using a delta
mixer and a path length of 1 mm). Unfolding experiments
were carried out in a similar fashion, using a folded stock
solution [2.2 mg/mL proteinO M urea, 20 mM KHPQ,,
and 50 mM KCI (pH 5.5)].

Analysis of Kinetic DataSFCD data were fit to single
exponentials, using Sigma Plot for Windows (version 4,
SPSS Inc.):

-
o
L

signal= Aexp “*¢ + C 2)

[©] x 10° (deg cm? dmol™)
B &
pQOO*O'O. e e o0

whereC is the final amplitudeA is the amplitude of the — : :
observable phasd,is time, andk.ps is the observed rate 200 220 240 260 280 300
constant. The amplitude of the burst phasgg, (in the
refolding experiments, completed within thel5 ms dead

Wavelength (nm)

time of the instrument), was calculated via Ficure 2: Circular dichroism spectrum of the triple mutant (R46A/
D102A/D148A) ©) overlaying that of RNase H'&). Spectra were
A, = (C+ A) — the unfolded signal (3) collected at 25C and pH 5.5.

Since only amplitudes can be determined for the burst phasefractions of | and N populated at equilibrium were calculated
this amplitude may represent one or more phases. In thefrom the equilibrium constants, and the fraction of U
simplest model, the burst phase amplitudes describe a two-populated was modeled as fraction=tJ1 — (fraction | +
state system (U~ 1); thus, they were fit using a linear fraction N).

extrapolation. Observed rates were then fit to a three-state

on-pathway model: RESULTS
Ko kn To investigate the role of the salt bridge network between
U—1l--N 4 R46, D102, and D148 in RNase H, we constructed a series

of mutants in which one or more of these residues were
converted to alanine. In this paper, we present the results
for just one of these variants, the triple mutant (R46A/
In Kops = IN[[Kyi/(1 + Ky)lKinoeny  Kuipeny  (5) D102A/D148A), although several of the variants exhibited
similar behavior. Low-resolution structural data suggest that
the basic fold of the native state of the protein is preserved

using the following equation:

whereKy; andmy, describe the equilibrium constant and the
m V‘Tlu% between U a}nd I obtamedd from theh b?rlsdt_ phase in the triple mutant. The far-UV CD spectra of the two are
amplitudes, respectively, ampen andkuipe) (the folding indistinguishable as seen in Figure 2. The triple mutant also
and unfolding microscopic rate constants for the equilibrium

) retains RNase H activity, as assayed by monitoring the
between | and N, respectively) anghy and my, (the y y y g

- . ¢ch in UV ab ti f ly(rA-dT) t late at 260
denaturant dependencies of these rate constants) are descrlbé:gnar(]g:t;nnot S?] o?/\(/)r:l)o lon of a poly(r ) template a

as follows (wherex is the urea concentratioR is the gas

; . Equilibrium Studies.All of the equilibrium unfolding
constant, and'is the temperature): studies suggest that, like RNase H*, the triple mutant follows
k =k expmX/RT) (6) two-state behavior, populating either the native or unfolded
INOEN) INH0) ™y state. Thermal denaturation studies monitored by far-UV CD
Knioen) = Knin,0) @XPE My X/RT) (7) were fully reversible in the presence of 0.5 M GdmCI and

demonstrated a cooperative transition, albeit one broader than
Calculation of¢ Values.¢ values were calculated using that of RNase H* (Figure 3). The data fit easily to a two-
parameters obtained from the three-state on-pathway fit of state model, yielding & of 46 °C, much lower than the
the kinetic data. The value of the | state was calculated as Tm of RNase H* (61°C).
follows: Urea-induced denaturation monitored by far-UV CD also
resulted in a cooperative, apparently two-state curve (Figure
¢ = [AGywr) — AGumun TAGuNwr) — AGunmum)] 4). The free energy of foldingGuy derived from this two-
(8) state fit (see Materials and Methods) is extremely lev8 2
kcal/mol) compared with that from RNase H*10.0 kcal/
mol), suggesting a7 kcal/mol decrease in the stability due
to these mutations. This urea denaturation profile also
+ appeared to be cooperative when monitored by intrinsic
¢ =1 —{RTIn[ky(mut)ky(W)I[AGyNwm) — fluorescence. Fluorescence emission spectra taken at varying
AGUN(MUT)]} 9) urea concentrations were not in violation of a two-state
transition, as we could not clearly determine the absence of
Modeling of the Equilibrium System from Kinetic Data. an isosbestic point (Figure 5). The standard two-state linear
Kun andmyy were calculated from values obtained from the extrapolation fit of the fluorescence data resulted in a free
kinetic experiments using the following relationshipsn energy of folding that was slightly~0.7 kcal/mol) higher
=my + my — My, and Kyn = Kuking,oy/Knig,0)- The than that obtained by CD, but within the experimental error,

The ¢ value for the folding transition state of the mutant
was calculated using the following equation:
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Ficure 3: Thermal denaturations d. coli RNase H* ) and 300 320 340 360 380 400
R46A/D102A/D148A @) appear to be cooperative. Data were Wavelength

collected by monitoring the circular dichroism (CD) signal at 222 e
nm as a function of temperature. Lines correspond to two-state fits FIGURE 5. Intrinsic fluorescence spectra of R4A6A/D102A/D148A
of each data set (see Materials and Methods). Melts were reversibledt various denaturant concentrations exhibiting an isosbestic point.

