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Sequence: Isomerization, Stability, Unfolding, Refolding, and Structure
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ABSTRACT. The structure of human epidermal growth factor (EGF, 53 amino acids) comprises three distinct
loops (A, B, and C) connected correspondingly by the three native disulfide bonds; Gys°, Cys*—

Cys’t, and Cy$—Cys*2 The connection of Cy¥sand Cy3° forming the N-terminal A loop is essential

for the biological activity of EGF [Barnham et al. (1998)otein Sci. 71738-1749] and has also been
shown to represent a major kinetic trap in the oxidative folding of EGF [Chang et al. (J0@ipl.

Chem. 2764845-4852]. To further understand the chemical nature of this kinetic trap, we have prepared
three EGF mutants each with a single SeCys mutation at Ser residues (3e8ef, and Se?) flanking

Cy<. This allows competition between CGyand mutated Cys Cys', and Cy8 to link with Cys?® and to

form EGF isomers containing different sizes of the A loop. The results show that, in the cases of EGF-
(S2C) and EGF(S4C), native GysCys?is favored over Cys-Cys? and Cy4—Cys° by 4.5- and 9-fold,
respectively, in the state of equilibrium. However, in the case of EGF(S9C), a non-nati%e G’ is
thermodynamically more stable than the native €8y by a free-energy differenceAG°) of 1.12
kcal/mol. Implications of these data in the formation of kinetic trap of EGF folding are discussed. Stabilized
isomers of EGF were further generated from denaturation of wild-type and mutant EGF via the method
of disulfide scrambling. Properties of these diverse isomers of EGF, including their isomerization, stability,
unfolding, refolding, and disulfide structures, are described in this paper.

Human epidermal growth factor (EGFtimulates the EGF displays unique properties that are not shared by many
growth of epidermal and epithelial cells by binding to the small disulfide proteins19—25). Oxidative folding of the
EGF receptorl, 2). The EGF-like domain has been found fully reduced EGF undergoes heterogeneous and transient
in a large number of functional unrelated proteins. It occurs 1-disulfide intermediates and accumulates rapidly as a single
in more than 300 different sequenc&s-(L1), ranging from stable 2-disulfide kinetic trap (designated as EGF-16)(
urokinase, E-selectins, lipoprotein receptor, tgpérans- which represents up to more than 85% of the total protein
forming growth factor (TGFa), heregulin, tissue plasmino-  along the folding pathway. EGF-II contains two free cys-
gen activator, and several factors involved in blood clotting. teines (Cy% and Cy3°% and two native disulfide bonds of

EGF is a 6-kd (53 amino acids) polypeptide and is EGF, Cy$*—Cys™and Cy$*~Cys® However, the formation
stabilized by three disulfide bonds with the pairing pattern of the third native disulfide (Cys-Cys?) for EGF-II is
of (1—3, 2-4, and 5-6) (Cy$—Cy<0, Cys“—Cys¥, and exceedingly slow and does not occur directly. Kinetic
Cys®—Cys"?) (12, 13). Native EGF adopts a well-defined  analysis reveals that an important route for EGF-II to reach
3D structure and comprises three distinct loalds (4). The the native structure is to undergo substantial unfolding via
N-terminal A loop (residues-619) contains some-helical the rearrangement pathway through 3-disulfide scrambled
structure and is fastened by Cy<ys® The B loop isomers 16). Thus, for EGF-1l to escape the kinetic trap
(residues 26-31) forms a two-stranded antiparalfzkheet. and convert to the native EGF, it will have to cross an energy
The C loop (residues 3342) is constrained by a third  barrier that would entail extensive unfolding of the already
disulfide bond Cy¥—-Cys*. The native conformation of attained nativelike structure in EGF-II. In this case, native
EGF, like many small disulfide proteins, is determined EGF is likely to be only marginally more stable than EGF-
essentially by its amino acid sequence alof8).( Fully Il. The difficulty of forming Cy$—Cy<s is also consistent
reduced and denatured EGF is able to refold via disulfide with its preferential and selective reduction in the process
oxidation to form the native conformation spontaneously and of reductive unfolding 16, 26). In addition, the formation
quantitatively (6—18). However, the folding mechanism of  of Cys—Cys?is required for EGF to form an active A loop

(residues 6-19) that interacts with site 2 in domain Il of
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E-mail: rowen.chang@uth.tmc.edu. Telephone: 713-500-2458. Fax: via a hydrophobic interactioriLf). Absence of this A loop

713-500-2424. : ; ;
! Abbreviations: EGF, epidermal growth factor: HPLC, high- has been shown in a synthetic analogue of murine EGF to

performance liquid chromatography; GdmCl, guanidine hydrochloride; Significantly decrease the mitogenic activity and EGF recep-
LClI, leech-derived carboxypeptidase inhibitor; DTT, dithiothreitol.  tor-binding affinity 7).
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Table 1: Primers Used in QuickChange Site-Directed Mutagenesis Reactions

species primers

s2C B8-GAA CAA CAT ATG AAT TGT GAC TCT GAA TGT CCC-3
5-GGG ACATTC AGAGTC ACAATT CATATGTTGTTC-3

s4c B-CATATG AAT AGT GAC TGT GAATGT CCC CTG TCC-3
5-GGACAG GGG ACATTC ACAGTC ACT ATT CAT ATG-3

S9C B-TCT GAATGT CCC CTG TGC CAC GAT GGG TAC TGC*3
5-GCA GTA CCC ATC GTG GCA CAG GGG ACATTC AGA-3

A25C 5-TGC ATG TAT ATT GAATGC TTG GAC AAG TAT GCA-3

5-TGC ATACTT GTC CAAGCATTC AAT ATA CAT GCA-3

The presence of the major kinetic trap (EGF-II) of EGF buffer (150 mM NaCl, 5 mM EDTA, 1 mM PMSF, and 50
folding and the unique conformational property of the mM Tris-HCI at pH 8.0). They were disrupted in a French
N-terminal sequence of EGF surrounding €gsggest that  Pressure Cell, and the lysate was centrifugeti43900@,
further studies are necessary to understand the stability of45 min).

