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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 #reds(Proc. Natl. Acad. Sci. U.S.A.

1993 90, 11860), who triggered the folding of reduced cytochrang nanosecond photolysis of the carbon
monoxide complex. Jonex al. found that the methionine residues at positions 65 and 80 bind to the heme
at position 18 at a rate of (4@s)%, while the histidine residues at positions 33 and 26 bind at a rate of (400
us) L. To identify the separate contributions of chain dynamics and chemical bond formatidimeg(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
¢ under the solvent conditions of Jonetsal. 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. Theu&)0" rate observed by Jonesal.therefore

allows us to calculate the met8@is18 intrachain diffusion ratky; ~ (35—40 us)™t. From this result we
estimate that the smallest intrachain loops in a polypeptide will form in no lessthars. This may set a

limit of ~1CF s7* on the rate of collapse of the polypeptide chain under folding conditions. We also use the
theory of Szabeet al. (J. Chem. Phys198Q 72, 4350) to calculate the relative diffusion consténbf the

heme and methionine residues, obtaining a vélue 4 x 1077 cn¥/s.

Introduction The experiment of Jonext al. was performed at 40C, pH

6.5, in both 5.6 and 4.6 M guanidine hydrochloride (GuHCI).
In the presence of CO the protein is completely unfolded in
both solvents, as judged by circular dichroism and fluorescence
spectroscopiek. Upon CO dissociation, the protein remains
unfolded in 5.6 M GuHCI, while in 4.6 M GuHCI more than
95% of molecules are in the native conformation at equilibrium.
Measurements of the fluorescence quenching of tryptophan by
the hemé® 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 abou 1 s at 4.6 MGuUHCI 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-
mentl11 The data so far suggest that at 4%6 M GuHCI
cytochromec behaves very much like a two-state system, with

microseconds, while subsequent stages of folding may proceedan unfolded state that is near random coil and a compact, native

3 . :
at far slower rates. We have measured the rate at which contacFonformat'or‘l' The SI,OW foI(_jmg, then, IS presumably due to.
occurs between sites separated by-60 residues on the chain & large thermodynamic barrier separating these states, which

of unfolded cytochrome. By extrapolating this rate down to results from the cqmpetition between ener.geti.cally-stabilizing
the limit of the shortest intrachain loops, we are able to estimate ¢ONtacts and C(_)nf|gurat|?nal eqtroey_. This simple two-state
the maximum speed of collapse and folding of a polypeptide. folding is described as “scenario I” in the statistical energy
To resolve the rapid rebinding, we utilize the optical trigger 'andscape theory of Wolynes and co-workers.
for folding employed by Jonest all Those authors greatly Joneset al! did not observe the folding of cytochronséout
enhanced the time resolution of folding studies by using a did observe important early events in folding. Using time-
nanosecond laser pulse to photodissociate a carbon monoxidéesolved absorption spectroscopy with nanosecond lasers, they
(CO) ligand from the heme group covalently attached to observed the formation of both native (met80) and non-native
unfolded cytochrome. With the CO dissociated, the heme is  (met65, his33, and his26) intrachain complexes with the heme
free to bind the methionine or other residues on the chain, andiron at his18 at times beginning hundreds of nanoseconds after

Recent advances in the study of protein folding on the
submillisecond time scale® and the observation of very rapid
folding in many systenf® raise an important question: how
rapidly can a protein fold? Energy landscape thésnggests
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
argumentg? Intrachain contacts are believed to form within

folding of the polypeptide can occur. photolysis of the CO complex. Their modeling of the time-
resolved spectra indicated that the heme complex with met65
€ Abstract published ilAdvance ACS Abstractdanuary 15, 1997. or met80 (which cannot be distinguished by the optical spectra)
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that the intrinsic or “geminate” ratkyem for formation of the

k uni k iron—ligand bond from an “encounter complex” (consisting of
D+ gem the heme-ligand pair) is the same for the unimolecular and
> — > — & bimolecular reactions. Wang and Davidsbnsed a similar
kDW"' kdm approach to show that the ring-closure reactionl @NA 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-

kbi k nately, the unliganded peptide forms a slowly dissociating
D+ gem aggregatt® even at 5.6 M GuHCI, making this experiment
D a— . = - 6 : impossible. The rebinding kinetics that follow photolysis of

ka" kdm the heme-ligand complex therefore offer a better means for

obtaining these rates. Since the yield for photolysis of the
Figure 1. Two-step model for ligand binding by a heme on a methionine and histidine complexes is poor with a nanosecond
polypeptide. The heme and ligand diffuse together at akgatéo form laserl4we employed a strategy first used by Gib¥dor ligand-
the “encounter complex”, which then either separates kiateor reacts binding studies in hemoglobin. We formed the complex of the
(“geminate” ratekgen) to give the covalent complex. (The covalent  heme peptide with a tightly binding but photodissociable ligand,
complex dissociates spontaneously at a kate < keem) The model  gch a5 CO on-butyl isocyanide, in the presence of excess
c_jescrlbes both the unimolecular reaction (upper),_ln which heme gnd histidine or methionine. Upon photolysis of the complex, the
ligand are bound to the polypeptide, and the bimolecular reaction - L T > i
(lower), in which the ligand is free in solution. free amino acid binds transiently to the unliganded heme. Time-
resolved spectroscopy was used to measure the bimolecular rate

forms in~40 us and dissociates w4 us. The complex with for this reaction.
his33 or his26 (also spectrally indistinguishable) forms-#00 A brief account of some of this work has already been
us and dissociates irr170 us. Thus the methionineheme presented?
complexes form 10 times faster than the histidiheme
complexes, even though the histidine residues are positionedy;aierials and Methods
much closer to the heme.

Joneset al. encountered two difficulties in analyzing their ~ To test Jonesgt al’s interpretation of the intrachain ligand-
experimental results. First, their assignment of the observedbinding rates observed in unfolded cytochromewe have
(40 us)* and (400us)™! binding rates to methionine and repeated their experiment with dicarboxymethylated cytochrome
histidine residues, respectively, rather than the reverse assignC. In this case the methionine residues at positions 65 and 80
ment, was based on a comparison of the time-resolved absorpare alkylated and cannot bind to the heme iron, with the
tion spectra obtained through kinetic modeling with reference consequence that only his26 and his33 (and the free CO) should
spectra obtained from the dimethyl sulfide and imidazole be observed binding to the heme. In order to make a detailed
complexes of unfolded cytochronee In order to help confirm comparison between the kinetics of the unmodified and car-
these assignments, we have conducted experiments on photolysigoxymethylated proteins, we chose to work at a pH significantly
of the CO complex of dicarboxymethylated horse cytochrome above the [ (~6.5-7) of his33 and his26; although the greater
cin GUHCI. In the dicarboxymethylated protein, residues met65 deprotonation of the histidine residues was expected to accelerate
and met80 are chemically modified to prevent their binding to histidine-heme binding, it was also expected to make the
the heme iron. We find that the rapid kinetic phase-dtus histidine-heme reaction rate less sensitive to any variations in
(identified by Jonegt al. as the time scale, &~ (Kon + Kotr) 4, the pH of the samples. We therefore performed the experiment
for met65 and met80 binding) is absent, while the slow&60 atT = 23°C, pH 8.0, while Jonest al. worked afT = 40 °C,
us kinetic phase (attributed to his33 or his26 binding) remains. pPH 6.5. The slightly lower temperature partially compensated
This result supports Jones al.’s description of the sequence for the acceleration of rebinding. The results presented in the
of heme-ligand binding reactions following breakage of the nextsection confirm that the reaction rates under our conditions
heme-CO bond. are quite similar to those observed by Joeesl.

