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changes and degree of saturation is due to different spectral
properties of the two quaternary states of Hb upon oxygena-
tion. This difference may be attributed at a deeper level to
different optical properties of the a and 3 chains in the two
possible quaternary T and R states. Deconvolution of the Hb
binding properties observed in the critical isosbestic region will
help to characterize the functional properties of the T and the
R states at intermediate stages of ligation.
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ABSTRACT: The equilibrium and kinetic properties for the urea-induced unfolding of the « subunit of
tryptophan synthase from Escherichia coli, Salmonella typhimurium, and five interspecies hybrids were
compared to determine the role of protein folding in evolution. The parent proteins differ at 40 positions
in the sequence of 268 amino acids, and the hybrids differ by up to 15 amino acids from the Escherichia
coli o subunit. The results show that all the proteins follow the same folding mechanism and are consistent
with a previously proposed hypothesis [Hollecker, M., & Creighton, T. E. (1983) J. Mol. Biol. 168, 409;
Krebs, H., Schmid, F. X., & Jaenicke, R. (1983) J. Mol. Biol. 169, 619] that the folding mechanisms are
conserved in homologous proteins. Analysis of the kinetic data suggests that the 15 positions at which the
parent proteins differ in the amino folding unit, residues 1-188, do not play a role in a rate-limiting step
in folding that has been previously identified as the association of the amino and carboxyl folding units [Beasty,
A. M., Hurle, M. R, Manz, J. T., Stackhouse, T. S., Onuffer, J. J., & Matthews, C. R. (1986) Biochemistry
25, 2965]. One or more of the 25 positions at which the parent proteins differ in the carboxyl folding unit,

residues 189-268, do appear to play a role in this same rate-limiting step.

Comparative studies on homologous proteins have generally
focused on the effect of amino acid changes on the structure,
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stability, and function (Rossman & Argos, 1981; Bajaj &
Blundell, 1984). The results highlight individual residues that
play key roles in substrate binding and/or catalysis as well as
the general principles that relate amino acid sequence to
secondary and tertiary structure.

A closely related question concerns the effects of these amino
acid replacements on the folding mechanism. Comparison of
the refolding kinetics of ribonucleases from a group of rum-
inants showed that the same mechanism applied for all variants
(Krebs et al., 1983; Lang et al., 1986). From similar studies
on another group of ribonucleases, Schmid et al. (1986)

© 1988 American Chemical Society
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concluded that one of the slow-folding phases is due to cis—
trans isomerization at a specific X-Pro peptide bond.
Therefore, for this collection of ribonucleases, the in vitro
folding pathway is preserved. Hollecker and Creighton (1983)
also found that the pathways of unfolding and refolding of
three homologous protease inhibitors are closely related,
suggesting that in this system, as well, folding pathways are
conserved. This concept is important in refining an under-
standing of the rate-limiting steps in folding because, if it is
correct, comparisons of the sequences of homologous proteins
will emphasize the residues that play essential roles in this
complex process.

The « subunit of tryptophan synthase is an excellent system
to test further the generality of the hypothesis on the con-
servation of the folding mechanism during evolution:

(1) The genes for both the Escherichia coli and Salmonella
typhimurium « subunits have been cloned into high copy
number plasmids, providing a ready source of protein.

(2) Five interspecies hybrids have been made by fusing the
genes from the parent organisms; the fusion proteins are en-
zymatically active (Schneider et al., 1981).

(3) Extensive equilibrium studies on the folding of the «
subunit have shown that the urea-induced (Matthews &
Crisanti, 1981) and guanidine hydrochloride (Yutani et al.,
1979) induced unfolding follow a multistate mechanism, N
<> [ <« U. The stable intermediate, I, is thought to have
residues 1-188 folded into a nativelike conformation and
residues 189-268 in an unfolded conformation (Miles et al.,
1982; Crisanti & Matthews, 1981). The hybrids involve fu-
sions at various positions in the amino folding unit, providing
an opportunity to investigate the effect of combining different
segments from Escherichia coli (EC)! and ST « subunits on
its folding and stability.

(4) A preliminary report on the X-ray structure has ap-
peared (Hyde et al., 1987), indicating that a structural basis
for interpretation will become available.

In a previous study on the stabilities of the two parent
proteins and one of these hybrids to both guanidine hydro-
chloride and thermal unfolding (Yutani et al., 1984), it was
reported that the stability of the hybrid reflects the stability
of the parent protein from which the polypeptide segment is
derived. In the present paper, the study of the parent and
hybrid « subunits was significantly extended both to include
the four additional hybrids constructed by Schneider et al.
(1981) and to investigate the effects on the relaxation times
for the rate-limiting steps in folding. The results show that,
similar to the ribonucleases and protease inhibitors, the folding
mechanism is conserved across this set of proteins. Further-
more, in contradiction to the conclusion reached in the study
by Yutani et al. (1984), the fusion of the EC and ST « sub-
units has nonadditive effects on the stability.

