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Cytochromec folds through a smooth funnel
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Abstract

A dominant feature of folding of cytochrome is the presence of nonnative His-heme kinetic traps, which either
pre-exist in the unfolded protein or are formed soon after initiation of folding. The kinetically trapped species can
constitute the majority of folding species, and their breakdown limits the rate of folding to the native state. Atemperature
jump (T-jump) relaxation technique has been used to compare the unfgfdiding kinetics of yeast iso-2 cyto-
chromec and a genetically engineered double mutant that lacks His-heme kinetic traps, H33N,H39K iso-2. The results
show that the thermodynamic properties of the transition states are very similar. A single relaxatiegdimebserved

for both proteins by absorbance changes at 287 nm, a measure of solvent exclusion from aromatic residues. At
temperatures nedy,, the midpoint of the thermal unfolding transitiongysis four to eight times faster for H33N,H39K

iS0-2 (Tops ~ 4—10 m$ than for iso-2(7ps ~ 20—30 m$. T-jumps show that there are no kinetically unresolyed<

1-3 us T-jump dead time“burst” phases for either protein. Using a two-state model, the folgiHand unfolding(k,)

rate constants and the thermodynamic activation param&@fsAG, AHF, AHE, ASF, AST are evaluated by fitting

the data to a function describing the temperature dependence of the apparent rate kgpstant,,2) = k; + k.. The

results show that there is a small activation enthalpy for folding, suggesting that the barrier to folding is largely entropic.
In the “new view,” a purely entropic kinetic barrier to folding is consistent with a smooth funnel folding landscape.

Keywords: cytochromec; fast folding; folding landscape; heme ligands; His; iso-2; kinetic traps; nonnative;
temperature jump

Recently, there have been a number of publications on the “fast999. The laser-initiated methods are capable of bringing about
folding” of small globular proteins in the submillisecond time the conditions needed for folding on a submicrosecond timescale.
range(Schindler et al., 1995; Hagen et al., 1996, 1997; Chan et al.For example, laser T-jumps with dead times of about 10 ns can
1997; Eaton et al., 1997; Takahashi et al., 1997; Yeh et al., 1997measure the kinetics of local cooperative reactions such as helix-
Shastry et al., 1998; Yeh & Rousseau, 1p%me of these studies coil transitions withr ~ 50-160 ns(Williams et al., 1996; Gil-
have also involved measurements of thermodynamic activatiomanshin et al., 1997 Nevertheless, most folding reactions occur
parameters as a means of characterizing folding transition statem a microsecond or longer timescale, probably reflecting the speed
(Schindler & Schmid, 1996; Yeh et al., 1997The techniques limit for forming tertiary contacts in foldingEaton et al., 1997;
involved include ultrarapid mixing in which folding is monitored Hagen et al., 1997 Capacitive-discharge temperature-jump relax-
by fluorescencéChan et al., 1997 or resonance Raman spectros- ation is a highly sensitive technique with dead times sulfficiently
copy (Takahashi et al., 1997; Yeh et al., 1997; Yeh & Rousseaushort (1-3 us) to measure adhesion steps in protein folding in
1998. The ultra rapid mixing technique has a dead time of aboutwhich the tertiary interactions are formed by polypeptide loop
80 us (Eaton et al., 1997 An improved techniquéShastry et al.,  closure(Hagen et al., 1996, 199.7T-jumps have the advantage of
1998 called Continuous-Flow Capillary Mixing has a dead time allowing the study of protein folding in the absence of chemical
around 40us. Other approaches for rapidly initiating folding in- denaturants that destabilize folding intermediates. Previously, the
clude laser photodissociation of a cytochroo@0O-heme complex temperature jump relaxation technique has been used to study
and photo-induced electron injectig¢dones et al., 1993; Pascher folding of cytochromec from horse(Tsong, 1976 and from the
et al., 1996; Hagen et al., 1997; Chen et al., 1998; Goldbeck et alyeastSaccharomyces cerevisiédall & Landers, 1981; Nall, 1983
In native cytochrome, His18 and Met80 are the axial ligands
Reprint requests to: Barry T. Nall, Department of Biochemistry AH of the heme prosthetic group. In unfolded iso-2 near neutral pH,

