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Kinetics and Mechanism of the Folding of Cytochrome ¢!
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ABSTRACT: The reversible folding of cytochrome c in urea at pH 4.0 was investigated by repetitive pressure
perturbation kinetics and by equilibrium spectroscopic methods. Two folding reactions were observed in
the 1 ms to 10 s time range. The rates and amplitudes of these reactions depend on urea concentration
in a complex manner, which is different for each process. The absorbance spectra of the kinetic amplitudes
of the two reactions also differ from each other. A model with a three-state mechanism can quantitatively
account for all of the kinetic and equilibrium data, and it enables us to determine the rate constants and
volume changes of the two steps. If a rapid protonation step is added to the mechanism, the analysis can
be extended to calculate the pH dependence of the rate and amplitude of the faster folding step. This pH
dependence is in excellent agreement with previously published data [Tsong, T. Y. (1977) J. Biol. Chem.
252, 8778-8780]. Kinetic experiments in the 695-nm band show clearly that the axial ligand methionine-80
is involved in the slow folding process and the other axial ligand, histidine-18, is involved in the fast process.
Additional experiments with a cyanogen bromide fragment of the protein, and fluorescence detection of
the folding kinetics of the intact protein, support an interpretation of the model in terms of known structural
elements of cytochrome ¢. This work provides new information about the mechanism of the folding of
cytochrome ¢, resolves conflicts in earlier interpretations, and demonstrates the applicability of the repetitive
pressure perturbation kinetics method to protein folding.

’I:le role of hydrophobic interactions in stabilizing the folded
conformations of proteins is a long-standing problem of protein
physical chemistry (Kauzmann, 1959; Privalov & Gill, 1988).
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The thermodynamic properties of these interactions are not
yet well understood. Although solvent transfer experiments
provide a useful model for the heat capacity changes associated
with protein folding [e.g., Baldwin (1986)], they are less
successful in accounting for the corresponding volume and
compressibility changes [e.g., Kauzmann (1987)]. Never-
theless, the response of the protein conformation to changes
in pressure, which is governed by the differences among the
volumes of the conformational states, can usefully complement
measurements of the response of the protein to temperature
changes, which is governed by differences in enthalpy. Both
enthalpy and volume changes are thought to be dominated by
changes in interactions of water molecules with each other due
to the exposure of amino acids to the solvent during unfolding
(Edsall & McKenzie, 1983).

0006-2960,/92/0431-5127$03.00/0 © 1992 American Chemical Society
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One approach, which has been little used, is to decompose
the net volume change for protein folding into the volume
changes for the separate time-resolved components associated
with the different kinetic phases of the process. Then, if
structural information about the different components is
available, this could be used to interpret the origins of the
partial volume changes. Conversely, once volume changes are
better understood, they could be used to help interpret kinetic
mechanisms in structural terms. In this paper, we illustrate
this approach in a study of the kinetics of the folding of cy-
tochrome ¢ using the method of repetitive pressure perturbation
kinetics (RPPK)! (Clegg et al., 1975; Clegg & Maxfield,
1976).

The RPPK method measures the pressure-induced relaxa-
tion kinetics of reaction systems in liquid solution. The reaction
system is subjected to a small (15 bar) rapid change in
pressure, and then the progress of the reaction to the new
equilibrium state is monitored optically, e.g., by absorbance,
fluorescence, or light scattering. Although the response of a
typical system to a single pressure jump of this size is ordinarily
buried in noise, signal averaging of repeated jumps provides
good accuracy and allows the method to be used even on
systems with relatively small volume changes. Although po-
tentially useful in a wide range of studies, the method has been
little used since its introduction. Halvorson, however, has
studied the self-association of glutamate dehydrogenase with
RPPK (Halvorson, 1979), and the method has recently been
applied to the interaction of ethidium bromide with DNA
(Macgregor et al., 1985; Macgregor & Clegg, 1987).

The folding of cytochrome ¢ has often been studied to de-
termine both the forces which stabilize its folded conformation
and the sequence of events which occur when the protein
unfolds or refolds. Most experiments have been conducted
at neutral pH in the presence of denaturants such as urea and
GuHCI or in highly acidic solutions of pH 2.0 or lower. The
kinetics of folding has previously been studied by rapidly
changing the solvent composition or temperature. In an RPPK
measurement, the small pressure change causes only a very
small conformational free energy change. If the equilibrium
state of the protein is far from the unfolding region, the
pressure jump is too small to cause a measurable conforma-
tional change. Hence, it is necessary to carry out the mea-
surements on partially unfolded molecules. In these experi-
ments, the protein is held at an acidic pH and placed at various
extents of folding by varying the urea concentration. The
folding pathway for cytochrome ¢ under these conditions is
not yet well established. Hence, the main purposes of this first
paper are to measure the kinetics, to develop a minimal
mechanism, and to provide a structural interpretation of the
mechanism. We have observed two kinetic components of the
folding process, characterized their rates, amplitudes, and
spectroscopic properties, quantitatively fitted the data to a
simple but detailed model, and proposed a structural inter-
pretation of the results. The kinetic and equilibrium data
indicate differences in the conformational processes which
occur in the two component reactions and suggest some
structural properties of the intermediate state.

MATERIALS AND METHODS

Horse heart ferricytochrome ¢, type VI, was purchased from
Sigma Chemical Co. This type is over 95% pure, and since
further purification did not change the folding kinetics the

! Abbreviations: RPPK, repetitive pressure perturbation kinetics;
GuHC], guanidine hydrochloride.

Pryse et al.,

protein was usually used without additional purification. Urea
was ultrahigh purity from Schwarz-Mann. All urea solutions
were used within 24 h of preparation. A fragment of cyto-
chrome ¢, obtained by cleaving the protein with cyanogen
bromide, was generously provided by Dr. Richard P. Junghans.
Other reagents were of analytical grade.