EXPERIMENTAL PROCEDURES

Protein Purification. The « subunit (EC 4.2.1.20) was
purified from Escherichia coli containing plasmid pBN 55 (a
gift from Brian Nichols) and the 6-34, 8-32, 12-28, 14-26,
and 15-25 hybrid a-subunit proteins from Escherichia coli
containing the appropriate plasmid (Schneider et al., 1981).
Salmonella typhimurium LT2 (strain TB1533 TrpR 782
LEDC 1682 Trp B+ A+), a gift from Ronald Bauerle, was
the source of tryptophan synthase «,8, complex which was

! Abbreviations: EC « subunit, « subunit of tryptophan synthase from
Escherichia coli; ST a subunit, a subunit of tryptophan synthase from
Salmonella typhimurium; EDTA, ethylenediaminetetraacetic acid.
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purified (Miles et al., 1987) and then separated into « and
3, subunits as described for the Escherichia coli a,8, complex
(Higgins et al., 1979).

The procedure used in purification was similar to that which
has been described previously (Matthews et al., 1983) with
the exception that a linear 0-1.0 M NaCl gradient on the
initial DE-52 column was used to elute the 15-25 hybrid
protein and a linear 0-0.3 M NaCl gradient was used for the
remaining hybrid proteins. The purification of the ST «
subunit was identical with that for the EC « subunit.

Activity Assay. The activities of all the « subunits in this
study were determined by measuring their ability to enhance
the activity of the 8, subunit of tryptophan synthase from
Escherichia coli in the condensation of indole and serine to
form tryptophan; the maximum specific activity of EC «
subunit is 5500 units/mg in this assay (Kirschner et al., 1975).
The activities of the EC, ST, 6-34, 8-32, 12-28, 14-26, and
15-25 hybrid « subunits were 4500, 3400, 4400, 4000, 4800,
3000, and 3400 units/mg, respectively, with an error of £10%.

Protein Purity and Concentration Determination. The
purity of each protein was shown by the appearance of a single
band on Coomassie Blue stained native and sodium dodecyl
sulfate—polyacrylamide gel electrophoresis. The protein con-
centration was determined by absorbance measurements at
278 nm using a molar extinction coefficient of 12600 M~ ¢cm™
(Matthews & Crisanti, 1981) for all the proteins in this study.
The seven Tyr residues are strictly conserved as is the absence
of Trp residues. The reversibility was determined by the
recovery of the absorbance spectrum and always exceeded 90%.
The protein concentration was held constant in any given
experiment, generally in the range of 0.6-1.5 mg mL™.

Chemicals. Ultrapure urea was purchased from
Schwarz/Mann; all other chemicals were reagent grade. The
buffer used in all folding experiments was 10 mM potassium
phosphate, pH 7.8, 0.2 mM EDTA, and 1 mM 2-mercapto-
ethanol.

Spectroscopic Methods. Ultraviolet difference spectroscopy
measurements were made at 25 °C on a Cary 118 CX spec-
trophotometer using the tandem cell technique (Herskovits,
1967). Equilibrium and kinetic methods for monitoring the
unfolding and refolding reactions have been described previ-
ously (Crisanti & Matthews, 1981). Equilibrium measure-
ments were made after all changes in absorbance had occurred,
generally 1-2 h at 25 °C.

Data Analysis. The equilibrium unfolding results were fit
to a three-state model:

K K
N<Il<U

where N, I, and U are native, intermediate, and unfolded
forms, respectively, Kn; = [11/[N], and Ky = [U]/[1]. The
observed changes in extinction coefficient at 286 nm were
converted to the apparent fraction unfolded, F,, by F,,, =
(€obsa — €n)/(€u — en) Where €y, is the observed extinction
coefficient at a given urea concentration and ey and ¢ are the
extinction coefficients for the native and unfolded forms, re-
spectively, at the same urea concentration. ey and ¢ showed
small linear dependences on the urea concentration in their
respective base-line regions. Linear extrapolations were made
to obtain estimates for these values in the transition region.
The apparent equilibrium constant for unfolding, X,,, was
then calculated from Ky, = F,pp/(1- Fapp). Ky, €an also be
defined in terms of the equilibrium constants from the
three-state model:

K = KniKy + ZKy
app 1 + (1 - Z)KNI
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Table I: Thermodynamic Parameters for the Urea-Induced Unfolding of Escherichia coli, Salmonella typhimurium, and Five Interspecies

Hybrid o Subunits

AGRO @ AGHC AAGN AAGA
(kcal Ani? (keal (kcal Ay? (keal (kcal (keal
« subunit mol™) mol™! M) mol™!) mol™ My Cpf (M, urea) mol™!) Conyt (M, urea) mol™)
EC 5704 2,18 £ 0.15 5.0%06 1.20 £ 0.15 2.62 £ 0.02 4.18 £ 0.06
ST 6.1 £0.5 2,19 £ 0.16 6.2 x£07 1.56 £ 0.16 2.79 £ 0.04 04 +0.1 3.93 £ 0.05 -0.4 £ 0.1
6-34 54x04 273 £ 0.23 4805 1.40 £ 0.14 1.98 £ 0.2 -1.8 +£0.2 340 £ 0.04 -1.1 £ 0.1
8-32 5.4 +0.8 2.49 £ 0.39 6.2+1.5 1.84 £ 0.43 2.17 £ 0.04 -1.1 £0.2 3.37 £ 0.07 -1.5+ 0.3
12-28 6.4x 1.6 3.28 £0.84 40+ 12 1.34 £ 0.39 1.95 = 0.06 -2.2+07 3.01 £0.12 -1.6 £ 0.4
14-26 50+ 1.1 2.50 £ 0.57 63+1.6 1.78 +£ 0.45 2.01 £ 0.05 -1.5+04 3.54 £ 0.08 -1.1+0.3
15-25 39%x20 2.02 £ 1.05 3.7x25 1.10 £ 0.71 1.92 £ 0.18 -1.4+09 3.33+£0.29 -0.9 + 0.6

