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ABSTRACT

This thesis describes studies of the two major early intermediates,
[5-55] and [30-51], in the folding pathway of bovine pancreatic
trypsin inhibitor (BPTI), one of the most detailed pathways described
to date. The intermediate [5-55] leads to a native-like, dead-end
intermediate while the intermediate [30-51] leads productively to
native protein. A peptide model of [5-55], named PaPy, folds into a
stable native-like structure that includes close-packed tertiary
structure (Chapter 2). This structure represents a subdomain of
native BPTI. A recombinant model of [5-55] folds into a structure
essentially identical to native BPTI as determined by two-
dimensional NMR (Chapter 3). These observations provide an
explanation for the properties of [5-55] during folding. A peptide
model of [30-51], named PaPp3, also folds into a stable native-like
structure that includes close-packed tertiary structure and
represents the same subdomain that is contained in PaPy (Oas, T.G. &
Kim, P.S. (1988) Nature 336, 42-48). This subdomain folds in a
recombinant model of [30-51] (Chapter 4). The fourteen N-terminal
residues of this recombinant model, however, are unfolded. This
observation provides an explanation for the properties of [30-51]
during folding. In general, these studies demonstrate that formation
of native-like secondary and tertiary structure is important early in
folding. In addition, these studies validate a hierarchical view of
native structure.

Thesis Supervisor: Dr. Peter S. Kim, Associate Professor of Biology
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CHAPTER

THE NATURE OF INTERMEDIATES IN THE FOL

OF PROTEINS: STRUCTURAL STU



INTRODUCTION

The structures of proteins in their native state are

characterized by a number of features 1 . For example, proteins are

often globular in shape and approach the density of solids. In

addition, the insides of proteins are predominantly hydrophobic

while the outsides are more hydrophilic. Proteins also contain

secondary structure in the form of a-helices and f3-sheets that pack

against one another to form tertiary structure. The importance of

native protein structure in the function of biological processes is

demonstrated by the striking conservation of structure in the globin

family -- even in the absence of significant sequence identity 2

Understanding the determinants of native structure is thus a

fundamental issue in biology.

One approach to identifying the determinants of native

structure focuses on the physical process by which a protein folds

into its native state. This approach is simplified by the observation

that small, single-domain proteins fold into their native state in the

absence of auxiliary factors3 . In addition, Levinthal has argued4 that

proteins must fold by specific pathways that include intermediates

that facilitate folding; the folding of a protein by a random process

would take longer than the lifetime of the universe. Indeed, by
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monitoring general probes of native structure, intermediates have

been observed in the folding of many small, single-domain proteins 5

What is the structural nature of folding intermediates? As the

folding of small, single domain proteins generally occurs in less than

a second, obtaining structural information has been difficult. In

addition, the folding of proteins is a highly cooperative process such

that intermediates are not generally observed at equilibrium1 .

Despite the short time scale of folding, however, in recent years

significant advances have been made in structurally characterizing

kinetic intermediates in the folding pathways of several proteins.

The goal of this chapter is to review these advances, focusing on the

structural characterization of kinetic intermediates. First, I will

review a few simple models that focus on the major questions

surrounding the structural nature of folding intermediates. Next, I

will address these models citing structural studies of well-

characterized kinetic intermediates and describe two opposing views

of the structural nature of folding intermediates. Finally, I will

propose an experimentally-testable model that unifies these two

views.

MODELS FOR FOLDING INTERMEDIATES

Many models have been proposed for the folding pathways of

proteins. Several of the major questions that these models attempt

to answer include the following. When does secondary structure

10
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form? When do hydrophobic interactions occur? When does solid-

like packing occur?

Early formation of secondary structure, independent of any

type of tertiary interaction, is an extreme, yet attractive, model for

the first step in folding. First, formation of secondary structure

would be a local event. Intuitively, local structures should form

more rapidly than larger scale structures. Second, secondary

structural elements can maintain some portion of their native

conformation in the absence of the rest of the protein (e.g., see ref.

6). Third, such a mechanism would reduce the problem of

identifying the determinants of native structure into understanding

what dictates the formation of a secondary structural unit and what

dictates the packing of these secondary structural elements.

The propensities of residues to form an a-helix or P-sheet,

however, predicts the conformation of a residue with a success rate

of only 60%-70%. This observation suggests that the determinants of

secondary structure do not depend solely on their own sequence. In

support of this conclusion, identical peptide sequences have been

observed in both a-helical and 3-sheet conformations. Thus, if

formation of independent secondary structural elements is an

important first step in the folding of proteins, then formation of only

a portion of the native secondary structural elements can be

important. Alternatively, formation of nonnative elements of

secondary structure may be important; this alternative, however, is

not an attractive one.

A second extreme, yet attractive, model for an early step in the

folding of proteins invokes a hydrophobic collapse of the polypeptide
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chain, devoid of secondary structure or solid-like packing. The major

role that the hydrophobic effect appears to play in the stabilization

of proteins7 supports this model. In addition, "denatured" states

form compact states in the absence of secondary structure 8. A

hydrophobic collapse model supports a view of native structure in

which the main determinants of native structure is the pattern of

hydrophobic and hydrophilic residues 9 -- the hydrophobic residues

being primarily "inside" residues and the hydrophilic residues being

primarily "outside" residues.

It may not be a trivial matter, however, to collapse a protein

such that the "inside" is hydrophobic and the "outside" hydrophilic.

There may only be a limited set of conformations that satisfy this

criteria. Another attractive model satisfies this concern by

combining the two extreme models already mentioned. Dill has

argued 10 that the compactness associated with a hydrophobic

collapse must be associated with the formation of secondary

structure in order to accommodate the polypeptide chain in a small

volume. One can also argue the converse: significantly stable

hydrophobic pockets cannot occur without the formation of

amphipathic secondary structures. In this alternative view, many

native secondary structural elements would naturally be

amphipathic and thus may be favored over nonnative elements.

Hydrophobic interactions between such secondary structures could

be nonspecific, but one can also imagine that the most stabilizing

hydrophobic interactions would be native-like in character though

not necessarily involving well-packed tertiary structure.
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In addition to the considerations above, one must ask when

packing interactions 11,12 occur. Solid-like packing is a characteristic

of the native state. Still, if folding proceeds locally instead of

globally, then formation of solid-like packing in a restricted region of

a protein could represent an important step in the folding of a

protein.

As we will see, some questions are more readily addressed

than others. Helix formation, for example, is much easier to probe

than hydrophobic interactions and as a result there is a significant

amount of data on the formation of secondary structure during

folding. Similarly, close-packed tertiary structure is readily

identified. Hydrophobic interactions that lack close-packed

interactions, however, are not readily identified. Distinguishing

between hydrophobic interactions that include close-packed tertiary

interactions and those that do not has become a focus of attention in

the characterization of the structural nature of folding intermediates.

STRUCTURAL STUDIES

A common feature of early intermediates is the formation of

secondary structure. Two early intermediates accumulate 13 in the

folding pathway of BPTI at neutral pH, namely [30-51] and [5-55].

The intermediate [30-51] is the first productive intermediate 13,14 in

the folding pathway of BPTI and contains both a folded region and an

unfolded region 15 (Chapter 4). The folded region contains both

13



a-helical and P-sheet structure 16 ,17. This structure is contained

predominantly in PaP3, a peptide model 17 of [30-51].

The intermediate [5-55], which folds to a dead-end

intermediate 13' 14 , folds into a conformation essentially identical' 8 ,19

to native BPTI (Chapter 3). A subdomain of [5-55], however,

represented by the peptide model PaPy, folds independently 2 0

(Chapter 2) of the rest of [5-55]. Circular dichroism and NMR spectra

of PaPy suggest that the P-sheet, the a-helix and the 310-helix of

BPTI are formed in PaPy. Thus, formation of secondary structural

elements appear to play an important role in the formation of the

early intermediates [30-51] and [5-55].

In the major pathway of folding for RNase A, an intermediate,

designated 11, accumulates 21 , 22. All of the amide protons in the

P-sheet of RNase A that are protected against exchange in the native

protein are also protected 23,24 in 11. This consistency of protection

throughout the 1-sheet argues strongly that the P-sheet is folded in

I1.

By circular dichroism, cyt c forms secondary structure

rapidly 25 . An intermediate on the major folding pathway of cyt c

protects amide protons in the N- and C-terminal helices 26,27 at a

slightly later time in folding 28 . Again, the consistency of protection

throughout the helices in conjunction with circular dichroism studies

argues strongly that these helices are formed in this intermediate.

Amide protons in barnase are protected from exchange during

refolding at different rates, indicating that an intermediate

accumulates29,30. The amides that are protected early are generally

involved in secondary structure, and not tertiary structure, for which
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there are six probes. These observations are consistent with the

early formation of secondary structure in barnase.

Stopped-flow circular dichroism studies indicate that

secondary structure forms rapidly in the folding of lysozyme3 1 ,32

With one exception, all of the amides in the a-helical domain of

lysozyme become protected in an intermediate in the folding of this

protein 33,34 . Again, the consistency of protection throughout these

helices argues strongly that these helices are formed in this

intermediate.

Stopped-flow circular dichroism studies also indicate that

secondary structure forms rapidly in myoglobin3 5. In addition, the

A, G and H helices are protected from exchange on the same time

scale that circular dichroism detects helix formation 35. Again, the

consistency of protection throughout these helices argues strongly

that these helices are formed in this intermediate.

Thus, formation of secondary structure appears to be an

important step early in folding. In general, secondary structural

units, however, are only marginally stable as isolated peptides. For

example, the a-helix in BPTI is only -30% folded6 at 00 C and the

central P3-sheet is completely unfolded 36 at 00 C. Both of these

secondary structural units, however, are formed in the two early

intermediates in the folding pathway of BPTI (ref. 17, 18). Similarly,

secondary structural units in apomyoglobin and cyt c that are

protected from exchange in folding intermediates are not stable in

isolation 37,38 . Thus, a second common feature of folding
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intermediates must be that secondary structural units are stabilized

in some way by tertiary interactions.

This conclusion is supported by a third general property of

folding intermediates: secondary structural elements in folding

intermediates are often found to pack against one another in the

native state. The a-helix and P-sheet in PaP3 (ref. 17) and PaPy

(ref. 20) are packed against one another in the native state39 - 4 1 of

BPTI. The 3-sheet of RNase A that appears to form 23,24 in the folding

intermediate 11, forms a continuous unit in the native structure of

RNase A. The N- and C-terminal helices that form in a cyt c

intermediate 26,27 contact one another in the native structure of cyt c.

The helices that are protected in an intermediate 34 of lysozyme form

a common structure in the native state of lysozyme. The major

a-helix and the P-sheet that are protected in the folding

intermediate 29 ,30 of barnase pack around a common hydrophobic

core in the native state of barnase. These observations suggests that

secondary structural elements in folding intermediates do not

interact willy nilly, but rather interact in a native-like fashion.

The exact nature of the native-like interactions that appear to

stabilize secondary structure in folding intermediates is currently

under investigation. The tertiary interactions that stabilize the

a-helix and the 3-sheet in the early intermediates in the folding

pathway of BPTI are well-documented. Nuclear Overhauser effects

(NOEs) indicative of tertiary structure, observed by two-dimensional

nuclear magnetic resonance spectroscopy (2D-NMR), are observed in

16



the peptide model PaPI indicating that the 3-sheet and the a-helix

pack against one another in a stable fashion 17. Mutagenesis studies

of PaP3 indicate that the hydrophobic core contributes substantially

to stability42 . The flipping of an aromatic ring in the peptide model

PaPy is hindered indicating that tertiary structure in PaPy is close-

packed 20 (Chapter 2). In addition, both PaPI and PaPy melt in a

sigmoidal fashion by thermal denaturation. These features, namely

sigmoidal thermal denaturation and tertiary interactions that are

close-packed, well-defined by NOEs and sensitive to mutagenesis, are

features commonly observed for the native state of proteins1 . We

define structures such as PaPPP and PaPy that have these feature as

subdomains. The formation of a subdomain in PaP and PaPy

indicates that formation of native-like, close-packed tertiary

interactions is important in the stabilization of secondary structure in

early intermediates in the folding pathway of BPTI.

The intermediate in the folding pathway for barnase has been

probed extensively using mutagenesis43 ,44 . Mutagenesis supports

the conclusions from pulsed amide exchange studies that the major

a-helix and the P-sheet are formed in the intermediate. In addition,

mutagenesis of the hydrophobic core between these secondary

structural elements reveals that its stability is sensitive to mutations,

suggesting that this hydrophobic core of this folding intermediate is

well-packed as in a subdomain.

An intermediate on the folding pathway 45 of trp aporepressor

(TrpR), seems to contain a subdomain 46. Proteolysis of TrpR

generates two fragments. The N-terminal fragment folds

independently; the C-terminal fragment, however, does not. Still,
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mixing of the two fragments produces a species similar to native

protein, suggesting that formation of the folded N-terminal

subdomain is an intermediate in the folding of intact TrpR. The

N-terminal fragment contains secondary structure as determined by

circular dichroism. In addition, the N-terminal fragment appears to

contain well-packed tertiary structure as the aromatic resonances of

1D-NMR spectra of the N-terminal fragment are dispersed, similar to

native protein. Thus, formation of subdomains appear to be

important for intermediates in the folding of BPTI, barnase and TrpR.

In addition to subdomain-like intermediates that stabilize

secondary structure through native-like, close-packed tertiary

interactions, there appear to be molten globule-like intermediates

that stabilize secondary structure through different means. Recall

that the helices A, G and H of myoglobin are protected early in

folding 35. Apomyoglobin forms an equilibrium intermediate4 7 under

mildly acidic conditions and has characteristics of a molten globule.

