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ABSTRACT. The pathways of oxidative folding of disulfide proteins exhibit a high degree of diversity,
which is illustrated by the varied extent of (a) the heterogeneity of folding intermediates, (b) the
predominance of intermediates containing native disulfide bonds, and (c) the level of accumulation of
fully oxidized scrambled isomers as intermediates. BPTI and hirudin exemplify two extreme cases of
such divergent folding pathways. We previously proposed that the underlying cause of this diversity is
associated with the degree of stability of protein subdomains. Here we present compelling evidence that
substantiates this hypothesis by studying the folding pathway 8FIIA. oLA-IIA is a partially folded
intermediate ofx-lactalbumin ¢LA). It comprises a structurefi-sheet (calcium-binding) domain linked

by two native disulfide bonds (C§s-Cys’” and Cy$3*—Cy<?) and a disordered-helical domain with

four free cysteines (C§sCy<8, Cysty, and Cy$?9). PurifiedoLA-IIA was allowed to refold without and

with stabilization of its structure@-sheet domain by calcium. In the absence of calcium, the folding
pathway ofaLA-1IA resembles that of hirudin, displaying a highly heterogeneous population of folding
intermediates, including fully oxidized scrambled species. Upon stabilization gfsteet domain by
bound calcium, oxidative folding afLA-1IA undergoes a pathway conspicuously similar to that of BPTI,
exhibiting limited species of folding intermediates containing mostly native disulfide bonds.

The process of oxidative folding of a fully reduced and to populate along the folding pathway of BPTI, and all of
denatured disulfide protein allows construction of the so- them were found to adopt native disulfide bon8s4, 6).
called disulfide folding pathwaylj. It permits tracking and  Fully oxidized three-disufide scrambled BPTIs were absent
identification of partially oxidized intermediates that lead to in the folding pathway of BPTI. In contrast, the folding
the formation of the native structurg)( This technique, first  intermediates of hirudin consist of a highly heterogeneous
used in the study of bovine pancreatic trypsin inhibitor population of one- and two-disulfide species. Well-populated
(BPTI)! (3—7) and ribonuclease A8-12), has been applied  folding intermediates adopting native disulfides are absent
by many different laboratories in elucidating the folding in the case of hirudin. Most importantly, scrambled three-
pathway of numerous proteing3—40). Despite mounting disulfide isomers, not observed with BPTI, were shown to
data, no general consensus regarding the disulfide foldingserve as folding intermediates of hirudib3( 14). Among
pathway has been reached from the proteins that have beeithe 14 possible scrambled isomers of hirudin, 11 have been
investigated. Even among small proteins comparable in sizeidentified, and their disulfide structures were determird (
and with the same number of disulfide bonds, their folding 42). Then, there are protein models that feature folding
pathways may vary significantly. These differences are pathways exhibited by both BPTI and hirudibe( 18, 27).
mainly manifested in (a) the extent of heterogeneity of Forinstance, the folding pathway of leech carboxypeptidase
folding intermediates, (b) the presence (or absence) ofinhibitor (LCI, four disulfides) comprises heterogeneous
predominant intermediates containing native disulfide bonds, populations of one-disulfide, two-disulfide, and four-disulfide
and (c) the level of accumulation of fully oxidized scrambled (scrambled) intermediates, as well as two predominant three-
isomers as folding intermediates. The folding pathways of disulfide kinetic traps containing exclusively native disulfide
BPTI (3, 6) and hirudin {3, 14) (both with three disulfides)  bonds (8).
represent two models at the opposite ends of such diversity. To understand the underlying cause of these diversities,
In the case of BPTI, the folding pathway is characterized we have previously conducted a systematic analysis of five
by the predominance of a limited number of one- and two- different disulfide proteins and revealed a striking correlation
disulfide intermediates that adopt native disulfide bonds and between their pathways of reductive unfolding and oxidative
native-like structures. Of 74 possible disulfide isomers, only folding (43). Those with their native disulfide bonds reduced
five or six one- and two-disulfide intermediates were shown in a collective and simultaneous manner were shown to
exhibit both a high degree of heterogeneity of folding
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their folding pathway limited species of intermediates
adopting mainly native disulfide bonds (e.g., BPTI and EGF).
As the stability of an individual disulfide bond is reinforced
by its surrounding structure, a sequential reduction of native
disulfide bonds is therefore indicative of the presence of
subdomains with diverse stability. These results have led to
the conclusion that the heterogeneity of folding intermediates
of a disulfide protein hinges critically upon the presence (or

