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ABSTRACT: The speed with which the conformers of unfolded protein chains interconvert is a fundamental
guestion in the study of protein folding. Kinetic evidence is presented here for the time constant for
interconversion of disparate unfolded chain conformations of a small globular protein, cytoatyrome

the presence of guanidine hydrochloride denaturant. The axial binding reactions of histidine and methionine
residues with the Fe(ll) heme cofactor were monitored with time-resolved magnetic circular dichroism
spectroscopy after photodissociation of the CO complexes of unfolded protein obtained from horse and
tuna and from several histidine mutants of the horse protein. A kinetic model fitting both the reaction rate
constants and spectra of the intermediates was used to obtain a quantitative estimate of the conformational
diffusion time. The latter parameter was approximated as a first-order time constant for exchange between
conformational subensembles presenting either a methionine or a histidine residue to the heme iron for
facile binding. The mean diffusional time constant of the wild type and variants wa® &s, close to

the folding “speed limit". The implications of the relatively rapid conformational equilibration time observed
are discussed in terms of the energy landscape and classical pathway time regimes of folding, for which
the conformational diffusion time can be considered a pivot point.

The earliest events in protein folding are of particular that has become increasingly accessible to experimental
interest in understanding how an unfolded protein starts from measurement: the conformational diffusion time constant of
the vast number of conformations available to it and evolves the unfolded chainsyy. Recent evidence suggests thats
to the native fold on a physiologically useful time scale. on the microsecond time scale ferl00-residue protein
Levinthal's paradox, which considers a worst case scenariochains (3—17). Given this evidence, we might expect that
for this problem, holds that a random search of conforma- experimentalists looking at folding reactions proceeding on
tional space would require astronomical amounts of time to millisecond and longer time scales would find conventional
find the folded statel). Apparently much of conformational  kinetic thinking useful: the unfolded chain conformations
space must be kinetically or energetically inaccessible to will be in rapid equilibrium, averaging the heterogeneity of
protein sequences that are observed to fold, as folding istheir detailed conformational dynamics such that the folding
guided by a reaction pathway in a classical kinetic view or kinetics can be characterized simply by the thermodynamics
by funnels biasing conformational diffusion on a free energy of and passage time over a single (or perhaps a small number
landscape in a more general statistical mechanical view. Theof) transition state free energy barrier(s). Molecular dynamics
former view, adopted implicitly by many experimentalists, simulations of proteins, on the other hand, have generally
assumes that folding follows well-defined kinetic pathways been limited to times much less than @&, which may not
that are marked by passages over transition states and perhaggse enough time for the unfolded ensembles to reach
involve some discrete intermediaté&s6). The latter view, conformational equilibrium. Thus, the results of computer
introduced more recently by theorists studying formal and simulations of folding kinetics have tended to focus on a
computational models, treats folding as a diffusional processtime regime in which we could expect that conformational
involving conformational ensembles on a finely featured free diffusion biased by free energy funnels, i.e., the “new” view,
energy landscape for which the concepts of discrete pathwaysmight play a dominant role.

and |ntermed|at§s may be |II-def|nei.1—(12_)_. The relatively recent advent of methods improving the time
~The natural time scales of applicability of these two resolution of folding studies beyond the limitations imposed
viewpoints may be distinguished very broadly by a parameter by the mixing time of stopped-flow techniques, typically
through the use of a laser pulse to trigger folding or unfolding
T Supported by National Institutes of Health Grants EB02056 on time scales m_UCh shprter than a mIIIIS.e.COmE—(ZZ),
(D.S.K.) and GM056250 and CA06927 (H.R.). has allowed experimentalists to probe the critical early events
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landscape views presented by the conformational diffusion Scheme 1: Kinetic Model for HemeResidue Binding and
time (13). This situation has contributed in some part to the Conformational Exchange Reactions of Unfolded

controversy about the validity of the new vie®426). Cytochromec—CO
The measurement of conformational diffusion in unfolded [FeCOl, == [Fe-], S oMt
cytochromec presented here used the CO photolysis method feo e
of Roder, Eaton, and co-workers to rapidly initiate folding . kﬂc . k“c
reactions {8). While His-18 remains bound to the heme iron ¢, 2 ||t il [0 Carky
under most denaturing conditions, Met-80 dissociates readily Crdfa e .
and can be replaced by other side chains or exogenous [FeCOl, mm=r  [Fo--Thag k“é [Fe-His33]
ligands such as CO. The reduced protein is mainly folded foo e
in 4.6 M guanidine hydrochloride at £C but unfolds when ook “c « ook “c .
Met-80 is displaced by CO. Photodissociation of CO then i i
allows Met-80 to rebind, as well as other nonnative ligands, i Koo _
principally His-33, His-26, or Met-65, as the protein attempts [FeCOzs === [Fehzs Noms | Tois26]

to refold. However, the time scale for rebinding of COL

ms at 1 atm of CO) limits the observational window of this trometry. The horse H33N and H26Q/H33N mutants were
method to the earliest folding events. Besides the tertiary prepared at FCCC. The horse H26Q mutant was prepared at
structural features represented by hemesidue coordina- ~ UCSC from the plasmid pBRTBY, 32). All protein samples
tion, these early events also include a modest amount ofused in the photolysis experiments were partially denatured
helical secondary structure formation on thd us time in 4.6 M guanidine hydrochloride, pH 6.5 sodium phosphate
scale, although the-10% of native-like helical structure buffer and saturated with 1.0 atm of carbon monoxide to

formed probably does not correspond to folding to the native produce nearly quantitative CO complexes with per heme
state R7, 28). concentrations of 8090 uM.

