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ABSTRACT:. The guanidine hydrochloride- (GuHCI-) induced unfolding and refolding of a recombinant
domain of bovine microsomal cytochroniig containing the first 104 amino acid residues has been
characterized by both transient and equilibrium spectrophotometric methods. The soluble domain is
reversibly unfolded and the equilibrium reaction may be monitored by changes in absorbance and
fluorescence that accompany denaturation of the native protein. Both probes reveal a single cooperative
transition with a midpoint3 M GuHCI and lead to a value for the protein stabilityG) of 26.5 kJ

mol~1. This stability is much higher than that reported for the corresponding form of the apoprefein (

kJ molY). Transient changes in fluorescence and absorbance during protein unfolding exhibit biphasic
profiles. A fast phase occupying30% of the total amplitude is observed at high denaturant concentrations
and becomes the dominant process within the transition region. The rates associated with each process
show a linear dependency on GuHCI concentration, and at zero denaturant concentration the unfolding
rates kuw) are 4.5x 10°stand 5.2x 10°8s ! at 25°C. The pattern of unfolding is not correlated with
covalent heterogeneity, since a wide range of variants and site-directed mutants exhibit identical profiles,
nor is the unfolding correlated with cidrans Pro isomerization in the native state. In comparison with

the apo form of cytochrombs, the kinetics of refolding and unfolding are more complex and exhibit
very different transition states. The data support a model for unfolding in which-heratein interactions

give rise to two discernible rates of unfolding. From an analysis of the activation parameters associated
with each process it is established that two structurally similar transition states differing by less than 5 kJ
mol~1 exist in the unfolding reaction. Protein refolding exhibits monophasic kinetics but with distinct
curvature apparent in plots of kgysversus denaturant concentration. The data are interpreted in terms of
alternative routes for protein folding in which a “fast track” leads to the rapid ordering of structure around
Trp26 for refolding while a slower route requires additional reorganization around the hydrophobic core.

Proteins containing less than 100 amino acid residuesand for most small soluble domains the process exhibits
frequently fold with rates ranging from 1 to 1000'sin monophasic kineticg6). This is often explained is the
processes involving the translation of the primary sequencetransition-state model by an energy barrier that lies close to
into an organized three-dimensional structure. Understandingthe folded or native conformatiori7). However, some
the kinetic events associated with folding has represented aexceptions to the rule of single-exponential unfolding have
major experimental problem, although it has been shown, been noted. Staphylococcal nuclease shows a biphasic profile
for example, that the small serine protease inhibitor CI2 upon denaturant induced unfoldir§g). NMR! and kinetic
denatures and refolds reversibly with kinetics and equilibria studies indicate that a slow interconversion of native states
explained by a simple two-state modél, 2). In other that differ in their conformation about a single Pro peptidyl
proteins such as barnase a more complex refolding pathwaybond can account for these resul®. This observation is
involving a transient intermediate, which is not sufficiently not restricted to staphylococcal nuclease and has been noted
stable to be detected by equilibrium measurements, is formedin calbindin Dy, where NMR spectroscopy has identified
as part of the overall proceg8). Some proteins, such as major and minor conformers in solutiqa0).

staphylococcal nuclease or lysozyme, exhibit additional  proteins containing a cofactor represent an interesting
minor phases in refolding stopped-flow experiments, and this extension to the folding problem since complete folding
has led to the idea of conformational heterogeneity in requires the integration of the prosthetic group. In this context

unfolded states of the protein. This heterogeneity is attributed sty dies of the mechanism of unfolding and refolding in heme
to the presence of cis and trans forms of prolyl peptide bonds

and in staphylococcal nuclease the removal of the Pro residue

i i ; in oi i 1 Abbreviations: GuHCI, guanidine hydrochloride/k;, observed
b.y Sl.te directed mgtagenesls resulted in Slm.pler refolding rate constant for protein u%folding/fold%nggwlkm, first-order rate
kinetics(4, 5). Protein unfolding has been studied less often constant for protein unfolding or folding extrapolated to zero denaturant
concentration; AlatLys90 and Alat-Serl04, soluble domain of
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center and a macrocycle that, in comparison with méagpe
cytochromes, is relatively exposed to the solv@i). The
heme macrocycle exists in two conformations that differ by
rotation about the C5/C15 axis. In cytochrommethe ratio

of each isomer varies from species to species, ranging from
approximately 25:1 in chicken to 9:1 in bovine and 1:1 in
tobacco forms of the proteif26—28). Spectroscopic studies

of apocytochromés indicate a lower overall stability when
compared with the holo form and a structure in which the
four helices surrounding the heme are relatively disordered
while the strands appear to remain intg29, 23).More
recently, kinetic studies of folding in apocytochroimghave
shown that the system exhibits kinetics that can be effectively
modeled by the two-state approximati¢®0). A pivotal
reaction in the folding of apocytochrombs was the
formation of ordered structure around Trp26.

Currently it is unclear whether folding of holocytochrome
bs proceeds via an apolike structure in which the Trp26 core
FiGURE 1. Ribbon diagram of the three-dimensional structure of 'S a t.ranSIentIy stable l'nt.ermedh":lte. There' have be?‘” com-
the soluble heme binding fragment of cytochrobgeThe diagram paratively few mechanistic studies of folding/unfolding in
shows the single Trp residue at position 26 in the second holocytochromds although the globins have been the subject
hydrophobic core and its interaction with His19. The heme group of many folding studies, especially in the apo state, as well
Ii?ated to thfe side c(;wains of His 43 and 27 is alsohsrllpwn. Tt:je majoorI as cytochroméss, from Escherichia coli (3+34). Unfolding
e o el /"% myoglobin has been shown t occur with multphasic