¢ AGHP is the free energy difference between conformations X and Y in the absence of urea; the units are kilocalories per mole. ® Ayy is the urea
dependence of the apparent free energy difference, AGY¥¥, between conformations X and Y, defined by AG¥ = AGIR® + Axy[urea]. The units are

kilocalories per mole per molar. “C,,, . is the concentration of urea at the midpoint of the transition between conformations X and Y, defined by C,,

XY

= -AGY3®/Axy. The units are molar. ¢ AAGyy is the difference in the free energy changes between EC « subunit and the ST o subunit or the hybrid
a subunits, AAGxy = AGxy(ST or hybrid « subunit) - AGxy(EC « subunit), calculated at 2.62 M urea for the N < [ transition and at 4.18 M urea

for the I < U transition.

where Z = (e, — ex)/(ey — ex). A value of 0.59 for Z which
has been used previously for EC « subunit (Beasty et al., 1986)
gave satisfactory fits for all the proteins in this study. The
free energies of unfolding were assumed to depend linearly on
the urea concentration (Schellman, 1978), resulting in an
exponential dependence for the equilibrium constants:

Kxy = exp{-[(AGXs® - A[urea]) /RT]}

where AGYP is the free energy difference between species X
and Y in the absence of denaturant, 4 is a parameter that
reflects the cooperativity of the unfolding transition, and R
and T are the gas constant and the absolute temperature,
respectively. These fits were performed with a nonlinear
least-squares fitting program, NLIN (SAS Institute, 1985).

The transient responses to changes in urea concentration
were fit to one or a sum of exponentials by the nonlinear
least-squares fitting program NLIN (SAS Institute, 1985), and
the amplitudes and relaxation times for each kinetic phase were
obtained (Beasty et al., 1986). Data collection and fitting were
simplified by interfacing the spectrophotometer to a Digital
PDP 11/23 computer.

RESULTS

Nomenclature. The a subunits of tryptophan synthase from
Escherichia coli (EC a subunit) and Salmonella typhimurium
(ST « subunit) differ at 40 positions in the sequence of 268
amino acids (Schneider et al., 1981). Of these differences,
15 occur in the amino folding unit, residues 1-188, and 25 in
the carboxyl folding unit, residues 189-268 (Higgins et al.,
1979).2 These replacements do not interfere significantly with
the ability of the ST « subunit to form an active a,3, complex
with the 3, subunit of tryptophan synthase from Escherichia
coli (Schneider et al., 1981). Five hybrid « subunits were
previously constructed by Schneider et al. (1981), who used
random homologous recombination of the genes for the two

2 On the basis of previous studies (Miles et al., 1982; Beasty &
Matthews, 1985), the 1-188 segment has been referred to as the amino
domain and 189-268 as the carboxy! domain. This designation was
deemed appropriate because the regions can be separated by limited
proteolysis and demonstrate independent folding by both equilibrium and
kinetic criteria. A preliminary report of the X-ray structure of the ST
o subunit (Hyde et al.,, 1987) shows that the « subunit has an eight-
stranded «/B barrel motif and appears to be a single structural entity.
Region 1-188 contains six contiguous 3 strands and their associated «
helices, and region 189-268 has two contiguous strands and their asso-
ciated helices. Because the term domain has usually been associated with
an independent, identifiable structural region, the segment from 1 to 188
will be referred to in this paper as the amino folding unit and that from
189 to 268 as the carboxyl folding unit.

parent proteins. The three-dimensional structure of these
hybrid proteins is presumed to be closely similar to the wild-
type proteins because they are all capable of activating the
B, subunit of tryptophan synthase from Escherichia coli, and
they are all recognized by antiserum to the EC « subunit
(Schneider et al., 1981). The regions in which recombination
occurred and the amino acid sequences of the wild-type pro-
teins and the hybrid proteins are shown in Figure 1.

The construction of the hybrid proteins was done in such
a way that the amino portion is from Salmonella typhimurium
while the carboxyl portion is from Escherichia coli. The
nomenclature introduced by Schneider et al. (1981) to describe
these hybrid proteins is that the portion from Salmonella
typhimurium is named first and is designated by the number
of amino acid replacements that occur in that region. The
portion from Escherichia coli is named second and is desig-
nated by the number of replacements in that region. Thus,
hybrid 15-25 consists of the first 184 residues from the ST
o subunit, where there are 15 differences with the EC o
subunit, and the last 84 residues from the EC « subunit, where
there are 25 differences from the ST « subunit. The other
hybrids in this set are 14-26, 12-28, 8-32, and 6-34.

a Subunit from Salmonella typhimurium. The equilibrium
and kinetic properties of the urea-induced unfolding and re-
folding reactions at pH 7.8, 25 °C for the ST « subunit were
monitored by difference ultraviolet spectroscopy at 286 nm
(Figure 2A,B). For comparative purposes, the results for the
EC o subunit are also shown. An acceptable fit of the
equilibrium data (Figure 2A) requires a three-state model
involving the native form (N), a stable intermediate (I), and
an unfolded form (U) (Matthews & Crisanti, 1981). Previous
studies on the EC a-subunit protein have shown that the in-
termediate has a folded amino region, residues 1-188, and an
unfolded carboxyl region, residues 189-268 (Miles et al.,
1982). The N <> I transition occurs between 1.5 and 3 M urea
and the I < U transition between 3 and 5.5 M urea. The
effect of 1 or more of the 40 amino acid replacements is to
slightly stabilize the N <+ I transition and destabilize the I
<> U transition in the ST « subunit, relative to the transitions
in the EC « subunit.

