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Conformational State of Ovalbumin at Acidic pH as Evaluated by a Novel
Approach Utilizing Intrachain Sulfhydryl-Mixed Disulfide Exchange Reactions
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ABSTRACT. Ovalbumin contains four cysteine sulfhydryls (Cys11, Cys30, Cys367, and Cys382) and one
cystine disulfide (Cys73-Cys120). A highly reactive aromatic disulfide’-@&@yridyl disulfide, reacts
specifically with Cys367 of ovalbumin at pH 2.2 generating a mixed disulfide protein derivative [Tatsumi,
E., and Hirose, M. (1997). Biochem. 122300-308]. The mode of conformational fluctuation in
ovalbumin was investigated at pH 2.2 using the mixed disulfide derivatives of the cystine-intact and
cystine-reduced protein forms. In the presence of a high concentration of urea, both the mixed disulfide
derivatives underwent rapid cysteine sulfhydryl/mixed disulfide exchanges, thereby releasing the quantitative
amount of 2-thiopyridone. A peptide mapping analysis for disulfide-forming cysteines revealed that this
release was mostly accounted for by the nucleophile attack on the Cys367-mixed disulfide by the nearest
cysteine residue in the primary structure, Cys382. At the acidic pH, the exchange reaction was practically
restricted to the cysteine sulfhydryl/mixed disulfide exchanges; no other exchange reaction, such as the
cysteine sulfhydryl/cystine disulfide exchange reaction, was detected. In the absence of urea, the cystine-
reduced form, but not the cystine-intact form, underwent significant sulfhydryl/mixed disulfide exchange
reactions at a physiological temperature, as determined by the release of 2-thiopyridone. A kinetic analysis
for the generation of disulfide-forming cysteines with Cys367 at’G7revealed that the rate for the
intrachain exchange reaction was quite different for the five cysteine sulfhydryls. The effective
concentrations of the five cysteine sulfhydryls relative to the Cys367-mixed disulfide were determined by
using three related model reactions: the obtained values were 11.4, 4.6, 15.2, 5.9, @id@. €ys11,

Cys30, Cys73, Cys120, and Cys382, respectively. Implications of the effective concentrations for the
conformational state of acidic ovalbumin are discussed.

Globular proteins are transformed from their native state In a protein with multiple sulfhydryls and disulfides, many
into different non-native states under various denaturing combinations of the exchange reactions proceed, generating
conditions, such as extreme pH, high denaturant concentra-various disulfide isomers at equilibrium; the relative occur-
tions, and elevated temperaturds. ( Studies of the non-  rence of the disulfide isomers should reflect the non-native
native state are important for the understanding of protein conformational states. On the basis of this idea, the highly
folding mechanism, since highly denatured protein is usually denatured state of OVMA8) and the molten globule state of
employed as the starting sample for refolding experiments. the partially disulfide-reduce®( 10 or disulfide-engineered
Furthermore, the equilibrium molten globule state having a (11—13) a-lactalbumin have been extensively investigated
partially denatured conformation has been shown to be using the sulfhydryl/disulfide exchange approach. Such an
similar to or identical with a kinetic intermediate at an early approach, however, does not practically work at acidic pH
refolding stageZ—7). Methodological approach for inves- where the rate for cysteine sulfhydryl/disulfide exchange
tigating the non-native state is, however, very limited, since reaction is usually very slow, although the partially denatured
the state, unlike the native one, includes a vast number ofconformational state is most widely induced at acidic pH.
conformational isomers. Using OVA as a model protein, we have attempted to

As a useful approach, the intramolecular sulfhydryl/ develop an alternative sulfhydryl/disulfide exchange approach
disulfide exchange reaction has been employed for analyzing . S— I ]
-nati i Abbreviations: HPLC, high-performance liquid chromatography;
the hnon natlvet. condformagonal tsr';[ate' Th?b.lr.?te hfor thteh IAEDANS, N-iodoacetyIN'-(5-sulfo-1-naphthyl)ethylenediamine; 1AM,
exchange reaction depends on the accessibility, hence g, qoacetamide; Pyr-S-S-Pyr, 2@ipyridyl disulfide; Pyr-SH, 2-thi-
effective concentration, of a disulfide relative to a sulthydryl. opyridone; Pyr-S-S-Cyss-(pyridin-2-ylthio)+-cysteine. OVA andk-

OVA represent the ovalbumin form with the native cystine disulfide
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Ficure 1: Schematic view of ovalbumin. The figure is based on
the X-ray crystallographic data of ovalbumit4j and was drawn

Tatsumi et al.

acidic pH @1—24). The exchange reaction of eq 2 (reaction
2) which should depend on the extent of conformational
fluctuation can be monitored from the visible absorption of
released Pyr-SH. As an alternative exchange reaction that
includes the release of Pyr-SH, the highly reactive pyridine-
mixed disulfide can be replaced by a much less reactive
group of cysteine-mixed disulfide, according to the following
bimolecular reaction (reaction 3):
OVA-SS-Pyr+ L-Cys— OVA-SS-Cyst+ Pyr-SH  (3)

This reaction can be utilized for the quenching of reaction
2, which is required for a subsequent chemical analysis of
disulfide-forming cysteines in OVA-SS. By analyzing the
rate for the formation of an individual non-native disulfide
bond in OVA-SS, the effective concentrations of the corre-
sponding protein sulfhydryl relative to the Cys367-mixed
disulfide should be determined.

