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ABSTRACT. We describe a novel method of obtaining information about the structures of transient
conformations on the folding pathway from their ionization equilibria: thetittation behavior of a
protein residue is determined in detail by its environment. We follow the consolidation of electrostatic
interactions in the folding process by comparing the acid-titration behavior of four conformations on the
folding pathway of barnase: the denatured st&tg the folding intermediatel§; the major transition

state {); and the native staté\j in the schem® =1 == 1= N. The results show that strong electrostatic
interactions are present in the major transition state: some of its carboxylate groups display the highly
anomalous Ka values of<2 that are found ilN. However, the network of ionic surface interactions is

not formed in¥, and the overall protection of titrating residues is weakened. The results are consistent
with the transition state being an expanded form of the native state, with a weakened but poorly hydrated
core and a loosened periphery. The surface residues in such an expanded conformation are, on average,
farther apart than are those in the center of the molecule. The results concerning the folding intermediate
are less clear cut. We show that the interpretation of kinetic data relating to folding intermediates depends
critically on assumptions about their equilibrium with other denatured states. We have, however,
characterized the pH and ionic strength dependence of an apparent stabilisiofly the deviation from
two-state folding behavior, which can be used to investigate electrostatic properties of folding intermediates
from a variety of mechanisms. In general, the data imply thatsomewhat similar td. Apparently

odd titration properties df are investigated further in the accompanying paper [Oliveberg, M., & Fersht,

A. (1996)Biochemistry 352738-2749]. The approach in this study may be of particular use in testing
theoretical results since the relationship betweértitiation properties and protein structure can be treated

by classical electrostatics.

The Ka values of amino acids in proteins are determined induced by adding salt to acid-denatured proteins but can
in detail by the physical nature of their environment (Warshel also be induced by decreasing the pH further below the acid-
& Aquist, 1991). Upon folding of a protein, the residues unfolding transition (Goto & Fink, 1989; Goto et al., 1990;
are transferred from a solvent-exposed location in the Goto & Nishikiori, 1991). This behavior suggests that the
denatured state (Tanford, 1968; Dill & Shortle, 1991), denatured state involves a significant portion of charge
through a series of gradually consolidated conformations repulsions (Olivebergt al, 1994, 1995), and when these
(Kuwajima, 1989; Creighton, 1992; Matouschetlal, 1992; interactions are decreased by solvent ions, the denatured state
Serrancet al,, 1992) to finally a specific position in the well-  reaches a new, more compact structural equilibrium (Stigter
defined matrix of the native protein (Thornton, 1992). The & Dill, 1990). It is likely that the molten globules in these
titration property of an individual residue varies during this cases have titration properties resembling those of the more
process, and its detailed behavior reports on the series ofextended denatured state. The molten globule of carbonic
events on the folding pathway leading to the unique folded anhydrase, however, unfolds at low pH (Wong & Hamlin,
structure. Although a great deal is known about the 1974), implying that this molten globule has titration
ionization of native proteins [see, for example, Antosiewicz properties different from those of the denatured state.
et al. (1993)], and to some extent about the ionization of Considering theoretical studies, which predict the existence
the denatured state (Roxby & Tanford, 1971; Oliveberg  of “dry”, “wet”, and “swollen” molten-globule states (Finkel-
al., 1995), there have been few, if any, reports on the titration stein & Shakhnovich, 1989), it is tempting to speculate that
properties of (transient) conformations in the folding path- the molten globule of carbonic anhydrase involves a struc-
way. An exception to this may be the extensive investiga- tured core [cf. Matouschekt al. (1992)] or elements of
tions of so called molten globules, which are ground states nonhydrated secondary structure (Grétal., 1994) that can
which, it is proposed, represent universal folding intermedi- significantly perturb the Ka values of its carboxylate
ates (Kuwajima, 1989; Ptitsyat al, 1990). The molten  residue(s), whereas the former examples are liquid-like
globules have been observed under equilibrium conditions (hydrated?) states in which specific electrostatic interactions
for an increasing number of proteins and are characterizedare reduced to a minimum.
as compact “liquid-like” conformations involving various The high-energy transition state, which precedes the
degree of secondary interactions but without fixed tertiary formation of the native protein, contains significant native-
interactions (Ptitsyn, 1992). Typically, these states are |ie tertiary interactions (Serraret al, 1992). In agreement
with experimental observations [see also Sugihara and
*To whom correspondence should be addressed. Segawa (1984)], theoretical studies suggest that the transition
€ Abstract published i\dvance ACS Abstract&ebruary 1, 1996. state is an expanded form of the native state in which a
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significant part of the van der Waals energy is lost, but the  Data Analysis. The rate constants and amplitudes of the
degree of expansion is insufficient to permit rotational folding events were obtained by fitting a sum of exponential
isomers of the side chains or penetration of water functions to the acquired data, using the data-analysis
(Shakhnovich & Finkelstein, 1989). program Kaleidagraph (Adelbeck Software). In some cases
In this paper we use a kinetic/thermodynamic approach @ linear slope was included in the exponential expression to
to determine experimentally the titration behavior of the @ccount for machine drift or photolysis. When processing
major transition state and folding intermediate of barnase the results mathematically, e.g., a series of closely spaced

(EC 3.1.27.3), a small ribonuclease froBacillus amy- ~ rate constants vs pH, a “smooth function” (Kaleidagraph)

loliquefaciens(Mauguenet al., 1982). was fitted to the data, and this smooth function was then
used to represent the experimental values mathematically.

EXPERIMENTAL PROCEDURES Extrapolation of Stopped-Flow Data Obtained at High

Temperatures to 28C. In order to study the unfolding

Materials Barnase was overexpressed and purified from kinetics in regions of pH where only the native state is
Escherichia colias described by Serrano and Fersht (1989). populated at 25C, unfolding experiments were carried out
The buffers used were 50 mM glycine and HCI (pH-2.5  at higher temperatures, 40 and 47G. At these tempera-
3.0), 50 mM sodium formate/formic acid (pH 2:4.2), 50 tures the midpoint for the unfolding transition occurs above
mM sodium acetate/acetic acid (pH 3.5.3), and 50 mM pH 4 (Oliveberg & Fersht, 1995), and consequently the
2-(N-morpholino)ethanesulfonic acid (MES) (pH 6.3). HCI/ unfolding rate constank{(pH)] can be followed from about
KCI was used between pH 1.5 and 0.2. The ionic strength pH 3.5 and downwardk,(pH) obtained from these experi-
(u)* was controlled with KCI. All chemicals were of ments, however, has to be extrapolated to the reference
analytical grade and purchased from Sigma. temperature, 28C, using its temperature dependence. The