Quantitative estimates of the stability and the transition
midpoints can be obtained by fitting these data to a three-state
model as described under Experimental Procedures. Assuming
a linear dependence of the free energy of unfolding on the urea
concentration (Schellman, 1978), the free energy difference
between N and I in the absence of urea is 6.1 % 0.5 kcal mol™,
and that between [ and U is 6.2 + 0.7 kcal mol™! for the ST
« subunit (Table I). The concentration of urea at the mid-
points of these two transitions is 2.79 and 3.93 M, respectively.
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FIGURE 1: Amino acid sequences of EC « subunit and ST « subunit (Schneider et al., 1981). Dashes indicate identical amino acids in both
sequences. Boxes indicate the regions where recombination has occurred for the respective hybrid « subunits. In the hybrid « subunits, the
amino-terminal region is always derived from ST « subunit and the carboxyl-terminal region from EC « subunit. The vertical dashed line
indicates the proposed junction between the amino and carboxyl folding units (Miles et al., 1982).

For comparison, stabilities and transition midpoints for the
EC a subunit are included in Table I. Although there are clear
differences between EC and ST « subunits in the midpoints
of the two transitions, the extrapolations required to obtain
values for the free energy difference in the absence of urea
lead to errors which are comparable to the differences which
are due to the amino acid replacements (Table I).

The free energy differences for each transition can also be
compared at the urea concentrations corresponding to the
midpoints of the N <= I and [ < U transitions for the EC «
subunit. This procedure, which has been described in detail
elsewhere (Beasty et al., 1986), eliminates the extrapolation
required to estimate the stability in the absence of denaturant.
The differences in the free energies of the N <> Tand [ < U
transitions between the EC and ST « subunits calculated by
this procedure are also shown in Table I (AAGy; and AAG).
According to this procedure, ST « subunit is 0.4 kcal mol™
more stable than EC « subunit in the N < I transition and
0.4 kcal mol™! less stable than EC « subunit in the [ < U
transition. Note that these estimates are made in solvent
conditions which contain the standard buffer and 2.62 M urea
for the N < I transition and 4.18 M urea for the I « U
transition.

Kinetic studies of the folding of the ST « subunit revealed
a single slow phase in unfolding and two slow phases in re-
folding. The presence of additional, faster phases in refolding
is deduced from the observation that the sum of the amplitudes
of the two slow phases does not account for the total change
in extinction coefficient expected from the equilibrium studies
(data not shown). Attempts to directly measure the faster
relaxation times by stopped-flow techniques were frustrated
by transient aggregation effects.

The urea dependence for the observable relaxation times
of the ST « subunit is qualitatively similar to the dependence
for the EC « subunit (Figure 2B). The unfolding relaxation
time decreases logarithmically as the urea concentration in-

Table II: Average Relative Amplitudes for the Slow-Folding Phases
in EC, ST, and Hybrid o-Subunit Proteins

% sucrose
o subunit [urea] range (M) (w/v) a,? a
EC 0.6-1.7 0 0.26 0.74
EC 0.6-2.0 20 0.40 0.60
ST 0.6-1.7 0 0.30 0.70
ST 0.7-1.0 20 0.28 0.72
8-32 0.6-1.0 20 0.27 0.73
12-28 0.6-1.0 20 0.31 0.69
14-26 0.6-1.0 20 0.19 0.81
15-25 0.6-1.0 20 0.23 0.77

¢ Average relative amplitude for the 7, reaction. °Average relative
amplitude for the r, reaction.

creases. In refolding, the relaxation time for the slower of the
two observable phases is independent of the urea concentration.
The behavior of the faster phase is more complex: between
3 and 1.5 M urea, the relaxation time for this phase decreases
logarithmically with decreasing urea concentration, while
below 1.5 M urea it becomes independent of the urea con-
centration. This pattern can be understood in terms of a
previously proposed kinetic model for the EC « subunit in-
volving native, intermediate, and unfolded forms (Beasty et
al., 1986) (Figure 3).

The similarity in the folding of the ST and EC « subunits
is also observed in the amplitudes of the two observed phases
in refolding. Like the EC « subunit, the amplitudes for the
ST « subunit are independent of the final urea concentration
in the native base-line region (data not shown). The average
relative amplitudes of the slower and faster of the two phases
for ST « subunit are 0.30 and 0.70, respectively. These values
are nearly identical with those for EC « subunit, 0.26 and 0.74,
respectively (Table IT). This result and that for the urea
dependence of the relaxation times described above show that
the ST « subunit follows the same folding mechanism as the
homologue from E. coli.
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FIGURE 2: (A) Dependence of the apparent fraction unfolded, F,,
on the urea concentration for the ST o subunit (@) at pH 7.8, 25 °é.
The data were derived from difference ultraviolet absorbance studies
at 286 nm as described under Experimental Procedures. The line
indicates a fit to a three-state model as described in the text. The
transition curve for the EC « subunit (---) under the same conditions
is shown for comparison. (B) Semilogarithmic plot of the urea
concentration dependence of the relaxation times for the single phase
in unfolding (@) and the fast (O) and slow (O) phases in refolding
for the ST «a subunit at pH 7.8, 25 °C. The solid line is added to
guide the eye and does not represent a fit of the data to an equation.
The dependence for the EC « subunit (---) is shown for comparison.

