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ABSTRACT. The complex unfolding reaction of barstar has been characterized by studying the apparent
rate of unfolding, monitored by intrinsic Trp fluorescence, as a function of temperature and guanidine
hydrochloride (GdnHCI) concentration. The kinetics of unfolding and folding of wild-type (wt) barstar

at 5°C were first studied in detail. It is shown that when unfolding is carried out using concentrations
of GdnHCI in the posttransition zone of unfolding, the change in fluorescence that accompanies unfolding
occurs in two phases: 30% of the change occurs in a burst phase that is complete within 4 ms, and 70%
of the change occurs in a fast phase that is complete within 2 s. In contrast, when the protein is unfolded
at 25°C, no burst-phase change in fluorescence is observed. To confirm that a burst-phase change in
fluorescence indeed accompanies unfolding at low temperature, unfolding studies were also carried out
on a marginally destabilized mutant form of barstar for which the burst-phase change in fluorescence is
shown to be as high as 70%. These results confirm a previous report @Nath (1996),Nat. Struct.

Biol. 3, 920-923], in which the detection of a burst-phase change in circular dichroism at 222 nm during
unfolding at 25°C led to the inclusion of a rapidly formed kinetic intermediaig, dn the unfolding
pathway. To characterize thermodynamically the unfolding pathway, apparent unfolding rates were then
measured at six different concentrations of GAnHCI in the range 2.6 to 5.0 M, at five different temperatures
from 5 to 46°C. The subsequent analysis was done on the basis of the observation that a preequilibrium
between the fully folded state (F) angdets established rapidly before further unfolding to the completely
unfolded state (U). The results indicate thahls a specific heat capacity similar to that of F and therefore
suggest thatJ is as compact as F, with practically no exposure of the hydrophobic core. On the other
hand, the transition state of unfolding has a 45% greater heat capacity than F, indicating that significant
hydration of the hydrophobic core occurs only after the rate-limiting step of unfolding.

Characterization of the transition state of folding remains
a major goal of protein folding studies. The transition state
is a high-energy metastable state and thus requires the use
of indirect methods to elucidate its structure. Traditional
approaches rely on studying the effect of a systematic
variation in temperature and denaturant concentration on the
folding and unfolding kinetics of the protein (Chen al,
1989; Chen & Matthews, 1994; Schindler & Schmid, 1996).
The advent of pragmatic mutagenesis or the “protein
engineering approach”, coupled with the traditional approach,
has provided a means to infer the structural attributes of these
ephemeral states in greater detail (Matousaottekl., 1989;
Fersht, 1995a,b).

Kinetically well characterized proteins are good systems
to use for such studies. Barstar (Figure 1), the 89 residue,
intracellular inhibitor of barnase, is one such protein. The
folding and unfolding transitions of barstar have been studied
extensively using both equilibrium (Khurana & Udgaonkar,
1994; Khuranaet al, 1995; Agashe & Udgaonkar, 1995;
Wintrode et al,, 1995) and kinetic methods (Schreiber &

Fersht, 1993; Shastrgt al, 1994; Shastry & Udgaonkar,  Ficure1: Solution structure of barstar. The figure was drawn using
Molscript (Kraulis, 1981).

"This work was funded by the Tata Institute of Fundamental 1995; Agasheet al, 1995; Nathet al, 1996; Ndting et al,,
Research and the Department of Biotechnology, Government of India. 1995, 1997).
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heat capacity incrementAC, on unfolding (16.4 penetration of water into the hydrophobic core of the protein
calmol~1-K ™1 per residue), myoglobin being the only other occurs only during the rate-limiting step in unfolding.
protein known with a higher value (18 ealol*-K~ per

residue). The enthalpy changH, on unfolding barstar at ~MATERIALS AND METHODS

room temperature, on the other hand, is unusually small (4 Materials GdnHCF was of the highest purity grade from
keatmol™) and so is the entropy change (as a consequence)sigma Chemical Co. All other chemicals including the

The highAC, value in conjunction with the smaliH leads 1, jter components were also of the highest purity grade from
to a higher susceptibility to cold denaturation, which has been pra ek (Germany).

