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ABSTRACT Experiments with cyto- 
chrome c (cyt c)  show that a n  initial folding 
event, molecular collapse, is not an energetically 
downhill continuum as commonly presumed but 
represents a large-scale, time-consuming, coop- 
erative barrier-crossing process. In the absence 
of later misfold-reorganization barriers, the 
early collapse barrier limits cyt c folding to a 
time scale of milliseconds. The collapse process 
itself appears to be limited by an uphill search 
for some coarsely determined transition state 
structure that can nucleate subsequent energet- 
ically downhill folding events. An earlier “burst 
phase” event at strongly native conditions ap- 
pears to be a non-specific response of the un- 
folded chain to reduced denaturant concentra- 
tion. The molecular collapse process may or may 
not require the co-formation of the amino- and 
carboxyl-terminal helices, which are present in 
an initial metastable intermediate directly fol- 
lowing the rate-limiting collapse. After the col- 
lapse-nucleation event, folding can proceed rap- 
idly in an apparent two-state manner, probably 
by way of a predetermined sequence of meta- 
stable intermediates that leads to the native pro- 
tein structure (Bai et d., Science 269192-197, 
1995). o 1996 Wiley-Liss, Inc. 
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INTRODUCTION 
In earlier work we showed that equine cytochrome 

c (cyt c )  can fold to the fully native state in a two- 
state manner with a 15 msec time constant (lO”C, 
0.7 M GdmC1)l (see also refs. 2,3). This established 
that the obligatory steps in folding-secondary and 
tertiary structure formation, side chain packing, 
water extrusion-are not intrinsically slow and can- 
not account for the barriers that limit folding to the 
usually observed time scale of seconds. The general- 
ity of this conclusion is supported by the similarly 
fast folding now seen in other p r ~ t e i n s . ~ - l ~  We also 

0 1996 WILEY-LISS, INC. 

found that the slow step that limits cyt c folding 
under three-state folding conditions is the reorgani- 
zation of misfolded structure trapped during the ini- 
tial molecular collapse.’ This too appears to  occur 
widely and to limit the rate of multi-state folding in 
many proteins and also in some simplified model 
simulations of protein folding. 17-22 The present pa- 
per describes a search for the intrinsic step that lim- 
its the rate of cyt c folding when misfolding barriers 
are not encountered. 

It is generally assumed that rate-limiting steps 
occur late in protein folding. This view has been pro- 
moted by several kinds of observations: 1) the wide- 
spread observation of metastable kinetic folding 
intermediates, which accumulate before a later rate- 
limiting step; 2) the demonstration of equilibrium 
molten globule forms, which have been thought to 
mimic kinetic folding intermediates that convert to 
the native state in some later rate-limiting step23; 
and 3) protein engineering results, which have been 
interpreted in terms of a late transition 
The significance of these observations is open to ques- 
tion, especially in view of the prevalence of off-path- 
way misfold-reorganization barriers, for points one 
and two,’ and some interpretational ambiguity for 
the third (see below). 

Recent observations of fast, two-state folding in at 
least ten different proteins more directly challenge 
the view that the rate-limiting barrier is a late 
event. In two-state folding one cannot in general 
place the rate-limiting step or determine the order of 
events since all properties are acquired in a kineti- 
cally indistinguishable manner. Nevertheless, the 
observation of two-state kinetic folding does provide 
important information, namely, that no intermedi- 
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ate that is more stable than the unfolded state can 
occur before the rate-limiting barrier. Otherwise 
folding intermediates would accumulate on the un- 
folded side of the barrier and folding would not ap- 
pear to be kinetically two state. 

A conundrum then arises, which we will consider 
here for the specific case of cyt c. Although metasta- 
ble intermediates of cyt c have been docu- 
mented,27,28 the present work demonstrates that cyt 
c can fold kinetically in a two-state manner.' The 
rate-limiting barrier for two-state folding cannot oc- 
cur later than any of these intermediates. Experi- 
ments reported here resolve the conundrum by dem- 
onstrating that the rate-limiting step in cyt c folding 
is the initial chain collapse. Characterization of the 
collapse process shows it to be cooperative and much 
slower than expected for a diffusion-limited, ener- 
getically downhill process. These results have a 
number of implications for current views of protein 
folding. 

MATERIALS AND METHODS 
Stop-flow Spectroscopy 

Starting from the fully unfolded state (3 M GdmCl 
at  pH 2.4 or 4.2 M GdmCl a t  pH 6.2 in 20 mM sodium 
acetate), refolding was initiated by a dilution to na- 
tive conditions (pH 4.9, 0.15-0.3 M sodium acetate, 
1 WC, variable GdmC1). For unfolding measure- 
ments, the starting native protein was in 1 M GdmC1, 
0.2 M sodium acetate, pH 4.9. The intensity scale for 
each spectroscopic probe was normalized by measure- 
ments of the folded and the unfolded protein. Protein 
concentrations ranged from 20 pM, when folding was 
measured by fluorescence, to 0.3 mM when 695 nm 
absorbance was measured. The mixing experiments 
used a Biologic SFM-3 stop-flow apparatus equipped 
with a 200 W argon/mercury arc lamp and a sample 
cuvet of 10 mm optical pathlength and 1 mm width. 
Horse heart cyt c was type VI from Sigma Chemical 
Company. 

HX Labeling With NMR Analysis 
After 50 ms of folding, hydrogen exchange (HX) 

labeling was performed by a 1:l dilution with 0.2 M 
glycine buffer a t  pH 9.6 for 40 ms, where the ex- 
change halftime for an  unstructured Ala-Ala pep- 
tide NH is 1 ms.,' The labeling pulse was termi- 
nated by a 2:l dilution into 0.3 M sodium citrate, 
0.05 M sodium ascorbate to yield reduced cyt c at a 
final pH of 5.1-5.5 so that further H-D exchange is 
essentially halted. Samples were analyzed immedi- 
ately by two-dimensional nuclear magnetic reso- 
nance (NMR) or temporarily stored at -85°C. 

For NMR analysis, the protein samples were con- 
centrated to -4 mM (Amicon Centriprep-10 concen- 
trators) and placed into 50 mM sodium acetate, 5 mM 
sodium ascorbate in D,O buffer at pDread 4.7 (Sepha- 
dex G25 spin columns). To determine 'H-labeling, 
two-dimensional J-correlated spectra (COSY) were 

recorded in magnitude mode at 500 MHz on a Bruker 
AMX500 spectrometer at 20°C as described before.' 
Proton occupancies, using previously determined 
proton assignments:' were determined from NH- 
C,H cross-peak volumes relative to a fully proto- 
nated sample adjusted for the 11% residual deute- 
rium content in the labeling solution. The volume of 
a cross-peak for nonlabile hydrogens in the same 
spectral region (heme bridge-4) served as an internal 
intensity standard. Amide sites with proton labeling 
greater than 20% at pH 9.6 in the native protein were 
not included in the analysis. Occupancies a t  other 
sites were adjusted slightly for native state labeling. 

Fragment Preparation 
The cyt c heme-containing fragments 1-65 and 

1-80 were prepared by adding 0.1 g of cyanogen bro- 
mide to 50 mg of cyt c in 5 ml at pH 1 and 10°C for 
2 hr. Excess cyanogen bromide and other reaction 
products were removed by lyophilization and the 
peptides were purified by C18 reverse phase high- 
performance liquid chromatography. Purity was 
confirmed by mass spectrometry. 

RESULTS 
Early and Late Folding Probes 

We want to learn about the process that ulti- 
mately limits folding when misfolding does not oc- 
cur. The transition state that limits protein folding 
can be characterized by studying the effect of ambi- 
ent conditions on folding and unfolding rates. 