The quantitative differences observed in the relaxation times
for the EC and ST « subunit demonstrate that 1 or more of
the 40 amino acid replacements play a significant role in
folding and/or stability. Unfolding is slowed by a factor of
6 at 6 M urea; for refolding at 2 M urea, the I; = N (r3)
reaction (Figure 2) slows by a factor of 2. Below 1.5 M urea,
where the relaxation times for both phases are urea inde-
pendent and the I, — I; and I, — I; reactions (Figure 3) are
rate limiting, the average value of the relaxation time for the
I, — I, reaction (7,) is 420 s and that for the I, — I, reaction
(r,) is 67 s. The relaxation times for the corresponding phases
for the EC « subunit are 282 and 44 s, respectively (Matthews
et al., 1983).

a-Subunit Hybrids. The equilibrium unfolding transitions
for the five hybrid « subunits, 6-34, 8-32, 12-28, 14-26, and
15-25, were also monitored by difference ultraviolet spec-
troscopy at 286 nm (Figure 4). All five hybrid proteins are
destabilized to a similar extent in the N <> T and [ <= U
transitions relative to both parent proteins. The transition
midpoints and free energies of unfolding in the absence of urea
are shown in Table I. Also shown are the relative stabilities
of the hybrids at the urea concentrations corresponding to the
midpoints of the N <> I and I <> U transitions for the EC «
subunit. According to the latter basis of comparison, the
hybrids show a decrease in stability ranging from 1.1 to 2.2
kcal mol™! for the N <> I transition and from 0.9 to 1.6 kcal
mol™! for the I <> U transition. Considering the estimated
errors, the differences in stability between the various hybrids
may not be significant.

The results of kinetic studies on unfolding and refolding of
the five hybrids are shown in Figure 5A,B. All five hybrids
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FIGURE 3. (A) Kinetic model for the folding of EC « subunit at pH
7.8, 25 °C. U, and U, are two kinetically distinguishable unfolded
forms that are separated by a slow-folding reaction in the amino folding
unit, residues 1-188 (Crisanti & Matthews, 1981; Hurle & Matthews,
1987). Uj is a third type of unfolded form that is thought to differ
from U, by the state of isomerization of an X-Pro peptide bond in
the carboxyl folding unit, residues 189-268 (Crisanti & Matthews,
1981; Hurle & Matthews, 1987). I, I,, and I; are a series of in-
termediates that appear during refolding. These intermediates pre-
sumably differ for the same reason as the unfolded forms. The
conversion of I to N is limited by association of the two folding units
or perhaps by another type of molecule-wide reaction (Beasty et al.,
1986). (B) A representative plot of In 7 versus the urea concentration
for EC o subunit, showing the assignment of the observed relaxation
times to specific steps in the folding model. The change in the urea
dependence of the faster refolding reaction at ~1.5 M urea is thought
to reflect a change in the process which is rate limiting for the folding
of I, Above ~1.5 M urea, the I; — N step (r;) is rate limiting, while
below ~1.5 urea I, — Iy (7,) becomes rate limiting. This change
occurs because the I; — N reaction accelerates at lower urea con-
centration while the I, — I, reaction is independent of the urea
concentration.

unfold in a single kinetic phase whose relaxation time is within
experimental error of that for the EC a subunit (Figure 5A).
For refolding, the relaxation time for the I; — N reaction (73)
has a similar magnitude for all five hybrids and is longer than
that for the EC a subunit. Not apparent for any of the hybrids
is the urea concentration independence of this phase at low
urea concentrations (where the I, — I, reaction, r,, becomes
rate limiting) observed in both parent proteins (Figure 2B).
The relaxation time for the I, — I, reaction (r,) for the 6-34,
8-32, 12-28, and 15-25 hybrids appears to be urea concen-
tration independent and in the same time range as observed
for the parent proteins (Figure 2B), although there is a good
deal of scatter in some of these measurements (Figure 5B).
In contrast, the corresponding relaxation time for the 14-26
hybrid is significantly longer and has become urea concen-
tration dependent; the relaxation time decreases as the final
urea concentration decreases (Figure 5B).

To determine if these changes in the urea concentration
dependence of the refolding relaxation times for the hybrid
proteins mean that the folding mechanism has changed, the
folding studies were performed in the presence of 20% sucrose.



