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Abstract 

The rates of the individual steps in the disulfide-coupled folding and unfolding of eight BPTI variants, each containing 
a single aromatic to leucine amino acid replacement, were measured. From this analysis, the contributions of the four 
phenylalanine and  four tyrosine residues to the stabilities of the native protein and  the disulfide-bonded folding 
intermediates were determined. While the substitutions were found to destabilize the native protein by 2 to 7 kcal/mol, 
they had significantly smaller effects on  the intermediates that represent the earlier stages of folding, even when the site 
of the substitution was located within the ordered regions of the intermediates. These results suggest that stabilizing 
interactions contribute less to conformational stability in  the  context of a partially folded intermediate than in a fully 
folded native protein, perhaps because of decreased cooperativity among  the individual interactions. The kinetic analysis 
also provides new information about the transition states associated with the slowest steps in folding and unfolding, 
supporting previous suggestions that these transition states are extensively unfolded. Although the substitutions caused 
large changes  in  the distribution of folding intermediates and in the rates of some steps in the folding pathway, the 
kinetically-preferred pathway for all of the variants involved intramolecular disulfide rearrangements, as observed 
previously for the wild-type protein. These results suggest that the predominance of the rearrangement mechanism 
reflects conformational constraints present relatively early in the folding pathway. 

Keywords: aromatic residues; bovine pancreatic trypsin inhibitor; disulfide bonds; folding kinetics; hydrophobic 
residues; protein folding; stability 

During the process by which a disordered polypeptide folds  into a 
well-defined three-dimensional structure, numerous stabilizing in- 
teractions must form. While each of the individual interactions is 
intrinsically quite weak, once they are all formed in the native 
protein they balance almost exactly the large loss in conforma- 
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Abbreviations: BPTI, bovine pancreatic trypsin inhibitor. Amino acid 
replacements are indicated by the wild-type residue type (using the one- 
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; Ng#, 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; DTTg and 
DTTg#, the disulfide and dithiol forms of dithiothreitol; GuHC1, guanidi- 
nium chloride; Tris-HCI, tris(hydroxymethy1)-aminomethane hydrochlo- 
ride; EDTA, ethylenediamintetraacetic acid: HPLC, high performance liquid 
chromatography. 

tional entropy associated with folding (Baldwin, 1986; Creighton, 
1990; Dill, 1990; Makhatadze & Privalov, 1995). Partially struc- 
tured intermediates that form during folding  are presumably sta- 
bilized by similar interactions but relatively little is known about 
the roles of individual interactions in  such species. Studies of 
several folding intermediates have revealed the presence of or- 
dered regions with structures quite similar to those found in the 
corresponding native proteins (Kim & Baldwin, 1990; Matthews, 
1993b; Dobson et al., 1994; Fersht, 1995; Ptitsyn, 1995; Creighton 
et al., 1996) but there is  evidence that even the most ordered 
regions are considerably more flexible than in the native protein 
(Hughson et al., 1991; Barrick & Baldwin, 1993; Marmorino & 
Pielak, 1995;  Peng  et al., 1995; Miranker & Dobson, 1996). As a 
consequence, the cooperativity among individual interactions in 
folding intermediates may be less pronounced than in native pro- 
teins, perhaps reducing the contribution of each interaction. 

Dissecting the contributions of individual interactions to con- 
formational stability is an intrinsically difficult problem. High- 
resolution structural methods can identify interactions, but cannot 
assess their energetic contributions. Experiments with covalently- 
modified proteins, generated by either chemical or genetic meth- 
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ods, can provide estimates of the contributions of individual residues 
but must be interpreted with caution because altering one site  in a 
protein may perturb surrounding interactions. Nonetheless, a great 
deal of progress has been made in understanding the energetics of 
fully folded proteins, particularly in cases where mutational, thermo- 
dynamic, and structural methods have been applied in concert 
(Alber, 1989; Goldenberg, 1992; Matthews, 1993a). 

Mutational methods have also been applied to the analysis of 
intermediates  in  the  folding of several proteins, including  the 
cu-subunit of tryptophan synthetase (Beasty  et al., 1986; Tsuji et al., 
1993), dihydrofolate reductase (Garvey et al., 1989; Perry et al., 
1989), barnase  (Matouschek  et al., 1990;  Serrano  et  al,  1992; 
Fersht 1995), and bovine pancreatic trypsin inhibitor (BPTI) (Gold- 
enberg et al., 1989; Zhang & Goldenberg, 1993). These studies 
have shown that amino acid replacements can have clearly distin- 
guishable effects on different steps in a folding mechanism, and 
have facilitated the identification of residues that contribute to the 
formation of particular intermediates. 

In the accompanying paper (Zhang & Goldenberg, 1997), we 
have described the initial characterization of a series of BPTI 
variants designed to probe the roles of eight aromatic residues in 
the disulfide-coupled BFTI  folding pathway. In each of these vari- 
ants, one of the four  Phe or four Tyr residues of wild-type BPTI 
has been replaced by Leu, a somewhat smaller hydrophobic resi- 
due with different packing properties. These substitutions were 
each found to cause substantial, but differing effects, on the dis- 
tributions of disulfide-bonded intermediates that accumulate dur- 
ing folding and unfolding. Some replacements acted specifically to 
destabilize kinetically-trapped species that accumulate relatively 
late during the folding of the wild-type protein, leading to a sim- 
plification of the intermediate profile and increased rates of form- 
ing the native protein with three disulfides. Other, chemically 
equivalent, substitutions were found to reduce the tendency of 
native-like structure to form early in folding and led to greatly 
broadened intermediate distributions. Although the aromatic -+ 
Leu substitutions cause pronounced changes in the observed in- 
termediate distributions, important features of the folding pathway 
appeared to be conserved for  the mutant proteins, in particular the 
role of intramolecular rearrangements. 

In the present paper, we describe a detailed kinetic analysis of 
the  folding pathways for the aromatic -+ Leu mutants. The rates 
and equilibria of the individual steps making up the pathway have 
been measured, enabling us to estimate the effects of the replace- 
ments on the conformational stabilities of the major intermediates 
and the fully folded protein. In addition, the kinetic measurements 
provide information about the relative contributions of alternative 
folding pathways (involving direct disulfide formation and disul- 
fide rearrangement, respectively) and about the nature of the major 
transition states  in  the  two mechanisms. Together with recent NMR 
studies of the major intermediates, the studies described in this and 
the accompanying paper provide a detailed description of how the 
individual aromatic residues contribute to a network of cooperative 
interactions during the folding of a small protein. 

Results 

The folding and unfolding of the aromatic + Leu BPTI variants 
were studied under the same conditions used previously for the wild- 
type protein  and  other  mutants  (Creighton & Goldenberg,  1984; 
Goldenberg et al., 1989). As in the previous studies, the oxidized 
and reduced forms of dithiothreitol (DTT; and DTT?;, respec- 

tively) were used to promote disulfide formation and reduction. These 
reagents were used, rather than the  more physiological glutathione, 
because the mixed disulfides formed between DTTB; and protein 
thiols are much less stable than those formed with glutathione. This 
simplifies considerably the distribution of species that accumulate 
during folding  and,  in addition, assures that the observed rates of 
disulfide formation are proportional to the rate of the intramolec- 
ular step in the process (Creighton & Goldenberg, 1984). By ad- 
justing the concentrations of the thiol and  disulfide reagents, the 
relative stabilities of species with zero, one,  two, or three disulfides 
can be manipulated without the addition of denaturants or changes 
in temperature, thus allowing for the measurement of folding and 
unfolding rates under nearly identical conditions. 

