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Guanidine Hydrochloride Induced Unfolding of Yeast Iso-2 Cytochrome c'

Barry T. Nall* and Terry A. Landers

ABSTRACT: The properties of the guanidine hydrochloride
induced unfolding transition of iso-2 cytochrome c (iso-2) from
Saccharomyces cerevisiae have been investigated by using
kinetic and equilibrium techniques and have been compared
with previously published studies of horse cytochrome ¢, which
differs from iso-2 by 46% in amino acid sequence. Mea-
surements of absorbance in the ultraviolet and visible spectral
regions as a function of guanidine hydrochloride concentration
give superimposable equilibrium transition curves with a
midpoint of 1.15 M at pH 7.2 and 20 ®C. A two-state analysis
of the equilibrium data gives a Gibbs free energy of unfolding
of 3.1 kcal/mol at 20 °C in the absence of denaturant. This
agrees well with the predicted difference in stability between
S. cerevisiae iso-2 and horse cytochrome c estimated from the
free energies of transfer of buried hydrophobic groups. Three
kinetic phases associated with folding can be detected

Wlile it is known that the amino acid sequence of a protein
contains the necessary information for the formation of a
unique tertiary structure, how this information is encoded is
not known. Two general approaches to this problem are of
interest: (1) a comparison of the properties of the folding
reactions for proteins with drastically different tertiary
structures and (2) a comparison of homologous proteins with
the same tertiary structure. The first-approach suffers from

the fact that for nonhomologous proteins it is very difficult .

to attribute any differences in folding to particular amino acid
residues since the proteins differ in both sequence and tertiary
structure. The second approach may allow one to attribute
differences in folding to differences in sequence, but will it lead
to an understanding of the folding process? In comparing
homologous proteins, important properties of folding reactions
are likely to be conserved along with the tertiary structure.

A related approach is to investigate the folding of altered
proteins from organisms with structural mutations in the
protein of interest. Such proteins are more likely to be de-
fective in folding and thus provide stronger clues for discov-
ering the rules which govern the folding process. This ap-
proach requires that the protein under study be the product
of a gene and an organism with well-understood and easily
manipulated genetic properties. Of low molecular weight
monomeric proteins, the cytochrome c’s are the largest class
of homologous proteins with known amino acid sequences.
Among the cytochrome ¢’s, those from Saccharomyces cere-
visiae have the most thoroughly developed genetics (Sherman
& Stewart, 1978). For these reasons, we have undertaken a
detailed study of the equilibrium and kinetic properties of the
folding of iso-2 cytochrome ¢ and mutants of iso-2! from S.
cerevisiae. We report here the folding behavior of the wild-
type protein.

Yeast contain two varieties of cytochrome ¢, iso-1, which
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throughout most of the transition zone. Two of the phases
are detected by stopped-flow mixing experiments. The third
phase is over within the mixing time of the flow experiments
but is detectable by temperature jumps. At 20 °C, pH 7.2,
the slowest phase (7) is in the 20-100-s time range, the middle
phase (7,) is in the 0.1-3-s range, and the fastest phase (13)
is on the order of 1 ms. For the reactions observed in the
stopped flow (r; and 7,), a simplified three-state mechanism
can be used to predict quantitatively the relative amplitudes
of the phases and the equilibrium unfolding curve from the
observed time constant data. Previously this same mechanism
has been successful in describing the folding reactions of horse
cytochrome ¢ [Hagerman, P. J. (1977) Biopolymers 16, 731].
We suggest that the qualitative features of protein folding
reactions may be conserved among homologous proteins.

accounts for 95% of the cytochrome ¢, and iso-2, which makes
up the remaining 5%. These two proteins are believed to play
identical physiological roles (Mattoon & Sherman, 1966) but
are surprisingly divergent in amino acid sequence (17 amino
acid differences plus four extra residues on the amino terminal
end of iso-2; Montgomery et al., 1980). The major species,
iso-1, contains a free sulfhydryl group which promotes covalent
dimer formation in vitro. Iso-2 contains no free sulfhydryls
and is, therefore, more suitable for folding studies of mo-
nomeric proteins. Although the X-ray crystallographic de-
termination of the tertiary structure for the yeast proteins
remains to be performed, structures have been determined for
cytochrome ¢’s from a variety of eukaryotic and bacterial
sources. The striking similarities between the cytochrome ¢’s
from highly divergent organisms (Almassy & Dickerson, 1978)
suggest that the yeast cytochrome ¢’s are likely to have tertiary
structures very similar to that of cytochrome ¢ from tuna.

While some equilbrium data are presented in what follows,
we focus mainly on the kinetic properties of protein folding
reactions since kinetic methods have been uniquely successful
in demonstrating unambiguously the presence of a multitude
of species during unfolding or refolding (Baldwin, 1975). Our
approach is the same as that of Ikai & Tanford (1973) and
Hagerman & Baldwin (1976). Stopped-flow mixing is used
to create rapid guanidine hydrochloride (Gdn-HCI)! concen-
tration changes which start either above or below the unfolding
transition zone and which end within the transition zone. The
time constants and relative amplitudes associated with the
various kinetic phases of folding or unfolding are measured
and then used along with the equilibrium unfolding curve to
test whether or not particular kinetic mechanisms are com-
patible with the data. Similar studies have been performed
on cytochrome ¢ from horse (Ikai et al., 1973; Tsong, 1976),
and a comparison is made between our results and the results
for the protein from horse.

! Abbreviations used: Gdn-HCl (GuHCI in the figures), guanidine
hydrochloride; iso-2, iso-2 cytochrome ¢ from Saccharomyces cerevisiae,
7, time constant of a reaction (reciprocal of the apparent rate constant).
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Materials and Methods

The yeast strain used, B4926, was obtained from Dr. Fred
Sherman of the University of Rochester. It contains a deletion
of the structural gene for iso-1 cytochrome ¢ and a mutation
which causes 30-fold overproduction of iso-2 (Downie et al.,
1977). The complete genotype is MATa CYC7-HI cycl-1
trpl-1.

