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ABSTRACT. The refolding and unfolding kinetics of a soluble domain of apocytochroyextending from

residue 1 to 104 have been characterized using stopped flow and equilibrium-based fluorescence methods.
The isolated apoprotein unfolds reversibly in the presence of GUHCI. From cooperative unfolding curves,
the conformational stabilityXGy), in the absence of denaturant, is estimated to be £116 kJ mof?

at 10°C. The stability of apocytochromg is lower than that of the corresponding form of the holoprotein

(AG ~ 25 kJ mof?) and exhibits a transition midpoint at 1.6 M GuHCI. Kinetic studies support the
concept of a two-state model with both unfolding and refolding rates showing an exponential dependence
on denaturant concentration with no evidence of the formation of transient intermediates in either limb of
the chevron plot. Apocytochromigs; is therefore an example of a protein in which both kinetics and
equilibria associated with folding are described by a two-state model. The valogsafidmy obtained

from kinetic analysis are an indication of a transition staig/(neq of 0.29) that resembles the native

form by retaining similar solvent accessibility and many of the noncovalent interactions found in the
apoprotein. The changes in heat capacity support a transition state that resembles the apoprotein with a
value for ACy of —3.6 kJ mot! K~ estimated for the refolding reaction. From these measurements, a
model of refolding that involves the rapid nucleation of hydrophobic residues around Trp26 is suggested
as a major event in the formation of the native apoprotein.

The mechanism by which proteins assemble into specific a hydrophobic pocket with an antiparalektrand providing
three-dimensional folds remains a major experimental andthe base to this assemblg~6). This mixedo/s structure
theoretical problem in structural biology. In this area, kinetic coupled with bis-histidine ligation of the heme provides a
studies with small soluble proteins such as lysozyme, CI2, stable framework 1—9). The conformational stability and
a-lactalbumin, myoglobin, and barnase have provided a overall structure of cytochromiss are strongly influenced
wealth of experimental data. These studies have shown thatby the heme group. Differential scanning calorimetry has
solvent exclusion, formation of secondary structure, hydro- estimated values for the conformational stabiliyGpeg) Of
phobic collapse, multiple transition states, and intermediatesthe holo and apo forms of 25 and 7 kJ miplrespectively
can be recognized as integral reactions within the overall () The decline in stability accompanies a loss of helical
folding processX—3). Proteins containing a cofactor present  gircture, and CD spectroscopy has shown that apo- and
a more complicated folding system since integration of the holocytochroméss possess different far- and near-UV spectra

prosthetic_ group i;a necessary prerequisite in the formation(lo). Although the apoprotein retains both secondary and
of the native, functional, state. One approach that OVercomestertiary structure, the helical content decreases from 38 to

these problems is studying the apo form of these proteins in21% (L1, 12), and this is supported by NMR studiet3),

the expectation that they will provide a kinetically simpler Second-derivative absorbance spectroscopy indicates that
system. . . )
increased solvent exposure occurs for Phe residues in the

The thermodynamic and kinetic parameters associated Witha oprotein when compared with holocytochrdoaealthough
the folding of apocytochromies have not been described to Popr P . Yt ameaithoug
éhe single Trp and four Tyr residues remain in similar en-

