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Equilibrium and Kinetic Measurements of the Conformational Transition of
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ABSTRACT: The single disulfide bond in Escherichia coli thioredoxin was reduced by reaction with a 20-fold
excess of reduced dithiothreitol at neutral pH and 25 °C. For some measurements, reduced thioredoxin
was further reacted with iodoacetamide to alkylate the cysteinyl residues. The denaturation transitions of
oxidized, reduced, and reduced alkylated thioredoxin were observed by using far-ultraviolet circular dichroic
and exclusion chromatographic measurements. Cleavage of the disulfide bond lowers the stability of the
native thioredoxin to denaturation by about 2.4 kcal/mol, and subsequent alkylation lowers the stability
by a further 1.6 kcal/mol. The kinetics of the conformational change of reduced thioredoxin in guanidine
hydrochloride were observed by using exclusion chromatography at moderate pressure and 2 °C. Analyses
of single and multimixing protocols are consistent with a predominant nonnative configuration in the denatured
state and the transient accumulation of a compact nativelike intermediate during refolding. The intermediate
can incorporate the nonnative configuration and can accommodate its isomerization. No compelling
chromatographic evidence was found for a conformation having an elution time different from that
characteristic for either the native or the denatured protein.

Tne crystallographic model of Escherichia coli oxidized
thioredoxin (Holmgren et al., 1975) indicates that the single
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Blood Institute, and by Grants PCM-8313046 and DMB-8413658 from
the National Science Foundation.
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disulfide bond in the protein bridges the first and fourth
residues of a type III reverse turn involving residues 32-35.
Such a reverse turn likely persists in the denatured protein and
could in principal direct the folding of the polypeptide into its
native conformation. In this report, we describe equilibrium
and kinetic measurements of the conformational transition of
E. coli thioredoxin having its single disulfide bond reduced.
We find that the conformational features of soluble native

© 1987 American Chemical Society



DENATURATION OF REDUCED THIOREDOXIN

thioredoxin are largely preserved upon reduction of the di-
sulfide, that the stability of the native conformation to dena-
turants is decreased by reduction, and that the folding pathway
deduced for the denatured oxidized protein (Kelley et al.,
1986a—c; Wilson et al., 1986) appears to be executed by the
denatured reduced protein as well.

EXPERIMENTAL PROCEDURES

Materials. Thioredoxin was purified from an E. coli strain
(Lunn et al., 1984) containing multiple copies of a plasmid
with the structure gene for E. coli thioredoxin. The protein
was purified by a modification of the procedure of Holmgren
and Reichard (1967) described previously (Kelley & Stell-
wagen, 1984). Oxidized thioredoxin refers to the product of
the purification procedure which has an intact disulfide bond
linking cysteine residues 32 and 35. Reduced thioredoxin
refers to the protein obtained following reaction of oxidized
thioredoxin with a 20-fold molar excess of reduced dithio-
threitol for at least 15 min in 50 mM phosphate buffer, pH
7.0, at room temperature. The reduced protein was maintained
in this solvent. Reduced alkylated thioredoxin refers to the
reduced protein in which the sulfhydryl groups of cysteine
residues 32 and 35 have been alkylated by reaction with an
excess of iodoacetamide at pH 8.0 for 2 h at room temperature.
Amino acid analysis indicated that the two cysteine residues
were quantitatively alkylated by this procedure and that no
other residues were detectably altered.

Methods. Fluorescence measurements were obtained by
using an SLM Model 4800 fluorometer and an optical cell
having a light path of 10 mm in both directions. Circular
dichroism measurements were obtained with an Aviv-Cary
circular dichroism apparatus and an optical cell having a light
path of I mm. Thermal denaturation was observed by using
a Microcal Model MC-1 differential scanning calorimeter.
Absorbance measurements were obtained by using a Gilford
Response spectrophotometer.