Stopped-Flow ExperimentsThe unfolding and refolding ~ temperature dependencekofpH) is described by transition
of barnase were induced by pH jump by rapid mixing, using State theory
an Applied Photophysics DX-17 MV stopped-flow spectro-
fluorimeter. The instrument was connected to a thermostated k,(pH) = Ee(—AGi(pH)/R'D 1)
water bath which maintained the temperature of the reservoir h
syringes and the observation cell withih0.1 °C. The
instrument was set up to mix the protein solution with
unfolding and refolding buffer solutions in a volumetric ratio
of 1:1, yielding a final protein concentration ofi1 and a
final buffer concentration of 50 mM. The intrinsic fluores-

wherekg is Boltzmann’s constanh is Planck’s constant

is the absolute temperatur® is the gas constant, and
AG*(pH) is the (pH dependent) activation energy, which is
-Jﬁere the difference in free energy between the native state
and the transition state of unfolding. Using the thermody-
ghamic identity AG¥(pH) = AH*pH) — TAS(pH), where
5AH*‘(pH) is the activation enthalpy andSf(pH) is the
activation entropy, eq 1 can be rewritten:

allows unfolding and refolding transitions to be monitored
by changes in fluorescence. Excitation was at 280 nm, an
the emission was monitored at wavelengths greater than 31
nm, using a cut-off filter.

The stopped-flow experiments in this study can be divided H 3
into three classes: (i) studies of the pH dependence of the |n(k“(p )) = In(%) + ASTF(QpH) — AHR(_?H) 2)

unfolding rate constank(pH]), where the native protein,
dissolved in pure water, was mixed with acidic buffers into
denaturing conditions, typically in the range of pH@2;

(ii) studies of the pH dependence of the (apparent) refolding
rate constant K" [pH]), where the denatured protein,
dissolved in 32 mM HCI (pH 1.5), was mixed with buffers
into refolding conditions at higher pH values, typically
between pH 2 and 6.3; and (iii) double-jump, or sequential
mixing experiments, where the protein was mixed with
buffers in two consecutive stepéirst, the denatured protein
(in 32 mM HCI) was mixed with a refolding buffer into a
115uL “delay loop”, then the refolding reaction was allowed 08.1 _ T
to proceed for a certain time (the delay time,~BDO ms) log kﬁ ?pH) = log k,(pH) =

and finally the contents of the delay loop were mixed with %{(a + ,BpH)(l 1 5) _ In(298'1jl 3)
a second buffer back into denaturing conditions at a lower 2. T 2981 T

pH. The double-jump approach was used to study the
unfolding kinetics of transient folding intermediates which
were accumulated in the delay loop during the delay time.
Salt was included in the syringes containing the refolding/
unfolding buffer in order not to perturb the initial state of
the protein, i.e., to avoid second-order effects such as
polymerization or aggregation processes.

T

The value ofAH*(pH) at each pH was obtained from the
slope of the corresponding Eyring plots k) vs (1/T)]
(Figure 3). The values okH*(pH) were plotted versus pH
and a linear functionAH*(pH) = o + BpH] was fitted to
the plot (Figure 3). This function was then used to represent
AH*(pH) in eq 3. To obtain an expression for the extrapola-
tion of k,(pH) from any temperatureT} to 298.15 K (25.0
°C), eq 2 was divided by the corresponding expression for
ky(pH) at T = 298.15°K, which gives

Equations 2 and 3 assume the change in heat capacity
(AC,) between the native protein and the transition state to
be negligible and, hencAH* andAS to be independent of
temperature. It follows that the plots of ky(T) versus
(1/T) are linear, which is consistent with the observed
unfolding kinetics (cf. Figure 3). In cases when the Eyring
plot is found to be curvedAC, = 0 and eq 2 has to be
1 Abbreviations: u, ionic strength. modified to include the temperature dependencalef and
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AS [see eq 6 in the accompanying paper (Oliveberg & 2.8
Fersht, 1995)].
Relationship between the pH Dependenc\Gfs and .
the Difference in Degree of Protonation of the Protein States % 26
A and B. It can be shown from the law of mass action that >
the difference in number of bound protons between two 3 ,, |
protein conformations, A and B, is related to the pH g
dependence of the free-energy difference between these &
conformations (Tanford, 1968, 1970): <  22r
[AG H
A8 P _ ;) 110, (pH) — QutpH] = ] S —
d(pH) 0 10 20 30 40 50 60
2.3RTAQx5(PH) (4) T

Ficure 1: Transient fluorescence change of barnase upon acid
whereAGa 5 is the difference in free energy between state unfolding at pH 2 and low ionic strength. Rapid mixing was
A and B. Qa(pH) andQg(pH) are the number of protons achieved by stopped-flow. Excitation was at 280 nm, and the

. fluorescence was detected above 315 nm using a cut-off filter. The
bound to state A and B, respectively, at@as(pH) the unfolding reaction displays typically a monophasic decay, but within

change in the number of protons taken up on the transition {he transition region an additional slower phase (corresponding to
from B to A. trans — cis isomerizations around the peptiehyprolines in the
Since the first-order rate constants for the unfolding/folding unfolded state) is resolved.

process are related to the free-energy difference between the0 ff within the pH region observed experimentally (top panel
native/denatured state and the major transition state accordinq:. b 9 per y {fop panel,

: igure 2). Above pH 2, at the beginning of the transition
to (eq 1), the pH dependence of lég(pH)/log k(pH) is region, the pH dependence appears to decrease and even to
directly proportional to the pH dependence AG;.n(pH)/ gon, P P PP

AG: o(pH) and can, hence, be related to changes in proto_dlsplay a minimum at the transition m|dp0|nt. This curva-
; ture, however, does not necessarily imply any change in the
nation, for example,

pH dependence of the kinetiger sebut is a consequence
dlogk, 1 5AGH of th_e_observed rate constarket®) representing, uneler all
o pH =~ 5> =RT opH = —AQ; \(pH) (5) conditions, the sum of the unfolding and refolding rate
: constantsk, andk®™, eq 6): in the transition region where
RESULTS both the native and the denatured protein are present under
equilibrium conditionsk, andk*” are of similar magnitude
and, hence, both contribute to the observed rate constant (eq