To follow the kinetics of folding or unfolding, the reactions were 
quenched by the addition of iodoacetate, which reacts irreversibly 
with the free thiols, and the blocked intermediates were separated 
by nondenaturing gel electrophoresis. Although electrophoretic sep- 
aration is not as effective as that provided by HPLC, this method 
does resolve the fully reduced protein, the major populations with 
one  and  two disulfides and the native protein. While some of the 
amino acid replacements alter significantly the distributions of 
intermediates, the experiments described in the accompanying pa- 
per indicated that the distributions within the major populations 
did not change significantly with time during folding or unfolding, 
suggesting that the species within the populations were in rapid 
equilibrium. The groups of rapidly equilibrated species with one or 
two disulfides, designated I and 11, respectively, were therefore 
treated as kinetically homogeneous classes in the analyses de- 
scribed here. 

Although some intermediates may undergo intramolecular re- 
arrangement during trapping with iodoacetate, it  is unlikely that 
the rearrangements will affect the kinetic analysis. The rearrange- 
ments during trapping are most likely to occur when an intermedi- 
ate with buried thiols is in rapid equilibrium with other species in 
which thiols are exposed. For  example, [30-51,14-381 has been 
found to rearrange to other two-disulfide species ([30-51,5-141 
and [30-51,5-381) during trapping (Weissman & Kim, 1991). In 
these cases, however, the interconverting species are components of 
the same kinetic population, so that measurements of the total con- 
centrations of the populations are unaffected by the rearrangements. 

Following gel electrophoresis, the relative concentrations of the 
resolved species were estimated by video densitometry. The ob- 
served time-dependent changes in the concentrations of the various 
species were then compared to those predicted by numerical sim- 
ulations based on the following kinetic scheme: 

R, kl \ 

k- I 
I 

N 

In the scheme -shown above, arrows representing steps that are 
second order and are, therefore, sensitive to the concentration of 
DTTZ or DTTgE, are drawn with solid lines, while the intramolec- 
ular rearrangements among two-disulfide intermediates are repre- 
sented with dashed lines. The rate constants used in the simulations 
were adjusted manually to give a good  fit between the observed and 
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calculated data. For each mutant, a single set of rate constants was 
used to simulate all of the folding and unfolding experiments. For 
one of the  variants, F4L BPTI, the kinetically-trapped species 
[5-55,14-381 accumulated significantly, and an additional, step I H 
[5-55,14-381, was included  in the simulation to account for 
the appearance of this species. In the simulations, the changes in con- 
centrations of all  species, including DTTg and DTT:;, were incor- 
porated explicitly. The rate constants determined by this procedure 
are estimated to be accurate within a factor of two. 

In the following sections, we describe the specific experiments 
used to determine the rate constants  for  the various steps in the 
folding of the mutant proteins. 

Unfolding kinetics 

Unfolding experiments were carried out by mixing native protein 
with various concentrations of DTT;:. As demonstrated in the 
previous paper, the first  step in the unfolding of each of the BPTI 
variants was the reduction of the 14-38 disulfide to convert the 
native protein to the native-like two-disulfide intermediate, NgE. 
The rate constant for this step, k-3r was determined from the 
disappearance of the native protein (Fig. 1) and, as shown in 
Table 1, was found to vary from 25 s-' M" (Y23L) to 900 

Three substitutions at sites close to the 14-38 disulfide, YIOL, 
F33L, and Y35L. increased the rate of reducing this disulfide by 
least 10-fold. The  other  five substitutions had relatively small ef- 
fects  on the rate of this step, probably because they are farther from 
the 14-38 disulfide in the native protein. 

s - I  "1 (Y35L), versus 30 s- '  M" for the wild-type protein. 

100 

80 

60 

The two-disulfide intermediate generated by the reduction of the 
14-38 disulfide, Ng i ,  can unfold either via direct reduction to 
generate one-disulfide intermediates (I) or via a rearrangement 
process that yields other two-disulfide species (II) (Creighton, 
1977a). The contributions of the two reactions were dissected by 
analyzing chemically modified forms of the mutant proteins in 
which the 14-38 disulfide was reduced and the resulting free thiols 
were alkylated with iodoacetate. Since free thiols are required for 
any intramolecular rearrangement, the modified forms, designated 
Ng$$, could only unfold via direct reduction, and the reduction of 
this species should reflect the process of the direct reduction of 
NgE, with the second-order rate constant kLdir, As illustrated in 
Figure 2, the rates of reduction varied substantially among the 
mutants. Even when incubated with a much lower concentration of 
DTT;; (1 mM), the NBEG form of F45L was reduced at a rate 
much greater than that of F4L,  YlOL, and Y21L at higher concen- 
trations of  DTTg; (20 or 50 mM). The second-order rate constant 
for the direct reduction of each mutant protein, k - d i r ,  was deter- 
mined by comparing  the observed and simulated kinetics at vari- 
ous concentration of DTTgE. Once k q i r  was determined, the first- 
order rate constant for the intramolecular rearrangement 
was estimated from unfolding kinetics of the unmodified proteins 
at various DTTgE concentrations (Fig. 1). 

The rate constants  for  the direct reduction for  some mutants (the 
F4L,  YIOL,  Y21L,  F33L, and Y35L variants) could also be deter- 
mined directly from the unfolding rates of unmodified proteins by 
determining the dependence of the observed rates on the DTTg; 
concentration, using the procedure described by Mendoza et al. 
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Fig. 1. Reductive unfolding kinetics of BF'TI variants. The native forms of F22L (0) or F45L (0) BF'TI were incubated with 0.1 mM 
DTTz# at pH 8.7,25 "C. At the times indicated on the abscissa, samples of the reactions were quenched by the addition of iodoacetate, 
and the trapped species were fractionated by nondenaturing gel electrophoresis. The relative concentrations of the different forms were 
quantified by video densitometry of Coomassie-blue stained gels. The curves shown were generated by numerical integration of the 
rate expressions corresponding to the scheme shown in Equation 1, using the rate constants listed for the corresponding variants in 
Tables 1 and 2. 
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Table 1. Rate constants for individual steps in the  unfolding of wild-type BPTI 
and  the aromatic -+ LRu variants 

N + N:: Ng: -+ I1 N:: + IIa I1 + I I - + R  
k-3  k-rem  k-2 k-  I 

(sC' M-')  (s-' "I) (s-' M") variant (SKI M") ( s - ' )  
k-dir 

Wild typeb 
F4L 

Y 10L 

Y21L 

F22L 
Y23L' 
F33L 

Y35Ld 

F45L 

30 
50 

300 

45 

80 
25 

300 

900 

60 

1.2 X 10-5 1.2 X 10-4 
9 X 10-5 1.3 X 

(5.0 X IO-') 
1.0 X 10-4 2.5 X 10" 

(4 x 10-3) 
1.1 x 10-3 2.0 x 

9.0 X 10-3 0.7 
1.0 x 10-1 11 
5.0 X 10-4 3.5 x lo-* 

( 5  x 1 0 - 2 )  

3.5 X 4 x 10-2 
(3.4 x 10-2) 

(8.8 X 

3.0 X 8 

250 
150 

250 

250 

250 
250 
250 

250 

I50 

20 
35 

20 

30 

45 
95 
30 

25 

35 

aFrom the modified proteins with Cys 14 and 38 blocked. The values in parentheses are from 
measurements with the unmodified proteins at various concentrations of DTT:!, as described by Men- 
doza et al. (1994). 

bFrom Creighton and Goldenberg (1984) and Goldenberg (1988). 
'From Goldenberg et al. (1989), with the exception of L d l r ,  

dFrom Zhang and Goldenberg (1993). 

