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              Preface

                              i       tuhe studies presented in this dSssertation have been carried out

 under the direction of Professor Keitaro Hironi at Kyoto University
                            -l                       '                         'F• ,                                  .t during 1972 - 1977.

      During the iast haif of this •eentutY 'there has been a rapid devel-

opment in the fiel4s of pr-otein che;.ni:stry and -en4yme .che.mistry. rt has

been the author's eagerness to understand the specific interaction

betiween preteins at the rnolecular leveZ, nameXy, molecular recognition

oi proteins by protein$, because he believes that it plays significant

roles in the biological PhenOmena.

      rn 1972, a unique protein was isolated by Professor Sawao Murae

and Dr. Sakae Sato from the eulture broth of a strain of StreptonnJces•

This prOtein inhibits strongly and specifieaXly only alkaline serine

proteinases. The studies pre$ented here are concerned with the charac-

terization ef the protein, StTeptomyees subtilisin inhibitor, and with

the melecular aspects of the interaction of the inhÅ}bitor and protein-

ases especially subtilisin BPN'. [Phis inhibitor provides us with a

suitable entity not only for $tudying the protein-protein interaction

but also for rnaking clear an obscure phenomenon that a protein inhibits

Novemb'er 1977 KuniYo Znouye
                                   '
                            Streng Son of God, immortaZ Love.

                               Mzom we. that have not seen thy faee,

                            BJL fatth, and faith aZone, etmb?aee,

                               BeZieving whe?e we eannot prove,

                                               Tennyson, -Zn Memoriam

                                 -ii-
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             Chapter One

       General rntroduction

      The naturally occurring protein inhibitors of proteolytic enzynes

are unique materials in biological science. They have the capacity oÅí

combining with and inactivating those proteins that have the capacity of

hydrolyzing and degradÅ}ng one of their own species. The inhibitor,

preteolytic enzyrne, and protein sul)strate have very different roles in

the inhibitory process.

      Within an individuaZ, many homologous and analogous form$ of these

inhibitors may exist in different tissues and Secretions. The hornology

and anaZegy is carried further, Emd indeed is thereby more interesting

scientifically, in that the different inhibitors may 'react with di•ffer-

ent• analogou$ and homoloigous forms of prbteolytic enzyrnes. These horno-•

logous and analogous forms of the inhibitors and the ehzymes provide a

unique opportunity for studying the relationship between the structures

ofi the proteins and the properties required for their interactions. The

reaction between enzyrne and inhibitor results in the formation of a com-

plex of •the two proteins that i$ usually stable over a wide pH range.

Such a system has many charactemstics that lend themselves welsl to

physical-chemical studies and thus provide a useiul tool for the funda-

mentaZ study of specific protein-protein interaction.

      Proteinase inhibitors are widely distributed in both animals and

plants. In plants' they are particular,ly plentiEul in the legumes. Mhe

principal plant inhibitors that have been studied are those from soy-

beanst Zima 'beans, peat potatoes and eggplants; the principal animal

                                -1-



inhibitors that have been studted are those from pancreas, colostrum,

blood plasma, and' avian egg white. Inhibitors have also been found in

ser[uLnal fluid, urine, and ceitain intestinal parasites. Some of these

inhibitors may have an important function in bioZogical controi mecha-

nisms, and may have practical significance in animaZ and huinan nutritzon.

      The disbovery of the inhibitors of proteoZytic enzymes have been

closely related to the history of' the proteolytic enzymes that they

inhLbit. !nhibitors of bovine trypsin and or-chyrnotrypsin were reported

as early as i900. However, the first real understanding of the funda-

mentaJ nature oE the problem began with the crystaZlization of a trypsin

inhibi'tor from bovine pancreas and crystallization of its co:nplex with

trypsin by Kunitz and Northrop (1) in the rnid-1930's. Approximately a

decade later the trypsÅ}n inhibitory activity was neticed Å}n soybeans by

Harn and Sandstedt (2}, and by Bownan (3). This was followed several

years later by the •crystallization of a soybean' inhibitor by Kunitz Åq4).

Ovomucoid from chicken egg white had been regarded as a distinct protein

untii 1947, when •1li.neweaver and Murray detected a trypsin-inhibitory

aetivity in chicken ovomucoid (5). During the next few years inhibitory

activities against proteinases were found in rnany biologicaZ materials

and an excelZent review of inhibitors of proteolytic enzymes was pub-

lished in l9S4 by Laskowski, Sr. and LaskowskÅ}, Jr. {6År. Methods for

the assay and isolation oi a number Qf inhi'bitor was published in l955

by La$kowski, Sr. (7). Duling the ,Zast decade there have been manY in-

vestigations on' these i-nhibi/tors. The most recent work 'is an attempt to

understand the enzyTne-inhibitor interaction and speciticity in'melecular
                                                    '
terns. This apptoach is' recent because, only within the last decade,

the molecular aspects of the enzymes was enough Zearned about and suffi-
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ciently sensitive physicaZ and chemical probes were developed.

      :n M970 the tertiary structure of the bovine pEmcreatic trypsin

inhibitor (Kunitz) was reported by Huber et aZ. (8.9). The tertiary

$tructures of the complex formed by bovSne pancreatic. trypsin inhibitor

 (Kunitz) and bovine trypsin and that forrned by sovbean trypsin inhibitor

 (Kunitz)' and porcine trypsin were reported by Huber and his coworlcers
                         '
 (10) and Blow and his coworkers (11), respectively.