The growth medium contained, per L, 10 g of Ardamine
Z yeast extract (Yeast Products, Inc.), 10 g of dextrose, 34
mg of penicillin G, 100 mg of streptomycin, and 0.5 mL of
antifoam B concentrate (Sigma). The inoculum (2-3 L) was
a fresh culture, having been in stationary phase for no longer
than 6 h. Yeast were grown in 180-L batches in a New
Brunswick fermentor thermostated at 30 °C. Aeration was
at a rate of 220 L/min, with agitation set at 300 rpm. The
foam breaker was set at its maximum rate of 2400 rpm, After
inoculation, growth was allowed to proceed until the cells were
3-6 h into stationary phase (about 24 h total), after which the
yeast were harvested by centrifugation. The yield was 2-3
kg of wet cells. The yield can be doubled by the addition of
20 g of Bactopeptone (Difco) per L of media described above,
but this greatly increases the expense of the media. The cells
were either used immediately in a protein preparation or frozen
and used within 2 weeks,

Protein Purification. Iso-2 cytochrome ¢ was purified by
the method of Sherman et al. (1968). The final step of this
procedure involves elution of the protein from a cation-ex-
change column (Bio-Rex 70, 200-400 mesh) by a 0-0.8 M
sodium chloride gradient. At this point, it was convenient to
concentrate the protein before storage by (1) diluting the
protein solution 10-fold by the addition of deionized water,
(2) adding 30 g of Bio-Rex 70 (100-200 mesh) and stirring
slowly for 20 min, (3) allowing the resin to settle out, and (4)
decanting off the clear buffer. If the supernatant was still pink
after the resin had settled out, steps 2 and 3 were repeated.
The resin to which cytochrome ¢ was bound was poured into
a column, and the protein eluted in concentrated form with
0.8 M NaCl-0.1 M sodium phosphate buffer, pH 7.2. The
resulting protein solution was about 10 M in cytochrome c.
It was dialyzed against three changes of a 100-fold volume
excess of 0.1 M sodium phosphate buffer, pH 7.2, and stored
at -5 °C until use. Purity was checked by polyacrylamide gel
electrophoresis (Laemmli, 1970) which indicated a single band
of protein with a molecular weight of about 12500 g/mol.

Equilibrium Unfolding by Guanidine Hydrochloride.
Guanidine hydrochloride (Heico, Inc.) was used to prepare
6—7 M stock solutions in 0.1 M sodium phosphate buffer, pH
7.2. Small amounts of ultraviolet absorbing material were
removed from the stock solutions by adding about 0.2 mg of
activated charcoal per mL of stock solution and stirring for
1 h. The activated charcoal (Sigma) was removed by filtration
through 0.65-um membrane filters (Millipore Type DA). The
concentration of the stock solution was determined by density
(Sober, 1970) and used to prepare sample solutions of varying
guanidine hydrochloride concentration and constant iso-2
concentration in 2-mL volumetric tubes.

Protein stocks were thawed, and the concentration was
determined by absorbance measurements at 410 nm. The
concentration was estimated by using the molar extinction
coefficient of horse cytochrome c at 410 nm, ¢ = 106.1 X 10°
L/(mol-cm) (Margoliash & Frohwirt, 1959). Protein was
oxidized with a small molar excess of ferricyanide and passed
over a Sephadex G-25 column to remove the oxidant. Sample
solutions containing a constant concentration of iso-2 and
varying amounts of guanidine hydrochloride were prepared
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in two ways. First, the protein stock aliquot was added to the
appropriate volume of guanidine stock and gently mixed before
0.1 M sodium phosphate buffer was added to make up the final
volume. In this manner, the protein was briefly exposed to
a high enough concentration of guanidine hydrochloride to
cause it to unfold. Second, the protein stock was added to the
buffer and mixed, and finally the Gdn-HCI stock was added
so that the protein was never exposed to high Gdn-HCI con-
centrations. Solutions prepared in either order gave the same
transition curve, indicating that the system was at equilibrium.
Final protein concentration was (2-3) X 107 mol/L.

The sample temperature was maintained at 20 £ 0.1 °C
by using a circulating water bath connected to a thermo-
Jacketed sample cuvette. The temperature was monitored with
a thermistor thermometer (Digitec Model 2780A). Complete
spectra in the range 200-800 nm were obtained on a Hew-
lett-Packard 8450A UV-visible spectrophotometer, transferred
to an Apple II Plus microcomputer, and stored on a magnetic
disk.

Kinetic Measurements. Stopped-flow measurements were
made by using a Durrum D-110 flow system in combination
with a lamp housing, grating monochromator and quartz fo-
cusing optics (Oriel Corp.). The photomultiplier tube (Model
9558QB) and photomultiplier housing were from EMI-Gen-
com. A variable high-voltage power supply from Power De-
signs (Model 2K2D) was the high voltage source for the
photorultiplier tube. Tungsten iodide lamps (Oriel Corp., 12
V DC, 100 W) were used as light sources. The lamp power
supply was a Hewlett-Packard (Model 6267B) DC power
supply operating in the constant current mode. Monochro-
mator slit settings were adjusted to give a 20-nm band pass
centered about the wavelength of interest (usually 287 or 418
nm). Stray light filters were unnecessary at the protein con-
centrations used. The effective light path was determined by
taking absorbance measurements in the stopped-flow and the
UV-visible spectrophotometer on a series of solutions spanning
a wide range in protein concentration. This was done at both
287 and 418 nm, and the resulting calibration curves were used
to correct absorbance changes observed in the stopped flow.
Gas-tight syringes (Hamilton) were adapted to the Durrum
flow system in order to allow different mixing ratios for
concentration jump experiments. For the experiments reported
here, the mixing ratio was 1:5. In the Durrum stopped-flow
system, the drive syringes are mounted one above the other.
When solutions of different densities were to be mixed, the
syringe containing the more dense solution was mounted on
the bottom to prevent premixing which gives rise to flow ar-
tifacts (Ikai, 1971). The drive syringes and the observation
chamber were thermostated at 20 £ 0.1 °C by separate cir-
culating water baths. The temperature of the drive syringes
was monitored continuously with a thermistor thermometer,
and the temperature of the observation chamber was adjusted
to eliminate the thermal schlieren artifact observable in the
seconds time range when there is a difference in temperature
between the solutions entering the observation chamber and
the observation chamber itself (Gibson, 1964). In this way,
it is possible to compensate for the small change in temperature
on dilution of concentrated guanidine hydrochloride solutions
(Ikai, 1971).

