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Mutational analysis of the BPTI folding pathway:
I. Effects of aromatic — leucine substitutions
on the distribution of folding intermediates
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Abstract

The roles of aromatic residues in determining the folding pathway of bovine pancreatic trypsin inhibitor (BPTI) were
analyzed mutationally by examining the distribution of disulfide-bonded intermediates that accumulated during the
refolding of protein variants in which tyrosine or phenylalanine residues were individually replaced with leucine. The
eight substitutions examined all caused significant changes in the intermediate distribution. In some cases, the major
effect was to decrease the accumulation of intermediates containing two of the three disulfides found in the native
protein, without affecting the distribution of earlier intermediates. Other substitutions, however, led to much more
random distributions of the intermediates containing only one disulfide. These results indicate that the individual
residues making up the hydrophobic core of the native protein make clearly distinguishable contributions to confor-
mation and stability early in folding: The early distribution of intermediates does not appear to be determined by a
general hydrophobic collapse. The effects of the substitutions were generally consistent with the structures of the major
intermediates determined by NMR studies of analogs, confirming that the distribution of disulfide-bonded species is
determined by stabilizing interactions within the ordered regions of the intermediates. The plasticity of the BPTI folding
pathway implied by these results can be described using conformational funnels to illustrate the degree to which

conformational entropy is lost at different stages in the folding of the wild-type and mutant proteins.

Keywords: aromatic residues; bovine pancreatic trypsin inhibitor; conformational funnels; disulfide bonds;

hydrophobic residues; protein folding

The identification and characterization of partially folded inter-
mediate states have historically been major goals in the study of
protein folding mechanisms. Early experiments demonstrating the
transient accumulation of such species provided important evi-
dence supporting the view that proteins fold via non-random path-
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letter code for the 20 standard amino acids), followed by the residue
number and the mutant residue type. The disulfides of native BPTI and
folding intermediates are indicated by the residue numbers of the disulfide-
bonded cysteine residues; Ni, native-like two-disulfide intermediate con-
taining the 30-51 and 5-55 disulfides. Other intermediates are indicated
by square brackets enclosing the disulfide bonds they contain; GSSG,
oxidized glutathione; DTTEH, the dithiol form of dithiothreitol; GuHCI,
guanidinium chloride; IAEDANS, N-iodoacetyl-N’-(5-sulfo-1-naphthyleth-
ylenediamine; Tris-HCl, tris(hydroxymethyl)-aminomethane hydrochlo-
ride; EDTA, ethylenediamintetraacetic acid; HPLC, high performance liquid
chromatography.

ways (Baldwin, 1975; Creighton, 1978). Intermediates have now
been identified in the folding of many different proteins, and the
structures of several intermediates have been characterized by high-
resolution techniques (Kim & Baldwin, 1990; Matthews, 1993b;
Dobson et al., 1994; Fersht, 1995; Creighton et al., 1996). None-
theless, many questions remain about the nature of these species
and their significance. Relatively little is known, for instance, about
the factors that determine the conformations and stabilities of par-
tially folded molecules, thereby causing some regions of a poly-
peptide to become ordered before others do. More fundamentally,
it is not clear that the intermediates that are most easily detected
experimentally actually promote formation of the fully folded mol-
ecule. Recent studies suggest, in fact, that folding is often fastest
and most efficient when the accumulation of intermediates is min-
imized (Zhang & Goldenberg, 1993; Sosnick et al., 1994; Huang
& Oas, 1995; Schindler et al., 1995).

Mutational analysis can provide important information about
both the factors that stabilize particular folding intermediates and
the roles of these intermediates. Amino acid replacements that
destabilize folding intermediates can implicate specific residues
and interactions in favoring formation of the intermediates (Gold-
enberg, 1988a, 1992a; Goldenberg et al., 1989; Fersht et al., 1992;

1549



1550

Matthews, 1993b; Fersht, 1995). By altering the distribution of
intermediates during folding, mutations can also help resolve
questions about whether a specific species promotes or hinders
formation of the native protein (Kiefhaber et al., 1990; Zhang &
Goldenberg, 1993).

One of the most detailed descriptions of a folding reaction pres-
ently available comes from the study of bovine pancreatic trypsin
inhibitor (BPTT) (Creighton, 1978, 1990, 1992; Creighton & Gold-
enberg, 1984; Weissman & Kim, 1991; Goldenberg, 1992b). BPTI
is a globular protein of 58 amino acids, stabilized by three disulfide
bonds (Fig. 1A). Its folding is thermodynamically coupled with
disulfide formation, making it relatively easy to trap, identify, and
characterize disulfide-bonded intermediates in the refolding of the
reduced and unfolded protein. A folding pathway for BPTI, in
which intermediates are defined by the disulfides they contain, has
been elucidated and is illustrated schematically in Figure 2. The
kinetic roles of the various intermediates and the energetics of the
pathway have been determined from extensive kinetic experi-
ments, in which the rates of interconversion among the various
species have been measured directly (Creighton, 1978; Creighton
& Goldenberg, 1984; Goldenberg, 1988b; Darby et al., 1992, 1995;
Weissman & Kim, 1992, 1995; Darby & Creighton, 1993; Dadlez
& Kim, 1996). In addition, the conformations of the major inter-
mediates have been characterized by high-resolution NMR spec-
troscopy or X-ray crystallography (Eigenbrot et al., 1990; Naderi
et al., 1991; van Mierlo et al., 1991a, 1991b, 1993, 1994, Staley &
Kim, 1992, 1994). Relatively little is known about the roles of
individual residues other than the cysteines in defining the BPTI
folding pathway, however, and there has been considerable con-
troversy about the relative importance of some intermediates (Weiss-
man & Kim, 1991, 1992; Creighton, 1992; Goldenberg, 1992b).

In this and the accompanying paper, we describe a mutational
analysis designed to assess the roles in the folding mechanism of
the residues that make up the hydrophobic core of native BPTI.
The core is composed almost entirely of eight aromatic side chains:
four phenylalanines (residues 4, 22, 33, and 45) and four tyrosines
(residues 10, 21, 23, and 35). These residues are distributed through-
out the sequence and the three-dimensional structure of the native
protein (Fig. 1A). For each of the aromatic residues, a large frac-
tion of the side chain is buried in the native protein, and these side
chains make the largest individual contributions to the hydropho-
bic core (Fig. 1B). Collectively, they make up about 36% of the
total buried non-polar surface area. In order to assess the contri-
butions of the aromatic residues to folding and stability, eight BPTI
variants, each with one of the residues replaced with Leu, were
constructed, and the folding mechanisms of these variants were
compared with that of the wild-type protein. Initial studies with
two of these variants have been described in previous papers (Gold-
enberg et al., 1989; Zhang & Goldenberg, 1993).

