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Abstract
In the folding of bovine pancreatic trypsin inhibitor (BPTI), single-disulfide
the
intermediate [30-511 plays a key
role. We have investigated a recombinant analog of [30-511 using 2-dimensional nuclear magnetic resonance
(2D-NMR). This recombinant analog, named [30-51lAla, contains
a disulfide bond between Cys-30 and Cys-51,
but contains alanine in place of the other cysteines in BPTI to prevent the formation of other intermediates. By
2D-NMR, [30-51],,,, consists of 2 regions-one folded and one predominantly unfolded. The folded region resembles a previously characterized peptide modelof [30-511, named PaPo, that containsa native-like subdomain
with tertiary packing. The unfolded region includes the first
14 N-terminal residues of [30-511 and is as unfolded
as an isolated peptide containing these residues. Using protein dissection, we demonstrate that the folded and unfolded regions of [30-51]Alaare structurally independent. The partially folded structure of [30-51]Ala explains
many of the properties of authentic
[30-511 in the folding pathway of BPTI. Moreover, direct structural characterization of [30-5 ]IAla has revealed that a crucial step in the folding pathway of BPTI coincides with the formation of a native-like subdomain, supporting models for protein folding that emphasize the formation
of
cooperatively folded subdomains.
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The transient natureof most protein folding intermediatesprecludes a detailed structural study of these intermediates (for
review, see Matthews, 1993). Conveniently, however, intermediates in the folding pathway of bovine pancreatic trypsin inhibitor are distinguished covalently by the disulfide bonds that
they contain (Creighton, 1977; Creighton & Goldenberg, 1984;
Weissman & Kim, 1991, 1992a). The covalent nature of these
intermediates (Fig. 1) allows them to be trapped readily and
characterized in structural detail.
The single-disulfide intermediate [30-511, which contains a native disulfide bond between Cys-30 and Cys-5 1, is a prime tar-

get for detailed structural studies because of its importance early
in the folding pathway of BPTI. This intermediate (Creighton,
1974) isthe first well-populated intermediate on thepathway that
leads productivelyto native protein (Fig. IB). In addition, though
there are 15 possible single-disulfide intermediates for BPTI,
only [30-511 and 1 other single-disulfide intermediate, namely
[5-551, accumulate substantially during folding at neutral pH
(Fig. 1B; Weissman & Kim, 1991). Furthermore, [30-511 forms
a second native disulfide bond at a much faster rate than the
rate at which reduced, unfolded BPTI forms the same disulfide
(Fig. 1B; Weissman &Kim, 1992b). Thus, [30-511 plays a crucial
role in folding by restricting the available conformational
-~
by facilitating subsequent
space of the folding polypeptide and
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Fig. 1. A: Schematic representation of the structure for BPTI (Deisenhofer & Steigemann, 1975; Wlodawer et al., 1984; Berndt
et al., 1992). The terminal residues and the cysteine residues involved in disulfide bonds are labeled. The a-helix includes residues 47-56, and the 2-stranded, antiparallel 0-sheet includes residues 16-36. The disulfide bond 14-38 is accessible to solvent,
exposing 50% of its total surface area, whereas the disulfide bonds 30-51 and 5-55 are inaccessible, exposing 0% of their total
surface area (Lee & Richards, 1971). B: Schematic diagram of the folding pathway of BPTI at 25 “C, pH 7.3 (Weissman& Kim,
1991, 1992a). The upper branch of this bifurcated pathway leads productively to native protein. R refers to reduced BPTI; N ,
to native BPTI; NSE, to the precursor of native BPTI; N*, to a native-like, kinetically trapped intermediate; N’, to the major
intermediate preceding the rate-limiting step in folding. The dashed arrows indicate that the major single-disulfide intermediates do not form directly from reduced protein but rather from rearrangement of other single-disulfide intermediates. Qualitative descriptions for the relative rates of intramolecular transitions at pH 7.3 are indicated; “very fast” rates are on the order
of milliseconds, whereas “very slow” rates are on the order of weeks (Weissman & Kim, 1992b). NS;, N*, N’, and [5-551 fold
into essentially the same conformation as native BPTI (Stassinopoulou et al., 1984; States et al., 1984; Eigenbrot et al., 1990;
Naderi et al., 1991; van Mierlo et al., 1991a, 1991b; Staley & Kim, 1992).

