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Fast Chain Contraction during Protein Folding: ‘‘Foldability’’ and Collapse Dynamics
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Theory indicates that at least some proteins will undergo a rapid and unimpeded collapse, like a
disorganized hydrophobic chain, prior to folding. Yet experiments continue to find signs of an
organized, or barrier-limited, collapse in even the fastest (��s) folding proteins. Does the kinetic
barrier represent a signature of the equilibrium ‘‘foldability’’ of these molecules? We have measured the
rate of chain contraction in two nonfolding analogs of a very fast-collapsing protein. We find that these
chains contract on the same time scale (�10�5s) as the natural protein, and both pass over an energetic
barrier at least as large as that encountered by the protein. The equilibrium foldability of the native
structure therefore does not alone determine the dynamics of collapse; even the disordered chains
contract �1000� slower than expected for an ideal chain.
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mation, or equivalently that a truly disordered collapse refractive index scarcely change); the increasing emission
The initial contraction of a polypeptide chain from an
expanded to a more compact form constitutes the earliest
stage of protein folding. Like the rate of folding, the rate
of this initial hydrophobic collapse can vary over orders
of magnitude, depending on the amino acid sequence of
the chain. Even for chains of comparable length (�102

residues), collapse may occur within tens of microsec-
onds or within �0:6–10 ms, or even as slowly as ’ 8 s
[1,2] after the initiation of folding. Simulations of folding
in model chains suggest two extreme cases for this initial
phase [3]: a chain may acquire nativelike (i.e., folded)
structure as it contracts, in a so-called ‘‘specific’’ col-
lapse, or it may contract rapidly and ‘‘nonspecifically’’—
without forming nativelike contacts—and then reorgan-
ize into its folded form. Distinguishing between specific
and nonspecific collapse has thus become an important
and controversial element in the interpretation of dynami-
cal phenomena observed in the earliest stages of protein
folding. The very slowest collapse processes presumably
fit the specific model. The most rapid (��s) collapse
processes (as in, e.g., cytochrome c), by some interpreta-
tions, then represent the opposite case, a free nonspecific
or ‘‘polymeric’’ contraction, triggered by transfer of the
disordered chain from good-solvent to poor-solvent con-
ditions [4].

However, the experimental data for even the fastest-
collapsing proteins also show some evidence for concur-
rent structure formation [1,5]. Several authors argue that
these rapid contractions coincide with the formation of
significant nativelike structure, and that collapse there-
fore requires passage over an entropic barrier; the result-
ing compact configuration then represents the first
intermediate state on the path to the folded form [1,5].
Observation of exponential collapse kinetics, nonglobular
Kratky plots in x-ray scattering, far-UV circular dichro-
ism, or proton exchange protection at early times in such
proteins all imply to some extent that these proteins
collapse through the entropic bottleneck of structure for-
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would proceed differently, i.e., more rapidly. This raises
the question: If even the fastest events carry signatures of
barrier-crossing kinetics, do all ‘‘foldable’’ amino acid
sequences invariably collapse in a specific process? More
generally, does the existence of a stable native structure
for an amino acid sequence dictate the dynamics of the
initial collapse?

We have used laser temperature-jump spectroscopy to
measure the rate of expansion and contraction in two
nonfolding, disordered analogs of a fast-collapsing and
fast-folding protein. We studied the polypeptide chains
that comprise residues 1-65 and 1-80, respectively, of
horse cytochrome c. These fragments, obtained by chemi-
cal cleavage of the intact 104-residue protein [6], lack the
stabilizing C-terminal � helix (residues 88-100) of the
protein and consequently exhibit little secondary or ter-
tiary structure at equilibrium: their circular dichroism
spectra more nearly resemble thermally denatured cyto-
chrome c than they do the native protein [Fig. 1(a)] [4,6],
they show little evidence of stable H bonding, and they
lack those residues that do form such bonds early in the
folding of the intact protein. They do, however, adopt a
partially compact configuration, as evidenced by a weak
fluorescence (see below) and an intrinsic viscosity (��� �
6:6 ml=g for 1-65 at pH 7, 25 �C) that lies intermediate
between the value for a folded globule (2:7 ml=g) and a
typical random coil (’11:2 ml=g for 65 residues) [6].