      There are several current reviews of the nutritional {12,13),

pharmacological (14), and generaZ (15-17) aspects oÅí proteina$e inhibi-

tors. The iargest collection of references is the review by Vogel et

aZ. (18). The international conferences on pretein proteinase inhÅ}bi-

                                               'tors have considered the physical-chemical properties of protein-protein

interactzon and the moiecular evolution of proteinsr as well as their

physiological role especially in blood coagulation and fertilization

U 9, 20).

      Xn 1972 a protein proteinase inhibitor was isolated and erystal-

lÅ}zed from the culture broth of Stx,eptomyees aZbogriseoZus s-3253 by

Murao and Sato (21.22). The inhibitor is one of the first protein pro-

  ,texnase inhibitors obtained frem microbe and has a unique inhibitory

specificity towards various proteinases. :t was reported that it inhib-

its only microbiai alkaline serine proteinases represented by sUbtiZisin

                                                                   'BPNt, but not other serine proteinases i.neluding trypsin, chymetrypsin!

pla$ntn and thrombin. rt does not inhibit plant preteinases, ticin and

papam, and also acid proteinases incZuding pepsin and rnicrebial agid

proteinases (Table 1.l} (23).. The inhibitor has been named StreptomyceS

Subtilisin !nbibitor (abbreviated in the following as SSX) after its

inhibitory specificity.

               .
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a
'TabZe 1.L Inh•ibitory Activity of ss!.

Protelnase pH Substrate Inhibition

 :.
 2,

 3.

 4.

 5.

 6.
 7.

8

 9.
IO.
IZ.
12.

13.
14.

15.

Subtiiisin BpN'
B. subtiZis so4
   'a]kaiine ' proteinase
B. subtiZis var.
   amyZosacehczr,ttieus
   alkaline preteinase
StTeptomyees sp.
                 ,   alkaline protexnase
CephaZospo?ium sp.
   alkaline proteinase
     +Trypsin
ct-Chymotrypsin
Throrubin
Plasmin
'PapaLn
Ficln
Pseudomonas ae?uginosa
   ngutral preteinase
Pepszn
RhodetoeuZa gZutinis
   'qcid proteÅ}nase
eZaclo6porizan sp•
   acid proteinase

9

9

9

9

9

7
7
7

7

7

7

7

1

2

2

.

.

.

r

.

.

.

.

'

.

.

.

.

.

.

5

5

5

5

5

o
o
2

2

o
o

o

6

5

5

    .caSein

    .casexn

    .casein

caseln

    ,casexn

casezn
caseln
TlthCE

fibrin
casezn
    ,caseln
    ,casein

caseln

caseln

casezn

+

+

+

+

+

.

     a cited froin sato and Murao (l973) (23).

        TAME: tosYl-'rrarginine methyl ester

         StibtilXsin BPN' is one of the best characterized proteinasest as

   weiZ as ct-chymotrypsin and trYpsin, in the sense that the infounation on

   the ptiriary (2'4,25}' aind tertiary (26) structures has beeh"obtained. As

    to SS:, the arnino acid seqrience was determined in !974 bS :kenaka et aZ.

    (Fig. 1.i) (27), ahd the"tertiary structure was recently determined ftom

. X-ray Emtilysis by bditsui et aZ. on the basis of an electron density map

    at 2.3 A resolutton (28,29). As shown in Fig. J.1, SSr is •a single poly-

   peptide eÅí Z13 amino acid residues including two disulfide bridges. 'This

   protein has no isoieucine but contains a large nuruber of alanÅ}ne and val-

    ine. Based on the experiments with ct-chymotrypsin, the susceptible



10

        SER
      PRO
    ALA
  ASP PRO      ASP
    TYR
   VAL SER         ASN
  ntET 10
       GLU
  RO       cys
  CYS GLU

. 10
           Gtlu'

TYR

 ao

YAL

 TRP
  GLN

6LY

LYS

       ARGTYR sER vAL

       11e

 THR
HtS

LYS

4e

GLY

GLy SER pRo

                                          YA                   ARq THR LEu AsH LEu Asp GLY GLY

                         '                                 60

Fig. :.1. The arnino acid sequ6nce of

SSX, cited frorn Zkenaka et aZ. (1974) (22).

sidered to be Met 73-Val 74 (27År.

peptide bond te the active site of preteSnase

Met 73--Val 74 and the methionine to be a '

residue (27). The interaction of SS! and

excellent model system for studying the

and speciiÅ}e interaction between proteins which

the biological phenomena. !t can also provide

the catalytic mechanism of proteolytic enzymes,

reaction by proteelytic enzyrnes have so far

using synthetic small substrates, and not

natural substrates.

      rn the present thesis are deseribed

oi Streptomyees Subtilisin lnhLbitor, SSI, and

the inhibitor and proteinases, especiaily '
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St?eptomyees Subtilisin lnhibiter,
       ivhe reactive site is cbn-

       has been considered to be

   reactive {anti-proteinase) site

    subtilisin BPN' can thus be an

  rnolecular aspects of the strong

         play important roles in.

        serne information about

         since the studies' on the

     been rnade exclu$ively by

   physiologically s•ignificant

   physical--chept•cal prQperties

        the interaction between

    subtzlisin BPN'•, at the molec-



ular level revealed by usÅ}ng enzyme .kinetic .and spectrophotometrxc

     '                                                  +me thods.

      Zn ehapter {Vwo, the stoichiometry of the inhibiYion and binding

of SSI ' against subtÅ}lisin BPN' is described. A molecule of SSI Åqof ll3

aniino acid residues} combines with one molecule of the enzyme and

strongly inhibits it. ,[the inhibiter constant,was estimated to be less

       -9than ZO          M.

      Zn Chapter Three is depicted the determination of the molecular

weights of SSI and nhe complex of SSI and stibtiliSÅ}n BPN' by sedimenta-

tion methed. SSZ was shown to exist in solution as a dimer of identieal

subunÅ}ts. Xt was indicated frorn the molecular weight of the complex

that a djrmer molecule' of SSI combines with two molecules of subtilisin

BPNt.