date, and the absence of highly defined structures comparable . . ) .
to the holoprotein hinders mechanistic studies. In the native vironments. Additionally, spectroscopic studies have shov_vn
state, cytochromés contains bothu-helices ang3-strands that_removal of the heme group does _not change the in-
with helices 2-5 surrounding the heme and creating part of trinsically Iqw fluorescence assouatgd with the solitary tryp-
tophan residue. The soluble domain of apocytochrdme
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In contrast to the crystal and solution structures that are bovine cytochromebs was expressed and purified as
available for rat and bovine cytochrorbg the structure of described previoush8j. The apoprotein was made from the
the corresponding apoprotein is less well defined. Apocy- purified holoprotein using an adaptation of the method of
tochromebs is usually isolated after extraction of the heme Teale @3). The heme was removed by dropwise addition of
group using organic solvents, and this form of the protein 0.1 M HCI to a cytochromds solution (final concentration
has been studied using NMR spectroscop$-15). Two- of 1 mM) at 4°C, until the pH was between 2.3 and 3.0. An
dimensional NMR spectroscopy &¥N-enriched apocyto-  equal volume of butanone was added immediately, and the
chromebs indicates a partially folded structure wiiastrands mixture was left on ice until two immiscible phases formed.
from residue 24 to 29, 32 to 37, and 56 to 58 remaining The upper colored phase was discarded, while the lower layer
largely intact along with three shaxthelices. However, three  was collected. Residual heme was removed by re-extraction
of the four helices that form much of the heme binding of the aqueous phase with another equal volume of butanone.
pocket are either partially formed or undetecté&d)( How- The resulting pale yellow solution was dialyzed overnight
ever, a significant aspect of the solution structure determinedagainst distilled water at 4C. The dialyzed material was
for the apoprotein was the presence of a stable hydrophobicbriefly centrifuged to remove precipitated material, lyophi-
core around Trp26. This core is believed to be capable of lized in small (56-100 L) aliqouts, and stored at20 °C
rapid, independent assembl5]. Cytochromebs is therefore until it was used further. Samples of apocytochrdmased
envisaged as two modules in which core 2, centered aroundin stopped flow and equilibrium experiments were added to
Trp26, acts as a structural unit capable of organizing the the appropriate buffer immediately prior to use.
potential heme binding sitel8). This structure may have Equilibrium Measurements of Apoprotein Unfoldidgo-
some relevance to the folding mechanism in vivo since it protein unfolding was assessed by measuring the fluorescence
has been demonstrated that protein synthesis yields subof Trp26 at different concentrations of GUHCI using an SLM-
stantial amounts of the apo form prior to the insertion of Aminco 8100 spectrofluorimeter. An excitation wavelength
heme (6) and that heme synthesis occurs within the mito- of 280 nm was routinely used with a monochromator slit
chondrion (7). width of 4 nm. All emission spectra were scanned between

Considerable insight into the folding of apoproteins has 300 and 400 nm at a rate of 1 nm'sising two monochro-
been obtained using apomyoglobin as a model sysién (  mators adjusted to a slit width of 4 nm. For each GuHCI
Unlike cytochromebs, the holoprotein is totallyx-helical concentration, a suitable blank solution was subtracted from
and possesses a five-coordinate iron center. Removal of thehe same solution containing-2 uM protein. The fluores-
heme leaves a folded protein with extensive (30%) helical cence intensity at 349 nm in each spectrum was measured
structure around pH 7.0, while lowering the solution pH to at a range of denaturant concentrations and used to estimate
mildly acidic conditions yields an intermediate state termed the conformational stability in the absence of denaturant
the molten globule form1©). From amide exchange experi- (AGy) and its dependence on denaturant concentratigd (
ments, a subdomain consisting of helices A, G, and H hasvia the combination of eqs 1 and 2
been identified in the acid form of apomyoglobin, and this
has been equated with the early folding intermediate detected F = [Fy + Fy exp(—AG/RT)]/[1 + exp(~AG/RT)]
in kinetic studies 20). In comparison with apomyoglobin, Q)
the folding pathway of apocytochronbgis poorly described. _ _

The existence of molten globule states or kinetic intermedi- AG, = AGyy — mJGUHCI] (2)

ates has not yet been confirmed, and this has hindered the
pursuit of knowledge of the folding pathway of cytochrome
bs. Moore and Lecomtelf) have shown that the refolding

of urea-denatured apocytochrotmgexhibits triphasic kinet-

ics with observed rates of 70, 2, and 0.06, @lthough the
origins of these three phases and, for example, their de-
pendence on denaturant concentration and temperature wer
not further investigated. The absence of detailed kinetic- and
equilibrium-based data for the unfolding and refolding
pathways of apocytochroni has led to a detailed analysis
of this system. More importantly, the stability and folding
of the apocytochrombs represents a necessary prerequisite
for any study of holoproteins.

Kinetic Measurements of Apoprotein Foldingl kinetic
measurements of protein refolding or unfolding were per-
formed using an Applied Photophysics stopped flow SX18MV
system. In the absence of the heme group, the fluorescence
emission above 320 nm was used to study these processes.
Fluorescence data sets were recordedgusir2 mmpath
?ength and by measuring the intensity at @the excitation
wavelength (280 nm) after passing through a 320 nm cutoff
filter. Data were collected at time intervals ranging from 10
ms to 1000 s using between 1000 and 4000 data points. The
data recorded at each denaturant concentration are the
average of five successive traces, and all traces were fitted
to monoexponential relaxation curves using software supplied
EXPERIMENTAL PROCEDURES by Applied Photophysics Ltd.

