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Preface

The studies presented in this dissertation have been carried out
undér the direction of Professor Keitaro Hiromi at Kyoto University

b

during 1972 - 1977.

During the last half of this*centufy-tﬁere has been a rapid devel-
opment in the fiel@s of protein chemistry and -enzyme chemistry. It has
been the author's eagerness to understand the specific interaction
between proteins at the molecular level, namely, molecular recognition
of proteins by proteins, because he believes that it plays significant
roles in the bioclogical phencmena.

In 1972, a unique protein was isclated by Professor Sawac Murao
and Dr. Sakae Sato from the culture broth of a strain of Streptomyces.
This protein inhibits strongly and specifically only alkaline serine
proteinases. The studies pregented here are concerned with the charac-
terization of the protein, Streptomyces subtilisin inhibitor, and with
the molecular aspects of the interaction of the inhikbitor and protein-
ases especially subtilisin BPN'. This inhibitor provides us with a
suitable entity not only for studying the protein-protein interaction
but also for making clear an obscure phenoménon that a protein inhibits
a proteinase.

November 1977 Kuni&o Inouye

Strong Son of God, immortal Love,
Whom we, that ﬁave not seen thy face,
By faith, and faith alone, embrace,
Believing where we camnot prove,

Tennyson, In Memoriam
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Abbreviations and Symbols

AcTrpOEL N-acetyl-1~tryptophan ethyl ester

AcTyrOEL N-acetyl-L-tyrosine ethyl ester

BA N-benzoyl-L-arginine

BEPCI black-eyed pea chymotrypsin and trypsin inhibitor
BEPTI black-eyed pea trypsin inhibitor

BPTI basic pancreatic trypsin inhibitor (Kunitz)
cMC critical micelle concentration

DIP diisopropyl phosphoridate-inhibited

D20 ' deuterium oxide

EG ethylene glycol

Met methanol

MW ‘molecular weight

pCMB p-chloromercuribenzoate

PEG polyethylene glycol #300

PF proflavine

PNPA p-nitrophenyl acetate

PSTI pancreatic secretory trypsin inhibitor (Kazal)
RTIC rotor-temperature indicator and control

SDs sodium dcdecyl sulfate

8sI Streptomyces subtilisin inhibitor

STI soybean trypsin inhibitor (Kunitz)

TAME tosyl-I~arginine methyl ester

tCI N-tragns-cinnamoyl imidazole

ZAGPCK N-carbobenzoxy-L-alanyl~-glycyl~L-phenylalanine chloromethyl

ketone-treated

absorbance

second virial constant
concentration

diffusion coefficient (cm2 sec—l)
(effective) dielectric constant
purity of the proteinase preparation

extinction, absorbance; enzyme

"R 9 g 0 W

Gibbs free enexgy



g gravity; centrifugal force

I inhibiteor; SSI

Ké apparent acidic dissociation constant (pKa = - log Ka)

-Kd enzyme~inhibitor dissociation constant

K& enzyme-inhibitor dissociation constant (inhibitor constant)

Km Michaelis constant

Ks enzyme-substrate dissociation constant (substrate constant)

k rate constant

Mw weight average molecular weight

Mw* apparent (cell average) weight average molecular weight

N Avogadro'’s number (6.02 x 1023 mole_l)

n refractive index

P product

R gas constant {8.31 JK-lmole—l = 1.987 cal molehldeg_l)

b o radius

r distance

S Svedverg unit (10_13 sec)

s sedimentation coefficient (S)

T absolute temperature (K)

t time

tl/2 half-life period

v (initial) velocity of reaction

v partial specific volume (ml/q)

Z valence

A . measurable increment

§ gram of detergent bound per gram of protein {(g/q)

€ molar extinction ccefficient; the proton unit of charge
(4.80 x 100 esu)

A wavelength (nm)

T magnitude of initial burst

p density of solution (g/ml)

Yy potential

¢’ effective partial specific volume (ml/g)

w angular velocity (rad)

Nt 1, initial concentration
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Chapter One

General Introduction

The naturally occurring protein inhibitors of proteolytic enzymes
are unigque materials in biological science. They have the capacity of
combining with and inactivating these proteins that have the capacity of
hydrolyzing and degrading one of their own species. The inhibitor,
protéolytic enzyme, and protein substrate have very different roles in
the inhibitory process.

Within an individual, many homologous and analogous forms of these
inhibitors may exist in different tissues and secretions. The homolegy
and analegy is carried further, and indeed is thereby more interesting
scientifically, in that the different inhibitors may react with differ-
ent- analogous and homclogous forms of proteolytic enzymes. These homo-
logous and analogous forms of the inhibitors and the enzymes prévide a
unique opportunity for studying the relationship between the st?uctures
of the proteins and the properties required for their interactions. The
reaction between enzyme and inhibitor results in the formation of a ¢om-
plex of the two proteins that is usually stable over a wide pHE range.
Such a system has many characteristics that lend themselves well to
physical-chemical studies and thus provide a useful tool for the funda-
mental study of specific protein-protein interaction.

Proteinase inhibitors are widely distributed in both animals and
Plants. 1In plants they are particularly plentiful in the legqumes. The
principal plant inhibitors that have been studied are those from soy-

beans, lima beans, pea, potatoes and eggplants; the principal animal
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inhibitors that have been studied are those from pancreas, colostrum,
blood plasma, and avian egg white. Inhibitors have also been found in
seminal fluid, urine, and ceftain intestinal parasites. Some of these
iphibitors may have an important function in biological control mecha-
nisms and may have practical significance in animal and human nutrition.
The diséovery of the inhibitors of proteolytic enzymes have been
closely related to the history of the proteolytic enzymes that they
inhibit. Inhibitors of bovine trypsin and o-chymotrypsin were reported
as early as 1900. However, the first real understanding of the funda-
mental nature of the problem began with the crystallization of a trypsin
inhibitor from bovine pancreas and crystallization of its complex with
trypsih by Kunitz and Northrop (I) in the mid-1930's. Approximately a
‘decade later the trypsin inhibitory activity was rioticed in soybeans by
Ham and Sandstedt (2), and by Bowman (3). This was followed several
years later by the .crystallization qf a soybean inhibitor by Kunitz (4).
ovomucoid from chicken egg white had been regarded as a distinct protein
until 1947, when Lineweaver and Murray detected a trypsin-inhibitory
activity in chicken ovomucoid (5). During the next few years inhibitory
activities against proteinases were found in many biological materials
and an excellent review of inhibitors of proteolytic enzymes was pub-
lished in 1954 by Laskowski, Sr. and Laskowski, Jr. (f}. Methods for
the assay and isolation of a number of inhibitor was published in 1955
by Laskowski, Sr. (7). During the last decade there have been many in-
vestigations on these inhibitors. The most recent work is an attempt to
understand the enzyme-inhibitor interaction and specificity in molecular
terms. This approach is recent because, only within fhe last decade,

the molecular aspects of the enzymes was enough learned about and suffi-



ciently sensitive physical and chemical probes were developed.

In 1270 the tertiary structure of the bovine pancreatic trypsin
inhibitor (Kunitz) was reported by Huber et al. (8,8). The tertiary
structures of the complex formed by bovine pancreatic trypsin inhibitor
(Kunitz) and bovine trypsin and that formed by sovbean trypsin inhibitor
(Kunitz) and porcine trypsin were reported by Huber and his coworkers
(10) and Blow and his cowérkers (11), respectively.

There are several current reviews of the nutritional (I2,13),
pharﬁacological (I4), and general (156-17) aspects of proteinase inhibi-
tors. The largest collecticn of references is the review by Vogel et
al. (18). The international conferences on protein proteinase inhibi-
tors have considered the physical-chemical propérties of protein-protein
interaction and the molecular evolution of proteins, as well as their
Physiological role especially in blood coagulation and fertilization
(19, 20).

In 1972 a protein proteinase inhibitor was isclated and céystal—
lized from the culture broth of Streptomyeces albogriseolus S-3253 by
Murao and Sato (21,22). The inhibitor is one of the first protein pro-
teinase inhibitors obtained from microbe and has a unigue inhibitory
specificity towards various proteinases. It was reported that it inhib-
its only microbial alkaline serine proteinases represented by subtilisin
BPN', but not other serine proteinases including trypsin, chymotrypsin,
plasmin and thrombin. It does not inhibit plant proteinases, ficin and
papain, and also acid proteinases including pepsin and microbiél acid
proteinases (Table 1.1) (23). The inhibitor has been named Streptomyces
Subtilisin Inhibitor (abbreviated in the following as SSI) after its

inhibitory specificity.



Table 1.1. Inhibitory Activity
Proteinase pH Substrate Inhibition
1. Subtilisin BPN' 9.5 casein +
2. B. subtilis 3504 .
= i 9.5 casein +
-‘alkaline proteinase
3. B. subtilis vax.
amylosacehariticus 9.5 casein +
alkaline proteinase
4. Streptomyces sp- 9.5 casein +
alkaline proteinase
5. Cephalosgomwn SP- 9.5 casein +
alkaline proteinase
6. Trypsin ‘ 7.0 casein -
7. a-Chymotrypsin 7.0 casein -
8 Thrombin 7.2 TAME -
9. Plasmin 7.2 fibrin -
10. Papain 7.0 casein -
11. Ficin 7.0 casein -
12. Pseudomonas aeruginosa .
: % 7.0 casein -
neutral proteinase
13. Pepsin Co 1.6 casein -
14. Rhodotorula glutinis .
s X 2.5 casein -
acid protéinase
15. C . . .
Zadogportum P 2.5 casein -
acid proteinase
2 cited from Sato and Murao (1973) (23).

TAME: tosyl-L~arginine methyl ester

Subtilisin BPN' is one of the best characterized proteinases, as

well as da-chymotrypsin and trypsin, in the sense that the information on

the primary (24,25)7ahd tertiary (26) structures has been obtained. As

to SSI, the amino acid seqdence was determined in 1974 by Ikenaka et al.

(Fig. l.l)'(27),‘and‘theitertiary structure was recently determined
X~-ray analysis by Mitsui et al. on the basis of an electron density
at 2.3 A resolution (28,29).

peptide of 113 amino acid residues including two disulfide bridges.

As shown in Fig. 1.1, S8I is .a single

from
map
poly-

This

protein has no isoleucine but contains a large number of alanine and val-

ine. Based on the ekperiments with o-chymotrypsin, the susééptible
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Fig. 1.1. The amino acid sequence of Sitreptomyces Subtilisin Inhibitor,
SSI, cited from Ikenaka e® al. (1974) (87). The reactive site is con-
sidered to be Met 73-val 74 (27).

peptide bond to the active site of proteinase has been considered to be
Met 73-Val 74 and the methionine to be a reactive {anti-proteinase) site
residue (87). The interaction of SSI and subtilisin BPN' can thus be an
excellent model system for studying the molecular aspects of the strong
and specific interaction between proteins which play important roles in
the bioclogical phenomena. It can also provide some informaticon about
the catalytic mechanism of proteclytic enzymes, since the studies on the
reaction by proteolytic enzymes have so far been made exclusively by
using synthetic small substrates, and not physiologically significant
natural substrates.

In the present thesis are described physical-chemical properties
of Streptomyces Subtilisin Inhibitor, $SI, and the interac;ion between

the inhibitor and proteinases, especially subtilisin BPN', at the molec-
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ular level revealed by using enzyme kinetic .and spectrophotometric
methoas.

In Chapter Two, the stoichiometry of the inhibipion and binding
of SSI égainst suhtilisin>BPN' is described. A molecule of SSI {of 113
amino acid residues) combines with one molecule of the enzyme and
strongly inhibits it. The inhibitor constant was estimated to be less
than 107° M.

In‘Chapter Three is depicted the determination of the molecular
weights of SSI and the complex of SSI and subtilisin BPN' by sedimenta-
tion method. SSI was shown to exist in solution as a dimer of identical
subunits. It was indicated from the molecular weight of the complex
that a dimer molecule.of SSI combines with two molecules of subtilisin
BPN'.

In Chapter Four, howéver, SST is shown to dissociate into monomers
with low concentration of sodium dodecyl sulfate without loss of the in-
hibitory activity.

. In Chapter Five is described the interaction of SSI with a-chymo-
trypsin and trypsin which have been reported not to be inhibited by SSI
(Table 1.1) (23). The homology between the active—site structures of o~
chymotrypsin and subtilisin BPN' has been shown by substrate specificity
(30) and by X-ray crystallography (31,32) notwithstanding the much dif-
ferences in the origin and the amino acid sequence. This homology has
been explained by virtue of the convergence in evolution (31-33). 8sI
has been shown in the present study to bind o~chymotrypsin and inhibits
its activity toc a much less extent. SSI appears to recognize the subtle
difference between the active site of the both enzymes.

In Chapter Six, the investigation of the states of tyrosyl and
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tryptophyl residueg of $SI by means of solvent perturbation and spectro-
photometric titration at alkaline PH region are described. Three tyro-
syl residues are all accessible to all of the solvent used. One trypto-
phyl residue is not accessible to polyethylene glycol, and partially
accessible to methanol and ethylene glycol. The apparent pKa values of
the three tyrosyl residues were determined separately toc be 9.66, 11.02,
and 12.33,

In Chapter Seven, the interaction of SSI and subtilisin BPN' is
described. Cn the formation of the complex between SSI and the enzyme,
4 to 5 tyrosyl and a tryptophyl residues become inaccessible to ethylene
giycol, and simultaneously a typical and big absorption difference spec-
trum due to pKa—shift of a tyrosyl residue of apparent pKé 9.7 upwards
to > 11.5 is observed.

In Chapter Eight, by chemical modification studies, it is shown
that this tyrosyl residue belongs to subtilisin BPN' and the pKafshift
is resulted from the approach of carboxyl group(s) of SSI on the forma-
tion of the complex between subtilisin BPN' and SSI.

In Chapter Nine, the interaction of the tyrosyl residue and carb-
oxyl group(s) in SSI-subtilisin BPN' system is compared with that in
SSI~thiolsubtilisin BPN' system. Thiolsubtilisin BPN' is an artificial
enzyme obtained by converting the serine residue at the catalytic site
of subtilisin BPN' into cysteine. The binding of SSI and this “cysteine"
enzyme was shown to be ten thousands or more weaker than that of SSI and
subtilisin BPN'. On the binding of thiolsubtilisin BPN' and SSI, the
apparent pk value of a tyrosyl residue of the enzyme changes from 9.7
to 10.2. Differences in the dissociation constants and the degrees of

PKa—shift between the bindings of subtilisin BPN' and thiolsubtilisin
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BPN’ with SSI are considered to be dué to a subtle difference in geogra=-
phy of the active sités betweeén those enzymes. The signifiéancé of goed .
fitriess between ‘the active site of subtilisin BPN' and the reactive site

of 85I for their strong binding is discussed.



Chapter Two

The Stoichiometry of Inhibition and Binding of Strepto-

myces Subtilisin Inhibitor to Subtilisin BPN' *

2.1 Introduction

A protein proteinase inhibitor of unique properties, Streptomyces
subtilisin inhibitor, inhibits almost exclusively the hydrolytic activity
of the alkaline serine proteinases (£3). The author believes that this
protein is a good object for the comparative study of specific protein-
protein interaction between subtilisin.BPN‘ and g~chymotrypsin whose
three-dimensional structures have been elucidated in detail (26, 34) (see
Chapter Four).

The term “protein proteinase inhibitor" refers to a protein which
may associate reversibly with one or more proteinases to form complexes
" of descrete stoichiometry in which all of the catalytic functions of the
proteinase are competitively inhibited (15).

In this Chapter the stoichiometry of inhibition and binding of SSI

to subtilisin BPN' and some characteristics of the inhibition are de-

scribed.

2.2 Experimental Procedures

* A part of this study was presented at the Annual Meetiné of the Agri-
cultural Chemical Society of Japan (Tokyo, April 1973), and published

in J. Biochem. (1977) 82, 961-967 (a).
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Inhibitor. A three times crystallized and lyophilized preparation
of Streptomyces subtilisin inhibitor, SSI, obtained from the culture
broth éf Streptomyces albogriseolus $-3253 according to the previously
reported method (22,23) was a generous gift from Professor 5. Murao.

The preparation showed a single band on polyacrylamide gel electrophore-
sis either at pH 2.3, 6.6, or 9.5 (23). The minimal molecular weight
calculated from the amino acid composition (27) is 11,500 (Fig. 1.1).
This value was used throughout the study.

Enzyme. A three times crystallized preparation of subtilisin BPN'
. [EC 3.4.21.14) was purchased from Nagase & Co. Ltd., Osaka (Lot No.
01026) and used without further purification. The purity of the enzyme
prepara£ion was deterﬁined as described iater. The molecular weight was
taken to be 27,500 on the basis of the amino acid compoéitioﬁ (24,25).

Substrates. p-Nitrophenyl acetate {pNPA) (Tokyo Kasei ﬁogyo Co.
Ltd,) and N-trans-cinnamoyl imidazole (Sigma Chemical Co.) were used
without further purification. The concentration of pNPA {pKa = 7.14)
and N-frans-cinnamoyl imidazole solutions were determined spectrophoto-
metrically at pH 7.00 with € = 7.73 x 10° M lem ) and € = 9.04 x

405 335
3 1

100 M cm_l, respectively, after complete hydrolysis.
Determination of protein concentration. The concentration of sub-
tilisin BPN' and SSI were determined spectrophotometrically at pH 7.00

with a Shimadzu UV-200 recording spectrophotometer. The absorptivity of

subtilisin BPN' was assumed to be Eg'i;(278 nm) = 1.063 and Eg'i;(ZSO nm)
0.1% 0.1%

= 1.041, and that of SSI to be E {276 nm) = 0.829 and E (280 nm) =
cm 1l cm

1
0.796. These values were calculated on the basis of the amino acid com-
positions of these proteins (24,27). The values of absorptivity of these

protein preparations observed by the author were as follows: El'i;(278
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0.1% oy e , 0.1%
nm) = 1.078 and E; Cm(280 nm}) = 1.066 for subtilisin BPN', and E, Cm(276
0.1%

0.810 for SSI.

I
il

nm} 0.822 and El cm(280 nm)
Determination of the purity of subtilisin BPN' preparation. The
purity of the subtilisin BPN' preparation used was determined by the
active-site titration essentially according to the method of Bender et
at. {1966) (35) with slight modifications.l Two kinds of titrant, p-
nitrophenyl acetate (pNPA) and N-{¢rans-cinnamoyl imidazole were used.
Equal volumes of an enzyme scolution in 20 mM pyrophosphate buffer,
pH 8.50 and a PNPA solution in water containing 10.0% (v/v) isopropanol
were mixed in a Union SF-70 stopped-flow apparatus. Changes in trans-
mittance and absorbance at 405 nm due to the liberation of p-nitrophenol
were monitored on an Iwatsu MS-5019A storage oscilloscgpe, and the reac-
tion profile was recorded with a camera (as Fig. 2.1). The final con-
centration of the enzyme was in the range of 0.70 - 2.0 mg/ml (25.5 -
72.7 UM assuming the enzyme preparation to be 100% pure) and that of
PNPR was in the range between 0.364mM and 1.82 mM. The molar abéorptiv—
ity difference between pNPA and p-nitrophencl, AE405, was determined to
be 1.76 x 10 M lem L at pPH 8.50. |
The stoichiocmetric basis of the active-site titration of the hydro-
lytic enzyme may be represented by the reaction scheme 2.1, which repre-
sents thé overall pathway for o-chymotrypsin, trypsin, elastase, subti—l

lisin, papain, and acetylcholinesterase reactions (35, 36).

K ky ks
E + § &&=———==>= Eg > ES! > B (2.1)
+ +
B Py

Here, in the present case, E is subtilisin BPN'; S, the substrate, pNPA;
ES, the Michaelis complex; Es', acyl-enzyme intermediate; Pl’ p-nitrophe-

nol; and P2, acetate. The conversion of E and § into ES' and Pl can be
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considered a stoichiometric reaction with respect to an individual active
site. If this process can be observed before the turnover (regeneration)
of the enzyme occurs, then a direct measurement of the active enzyme
concentration may be made.

The most common set of conditions for observation of enzymatic pro-
cesses, and the most important set for the determination of the enzyme
concentration, utilizes [S], >> [El,, where {S], 4nd [El, is the initial
concentrations of substrate (pNPA) and enzyme (subtilisin BPN'), respec-
tively. Under these conditions a pre-steady state (acylation) and a
-steady state (deacylation) may be observed, the former often being too

fast to measure, and the concentration of P, liberated in the pre-steady

1
state, T (the magnitude of the apparent initial burst), is related to the
concentration of active site of the enzyme. For the reaction scheme 2.1,

when [S], >> [E]o; the concentration of p-nitrophenol liberated in time

t, [Pl]’ can be described by

[P ] = At + (1 - e"bt) (2.2)
whexre 4 =.kcat[E]u-[s}o / (Is], +‘kﬁ) (the steady~state rate) (2.3)
b= {(k2 + ksl + k3Ké} /K, + [S],) (an apparent rate
constant for the burst) (2.4)
and T may be expresSed as
_ ‘ 2 - 2
T = [Elu{kz/(kz + k)1 {1+ (K_/181,)} (2.5)
Here, Kﬁ and kcat are, respectively, the apparent-Michaelis constant and

the catalytic rate constant (molecular activity) {k2k3/(k2-+ k3)} ob-
tained for the steady state phase of the reaction curve.
At time when ¢ >> b holds, the expohential term of Eq. 2:2
approaches zero and Pl can be described as a linear function of ¢,
[p,) = 7 + 4% . (2.6)

- 12 -



"

Fig. 2.1. Stopped=-flow oscillogram of the liberation of p-nitrophenol
during the hydrolysis of p-nitrophenyl acetate by subtilisin BPN'.
[subtilisin BPN'}, 6 = 2.0 mg/ml, and [pNPA], = 3.2 mM in 20 mM pyroprhos-
phate buffer, pH 8.5, containing 5.0% (v/v) isopropancl, 25°C. Wave-
length, 405 nm. Scale: horizontal, 0.5 sec/div.; vertical, 0.05 Abs./

div.

Since T is the intercept of a plot of [Pll vs. £t at ¢ = 0, it was meas-
ured from the stopped-flow traces of the reaction profiles. Eguation
2.5 may be transformed into Eq. 2.7,

172 0-1/2

[E] {(k2 + k3)/k2}(1 + K /1s],) (2.7)

From Eq. 2.7, the plot of ﬁ—l/z vs. [S]. ~ is expected to give a straight

-1/2

line whose intercept is [E], {(k2 + k3)/k3}. If the condition is met

that k2 >> k3, the inte?cgpt of such a plot (as Fig. 2.2) would give
[E],,_l/2 and hence [E], directly.

Since for the hydrolysis of pNPA by subtilisin BPN', the ratio of
kz/k3 has not been reported, it was calculated as follows. The pre-

steady state phase of the reaction curve was analysed with the Guggenheim

plot (37}, and the first-order rate constant, b, was obtained (1.64

- 13 -



°5 ' 10 ' 2.0 3.0
17LS3e (1/mM)

Fig. 2.2. Dependence of the anitrophenol "burst", W, on the initial
concentration of éubstrate, [S],, in the active-site titration of subti-
lisin BPN' by p—nitrophényl acetate. Subtilisin BPN'; 2.0 mg/mi (72.7
UM assuming 100% pure) in 20 mM pyrophosphate buffer, pH 8.5, containing
5.0% (v/v) isopropanol, 25°C.

sec—l). The ratio of kz/k3 Qas calculated to be 50 from

kz/k3 = {bm, (1 + [S]o/]{m)} / v + [S1o/K ) - b, } (2.8)
where V is the maximum velocity obtained for the steady state phase of
the reaction curve, and T, is the magnitude of the initial burst, T, ex-
trapolated to [S] ,— « in Eg. 2.5 (Fig. 2.2). The active enzyme con-
centration, [E],, was obtained from [El, = 7 {1 + k3/k2)2; and tﬁe purity
of the enzyme preparation was calculated to be 74.7%.

The active-site of subtilisin BPN' was titrated also with N-trans-
cinnamoyl imidazole. Equal volumes of the enzyme solution in 25 mM phos-—
phate buffer, pH 7.00, ionic strength 0.1 M (NaCl), and the titranf solu-
tion in the same buffer containing acetonitrile at 6.4% (v/v) were mixed
with a Union MX;7 sample mixing unit. The final concentration of the

- 14 -



enzyme was 0.54 mg/mi (19.6 pM assuming the enzyme preparation to be
100% pure)} and that of N-trans;cinnamoyl imidazole was in the range be-
tween 13.2 UM and 76.9 uM. The ratio of kz/k3 for the hydrelysis of
N-trans-cinnamoyl imidazole by subtilisin Novo, which is believed to be
identical with subtilisin BPN' (38,39), has been reported to be 186 * 20
(35) satisfying the reguirement of k2 >> k3. Accordingly, the magnitude
of the burst, m,, was considered to be the same as the active enzyme
concentration in this case; and the purity of the subtilisin BPN!' prepa-
ratioﬂ was calculated to be 74.6%,

The values of the purity of the subtilisin BPN' preparation thus
determined by the-two different titrants are in good agreement with each
other, and 74.7% is used throughout this study.

Enzyme activity measurement. The esterolytic activity of subtili-
sin BPN' was measured spectrophotometrically withlePA as substrate.

The reaction was initiated by mixing equal volumes of the enzyme solu-
tion in 20 mM pyrophosphate buffer, PH 8.50 and the substrate solution
in water containing isopropanol at 10.0% (v/v). Increase in absorption
at 405 nm due to the liberation of p-nitrophencl was followed at 25°C
with a Shimadzu UV-200 recording spectropﬁotometer. The molar absorp-

tivity at 405 nm of p-nitrophenol at pH 8.50 was taken to be 1.76 x 10°

M_lcm_l.

Measurement of inhibifor activity. The inhibitory activity of SSI
against subtilisin BPN' was assayed spectrophotometrically under the
same conditions as the enzyme activity measurement with pNPA as'éub-
Strate. The enzyme and the inhibitor were mixed first, and afte£ keep-
ing the mixture at 25°C for ten minutes the reaction was started by
adding the substrate solution. For the measurement with a stopped-flow
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apparatus,-however, the substrate and the inhibitor were mixed first,
and the reaction was started by mixing the substrate-inhibitor mixture
and the enzyme solution (alsc refer to the section of Determination of
the purity of subtilisin BPN' preparation).

Titration of subtilisin BPN' with SSI by ultraviolet absorption
difference spectrophotometry. Difference spectra observed on the bind-
ing of $SI and subtilisin BPN' were recorded with a Hitachi Model 323-
2000 recording spectrophotometer with an expanded scale (0.04 Abs./full
scale}. Twec pairs of matched cuvettes of 1 cm light path length were
used. To an enzyme solution, 1.65 mg/ml (44.8 UM taking into account
the purity of the enzyme preparation).in 25 mM phosphate buffexr, pH 7.0
(the ionic strength was adjusted to 0.1 M with NaCl) was added the equal
volume of SSI solution in the same buffer at various concentrations up
to 2.0 mg/ml (0.174 mM). The ultraviolet absorption difference spectra

were recorded after holding the mixture at 25°C for 10 min.

2.3 o Results

Absorption spectrum of SSI. Figure 2.3 shows the ultravioclet
absorption spectrum of SSI in 25 mM phosphate buffer, pH 7.0, ionic
strength 0.1 M (NaCl). The absorption maximum is at 276 nm, and the

0.985.

ratio A is 0.431 and A /

250”2276 2807 ®276
Inhibition of subtilisin BPN' by SSI. The inhibition by SSI of

the hydrolysis of pNPA by subtilisin BPN' is shown in Fig. 2.4. A good

linear relationship is observed between the remaining enzyme activity

and the inhibitor concentration. There is the distinct point of com~

plete inhibition, at which the :concentration ratic of subtilisin BPW' to
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Fig. 2.3. Ultraviolet absorption spectrum of SSI. SSI: 0.572 mg/ml

(49.4 yuM) in 25 mM phosphate buffer, pH 7.0, ionic strength 0.1 M (Nacl),
25°¢.

SSI is 3.15 : 1.00 (in mg/ml units).

Inhibition of the pre-steady state as observed by the stopped-flow
method. The inhibition experiment was carried out also with a stopped-
flow apparatus. The oscilloscope traces of the reaction curves are shown
in Fﬁg. 2.5. In the absence of the inhibitor (Fig. 2.5, a), a clear bi-
phasic curve with a initial burst and the steady state phase is recorded.
As the inhibitor concentration increases (Fig. 2.5, b,c), thexe are

observed not only decreases in the rate of the steady state phase but
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Fig. 2.4. Inhibition of subtilisin BPN'—éatalyzed hydrolysis of p-nitro-
phenyl acetate by SSI. Subtilisin BPN': 2.30 x lO_2 mg/ml (0.826 uM
assuming 100% puref; p-nitrophenyl acetate: (a), 0.710 mM and (b), 0.406
mM. 20 mM pyrophosphate buffer, pH 8.5b, containing 5.0% (v/v) isopro-
panol, 25°C. ([subtilisin BPN'},/[SSI], = 3.15 (w/w} at the saturation
point. The residual activity beyond the saturation point is due to the

ncn-enzymatic hydrolysis of the substrate.

also the disappearance of the initial burst.

Titration of subtilisin BPN' with SSI by ultraviolet absorption
difference spectra. Figure 2.6 shows the ultraviolet absorption differ-
ence -spectra produced on the mixing of SSI with subtilisin BPN'. The
spectra reflect some changes in the environment of both tryptophyl and
tyrosyl residues caused by the these proteins.

Figure 2.7 represents the plot of the difference between_AA288 and

AA294 of the spectra as shown in Fig. 2.6 against the concentration of
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Fig. 2.5. Stopped-flow oscillograms showing the effect of S5I on the

subtilisin BPN'~catalyszed hydrolysis of p-nitrophenyl acetate. [subti-
lisin BPN'], = 0.B03 mg/ml {21.8 UM taking the purity, 74.7%, inta ac-
count). [p-nitrophenyl acetatel, = 0.922 mM. {SSI monomer}, = (a}, O:
(b}, 7.88 uM; {c), 15.8 uM; and (d), 23.7 u¥. 20 mM pyrophosph&te

buffer, pH B.5D, containing 5.0% {v/v} isopropancl, 25°C. Wavelength,
405 nm.

S8I. There is the distinet point of saturation, at which the concentra-
tion ratio of subtilisin BPN! to 581 is.3,l§ :» 1.00 {in mg/ml units).
Evaluation of inhibition and binding equivalenmce. The concentra-
tion ratio of subtilisin BPN' to SSI at the point of complete ihhibition
{Fig. 2.4) and the value at the point of saturation in binding (Fig. 2.7)
agree very well with each other indicating the stoichiometric binding

of 551 FQ a specific site of the enzyme. The average of the two values
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Fig. 2.6. Ultraviolet absorption difference spectra observed on the
binding of SSI and subtilisin BPN'. [subtilisin BPN'], = 0..735 mg,/ml
(26.7 uM aésﬁming 100% pure); [SSI], = (a), 0.530 mg/ml; (b), 0.150
mg/ml; and {(c), 0. 25 mM phosphate buffer, pH 7.6, ionic strength 0.1 M
(NaCl), 25°C. ’

gives sﬁbﬁilisin BPN' :.SSI = 3,15 : 1.00 (in mg/ml units). When the
purity of’the enzymelpreparation, 74.7% and the molecular weights 6f thé
two profeins (subtilisin BPN', 27,500; SSI, 11,500) are taken into ac-
count, the ratio tﬁrns out to be 0.99 : 1.00 in molar basis. It is con-
cludedAéécordingly that one molecule of SSI stoichiometrically binds and
inhibits one molecule of subtilisin BPN"(see Discuséion 2.4).

| The type of inhibition and eétimdtion of Ki.. The linear plots of
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Fig. 2.7. Difference spectral titration of subtilisin BPN' with SSI at
PH 7.0, 25°C. Conditions are as in Fig. 2.6. [subtilisin BEN'],/[SSI],
= 3.16 (w/w) at the saturation point. '

the kinetic data of subtilisin BPN' with and without SSI exhibited appar-~
ently a typical noncompetitive type inhibition profile (Fig. 2.8).
Determination of the inhibitor constant,. Ki’ of SSI against subtilisin
BPN' was attempted by the method of Green and Work (1953) (40) and othex
methods of linear plotting. A value (3.8 * 1.5) x 10_lO M was obtained
using the equation of Héndérson (1972) (41) which describes the steady
state kinetics of the enzyme with tightly bound inhibitors; however, en-
zyme concentrations of the order of 10—7 M had to be used in the present

assay system, which are somewhat too high to obtain a very accurate Ki

value, It is safely stated, at present, that Ki of SSI against subtili-
sin BPN' is less th -9 i i ]
ess an 10 M at pH 8.5. The Ki determination with more

sensitive assay methods have been under investigation (kinetic investi-
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Fig. 2.8. Apparent noncompetitive inhibition of subtilisin BPN'-cata-
lyzed hydrolysis of p-nitrophenyl acetate by SSI. [subtilisin BPN'], =
5.0 % 10_2 mg/ml (1.36 UM taking the purity, 74.7%, into account.
[SSI1, = (a), O mg/ml; (b), 5.0 x 10 > mg/ml; (c), 7.0 x 1073 mg/ml.

20 mM pyrophosphate buffer, pH 8.5, containing 5.0% (v/v) isopropanol,
25°¢C,

gation: Tonomura, B., Azuma, T., and Hiromi, K., unpublished results;
fluorescence titration: Uehara, Y., Tonomura, B., and Hiromi, XK., unpub-

lished results).

2.4 Discqssion

Determination of absorptivity of proteins. In the present study

. . 0.1%
the absorptivity, El cm

composition was used throughout. Ratios of the observed values to the

. of each protein calculated from its amino acid

calculated values of the absorptivity for S5SI are 0.991 (276 nm) and

- 22 -



1.018 (280 nm); and for subtilisin BPN', 1.014 (278 nm) and 1.024 (280
nm}. These figures fall in the range of the ratios for scme other pro-
teins listed by Wetlaufer (42). A value Ei'ii(Z?B nm) = 1.17 obtained
for diisopropyl phosphoridate-inhibited (DIP) subtilisin BPN' by Matsu-
bara et al. (43} has been used widely in the literature as the absorp-
tivity of this enzyme. If this value is employed in the present case,
the purity of the enzyme preparation will be 82.2%, and the molar ratio
of the inhibition and binding equivalence will be 1.08 : 1.00; the pres-
ent iﬂference that a mole of SSI (monomer) binds and inhibits one mole
of subtilisin BPN' need not be changed by this.