This paper describes the effects of the aromatic — Leu sub-
stitutions on the distributions of disulfide-bonded intermediates
detected during both folding and unfolding. Some of the substitu-
tions were found to eliminate nearly all specificity in the formation
of the disulfide-bonded intermediates, while other substitutions
selectively decreased the accumulation of particular species, lead-
ing to a simplified distribution. Strikingly, however, all of the
mutant proteins were able to fold efficiently, and some formed
their three disulfides more rapidly than did the wild-type protein.
As observed previously for the wild-type protein, the kinetically
preferred folding pathway for each of the mutant proteins involves
intramolecular rearrangements of intermediates containing two-
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Fig. 1. Locations of the eight aromatic residues in native wild-type BPTL
A: Three-dimensional structure of wild-type BPTI, drawn from the atomic
coordinates of the Form II crystals (entry 4pti in the Brookhaven Protein
Data Bank; Wlodawer et al., 1987) using the program MOLSCRIPT (Krau-
lis, 1991). The side chains of the aromatic residues and the disulfide-
bonded Cys residues are shown as balls and sticks. B: Buried non-polar
surface area of residues in native BPTI. Buried surface area was calculated
as the difference in accessible surface area in the native and unfolded
protein, using the algorithm of Lee and Richards (1971), implemented in
the program ACCESS by T.J. Richmond, and the group radii used by
Chothia (1975). To approximate the solvent exposure of each residue in the
unfolded polypeptide, accessibilities were calculated for Arg-Gly, Gly-X-
Gly, and Gly-Ala peptides, corresponding to the N-terminal, internal, and
C-terminal residues of BPTI, respectively. The peptide model for each
residue was constructed with an extended backbone conformation (¢ =
—120°, ¢ = 140°) and side-chain dihedral angles corresponding to the
predominant rotomer conformation identified by Ponder and Richards (1987).
All nitrogen and oxygen atoms were classified as polar, while carbon and
sulfur atoms were classified as non-polar.

disulfide bonds. The results indicate that the accumulation of spe-
cific intermediates is quite sensitive to amino acid replacements,
and that the various aromatic residues play clearly distinguishable
roles in determining specificity in the formation of the disulfide-
bonded intermediates. The ability of the protein to fold and some
general features of the pathway are, however, quite tolerant of even
those substitutions that have the most drastic effects on the inter-
mediate distribution.
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Fig. 2. The BPTI folding pathway. The fold of the native protein is indicated schematically, and the intermediates are drawn to show
qualitatively the degree to which they contain native-like structure, as determined by NMR spectroscopy of analogs. Intermediates
grouped together in the boxes labeled I and II interconvert rapidly on the time scale of the experiments described here. The major
exception is [5-55], which interconverts more slowly than the other one-disulfide species. Adapted, with permission, from Figure 3 of

Goldenberg (1992b).

Results

Design and initial characterization
of aromatic — Leu BPTI variants

Leucine was chosen as a replacement for Phe and Tyr residues
because this is a relatively conservative substitution but is likely to
cause measurable stability differences. Although substitutions of
aromatic residues with Leu are usually tolerated during evolution
(Bordo & Argos, 1991), single replacements of this type have been
found to destabilize folded proteins significantly (Kellis et al.,
1988; Goldenberg et al., 1989; Coplen et al., 1990; Eriksson et al.,
1993). The replacement decreases the size of the side chain and
eliminates any interaction specific for aromatic rings. Although
both Leu and the aromatic residues have branched 7y-carbons, the
geometry of the y-carbon is different, leading to differences in the
preferred side-chain dihedral angles observed in folded proteins
(Ponder & Richards, 1987). As a consequence, the replacements
with leucine may disrupt the close packing of the atoms around the
substitution site.

Initial experiments with the mutant proteins indicated that each
had an overall conformation very similar to that of the wild-type
protein. All had electrophoretic mobilities on non-denaturing poly-
acrylamide gels that were indistinguishable from that of the wild-
type protein, and they all inhibited trypsin stoichiometrically
at uM concentrations.

To further characterize the structures of the native proteins, one-
dimensional "H NMR spectra of the mutant and wild-type proteins
were compared and found to share the wide chemical shift disper-
sion characteristic of the wild-type protein (Fig. 3). Similarities

among the spectra were most apparent in the regions correspond-
ing to backbone amide and aromatic side-chain protons. Reso-
nances assigned previously to the Tyr 23 side chain, for example,
were observed for all of the mutants except Y23L. Another dis-
tinguishing feature of the spectrum for the wild-type protein is the
unusually large down-field chemical shift displayed by the amide
proton of Tyr 23. This peak was clearly detected for all of the
mutants except F22L and F45L, in which the altered side chains
are positioned in close proximity to the Tyr 23 amide group. Since
chemical shifts are highly dependent on protein conformation, the
spectra suggest that the substitutions do not greatly alter the folded
conformation.

Although more detailed analysis of the mutant proteins might
well reveal local structural differences among the proteins, the
many structural studies of mutant proteins suggest that a single
replacement of a hydrophobic residue by another hydrophobic res-
idue of only slightly smaller size is unlikely to cause atomic shifts
of more than a few angstroms (Matthews, 1993a). Structures of
five BPTI variants have been solved by X-ray crystallography, and
are generally very similar to that of wild-type BPTI (Housset et al.,
1991; Danishefsky et al., 1993). In some of these mutants, aro-
matic residues are replaced by Ala, resulting in crevices open to the
exterior of the molecule and small rearrangements among the at-
oms lining the crevices (Danishefsky et al., 1993; Kim et al.,
1993). One of the largest observed structural changes arising from
an amino acid replacement in any protein is seen in the crystal
structure of Y35G BPTI (Housset et al., 1991), in which backbone
atoms near the altered residue are shifted by as much as 6 A. Even
for this mutant, however, the overall fold is similar to that of the
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Fig. 3. Proton NMR spectra of the native forms of wild-type BPTI and the aromatic — Leu variants. Spectra were collected at pH 4.5
and room temperature as described in Materials and methods. The well-resolved amide proton resonances and that of the Tyr 23 side
chain were identified from the published assignments for wild-type BPTI (Wagner et al., 1987a, 1987b).

wild-type protein. We thus believe that it is unlikely that the overall
conformation of the protein is altered by the much more conser-
vative aromatic — Leu substitutions, though details of packing at
the atomic level may well be perturbed.

General effects of the aromatic — Leu substitutions
on the distribution of folding intermediates

During the refolding of reduced wild-type BPTI, the distribution of
disulfide-bonded intermediates is dominated by approximately six
species, depending somewhat on pH (Creighton, 1974, 1975; Creigh-
ton & Goldenberg, 1984; Weissman & Kim, 1991) (Fig. 2). The
major one-disulfide intermediate at pH 8.7 is [30-51], which rep-
resents approximately 60% of the one-disulfide species at steady
state. At pH 7.3, [5-55] also accumulates significantly, with it and
[30-51] each representing about 40% of the one-disulfide popu-
lation. The major two-disulfide intermediates include each of the
three possible species containing two of the three disulfides found
in the native protein. In addition, two species each containing a
non-native disulfide, [30-51,5-14] and [30-51,5-38], accumulate
to detectable levels at pH 8.7, but not at pH 7.3. Recently, an
additional one-disulfide intermediate, containing the native 14-38
disulfide, was identified in the refolding of BPTI (Dadlez & Kim,
1995, 1996; Ferrer et al., 1995). Although this species is formed
quite rapidly, it also rearranges rapidly and is present at very low
concentrations at steady-state (Dadlez & Kim, 1995, 1996). This
intermediate was not detected in the experiments described here, in

which only the steady-state distribution of one-disulfide intermedi-
ates was examined.

To examine the effects of the aromatic — Leu substitutions on
the distributions of folding intermediates, the native mutant pro-
teins were reduced and unfolded, and then refolded in the presence
of oxidized glutathione (GSSG). The resulting disulfide-bonded
intermediates were trapped by acidification and fractionated by
reversed-phase HLPC, as shown in Figure 4. The numbers of
disulfides in the isolated intermediates were determined by gel
electrophoresis following reaction with iodoacetate, as described
in Materials and methods, and the identities of the disulfides in the
major intermediates (i.e., those representing more than about 5%
of the total protein) were established by peptide mapping using the
procedure of Weissman and Kim (1991).