demonstrated convincingly (Agashe & Udgaonkar, 1995).
Wintrodeet al. (1995) have theoretically deconvoluted the
overall AH of barstar unfolding into thé\H of hydration
andAH of internal interactions. They concluded that while
the AH of hydration is comparable to other proteins, tid
of internal interactions is unusually low and accounts for
the low value of the overalAH of unfolding. Bovine
pancreatic trypsin inhibitor (BPTI) is the only other protein

to _have a lower value for thaH of internal interactions phosphate buffer at pH 8.0 containing 58 EDTA and
(Wintrodeet al, 1995). 0.1 mM DTT, at all temperatures. Solutions were passed
Kinetic studies on barstar have shown the presence ofthrough 0.45um Corning filters and degassed before use.
multiple pathways and multiple intermediates (Schreiber &  Kinetic Experiments A DX.17 MV sequential mixing
Fersht, 1993; Shastry & Udgaonkar, 1995). The unfolded stopped-flow spectrometer from Applied Photophysics (Leath-
state, U, of barstar is kinetically heterogeneous, containing erhead, U.K.) was used for the experiments done 5
fast-folding, U, and slow-folding, \, species (Schreiber &  The path length of the chamber was 2 mm and a 3200
Fersht, 1993; Shastmt al, 1994). U molecules have the  nm band-pass filter from Oriel Corp. was used in the
Tyrd7-Pro48 bond in the “nativeCis conformation, while  detection path. The folding/unfolding kinetics were thus
the Us molecules have this bond in the “nonnative&ns  followed with excitation at 287 nm and detection at 320 nm.
conformation. Barstar unfolding has been shown to follow The typical protein concentration used in the observation
the extended two-state modelFUr == Us, in the transition  chamber was #M, reached after a 1:5 dilution of the protein
and the posttransition zone of equilibrium unfolding (Shastry stock in the appropriate buffer (native or unfolding). The
etal, 1994). Recent studies on barstar revealed the presencenanual-mixing experiments with identical excitation and
of a kinetic intermediatey| on the unfolding pathway (Nath  emission wavelengths, for folding and unfolding afG,
et al, 1996). | is a burst-phase intermediate that forms were performed on a Hitachi F-4010 spectrofluorometer with
within 4 ms, which lacks a considerable amount of the native an integrated magnetic stirrer. The fluorometer was inter-
secondary structure but possesses a nonhydrated hydrophobiaiced to a computer and data collection was performed
core (Nathet al, 1996). continuously for the first 240 s, and later points were taken
Almost all proteins studied have been reported to unfold every 60 s. These later points were an average of the
in simple monophasic processes that reflect the existence offluorescence intensity measured over a period of 8 s.
a single transition state or a set of energetically similar Between data collection the excitation shutter was closed to
transition states. Barstar and a few other proteins (Laurentsminimize bleaching of the sample.
& Baldwin, 1997; Kiefhabeet al, 1995; Hoeltzli & Frieden, Kinetic unfolding experiments done at PC with the
1995) that unfold via an intermediate are exceptional in W38FW44F mutant of barstar were performed on a Biologic
possessing more complex unfolding kinetics. Current un- (Cedex, France) SFM-3 sequential mixing stopped-flow
derstanding of the role of unfolding intermediates and their instrument. The excitation wavelength was set at 295 nm.
structural attributes is very poor. It is therefore an attractive The FC-15 cuvette used had a path length of 1.5 mm, and a
proposition to study the thermodynamics of the unfolding 320 + 10 nm band-pass filter from Oriel was used in the
process and obtain structural information about such inter- detection path.
mediates as well as the transition states separating them from Equilibrium experiments Equilibrium unfolding experi-
the completely unfolded state. ments on the wild-type protein at®& were also performed

This paper describes the folding and unfolding kinetics on the Hitachi F-4010 spectrofluorometer. The excitation
of barstar at a low temperature (&) and presents a slit width was set at 3 nm, while that for emission was set

thermodynamic analysis of the unfolding kinetics using the @t 10 nm.. .
traditional approach. The kinetic data atGreveal directly Data Analysis: (a) Isothermal GdnHCl-Induced Unfolding
the presence of the intermediateduring unfolding, using ~ Curves Equilibrium GdnHCl-induced unfolding curves
intrinsic Trp fluorescence as a probe. The inclusion of an Were analyzed to obtaifGry, the free energy of unfolding
intermediate in the unfolding scheme used for the thermo- iN Water by fitting the data to a two-stake== U unfolding
dynamic analysis has allowed additional information about M0del, using a nonlinear least-squares fitting routine as
the structural attributes of this intermediate and the transition described previously (Agashe & Udgaonkar, 1995).