FOLDING OF HOMOLOGOUS PROTEINS

10—

08—

0.6

Fopp
T

04—

02—

|
3 4 5 6

[UREAL,M

FIGURE 4: Dependence of the apparent fraction unfolded, F,, on
the urea concentration for the EC a subunit (—), the ST « subunit
(--), and the 6-34 (---), 8-32 (—«-), 12-28 (—---), 14-26 (-},
and 15-25 (---) hybrid « subunits at pH 7.8, 25 °C. The data were
derived from difference ultraviolet absorbance studies at 286 nm as
described under Experimental Procedures. The lines indicate results
of the nonlinear least-squares fit of the data to a three-state model
as described in the text. To simplify the figure, the data points have
not been included; however, the computer fits to the actual data are
comparable to that shown in Figure 2A for the ST a subunit.
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FIGURE 5: (A) Semilogarithmic plot of the urea concentration de-
pendence of the 7, relaxation time for unfolding and refolding of the
EC a subunit (—) and the 6-34 (---), 8-32 (=«-), 12-28 (----),
14-26 (s), and 15-25 (---) hybrid « subunits at pH 7.8, 25 °C. The
data points have not been included in order to simplify the figure.
The scatter of the data about the lines is comparable to that shown
for the ST o subunit in Figure 2B. (B) Semilogarithmic plot of the
urea concentration dependence of the slower, 7, relaxation time for
refolding of the 6-34 (A), 8-32 (@), 12-28 (O), 14-26 (A), and 15-25
(0) hybrid « subunits at pH 7.8, 25 °C. The average values for the
7, phase in the EC « subunit (—) and the ST « subunit (---) are
shown for reference.

Consideration of the previously proposed kinetic model for the
folding of the EC « subunit (Matthews et al., 1983) suggests
that these changes could be explained for the I, — I, reaction
by the destabilization of intermediate I; with respect to un-
folded form U, and for the I, — I; reaction by the destabi-
lization of the native form and the transition state linking N
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FIGURE 6: (A) Semilogarithmic plot of the urea concentration de-
pendence of the 7, and 7, relaxation times for refolding and the 7,
phase for unfolding in the presence of 20% (w/v) sucrose for the EC
a subunit (—) and the 8-32 (—+-) hybrid « subunit at pH 7.8, 25
°C. Refolding data only are shown for the 12-28 (—---), 14-26 (-,
and 15-25 (---) hybrid « subunits. (B) Semilogarithmic plot of the
urea concentration dependence of the 7, relaxation time for refolding
in the presence of 20% (w/v) sucrose for the EC « subunit (@) and
the 14-26 (A) hybrid « subunits at pH 7.8, 25 °C.

and I; with respect to intermediate I;. This possibility can be
tested by performing the refolding studies in the presence of
sucrose because sucrose stabilizes the folded conformations
of proteins relative to more unfolded forms (Lee & Timasheff,
1981).

The effect of 20% sucrose on the I, = I; (v,) and [; = N
(73) reactions in refolding for four of the five hybrids is shown
in Figure 6A. The urea-dependent r; phase for the 8-32,
12-28, 14-26, and 15-25 hybrids shifts to higher urea con-
centration. This behavior has been observed previously with
EC « subunit (Hurle et al., 1987) and is consistent with an
increase in stability of the native form with respect to the
intermediate form.

Also apparent for four of the five hybrids is the urea-in-
dependent relaxation time (7;) below ~1 M urea. The 7,
relaxation times for the four hybrids in 20% sucrose range from
39 to 46 s and are equivalent, within experiment error. For
comparison, the effects of 20% sucrose on the refolding kinetics
of ST « subunit were also measured. The 7, reaction for the
ST « subunit approaches a urea-independent value of 47 s at
low urea concentrations (data not shown). It is interesting
to note that the relaxation times for the 7, reactions for the
EC and ST « subunits become nearly equivalent in sucrose
and are not distinguishable from the values for the hybrids.
This contrasts with the result in the absence of sucrose where
ST « subunit clearly folds more slowly than EC « subunit by
the 7, pathway (Figure 2B).

The relaxation time for the 7, phase for the 14-26 hybrid
decreases significantly in 20% sucrose and becomes comparable
to that for the EC « subunit (Figure 6B). The relaxation time
does not show a strong dependence on the urea concentration
and, considering the estimated errors, appears to be inde-
pendent of the urea concentration. The scatter in the 7, data
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reflects the difficulty in accurate measurement of slow kinetic
phases of low amplitude. The 7, phase usually represents less
than 10% of the observed change in extinction coefficient.
Therefore, in the presence of sucrose, the refolding kinetics
of the hybrids resemble those of the EC and the ST « subunits.

Further confirmation of the similarities of the folding
mechanisms of the parent and hybrid « subunits can be ob-
tained by comparison of the amplitudes of the two slow-folding
reactions for jumps into the native base-line region. The
relative amplitudes for the hybrids in the presence of 20%
sucrose are independent of the final urea concentration (data
not shown) and are rather similar to the values observed for
the EC and ST « subunits (Table II). Because these am-
plitudes reflect the relative populations of the unfolded forms,
U, and U,, prior to refolding, it is clear that the hybrids do
not significantly alter this distribution. The similarities of these
amplitudes in the presence and absence of 20% sucrose for each
of the parent proteins suggest that the presence of sucrose also
does not alter this distribution to any great extent.

DiscussioN

The equilibrium and kinetic results for the folding of the
ST « subunit and five Escherichia coli-Salmonella typhi-
murium hybrids clearly show that the folding mechanism
previously proposed for the EC « subunit also applies to these
proteins. This conclusion supports the hypothesis advanced
by Hollecker and Creighton (1983) and by Krebs et al., (1983)
that the conservation of the folding mechanism is an important
evolutionary pressure. The strength of this conclusion is
tempered by the relatively high (85%) degree of conservation
between the EC and ST « subunits. Studies on the rate-lim-
iting steps in the folding of the «/@ barrel structures with less
or no homology to a subunit are required to demonstrate
whether structural families fold by common mechanisms.