Hydrogen exchange studies 37 of this intermediate show that helices

A, G and H protect amides from exchange, suggesting that this

equilibrium' intermediate is a good model for the kinetic

intermediate. In the native state of myoglobin, the helices A, G and

H interact. Mutations of the interacting residues, however, do not

appear to significantly destabilize the intermediate 48. This striking

observation seems to indicate that packing interactions do not play a

role in stabilizing secondary structure that is observed in this

intermediate. Instead, hydrophobic interactions alone, though with

18



some native-like tertiary character, appear to stabilize this

secondary structure.

In the folding of lysozyme, all but one of the amides in the

a-helical domain are protected simultaneously 34 . This observation

argues that these helices interact in this intermediate in some

native-like fashion. Moreover, the protection of two amide protons

in a loop of this domain and the protection of an indole amide of a

tryptophan side chain indicate that some specific tertiary

interactions are formed in this intermediate.

Studies of equilibrium intermediates address the nature of the

tertiary interactions in this lysozyme intermediate. Lysozyme is

homologous to a-lactalbumin and similarities in their folding has

been noted 3 1. In addition, evidence has been presented arguing that

the equilibrium intermediate of a-lactalbumin, which is a molten

globule, is identical to the kinetic intermediate of a-lactalbumin.

Thus, the equilibrium intermediate of a-lactalbumin may serve as a

model for studying the nature of the tertiary interactions that

stabilize the helical domain in the lysozyme intermediate.

The helical domain of a-lactalbumin alone in solution displays

characteristics of a molten globule 49. The temperature dependence

of the circular dichroism signal of this helical domain is linear. This

domain has a high helical content but no well-packed tertiary

structure as determined by circular dichroism and 1D-NMR. This

helical domain, however, specifically favors the formation of native

disulfides bonds, as opposed to nonnative disulfide bonds. These

observations provide direct evidence for the formation of native-like

tertiary interactions that lack the close-packed nature of the native

19



state. These observations also suggest that the intermediate

observed in the folding of lysozyme lacks close-packed interactions

but that this intermediate is stabilized by native-like hydrophobic

interactions.

The N- and C-terminal helices of the cyt c folding intermediate

probably interact and stabilize one another. These two helices are

not only protected at the same rate26, but they also have similar

protection factors 27 indicating that they have similar stabilities and

suggesting that they are stabilized around a common hydrophobic

core. These two helices interact in the native state, strengthening the

conclusion that the two helices interact in the intermediate and

suggesting that the interaction is native-like in some way. The

nature of this tertiary interaction is unclear. Cyt c forms a molten

globule-like equilibrium intermediate 50 at low pH and high salt and

forms a non-compact structure 51 at low pH and low salt; both lack

close-packed tertiary interactions as determined by circular

dichroism, fluorescence or hydrogen exchange. The native helices

are protected from exchange in both structures suggesting that these

forms may serve as models for the kinetic intermediate and that

close-packed tertiary interactions are absent in the kinetic

intermediate. Thus, formation of a molten globule appears to be

important in the folding of myoglobin, lysozyme and cyt c.

20



A PROPOSED MODEL

Despite the fleeting nature of kinetic refolding intermediates,

significant advances have been made in structurally characterizing

these intermediates. These advances warrant proposing a model.

Formation of secondary structure that is stabilized by some kind of

tertiary interaction is well-established. The nature of this tertiary

interaction is under investigation.

Currently, there appear to be two opposing views of what a

protein folding intermediate looks like. In one view, secondary

structure forms and is stabilized by specific packing interactions, as

in a subdomain 17,20. In another view, secondary structure forms and

is stabilized by hydrophobic interactions but without specific packing

interactions, as in a molten globule 52,53 . The subdomain can be

distinguished experimentally by the observation of well-packed

tertiary structure using circular dichroism, NMR or mutagenesis; in

addition, a subdomain is characterized by sigmoidal thermal

denaturation. Conversely, the molten globule can be distinguished

by a lack pf well-packed tertiary interactions by circular dichroism,

NMR or mutagenesis; in addition, molten globules do not exhibit

sigmoidal thermal denaturation. Following, I propose a unified

model for protein folding that incorporates these two views of the

structural nature of folding intermediates and propose experiments

to test this model based on the distinguishing characteristics of

subdomains and molten globules.
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Recall that mutations at the interface of the stable helices in

the apomyoglobin equilibrium intermediate do not significantly

affect the stability of this intermediate 48 . This observation suggests

that packing interactions, as in molten globules, are not necessary in

stabilizing folding intermediates. One finds a counter-example in the

kinetic mutagenesis study of barnase 44 . Recall that mutations in the

main hydrophobic core of barnase destabilize this intermediate. This

observation suggests that packing interactions are stabilizing for

kinetic folding intermediates, as in subdomainsl7,20

These two observations, however, are not mutually exclusive.

While the myoglobin intermediate forms in the burst phase of pulsed

amide proton exchange experiments 35, the barnase intermediate

forms late in folding, as it forms only 3-fold faster than native

protein. These observations suggests that specific hydrophobic

interactions are important early in folding and that specific packing

interactions are important late in the folding pathway. I propose

that proteins fold by first forming an molten globule-like

intermediate and then forming a subdomain-like intermediate before

finally folding to native protein.

The folding pathway of myoglobin may support this view.

After formation of the molten-globule like intermediate, a second

intermediate appears to form late in folding just prior to the

formation of native protein 35 . This intermediate includes the B helix

in addition to the A, G, and H helices that form early in folding35 .

This intermediate may be similar to the late intermediate observed

in barnase with a hydrophobic core that is sensitive to mutations.

This hypothesis can be tested by making a unimolecular model1 7, 2 0
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of the apomyoglobin intermediate that includes the A, B, G and H

helices. If such a peptide model folds, simple circular dichroism and

mutagenesis experiments would determine if specific packing

interactions were important in stabilizing the late intermediate in the

folding of myoglobin.

There is no evidence that a similar progression from a molten

globule intermediate to a subdomain intermediate occurs in the

folding of barnase 29,30. This may simply reflect, however, the

instability of secondary structure in an early intermediate and its

inability to protect amides from exchange as has been observed for

lysozyme (ref. 34) and cyt c (ref. 28). Thus, the proposed model can

be tested on barnase by performing stopped-flow circular dichroism

experiments. The model predicts that helical structure will form

more rapidly than the rate at which amide protons are protected in

the observed barnase intermediate which appears to coincide with

formation of close-packed tertiary interactions.

There are kinetic implications to the proposed model. The rate

of forming a molten globule intermediate must be faster than the

rate that at which the molten globule forms a subdomain

intermediate.' Similarly, the rate of forming the subdomain

intermediate must be faster than the rate at which this intermediate

forms native protein. If the proposed model is supported by further

experiments, then these kinetic implications will require an

explanation.

To summarize, the formation of secondary structure appears to

be a common feature of early folding intermediates. Secondary
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structural elements isolated from a protein are generally only

marginally stable, suggesting that tertiary interactions stabilize the

formation of secondary structure. Moreover, secondary structural

units that are stabilized in folding intermediates often pack against

one another in the native protein, suggesting that these tertiary

interactions have a native-like quality. The nature of these

stabilizing interactions is currently under investigation.

Two experimentally-based models are being investigated to

address the nature of these stabilizing interactions. In one model,

the intermediate resembles a subdomain in which stabilization of

secondary structure arises from, in addition to hydrophobic

interactions, native-like packing interactions that are sensitive to

mutations. In the other model, the intermediate resembles a molten

globule in which the stabilizing interactions consist of specific

hydrophobic interactions 54 that lack native-like packing and are

insensitive to mutations.

I propose a model, the subdomain condensation model, that

unifies these two models. Mutagenesis and folding studies of

apomyoglobin and barnase suggest that molten globule-like

intermediates may form early in folding while subdomain-like

intermediates may form late in folding. Thus, I propose that both

types of intermediates form in folding and that formation of a molten

globule-like intermediate precedes formation of a subdomain-like

intermediate. Given the distinct characteristics of molten globules

and subdomains, this model is experimentally testable.
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CHAPTER

THE ROLE OF A SUBDOMAIN IN THE FOLDING OF BOVINE

PANCREATIC TRYPSIN INHIBITOR
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This chapter summarizes initial studies of the early

intermediate [5-55] in the folding pathway of bovine pancreatic

trypsin inhibitor (BPTI). See Appendix I for details.

In the folding pathway of BPTI, half of all molecules fold1 to

the dead-end, two-disulfide intermediate N*, which contains the

disulfide bonds 5-55 and 14-38. Prior to the studies described in

Appendix I, the one-disulfide precursor to N* had not been

identified, though it was proposed' to be [5-55]. We tested this

proposal by designing a peptide model of [5-55]. By circular

dichroism and nuclear magnetic resonance, this peptide model,

named PaPy, folds into a stable structure. This observation argued

that [5-55] was the precursor to N*.

A recent reexamination 2 of the folding pathway of BPTI has

resulted in. the direct observation of the intermediate [5-55] during

refolding. During refolding at neutral pH, [5-55] is as stable as the

other major one-disulfide intermediate [30-51]. Moreover, [5-55]

rapidly forms N*.

By nuclear magnetic resonance, PaPy folds into a native

structure that contains native-like secondary structure and native-

like close-packed tertiary structure. The subdomain contained in

PaPy is also contained in PaP3, a peptide model3 of [30-51]. The
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peptide model PaP3 also contains native secondary and tertiary

structure. Thus, the formation of this subdomain does not depend on

a specific disulfide bond.

Formation of this subdomain in [5-55] and [30-51] provides an

explanation for several properties of these intermediates. Firstly,

formation of a stable subdomain explains why [5-55] and [30-51]

accumulate during folding. Secondly, formation of the 1-sheet in the

subdomain provides an explanation for the rapid rate at which [5-55]

and [30-51] fold to subsequent intermediates. Finally, burial of

cysteine residues within the subdomain explains the absence of a

pathway leading directly and sequentially to native protein from

[30-51] and [5-55].

Though PaPy and PaPP3 have similar stabilities 3, the rate at

which they interconvert between their folded and unfolded states is

different. As determined by NMR, PaPy interconverts in ~10 ms

whereas PaP3 interconverts 3 in much less than 1 ms. What might

explain this difference in kinetics? One significant difference

between these peptide models is the position of the disulfide bond.

The major tertiary interactions that stabilize these peptide models

seem to octur between the a-helix and the P-sheet. In PaPB the

disulfide bond constrains these two secondary structural elements to

be together, whereas the disulfide bond in PaPy does not. The

disulfide bond in PaP may accelerate folding, though it is unclear

how this disulfide would accelerate unfolding. In support of this

explanation, the folding and unfolding of the two-disulfide

intermediate NS, which contains the 30-51 disulfide bond, is faster

than the folding and unfolding of N*, which lacks the 30-51 disulfide
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bond 4. Another difference between the two peptide models is that

PaPy contains ten additional native residues. A larger set of

interactions in PaPy may make folding and unfolding a more

cooperative event and thus slower.

The predominance of [5-55] and [30-51] at the one-disulfide

stage of folding is reflected in the native protein. The 5-55 and

30-51 disulfides are the most stable disulfide bonds1 in native BPTI.

Similarly, the stability of the subdomain represented by PaPy and

PaP3 is reflected in native BPTI. The amide protons in the 3-sheet

are the most protected amides5 in BPTI and the P-sheet is essential

for stability in both PaPy and PaP3 (ref. 3). These observations argue

that native proteins are composed of a hierarchy 6,7 of subdomains

that reflect the formation of intermediates early in folding. In

addition, these observations support an approach to protein folding

that focuses on the native state.
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COMPLETE FOLDING OF BOVINE PANCREATIC TRYPSIN

INHIBITOR WITH ONLY A SINGLE DISULFIDE BOND
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This chapter summarizes further studies of the early

intermediate [5-55] in the folding pathway of bovine pancreatic

trypsin inhibitor (BPTI). See Appendix II for details.

The three major two-disulfide intermediates in the folding

pathway of BPTI have all been shown to be folded 1-6 essentially into

the same structure as native BPTI. Given that PaPy, the peptide

model of [5-55] (Chapter 2), folds, we proceeded to model the entire

intermediate to determine if [5-55] was a true, partially-folded

folding intermediate or whether it was folded into an essentially

completely native structure. In order to model the entire

intermediate, we made a recombinant model of [5-55] that could

only form the 5-55 disulfide bond; cysteines not involved in the

disulfide bond were changed to alanine.

By circular dichroism, this recombinant model, named

[5 -55]Ala, .folds into a structure that is more stable than PaPy.

This recombinant model [5-55]Ala also inhibits trypsin in a

stoichiometric manner with nanomolar affinity. By two-dimensional

nuclear magnetic resonance, we conclude that [5-55]Ala folds

essentially into the same conformation as native BPTI, consistent

with other studies7 .

More recent studies support this conclusion. Hydrogen

exchange experiments have shown that the overall pattern of
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exchange observed in BPTI is preserved in [5-55]Ala, though subtle,

significant differences are observed 8. In addition, an exhaustive

mutational analysis of [5-55]Ala has been performed using scanning

alanine mutagenesis 9 . This analysis has shown that the hydrophobic

core is intact; four of the five most destabilizing mutations involve

aromatic residues that are contained in the core of the native protein.

These results are similar to results obtained in the mutagenesis 10 of

the peptide11 model PaP3 which indicate that the hydrophobic core

of PaPP is well-packed and sensitive to mutations.

Native structure in [5 -5 5 ]Ala provides an explanation for the

properties 5 of [5-55] observed during folding. Native structure

explains why [5-55] accumulates, why it forms rapidly the 14-38

disulfide bond and why it does not lead directly to native protein.