All folding and unfolding reactions were performed at 10

Protein Purification and Reagenta\l reagents were of o ynfolding reactions involved mixing the apoprotein with

Analar grade, and solutions were filtered through Q4%
filters prior to use. Ultrapure GuHEIvas purchased from . o - !

. . . Abbreviations: GuHCI, guanidine hydrochloridg;s observed rate
e'the_'r Cal_b'OChe_m or Melford,_ _UK,_and S_Oluuons V\_’er? made constantkyw andksy, first-order rate constant for protein unfolding and
gravimetrically with further verification using refractive index  folding, respectively, extrapolated to zero denaturant concentration;
measurements2(). The apoprotein concentration was de- Alal—Ser104, soluble domain of cytochrorgextending from residue
termined using the absorbance at 280 nm for which an 1 © 104:mx, dEpe”‘éencedOf thedfree energy of ””f?'d'”g on GIS.HC'

A - 1 has b deter- concentrationme, andmy, dependence of the rate of protein folding
extinction coefficient of 10.6 mM cm™* has been dete and unfolding, respectively, on GuHCI concentratiohCy, heat
mined previously 13, 22). The Alal-Serl04 variant of  capacity change between folded and transition states.
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a 10-fold excess of denaturant to yield final concentrations 25000
between 1.6 and 5 M. The kinetics associated with refolding
involved mixing 1 volume of unfolded protein with a-@.0-
fold excess of 30 mM MOPS (pH 7.0). The unfolded protein 20000 |
had previously been equilibrated in concentrations of GUHCI
between 1.6 and 4.5 M for 1 h. The final denaturant
concentration ranged from 0.2 to 1.4 M GuHCI. In all of
the experiments described here, the final protein concentra-
tion was 1uM.

The kinetic data were analyzed by plotting the unfolding
and refolding rates as a function of denaturant concentration
in semilogarithmic plots according to eqs 3 and 4.

In k, =Ink,, + m[GuHCI] 3) 5000
In k = In kg, — m[GuHCI] (4)
0 T T T

Combining egs 3 and 4 allows the observed rate of folding 320 340 360 380 400
at any concentration of GUHCI to be obtained and was used Wavelength (nm)

o estimate the best fit of experimental data. In egs 3 and 4, Ficure 1: Emission spectra between 320 and 400 nm for folded

Mo = RTm andmg = RTm. . . . and unfolded forms of bovine microsomal apocytochrdmerlhe

Temperature Dependency of Protein Folding Reactions. spectra were recorded between 320 and 400 nm with an excitation
In view of the sensitivity of apocytochronts to tempera- wavelength of 280 nm (emission and excitation slit widths of 4
tures above 25C, a limited temperature range was used to NM) at a protein concentration of 1/ in 30 mM MOPS (pH
study refolding and unfolding. The unfolding rate was 7.0). The spectra were corrected for differential photomultiplier

. . esponse and any background fluorescence of the buffer by

determined at denaturant concentrations between 1.6 and 4-éubtraction. The spectra were recorded at the following denaturant
M, and for each data set, the rate of reaction in the absenceconcentrations: 0.2, 1.4, and 2.4 M GuHCI.
of denaturantl,,) was estimated from semilogarithmic plots.
The values determined fdg,, at each temperature were used
to calculate the activation parameters for protein unfolding
via Eyring plots using the equation shown below:

15000

10000 -

Fluorescence Intensity

unclear but may reflect a series of differing microenviron-
ments for the Trp residue in the unfolded conformation and
has been noted in other syster2§)( From spectra recorded
at a range of denaturant concentrations between 0 and 3.4
_ T M, the intensity of the fluorescence at 349 nm was used to
In(k/T) = In(le/) + ASIR— AHTIRT ®) measure the extent of protein unfolding. The results shown
in Figure 2 reveal that apocytochrorbgunfolds in a single
cooperative curve in which there is no detectable intermedi-
ate. The midpoint for the transition occurs at a concentration

the activation enthalpy of protein unfolding and/or refolding, ©f 1-6 M GUHCI, and the data are fitted on the assumption
and k, and h are Boltzmann's and Planck’s constants, that the unfolding equilibria is described by a two-state

respectively. For all data sets, the temperature was regulated;ySte_m |n which only the native (N) and unfolded (V) states
to within +0.1 °C through the use of a microprocessor- '€ significantly populated. From the data of Figure 2, values
controlled Neslab RTE-111 thermocirculator. For protein Of Mea@ndAGu, for the unfolding of apocytochromie; are
refolding, significant curvature was noted in the Eyring plot OPtained T;h's approach ylelded an average value of%1.6
and eq 6 was used to estimate the magnitudA®f (25). 1.5 kJ mot? for the stability of the apoprotein in the absence
of denaturantAG,) and a value fomey of 7874+ 181 J

In(k/T) = In(k/h) + AS(To)/R — AH(T)/RT— mol~* M~L. The value ofmeq is a constant proportional to

_ the increase in the level of solvent exposure of the protein

AC(T = T/RT+ AC/RIn(T/Ty) (6) during the unfolding reaction.