absence) of localized stable subdomains and can be predicte

from the mechanism of its reductive unfolding3].
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Here, we present persuasive evidence that supports this

hypothesis by studying the folding pathwayadfA-IIA ( a-
lactalbumin-11A). The structure of-lactalbumin @LA)
consists of aro-helical domain that is primarily stabilized
by hydrophobic force and /@&sheet domain that is stabilized
upon binding to calcium44—46). aLA-1IA is a partially
folded intermediate ofiLA that is capable of carrying on
folding to form the nativexLA (19). aLA-IIA comprises a
structureds-sheet (calcium-binding) domain linked by two
native disulfide bonds (C§5-Cys’” and Cy$*—Cy<) and
an unfoldeda-helical domain with four reduced free cys-
teines (Cy§ Cy<8, Cyst, and Cy%). We demonstrate here
that oxidative foldingaLA-IIA may occur via very different
pathways, depending on the stabilization of its structured
B-sheet domain.

EXPERIMENTAL PROCEDURES

Materials. Calcium-depleted bovinelLA (L-6010) was
used throughout this study and was obtained from Sigma.
The protein was further purified by HPLC and was shown
to be more than 97% pure. Thermolysin (P-1512), dithio-
threitol, reduced and oxidized glutathione, 2-mercaptoethanol,
and GdnCl were also purchased from Sigma with purities
of greater than 99%. All buffers used for folding experiments
were degassed with a water pump for 30 min and kept in a
closed system whenever they were not being used.

Nomenclature of Folding IntermediatesafA. aLA-IIA
represents a two-disulfide speciesdfA. aLA-IIIA, alA-

I1IB, and olLA-11IC are three three-disulfide species@fA.
Scrambled four-disulfide species @LA are designated by
the formula 47) X-oLA-species assigned on HPLC, where
X stands for scrambled. For instance,0XA-b represents
species “b” of scrambledLA. Disulfide structures ofttLA-
A, oLA-IIIA, alLA-1IB, and oLA-IIIC are shown in Figure
1.

Preparation ofoLA-IA. aLA-IIA can be found along both
the folding (oxidative) and unfolding (reductive) pathways
of aLA. A higher yield was obtained form the reductive
unfolding of aLA (19). The nativeaLA (0.5 mg/mL) was
reduced in the Tris-HCI buffer (0.1 M, pH 8.4) containing
10 mM dithiothreitol in the presence of CaQl5 mM).
Reduction was carried out at 22 for 10 min. The reaction
was quenched with an equal volume of 4% aqueous
trifluoroacetic acid, and intermediates were separated by
HPLC. Under these conditions, the recoveryodfA-IIA
amounts to 30% of the total amount @EA.

Oxidative Folding ofaLA-IIA. Folding experiments were
carried out at 22C in the Tris-HCI buffer (0.1 M, pH 8.4)
containing 1 mM GSH and 1 mM GSSG or selected
concentrations of GSSG (from 0.05 to 5 mM) in the absence
and presence of Cagf{5 mM). The protein concentration
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Ficure 1: Disulfide structures of folding intermediates identified
along the folding pathways afLA-11A. The four disulfide bonds

of native a-LA (N) are as follows: Cy&-Cys'?0, Cys8—Cys'1,,
Cys$1-Cys’7, and Cy$—Cy< 1A, lIB, and IIIC are three-
disulfide intermediates. Their disulfide structures were derived from
the Edman sequencing and MALDI mass analysis of disulfide-
containing peptides of thermolysin-digested samples.