The repetitive pressure perturbation apparatus has been
described in detail elsewhere (Clegg & Maxfield, 1976).
Briefly, about 0.7 mL of solution is contained in a cylindrical
synthetic sapphire cell. Thin diaphragms isolate the solution
from a piezoelectric crystal stack at one end of the cell which
compresses the solution and from a pressure transducer at the
other end which reads out the applied pressure. The crystal
stack is driven by a square-wave voltage change, producing
a repetitive, rectangular pressure pulse. The light from a
mercury arc lamp or tungsten filament lamp is passed through
a monochromator and focused on the cell. A photomultiplier
detects either the transmitted light or the fluorescence of the
sample. The photomultiplier current is compared to a ref-
erence signal by a ratio circuit, digitized, and averaged over
many on—off pressure cycles until the desired signal to noise
ratio is reached. The data are then transferred directly to a
computer for analysis.

Some improvements have been made to the original appa-
ratus. An Oriel lamp housing (Model 6140) with a two-ele-
ment f/1.0 UV grade fused silica condensing lens provides a
higher light intensity at the sample. A Schoeffel monochro-
mator (Model 250 GM) is now used with either of two
gratings: one blazed at 280 nm with a bandwidth of 1.7
nm/mm of slit width and one blazed at 350 nm with a
bandwidth of 3.4 nm/mm. The experiments described here
were done with a wavelength resolution of 2 nm or less. The
reference and signal detectors were EMI 9558QF photo-
multipliers with quartz windows, selected for low drift. The
differential amplifier used to decrease intensity fluctuations
from arc jumps has been replaced by a ratio circuit resulting
in greater stability and improved signal to noise. Changes in
crystal stack construction have increased the pressure change
to about 10-15 bar. These and other improvements in optical
alignment and calibration of the instrument are described in
more detail elsewhere (Bruckman, 1977).

The kinetic data were fit with an exponential function, A4
exp(-t/t), by a combination of linearization of the fitting
function and the method of gradient search (Bevington, 1969).
The kinetic amplitude of the relaxation curve, A4, was con-
verted from signal averager units to absorbance by calibration
of the signal averager input and determination of the effective
path length of the sample cell. Division by the total number
of pressure jumps and the pressure change per jump gives the
reported values of the kinetic amplitudes in absorbance per
bar.

The compression produced by the volume change is essen-
tially adiabatic and therefore produces a temperature change
in the solution given by AT = TVaAP/C, where V is the molar
volume, a = (8¥/dT),(1/¥), and C, is the molar heat ca-
pacity. For water at 20 °C, a pressure increase of 15 bar
produces a temperature change of ~2.3 X 1072 °C. The effect
of this temperature increase on the equilibrium constant de-
pends on the magnitude of the molar enthalpy change, AH.
The temperature of the pressure perturbation experiments, 20
°C, is very close to the temperature where the enthalpy of
folding of cytochrome c is zero (Privalov, 1979). The enthalpy
change under our experimental conditions is about 2 kcal/mol.
The resulting change in the equilibrium constant is given by

AK/K ~In (K;/K)) = (AH® /R)(AT/T?) = 2.6 X 10~
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FIGURE 1: Absorbance spectra of cytochrome ¢ in 0 M urea (O) and
8.0 M urea (O), pH 4.0. Solid lines are theoretical spectra of the
N, I, and U forms of the protein, calculated with the parameters in
Table II. The spectrum of the U form is for 0 M urea. The dashed
line is the calculated spectrum at 8.0 M urea composed of an equi-
librium mixture of the I and U spectra. The ratio of [U]/[I] is
determined by the parameters in Table I.
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FIGURE 2: Absorbance of cytochrome ¢ as a function of urea con-
centration at 395 nm (O) and 695 nm (O). Solid lines are calculated
from the model described in the text and the parameters in Table IL
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FIGURE 3: Difference spectrum of cytochrome ¢ in 8.0 M urea and
5.0 M urea. The solid line is calculated from the model with both
K, and ¢y dependent on urea; the dashed line is from that with K
dependent on urea and ey constant; the dotted line is from that with
¢y dependent on urea and X, constant.

For a volume change of —30 mL/mol, the change in the
equilibrium constant due to the pressure increase is

AK/K =~ In (K;/K}) = -AV°AP/RT = 1.9 X 10
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FIGURE 4: Cytochrome ¢ folding data with least-squares fits super-
imposed. Solution conditions: 5.0 mg/mL cytochrome ¢, pH 4.0,
3.5 M urea, 0.020 M acetate buffer, 0.010 M CI". Pressure change:
15.3 bar. (top) Complete on—off pressure cycle. Each half of the
cycle was fit by a single exponential. Wavelength: 700 nm. Amp,,
= 0.0276, 7o, = 153 ms, Ampyg = 0.0278, 74 = 156 ms. (bottom)
The pressure on and pressure off halves are combined. The data were
fit by a double exponential. Wavelength: 550 nm. Amp; = -0.0528,
= 11.9 ms, Amp2 = _0.248, Ty = 175 ms.

which is over 70-fold greater than that due to the temperature
increase.