(1994). The values of L d i r  determined by this method were very 
similar to those determined with the modified forms of the mutant 
proteins (Table l), consistent with other results indicating that 
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Fig. 2. Reductive unfolding kinetics of BPTI variants following selective 
reduction of the 14-38 disulfide and alkylation with iodoacetate. The mod- 
ified forms (N$Z) of F4L, YlOL,  Y21L, and F45L BPTI were incubated 
with 50,50, 20, and 1 mM DTTZ:, respectively. The disappearance of the 
N$$: form was monitored by gel electrophoresis as described in the legend 
to Figure 1. The curves shown were generated by numerical simulations, 
using the rate constants in Tables 1 and 2. 

modification of the thiols of Cys  14 and 38 has relatively little 
effect on the kinetic properties of the resulting protein (Creighton, 
1977a; Marks et al., 1987; Goldenberg, 1988). 

Each of the eight aromatic + Leu substitutions increased the 
rates of both direct reduction of NZE and intramolecular rearrange- 
ment, but to different degrees. The second-order rate constant for 
direct reduction (k-dir) varied from 1.2 X s" M", for the 
wild-type protein, to 11 s - '  M", for the Y23L variant, and the 
first-order rate constants for the rearrangement ranged 
from 1.2 X lop5  s" to 0.1 s - '  (Table 1). The increases in the 
rearrangement rate constants displayed a striking correlation with 
those of the direct reduction reaction. When plotted on logarithmic 
axes, the rate constants show a clear linear relationship, as ob- 
served previously for a larger collection of BPTI variants at pH 8.0 
(Mendoza  et  al., 1994). Since the logarithms of the rate constants 
are proportional to the  free energy differences between the ground 
state and the transition state, the observed correlation suggests that 
the transition states  for rearrangement and direct reduction respond 
similarly to the  amino acid replacements. 

For most of the mutants, the rates of the late steps in unfolding 
(I1 + I and I 4 R) were not readily determined from unfolding 
experiments because there was no significant accumulation of one- 
and two-disulfide species other than NZ#. For these mutants, the 
rate constants in the late steps of unfolding ( k - ,  and k-2)  were 
determined from the kinetics of folding in the presence of added 
DTT$#, as described in a subsequent section. For  some mutants, 
such as F22L and F45L, however, the unfolding of NZE was suf- 
ficiently fast that both one-and two-disulfide species accumulated 
to measurable levels (Fig. 1). In these cases, a single set of rate 
constants could account for the unfolding kinetics as well as the 
kinetics of folding in the presence of added DTT$#. 

The estimated k-  I and k-2 values for all of the mutants are listed 
in Table 1. In contrast to the large effects seen on the early steps in 
unfolding, the aromatic + Leu substitutions had only small  effects 
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on the last two  steps.  For  the  step II + I, the largest change in the 
second-order rate constant  was less than two-fold, within the range 
of experimental error. The second-order rate constants that were 
determined for  the  last  step were also close to that measured for the 
wild-type protein, with the  exceptions of the  F22L  and Y23L vari- 
ants. For these two mutants, the rate was increased approximately 
two- or four-fold, respectively. 

Unfolding reactions were  also carried out in the presence of 
added DTT: , where the reverse reactions of some of the unfolding 
steps become significant. As shown in Figure 3 for the YlOL and 
F22L variants, the native protein was rapidly and essentially ir- 
reversibly converted to NZ# in the presence of DTT:; alone but, 
when DTT: was  added, the reverse reaction became significant, 
leading to biphasic kinetics for  the disappearance of the native 
protein. The rapid phase corresponds to the establishment of a 
steady-state equilibrium between the native protein and N:#, 
while the slower phase represents the disappearance of N::. With 
k - 3 ,  k-,,,, and k - d i r  determined from the experiments described 
above, the second-order rate constant ( k 3 )  for the last folding step 
(N:# + N) could be estimated from the effect of added DTT: on 
the unfolding kinetics. The rate constants estimated in this way 
were  also consistent with the results of the folding experiments 
described in the following section. 

100 4 A F22L 1 
80 
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loo /  80 

B YIOL I 

0 & , , * . , , , I  , , , , , , , ) ,  ~ . . . . . . . . . . . . . . . . . . . . .  I 
" " 

0 10 20 30 40 

Time  (min) 
Fig. 3. Effect of added oxidized dithiothreitol, DTTZ, on the reductive 
unfolding kinetics of BPTI variants F22L (A) and YlOL (B). The  F22L 
variant was unfolded in the presence of 0.5 mM DTTg# and 0 (0), 40 (O), 
or 80 (0) mM DTTI , while the experiments with the Y 1OL variant utilized 
0.5 mM DTTZZ and 0 (0), 20 (O), or 40 (0) mM DTTg . The disappear- 
ance of the native protein was monitored electrophoretically, as in Fig- 
ures 1 and 2. The curves shown were generated by numerical simulations, 
using the rate constants in Tables 1 and 2. 
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Folding  kinetics 

The fully reduced forms of the mutant proteins were refolded in 
the presence of DTT:, with and without added DTT:;. Examples 
of the folding experiments are shown in Figure 4 for  the YlOL and 
F45L mutants refolded in  the presence of 40 mM DTT;. Unlike 
the unfolding reactions, in which the early steps were essentially 
unidirectional, the folding reaction was not unidirectional under 
the conditions used for these experiments. Because DTTgE is a 
potent reducing reagent, even the low concentrations produced by 
oxidizing the protein led to significant back reactions. To better 
quantify this effect, refolding was carried out in the presence of 
added DTT:;, as illustrated in Figure 5 for the Y 1OL variant. As 
shown, the addition of DTT;; led to biphasic kinetics for the 
disappearance of R, reflecting a steady-state equilibration between 
the fully reduced protein and the one-disulfide intermediates and a 
decreased overall rate of forming the native protein. By comparing 
the observed kinetics with those predicted by simulations based on 
Equation 1, the forward rate constants k l ,  k2 ,  and k,,, as well as 
the reverse rate constants k - I  and k-2 .  were estimated. For  F4L 
BPTI there was also significant accumulation of  [5-55,14-381, 
and an additional reaction, I fs [5-55,14-381 with forward and 
reverse rate constants was incorporated into Equation 2 for this 
mutant. Although this step was able to account for the observed 
appearance of  [5-55.14-381, it is likely that this species is also 
formed via intramolecular rearrangement of other two-disulfide 
species, as has been found for the wild-type protein (Creighton & 
Goldenberg, 1984; Weissman & Kim, 1992). 

The rate constant (kdir) for the step I "+ Ngg was estimated from 
the constraints imposed by the other rate constants and the prin- 
ciple of microscopic reversibility. For a reaction cycle such as that 
linking I, II, and N:; (Equation l), the product of rate constants 
representing a clockwise path around the cycle must equal the 
product of rate constants for the counter-clockwise path. The value 
of kdir was, therefore, calculated from the other five rate constants 
according to 

For each of the mutants, the value of kdir was increased by about 
one order of magnitude but was still much smaller than k2, the rate 
of the competing reaction in which other two-disulfide forms  are 
generated. Thus, the one-disulfide intermediates (I) are most likely 
to be converted to the two-disulfide intermediates in population 11, 
which must then undergo intramolecular rearrangements to gener- 
ate NZ:. The preference for the rearrangement mechanism was 
also demonstrated by measuring the folding rates of the modified 
proteins with Cys 14  and  38 blocked, NgE;. For each mutant, the 
rate of folding was much lower for the modified protein, as  dem- 
onstrated previously for the wild-type protein and the Y35L variant 
(Creighton, 1977a; Goldenberg, 1988; Zhang & Goldenberg, 1993). 
thus demonstrating that the direct pathway is too slow to account 
for the folding rates of the unmodified proteins. 