PaPP, includes the a-helical and P-sheet regions of native BPTI
(Fig. 1A) and corresponds to roughly half of the residues in
BPTI. PaPP folds into astable native-like structure that includes
the a-helix and theP-sheet, as well as native-like tertiary packing between these structural elements (Oas & Kim, 1988). A second peptide model, named PaPP-2, includes several more
residues of the P-sheet and folds into a more stable structure
(B. Odaert, J.M. Tasoff, D.Y. Kwon, &T.G. Oas, 1994, Structure and stability of an excised BPTI subdomain, in prep.). Detailed 2D-NMR studies of PaPP-2 confirm that thea-helical and
the P-sheet regions fold and pack in an essentially native-like
manner (Odaert et al., in prep.).
To investigate the structure of full-length [30-511, we have
produced a recombinant analog of [30-511, named [30-51],,,,
that contains alanine in place of cysteines not involved in the
30-5 1 disulfide bond and the substitution Met-52 -+ Leu for purposes of expression. A different recombinant analog, named
[30-51]se,, has been studied previously (van Mierlo et al., 1992,
1993). Unlike [30-51]A,,, [30-51]s,, contains serine in place of
cysteines not involved in the 30-51 disulfide bond and thesubstitution Met-52 + Arg. These 2 sets of mutations have dramatically different effects in the recombinant analogs [5-55],,,
(Staley & Kim, 1992) and [5-55Iser (Darby et al., 1991; van
Mierlo et al., 1991a). Most strikingly, [5-55Is,, is roughly 35 “C
less stable than [5-55],1,. Moreover, [5-55Ise, is completely unfolded at 25 “C, a temperatureat which [5-551 is observed to accumulate during folding at neutral pH (Weissman & Kim, 1991).
Though the folded conformations of [5-55],,, and [5-55Iser are
similar, the destabilizing effects of the mutations in [5-55],,,
suggest that [5-55],1, is a better model for [5-551 at neutral pH

and that [30-51]Ala may be the most accurate analog for authentic [30-511 at neutral pH.
Two-dimensional NMR studies (van Mierlo et al., 1993) indicate that [30-51],,, folds into a structure qualitatively similar
to that observed in PaPP. In addition, the 15 N-terminal residues of [30-51]se, appear to be essentially unfolded. It remains
to be determined, however, whether or not the serine substitutions are responsible for theunfolded nature of these N-terminal
residues in [30-51],,,. Furthermore, although broad lines were
observed in NMR spectra of [30-51]s,r (van Mierlo et al., 1992,
1993), no attempt was reported to evaluate or control for protein aggregation.
Using 2D-NMR, we show that the native-like structure observed in PaPP persists in [30-51]Ala, as in [30-51]s,r, and we
confirm that thefirst 14 N-terminal residues are essentially unfolded. Though [30-51],,, does aggregate under certain conditions, sedimentation equilibrium experiments demonstrate that
[30-51]A1, does not aggregate under the conditions used for our
NMR studies. Most importantly, we demonstrate that the folded
and unfolded regions of [30-51]A,, are structurally independent, indicating that the folding of BPTI begins within restricted
regions of the polypeptide.
Results

The CD signal of [30-51]A1aat 222 nm exhibits a sigmoidal
dependence on temperature that is reversible, indicating that
[30-51]Ala folds (Fig. 2A). The melting temperature of [30-51]A1,
is -35 “C, similar to the melting temperature of PaPp-2 (Fig. 2B),
which contains roughly two-thirds of the residues in [30-5 1]A)a
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(Odaert et al., in prep.). This similarity in stability suggests that
the additional residues in [30-51],,, do not fold. These additional residues consist ofthe first 17 N-terminal residues in BPTI
and the loopresidues 36-41. The stability of [30-5 ]IAla is also
comparable to the stability of [30-51]s,, (van Mierlo et al., 1992),
suggesting that [30-51]A1,is no more folded than [30-51],,,.
Two distinct sets of peaksare observed in 2D-NMRspectra of
[30-51]Al, (Fig. 3), suggestingthat [30-51]A,, consists of 2 structurally distinct regions. One set of peaks is broad (for example,
Phe-22, Tyr-35, and Cys-51), roughly twice as broad as the corresponding peaks in native BPTI spectra obtained under identical conditions. Many of these broad peaks also have dispersed
chemical shifts, indicating that they arise from a folded region
of [30-51]AI,. Strong similarity between spectra of [30-51]A1,
and spectra of Pap@-2(Odaert et al., in prep.), [30-51],,, (van
Mierlo et al., 1993), and BPTI (Wagner & Wuthrich, 1982b;
Tuchsen & Woodward, 1987; Wagner etal., 1987) facilitated the
assignment of these peaks (Fig. 3; Table 1). The peaks in this
first set were assigned primarily to residues that are contained
in PaPP-2 and that include those residues havingamide protons
protected from exchange in [30-51]Ala (Staley, 1993).
A second set of peaks is sharp and lacks chemical-shift dispersion (Fig. 3; for example, Asp-3, Glu-7, and Thr-1 I), sug-
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Fig. 3. [30-51]Al, contains 2 structurally distinct regions. An HSQC
spectrum of "N-labeled [30-51]A1, in 90% H20/10% D20, pH 4.6, at
2 "C is shown. Crosspeaks are labeled with their residue assignments.
(Crosspeaks from residues 33 and 45 cannot be seenat the contourlevel
plotted.) Notice that crosspeaks from the first 14 N-terminal residues
are sharp and lack chemical-shift dispersion, with the exception of
Gly-12, whereas crosspeaks from other residues in the molecule tend to
be dispersed and more broad.
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Fig. 2. [30-51]Al, folds into a stable structure, but no more stable than
the peptide model PcrPp-2 (Odaert et al., in prep.). The temperature dependence of [0]222 is shown for (A) [30-51]A1, and (B)PcrPp-2. Data
were collected under identical conditions: 10 mM sodium phosphate,
pH 6.0, 150 rnM NaCI, 1 mM EDTA. The melting temperature for
[30-51]Al, is -35 "C and for PaPP-2, -40 "C, as estimated by the maximum of the first derivative of the temperature dependence of [0]222.