Cyt c provides a specific probe for molecular col- 
lapse, the fluorescence quenching of its single tryp- 
tophan (Trp59) due to resonance energy transfer as 
the tryptophan approaches the heme.31 The sharp 
distance dependence3' of this signal (r6) and its zero 
baseline amplitude make it exceedingly sensitive to 
the Trp59 to heme separation and therefore to mo- 
lecular condensation. A probe specific for final ac- 
quisition of the native state is provided by an absor- 
bance band a t  695 nm (A6g5). This charge transfer 
signal depends on the weak ligation of Met80 to the 
heme iron, which occurs only in the fully native cyt 
c 

Figure 1 shows data for cyt c folding obtained by 
these early and late probes. When cyt c is initially 
fully unfolded at low pH (pH 2.4, 3 M GdmC1) and 
then diluted into the refolding condition used here 
(pH 4.9, 10°C), almost all of the molecules experi- 
ence initial collapse (fluorescence) and 70% achieve 
final folding (AGg5) at about the same fast rate (Fig. 
1A-C). Thus, although intermediates play a role in 
cyt c f ~ l d i n g , ~ ~ , ~ ~  large barriers are not encountered 
at these conditions, the intermediates do not become 
highly populated, and the kinetic folding of a major 
fraction of the cyt c population appears to be a two- 
state process.' 

In the following, we consider the apparent two- 
state folding behavior exhibited by the major frac- 
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tion (-70%) of the protein population. Figure 1 
shows that another fraction, -30%, reaches the na- 
tive state on a much slower time scale, reflecting 
molecules that encounter some non-obligatory bar- 
rier, perhaps a non-native histidine ligation or pro- 
line isomer.35 We will ignore this fraction and focus 
attention on the faster folding molecules. As GdmCl 
in the refolding solution is reduced below 1 M con- 
centration, an exceedingly fast decrease in fluores- 
cence in the stopped-flow dead time becomes prom- 
inent. Experiments described below show that this 
so-called burst phase behavior represents a solvent- 
dependent contraction of the unfolded polypeptide 
chain that makes no positive contribution to the 
subsequent folding process. 

Criteria for Two-State Folding 
In addition to the quantitative agreement of dif- 

ferent refolding probes, a second more rigorous test 
for two-state folding can be obtained by comparing 
equilibrium and kinetic parameters. The depen- 
dence of equilibrium unfolding on denaturant (den) 
is commonly described as in Eq. 1. 

AGo(den) = -RT In K(den) = -RT In K(0) - 
m*[den] (1) 

Analogous equations can be written for kinetic un- 
folding (u) and folding (f) reactions. 

AG*,(den) = 

-RT In k,(O) - m*,[den] + constant (2a) 

AG*Xden) = 

-RT In kXO) - m*Jden] + constant (2b) 

The mo value in Eq. 1 is proportional to the dena- 
turant-sensitive surface newly exposed in the equi- 
librium unfolded ~ t a t e . ~ ~ , ~ ~  Similarly, m*" and -m*f 
in Eqs. 2a,b are proportional to the denaturant-sen- 
sitive surface exposed in moving from either initial 
state to the transition state.38 When equilibrium 
and kinetic folding and unfolding are all adequately 
described as two-state reactions between the same 
native (N) and unfolded (U) states, limited by the 
same transition state barrier, then Eqs. 3a,b follow. 

AG"(0) = AG*,(O) - AG*XO) (3a) 

mo = m*, - m*, 

Eqs. 3a,b show that when two-state conditions hold, 
AGO and mo can be obtained from kinetic experi- 
ments as well as from equilibrium unfolding data. 
Conversely, the demonstration of this equivalence 
provides a discriminating test for the validity of a 
two-state folding modeL5 The equivalence shows 
that the free energy and the surface exposure mea- 
sured in the overall equilibrium unfolding transi- 

tion is fully accounted for by the observed kinetic 
folding and unfolding reactions. 

Demonstration of Two-State Folding 
Figure 2A shows the effect of GdmCl concentra- 

tion on cyt c folding under the same two-state con- 
ditions used before (Fig. 1A-C; initial unfolding at  
low pH). The results define a V-shaped (chevron38) 
curve. The relaxation rate observed in such kinetic 
experiments, plotted here as RT In kobs, is the sum of 
folding and unfolding rates. Relaxation is domi- 
nated by the folding rate at low GdmCl (left limb of 
the chevron) and by the unfolding rate a t  high Gd- 
mC1 (right limb). GdmCl increases the unfolding 
rate because the transition state exposes increased 
GdmCl binding surface relative to N. GdmCl slows 
the folding rate because the transition state exposes 
less surface than U. 

Although the cyt c behavior in Figure 2A is not as 
simple or well behaved as for some other proteins, 
fairly accurate m* values can be obtained directly 
from the slopes of the V-shaped region of the kinetic 
experiments, and AG*(O) values can be obtained by 
extrapolation to zero GdmC1. Eqs. 3a,b translate 
these kinetic determinations into equilibrium 
AG"(0) and mo values. AG"(0) and mo were also ob- 
tained from standard equilibrium melting experi- 
ments. The independent kinetic and equilibrium ex- 
periments yield equivalent free energy and surface 
burial parameters (Table I). This rules out the pop- 
ulation of any folding intermediate that would ac- 
count for significant surface burial or folding free 
energy in either folding or unfolding reactions. Thus 
kinetic folding and unfolding of cyt c through the 
chevron region act like two-state reactions rate-lim- 
ited by a single, common barrier. The same conclu- 
sion comes from the agreement of the early fluores- 
cence probe, the late A,,, probe, and 34 H-bond 
formation probes.' 

In the folding (left) limb of the chevron curve (Fig. 
2A), the measured collapse rate (fluorescence) ap- 
pears to  be slightly faster than the rate for native 
state acquisition (A,,,), suggesting that the fast 
folding seen here may not fully reach the two-state 
limit. The small rate discrepancy may reflect sys- 
tematic error in the multiexponential analysis or 
may begin to resolve substeps in the folding path- 
way (U -+ I -+ N, with rate constants k, and kz). In 
the latter case, the initial collapse-related step is 
still slower than the subsequent step (fitting gives 
k,/k, = 0.6) so that the folding rate is largely lim- 
ited by k,, there is little accumulation of intermedi- 
ates, Eqs. 3a,b are satisfied, and folding remains es- 
sentially two state. At GdmCl concentrations below 
about 1 M, the folding rate diverges from the chev- 
ron behavior. The agreement of early and late 
probes suggests that the two-state nature of folding 
is maintained, although it is clear that a different 
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Fig. 2. Dependence of rates on denaturant and temperature. 
A: GdrnCl dependence of folding and unfolding rates monitored 
by fluorescence quenching (circles) and A,,, (squares) under 
two-state conditions. Initial conditions were as in Figure 1Afor the 
folding experiments and were at 1 M GdmCI, pH 4.9 for the un- 
folding experiments. Kinetics were measured at the GdmCl con- 
centration shown on the abscissa (pH4.9, 10°C). The parameter 
plotted on the ordinate, RT In k,,,, puts the slope (m in Eq. 2) in 
units of kcal/mol/M. A linear fit to the data (Eqs. 1, 2) as shown 
yields the parameters in Table I. The fluorescence signal near 1.9 
M GdrnCl requires two exponentials for adequate fitting (both 
rates shown), perhaps due to the changin22 heme absorbance 
spectrum, which may be affected by local as well as global 
behavior. B: Eyring plot for unfolding at 3.12 and 3.35 M GdrnCl 
(pH 4.9). The lines are fits to the fluorescence data using classical 
transition state analy~is.’~ Computed AC,*, values are 0.67 * 0.1 
and 0.62 i- 0.2 kca\irnol K. 

barrier or process becomes limiting (see section on 
the burst phase). 

Parameters of the Two-State Barrier 
The mtf value obtained from the GdmCl depen- 

dence of folding rate (Fig. 2A) reflects primarily 
H-bonding polar groups37 that interact favorably 
with the denaturant in U and are buried in the tran- 
sition state. The ratio m*t/mo (Table I) shows that 
the transition state for folding buries -45% of the 
GdmCl binding surface that is buried in the native 
state. 