[determined by comparison of spectra at@ before and after Spectra were obtained using a Perkin-Elmer LS50B luminescence
denaturation (data not shown)]. spectrophotometer at XC for each sample in the denaturant melt

(monitored by CD as seen in Figure 4). Samples were excited at

295 nm, and emission spectra were collected between 300 and 400
5 nm. Spectra are shown for samples at urea concentrations of 0.4,
“ 0.9, 1.7, 25, 3.0, 3.5, and 4.4 NO( W, O, A, A, ¢, and <,

4 - respectively).

61 mutant, D148A (1.5 vs 1.3 kcal M mol?, data not shown).
Therefore, even though the equilibrium experiments re-
sembled two-state behavior, the large drop in the observed
m value led us to question the validity of the two-state
approximation.
Kinetic StudiesThe refolding and unfolding kinetics of
the triple mutant were investigated by stopped-flow CD.
0 : 5 3 . 5 6 Analysis of the apparent rates as a function of the final urea
Urea (M) concentration resulted in the so-called “cheyron plot” _shown
in Figure 6A. The apparent “V” shape of this curve hints at
FlGUR_E 4: Urea—ind_uced denaturation of R46A/D102A/D148A a two-state System; however’ the presence Of a burst phase
o e abbeets 0 e coopefiie, “ack h!(inth refolding experiments-0% of the naive CD signa
interval of an individual sample allowed to equilibrate overnight, Was regained within the-15 ms dead time of the instrument)
The curve corresponds to a fit of the data to a two-state model, suggests the existence of three states with a transient burst
which yields @AGyy of —3.2 kcal mot* (RNase H*AGyy = —9.7) phase intermediate (&> | < N). Refolding of RNase H*
and anmyy of 1.4 kcal mof* M~* (RNase H*myn = 2.1). shows a similar burst-phase intermediate; in this case, how-
ever, the transient population of the intermediate results in
suggesting the coincident loss of tertiary structure and an observed rollover in the chevron pl@ij.

=
o
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L
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"

[0],,, X 1073 (deg cm? dmol 1)
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secondary structure (i.e., a two-state system). Since the observed rate is much (more than 300 times)
Surprisingly, themvalue associated with the urea-induced slower than the burst-phase process, the amplitude of the
denaturation transition was very low (14 0.1 kcal Mt burst phase represents a kinetically uncoupled pre-equilib-

mol~t as compared with 2.& 0.1 kcal Mt mol~! for RNase rium between the intermediate and unfolded sta®®$. (A
H*). Changes in then value have been interpreted to result plot of this burst-phase amplitude as a function of final
from either perturbations in the structure of the native or denaturant concentration (Figure 6B) reveals a cooperative
unfolded state or a deviation from a simple two-state transition very similar to the burst-phase intermediate in
transition (U< N). RNase H*. The resulting free energ&Gy) andmy, are all
Although the change in then value appears to be similar to those of RNase H* (Table 1). In combination with
significant, we were unable to infer any dramatic alterations the results of the fit of the burst-phase amplitudes, the
in the structures of N or U. Both the activity and CD spectra apparent rate constants, or chevron plot, were easily fit to a
indicate no major perturbations in the native state. It seemsthree-state on-pathway kinetic mechanism<tJl < N).
unlikely that there are significant perturbations in the While in RNase H* transient formation of this early kinetic
unfolded ensemble since the three residues involved areintermediate produces an easily visible so-called “rollover
distant in sequence space (residues 46, 102, and 148)effect” (23), the lack of this feature in the variant protein
Furthermore, then value changes in the variants do not can be attributed to an extended rollover dominating the
correlate with hydrocarbon deletion; for example, tinealue entire folding limb of the chevron plot. The individual rate
corresponding to the triple mutant, R46A/D102A/D148A, constants and equilibrium constants obtained from this three-
is slightly greater than then value obtained for a single state analysis can be used to determine an overall free energy
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A 0 Table 1: Thermodynamic Parameters Ercoli RNase H* and
R46A/D102A/D148A (the triple mutant)
ol o E. coli R46A/
) ° RNase H*® D102A/D1484&
0 apparentAGuy (kcal mol?) —9.74+£04 —-3.24+03
S (two-state fit)
= %7 AGun (kcal mol?) -9.9 -6.7