EGF surrounding Cys-Cys®. In this study, we attempt o The optained inclusion bodies were washed twice with
alter the size of the A loop of EGF and to evaluate its effect e same lysis buffer as described above and then solubilized
on the conformational stability of EGF. To achieve this goal, i, g M urea, 10 mM Tris-HCI at pH 8.0 containing 1 mM
we have selected three Ser residues at the vicinity of Cys gpTa and 10 mM dithiothreitol (DTT). After centrifugation
(Sef, Sef, and Sef) for Ser— Cys point mutations. The  nq filtration through a 0.2m syringe filter, the supernatant
extra Cy$, Cys', or Cy$ shall then be allowed to compete )45 applied to a O-Sepharose Fast Flow column (20 mL)
with Cys for disulfide linkage with Cy%. This should in equilibrated wih 8 M urea and 20 mM Tris-HCI at pH 8.0
practice generate EGF isomers with enlarged and reduced,nq g|yted with a linear NaCl gradient (400 mk &0 mM).
sizes of A loop. An additional mutant with Afa= Cys Fractions containing the EGF protein were combined, and
replacement at the B loop was also produced as a control.th putfer was changed to 50 mM Tris-HCI (pH 8.0) using
an Amicon ultrafiltration system. The sample was applied
MATERIALS AND METHODS to a Superdex G-75 column equilibrated with 50 mM Tris-

Materials.Oligonucleotides were purchased from MWG- HCI (pH 8.0) and eluted with the same buffer. Fractions of

Biotech (NC). Lambda EGF116 Purified Phage DNA was
purchased from ATCC (VA). All PCR reagents and restric-
tion endonucleases were from Roche Applied Science (IL).

the EGF protein were pooled again and concentrated by
Amicon ultrafiltration. For structural (disulfide) analysis and
an unfolding experiment, the obtained product was further

QuickChange Site-Directed Mutagenesis Kit was obtained purified by RP-high-performance liquid chromatography
from Stratagene (CA). NAP-5 desalting column, Q-Sepharose (HPLC) at a semipreparative scale on Agilent 1100 HPLC
Fast Flow, and Superdex G75 were from Amersham Bio- system (Column ZORBAX 3000 SB-C18 9.4 mwn25 cm).
sciences (NJ). All other chemicals were of analysis or Buffer A was 0.088% TFA in water, and buffer B was
molecular biology grade. Plasmid pRBI-PDI-T7 was a gift 0.084% TFA in 90% acetonitrile. The gradient was from 28%
from Dr. Rudi Glockshuber (Zurich, Switzerland). B to 44% B in 20 min at a flow rate of 2 mL/min. Purified
Expression of Recombinant EGF ProteiriBhe gene  Proteins were freeze-dried and stored-80°C. The purified
coding for human EGF protein was amplified by the Proteins were then verified by N_—terminal Edman sequencing
polymerase chain reaction from a construct of lamb- @nd mass spectrometry analysis. Typically, about 7.0 mg of
daEGF116 phage DNA2@) using the following primers: ~ EGF(S2C) and EGF(S4C), 3.0 mg of EGF(S9C), and 8.0
N-terminal primer, 5CGA GAA CAA CAT ATG AAT mg of EGF(A25C) were produced fiol L of LB media
AGT GAC TCT GAA TGT CCC CTG-3 and C-terminal  after HPLC purification.
primer, 3-GCA GCC GGA TCC TAC TAG CGC AGT Chemical and Thermal Denaturation of Nei N-EGF-
TCC CAC CAC TTC AGG-3 The amplified gene was (WT) and N-EGF(Mutants)ia Disulfide ScramblingN-
cloned into the plasmid pRBI-PDI-T29) via theNdd and EGF(WT) (0.5 mg/mL) was denatured at 22 in the Tris-
BanHl| restriction sites. The expressed EGF protein contains HCI buffer (0.1 M, pH 8.4) containijg 6 M guanidine
an additional amino acid residue of methionine at its amino hydrochloride (GdmCl) and different concentrations of Cys
terminus. The correct sequence of the amplified gene was(80, 250, and 100@M). Denatured samples were quenched
verified by dideoxy sequencing. at a different time point by introduction of 2 volumes of 4%
Point mutations at S2C, S4C, S9C, and A25C were aqueous trifluoroacetic acid. N-EGF(mutants) (0.5 mg/mL)
achieved using the QuickChange Site-Directed Mutagenesiswere denatured at 2Z in the Tris-HCI buffer (0.1 M, pH
reactions, respectively. All primers used for the mutagenesis8.4) containing different concentration of GdmCI, without
reactions are listed in Table 1. The obtained plasmid DNAs any supplementing thiol. Denaturation was carried out for 5
were also verified by dideoxy sequencing. The obtained min and similarly quenched by acidification. Alternatively,
construct was then transformed irfEscherichia colBL21- N-EGF(mutants) (0.5 mg/mL) were also denatured at®0
(DE3), which were grown at 37C in LB medium containing ~ for 5 min in the Tris buffer without supplementing thiol.
carbenicillin (100 mg/L). At an optical density at 550 nm of All denatured samples were analyzed by RP-HPLC. The
1.0-1.3, IPTG was added to a final concentration of 1 mM denaturation curve was determined by fractions (%) of the
and then the cultures were grown for 16 h at°8 Cells native EGF converted to the scrambled isomers. Quanti-
were harvested by centrifugation and resuspended in a lysistative analysis of the relative yield of scrambled and the
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native isomer was based on the integration of HPLC peak Table 2: Molecular Weight of Recombinant EGF Mutants before