Competitive inhibition of SSI against subtilisin BPN'. The inhi-
bition of the pre-steady state observed by the stopped-flow method
suggests that SSI inhibits the hydrolysis of pNPA by subtilisin BPN'
either at or before the step of the acyl-enzyme (ES') formation in the
reaction scheme 2.)1. This is interpreted, for the reasons described
below, as that SSI competes with pNPA for the active site of the enzyme,
though the apparent noncompetitive inhibition mentioned in Results 2.4
may seem to suggest the formation of the inactive ternary complex, IES.
It has been recognized that an inhibitor with a high affinity to an en-
zyme exhibits apparently the noncompetitive type inhibition even if its
inhibition mechanism is competitive with the substrate (44).

The apparent noncompetitive inhibition is evident especially when
the activity assay is started by adding a substrate into the pre-mixed
solution of the enzyme and the inhibitor, as was done in this s£udy.
This is believed to be due to the slow disscciation of the enzyme-inhib-
itor complex in the final reaction mixture, which results in the decrease
of the actual initial concentration of the active enzyme. This view is
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endorsed by the observations that the degree of inhibition was lower
when the activity assay was started by adding the enzyme intc the mixture
of the substrate and the inhibitor allowing the competition between them,
and that this phenomenon was more clearly seen at the low concentration
of the inhibitor and hard to detect when a better substrate like casein
was used instead of pNPA.

The above conclusion of competitive inhibition is-supéorted by the
fact that DIP-subtilisin BPN' and carbobenzoxy-L-alanyl-glycyl-L-phenyl-
alanine chloromethyl ketone-inhibited (ZAGPCK) subtilisin BPN' fail to
produce the ¢omplex with SSI as monitored by gel filtration with Sephadex
G-100 (45). 1In this connection, it has been demonstrated that SSI com-
petitively inhibits bovine c-chymotrypsin with Ki of (3.0 * 0.7) x 10_6
M (see Chapter Five). The above. interpretation seems reasonable also on
the analogy of the cases of bovine pancreatic trypsin inhibitor (XKunitz}-
bovine trypsin (I0). and soybean trypsin inhibitor (Kunitz)-porcine
trypsin (11), for which the X-ray crystallographic analyses have sug-
gested that the inhibitors are bound to the catalytic site of the enzyme
in the form of tetrahedral intermediate.

S5I as an active-site titrant of subtilisin BPN'. Since the stoi-
chiometry of the binding and inhibition has bgen accurately determined
here (Figs. 2.4 and 2.7), S8SI can be recommended as a useful titrant of
the active-site of subtilisins in view of the present status that there
is no good "active=site titrant for these proteinases: in the case of
PNPA, kz/k3 is not large enough as determined in this study (Experimental
Procedures 2.2), and in the case of N-irans-cinnamoyl imidazole, which
has been used widely for subtilisins {35), the large absorbance change

due to the intermediate, cinnamoyl-enzyme, may possibly prevent one from
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the accurate determination; moreover, considerable degree of spontaneous
hydrolysis of these titrants in the pH region optimal for subtilisins
makes the active-site titration troublesome.

The recommended method for the active-site titration of subtilisin
BPN' by the use of SS5I is as foilows. The esterolytic activity of sub-
tilisin BPN' is measured spectrophotometrically with pNPA as substrate.
A pNPA solution of about 1.0 mM in water containing 10.0% (v/v) isopro-
panol and a pre-mixed solution of enzyme and SSI (subtilisin BPN', 0.05
mg/ml; 1.82 UM assuming the enzyme preparation to be 100% pure; SSI, 0 -
0.02 mg/ml, 0 - 1.82 UM as monomer) in 50 mM phosphate buffer, pH 7.0
are prepared. The reaction is initiated by mixing equal volumes of the
pPNPA sclution and the SSI-subtilisin BPN' mixture solution in the opti-
cal cuvette at 25°C, and the initial velocity, v, for the reaction can
be directly determined from the progress curve at 405 nm, for the spon-
taneous hydrolysis of the substrate is almost negligible at pH 7.0. The
initial velocity of the reaction must be determined at least two SSI
concentrations; in addition, the blanck must be taken ([SSI}J, = 0 M).
When v is plotted against final SSI concentration, [SSIl,, (as Fig. 2.4),
v is expressed as v = v, + a[SS1],, where v, is v at [88I], = O M and a
is a constant aescribing the slope. The extrapclated value oﬁ fss1],
tov — 0, -~ v, /a, cofresponds to the active-site concehtration of the
preparation used of subtilisin BEN'.

The absorption ‘d'zifference spectrum observed on the binding; of SSI
and subtilisin BPN'. The difference spéctra observed on the mixing of
SSI and subtilisin BPN' (Fig. 2.6) are attributable to the specific
interaction between the two proteins. The shape of the difference spec-
tra suggests some change in the environment of both tyrosyl and trypto-~
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phyl residues. The environmental change may include the electrostatic
one of tryptophyl residues as indicated from the small peak at 300 nm
{(46-48}. The states of these aromatic amino acid residues and their
changes cn the enzyme-inhibitor complex formation will be dealt with in

detail in Chapter Six and Chapter Seven, respectively.

2.5 © Summary

The stoichiometry of inhibition and binding of Streptomyces subti—z
lisin inhibitor, a protein proteinase inhibitor produced by Streptomyces‘
albogriseolus S-3253 (21-23) towards subtilisin BPN' was studied. The
inhibition of the hydrolysis of p-nitrophenyl acetate by subtilisin BPN'
was measured, at the pre-steady state and at the steady state. The
stopped-flow study of the pre-steady state demonstrated the disappearance
of the initial burst of the enzyme reaction. The ultraviolet absorptiocn
difference spectra were observed on mixing the inhibitor and £he enzyme,;
suggesting some change in the environment of tryptophyl and tyrosyl
residues in the proteins. Titration by means either of the degree of
inhibition at the steady state or of the magnitude of the ultravioclet
difference absorbance revealed that one protomer (molecular weight,
11,500) of the inhibitor binds and inhibits one molecule of subtilisin
BPN'. The inhibitor constant, Ki' for subtilisin BPN' was estimated to

-9 . .
be less than 10 M at pH 8.5. A new method for active-site titration

of subtilisin BPN' with SSI was proposed.
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Chapter Three

The Determination of Molecular Weights of Streptomyces
Subtilisin Inhibitor and the Complex of Streptomyces

Subtilisin Inhibitor and Subtilisin BPN' *

3.1 Introduction

- In the previous Chapter, it was described that one monomer unit
of 85I of molecular weight 11,500 binds and inhibits one molecule of
subtilisin BPN' stoichiometrically. This molecular weight of SSI was
calculated from the amino acid composition (Fig. 1.1) (27).

The molecular weight of SSI, however, was first reported to be
27,000 by gel filtration on a Sephadex GleO column (23) and to be
12,000 by SDS polyacrylamide gel electrophoresis (49). From this dis-
crepancy was suggested the possibility of dimerization of SSI molecule
in solution. The dimeric structure of $ST in crystal was also suggested
from X~ray crystallcgraphy (28). The view that SSI exists as a dimer
(12) composed of identical subunits is consistent with the results of
binding ang inhibition equivalence shown in the previous Chapter.
However, the possibility remains to be examined that SSI dissociates
into monomer {I;) upon binding of the enzyme (E) and that the enzyme-
inhibitor complex is in the form of one molecule of enzyme with a mono-
mex of inhibitor (Elll) as in the case of plasminostreptin (Sugino, H.

and Kakinuma, A., unpublished results).

\_\_
* A .
A part of this study was presented at the Annual Meeting ¢f the Bio-

Physical Society of Japan (Tokyo, October 1973) (b).
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The present study in this Chapter was initiated to determine the
molecular weight of SST in solution and that of the enzyme-inhibitor
cemplex by using sedimentation equilibrium method. Especially, in order
to detect the dissociation of SSI into monomer, the molecular weight of

SSI was measured at the low protein concentration.

3.2 Experimental Procedures

Protgins. A three times crystallized and lyophilized preparation
of Streptomyces subtilisin inhibitor, SSI, was kindly supplied by Profes-
sor S. Murao. A three times c¢rystallized preparation of séybean trypsin
inhibitor (Kunitz) (Lot No. 54B-0720) was a product of Sigma Chemical Co.
A three times crystallized preparation of subtilisin BPN' {ﬁc 3.4.21.14}
was purchased from Nagase Co. & Ltd., Osaka (Lot Ne. 01026). The purity
of the prepardaticn was determined to be 74.7% by the method described in
the previous Chapter (Experimental Procedures 2.2).

Protein concentrations were determined spectrophotometrically with
a Shimadzu UV~-200 recording spectrophotometer. The absorptivities,
Eg'i:(ZBO nm), of 1.066, 0.810, and 1.004 were used for subtilisin BPN',
SSI {(Experimental Procedures 2.2) and soybean trypsin inhibitor (Kunitz)
(68), respectively.

Proteins were dissclved in 25 mM phosphate buffer, pH 7.0, ionic
strength 0.1 M (NaCl).

The complex of subtilisin BPN' and SSI. A crystallized and lyophi-
lized preparation of the complex of subtilisin BPN' and SSI obtained
according to the previously reéported method (45) was generously-supplied

by Professor S. Murao. The preparation showed a single band on polyacl’Yl
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Fig. 3.1. Peclyacrylamide gel electrophoresis of (a) subtilisin BPN'-5SI
complex, (b) mixture of subtilisin BPN' and SSI, and (c) SSI. Sample
solutions were applied to polyacrylamide separating gels at pH 9.5. The
gels were stained with Coomassie Brilliant Blue R-250 and destained by

leaching with 7.5% acetic acid.

amide gel electrophoresis at pH 9.5 (Fig. 3.1, a).

Determination of the partial specific volume of SSI. The partial
specific volume, 5, of 881 used in the ultracentrifugal experiménts was
easured with a 5-ml Ostwald pycnometer (51). Meniscus was adjusted in
a water bath at 25.0%0.1°C, and room température was adjusted to 24.0°C.
A Sartorius 2442 chemical balance was used for weighing. The measure-
ments with pycnometer were carried out at six different concentrations
of the inhibitor between 5.3 mg/ml and 0.5 mg/ml, and the measurement
Was repeated at least 10 times at each qoncentration.

~ The ¥ of $SI was also theoretically calculated based on the amino

acid compositions (27) and the values of partial specific volume of each
amino acid according to the method of McMeekin (52,53).

Ultracentrifugal methods. A1l experiments were performed either

With a Beckman Spinco Model E analytical ultracentrifuge or with a
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Hitachi UCA-1A analytical ultracentrifuge. The Beckman Spinco Model E
was equipped with an electronic speed control, a rotor temperature indi-
cator and control (RTIC) unit, and phase-plate schlieren-Rayleigh inter- .-
ference optical system; and the Hi;achi UCA-1A was equipped with an
electronic speed control, an RTIC unit, and a split-beam photoelectric
scanning apparatus (54), Hitachi UVC with a differential circuit

and an absorbance s;ale expander (2.5 - 20 times) made by the author.
The expander is equipped with an external circuit to apply the off-set
voltage, with which the Hitachi UVC photoelectric scanning apparatus is
improved to record-tha absorbance change of 0.05 - 0.25 in the full
scale.

When the initial protein concentration was over about 0.6 in ab-
sorbance at 280 nm, the Beckman Spinco Model E was used, and schlieren
and Rayleigh interference patterns were photographed on Fuji spectro-
scopic plates, Process Panchro Type. When the initial protein concen-
tration was below about 0.6 iq absorbance at 280 nm, the Hitachi UCA-1A
was employed and sedimentation patterns were recorded with a photoelec-
tric scanning apparatus Hitachi UVC. All photographic plates were read
on a Nikon Model 6C two dimensional microcomparator.

Fluorocarbon FC-43 was used as a bottom liguid.

Sedimentation velocity. Sedimentation velocity studJ:.es were per-
formed to determine the sedimentation coefficients of SSI and the com-
plex of SSI and subtilisin BPN'. Ultracentrifugation was run at 25.0°C
using 12-mm valve type synthetic boundary cells. For SSI, the schliered
otpics of the Beckman Spinco Model E was applied and photographs were
taken on Fuji spectroscopic plates, Process Panchro Type with an appro-

priate time interval. Subtilisin BPN'-SSI complex has very low solubil”
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ity; it dissolved in buffer solution at about 0.5 mg/ml at maximum under
the conditions used. The schlieren optics is not sensitive enough to
‘detect this low concentration of protein, therefore, ultraviolet absorp-
tion scanning optics was used on the Hitachi UCA-1A analytical ultra-
centrifuge at 280 nm at 25.0°C. Absorbances at 280 nm were scanned
throughout a liguid column in the cell and were recorded at appropriate
time intervals during the sedimentation process. Sedimentation .coeffi-
cients.szoiW were calculated according to Schachman (81).

Sedimentation equilibrium. With the Beckman Spinco Model E ana-
lytical ultracentrifuge, all experiments were éerfo;med with five 4if-
ferent protein concentrations at one run at 25.0°C, with double sector
cells having a 12-mm light path and fitted with guartz windows on an
An-G rotor. .

Synthetic boundary experiments using the capillary-type synthetic
boundary cell were made with each solution to give the concentration in
terms of area on the photographic plate.

The experimerits were also performed with a simple 12-mm aluminium
double-sector cell and quartz windows in £he Hitachi UCA-1A analytical
ultracentrifuge.

Determination of molecular weights using the high speed sedimenta-
tion technique (55) was performed at initial concentrations of less
than 1.0 mg/ml. fThe attainment of equilibrium was checked at 2 hr in-
tervals near the end of the experiment until an equilibrium distribution
Was observed. Low speed sedimentation equilibrium studies (56,57) were
bPerformed with solutions having an initial protein concentrations of 1.0
- 3.0 mg/ml. 1In all such experiments, overspeeding rotation to reduce
the time to reach equilibrium was employed (57).
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Before the use of the Hitachi UCA-1A ultracentrifuge with the ihi;
tial concentration of protein below 0.1 mg/ml,.the fidelity of the appa-
ratus was tested by performing the similar experiments with a protein of
known molecular weight; soybean trypsin inhibitor (Kunitz) was chosen as
the reference protein and its molecular weigﬁt‘was determined with the
initial concentrétion of 0.0292 mg/ml.

Weight aQerage molecular weight (Mw*) and local weight average mo-

lecular weight (Mw(r)) were obtained by Egs. 3.1 and 3.2, respectively

(88, 59).
2RT(C. - C_.)
Mw* = b 3 (3.1)
~ 2 2 2 :
(1 -vp) w c‘,(rb -r, )
Mw(r)* _ _ 2RT a{in c(x)} (3.2)

(1 - »p) > d(rz}

where ra : position of the meniscus from the center of rotation,

T, ¢ position of the bottom from the center of rotation,
Ca : protein concentration at the meniscus in mg/ml,

Cb : protein concentration at the bottom in mg/ml,

w : angular velocity of the rotor,

p : density of the solvent,

C, : initial protein concentration in mg/ml,
R : gas constant,
. T : absolute témperature in Kelvin.
Sedimentation equilibrium of the mizture of SSI and subtilisin
BPN'. The molecular weight of the subtilisin BPN'-SSI complex was de-
termined, in addition to the sedimentation eqguilibrium of the subtilisin
BPN'-SSI complex preparation, by applying the treatment of sedimentaticn

equilibrium of multicomponent-polydisperse system to the mixture solu-
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rion of the enzyme and SSI. In the mixture solution, subtilisin BPN'
and SSI were dissolved at the ratio of 2.17 : 1.00 (in mg/ml units).
sedimentation eguilibrium measurements were conducted with six different
concentrations of total protein between 2.67 - 0.0666 mg/ml. Taking
into account the purity of the enzyme preparation used, 74.7%, and the
strong binding between the enzyme and the inhibitor, Ki < 10_9 M, the
weight fractions of the species contained in the mixture sclution were
determined to be 72.13% for subtilisin'BPN'-SSI complex, 10.61% for ex-
cess SéI, and 17.26% for inactivated enzyme. The polyacrylamide gel
electrophoretic pattern cf the mixture solution used for the sedimenta-
tion experiments is shown in Fig. 3.1 (b). The middle band is the inac-
tive form of subtilisin BPN'.

Sedimentation analysis of muZticomponent—poZydisperse system. For
a syétem in polymerization equilibrium, the guantity Mw* obtained by
sedimentation equilibrium is not identical with Mw value which would
indicate for the same sclution if it were not redistributed in the cen-
trifugal field, even if all species behave ideally. In other words, it
cannot simply be assumed that the Mw* valﬁe obtained corresponds to that

in a solution of a concentration C,, which would be

Mw = E~Eiifi f3 3)
LcC,, g -3

i .
c° =1 Coi (3-4)

where Coi represents the equilibrium concentration of the species, i, in

the absence of a centrifugal field. As Adams pointed out (60,61), the

conser ; . . . s .
Servation of mass, even in the case of chemical equilibrium, is for a

Sector-shapeg cell,
b' -
C, =%
° Ja € (x) x dr.
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If the solution is idedl, this is transformed to

2

2 )
¢, (x,) {expianm, (£, - r )] - 1}

c, =12
. 2 2
AMi(rb - ra }

where A = wz(l - PP)/2RT. 1If a quantity g, is defined as,

2 2
c, () {exp[AMi(rb -x )] - l}
gl=z .y 2_ 2) - r
iy Ta

an apparent weight average molecular weight is described as;

z giMi
Mw* = ——— = {3.5)
z 9;

and C, = L g;- It should be noted that gi's are not identicallwith
Coi's; but the equation for Mw* for an ideal polymerizing system_have
the same form with respect to g; as do the exéressions for Mw with re-
spect to C“i' When the polymgrization cr complex formation of proteiﬁs
is toco smallﬁto be experimentally detectable apd each species of the
protgips approaches to equilibrium independently, Mw* is describgd by
the same equation as Eg. 3.3.

Generally, globular proteins are unique among macromolecules in
having such a small excluded volume that the virial coefficient, B, is
very smali; thus many of the expressions described for th;rmodynamically
idéal systems can be applied without significant error to protein sys-
tems.‘ As would be described later, the molecular weight of SSI measured
is almost independent on its concentration, and if any, too small to be
deteqted ultracentrifugally, in a wide concentration range, indicating
the monodisperse system. Therefore,-the author need not apply the
treatment of ‘2 mixed-solute system or a self-associating system to SSI.

In the mixture systemjof subtilisin BPN' and SSI, there would be the
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subtilisin BPN'-SSI complex, free SSI, and inactive erzyme fragments
whosejmolecular weight would be between that of intact enzyme (Mw =
27,500) and that of aminc acids (Mw = 100). It is assumed that the
mixture system behaves as an ideal mi#ed—solute system, sincé thEJvery
small dissociation constant of subtilisin BPN'-SSI -complex (K, < lth M)

and homogeneity of SSI in the concentration range used are taken into

account.

3.3 - Results

Partial specific volume. The paftial specific volume of SSI was
measured by using a pycnometer and the value was obtained to be (0.730 %
0.004) ml/g (Fig. 3.2). This wvalue is -in good agreemént with that of
0.729 which was obtained thecoretically by calculation according ta
McMeekin's method {52). For the sﬁbtili;in BPN'-SSI compléx, the value
of 0.730 was used for molecular weight calculation. Because the éarfial
specific volume, 5, of subtilisin BPN' is 0.731, which is calculated
from the amino acid cémposition of the enzyme (24,25}, and tﬁis value is-
identical with that of SSI, the average value of v's of SSI and subtili-
sin BEN' 6.730 is reas@néﬁle, assuming'that the vglue of v for each pro-
tein dogs not chaﬁge appreciably upon complex formati;n. |

Sedimentation velocity of SSI. SSI shows a single synthetic
schlieren boundary at 51,206 rpm, at 20°C in 25 mM phosphate buffer at
PE 7.0, ionic strength 0.1 M (NaCl), showing the homogeneity-of‘the

Preparation and giving the. sedimentation coefficient S50 4 2-30 S (Fig-
r ) ) )

ure not shown).

Mbnodigperse behavior of SSI in a wide concentration range. Sedi-
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Fig. 3.2. Determination of the partial specific volume, v, of SSI by
the density measurement in 25 mM phosphate buffer, pH 7.0, ionic
strength 0.1 M (NaCl), 25.0%0.1°C. The v value was determined to be
{(C.730 + 0.004) ml/g from the intercept on the ordinate-axis.

mentation equilibrium experiments were performed in a wide range of SSI
concenfration which éovers those used in kinetic and chemical measure-
ments.

Rayleigh interference optical system was appliéd to the initial
concentrations of.SSI between 4.0 and 0.8 mg/ml, and the plots of the
logarithms of the concentfation of SSI against the square of the dis-
tance from the center of rotation {log Ci(r) vs. r2) (Fig. 3.3) are lin-
eaxr ana indicate that the protein behaves ideally and‘in a rﬁonodispersed
manner with the concentration of lOlmg/ﬁl at the c¢ell bottom. The
welght average molecular weight‘was found to be 24,000,

Photoelectric uitraviolet absorption scanning optics was used for
the lower initial concentration range of SSI from 0.8 to 0.025 mg/ml.
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Fig. 3.3. Sedimentation edquilibrium run of SSI. Log‘Ci(r) VS, r2 plot.
sample run in 25 mM phosphate buffer, pH 7.0, ionic strength 0.1 M
(Nacl), 25.0°C at 16,200 rpm with the Rayleigh interference optics on
the Beckman Spinco Model E analytical ultracentrifuge. [SSI], = 3.99

mg/ml. The weight average molecular weight, Mw*, was determined to be
24,000,

In order to examine the validity of the results at such a dilute concen-
tration, soybean trypsin inhibitor (Kunitz) was selected as a reference
Protein, for its mélecular weight is almost the same as that of SSI (62)
and exists as monomer in this concentration range. The plot of log
Ci(r) vs. r2 is linear an§ the molecular weight was determinéa to be
22,400 at the initial COﬁcentration of 0.0292 mg/ml, which is in good
agreement with other detérminations (50,68). Thus it was-confirﬁed thgt
the system of a Hitachi UCA-1A analytical ultracentrifuge and a Hitachi
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Fig. 3.4. Sedimentation eguilibrium run of SSI. Run in 25 mM phosbhate
buffer, pH 7.0, ionic strength 0.1 M (N&Cl), 25.0°C at 16,880 rpm with
the photoelectric scanning optics on the Hitachi UCA-1A analytical ul-
tracentrifuge. [SSI), = 0.025 mg/ml. Sedimentation profile: (a), at
the start of sedimentaticn; (B), at the equilibrium; (C), at the equi-

librium expanded 5 times.

UVC photoelectric scanning apparatus is gocd for the present purpose.
Figure 3.4 shows the sedimentation equilibrium patterns recorded
with a photoelectric scanning apparatus when initial concentration of
SSI was 0.025 mg/ml. Figure 3.4 (A) was recorded immediately when the
rotor speéd attained the prescribed spéed, 16,880 rpm. Figure 3.4 (B)
is a sedimentatiocn proflle at equilibrium, and Fig. 3.4 (C) is that ex~
panded five times with the expanding device (see Experlmental Procedures
3.2). The plot of log Ci(r) vs. r2 is shown in Fig. 3.5, which is char-
acteristic for meniscus depletion method (58). The weight average
molecular weight was deterﬁined'to be 22,400 + 800 in the concentration

range from 0.0l to 0.1 mg/ml.
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Fig. 3.5. Sedimentation equilibrium run of SSI. ILog Ci(r) vs. r plot.
Conditions are as in Fig. 3.4. [ssI], = 0.025 mg/ml. The weight aver-

age molecular weight. Mw*, was determined to be 23,300.

_ ]

From the results obtained by using Rayleigh interference optics.
and ultraviolet absorption scanning optics, it was concluded that the

moleculax weight of SSI is 23,000 in the concentration range of 10 -

0.0 mg/m1.

Figure 3.6 depicts the dependence of the weight average molecular

welght, Mw*, on the cell average concentration, (Ca + Cb)/2,\where Ca

and Cb are the concentration of SSI at meniscus and cell bottom, re-

Spectively. 1In general, the apparent weight average molecular weight,
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Fig. 3.6. Dependence of weight average molecular weight of SSI, Mw*, on
cell average protein concentration, (Ca + Cb)/2. Each point of Mw?* was
obtained from the run in 25 mM phosphate buffer, pH 7.0, ionic strength
0.1 M (Nacl), 25.0°C with the Rayleigh interference optics or the photo-
electric scanning optics. From the intercept on the ordinate-axis, the

molecular weight of SSI was determined to be 23,165 * 211.

Mw?*, is defined as

Mw*-lr= mels (B4 D Mw*—l)(ca + € )/2 kv (3.6)
where Mw is the molecular weight of protein, and B, the secondary
virial coefficient. The intercept on the ordinate-axis in Fig. 3.6
gives the molecular weight of SSI, Mw = 23,165 % 211, in the concentra-:
tion range between 10 and 0.01 mg/ml covering the concentration used in
kinetic and chemical measurements. The value 23,165 % 211 is twice of
the molecular weight calculated based on the amino acid composition (271
Therefore, SSI was concluded to exist as a dimer under the conditions
employed in the concentration range of 85I 10 - 0.0l mg/ml, namely, the

dimer is the éssential form of SSI.

Sedimentation veloeity of the subtilisin BEN'-SSI complex. Sedi-
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Fig. 3.7. Sedimentation equilibrium runs of subtilisin BPN'-~S55I complex.
Sample runs in 25 mM phosphate buffer, pH 7.0, ionic strength 0.1 M
(NaCl), 25.0°C, with the photoelectric scanning optics on the Hitachi
UCA-1A analytical ultracentrifuge. (3): [complexj, = 0.0855 mg/ml at
10,490 rpm. (B): [complex], = 0.0362 mg/ml at 19,780 rpm. (A): weight
average molecular weight (cell average), Mw* = 51,620; weight average
molecular weight (at cell bottom), Mw(b) = 75,810. (B): Mw* = 70,600,
Mw(b} = 76,760.

mentation velocity measurement for the subtilisin BPN'-SSI complex.was
carriéd out on a Hitachi UCA-1A analytical ultracentrifuge with a Hitachi
UVC scanning apparatus using the differentiating circuit, at 51,200 rpm,

20°C (Figure not shown). The sedimentation coefficient S5 o Was ob-
!

tained to be 5.45 s.

Sedimentation equilibrium of the subtilisin BPN'-55I complex.
Since the lyophilized powder of the subtilisin BPN'-SSI complex is spar-
ingly soluble, the maximum solubility being 0.3 mg/ml in 25 mM éhosphate
buffer, pH 7.0, ionic strength 0.1 M (NaCl), at 25.0°C, the sedimenta- .
tion equilibrium measurements were carried out with ultraviolet absorp-
tion photcelectric scanning optics on a Hitachi UCA-1A analytical ultra-
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centrifuge. Figure 3.7 shows the sedimentation equilibrium patterns 6f\
the complex; Fig. 3.7 (&), a cénventional method at low speed, ana Fig,
3.7 {B), a meniscus depletion method at high speed, which reveal dis-
tinctly two parts. Consequently, the lyophi;ized preparation of the
complex appeared to be compcsed of at least two molecular species,
though it showsia single band on polyacrylamide gel electrophoresis at
PH 9.5 (Fig. 3.1, a). The smaller species, whose molecular weight is
estimated less than 10,000, might have been generated during the lyo-
philization. For the main species, the molecular weight is given to be
76,800, which indicates that the subtilisin BPN'-SSI complex 1s composed
of a mole.pf SSI dimer (MQ: 23,000, 12) and twé moleé of subtilisin BPN'
(Mw: 27,500, 2 x E), thus being represented as E212.

Sedimentation equilibrium of the mizture solution of subtilisin
BPN'iand SSI; In order to prove that the lyophilized preparation of the
subtili;in BEN'-5SI complex whose molecular weight has turned out to be
76,800 is a genuine complex, sedimentation equilibrium experiments were
performed on the mixture of subtilisin BPN' and SSI solutions. This
mixture solution, as described in Experimental Procedures 3.2, contained
subtilisin BPN'-8S5I complex, free SSI, and inactive enzyme fragments at
‘72.13%, 10.61%, and 17.26%, respectively; in weight fraction. These
values were calculated based on the active site purity of the enzyme
preparaticn used (74.7%) and assuming that the equilibrium between the
complex and both SSI and subtilisin BPN' extremely weighted toward the
the. complex formation. This assumption is justified by very small dis-
sociation constant (< 10—9 M) of the complex. Figure 3.8 shows the
typical sedimentation equilibrium patterns of the mixture using the Ray-

leigh. interference opties (Fig. 3.8, A) and the ultraviolet absorption
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Fig. 3.8. Sedimentation eguilibrium runs of the mixture solution of SSI
and subtilisin BPN'. Sample runs in 25 mM phosphate buffer, pH 7.0,
ionic‘strength 0.1 M (NaCl), 25.0°C. (A): [SSI], = 0.841 mg/ml, [subti-
lisin BPN'], = 1.83 mg/ml, the Rayleigh interference oétics oﬂ tﬁe
Beckman Spinco Model E analytical ultracentrifuge at 14,290 rpm. (B):
[s511, = 0.0210 mg/ml, [subtilisin BPN'}, = 0.0456 mg/ml, the photoeleé—
tric scanning optics on the Hitachi UCA-1A analytical ultracentrifugg at
14,400 rpm. (A): weight average molecular weight (cell average), Mw* =
48,540; weight average molecular weight (at cell bottom), Mw(k) = 77,110.
(B): Mw* = 51,310, Mwi{b). = 77,300.

Photoelectric scanning optics (Fig. 3.8, B}. At the cell bottom, 'the
molecular weight was obtained to be 74,000 - 78,000. Apparent weight
average molecular weight (cell average, weiéﬁt avé;age molecular weight;
Mw*) was-also calculated simultaneousl?. The inverse of appéreht molec-
blar weight of the mixture of subtilisin BPN' and SSI solutions against\
the cell average concentration, (Ca + Cb))2, is plotted in accord with

Eq. : ‘ : .
4- 3.6 (Fig. 3.9). The reading of intercept gives the molecular weight

- 43 -



3.0 T T T T T T

%0 1.0 20 30

EE%QL {mg/ml)

Fig. 3.9. Dependence of apparent weight average molecular weight (cell
average. weight average'molecular weight), Mw*, of the mixture cf sub-
tilisin BPN' and S5I sclutions on the cell average protein concentration,
(Ca + Cb)/2. Each point of Mw* was obtained from the run in 25 mM phos-j
phate buffer, pH 7.0, ionic strength 0.1 M (NaCl), 25.0°C with the Ray-
leigh interference optics or the photoelectric scanning optics. From
the intercept. the molecular weight of the mixture, 65,360. * 1,200, was

obtained.

of the mixture Mw as 65,360 * 1,200. 1In this case, Eq. 3.3 is applica-
ble to determine the molecular wéight of subtilisin BPN'-SSI complex.

Equation 3.3 is transformed to

M= Yer Mei T Vr, M12 T g Mg (3.7

where Mw is the weight average molecular weight of the mixture; Yp1° YI'
. o 2
and Ygo are weight fraction of subtilisin BPN'-SSI complex, SSI, and

inactive enzyme, respectively; MEI’ MI , and ME' are the molecular
' 2

weights of the complex, SSI, and inactive enzyme, respectively.
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The values of these terms are assumed, based on the active site burity
of the enzyme preparation used and the binding equivéience of SSI to the
enzyme (see Chapter One), to be as follows; Y, = 0.721, YIz = 0.106,
Yg = 0.173, MI2 = 23,000, ME' = 27,500 - 100. MEI is calculated to be
80,700 when ME,is assumed tc be identical with the molecular weight of
native and intact enzyme (27,500), and MEI to be 87,300 when ME' is
taken to be 100 due to the autolysis of the enzyme to amino acids.- It
is not practical to believe that all inactive enzyme is autolyzed to
amino acids. Thus, it is concluded that the meclecular weight 6f the

subtilisin BPN'-SSI complex is in the range of 77,300 (Fig. 3.8, B) to

80,700 (above calculation) {see Discussion 3.4).

3.4 Discussion

Dimeric form of SSI. The molecular weight of SSI has been report-
ed by Sato and Murao (1973, 1974) to be 27,000 by gel filtration on a
Sephadex G-100 column (23), and 12,000 by polyacrylamide gel electropho-
resis in the presence of SDS (48). They concluded that S$SI must exist
in dimer under the usual conditions. It has been also suggested by X-
Tay crystallographic study that S$SSI may consist-of two identical sub-
units in a crystalline state (28). Based on the amino acid composié@on
(27), the minimal molecular weight of SSI is calculated to be 11,500.

One of the purpose of the present study is to determine the molec-
ular weight of the essential unit of SSI in the cqncentration range used
in enzyme kinetic, spectrophotometric, and binding measurements. The

m .
olecular welght of SSI was measured in the present study by sedimenta-

tion 1 librd X . . .
equilibrium method with accuracy in the wide concentration range of
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0.01 - 10 mg/ml in 25 mM phosphate buffer, at pH 7.0, ionic strength 0,1
M (NaCl), 25.0°C. The concenpration range covers the concentrations
used for wvarious measurements mentioned above. The concentration of
0.01 mg/ml is one of the lowest ones which has been applied to sedimen-r
tation gquilibr;um. The molecular weight was determined to be 23,000
constantly in the concentratipn range used. From this evidence, it is
confirmed that SSI composed of two identical subunits and a dimer form
is an essential unit in 1 x 10_6 -1x 10_3 M (as monomer), where nei-
ther monomer nor more aggregated form thap dimer was detected.

Molecular weight of the subtilisin BPN'-SSI complex. Homogeneity
of the crystallized complex preparation was examined by polyacrylamide
gel electrophoresis (Fig. 3.1). However, the sedimentation equilibrium .
patterns shown in Fig. 3.7 are not linear indicating multicomponent
system. As shown in Fig. 3.7 (B), near cell bottom, the main species is
sedimenting with molecular weight of 76,760. Other fhan this, a minor
specie; of molecular weight of less than 10,000 is detected. As previ—i
ously described in Chapter Two, the binding and inhibition of SSI
against subtilisin BPN' ig strictly stoichiometric. So, the molecular
weight of the cémplex may be 39,000 by simply adding the molecular
we;ght of 8SI (11,500) and that of subtilisin BPN' '(27,500), of integral -
multiple values. The molecular weight 76,760 indicates that the complex
is composed of a mole of dimeric SSI and two moles of the enzyme, but |
another species of low molecular weight remains unidentified. As the

° M, the dissoci~

‘dissociation constant of the complex is wvery small, 10
ated inhibitor and/or enzyme is difficult to detect in the concentration

.range used, It is most reasonable to attribute the low molecular weight

protein to the damage during lyophilization.
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Molecular weight determination of the subtilisin BPN'-SST complex
in the mizture solution of the both proteins. Bs described above, the
molecular weight of the subtilisin BPN'-SSI complex using the crystal-
lized and lyophilized preparation was not determined unambiguously. In
order to overcome the disadvantage arising from the low solubility of-
the complex preparation and the presence of low molecular weight pro-
tein, the molecular welght was measured in polydisperse-multicomponent
system ﬂEig. 3.8). From the sedimentation equilibrium pattérn shown in
Fig. 3.8, the biggest species in the mixture solution was found at the
cell bottom having molecular weight of 77,300.