The data on the folding kinetics also provide information
on the question of whether the nonconserved residues play a
role in one of the rate-limiting steps in folding. According to
the previously proposed kinetic model for folding (Matthews
et al., 1983), the 7, phase (Figures 2B) reflects the intercon-
version between the native form, N, and a stable intermediate,
I; (Figure 3). Unfolding dominates above 3 M urea for EC
o subunit and refolding below 3 M urea. The maximum in
the plot of In 7 versus urea concentration closely corresponds
to the midpoint in the N <> I equilibrium transition, where
unfolding and refolding rate constants are equal.

Inspection of the relaxation data for the five hybrids (Figure
5A) shows that, when compared to the results for EC « sub-
unit, the unfolding relaxation time (N — 1) is not altered.
In contrast, the refolding relaxation time (I; — N) is increased
by the same amount for all five hybrids. Because the effect
of the hybrids is to selectively alter 1 of the relaxation times,
it appears that the 15 replacements in the amino folding unit
do not affect the rate-limiting step in the N < I, intercon-
version. Replacements that do affect the rate-limiting step
selectively alter, by definition, the energy of the transition state
linking N and I; and, therefore, both unfolding and refolding
relaxation times (Beasty et al., 1986). This conclusion must
be regarded as tentative because more than one amino acid
is varied when the hybrids are compared with the EC « sub-
unit. Single amino acid replacements are required to ascertain
the validity of this conclusion.

Comparison of the relaxation data for the EC and ST «
subunits (Figure 2B) shows that both unfolding and refolding
relaxation times for the N <> I; reaction are altered. As
described above, this result implies an effect on the rate-lim-
iting step linking N and I;. Considering the results for the
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hybrids, the basis for this effect probably resides in the car-
boxyl folding unit, residues 189-268.

The similar stability (Figure 4 and Table I) and kinetics
of folding (Figure 5A) for the five hybrids shows that the
replacements that occur across the 6-34 to 15-25 set, Asn-68
— Thr (ST amino acid — EC amino acid), Glu-90 — Gln,
Asn-109 -—» Lys, Ala-113 — Glu, Arg-117 — Gln, GIn-120
— Lys, Ile-148 — Val, Val-166 — Ile, and Ser-180 — Ala,
conserve the relative stabilities of the native, intermediate, and
unfolded forms. Because 14-26 and 15-25 differ by a single
amino acid (14-26 has Ala at position 180 while 15-25 has
Ser), it is clear that this replacement does not alter the stability
of the principal intermediates, I, and I,, with respect to the
native and unfolded forms. Pairwise comparisons of the other
hybrids cannot lead to similar definitive conclusions because
more than one amino acid is changed.

Interestingly, the Ser-180 — Ala replacement does decrease
the stability of the minor intermediate I, with respect to U;.
This effect is apparent in the 7, phase in refolding for the
14-26 hybrid which becomes significantly slower and de-
pendent on the final urea concentration (Figure 5B). A similar
effect has been seen with two single amino acid mutations in
the EC « subunit near position 180, Tyr-175 — Cys and
Thr-183 — Ile (Hurle et al., 1986; N. B. Tweedy, unpublished
results).

Comparison of the equilibrium properties of hybrid 6-34
and the EC « subunit (Figure 4 and Table I) shows that one
or more of the six variable amino acids in the amino terminus,
Asn-6 — Ser, Asn-12 — Lys, Asp-13 — Glu, Arg-15 — Lys,
Asp-42 — Glu, and Val-52 — Ile, contributes significantly
to the stability of the protein. Because the stabilities of the
N <> T and [ < U transitions for the 6-34 hybrid are not a
weighted average of those for the EC and ST « subunits
(AAGy; and AAG), in Table I), one or more of the six re-
placements in this region must have a nonadditive effect on
stability (Hurle et al., 1986).

This conclusion contradicts that reached by Yutani et al.
(1984) in comparing the stabilities of the EC, ST, and 14-26
hybrid o subunits. This contradiction appears to arise from
a different method of estimating the stabilities using chemical
denaturants and not from a fundamental difference in the
folding mechanism. Yutani et al. (1984) estimated the stability
to guanidine hydrochloride induced unfolding by extrapolation
to zero molar denaturant, a procedure that can lead to un-
certainty both from the method of extrapolation and from
statistical errors in fitting.

Cupo and Pace (1983) have suggested that the most accu-
rate method for comparing the stabilities of a series of chem-
ically modified proteins is to compare the stabilities at the
midpoint of the transition for the unmodified protein, as was
done in the present paper. Applying this method to the data
in Figure 1 of Yutani et al. (1984), it is apparent that the N
<> | reaction for the 14-26 hybrid is less stable to guanidine
hydrochloride induced unfolding than either parent protein.
This conclusion is in agreement with the present result using
urea and is consistent with a common unfolding mechanism
for the two chemical denaturants.

