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ABSTRACT. In vitro oxidative folding of reduced recombinant human macrophage colony stimulating factor

B (rhm-CSHB) involves two major events: disulfide isomerization in the monomeric intermediates and
disulfide-mediated dimerization. Kinetic analysis of rhm-@3Blding indicated that monomer isomer-
ization is slower than dimerization and is, in fact, the rate-determining step. A time-dependent determination
of the number of free cysteines remaining was made after refolding commence. The folding intermediates
revealed that rhm-C$Ffolds systematically, forming disulfide bonds via multiple pathways. Mass
spectrometric evidence indicates that native as well as non-native intrasubunit disulfide bonds form in
monomeric intermediates. Initial dimerization is assumed to involve formation of disulfide bonds, Cys
157/159-Cys 157/159. Among six intrasubunit disulfide bonds, Cys—48/s 139 and Cys48—Cys

139 are assumed to be the last to form, while Cys@¥s 31 is the last intersubunit disulfide bond that
forms. Conformational properties of the folding intermediates were probed by H/D exchange pulsed labeling,
which showed the coexistence of noncompact dimeric and monomeric species at early stages of folding.
As renaturation progresses, the noncompact dimer undergoes significant structural rearrangement, forming
a native-like dimer while the monomer maintains a noncompact conformation.

Protein folding is an important process for understanding the pattern of modified and nonmodified cysteine residues
structure-function relationships. An understanding of the in folding intermediates, detailed folding pathways have been
fundamental principles of protein folding can lead to high- defined for several disulfide containing proteins, including
level production of biologically active proteins of therapeutic bovine pancreatic trypsin inhibitor (BPTI)9{11), tick
and diagnostic importancd,(2). A general solution to the  anticoagulant peptide (TAP)12, 13), bovine pancreatic
protein folding problem requires the delineation of folding ribonuclease A (RNase AL4—19), a-lactalbumin 20—22),
pathways, which can be determined by identifying the and hen egg white lysozyme (HEWL)3 24). These studies
structural and energetic characteristics of the folding inter- suggest that protein folding mechanisms are highly complex
mediates and placing them in some kind of logical order. and may involve non-native disulfide isomers as intermedi-
Extensive research efforts have been devoted to elucidatingates.
the thermodynamics and kinetics of intermediates along the  Folding can also be studied by monitoring the formation
folding pathways —6). of hydrogen bonds that occur as unstructured polypeptides

The protein folding process is highly complex; it involves attain compact conformations. It is difficult to detect the
various noncovalent interactions such as hydrogen bondingformation and breakage of all hydrogen bonds during protein
and covalent interactions such as disulfide formation. In folding (25); however, it is possible to probe the solvent
proteins containing disulfide bonds, folding pathways can accessibility of folding intermediates by deuterium labeling
be elucidated by examining the extent of disulfide bond using amide hydrogens (NHs) as reporter gros-@8).
formation at various stages of folding using a sulfhydryl Amide H/D! exchange pulsed labeling utilizes deuterium
group trapping procedure in which cysteine residues not exchange to label NHs on the polypeptide backbone that are
involved in disulfide bonds are alkylated, @). By analyzing  unprotected at defined folding timeg9). The level of
deuterium trapped at different folding times can be deter-
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were acquired from Pharmacia Biotech. Pepsin was pur-
chased from Pierce. All other reagents were of the highest
grade commercially available.

Preparation of Unfolded ProteirDenaturation and dis-
ulfide bond reduction of rhm-C$Fwas achieved by diluting
the native protein 10-fold into 50 mM Tris buffer (pH 8.5)
containirg 9 M urea, 0.25 M DTT, and 5 mM EDTA. The

Cys'7-90

> Cys'48-139

\—"‘i':‘\_ B

4q \ A | | sample was incubated at room temperature for 3 h.
Helix ¢ / “Tys31-Cys'31 ™ " In Vitro Oxidative Folding.Folding was initiated by rapid
8, strénd et Cys™02-146 buffer exchange of the denatured, reduced protein in the
B, strand \ folding buffer which contained 50 mM Tris (pH 8.5), 0.4 M
Cys157/159-Cys"157/159

urea, 5 mM GSH, and 0.64 mM GSSG using a prepacked
Sephadex column. The 8-fold difference between reduced
and oxidized glutathione was selected so that folding

cc proceeded at a reasonable rate. A low concentration of urea
FiGURE 1: Schematic representation of rhm-GBBased on the ~ was included to prevent protein aggregation.
X-ray crystal structure of m-CSF(38). The C-terminal regions Folding Monitored by Size Exclusion Chromatography

(aa 154-221) and the Cys 157/15%ys 157/159 disulfide bonds Folding was performed with different protein concentra-

are shown as dotted lines. tions: 0.12, 0.34, and 0.64 mg/mL. Aliquots were removed
S i at folding times ranging from 2 to 1404 min and analyzed
or elec'grospray lonization mass spectrometry (ESI-NEZ){ by SEC-HPLC on a Ultrahydrogel-500 column equilibrated
34). This approach can reveal the extent of solvent exposure. S0 M Tris and 5 mM EDTA (OH 7) (41)

of the protein backbone at various folding times, allowing employing a Shimadzu HPLC system. Peak areas for the

the determination of the conformational changes during monomeric and dimeric species were obtained from the UV
folding. In addition, transient folding intermediates that are 280 nm trace and were f?tted 10 a half-Gaussian modified
undetected by other conventional spectroscopic methods may, ; : . . e
: . : Gaussian function using PeakFit (Jandel Scientific). Four data
be identified by H/D pulsed labeling%, 36). . : : .
Recombinant human macrophage colony stimulating factor se.ts at three different protein concgntr_atmns_ were fit globally
using the computer program Scientist (MicroMath, Inc.).