Exclusion chromatography was done with a 7.5 X 300 mm
Bio-Sil TSK-125 gel filtration column, an IBM Model LC9533
liquid chromatograph, and an Isco Model V4 variable-wave-
length absorbance detector. Twenty-microliter samples were
injected into the column and subjected to isocratic chroma-
tography at a flow rate of 1 mL/min. Elution profiles were
observed by using either 280- or 220-nm absorbance. The
chromatographic system had an excluded volume of 5.5 mL
using blue dextran and an included volume of 10.8 mL using
either free tyrosine or potassium dichromate. Chromato-
graphic results were simulated by using the dynamic equations
of Endo et al. (1983) programmed on 2 DEC Model 11/780
computer. The menu-driven program facilitates selection of
a desired mechanism, the width, midpoint, and time constant
for each conformational isomerization, the equilibrium dis-
tribution and time constant for each configurational isomer-
ization, the elution times for the compact and denatured
protein, the flow rate and concentration of denaturant in the
column solvent, the volume and nature of the protein sample
injected, whether native, denatured, or equilibrated with the
column solvent, the number of theoretical plates, and the
diffusional broadening occurring. All protein components were
assumed to have 80% of their conformational transitions
distributed over 0.7 M denaturant, to experience 10% diffu-
sional broadening during chromatography, and to be equili-
brated with 500 theoretical plates.

RESULTS

Fluorescence Measurements. The quenching of the tryp-
tophan fluorescence of native thioredoxin (Stryer et al., 1967)
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FIGURE 1: Kinetic profiles of the formation of reduced thioredoxin
at 25 °C. Each sample contained 20 uM oxidized thioredoxin, 50
mM phosphate buffer, pH 7.0, and the indicated concentration of
reduced dithiothreitol in micromolar. The fluorescence emission
intensity of the protein solution was recorded in millivolts (mV) at
350 nm using 276-nm excitation. The reaction was initiated by
addition of reduced dithiothreitol.

and a model thioredoxin peptide (Kishore et al., 1983) is
relieved by reduction of the single disulfide linking residues
32 and 35. As shown in Figure 1, addition of reduced di-
thiothreitol to a solution of native oxidized thioredoxin in-
creases the tryptophan fluorescence emission intensity of the
protein at a rate dependent upon the concentration of reducing
agent. The increase in fluorescence emission intensity observed
following reduction of the disulfide is equivalent to that ob-
served following denaturation of the oxidized protein as ob-
served previously (Holmgren, 1972). The increased fluores-
cence emission intensity observed for the native protein in the
presence of a 20-fold molar excess of dithiothreitol is main-
tained for many hours at room temperature following addition
of the reducing agent. On the basis of this experience, the
reduced thioredoxin characterized in this study was generated
and maintained by reaction of the oxidized protein with a
20-fold molar excess of reduced dithiothreitol for at least 15
min at room temperature and pH 7.0.

Circular Dichroic Measurements. The far-ultraviolet cir-
cular dichroic spectrum of native oxidized thioredoxin exhibits
a broad minimum at about 219 nm appropriate to the sec-
ondary structural content of the protein determined by crys-
tallographic measurements (Holmgren et al., 1975). As shown
in Figure 2, the dichroic spectrum of the native oxidized protein
is not perturbed significantly by reduction of the disulfide or
by alkylation subsequent to reduction. Upon addition of excess
urea or guanidine hydrochloride, the broad minimum at 220
nm disappears, and the dichroic spectrum becomes charac-
teristic for a denatured protein. Again, the dichroic spectra
of the oxidized, reduced, and reduced alkylated protein in
excess denaturant at neutral pH and 25 °C are equivalent
within experimental variation. Similar results are observed
at 2 °C for all forms of thioredoxin.

Since the tryptophan emission intensity of native reduced
thioredoxin is unchanged by denaturation, the conformational
transitions of oxidized, reduced, and reduced alkylated thio-
redoxin were observed and compared by using ellipticity
measurements at 219 nm. Typical results are illustrated in
Figure 3. Each transition can be described by three dena-
turant concentration ranges: a native base-line zone in which
the ellipticity remains characteristic of the native protein; a
transition zone in which the ellipticity is markedly dependent
on denaturant concentration; and a denatured base-line zone
in which the ellipticity remains characteristic of the denatured
protein. As shown in Figure 3A, reduction of the disulfide
and reduction followed by alkylation each lower the midpoint
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FIGURE 2: Far-ultraviolet circular dichroic spectra of thioredoxin.
All spectra were obtained by using a protein solution containing
between 0.66 and 1.19 mg/mL thioredoxin in 50 mM phosphate
buffer, pH 7.0, maintained at either 25 °C or 2 °C. Solutions of
reduced thioredoxin contained, in addition, a 20-fold molar excess
of reduced dithiothreitol. The lower spectrum, labeled N, represents
the average spectrum of native oxidized, native reduced, or native
reduced alkylated thioredoxin. The upper spectrum, labeled D,
represents the average spectrum of each of these proteins in either
8.5 M urea or 4 M guanidine hydrochloride. The bars indicate the
range of values observed among the samples.

