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Probing the serpin structural-transition mechanism in ovalbumin mutant
R339T by proteolytic-cleavage kinetics of the reactive-centre loop

Yasuhiro ARII" and Masaaki HIROSE?

Division of Applied Life Sciences, The Graduate School of Agriculture, Kyoto University, Uji, Kyoto 611-0011, Japan

A mutant ovalbumin (R339T), but not the wild-type protein, is
transformed into the canonical loop-inserted, thermostabilized
form after the P1-P1” cleavage [Yamasaki, Arii, Mikami and
Hirose (2002) J. Mol. Biol. 315, 113-120]. The loop-insertion
mechanism in the ovalbumin mutant was investigated by
proteolytic-cleavage kinetics. The nature of the inserted loop
prevented futher cleavage of the P1-P1’ pre-cleaved R339T
mutant by subtilisin, which cleaved the second P8—P7 loop site in
the P1-P1” pre-cleaved wild-type protein. After subtilisin proteo-
lysis of the intact R339T, however, two final products that
corresponded to the single P1-P1” and double P1-P1’/P8-P7
cleavages were generated with variable ratios depending on the
proteolysis conditions. This was accounted for by the occurrence
of two mutually competitive reactions: the loop-insertion reac-

tion and the proteolytic cleavage of the second P§8—P7 site in the
immediate intermediate after the P1-P1” cleavage. The com-
petitive nature of the two reactions enabled us to establish a
kinetic method to determine the rate constants of the reactions.
The first-order rate constant for the loop insertion was deter-
mined to be 4.0x107*/s in the R339T mutant. The second-
order rate constant for the P8P7 cleavage in the immediate
P1-P1’ cleavage product for the R339T mutant was > 10 times
compared with that for its wild-type counterpart. This highly
accessible loop nature may play a crucial role in the loop-
insertion mechanism for R339T mutant ovalbumin.

Key words: kinetic serpin mechanism, loop insertion, non-
inhibitory serpin.

INTRODUCTION

The serpins are a family of serine proteinase inhibitors, including
a,-proteinase inhibitor [1], antithrombin [2] and plasminogen-
activator inhibitor-1 [3]. They share the same three-dimensional
structure consisting of three f-sheets and nine a-helices [4]. Their
physiological importance and function-related unique structural
movement make them one of the major targets of modern
bioscience research [5].

The serpins also include a group of non-inhibitory proteins,
which have a sequence similar to the inhibitory serpins [5-7].
Previous studies of the serpin mechanism were carried out, often
by the ‘negative’-mutation approach for inhibitory serpins,
where the functional role of an amino-acid residue was evaluated
on the basis of the loss of activity in a natural [8] or recombinant
mutant [9—11]. Nevertheless, an alternative approach, to give the
activity to a non-inhibitory serpin, would provide more direct
evidence for the structure—function relationship of serpins. Oval-
bumin, a typical non-inhibitory serpin, appears to be the best
model for such a ‘positive’ mutation approach, since it is cleaved
at the canonical P1-P1’ site by a serine proteinase [12]. In
addition, ovalbumin is the only protein of the non-inhibitory
serpins that has been proved to share the common three-
dimensional structure of the inhibitory serpins by crystallo-
graphic analysis [13-15].

In the inhibitory serpins, the reactive-centre loop is inserted
into the central fp-sheet after the cleavage at the reactive P1-P1’
site [5,16,17]; this dynamic conformational change that accom-
panies a marked thermostabilization is suspected to be the
crucial step for the exertion of the inhibitory activity [16-19].
Unlike the inhibitory serpins, ovalbumin does not have the
ability to undergo the conformational transition into the loop-
inserted thermostabilized form after the cleavage at the serpin-

specific P1-P1” site [13,19]. This was considered to be the major
reason for a lack of inhibitory activity in egg-white protein.
However, we have demonstrated [20] very recently that the defect
of the loop-insertion mechanism in ovalbumin can be overcome
by a single-hinge mutation at the P14 serpin site that includes
the replacement of a bulky Arg®* residue by a less-bulky Thr
residue, generating the mutant R339T. This has been proven
unequivocally by crystallographic and thermodynamic evidence
that the ovalbumin mutant R339T is transformed after the
P1-P1’ cleavage into the canonical loop-inserted, thermo-
stabilized form [20].