In striking contrast with the large effects seen on the rates of 
unfolding, the aromatic + Leu replacements caused only modest 
changes  in any of the forward rate constants making up the BPTI 
folding pathway (Table 2). As discussed further below, the ob- 
served pattern of kinetic effects suggests that the early stages of 
folding  are relatively tolerant of amino acid replacements that may 
destabilize any partially folded structure, while the native protein 
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Fig. 4. Disulfide-coupled refolding of BPTI variants. The fully reduced and unfolded forms of Y 10L (0) and F45L (0) BPTI were 
incubated in the presence of 40 mM DTT; at  pH 8.7, 25 "C. At the times indicated on the abscissa, samples of the reactions were 
quenched with iodoacetate and analyzed electrophoretically. The curves shown were generated by numerical simulations, using the rate 
constants in Tables 1 and 2. 

and intermediates representing the late stages of folding are more Discussion 
easily perturbed. Even when the distribution of folding intermedi- 
ates is greatly broadened, as shown in the accompanying paper  for  The detailed kinetic analysis described here provides quantitative 
the Y23L and F45L BPTI variants, the rates of subsequent steps are information about the effects of the aromatic + Leu replacements 
only slightly affected, perhaps because additional avenues of di- on the individual steps in the BPTI folding pathway. The resulting 
sulfide formation become accessible. rate constants can be used to calculate the effects of the substitu- 
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Fig. 5. Effect of added DTT;; on  the refolding lunetics of Y IOL BPTI. Refolding in the presence of 80 mM DTTB and 0 (O), 0.1 (O), 
or 0.25 mM (0) DTTg; was monitored electrophoretically, as in Figure 4. The curves shown were generated by numerical simulations, 
using the rate constants in Tables 1 and 2. 
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Table 2. Rate constants for the folding of wild-type BPTI 
and  the aromatic + Leu variants 

R + I  I -+ I1 

~~ 

Wild typea 0.022 0.030 5.3 x 10-6 
F4L 0.019 0.025 3.5 x 1 0 - ~  
YlOL 0.01 5 0.030 3.8 X 10-5 
Y21L 0.015 0.035 3.1 X 10-5 
F22L 0.018 0.015 4.7 X 10-5 
Y23Lb 0.020 0.012 6.4 X IO-' 
F33L 0.022 0.028 7.8 x 
Y35LC 0.020 0.013 6.4 x 1 0 - ~  
F45L  0.022 0.010 1.8 x 

aFrom Creighton and Goldenberg (1984) and Goldenberg (1988). 
bFrom Goldenberg et al. (1989), with exception of kdlr. 
'From Zhang and Goldenberg (1993). 

5.0 x 5.7 
5.0 X 10-3 4.0 
8.0 X 10-3 3.5 

1.0 x lo-* 2.5 
2.0 x 10-2 0.8 
1.0 x 10-2 2.0 
1.0 x lo-* 0.13 
1.0 x 1 .o 

5.0 X 10-3 5.0 

tions on the conformational stabilities of the various intermediates 
making up the pathway and provide new information about the 
factors that determine the folding mechanism for the wild-type 
protein. 

Roles of  the aromatic residues in stabilizing 
native BPTI and N:/ 

From the measured forward  and reverse rate constants, the effects 
of substitutions on the stability of the native protein can be calcu- 
lated according to 

BAG = RT ln(KW,/Kmumt) (3) 

where R  and Tare the gas constant and temperature, respectively, 
and K,, and  KmUtant  are  the  overall equilibrium constants for fold- 
ing the wild-type and mutant proteins. The equilibrium constants 
are calculated as the product of the forward rate constants divided 
by the product of the reverse rate constants. As defined above, the 
value of AAG is positive for a substitution that destabilizes the 
native protein. The effects of the substitutions on the intermediates 
making up the pathway can be calculated in  the  same way and  are 
listed in Table 3 for N, NgG, and the populations I and 11. 

Although this method of measuring the energetic effects of an 
amino acid replacement is different from that more commonly 
used, in which changes  in conformational stability are measured by 
thermal or denaturant-induced unfolding, the mutational effects on 
the disulfide-coupled equilibrium for forming the native protein 
are expected to be nearly equivalent to those measured for unfold- 
ing in the absence of disulfide reduction. This point is illustrated 
by considering the following hypothetical mechanism for  the  fold- 
ing of a protein with three disulfides: 

3 ~d ~DTT;: 

In this scheme, which is mechanistically unrealistic but thermo- 
dynamically useful, the first step  is  the formation of the three 
disulfides without concomitant folding. In the second step, the 

unfolded, but disulfide bonded, protein (U) folds to its native 
conformation. It is the free energy change for this second step that 
would be measured in,  for instance, thermal unfolding experi- 
ments. Since the unfolded forms with and without the disulfides (U 
and R, respectively) are presumed to be equally devoid of stabi- 
lizing interactions, amino acid replacements are expected to have 
minimal effects on AGdisulfide, and a mutational destabilization 
determined from Equation 4 should be roughly equivalent to the 
change in conformational stability. Although the same arguments 
can be applied to a unique intermediate with a stable well-defined 
structure, such  as N:;, the situation for intermediate populations, 
such as I and 11, is somewhat more complex and is discussed in a 
later section. 

The kinetic data indicate that the native protein was substan- 
tially destabilized by all eight substitutions, with the effects rang- 
ing from 2.2  kcal/mol (F4L)  to 7.1 kcal/mol (Y23L) (Table 3). As 
illustrated in Figure 6A, where the effects of the replacements at 
the various sites in the native protein are represented by a color 
code, there is  no  clear correlation between the degree of destabi- 
lization and the position of the altered site. Strikingly, however, the 
three sites at which replacement with Leu had the largest effects, 

Table 3. Destabilization of  the folding intermediates and native 
BPTI caused by the aromatic + Leu substitutions 

I [30-51]' I1 N% N 
Variant (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol) 

F4L 0.4 <0.2 0.2  1.7  2.2 
Y 10L 0.2 <0.2 0.2 1.2 2.9 
Y21L 0.5  1.5 0.4 3.1 3.4 
F22L  0.6 0.8 1 .o 4.5  5.6 
Y23L 1 .o >1.5 1.5 6.1  7.1 
F33L  0.2  0.8 0.3 2.1  4.1 
Y35L 0.2 <0.2 0.9 2.3 
F45L 

6.5 
0.3 1 .s 0.7 4.9 6.3 

aCalculated from the fraction of [30-511 in the one-disulfide intermedi- 
ates, listed in Table 1 of the accompanying paper (Zhang & Goldenberg, 
1997) using the graph shown in Figure A.1 and assuming that = 
0.6 and Ky' = 20. 
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A 

B 

Fig. 6. Schematic  representations of (A) native  BPTI  and (B) the  native-like  intermediate NIW, summarizing  the effects of the  aro- 
matic + Leu amino  acid  replacements  on  the  stabilities of these species with  respect  to  the fully reduced  protein.  Both of the ribbon 
diagrams  were  drawn  using  the  atomic  coordinates of the  Form 11 crystals  (entry  4pti  in the Brookhaven  Protein  Data  Bank)  (Wlodawer 
et al., 1987), using  the  program MOLSCRIPT (Kraulis, 1991). The sites at  which  replacing  an  aromatic  residue  with  Leu  causes  a  de- 
stabilization of 5-7 kcal/mol are colored  red.  The  sites of substitutions  that  lead  to  a  destabilization of 1-3 kcal/mol are colored  green, 
while  intermediate effects are  indicated  by  purple  coloring. 