Substitutions Y23L and F45L were found to broaden dramati-
cally the distribution of folding intermediates. Although there were
a few prominent peaks in the chromatograms, further analysis
indicated that each of these peaks contained more than one species.
These substitutions, therefore, caused a nearly uniform distribution
of folding intermediates. Unlike the wild-type protein, the inter-
mediate distributions for the Y23L and F4SL variants were not
affected detectably by the change in pH from 8.7 to 7.3.

In contrast to the broad distributions seen for the Y23L and
F45L variants, a simplified intermediate distribution was observed
for the folding of Y35L BPTI at both pH 8.7 and 7.3 (Fig. 4)
(Zhang & Goldenberg, 1993). Similar, though less extreme, effects
were seen for the remaining five mutants, F4L, Y10L, Y211, F22L,,



Roles of aromatic residues in BPTI folding intermediates

[30-51,14-38] [5-55,14-38} NS [90-515-14)

N R
Wild-type .LWM b /

|

;

FaL J\__MWA/\,_/\/—JL__
Y10L _/\___,J\__,;__M/&r\_/\-/\/—k—
vaiL A—*M—-ﬂd‘“"/\’\”“"’\——
F22L

Y23L

F33L

! [30-51,5-14]

¥
Y35L ;
F45L __LA,__,\__,__,J\.AM_/—J\—V\N__

| SO PR (A UUUN SRR S St | SR S !

0 20 40 60 80 100 120
HPLC Elution Time (min)

Fig. 4. Reversed-phase HPLC separation of intermediates trapped in the
refolding of wild-type BPTI and the eight aromatic — Leu variants. Each
protein was fully reduced and unfolded and then refolded in the presence
of 0.1 mM GSSG for 5 min at pH 8.7, 25 °C. The reactions were quenched
by the addition of formic acid, and the intermediates were fractionated by
HPLC. The major intermediates were identified by peptide mapping, as
described in the text.

and F33L. For each of these mutants, there was a significant de-
crease in the accumulation of one or both of the native-like two-
disulfide intermediates, [5-55, 14-38] and [30-51, 14-38]. For some
of the mutants, especially Y21L and F22L, the decreased accumu-
lation of these species was accompanied by the appearance of a
large number of other species that presumably contain non-native
disulfides.

Effects on the one-disulfide intermediates

The effects of the aromatic — Leu substitutions on the distribu-
tions of the one-disulfide intermediates are highlighted in Figure 5,
where the regions of the chromatograms containing these early
intermediates in the folding of the mutant and wild-type proteins
are shown. For each variant, the distributions seen at pH 8.7 (upper
trace) and 7.3 (lower trace) are compared.

On the basis of their effects on the one-disulfide intermediates,
the substitutions can be divided into three categories (Table 1). The
first category includes F4L, Y10L, and Y35L, none of which de-
tectably altered the distribution at pH 8.7. During the folding of
these three variants, [30-51] accounted for approximately 60% of
the one-disulfide intermediates, as for the wild-type protein. The
second category consists of variants F22L and F33L, for which the
accumulation of [30-51] decreased to about 30%. The reduced
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Fig. 5. Comparison of the one-disulfide intermediates detected at pH 8.7
(upper traces) and pH 7.3 (lower traces) during the refolding of wild-type
BPTI and the aromatic — Leu variants. Folding experiments were carried
out as described in the legend to Figure 4 and in Materials and methods.
For the upper traces, refolding reactions were allowed to proceed at pH 8.7
for 2 min before trapping with formic acid. For the lower traces, the reac-
tions were quenched after 20 min of folding at pH 7.3. Because the rates
of the thiol-disulfide exchange reactions decrease at lower pH, the two sets
of chromatograms represent approximately the same extent of reaction
progress. Note the increased accumulation of [5-55] during the folding of
the wild-type protein at the lower pH. In contrast, the intermediate profiles
for the mutants other than F4L are largely unaffected by pH.

accumulation of this intermediate with a native disulfide was ac-
companied by a substantial accumulation of [5-14], which con-
tains a non-native disulfide. The third category includes substitutions
Y21L, Y23L, and F45L, which gave rise to the largest effects on
[30-51]. During the folding of the Y21L and F45L variants, [30-51]
was detectable, but accounted for only about 15% of the total
population. For Y23L, no peak containing [30-51] could be iden-
tified. Substantial levels of other, non-native, intermediates, were
detected in the folding of these proteins.

Decreasing the pH from 8.7 to 7.3 causes a pronounced change
in the distribution of one-disulfide intermediates in the folding of

Table 1. Steady-state levels of the major one-disulfide
intermediates as a percentage of the total population
of one-disulfide species at pH 8.7, 25°C

[30-51] [5-14} [5-30] [38-51]
Variant (%3 (%) (%) (%}
Wild type 60 — — —
F4L 60 — — —
YIO0L 60 — —
Y21L 15 25 15 15
F22L 30 20 — —
Y23L — 25 15 —
F33L 30 20 — —
Y35L 60 — — —
F45L 15 — — —
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the wild-type protein, with the level of [5-55] increasing to ap-
proximately 40% (Weissman & Kim, 1991). In contrast, the dis-
tributions of one-disulfide intermediates in the folding of the
aromatic — Leu mutants were nearly identical at the two pH
values (Fig. 5). For none of the mutants was a major peak corre-
sponding to [5-55] detectable at either pH. Although a small peak
with the expected elution time and pH dependence of [5-55] was
seen in the case of the F4L mutant, there was not sufficient ma-
terial to identify this species by peptide mapping. The greatly
reduced level of accumulation of [5-55] suggests that all eight of
the aromatic residues contribute to the stability of this intermediate.

The spectrum of one-disulfide intermediates for each BPTI vari-
ant appeared to remain constant during the time course of the
folding reactions, suggesting that the intermediates were in rapid
equilibrium with one another.

Effects on the two-disulfide intermediates

The major effect of each of the amino-acid replacements on the
two-disulfide intermediates was to decrease the accumulation of
one or both of two native-like intermediates, [30-51,14-38] and
[5-55,14-38]. During the folding of the wild-type protein, {5-55,
14-38] acts as a kinetic trap under both neutral and slightly alka-
line conditions (pH 7.3 and 8.7, respectively) (Creighton & Gold-
enberg, 1984; Weissman & Kim, 1991). This species neither forms
a third native disulfide nor rearranges to other two-disulfide inter-
mediates on the time scale of most folding experiments. At pH 8.7,
the second species, [30-51,14-38], does not readily form a third
disulfide, but does rearrange, via non-native intermediates, to form
[30-51,5-55], which rapidly forms the [14-38] disulfide (Creigh-
ton, 1977; Weissman & Kim, 1992, 1995). At neutral pH, however,
rearrangements of [30-51,14-38] are extremely slow, causing this
species to act as a kinetic trap also (Weissman & Kim, 1991). As
a consequence, the decreased accumulation of these two-disulfide
intermediates in the folding of the mutant proteins was accompa-
nied by an increased yield of the native protein at late times, as
shown in Figure 6. This figure shows the portions of the chro-
matograms containing N, [30-51,14-38] and [5-55, 14-38] trapped
after three hours of folding at pH 7.3.

The accumulation of [30-51, 14-38] at both pH 8.7 (Fig. 4) and
pH 7.3 (Fig. 6) was nearly eliminated by all of the aromatic sub-
stitutions except F4L, which reduced the level of this species to
about 50% of that seen with the wild-type protein. A greater range
of effects was seen on [5-55,14-38]. This species was detectable
at high levels in the folding of the F4L, Y10L and Y21L variants.
Lower, but detectable amounts were also seen for the F22L and
F33L variants. For the remaining three mutants, Y23L, Y35L, and
F45L, [5-55,14-38] was not detectable at either of the pH values
examined.