      In Chapter Four, however, SS: i$ shown to dissociate into monomers

with low concentration of so(li.urn dpdecyl sulfate without loss oi the in-

                           'hibitory activity.

      :n ehapter Five is described the interaction oi SS: with ct-chymo-
  .t
trypsin and trypsin whiah have been reported not to be inhibited by SS:

{TabZe 1.1) (23').' The. hornology between the active-site structures of a-

chymotrypsin• and subtilisin BPN' has been shown by substrate specificity

C30) and by 'X-ray crystallography C31,32) notwichstanding the much dif-

fere,nces in .the origin and the anLno acid sequence. This homology has

been explained by virtue' of the eonvergence in evolution {32-33). SSI

.has been shown in the present study to bind ct-chymotrypsin and inhibSts

its activity• to a'much less extent. SS: appears to recognize the subtle

dif•ference between the actÅ}ve site of the both enzyrnes.

      In Chapter Six, the investigation of •the states of tyrosyl and
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tryptophyZ residues of SSX by means of solvent perturbation Emd spectro-

photometric titration at alkaline pH region are described. Three tyice-

syl residueS are aU accessible to alZ of the solvent used. One trypto-

phyl residue is not accessible to polyethylene glyeol, and partially

accessible to methanol and ethylene glycoi. The apparent pK values of
                                                            a
the three tyrosyl residues were deternined separately te be 9.66, 11.02,

and Z2.33.

      In Chapter Seven, the interaction of SSr and subtilisin BPN' is

described. On the formation of the complex between SSr and the enzyme,

4 to 5 tyrosyl and a tryptophyZ residues become inaccessible to ethylene

glycoZt and simultaneously a typical and big abSorptien diiference spec-

trurn due to pKa•-shift oi a tyrosyl residue of apparent pKa 9.7 upwards

to År 11.5 is observed.

      Zn Chapter Eight, by chemical rnodÅ}ficatian studies, it is shown

that this tyrosyl residue belongs to subtilisin BPN' and the pK -shift
                                                               a.
zs resulted from the approach of carboxyl group(s) of SSr on the forma-

tion oE the complex between subtilisin BPN' and SSr.

      In Chapter Nine, the interaction of the tyrosyl residue and carb-

oxyi greup(s) in SSI-subtilisin BPN' systern is compared with that in

SSr-thiolsubtilisin BpN' system. [ehiolsubtilisin BPN' is an artifieial

enzyme obtained by converting the serine residue at the eatalytic site

oE subtilisin BPN' into cysteine. The bincling of SSI and this "cysteine"

enzyme was shown to be ten thousands or more weaker than that of SSZ Euid

subtUisin BPN'. On the binding of thiolsubtilisin BPN' and SSX, the

apparent pKa value of a tyrosyl residue ef the enzyme changes from 9.7

te 10.2• Differences in the dissoeÅ}ation constants and the degrees of

pKa-shiEt between the bindings of subtilisÅ}n BpN' and thiolsubtilisin
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•BPN' with, SSr are corisideted to

  '
Phy Of''the active sit'e's betweet;
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                      '
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               Chapter Tkao

         The Stoichiometry of Inhibition and Binding of St?epto-

         myces Subtilisin Inhibitor to Subtilisin BPN' k

  2.l Xntroduction

       A protein proteinase inhibitor of unique properties, Stveptomyees

  subtilisin inhibitor, inhibits alrnost exclusively the hydrolytic aetivity

 of the alkaline serine proteinases (23). The author believes that this

 protein is a good object for the comparative studiy of specific protein•-

 lprotein interaction between subtilisin BPN' ahd ct-chyrnotrypsin whose

 three-dimensional structures have been elucidated in detail (26.34) (see

 Chapter Four).

                                            tt
       The term t'protein proteinase inhibitor" refers to a protein which

          . may assoexate reversibiy with one or rnore proteinases to ferm cornplexes
' of deserete stoiehiometry in which aZZ of the cataZytic functions of the

 proteinase are eompetttiveZy .inhibited (15).

       In this Chapter the stoichiometry of inhibition and binding of SSI

 to subtilisin .BPN' 4nd some characteristics of nhe inhibitien are de-'

 scribed.

    '

 2.2 Experimental Procedures

 de A Part of this study was presented at the Annual Meetinci ef the Agri-

   cul'tural C,hendcal society of Japan (Tokyo, April 1973), and publishe'd
                                                           -   in U. Bioehem. (1977) 82, 961-967 (a). ' '
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       Tnhibitor. A three tirnes cry$tallized and lyophilized preparation

 of St?eptomyees subtilisin inhÅ}bitor, SSI, obtained from the culture
        ' broth of Stpaeptemyees aZbogriseoZus S-3253 according to the previously

 repotted methed (22.23) was a generous gift from professor S. Murao.

 The ,preparation showed a single band on polyacryiarnide gel electrophore-

 sis either at pH 2.3, 6.6, or 9.5 (23). The TninimaZ molecular weight

 calculated frorn the arnino acid composition Åq27) is 11,500 (Fig. 1.1).

 This value was used t•hroughout the study.

       EV7zyme, A three times crystaZlized preparation of subtiZisin BPN'

. [EC 3.4.21.14] was purehased frern Nagase & Co. Ltd., Osaka (bot No.

 O:026}• and used without further purification. The purity of the enzyine

 preparation was determined as described iater. The molecular weight was

 taken to be 27,500 en the basis of the amine acid composition (24,25).