Tryptophan (Trp) fluorescence data show that these
fragments expand gradually with rising T or increased
denaturant. In compact configurations of these chains,
the heme group (covalently attached at residues 14, 17,
and 18) quenches the fluorescence of the single Trp residue
at position 59 through the distance-dependent Förster
(dipole-dipole) mechanism. Figure 1(b) shows that the
emission of Trp-59 rises ’ 35% upon the addition of
0.5 M GdnHCl, although the characteristic Förster dis-
tance (R0 	 3:4 nm) remains virtually constant (since the
heme absorption and Trp emission spectra and the solvent
2003 The American Physical Society 168103-1
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FIG. 2. Relaxation processes observed in tryptophan fluores-
cence following nanosecond T jump at t � 0, for (a) 1-65 and
(b) 1-80 fragments of cytochrome c in 0.1 M phosphate,
pH 7; (c) intact cytochrome c in 1.5 M GdnHCl, 0.1 M phos-
phate, pH 7; (d) tryptophan-containing reference peptide
(KGITWKEET) in 0.1 M phosphate pH 7.
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FIG. 1. (a) Equilibrium far-UV circular dichroism of the 1-65
and 1-80 fragments of the 104-residue horse cytochrome
c at T � 25�C (in 0.1 M phosphate, pH 7), showing
secondary-structure content substantially less than that of
the intact folded protein, but comparable to that of the ther-
mally denatured protein at 85�C [6]; (b) Trp fluorescence
of 1-65 fragment, relative to a reference peptide representing
the Trp-containing region (residues 55–63, sequence
KGITWKEET) of intact cytochrome c. Rising emission at
higher denaturant (GdnHCl) levels indicates reduced Förster
quenching of Trp-59 fluorescence by the heme, as a result
of chain expansion. Dotted lines show average fluorescence of
a Gaussian ensemble of random coils having the indicated
mean heme-Trp distance. (c) T dependence of Trp fluorescence
of 1-65 fragment in 0.1 M phosphate, pH 7, relative to the
reference peptide.
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indicates a growing heme-Trp separation and thus an
expansion of the disordered coil.With rising temperature,
the fluorescence of the fragments falls, but it falls more
slowly than does that of a reference Trp peptide [Fig. 1(c)],
indicating that gradual swelling of the chains reduces the
Förster quenching of Trp-59, and thus partially compen-
sates for the intrinsic, negative T dependence of Trp
fluorescence. Our T-jump apparatus time-resolves this
thermally induced expansion.

Methods.—We prepared the 1-65 and 1-80 peptides by
cyanogen bromide cleavage of horse ferricytochrome
c (Sigma Chemical Co.) at the unoxidized Met-65 or
Met-80 as described previously [6], purified the peptides
by reverse phase high performance liquid chromatog-
raphy on a C18 column, and used mass spectrometry to
verify the molecular weight of the fragments. The laser
temperature-jump method applies an infrared laser pulse
to heat the protein sample quickly, and then time resolves
the Trp fluorescence changes that follow this perturba-
168103-2
tion. Our T-jump apparatus uses a 1 m, 650 psi H2 cell to
Raman shift the 5–7 ns pulses of a Nd:YAG laser
(1:064 �m) to 1:89 �m; these pulses, when formed into
pairs of counterpropagating pulses and focused onto the
aqueous sample solution flowing within a silica capillary
(100 �m inner diameter), generate a temperature jump of

5–20� �C within 20–30 ns. After a time delay t, a 5 ns
pulse from the 266 nm 4th harmonic of a Nd:YAG laser
excites the Trp fluorescence of the sample. A microscope
objective (10X, NA 0.28) positioned at 90� projects the
emitted light onto a photomultiplier. The sample tempera-
ture remains uniform and elevated for �1 ms and returns
to its pretrigger value by �400 ms. A syringe pump
continuously replaces the sample in the capillary.
Measurements at 50–100 values of the delay t in random
order build up a complete kinetic trace. We use a fluores-
cence standard of known T dependence to measure the
T-jump amplitude.

Results.—Figure 2 shows that the rapid temperature
jump triggers an abrupt drop in the fluorescence signal
(at t � 0) owing to the intrinsic negative T dependence of
the Trp fluorescence. As expected from equilibrium fluo-
rescence data, however, the emission from the 1-65 and
168103-2



P H Y S I C A L R E V I E W L E T T E R S week ending
25 APRIL 2003VOLUME 90, NUMBER 16
1-80 peptides then grows in a small-amplitude relaxation
as the partially denatured coils expand to a new equilib-
rium size. Fitting this relaxation to an exponential decay
gives a time constant � ’ 25 �s at T � 22 �C and ’ 8 �s
at T � 32 �C in the 1-65 peptide, and a slightly slower �
in 1-80. A control experiment on a reference Trp peptide,
which corresponds to residues 55-63 of the cytochrome c
sequence, finds no such compensating relaxation (Fig. 2).
Furthermore, the addition of as little as 0.5 M GdnHCl
suppresses the relaxation amplitude in the 1-65 and 1-80
peptides to nearly unobservable small values.

The relaxation time [7] depends strongly on the final
(post-T-jump) temperature T (Fig. 3). Over the experi-
mental range T � 17–38 �C, � varies in a roughly
Arrhenius manner with activation energy Ea ’ 57�
7 kJ=mol for 1-65, and Ea ’ 68� 13 kJ=mol for 1-80.
Although � does vary with the final temperature, we
find it insensitive to the initial temperature (i.e., to the
size of the T jump) for �T ’ 5� 20 �C. Thus we find
that, under a particular solvent condition, these partially
compact but poorly structured chains respond to solvent
perturbations by changing their average dimension with a
characteristic relaxation time �� 10�5 s.

