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How fast can a protein fold? The rate of initial collapse from the unfolded state to a compact structure
provides one upper limit to the folding rate. Although hydrophobic collapse of heteropolymers is not well
understood, its rate may be controlled by the rate at which contacts form between distant parts of an unfolded
polypeptide chain. The rate of this intrachain diffusion has not been measured directly. However, information
about that time scale is contained in the experimental results of Joneset al. (Proc. Natl. Acad. Sci. U.S.A.
1993, 90, 11860), who triggered the folding of reduced cytochromec by nanosecond photolysis of the carbon
monoxide complex. Joneset al. found that the methionine residues at positions 65 and 80 bind to the heme
at position 18 at a rate of (40µs)-1, while the histidine residues at positions 33 and 26 bind at a rate of (400
µs)-1. To identify the separate contributions of chain dynamics and chemical bond formation (i.e. the geminate
binding rates) to the observed rates, we have used nanosecond-resolved absorption spectroscopy to determine
the bimolecular and geminate rates for free methionine and histidine binding to the hemepeptide of cytochrome
c under the solvent conditions of Joneset al. The rate of his33 (and his26) binding to the heme of the intact
polypeptide appears to be limited by a slow geminate rate and by the equilibrium probability that the required
loop will form spontaneously. In contrast, the binding of met65 and met80 is rate limited only by the diffusion
of the polypeptide chain to form an encounter complex. The (40µs)-1 rate observed by Joneset al. therefore
allows us to calculate the met80-his18 intrachain diffusion ratekD+ ≈ (35-40 µs)-1. From this result we
estimate that the smallest intrachain loops in a polypeptide will form in no less than∼1 µs. This may set a
limit of ∼106 s-1 on the rate of collapse of the polypeptide chain under folding conditions. We also use the
theory of Szaboet al. (J. Chem. Phys.1980, 72, 4350) to calculate the relative diffusion constantD of the
heme and methionine residues, obtaining a valueD ≈ 4 × 10-7 cm2/s.

Introduction

Recent advances in the study of protein folding on the
submillisecond time scale1-3 and the observation of very rapid
folding in many systems4,5 raise an important question: how
rapidly can a protein fold? Energy landscape theory6 suggests
that conditions exist under which some proteins may fold
without encountering a thermodynamic barrier, so that folding
is limited only by the speed of collapse to a compact structure.
The mechanism of heteropolymer collapse is poorly understood,
however, and its rate cannot be predicted by existing theory. If
collapse requires regions of the polypeptide chain to come into
contact by diffusion, then the rate of intrachain diffusion
provides an upper limit to the rate of collapse, and therefore to
the rate of folding. Estimates of the intrachain diffusion rate
have appeared from time to time on the basis of simple
arguments.7-9 Intrachain contacts are believed to form within
microseconds, while subsequent stages of folding may proceed
at far slower rates. We have measured the rate at which contact
occurs between sites separated by 50-60 residues on the chain
of unfolded cytochromec. By extrapolating this rate down to
the limit of the shortest intrachain loops, we are able to estimate
the maximum speed of collapse and folding of a polypeptide.
To resolve the rapid rebinding, we utilize the optical trigger

for folding employed by Joneset al.1 Those authors greatly
enhanced the time resolution of folding studies by using a
nanosecond laser pulse to photodissociate a carbon monoxide
(CO) ligand from the heme group covalently attached to
unfolded cytochromec. With the CO dissociated, the heme is
free to bind the methionine or other residues on the chain, and
folding of the polypeptide can occur.

The experiment of Joneset al. was performed at 40°C, pH
6.5, in both 5.6 and 4.6 M guanidine hydrochloride (GuHCl).
In the presence of CO the protein is completely unfolded in
both solvents, as judged by circular dichroism and fluorescence
spectroscopies.1 Upon CO dissociation, the protein remains
unfolded in 5.6 M GuHCl, while in 4.6 M GuHCl more than
95% of molecules are in the native conformation at equilibrium.
Measurements of the fluorescence quenching of tryptophan by
the heme10 show no evidence of collapse to a compact structure
prior to the rebinding of CO at∼1 ms which aborts the folding
process. The native conformation appears with a time constant
of about 1 s at 4.6 MGuHCl when continuous illumination is
used to prevent CO rebinding or when folding is initiated by
chemical dilution from 5.6 to 4.6 M in a stopped flow experi-
ment.1,11 The data so far suggest that at 4.6-5.6 M GuHCl
cytochromec behaves very much like a two-state system, with
an unfolded state that is near random coil and a compact, native
conformation.1,3 The slow folding, then, is presumably due to
a large thermodynamic barrier separating these states, which
results from the competition between energetically-stabilizing
contacts and configurational entropy. This simple two-state
folding is described as “scenario I” in the statistical energy
landscape theory of Wolynes and co-workers.6

Joneset al.1 did not observe the folding of cytochromec but
did observe important early events in folding. Using time-
resolved absorption spectroscopy with nanosecond lasers, they
observed the formation of both native (met80) and non-native
(met65, his33, and his26) intrachain complexes with the heme
iron at his18 at times beginning hundreds of nanoseconds after
photolysis of the CO complex. Their modeling of the time-
resolved spectra indicated that the heme complex with met65
or met80 (which cannot be distinguished by the optical spectra)X Abstract published inAdVance ACS Abstracts,January 15, 1997.
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forms in≈40 µs and dissociates in≈4 µs. The complex with
his33 or his26 (also spectrally indistinguishable) forms in≈400
µs and dissociates in≈170 µs. Thus the methionine-heme
complexes form 10 times faster than the histidine-heme
complexes, even though the histidine residues are positioned
much closer to the heme.
Joneset al. encountered two difficulties in analyzing their

experimental results. First, their assignment of the observed
(40 µs)-1 and (400µs)-1 binding rates to methionine and
histidine residues, respectively, rather than the reverse assign-
ment, was based on a comparison of the time-resolved absorp-
tion spectra obtained through kinetic modeling with reference
spectra obtained from the dimethyl sulfide and imidazole
complexes of unfolded cytochromec. In order to help confirm
these assignments, we have conducted experiments on photolysis
of the CO complex of dicarboxymethylated horse cytochrome
c in GuHCl. In the dicarboxymethylated protein, residues met65
and met80 are chemically modified to prevent their binding to
the heme iron. We find that the rapid kinetic phase at∼4 µs
(identified by Joneset al. as the time scale,τ ≈ (kon + koff)-1,
for met65 and met80 binding) is absent, while the slower∼100
µs kinetic phase (attributed to his33 or his26 binding) remains.
This result supports Joneset al.’s description of the sequence
of heme-ligand binding reactions following breakage of the
heme-CO bond.
A second difficulty encountered by Joneset al. was that the

measured complex formation rates reflect not only the diffusion
rate of the chain but also the heme-ligand bond formation.
Because the intrinsic rates for histidine and methionine binding
to the heme of cytochromecwere not known, the rates of chain
diffusion could not be obtained from the measured covalent
complex formation rates.
We therefore measured the intrinsic rates of histidine and

methionine binding to microperoxidase, a heme-containing pep-
tide that serves as an analog for the heme and nearby residues
of cytochromec. We used nanosecond-resolved absorption
spectroscopy to measure the bimolecular binding rate of free
histidine and methionine to the reduced heme peptide under
solution conditions identical to those of Joneset al. From these
bimolecular rates and the data of Joneset al., we have calculated
the rate of relative diffusion of the heme and ligand residue on
the unfolded cytochromec chain. This calculation is based on
an analogy (Figure 1) between unimolecular and bimolecular
binding of ligands to a heme on a polypeptide chain. It assumes

that the intrinsic or “geminate” ratekgem for formation of the
iron-ligand bond from an “encounter complex” (consisting of
the heme-ligand pair) is the same for the unimolecular and
bimolecular reactions. Wang and Davidson12 used a similar
approach to show that the ring-closure reaction ofλ DNA is
reaction-limited.
One might expect that the bimolecular rates could be

measured by mixing the heme peptide with free histidine or
methionine in a stopped-flow kinetic spectrometer. Unfortu-
nately, the unliganded peptide forms a slowly dissociating
aggregate13 even at 5.6 M GuHCl, making this experiment
impossible. The rebinding kinetics that follow photolysis of
the heme-ligand complex therefore offer a better means for
obtaining these rates. Since the yield for photolysis of the
methionine and histidine complexes is poor with a nanosecond
laser,14we employed a strategy first used by Gibson15 for ligand-
binding studies in hemoglobin. We formed the complex of the
heme peptide with a tightly binding but photodissociable ligand,
such as CO orn-butyl isocyanide, in the presence of excess
histidine or methionine. Upon photolysis of the complex, the
free amino acid binds transiently to the unliganded heme. Time-
resolved spectroscopy was used to measure the bimolecular rate
for this reaction.
A brief account of some of this work has already been