kinetics when initiated by rapidly lowering the pH, but it is
proteins have focused mainly antype cytochromes and also complicated by slow, irreversible heme aggregd8@h
particularly the homologous mitochondrial variants from The study of apoproteins does not allow the role of the heme
yeast and horse as well as the structurally similar cytochromegroup in modulating the stability of the protein and its rate
¢, from photosynthetic bacteria such R&odobacter cap-  of folding to be assessed. In this context optical studies of
sulatus (11)For horse heart cytochronegoptical and NMR myoglobin unfolding in GuHCI for the cyanomet, deoxy,
methods have established a complex folding pathway. Theand met states have shown that heme coordination and
folding pathway contains several kinetic intermedigtk®) oxidation states strongly influence the stability of the protein
with the rapid formation €1 ms) of nativelike secondary and the application of two state unfolding modés, 36).
structure detected by optical methods. In comparison studiesAlterations in the CD spectra of metmyoglobin upon GuHCI-
of folding for b-type cytochromes have been limited and, in induced denaturation indicates the presence of a stable
part, this is attributable to the ease with which the nonco- intermediate and this has been equated to the molten globule
valently bound heme group is lost to form the apoprotein. state detected during acid induced unfolding of native
Unlike c-type cytochromes, where the cofactor is attached myoglobin (37). In cytochromebsg,, although the kinetics

to the protein via covalent thioether bridges, bitype of folding/unfolding have not been analyzed extensively, it
cytochromes exhibit a slow loss of heme that can be has been shown that the stability of apocytochrdmg is
measured in the reaction with apomyogloii3). substantially lower than the holoprotein when studied by
One of the best-characterizdutype hemoproteins is  differential scanning calorimetry, while NMR studies suggest
microsomal cytochrombs, found in all eukaryotic cell§l4). the apo form retains a molten globule struct(88, 38).

In vivo, cytochromebs is anchored to the endoplasmic Unlike the globins and cytochromige,, the heme group
reticulum membrane, although most studies have utilized in cytochromebs has bis-histidine ligation, with the fifth and
fragments derived by limited proteolysis of the full-length sixth positions occupied by two imidazole side chains and
protein(15) or via recombinant protein expressi(i6—18). the native protein limited to low-spin d5/d6 states for the
In general these fragments bind the heme within a solubleiron centers. The monomeric nature of the heme binding
domain of 82-104 residues, with some recombinant forms fragment of cytochromes, its small size, and its relatively
of cytochromebs retaining residues that are frequently lost  straightforward purification make this system a useful model
from the amino terminus by proteolytic isolation methods. for proteins whose correct assembly requires cofactor addi-
These residues can modulate the overall thermal stability oftion. Fortunately bovine cytochronig also lacks cysteine
the protein in both the reduced and oxidized stéi&s 19). and methionine residues, and problems associated with
Crystallography and NMR spectroscopy have provided disulfide bridge formation or side-chain oxidation can be
data on the structure of the holo and apo forms of cytochromediscounted. This paper is part of an effort to define the
bs (20—24). In the holoprotein, both techniques point to conformational stability and folding/unfolding reactions of
similar tertiary structures with the heme group surrounded the holo form of cytochromds. It focuses on examining
by four short helices (residues 383, 4753, 58-65, and the denaturation pathway of the best-characterized form of
70—75) and located on a platform formed by three well- the protein; namely, the folded native state. To date holo
defined § strands (residues 249, 32-37, and 56-58; forms of b hemoproteins have been poorly described in terms
Figure 1). It is held noncovalently via two imidazole side of both the kinetics and equilibria associated with denatur-
chains (residues 43 and 67), leading to a low-spin ferric ation. It is not clear if folding and unfolding proceed via
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similar pathways, but with the recent characterization of the luminometer. All measurements were performed in a tem-
folding of apocytochroméss the potentially more complex  perature controlled cuvette holder at 26 at a protein
pathways associated with folding of the holoprotein can now concentration of 3.«M in 30 mM MOPS, pH 7.0, and

be advanced30). In this study we show that although concentrations of denaturant between 0 and 7 M. For
equilibrium studies suggest a two-state model for unfolding measurements of Trp fluorescence an excitation wavelength
of holocytochroméds, kinetic studies reveal a more complex of 280 nm (slit width 5 nm) was used with the emission

pattern of folding. spectra recorded between 320 and 400 nm. The emission at
350 nm was plotted as a function of denaturant concentration
EXPERIMENTAL PROCEDURES to estimate the extent of protein unfolding. For both

) , i fluorescence and absorbance measurements, pre- and post-
Construction of Protein VariantsThe Alal-Lys90 and  gyenatyration regions could be clearly identified and the

Alal—Ser104 variants of cytochronieg containing the first o jilibrium concentration of unfolded protein was determined
90 or 104 amino acid residues of bovine microsomal by fitting the experimental data to

cytochromebs were constructed by PCR methods from a

template that represented a soluble fragment of cytochrome- _ - _ _ _

bs previously cloned and expressed in this laboratds). F=Fy = (Fy — Fu) expimJGUHCI = AG,,/RTH

The Alal-Ser104 variant used in this study differed from {1+ exp{m,JGuHCI] — AG,/RT}} (1)
that previously characterized by the introduction dfied

site around the start codon that facilitated subsequent cloningFrom this plot the parametens,, andAG,,, were estimated
of the PCR product directly into pET21d. In all other respects directly.