An independent measure, the difference in heat 
capacity between the unfolded state and the folding 
transition state (ACp*f), is largely sensitive to the 
burial of apolar s u r f a ~ e . ~ ~ , ~ ~  This parameter can be 
obtained from the dependence of folding rate on tem- 
perature. In the present case folding becomes too 
fast to measure accurately over a suffkiently wide 
temperature range. ACp*f was obtained indirectly 
from the measurement of unfolding rate as a func- 
tion of temperature (Fig. 2B). The unfolding mea- 
surements yield a AC,*, value of 0.65 kcal/mol K. 
The heat capacity increment for the folding transi- 
tion can then be obtained from the relation AC,” = 
AC,*, - AC,*, = 1.6-1.7 kcal/mol K.41,42 The value 
found for AC,*, - 1.0 kcaVmol K, is 60% of the equi- 
librium ACpo value. 

In summary, the dependence of folding rate on 
denaturant and temperature shows that the rate- 
limiting step in two-state folding includes a large- 
scale molecular condensation that buries about half 
of the molecular surface that is buried in native cyt 
c. The condensation is biased toward hydrophobic 
surface burial, but a great deal of polar surface is 
buried also. Clearly, a major collapse of the polypep- 
tide chain occurs in the transition state or in the 
uphill process that leads to  it. 

The Burst Phase 
The considerations just discussed refer to cyt c 

folding above 1 M GdmC1, where the chevron anal- 
ysis and the correspondence of early and late probes 
document two-state folding and define some param- 
eters of the rate-limiting process. When GdmCl in 
the refolding solution falls below 1 M, two new ele- 
ments enter. A “burst phase” becomes prominent in 
which a fraction of the fluorescence signal is 
quenched within the stopped-flow dead time (3-5 
msec) (Figs. 1, 21, and folding deviates from the 
chevron (“roll over” in Fig. 2A). 

Since tryptophan fluorescence is independent of 
GdmC1;l the fluorescence burst phase seen in both 
two-state and three-state folding conditions (Fig. 1) 
must reflect some structural event faster than the 
early collapse-related step just discussed. Burst 
phase signals for other proteins have often been in- 
terpreted as indicating the fast formation of a fold- 
ing intermediate. The increasing amplitude of the 
burst phase with GdmCl dilution can be translated 
into a melting curve for the putative intermediate. 
Figure 3 compares this with the melting curve for 
native cyt c. 

A particularly revealing test for the structural 
significance of the cyt c burst phase is possible. An 
initial intermediate in cyt c folding is known to in- 
clude the formation of the amino and carboxyl heli- 
c e ~ , ‘ ~  which dock against each other in the native 
protein. We prepared a fragment of c y t  c extending 
from residue 1 to 80 that lacks the C-terminal helix 
region. This helix is the most stable region in native 
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TABLE I. Equilibrium and Transition State Parameters* 

(kcal/mol/M) (kcal/mol) 
mo -m*f m*u AG"(0) AG*,(O) - AG*&O) 

3.0 f 0.2 1.4 2 0.1 1.9 2 0.2 8.2 f 0.6 8.8 k 0.4 
7.4 

c125 1.8 1.1 0.7 7.0 7.2 

G c N 4 - ~ 1 ~ ~  1.7 1.0 0.8 10.5 10.3 
RNase A4 3 1.3 
RNaseA16 3 1.4 

*Cyt c activation parameters obtained from kinetic experiments under two-state conditions are 
compared with equilibrium parameters from GdmCl melting experiments (pH 4.9, 10°C). Other 
proteins were studied between pH 5 and 6.3 and between 8" and 35°C. Parameters are defined in 
Eqs. 1 and 2. The success of Eqs. 3a,b documents two-state folding. The similarity in m*f values 
for different proteins suggests that a minimum size is required to achieve a nucleus that can 
support polypeptide chain collapse. 
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Fig. 3. The "burst phase" fluorescence signal for holo cyt c under fast folding conditions (0) and 
for cyanogen bromide fragments (0, 1-80; 0,  1-65) containing the heme and Trp59. The amplitude 
plotted is the ratio of fluorescence immediately after dilution into various GdmCl concentrations to 
fluorescence in the unfolded chain (3 M GdmCI, pH 2.4). The fluorescence signal for equilibrium 
melting of native cyt c (pH 4.9, 10°C) is normalized to the same reference conditions. The Forster- 
averaged Trp59 to heme distance" is shown (right ordinate). 

cyt cZ8 and exhibits some helical CD signal even 
when isolated from the ~ r o t e i n . ~ ~ , ~ ~  Another exper- 
imental fragment, 1-65, lacks regions that compose 
the C-terminal helix, the short 70s helix, and almost 
all of the major 60s helix. Both fragments retain the 
fluorescence quenching probe provided by Trp59 
and the covalently bound heme (at Cysl4 and 
Cysl7). When these fragments are diluted from de- 
naturing GdmC1, as in the cyt c folding experiments, 
they exhibit an instantaneous (dead time) increase 
in fluorescence quenching that is remarkably simi- 
lar to  the holoprotein burst phase (Fig. 3). This re- 
sult is against the development of an authentic fold- 
ing intermediate in the burst phase. 

Additional observations support this conclusion. 
The hypothetical intermediate formed in the burst 
phase produces no significant hydrogen exchange 
protection, indicating the absence of stable 

H-bonded s t r u c t ~ r e . ~ , ~ ~  The fragments and the holo- 
protein duplicate the upper fluorescence baseline for 
the equilibrium denaturation curve of cyt c (Fig. 3); 
the burst behavior appears simply to extend the un- 
folded baseline to native conditions, as has been 
clearly shown for CspB, which folds in a rigorously 
two-state manner.14 It has long been known that 
denatured proteins reach expected random coil di- 
mensions only in concentrated GdmCl and tend to 
adopt what T a n f ~ r d ~ ' , ~ ~  referred to as an "incom- 
pletely disordered state" in low denaturant. Such a 
contraction in diluted GdmCl can directly explain 
the burst phase fluorescence energy transfer results 
for cyt c and similar results for b a r ~ t a r . ~ ~  The degree 
of molecular contraction in the cyt c burst phase, 
quantified by the Forster r e l a t i~nsh ip ,~~  is small; a 
fluorescence quenching of 50% represents a de- 
crease in the Trp59 to heme distance (6th power av- 
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erage) from 30 to 25 A (Fig. 3, right axis; native 
distance is 5-8 A). Finally, cyt c develops consider- 
able far ultraviolet circular dichroism (CD) in the 
burst phase upon GdmCl di l~t ion.~ '  The 1-80 frag- 
ment develops much less (mean residue ellipticity), 
and the 1-65 fragment even less, even though their 
fluorescence burst phase signals are nearly identi- 
cal (manuscript in preparation). It is relevant that 
temperature-unfolded cyt c retains a sizeable CD 
signature that can be removed by increasing GdmCl 
and that other workers have found clear indications 
of excess, non-native CD in other refolding sys- 
t em~.~ ' -~ '  All these results indicate that the burst 
phase signals result from a trivial readjustment of 
the unfolded polymer chain to the new poorer sol- 
vent (low GdmC1; see also Kuszewski et al.'). 

This view also provides an interpretation of the 
roll-over behavior that follows the burst phase; the 
spontaneous (downhill) chain contraction increases 
the activation free energy gap (trough to peak) for 
the rate-limiting collapse step. The degree of roll- 
over observed requires a AAG* (below the chevron) 
of only 1.5 kcal/mol or less. In the roll-over region 
cyt c folding continues to occur on a millisecond time 
scale and to appear essentially two state, as indi- 
cated by the nearly identical kinetics for early and 
late spectral signals (Fig. 2A) and hydrogen bond 
formation. 

A roll-over in the chevron at low denaturant has 
been seen for other proteins and, like the burst 
phase, has often been interpreted as signifying the 
accumulation of a new folding intermediate, either 
an off-pathway intermediate in the sense I ++ U * N 
or an on-pathway intermediate, as in U ++ I N. 
The present results indicate that the cyt c burst 
phase represents a solvent-induced contraction of 
the polymer chain rather than the formation of a 
productive intermediate. 