Motivated by the pivotal role outlined above for confor- _ TRMCD Spectroscopgoret region (376490 nm) TRM-
mational diffusion in distinguishing different views of CD SPectra were obtained from the Kramekgonig trans-
folding, we report here the direct measurement of the form of time-resolved magnetic optical rotatory dispersion

unfolded conformational diffusion time constant of a folding- spectra collected at 35 logarithmic time m_tervals ranging
competent protein sequence. We report the results of fastOM 630 ns to 6 ms after laser photolysis. The MORD
time-resolved magnetic circular dichroism (TRMCD) mea- SPectra were averaged from 1256 to 1500 scans measured
surements for several histidine variants of cytochrorafier ~ 0f €ach cytochromec variant on a nanosecond laser
photodissociation of the denatured CO complex. A previous Photolysis apparatus modified for near-null polarimetry with
TRMCD study of unfolded cytochrome—CO presented & reference polarizer angl@)(of 0.625 deg §3-35). A
qualitative evidence that the conformational dynamics of the Matched pair of electromagnets provided oppositely oriented
unfolded chains affected the kinetics of the microsecond time Magnetic fields of 0.75 T for the sample and the Faraday
scale hemeresidue binding reactions observed after CO compensator. Photolysis was initiated by 8 ns, 28 mJ,

photodissociation, an observation which suggested that thelQ MM diameter excitation pulses from a frequency-doubled
unfolded conformations were not in rapid equilibrium on this Nd:YAG laser (532 nm) operated at 3.3 Hz. A microsecond

time scale 13). In the present study, one or both of the X€non flashlamp probe beam was passed through the sample

histidine residues (His-33, His-26) that can compete with N€&rly collinear to the laser beam and detected with a
methionine (Met-80, Met-65) for coordination to the heme spectrograph and multichannel analyzer. Protein samples
as the protein attempts to refold is mutated out of the Were flowed through the sample cell (0.058 cm path length)
sequence. We exploit the expected overlap between the timd® rémove laser photodegradation products and ensure
scales for hemeresidue binding and chain conformational S&turation of CO binding to the heme. ,

change to deconvolute the rate of the latter process, Datg Analysis.The TRMCD data_were arranged into an
from the systematic changes observed in the binding kinetics@/"@Y indexed by wavelength and time for each cytochrome
with sequence mutation. Our kinetic model, explicitly € variant, and each array was filtered using singular value
accounting for conformational equilibration of the unfolded decomposition (SVD) to reduce experimental noise. Each

chains, fits both the reaction rate constants and the spectrd!lt€red data matrix A, included only those spectral and
of the intermediates to obtain a quantitative estimate for the €mPoral components corresponding to the firsingular
conformational diffusion time constant, a value that we Vvalues of the SVDy = 4 being the effective rank of the
compare with previous measurements of related conforma-data matrices for each of the variants studied. The filtered

tional dynamics in other unfolded proteins and peptides, and d&t@ matrices were then analyzed for the microscopic rate
to the ultimate “speed limit’ for folding. processes shown in Scheme 1 by a global analysis procedure

described further below. Briefly, a gradient search was used
EXPERIMENTAL PROCEDURES to find the set of kinetic parameter values that minimized
the sum of squares of the differences between therf&tD