presented.14

Materials and Methods

To test Joneset al.’s interpretation of the intrachain ligand-
binding rates observed in unfolded cytochromec, we have
repeated their experiment with dicarboxymethylated cytochrome
c. In this case the methionine residues at positions 65 and 80
are alkylated and cannot bind to the heme iron, with the
consequence that only his26 and his33 (and the free CO) should
be observed binding to the heme. In order to make a detailed
comparison between the kinetics of the unmodified and car-
boxymethylated proteins, we chose to work at a pH significantly
above the pK (≈6.5-7) of his33 and his26; although the greater
deprotonation of the histidine residues was expected to accelerate
histidine-heme binding, it was also expected to make the
histidine-heme reaction rate less sensitive to any variations in
the pH of the samples. We therefore performed the experiment
atT ) 23 °C, pH 8.0, while Joneset al. worked atT ) 40 °C,
pH 6.5. The slightly lower temperature partially compensated
for the acceleration of rebinding. The results presented in the
next section confirm that the reaction rates under our conditions
are quite similar to those observed by Joneset al.
Horse heart cytochromec was obtained from Sigma and

dicarboxymethylated by the method of Schejter.16 The modi-
fication of met80 and met65 was confirmed by the absence of
the characteristic ferricytochromec absorption band at 695 nm.
Like Joneset al., we studied the formation of transient intrachain
complexes in the unfolded protein by collecting time-resolved
absorption difference spectra after photolysis of the unfolded
cytochromec/CO complex. Samples of cytochromec and
dicarboxymethylated cytochromec were prepared in 5.2 M
GuHCl with 1 atm of CO at pH 8.0 (phosphate 0.1 M). The
protein concentration was 100µM, and sodium dithionite (400
µM) was added to maintain the heme iron in the ferrous state.
The samples were loaded anaerobically into quartz cuvettes with
350µm path length and then sealed and placed in the transient
spectrometer (see below).
For measurements of the rate of free histidine and methionine

binding, we used the 11-residue heme-containing peptide that
is obtained by enzymatic digestion of horse cytochromec. This
peptide, available commercially as microperoxidase (Sigma

Figure 1. Two-step model for ligand binding by a heme on a
polypeptide. The heme and ligand diffuse together at a ratekD+ to form
the “encounter complex”, which then either separates (ratekD-) or reacts
(“geminate” ratekgem) to give the covalent complex. (The covalent
complex dissociates spontaneously at a ratekdiss , kgem.) The model
describes both the unimolecular reaction (upper), in which heme and
ligand are bound to the polypeptide, and the bimolecular reaction
(lower), in which the ligand is free in solution.

Intrachain Diffusion of Cytochromec J. Phys. Chem. B, Vol. 101, No. 13, 19972353



M-6756), consists of residues 11-21 together with the heme-
iron complex that is covalently attached to his18 of the intact
protein. We studied the bimolecular binding ofN-R-acetyl-L-
histidine (Sigma A-8133) andN-acetyl-L-methionine (Aldrich
85,534-0) to the heme of microperoxidase under the solution
conditions of Joneset al.1 The lyophilized peptide was
dissolved in 5.6 M guanidine hydrochloride (GuHCl), phosphate
0.1 M, pH 6.5, with free histidine (20-200 mM) or methionine
(10-100 mM) present. The peptide concentration was ap-
proximately 100µM in all experiments. The samples were
equilibrated with 1 atm of CO, and sodium dithionite was added
to a concentration of≈500 µM in order to reduce the heme
iron to the ferrous state. Samples were prepared anaerobically
and loaded into 350µm quartz cuvettes, sealed, and placed in
the transient spectrometer for reaction-rate measurements.
Figure 2 shows the equilibrium spectra of the samples.
We used flash photolysis and nanosecond-resolved absorption

spectrometry to study the binding reactions. The spectrometer
has been described in detail elsewhere.17 Briefly, it consists of
two Nd:YAG lasers generating 10 ns pulses at 1066 nm. The
533 nm second harmonic of the first laser photodissociates the
heme-ligand complex. The 355 nm third harmonic of the
second laser excites a fluorescent dye (Stilbene 420) to generate
a broad band probe source which allows transient absorption
spectra of the heme Soret region of the sample to be recorded
on a silicon vidicon detector.
Under each set of temperature and solution conditions, time-

resolved absorption difference (i.e. photolyzed minus unpho-
tolyzed) spectra were collected at times logarithmically spaced
from ∼10 ns to∼100 ms after photolysis. These spectra,
organized as a matrixa(λ,t) of absorption values in wavelength
λ and timet, were analyzed by singular value decomposition18

(SVD). SVD represents the matrixa(λ,t) as the product of three
matrices

where the columns ofU(λ) describe orthonormal basis spectra
from which the observed spectra ina(λ,t) can be constructed
and the columns ofV(t) describe time-dependent, normalized

amplitudes associated with the basis spectra. Thus, the columns
of V(t) describe the time dependence of spectral changes that
occur after photolysis. The diagonal matrixS contains the
singular values, or weights associated with each basis spectrum.
The singular values are ordered by decreasing size, so that the
first n singular values (and associated columns ofU(λ) andV(t))
provide the bestn-component least-squares fit to the full data
set. Amplitude offsets resulting from variations in the detector
dark current were removed froma(λ,t) by the method of Jones
et al.19

Results

Dicarboxymethylated Cytochrome c. By modeling the
spectral changes that follow photodissociation of the heme-
CO complex of unfolded cytochromec at pH 6.5,T ) 40 °C,
Joneset al. concluded that met65 and met80 bind to the heme
at a ratekon≈ (40µs)-1 and dissociate at a ratekoff ≈ (4 µs)-1.
Therefore methionine binding is incomplete (kon/koff ≈ 0.1) but
accounts for an exponential process in the time-resolved spectra
with a time constantτ ) (kon + koff)-1 ≈ 3-4 µs. The same
analysis found that his33 (and perhaps also his26) binds to the
heme at a ratekon ≈ (400µs)-1 and dissociates atkoff ≈ (170
µs)-1, generating a process with a time constantτ ) (kon +
koff)-1≈ 120µs. However, the analysis of Joneset al. was not
definitive. The Soret spectra of the methionine and histidine
complexes of the reduced heme are difficult to distinguish under
unfolding conditions (Figure 2), and the transient heme spectra
observed in the experiment of Joneset al. did not perfectly
match those of model compounds. Joneset al. therefore could
not establish with certainty that the 3-4 µs process is due to
methionine (as opposed to histidine) binding to the heme and
that the 120µs process is due to histidine (Vs methionine)
binding. If the analysis of Joneset al. is correct, the rapid
(approximately a few microseconds) process will be present in
the photolysis spectra of unfolded cytochromec/CO but not in
the spectra of the dicarboxymethylated cytochromec/CO, while
the slower (∼100µs) process will be present in both data sets.
Figure 3 gives a simple demonstration of the early spectral

changes observed in our photolysis study of cytochromec/CO
unfolded in 5.2 M GuHCl at pH 8,T ) 23 °C. For both the
carboxymethylated and unmodified protein samples, the figure
compares the Soret absorption difference spectrum at timet after
photolysis with the initial (t ) 10 ns) spectrum. The sum-of-
squares difference between the spectrum att and the initial
spectrum (normalized to the same amplitude as the spectrum at
t) is calculated as a function oft. The figure therefore
accentuates changes in the shape of the absorption difference
spectrum during ligand rebinding. Both samples are seen to
exhibit major spectral changes with time constants of∼100µs
and∼2 ms. These can be attributed to the formation of the
heme-histidine complex, followed by the displacement of the
histidine ligand by CO. However, Figure 3 also shows that
the unmodified cytochromec sample exhibits an additional,
early (approximately a few microseconds) spectral change just
prior to the larger change at∼100µs. The dicarboxymethylated
cytochromec sample does not exhibit this early process.
Because the only difference between the two samples is the
carboxymethylation of the methionine residues in the second
sample, we conclude that transient binding of the methionine
residues to the heme iron is responsible for the small ampli-
tude process occuring within a few microseconds in the
unmodified sample. This appears to confirm the rate assign-
ments of Joneset al. for the intrachain ligand binding events
that follow photodissociation of the CO ligand from unfolded
cytochromec.