Nomenclature of Rate ConstantsThe rate constant
obtained from the fit of an exponential expression to stopped-
flow refolding data is referred to as the observed refolding At pH values close to the midpoint of the unfolding

rate constant, ok?bs. Analogously, the rate constant ob- 4 sition (around pH 2.2 at = 200 mM), an additional
tained from the time course of unfolding is refeglrjsed 10 @S glower unfolding phase can be resolved (top panel, Figure
thke opserved unfolding rate constantkﬁﬂs. Sincek;”and 2). This second relaxatioﬂ{i"), which appears indepen-
ki yield the same value if they are measured under the gant of pH, is caused byrans — cis isomerizations of
same final conditions, for example at the midpoint for the peptidyl-proline bonds in the denatured state and occurs
unfolding transition (Figure 2), it is sometimes practical t0 \yhen the final conditions result in an equilibrium between
refer simply to the observed rate constantk3¥, which native and denatured protein (Kiefhabet al, 1992).
can then be eithek® or k2. The observed rate constant Consistently, the rate constant for this phase is of similar
(ke for equilibration of the reaction A= B is always the magnitude to that observed previously for isomerizations of
sum of the forward and reverse rate constants, in this casepeptidyproline bonds (Matousche#t al., 1992) and to that
resolved in the refolding kinetics, at 0.04'gsee below).
KPS = |@PP+ |, (6) The pH dependence of the major unfolding rate constant,
as well as its absolute value, decreases upon addition of salt
wherek, is the unfolding rate constant which corresponds (middle panel, Figure 2). The slowans — cis peptidyl-
to the free-energy difference between the native state andproline phase cannot be resolved with sufficient accuracy at
the transition state for unfolding (cf. eq 1), akl” is the high ionic strength, since the protein under these conditions
refolding rate constant which correspond to the apparent free-undergoes an aggregation, or polymerization, process in this
energy difference between the denatured ground state andime scale [see accompanying paper (Oliveberg & Fersht,
the transition state for refoldingk’*” is denotedapparent 1996)].
since it may not always refer to the same ground state as The bottom panel of Figure 2 shows the amplitude of the
this may vary with pH (see Appendix). fluorescence decrease upon transient unfolding plotted versus
Unfolding Kinetics at 25C. The time-resolved unfolding pH. The amplitudes, which are linked to the extent of
of barnase with pH displays typically a first-order monopha- unfolding at each pH, correspond to the fluorescence change
sic decrease in fluorescence (Figure 1). The time courseobtained from titration of the protein with acid under
for unfolding this major phase shows a pronounced pH equilibrium conditions [cf. Olivebergt al. (1995)]. To
dependence. At lower pH values, the observed unfolding compare the kinetic amplitudes directly with equilibrium
rate constant increases approximately exponentially with data, however, the sum of the major amplitude and the
decreasing pH, and the increase shows little tendency to levelsmallertrans—cis amplitude must be used.
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Ficure 2: pH dependence of the unfolding and refolding kinetics
of barnase at different ionic strengthg).(k°®s has units of sk

(Top panel)u = 200 mM, @) the rate constant of the major
unfolding phase;£) the rate constant of the slow unfolding phase
(K5%; (O) the observed rate constant of the first major refolding
phase l(?bs first phase); [0) the rate constant of the intermediate
refolding phasek*second phase). In a relaxation process>8

the observed rate constant is always the sum of the forward and

reverse rate constants. Hence, the observed rate constants of th

major unfolding phasek{® and the major refolding phas&’f®
first phase) show the same values around the pH for the transitio
midpoint (pH 2.3), where the unfolding and the refolding relaxation
can be studied under the same final conditions. (Middle panel) (open
symbols)y = 50 mM and (closed symbolg)= 600 mM. O) The

rate constant for the major unfolding phage= 50 mM (50
mM); (<) the rate constant for the major refolding phases 50

mM (K" 50 mM). @) The rate constant for the major unfolding
phaseu = 600 mM (°° 600 mM); (®) the rate constant for the
major refolding phasey = 600 mM (¢” 600 mM). (Bottom
panel) The fluorescence amplitudes associated with the rate
constants in the middle paneD) The major unfolding amplitude

for kﬁbs (50 mM); (a) the amplitude for the slow unfolding phase,
kS (u = 200 mM, top panel); ¢) The refolding amplitude for
K> (50 mM); (@) the unfolding amplitude fok®™ (600 mM); (@)

the refolding amplitude fok?® (600 mMm).

n
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Refolding Kinetics at 28C. The three peptidytprolyl
bonds in the native state of barnase aretralhs whereas
about 26-30% of the unfolded state hascés peptidyl
prolyl bond. The major amplitude in the kinetics of refolding
relates to the rapid interconversion of thi#-trans states.
The denatured conformations containingcia peptidyk
proline fold much more slowly, rate limited by tlogs—trans
isomerization. Accordingly, the refolding of barnase displays
typically three distinct phases: a first, major phase, which
constitutes about 80% of the total refolding amplitude; and
the two slower phases of about 10% each, which relate to
cis— transisomerizations around the prolines (Matouschek
et al, 1992).

The pH dependence of the major refolding phase displays
an increasing rate constant with increasing pH (top and
middle panel, Figure 2). Around pH 4, however, the pH
dependence levels off, so thig reaches a maximum of
about 16 s! around pH 5. At pH 6.3, the highest pH used
in this study,k® =13 s, consistent with earlier observa-
tions (Matouschelet al, 1992). In the transition region,
k°** converges with the rate constant observed in the
unfolding experiments (cf. eq 6). The intermediate refolding
phase, with a rate constant of around 2, shows a pH
dependence similar to that of the main refolding phase. This
phase has previously been attributed tocia — trans
isomerization event, and the pH dependence found here
implies that this is coupled with higher-order structural
changes. The slowest refolding phase, with a rate constants
of about 0.04 s!, appears independent of pH (data not
shown).

At pH values above 3.5, there is no observable dependence
of the rate constants on ionic strenggh).( At lower pH
values, however, the rate constant of the major refolding
phase increases in the presence of salt and its pH dependence
becomes less pronounced (middle panel, Figure 2). Itis seen
in the middle panel of Figure 2 that, as for the transition
midpoint (Oliveberget al,, 1994), the minimum of the plot
log(k°b9 versus pH occurs at a lower pH value at high ionic
strength than at low ionic strength. At= 50 mM, the
minimum of logk®®9 occurs precisely at the transition
midpoint, whereas at = 600 mM the minimum of log-
(k°*9 occurs at a pH slightly higher than that observed for
the transition midpoint (cf. Figure 8).