Sample PreparationHorse heart and tuna heart cyto- temporal components and their best (least-squares) repre-
chrome ¢ proteins were obtained from Sigma and used sentation in the basis of reaction intermediate population time
without additional purification. The horse heart cytochrome profiles calculated from a given set of kinetic parameter
¢ mutants H33N, H26Q, and H26Q/H33N were prepared values. The details of SVD and global spectrokinetic fitting
following published procedure®9) (see also reB0), and can be found in reviews36—38). Algorithms for these
mutant protein expression was confirmed with mass spec-procedures were written in Matlab (MathWorks).
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Global Kinetic Model.Starting from the assumption that The fitting procedure was further constrained by compar-
the speed of intrachain conformational diffusion is intermedi- ing the calculated MCD spectra for reaction intermediates
ate between the very rapidq(< 1 us) and very slowy > to model spectral@). A term proportional to the sum of
100 us) scenarios used in previous studies to analyze thesquares of the (calculated model) difference spectrum for
heme-residue binding kinetics after denatured cytochrome each intermediate was added to the function minimized in
¢—CO photodissociation, we applied a model (see Schemethe fitting procedure. This spectral constraint procedure has
1) that incorporated both the multiple herresidue binding been described previousIq@. Four types of intermediate
equilibria introduced by Jones et allg) and the explicit ~ spectra were calculated, corresponding to the four types of
consideration of conformational diffusion suggested by heme coordination present (Scheme 1): the 6-coordinate
Goldbeck et al. 13). All binding reactions were treated as heme species, [Fe-Met], [Fe-His], and [FeCO] and the
first order: ky described the aggregate binding reaction of 5-coordinate form [Fe-] (the other heme axial ligand being
Met-65 and Met-80ky.s and kyss described the respective  in all cases the proximal histidine, His-18). The correspond-
binding reactions of His-26 and His-33, akgh corresponded ~ ing model spectra were taken from ferrocytochrome
to the pseudo-first-order rate constant for CO rebinding. ferrocytochromebs, and the CO complex and 5-coordinate
Separate rate constants were used for His-26 and His-33 inform of cytochromecs, respectively 41, 42).
order to fit the different histidine variants studied. Because To summarize the parametrization, a total of eight free
methionine mutants were not studied, the model did not parameters were use#, kco, [Met]esr, [HiS33ksr, [HiS26),
distinguish Met-65 from Met-80 binding. Previous studies 1y, Tys3, andzye. These parameters were optimized simul-
have noted that two time constants for CO rebinding are taneously for all five cytochrome variants studied, on the
observed in phenomenological exponential fitting of absorp- assumption that the small differences in their primary
tion and MCD data for this syster, 18, 27), which would sequences would not greatly affect the distribution of chain
tend to suggest the presence of additional CO rebinding conformers and their interconversion rates, nor the inherent
intermediatesZ9). However, as discussed further below, the kinetics of heme-CO binding and the binding of residues
biphasic return of CO seemed to be well described in this presented quasi-geminately to the heme. With the goal of
study by one microscopic CO rate constant in conjunction testing the assumption th&t was independent of small
with the multiple hemeresidue equilibria of Scheme 1. sequence variations, an additional optimization was per-

The effect of conformational diffusion was approximated formed in which a separate value was optimized for each
by first-order rate processes for interchange between sub-varant while the values of the remaining free parameters
ensembles of (CO-coordinated or 5-coordinate heme) un-Were optimized simultaneously across all the variants.
folded chain conformers, the latter being distinguished by
the residue presented for most facile binding to the heme RESULTS

moiety, His-26, His-33, or a methionine: e.g., {Fhis, [Fe TRMCD SpectraThe Soret band TRMCD spectra of the
**]nss, and [Fe-]w, respectively, for the 5-coordinattieme cytochromec histidine variants shown in Figure 1 share
subensembles. The rate constentvas multiplied in the  geyeral common features that reflected the similar evolution
diffusional reactions in Scheme 1 by coefficients that ¢ heme coordination following CO photolysis in each
reflected the steady-state populations of the subensemblesyariant. The earliest time spectrum of each variant showed
For instanceg; kg was the rate constant for the conforma- 4 peak near 430 nm and a trough near 400 nm associated
tional change [Fe:]; — [Fe-]; (using the numbering \yith the MCDC terms of paramagnetic 5-coordinate heme,
order: M, H33, H26), where; = fj/(fj + f) and thefi are  the immediate product of the CO photodissociation. The last
the fractional subpopulations of the respective subensemblesijme spectrum of each variant contained a peak near 410
The values of; were estimated from the effective concentra- nm and a trough near 420 nm that together make upAthe

tions of the residues, which were free parameters in the term of the diamagnetic CO complex, the starting material

modeling procedure. For example= [Met]er/([Met]er + and final product of the reversible photocycle. Progressing
[His33]esr + [His26]er). through the intermediate time spectra, the 430 nm peak first
The residue on and off rate constants were each calculatedshifted to the blue as methionine coordinated to the vacant
from two parameters, a binding time constant (kon + heme site during the first several microseconds (the asym-
ko)™t and a unimolecular binding constalkt" = Kop/Koft. metric A term of His-Fe-Met coordinated heme having a

For example, the on rate constant for methionine binding prominent peak that is blue shifted at least 10 nm from the
was given byky = [tm(1 + 1/Kue™] ! and the off rate  5-coordinate peak). Variants possessing a His-33 or His-26
constant byk_y = [tm(1 + Kuet™)] L. The time constants  residue (see panels-d) also showed a further drop in MCD

for His-26, His-33, and aggregate methionine binding were intensity over tens of microseconds as the formation of His-
each free parameters. The unimolecular binding constantsFe-His (bis-His) heme coordination on this time scale was
were themselves calculated from the bimolecular binding associated with the weakest MCD signal of the coordination

constants for histidine and methionine measured by Tezcanforms present here. Finally, the return of CO coordination,

et al. @9) in microperoxidase-&Kye = 430 M~ andK;s” present in all the variants on the hundreds of microseconds
= 1700 M1 (pH 7), and the effective concentrations of the time scale, was seen most clearly in the double His mutant
respective residues. For exampléyet™ = ku/k-y = as a reversal in the signatures of the MCD extrema on either

[Met]eiKuve. These parametrizations had the effect of side of the zero crossing near 415 nm (see panel e).
constraining the kinetic fitting procedure to reproduce the ~ SVD Componentsthe SVD components corresponding
known thermodynamics of ferrocytochrorméeme-residue to the filtered data of Figure 1 are shown in Figure 2. For
binding. all variants, the largest componen;) decayed modestly
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to the calculated spectra and time evolutions of the reaction
intermediates shown in Figure 3.