Table I: Stability Comparisons of Thioredoxins?

transition -AG°®
protein denaturant midpoint (kcal/mol)

oxidized heat 82 °C

Gdn-HCl 26 M 8.6

urea 6.7M 8.7
reduced Gdn-HCI 1.8 M 6.2
reduced alkylated  heat 64 °C

GDN-HCl 1.4 M 4.6

urea i3 M 4.3

9The abbreviation Gdn-HCI represents guanidine hydrochloride.
Measurements in urea and Gdn-HCI were obtained at 25 °C, and all
measurements were obtained in 50 mM phosphate buffer, pH 7.0.

of the transition zone of thioredoxin without changing the
shape of the transition. The midpoint values observed in
guanidine hydrochloride and in urea at neutral pH and 25 °C
are compared in Table I. As shown in Figure 3B, the mid-
point values for oxidized and for reduced thioredoxin are each
lowered by 0.2 M guanidine hydrochloride upon changing the
temperature of the measurements from 25 to 2 °C.

Calorimetric Measurements. The thermal stability of ox-
idized and of reduced alkylated thioredoxin was measured by
differential scanning calorimetry. The change in heat capacity
observed upon heating solutions of each protein maintained
at neutral pH is illustrated in Figure 4. The melting tem-
perature, defined as the maximum ordinate, is substantially
higher for the oxidized protein as shown in Table I. The
change in heat capacity of each protein with temperature is
reversible if the temperature of the protein solution is only
raised to the melting temperature. However, if the temper-
ature is increased into the denatured base-line zone, a sig-
nificant amount of irreversible thermal denaturation of both
proteins occurs.

Absorbance Measurements. The near-ultraviolet absorbance
spectrum of reduced thioredoxin is only modestly perturbed
by denaturation in excess guanidine hydrochloride at neutral
pH and 25 °C. The difference spectrum between native and
denatured reduced thioredoxin exhibits a difference maximum
of no greater than 1700 cm™ M~! between 250 and 300 nm.
This small change was judged not to be of sufficient sensitivity
for observation and resolution of the multiphasic refolding
kinetics anticipated for the denatured reduced protein.
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FIGURE 3: Equilibrium measurements of the conformational transition
of thioredoxins. The circles indicate the increase in ellipticity observed
at 219 nm, and the triangles indicate the increase in the area of the
component which elutes between 7 and 8 min after injection of a
sample into the exclusion chromatographic column. Values represented
by open symbols were obtained with oxidized thioredoxin, by closed
symbols with reduced thioredoxin, and by half-filled symbols with
reduced alkylated thioredoxin. The values illustrated in panel A were
obtained at 25 °C and those in panel B at 2 °C. All measurements
were done in solvents containing 50 mM phosphate buffer, pH 7.0,
and for solutions of reduced thioredoxin, a 20-fold molar excess of
reduced dithiothreitol.
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FIGURE 4: Thermal denaturation of thioredoxin. The curves illustrate
the change in heat capacity, C;, observed during the initial heating
of a solution of oxidized thioredoxin, O, and a solution of reduced
alkylated thioredoxin, RA. The oxidized protein solution contained
4.0 mg/mL thioredoxin in SO mM phosphate buffer, pH 7.0, and the
reduced alkylated protein contained 2.1 mg/mL thioredoxin in the
same solvent. Heat was applied to raise the temperature 1 °C/min.

Exclusion Chromatographic Measurements. Reduced
thioredoxin was equilibrated with a series of guanidine hy-
drochloride concentrations at neutral pH and 2 °C. Each
sample was injected into a gel exclusion column equilibrated
with the same denaturant concentration at moderate pressure.
In the native base-line zone and in the denatured base-line
zone, the protein eluted as a single symmetrical component



DENATURATION OF REDUCED THIOREDOXIN

10 N\ .

[72]
2
3
£
=
g 7 ' == — —100
E 10 ' ! Y
= Y
c \ @
o B > L % 1o &
3 ot \ <
w \ &
@
I O\ 0
B ~~ae_ 0 1 -
-~ [Gdn-HCI], M
1 1 1 |
0 1 2 3 4
[Gdn-HCI], M