From the sedimentation equilibrium of the mixture solution of sub-
tilisin BPN' and SSI, the molecular weight of the complex was suggested
to fall on the range of 80,700 - 87,300 in accord with the treatment of
pclydisperse-multicomponent system. It is clear that this molecular
weight is the average on; of seme species, if any, of the complex.

In connection with that the maximum value is 77,300, that the
average value is 80,700 (see the section of Sedimentation equilibrium of
the mizture solution of subtilisin BPN' and SSI in Results 3.3), and
that these values are almost the same, the number of the species of the
complex must be only one. Among the possible. combination of S5SI and
subtilisin BPN' (Elll{ EIIZ' E212, ssse+), only the species of‘Ezlz,
Ellq’ and E,I; can have a molecular weight that conforms to the above
values. Since the previous data on binding and inhibition stoichiometxy
show that the complex has a composition of EnIn’ the species of E212
(MW 78,000) is concluded to be the complex.

Subunits interaction of SSI. Reversible subunit self-assembly of

low molecular weight protein proteinase inhibitors from plant is well
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established (50,63). In the absence of proteinase, monomer-dimer equi-
libria exist in the lima bean trypsin inhibitor (64-66), the Bowman-Birk
soybean inhibitor (67,68), and the Ventura black-eyed pea inhibitor
{(89).. Monomer-dimer-tetramer equilibria have been observed in various
potato inhibitors (70~72), and black-eyed pea trypsin inhibitor (BEPTI}
and black-eyed pea chymotrypsin and trypsin inhibitor (BEPCI} (73,74).
When these self-associable inhibitors bind enzymes, only proteinase-
bound monomers have been reported in the monomer-dimer system describgd
above (65,69,75), and in the monomer-dimer-tetramer system, only pro-
teinase-bound tetramer (70) or proteinase-bound monomers and dimers (72)
have been reported. These indirect evidence suggest that subunit inter-
action (half-site reactivity) is important during complex formation of
inhibitor and proteinase.

In the present Chapter, the reversible subunit-association of SSI
which may be concentration dependent has not been observed. SSI exists
in a stable dimer (12) in a wide concentration range {1 x 10-6 -1x
10_3 M as monpmer). Even when it binds subtilisin BEN' (El), 5SI is
observed only as a prote€inase-bound dimer (EZIZ)' From these results,
the intersubunit binding of SSI seems stronger than that of other self-
associating proteinase inhibitors previously reported; such as Bowman-
Birk soybean inhibitor, lima bean inhibitor, and potato inhibitor., In
this point, SSI is an interesting and unique protein proteinase inhibi-
tor as well as in its origin and its inhibitory specificity. There have
Seen some well known proteinase inhibitors that inhibi£ more than one.
enzyme (I5), and Rhode et al. (76) coined the. very descriptive term
"multiheaded" to describe the inhibitors with several nonoverlapping

independent sites. ' Apparently, SSI is not a multiheaded inhibitor.
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However, it must be@g@gﬁéﬁf}ﬁﬂthat a SS8I molecule binds two subtilisin
BPN' molecules under usual conditions. This point should be taken into
account especially in equilibrium aﬁd kinetic studies of this inhibitor.
The subunit interaction of SSI is probably one of the strongest
ones which have been examined. Schachman and Edelstein (54) made‘the
interesting observatioﬁ that at neutral pH and at very low concentration
of protein (0.002 mg/ml} in 0.1 M phésphate buffer solution, the hemo-
globin tetramer dissociates all the way iﬁto moncmers, by the sedimen—
tation experiments using therphotoelectric scanning optics. Their ex-

periments with such a low protein concentration were made possible due
0.1%
1 cm

{410 nm) = 8.4. On the other hand, it was found in this study that SSI

to the big extinction coefficient of the heﬁoglobin Scret band, E

does not dissocciate into monomers at the low concentration of 0;01 myg/ml.
Roughly, the dissociation constant of SSI dimer into monomexrs may be
estimated to be less than 4 x 10—7 M.

There remain interesting problems to be examined: under what con-
ditions, SSI disscciates into subunits; whether the isolated subunit
retains the strong inhibitory activity against subtilisin BEN'; by what
kind of force, SSI subunits associate so strongly. These points will be

described in the following Chapter.

3.5 Summary

The molecular weight of Streptomyces subtilisin inhibitor, SSI,
and that of the complex of SSI and subtilisin BPN' were measured by the
Sedimentation equilibrium method in 25 mM phosphate buffer, at pH 7.0,

ioni .
Onlc strength 0.1 M (NaCl), 25.0°C. 'The molecular weight of SSI was
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determined tc be 23,000 over the wide concentration range, 0.0l - 10
mg/ml (1 x 10_6 - 1lx 10_3 M as monomer) covering the range used for
inhisitory, spectrophotometric, and kinetic measurements. Based on the
amiﬁo acid composition of SSI, the'molecular weight has been calculated
to be 11,500, therefore the molecular weight of 23,000 obtained above
suggests that SSI is dimer undexr the usual conditions.

The molecular weight éf the subtilisin BPN'-S5SI complex was deter-
mined té be 78,000 (77,300 - 87,300)\by two ways; sedimentation equilib-
rium of the crystallized and lyophilized complex preparation and that of
the mixture solution of subtilisin BPN' and SSI applyingrthe treatment
of mqlticomponent—éolydisperse system. The molecular weight obtained
here, combining with the evidence as shown in Chapter One that a mole of
SSI (MW 11,500) binds to a mole of the enzyme (MW 27,500) tightly (Kﬁ <
10“9 M), demonstrates that one mole of dimeric SSI binds two moles of

the enzyme to form a stable complex, E212.
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Chapter Four

The Effect of Sodium Dodecyl Sulfate on the Structure

and Function of Streptomyces Subtilisin Inhibitor *

4.1 Introduction

It has been known that SSI is a sinéle polypeptide of molecular
weight of 11,500 from the primary structure (27).‘ As shown in thelpre—
vious Chapters, one mole of SSI binds and inhibits stoichiometrically
one mole of subtilisin BPN' with the ihhibitor constant Ki % 10_9 M,.aﬁd
undexr the usual conditions (a£ neutral pH, in the concentration range of
0.01 - 10 mg/ml), SSI exists as a dimer of molecular weight of 23,000.
In the presence of subtilisin BPN', it forms a complex with two moleﬁ of
‘the enzyme per mole of dimer. HNeither monbmer—dimer equilibrium of SSI
even at the very low concentration as 0.01 mg/ml {1 ﬁM) nor dissociation
of SSI into monomers on the complex formation with the enzymé has been
ocbserved, in contrast with other reversibly self-associating protein
proteinase inhibitors such as Bowman-Birk soybean trypsin inhibitor (67,
68), lima bean trypsin inhibitor (64-66), black-eyed pea inhibitors (73,
74), and potato inhibitors (70-72). Thus, the subunits interaction of |
S5I seems to be very strong in comparison with other self-associating_
inhibitors.

The interaction of detergents with proteins has been a subject of

basic ang Practical interest. Anionic detergents are extensively used
_— .

* . : 3
A part of this study was presented at the Annual Meeting of the Agri-

cultural Chemical Society of Japan (Kyoto, April 1976) {e).
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in biochemical preparations and they are classified as effective dena-
turing agents of proteins at remarkably low reagent concentrations (77).
However, the mechanism of their ac¢tion on protein conformation remains
unsolved. It has been inferred chiefly from optical rotatory dispexsion
studies that denaturation by sodium dodecyl sulfate, SDS, of ovalbumin

(78), and B-casein, histone fraction F., and chymotrypsinogen (79) may

1’
actually result in forming newvhelical regions that are not present in
.the native molecule. Such conversion of the unorderéd into the helical
conformation by "amphiphilic" substances (80) was clearly indicated and
confirmed later by circular dichroism (81-85).

The term "denaturation" is usuaily considered as a synonym of
"aisorganization“ of the native‘three—dimensional structure of a protein
or othér macromolecule.

It is known that the interaction of proteins with SDS céuses the
formation of protein-SDS complexes and also subunit formation when the
protein ;onsists of subunits (86-89).

In the present Chapter will be described the dissociation of SSI
dimer into subunits at the low concentration of SDS without the loss of

inhibitory activity against subtilisin BPN' and the conformational

change observed on the binding of SDS and SSI.

4.2 Experimental Procedures

Proteins. A three times crystallized and lyophilized preparation
of Streptomyces subtilisin inhibitor, $8I, was a generous gift from Pro-
fessor S. Murao. A three times crystallized preparation of subtilisin

BPN' [EC 3.4.2).14] was purchased from Nagase & Co. Ltd., Osaka (Lot No.
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206006). The purity of the preparation was determined to be 75.4% ac-
cording to the method described in Experimental Procedures 2.2.

Concentrations of the protein solutions were determined spectro-

0.1%

photometrically using the following absorptivities at pH 7.0: El cm(276

g-i;(278 nm) = 1.063 for subtilisin BPN' (Ex-

nm) = 0.829 for SSI and E
perimental Procedures 2.2).

Chemicals. Sodium dodecyl sulfate, SDS, (99% purity) (Lot No. M3N
5078) of specially prepared reagent and methylene blue (Lot No. V5T2345)
of gu;ranteed reagent were purchased from Nakarai Chemicals Ltd., Kycto.
p-Nitrophenyl acetate, pNPA, (Lot No. FCFOl) was the product of Tokyo
Kasei Kogyo Co. Ltd., Tokyo. . The concentration of pNPA was determined
spectrophotometrically by the method described in Experimental Proce-
dures 2.2.

A 25 mM sodium phosphate buffer, pH 7.0, ionic strength adjusted
to 0.1 M with NaCl, at 25.0°C was used exclusively in the present study.

All the spectrophotometric measurements were made with a Shimadzu
UV-200 ‘or a Union SM-401 recording spectrophotometer.

Deter'm-inat'i'on of the critical micelle concentration, CMC. The
critical micelle concentration of SDS in the buffer solution used was
determined to be 0.035% (w/v) at 25°C by the measurement of the surface
tension using a Shimadzu ST-1 surface tensometer (the vertical method)
(a0 .

The binding of SDS to SSI. The binding of SDS to SSI was measured
with the equilibrium dialysis‘teChnique using a dializer manufaétured by
the author. fhe dialysis unit was composed of a pair of acrylic plastic
blocks (50 mm x 50 mm x 15 mm thick) with a cylindrical hole (20 mm ¢,

;10 \ . . C
‘ m depth} bored in each. .The pair was positioned so that the holes
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were facing each other, and a sheet of Visking membrane, Type 27/32 was
placed between them. The Visking membrane had been treated with 2% Naoy
for 15 min at room temperature, rinsed with water, immersed in 1.5% SD§
solution overnight, and finally washed with distilled water. It was
soaked in distilled - water. Five dialysis units were placed in a recip-
rocating shaker (130 reciprocating per min) at 25°C. In order to reduce
the time to attain equilibrium, in the cases where SDS concentration was
larger than the CMC, the dialysis was started with an protein solution
(inner soluﬁion) contdining appropriate amount of SDS. The concentra-
tion of $SI in inner solution was 1.0 mg/ml (87.0 UM as moncmer).

. Determination of SDS concentration. The concentration of SDS
after dialysis was determined in both inner (protein) and. outer (dialy-
sate) solutions by extraction of an alkyl sulfate-methylene blue complex
into chlorofoim and by reading the abscrption of the chloroform layer at
655 nm (89,91).

One milliliter of 0.007% methylene blue in 1.0% agqueous Na2504,
which had been washed with chloroform in a separating funnel, was placed
into a test tube with a stopper. Five milliliter of chloroform was
added to the test tube, and after addition of 0.1 ml of a sample solu-
tion containing SDPS (0.1 - 0.5 mM; 0.003 - 0.015% (w/v)), the test tube
was vigorously stirred with a flash mixer for one minute to extract the
methylene blue-SDS complex into the chlorocform layer. After the upper
water layer had been carefully pipetted out, the chloroform layer was
transferred into an optical cuvette with a stopper through a small fun-
nel with a plug of adsorbent cotton to remove contaminating water drop-
lets. The absorption at 655 nm was measured, and the SDS concentration
was read from a calibration curve. The calibration curve for the .SDS-
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gsT mixture solution was substantially the same as that for SDS soiution.
It was found that the above procedure quantitatively,remobed the bouna
sps from the protein. |

Sedimentation equilibrium in the presenée of SDS. The molecular
weight of a protein in solution can be determinedrunémbiguousiy wlth
sedimentation equilibriuvm if the experimental data are treated in écﬁord
with the equations appropriate for multicomponent system (92) (aisé re-
fer to the section of Sedimentation anélysis of multicomponent-polydis-
perse system in Experimental Procedures 3.2). The protein should be
highly purified, and it is assumed that measurements can be made at suf-
ficiently low concentrations to avoid problems arising froﬁ reversible
self-aggregation or thermodynamic nonideality (Linéarity of the plot:of”
log C{r) vs. r2, when plotted according to Egq. 4.1 indicates tﬁatrfhis
condition is fulfilled) (seé Chapter Three). The sedimentation experi-
ment yields a value for bucyant molecular weight, Mw(r)-(l - ¢'p), for
the SDS-SSI complex. The extent of SDS binding, GD' is most éénvenient—
ly expressed as grams of SDS per éram of protein. The molecular weight,
Mw(r), ‘that is to be measured is the local weight average molecular
weight of pure protein, emcluding bound detergent and otﬁer solvent com-
ponents, and it is related to the experimentally determined protein con-
centration, C(r); as a function of radial position, r, by‘the rélation

(2RT/w2) {alin c(ryi/ d(rz)} = Mw(r)* (1 - ¢'p) (4.1)
where w is the radial velocity of rotation, p is the density of the sol-
vent, and ¢' is the effective partial specifie volume which includes
both the true partial specific volume and the effects of the interaction
with detergent and other solvent components.

The quantity ¢' in Eq. 4.1 can be measured directly by determining
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the density of protein solutions that have been dialyzed to equilibrium
against é detergent sclution of the desired concentraticon. This method
requires great care (e.g., precise concentration measurements are re-
quired) and demands relatively large amounts of protein.

A more ccnvenient procedure than measurement of ¢' is to use a
caleulated buoyant density factor, as was first done for protein-deter-
gent compléxes by Hersh and Schachman (93). To do this, the factor
Mw(r)+(1 - ¢'p) of Eq. 4.1 is replaced by

Mw(r)* (1 = ¢'p) = Mu(x)+{(1 - Dp) + 8 (1 -2p) +I 8 (1- v.p}

(4.2)
where EP is the partial specific volume of the protein and BDf the par-
tial.épecific volume of the detergent when bowund to the protein (82).
The last term in the equation allows for binding of other substances,
which doés not exist in the present study. Since 65 and any impértant
Gi are known parameters, Eg. 4.2 permits the determination of molecular
weight without measurement of ¢', provided that the ? values are kﬁown.

The value of v_ is 0.815 cm3/g below CMC, and 0.870 cm3/g above CMC, p =

D
1.00 g/cm3 at the SDS concentration range used (84) and BP is 0.730 %
0.004 obtained by density measurement and 0.729 calculated on the basis
of the amino acid composition (see Chapter Three). With the use of
these values, the molecular weight of SSI in the complex with SDS, Mw(r)

can be computed from the following expressicn;

Mw(r)= (1 - qjlp)complex

Mw(r) = {4.3)

(1 - va) + GD(l - v_Dp)

where the numerator is the buoyant molecular weight term calculated ex-
perimentally. In the calculation, additivity of refractive index and

melar volumes are assumed. This point has been discussed by Carusi and
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sinsheimer in connection with a similar calculation (85).
The apparent weight average molecular weight (cell average, weight
average molecular weight) of pure protein, Mw*, was obtained by Eg. 4.4.
terrwd) g - e} / leam? - £} = mer (1 - ¢7p) (4.4)

where C, is the initial protein concentration, Ca and C, are the protein

b
concentrations at the meniscus and the cell bottom, respectively, and ra
and r, are the radial positions of the meniscus and the cell bottom, re-
spectively.

The sedimentation equilibrium experiment of SSI in the presence of
SDS was carried out at 25.0°C in a Beckman Spinco Model E analytical.
ultracentrifuge equipped with a Rayleigh interference optical system,
and a rotor-temperature control (RTIC) unit. A double-sector cell was
used in all experiments. All measurements on the photog¥aphic plate
were made with a Nikon Model 6C two-dimensional micro-comparator equip-
ped with a rotational stage. A capillary-type synthetic boundary cell

was used to determine the refractive index for initial protein concen-
tration, C,.

The SSI concentration used in the sedimentation ?quilibrium exper-
iment was 1.00 mg/ml (87.0 UM as monomer) in 25 mM phosphate buffer, pH
1.0, ionic strength 0.1 M (NaCl). From the preliminary. sedimentation -
equilibrium experiments by the author, it was found that SDS forms mi-
celles -of ‘molecular weight of 30,000 above CMC under the present condi-
tions. a1 samples to be analyzed with sedimentation analysis should be
dialyzed first to equilibrium against the buffer, and the dialysate
should be uged as the reference solvent. It takes 3 - 4 days, however,
to attain an dialysis equilibrium especially at the SDS concentration

above CMC (see the section of Determination of SDS concentration of
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this Experimental Procedures 4.2). BAs no-antiseptic reagent {such as
NaNs) was used .in. the sample solutiens for equilibrium dialysis, it was
not practical to use the dialyzed solutions as sample soluticons for
sedimentation egquilibrium because of the infection of the sample solu-
tions during dialysis. Therefore, the SDS concentrations of the sample
cell .and reference cell in most of the sedimentation experiments were
calculated on the basis of binding isotherm of SDS to SSI determined ac
cording to the method shown above. In some cases at the SDS concentra-
tion below CMC, the samples and reference sclvents wexe prepared by
equilibrium dialysis.

Ultravicolet absorption difference spectra observed on the binding
of 8DS with SSI. BAbsorption difference spectra measurements were car-
ried out on a Union SM-401 high sensitivity recording spectrophotometer
equipped with a Union SM-4012 spectral data processor at 25:0°C. A pail
of guartz cuvettes devided into two compartments of 4-mm light path
length was ‘used. To.a. SSI solution, 2.00 mg/ml (174.0 UM as mcnomer)
in 25 mM phosphate buffer, pPH 7.0, ioni¢ strength 0.1 M (NaCl) was
added the equal volume of SDS solution in the 'same buffer at various
concentrations up to 10.0% (w/v). The vltraviolet absorption spectra
were measured after holding the mixture at 25.0°C for 6 hr. The base
line was compensated by recording the difference between the difference
spectrum produced -by SDS-SSI binding and the base line memorized in a
Union SM-4012 spectral data processor. The time dependence of the dif-
ference spectra was also measured immediately after mixing by scanning
from 240 nm to 340 nm in 50 sec.

Absorption and absorption differential spectra of SSI-SDS compled

Ultraviolet absorption and its differential spectra (or derivative spe¢
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tra) (96) were measured with a Union SM-401 high sensitivity recording
spectrophotometer equipped with a Union SM-4012 spectral data processor
at 25.0°C. A differential spectrum was obtained by subtracting elec-
tronically the abscrption spectrum measured in 240 - 340 nm region from
that in 241 = 341 nm region; the former and the latter had been stored
separately in the spectral data processor. The samples were prepared
as those used in difference spectra.

Inhibitory activity of S5I against subtilisin BPN' in the presence
of SDSl A pNPA solution (containing finally 5.0% (v/v) isopropanol) of
1.63 mM in 0.1 M NaCl aguecus solutios; a SSI solution of 13.0 uM {as
monomer); a subtilisin BPN' solution of 139 pM; and SDS solutions of
various céncentration from 0 to 1.03% {(w/v) in 25 mM.phosphate buffer,
pPH 7.0, ionic strength 0.1 M (NaCl) were prepared. fwo milliliter of a
1l : 1 (in volume) mixture of the pNPA and SDé solutions was mixed with
the same volume of a 1 : 1 (in volﬁme) mixture bf the SDS and SSI solu-
tions. To a 3.0 ml of the SDS-SSI-pNPA mixture, 0.1 ml of the enzyme
Solutioﬁ was added in an optical cuvette to initiate the enzymatic reaé—
tion. The progress of the enzyme réaction was moﬁitored at 405 nm on a
Shimadzu UV-200 recordiné spectrophotometer at 25.0°C. Transferring and
mixing of solutions were done immediateiy to aveid the non—eﬂzymatic
hydrolysis of pNPA‘at pﬁ 7.0. .The dependeﬁce on SDé coﬁcentration of
the initial rate (vi) of pNPA hydrolysis by subtilisin BPN' in the pres-
énce of SSI was determined in this way. On the ofher hand; the depend-r
€nce of the enzymatic activity (v,) on SDS concentration in the.absenCe
°f SSI was determined b§ carrying out the same measurement using the
buffer in the place of the $SI solution. The relaﬁive inhibitory activ-

ity of SSI at a certain SDS concentration was defined as (1 - vi/vo) X
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100 (%).

Inhibition stoichiometry of SSI against subtilisin BPN' in the
presence of SDS was also examined by mixing the solutions in the same
way. The final concentration of SDS of 0.10% (w/v), subtilisin BPN' of
1.86 uM; pNPA of 0.393 mM, and SSI monomer of various concentration up

to 5.0 UM were used.

4.3 Results

The eritical micelle concentration {CMCJ). Figure 4.1 shows the
dependence of surface tension of SDS solution on- SDS concentration in
25 mM phosphate buffer, at pH 7.0, ionic strength 0.1 M (Naél), 25°cC.
From the minimum_point, the CMC was determined to be 0.035% (w/v) in the
condition used throughout this study.

The binding isotherm between SDS and SSI. The binding isotherm
between SDS and SSI is shown in Fig. 4.2, which was deterﬁined with
equilibrium dialysis. The extent of SDS binding increases gradually
with SDS concentration, and reaches the maximum value, 6D = 1.2 g SDS
per 1.0 g 55I, above the SDS concentration 0.12% (w/v).

Sedimentation equilibrium of SSI in the presence of SDS. In Fig.
4.3 is shown a plot of log C(r) vs. r2 of the sedimentation equilibrium ;
at 0.09% (w/v) of SDS initial concentration, [SDS],, according to Egq.
4.1. From its non-linearity, it is clear that SSI in SDS solution is
polydisperse and multicomponent, i.e.,; it demonstrates the existence of
dissociation-association of SSI. From this plot, the buoyant molecular
weight, kar)'(l - ¢'p), was shown to be between 9,000 and 4,540. The.

effective partial specific volume, ¢', was determined to be 0.612, thus;
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Fig. 4.1. Dependence of the surface tension of SDS solution on the SDS
concentration in 25 mM phosphate buffer, at pH 7.0, ionic strength 0.1 M
(NaCl), 25°C. The critical micelle concentration {CMC) of SDS solution

was determined to be 0.035% (w/v) under the condition used.
from Eq. 4.3 the molecular weight of SSI, Mw(x), was turned out to be
between 23,210 at cell bottem and 11,700 at meniscus, and the cell aver-
age molecular weight, Mw*, was 16,700. ’

The plot of log C(r} vs. r2 was demonstrated to be linear in the
SDS concentration ranges 0 - 0.03% (w/v) and 0.12 - 0.4% (w/v) (Figures
not shown), and in the range of 0.03 - 0.12% (w/v), the plot was of more
than one phase indicating the existence of more than one component.
¥hen the plot is linear, both cell local molecular weight, Mw(r), and.
¢ell average molecular weight, Mw*, of SSI give the same value; in the
SDS concentration range of 0 - 0.03% (w/v), the value was about 23,000

and in that of 0.12 - 0.4% (w/v}, about 10,000. In the SDS concentra-

ti )
°n range of 0.03 - 0.12% (w/v), the value of the cell average molecu-
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Fig. 4.2. The isotherm of binding of SDS toward SSI. [ssI], = 1.00 mgf
ml (87.0 UM as menomer), in 25 mM phosphate buffer at pH 7.0, iocnic
strength 0.1 M (NaCl), 25°C.

lar weight, Mw*, decreases gradually from about 23,000 to about 10,000‘
with ‘the increase of the SDS concentraticn. The dependence of the celﬂ
average molecular weight, Mw*, on the SDS concentration is shown in Fig
4.4. As reported previously, the molecular weight of SSI is 11,500 cal
culated on the basis of amino acid composition, and in the buffer syst®
used in the present study at 25.0°C, the molecular weight is 23,000 fros
the sedimentation equilibrium study (see Chapter Three). From the data
shown in Fig. 4.4, it is demonstrated that SSI (87.0 UM as moncmer)
exists as a dimer in -SDS concentration from 0% up to 0.03% {w/v), the
dissociation into monomers occurs between 0.03 and 0.12% {(w/v}), where

monomer and dimer co-exist, and above 0.12% (w/v) of SDS, there is only

monomer of molecular weight 11,500.

- 62 -



0.2t

Qlr

Log C {mg/ml}

455 500 505 51.0 515
2 (cm?)

Fig. 4.3. Sedimentation equilibrium run of SSI in the presence of SDS.
Log C(r) vs. r2 plot. [S8SI], = 1.00 mg/ml (87.0 UM as monomer); [SDS],
= 0.09% (w/v) in 25 mM phosphate buffer at pH.7.0, ionic strength 0.1 M
(NaCl), 25.0°C. 1 - ¢'p = 0.388, fringe magnifying coefficient: 1.9619.
The weight average molecular weight at cell bottom, Mw(b) = 23,210} the
weight average molecular weight at meniscus, Mw{a) = 11,700; the appar-
ent:weight average molecular weight (cell average molecular weight), Mw¥*

‘= 16,670 are determined.

Absorption difference spectra observed on the binding of SSI and
SDS.  Figure 4.5 depicts the absorption difference spectra observed on
the binding of SSI and SDS, which were obtained aftexr keeping the SSI-
SDS mixture solution for 6 hr at 25.0°C. In the SDS concentration range
used (0 - 0.3% (w/v) in 25 mM phosphate buffexr, pH 7.0, ionic sﬁrength
0.1 M (NaCl)) were shown the red shifts of difference spectra most prob-

ably due to phenylalanyl residues in 255 - 275 nm region and those due

to tryptophyl and/or tyrosyl residues in 275 - 290 nm region. On the
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Fig. 4.4. Dependence of the apparent weight average molecular weight
{cell average, weight average molecular weight), Mw*, of SSI on the con-
centration of SDS. [SSI], = 1.00 mg/ml {87.0 yM as monomer) in 25 mM
phosphate buffer at pH 7.0, ionic stréngth 0.1 M (NaCl), 25.0°C.

[sDS],: the total concentration of SDS in the sample cell, i.e., the
concentration of SDS bound to SSI plus that of free SDS. Sample and
reference solutions were obtained after complete dialysis (closed cixclel
or prepared according to the binding isotherm, Fig. 4.1 (open circle)

(see Experimental Procedures 4.2).

other hand; in 290 - 310 nm region, there are large change depending on
the SDS concentration; in the SDS concentration of 0 - 0409% (w/v},
there is a characteristic trbugh at 300 nm, but éb0ve 0.09% (w/v) SDS,
another trough at 293 nm appears and becomes deeper, as SDS concentra-
tion increases. At last, the 293 nm band overcomes the 300 nm-band, and
the latter apparently dimishes. .This spectral changeé can not be consid”
e;ed to be a shift of a single difference spectral band from 300 nm to

293 nm, but it seems that there are substaﬁtially’two bands at 300 nm
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Fig. 4.5. Ultraviolet ab-
sorption difference spectra
observed on the binding of
58I and SDS. [s8I], = 1.00.
ng/ml (87.0 UM as monomer)
in 25 mM phosphate buffer,
pH 7.0, ionic strength 0.1 M
(NaCl), 25.0°C.

Fig. 4.6. Dependence of the
molar absorptivity differ-
ence of the difference spec-
tra observed on the binding
of SSI and SDS on the con-
centration of SDS. [S8S8I], =
1.00{mg/m1 (87.0 uM as mono-
mer)‘in 25 mM phoséhate buf-
fer, pH 7.0, ionic strength
0.1 M {NaCl), 25.0°C. ' Wave-
length: 279 nm, open circle;
287 nm, closed circle;‘293
nm, open sguare; 300 nm,

closed sgquare.
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£
and 293 nm, because there were detected two separate bands at 293 nm mﬁf
300 nm at 0.13% (w/v) SDS concentration. The shape and inténsity of ﬂm.
difference spectra were not altered up to 5% (w/v) SDS from that ob;aiﬁ
ed at 0.17% (Q/v) SDS. The 300 nm band and 293 nm band are due to
charge effect and solvent or denaturation effect on a tryptoéhyllresidm
(46;47;97;98),‘respectively (see Discussion 4.4):‘ |
The magnitudes of the difference spectra af 279,‘287, 293, an@ 3mi
nm were plotted against the concentration of SDS, as shown in Fig. 4.6.

|

The absorptivity differences at the four wavelengths increases in parabs

lel with the increase of the SDS concentration in 0 - 0.1% (w/v), but

at the SDS concentration of 0.1% (w/v) a big change occurred. The dif-:

!

ference spectrum should reflect the effect of SDS binding to SSI, dissw?

ciation of SSI by SDS, and denaturation of SSI by SDS. Therefore, the !

big change in the titration curve of absorptivity difference and devia-:

tion from a single saturation curve seems to be due to the conformation;
al change such as dissociation into monomer or denaturation of SSI. It?
is noteworthy that the dependence of absorptivity difference at 300 nm |

' |

i
1
1

on the SDS concentration is approximately a single saturation curve,
whereas absorptivity difference at 293 nm starts to increase above%0.0M;

(w/v) SDS, and steeply increases in the range, [SDS], = 0.08 - 0.14% (WE
- . i

vy, corresponding to that of the cell average molecular weight of $8I1
(Fig. 4.4), which is indicative of dissociation of SSI into monomerxs.

and Asz seems to be the influence of the

The unusual changes in Ac 87

279

big change in A€29 It is proposed that when SSI dissociates into

3°

i
!
i
|
i
i
;
|
|
monomers, a tryptophyl residue of SSI monomer become more exposed to tm%

solvent.

The time dependent change of the difference spectrum of the bind-
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Fig. 4.7. Time dependence of the difference spectrum observed on the
bihding of SSI and SDS. [SSI]° = 1,00 mg/ml (87.0 uM as monomer), and
[sDS], = 0.10% (w/v) in 25 mM phosphaté bﬁffer; pH 7.0, ionic strength B
0.1 M (NaCl), 25.0°C. Each scanning was startéd at the time shbwﬁ in
the figure after the mixing of the SSI and SDS solutions {see Expérimen—

tal Procedures 4.2).

ing of SSI and SDS was obtained by regording repeatedly on a Uﬁioﬁ SM;
401 recording specFrophotometer at a scanning speed of 2 nm/sec from 240
nm to 340 nm as shown in Fig. 4.7, which was obtained at the.SDS concen-—
tration of 0.10% (w/v). The time-dependent absorptivity difference at
300, 279, and 287 npm is shown in Fig. 4.8. Most of £he spectral change
at the respective wavelengths is shown to be completed within 30 sec
after mixing of SSI and SDS, but there are rather slgw increases in the
molar absorptivity difference at 279 and 287 nm with half-time of 1 and
2 min:.rt‘::S];)ectively, whereas there is no such slow change a£ 300 nm.
From this disagreement in the time-dependent dhange in absorptivity dif-

ference, the interaction between SSI and SDS is suggested to be rather
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Fig. 4.8. Time dependence of the melar absorptivity difference of the
difference Spectrum observed on the binding of S$SI and SDS. [SSI], =
1.00 mg/ml (87.0 UM as monomer), and [SDS], = 0.10% (w/v) in 25 mM phos-
phate buffer, pH 7.0, ionic strength O.i M (NacCl), 25.0°C. Wavelength:
279 nm, open circle; 287 nm, closed circle; 300 nm, open square. The

was plotted as Aec.

Ae values are essentially negative, thus - A€300
i

300
complicated.
The chanée‘in state of a tryptophyl residue on dimsociation of SSI

into monomers was also confirmed by comparison of the absorption and

differentiai absorption spectra obtained in the presence And absence of !
SDS with each other ({(Fig. 4.9). 1In the presence of SDS, the absorption
spectrum of SSI becomes smoother than that obtained without SDS, espe-

cially at 276, 282, and 293 nm. The differential spectrum in 280 - 310
nm.region is due to thé difference spectrum caused by the red—shift of a

tryptophyl residue (98). In the presence of SDS, there is a remarkable

change in this region.
Inhibitory activity of SSI against subtilisin BPN' in the presencé |

- 68 -



Abs,
0.8 .

10.6
10.4

10.2
0.06

0.04} }
0.02

-0.02t

240 260 280 300 3t
WAVELENGTH nm 20

Fig. 4.9. Effect of SDS on the absorption and differential absorption
spectra of SSI. [sSI], = 1.00 mg/ml (87.0 UM as moncmer), [sDS], = 0%
(w/v), solid line; 0.15% {(w/v), dotted lihe, in 25 mM phosphate buﬁfer(
PH 7.0, ionic strength 0.1 M {NaCl), 25.0°C. AA = 1.0 nm for the dif-

ferential spectra.

—————

of 8DS, Prior to investigating the effect of SDS on the inhibitory
activity of SSI, the influence of SDS on the enzyme activity of subti-
lisin BPN' was examined. Figure 4.10 shows the SDS congentration de-
Pendence of initial velocity for PNPA hydrolysis which was obtained by
adding the enzyme solution to the pNPA-SDS mixture solution (see Experi-
Mental Procedures 4.2). As shown in Fig. 4.10, the initial velocity,
Y., raisesg up at the low SDS concentration until 0.015% (w/v), the maxi-
mum 2, ([SDS], = 0.015% (w/v)) is 1.12 fold larger than that obtained at
[SDSjo = 0%. When SDS concentration increases more than 0.015%.(w/v)f
Y, decreases gradually, and v, at [SDS], = 0.25% (w/v) is 0.8 fold of v,
at [Sps], = 0s.