Despite the acquisition of the loop-insertion mechanism, the
mutant ovalbumin R339T is still non-inhibitory, at least against
elastase and subtilisin (Y. Arii and M. Hirose, unpublished
work). In the inhibitory serpins, the insertion of the reactive-
centre loop into the central f-sheet after the cleavage at the
reactive P1-P1” site may be a driving force for translocation of
the proteinase, trapped at the P1 site, from one side of the serpin
to the other side [5,16,17]. The relatively stable nature of the
loop-inserted conformer against deacylation is considered to be
the molecular basis for the inhibitory activity. The deceleration
of the loop-insertion process in inhibitory serpin mutants results
in the escape of trapped proteinase [16,17]. Therefore an ac-
celerated loop insertion may be a crucial requisite for the exertion
of the inhibitory activity of serpins. This raises the possibility
that the non-inhibitory nature of the ovalbumin mutant is related
to a decelerated loop-insertion rate. To examine this possibility,
direct determination of the loop-insertion rate is essential.
Unfortunately no simple and universal method is available.

In the present study, we have established a method to determine
directly the loop-insertion rate by simple proteinase-cleavage
kinetics. This method utilizes the serpin-loop nature of oval-
bumin: the reactive-centre loop is inaccessible to subtilisin in the
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P1-P1’-cleaved, loop-inserted form but receives the proteolytic
cleavage at the P8—P7 site in the pre-loop-inserted intermediate
after the P1-P1’ cleavage. We report here that the first-order rate
constant for loop insertion after the P1-P1’ cleavage is quite low
with a value of 4.0 x 107%/s. The kinetic analyses also reveal that
the P8—P7 site of R339T immediately after the P1-P1’ cleavage
is better accessible by one order of magnitude against the
proteinase compared with that of its wild-type counterpart. This
strongly suggests that increased accessibility of the R339T loop
plays a crucial, or at least partial, role in the subsequent
conformational transition of the mutant ovalbumin.

EXPERIMENTAL
Materials

Egg-white ovalbumin was purified by crystallization as described
previously [21]. The recombinant wild-type and mutant oval-
bumin R339T were prepared as described elsewhere [20,22].
Restriction enzymes and T4 polynucleotide kinase were obtained
from TaKaRa Shuzo (Tokyo, Japan). Primer oligonucleotides
for the mutation were synthesized by Amersham Pharmacia
Biotech (Tokyo, Japan). The protein concentration was estimated
from the absorption at 280 nm by using A}’ =7.12 [23].
Subtilisin Carlsberg of Bacillus licheniformis (protease type VIII),
porcine pancreatic elastase (EC 3.4.21.11), trypsin (type XI) and
N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide were purchased from
Sigma (St Louis, MO, U.S.A.). PMSF was obtained from Nacali
Tesque (Kyoto, Japan) and other chemicals were from Wako
Pure Chemical Industries (Osaka, Japan).

Proteolysis of ovalbumin and SDS/PAGE

The wild-type and R339T mutant proteins were incubated at
0.2 mg/ml and 25 °C in 20 mM sodium phosphate buffer, pH
7.0, with porcine pancreatic elastase or with subtilisin Carlsberg
for the indicated time periods. The reaction was terminated by
adding 0.1 vol. of 5 9, trifluoroacetic acid to the reaction mixture.
The samples were mixed with 0.36 vol. of an SDS sample buffer
(0.25 M Tris/HCI, pH 7.0, 49, SDS, 409, glycerol and 80 mM
2-mercaptoethanol), neutralized by adding 0.06 vol. of 1.0 M
Tris base, pretreated in a boiling-water bath for 2 min, and then
electrophoresed on a 109, polyacrylamide gel at a constant
current of 12.5 mA for 2.5 h by the standard method of Laemmli
[24]. Proteins were stained with 0.25 9%, Coomassie Brilliant Blue
R-250.

Preparation of P1-P1" pre-cleaved ovalbumin

Recombinant ovalbumin was incubated at 1 mg/ml with 10 ug/
ml of porcine pancreatic elastase in 20 mM sodium phosphate
buffer, pH 7.0, at 25 °C for 4 h. The proteolysis was terminated
by adding 0.015 vol. of 0.1 M PMSF and the mixtures were
diluted with 3 vol. of 5 mM sodium phosphate buffer, pH 6.0.
The P1-Pl’-cleaved protein was purified by using an anion-
exchange column (Mono Q 5/5; Amersham Pharmacia Biotech,
Tokyo, Japan) as described previously [22].