The output of the photomultiplier was connected to an RC
filtering and signal balancing network which allowed offset
of the steady-state photomultiplier output (adjusted to 2.0 V
with the photomultiplier power supply). The filtered and
balanced signal was stored in a transient recorder (Biomation,
Model 805) and monitored on an oscilloscope (Tektronix,
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FIGURE 1: Difference spectra illustrating the Gdn-HCl-induced un-
folding transition for iso-2 cytochrome ¢. All solutions contain 0.1
M sodium phosphate, pH 7.2, and are at 20 °C. The reference solution
contains 0.5 M Gdn-HC!| while the sample solutions in order of
increasing spectral differences contain 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, and
2.1 M Gdn-HCL

Model T922) connected to the analogue output of the transient
recorder. The digitized data were transferred to a micro-
computer (Apple II Plus) and stored on a magnetic disk.

Temperature-jump experiments were performed on an Ei-
gen—Demaeyer temperature-jump instrument (Messanlagen
Studiengesellschaft, m.b.h.). Teflon-lined cells requiring about
1.5 mL of sample solution were used. Sample solutions con-
tained 0.1 M sodium phosphate buffer, pH 7.2, and variable
amounts of guanidine hydrochloride. Protein concentrations
were in the range of 3 X 107 mol/L. The sample cell was
thermostated at 15 °C by a circulating water bath so that a
5 °C temperture jump would give a final temperature of 20
£ 0.5 °C. In this way, the final conditions of temperature
jumps and stopped-flow concentration jumps were the same.
This allows a direct comparison of observed time constants.
All solutions, whether for temperature-jump or stopped-flow
experiments, were degassed for 1 h, prior to use, by gentle
stirring in a desiccator under reduced pressure.

The slow phase in unfolding and refolding was monitored
on the UV-visible spectrophotometer using manual mixing to
initiate concentration jump experiments. Thermojacketed
cuvettes were used to maintain the sample temperature at 20
£ 0.1 °C.

Data Analysis. The time constants and amplitudes of the
kinetic phases observed in stopped-flow and temperature-jump
experiments were determined by using a computer-based
graphic method. The data were scaled and displayed graph-
ically. Time constant and amplitude parameters for a trial
function of one or two exponentials were entered, and the trial
function was plotted on the computer display for visual com-
parison to the data. Parameters were altered and new trial
functions plotted until a satisfactory fit was achieved. Under
no conditions was a function containing more than two ex-
ponentials necessary for fitting the data.

Time constants and amplitudes for slow kinetic processes
measured in the UV-visible spectrophotometer were deter-
mined by converting the digitized data (originally in the form
of absorbance vs. time) to the form log;, (AA4) vs. time by using
the integral microprocessor of the spectrophotometer. The data
were plotted, and the time constant and amplitude were de-
termined from the slope and intercept, respectively.

Results

Equilibrium Unfolding. In Figure 1, Gdn-HCl-induced
difference spectra are presented for iso-2 cytochrome ¢ at pH
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FIGURE 2: Molar extinction coefficient vs. the Gdn-HCl (GuHCIl)
concentration at (A) 287 (A) and (B) 418 nm (Q). The assumed
dependence of the extinction coefficient on Gdn-HCI concentration
for the native and unfolded protein is shown (---). Conditions are
described in Figure 1.

7.2, 20 °C. These spectra exhibit the same features observed
for cytochrome ¢ from other organisms in terms of the location
of approximate isosbestic points, maxima and minima, and
magnitudes of the total changes observed (Stellwagen, 1968;
Ikai et al., 1973; Henkens & Turner, 1973; Kawaguchi &
Noda, 1977). We have also monitored unfolding by using
fluorescence (not shown) and have obtained results similar to
those reported by Tsong (1976) for horse cytochrome ¢. In
both cases, there is a change in fluorescence relative to that
of free tryptophan from a few percent at low Gdn-HClI to about
40% at high Gdn-Hcl.

In Figure 2A, absorbance changes at 287 nm are plotted
as a function of Gdn-HCl concentration. At this wavelength,
it is expected that the changes should reflect alterations in the
environments of the aromatic residues and the heme on ex-
posure to solvent. In Figure 2B, the changes at 418 nm are
given. This region of the spectrum is sensitive to changes in
the environment of the heme alone. In both parts A and B
of Figure 2, the assumed dependence of the extinction coef-
ficient of the fully folded protein and of the fully unfolded
protein on Gdn-HCI concentration is indicated. This allows
the conversion of the optical parameters to the apparent
fraction of folded protein as a function of Gdn-HCI concen-
tration (Figure 3).. The fact that the ultraviolet and visible
optical parameters fall on the same curve is consistent with
unfolding being a highly cooperative process in which the heme
and the aromatic side chains are exposed to solvent simulta-
neously.