state of unfolding to be obtained. Specifically, it is shown
that I, is similar to F by the heat capacity criterion, while  Abbreviations: GdnHCI, guanidine hydrochloride; CD, circular

it ; 0 ivali . dichroism; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid;
the transition state, TS, is only 55% nativelike. ltis inferred wt barstar, wild-type barstar; W38FW44F, the double mutant of barstar

that while partial hydration of the hydrophobic core occurs \yhere the side chains Trp38 and Trp44 have been mutated to
during initial unfolding to |, at low temperature, complete  phenylalanines.

Protein Purification. The procedure for the purification
of wt barstar has been described previously (Khurana &
Udgaonkar, 1994) and was used without change. The
purification procedure for the W38FW44F mutant protein
is the same as that for the wild-type protein (Nath &
Udgaonkar, 1997). The yield of both these proteins was
close to 200 mg/L of cell growth.

Data Collection. Data were acquired in 20 mM sodium
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(b) Kinetic Studies The observable kinetics of folding and heat capacity, denoted yH'r, ASg, and AC'yg,
of barstar are described by a two-exponential process (Shastryespectively, are also assumed to have linear dependences
et al, 1994): on [D]. AHg', AS, and AC,¢ represent the changes in

enthalpy, entropy, and heat capacity, respectively, that
A(t) = A(®) — A exp(=Aqt) — Ay exp(=4,t) (1) describeAGg.

A1 and 1, are the apparent rate constants of the slow and byThe temperature dependence/dE's is therefore given
fast phases, antl; andA; are the respective amplitudes. The

relative amplitude of the slow phase,, was determined by A (T) = AH’ (TO) —TAS (TO) +

dividing the amplitude of the observed slow phase by the Fl Fl Fl

equilibrium amplitude of the reaction at that GdnHCI AC, FI(T —T°=TIn ) (7)
concentration. At 5C, wherel, is more than 5000 times '

TO
faster thani,, the fast phase of folding was fit to a single )
exponential: eq 1 was used wifh set to 0. TO is the standard reference temperature, taken here as 25

The observable kinetics of unfolding in the transition C: AH'R(T?) andASk(T) are the values ohH'r andASr

region are also described by a two-exponential process: at T°. AC'pg is assumed to be. independent of temperature
in the temperature range studied-46 °C).

A(t) = A(») + A, expAst) + A, expAt)  (2) The temperature dependencelqf is described by the
Eyring equation (Atkins, 1978):
The observable kinetics of unfolding in the posttransition
region are described by a single-exponential process: eq 2 ks Tk AG,U*(T)
was used withd; set to 0. Ky = h X RT
(c) Temperature and GdnHCI-Dependence of the Folding
and Unfolding Kinetics.The kinetics of unfolding of barstar ~ wherekg and h are the Boltzmann and Planck constants,

T

(8)

are described by the following mechanism (Netfal, 1996): respectively. The transmission coefficient,has been set
K ‘ arbitrarily equal to 1, because there is no way to estimate its
F= Iy U (3) value for protein folding transitions (Hggi, 1990). AG,y*

is the activation free energy of unfolding and corresponds
In this mechanism, fully folded protein F unfolds very rapidly to the Gibbs free energy difference betweenand the
to the partly unfolded intermediate,, Iwhich unfolds more  transition state (TS) of the,I— U reaction, which is also
slowly to completely unfolded protein U. the transition state of the overall unfolding reactiohG,*
When the transition between F angi$ much faster than ~ can be described in terms of the enthalpy of activation,
that from |, to U, a rapid preequilibrium is established AG*, the entropy of activatiom\Sy*, and the heat capacity
between F andyl characterized by the equilibrium constant difference betweenyland U, AC, "

Ke . The observed rate of unfolding,, is related to the The change in free energAG'y* that occurs upon
microscopic rate constakiy by activation from |, to TS in the presence of denaturant is
also assumed to have a linear dependence on [D]:
A =ik 4) + + ey
214K Y AG\,"=AGy" + AG,"[D] 9)