Figure 2. Spectra of heme complexes in 5.6 M GuHCl, pH 6.5,T )
40 °C: deoxyheme spectrum is from unfolded cytochromec1; dashed-
line spectra are equilibrium spectra of the heme peptide (100µM)
measured in the presence of 1 atm CO, 78 mMN-acetyl-L-methionine,
or 234 mMN-R-acetyl-L-histidine, as labeled; solid-line spectra labeled
CO and methionine are calculated spectra for the pure CO and
methionine complexes, obtained from the transient spectra observed
following photodissociation of a heme peptide/N-acetyl-L-methionine/
CO sample (see Appendix A). The equilibrium methionine spectrum
is broader than the methionine-complex spectrum, most likely because
in 78 mMmethionine the methionine-liganded and deoxyheme are both
present.

a(λ,t) ) V(t) S UT(λ)
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Figures 4-6 present a more detailed analysis of the data.
Figure 4 shows the significant spectral componentsUi(λ) (i )
1-3) obtained from SVD of our photolysis data for cytochrome

c/CO and dicarboxymethylated cytochromec/CO, and for the
data of Joneset al. (i.e. cytochromec/CO at 40°C in 5.6 M
GuHCl, pH 6.5). The first two componentsU1(λ) andU2(λ)
are very similar for all three data sets, since in all three samples
similar reactions occur upon photodissociation of the CO
complexsi.e. formation of a deoxyheme which transiently binds
histidine (or methionine) before rebinding COsand because the

Figure 3. Evolution of the time-resolved photolysis difference spectra
of unmodified (open circles) cytochromec and dicarboxymethylated
(solid circles) cytochromec unfolded in 1 atm CO, 5.2 M GuHCl, pH
8.0, atT) 23 °C. For each experimental timet (and for each sample),
we scaled the initial (t ) 10 ns) difference spectrum so that it had as
nearly as possible the same amplitude as the photolysis difference
spectrum observed att. We then subtracted this scaled spectrum from
the observed difference spectrum to obtain a new difference spectrum
∆(λ,t). ∆(λ,t) measures the difference in the shape (as opposed to the
amplitude) of the spectrum att relative to that att ) 10 ns. The figure
shows the sum-of-squares magnitude of∆(λ,t) (i.e. ∑λ(∆(λ,t))2) as a
function of t, indicating the time scale of changes in the shape of the
sample spectra. The unmodified sample appears to exhibit an additional
early (τ < ∼10 µs) spectral change. This is presumably due to
methionine binding to the deoxyheme, as suggested by Joneset al.1

The insets show the double-difference spectrum (i.e. the simple
difference between the absorption spectrum att and at 10 ns) for
unmodified cytochromec (solid curve) and carboxymethylated cyto-
chromec (dashed curve) att ) 3.7 µs (a) and 110µs (b).

Figure 4. Significant spectral componentsUi(λ) (i ) 1-3) obtained
from SVD of the absorption difference spectra measured after photo-
dissociation of the CO complex of unfolded cytochromec: (solid curve)
unmodified cytochromec and (long dash) dicarboxymethylated cyto-
chrome c in 5.2 M GuHCl at T ) 23 °C, pH 8.0; (short dash)
unmodified cytochromec in 5.6 M GuHCl atT ) 40 °C, pH 6.5 (data
of Joneset al.1).

Figure 5. Amplitudes VS1(t)-VS3(t) associated with the spectral
components of Figure 4, for pH 6.5,T ) 40 °C data of Joneset al.
The spectral changes are dominated by three phases, as shown by a fit
of VS1(t) andVS2(t) to a sum of three exponentials (solid curves).

Figure 6. Amplitudes VS1(t)-VS3(t) associated with the spectral
components of Figure 4 for the carboxymethylated (solid circles) and
unmodified (open circles) cytochromec at pH 8.0,T ) 23 °C. The fit
(solid curve) toVS1 andVS2 is to a sum of four exponentials for the
unmodified protein and three exponentials for the carboxymethylated
protein. The fit requires that two of the time constants be the same for
both the modified and unmodified protein.
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methionine and histidine complexes of the reduced heme exhibit
similar spectra (Figure 2). The effect of carboxymethylation
is primarily visible as a slight blue shift and reduction in
amplitude of the≈418 nm peak inU2(λ). This reflects the
absence of the heme-methionine complex, whose Soret absorp-
tion peak (near 418 nm) in unfolded cytochromec is slightly
red shifted relative to the heme-histidine complex. A difference
is also visible in the third componentU3(λ), which is similar in
the samples of unmodified cytochromec but quite different for
the carboxymethylated sample. These differences confirm that
the unmodified protein undergoes a process,i.e. transient binding
of met65 and met80, that does not occur in the carboxymethy-
lated protein.
The kinetics of these spectra are analyzed in Figures 5 and

6. Figure 5 shows the amplitudesVS1-VS3 associated withU1-
U3 in the pH 6.5,T ) 40 °C cytochromec data of Joneset al.
The spectral changes are dominated by three phases, as shown
by fitting bothVS1(t) andVS2(t) to a sum of three exponentials.
The fit gives time constantsτ1 ≈ 2.8µs, τ2 ≈ 93 µs, andτ3 ≈
710µs. In the model of Joneset al., these times were interpreted
as the time constants for heme-methionine binding, heme-
histidine binding, and heme-CO recombination, respectively.
Figure 6 showsVS1-VS3 for our samples of carboxymeth-

ylated and unmodified cytochromec at 23°C, pH 8.0. As with
the spectral componentsUi(λ), the kinetics for the unmodified
protein closely resemble the data of Joneset al., confirming
that the sequence of reactions and time constants occuring under
our experimental conditions is similar to that at pH 6.5,T) 40
°C. However, the kinetics are clearly different for the car-
boxymethylated protein, as evident from the early time (t <
∼1 µs) behavior ofVS2. The kinetics of the unmodified protein
can be well-characterized by a sum of exponentials, as with
the Jones data, Figure 5. The carboxymethylated proteinslacking
a methionine-binding phasescan be fit with one fewer process.
Figure 6 showsVS1 andVS2 of the unmodified protein fit to a
sum of four exponentials with time constantsτ1-τ4 andVS1
andVS2 of the carboxymethylated protein fit to a sum of three
exponentials with time constantsτ5-τ7. For both cases, we
interpret one of the time constants as resulting from heme-CO
rebinding and two time constants as resulting from heme-
histidine binding. Heme-histidine binding is very plausibly a
biexponential process, since his26 and his33 may encounter very
different steric constraints in binding to the heme. Elo¨ve et
al.5 observed two kinetic phases in the dissociation of histidine
residues from the heme of unfolded oxidized cytochromec upon
solvent acidification. The rates for these phases differed by a
factor∼4, and site-directed mutagenesis studies indicated that
they result from distinct rates for his26Vs his33 binding to the
heme.
Because the heme-histidine kinetics should be the same for

both samples,20 we impose the constraintsτ5 ) τ2 andτ6 ) τ3.
This fit gives good agreement with the data (Figure 6) and
generates the time constantsτ1 ≈ 5.2µs, τ2 ≈ 41 µs, τ3 ≈ 334
µs, andτ4≈ 4.6 ms for the unmodified cytochromec andτ5 )
τ2 ≈ 41 µs, τ6 ) τ3 ≈ 334 µs, andτ7 ≈ 3.7 ms for the
carboxymethylated sample. The 41 and 334µs processes are
presumably the formation of the heme-histidine complex (for
which τ ≈ 120 µs in the analysis of Jones at pH 6.5,T ) 40
°C), while the∼3-5 ms phase is due to heme-CO recombina-
tion. Evidently carboxymethylation of the cytochromec
eliminates the fourth,∼5 µs phase. Since the only effect of
carboxymethylation should be to prevent the binding of met80
and met65 to the heme, we conclude that the binding of
methionine to the heme is indeed a microsecond process, as
proposed by Joneset al.

Heme Peptide. Measurement of the ligand-binding rate of
the heme peptide presents two problems. The first is that the
unliganded peptide in solution forms aggregates which dissociate
very slowly.13 This aggregation is easily detected by circular
dichroism measurements at equilibrium, since the heme-heme
intermolecular interaction within the aggregate produces an
exciton splitting of the heme Soret band. Under our solution
conditions, aggregation is not observed once the heme binds a
ligand such as histidine, methionine, or carbon monoxide.
A second problem, however, is that with a 10 ns laser pulse

the probability of photolyzing the heme-histidine and heme-
methionine complexes is found to be small, roughly∼6% for
heme-methionine ande1% for heme-histidine. Although the
photolysis yield for heme-methionine is large enough to allow
measurement of the bimolecular rebinding rate,14 the yield for
heme-histidine is too small. The small yield may indicate that
photoexcitation of the heme-histidine electronic system results
in a rapid radiationless transition to the ground state, rather than
photodissociation. It may also indicate that the proximal
histidine (his18) rather than the extrinsic ligand is dissociated
by the light pulse and rebinds during the 10 ns photolysis pulse.
Because direct photolysis of histidine and methionine was

inefficient, we undertook a ligand-replacement experiment. Here
a small amount of an additional, tighter-binding but photodis-
sociable ligand L is added to a heme peptide solution containing
excess histidine or methionine. L replaces the free amino acid
as the dominant heme ligand at equilibrium but is readily
photodissociated by a 10 ns laser pulse. The laser pulse
displaces L, and the free amino acid, present in high concentra-
tions (∼10-200 mM), binds to the heme. This generates an
easily observable spectral change. At longer times the ligand
dissociates from the heme and is replaced by L, again producing
a spectral change. From the rates associated with the observed
spectral changes, both the dissociation and binding rates for
methionine and histidine may be calculated.
We found that n-butyl isocyanide (BuNC) and carbon

monoxide (CO) are both suitable choices for the photolabile
ligand L in this experiment. Equilibrium circular dichroism
studies of heme peptide samples prepared with CO or BuNC
(in 5.6 M GuHCl at pH 6.5) confirmed that the peptide was
not aggregated. We will not present here the photolysis data
from all experiments.21 Instead we discuss only the data
obtained for the histidine-CO and methionine-CO samples.
Figure 7 shows the SVD of the photolysis spectra for heme-
histidine-CO atT ) 40 °C. Two major phases are evident in
the spectral changes, and the rates associated with these phases
are related to the bimolecular heme-binding rates for histidine
and CO and the dissociation rate for histidine (see below). Figure
8 shows the SVD of the photolysis spectra for heme-
methionine-CO atT) 40°C. Again the rates of the two major
processes are related to the ligand binding and dissociation rates.
Figure 9 shows the Soret absorption spectrum of a heme-