p (rhm-(_:SE%) stimulates the proliferation, differentiation, Equations used for global analysis of models @ were as
and survival of cells belonging to the monocytaacrophage follows:

lineage 87). Mature rhm-CSE is a homodimer with three
intersubunit disulfide bonds (Cys 3Cys 31, Cys 157/159

Cys 157/159) and three intramolecular disulfide bonds (Cys
48—-139, Cys 790, Cys 102-146) (Figure 1) 88). It Kk,Mg
represents an excellent model system for studying disulfide D) = m
bond formation during protein folding because the assembly 2

of its monomeric subunits and the maturation of its biological models B and C
activity depend on the progressive formation of the correct M Kk Kk
disulfide structure during in vitro folding3@). However, D(t) =D + 20 274 + 173 «
analysis of the folding pathway of the nine-disulfide protein O 2 |\ky =k — Kk, ks—k —k,
presents a daunting technical challenge because more than(

model A

(1)

(kiz)(e‘kzt — 1)+ (kil)(l )

. . . . . 1 — (kg ko)t k2 — kgt
9 x 10 disulfide-bonded species are potential folding K Jrk)(1—e )+(m)(e -1+
intermediates. Even if only a fraction of these isomers exist V1 = "2 4 12
along the pathways, their separation, identification, and ky (e_k3t— D @)
quantitation would be extremely difficult. ks — k — k,

In the present study, the folding events of rhm-@GS¥ere
elucidated by monitoring the folding kinetics using size \yhereD, is a small amount of native dimer present at time
exclusion chromatography (SEC). The number of disulfides ;erg andM, is the concentration of unfolded monomer at
was deduced by alkylating the free cysteines on the basis ofijme zero.
a corresponding experimentally observed mass shift. The Folding Monitored by Sulfhydryl Group Trappinghe
folding intermediates were characterized by reversed-phaseprotein concentration in the folding reaction was 0.3 mg/
high-pressure liquid chromatography (RP-HPLC) and elec- 1, ~at various times ranging from 10 s to 7200 min, folding
trospray ionization mass spectrometry (ESI-MS). In addition, ;oo quenched by adding 25 mM iodoacetamide to the
H/D pulsed labeling was performed to examine the extent yoaction aliquots. Carboxamidomethylated protein mixtures
of solvent accessibility of the folding intermediates and to | oo analyzed using a LC-10AD double-pump system
mor_1it0r the conformational changes that took place during coupled to a PE-Sciex API Il mass spectrometer. A
folding. capillary column pack;d with Vydac C4 TP214 material (5

um particle size, 300 A pore size,8./min flow rate) was

MATERIALS AND METHODS used. The binary gradient elution included 0.05% trifluoro-

Materials Reduced and oxidized glutathiones were ob- acetic acid (TFA) as solvent A and acetonitrile (ACN)
tained from Sigma Chemical Co. lodoacetamide was pur- containing 0.05% TFA as solvent B. The proteins were eluted
chased from Fluka. Prepacked Sephadex G-25 PD10 columnaising an 8 min gradient from 10% to 90% solvent B. MS
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spectra were analyzed by PE Sciex software (MacSpec and Folding

BioSpec). Time ‘"“"2? | ‘

Isolation of Folding IntermediatesThree folding times,
1, 120, and 4800 min, were selected for detailed analysis. 34

|
The alkylated protein mixture (0.5 mg, 10 nmol) isolated ‘ J‘k ‘
for each time point was analyzed by RP-HPLC on a Vydac 98 |
C4 TP214 column (300 A, Bm, 4.6 x 250 mm, 1 mL/min 130 ‘ /\/\WA J
flow rate) employing a binary linear gradient with 0.1% TFA '
as solvent A and ACN containing 0.09% TFA as solvent B. 160 ‘ M ‘
Proteins were eluted using a 60 min<484% solvent B ‘ J\&\,_M ‘
gradient. The shallow gradient was developed to improve 240
peak separation of folding intermediates, which exhibited 288 ‘ /\\_\M ‘
similar chromatographic properties. Protein fractions were '
collected manually and dried in a Speed-Vac (Savant). 362 M

Structural Characterization of Folding Intermediates. /L\M\
Fractions collected from freeze-drying were resuspended in 782
100 mM phosphate buffer (pH 2.5). All fractions were then 1412 \K_k
subjected to the same digestion procedures to ensure Z 4 6 8 10 12 14 6 18 20 2 2
consistency in sample preparation. Each fraction was added retention time (min)
to 8 M urea and 1 M TCEP in order to reduce the existing figure 2: SEG-HPLC chromatograms of intermediates of rhm-
disulfide bonds. Denaturation and disulfide bond reduction CSR3 folding performed in the presence of GSH/GSSG (7.8/1) at
were allowed to proceed for 30 min at room temperature to 22 °C. M refers to monomeric species that eluted at 10.9 min, and
ensure complete digestion in the subsequent step. EacHP refers to dimeric species that eluted at 10.2 min.
fraction was then incubated with immobolized pepsin . )
(protein/enzyme= 1:2) for 10 min at room temperature. The A @1d ACN containing 0.03%TFA as solvent B. The protein
peptic peptides were analyzed using a Waters HPLC Was éluted usig a 3 min 16-80% solvent B gradient. To
equipped with two pumps coupled to a Finnigan quadrupole prevent deuterium I_oss durlng_an_aly5|s, the HPLC injector
ion-trap mass spectrometer. A capillary column, packed with @1d column were immersed in ice/water slurry, and the
C18 Luna material (5m particle size, 300 A pore size, 5 transfer syringe was precooled on ice before use. MS spectra