5.206, University of Texas Health Science Center-7760, 7703 Floyd Curt1is18 remains coordinated to the heme, whereas Met80 is dis-
Drive, San Antonio, Texas 78229-3900; e-mail: nall@uthscsa.edu. placed by a nonnative ligand, His33 or His39. Thus, reformation of
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the native protein requires a ligand exchange reaction in which a 0-72]
nonnative heme ligand, His33 or His39, is replaced by Met80, the Iso-2
native heme ligand. Stopped-flow kinetic studies have compared 0.68 4 A
folding of iso-2 to folding of the double mutant, H33N,H39K
iso-2, which folds to the native state without having to displace a
nonnative His-heme ligand. The results show that nonnative His- € 0.64
heme ligation acts as a kinetic trap to cytochranfielding (Pierce c
& Nall, 1997). 5 0.60
Here, we report a temperature-jump kinetic study of the folding g™
unfolding of yeast iso-2 cytochroneand an iso-2 double mutant §
lacking the nonnative His heme ligands, H33N,H39K iso-2. One 056 . — 77
objective is to compare the thermodynamic activation parameters § 20 30 40 50 60
for folding/unfolding involving His-heme kinetic trap@so-2) to o
folding/unfolding in the absence of kinetic trapsi33N,H39K < 094] H33N,H39K Iso-2
is0-2). A second objective is to detect, if present, any additional B
very fast(submillisecond events in foldingunfolding on a time- 0-92]
scale capable of resolving the kinetics of diffusion-limited adhe-
sion steps in folding(Karplus & Weaver, 1994; Hagen et al., 0.90 4
1996. The physical property used to monitor folding, 287 nm ]
absorbance, measures changes in the polarity of the environment 0.88
of aromatic groupge.g., Tyr, Trp, heme, and Phen folding/ ]
unfolding. Thus, signal changes reflect the formafitisruption of
the aromatic hydrophobic core on foldifgnfolding. 0.86 20 ) 3'0 ; 4'0 ) 5'0 ' g T

Temperature (°C)

Results . . . .
Fig. 1. Equilibrium thermal unfolding curves fofA) iso-2 and(B)

H33N,H39K iso-2 measured at 287 nm. The data were collected on an
Equilibrium unfolding AVIV 14DS spectrophotometgAVIV, Lakewood, New Jerseyat a heat-

ing rate of 1°C/min. Essentially identical transitions are observed when
Figure 1 shows the thermal unfolding curves of iso-2 andsamples are incubated for 5 min at each temperature prior to measuring the

H33N,H39K iso-2 cytochrome& monitored by absorbance at absorbance. Solution conditions were g cytochromec, in 0.1 M
287 nm. The melting temperatut@,,) for the wild-type and the ~ Sodium phosphate, pH 6.0.