The oxidized native state of [5-55]Ala, in comparison to its reduced

unfolded state, also provides a dramatic example of the high

cooperativity of folding observed in proteins since removal of a

single interaction results in complete unfolding.
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CHAPTER 4

A PARTIALLY FOLDED INTERMEDIATE IN THE FOLDING

PATHWAY OF BOVINE PANCREATIC TRYPSIN INHIBITOR
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INTRODUCTION

Bovine pancreatic trypsin inhibitor (BPTI) unfolds upon

reduction of its three disulfide bonds (Fig. 1A). The reduced protein

oxidizes1 to native BPTI and during this process intermediates

accumulate 2,3. During folding at neutral pH, five intermediates

containing one or two disulfide bonds accumulate to a significant

extent (Fig. IB); each of the disulfide bonds in these intermediates

are native disulfide bonds 4 . The folding pathway has been well-

characterized in terms of the rates of formation and rearrangement

of these five intermediates4, 5 . A thorough understanding of the

pathway, however, requires a structural description of these

intermediates.

Of the five intermediates, four have structures4 ,6 - 12 essentially

identical to native BPTI. These include the three native two-

disulfide intermediates and the native one-disulfide intermediate

[5-55] (Fig. IB). The intermediate [5-55], with only a single disulfide

bond, inhibits trypsin in a stoichiometric manner 12 . Essentially

complete native structure in these intermediates explain many

aspects of the folding pathway of BPTI.

The one-disulfide intermediate [30-51], the first intermediate

on the productive pathway to native protein (Fig. IB), has not been

as well-characterized as the other intermediates. A peptide model 13

of [30-51] folds into a stable structure suggesting that [30-51] is
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partially folded. This peptide model, named PaP3, contains roughly

half of the residues in [30-51] and includes the a-helical and 1-sheet

regions of native BPTI. PaP3 contains native secondary structure

and well-packed tertiary structure 13 ,14 and thermally denatures in a

sigmoidal fashion. A second version of this peptide model of [30-51],

named PaPI-2, includes four more residues of the 3-sheet and folds

into a more stable structure, facilitating detailed 2D-NMR studies.

Such studies indicate 15 that the a-helix and the P-sheet fold and pack

in an essentially native-like manner in PaP3-2 and suggest that this

region is folded in a similar manner in [30-51]. A few nuclear

Overhauser effect (NOE) connectivities that are not consistent with

the formation of native structure, however, were identified.

Whether or not these NOEs represent artifacts of the peptide model

remains to be determined.

To investigate the entire structure of [30-51], a recombinant

modell 6 of [30-51], named [30-51]ser, was made. This model

contains serine in place of cysteines not involved in the disulfide

bond and the substitution Met-52-Arg. Detailed 2D-NMR studies of

[30-51]ser indicate that the structure observed in PaP3-2 also forms

in [3 0 -51]Ser but that the N-terminal fourteen residues appear

unfolded based on the lack of dispersion in their proton chemical

shifts and the absence of long-range nuclear Overhauser effect (NOE)

connectivities.

A similar set of mutations used to make the recombinant

model" , 17 [5- 5 5 ]ser, however, severely destabilizes this model. The

recombinant model [5-55]Ser is completely unfolded"11 17 at 250 C, a

temperature at which [5-55] is observed to accumulate during
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folding4 at neutral pH. In addition, [5-55]ser is roughly 350 C less

stable 12 than the recombinant model [5- 5 5 ]Ala, which contains

alanine in place of cysteines not involved in the 5-55 disulfide bond

and an additional Met at the N-terminus. In addition, though broad

lines were observed in NMR spectrall of [3 0-5 1]Ser, no attempt was

made to control for aggregation. Thus, the structural conclusions

derived from [30-51]ser may be a consequence of the chosen set of

mutations or may result simply from aggregation. In addition,

though the studies of [3 0 -5 1]Ser seem to indicate that the 14

N-terminal residues are unfolded, it remains to be determined

whether the structure in [3 0 -51]Ser restricts the conformation of

these 14 N-terminal residues relative to their conformation in the

reduced, unfolded state of BPTI (Fig. IB).

To investigate these issues, we have produced a recombinant

model of [30-51], named [30 -51]Ala, in which the non-disulfide

bonded cysteines have been changed to alanine and the substitution

Met-52-+Leu has been made. The recombinant model [5 -5 5]Ala,

which also uses alanines in place of cysteines, appears to be a good

representation of the authentic intermediate in the folding of BPTI at

neutral pH.;as judged in terms of stability 12. In addition, within the

context of [5-55]Ala, the substitution Met-52-+Leu is destabilizing by

only 20 C whereas the substitution Met-52--Arg, used in [3 0-51]Ser, is

destabilizing 12 by 100C.

The recombinant model [30-51]Ala folds into a stable structure

as determined by circular dichroism. We find, however, that

[3 0-51]Ala does not fold reversibly under some conditions and that it

aggregates under other conditions. Still, sedimentation equilibrium
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experiments indicate that [30-51]Ala does not aggregate under the

conditions we use for structural analysis by 2D-NMR.

We show, by 2D-NMR, that the native-like structure observed

in PaPI-2 also persists in [30 -51]Ala but that nonnative NOEs found

in PaP -2 do not. In addition we demonstrate that the first fourteen

N-terminal residues in [30-51]Ala are as unfolded as an isolated

peptide. Moreover, we show that the folded region and the 14

N-terminal residues of [30-51]Ala are structurally independent. This

structural view of [30-51] explains many of the properties of [30-51]

observed in the folding pathway4 of BPTI at neutral pH (Fig. 1B).

In addition, direct structural characterization of this protein folding

intermediate reveals a subdomain of native-like structure that,

unlike a molten globule 18- 20, melts in a sigmoidal fashion upon

thermal denaturation.

MATERIALS AND METHODS

Plasmid Construction. All plasmids were constructed using

standard cloning procedures 21 and their sequences were confirmed

by DNA soquencing 22 . A plasmid has been constructed previously 5' 12

to produce wild-type BPTI that utilizes a T7 expression system24 and

an Fl replication origin. This plasmid has been modified to produce

BPTI as a fusion protein following a portion of the TrpLE sequence2 5

to increase yield and maintain production of inclusion bodies. The

TrpLE sequence starts after the Nde I site of pAED4 (ref. 26) with the

first residue of the TrpLE sequence and continues through codon Ala-

105, after which follows a BamH III site, a Trp codon and the gene
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for BPTI. The two cysteines in the TrpLE sequence were removed to

simplify oxidation of BPTI while fused to the TrpLE protein; the six

methionines in the TrpLE sequence were removed to simplify the

cleavage reaction. The gene for BPTI contains Met-52- Leu to allow

for cleavage of the leader sequence from BPTI using cyanogen

bromide. The plasmid containing the gene for [30-51]Ala was

constructed by mutating Cys-5, Cys-14, Cys-38 and Cys-55 to Ala

and is called p[3 0-51]Ala. An earlier expression system was used to

produce [3 0 -5 1]Ala for circular dichroism, trypsin inhibition,

hydrogen exchange and NMR assignments that are displayed in

Fig. 4; this earlier system produced [3 0-51]Ala with an N-terminal

Met and contained wild-type Met-52 and is referred to as Met-[30-

51]Ala(Met- 5 2 ). Neither the Met-52-Leu substitution nor the

N-terminal Met significantly affects the stability of [3 0-51]Ala, as

determined by circular dichroism; the melting temperature of these

two versions of [3 0-51]Ala are within -5 0C of one another.

Consequently, both versions will be referred to as [3 0-51]Ala, without

distinction, outside of the materials and methods section. The older

system was also used to produce BPTI6Ala by mutation of all Cys

residues in .BiTI to Ala. The gene for producing the peptide P[30-51]

was constructed by introducing a stop codon at the 16th codon of

[30-51]Ala; the gene for the peptide p[30-518, by introducing a Met

codon at the 11th codon of [3 0-51]Ala.

Protein Expression. Expression of unlabeled [3 0-51]Ala was

achieved as described previously 12 for the expression of [5-55]Ala

except that rifampicin was omitted. Expression of 15N-labeled
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[30-51]Ala was achieved using the same procedure, except that

minimal M9 media, containing one g/liter 15N-ammonium sulfate,

was used in place of Luria broth, cells were induced at an OD590 of

-0.8, rifampicin was omitted and cells were not harvested until three

hours after induction.

Purification of Recombinant Protein. Inclusion bodies

were purified as follows. Cell pellets were sonicated on ice in 50 mM

Tris-HCl, 1 mM EDTA, pH 8.7 and spun at 35,000 x g for 20 min. The

resulting pellet was sonicated in 50 mM Tris.HC1, pH 8.7/1 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 guanidine hydrochloride (Gdn.HC1)/0.1 M dithiothreitol

and dialyzed against 5% (vol/vol) HOAc. In the case that the protein

contained the TrpLE sequence, the entire dialysate (soluble and

insoluble material) was lyophilized; otherwise, only the soluble

material was lyophilized. To oxidize [30-51]Ala, Met-[30-51]Ala(Met-

52) and p[30-S51, lyophilized material was dissolved in Tris*HC1, pH

8.7/6M Gdn-HCI to a final protein concentration of roughly 100 ýtM,

oxidized hy air with stirring, dialyzed after oxidation against

5% (vol/vol) HOAc and lyophilized. Protein not fused to the TrpLE

sequence was subsequently purified by reverse-phase HPLC. Protein

fused to the TrpLE sequence was cleaved by resuspending the

lyophilized material in 5 ml 70% formic acid/liter cells, cleaved for

1-2 hours with roughly 200 mg cyanogen bromide/liter cells,

dialyzed against 5% (vol/vol) HOAc and purified by reversed-phase

HPLC. Expression of [30-51]Ala fused to the TrpLE leader resulted in
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final yields of -10 mg/liter in minimal M9 media. All preparations

were >95-99% pure as judged by reverse-phase HPLC. The molecular

mass of all but one gene product was confirmed by laser desorption

mass spectrometry (Finnigan MAT Lasermat); 15N-labeled [3 0 -51]Ala:

observed, 6453 Da; calculated, 6453 Da; 15N-labeled p[30-51]

observed, 1678 Da; calculated, 1678 Da; 15N-labeled P[30-51].

observed, 5155 Da; calculated, 5152 Da; BPTI6AIa: observed, 6462 Da;

calculated, 6456 Da. The gene product Met-[30-51]Ala(M52) was

confirmed by fast-atom bombardment mass spectrometry: observed,

6518 Da; calculated, 6515 Da (Mass Search, Modesto, CA).

Peptide Synthesis. The peptide p[30-51], containing the first

18 residues of Met-[30-51]Ala(M52), was synthesized on an Applied

Biosystems Model 430A peptide synthesizer using standard

Fmoc/HBTU cycles and acetic anhydride capping2 7. p[30-51 was

cleaved from its resin using standard Fmoc protocols. The peptide

was purified by reverse-phase HPLC and the molecular mass was

confirmed by laser desorption mass spectrometry: observed, 2022

Da; calculated, 2016 Da.

Circular Dichroism. Measurements were made in a 10 mm

pathlength cell in an Aviv model 62DS circular dichroism

spectrometer equipped with a temperature-control unit. Samples,

degassed by reduced pressure, contained protein at a concentration

of 15 CgM as determined by tyrosine and cystine absorbance28 of

stock solutions. Sample buffer was 10 mM sodium phosphate,

pH 6.0/150 mM NaCl/1 mM EDTA.
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Trypsin Inhibition. Inhibition of trypsin activity by

Met-[30-51]Ala(M52) at 100 C was assayed 29 by monitoring the

hydrolysis of Na-benzoyl-DL-arginine p-nitroanilide in 10 mM

sodium phosphate, pH 7.3/150 mM NaCl/1 mM EDTA at a trypsin

concentration of 255 nM. Inhibitor and trypsin were incubated in

buffer 5 min prior to the addition of substrate. The concentrations of

Met-[30-51]Ala(M 5 2 ) and trypsin stock solutions were determined

by using tyrosine and cystine absorbance 28 ; the concentration of

native BPTI stock solutions, using an extinction coefficient1 of 5400

cm-1-M- 1 at 280 nm.

NMR. Strong similarity between spectra of

Met-[30-51]Ala(Met-52) and spectra of BPTI and PaPI3-2 facilitated

the transfer of assignments from BPTI (refs. 30-32) and PaPJ-2

(ref. 15) to [3 0-51]Ala. Assignments were checked by identifying

unambiguous, sequential, nuclear Overhauser effect (NOE)

connectivities 33. The peptide p[3_0-5 ] was assigned by identifying

unambiguous, sequential, NOE connectivities. Spectra of 15N-labeled

Met- [30-5 L];Xia(Met-52), 15N-labeled [30-51]Ala, p[ 30-51 ] 15N-labeled

p[30-51] and 15N-labeled p[30-511 were collected at protein

concentrations of -3 mM, -4 mM, -5 mM, -10 mM and -10 mM,

respectively, in the absence of buffer or salt. All samples were

prepared and adjusted to pH 4.6 at 40 C. Trimethylsilylpropionic acid

was used as a standard34 . Data were collected on a Bruker AMX

500-MHz spectrometer. Water was presaturated for 1 s, 1024 data

points were collected in the t2 dimension; in general, 256 increments
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were used in the tl dimension for homonuclear experiments and 128

increments for heteronuclear experiments. (256 increments were

used in the experiments displayed in Fig. 4 and Fig. 7.) Data from

two-dimensional, heteronuclear multiple quantum, nuclear

Overhauser spectroscopy (HSMQC-NOESY) experiments were collected

with a mixing time of 150 ms; data from two-dimensional total

correlation spectroscopy experiments, with mixing times of 45 or

110 ms. In all data sets, the first tl was multiplied 35 by 0.5. The

1D-NMR data shown in Fig. 5 were collected with a NOESY pulse

sequence using mixing time of 150 ms.