gesting that they arise from an unfolded region of [30-51],,,.
Some of these peaks are strong in intensity, whereas others are
weak. The strong peaks were readily assigned to the first 14
N-terminal residues of [30-51]A1, (Fig. 3; Table 1). The weak
peaks were not assigned, though they most likely arise from the
same N-terminal residues (see below).
If [30-51]A1, truly is only partially folded, then the folded
and unfolded regions of [30-51]Alashould be structurally independent. To test for such structural independence, we dissected
[3O-51]Ala into 2 peptides. The first peptide, named P\!7;"],
consists of residues 1-15 of [30-51]A1, and the second peptide,
named P\:(i;ssll, consists of residues 12-58. The set of peaks in
are similar to subsets of
HSQC spectra of P\;0j;58l1and P\!7;"]
peaks in the HSQC spectrum of [30-51]Ala (cf. Fig. 4A with 4B
and Fig. 4C with 4D, respectively).
A quantitative comparison of the backbone amidechemical
shifts of [30-51]A1, withP130-511
12-58
and P\!7j5" is shown in Figrather than
ure 5A. (Due to end effects, the peptide P\!?;"],
p[30-51]
, represents most accurately the 14 N-terminal residues
in [30-51],1,.) Though residues near the artificial terminus of
P{:!;F1
have significantly different backbone amide proton
chemical shifts from the corresponding residues in [30-5 I], residues 19-58 are strikingly similar(Fig. 5A),differing by 0.01 pprn
on average, and by no more than 0.03 ppm (Fig. 5B). This strik-
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Table 1. ' H a n d I5N chemical shifts (pprn)
of [30-51]A,a at 2 "C,p H 4.6,
Residue

C"N

NH

C* H

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

NA
NA
122.74
122.21
126.93
123.03
124.98
NA
NA
123.83
120.31
111.21
NA
126.98
122.60
126.53
122.99
127.11
129.26
128.62
117.37
121.30
125.02
129.60
128.83
119.60
120.24
109.72
116.85
121.20
125.06
112.14
120.00
122.67
130.61
116.62
109.1 1
125.33
121.14
126.24
121.93
121.53
121.49
119.39
119.77
122.07
111.57
127.20
118.97
121.36
120.72
123.94
119.90
114.22
126.36
107.48
110.28
130.39

NA
8.65
8.27
8.34
8.27
8.44

NA
4.46b
4.52
4.61
4.29'
4.34
4.64
NA
4.42b
4.66
4.36
3.98
4.44b
4.29
4.28
4.30
4.36
4.19
4.49
4.77
5.66
5.40
4.53
4.59
3.77d
4.09'
4.28
3.9213.75
4.77
5.50
4.89
4.93
4.85'
4.06
4.42'
3.85
NA
4.28
4.23
4.27
4.27
4.30
4.68
5.28'
NA
4.43
4.59
3.08
3.84
4.24
NA
3.78
4.01
4.14
3.83
3.83
3.92/4.00
4.18

-

8.64
8.34
6.73
8.71
8.51
8.35
8.45
8.66
8.59
8.39
9.01
9.76
9.80
8.18
8.53d
8.03
7 .OO
8.20
6.89
9.17
9.09
8.32
8.80
8.52d
8.75
8.33
7.26
8.39
8.44
8.25
8.29
8.12
8.63
7.84
9.40
9.90
7.52
8.33
8.68
7.86
7.07
8.51
7.76
7.45
7.94
7.83
8.04
8.01

a Resonances not assigned are indicated by NA. A dash indicates that
a resonance does not exist.
Measured at 10 "C.
Chemical shift is given for the corresponding resonance in P\?&i'l.
Measured at 0 "C.