was 0.5 mg/mL. Folding was quenched in a time course
manner by mixing aliquots of the folding sample with an
equal volume of 4% trifluoroacetic acid in water. Trapped
folding intermediates were analyzed by HPLC or stored at
—20°C. For stop-and-go folding afLA-IIIB, experiments
were performed at 22C in the Tris-HCI buffer (pH 8.4)
containing either GSH (1 mM) or GSSG (1 mM) in the
presence of Cagl(5 mM). Folding intermediates were
similarly trapped and analyzed. It is relevant to mention that
EDTA has not been used to trap a trace amount of calcium
in experiments that are designated calcium free. The potential
calcium contaminant, if it exists at all, will be at most at the
low nanomole level, which is 1000-fold lower than the
concentration ofoLA-IIA (0.5 mg/mL, ~36 umol). The
rationale is that these two major folding experiments (Figure
2A,B) are designed to be performed under strictly identical
conditions except for the difference in the calcium concentra-
tion.

Analysis of the Folding Intermediates by:Resed Phase
HPLC. Analysis and isolation of folding intermediates of
oLA-IIA were achieved by the reversed phase HPLC using
the following conditions. Solvent A for HPLC was water
containing 0.1% trifluoroacetic acid. Solvent B was an
acetonitrile/water mixture (9:1, v/v) containing 0.086%
trifluoroacetic acid. The gradient was from 22 to 37% solvent
B over the course of 15 min and from 37 to 56% solvent B
from 15 to 60 min. The flow rate was 0.5 mL/min. The
column was a Zorbax 300SB C-18 model for peptides and
proteins (4.6 mm, %m). The column temperature was 23
°C.
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7Y folding intermediates oftlLA will be described first. These
A intermediates all contain two native disulfide bonds @ys
(A) 1mMGSH (B) 1mMGSH Cys” and Cy§3—Cy§1.) tha_lt are required to stabili;e the
1mM GSSG 1 mM GSSe B-sheet domain, but differ in their structures at thvaelical

domain of aLA. olLA-IIA and alLA-IlIA are two major
intermediates also identified along the pathway of oxidative
folding and reductive unfolding ottLA (19) when the
reactions ofxLA were performed in the presence of calcium.
oLA-1IIB and oLA-IIIC are two additional intermediates
na VA identified in the pathway of oxidative folding initiated with
N oLA-IIA in the presence of calcium.
W Fractions ofaLA-1IA, oLA-IlIA, alLA-IIB, and alLA-
[lIC were treated with vinylpyridine, were further purified
by HPLC, and were all shown to contain a single species.
N Analysis by MALDI mass spectrometry revealed molecular
N masses of 14604 Da farLA-IIA and 14 391 Da foraLA-
A A A, aLA-IIB, anc_j oLA-IlIC. These molecular masses are
5 min M 2 min l "';?.cl 424 and 212 Da higher, respectively, than that of natizA
(14 179 Da), for which 4 and 2 mol of conjugated vinyl-
N N pyridine account (molecular mass of 105 Da). The results
thus confirm thataLA-IIA is a two-disulfide species and
oLA-IIA, oLA-lIB, and aLA-IIIC are all three-disulfide
species. Vinylpyridine-treated intermediates were digested
with thermolysin. Thermolytic peptides were isolated by
60 min 5min HPLC and analyzed by Edman sequencing and MALDI mass
W c  ak &IIA spectrometry to identify the structures of cysteine- and
m— disulfide-containing peptides. These data lead to the conclu-
FIGURE 2: Intermediates of oxidative folding ofLA-IIA. Folding sion of disulfide structures ofiLA-IIA, aLA-IlIA, oLA-
experiments were carried out at 22 in the Tris-HCI buffer (pH 1B, and aLA-IIIC as illustrated in Figure 1 (sequencing
8.4, 0.1 M) containing (A) GSH and GSSG (1 mM each) or (B) and mass spectrometry data available upon request).