Induction of Three-State Folding by 
Barrier Insertion 

We want to investigate further the large-scale, 
collapse-related process that accounts for the rate- 
limiting step in the fast, two-state folding of cyt c. Is 
the barrier in two-state folding late, as has been 
generally conceived, so that most folding events oc- 
cur on the upslope of the barrier before the transi- 
tion state is reached, or is the barrier early so that 
structural elements form preponderantly after- 
wards, on the downslope? 

These questions are difficult to deal with under 
two-state conditions where all properties appear to be 
acquired in a single step. Nevertheless the folding 
process in any single molecule may well proceed 
through a relatively defined sequence of events, such 
as might be investigated by computer simulations. 
Alternatively, the ability to manipulate cyt c folding 
behavior provides an experimental approach. It is 
possible to distinguish early and late folding events 

in cyt c by deliberately modifying the initial unfold- 
ing condition while the folding condition itself is kept 
constant. 

When cyt c is initially unfolded at  a pH somewhat 
higher than before (pH 6.2, 4.2 M GdmCl), a non- 
native histidine to heme-iron ligation 
Upon dilution into the standard refolding condition 
(pH 4.91, the fluorescence-detected molecular col- 
lapse occurs as before, but subsequent acquisition of 
the native state is greatly slowed because the mo- 
lecular collapse traps the false heme ligation to- 
gether with the accompanying misfolded chain. This 
introduces a sizeable reorganization barrier,' causes 
a collapsed intermediate to be transiently populated 
and produces three-state folding (Fig. 1D-F). Fold- 
ing events that occur earlier than the populated in- 
termediate can then be clearly distinguished from 
events that occur later. 

Manipulation of the cyt c unfolding condition to 
insert a new reorganization barrier in this way can 
be especially revealing because the new barrier only 
becomes effective at  a somewhat advanced stage in 
folding and appears not to perturb the earlier 
events. This is suggested by the results in Figure 1. 
The arrows in Figure 1 show that the collapse pro- 
cess measured specifically by fluorescence quench- 
ing exhibits the same rate in two-state and three- 
state folding. This equivalence suggests that the 
same barrier crossing process that limits two-state 
folding may be isolated within the early phase of 
three-state folding where it serves to limit formation 
of the early collapsed intermediate. Such a conclu- 
sion would be consistent with the principle that the 
rate-limiting barrier in two-state folding must pre- 
cede all stable intermediates, and further that the 
ultimate rate limitation is connected with the col- 
lapse process itself. 

Comparison of the Two-State and Three-State 
Collapse Barriers 

If the early events are in fact preserved in the 
three-state case, then the barrier insertion experi- 
ment provides a means for overcoming the indistin- 
guishability of events in two-state folding. The ulti- 
mate rate-limiting step could then be more cleanly 
studied under three-state conditions. In the barrier 
insertion experiment that produces three-state fold- 
ing, the initial misligation of a histidine (His26 or 
His33) to the heme in the unfolded state imposes an 
incipient constraint that is expressed later in refold- 
ing as a misfold-reorganization barrier. One wants 
to know whether the presence of the non-native 
heme ligation significantly alters the early collapse- 
related barrier. To compare the two-state barrier 
with the early three-state barrier more critically, 
experiments were done to measure their thermody- 
namic and structural parameters. 

Figure 4 compares folding rates due to the kinetic 
barrier that limits native state formation in two- 
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Fig. 4 The collapse rate measured by fluorescence quenching 
under two-state (circles) and three-state (squares) folding condi- 
tions as a function of temperature and GdmCl concentration. 

state folding and the barrier that limits the collapse 
step in three-state folding. The dependence of these 
rates on temperature and GdmCl concentration was 
measured by fluorescence quenching, in all cases 
at the same final condition (pH 4.9). We find essen- 
tially the same activation free energy (within 0.2 
kcal/mol), the same activation enthalpy (16.6 +- 0.4 
and 16.0 ? 0.9 kcal/mol, above 1 M GdmCl), and 
therefore also the same activation entropy. (AG* is 
roughly 10 kcal/mol, depending on the prefactor as- 
sumed.) The complex dependence of rates on GdmCl 
concentration is also very similar in the two cases. At 
higher GdmCl concentrations, the rate vs. GdmCl 
dependence is steep (see also Fig. 2A), indicating that 
the transition states in the two cases exhibit simi- 
larly large surface burial, equal to  about half the 
surface that is buried in the native state. [In contrast, 
the later misfold-reorganization barrier in three- 
state folding is considerably larger and has the op- 
posite dependence on GdmCl (Fig. l).] At low GdmC1, 
measured rates “roll over” and fall below the extrap- 
olated values, limiting at the same rate in both two- 
and early three-state folding at  each temperature 
tested. All these identities, in both thermodynamic 
and structural parameters, indicate that the same 
process that limits the early molecular collapse step 
in three-state folding also acts to limit the entire 
folding process when the subsequent misfold-reorga- 
nization barrier is absent and folding is two state. 

This conclusion requires that a significant differ- 
ence in the unfolded state, the histidine misligation, 
has no significant effect on early folding events. In 
the light of present knowledge, this conclusion is not 
surprising. Most generally, one can note that the 
unfolded state of any protein includes an exceedingly 
broad range of conformational forms, yet proteins 
often exhibit apparent two-state, mono-exponential 
folding b e h a v i ~ r . ~ - ’ , ~ ~ - ~ ~  Thus major differences 
among unfolded forms need not affect the barrier that 
separates the unfolded form from subsequent stages 

in folding.25 Information on the structure and folding 
pathway of cyt c allows a more specific statement. It 
is obvious that the cross-heme misligation of His26 or 
His33 should block folding when the histidine-con- 
taining segment attempts to organize, but the histi- 
dine-containing segment and the heme iron site are 
spatially separated from the amino and carboxyl he- 
lices in the native protein. There is no evident struc- 
tural reason why the His-heme interaction should 
interfere with formation of the amino and carboxyl- 
terminal helices (see below and Roder et al.27 and Bai 
et a1.28). Finally, independent information depicts a 
folding pathway in which the amino and carboxyl 
helices form first, followed by a step that structures 
the histidine-containing segment.” It seems un- 
likely that early events would be affected by chain 
regions that are still highly flexible as well as struc- 
turally remote. These considerations point to an in- 
dependence of the early three-state barrier from the 
His-heme ligation that produces the later misfold 
barrier and thus support the experimental demon- 
stration that the limiting two-state and early three- 
state barriers are essentially identical. 

We conclude that the rate-limiting barrier in two- 
state folding is crossed relatively early in the se- 
quence of folding events and that it, like the early 
three-state barrier, includes a massive, energeti- 
cally uphill molecular collapse. 

Structure in the Early Transition State 
We want to learn what structure in addition to the 

condensed polypeptide chain might contribute to 
the transition state, and in this sense just how early 
the rate-limiting step is. To gain more detailed in- 
formation on hydrogen-bonded structure in the tran- 
sition state, we studied the intermediate that is pop- 
ulated directly following it in the three-state folding 
sequence. 