double mutant is the same, 540.2°C. Thermal unfolding curves

monitored by heme absorbance at 394 and 418data not shown

g_i\(e sim_ilar (_aquilibrium unfolding tran;itions with the same traq- H33N,H39K iso-2(Fig. 3B) cytochromec. This figure contains
sition midpoints as the ones shown in Figure 1. The enthalp|e§1atal points obtained from°& temperature jumps at final temper-
AHy generatgd fro.m .the thermal unfolding curves arle thg same foétures that range from°& below to 5°C above the melting tem-
the two proteins within errorstg =71+ 2keal mol *foriso-2  neranre(T,) of these proteins. Other data points shown in this
and AHy = 68 + 2 kcal_ mol” for_ H33N,H39K iso-2 Cyto-_ _ figure at final temperatures below 3107°C) were collected
chromec. The data analysis was carried out by least-squares flttlngjsing stopped-flow mixing. The stopped-flow experiments are per-
of the absorbance vs. temperature data to a two-state model {g,,o4 ynder conditions where folding is much more favorable
obtain theT,, and theAHy (see Materials and methods than unfolding, so thatyy. = k; + k, ~ k. The stopped-flow data
were obtained using two different ways to initiate folding)
guanidine hydrochloride dilutions arig) pH jumps. Both methods
give the same values &5 at the same final temperature, indi-
Figure 2 presents kinetic transients monitored at 287 nm, after aating that the small amount of GdCl (0.27 M Gdn HCI) present
5°C temperature jump. The top panel illustrates the relaxatiorin the final conditions of the Gdt{ClI-dilution experiments does
kinetics of iso-2, which is described by a single exponential func-not affect the rate significantly. The temperature dependence of
tion with an apparent rate constagts (= 7op2) = 32 s * at a final kobs follows a backward L-shaped pattern centered aboufTthe
temperature of 54C (T,,). The bottom panel illustrates the relax- Below T, the rate constant is almost independent of the final
ation kinetics measured at 287 nm for the H33N,H39K iso-2 pro-temperature, but at temperatures abdygethe rate constant de-
tein, which is described by a single exponential function, with anpends strongly on the final temperature.
apparent rate constakg,s = 250 s 1. All kinetic changes moni- Figure 4 shows Eyring plot$AG*/T vs. ¥ T) for unfolding
tored at 287 nm could be described by a single exponential funcéFig. 4A) and for folding(Fig. 4B). The AG}/T and AG{/T func-
tion for both iso-2 and the double mutant. In general, for temperaturéions represent the unfolding and folding components of the ap-
jumps ending at final temperatures near the melting temperaturparent rate constakg,s(see Equations 3—6, Materials and methods
(Tm = 54°C) the kinetic phase observed in H33N,H39K iso-2 The functions AG}/T and AG//T were calculated from the
cytochromec is four to eight times faster than the corresponding thermodynamic paramete(3able 1 obtained by fitting the data
kinetic phase observed for iso-2 cytochrome as described in Materials and methods. The funci@i/T de-
Figure 3 plots the apparent rate constagt (= 1/7ons= Ky + ki) pends strongly on the final temperature because of the large acti-
as a function of the final temperature for isofBig. 3A) and  vation enthalpy for unfoldingFig. 4A). In contrast,AG}/T is

Temperature-jump kinetics
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Fig. 2. Relaxation kinetic transients for isof@pper tracgand H33N,H39K | ]
iso-2 (lower trace cytochromec after a 5°C temperature jumpg49 to 3000 [ 7]
54°C) monitored by absorbance changes at 287 nm. Solution conditions F q ;
were 30uM cytochromec, in 0.1 M sodium phosphate, pH 6.0. x*.? [ I
2000 rf .
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almost independent of the final temperature, |Al:|f1 ~0 [
(Fig. 4B). [ ]
Table 1 lists the thermodynamic parameters obtained from analy- ot oo e e ]
sis of the equilibrium thermal unfolding curves and the activation 290 300 310 320 330
parameters calculated from the kinetic data. Iso-2 and H33N,H39K T (Kelvin)

iso-2 have the same melting temperatuf€g), and the equilib- _
rium unfolding enthalpies and entropies are the same within errorg;!9- 3. The temperature dependence of the apparent rate corigfant
(= mops) for iso-2 (A; open squargsand H33N,H39K iso-2(B; filled

The equilibrium and activation parameters are given for the refer-circles) cytochromec measured with temperature jumps or stopped flow

ence temperature df = Ty, (54°C). The equilibrium enthalpy and  mixing, and monitored by absorbance changes at 287 nm. The solid line in
entropy changes are known to be temperature dependent sinéeand the dashed line iB are fits of the data for iso-2 and H33N,H39K
calorimetry measurements show that there is a substar@ial=  150-2, respectively, to Equation 6A—(Materials and methodswith the

1 -1 ; parameters given in Table 1. In the folding baseline regbmiow 310 K),
1.58 keal mof™ K™ (McGee et al., 1996 For both proteins the the data were obtained by stopped-flow mixing. Above 310 K the data were

activation parameters fOT unfolding and folding show that. the eN-ptained by 5 K temperature jumps. The experimental conditions for tem-
thalpic barriers to unfolding are much greater than for folding. ThEperature jumps were 3@M cytochromec, 0.1 M sodium phosphate,
change in the activation free energiass* at T,,, = 54°C, were pH 6.0. Stopped flow refolding was initiated by pH jumps, or by Gdal
calculated from the activation entropy and enthalpy values gene,dnuthn. The_Gdn'HCI dilution experiments were carried out by mixing
ated from the fit of the data in Figure (3/1aterials and methogls protein solutions in 4.0 M GAHCI in 0.1 M sodium phosphate buffer,