uL/min flow rate), was equilibrated in #0 containing 0.03%  Were analyzed by BioSpec software.
TFA and eluted with a linear gradient of acetonitrle  Dat@ AnalysisBecause the HPLC elution was performed

containing 0.03% TFA of 1860% over a 90 min period with protonated solvents, a small number of deuteriums at
The peptic p'eptides were identified by CID-MS-MS. " the amide positions are lost. Corrections were made for this

In a separate experiment, D-SS9-cam0 isolated from HPLC déuterium loss according to the equatiai)(
analysis was digested by immobolized pepsin (protein/
enzyme= 1:2) for 10 min at room temperature in the absence D = [(M — Myo)/(Myg00, — MoodIN (3)
of urea and TCEP. The digest contained disulfide-bonded ) ) ) )
peptides that were analyzed by RP-HPLC and CID-MS-MS. Wher_eD is the number of d_euterlurr_]s prese_nt ina particular
Simultaneously, a control sample of the native rhm-@SF peptide segment or protein after incubation in deuterated
was also digested by pepsin without reduction of disulfides. Solvent andmu, m, and Mgy represent the average
In Vitro Oxidative Folding Monitored by H/D Pulsed molecular mass of a peptide or protein obtained for non-
Labeling.Denaturation, disulfide bond reduction, and oxida- deuterated, partially deuterated, and fully deuterated samples,
tion of rhm-CSIB were performed as described above. At respectlvely.N is the tofcal numbe_r of exchangeable amide
folding times ranging from 10 s to 7200 min, aliquots were hydrogens in the protein or peptide of interest.
removed from the folding reaction and subjected to a 10 s RESULTS
deuterium pulse by diluting the protein sample 10-fold into
50 mM Tris buffer (pD 8.5). Deuterium pulsed labelingwas  Kinetic Studies of in Vitro Oxidate Folding Under SEC-
guenched by reducing the final pH to 2.5 and the temperatureHPLC conditions, monomeric species eluted with a retention
to 0 °C. Samples were stored in liquid,Nprior to mass time of 10.9 min while dimeric species eluted after 10.2 min
spectrometric analysis. Unlabeled protein (0% reference) was(Figure 2). Given the complexity of the folding system, the
prepared by dissolving native rhm-G&kn 0.1 M am- monomeric and dimeric species probably represented en-
monium phosphate buffer (pH 2.5°C, 1:1 D,O/H,0). The sembles of proteins rather than individual species. The kinetic
fully deuterated protein (100% reference) was prepared by data (Figure 3) could be adequately fit to several different
incubating rhm-CSF in 8 M uread,/D,0 at 37°C for 6 h. models that described two major folding events: disulfide
Electrospray lonization Mass Spectrometry of Deuterated isomerization in the monomeric intermediates and disulfide-
SamplesThe samples from pulsed labeling were desalted mediated dimerization.
by washing with 0.03% TFA/KD using a C4 MicroTrap The simplest mechanism that fit the data is shown (Figure
(Michrom BioResources, Inc.) installed in the injector. 4A), where M, M, and M, are monomeric species and D
Protein samples were analyzed by LC-ESI-triple quadrupole represents dimeric species. The values of paramki¢bs2
MS (PE-Sciex API IIT") using a custom-packed C4 column x 1073 min~!) andk; (2.1 x 1072 min~') can be reversed
(5 um particle size, 300 A pore size, 20/min flow rate) without affecting the fit; however, the monomer isomeriza-
and a binary gradient elution involving 0.03% TFA as solvent tion step must be slow compared to dimerizati&s). (It is
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12 ates showed charge state distributions that shifted from one
centered on highly charged ion peaks (loviz values) to
one centered on peaks with a lower number of charges (high
m/z values) (Figure 5). Charge state distributions in mass
spectra reflect the extent of protein protonation during
electrospray ionization and therefore can reveal protein
conformation in solution. A compactly (“‘compact” here
refers to proteins with disulfide bonds and not necessarily a
folded native state) folded protein has only limited numbers
of basic sites exposed to the solvent and yields high
charge state distributions. In contrast, a loosely packed
protein often has more basic sites available for protonation,
resulting in lowm/z charge state distributions.