Equilibrium Sedimentation. Measurements were made in

Beckman 12 mm pathlength, 6-sector cells in a Beckman XL-A 90

analytical ultracentrifuge. Samples were dialyzed against 20 mM

acetic acid, pH 4.6. Data were collected at 20C using three rotor

speeds (37, 41 and 45 krpm), three wavelengths (249, 261 and 272

nm) and three initial concentrations (50, 100 and 200 iM -- as

determined by tyrosine and cystine absorbance 28 of stock solutions).

Final concentrations varied continuously from 20 jgM to 400 gpM.

Molecular wyeights were calculated using a nonlinear least squares

program (David A. Yphantis, University of Connecticut)

simultaneously fitting fifteen data sets to a single molecular weight,

fifteen intercepts, fourteen offsets and a single second virial

coefficient. No systematic variation in the residuals was observed.

(The second virial coefficient 36 was fit, since nonideality was

observed as a decrease in the apparent molecular weight as a

function of increasing protein concentration. This nonideality most

47



likely results from the high net charge to molecular weight ratio of

-1:1000 for [3 0-51]Ala and the low salt concentration required to

prevent aggregation. An apparent net charge of +3 calculated from

the second virial coefficient was consistent with this interpretation; a

net charge of +7 is expected in the absence of counterions at pH 4.6

given average pKa's of amino acid side chains and termini.) Values

for the partial specific volumes of protein species and the density of

solutions were calculated using values from ref. 37. This analysis of
15N-labeled [3 0-51]Ala yields a molecular weight of 6362 Da ±4%

(95% confidence) (calculated, 6453 Da). A similar analysis of native

BPTI yields a molecular weight of 6480 Da ± 6% (95% confidence)

(calculated, 6514 Da). (Note: the calculated values are not corrected

for the decrease in molecular weight expected for a three-component

system 36; this correction is expected to be roughly 1% of the

molecular weight.)

RESULTS

The circular dichroism signal of [3 0-51]Ala at 222 nm exhibits a

sigmoidal .dependence on temperature, indicating that [3 0-51]Ala

folds (Fig. 2A). The melting temperature of [3 0-51]Ala is ~400 C,

roughly similar to the melting temperature of PaPI-2 (Fig. 2B), a

peptide model of [30-51] that contains almost two-thirds of the

residues in [30-51]. This similarity in stability suggests that the

additional residues in [3 0-51]Ala do not fold. These additional

residues consist primarily of the first 17 N-terminal residues in
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[30-51]Ala but also include residues 36-41 which are contained in a

loop in native BPTI.

At 100 C and neutral pH, only one out of four molecules of

[30-51]Ala inhibits trypsin (Fig. 3); roughly three out of four

molecules become digested, as determined by gel electrophoresis

(data not shown). Under identical conditions, BPTI inhibits trypsin in

a stoichiometric manner (Fig. 3), whereas BPTI6Ala, containing no

disulfide bonds, does not inhibit trypsin at all (Fig. 3). The partial

inhibition demonstrated by [3 0-51]Ala does not reflect weak binding

as inhibition by [3 0-51]Ala is stable for at least 30 min. Rather, it

appears that inhibitory binding is an essentially irreversible process

and that inhibitory binding and proteolysis are in competition with

one another when [30-51]Ala and trypsin are initially mixed together.

The recombinant model [5-55]Ala, which is similar in stability to [30-

51]Ala, folds into an essentially completely native structure and

inhibits trypsin stoichiometrically 12, suggesting that [30-51]Ala would

also completely inhibit trypsin if [3 0 -51]Ala were also completely

folded. Thus, the incomplete inhibition of trypsin by [3 0-51]Ala

under stoichiometric conditions suggests that [3 0-51]Ala is only

partially folded under conditions identical to those used to examine

the folding pathway4 of BPTI (Fig. IB), the only difference being that

the temperature used here is 100 C and the temperature used during

the folding of BPTI was 250 C.

The appearance of 2D-NMR spectra of [30-51]Ala indicate that

[30-51]Ala consists of two structurally distinct regions (Fig. 4). One

set of peaks that are more broad than the rest are generally

dispersed, indicating that residues corresponding to these peaks are
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folded. A second set of peaks lack dispersion and are sharp,

suggesting that residues corresponding to these peaks are unfolded.

A third set of sharp peaks also lack dispersion, but are weak in

intensity. Strong similarity between spectra of Met-[30-51]Ala(Met-

52) and spectra of PaP3-2 and BPTI facilitated the transfer of

assignments from PaPP-2 (ref. 15) and BPTI (refs. 30-32) to

[30-51]Ala. These assignments were checked for internal

consistency by identifying unambiguous, sequential NOE

connectivities 33. The strong sharp peaks were readily assigned by

identifying unambiguous, sequential NOE connectivities. The weak

sharp peaks were not assigned. Aside from the weak peaks, 90% of

the peaks have been assigned (Fig. 4). Each assignment was

supported by at least one unambiguous sequential NOE. In general,

the dispersed peaks were assigned to residues contained in PaP 3-2

and sharp peaks were assigned to residues contained in the first 17

N-terminal residues (Fig. 4).

At 20C, pH 4.6, the dispersed peaks in [3 0 -51]Ala are broader

than the same resonances in BPTI under similar conditions.

Aggregation should always be a concern with partially folded

intermediates. Our recombinant model [3 0-51]Ala does not melt

reversibly at pH 7.3, as determined by circular dichroism. In

addition, in 20 mM HOAc, pH 4.6/100 mM NaCl at 20C, [30-51]Ala has

a molecular weight 50% higher than expected, as determined by

sedimentation equilibrium. To test whether the broadening

observed for the dispersed peaks in [30-51]Ala results from

aggregation under conditions used for NMR, we performed

sedimentation equilibrium experiments. These experiments indicate
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that [30-51]Ala is monomeric over a concentration range of 25 gxM to

400 gM in 20 mM acetate, pH 4.6, 20 C (Fig 5A). A 1D-NMR spectrum

collected under these conditions at a protein concentration of 200 IgM

(Fig. 5B, top) is essentially indistinguishable from a spectrum

collected under similar conditions but at 4 mM protein and in the

absence of acetate (Fig. 5B, bottom), the conditions used for 2D-NMR

experiments. Thus, we conclude that the broadening of peaks in

[3 0 - 5 1 ]Ala does not result from aggregation.

By monitoring the temperature dependence of the 1D-NMR

spectrum of [3 0- 5 1]Ala, we observe that the broad peaks become

more broad with increasing temperature. At the melting

temperature of [3 0- 5 1]Ala, the downfield amide resonances near

10.0 ppm (Fig. 5B) become broadened to such an extent that they are

essentially unobservable. This broadening with temperature

indicates that the folded and unfolded forms of [3 0-51]Ala are in

intermediate exchange with one another on the NMR time scale

(i.e., the rate of interconversion is -1-5 ms). Thus, the broadening of

dispersed lines at low temperature may result from interconversion

with a residual amount of unfolded molecules.

A comparison of the chemical shifts of the backbone a and

amide protons in [3 0-51]Ala with their corresponding protons PaP3-2

indicate a strong correlation between the chemical shifts of protons

in [3 0- 5 1]Ala and their corresponding protons in PaP3-2

(Fig. 6A, top). A comparison of the same protons in [3 0-51]Ala with

their corresponding protons [5 -5 5]Ala also indicates a good

correlation (Fig. 6A, bottom), though not as strong. A strong

correlation between the chemical shifts of [3 0-51]Ala and PaP3-2
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argues that the formation of the a-helix, the P-sheet and the native-

like packing of these elements that is observed 15 in PaPP-2 also

occurs in [3 0-51]Ala. The weaker correlation with the chemical shifts

of protons in [5-55]Ala could result simply from the absence of the

contribution of the N-terminal residues to the chemical shift of the

folded residues or indicate that the folded structure in [3 0-51]Ala is

slightly different than in [5- 5 5]Ala. Three of the nonnative NOEs

observed in PaPf-2 (ref. 15), including one arising from a pair of

protons that are 15 A apart in native BPTI, could potentially be

observed unambiguously in spectra of [3 0 -51]Ala; none were,

however, suggesting that the nonnative NOEs observed in PaP3-2

result from artifacts of the unnatural termini of the peptides.

Previous 2D-NMR studies 16 of the recombinant model

[30-51]ser seem to indicate that the 14 N-terminal residues are

unfolded. Still, to fully characterize the structure of [30-51], one

needs to determine whether the conformation of the 14 N-terminal

residues is the same as that in the reduced, unfolded state of BPTI

(Fig. IB) or whether the conformation, though largely unfolded, is

restricted in some way by the structured regions in [30-51].

Similarly, one would like to know if the conformation of the

structured region is affected by the 14 N-terminal residues of

[30-51].

To test whether or not the structured region and the 14

N-terminal residues in [30-51]Ala are independent of one another, we

dissected [30-51]Ala into two parts. The first part, named P[30-51]1-15

consists of residues 1-15 of [3 0-51]Ala and the second part, named

p[30-518 consists of residues 12-58. The HSQC spectra of p[30-51] and
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p[0-15] essentially superimpose onto the HSQC spectrum of [3 0-51]Ala

(cf. Figs. 7A with B and 7C with D, respectively), with the exception of

crosspeaks arising from the terminal residues of these peptides that

are not also terminal residues in [3 0- 5 1]Ala. This observation

demonstrates that the folded portion of [30 -5 1]Ala the 14 N-terminal

residues are essentially independent of one another.

Hydrogen exchange studies of [30- 5 1]Ala indicate that the

structure in this molecule protects amide protons from exchange

(Fig. 7E). Moreover, the amides that are protected are also contained

within p[30-518] (cf. Fig. 7E with F). In particular, amides in the a-helix

and two major strands of the P-sheet are protected by at least an

order of magnitude relative to their intrinsic rates of exchange free

in solution 38,39 (Fig. 8).

A comparison of an HSQC spectrum of P[301°1] and an HSQC

spectrum of [30 -5 1]Ala indicates that the first 14 residues of

[3 0 -5 1 ]Ala are as unfolded as a free peptide in solution (cf. Fig. 7C

with D). A comparison of the amide proton chemical shifts in the

slightly longer peptide p[30-5 1] with the corresponding chemical shifts0-17

in [3 0 -5 1]Ala indicate that the amides chemical shifts of the 14

N-terminal residues in [3 0 -5 1]Ala are identical to the amide chemical

shifts of the 14 N-terminal residues in p[30-11] to within 0.02 ppm

(Fig. 6B, top); a similar comparison of the same amide chemical shifts

in [3 0 -5 1]Ala with the corresponding amide chemical shifts in

[5 - 5 5 ]Ala demonstrate that there are significant differences between

the conformation of the 14 N-terminal residues in these two

molecules (Fig. 6B, bottom). By 2D-NMR, there is little evidence for

long-range structure in p[30-511]. We do, however, observe a strong0-17
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NOE from the amide proton of Gly-12, which is shifted upfield by

-1 ppm from the expected random coil shift, to aromatic protons of

Tyr-10 suggesting that the amide dipole is interacting with the ring

dipole, a feature that has been observed in native structures such as

BPTI (refs. 40-42). Still, we conclude that p[30-5o] is predominantly

unfolded and that the 14 N-terminal residues are also unfolded in

[30-51]Ala.

In addition, the weak sharp peaks in spectra of [3 0-5 1]Ala are

also observed in spectra of p[30-51], indicating that these peaks arise

from configurational or conformational heterogeneity in the

N-terminal residues of [3 0- 5 1]Ala and not from a population of

unfolded molecules (cf. ref. 16). The most likely source of this

heterogeneity is cis/trans isomerization about the four X-Pro peptide

bonds contained in the first 14 N-terminal residues. Observation of

strong a(i) to 8(i+1) NOEs for X-Pro peptide bonds indicate33 that all

of these bonds are predominantly trans (Fig. 9).

DISCUSSION

Explanation for the Properties of [30-51] in the

Folding Pathway of BPTI. Our results indicate that [3 0-51]Ala

folds into a partially folded structure in which the a-helix and

fl-sheet form a native-like subdomain and the N-terminal arm

remains essentially unfolded (Fig. 10), consistent with results
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observed for the peptide 13 model PaPP and the recombinant 16 model

[3 0-51]Ser. This structural perspective provides an explanation for

many of the thermodynamic and kinetic properties of [30-51] in the

folding pathway of BPTI as discussed below.

(i) Of the fifteen one-disulfide intermediates, only the

intermediates [30-51] and [5-55] accumulate to a significant extent4

at neutral pH (Fig. IB). As in the case 12 of [5-55], accumulation of

[30-51] is explained by the formation of stable, native-like structure.

(ii) At neutral pH, [30-51] forms the 14-38 disulfide bond

almost as fast as the native intermediate NS• forms the same

disulfide bond 4,5 (Fig. IB). Formation of the 3-sheet in the native-

like subdomain of [30-51] explains the rapid rate at which [30-51]

forms the 14-38 disulfide bond (Fig. 1A).

(iii) The intermediate [30-51] does not readily form the 5-55

disulfide bond 3 ,4 (Fig. IB). The 5-55 disulfide bond is completely

buried in native BPTI (Fig. lA). Formation of a native-like

subdomain in [30-51] may partially bury Cys-55 and inhibit the rate

at which this Cys residue reacts with oxidizing agent (cf. ref. 43).

(iv) Though [30-51] and [5-55] accumulate in roughly a 1:1

ratio at neutral pH, the relative amount of [5-55] is decreased

substantially 4 at pH 8.7. The burial of both Cys-30 and Cys-51 in

[5-55] (ref. 12) will be unfavorable at pH 8.7, where approximately

half of all cysteines are negatively charged. The greater stability of

[30-51] to moderately alkaline pH reflects the partially-folded nature

of [30-51] in which only Cys-55 is expected to be buried.