. o . pH 6 with 0.1 M sodium phosphate, pH 6.0 using a Biologic SFM-3
The differences between the activation parameters for unfoldingiopped-flow instrument so that the final reaction conditions were 0.27 M
and folding are given in square brackets in Table 1 and, assumingdn-HCI, 0.1 M sodium phosphate, pH 6. For pH jumps the final condi-
a two-state model, can be compared to the equilibrium thermotions were 0.1 M sodium phosphate, pH 6. The final protein concentrations
dynamic parameters. According to the analysis using Eyring tran¥ere 60 to 75uM of iso-2 or 70 to 100«M of H33N,H39K is0-2.
sition state theory both proteins have positive activation entropies

of unfolding and negative activation entropies of folding.

to iso-2 in the transition region, but because of a lameralue

Discussion (m = dAGy/d[Gdn-HCI]) was more stable in the absence of de-
o ) naturant. Pierce and Ndll997) pointed out that the removal of the
Equilibrium unfolding nonnative His-heme ligands is expected to destabilize the unfolded

The thermal unfolding transitions of iso-2 and H33N,H39K iso-2 Protein by an amount equal to the free energy of the His-heme
cytochromee have the same melting temperatures and almost idendissociation reaction and, consequently, increases the unfolding
tical enthalpies\Hy, (Fig. 1). This suggests that substitution of the free energy.

two histidines(H33N and H39K does not alter significantly the
thermal stability of cytochrome. These thermodynamic param-
eters are in excellent agreement with thermodynamic values r
ported in the past for cytochrome (McGee et al., 1996 In a The absorbance changes at 287 nm for iso-2 and H33N,H39K
previous studyPierce & Nall, 1997, Gdn-HCl-induced unfolding  iso-2 are well described by a single exponential kinetic phase for
transitions showed that H33N,H39K iso-2 was similar in stability all final temperatures. This phase is approximately four to eight

e'_l'emperature-jump kinetics
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Fig. 4. Eyring plots illustrating(A) the strong temperature dependence of unfolding @)dthe comparatively weak temperature
dependence of folding for iso{2olid lines; open squargand H33N,H39K iso-2dashed lines; filled circlgsThe activation enthalpies

are the “slopes” of these plots, while the activation entropies are the Y intercept$ at Q. Activation heat capacity changes are
obtained from the curvature of the plots. The Eyring pl@slid lines; dashed lingsare calculated using the activation enthalpies,
entropies, and heat capacity chang¢&able 1; Fig. 3 from the fits of the combined temperature jump and stopped flow data sets to
Equation 6A—-C(Materials and methogdlsThe data point§open squares for iso-2; filled circles for H33N,H39K ispae obtained

by calculating values ok or k, using the activation parametef$able 1 and subtracting the calculated values from the measured
values ofkqps (= ki + k) to give “measured” values ¢ andk,. Measured values afG*/T are calculated from “measure# or k,

using Equation 3Materials and methogls

times faster for H33N,H39K is0-@rons~ 4—10 mg than for iso-2  ligand exchange st S1) in folding of horse cytochromewhere
(Tops~ 20—30 m$ at final temperatures nedy,, the melting tem-  the misligated His is displaced by a water moleculet(20°C) =

perature(Fig. 2). In the two-state approximation far= T, K, = 13 kcal mol? for iso-2; AH¥s; = 12 kcal mol? for horse cyto-
ki/ky = 1 soks = K, andkops = ks + ky = 2k = 2k,. Thus, neaff,,,  chromec; AS (20°C) = —11 cal mol't K1 for iso-2; ASfs; =
ks andk, are both large(faste) in the absenceéH33N,H39K iso-2 —14 cal molr* K~ for horse cytochrome. The agreement may