this DNA sequence is identical to that described previously.  Kinetic Measurements of Protein Unfoldingll kinetic
The Alal-Lys90 derivative was derived by PCR methods measurements of protein unfolding were performed on an
except that the following reverse primer{8 GTG AAG Applied Photophysics stopped-flow SX18.MV system. A 150
CTTATT ATT CTG ATC TGT CAT CCG G-3) containing W xenon arc lamp and a single monochromator (slit width
a Hindlll restriction site and two in-frame stop codons was  corresponding to 4.65 nm) were used for both fluorescence
used. This product, when inserted into pET21d, enabled theand absorbance measurements. Changes in absorbance were
high-level expression of a soluble domain containing the first measured at 412.8 nm with the 2 mm and 10 mm light paths.
90 residues. This was confirmed by DNA sequencing and Fluorescence data sets were recordech wit2 mm path
SDS-PAGE/mass spectrometry of the purified product.  |ength and with the intensity measured at fifthe excitation
Protein Purification and Expressiorthe expression of  wavelength (280 nm) after passing through a 320 nm cutoff
cytochromebs (Alal—Serl04 and AlatLys90) involved filter. Data were collected over time intervals ranging from
growing the cells aerobically at 37T in 500 mL of TYP 50 ms to 1000 s with 10064000 data points. Each data
medium (12 g/L tryptone, 24 g/L yeast extract, 2.3 g/L&KH  point at a given denaturant concentration is the average of
PO, and 12.5 g/L KHPOy) with 100xg/mL ampicillin. The five successive traces. No additional noise filtering was
cells were grown until the absorbance of the culture at 600 applied to the data, and at 26 the dead time of the system
nm was 0.5, at which point IPTG was added to a final by asymmetric mixing was determined to b&.5 ms. All
concentration of 0.5 mM. The cells were grown for a further data were fitted with software supplied by Applied Photo-
14 h and harvested by centrifugation at 5@6r 20 min. physics Ltd.

The cell pellets had a distinctive red coloration and were Unfolding kinetics were measured at 26 and involved
frozen at this stage at20 °C after resuspension of the pellets mixing 1 volume of native protein with-510 volumes of
in 50 mM TriS'HCI, pH 80, and 2 mM EDTA. Purification guanidine hydroch'oride in 30 mM MOPS, pH 7.0. The
of cytochromebs necessitated cell lysis and was performed denaturant concentration varied from 2.5 to 7 M. All
as described previouslf18). The final fractions of cyto-  ynfolding and refolding reactions were independent of the
chromebs were a single homogeneous band when analyzedfinal concentration of cytochrons; (over a range from 0.2
by SDS-PAGE and the molecular mass of each prOtEin Was to 5 luM) and were routine|y performed at a protein
determined by electrospray mass spectrometry to be withinconcentration of M. Refolding kinetics were measured
20 amu of the expected value. at 25°C by mixing 1 volume of unfolded protein with-2L0
Equilibrium Unfolding Experimentssolutions of GUHCI volumes of 30 mM MOPS, pH 7.0. The protein was initially
were made gravimetrically and further checked by refractive unfolded by placing the sample in a high concentration of
index measurement&9). The protein concentration was GuHCI (>3.5 M) for 1 h. The final denaturant concentration
determined in all experiments by the absorbance at 412.8ranged from 0.27 to 2.8 M GuHCI. To assess whether the
nm for the oxidized state of cytochrorbgand an extinction initial conditions influenced refolding rates and to overcome
coefficient of 117 mM? cm. Equilibrium absorbance the limited number of mixing ratios available in stopped-
measurements were performed on a Hewlett-Packardflow experiments, an alternative folding procedure was used.
HP8452A photodiode array spectrophotometer equipped with Dilution into buffer containing low concentrations of GUHCI
a Peltier temperature controller. Cytochroime(1—3 uM) (<0.7 M) allowed the preservation of final folding conditions
was incubated with 30 mM MOPS, pH 7.0, and concentra- yet allowed the initial starting point to be varied between
tions of GUHCI between 0 and 7 M. The samples were 4.5 and 7.0 M GuHCI. Results were obtained with the second
allowed to equilibrate at 25°C for 60 min prior to procedure were identical to those obtained by the normal
spectrophotometric measurements that involved recording themethod of refolding. The rate of unfolding/refolding in the
absorbance at 412 nm. Fluorescence measurements of proteiabsence of denaturant was obtained by linear regression of
denaturation were measured with a Perkin-Elmer LS-50 semilogarithmic plots of equations of the type
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log k, = log k,,, + m [GUuHCI] (2

wherem, = RTm, andk,, is the unfolding rate in water.
Determination of the Temperature Dependence of Protein
Unfolding and RefoldingThe temperature dependence of
protein unfolding was studied over a range from 10 to 40
°C. The unfolding of cytochromiss was determined at seven
different denaturant concentrations between 3.6 and 5.8 M,
with the change in fluorescence above 320 nm as a probe of
protein unfolding. For each data set the rate of protein
unfolding in the absence of denaturakf) (was determined
by extrapolation of the data via semilogarithmic plotket
versus denaturant concentration obtained at different tem- ’
peratures. The values determined kg were then used to : ; 2 3 4 s 6
calculate the activation parameters for protein unfolding via GuHCI concentration
Eyring plots. For all data sets the temperature was controlled Ficure 2: Equilibrium-based measurements of GuHCI-induced
to within +0.1 °C through the use of a Neslab RTE11 unfolding of Alal-Ser104 cytochrombs. (#) Fluorescence data;
thermacirculator. The temperature dependence of the rate(®) absorbance data. All measurements were performed at a protein

of protein unfolding was fitted to eq 3, derived from concentration of 3M, in 30 mM MOPS, pH 7.0, and at 2%C.
transition-state theorg40). The data were fitted to the lines shown by use of eq 1.
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with the fluorescence data, the absorbance at 412.8 nm
decreases with elevated denaturant concentrations and pro-
gressively shifts to yield a maximum at 395 nm at high
concentrations of denaturant. The absorbance maximum in
this region is similar to that exhibited by free heme in 6 M
GuHCI and may reflect the loss of bis-histidine ligation
within the heme binding pocket of cytochronie. From
absorbance spectra a denaturation curve can be defined with
_ _ _ the profile remaining at a maximal value upt@ M GuHCI
In (/T) = In (/) + AS(To)/R = AH(To/RT and then declining sharply before reaching a minimum
AC, (T — T)/RT+ AC/RIn (T/Ty) (4) around 4.5 M GuHCI. It is clear that the transition midpoint
for both the absorbance and fluorescence data sets are
RESULTS coincident and that both reporter groups delineate a single
The unfolding of recombinant cytochrorbgexploits the transition in which intermediates are not detected. For each

fluorescence of the single Trp residue at position 26 as well CUrve pre- and posttransitional regions can be identified, and