A second difficulty encountered by Jonesal. was that the Horse heart cytochrome was obtained from Sigma and
measured complex formation rates reflect not only the diffusion dicarboxymethylated by the method of SchejferThe modi-
rate of the chain but also the hemiggand bond formation. fication of met80 and met65 was confirmed by the absence of
Because the intrinsic rates for histidine and methionine binding the characteristic ferricytochronteabsorption band at 695 nm.
to the heme of cytochromewere not known, the rates of chain  Like Joneset al,, we studied the formation of transient intrachain
diffusion could not be obtained from the measured covalent complexes in the unfolded protein by collecting time-resolved
complex formation rates. absorption difference spectra after photolysis of the unfolded

We therefore measured the intrinsic rates of histidine and cytochromec/CO complex. Samples of cytochronteand
methionine binding to microperoxidase, a heme-containing pep- dicarboxymethylated cytochrome were prepared in 5.2 M
tide that serves as an analog for the heme and nearby residue§SuHCI with 1 atm of CO at pH 8.0 (phosphate 0.1 M). The
of cytochromec. We used nanosecond-resolved absorption protein concentration was 10, and sodium dithionite (400
spectroscopy to measure the bimolecular binding rate of free M) was added to maintain the heme iron in the ferrous state.
histidine and methionine to the reduced heme peptide underThe samples were loaded anaerobically into quartz cuvettes with
solution conditions identical to those of Joresl. From these 350um path length and then sealed and placed in the transient
bimolecular rates and the data of Joseal., we have calculated ~ spectrometer (see below).
the rate of relative diffusion of the heme and ligand residue on  For measurements of the rate of free histidine and methionine
the unfolded cytochromechain. This calculation is based on  binding, we used the 11-residue heme-containing peptide that
an analogy (Figure 1) between unimolecular and bimolecular is obtained by enzymatic digestion of horse cytochramEhis
binding of ligands to a heme on a polypeptide chain. It assumespeptide, available commercially as microperoxidase (Sigma
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0161 - ] amplitudes associated with the basis spectra. Thus, the columns
' co of V(t) describe the time dependence of spectral changes that
0.14} ~ o 1 occur after photolysis. The diagonal matr$contains the
012} o Histidine ] singular values, or weights associated with each basis spectrum.
Methionine The singular values are ordered by decreasing size, so that the
0.1} N2 first n singular values (and associated columng@f) andV(t))
8 0.08 | \ provide the besh-component least-squares fit to the full data
0,061 Y | set. Amplitude offsets resulting from variations in the detector
’ ‘ Deoxyheme dark current were removed froafl,t) by the method of Jones
0.04 1 et all®
0.02}
0 ‘ . ‘ = e Results
400 410 420 430 440 450 Dicarboxymethylated Cytochrome c. By modeling the
Wavelength (nm) spectral changes that follow photodissociation of the heme
Figure 2. Spectra of heme complexes in 5.6 M GUHCI, pH &5 CO complex of unfolded cytochromeat pH 6.5, T = 40 °C,
40°C: deoxyheme spectrum is from unfolded cytochrarhelashed- Joneset al. concluded that met65 and met80 bind to the heme
line spectra are equilibrium spectra of the heme peptide (@ap at a ratekon &~ (40 us) and dissociate at a rakey ~ (4 us) L.

measured in the presence of 1 atm CO, 78 idcetyl+-methionine, S T N
or 234 mMN-a-acetyl+-histidine, as labeled; solid-line spectra labeled Therefore methionine binding is incompletedkor ~ 0.1) but

CO and methionine are calculated spectra for the pure CO and @ccounts for an exponential process in the time-resolved spectra
methionine complexes, obtained from the transient spectra observedWith & time constant = (kon + ko) * ~ 3—4 us. The same
following photodissociation of a heme peptiedcetyl+-methionine/ analysis found that his33 (and perhaps also his26) binds to the
CO sample (see Appendix A). The equilibrium methionine spectrum heme at a raté&n ~ (400us)~! and dissociates & ~ (170

!s broader than_ th_e methioning-ct_)mpl_ex spectrum, most likely becauseﬂs)fly generating a process with a time constart (Ko, +

in 78 mM methionine the methionine-liganded and deoxyheme are both ko)1 &~ 120us. However, the analysis of Jonetsal. was not

present. definitive. The Soret spectra of the methionine and histidine
M-6756), consists of residues 421 together with the heme complgxes of thg reducgd heme are difficult to distinguish under
iron complex that is covalently attached to his18 of the intact Unfolding conditions (Figure 2), and the transient heme spectra
protein. We studied the bimolecular binding Mo-acetyl+ - observed in the experiment of Jonesal did not perfectly

histidine (Sigma A-8133) anti-acetyli-methionine (Aldrich ~ match those of model compounds. Joeeal. therefore could
85,534-0) to the heme of microperoxidase under the solution N0t establish with certainty that the- us process is due to
conditions of Joneset al! The lyophilized peptide was methionine (as opposed to h|st|d|ne)_b|_n(_j|ng to the_ he_me and
dissolved in 5.6 M guanidine hydrochloride (GUHCI), phosphate that the 120us process is due to histidine methionine)
0.1 M, pH 6.5, with free histidine (26200 mM) or methionine ~ Pinding. If the analysis of Jonest al. is correct, the rapid
(10-100 mM) present. The peptide concentration was ap- (apprommately a few microseconds) process will be present in
proximately 100uM in all experiments. The samples were the photolysis spec_tra of unfolded cytochrooh€O but not_ln
equilibrated with 1 atm of CO, and sodium dithionite was added the spectra of the dicarboxymethylated cytochra/®0, while
to a concentration 0f&500 4M in order to reduce the heme the slower {-100us) process will be present in both data sets.
iron to the ferrous state. Samples were prepared anaerobically Figure 3 gives a simple demonstration of the early spectral
and loaded into 35@m quartz cuvettes, sealed, and placed in changes observed in our photolysis study of cytochro/6©
the transient spectrometer for reaction-rate measurementsunfolded in 5.2 M GuHCI at pH 8] = 23 °C. For both the
Figure 2 shows the equilibrium spectra of the samples. carboxymethylated and unmodified protein samples, the figure
We used flash photolysis and nanosecond-resolved absorptiorfompares the Soret absorption difference spectrum at tfter
spectrometry to study the binding reactions. The spectrometerphotolysis with the initial {= 10 ns) spectrum. The sum-of-
has been described in detail elsewh€reBriefly, it consists of ~ squares difference between the spectrunt and the initial
two Nd:YAG lasers generating 10 ns pulses at 1066 nm. The spectrum (normalized to the same amplitude as the spectrum at
533 nm second harmonic of the first laser photodissociates thet) is calculated as a function of The figure therefore
heme-ligand complex. The 355 nm third harmonic of the accentuates changes in the shape of the absorption difference
second laser excites a fluorescent dye (Stilbene 420) to generatépectrum during ligand rebinding. Both samples are seen to
a broad band probe source which allows transient absorptionexhibit major spectral changes with time constants-200us
spectra of the heme Soret region of the sample to be recorded@nd~2 ms. These can be attributed to the formation of the
on a silicon vidicon detector. heme-histidine complex, followed by the displacement of the
Under each set of temperature and solution conditions, time- histidine ligand by CO. However, Figure 3 also shows that
resolved absorption differencég photolyzed minus unpho-  the unmodified cytochrome sample exhibits an additional,
tolyzed) spectra were collected at times logarithmically spaced early (approximately a few microseconds) spectral change just
from ~10 ns to~100 ms after photolysis. These spectra, prior to the larger change at1l00us. The dicarboxymethylated
organized as a matrix(/,t) of absorption values in wavelength ~ cytochromec sample does not exhibit this early process.
A and timet, were analyzed by singular value decomposifion  Because the only difference between the two samples is the