GSH and GSSG (1 mM each) and Ca@ mM). The protein . . ;
concentration was 0.5 mg/mL. Intermediates of folding were trapped Folding Pathway(s) obLA-IIA in the Absence of Calcium.

at different time points by acidification (4% trifluoroacetic acid) 1he pathway of oxidative folding afLA-IIA in the absence
and analyzed by HPLC using the conditions described in Experi- of calcium is illustrated by their folding intermediates shown
mental Procedures. N denotes the elution position of nathv. in Figure 2 (left panel). Without calcium, a majority 85%)
A, 1B, and IIIC are three major three-disulfide folding ¢ oL A-IIA needs to unravel the already structurdesheet

intermediates oflLA-IIA. Their disulfide structures are presented d . d tt folded state t th
in Figure 1. a, c, f, h, and k (see the 60 min samples) indicate the 90Maln and revert to a more unfoiced state o carry on the

elution positions of five major four-disulfide scrambled intermedi- folding to reach the native structure. This indirect route is

Y I

A

ates. Their disulfide structures are documented irdief obviously based on the heterogeneity of folding intermediates
) o detected along its folding pathway. Without unfolding of the
Analysis of Disulfide Structures afLA-IIA, alA-llIA, existing f-sheet domain, there are only six possible three-

oLA-IIIB, and aLA-llIC. HPLC-fractionated intermediates  gjisylfide isomers that may serve as the folding intermediates
(20ug) were isolated, freeze-dried, and derivatized with 50 4t | A-JIA. With the unraveling of the two native disulfide

pL of vinylpyridine (0.13 M) in the Tris-HCl buffer (0.1 M,  ponds in thes-sheet domain and their subsequent involve-
pH 7.5) at 23°C for 45 min. Vinylpyridine-derivatized  ment in the formation and shuffling of disulfide bonds, a
samples were further purified by HPLC, freeze-dried, and ota) of 734 possible two-, three-, and four-disulfide inter-
treated with 2ug of thermolysin (Sigma, P-1512) in G& mediates exist. Here, at least 40 fractions of intermediates
of N-ethylmorpholine/acetate buffer (50 mM, pH 6.4). \yere identified, and there is no evidence of the appearance

Digestion was carried out at 3T for 16 h. Peptides were  f ye|l-populated species (Figure 2A). Analysis by MALDI
then isolated by HPLC and analyzed by amino acid sequenc-mass spectrometry following the reaction with vinylpyridine
ing and mass spectrometry to identify the disulfide-containing ingicates that these heterogeneous intermediates comprise
peptides. _ populations of two-, three-, and four-disulfide scrambled
Amino .ACId Sequencmg an_d Mass SpectromgTrlye isomers. The presence of four-disulfide scrambled species
amino acid sequences of dlsulflde-contal_nlng p_eptldes Werepecomes apparent at the late stage of folding. After 60 min
analyzed by automatic Edman degradation using a Perkin-q fo|ding, the remaining intermediates are almost exclusively
Elmer Procise sequencer (model 494) equipped with an on-tor_gisulfide scrambled isomers (Figure 2A). This clearly
line PTH amino acid analyzer. The molecular masses of yemonstrates that an extensive disruption of the existing
disulfide-containing peptides were determined with a MALDI- B-sheet domain is a major route for the foldingodfA-11A
TOF mass spectrometer (Perkin-Eimer Voyager-DE STR). i the absence of calcium. Another important characteristic
RESULTS is that this pattern of heterogeneity of folding intermediates
is independent of the composition of the redox agent that is
Disulfide Structures oflLA-IIA, aLA-11IA, olLA-11IB, and employed (either 1 mM GSH, 1 mM GSSH, or 1 mM GSH
oLA-1IC. To help readers, the disulfide structures of major and 1 mM GSSG).
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Folding Pathway(s) ofoLA-lIIA in the Presence of
Calcium. In the presence of calcium (6:20 mM CaC})
and upon stabilization of the existingysheet domain, the
folding pathway ofaLA-1IA is distinctly different. Under
these conditions, the two native disulfide bonds ingreheet
domain ofaLA-IIA (Cys®'—Cys’” and Cy$3—Cys) remain
intact throughout the folding. The pathway by whiehA-

IIA reaches the native structure thus involves only direct
arrangement of two disulfide bonds within tlehelical
domain. There are six potential three-disulfide intermediates
that may leadaLA-IIA to the formation of nativealA.
Three of them were identified here, and they are designated
oLA-IlIA, oLA-IIIB, and aLA-IIIC (Figure 2B). oLA-11IA

and aLA-IIIB are predominant species, and each includes
an additional native disulfide bond, G§sCyst'tand Cy§—
Cyst?0, respectively (Figure 1). The third disulfide bond of
oLA-IIIC is non-native (Cy$§—Cy<s?).