During the folding of the wild-type protein, the third native-like
two-disulfide intermediate, [5-55,30-51] (also designated NS ) ac-
cumulates transiently at pH 8.7. At pH 7.3, formation of this spe-
cies is so slow that it does not accumulate significantly, though
other evidence indicates that it is the immediate precursor to the
native protein at both pH 8.7 and 7.3 (Creighton, 1977a; Weissman
& Kim, 1992, 1995). N§H was readily detected during the folding
of the F4L, Y10L, Y21L, F22L, F33L, and Y35L variants, but not
with Y23L or F45L BPTI (Fig. 4).

Of the two non-native two-disulfide intermediates that accumu-
late during the folding of the wild-type protein, only one, [30-51,
5-14] was detected at significant levels in the refolding of any of
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Fig. 6. Native and native-like two-disulfide forms present after folding for
3 h at pH 7.3. Folding experiments were carried out as described in the
legend to Figure 4 and in Materials and methods. All of the aromatic —
Leu replacements decrease the accumulation of the kinetically trapped
two-disulfide intermediates, leading to the increased yield of the native
protein with three-disulfides.

the mutant proteins. For Y35L, [30-51,5-14] was observed at both
pH 8.7 and 7.3. In contrast, this species was detected only at the
higher pH in the folding of F4L BPTI, as is the case for the
wild-type protein.

Effects of the aromatic — Leu substitutions on the
distribution of unfolding intermediates

When native wild-type BPTI is incubated with reduced dithio-
threitol (DTTEH), the 14-38 disulfide is first reduced to produce
NSE. Further unfolding of N§ in the presence of mM DTTSH
concentrations (via either direct reduction or rearrangement) is
extremely slow, with a half time of many hours (Creighton, 1977a).
The resulting intermediates with one or two disulfides are much
more rapidly reduced and are not usually detectable. Because the
interconversion of N§i with the other intermediates is very slow,
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this species is treated as a distinct kinetic class in the analysis of
the folding pathway. Of the three species containing two naive
disulfides, N}i is the only one that forms a third native disulfide
at a rate consistent with observed rates of complete refolding.
Thus, N8} is both the immediate precursor of the native protein
and the first intermediate in reductive unfolding (Creighton, 1977a;
Weissman & Kim, 1992, 1995).

To determine whether N§} plays the same roles in the folding
and unfolding of the mutant proteins, the distributions of unfolding
intermediates were analyzed at pH 8.7. For each of the eight mu-
tants, N§H was the first and major intermediate detected during
unfolding. Figure 7 illustrates the distributions of intermediates
during the unfolding of Y23L and F45L BPTI. In contrast to the
distributions seen during folding of these variants, where no single
intermediate dominated (Fig. 4), the unfolding of these two mu-
tants was clearly characterized by the predominance of N3i. The
distinct behavior of this species was even more apparent for the other
six mutants. These results indicate that N§H should be regarded as
a kinetic class distinct from the other two-disulfide intermediates.

Discussion

The predominance of a relatively small number of intermediates is
a hallmark of the BPTI folding pathway. In the 1970s, Creighton
found that only a few intermediates accumulate significantly dur-

A Y23L

N

SH R

HPLC Elution Time

B F45L

R
30 4

HPLC Elution Time

Fig. 7. Intermediates trapped in the reductive unfolding of (A) Y23L and
(B) F45L BPTI. Native proteins were incubated for the indicated times in
the presence of 1 mM DTTSH at pH 8.7, 25 °C. Following trapping with
formic acid, the reaction mixtures were fractionated by reversed-phase
HPLC, as in Figures 4, 5, and 6. The major two-disulfide intermediate in
the unfolding of both proteins was identified as [5-55,30-51] (N§H) by
peptide mapping.
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ing the folding of this protein, an observation that provided some
of the first experimental evidence for a specific folding mechanism
(Creighton, 1974, 1975, 1978). Using newer methods, Weissman
and Kim (1991) recently re-examined the distribution of disulfide-
bonded folding intermediates. Although these authors observed a
distribution somewhat different from that reported in the earlier
studies, they also concluded that the distribution is dominated by
a few of the possible disulfide-bonded species.

The results presented here demonstrate that the non-random
distribution is very sensitive to amino acid replacements. This
sensitivity of the folding intermediates to the aromatic — Leu
substitutions contrasts with the generally observed tolerance of
proteins to amino acid replacements. Many studies of mutant pro-
tein structures indicate that the overall fold of a protein is remark-
ably tolerant to amino acid replacements (Alber, 1989; Pakula &
Sauer, 1989; Goldenberg, 1992a; Matthews, 1993a). Even when a
replacement leads to a large destabilization, the result is generally
a protein that fails to fold at all, rather than one that folds to a
radically different conformation (Lattman & Rose, 1993). In con-
trast, some, but not all, aspects of the folding process appear to be
quite sensitive to mutations.

Folding mechanisms of the aromatic — Leu variants

Important constraints on possible folding mechanisms can be de-
duced from consideration of which intermediates interconvert rap-
idly and which appear to be kinetically distinct. For all of the
mutants examined, the distribution of one-disulfide intermediates
appeared constant during the course of folding at both pH 8.7 and
7.3, suggesting that the major one-disulfide intermediates equili-
brated rapidly with one another on the time scale of these exper-
iments and should be considered as a single kinetic class. Apart
from [5-55,14-38] and N$H, the relative levels of the two-
disulfide intermediates also appeared to be constant, suggesting
that these intermediates can be treated as a single kinetic class. On
the other hand, N appeared for all of the mutants to be kineti-
cally distinct from the other two disulfide intermediates. This is
seen most clearly by comparing the distribution observed during
unfolding, where N$H is the major intermediate at early times
(Fig. 7) and refolding, where the other two-disulfide intermediates
are present at higher relative levels (Fig. 4).

Since N§}{ does not appear to be in rapid equilibrium with other
two-disulfide intermediates that accumulate during folding, a min-
imal mechanism consistent with both folding and unfolding data
includes the following steps:

RoI->IO->N#H SN ¢))]

where ] and II are populations of one- and two-disulfide intermedi-
ates, respectively. As described in the accompanying paper, this
scheme can account quantitatively for both folding and unfolding
kinetics for each of the mutants at pH 8.7. The one exception is the
FAL mutant, for which the formation of [5-55, 14—38] must also be
explicitly included. While it is difficult to rule out the possibility
that some of the native protein is formed via direct disulfide
formation in [5-55,14-38] or [30-51,14-38], the data are col-
lectively most consistent with a mechanism in which the majority
of molecules fold via N§Hi. In this respect the wild-type folding
mechanism appears to be retained by the aromatic — Leu mutants.
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Roles of the aromatic residues in determining specificity
in the one-disulfide folding intermediates

Each of the aromatic — Leu substitutions was found to decrease
the relative levels of some of the intermediates that predominate
during the refolding of the wild-type protein. Because the levels of
the species making up populations I and II are determined by their
relative thermodynamic stabilities, the mutationally induced changes
can be used to identify residues that play important roles in stabi-
lizing the intermediates and determining specificity in the early
stages of folding.

The predominance of [30-51] in population I is thought to play
a particularly important role in defining the productive folding
pathway of wild-type BPTI. Since all of the major intermediates in
population II contain the 30-51 disulfide, this one-disulfide spe-
cies is likely to be their major precursor. This interpretation is
supported by recent NMR analyses of [30-51] analogs, in which
the free Cys residues 5, 14, 38, and 55 were replaced by either Ser
(van Mierlo et al., 1993) or Ala (Staley & Kim, 1994). The analogs
have a partially folded conformation, represented schematically in
Figure 8, that contains the a-helix and most of the B-sheet of the
native protein. Some regions of the analogs are disordered, how-
ever, including the N-terminal 15 residues and residues 37 to 41. It
is likely that the flexible regions of [30-51] allow the 5-14, 5-38,
and 14-38 disulfides of population II to form readily.