ing similarity in chemical shift demonstrates clearly that the
structure contained in residues 19-58 of [30-51]Ala does not depend on the N-terminal residues of [30-5 1]A1a.
A comparison of the chemical shifts of the backbone amide
protons in [30-51]A1, with theircorrespondingprotons in
PaPo-2 (Odaert et al., in prep.) indicates that these chemical
shifts are also similar (Fig. 5C). In PaPo-2, the a-helical and
6-sheet regions of BPTI foldinto a native-like subdomain with
tertiary packing (Odaert et al., in prep.). The similarity in chemical shifts demonstrates that the region of [30-51]A1, corresponding to PaPo-2 also folds into a native-like subdomain.
Thus, the native-like subdomain contained in PaPP-2 represents
a truly autonomous folding unit within the context of full-length
[3°-5]Ala.
Similarly, the amide proton chemical shifts of the first 14 residues of [30-51]A1, are very similar to those in P\?!;I1 (Fig. 5A),
as has been observed for [30-5 ]ISer
and a similar peptide (Kemmink et al., 1993). The chemical shifts differ on average by
0.01 ppm and by no more than 0.03 ppm (Fig. 5B). In contrast,
these chemical shifts of [30-51],,, differ, at 10 "C, from those
of the native-like molecule [5-55]Al, (Staley & Kim, 1992) on
average by 0.25 ppm, and by as much as 0.8 ppm (Staley, 1993).
The striking similarity between [30-51]A1, and P\!y>511 indicates
clearly that the conformationof the first 14 N-terminal residues
of [30-51],,, does not depend on the rest of the molecule.
By 2D-NMR, there is little evidence for long-range structure
in p[30-511 (data not shown). We do, however, observe a strong

NOE from the amide proton of Gly-12, which is shifted upfield
by - 1 ppm from the expected random coil shift (Bundi & Wuthrich, 1979) to aromatic protons of Tyr-IO, as has been observed
in a similar peptide (Kemmink et al., 1993), suggesting that the
amide dipole of Gly-12 is interacting with the ring dipole of
Tyr-10. These observations and others (Amir et al., 1992; Kemmink & Creighton, 1993; Lumb & Kim, 1994) have contributed
to a picture of the denatured state of BPTI that includes local
clusters of structure. Still, we conclude that P\!7>511 is predominantly unfolded and that the14 N-terminal residues in[30-51]A1a
are also predominantly unfolded.
Many of the weak sharp peaks observed in spectra of [30(Staley,
51]AI, (Fig. 3) are also observed in spectra of P[l!?;"]
1993), indicating that these peaks arise predominantly from conformational heterogeneity of the N-terminal residues in [3051]A],. The most likely source of the weak peaks is &/trans
isomerization about the4 X-Pro imide bonds contained in the
first 13 N-terminal residues. Observation of strong C"H(;, to
C6H(;+l, NOES for X-Pro imide bonds in P1[!7;511 indicate
(Wuthrich, 1986) that all of these bonds are predominantly trans
(Staley, 1993), as has been observed in a similar peptide (Kemmink et al., 1993).
At 2 "C, pH 4.6, the dispersed peaks in [30-5 ]]Alaare broader
than the corresponding peaks in BPTI. Broad peaks might reflect aggregation or exchange between different conformations
that is intermediate on the NMR time scale. Under certain conditions, our recombinant analog [30-51],,, does not thermally
denature reversibly, as monitored by CD (data not shown),
suggesting that the broadening of peaks in [30-51]A1, may result from aggregation. Furthermore, in 20 mM acetate, pH 4.6,
100 mM NaCl at 2 "C, [3@"1]A1, exhibits a molecular weight
50% higher than expected, as determined by sedimentation equilibrium (data not shown). In the absence of NaCI, however,
[30-51]Ala is monomeric by sedimentation equilibrium over a
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Fig. 4. [30-51]~, can be dissected into 2 independent polypeptides without a significant effect on chemical shifts. HSQC spectra of i5N-labeledpolypeptides are shown. A comparison of (A) a spectrum of [30-51],,, and (B) a spectrum of P\\0jii1shows
extensive similarities, demonstrating that the conformation of P\%!<$llis largely conserved in [30-51]Al,. A comparison of (C)
a spectrum of [30-51],1,, plotted at a high contour level to display selectively sharp peaks, and (D) a spectrum of P\!y;51' also
shows extensive similarities, demonstrating that the conformation of P\?~;''] is also largely conserved in [30-51)Al,. To facilitate this comparison, peaks arising from analogous residues are labeled with an asterisk, except for Lys-15-the C-terminal residue of P\??;511.Peaks not labeled with an asterisk in C arise from residues 15, 16, 17, 38, 39,40, and 58. Spectra were collected
in 90% H20/10% D20, pH 4.6, at 2 "C, in the absence of buffer or salt.