FIGURE 5: Exclusion chromatographic measurements. Panel A il-
lustrates the dependence of the elution time of reduced thioredoxin
on the concentration of guanidine hydrochloride, Gdn-HCI, outside
the transition zone. Each sample of reduced thioredoxin was
equilibrated with the isocratic column solvent prior to injection. Panel
B illustrates the dependence of the elution time of reduced thioredoxin
on denaturant concentration following injection of reduced denatured
thioredoxin. The open circles indicate that reduced native thioredoxin
was exposed to 5.8 M guanidine hydrochloride for 15 s at 25 °C prior
to injection. The closed circles indicate that the reduced native protein
was exposed to 5.8 M guanidine hydrochloride for 20 min at 25 °C
prior to injection. The inset indicates the fractional area associated
with the component eluting at approximately 9.5 min following in-
jection of the sample exposed to denaturant for 15 s prior to injection.
All thioredoxin solutions contained 1 mg/mL protein, a 20-fold molar
excess of reduced dithiothreitol, and 50 mM phosphate buffer, pH
7.0. All column solvents contained the same concentrations of reduced
dithiothreitol and phosphate buffer and the indicated concentration
of guanidine hydrochloride. Chromatography was done in jacketed
columns maintained at 2 °C.

having a constant width at half-height. The dependence of
the elution time of the protein on denaturation concentration
in these two zones is shown in Figure SA. Extrapolation of
the observed dependencies indicates that denaturation of the
protein decreases the elution time by about 2 min, presumably
due to expansion of the hydrodynamic volume of the protein.
A similar difference in the elution times of native and dena-
tured oxidized protein has been observed (Wilson et al., 1986).
By contrast, the elution profiles of the reduced protein in the
transition zone are characteristic for two components in
moderate dynamic exchange. A typical elution profile observed
in the transition zone is illustrated at the top of Figure 6. All
elution profiles observed in the transition zone can be simulated
by using a two-state transition having a midpoint at 1.62 M
guanidine hydrochloride, a time constant which varies between
100 and 250 s, and the extrapolated elution times for native
and denatured protein. A typical simulation is illustrated at
the top of Figure 6. The change in the fractional area asso-
ciated with the denatured protein correlates very well with the
fractional change in ellipticity in the transition zone, as shown
in Figure 3B. Similar analyses of the elution profiles of the
oxidized protein, previously described (Kelley et al., 1986),
also correlate very well with the ellipticity measurements of
the oxidized protein in the transition zone as shown in Figure
3B.
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FIGURE 6: Elution profiles observed in the transition zone. Each profile
was obtained by using the exclusion column equilibrated with 1.63
M guanidine hydrochloride, 1.5 mM reduced dithiothreitol, and 50
mM phosphate buffer, pH 7.0, at 2 °C. The elution profile shown
by the solid line in panel A was obtained following injection of a sample
equilibrated with the column solvent. The elution profile shown by
the solid line in panel B was obtained by using a sample of reduced
thioredoxin equilibrated with 5.8 M guanidine hydrochloride prior
to injection. The longer dashed lines indicate profiles simulated for
each sample using a two-state transition having a midpoint of 1.62
M denaturant and an exchange time constant of 250 s. The dotted
line in panel B indicates the profile simulated for this sample and a
three-component mechanism, N = DF = DS, in which the con-
formational transition has a midpoint of 1.93 M denaturant and a
time constant of 550 s and the configurational isomerization is 90%
DS at equilibrium in the denatured state and has a time constant of
375s.

The chromatographic profile observed at a given denaturant
concentration can be very dependent upon the nature of the
protein sample injected, particuldrly in the transition zone. As
shown in Figure 6, the profile observed after injection of a
sample of denatured reduced protein is intermediate between
the profile of pure denatured protein and the profile observed
for a sample equilibrated with the column solvent prior to
injection. We denote such profiles as refolding and equilibrium
profiles dependent upon whether a sample of denatured or
equilibrated protein, respectively, was injected. The refolding
profile clearly evidences an ongoing conversion of denatured
to compact protein which is not completed during the residence
time of the protein on the column.