In the present report, the cystine-reduced form as well as
the cystine-intact form were investigated as model proteins,
since the native cystine disulfide is not essential for the native
folding at near neutral pH25, 26. For the sulfhydryl/mixed
disulfide exchange approach to correctly work, it is prereg-

using the MolScript program3). The numbered shaded spheres uisite that the exchange reaction is practically restricted to

represent the sulfur atoms: 1, Cys1l; 2, Cys30; 5, Cys367; 6, reaction 2. This was confirmed by a peptide mapping
Cys382. The sulfur atoms 3 (Cys73) and 4 (Cys120) form the native

disulfide bond.

analysis for disulfide-forming cysteines that had been gener-
ated by exchange reactions in the presence of a high

that allows us to analyze the non-native conformational statesConcentration of urea at pH 2.2. In the absence of urea,

at acidic pH. OVA, a member of the serpin superfamily,

consists of 385 amino acid residues that fold into a globular
conformation with a high secondary structure content (30.6%

o-helix and 31.4%g-strand), as shown in Figure 14). The

protein contains six cysteine residues of Cysl1, Cys30,
Cys73, Cys120, Cys367, and Cys382; in the native state,

OVA-SS-Pyr, but not OVA-SS-Pyr, underwent the sulfhy-
dryl/mixed disulfide exchange reaction at a physiological
temperature, as determined by the release of Pyr-SH. A
kinetic analysis for the generation of disulfide-forming
cysteines with Cys367 revealed that the rate for the intrachain
exchange reaction was quite different for Cys11, Cys30,

Cysl1, Cys30, Cys367, and Cys382 exist as free cysteinecy573' Cys120, and Cys382. The effective concentrations

sulfhydryls, while Cys73 and Cys120 form a cystine disulfide
bond @5, 1§. Several lines of evidence have shown that
OVA assumes a highly ordered molten globule-like confor-
mation at pH 2.217, 1§. At this acidic pH, an aromatic
disulfide, Pyr-S-S-Pyr, which is known to be reactive with
protein sulfhydryls even under acidic conditiori{( 20,
reacts with only Cys367 of OVA1Q). This reaction
(reaction 1) should yield a mixed disulfide derivative of the
protein:

OVA + Pyr-S-S-Pyr—~ OVA-SS-Pyr+ Pyr-SH (1)

The high reactivity of Pyr-S-S-Pyr is due to the anoma-
lously low (K value of—1.1 for the sulfhydryl of the leaving
group of Pyr-SH and to the almost exclusive occurrence of
the leaving group as the tautomeric thio form with the mobile
hydrogen attached to the nitroget9( 20. Therefore,

intrachain exchange reactions between the mixed disulfide

and some of the other cysteine sulfhydryls, in which Pyr-

SH is again the leaving group, should be induced even at

acidic pH, if the sulfhydryls can contact the mixed disulfide
in a non-native acidic state:

OVA-SS-Pyr— OVA-SS+ Pyr-SH )

Any other exchange reaction such as the cysteine sulfhy-

dryl/cystine disulfide exchange is unlikely to proceed at

of the five cysteine sulfhydryls relative to the Cys367-mixed
disulfide were determined by an indirect but feasible way.
The conformational state of acidi®©VA was discussed in
relation to the effective concentrations and to previous
structural data.

EXPERIMENTAL PROCEDURES

Materials. OVA was prepared as described befo8. (
IAEDANS was purchased from Aldrich Co., Inc. Other
chemicals including dithiothreitol, urea, Pyr-S-S-Pyr, and
IAM were guaranteed grade from Nacalai Tesque. Pyr-S-
S-Cys was produced by incubating 3.5 mMysteine and
4.5 mM Pyr-S-S-Pyr in 0.1% trifluoroacetic acid at 3¢
for 10 min. The sample was applied to a Cosmosii$5C
AR120A column (20x 250 mm) equilibrated with 0.1%
trifluoroacetic acid, and-cysteine, cystine, and Pyr-SH were
eluted in wash-through fractions. Pyr-S-S-Cys was eluted
with 0—40% linear gradient of acetonitrile, being clearly
separated from Pyr-S-S-Pyr. Major Pyr-S-S-Cys peak was
collected, lyophilized, and further purified by rechromatog-
raphy using the same column and solvent system. The
identification of Pyr-S-S-Cys was performed by the amino
acid analysis and by an optical quantification of released Pyr-
SH upon incubation with 20 mM dithiothreitol in 50 mM
Tris-HCI/1.0 mM Na-EDTA buffer, pH 8.2, at 37C for 10
min.
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Step 4/Peptide mapping analysis

Determination of S-S forming
cysteine residue

Ficure 2: Strategy for analyzing the non-native conformational
state of ovalbumin at acidic pH using the intrachain sulfhydryl/
mixed disulfide exchange reactions. As step 1, Cys367 of OVA
with the native cystine ([73120]) is modified at pH 2.2 with Pyr-
S-S-Pyr giving a mixed disulfide form of OVA-SS-Pyr ([73-120/
367-Pyr]), according to reaction 1. In step the native cystine is
reduced at near-neutral pH with dithiothreitol, producii@VvA-
SS-Pyr ([367-Pyr]). OVA-SS-Pyr angdDVA-SS-Pyr are subjected
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at acidic pH. In step 1, Cys367 of OVA is specifically
modified with Pyr-S-S-Pyr yielding a mixed disulfide deriva-
tive OVA-SS-Pyr ([73-120/367-Pyr]) according to reaction
1. This was performed by incubating OVA at 10 mg/mL in
buffer A (0.1 M potassium phosphate-HCI, pH 2.2) at 25
°C with 0.5 mM Pyr-S-S-Pyr fio2 h orwith 1.5 mM Pyr-
S-S-Pyr for 1.5 h. The number of cysteines modified with
Pyr-S-S-Pyr was determined from the released Pyr-SH using
the molar extinction coefficient of 7345 at 343 nm. Excess
Pyr-S-S-Pyr and the released Pyr-SH were removed by gel
filtration using a Sephadex G-25 column (Pharmacia Biotech
Inc., NAP-25) equilibrated with buffer A. For the prepara-
tion of cystine-reduced, mixed disulfide formQVA-SS-
Pyr) as step "1 the gel filtration buffer was substituted by
buffer B (50 mM Tris-HCI buffer, pH 8.2/1 mM Na-EDTA).
Then, the sample was incubated with 15 mM dithiothreitol
at 37 °C for 1 h. ObtainedrROVA-SS-Pyr was passed
through a Sephadex G-25 column equilibrated with buffer
A. OVA-SS-Pyr andkOVA-SS-Pyr were stored at4 and
used withn 2 h for a subsequent analysis. In step 2, these
protein derivatives were subjected to the sulfhydryl/mixed
disulfide exchanges according to reaction 2. For the
exchange experiments in an acid/urea solution, OVA-SS-
Pyr andrOVA-SS-Pyr were denatured by incubation at 1.0
mg/mL in buffer A containig 6 M urea for various times at
25°C. Bulk exchange reactions were monitored by measur-
ing the absorption of the released Pyr-SH using the same
molar extinction coefficient of 7345 at 343 nm. As step 3,
the sulfhydryl/mixed disulfide exchanges were quenched by
addition of 1.5 volume of buffer A containgn6é M urea and
83.3 mML-cysteine, according to reaction 3. After 10 min
of incubation at 25°C, urea and excesscysteine were
removed by gel filtration using a Sephadex G-25 column
(Pharmacia Biotech Inc., NAP-5) equilibrated with buffer
A. The protein sample was mixed with 9 volumes of buffer
B containing 10 M urea and 222 mM IAM, alkylated by
incubation in this neutral/urea buffer at 3€ for 10 min,
and then subjected to the analysis for the disulfide-forming
cysteines, as step 4. The disulfide-forming cysteines were
determined by selective IAEDANS alkylation and subsequent
peptide mapping analysis as described previoudy (
Briefly, in the sample run, the alkylated protein was fully