Early studies by Creighton showed that the predominance of
[30-51] could be abolished by the addition of urea or GuHCl, so
that the 15 possible one-disulfide intermediates are populated nearly
evenly (Creighton, 1977b). This observation indicated that the hy-
drophobic effect is a major force in determining specificity in the
early stages of folding. The effects of the aromatic substitutions
indicate, however, that the various hydrophobic residues are not
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equally involved in stabilizing [30-51], even though most are
located within ordered regions of the intermediate (Fig. 8).

The mutational results indicate that residues Tyr 21, Tyr 23, and
Phe 45 (colored red in Fig. 8) play the largest role in stabilizing the
intermediate. In the native protein and the [30-51] analogs, each of
these side chains is located near the 30-51 disulfide and the in-
terface between the a-helix and B-sheet. Smaller effects on [30-51]
were observed when Leu replaced Phe 22 or Phe 33 (colored
purple in Fig. 8). These side chains are also located within the
B-sheet, but on the side opposite from Tyr 21, Tyr 23, and Phe 45.
Another aromatic residue, Tyr 35, is located at the end of the sheet
farthest from the 30-51 disulfide, and the Leu replacement at this
site caused no significant change in the level of the [30-51] in-
termediate. Substitutions of two other residues, Phe 4 and Tyr 10
(colored green in Fig. 8, along with Tyr 35), were also tolerated
with no measurable effect on [30-51]. Consistent with the small
effects on the intermediate, these residues are located in the
N-terminal segment that is disordered in the [30-51] analogs.

Although many of the aromatic residues are located in the or-
dered regions of [30-51], not all of their side chains are likely to be
fully buried in the intermediate. To assess the environment of the
side chains in [30-51], solvent accessible surface areas were cal-
culated using a model of the native protein in which the N-terminal
15 residues were simply deleted. In this hypothetical fragment, the
side chains of Tyr 21, Tyr 23, and Phe 45 have nearly as much of
their surface buried as in the intact native protein, consistent with
the observation that replacement of these residues caused the larg-
est effects on [30-51]. In contrast, Phe 22 and Phe 33, at which
intermediate mutational effects were observed, are considerably
more exposed in the fragment than in the native protein. Phe 4 and
Tyr 10, located in the disordered N-terminal segment of [30-51],
are presumably as exposed in the intermediate as they are in the

Fig. 8. Schematic representation of the partially folded one-disulfide intermediate [30-51], summarizing the effects of the aromatic —
Leu substitutions on the accumulation of this species during folding. The regions of the intermediate shown by NMR studies (van
Mierlo et al., 1993; Staley & Kim, 1994) to have well-ordered conformations are shown in blue or light green, to indicate regions of
regular secondary structure or irregular, but ordered, structure, respectively. The polypeptide segments that do not appear to be ordered
are shown as white ribbons in an arbitrary extended conformation. The side chains of those aromatic residues at which replacement
by Leu caused little or no change in the apparent stability of [30-51] are colored dark green. The sites at which substitutions reduced
the accumulation of this species to 15% or less of population I are indicated by red side chains. Sites at which intermediate mutational
effects were observed are colored purple. Drawn with the program MOLSCRIPT (Kraulis, 1991).
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fully unfolded protein. The environment of Tyr 35 is more difficult
to assess, as it is located close to the border between ordered and
disordered fragments, but the mutational results suggest that this
residue does not participate in stabilizing interactions.

The predominance of [5-55] at neutral pH is important for the
formation of [5-55,14-38], a kinetically trapped species (Creigh-
ton & Goldenberg, 1984; Weissman & Kim, 1991). The results
shown here indicate that all of the aromatic residues contribute
significantly to the stability of this intermediate, in contrast to the
more selective effects of the same substitutions on [30-51]. Alanine-
scanning mutagenesis also demonstrates that each of the eight
aromatic residues contributes to the stability of a [5-55] analog
(Yu et al., 1995). These results are consistent with NMR studies
indicating that analogs of [5-55] take on a fully folded conforma-
tion, with stabilities highly dependent on the residues used to
replace the cysteines normally buried in the intermediate (Darby
et al., 1991; van Mierlo et al., 1991b; Staley & Kim, 1992; Schul-
man & Kim, 1994). The structure of this intermediate thus appears
to be determined by the same residues that stabilize the native
protein but, because of its marginal stability, is much more sensi-
tive to perturbations than is the protein with all three disulfides.

For four of the mutants (Y21L, F22L, Y23L, and F33L), the
decreased accumulation of [30-51] and [5-55] was accompanied
by an increase in the relative level of a non-native intermediate,
[5-14]. Similar effects have been observed for other types of re-
placements (G. Bulaj and D.P. Goldenberg, unpubl.). Although the
structural basis for the accumulation of [5-14] remains to be elu-
cidated, the appearance of this species during the folding of the
mutant proteins suggests that it has conformational properties quite
different from the native-like conformations found in the other
intermediates.

Roles of the aromatic residues in determining specificity
in the two-disulfide folding intermediates

Population II in the refolding of wild-type BPTI includes [30-51,
14-38], [30-51,5-14], and [30-51,5-38], with the native-like spe-
cies making up at least 90% of the population (Creighton, 1975;
Weissman & Kim, 1991). The relative importance of these three
intermediates in defining the folding pathway has been a subject of
considerable debate (Weissman & Kim, 1991, 1992; Creighton,
1992; Darby et al., 1995). Creighton and colleagues have shown
that proteins in which the thiol of either Cys 14 or 38 is modified
individually can readily form the native-like species equivalent to
N8, even though these substitutions eliminate the possibility of
[30-51,14-38] forming (Creighton, 1977a; Darby et al., 1995).
The variants with only one Cys residue replaced fold via non-
native intermediates at rates that account quantitatively for the
folding rate of the unmodified protein. These authors thus argue
that the native-like intermediate does not play a central role in
folding and emphasize the role of the non-native species. Weiss-
man and Kim (1991, 1992), on the other hand, emphasize the
importance of the native-like intermediate because of its greater
stability and the high level to which it accumulates during folding.

Our results show that each of the eight aromatic residues con-
tributes to defining the composition of population II. All of the
aromatic — Leu replacements decreased the accumulation of
[30-51,14-38], but two of the substitutions, Y35L and F4L, did
not appear to affect the non-native intermediate [30-51,5-14]. An
analog of [30-51,14-38] has a conformation very similar to the
native protein, consistent with the observation that all of the aro-
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matic residues contribute to its stability (van Mierlo et al., 1991a).
The non-native intermediate [30-51,5-14], in contrast, has a par-
tially folded conformation quite similar to that of [30-51] (van
Mierlo et al., 1994). The observation that the non-native intermedi-
ate accumulates to at least wild-type levels during the folding of
the F4L and Y35L variants is consistent with the NMR evidence
suggesting that formation of the non-native 5-14 disulfide is ac-
companied by the formation of little or no additional structure.

Although all of the substitutions examined here altered the dis-
tribution of intermediates making up population II, none of them
adversely affected the ability of the population to undergo the
subsequent step in the folding pathway, the rearrangement yielding
N$H. Indeed, kinetic studies described in the accompanying paper
(Zhang & Goldenberg, 1997) revealed that the rate of this step at
pH 8.7 was actually enhanced slightly by several of the substitu-
tions. This effect most likely arises from the tendency of the re-
placements to disfavor [30-51,14-38] relative to the non-native
intermediates, which are more prone to undergo intramolecular
rearrangements. At pH 7.3, where [30-51,14-38] is extremely
stable and very slow to rearrange, the destabilizing substitutions
promote folding much more dramatically. These results argue against
an essential role for the native-like intermediate.