The observed refolding profile is dependent upon the con-
centration of denaturant in the native base-line zone. A typical
refolding profile observed in this zone at 1.08 M guanidine
hydrochloride is shown in Figure 7A. All such profiles reveal
two components, a well-defined major component which elutes
first followed by a less well-defined minor component which
elutes as a broad relative short trailing peak. The elution time
for the major component exhibits a sigmodial dependence on
the column denatured concentration, centered at 0.95 M
guanidine hydrochloride, as shown by the closed circles in
Figure 5B. The elution time for the minor component is in
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FIGURE 7: Elution profiles observed in the native base-line zone. The
column was equilibrated with 1.08 M guanidine hydrochloride, 1.5
mM reduced dithiothreitol, and S0 mM phosphate buffer, pH 7.0 at
2 °C. The solid profile in panel A was observed following injection
of a sample of reduced native thioredoxin denatured for 20 min in
5.8 M guanidine hydrochloride, 1.5 mM reduced dithiothreitol, and
50 mM phosphate buffer, pH 7.0, at 25 °C. The solid profile observed
in panel B was observed by using the same protocol except that native
reduced thioredoxin was denatured for only 15 s prior to injection.
The dashed profile was simulated by using mechanism 2 in which
the conformational transition N = DF has a transition midpoint at
1.93 M denaturant and a time constant of 160 s; the conformational
transition IS = DS has a transition midpoint at 0.90 M denaturant
and a time constant of 20 s; the configurational transition IS = N
is 99.9% N at equilibrium in the native base-line zone and has a time
constant of 3500 s; the configurational isomerization DF = DS is
90% DS at equilibrium in the denatured base-line zone and has a time
constant of 375 s. The time constants for denaturation and config-
urational isomerization at 25 °C indicate that the protein injected
into the column to generate the profiles shown in panel B was more
than 99% denatured and that 53% of the denatured protein was in
the DS configuration. Time constants for the configurational tran-
sitions at 2 and 25 °C and for denaturation at 25 °C were assumed
to be the same as measured for the oxidized protein under similar
conditions (Kelley et al., 1986a).

the range characteristic for the native protein, but its position
cannot be reliably determined owing to the breadth and small
area of this component.

The observed refolding profile also depends upon the length
of time the native protein is incubated with excess denaturant
prior to injection. If the native protein is incubated in excess
denaturant only briefly prior to injection, more of the protein
elutes as the second component as seen by comparing panels
A and B in Figure 7. The elution position of the first com-
ponent again exhibits a sigmoidal dependence on column de-
naturant concentration as shown by the open circles in Figure
SB. Since more material elutes as the second component, its
elution position can be more reliably determined. The elution
time for the second component exhibits a monotonic depen-
dence on denaturant concentration, characteristic for the native
protein, as shown by the open circles in Figure 5B. The relative
area of the second component observed in these refolding
profiles is inversely dependent upon the column denaturant
concentration, as illustrated in the inset to Figure 5B. This
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dependence indicates that the presence of the second compo-
nent, which has an elution time characteristic for the native
protein, does not result from incomplete denaturation prior
to injection, since all samples used to generate the measure-
ments in the inset to Figure 5B were denatured for the same
length of time.

Di1SCUSSION

The gross structural features of native oxidized thioredoxin
are maintained following reduction of the disulfide bond linking
residues 32 and 35. The effective volume of the protein as
measured by the elution time from an exclusion chromato-
graphic column is unchanged. The complement of secondary
structural elements as measured by the far-ultraviolet circular
dichroic spectrum is also unchanged within the precision of
measurement. However, proton NMR measurements
(Holmgren & Roberts, 1976) suggest that the microenviron-
ments about tryptophan residues 28 and 31 are perturbed by
reduction of the adjacent disulfide bond. These authors suggest
that the active-site protrusion formed by residues 29-37 un-
dergoes a localized conformation change during reduction.
Such a perturbation together with the loss of the quenching
disulfide may contribute to the observed enhancement in
tryptophan fluorescence emission following reduction.

As shown in Table I, reduction of the single disulfide bond
in thioredoxin with or without alkylation increases the sus-
ceptibility of the protein to denaturation by heat, urea, and
guanidine hydrochloride at neutral pH. The reversible tran-
sitions observed in urea and in guanidine hydrochloride were
analyzed by assuming a two-state model with no preferential
binding as described by Schellman (1978). Such analysis
indicates that reduction of the disulfide destabilizes the native
conformation of the protein by about 2.4 kcal/mol. This value
is within a factor of 2 of the decrease in free energy predicted
to result from the change in chain entropy associated with
cleavage of a disulfide bridge, 1.6 kcal/mol at 25 °C, using
the equation of Flory (1956). Alkylation of the sulfhydryl
groups in reduced thioredoxin was observed to destabilize the
native conformation by an additional 1.6 kcal/mol. This
destabilization likely results from a further perturbation of the
conformation of the active-site protrusion following changes
in the size and polarity of the two cysteinyl residues by al-
kylation. The thermal transitions were not analyzed in detail
owing to their irreversibility.

