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ABSTRACT How fast can a protein fold? The rate of
polypeptide collapse to a compact state sets an upper limit to
the rate of folding. Collapse may in turn be limited by the rate
of intrachain diffusion. To address this question, we have
determined the rate at which two regions of an unfolded
protein are brought into contact by diffusion. Our nanosec-
ond-resolved spectroscopy shows that under strongly dena-
turing conditions, regions of unfolded cytochrome c separated
by -50 residues diffuse together in 35-40 ,us. This result leads
to an estimate of -(1 us)- I as the upper limit for the rate of
protein folding.

Recent advances in the study of protein folding on the sub-
millisecond time scale (1-7) and the observation of very rapid
folding in many systems (8-17) raise an important question:
how fast can a protein fold? The energy landscape theory of
Wolynes and coworkers (18, 19) indicates that some proteins
may fold without encountering a thermodynamic barrier, so
that the folding rate is limited only by the speed of collapse to
a compact structure. If regions of the polypeptide chain come
into contact by diffusion (20-22), then the rate of intrachain
diffusion provides the upper limit to the rate of collapse. We
have studied this limit experimentally by determining the rate
of diffusional contact formation between two regions of an
unfolded protein. This rate may be seen as a unimolecular
analogue to Smoluchowski's diffusion-limited rate for the
bimolecular reaction of molecules free in solution, and it also
allows us to estimate an upper limit for the rate of protein
folding.

Jones et al. (1) measured the rate at which the heme of
unfolded cytochrome c binds the methionine residues that are
located 50-60 positions away on the 104-aa chain. To deter-
mine from this the rate of intrachain diffusion of the heme and
ligand, we measured the rate of bimolecular binding of free
methionine to the heme iron of a cytochrome c peptide. Our
analysis is based on the two-step description represented by
Fig. 1. In this model, the heme and ligand first diffuse together
until they share a small reaction volume, forming an encounter
complex. This encounter complex is identical to the geminate
complex produced by photodissociation of a heme-ligand pair:
it either dissociates (at a rate kD-), or reacts (at the geminate
rate kgem) to form a covalent complex. In the steady-state
approximation, the overall rate of binding is k,0, where

l/kon = l/kD+ + l/(Kkgem) [1]

K kD+/kD- is the equilibrium constant for forming the
encounter complex. Eq. 1 can also be obtained from the theory
of partially diffusion-controlled reactions (23, 24). We assume
that the two-step description and Eq. 1 apply both to a
unimolecular heme-ligand reaction-the reaction between

two chemical groups residing on the same polypeptide chain-
and to a bimolecular reaction-the binding of the heme to a
ligand that is free in solution. AlthoughK and kD+ are expected
to be very different in the two cases, kgem is presumed to be the
same. Applying Eq. 1 to both the unimolecular and bimolec-
ular reactions then allows us to calculate the intrachain
diffusion rate k1;+' from the experimentally determined bimo-
lecular and unimolecular rates, kb, and k,W, respectively. Wang
and Davidson (25, 26) used a similar approach to show that ring
closure of lambda DNA is reaction-limited (i.e., kon Kkgem).

MATERIALS AND METHODS
Jones et al. (1) measured kni for the formation of heme-ligand
intrachain complexes of cytochrome c unfolded in 5.6 M
guanidine hydrochloride (GuHCl) at 40°C. They photodisso-
ciated the heme-carbon monoxide complex and used nano-
second-resolved spectroscopy to show that the heme, which is
covalently attached to His-18, binds Met-65 and Met-80 (the
native heme ligand) at a unimolecular rate kUn (40,us)il. To
determine k1S+ from this result, we measured the bimolecular
rate kb,' for the binding of free methionine to the heme of
cytochrome c.
We eliminated competing intramolecular ligand-binding

reactions by studying methionine binding to an 11-residue
heme peptide obtained by enzymatic digestion of horse cyto-
chrome c. The peptide, known as microperoxidase, consists of
residues 11-21 of the intact cytochrome, including the heme
group covalently attached to residues Cys-14, Cys-17, and
His-18. Under pseudo first-order conditions (i.e., at ligand
concentrations of -5-100 mM and peptide concentrations of
-100 ,xM), bimolecular binding to the heme of microperoxi-
dase occurs rapidly, at rates of 106 to 107 s-1. At lower ligand
concentrations the peptide aggregates, which rules out
stopped-flow studies of ligand binding. To study the rapid
rebinding, we used a nanosecond laser pulse to photodissociate
the microperoxidase-methionine complex and then observed
rebinding by collecting time-resolved absorption difference
spectra in the heme Soret region (-390-450 nm). Under each
set of solution conditions, we collected -50 spectra at loga-
rithmically spaced time intervals from t = -10 ns to t = +30
,us after the photolyzing laser pulse. We analyzed these spectra
by singular value decomposition, which shows that the time-
dependent spectral changes following photolysis essentially
consist of a single, exponential relaxation to the equilibrium
spectrum. The nanosecond-resolved spectrometer (27) and the
singular value decomposition method of data analysis (28)
have been U'scribed elsewhere. The microperoxidase samples
contained 100 ,uM peptide and 12.5-100 mM N-acetyl-L-
methionine in 5.6 M GuHCl, pH 6.5/0.1 M phosphate, sealed
anaerobically within a quartz cuvette.
The photolysis yield was 6-7%. The bimolecular rebinding