peptide/methionine/CO sample at equilibrium and after pho-
tolysis by a 10 ns laser pulse. Figure 9 also shows representative
photoproduct spectra for a methionine-heme-CO sample.
Immediately after photodissociation of the heme-CO complex,
the sample exhibits a broad, five-coordinate heme spectrum
centered near 425 nm. As expected, this is a deoxyheme
spectrum like that of deoxymyoglobin, in which the proximal
histidine is the single axial ligand of the heme iron. This
photoproduct evolves with time to form the intermediate (t ∼
10µs) spectrum shown. Comparison to the equilibrium spectra
in Figure 2 indicates that the sample at 10µs represents an
equilibrium between the methionine-heme complex and the
deoxyheme,i.e. that N-acetylmethionine has bound to the
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deoxyheme. At longer timest ∼ 1-100 ms, the methionine
ligand is replaced by CO and the equilibrium spectrum is
recovered. A similar sequence of spectral changes is observed
with the histidine-heme-CO samples.
Calculation of the Bimolecular Reaction Rates.The rates

of methionine and histidine bimolecular binding and dissociation
are obtained from the SVD amplitudes. We use the following
scheme to describe the bimolecular heme ligation reactions that
follow photolysis

Here L representsN-acetylmethionine orN-acetylhistidine,k1
andk2 are bimolecular binding rates, andk3 is a unimolecular
dissociation rate. IfL0 . H0 andC0 . H0, whereL0 ≈ 10-
200 mM, C0 ∼ 1 mM, and H0 ≈ 100 µM are the total
concentrations of free amino acid, CO, and heme respectively,
the kinetic equations associated with eq 1 can be greatly
simplified. The time course of each species concentration after
photolysis att ) 0 is then well approximated by a sum of two
exponential functions, with rates 1/τ1 and 1/τ2 that are simply
related22 to the ratesk1, k2, andk3. If in addition k2L0 + k3 .
k1C0 (i.e. the heme-amino acid system attains equilibrium much
faster than does the heme-CO system),τ1 and τ2 further
simplify to

The first and second SVD amplitudes in the experimental data,
V1(t) andV2(t) (Figures 7 and 8), are dominated by two phases,

Figure 7. SVD of the time-resolved difference spectra of heme peptide/
CO/N-R-acetyl-L-histidine in 5.6 M GuHCl, pH 6.5, atT ) 40 °C.
The spectra for four samples (at histidine concentrations 20, 50, 100,
200 mM) are analyzed together so that a single set of component spectra
Ui(λ) is obtained. The first two amplitudes (i.e. first two columns of
the matrixVS) VS1(t) andVS2(t) are almost sufficient to describe all
the observed spectral changes following photolysis; the third and higher
amplitudes aree2-3% as large and are dominated by noise.

heme+ CO98
k1
heme-CO (1)

heme+ L {\}
k2

k3
heme-L

Figure 8. SVD of the time-resolved difference spectra of heme peptide/
CO/N-acetyl-L-methionine in 5.6 M GuHCl, pH 6.5, atT ) 40 °C. As
in Figure 7, the spectra for four samples (at methionine concentrations
10, 25, 50, 100 mM) are analyzed together so that a single set of
component spectraUi(λ) is obtained.

Figure 9. Absorption spectra of a heme peptide/CO/N-acetyl-L-
methionine sample before and after photolysis by a 10 ns laser pulse.
The initial spectrum (solid curve) is essentially that of the CO-heme
complex, while the immediate photoproduct (short dashes) exhibits the
high-spin spectrum of deoxyheme (cf.Figure 2). Free methionine binds
to the deoxyheme, and by∼10µs (long dashes) the methionine-heme
complex is at equilibrium with the deoxyheme. At longer times, CO
displaces methionine as the heme ligand. The sample contained 100
µM heme peptide (microperoxidase) in 5.6 M GuHCl, pH 6.5, 1 atm
CO, 10 mMN-acetyl-L-methionine, atT ) 40 °C.

τ1≈ 1/(k3 + k2L0) (2)

τ2≈ (1+ k2L0/k3)/(k1C0)
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i.e. by a fast and a slow relaxation.23 We fit these SVD
amplitudes to a sum of exponentials,i.e. at each ligand
concentration and temperature, columni (i ) 1, 2) of the matrix
VS is fit to a biexponential,Vsi ) Ai exp(-t/τ1) + Bi exp(-t/
τ2). Figures 10 and 11 show representative fits toVs1 andVs2
for histidine and methionine experiments. Figures 12 and 13
show that the timesτ1 and τ2 associated with the two phases
vary inversely (τ1) or linearly (τ2) with the amino acid
concentration, as expected from eq 2. For each ligand (me-
thionine and histidine), we obtain four values ofτ1 and four
values of τ2 by studying rebinding at four different ligand
concentrations. A three-parameter fit to the 1/τ1 andτ2 data at
each temperature, through eq 2, therefore givesk1C0, k2, and
k3. Figures 12 and 13 show the fit to eq 2 for the methionine
and histidine experiments. Table 1 gives the results of both
fits. The fits determine the methionine binding (and dissocia-
tion) rates to within∼5%; the histidine rates are determined to
within ∼10% (atT ) 22 °C) or∼25% (atT ) 40 °C). (These

error margins give a 50% increase in the sum of squares in the
fits to 1/τ1 andτ2.) In all cases our initial assumptionk2L0 +
k3 . k1C0 is satisfied by the observed rates (k1C0 e 2× 103/s).
Alternative Determination of the Equilibrium Constants.

Above we used the kinetics of spectral changes to evaluate the
ligand-binding rates. Although the changes in the kinetics that
result from changes in ligand concentration are consistent with
the model of eq 1 and Figure 1, the purely kinetic analysis does
not directly test that the observed spectral changes are as
expected from the scheme of eq 1. While Figure 9 does
demonstrate that the transient spectra appearing in the heme-
peptide/methionine/CO sample are as expected for eq 1, we
confirmed our interpretation of the data by modeling the time-
dependent heme-peptide/methionine/CO difference spectra in
detail. This procedure, which is explained in Appendix A,
generates absolute spectra for the transient heme complexes that
form after photodissociation of the heme-CO complex and
confirms the equilibrium binding constant obtained above from
fits to the kinetics. The absolute spectra that we calculate
closely resemble (Figure 2) the heme-CO and heme-methion-
ine spectra, as expected. The equilibrium constants obtained
by this procedure,K ≈ 97 M-1 atT ) 22 °C andK ≈ 74 M-1

at 40 °C, are close to the valuesK ≈ 140 and 150 M-1,
respectively, obtained from the kinetics.

Discussion

Joneset al.1 studied the rates of intrachain heme-ligand
reactions that occur in the unfolded state of cytochromec. In

Figure 10. SVD amplitudesV1(t) andV2(t) for time-resolved difference
spectra of heme peptide/CO/N-R-acetyl-L-histidine samples after pho-
tolysis. Data are shown for 50 and 200 mM histidine. For each ligand
concentration,VS1 andVS2 were simultaneously fit to biexponential
functions (solid curves) to obtain the time constantsτ1 andτ2 that are
characteristic of the ligand-binding kinetics (see text). In the figure,
the amplitudesV1 andV2 are normalized to theirt ≈ 0 values for clarity.

Figure 11. SVD amplitudesV1(t) andV2(t) for time-resolved difference
spectra of heme peptide/CO/N-acetyl-L-methionine samples after pho-
tolysis. Data are shown for 25 and 100 mM methionine. Solid curves
show the fit to the biexponential functions, as in Figure 10. In the figure,
the amplitudes are normalized to theirt ) 0 values for clarity.

Figure 12. (A) 1/τ1 and (B) τ2 Vs histidine concentration, from the
biexponential fits to the SVD data (Figure 10) atT ) 22 °C (open
circles) and 40°C (solid circles). At each temperature, a three-parameter
fit to eq 2 generates the solid lines through the 1/τ1 and τ2 data and
gives the histidine bimolecular binding and dissociation rates (and the
CO-heme bimolecular binding rate).