to some denaturing conditions at acidic pH as step 2. In this step, 'educed with dithiothreitol and the newly generated sulfhy-
the intrachain sulfhydryl/mixed disulfide exchange occurs by dryls were alkylated with a fluorescent reagent of IAEDANS.
reaction 2 between the cysteine sulfhydryls and the mixed disulfide, The sample was subjected to extensive proteolysis by trypsin,

thereby releasing Pyr-SH. Other exchange reactions, such as th .
reaction between the cysteine sulfhydryls and cystine disulfide, are%hymotrypsm, andhchromobacteprotease | and analyzed

not induced. The exchange reactions are quenched in step 3 bydy reverse-phase HPLC as monitored by fluorescence

addition of excess-cysteine according to reaction 3. Consequently,
OVA-SS consisting of three different disulfide isomers ([73-120/
11-367], [73-120/30-367], [73-120/367-382]) and OVA-SS-Cys
([73-120/367-Cys]) should be produced from OVA-SS-Pyr. From
rROVA-SS-Pyr,ROVA-SS consisting of five disulfide isomers ([11-
367], [30-367], [73-367], [120-367], and [367-382]) ap@®VA-

(excitation, 340 nm; emission, 520 nm) and by absorption
at 220 nm. In the standard run, the protein was treated in
the same way except that the first alkylation step with IAM
was skipped. The disulfide-forming number for each of the
six cysteine residuedNgys-i, i = 11, 30, 73, 120, 367, or

SS-Cys ([367-Cys]) are produced. The disulfide-forming cysteines 382) was determined using the equatioteys-i = (Acys-i/

can be determined by the peptide mapping analysis as step 4

Cys367 should form a disulfide in all the disulfide isomers, while
the extent of disulfide formation of the other cysteines should

Beys-i)/(Aped Bpep), WhereAcys i andBgys-i represent fluores-

cent peak areas for cysteine peptides in the sample and

depend on the their effective concentrations relative to the Cys367-standard runs, respectively, with respect to a cysteine residue,

mixed disulfide.

Strategy and Experimental Conditions for Sulfhydryl/
Mixed Disulfide Exchange Analysigigure 2 schematically

Cysd. Apep and Byep are the areas for peptide absorption
peaks at 220 nm in the sample and standard runs, respec-
tively. For measuring\sep andB,ep We employed the sum

shows the strategy for analyzing the mode of intrachain of the areas of two non-cysteine peptide peaks that were

sulfhydryl/mixed disulfide exchanges in OVA ap®VA

clearly separated from other bulk peaks in the HPLC analysis.
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When the exchange reactions at the acidic pH were 2
examined in the absence of urea (step 2), OVA-SS-Pyr and s
rROVA-SS-Pyr were incubated in buffer A at various tem-
peratures fo 2 h or for various times at 37C. Bulk
exchange reactions were monitored optically in the same s
way. For the determinations of disulfide-forming cysteines,
the mixtures were vigorously mixed with 1.5 volumes of
buffer A containing 83.3 mM.-cysteine and 10 M urea,
incubated at 28C for 10 min (step 3), and analyzed by the
peptide mapping procedure (step 4) in the same way.

Determination of Effectie Concentrations.The effective
concentrations of cysteine sulfhydryls relative to the mixed
disulfide were determined using the rate constants for three
bimolecular model reactions (see eqs%in Results and
Discussion). For the first model reaction (eqfPVA-SS-

Pyr was incubated at 1.0 mg/mL (2&1) with various higher

concentrations (4 mM) of L-cysteine at 37C in buffer LA

A containig 6 M urea and the release of Pyr-SH was 0 70 26 30 40
measured by absorption at 343 nm. The pseudo-first-order Retention time (min)

rate constants obtained from the time course of Pyr-SH g e 3: |dentification of the disulfide-forming cysteine residue
release were plotted as a functionie€ysteine concentra-  in ROVA-SS-Pyr. The number of introduced thiopyridine groups
tions, and the second-order rate constant for the reaction wasvas 0.88 per protein molecule as determined by absorption of the
obtaned from the sope of the plot For the second model FiEte] YO USSP 5 1 FE 2, T 08828 e s
reaction (eq 8)L-cysteine was incubated at 22V with f VA: PV Was repla in h rding to reaction
0.22-1.1 M Pyr-5-5-Cys under the same concitons, and 3 (o sy 1 e SP'ageq DYcysiene accordngloreacion
the second-order rate constant was determined in the samevith IAEDANS as the standard run, as described in the text. In
way. For the third model reaction (eq ¥QVA (cystine- panel B, the free sulfhydryls of the protein were alkylated by IAM,
reduced, nonmodified protein) was incubated atRPwith and the disulfide-forming cysteine residues were identified by
2.2 mM Pyr-S-S-Cys in buffer A containin6 M urea selective IAEDANS alkylation and subsequent peptide mapping

: . . . analysis. The numbers above the peaks of 1, 2, 3, 4, 5, and 6
incubated at 37C for varying times. The reaction was represent the elution of cysteine peptides for Cys11, Cys30, Cys73,
quenched by 50 mMc.-cysteine, and disulfide-forming

Cys120, Cys367, and Cys382, respectively.
cysteine was quantified by the peptide mapping procedure

i A

10 20 30 40

Fluorescence intensity
O]

in the same way. The pseudo-first-order rate constants for
the six cysteine residues were obtained from the time courses
of their disulfide formation; for the second-order rate
constants, the pseudo-first-order rate constants were divided
by the Pyr-S-S-Cys concentration.