RESULTS Kinetic Studies of Refolding and Unfolding Reactions.
From the data shown in Figure 2, solution conditions
Equilibrium Unfolding Studies of Apocytochrome. b promoting folding and unfolding in apocytochrorbhgwere
Equilibrium measurements of the unfolding of apocyto- defined for subsequent kinetic measurements. The apoprotein
chromebs in GUHCI have not been extensively described. remains largely folded below 0.6 M GuHCI, while above
Under solution conditions that promote the folded conforma- 2.0 M, the protein assumes a largely disordered state. The
tion of apocytochromes, the fluorescence spectrum exhibits kinetics of apoprotein unfolding can be followed using the
a maximum at 335 nm which progressively increases in time-dependent increase in Trp fluorescence above 320 nm.
intensity with higher denaturant concentrations to yield The increase in fluorescence in the preserfeé M GuHCI
spectra with maxima at 349 nm. Representative normalizedis shown in Figure 3 and follows a single-exponential process
data are shown in Figure 1 for the emission spectra of folded with the reaction being complete within approximately 500
and unfolded apocytochrontog at denaturant concentrations ms. The monoexponential process is emphasized in the plot
of 0.2, 1.4, and 2.6 M GuHCI. The spectra of the unfolded of the residuals versus time. Consequently, all of the data
protein exhibit significant asymmetry with a pronounced acquired in this aspect of the current study were modeled
shoulder around 380 nm. The origin of this shoulder is by fitting to single-exponential processes. Repeating these

derived from transition state theor4) wherek, is the rate
at zero denaturant concentratid«’ is the activation entropy
associated with protein unfolding and/or refoldinghi* is
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19.5 st while a value formy of 5589+ 552 J moft! M~

is obtained. The absence of deviations from linearity in the
semilogarithmic plot of the rates of refolding and unfolding
versus denaturant concentration suggests that the apo form
of cytochromebs behaves as a simple two-state system. In
this context, a shorter form of cytochrorhgcontaining the

first 90 residues exhibits similar folding kinetics (S. Manyusa

and D. Whitford, unpublished results).

Temperature Dependency of Apoprotein FoldiRgrther
insight into the energetics of protein folding and unfolding
can be obtained from an analysis of the temperature
dependence of each process. The temperature dependency
o for the unfolding of apocytochromlss was determined at
. six different temperatures from 8 to 2% and at seven
different GUHCI concentrations from 1.6 to 4.5 M. Higher
temperatures are precluded as a result of the onset of slow
thermal denaturation of apocytochroiieabove 25°C (S.
Manyusa and D. Whitford unpublished observations, 1998).
At each temperature, the linear plots were extrapolated to

. zero denaturant concentration, and these values are used in
from changes in Trp fluorescence. The spectrum of apocytochrome

bs was measured in varying concentrations of denaturant and the Eyrlng analysis ShF’W” n F'Q“re 5A. The unfolding data

corrected by subtraction of the background as described in '€veal a linear plot, with no evidence of curvature, over a

Experimental Procedures. The fluorescence intensity at 349 nm wastemperature range of 17 K. Such plots are generally taken
plotted against denaturant concentration. The data were fitted to imply thatACp,, the change in heat capacity between the

directly to eq 1 and used to estimate the stability of the apoprotein ,5tive and transition states, is smallG,, ~ 0). From Figure

at zero denaturant concentration. The data were obtained at a protei% A th tivati thal d ent f foldi
concentration of J«M. No significant variation in the transition » (€ aclivation enthalpy and entropy for untolding were

midpoint was seen at concentrations of apoprotein between 0.5 angdetermined to be 119.¢ 8.45 kJ motf* and 165.8+ 29 J
5 uM. mol~! K1, respectively (Table 2). If it is assumed thsitl,,