concentration range of 25-400 pM, in 20 mM acetate, pH 4.6,
at 2 "C (Fig. 6A, B). A proton 1-dimensional NMR spectrum
collected under these conditions at a protein concentration of
200 pM (Fig. 6C, top) is essentially indistinguishable from a

spectrum collected at a protein concentration of 4 mM under the
conditions used for 2D-NMR experiments (Fig. 6C, bottom).
Thus, we conclude that the broadening of peaks in [30-51IAl,
does not result from aggregation. The broadening may, however,
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Fig. 5. The structured region of [3&51]Al, folds into anative-like conformation and the remaining region is as unfolded as an
isolated peptide. A: The amide proton chemical shifts of residues 19-58 in [30-51]Ala and the corresponding residues in P\\!&']
are strikingly similar, as are the amide chemical shifts of the first 14 N-terminal residues in [30-51]Ala and the corresponding
residues in P\3P;75'].All 3 sets of chemical shifts are plotted and overlaid. B: Chemical shift differences between [30-51]Al, and
P\!?;]'
(open circles) and between [3&51]Ala and P\?Y?'] (solid circles). C: The native-like subdomain of PaPo-2, corresponding to residues 18-35 and 42-58, folds into a similar conformation in [30-51]Ala. The amide chemical shifts of each are plotted
for comparison. D: The amide chemical shifts of [30-51]Ala and [30-51Ise, are similar and are plotted together for comparison.
The chemical shifts for [30-51INa, P\\?2i1, and P\!!?']
were measured in the absence of buffer or salt at 2 "C, pH 4.6; the chemical shifts for [30-51]~,,, in the absence of buffer or salt at -2 "C, pH 4.6 (van Mierlo et al., 1993); the chemical shifts for
PaPo-2, in 20 mM sodium phosphate, 200 mM sodium sulfate at -2 "C, pH 5.8 (Odaert et al., in prep.).

result from intermediateexchange because the extent of broadening increases with increasing temperature (data not shown).
Though 6 of the 59 residues in [30-51Ise, (van Mierlo et al.,
1992) are different in [30-51],,,, the backbone amide chemical
shifts in these 2 molecules are similar (Fig. 5D). The chemical
shifts differ by 0.05 ppm on average and by as much as 0.32
ppm
for R53, though this difference probably results from the different amino acids at position 52. These observations indicate
that the specific mutations made in [30-51],,, and [30-51]se,
are not responsible for their partially folded nature. Rather, their
partially folded nature is an inherent characteristic of the BPTI
polypeptide having only the 30-51 disulfide bond.
Discussion
Explanation f o r the properties of f3O-SlJ
in the folding pathwayof BPTI
Our results indicate that [30-51],1, adopts a partially folded
structure in which the a-helical and 0-sheet regions of BPTI
form a native-like subdomain while the N-terminal residues remain essentially unfolded (Fig. 7). This conclusion is consistent

with results observed for thepeptide model PaPo (Oas & Kim,
1988) and the recombinant analog [30-51]s,, (van Mierlo et al.,
1993). This structural view provides an explanation for many
of the thermodynamic and kinetic properties of [30-511 in the
folding pathway of BPTI as discussed below.
1. Of the 15 single-disulfide intermediates, only the intermediates [30-511 and [5-55] accumulate to a significant extent at neutral pH (Fig. 1B; Weissman & Kim, 1991). The
accumulation of [30-511 is explained, as in the case of [5551 (Staley & Kim, 1990, 1992), by the formation of stable, native-like structure.
2. At neutral pH, [30-511 forms the 14-38 disulfide bond almost as fast as the native intermediate NZG forms the
same disulfide bond (Fig. 1B; Weissman & Kim, 1992b).
The presence of the &sheet of BPTI in the native-like subdomain of [30-511 explains the rapid rate atwhich this intermediate forms the 14-38 disulfide bond (Fig. 7A).
3. The intermediate [30-511 does not readily form the 5-55
disulfide bond (Fig. 1B; Creighton, 1977;Weissman &
Kim, 1991). The 5-55 disulfide bond is completely buried
in native BPTI (Fig. 1A). Formation of a native-like subdomain in [30-511 probably results in the partial burial of
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Fig. 6. Under the conditions used for NMR studies,
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45,000 rpm, is plotted as a function of the radius of sedimentation. The parameters for the curve, which
yielded the molecular weight, were derived from a simultaneous fit of 15 such data sets (Johnson et al.,
1981). B: The nearly random residuals (observed minus fit) for the displayed data set are representative of
the quality of the curve's fit to the other 14 data sets.
C: Proton 1-dimensional NMR spectra of [30-51]Aja
collected under the conditions of the sedimentation
equilibrium experiment at a concentration of 200 pM
(top) and under the standard conditions used to collect
2D-NMR data at a concentration of 4 mM (bottom) are
9.0 ppm, the
essentially indistinguishable. Downfield of
spectra are scaled up 10-fold to facilitate the comparison of the downfield amide peaks.
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Cys-55, inhibiting the rate of disulfide bond formation
with Cys-5 (cf. Goto & Hamaguchi, 1981).
4. Although [30-511 and [5-551 accumulate in roughly a 1:l
ratio at neutral pH, the relative amount of [5-551 is decreased substantially at pH8.7 (Weissman & Kim, 1991).
At pH 8.7 (i.e., near the pK, for cysteine residues), approximately half of all cysteines free in solution are negatively charged. Thus, burial of both Cys-30 and Cys-51 in
the hydrophobic core of [5-551 (van Mierlo et al., 1991a;
Staley & Kim, 1992) will be unfavorable at alkaline pH.
5. At neutral pH, therearrangement of [30-511 to [5-551 by
thiol-disulfide exchange is slow compared to the rateof
rearrangement for an unfolded single-disulfide intermediate (Fig. 1B; Weissman & Kim, 1992b). Formation of a
native-like subdomain in [30-511 buries the 30-51 disulfide
bond (Fig. 1A) and restricts the flexibility of residues Cys14, Cys-38, and Cys-55 (Fig. 7A), thereby reducing the
ability of [30-511 to rearrange via thiol-disulfide exchange.