RESULTS AND DISCUSSION

Reliability of Sulfhydryl-Mixed Disulfide Exchange Ap-
proach. Previous reports have shown that OVA assumes a
highly ordered molten globule-like conformatich7(, 18 at

-
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=} o
> o
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5
pH 2.2 as evaluated by conventional spectroscopic techniques Cysteine (mM)
and that the cystine disulfide Cys73-Cys120 is not essential figyre 4: Quenching the intrachain sulfhydryl/mixed disulfide
for the native folding at near-neutral pi2g, 26§. We have exchanges by bimolecularcysteine. OVA-SS-Pyr was incubated
also shown that Pyr-S-S-Pyr reacts specifically with Cys367 at 1.0 mg/mdLéanUffer A gorl}tamlgg dlffer%nft ciracentratl%s of
of OVA at pH 2.2 yielding a mixed disulfide derivative L-CyStéine a urea and allowed to stand for 10 min at
. L so that OVA-SS-Pyr was transferred to OVA-SS-Cys or OVA-SS.
,OVA'SS'PW (L,S)' No cqnformatllonall qlteratlpn IS dptegted After urea and excesscysteine were removed by gel filtration,
in OVA by the introduction of thiopyridine-mixed disulfide  the protein was alkylated with 0.2 M IAM in the neutral/urea
group (18). These prompted us to investigate the mode of solution as described in the text. The disulfide-forming cysteines
conformational fluctuation by intrachain sulfhydryl/mixed fOFdCé’51318(21%)CyS30dO%, Cy_S7~'§JI g), CySt_leO W), Cys367 ft),_
eI ; LAl and Cys were determined by peptide mapping analysis as
dISU!fIde edxcha;?e analfyshes n bqth the _gysu:‘e IntaCtdanddescribed in the text. The number of the modified Cys367 was 0.69
cystine-reduced forms of the protein at acidic pH, according i, the original OVA-SS-Pyr.
to the strategy shown in Figure 2. The strategy, however,
includes several experimental steps. It was investigated ) o )
whether the experimental steps correctly work for the the mixed disulfide form okOVA as step ] the native

intrachain sulfhydryl/mixed disulfide exchange analysis.  cystine in OVA-SS-Pyr was reduced by incubation with
The specific modification of Cys367 with Pyr-S-S-Pyr in  dithiothreitol at pH 8.2. Figure 3 clearly demonstrates the
step 1 according to reaction 1 that had been established in @roduction ofROVA-SS-Pyr ([367-Pyr]), in which almost
previous report 18) was reconfirmed in the present study all of the cystine disulfides were reduced (more quantita-
(see the data for Cys367 in Figures 4, 5, and 7). To preparetively, see the data at incubation time 0 in Figures 5 and 7).
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Ficure 7: Time course of sulfhydryl/mixed disulfide exchanges
o i . 4 o in the absence of denaturapDVA-SS-Pyr (the number of the
0 10 20 30 modified Cys367, 0.88) was incubated at 1.0 mg/mL and@h
Time(min) buffer A, and the released Pyr-Sk ) was determined at different

_ ) ) . incubation times by absorption at 343 nm. The mixtures were
Ficure 5: Time course for the exchange reactions in acid/urea yigorously mixed with 1.5 volumes of buffer A containing 83.3
solution. OVA-SS-Pyr (A) angOVA-SS-Pyr (B) were incubated  mM L-cysteine and 10 M urea and incubated at@5for 10 min.
at 1.0 mg/mL in buffer A containigp6 M urea for varying times at  The disulfide-forming cysteines for Cysimy, Cys30 O), Cys73
25°C, and the sulfhydryl/mixed disulfide exchanges were quenched (@), Cys120 @), Cys367 &), and Cys3824) were determined
by incubation at 25C for 10 min with 50 mML-cysteine. The a5 described in the text. The rate constants for the intrachain
Samples were passed through a gel filtration column and then Su|fhydry|/m|xed disulfide exchange reactiomtra(cygi) (| = 11,

alkylated with 0.2 M 1AM in the neutral/urea solution. The 30, 73 120, 367, or 382), were estimated by nonlinear least-squares
disulfide-forming cysteines for Cys1myj, Cys30 ©), Cys73 @), fitting using the equations:

Cys120 @), Cys367 @), and Cys3824) and the percentage of Kk .

the released Pyr-SH-f) were determined as described in the text. [n_ ] =8Oy oy

The number of the modified Cys367 was 0.69 in OVA-SS-Pyrand = < kg

0.88 ingROVA-SS-Pyr as determined by absorption of the released

pyr_SHRin step 1 inyFigure 2. y p kB = kintra(Cysll)+ kintra(Cy330)+ kintra(Cys73)+ kintra(Cy5120)+ kintra(Cys382)

[Pyr-SH]= 1 — exp(—kgt)

whereNcys-; is the disulfide-forming number for each of the five
cysteine residues (see Experimental Procedures) at reactioh time
The constarnikg is the first-order rate constant for the bulk exchange
reactions.