andAS, are independent of temperature, the activation free
measurements over a range of denaturant concentration@nergy of unfolding is estimated to be 70.5 kJ niat 25
between 1.6 and 4.5 M allows the intrinsic unfolding rate in °C,.
the absence of denaturant to be estimated. Semilogarithmic 1, temperature dependence of protein refolding was also
plots of k, versus denaturant concentration are linear over yatermined over a similar range. The data shown in the
the complete range of unfolding congjitions and when fitted Eyring plot in Figure 5B show significant curvature and
to eq s lead tola value for the unfolding rate0a\ GUHClI deviate from linearity especially when compared with the
(kU_Wl)_Of 0.24 s°. The value fom, of 2420+ 420 J mot unfolding data. This suggests that during refolding the heat
M~1is significantly lower than thg equilibrium value (7874 capacity changes significantly between the unfolded and
J mof™ M™% observed for unfolding of the apoprotein and y4qsition states. We have estimated the magnitudeGy,
suggests that the transition state for unfolding exhibits solvent 4, heat capacity change between unfolded and transition
accessibility and noncovalent interactions more closely allied gtates from the curvature of the data in Figure 5B using eq
to the initial apoprotein. The ratio/meq is 0.29 and g These activation parameters are summarized in Table 1
indicates the position of the transition state along the reaction using a reference temperature of 5 and the solid line in
coordinate between unfolded and folded forms of the protein. Figure 5B reflects a value 6£3.6 + 0.8 kJ mot® K~ for

The refolding process followed from the fluorescence
intensity above 320 nm exhibits a single-exponential decay,
and there is no evidence of additional minor phases. For pjscussioN
protein refolding, these reactions were continued for up to
100 s with no evidence of significant additional processes Equilibrium Unfolding of ApocytochromesbThe equi-
such as those seen with proline isomerization (Figure 3). librium unfolding curve based on measurements of Trp
Again the residuals plot clearly demonstrates a satisfactoryfluorescence demonstrates clearly that apocytochrbgne
fit to a monophasic process. By measuring the rate as adenatures in a cooperative transition that can be effectively
function of denaturant concentration, we observed a linear modeled on the basis of a two-state approximation. Unlike
dependence throughout the concentration range (@ M). a much earlier study, the denaturation curve of apocyto-
In Figure 4, these data are combined to produce a classicacthromebs is defined by regions in which the folded and
chevron plot. The transition midpoint is observed around 1.6 unfolded forms predominate with a transition midpoint
M and agrees closely with that estimated from the equilib- around~1.6 M GuHCI 7). This transition midpoint is
rium fluorescence data. Both limbs exhibit a linear depen- lower than that observed with the holoprotein [&F and
dency on denaturant concentration, and there is little evidenceunpublished observations of S. Manyusa and D. Whitford,
of curvature in these semilogarithmic plots, suggesting that 1998 C,, ~ 3.0 M, AG,,, = 23.5 kJ mof?)] and points to
intermediates do not accumulate before the rate-determiningdecreased conformational stability in the presence of this
steps. From data such as that shown in Figure 4, the rate ofdenaturant. The conformational stability at A0 has been
refolding at zero denaturant concentration is estimated to beestimated from the equilibrium unfolding curves to be 11.6
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Ficure 2: Denaturation curve for apocytochrorbe determined
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Ficure 3: Kinetics of apoprotein unfolding and refolding determined using the change in fluorescence above 320 nm. (Left) Apocytochrome
bs (1 uM) was rapidly mixed wih 4 M GdmCI and the fluorescence measured over a time range of 1 s. The data shown together with the
residuals represent the fit of the data to a single-exponential process. The residuals reveal no consistent deviation from a single-exponential
process, and the unfolding reaction, in the above trace, is essentially complete after 250 ms. (Right) Refolding was carried out by rapidly
mixing the unfolded protein with 30 mM MOPS (pH 7.0). The refolding reaction involved a 6-fold dilution of the unfolded protein which
yielded a final denaturant concentration of 0.67 M. The trace measures refolding over 100 s to aid identification of slow refolding events
such as cistrans proline isomerization. The solid line emphasizes the monophasic process, and this is supported by the lower residuals
plot.