Figure 13. (A) 1/τ1 and (B)τ2 Vsmethionine concentration, from the
biexponential fits to the SVD data (Figure 11) atT ) 22 °C (open
circles) and 40°C (solid circles). As in Figure 12, the solid lines are
fits to eq 2, giving the methionine-heme bimolecular binding and
dissociation rates.
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order to identify the separate roles that intrachain diffusion and
heme-ligand covalent bond formation play in these unimo-
lecular rates, we have studied the bimolecular heme-ligand
reaction rates in an analogous systemsthe binding ofN-R-
acetyl-L-histidine andN-acetyl-L-methionine to the heme of
microperoxidase. The bimolecular rate of binding to the
deoxyheme is∼400 times faster for methionine than for
histidine, suggesting that bimolecular and unimolecular me-
thionine-heme binding may be diffusion-limited, while histi-
dine-heme binding may be reaction-rate limited. In what
follows we quantify this result and calculate the rate of intrachain
diffusion of the unfolded cytochromec molecule. From this
we estimate the rate at which the smallest internal loops should
form in an unfolded polypeptide. This may provide an upper
limit for the rate of protein folding.
Model for Ligand Binding. In order to relate bimolecular

ligand binding to intrachain diffusion and binding, we use the
two-step model of Figure 1. This model can describe heme-
ligand binding and any other complex formation. For binding
to occur, the heme and ligand (either in solution or on the
polypeptide chain) must first diffuse together, at a ratekD+, to
form an “encounter complex.” The encounter complex is
identical to the geminate pair formed by photodissociation of
the covalent complex: it either dissociates (at ratekD-) or else
forms the covalent complex (at ratekgem). The heme-ligand
bond also breaks spontaneously at a ratekdiss , kgem. In the
steady-state approximation, this model gives an overall binding
rate

or

for either bimolecular or intrachain binding. HereK ≡ kD+/
kD- is the equilibrium constant for formation of the encounter
complex. Although the model of Figure 1 is a simple
representation of ligand binding, it is not an oversimplification.
For both the bimolecular and unimolecular cases, the ratekon
in eq 3 been shown to be equivalent to the rate calculated from
a detailed theory of partially diffusion-controlled reactions based
on solution of the Smoluchowski equation.9,24 We assume that
kgem is the same for both bimolecular and intrachain reaction
with the heme, whileK and the rateskD+ andkD- must depend
on whether the reacting ligand is attached to the polypeptide
chain. With this model, we can use eq 3 to calculate the chain
diffusion ratekD+

uni from the experimentally measured bimo-
lecular and unimolecular rateskon. From the bimolecular form
of eq 3

while from the unimolecular form

Therefore

In order to calculatekD+
uni from eq 4, we can obtainkonuni and

konbi from experiment andkD+
bi andKbi/Kuni from theory. For

a bimolecular reaction between spherically symmetric neutral
molecules,kD+

bi is given by the Smoluchowski rate,kD+
bi )

4πD0a, whereD0 is the relative diffusion constant anda is the
reaction radius. However, a ligand can access the reactive site
of a heme on a peptide chain only from the distal side, since
his18 occupies the proximal side of the heme. We expect that
this limited solid angle of access will reduce bothK andkD+
roughly by a factor of 2 without affectingkD-.25 The fact that
the iron atom of the heme is partially embedded in the porphyrin
ring further reduces its accessibility to the ligand. Following
Miers et al.,25 we account for these effects by usingkD+

bi )
2πD0a in eq 4 and then allowing the reaction radiusa to be a
parameter that is determined empirically. Mierset al., who
modeled binding of carbon monoxide to protoheme, found that
a ≈ 1.5 Å gives the best agreement with experiment.25

Equilibrium Constant for the Encounter Complex. Kbi

in eq 4 is easily calculated. The equilibrium constantK for
forming a heme-ligand reaction complex is given by

wherer is the heme-ligand separation,U(r ) is the potential of
mean force between the heme and ligand,V is the reaction
volume (i.e. the volume of the encounter complex), andV is
the volume accessible to the free ligand. For a bimolecular
reaction,V is the inverse of the ligand concentration. IfU ≈
0, we haveK ) V/V. To obtain the bimolecular equilibrium
constantKbi, we divideK by the ligand concentration, giving
Kbi ) V. One may then reasonably estimateV ≈ (4/3)πa3,
although since only one side of the heme is accessible to the
ligand we useKbi ) V ≈ (2/3)πa3.
Calculation ofKuni requires some assumptions about equi-

librium properties of the unfolded polypeptide. When eq 5 is
applied to the unimolecular case,V represents the total vol-
ume available to the ligand, andU reflects the conformations
adopted by the segment of polypeptide connecting heme and
ligand. We assume that this segment resembles a Gaussian
random coil,26 for which U(r)/kBT ) 3r2/(2〈r2〉). For small
reaction volumes (V , 〈r2〉3/2), Kuni ) V/∫dr exp(-U(r)/kBT) )
V/(2π〈r2〉/3)3/2. The ratio appearing in eq 4 is thenKbi/Kuni ≈
(2π〈r2〉/3)3/2. The reaction volumeV disappears from this
relation, so that uncertainty inV does not directly affect our
calculation ofkD+

uni.

TABLE 1: Measured and Calculated Rates in 5.6 M GuHCl, pH 6.5a

rate reaction T) 22 °C T) 40 °C
konbi (k2) heme+ his binding (2.7( 0.2)× 105/M‚s (4.2( 1.0)× 105/M‚s
koffbi (k3) heme-his dissoc (7.2( 0.8)× 103/s (2.6( 0.6)× 104/s
konbi (k2) heme+ met binding (1.19( 0.05)× 108/M‚s (1.93( 0.09)× 108/M‚s
koffbi (k3) heme-met dissoc (1.04( 0.06)× 106/s (1.28( 0.07)× 106/s
kgemM heme+ met geminate binding g4.3× 1010/s g1.0× 1011/s
kgemH heme+ his geminate binding ≈6.3× 107/s ≈9.7× 107/s
konuni heme+ met80/met65 binding 2.5× 104/s (Joneset al.1)
koffuni heme-met80/met65 dissoc 2.5× 105/s (Joneset al.1)
konuni heme+ his33/his26 binding 2.5× 103/s (Joneset al.1)
koffuni heme-his33/his26 dissoc 5.9× 103/s (Joneset al.1)

a Indicated errors represent a 50% increase in the sum of squares in the joint fit to 1/τ1 andτ2 Vs ligand concentration.

kon ) (kgemkD+)/(kgem+ kD-)

1/kon ) 1/kD+ + (kD-/kD+)(1/kgem) ) 1/kD+ + 1/(Kkgem) (3)

1/kgem) Kbi(1/kon
bi - 1/kD+

bi)

1/kD+
uni ) 1/kon

uni - 1/Kunikgem

1/kD+
uni ) 1/kon

uni - (Kbi/Kuni)(1/kon
bi - 1/kD+

bi) (4)

K )∫Vdr exp(-U(r )/kBT)/∫Vdr exp(-U(r )/kBT) (5)
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To calculateKbi/Kuni we therefore need to estimate〈r2〉. For
a Gaussian segment of polymer, the mean-squared separation
〈r2〉 of the end points depends on the numbern of residues as

Here l ) 3.8 Å is the distance between consecutive CR atoms
on the chain,Cn is Flory’s characteristic ratio,26 and the exponent
ν is determined by the strength of chain-solvent interactions
relative to the effects of intrachain interactions and the excluded
volume of the chain. In a “good solvent” favorable chain-
solvent interactions and intrachain interactions together expand
the polymer chain, givingν ≈ 3/5. In a poor solvent the chain
is compacted, withν ) 1/3. In a “θ solvent”, chain-solvent
interactions precisely compensate for intrachain interactions and
ν ) 1/2 as in the unperturbed chain.
Damaschunet al.27 recently used dynamic light scattering to

measure the Stokes radiusRS of a variety of proteins unfolded
in 6 M GuHCl atT ) 20 °C. They calculated the radius of
gyrationRG from RS through the relationRG ) 1.6RS and〈r2〉
from RG through the relation〈r2〉 ) 6RG2 (which is accurate as
n becomes large). Those authors found the characteristic ratio
Cn to be essentially independent of both amino acid sequence
and chain lengthn, i.e. Cn ≈ C∞ ≈ 8.1( 0.5, for 100e n e
700. They also found thatν≈ 0.50( 0.02 for proteins unfolded
under these conditions, implying that 6 M GuHCl acts as aθ
solvent for many proteins.28 Therefore, under their experimental
conditions, excluded volume does not affect the size of the
unfolded chain. Since our work and that of Joneset al. were
performed at slightly lower denaturant concentration (5.6 M)
but slightly higherT (40 °C), we assume that near-θ conditions
exist also in our experiment, so that the mean-square end-to-
end length of a chain ofn amino acid residues under our solvent
conditions is approximately

with Cn ≈ 8 for n large andl ) 3.8 Å. If this relation also
describes the mean-square distance between internal (i.e. not
just the N- and C-termini) residues on the chain, we expectL
≈ 74 Å for met65-his18 andL ≈ 85 Å for met80-his18. We
assume thatC62 is close toC100≈ C∞ ≈ 8. (For homopolypep-
tides as well as for many realistic model chains withC∞ ≈
5-10,Cn has already attained a value within∼10% ofC∞ once26

n g ∼50.) With this value of〈r2〉 we can calculate the ratio
Kbi/Kuni of eq 4.
Calculation of the Intrachain Diffusion Rates. We estimate

that the mean-squared distance between met80 and the heme
(at his18) isL2 ≈ (85 Å)2, giving Kbi/Kuni ≈ 1.9× 10-18 cm3