than in the presenc@so-2 of nonnative His-heme ligands. So be fortuitous, or it may be a further indication of control of the
His-heme misligation slows both folding and unfolding, e.g., raisesso-2 folding rate by His-heme ligand exchange.
the activation free energies for both reactions. His-heme misliga- Assuming that His-heme displacement is rate-limiting, the ac-
tion is known to have slowing effects on folding and unfolding tivation enthalpy for iso-2 folding can also be compared to acti-
rates measured by GdACI mixing experiments, where the role of vation energies for His-heme ligand off rates measured for unfolded
His33 and His39 as kinetic traps has been established by stoppetlerse cytochrome. Distinct kinetic processes in the millisecond
flow mixing experiments that showed that removal of all nonnativetime range were detected for the His26—heme off rate and the
His-heme ligands increased the rate of fast phase foldtigyce &  His33—heme off rate with activation energies of 12 and 17 kcal
Nall, 1997 and unfolding(M.M. Pierce & B.T. Nall, unpubl. data  mol~1, respectively(Colon et al., 199Y.
about tenfold.

The obsgrvatlpn that the.folldln.g aqd unfoldmg ratgs are Sloweqaurst phases and two-state models of folding
by nonnative His-heme misligation is consistent with the reso-
nance Raman studies of horse cytochranahich show that a  Submillisecond mixing measurements of horse cytochroffioéd-
ligand exchange phase is a common feature of fold¥eh et al.,  ing (Shastry & Roder, 1998; Shastry et al., 198&ve resolved a
1997; Yeh & Rousseau, 199&nd unfolding(Yeh & Rousseau, “burst” phase in folding into a submillisecond kinetic phase be-
1999. Control of both folding and unfolding rates by the ligand lieved to represent chain collapse. Also, a microsecond T-jump
exchange phase may explain why a two-state mechanism provideslaxation process has been reported for fully unfolded horse
a fair description of the iso-2 foldinginfolding kinetics despite cytochromec (Tsong, 1975, 1977 Interestingly, the kinetic pro-
presence of the misligation kinetic block. However, caution iscess detected in the fully unfolded protein is in the same time range
necessary in comparing horse cytochroerend iso-2 because of (7 ~ 50 ws) as the “collapse” phase detected by submillisecond
the greater thermodynamic stability of horse cytochraem@nd  mixing measurements of horse cytochrom#olding, suggesting
mechanistic differences in coupling of His-heme misligation tothat the “burst” phase may be a reaction within the ensemble of
folding (M.M. Pierce & B.T. Nall, unpubl. daja unfolded species that couples to folding under strong refolding

Reliable activation parameters have been obtained by resonancenditions. This view is supported by the fact that the amplitude of
Raman for transitions between distinct heme ligand states in foldthe submillisecond phase decreases to near zero as the final dena-
ing of horse cytochrome (Yeh et al., 1997. A comparison of turant concentration approaches the unfolding transition zone
horse and iso-2 folding near 20 shows that the changes in the (Shastry & Roder, 1998
activation enthalpy and entropy between the unfolded protein and Stopped flow measurements of refolding of iso-2 and iso-2 vari-
the folding transition state for iso-2 are almost identical to theants also exhibit substantial burst phasi&ll, 1983; Pierce &
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Table 1. Equilibrium and kinetic thermodynamic parameters heme(donor-quencherdistance and, in contrast to ultraviolet ab-

for iso-2 and H33N,H39K iso2 sorbance, is expected to be sensitive to polymer collapse to
condensed solvated species. An additional fast kinetic phase with
Protein a time constanty ~ 1 ms(Kyps~ 1,000 s'1) has been detected by
Thermodynamic parameter 1S0-2 H33N,H39K is0-2 T-jump measurements of iso-2 fol_dingnfolding monitored by
absorbance at 418 nm. The phase is detected by heme absorbance
Equilibrium changes, but not by fluorescence emissier< 0.08 at 350 nmor
Tm (°C) 54.0£0.2 54.0£ 0.2 ultraviolet absorbancéx < 0.04 at 287 nm (Nall & Landers,
AHG (keal mol™) 71x2 68+ 2 1981; Nall, 1983 suggesting that the process involves changes in
o [75+ 10]° [103+ 6]° heme environment or ligation state within the ensemble of un-
AS; (cal mol™t K1) 217+ 2 208+ 2

folded species. It is surprising that fluorescence-detected T-jumps

b b
ACs (keal mol * K1) [235’:831] [3122817] do not detect the faster phase, but sincg initial conc_iitions differ for
AG¢ (kcal molt) 0 0 the stopped-flow and the temperature-jump experiments, the am-
[~1.7+ 14]° [~1.0+ 8] plitudes can also differ. Thus, the kinetic phase detected by stopped-

Kinetic flow might have an undetectably small amplitude when measured

AH{ (kcal mol?) —21+9 —11+4 by temperature Jumps. . .