Another two-disulfide intermediate, [S—-55,14-38], contains two
of the disulfides and essentially all of the folded structure of the
native protein. This species, however, is best thought of as a kinetic
trap, since it is very slow either to form a third disulfide or undergo
intramolecular rearrangements (Creighton & Goldenberg, 1984).
The effects of the substitutions on the accumulation of [5-55,
14-38] appear to be correlated with their effects on the stability of
the fully folded protein, as measured in the accompanying paper
(Zhang & Goldenberg, 1997). The three mutants for which the
accumulation of this species was greatest, F4L, Y10L, and Y21L,
were also those which displayed the smallest destabilization of the
native protein, ranging from 2.2 to 3.4 kcal/mol (relative to the
fully reduced state). Somewhat greater destabilizations, 4.1 to 5.6
kcal/mol, were measured for the F22L and F33L substitutions, for
which the levels of [5-55,14-38] were detectable but greatly re-
duced. The three mutants for which this species was not detectable,
Y23L, Y35L, and F45L, were destabilized by 6.3 to 7.1 kcal/mol.
The decreased accumulation of [5-55,14-38] most likely reflects
thermodynamic destabilization of this species, causing it to be
either formed more slowly or to rearrange more rapidly. As with
the case of [30-51,14-38], the reduced levels of [5-55,14-38]
were accompanied by increased folding rates (Fig. 6).

Some of the aromatic — Leu substitutions were also found to
alter the levels of the third native-like two-disulfide species,
N$H. As discussed earlier, however, this species does not, in gen-
eral, interconvert rapidly with the intermediates making up popu-
lation II, and the relative level to which it accumulates is determined
primarily by kinetic factors. As a consequence, interpreting the
effects of the mutations on this species requires a more complete
kinetic analysis, as described in the accompanying paper.

As discussed in detail above, the results of this mutational anal-
ysis are remarkably consistent with the NMR studies of intermedi-
ate analogs. Those intermediates with fully folded conformations,
especially [5-55] and [30-51,14-38], were affected by all of the
aromatic — Leu substitutions. In contrast, more selective effects
were seen on the partially folded intermediates [30-51] and
[30-51,5-14], and the patterns of mutational effects are easily
rationalized in terms of the structures of these intermediates. Quan-
titative measurements of the mutational effects on the intermedi-
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ates, presented in the accompanying paper, demonstrate, however,
that the effects of a substitution depend greatly upon dynamic
aspects of the intermediates, as well as their average conforma-
tions. In general, the effects of the substitutions are greatest in the
most fully folded intermediates, even when the altered sites lie in
ordered regions of the earlier intermediates. Mutational analysis,
particularly when combined with structural studies, thus provides
a means of examining the increased cooperativity of a protein as
the native structure is formed.

The BPTI folding pathway as a conformational funnel

The ability of single amino acid replacements to broaden substan-
tially the distribution of folding intermediates, without greatly af-
fecting the competence of the protein to fold, implies a great deal
of plasticity in the BPTI folding pathway. This aspect of the path-
way can be described using the notion of a “conformational fun-
nel” (Fig. 9), a graphical representation that has been employed
recently to summarize the results of theoretical studies of protein
folding (Dill et al., 1995; Wolynes et al., 1995; Dill & Chan,
1997). In this representation, the conformational entropy of the
polypeptide chain is indicated by the cross-sectional area of a
funnel. The top of the funnel, with the largest cross-section, rep-
resents the fully unfolded protein, and the bottom of the funnel
represents the native protein, with a greatly reduced entropy. The
length of the funnel represents progress of the folding reaction,
usually quantified in terms of the number of stabilizing inter-
actions or the total stabilizing energy. For the funnels representing
the BPTI folding pathway, distance along the length of the funnels
was used to represent the steps in the reaction scheme shown in
Equation 1. For simplicity, the native-like kinetic trap, [5-55,
14-38], is not incorporated in this representation.

In drawing the conformational funnels, the total loss of confor-
mational entropy was estimated assuming that each residue can
take on eight conformations of equal energy in the reduced and
unfolded state but has a unique conformation in the native state
(Baldwin, 1986; Privalov, 1979). The total decrease in conforma-
tional entropy for folding calculated in this way is 240 cal/
deg-mol. The loss in conformational entropy due to forming a

wild-type
pH 7.3

wild-type
pH 8.7
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disulfide bond in a disordered chain, without concomitant structure
formation, was estimated from polymer statistics to be about 20
cal/deg-mol (Schellman, 1955), a relatively small fraction of the
total entropy loss associated with folding. Although the entropy
loss attributed to disulfide formation is expected to differ for the
various possible Cys pairs, with various numbers of intervening
residues, these differences are predicted to be comparable to the
other uncertainties in these calculations (i.e., less than 10 cal/
deg-mol). Based on the NMR studies indicating that approxi-
mately one-half of the polypeptide chain is folded in the [30-51]
intermediate, forming this species from the fully reduced state was
assumed to result in the loss of one-half of the conformational
entropy of the unfolded protein. The native-like intermediates [5-55],
[30-51,14-38], [5-55, 14-38], and N3} were assumed to have lost
95% of the conformational entropy of the unfolded protein. The
entropies of intermediate populations I and II were calculated as
weighted averages of the entropies of their constituents. Although
these estimates are extremely crude, they make it possible to de-
scribe, at least qualitatively, an important aspect of folding.

As illustrated in Figure 9, the initial decrease in entropy can be
altered greatly by changes in pH or by amino acid replacements.
The sharpest narrowing of the conformational funnel is seen for
the wild-type protein at neutral pH. Under these conditions, about
40% of the molecules have lost nearly all of their conformational
entropy, and another 40% have lost about half upon forming the
first disulfide. At pH 8.7, the most native-like one-disulfide inter-
mediate, [5-55], is greatly destabilized, almost certainly because
of the tendency of the Cys 30 and Cys 51 thiols to ionize. As a con-
sequence, there is significantly less loss of conformational entropy.
For the Y35L variant, the distribution of one-disulfide intermedi-
ates at both pH 7.3 and 8.7 is similar to that of the wild-type protein
at the higher pH. In contrast, the Y23L substitution leads to a more
random distribution of one-disulfide intermediates that are likely to
contain little or no specific structure. In this case, there is only a rel-
atively small decrease in conformational entropy corresponding to
the formation of a disulfide in a disordered polypeptide.

During the folding of the wild-type protein, at either pH 8.7 or
7.3, nearly all of the conformational entropy of the reduced protein
is lost with the formation of population II, which is dominated by

Tyr35 — Leu Tyr23 — Leu

Fig. 9. Conformational funnels illustrating the effects of pH and amino-acid replacements on the BPTI folding pathway. The loss of
conformational entropy upon folding is represented as the decreasing cross-sectional area of the funnels. The length of the funnels
represents progress along the folding mechanism, according to the mechanism shown in Equation 1. The transition-state for the slowest
intramolecular step, the rearrangement of population II to form N} is shown as a bulge in the funnels representing folding of the
wild-type protein, indicating that significant unfolding of the major component of II, [30-51, 14-38], is required for this process. The
aromatic — Leu replacements lead to substantial broadening of the intermediate populations and make the loss of conformational

entropy more progressive than for the wild-type protein.
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the native-like [30-51,14-38]. For both Y35L and Y23L BPTI,
however, there is only a slight narrowing of the conformational
funnel between populations I and II. For these, and the other ar-
omatic — Leu mutants, there appears to be little additional ordered
structure formed, and the only decrease in conformational entropy
is due to the formation of the additional disulfide.