       Smbstrates. p-Nitrophenyl acetate (pNPA) (Tokyo Kasei Kogyo Co.

'Ltd.) and IV-trans-ciunamoyl imidaz61e (Sigrna ChetaLcal Co.} were used

 without Eurther purificatien. The concentration of pNPA {pK = 7.i4År
                                                            a
 and N-.trans-cinnarnoyl imidazole solutionS were determined spectrophoto-

 metrically at pH 7.00 with e4os = 7.73 x i03 M"lc'm'1 and E33s = 9.04 x

 10 M cm , respectively, after cornplete hydrolysis.

      DeteTmincttion of protein eoneentration. The concentration of sub-

 tilisin BPN' qnd S$! were deterinLned spectrophotometrically at pH 7.00

with a Shimadzu UV-200 recording spectrophotorneter. EIIhe absorptivity oE

 subtnisin BpN' was assumed to be E2'cimi(27s fim) = i.o63 and E2':lt(2so nm)

                                o.Ig                                                          O.1$=L041, and that of SSI to beE                                    {276 nm) = O.829 and E                                                              (280 nm) =                                1 cm                                                          1 cm
  '
O.796. These values were calculated on the basis of the a=Lno acid com-

positions of these proteins (24,27). The values gf absoxptivity of these

Protein preparatiens observed by the author were as fgllows: EO I' :iX(278 .

                                 '
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nm) = i.o7s and E2':i:(2so nm) = i-066 Eor subtilisin BpN', and E2':k(276

                 o.i$                     {280 nm) = O.8ZO Åíor SSr.nm} = O.B22 and E                 1 cm
      DetermCnation of the pur'ity of szthtaZisin BPIV' prepavation. The

pu]ity of the subtilisin BPN' preparation used was determined by the

aetÅ}ve-sÅ}te titration essentially according to the method of Bender et

                                          'aZ. Åq1966) (35) with slight modificatiens. [Dwo kinds of titrant, p-

nitrophenyl acetate (pNPA) and IV-trans-cinnamoyi imidazole were used.

      Equal volurnes of an enzyme solution in 20 mM pyrophosphate buffer,

pH 8.SO and a pNPA solution in water containtng iO.O+ (v!v) isepropanol

were mixed in a Union SF-70 stopped-flow apparatus. Changes in trans-

mittance Emd al)sorbance at 405 nrn due to the liberation of p-nitrophenol

were monitored on an Xwatsu MS-5019A storage oscillesqope, and the reac-

tion proiile was recorded with a camera (as Fig. 2.1). Mhe iinal eon-

centration of the enzyme was in the range of O.70 - 2.0 mg!ml (25.5 -

72.7 yM assurning the enzyme preparation to be IOO$ pure) and that of

pNPA was in the range between O.364TnbC and 1.82 mbE. The rnolar absorptiv-

ity difference between pNPA and p-nitrophenolr AE4os, was deterntned to
                                                                     ,            4 -1 -ibe 1.76 x 10              M cm at pH 8.SO.

      The stoichiometric basis of the active-site titration of the hydro-

Zytic enzyrne rnay be represented by the reaction scheme 2.1, which repre-

sents thb overali pathway for ct-chymotrypsin, trypsint elastaser subti-

lisint papainr and acetylcholinesterase reactions (35)36År•

                    •K k k                                    23                        s          , E+S Es-ES,-E (2.1).                                          + +•
                                          PP                                           12
Heret in the .present case, E is subtilisin BpN'; S, the substrate, pNPA;

ES, the DCi.chaeiis complex; Es', acyl-enzyme inte=Tnediate; ?lr P-nitrOPhe-

nOl; and P2, aeetate. The conversion of E and S into ES' and Pl can be
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 eonsidered a stoichiometric reaction with respect to-an individuai ac'tive

 site. If this process can be observed be'fore the turnover (regeneration)

 of the enzyme occurs, then a direct measurernent of the active enzyrne

 concentratÅ}on may be made.

      The most common set of conditions for observation of enzymatic pro--

 cesses, and the most important $et for the determination of the enzyrne

concentration, utÅ}lizes [S]. ÅrÅr [E]., where [S]. dnd [E]. is the initial

concentratzons of substrate CpNPA) andi enzyme (subtilisin BPN'), respec-

tiveiy. Under these cenditions a pre-steady state (acylation) and a

steady state (deacylation) may be observed, the former eften being too

East to measure, and the concentration of Pl liberated in the pre-steady

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]. ÅrÅr [E].t the cencentration of p-nitrophenol liberated in tirne

t, [Pl]t can be deseribed by

                               -bt            [P" =At +TCI -e ) (2.2)
where A = kcat[E].[S]. 1 ([Sl. +' Krn) (the steady-state rate) Åq2.3)

      b = {(k2 + k3) [S]o ' k3K.} 1 {K, + [S]o)                                                     (an apparent rate

constant for the burst)                                                                   (2.4)
                     '                           'and T rnay be e)tpressed hs

    ."= [E]6{k21 (k2 ' k3) }2 1 {1 + (K.l [S]o)}2 (2•5)
           '
Here, Km and kcat are, respectivelyt the apparent Mchaelis c6nstant and

the catalytic rate constant {inoiebular activity)' {k2k3/(k2 + k3)} ob-

tained for che steady state phase of the reaction curve.

      At time when t ÅrÅr b holds, the 'expohential term of Eq. 2,2

aPproaches zero and Pl can be descri.bed as a linear fnnction of t,
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Fig. 2.i. Stopped-flow oscUlogram of the liberation oi p-nitrophenol

during the hydrolysis oE p-nitrephenyl acetate by subtilisin BPN'.