AS? (cal mol K1) 129+ 29 86+ 13 The present T-Jump measurements of chapges in ultraviolet ab-

ACE , (kcal molt K1) 10403 04402 sorbance(287 nn)_, in ac_:cor_d with our previous resultdNall,

AG? (kcal mol ) 18.6+ 13 17.2+ 6 1983, detect a single kinetic phase. We believe that the phase

AHF (kcal mold) 53+ 4 92+ 4 detected by T-jumps is the rate-limiting structural phase in which

AS! (cal molr't K1) 111+11 233+ 11 solvent is excluded from the hydrophobic core, and that a two-state

AC} |, (kcal mol™t K1) 0.6+0.3 1.2+0.2 model is a fair representation of the process within or near the

AG{ (kcal mol™) 16.8+6 16.1£6 unfolding transition zone. However, folding or unfolding measured

far removed from the transition region could deviate significantly
aThermodynamic parameters & = 54°C, the midpoint of the thermal ~ from a two-state mechanism. Some indications of deviations are

unfolding transition. The equilibrium thermodynamic parameters are obthe burst phase detected by stopped-flow mixing under strongly

tained by fitting the datéFig. 1A,B) as described in Materials and methods 4tive conditions, and discrepancies between the equilibrium thermo-

to obtain the enthalpy and entropy valuesTgt(327.16 K). Equilibrium . . . .
free energies are assumed to be zeff.at 54°C (327.16 K. The kinetic dynamic parameters and the differences in the thermodynamic

(activation thermodynamic parameters were obtained by fitting the data ofaCtivation parametersTable 1.
Figures 3A and 3B to Equation @/aterials and methodisThe activation

parameters for heat capacity changﬁ@.ﬁyf (folding) and AC,§Ll (unfold- o

ing), are assumed to be independent of temperature. The optimized fitting\Ctivation parameters

function is shown by the solid line in Figures 3A and 3B. The errors in the L . .
enthalpies and entropies are obtained from the statistical errors of the fits € activation parameters for unfolding and foldifigble J and