kJ molt. The data suggest that the heme group contributesexperimental data. In many respects, apocytochrdine
approximately 50% (11.6/23.5 in this study) of the total behaves in a manner similar to that reported for CI2 and
conformational stability of the holoprotein via noncovalent other small soluble domains3Y). Intermediates are not
interactions with the polypeptide chain, a value comparable detected in either folding or unfolding, and the kinetics and
to that estimated for various states of myoglot28)( equilibrium folding reactions can be ascribed to a simple
Kinetic Studies of Folding and Unfolding in Apocyto- two-state model. These results, together with monophasic
chrome . The kinetic data obtained here for apocytochrome rates and an exponential dependence on denaturant concen-
bs suggest a soluble domain in which unfolding and refolding tration, provide strong evidence that apocytochrolge
occur without the formation of intermediates on the milli- behaves thermodynamically and kinetically as a two-state
second to second time scale. The refolding of apocytochromefolding system.
bs was adequately fitted to a single-exponential process, and Thermodynamic Parameters Associated with the Transition
there was no evidence for the multiphasic kinetics (70, 2, State for Folding.The activation parameters estimated via
and 0.06 s%) seen previously using urea as a denaturbb)t ( the temperature dependence of unfolding and refolding
In general, we have found that urea and GuHCI give provide insight into the structure of the transition state. From
qualitatively similar results for both folding and unfolding Table 2, the enthalpy changes for unfolding are positive,
pathways, and it is possible that the slower phases seersuggesting weaker interactions exist in the transition state
previously may result from protein aggregation, as noted in than in the folded form of the apoprotein. The value/fdt,*
other systems30). In the absence of denaturant, a maximal of 120 kJ mot? reflects the loss of interactions (van der
rate of refolding of~20 s* was observed at 18C. Waals interactions and hydrogen bonds) in the transition state
A two-state model for the unfolding of apocytochroime when compared with the native state of the apoprotein.
is emphasized by the observation that the equilibrium However, the hydration effec82) can contribute to a loss
constant Ky), estimated from the ratio of the folding and of enthalpy from additional interactions between hydrophobic
unfolding rate constantskg/k.w = 10.4 kJ mot?), agrees surfaces exposed during unfolding as well as ordering of
closely with the value of 11.6 kJ nidl obtained from solvent molecules. This effect appears to be secondary to
equilibrium studies. The relationshipeq = My + My is the disruption of noncovalent interactions for the unfolding
satisfied with a value fomy, + my of 8009 J mott M1 of apocytochroméos. In contrast, the gain in enthalpy for
comparing favorably with the equilibrium value of 7874 J refolding is smaller AH¢# = 42 kJ motl?), and this may
mol~* M~ The two-state approximation is also supported reflect a greater contribution of the hydration effect in a
by the substitution ofng by meq — my, in the chevron plot highly solvent-exposed denatured state. The entropy of the
of Figure 4 which yields an equally good fit of the respective transition states reflects two counteracting ef-
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FiGURe 4: Semilogarithmic plot of kinetics of folding and unfolding 3.36 34 3.46 8.51 356
of apocytochromés as a function of denaturant concentration. The UTx10°  (K")
chevron plot exhibits a midpoint around 1.6 M in close agreement
with that estimated from equilibrium fluorescence studies. The T (K
unfolding and refolding regions of the chevron plot exhibit a linear (K)
dependency on GuHCI concentration. The line of best fit was 01 208 296 208 291 288 286 283
calculated assuming the following relationship: kias = In(k, + : : : ‘ : B

ki), wherek, = k, exp(m,[GuHCI]) andk: = k, exp(m[GuHCI]),

kuw andks, are the unfolding and refolding rates in the absence of
denaturant anan, and my are the dependence of these rates on
GUHCI concentration, respectively. Initial estimatesigrandny
andk,, andky, were obtained by regression of a linear portion of
each limb of the chevron plot and then used to fit directly to the
above relationships. The data derived from this plot are summarized
in Table 1.

fects: the increased conformational freedom of the protein
upon unfolding versus the ordering of water molecules
around nonpolar side chains. As a result, it remains difficult
to assign specific molecular details to the observed changes
in entropy, and it should also be kept in mind that the
relevance of transition state theory and particularly the pre-
exponential term to protein folding has been questiod&d (
34) -3.5 - | [ | ]
In apocytochromebs, the changes in activation heat 3.2 837 342 s _13'47 852
capacity together with the ratio of the kinetic/equilibrium 1T x107 (K7)
values assist in defining the transition state. The transition FIGURE 5: Temperature dependence associated with the refolding
state lies close to the initial state of the apoprotein since theand unfolding reactions of apocytochrorbg (A) The unfolding