) 1.1× 103 M-1. Since 1/konuni≈ 40µs andkonbi ≈ 1.9× 108

M-1 s-1 at T ) 40 °C, eq 4 gives 1/kD+
uni ≈ 34-40 µs. The

range of values forkD+
uni reflects the range of possible values

for 1/kD+
bi (i.e. 0 e 1/kD+

bi e 1/konbi). We therefore conclude
that diffusion brings together the ends of this segment of
polypeptide on a time scale of 34-40µs. A similar calculation
for met65, also using 1/konuni ≈ 40µs, gives 1/kD+

uni ≈ 36-40
µs atT ) 40 °C.
We therefore calculate from the methionine data a time scale

of 35-40 µs for relative diffusion of two points separated by
50-60 residues in an unfolded polypeptide. This calculation
is based on the model of Figure 1, the measured unimolecular
and bimolecular binding rates for methionine, and the assump-
tion that the statistics of the chain are nearly Gaussian. It does
not require a microscopic model forkD+

bi, intrachain diffusion,
or the encounter complex. The ratekD+ ≈ (2.5-3) × 104 s-1

should therefore be a good indication of the characteristic time

scale required for formation of intrachain contacts in any similar
unfolded polypeptide as it attempts to fold in a denaturing
solvent. Below we use this rate to estimate the time scale for
formation of the smallest polypeptide loops.
It is more difficult to obtain information about chain diffusion

from the his33 binding rate. If we assume that the chain
segment connecting the heme with his33 acts as a Gaussian
random coil withCn ≈ 8, we expectL ≈ 42 Å, which gives
Kbi/Kuni ≈ 2.2 × 10-19 cm3 for his33-heme binding. With
konbi ≈ 4.3× 105 M-1 s-1 (Table 1) and 1/konuni ≈ 400µs, we
have (Kbi/Kuni)(1/konbi - 1/kD+

bi) ≈ 310 µs. Equation 4 then
gives 1/kD+

uni ≈ 400 - 310 ≈ 90 µs. This estimate is
insensitive tokD+

bi, sincekD+
bi ≈ 2πD0a≈ 5.7× 10-13 cm3/s

) 3.4× 108 M-1 s-1 is ∼1000 times larger thankonbi. Here
we have usedD0≈ 0.6× 10-5 cm2/s (as estimated29 for 5.6 M
GuHCl at 40°C) anda ≈ 1.5 × 10-8 cm.25 The calculated
diffusion time, 1/kD+

uni ≈ 90 µs, is unexpectedly long. From
our result for met80 and met65, we expect that the his33 residue
should diffuse to the heme within a time less than 40µs.
There are three possible explanations for this result. First,

the estimate forkD+
uni is sensitive to the values ofKbi/Kuni and

konbi, while the experimental uncertainty inkonbi (∆konbi ∼ 25%
at T ) 40 °C; see Table 1) is large. A diffusion time of∼40
µs would be calculated from eq 4 ifkonbi were∼16% smaller
than our measured value. This variation lies within our
uncertainty.
Second, it is likely that the equilibrium constantKuni is given

inaccurately by the Gaussian-chain value, since the 15-residue
length of polypeptide connecting his33 with the heme of
cytochromec is probably too short to exhibit the statistics of a
Gaussian chain. Damaschunet al.’s finding27C≈ 8 indicates
that ∼8 residues in the unfolded polypeptide comprise one
segment of the equivalent random coil: the 15-residue length
of chain between the heme and his33 therefore represents barely
two “effective” segments and therefore should not exhibit
Gaussian coil statistics. IfKuni were∼16% smaller than the
Gaussian-chain value, a diffusion time of∼40 µs would be
calculated from eq 4.
Third, the histidine geminate ratekgem measured in the

bimolecular experiment may not equal thekgem that is relevant
to the folding of cytochromec. Our experiments and those of
Joneset al. were performed at pH 6.5, near the pK of free
histidine. Because protonation of the histidine imidazole hinders
its binding to the heme iron, a small difference between the pK
of freeN-R-acetyl-L-histidine and that of the histidine residue
on the polypeptide would result in a different degree of
protonation in the bimolecular and intrachain binding experi-
ments and thus alter the measured geminate ratekgem. If kgem
were∼15-20% smaller for a histidine residue in the native
protein than for the free amino acid, owing to a slightly higher
pK, then the chain diffusion time calculated from eq 4 would
drop to a value∼10 µs. Because of these uncertainties, the
histidine-heme binding rate provides less information about
intrachain diffusion rates than does the methionine-heme
binding rate.
Calculation of the Geminate Reaction Rates.Histidine.

Although the histidine binding rates were not as well determined
as the methionine rates, we can calculate the geminate reaction
rates for binding of these ligands. For histidine, eq 3 gives
1/kgem ) Kbi(1/konbi - 1/kD+

bi) ≈ Kbi/konbi. The bimolecular
equilibrium constant is essentially the reaction volume, orKbi

) (2/3)πa3 ≈ 7.1× 10-24 cm3 ) 4.3× 10-3 M-1. Thuskgem
≈ 1.0× 108 s-1 for histidine-heme binding at 40°C. This
result is insensitive to the uncertainty inkD+

bi becausekD+
bi .

konbi.

〈r2〉 ) Cnn
2νl2

L2≡ 〈r2〉 ≈ Cnnl
2
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From the histidine ratekgem and the observed dissociation
rate koffbi ≈ 2.6 × 104 s-1 (at T ) 40 °C), we can roughly
estimate the his33-heme unimolecular dissociation rate,koffuni.
In the model of Figure 1, the total spontaneous dissociation rate
is

in the steady-state approximation. FromkD- ) kD+/K we have
kD-

bi ) 3D0/a2 ≈ 8 × 1010 s-1. SincekD-
bi . kgem, we find

koffbi ≈ kdiss, or kdiss ≈ 2.5 × 104 s-1. If kD-
uni . kgem, we

estimate the unimolecular dissociation rate askoffuni ≈ kdiss≈
(40µs)-1. Experimentally, Joneset al.1 observedkoffuni≈ (170
µs)-1 for his33. Because our experiment measureskoffbi only
indirectly, and because Joneset al.’s determination ofkoffuni

contains some uncertainty, we consider the agreement to be
satisfactory.
We find the overall equilibrium constant for formation of

the bimolecular covalent complex to bekonbi/koffbi ≈ 17 M-1 at
40 °C and 38 M-1 at 23°C. These values are smaller than the
reported equilibrium constant for imidazole binding to the
ferrous heme of dicarboxymethylated cytochromec: Schejter
et al.30 foundKimid ≈ 870 M-1 at pH 7.4 (25°C). Their higher
value forKimid may in part reflect deprotonation of the imidazole
at the higher pH. For example, if the pK of the histidine residue
is approximately 7.0, Schejter’s higher pH should result in a
∼2.5-3 times smaller degree of protonation than exists in ours.
In the simplest picture this could account for a∼2.5-3 times
greater heme-imidazole affinity than would be observed in our
experiment. Furthermore, there may be noncovalent interactions
between the imidazole and residues lining the heme pocket that
increase the affinity of cytochromec over that of the heme
peptide.
Methionine. The bimolecular binding of methionine is much

faster than that of histidine. For methionine at 40°C, eq 3 gives
a lower limit kgemg 1× 1011 s-1, where the uncertainty arises
from uncertainty inD0. The lower limit applies ifkD+

bi . konbi.
The estimatekD+

bi ) 2πD0a ≈ 3.4× 108 M-1 s-1 giveskgem
≈ 1 × 1011 s-1 at T ) 40 °C. In the case of cytochromec
peroxidase, where the heme has methionine and histidine as
axial ligands, it is believed that the methionine photodissociates
and then rebinds with a half time of 35 ps.31

Our data on the direct photolysis of the methionine-heme
complex (without CO present) allow us to estimate an upper
limit for kgem. At a methionine concentration of 100 mM (T )
40°C), the maximum amplitude of the observed spectral change
after photolysis indicates that about 6-7% of the heme ligands
are photodissociated and rebind bimolecularly.14 Given that the
photolysis laser generates a Gaussian pulse of width∼10 ns
(full width at half-maximum) with intensity sufficient to
photolyze the heme-ligand complex at a peak rate no greater
than about32 2 × 108/s, we can calculate the maximum degree
of photolysis that would result from any value ofD0 or kgem.
We integrated numerically the kinetic equations associated with
Figure 1 for different values ofkgem(or, equivalently, values of
D0, since eq 3 fixes the relation betweenD0 andkgem), and we
determined the maximum value ofkgem that is consistent with
the observed bimolecular yield. This analysis shows thatkgem
probably does not exceed∼1× 1012 s-1 atT ) 40 °C. If kgem
were larger than this value, the diffusion constantD0 would
have to be greater than∼10-5 cm2/s in order to allow sufficient
ligand escape to the solvent. If 2× 108/s were a severe
overestimate of the photolysis rate, owing perhaps to a
misalignment of the photolysis laser, thenkgem smaller than 1
× 1012/s would be required to explain the data. Therefore the
experimental data are most consistent with a geminate-binding

ratekgem for methionine to heme (in 5.6 M GuHCl atT ) 40
°C) lying in the range 6× 1010/se kgeme ∼1 × 1012/s. The
calculated upper limit is close to the rate for barrierless ligand
binding to a deoxyheme,kgem0 ≈ 5 × 1011/s, as obtained from
molecular dynamics simulations.33