(SVD). SVD represents the matrai.t) as the product of three  carboxymethylation of the methionine residues in the second
matrices sample, we conclude that transient binding of the methionine

residues to the heme iron is responsible for the small ampli-
a(l,t) = V() SU'(Y) tude process occuring within a few microseconds in the
unmodified sample. This appears to confirm the rate assign-
where the columns dfJ(1) describe orthonormal basis spectra ments of Jonesgt al. for the intrachain ligand binding events
from which the observed spectra &ii,t) can be constructed that follow photodissociation of the CO ligand from unfolded
and the columns oY/ (t) describe time-dependent, normalized cytochromec.
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Figure 3. Evolution of the time-resolved photolysis difference spectra
of unmodified (open circles) cytochronteand dicarboxymethylated
(solid circles) cytochrome unfolded in 1 atm CO, 5.2 M GuHCI, pH
8.0, atT = 23 °C. For each experimental timidand for each sample),
we scaled the initialt(= 10 ns) difference spectrum so that it had as
nearly as possible the same amplitude as the photolysis difference
spectrum observed atWe then subtracted this scaled spectrum from
the observed difference spectrum to obtain a new difference spectrum
A(L1). A(4,t) measures the difference in the shape (as opposed to the
amplitude) of the spectrum atelative to that at = 10 ns. The figure
shows the sum-of-squares magnitudeAdt t) (i.e. Y:(A(4,1)?) as a
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sample spectra. The unmodified sample appears to exhibit an additionalcomponents of Figure 4, for pH 6.5, = 40 °C data of Jonest al.
early @ < ~10 us) spectral change. This is presumably due to The spectral changes are dominated by three phases, as shown by a fit

methionine binding to the deoxyheme, as suggested by Jetnais
The insets show the double-difference spectrure. the simple
difference between the absorption spectrunt and at 10 ns) for
unmodified cytochrome (solid curve) and carboxymethylated cyto-
chromec (dashed curve) at= 3.7 us (a) and 11Q:s (b).
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Figure 4. Significant spectral component(4) (i = 1—3) obtained

from SVD of the absorption difference spectra measured after photo-

dissociation of the CO complex of unfolded cytochroenésolid curve)
unmodified cytochrome and (long dash) dicarboxymethylated cyto-
chromec in 5.2 M GuHCI atT = 23 °C, pH 8.0; (short dash)
unmodified cytochrome in 5.6 M GuHCI atT = 40 °C, pH 6.5 (data

of Joneset al?).
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Figure 6. Amplitudes VS(t)—VS(t) associated with the spectral
components of Figure 4 for the carboxymethylated (solid circles) and
unmodified (open circles) cytochroneeat pH 8.0,T = 23 °C. The fit
(solid curve) toVS andVS 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.

¢/CO and dicarboxymethylated cytochrom€O, and for the
data of Jonegt al (i.e. cytochromec/CO at 40°C in 5.6 M
GuHCI, pH 6.5). The first two components;(1) and Ux(4)
are very similar for all three data sets, since in all three samples

Figures 4-6 present a more detailed analysis of the data. similar reactions occur upon photodissociation of the CO

Figure 4 shows the significant spectral compon&n(g) (i =

complex—i.e.formation of a deoxyheme which transiently binds

1-3) obtained from SVD of our photolysis data for cytochrome histidine (or methionine) before rebinding €@nd because the
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methionine and histidine complexes of the reduced heme exhibit Heme Peptide. Measurement of the ligand-binding rate of
similar spectra (Figure 2). The effect of carboxymethylation the heme peptide presents two problems. The first is that the
is primarily visible as a slight blue shift and reduction in unliganded peptide in solution forms aggregates which dissociate
amplitude of thex~418 nm peak inUy(1). This reflects the very slowly1® This aggregation is easily detected by circular
absence of the hemenethionine complex, whose Soret absorp- dichroism measurements at equilibrium, since the hehgene

tion peak (near 418 nm) in unfolded cytochromés slightly intermolecular interaction within the aggregate produces an
red shifted relative to the hemistidine complex. A difference  exciton splitting of the heme Soret band. Under our solution
is also visible in the third componebk(4), which is similar in conditions, aggregation is not observed once the heme binds a
the samples of unmodified cytochroraéut quite different for ligand such as histidine, methionine, or carbon monoxide.

the carboxymethylated sample. These differences confirmthat A second problem, however, is that with a 10 ns laser pulse
the unmodified protein undergoes a processtransient binding  the probability of photolyzing the hemistidine and heme
of met65 and met80, that does not occur in the carboxymethy- methionine complexes is found to be small, rougki§% for

lated protein. heme-methionine and< 1% for heme-histidine. Although the
The kinetics of these spectra are analyzed in Figures 5 andphotolysis yield for hememethionine is large enough to allow

6. Figure 5 shows the amplitud¥§—VS associated with);— measurement of the bimolecular rebinding rétehe yield for

Uz in the pH 6.5,T = 40 °C cytochromec data of Jonest al. heme-histidine is too small. The small yield may indicate that

The spectral changes are dominated by three phases, as showphotoexcitation of the hem#histidine electronic system results
by fitting bothVS(t) andVS(t) to a sum of three exponentials.  in a rapid radiationless transition to the ground state, rather than

The fit gives time constants ~ 2.8 us, 12 ~ 93 us, andrs ~ photodissociation. It may also indicate that the proximal
710us. Inthe model of Jonest al,, these times were interpreted  histidine (his18) rather than the extrinsic ligand is dissociated
as the time constants for hemmethionine binding, heme by the light pulse and rebinds during the 10 ns photolysis pulse.
histidine binding, and hemeCO recombination, respectively. Because direct photolysis of histidine and methionine was

Figure 6 shows/S—VS for our samples of carboxymeth-  inefficient, we undertook a ligand-replacement experiment. Here
ylated and unmodified cytochronoeat 23°C, pH 8.0. As with a small amount of an additional, tighter-binding but photodis-
the spectral component$(1), the kinetics for the unmodified  sociable ligand L is added to a heme peptide solution containing

protein closely resemble the data of Jom¢sal, confirming excess histidine or methionine. L replaces the free amino acid
that the sequence of reactions and time constants occuring undeas the dominant heme ligand at equilibrium but is readily
our experimental conditions is similar to that at pH &5 40 photodissociated by a 10 ns laser pulse. The laser pulse

°C. However, the kinetics are clearly different for the car- displaces L, and the free amino acid, present in high concentra-
boxymethylated protein, as evident from the early tirhe<( tions (~10—200 mM), binds to the heme. This generates an
~1 us) behavior oVS. The kinetics of the unmodified protein ~ easily observable spectral change. At longer times the ligand
can be well-characterized by a sum of exponentials, as with dissociates from the heme and is replaced by L, again producing
the Jones data, Figure 5. The carboxymethylated prokeaking a spectral change. From the rates associated with the observed
a methionine-binding phasean be fit with one fewer process.  spectral changes, both the dissociation and binding rates for
Figure 6 showd/S andVS of the unmodified protein fitto a ~ methionine and histidine may be calculated.

sum of four exponentials with time constants-z4 andV§ We found thatn-butyl isocyanide (BuNC) and carbon
andV$ of the carboxymethylated protein fit to a sum of three  monoxide (CO) are both suitable choices for the photolabile
exponentials with time constants—z7. For both cases, we ligand L in this experiment. Equilibrium circular dichroism
interpret one of the time constants as resulting from he@® studies of heme peptide samples prepared with CO or BuNC
rebinding and two time constants as resulting from heme (in 5.6 M GuHCI at pH 6.5) confirmed that the peptide was
histidine binding. Hemehistidine binding is very plausibly a  not aggregated. We will not present here the photolysis data
biexponential process, since his26 and his33 may encounter veryfrom all experimentd! Instead we discuss only the data

different steric constraints in binding to the heme. " VE@t obtained for the histidineCO and methionineCO samples.
al.5 observed two kinetic phases in the dissociation of histidine Figure 7 shows the SVD of the photolysis spectra for heme
residues from the heme of unfolded oxidized cytochrarapon histidine-CO atT = 40°C. Two major phases are evident in

solvent acidification. The rates for these phases differed by athe spectral changes, and the rates associated with these phases
factor ~4, and site-directed mutagenesis studies indicated thatare related to the bimolecular heme-binding rates for histidine
they result from distinct rates for his26 his33 binding to the and CO and the dissociation rate for histidine (see below). Figure

heme. 8 shows the SVD of the photolysis spectra for heme
Because the hemehistidine kinetics should be the same for methionine-CO atT = 40°C. Again the rates of the two major
both sampled? we impose the constraints = 7, andzs = 7. processes are related to the ligand binding and dissociation rates.
This fit gives good agreement with the data (Figure 6) and  Figure 9 shows the Soret absorption spectrum of a keme
generates the time constamis~ 5.2 us, 7, ~ 41 us, 73 ~ 334 peptide/methionine/CO sample at equilibrium and after pho-
us, andr, ~ 4.6 ms for the unmodified cytochronteandzs = tolysis by a 10 ns laser pulse. Figure 9 also shows representative