oLA-IIIA was shown to form the fourth native disulfide
bond (Cy§—Cys'?9 and be directly converted to the native
oL A regardless of the composition of the redox agents that
were employedalA-IlIB, despite also acquiring a third
native disulfide bond (Cys-Cys?9), is not converted directly
to the native aLA via formation of the Cy&—Cys!!?
disulfide bond. A systematic analysis revealed thafA-

I1IB and aLA-IIIC appear to exist in equilibrium and need
to be reshuffled and converted td_A-lllA to reach the
native structure. This was shown by performing stop-and-
go folding initiated with purifiecdxLA-1IB in buffer solutions
containing either GSH or GSSG. In the presence of GSH (1
mM) alone, in which the rate of disulfide formation is slow
and the rate of equilibrium among disulfide isomers is
promoted,oLA-1IIB quickly equilibrates with aLA-IIIC.
Both aLA-IIIB and aLA-IIIC are then rapidly converted to
and accumulate asLA-IIIA (Figure 3A, 5 min sample). In
the presence of GSSG (1 mM) when the kinetics of disulfide
formation are accelerated, a decrease in the levedd 6f

[11B and oL A-I1IC is accompanied by an increase in the level
of aLA-IlIA, which then rapidly forms the nativexLA
(Figure 3B, 5 min sample). Therefore, the folding kinetics
of aLA-IIA may differ substantially depending on the
relative concentration of GSH and GSSG applied in the
folding buffer. To further assess the effect of GSSG, a folding
experiment withalLA-1IA was performed in the buffer
containing CaGl (5 mM) and varying concentrations of
GSSG (from 0.05 to 5 mM). The results showed that the
concentration oftLA-IIIA accumulated along the folding
pathway of aLA-IIA was inversely proportional to the
concentration of GSSG applied (Figure 4). In a similar
manner, the rate of recovery of the nativeA was positively
relative to the concentration of GSSG employed in the
folding buffer. When folding ofaLA-IIA was carried out

in the presence of a high concentration of GSSG (5 mM),
the most prevalent intermediate walsA-I11B (Figure 4D).

In this proposed pathwayyLA-IlIA represents the most
stable intermediate aiLA-IIA folding and acts as a direct
precursor of nativexLA.

Another significant finding of this study is the effect of
the extent of the stability of the structur@dsheet domain
on the folding kinetics ot LA-IIA. It shows that the more
stable the structurefd-sheet domain, the faster folding of
the unstructured-helical domain. This is primarily because
stabilization of$-sheet domain averts the indirect pathway

Biochemistry, Vol. 43, No. 15, 2004525

1A ne

(A) (B)

N
A
HiB
5 min N 1 min nc
N N
1A
HIA
80 min 2 min n mB
N N
4h Ll){'A 5 min _J A
- ]

Ficure 3: Stop-and-go folding initiated with purifiedLA-I1IB.
Folding experiments were carried out at°22in the Tris-HCI buffer
(pH 8.4) containing (A) GSH (1 mM) and CaQb mM) and (B)
GSSG (1 mM) and Cagl5 mM). The protein concentration was
0.5 mg/mL. Intermediates of folding were trapped at different time
points by acidification (4% trifluoroacetic acid) and analyzed by
HPLC using the conditions described in Experimental Procedures.
N denotes the elution position of natiwdA. 1lIA and IlIC are
two major three-disulfide folding intermediates of IlIB. When
folding of aLA-IlIB was performed in the presence of GSH (A),
rapid conversion of IlIB to IlIA and accumulation of IlIA along
the pathway occur.

of folding. It is also plausible that stabilization of tHesheet
domain facilitates the formation of a native-like conformation
in the a-helical domain that in turn allows for rapid oxidation
of correct cysteines to forraLA-IIIA and oLA-IlIB. This

is demonstrated here by performing folding experiments with
oLA-IIA at increasing concentrations of Caglin the
presence of a mixture of GSH and GSSG. We observe that
the increasing stability of the existing-sheet domain by
calcium binding increases the folding kineticscdfA-l1A.