We can use eq 6 and the observed dissociation rateskoff to
estimate the ratekD-

uni for breakup of the heme-methionine
encounter complex. InsertingkD-

bi ) 3D0/a2 andkoffbi ≈ 1.3
× 106 s-1 into eq 6 giveskdiss) (1 + kgem/kD-

bi)koffbi ≈ 2.9×
106 s-1. This result, together withkoffuni≈ (4 µs)-1 andkgem≈
1× 1011 s-1, in turn giveskD-

uni ≈ 9.4× 109 s-1. In the next
section we use this rate to estimate the intrachain diffusion
constantD.
Dynamics of the Polypeptide Chain.Residues met65 and

met80 make contact with the heme at a ratekD+
uni ≈ (35-40

µs)-1. It is difficult to compare this experimental rate with a
theoretical value, since dynamical properties of realistic poly-
mers are not well understood. The ratekD+

uni that controls loop
formation and intrachain reactions in peptides is described only
by approximate theories. We describe here the approach of
Szabo, Schulten, and Schulten9 (SSS), who used a Smolu-
chowski-equation method to estimatekD+ for a polymer whose
ends move with a relative diffusion constantD. This theory
provides an estimate forkD+ for a Gaussian chain and, because
K ) kD+/kD- is known for this case, also giveskD-. From our
measurement ofkD+, we can use the SSS theory to estimate
the end-to-end diffusion constantD, which has previously been
measured by fluorescence energy transfer.34-36

For a sufficiently long chain, the equilibrium distributionW(r)
of end-to-end distancesr is well approximated by a Gaussian
distribution; the theoretical problem is to determine the average
time required for the two ends to approach to within a distance
a of each other. That is, given a Gaussian distribution inr at
time t ) 0, we wish to know the mean first passage time forr
e a to occur by diffusion of the chain. Rather than consider
all the degrees of freedom of a diffusing polymer, SSS modeled
the problem as diffusion of a particle (located at positionr) on
a harmonic potential energy surface. The potential surface is
designed so that the equilibrium probability distribution inr
for the particle is identical toW(r) for the polymer. If the
particle is absorbed (i.e.undergoes a reaction) at ratekgemwhen
it reachesr ) a, then SSS found that the rate of reaction (for
a , L) can be approximated by eq 3, withkD+ ) 3Da(6/π)1/2/
L3. The equilibrium constantK is that expected for a freely
jointed Gaussian chain,K ≈ (a/L)3(6/π)1/2, so thatkD- ) kD+/K
) 3D/a2. The assumption of a Gaussian distribution, although
poor for chains of only a few segments, becomes quite adequate
(as far as this theory is concerned) once the chain has more
than about four segments.
Because the ligand can bind only to the distal side of the

heme of cytochromec, we expect thatkD+ and K are both
roughly half as great as those estimated by the SSS theory. We
therefore takekD+

uni ≈ 3Da(3/2π)1/2/L3 andKuni ≈ (a/L)3(3/
2π)1/2. Using our finding thatkD+ ≈ (2.5-2.8) × 104/s for
met80, we can estimateD. From the SSS theory, withL ≈ 85
Å, D ≈ kD+

uni (2π/3)1/2L3/(3a) ≈ 5.4× 10-7 cm2/s. A similar
calculation based on met65 instead of met80 giveskD+

uni ≈
2.6× 104/s andD ≈ 3.5× 10-7 cm2/s. Thus we obtain a fairly
direct estimate,D ∼ (4-6) × 10-7 cm2/s, for the rate of
diffusion between end points of the unfolded chain in 5.6 M
GuHCl at T ) 40 °C. We note that this value is at least 1
order of magnitude smaller than the monomer valueD0∼ 10-5

cm2/s describing diffusion of a free amino acid molecule in H2O.
The SSS theory predicts that the encounter complex will

dissociate at a ratekD-
uni ) kD+

uni/Kuni≈ 3D/a2, which is similar

koff ) (kdisskD-)/(kD- + kgem) (6)
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to the bimolecular resultkD-
bi ) 3D0/a2. Our estimatekD-

uni

≈ 9.4× 109 s-1, obtained from the heme-methionine dissocia-
tion rates (see above), then implies an intrachain diffusion
constantD ) a2kD-

uni/3≈ 7× 10-7 cm2/s. The good agreement
between our two estimates ofD demonstrates that our analysis
of the unimolecular and bimolecular reactions is self-consistent.
Only one other experimental technique has provided an

estimate ofD. Haas and co-workers34-36 have used the
nonradiative transfer of fluorescence energy to study the
equilibrium conformations and end-to-end diffusion of polypep-
tides and other polymers. In these experiments, a donor and
an acceptor group are attached to different positions on an
unfolded chain: after excitation of the donor fluorescence, the
rate of energy transfer from donor to acceptor varies strongly
with the distancer separating the two groups (i.e. as 1/r6, in
Förster theory). The fluorescence decay of the excited donor
molecules is therefore sensitive both to the equilibrium distances
between segments of the chain and to the relative rate of
diffusion of these segments. Haas and co-workers34-36 model
the experimental fluorescence decay to obtain parameters
describing the equilibrium distances and the diffusion. They
assume that the probability distributionW(r) for the distancer
between donor and acceptor obeys a Smoluchowski-like diffu-
sion equation, with a Gaussian equilibrium distribution and a
(usually) r-independent diffusion constantD.
This technique is effective for measuring equilibrium distri-

butionsW(r) for large molecules. However, one difficulty with
the method is that the diffusion constantD obtained from the
data analysis is correlated withW(r) in such a way that the
uncertainty inD may be large. A short fluorescence lifetime
for the donor may result either from rapid diffusion of the chain
or from a short equilibrium separation of the donor-acceptor
pair. This led to large uncertainty in Gottfriedet al.’s estimate35

of the rate of relative diffusion between residues 1 and 46 of
bovine pancreatic trypsin inhibitor unfolded at 35°C,D ∼ (0-
16) × 10-7 cm2/s. Nevertheless, the method has produced
estimates ofD that are consistent with our valueD ∼ (4-6)×
10-7 cm2/s, obtained by a very different technique. For the
relative diffusion of residues 104 and 125 of reduced ribonu-
clease A unfolded in 6.7 M GuHCl atT ) 22 °C, fluorescence
energy transfer indicated36 D ∼ (1.5-8) × 10-7 cm2/s.
Other Models for the Rate of Chain Diffusion. In their

diffusion-collision model of protein folding, Karplus and
Weaver7 use a more simplified description of polypeptide chain
dynamics. They consider an unfolded protein with two separate
regions that can form transient structures or microdomains such
as helices; these microdomains are modeled as diffusing spheres
tethered by a frictionless string. By solving a diffusion equation
for the relative separation of two particles, constrained by a
maximum and a minimum possible separation (i.e.by the length
of the string and the size of the spheres), Karplus and Weaver
estimate the time scale for the spheres to diffuse into contact.
The rate is7

Equation 7, which is the Smoluchowski rate for the reaction of
two tethered particles, may be obtained by multiplying the
Smoluchowski bimolecular rate 4πDRmin by the effective
concentration of reactants,i.e. the inverse of the volume (4/
3)πRmax3. In order to apply this model to the relative diffusion
of met80 and the heme of cytochromec, we use a smaller
bimolecular rate 2πDRmin, which predicts a reaction rateτ-1∼
(3/2)DRmin/(Rmax)3. Then withRmax≈ nl ) 240 Å,Rmin≈ a≈
1.5 Å, andτ ≈ 35 µs, we findD ∼ 2 × 10-5 cm2 s-1, which
is approximately three times larger than our estimate for the

diffusion constant of the free amino acid molecule (D0 ≈ 0.6
× 10-5 cm2 s-1) and∼40 times larger than theD obtained in
the SSS model. Whether or not this is a reasonable value for
the rate of diffusion of a chain, it is important to note that eq 7
arises from a very different picture of chain diffusion than was
used by SSS. Equation 7 is based on diffusion of a particle on
a “flat” potential surface, in which the equilibrium probability
distributionW(r) for the separationr does not tend toward a
Gaussian; thus the model does not take into account the entropy
of the string connecting the spheres,i.e. its tendency to form a
random coil. The SSS model includes this contribution by
placing the diffusing particle on a harmonic potential energy
surface. Both models assume that a single constantD describes
the relative motion of the chain end points at all separations.
Thirumalai and co-workers8 have also offered an estimate

for the rate of loop formation. Rather than solve a diffusion
equation, these authors use a dimensional argument to estimate
the time required for two residues on the polypeptide chain to
diffuse together. For two residues separated byn positions on
the chain, they estimate a loop formation time

Here D0 is the monomer diffusion constant andP(n) is the
equilibrium probability for formation of ann-residue loop within
the interior of a long peptide.P(n) decreases asn increases,
since large loops are less common than small loops:8,37