Kinetics of Refolding by Gdn-HCI Concentration Jumps.
As can be seen from Figure 4A, the refolding of iso-2 cyto-
chrome ¢ induced by a Gdn-HCI concentration jump is a
biphasic reaction. The fastest phase, 7, is of the order of
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FIGURE 3: Fraction of folded iso-2 cytochrome c¢ as a function of the
Gdn-HCI (GuHCIl) concentration. The fraction folded is calculated
from the data in Figure 2 by using f, = (¢ — €,)/(¢&, — €,), where €,
€, and ¢,, respectively are the molar extinction coefficients of the
protein solution and the extrapolated extinction coefficients for the
unfolded and the native protein. Conditions are the same as in Figure
1. As in Figure 2, points are taken at 418 (O) and 287 nm (A). The
smooth curve is from a three-state theoretical treatment of the time
constant data (see Discussion).

seconds and accounts for 70% or more of the kinetically ob-
servable reactions in the time range of a stopped-flow ex-
periment. The slower phase, 7, is of the order of 100 s for
experiments ending below the transition zone but increases in
rate by a factor of 3 or 4 for jumps ending at higher Gdn-HCI
concentrations within the transition zone. The slower phase
was monitored on the ultraviolet-visible spectrophotometer
with manual mixing as well as by stopped flow since the
base-line stability of the recording spectrophotometer gave
more accurate data. The time constants and relative ampli-
tudes of the kinetically observable phases in refolding are the
same whether refolding is monitored by absorbance changes
in the ultraviolet (287 nm) or visible (418 nm) region of the
spectrum (Figures 6 and 7A).

Kinetics of Unfolding by Gdn-HCI Concentration Jumps.
Unfolding of iso-2 by concentration jumps can be either bi-
phasic or triphasic in the stopped-flow time range, depending
upon the initial state of the protein. When freshly thawed
samples of native protein are unfolded, three kinetic phases
are observed. Two of the phases may be identified as the
phases observed in refolding experiments. The correspondence
of the two fastest unfolding phases to the phases observed on
refolding is confirmed by performing unfolding experiments
to the same final Gdn-HCIl concentration as refolding exper-
iments and comparing the time constants.> The third phase
observed in unfolding is absent in refolding. This phase is very
slow (300-1000 s) for experiments ending within the transition
zone. The third phase may be completely eliminated by the
following treatment: (1) addition of 0.4 M Gdn-HCl to the
native protein, (2) brief thermal unfolding by exposure to
60-65 °C for 10 min, and (3) refolding by incubation at 20
°C for 10 min. Protein treated in this manner has the spectral
properties of the native protein and exhibits biphasic unfolding
kinetics when used within 10-20 min. The elimination of this
kinetic phase proves that heat treatment removes nativelike
species present before heat treatment. The nature of these
species is unknown, but a possible explanation is suggested by
experiments of Creighton (1980) in which polymeric forms
of native horse cytochrome ¢ were observed. These are elim-
inated by unfolding followed by refolding. Our results and

? Time constants, being functions of the macroscopic rate constants,
are independent of the initial conditions of an experiment. The time
constant associated with a particular kinetic phase must be the same for
unfolding or refolding experiments as long as the experiments end in the
same final state.
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FIGURE 4: Light transmission changes as a function of time for (A)
refolding following a 2.0~1.1 M jump in Gdn-HCI concentration and
(B) unfolding following a 0.4-1.1 M jump in Gdn-HCI concentration.
For (A), the vertical axis is 50 mV /division, while the horizontal axis
is 10 s/division for the upper trace and 2 s/division for the lower trace.
For (B), the vertical axis is 20 mV /division, the upper trace is 2
s/division, and the lower trace is 10 s/division. All solutions contain
0.1 M sodium phosphate, pH 7.2, at 20 °C.

analysis will be confined to heat-treated protein.

As seen in Figure 4B, unfolding of heat-treated protein is
a biphasic reaction, with most of the amplitude being asso-
ciated with the faster of the two phases. The time constant
for the fast phase (7,) is in the seconds time range for jumps
ending within the transition zone but moves into the millise-
cond time range for jumps ending above the transition zone
(Figure 6). Near the middle of the transition, the time con-
stants obtained for unfolding and refolding experiments fall
on the same curve and confirm a minimum in rate for r, at
the midpoint of the Gdn-HCl-induced transition. The time
constant for the slow phase in unfolding, 7, is affected very
little by Gdn-HCl concentration and remains in the 50-s time
range. However, for unfolding ending above the midpoint of
the transition zone, the slow phase loses amplitude and is no
longer detectable above 1.8 M Gdn-HCI (Figure 7A). Similar
time constant and amplitude behaviors are observed at both
287 and 418 nm (Figures 6 and 7A).

Temperature Jumps. Temperature jumps from 15-20 °C
were performed at Gdn-HCI concentrations throughout the
unfolding transition zone. The time range of the tempera-
ture-jump instrument (10°°-10 s) allows overlap with the time
range of the stopped flow (107 to ~10? s) and an extension
of the search for kinetic events to reactions occurring 3 orders
of magnitude faster. As can be seen from Figure 5, the fast
phase, 7,, detected by both unfolding and refolding in the
stopped flow, is also detected by temperature jumps. The
identification of this kinetic phase with 7, is confirmed by the
fact that the time range and Gdn-HCl dependence of the time
constant are the same as observed by stopped flow (Figure 6).

A third kinetic phase, 7, can be detected as well (Figure
5). This phase is associated with folding by the following
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FIGURE 5: Temperature jump from 15 to 20 °Cin 1.1 M Gdn-HCI
and 0.1 M sodium phosphate, pH 7.2. The vertical axis is 4 X 107
absorbance unit per division, while the horizontal axis is 1 ms/division
(upper trace) and 1 s/division (lower trace).