(three-state fit)
apparentnyy (kcal mor*M-1)  2.14+0.1 1.4+ 0.1

-6 (two-state fit)
mun (kcal molrt M—2) 2.1 3.2
(three-state fit)
: : : AGy (kcal mol?) —3.6 —3.1+0.04
% 2 4 6 8 (three-state fit)
myi (kcal molrt M—1) 1.2 1.5+ 0.02
Urea (M) (three-state fit)
kin (H20) (s'%) 0.74 0.33£ 0.04
B 2 m (kcal mort M—1) 0.454 0.94+ 0.06
kni (H20) (s71) 1.69x 10° (7.95+1.6)x 10
“+ mu (kcal mort M2 —0.422 —0.72+ 0.4
& - 0.1
-6 - o - 0.3

aThe parameters for wt* were previously obtainét®)( ® Three-
state parameters were obtained by an analysis of kinetic data. Apparent
free energies andn values obtained by two-state treatment of
equilibrium data are included for comparison.

to be two-state, the resulting values were significantly

; lower than that of RNase H*. Hence, we decided to

0 ! 2 8 4 5 investigate one of these variants (R46A/D102A/D148A)
Urea (M) more closely. Kinetic refolding studies on this triple mutant

FIGURE 6: Relaxation kinetics of RA6A/D102A/D148A as deter- demonstrated the presence of a transient intermediate formed

mined on an Aviv 202 stopped-flow circular dichroism spectrometer Within the dead time of the instrument. The data were easily

at 222 nm and 25C. Data from folding and unfolding reactions at  fit to a three-state, on-pathway model ¢J | < N). This

varying concentrations of urea were fit to single exponentials, and three-state fit yielded a free energy of foldingGyy) and

a burst phase was seen in the folding kinetics, which we interpret an overallm value that were much higher than those of the

as an early kinetic transien2?). (A) Observed rate) obtained . . .
from single-exponential fits of the folding and unfolding reactions two-state fit of the denaturant profile (which was thought to

are shown as a function of denaturant in the chevron plot. A three- reflect only U and N). These differences can be reconciled
state on-pathway fit of these rates is plotted as a line (parametershy taking into account the small but significant population

shown in Table 1). Note that the entire folding arm is influenced of the intermediate present in the transition zone under
by the intermediate state; thus, the folding half of the chevron exists equilibrium conditions

within the rollover. The fit corresponding to the RNase H* is shown e N
for ComparisonZZ)_ (B) Burst_phase amp"tudegl obtained from The |nd|V|dUaI eqUIllbI’Ium and rate constants as We” as
the folding experiments were plotted as a function of urea the correspondingn values obtained from the fit of the

concentration and fit using a two-state assumption (correspondingkinetic data were used to model the populations of all three
curve). The parameters obtained closely resemble those for thegisteg (U, I, and N) at equilibrium. Surprisingly, this analysis

RNase H* intermediate state (see Table 1). A fit of the equilibrium led that for the tripl tant under | d t t
denaturant melt (refer to Figure 4) corresponds to the final reveale at for the triple mutant under low denaturan

amplitudes from kinetic experimentsi(and the corresponding ~ concentrations, all three states are populated at equilibrium
curve). A two-state fit of the final amplitudes yields the same (Figure 7A). Similar treatment of the RNase H* kinetic data
parameters as the fit of the equilibrium melt. predicts only two states (U and N) populated in the RNase
) o H* protein at all denaturant concentrations under equilibrium
change (and associatetvalue) for the equilibrium between  qngitions, as expected (Figure 7B). While the equilibrium

Uto N (Table 1). For the triple mutanAGuy obtained from  yata for both proteins can easily be fit to two-state denatur-
the three-state kinetic analysis+$.7 kcal/mol, a value much  4iiq curves, th\Gyy and overalim value obtained in this

higher than that obtained from the two-state fit of the urea ,anner are erroneous in the case of the triple mutant.
melt (—3.2 kcal/mol). There is no discrepancy in th&yy The results from the three-state fit of the kinetic data model
for RNase H* measured by these two methods. the observed equilibrium behavior of the protein (Figure 8).
DISCUSSION The broad transition melt of the triple mutant is 'therefore
not a result of a lown value, but rather a reflection of a
We initially set out to analyze the energies of the small but significant population of a third state (l) in the
interaction between three residues of a buried salt bridgetransition region of the curve.
network in E. coli RNase H. We began by using the The three-state fit of the kinetic data reveals that while
traditional method of obtaining free energies of unfolding the mutation R46A/D102A/D148A severely destabilizes the
of a series of variants using equilibrium denaturant melts. native state (U~ N) (AAGyny ~ 3 kcal/mol), it does not
During these experiments, we noted that although the affect the stability of the kinetic intermediate € 1) (AAGy,
equilibrium denaturation curves of these variants appeared~ 0 kcal/mol). The specific destabilization of the native state