At u = 50 mM, the major refolding phase is observed as
an increase in fluorescence when using a 315 nm cut off
filter (bottom panel, Figure 2). The refolding amplitude
Eeaches a maximum around pH 3, and above this pH the
amplitude decreases to reach only half the maximum value
at pH 6.3. The behavior is not related to the final occupancy
of the native state, since the protein is completely folded
above pH 3. Instead, the variation can be traced to an
increasing fluorescence of the denatured state: the effect is
most clear ap = 600 mM, where the fluorescence of the
denatured state becomes stronger than that of the native state

just below pH 4. As a result, the amplitude of the refolding

reaction inverts above pH 4 (bottom panel, Figure 2). Hence,
the refolding kinetics has to be monitored with a set of
different optical filters around pH 4, where the refolding
amplitude would otherwise become too small to allow
accurate determination of the rate constant. The filters used
were 315 nm, 335 nm cut-off filters and a 32880 band-
pass filter.



2730 Biochemistry, Vol. 35, No. 8, 1996 Oliveberg and Fersht

0.0 ‘
° 4 obs
o . . o 20 - o k (47.5°C)
-1.0 [o . . o k (pH 1.5) e A u
° . . ° u k ObS4O°C /’.
o . . o / rok o ) A Y »
~ 20 [ o) * ° < k (pH 2.0) @ bs . A 0&% °
&~ o . ° ° b < 1O+~ p 0 (525°C) ) A‘oé"@ °
~ o ~ u L4 <
5 30 o ¢ ° 0 S
R .. o B SN \
~— * <o
= o < o bs
= 40 o \ . 00 - o o° ko s°0)
° i o
o g
| ] <© L Oc oo
-5.0 k u(PH 3.0) k u(PH 2.6) ° o &S
o o -1.0 1 I |
'6 0 1 I 1 1 | |
0.00305 0.00315 0.00325 0.00335 a0 L
UT (K '
. M“fwm
4 00 1 ity et
y = 30030 + 3779.3x R = 0.9845 aagan” \
-~ N _
s u=50 mM
- g 20r “,
S 40 L p=600 mM %
£ %,
= -40 L e
Q
g o
++ .
35 L -6.0 1 1 1 L - L
E 5 0 1 2 3 4 5 6 7
pH
Ficure 4: pH dependence of the unfolding rate constant under
30 | ! | . . refolding conditions, extrapolated from elevated temperatuges.
0.8 12 16 2 24 28 32 has units of st. (Top paneljx = 50 mM. The pH dependence of
pH the unfolding rate constant obtained at 475(a) and 40°C (@),

] compared with the unfolding rate constant at°Z5 (O) and the
Ficure 3: Temperature dependence of the unfolding rate constant refolding rate constant at 2% (<). (Lower panel) The complete
of barnase as a function of pi, has units of st. (Top panel) set of unfolding/refolding rate constants atZ5 4 = 50 mM (open
Eyring plots of the unfolding rate constant at pH 1<){(pH 2.0 symbols) ang: = 600 mM (closed symbols). The observed rate
(@), pH 2.6 @®), and pH 3.0 Q). (Lower panel) The activation  constant at 23C atu = 50 mM (a) andux = 600 mM (), the
enthalpy of the unfolding rate constant plotted versus pH. A linear unfolding rate constants from the top panel which have been

function was fitted to the data and then used to repreAétitpH) extrapolated to 25C atu = 50 mM (O) and corresponding data

in temperature extrapolations by eq 3 (Figure 4). The plot includes from . = 600 mM @) (see text and Figure 3). The unfolding rate
data from bothy = 50 mM andu = 600 mM, sinceAH* was constants at pH 6.3 were obtained by urea-jump experiments (see
found to be independent of ionic strength. text and Figure 5).

Unfolding Kinetics Recorded at High Temperatures and __ . L e
Extrapolated to 25°C. In order to determine the pH This could otherwise introduce an artificial curvature of

dependence of the unfolding rate constant under folding 109() versus pH. The validity of the extrapolation method
conditions, the unfolding reaction was determined at tem- iS confirmed by the coincidence of extrapolated data with
peratures above the melting point of the protein and then data obtained at 28C (around pH 1.9 gt = 50 mM) and
extrapolated to 28C. Figure 3 shows the Eyring plot of the coincidence of data extrapolated from two different
the unfolding rate constant at pH values between 1.0 andtemperatures (around pH 2.5).

3.0. The activation enthalpieAki*) obtained from the slope It is seen in Figure 4 that although the unfolding rate
of these graphs (eq 2) are plotted versus pH (Figure 3), andconstant decreases upon addition of salt at lower pH values,
the pH dependence oAH* was subsequently used t0 there is no salt-dependence observed between pH 2 and 3.5.
extrapolate the unfolding rate anstants obtained at high a¢ pH 6.3, however, the unfolding rate constant yet again
temperatures to 23C (eq 3) (cf. Figure 4). decreases in the presence of salt. The refolding rate constant,
The unfolding kinetics observed at high temperatures o the other hand, is increased by the presence of salt at

displays a pH depengence similar to that af@5although 1oy pH but appears independent of ionic strength above pH
the minimum of logk™) occurs ata higher pH, and therate 3 5 * ¢ s interesting to notice that the stability of barnase

of unfolding at this pH is faster. Figure 4 shows the gy,,s 4 salt-independent, isoenergetic point around pH 3.5
unfolding rate constants obtained at 25, 40, and 45 (Figure 8) (OIivebF()argat al ’1994) g P pH =

compared with the refolding rate constant at’25 Despite
the use of refolding data obtained at a fixed lower temper-  Unfolding Rate Constant in Pure Water As Determined
ature, the plot provides a representative approximation of by Urea Unfolding at pH 6.3.In order to determine the
the temperature dependence of k3¢ versus pH, since the  unfolding rate constankg) under conditions of maximum
refolding rate constant shows only a relatively small tem- stability and high ionic strength, the unfolding kinetics was
perature dependence [accompanying paper (Oliveberg &determined by stopped-flow fluorescence at various high
Fersht, 1996)]. The data points obtained near the transitionconcentrations of urea (8 M) in the presence of 600 mM
region were left out in the extrapolation to ensure that the KCI. The plot of logk, versus [urea] for barnase and its
observed rate constants are entirely dominateld,ifgq 6). mutants has been shown to display a slight downward
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Ficure 5: Urea dependence of the observed unfolding rate constant
of barnase at pH 6.34 = 600 mM, obtained by urea-jump
experimentsk, has units of sl. The polynomial fit was used to
calculate the unfolding rate constant at [ureaD (eq 6).