For instance, when folding akLA-IIA was performed in

the buffer containing GSH and GSSG (1 mM each), the rate
of generation of nativeaLA increases by 6-fold after
inclusion of 5 mM CaCl(compare panels A and B of Figure
2) The rate was improved by an additional 1.5-fold as the
concentration of CagGlincreased from 5 to 20 mM.

DISCUSSION

The Pathway of Oxidate Folding of Disulfide Proteins
Exhibits a Wide Spectrum of rsity. The diversity of the
disulfide folding pathway demonstrated by various small
proteins has been an intriguing and debated subject. Although
the pathway of oxidative folding is sensitive to folding
conditions, including pH, redox agents, and the method of
trapping intermediate2( 6, 14, 48), these parameters by
themselves cannot adequately explain the vast difference
observed between BPTB,(6) and hirudin (3, 14), two
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FiGure 4: Quantitative analysis of three-disulfide folding inter-
mediates along the pathway of oxidative folding @EA-IIA.
Folding was carried out at 2ZC in the Tris-HCI buffer (pH 8.4)
containing CaGl (5 mM) and the following concentrations of
GSSG: (A) 0.05, (B) 0.2, (C) 1, and (D) 5 mM. Time course
recoveries of nativelLA (@), aLA-IIA ( A), aLA-IlIA ( O), aLA-
1B (O), andaLA-1IIC ( A) were calculated as fractions of the total
protein.

distinct models with extreme folding characteristics. Indeed,
folding pathways of BPTI and hirudin have virtually nothing
in common, despite their similar size-60 amino acids),
comparable conformational stabilit4q, 50), and identical
numbers of disulfide bonds (three). The native BPTI is
generated through an orderly formation of native-like sub-
domains. All major intermediates in the folding of BPTI

Chang

Cys") to carry on the folding. As a result, the folding
intermediates are highly heterogeneous that precludes the
presence of predominant species. At least 40 fractions of
mainly two-, three-, and four-disulfide isomers were observed
as folding intermediates, and many of these fractions may
likely contain more than one disulfide species. The presence
of four-disulfide isomers is evident at the late stage of folding
(see the 60 min sample of Figure 2A; fractions marked
alphabetically in lowercase). Among them, disulfide struc-
tures of seven four-disulfide isomers alA have been
characterized47). The mechanism of oxidative folding of
oLA-1IA thus is almost indistinguishable from that of hirudin
(13, 14), potato carboxypeptidase inhibitot7), tick anti-
coagulant peptidel6), andAmaranthusx-amylase inhibitor
(212). Their folding pathways all share the following char-
acteristics: (a) an exceedingly high degree of heterogeneity
of folding intermediates, (b) the absence of predominant
folding intermediates containing native disulfide bonds, and
(c) the presence of fully oxidized scrambled isomers as
essential folding intermediates.

The Folding Pathway(s) ofiLA-IIA in the Presence of
Calcium Bears a Resemblance to That of BPITI the
presence of calcium, oxidative folding ofLA-11A exclu-
sively undergoes the direct pathway without disruption of
its structureg-sheet domain. Among all six possible three-
disulfide isomers that may serve as folding intermediates of
oLA-IIA, only two would comprise solely native disulfide
bonds. These two isomersl(A-1lIA and oLA-IB) (Figures
1 and 2B) are shown to be the predominant intermediates of
oLA-1IA folding. Moreover, aLA-I1IB is unable to connect
the fourth native disulfide bond (C¥s-Cys') and fold to
form the nativeoLA directly. It needs to be rearranged and
converted taxLA-I1IA to attain the nativeaLA. The stability
of aLA-IlIA and its direct conversion to the nativeLA

contain only native disulfide bonds. Therefore, the same account for the rate-limiting step afLA-IIA folding. The

interactions that stabilize the native BPTI also actively
participate in guiding unfolded BPTI in reaching the native

folding pathway ofoLA-IIA in the presence of calcium
exhibits a striking resemblance to that of BPBHB), a