Calculated Spectra and Time Courses of Intermediates in
Scheme 1The shapes and magnitudes of the calculated
spectra (Figure 3ae) were in reasonable agreement with
the corresponding model spectra (Figure 4) given that the
samples studied were denatured whereas the model spectra
were taken from native proteins. The high-spin pentacoor-
. dinate heme species [, possessing the characteristically
strong MCD peak near 430 nm seen in the corresponding
model spectrum, decayed initially via binding of Met-65 or
1 Met-80 to form the diamagnetic species [Fe-Met]

] (Figure 3f-j) with a time constant of-1 us (Table 1). The
latter species was calculated for each protein variant to have
an MCD peak that was blue shifted by 10 nm from that of
[Fe---], consistent with the corresponding peak shift between
the pentacoordinate and His-Fe-Met model spectra. The fast
Met binding process was followed by the slower binding of
His-26 or His-33 to form diamagnetic [Fe-His] with time
constants o~60 and~30 us, respectively (see Table 1).
The calculated spectra of the latter species in each variant
- resembled the corresponding model spectrum in having a
. 7 weak positive MCD band near the absorption band maximum
450 500 at~425 nm that was flanked on either side by MCD troughs.
Wavelength (nm) The aggregate amplitude of the histidine binding processes
Ficure 1: TRMCD spectra (SVD filtered) measured after CO in tuna WT and the single-His horse mutants was about half
photodissociation from denatured cytochroor@oteins: wild type that of the horse WT, consistent with the difference in overall
(a) horse and (b) tuna and horse mutants (c) H33N, (d) H26Q, andhjstidine binding stoichiometry and the similar effective

(e) H33N/H26Q at 40C, pH 6.5, in 4.6 M guanidine hydrochloride. ; : PR
Arrows (panel A) indicate the direction of time, starting at 600 ns concentrations (and unimolecular binding rate constants)
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and ending at 6 ms. calculated for the His-26 and His-33 residues. Given the
similar aggregate effective concentrations for methionine and
in amplitude on the residue binding time scale;1D0 us, histidine residues observed here (see Table 1), the signifi-

and then lost most of its amplitude on the CO rebinding time cantly slower binding of histidines compared with methion-
scale, 106-1000 us. The correspondind); spectra thus  ines observed in Figure 3 can be assigned mainly to the
represent the average spectral amplitudes of the TRMCD slower intrinsic bimolecular binding rate constahtgss and
spectra taken at times before about 10§, which are K 126, Of the former species. The formation of final product
centered between 420 and 430 nm. Comparing the lowerfor each variant in Figure 3, [Fe-CO], was described by a
with the upper panels of Figure 2, the effect of removing single microscopic rate constant of200 us)*. Previous
one or both of the histidine residues that can bind to the studies have noted the apparently biphasic nature of CO
distal heme site is seen mainly as a smaller decay in therecombination in this system, and indeed two-exponential
amplitude ofV; over the first 10Qus, as well as a smaller fits of the CO return curves in Figure 3 (results not shown)
rise in the amplitude oW, between 10 and 10@s. The reproduced the-100 and~1000us time constants reported
evolution ofV3 below 10us, which shows a modest increase before (8, 27, 29). However, the ability of Scheme 1 to
in amplitude as the histidines are removed, appears to reflectdescribe this aspect of the kinetics in terms of a single CO
mainly the binding of methionine on this time scale. Its binding rate constant suggests that the presence of back-
retrograde evolution after 106 corresponds with the return  reactions in the multiple hemeesidue binding reactions
of CO ligation. Finally, the weighted amplitude 9§ was competing with CO rebinding probably explains the observa-
quite small, consistent with the assumption that the SVD tion of two apparent recombination rates, rather than the
components/; for i > 4 can be neglected as experimental presence of additional CO binding intermediates.
noise. Conformational Diffusion of Unfolded Chain8y ap-
The principal utility of the SVD procedure, besides proximating the complex diffusional processes through which
filtering noise, was in reducing the data to a compact set of the unfolded chain conformations are expected to evolve in
model-independent spectrally global time evolution traces a statistical mechanical picture by the simple first-order rate
for kinetic modeling, as explained in Experimental Proce- processes shown in Scheme 1, the influence of conforma-
dures. The quality of the fits derived from the model in tional diffusion on the observed hemeesidue binding
Scheme 1 to the SVD time evolutions observed for the kinetics was deconvoluted in a fitting procedure applied to
cytochrome c variants was very good (see Figure 2), the data for all the protein variants simultaneously. This
suggesting that the model indeed provided a good represenjprocedure yielded a global diffusion time constagt= 1/kq
tation of the experimental dynamics. However, the math- ~ 3 us (see Table 1). Applying a similar fitting procedure
ematical orthogonality of the SVD components tended to that varied the individuaty values of the variants as free
mix within them the contributions of different physical parameters yielded values of 7.6, 5.4, 2.8, 2.5, andu%.4
intermediates. To gain better insight into the latter, we turned for horse WT, tuna WT, horse H33N, horse H26Q, and horse
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Ficure 2: SVD components = 1, 2, 3, and 4 (magenta, orange, green, and blue), corresponding to the TRMCD data for cytachrome
variants shown in Figure 1. Orthonormal spectral componéntsr (a) horse wild type, (b) tuna wild type, (c) horse H33N mutant, (d)
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horse H26Q mutant, and (e) horse H33N/H26Q double mutant, aijgtlfe respective orthonormal temporal componaftsiultiplied by
their singular value§. Lines in panels{j show the fits to experimental point©) calculated from the kinetic model (Scheme 1).