Folding was allowed to proceed for 50 ms under 
the three-state conditions used in Figure 1D. At the 
50 ms time point, the collapse phase has ended and 
an intermediate is maximally populated. Figure 1D 
shows that about 20% of the protein population has 
already reached the native state (AS9& while essen- 
tially all the remainder occupies some collapsed in- 
termediate form. An H-D exchange labeling pulse 
(40 ms, pH 9.6, 10°C) was then imposed to assess the 
presence of stably H-bonded structure.52 The results 
(Fig. 5) show the degree of H-bonding present a t  
each measurable peptide group in the protein. The 
H-bonding signal expected for the 20% native popu- 
lation is indicated by the hatched region in Figure 5. 
Almost all the molecules have formed structure in 
their two terminal helices (see also Roder et al.27). 
About 15% of the molecules may have formed addi- 
tional structure throughout, perhaps reflecting a 
subfraction that has progressed to a later, near-na- 
tive state but still lacks the Met80 to heme ligation 
(A,,, in Fig. 1). These results essentially repeat pre- 
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Fig. 5. Pulsed HX labeling results for three-state folding show- 
ing structure formation at 31 local and 4 non-local H-bonding sites. 
Conditions were as in Figure 1 D, with the H-D exchange labeling 
pulse applied after 50 msec of folding where 20% of the molecules 
are fully native (Aes5). The expected labeling for this fully native 
subpopulation is indicated by the hatched region. This pattern of 
HX protection develops on the same time scale as the collapsed 
intermediate (fluorescence, Fig. 1 D). In the representation shown 
here, a fully native population would show a uniform value of 1.0; 
a fully unfolded population would show 0.0; a homogeneous par- 
tially folded species would show 1 .O in structured regions and 0.0 
elsewhere. Heterogeneous mixtures exhibit linear combinations 
of these alternatives. 

vious observationsz7 with minor quantitative differ- 
ences, which may be due to the difference in the 
final folding conditions (pH 4.9 compared with pH 
6.3) and other experimental uncertainties. 

Most interesting for present considerations is the 
large amount of still unstructured chain (white 
space in Fig. 5). The transition state that precedes 
the collapsed intermediate in three-state folding can 
contain no more structure than the intermediate it- 
self (the two terminal helices), and may contain less. 
The helices found to be present in the intermediate 
are unlikely to form before the transition state is 
reached because the bihelical complex itself is 
known to have some independent ~ t a b i l i t y . ~ ~ , ~ ~  The 
helices may form in the transition state itself or may 
form afterwards, on the downhill traverse to the sta- 
ble intermediate. Therefore the collapse transition 
state must represent a very early step in the folding 
process. 

These results also reflect on the large surface 
burial that occurs in the transition state, involving 
50% or more of the surface that is buried in final 
folding. This surface cannot be accounted for by for- 
mation of the two terminal helices alone but must 
include the burial of many additional polar and apo- 
lar groups. 

All these considerations portray the transition 
state as an initial, extensively condensed form that 
contains no major quantity of defined secondary 
structure but does include many coarsely defined in- 
teractions brought together by some rare although 

not unique conformations. Thus, the earliest signif- 
icant folding event in cyt c is a massive uphill time- 
consuming (ms) chain collapse. 

DISCUSSION 
The results obtained here can be summarized as 

follows. When misfolding is avoided the large frac- 
tion of cyt c molecules fold rapidly in a two-state 
manner. The two-state character is rigorously de- 
monstrable in GdmCl concentrations above about 1 
M (same rate for early and late probes; AG and m 
values match the two-state chevron criteria). The 
process that limits two-state folding occurs within 
the early collapse step in three-state folding (same 
rate, temperature dependence, and denaturant de- 
pendence) where it can be more directly studied. The 
limiting process is a very early step in the folding 
sequence (no stable intermediate occurs earlier; 
much H-bonded structure forms later). The even 
earlier burst phase and the chevron roll-over a t  low 
GdmCl are due to a shrinkage of the chain dimen- 
sion in the poorer solvent (fragment experiments 
and additional observations). The rate-limiting pro- 
cess is a large-scale molecular collapse (buries about 
half of the polar and apolar surface that is buried in 
the native state) and perhaps some secondary struc- 
ture formation (HX pulse labeling). 

Molecular Collapse as a Cooperative, 
Search-Nucleation Process 

It has been widely assumed that molecular col- 
lapse is a barrier-free, energetically downhill pro- 
cess that occurs very early in folding,53 before other 
structure-forming events, by a random, diffusion- 
limited association of hydrophobic side chains. This 
view is inconsistent with the present results and 
more generally with the fact that folding often ap- 
pears to be a two-state reaction, since no downhill 
process can precede an authentic two-state barrier. 
Furthermore, we find that molecular collapse is 
slower by orders of magnitude than one expects for a 
random association process, since the effective inter- 
action concentration between groups in an unfolded 
polypeptide, in the 10 mM range,54,55 would produce 
random intra-residue association on the submicro- 
second time scale. Thus the great majority of intra- 
chain encounters must fail to  achieve productive as- 
sociation and tend to separate. Factors that militate 
against random pairwise association and presum- 
ably account for the energetically uphill nature of 
the collapse process include unfavorable 1 0 0 ~ ~ ~ 2 ~ ~  
and side chain5* entropy and the burial of unsatis- 
fied H-bonding groups.59 

We conclude that the limiting on-pathway barrier 
in cyt c folding is an initial, large-scale, energeti- 
cally uphill, molecular collapse, perhaps together 
with some helix formation. The molecular collapse 
process involves many side chains in a search for 
some relatively rare, large-scale transition state 
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Fig. 6. Search-nucleation model for collapse and folding un- 

der two-state (above) and three-state (below) conditions. In the 
collapse process, an energetically uphill search consisting of 
many unfavorable association reactions ultimately finds a combi- 
nation of interacting groups that can nucleate chain collapse and 
subsequent energetically downhill growth reactions. In the col- 
lapse transition state, preferentially hydrophobic groups (black in 
the diagram) form a large collapsed core while some main chain 
loops remain exposed to solvent. Under two-state conditions, for- 
mation of the collapsed core is the slow step (ms), followed by the 
rapid energetically favorable condensation of the exposed loops 
onto the core to form a series of intermediates leading to the 

configuration, which can then support subsequent 
favorable interactions to carry the protein downhill 
toward the native state. This kind of uphill multi- 
step core formation is by definition a nucleation pro- 
cess. Figure 6 illustrates the process and provides 
some further detail. 

The Issue of Generality 
The behavior found here for cyt c appears to  be 

characteristic of a number of proteins known to ex- 
hibit fast, two-state folding. For many proteins two- 
state folding occurs on a similar time scale, in the 
millisecond range5-9,13-15 or slightly faster at 

native stateT8 Under three-state folding conditions some incipient 
"error" in either the core (e.g., the white residue) or an external 
loop (e.g., a non-native proline isomer) leads, during or after col- 
lapse, to a misfolding that must be corrected before folding can 
continue. The reorganization barrier slows folding and causes a 
metastable intermediate to accumulate. For example, the folding 
sequence inferred in Bai et aL2* predicts that the adventitious 
His-heme barrier exploited in the present experiments permits 
formation of the early bihelical intermediate but blocks the forma- 
tion of the subsequent intermediate, which involves the histidine- 
containing segment. 

higher temperature." Also similar values for m*f 
are found, almost all in the range between 1 and 1.4 
kcal/mol/M (Table I). An extensive mutational 
@-analysis by the Fersht laboratory characterized 
the transition state in the two-state folding in chy- 
motrypsin inhibitor 2. The hydrophobic residues lo- 
cated in the protein core are loosely structured, 
achieving at  most 55% of their native-like associa- 
tion energies in the folding transition state, while 
most core-related residues interact much less, and 
little if any secondary structure is f ~ r m e d . ~ ~ . ~ '  Sim- 
ilarly, the substitution of many sites by alanine (one 
at  a time) in the P22 Arc repressor caused little 
change in folding rates, indicating that side-chain 
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interaction free energies in the transition state are 
less than 30% of those in the native state.26 

Although these results have been interpreted in 
terms of a late rate-limiting barrier, all these results 
for other proteins are consistent with the formation 
of a large weakly interacting core of significant size 
in the early rate-determining collapse transition 
state, as found here for cyt c. Insofar as subsequent 
barriers represent off-pathway misfold-reorganiza- 
tion steps,' the early collapse-nucleation barrier 
will account for the intrinsic rate-limiting step in 
protein folding. 