[subtilisin BPN']. = 2.0 rnglml, and EpNPA]. = 3.2 rnM in 20 mM pyrophos-

phate buffer, pH 8.5, aontaining 5.0t (vlv) isopropanol, 250C. Wave-

lengtht 405 nm. Scale: horizontal, O.5 secldiv.; vertical, O.05 Abs.!
div.

Since T is the intercept of a plot of [Pl] vs. t at t= Or it was meas-

ured from the stopped-ilow traces of the reaction profiles. Equatien

2.5 may be transformed into Eq. 2•7r

           T-112 # [E].-112 {(k2 + k3)!k2}(1 ' K,n![S]o) Åq2'7}

Frorn Eq. 2.7, the piot ef TT'-112 vs. [s].-i is expected to give a straight

zine whose intereept is [E]."112 {(k2 + k3)/k3}. rf the condition is met

                       'chat k2 ÅrÅr k3t the intercept of such a plot (as Fig. 2.2) would give

    -112[E] o         and hence [E]. directly.

      Since for the hydrelysis of pNpA by subtilisin BPN', the ratie of

k21k3 has not been reported, it was calculated as iolZows. The pre-

                                                                      '                                                                 'Steady state phase ot the reaction curve was anaZysed with the GuggenheÅ}m'

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

-13-
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                              'Fig. 2.2. Dependgnce of the p-nitrophenoZ "burst", T, on the initial
       'aoncentra'tion of substrate, [S]., in the aetive-site titration of subti-
lisin BPN' by p-nitrophbnyZ acetate. SubtUisin BPN'; 2.0 mglmZ (72.7

yM assurTtLng leOts pure) in 20 rnM pyrophosphate buffer, pH 8.5, containing

5.0g (vlvÅr isopropanol, 250c.

sec-1 }. The ratio of k2!k3 1-ias calculated to be 50 from

      k2/k3 = {bTo(1 + [S]olK.)} l {V(1 ' [S]olK.) - bTo} (2•8)

where V is the maximum velocity obtained for the steady state phase of

tihe reaction curve, and T. is the magnitude of the initÅ}ai burst, T, ex-

trapolated to [S].- co in Eq. 2.5 (Fig. 2.2). !Phe actÅ}ve enzyrne con-

centration, [E].t was obtained from [E]. = IT.{l + k31k2)2i and ttie purity

of the enzyme preparation was calculated to be 74.7t.

      The active-site of subtiZisin BPN' was titrated also with IV-trans-

cinnamoyl imidazole. Equal volurnes of the enzyrne selution in 25 mM phos-

phate buffe.r, pH 7.00t ionic strength O.1 M (NaCl), and the titrant solu-

 '
tion in the sarne buffer eontaining acetonitrÅ}le at 6.41 •(vlv) were mi.xed

             'with a Union MX-7 sarnple rnixing unit. The final concentration of the
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 enzyrne was O.54 mqlml (l9•6 UM assurninq the enzyrne preparation to be

 loo" pure) and that of Ai-tvans-cÅ}nnamoyl imidazole was in the range be-

 tween 13.2 uM and 76.9 labl. The ratio of k2!k3 for the hydrelysis of

 AI-trans-cinnamoyl inidazole by sulotilÅ}sin Novo, which is believed to be

 identical with subtilisin BPN' (38,39)r has been reported te be 186 Å} 20

 (35) satisfying the requirement oi k2 ÅrÅr k3. Accordingly, the magnitude

oÅí the burst, T., was considered to be the same as the active enzyme

 concentration in this case; and the purity of the subtilisin BPN' prepa-

ration was caiculated to be 74.6ig.

      The values of the purity of the subtilisin BPN' preparation thus

deterTnLned by the•two different titrants are in good agreement with eaeh

other, and 74.7t is used throughout this study. •
      EÅrTayme aetivity measuT,ement. The esteroZytic actSvity of subtili-

sin BPN' was rneasured spectrophotometri'cally with pNPA as substrate.

The reaction was initiated by mixing equal voiumes of the enzyrne solu-

tion in 20 rnDC pyrophosphate buffer, pH 8.50 and the substrate solution

in water containing isopropano! at 10.01 Åqv!v). rncrease in absorption

at 405 nm due to the liberation of p-nitrophenol was followed at 250C
                                               'with a Shimadzu uv-2oO =ecording spectrophotometer. The rnolar absorp-

tivity at 405 nm of p-nitrephenoi at pH s.50 was taken to be Z.76 x 104

M'-1cm-1.

      Measzt?ement of inhibito? acttvity. The inhibitory activity of SSX

against subtilisin BpN' was a$sayed spectrophotometrically under the

                                                                 'sEune conditions as the enzyrne aetivity measurernent with •pNPA aS' isub-

Strate• The enzyme and the inhibiter were mixed first, Emd after keeP-

ing the mixture at 250c for ten ninutes the reaction was started by

adding the snhstrate solutien. For the measurement with a stopped-flew
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apparatus, however, the substrate and the inhibitor were mixed first,

ahd the react•ion was started by nixing the substrate-inhibitor mixture

and the enzyrne solution (also refer to tine section of Detexvntuation of

                                                              '                                      'the pupity of smbtiZtsin BPiV' preparatzon}. .
      Titration of sztbtiZtsin BPN' with SSI by uZtravioZet absorption

differenee spect?ophotometry. Difference spectra observed on the bind-

ing OE SSI and subtili$in BPN' were recorded with a HLtachi Model 323-

2000 recording sipectrophotometer with an expanded scale CO.04 IU)s.lfull

scale}. [[)wo pairs of matehed cuvettes of l qm light path length were

used. To an enzyrae solution, 1.6S vag!ml Åq44.8 uM taking into account

the purity of the enzyrne preparation)-in 25 mM phosphate buffer, -pH 7.0

(the ionic strength was adjusted to O.l M with NaCl-År was added the equal
                                      '
volume oE SSr solution in the sarne .buffer at various concentrations up

to 2.0 mg!ml {O.Z74 rttM). The ultraviolet absorption difference spectra

were tecorded aftet 'holding the mfi.xture at 250C for 10 min.