While equilibrium circular dichroic and exclusion chro-
matographic measurements can be fit with a two-state tran-
sition between native and denatured reduced thioredoxin, the
observed refolding chromatographic profiles indicate the
participation of additional components in the conformational
transition. The equilibrium elution profile observed in the
transition zone and shown in Figure 6A can be fit nicely with
a two-state transition having a transition midpoint at 1.62 M
denaturant and a time constant of 250 s. However, these
values poorly simulate the refolding elution profile observed
on the same column as shown in Figure 6B. The difference
between the simulated and observed refolding profiles suggests
that the refolding of denatured protein is being delayed. One
way to accomplish such a delay would be to couple a slow
configurational isomerization in the denatured state with
folding, as illustrated in mechanism 1. In this mechanism,

= DF = DS (1)

N is the native protein, DF is a fast-folding denatured protein,
and DS is a slow-folding denatured protein containing a
nonnative isomer which must isomerize prior to folding. This
mechanism can be used to fit the refolding profile in Figure
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6B assuming 90% of the denatured protein applied to the
column is DS, a time constant for the configurational isom-
erization of 375 s, a midpoint for the conformational transition
of 1.93 M denaturant, and a time constant for the confor-
mational transition of 550 s, The fractional concentration of
DS and the time constant for its isomerization are the mea-
sured values obtained for oxidized thioredoxin (Kelley et al.,
1986a) which are assumed to pertain to the reduced protein
as well. The midpoint for the conformational transition was
calculated from the overall midpoint, 1.62 M denaturant
(Figure 3B), assuming 90% of the denatured protein is in the
DS form at equilibrium.

The formation of a slow-folding form, DS, in the denatured
base-line zone is consistent with the refolding elution profiles
observed in the native base-line zone, as illustrated in Figure
7. Mechanism 1 predicts that the amount of native protein
observed in the refolding profiles will be inversely related to
the length of time the native protein is incubated with excess
denaturant. As shown in Figure 7, the relative amount of
protein having a elution time characteristic for the native
protein is markedly diminished as the incubation time in excess
denaturant is increased from 15 to 1200 s.

The simulation of the refolding profile shown in Figure 7B
using equilibrium-denatured protein indicates that the first
component to elute originated as DS and the second component
as DF. If mechanism 1 were correct, then the elution time
for the first component should exhibit the denaturant con-
centration dependence characteristic for the denatured protein,
since the refolding of DS is limited by the slow denaturant-
independent isomerization of DS to DF, having a one-way time
constant of 3750 s. However, the elution time for the first
component exhibits a sigmoidal dependence on denaturant
concentration, spanning the range from that characteristic for
the denatured and native proteins, as shown in Figure 5B. One
way to accommodate this dependence is to assume that DS
can refold to a compact conformation containing a nonnative
configurational isomer, IS, in mechanism 2. This mechanism
can simulate the observed refolding profiles, as shown in Figure
7.

N = DOF

T @

IS = DS

Several features of this mechanism merit comment. First,
the chromatographic results can be simulated by using only
compact and denatured components. No partially folded
conformations such as proposed by Aune et al. (1967) are
necessarily required. Second, the denatured form having a
nonnative isomer, DS, folds more quickly into a compact form
than does the all-native isomer, DF, at a given denaturant
concentration in the native base-line zone. Under these con-
ditions, the standard DF/DS nomenclature is misleading.
Third, the stability of IS to denaturation is less than that of
N, as expected for a folding intermediate with a nonnative
configurational isomer. Fourth, the mechanism requires that
the dominant configurational isomer at equilibrium is DS in
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the denatured protein and N in the compact protein. Such
an inversion can be accomplished by coupling the configura-
tional isomerization with the conformational isomerization.
A plot of the time course for the concentration of each com-
ponent in mechanism 2 during native base-line refolding be-
ginning with equilibrium-denatured protein predicts IS to be
the dominant component for a considerable time during re-
folding. This persistence should facilitate characterization of
the conformation of IS and measurement of its configurational
isomeric distribution, assuming the latter to represent proline
peptide isomerization. Finally, the mechanism is analogous
to that proposed (Goto & Hamaguchi, 1982) for the con-
formational transition of the constant domain of immuno-
globulin IgG.
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