/ 2 3
GuHCl (M/L)

FIGURE 6: Logarithm of the time constants (in seconds) for folding
and unfolding reactions of iso-2 cytochrome ¢ as a function of Gdn-HCl
(GuHCI) concentration. The wavelengths monitored are 418 (0),
287 (a), 359 (O), and 395 nm (Q). Filled symbols indicate refolding
experiments and open symbols unfolding experiments. Data points
for 7, are by concentration jumps only, for 7, by temperature jumps
and concentration jumps, and for 73 by temperature jumps only. The
final conditions of the kinetic experiments are 0.1 M sodium phosphate,
pH 7.2, at 20 °C and the indicated Gdn-HCI concentration. The
assumed Gdn-HCI dependence of the time constants used along with
a three-state mechanism to predict the relative amplitude behavior
(Figure 7A) and equilibrium unfolding curve (Figure 3) is indicated
(—). The dashed line through the data for 75 has no theoretical
significance.

criteria: (1) it is present for temperature jumps starting or
ending within the transition zone and (2) it is absent for jumps
which both start and end either above or below the transition
zone. The time constant is of the order of 10 s and shows
little dependence on Gdn-HCI concentration (Figure 6). The
relative amplitude for this phase, a5, shows a slight dependence
on Gdn-HCI concentration, dropping from about 50% of the
observable kinetic change at either extreme of the transition
zone to about 15% near the middle of the transition (Figure
7B).

Discussion

Unfolding Is Complete and Reversible. The Gdn-HCl-in-
duced unfolding of iso-2 cytochrome c is a reversible process,
as judged by the fact that the spectral properties of the native
protein are regained on removal of the Gdn-HCI. Furthermore,
the transition curve (Figure 3) is an equilibrium transition
curve since the spectral properties of this protein depend only
on the Gdn-HCI concentration and not on the previous history
of the sample. The argument that we are monitoring an
unfolding process is based on a comparison with cytochrome
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FIGURE 7: Relative amplitudes of kinetic phases observed by (A)
Gdn-HCI (GuHCI) concentration jumps and (B) temperature jumps.
For (A) a; = AA4,°/(AA,° + AA4,°), and for (B) a3 = AA4;°/(AA4,°
+ AA4;"), where AA4,” is the total change in absorbance associated with
kinetic phase i. Open symbols indicate unfolding experiments and
filled symbols indicate refolding experiments. Wavelengths monitored
are 418 (0©) and 287 nm (A). In (A), the relative amplitude behavior
predicted by a three-state mechanism is shown (—). The dashed line
in (B) has no theoretical significance.

¢ from horse for which a much wider range of properties has
been investigated and interpreted in terms of an unfolding of
the protein to a state approximating a random coil (Ikai et
al.,, 1973; Stellwagen, 1968). Increases in tryptophan
fluorescence have been shown to be correlated with changes
in intrinsic viscosity for the unfolding of horse cytochrome ¢
(Tsong, 1974). These fluorescence changes are the expected
consequence of increases in the average distance between the
fluoresent tryptophan residue (donor) and the heme
(quencher). Measurements of the unfolding of iso-2 cyto-
chrome ¢ give the same relative fluorescence above 2.0 M
Gdn-HCI as is obtained for horse cytochrome ¢ above 3.5 M
Gdn-HCI (Tsong, 1976). This indicates that the average
heme-tryptophan distance is similar in the unfolded states of
the two proteins. The product of the Gdn-HCl unfolding of
horse cytochrome ¢ has the intrinsic viscosity expected for the
random coil state (Ikai et al., 1973), but the heme iron remains
coordinated with two strong field ligands, presumably histidine
side chains (Babul & Stellwagen, 1971; Tsong, 1975). Thus,
a comparison of the spectral and fluorescence properties of
is0-2 cytochrome ¢ above 2.0 M Gdn-HCI and cytochrome ¢
from horse above 3.5 M Gdn-HCl suggests a similar unfolded
state for the yeast protein.

Is Unfolding a Two-State Process? The sensitivity of the
visible spectrum to the environment and state of ligation of
the heme has allowed the detection of several distinct states
of horse cytochrome ¢ (Schejter & George, 1964; Myer, 1968;
Stellwagen, 1968; Kaminsky et al., 1973; Drew & Dickerson,
1978). Nevertheless, the major cooperative unfolding tran-
sition observed by differential scanning microcalorimetry ap-
pears to be a two-state process (Privalov & Khechinashvili,
1974). Creighton (1979) has proposed that these additional
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FIGURE 8: Natural logarithm of the apparent equilibrium constant
for unfolding, K,y = (1 - fo)/fs as a function of the Gdn-HCI
(GuHCI) concentration. The data are from Figure 3. Symbols
indicate the wavelength, 418 (Q), or 287 nm (A). The line through
the data has a slope of 4.67 mol™! and intersects the 0 of the In K,y
axis at 1.14 M Gdn-HCI.

optical states are due to perturbations of the fully folded or
unfolded protein by heme ligands rather than to additional
conformational states. Careful inspection of the Gdn-HCI-
induced difference spectra of yeast iso-2 (Figure 1) shows (1)
poorly defined isosbestic points and (2) drift in the wavelength
associated with the largest negative Ae from about 410 to 418
nm. Neither of these effects would be expected if a simple
two-state mechanism applies. This may be due to small
contributions of other folding intermediates or more likely to
solvent effects on the chromophores.

The Gibbs Free Energy for Unfolding Is Small. The Gibbs
free energy of stabilization of iso-2 cytochrome ¢ can be es-
timated by a two-state analysis of the data presented in Figure
3. A two-state treatment of equilibrium unfolding transitions
for small globular proteins is justified on empirical grounds
(Lapanje, 1978) and is not necessarily in conflict with the
existence of multiple species in a kinetic experiment. We have
used the method of Schellman (1978) for analyzing solvent
denaturation processes to obtain the free energy of unfolding
in the absence of denaturant. For proteins that exhibit a linear
relationship between the free energy of unfolding and the
molarity of Gdn-HCI this procedure is merely an extrapolation
to 0 molarity. The method has been justified on thermody-
namic grounds (Schellman, 1978) and has the advantage over
the other procedures (Tanford, 1969) in that there are no
assumptions regarding binding of denaturant to either the
folded or the unfolded form of the protein. In Figure 8, the
relationship between the natural logarithm of the apparent
equilibrium constant for unfolding and Gdn-HCI molarity is
shown to be linear. From Schellman (1978) we have