A charge state envelope centered on peaks withrtéav
values represented monomeric proteins (Figure 5, 1 min)

Time (min. x 10%) while a distribution centered on high/z values was found

FiIGURE 3: Kinetic curves showing the formation of dimeric species for compact dimeric proteins (Figure 5, 7200 min). During
as a function of folding times in the presence of GSH/GSSG (7.8/ this transition, there were charge state distributions centered
1) at 22°C at three different protein concentrations: (A) 0.12 mg/  on mediumnvz values (Figure 5, 120 min). These distribu-

10

Dimer (uM)
[+

mL, (B) 0.34 mg/mL, and (C) 0.64 mg/mL. tions corresponded to dimeric species that had noncompact
A4) structures in which there were more basic sites available for
k, ky I protonation during electrospray ionization than in the com-
M—=M; —=M, 2M, —= D

pact dimer. The shift in charge state distributions represented

®) a conversion from noncompact monomers to noncompact

kl/( M \53 dimers and eventually to compact dimers. The overlapping
M M, 2 Ms s D charge state distributions indicated the coexistence of mon-
k\\ " S omeric and dimeric species at different stages of folding.
PN Each mass spectrum represented a time-dependent mixture
ks . of folding_ interrr_]edigte_s. For instance, the mass spectrum
© g M M 2M; —> D after 1 min folding indicated the presence of two protein
‘/ forms (Figure 6A). Deconvolution of the mass spectrum
M \ provided the molecular masses for these two proteins, 25034
o\, K M, 2M, b and 24919 Da, corresponding to monomeric proteins with
FIGURE 4: Kinetic models of thm-CSFfolding. M, My, My, M, nine and seven alkylated cysteine residues, respectively

and M, are monomeric species, and D represents dimeric species.(Figure 6B). After 300 min folding, the folding mixture
Kinetic equations were derived assuming that dimerization is fast became more complex, exhibiting multiple overlapping
compared to kinetics steps in monomer interconversion; thys, M charge state envelopes (Figure 6C). Deconvolution identified
g/'3’ and M, were assumed to be in a steady state, i.e., diM{/d 050 species to be monomeric and dimeric proteins of
. (A) kyis (5.2+ 0.39) x 103 min~t andk; is (2.1 4+ 0.04) x . . .
102 min~L (B) k; is 0.020+ 0.025 mirt, k; is 0.002+ 0.017 various degrees of carboxamidomethylation (Table 1). The
min~2, ks is 0.0055+ 0.0034 mir?, andk, is 0.002+ 0.0079 oxidative folding of rhm-CSE approached completion after
min~L. (C) This model gives rise to the same equation as model B 7200 min. The mass spectrum showed a distribution of
with the same values for the fitted parametiershroughks,. charge states centered on421the same as in the mass

. . , spectrum of the native protein. When the charge states were
important to note that the model with more complicated deconvoluted, the presence of a small population of a

pathways (Figure 4B,C) also gave satisfactory results. The jyonomer containing four disulfide bonds and one alkylated
inclusion of additional parameters, however, did not improve cysteine residue became apparent even though the charge

the fit in the more complicated models. state distribution characteristic of a monomer was not
Although it was not possible to resolve individual mon- detected.
omeric and dimeric species by SEEIPLC, the kinetic The samples collected after various folding times consisted

results (Figure 3) did require a model involving the formation of complex mixtures of monomeric and dimeric species that
of at least two monomeric intermediates whose interconver- were differentiated by their molecular masses. The identities
sion was slow, prior to dimer formation. The kinetic data of each species in the folding mixture were assigned on the
gave essentially the same results for at least three modelsyasis of their molecular masses obtained by deconvoluting
(Figure 4) although the fitting values were not as well defined the mass spectra and comparing them with calculated values
for the more complicated ones. The association of the rate-(Table 1). Quantitative comparisons between the monomeric
limiting step with monomeric species and not with dimeric and dimeric proteins cannot be made simply on the basis of
species indicates that disulfide bond shuffling in the mon- their relative peak intensities in the mass spectra. This is
omeric intermediates and proper disulfide formation are pecause it is not possible to correlate the intensity of ion
probably the important steps for productive folding of rhm-  signals of different species directly with their fractional
CSR. population present in solution. Several factors significantly
In Vitro Folding Monitored by Sulthydryl Group Trapping  influence the ESI signal of different ions. First, instrumental
The mass spectra recorded for rhm-@3$6iding intermedi- conditions governing the electrospray ionization process
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Ficure 5: Carboxamidomethylated intermediates of rhm-8$6lding performed in the presence of GSH/GSSG (7.8/1) at@2The

protein concentration was 0.3 mg/mL.
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affinity for the droplet surface; i.e., the ionization efficiency
seems to be relatively higher for hydrophobic than for more
hydrophilic species. Third, the transmission and detection
efficiency for high mass ions carrying fewer charges are
significantly reduced compared to the highly charged ions.
Thus, monomeric and dimeric proteins exhibit different molar
sensitivities in the mass spectrometer. Moreover, monomeric
proteins are less structured and are ionized more efficiently
than compact dimeric proteins.

Despite its lack of quantitative capability, mass spectrom-
etry provided an important advantage to studying oxidative
folding by allowing for simultaneous analysis of complex
folding mixtures. Among monomeric or dimeric proteins, it
was possible to make qualitative comparisons of the abun-
dance of these species based on their relative peak intensities
in the mass spectra. Numbers were assigned to each folding
intermediate on the basis of its relative intensities in the mass
spectrum, 1 being the most populous and 4 being the least
abundant (Table 1).

rhm-CSIB folding was characterized by an increasing
number of disulfide bonds and a decreasing number of
alkylated cysteine residues in both monomeric and dimeric
intermediates. At early folding times, the monomer with nine
carboxamidomethylated cysteinyl residues, M-SS0-cam9,