0

:o

Formation of the threaded loop in BPTI
Folding of the native-like subdomain in [30-51]Ala is expected
to include formation of a threaded loop that is present in the
native protein. The loopis defined by the 30-51 disulfide bond
and thethread corresponds to a strand of the @-sheetthat traverses through the loop(Fig. 7A; Creighton, 1974). Schellman
(1976) has proposed that this threaded loop results from atwisting of the @-sheetprior to formation of the 30-51 disulfide bond.
Such a mechanism has been proposed as a general mechanism
for forming threaded loopsin proteins (Benham & Jafri, 1993).
Our finding that [3O-51lAlafolds reversibly indicates, however,
that it is possible for the loop tobe threaded even in the presence of the 30-51 disulfide bond.
Nevertheless, forming the threaded loop in [30-51IAla may be
rate-limiting for folding. By NMR, [30-51]A1, interconverts between its folded and unfolded states with a slower relaxation
time (7 = 1-5 ms; data not shown; see also States et al., 1987)
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disulfide intermediates at neutral pH. The
melting temperature of [3O-51lA1, is comparable to themelting temperature of
[5-55],,,, (Staley & Kim, 1992). This similarity in thermal stability reflects accurately the similarity in stability of the authentic intermediates [30-511 and [5-551 during folding at neutral pH
(Weissman & Kim, 1991). In contrast, thestabilities of [30-51]s,,
and [5-55Is,, differ by at least 20 "C (van Mierlo et al., 1991a,
1992). Moreover, whereas [5-55IAlais folded, [5-55]sc, is essentially unfolded at 25 "C (van Mierlo et al., 1991a), the temperature atwhich the authentic intermediate is observed to accumulate
at neutral pH (Weissman & Kim, 1991).
Although thecysteine substitutions Ala and Ser havevery different effects in [5-551, these substitutions areessentially equivalent in [30-511. The sensitivity of [5-551 to specific substitutions
presumably results from the burial of the substitution sites,
whereas the insensitivity of [30-5 11 presumably results from the
solvent accessibility of these sites. Thus, without prior structural
knowledge of an intermediate,we conclude that Alais the preferred substitution for a Cys residue when modeling folding intermediates at neutral pH.