as the absorbance attributable to correct ligation of the hemeValues ofMeg and AGyy of ~8800 J mof* M~ and 26.5 kJ
within the hydrophobic pocket. The relative positions of these MOl are estimated via eq 1.
groups within the soluble heme binding fragment are shown Kinetic Measurements of Protein Unfoldiribhe fluores-
in Figure 1, with the heme and Trp residue separated by acence intensity of Trp26 changes upon mixing cytochrome
distance of~12 A. In the folded state both apo and holo bs with denaturing concentrations of GUHCI. The time-
forms show a low level of Trp fluorescence resulting from dependent changes in fluorescente>(320 nm) show an
quenching by His1420, 41) increase as the protein unfolds and are complete witlsi0
Equilibrium Denaturation of Cytochrome,.bThe unfold- ms at a denaturant concentratidrbdVl GUHCI. The change
ing transition is followed by either absorbance or fluores- is best described as the sum of two exponential processes.
cence measurements. In the soluble domain of cytochromeThis is emphasized in the residual plots for both mono- and
bs, Trp26 acts as a convenient and sensitive reporter of thebiexponential processes where the error, especially during
folded state with changes in the fluorescence intensity the first 100 ms, is more pronounced in the monoexponential
occurring in the presence of denaturants. In the native proteinfit (Figure 3A). The ligation of the heme by two imidazole
the fluorescence at 350 nm associated with the Trp residueside chains in ferricytochronig yields an intense absorbance
is relatively low and a maximum around 330 nm is apparent band at 412.8 nm that is a useful monitor for the integrity
as observed in studies of apocytochroog€30). However, of the heme pocket. It is observed that under denaturing
the addition of elevated concentrations of GUHCI to Atal  conditions ([GuHCI]> 3 M) the absorbance at 412.8 nm
Ser104 cytochromés leads to an increase in fluorescence decreases with time. This profile is again best fitted as the
intensity at 350 nm, as shown in Figure 2. At concentrations sum of two exponential rates, and at all denaturant concen-
of denaturant below 2.0 M the fluorescence emission at 350trations the observed rates are identical to those seen with
nm remains low but increases progressively, reaching afluorescence (Figure 3B). The amplitudes associated with
maximum at approximately 4.5 M GuHCI. Above this the two kinetic phases represent 308g)(and 70% A;) of
concentration no further changes in fluorescence are detectecthe total fluorescence (or absorbance) change, and in view
The reversibility of this change was ascertained by perform- of the proportion of the fast phase it is clear that this
ing the titrations in both folding and unfolding directions, represents a kinetically significant reaction. The amplitudes
which yielded identical denaturation curves. In comparison associated with these two processes do not vary at denaturant

In (k/T) = In (k/h) + AS//R— AH,IRT  (3)

Protein refolding was studied over a similar temperature
range and the values &f, were plotted against T/in an
Eyring-type analysis. For refolding eq 3 was modified to
consider potential contributions okC, in the refolding
reaction as seen for apocytochroimg(30):
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Ficure 3: Transient changes in (A) fluorescence and (B) absorbance for the unfolding of 3¢m104 cytochromés. The data were

recorded by following the change in fluorescence at wavelengths greater than 320 nm as a result of mixing the folded protein with 10
volumes of GuHCI (final concentration 4.8 M) in 30 mM MOPS, pH 7.0. The final protein concentration wik Eurther changes in
fluorescence were not detected at longer time intervals. The data shown are fitted to the sum of two exponential processes with amplitudes
for the fast and slow phase representing§0% and~70% of the total change. The residuals plots for mono- and biexponential processes

are shown below the kinetics trace and emphasize the superior fit to a biexponential process. The absorbance data were recorded under
similar conditions to those described for the fluorescence changes. Quantitatively identical results were obtained with this probe for protein
unfolding.

concentrations abev4 M GuHCI, as shown in Figure 4, °C. Identical values are calculated from either absorbance
with the variation of each phase remaining constant to within or fluorescence data sets, and both processes exhibit a similar
approximately+5%. However, belw 4 M GuHCI, in a dependence on GuHCI concentration with valuesof- of
region corresponding to the transition zone of Figure 2 it is 5300 and 5400 J mot M~1. At the highest concentrations
observed that the fast and slow phases alter dramatically inof GuHCI each plot exhibits a very slight curvature. The
their relative proportions. The faster phase becomes them:_g value represents the dependencA@E_r on denaturant
dominant process while the slow phase declines from a concentration and is proportional to the change in solvent
maximum of 70% of the total amplitude to less than 30% of exposure of the protein as the structure shifts from the native
the total change. More importantly the sum of the amplitudes to transition state€3, 42).The calculated values ofy, and
of the two phases observed from the absorbance at 412 nnm.q are shown in Table 1 and indicate the position of the
(A1 + Ay corresponded to the total change observed in transition state on the reaction coordinate between the folded
equilibrium studies and accounts for all of the protein on and unfolded states through an estimation of the ratig/
the basis of the known extinction coefficient of cytochrome my—¢. In this study the ratio ranges from 0.6 to 0.62 over a
bs. This result suggests that transient absorbance changesheoretical range of-91, where 0 indicates a structure close
within the dead time of the instrument (under these conditions to the folded form of the protein and the preservation of
~2 ms) do not occur. The folding kinetics in the transition noncovalent interactions, while 1 indicates a transition state
region are complex and were not characterized in further resembling that of the unfolded or disordered state. The
detail in this study. similar values obtained by fluorescence and absorbance
Alongside the variation in the amplitudes associated with suggest that these probes are monitoring the same global
each unfolding process, the change in their respective ratesunfolding process.
as a function of denaturant concentration were also deter- Analysis of Kinetic Heterogeneity by Use of Different
mined. From the data of Figure 4 the fast and slow kinetic Variants of the Soluble Heme Binding Domadlin.view of
phases exhibit a linear dependency on denaturant concentrathe known sensitivity of cytochromg to proteolysis during
tion, and by extrapolating the data to zero denaturant theisolation, it remains important to ascertain that the kinetic
intrinsic unfolding rate constantg,(,) were estimated. For  heterogeneity observed during unfolding was not attributable
the fast and slow phases, unfolding rateg) of (4.5+ 0.6) to forms of cytochromés truncated at the N and C termini
x 10%stand (5.2+ 0.6) x 106 st are estimated at 25 and therefore differing in their sensitivity to GUHCI. To gain
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Ficure 4: Semilogarithmic plot of the dependency of unfolding
rates on denaturant concentration for Ale8er104 cytochrombs
along with the variation of the amplitude of the fast and slow phases.
At zero denaturant concentration the rates of unfolding for each
process are (4.3 0.6) x 10°stand (5.2+ 0.6) x 107% s71,
The open symbols denote the rates measured from changes in th
absorbance at 412.8 nm, while the solid symbols are the rates
obtained from fluorescence measurements for the two-exponential ) ) o
processes. The inset shows the amplitudes associated with eachisa and Whitford, 1998, unpublished results). The similar
phase. The amplitudes of the fas)(and slow phasex) change rates and amplitudes associated with protein unfolding,
significantly within the transition zone but are consta#t5¢)  coupled with their similar denaturant dependency, points to