Quantitative analyses of proteolysis by subtilisin

The P1-P1’ pre-cleaved wild-type and R339T-mutant proteins
were incubated at 0.2 mg/ml with 20 ng/ml of subtilisin
Carlsberg in 20 mM sodium phosphate, pH 7.0, at 25°C. At
various incubation times, the reaction was terminated by the
addition of trifluoroacetic acid and the samples were analysed by
SDS/PAGE in the same way. The proteins, visualized by staining
with Coomassie Brilliant Blue R-250, were quantified with the
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software NIH image (version 1.60). For kinetic analysis of
the proteolysis of the intact ovalbumin, the wild-type and
R339T-mutant proteins were incubated at 0.2 mg/ml (4.4 uM)
with various concentrations (5-20 ng/ml: 0.18-0.73 nM) of
subtilisin Carlsberg or at various concentrations (4.4-11.1 M)
with 20 ng/ml of the proteinase [25] in 20 mM sodium phosphate
buffer, pH 7.0, at 25 °C. The reaction was terminated at different
incubation times, and SDS/PAGE and quantification of the
protein bands were done in the same way. The rate constants for
the proteolysis were estimated by fitting eqns (2)—(8) (see the
Results section) to the data by using the KaleidaGraph software
(Synergy Software, PA, U.S.A). The subtilisin activity utilized in
the present study was 0.27 unit/mg of the proteinase, where
1 unit is defined as the enzyme activity that converts 1 gmol of
substrate per minute. The conditions for assaying the enzyme
were as follows. At 25°C, 0.25 mM N-succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide substrate [26] was incubated with various
concentrations of subtilisin Carlsberg (0.5-2.0 nM) in 20 mM
sodium phosphate buffer, pH 7.0, containing 19, dimethyl
formamide in final volume of 2 ml. The absorbance of the p-
nitroanilide released was monitored at 410 nm with a Shimazu
UV-3000 spectrophotometer (Kyoto, Japan).

RESULTS
Proteolytic patterns of recombinant ovalbumin

Both egg-white and recombinant ovalbumin have been shown to
be cleaved by porcine pancreatic elastase at the P1-P1” site only
[12,27]. Using subtilisin Carlsberg, the proteolytic cleavage
occurs first at the P1-P1” site and then at the P§8—P7 site [28]. To
investigate the cleavage pattern, the wild-type and R339T-mutant
proteins were incubated with elastase and/or subtilisin Carlsberg,
and then the proteolytic patterns were analysed by SDS/PAGE.
As shown in Figure 1, the proteolysis of the wild-type and
mutant proteins by elastase yielded the same 39 kDa fragment
that can be accounted for by the P1-P1’ cleavage (Figure 1, lanes
2 and 7). P1-P1’ cleavage was confirmed by N-terminal sequence
analysis: for either the wild-type or mutant protein, the newly
generated N-terminal sequence by elastase proteolysis was Ser-
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Figure 1 Limited proteolysis of ovalbumin

The wild-type (lanes 1-5) and R339T mutant (lanes 6—10) proteins were incubated at
0.2 mg/ml and 25 °C in 20 mM sodium phosphate buffer, pH 7.0, with 0.2 zg/ml of porcine
pancreatic elastase for 20 h (lanes 2 and 7), with 5 ng/ml of subtilisin Carlsberg for 20 h (lanes
3 and 8) or with 200 ng/ml of this proteinase for 1 h (lanes 4 and 9). For lanes 5 and 10, the
proteins were incubated first with 0.2 zg/ml of porcine pancreatic elastase for 20 h and then
with 200 ng/ml of subtilisin Carlsberg for 1 h (lanes 4 and 9) under the same conditions. Lanes
1 and 6 are controls without proteolysis. The proteins were electrophoresed by SDS/PAGE and
stained with Coomassie Brilliant Blue R-250 as described in the text.
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Figure 2 Subtilisin proteolysis of the P1—P1” pre-cleaved proteins

The P1—P1” pre-cleaved wild-type (O) and R339T mutant (A) proteins were incubated in
duplicate at 0.2 mg/ml and 25 °C with 20 ng/ml (0.73 nM) of subtilisin Carlsberg in 20 mM
sodium phosphate buffer, pH 7.0, for various times. The proteins were analysed by SDS/PAGE
and the remaining amount of the P1—P1” pre-cleaved proteins was determined as described in
the text. For the P1—P1” pre-cleaved wild-type protein, curve fitting was performed by a simple
first-order reaction; the apparent first-order rate constant was 9.5 x 10™/s.