[
o

o
o
T

titative analyses for the disulfide-forming cysteines may
provide information about the accessibilities of the free
sulfhydryls relative to the Cys367-mixed disulfide. For the
determination of disulfide-forming cysteines, however, the
5 blocking of free protein sulfhydryls by alkylation in a high
0 s 75 15 0 25 39 5 conce_nt_ration of urea at near-neutral pH is a prerequisite. In
Temperature(°C) a preliminary experiment, we found that IAM at a concentra-
Ficure 6: Bulk exchange reactions at different temperatures in thn as hlgh_as 0.2 M was unable to quen_ch the Sylfhydryll
the absence of denaturant as monitored by the release of Pyr-sHMixed disulfide exchanges because of quite a rapid rate for
OVA-SS-Pyr @) andrOVA-SS-Pyr O) were incubated at 1.0 mg/  reaction 2 at near-neutral pH, when OVA-SS-Pyr was
QL igl_l?Uffef 9 IOF 2h ?jt\k/)aryigg te?ﬁpefitgze?)sl anthr:We re|e?)sed . directly transferred to a neutral IAM/urea mixture. We have,

r- was aetermine apsorpton a nm. € number o H H H
th)(/e modified Cys367 was 31’.0 - OQ/A-SS-Pyr and 0.9GOVA- however, found that alkylation with the same concentration
SS-Pyr. of IAM in a neut_ral/urea solutl(_)n is sufficient to quench the

sulfhydryl/disulfide exchange in OVA-SS-Cy48). Thus,

If the protein sulfhydryls can contact the Cys367-mixed we first replaced as step 3 the mixed disulfide group of
disulfide in a non-native state, sulfhydryl/mixed disulfide thiopyridine byL-cysteine at pH 2.2 in buffer A containing
exchange reactions will be induced by reaction 2 in step 2 6 M urea according to reaction 3. This reaction should be
thereby releasing Pyr-SH and at the same time generatingcompetitive with reaction 2 in the acid/urea solution. The
cystine disulfide isomers. As the disulfide isomers, three experiments were, therefore, carried out with varying
molecular species of [73-120/11-367], [73-120/30-367], and cysteine concentrations. As shown in Figure 4, when OVA-
[73-120/367-382] for OVA-SS-Pyr and five species of [11- SS-Pyr was incubated with varying concentrations-of/s-
367], [30-367], [73-367], [120-367], and [367-382] far teine under the acid/urea conditions and then alkylated with
OVA-SS-Pyr should be possible. Bulk exchange reactions 0.2 M IAM in neutral/urea solution, the levels of disulfide-
can be monitored by absorption of released Pyr-SH. Quan-forming cysteines showed almost invariable data of about

Release of Pyr-SH (%)
S 3

o
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1.0 in all testedL-cysteine concentrations for the native These values indicate that reaction 2 is the highly predomi-
cystine-forming Cys73 and Cys120. For Cysll and Cys30, nant one as a sulfhydryl/disulfide exchange reaction under
disulfide-forming cysteine levels were very low at all the the acidic conditions. Such highly predominant exchange
L-cysteine concentrations. The disulfide-forming level for reaction of reaction 2 was confirmed by experimental
Cys382 was almost the same as that for Cys367 in theobservations.
absence of-cysteine but markedly decreased with increasing We examined the mode of the exchanges using the acid/
L-cysteine concentrations to a minimum levelL atysteine urea denaturing conditions. In a previous rep@); the
concentrations higher than 50 mM. These results indicatedeffective concentration of a disulfide relative to cysteine
that the presence of 50 mMcysteine is sufficient to quench  sulfhydryls in urea-denatured OVA at near-neutral pH has
reaction 2 in the acid/urea solution as step 3. The disulfide- been shown to depend on the number of amino acid residues
forming cysteines in the protein samples that contain the separating the two cysteines to a power of abegt The
cystine disulfide isomers and the cysteine-mixed disulfide numbers of amino acid residues separating Cys367 from
derivative can be determined in step 4 by the peptide Cysll, Cys30, Cys73, Cys120, and Cys382 are 356, 337,
mapping analysis established previousdy. ( 294, 247, and 15, respectively. If reaction 2 is the highly
For the present strategy to correctly work, it is prerequisite predominant exchange reaction at the acidic pH, the produced
that exchange reactions in step 2 are practically restricted todisulfide isomers should consist almost totally of [73-120/
reaction 2. The sulfhydryl/disulfide exchange reaction 367-382] for OVA-SS-Pyr and of [367-382] f@OVA-SS-
proceeds in such a way that an ionized sulfhydryl attacks Pyr. Figure 5 (panels A and B) demonstrates that this is
the nucleophile to the central sulfur of a disulfide, thereby indeed the case. The release of Pyr-SH was almost
leaving the other group sulfur: completed within 10 min of the incubation for either OVA-
SS-Pyr orrROVA-SS-Pyr. This increase should be largely
RucS T R-S-S-Ry— R ¢S-S-R+Rg-S  (4) accounted for by the exchange reaction between Cys367-
mixed disulfide and Cys382 sulfhydryl, since marked and
where the subscripts of nuc, ¢, and Ig represent nucleophile,concomitant increase in the disulfide-forming cysteine was
central group, and leaving group, respectively. As sulfhy- observed only for Cys382.
dryl/disulfide exchange reactions other than reaction 2, two  Furthermore, the data for the disulfide-forming Cys73,
side reactions by cysteine nucleophile (sides reaction a andCys120, and Cys367 exclude the possibility for involvement
b) are possible. Side reaction a is the nucleophile attack ofof the four side reactions. A cysteine sulfhydryl in side
a cysteine sulfhydryl (Cys<S") to a cystine disulfide (Cys reaction a and free Pyr-SH in side reaction c attack the native
S-S-Cyg) producing the new cystine disulfide (GysS-S- cystine disulfide Cys73-Cys120. The amounts of disulfide-
Cys) and cysteine sulthydryl (CysS™) in a protein mol- forming cysteines for Cys73 and Cys120, therefore, should
ecule. The other (side reaction b) is the nucleophile attack be decreased during the incubation time, if side reaction a
of a cysteine sulfhydryl (Cyg<S") to the thiopyridine-mixed  or c is involved in the exchange reactions in the acid/urea
disulfide (Pye-S-S-Cyg) producing the new mixed disulfide  condition. Likewise, the involvement of side reaction b or
(CysweS-S-Pyr) and cysteine sulfhydryl (CysS™). In d should result in decrease in the amount of disulfide-forming
addition, Pyr-SH released in a first exchange reaction may Cys367, since the Cys367-mixed disulfide is attacked by a
make the nucleophile attack on a protein disulfide as cysteine sulfhydryl in side reaction b and by free Pyr-SH in
bimolecular side reactions (side reactions ¢ and d). Pyr-SHside reaction d. The data in Figure 5, however, clearly
(PyreS™) attacks, in side reaction c, a cystine disulfide demonstrate that no significant decrease was detected for
(Cys-S-S-Cys) producing the new protein-mixed disulfides the disulfide-forming Cys73, Cys120, or Cys367 during the
(PyrucS-S-Cys) and cysteine sulthydryl (CysS™). In side sulfhydryl/mixed disulfide exchange reactions. The retain
reaction d, Pyr-SH attacks the protein thiopyridine-mixed of initial level of disulfide-forming Cys367 was also
disulfide (Pye-S-S-Cyg) generating free Pyg-S-S-Pyg and confirmed during the intrachain exchange reactions in the
the protein sulfhydryl (CygS"). absence of a denaturant (see Figure 7).
The rate of the exchange reaction follows a Brgnsted To examine the possibility for the involvement of the side
relation; the rate constari, for the reaction can be expressed exchange reactions by an alternative way, we first incubated
in units of s* M~ with inclusion of the ionization term of ~ OVA-SS-Pyr with 50 mM.-cysteine in the acid/urea solution