above 4.0 M. At high denaturant concentrations 6 M) the rapid L L - .
changes in fluorescence make accurate digitization of the dataar.] qugln for the o.bS('erved klnetlciheterog'enelty that lies
difficult and lead to proportionally larger errors. within the heme binding domain, i.e., residues90, of

cytochromebs and does not involve the N- and C-terminal
Table 1: The Free Energy Changes Associated with Unfolding of ~ F€QIONS.

Ficure 5: Kinetics of Trp fluorescence quenching during refolding

of holocytochroméds. The fluorescencel(> 320 nm) was recorded

over a time period of 500 ms by mixing 1 volume of denatured

protein, prepared as described in the Experimental Procedures
ection, with 10 volumes of 30 mM MOPS, pH 7.0. The data are
hown fitted to a monoexponential process.

Alal—Ser104 Cytochromés? Kinetics of Refolding of Cytochrome Bollowed by Trp
AGuw Meq OF My [GuHClos FluorescenceThe denaturation of holocytochrorheat high
(kJmol?Y) (I molFtM™) M concentrations of GuHCI leads to a form of the protein in
Equilibrium which the solitary tryptophan residue is exposed to the
absorbance 27%3.3 89504+ 1100  3.05+0.1 solvent and exhibits maximal fluorescence at wavelengths
fluorescence 25535 8560+ 1200  2.99£0.1 around 350 nm. Protein refolding is initiated by rapidly
Stopped Flow mixing the protein under solution conditions favoring forma-
absorbance fast 25821 5379+ 570 tion of the native state (GUHCk 2.5 M). Refolding is
ﬁgifégggﬁges;gg g}j é:g giggi i;g 90t 01 observed by a rapid decrease in the fluorescence emission
fluorescence slow 293 1.4 5404+ 224  3.2-35 above 320 nm with time (Figure 5). The decrease in

a All data were obtained at 28 in 30 mM MOPS, pH 7.0. Similar ﬂuorescen_ce is a single-exponential propess, as emphasized
values for the fast and slow components may be determined from either@Y the residuals plot, and there is no evidence for a second
fluorescence or absorbance measurements. The average vah@g,0of  Process, in contrast to that observed during the unfolding of
are %52(?;; 1-354z’;nd %054:012537@1”1, VTVPI,{;IB tPeTrheSpecti\{mu valuesb cytochromebs. The observed rates do not depend on the
are an mo . ese values may be initi i iti
compared with t[]e average values of 263.4 kJ_ _morl and 8755+ I(gﬁﬁlclun\r\fi):ﬁlr;geﬁggglmroaqzs O(\)/E;et:/z drilr:g&e&gé?neMﬁnal
1150 J mot! M1 for the conformational stability and dependence ' .
of AGu on denaturant concentration obtained from equilibrium d€naturant concentration. These data can be extended to
measurements. measure the variation in the rate of refolding at different
final denaturant concentrations. These data, when combined
further insight into the mechanism of protein unfolding we with the denaturant dependence of the unfolding rate, lead
have examined the rate of GuHCI-induced unfolding in a to a characteristic “chevron plot”, in which unfolding and
second variant of cytochrombs containing the first 90  folding regions are clearly delineated. From Figure 6 the
residues. This variant, designated Afdlys90 cytochrome  transition region is centered at 2.9 M GuHCI, in close
bs, exhibits identical kinetic behavior to the longer Atal agreement with that detected from equilibrium studies.
Ser104 variant with fast and slow rates of similar magnitude  The transition region is most clearly defined by the faster
and amplitude (see Supporting Information). Further studies of the two unfolding phases, where the unfolding and
have involved the use of a deletion variant lacking five refolding rates become very similar at denaturant concentra-
residues at the N terminus, as well as a mutant in which tions of ~3.0 M. The slower unfolding phase appears to
Pro44 was replaced by alanine. Both proteins exhibited intersect with the refolding limb at approximately 3.2.5
biphasic profiles during kinetic unfolding experiments (Many- M and the relevance of this concentration to the current
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(kob9 at seven different GUHCI concentrations were measured
at temperatures between 11 and°@) and two rates were
observed throughout this range. The rate of unfolding at zero
denaturant concentration was calculated at each temperature
and used in eq 3 to estimate valuesA®*, the activation
entropy associated with protein unfolding, andH,*, the
activation enthalpy of protein unfolding. Over a temperature
range of 29 K such plots were linear, and this generally
indicates that the change in heat capaci®C{) between

the native and transition state for protein unfolding is small
(Figure 7A). The values derived from Figure 7A for the
activation enthalpyAH¥) and entropy AS) are similar for
each phase. For the fast phase values of 285 kJ mol?