Val-Ser-Glu-Glu-Phe, which corresponded to the sequence from
the P1’ residue of Ser?>® to Phe®*® of ovalbumin. The proteolysis
of the wild-type protein by subtilisin yielded, at either high or
low proteinase concentration, a single 38 kDa fragment corre-
sponding to the second P8—P7 cleavage product (Figure 1, lanes 3
and 4). By subtilisin proteolysis of the mutant protein at high and
low enzyme concentrations, respectively, a single fragment by the
second P8-P7 cleavage and two fragments by the first P1-P1’
and the second P8—P7 cleavages were produced (Figure 1, lanes
8 and 9). When proteolysis was done first by elastase and then by
high concentration of subtilisin, however, the P1-P1’-cleaved
mutant protein was not further cleaved at the P8—P7 site, whereas
the wild-type protein underwent proteolysis at the second P§8—P7
cleavage site (Figure 1, lanes 5 and 10).

To confirm the differential P8—P7 accessibility after the P1-P1’
cleavage, we prepared the P1-P1’ pre-cleaved wild-type and
mutant ovalbumins in purified forms by protein incubation with
elastase and subsequent anion-exchange chromatography, and
then analysed for their accessibilities to subtilisin cleavage. Figure
2 clearly displays that the P1-P1” pre-cleaved mutant was not
further cleaved by subtilisin, whereas the second cleavage occurs
in the P1-P1” pre-cleaved wild-type protein under the same
proteolysis condition. These results indicate that, after the
cleavage at the P1-P1” site, the P8—P7 site of the R339T mutant
is transformed, according to the structural transition by the loop
insertion [20], into an inaccessible loop state against subtilisin
attack.

Time course for subtilisin proteolysis of the intact proteins

The above results suggest that the intact form, but not the P1-P1”
pre-cleaved form, of the mutant protein receives the second
P8—P7 cleavage by subtilisin (Figures 1 and 2). To investigate the
differential second-cleavage mechanism, we examined the time
course of subtilisin proteolysis with the intact protein substrates.
As shown in Figure 3, the P1-P1’-cleaved product from the wild-
type protein tentatively increased initially, but then decreased
with the progress of proteolysis at both subtilisin concentrations
of 10 and 20 ng/ml (Figures 3A and 3C). With the R339T
mutant, however, the P1-P1’-cleaved product increased and then
reached a plateau at both concentrations of proteinase (Figures
3B and 3D). Another important observation for the mutant

Fractions of protein forms

! { L | |

100 150 200 25

1 1 1 1
0 50 100 150 200 250 O 50
Time (min)

Figure 3 Time courses for the loop cleavages by subtilisin

The wild-type (A, C) and R339T mutant (B, D) proteins were incubated in duplicate at 4.4 xM
and 25 °C in 20 mM sodium phosphate buffer, pH 7.0, with 0.37 nM (A, B) or 0.73 nM (C,
D) of subtilisin Carlsberg. At different incubation times, the proteolysis was terminated and the
fractions of the intact protein (O), P1—P1’-cleaved form (/\) and P1—P1’/P8—P7-cleaved form
(@) were analysed by SDS/PAGE as described in the text. Curve fittings were carried out by
using eqns (3)—(7) as described in the text.
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Figure 4 Plateau levels of the P1-P1’-cleaved and P1-P1/P8—P7-
cleaved forms during the subtilisin proteolysis of the R339T mutant

The R339T-mutant protein was incubated in duplicate with various concentrations of subtilisin
Carlsberg and the time courses of the proteolysis were analysed in the same way as described
in the legend of Figure 3. The plateau levels of the P1—P1’-cleaved (A) and P1—P1’/P8—P7-
cleaved (@) forms that were obtained from the values at 240 min incubation were plotted as
a function of subtilisin concentrations. The ordinate represents the fraction of each plateau level.
Curve-fitting analyses were carried out on the basis of two mutually competitive reactions in
the P1—P1’-cleaved R339T mutant: one is the conformational transition into the subtilisin-
resistant thermostabilized form and the other is the P8—P7 cleavage reaction. The rate for the
former reaction should be independent of proteinase concentrations, whereas that for the latter
reaction depends linearly on proteinase concentration. The fraction for the loop-inserted
P1—P1”-cleaved form (oc1) and that for the P1—P1”/P8—P7-cleaved form (oc2) can therefore be
shown as follows: a1 = /(4 + [subtilisin]) and o2 = [subtilisin]/(4 + [subtilisin]), where
£ is a constant in the unit of concentration. The /4-value obtained by the curve-fitting analysis
was 0.20 nM.