Horse WT

AgH (MTem Th
L]

-50
50 |

0k
-50 } : '

Horse H33N/H26Q
B0
0F w7
T

=80 1 1 1 1

360 380 400 420 440 460

Wavelength (nm)

Population

05

05

05

05

05

Time (ps)

Ficure 3: Calculated MCD spectra and time courses of heme-coordination reaction intermediates: (pfree), [Fe-Met] (green),
[Fe-His] (red), and [FeCO] (cyan). Cytochromevariant panels are labeled as in the Figure 1 legend.

H33N/H26Q, respectively, while returning values for the value. The rather close distribution of individual variagt

remaining free parameters that were very similar to those values around the global value supports the assumption

obtained from the fitting procedure that used a glohal that small differences in the primary sequences of the variants
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investigated previously for evidence of slow conformational
120+ - 1 diffusion in the unfolded chaindg, 15, 16, 28, 46). Hagen
et al. (L6) measured the bimolecular rate constant for the
binding of free methionine to nearly unhindered heme in
1 microperoxidase (% 10® M~! s %) and noted that multiply-
ing this rate by the Jacobseistockmayer factor for heme
Met-80 contact in denatured cytochromé~1 mM) yielded
1 an estimate for the unimolecular binding rate constant, (5
us)™%, that was much faster than the (46) ! rate constant
. . . assigned to hemeMet binding in the unfolded protein by
380 400 420 440 460 Jones et al. 18). [The JacobsonStockmayer factor is
Wavelength (nm) essentially a rough estimate, based on random polymer
Ficure 4: Model MCD spectra for 5-coordinate (blue), His-Fe-  statistics, of the effective concentration of the Met-80 residue
{V'Et (grfee”)’ Hr'ls'tFle'H'z(re‘:)' aﬁnd H'S‘Fgoo (fcya”) hemﬁ SPECies, gt the heme site in unfolded cytochronse(47, 48). In
fgr%réytrgcrnrgmca)csily;ﬁd C@{OOCChrgorﬁ_co‘, rg;rgé:é/tti?/gl;?ma:, calculating the factor [3/(72Cnnlz)]3’2, Hagen et al. assumed
that the Flory characteristic rat{@, ~ 8, the value observed

80+
40+

ok

AgH (Mo T

40|

80t J

Table 1: Kinetic Parameters from Scheme 1 Optimized in 6 M GUHCI (49), that the peptide segment lengtir 3.8

Simultaneously for Data from CytochroneeHorse and Tuna Wild A, and thatn = 62 for the heme-Met-80 loop.] They

Types and Horse H33N, H26Q, and H33N/H26Q Mutants attributed the slower binding reported by Jones et al. in the
Ky 34x 10Fs? K 12% 105! protein compared with their prediction from free methion-
keo 55x 103st Kias 35x 10's? ine—heme binding to the rate-limiting intrachain conforma-
T 0.85us Kz L7x 1005~ tional diffusion of Met-80 to the heme site and applied an
;:2 Egﬁz t:rss g:gi }g :_1 approximate steady-state diffusion expression to the results
[Met] 9.2 mM K to6 14x 10 st of the kinetic analysis of Jones et al. to deconvolute & 34
[His33] 5.9 mM K'm 1.3x 1M 1s? 40 us range for the time constant of this intrachain diffusion
[H26] 6.9 MM K Ha3 59x 1PM1st process_