1 2 3 and 227+ 31 J mof! K1 are calculated, while for the
[GUHCI] M slower phase the corresponding values arest&/kJ mol?
FiIGURE 6: Chevron plot showing the dependence of refolding and and 219+ 17 J mot! K. In view of the linearity of this
unfolding rates on denaturant concentration. The data defining the plot it can be assumed thAH* andASf are independent of
fast @) and slow phaseA) of unfolding are shown together with  temperature in this range, and this leads to an activation free

data on the refolding reaction. Two refolding regions are clearly o
distinguished in the current plot between 0 and 1.4 M and between energy of 97 and 101 kJ midi at 25°C for the fast and

1.4 and 2.8 M GUHCI. The two regions can be seen in more detail SIOW phases, respectively.

in the Supporting Information. The ex;rapolated rate constants and The temperature dependence of protein refolding is
m values associated with each reaction are described in Table 2.5, 1ated for the slower reaction seen in the chevron plot
of Figure 6 via an Eyring-type plot (Figure 7B). The data
show that significant curvature is apparent in these plots, in
contrast to that seen for protein unfolding. The curve was

Table 2: Thermodynamic and Kinetic Data for the Folding and
Unfolding Reactions of AlatSer104 Cytochromés®

folding Mk OF Meq AGyw Or AGy modeled with eq 4 and leads to values for the activation
transition (I moiFrt M1 (kJ mol?) .

: enthalpy of 43 kJ mot, while a value for the entropy change
unfolding fast 5156k 124 24.0+0.8 upon refolding of =66 J mot! K1 is estimated. The
unfolding slow 5404+ 224 293+ 14 . .
refolding 1 8517+ 518 —176+06 curvature apparent in the Eyring plot suggests that the heat
refolding 2 3978+ 329 -10.1+ 0.2 capacity changeXCy,—+) between the unfolded and transition
equilibrium 8560+ 1200 25.5£ 3.5 states is significant with a value of 4.5 J mbK ! estimated

a All of the kinetic data were obtained from measurements of the from fitting eq 4 to the data shown in Figure 7. This value
fluorescence changes above 320 nm as described in the Experimentals comparable to that estimated in the refolding reaction of

Procedures section. The individual values for the two refolding regions gnocytochroméss, and the activation parameters for unfold-

were obtained from linear regression of the data in two separate regions: P . .
(0-1.4 M and 1.5-2.8 M), ing and refolding are summarized in Table 3.

DISCUSSION
profile and that observed at equilibrium remains unclear. By

measuring refolding over much longer time intervals (100  Equilibrium Unfolding StudiesDetailed equilibrium and
s) it was possible to rule out additional slow phases kinetic studies of protein unfolding of holocytochrorbg
attributable to rate-limiting proline isomerization since no have not been extensively described although Tajima et al.
further fluorescence changes occurred within this time scale.(43) reported a midpoint for denaturation of 2.9 M GuHCI
The folding limb shows evidence of two distinct processes. for the tryptic fragment of rabbit cytochront® by using
The faster process is observed above 1.4 M, and bychanges in CD and absorbance spectra. These data agree
extrapolating the data to zero denaturant concentration aclosely with those obtained here for longer fragments of the
maximal rate 0f~1200 s is estimated for this process. In  soluble domain of cytochrombs by changes in Trp 26
contrast, the reaction occurring below 1.4 M GuHCI has a fluorescence. In holocytochronbgthe fluorescence of Trp26
slower rate in the absence of denaturant~@&0 s*. The remains low, and structural studies indicate that most of the
dependence of the refolding rate on denaturant concentratiorindole side chain is buried away from solvent and in close
(my) for each process differs significantly, and by fitting proximity to His19(20, 41) In equilibrium unfolding studies,
the data obtained between 0 and 1.4 M GuHCI and betweendisruption of the hydrophobic core around Trp26 is part of
1.5 and 3.0 M GuHCl, values fan of ~4000 J mott M1 the same cooperative transition observed at the heme center.
and 8500 J moft M~! are estimated (Table 2). The second The conformational stability in the absence of denaturant
of these values is somewnhat surprising since its magnitude(AGuw) is 26.5 kJ mot*. This value agrees with that seen in
is comparable to the equilibrium value obtained for unfolding other studies including thermal denaturation of the tryptic
(8800 J mot! M) and the sum of the kinetim values fragment of rabbit cytochromies (44). Similar values were
should clearly equal that for the complete unfolding reaction also derived for bovine cytochronbgin thermal denaturation
in a two-state process. studies(19), and this has been further verified by studies of
Temperature Dependence of Protein Folding and Unfold- recombinant forms of the rat and bovine protef4S, 46)
ing ReactionsBy measuring changes in the rate of protein ~ The dependency oAG on GuHCI concentration has not
unfolding with temperature, the activation parameters were been widely reported for the soluble domain of cytochrome
defined via an Eyring-type analysis. The rates of unfolding bs, but here a value of 8800 J mélM~* has been derived
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A T Table 3: Activation Parameters for the Unfolding and Refolding
313 306 299 292 285 Reactions of Alat-Ser104 Cytochrombés?
AH* AS AG AC
(kJ mol?) (I moirt K™% (kJ moi?) (kJ molt K1)
unfolding fast 165+ 9 227+ 31 97.3 15
unfolding (slow) 1675 219+ 17 101.7 15
refolding 43+5 —-65+15 626 —45+1.0

2 The data shown above were calculated from the Eyring plots for
the temperature dependence of the unfolding and refolding of-Alal
Serl04 cytochromés. The activation parameters are those obtained
at zero denaturant concentration in 30 mM MOPS, pH 7.0, and at 25
°C. The unfolding reaction shows the values of the activation parameters
calculated for both processes. In view of the detectable curvature in
the refolding curve the data were fitted to eq 4 to yield estimates of
AH* andAS'. P The value forACy* was calculated with the value for
AC; of 6.0 kd mot K~1 estimated by differential scanning calorimetry
(29) and the relationshipC, = ACp, — ACy.