areas. and after Modification with Vinylpyridine

Refolding of Denatured EGF Isomersia Disulfide before modification after modification
Scrambling. Scrambled isomers of denatured EGF were EGF(mutants)  observed (expected) observed (expected)
purified from acid-trapped samples by RP-HPLC, freeze- N-EGF(S2C) 6363.3 (6363.4) 6468.8 (6468.5)
dried, and allowed to carry on the folding by dissolving the = N-EGF(S4C) 6363.2 (6363.4) 6468.8 (6468.5)
sample (0.5 mg/mL) back into the Tris-HCI buffer (0.1 M,  N-EGF(S9C) 6363.6 (6363.4) 6468.5 (6468.5)

pH 8.4). Folding intermediates were trapped by mixing N-EGF(A25C) 6378.5 (6379.4) 6484.6 (6484.5)

aliquots of the sample with 2 volumes of 4% aqueous

trifluoroacetic acid at different time point and analyzed by Both unmodified and vinylpyridine-modified protein samples
HPLC. were subjected to MALDFMS analysis. The data (Table

2) verify the correct molecular mass of all four EGF(mutants)
and indicate a difference of 105.1 Da between unmodified
and modified proteins in all cases. These results thus confirm
the presence of a single free cysteine in each of the EGF
mutants. The matured EGF domain contains 53 amino acids
and 3 disulfide bonds (6 cysteines). In this paper, the
recombinant EGF proteins were engineered from the EGF
tions collected were freeze-dried and used for further 38"€ by PCR and bear a starting amino acid re3|elue Met.
analysis. Therefore, the expressed proteins all have 54 amino acids
] o ] with a calculated molecular weight of 6369.26 Da (6363.26
Analysis of Disulfide Structures of EGF Isom.el?s;otem Da in the oxidized form). However, to compare with the
samples {10 ug) were isolated and treated withyDy of  \yige-type counterpart, the numbering of the amino acid
thermolysin in 30uL of N-ethylmorpholine/acetate buffer sequence still starts with Asn (N1) and ends with Arg (R53)
(50 mM, pH 6.4). Digestion was carried out at 37 for 16 (see Figure 2).
h. Thermolytic digests were quenched with 2 volumes of  Foided EGF(mutants) were further characterized by RP-
4% aqueous trifluoroacetic acid, separated by HPLC, andyp| ¢ (Figure 1). EGF(A25C) forms a single major isomer,
analyzed by Edman sequencing and MALDI mass spectrom-gesignated as N-EGF(A25C). For the three SerCys

Modification of EGF Proteins with Vinylpyridinésomers
of EGF(mutants) intended for the biological assay were
modified with vinylpyridine (10uL) in 100 u«L of Tris-HCI
buffer (0.1 M, pH 8.4). Reactions were allowed at°Z3for
45 min, acidified with 2 volumes of 4% aqueous trifluoro-
acetic acid, and purified by RP-HPLC or desalted through a
NAP-5 column eluted with 0.1% trifluoroacetic acid. Frac-

etry. The_digests were also analyzed by_+_|tZtS (Agilent mutated EGF, however, each was shown to fold into one
1100 Series LC/MSD Trap). Data analysis were performed predominant isomer (designated as N-EGF) and a minor
using the software provided by Bruker Daltonics. isomer (designated as n-EGF) that constitutes about 10

Amino Acid Sequencing and Mass Spectromefitye 18% of the mutant protein. All n-EGF(mutants) exhibit a
amino acid sequence of disulfide-containing peptides was molecular mass identical to that of corresponding N-EGF-
analyzed by automatic Edman degradation using a Perkin (mutants), both in unmodified and vinylpyridine-modified
Elmer Procise sequencer (Model 494) equipped with an on-form, indicating that n-EGF(mutants) are isomers of N-EGF-
line PTH—amino acid analyzer. The molecular mass of (mutants) and also possess one free cysteine. For each Ser
peptides were determined by MALBITOF mass spectrom- = Cys mutated EGF, these two isomers [n-EGF(mutants)/
eter (Perkin-Elmer Voyager-DE STR). N-EGF(mutants)] are formed in the refolding mixture at the