protein was that the plateau level of the P1-P1’-cleaved product
decreased with the increase in the subtilisin concentration
(Figures 3B and 3D). This relationship is displayed more clearly
in Figure 4. The same time-course analyses were carried out at a
variety of subtilisin concentrations, and plateau levels of the
P1-P1’-and P8—P7-cleaved forms were plotted as a function of the
subtilisin concentrations. The plateau level of the P1-P1’-cleaved
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Figure 5 Observed rate constants for the loop insertion and cleavages at
various ovalbumin concentrations

The wild-type (A) and R339T mutant (B) proteins were incubated at various concentrations with
0.73 nM of subtilisin Carlsberg and the time courses of the proteolytic cleavages were obtained
in the same way as described in the legend of Figure 3. The rate constants obtained by the
same curve-fitting analysis were plotted as a function of the ovalbumin concentrations. The
observed rate constants are shown by @, O and A for K, K, and K;, respectively.

form decreased with increase in subtilisin concentrations, whereas
that of the P8—P7-cleaved form increased. The results from
curve-fitting analysis of the data (Figure 4) were consistent with
the occurrence of two mutually competitive reactions in the
P1-P1’-cleaved R339T mutant: one is the conformational tran-
sition into the subtilisin-resistant, loop-inserted form and the
other is the P8—P7 cleavage reaction.

Kinetic analysis for the proteolytic cleavage by subtilisin

The Michaelis constant (K ) for a proteinase is known to be
relatively high for the protein substrate. When the concentration
of a substrate is significantly lower than the K value, as in the
present study (see Figure 5), the enzyme reaction is equivalent to
a first-order reaction with a rate constant K that can be related
to K by the equation K =j[E]/K , where [E] is the enzyme
concentration and j the first-order rate constant for the product
formed from the ES complex. When the constant K is expressed
as the product (K = k[E]) of a second-order rate constant k (since
k =j/K,) and the enzyme concentration [E], K corresponds to a
pseudo-first-order rate constant.

The cleavage pathway of the mutant protein by subtilisin
proteolysis is shown by the inclusion of the two competitive
reactions in the P1-P1’-cleaved form as follows:

Scheme 1

In Scheme 1, I and X are the intact form and the P1-PI’-
cleaved, non-loop-inserted form, respectively. Y is the P1-P1’/
P8—P7-cleaved form and Z is the P1-P1’-cleaved, loop-inserted
form. K, and K, are the pseudo-first-order rate constants for the
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Figure 6 Effect of subtilisin concentrations on the observed rate constants

The wild-type (O) and R339T mutant (@) proteins were incubated at 0.2 mg/ml (4.4 M)
with various concentrations of subtilisin Carlsberg and the time courses of the proteolytic
cleavages were obtained in the same way as described in the legend of Figure 3. The apparent
rate constants for K, (A), K, (B) and K; (C) obtained by the same curve-fitting analysis were
plotted as functions of the subtilisin concentrations.

proteolysis reactions by subtilisin related to the corresponding
second-order rate constants k, and k,, respectively:

K, = k,[E] 2
The constant K, should be a true first-order rate constant, since
it is the rate constant for the structural transition. /() and Y(z),

which are defined as the fractions of I and Y, respectively, at a
proteolysis time #, can be expressed as follows:

(1) = exp(—K,1) A3)
KZ KZ

K,+K, K,+K,—K,

Y1) = exp (—K,?)

KK,
+
(K, + K,)(K, + K, — K,)

exp[—(K,+K;)1] 4)

Defining X(7) and Z(z) as the fractions of X and Z respectively at
a proteolysis time ¢, the total P1-P1’-cleaved fragment X(¢) + Z(¢),
which can be detected as a band in the gel electrophoresis
analysis, is expressed as follows:

K. K, —K.
XO+Z@1) = i L3 __exp(—K, ¢
0+ 21 K+K, TK+K—K, p(— K1)
K. K
12 eXp[—(K2+K3)t] (5)

(K,+ K)(K,+K,—K,)
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Table 1

As defined in the text, &, and &, are the second-order rate constants for the cleavages of P1—P1”
and P8—P7 sites, respectively. K; is the first-order rate constant for the loop-insertion reaction.