of methionine can be observed with greater signal-to-noise in
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FIG. 1. The two-step model for ligand binding by a heme on a
polypeptide. The heme and ligand diffuse together at a rate kD+ to
form the "encounter complex," which then either separates (rate kD-)
or reacts ("geminate" rate kgem) to give the covalent complex. (The
covalent complex dissociates spontaneously at a rate kdi55 << kgem.) The
model is shown for the unimolecular reaction (Upper) and the bimo-
lecular reaction (Lower).

the presence of carbon monoxide (CO), although with more
complicated kinetics. The CO binds tightly to the heme at
equilibrium but is easily photolyzed, resulting in large spectral
changes as free methionine binds to the heme after photolysis.
The rate of methionine binding in such experiments is con-
sistent with the data presented here, and the observed overall
dissociation rate is consistent with the results of Jones et al. (1)
and with our estimated chain relative diffusion constant (see
below) D 4 x 10-7 cm2/s (unpublished results).

RESULTS AND DISCUSSION
Fig. 2 shows the spectrum of the methionine complex (at 100
mM methionine) together with that of the photoproduct at 10
ns. The photoproduct spectrum is identical to the spectrum
obtained by Jones et al. (1) for the photodissociated CO
complex of unfolded cytochrome c. It is the spectrum of a
five-coordinate deoxyheme like deoxymyoglobin, indicating
that His-18 remains bound to the proximal side of the heme
iron after photolysis. The subsequent rebinding of methionine,
observed as a decrease in the amplitude of the difference
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FIG. 2. Equilibrium spectrum (dotted line) and spectrum of the
10-ns photoproduct (solid line) of the N-acetyl-L-methionine complex
of microperoxidase. Also shown is the deoxyheme spectrum observed
by Jones et al. (1) after photolysis of the CO complex of cytochrome
c (dashed line). The optical density scale is that of the microperoxidase
photoproduct, with the other two spectra scaled to the correct relative
amplitude.
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FIG. 3. Time-dependent amplitude (normalized to unity for time
t 0> ) of the absorption difference spectrum after photodissociation
of the heme-methionine complex by a 10-ns laser pulse at 533 nm.
Data shown are for methionine concentrations of 12.5 mM (0), 25 mM
(-), 50 mM (-), and 100 mM (A), in 5.6 M GuHCl, pH 6.5/0.1 M
phosphate at T = 40°C. The amplitudes of the difference spectra can
be fit to a single exponential decay (solid lines). (Inset) The rate
obtained from the exponential fit is proportional to the free methio-
nine concentration, as expected for bimolecular, pseudo first-order
rebinding.

spectrum, consists of a single exponential phase (Fig. 3). The
rate of the exponential is proportional to the free methionine
concentration (Fig. 3 Inset), with a slope equal to the bimo-
lecular binding rate, kon- 1.8 x 108 M-1 s-I at 40°C. We
combine this rate with Eq. 1 [and the data of Jones et al. (1)]
to calculate the intrachain diffusion rate of unfolded cyto-
chrome c.

Because this bimolecular rate is nearly diffusion-limited,t
one may expect that the unimolecular heme-methionine re-
action is rate-limited by intrachain diffusion. In fact, an
analysis of the observed rates shows that kbo is large enough
that, even if it is reaction-controlled, the unimolecular reaction
must still be dominated by intrachain diffusion. Using Eq. 1, we
calculate the intrachain diffusion rate kD+ of the polypeptide.
From the bimolecular form of Eq. 1, 1l/Kbikgem = 1/ko -
1/kDb+, whereas from the unimolecular form, l/k1u' = 1 /k"'
- 1/Kunikgem. Because kgem is presumed to be the same for the
unimolecular and bimolecular reactions, we can eliminate it
from these two equations, giving

ll/kuni = 1 /kIku - (Kbi/Kuni)(1 /k,- i/kb ) [2]