AG® = _RTAb230Cm (1)

where AG?® is the Gibbs free energy of unfolding in the absence
of denaturant and C,, is the denaturant concentration at the
midpoint of the transition

Abyy = [8 (In Kupy)/3Csl 5 )

where Cj is the denaturant concentration in moles/liter and
K.pp = unfolded protein/native protein is the apparent equi-
librium constant for unfolding. When these equations are used,
a free energy for unfolding of +3.1 kcal/mol is obtained for
iso-2 cytochrome c in the absence of denaturant at pH 7.2 and
20 °C. For horse cytochrome ¢, the two-state treatment of
Gdn-HCl-induced transitions gives values of 7.27 (Knapp &
Pace, 1974) and 7.38 kcal/mol (McLendon & Smith, 1978)
near neutral pH at 25 °C.* Privalov & Khechinashvili (1974)
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Table I: Free-Energy Contributions to Stability

AGiy
group amino acid side chain (cal/mol)@
I Tyr, Leu, Ile, Phe, Pro, Trp 2500
11 Val, Met, Lys (nonpolar part) 1500
IIT  Ala, Arg (nonpolar part) 600
IV Glu, Asn, Gln, Ser, Thr, Cys 0
v Asp, Glu, His, (charged part of Arg and Lys) 0

@ The AGYy, are the estimated free-energy contributions (per
mole) to the stability of the native structure for an amino acid side
chain from each group. These values are from Brandts (1964) and
Kawaguchi & Noda (1977).

Table II: Buried Hydrophobic Residues®

no. of residues in group

protein 1 II 111
horse cytochrome ¢ 23 2 1
iso-2 cytochrome ¢ 20 4 3

% Buried residues are those at homologous positions to those
classified as buried or partially buried in tuna cytochrome ¢
(Dickerson & Timkovich, 1975). Heme has not been included.

report a value of 9 £ 0.6 kcal/mol from a microcalorimetric
study at pH 4.8. So the free energy of stabilization of iso-2
cytochrome c is surprisingly small in comparison to that of
horse.

The Free-Energy Difference between Iso-2 and Horse Cy-
tochrome ¢ Is Consistent with Difference in Sequence. An
attempt can be made to attribute this difference in stability
to differences in the primary structure of the two proteins along
the lines of Tanford (1962). One of the most striking dif-
ferences is the presence of ten amino acid residues at the amino
terminus of iso-2 which are not present in cytochrome ¢ from
horse. As a first approximation, we will assume that this extra
region is unstructured and does not add to or detract from the
overall stability of iso-2. This assumption is supported by the
fact that mutations near the amino terminus of the homologous
iso-1 cytochrome ¢ from yeast do not affect the function of
that protein (Sherman & Stewart, 1978). Second, only those
positions with buried or partially buried side chains will be
compared. The decision as to whether or not a particular
residue is buried is based on whether or not the residue in the
analogous position in tuna cytochrome c is classified as being
buried (Dickerson & Timkovich, 1975). Finally, the various
amino acid residues are divided into classes depending on their
hydrophobicity following Brandts (1964) and, in particular,
Kawaguchi & Noda (1977). In this scheme, the amino acids
are divided into five classes (Table I). It is postulated that
only the three most hydrophobic groups make a significant
contribution to the overall stability (Kawaguchi & Noda, 1977;
Brandts, 1964). In Table II the number of buried or partially
buried residues for cytochrome ¢ from horse and iso-2 from
yeast is compared group by group. An estimate of the average
contribution to stability of a single residue from each group
is given in Table I. When the contributions from hydrophobic
groups for the two proteins are added up, the difference in the
stability is estimated to be 3.3 kcal/mol at 25 °C. When the
Gibbs free energy of unfolding of cytochrome ¢ from horse

3 These free-energy values were obtained by a linear extrapolation of
the apparent free energy for unfolding to 0 M guanidine hydrochloride
[the method suggested by Schellman (1978)]. Knapp & Pace (1974)
treat the same data using the model of Tanford (1969) in addition to
using the linear extrapolation model. Using Tanford’s model, they obtain
a much higher AG® for unfolding (12.7 kcal/mol).
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FIGURE 9: Dependence of the logarithm of the time constants on the
fraction of folded protein present in the final conditions for iso-2
cytochrome ¢ (~A—) and horse cytochrome ¢ (---®---). The horse
cytochrome ¢ data are from Tsong (1976) (@) and from Ikai et al.
(1973) (0).

is taken to be 7.3 kcal/mol, the Gibbs free energy of unfolding
of iso-2 is predicted to be 4.0 kcal/mol at 25 °C in the absence
of denaturant. This may be compared with the experimental
value of 3.1 kcal/mol derived from a two-state treatment of
the equilibrium data obtained at 20 °C. Important factors
have been ignored in this treatment, but the qualitative pre-
diction is in good agreement with the experiment.

The Kinetic Properties Are Similar to Those of Other Small
Globular Proteins. The kinetics of folding or unfolding of iso-2
cytochrome ¢ are complex, as is the case for other proteins.
In trying to understand a complex kinetic system, it is helpful
to focus on the prominent features of the reactions. This
requires the development of criteria for determining which
features of folding reactions are, in fact, the prominent ones.
A comparison of the kinetic properties of related proteins may
be of help since the most important features of folding are
expected to be the same for homologous proteins. On the other
hand, to the extent that there are universal rules or mechanisms
which guide the folding of all proteins, one expects to find
similarity in the folding properties of unlike proteins as well.
In Figure 9, the time constants for iso-2 cytochrome ¢ from
yeast are compared to those of cytochrome ¢ from horse
(Tsong, 1976; Ikai et al., 1973). For compensation for the
difference in stability of the two proteins, the data are pres-
ented in the manner of Tsong (1976) as a function of the
fraction of folded protein present in the final conditions of the
experiment. While there are differences in the magnitudes
of the time constants for the two proteins, the functional form
is similar. The behavior of «, as a function of Gdn-HCI
concentration for iso-2 is also similar to that of horse cyto-
chrome c¢ {see Ikai et al. (1973) and Hagerman (1977)]. On
the other hand, the qualitative features of the kinetics are not
unlike those reported by Hagerman & Baldwin (1976) for an
analysis of the unfolding and refolding kinetics of the non-
homologous protein, ribonuclease A. Ribonuclease A exhibits
three kinetic phases for both unfolding and refolding but a
stronger dependence of the time constants on the final con-
ditions.