Nomenclature of Isomers of EGF Proteife nomen-  €quilibrium, with an equilibrium constank¢g) of 0.22 for
clature of isomers of EGF proteins is differentiated by EGF(S2C), 0.11 for EGF(SAC), and 0.15 for EGF(SOC).
symbols added at both the prefix and suffix. N-EGF and TheseKe values correspond to a free-energy difference
n-EGF stand for thermodynamically the first and second most (AG®) of 0.89, 1.30, and 1.12 kcal/mol, respectively.
stable native isomers at nondenaturing conditions. N-EGF-  Disulfide Structures of N-EGF(Mutants) and n-EGF-
(WT) and N-EGF(S2C) represent wild-type andSerCys (Mutants).N-EGF(mutants) and n-EGF(mutants) of the four
mutated N-EGF, etc. Scrambled species of EGF are desig-Mutant proteins were isolated from RP-HPLC, derivatized
nated by the following formula: X-EGF(point mutatior) with vinylpyridine, and directly subjected to 10 cycles of
(isomer assigned on HPLC), where X stands for scrambled. Edman sequencing. They were further fragmented by ther-
For instance, X-EGF(S9C)-b represents isomer “b” of Molysin digestion. Peptides were analyzed by+MS as

scrambled EGF with a St~ Cys point mutation. well as Edman sequencing to identify those containing
disulfide bonds and vinypiridine-modified cysteine. The data
RESULTS (available upon request) lead to the conclusion of the

disulfide structures presented in Figure 2. N-EGF(S2C),

Production and Verification of Oxidized EGF(Mutants). N-EGF(S4C), and N-EGF(A25C) adopt a disulfide pattern
EGF proteins were expressed in the cytoplasnEofoli identical to that of wild-type N-EGF and each contain a free
BL21(DE3) and accumulated as inclusion bodies. After cysteine at sequence positions 2, 4, and 25, as expected. The
solubilization n 8 M urea (at pH 8.0) and purified by anion-  structure of N-EGF(S9C) is different. It is stabilized by a
exchange chromatography in the presence of urea, reducedon-native disulfide bond (C§sCys) instead of native
EGF proteins were folded to form the nativelike disulfide disulfide (Cy§—Cys9) and has a free cysteine at position
bonds spontaneously after removing the denaturant. Folded6.
proteins were purified subsequently by gel-filtration chro-  n-EGF(S2C) and n-EGF(S4C) both have a free Cys at
matography and were modified with vinylpyridine to deter- position 6. Each comprises two native disulfide bonds and a
mine the accessibility of the free amino acid residue cysteine. non-native disulfide bond, C§sCys® and Cy$—Cys?,
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Ficure 1: (Left) Schematic views of the native structure of human
EGF (WT). N and C indicate the locations of N- and C-terminal
regions of EGF. The three corresponding native disulfides5-Cys
Cy<0, Cyd“-Cys*, and Cy$3-Cys*2 are numbered. The solid-bold
arrows point to the positions of Ser/Ata Cys mutation. Native
EGF comprises three distinct loops. The N-terminal A loop (residues
6—19) is connected by C§sCys°. The B loop (residues 2631)
forms a two-stranded antiparallgl sheet. The C loop (residues
33—-42) is constrained by a third disulfide bond €¥sCys*
(Right) Analysis of purified EGF(mutants) by RP-HPLC. “N” and
“n” stand for thermodynamically the first and second most stable
native isomers. Analysis was performed on an Agilent 1100 series
HPLC system using the following conditions. Solvent A was water
containing 0.088% trifluoroacetic acid. Solvent B was acetonitrile/
water (9:1, v/v) containing 0.084% trifluoroacetic acid. The gradient
was 28-35% of solvent B linear in 15 min, 3540% of solvent B
linear in 15-45 min, and 46-80% of solvent B linear in 4570

min. The column was Zorbax 300-SB C18, 4&50 mm, 5um.

The flow rate was 0.2 mL/min. The column temperature was 22
°C.

respectively. In contrast, the disulfide pattermeEGF(S9C)
is similar to that of N-EGF(WT) (Figure 2).

Denaturation and Unfolding of N-EGF(WT) and N-EGF-
(Mutants) via Disulfide ScramblingDenaturation and un-
folding of N-EGF(WT) via disulfide scrambling requires the
presence of supplementing thiol (Cys, GSH,femercap-
toethanol). Without supplementing thiol, N-EGF(WT) re-
mains completely intact for up to 48 h in the buffer
containirg 8 M GdmCI (data not shown). Thermodynamic
denaturation of N-EGF(WT) in the presence of a thiol

Biochemistry, Vol. 44, No. 45, 20095035
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Ficure 2: Disulfide structures of native and scrambled isomers of
EGF(mutants) proteins. Their structures were derived from the LC
MS analysis of thermolysin-digested peptides. N-EGF(mutants) and
n-EGF(mutants) indicate the most and second most predominant
isomers in the absence of the denaturant (see Figure 1). X-EGF-
(mutants)-b represents the major denatured isomer in the presence
of 8 M GdmCI (see Figure 4). The position of free cysteine is
indicated by SH.