In (k,,/T)

’ . . [ In the absence of other experimental valuesnef, for
319 3.07 3.35 3.43 351 holocytochromebs, the data obtained for various metmyo-
globins (16-15.5 kJ mot! M) provide another comparison
(48). The lower value ofmyq is not surprising since the
B T K recombinant domains of cytochronbg (90—104 residues)

313 306 299 002 085 are _smaller t_han myoglobin (153 residues),.while ANS
\ T T ; binding experiments suggest that the heme binding pocket
of globins is substantially more hydrophobic than the
comparable regions in cytochronhe (49).

Origin of the Kinetic Patterns of Protein Unfoldingll
variants of the soluble domain of cytochroimgused in this
study unfold in the presence of GUuHCI in a process that
involves at least two exponential processes. The kinetic
heterogeneity of cytochrom denaturation is unusual and
departs from the monophasic unfolding patterns seen for
single domains. Heterogeneity in unfolding has been ob-
served in staphylococcal nuclease and calbindin Where
cis—trans proline isomerization in the folded state have been
shown to be the origin of biphasicit, 10). However, in
the unfolding of cytochromés it is unlikely that cis-trans
isomerization is the origin of heterogeneous unfolding rates
for a number of reasons. AlalSer104 cytochromebs
contains three proline residues at positions 44, 85, and 96.
Pro96 and 44 can be discounted since these residues have

1T (x10%) (K) been eliminated by the use of shorter variants or mutants,
FiGURE 7: Eyring plots showing the temperature dependence of and Pro85 remains the only candidate. In calbindin tbe
the (A) unfolding and (B) refolding rate&/ks) for Alal—Ser104 interconversion between native states yields a fingerprint
cytochromebs. (A) The individual points were calculated by  (NH/Ha) region in NMR spectra that contains cross-peaks
extrapolation of the linear plots of k., versus GuHCI concentra- representing major and minor conformers, and from exchange

tion. The dependency of the unfolding rate on denaturant concentra- . . .
tions between 3.5 and 6.5 M was determined at six temperaturesMeasurements the rate of interconversion has been estimated

between 10 and 40C for the fast @) and slow §) unfolding to be 0.1-0.01 s* (10). This rate is comparable to that
processes. (B) The individual points were calculated by extrapola- observed in model pentapeptides containing Pro residues and
tion of the linear plots of Irks, versus GUHCI concentration. The g that seen in protein systems known to exhibit a slow

dependency of the refolding rate on denaturant concentrations ; : : :
between 0 and 1.5 M was determined at six temperatures betweenconverSIon between cis and trans conformations but remains

1T (x10°) (K™

In (k,,/T)

T T T T
3.19 3.27 3.35 3.43 3.51

10 and 40°C. very different from those observed in this stu(B0, 51).
Additionally, both the fast and slow rates show a linear
from equilibrium unfolding data. A value of 3700 J m&1—* dependency on the denaturant concentration in semiloga-
was obtained for denaturation of a soluble domain of bovine rithmic plots at pH 7.0, whereas in other systems the slow
cytochromebs containing 82 residues with urg¢d5s), while phases frequently attributed to €igans Pro isomerization

denaturation ofull-lengthrat cytochromebs in the presence  exhibit little or no dependence on denaturant concentration
of urea gave a value of 0.67 kcal mbM 1 (~2800 J mot? (52).

M~1) (46). The m values obtained from denaturation with Cytochromebs has been studied extensively by homo- and
urea are often lower than those obtained with GUHCI and heteronuclear NMR methods, and although heterogeneity has
the observed differences-8800 vs 28006-3700 J mot?! been detected for the heme environment, this does not extend
M~Y) are within the range reported for other syste{#s). to the protein domair{53). Heteronuclear single quantum
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coherence (HSQC) spectra do not indicate multiple confor- hydrogen bonds, including the critical hydrogen bond
mations attributable to multiple conformations, nor does the between the Ser68 NH and the buried propionate group.
crystallographic structure of the bovine fragment indicate cis Since the two conformers are known to have similar overall
peptide bonds preceding Pro44 and Pr¢85%, 22) More tertiary structures, it is significant that the activation param-
significantly, apocytochromés does not exhibit biphasic  eters estimated for protein unfolding suggest two structurally
unfolding despite an identical protein sequence, and this similar and related transition states differing by less than 10
suggests that the heme and/or its interaction with the proteinkJ mol . However, as a caveat, it is also clear that the
is the origin of the two kinetic phases seen in this st(&D). equilibrium ratio of heme conformers is not reflected in the
At equilibrium the ratio of major to minor heme isomers in amplitudes of the fast and slow unfolding phases, suggesting
recombinant bovine cytochroniigis 9:1, in agreement with  that separate unfolding pathways for each form of the protein
that first observed for the tryptic fragment of this protein are not the direct origin of biphasicity.