When the enzyme solution was added to the pNPA-SDS-SSI mixture
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Fig. 4.10. Effect of SDS on the hydrolysis of p-nitrophenyl acetate by
subtilisin BPN'. [subtilisin BPN'], = 4.49 UM, and [p-nitrophenyl ace-
tate], = 0.394 mM in 25 mM phosphate buffer, pH 7.0, ionic strength 0.1
M (NaCl) containing 5.0% (v/v) isopropanol at 25.0°C.

solution, the time course of p-nitrophenol liberation has a lag phaseoﬂ

i

1 - 2 min followed by a steady—sté.te phase, and the similar SDS concen-

tration dependence of the initial velocity of the latter phase, Ui' was

obtained under the same conditions used in Fig. 4.10 except for the
presence of S5I (Figure not shown). In this case, SSI solutions used 3
had been incubated with SDS for either 25 min or 6 hr in 25 mM phosphat¢
buffer, pH 7.0, ionic strength 0.1 M (NaCl) at 25.0°C. In Fig. 4.11 is

shown the relative inhibitory activity, RIA, of SSI against subtilisin

BPN' in the presence of various concentration of SDS which is defined

as (1 - vi/ﬁ°) x 100 (%) at each SDS concentration. The depéndence of
RIA on the SDS concentration is the same in either incubation time (25

min or 6 hr) with 5DS. As the concentration of SDS increases, RIA in-
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Fig. 4.11. Effect of SDS on the inhibitory activity of SSI against
subtilisin BPN' catalyzed hydrolysis of p-nitrophenyl acetate. [subtili-
sin BPN'], = 4.49 uM, [SSI], = 3.15 UM (as monomer), and tp-nitrophenyl
acetate] , = 0.394 mM in 25 mM phosphate buffer, pH 7.0, ionic strength
.0.1 M (NaCl) containing 5.0% (v/v) isopropancl at 25.0°C. SSI had been-
treated with SDS for 6 hr (open circle) or 25 min (closed circle) before
used for the inhibitory activity assay. Data for the steady-state phase

but not for the lag phase were plotted.

Creases slightly in the SDS concentration range up to 0.005% (w/v), but
above this concentration it decreases steeply r;aching the saturation
level of 50% at the SDS concentration of 0.04% (w/v). If RIA is plotted
using the initial rate, v;, of the lag phase in place of that of the
Steady-state rhase, the saturation level is 70% (Figuré not shoﬁn).
Figure 4.12 shows that the SSI concentration for complete inhibi-
tion against subtilisin BPN' in the presence of SDS (0.10%, w/v) ([SSI

monomer]o/[subtilisin BPN'}l, = 2 (M/M)) is considerably larger than that
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Fig. 4.12. Inhibition of SSI against the hydrolysis of p—nitrophenyi
acetate catalyzed by subtilisin BPN'. [subtilisin BPN'], = 1.86 uM,
[p-nitrophenyl acetate], = 0.393 mM, and [SDS], = 0% (w/v), open circle;
0.10% (w/v), closed circle, in 25 mM phosphate buffer, pH 7.C, ionic
strength 0.1 M (NaCl) containing 5.0% (v/v) isopropancl at 25.0°C.

in the absence of SDS (([SSI monomer),/[subtilisin BPN'], = 1.0 (M/M}).
The titration data in the former case ( ® ) scatter rather thaﬁ those of
the latter case k O ), suggesting the complicated effect of SDS on the
assay system uséd for the inhibitory activity of SSI, e.g., the effect
of SDS on the structures of subtilisin BPN’ and.SSI, on the binding’of
PNPA toward the active site of the enzyme, and on the electrostatic en-

vironment of the iﬁteracting region of SSI and subtilisin BPN'.
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4.4 Discussion

SDS binding to SSI, dissociation of SSI into manorﬁers_, and inhibi-
tory activity of monomerie S5I. The measuréments of SDS bindiné to S§sI
{Fig. 4.2), molecular weight of SSI in tﬁe Presence of.SDé (Fig. 4.4},
and difference spectral titration observed on the binding of SSi and SDé
(Fig. 4.6) were cafried out under the same conditions and the same SST
concentiation ([SSI monomer}, = 87.0 uM). These behaviors depending on
the SDS concentration are in good agfeement. On the other hand, the
relative inhibitory activity measurement of-SSI against subtilisin BPN’
was perforﬁed at [SSI monomer], = 3.15 uUM. Although this concentration
is 1/3C as large as that used in the moleéuiar weight measurement, the
inhibitory activity remains about a half even at the concentration of
SDS of 0.12% (w/v) at which all SSI molecules exist as monomer. When
the relative inhibitory activity (Fig. 4.11) and the molecular Qeight
(Fig. 4.4) of sSSI are plotted against the.molar ratio of [sDS]_/[SSI
monomer} , (M/M) in the séme co-ordinate (Figure not shown) as déne by
Nakagawa and Jirgensons (99) and Sogami et aZ.7(100), it\is shown that
at [sps],/[$SI], = 6 - 12 (M/M) (which cofresponds to [SDs), = 0.15 -
0.30% (w/v) in Fig. 4.4, and 0.005 — 0.010% (w/v) in Fig. 4.11) ss1
&Xist$ as monomer and it has full inhibitory actiﬁity against sﬁbtilisin
BPN'.  From these considerations, it is concluded that SSI monomer has
3t least 50% inhibitory activity against subtilisin BPN' of that nafive
dimeric gs7. o

Effect of SDS on the conformation of SSI. &an atypic_al.trough
around 300 nm observed for SSI at very low concentration of SDS (Fig.

4.5) ig interpreted as a result of the change in electrostatic environ-
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ment of tryptophyl residues by Ananthanarayanan and Bigelow (46,47).
The extrema (troughs or peaks) arcund 30C nm were found in the differ-
éence spectra reported previously on bovine serum albumin at low con-
cen;ration of SpDS (0.006 - 0.025%, w/v) (100,101). To the author's
knéwledge at least, it is unknown that such absorption difference aroun
300 nm is observed in proteins other than SSI and bovine serum albumin
in the presence qf SDS. E15di and Lakatos (I102) showed that in the dif-
ference spectrum‘of N-acetyl-tryptophan—-ethyl ester inducgd by the cati-
onic detergent, cetyi pyridinium iodide, the‘anomélous positive absorp-
tion difference around 300‘nm was observed, while in the difference
spectrum iﬁduced by the anionic detergent, SDS, the negative trough a-
round 300 nm was observed. From this result, they concluded that a
‘blue-shift, i.e.; a depression in the difference spectrum around 300 nm

is observed when the groups of polarizable molecule induce an electro-

statically negative field relative to the indole nitrogen, and a red-

|
shift, i.e., an asymmetry or tailing on the longer wavelength side of

the major peak appeared in the opposite case. On the other hand, in the
case that the indole chromophore contains ionizable groups in the neigh
borhood, such as tryptophan solution of about pH 1, it exhibits negative
absorpgionvdifference around 300 nm as measured against a neutral refer
ence. Furthermore, the absorption of tryptophan-ethyl estex appeared t
be insensitive to acidic pH, whereas that of N-acetyl-tryptophan was not
changed by increasing the pH above neutrality (46,47,98). 1In this con
nection, the trough around 300 nm shown in Fig. 4.5 is considered to be
due to the direct interaction of SDS with a tryptophyl residue of 551,

The negative absorption difference at 293 nm which is typically known &
denaturation blue-shift is observed at the SDS concentration above about
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0.005% (w/v); this means that the conformation of SSI around the trypto-
phyl residue changes at the concentration of SDS above 0.005% (w/v).

and this behavior is corresponding to the dissociation of SSI into mono-
mers.

Effect of SDS on the inhibitory activity of 55I. (a) Effect on
enzyme. When subtilisin BPN' was added to the mixture of SDS and sub-
strate, pNPA (without preincubation of the enzyme with SDS), no or
little loss of subtilisin BPN' activities was observed (Fig. 4.10).
Thus, it seems that either the affinity of the substrate to the enzyme
is higher than that of SDS, or the substrate has protective action, or
both. The enzyme activity is slightly enhanced  (about 10%) with very
low SDS concentrations (0 - 0.04%, w/v). The enzyme activity enhance-.
ment in SDS was reported by Nakagawa and Jirgensons {99), that is, the
peptidase activity of bovine carboxypeptidase B was lost at a faster
rate, but the esterase activity was enhancged with increasing incubation
time, although the esterase activity was decreased in the initial peri-
od. As in the present study, the dependence of the enzyme activity on
the incubation time has not been examined, it is difficplt to compare
the data shown in Fig. 4.10 with that reported by Nakagawa and Jirgen-~
sons (99), but it seems that the increase of the enzyme activity in the
Presence of SDS at low concentration is significant. The resistance of
subtilisin BPN' against denaturants is also demonstrated by Ikai (103),
in spite that it lacks disulfide bridges.

(b} Effect on SSI. 1In the case of the dependence of the inhibi—
toxy activity of SSI against subtilisin BPN' on SDS concentration, the
inhibitory activity is alsc enhanced slightly in the SDS concentration
tange of O - 0.010% (w/v), but above 0.010% (w/v) SDS, it decreases
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steeply to. 50% of the relative inhibitory activity, and holds constant
level up to 0.25% {w/v) SDS. This means that 551 loses half of the
inhibitory activity as the consequence of $DS binding, the dissociation
of S8I into monomers, and thg conformational change of $SI including
denaturation, but the remaining half is maintained in the presence of
SDS at rather high conﬁentration.

As shown in Fig. 4.12, the ratio of [SSI monomer] ./ [subtilisin
BBN'], (M/M) for the complete inhibition of the enzyme increases as in-
creasing the sDS concentration in the reaction medium. In order to ac-
count for this effect of SDS, there are possible two reasons; namely,
the increase of the inhibition or binding stoichiometry of SSI against
subtilisin BPN', and the decrease of the inhibitor constant, Ki’ of SsI
against subtilisin BPN' or the dissociation constant, Kd' of the SS5I-
subtilisin BPN' complex. AsS a reactive site of SSI against the enzyme
and an active site of the enzyme for substrate binding have been charac-
terized definitely, the increase of Ki or k; value in the interaction
between subtilisin BPN' and SSI is most plausible as the effect of S5DS
on the system. The Ki value of SSI against subtilisin BPN' in the pres-
ence of 0.10% (w/v) SDS was roughly estimated to be 1 x 10-6 M from Fig.

4.12, and this value is 103 or more times larger than that obtained

without SDS (K, < 1072 M) (see Chapter Two).

4.5 Summary

Streptomyces subtilisin inhibitor, SSI, exists as a dimer of mo-
lecular weight of 23,000 in 25 mM phosphate buffer, at pH 7.0, ionic

_strength 0.1 M (NaCl), 25.0°C in the concentration range of 0.01 - 10
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mg/ml (Chapter Three). In the present Chapter has been examined the
eféects of an anionic detergent, sodium dodecyl sulfate (SDS), on the
structure and function of SSI.

The molecular weight of SSI was-measured in the SDS solution with
the sedimentation eguilibrium method of the multicompoﬁent—polydisperse
system, and thereby it has been shown that SSI dissociates into monomers
with SDS of 0.03% - 0.12% (w/v) when the concentration of SSI is 1.00
mg/ml (87.0 UM as monomer}. As SSI dissociates into monomers, there
observed a blue-shift due to a tryptophyl residue in the absorption dif-
ference spectrum induced by the binding of SSI and SDS.

Secondly, the inhibitory activity of SSI against subtilisin BPN'-
éatalyzed hydrelysis of p-nitrophenyl acetate, was measured under the
conditions that SSI is in monomer 1in the SbS solution. It is concluded
thét monomeric S$SI has at least 50% in the initial velocity for the hy-

drolysis of p-nitrophenyl acetate of the maximum value obtained without

SDS.
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Chapter Five

The Interaction of Streptomycés Subtilisin Inhibitor

with. o~Chymotrypsin *

5.1 Introduction

Streptomyces subtilisin inhibitor, SSI, has been believed unique
in that it inhibits oni§ microbial alkaline proteinases (21-23). The
active site structure of subtilisin BPN', which is one of the alkaline
serine proteinases of microbial origin, has been found by X-ray crystal-
lography to resemble that of o-chymotrypsin, a neutral serine proteinase
of mammalian digeétive juice (32) {(Table 1.1).

In this respéect, the finding that SSI does not inhibit O~chymo-
trypsin whereas it strongly inhibits subtilisin BPN' with casein as sub-
strate suggests that this inhibkbitor can discriminate the difference in
the active site structure between O-chymotrypsin and subtilisin BPN'.
The mechanism of this apparently very rigorous discrimination seems to
deserve detailed investigation. In the present Chapter will be reported
the study on the interaction between G-chymotrypsin and SSI through (1)
inhibition of the hydrolysis of p-nitrophenyl acetate, pNPA, (2) ultra-
violet absorption difference spectrum observed on the binding of both
proteins, and (3) visible absorption difference spectrum due to the

interaction of SSI with proflavine-o-chymotrypsin complex (I104). The

* A part of this study was presented at the Annual Meeting of the Bio~
physical Society of Jépan (sapporo, October 1974), and published in
Agrie. Biol. Chem. (1975) 39, 1159-1161 (d,e}.
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interaction of SSI and trypsin will be also described.

5.2 Experimental Procedures

Proteins. A three times crystallized and lyophilized preparation
bf Streptomyces subtilisin inhibitor, SSI; was a generous gift of Pro—,
fessor 5. Murao. & three timeé ¢rystallized and lyophilized preparétion
of bovine d-chymotrypsin [EC 3.4.21.1] (Lot No. CDl 34D698), a £w§ times
crystallized and lyophilized preﬁaration of bovine trypsin [EC 3.4.21.4]
(Lot No. TRL 34C952} and a three times crystallized and lyophilized
preparation of chymotrypsinogen A (Lot No. CGlBA) were purchased from
Worthington Biochemical Corporation, Freechold, New Jersey.

Protein concentrations were determined spectrophotometrically by

using the following absorptivities at pH 7.0; Eg l%(276 nm) = 0.829 for
S5I (Experimental Procedures 2.2), Ei 1% (282 nm) = 2.05 for o-chymo-
trypsin and chymotrypsinogen & (105), and g l%(280 nm) = 1.50 for tryp-

sin (106). The molecular weight of SSI fmonomer), g~-chymotrypsin,
ChYNOtry951nogen A, and trypsin were assumed to be 11,500 (87, Chapters
ThrEe and Four), 25 000 (105), 25,000 (105), and 24,000 (106), respec-
tively.

The purities of O~chymotrypsin and trypsin preparations were deter-
mined to be 89.5% and 87. 3%, respectiyely, according to the method de-
Scribeqd previously (35, Experimental Procedures 2.2) using p-nitréphenyl‘
acetate and N-trans-cinnamoyl imidazole as titrants.

All of the experiments were carried out in 25 mM phosphate buffer,
PH 7.0, ionic strength 0.1 M (NaCl), at 25.0°C |

Chemicals. ‘p-Nitrophenyl acetate, pNPA (Lot No. FCFOl) was pur-
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chased from Tokyo Kasei Kogyo Co. Ltd., Tokyo; proflavine hemisulfate
(Lot No. M2K7686) of guaranteed reagent grade was from Nakarai Chemicals
Ltd., Kyoto, and recrystallized from water before use. The concentra-
tions of pNPA and proflavine were determined spectrophotometrically at

pH 7.0 by using the molar absorptivity: 8405 = 7.73 x 103 M-'lcm“l (pKa

= 7.14) after complete hydrolysis, and E444 = 3.89 x 104 M—lcm-l, re-
spectively.-

Inhibitory activity measurement. The inhibifory activity of S8I
against O-chymotrypsin ana trypsin was measured spectrophotometrically
by using pNPA as substrate (see Discussion 5.4). The reaction was ini-
tiated by mixiﬁg equal’volpmes of enzyme solution and mixture solution
of SSI and pNPA in 25 mM phosphate buffer, pE 7.0, ionic strength 0.1 M
(NaCl), 25.0°cC. 'Tﬁe mixture solution of SSI and pNPA had been prepared
by mixing egual volumes of aqueous solution of pNPA containing 10.0%
(v/v) isoéropanol and SSI solution in 50 mM phosphate buffer, pH 7.0,
and immediately used for inhibitory activity assay. Increase in absorp-
tion at 405 nm due to the liberation of p-nitrophenol was monitored on
a Shimadzu UV-200 recording spectrophotometer. The molar absorptivity

at 405 nm of p-nitrophenocl at pH 7.00 was taken to be 7.73 X lO3 M—l

ar
which was determined by the author. The inhibitor constant, Ki' was
determined by plotting the experimental data accofding to Lineweaver and
Burk (107), and Dixon (108).

Ultraviolet absorption difference spectroscopy.. Ultraviolet ab-
sorption difference spectra observed on the binding of SSI and G-chymo-
trypsin were recorded on a Hitachi Model 323-2060 recording spectropho-

tometer with an expanded.scale (0.04 absorbance/full scale). using two

pairs of matched cuvettes of 1.0-cm light path length at 25.0°C. To an
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g-chymotrypsin solution of 32.4 puM (taking into account the purity of
the preparation) in 25 mM phosphate buffer, pH 7.0, ionic strength 0.1 M
(NaCl) was added at 25.0°C the equal volume of SSI solution in the same
pbuffer at various concentrations up to 0.152 mM (as monecmer). The
ultraviolet absorption difference spectra were recorded after keeping
the mixture at 25.0°C for 10 min.

Visible absorption difference spectrum of proflavine. Visible ab~
sorption difference spectra due to a change in the enviromment of pro-
flaviné (104) were observed on (1) adding SSI to O-chymotrypsin-profla-
vine mixture or {2) adding proflavine to G-chymotrypsin-SSI mixture.

The difference spectra were measured with a Shimadzu UV-200 recording _
spectrophotometer with an expanded scale (0.2 absorbance/full scale)
using a pair of tandem cuvettes of 1.0-cm light path length at 25.0°C.
In the case of (1), equal volumes of an o-chymotrypsin-proflavine mix-
ture solution ([a—chymotrypsin]°'= 38.6 UM, [proflavine]l, = 71.4 pM). in
25 mM phosphate buffer, pH 7.0, ionic strength 0.1 M (NaCl) and a SSI
solution in the same buffer of various concentrations up to 0.48 mM (as
monomer) were mixed in the optical cuvette. 1In the case of (2), equal
volumes of an a-chymotrypsin-SSI mixture solution {[o-chymotrypsin], =
31.8 uM, [SST monomer], = 87.2 MuM) in 25 mM phosphate buffer, pH 7.0,
ionic Strength 0.1 M {NaCl) and a preoflavine sclution in the same buffer
of the various concentrations up te 0.14 mM were mixed in the opticél
Cuvette. It was estimated from the dissociation constant of 0-chymotryp-
sin-gs1 complex (Ka = 3.0 x ].0_6 M) (see Results 5.3) that 93%.of the
€Nzyme used was bound to SSI in the final conditions.

Ebuilibrium'dialysis experiment on the binding of proflavine with
Y~chymotrypsin or a-chymotrypsin-SSI complex. The binding of proflavine
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to ¢-chymotrypsin or O-chymotrypsin-SSI complex was measured by equilib-
rium dialysié technique described in Experimental Procedures 4.2. Five‘
dialysis units were placed in a reciplocating shaker (130 reciplocation
per min.) ‘at 25°C for 45 hr. In the immer solution the concentrations
of a—chymotrYpsin were between 0.108 mM and 54.3 uM in 25 mM phosphate
buffer, pH 7.0, ionic strength 0.1 M (NaCl), and the concentraticn of
SSI in the same buffér was so selected that SSI could bind more than 98t
(in molarity) of a-chymotrypsin used assuming the dissociation constant
of o-chymotrypsin-S$SI complex to be 3.0 x 107 n (see Results 5.3);
namely, SSI concentration was between 0.395 mM and’ 0.200 mM. The ini-
tial concentration of proflavine in the inner and the outer solutions
were varied in a range below 0.5 mM. The proflavine concentration was
determined spectfophotometriCally by using the molar extinction coeffi-
cient at the wavelength {405 nm) of isosbestic point of proflavihe, Q-
chymotrypsin-proflavine complex, and a-chymotrypsin-SSI-proflavine com-
lcm_l.

. _ 4 -
plex, 8450 = 3.7 x 10" M

5.3 Results

Inhibition. 1In the previous study of inhibition by SS8I, casein
was used as substrate (23). Since casein is a specific substrate with
strong»afiinity for serine proteinases, weak inhibition of SSI against
some proteinases may have been overlooked. The relative value of the
inhibitor constant, Ki' to the Michaelis constant, Kﬁ, is important in
order to detect the competitive inhibition: By using‘pNPA as substrate
(K = 1.34 x 1of5 M) it was found that $SI competitively inhibits o~

m

chymotrypsin as shown in Fig. 5.1. The inhibitor constant, Ki, of §sI
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Fig. 3.1. Inhibition of SSI toward the hydrolysis of p-nitrophenyl
acetate, pNPA, catalyzed by a—chymotrybsin\ The Lineweaver—-Burk plot
(107). lo-chymotrypsin], = 3.58 uM; [SSI monomer], = 0 UM, open circle;
10.9 UM, closed circle, in 25 mM phosphate buffer, pH 7.0, ionic
strength 0.1 M (NaCl) containing 5.0% (v/v) isopropanol, 25.0°C. The
initial velocity of the reéaction, v, was méasured by following the in-
trease in absorption at 405 nm. The type of inhibition was determined -
to be competitive, and the inhibitor constant, Ki, of 8SI against G-

chymotrypsin, to be 3.8 x 1076 m.

—_—

to a-chymotrypsin was determined to be 3.8 x 10_6 M, It was found by

using pNPA as substrate (Kﬁ = 7.7 x 10--5

.M) that SSI also inhibits tryp-
Sin competitively (the Lineweaver-Burk plot not shown) with tﬁe inhibi-
tor constant of 1.1 x lO-4 M, which was determined from the Dixon plot
shown in Fig. 5.2.

Ultraviolet difference spectrum. Difference spectrum (red shift)

attributable mainly to tryptophyl residues was cobserved on mixing the

Solutions of SSI and of G-chymotrypsin (Fig. 5.3).
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Fig. 5.2, Inhibition of SSI toward the hydrolysis of p-nitrophenyl
acetate, pNPA, catalyzed by trypsin. The Dixon plot (I08). [trypsin],
= 9.19 uM; [pNPA], = 81.8 UM, in .25 mM phosphate buffer, pH 7.0, ionic
strength 0.1 M (NaCl) containing 5.0% (v/v) isopropanol, 25.0°C. The
initial velocity of the reaction, v, was measured by following the in-
crease in absorption at 4C5 nm. The type of inhibition was determined
from the Lineweaver-Burk plot (Figure not shown) to be competitive, and

s o ' . . -4
the iphibitor constant of SSI against trypsin, to be 1.1 x 10 M.

The plot of absorptivity difference, AA292.5 - AA289.5 or AA287.0

- A

A289.5' against the concentration of SSI monomer with a constant con-

centration of o-chymotrypsin (16.2 uM) gave a saturation curve as shown

in Fig. 5.4, from which the dissociation constant for the enzyme-inhibi-

tor complex,’Kﬁ, was determined to be 2.2 x 10—6 M.

Proflavine difference spectrum. Proflavine is known to bind stoi-
chiometrically at the active site of a-chymotrypsin or trypsin and to
produce differenbe absorptién spectrum in the region of 400 - 500 nm

(104). This spectral change has been used as a probe to detect the
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Fig. 5.3. Ultraviolet absorption difference spectra observed on the
binding of SSI and o-chymotrypsin. [c-chymotrypsin] , = 16.2 uM; [SSI
monomer] , = (A) 26.8 uM; (B) O UM (base line), in 25 mM rhosphate buffer,
PH 7.0, ionic strength 0.1 M (NaCl), 25.0°cC.

binding of substrates and analegues to the enzyme which displaces pro-
flaviﬁe (109). Figure 5.5 shows the essentially the same .shape of the
difference spectra as those produced upon substrate binding was observ-
ed when SSI was added to the o-chymotrypsin-proflavine system. From the
change in absorptivity différence at 465.0 nm with increasing SSI con-
centration, the dissociation constant of the o—chymotrypsin-SSI complex,
Ka, was determined to be 2.9 x 10-6 M, and the maximum change in absorp-
Hvity difference, AA465.0 - AA425;0

(Fig. 5 e o _
8- 5.6). The absorptivity difference (AA465.0 AA425.O

, was determined to be 0.155 * 0.03
) which was
Obtained on binding of proflavine and a-chymotrypsin under the same con-

ditions is 0.240 * 0.05. Thus it is suggested that proflavine bound to
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Fig. 5.4. Dependence of the absorptivity difference observed on the
binding of SSI and O-chymotrypsin on the concentration of SSI monomer.
[a~chymotrypsin],, = 16.2 uM; ([SSI monomer], = 0 - 38.0 UM, in 25 mM
phosphate buffer, pH 7.0, ionic strength 0.1 M (Nacl), 25.0°C. AAA:
AAZB?;O - AA289.5' open circle; AA292.5 - AA289.5' closefscircle. Solid
line, the theoretical curve obtained with Kd of 2.2 x 10 M.

o-chymotrypsin could not completely be displaced even with large excess
of SSI. Apparently 60% at most of the proflavine bound to the enzyme
is- displaced by SSI.

The same type of difference spectra which were produced on the
binding of proflavine and a-chymotrypsin was observed upon adding pro-
flavine solution to o-chymotrypsin-SSI mixture solution. The titration®
of the absorptivity differences at 465.0 nm with proflavine at fixed
concentrations of the enzyme and SSI are shown in Fig. 5.7. By applymgl
‘the method of non-lihear least squares to the data in Fig. 5.7, the dis’
sociation constant of c~chymotrypsin-proflavine complex and thg maximue

change in absorptivity difference (AR - A

— o~
465.0 ~ DBgps o) for the a-chym
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Fig. 5.5. Visible absorption difference spectra observed on adding'SSI
to the proflavine-a-chymotrypsin complex. [¢-chymotrypsinl, = 19.3 uM;
[proflavine]o = 35.7 uM; [S$I monomer]P = (a) 91.2 uM, (b) 74.6 uM; (c)
49.6 1M, (4d) 16.6 uﬁ, (e} O 1M (base line), in 25 mM phosphate buffer,
PH 7.0, ionic strength 0.1 M (NaCl), 25.0°C.

trypsin-proflavine system were determined to be (5.1 * c.1) x 10_5 M and

0.52 + 0.12 (mbs./cm) ([a-chymotrypsin] , = 15.9 uM), respectively. For
the-proflavine—(a—chymotry_psin—SSI) system in which 93% (in molarity) of
the enzyme used is saturated by ssI, by assuming the dissociation con-
Stant of O~chymotrypsin~SSI complex to be 3 x 10_§ M, the dissociation
Constant of proflavine—a—chymotrypsin-SSI complex into proflavine and

5

0“‘Zl'llfmt-'»tryj_as.i.n—SSI complex was evaluated to be (13.2 * 0.8) x 10 M,

ad the maximum change in absorptivity difference (AA A

R425.0' "
to be 0.36 + 0.08 (abs./cm) ([o~chymotrypsin-SSI complex], = 14.8 uM).

465.0

It is Supposed that proflavine bind c-chymotrypsin-SSI complex to form
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Fig. 5.6. The relationship between the absorptivity difference observed
on adding SSI to the proflavine-o-chymotrypsin complex and the concen-
tration of $SI monomexr. The difference between AA465.0 and AA425.0 was
plotted against the concentration of SSI moncomer. (o-chymotrypsin], =
19.3 uM; [proflavine), = 35.7 uM; [SSI mcnomer], = 0 - 0.12 mM, in 25 m

phosphate buffer, pH 7.0, ionic strength 0.1 M (NaCl), 25.0°C. Solid

line, the theoretical curve obtained with Ka of 2.9 x 10-6 M.

a ternary complex with affinity weaker than that for a-chymotrypsin.
Figure 5.8 shows the Scatchard plots cof proflavine biﬂding against
a—chymotrypsin-and 0-chymotrypsin-SSI complex obtained by eguilibrium
dialysis. In the latter system, 98% (in molarity) of the enzyme was
bound-by SSI. The data were treéted by the method of linear least
squares to evaiuate the dissociation constants, Kd’ and binding number.
n, of proflavinhe against o~chymotrypsin and a~chymotrypsin-SSI complex-

proflavine binds to o~chymotrypsin with Kd = (6.4 * 0.5) x 10_5 M and

n 1.01 * 0.12, and to Q-chymotrypsin-SSI complex with Kd = (16.0 % 0.8l

-5 .
x 10 Mand n = 1.05 % 0.23. From these results, it was revealed that
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Fig. 5.7. The relationship between the absorptivity differencé observed
on the binding of proflavine and O-chymotrypsin or O-chymotrypsin-SSI
complex and the concentration of proflavine. [a-chymotrypsinl, = 15.9
HM;.[SSI monomer], = 21.8 pM; [proflavine], = 0 - 60.0 uM, in 25 mM
phosphate buffer, pH 7.0, ionic strength 0.1 M (NaCl), 25.0°C. The dif-
ference between AAQGS.O and AA425‘0 was plotted against the concgnt;a—
tion of proflavine. a-Chymotxypsin-proflavine system: open circle, the
solid line is the theoretical curve with Kd df 5.1 x lO_5 M and (AA465.0

= Aa of 0.52. (o-Chymotrypsin-SSI)-proflavine system: closed

425.0)max

. . =5
circle, the solid line is the theoretical curve with Ka of 13.2 x 10 M
and -

(B2465.0 = PByas. o) max OF 0-36-
—————

Proflavine can bind to a~chymotrypsin-SSI complex stoichiometrically, -
forming a ternary complex, with affinity less than that for a-chymotryp-
sin. The Kd values obtained from spectrcophotometric titration 6f pro-
flavine (Fig. 5.7) and equilibrium dial&sis-(Fig. 5.8)’for both profla-
vine‘ﬂ-Chymotr—ypsin and proflavine- (0-chymotrypsin-SSI) systems are in

9%0d agreement with each other.
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Fig. 5.8. The Scatchard plots of the binding of proflavine with o-
chymotrypsin and o-chymotrypsin~SSI complex. The binding was measured |
by equilibrium dialysis in 25 mM phosphate buffer, pH 7.0, ionic
strength 0.1 M (Nacl), 25°C. o~Chymotrypsin-proflavine system: closedr
circle, the solid line was drawn theoretically with Kd of 6.4 x 10-5 M-
and the number of proflavine bound to the enzyme, n, of 1.0l. (o~Chymr
trypsin-SS§I)-proflavine system: open circle, the solid line was drawn

theoretically with Kd of 16.0 x 10”° M and n of 1.03.

‘5.4 Discussion

Inhibitton and binding. In the previous study on inhibition by
SSI using casein as substrate was reported that SSI inhibited neither
o-chymotrypsin nor trypsin (Table 1.1) (23). In the present study, ho¥

> M), the inhibition ¢

ever, by using pNPA as substrate (Kﬁ = 1.34 x 10
b

'8SI against d-chymotrypsin could be detected cbviously (Ki = 3.8 x 10
"M). - The interaction between SSI and o-chymotrypsin was detected by

ultraviolet difference spectroscopy and proflavine difference spectro”
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scopy by using proflavine as a probe; the dissociation constant of the

g-chymotrypsin-$SI complex, K_, was determined from these measurements

d
to be 2.2 x 10°% M ana 2.9 x 10°° M, respectively. From these results,
it is unequivocally concluded that SSI can specifically bind and compet-
itively inhibit o-chymotrypsin. The inhibitor constant, Ki’ and the
dissociation constant, Kd’ cbtained in the three independent methods are
in.reasonable agreement with each other giving the average value of

(3.0 £ 0.7) x 10-6 M. This value is larger by about four orders cof mag-
nitude than the inhibitor constant estimated for subtilisin BPN' (3 x

10w -7 x 107

M: B. Tonomura, T. Azuma, and K. Hiromi; Y. Uehéra,
B. Tonomura, and K. Hiromi, unpublished results}. Recent finding thaf
a-chfmotrypsin is bound to SSI immobilized on a Sepharose column (110)
is consistent with the present conclusion.

Proflavine binding. A dye proflavine has been believed to bind
stoichiometrically at the active site "tosyl anion hall" of a—chymotrié—
sin or of trypsin, and to produce visible absorption difference séectrum
(104,109). This spectral change has been used as a probe to detect the
binding of the enzyme with substrates and analogues which displace pro-
flavine (104,109,111-114). The same type of difference spectrum was ob-
Sexrved on the binding of SSI with proflavine-o-chymotrypsin complex.
However, it was shown by the spectrophctometric titration of the binding
of proflavine to the o~chymotrypsin-SSI complex and of SSI to the pro-
flavine—a—chymotrypsin complex, and by equilibrium dialysis, that SSI
does not displace the dye in the active site of the enzyme but forms an
u'chYNOtrypsin-proflavine—SSI ternary complex. To the author's knowl-

edge at least, this is the only case in which a substrate analogque

Nteracts with the active site of c—chymotrypsin without displacing pro-
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flavine from it. Proflavine binds o-chymotrypsin with the dissociation
-5 o

constant, Kd, of (5.8 * 0.7) x 10 ~ M and the maximum molar absorptivity |

4 1 -1

\ ~ N _ _ -
difference, (AE465.0 AEQZS.O)max' of (3.3 * 0.8) x 10" M "em ~, and

binds o-chymotrypsin-SSI complex with Kd of (14.6 £ 1.4) x 10_5 M and

1

(A - A ) of (2.4 £ 0.5} x 104 M—lcmn . These differences

€465.0 ~ “F425.0" max

may demonstrate that some change is induced in the environment of pro-
flavine in the binding site of o~chymotrypsin when the enzyme binds S$SI.
It is rather astonishing that there is a space to accomodate proflavine
in the o-chymotrypsin-SSI complex. This loose binding at the interact-
ing areas of the proteins must have resulted in the weaker inhibition
such as shown in the present study (Ki = 3.0 x 10_6 M).

The X-ray crystallographic study (32) has shown that the active
site structure of subtilisin BPN' resembles that of o-chymotrypsin, in
spite of the difference of their origins. 1In the present study it was
suggested that SSI could discriminate strictly the small difference in

the active site structure between subtilisin BPN' and o-chymotrypsin.