A

Implications for the folding of proteinsin general
The structural characteristics of[30-5 l]/\la support a stepwise
model for protein folding (Fig. 7B) in which folding proceeds
B
by sequential formation of native-like subdomains (Rose, 1979;
Richardson, 1981; Oas & Kim, 1988). In further support of a
stepwise model for protein folding, native-like subdomains have
been implicated in the folding of other intermediates. For example, a peptide model of thesingle-disulfide intermediate [5551 (Fig. lB), named P a P y , folds into a native-like subdomain
R
similar to the one foundin [30-511 (Staley & Kim, 1990). A fragment of trp aporepressor also forms a native-like subdomain
Fig. 7. Protein folding via a subdomain. A: Simplified representation
(Tasayco
& Carey, 1992) and is a good candidate for an interof the partially folded structure of [30-51]Al, within the context of a
mediate in the folding pathway of this protein (Gittelman &
schematic for the nativestructure of BPTI. Black indicates the folded
region, which contains PaPo-2; white indicates the essentially unfolded Matthews, 1990). In addition, a peptide model of an early inregion; gray indicates ill-defined regions. The3 disulfide bonds in natermediate in the folding of cytochrome c folds into a subdotive BPTI are included in theschematic;the 30-51 disulfidebond
main that appears native-like, though not close-packed (Wu
(striped)is the only one containedin [30-51]Al,. The 4 free cysteines of
et al., 1993).
authentic [30-511 are labeled. R: Schematic representation ofstructurally significant stepsin the acquisition of native structure along the path- Subdomains can simplify folding by serving as a template for
way for productive foldingof BPTI. Lines represent largely unfolded
the remaining unfolded polypeptide.In a similar manner, substructure; solid, shaded shapes represent folded, native-like structure.
For [30-511, the line representsthe first 14 N-terminal residues. Labels domains could simplify predicting the fold aofnative protein.
Furthermore, folding intermediates containingnative-like subare as in Figure IB.
domains provide an intriguing starting point for theoretical
calculations.
It would be useful to identify native-like subdomains in other
than PaPo or P a P o - 2 ( 7 << 1 ms; Oas & Kim, 1988; Odaert
proteins. One might be able to identify subdomains by identiet al., in prep.). Although the folded structures of [30-51]/\1a,
fying the most stable region of a native protein (Woodward,
Pap& and PaPo-2 aresimilar (Fig. 5C; Odaert et al., in prep.),
1994). For example, the0-sheet of BPTI, which is included in
only [30-51]/\1, can form the threaded loop. Thus, theneed to
the subdomain, contains the
slowest exchanging amide protons
form a threaded loop in [30-5 l]/\la may reducethe rate atwhich
in native BPTI (Wagner & Wiithrich, 1982a). Thus, themost stathe native-like subdomain folds.
ble region of native BPTIis a key component of a crucial early
folding intermediate. Furthermore, the structures formed
in
early folding intermediatesof both cytochromec (Roder et al.,
Implications f o r choosing mutations in designing analogs
1988; Elove & Roder, 1991) and apomyoglobin (Hughsonet al.,
of disulfide-bondedfolding intermediates
1990; Jennings & Wright, 1993) also correspond toa region of
the native protein that contains theslowest exchanging amide
There has been some debate as to whether Ala
or Ser is the approtons. Formation of the most stable subdomain ofa native
propriate substitution for a Cys residue notinvolved in a disulfide bond (Darby et al.,1991; Staley & Kim, 1992). In general,
protein early in folding may be a general property of protein
the following arguments favor Ala substitutionsfor modeling
folding (Oas & Kim, 1988; Staley & Kim, 1990).
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Materials and methods
Plasmid construction
All plasmids wereconstructed using standard cloning procedures
(Sambrook et al., 1989), and their sequences were confirmed
by DNA sequencing (Sanger et al., 1977). A plasmid has been
constructed previously (Staley &Kim, 1992; Weissman& Kim,
1992b) to produce wild-type BPTI utilizing a T7 expression system (Studier et al., 1990) and includes an F1 replication origin
to allow for single-stranded mutagenesis. In order to increase
yields of purified protein and toenable the expression of small
BPTI peptides, thisplasmid has been modified to express a fusion protein of BPTI and a portion of the trp ALE 1413 polypeptide (Miozzari & Yanofsky, 1978; Kleid et al., 1981). The
trp ALE sequence starts after theNde I site of pAED4 (Doering, 1992) with the first residue of the trpL gene and continues
through codon Ala-105. This codon is followed by a Hind I11
site, a Trp codon, and the gene for BPTI. To allow for cyanogenbromide cleavage of the trpALE polypeptide from BPTI polypeptide, the gene for BPTI was mutated with the substitution
Met-52 -+ Leu, which destabilizes [5-55],1, by only 2 "C (Staley
& Kim, 1992)-in contrast to the substitution Met-52 + Arg,
contained in [30-51],,, (van Mierlo et al., 1992), which destabilizes [5-55]Al, by 10 "C (Staley & Kim, 1992). The 6 methionines in the trp ALE sequence were replaced with leucines to
simplify the cyanogen-bromidecleavage reaction. The 2 cysteines
in the trp ALE sequence were replaced with alanines to simplify
the oxidation of BPTI mutants while fused to the trp ALE polypeptide. The plasmid containing the gene for [30-51]Al, was