Table 3: Differences in Stability between Wild-Type and Mutants
EGF

protein AG (H,0)? m° [GAMClI]y©
N-EGF(WT) 2.92 0.71 4.1
N-EGF(S2C)
N-EGF(S4C) 1.41 0.52 2.7
N-EGF(S9C)
N-EGF(A25C) 1.48 0.74 2.0

catalyst at an increasing concentration of GdmCI have been
investigated previously3Q), and the data are used here to

aln kcal/mol.bIn kcal mol! M~ ¢Midpoint of the GdmCl
unfolding curve in molars.

construct its denaturation curve (see Figure 6) and confor-
mational stability for comparison with N-EGF(mutants)
(Table 3). In this study, kinetics of denaturation of N-EGF-
(WT) by 6 M GdmClI in the presence of different concentra-
tions of thiol catalyst (80, 250, and 10Q0M Cys) were
further investigated (Figure 3). At 8M Cys, denaturation

of N-EGF(WT) is extremely slow and the reaction was
brought to a halt after 4 h, presumably because of the
depletion of Cys by air oxidation. At 250 and 100®! Cys,
denaturation of N-EGF(WT) completed within 4 and 1 h,
respectively. Denatured N-EGF(WT) consists of eight iden-

tifiable scrambled isomers. Their disulfide structures were
characterized in our previous pap80). Among them, the
most predominant scrambled species, designated as X-EGF-
(WT)-b (Figure 2) adopts the beads-form disulfide pattern.
When an extra cysteine, which serves as thiol catalyst, is
introduced, N-EGF(mutants) may undergo rapid disulfide
isomerization without any supplementing thiol. Inclusion of
additional thiol is unnecessary and may actually cause an
undesirable effect. It leads to the formation of a mixed
disulfide adduct of all scrambled isomers, a phenomenon that
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Ficure 3: Denaturation of N-EGF(WT)yw6 M GdmCI in the presence of different concentrations of Cys. Denaturation was performed

at 22°C in the Tris-HCI buffer (0.1 M, pH 8.4) containing 80, 250, or 10d Cys. Denatured samples were quenched in a time course
manner by acidification and analyzed by HPLC using conditions similar to those described in Figure 1, except for employing a different
gradient system, which was $84% solvent B linear in 15 min and 3466% solvent B linear from 15 to 50 min. “N” indicates N-EGF-

(WT). Denatured N-EGF(WT) comprises eight fractions of scrambled isomers (marked by a, b, ¢, d, e, f, g, and h). Their disulfide structures
have been characterized in a previous paféy. (

N  A25C N $2C N N

n
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1M ™ J 1™
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Ficure 4: Denaturation of N-EGF(mutants) by an increasing concentration of GAmCI. Denaturation was carried A@ &r22 min in
Tris-HCI buffer (0.1 M, pH 8.4) containing different concentrations of GdmCI. Reactions were quenched by mixing with 2 volumes of 4%
trifluoreacetic acid and analyzed by HPLC. “b” indicates the most predominant isomer of denatured N-EGF(mutants).

has not been observed in the case of thiol-assisted denaturthe heterogeneity of denatured isomers varies. Denatured
ation of N-EGF(WT). The molecular mass of denatured EGF(A25C) consists of one predominant isomer designated
scrambled isomers of EGF(mutants), as measured by LC as X-EGF(A25C)-b. In contrast, denatured EGF(S2C), EGF-
MS, increase by 75, 119, and 305, respectively, when (S4C), and EGF(S9C) each comprises about 25 fractions of
f-mercaptoethanol, cysteine, or GSH was included in the well-populated isomers. Among them, the major species were
denatured samples. also marked as X-EGF(S2C)-b, X-EGF(S4C)-b, and X-EGF-
Therefore, experiments of denaturation of N-EGF(mutants) (S9C)-b, respectively. Heat-denatured EGF mutants are
described here were performed without the addition of any similarly heterogeneous (Figure 5). The higher heterogeneity
thiol reagent. N-EGF(mutants) were incubated in the Tris- of denatured EGF(mutants) as compared to that of EGF-
HCI buffer containing an increasing concentration of GAmCI. (WT) is predictable, because the presence of an extra cysteine
Kinetics of denaturation is relatively fast. At a given increases the number of potential scrambled isomers from
concentration of GdmCI, the conversion of the native to 14 to 104.
scrambled isomers reaches equilibrium within about 5 min.  Denaturation Cures of N-EGF(WT) and N-EGF(Mu-
Under these conditions, denatured isomers of EGF(mutants)tants). The method of disulfide scrambling permits quantita-
all comprise only one free cysteine, as determined by-LC tive analysis of the denaturation curve and unfolding curve
MS of vinylpyridine-trapped reaction mixtures (data not independently X6). In this study, denaturation curves of
shown). Prolonged sample incubation resulted in a gradualEGF(mutants) are determined by the fraction (%) of the
decrease of the recovery of total proteins, possibly becausenative isomer (“N” species) converted to the scrambled
of dimerization and precipitation of the protein. Figure 4 isomers (collectively designated as “X”) under a rising
presents the HPLC profiles of denatured isomers of four temperature (4680 °C) or increasing concentrations of
N-EGF(mutants) obtained at different GdmCI concentrations. GdmCI (1-8 M). Quantitative analysis of the relative yield
The results demonstrate that denaturation of all N-EGF- of scrambled and the native isomers was based on the
(mutants) occurs rapidly at arodr8 M GdmCI. However, integration of HPLC peak areas. The denaturation curves of
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A25C b s2c b energy AGgpp between the folded and unfolded conforma-
tions, which was calculated using
AGy,,= —RTIN[(FY/(1 — F)]
s4c b s9C b

Least-squares analysis was used to fit the data to the equation
MM\M AGygy= AG™ — miGdmC]

Ficure 5: Denaturation of N-EGF(mutants) at elevated temperature. H,0 i ;
Denaturation was performed at 80 for 5 min in Tris-HCI buffer whereAG™? s the value 0AGegpin the absence of GdmCl