We compare this behavior with the collapse of the
intact protein. Denatured cytochrome c exhibits a similar
relaxation on a time scale �60 �s at 22 �C (at pH 7,
without denaturant), and �2� faster in the presence of
1.5 M GdnHCl denaturant [1]. In a T-jump experiment
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FIG. 3. Relaxation time vs T, and Arrhenius fit (broken line)
observed after laser T jump in (a) 1-65 and (b) 1-80 fragments
of cytochrome c in pH 7.0 buffer, and (c) wild-type cyto-
chrome c in 1.5 M denaturant (GdnHCl), pH 7.0. The relax-
ation time for intact protein slows �2-fold in the absence of
denaturant.
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this appears as a fast but fairly weak increase in Trp
fluorescence of the few partially denatured molecules
present at equilibrium (Fig. 2), followed by large-scale
unfolding on millisecond time scales. The rate of this
relaxation also varies with temperature, with Ea �
30–40 kJ=mol (Fig. 3 and Ref. [1]). Thus we find similar
dynamics in the fast reconfigurations of the folding
and nonfolding variants of the protein: cytochrome c
and its fragments both respond to solvent changes
through a fast relaxation on a time scale �10�5 s, with
an apparent activation energy substantially larger than
kBT (	2:5 kJ=mol). If the formation of nascent structure
slows the expansion and collapse of cytochrome c relative
to that of its nonfolding analogs, this has a fairly weak
effect on the dynamics of collapse.

What sets the time scale for expansion and collapse of
these chains? The kinetics and dynamics of transitions
between expanded and compact configurations of hetero-
polymers such as proteins remain poorly understood.
Although a number of theoretical models have addressed
homopolymer collapse dynamics, these primarily de-
scribe the collapse of long flexible chains; they predict
collapse to occur by a sequential aggregation on many
length scales [8]. The 1-65 and 1-80 polypeptides, which
represent only 14–18 persistence lengths of polypeptide,
presumably lack the flexibility to undergo this progressive
collapse. Furthermore, such models typically predict the
collapse time to increase for deeper quenches: the simple
de Gennes model [8], for example, predicts the collapse
time � ’ �R�T=T� associated with a T quench to scale
with the quench depth �T and the Rouse time �R. Our
data, and rapid-mixing studies [1], give no indication
that pretrigger solvent composition or temperature affect
collapse kinetics in cytochrome c.

By contrast, the Zimm model gives a characteristic
relaxation time for an ideal or noninteracting chain,
following a perturbation [9]. The slowest conformational
relaxations occur on a time scale �z ’ �0R3=kBT, which
scales with the solvent viscosity �0 and the rms separa-
tion R �

��������
hr2i

p
of the chain end points. Eliminating R in

favor of the experimentally determined [�] and the mo-
lecular weight M of the fragments, this becomes �z ’
�0M���=NAkBT or �z ’ 21 ns for 1-65 and �z ’ 24 ns for
1-80 in water at 22 �C.

This prediction falls far short ( � 1000� ) of the
measured relaxation times, and it fails to account for
the strong T dependence observed in �. Although fully
extended polypeptides may relax on the nanosecond
ideal-chain time scale, �z (as perhaps occurs in MD
studies or in elemental helix formation [10]), the more
complicated process of reorganizing a polypeptide into a
compact configuration evidently entails a far slower time
scale. Energetic and entropic costs for burying hydro-
phobic surface may play a role, even in the nonfolding
peptides. Furthermore, ideal-chain models do not take
account of potential energy barriers to bond rotation in
168103-3



P H Y S I C A L R E V I E W L E T T E R S week ending
25 APRIL 2003VOLUME 90, NUMBER 16
the chain backbone, the energetics of contact between
sequence-distant residues, accessibility of void space in
the solvent, and other such forces affecting the chain [11].
This suggests that most denatured polypeptides probably
cannot explore their compact configurations at rates much
faster than those observed here; the very fastest (i.e.,
lowest barrier) folding phenomena observed in complete
proteins in fact play out on the �10�5 s time scale [10,12].

Our results show that the equilibrium stability of the
native state does not control the collapse/expansion dy-
namics of a polypeptide: even destabilized, nonfoldable
chains can encounter substantial barriers to expansion
and contraction. This finding sheds a useful light on the
controversy over the specific vs nonspecific character of
fast polypeptide collapse. Several lines of evidence now
show that proteins such as cytochrome c pass over a
free-energy barrier while rapidly collapsing to a compact
form. If classifying this process as specific or nonspecific
rests on the question of whether nativelike intrachain
contacts form, i.e., if it implicitly assumes that nonfold-
ing molecules cannot possibly collapse specifically, then
the classification does not allow for all the possible sce-
narios, including barrier-limited collapse of molecules
that lack any stable native structure. Understanding
the physical origin of these dynamics will involve more
than just categorizing them as specific or nonspecific.

Along these lines, several authors have proposed that
the compaction of any polypeptide may favor the devel-
opment of weak secondary structure, and that the extent
of the ‘‘burst phase’’ contractions seen in proteins corre-
lates with the increase of secondary structure content
[13]. Thus the formation of small amounts of secondary
structure may generate a free-energy obstacle to any
compaction, in either folding or nonfolding chains; in
this case, suitable time-resolved studies will find some
evidence of structure formation during even the fastest
protein collapse events.
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