Rate constants for loop insertion and cleavage

Rate constants

K K kT Ky
MT-sTTx10™) M7 s %107 (MTT-sTTx 107 (5T x 10°)
Wild-type 7.9 134 13.0 -
R339T 124 140.0 - 40

* Data from Figure 6.

+ Estimated from the pseudo-first-order rate constant for the P8—P7 cleavage reaction in
the P1—P1” pre-cleaved wild-type protein (Figure 2): the pseudo-first-order rate constant
9.5 x 107%/s was divided by the subtilisin concentration 0.73 nM.

For the wild-type protein, no loop-insertion reaction is included
(ky=0; Z=0). Eqns (4) and (5) are therefore simplified as
follows:

K. K.
Y()=1-— 2 —K t !
() T K@Xp( 1)+K T

27 M 27

exp (=K1 (6)

K
Xt = L
K,—K,

[exp (= K1) —exp (= K,1)] ™)

By using eqns (3)—(7), curve-fitting analyses of the time-course
data were carried out at various combinations of subtilisin and
ovalbumin concentrations and the first-order rate constants were
obtained. The curve-fitting analysis worked well, as demonstrated
in Figure 3 in some instances. When the first-order rate constants
obtained at a subtilisin concentration of 0.73 nM were plotted as
a function of ovalbumin concentrations (4.4-11.1 uM), all
the constants showed fixed values, as shown in Figure 5. The
observation was reasonable for Scheme 1 in which the rate
constants K, K, and K, include no ovalbumin concentration
term [for K, and K, see eqns (1) and (2)], and hence confirms the
first-order reaction for the subtilisin proteolysis at the ovalbumin
concentrations employed. Eqns (1) and (2) represent K, and
K, as pseudo-first-order rate constants that depend on the
proteinase concentrations. This was indeed the case as demon-
strated in Figures 6(A) and 6(B): the K, and K, values linearly
depended on the subtilisin concentrations for either the wild-type
or mutant protein, whereas a true first-order rate constant K,
shows an invariable value at varying subtilisin concentrations.
According to eqns (1) and (2), the second-order rate constants k,
and k, can be obtained from the slopes of the K, and K, plots.
Table 1 summarizes the values for the second-order rate constants
k, and k, and the first-order rate constant K,. One of the most
important observations was that the rate constant for the loop-
insertion K, was directly determined to be 4.0 x 107%/s for the
R339T mutant. Although the absolute values of &, and k, may
be variable depending on the specific activity of the proteinase,
their relative ratios for the wild-type and mutant proteins should
provide useful information. A surprising observation was that
the k, value for the mutant protein was one order of magnitude
greater than that for the wild-type protein, whereas the k, value
for the former protein was greater by only approx. 1.5-fold
compared with the latter protein. The second-order rate constant
k, for the wild-type protein was almost the same as the values
obtained from the subtilisin-cleavage reactions of the intact and
P1-P1’ pre-cleaved proteins (Table 1).

DISCUSSION

In the inhibitory serpins, the reactive-centre loop is inserted into
the central p-sheet after the cleavage at the reactive P1-P1” site
[5,16,17]. This dynamic conformational transition accompanies a
marked increase in the protein thermostability and is believed to
be a crucial process for the inhibitory function [16-19]. In
ovalbumin, a non-inhibitory member of the serpin superfamily
[5-7], the canonical cleavage is at the P1-P1’ site by a serine
proteinase but does not undergo the structural transition into a
thermostabilized form after the cleavage [13,19]. The absence of
the conformational transition has been hypothesized to be due
to the presence of a bulky residue of Arg®*® at the P14 site in
ovalbumin, which functions as a hinge residue in inhibitory
serpins on the movement of the reactive-centre loop [5,9]. In a
previous study, we have demonstrated by crystallographic and
thermodynamic evidence that this is indeed the case; an oval-
bumin mutant R339T, with replacement of the P14 hinge residue,
undergoes a marked thermostabilization (AT, = 15.8 °C) and
the canonical serpin structural transition into the fully loop-
inserted form after the P1-P1’ cleavage [20]. An alternative
ovalbumin mutant R339S has been shown to be thermostabilized
with a reduced AT, value of 11 °C after the P1-P1’ cleavage [27];
the P1-P1” pre-cleaved R339S displays some accessibility to
subtilisin on the P§—P7 site. On the basis of these properties, the
P1-P1’-cleaved R339S has been hypothesized to be a partially
loop-inserted product in which the P15-P10 residues, but not the
P9-P1 residues, are inserted [27]. According to the full-loop
insertion structure of cleaved R339T [20], Thr***-CG2 undergoes
van der Waals interactions with side-chain atoms of Trp!®* (CZ2
and CH2) and of Phe** (CEl and CZ), thereby probably
working as stabilization factors for the loop-inserted confor-
mation. These van der Waals interactions should be abolished
in cleaved R339S. The Thr-residue-related van der Waals inter-
actions may play a crucial role in the correct loop-insertion
mechanism in ovalbumin.