Implications 
It is widely assumed that the intrinsic rate-limit- 

ing step in protein folding occurs late, after collapse 
and extensive secondary structure formation. This 
conclusion rests mainly on the observation that in- 
termediates often accumulate in folding experi- 
ments:' pointing to some later barrier. While dis- 
tinct intermediates do evidently participate in cyt c 
f ~ l d i n g , ~ ~ , ~ '  the late barrier that causes kinetic in- 
termediates to accumulate is known to represent an 
adventitious misfold-reorganization step.' In the ab- 
sence of misfolding, we now see that the intrinsic 
rate-limiting barrier is the early molecular collapse 
step. Whether the nature of cooperative polypeptide 
collapse is imposed by inherent physical constraints 
or has been selected for in biological evolution re- 
mains to  be seen. 

An early folding/late unfolding barrier might be 
thought to  be incompatible with protein rigidity and 
stability. Rather, rigidity is determined by the 
shape of the native well and not its absolute depth, 
and an early folding barrier ensures that most sta- 
bilizing interactions contribute to the height of the 
unfolding barrier. Furthermore, the kinetic folding 
process may well benefit by placing the major con- 
formational search process early, before collapse and 
stable structure formation, since the large-scale 
search problem is then faced in the mobile unfolded 
state and not in the condensed state where the re- 
organization of misfolded structure within a col- 
lapsed state would be slow, as we have found.' 

The collapse-nucleation barrier studied here lim- 
its cyt c folding to a time scale of about 5 msec (mea- 
sured at 16.5"C in zero GdmCl). The literature con- 
siders earlier folding events. Photoinitiated folding 
experiments with cyt c6' have detected events that 
occur on a submillisecond time scale. These obser- 
vations were made by Soret absorbance changes, 
which reflect heme ligation reactions and not nec- 
essarily structure formation. Furthermore, this 
work was done in high GdmCl where folding ap- 
pears to  be two state. Cyt c and nine other pro- 
teins5,6,9,12-15,63,64 h ave now been shown to satisfy 
the strict two-state criteria in Equation 3, with fold- 
ing on a millisecond time scale. This rigorously rules 
out the faster formation of stable structure that 

would account for any significant fraction of a pro- 
tein's equilibrium folding free energy or surface 
burial. 

The energetically uphill, multi-step search that is 
required to find a satisfactory collapse transition 
state (Fig. 6) is by definition a nucleation process. 
Computer simulations by Shakhnovich and co-work- 
ersZo and by Guo and T h i r ~ m a l a i ~ ~  point to the ef- 
ficacy of nucleation by a subset of native-like inter- 
actions. Nucleation models for protein folding have 
been considered b e f ~ r e ~ ~ , ~ ~  but were discarded when 
evidence was found for well-populated intermedi- 
ates,61 pointing to later barriers. We have found 
that, although folding intermediates do occur, their 
accumulation signals off-pathway misfold-reorgani- 
zation barriers' that are not inherent to the folding 
process and so do not refute the reality of an early 
nucleation mechanism. 

Available data suggest that the transition state 
for successful collapse involves a collapsed core of 
significant size (m*f in Table I). This requirement 
will make the transition state for the two-state fold- 
ing of small proteins appear to be late, close to the 
native state, and early for larger proteins. That is, if 
a sizeable m', must be maintained to support suc- 
cessful collapse (21 kcal/mol/M; Table I), then small 
proteins with small equilibrium mo values must 
preferentially decrease their m', values (Eq. 3b). 

Although the requirements for correct collapse ap- 
pear to be substantial, the formation of an incorrect 
core or the presence of an incipient misfold (non- 
native proline isomer, heme ligation, etc.) can occur, 
and this can give rise to a misfold-reorganization 
barrier as folding progresses' (Fig. 6). Several con- 
sequences follow. Small proteins with few candidate 
core residues are unlikely to err and should gener- 
ally fold in a fast, two-state manner. For larger pro- 
teins, the probability of misfolding is high. There- 
fore different fractions of a folding population are 
likely to encounter different barriers and to exhibit 
a heterogeneity of faster and slower folding frac- 
t i o n ~ . ~ ' , ~ ~  This kind of heterogeneous folding behav- 
ior has been generally described in terms of parallel 
pathways. More precisely, this behavior probably re- 
flects a heterogeneity of off-pathway reorganiza- 
tional barriers and not necessarily alternative sets 
of on-pathway intermediates. That is, misfolding 
barriers are ubiquitous; alternative sets of stable 
intermediates are probably not. 

The view that folding is ultimately limited by an 
initial conformational search makes folding analo- 
gous to metabolic pathways that are limited by an 
initial enzymatic step. Although intermediates do 
not accumulate in such pathways, one does not 
doubt that intermediates exist; this distinction has 
often not been clearly appreciated in the case of two- 
state protein folding. For protein folding as for en- 
zyme pathways, biological evolution is evidently 
able to  ensure that the later on-pathway steps do not 
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become limiting. The common scale of two-state 
folding rates seen for many proteins (-1-10 ms) 
suggests that selective evolution has little ability, or 
little need, to further enhance the initial search. 

CONCLUSIONS 
Results now available for cyt c point to some of the 

principles that govern its folding behavior and per- 
haps the folding of other proteins. 

1. The unfolded polypeptide engages in dynamic, 
generally unfavorable, internal association-dissoci- 
ation reactions that ultimately find a rare although 
not unique combination (nucleus) of cooperatively 
stabilizing interactions that can together support a 
large-scale chain condensation. Successful confor- 
mations are likely to  resemble the gross native to- 
pology, since the collapse transition state is defined 
by its ability to  nucleate subsequent energetically 
downhill steps (see also refs. 20,65). The early asso- 
ciation-dissociation behavior can be viewed as an 
energetically uphill conformational search for the 
transition state. 

2. Main chain loops that remain unstructured in 
the collapse transition state can then condense onto 
the stabilizing core nucleus to form elements of sec- 
ondary structure in locally cooperative reactions 
that depend on small-scale searches28 Here local in- 
teractions determine the detailed structure, as in 
the LINUS algorithm.7o These second-level reac- 
tions appear to step cyt c through a sequence of three 
stable intermediates before reaching the native 
state. 28 

3. Incorrect collapse or incipient defects within cor- 
rectly condensed molecules (non-native isomers; im- 
proper ligations) can produce misfold-reorganization 
barriers that greatly slow folding and populated in- 
termediates.’ The destabilization of a populated in- 
termediate can make folding faster;l but in princi- 
ple only when further folding is limited by a 
reorganization barrier that requires the loss of the 
interactions (native or non-native) that are experi- 
mentally destabilized in the intermediate. Proteins 
that facilitate folding, including chaperonins, disul- 
fide isomerases, and prolyl isomerases, may simi- 
larly be considered to function by promoting the loss 
of misfolding  interaction^.^^,^^ 

These conclusions suggest that proteins solve the 
conformational search problem74 in two stages, in- 
volving an initial coarse sorting of structural seg- 
ments followed by the more local development of sec- 
ondary folding and tertiary packing. The initial 
search for a collapse-competent conformation need 
only find a coarse approximation to the native fold 
and so can be faster by far than would be necessary 
to find the unique native state.74 The large-scale 
search for the coarsely organized nucleus represents 
the inherent slow step in folding and brings about a 

major reduction in the dimensionality of the search 
problem. The fine scale structure can then be 
achieved in smaller scale local searches, which ap- 
pear to carry cyt c through several intermediates to 
the native state.” The fact that such intermediates 
are not well populated in two-state folding has often 
been interpreted to mean that they do not exist or 
are not important. We suggest that it is precisely the 
existence of these intermediates and the pathway 
they define that makes fast folding possible. 
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NOTE ADDED IN PROOF 
A. F e r ~ h t ~ ~  has reinterpreted protein engineering 

results for C12 in terms of a “nucleation-condensa- 
tion” mechanism, similar to the early step in the 
search-nucleation model described here. Also, com- 
puter sir nu la ti on^^^ show that strongly stabilizing 
conditions tend to promote the rapid formation of a 
“structureless globule” which must then reorganize 
to reach the nucleation transition like the 
cyt c burst phase behavior seen at  low GdmC1, while 
nucleation can proceed without a burst phase under 
less stable conditions, as for cyt c a t  higher GdmC1. 