(v) At neutral pH, the rearrangement of [30-51] to [5-55] by

thiol-disulfide exchange is slow4, 5 (Fig. IB) relative to the
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rearrangement of an unfolded one-disulfide intermediate. Formation

of a native-like subdomain in [30-51] will bury the 30-51 disulfide

bond (Fig. 1A) and restrict the flexibility of residues Cys-14, Cys-38

and Cys-55. Both burial of the 30-51 disulfide and restriction of the

flexibility of free Cys residues will reduce the ability of [30-51] to

rearrange.

Implications for the Choice of Mutations in Modeling

Disulfide-Bonded Folding Intermediates. There has been some

debate as to whether Ala or Ser is the appropriate substitution for a

Cys residue 12,17 . The melting temperature of [30 -51]Ala is

comparable to the melting temperature 12 of [5-55]Ala and this

reflects the observation that the stabilities of the authentic

intermediates [30-51] and [5-55] are comparable 4 during folding at

neutral pH. In addition, both [3 0-51]Ala and [5-55]Ala are

substantially folded at 250 C, the temperature at which the authentic

intermediates are observed to accumulate. In contrast, the stabilities

of [3 0 -51]ser and [5-55]ser differ by at least 20 0 C (refs. 11, 16).

Moreover, [5-55]Ser is essentially unfolded11 at 250 C. These

observations argue that Ala, and not Ser, is generally the appropriate

substitution for Cys in modeling disulfide-bonded intermediates that

accumulate during folding at neutral pH, though in the case of

[30-51] little difference is observed between Ala and Cys since most

of the sites of mutation are either exposed to solvent or contained in

an unfolded region.

Still, mutations generally destabilize proteins and raise the

concern that the partially-folded nature of [30-51]Ala and [3 0-51]Ser
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results from mutations. Preliminary 1D-NMR spectra of acid-

trapped, authentic [30-51], however, indicate clearly that this

authentic intermediate is only partially folded demonstrating that

the mutations used in the recombinant model [3 0-51]Ala and

[30-51]Ser are not solely responsible for their partially-folded nature

(data not shown).

Implications for the Folding of Proteins in General. The

folded structure in [30-51] represents a native-like subdomain that

folds independently of the rest of the protein. A similar subdomain

is supported by the 5-55 disulfide bond in PaPy, a peptide model44 of

the intermediate [5-55]. Formation of this subdomain provides an

explanation'2,13, 44 for the early steps in the folding pathway of BPTI.

Identification of this subdomain simplifies the problem of

protein folding. The problem is reduced from understanding the

entire structure of BPTI to understanding how the subdomain folds

and how the rest of the protein folds in the presence of the

subdomain. The number of possible conformations of a protein

decreases exponentially as the number of residues is decreased.

Thus, the problem of predicting a fold is reduced dramatically by

simply dissecting a protein into two parts. In addition, given the

structure of one part, which may be folded into a subdomain for

instance, then the folding of the remaining part is simplified further

by the additional constraint that the remaining part must pack

against the subdomain.

As subdomains simplify the problem of protein folding, one

would like to identify and characterize subdomains in other proteins.
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Though the subdomain of BPTI was identified by characterizing

intermediates in a folding pathway, subdomains may be identified in

other ways -- computationally or experimentally. The native-like

structure of the subdomain of BPTI validates an approach in which

the native structure is examined.

One approach to identifying subdomains in native proteins may

be to identify the most stable regions of a protein. In native BPTI

(Fig. 1A), the 30-51 and 5-55 disulfide bonds are the most stable

disulfide bonds and the 14-38 disulfide bond is the least stable. This

hierarchy of disulfide bonds is reflected in the one-disulfide stage of

folding (Fig. IB). In addition, the 3-sheet in the subdomain of BPTI

contains the slowest exchanging amide protons in native BPTI. This

is reflected in the subdomain contained in the peptide models PaP

and PaPy in which structure depends 13,44 on the P-sheet. Similarly,

the early intermediate 45 ,46 in the folding of cytochrome c contains

the slowest exchanging amide protons in native cytochrome c. Thus,

early intermediates in folding seem to reflect the most stable regions

of a native protein. Identification of these stable regions in the

native structure may help to identify subdomains in other proteins.

Knots are not generally found in the structures of proteins4 7.

The kinetics of folding and unfolding of [3 0 -51]Ala and PaPI-2 may

be relevant to this observation. Both the structure and stability of

[30-51]Ala and PaPi-2 appear similar. Yet, whereas the relaxation

time for the interconversion of the folded and unfolded states of

[3 0-51]Ala is intermediate (-1-5 ms) on the NMR timescale, the

relaxation time for PaPi-2 is fast 13 (<<1 ms). What might explain this

apparent paradox? One of the most striking differences between
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[30-5 1 ]Ala and PaPI-2 is their topology. Given native folding of the

three 3-strands in [3 0-51]Ala, a threaded loop48 must be formed

(Fig. 1A) in [3 0-51]Ala which cannot form in PaPI-2. The threading

and unthreading of this loop may explain the slower rates of folding

in [3 0-51]Ala. Thus, knots in proteins may be disfavored for kinetic

reasons.

The structures of [30-51]Ala and [5-55]Ala are different;

[3 0 -51]Ala is partially folded whereas [5-55]Ala is fully folded. Yet,

the melting temperatures of these two recombinant models are

roughly the same12 . In addition, at equilibrium and neutral pH,

[30-51] and [5-55] accumulate in a 1:1 ratio4 , indicating that the

authentic intermediates are equal in stability. The explanation for

this apparent paradox is unclear. One likely possibility is that though

[30-51], being partially folded, is less favored than [5-55] in terms of

enthalpy, [30-51] is more favored than [5-55] in terms of entropy, as

[30-51] is less ordered. These two effects may offset one another

such that the stabilities of [30-51] and [5-55] are the same. W.e

conclude that at an early stage in the folding pathway of BPTI, a

partially folded intermediate is as stable as a fully native structure.

This observation suggests that partially folded protein folding

intermediates may accumulate early during folding not simply

because they are favored kinetically over more fully native

structures, but also because their less ordered structures are favored

entropically over more fully native structures that might be in rapid

equilibrium with such partially folded intermediates. This view

supports a stepwise model for folding in which folding occurs by
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formation of subdomains of native structure rather than by the

concerted formation of native structure on a global scale.

What effect does formation of the subdomain in [30-51] have

on the folding of the N-terminal arm? To address this question, it is

useful to consider the consequences of thermodynamic linkage

between the reduced protein R and the intermediates [30-51], [5-55]

and [30-51, 5-55] (Fig. 1B).

3051 (1) [30-51] iC5~ 5 f(n)

R Keq 30-51

egt 
[ 5 -5 5

d5;55 [5-55] co3 51 ()

At equilibrium under neutral pH, [30-51] and [5-55] accumulate in

roughly a 1:1 ratio4 (i.e., Keq = 1). Consequently,

thermodynamic linkage requires that the effective concentration of

Cys-5 and Cys-55 in R is the same as the effective concentration of

Cys-30 and Cys-51 in R (i.e., C5;55(I) = 30;51 ).

The striking implication of the observation that Keq = 1 is,

however, that the effective concentration of Cys-5 and Cys-55 in

[30-51] is identical to the effective concentration of Cys-30 and

Cys-51 in [5-55] (i.e., C5;55(II) = C30; 1(II) ). Whereas Cys-30 and

Cys-51 are held close together in [5-55] by native structure12 , in

[30-51], though Cys-55 is contained in a folded subdomain, Cys-5 is

contained in an unfolded region. Thus, the structures of [30-51] and
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[5-55] do not provide an intuitive explanation for why
C;5f(II) = C30;51(II).

eff

What does this equality indicate? The effective concentration

of two cysteines reflects the degree to which a disulfide bond

between these two cysteines stabilizes protein structure. The degree

to which a disulfide bond is stabilizing depends on the ability of

interactions in a protein to cooperate in stabilizing the disulfide bond.

Thus, the more a disulfide bond cooperates to stabilize a

conformation, the higher the effective concentration will be.

One expects that the native disulfide bond 30-51 will stabilize

the native conformation of [5-55] more than it will stabilize structure

in the unfolded, reduced state, since the disulfide bond will more

readily cooperate with interactions in a native structure. Thus, the

native-like structure that brings Cys-30 and Cys-51 close together in

[5-55] will result in an effective concentration that is higher than the

effective concentration of these same Cys residues in the unfolded,

reduced protein (i.e., C30;51(II)> C30;5(I) ). By thermodynamic

linkage, the effective concentration of Cys-5 and Cys-55 in [30-51]

must also be higher than the effective concentration of these same

two Cys residues in reduced protein (i.e., C5L55(II) > C5 f (I ) This

conclusion indicates that the formation of a native disulfide bond

between Cys-5 and Cys-55 is more favorable in [30-51] than in

reduced BPTI, despite the observation that the N-terminal arm is

unfolded in [30-51]. Structurally, this conclusion indicates that the

folding of the N-terminal arm, which contains Cys-5, against the

subdomain, which contains Cys-55, is more favorable in [30-51] than

in reduced BPTI. Thus, formation of a subdomain in the folding
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intermediate [30-51] alters the energetics of the conformational

space available to an unfolded region in [30-51] in such a way that

the folding of this region becomes more favorable.
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Fig. 1 (A) Schematic representation of the crystal structure for

BPTI 40-42 . The first and last residues and the cysteine residues

involved in disulfide bonds are labeled. The disulfide bond 14-38 is

accessible to solvent, exposing 48% of it total surface area, whereas

the disulfide bonds 30-51 and 5-55 are inaccessible, exposing 0% of

their total surface area41,49,50. (B) Schematic diagram of the folding

pathway4 of BPTI at 250 C, pH 7.3. Intermediates are designated by

the disulfide bonds that they contain. R refers to reduced BPTI; N, to

native BPTI; Nss, to the precursor to native BPTI; and N*, to a native-

like, kinetically-trapped intermediate. The dashed arrows indicate

that the major one-disulfide intermediates do not form directly from

reduced protein but rather from rearrangement of other

one-disulfide intermediates. Qualitative descriptions for the relative

rates 4,5 of intramolecular transitions at pH 7.3 are indicated; "very

fast" rates are on the order of milliseconds, while "very slow" rates

are on the order of weeks. Ns ,H N*, [30-51; 14-38] and [5-55] fold

into essentially the same conformation as native BPTI.
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Fig. 2 The recombinant model [3 0- 5 1]Ala folds into a stable

structure, but no more stable than the peptide model PoaPP-2. The

temperature dependence of molar ellipticity [e] 222 is shown for

[3 0-51]Ala (A) and PaP3-2 (B) and was collected under identical

conditions. The melting temperatures of both [3 0- 5 1]Ala and PaPI-2

is -40 0 C, as estimated by the maximum of the first derivative of the

temperature dependence of [61222.

69

-i



Fig.
I-

E"o

E
0

o0)

IF-0V

Temperature

60 70 80

(oC)

0 10 20 30 40 50 60 70 80

Temperature (oC)

70

0 10 20 30 40 50

4.8

4.6

4.4

4.2

4

3.8

0
EE

olE
0

0)

C,,0

Cl
ClNNl

5

4.5

4

3.5

3

2.5

2



g, Only one out of four molecules of [3 0-5 1]Ala inhibits trypsin.

The percentage of trypsin activity, relative to a control with no

inhibitor, is plotted as a function of the molar ratio of inhibitor to

trypsin where the "inhibitor" is either native BPTI (open triangles),

[3 0-51]Ala (closed circles) or BPTI6Ala (open circles), which contains

alanines in place of all six cysteines.
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Fie. 4 The recombinant model [30- 5 1]Ala contains two structurally

distinct regions. An HSQC spectrum of 15N-labeled

Met-[30-51]Ala(Met-52) in 90% H20 at 20C, pH 4.6 is shown with

assignments of the crosspeaks to their respective residues. Notice

that crosspeaks from fourteen of the first 15 N-terminal residues

lack dispersion and are sharp while crosspeaks from other parts of

the molecule tend to be dispersed and more broad.
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Fig. 4

4D 56
[ 3 0 - 5 1 ]AIa

HSQC

47

54

a~

o21
26

022
o 46

1

, 23

024
v58

8.0
IH (ppm)

74

0 57
12

29Q
••a

* O;Ob

< 49 0

Al

0

0

-(0

0=
"-.,

-0-o
c~j

0

o·-Crj
I_

I 27

51

16
"5

I : ,

@35

9.0
7

7.0



Fig,.5 Under the conditions used for NMR studies, [30 -51]Ala is

monomeric. (A) Sedimentation equilibrium data indicate that the

molecular weight of [3 0-51]Ala is 6362 Da ± 4% (95% confidence)

(calculated, for monomer, 6453 Da). Raw data collected at a rotor

speed of 45,000 rpm is shown (top). An absorbance of 0.62 at 261

nm corresponds to 200 gM [3 0- 5 1]Ala. The parameters for the curve

which yielded the molecular weight were derived from a

simultaneous fit of fifteen unique data sets; the high quality of the fit

to the displayed data set, as judged by the nearly random residuals

(bottom), is representative of the quality of the fit to the other

fourteen data sets. (B) 1D-NMR spectra of [3 0-51]Ala collected under

the conditions of the sedimentation equilibrium experiment at a

concentration of 200 [tM (top) and under the standard conditions

used to collect 2D-NMR data at a concentration of 4 mM (bottom) are

essentially indistinguishable. Downfield of 9.0 ppm, the spectra are

scaled up tenfold to facilitate the comparison of the downfield amide

peaks.
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Fig. 5 (A)
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Fig. 6 The structured region of [3 0 -5 1]Ala folds into a native-like

conformation and the remaining region is as unfolded as an isolated

peptide. (A) Residues 18-35 and 42-58 fold into a similar

conformation in [30-51]Ala and in the native-like subdomain of

PaPP-2; the correlation is strong between the chemical shifts of the

backbone protons in [30-51]Ala and the corresponding protons 15 in

PaPI-2 (top). The chemical shifts of [3 0-51]Ala correlate better with

PaP3-2 than the native 12 intermediate [5-55]Ala (cf. bottom). The

chemical shifts for PaPP-2 were measured in 200 mM sodium

sulfate, pH 4.6, 100 C; the chemical shifts for [3 0-51]Ala and [5-55]Ala

were measure in no salt, pH 4.6, 100C. (B) The correlation is

remarkably strong between the chemical shifts of the amide protons

of the first fourteen N-terminal residues in [30-51]Ala and the

corresponding protons in the peptide p[30-51] containing the first 18

residues in Met-[30-51]Ala(Met-52) (top); these chemical shifts differ

by no more than 0.02 ppm. The chemical shifts of [3 0-51]Ala and

P[30-1 were measured under identical conditions (no salt, pH 4.6,

10oC). In contrast, there is little correlation between the chemical

shifts of protons in [30-51]Ala and the corresponding protons in the

native 12 intermediate [5 -55]Ala (bottom).
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Fig. 6 (A)
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Fig. 6 (B)
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ig 1 7 The recombinant model [3 0-51]Ala can be dissected into two

independent regions. All spectra are HSQC spectra of 15N-labeled

protein and were collected at pH 4.6 (20C) in the absence of buffer or

salt -- with the exception of the spectrum in (E), see below.