T2 ~ 41 us, 16 = 13 ~ 334 us, andry = 3.7 ms for the photoproduct spectra for a methioninleeme-CO sample.
carboxymethylated sample. The 41 and 334processes are  Immediately after photodissociation of the her@0O complex,
presumably the formation of the hemkistidine complex (for the sample exhibits a broad, five-coordinate heme spectrum
which 7 &~ 120 us in the analysis of Jones at pH 65= 40 centered near 425 nm. As expected, this is a deoxyheme
°C), while the~3—5 ms phase is due to hem€O recombina- spectrum like that of deoxymyoglobin, in which the proximal
tion. Evidently carboxymethylation of the cytochrone histidine is the single axial ligand of the heme iron. This
eliminates the fourth;-5 us phase. Since the only effect of photoproduct evolves with time to form the intermedidate-(
carboxymethylation should be to prevent the binding of met80 10us) spectrum shown. Comparison to the equilibrium spectra
and met65 to the heme, we conclude that the binding of in Figure 2 indicates that the sample at A€ represents an
methionine to the heme is indeed a microsecond process, aequilibrium between the methionindhieme complex and the
proposed by Jonest al. deoxyheme,i.e. that N-acetylmethionine has bound to the
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Figure 7. SVD of the time-resolved difference spectra of heme peptide/ Wavelength (nm) Time (s)
CON-a-acetylt-histidine in 5.6 M GuHCI, pH 6.5, aT = 40 °C. Figure 8. SVD of the time-resolved difference spectra of heme peptide/
The spectra for four samples (at histidine concentrations 20, 50, 100, CON-acetyl+-methionine in 5.6 M GuHCI, pH 6.5, = 40°C. As

200 mM) are analyzed together so that a single set of component spectrdn Figure 7, the spectra for four samples (at methionine concentrations
Ui(4) is obtained. The first two amplitudesd. first two columns of 10, 25, 50, 100 mM) are analyzed together so that a single set of
the matrixVS) VS(t) and VS(t) are almost sufficient to describe all ~ component spectrd;(4) is obtained.

the observed spectral changes following photolysis; the third and higher
amplitudes are<2—3% as large and are dominated by noise.

deoxyheme. At longer times~ 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

Optical Density

heme+ CO -~ heme-CO 1) 400 410 420 430 440 450
Wavelength (nm)

k
heme+ L == heme-L Figure 9. Absorption spectra of a heme peptide/Clcetyl+-
ks methionine sample before and after photolysis by a 10 ns laser pulse.
The initial spectrum (solid curve) is essentially that of the-@@me
Here L representsl-acetylmethionine oN-acetylhistidine ky complex, while the immediate photoproduct (short dashes) exhibits the
andk, are bimolecular binding rates, akglis a unimolecular high-spin spectrum of deoxyhemef.(Figure 2). Free methionine binds

. - 9 to the deoxyheme, and by10 us (long dashes) the methionineeme
dissociation rate. Ito > Ho andCo > Ho, wherelo ~ 10~ complex is at equilibrium with the deoxyheme. At longer times, CO

200 mM, Co ~ 1 mM, andHo ~ 100 uM are the total displaces methionine as the heme ligand. The sample contained 100
concentrations of free amino acid, CO, and heme respectively, uM heme peptide (microperoxidase) in 5.6 M GUHCI, pH 6.5, 1 atm
the kinetic equations associated with eq 1 can be greatly CO, 10 mMN-acetylt-methionine, aflf = 40 °C.

simplified. The time course of each species concentration after

photolysis at = 0 is then well approximated by a sum of two 7y~ (ks + kolo) (2)
exponential functions, with ratestl/and 1t, that are simply

related? to the rates, ko, andks. If in addition koLg + kg > 7, ~ (1 + kLy/k)/(k,Co)

kiCo (i.e. the heme-amino acid system attains equilibrium much

faster than does the hem€O system),r; and 7, further The first and second SVD amplitudes in the experimental data,

simplify to v1(t) andu,(t) (Figures 7 and 8), are dominated by two phases,
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Figure 10. SVD amplituded/1(t) andVa(t) for time-resolved difference
spectra of heme peptide/Q®b-acetyli-histidine samples after pho-
tolysis. Data are shown for 50 and 200 mM histidine. For each ligand
concentrationVS and VS were simultaneously fit to biexponential
functions (solid curves) to obtain the time constantandz, that are
characteristic of the ligand-binding kinetics (see text). In the figure,
the amplitude®; andV, are normalized to thetr~ 0 values for clarity.
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Figure 11. SVD amplituded/y(t) andVx(t) for time-resolved difference
spectra of heme peptide/O®Acetyl+-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 thei= O values for clarity.

i.e. by a fast and a slow relaxatidh. We fit these SVD
amplitudes to a sum of exponentialse. at each ligand
concentration and temperature, colunfn= 1, 2) of the matrix

VS is fit to a biexponentialys = A exp(—t/71) + B exp(-t/

72). Figures 10 and 11 show representative fitggpand vs,

for histidine and methionine experiments. Figures 12 and 13
show that the times; and 7, associated with the two phases
vary inversely i) or linearly @) with the amino acid
concentration, as expected from eq 2. For each ligand (me-
thionine and histidine), we obtain four values afand four
values oft, by studying rebinding at four different ligand
concentrations. A three-parameter fit to the; Hndz, data at
each temperature, through eq 2, therefore gki€s, ko, and

ks. 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
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Figure 12. (A) 1/r; and (B) 7. vs histidine concentration, from the
biexponential fits to the SVD data (Figure 10) Bt= 22 °C (open
circles) and 40C (solid circles). At each temperature, a three-parameter
fit to eq 2 generates the solid lines through the, Bihd 7, data and
gives the histidine bimolecular binding and dissociation rates (and the
CO—heme bimolecular binding rate).
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Figure 13. (A) 1/t; and (B) 72 vs methionine concentration, from the

biexponential fits to the SVD data (Figure 11) ht= 22 °C (open

circles) and 40°C (solid circles). As in Figure 12, the solid lines are

fits to eq 2, giving the methioninegheme bimolecular binding and

dissociation rates.

error margins give a 50% increase in the sum of squares in the
fits to 1/r1 andtz.) In all cases our initial assumptidaly +
ks > k;Cy is satisfied by the observed ratésGo < 2 x 10%/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 hemepeptide/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 hem€O 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 hem@0O and hememethion-
ine spectra, as expected. The equilibrium constants obtained
by this procedurek ~ 97 M1 at T = 22°C andK ~ 74 M1
at 40 °C, are close to the valud€ ~ 140 and 150 M1,
respectively, obtained from the kinetics.