2.3 - Results

      Absorption speetmm of SSI. Eigu=e 2.3 shows the ultraviolet

               'absorption spectrum of SS: in 25 rnbd phosphate buffer, pH 7.0, ionie
                     '                   '                                           '                'strdngth o.l M (Nacl). Thd absorption maximurn is at 276 nrn, and the
                                                                 +
ratio A2so!A276 is O•431 and A2so!A276, O•985•

      Xnhibition of subtiZisin BPN' by SSr. The inhibition by ssl of

        '                                 '
the hydroiysis of pNPA by subtilisin BPN' is shown in Eig. 2.4. A good

linear relationship is observed betwben the remaining enzyrne activity

                                                         'apd the inhibitor concentration. There is the distinct point of coni-
                        '                                     '                                            'plete inhibition, at which the •concentration ratio of subtiiisin BPN' to
                         '
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                             '                 240 260 2eo 300 320 340
   L WAVELENGTH Cnm)
     '                                                                J
Fig. 2.3. UZtraviolet absorption spectrum of SSI. SSZ: O.572 mglrn1
(49•4 VM) ,in 25 rnbC phosphate buffer, pH 7.0, ionSc strength O.l M (NaCl),

2SOc.

SSr is 3.IS : 1.00 (in rnglrn1 units).

      Xnhibition of the pre-steady state as observed by the stopped-flotu

method. The .inhibition experi:nent was carried out also with a stopped'

fiOW apparatus. pahe oscilloscope traces of the reaction curves are shown

in Fig• 2;5• In the absence of the inhibitor (Fig. 2.5r a)t a clear bi-

phasie curve with a initial burst and the steady state phase -is recorded•

AS the inhibitor concentration increases (Fig. 2.5, b,c)r there are

observed not on-ly deereases in the rate of the steady state' phase bUt
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Fig. 2.4. rnhibition of subtilisin BPN'-cataZyzed hydrolysis of p-nitro-
                                               -2phenyl acetate by SSI. Subtilisin BPN': 2.30 x 10 rnglrnl CO.826 vM

assuTning 1001 pure)i p-nitrophenyl acebate-: (a), O.710 TnM and (b), O.406

TnM. 20 raM pyrophosphate buffer, pH 8.50, containing 5.0- (vlv) isopro-

panoX, 25eC. [subtUisin PPN']•.1[SS:].= 3.IS (w!w} at the saturation

point. Mhe residual activity beyond the saturation point Å}s due to the

non-enzyrnatic hydroiysis of the sul)strate.

a•Zso the disappearance of the initial burst.

     Titration of szthttZisin BPN' with SSI by uZtravioZet absorption

difference speetra. Figure 2.6 shows the ultraviolet absorption differ-

ence-spectra produced on the mixing of SSI with subtilisin BPN'. The

spectra refZect seme changes in the environrnent of both tryptophyZ andi

tyrosyl residues caused by the these proteins.

 ' ' Pigure 2.7 represents the pZot ef the difference betwe.en. AA                                                                 and                                                              288
AA2g4 Of the sPectra as shown Å}n Fig. 2.6 against the concentration of
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Eig. 2.5. Stepped-tiew oscillegrams shewing the effeet of SSI on the

smbtUisin BPN'-eataiyzect hyclroiysis oE p-nitrDphenyl acetete. [subti-
]lpisin BPN']. = e.Be3 iuglml {2].S v)E teking the purity, 74.71, into ac-

ceunt). {p-nitrophenyl aeetate]. = O.922 snl6. ÅíSST monomer]. = (a), O;
                                                            '(b)r 7.Se p"S; (c), 15.6 pM} and (d), 23.7 p}S. 20 :mbG pyrophosphate '

buffex', pH S.50, eantaining 5.0* Cvfv} isoprepanelt 250C. Wavelength, -
40S nm.

SS!- There Ss the dÅ}stinet peint ef saturation, ab which the concentra:

                                        'tion ratÅ}o oi subtil-i`sin BpNi te.ssx is 3.15 : 1.0e {in mg!tu1 units).

     EvaZuatt"n oS irkibition tnzd bindin.g ei?utvaZenee. The concentra-

tieR ratie oE suhtilisÅ}n BpN' te ssl at the pvint of cornplete thhibitien

(Fig• 2•4) and the value at tihe peint es sat"ratien in binding (Fig• 2-7)

agree Very well with eaeh ether iRutcating tihe steiehiomet=ic binding
                      .
OÅí SS: Yo a specSfic site ef the enzy;ne. ehe average ef the two valuais
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                 • 280 500 320 340                                WAVELENGTH {nrn}

                                                                  '
   Fig. 2.6. Ultraviolet ab$orption difference spectra observed on the
                                                              '   binding of SSI and subtilisin BPN'. [subtiZÅ}sin BPN']. = O.735 mg/ml
               ' '    (26.7 uM .assutning 100* pure); [SSI]. = (,a), O.S50 mglml; (b), O.l50

   mglml; and Åqc), O. 25 rnM phosphate buffer, pH 7.0, ionic strength O.1 M

    (NaCZ), 250C.