Ficure 6: Sample mass spectra of folding intermediates. (A) was the_ most abundant. As foId|_ng proc_:eeded, other mono-
Charge state distributions for two carboxamidomethylated mono- mers with fewer alkylated cysteinyl residues became more
mers after 1 min folding. (B) Molecular masses obtained by abundant, indicating that more disulfide bonds had formed.
deconvoluting the mass spectrum shown in (A). (C) Charge state po dimer containing six carboxamidomethylated cysteinyl

distributions for a mixture of monomeric and dimeric proteins of
various degrees of carboxamidomethylation after 300 min folding.

residues, D-SS6-cam6, was detected in the 45 min folding
mixture, which marked the beginning of the transition from

influence ion abundances. Second, there seems to be amonomeric to dimeric proteins. Subsequently, other dimeric
positive discrimination for ion species with the highest proteins appeared, exhibiting a lesser degree of carboxami-
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Table 1: Qualitative Analysis of Disulfide Bond Trapped Intermediates Found during Oxidative Folding of rhfhi€C e Presence of
GSH/GSSG (7.8/1) at 22C2
M-SSO0- M-SS1- M-SS2- M-SS3- M-SS4 D-SS6- D-SS7- D-SS8- D-SS9-
cam9 cam7 cam5 cam3 caml camé cam4 cam2 camO

RF time (min)

N

o
WNNRP PP
NEFEFRNNDN

WWWNRFRP E,WWwWwW
NNNNNNRPRPRPEPNDNDMNDN DN
POWWRER
WWNWNNNEREFERNDN
NNNRRPRRNOND®

PRRPRRRERRPPRERNONW®
PRPRRrRrOMOLORADIND

7200
mass (Da)

measured 2504%5 24929+5 24810+5 24697+5 24578+5 49377+5 49268+5 49144+ 5 49036+ 5

expected 2503%5 24921+5 24805+5 24689+ 5 24573+ 5 49262+5 49378+5 49146+5 49030+ 5

acam refers to carboxamidomethylation, and SS refers to disulfide bond.

domethylation and a higher degree of disulfide bond forma- 13.4-min

tion. Folding of rhm-CSE approached completion after 7200 Monomer

min when the folding sample contained mainly D-SS9-camo, 07 12.4-min ——RF 120 min
a dimeric protein with nine disulfide bonds. In the same 1 Native rhm-CSFp :gmﬂmm
sample, a monomer containing four disulfide bonds and one 0.8

carboxamidomethylated cysteinyl residue, M-SS4-caml, was
also detected. This species was probably trapped in a non-
native disulfide-bonded conformation that was less capable
of productive folding. As described above, it was not
considered useful to try to determine the relative amounts
of D-SS9-cam0 and M-SS4-caml present because of their ]
different ionization behavior during ESI. However, it is 024
estimated that M-SS4-cam1 is much less than 10% of the
amount of D-SS9-camO0 present.

Isolation of Folding IntermediatesUnder RP-HPLC R a0 s P s P B
conditions, the native dimer (D) eluted at 12.5 min and the HPLC fractionation time (min)
fully alkylated monomeric protein (M) eluted at_ 13.4 min. Ficure 7: RP-HPLC chromatograms of disulfide bond trapped
The monomer was more hydrophobic than the dimer becaus@ntermediates of rhm-CSFfolding performed in the presence of
the structure was lost upon denaturation and disulfide bond GSH/GSSG (7.8/1) at 22C.
reduction. The measured molecular masses for the native
dimer and the fully alkylated monomer were 49036 and retention times of 12.4, 12.8, 13.1, and 13.4 min (Figure 7).
25034 Da, respectively. RP-HPLC analysis of the disulfide All fractions were analyzed by mass spectrometry (Table
bond trapped folding samples indicated that the conversion2). The 12.4 min fraction represented a single protein with
of the denatured and reduced rhm-@3B the compactly = an average molecular mass of 49030 Da, the same as D-SS9-
folded dimer was 87% complete within 7200 min. camO. The 12.8 min fraction contained two species with

The HPLC trace for the folding mixture obtained after 1 molecular masses of 49144 and 49377 Da, corresponding
min showed a single peak at 13.4 min (Figure 7). Mass to dimeric proteins with two and six carboxamidomethylated
spectrometric analysis of the isolated protein indicated that cysteinyl residues, namely, D-SS8-cam2 and D-SS6-cam6.
the protein had an average molecular mass of 25038 Da andrhe 13.1 min fraction contained two monomeric species. One
was a fully alkylated monomer, M-SS0-cam9 (Table 2). The had molecular mass 24805 Da corresponding to a monomer
presence of a monomeric protein containing seven alkylatedwith five carboxamidomethylated cysteinyl residues, M-SS2-
cysteine residues, M-SS1-cam7, was detected in the oxidativecam5. The other had molecular mass 25045 Da representing
folding sample that was not HPLC fractionated. However, a monomer with one glutathionylated and four carboxami-
this protein was not detected in any HPLC fraction, perhaps domethylated cysteinyl residues, M-SS2-cam4-SG1. The 13.4
due to its low abundance in the folding mixture. min fraction contained a single protein with molecular mass

HPLC analysis of the folding mixture quenched after 120 24692 Da that was consistent with a monomer with three
min folding provided four fractions of intermediates with carboxamidomethylated cysteinyl residues, M-SS3-cama3.