Discussion

Joneset al! studied the rates of intrachain hemeand
reactions that occur in the unfolded state of cytochramia
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TABLE 1: Measured and Calculated Rates in 5.6 M GuHCI, pH 6.3

rate reaction T=22°C T=40°C
kor?' (k2) heme+ his binding (2.7£0.2) x 10°/M-s (4.24+ 1.0) x 1°/M-s
Kot () heme-his dissoc (7.2 0.8) x 10%/s (2.6+ 0.6) x 10%s
kor?' (k2) heme+ met binding (1.19t 0.05) x 1¥/M-s (1.934+0.09) x 1¥/M-s
Koft® (Ka) heme-met dissoc (1.04- 0.06) x 10°/s (1.28+ 0.07) x 10%/s
Kgen! heme+ met geminate binding >4.3x 109s >1.0x 10'Ys
Kgent! heme+ his geminate binding ~6.3 x 107/s ~9.7 x 107s
Korti heme+ met80/met65 binding 2.5 10%s (Jonest al?)
Kot heme-met80/met65 dissoc 25 10°/s (Joneetal?)
Korthi heme+ his33/his26 binding 2.5 10%s (Jonest al')
[ heme-his33/his26 dissoc 5.9 10°%s (Jone=t al)

2 Indicated errors represent a 50% increase in the sum of squares in the joint fit amd/, vs ligand concentration.

order to identify the separate roles that intrachain diffusion and while from the unimolecular form

heme-ligand covalent bond formation play in these unimo- _ ) )

lecular rates, we have studied the bimolecular heligand 1/kD+“”' — 1/k0nun| _ 1/Kumkgem

reaction rates in an analogous systetime binding of N-o.-

acetyl+-histidine andN-acetyl+-methionine to the heme of  Therefore

microperoxidase. The bimolecular rate of binding to the uni uni bi e uni bi bi
deoxyheme is~400 times faster for methionine than for ko = ko, — (KT/KT) (G, — 1k, ) (4)
histidine, suggesting that bimolecular and unimolecular me- ) ) .
thionine-heme binding may be diffusion-limited, while histi- I Order to calculatép, ! from eq 4, we can obtaiky{™ and
dine—heme binding may be reaction-rate limited. In what Kon’ from experiment antt . andK”/K" from theory. For
follows we quantify this result and calculate the rate of intrachain & Pimolecular br_e_actl_on between spherically sy_mmetng_ neutral
diffusion of the unfolded cytochrome molecule. From this ~ Moleculesko ™ is given by the Smoluchowski ratép> =

we estimate the rate at which the smallest internal loops should#7Po& whereDo is the relative diffusion constant ards the
form in an unfolded polypeptide. This may provide an upper reaction radius. However, a ligand can access the reactive site
limit for the rate of protein folding. of a heme on a peptide chain only from the distal side, since

Model for Ligand Binding. In order to relate bimolecular ~ NiS18 occupies the proximal side of the heme. We expect that
ligand binding to intrachain diffusion and binding, we use the this limited solid angle of access will redutZ:Se bathand ko+
two-step model of Figure 1. This model can describe heme Oughly by a factor of 2 without affectin,_.*> The fact that
ligand binding and any other complex formation. For binding (he iron atom of the heme is partially embedded in the porphyrin
to occur, the heme and ligand (either in solution or on the N9 furtherzrseduces its accessibility to the ligand. F‘;!'OW'ng
polypeptide chain) must first diffuse together, at a tage, to Miers et al * we account for these effects by usikg, ™ =
form an “encounter complex.” The encounter complex is 2nDoa in eq 4 and then allowing the reaction radau$o be a

identical to the geminate pair formed by photodissociation of Parameter that is determined empirically. Miesal, who
the covalent complex: it either dissociates (at kate) or else modeled binding of carbon monoxide to protoheme, found that

forms the covalent complex (at rakger). The heme-ligand a~ 1.5 A gives the best agreement with experinfént. y
bond also breaks spontaneously at a kaf@ < kgem In the ~ Equilibrium Constant for the Encounter Complex. K"
steady-state approximation, this model gives an overall binding I" €0 4 is easily calculated. The equilibrium consténtor
rate forming a heme-ligand reaction complex is given by

Kon = (genkor) (gem+ Ko_) K= [,dr exp-U(r)lkgT)/ [\dr exp-U(r)/ksT) (5)
or wherer is the heme-ligand separationiJ(r) is the potential of

mean force between the heme and ligands the reaction
_ _ volume {.e. the volume of the encounter complex), avids
Lkon = ko, + (kD—/kD+)(1/kge”) = o, + 1/(Kk99m) ®) the volume accessible to the free ligand. For a bimolecular

. . . o reaction,V is the inverse of the ligand concentration. Uf~
for either bimolecular or intrachain binding. Heke= ko./ 0, we haveK = »/V. To obtain the bimolecular equilibrium

ko is the equilibrium constant for form_ation of the encqunter constantkPi, we divideK by the ligand concentration, giving
complex. Although the model of Figure 1 is a simple b — , Ope may then reasonably estimate~ (4/3)ra,

representation_of ligand binding, i_t is not an oversimplification. although since only one side of the heme is accessible to the
For both the bimolecular and unimolecular cases, the kate ligand we useKP' = v ~ (2/3)ra3.

in eq 3 been shown to be equivalent to the rate calculated from Calculation ofKUni requires some assumptions about equi-
a detailed theory of partially diffusion-controlled reactions based [;p.ium properties of the unfolded polypeptide. When eq 5 is
on sqlutlon of the Sm°|UCh°.WSk' equatidet We assume tha’g applied to the unimolecular cas¥,represents the total vol-
Kgem is the same for both bimolecular and intrachain reaction e ayailable to the ligand, and reflects the conformations

with the heme, whil& and the rate&p+ andko- must depend adopted by the segment of polypeptide connecting heme and
on whether the reacting ligand is attached to the polypeptide ligand. We assume that this segment resembles a Gaussian
chain. With this m_odel, we can use eq 3 to calculate the chain random coiP® for which U(r)/ksT = 3r2/(212). For small
diffusion ratekp+U" from the experimentally measured bimo- reaction volljmeSL(<< [F2032), Kuni = o/ fdr expU(r)/ksT) =
lecular and unimolecular ratés,. From the bimolecular form V(27 213)¥2. The ratio apbearing in eq 4 is thed/Kui ~

of eq 3 (2#[B2I3)*2. The reaction volumev disappears from this

bi bi bi relation, so that uncertainty in does not directly affect our
1Kkgem= K™ (1Ko — 1, 7) calculation ofkpun.
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To calculateKPi/Kuni we therefore need to estimdiBl] For
a Gaussian segment of polymer, the mean-squared separatio
[M2of the end points depends on the numbef residues as

0= C,n”'1°

Herel = 3.8 A is the distance between consecutiveams
on the chainC, is Flory’s characteristic ratiéf and the exponent
v is determined by the strength of chaisolvent 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, givingr ~ 3/s. In a poor solvent the chain
is compacted, withv = 3. In a “O solvent”, chair-solvent
interactions precisely compensate for intrachain interactions and
v = Y, as in the unperturbed chain.

Damaschuret al?” recently used dynamic light scattering to
measure the Stokes radiBs of a variety of proteins unfolded
in 6 M GUuHCI atT = 20 °C. They calculated the radius of
gyration R from Rs through the relatioriRg = 1.6Rs and i2[]
from Rg through the relationii?C’= 6Rs? (which is accurate as
n becomes large). Those authors found the characteristic ratio
C, to be essentially independent of both amino acid sequence
and chain length, i.e. G, ~ C. ~ 8.1+ 0.5, for 100< n <
700. They also found that~ 0.50+ 0.02 for proteins unfolded
under these conditions, implying thé M GuHCI acts as &
solvent for many protein® Therefore, under their experimental
conditions, excluded volume does not affect the size of the
unfolded chain. Since our work and that of Joe¢sl were
performed at slightly lower denaturant concentration (5.6 M)
but slightly higherT (40 °C), we assume that ne@reonditions
exist also in our experiment, so that the mean-square end-to-
end length of a chain af amino acid residues under our solvent
conditions is approximately

L® = O~ C nl?

with C, ~ 8 for n large andl = 3.8 A. If this relation also
describes the mean-square distance between intareahdt
just the N- and C-termini) residues on the chain, we expect
~ 74 A for met65-his18 and. ~ 85 A for met80-his18. We
assume thas; is close toCygo~ Co, ~ 8. (For homopolypep-
tides as well as for many realistic model chains with ~
5—10, C, has already attained a value withiri 0% of C., onces®

n = ~50.) With this value ofii?Owe can calculate the ratio
KPi/Kuni of eq 4.