structure. In contrast, folding of hirudin appears to adopt a three-disulfide protein. Their folding intermediates are
mechanism of trial and error. The folding proceeds through displayed by the presence of a limited number of isomers
an initial stage of nonspecific disulfide formation (packing) containing mainly native disulfide bonds and the absence of
to form the scrambled isomers, which is followed by disulfide fully oxidized scrambled isomers. The similarities are further
reshuffling (consolidation) of the heterogeneous scrambled illustrated in Figure 5. Here, only the predominant folding
population to reach the native structudel), Unlike that of pathway of BPTI 6) is compared with that oflLA-1IA. A
BPTI, interactions that stabilize the native hirudin take effect major stable native-like one-disulfide intermediate of BPTI,
only at the late stage of hirudin folding. Hirudin is not unique BPTI(Cys°—Cys%) (akin to aLA-lIA), also reaches the
in displaying such properties. The pathways of oxidative native BPTI (Cy&—Cys?, Cys“—Cys*®, and Cy§—Cys»)
folding of potato carboxypeptidase inhibitod7), tick via two native-like two-disulfide intermediates, BPTI-
anticoagulant peptidelb), and a-amylase inhibitor 21) (Cys0—CysYCyst*—Cy<*®) and BPTI(Cy&—CysY/Cys—
closely resemble that of hirudin. These discrepancies clearly Cys5) (akin to aLA-1lIB and alLA-llIA). Like alLA-lIB,
imply that one of the structural determinants accounting for BPTI(Cys°—CysY/Cys“—Cys®) is unable to attain the
the diversity of the disulfide folding pathway is stable native BPTI directly. It has to be rearranged to the state of
subdomains, which are present in BPTL(51-53) but BPTI(Cys®—CysY/Cys—Cys®) which then rapidly forms
absent in hirudin. We reveal here that a proteihA-I1A) the third native disulfide bond (Ci¥5-Cys*®) to reach the
may fold either like hirudin or like BPTI, depending on native structure of BPTI3, 6). Thus,aLA-IlIIA and BPTI-
whether its structured domain is being stabilized. (Cys¥—CysYCys—Cy<®) both act as the immediate precur-
The Folding Pathway(s) ofilLA-IIA in the Absence of  sors of nativeaLA and native BPTI, respectively (Figure
Calcium Resembles That of Hiruditn the absence of 5). Nonetheless, there is one noticeable difference with
calcium and without stabilization of the structur@esheet respect to their folding kinetics that needs to be addressed.
domain, oxidative folding ofiLA-1IA proceeds via primarily This difference was observed and compared when folding
an indirect pathway, in which-85% of aLA-IIA needs to experiments with BPTI andLA-1IA were conducted in the
unfold its structuregB-sheet domain through scrambling of presence of similar concentrations of GSSG (6:02 mM)
its two native disulfide bonds (C$s-Cys” and Cy$— (6). In the case of BPTI, conversion of BPTI(C{sCysY
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Ficure 5: Resemblance of the major pathways of oxidative folding
of aLA-1IA and BPTI. All six folding intermediates depicted here
contain exclusively native disulfide bonds. Folding of reductd

was performed in the presence of calcium. The disulfide structures
of folding intermediates oftLA-IIA are given in Figure 1. The
numbering of BPTI represents the pairing of disulfide bonds. R
stands for the fully reduced protein. In step 1, fully reduced and
denaturediLA and BPTI fold to form predominant intermediates
oLA-lIA and BPTI(30—-51), respectively. In steps 2 and 3, both
oLA-IIA and BPTI(30—51) carry on the folding via two predomi-
nant intermediates to reach the native structated-11A advances

via aLA-1IIB, which is reshuffled to formoLA-1lIA. BPTI(30 —

51) proceeds to form BPTI(3661,14-38), which then rearranges
to form BPTI(30-51,5-55). In step 4, bottwLA-IIIA and BPTI-
(30—51,5-55) act as direct precursors of their respective native
structures. They attain the native structure by forming the last native
disulfide bond (Cy%-Cyst?9) in the case obiLA and the Cy$*—
Cys*® disulfide bond in the case of BPTI. It is necessary to point
out that only the predominant folding pathway of BPTI is depicted
here for comparison. Another native-like two-disulfide intermediate,
BPTI(5-55,14-38), also plays a role similar to that of BPTI30
51,14-38) during BPTI folding 8, 6). In addition, two minor two-
disulfide intermediates containing the non-native disulfide bond
were also observed along folding pathway of BP3|14).