The apparent additivity reported by Yutani et al. (1984)
for the thermal transitions of EC, ST, and the 14-26 hybrid
« subunits cannot be compared to the results for urea or
guanidine hydrochloride because the thermal transition follows
a two-state reaction (Matthews et al., 1980) and does not
involve a stable intermediate.

For the N < [ transition, the kinetic manifestation of the
increase in stability for the EC « subunit relative to the 6—34
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FIGURE 7: Hypothetical reaction coordinate diagrams for the EC «
subunit (—) and the 6-34 hybrid « subunit (---). The diagrams have
been arbitrarily aligned by equating the free energies of the unfolded
forms and exaggerated to emphasize the selective effects of the hybrid
on the I — N refolding reaction; the rate of the N — I unfolding
reaction is the same for the 6-34 hybrid and EC « subunits. The
energies of the transition states for the I <+ U reaction have been
arbitrarily equated. No data are available on the rates of the I —
U or U — I reactions.

hybrid is a decreased relaxation time for refolding (Figure SA).
These results can be summarized in terms of a reaction co-
ordinate diagram (Figure 7). For the 6-34 hybrid « subunit,
the observed reduced stabilities for the N <> T and [ <« U
transitions are reflected in decreased free energy differences
both between N and I and between I and U. The selective
effect on the refolding relaxation time implies that the effect
of the six amino acid replacements on the free energy of the
transition state between N and I must be very similar to that
on the free energy of the native conformation.

Comparison of the stabilities of the EC, ST, and 15-25
hybrid « subunits (Figure 4 and Table I) suggests that the free
energy of unfolding of the carboxyl! folding unit (the N <1
equilibrium transition) depends upon whether that sequence
is fused to an EC or an ST amino sequence (AAGYy; in Table
I). Compared to the EC « subunit, AAGy; decreases by 1.4
+ 0.9 kcal mol™! for the 15-25 hybrid protein, and the mid-
point of the N <= I transition decreases from 2.62 = 0.02 M
urea to 1.92 £ 0.18 M urea (Table I). These results may
reflect either a different conformation for the carboxyl folding
unit in the hybrid or a decreased affinity between the amino
and carboxyl folding units in the hybrid.

For the I <> U transition, which corresponds to the unfolding
of the amino folding unit, the errors in AAG for the ST «
subunit and the 15-25 hybrid o subunit (Table I) preclude
a definitive statement concerning the relative stability of the
ST amino folding unit fused to either an ST carboxyl folding
unit or an EC carboxyl folding unit. Previous studies have
shown that the replacement of Gly-211, in the carboxyl! folding
unit, with Glu alters the free energy change for the I <= U
transition (Beasty et al., 1986). Because this effect disappears
in the presence of 0.5 M NaCl, it is thought to be due to
electrostatic interactions between the folded amino folding unit
and the unfolded carboxyl folding unit.

The urea-independent relaxation times observed for refolding
under strongly native conditions for all seven e-subunit proteins
show that these rate-limiting reactions are also conserved. A
previous study (Crisanti & Matthews, 1981) suggested that
the 7, and 7, reactions might well be cis—trans isomerizations
at X-Pro peptide bonds (Brandts et al., 1975); however, recent
results now suggest that the 7, reaction is another type of
isomerization process (Hurle & Matthews, 1987).

The relaxation time for Pro isomerization reactions is known
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to depend on the local amino acid sequence, particularly on
the preceding amino acid (Brandts et al., 1975; Grathwohl &
Wuthrich, 1981). Inspection of the sequence in the carboxyl
folding unit, with which the r, phase has been previously
associated (Crisanti & Matthews, 1981), shows that the EC
o subunit has, in addition to the four Pro residues found in
the ST « subunit, Pro residues at positions 208 and 261. The
observation that the I, — I; reaction (r,) is more rapid in EC
than ST « subunit suggests that neither of the two additional
Pro residues in EC « subunit is limiting the folding. Two of
the remaining four Pro residues show amino acid replacements
at the preceding positions: Pro-217 where Ser-216 (EC) —
Ala (ST) and Pro-248 where Ser-247 (EC) — Glu (ST).
Mutagenesis is required to determine if one of these Pro
residues is responsible for this rate-limiting step in folding.

The conclusion that only 1 of the 19 X—Pro peptide bonds
in the « subunit is capable of retarding the rate of folding is
contradictory to the original hypothesis of Brandts et al.
(1975). However, it is in agreement with observations in other
proteins (Cook et al., 1979; Rudolph et al., 1983) and has led
to the concept of “essential” and “nonessential” X—Pro peptides
bonds (Jullien & Baldwin, 1981; Levitt, 1980). The former
class is capable of slowing the folding reaction while the latter
is not. Nall (1985) has discussed the proline isomerization
problem in a recent review.

The results presented in this paper on the folding of a series
of homologous proteins support the hypothesis that the con-
servation of the folding mechanism is an important evolu-
tionary pressure. Amino acid replacements that dramatically
slow the folding process might be selected against because the
unfolded form or partially folded intermediates would be
susceptible to proteolytic degradation (Goldberg & Dice,
1974). Also, the lower solubility of unfolded or partially folded
forms in an intracellular environment could lead to competing
aggregation reactions that would reduce the yield of the native,
functional form (Marston, 1986). Single amino acid re-
placements are required for a rigorous test of the validity of
this hypothesis. The amino acid positions at which EC and
ST « subunits differ provide a starting point for such exper-
iments.
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