Q r  23, Q r  35, and Phe 45, are also the residues  that  have  been 
shown by  Wagner et al.  to  have  the  most  rigidly  positioned  side 
chains, as measured  by ring-flip  rates  (Wagner et al., 1987). These 
three  sites  are  also  among  the  most  highly  buried and  evolutionarily- 
conserved  residues  in  the  protein.  These  patterns are consistent 
with  other  evidence  indicating  that  buried  and  rigid  residues  gen- 
erally  contribute  more  to  protein  stability  than  do  more  exposed 
and  mobile sites (Creighton, 1983; Goldenberg, 1985; Alber et al., 
1987; Alber, 1989; Goldenberg, 1992). 

The  immediate  precursor of the  native  protein, NgE,  was also 
significantly  destabilized  by all eight  mutations, with the  effect 
ranging  from 1.2 kcal/mol (YlOL) to 6.1 kcal/mol (Y23L). The 
destabilizations of  NZ# were,  however,  all  significantly  smaller 
than  those of the  native  protein,  even  though  high-resolution NMR 
studies  indicate  that  the  intermediate has a  folded  conformation 
very  similar  to  that of the  fofm  with all three  disulfides (Naderi 
et al., 1991). In addition,  the  pattern of effects  was  quite  different 
from  that  seen in the  native  protein  and  showed  a  clear  correlation 
with  the  positions of the  altered  residues in the  native  protein 

(Fig. 6B). For substitutions F4L, Y21L, F22L,  Y23L, and F45L, 
the  destabilization of NZ# corresponded to 80% or more  of the 
effect of the same  substitution on the  native  protein. In contrast,  the 
destabilization of  NZE caused  by  the  other  substations,  which  are 
all  located  near  the 14-38 disulfide  in  the  native  protein,  was  less 
than 50% of the  destabilization of the  native  protein,  indicating 
that  the  side-chains of Q r  10, Phe 33, and 35 make  the  ma- 
jority of their  stabilizing  contributions  only when the  final  disul- 
fide of the  native  protein is formed. 

The  pattern of effects  on  N  and Ng# is consistent with the 
previous  suggestion  that  the  folded  conformation of BFTI is  com- 
posed  of two substructures  that  can be partially  decoupled  ener- 
getically (Oas & Kim, 1988; Goldenberg et al., 1992). One  region 
includes  the a-helix and p-sheet of the  native  protein, as well as 
the 30-51 and 5-55 disulfides,  while  the  other  region  consists of 
the two loop  segments,  linked by the 14-38 disulfide,  that  form the 
trypsin  binding  site. In the  absence of the 14-38 disulfide, the 
stability of the folded  structure is much less  sensitive  to  amino  acid 
replacements in the  loop  segments  than it is after  the final disulfide 
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is  formed,  perhaps because this region is  more  flexible  in N:{ than 
in  the native protein. Aromatic -+ Leu replacements in the 
region, on the other hand, destabilize NSW to nearly the  same 
extent  as they do N, suggesting that this region is almost as rigid 
in the intermediate  as it is  in  the  native protein. 

The interface between the  a-helix  and &sheet also appears to be 
energetically most important for stabilizing the  major one-disulfide 
intermediate, [30-511, as discussed below and in the accompany- 
ing paper. Thus,  the region of the protein implicated in stabilizing 
the earlier intermediate retains its relative importance in the last 
intermediate, NgE. Once the final disulfide is  formed, however, 
this distinction is lost, as residues distributed throughout the native 
protein make contributions that appear uncorrelated with their po- 
sition in the overall structure. 

Roles of aromatic residues in stabilizing early intermediates 

In contrast to the large effects on N and NgE, the aromatic -+ Leu 
replacements caused only small decreases in  the stability of the 
population of one-disulfide intermediates (Table 3). The largest 
effect was caused by the Y23L substitution, which destabilized 
population I by only 1.0 kcal/mol. The interpretation of these 
effects is  somewhat more complex than for  the  case of the native 
protein or NgW, however, because the conformational stability of 
an individual intermediate in the population is not so tightly linked 
to the overall stability of the population. Even if a substitution 
greatly destabilizes the folded conformation of some of the mol- 
ecules in a population, the major effect may be a redistribution of 
the various species, rather than a net destabilization of the popu- 
lation as a whole. 

As a first approximation, the relationship between conforma- 
tional stability of the major  one  disulfide intermediate, [30-511, 
and the measured stability of population I can be analyzed using 
the following scheme: 

/ II [30-51]"  [3O-51lF 

Among the one-disulfide intermediates, [30 511, represents approx- 
imately 60% of the steady-state population during the folding of 
the wild-type protein (Creighton, 1974; Weissman & Kim, 1991). 
Under the  conditions of the experiments described here (25 "C, pH 
8.7), the rest of the population is a mixture representing most or all 
of the 14 other  possible one-disulfide species. In the scheme above, 
the folded form of [30-511 is  in rapid equilibrium with the un- 
folded conformation and the other one-disulfide intermediates, which 
are assumed not to possess stable structure. The stability of I, as 
measured in  the experiments described here, is  defined by the 
equilibrium between R and the entire population of one-disulfide 
species. The conformational stability of [30-511, on the other hand, 
is defined by the equilibrium between [30-51]" and [30-51lF, The 
more stable  the folded form,  the larger the  fraction of [30-511 in 
the population of one-disulfide intermediates and  the  greater  the 
stability of I. 

Using the model described by Equation 5, the relationship be- 
tween the destabilization of the population (AAG) and the  change 

in conformational stability of [30-511 (AAGK30-511)r can be de- 
rived, as outlined in the appendix. This relationship predicts that 
even large destabilizations of the folded conformation of [30-511 
will lead to only small  changes  in the overall stability of the 
population of one-disulfide intermediates: If the equilibrium con- 
stant for the folding of [30-511 lies in  the range from 10 to 100 
(Creighton, 1988; Staley, 1993), the maximum expected destabi- 
lization of I is only about 0.5 kcal/mol. That the observed desta- 
bilization of I was somewhat larger than this for the Y23L mutant 
suggests that some  other members of the population also contain 
structure that is destabilized by the substitution. 

While  the stability of the population is relatively insensitive to 
the conformational stability of [30-5  11, the relative concentration 
of this species in the population is expected to decrease substan- 
tially as the folded conformation of [30-511 is destabilized. Using 
the simplified model of Equation 5, the relationship between the 
concentration of [30-5  11, expressed as the fraction of the popula- 
tion,  and its conformational stability is derived in the appendix. 
This relationship has been used to estimate the conformational 
destabilization of [30-511 caused by the aromatic -+ Leu substi- 
tutions, using the data presented in the accompanying paper, and 
these results are included in Table 3. 

The estimated changes in the conformational stability of [30-511 
ranged from essentially zero, for  the F4L,  YlOL, and Y35L sub- 
stitutions, to more than 1.5 kcal/mol, in the case of Y23L. Because 
the latter substitution decreased the level of [30-511 to less than 
detectable levels in the population, this estimate represents a lower 
bound on the destabilization. The remaining substitutions all caused 
smaller, but measurable, decreases in the relative level of [30-511, 
corresponding to destabilizations of 0.8 to 1.5 kcal/mol. Although 
there is significant uncertainty in these calculations, they indicate 
that the stability of [30-511 is much less sensitive to amino acid 
replacements than is the native protein, even when the site of the 
substitution lies within the most ordered region of the intermediate. 