The ovalbumin mutant R339T, despite its ability to undergo a
transition into a thermostabilized form after the P1-P1’ cleavage,
does not show any inhibitory activity against serine proteinases,
including elastase and subtilisin Carlsberg (Y. Arii and M.
Hirose, unpublished work). In the inhibitory serpins, the reactive-
centre loop insertion into the central f-sheet is considered to be
a driving force for translocation of the proteinase, trapped at the
P1 site, from one side of the serpin to the distal side [5,16,17].
Decreased deacylation rate in the loop-inserted conformer is
considered to be the molecular basis for the inhibitory activity.
The extent of serpin inhibition should therefore depend on the
relative ratio of the rates for the loop insertion and deacylation.
This stresses the importance of an accelerated rate of loop
insertion for the serpin inhibitory activity.

The inaccessible nature of the P1-P1” pre-cleaved R339T
mutant against subtilisin (Figure 2) led us to establish a quan-
titative method to analyse the thermostabilization mechanism by
proteolytic-cleavage kinetics of the serpin loop. The kinetic
model included two mutually competitive first-order reactions in
an immediate product after the P1-P1” cleavage: one is the
conformational transition into the subtilisin-resistant, thermo-
stabilized form and the other is the P8—P7 cleavage reaction
(Scheme 1). On the basis of the model, the quantitative equations
[eqns (3)—(7)] were newly introduced and the kinetic constants
were obtained by curve-fitting analysis of the proteolysis
data. The curve-fitting analysis was also employed to justify the
model that included the first-order reactions for all the kinetic
steps (Figure 6). One of the most important results was that the
first-order rate constant for the conformational transition was
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Figure 7 Stereo diagram of the P1—P1’-cleaved structure of ovalbumin mutant R339T

The Figure was produced with MOLSCRIPT [36] and Raster 3D [37] by using the PDB data (code no. 1JTI) for P1—P1’-cleaved ovalbumin mutant R339T [20]. Strands 1A, 2A, 3A, 4A, 5A and
6A that constitute sheet A are labelled s1A, s2A, s3A, s4A, s5A and s6A, respectively. The labelled hD, hE and hF represent helices D, E and F, respectively. The atoms of the amino-acid
residues that participate in the interactions of helix F and its descending loop with sheet A (see text) are shown by small filled circles.

clearly determined to be 4.0 x 107%/s for the R339T mutant. In
previous reports, the first-order rate constant for the loop
insertion in an inhibitory serpin, plasminogen activator inhibitor-
1 has been estimated by fluorescence resonance-energy-transfer
measurements to be 3.4/s [29] or a value more than one order of
magnitude of this [30]. The first-order rate constant for the loop
insertion in the present R339T mutant (4.0 x 107%/s) is lower by
at least three orders of magnitude than that of the inhibitory
serpin. Therefore the absence of inhibitory activity in the R339T
mutant may be accounted for, at least partially, by a lower rate
of loop insertion compared with the deacylation rate.