REFERENCES 
1. Sosnick, T.R., Mayne, L., Hiller, R., Englander, S.W. The 

barriers in protein folding. Nature Struct. Biol. 1:149-156, 
1994. 

2. Brems, D.N., Stellwagen, E. Manipulation of the observed 
kinetic phases in the refolding of denatured ferricy- 
tochromes c. J. Biol. Chem. 258:3655-3660, 1983. 

3. Elove, G.A., Bhuyan, A.K., Roder, H. Kinetic mechanism 
of cytochrome c folding: Involvement of the heme and its 
ligands. Biochemistry 33:6925-6935, 1994. 

4. Garel, J.R., Nall, B.T., Baldwin, R.L. Guanidine-unfolded 
state of ribonuclease A contains both fast- and slow-refold- 
ing species. Roc. Natl. Acad. Sci. USA 93:1853-1857, 
1976. 

5. Jackson, S.E., Fersht, A.R. Folding of chymotrypsin inhib- 
itor 2. 1. Evidence for a two-state transition. Biochemistry 
30:10428-10435,1991. 

6. Khorasanizadeh, S., Peters, I.D., Butt, T.R., Roder, H. 
Folding and stability of a tryptophan-containing mutant of 
ubiquitin. Biochemistry 32:7054-7063, 1993. 

7. Alexander, P., Orban, J., Bryan, P. Kinetic analysis of fold- 
ing and unfolding of the 56 amino acid IgG-binding do- 
main of streptococcal protein G. Biochemistry 31:7243- 
7248, 1992. 

8. Kuszewski, J., Clore, G.M., Gronenborn, A.M. Fast folding 



THE INHERENT RATE-LIMITING STEP IN FOLDING 425 

of a prototypic polypeptide: The immunoglobulin binding 
domain of streptococcal protein G. Protein Sci. 3:1945- 
1952, 1994. 

9. Viguera, A.R., Martinez, J.C., Filimonov, V.V., Mateo, 
P.L., Serrano, L. Thermodynamic and kinetic analysis of 
the SH3 domain of spectrin shows a two-state folding tran- 
sition. Biochemistry 33:2142-2150, 1994. 

10. Houry, W.A., Rothwarf, D.M., Scheraga, H.A. A very fast 
phase in the refolding of disulfide-intact ribonuclease A 
Implications for the refolding and unfolding pathways. 
Biochemistry 33:2516-2530, 1994. 

11. Huang, G.S., Oas, T.G. Structure and stability of mono- 
meric lambda repressor: NMR evidence for two-state fold- 
ing. Biochemistry 34:3884-3892, 1995. 

12. Huang, G.S., Oas, T.G. Submillisecond folding of mono- 
meric lambda repressor. Proc. Natl. Acad. Sci. USA 92: 
6878-6882,1995: 

13. Kragelund, B.B., Robinson, C.V., Knudsen, J., Dobson, 
C.M.. Poulsen. F.M. Foldine of a four-helix bundle: Studies 
of acyl-coenzyme A bindFng protein. Biochemistry 3 4  
7217-7224, 1995. 

14. Schindler, T., Herrler, M., Marahiel, M.A., Schmid, F.X. 
Extremely rapid protein folding in the absence of interme- 
diates. Nature Struct. Biol. 2:663-673, 1995. 

15. Villegas, V., Azuaga, A,, Catasus, L., Reverter, D., Mateo, 
P.L., Aviles, F.X., Serrano, L. Evidence for a two-state 
transition in the folding process of the activation domain of 
human procarboxypeptidase A2. Biochemistry 34:15105- 
15110, 1995. 

16. Houry, W.A., Rothwarf, D.M., Scheraga, H.A. The nature 
of the initial step in the conformational folding of disul- 
fide-intact ribonuclease A. Nature Struct. Biol. 2:495-503, 
1995. 

17. Dill, K.A., Bromberg, S., Yue, K., Fiebig, K.M., Yee, D.P., 
Thomas, P.D., Chan, H.S. Principles of protein folding-a 
perspective from simple exact models. Protein Sci. 4561- 
602,1995. 

18. Camacho, C.J., Thirumalai, D. Kinetics and thermody- 
namics of folding in model proteins. Proc. Natl. Acad. Sci. 
USA 90:6369-6372, 1993. 

19. Sali, A,, Shakhnovich, E., Karplus, M. How does a protein 
fold? Nature 369:248-251, 1994. 

20. Abkevich, V.I., Gutin, A.M., Shakhnovich, E.I. Specificnu- 
cleus as the transition state for protein folding: Evidence 
from the lattice model. Biochemistry 33:10026-10036, 
1994. 

21. Bryngelson, J.D., Wolynes, P.G. Intermediates and barrier 
crossing in a random energy model with application to 
protein folding. J .  Phys. Chem. 93:6902-6915, 1989. 

22. Socci, N.D., Onuchic, J.N. Folding kinetics of proteinlike 
heteropolymers. J .  Chem. Phys. 101:1519-1528, 1994. 

23. Ptitsyn, O.B. Structures of folding intermediates. Curr. 
Opin. Struct. Biol. 574-78, 1995. 

24. Jackson, S.E., elMasry, N., Fersht, A.R. Structure of the 
hydrophobic core in the transition state for folding of chy- 
motrypsin inhibitor 2: A critical test of the protein engi- 
neering method of analysis. Biochemistry 32:11270- 
11278,1993. 

25. Creighton, T.E. The energetics ups and downs of protein 
folding. Nature Struct. Biol. 1:135-138, 1994. 

26. Milla, M.E., Brown, B.M., Waldburger, C.D., Sauer, R.T. 
P22 Arc repressor: Transition state properties inferred 
from mutational effects on the rates of protein unfolding 
and refolding. Biochemistry 34:13914-13919, 1995. 

27. Roder, H., Elove, G.A., Englander, S.W. Structural char- 
acterization of folding intermediates in cytochrome c by 
H-exchange labelling and proton NMR. Nature 335:700- 
704,1988. 

28. Bai, Y., Sosnick, T., Mayne, L., Englander, S.W. Protein 
folding intermediates studied by native-state hydrogen ex- 
change. Science 269:192-197, 1995. 

29. Bai, Y., Milne, J.S., Mayne, L., Englander, S.W. Primary 
structure effects on peptide group hydrogen exchange. Pro- 
teins 17:75-86, 1993. 

30. Wand, A.J., DiStefano D.L., Feng, Y., Roder, H., En- 
glander, S.W. Proton resonance assignments of horse fer- 
rocytochrome c. Biochemistry 28:186-194, 1989. 

31. Tsong, T.Y. Ferricytochrome c chain folding measured by 
the energy transfer of tryptophan to the heme group. Bio- 
chemistry 15:5467-5473,1976. 

32. Forster, T.H. Delocalized excitation and excitation trans- 
fer. In: “Modern Quantum Chemistry.” Sinanoglu, 0. (ed.). 
New York Academic Press, 196593-137. 

33. Schechter, E., Saludjian, P. Conformation of ferricy- 
tochrome c. IV. Relationship between optical absorption 
and protein conformation. Biopolymers 5788-790, 1967. 

34. Ridge, J.A., Baldwin, R.L., Labhardt, A.M. Nature of the 
fast and slow refolding reactions of iron(II1) cytochrome c. 
Biochemistry 20:1622-1630, 1981. 

35. Wood, L.C., Muthukrishnan, K., White, T.B., Ramdas, L., 
Nall, B.T. Replacement of a conserved proline eliminates 
the absorbance-detected slow folding phase of iso-2-cy- 
tochrome c. Biochemistry 27:8562-8568, 1988. 

36. Pace, C.N. The stability of globular proteins. CRC Crit. 
Rev. Biochem. 3:l-43, 1975. 

37. Makhatadze, G.I., Privalov, P.L. Protein interactions with 
urea and guanidinium chloride. A calorimetric study. J .  
Mol. Biol 226:491-505, 1992. 