These observations indicate that the folded portions of the inter- 
mediate are energetically quite distinct from the fully folded pro- 
tein. The  greater tolerance toward the mutational perturbations most 
likely reflects a lower degree of cooperativity among the individual 
stabilizing interactions within the partially folded molecules. 

The overall stability of the population of two-disulfide inter- 
mediates, 11, was also relatively insensitive to the amino  acid re- 
placements. As described in the accompanying paper, however, the 
accumulation of the major component of 11, [30-51,14-381 was 
decreased significantly by the F4L substitution and was essentially 
eliminated by the others. Arguments similar to those applied to the 
one-disulfide intermediates lead to estimates of at least 1 to 3 
kcal/mol for the destabilization of [30-51,14-381. That all of the 
substitutions destabilized this species significantly is consistent 
with NMR studies indicating that it has a very native-like confor- 
mation (van Mierlo  et al., 1991). 

The other major two-disulfide intermediate, [5-55,14-381, is 
kinetically distinct from both the members of population I1 and 
Ng{. As described in the accompanying paper, the accumulation of 
this kinetically-trapped species was eliminated at pH 8.7 by all of 
the amino acid replacements examined here, except the F4L sub- 
stitution. For this mutant, the destabilization of [5-55,14-381 was 
estimated to be about 2 kcal/mol. This value serves as a minimum 
estimate for the destabilization of this species by the other  aro- 
matic + Leu replacements, indicating that all of the aromatic 
residues contribute significantly to the stability of this native-like 
species. 
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Characterization of  the major transition states 
in the BPTI folding pathway 

During the folding of wild-type BFTI, the slowest intramolecular 
steps are associated with the formation of NgE, from  either  the 
one-disulfide intermediates (I) via direct disulfide formation or 
from the two-disulfide intermediates (II) via intramolecular re- 
arrangement (Creighton, 1977a; Creighton & Goldenberg, 1984; 
Goldenberg, 1988; Weissman & Kim, 1992, 1995). The reverse 
processes are  also the slowest steps in unfolding under the exper- 
imental conditions typically used (0.1-10 mM DTTZE). In an ear- 
lier mutational analysis of the transition states, Mendoza  et  al. 
(1  994) found that 18 amino  acid replacements, distributed through- 
out the structure of folded structure of BPTI, each caused nearly 
parallel increases in the rates for the rearrangement and  direct 
reduction of NgE. This pattern indicated that the transition states 
for the two processes were structurally similar, and it was sug- 
gested that the results were most easily explained by a model in 
which both transition states  were extensively unfolded. The  data 
presented here, which include both folding and unfolding rate 
constants, provide additional support for this model. 

In Figure 7,  the rate constants  for direct reduction and rearrange- 
ment of NgE (&, and k-,,,, expressed as RT ln(k)) are plotted 
versus the destabilization of NgE, relative to the fully reduced and 
unfolded protein. For both processes, there  is a clear linear corre- 
lation between the logarithm of the rate constant and  the  destabi- 
lization of NgE. Further, the slopes of both correlation lines are 
close to unity (0.88 for rearrangement and 1.08 for direct reduc- 
tion). Since  the quantity RT ln(k) is related to the transition-state 
free energy change by a constant of addition, the correlations in- 
dicate that each of the amino acid replacements destabilizes Ng! 
with respect to the  two transition states by nearly the  same amount 
as NgE is destabilized with respect to the unfolded protein. 

AAG(NEi) (kcaVmol) 
Fig. 7. Linear free-energy relationships between the rates of direct reduc- 
tion (0) or intramolecular rearrangement (0) of NZZ and the thermo- 
dynamic destabilization of this species. The rate constants are expressed in 
the form RT In(k), which is related by a  constant of addition to the corre- 
sponding difference in the  free energies of NE# and the transition states. 
The least-squares line for the direct reduction rate constant has a slope of 
1 . I .  while that for the rearrangement rate constant has a slope of 0.88. The 
correlation coeficients (R2) for the two lines are 0.96 and 0.99, respectively. 

J.-X.  Zhang  and D.P Goldenberg 

It thus appears that the  increase in the unfolding rates of Ngg via 
either process can be accounted for almost entirely from the de- 
stabilization of NgE, rather than any stabilization of the transition 
states relative to the fully reduced state. Given the dispersed lo- 
cations of the substituted residues in the native structure and the 
significant effects of the substitutions on the intermediates and 
the native protein, this pattern suggests that many, if not all, of the 
stabilizing interactions present in NgE are disrupted in  the transi- 
tion states, consistent with other evidence that the transition states 
are extensively unfolded (Weissman & Kim, 1992; Mendoza et al., 

As noted previously (Mendoza  et al., 1994), the major transition 
states for the BPTI folding pathway appear to be more extensively 
unfolded than those characterized for  other protein folding reac- 
tions that do not involve disulfide formation and rearrangement 
(e.g., Serrano  et al., 1992; Itzhaki et al., 1995; Daggett et al., 
1996). This difference may reflect the additional steric constraints 
imposed by the thiol-disulfide chemistry. During unfolding, break- 
ing either of the buried disulfides remaining in NgE appears to 
require disruption of all of the native-like structure in this species. 
Conversely, during folding, forming the buried 5-55 disulfide of 
the native protein, once the 30-51 is already present, may require 
extensive unfolding of any stable conformation in order to accom- 
modate the chemical transition state, as discussed further in the 
following section. 

1994). 

Contributions of  the rearrangement and direct 
disulfide-formation pathways to the folding of BPTI 

One of the most striking features of the BPTI folding pathway is 
the role of intramolecular rearrangements in the formation of the 
three disulfides found in the native protein. The kinetically pre- 
ferred folding mechanism involves at least one intramolecular di- 
sulfide rearrangement step, in which the immediate precursor of 
the native protein (NZE) is formed from the rearrangement of other 
two-disulfide intermediates (Creighton, 1977a; Goldenberg, 1988; 
Weissman & Kim, 1992). Recent studies, however, have generated 
some controversy about the significance and origins of the re- 
arrangement process. When Weissman and Kim re-examined the 
distribution of BPTI  folding intermediates, they found that the 
levels of intermediates with non-native disulfides were signifi- 
cantly lower than had been estimated previously (Weissman & 
Kim, 1991). In particular, [30-51,14-381 was found to be much 
more highly populated than the  two non-native components of 11, 
[30-51,5-141 and [30-51,5-381. Since [30-51,14-381 and 
[5-55,14-381 are the only two-disulfide intermediates that accu- 
mulated significantly during the folding of the wild-type protein at 
neutral pH, it might appear that the rearrangements in BPTI fold- 
ing arise only because of the stability of these species, neither of 
which can readily form a third disulfide (Weissman & Kim, 1992, 
1995). 

Our previous report (Zhang & Goldenberg, 1993)  showed, how- 
ever, that the rearrangement pathway is preferred even when the 
two kinetically trapped species are substantially destabilized by the 
Y35L substitution, indicating that the preference for the rearrange- 
ment mechanism is not solely the consequence of the stabilities of 
these intermediates. The experiments described here extend these 
observations to the seven other aromatic + Leu mutant proteins. 
For each of the BPTI variants examined, the rate of forming 
NgE from the one-disulfide species was at least 100-fold slower 
than that for the formation of other  two disulfide species. The vast 
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majority of molecules thus form two-disulfide intermediates other 
than NgE and then must undergo intramolecular rearrangements to 
form this species, which is the only two-disulfide intermediate that 
readily forms a third disulfide. 