(0.1 M, pH 8.4). Reactions were quenched by mixing with 2 &ndm is the measure of the dependenceAdk,y, on the
volumes of 4% aqueous trifluoreacetic acid and analyzed by HPLC. GdmCI concentration. The correlation of the midpoint of the
“b” indicates the most predominant isomer of denatured N-EGF- GdmCl denaturation curve amG™:° was calculated by the

(mutants). equation [GAMCI), = [(AG™°)/m], becauseAGgyp, = 0 at
[GAdMCl]y.. Results are summarized in Table 3.
ol 22 ool T Disulfide Structures of the Major Isomers of Denatured

—h—s4C

EGF(Mutants). Four major denatured isomers of EGF-
(mutants), X-EGF(S2C)-b, X-EGF(S4C)-b, X-EGF(S9C)-b,
and X-EGF(A25C)-b, were isolated from HPLC, modified
with vinylpyridine, and subject to thermolysin digestion.
Peptide mixtures were analyzed by +®1S. Data obtained
lead to the conclusion of their disulfide structures presented
in Figure 2. All four scrambled species leave a free cysteine
0 0 o—— at position 42, indicating that, even at the denatured state,
R L B A T T T T 1 the N-terminal sequence of EGF(mutants) is more likely to
012345678 20 30 40 50 60 70 80 S g
exist in a more compact structure than that of the C-terminal
[GdmCl, M] [Temperature, °C] region. X-EGF(S4C)-b and X-EGF(A25C)-b were shown to

Ficure 6: Denaturation curves of EGF proteins at a rising assume the “beads-form” disulfide structure, similar to that
temperature (right) and in the presence of increasing concentrationsof X-EGF(WT)-b.

of GdmCI (left). Fractions denatured indicate the fraction (%) of
native protein converted to scrambled species, calculated from _ Scrambled Isomers of EGF(Mutants) Refold Spontaneously

HPLC analysis as shown on Figure 4. All denaturation experiments TO Form the Natie Disulfide-Bond StructureDenatured
of N-EGF(mutants) were performed without supplementing thiol. isomers of EGF(mutants), because of the presence of a free
N-EGF(A25C) @), N-EGF(S2C) W), N-EGF(S4C) 4), and cysteine, may refold spontaneously in the alkaline buffer

N-EGF(S29C) 4). Denaturation of wild-type N-EGF in the ; ; ; ;
presence®, WT-ME) and absence, WT) of f-mercaptoethanol without any supplementing thiol. Four scrambled isomers

(0.2 mM) are included as controls. In these analysis, the “n” isomers Of EGF(mutants), X-EGF(S2C)-b, X-EGF(S4C)-b, X-EGF-
of EGF(mutants) are counted as denatured species. (S9C)-b, and X-EGF(A25C)-b, were isolated from HPLC
under acidic conditions, freeze-dried, and reconstituted in
N-EGF(WT) analyzed in the presencefmercaptoethanol  the Tris-HCI buffer (pH 8.4) to initiate the folding. Folding
(0.2 mM) are included as a control for comparison. Dena- intermediates were quenched by acidification and analyzed
turation of EGF(mutants) undergoes a two-stage mechanismby HPLC (Figure 7, middle and left panels). The results show
The three Ser= Cys EGF(mutants) exhibit a comparable that folding of the four isomers proceeds through heteroge-
stability against GdmCI (Figure 6, left), all with a 50% neous intermediates to attain the native structure. Similar to
denaturation that occurs at around 2.7 M GdmCI. Midpoint the process of unfolding (denaturation), the kinetics of
denaturation of N-EGF(A25C) occurs2a2M GdmCIl. Their refolding of X-EGF(mutants) are relatively fast. Folding of
decreased stability contrasts to that of N-EGF(WT), which all four isomers completes essentially within-120 min.
requires 4 M GdmCI to achieve 50% denaturation. For example, refolding of X-EGF(S2C)-b exhibits a first-

The data of thermal denaturation further demonstrate order kinetics of 2.8< 10! min~. The rate of recovery of
variation of conformational stability between N-EGF(WT) N-EGF(S2C) and N-EGF(S4C) is about 2-fold faster than
and N-EGF(mutants) (Figure 6, right). All mutants are that of N-EGF(S9C) and N-EGF(A25C). The folded proteins
considerably less stable than wild-type EGF. However, in consist of both “N” and “n” isomers with ratios indistin-
these experiments, N-EGF(S9C), which contains a non-nativeguishable from that shown in Figure 1, further indicating
disulfide bond, displays a noticeably higher thermal stability that these two isomers exist in a state of equilibrium in the
than both N-EGF(S2C) and N-EGF(S4C). absence of the denaturant.

Calculation of Conformational Stability of N-EGF(WT) For comparison, the refolding kinetic of X-EGF(WT)-b
and N-EGF(Mutants)The conformational stability of N-  was analyzed in the presence of different concentrations of
EGF(mutants) in the absence of the denatura@®) is Cys (Figure 7, right panel). The results demonstrate that
determined from the GdmCI denaturation curves (Figure 5). effective refolding of X-EGF(WT)-b occurs only in the
Despite limited concentration points of GdmCI that were presence of 1 mM Cys, a concentration about 12-fold of the
selected for the denaturation studied, the data proide protein (0.5 mg/mL). Under these conditions, refolding of
(fractions unfolded or fractions denatured) at each point of X-EGF(WT)-b exhibits a first-order kinetics of 1.67 102
GdmCl and allow an estimation of the difference in free min=2.