A similar relation was used for analyzing the folding of AG™ is the change in free energy associated with the
ubiquitin and barnase, both of which fold via a rapidly preferential interaction of denaturant with the TS rather than

formed folding intermediate (Khorasanizadehal., 1996; lu. Similarly, the corresponding enthalpy, entropy, and heat
Oliveberget al., 1995). capacity, denoted bAH'y*, AS\¥, and AC', ¥, respec-
The temperature dependenceky is described by tively, are also assumed to have a linear dependence on [D].
AH*, ASy*, andAC,, %' are the enthalpy, entropy, and
__[~AGK((M heat capacity, respectively, that describg,*.
Ke = RT Q) The temperature dependenceAdd’\,* is therefore given
by

R is the universal gas constantAGg is free energy

difference between F ang bnd can be described in terms AG'lu*(T) = AH'lu*(TO) — TAS,J(TO) +

of the corresponding differences in enthalpy, entropy, . T

Ay, and heat capacithC, . AC, (T —To—TlIn T_O) (20)
The change in free energy that occurs on unfolding of F

T[O ly in the presence O.f denaturant, denoted heréGi, . T9 is the standard reference temperature, taken here as 25
is assumed to have a linear dependence on the concentranogC AH'UHTO) and AS,,*(T9) are the values ahH',u* and
. U U U

of denaturant, [D] (Schellman, 1987; Agashe & Udgaonkar, AS* at T0. AC,u* is assumed to be independent of

1995). temperature in the temperature range studiedd°C).
- [ The dependence of, on temperature and denaturant
AGg = AG + AGHID] ©) concentration is therefore given by

—AG'g/RT

preferential interaction of denaturant with dather than F. Lo=-2| € )e—AG’Iu*/RT (11)

Similarly, the corresponding changes in enthalpy, entropy, 2 h

AGg, is the change in free energy associated with the T
B
(l+ efAG'H/RT
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Ficure 3: Kinetic and equilibrium amplitudes of the unfolding of
wt barstar at pH 8, 258C. Unfolding was monitored by intrinsic
tryptophan fluorescenceO] equilibrium unfolding curve; ¥)
starting point of the kinetic unfolding curve, obtained by extrapola-
tiontot = 0; (a), end point of the kinetic unfolding curve, obtained
by extrapolation td = 0. All amplitudes are relative to a value of

1 for F. The solid line is a fit of the equilibrium unfolding data to

a two-state = U transition. The midpoint of the equilibrium
unfolding curve is 1.48 M. The dashed line is the estimated value
of the optical signal of F obtained by linear extrapolation from the
folded protein baseline. The dotted line has been drawn from a
nonlinear least-squares fit, as described in the Results section. The

I values obtained fonGr, and my; (AGei) from this fit are 1.16
v kcalmol~! and —0.49 kcaimol~1-M~1, respectively.

03 _ . ' .
starting conditions and depend only on the final conditions

Vo employed for unfolding (Figure 2a,b), as expected for a fully
00 0‘4 0'8 1‘2 1'e 2'0 2‘4 2 reversible process.
o T e e Figure 2c shows the fractional amplitudes of the slower
[GdnHCI] (M) phase of folding and unfolding at®&. There is a significant

Ficure 2: Kinetics of folding and unfolding of barstar at pH 8, 5  shortfall in the fractional unfolding amplitudegs-a-vis the
°Cf E_mpty %“0][ E!ed symbols rtepresent ?‘atall okzt.a)inggt;rom fractional folding amplitude at 1.5 M GdnHCI. The mis-
unfolding and folding experiments, respectivelyD, : : .
obtainec? from stoppgd-flé)w mixing expgrimentg, (v) Data match is _accentu_atec_i with a decrease in the GdnHCI
obtained from manual mixing experiments. (a) Rate constant of cONcentration. This mismatch, seen only &C5and not at
the fast phase in folding and unfolding, Each pointis an average 25 °C (Shastryet al, 1994), might occur because the
of at least eight separate traces. (b) Rate constant of the slow phasequilibrium constant governing thegU= Us reaction is
in folding and unfolding ;. (c) Relative amplitude of the slow temperature-dependent. This was shown, however, not to

phase,a;. Each point is an average of at least three separate . . .
experiments. All measurements had a standard deviatieri0%6. be the case: when qnfolded barstargiM GdnHCI) at either
0 or at 72°C was diluted to 1.6 M GdnHCI at 2%C, the

where the dependence AfG'r on temperature and denatur- rates as well as the fractional amplitudes of the resulting

ant concentration is given by egs 6 and 7 and the dependenc&!OW phases of folding, when monitored using the far-Uv
of AG'* is given by egs 9 and 10. CD signal at 222 nm, did not differ (data not shown).