The decelerated loop-insertion rate in the R339T mutant may
be accounted for by restricted motion, relative to sheet A, of
helices E and F and of the loop-descending helix F; the
conformational situations of the secondary-structure elements in
the P1-P1’-cleaved, loop-inserted form are displayed in Figure 7.
According to the structural-motion analysis for an inhibitory
serpin, a,-antitrypsin [20], the large contiguous segment that
comprises the secondary-structure elements of strands 1A, 2A
and 3A, and helices E and F move significantly upon loop
insertion, thereby probably leaving room for the reactive-centre
loop to be inserted as strand 4A. In the ovalbumin mutant,
however, little motion is detected in the entire segments of helix
E and the loop-descending helix F, and the motion of helix F
itself is also significantly restrained [20]; the restrained motion of
these segments may force upon the loop insertion a perturbed
sliding of strands 1A, 2A and 3A [20]. The absence of any
significant motion of helix E is probably due to the unique
occurrence of a disulphide bond (Cys”-Cys!??), which links helix
E and the loop preceding helix D. The restrained motion in
helix F and in its descending loop may be related to the multiple
interactions of these segments with sheet A, which are mostly
absent in the inhibitory serpins. As a first interaction, two main-
chain oxygen atoms Asn'**-O and Val'%*-O in the extended
loop-descending helix F receive hydrogen bonds from Lys**-NZ
on strand 6A (Figure 7). Secondly, Ser'¢>~O in the same extended
loop makes hydrogen bonds with GIn®*»>~-NE2 on strand SA.
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Thirdly, the indole-ring plane of Trp*® of helix F and the plane
formed by the NH1, NH2, CZ and NE atoms of Arg!** on strand
2A appear to make the stacking-like interaction.

These increased interactions may also contribute to a higher
inherent stability of intact ovalbumin than inhibitory serpins
[25,31,32]. The importance of destabilized native interactions
between helix F and sheet A has been pointed out for the
inhibitory activity of «,-antitrypsin [33]; filling a cavity around
Gly''” of strand 2A by a bulkier residue, which confers an
increased stability on the inhibitor, resulted in decelerated loop
insertion and in decreased inhibitory activity. Likewise, C1
inhibitor shows a less efficient inhibitory activity at 4 °C than at
38 °C [34], which indicates the importance of less-stabilized
conformational flexibility for serpin inhibitory activity. These
may imply that a high-temperature condition is favoured for
possible detection of the inhibitory activity of ovalbumin mu-
tants.

An alternative important observation obtained in the present
study was that the second-order rate constant for the P8—P7
cleavage is greater by one order of magnitude for the R339T
mutant than for its wild-type counterpart (Table 1). Subtilisin
Carlsberg cleaves ovalbumin first at the P1-P1’ site and then at
the P8—P7 site [28]. According to the crystal structure of intact
ovalbumin [14,15], the P1-P1” and P8-P7 sites are both located
in the a-helical part of the loop. The former site appears to be
exposed to the environment, whereas the latter site is buried in an
interface between the loop and the main core body of the protein.
The structural situations of the two sites are consistent with the
occurrence of the primary cleavage at the P1-P1’ site. Subsequent
loop insertion requires a large-scale motion and conformational
transition for most part of the reactive-centre loop [14,20]. The
extent of the loop motion, leaving from the main protein body,
should be much greater in the P1-P1’-cleaved R339T than in the
wild-type. The accelerated rate of the second cleavage in R339T
may reflect this structural situation of the loop that makes the
P8-P7 site more accessible. Alternatively, the reactive-centre
loop of R339T may assume an unfolded conformation during
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the structural transition from o-helix to the loop-inserted /-
strand (strand 4A). The presence of such an unfolded state may
be related to the accelerated cleavage of the R339T loop.
Irrespective of the detailed mechanisms, the accelerated-loop
cleavage in P1-P1’-cleaved R339T may reflect the unique struc-
tural feature of a pre-loop-inserted intermediate crucial for the
subsequent loop insertion.

In conclusion, a simple method for determining the rate of the
loop insertion was established for an ovalbumin mutant by this
study. The ‘positive’-mutation approach to give the inhibitory
activity to ovalbumin should provide direct evidence for the
structure—function relationship of serpins. In a previous study
utilizing fusion proteins of ovalbumin and plasminogen-activator
inhibitor-2, the acquisition of the inhibitory activity was attained
by a large-scale structural rearrangement that included 64 9
replacement of ovalbumin peptide sequence by the corresponding
sequence of the inhibitory serpin [35]. The acquisition of an
accelerated loop-insertion rate is considered to give the inhibitory
activity to ovalbumin by a minimum replacement of amino-acid
residues. The present method should provide a crucial probe for
monitoring the structural and functional studies of logically
designed ovalbumin on the basis of the crystal structure [20].
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