(18, 53) Further support for the origin of biphasic unfolding Energetics of Protein Unfoldinglhe activation energies
residing in the nature of the hemerotein interaction is seen  (AG¥) of ~100 kJ motf! seen for each unfolding phase
from a comparison of the unfolding rate in the absence of emphasize the small differences between the fast and slow
denaturant with that measured for both heme transfer andphases (4.4 kJ mol). This comparatively small energy
heme reorientation. In ferricytochrorbethe two orientations  difference suggests two transition states for each unfolding
for the heme in the hydrophobic pocket can be distinguished process that are very similar in their noncovalent interactions
by IH NMR spectroscopy, with the rate of interconversion and solvent accessibility. The values mf_y for the fast
[(1.6—3.0) x 10°° s strongly dependent on temperature and slow phases are 5400 and 5300 J/hbl~1 and point
and solution pH%4, 55. Heme reorientation is assumed to to a ratio m:—n/my—n of approximately 0.660.62. The
proceed via at least partial unfolding to allow the rupture of transition state for protein unfolding in this instance does
both bonds between the Fe and imidazole ligands. Thenot lie close to the native state and is approximately midway
maximal rate of heme reorientation must therefore be slower between the folded and denatured states. It is also signifi-
than the intrinsic unfolding rate of cytochrorhgestimated cantly different from that seen in the unfolding of apocyto-
in this study (4.5x 10°° s7%). The rate observed for the chromebs (30). The slightly higher value of:—y shown by
fastest phase of unfolding is clearly commensurate with this the fast phase may reflect greater solvent accessibility in this
reorientation rate although the slower, dominant phase is protein conformer via the displacement of the heme out of
approximately an order of magnitude less. By a similar the pocket as seen for the rat protés8). However it should
argument, the rate of heme dissociation must depend onbe noted that the two values are within experimental error
initial unfolding events. Heme dissociation from proteins has of each other and the precise mechanism of biphasic
been measured in biomolecular exchange reactions withunfolding remains to be elucidated. In addition thReAG)
apomyoglobin %6). For cytochromds this rate ranges from  between the two processes is commensurate with that
8.3 x 10°5s1to 1.7 x 10°° st in different recombinant  expected for two states differing by a small number of weak
fragments of the rat protei(#6, 56). The measured rate of interactions and could represent the difference between the
heme transfer to apomyoglobin is again comparable to thegain or loss of a single hydrogen bond. Similar differences
fastest rate of protein unfolding obtained in the absence of in conformational stability £5 kJ mol') have been noted
denaturant and at lower temperatures (25 verst&€3.7This between the major and minor isomers in both erythrocyte
suggests that the unfolding process is inextricably linked to cytochromebs and the trypsin-solubilized fragment of bovine
the loss of heme and may represent the rate-limiting step incytochromebs (59). Thus in addition to conferring slightly
both heme reorientation and transfer. As expected in view different reduction potentialgg0) the two orientations may

of the stabilization of the protein by heme binding, the also modulate the stability and unfolding of cytochrobge

intrinsic unfolding rate for holocytochrom® (kuw ~ 4.5 x Refolding Monitored by Changes in Trp Fluorescerite.
107® s71) is much less than for the apo form of the protein is clear that the overall refolding process exhibits a nonlinear
(kaw ~ 0.2 s%). dependence on GuHCI concentration. Refolding in holocy-

Although the molecular basis for biphasic unfolding tochromebs exists as two clearly defined processes with rates
remains to be elucidated, it has been clearly identified to that differ significantly when extrapolated to zero denaturant
the heme group and its interaction with the polypeptide. An concentration (1200% and 60 s'). The dependence of each
insight into possible mechanisms of biphasic unfolding in process on denaturant concentration also differs, with values
cytochromebs is suggested from studies of the denaturation of 8500 and 4000 J mol M. As noted eatrlier, the kinetic
of the rat soluble domain by one- and two-dimensional NMR m value associated with the faster refolding process remains
studies (57). Unfolding involves the breakage of many at odds with a simple two-state mechanism and is more
hydrogen bonds, and the bond between Ser68 NH and therepresentative of the complete folding reaction from unfolded
heme C17 propionate is thought to be important. The patternsto native states. In view of its magnitude it is possible that
of protein unfolding described here are further enhanced by a rapid condensation of ordered structure forms around Trp26
detailed structural studies of the two orientations of the hemein a proportion of the protein. This process is not observed
in rat cytochromebs. In the rat protein orientation A is  during refolding of the apoprotein and clearly centers around
defined by the presence of a hydrogen bond between Ser68he presence of the hem@0). In contrast, the slower
and the heme C17 propionate, while orientation B lacks this refolding rate is comparable to that seen in the apoprotein,
bond and appears to be displaced 0.9 A out of the hemesuggesting they could represent similar reactions. The second
pocket(58). If we can extend these results to the major and process with a kinetion value of~4000 J mot! M~1, when
minor orientations of bovine cytochroni®, then the fast  combined with them value calculated for the unfolding
unfolding phase could be equated to a conformation lacking reaction (5200 J mol M), yields a value rfy, + mys) of
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9200 J mot! M~ This is similar within experimental error  much longer to form completely>100 s) when refolding
to the equilibriumm value determined previously (8800 J occurs in the holoprotein (Manyusa and Whitford, 1998,
mol~* M~1). Further evidence for the potential similarity of unpublished results). The kinetic data support a mechanism

the folding reactions are the comparable valuesA@, whereby the hydrophobic core centered around Trp26 forms
observed during refolding of the holo- and apoproteins as first and directs assembly of the heme cer(t&). Trp26 is
well as similar activation energies (Table J&j). an invariant residue, and although a purely structural role

It has become clear with recent refolding studies that has been envisaged, it is possible that the indole side chain
aggregation can contribute to anomalous kinetic behavior forms part of a folding nucleus driving the overall process
(61). This is unlikely in the present study since this effect (64) through its specific interaction with His19 and other
was not observed during the refolding of apoprotein per- hydrophobic side chains. This model would predict that
formed with very similar protein concentratiorf80). In mutations in this region of the protein that disrupt these
addition, the refolding reactions of Figure 6 have been carried interactions, particularly in the transition-state complex,
out at protein concentrations ranging from 0.2 toN and would inhibit the overall folding reaction, perhaps preventing
identical results have been obtained. This implies that proteinassembly of the protein. Future studies will clarify this point,
aggregation is not a significant process under the presentbut the results demonstrate that refolding of cytochrdme
conditions. In this study the “anomalous” process appearsfollows different pathways in the presence and absence of
to be a very rapid refolding everit,(, ~1200 s!) that does heme. Itis perhaps not surprising in view of the complexities
not show a protein concentration dependence. A further testseen with the holoprotein that in vivo the cell appears to
of aggregation is to plot the amplitudes as a function of insert the noncovalently bound heme into a partially folded
concentration for the refolding process and again this apoprotein.
remained linear under all conditions. Consequently we
believe that the present refolding profiles reflect fast and slow SUPPORTING INFORMATION AVAILABLE

formation of ordered structure around Trp26. The faster rigyre 8-10, showing absorbance spectra, kinetics of
process involves the heme group and in many ways this protein unfolding, and dependence of refolding rates on
behavior is similar to the fast and slow tracks of protein genaturant concentration. This material is available free of

folding noted in other system(2). In studies of apocyto-  charge via the Internet at http:/pubs.acs.org.
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