Burst-Phase Loss of Fluorescence at Low Temperatures.
Figure 3 shows a superposition of the kinetic start and end
points on the equilibrium unfolding curve of wt barstar at 5

Folding and Unfolding Kinetics of wt Barstar at &. °C. The midpoint of the equilibrium transition at°& is
Similar to the kinetics at 25C (Shastryet al, 1994; Shastry  1.48 M GdnHCI, which is lower than the value of 1.9 M
& Udgaonkar, 1995) the observable kinetics of folding and obtained at 28C. This shows that barstar is destabilized at
unfolding of wt barstar at 3C are biphasic. The apparent 5 °C [also see Agashe and Udgaonkar, (1995)]. Figure 3
rate constants of folding and unfolding, for both these phasesreveals that there is a burst-phase loss of fluorescence
at 5 °C, are depicted in Figure 2a,b. At%&, the faster  intensity during unfolding. The starting points of the
phase is about 3-fold slower and the slower phase is 10-fold unfolding kinetics deviate systematically below the extrapo-
slower than at 25C, at all GdnHCI concentrations. The |ated native baseline from the equilibrium denaturation curve.
resulting profile or the “Chevron plot” for the fast phase This deviation shows an increase with an increase in the
reveals a significant and abrupt reduction in slope, at and GdnHCI concentration, reaching a value~80% of the total
below 1.2 M GdnHCI concentration. Similar to the folding change,m 5 M GdnHCI. The end points of the unfolding
limb of the Chevron plot, the logarithm of the apparent kinetics fall, however, on the unfolded protein baseline of
unfolding rate also shows a curvature in its dependence onthe equilibrium curve, as expected. This confirms that in
GdnHCI concentration (see Figure 2a and Discussion).  the concentrations of GdnHCI used for unfolding 25%M)

The apparent rates of folding and unfolding for the fast there are no slow phases that contribute to the kinetics, and
(42) and the slow phasé.{) are seen to overlap in the range the burst phase together with the single observable phase
of GdnHCI concentration where they could both be mea- accounts for the entire equilibrium unfolding amplitude.
sured. This indicates that these rates are independent of th&hus, the data in Figure 3, obtained using fluorescence

RESULTS
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at pH 8, 10°C. Intrinsic tryptophan fluorescence was excited at parstar on GdnHCI concentration and temperature at pH 8.
295 nm while the emission was set at 320 nm to monitor unfolding. ynfolding was monitored by intrinsic tryptophan fluorescence. The
Fluorescence values were normalized to that of the fully folded |ogarithm of the observed first-order rate constant of unfolding,
protein. The relative fluorescence so obtained is plotted against the;,"js plotted as a function of GdnHCI concentration and temper-
time of unfolding. Trace 1 is the fully folded protein baseline and atyre. The solid lines through the data points were obtained from
traces represent unfolding in 3.0, 3.7, 4.2, and 4.8 M GdnHCI, in AH,, TAS, ACor1, AHgl, TASH, ACy i, AHit, TASUF, AC %,
the order of their occurrence from top to bottom. Each kinetic trace AH, *i, TASH), a’ndACmU*v‘ of 3.94 kcal.mot?, —0.06 kcal.mot?,
shown represents the average of eight separately acquired tracesy kcatmol-1-K-1, —0.91 kcalmol~M~1, —0.24 kcalmol- M1,

0 kcatmol~1-K—1.M~1, 11.25 kcal.mot!, —3.11 kcal.mot?, 0.65
intensity to monitor unfolding, complement the observed kcal-m0|’1°K’1.710.371kca*7r1nolfl°l\/l*1_, 0.12 kcaimol-M~* and
occurrence of |, inferred from far-UV CD monitored  —0.06 kcaimol™-K™1-M™, respectively.