constructed by mutating Cys-5, Cys-14, Cys-38, and Cys-55 to
Ala, and is called p[30-51]A1,. The gene for producing the peptide P\!;;511 was constructed by introducing a stop codon after
the 15th codon of [30-51]Ala;the gene for the peptide P\!!;"],
by introducing a Met codon after the 17th codon (as a result,
thispeptideends in homoserine); the gene for the peptide
P\:o>;'],by introducing a Met codon before the 12th codon.
Protein expression
Expression of unlabeled [30-51]AI, was achieved as described
previously for the expression of [5-55],1, (Staley & Kim, 1992),
except that rifampicin was omitted. Expression of 15N-labeled
[30-51]A1, was achieved using the same procedure, except that
minimal M9 media containing 1 g/L "N-ammonium sulfate
was used in place of Luria broth and cells were induced at an
OD590of -0.8 and harvested 3 h later.
Purification of recombinant protein
Inclusion bodies were purified as follows (Marston & Hartley,
1990). Cell pellets were sonicated on ice in 50 mM Tris.HCI,
pH 8.7, 1 mM EDTA, and spun at 35,000 x g for 20 min. The
resulting pellet wassonicated in 50 mM Tris-HCI, pH8.7, 1 mM
EDTA, 1% Nonidet P-40, 1% deoxycholic acid, and spun at
35,000 x g for 20 min. The resulting pellet was dissolved in
0.2 M Tris.HC1, pH 8.7, 6 M Gdn.HC1, 0.1 M dithiothreitol,
and dialyzed against 5 % (vol/vol) HOAc. The entire dialysate
(soluble and insoluble material) was lyophilized. To oxidize
[30-51]Ala and P\;!;i1],
lyophilized material was dissolved in
0.2 M Tris .HCl, pH 8.7,6M Gdn.HC1 toa final protein con-
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centration of roughly 100pM, andoxidized by air overnight with
stirring. After oxidation, reactions were dialyzed against 5%
(v/v) HOAc andlyophilized. For all fusion proteins, the trp ALE
polypeptide and, in some cases, a portion of the BPTI polypeptide were cleaved from thepolypeptide of interest by resuspending lyophilized material in 5 mL 70% formic acid/L cells and
roughly 200 mg cyanogen bromide/L cells for 1-2 h. Reactions
were dialyzed against 5% (v/v) HOAc, dialysate was spun at
35,000 x g for 20 min, and products, in the supernatant, were
purified by reversed-phase HPLC. Expression of [30-5 1]A1, in
minimal M9 media resulted in final yields of -10 mg/L. All
preparations were >95-99% pure as judged by reversed-phase
HPLC. The molecular mass of each geneproduct was confirmed
by laser desorption mass spectrometry (Finnigan MAT Lasermat): "N-labeled [30-51]AI,: observed, 6,453 Da; calculated,
6,453 Da; l5N-labeled P\!?;511: observed, 1,678 Da; calculated,
1,678 Da; "N-labeled P1!7;511: observed, 2,013 Da; calculated, 2,013 Da; "N-labeled P\:!;]':
observed, 5,155 Da; calculated, 5,152 Da.
CD
Measurements were made using a 10-mm-pathlength cell and an
Aviv model 62DSCD spectrometer equipped with a temperaturecontrol unit. Samples, degassed by reduced pressure, contained
protein at a concentration of 15 pM as determined by tyrosine
and cystine absorbance of stock solutions (Edelhoch, 1967).
Sample buffer contained 10 mM sodium phosphate, pH 6.0,
150 mM NaCI, 1 mM EDTA.
NMR
Strong similarity between spectra of [30-51]A1, and spectra of
BPTI (Wagner & Wiithrich, 1982b; Tiichsen & Woodward,
1987; Wagner et al., 1987), PaPP-2 (Odaert et al., in prep.), and
[30-51]s,, (van Mierlo et al., 1993) facilitated the assignment of
resonances in [30-51]A1,.Assignments were checked by identifying unambiguous, sequential, NOE connectivities (Wuthrich,
1986). Each residue assignment was supported by at least 1 unambiguous sequential NOE connectivity. Spectra of [30-5 1]&
were collectedat a protein concentration of 4 mM, whereas spectra of P[30-511,
1-15
P[30-511
1-17
and P[:?:il
were collectedat 10 mM. All
samples, which lacked both buffer and salt,were prepared and
adjusted to pH 4.6 at 4 "C. Trimethylsilylpropionic acid was
used as an internal standard for measuring 'H chemical shifts
(DeMarco, 1977); "NH,CI, as an external standard for measuring "N chemical shifts (Levy & Lichter, 1979). Data were
collected on a Bruker AMX 500-MHz
spectrometer. Twodimensional homonuclear experiments included COSY (Piantini et al., 1982; Rance et al., 1983; Shaka & Freeman, 1983),
NOESY (Jeener et al., 1979; Kumar et al., 1980; Macura et al.,
1981), and TOCSY (Rance, 1987). Two-dimensional heteronuclear experiments included the HSQC experiment (Bodenhausen
&Ruben, 1980; Bax et al., 1990; Norwood et a]., 1990), as well
as the HMQC (Bax et al., 1983) and HSMQC (Zuiderweg, 1990)
experiments in combination with the COSY and NOESY experiments, respectively, to yield the HMQC-COSY and HSMQCNOESY experiments (Gronenborn et al., 1989; Norwood et al.,
1990). Water waspresaturated for 1 s and 1,024 data points were
collected in the t2 dimension. In general, 256 increments were
used in the tl dimension for homonuclear experiments and 128
9
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increments for heteronuclear experiments, although 256 increments were usedin the experiments displayed in Figures 3 and 4.
Data from NOESY experiments were collected with a mixing
time of 150 ms; data fromTOCSY, with mixing times of 45 or
110 ms. In all data sets, the first t , was multiplied by 0.5 (Otting
et al., 1986). The proton I-dimensional NMR data shown in Figure 6C were collected witha NOESY pulse sequence usinga mixing time of 150 ms.
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