                          '          '            '   gives subtilisin BPN' : SSZ = 3.IS : 1.00 (in mg!ml units). 1when the

           '   purity of' the enzyine preparatien, 74.7x and the molecular weights 6f the

                       '
   two proteins (subtilisin BPN', 27,500; SSr, il,500) are taken Å}nto ac-

            '   count, the ratio turns out to be O.99 : 1,OO in molar basis. r't is con-
          '                    '-

                                                     '   ciuded accordingly that one molecule of SSX stoichiometrically binds and
                                  '                                                       '                                            '   inhibits one molecule ef subtiZisin BpN' Csee Discussion 2.4).
      '                                         '                                     ]         The type of inhtbition and esttmation 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, 2SOC. conditibns are as in Fig. 2.6. [subtilisin BPN'].![SSr].
                                                '= 3.16 (wlw) at the saturatien point.

         '
the kinetic data of subtilisin BPN' with and without SSZ exhibited appar-

ently a typicaZ noncempetitive type inhibition profile CFig• 2.8}.

Detemination oE the inhibitor constant, Ki, of SSI against subtilisin

BPN' vJas atternpted by the method of Green and Work (1953) (40) and othe=

methodS of linear plotting. A value (3.s Å} 1.5} x 10-10 M was obtained

uszng the equation of Henddrson Åq1972) (41) which descxibes the steady

state kinetics of the enzyme with tightly bound inhibitors; howeverr en-

zyme eoncentrations of the order of lo-7 M had to be used in the present

aSSaY System, which are semewhat too high to obtain a very aceurate K.
                                                                    i
ValUe. IY is safely stated, at present, that Ki of SSI against Subtili-

sin BPN' is less than xo-9 M at pH s.s. The K. debernination with more
                                             i
sensitÅ}ve assay ,rnethods have been under investigation (kineL.ic investi-
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Fig. 2.8. Apparent noncompetiti.ve inhibition of subtilisin BPN'-cata-

Zyzed hydrolysis of p-nitropheny! acetate by SSI. [subtilisin BPN']. =
        -25.0 x 10 mglml Cl.36 uM taking the purity, 74.7*, into account.
[ssi]. = (a), o mglml; (b), s.o x lo-3 mg!ml; cc), 7,o x lo-3 mglml.

20 mM pyroPhosphate buffer, pH 8.5, centaining 5.0* (vlv) isopropanol,

250c.

    '
gation: Tonomura, B., Azuma, T., and Hiromi, K.t unpublished results;

fZuorescenee titration: Uehara, Y., Tonemura, B., and HLromi, K., unpub-

lished results).

2.4 Discussion

      Detex?nination of abse7ptivity of p?oteins. !n the present study

                   o.Ig                         of each protein calculated irom its arnLno acidthe absorptivityi E                   1 cm'

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

calculated values of the absorptivity for SSZ are O.991 (276 rum) and
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l.o18 C280 nrn); and for subtili$in BPN't 1.014 (278 nm) and 1.024 (280

nm}. These figures fall in the range of the ratios for some other pro-

                                          O.ikteins Zisted by Wetlaufer {42). A value E                                              {278 nm) = Z.17 obtained                                          1 cm

for d"sopropyl phosphoridate-inhibited (DIP) subtilisin BpNt by lvatsu-

bara et aZ. (43} has been used widely in the literature as the al)sorp-

tivity of this enzyme. If this value is empZoyed' in the present ease,

the purity of the enzyme preparation will be 82.2$, and the molar ratio

of the inhibition and binding equivalence wiZl be 1.08 : 1.00; the pres-

ent inference that a mole of SS: (monomer) binds and inhibits one mole

of subtiZisin BPN' need not be changea by this.

      Conrpettttve inhibittQn of SSi against szcbtiZistn BPIV'. The inhi-

bition of the pre-steady state observed by nhe stopped-flow rnethod

suggests that SSZ inhibits the hydrolysis of pNPA by subtilisin BPN'

either at or before the step of the acyl-enzyme CES') forrnation in che

reaction scherne 2.1. This is interpreted, for the reasons described

belowt as tihat SS: cornpetes with pNPA for the active site of the enzyme,

though the apparent noncompetitÅ}ve inhibition mentioned in Resu•lts 2.4

may seem to suggest the fo:mation of the inactive ternary complext !ES.•

Xt has been recognized that an inhibitor with a high affinity to an en-

zyrne exhibits apparently the noncompetitive type iphibition even iÅí its

inhibition mechanism is eornpetÅ}tive with the substrate (44År•

             '
      The apparent noncompetitive inhibitÅ}on is ev•ident especially when

the activity assay is started by adding a substirate into the pre-mixed

SOIUtion of the enzyrae and the inhibitor, as was done in tihis study•

This is believed to be due to the slew dissociation of nhe enzyme-inhib-

.itOr cOmplex in the final reaction mixture, which results in the decrease

Of the actual initial concentration of the active enzyme. Mhis view is
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endorSed by the-obServations that the degree of ihhibition waS lewer
               '                   -when the activity as$ay was started by adding the enzyme inte the mixture

of the substrate and the inhibitor allowing the competition between them,

                                                                         'and that thi$ phenornenon was more clearly seen at tine low cencentration

of the inhibi,tor and hard to detect when a better substrate like casein

was used instead of pNPA.

                                                           '      The abOve eonclusion oÅí Åëompetitive inhibition is 'suPported by the

fact that DrP-subtili$in BPN' and carbobenzoxy-X,-alanyl-glycyl-1-phenyl-

alanine chloromethyl ketone-inhibited (ZAGPCK) subtilisin BPN' fail to

produce the Complex with SSI as monitored by gel filtratÅ}on With Sephadex

G-100 •(45). :n this connection, it has been dernonstrated that SSI com-

                                                                    --6petitively inhibits bovine a-chymotrypsin with IC. of (3.0 Å} •O.7} x IO
                                                i
M (see Chapter Five,). The above. interpretation ,seems reasonable also en

the 'analogy of the cases, of bovine pancreatic trypsin inhibitor '(Kunitz}-

bovine' trypsin Åq10).qnd soybean •trypsin inhibitor CKunitz)-porcine

trypsin C•11}, for whÅ}ch• the x-ray crystallographic analyses have sug-

gested that the inhibitors are bound to the,catalytic site of the enzyTne

in the forTn of tetraliedxal interTnediate.