The Relative Amplitude Behavior of the Two Slowest
Phases Is Explained by a Three-State Mechanism. The
similarities between the kinetic properties of the folding re-
actions of cytochrome ¢ from horse and iso-2 from yeast
suggest that a simplified three-state mechanism previously
successful in describing the kinetic behavior of cytochrome ¢
from horse (Hagerman, 1977) and ribonuclease A (Hagerman
& Baldwin, 1976) might also apply to iso-2 cytochrome ¢. A
complete analysis of the application of this mechanism to
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cytochrome ¢ from horse has been given by Hagerman (1977)
and will be given in outline form here. The mechanism is

ki ky 3)

UI kay,slow Uz k3 fast
where U; and U, are kinetically distinguishable unfolded
species with identical spectral properties and N is the native
protein. The equilibrium between U, and U, is assumed to
be independent of Gdn-HCI concentration. When 7,/7, >
1 and kj;, k3 > ki3, kay, the time constants are given by

1 kyy
ki, 1+ K, 4
1
P kyy + ks (5
2

where K, is the equilibrium constant for the U, to N reaction.
For refolding experiments starting above the transition zone
and unfolding experiments starting below the transition zone,
the fraction of fast refolding (or unfolding) material, a,, is
given by

1

ay = (6)
1 -1k, + k
1+| (k12 |

1 - 7o(kip + kgl

For refolding under the conditions given for eq 4 and 5, the
relative amplitude of the fast reaction, a,, is given by

=up| 1+ 22 7)
%= 1+ Ky

where U,C is the fraction of fast refolding protein present in
the initial conditions of the experiment and Kj, is the equi-
librium constant for the U, to U, reaction.

From eq 6, once k;; and k,, are determined, a, can be
calculated from time constant data throughout the transition
zone (where k; and k;; are assumed to be independent of
denaturant). Since all of the Gdn-HCI dependence of the
transition is attributed to Kj;, the value of K,; must be very
large for refolding experiments ending at Gdn-HCl concen-
trations where the protein is fully folded. Under these con-
ditions, eq 4 and 7 reduce to

1

— =~k ay > Uy
71

Since K, = U,%/U,° all of the parameters are determined.
The lines drawn through the time constant data for 7, and 7,
in Figure 6 have been used to generate the theoretical relative
amplitude behavior shown by the smooth line in Figure 7A.
Extending this approach, Hagerman & Baldwin (1976) have
developed equations which allow the prediction of the equi-
librium unfolding curve from knowledge of k3, k3;, 7, and
7,. These equations have been used to predict the theoretical
transition curve given in Figure 3. While the fit seems good
in both cases, the predicted curves are very sensitive to the
parameter . A small variation in the values chosen for 7,
even well within experimental errors, can cause serious dis-
agreement between the experimental data and the predicted
equilibrium unfolding curve and relative amplitudes.

For unfolding experiments ending near the midpoint of the
Gdn-HCl unfolding transition, there is a tendency for a; to
fall below the predicted curve (Figure 7A). Since the total
changes in absorbance are smallest for kinetic experiments
ending in this part of the transition, the relative amplitudes
in this range are much more susceptible to systematic errors.
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It is our view that this discrepancy between experiment and
theory is of marginal significance. Assuming that the dis-
crepancy is real, then we have a situation where a; (refolding)
# a5 (unfolding). Within the framework of the three-state
mechanism, this implies a change in the U, to U, equilibrium
on going from the initial conditions of the experiment to the
final conditions (Hagerman & Baldwin, 1976). It is reasonable
that the change in Gdn-HCl concentration in these experiments
(0.4 to near 1.0 M) might well affect the degree of any residual
structure in unfolded species and thus shift the equilibrium
between unfolded species to less structured forms. In com-
paring our results to those obtained by Ikai et al. (1973) for
horse cytochrome c, it is interesting to note that a, (refolding)
# a, (unfolding) near the midpoint of the transition for that
protein as well, with the deviations from the behavior predicted
by the three-state model being similar to those observed for
iso-2 [see Hagerman, (1977)].

A more serious problem with the application of this model
is that 74 has been ignored. In principle, the presence of the
third kinetic phase requires the existence of at least four species
during the kinetic experiment, so the quantitative agreement
between theory based on a three species mechanism and our
experiments is somewhat surprising. It may be that agreement
is accidental and that even the basic features of the three-state
mechanism do not reflect the actual situation. A more likely
possibility is that the fast reaction is a transient phase after
which the three-state mechanism is a good approximation.- The
success of the three-state mechanism in describing the kinetic
properties of such different proteins as lysozyme, ribonuclease
A, and cytochrome ¢ (Hagerman, 1977) tends to support the
latter interpretation.

Nature of the Slow Refolding Reaction. Henkens & Turner
(1979) proposed that the slow phase of refolding is due to
heme-ligand interactions which lead to the formation of an
incorrectly folded state. The slow disruption of the improperly
folded protein and its ultimate conversion to the native state
give rise to the slow refolding reaction. This suggestion is
supported by the finding that iron-free porphyrin cytochrome
¢ refolds in a single fast phase while ferricytochrome ¢ refolds
in a biphasic reaction involving a fast and a slow reaction.
Another possibility consistent with monophasic refolding of
porphyrin cytochrome ¢ is direct involvement of a heme-ligand
exchange reaction as a rate-limiting step in the slow refolding
of ferricytochrome ¢ [see Discussion in Ridge et al. (1981)].