Calculation of the Intrachain Diffusion Rates. We estimate
that the mean-squared distance between met80 and the hem
(at his18) isL2 &~ (85 A)?, giving KP/KUN ~ 1.9 x 10718 ¢
=1.1x 108M~L Since ko' ~ 40us andkon® ~ 1.9 x 108
M-1s1atT=40°C, eq 4 gives k""" ~ 34—40us. The
range of values fokp."" reflects the range of possible values
for 1/kp+2 (i.e. 0 < 1/kp+P < 1/ko?). We therefore conclude
that diffusion brings together the ends of this segment of
polypeptide on a time scale of 340us. A similar calculation
for met65, also using k4" &~ 40 us, gives p+"" ~ 36—40
us atT = 40 °C.

We therefore calculate from the methionine data a time scale
of 35—40 us 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 fp-', intrachain diffusion,
or the encounter complex. The rdig: ~ (2.5-3) x 10*s?
should therefore be a good indication of the characteristic time
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scale required for formation of intrachain contacts in any similar
nnfolded 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 withC, ~ 8, we expeclL ~ 42 A, which gives
Kbi/Kuni =~ 2.2 x 10719 cm® for his33—-heme binding. With
Ko A~ 4.3 x 10° M1 s71 (Table 1) and K,"" ~ 400us, we
have KP/KU)(1/koP! — 1/kp4t) &~ 310 us. Equation 4 then
gives 1kpiU" ~ 400 — 310 ~ 90 us. This estimate is
insensitive tokp P, sincekp, P &~ 27Dga ~ 5.7 x 10713 cn/s
= 3.4 x 18 M1 s71is ~1000 times larger thak,?. Here
we have use®q ~ 0.6 x 1075 cné/s (as estimatédfor 5.6 M
GuHCI at 40°C) anda ~ 1.5 x 108 cm?25 The calculated
diffusion time, 1kp+Y" ~ 90 us, 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 than40

There are three possible explanations for this result. First,
the estimate fokp+!" is sensitive to the values #®/Ku" and
kor?, while the experimental uncertainty kg.?' (Akor?' ~ 25%
atT = 40°C; see Table 1) is large. A diffusion time of40
us would be calculated from eq 4 ki were ~16% smaller
than our measured value. This variation lies within our
uncertainty.

Second, it is likely that the equilibrium constagit" 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. Damaschenal.’s finding?” C ~ 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. K" were ~16% smaller than the
Gaussian-chain value, a diffusion time o#0 us would be
calculated from eq 4.

Third, the histidine geminate ratkyem measured in the
bimolecular experiment may not equal thgnthat is relevant
to the folding of cytochrome. Our experiments and those of
Joneset al. were performed at pH 6.5, near th& pf free
histidine. Because protonation of the histidine imidazole hinders
its binding to the heme iron, a small difference between the p
of free N-a-acetyl+-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 geminatekigaie 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 us. Because of these uncertainties, the
histidine-heme binding rate provides less information about
intrachain diffusion rates than does the methioriheme
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
Ukgem = KPi(Lhko?' — 1/kp4P) ~ KPifko”. The bimolecular
equilibrium constant is essentially the reaction volumeK®r
= (2B3ma®~ 7.1 x 1072 cm? = 4.3 x 1073 M~L. Thuskgem
~ 1.0 x 1 s7! for histidine-heme binding at 40C. This
result is insensitive to the uncertaintykp.” becausép b >

konbi-
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From the histidine ratégem and the observed dissociation
rate koi® ~ 2.6 x 10* s71 (at T = 40 °C), we can roughly
estimate the his33heme unimolecular dissociation rakgy"".

J. Phys. Chem. B, Vol. 101, No. 13, 199361

rate kgem for methionine to heme (in 5.6 M GuHCI dt= 40
°C) lying in the range 6x 10!%s < kgem = ~1 x 10'%s. The
calculated upper limit is close to the rate for barrierless ligand

In the model of Figure 1, the total spontaneous dissociation ratebinding to a deoxyhemégen? ~ 5 x 10*Ys, as obtained from

IS

Kot = (Kaisdo-)/ (Ko + Kger) (6)

in the steady-state approximation. Frép = kp/K we have
kp-_P' = 3Dg/a? ~ 8 x 10°s7L. Sincekp_ "' > kyem we find
koit® & Kgiss OF Kgiss & 2.5 x 10* s71. If kp_Uni > Kgem we
estimate the unimolecular dissociation ratekgg™ ~ Kgiss ~
(40us)y™t. Experimentally, Jonest all observed*" ~ (170
us)~! for his33. Because our experiment measugs only
indirectly, and because Jones al’s determination ofkqg"

contains some uncertainty, we consider the agreement to be

satisfactory.

We find the overall equilibrium constant for formation of
the bimolecular covalent complex to kgP'/ky? ~ 17 M~ at
40°C and 38 M at 23°C. These values are smaller than the
reported equilibrium constant for imidazole binding to the
ferrous heme of dicarboxymethylated cytochromeSchejter
et al3% foundKimig ~ 870 M1 at pH 7.4 (25°C). Their higher
value forKimig may in part reflect deprotonation of the imidazole
at the higher pH. For example, if th&f 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 for2.5—3 times
greater hemeimidazole 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 cytochrome over that of the heme
peptide.

Methionine. The bimolecular binding of methionine is much
faster than that of histidine. For methionine at°@) eq 3 gives
a lower limitkgem > 1 x 10 571, where the uncertainty arises
from uncertainty irDo. The lower limit applies ikp+2 > kon?'.
The estimatep? = 27Doa ~ 3.4 x 108 M~1 571 giveskgem
~ 1 x 101 st atT = 40°C. In the case of cytochrome

molecular dynamics simulatiofd.

We can use eq 6 and the observed dissociation iate®
estimate the ratép_U" for breakup of the hememethionine
encounter complex. Insertirig_ = 3Dg/a? and ke ~ 1.3
x 10f s7tinto eq 6 giveskiss= (1 + Kgenfkp-koi® &~ 2.9 x
10°s™L. This result, together witho"" ~ (4 us)* andkgem~
1 x 101 s71 in turn giveskp-"" ~ 9.4 x 1 s7L. 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 riaje"" ~ (35—40
us)™L. It is difficult to compare this experimental rate with a
theoretical value, since dynamical properties of realistic poly-
mers are not well understood. The rkgg " that controls loop
formation and intrachain reactions in peptides is described only
by approximate theories. We describe here the approach of
Szabo, Schulten, and Schulte(S8SS), who used a Smolu-
chowski-equation method to estimagg, for a polymer whose
ends move with a relative diffusion constadt This theory
provides an estimate fdg+ for a Gaussian chain and, because
K = kp+/kp- is known for this case, also givés_-. From our
measurement ofp+, we can use the SSS theory to estimate
the end-to-end diffusion constadt which has previously been
measured by fluorescence energy tranfett

For a sufficiently long chain, the equilibrium distributid¥(r)
f end-to-end distancesis 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 &t
timet = 0, we wish to know the mean first passage timerfor
< ato 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 positipon
a harmonic potential energy surface. The potential surface is

peroxidase, where the heme has methionine and histidine asdesigned so that the equilibrium probability distributionrin

axial ligands, it is believed that the methionine photodissociates
and then rebinds with a half time of 35 s.