nucleophile as follows: thereby generating OVA-SS-Cys and Pyr-SH by reaction 3
and then let the mixture stand for various times under the
log k= C + B, dKnyc T BPK, + BigPKig — same acid/urea conditions. We found that the initial levels

log(1+ 107 (5) of disulfide-forming Cys73, Cys120, and Cys367 were
retained during the incubation time. In addition, no exchange
The Brgnsted coefficients estimated using many combina- reaction was detected in nonmodified OVA between the four
tions of model sulfhydryl and disulfide compoundsl ( 22, cysteine sulfhydryls (Cysl11, Cys30, Cys367, Cys382) and
27) are 0.5, —-0.27, and —0.73 for Bnu Be and Py, the native cystine disulfide Cys73-Cys120 under the same
respectively. Thelg value for leaving Pyr-SH is-1.1 (20), acid/urea-denaturing conditions as in Figure 5. These results
while the K values of protein sulfhydryls vary from 8.5 to  reinforce the practical absence of the nucleophile attack
9.1 21). If a pK value of 8.8 is taken for-cysteine reaction by a cysteine sulfhydryl (side reaction a) or by free
sulfhydryl and for a typical protein sulfhydryl, the rate Pyr-SH (side reaction c) on the cysteine-mixed disulfide or
constant for reaction 2 should be greater at pH 2.2 byx1.7  on the native cystine Cys73-Cys120.
10’-, 3.6 x 10%, 3.8 x 10°-, and 8.0x 1(*-fold than the On the basis of the theoretical and experimental results,
rate constants for side reactions a, b, ¢, and d, respectivelywe concluded that the intrachain exchange reactions in OVA-
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Table 1: Effective Concentrations of the Five Cysteine Sulfhydryls  disulfide. The effective concentratioBer, is related tkinra
Relative to Cys367-Mixed Disulfide by the following equationZ1):

kinetic constants
Cott = KiudKsi (6)
kbif3 kbi kintra Ceff ef ntra/kbl
cysteine  (M~tmin™Y) (M=t min™?%) (min™Y) (uM)

whereky; represents the second-order rate constant for the

gysgé ‘51;3 122 8-883% 11-2 bimolecular reaction of the nucleophile attack of each
s ' : cysteine sulfhydryl to the mixed disulfide. Thg value can
Cys73 599 170 0.00259 15.2 )

Cys120 618 175 0.00103 59 be determined as the second-order rate constant for a
Cys382 591 168 0.00149 8.9 bimolecular exchange reaction between freely accessible

aThe kinetic constantsk s, ks, and ks were determined as ~ Protein sulfhydryl in one protein molecule and mixed
described in the text. The effective concentrations of the five cysteine disulfide in another protein molecule. The rate for the
residues relative to Cys367-mixed disulfide were calculated using the bimolecular reaction is, however, practically difficult to be
ki andkinya Values according to eq 6 in the text. determined as a reaction between freely accessible amino

acid residues in the bimolecular proteiprotein system,
SS-Pyr anckOVA-SS-Pyr are practically restricted to reac- because of the polymer chain’s nature.
tion 2. In a previous report28), the effective concentrations for

Sulfhydryl/Mixed Disulfide Exchanges in the Absence of the intrachain disulfide formation in bovine pancreatic trypsin
a Denaturant. The bulk exchange reactions in OVA-SS- inhibitor have been estimated. The wild type of the inhibitor
Pyr andgOVA-SS-Pyr were investigated in the absence of contains six cysteine residues. Using 15 possible two-
a denaturant at the acidic pH by monitoring the release of cysteine mutants, the rate constaif) for the intrachain
Pyr-SH. As shown in Figure 6, at a temperature lower than cystine disulfide formation by nucleophile attack of a cysteine
15 °C, no release of Pyr-SH was observed either for OVA- sulfhydryl to the glutathione-mixed disulfide of the other
SS-Pyr or forROVA-SS-Pyr at a prolonged incubation time ~ cysteine residue has been determined. For the determination
of 2 h. InrROVA-SS-Pyr, significant exchange reactions were 0of bimolecular rate constanky) for each of the disulfide
detected at physiological temperatures from 20 t6G7at formations, a set of two corresponding short cysteine peptides
37 °C, more than 70% of the thiopyridine-mixed disulfide has been employed. This procedure appears to provide a
underwent the exchange reactions during the incubation timedirect way for estimating the bimolecular rate constants. The
of 2 h. In the same temperature range, however, very few rate for a sulfhydryl/disulfide exchange reaction, however,
exchange reactions occurred in OVA-SS-Pyr; only 5.4% of depends on thekovalues of the nucleophile and central and
the thiopyridine-mixed disulfide underwent the exchange leaving sulfhydryl groups (see eq 5). Itis not clear whether
reactions at 37C. These data strongly suggest thavA- the K values of the cysteine sulfthydryls are invariable in
SS-Pyr has more fluctuating nature than OVA-SS-Pyr. whole protein and small peptide systems.