A comparison of a spectrum of p[30-51] (A) and a spectrum of

[30-51]Ala (B) shows extensive similarities, demonstrating that the

conformation of residues 12-58 in p[30518 is largely conserved in

[3 0-51]Ala. A comparison of a spectrum of p[30-51] (C) and a spectrum

of [30-51]Ala (D) also shows extensive similarities, demonstrating that

the conformation of residues 1-15 in P[3 -511 is also largely conserved

in [3 0-51]Ala. The spectrum in (E) of [3 0-51]Ala was collected under

similar conditions, except that it contains 20 mM acetate and was

collected roughly two hours after dissolving the protein in 100% D20,

thus showing the amide protons that are protected against exchange

in [3 0-51]Ala. A comparison of this spectrum of [3 0-51]Ala (E) and a

spectrum of P[130518 (F) demonstrates that the amide protons that are

protected from exchange in [3 0-51]Ala are contained in P[30-51].
12-58 •
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g.g Amide protons in the a-helix and 13-sheet of native BPTI are

protected from exchange in [30-51]Ala. Protection factors are plotted

as a function of residue number and were calculated by dividing the

intrinsic rates of exchange expected for free amides in solution38 ,3 9

by the observed rates of amide proton exchange. Closed circles

indicate that the observed rate was measured directly; open circles

with arrows indicate that the protection factor is an upper limit

based on the fastest measured rate. The two large arrows indicate

the residues involved in the two major strands of the 13-sheet and the

jagged line indicates the residues involved in the helix of native

BPTI. Gaps in the data correspond to four prolines, two residues that

give rise to overlapped peaks or unassigned residues. The amide

proton of residue one has a large protection factor as an upper limit

because its intrinsic rate of exchange is expected to be much larger

than the others.
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Fig. 9 All four prolyl peptide bonds in the N-terminal peptide

p[ 30- 517 are predominantly in the trans conformation. A region of a

NOESY spectrum collected at 100C, pH 4.6, with a mixing time of

150 ms is shown. Strong a(i) to 8(i+1) NOEs, characteristic of a trans

conformation 33 , are identified for each dipeptide containing a prolyl

peptide bond. Numbers correspond to residue numbers. The box

indicates the region of the spectrum where one would expect to find

strong a(i) to a(i+l) NOEs, characteristic of a cis conformation33 .
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Fig. 10 (A) A simple, schematic representation of [30-51]. Black

indicates the region of BPTI contained in PaPO3-2; white indicates the

essentially unfolded region of [3 0-51]Ala; gray indicates an

ill-defined region. (B) A schematic representation of the structurally

significant steps on the productive branch of the folding pathway for

BPTI. Lines represent largely unfolded structure; solid shapes

represent folded, native-like structure. In [30-51] the line

represents the first 14 N-terminal residues. Labels are as in Fig. lB.
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APPENDIX I

THE ROLE OF A SUBDOMAIN IN THE FOLDING OF BOVINE
PANCREATIC TRYPSIN INHIBITOR

Staley, J. P. & Kim, P. S. (1990) Nature (London) 344, 685-688.

@ 1990 Macmillan Magazines Ltd.
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Role of a subdomain in the folding
of bovine pancreatic
trypsin inhibitor
Jonathan P. Staley*t & Peter S. Kimtr

Departments of * Chemistry and Sitogy. Massachusetts Institute of
Technology. Cambridge. Massachusetts 02139. USA
t Whitehead Institute for Biomedical Research. Nine Cambridge Center.
Cambridge. Massachusetts 02142. USA

THE disulphide-bonded intermediates that accumulate in the
okidative folding of bovine pancreatic trypsin inhibitor (BPTI)
were characterized some time ago'. Structural characterization of
these intermediates would provide an explanation of the kinetically
preferred pathways of folding for BPTI. When folding occurs
under strongly oxidizing conditions, more than half the molecules
become trapped in an intermediate, designated N*, which is similar
to the native protein but lacks the 30-51 disulphide bond"• . We
have tested the hypothesiss that the precursor to N* is the one-
disulphide intermediate (5-551, which contains the most stable
disulphide in BPTL and present evidence here that this is the case.
A peptide model of [5-55, corresponding to a subdomain of BPTI,
seems to fold into a native-like conformation, explaining why
[5-551 does not lead to native protein and why it folds rapidlys to
N'. A native-like subdomain structure in a peptide model' of
[30-511, the other crucial one-disulphide intermediate, may explain
the route by which (30-511 folds to native protein. Thus, much of
the folding pathways of BPTI can be explained by the formation
of a native-like subdomain in these two early intermediates. This
suggests that a large part of the protein folding problem can be
reduced to identifying and understanding subdomains of native
proteins.

As part of an investigation of the BPTI folding pathway (Fig.
la), we have designed a peptide model of [5-55] to determine
whether it folds into a stable conformation in aqueous solution.
Following a strategy used previously' to design a peptide model
of the intermediate (30-51], we designed our model, called
PaPy, by assuming that the structure in (5-55] would be native-
like and localized to a region near the 5-55 disulphide.

In native BPTI, the 5-55 disulphide joins the 31o-helix to the
a-helix, both of which contact the central P-sheet. PaPy
includes residues from these three secondary structural units
(Fig. Ib) and consists of two peptides, Pa and Py, joined by a
disulphide bond corresponding to the 5-55 disulphide. Pa
includes residues corresponding to the a-helix and a short
P-strand. The residues in Py correspond to those in the 3o0-helix
and the central 8.sheet, which are joined by a linker of six
glycines. The formation of the 30-51 disulphide was prevented
by replacing Cys 30 and Cys 51 with alanines. To evaluate the
importance of the central 0-sheet region, we made a second
peptide model, called Pa Py(Ap), which lacks the P-sheet and
glycine linker sequences (Fig. Ic).

PaPy folds in aqueous solution, as shown by the sigmoidal
transition observed .for the temperature dependence of the cir-
cular dichroism (CD) signal at 222 nm (Fig. 2a). The transition
indicates that PaPy is essentially 100% folded at 0C and that
the melting temperature is - 28 'C. A sigmoidal transition is
not observed for reduced PaPy or for oxidized PaPy(Ab),
indicating that both the disulphide (Fig. 2a) and the P-sheet
sequence (Fig. 2b) are required for structure in Pa Py.

The nuclear magnetic resonance (NMR) signals for protons
in PaPy are dispersed at low temperatures (Fig. 3a), providing
further evidence that Pa Py is folded. The pattern of dispersion
is similar (Fig. 3b) to that observed for a peptide model of
(30-51], called PaPS, which contains many of the residues in
Pa Py. As two-dimensional NMR showed that the structure of
PaPB was native-like (ref. 6; and T. G. Oas and P.S.K., un-
published results) and as a given pattern of dispersion is charac-

teristic of a particular structure', we came to the preliminary
conclusion that the structure of Pa Py is also native-like. Two-
dimensional NMR studies of PaPy support this conclusion
(unpublished results).

Four aromatic residues in native BPTI have reduced ring-
flipping rates at low temperatures, as determined by NMR' 9.

Three of these residues are contained in Pa Py. At least one of
these aromatic rings, probably Phe 45, shows reduced flipping
rates at low temperatures in PaPy (data not shown). Thus, the
native-like structure in PaPy probably includes close-packed
tertiary structure.

Given our demonstration that PaPy folds into a stable con-
formation, we concluded that [5-55] is the precursor to N* (Fig.
4). Several observations support this conclusion. Firstly, [5-55],
produced by folding BPTI in denaturing conditions,
interconverts relatively slowly with the other one-disulphide
intermediates under native conditions'0, suggesting that [5-55]
does fold. Secondly, [5-55] accumulates during the folding of
circular BPTI, in which the two termini of BPTI are joined by
a peptide bond". Thirdly, a mutant of BPTI, with Cys 30 and
Cys I1 replaced by alanines, folds readily" to the equivalent of
N*, indicating that Cys 30 and Cys 51 are not required for the
formation of N'. Fourthly, peptide models of two other possible
precursors to N*, [14-38] (ref. 13) and [5-51] (unpublished
results), are unfolded in aqueous solution at 0 'C. Finally, of
the three disulphides in native BPTI, removal of the 5-55 di-
sulphide results in the greatest loss of stability.

The native-like structure of PaPy provides a structural
explanation for why (5-55] rapidly forms a second disulphide'
(Fig. la). The 14-38 disulphide lies at one end of the antiparallel
3-sheet in native BPTI (Fig. lb). Formation of the P-sheet

would bring Cys 14 and Cys 38 close together and enhance
disulphide formation. Moreover, linking the termini of the pro-
tein via the 5-55 disulphide and packing this region of the
molecule against the 8-sheet in a native-like way would con-
strain the loop regions containing Cys 14 and Cys 38 to be close
together (Fig. Ib) and further enhance the rate of formation of
the 14-38 disulphide.

Thus, whereas [30-51] is significant in the folding of BPTI
because it is well populated'. ' ', that is, thermodynamically
stable, [5-55] is significant because in kinetic terms it favours
the next step in folding5. A native-like structure does, however,
appear to be responsible for both the thermodynamic stability
of (30-51]' and the rapid folding of [5-55] to N*.

The native-like structure in PaPy also explains why [5-55]
does not readily form the 30-51 disulphide to yield the inter-
mediate [30-51, 5-55] (Fig. 4), as Cys 30 and Cys 51 would be
buried. Similarly, these residues remain buried'' in N*, explain-
ing why N* does not lead to native protein3' as.Thus, the native-
like structure in [5-55] seems to hinder the simple sequential
formation of native disulphides in the branch of the BPTI folding
pathway' that leads to a dead-end intermediate. In the folding
of proteins without disulphides, the burying of water molecules
or ions may also hinder simple sequential acquisition of native
structure; structural rearrangements may be required to release
trapped water molecules or ions before folding to native protein
can finish.

NMR studies of a peptide model for [30-51] indicate that
the native-like structure in (30-51] leads to partial burying' of
Cys 55. This may explain why 5-55 does not form readily in
[30-51] (Fig.4) and why the branch of the BPTI folding pathway
that leads to the native protein includes disulphide rearrange-
ments through non-native intermediates (T. G. G. Oas and P.S.K.,
unpublished results; but see refs 16, 17).