The preference for  the rearrangement pathway reflects not so 
much a strong tendency to form the non-native two-disulfide in- 
termediates, which are formed at rates comparable to those ob- 
served for other disulfide-formation steps involving non-folded 
polypeptide segments, but rather the unusually low rate of directly 
forming NgE (Creighton, 1977a; Goldenberg, 1988; Darby et al., 
1995). One factor that seems likely to contribute to the low rate of 
this reaction is the structure present in the major one-disulfide 
intermediate, [30-511 (van Mierlo  et  al.,  1993; Staley & Kim, 
1994). Although this structure appears to be very similar to that 
present in the native protein and is presumably compatible with the 
structure of the 5-55 disulfide, the transition-state for forming this 
disulfide may require significant perturbation of the structure of 
[30-511. The transition-state for disulfide formation, and reduc- 
tion, requires the placement of three sulfur  atoms in the vicinity of 
the space occupied by two  sulfur atoms in the di-thiol and disulfide 
ground states. In addition, the bond angles found in the transition- 
state are significantly different from those of the disulfide (Singh 
& Whitesides, 1993). Just as the structures of enzymes discrimi- 
nate between the geometries of ground and transition states, pref- 
erentially stabilizing the latter, the structure present in [30-511 
may tend to preferentially stabilize the ground state, leading to 
slow formation of the 5-55 disulfide. 

The suggestion that the partially folded structure of [30-511 
may inhibit direct formation of N2Z is supported by our observa- 
tion that the aromatic 4 Leu substitutions generally increased the 
rate of the  step I + NgE. In contrast, all of the other disulfide- 
formation steps were either retarded or unaffected by the destabi- 
lizing substitutions. The increase in rate observed for the direct 
formation of NgZ was, however, relatively small, even for the 
mutant proteins for which [30-511 was substantially destabilized. 
The small size of this effect might be explained by a lack of 
cooperativity in the unfolding of  [30-511, leading to residual struc- 
ture in even the most destabilized mutants. Also, the observed rate 
constant for the direct formation of NgE depends not only on the 
rate of the microscopic step, [30-511 + NgE, but also on the 
relative concentration of  [30-511 in population I. The mutations 
that destabilize [30-511 also  decrease the concentration of this 
species, thus tending to compensate  for any increase in the micro- 
scopic rate constant. 

Summary 

The results presented in this and  the accompanying paper provide 
an unusually detailed description of the energetic effects of amino 
acid replacements on a protein folding pathway, particularly when 
interpreted in light of the recent NMR studies of the disulfide- 
bonded folding intermediates. The eight aromatic + Leu substi- 
tutions examined destabilize to varying extents the native-like and 
partially-folded intermediates and generally lead to a broadening 
of the distribution of folding intermediates, as illustrated by the 
conformational funnels shown in the  accompanying paper. The 
magnitude of the destabilization of a particular intermediate de- 
pends upon both the site of the substitution and the extent of folded 
structure in the intermediate, with the more native-like intermedi- 
ates displaying the greatest sensitivity. 

Although the substitutions cause substantial changes in the sta- 
bilities and distributions of the intermediates, some features of the 
pathway are relatively insensitive to the perturbations. For all of 
the variants, the predominant pathway involves intramolecular re- 
arrangements of two-disulfide intermediates, even when the native- 
like intermediates are severely destabilized. Also, the eight variants, 
along with the wild-type protein, display a striking linear free- 
energy relationship between the stability of NgE and the rates of 
this species' direct reduction or intramolecular rearrangement. These 
patterns suggest that the preference for the rearrangement mecha- 
nism in  the folding of the wild-type protein arises from conforma- 
tional constraints imposed relatively early in the folding pathway 
and that the rearrangements involve extensive disruption of struc- 
ture present in the early intermediates. 

While some features of the  BPTI folding pathway may reflect 
the special steric constraints imposed by the requirement to form 
disulfide bonds that are buried in the final folded structure, others 
may be more general. In particular, the increase in the energetic 
effects of the amino acid replacements as more of the polypeptide 
becomes ordered suggests that the cooperativity among individual 
interactions increases as the protein folds, a phenomenon that may 
be important in defining the folding mechanisms of many proteins. 

Materials  and  methods 

Preparation of protein variants 

The mutant proteins used in these experiments were produced in 
recombinant Escherichia coli and purified as described in the ac- 
companying paper. 

Preparation of selectively reduced ana' alkylated proteins 

For each of the BPTI variants that unfolded relatively slowly (F4L, 
YlOL, F22L, Y21L, F22L, F33L, and Y35L), the 14-38 disulfide 
of the native protein was selectively reduced by incubating 250 
p M  protein with 4 mM DTTgz for 1 min at 25 "C in the presence 
of 0.1 M Tris-HC1 pH 8.7, 0.2 M KCI, and 1 mM EDTA. For the 
Y23L and F45L variants, which unfolded much more rapidly, 
30 pM native protein was incubated with 20 mM DTTgi for 30 s 
in the presence of 0.1 M Tris-HC1 pH 7.3, 0.2 M KCI, and 1 mM 
EDTA. The resulting thiols were blocked by adding Na-iodoacetate 
to a final concentration of 0.2 M and incubating for an additional 
2 min. The modified proteins were then purified by reversed phase 
HPLC, and the identities of the modified Cys thiols were con- 
firmed by peptide mapping, as described in the accompanying 
paper. 

Measurement of refolding  and  unfolding kinetics 

The  conditions  and procedures used to study the kinetics of  un- 
folding and refolding of the BFTI variants were essentially iden- 
tical to those described previously (Creighton & Goldenberg, 1984). 
Folding or unfolding reactions contained 0.1 M Tris-HC1 pH 8.7, 
0.2 M KCI, 1 mM EDTA, 30 pM protein and various concentra- 
tions of reduced and oxidized dithiothreitol. Oxidized dithiothre- 
itol was purified as described by Creighton (1977b) to remove less 
stable disulfides that can increase the apparent rates of disulfide 
formation. Samples  from refolding reactions were quenched by 
mixing 50 p L  of the reaction mixture with 12.5 p L  of a quenching 
solution containing 0.5 M Na-iodoacetate and 0.25 M Tris-HC1 
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pH 6.8. After  a 2 min  incubation at room  temperature,  half of the 
sample was put on ice, and half was mixed with 25 mg solid urea 
and allowed to react for an additional 20 min at room  temperature. 
Samples from unfolding reactions  were  treated in the  same way, 
except that the urea  treatment was omitted. The trapped intermedi- 
ates  were  separated  by  non-denaturing gel electrophoresis  using  a 
low-pH discontinuous  buffer system (Reisfeld et al., 1962; Gold- 
enberg, 1989). The  relative  concentrations of the native, reduced 
and  partially disulfide-bonded forms  were  determined  by video 
densitometry of the Coomassie-blue stained gels. Rate  constants 
for the  individual steps in folding and unfolding were  estimated  by 
comparing  the  observed  time-dependent changes in  the  concentra- 
tions of the  various species with those predicted  by  numerical 
integration of the rate expressions making  up  the folding model. 

AppendLv 
Experiments of the type described in this paper provide a means of mea- 
suring the free energy differences among the kinetically-distinct popula- 
tions making up a disulfide-coupled folding pathway. These populations 
are frequently made up of multiple species with different disulfide bonds, 
and  even those molecules with the same disulfides may exist in multiple 
conformational states. The apparent stability of a population depends upon 
the free energies of the individual components and on the linked equilibria 
among these species (Creighton, 1988). These relationships are outlined 
here for the case of the one-disulfide intermediates in the BF'TI folding 
pathway, providing equations that can be used to estimate the effects of 
amino acid replacements on the conformational stability of the major 
intermediate. 