Delay time (s)

Ficure 6: Unfolding amplitudes obtained from double-jump
experiments as function of delay time. A solution of barnase at pH
1.5 was mixed with high-pH buffer and allowed to incubate at pH
6.3 for a variable time (the delay time) and then mixed with a
second buffer to unfolding conditions at pH 1.5 where the unfolding
kinetics were monitored. The exponential increase of the unfolding
amplitudes versus delay time fits precisely the rate constant of
log(k,) = |09(k8) + m, [urea] — 0.0l4[ureaﬂ @ refolding observed at pH 6.3, 13 suggesting that the relaxation
of the preequilibrium (see Figure 7) is too fast to be resolved by
stopped-flow.

curvature according to

where my, is a variable that depends on mutation and

. " . . data to determine the pH dependence of individual equilib-
experimental conditions;0.014 is a parameter that defines P P d

L : . rium constants in the folding pathway (including the quasi-
trge_ deviation from linearity (Matousche al, 19194)' and  thermodynamic equilibria between ground states and transi-
k, is the unfolding rate constant in units of’sin the tion barriers). This step requires careful consideration of
absence of urea [cf. Shortle and Meeker (1986)]. The value the model for the folding pathway (cf. Scheme 1, below),
obtained for logk;) by eq 7 atu = 600 mM is —5.46 + and it is demonstrated in the Appendix how the number of
0.07 (n, = 0.69) (Figure 5). A =50 mM and pH 6.3,  folding intermediates and their relative stability affects the
log(k}) has previously been determined t64.59 + 0.07 interpretation of refolding rate constants. Finally, the equi-
(mg, = 0.65) (Sanz & Fersht, 1993). librium constants are used to determine thé-tiration
Double-Jump Experiments at 2&. To ensure that the  behavior of the conformational species in the folding pathway
observed pH dependence is not induced or perturbed byby application of simple mass-action theory.
changes of rate-limiting step (transition state), we tested our - Comparison of the ionization equilibria between consecu-
results by double-jump experiments. The unfolding rate tive conformations in the folding pathway provides a novel
constant observed at pH 1.5 in the double-jump experimentsmethod of obtaining information about their structures, and,
(i.e. after short incubation of the denatured protein under perhaps more importantly, the approach constitutes a link
refolding conditions at pH 6.3 in the stopped-flow delay loop) to theoretical studies since the relationship between titration
is identical to that observed in the unfolding experiment properties of ionizable residues and protein structure can be
above (Figure 2). No additional (fast) phase due to unfolding treated by classical electrostatics.
of a transiently accumulated folding intermediate can be Model for the Folding Pathway of Barnasdt has been
resolved. The amplitude of the unfolding phase is propor- demonstrated previously that the refolding of barnase is not
tional to the amount of renatured protein in the delay loop a two-state process but proceeds via transient accumulation
and increases exponentially with increasing delay time. A of a folding intermediate (Matouschek al,, 1990; Bycroft
plot of the unfolding amplitude versus delay time at pH 6.3 et al, 1990). The kinetic evidence for this was obtained
(Figure 6) fits an exponential curve with a rate constant of from urea denaturation experiments: in a two-state reaction,
13.54+ 0.6 s*. This rate constant is identical to that for the D = N, the equilibrium constantp.n) is determined by
refolding reaction at pH 6.3. Double-jump experiments to the ratio of the reversek(—p) and forward kp—) rate
final conditions of high ionic strength, or into the transition constants
regions, revealed no additional phases, and the results are

consistent with predictions from unfolding and refolding data K. — Kn—p 8
in Figure 2. DN Ky 8)
DISCUSSION where ky—p) and o) would correspond to the unfolding

The objective of this study is to determine the pH and refolding rate constants (espectively; but with bgrnase,
dependence of the stability of the various conformations in the observed rate constants give anomalous valuexg.,
the folding pathway of barnase, and to use these data to= k/k™ At high urea concentrations (above 3 M.y ~
determine how electrostatic interactions consolidate in the k”7k,, but at lower concentrations of urea the urea depen-
course of the folding process. In principle the analysis dence ok?bsstarts to decrease, so that, in pure wdtﬁ?,is
consists of three steps. The first step is to determine folding only one hundredth of the value expected frapandKp.y.
and unfolding rate constants and protein stability over as wide The major folding reaction remains monophasic, and no
a pH range as possible. The second step is to combine thesadditional relaxation can be resolved. From these observa-
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tions, it was concluded that the kinetics in the absence of
denaturant do not represent refolding from the unfolded state
but from a more stable kinetic intermediate which is in rapid
equilibrium with the unfolded state according to

Scheme 1

fast k=13st

E=—=3

k,=2.6x 104sIN

whereAGp.y = 10—11 kcal/mol at pH 6.3 and = 50 mM
(Johnson & Fersht, 1995) andGp-; = 2—3 kcal/mol.
Unfortunately, the values d&f, andKp.y cannot be measured
directly in the absence of denaturant at°5but have to be
determined at high urea concentratiorst(5 M for wild-
type protein and>2—3 M for destabilized mutants) and
subsequently extrapolated to pure water. Also, the deter-
mination ofk, in pure water relies on the assumption that
the major transition state for unfolding remains the same at
all concentrations of denaturant or changes uniformly with
concentration of denaturant (cf. eq 7). In the present study,
however, we confirm the observations from the urea experi-
ments by providing an additional way of determining
deviations from minimal two-state behaviathe dependence
on pH.

Deviations from Two-State Beb#r as Determined by
Acid Denaturation. The double-jump experiments, in which
the protein is allowed to refold for varying times and then
is allowed to unfold (Figure 6), show that the interconversion
between the unfolded state and any folding intermediate is
fast and remains unresolved by stopped-flow also in the low-
pH range. Even if the intermediate and the unfolded states
were spectroscopically indistinguishable, a lag would appear
in the plot of unfolding amplitudes versus delay timé&gf.,
approaches—y, 13 st (Figure 6).