0.6+

AUFS AT 214 NM

0.4+
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Table 2: Partial Structural Identification of Disulfide Bond Trapped Folding Intermediates by RP-HPLC and Peptide Mapping

time HPLC pools

(min) (min) mass (Da) identification Cys-cam free Cys Cys-SG
1 134 250385 M-SS0-cam9 7,31, 48,90, 102, 139, 146, 157,159 none none
120 125 49035 D-SS9-camO none 7,31, 48,90, 102, 139, 146, 157,159  none
12.8 49144+ 5 D-SS8-cam?2 31, 48, 139 7,48, 90, 102, 139, 146, 157, 159 none
49377+ 5 D-SS6-cam6
13.1 250545 M-SS2-cam4/GS1 31, 48, 146, 157, 159 7,90, 102, 139 31
24805+ 5 M-SS2-cam5
13.4 246925 M-SS3-cam3 31, 157,159 7,48, 90, 102, 139, 146 none
4800 12.4 4903%+5 D-SS9-cam0 none 31, 48, 90, 139, 146, 157, 159 none
12.9 49146+ 5 D-SS8-cam2 31 48, 90, 139, 146, 157, 159 none

aRF refers to refolding time, and cam refers to carboxamidomethylation.

The 12.8 and 13.1 min HPLC pools contained protein nonmodified residues were among the disulfide bonds that
mixtures and were subjected to further separation by reversechad formed after 120 min folding in proteins that eluted at
phase and ion exchange chromatography. However, nol2.8 min. In these proteins, the intermolecular disulfide bond
improved separation could be achieved, due to similarities linking Cys 31 and Cys31 had not yet formed. Interestingly,
of the chromatographic properties of the coeluting proteins. Cys 48 and Cys 139 were found in both the modified and
The mixture collected after 4800 min folding was sepa- honmodified forms, indicating that some protein molecules
rated by RP-HPLC, producing a major peak with a retention contained an open Cys 4&ys 139 disulfide bridge while
time of 12.4 min and a minor peak with a retention time of others had the intact Cys 4&ys 139 disulfide bond.
12.9 min. The mass spectra of these two fractions provided |n the 13.1 min fraction collected after 120 min folding,
the molecular masses: 49031 Da corresponding to the nativewo monomeric proteins, M-SS2-cam4-SG1 and M-SS2-
rhm-CSIB and 49146 Da consistent with a dimeric protein cam5, were identified by ESI-MS analysis (Table 2). CID-
with two carboxamidomethylated cysteinyl residues, D-SS8- MS-MS experiments of this fraction showed a highly
cam2. The monomeric protein with four disulfide bonds and complex mixture of alkylated and nonmodified cysteinyl
one carboxamidomethylated cysteinyl residue, M-SS4-cam1,residues. Carboxamidomethylated cysteinyl residues included
was not identified in any HPLC fraction even though this Cys residues 31, 48, 146, 157, and 159. The same CID-MS-
protein was detected in the nonseparated mixture, butMS experiment also indicated that Cys residues 7, 90, 102,
probably lost during collection. and 139 were free of alkylation. Cysteine 31 was also found
Identification of Folding Intermediates by Peptide Map- to be glutathionylated. The two forms, M-SS2-cam4-SG1
ping. To further characterize the structures of the folding and M-SS2-cam5, were eluted with the same HPLC retention
intermediates isolated after 1, 120, and 4800 min folding, time, and they both contained five modified cysteine residues
these proteins were analyzed by peptide mapping using(Cys 31, Cys 48, Cys 146, Cys 157, and Cys 159). It is likely
pepsin proteolysis and CID-MS-MS. Each HPLC fractionated that they might contain a similar disulfide structure, in which
pool was subjected to reduction to remove existing disulfide case Cys 31 was carboxamidomethylated in M-SS2-camb
bonds in order to achieve complete enzymatic digestion. and Cys 31 was glutathionylated in M-SS2-cam4-SG1.
Consequently, those cysteine residues that did not participateCysteine residues 48, 146, 157, and 159 were carboxami-
in disulfide bridges at the time of sulfhydryl group trapping domethylated in both monomers. These data verified that,
were carboxamidomethylated, and those residues that weren these monomeric proteins, Cys 31, Cys 157, and Cys 159,
members of disulfide bonds were free of alkylation. which participate in the intermolecular disulfide bonds in
In the HPLC fraction collected after 1 min folding, a single native rhm-CSB, existed as free thiols. Importantly, some
protein, M-SS0-cam9, was detected. A CID-MS-MS experi- cysteine residues that were involved in disulfide bonds at
ment of the pepsin-digested sample verified that all nine the time of sulfhydryl group trapping did not have the same
cysteine residues were carboxamidomethylated in this mono-disulfide partners as in the native protein. For example, in
mer (Table 2), indicating that no disulfide bond had formed native rhm-CSpB, Cys 102 forms a disulfide bridge with Cys
after 1 min folding. 146, and Cys 139 forms a disulfide with Cys 48 in our
Four HPLC fractions were obtained after 120 min folding. folding experiments. However, Cys 48 and Cys 146 were
Mass spectrometric studies of these fractions indicated thatmedified with carboxamidomethylation while Cys 139 and
two of the fractions contained mixtures of proteins that could Cys 102 were free of alkylation. These data showed that the
not be further resolved. Therefore, the peptic digests of eachdisulfide bonds formed in the monomeric proteins after 120
HPLC pool contained peptides derived from coeluted proteins Min were not the native disulfides as formed in rhm-GSF
(Table 2). In the 12.5 min fraction, a single dimeric protein, The presence of non-native disulfide bonds suggested that
D-SS9-cam0, was isolated, and it contained no modified the folding of rhm-CSE involved disulfide bond shuffling,
cysteinyl residues, indicating that all cysteinyl residues were Which represented an important isomerization process cata-
involved in disulfide bonding. In the 12.8 min fraction that yzed by GSH/GSSG. The 13.4 min fraction was shown to
consisted of dimeric proteins D-SS8-cam2 and D-SS6-cam6,contain a single monomeric protein, M-SS3-cam3, in which
peptide mapping showed that several cysteine residues wer&ys 31, Cys 157, and Cys 159 residues were carboxami-
carboxamidomethylated, including Cys 31, Cys 48, and Cys domethylated.
139. In addition, cysteine residues 7, 48, 90, 102, 139, 146, After folding had continued for 4800 min, two HPLC
157, and 159 were found to be free of alkylation. These pools were collected. One fraction contained D-SS9-cam0
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1004 levels of deuterium incorporation indicated a high degree of
904 R solvent exposure in the dimer; therefore, the dimer must also
gl , womms :.:'2:..‘.-- Smgy = have a noncompact overall conformation. The monomer was
S . present in the folding mixture, and the level of deuterium
T 707 incorporation remained high at80% throughout the folding
é 60 time course, indicating that deuterium accessibility in the
2 50 AAAMMA 4 A monomer was not affected even after intramolecular disulfide
[ . .
! 40 bpnds had formed. The_ deuterium level in the noncompact
a dimer decreased steadily from 80% to 75% between 40 and
301 400 min folding, suggesting minor conformational changes
201 m Monomer associated with early folding. After 400 min, deuterium
10] @ Noncompact dimer incorporation in the noncompact d_|mer rap|dly decrez_ased
4 Compact dimer from 75% to~50% of all NHs within 50 min. The rapid
0 T T