Notes for Chapter Five

The binding rate of SSI and d-chymotrypsin was measured prelimina- .

rily by the usé of the difference absorption produced on the binding of
SSI and o-chymotrypsin-proflavine complex with a Union SF-70 stopped-
flow spectrophotometer (Fig. 5.9). The progress curve was observed at

465.0 nm. The final concentrations were 17.6 UM a-chymotrypsin, 49.0 W
SST monomer, and 45.5 UM proflavine, in 25 mM phosphate buffer, pH 7.0/

jonic strength 0.1 M (NaCl), 25.0°C. Figure 5.10 shows the second-ordef
plot of the progress curve shown in Fig. 5.9, and the bimolecular rate

. 6 - - . . .
constant, X, was determined to be 2.3 x 10 M lsec l, which is consist”
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Fig. 5.9. Stopped-flow oscillogram for the binding of SS5I and @-chymo-
trypsin-proflavine complex. [0-chymotrypsin], = 17.6 uM; [SSI monomer],
= 49.0 uM; [proflavine]l, = 45.5 UM, in 25 mM phosphate buffer, pH 7.0,
ionic strength 0.1 M (NaCl), 25.0°C. Scale: horizontal, 10 msec/div.;
vertical, 0.01 Abs./div. Wavelength, 465.0 nm.

1 ] A L L

time {(msec)

Fig. 5.10. fThe second-order plot of the binding curve shown in Fig. 5.9.
Conditions are as in Fig. 5.9. The bimolecular rate constant, k, of the
blnding between SSI and a-chymotrypsin is calculated from the slope to

be 2.3 X lO6 M_lsec_l.
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ent with the supposition that the rate of the binding of SSI and @~
chymotrypsin is diffusion-controlled (see Discussion 7.4 in Chapter

Seven).

5.5 Summary

In the present Chapter was described studies‘on fhe inhibition and
the binding of Streptomyeces subtilisin inhibitor, SSI, against o-chymo-
trypsin. Both o-chymotrypsin and trypsin have been reported not tc be
inhibited by SSI using a specific substrate, casein (Table 1.1) (23).
However, in this study SSI was shown to inhibit a-chymotrypsin competi-
tively with an inhibitor constant, Ki = 3.8 x 10_6 M by using p-nitro-
phenyl acetate as substrate. The dissociation constant, Kd

trypsin-SsI comélex was determined from static titration to be 2.2 x

10—6 M by ultraviolet absorption difference spectra observed on the

binding of the enzyme and the inhibitor, and to be 2.9 x 10_6 M by visi-

ble absorption difference spectra of proflavine bound to the active site
of the enzyme. The Ki and Kd values are in reasonable agreement with
each other giving the average value of (3.0 = 0.7) x 10-6 M. This wvalue
is larger by almost four orders of magnitude than the inhibitor constant
estimated for subtilisin BPN' (see Chaptef TwWO) .

It was demonstrated by spectrophotometric titration and equilibri-
um dialysis that proflavine bqﬁnd at the active site of a-chymotrypsin
is not displaced by SSI binding but forms a ternary complex with the
enzyme. |

SSI was also found to competitively inhibit trypsin with the

inhibitor constant of 1.1 x 10_4‘M.
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Chapter Six

The States of Tyrosyl and Tryptophyl Residuss of

Streptomyces Subtilisin Inhibitor *

6.1 Introduction

Streptomyees subtilisin inhibitor, SSI; is a unigue protein pro-
teinase inhibitor in that it inhibits very strongly the alkaline serine
proteinases of subtilisin family {21,23j. It has been shown that the
native 8SI usually exists in a dimer form (see Chapter Thrée} and‘it.
binds and inhibits two molecules of subtilisin BPN' (see Chapter TWC) .

The complete primary structure of SSI has been determined (27); it
contains a tryptophyl residue and three tyrosyl residues per monomer
{113 amino acid residues, MW = 11,500) (Fig. 1.1}.

An ultfaviolet ahsorption difference spectrum produced on the
interaction of SSI with subtilisin BPN' indicates changes in the envir-
onment of tyrosyl and tryptophyl residues (Fig. 2.6). Information on
the states of these chromophoric amino acid residues would provide us
with a clue for understanding the nature of specific interaction between
the two proteins.

In the present Chapter, the investigation of the states of tyrosyi

and'trYEtOPhyl residues of SSI and subtilisin BPN' by solvent perturba-
———

* A pa;t of this study was presented at the Annuwal Meeting of the Agri-
cultural Chemical Society of Japan (Tokyo, A?ril 1974} and at the 25th
Forum on Protein Structure (Osaka, October ;974}, and published in J.
Biochem. (1977) 82, 1207-1215 (f).
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tion and spectrophotometric titration in the alkaline pH region are

reported.

6.2 Experimental Procedures

Materials. A three times crystallized and lyophilized preparation
of SSI was a genercus gift from Professor S. Murao. A three times cry§
tallized subtilisin BPN' preparation (Lot No. 206006} was purchased fron
Nagase & Co. Ltd., Osaka, and N-acetyl-I~tryptophan ethyl ester from
Protein Research Foundation, Osaka. N-Acetyl-L-tyrosine ethyl ester
(Lot No. vOoP893l1), ethylene glycol, and guanidinium hydrochlo;ide of
spectral grade, and other chemicals of analytica; or bettexr grade were
obtained from Nakarai Chemicals Ltd., Kyoto. Deuterium oxide (99, 83%)
was the product of CEA-SACLAY DRA Bureau des Isotopeststables, France.
Unless otherwise noted, the buffer solution used for all experiments was
25 mM phosphate buffer, pH 7.00%0.01 (ionic strength was adjusted to 0.1
M with NaCl).

Concentrations of proteins and model compounds were all estimated
spectrophotometrically with a Shimadzu UV-200 reccrding spectrophotome-
ter. The absorptivities of the proteins calculated from the amino acid
compositions (25,27) are as follows (Chapter Two): Eoii;(276 nm) = 0.8%9

1

0.1% em s . .
im(278 nm}) = 1.063 for subtilisin BPN'. ConcentratlonS

for &SI, and El

of the model compounds were determined using the following molar absorpP”
tivities (42,1158}: 1,340 M—lcm_1 for N-acetyl-L-tyrosine ethyl ester at

275.5 nm and 5,550 Mt

-1
cm for N-acetyl-L-tryptophan ethyl ester at 2860
nm. The purity of the subtilisin BPN' preparation used was determined

to be 75.4% according to the method described in Chapter Two (Experimen”

- 9% -




tal Procedures 2.2).

Ultraviolet diffbreﬁee spectra. The procedures followed essen-
tially the methods described by Herskovits and Laskowski, Jr. (2116).
all measurements were made with a Shimadzu UV-200 recording spectropho-
tometer with an expanded scale (0.1 absorbance/full scale). Two pairs
of matched cuvettes with 1.0 cm optical path length were used, each pair
in series in the sample and reference compartments thermostated at 25.0
°c, Concentrations of the proteins and the model compounds were always
chosen not to exceed 1.5 in absorbance unit in the spectrophotometric
measurements (I17).

Solvent perturbation. Difference absorption spectra caused b§
solvent perturbation (I18) were measured .at 25.0°C as described above
after keeping a mixture of the sample and a perturbant for 30 min at
25.0°C. Methanol, .ethylene glycol, polyethylene ‘glycol (#300) and deu-
terium oxide(DZO) were used as perturbant, and their mean molecular di-
ameters were assumed to be 2.8 A, 4.4 A, 9.2 A, and 2.0 A, respectively
(119). The final concentrations of the perturbants were in the range of

0 - 50% (v/v) except for D,0, which was used only at 90% (v/v). Caution

2
was taken so as to avoid temperature difference between thé sample and
the reference cells, which may affect the difference spectra.
Spectrophotometric titration of tyrosyl residues. The phenolic
hydroxyl groups of tyrosyl residues of SSI were titrated by directly
Measuring the difference in absorbance at 295 nm and 245 nm between a
9iven alkaline and the neutral solution at pHV7.0. A 33mM phosphate-
YaOH buffer was used for pH 9.0 = 1i.4, a 67 mM carbonate-bicarbonate
buffer for PH 11.0 - 12.0, and a mixture of 1.0 N NaOH and 1.0 M NaCl in

Various ratios for pH 11.5 - 13.0. NaCl was added to maintain the ionic
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strength of the buffer solutions constant at 0.2 M. Time dependence of
the absorbance difference was examined at 245 nm and 295 nm. To 1.5 ml
of the unbuffered aqueous soluticn of protein in ah optical cuvette, 1.5
ml of alkaline or buffer solution of various pH's was added, and the
change in absorbance was followed usually for 25 min. The mixture solu-
tions after the pE-jump were kept at 25.0°C also for about 24 hr, and
the difference .spectra were taken again._ All the pH values were checked
after the mixing using a Hitachi-Horiba F-5 pH meter. The final SSI
concentration used for the titration was in the range between 5.03 WM.
ahd 12.2 uM.

For the titration in the presence of guanidinium hydrochloride,
2.7 ml of SSI solution with 4.55 M guanidinium hydrochloride at pH 7.00
which had been kept at 25.0°C for 24 hr was mixed with 0.3 ml of a mix-
ture of 4.0 N NaOH and 4.0 M NaCl in various ratios, giving desired pH
values. The tyrosyl residues were titrated in the same way as in the
absence of guanidinium hydrochloride. The fipal. protein concentration
was 27.8 UM.: The difference in molar absorptivity at 295 nm between
an alkaline and the neutral solution is considered identical regardless
the presence of 4 M guanidinium hydrochloride (120).

Analysis of titration data. The titration data in a given pH-
range were analyzed as suggested previously (121,122) by a linear plot-
ting in -terms of the molar absorptivity difference at a given pH, AE,
acceording to éhe following equation, where AEmax is the difference in
. molar absorptivity after complete ionization of all relevant tyrosines:
and;Ka is. the spparent ignization constant.

(' ]Ae = A=K - Ae*K : 6.1)

max ~a a
The method of least squares was used to obtain the Aamax value and the
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apparent pX_ . The molar absorptivity differences used for the ionization

l‘cm_:L , Ae =

3 -
=2.31 x 10" M 245

of a tyrosyl phenolic group were: A€2

4 -1 -
1.066 x 10 Mlcm l.

95

These values were obtained by the author with N-
acetyl-L-tyrosine ethyl ester and agree with the values reported by
other investigateors (120-123).

Examination of a rapid change in absorbance by the pH-jump. The
pH-jump stopped-flow experiments were performed using a Union SF-70
stopped-flow apparatus with an optical path of 1.0 cm and about 1.5 msec
of dead-time according to the previously reported method (I124). The
optical changes at 295 nm and 245 nm were recorded with a Riken Denshi

PSC-BC quick signal converter equipped with an X-Y recorder, F-3D.

6.3 Results

Solvent perturbation. Figure 6.1 shows the molar absorptivity
difference, At—:)\, of N-acetyl-I~tryptophan ethyl ester of a tryptophan
maximum, XA = 291.0 nm, and that of N-acetyl-L-tyrosine ethyl ester at a
tyrosine maximum, A = 284.5 nm, plotted against the final concentration
of Ethylene glycol (%, v/v). The similar plots were obta;i.ned also for
the other perturbants employed. In the perturbant concentration range
between zero and 30% (v/v) the plots were linear, above which upward
deviation from the linearity was observed. The molar absorpt:i:vity dif-
ferences of the model compounds at the perturbant concentration of 20%

v/v) (except in the case of D.0, 90%, v/v) have been determined. as

2
shown in Table 6.1, which are in satisfactory agreement with those ob-
taineq by Herskovits and Sorensen (I119) except for one case (N-acetyl-

L-try.PtOPhan ethyl ester in D,O at 285.5 nm). Calculations deséribed in

2
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Fig. 6.1. Effect of the concehtration of ethylene glycoi on fhé solvent |
perturbation difference_spectrum of N-acetyl-L-tryptophan ethyl ester and|
that of N-acetyl-L-tyrosine ethyl ester. [N-acetyl-L-tryptophan ethyl-
ester], = 0.240 mM, A = 291.0 nm, open circle; [N—acetyl—L—ty;osine
ethyl ester], = 1.26 mM, A = 284.5 nm, closed circle, in 25 mM phosphate
buffer, pE 7.00, ionic sﬁrength 0.1 M (NaCl), 25.0°C.

the following sections were made using the values obtained by the
author.

Figures 6.2 (A - D) show the solvent perturbation difference spe¢
tra of SSI obtained with 20% (v/v) methanol, 20% (v/v) ethylene ‘glycols

20% (v/v) polyethyiene glycol (#300), and 90% (v/v) D.O, respectively:

2
Examples of the plots of AEX at 285 nm and 294 nm against the perturbaIlt

concentration are presented in Fig. 6.3, in which upward deviation f£ro® |
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Table 6.1. Parameters of perturbants and medel chromophores in water.?

wave- wave-

pertux- ‘mean length aey length ey
bant dia- {2} of - () of
{8, v/v) meter a Trp Ac-Trp- Ac-Tyr- a Tyr Ac-Trp- Ac-Tyr-
(A) max (nm) OEt OEt max (nm) QOEt QOEL
0,0 (30) 2.0 292.0 '-160.1 «11.0 285.5 -71.2 -60.3
2 d d d d
(-203.6)¢ . (-12.2) (-120.00¢  (-67.1)
methanol 2.8 291.5 231.3 16.8. 285.5 133.5 75.5
(20) | (235.09  (e6.m¢ as.9?  (s.59
ec? (200 4.4 292.0 294.0 16.1 285.5 165.9 92.2
(305.1)9  (16.1)¢ . arz.2?  (92.29
PEG® (20) 9.2 291.0 512.5 57.0 286.0 90.1 - 178.6
s1is.n? 5704 (4.4 (187.0)¢

% 25 mM phosphate buffer, pH 7.00, ionic strength 0.1 M (NaCcl), 25.0°C.

d

b EG, ethylene glfcdi. ¢ PEG, polyethylene glycol (#300). AcA values shown in

{ ) are cited from Herskovits and Sorensen {1968} (1225).

linearity was also detected in each plot at fhe perturbant concentration
above 30% (v/v). Values of the molar-aﬁgorptivity difference of SSI at
20% (v/v) (in the case of-DZO, éD%, v/ﬁ) of the perturbant concentration
are Summarizedkin Table 6.2.

In the difference spectra of SSI obtained by-polyethylene glycol
(Fig. 6.2, C) no shoulder was detected at the 292 nm region. This was a
uniqﬁe feature of the polyethylene g;ycollperturbation, thch was not
found with other perturbants. This suggests that there was no or lit-
tle, if any, contact between polyethylene élycol molecules a;d the tryp-
tophyl residue of SSI. The extent of exposure of tryptophyl and tyrosyl
residues was estimated usiﬁg the following simultaneous eqguations (125).

AE291—293(Pr°t8in) = a-A (Trp) + b-Ae

€201-293

291_293(TY?) (6.2)

a*'

0

"C25-255 Protein) € pa6-2gs (TEP) * B*AE g oo (Tyr)  (6.3)
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Fig..6.2. Difference specfra of SSI produced by adding (A) methanol,
(B) ethylene glycol, (C) polyethylene glycol, and (D) deuterium oxide.
SSI dimer: (A) 59.7 uM; (B) 46.8 UM; (C) 49.7 uM; (D) 44.0 pM.
(A) methanol (v/v): (a) 0%; (b) 12%; (c) 16%; (d) 20%;: (e) 22%. (B)
ethyiene glycol Kv/v):.(a) 0%; (b) 12%; (¢} iG%; {(d) 20%; (e) 22%. (C)
polyethylene glycol {v/v}: (a) O%; (b) 8%: (c) 12%; (d) 16%; (e) 20%.
(D} deuterium oxide (v/v): 90%. SSI was in 25 mM phosphate buffer, pH
7.00, icnic strength 0.1 M (NaCl), at 25.0°C.

where coefficients g and b respectively represent the apparent number ©of f
exposed tryptophyl (Trp) and tyrosyl (Tyr) residues in the protein undef |

investigation. Here AEA values refer to the molar absorptivity differ-
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Fig. 6.3. Effect of ethylene glycol concentration on the solvent ‘per-

turbation difference spectra of SSI. A = 292.0 nm, open circle; A =
286.0 nm, closed circle. [SSI dimer], = 46.8 UM, in 25 mM phosphate
buffer, pH 7.00, ionic strength 0.1 M (NaCl), 25.0°cC.

e —
énces of the protein and the model compounds at the peak waﬁelengths of
the difference spectrum (é91—293 nm and 286-288 nm). The results are
Sumarized in Tables 6.1, 6.2, and 6.3. The coefficients d énd b and .
the ratijos of ‘the exposed chromcphoric residues to the total chromo-
Fhoric residueé are listed in Tables 6.2 and 6.3.

Curves A - C of Fig. 6.4 shoﬁ the soiyent. pér:i:urbaﬁion difference
SPectra of subtilisin BPN' caused b} 20% (v/v) methanol, 20% (v/v) eth-

Ylene 9lycol, and 20% (v/v) polyethylene glycol (#300), reépectively.
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Table 6.2. Difference spectral parameters of SSI.a

mean molar absorptivity apparent no. of fraction of resi-

perturbant dia- difference (AEA) exposed groupsd dues exposed (%)
(8, v/v) meter 1:290- A:284- -
(n) - )
293nm 288nm Trp Tyr Trp Ty

DZO {90) 2.0 -329.9 -568.8 1.54 7.58 77.0 126.3
methanol (20) 2.8 251.3 544.5 0.65 6.07 32.3 101.2
EGb (20) 4.4 279.8 651.5 0.63 5.94 31.5 95.0
PEG® (20) 9.2 322.0 915.5 0.06 5.09 3.0 88.8

% 25 mM phosphate buffer, pH 7.00, ionic strength 0.1 M (NaCl), 25.0°C.

d

b EG, ethylene glycol. ¢ PEG, polyethylene glycol (#300). values are calcu-

lated according to Egs. 6.2 and 6.3.

The number and the fraction of the exposed tryptophyl;and tyrosyl resi-
dues are shown ih Table 6.35 | ‘
Spectrophotomefric- tif:mti,on of tyrbsyl groups., Figure 6.5 shows
the ultr;violet absorptionrspe;tra of SS8I at pH's 7.0 and 13.1. WNo
spectral change was observed between pH 6 and 8. BAbove pH 8, the spec-
tra showed gradual increase in molar absorbance concomitant with the red
shift, as pH values increased, re;ching £he spectrum of pﬁ 13.%. These
spectral changes were due almost‘exclusively to ionization of tYrdsyl

phenolic groups. No conformational change of SSI seems to have taken

s

place; the identical profile of ORD spectra of SSI was obtained betweel

pH's 7.0 and 13.1, and no cleavage of disulfide bond at pH 13 was deter
ted. Figgre 6.6 shows the pH—difference spectra of SSI, SSI in the
presence of 4 M guanidinium hydrochloride, and N-acetyl-tyrosine ethyl
ester. Thernumber of ionized tyrosyl residues in 58I at pﬁ 14.0 was
calculated from Curve A to be 6.0 per mole of dimer SSI. The value i?

-in good agreement with the results of amino acid analysis, three tyroﬂl
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Fig. 6.4. Difference spectra 6f subtilisin BPN' producéd by adding (A)
methanol, (B) ethylene glycol,.and (C) polyethylene glycol. Subtilisin
BEN': () 42.7 uM; (B) 40.2 1M; (C) 31.4 M. (A) methanol (v/v): (a)
0%; (b) 8%; (c) 16%; (d) 20%. (B) ethylene glycol (v/v): (a) 0%; (b)
14%; (c) 18%; (d) 20%; {e) 22%. (C) polyethylene glycol (.v/v): (a) O%;
(b) 6%; (c) 10%; (&) 14%; (e) 18%. Subtilisin BPN' was in 25 mM phos-
phate buffer, pH 7.00, ionic strength 0.1 M (I;Jacl), at 2-5.0°C.’

hﬁl——
P s a
Table 6.3. Difference spectral parameters of subtilisin BPN'.
mean molar absorptivity  apparent no. of fraction of resi-
8 . -
P(:_turbant dia- difference {Ae,) exposed groups® dues exposed (%)
AL meter 5 .290- A:284-
(A) 293nm 288nm Trp Tyr Trp ‘Tyr-
—————
™ethanol (20) 2.8 - 704.6 869.4 . 2,54  7.04 84.7 - 70.4
b
57 (20) 4.4 712.0 939.4 2.07  6.47 68.9  64.7
c
PEG" (20) 9.2 1083 - 1155 1.41.  6.31 47.0 63.1
\ . X ) . .

a
) 25 my Phosphate buffer, pH 7.00, ionic strength 0.1 M (NaCl), 25.0°C.
ks, ethylene glycol. e PEG, polyethylene glycol (#300). 4 values are calcu-

1 :
Bted according to Egs. 6.2 and 6.3.
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Fig. 6.5. Ultraviolet absorption spectra of SSI. [SSI dimer], = 27.3
UM, in 25 mM phosphate buffer, pH 7.00, ionic strength 0.1 M (NaCl), and
in the mixture of 1.0 M NaOH and 1.0 M HCl, pH 13.1, 25.0°C.

residues pér SSI monomer (27).

Figure 6.7 shows'the plots of A€295 between neutral and alkaline
solutions of SSI égainst reépective PH. Curve A represents the ioniza-
tion of.the tyrosyl phenolic grdups measured at 10 min after the prepa-

ration of the alkaline samples without guanidinium hydrochloride. The

were méasured after 24 hr

identical curve was obtained even when AE295

at 23°C. Curve D-shows the phenclic hydroxyl ionization in the presence

of 4.1 M guanidinium hydrochloride after keeping for 24 hr at 25°C. The
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Fig. 6.6. pH-Difference spectra of SSI and N-acetyl-L-tyrcsine ethyl

ester, A {(~——): [ssI dimer], = 14.1 uM, pH 14.0 vs. PH 7.00. B (——):..

fss1 aimer]u = 15.5 UM, pH 10.35 vs. pH 7.00 in the presence of 4.1 M

Juanidinium hydrochloride. € (---): [N-acetyl-I-tyrosine ethyl ester],

=66.3 uM, pH 13.0 vs. pH 7.00.

——

Plateay
level of A$295

of Curve D corresponds to éhe ionization gf 6.0

tyrosyl Phenolic groups. Curve A shows three step§ of the ionigétion.
The pKa values of the tyrosyl residues of SSI were determined

ESSe’_]tial_ly accerding to the procedure previousiy.described (121,122).

ﬁm.experimental valueé between pH 9.0 - 10.4 of Fig. 6.7 Curve A can be

best fitted to a straight line using Eq. 6.1 as shown in Fig. 6.8, A.

- 107 -



Fig. 6.7. Spectrophotometrit.: titration curves of SSI. A (open circlel:
forward titration at 10 min and 24 ﬁr after preparing alkaline sample

solution. [SSI dimer] = 5. 03 MHM. Solid line is the theoretical curve
drawn by assigning pK values, 9.58, 11.10, and 12.42, respectively, to
three pairs of tyrosyl residues per mole of SSI dimer. A': theoretical
ionization durve for 2.15 tyfosyl residues per mole of dimer SSI with a
pKa of 9.66. B (open triangle): difference between curves A and A'.

B': theoretical ionization curve for 1.68 tyrosyl residues per mole of
dimer SSI with pKa 11.02. ¢ (open square): différénce between curves B
and B'. C': theoretical ionization curve for 2.26 tyrosyl residues per
mole of dimer SSI with pK 12.33. D (closed circle): forward titra'l'fion
in the presence of 4.1 M guanidinium hydrochlorlde. [SSI dimer], 278
-].lM Dotted line is the theoretical curve for six tyrosyl residues Wlth

PK_ 20.41.

A PKa. of the relevant phenolic groups was obtained from the slope to be

9.66 * 0.10, and the number of the groups,’ from the intercept on the
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dbscissa, to be 2.15 +'0.03 per mole of SSI dimer.

Fig. 6.8.- Analysis of
titration curves of SSI
in terms of [H*]'AE vS.
Ae plot; Titration at
295 nm between pH 9.0
and 10.4, (h); between
pH 10.4 and 11.4, (B):
between pH 11.4 and

- 13.4, (€). Titration in

the presence of 4.1 M
guanidinium hydrochlo-
ride at 294 nm between -

pH 9.95 and 13.0, (D).

Curve A! in Fig. 6.7

™®presents a theoretical ionization curve for. 2.15 phenolic groups with
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a pKé of 9.66. Subtraction of Curve A' from the experimental poin;s of
Curve 4 gives Curve B. The AEZQS values of Curve B between pH 10.4 and
11.4 can be 5est fitted, in the same manner, to a straight line (Fig.
6.8, B), which indicates ionizétion of 1.68 +* 0.13 phenolic groups with
a pK_ of 11.02 * 0.06 in this pH region. Curve B' of Fig. 6.7 is a
theoretical titration curve for 1.68 phenolic ‘groups with a pKa of
11.02. Subtracting Curve B' from Curve B gives Curve C of Fig. 6.7,
which-ean bé best fitted, by the same treatment, to a straiéht line
(Fig. 6.8, C) ;hat indicates the ionization of 2.26 * 0.16 tyrosyl resi-
dues with a pKé of 12.33 £ 0.06 in the regibn of pH 11.4 - 13.4. Curve
C' of Fig. 6.7 is a theoretical ionization curve for 2.26 phenolic
groups with a pkﬁ of 12.33. Thus the six tyrosyl residues of a dimer
SSI are to be classified into three groups: 2.15 residues with a pKa of
9.66, 1.68 residues with a pKa of 11.02, and 2.26 residues with a pKé of
12.33. (see Discussion 6.4)

The experimental points of Curve D in Fig.l6.7 can be best fitted
to a straight line according to Eq. 6.1 as shown in Fig. 6.8, D, which
shows the ionization of six tyrosyl residues per mole of SSI dimer with
a single pké of 10.41 in the presence of 4.1 M guanidinium hydrochla—
ride. The dotted line of Curve D in Fig. 6.7 is a theoretical ioniza- .
tion curve for such phenclic gfoups.

Time-dependence of the phenolic ionization. The apparent ioniza~
tion process of originally buried tyrosyl residues caused by conforma-
tional change due to the pH-jump can be distinguished from the ioniza-
tion of originally exposed residues in terms of the time-dependence of
the process -(124). The latter process is so fast that the time-depend”
ence should rnot be detectable. In the case of SSI, no time-dependent
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ionization of tyrosyl residues was detected with an ordinary spectropho-
trometer or with a stopped-flow apparatus in the pH range pH 10 - 14.
Tthis implies that the ionization of all phenolic groups has completed
within the dead-time of the apparatus, and strongly suggests that these

tyrosyl residues are originally exposed.

6.4 Discussion

The states of tyrosyl residues of S5I. The sclvent pertﬁrbafion
studies have demonstrated that all of the six tyroﬁyl residues in SSI
dimer are exposed to the solvent for every perturbant studied. This is
consistent with the fact that all of the tyrosyl phenoli¢ groups ionize
very rapidly within the dead~time of the stopped-flow apparatus.

The results cbtained from laser‘Raman spectroscopy (M.l' Nakanishi
ind M. Tsuboi, personal communication) and from X-ray cry'stallogr‘aphic
analysis with'2.3 A resoluticn (29) also support this inference.

Three apparent pK&’s of tyrosyl residues. The spectrophotometric
titration of tyrosyl residues at the alkaline pH regibn has shown that
the six tyrosyl residues ih a dimer SSI. can be classifiea into fh:.;ee
groups in terms of the pKa of the ionization. If the tyrosyl residués
°f SSI ionize independently, the number of the residues of a certain pK_
should be an integer. This condition has not been considered for the
€alculation described in Results 6.3. When Curve A in Fig. 6.7 is ana-
¥zed with a fixed number of tyrosyl residues, i.e., two for each group
With the same molar absorptivity difference, the pKa values become 9.58
: 0.10, 11.10 % 0.19, and 12.42 * 0.30 for each group. These'vallués are

i ’ . : -
I agreement with those described in Results 6.3, though somewhat larger
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deviations are included here. The solid iine of Fig. 6.7, Curve A is 3
theoretical curve drawn for pKa‘s 9.58, 11.10, and 12.42 for- each two
residues. ‘Thus, the six tyrosyl residues of SSI dimer are to be sepa-
rated into three groups, each including two residues. Since SSI is con-
posed of two identical subunits as shown in the previous studies (87,28, |
48), the pKa's of the three tyrosyl residues of monomer SSI are thus |
eeparately evaluated. The three tyrosyl residues must locate in differ-
ent enviropment from each other, although they all appear to be on the
surface of the molecule as described above. Difference in microscopic
electrostatic field or the presence of hydrogen bonds could be the
reason for the observed d;fference in pKa valuesi

The_titration of SSI in the presence of guanidinium hydrochloride
was carried out.without qleating the disulfide bonds, since the centrr
bution of reducing agents such as 2-mercaptoethanol to the_molar absorp
tivtty difference was thought difficult to be accurately estiﬁated. The
obtained pKé_value (10.41) is slightly highervthan the case of protehﬁ\
free of dieulfide bond, subtilisin BPN'Vand subtilisin_Carlsberg (pKa
9.97 in the presence of 5 M guatidinium hydroctloride) (122). The dif-
ference between those velues might be due te that two of the three tyro
syl r351dues of S5I monomer locate in a disulfide loop (27).

The states of tryptophyl resmdues of S5I. The results of 'solvent
perturbation experiments‘suggest also that the tryptophyl residuesl(two
per dimer SSI) are not accessible to polyethylene glycol, the mean
molecular diameter of which is 9.2 A, whereas about a third of the toyF
tophyl residue contact with methanol and ethylene glycol, the diameters
ofvwhich are 2.8 A and 4.4 A, respectively. Siﬁce each of the chr@W'

phores in a dimer SSI is expected to be in a homologous part in the s
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pit (27,28,49), it is concluded that the tryptophyl residue is partially
puried in the molecule of SST. The state of the tryptophyl residue thus
estimated seems 1o be closely related to the unique properties of SSI
that the intrinsic protein fluorescence due to tryptophyl residues is
strongly gquenched in the native SSI (126).

The states of tyrosyl and tryptophyl residues of subtilisin BPN'.
One molecule of subtilisin BPN' (275 amino acid residues, MW = 27,500)
contains three tryptophyl and ten tyrosyl residues (25), and the states
of those chromophores have been investigated by several methods: spec-—
trophotometric titration (122),‘chemical modification (26,127-128), X-
ray crystallography (26), and solvent perturbatiocn (130).

The states of these chromophofic amino acid residues of the subti-
lisin BPN' preparation used had to be confirmed for further investiga-—
tion on the interaction.between SSI and the enzyme. The numbef of ex-
posed tyrosyl and fryptophyl residues of subtilisin BPN' obtained in the
Present Chapter (Table 6.3) are essentially consistent with the pub-
lished results from tﬂe spectrophotometric titration and from the reac-
tivities of those residues toward chemical modification reagents, though
the present results give somewhat 1arge¥ extent of exposure than the
values of Herskovits and Fuchs (130).

All of the six tyrosyl residues of SSI dimer and about six of the
ten residues of subtilisin BPN' have been found in the exposed state by
the solvent perturbation study. Some of them must be involved in the
®Mzyme~inhibitor complex formation reéulting in the ultraviolet'absorp—
tion difference spectrum (Fig. 2.6). Whether the tyrosyl residues of
the botn Proteins or of either one of the two proteins participate in

the comp) ex formation remains to be clarified, and further studies along
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this line are described in the féllowing Chapters.

6.5 Summary

The states of tyrosyl and tryptophyl residues of a dimeric proteﬁ
proteinase inhibitor, Streptomyces subtilisin inhibitor, were studied by
solvent perturbation difference spectroscopy with methanol, ethylene
glycol, polyethylene glycol (#300), and deuterium oxide as perturbant,
and by spectrophotometric titration at alkaline pH. It was indicated
that all three tyrosyl residues per monomer of the inhibitor were ex-
posed on the surface of the molecule, and thgir pKa values were sepa-
rately estimated to be 9.66(+ 0.10}), 11.02(* 0.06), ;nd 12.33(+ 0.06).
The only one tryptophyl residue per monomer of the inhibitor seemed to
be buried in a cleft of the mclecule.

The solvent perturbation study of subtilisin BPN', which is a main
target enzyme of this inhibitor, indicated that seve£ tyrosyl.and two
or three tryptophyl residues of the enzyme molecule were accessible to

methanol molecule.
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Chapter Seven

A Tyrosyl Residue Involved in the Specific Interacticn
between Streptomyces Subtilisin Inhibitor and Subtili-

sin BPN' —— Static and Kinetic Studies *

7.1 Introduction

Protein proteinase inhibitors like soybean trypsin inhibitor
(Kunitz) and bovine pancreatic trypsin inhibitor"(Kunitz) have drawn at=-
tention as the most "natural" substrate analogues of trypsin. The crys-
tallographic studies on the complexes of these inhibitors and trypsin
provided a plenty of information as an excellent model for the true
binding mode of a specific subst:.;ate on the enzyme in general (10,1I).
Streptomyces subtilisin inhibitor, SSI, is a protein proteinase inhibi-
tor with such a prospect for subtilisins, against which only very few
specifi¢ protein inhibitors have been found.

An SSI molecule, which exists as a dimer under the usual condi-
tions consisting.of two identical subunits. (see Chapters Two, Three, and
Four) (27,28), binds and inhibits two molecules of subtilisin BPN' (see
Chapter Two). The inhibitor contains a tryptophyl and three tyrosyl
residues per monomer (113 amino acid residues, MW = 11,500) (27); the
tryP"-C’Phyl residue is selieved to be partially burie'd, in'the molecule
and a1l ty-rosyl' residues to be. exposed on the surface of the protein,

from the results of the solvent perturbation and the spectrophotometric
_—_-—.-‘%a—

* ‘ : ‘
A part of this study was presented at the 26th Forum on Protein Struc-

ture (Nagasaki, October 1975) (g).
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titration. On the other hand, it has been found that in a molecule of
subtilisin BPN', seven out of ten tyrosyl residues and almost all three
tryptophyl residues are accessible to methanol (see Chapter Six).
Changes in the environment of those chromophoric residues on the associ-
ation of S$SI and subtilisin BPN' have been suggested by the ultraviolet
absorption difference spectra (see Chapter Two).

In the present Chapter, changes in the solvent accessibility of
those chromophoric amino acid residues accompanied by the enzyme-inhibi-
tor complex. forma'_tion are studied to obtain evidence for the inQolve-
ment of such chromophoric residues in the specific interaction between

SSI and subtilisin BPN'.