K Hoe 25x1fFM1gt

A previous TRMCD study of this system also observed
* Parameter uncertainties are withirl0% except forky, which is qualitative evidence for slow conformational diffusid8).
£50%. That study found that a kinetic analysis that used a mech-
] anism that explicitly accounted for interchange between
did not have a large effect on the broad measure of gisparate unfolded conformers, similar to Scheme 1, gave a
conformational diffusion represented by _ _ better fit to the MCD spectrum of the bishistidine heme-
Thezq value reported here was on a time scale intermediate coordinated intermediate than was possible with a model that
between completely frozent{ > 7w, Thas Tze) and did not explicitly include conformational diffusion. That
completely free €y < 7w, Thas, Thas) COnformational equili- - gpservation suggested that conformational diffusion in the
bration, as anticipated. However, this time scale was rapid ynfolded chains was not significantly faster than the time
enough that the effects of conformational diffusion on the gcg)e of the residue binding reactions-&0 us), raising the
observed binding .klne_tlg results were found to_ be rather possibility that the early folding events proceeded along
subtle.. An alternative fitting procedure that kepftfixed at multiple pathways that were kinetically separated by the
a sufficiently small value, 10 ns, that we would expect N0 many small barriers associated with the conformational
influence on the residue binding kinetics produced results dynamics of the unfolded main chain and its side chains
(not shown) that were similar to those reported for the considered as a heteropolymer. Further support for such an
optimizedry fitting procedure except that, roughly doubled energy landscape view of the early folding events in
in length to 2us, the small negative lobe near 420 nmin the cytochromes came from nanosecond time scale far-UV ORD
calculated MCD spectrum of the [Fe-His] species became (gptical rotatory dispersion) measurements that used a
more positive in value for' each of the h|st|Q|ne-conta|n|ng photoreduction trigger for folding developed by the Gray
variants, and the value gf increased by 5%, i.e., the quality  group @2) to probe the early formation of helical secondary
of the fits decreased. The statistical significance of the giycture. Chen et al.28, 46) found kinetic evidence
improvement in fit quality obtained with the addition of  gyggesting that this microsecond time scale process pro-
as a fitting parameter was supported by the high statistical ceeded within a subensemble of the unfolded chains that was
power of the data (132 degrees. of freedom), allowing us to kinetically isolated from the bulk of the unfolded chains on
discard the hypothesis that the improvement came from the{jme scales up to that of the bulk photoreduction process
fitting of random noise. Applying thé-statistic test, we (ty ~5 us).
obtained anF, value of 8, giving us greater than 99%  The time scale for conformational diffusion reported here
confidence in the physical significance of the conformational y, ynfolded cytochrome represented an aggregate of the
diffusion rate constankq = 1/z¢, used in Scheme 148). various intrachain diffusion processes underlying the transi-
tions between conformational subensembles included in
DISCUSSION Scheme 1, specifically the intrachain diffusion of Met-80,
The kinetics of cytochromec’s early folding events Met-65, His-33, and His-26 to and from the immediate
[comprising rapid helical folding reaction27, 28), chain vicinity of the heme moiety. Given the strong overlap of
collapse 44, 45), and in the case of the CO photolysis the measuredy value with the time scale of methionine
system, hemeresidue binding reactionsl)] have been binding, we expect that the intrachain diffusion of those
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residues in particular made the strongest contribution to thethe overall time required for folding. Both types of equilibra-
aggregate measurement. In that light, eyrvalue seems  tion times are thus crucial to distinguishing classical vs
surprisingly short compared with the time constant forMet  energy landscape folding scenarios for a given protein.
heme intrachain diffusion reported in earlier absorption Therefore, it is interesting that these complementary measures
studies 16). However, it is consistent with more recent of conformational diffusion seem to converge so closely for
experimental evidence from cytochromand other proteins  different unfolded (folding-competent) chains of roughly
and peptides14, 15, 17). A 15-residue loop diffusion time  similar residue lengths. This convergence suggests that both
constant of 250 ns was obtained from electron transfer ratestypes of equilibration processes may not be very sensitive
measured in an unfolded Ru(NFt-modified Zn-substituted  to the details of protein primary structure and thus that it
cytochromec (15). Extrapolating that value to a 62-residue may be possible to establish simple criteria for distinguishing
loop corresponding to heméMet-80 binding by using the  classical vs nonclassical folding scenarios for single protein
n*5 dependence predicted from a simple ideal polymer model domains. Of course, it is difficult to generalize from the data
(50) gives a time constant of2 us, which is more in line  for essentially only two wild-type sequences, cytochrame
with the globalzy value reported here. However, both the andAs-gs, but this view is further supported by the apparent
ambiguity inherent in assigning a residanevalue to the convergence with the nonfolding polypeptide results cited
electron transfer system and the likelihood that the  above. Strikingly, these different measures of conformational
dependence exponent is greater than 1.5 in real proteins andliffusion times now available for unfolded chains, obtained
polypeptides contribute to the uncertainty in such an from both folding and nonfolding sequences, appear to
extrapolation. Krieger et all1{) used triplet-triplet energy converge at the same valuel us, forn = 60—100. Such
transfer to measure the end-to-end diffusion rates in a seriesa relatively weak dependence of the diffusion time of an
of nonfolding Xaa-Ser repeat polypeptides of increasing unfolded protein on the nature of its primary sequence would
length, up to a maximum of 56 residues. They found that be consistent with Krieger et al.’s polypeptide results, which
the length dependence of the contact time scaled with an suggest that the amino acid content might contribute at most
exponent of 1.7 for Xaa Gly, indicating that intramolecular ~ a factor of 2-3 to 74 and that its most important dependence
interactions [principally excluded volume effec&0]] led is that on sequence lengthy ~ n'7, much as would be
to slower diffusion with increasing chain length than expected expected for a random polymer with excluded volume
in an ideal random-walk polymer. They also found that effects.
intrachain diffusion rates varied with amino acid contentand  The significantly slower estimate of intrachain diffusion
solvent: contact rate constants were roughly half as fast for reported previously for cytochrone(16) was based on an
polypeptides with Xaa= Ala, Ser, Glu, Arg, His, and lle  assignment of the unimolecular rate constant for methionine
compared with Gly and were also half as fastiM GuHCI binding, (40us)™* (18), that was much slower than the value
compared with water. These considerations suggest that aeported here, @2 us)*. The difference in the two
62-residue unfolded protein chain of varied amino acid assignments of binding rate appears to arise mainly from
content, corresponding to the hemidet-80 loop, could  the different constraints applied during the respective kinetic
reasonably be extrapolated from Krieger et al.’s reported ratefitting procedures. Previous absorption studies, attempting
constant of 7x 10f s™* for a 56-residue (Gly-Serpolypep- to distinguish the overlapping evolution of several 6-coor-
tide to have an end-to-end conformational diffusion time dinated heme species that have similar absorption spectra
constant of~1 us in 4 M GuHCI. The probable barrier to  (His-Fe-CO, Met-Fe-His, and His-Fe-His), used procedures
intrachain diffusion presented by the covalently attached that did not constrain the intensive spectra (extinction
heme moiety in cytochromeand the difference in temper-  coefficients) of the intermediate$§ 29). Those procedures
ature (22.5 vs 40C) between the polypeptide measurements yielded unimolecular equilibrium constants for the binding
and the present experiments prevent a direct comparison ofof methionine and histidine residues to the hekag," =
the two results, but the similarity af and the time constant 0.1 andKys"" = 0.4, respectively, that implied incomplete
extrapolated from the polypeptide study suggest that the equilibrium binding of these residues in the denatured
conformational diffusion rates of nonfolding and folding- protein. In contrast, the present MCD study found equilib-
competent peptide sequences are roughly similar. rium constants of 4 and 3012 for methionine and histidine