REsuLTS

Equilibrium Spectra. The absorbance of the Soret band
of cytochrome ¢ in 0 M and 8.0 M urea, pH 4.0, are given
in Figure 1. The blue shift and more intense absorbance at
higher urea concentrations indicate the conversion of the iron
from low spin to high spin. Addition of urea causes a sharp
increase in the absorbance of the Soret band at 395 nm and
a sharp decrease of the 695-nm band (Figure 2), which has
been shown to be sensitive to Met-80 liganding (Sreenathan
& Taylor, 1971) as well as to the conformation of the poly-
peptide chain (Myer, 1980). This transition is centered at 3.3
M urea, but after it is complete at ~4.0 M urea the 395-nm
absorbance continues to increase gradually. The difference
spectrum for this posttransition increase is shown in Figure
3. In contrast, the change in the 695-nm absorbance is
complete at ~4.0 M urea. The fluorescence of the single
tryptophan residue, Trp-59, has the same urea dependence as
the Soret absorbance (Bruckman, 1977).
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FIGURE 5: Kinetic amplitudes of the fast (O0) and slow (O) processes
as a function of urea concentration. A4% was measured at 404 nm
and A4 was measured at 400 nm. AA4°! is inverted in sign in this
graph. The dashed and solid lines are calculated from the model at
the respective wavelengths.
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FIGURE 6: Rates of the fast (17) and slow (O) processes as a function
of urea. The solid lines are calculated from eqs 3a and 3b and the
parameters in Table I. The dashed and dotted lines show the calculated
urea dependence of the underlying rate constants.

Kinetics of Folding. Two processes were observed in
presence perturbation kinetic experiments in the time range
from 1 ms to several seconds. Figure 4 illustrates the quality
of the data and also shows computer-determined best fits to
the data. The kinetic amplitudes as a function of urea con-
centration are shown in Figure 5. The faster reaction was
present at all urea concentrations above 2.5 M, indicating that
some kind of structural change affecting the heme takes place
even in very concentrated urea solutions. The slower process,
however, could be seen only within the major transition, ap-
proximately 2.5 M to 4.5 M urea. The amplitude maximum
of the slower reaction coincides with the center of the sharp
equilibrium transition, while the faster reaction reaches its
maximum amplitude near the end of the major equilibrium
transition.

The rates of the two processes differ in their dependence
on denaturant concentration (Figure 6). The rate of the
slower step decreases sharply with increasing urea concen-
tration and then increases rapidly, the minimum in rate oc-
curring when the amplitude is at its maximum. The faster
step becomes gradually slower over the full range of denaturant
concentration.

The kinetic amplitudes as a function of wavelength are
shown in Figure 7. The amplitude spectrum of the slower
relaxation is congruent with the equilibrium difference spec-
trum. The maximum, minimum, and isosbestic point of the
faster relaxation are about 4 nm higher than those of the slower
step. This spectral difference was helpful not only in inter-

Pryse et al.
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FIGURE 7: Kinetic amplitudes of the fast (1) and slow (O) reactions
as a function of wavelength. A4, the fast step, was measured at
5.0 M urea and A4% was measured at 3.25 M urea. Solid lines are
calculated from the model at the respective denaturant concentrations.

pretation of the model, but also for experimentation, since each
process could be observed without interference from the other
by selecting the appropriate wavelength.

To help establish the roles of the axial ligands in the two
kinetic processes, we performed pressure perturbation exper-
iments on concentrated protein samples using wavelengths in
the 540-nm and 695-nm absorbance bands, since the 695-nm
band is a sensitive indicator of the presence of the Met-80 axial
ligand. Data at two representative wavelengths are shown in
Figure 4 for a solution of cytochrome ¢ at 5.0 mg/mL, 3.5 M
urea, pH 4.0. At all wavelengths in the 695-nm band, the data
were fit very closely by a single exponential with a time con-
stant of 155 ms, while in the 540-nm band, two exponentials
with time constants of 160170 ms and 10-14 ms were re-
quired to fit the data. We were also able to see both processes
with similar time constants on the edge of the Soret band at
450-460 nm with this same sample. Closer to the center of
the Soret region, the absorbance was too great to record any
signal. Similar results were obtained at 3.0 M urea. At 5.0
M urea, pH 4.0, no kinetic signal could be seen in the 695-nm
band, and only a 13-ms process was observed in the 540-nm
region and at the edge of the Soret band.

Kinetic experiments were done at several urea concentrations
in which the tryptophan-59 fluorescence was monitored
(Bruckman, 1977). Unlike the absorbance measurements, only
a single relaxation was seen at all urea concentrations. The
time constants and the dependence of the amplitudes on urea
were the same as those of the slower process seen via absor-
bance. The minimum in rate coincided with the maximum
in amplitude. No relaxation time in the 2 ms~20 ms range
was seen, although calculations based on the model described
in the next section indicate that the faster process should be
visible using fluorescence detection (Pryse, 1988). Other
workers have been able to detect both modes using fluores-
cence, although under different experimental conditions from
ours (Roder et al., 1988). Our failure to detect it is probably
due to the very low light levels produced.

Another set of experiments used a protein fragment, pro-
duced by cleavage of the protein at methionine residues with
cyanogen bromide, which contains residues 1-64 of the po-
lypeptide chain. This fragment has the normal covalent at-
tachments to the heme at residues 13 and 17. The fluorescence
of this fragment is high at all urea concentrations at pH 4.0,
indicating that it does not have a compact conformation similar
to that of the native protein. Pressure perturbation absorbance
measurements with fragment 1-64 showed a process which
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is similar to the faster step observed with the intact protein.
Its relaxation time was in the 10—15-ms range, and the isos-
bestic wavelength of the amplitude was 400 nm. The relax-
ations of the derivative were observed at lower urea concen-
trations than were those of the intact protein, however, sug-
gesting that any structural elements that are present in the
fragment are more susceptible to disruption by urea than are
similar elements in the intact protein. No other relaxations
were observed on longer time scales.