unfolding kinetics at 25C (Nathet al, 1996). substantially higher than that for the wild-type protein at 5
The dotted line in Figure 3 represents a nonlinear least- °C but is Comparab|e to the burst-phase Change in far-uv
squares fit of the GdnHCI concentration dependence of the cD-monitored unfoldingri 5 M GdnHCI at 25°C (Nathet
accumulation of § to a two-state (see Data Analysis)F al., 1996). As shown in Figure 4, the expected increase in
ly transition. To do so, it was assumed that the slopes of the unfolding rates with an increase in the GdnHCI concen-
the intermediate and unfolded protein baselines were identi-tration is seen.
cal. Since the true spectroscopic properties of i Temperature Dependence of Unfolding KineticEhe
comparison to the folded and the unfolded states are Notapparent rates of GdnHCl-induced unfolding of wt barstar
known, it must be stressed that such a procedure providesyere measured at six different concentrations of GdnHCl in
only gross estimates for the valuesA®r and, in particular,  the range 2.65 M, at five different temperatures from 5 to
me (AGH). The estimates obtained for these quantities are 46 °C. The slow phase of unfolding that is seen in the
given in the legend to Figure 3 and served as initial estimatesynfolding transition zone of an equilibrium unfolding curve,
for these parameters in the kinetic modeling of the data in which corresponds to the fU= Us reaction, becomes
Figure 5 to eq 11 (see Discussion). negligible (< 2%) above 2.6 M GdnHCI (the lowest
The ~30% burst-phase loss in fluorescence during unfold- concentration of GdnHCI used) at all temperatures from 5
ing in 5 M GdnHCI at 5°C is less than the~50% to 46 °C; thus, only a single-exponential fast phase of
contribution seen during far-UVvV CD-monitored unfolding in  unfolding is seen. The apparent rates of unfolditg,so
5 M GdnHCI at 25°C (Nathet al, 1996). To confirm the  determined are shown in Figure 5. A plot of the logarithm
authenticity of the burst-phase fluorescence loss during theof A, versus GdnHCI concentration shows a perceptible
unfolding of wt barstar, the unfolding of the W38FW44F curvature at 5C (see Discussion), while the plots at higher
mutant of barstar was studied at 10. The W38FW44F  temperatures appear more linear.
mutant has a single tryptophan at position 53, is marginally The dependence of the observed rate constants, on
unstable compared to the wild-type protein, and has beentemperature as well as GdnHCI concentration, is described
shown to unfold viaJ at 25°C, as does wt barstar (Nagt by eq 11. Equation 11 contains 12 independently variable
al., 1996). W38FW44F shows a much greater percentageparameters. Of these, six are the enthalpy, the entropy, and
change in fluorescence intensity on unfolding, and its kinetics the heat capacity terms for the two unfolding steps:fy
are simpler to interpret in terms of burial or exposure of the and |, — TS (three each), and the remaining six are the
single indole fluorophore, which reports on the formation interaction terms that govern the dependences of these
or disruption of the hydrophobic core (Nath & Udgaonkar, parameters on GdnHCI concentration. The values of the 12
1997). Figure 4 shows the unfolding curves of W38FW44F parameters are subject to only two reasonable constraints:
at 10°C, at various GdnHCI concentrations. With respect (1) the values oAGr (AHr — TASH) and AGE' (AHE —
to the native fluorescence intensity, it is seen that there is TAS:) at 5°C are constrained (within a margin of error of
an increasing burst-phase loss of fluorescence in increasingc0%) to values determined from a two-state=Fl fit of
concentrations of GdnHCI. The starting values of the the dependence of the burst-phase amplitudes on GdnHCI
unfolding curves are therefore progressively lower when concentration (see Results) and (2) the valueAGfr +
increasing concentrations of GdnHCI are used for unfolding. AC,u* is constrained to a value less than thatAd®, ry,
The burst-phase loss with respect to the native statethe total change in heat capacity upon complete unfolding
fluorescence and as a fraction of the total observed changeof F to U, whose value (1500 keatol~1-K 1) is accurately
attains a value of-55% in 5 M GdnHCI. This change is known from earlier work (Agashe & Udgaonkar, 1995;
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Wintrodeet al, 1995). With these constraints, the data in The slow-phase amplitudes from the folding and unfolding
Figure 5 could be fit well to eq 11, and the values obtained experiments overlap completely at 25. According to the

for the 12 parameters are listed in the legend to Figure 5. extended two-state model of folding,<€ Ug = Usg, if the
There are, however, too many variable parameters in eq 11equilibrium constant for the pJ== Us transition, Ky, is

for these values to be accepted as reliable and accurateindependent of GdnHCI concentration, then the slow-phase
because of the well-known problem of multiple minima. ~ amplitudes from folding and unfolding experiments should