For the wild-type protein, the immediate precursor to the native
protein, N§H, is known to have nearly all of the structure of the
native state, as does the major component of population II, [30-51,
14-38]. As a consequence, there is relatively little net loss in
conformational entropy during either the rearrangement of II to
NEH or the formation of the final disulfide. The rearrangements
must, however, involve at least one non-native intermediate (most
likely the minor components of II, [30-51,5-14] and [30-51,
5-38]), and there is evidence from mutational and other studies
that the transition state for the rearrangements are extensively un-
folded (Weissman & Kim, 1992; Mendoza et al., 1994; Zhang &
Goldenberg, 1997). The loss of structure in the transition state is
represented as a bulge in the conformational funnels.

Because population II is less ordered for the Y35L mutant, the
expansion of the conformational funnel associated with the re-
arrangement step is less dramatic than for the wild-type protein.
For the Y23L mutant, this portion of the funnel is shown as being
even smoother, since population II appears to be a nearly random
distribution of two-disulfide intermediates. Since only some of the
possible two-disulfide intermediates can form the correct transition
state, the conformational funnel for this mutant is drawn to indicate
a modest loss of entropy in the transition state. In this case, nearly
all of the conformational entropy of the reduced protein is lost
between IT and N§H.

Although drawn in Figure 9 as smooth surfaces, the interiors of
conformational funnels are likely to contain barriers representing
slow interconversions among some intermediate species. In the
case of the BPTI folding pathway, the largest barriers arise when
the conformational entropy decreases sharply before N} has
formed, leading to the formation of [30-51,14-38], which acts as
a kinetic trap at neutral pH, along with [5-55,14-38]. By broad-
ening the distribution of molecules making up population 11, the
aromatic — Leu substitutions increase the likelihood that a mol-
ecule will undergo the intramolecular rearrangements required to
form N§}. The apparent folding rate is thereby increased for all of
the mutants examined here.

When the top portion of the conformational funnel becomes too
broad, however, the rate of folding may decrease because a smaller
fraction of molecules are competent to undergo the subsequent
steps. The Y23L and F45L mutants, for instance, display overall
folding rates that are significantly lower than that of Y35L (Fig. 4),
even though the kinetically trapped species are eliminated for all
three of these mutants. There thus appears to be an optimum shape
for a conformational funnel: The top of the funnel should show an
initial narrowing that helps limit the conformational search, but
this narrowing should not be so severe as to trap the protein in a
native-like conformation that is unable to form the final disulfide.

While the analysis presented in this paper provides a qualitative
picture of the effects of the aromatic — Leu substitutions on the
BPTI folding pathway, summarized in the conformational funnels
of Figure 9, a more complete description of the energetic effects of
these substitutions can be obtained by measuring the rates and
equilibria of the interconversions among the various species. These
measurements are described in the accompanying paper (Zhang &
Goldenberg, 1997).
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Preparation of BPTI variants

Mutant forms of BPTI were produced in Escherichia coli using the
expression system described previously (Goldenberg, 1988b). The
proteins were produced as fusions to the leader peptide of the OmpA
protein, an E. coli outer membrane protein, and exported to the peri-
plasmic space, where the leader peptide was removed and the poly-
peptides folded to yield native protein. Mutations in the BPTI coding
sequence were constructed using the method of Kunkel (1985).

For preparation of protein for folding experiments, E. coli HB101
bacteria carrying the appropriate plasmid were grown at 30 °C with
12-14 L fresh air/min passing through the culture in supplemented
M9 medium, which contained 6 g/L. Na,HPO,, 3 g/L KH,PO,,
0.5 g/I. NH,C], 0.2 g/L yeast extract, 6 g/L casein, 4 g/L glucose,
40 mg/L L-tryptophan, 10 mg/L L-proline, 36 mg/L L-cysteine,
2 mg/L thiamine-HCl, 1 mM MgSO,, 0.1 mM CaCl,, and 50 mg/L
ampicillin. Four hours after inoculating 10 L of this medium with
200 mL of a saturated culture grown in 2XTY medium (containing
16 g/L tryptone, 10 g/L yeast extract, and 5 g/L NaCl), isopropyl
B-D-thiogalactoside (IPTG) was added to a final concentration of
0.2 mM to induce expression of the mutant BPTI gene. After an
additional 18 h of growth, the medium was cooled to 10-15°C,
and then concentrated to a volume of 2 L using a tangential-flow
hollow-fiber filter (Kontes). The concentrated bacteria were then
centrifuged to yield 100-120 g of wet cell paste, which was stored
at —70°C.

The frozen bacterial pellet from a 10 L culture was resuspended
in 400 mL of extract buffer, containing 0.05 M Tris-HCI (pH 8.0),
0.05 M NaCl, 5 mM EDTA, and 0.5 mM oxidized glutathione.
After resuspension, the bacteria were lysed in a French pressure
cell at 16,000 psi, followed by the addition of 100 mg phenyl-
methylsulfonyl fluoride (dissolved in 10 mL ethanol) and 6 mL of
0.5 M CaCl,, 0.5 M MgCl, containing 4 mg deoxyribonuclease I.
The lysate was stirred at 4 °C for 1 h and then diluted to a total
volume of 800 mL with 0.05 M Tris-HCI, pH 8.0, 0.05 M NaCl,
5 mM EDTA. Fifty mL of 0.1 M EDTA were added to the diluted
lysate. The lysate was then centrifuged for 30 min at 12,000 RPM
in a Beckman JA-14 rotor. The supernatant was applied to a ZetaP-
rep SP-100 sulfoproponyl ion exchange cartridge (CUNO Inc.)
equilibrated in 0.05 M Tris-HCI, pH 8.0, 0.05 M NaCl, 5 mM
EDTA. After washing with 1 L of the equilibration buffer, the
BPTI was eluted with a 0.05 M to 1 M NaCl linear gradient with
a total volume of 1 L. The BPTI-containing fractions were pooled
and concentrated to about 30 mL by ultrafiltration using a Milli-
pore PCAC membrane with a nominal molecular weight cutoff of
1,000. The concentrated BPTI was applied to a 3 cm diameter X
100 cm long column of Sephadex G-50 (fine) equilibrated and
eluted with 0.1 M NH,HCO;. The BPTI-containing fractions were
pooled and lyophilized. Final purification was obtained by reversed-
phase HPLC using a Vydac C,g semi-preparative column (10 mm
inside diameter X 25 cm long), with a gradient of 12 to 60%
acetonitrile in 0.1% trifluoroacetic acid. The quantity of BPTI at
each purification step was estimated using a spectrophotometric
assay for trypsin inhibitor activity (Kassell, 1970). The concentra-
tions of purified samples were also determined by their absorbance
at 280 nm, assuming an extinction coefficient of 5400 M~ (for
the wild type and phenylalanine mutants) or 4,050 M~! (for tyro-
sine mutants). The concentrations determined by the two methods
agreed within 5% for each purified mutant protein.
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NMR spectroscopy

One-dimensional '"H NMR spectra of the wild-type and mutant
proteins were recorded by Scott Beeser and Terrence Oas using a
Varian Unity 500 spectrometer at Duke university. NMR samples
contained about 1 mg of protein dissolved in 650 uL 20 mM
deuterated acetic acid, 17 pg/mL 2,3-D4-3-trimethylsilypropionate
(TMSP), and 10% D0, and were adjusted to pH 4.5 with KOH.
Solvent suppression was achieved by selective pre-saturation dur-
ing the relaxation delay (1.5 s). The spectral width was 8,000 Hz,
and 2,048 complex data points were acquired for each transient.
For each protein, 1,024 transients were collected and averaged.
The acquired data were processed and Fourier transformed using
the FELIX program from Biosym. The lowest frequency contri-
bution to the free induction decays was removed using a sine-bell
deconvolution, so as to further reduce the solvent signal. The data
sets were zero-filled to a total of 4,096 complex data points and
apodized with a sine-bell function shifted by 90°. The transformed
spectra were referenced to the TMSP chemical shift of —0.0045648
parts per million.