Since the unfolding of any partly structured folding
intermediates does not contribute to the observed unfolding
kinetics, we suggest that the unfolding rate constant at all
pH values ky(pH)] monitors changes in the free energy
between the native proteilN] and the major transition state
() (Figure 7). The refolding rate constant expected from a
two-state mechanism, i.e., the refolding rate constant which
corresponds to the free-energy difference betwBeand
t [K2° (pH), Figure 7] can be calculated from the mea-
sured equilibrium constant for unfolding(§.n(pH), Figure
8] and ky(pH) according to eq 8. The pH dependence of

A< is shown in Figure 9. The coincidence k'S, and
k***at pH values below pH 2.5 reveals that barnase displays
a two-state behavior in and below the transition region. At

higher pH values, howevek®™ < k& implying that the

Oliveberg and Fersht
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Gibbs Free Energy (kcal/mol)

pre-equilibrium

Reaction Coordinate

FiIGURE 7: Free energy diagram showing the different conformations
of barnase under refolding conditions at pH 6.3,°25 D, I, ,
andN are the unfolded state, the transient intermediate, the major
transition state and the native state, respectivglis the unfolding

rate constant corresponding to the free-energy difference between
N andi, k; is the refolding rate constant corresponding to the free-

energy difference betwednand 1, andk< is the refolding rate

constant expected if the refolding were a two-state proBess

N. k&€ can be derived frork, (Figure 4) andAGp.y (Figure 8) by

eq 8. As discussed in the text,and| constitute the most unfolded
and the most structured conformations in the preequilibrium, or
even the endpoints of a continuum of denatured conformations. At
pH 6.3, represents the most stable denatured conformation, and
the refolding reaction proceedis— £ — N with an observed rate
constantk;, whereas, at low pHD may become the most stable
conformation in the preequilibrium and the refolding reaction
proceedsD — ¥ — N with a rate constant corresponding to

k&< Under conditions where both and| are populated in the
preequilibrium the observed rate constant is given by eq Al.

12.0

10.0

8.0

6.0

AG (kcal/mol)

pH

Ficure 8: pH dependence of the stability of barnaa&p.n, and

its dependence on ionic strengtk®)(u = 50 mM and @) u =
600 mM. The data are obtained from CD-monitored thermal
transitions (Oliveberget al, 1994).

observed refolding reaction under these conditions takes place2—3 residues titrate between pH 3 and 1.5, and at least one

from a protein conformation more stable than the denatured
state observed in the thermal unfolding experimemm$ (
(Figure 7). To be consistent with earlier work, this appar-
ently stabilized denatured conformation is referred to as the
folding intermediate I() (Scheme 1). In summary, it may
be concluded from Figure 9 that the addition of acid changes
the ground state of the refolding reaction fréno D.

Titration Behaiior of the Natve State and the Major
Transition State.The titration by protons of the native state

residue appears protected at pH 0.5 (Figure 10). It is
important to point out here that the value &fQp.n, the
difference in number of protons bound to the native state
and the denatured state (eq 4), may well represent the sum
of fractional protonation delocalized over several interacting
residues. Possible candidates for such electrostatically
coupled residues with anomalou&pvalues are Asp 54,
Glu 73, Asp 75, and Asp 86 (Olivebeeg al,, 1995). These
residues are located in the positive field of the active site,

of barnase has been investigated in previous studies and caxlosely spaced, and separated by a medium of relatively low

be summarized as follows (Olivebegy al, 1994, 1995).
Of the 12 acidic residues of barnase, approximately eight

dielectric constant [cf. Maugueet al. (1982)].
By measuringAQ (egs 4 and 5) it is possible to assess

become protonated between pH 3 and 4, the equivalent ofthe degree of protection of titrating residues in the transition
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FiIGURE 9: Full set of kinetics representing the acid denaturation FIGURE 10: Titration behavior of the native stafd)(and the major

of barnase, showing the deviation from two-state behavior. The transition state¥) of barnase. (Top panel) The pH dependent free
rate constank has units of st. (Top panel) Observed refolding  energies oN and¥ relative to the denatured state;at= 50 mM
rate constant at = 50 mM kfobs (»), the unfolding rate constant and 25°C. (Lower panel) The lines show the difference in number

. ; i of bound protonsAQ) betweenN, #, and the denatured state of
ki (O); a”gc the refolt_:ilng rate constant gxpected for a two-state barnase as a function of pH: (bold lin&p.y atx = 50 mM and
processky™ (a), which represents the difference in free energy (thin line) atx = 600 mM: (dashed bold lineAQp.+ at 4 = 50
between the fully denatured state and the major transition state (Cf'mM and (dotted thin line) a& = 600 mM. The values foAQ are

eq 8, Figure 7). At 25°C, barnase displays a two-state folding calculated from the derivative ohGp.y and AGs.y (top panel)

process at pH values lower tha2.5, and non-two-stzze behavior  5ccording to eq 4. AlthoughQ decreases at high ionic strength,

at higher pH values. The difference betwd@f? andkZ'S, can be the difference inAQ betweenN and F remains approximately
related to the equilibrium constant betweBrand| according to constant.

eq 9. (Bottom panel) The corresponding data set st 600 mM.
state ). The degree of protection is related directly to the transition state maintains a low dielectric constant and, hence,
extent of electrostatic interactions in the protein and can be native-like electrostatic interactions, while the outer layers
used as a structural probe by comparing with those of the of the protein are loosened with a consequent loss of surface
native protein and the denatured state. The titration proper-interactions. Our data are consistent with this model.
ties of the major transition state are obtained from (i) the  Extent of Structure in the Transition Stat#.is suggested
pH dependence of the unfolding rate constiptKigure 9) from urea-unfolding experiments that the “degree of con-
which givesAGy.¢(pH) according to eq 1, (ii) the relation solidation” of the transition state of barnag®)(is about
to the denatured stateAGpi(pH) = AGpn(pH) — 0.75 of the native protein (Figure 11). This value, which is
AGn-¢(pH) (cf. Figure 7), and (iii) eq 4 which is the relation  derived from the urea dependence of the stability: @ind
betweem\Gp.+(pH) andAQp.1(pH). The titration properties N (8Y = (dAGp.¢/0[urea])/@AGp.n/d[urea))), is generally
of ¥ are compared with those of the native protein in Figure believed to constitute a measure of solvent exposure of
10. The result shows that, although the overall resistancehydrophobic residues (Tanford 1968, 1970). A similar
to protonation is weakened, maintains a high proportion  parameterPH, can be derived from the acid-denaturation
of the K, shifts present in the native conformation. In other data in Figure 10:8°" = (SAQp-:dpH)/(fAQp-nopH), i.e.
words, a significant portion of the native electrostatic the ratio of the areas und&Qp.; andAQp.n. These areas
interactions are formed in the transition state; some of theseare measures of the free-energy required to protchated
interactions may be as strong as in the native struettire N relative to the denatured state. The valugg®tis ~0.5
equivalent of~2 residues are protected at pH 3, and the (Figure 11), and this would then represent a measure of the
transition state is still not fully protonated at pH 0.3. electrostatic interactions in the transition state, i.e., the degree
Shakhnovich and Finkelstein (1989) have proposed that of consolidation of electrostatic interactions. Accordingly,
the N — £ transition is accompanied by an enthalphically it may be concluded from Figure 11 that electrostatic
unfavorable melting/expansion of the native structure, where interactions are formed, on average, later than hydrophobic
the degree of swelling in the transition state does not permit interactions and are, therefore, not as important for the early
rotational isomers of the side chains or penetration of water folding events. However, such a conclusion could easily
molecules. The model suggests that the interior of the be misleading. If the transition state is considered to be an