Of principal interest was whether upper and lower bounds be identical under_ identical conditions (Shastyal., 1994).
for AC,r andAC,,u* could be determined. Kinetic model- _In a control experimeri,; was also seen to b_e temperature-
ing of the data to eq 11 was therefore carried out using mdepende_nt (see Results). Consequently, if the BF.‘_
computer simulations, in whichCy g + ACyu* was fixed Us model is followed at 5°C, the slow-phase amplitudes
to different values between 0 and 1500 at intervals of 50, Should overlap completely at this temperature as well. The
For each fixed value oAC,r + AC,, ¥, the values of the observed mismatch between the folding and unfolding
12 parameters were varied within the two constraints amplitudes of the slow ph_ase IS contrary to this expectation.
described above. WhekCy + AC,u* Was fixed to a value It suggests that the folding mechanism atG is more

below 550 or above 750, the kinetic modeling did not complex than this simple scheme. A plausible explanation
simulate the data well Vélues f&C, ¢, + AC, " fixed for this behavior at 5C could be the observed presence of
. (] (]

between 550 and 750 resulted in the best and satisfactory"’ln intermediate.y}, on the unfolding pathway (see Results

simulations and suggested values &€, between 0 and and Figure 3)ina GdnHC_I Concen_tranon-dependent manner.
The mismatch could arise, for instance, from a kinetic

15. If the value ofAC,r was forced to be greater than 50, ) g .

. . . coupling between theyl U step and the F= Iy
the simulations did not model the data well. Small changes ilibrium duri foldi
in ACpri + AC,,u* in the simulations lead to very large preequitibrium during untoiding. .
chan pés in thep’values tor the eiaht enthaloy and entro The unfolding limb of the Chevron plot (Figure 2a) also

9 gnt € 28 Py appears to be nonlinear. Such nonlinearity has also been
parameters of eq 11. Thus, the kinetic modeling suggests

) X S seen in the case of barnase (Matouschek & Fersht, 1993;
that the change in heat capacity upon activation of the fully Matouschelet al, 1994) and the Arc repressor (Jonssin

oné(;jEdﬂ; phroteln tol theftr6a5nes:|t|100n0 stalte, ?Il\.llirjlmpdﬂt;_t al., 1996). In the latter case, the nonlinearity has been
piu”, NAS @ value o cal.mo , and tha interpreted to result from the accumulation of kinetic

the contribution ofAC,r to this quantity is negligible. intermediates on the unfolding pathway, and a change in the
unfolding mechanism at higher concentrations of GdnHCI,
but no direct evidence for kinetic unfolding intermediates
was available. In contrast, at least one kinetic unfolding
intermediate has been implicated directly on the unfolding
pathway of barstar (Natht al., 1996; see also below).

Burst-Phase Fluorescence Loss atG. Data presented
here show (Figure 3) that at&, there is a very rapid loss
of intrinsic Trp fluorescence intensity during unfolding of

t barstar. The W38FW44F mutant also displays a more
pronounced burst-phase change (Figure 4) even at a higher
temperature of 10C. Earlier results had shown that the
intrinsic Trp fluorescence intensity does not report on
structural changes during the burst-phase of unfolding at 25
°C (Nathet al, 1996). The observation holds true for both
the wild-type and the W38FW44F mutant of barstar although
there are substantial, concomitant burst-phase losses in the
; 7 secondary structure during unfolding. The observation of a
gzﬁig cln‘g?hSe). fo?dtir?ocr,attgebreellc‘)a\f\llvf ;oh;}cggglignnjngdeffctr burst-phase change in fluorescence only at low temperature