Preparation of reduced BPTI

Reduced BPTI was prepared by incubating the native protein with
50 mM reduced dithiothreitol (DTTSE), 6 M GuHCI, 0.1 M Tris-
HCI pH 8.7, 0.2 M KCl, and 1 mM EDTA for 1 h at room tem-
perature. The reduced protein was purified on a reversed-phase
HPLC column (Vydac Cg, 10 mm inside diameter X 25 cm long)
eluted with a gradient of acetonitrile in 0.1% trifluoroacetic acid at
a flow rate of 5 mL/min. The gradients were prepared by mixing
two buffer solutions: A (0.1% trifluoroacetic acid) and B (0.1%
trifluoroacetic acid and 60% acetonitrile), beginning with 20% B
for 10 min, followed by a 20 min convex increase in composition
of buffer B to 60%, and finally a 20 min concave increase in
composition of buffer B to 100%. The elution of reduced protein
was detected by the absorbance at 280 nm. The reduced protein
was dried by lyophilization and redissolved in 0.01 M HCIL.

Separation of folding intermediates by reversed-phase HPLC

Refolding reactions were carried out under a nitrogen atmosphere
and contained 30 uM reduced protein, 0.1 M Tris-HCI pH 8.7,
0.2 M KCl, 1 mM EDTA, and 0.1 mM oxidized glutathione. The
reactions were stopped by adding formic acid to a final concen-
tration of 5% and the products were fractionated on a reversed-
phase HPLC column (Vydac C,g, 4.6 mm inside diameter X 25 cm
long) eluted with a gradient of acetonitrile in 0.1% trifluoroacetic
acid at a flow rate of 1 mL/min. The elution profiles were mon-
itored by absorbance at 229 nm. For both the wild-type and mutant
proteins, the gradients were prepared by mixing two buffer solu-
tions: A (0.1% trifluoroacetic acid) and B (0.1% trifluoroacetic acid
and 90% acetonitrile). For each variant, the gradient conditions were
empirically adjusted to obtain optimum separation of the disulfide-
bonded intermediates. The gradients used for each of the proteins
are listed below, where the final concentration of buffer B and the
final time of each segment is indicated:

wild type: 25% B (15 min), 28% B (35 min), 29% B (40 min), and
32% B (105 min)

F4L: 28% B (15 min), 31% B (50 min), and 33% B
(110 min)
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Y10L: 22% B (5 min), 28% B (15 min), 32% B (50 min), and
35% B (110 min)

Y21L: 25% B (5 min), 28% B (15 min), 33% B (50 min), and
34% B (110 min)

F22L.: 20% B (5 min), 27% B (15 min), 31% B (50 min), and
33% B (110 min)

Y23L: 25% B (5 min), 28% B (15 min), 30% B (50 min), and
32% B (110 min)

F33L.: as for F22L

Y35L: 27% B (15 min), 29% B (20 min), 31% B (110 min),
and 35% B (115 min)

F45L.: as for Y35L

For the wild-type protein and the Y21L and Y23L variants, the
intermediates were separated at 37 °C, while the separations for the
other mutants were carried out at room temperature.

Identification of disulfide bonds in folding intermediates

After HPLC separation in the protonated state, the intermediates
were first characterized by gel electrophoresis to determine the
number of disulfides each contained. The isolated intermediates
were treated with 0.5 M Na-iodoacetate to carboxymethylate Cys
residues that were not disulfide-bonded. The modified proteins
were re-purified by HPLC and subjected to non-denaturing gel
electrophoresis (Reisfeld et al., 1962; Goldenberg, 1989). Since
proteins with two or four carboxymethylated Cys residues have
very different net charges, the intermediates with one or two di-
sulfides have clearly distinguishable electrophoretic mobilities.

For those species that accumulated to a level corresponding to
5% or more of the total protein, the disulfides were identified by
the peptide mapping procedure described by Weissman and Kim
(1991). The HPLC isolated intermediates were dried by lyophili-
zation and then redissolved in 0.5 M iodoacetate and 0.1 M Tris-
HC1 pH 8.7 for 1 min to block any free thiols. The blocked
intermediates were then re-purified by reversed-phase HPLC. In
cases where more than one species were detected after treatment
with iodoacetate, the reaction was repeated with various reagent
concentrations to determine whether multiple species arose from
intramolecular rearrangement during alkylation. Different concen-
trations of iodoacetate are expected to lead to different rates of
carboxymethylation, while the rate of the competing intramolecu-
lar rearrangement remains constant. The relative levels of the spe-
cies are thus expected to change with iodoacetate concentration if
they arise from rearrangement during the reaction. Only those
species that appeared to be direct alkylation products were char-
acterized further.

After lyophilization, the blocked intermediates were dissolved
in a solution containing 10 mM DTT§H, 6 M GuHC], 0.1 M
Tris-HCI1 pH 8.7, and 1 mM EDTA and incubated for 1 h to reduce
the remaining disulfides. After this incubation, N-iodoacetyl-N'-
(5-sulfo-1-naphthyl)ethylenediamine (IAEDANS), a fluorescent
thiol-labeling reagent, was added to a final concentration of
50 mM and allowed to react with the resulting thiols for 5 min.
Following desalting on a Sephadex G-25 column (Pharmacia, pre-
packed PD-10 column), the labeled protein was mixed with a
digestion solution to give final concentrations of 75 ug/mL ther-
molysin, 2 mM CaCl,, and 0.1 M Tris-HCI (pH 8.7). This mixture
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was incubated for 75 min at 65 °C, and the digestion was stopped
by adding EDTA and acetic acid to final concentrations of 5 mM
and 5%, respectively. The resulting peptides were fractionated by
reversed-phase HPLC (Vydac Cg), using a very shallow linear
gradient of buffers A (0.1% trifluoroacetic acid) and B (0.1% tri-
fluoroacetic acid and 90% acetonitrile). The total time of the gra-
dient was 150 min, during which the acetonitrile concentration was
increased linearly from 3.6% to 13.5%. Peptides containing Cys
residues that were disulfide-bonded in the trapped intermediates
were detected specifically by monitoring the absorbance of the
column eluent at 340 nm, where the TAEDANS label absorbs
strongly. These peptides were then identified by amino acid anal-
ysis and, in some cases, peptide sequencing.

From the identification of the disulfide-bonded Cys residues, the
identities of the one-disulfide intermediates were immediately es-
tablished since there were only two IAEDANS-labeled Cys resi-
dues for each one-disulfide intermediate. For the two-disulfide
intermediates, however, the pairings were not directly established.
The connectivities between the disulfide-bonded Cys residues were
therefore assigned by comparing the chromatographic, electropho-
retic, and kinetic properties of the two-disulfide intermediates with
those of the well-characterized wild-type intermediates.

The method described above worked well for all of the BPTI
variants except FAL and F33L. For these variants, peptides con-
taining Cys 5 (for F4L) or 38 (for F33L) were not detectable,
presumably because of changes in the thermolysin digestion pat-
tern at the sites of the substitution. In these cases, the peptide
mapping using thermolysin was supplemented by analysis of pep-
tides generated by trypsin digestion.
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