Cyst*—Cys®®) to the direct precursor accounts for the rate-
limiting step of BPTI folding. The very low concentration
of BPTI(Cys’—CysY/Cys—Cys®) found in the folding
pathway of BPTI is consistent with its rapid conversion to
native BPTI @), whereas in the case ol A-lIA, consump-
tion of the direct precursoro_A-1lIA) and its conversion

to the nativeoLA represent the rate-limiting step ofLA-

IIA folding. This is demonstrated by the significant ac-
cumulation ofaLA-IlIIA along the folding pathway (see
Figure 4B).

Relative Stability of theo-Helical Domain andj-Sheet
Domain ofalLA. aLA consists of a hydrophobia-helical
domain and a calcium-binding-sheet domain. We have
shown here that stabilization of th&sheet domain may
direct the folding pathways of the-helical domain. An
important question is whether stabilization of tiaéhelical
domain will have the same effect on the pathway of oxidative
folding of the -sheet domain. Performing this folding
experiment will require (a) a two-disulfide intermediate that
comprises two native disulfide bonds within thehelical
domain as a starting material and (b) a method for manipula-
tion of the stability of thex-helical domain; both are currently

unavailable. We have indeed addressed to some extent this

issue during the study of oxidative folding of fully reduced
olLA (19). In these studies, the presence of calcium also
favors the rapid accumulation ol A-lIA and oLA-IlIA as
intermediates. Although the conformational stability of the
o-helical domain ofoLA is well-documented 6, 57), its
relative stability with respect to the&sheet domain, even in
the absence of bound calcium, depends critically on the
denaturation conditions that are employed. This has been
demonstrated in a study of the conformational stability of
oLA using the method of disulfide scramblingg). For
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instance, an organic solvent selectively facilitates the dena-
turation of the hydrophobiax-helical domain ofalA.
Acetonitrile-denaturedo LA (either calcium-depleted or
calcium-bound) comprises a predominant scrambled isomer
(X-aLA-b) containing two intact native disulfide bonds
within the -sheet domain and two scrambled non-native
disulfide bonds at the-helical domain $8). Urea favors
denaturation oftLA at the a-helical domain as well. On
the other hand, thermal denaturation disrupts mainly the
B-sheet domain aflLA, generating a predominant denatured
X-oLA-c isomer 68) that exhibits structural characteristics
consistent with the well-documented molten globule state
(59, 60). X-oLA-c retains a substantial content @fhelical
structure 61) and is stabilized by two native disulfide bonds
within the a-helical domain and two non-native disulfide
bonds at thes-sheet domain. Comparative folding experi-
ments 47) have shown that both XL A-b and X-aLA-c

fold to form the nativeoLA without accumulation of any
significant intermediate along the pathway. The same study
also reveals that XtLA-b is kinetically ~65% more
competent than XtLA-c in the conversion to the native
oLA, implying that folding of theo-helical domain is more
efficient than that of thgg-sheet domain in the absence of
bound calcium.

The Folding Mechanism aefLA-1IA Provides an Important
Model in Understanding the érsity of Disulfide Folding
Pathwaysln conclusion, the distinct folding mechanism of
oLA-IIA observed in the absence and presence of calcium
underlies the importance of the stability of domain structure
in dictating the pathways of protein folding. Data obtained
from these studies provide persuasive evidence that supports
the proposed underlying causé3| for the diversity of
disulfide folding pathways. It is understandable that stabiliza-
tion of subdomain structurd.{, 51—55) may greatly restrict
the conformation allowed within the remaining part of a
protein and thus drastically reduce the number of potential
intermediates presented along the pathway of protein folding.
The case obilLA-IIA folding represents a useful model to
account for the large diversity of folding pathways observed
among BPTI, hirudin, and various disulfide-containing
proteins.
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