During the refolding of wild-type BPTI under the conditions used for the 
kinetic measurements (pH 8.7, 25 "C), [30-511  is the most abundant one- 
disulfide intermediate, representing approximately 60% of the population 
(Creighton, 1974; Weissman & Kim, 1991). No other single one-disulfide 
intermediate represents more than about 10% of this population. NMR 
studies of analogs of  [30-511 have demonstrated that this intermediate has 
a partially folded conformation in which approximately 50% of the poly- 
peptide chain has a conformation very similar to that of the native protein 
(van Mierlo  et al., 1993; Staley & Kim, 1994). If this structure is assumed 
to undergo a two-state transition, an admittedly first-order approximation, 
the conformational stability of the intermediate can be expressed as 

where [30-5 11 u and [30-5 I] F refer to the unfolded and folded forms of the 
intermediate, and KT' is the equilibrium constant for folding [30-511: 

The equilibria linking these two  forms with the other one-disulfide inter- 
mediates, collectively designated "Others," and the fully reduced protein 
are shown schematically in Equation 5 of the text. 

The destabilization of the folded conformation of the intermediate caused 
by a mutation is given by 

where K F '  is the equilibrium constant for  the folding of  [30-511 for the 
mutant protein. This destabilization can  be detected as both a decrease in 
the fraction of  [30-511 in population I and a decrease in the overall stability 
of the population. 

The fraction of  [30-511 in the population of one-disulfide intermediates 
for the wild-type protein is given by 

If the equilibrium constant between the unfolded form of 130-5 I ]  and the 
other one-disulfide intermediates is defined as 

then the fraction of  [30-511 can be written as 

An analogous expression can be written for  the fraction of  [30-511 for the 
mutant protein, f,y$LSlJ. While Kfm"' is expected to be different from Kf"', 
&'her can be assumed,  to  a first approximation, to be unaffected by the 
amino acid replacement, since this term represents an equilibrium among 
predominantly unfolded forms. 

By rearranging Equation A.3 and substituting in Equation A.6, the frac- 
tion of [30-5 I ]  in the one-disulfide intermediates can be expressed in terms 
of the destabilization of  [30-51]F and the parameters for the wild-type 
protein: 

In this expression, &the. does not appear because it  is not independent of 
the other two terms in Equation A.6, KT' and f,y&sl I. 

In order to apply Equation A.7, estimates I and KT' are required. 
While the fraction of [30-51] has been well-established to be about 0.6, 
there is more uncertainty with respect to the conformational equilibrium 
constant, KT'. Using linkage arguments similar to those presented here, 
Creighton (1988) has estimated that KT' lies in the range of 20-100. A 
similar range is predicted from amide hydrogen exchange rates measured 
in an analog of  [30-511 (Staley, 1993). 

In Figure A. 1, Equation A.7 is used to calculate the fraction of [30-5 1 ] 
expected when the folded conformation of this species is destabilized by 
various amounts, assuming thatfi'&sll = 0.6 and K;"' = IO ,  20, or 100. As 
shown by the curves, destabilizing [30-51]~ by 1 to 2 kcal/mol is expected 
to reduce the total steady-state concentration of  [30-5 I] from 60% to about 
10%. but further destabilization causes relatively small changes in the level 
of this species, since nearly all of the intermediate is already in the un- 
folded state. The curves in Figure A.  1 were used to estimate the decrease 
in conformational stability of [30-SI] caused by the aromatic "f Leu 
substitutions, as listed in Table 3. Since [30-511 was detectable at  a level 
of 15% or greater for all of the substitutions, with the exception of Y23L, 
the value of AAG,30.s1~ is estimated for these mutants to be less than 2 
kcal/mol. 

The same linkage relationships can also be  used to estimate the change 
in the overall stability of the population of one disulfide intermediates 
associated with a substitution that destabilizes [30-51]~, The equilibrium 
constant for forming the population of one-disulfide intermediates from the 
fully reduced protein is given by 

K, = 
[[30-51],] + [[30-51],] + [others] 

[Rl 

which for the wild-type protein can be written as 

The observed destabilization of the population, relative the fully reduced 
protein, is 
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Fig. A.l. Predicted relationship between the destabilization of the folded 
conformation of [30-51], AAG~30-511, and the fraction of this intermediate 
present at steady state in the population of one-disulfide intermediates. The 
curves were calculated using Equation A.7, assuming that the fraction of 
[30-S1] for the wild-type protein,ji'&511, is 0.6  and that the equilibrium 
constant  for the folding of the wild-type intermediate, KT', is IO, 20, or 
1 0 0 ,  as indicated. 

By substituting Equations A S  and A.6 into Equation A. IO, the destabili- 
zation of population I can be expressed in terms of the destabilization of 
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Equation A.13 was used to generate the curves shown in Figure A.2, in 
which the expected destabilization of population I is plotted as a function 
of the destabilization of [30-51]~, assuming thatJ&,l = 0.6 and KT' = 
10, 20, or 100. As shown in the figure, the maximum expected destabili- 
zation of the population is only about 0.5 kcal/mol, even when a relatively 
high value of KT' is assumed. The observed destabilization for the Y23L 
mutant was somewhat greater than this (1  kcal/mol), which may indicate 
that some of the intermediates other than [30-511 have folded conforma- 
tions that are destabilized by the substitution. 

Curves such as those shown in Figure A.2 could, in principle, be used to 
estimate the destabilization of the folded conformation of  [30-511. How- 
ever, the measurements of AAGl are relatively imprecise, and it was felt 
that AAG[3o-sl] could be more reliably estimated from the effects of the 
mutation on the distribution of one-disulfide intermediates. 

The model used to derive Equations A.9 and A.13 is based upon sim- 
plifying assumptions that introduce substantial uncertainty into any quan- 
titative application of these relationships. In particular, the unfolding of 
[30-5 I] may be less cooperative than implied by Equation A.l, and species 
other than [30-51]~ may have structure that is destabilized by amino acid 
replacements. Nonetheless, this analysis highlights the relatively weak na- 
ture of the thermodynamic linkage between the overall stability of a pop- 
ulation of folding  intermediates  and the conformational  stabilities of 
individual members of the population, a phenomenon that may influence 
the interpretation of many folding experiments. 

In any experimental study of protein folding, intermediates are defined 
by their observable properties, and a folding intermediate should probably 
be thought of as a population of molecules that have in common some 
experimentally defined feature and are kinetically indistinguishable on the 
time scale of the experiments. In the case of the BPTI pathway, "I" rep- 
resents a population of species that all have a single disulfide, while [30- 
5 11 represents a sub-population of molecules with a specific disulfide. In 
the case of a folding reaction that does not involve disulfide formation, an 
intermediate population might be defined, for instance, by the fluorescence 
of a Trp side chain or the protection of particular amide hydrogens from 
exchange with solvent. If the conformational stability of some of the mol- 
ecules within a population is perturbed, as by  an amino acid replacement 
or a change in solution conditions, the distribution of molecules within the 

(A,  1) population is likely to be altered. This change, in turn, is likely to be linked 
to a change in the overall stability of the population with respect to other 
experimentally defined states, such as the fully unfolded or native states. 
However, the overall stability of the population is likely to be less sensitive 
to the perturbation than is the stability of  an individual component of the 
population, as shown in Figure A.2. For this reason, the effects of amino 
acid replacements on folding intermediates may tend to be masked as the 
members of a population are redistributed. 
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