Our data on the direct photolysis of the methiorifieme
complex (without CO present) allow us to estimate an upper
limit for kgem At a methionine concentration of 100 mNI €&

40°C), the maximum amplitude of the observed spectral change

after photolysis indicates that about % of the heme ligands
are photodissociated and rebind bimoleculathyGiven that the
photolysis laser generates a Gaussian pulse of widt ns
(full width at half-maximum) with intensity sufficient to
photolyze the hemeligand complex at a peak rate no greater
than abol# 2 x 1(¥/s, we can calculate the maximum degree
of photolysis that would result from any value Bg or kyem

We integrated numerically the kinetic equations associated with
Figure 1 for different values ddgem (or, equivalently, values of
Do, since eq 3 fixes the relation betwebg andkgen), and we
determined the maximum value kfem that is consistent with
the observed bimolecular yield. This analysis shows khat
probably does not exceedl x 10?2s 1 atT=40°C. If kgem
were larger than this value, the diffusion constégtwould
have to be greater thanl0~> cn/s in order to allow sufficient
ligand escape to the solvent. If 2 10%/s were a severe
overestimate of the photolysis rate, owing perhaps to a
misalignment of the photolysis laser, thkjam smaller than 1

x 10'%s would be required to explain the data. Therefore the

for the particle is identical toMr) for the polymer. If the
particle is absorbed.€. undergoes a reaction) at rd¢gmwhen

it reacheg = a, then SSS found that the rate of reaction (for

a < L) can be approximated by eq 3, with+ = 3Da(6/7)Y%/

L3. The equilibrium constank is that expected for a freely
jointed Gaussian chaii ~ (a/L)3(6/7)Y2, so thatkp— = kp+/K

= 3D/a%. 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 cytochrome, we expect thakp+ and K are both
roughly half as great as those estimated by the SSS theory. We
therefore takekp " ~ 3Da(3/27)Y3/L3 and KUni ~ (a/L)3(3/
2m)Y2, Using our finding thatkp+ &~ (2.5-2.8) x 10%s for
met80, we can estimaf®. From the SSS theory, with ~ 85
A, D ~ kp4Uni (272/3)M2.3/(38) ~ 5.4 x 107 cn¥/s. A similar
calculation based on met65 instead of met80 gikeg™n ~
2.6 x 10%s andD ~ 3.5 x 107 cm¥s. Thus we obtain a fairly
direct estimateD ~ (4—6) x 1077 cn¥/s, for the rate of
diffusion between end points of the unfolded chain in 5.6 M
GuHCI atT = 40 °C. We note that this value is at least 1
order of magnitude smaller than the monomer védge- 1075
cm¥/s describing diffusion of a free amino acid molecule #¥OH

The SSS theory predicts that the encounter complex will

experimental data are most consistent with a geminate-bindingdissociate at a rate,—U" = kpU"/KUni ~ 3D/a?, which is similar
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to the bimolecular resubtp_P' = 3D¢/a2. Our estimatekp_Un diffusion constant of the free amino acid molecul® & 0.6
~ 9.4 x 10° s71, obtained from the hememethionine dissocia- x 1075 cm? s71) and~40 times larger than thB obtained in
tion rates (see above), then implies an intrachain diffusion the SSS model. Whether or not this is a reasonable value for
constanD = a%kp-""/3 ~ 7 x 1077 cn¥s. The good agreement  the rate of diffusion of a chain, it is important to note that eq 7
between our two estimates Bfdemonstrates that our analysis arises from a very different picture of chain diffusion than was
of the unimolecular and bimolecular reactions is self-consistent. used by SSS. Equation 7 is based on diffusion of a particle on
Only one other experimental technique has provided an a “flat” potential surface, in which the equilibrium probability
estimate ofD. Haas and co-workets36 have used the  distribution W(r) for the separatiom does not tend toward a
nonradiative transfer of fluorescence energy to study the Gaussian; thus the model does not take into account the entropy
equilibrium conformations and end-to-end diffusion of polypep- of the string connecting the spherés, its tendency to form a
tides and other polymers. In these experiments, a donor andrandom coil. The SSS model includes this contribution by
an acceptor group are attached to different positions on anplacing the diffusing particle on a harmonic potential energy
unfolded chain: after excitation of the donor fluorescence, the surface. Both models assume that a single conBtalgscribes
rate of energy transfer from donor to acceptor varies strongly the relative motion of the chain end points at all separations.
with the distance separating the two groupsd. as 11, in Thirumalai and co-workefshave also offered an estimate
Forster theory). The fluorescence decay of the excited donor for the rate of loop formation. Rather than solve a diffusion
molecules is therefore sensitive both to the equilibrium distances equation, these authors use a dimensional argument to estimate
between segments of the chain and to the relative rate ofthe time required for two residues on the polypeptide chain to
diffusion of these segments. Haas and co-worfkef& model diffuse together. For two residues separatechIppsitions on
the experimental fluorescence decay to obtain parametersthe chain, they estimate a loop formation time
describing the equilibrium distances and the diffusion. They
assume that the probability distributiér) for the distance 7(n) ~ L2(n)/(DOP(n)) (8)
between donor and acceptor obeys a Smoluchowski-like diffu-
sion equation, with a Gaussian equilibrium distribution and a Here Dy is the monomer diffusion constant am{n) is the
(usually)r-independent diffusion constabx equilibrium probability for formation of an-residue loop within
This technique is effective for measuring equilibrium distri- the interior of a long peptide P(n) decreases as increases,
butionsW(r) for large molecules. However, one difficulty with ~ since large loops are less common than small lodfs:
the method is that the diffusion constdhtobtained from the
data analysis is correlated with(r) in such a way that the P(n) = Pon *(exp(1.8(9— n)) + 1) 9)
uncertainty inD may be large. A short fluorescence lifetime
for the donor may result either from rapid diffusion of the chain Equation 8 is based on equilibrium statistics and dimensional
or from a short equilibrium separation of the doracceptor analysis; it does not arise from an actual model for the dynamics
pair. This led to large uncertainty in Gottfrietlal’s estimaté® of a diffusing chain. Using eq 8, Guo and Thirumalai estimate
of the rate of relative diffusion between residues 1 and 46 of that an end-to-end loop will require a time~ 20 us to form
bovine pancreatic trypsin inhibitor unfolded at 35, D ~ (0— in a chain of 10 residues®
16) x 1077 cm?/s. Nevertheless, the method has produced  Upper Limit to the Folding Rate. The mechanism by which
estimates oD that are consistent with our valle~ (4—6) x a fully unfolded polypeptide collapses to a compact state is
1077 cn¥/s, obtained by a very different technique. For the unknown. Even for homopolymers, the dynamics of hydro-
relative diffusion of residues 104 and 125 of reduced ribonu- phobic collapse are not well understood. de Gefthasad
clease A unfolded in 6.7 M GUHCI & = 22°C, fluorescence ~ Grosberget al*° originally described homopolymer collapse as
energy transfer indicatétiD ~ (1.5-8) x 1077 crré/s. a hydrodynamically-controlled crumpling, in which hydrophobic
Other Models for the Rate of Chain Diffusion. In their forces cause the chain to pull inwardly on itself. This is clearly
diffusion-collision model of protein folding, Karplus and not a process that is governed by the rate of diffusive loop
Weavef use a more simplified description of polypeptide chain formation. Experimental studies of the time scale of collapse
dynamics. They consider an unfolded protein with two separate have proven very difficuff and have not yet confirmed de
regions that can form transient structures or microdomains suchGennes’ predictions for the collapse rate. However, Ostrovsky
as helices; these microdomains are modeled as diffusing spheregnd Bar-Yam? have proposed a model in which hydrophobic
tethered by a frictionless string. By solving a diffusion equation collapse does occur through intrachain diffusion. In this model
for the relative separation of two particles, constrained by a the two ends of the polymer form aggregates that diffuse
maximum and a minimum possible separatioe. py the length ~ together slowly.
of the string and the size of the spheres), Karplus and Weaver If such a picture describes heteropolymer collapse, the rate
estimate the time scale for the spheres to diffuse into contact.of intrachain diffusion allows us to set an upper limit on the
The rate ig rate of polypeptide collapse and folding. The theory of Szabo
et al® predicts that a loop of residues forms at a rate
T~ Z%DRmin/(an)3 @) proportional ton~%2, The smallest loops in proteins havé—
10 residue® and should therefore form 380 times faster than
Equation 7, which is the Smoluchowski rate for the reaction of loops of 56-60 residues. We therefore expect that the smallest
two tethered particles, may be obtained by multiplying the loops in an unfolded protein will form ir-1—3 us. Thus an
Smoluchowski bimolecular rate #DRyin by the effective unfolded polypeptide collapsing to a compact state should form
concentration of reactantsge. the inverse of the volume (4/  native-like loops at a rate no faster thari(® s~ Since the
3)tRmad. In order to apply this model to the relative diffusion presence of additional folding steps or thermodynamic barriers
of met80 and the heme of cytochroneewe use a smaller  would only slow the total folding process, this estimat&(®