: Ny i of apocytochromés. (B) The refolding of apocytochromis. For
ratio mq,/meq 0f ~0.3 suggests solvent accessibility analogous each Eyring plot, the data point reflects the rate of refolding or

to that of the folded state. A value of 0.3 implies the nfolding in the absence of denaturant. This was obtained by
preservation of a considerable number of noncovalent extrapolating rates observed at different denaturant concentrations
interactions in the transition state complex and is further E% zggﬁuﬁgrljCC(lnracitrilgﬁgt\;:\etir%nagtdt:sn;ﬂgrezijtl:rr]eéxbityivni2gt; 3?3025
iup([;))orgzdg :3\// ézeige?rlllglbtlee r:g:rr;gtﬁrén 2:;1; ﬁggﬁﬁy‘ﬁf theﬁ‘ér,ﬁsghﬁgg the protein concentration wasM. Thep data derived

. . . : plots are listed in Table 2.
unfolding reaction (Figure 5A). The hydration of hydropho-
bic groups exposed during unfolding has been estimated totochromebs has been estimated to be 4.2 kJ md{~* (9),
be the major contributing factor to the total heat capacity and with this value, we can subsequently calcula@, to
change 85). Here, AC,, corresponds to the heat capacity be 0.6 kJ mot* K. Itis unlikely given the small magnitude
change between native and transition stateS,¢n) of the of AC, and the experimental errors involved in these
protein, and its small or negligible value supports a model measurements that this can be detected via the Eyring
for the transition state in which a compact structure exists analysis of the unfolding data.
lacking significant hydration or solvent accessibility. Con-  For apocytochromés, the denaturanin values and the
versely, the refolding reaction exhibits a significant change heat capacity changes point to a transition state that retains
in heat capacity between the unfolded state and the transitionbetween 71 r(:—u/my-n = 6r) and 86% AC,+u/AC,u—n
state estimated to be3.6 kJ mot! K. Using differential = fcp) of the structure of the initial folded form. It has been
scanning calorimetry, the specific heat capacity of apocy- noted that that a good correlation exists for many proteins

In(kfw / T)




Defining the Folding and Unfolding Reactions of Cytochrohge

Table 1: Unfolding and Refolding Data for the Apo Form of
Alal—Ser104 Bovine Microsomal Cytochronig?

AG, Meg, My, OF Mkt
method (kJ mol) (I moFrt M)
equilibrium
unfolding 11.6+£ 1.5 7874+ 181
stopped flow
folding —7.0+0.1 2420+ 420
unfolding 3.4+ 0.2 5589+ 552
summation of folding 10.4+0.2 8009+ 486

and unfolding data

a All data were obtained at 18C in 30 mM MOPS (pH 7.0); the
concentration of the apoprotein was M, and the experimental
conditions were as described in Experimental Procedures.

Table 2: Activation Parameters for the Unfolding and Refolding
Reactions in Apocytochromigs®

unfolding —
refolding
(equilibrium
refolding unfolding values)
AH(298 K) (kJ mot?) 424455 119.9+8.45 775

AS298 K) (J mot'K-Y) —69.2+18.6 165.8:29.0  235.0
AG(298 K) (kJ mot?) 63.0 70.5 75
AC, (kJ mol* K1) —3.6+08 06 42

2 The data shown above were calculated from the Eyring plots of
panels A and B of Figure 5 for the unfolding and refolding of
apocytochromds. The activation parameters are those obtained at zero
denaturant concentration, in 30 mM MOPS (pH 7.0), and &t@3n
view of the detectable curvature in the refolding curve, the data were
fitted to eq 6.° The value of 7.5 kJ mot refers to the difference
between the unfolding and refolding values obtained here &C25
This value is in close agreement to that reported by P8il At 10
°C, the value ofAG has been determined in this study to be 11.6 kJ
mol~*. ¢ The value forACy, was calculated using a value faC, of
4.2 kJ mof! K1, estimated by differential scanning calorimet) (
and the relationshippC, = ACp, — ACy.