7.2 Experimental Procedures

Materiagls. A three times crystallized and lyophilized preparatio
of Streptomyces subtilisin inhibitor, SS8I, was a generous gift from
Professor S. Murao. A three times crystallized and lyophilized prepal®
tion subtilisin BPN' [EC 3.4.21.14] (Lot No. 206006) was purchased frod
Nagase & Co. Ltd., Osaka. The purity of the enzyme preparation used Wi
determined to be 75.4% according to the method described in Chapter TW
A three times crystallized subtilisin Carlsberg [EC 3.4.21.14]} prepard”
tion {Lot No. 28B-2340) was purchased from Sigma Chemical Co.,.and its
purity was determined to be 92.7%. A three times crystallized bovine
pancreatic O~chymotrypsin [EC 3.4.21;1] {Lot No. CDI 34D698) and a twict
crystallized bovine pancreatic trypsin [EC 3.4.21.4] (Iot No. TRL 34C’_
952) are from Worthington Biochemical Corporation (see Experimental |23

cedures 5.2}.
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Concentrations of the protein solutions were determined using the

0.1%

following absorptivities at pH 7.00: El cm(276 nm) = 0.829 for SSI,

0.1% _ s . 0.1%

El Cln(278 nm} = 1.063 for subtilisin BPN' (Chapter Two), El cm(280 nm). =
0.1%

0.96 for subtilisin Carlsberg (131), E

g'i:(ZBO nm) = 1.05 for trypsin (I106); and the fol-

0.1l%
1 (276 nm) = 0.850 for SSI
1l cm

1 cm(282 nm) = 2.05 for o-chymo-
trypsin (I05), and E
lowing values were also used at pH 9.70, E
g'i:l(zso nm) = 1.092 for subtilisin BPN'. The molecular weights

were taken tc be 11,500 for SSI monomer (27), 27,500 for subtilisin BPN'

and E

(25), 27,300 for subtilisin Carlsberg (131), 25,000 for O-chymotrypsin
(105), and 24,000 for trypsin {(I06). All spectrophotometric measure~
ments were performed with a Shimadzu UV-200 recording spectrophotometer.

Ethylene glycol of spectral grade and other chemicals of analyti-
cal reagent or better grade were obtained from Nakarai Chemicals Ltd. ,.
Kyoto.

For the experiment of solvent perturbation difference spectroscopy
25 mM phosphate buffer, pH 7.00%0.01 (ionic st_rengi;_h was adjusted to 0.1
M Vwith NaCl) was used. For the experiments of the difference spectro-
SCOpy on the bindihg of the enzyme and SSI in the alkaline pH range, 25
¥ carbonate buffer was used. pH of the buffer was adjusted to a
desired value within 0.0l pH unit with 0.1 N HCl or NaOH solutions, and
the ionic strength was adjusted to 0.1 M with NaCl. A Hitachi-Horiba
F~3 pH—meﬁer was used for all pH measurements. BAll the experiments were
Carried out at 25.0°C.

Notes for the symbols used. 1In the following description, the
Mlecule of subtilisin BPN' and that of SSI subunit will be indicated by
E ang I, respectively, and the suffixes, 1l and 2 will sfand_for their

Number: ; accordingly, the binding stoichiometry described in Chapter Two
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. 7 . , .
can be written as 12 + 2El -_— E2 5 Symbols Il and Elll will be algy

1 .

1 . .
2(I2) and E{E212), respectively, for convenience of

used representing
interpretinglthe interaction between the two proteins simply in terms of
the reaction per binding site, although nc molecular species such as Il
and Elll have been actually detected under the conditions employed in
the present study {see Chapter Four).

Solvent perturbation. The solvent perturbation experiments were
carried out :at pH 7.00, 25.0°C according to the method described in Ex-
perimental Procedures 6.2 in Chapter Six. The solvent perturbation dif-
ference spectra of the mixture of SSI and subtilisin BPN' solutions
rather than the isoclated complex were examined.** Methanol and ethylens
glycol, their mean diameters being 2.8 A and 4.2 A, respectively, were
used as perturbant.

The estimation of the number of tryptophyl and tyrosyl residues
involved in the binding of SSI and subtilisin BPN' by solvent pertw'ba-
tZon. The following symbols were used.

d : purity of the subtilisin BPN' preparation used.

X, ¥ : total number of tryptophyl and tyrosyl residues, respectively:

- in one molecule of the complex of monomer SSI and subtilisin

** Tnactive protein fréction in the enzyme preparation used may be per-
turbed by the solvent tb the same degree as the active enzyme. This
effect,‘however, does not hamper the estimation of the number of
chromophoric residues involved in the interaction Between ssI and
subtilisin BPN', because the effect of the inactive fraction is
cancelled out so far as the mixture of subtilisin BPN' and SSI solV

tions are used.
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ke
"

x*, ¥y*

(o]
9]

C ..
el

The

BPN' (Elzl) .

number of solvent-accessible (exposed) tryptophyl and tyrosyl
residues, respectively, in one molecule of the protein, SSI
(Il) or subtilisin BEN’ (El).

number of solvent-inaccessible (buiied) tryptophyl and tyrosyl
residues, respectively, in one molecule of the protein, SSI
(Il) or subtilisin BPN' (El).

number of tryptophyl and tyrosyl residues, respectively, whose
accessibility to the solvents was changed on the formation of
the complex (Elll).

initial concentrations of subtilisin BPN' (active and inactive
fractions) and SSI monomer, respectively, in the mixture of the
enzyme and the inhibitor solutions. Accordingly dCe stands
for the concentration of the active enzyme.

concentration of the complex (ElIl) formed in the mixture of
subtilisin BPN' and SSI solutions, which is equal to dCe under

the conditions used.

suffices, e, i, and ei represent subtilisin BPN', SSI and the

énzyme-inhibitor complex, respectively. The concentrations of trypto-

phyl (c )
X

and tyrosyl residues (Cy) which are perturbed by the solvent

Perturbants. in the mixture of subtilisin BPN' and SSI solutions are ex-—

Pressed by Egs. 7.2 and 7. 3.

X

C
Y

=x+% Y=y+7¥ (7.1)

=Cx +C.x, - C_.x* . L (7.2)
e’e i%i ei

= - * 7.3
Ceye * Ciyi Ceiy ) o ( )

The absorptivity differences, AAA(E—I mixture), in which A represents

the Wavelength, 292 nm and 286 nm; caused by solvent perturbation are
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given by Egs. 7.4 and 7.5.

AA292(E—I mixture) = Cx.A€292,x + Cy.A€292,y (7.9)

AA286 (E-I mixture) = Cx'AEZBG,x + cy-Asz%’y (7.5

where AEA and AEA are the molar absorptivity differences at the

r r

wavelength, A nm; of tryptophyl and tyrosyl residues, respectively. Th
values of Ceix* and Ceiy* can be given by sclving Egs. 7.2 - 7.5 simul-
taneously:

C ,x*= (Cx_+C,x,) -C
e'e 174 b4

ei
. - AA292(E—I mlxture)°A€286’y - AA286(E-I n'l:i.xture)'Aezgzry
X B€50s,x 28286,y T D286, D202,y
(7.6)
* = (O -
Ceiy (Ceye *+ Ciyi) Cy
. - AA292(E*I m:thure)-A€286'x - AAZBS(E—I-mlxture)'Aezgzlx
Y. 88592,y D286, x ~ €286,y 8202, x
(7.7)

Difference spectra on the binding of subtilisin BPN' and SSI at
alkaline pH. Difference spectra were observed on the binding of sST ant
subtilisin BPN' in the PH region between 8.4 and 10.2 using'a Shimadzu
UV-200 recording spectrophotometer with an expanded scale (0.1 absorb*
ance/full scale) and a cell holder thermostated at 25.0°C. Two pairs
of matched quartz cells (optical path, 1.0 cm) were used.

Kinetics of binding of subtilisin BPN' and SSI at alkaline pH.
The ‘rate of the binding of subtilisin BPN' and SSI was measured at 25.0°
C with a Union SF-70 stopped-flow spectrophotometer monitoring the ab-
sorbance difference at 245 nm, with an Iwatsu MS-5019A storage oscill?

scope. ‘The second order rate constant for the binding of subtilisin
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gpN' was determined from the pfogres§ curve using an equél concentratiﬁ_n
of the active enzyme and of SSI as monomer. In this case the second-
order rafe constant, k, is given by Eg. 7.8,

(El/z)—l = k[SST monomer], (7.8)
where tl/2 is the half-time of the _binding and {SSI monomer], is the
initial concentration of SSI monomer. The measurements were repeated
under the same conditions at least seven times, and the rate constants

-1

were determined by the least square method from the plots of AA245

vs. time. -

 Binding of subtilisin BPN' and SSI at neutral pH. The difference
spectrum and the stopped-flow oscillogram observed on the bihding, of |
subtilisin BPN' and SSI at alkaline pH were compared with those observed
at neutral pH. The ultraviclet absorption difference. spectrum was mea;s'_,—
uwred with a Union SM-401 recording ‘spectrophotometer, and wtﬁe bindj_.ng of
the both proteins was measured in 25 mM phosphate buﬁier, pH 7.00,

ionic strength 0.1 M (NaCl), 25.0°C.

7.3 Results

States of tryptophyl and tyrosyl residues affected by the intérac-
tion between subtilisin BPN' and SSI. Figure 7.1 shows the difference
Spectra observed on the solvent perturbation of the mixture of SSI and
Subtilisin EPN' by ethylene glycol. The final concentraticn of SSI as
moncmerx (Ci) and of total subtilisin BPN’ () were 26.3 UM alild' 0.602
ng/m], k21.9 UM assuming the enzyme to be 100% active), respectively.

Figure 7.2 depicts the relationship between the absorptivity difference

and the concentration of ethylene glycol at 292 nm and 286 nm. The ab-
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Fig. 7.1. Absorption differ-
ence spectra cbserved on the
solvent perturbation of the
mixture sclution of subtili-
~ sin BPN' and SSI with ethyl-
ene glycol in 25 mM phosphate
buffer, pH 7.00, ionic
strength 0.1 M (NaCl), at
25.0°C. [SSI monomer], =
26.3 uM; [subtilisin BPN'], =
16.5 uM (taking the purity of
the preparation, 75.4% into

account). .ethylene glycol
(v/v): (a) 0%; (b) 5%; (e) 15
%; (d) 25%.

280 300
WAVELENGTH (nm)

260

sorptivity differences, AAZQZ(E—I mixture) and AA286(E-I mixture), at
20% (v/v) ethylene glycol were determined from this plot to be 1.35 x
10-2 cnrl and 1.95 x l()_2 cm —, respectively, by the method of least
squares. The absorptivity differences at 292 nm and 286 nm with 20%
(v/v) methanol as perturbant were determined to be 1.50 x 10_2 cmfl and
2.31 x 10_2 cm—l, respectively in the same manner. Since the dissocia”
tion constant, Ki' of the subtilisin BPN'~SSI complex is below 10_9 H

{see Chapter Two), the concgntration of the complex (Elll) in the mix~

ture of subtilisin BPN' and SSI (Cei) can be taken to be equal to the
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Fig. 7.2. The relationship between the absorptivity differences ob-
served on the solvent perturbation of the mixture solution of subtilisin
BEN' and SSI with ethylene glycol and the concentration of ethylene gly-
¢l. [subtilisin BPN'], = 16.5 UM; [SSI monomer]), = 26.3 UM, in 25 mM
Phosphate buffer, pH 7.00, ionic strength 0.1 M (NaCl), 25.0°C. Wave-

length: 292 nm, open circle; 286 nm, closed circle.

B

Concentration of the active form of the enzy'me,'dce, which was 16.5 1M
by ﬁSing the purity of £he enzyme preparation, 75.4%. The molar absorp-
tivity differences foi solvent perturbation shown in Table 6.1 (Chapter
5iX), which were determined with medel compounds, N-acetyl-L~tryptophan
®thyl ester ang N-acetyl-L-tyrosine ethyl ester, were used for calculat-
ing the numbers of tryptophyl and tyrosyl residues in the profei;ns, re-
s'Jr”ectj-"ely. The total numbers of the solvent-accessible tryptophyl and
tYl‘casyl residues contained in one molecule of monomer SSI (;1). and one

folecule of subtilisin BPN' (El): are shown in Table 7.1. By solving
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Table 7.1. The number of the solvent-accessible (exposed) tryptophyl

R 4 s a
and tyrosyl residues of SSI, subtilisin BPN', and their complex.

(a) (b) ey (a) (e)¢
. §5I S. BPN' complex
proteins - -
) (B (E,1,)
total number
trypto- of residues 1 3 4 4 -
Eggidues with perturbant -
208 (v/v) EGP  0.315  2.06 2.38  1.43  -0.95
208 (v/v) Met® 0.323 2.54 2.86 1.95 -0.91
total number
tyrosyl of residues 3 10 13 13 .
residues with perturbant .
208 (v/v) EG?  2.97 6.47 9.44  4.83  -4.61

208 (v/v) Met® 3.04 7.04 10.08  9.10  -0.98

% 25 mM phosphate buffer, pH 7.00, ionic strength 6.1 M (NaCl), 25.0°C.

d

b g, ethylene glycol. € Met, methanol. {c) = (a) + (b).

€ (e) = (@) - ().

Eqs. 7.6 and 7.7 using the parameters given above the numbers of trym#
phyl (x*) and tyrosyl (y*)'re51dues whose acce551b111ty to the solvaﬁ
changed on the formation of the complex (Elll) were obtained. The re-
sults show that. 0.95 tryptophyl and 4.6l tyrosyl residues becqme inac-
cessible to ethylene glycol, and 0.91 tryptophyl and 0.98 tyrp§yl resi
dues to,methanol, upon b;nding of s8I and subtilisin BPN'.

Difference spectrum observed on the binding of subtilisin'BPN'“M'
S5I at alkaline pH. Figure 7.3 shows the difference spectrum pbseﬂmd
on the binding of subtilisin BPN' and SSI at pH 9.70. This is a cypict!
difference spectrum that is observed when the ionized tyrosyl residues
are protonated. Thi; indicates undoubtedly that some ioni;ed terSYl

residue (s) of SSI and/or subtilisin BPN' at pH 9.7C become p;:otonateam
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Fig. 7.3. Ultraviolet absorption difference spectrum observed on the
binding of SSI and subtilisin BPN'. [subtilisin BPN'], = 24.5 uM;
[SSI monomer], = 28.5 uM, in 25 mM carbonate buffer, pH 9.70, ionic
Strength 0.1 M (NaCl), 25.0°C.

-_—
the binding of the two protein molecules.

The molar absorptivity differences calculated from Fig. 7.3 are

1 -1 1 -1 .
cm - cm . Since

be _ 3 -
and 68295 = 1.27 x 10" M

the molar absorptivity differences for the ionization of a tyrosyl resi-

245 = = 7.21 x 10% M

due determined with N-acetyl-L-tyrosine ethyl ester are A€245 = 10.66 x
i

I -1 - .
107 o cm 1 and At—:zg = 2.31 x 103 M “cm 1 {see Chapter 'Six), ‘the -spec-

5

tral Change in Fig. 7.3 corresponds to the change which would be ex-

Pected when half-ionized 1.2 tyrosyl residues or 40% ionized one tyrosyl
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Table 7.2.

The states of the tyrosyl residues and their pKa values of

88T (Il), subtilisin BPN', and subtilisin Carlsberg.a

subtilisin

subtilisin
881 BPN' Carlsberg

no. of ric. of no. of

tyrosyl pKa tyrosyl pl{a tyrgsyl pKa

residues residues residues
Class T exposed 1.08 9.66 exposed 5.30 9,74 6.38 9.92
Class I exposed 0.84 11.02 buried 2.65 11.25 3.58 11.61
Class III exposed 1.13 12.33 buried 2 12.5 3 12.5

2 pata on subtilisin BPN' and subtilisin Carlsberg are cited from Markland

(1969) (122), and data on SSI from Chapter Six.

résidue become fully protonated on the formation of the complex (Ellﬁ
at pH 9.70. This implies that pKa of about one tyrosyl residue consid-
erably shifted upwards. The pKa valugs of tyrosyl residues of SSI,
subtilisin BPN', and subtilisin Carlsﬁerg are listed in Table 7.2.
There are six candidate residues with pKé 9.7 which could be responsible
for this:shifﬁ in pKa.

The difference spec£ra at alkaline pH were observed at various
ratios of the concentration of monomer SSI (Il) to that of subtilisin
BPN' (El); the obgerved absorptivity differences increased with the in-
crease in the ratio and reached a saturated level at the ratio of 1.0
(M/M) (Figure not -shown).

The pBE-profile of the absorptivity difference at 245 nm is showh
7.5, a).

in Fig. 7.4 (plot a) (see Fig.

The similar difference spectrum as shown in Fig. 7.3 was obsexved

on the binding of subtilisin Carlsberg and SSI at pH 9.70 (Fig. 7.6):

and the molaf absorptivity differences at 245 nm and 295 nm were - 5.9
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Fig. 7.4. Spectrophotometric titration of tyrosyl residues of the SSI-
subtilisin BPN' complex. (a): absorptivity differences at 245 nm cb-
served on the binding of SSI and subtilisin BPN' at alkaline pH's, in

25 mM carbonate buffer, ionic strength 0.1 M (NaCl), 25.0°C. {b): theo-
retical titration curve of 6 tyrosyl residues of pKa 9.7 (see text).

(e): absorptivity differences obtained by subtracting those of (a) from
(b) (see text).

—_——

3 1

X 103 Mhlcm—l and - 1.29 x 10 M__ cm_l,v respectively. The number of
tyrosyl residues with pKa 9.92 - 9.66 (Table 7.2) converted to the fully
Protonated form by the comp_lex. formation (Elll) was calculated to be
between 0.9 and 1.1. However, ne difference spectra of this type were
observed at pH 9.70 with a-chymotrypsin and trypsin (Fig. 7.7}, although
these Proteinases have been found to interact with and be inhibited by

SSI at neutral pH (see Chapter Five).

The kinetics of association between SSI and subtilisin BPN'. The
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Fig. 7.5. The relationship between‘A€245[H 1 and A8245. Plots (a) and
(b) were made based on the values of plots (a) and (b) in Fig. 7.4, re-

spectively. (see Discussion 7.4).

absorptivity difference at 245 nm shown in Fig. 7.3 could be a good
probe for studying the binding kinetics of 5SI with subtilisin BPN'.
Figure 7.8 shows an oscilloscope trace of the time course of the binding
between S5I and subtilisin BPN' measured with a.stopped-flow appﬁraﬂﬁ-
The concentrations of SSI monomer and subtilisin BPN' were equal (2.61

6 ,-1
UM}. The second-order rate constant was determined to be 3.1 x 10 H

sec_l from the second-order plot (AA245-1 vs. time) in Fig. 7.9. The

~l of the binding time

" dependence of the reciprocal of half-time (t1/2)
course at pH 9.70 on the protein concentrations is shown in Fig; 7.10.
The good linear relationship cbserved in Figs. 7.9 and 7.10 suggests

that the binding proceeded through a simple bimolecular step in the
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Fig. 7.6. ©Ultraviolet absorp-
tion difference spectrum ob-
served on the binding of SSI
and subtilisin Carlsberq.
[subtilisin Carlshergl, = 25.8
UM; [SSI monomer], = 32.3 UM,
in 25 mM carbonate buffer, pH
9.70, ionic strength 0.1 M
(NaCl), 25.0°C.

Fig. 7.7. Ultraviolet absorp-.
tion difference spectra cb-
served on the binding of SSI
with o-chymotrypsin and tryp-
sin. (a): a¥chymotrypsin—SSI
system. (b): trypsin-SSI sys-
tem. (c): base line. '[SSI
monomer] , = 38,1 UM; [0t—chymo-
trypsinl, = 20.3 ]JM;>[trypsin]n
= 20.0 UM, in 25 mM carbonate
buffer, pH 9.70, ionic strength
0.1 M (NaCl), 25.0°C.



Fig. 7.8. An oscilloscope trace of a time course of absorbance chénge
at 245 nm on the binding of SSI and subtilisin BPN' observed with a
stopped-flow apparatus at pH 9.70. [subtilisin BPN'], = [SSI monomer],
= 2.61 UM, in 25 mM carbonate buffer, pH 9.70, ionic strength 0.1 M
(Nacl)y, 25.0°C. Scale: horizontal, 50 msec/div.; vertical, 0.00465

Abs./div. The lower curve 1is the flow velocity trace.

range of the protein concentration étudied: (active enzyme]l, = [SSI
monomer], = 2.61 UM - 0.127 mM; and the second-order rate constant was
determined from the slope of the plot in Fig. 7.10 :to be (3.0 % 0.2)*
106 M_l‘sec-_:L showing a good agreement with.the one obtained for the pr
gress curve (Fig. 7.9).

The pH—dépendence of the secoﬁd—order rate constants was stidied
in the range of the protein concentrations, [active enéyme]o = [8SI,
monomer], = 5.2 UM - 24.2 UM, and inlthe pH-region, pH 9.0 - 11.3.  The
logarithms of the rate constants are plotted agéinst pH in Fig. 7.11
The rate constant, k, decreased with the increase of pH with a slope:
(log k¥ / pH), of -1 above pH 10.4. 7 »

Comparison of the difference spectrum and the‘stopped—flow oseil

logram observed on the binding of S5I and subtilisin BPN' at pH 9.70
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Fig. 7.9. Second-order plot (AAZAS_ vs. time) for the binding of SSI

and subtilisin BPN' in 25 mM carbonate buffer, pH 9.70, ionic strength

0.1 M (Nacl), 25.0°C. [subtilisin BPN'}, = [SSI monomer], = 2.61 WM.

1 1

) 6 - ~
The second-order rate constant was estimated to be 3.1 x 10" M “sec.”.

—_——

With thoge at pH 7.00. Figure 7.12 shows an absorption differfence sﬁec—
trum observed on the binding of SSI and subtilisin BPN' at pH 7.00, 25.0
°C.  The maximum spectral change is about 1/15 of that in Fig. 7.3 which
¥as obtained on the binding at pH 9.70. In Fig. 7.13 is shown the time
Course of the binding observed at pH 7.00 by the use of this small ab-
%o?bance change with a. Union RA-401 stopped-flow sp'ectré_photometer with

daty averaging equipment. A single run (upper one) is too noisy to
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Fig. 7.10. Dependence of the reciprocal of half-time of the binding

time course on protein concentration in 25 mM carbonate buffer, pH 9,70
ionic strength 0.1'M (NaCl), at 25.0°C. The final concentration of 581
monomer and that of the active form of subtilisin BPN' were equal. The
second order rate con_sfant obtained ffom the slope was (3.0 * 0..2_)_ x 10

M—lsecﬁl.

estimate the rate constant. The lower curve, which was obtained by a¢
cumulating and averaging 14 binding curves, has a sufficient signal to
noise ratic for the anaiysis. By comparihg the binding curves in Fig-
7.13 with that in Pig. 7.9, it would be clear how the absqrpt-ivity aif

ference at 245 nm of Fig. 7.3 (at pH 9.70) is a good probe for studyi®
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Fig. 7.11. pH—Dependenc;e of the second-order rate constants of the .
binding: of SSI and subtilisin BPN' in 25 mM carbonate buffer, ionic ‘
strength 0.1 M (NaCl), at 25.0°C. The solid line is the theoretical .
curve drawn according to Eq. 7.10 with a pKa value of 10.40 and k = 3.80

X 106 M-lsec-l.

binding kinetics between subtilisin BPN' and SSI.

7.4 Discussion

Solvent pérturbation difference spectroseopy. It can be deduced
from the solvent perturbation study with ethylene glycol that four or
five tyrosyl residues out of ten exposed tyrosyl residues (of total 13
residues) and one tryptophyl residue out of total four in a molecule of
581 Jronomex: (I-l-) and subtilisin BPN' (El) are located at or near the
binding sites of the tﬁo proteins.. Only one tyrosyl residde among those

five at the binding regicn could be approached by methanol.
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Fig. 7.12. Ultraviolet absorption difference spectrum observed on the
binding of subtilisin BPN' and SSI at pH 7.00. [subtilisin BEN'], =

20.8 uM; [SSI monomer], = 41.0 uM, in 25 mM phosphate buffer, pH 7.00,
ionic strength 0.1 M (Nacl), 25.0°C. (refer also to Figs. 2.6 and 7.3)

Difference spectroscopy of the binding between subtilisin BPN' ad
55T at alkaline pH. From the difference spectrum observed on the bind-
ing of subtilisin BPN' and SSI (Fig. 7.3), it is suggested that appar-
ently one tyrosyl residue of pKa 9.7 ("normal" tyrésyl residue) in
either SSI or the enzyme undergoes a change from the half-ionized tth
completely protonated form on the binding at pH 9.70. In orde? to de-
termine whether really only one tyrosyl residue is subjected to the ﬂ%
shift or a sum of the changes of more than one residue comes up to a
value corresponding to the change of one residue, the differenée Spaﬁﬁ
on the binding of subtilisin BPN' and SSI were measured at various pH'S
(plot (a) in Fig. 7.4). In the region of pH 8.4 - 10.2 the changes i

the ionization of only the tyrosyl residues of pKa 9.7 among those sho#t

in Table 7.2 should be selectively observed. Five tyrosyl residueSOE
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10 msec

AA 0.001

Fig. 7.13. Stopped-flow oscillograms of a time course of absorbance
change at 288 mm on the binding of subtilisin BPN' and SSI at pH 7.00.
{subtilisin BPN'], = 11.2 pM; [SSI monomer}, = 45.7 M, in 25 mM phos-
phate buffer, pH 7.00, ionic strength 0.1 M (NaCl), 25.0°C. Lower
curve: a single scanning. Upper curve: an average of 14 times accumu-

lated scannings.

subtilisin BPN' (El) and one residue of SSI monomer ('Il) have pKa 9.7,
and accordingly six residues out of the total 13 tyrosyl residues in the
complex (Elll) would be half-ionized and the others be fully protonated
at PH'9.70, if simple additivity is applicable. A theoretical ‘pH-titra-
tion ‘curve can be drawn for these supposedly six "normal" tyrosyl resi-
dues in the Vcomplex (Elll) as showﬁ in Fig. 7.4 {curve b). The.true
ttration curve of "normal" tyrosyl residues in the complex (Elll) can
he obtained, therefore, by subtracting.Ae value of plot (a) in Fig. 7.4
from that of curve (b). The difference is shown as plot () in Fig.

7 " o .
4. The titration data shown in plots (a) and (c) in Fig. 7.4 were
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analyzed be' a linear plotting (AE'[H+] ve. Ae; Eq. 6.1) according to the
method described previously (Experimental Procedures 6.2, Analysis of
titration data). Thé number of tyrosyl residues with a pKa value which
is indicatea by the slope of the plot (A5245[H+] vS. A8245) can be givep
by dividing the value of intercept on the abscissa, AEI;Z}S{, by the molar
absorptivity‘ difference for Vthe ionization of a tyrosyl ?esidue -(At-:z‘15 =
10.66 % 103 M_lcm—l; see Chapter Six). In Fig. 7.5, a, 58245 [H+] are
plotted against}.AEZIIS using the values of plot (a) in 'Fig. 7.4. This
linear ploti corresponds to the titration cuﬁe of 1..2 tyrosyl residues
with pka.9.58. Thus we may, exp:eci:-' a titration éufve of five "normal"
tyrés_yl residues for plot . (c) in Fig. 7.4. The plot shown in Fig. 7.5,
b, which was drawn by using the values of plot (¢} in Fig. 7.4, actually
showed that it corresponds to a titration curve of.S.l‘ ‘t;_yJ.;osyl residues
with pKa 9.796. " It has been shown, therefore, -that one "normal® tyrosyl
residue must l'iavé turned into untitrable at the- }L:H rééioh examined {pH
8.4 - 10.2} d1‘:|e to a pKa shift probabiy to above 11.5.

That the similar difference spectra due to change in the protona-
tion of a tyrosyl residue were observed on the binding of SSI with sub-
tilisin BPN' and}subtilisin Carlsberg but not with g-chymotrypsin or
trypsin suggests the similarity in the active site str,ucture; between the
two .subtilisins. It may be related in some way to the remarkable dif-
ference in Ki values of SSI against O~chymotrypsin (3.0 x _10_6 M), toF

10 _ 7 % lD_ll) (see

sin (1.1 x 107 M), ana subtilisin BEN' (3 x 10~
Chapters Two and Five).

.Kinetics of association between subtilisin BPN' and SSI. The
large absorptivity difference at 245 nm due to the pKa shift of tyrosYl

residues upon the binding of the two proteins is an excellent probe for
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ponitoring the reaction with a stopped-flow apparatus (Fig. 7.8). This
;5 much more superior to the small absorptivity differences in 260 - 300
mm region observed at neutral pH (Fig. 7.12), which have been used for
the kinetic studies in the case of the interaction between trypsin and
soybean trypsin inhibitor {(Kunitz) (132) .- The only limitation _of this
difference spectrum by tyrosine ionization is that it cannot be used at
Jower pH region, for which the fluorescence method has been successfully
employed in the case of SSI and sﬁbtiliéin BPN' (Uehara, Y., Tonomura,
B., and Hiromi, K., unpublished results).

The second-order rate constants obtained in the present study, k =
4x 10(-3 -5 x 105 M_lsec_l at pH 9.0 - 11.3, are in the order of magni-
tude of the rate constants obtained for the association between some
other proteinases and their specific protein inhibitors: e.g., bovine B-
trypsin and bovine basic pancreatic trypsin inhibitor (I33), bovine. o~
chymotrypsin and bovine basic pancreatic trypsin inhibitor (114), and
trypsin: or chymotrypsin and pancreatic trypsin inhibitors (Kunitz and
Kazal) (I134). These values may be considered to be those:of a diffusion
contro;l.led reaction (I35), if the effective fractions of surfgce ‘area
involved in the specific interaction of the two proteins (estimated to
be between 1 and 3%) are taken into consideration. If a reaction_occurs
BVéry timé there is an encounter and subsequent ‘collisions no longer
tontribute t6 the reaction, it is called a diffusion-controlled reaction.
For the case of unéharged molecules in solution, the encounter rate con-
Stant, ke’ can be calculated from
4Tl (D, + DB) _(rA +xg)

M tsec (7.9)

e 1,000

™e units are those of a second-order reaction, ¥ is Avogadro's. number,
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énd D and r are the diffusion constants and reaction radii of moleculeg
A and B, respectively. For subtilisin BPN' and SSI dimer, D20,w were

determined to be 9.04 x 10_7 cmz/sec (131) and 9.32 x 10—7 cmz/sec (49,
respectively; and respective values of r are calculated to be 21.7 A apy

20.4 A, assuming the molecules to be sphere. For the ElIZ complex,

and r were calculated to be 7.16 x 10_7 cmz/sec and 24.4 A, re-

D20,w
spectively. According to Eq. 7.9, ke for the binding: E + I, ———9-31%
is calculated to be 5.9 x lO9 M_lséc_l, and that for the binding: E 4

ElIZ e E212 to be 5.6 x 109 Mflsec_l. As the maximum value of the

second-order rate constant for the binding of SSI and subtilisin BPN' is
4 x 106 M—lsec_l, the effective fraction of surface area for the binding
can be estimated to be 3% for each protein. This value, 3%, of the ef-
fective fraction is in good agreement with that estimated by the author
based on the results of the X-ray crystallographic study on the complex
of porcine trypsin and soybean trypsin inhibitor (Kunitz) (11).

The: pE-dependence of the binding rate constant, k (Fig. 7.11), is

consistent with the following eguation:

k= kLt ' (7.10)

K
a

14—
(1]

where i is a pH independent rate constant. The result suggests that &
amino acid residue with pKa 10.4 participates directly in controlling
the binding rate. The amino acid could be a tyrosyl residue in eithel
subtilisin BPN' and SSI. |
Tyrosyl residues have been postulated to be involved, thyrough
hydrogen bonding, or hydrophobic interactions, in the intermolecula®

36_135)1

interactions between proteins: tabacco-mosaic-virus protomers:(1

- 138 -



the leuteinizing hormone (I139), Bence-Jones protein protomers (Rei)
(140), the flagellin subunits (141}, and trypsin and soyt;ean trypsin
iphibitor (Kunitz} (142). |

In the case of the binding of subtilisin BPN' and SSI, evidence
has been obtained in this study that a tryptophyl residue and about five
tyrosyl residues are in or near the contact area of the two proteins,
and that one of the latter with pKa 9.7 is directly involved on the
binding. At the present stage, it remains to be clarified whether or
not this tyrosyl residue is identical with the one that changes the ex-
tent of accessibility to methanol molecule, or the ionizable group hav-

ing PKa = 10.4 that affect the binding rate constant.

7.5 Summary

Changes in the states of tyrosyl and tryptophyl residues on the
formation of a complex between subtilisin BPN' and Streptomyces subtili-
sin inhibitor, SSI, were studied. The solvent perturbation study with
ethylene glycol and methanol as perturbant showed that, on the complex
formation, a tryptophyl and about five tyrosyl residues become inacces-
sible to ethylene glycol, and a tryptophyl and a tyrosyl residues to the
Sraller perturbant, methanol. The ultraviolet absorption difference
SPectra at 245 nm observed at alkaline pH indicated that a tyrosyl resi-
due of either one of the two proteins shifted its pKa value considerably
Upwards (9.7 — > 11.5) on the complex formation. The kinetics of
Ssociation of these two protein molecules were studied with the differ-
®hce absorbance mentioned above as monitoring probe. A typical bimolec-

War reactiorn was observed in the protein concentration range, 2.61 UM -
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127 pM; and the ‘second-order rate constant of asscciation was 3.1 x IQG

M'-lsec_l at pH 9.70. The pH-dependence of the second-order rate con-

stants suggested the involvement of a residue with pKa 10.4 in the as~

sociation.
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Chapter Eight

The Interaction of Carboxyl Groups and a Tyrosyl
Residue in the Specific Interaction between Strepto-
myces Subtilisin Inhibitor and Subtilisin BPN' ———

Chemical Modification Studies *

8.1 Introduction

In the previous Chapter, it was suggested that there are four or
five tyrosyl residues at or near the biqding site; of SSI and subtilisin
BPN' from the solvent perturbation study w%th ethylene glycel. An ab—
sorption difference spectra characteristic of protonation of tyrosyl
residues was observed on the complex formation between suptilisin BEN'
and S5I at alkaline pH, and it was indicated that a tyrosyl_residue in
either one of the two proteins shifts its pKa value consi@erab;y upwards
@Ka 9.7 —> > 11.5). This difference spectra may serve as a clue to
elucidate the molecular mechanism of the i;teraction between subtiligin
BPN' and ssI.

The present work was initiated in order to determine in which
Protein, SSI or subtilisin BPN', the tyrosyl residue in question exists
ang What_kipd of functional group are responsible for the pK shift.
Chemical modification methods perturbing the ionization states of tyro-

Y1 residues and carboxyl groups are considered useful for this‘purposg.