A comparison with a conformational diffusion rate con- binding, respectively, from a fitting procedure that con-
stant for another folding-competent sequence can be foundstrained the intensive intermediate spectra. This constraint
in Yang and Gruebele’d-jump unfolding study of the  was made practicable here by the much larger differences
A-repressor fragmems_gs (14). They report a “molecular  between the MCD spectra of the heme-coordination species
time scale” of 2us for fast-folding mutants of this protein, than was observed in their absorption spectra. The larger
that value representing the time constant for conformational unimolecular equilibrium constants in the present study imply
diffusion from the transition state of this two-state folder nearly complete binding of protein residues to the distal heme
back to the unfolded state when the temperature is quickly site at equilibrium and significantly more extensive binding
jumped up. Their molecular time scale is complementary to during the photocycle than calculated by Jones etla). (
the parametety reported here in the sense that the former Because both the absorption studies and the current MCD
represents the equilibration time constant between an un-study measured very similar observed time constants for
folded state and a folding transition state whereas the lattermethionine binding (24 us), the difference in the micro-
reflects the equilibration time constant for the many con- scopic on rates must come from this difference in the
formers of the unfolded state of a protein. The validity of equilibrium binding constants from which the on rates were
transition state theory, and thus classical pictures of folding, calculated. The larger unimolecular equilibrium constants for
requires that both equilibration times be rapid compared to methionine and histidine binding used in the present work
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were calculated as the product of the fitted effective (14). Moreover, the work of Krieger et al1{) suggests that
concentrations of the residues and published bimolecularthis time scale, while modestly sensitive to sequence
binding constants, as noted above. There do not appear tacomposition and denaturant concentration, depends most
be independent measurements of the effective concentratiorimportantly on sequence length, varyingras n'#29% much

of methionine under these conditions, but the random as would be expected for an ideal polymer~ n®?). A
polymer considerations mentioned above for Met-80 con- similar asymptotic length dependence was reported in earlier
centration suggest that the total effective concentration of work on polypeptides with lengths up to= 19 by Lapidus
Met-80 and Met-65 is several millimolar, which is reasonably et al. 64).

consistent with the 9 mM concentration found here given  Together, these results support the proposal that this time
the approximate nature of the Jacobs@tockmayer factors  scale represents a type of kinetic limit for folding in that
as concentration estimates. Thus the greater than unity valueany faster folding would not meet the prerequisite for a
of the unimolecular methionine binding constant used here classical transition state theory (TST) picture, namely, that
seems consistent with the behavior expected for thesethe unfolded state(s) and transition state be in conformational
residues in a randomly configured polymer. The concentra- equilibrium. Faster folding would therefore better correspond
tions reported here for His-33 and His-26 were also consistentto a downhill folding scenario in an energy landscape picture
with results reported previously for this protein under (12, 13, 55). Representing in this sense a speed limit for
denaturing conditions,-38 mM (29, 51), and with the range  classical TST folding, the rate of conformational diffusion
expected from the JacobseStockmayer factors for His-  thus provides the natural prefactor- (1 us)* for the TST