9 ) y suggests that hydrophobic interactions are weakened Hd 5

due to a change in the structure and hence the position of, - ; :

o . . C, resulting in the hydrophobic core qflbeing less compact
the transition state of folding on the reaction pathway (Roder heref | £ han it i 2
& Colon, 1997). Roder and Cafchave reasoned that if the ?gd therefore less sequestered from water than it is at 25

folding transition state is very similar to the preceding
intermediate in its solvent accessibility then the kinetic fo
m-value,n, given by the GdnHCI concentration dependence

of the folding rate should be negligibly small (Roder & 5 t5y0red, while at 25C, the hydration of nonpolar surfaces
Colon, 1997). Multiple pathways and intermediates make g ot fayorable (Privalov, 1992; Agashe & Udgaonkar,
the analysis of the transition state of folding of barstar Very 1995). Barstar undergoes very pronounced cold denaturation
complex, and consequently, at present, a more detailedy,, s srongly accentuated by the presence of GdnHCI
investigation of this state has been omitted. The exact (Agashe & Udgaonkar, 1995). The results suggest that |
reasons for the observed “roll over” are therefore unclear ohaply undergoes even more pronounced cold denaturation.
and the explanation offered here is merely speculative. Thus, partial hydration of the hydrophobic core gbiccurs
Unfolding Kinetics at 5°C. The biphasic nature of the at low temperatures but not at high temperatures. Complete
observable folding and unfolding kinetics of barstar at 25 hydration of the hydrophobic core occurs only in the rate-
°C is preserved in the observable kinetics &Cbas well. limiting step. Hence, most of the native fluorescence

DISCUSSION

Folding Kinetics at 5°C. The logarithm of the apparent
folding rate at 5°C shows a change in the slope of its
dependence on GdnHCI concentration (Figure 2a), referred
to as a “roll over” by Baldwin (1996). It suggests a change
in the folding mechanism at concentrations of GdnHCI lower
than 1.2 M. Such behavior has been attributed previously
to the appearance of a very early intermediate in the case o
ubiquitin (Khorasanizadekt al, 1996) and barnase (Ma-
touscheket al, 1990). A very early intermediate lacking
optically active structure (Shastry & Udgaonkar, 1995;
Agasheet al, 1995), l1, has been shown to accumulate on
the major folding pathway of barstarst> Iys — ls; — In
— F. There is, however, no distinct “roll over” apparent in
the folding kinetics of barstar at 258 (Shastry & Udga-

At lower temperatures, weakening of the hydrophobic
rces that stabilize the protein at room temperature is
expected because an increased hydration of nonpolar surfaces
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FiGure 6: Change in heat capacity along the reaction profile for
the unfolding of wt barstar at pH 8, 28, 0 M GdnHCI. The
reaction coordinate is the unfolding pathway:—FIy, — TS —
Ue. The F state has been assigned, arbitrarily, a value of 0.

intensity of the wild-type protein is lost only during the rate-
limiting step.

Heat Capacity Changes during UnfoldingThe known
occurrence of an unfolding intermediate at°®5 and added
evidence for its presence at°®&, using fluorescence as a
probe, prompted a three-statesFIy, — U, analysis of the
unfolding kinetics. Since there were too many parameters
to fit directly the data to eq 11, kinetic simulations were

carried out using eq 11 to determine whether the values for

ACpr andAC,, %, could be determined. These simulations

Agashe et al.

of CI2 is closer to the unfolded state than the folded state
(Itzhaki et al, 1995). Cold shock protein B (Csp B) was
recently shown to have a transition state that is 90%
nativelike (Schindler & Schmid, 1996), and that of the
subunit of tryptophan synthase was shown to be practically
identical to the F state (Chen & Matthews, 1994) by A&,
criterion.

In conclusion, the fluorescence-monitored unfolding ex-
periments at low temperature reported here have confirmed
the previous demonstration by far-UV CD measurements at
25 °C of the accumulation of the unfolding intermediage |
on the unfolding pathway. At low temperature, the hydro-
phobic core of |} is partially solvated by water, but complete
penetration of water into the core occurs concurrently with
loss of all structure only during the rate-limiting step of
unfolding. A thermodynamic analysis of the unfolding
kinetics confirms the nativelike compactness @fahd has
provided further insight into the properties of the transition
state of unfolding. Finally, a relative lack of unfolding
studies with multiple structural probes might be responsible
for the belief that unfolding kinetics are always simple and
monophasic.
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