2734 Biochemistry, Vol. 35, No. 8, 1996 Oliveberg and Fersht

P e To describe our results quantitatively, we use the deviation
h] from two-state behavior to represent the apparent stability
§ o8 of an intermediate AGXP). This defined quantity can be
§ 06 L measured directly without assumptions about the folding
5 pathway and can be used to calculate the energetics of the
= o4l components in the preequilibrium on the basis of any folding
= mechanism (see Appendix). Here, we calculate the equi-
% 0.2 librium constant betweeb and| (Kp.) from the minimal
E three-state model in Scheme 1 and Figure 7, using
O L1
Ficure 11: Degree of formation (the reaction coordinate) of the AG2PP
major transition state () on the folding pathway of barnase > = log K&, — log K= log(1+ Kp,) (9)
measured by various criteria. Values of 1 and 0 represent the 2.3RT N DA

structures of the native state and the denatured state respectively.

pYis the degree of burial of hydrophobic residues in %, which has alc : :
been determined by urea-denaturation experiments using the metho here logky—y is the refolding rate constant corresponding

of Tanford (see text, M.O. and A.R.F., unpublished results) and is (0 the free-energy difference betwerand? (eq 8, Figure
about 0.75 of that in the native state. This value corresponds well 9), and logki™ is the apparent refolding rate constant.
with tPg ?veraggpt valucla '”l ¥ '(bt: 0{.7)’ ".e"iﬂzg eﬁntl of &P~ KP**under the conditions at which eq 9 is applied (eq
consolidation of intramolecular interactions in erratcal., . - :
1992).4°H is the extent of formation of electrostatic interactions in Al, Figure 9). From th? pH depe_ndencemﬁ itis possible

%, which is measured fromAQ in Figure 10 (see text)3P is to calculateAQp., the difference in number of Hoound to
significantly less thags!, about 0.5 at an ionic strength of 50 mM. D and I, respectively. The pH dependence of logfl
The low value QfﬂPH suggests that the electrostatic interactions Kpy,), log Kp,; and AQp is shown in Figure 12. As the
are lost predominantly from the surface of £, since, in an expanded derivative of logKp. will be subject to an excessive error at

conformation, the surface residues will be further apart than those .
in the (hydrophobic) interior. The effect of ionic strength i pH values where log(¥ Kp.) approaches zerd\Qo. is

shows that the electrostatic interactions (charge repulsions) are moréshown only at pH values where logf Kp.) > 0.05. As
solvent accessible in f than in the native protein. shown in the top panel of Figure 12, the midpoint for the

) o . =D transition Kp., = 1) appears to be at pH 2.85 for=
expanded form of the native protein, it follows that its 55 M and at pH 2.70 for = 600 mM. However, the pH
peripheral parts will experience, on average, a higher degreedependence obtained faxQp. with eq 9 does not give
of expansion than its interior. Since most hydrophilic g¢ansible results (bottom panel, Figure 12): instead of
residues are confined to the gurface of the protein,.these Wi”decreasing at lower pH values, hsvould be expected to
be, on average, Ies_s c_onsohdated than more buried hydroecome increasingly protonateiQp. apparently increases.
phobic groups. This is expected, however, and does not T explain the ambiguous behavior of we have to
monitor the strength of electrostatic interactions in more oyamine the way the experiments are performed. The
structured parts of the transition state. In fact, the highly anayysis of the folding intermediate is indirect and relies on
anomalous Ka values of ¥ suggest that the low value of o equilibrium constant for unfoldingKé.), so any
PP represents the average of a few strong (key) interactionsperm:,ation of the pH dependenceefy will be manifested
and (surface) interactions that are not yet consolidated. i, the value ofAQo.. SinceKo. is derived from thermal-

Titration Behavior of the Folding Intermediate Although denaturation experiments at temperatures arounéCsat
the formation and unfolding of the intermediate is too fast o tral pH, and at lower temperatures20 °C) under acid
to be determined by stopped-flow methods, its titration cqngitions, it is important to investigate to what extent the
properties may still be determined from the refolding yetermination oKp.y is perturbed by temperature-induced
kinetics: the pH dependence kf corresponds directly to changes of the denatured state [cf. Grcal. (1994)]. To
the difference in degree of protonation between the inter- y,is end, a more extensive analysis of the intermediate is
mediate and the transition state (Figure 7). First, however, presented in the accompanying paper where the coupling

itis crucial to understand fully the behavior of the observed |otween melting temperature and deviation from two-state
refolding rate constank’™, which is determined not only  kinetics is investigated.

by the free-energy difference between the intermediate and Tne Effect of lonic Strength on Conformational Stability.
the major transition state but also by the relative occupancy Here, the effect of solvent ions is used to investigate the
of the intermediate in the preequilibriu@,= [1J/([1] + [D]) localization and environment of the electrostatic interactions
(see Appendix). The stability dfrelative toD (AGp.) at  gescribed above. In general, surface-exposed interactions
pH 6.3 and 25C is about= 2.8 kcal/mol (eq 9 below and  are more affected by solvent ions than are charge interactions
Table 1 in the accompanying paper), which corresponds tojp, poorly hydrated parts of the protein.