It seems, therefore, that much of the apparently complex
pathway for folding of BPTI can be explained by the formation
of a native-like subdomain in the two early intermediates, [30-
51] and (5-55]. We conclude that native-like subdomains are
key determinants in the folding of BPTI. Ifthis conclusion turns
out to be a general one, then understanding the hierarchy of
subdomains in native proteins '"" will be an important part of
understanding protein folding. O
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FIG. 1 Peotide models of the precusor to N*. a A simplified schematic of
the folding pathways of BPTI at 25 C. pH 8.7. Formation of both native BPTI

N and N results from a fork in the folding pathway at the one-Odsulphide
stage of foldings

. R refers to reduced BPlT: 130-511. to the one-disulphide
intermediate containing a disulphide between Cys 30 and Cys 51 It. to the
two-disulphide intermediates on the pathway to native BPTI: N. to native
BPTI: N., to the native-Ike kinetically trapped intermediate: and (7]. to the
unidentified one-disulphide precursor to NO. NO is stable for days at 25 "C
in the absence of reducing agents. Apart from reduction of the 30-51
disulphide. there are no major structural differences between NO and native
BPTI as judged by NMR'. Moreover. the X-ray crystal structure of a mutant
of BPTI. with Cys 30 and Cys 51 replaced with alanines. reveals that the
mutant has essentially a native fold'. The relative proportions of the
one-disulphide intermediates are indicateds. As shown. [?] forms a second
disulphide 50 times faster than [30-511. accounting for the significant
accumulation of NO from a poorly populated intermediate. D Regions of BPTI
included in PaP- are indicated on a representation" of folded BPTI. The
three native disulphides of BPTI are labelled. Po. (shaded) includes residues
42.58: RNNFKSAEDAMRTCGGA (one.letter amino acid code) Cys 51 has
been substituted with Ala. (Note: Pa of PaPy oiffers slightly from Pa of
PaP$ in that R42 is not included& in PaP(.) P, (blads) includes residues
1-9. a linker of six glycines and residues 20-33. RPDFCLEPPGGGGGGRYFY-
NAKAGLAQTF: Cys 30 has been substituted with Ala. The glycine linker
(spotted) was used to join covalently residues 1-9 to 20-33. The disulphide
between Pa and P- corresponding to the 5-55 disulphide is striped. a
Regions of BPTI included in PaP-f(1) are indicated on a representation"
of folded BPTI. Pa is shaded. P-(.1) (black) corresponds to residues 1-9:
RPDFCLEPP. lacking the 0-sheet and glycine linker sequences.
METHODS. Regions of BPTI important for stabilizing the 5-55 disulphide
were defined by identifying residues involved in van der Waals contacts
and hydrogen bonas near the 5-55 disulp'ide in the structure

I"' 3 of native
BPTI. Peptides containing these residues were synthesized on an Applied
Biosystems model 430A peptide synthesizer using 4[oxymethyl]phenyl.
acetamiomethyl resins and standard reaction cycles. modified to include
acetic anhydnde capping. All oeptides were cleaved from the resins using
F= (Immunoaynamics Inc. San Diego) except for Py(A,) which was cleaved

using trifluoromethane sulphonic acid. Peptides were desaited on a Sephadex
G-10 column in 5% acetic acid and punified by high-pressure liquid
chromatography on a Vydac C18 column using a linear water/acetonitnrile
gradient containing 0.1% tnfluoracetic acid. The identity of each peptide
was confirmed by fast-atom bombardment mass spectrometry (at the NIH
Mass Spectrometry Facility at MIT). yielding relative molecular masses of

1326.4 for Po (calculated 1 )

and 1.072.6 for P(.1S) (calculated. 1.0732). The heterodimeric disulphides
were formed by activating one thiol with EIIman's reagent 2 dithio-bis-(2-
nitrobenzoic) acid (DTNB). One volume of Pa (1 mM in I mM MCI) was added
dropwise to nine volumes of 25mM DTNB. 0.1 M phosphate. 1 mM EDTA at
pH 7.3. 23 C. After 5 min. an equal volume of diethyl ether was added and
the pH of the aquous layer dropped to pH 2.0 by addition of 1 M HCI. The
aqueous layer was washed seven times with ether to extract the DTNB.
(Saturating freshly opened ether with water prevents oxidation of Met 52:
T. G. Oas and J. S. Fetrow. unpublished results.) One equivalent of Py or
PY(41) in an equal volume of 0.5% acetic acid. 1 mM EDTA was then added
to the aqueous layer. The reaction was initiated by titrating to pH 73 with

PaX 0.75 M NaslPO, ad quenched after 15min by dropping the pH to pH 2.0
with 1 M CI. The peptides were purified as described above. The identity

' of each was confirmed by mass spectrometry yielding relatie molecular
masses of 4872.7 for PaP (calculated. 4873.4) 1a 2900.0 for PaP(A9S)
(calculated 2992). Overal yild was -45%. Gycmne was used for the
linker in PaP for maximum flexibility and minimum perturbation. The length
of the linker was based on computer modelling Lirkers of different lengths
were energy-minimized using the steeest descents algorithm of Discover
(verson 2.4.Blosym Technologies IncSan Diego) in the presence of residues
1-9. 20-33 and 42-58 of BPTI. The coordinates of these residu were
fixed in their native conformation'. The linker was required to make peptide
bonds with residues 9 and 20. After minimization. linksrs ware evaluated
by inspection of their bakbone bond lenths using nsight (verson 2.4.
Biosym Technologies Inc.). Five glycnes were sufficient to bridge residues
9 and 20 without perturbing native structure. Six glycines were used for
Iaditional flexibility.
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APPENDIX II

COMPLETE FOLDING OF BOVINE PANCREATIC TRYPSIN

INHIBITOR WITH ONLY A SINGLE DISULFIDE BOND

Staley, J. P. & Kim, P. S. (1992) Proc. Natl. Acad. Sci. USA 89,

1519-1523.
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Complete folding of bovine
single disulfide bond

pancreatic trypsin inhibitor with only a

(protein folding)

JONATHAN P. STALEYt AND PETER S. KIM+

Howard Hughes Medical Institute. Whitehead Institute for Biomedical Research. Departments of 'Chemistry and *Biology. Massachusetts Institute of
Technology. Nine Cambridge Center. Cambridge. MA 02142

Communicated by Frederic M. Richards. November 4. 1991 (received for review September 3. 1991)

ABSTRACT In the oxidative folding of bovine pancreatic
trypsin inhibitor (BTI) at neutral pH, only two one-disulfide
intermediates accumulate to a significant extent, namely (5-55] and
[30-511. In this paper we describe a recombinant model of [5-55],
designated [S-55]A, which was made by replacing the cysteine
residues not involved in the disulfide bond with alanine. As judged
by two-dimensional NMR, [5-SS]•a folds into essentially the same
conformation as native BFI. Moreover, like native BPTI, [5S55]
inhibits trypsin stoichlometrically. Thus, the disulfide-bonded in-
termediate [5-55] corresponds not to a partially folded protein
folding intermediate but rather to an essentially completely folded
protein. This conclusion provides an explanation for many of the
thermodynamic and kinetic properties of [5-55] in the folding
pathway of BPTI.

Bovine pancreatic trypsin inhibitor (BPTI) unfolds upon
reduction of its three disulfide bonds (Fig. 1A). This process
is reversible, as oxidation of reduced BPTI results in forma-
tion of native protein. Thus. for BPTI, protein folding is
coupled to disulfide bond formation (7, 13). During the
oxidative folding of BPTI at neutral pH. only five disulfide-
bonded intermediates accumulate to a substantial extent (Fig.
1B), and each contain only native disulfide bonds (7).

Thermodynamic linkage requires that disulfide bond for-
mation is coupled to protein stability. There is no require-
ment a priori. however, that disulfide-bonded intermediates
correspond to partially folded states. For example. RNase Ti
maintains a native structure, as determined by enzymatic
activity and fluorescence, even after reduction of both disul-
fide bonds (14). which together stabilize the protein by more
than 8 kcal/mol (1 kcal - 4.18 kJ). Nevertheless, as protein
folding intermediates have been difficult to isolate and char-
acterize (15. 16)., one would like to know if the disulfide-
bonded intermediates that accumulate in the oxidative fold-
ing of BPTI correspond to partially folded states.

The three major two-disulfide intermediates that accumu-
late at neutral pH (Fig. 1B) do not correspond to partially
folded states. They have all been shown to be folded essen-
tially into the same conformation (refs. 9-12: A. Kossiakoff.
personal communication) as native BPTI. though they are
less stable. It has remained to be determined whether the
major one-disulfide intermediates, [5-55] and (30-51] (Fig.
1B), correspond to partially folded states.

A synthetic peptide model (17) of [5-55], named PaPT, has
been made that contains two-thirds of the residues in BPTI;
cysteines not involved in the disulfide bond have been
replaced with alanines. As judged by NMR. PaPy folds into
a close-packed native structure (17) with a melting temper-
ature of -2WC. A recombinant model of [5-551 has also been
made (18) in which the cysteines not involved in the disulfide
bond have been replaced with serines. This recombinant

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked "adverrisement"
in accordance with 18 U.S.C. 11734 solely to indicate this fact.

B

,, i30-51n
R 5-55

N'

FIG. 1. (A) Schematic representation of the crystal structure
(1-3) for BPTI (adapted from ref. 4). The first and last residues and
the cysteine residues involved in disulfide bonds are labeled. The
disulfide bond 14-38 is accessible to solvent. exposing 48% of its total
surface area. whereas the disulfide bonds 30-51 and 5-55 are inac-
cessible. exposing 0% of their total surface area (2. 5. 6). (B)
Schematic diagram of the folding pathway of BTI at 25C. pH 7.3
(from ref. 7). Intermediates are designated by the disulfide bonds that
they contain. R refers to reduced BPTI: N. to native BPTI; NKI, to
the precursor to native BPTI: and N, to a kinetically trapped
intermediate. The dashed arrows indicate that the major one-
disulfide intermediates do not form directly from reduced protein but
rather from rearrangement of other one-disulfide intermediates (8).
Estimates for the relative rates of intramolecular transitions at pH 7.3
are indicated (7): "very fast" rates are on the order of milliseconds.
while "very slow" rates are on the order of months. NIf, NO, and
(30.51:14-381 fold into essentially the same conformation (refs. 9-12;
A. Koasialkoff. personal communication) as native BPTI.

model folds with a melting temperature (18) of -W15C, but it
is unfolded at 25OC, the temperature at which [5-55] is
observed during folding (7). The instability of this model may

Abbreviations: BPTI. bovine pancreatic trypsin inhibitor: COSY.
two-dimensional correlated spectroscopy: NOE. nuclear Over-
hauser effect: NOESY. two-dimensional nuclear Overhauser spec-
troscopy; TOCSY. two-dimensional total correlation spectroscopy.
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arise from the Cys - Ser substitutions and/or the Met-52 --
Arg substitution that was also introduced (18).

We have made a different recombinant model of [5-551 in
which the remaining cysteines have been replaced with
alanines. Expression of this model in Escherichia coli results
in the addition of a methionine residue at the amino terminus.
This recombinant model, designated [5-55]a. folds with
substantial stability, having a melting temperature of -40'C.
As judged by two-dimensional NMR. [5-55]1A, folds into
essentially the same conformation as native BPTI. Moreover.
[5-55]1S inhibits trypsin stoichiometrically. These results
indicate that the disulfide-bonded intermediate [5-55] is not a
folding intermediate in a structural sense.

MATERIALS AND METHODS
Plasmid Construction. To produce Cys -* Ala mutants of

BPTI. we first constructed a plasmid that utilizes a T7
expression system (19) to produce wild-type BPTI. named
M-BPTI because E. coli adds a Met residue to the amino
terminus. The gene for M-BPTI was synthesized with con-
venient restriction sites and optimal codons (20) for E. coli.
The gene was ligated into the Nde I/BamHI site (19) of
pET-3a. A plasmid that codes for the mutant [5-55], was
constructed by mutating Cys-14. Cys-30. Cys-38. and Cys-51
to Ala by cassette mutagenesis.

Protein Expression. To express (19) [5-55JA]. we used the
E. coli strain BL21(DE3)-pLystS). Freshly transformed cells
were grown at 37"C in Luria broth and were induced, after
reaching an OD• 9e of 1.0. by adding isopropyl 3-o-
thiogalactopyranoside to 0.4 mM. After 20 min. rifampicin
was added to 150 Lg/ml: this increased expression of [5-5 5 ],AI
but not M-BPTI. After another 40 min. the cultures were spun
at 2000 x g for 30 min. The resulting cell pellets were frozen.

Purification. M-BPTI forms inclusion bodies during ex-
pression. so even unstable mutants can be expressed. Inclu-
sion bodies of [5-55]4, were purified as follows. Cell pellets
were sonicated on ice in 50 mM Tris-HCI. pH 8.7/15%
(vol/vol) glycerol/100 nM MgCl:/10 nM MnClI containing
DNase I at 10 Mg/mi and then spun at 20.000 x g for 20 min.
The resulting pellet was sonicated in 50 mM Tris-HCI. pH
8.7/1 mM EDTA/1% Nonidet P-40/1% deoxycholic acid and
spun at 20.000 x g for 20 min. The resulting pellet was
dissolved in 0.2 M Tris-HCI. pH 8.7/6 M guanidine hydro-
chloride (Gdn-HCI)/0.1 M dithiothreitol and dialyzed against
5% (vol/vol) HOAc. The dialysate was purified by reversed-
phase HPLC. Reduced [5-55AI1, at 150 1M was oxidized by
air in 6 M Gdn-HCI/0.2 M Tris-HCI. pH 8.7. Oxidized and
reduced [5-55].JA were repurified by reversed-phase HPLC.
Protein sequencing indicated that a Met was added to the

0 10
E
:1 a
E

6

4 4as
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10 20 30 40 50 60 70

Temperature ('C)

FIG. 2. The recombinant model 15-51LA folds and requires the 5-55
disulfide bond for folding. The temperature dependence of molar
ellipticity 1(lm is shown for 

5-$55 lA l() and reduced [(5-Sls (o). The
melting temperature of [5-551Ab is -OC. as estimated by the maximum
of the first derivative of the temperature dependence of [01E=.

Table 1. Inhibition of trypsin
% inhibition at

Inhibitor 1:1 molar ratio
Native BPTI 107
[5-5511.• 99
[5-5511- 4

Error is roughly t 10%.

amino terminus of [5-551AhI, as with M-BPTI. The molecular
mass of oxidized [5-55]41. was confirmed by fast-atom bom-
bardment mass spectrometry (observed, 6519 Da: calculated.
6519 Da) (M-Scan. West Chester. PA).

Circular Dichroism. Measurements were made in a 10-mm
pathlength cell in an Aviv model 62DS circular dichroism
spectrometer equipped with a temperature-control unit. Sam-
ples. degassed by reduced pressure. contained protein at a
concentration of -10 MM. as determined by tyrosine and
cystine absorbance (21) of stock solutions. Sample buffer was
10 mM sodium phosphate. pH 7.0/150 mM NaCI/1 mM
EDTA. The reduced sample also contained 0.2 mM dithio-
threitol and was maintained under argon.

Trypsin Inhibition. Inhibition of trypsin activity at 15SC
was assayed (22) by monitoring the hydrolysis of N"-
benzoyl-oL-arginine p-nitroanilide in 0.2 M sodium phos-
phate. pH 7.3/0.1 M KCI/1 mM EDTA at a trypsin concen-
tration of 250 nM. Inhibitor and trypsin were incubated in
buffer 5 min prior to the addition of substrate. Inhibition at
stoichiometric concentrations was determined by linear ex-
trapolation of measurements made at six substoichiometric
concentrations of inhibitor. The concentrations of [5-55]Aa,
and trypsin stock solutions were determined by using tyro-
sine and cystine absorbance (21): the concentrations of native
BPTI stock solutions. using an extinction coefficient (23) of
5400 cm'.-M- t at 280 nm.