To investigate the mode of conformational fluctuation in  In the present study, we employed an alternative procedure
rROVA-SS-Pyr by the sulfhydryl/mixed disulfide exchange by which the accessibility problem in a bimolecular protein
reactions, we determined the rates for the formation of protein system can be circumvented by utilizing three model
different disulfide isomersgOVA-SS) produced at 37C. bimolecular reactions, each of which includes reactant(s) with
Figure 7 represents the time courses for the release of Pyrsmall molecular size(s) of-cysteine and/or Pyr-S-S-Cys:
SH and for the production of the disulfide-forming Cys11,

Cys30, Cys73, Cys120, and Cys382. The data in Figure 7 | _cys+ ROVA—SS—Pyrk ~OVA-SS-Cys+ Pyr-SH
provide important information. First, unlike the urea dena-

turation (Figure 5B), Cys11, Cys30, Cys73, Cys120, and (7)
Cys382 all increased as disulfide-forming cysteines with

different kinetics, suggesting that the kinetic data can be | _cys+ pyr_S_S_CyS& Cys-S-S-Cyst Pyr-SH  (8)
related to the accessibilities of the five exchange-competent

sulfhydryls to the Cys367-mixed disulfide in the absence of Koi—3

urea at pH 2.2. Second, the time course for the sum of the rROVA + Pyr-S-S-Cys— ;OVA-SS-Cys+ Pyr-SH
levels of disulfide-forming Cys11, Cys30, Cys73, Cys120, (9)

and Cys382 was almost exactly the same as that for the

release of Pyr-SH. Last, the level of disulfide-forming The reaction of eq 7 is essentially the same as reaction 3
Cys367 was almost constant during the time of the ex- except that the cystine-intact form is replaced by the cystine-
changes. These data reinforce that the sulfhydryl/mixed reduced protein form;-cysteine makes a nucleophile attack
disulfide exchange approach works for analyzing the mode on the central cysteine residue of the Cys367-mixed disulfide
of protein chain fluctuation at acidic pH. by leaving Pyr-SH. In the reaction of eq 8, nucleophile

The first-order rate constants for the intrachain sulfhydryl/ L-cysteine attacks on the central cysteine residue of Cys-S-
mixed disulfide exchanges according to reactioki24 were S-Pyr, thereby leaving Pyr-SH. In the reaction of eq 9,
obtained for each of cysteine sulthydryls by fitting the data protein sulfhydryls make nucleophile attacks on the central
in Figure 7, as summarized in Table 1. cysteine residue of Cys-S-S-Pyr, thereby leaving Pyr-SH. The

Effectve Concentrations.The first-order rate constant, constantskyi—1, kei-2, and kyi—3 are the second-order rate
kinra, for the exchange reaction should depend on the constants for the reactions of eqgs 7, 8, and 9, respectively.
accessibility, hence the effective concentration, of each of Using the Brgnsted equation (eq 5), the rate con$anan
the five cysteine sulfhydryls relative to the Cys367-mixed be related to these rate constants by a simple equation:
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Koi = Kpi—1Kpi—3/Kpi—2 (10)

The rates for the three reactions were measured at pH 2.2
and 37°C in the presencef® M urea. Under the conditions
for estimatingk,i—;, the attacks on the thiopyridine-mixed
disulfide by bimoleculan.-cysteine and by an intrachain 3
cysteine sulfhydryl are competitive with each other (see &
Figures 4 and 5). For the reaction of eq 7, therefore, pseudo- 1
first-order rate constants were measured usingl&0OVA-
SS-Pyr and various higher concentrations afysteine by
monitoring the release of Pyr-SH, and the obtained rate 0 . . L L

. . 0 1 2 3 4

constants were plotted as a function_aefysteine concentra- Cysteine (mM)

tions, as shown in Figure 8. Thg-; value determined from o ,
Ficure 8: Determination of the rate for the exchange reaction

the slope of the plot was 487 M min~™. : . e € ; :
. | between bimolecular-cysteine and the thiopyridine-mixed disul-
For the reaction of eq 8, the pseudo-first-order rate constantfige. ,OVA-SS-Pyr was incubated at 2av with various higher

(min"")

was measured using 28V L-cysteine and 0.111.1 mM concentrations of-cysteine at 37C in buffer A containing 6 M
Pyr-S-S-Cys by monitoring the release of Pyr-SH, and the urea, and the release of Pyr-SH was measured by absorption at
obtainedk,;_, value was 1720 M min—L. 343 nm. The pseudo-first-order rate constakig, obtained from

S A the time course of Pyr-SH release were plotted as a function of
For the determination dk,—s values, the fully disulfide- L-cysteine concentrations, and the second-order rate constant for