38. Matthews, C.R. Effects of point mutations on the folding of 
globular proteins. Methods Enzymol. 154:498-511, 1987. 

39. Makhatadze, G.I., Privalov, P.L. Heat capacity of proteins 
I. Partial molar heat capacity of individual amino acid 
residues in aqueous solution: Hydration effect. J .  Mol. 
Biol. 213:375-384, 1990. 

40. Xie, D., Freire, E. Molecular basis of cooperativity in pro- 
tein folding. V. Thermodynamic and structural conditions 
for the stabilization of compact denatured states. Proteins 
19:291-301, 1994. 

41. Privalov, P.L., Khechinashvili. N.N. A thermodvnamic au- 
proach to the’problem of stabilization of globdar protein 
structure: A calorometric study. J .  Mol. Biol. 86:665-684, 
1974. 

42. Privalov, P.L., Gill, S.J. Stability of protein structure and 
hydrophobic interactions. Adv. Protein Chem. 39:191-234, 
1988. 

43. Kuroda, Y. Residual helical structure in the C-terminal 
fragment of cytochrome c. Biochemistry 32:1219-1224, 
1993. 

44. Wu, L.C., Laub, P.B., Elove, G.A., Carey, J.,  Roder, H. A 
noncovalent peptide complex as a model for an  early fold- 
ing intermediate of cytochrome c. Biochemistry 32:10271- 
10276, 1993. 

45. Tanford, C. Protein denaturation. Adv. Protein Chem. 23: 
121-282, 1968. 

46. Tanford, C. Protein denaturation. C. Theoretical models 
for the mechanism of denaturation. Adv. Protein Chem. 
241-95, 1970. 

47. Agashe, V.R., Shastry, M.C.R., Udgaonkar, J.B. Initial hy- 
drophobic collapse in the folding of barstar. Nature 377: 

48. Elove, G.A., Chaffotte, A.F., Roder, H., Goldberg, M.E. 
Early steps in cytochrome c folding probed by time-re- 
solved circular dichroism and fluorescence spectroscopy. 
Biochemistry 31:6876-6883, 1992. 

49. Goldberg, M.E., Guillou, Y. Native disulfide bonds greatly 
accelerate secondary structure formation in the folding of 
lysozyme. Protein Sci. 3:883-887, 1994. 

50. Chaffotte, A.F., Cadieux, C., Guillou, Y., Goldberg, M.E. A 
possible initial folding intermediate: The C-terminal pro- 
teolytic domain of tryptophan synthase beta chains folds in 
less than 4 milliseconds into a condensed state with non- 
native-like secondary structure. Biochemistry 31:4303- 
4308, 1992. 

51. Radford, S.E., Dobson, C.M., Evans, P.A. The folding of 
hen lysozyme involves partially structured intermediates 
and multiple pathways. Nature 358:302-307, 1992. 

52. Englander, S.W., Mayne, L. Protein folding studied using 
hydrogen-exchange labeling and two-dimensional NMR. 
Annu. Rev. Biophys. Biomol. Struct. 21:243-265, 1992. 

53. Matthews, C.R. Pathways of protein folding. Annu. Rev. 
Biochem. 62:653-683, 1993. 

54. Muthukrishnan, K., Nall, B.T. Effective concentrations of 
amino acid side chains in an  unfolded protein. Biochemis- 
try 30:4706-4710, 1991. 

55. Peng, Z.Y., Wu, L.C., Kim, P.S. Local structural prefer- 
ences in the alpha-lactalbumin molten globule. Biochem- 
istry 343248-3252, 1995. 

56. Jacobson, H., Stockmayer, W.H. Intramolecular reactions 
and polycondensation: I. The theory of linear systems. J. 
Chem. Phys. 18:1600-1606, 1950. 

754-757,1995. 



426 T.R. SOSNICK ET AL. 

57. 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

Thomas, D.J. The entropic tension of protein loops. J. Mol. 
Biol. 216:459-65, 1990. 
Bromberg, S., Dill, K. Side-chain entropy and packing in 
proteins. Protein Sci. 3:997-1009, 1994. 
Honig, B., Sharp, K., Yang, AS .  Macroscopic models of 
aqueous-solutions-biological and chemical applications. 
J. Phys. Chem. 97:llOl-1109, 1993. 
Otzen, D.E., Itzhaki, L.S., elMasry, N.F., Jackson, S.E., 
Fersht, A.R. Structure of the transition state for the fold- 
inghnfolding of the barley chymotrypsin inhibitor 2 and 
its implications for mechanisms of protein folding. Proc. 
Natl. Acad. Sci. USA 91:10422-10425, 1994. 
Kim, P.S., Baldwin, R.L. Specific intermediates in the fold- 
ing reactions of small proteins and the mechanism of pro- 
tein folding. Annu. Rev. Biochem. 51:459-489, 1982. 
Jones, C.M., Henry, E.R., Hu, Y ., Chan, C.K., Luck, S.D., 
Bhuyan, A,, Roder, H., Hofrichter, J.,  Eaton, W.A. Fast 
events in protein folding initiated by nanosecond laser pho- 
tolysis. Proc. Natl. Acad. Sci. USA 90:11860-11864,1993. 
Milla, M.E., Sauer, R.T. P22 Arc repressor: Folding kinet- 
ics of a single-domain, dimeric protein. Biochemistry 33: 
1125-1133, 1994. 
Zitzewitz, J.A., Bilsel, O., Luo, J., Jones, B.E., Matthews, 
C.R. Probing the folding mechanism of a leucine zipper 
peptide by stopped-flow circular dichroism spectroscopy. 
Biochemistry 3412812-12819,1995, 
Guo, Z.Y., Thirumalai, D. Kinetics of protein-folding: Nu- 
cleation mechanism, time scales, and pathways. Biopoly- 
mers 36:83-102, 1995. 
Anfinsen, C.B. Principles that govern the folding of pro- 
tein chains. Science 181:223-230, 1973. 
Wetlaufer, D.B. Nucleation, rapid folding, and globular 
intrachain regions in proteins. Proc. Natl. Acad. Sci. USA 
70:697-701, 1973. 

68. Thirumalai, D., Guo, Z. Nucleation mechanism for protein 
folding and theoretical predictions for hydrogen-exchange 
experiments. Biopolymers 35137-140, 1995. 

69. Abkevich, V.I., Gutin, A.M., Shakhnovich, E.I. Free en- 
ergy landscape for protein folding kinetics: Intermediates, 
traps, and multiple pathways in theory and lattice model 
simulations. J .  Chem. Phys. 101:6052-6062, 1994. 

70. Srinivasan, R., Rose, G.D. LINUS: A hierarchical proce- 
dure to predict the fold of a protein. Proteins 224:81-99, 
1995. 

71. Zhang, J.X., Goldenberg, D.P. Amino acid replacement 
that eliminates kinetic traps in the folding pathway of 
pancreatic trypsin inhibitor. Biochemistry 3214075- 
14081, 1993. 

72. Todd, M.J., Viitanen, P.V., Lorimer, G.H. Dynamics of the 
chaperonin ATPase cycle: Implications for facilitated pro- 
tein folding. Science 265659-666, 1994. 

73. Weissman, J.S., Kashi, Y., Fenton, W.A., Honvich, A.L. 
GroEl- mediated protein folding proceeds by multiple 
rounds of binding and release of nonnative forms. Cell 78: 
693-702, 1994. 

74. Levinthal, C. Are there pathways for protein folding? J .  
Chim. Phys. 6544-45, 1968. 

75. Chen, B., Baase, W.A., Schellman, J.A. Low-temperature 
unfolding of a mutant of phage T4 lysozyme. 2. Kinetic 
investigations. Biochemistry 29:691-699, 1989. 

76. Jeng, M.F., Englander, S.W. Stable submolecular folding 
units in a non-compact form of cytochrome c. J .  Mol. Biol. 
221:1045-1061, 1991. 

77. Fersht, A. Proc. Natl. Acad. Sci. USA 92:10869-10873, 
1995. 

78. Gutin, A.M., Abkevich, V.I., Shakhnovich, E.I. Biochem- 
istry 34:3066-3076, 1995. 