—A—s3c
80 | —o-wr 80
—&—WT-ME

60 60

40 40+

20 4 20+

Fractions denatured (%)
Fractions denatured (%)
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b WT

A25C b S2C +0.25mM Cys

S4C

0.5 min

5 min 10 min

10 min 30 min

60 min MJL—»U@M— 60 min

Ficure 7: Refolding of scrambled EGF isomers. (Left and middle panels) X-EGF(S2C)-b, X-EGF(S4C)-b, X-EGF(S9C)-b, and X-EGF-
(A25C)-b were allowed to refold at 22C in Tris-HCI buffer (0.1 M, pH 8.4). Supplementing thiol is not necessary in these reactions.
(Right panel) Refolding of X-EGF(WT)-b was performed at®2in Tris-HCI buffer, catalyzed by 0.25 mM and 1 mM Cys. All folding
intermediates were trapped by sample acidification and analyzed by HPLC using the same conditions described in the caption of Figures
1 and 3. “N” indicates the refolded native proteins.

N-EGF(WT) n-EGF(S2C) n-EGF(S4C) N-EGF(S9C) EGF-IIA

FiGure 8: Schematic views of the putative structures of EGF-Il and isomers of EGF with increased and decreased sizes of the N-terminal
A loop. N and C indicate the locations of N- and C-terminal regions of EGF. The putative structure of EGF-II is based on the NMR
structure of a synthetic analogue of murine EGF lacking®€®y <%, [Abu6,20)mEGF4-48 (Abu denotes amino-butyric acid)®). The
structures of n-EGF(S2C), n-EGF(S4C), and N-EGF(S29C) are hypothetical models.

DISCUSSION connected by Cys-Cys© is actually thermodynamically
more stable than the one [n-EGF(S9C)] linked by the native
Cys$—Cy<? in the mutant EGF(S9C), with a free-energy
difference AG®) of 1.12 kcal/mol. This unexpected finding

Formation of this loop, which is essential for the biological should have implications on the accumulation of EGF-Il as

activity of EGF @7), represents a major and exclusive kinetic 2N €xclusive kinetic trap of EGF folding.§).

trap in the pathway of oxidative folding of EGA&, 17). EGF-Il contains two native disulfide bonds of EGF,
We have investigated here the effect of three SeCys Cys“—Cys' and Cy$—Cys*, and two free cysteines (Cys
point mutations at Ser residues flanking €ga the structure  and Cy$?). The molecular basis accounting for the specific
and function of EGF. These studies have allowed preparationproperty of EGF-II may be found in the NMR structure of
of three EGF isomers with either increased or decreased sizes synthetic analogue of murine EGF lacking Ey€ys?,

of the N-terminal A loop (Figure 8). The results also reveal [Abu6,20lmEGF4-48 (Abu denotes amino-butyric acid)
that an isomer [N-EGF(S9C)] with a smaller A loop (27). The overall structure of [Abu6,20JmEGF48 is similar

Molecular Mechanisms Accounting for the Major Kinetic
Trap of EGF Folding.The N-terminal A loop of the human
EGF structure (Figure 1) is connected by Ey€ys®.
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to that of mMEGF, indicating that the absence of €yGys?°
does not affect the global fold of EGF. However, the
direction of the N-terminal segment of [Abu6,20|mEGF4

Biochemistry, Vol. 44, No. 45, 2003.5039

maintain the secondary and tertiary structure and supple-
mented the stability rendered by the disulfides.
Conformational stability of the four EGF(mutants) has also

48, between residues four and nine, is located on the oppositebeen analyzed by the method odii$ulfide scrambling

face of the mainj sheet from their position in the native
MEGF @7). It is plausible that EGF-Il may adopt a similar
fold. A putative structure of EGF-II based on [Abu6,20]-

However, instead of using a supplementing thiol as required
for denaturing N-EGF(WT), the process of disulfide isomer-
ization of N-EGF(mutants) is catalyzed by the extra mutated

MEGF4-48 is presented in Figure 8. This structure can be cysteine. Therefore, a comparison between EGF(WT) and

used to explain the stability of EGF-II as a kinetic trap and
its inability to undergo direct Cys-Cys*° formation. The

EGF(mutants) is tricky at best. Nonetheless, the results reveal
that all mutants are considerably less stable than the wild-

structure reveals that, in the absence of a connection ¢f Cys type EGF. Within the experimental errors alloweHd5%6),

and Cy%° the N-terminal sequence of EGF-Il (residues
1-13) would prefer the conformation shown in Figure 8.

the results show that the midpoint denaturation (2.7 M
GdmCl) and estimatedGH=° (1.41 kcal/mol) are roughly

For EGF-II to escape the kinetic trap and convert to the native indistinguishable for the three Ser Cys mutants. N-EGF-

EGF, it has to flip the N-terminal peptide form one side of
the S sheet to the other. This will require EGF-II to cross an
energy barrier that would entail extensive unfolding of the
already attained nativelike structure in EGF-Il. The major
pathway, if not the only pathway, for EGF-II to reach the
native structure is through 3-disulfide scrambled spedi€ks (

As such, the formation of a smaller disulfide loop linked by
Cy9—Cy<? should allow a greater entropy and thus enable

(A25C) needs oni2 M GdmCI to achieve 50% denaturation.
However, itsAGH-° (1.48 kcal/mol) is very close to that of
Ser—= Cys mutants, because thevalue is greater (Table

3). It is noteworthy to mention that thef value associated

with a folding/unfolding reaction is generally proportional

to the change in solvent-accessible surface area between the
folded and unfolded species. The fact that all three N-EGF-
(mutants) exhibit an indistinguishablem™ value (with

N-EGF(S9C), a thermodynamically more stable isomer than allowable variation of+5%) (Table 3) suggests that their

n-EFGF(S9C) (Figure 1 and Figure 2).