bimolecular rate 2DRni,, which predicts a reaction rate® ~ s~ provides an approximate upper limit for the rate of folding
(3/2)DRmin/(Rmax®. Then withRyax~ nl = 240 A, Ryin ~ a & of a polypeptide from a chemically denatured state.
1.5 A, andr ~ 35 us, we findD ~ 2 x 1075 cn? s~%, which We have studied intrachain diffusion under strongly denatur-

is approximately three times larger than our estimate for the ing solution conditions. It is difficult to predict whether the
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intrachain diffusion rate would increase or decrease under Appendix A: Modeling of the Heme—Peptide/
folding conditions. Under folding conditions, interactions Methionine/CO Photolysis Spectra
between amino acid residues presumably introduce roughness

. . . Our modeling of the photolysis spectra confirms our inter-
to the energy landscape. This may slow diffustbmyhile at ¢ P y P

; ! . X o pretation of the reaction kinetics that follow photolysis. It also
the same time the interactions create an infundibuliform yields a spectral determination of the ligand-binding equilibrium
landscape, which favors the collapsed states of the moleculeongiant obtained from the kinetic data. This analysis takes as
and may therefore accelerate collapstn order to determine jnn ¢ the assumption that CO is dissociated from the heme by
which effect dominates, it would be necessary to model the the photolysis laser pulse, that methionine subsequently binds

system and (for example) perform simulations. to the heme, and that CO replaces methionine as the ligand at
equilibrium. It gives as output the methioninkeme and CO
Conclusions heme Soret spectra, which can be compared to the known

_ o ) ) spectra. It also gives the equilibrium constant for methionine
Laser photolysis can provide important information about the heme binding.

earliest events in the collapse and folding of a polypeptide. Jones e represent the various liganded and unliganded complexes
et al measured the rate at which met80 (or met65) and his33 of microperoxidase by
(or his26) bind to the heme iron at his18 as the cytochrome
molecule diffuses under unfolding conditions. They found a D(A) = deoxyheme spectrum
10-fold difference in the rates for his33 and met80 binding. Our
studies of intrachain ligand binding in dicarboxymethylated
cytochromec appear to confirm Jonest al.’s finding that the
methionine residues bind to the heme more quickly than do the
histidine residues, despite their greater distance from the hemeThe spectra collected at< 10 us, before the CO begins to
on the unfolded chain. Further, our studies of ligand binding rebind, can be written as
to the heme peptide (microperoxidase) allow a more complete
interpretation of the rates observed by Joeesl We find A1) = A(mtM + d(t)D + c(t)C) (A1)
that the relatively slow binding of histidine to the heme is
primarily due to the chemistry of this ligartheme interaction,
rather than to slow chain dynamics. By contrast, theg@ime
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 _ P _ -
denaturing conditions, requires a time of the order36 us. AD = AN(my(1 — expCUr)M +Tota|

From this result we can estimate a diffusion consfarfor (1 — my(1 — exp(~t/r)))D + (N*FIN° — 1)C) (A2)
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 A(L,0) = AONTotaIC
diffusive pathway. These can be expected to complicate the '
relationship between the overall rakg. andD. For these g the observed difference spectrum should be
reasons, the “diffusion-limited” rate K+ ~ 3 x 10%s for
bringing together two side chains separated by 62 residues alongAA (1,t) = ANP(M(1 — exp(—t/T))M +
an unfolded polypeptide is more meaningful than the associated (1 — my(1 — exp(~t/r,)))D — C)
diffusion constanb ~ 4 x 10~7 cn¥/s calculated from the SSS Mo P 1

theory. This can be rewritten as the sum of a time-independent

Finally, we note that rapid protein collapse may have difference spectrum and an exponentially decaying difference
biological significance. In order to prevent the aggregation of spectrum

unchaperoned proteins after their synthésisivo, the hydro-
phobic residues of the protein must be concealed rapidly by AA = AN’ (MM + (1 — my)D — C) +

collapse of the polypeptide. Once a molecule is compact, with p - _

no “sticky” hydrophobic regions on its surface, the native AN exp(-t/r;) (D = C) (A3)

structure may develop more slowly. The rate of aggregation aq s equation suggests, the experimentally observed differ-
of unfolded polypeptides under cytoplasmic conditions therefore o, .o spectra up until ~ 10 s can be described by two

s_ets a lower limit for the collapse rate that can be tolerated components; one is time independent, while the other decays
biologically. A successful sequence must not only form a 55 4 single exponential. We therefore identify the time-
functional folded structure but must also collapse at or above independent component in the data with the first term on the
this minimum rate. right-hand side of eq A3, and the decaying component with the
second term. We fit the amplitude of the decaying term to a

Acknowledgment. We thank Attila Szabo for many helpful  single exponential to obtain the raterj/and we extrapolate
discussions of theoretical issues raised in this work. We also the fit back tot = 0 to obtain the initial amplitude of the time-
benefited from discussions with Abel Schejter and Devarajan dependent term. Thus we obtain experimentally the two
Thirumalai. difference spectra

M (4) = methionine-heme complex

C(4) = carbonmonoxy-heme complex

wherem, ¢, andd are the concentrations of methionifleeme,
carbonmonoxy-heme, and deoxyhemes, respectively, &gd

is a constant (related to properties of the cuvette, etc.). If the
time constant for methionireheme binding isri, the total
concentration of hemes ™, and the photolyzed concentra-
tion is NP, eq Al can be rewritten

wheremy is the equilibrium fraction of methionineheme at
the current methionine concentration, = Kedmethionine]/(1
+ Kedmethionine]). Meanwhile the unphotolyzed spectrum is
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Figure 14. Least-squares ratio d&A; — AA, to AA; for heme peptide/

methionine/CO photolysis spectraTat= 22 °C (open circles) and@ =
40 °C (solid circles). The ratio is plotted as a function of methionine

concentration, and the curves represent the fit (see text) that gives the

equilibrium binding constant for hemenethionine Keq= 97 M~ (22
°C) and 74 M1 (40 °C).

AA; = AN (MM + (1 — m)D — C)
AA,=ANP(D — C)
with
AA, — AA, = AN’m,(M — D)

At this point the deoxyCO and methioninedeoxy difference
spectra are obtained, since they are proportionahAe and
AA1 — AA; respectively. The constadbNP is uninteresting,
but the factomy is related to the methionine-binding equilibrium
constanKeqand can be determined by comparing the amplitude
of AA1 — AA; observed at different methionine concentrations.
For each of the four samples at methionine concentrations from
10 to 100 mM, we plot the (least-squares) ratic\df; — AA,
to AA,, Figure 14. This ratio should be proportional i,
and a fit of the ratio tdeJmethionine]/(1+ Kedmethionine])
is a two-parameter fit that giveléeq = 97 M1 at 22°C and
Keg= 74 M1 at 40°C. Thus, from modeling the difference
spectra-independent of the kinetiesve 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 tdYA, andAA; — AA; to obtain the
absolute carbonmonoxyheme and methioningheme 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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