[O]505 x 103 (deg cm? dmol)
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Ficure 7: Observed microscopic rate constants obtained from

kinetic experiments were used to model the system at equilibrium

(as described in Materials and Methods). (A) The intermediate (1) Urea (M)

state is populated under low denaturant concentrations in the triple

mutant. The equilibrium system is three-state due to the small Ficure 8: Kinetic data were used to simulate the contributions of

stability difference between the | and N (native) states. (B) The | (dotted curve) and N (dashed curve) to the CD signal observed at

kinetic intermediate is not populated in RNase H* under these equilibrium (solid curve). Individual contributions were obtained

conditions, and the system is two-state at equilibrium. by multiplying the populated fraction of each state by its intrinsic
CD signal. The total predicted signal overlays the actual equilibrium

results in a relatively small difference in stability between experiment. (A) The | state makes a substantial contribution to the

N and 1. It is this small difference inGy which gives rise CD signal at low denaturant concentrations in the triple mutant.
N g The CD signal observed reflects both the 1 and N states, and reflects

to an _equmbrlum *populatlon of I in the tr_anSItlon zone no.t an apparenm value that is much lower than that of the N state.
seen in RNase H* under the same conditions. The selective(g) The | state is not populated at any denaturant concentration
effect on the native state is consistent with the idea that long- measured in the RNase H* protein, and the signal due to the N
range electrostatic interactions are much more important tostate exactly overlays the total observed CD signal.

the native state than to the heavily solvated kinetic interme- _ _ _ _ _
diate @4). been a topic of much discussion. This controversy is most

Our work highlights the fact that then value is an apparent in the debate over mutants of staphylococcal
important parameter in the determination of protein stability. nuclease (SN), where evidence suggests that changes in the
The change in then value of the variant protein was the m value in mutants of this protein can be ascribed to an
only indicator of deviation from two-state behavior. Using increase or decrease in the stability of the denatured ensemble
the faulty free energy obtained with a two-state model of (4, 25—27). Our work does not resolve the questions over
this three-state system would have caused us to calculate &N; however, we show how difficult it can be to rule out
grossly incorrect free energy of interaction in the salt bridge the presence of an intermediate state in the equilibrium
network. The two-state analysis of the denaturant melt yields analysis of a system.

a free energy of folding that is only half of the actual value = Recently, Wrabl and Shortle examined several SN variants
(—3.2 vs—6.7 kcal/mol). This is not a subtle difference, and with low m values using hydrogen exchang®).(They

it is clear to us that we cannot trust the values derived by identified regions of “super protection” (protection factors
two-state fits of the denaturant melts. In our system, we had correspond to a free energy greater than that expected for
to turn to kinetic studies to elucidate the free energy of the global unfolding in am value mutant) and suggest that
folding for these mutant proteins. these unusual protection factors are a result of structure in

Our work provides an example of a decrease imthalue the unfolded ensemble hindering hydrogen exchange. It
that is not a consequence of a change in solvent-accessibleshould be noted, however, that our three-state system would
surface area of either the native or unfolded ensemble. Thealso be expected to demonstrate super protection (level of
nature of them value and a change in this parameter have protection greater than that expected on the basis of the
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equilibrium studies). These protection factors would cor-

respond to the true global stability of the proteihGuy)

and would not necessarily reflect structure in the unfolded

state.
Our work provides a clear example of a lowered/alue

due to the presence of an intermediate state that escaped 7.
detection when probed by traditional means. Clearly, it can
be difficult to rule out the population of an intermediate in
a system, and care should be given when interpreting an
value obtained by a denaturant melt as an intrinsic property

of the native or unfolded protein.
In summation, a change in the apparemtvalue of a

denaturant melt is usually attributed to a change in the
structure in N or U if the system is shown to be two-state
through traditional probes at equilibrium. In our system,
traditional methods for determining two-state behavior fail.
These methods include the detection of cooperative melting
curves and apparent coincidence of probes (for example, CD
and fluorescence). The latter could be expected in a three- 15,
state system if, for example, the | state had a fluorescence
signal similar to that of the N state. In our system, the only 16.
warning signal that the system had been converted from two

to three states at equilibrium was the low value. Our

studies show that a change in thevalue can signify the
presence of an intermediate state in a denaturant melt which
appears in other ways to be two-state. Nontraditional
methods, such as kinetic studies, may be required to resolve
the stabilities of the three states that exist at equilibrium.
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