reduced protein was incubated at/2@ with 2.2 mM Pyr- the reaction was obtained from the slope of the plot. The number
S-S-Cys for various times, and disulfide-forming cysteines of the modified Cys367 was 0.89 in the origin@VA-SS-Pyr.
were quantified by the peptide mapping procedure in the  Several lines of evidence have shown that OVA (with the
same way as in Figure 5. The pseudo-first-order rate pative cystine disulfide) assumes a unique molten globule-
constant was obtained from the time course of the disulfide jike conformation at pH 2.2. CD spectra represent that the
formation of each of the cysteine residues. For the deter-secondary structure content is almost exactly the same at
mination of eachks,i-s value, the pseudo-first-order rate pH 2.2 and 7.0 but that the native tertiary interactions are
constant was divided by the concentration of Pyr-S-S-Cys. aimost completely disrupted at the acidic p#H7Y The
Table 1 summarizes the rate constants and the effectiveoverall conformation of acid OVA as evaluated by binding
concentrations for the five cysteine residues. The values forof a hydrophobic probe, anilino-1-naphthalene-8-sulfonate,
koi were not greatly variable for the five cysteine residues. is also consistent with a molten globule-like stafiS)(
This was in great contrast to the bovine pancreatic trypsin However, the protein hydrodynamic volume estimated by
inhibitor system in which highly variablé, values were intrinsic viscosity and size-exclusion chromatography is
obtained for 15 different combinations of six cysteine essentially the same at the two pH valug®( Furthermore,
peptides 28). The effective concentrations were, however, the protein exhibits a large endothermic transition during the
significantly variable; the value for Cys73 was more than 3 heat denaturation at the acidic pRI9. These results are
times that for Cys30. consistent with a highly ordered molten globule-like state
Implications of the Results from the Exchange Analysesfor OVA at pH 2.2. We observe that the structural
for Protein Conformational StateAccording to the X-ray characteristics afOVA (disulfide-reduced form) are almost
crystallographic data of native OVAL{), the distances of  indistinguishable from those of the disulfide-bonded form
the sulfur atoms of Cysl1l, Cys30, Cys73, Cys120, and as evaluated by CD, size-exclusion chromatography, and
Cys382 from the sulfur atom of Cys367 are 6.6, 11.0, 29.7, hydrophobic probe binding analyses at pH 2.2 (unpublished
29.7, and 14.5 A, respectively (Figure 1). If the accessibili- experiments).
ties of the five cysteine residues to the mixed disulfide were  Despite these macroscopic structural similarities, the
simply dependent on the sulfur-atom-to-sulfur-atom distances cystine-reduced protein, but not the cystine-intact one,
in the native protein topology, the effective concentrations undergoes significant intrachain sulfhydryl/mixed disulfide
would have been in the order: Cys®1Cys30> Cys382 exchanges at a physiological temperature of@7(Figure
> Cys73/Cys120. The data in Table 1, however, demon- 6). Such a microscopic difference may be related to the
strate that this was not the case: the effective concentrationparticipation of Cys73 and Cys120 in the exchangeg-in
was in the order of Cys73 Cys11> Cys382> Cys120> OVA-SS-Pyr but not in OVA-SS-Pyr. As evaluated by the
Cys30. The effective concentration data also exclude theki, values (Table 1), however, more than 50% of the
possibility for random coiled conformation in the absence exchanges are accounted for by the exchange reactions by
of a denaturant. First, Cys382, the nearest cysteine residughe other three nucleophile cysteine sulfhydryls (Cysl11,
from Cys367 in the primary structure, is the predominant Cys30, and Cys382). More than 70% of the thiopyridine-
cysteine nucleophile for the exchange reaction (Figure 5), mixed disulfide group undergoes the exchange reaction in
indicating its highest effective concentration in the presence the cystine-reduced protein during 2-h incubation atG7
of a high concentration of urea. Second, ke, value for while the release of Pyr-SH from the cystine-intact form was
this exchange reaction is 0.901 mirat 37°C in the presence  only 5.4% (Figure 6). We therefore conclude that the
of 6 M urea, according to the data in Figure 8 (in the absence occurrence of the intramolecular exchange reactions reflects
of L-cysteine); this value corresponds @y of 5.4 mM, largely the increased conformational fluctuation in the
which is about 600-fold of th€ for Cys382 in the absence  cystine-reduced form as compared to that in the cystine-intact
of urea. These results strongly suggest H@WA assumes protein.
a partially denatured, non-native conformation at the acidic  In previous reports, we have also observed the macroscopic
pH. structural similarity and microscopic difference between the
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cystine-intact and -reduced proteins at near-neutral pH. TheREFERENCES

native structural characteristics of the cystine-intact form are
still retained in the cystine-reduced form as evaluated by CD
spectrum and trypsin-resistance analysgs, (30. The
results from protein fragmentation analysis by another
protease, however, support a local structural difference. As
a common property of a member of the serpin superfamily,
OVA undergoes limited proteolysis at near-neutral pH with
subtilisin 31) or elastase32) at the canonical PAP1 site
(Ala352-Ser353) located in helix R. In addition to this
canonical cleavage, the N-terminal side of Cys73 is cleaved
by subtilisin inrROVA (25, 30. This may be related to the
highly fluctuating nature around Cys73 in the cystine-reduced
protein; this cysteine residue is located in a loop region
between helix C2 and D and anchored in the cystine-intact
form to Cys120 included in helix E. Such fluctuating nature
of Cys73 may be retained or even enhanced at the acidic
pH, since the highest effective concentration is observed for
Cys73 (Table 1) despite its farthest three-dimensional
localization from Cys367 in the native structurid).

CONCLUSION

The importance of partially denatured conformational state,
including the molten globule state, as an equilibrium
counterpart of a protein folding intermediate has been pointed
out 2—7). For investigating such a non-native state, several
methodological approaches including the conventional spec-
troscopic techniques (e.g., CD, infrared, fluorescence, and
hydrophobic dye binding analyses), small-angle X-ray scat-
tering, and hydrogendeuterium exchange analysis by mass
spectrometry have been employed. However, the type of
obtainable information is different for the individual ap-
proaches, and most of them are usually poor for addressing
protein conformation in terms of a specific amino acid
residue. One of the best approaches, the hydregen
deuterium exchange analysis by NMR, works only for a
protein with a small mass range. Partially denatured
conformation is most widely induced at acidic pH, and the
protein conformation at acidic pH that is variable depending
on protein species and solvent conditions has been one of
the major subjects in protein chemisti33(36).

The present study demonstrates that the sulfhydryl/mixed
disulfide exchange approach provides unique information
about the fluctuating nature of a protein under acidic
conditions. The highly reactive nature of cysteine sulfhydryl/
thiopyridine-mixed disulfide exchange allows us to directly
determine the effective concentrations, hence the accessibili-
ties, of cysteine sulfhydryls relative to the mixed disulfide
at acidic pH. The present studies are still limited to the
analysis of the non-native conformational state of OVA. The
sulfhydryl/mixed disulfide exchange approach, however, may
generally work as a useful method for analyzing the
conformational state of sulfhydryl proteins at acidic pH, if a
condition is selected to introduce thiopyridine-mixed disulfide
into a single protein sulfhydryl. Furthermore, such a single
sulfhydryl site can be designed to be introduced into a variety
of sites in a protein, so that the effective concentrations of
other cysteine sulfhydryls relative to the mixed disulfide site
can be estimated in multiple combinations. We believe that
the present study provides the chemical basis for such
promising analysis for the partially folded conformational
state at acidic pH.
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