EGF-Il is not alone in its uniqueness. Two major kinetic
traps identified along the folding pathway of leech-derived
carboxypeptidase inhibitor (LCI) exhibit similar properties
(31—33). LCl is a 4-disulfide protein. LCI-IlIA and LCI-
1B are two 3-disulfide folding intermediates that accumulate
along the pathway of oxidative folding of LCI. Both contain
exclusively native disulfide bonds. Stop/go folding experi-
ments have demonstrated that, for LCI-IIIA and LCI-1lIB
to form the fourth native disulfide bonds, they will also have
to unravel an existing nativelike structure and undergo
4-disulfide scrambled LCI as major intermediates to attain
the native LCI 82).

Conformational Stability of N-EGF(WT) and N-EGF-
(Mutants). Conformational stability of EGF was analyzed
in this paper using the method aliSulfide scramblingy(34,

35). N-EGF(WT) exhibits a midpoint denaturation at 4.1 M
GdmCl, and its conformational stabilitAGH-°) is estimated

solvent-accessible surface have not been significantly affected
because of either a Ser Cys replacement (S2C and S4C
mutants) or a size decrease of the A loop (S9C mutant).
Reversible Unfolding and Refolding of EGF(WT) and
EGF(Mutants) Catalyzed by Supplementing Cys and Built-
in Cys.A unigue property of Ser= Cys EGF(mutants) is
their rapid disulfide scrambling in the absence of any
supplementing thiol. Unfolding and refolding of disulfide
proteins via disulfide scrambling typically require the pres-
ence of free thiol as a catalys?4, 35). The thiol catalyst
can beg-mercaptoethanol, GSH, or Cys, etc. It can be either
supplementing free Cys or built-in protein Cys, such as
mutated extra Cys of EGF(mutants) demonstrated in this
paper. However, as the data demonstrated here, the potency
of supplementing Cys and build-in Cys in promoting the
disulfide scrambling differs significantly. The phenomenon
has been observed both in the course of unfolding and
refolding of all four EGF(mutants). This is best illustrated

to be 2.92 kcal/mol. These data are in contrast to thosewith the results shown in Figure 7. Refolding of purified

obtained using the method adlisulfide intact denaturation,
which shows 50% denaturation of EGF at 6.9 M GdmCl
and a rough estimate of unfolding free energy of 16 kcal/
mol (36). This disparity is reminiscent of the conformational
stability of phospholipase Adetermined by these two
different methods 37), in which 50% denaturation of
phospholipase Arequires 2.5 and 6.4 M GdmCI, respec-
tively. A higher conformational stability exhibited by the

X-EGF(S2C)-b, which is catalyzed by80 M build-in Cys
(derived from 0.5 mg/mL of EGF), exhibits a first-order
kinetics of 2.8x 10~* min~* and completes practically within
10 min. In contrast, refolding of X-EGF(WT)-b catalyzed
by 1000uM supplementing Cys displays a first-order kinetics
of 1.67 x 102 min~1. When the difference of both folding
kinetics and the concentration of free thiol are taken into
consideration, the disparity of potency between build-in Cys

protein when denatured only by GdmCI in the absence of and supplementing Cys is an astounding 200-fold. Similar
supplementing thiol was mainly due to the fact that the rigid disparity is also observed in the process of unfolding between
disulfide network was not affected. Intact disulfides increase N-EGF(WT) and N-EGF(mutants). For example, GdmCI (6
the conformational stability mainly by constraining the M) unfolding of all four N-EGF(mutants) catalyzed by80
unfolded conformations of the protein and thereby decreasinguM build-in Cys (0.5 mg/mL of EGF) accomplishes within
their conformational entropy. When the denaturation was 5 min (Figure 4). Similar GAmCI unfolding of N-EGF(WT)
conducted in the presence of catalytic amounts of thiol, the in the presence of 1000M supplementing Cys completes
native disulfide framework wadéasedto break and reform  only after about 45 min of reaction (Figure 3). Again, when
according to the conformational changes induced by the the difference of unfolding kinetics and the concentration
denaturant. Once the rigidhative-framework of disulfides of free Cys are factored in, the difference of effectiveness
was rendered flexible, the conformational stability become between build-in Cys and supplementing Cys is greater than
mainly supported by the noncovalent interactions, which 120-fold.
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This discrepancy may be due in part to the favored redox
potential of mutated Cys of EGF, but most likely it is a
consequence of the localized accessibility (concentration) of
build-in Cys to disulfide bonds that undergo disulfide
scrambling, a property that further indicates the conforma-
tional dynamism and flexibility of scrambled proteins. An
additional explanation is the different reaction order involved
in these two cases. When the disulfide bond reshuffling is
promoted by an externally supplemented Cys, a bimolecular
reaction is required. When the reshuffling is catalyzed by

the

build-in Cys, the reaction is essentially intramolecular.

Similar phenomenon of build-in Cys-promoted disulfide
shuffling has been observed in the production of the hirudin
dimer 38) and the folding of pro BPTI39, 40).
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