Model. The kinetic and equilibrium data are consistent with
a simple three-state mechanism of folding:

Ky k,
U ._k—l“ I k:_zN
where
K, = ki/k., = [U]/[1] (12)
and
K, = ky/k, = [N]/[]] (1b)

N, I, and U represent the native, intermediate, and unfolded
forms of the protein. The I = U reaction is designated re-
action 1, because it is taken to be the faster step under our
experimental conditions. [Throughout this paper, we refer to
the two reactions which we see as the “fast” and “slow” steps,
even though reaction 2 (the slow step) depends on urea much
more strongly than reaction 1 so that outside the transition
region it is actually faster than reaction 1. In an equilibrium
perturbation kinetics experiment outside the transition region,
however, the amplitude of the slow step is below the limits of
detection.] k, and k_; are assigned to the “reverse” and
“forward” reactions, respectively, since this leads to more
symmetrical mathematical expressions for the relaxation times
and amplitudes.

An equation for any experimentally measured equilibrium
property, S, as a function of urea concentration can be derived
from simple mass-action considerations:

S= CO(UNKZ + (5] + UuKl)/(l + Kl + Kz) (2)

where C, is the total concentration of protein, oy is the ap-
propriate coefficient of species X for the property being
measured, and the K;’s are dependent on urea as defined below.
To calculate the absorbance as a function of urea concentra-
tion, molar extinction coefficients for the three species would
be used in place of the oy.

Equations for the rates and kinetic amplitudes are given by
the general theory of chemical relaxation for multistep reac-
tions (Eigen & DeMayer, 1963). Generally, the reaction steps
are coupled such that each relaxation time does not correspond
to a single reaction step but instead has contributions to varying
degrees from the rate constants of several steps. Simplification
of the most general equations is possible when the time con-
stants of the two processes differ by a fact of 10 or more.
Then, the faster step reaches its new equilibrium before the
slow step has progressed appreciably, and the faster step can
be treated independently. In deriving the equations for the
slow step, it is assumed that the fast process is at equilibrium.
In practice, the general equations for the coupled case were
used throughout our analysis. The approximate uncoupled
equations are presented here, however, since they are applicable
to most of the experiments analyzed, and they show more
clearly the relationship between the relaxation times and the
individual processes.

The expressions for the relaxation times are the following:

() =k + kg (3a)
()" =k, + k/(1 +K) (3b)

Biochemistry, Vol. 31, No. 22, 1992 5131

The concentration changes for the faster step are given by
ACUOI = _ACIOI

_ K, AK,
=GO TR)+K +K) K@
and
AC =0 (4b)

where Cy = Cy + C; + Cy. The superscripts 01 and 02 refer
to the fast and slow steps. Equation 4b is a consequence of
assuming that the reaction N = I is much slower than the
reaction I = U,

For the slow step

ACUOZ = KIACIO2 = “K]/[l + KI]ACNOZ

=Gl arark 5 | *

AK, K, AKX,

K, 1+K K, ©)

where AK;/K; = —-AVPAP/RT, for AK;/K; <« 1.0. AV is the
molar volume change of the ith reaction step, AP is the applied
pressure change, R is the gas constant, and T is the temper-
ature in Kelvin.

The experimentally measured kinetic amplitude, however,
is the change in absorbance, A4, which depends on the con-
centration changes and the molar extinction coefficients, e.
For the faster step

AAOI = GIACIOI + €UACU01
= [¢ - ey] AC" (6)

and for the slower step

AA® = e ACY" + ¢ACY + ey ACH™
= [-ex[l + K|1/K + /K + g] ACE? (7)

Some of the parameters in these equations must depend on
urea concentration to account for the variation of the measured
properties. We suppose that the logarithm of each microscopic
rate constant depends linearly on denaturant concentration:

In k; = m; + njurea]
= In k° + n;[urea] ®)

This simple functional dependence has been used previously
(Ikai et al., 1973) and leads directly to the same dependence
on denaturant concentration for the equilibrium constants:

In K, = (m; - m_;) + (n; — n_))[urea]
= In K° + An,[urea] 9

This is equivalent to the statement that the differences in free
energy between N and I and between I and U depend linearly
on denaturant concentration and is often used in equilibrium
folding studies.

The absorbance spectrum of the protein does not vary below
2.5 M urea, and so we take ey to be independent of urea.
Although the kinetic data can be fit reasonably well with
constant values for ¢ and ¢y, the equilibrium difference
spectrum shown in Figure 3 requires that at least one of them
vary with urea concentration. This posttransition change in
absorbance from 4.5 M to 8.0 M urea could be due to one or
both of two factors: (1) the changing equilibrium constant
K|, producing a shift from the spectrum of I to that of U; (2)
a change in ¢ or ¢y (or both), produced by the change in
solvent conditions. If d4/d[u] (the change in absorbance with
urea concentration) were due only to a change in the relative
concentrations of I and U, then a plot of d4/3[u] vs wave-
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length would have the shape of the difference spectrum of I
and U. If 34/3[u] were due only to an increase in ¢ of ¢,
or both, then the 84/d[u] spectrum would have the shape of
an absorbance spectrum. The experimental 3.4/8[u] spectrum
cannot be approximated by either shape alone, but it appears
to be a composite of both. We have taken ¢; to depend on
urea concentration in the following manner:

€y = EUO(I + af/a[u]) (10)

Alternatively, we could have taken ¢ to be the urea-de-
pendent extinction coefficient. However, I is present in smaller
amounts than U, and it would take an unreasonably large
increase in ¢ to account for the observed increase in absor-
bance. Also, U is considered the most unfolded species and
therefore its heme chromophore is the most exposed to solvent.