A more general explanation has been offered by Brandts
et al. (1975) who suggested that a slow cis = trans isomer-
ization of proline residues about the imide bond might be the
rate-limiting step in the slow refolding reactions of proteins.
In the strict form of this model it is assumed that any proline
residue in a nonnative isomerization state will completely block
folding. However, recent theoretical (Levitt, 1981) and ex-
perimental (Jullien & Baldwin, 1981; Cook et al., 1979) work
indicates that there are three classes of proline residues: (1)
those which block folding until isomerization occurs, (2) those
which slow down folding, and (3) those which have little effect
on folding since they can be accommodated in the native
structure almost equally well in either the cis or trans con-
figuration.

For both horse (four prolines) and iso-2 (five prolines) cy-
tochrome ¢’s, the observed relative amplitudes for complete
refolding (a; = 0.7-0.8) are inconsistent with a strict for-
mulation of the model of Brandts et al. (1975) but are con-
sistent with the modified model in which only one or two of
the prolines is capable of blocking folding. The involvement
of prolines in slow folding is supported by the results of Ridge
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et al. (1981) who present strong evidence that horse cyto-
chrome ¢ obeys the mechanism we have used to analyze the
iso-2 folding kinetics (eq 3). They find that the properties of
the U; = U, reaction are consistent with proline isomerization.
These results tend to underscore the similarity of the slow
reactions for horse and iso-2 cytochrome ¢ but leave open the
question of whether prolines, heme ligands, or other factors
are involved in the slow steps in folding.

Conclusions

We have shown from the reversible unfolding transition of
iso-2 cytochrome ¢ from Saccharomyces cerevisiae that this
protein is considerably less stable toward denaturation by
Gdn-HCI than is the homologous cytochrome ¢ from horse.
The estimated differences in stability of the two proteins in
the absence of denaturant are in reasonable agreement with
theoretical expectations based on the numbers and types of
buried hydrophobic groups.

The kinetic properties of the folding reactions of iso-2 are
qualitatively the same as those of cytochrome ¢ from horse
(Ikai et al., 1973; Tsong, 1976). Two kinetic phases are ob-
served in the time range of the stopped flow, and the amplitude
behavior of these phases is quantitatively predicted by a
three-state kinetic mechanism. The same kinetic mechanism
is successful in predicting the equilibrium unfolding curve. A
third kinetic phase has been detected by temperature jumps
in a time range too fast for detection by stopped flow.
Analogous fast phases outside the stopped-flow time range
have been reported previously by Tsong (1976) for horse cy-
tochrome ¢. Since cytochrome ¢ from horse and iso-2 from
yeast differ by 46% in amino acid sequence, but probably share
the same tertiary structure, it seems reasonable to conclude
that homologous proteins have homologous folding properties.
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Reconstitution of Lactic Dehydrogenase from Pig Heart after Reversible

High-Pressure Dissociation®

Klaus Miiller, Hans-Dietrich Liidemann, and Rainer Jaenicke*

ABSTRACT: Lactic dehydrogenase from pig heart was reversibly
dissociated to monomers at high hydrostatic pressure. As
shown by equilibrium measurements making use of the yield
of reactivation and high-pressure fluorescence emission spectra,
the dissociation/association can be described by a consecutive
dissociation/unfolding mechanism according to N = 4M’ =
4M* [Miiller, K., Liidemann, H.-D., & Jaenicke, R. (1981)
Biophys. Chem. (in press)]. The extent and rate of dissociation
depend on pressure as well as on the conditions of the solvent.
Maximum yields of reconstitution are achieved under anae-
robic conditions, after dissociation by 20-min incubation at
1200 bar in 0.2 M Tris-HCI, pH 7.6, in the presence of | mM
ethylenediaminetetraacetic acid and 10 mM dithioerythritol.
At concentrations ¢ < 25 ug/mL (<0.72 uM), reconstitution
amounts to ~90%. The product of reconstitution is indis-
tinguishable from the enzyme in its initial native state, as far
as its physicochemical and enzymological properties are con-

'I;ne heart isoenzyme of lactic dehydrogenase has been re-
versibly dissociated to inactive subunits under a variety of
denaturing conditions (Teipel & Koshland, 1971; Levi &
Kaplan, 1971; Chilson et al., 1966; Jaenicke, 1978). Special

tFrom the Institut fir Biophysik und Physikalische Biochemie,
Universitit Regensburg, D-8400 Regensburg, West Germany. Received
February 5, 1981. This work was supported by grants from the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen Industrie.

cerned. Based on the long-term stability of the enzyme under
optimum reconstitution conditions, the kinetics of reactivation
and renaturation after decompression were measured at 2
ug/mL < ¢ < 25 ug/mL. The sigmoidal kinetics can be
quantitatively described by an irreversible sequential uni-bi-
molecular mechanism, assuming inactive subunits [Jaenicke,
R. (1979) FEBS-Symp. 52, 182~198]; the respective first- and
second-order rate constants under optimum conditions of re-
constitution are k; = (1.5 £ 0.1) X 103 sland k, = (3.5
0.2) X 10° M1 571 (20 °C). As shown by independent evidence
from cross-linking experiments, the rate-limiting association
reaction is the dimerization of dimers generating the native
tetramer. In accordance with the above-mentioned sequential
dissociation /unfolding mechanism, the sigmoidicity of the
kinetic traces is more pronounced after pressure deactivation
under strongly denaturing conditions. Under these conditions,
the yield and rate of reactivation are decreased.

attention has been focused on the acid dissociation of the
enzyme (Anderson & Weber, 1966; Levitzki, 1972; Jaenicke,
1974; Vallee & Williams, 1975; Rudolph et al., 1977a) since
this method provides high yields of reconstitution.

In this study, the reconstitution of lactic dehydrogenase from
pig heart after deactivation, denaturation, and dissociation at
elevated hydrostatic pressure is reported. The influence of the
conditions of high-pressure deactivation on the kinetics of
reconstitution is studied with special emphasis on the com-
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