“-'—_.__‘_
% ) R
A part of this study was presented at the Annual Meeting of the Japa-

Nese Biochemical Society (Sapporo, September 1976) (k).
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8.2 Experimental Procedures

Proteins. A three times crystallized and lyophilized preparatiop
of SéI was a generous gift from Professor 5. Murao. Three times crys-
tallized and lyophilized preparation of_subtilisin BEN' [EC 3.4.21.14)
(Lot No. 7370935) and subtilisin Carlsberg [EC 3.4.21.14] (Lot No. 28B-
2340) were purchased from Nagase & Co. Ltd. and Sigma Chemical Co., re-
spectively, and their respective purities were determined to be 80.9%
and 92.7% by the method previously described (Experimental Procedures
2.2). Their concentrations were determined spéctrophotometrically at
pH 7.00 using the absorptivity coefficients and molecular weights shown
in Experimental Procedures 7.2,

Chemicals.- 3-Nitrotyrosine was obtained from Aldrich Chemical
Co., Milwaukee, p-nitrophenyl acetate (pNPA) was from Tokyo Kasel Kogye
Ltd. Co., and tetranitromethane (TNM) , l—ethy1—3—(3—dimethy1amihopropﬂ}
carbodiimide (EDPC), l-cyclohexyl-3-{2-morpholinoethyl) carbodiimide
metho p-toluenesulfonate (CMEC), glycine methyl‘ester, and other cheni-
cals of analytical reagent or better grade were from Nakarai Chemicals
Ltd., Kyoto.

Amino acid analyses. Bmino acid analyses were performed with 2
Hitachi KIA-3 amino acid analyzer according to the procedure of Spacksal
et al. (143) following hydrolysis with 6 M boiling HCl in evaculated
sealed tubes at 110°C for 22 hr. For the determination of tryptophan
the protein was hydrolyzed in the presence of 4% thioglycolic acid by
the same procedure as above (144).

Inhibitory activity measurement. Inhibitory activities of nativé

and chemically modified SS5I's towards subtilisin BPN' were measured 35
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described in Experimental Procedures 5.2, using pNPA as substrate with
a Shimadzu UV-200 recording spectrdphotometer in 25 mM phosphate buffer,
pH 7.00, ionic strength 0.1 M (NacCl), containing 5.0% isopropanol, 25.0
oC.

Inhibitor constant, Ki, of S8I and its derivatives against subti- -
lisin BPN' were determined according to the following equations describ-

ing the steady-state kinetics of an enzyme with tightly bournd inhibitors

(41,146) (see Chapter Two).

kl k2
E+S#ES—+E+P
k3
E+1I =F7?£?‘EI

-3

Kinetic parameters were defined as follows:

g omem ks kgth
i [E1} k3 m kl
Yy
a=-—
U,
Thus, we have:
o Kﬁ
K. = . {i, - e (1 - o)}

i l1-a s,+KX
m . .
ere.eo, i,, and s, are the initial concentrations of enzyme, inhibkitor,
and substrate, respectively; Kﬁ is the Michaelis constant; v, and vi are
the initial velocities without and with inhibitor, respectively. The
Slope of the plot, {i, / (1 - o)} vs. {(1 + so/K ) / a}, gives the K,
Value,
Nitration of SSI and subtzlzsm BPN' with tetra:mtromethane.

Nltr«'z\tlon of SSI and SubtlllSln BPN' was carried out by adding a suita-

ble aliquot of a 0.65 M ethanolic TNM solution to protein solution (5 -
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20 mg/ml). in. 50 mM Tris-HC1l buffer, pH 8.0. The reaction mixture was
kept at 25°C for a suitable period and the.reaction was stopped by gel
filtration on a Bio-Gel P-4 column eguilibrated with<£he.same buffer or
with 25 mM carbonate buffer, pH 9.7, ionic strength 0.1 M (NaCl).

The degree of nitration was determined by amino acid analysis or by ab-

1 (146).

sorbance at 38l nm using the molar absorptivity of 2,200 M—lcm_

Modification of earboxzyl groups of SSI with water soluble carbodi-
imide. SSI {ca. 10 mg/mi) and glycine methyl ester hydrochloride were
dissolved in 0.1 M NaCl aqueous solution, and the pﬁ of the solutien was
immediately adjusted to 6.5 with HC1l and NabH. The reaction was initi-
ated by addition of either l-cyclohexyl-3-(2-morpholinoethyl) carbodi-
imide metho p-toluenesulfonate (CMEC) or 1~-ethyl-3- (3-dimethylaminopro-
pyl) carbodiimide (EDPC) of respe&tive concentration of 0.10 M or 0.13 M
The reaétion mixture was kept at 25°C for a suitable perioa. The pH of
the mixture did not alter during the reaction. The mixture was then
subjected to dialysis against 0.10 M NaCl aqueous solution at pH 7.0 to
remove excess reagents at 5°C. The number of glycyl residues‘inédrpo-
rated was determined by amino acid analysis.

Polyaerylamide gel electrophoresis. 1In order to determine homoge-
neity ;nd molecular weights of the modifiedlproteins, polyacryl amide
gel electrophoresis unéer denaturating conditions (sodium dodecyl sul~
fate plus Z;mercaptoethanol) was carried.out aécording tb Weber and
Osborn (147).

Gel ch;omatography. Gel chromatography to estimate molecular
weights of the mOdifieé proteins was performed according to Andrews
(148) on a column (100 x 1.6 cm) of Sephadex G-100, calibrated with
standard proteins, equilibrated with 25 mM phosphate buffexr, pH 7.0,
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jonic strength 0.1 M (NaCl).

Ultraviolet absorption difference spectroscopy. Ultraviolet ab-
sorption difference spectra observed on the binding between native or
podified SSI and native or modified subtilisin BPN' were measured as de-
scribed in Experimental Procedures 7.2 with a Shiﬁadzu uv-200 recordingA
spectrophotometer in 25 mM carbonate buffer, pH 9.70, ionic strength 0,1
M (NaCl), or in 25 mM pyrophosphate buffer, pH 8.00, ionic strength 0.1
M (NaCl), ?5.D°C.

As demonstrated in Chapter Seven, this difference spectrum results
from the shift of ionizaticn state of a tyrosyl residue of pKa 9.7 ei-
ther in SSI or in subtilisin BPN' to the fully protonated state on the
interaction between the both proteins. Here, the nui'nber, n, of tyrosyl
residues whose ionization states were converted from ionized to proto-
nated ones on the interaction between SSI (or modified $SI) and subtili-
sin BPN' (or modified subtil:;_sin' BEN') ‘Wa'.S‘ evaluated from the difference

absorbance at 245 nm. In the case of interaction between carboxyl-

group-modified S5ST and subtilisin BPN', n value was calculated using

the molar absorptlv:l_ty difference, Ae 245 = 1.066 x-104 M_lcm-—l, obtained'
fox the ionization of N—acetyl—L—tyros:.ne ethyl ester (Results 7.3). Vll:n
the cases of the interaction between nitrated SSI and subtilisin BPN'

ad that between SSI and nitrated subtilisin BPN', there should be con-
tribUtiOn in the absorbance difference at 245 nm from 3-nitrotyrosyl
*esidues in addition to that from tyrosyl residues. Figure 8.1 shows a
difference spectrum of 3-nitrotyrosine in agueous solution at pH 5.56
ainst PH 6.920. From the pH-dependence of the differenée spectra, the
folay absorptivit:y differences, Ae, at 245 nm and 427 nm for the ioniza-

ti ‘ 3 L - '
lon of 3-nitrotyrosine were determined to be 7.56 x 107 M lcm 1 and
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Fig. B.1l. BAbsorption difference spectrum of 3-nitrotyrosine produced
due to the difference in pH. [3-nitrotyrosine], =27.6 UM:. Sample solu-
tion, pH 5.56; reference solution, pH 6.90, in 0.1 M NaCl agqueous solu-
tion, 25.0°C. The value of pKa of 3-nitrotyrosine was determined to be

6.83.

3

2.63 x 10° M+

cmfl, respectively, and the pKa value was determined to be
6.83. Using these values, the absorptivity difference at 245 nm due to

the ionhization of tyrosyl residues was estimated separately.

8.3 Results

Nitration of SSI. At 1.5 hr after the addition of a 200 fold
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Fig. 8.2. Absorption spectra of the tyrosyl-residues-nitrated SSI de-
rivatives in visible region in 25 mM pyrophosphate buffer, pH 8.00,
ionic strength 0.1 M (NaCl), 25.0°C. (a) one-tyrosyl-residue-nitrated
SSI; (b) two-tyrosyl-residue-nitrated SSI; (c) absorption spectrum ob-
tained subtracting (a) from (b), which is corresponding to the absorp-
tion spectrum of a nitrotyrosyl residue secondarily modified. The PK_
Values of the nitrotyrosyl residues of primarily and secondarily nitra-

ted were estimated to be 7.95 * 0.11, and 8.56 * 0.10, respectively.
-__‘_u—

€xcess of TNM to a 0.46 mM solution of SSI monomer in 50 mM Tris-HC1
huffer, pu 8.0, 25°C, 1.1 out of three tyrosyl residues of the protein
¥ere converted to 3-nitrotyrosyl residues, and at 20 hr after, 2.3 resi-
Ques were converted. Figure 8.2 shows the absorption spectra of (a)

L l"terSyl—residue -nitrated 8sI, (b) 2. 3—tyrosyl4residue -nitrated

Ss1, and (c) the difference spectrum between (a) and (b). Spectrum (a)
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is considered to be the absorptidn spectrum of the mono-nitrotyrosyl
residue modified first, and spectrum (c) is that of the mono-nitrotyro-
syl residue modified second. From these spec£ra,_the pKa values of the
nitrotyrosyl residues were calculated to be 7.95 % 0.1l for spectrum (a)
and 8.56 * 0.10 for spectrum (¢) in comparison with the spectrum of

model compound, 3—ni£rotyrosine (Fig. 8.1, pKa'G.SB), using the values:

€ 4.10 x lO3 M_lcm—l at absorption maximum of nitrophenolate ion,

427
3 .-1 -1 . . it s .
Eacn 2.79 x 107 M "cm at absorption maximum of unionized nitropheno],
and € = 2,20 x 103 M_lcm_l at the isosbestic poéint.

381

It has been reported that'nativg éSI is composeé of two identical
subunits under the ugual conditioﬁs}Aand gel filtratidn on a Sephadex
G-100 column and SDS—polyacrylamlde gel electrophore51s of 551 give
molecular welghts of 23,000 (dimer) and ll 500 (monomer), respectively
{see .Chapter Three). One-tyrosyl-residue-nitrated SSI shows the same
pattern in ‘the gél-filtration and the electrophoresis. Gel filtration
ofrfw;?iyrosyl—res%due—nit;ated‘éSI, ﬁoweyer,‘shéws ﬁwo maip bands of
molecular weights of 69,000 and 23,000 in the ratio of 4 : 3 in protein .
amount, and SDS-disc electrophoresis shows three bands of mo;ecular
weights ;% 45,600, 23,600, ;ﬁd 11{500.- By éensitoméfgy Qigh‘é Shimaézu
CS-9000 dual-wavelength TLC scanner, the ratio of the protein amount of
the thrge bagds was determined as 2 :+ 5 : 10. The_molecular sizes de-
termined above demonstrate that the most regctive tyrosyl residue of 551
monomer can be nitrated without polymerization, but that the nitration
of the second-reactive residue is accpmpanied wiFh polymerization of s8I
probably due to the internal cross-linking by TNM 7

Absorption différence spectra observed on the bzndzng of nttrafed

SSI and subtilisin BPN'. Figure 8.3 shows the absorption difference
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Fig. B, 3. pifference spectra observed on the blnds.ng of tyrosyl—resl...
due-nltrated ssST and subtilisin BPN' (n) [subtllls;m BPN'l, = 24.2
;' [one_tyrosyl—res'idue-nitrated SSE mch'omer]o = 28:1 UM; in 25 mM
carbonate buffér, pH 9.70, ionic strength 0.1 M (NaCl), 25.0°C.

() [subtilisin BPN'], = 31 9 uM, [one-—tyrosyl—residue—nitrate'd SSI
monomer] = 66.2 UM, in 25 mM PYrophosphate buffer, pH 8.00, ionic
Strength 0.1 M (NaCl), 25.0°C.

\\_
SPectra observed on the binding of one-tyrosyi*residue—nitrated SSI and

Subtiligin BPN' at (A) pH 9.70 and {B) pH 8.00. The molar absorptivity
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r

difference at 245 nm, Ae , of spectrum (A) was - 7.21 x 103 M—lcm-

245
which corresponds to that of 1.1 tyrosyl reéidue of pKé 9.70 shifted tg
the completely protonated stafe. Abéoréfivity differences at 428 nm
and 360 nm demonstrates that the pKa of the nitrotyroéyl residue (7.95¢
0.11) shifts up to pKa 8.60 oh the formation of enzyme-inhibitor com-
plex. ©On the.other hand, the direction of the difference absorptivities
in spectrum (B) at 428 nm and 360 nm are inverted in comparison with
those of spectrum (a). This shows that the pKA of the nitrotyrosyl
residue shifts down to pKa 7.77.

The difference spectra observed on the binding between two~tyrosyl-
residue-nitrated SSI and subtilisin BPN' were measurgd at pH 9.70 and
pH 8.00. They are almost the same as thoSé obtained‘with one—-tyrosyl-
residue-nitrated SSI (Figure not shown}. A€ was determined to be

245
- 7.45 x 10° M%

<:m-1 from the spectfum observe@ at bH a.70.

These results shown here indicate tha£ £he micfoenvi;onment of a
nitrotyrosyl residue changes on the formation of enzyme-inhibitor com-
plex, and the inversive direction in the absorptivity differences at ph
9_.70 and pH 8.00 shows the difference in the environment of the nitro~
tyrosyl residue at these pH's. It should be noticed, however, that a
large upward pKa—shift of a tyrosyl residue of PKa 9.7 was observed at
either pH.

Nitration of subtilisin BPN' and difference spectra on the bindi¥
between SSI and nitrated subtilisin BPN'. The modification conditiors

and the results are summarized in Table 8.1. These nitrated enzyme

derivatives show no remarkable changes in hydrolizing activity towards

pPNPA (kcat = 2.58 + 0.22 min_l, K = {3.40 % 0.33) x 1074 M in 25 md

m

phosphate buffer, pH 7.0, ionic strength 0.1 M (Nacl),; 25.0°C).
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rable 8.1. Nitration of tyrosyl residues of subtilisin BPN' with tetra-
nitromethane (TNM) _a

[TNM] 4 (M/M) Réaction § of nit-

[S. BPN'], time (hr) rated Tyr _n
' 1.1
56 0.5 0.5 1.1
56 1.0 0.8 0.9
218 0.5 1.8
218 . . 0.
218 3.0 6.7 0.0

a Nitration was carried ocut at pH 8.0, 25°C in 50 mM %ris—HCl buffer
solution. [subtilisin BPN'], = 0.285 mM.
n : number of tyrosyl residues of PKa 9.7 which are converted to fully

unionized form on the complex formation at pH 9.70, 25.0°C.

svendsen (129) reported that even 8.2 out of 10 tyrosyl residues can be
nitrated without loss of activity towards protein and synthetic sub-
strates.

The difference spectra observed on the binding between SSI and
hitrated subtilisin BPN' at pH 9.70 are shown in Fig. 8.4. As the
degree of nitration of tyrosyl residues increased, the molar absorp-
tivity difference at 245 nm decreased and the one at 428 nm increased.
Finally with 6.7 tyrosyl residues nitrated, the difference spectrum
shows only the changes in nitrotyrosyl residues {(as Fig. 8.1), and the
tontribution of tyrosyl residues has disappeared. The results shown .
here strongly suggest that the tyrosyl residue of pKa 9.7, which con-
verts itself to fully protonated form on the formation of the erizyxne-
inhibitor complex, is one of the five tyrosyl residues of p}(a 9.7 of:
Subtilisin BPN'.

Modification of earboxyl groups of SSI with water-soluble carbodi-
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Fig. 8.4. Difference spectra observed on the binding of SSI and tyro-
syl-residue-nitrated subtilisin BPN' derivative: ' [tyrosyl-residue-
nitrated subtilisin BPN']°;= 15.2 uM; ISSI monomer] , = 44.9 uM, in 25 m
carbonate buffer, pH 9.70, ionic strength 0.1 M (NaCl}, 25.0°C.

(a) base line. (b) 6.7; (¢} 4.1 tyrosyl residues of subtilisin BPN' are

nitrated.’

imide. -The effect of electrostatic field on the difference spectra upot
the binding of SSI and subtilisin BPN' was examined through mgaificaﬂmn
of carboxyl 'groups by binding covalently glycine methyl ester with the
aid of water-soluble carbodiimide. There are 12 carboxyl groups (6 as
partyl and 5 glutamyl residues and a carboxyl terminus) and 10 glycyl
residues -in a monomeric SSI (Fig. 1.1) (27). ' The modification condi-
tions and the results are shown in Table 8.2. Behaviors of the SSI de-
rivatives on Sephadex G~100 gel filtration and SDS-polyacrylamide gel
electrophoresis are the same as those of native SSI. The difference

spectra observed on the binding between subtilisin BPN' and carboxyl”
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Table 8.2. Blocking of carboxyl groups of SSI with glycine methyl ester
(GME) using water—-soluble carbodiimide (WSC).a

et

a # of

(5SI1. (M) GME (M) wsc (M) Reactlon 0 1 ea n

time (hr) o .

carboxyls .
. 1.1

2.61 x 10°% 0.25 cMEC 0.10 2.0 i ]
0.82 x 10°¢% 0.25 cMEC 0.10  22.0 4.7 © 0.5
.70 x 10”4 0.33  EDPC 0.13 3.0 2.0 - 0.8

1.70 x

10 0.33 EDPC 0.13 6.0 - 5.3

achemical ﬁodification was carried out at pH 6.5, 25°C in 0.1 M N;él f
agueous Sdlution. CMEC: l-cyclohexyl—B-(Z;morpholinqethYl)_carbodi;i
imide metho p-toluene sulfate. EDPC: 1—ethyl—3—(3—dime£hjlaminopro§yl)
carbodiimide. n: ﬁumPer of tyrosyl residues of pKa 9.7 which:are con~
verted to fully unicnized form on the complex formation at pH 9.70,
25.0°C. 1

group-modified ' SSI at pH 9.70 are shown in Fig. 8.5. The difference

spectra were measured quickly (within 15 min) after adjusting pH of the
solution to 9.70 to avoid alkaline hydrolysis of the glycine methyl es-
tem;blocking carboxyl groups of SSI; the‘rate constant, k, of the‘alk;—

line hydrolysis was determined to be 4.6 x 10_5 sec—-1 (

t)yp = 250 min).
ks the modification of carboxyl groups proceeds, the molaf abéérptivity
ﬁfferences at 245 nm are decreased. The difference spec£rum obfaiﬁed
Wiﬂl5.3-carboxy;—group—modified SSI is alﬁost the same as that ob-
Served on the binding between native SSI and subtilisin BEN' at pH 7.0
(Figs. 2.6 and 7.12), and the number of tyrosyl residues of pKa.9.7
hich are converted to fullylunionized form on the compléx formatioﬁ,

the n value, was calculated to be zero.

The difference spectrum produced on the binding between subtilisin

- 153 -



Fig. 8.5. Difference spectrs
observed on the binding of
subtilisin BPN' and carboxyl-
group-modified SSI. [subti-
lisin BPN'], = 16.8 uM; (car-
Boxyl-group-modified SS5I mop-
omer], = 27.6 UM, in 25 mM
carbonate buffer, pH 9.70;
ionic strength 0.1 M (NaCl),
25.0°C. (a), base line for
spectra {(c) and (dd; (b), base
line for spéctrum {e).

(c) 5.3; (d) 4.7; (e) 3.3 car-
boxyl groups of SSI monomer

are modified.

1 ] 1
240 260 280 360 350
WAVELENGTH (nm) .

BPN' and 5.3-carboxyl-group-modified SSI was alsc measured at pH 9,70
after incubating the SSI derivative at the same pH, 25.0°C for 12 hr
(Figure not shown). Under these conditions, 5.3 glycine methyl esters

incorporated into SSI must have been hydrolysed as follows:

- o By
C — o—MN—C—C—O0CH 7T —CNCC .
o0 modifi- 6 T B HB alkaline 6 ﬁ o0

cation hydrolysis

and there should appear again 5.3 carboxyl groups of glycyl residues.
The difference spectrum gives the n value of 0.6. The fractional value
of n may be due to the steric hindrance by the glycyl residues coupled

The difference spectrum measured immediately after the bindind
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Fig. 8.6. Inhibition of subtilisin BPN'—catalyZed hydrolysis of p-nitro-
phenyl acetate by chemically modified SSI derivatives. [subtilisin

BPN'], = 74.0 pM; [pNPA], = 0.502 mM; SSI: native SSI {(open circle); one-
tyrosyl-residue~nitrated SSI (closed circle); two-tyrosyl-residue-
nitraFed SSI (open triangle); 5.3—carboxyl—group—modified SSI (open
Square}, in 25 mM phosphate buffer, pH 7.00, ionic strength 0.1 M (NaCl),

Containing 5.0% (v/v) isopropanol, 25.0°C.
—_——
between 5.3-carboxyl-group-modified SSI and subtilisin Carlsberg at pH
9.70 and the one measured with the SSI derivative incubated 12 hr at pH
%70 give the n value of zero and 0.5, respectively. .

The results suggest that the negative charges of carboxyl group (s)
#ISSI are involved in the upward‘pKa—shift of a tyrosyl residue of sub—

Hlisin ppy or subtilisin Carlsberg on their interaction.
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Inhibitory activities of chemically modified SSI derivatives.
Figure 8.6 shows the inhibitory activities of nativeISSI, one-tyrosyl-
residue-nitrated S55I, two-tyrosyl-residue-nitrated SSI, and 5.3—ca;bqu
group-modified SSI against subtilisin BPN' activity using pNPA as ém@
strate (Kﬁ = 4.98 x 10—4 M at pH 7.0, 25.0°C). Except for the two-
tyrosyl-residue~nitrated SSI, the inhibitory stoichiometry is 1 : 1 (/N

with inhibitor costants, K, of (3.8 * 1.5) x 10710

M for native SSI,
(7.8 £ 2.0) x 10_10 M for one—tyrosylfresiduefnitrated SSI, and (4.5 %
0.6) x 10—'9 M for 5.3-carboxyl-group-modified SSI. Two-tyrosyl-residue-
nitrated SSI has an unusual stoichiometry. This unusual stoichiometry

seems to correspond to the decrease of the reactive site of SSI against

subtilisin BPN' due to the polymerization 'of SSI by TNM.

8.4 Discussion

Nitration of SéI. There are three tyrosyl residues (Tyr 7, Tyr
and Tyr 93) in SSI monoﬁer (87). A1l of them are located on the molec-
ular surface according tc the results of solvent perturbation difference
spectroscopy, and their pK values are determined to be 9.66, 11.02, and
12.33 by spectrophotometric titrgtion at alkaline pH (Chapter Six). Tyf
75 locates near the reactive site of SSI towards a-chymotrypsin, i.e.s
Met 73 - Val 74 (27). By X-ray crystallographic studonf 88T at 2.3 A
resolution, it was shown that Tyr 93 is near the contact region of sub-
units, and@ Tyr 7 is almost a diagonal region to the reactive site (29L
It can be expected that Tyr 75 might interact with subtilisin BPN', and
this tyrosyl residue could be responsible for the difference spectra1

change on the complex formation between subtilisin BPN' and SS5I.
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As the reactivity of a tyrosyl residue toward TNM should decrease
in the order of pKé {146), a tyrosyl residue of pKa 9.66 must be ni-
trated at first. As shown in Fig. 8.3, a spectral change is observed at
visible region (400 - 500 nm region) on the binding of the one-tyrosyl-
residue-nitrated SSI derivative and subtilisin BPN', and this made us
speculate that the difference spectral change is most probably due to
the environmental change of Tyr 75 and that pKa of the residue is 9.66.
Even upon the interaction of subtilisin BPN' with the two-tyrosyl-resi-
due-nitrated SSI (probably those of pKa 9.66 and 11.02), there‘femaiﬁs
the large absorptivity difference at 245 nm in the difference spectrum
observed (Fig. 8.3). Therefore, the tyrosyl residue of éKa 9.7 which
shifts upward to > 11.5 on the binding of subtilisin BPN' and SSI is
supposed to be in subtilisin BPN' but not in SSI, for a tyrosyl residue
remaing 'n.ot to be nitrated must have a high p]{a value.

Nitratioﬁ of subtilisin BPN'. Markland and his coworkers ({(149-
151) have demonstrated that 5 tyrosyl residues in subtilisin BPN' reaEt
readily with TNM. Tyr 6, 21, 104, 217, and 262 are fully nitrated,
vhereas Tyr 91 and 263 are only partially nitrated; it is not yét clear’
vhether residue 167 and 171 are nitrated at all. Presumably the five
résidues that are reédily nitrated are those titrated normally (pKa'=
9.7) in spectrophotometric titration at alkaline pH (Table 7.3), and
those that are partially nitrated may be the residues that are titrated
With slightly higher pKa. Svendsen (128,129) has reported that with
®haustive nitration 8 out of 10 tyrosyl residues in subtilisin‘BPN‘ are
Mtrateq wifhout a loss of enzymic activity. Svendsen (128,129) also
found the same number of accessible.tyrosyl residues on iodination.

Weber and Kraut (Z52) have found that Tyr 104 is the first to be
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iodinated. Other iodinated residues appear to be 21, 167 or 171, and
217 (26). Preliminary results by Markland (I6I)indicated that nitratio
of subtilisin BPN' with é five-fold excess of TNM resulted in one most
readily nitrated tyrosyl residue identified as Tyr 104. Tyr 104 is com-
mon to the two subtilisins, BPN' and Carlsberg. Svendsen (I53) has ob-
tained an identical result with nitration of subtilisin Carlsberg.

At the active site of subtilisin BPN', there are two tyrosyl resi-
dues of PKa 9.7, Tyr 104 and 217, and they are located in the each side
of the catalytic residue Ser 221. X-ray crystallographic studies so far
examined on subtilisin BPN'-inhibitor complexes provide evidence for two
alternative binding sites. While active-site directed reagents like
ZAGPCK (N-benzyloxycarbonyl-L-alanyl-glycyl-L-phenylalanine chloromethy-
ketone) are found in a shallow hydrophobic cleft, Site A {31,32); irre-
versible inhibitors such as phenylmethane sulphonyl fluoride (PMSF),
good acylatipg agents like H—trans—cinnamoyl imidazole {TCI), and N-
benzoyl-L-arginine (BA} are all located at the second site, Site B
(154). These two sites are about 12 A apart, but are at approximately
the same distance from the active Serine 22]1 (155). The formexr studies
by Kraut et al. (31) and Robertus et al. (32) have demonstrat;ed—thatTYI
104 exists at Subsite ¢ which is involved in the formation of hydrqﬂwv
ic environment, Site A, and that the tyrosyl residue interacts with the
benzyloxycarbonyl group. Tyr 104 moves 1 — 2 A on this interaction.
The latter studies by Wright et al. (154) have showed that an aromatic
ring of the inhibitor, BA, interacts with Tyr 217 through van der waals
contacts. It seems to be very difficult to determine which Site A ot B
is a real binding site for protein substrate by using only synthetic

inhibitors such as ZAGPCK and BA. It can be expected to solve this
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problem by using a naturally occurring protein inhibitor, such as SSI.
if spectral changes of Tyr 104 and Tyr 217 of subtilisin BPN' on the
pinding witﬁ SSI can be discriminated fioﬁ each other, it is possible to
infer the‘interacting mode between a protein substrate and the enzyme.

As shoﬁﬁ in Table 8.1, even if the most reactive tyrosyl residue
of subtilisin BPN' towards TNM {(which is assiéned to Tyr 104 according
to Markland) has been nitrated, the-differe;ce spectrum observed on the
binding of SSI and the nitrated enzyme at pH 9.70 is the same as that
obtained on the binding of SSI and native enzyme. Thus, it is most rea-
sonably considered that Tyr.104 is excluded from the candidates of a
tyrosyl residue whose pKa shifts upwards (9.7 —> > ll;S) on the forma-
tion of subtilisin BPN'-5SI complex, and that Tyr 217 can be most Likely
the tyrosyl residue in gquestion.**

Modification of carboxyl groups of SSI. Table 8.2 shows that neg-
ative charges on carboxyl groups of SSI, especially that modified fifth,
are a direct oxigin of raising up the pKa value of a normal tyrosyl

residue (presumably Tyr 217) on the active site of subtilisin BPN'. The

-_—

** N-Benzoyl-L-arginine, BA, is a competitive inhibitor toward the hy-
drolysis of pNPA by subtilisin BPN' and the inhibitor constant, Ki,
was determined to be 18.3 mM. Nitration of subtilisin BPN' was car-
ried out preliminary under the same condition as shown on the line 5
in Table 8.1 in the presence of 30 mM BA. The results, however, are
completely the same as those obtained without BA, leading us-to con-
Clude that this inhibitor ddes not protect tyrosyl residues (espe-
cially Tyr 217) from nitration by TNM, though it is believed to bind

Near Tyx 217.
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fig. 8.7. sSkeletal model of interface structure befween 58I and subti-
lisin BPN'.  This Figuré is cited from the Doctoral Thesis of Y. Satow
submitted to the Univerxsity of Tokjo (1977). Black bars and white bars
show the back bones (covalent structures) of SSI and subtilisin BPN',

respectively.

reactive site of SSI against O-chymotrypsin has been proposed to be Met
73" - Val 74' (prime %hows the residue in SSI}. Although the site
against subtilisin BPN' has not yet been determined, Met 73" - Val 74!
can be reasonably considered to be the reactive. site also-against subti-
lisin BPN' on the basis of resemblance in substrate specificity and
active site structure between the two enzymes. If the sequence around
the reactive site of SSI is placed over the subsites of subtilisin BPN'

(30,156) mimicking the binding mode revealed by the X-~ray crystallo-
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graphic study of subtilisin BPN'~ZAGPCK complex (32), there are two con-
ceivable interactions between tyrosyl residues and carboxyl groups, -
i.e., Tyr 104 - Asp 68' and Tyr 217 - Asp 76' (Fig. B.7). The latter
interaction is supposed to be the one involved in +he strong and specif-
ic interaction between SSI and subtilisin BPN' accompanied with the pKa‘—
shift of a tyrosyl residue.

The interaction between a tyrosyl residue and carboxyl group(s)
lpresumably Tyr 217 - Asp 76') should coni:ribute somewhat to the stabil-
ity of an enzyme-inhibitor complex. In fact, this interaction was shown
to amount to a tenth of the total affinity (<1.5 kcal/mol out -of 14 kcal/
mol in free energy) between the both proteins from the comparison of the

inhibitor constants of native and the chemically modified SSI's.

8.5 Summary

An. absorption difference spectra typical of a change in ionization
State (pKa 9.7 —> > 11.5) of a tyrosyl residue has been observed upon
the binding between SSI and subtilisin BPN' at alkaline pH (Chapter Sev-
Bn). Nitration of tyrosyl residues of SSI and thos~e of subtilisin BPN'
¥ere performed with tetranitromethane, TNM. By the measurements of the
difference spectra observed on the binding of the tyrosyl-residue-
Mtrated SSI and the native subtilisin BPN', or the native SSI and the
tyrosyl-residue-nitrated subtilisin BPN' at alkaline PH, the tyrosyl
residue in guestion was revealed to be one out of the five tyrosyl resi-
Qe of PKa 9.7 of the enzyme. This tyrosyl residue was assigned to
Tyr 217 by taking into consideration the reactivities of tyrosyl resi-

Ques against THNM.
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Carboxyl groups of SSI were modified by covalently binding glycins
methyl ester with aid of water-soluble carbodiimide, in oxrder to cross
out the negative charges on SSI. The difference spectrum which was ob-
sérved on the binding of subtilisin BPN' and the 5.3-carboxyl-group~
modified SSI at alkaline pH is almost the same as that observed on the
binding of the native SSI and the enzyme at neutral pH. This phenomenon
indicates that the pKa of a tyrosyl residue of the enzyme is shifted
upwards by interacting with carboxyl group (s) of SSI on the formation
of the enzyme-inhibitor complex.

By placing the sequence around the reactive site of SSI (Met 73 -
val 74) over the active site structure of subtilisin BPN', the interact-
ing pair of a tyrosyl residue and a carboxyl group is suggested to be

that of Tyr 217 of the enzyme and Asp 76 of SSI.
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Chapter Nine

The Interaction of Streptomyces Subtilisin Inhibitor

and Thiolsubtilisin BPN' *

9.1 Introduction

It has been demonstrated that Sireptomyces subtilisin inhibitor,
§SI, tightly binds subtilisin BPN' and inhibits its enzyme activity with
the inhibitor constant, Ki, less than 10"9 M (Chapter Two). O©On the oth-
er hand, chromatographic study showed that SSI does not interact with
chemically modified inactive enzymes such as diisopropylphosphorylated
(DIP) and carbobenzoxy-L-alanyl-glycyl-L-phenylalanine-chloromethyl-
ketone-treated (ZAGPCK) subtilisins {45), suggesting that SSI binds sub-
tilisin BPN' at or near the active site of the enzyme (Chapter Two). It
remains obscure, however, whether or not the proteclytic a;tivity'of the
enzyme is essential for the enzymé-inhibitor interaction, since intro-
duction of a bulky group such as DIP and ZAGPCK to the active site of
the enzyme may léad to a steric hindrance in the specific interaction
with SSI, making the complex formation impossible. In order to make
this point clear, a study was attempted on the interaction between SS5T
and thiolsubtilisin BPN' (157-159,127) in which Ser 221 of the native
®nzyme has been converted artificially to Cys 221.

The present Chapter describes the spectrophotometric analyses of-
* A part of this study was presented at the 28th Forum on Protein Struc-
ture (Tokyo, October 1977), and published in . Biochem. .(1977) 82,

125-130 (£, 4).
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of the interaction of SSI with thiolsubtilisin BPN'. The results indi-
cated that conversion of the active serine residue to cysteine residue
induces a large increase in the dissociation constant of the enzyme-SSI
complex and a definite decrease in the extent of upward pKa—shift of a
tyrosyl residue of the enzyme upon binding with SSI. These results were
compared with those obtained for natural subtilisin BPN'-SSI interaction

in Chapter Seven.

9.2 : Experimental Procedures

Proteins. A three times crystallized and lyophilized preparation
of SS5I was a genexrous gift from Professor S. Murao. The lyophilized
preparation of thio;subtilisin BPN', which was prepared from subtilisin
BPN' [EC 3.4.21.14] purchased from Nagase & Co. Ltd:, Osaka (Lot No.
7370935), was kindly supplied by Professor D. Tsuru. Protein concentra-
tions were determined spectrophotometrically at pH 5.0 by using the
absorptivity coefficients BO°1%(276 nm) = 0.829 for SSI, and Eo'l%(?-'l'8

1 ecm 1 cm
nm) = 1.063 for subtilisin BPN' and thiolsubtilisin BPN'; and the molec-
ular weights'll,SOO for SSI monomer, and 27,500 for subtilisin. BPN' and
thiolsubtilisin BPN' (Experimental Procedures 2.2).