an occupancy of in the preequilibrium of more than 99%.  aAccordingly, the salt-induced stabilization of the native
Accordingly, k™ represents a good measure kpfunder state AAGY ,, = AGLE™ — AGESS™) relative to that
these conditionsq > 0.99, eq Al). At lower pH values,  of f | andD at pH values above 4 (Figure 13) is attributed
however, WDere the occupancy biin the preequilibrium  tg sajt-accessible repulsive interactions that are exclusively
decreasesy’”° becomes lower than expected from the free- present within the native fold. Although the net charge of
energy difference betweeh and t, i.e. K™ ~ K = barnase is only-3 in this pH region, the surface of the native
Ck whereC < 1 (eq Al). Consequently, the stability bf  protein shows an irregular charge distribution with one
cannot be measured directly frd&ﬂ’S at low pH but has to negative and two positive patches in the active site which
be derived on the basis of assumptions about the preequi-are likely to put electrostatic strain on the structure (Meiering
librium (see Appendix). et al, 1992). The stabilization oN relative to the other
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Ficure 12: pH dependence of stability data relating to the folding
intermediate of barnase. Bold broken lingesy 50 mM. Thin dotted
lines, u = 600 mM. (Top panel) The apparent stability of the
intermediate relative to the denatured state, derived from the

difference between the observed refolding rate constdfit

(Figure 9) and that predicted from a two-state md(ﬂﬁjN (Figure

9) according to eq 9 (see text for further discussion) (Middle panel)
The equilibrium constant between the folding intermediate and the
denatured staté(.) according to a three-state model. Apparently,
the midpoint for thd = D transition Kp., = 1) takes place at pH
2.85 atu = 50 mM, and at pH 2.70 gt = 600 mM. (Bottom
panel) The titration by protons of the intermediate, as calculated
from d log Kp./opH (eq 4, cf. Figure 10, bottom panel). The pH
dependence oAQp. obtained by the three-state model appears
unrealistic and is further discussed in the text.
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Ficure 13: Salt-induced stabilization of the native state of barnase
(O), its major transition state®), and the transient intermediate
(©). The plots are derived by subtracting stability data obtained at
u =50 mM from those obtained at = 600 mM.

strength on the stability db (the reference conformation)

is not constant throughout the pH range but increases rapidly
around pH 4, reflected by the apparent dropANAGS
(Figure 13). Below pH 3.5AAGp , displays a more or
less linear increase, which reflects the titration (i.e., increasing
net charge) of the native state at lower pH values (Figure
13).

Interestingly, the salt-induced stabilization of the transition
state AAG[.,) follows that of the native state below pH
3.5 (Figure 13). This suggests thditrates in a way similar
to N in the low-pH range, although seems to lack the
repulsive interactions that give rise to the salt effecibat
higher pH. The result is consistent with the transition state
having a loosened surface distribution of charges, but
remaining compact and retaining some of the most anoma-
lous Ka values of the native state.

The salt effect on the stability of the intermediate
(AAGp,) appears similar to that of the transition state.
This may show that the intermediate also consists of a
consolidated native-like core surrounded by a loose and
extended shell structure. As with the titration properties of
the folding intermediate, howeveAAG;, behaves am-
biguously and shows an accelerating increase at lower pH
values [for further discussion, see Oliveberg and Fersht
(1996)].

The slight destabilization of the transition state and the
intermediate (0.20.3 kcal/mol) which is observed above
pH 4 supports further the idea of these states consisting of
a mixture of denatured-like and native-like structure. Their
denatured-like content is stabilised by salt according to the
behavior of the denatured state, whereas their native-like

solidated very late in the folding pathway.

It appears, however, that the stabilization of the native state

(AAGE ) decreases rapidly below pH 4 and displays a
minimum around pH 3.5 (Figure 13). Based on the assump-
tion that salt counteracts (and does not enhance) ke p
shifts, it has been suggested that the dropxGp,  is not

due to effects oN per sebut is caused by a salt-induced
stabilization ofD (Oliveberget al, 1994, 1995). That is,

to a net destabilization relative to the denatured state.

CONCLUDING REMARKS

It can be concluded from this study that a significant
portion of native-like electrostatic interactions are formed
in the transition state and that some of these interactions are
strong and give rise to native-lik&p values: the transition
state shows some highly anomalou§spvalues and is not

not only the native state but also the unfolded conformation fully protonated at pH 1. For comparison, the denatured state
involves intramolecular charge repulsions, the magnitude of is fully protonated around pH 3. Taken together, however,

which rapidly increases when it becomes protonated (the netthe charge repulsions within the transition state are weaker
charge increases from4 to+17). Hence, the effect of ionic  than those of the native state. This suggests that the
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transition state for unfolding is an expanded form of the (i) In a situation where there are no clear transition states
native state, with a poorly solvated interior and disrupted (ie., no, or insignificant, free-energy barriers) betw&eand
surface regions. We are now applying the approach of this I,, andn is a very large number, the system in Scheme Al
study to mutant proteins in order to characterize the approaches a so-calledhriable two-state mechanisror
electrostatic interactions in the transition state on the level second-order transition (Dill & Shortle, 1991; Griled al,,

of individual residues. The results referring to the folding 1994). In this case the term “folding intermediates” gets a
intermediate imply that this species has many similarities slightly different meaning: the denatured state would, hence,
with the transition state. However, these data are not consist of a continuum of substates, ranging from an extended
conclusive on their own since they may be perturbed by random coil (under highly denaturing conditions) to a
temperature variations of the acid/thermally denatured state.compact, partly structured species in pure water. Further,
Therefore, the properties of the folding intermediate are the folding events leading from an extended to more
discussed more extensively in the accompanying paper wherestructured denatured states would not be bound to follow a
the temperature dependence of the ionization equilibria in strictly sequential pathway but could also proceed in a more

this study is investigated (Oliveberg & Fersht, 1996). parallel manner, where different parts of the polypeptide
chain fold independently. Such second- or higher order
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APPENDIX noncooperative unfolding of several molten globule states

(Ptitsyn, 1992). Regarding the kinetid§¢"® would always
represent the free energy between the most stable (ensemble
of) denatured conformation(s) in the preequilibridmand

T according to eq 1. That is, the kinetics do not, as above,

Effects of the Preequilibrium on the Obsed Refolding
Rate Constant.If it is assumed that the folding pathway
involves more than one folding intermediate, saynter-

mediates, represent the refolding of a specific conformation, the
Scheme Al concentration of which varies with denaturant, but rather the
.k refolding of a full population of a denatured species the

D‘—| ‘—| ==l =1 =N structure of which varies with denaturant. Thus,

AGZRpH) is equal to the free energy difference betwen
and that the interconversion between tintermediate states  and |;, wherei varies with pH. In this case, howevdr,
and the denatured state is much faster thaaq 6 expands  may not be a defined intermediate state but more likely an
to kobs = kP + k, = Cks + k, where ensemble of denatured conformations which average proper-
ties is represented by(Karplus & Shakhnovich, 1992; Griko
[ 1 et al, 1994).
C= . = (AL) Accordingly, it is impossible to extract detailed information
D] + [I 1 1+ l—l K. about the stability of folding intermediates from the refolding
Zl k_inetics in the absence of knowledge about the preequilib-
rium.

KPP is the apparent refolding rate constahtthe interme-
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