The absorbance, A, of the three species can be calculated
with the equation (Champion & Albrecht, 1979)

am [ e oo 52

rs(A, + eo) €’
m-e, Aez +r2} /([(Ae+

@)’ + (T + )[4 + &)’ + (T - 8)]) (11)

where A, = Ey — he/, 0, = tan™! (§/¢y), 6, = II — tan™!
(T'/A,), and E,, is the energy of the transition, which deter-
mines the position of the peak; I' is the homogeneous broad-
ening constant and is one of the primary determinants of the
width of the band;  and ¢, are the width and centroid of the
truncated Lorentzian representing the product of the
Franck—Condon factors with the density of states function and
together determine the asymmetry; C is an intensity scaling
factor; & is Planck’s constant; c is the speed of light; and A is
the wavelength of incident light. Since the porphyrin chro-
mophore is distorted in the x—y plane, there will be two such
terms for each absorption band, differing in E by the splitting
energy, 4,,. Two of these variables, ¢, and the x-y splitting,
can be estimated from other independent spectroscopic ex-
periments, as discussed by Champion and Albrecht, and we
have used their values for these parameters. The transition
energy for the native state can be obtained directly from the
wavelength maximum of the spectrum in low urea, and we
require the transition energy of the intermediate to be between
those of the N and U forms. Estimates of the broadening
constants I and & can also be obtained from the widths and
asymmetric nature of the experimental spectra, and we again
require the values for the intermediate to be close to or between
the values for the native and denatured forms.

Equations 1-11 provide a theoretical basis for the complete
description of all the data presented in Figures 1-7. There
are many parameters, but there are many constraints on the
parameters due to the large amount of data and the different
types of data encompassed by the model. Determination of
the best values for all the parameters is a complex task,
however, since each equation contains several parameters, and
all of the parameters except one (AF%?) contribute to more
than one of the measured properties. For instance, the slopes
(m, and m_,) and intercepts (n, and n_,) of the rate constants
k, and k_, determine directly the calculated values of the
slower rate as a function of urea. The same four parameters
also go into the calculation of the kinetic amplitude A4% and
the equilibrium absorbance. In these cases, however, it is only
the differences An and Am which enter into the calculation,
and several other parameters are also involved. Standard
curve-fitting routines determine the best fit of a single function

(8*-T2) +
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Table I: Kinetic Parameters of the Model®

rate constants k, k_, k, k_;
n (intercept) 3.62 392 10.6 -6.7
m (slope) 0.02 -0.14 -2.95 2.3

“These parameters determine the value of the rate and equilibrium
constants at any urea concentration using eqs 8 and 9.

Table II: Spectroscopic Parameters of the Model

protein species N I U
relative intensity 330 405 420
5, Lorentzian width (cm™) 590 614 615
T, broadening constant (cm™) 285 180 150
€g, centroid (cm™) 400 400 400
excitation maximum (¢cm™) 23735 24290 24530
A,,, x-y splitting (cm™) 380 400 360
relative viscosity 35 18.0 26.0
absorbance (695 nm) 0.0575  0.008 0.008
d¢/d[u] 0 0 0.015

to a single experimental curve and thus are not adequate by
themselves to handle models of this complexity. In our model,
the set of parameter values which is best for one experimental
curve, such as 7,”! vs [urea], is not necessarily the best set for
a different curve, such as A;q5 vs [urea]. We therefore used
a global modeling procedure which started with computer
curve-fitting routines to determine values for a few parameters.
These initial values were then used in conjunction with esti-
mates for other parameters to calculate a wider range of ex-
perimental data. The parameter values were then systemat-
ically varied to achieve acceptable fits to all of the curves,
determined by visual inspection. This procedure is described
in more detail elsewhere (Pryse, 1988). The final set of pa-
rameter values used in calculating the curves shown in Figures
1-7 are given in Tables I and II.

It is difficult to gauge the precision with which the param-
eters of the model are determined due to the complexity and
scope of the model itself. We have attempted to estimate the
uncertainties in some of the parameters by varying the values
from those of our “best” set given in Tables I and II (desig-
nated set 0) and seeing how much change can be accommo-
dated before there is significant decrease in the agreement
between any set of calculated and experimental curves. The
parameters chosen for analysis were n,, m,, n_,, and m_, since
they make significant contributions to three of the experimental
curves. The direction of variation was defined by a four-di-
mensional vector connecting the set 0 values with another set
which was produced by a least-squares fit to the 7,7! versus
[urea] curve. Changing n,, m,, n_,, and m_, by +12%, +18%,
-8%, and —6%, respectively, caused a slight improvement in
the quality of the fit of the 1/7, vs [urea] curve as measured
by the chi-square value, although the improvement was dif-
ficult to see by visual inspection. These changes, however, also
caused a significant decrease in the quality of the fit to the
AA% vs [urea] curve, both by the chi-square value and visual
inspection. Although this example covers only a limited region
of parameter space, we feel that the uncertainty in most of
the parameters is no more than 20% and is less than that for
many of them. A more extensive discussion of the precision
of the parameters with additional examples is presented by
Pryse (1988).

As an additional test, we have applied this model to kinetic
data published previously from another laboratory obtained
by a different technique (Tsong, 1977). In that work, the
temperature-jump method was used to follow heme absorption
relaxations of cytochrome ¢ in 9.0 M urea as a function of pH.
The relaxation times and amplitudes of one process, taken from
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Table III: Comparison of pH Effects on Different Mechanisms?

mechanism expression for 1/7, pH effects
N==—I=—=U+H vk 1/K; + [U] [H] shifts eqdilibrium to U, decreases rate
I H /K + O] 4 H)
UH
H + ﬂ:—“‘ I=—uy K+ k7 no pH dependence on rate
NH
NH=I=—=U same as above no pH dependence on rate
N+ H
N==—=1+HZ—H oy 1/K; + [1] [H] has no effect on equilibrium
fl T K+ TH +0
u
N=—=H=—= 11‘ + H same as above [H] shifts equilibrium te N
U
N===1+H—H [H] + [U] [H] increases rate
Ltk N em—
i K+
v
N =—= 111[ ==Uu same as above [H] increases rate
1+H
N=—=I===UH ok (H] + [U] [H] increases rate
+ k—
I YT T/Ky + H] + [U]
U+ H

a2k’ and k”, are the rate constants for the I = U reaction in the three-step mechanism. Kj is the equilibrium constant for the protonation reaction.