The purity of the thiolsubtilisin BPN' preparation used was
checked with various criteria. The preparation showed no caseinolytic
activity but definite esterolytic activity toward pNPA (see Results 9.3
and Fig. 2.2). The esterase activity was inhibited by incubation with
p~chloromercuribenzoate, pCMB, at a molar ratio of 1 : 1, in sharp col”

trast with that of subtilisin BPN', to which pCMB was completely inert.

Amino acid analysis gave 0.9 mole of cysteic acid per mole of enzyme;
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and 1.1 mole free sulfhydryl groups were titrated with pCMB. No gross
conformational change was detected on this modification as observed with
optical rotatory dispersion, ORD, and circular dichroism, CD, spectral
peasurements (Fig. 9.1) (see later). The purity of the used preparation
of thiolsubtilisin BPN' was determined to be (99 * 3)% by the method
described in Experimental Procedures 2:2 using pNPA as titrant,

Inhibitory activity measurement. Inhibitory activity of SSI
against thiolsubtilisianPN'-was measured as described in Experimental
Procedures 5.2 using pNPA as substrate in 25 mM bhosphate buffer con-
taining 5.0% (v/v) isopropanol, pH 7.00, (the ionic strength adjusted
to- 0.1 M with NaCl), 25.0°C. The concentrations of the enzyme and the
inhibitor in the reactibn solution were 3.00~uM and 13.0 UM, respective-
ly, and pNPA concentration was betweén 9. 38 uM and 0.563'mM.

Ultrav'-z‘,olet absorption difference spectra. Difference spectra
observed on the binding ofVSSI and thiolsubtilisin BPN'lat alkaline pH
vere measured with a Union SM-401 recording spectrophotgmeter (0.0} ab-~
sorbance/full scale) equipped with a Union SM-4012 spectral data proces—
Sor and a cell holder thermostated at 25.0°C. A pair of quarz cuvettes
divided into two compartments of 4 mﬁ light path length was used. Egaul
Volumes of 33.4 WM thiolsubtilisin BPN' and SSI of various concentration
 to 0.36 mM in 25 mM carbonate buffer, pH 9.0 - 1014, ionic strength
0.1 u (naCl) were mixed in the optical cuvette (Experimental Procedures
7'I?-.élnd 8.2). A Hitachi-Horiba F-5 pH-meter was used for all pH meas;‘
Wementg,

"ORD and CD spectra. Optical rotatory dispersion, ORD, and cifcu—
lay dichroism, CD, spe¢tra were measured with subtilisin BPN' and thiol-

Subtiligin BPN"by using a JASCO ORD/UV-5 spectropolarimeter and a JASCO
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Fig. 9.1l. Optical rotatory dispersion (A) and circular dichroism (B) of
the native subtilisin BPN' and thiolsubtilisin BPN'. The enzymes Were
dissolved in 25 mM phosphate buffer, pH 7.00, ionic strength 0.1 M
(NaCl). The measurements were performed at 25.0°C. The solid line and
the broken line refer to thiclsubtilisin BPN' and native subtilisin
BPN', respectively. The bar shows the noise level. The protein concen
trations and optical paths are (A) 3.25 uM, 10 mm; (B) 5.13 U¥, 1 mm

(200 - 250 nm) and 2.31 uM, 10 mm (260 - 300 nm), respectively.

Model J-20 automatic recording spectropolarimeter equipped with CD at~
tachment,. respectively. The both apparatus were calibrated with sucro®

(Schwarz-Mann, ultra pure) and d-l0-camphoresulfonic acid (Eastman

Kodak) (160-162).
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Fig. 9.2. Inhibition of SSI toward the hydrolysis of p-nitrophenyl ace-
tate, pNPA, catalyzed by thiolsubtilisin BPN'. The Lineweaver-Burk

plot (107). (thiolsubtilisin BPN'], = 3.00 pM; [SSI monomer]q = 0 uM
{open circle); 13.0 UM (closed circle), in 25 mM phosphate buffer, pH
7.00, ionic strength 0.1 M (NaCl), containing 5.0% {(v/v) isopropanocl,
25.0°Cc. The initial velocity of the reaction, ¥, was measured by fol-
lowing the increase in abscrbance at 405 nm. The type of inhibition was
determined to be competitive, and the inhibitor constant, Ki’ of SsSI

; -5
against thiolsubtilisin BPN', to be 1.31 x 10 M. (see Text)

3.3 Results

Inhibition of SSI against thiolsubtilisin BEN'. p-Nitrophenyi
dcetate has proved to be a suitable substrate to study the enzymatic
f¢tivity of thiolsubtilisin BPN' (158). The kinetics of the thioclsubti-
lisin BPN'~catalyzed hydrolysis of pNPA is similar to that of t-chymo-
trypsin, subtilisin, and papain, and the hydrolysis presumably takes

Place according to the three-step mechanism shown in Chapter Two (Eq.
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2.1). 1In a presteady-state reaction an initial Burst of p-nitrophenol
was observed corresponding tc rapid formation of acetyl-enzyme. The
burst was followed by a steady-state (zero~order) réaction, indicating
a rate-determining deacylation. The reaction was carfied out at the
énzyme concentration of 13.5 UM (assuming the purity of the preparation
used to be 100%), and the pNPA concentration betweenvl:SG mM and 0.52)
mM, in 25 mM phosphate buffer containing 5.0% (v/v) isopropancl, pH
7.00, ionic strength 0.1 M (NaCl), 25.0°C. The purity of the thiolsub-
tilisin BPN' preparation used was estimated to be (99 + 3)% by measuring
the burst of p-nitrophenol libefatiénl(Seé Experimental Procedures 9.2).
The steady-state portion of the hydrolysis obeys Michaelis-Menten kinet-
ics. The Lineweaver-Burk plots (107) are shown in Fig. 2.2. The kinet-

ic paraﬁeters, k and Km, were calculated from the plot (open cixcle)

T Tecat
to be 4.35 x 103 sec_l and 8.42 x 10-6 M at pH 7.00, 25.0°C, respective
ly. The plot (closed circle) in Fig. 9.2 is a Lineweaver-Burk plot in
the presence of SSI, indicéting that the type of inhibition is competi-
tive, and the cqmpetitive inhibitor constant, Ki, was calculated to be
1.31 x 10° M at pH 7.00, 25.0°C.

Difference speétra observed on the binding at alkaline pH. Figure
9.3 shows an ultraviolet absorption difference spectrum obsexrved on the
binding of SSI and thiolsubtilisin BPN' &t pH 9.70, 25.0°C. This is of
the same sﬁape as that observed on the binding of SéI énd subtilisin
BPN' (Fig. 7.3); therefore, the differenée spectrum in Fig. 9.3 should‘

be attributable to the upward pKa—shift of a tyrosyl residue (Chapter

Seven}. Although the molar absorptivity difference, Ac
1

245’ under the

conditions studied (-1.10 x 10> M ‘em ') is considerably smaller than

1

that (~7.21 x 103 M"'cm-l) obtained from Fig. 7.3 for the native enzyme
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Fig. 9.3. Ultraviolet absorption difference spectrum observed on the
binding of SSI and thiolsubtilisin BPN'. [thiolsubtilisin BPN'], = 16.7
WH; [SST monomer], = 24.1 pM, in 25 mM carbonate buffer, pH 9.70, ionic
strength 0.1 M (NaCl), 25.0°¢C.

under the same conditions, the molar absorptivity difference at 245 nm
was used for the spectrophotometric titration to estimate the dissocia-
tion constant, Kd’ of SSI~-thiolsubtilisin BPFN' complex. The dependence

of A€24 on SSI concentration were measured at pH 10.20, 9.70, and 9.20

5
{(Fig. 9.4). =Each titration curve was analyzed by the use of non-linear
leagt squares method {163) giving Kd values and 1imitipg valpes of
be in large excess of SSI, Ae as shown in Table 9.1. The X

245 9 * “F2457 o a
Values can be assuned to be constant (~40 UM) between pH 2.2 and 10.2.
. pH-Dependence of the molar absorptivity difference at 245 nm.

Figure 9.5 shows the pH-dependence of Aez whiéh_Was measured for the

45
binding of thiolsubtilisin BPN' (16.7 UM) and SSI'(0.150 mM as monomer)

In the PH region 9.0 - 10.4, 25.0°C. Under these conditions, the con-
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Fig. 9.4. Relationship between the molar absorptivity difference at 245
nm observed on the binding of. thiolsubtilisin BPN' and SSI, A8245, and
the concentration of SSI monomer. [thiolsubtilisin BPN'], =-16.7 Ud;
[SSI monomer], = O - 0.20 mM, in 25 mM carbonate buffer; pHE 9.20 (opén
circle), pH 9.70 (closed circle), and pH 10.20 (open triangle); ionic

strength 0.1 M (NaCl), 25.0°C. (see Table 9.1)

Table 9.1. The dissociation constant of the thiolsubtilisin BPN'-5SI

complex, Kd, and the maximum wvalue of the molar absorptivity difference
max

B€)4s5e

ference at 245 nm observed on the binding of thiolsubtilisin BPN' and

at 245 nm, determined from the titration of the absorptivity dif-

SSI shown in Pig. 9.4. [thiolsubtilisin BPN'], = 16.7 UM.

oH Kd x 105 -Ae'szl{g x_l|0'3
| (M) (M "cm ')
10.20 | 4.3+ 0.5 3.40 * 0.20.
9.70 3.5 £ 0.4 2.28 £ 0.08
9.20 | 3.8 £0.3 1.03 + 0.04
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Fig.l9.5. pH-Dependence éf the molar absorptivity difference at 245 ﬁm
observed on the binding of thiolsubtilisin BPN' and SSI. [thiclsubtili-
sin BPN'], = 16.7 UM; [SSI monomer], = 0.150 mM, in 25 mM carbonate buf-
fer, pH 9.69 - 10.40, ionic strength 0.1 M (NaCl), 25.0°C;

centration of the enzyme-inhibitor complex was estimated to be 13.4 ﬁM
in tﬁe mixture solution from the value Kﬁ = 40 UM.

As has been described on Chapters‘Seven and Eight, a pKA value of
4 tyrosyl residue of subtilisin BPN' shifts from 9.7 to > 11.5 on the
formatiog of the complex between SSI and subtilisin BPN'. This tyrosyl
résidue can be presumed to exist in the same state in thiolsubtilisin
BPN' also as in subtilisin BEN'. The plots in Pig. 9.5 would correspond
to the difference titration curve of this tyrosyl residue between before
and after the gomplex formation (pKé = 9.7 for the tyrosyl residue in
free.enzyme). Thus, the pH titration curve of the tyrosyl residue in
the enzyme-inhibitor complex (data represented by open circles in Fig.

9.6) was obtained by subtracting A€24 value in Fig. 9.5 at each pH from

5
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Fig. 9.6. The shift of the ionization state of a tyrosyl residue of Nﬁ
9.7 (most probably Tyr 217 of thiolsubtilisin BPN') on the binding of
thiolsubtilisin BPN' and SSI, in 25 mM carbonate buffer, pH 9.00 -
10.40, ionic strength 0.1 M {NaCl), 25.0°C. Open circle: data obtained
with [thiolsubtilisin BPN'], = 16.7 uM and [SSI monomer], = 0.150 mM;
under the condition, 80% of the enzyme was assumed to be bound with SSI
with K, = 4 x 107°
data obtained by assuming that 100% of the enzyme is bound with SSI; ﬂg

M (Table 9.1); pKa 9.7 —> 10.2. Closed circile:

9.7 —> 10. 3.

the titration curve of the residue of pKa 9.7 (Fig. 9.6). A titration
curve with pKa 10.2 was best Fitted to the titration data according to

the equatién (Experimental Procedures 6.2, Eq. 6.1):

+. . max
[B71-8e, 0 = K "0, 45 = K "085,5
max

The closed circles in Fig. 9.6 were obtained by using Aé245 in Table %1

instead of A€2 in Fig. 9.5 which was smaller than AE245' because it

45

was measured under the conditions that 80% of the enzyme exists as the

enzyme-inhibitor complex. The calculated values of Aegzg cbtained by

multiplying A5245'valués in Fig. 9.5 by 1.25’(='1/0.8) (the reciprocal
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of the degree of saturation of the enzyme with SSI) were used as well as
Agzzg shown in Table 9.1 to evaluate the_p]{a value moré precisely. The
PKa value of the tyrosyl residue in the thiolsubtilisin BPN'~-SSI complex

was thus determined to be 10.3.

9.4 Discussion

Thiolsubtilisin BPN'. The alteration.of the active site of an
enzyme may give mechanistically meaningful information. Thiolsubtilisin
BPN', an SH analog of the serine proteinase subtilisin BPN', can be pro-
duced by the conversion of the hydroxyl group of the reactive serine
residue at the aétive site into a sulfhydryi group by chemical modificé—
tion. Thiolsubtilisin BPN' can be regarded as a model of thiol protein-
ases, such as papain, inasmuch as both thiolsubtilisin BPN' (164) and
Papain (1695) have.an imidazole ring in the immediaté vicinity éf the
thiol group, as clearly indicated by X-ray diffréction studies. Howev-
er, thiolsubtilisin BPN' has no proteinase activity: it can only cata-
lyze the hydrolysis of pNPA and imidazole amides (15?,158) aﬁd it is
hmétive toward other ester and amide substrates (I166). 1In éeriné pro;
teinases in general, a serine hydroxyl group at the active site of sub-
tilisin BPN' serveé as a nucleophile during enzymatic catalysis, with
the intermediate formation of an éch—enzyﬁe in which the acyl éroup is
attached to this segine hydroxyl group. The SE group of cYSteine pos-
Sesses steric and chemical properties similar to those of the OH gf&ﬁp
of Sefine. The vén der Waals radii of oxygen and sulfur are 1.40 and .
1.85 A, respectlvely, and the covalent radii are 0.66 and 1.04 A, re-

SPeCtlvely (167). Since thé two groups react 51m11arly in hydrolyses of
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esters such as pNPA, the conversion of an OH group to an SH group woulq
be a minimal modification, in both chemical and sterical sense. The sy
group is, in general, somewhat more reactive than the OH group either
as an attacking nucleopﬁile or as a leaving group (168-170). However,
the catalytic activity of thiolsubtilisin BPN' towards pNPA is signifi-
cantly lower than that of subtilisin BPN': Kﬁ = 8.42 x 107_6 M and kca =

t

4.35 x 1072 sec™? for thiolsubtilisin BPN', and K= 4.98 x 107" M and
kcat =.9.25 x lO—2 sec ' for subtilisin BPN' in 25 mM phogphate buffer,
pH 7.0, ionic.étrengtﬁ 0.1 M {NaCl), 25.0°C. The decrease in Kﬁ value
counteracts the low kca

so the specificity constant, k /Km, of thi-

t’ cat

olsubtilisin BPN' toward pNPA is about the same as in the subtilisin
BPﬁ' system.

Inhibition an& binding of SSI against thiolsubtilésin BPN'. The
" results obtained hére show that the proteolytic activity of the enzyme
is not necessarily essential for the enzyme-inhibitor interaction. The
inhibitor constant, Ki (1.3 x 10—5 M at pH 7.0), of SSI against thiol-
subtilis;n BPN( and dissociation censtant, Ka_(4 X 10_5 ﬁ at pH 9.2 -
10.2), of the SSI-thiolsubtilisin BPN' complex are more than 105—fold
greater than those for subtilisin BPN'. The slight conversion of the
active seryl residue of subtilisin BPN' to a cysteinyl residue was found
to decrease the affinity between the enzyme and the inhibitor to a con~
siderable extent, by about 7 kcal/mole ip free energy units. Tt is
noteworth§ that the small difference in atomic ?adii of oxygen and sul-
fur could result in such a big change in binding affinity, and it seems
likely that SSI strictly discriminates the fine structure around the
region of active site serine residue of the target enzyme.

The interaction between a tyrosyl residue and carboxyl group(SL
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it has been described in Chapters Seven and Eight that on the complex
formation between subtilisin BPN' and SSI a tyrésyl.residue of the en-
zyme interacts with carboxyl group(s) of SSI and that the PKa,Of the
tyrosyl residue shifts upwards from 9.7 to > 11.5. As has been shown in
the present Chapter, however, presumably the same tyrosyl residue of
thiolsubtilisin BPN' shifts its pKa from 9.7 to only 10.2 - 10.3 uypon -
the interaction with SSI.

A quantitative formulation of the electrostatic effect of a

charged group on the acidity of a neighboring group was given by Bjerrum

{(171) based on point charge model. If a group of charge Z¢ where

Z is the wvalence of the group, and € is the proton unit of charge

is assumed tc be immersed in a continuous medium of dielectric constant,
D, and if it is at a distance, r, from an acidic group, then the contri-
bution of the charged group to the electrical work done per mole under

the influence .of the potential, ¥, at the acidic group is

NZE2 ‘ )

AW = NeY = D

(2.1)

vwhere N is Avogadro's number.: If‘the free energy of ioniz§tion of an
acid containing a charged substifuent group is coﬁpared with that of a
similar acid containing no such subétituent, the difference in AG®,
Namely the difference in pKa, for the two acids ﬁay be set equal to AW.
Thus, it may be written, making use of Eq. 9.1 as:

Ne2

RTDr

Aw = A(AG®) = 2.303+ApK_ = (9.2)

¥here R and T are gas constant and absolute temperature in K, respec-
: ~—10 ‘ .
tlvelY- Using the numerical values £ = 4.80 x 10 esu, N = 6.02 x

23 : 1 - .
10°°) R = 8.31 x 10’ erg deg ‘mol Y, and T = 298 K, we have:
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_ 24.32 x 107/

D-BpR, (cm) (9.3)

This relationship was applied to the interaction between a tyrosyl
residue of the enzyme and carboxyl group(s) of the inhibitor on the éom-
plex formation between SSI and subtilisin BPN' or between SSI and thiol-
subtilisin BPN'. When the value of D for water, 78.3, is used (since.
the effective dielectric constants around the interacting residues are
uriknown), r is calculated tec be less than 1.72 A for the SSI-subtilisin
BPN' interaction and 6.21 - 5.17 A for the SSI-thiolsubtilisin BPN' in-
teraction. The former value, » < 1.72 A, seems to be unconceivably
small for the distance between a tyrosyl phenolic hydroxyl group and a
carboxyl group. If the formation of an hydrogen bond. is postulated be-
tween the tyrosyl hydroxyl group of subtilisin BPN' and the carboxyl
group of SSI, 2.76 A can be reasonably assigned to the value of »r, and
then the D value is caluculated to be less than 49.0 from Eg. 9.3.
Making use of this effective dielectric constant, the distance between
the tyrosyl hydroxyl group of thiolsubtilisin BPN' and'the carboxyl
group of SSI was estimated to be > 9.93 A (ApKa 0.5) - 8.27 A (ApKa

0.6) . **

** The D values on the molecular surface of lysozyme were estim;ted on
the basis of the previously reported titration data of Glu 35 and ASP
52 obtained by Kuramitsu et al. (I173) and those of His 15 obtained by
Kangawa et al. (I74). From the former data; D was determined to be
34 - 48 by the use of the atomic coordinate obtained by the X-ray
crystallographic studies (I75), and from the latter data, D of about

40 was estimated from the plot as shown in Fig. 9 in Ref. (I173).
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It is obvious that Bjerrum's treatment can be only an approxima-
tion (172). However, it is clear that the considerably small pKa—shift
of the tyrosyl residue on the interaction between SSI and thiolsubtili-
sin BEN' compared with that between SS5I and subtilisin BPN' could be an
extension of the distance between the tyrosyl residue and the carboxyl
group. The tyrosyl residue and the carboxyl group are most probably
assigned to Tyr 217 of subtilisin BPN' and thiolsubtilisin BPN' and Asp
76 of SSI, respectivel? (Chapter'Eight). It is noteworthy that the
small change in the active site structuré of subtilisin BPN' (Ser 221
—> Cys 221) leads to a considerable extension (about three times in so
far as the effective dielectric constant is unchanged in the Bjerrum's
equation, Eq. 9.3) of the distance between Tyr 217 of the enzyme and Asp

76 of SSI.

9.5 Summary

The interaction between SSI and thiolsubtilisin BPN', in which Ser
22) of subtilisin BPN' is converted to Cys 221, was examined. -

SSI competitively inhibits the esterolytic activity of thiolsubti-
lisin BPN' towards p-nitrophenyl acetate with the inhibitor constant,
Kir of 1.3 x 10_5 M at pH 7.00, 25.0°C. Spectrophotometric analysis of
the interaction between SSI and thiolsubtilisin BPN' yielded the disso-
ciation constant of the SSI-thiolsubtilisin BPN' compléex, Ka, of 4 x
10‘5 M at pH 9.20 - 10.20. These values are more than 105—fold-greater
than those for subtilisin BPN' (see Chapter Two). This indicates that

the sma1) change in the active sitée structure of subtilisin BEN' leads

to a considerable decrease in the binding affinity (by about 7 kcal/mole
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in free Qnergy units) to SSI.

The spectrophotometric titration of the difference spectra -ob-
served on the binding of SSI and thiolsubtilisin BPN' at alkaline pH
demonstrated that a tyrosyl residue of the enzyme shifts its pkg value
from 9.7 to 10.2 - 10.3 on the complex formation with SSI. This extent
of pKa—shift is considerably smaller compared with that observed on the
interaction betwggn SSI and subtilisin BPN' (pKa 9,7 —> > 11.5). This
large difference in the-pké—shift suggests that the small change ({(of
0.45 B) at the active site of subtilisin BPN' leads to a great inprqaa
in the distance between the tyrosyl residue éf the enzyme and the car-

boxyl group(s) of SSI.
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Chapter Ten

Concluding Remarks

The present studies were carried out to clarify the physic;l—chem—
jcal properties of Streptomyces subtilisin inhibigor, S5I, and to eluci-
date the mechanism of interaction of SSI and proteinases, espécially the
unusually tight binding between SSI and subtilisin BPN'. The experimen-
tal results are summarized as follows: |
i) One molecule of SSI (MW 23,000; dimer) binds and inhiﬁits two
molecules of subtilisin BPN' (MW 27,500) strongly. The inhibitor con-
stant, Ki, against subtilisin BPN' was gstimated to be less than 10_9 M
at pH 8.5 and pH 7.0, 25.0°C.

ii) SSI exists as a stablé dimer of molecular weight of 23,000 in the‘
wide concentration range, 0.010 - 10 mg/ml, which includes the range
used for the various studies employed; spectrophotometric, kinetig, and
inhibition measurements. The molecular weight of the subtili#in BPN'-
551 complex is aﬁout 78,000 (%7,300 - 87,300),\which indicates that onel
moiecule of dimeric SSI binds two molecules‘of the enzyme to form a
stable coﬁplex of E212 type.

iii) SSI molecules, at 1.0 mg/ml, are in the equilibrium between mono-
Beric and dimeric form in the presence of 0.03 - 0.12% (w/v) SDS at pH
7.0, ionic strength 0.1 M (NaCl), 25.0°C. The SSI monomér, in thlie pres-
€nce of sps, has at least 50% of the-inhibitory activity against subti—v
lisin BEN' cbtained without SDS.

iv) SS8I binds stoichiomeﬁrically and inhibits compefitively 0~chymo-

. -6
trypsin with the inhibitor constant, K, = (3.0 £ 0.7) x 10 ~ M, when
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p-nitrophenyl acetate is used as substrate at pH 7.0, 25.0°C. These
values which are 103-fold or more greater than those for subtilisin
BPN', suggest much weaker binding for c-chymotrypsin. This indicates
that S5I carn discriminate strictly the difference between the active
site structure of o-chymotrypsin and subtilisin BPN'. Proflavine boung
ét the active site of O~chymotrypsin is not displaced by SSI but forms
a ternary complex with the enzyme and SSI. SSI also inhibits competi-
tively trypsin with Ki =1.1x 10_4 M.

v) It was demonstrated by solvent perturbation difference spectroscopy
fhat all three tfros?l residues per monomer SSI are exposed on the sur-
face, and their individual pKa values were estimated to be 9.66 * 0,10,
11.02 * 0.06, aﬁd 12.33 + 0.06 by spectrophotométric titration at alka-
line pH. The single tryptophyl residue per monomer SSI seemed té be in
a éleft of the molecule, as it is orly 30% accessible to ethylene glycol
and inaccessible to polyethylene glycol.

vi) The soivent perturbation study with ethylene glycoi and methanol
as perturbants showed that a tryptophyl and about five tyrosyl residues
become inaccessible tc ethylene élycol and that a tryptophfl and a tyro-
syl residues to the smﬁller perturbént, methanbl upon the complex forma-
tion. The ultraviolet absorption difference spectra at 245 nm observed
at alkaline pH indicated that a tyrosyl residue of either one of the two
proteins.shifted its pKé value considerably upwards {9.7 — > 11.5) oB
thé complex formation. A typical second-order kinetics was observed for
the bindiné by monitoring the difference absorbanée mentioned above, and
the second-order rate constant of the association was obtained to be 3.1

6 M_lsec_ 1 .

x 10
vii) Chemical modification studies showed that a tyrosyl residue of
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subtilisin BPN' shifts its pKa upwards on the complex formatioﬁ, which
is brought about by carboxyl groué(s) of S8I. The interacting tyrosyl
residue and carboxyl group(s) are most probabiy assigned to Tyr 217 of
subtilisin BPN' and Asp 76 of SSI, respectively.

vii) SSI inhibits competitively the esterelytic activity of thiolsub-
tilisin BPN' towards p-nitrophenyl acetate with the inhibitor constant,
Ki' of 1.3 x 10_5 M at pH 7.0, 25.0°C. An ultraviolet difference spec-
tyum was observed on the binding'of SSi and thiolsubtilisin BPN' at
alkaline pH which is.similar to fhat observed on the binding of SSI and
subtilisin BPN'. From the‘concehtfatiénrdependence of the difference
spectra, the dissociation constant, Kd’ of the S$I~thiolsubtilisin BPN'
complex was determined to be 4 x 10_5 ﬁ, and the pH-dependence of the
gifference spectra demonstrated that a tyrosyl residue shifts its pKa
upwards from 9.7 to 10.2 - 10.3, which i§'considerably lower than the
pKa—shift for the SSI—subtili;in BPN' interaction. This tyrosyl residue
is reasonably assumed to be Tyr 217 of the enzyme based on the results‘
obfained with the binding of SSI and subtilisin BPN'. These results
indicate that the small change in the active site of subtilisin BPN'
(Ser 221 — Cys 221) leads to a considerable looseniﬂg of thg binding
with 88I, which is reflected upon the decrease in the pKa—shift due to
an extension of the distance between the interacting tyrosyl residue cf
the enzyme and the carboxyl group(s) of SSI.

Three dimensional model of SSI. Figure 1.0.1 shows a tentative
sketch of the SSI subunit established recently by the X-ray cryéta;lo¥
9raphic studies at 2.3 A resolution by Hitsui et al. (29). At thi;
Stage, it seems to be interesting to compare the results mentioned above

¥ith those obtained from the X-ray crystallographic studies (28,29,31,
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Fig. 10.1. A tentative sketch of the SSI subunit, which is cited from
Mitsui et al. (29). The circles with residue numbers represent the
rough positions of c-carbon atoms. Residues without the names of amino
acids are glycines. The assignments of the side-chains of Phe 113 and
Arg 29 are tentative. Disulfide bridges are dénoted by zié—zag double
lines. Upward and downward arrows indicate the direction of extension
of the side-chain moieties perpendicular to the plane of the paper. The
other subunit belonging to the same molecule is related to this subunit
by a diad marked by 2 which is inclined at an angle of 60° to the plane

of the paper.
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38).
It is one of the unique characteristies of SSI that it exists as

a dimer and it forms a stable E complex under the usual conditions

212
(see Chapters Three and Four}. At the contact region of subunits, as
shown in Fig. 10.1, five segﬁents of the polypeptide chain,; i.e., resi-
dues 40-42, 29-34, 12-15, 78-84, and 91-97, form an antiparallel B-sheet.
The B-sheet of a subunit faces directly toward that of the other, relat-
ed by the diad shown in Fig. 10.1, and the plane of the two R-sheets are
roughly parallel. BAbout a fourth of total amino acid residues are in-
volved in the B-sheet formation, and this explains the strong binding
between SSI subunits. The solvent accessibilities of three tyrosyl and
a tryptophyl residues per SSI moncmer measured by the solvent perturba-
tion method are consistent with their states revealed by the X-ray
crystallegraphic studies. The N-terminal side and C-terminal side of
the region around the reactive site, Met 73 - Val 74, seem to be held
tightly by the 71-101 disulfide bridge and by the B-sheet, respectively.
Mitsui et al. (29) indicate that the residues Met 70, Cys 71, Pro 72,

Met 73, val 74, and Tyr 75 in SSI seem to fit reasonably, respectively,

and S.' sites of subtilisin BPN' (30-32). The

th ; '
& 5,: S 1r Sq v 2

3’ SZ’ S
conformation of the part centaining these residues in SSI seems to be
closely related to those of the corresponding parts of trypsin inhibi-
tors, bovine pancreatic trypsin inhibitor (BPTI) and soybean trypsin
inhibitor (STI), although the over-all conformation of SSI is completely
different from those of the latter two inhibitors (8-11,29).

Homology in the region surrounding the reactive site and in a di-
Sulfide bridge can be pointed out {27} between SSI and the pancreatic

Secretory trypsin inhibitor (PSTI; Kazal-type trypsin inhibitor) from
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bovine (176,177), porcine (178,179), ovine (180), and human (181) pan-
creas. Recent investigations revealed a considerable homology among
animal and plant proteinase inhibitors (182). The case of SSI and PSTI
provides an interesting example of the homology between two entirely
distinct organisms, a bacterium and a mammal.

Inhibitory specificity of SSI. The rathér narrow inhibitery
specificity is another unigue feature of SSI as a protein proteinase
inhibitor: Some protein proteinase inhibitors which inhibit subtilisin
BPN', e;é., plasminostreptin (Kakinuma, A., Sugino, H., and Isono, M.,
unpublished results) and potato inhibitors (183-185) inhibit as well
trypsin and/or plasmin and d-chymotrypsin.

On the other hand, SSI can strictly discriminate the subtle dif-
ference in the aétive site structure of subtilisin BPN' and d-chymotryp-
sin or trypsin, and surprisingly, it can recognize even the minute dif-
ference between the active site structures of subtilisin BPN' and thiol-
subtilisin BPN'. Judging from the large decrease in ‘the binding affini-
ty (large increase in Ki), it can be pointed cut that the structures of
contact-areas of the two proteins do not fit well in the weak interac-
tion between 5SI and G-chymotrypsin and that between SSI and thiolsubti-
lisin BPN'.

A dye, proflavine bound at the active site of ajchymotrypsin is
not displaced by the binding of SSI to the active site of the enzyme.
This is, to the author's knowledge, the first observation of the forma-
tion of a ternary complex among O-chymotrypsin, proflavine, and a sub~
strate analog (in this case, SSI). This implies that SSI dees not
occupy the part of the active site to which proflavine bind;, presuma~

bly the "tosyl anion hole" of the enzyme. In the weak interaction
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petween SSI and thiolsubtilisin BPN', the distance between Tyr 217 in
the substrate binding site of thiolsubtilisin BPN' and Asp 76 of SSI is
estimated to be about three times longer than that in the interaction
between SSI and native subtilisin BPN':

It has been known, by the subsite mapping method (30,156), that
the substrate specificity of subtilisin BPN' is broader than that of
g-~chymotrypsin, trypsin, and elastase, and the X-ray crystallographic
studies (32, 39) revealed that subtilisin BPN' has no definite specifici-
ty determining site as the latter three enzymes. The interaction with
substrate at the specificity determining site of @-chymotrypsin, trypsin
and elastase, in which a favorable .amino acid side chain can be accomo-
dated, appears to contribute largely tc the total affinity between the
enzymes and the substrate. In the interaction between trypsin and soy-
bean trypsin inhibitor (Kunitz} (I1), the interaction at the primary
binding site, Pl’ was estimated to be 4 kcal/mole out of total 15 kcal/
mole. In subtilisin BPN', however, because of the. lack of the definite
specificity determining site, the interaction with a substrate at the
subsites, so called "secondary interaction", should have more signifi-
cant thar in ¢-chymotrypsin, trypsin, and elastase. In this sense,
there counld be a distinct difference between the interaction of subti-
lisin BEN' and SSI and that of trypsin and STI or BPTI (8-11}.

The X-ray crystallographic studies on the BPTI-bovine trypsin
complex and the STI-porcine trypsin complex indicated strongly Fhat.the
bOth-complexes exist as the tetrahedral adducts. In order to stabilize
fnergetically unfavorable tetrahedral intermediate with the oxyanion of
the inhibitors, scme very strong and energetically favorable binding

Must be required elsewhere. Some binding forces can be identified which
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are probably strongest in the tetrahedral form, in particular the

hydrogen bonds to the oxyanion and the contacts made at the P.'-site,

1
e.g., Ile 64 in STI, Ala 16 in BPTI, and Val 74 in $SI. In addition,
there are other strong interactions nearby. Some of these atitractive
contacts in the complex will be destroyed and others will be weakened if
the enzyme and the inhibitor are forced apart in order to form either
the acyl enzyme or the Michaelis complex. Thus, the tightly bound
tetrahedral intermediate, which allows these numerous interactions,
beccmes the most stable form. In the interaction between SSI and subti-
lisin BPN', it is not yet known whether or not the tetrahedral inter-
mediate is formed.

The central question abcut SSI system is to be: Why does the
inhibitor bind 55 strong ? What have to be explained is the binding
constant of SSI which corresponds to 15 - 20 kcal/mole of free energy
decrement ? In the present thesis, the interaction of SSI with subtilb
sin'BPN' -and that with thiolsubtilisin BPN' are especially stressed.
The ultraviolet absorption difference spectral change due to the pKa
shift of tyrosyl residue resulted from the interaction of tyrosyl
residue and carboxyl group was used as a probe for investigating the
protein-protein interaction. By using this method, it was demonstrated
that a slight structural change {0.45 A) in the active site of subtili-
sin BPN' by converting the active Ser 221 to Cys 221 artificially (OH
——> SH) leads to a remarkable decrease in the binding affinity to SSI.
It is unambiguously concluded that the strong binding between SSI and
subtilisin BPN' is caused by the topographical fitness between the
contact areas of the both proteins. The method employed above is use”
ful, if applicable, for the investigation on the protein—protéin inter~
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action at the molecular aspects, and provides us with the meaningful
evidence as well as X-ray crystallography and NMR (nuclear magnetic

resonance) spectroscopy.
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