reduction in deuterium level indicated that the noncompact
dimer underwent a rapid structural contraction, which

) i significantly limited the accessibility of NHs to solvent
Ficure 8: Deuterium levels in refolded rhm-C8HRfter H/D pulsed

labeling. Folding was performed in the presence of GSH/GSSG deute_rlu(rjn. ngo/der:]uterll;]m Ier\]/el In t.h% coerhac'; I(?jl_mer
(7.8/1) at 22°C. Deuterium labeling was achieved bys@ilution remained at-50% throughout the remainder of the folding

of refolded protein into the deuterated buffer for 10 s and was time course whereas deuterium incorporation for rhm-€SF
quenched by reducing the final pH to 2.5 and the temperature to 0in the native state was 46%. These results indicate that the
°C. native dimer structure was slightly more compact and less
_ ) ~ susceptible to H/D exchange than the compact dimer present
and the other contained D-SS8-cam2. Analysis of the pepticiy |ater stages of folding.
peptides of the first fraction indicated that all nine cysteine  Oxidative folding of rhm-CSB monitored by trapping of
residues were free of alkylation, confirming their involvement | nreacted sulfhydryl groups and H/D pulsed labeling were
in disulfide bonds. The pepsjn digests of the later fraction conducted under the same conditions, including the same
showed that all cysteine residues, other than Cys 31, wereprotein concentration, oxidant concentration, i.e., GSH/GSSG
free of alkylation. Thus, D-SS8-cam2 contained two inter- ratio, reaction temperature, pH, and folding times. Therefore,
molecular disulfide bonds linking Cys 157/159 and @7/ these two experiments should provide results regarding the
159. Interestingly, this protein had a molecular mass and same intermediates on the folding pathway. As demonstrated
HPLC retention time similar to those of a protein found in i, the sulfhydryl group trapping experiment, rhm-GS5F
the 12.8 min fraction after 120 min folding. These may be fo|ding was characterized by complex mixtures of mono-
the same protein intermediate present in the folding mixture meric and dimeric intermediates. Consequently, the mono-
over an extended time. In this case, D-SS8-cam2 in the 12.8mer, the noncompact dimer, and the compact dimer detected
min fraction after 120 min folding must contain unmodified i, the H/D pulsed labeling experiment must represent
Cys 31 and Cys31. Therefore, D-SS6-camé isolated from  ensembles, which contain proteins with similar degrees of
the same HPLC pool must contain unmodified Cys 31, Cys geyterium accessibility. The contents of the ensembles can
157, Cys 159 and Cy81, Cys 157, and Cys159 (Table  pe approximated by correlating the data obtained from
2). The presence of D-SS8-cam2 in both 120 and 4800 min gyifhydryl group trapping and H/D pulsed labeling studies.
folding mixtures indicated that it might be a thermodynami- The monomer ensemble contained all monomeric species.
cally stable intermediate whose conversion to the native The noncompact dimer ensemble included D-SS6-cams,
protein was slow. The conversion of D-SS8-cam2 to D-SS9- p_g57-cam4, and D-SS8-cam2. The compact dimer en-
camO only required the formation of the last intermolecular gemple consisted of mainly D-SS9-cam0. Therefore, the
disulfide bond Cys 31 Cys 31. This process was relatively  transition from the noncompact to the compact dimer
slow perhaps becausg D-SS8-cam2 required major structuralpyolved an ensemble switch from species with fewer
rearrangement to facilitate the formation of Cys-&lys disulfide bonds to those with a high degree of disulfide
31. bonds. The compact dimer obtained after 7200 min folding
Peptide analysis of the isolated D-SS9-camO and the nativeexhibited 5% higher deuterium incorporation than the native
rhm-CSIB indicated that the two proteins had the same rhm-CSEB. This difference indicates that D-SS9-cam0 did
disulfide bond structure. The proteins had essentially the not fully attain the same compact conformation as the native
same HPLC profile, which included several peptides contain- protein even though all native disulfide bonds had formed.
ing disulfide linkages. The CID experiment also identified
the same disulfide-linked peptides that were present in both PISCUSSION
peptic digests. Together, these data indicated that D-SS9- Traditionally, protein folding was viewed as a sequential
camoO contained the native disulfide structure. process involving obligatory intermediates. However, in the
In Vitro Folding Monitored by H/D Pulsed Labelingfter context of a “new view” on protein folding, the concept of
1 min folding, a monomer was present and nearly 80% of discrete folding pathways has been superseded by three-
all exchangeable NHs had exchanged to deuteriums, indicat-dimensional energy landscapes or folding funnels, which
ing that the protein had a noncompact overall conformation depict the energetic search to the native stdfg. (Such a
(Figure 8). After 40 min, a dimer appeared along with the view does not preclude the concept that folding might still
monomer. The dimer also exhibited a high level of deuterium occur via preferred routes and defined intermediate states
incorporated at-80% of the available amide sites. The high can still be envisioned4@, 43).