NMR. Strong similarity between spectra of (5-55]4A, and
native BPTI facilitated the transfer of assignments (24-26) from
native BPTI to [5-55]AI,, which were checked by identifying
unambiguous. sequential. nuclear Overhauser effect (NOE)
connectivities (27). Spectra of BPTI at 20'C were assigned by
transferring assignments (25) from 36*C. Spectra were collected
at a protein concentration of-S mM (pH 4.6) in the absence of
buffer and salt. Trimethyisilylpropionic acid was used as a
standard (28). Data were collected on a Bruker AMX 500-MHz
spectrometer. presaturating water for 1.5 s. After four dummy
scans. 1024 data points were collected in the t, dimension
averaging overat least 32 free-induction decays: 256 increments
were used in the t, dimension. Data from two-dimensional
nuclear Overhauser spectroscopy (NOESY) experiments were
collected with a mixing time of 150 ms; data from two-
dimensional total correlation spectroscopy (TOCSY) experi-
ments. with mixing times of 45 or 110 ms. Two-dimensional
correlated spectroscopy (COSY) and TOCSY data were pro-
cessed by using a Gaussian/Lorentzian window in tz and a
shifted sine-bell and Kaiser window in t1; NOESY data. using
a shifted sine-bell in 1r and t1. In all data sets, the first t, was
multiplied (29) by 0.5.

RESULTS
The circular dichroism signal of [5-55)1, at 222 nm exhibits
a sigmoidal dependence on temperature. indicating that
[5-5514l. folds (Fig. 2). Upon reduction of the disulfide bond
in (5-55L]A. the protein unfolds, indicating that folding is
coupled to disulfide bond formation. The melting tempera-
ture of [5-55]Ab is 40*C. roughly 01C higher than the
melting temperature of PaP, a peptide model (17) of r5-55].
PaPr contains only two-thirds of the residues in [5-551]; the
difference in stability between these two molecules suggests
that the additional residues in (5-55AI,. are folded.
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FIG. 3. The chemical shifts of the
protons in [5-Si, are very similar to the
chemical shifts of the corresponding pro-
tons (24-26) in native BPTI. suggesting
similar global folds in each. (A) The fin-
gerprint region of a COSY spectrum of
[5-55AJ in H20 at 20*C. pH 4.6. The

SG A assignments of the a-amide cross-peaks
are shown. The crosspeaks for Tyr-10
and Phe-33. both near the water reso-
nance. are not observed readily in this
spectrum. The cross-peaks for Ala-51
and Gly-37 lie outside of the region plot-
ted. (B) Summary of unambiguous se-
quential NOE connectivities. The se-
quence of BPTI is shown in the one-letter
amino acid code: the methionine added
by E. coli to the amino terminus is des-
ignated residue 0. Bars indicate unambig-
uous NOEs between the C"H. NH. or
COH of residue i to the NH of residue i +
1 as denoted by dN. dwN. and dN.,
respectively. All NOE connectivities are
unambiguous in the sense that each NOE
could be assigned to only a single pair of
protons. (C) Correlation is strong be-
tween the chemical shifts of backbone
protons in [5-55~11 and the chemical
shifts of the corresponding protons in
native BPI at 20"C. The chemical shifts
of all a (0) and all backbone amide (a)
protons are shown. with the exception of
Phe-33 a and Gly-37 amide protons.
which were not assigned for BFrl at
20C. A line with a slope of 1 is shown.4+ml. (ppr)

At 15*C. where [5-5]•A is folded (Fig. 2), [S-55]1 inhibits
trypsin in a stoichiometric manner (Table 1). Under similar
conditions, however, reduced [5-S]a~ does not inhibit tryp-
sin to a significant extent. The binding of (5-55]4 to trypsin
is strong: given the concentrations used in the assay, the
dissociation constant is less than 30 nM.

Similarity between NMR spectra of (5-55]A, and native
BPTI facilitated the assignment of proton spectra of ([S-55A.
(Fig. 3A). These assignments were checked for internal
consistency by identifying unambiguous sequential. NOE

connectivities (Fig. 3B). All residues exhibited at least one
unambiguous sequential NOE, except Gly-37, which was
assigned by default. Only one set of cross-peaks is observed
in the COSY spectrum (Fig. 3A). indicating that S-55]AS,
exists predominantly in a single conformation at 20C.

A comparison of the chemical shifts of the backbone a and
amide protons in [5-55]A and BPTI indicates a strong
correlation between the chemical shifts of these protons (Fig.
3C). Protons with the greatest deviation of chemical shift
cluster near the alanine substitutions or near the added
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FIG. 4. Unambiguous nonsequential NOEs are consistent with the folding of [5-551A41 into a native conformation. (A) Section of a NOESY
spectrum of [5-551A, in H0O at 20'C. pH 4.6. A representative set of unambiguous nonsequential NOEs is shown Esee Table 2). (B) Unambiguous
nonsequential NOEs arise from pairs of protons distributed throughout the molecule and are consistent with the formation of both secondary
and tertiary native structure. Some of these proton pairs are displayed on a schematic representation (31) of the crystal structure (1-3) for native
BPTI (see Table 2).

amino-terminal methionine. A strong correlation between the
chemical shifts of the backbone protons in [5-55]A. and
native BPTI argues (30) that the global fold of these two
molecules is similar; in Fig. 3C a line with a slope of 1 is
shown, representing what would be a perfect correlation.

NOE data support the conclusion that [5-55]A folds into
essentially the same conformation as native BPTI (Fig. 4A).
Thirty-four unambiguous nonsequential NOEs have been
identified in spectra of [5-55],A. These NOEs arise from pairs

Table 2. Selected NOEs from 05-55~1..
NOE Distance in

Structure proton pair native BPTI. A
a-Helix 48&-510*

50O-530*
31w-Helix 3a-6N*

4a-6N
P-Sheet 18N-35N*

215-32a
21--336*
21N-45N*

Tertiary 4-45C(
4e-43a*
50--23e"
66-23&
10&-40ao
11a-338
11a-36N*
21&-48p
21-S1ip
23N-51B"
35e-.0a
45-51-0

of protons that are within 5.4 A of one another in the crystal
structure (1) of native BPTI (Table 2). The three NOEs that
arise from protons that are farther apart than 4.6 A in the
crystal structure of native BPTI involve protons at the
interface of the a-helix and the 1-sheet (Table 2: Fig. 4B).
This observation is consistent with a minor shift of the a-helix
toward the 3-sheet, which is observed in the crystal structure
(11) of the mutant C30A/CS1A. a model for the native
intermediate N* (Fig. 1B). We conclude that all identified
NOEs are consistent with the formation of a native fold in
[S-55]AI. (Fig. 4B).

DISCUSSION
Explanation for the Properties of [5-55] in the Folding

Pathway of BPTI. Our results indicate that ([-55A] folds into
essentially the same conformation as native BPTI. This
observation provides an explanation for many of the ther-
modynamic and kinetic properties of [5-551 in the folding
pathway of BPTI as discussed below.

(i) Of the 15 possible one-disulfide intermediates, only the
intermediates [5-551 and [30-51] accumulate to a significant
extent (7) at neutral pH (Fig. 1B). The accumulation of [5-551
during folding is explained by the essentially native fold of
this intermediate.

(ii) At neutral pH, [5-55] forms the 14-38 disulfide bond as fast
as the native intermediate NIP (Fig. 1B) forms the same
disulfide bond (ref. 7 and J. S. Weissman. P.S.K.. unpublished
results). Native structure in (5-55] explains the rapid rate at
which it forms the 14-38 disulfide bond (Fig. 1A).

(iii) The intermediate [5-55] does not readily form the 30-51
disulfide bond (7, 13, 32) (Fig. 1B). Native structure in (5-551
should bring Cys-30 and Cys-51 close together, but native
structure should also bury these residues (Fig. 1A), rendering
them inaccessible to external oxidizing agent and thus inhib-
iting the formation ofthe 30-51 disulfide bond (see also ref. 39).

(iv) Though the intermediate [5-S51 predominates over
(30-511 at neutral pH, the relative amount of [(-55] is de-
creased substantially (7) at pH 8.7. The burial of Cys-30 and

100

Proton pairs yielding strong, unambiguous NOEs are listed ac.
cording to their context in the crystal structure (1) of native BPTI.
The distance between protons in this context is shown for compar-
ison.
"These pairs are depicted in Fig. 48.
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Cys-51 (Fig. 1A) in the folding of [5-55] will be unfavorable
at pH 8.7, where approximately half of all cysteines will be
negatively charged. The lower sensitivity of [30-51] to mod-
erately alkaline pH suggests that the burial of cysteines in
[30-51] occurs to a lesser degree than in (5-551.

(v) At neutral pH. the rearrangement of [5-55] to [30-51] by
thiol-disulfide exchange is slow (7) (Fig. 1B) relative to the
rearrangement of an unfolded one-disulfide intermediate. Native
structure in [5-551 will bury the 5-55 disulfide bond (Fig. 1A) and
restrict the flexibility of the remaining cysteines. Both of these
effects will reduce the ability of [5-55] to rearrange.

Implications for the Folding Pathway of BPTI. Protein
folding intermediates have been difficult to isolate and char-
acterize structurally (15, 16). The disulfide-bonded interme-
diates that accumulate in the oxidative folding pathway of
BPTI have been trapped successfully (7. 13). Earlier attempts
to characterize the structural details of these disulfide-
bonded intermediates (33) were hampered by charged car-
boxymethyl blocking groups that were added to free cys-
teines in the trapping of these intermediates.

Trapping the one-disulfide intermediate [5-55] by mutating
free cysteines to alanine has facilitated the structural and
functional characterization of this intermediate. We conclude
that [5-55] is not a protein folding intermediate in a structural
sense. Moreover. we demonstrate that BPTI requires only a
single disulfide bond for folding and function.

Presently, four of the five well-populated disulfide-bonded
intermediates in the folding pathway of BPTI have been
shown to be essentially completely folded (refts. 9-12; A.
Kossiakoff, personal communication). Still. it remains to be
seen if the disulfide-bonded intermediate [30-511 (Fig. 18) is
a folding intermediate in a structural sense. Studies of a
peptide model have shown that a native-like subdomain can
form in the presence of the 30-51 disulfide bond (34). and
preliminary studies of a recombinant model suggest that
[30-51] contains substantial unfolded regions (J.P.S., D. M.
Nguyen. and P.S.K.. unpublished results).

In designing the recombinant model [5-55]Ab, we aimed to
mimic the intermediate [5-55] as it accumulates at neutral pH.
During folding under more alkaline conditions (13), at pH 8.7.
which is near the pK. of a cysteine thiol, the stability and
structure of the disulfide-bonded intermediates may be per-
turbed by charged cysteines. as four of the six cysteine
sulfurs are buried in native BPTI (Fig. 1A). Moreover, since
both the charged and neutral forms of cysteine are present at
pH 8.7, it is unclear how to model cysteine at this pH with a
single mutation. At neutral pH, however, alanine seems to be
an appropriate substitution, as alanine,. in contrast to serine,
will not resist native folding events that may tend to bury free
cysteines. The validity of alanine as a substitution is sup-
ported by the observation that [5-55]41 is predominantly
folded at 25*C. a temperature at which [5-551 accumulates
significantly during folding at neutral pH; in contrast. a model
of [5-55] in which cysteine is replaced with serine is predom-
inantly unfolded at this temperature (18).

Given that [5-55]AS is a completely folded protein, we note
that it is an attractive model system for studying protein
folding. The folding of [5-5S]1 is coupled to the formation of
just a single disulfide bond; this coupling provides a unique
opportunity to study global protein stability by measuring the
equilibrium (35) between the oxidized and reduced states of
([-5510].. The proton NMR assignments of [5-55],,. in ad-
dition to its stability and solubility, will facilitate further
NMR experiments such as hydrogen exchange measure-
ments at equilibrium (36) or during folding (37. 38). The
peptide model PaPy, a subdomain of [5-5], folds into a
compact, native-like structure (17). This knowledge, in ad-
dition to the wealth of information already known about
BPTI,. will supplement further studies of [5-S5]MA..

Note Added in Proof. We have investigated why the recombinant
model of [5-551 produced by Darby et al. and referred to (40) as
(5-Sslsr is substantially less stable than [5-551A.. The melting
temperature of [5-S5]s., which contains serine in place of cysteine
and the substitution Met-52 -- Arg. has recently been reported (40)
to be -30C. roughly 350C less stable than [S-Sl55a.. We have found
that the substitution Met-52 - Arg in [5-55),u reduces the melting
temperature by -10'C, as determined by circular dichroism (M. G.
Milla. J.P.S., and P.S.K.. unpublished results). In contrast, the
removal of the amino-terminal methionine in (5-55]A4 increases the
melting temperature by only -2*C (M. G. Milla. J.P.S.. and P.S.K..
unpublished results). Thus. serine substitutions appear to account for
most of the instability of [5-5]sir. although the destabilizing effect of
the Met-S2 - Arg substitution is significant. Despite the instability
of [5-551]s. it has been shown recently that this model can also fold
into a conformation that is similar to native BPTI (40).

We thank A. Frankel and D. Doering for advice with molecular
biology. Z.-Y. Peng and C. J. McKnight for help with NMR exper-
iments. T. Oas and P. Harbury for help with calculations, and J.
Weissman for many helpful discussions. J.P.S. is a Howard Hughes
Medical Institute Predoctoral Fellow. This research was supported
by grants from the Pew Memorial Trust. the Rita Allen Foundation.
and the National Institutes of Health (GM41307 and RR05927).
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