Equation 8 is based on equilibrium statistics and dimensional
analysis; it does not arise from an actual model for the dynamics
of a diffusing chain. Using eq 8, Guo and Thirumalai estimate
that an end-to-end loop will require a timeτ ∼ 20 µs to form
in a chain of 10 residues.8,38

Upper Limit to the Folding Rate. The mechanism by which
a fully unfolded polypeptide collapses to a compact state is
unknown. Even for homopolymers, the dynamics of hydro-
phobic collapse are not well understood. de Gennes39 and
Grosberget al.40 originally described homopolymer collapse as
a hydrodynamically-controlled crumpling, in which hydrophobic
forces cause the chain to pull inwardly on itself. This is clearly
not a process that is governed by the rate of diffusive loop
formation. Experimental studies of the time scale of collapse
have proven very difficult41 and have not yet confirmed de
Gennes’ predictions for the collapse rate. However, Ostrovsky
and Bar-Yam42 have proposed a model in which hydrophobic
collapse does occur through intrachain diffusion. In this model
the two ends of the polymer form aggregates that diffuse
together slowly.
If such a picture describes heteropolymer collapse, the rate

of intrachain diffusion allows us to set an upper limit on the
rate of polypeptide collapse and folding. The theory of Szabo
et al.9 predicts that a loop ofn residues forms at a rate
proportional ton-3/2. The smallest loops in proteins have∼6-
10 residues43 and should therefore form 10-30 times faster than
loops of 50-60 residues. We therefore expect that the smallest
loops in an unfolded protein will form in∼1-3 µs. Thus an
unfolded polypeptide collapsing to a compact state should form
native-like loops at a rate no faster than∼106 s-1. Since the
presence of additional folding steps or thermodynamic barriers
would only slow the total folding process, this estimate∼106
s-1 provides an approximate upper limit for the rate of folding
of a polypeptide from a chemically denatured state.
We have studied intrachain diffusion under strongly denatur-

ing solution conditions. It is difficult to predict whether the

τ-1∼ 3DRmin/(Rmax)
3 (7)

τ(n) ∼ L2(n)/(D0P(n)) (8)

P(n) ) P0n
-2.2/(exp(1.8(9- n)) + 1) (9)
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intrachain diffusion rate would increase or decrease under
folding conditions. Under folding conditions, interactions
between amino acid residues presumably introduce roughness
to the energy landscape. This may slow diffusion,44 while at
the same time the interactions create an infundibuliform
landscape, which favors the collapsed states of the molecule
and may therefore accelerate collapse.6 In order to determine
which effect dominates, it would be necessary to model the
system and (for example) perform simulations.

Conclusions

Laser photolysis can provide important information about the
earliest events in the collapse and folding of a polypeptide. Jones
et al. measured the rate at which met80 (or met65) and his33
(or his26) bind to the heme iron at his18 as the cytochromec
molecule diffuses under unfolding conditions. They found a
10-fold difference in the rates for his33 and met80 binding. Our
studies of intrachain ligand binding in dicarboxymethylated
cytochromec appear to confirm Joneset al.’s finding that the
methionine residues bind to the heme more quickly than do the
histidine residues, despite their greater distance from the heme
on the unfolded chain. Further, our studies of ligand binding
to the heme peptide (microperoxidase) allow a more complete
interpretation of the rates observed by Joneset al. We find
that the relatively slow binding of histidine to the heme is
primarily due to the chemistry of this ligand-heme interaction,
rather than to slow chain dynamics. By contrast, the 40µs time
constant for met80 (or met65) binding to the heme largely
represents the time required for the intervening 62-residue length
of polypeptide to form a loop bringing the reactants together.
Therefore we have established that a large scale diffusive motion
of the polypeptide chain in aqueous solvent, under chemically
denaturing conditions, requires a time of the order 35-40 µs.
From this result we can estimate a diffusion constantD for

the relative motion of two positions on an unfolded polypeptide.
However, this calculation is model dependent, and a description
of polymer diffusional dynamics in terms of a single diffusion
constant may oversimplify the problem. Further, intrachain
interactions may stabilize intermediate conformations on the
diffusive pathway. These can be expected to complicate the
relationship between the overall ratekD+ and D. For these
reasons, the “diffusion-limited” rate 1/kD+ ∼ 3 × 104/s for
bringing together two side chains separated by 62 residues along
an unfolded polypeptide is more meaningful than the associated
diffusion constantD ∼ 4× 10-7 cm2/s calculated from the SSS
theory.
Finally, we note that rapid protein collapse may have

biological significance. In order to prevent the aggregation of
unchaperoned proteins after their synthesisin ViVo, the hydro-
phobic residues of the protein must be concealed rapidly by
collapse of the polypeptide. Once a molecule is compact, with
no “sticky” hydrophobic regions on its surface, the native
structure may develop more slowly. The rate of aggregation
of unfolded polypeptides under cytoplasmic conditions therefore
sets a lower limit for the collapse rate that can be tolerated
biologically. A successful sequence must not only form a
functional folded structure but must also collapse at or above
this minimum rate.
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Appendix A: Modeling of the Heme-Peptide/
Methionine/CO Photolysis Spectra

Our modeling of the photolysis spectra confirms our inter-
pretation of the reaction kinetics that follow photolysis. It also
yields a spectral determination of the ligand-binding equilibrium
constant obtained from the kinetic data. This analysis takes as
input the assumption that CO is dissociated from the heme by
the photolysis laser pulse, that methionine subsequently binds
to the heme, and that CO replaces methionine as the ligand at
equilibrium. It gives as output the methionine-heme and CO-
heme Soret spectra, which can be compared to the known
spectra. It also gives the equilibrium constant for methionine-
heme binding.
We represent the various liganded and unliganded complexes

of microperoxidase by

The spectra collected att < 10 µs, before the CO begins to
rebind, can be written as

wherem, c, andd are the concentrations of methionine-heme,
carbonmonoxy-heme, and deoxyhemes, respectively, andA0
is a constant (related to properties of the cuvette, etc.). If the
time constant for methionine-heme binding isτ1, the total
concentration of hemes isNTotal, and the photolyzed concentra-
tion is Np, eq A1 can be rewritten

wherem0 is the equilibrium fraction of methionine-heme at
the current methionine concentration,m0 ) Keq[methionine]/(1
+ Keq[methionine]). Meanwhile the unphotolyzed spectrum is

so the observed difference spectrum should be

This can be rewritten as the sum of a time-independent
difference spectrum and an exponentially decaying difference
spectrum

As this equation suggests, the experimentally observed differ-
ence spectra up untilt ∼ 10 µs can be described by two
components; one is time independent, while the other decays
as a single exponential. We therefore identify the time-
independent component in the data with the first term on the
right-hand side of eq A3, and the decaying component with the
second term. We fit the amplitude of the decaying term to a
single exponential to obtain the rate 1/τ1, and we extrapolate
the fit back tot ) 0 to obtain the initial amplitude of the time-
dependent term. Thus we obtain experimentally the two
difference spectra

D(λ) ) deoxyheme spectrum

M (λ) ) methionine-heme complex

C(λ) ) carbonmonoxy-heme complex

A(λ,t) ) A0(m(t)M + d(t)D + c(t)C) (A1)

A(λ,t) ) A0N
p(m0(1- exp(-t/τ1))M +

(1- m0(1- exp(-t/τ1)))D + (NTotal/Np - 1)C) (A2)

A(λ,0-) ) A0N
TotalC

∆A(λ,t) ) A0N
p(m0(1- exp(-t/τ1))M +

(1- m0(1- exp(-t/τ1)))D - C)

∆A ) A0N
p(m0M + (1- m0)D - C) +

A0N
p exp(-t/τ1) (D - C) (A3)
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with

At this point the deoxy-CO and methionine-deoxy difference
spectra are obtained, since they are proportional to∆A2 and
∆A1 - ∆A2 respectively. The constantA0Np is uninteresting,
but the factorm0 is related to the methionine-binding equilibrium
constantKeqand can be determined by comparing the amplitude
of ∆A1 - ∆A2 observed at different methionine concentrations.
For each of the four samples at methionine concentrations from
10 to 100 mM, we plot the (least-squares) ratio of∆A1 - ∆A2

to ∆A2, Figure 14. This ratio should be proportional tom0,
and a fit of the ratio toKeq[methionine]/(1+ Keq[methionine])
is a two-parameter fit that givesKeq ) 97 M-1 at 22 °C and
Keq ) 74 M-1 at 40°C. Thus, from modeling the difference
spectrasindependent of the kineticsswe obtain an equilibrium
constant that is close to that obtained from the kinetics.
Knowing Keq, we can subtract (or add) the absolute deoxy-

heme spectrum from (or to)∆A2 and∆A1 - ∆A2 to obtain the
absolute carbonmonoxy-heme and methionine-heme spectra.
These are shown in Figure 2, together with the equilibrium
spectrum of a CO/heme/methionine sample and the equilibrium
spectrum of a methionine/heme sample. Clearly agreement is
excellent, indicating that the observed spectral changes are as
expected from the kinetic model of eq 1.
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From the measured rates of intrachain and bimolecular histidine and
methionine binding, we can estimateP0 and test eq 8. For the binding of
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