The terms on the right-hand side are either known from
experiment or can be estimated. kVi+ lies within the range 0 c
l/b+ c<Iko/ko. For small reaction volumes, Kbi/Kuni -
fdrexp[- U(r)/kBfl, where U(r) is the potential of mean force
between the heme and its ligand. If the chain adopts a random
coil configuration, the ratio of equilibrium constants is KIil/Kuni
= (2(r2)r/3)312, which has been called the Jacobsen-
Stockmayer factor (25, 26, 30). Here (r2) is the mean-squared
separation between the heme and ligand.t We consider the

tThe bimolecutar encounter complex forms at the Smoluchowski
diffusional rate, ke+ = 2IrDoa 6 x 108 M-1s-1. Here Do is
essentially the free methionine diffusion constant (10-5 cm2/s)
and a 1.5 A is the effective reaction radius. The value of a, which
is smaller than typical for the sum of Smoluchowski reaction radii, was
obtained by Miers et al. by modeling geminate binding of CO to heme
(29). The above Smoluchowski rate has been reduced by a factor of two
because methionine binds only to the distal side of the heme.
Stereochemical factors that reduce the rate of diffusion-controlled
reaction between the heme and ligand are incorporated by shrinking
the value of a.
lFor a wide variety of proteins unfolded in 6 M GuHCl at 20°C, the
dimension of the unfolded molecule scales with the number of residues
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heme-Met-80 reaction, for which () - (85 A)2, although the
final result is nearly identical for the heme-Met-65 reaction.
Eq. 2 then gives 1/kr0g = 34-40 ,us, where the range in kgj'{
reflects the range of possible values for kbD+. Note that this
argument does not require a microscopic model or estimate for
k j+, although the range of values calculated for k'"+{ does
depend on the ratio of equilibrium constants Kbi/Kuni. Of the
40 As required for the heme to bind to a residue located 62
positions away, we find that 35-40 ,us represents the formation
of the encounter complex.§ Thus we obtain the characteristic
time scale, 1/kgUD35-40 p,s for the diffusion-controlled
formation of a =60-residue loop in an unfolded polypeptide.

This result represents the first experimental determination
of the time scale for contact formation between two regions of
an unfolded polypeptide. Can we relate this to the rate of
collapse of a random coil to a compact structure? Although a
number of theoretical models have been proposed (e.g., refs.
20-22 and 37), unfortunately the actual mechanism of
polypeptide collapse remains unknown. Even for homopoly-
mers, the process of collapse remains poorly understood.
Ostrovsky and Bar-Yam (38) proposed that hydrophobic col-
lapse of a homopolymer occurs essentially through intrachain
diffusion, whereas de Gennes (39) and Grosberg et al. (40)
described hydrophobic collapse as a hydrodynamically con-
trolled crumpling.

In spite of these uncertainties, it seems to us that a polypep-
tide cannot collapse to a compact structure faster than a small
loop can form. To obtain the rate for such loops, we can scale
our measured rate using the simplest theory for diffusion-
controlled contact formation in a polymer (24). For a random
coil polypeptide, this theory predicts that loops of n residues
form at a rate proportional to n-3/2. From a survey of protein
structures, Leszczynski and Rose (41) have found that the
shortest loops in proteins contain -6-10 residues, which would
then be expected to form in -1-3 ,us. The equilibrium theory
of Thirumalai and coworkers (42, 43) predicts that the fastest
loops (-10 residues, shorter loops forming more slowly be-
cause of chain stiffness) form 30-40 times faster than loops of
50-60 residues, again suggesting a minimum time of -1 ,us.
Thus we conclude that -106 S-1 should be an approximate
upper limit on the rate of collapse of a random coil protein to
a compact structure.

Finally, we suggest that the mechanism of protein collapse
and an upper limit for its rate have biological significance. The
hydrophobic residues of polypeptides synthesized in vivo must
be concealed rapidly if aggregation is to be prevented in
unchaperoned proteins. Once a molecule is compact, with no
"sticky" hydrophobic patches on its surface, formation of the
native structure may proceed more slowly. A successful se-
quence must not only form a functional folded structure but
must also collapse rapidly.

as if the chain were a random coil (31). That is, the mean-squared
separation between residues separated by n positions is given by (F2)
Cnl2, where I = 3.8 A is the distance between a-carbon atoms of
adjacent residues and Cn - 8 is the observed value of Flory's
characteristic ratio (32) in 6M GuHCl. Therefore, we expect (r2) (85
A)2 for n = 62.
§With this value of ke+, we can use the Smoluchowski-equation model
of Szabo et al. (24) to estimate the diffusion constant D for the relative
motion of two positions on a polypeptide chain. The relation (24) keYf
- 3Da(3/21r)112/(r2)3/2 indicatesD 4 x 10-7 cm2/s, which is -20

times smaller than the expected monomer diffusion rate Do -0-5
cm2/s. Our estimate for D is consistent with the only other experi-
mental data on end-to-end diffusion of polypeptides. Haas and
coworkers have used intrachain fluorescence energy transfer to study
the equilibrium distribution of end-to-end distances rand the diffusion
constant D. For a 20-residue segment of protein unfolded in 6 M
GuHCl at 22°C, they find D 4.7 x 10-7 cm2/s (33-36).

We thank Abel Schejter, Peter Wolynes, and Robert Zwanzig for
helpful discussion.
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