33 and His-26, 719 mM (using the assumptions noted expression for folding rateg; = ve~2%*XT in proteins ofn
above forC, and| for Met-80 andn = 15 and 8 for His-33 ~ ~ 100, as proposed previously by Yang and Grueb®&# (
and His-26, respectively), which tends to support the validity As those authors point out, the prefactor used for TST
of the high unimolecular binding constants calculated here kinetics in small molecules, = kT/h ~ (200 fs)1, is clearly

for these residues as well. too fast to apply to protein folding. The fastest elementary
Although the absorption spectra of the various heme secondary and tertiary structure formation events, short
coordination species generated during the cytochron@O segmentr-helical hydrogen bonding and small loop forma-

photocycle are fairly similar, more definitive information tion (nh < 10), occur in about 186100 ns, 56 orders of
about heme coordination can be obtained from their more magnitude slower than the fastest elementary events in small
distinctive MCD spectra 1(3). Accordingly, more direct  molecule reactionsg, 57). That observation has motivated
evidence about the extent of residue binding was found in the search for a slower prefactor appropriate to folding. One
MCD denaturant titration measurements, which indicated such example is the value (100 psproposed by Pascher
essentially complete binding of a methionine or histidine (58) on the basis of theoretical estimates of the time required
residue at the distal site of the reduced protein at all GUHCI to add another residue to the end of an existing helical region
concentrations studied {@ M) in the wild type and H33N/  (59). However, the latter value would still be faster than the
H26Q double mutants@, 53), i.e., Kyet™ > 1 andKys™ > rate at which the unfolded reactant states and the folding
1, in agreement with the present results. The uniqueness oftransition state reach equilibrium,zd/by several orders of
the fitted equilibrium constant values reported here was magnitude. The most natural estimate of the average time
further supported by the reasonable fit of the calculated MCD required for an unfolded conformation to evolve to a
extinction coefficients of the intermediates to those of the transition state conformation seems to be provided by the
model spectra. In contrast, attempts to fit the spectrokinetic unfolded chain conformational diffusion time, which leads
data while holding the unimolecular equilibrium binding to v = 1l/rqy as a natural choice for the transition state
constants fixed at the values of Jones et al. yielded MCD prefactor. This conclusion is further supported by theoretical
extinction coefficients for the [His-Fe-Met] and [His-Fe-His] estimates of the folding prefactor, based on Kramers’ theory
intermediates that were unreasonably large (results notfor diffusion across the transition state region, which have
shown). yielded values for 3/ of ~1—10 us for proteins withn ~

We now have several converging lines of evidence about 80 (60—62) [see also the review by Kubelka et ab5]].
the role of intrachain conformational dynamics of the  Establishing the proper prefactor for folding is necessary
unfolded state in protein folding: The equilibration time in order to deduce free energies of activation from the rate
between disparate unfolded chain conformations measuredconstants measured for the many protein folding systems that
in the present work for cytochrontaunder favorable folding  appear to follow classical TST kinetics. The temperature
conditions, the molecular time scalejdmepressor fragment  dependence of folding rate constants can already be measured
unfolding (14), and extrapolations of the end-to-end diffusion to obtain enthalpies of activation, although non-Arrhenius
times of nonfolding peptide sequencds)(and the Ru- to behavior often introduces ambiguity into such measurements
Zn-porphyrin contact rate in denatured Ru(f¥tHis-33)- (10, 12, 58). Nevertheless, fixing the TST prefactor at a
Zn-cytochromec (15) all suggest that the unfolded chains physically reasonable value would permit the assignment of
of 60—100 residue proteins reach conformational equilibrium unique free energies, which in turn could be combined with
with a time constant of~1 us. This time scale seems activation enthalpies to calculate the entropy of activation,
remarkably independent of whether one is measuring intra- ASF = (AH* — AG*)/T. The latter quantity is of particular
chain spatial diffusion between specific contact poinfs ( interest from the point of view of evaluating the Levinthal
17), more global diffusion between conformational ensembles paradox in that it contains the protein’s internal entropic
distinguished by the target points of tertiary contact (present barrier to folding, along with an important contribution from
work), or conformational diffusion of thermally activated the entropy change of the solver®3f. Thus, determining
unfolded chains back from the folding transition state region the TST prefactor for folding is an important step toward
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experimentally assessing the difficulty of the conformational
search required for folding, i.e., the relative sizes of the

proteins.
If 1/74 represents the limiting rate for TST folding, it

nonetheless appears to be slower in small to moderate sized

proteins than the fastest possible folding events. Whergas

is expected to range from microseconds to tens of micro- 19.

seconds for proteins with = 100—400 (using the extrapola-
tion of 74 to largern described above), formation of the

simplest elements of secondary and tertiary structure on the

10—100 ns time scale represents a type of ultimate speed
limit for folding. The observed values of these two types of
limits suggest that the time regime within which experimen-
talists are most likely to observe the type of downhill folding

processes predicted from the energy landscape perspective??2-

extends over about 3 decades of dynamic range, from 10
to 10°° s, whereas folding events occurring aftet0° s
probably correspond to crossings over the more global

(cooperative) free energy barriers familiar from the TST 24

picture of protein folding.
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