Errors in the equilibrium and activation free energies are propagated fronfEyring plots of activation free energi€Big. 4A,B) show that the
the errors in the enthalpy and entropy. In fitting the data, the difference intemperature dependence of unfolding is much larger than folding
the activation heat capacity changesCs, — AC? ) was constrained to  for both proteins. Although the activatiaxC , leads to curvature
the known equilibrium value afCp = 1.58 kcal mof K ~* determined by ¢ the Eyring plots AG#/T is almost independent of temperature
scanning calorimetry of normal and mutant variants of iso-1 and iso-2 . . .
(McGee et al., 1996; Liggins et al., 1999 over the refolding temperature range, especially in the case of
bThe equilibrium thermodynamic parameters shown in square brackets!33N,H39K iso-2(Fig. 4B; Table ). The temperature dependence
are calculated from differences between the corresponding thermodynamigf unfolding (AGj/T) is much stronger than refolding in both a
activation parameters, e. Gy = AG] — AG;. relative and absolute senéEig. 4A; Table 1. This suggests that
most of the change ifequilibrium) enthalpy occurs between the
transition state and the folded state, implying that the enthalpy of
the transition state is similar to that of the unfolded protein.
Nall, 1997; McGee & Nall, 1998 suggesting that an analogous A similar comparison of activation entropies is complicated by
submillisecond phase should be observed by temperature jumps tiie frequency factor in Eyring theory that shows up primarily in
iso-2. There are no faster phases observed by 287 nm absorbantiee activation entropy. It is unlikely that the facter = kgT/h)
Moreover, if such a phase were present with an amplitude abovased in the usual Eyring analysis is appropriate for protein folding.
the noise level, it would have been detected in the T-jump experThe frequency factor, which gives a measure of the reaction rate in
iments. Unlike stopped-flow mixing where the reacting solutionsthe absence of a barri¢enthalpic or entropig is meant to apply
go unobserved during the mixing time, the T-jump absorbanceo gas phase reactions of small molecules. A recent releaob
signal is measured before, during, and after the temperature jumg, Schmid, 1999 of rate theory for folding reactions concludes that
so the amplitude of a kinetic phase faster than the T-jump rise tim¢he calculated absolute rates are much too high sdahbsolute
is detected directly as a signal change with- 3 us, the instru-  values ofAG* andAS* obtained from rate constants are not reli-
ment rise time. None are observed. However, the absence of @able. However, Eyring theory is useful in quantifying changes in
T-jump detected burst phase may be because of the detection methddese same quantities that arise from mutation or differences in
287 nm absorbance for the T-jumps vs. tryptophan fluorescence faolution conditions. The alternative Kramers’ theory was devel-
the stopped flow experiments. Ultraviolet absorbance measuregped for reactions in solution and may be better suited to the
changes in the polarity of the environment of aromatic residuesnalysis of many aspects of folding. For simple folding processes,
including heme; i.e., solvent exclusion from the hydrophobic core Kramers’ theory predicts that rates will be inversely proportional
Tryptophan fluorescence for cytochrorneneasures overall Trp- to solvent viscosity, as observed for folding of Csfcob et al.,
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1999. Regardless of the uncertainties in absolute values, the veryhe functionY(T) describes the temperature dependence of the
low activation enthalpies for folding in the present céBiy. 4B) absorbance measured at 287 nfg.andmy are the intercept and
lead to the conclusion that the barrier to folding is largely entropic.slope of the baseline for the temperature dependence of the fully
The activation heat capacity chang@sC?) are the least accu- native protein, whileéf, andmg are the corresponding parameters
rately measured of all the parameters. To obtain statistically sigfor the unfolded protein baselin&, is the temperature midpoint of
nificant values from the fits of the data, it was necessary to constraithe thermal unfolding transition andHy, is the unfolding enthalpy
the difference between the activation heat capacity changes tatT = T,,. T is the temperature in Kelvin arilis the gas constant.
the independently determined equilibrium valu€, = ACE,u — The entropy of unfolding afl,,, was calculated aaS;(T,,) =
Acﬁ,f. There is a significanAC,ﬁ for both folding and unfold- AHy/T,. This model assumes thaH, is independent of temper-
ing. Removal of His-heme misligation shifts the point at which ature over the narrow temperature range in which the transition is
the largest part of the foldingCp change occurs from between measured. We have shown thadd,; depends on temperatugeCp =
the unfolded state and the transition state to between the trark.58 kcal molt K1) when measurements are made over a wider
sition state and the native statECévf\/ACp ~ 0.6 for iso-2; temperature rangeLiggins et al., 1994; McGee et al., 1996
|AC§,f|/ACp ~ 0.3 for H33N,H39K iso-2. Although the errors in
ACé,f are large, the implication is that elimination of His-heme
misligation leads to a more solvent-exposed transition state with
thermodynamic character closer to that of the unfolded protein. Relaxation kinetics were measured with a capacitive-discharge
(Eigen—DeMayertemperature-jump instrumefiflessanlagen, Ger-
_ many). The absorbance calibration of the T-jump instrument was
Conclusions carried out using Phenol Red dye in 0.1 M Tris HGlBuffer
The results show that the enthalpic barriers of the transition state®H 7.4. The absorbance of the dye solutions at various concen-
for folding of iso-2 and H33N,H39K iso-2 are similar to one frations was measured at 558 nm in the T-jump instrument and in
another and to the unfolded state. This is despite the fact thdf!e AVIV UV-VIS spectrophotometer. The absorbance in the T-jump
disruption of incorrect His-heme kinetic traps are rate-limiting for Was in fair agreement with that expected for the shol@r cm
iso-2 folding, while folding of H33N,H39K iso-2 takes place in the Path length of the Tjump sample cell. A temperature calibration
absence of His-heme kinetic traps. For both proteins the barrier t§Urve was obtained by measuring the change in absorbance at
folding is largely entropic, which in the “new view” implies that 558 nm of the dye solution vs. temperature in the AVIV model
the energy landscape for folding is a smooth funnel. 14DS UV-VIS spectrophotometer. The magnitude of the *“rise-
time” signal change for the dye solution in the T-jump cell was
measured as a function of the voltage used to charge theud=05
Materials and methods capacitor. Using the T-jump absorbance calibration, the signal
The construction, purification, and characterization of iso-2 andfr gar;]%fjn:\s;er caonn(;/?r:tee?etrﬁ aebrztt)rbanc?'; hzznges in the A\él\t/ spec_—
the mutant H33N,H39K iso-2 cytochroneehave been previously P ’ peralure calibration curve used to con
described Pierce & Nall, 1997, vert th_e absorbance chang_es to changes in temperaturt_a. It was
determined that a 28 kV discharge from the 00B capacitor
generates a & temperature jump under experimental conditions.
The rise time(dead time of the instrument was determined to be
3 ws with the phenol red dye solution.
Thermal unfolding curves were obtained using an AVIV model  The protein solutions used were 3 cytochromec, 0.1 M
14DS UV-VIS spectrophotometéAVIV, Lakewood, New Jersey  sodjum phosphate buffer, pH 6.0. The data were analyzed using the
The absorbance at 287 nm was measured at a heating rate @kigin software prograniMicroCal, version 2.8 The kinetic tran-
1°C/min. Protein concentrations were30 uM in 0.1 M sodium  sjents were fit to the functiorA(t) = Arexp(—kopet) + C, where
phosphate, pH 6.0. The protein samples were prepared by dissolyt) is the experimentally observed absorbance at tirdg is the
ing lyophilized cytochrome in a small volume(0.5 mb) of 4 M gmplitude of the kinetic phaskgysis the observed rate constant,
Gdn-HCI (guanidine hydrochloridein 0.1 M sodium phosphate, andCis the offset voltage. In the nonlinear least-squares fit, all the