Tsong’s Figure 3, are shown in Figure 8. The inverse re-
laxation time, 7,”! in Tsong’s notation, increases with pH. The
amplitude of the Soret absorbance change reaches a maximum
around pH 5 and changes sign about pH 6. This complex
dependence of the amplitude, particularly the change of sign,
provides a stringent test for any proposed model. Our kinetic
data make it clear that this process is the same as our I =
U reaction. For example, our 7, values at pH 6 and pH 3 in
high urea are 4 ms and 15 ms (Bruckman, 1977), while
Tsong’s are 3 ms and 14 ms.

The simplest extension of our two-step model which would
take pH effects into account is a protonation of one of the three
species. The three steps can be arranged in eight different
ways, as shown in Table ITI. If the protonation is assumed
to be very much faster than the other two reactions, there are
only six different expressions for the relaxation time of interest,
however. The rate is independent of pH in two of these, and
it decreases with pH in two. Of the two expressions that
correctly predict the increase of 7, with pH, one predicts that
acid stabilizes the native form. Thus, all mechanisms except
one can be excluded on qualitative grounds, This mechanism
was examined further to see if it is quantitatively consistent
with the rate and amplitude data.

The expression for the rate is

K;P ]
+ X

1 +1/K + K,[H]

-1
P
[1 + Ka([H] METEy o Ks[Hl)] @

where P = total protein concentration and [H] = hydrogen
ion concentration.

Tl_l = k’l + k’_l[l

o

200

Aate (1/s)
Relative Amplitude

1001

pH
FIGURE 8: Kinetic data from Tsong (1977). Temperature-jump
experiments in 9.0 M urea monitoring absorbance at 395 nm: 0O, 1/7;
O, relative kinetic amplitudes. Solid and dotted lines are calculated
from the extended model described in the text.

(1 + K;[H]) AK',  AK,

T+ K0+ KHD))| K K

The amplitude is proportional to the concentration change
K;[H]

of species I
AC]OI =
1 + K3[H] ]
(13)

The first factor in eq 13, involving only X and K, varies
in magnitude as [H] varies but is always positive. The second
factor, however, can change sign if (1) AK,/K’ and AK;/K;
are of opposite sign (i.e., the enthalpy changes AH’| and AH;
are of opposite sign) and (2) AK;/K; is larger in magnitude
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than AK’;/K’,. When these conditions are met, the full ex-
pression for the amplitude varies in magnitude and changes
sign as the pH changes. We have used the following values
in egs 12 and 13 to calculate the curves shown in Figure 8:
k/l = 100 S—], kl—l = 260 S_l, K3 =43 X 105 M_l, and
AH,/AH', = -4.4. The agreement with the experiment data
is quite good.

There is an apparent inconsistency between these numbers
and those given in Table I. The equilibrium constant K| =
[U1/[1] = 3 in the two-step model should be the same nu-
merically as the apparent equilibrium constant K, (1 + K;{H])
= ([U] + [UH])/[I] = 17 in the three-step protonation model.
Attempts to reconcile these values resulted in significantly
poorer agreement with either our data or that of Tsong. The
reason for the difference probably lies in the different ex-
perimental conditions. The temperature-jump experiments
were conducted in 0.10 M NaCl, while the pressure pertur-
bation data presented in this paper were obtained under low-
salt conditions. We have also conducted RPPK experiments
at varying NaCl concentrations. Analysis of the pressure
perturbation data at 0.10 M NaCl gave K; ~ 16 at 9 M urea
(Pryse, 1988).

From the ratio AH;/AH', given above, we can calculate the
value of AH", to be ~1.6 kcal/mol, assuming that the enthalpy
change for the protonation of His-18 under these conditions
is the same as that of the amino acid in aqueous solution, which
is —6.9 kcal/mol. The value of K; given above, 4.3 X 10° M,
is less than the normal value for histidine in water, ~10° M,
due in part to the large positive charge on the protein at pH
4.0.

DiscussioN

A major difficulty in studies of protein folding kinetics is
relating the measured, typically spectroscopic, parameters to
protein conformational changes and to specific structural ev-
ents. Our RPPK measurements have used three different
spectroscopic probes to monitor the reaction progress. Each
of these probes is sensitive to a different aspect of the protein’s
structure. Soret absorbance mainly reports changes in the spin
state of the heme iron due to changes in its two axial ligands.
The 695-nm band is sensitive to the presence of the Met-80
ligand, but not at all to the His-18 ligand. Trp-59 fluorescence
depends on the distance of the residue from the heme and is
highly correlated with the overall dimensions of the polypeptide
chain (Tsong, 1974).

In the folded conformation the axial ligands are His-18 and
Met-80. Their detachment from the heme is coupled to larger
conformational changes. We must first determine how the
axial ligands contribute to the measurements and then char-
acterize the larger associated protein conformational changes.