T T
1 10 100 1000
Folding time (min)
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FiGurRe 9: Heterogeneous mixtures of monomeric and dimeric

intermediates after various folding times. M stands for monomer,
D stands for dimer, SS refers to disulfide bond, and cam refers to
carboxamidomethylation.

A previous folding study suggested that m-@Sfielded
according to a sequential pathwa39yJ:
2M—2M'—D'—D (4)
Information taken from the present study provided a more

detailed description for the folding events of rhm-@SF
Within the context of an overall folding process involving

Biochemistry, Vol. 41, No. 52, 20025503

was complete within 25 h at room temperature. In contrast,
the folding of m-CSPB approached completion after 120 h
in the presence of GSSG at room temperature. When
glutathione was excluded from the folding reaction, the
folding rate slowed significantly, requiring at least 6 days
of incubation to approach completion of folding. Clearly,
the presence of four additional cysteine residues, Cys 157,
Cys 159, Cys157, and Cys159, greatly complicated the
folding process in m-CS¥, requiring much more time to
complete than for m-CSEunder similar conditions.
Disulfide bonds Cys 157/159Cys 157/159 were shown
to be unimportant for the biological activity or thermody-
namic stability of rhm-CSF (45). Consequently, the roles
of Cys 157 and Cys 159, probably as Cys 1574869s
157/159, were thought to involve the maintenance of some
structural order in the C-terminal regions of the protein.
However, the present study showed that Cys 157/159 and
Cys 157/159 formed early in folding, much sooner than Cys
31-Cys 31. Indeed, Glocker and co-workers showed by both
oxidative refolding 46) and reductive unfolding4@, 47)
studies that certain sulfhydryls including Cys 157/Cys 159
are bridged in the unfolded state by melarsen oxEg4,5-
diamino-1,3,5-triazin-2-yl)amino]phenylarsonous acid], which
is a bifunctional trap for sulfhydryls in close proximity. Thus,
the involvement of the disulfide pairs Cys 157/13%ys
157/159 located in the C-termini where little structural
organization exists in the initial stages may play an important
role in subunit association. It is possible that they were more
available for intermolecular interaction than Cys 31 and' Cys
31, which could be made unavailable by the conformational
restrictions presented by nearby secondary structural units

monomer disulfide bond isomerization and disulfide-medi- formed early in folding.
ated dimerization, the time-dependent folding events revealed
that rhm-CSB molecules passed through both monomeric ACKNOWLEDGMENT

and dimeric intermediate states, suggesting that the denatured

and disulfide bond reduced rhm-C$Folded via multiple
pathways (Figure 9). These data clearly depicted rhmACSF
folding as occurring via a complex energy surface, involving
a rugged energy landscape with kinetic traps and multiple
barriers.

It is interesting that a shorter form of m-C&Fm-CSk
(aa 4-149), a C-terminally truncated form in which the
disulfide bonds, Cys 157/159Cys 157/159, were missing,
was also shown to fold via multiple pathways. A study of
folding intermediates involved in the folding of m-C&F
reported the presence of both monomeric and dimeric
intermediates44). The folding of m-CSE involved a rapid
formation of a small amount of non-native dimeric interme-
diates followed by a slow progression via both monomeric
and dimeric intermediates. Several similarities exist between
the folding processes of m-C8&Fand m-CSPB. First, the
folding of both proteins involved multiple pathways and
followed the folding funnel model. Second, disulfide bond
shuffling occurred in both folding processes and represented
an important step in the conversion of unfolded polypeptides
to folded proteins.

Despite a few general similar folding characteristics
between m-CS& and m-CSPB, there is evidence for
significant differences between the two processes. meCSF
folding was initiated by diluting the denatured and reduced
monomer 10-fold without the addition of any chemical
oxidant. The transition from monomer to fully folded dimer

We thank Dr. C. Cowgwill (Chiron Corp., Emeryville, CA)
for providing rhm-CSB and the Mass Spectrometry and
Nucleic Acids and Proteins core units or the Oregon State
University Environmental Health Science Center for as-
sistance.
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