Biochemistry, Vol. 38, No. 29, 1999539

peptide bonds. The absence of minor phases in the refolding
of apocytochromebs suggests that these reactions are not
involved in the formation of the Trp-centered hydrophobic
core. In the unfolded state, the ratio of cis/trans prolyl peptide
bonds is expected to be approximately 0.2. In the Alal
Ser104 variant of apocytochrorbg three Pro residues exist

at positions 44, 85, and 96. The identical folding properties
exhibited by the shorter Alailys90 variant of cytochrome

bs eliminates any involvement of Pro96. If one or both of
the peptide bonds preceding residues 44 and 85 occur in the
cis conformation, then kinetically heterogeneous folding rates
would be observed. This clearly does not occur in this study
where folding and unfolding have been performed over a
time scale from 100 ms to 100 s, and at least two direct
explanations can be invoked. The formation of the apoprotein
is based around the measurement of Trp26 fluorescence and
in particular the quenching mediated by His19 and solvent
exclusion that accompanies protein folding. The Trp residue
is located within a series ¢@Fstrands that form in the center

of the molecule. Here, besides the coplanar interaction with
His19, the Trp residue is close to the side chain of 1180,
and is surrounded by hydrophobic side chains at residues
27—29 as well as neighboring-strands. This region of the
protein has been described as a tube filled with hydrophobic
residues exposed to solvent at either edjl Both Pro
residues are located away from this locus for protein folding
with Pro44 forming part of the turn between helices Il and
[l (4, 5), while Pro85 is located at a turn between strand 2
and helix 6 NMR studies of apocytochromg suggest that

the helices surrounding the heme binding pocket, in which
Pro44 is located, are disordered, and it is most probable that
any folding events in this region of the molecule occur after
formation of the Trp core. For Pro85, there is some evidence
to suggest that the structure of this region of the apoprotein
is preserved after heme remov@) 14). It is also interesting

between equilibrium measurements of the change in heatto note that Pro44 and Pro85 are immediately following

capacity upon unfoldingXC,,) and the denaturant depend-
encies of protein stabilityng) (36). Both parameters appear

to reflect the change in solvent accessible area upon folding,

and by analogy, it is expected that the kinetic/equilibrium
ratios derived from heat capacit§d, = 0.86) andm value
measurement¥f, = 0.71) also correlate. With due consid-

histidine residues and the motif His-Pro may not adopt the
cis conformation as readily as other X-Pro residues.

An interaction between Trp26 and His19 represents an
early event in the folding pathway of apocytochrobgeThe
invariance of Trp26 in all cytochroni® sequences suggests
the side chain may represent a locus about which protein

eration of the experimental errors involved in these measure-folding occurs, and such residues have been higlighted as
ments, the respective values @f, and 6., are sufficiently important in nucleation type models of protein foldir88).
similar for us to believe they are defining the same transition The hydrophobic side chains in this region of the protein
state. For a small representative class of proteins, it wascould therefore drive the formation of the folded state via
noticed thatfc, was often less thafim (37), and this was  specific interactions and the exclusion of solvent, and this
attributed to differential changes in solvent viscosity affecting is supported by the comparatively large heat capacity change
the pre-exponential term in the Arrhenius equation arising for refolding (ACy = —3.6 kJ mot* K™1). From the data

as a result of increases in denaturant concentration orthat are presented, it is unclear whether the four helices
temperature. As a resul,, would overestimate transition  surrounding the heme exhibit local folding within the time
state compactness whifie, would tend to underestimate this ~ scale of the formation of ordered structure around Trp26.
parameter. Although we have the opposite situation here, it This may well require detailed analysis using additional
may be significant that the temperature range used in thistechniques such as stopped flow CD studies or amide
study is more restricted than in many other systems. exchange NMR studies.

Combining both parameters leads to an average value for Increasingly, many small soluble proteins containing less
transition state compactness in which 79% of the residuesthan 100 amino acid residues have been shown to fold by a
buried in folding are equally inaccessible in the transition two-state mechanism, and all of these proteins are distin-

state.
Protein Folding Pathways in Apocytochromg Im many

guished by containing only one domain in the folded state
(37). Apocytochromebs containing 104 residues is slightly

proteins, refolding is accompanied by the presence of onelarger than most of these proteins but in all other respects

or more minor phases arising from isomerization of prelyl

behaves as a typical two-state folding system. From these
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observations, one may deduce that apocytochrbsreon-
tains a single domain localized around Trp26.

We have shown via kinetic and equilibrium data that the
unfolding and refolding of apocytochronbefollow a simple
two-state mechanism in which the transition state for
unfolding resembles the native-like structure. The transition
state is compact with most (79%) hydrophobic residues
buried and with nearly all noncovalent interactions preserved.
The formation of a hydrophobic core around Trp26 appears
to be a key step in the folding pathway driven by the
potentially large number of hydrophobic interactions in this
region of the protein. This study will permit future analysis
of the effect of site-directed mutagenesis of key residues of
apocytochroméds on the folding pathway and will impor-
tantly also allow a comparison with the potentially more
complicated pathway that exists in the holoprotein.
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