pH 6.0. The samples were warmed in a water bath &C5®r  parameter§A;, kops andC) were allowed to float until a minimum
5 min and passed through a G-25 gel filtration column pre-\yas reached.

equilibrated with 0.1 M sodium phosphate, pH 6.0 to remove the
guanidine hydrochloride.

éTemperature-jump kinetics

Equilibrium unfolding

Stopped-flow kinetics

The stopped-flow experiments were carried out using a three sy-
ringe Biologic SFM-3 stopped-floWMolecular Kinetics, Inc., Pull-
The equilibrium unfolding transitionéFig. 1A,B) were fit to an ~ man, Washington The GdnHCI-jump experiments were carried

Analysis of equilibrium thermal transitions

equilibrium two-state model using the equation: out by mixing protein unfoldedni4 M Gdn-HCI, 0.1 M sodium
phosphate buffer, pH 6.0 with mixing buffer of 0.1 M sodium
Y(T) = [(Yy + myT) + (Yo + mpT)A]/[1 + A] phosphate, pH 6.0, so that the final reaction conditions were

60—75 uM iso-2 or 70-100uM H33N,H39K iso-2, 0.27 M
Gdn-HCI, and 0.1 M sodium phosphate, pH 6.0. A 10 mm light
path zigzag cuvett€TC-100-15, Biologi¢ was used for the ex-
periments in which folding was monitored by absorbance at 287 nm.
A = expl(AHy /R ((1/Tyw) — (L/T))]. For the pH-jump experiments, the initial conditions were 650 to

whereA is given by
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800 uM cytochromec, 10 mM HCI, pH 2.3. The mixing buffer
was 0.1 M sodium phosphate buffer, pH 6.2. Following the 1:9
dilution with mixing buffer, the final conditions were 65 to M
cytochromec, 0.1 M sodium phosphate, pH 6.1.

Analysis of kinetics

For the two-state folding reaction shown in Equation 1:

@

ki

N4>

the apparent rate constakiys (= Tops) is equal to the sum of

the microscopic rate constants of unfoldikg and folding ks
(Equation 2.

Kobs = Ky + K. (2
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