Our measurements show that the fast and slow processes
correspond to the attachment of His-18 and Met-80, respec-
tively, as axial ligands. This assignment is based on the fol-
lowing equilibrium and kinetic data. (1) The 695-nm band
indicates the presence of the methionine~iron bond (Sreena-
than & Taylor, 1971; Folin et al., 1972). Under conditions
in which both processes are observed in the Soret band, only
the slower step is seen when the 695-nm band is monitored.
(2) The equilibrium absorbance change at 695 nm coincides
with the amplitude of the slow kinetic process. (3) The fast
process occurs at high urea concentrations at which the 695-nm
band is no longer present. Since RPPK measurements are
initiated by a perturbation of the reaction equilibrium and since
Met-80 has been detached from the heme at high urea con-
centrations, the fast step cannot involve the displacement of
Met-80 from the heme. (4) The fast process is observed in
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the cyanogen bromide fragment (residues 1-64) which contains
neither Met-80 nor Met-65. (5) The pH dependence of the
fast process is consistent with protonation of a histidine residue.

A study using hydrogen exchange, rapid mixing, and NMR
techniques in combination provides complementary structural
information on the folding of cytochrome ¢ in guanidine hy-
drochloride (Roder et al., 1988). They found that within 10
ms several amide protons in the N- and C-terminal helices gain
protection against hydrogen exchange, and Trp-59 is signif-
icantly quenched. Other parts of the protein gain protection
on a 400-ms time scale. They suggest that the terminal helices
form and possibly dock to a native-like conformation during
the fast step. The similarity of the kinetics indicates that the
initial folding step, and hence the folding intermediate, might
be the same under the two sets of conditions. If this is true,
then at least three specific structural events are occurring
during the initial folding step: formation of the terminal
helices, ligation of His-18, and movement of Trp-59 closer to
the heme. This would also mean that there is a significant
amount of helix present at urea concentrations higher than
5 M, since we have shown that the intermediate form is about
25-35% of the total protein in concentrated urea. This is an
interesting possibility which merits further experimental
testing, especially since a recent paper has shown that na-
tive-like helical segments exist with surprising stability under
conditions (pD 2.2, 0.02 M NaCl, 20 °C) where the protein
is in an extended, noncompact form with few tertiary structural
hydrogen bonds (Jeng & Englander, 1991).

Viscosity and Trp-59 fluorescence provide more general
measures of conformational change. From our values of K|
and X, and earlier data on the fluorescence and viscosity under
various conditions, we can estimate the viscosity to be ~15
mL/g for the I form and >23 mL/g for the U form (Tsong,
1975, 1976; Babul & Stellwagen, 1972; Bruckman, 1977).
These values are consistent with a random coil and an extended
chain, respectively.

The intermediate form is probably not a random coil,
however, on the basis of the structural interpretation presented
above and also of the expectation that the transition from an
extended linear chain to a random coil should be much faster
than the observed 10 ms. Indeed, the simplest structural
interpretation of the fast reaction would take account of the
fact that there are only 6 rotatable bonds connecting His-18
to the heme. A Brownian dynamics simulation of a 24-residue
polypeptide suggests that a simple association of His-18 with
the heme iron, limited only by the rotations of the bonds
between the histidine and the heme, should occur in the time
range of nanoseconds (Lee et al., 1987). The 10-ms relaxation
time of the I to U transition indicates that other processes must
also be taking place.

The extent of the conformational change in each step can
also be estimated from the solvent dependence of the equi-
librium constants. In multiple binding theory, the transition
sharpness is related to the difference in the number of
equivalent, independent binding sites on each form. In a more
general thermodynamic formulation, 8 In K/d[urea] is related
to the difference in virial coefficients for the interaction of urea
with the two protein forms (Schellman, 1978). When several
simplifying assumptions are made, the transition sharpness is
proportional to the change in surface area. Both of these
approaches support the conclusions that the intermediate form
is almost as solvent-exposed as the unfolded form and that most
of the compact structure is formed during the I = N step.

These theories can also be applied to the solvent dependence
of the rate constants. The unfolding rate constant is influenced
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by the difference in the number of binding sites (or in the
surface area) between the native and the transition states, and
the folding rate constant is influenced by the difference be-
tween the transition and the denatured states. The changes
in the folding and unfolding rate constants with urea con-
centration are roughly equal in magnitude for step 2 (Table
I). This implies that the transition state is approximately
midway between the N and I conformations in terms of de-
naturant binding sites or solvent-accessible surface area.

The volume changes of the two steps are approximately
equal, about —15 mL/mol. There is no simple relation between
the size of the volume change and the magnitude of the con-
formational change, because the volume change for protein
folding is the sum of positive and negative partial volume
changes. A discussion of the volume changes is therefore
deferred to a later paper where pH and ionic strength effects
are examined.

Relationship to Other Studies. The two reactions which
we observe by pressure perturbation have been seen by other
workers under different conditions, although they have been
interpreted in different ways. We have shown above that our
extended model is consistent with Tsong’s data on the 10-ms
step, which was originally attributed to the binding of hy-
droxide ion to the heme iron (Tsong, 1977). A more extensive
analysis shows that this proposal is probably not correct (Pryse,
1988).

The slow step has been seen at denaturing pH’s (pH 1.0-3.0)
in the absence of chemical denaturants using both temperature
jump and stopped flow (Dyson & Beattie, 1982). A 200-us
relaxation, which is too fast to be seen with the RPPK tech-
nique, was also observed using temperature jump, but a 10-ms
step was not observed with either T-jump or stopped flow.
These experimental results are not inconsistent with ours. If
the 200-us step has a volume change of zero, it would not
appear even as a rapid absorbance change during the rise time
of the pressure change, but it would change with the same rate
as the slower unfolding process to which it is coupled. If the
10-ms step which we see has an enthalpy change of zero under
their conditions, then the T-jump measurements would not
perturb this mode.

Dyson and Beattie proposed a mechanism in which a pro-
tonation triggers detachment of Met-80 and changes the heme
iron from low spin to high spin without unfolding the poly-
peptide chain during the 200-us step. This is followed during
the 100-ms step by protonation and detachment of His-18 and
a large change in the conformation of the polypeptide chain.
Tsong (1977) had also seen the 200-us reaction under different
conditions and interpreted it as detachment of His-18. In
contrast to these proposals, the results described here, par-
ticularly the kinetic experiments monitoring the 695-nm band,
show clearly that Met-80 detaches in the 100-ms step and
His-18 detaches in the 10-ms step. Our results are in
agreement with their interpretation that the major confor-
mational change takes place in the slower step.

The kinetics of folding of cytochrome ¢ from yeast is very
similar to that from horse (Nall & Landers, 1981; Nall, 1983).

Spectra. The only protein form whose spectrum can be
observed directly is the fully native form. Within and beyond
the unfolding transition at least two of the protein forms I,
U, or N are present. The spectra which we have calculated
for the I and U forms are consistent with earlier experimental
work on the spectra of cytochrome ¢ and model heme com-
pounds which provide information on the shape and relative
positions of the absorption bands and the effect of solvent on
the intensity of the absorption (Wiiliams, 1971; Drew &
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Dickerson, 1978; Nanzyo & Sano, 1968; Harbury & Loach,
1959). These studies show that although the high-spin or
low-spin Soret bands of various species may have rather dif-
ferent maxima, the difference in wavelength between the
high-spin and low-spin bands is about the same, 14-15 nm.
Also, the position of the absorption band of the mixed-spin
species seems to be restricted to the middle one-third of the
range between the other two peaks, that is, 4-10 nm above
the high-spin peak. The solvent-dependent increase in e; which
was used in fitting some of the data is also consistent with
earlier work (Stellwagen, 1968; Tsong, 1975).

The calculated spectra reproduce the experimental mea-
surements well except at the edges of the absorption bands.
On the low-wavelength side, this is due to the presence of a
small peak at 360 nm which is not included in the calculations.
On the high-wavelength side, the difference exists because we
include only a single, “cold” ground state, rather than
“thermalizing” the spectra with different ground-state energies.
As discussed by Champion and Albrecht (1979), the primary
effect of using a single ground state is to decrease the red edge
intensity. Neither of these contributions should affect the
calculated kinetic amplitudes.

The spectra shown in Figure 1 contradict an assumption
sometimes made in equilibrium and kinetic models. The ex-
tinction coefficient of the intermediate form is not always
intermediate to those of the native and unfolded forms. For
some wavelengths this is true, but there is a range for which
the extinction coefficient of the intermediate is larger than that
of either the native or unfolded forms. The repetitive pressure
perturbation technique can measure kinetic amplitudes rapidly
at many wavelengths using the same small sample, providing
information about the kinetic intermediates and reaction
mechanism which is not available from data taken at a single
wavelength.

Summary. This study demonstrates a unique application
of the repetitive pressure perturbation method to the mecha-
nism of protein folding. We have proposed a mechanism for
folding and tested it extensively with a global modeling pro-
cedure that includes both kinetic and equilibrium data, as well
as previously published data from another laboratory. Taken
together with earlier results our equilibrium and kinetic
measurements support a detailed picture of the structural
changes that occur in the two observed folding steps. In the
first step, the N- and C-terminal helices form and probably
dock, the His-18 axial ligand attaches to the heme, and Trp-59
moves closer to the heme. The chain becomes more compact
during this step, indicated by the fairly large decrease in the
reduced viscosity, but there is only a small reduction of the
solvent-accessible surface area. In the second step, Met-80
attaches to the heme, many intramolecular hydrogen bonds
are formed, Trp-59 fluorescence is quenched almost com-
pletely, and the chain becomes very compact. There is no
evidence for a collapse to a compact, disordered state [cf. Dill
(1985)]. Additional studies using this method should provide
information on the relative importance of different interactions
in determining protein structure and volume changes (Kauz-
mann, 1987).
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Determination of the Molecular Dynamics of Alamethicin Using 1*C NMR:
Implications for the Mechanism of Gating of a Voltage-Dependent Channel'
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ABSTRACT: Alamethicin is a channel-forming peptide antibiotic that produces a highly voltage-dependent
conductance in planar bilayers. To provide insight into the mechanisms for its voltage dependence, the
dynamics of the peptide were examined in solution using nuclear magnetic resonance. Natural-abundance
13C spin-lattice relaxation rates and 3C-'H nuclear Overhauser effects of alamethicin were measured at
two magnetic field strengths in methanol. This information was interpreted using a model-free approach
to obtain values for the overall correlation times as well as the rates and amplitudes of the internal motions
of the peptide. The picosecond, internal motions of alamethicin are highly restricted along the peptide
backbone and indicate that it behaves as a rigid helical rod in solution. The side chain carbons exhibit
increased segmental motion as their distance from the peptide backbone is increased; however, these motions
are not unrestricted. Methyl group dynamics are also consistent with the restricted motions observed for
the backbone carbons. There is no evidence from these dynamics measurements for a hinged motion of
the peptide about proline-14. Alamethicin appears to be slightly less structured in methanol than in the
membrane; as a result, alamethicin is also expected to behave as a rigid helix in the membrane. This suggests
that the gating of this peptide involves changes in the orientation of the entire helix, rather than the movement
of a segment of the peptide backbone.

;oltage-dependent conformational transitions in membrane
proteins are of central importance to many processes such as
information transfer in the nervous system and energy

* This work was supported by a grant from the National Institutes of
Health (GM-35215 to D.S.C.).

transduction. As a result, the elucidation of these mechanisms
even in simple model systems has been actively pursued.
Alamethicin is a small, 20 amino acid peptide that produces
a dramatic voltage-dependent conductance when incorporated
into planar bilayers or lipid vesicles. This voltage dependence
and alamethicin’s tractable size have made it an attractive
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