      SSI as an aettve-site titnant oj' sztbtiZisin BPN'. since the stoi-

Chiometry of the bindÅ}ng and, inhibition has bpen accurately deterndned'

here (Figs. 2.4 and 2.7). ,SS! can be recommended as• a usefuZ titrant bf

thei actiVe-.site of' sul)tilisins in view of the present statuS that there

is no good 'actiVeLsite titrant fer these proteinases: in the case of
                     '
pNPAt I2/k3 is•'not large enough as deter:nined in this study (Experimental•

Procedures 2.2)-, and in the case• oE AI-trans-cinnamoyl imidazole, wh•ich

                                 'has been 'used widely for subtilisins (35), the large absorbance change

due- to the intermediate, cinnarnoYl-enzyrne, may possibly prevent one from
                             L            '
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the accurate deterTnination; moreover, considerabZe degree of spontaneous

hydrolysis of these titrants in the pH region optimaZ for subtilisins

makes the active-site titration troublesome.

      The recommended method for the activetsite titratien of subtilisin

BpN' by the use of SSI is as follows. The es,terolytic activity oi sub.

tÅ}lisin 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 SSr Csul)tilisin BPN', O.05

mg!ml, 1.82 uM assuming the enzy:ne preparation to be 100* pure; SS!, O -

O.02 mglml, O - 1.82 vM as monemer) in 50 rnM phosphate buffer, pH 7.0

are prepared. The reaction is initiated by ndxing equal voZumes ef the

pNPA soZution and the SSI-subtilisin BPN' Tnixture soZution in the opti-

cal cuvette at 25ec, and the initial velocity, v, for the reaction can

be directZy detemined• from the progress curve at 405 nmt for the spon-

taneous hydrolysis of the substrate is alrnost negMgible at pH 7.0. The

initiaZ velocity of the reaction must be deterrnined at least two SSX

concentrations; in addition, the blanck must be taken ([SSZ]. = O M).

When V is plotted against final SSZ concentration, [SSI]., (as Fig. 2.4),

V is expressed as v = v. + a[SSI]., where V. is V at [SSI]. = O M and a

              '
.is a constant describing the slope. The extrapolated value of [SS:].

                                                        'tO V - O, - v.la, corresponds to the active-$ite concentration of the

preparation used of subtilisin BPN'.
      '      The absorption differenee speetrten obser'ved on the binding of SST

                                        'andl sttbtiZisin BPN'. The difference spectra obsetved on the mixing of

SS: and subtilisin BpN' (Fig. 2.6) are attributable to the speeifiC

interaetien between the two proteins. The shape of the diijference spee-

tra Suggests some ehange in the environment of both.tyrosyl and trypto-
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phyZ residues. The environmental change may include the electrostatiÅë

one of tryptophyl residues a$ indicated from the small peak at 300 nm

 (46-48}. The states of the$e aromatic arnino acid residues and their

changes on the enzyme-inhibitor complex formation wiZl be deaZt with in

detail in Chapter Six'and Chapter Seven, respectively.
                                                                        i

2.5 ' Surnmary ,                                                                        l'

      The stoichiemetry of inhibition and binding of Stpeptomyees subti-

lisin inhibitor, a protein proteinase inhibÅ}tor produced by St?epton41ees

aZbog?iseoZus S-3253 (21-23) towards subtiiisin 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

stepped-floW study of the pre-steady state demonstrated the disappearanee

oE the initiaZ burst of the enzyine reaction. [rhe uitraviolet absorptien
                                                                        ;
difference spectra were observed on mixing the inhLbitor and the enzymer
                                                                        '
suggesting some change in the environment of tryptophyl and tyrosyZ

residues in the protein$. Titration by means either oi the degree of

inhibition at the steady state or of the magnitude of the ultraviolet

qifference absorbance revealed that one protomer (molecular weightr ,

11,509) ef the inhibitor binds and inhibits ene rnolecule of subtilisin

BPN'. tuhe inhibitor censtant, K., for subtilisin BPN' was estiTnated to
                                i
                                                                        :               -9be less than 10 M at pH 8.5. A new menhod fer active-site titration

of subtilisin BPN' with SSr was proposed.
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            Chapter Three

       The Deternination oE Molecular Weights of Stpeptomyees

       subeilisin Xnhibitor and the Complex of Stveeptomyces

      Subtilisin Inhibitor andi SubtÅ}lisin BPN' *

3.1 Introduction

     -In the previous Chapter, it was described that• one monomer unit

of SSI of molecular weight 11,500 binds and inhibits one moZecule of

subtilisin BPN' stoichiornetricalZy. This molecuZar weight of .SS: was

calc'ulated from the amino acid cemposition {Fig. 1.1) (27).

       The molecular weight .of SS:, however•, was tirst reported to be

27,OOO by gel filtration on a Sephadex G-100 colum (23År and to be

12,OOO by SDS polyacrylaraide gel electrophoresis (49). From thÅ}s dis-

crepancy was suggested the possibility Qi dimerization of $SX molecule

Xn solution. The dimerie structure of SSI in crystal was also suggested

from X--ray crystaZlography (28). The view that SSr exists as a dirner

(I2) eOMposed of identical subunit$ is consistent with the results of

binding and inhibition equivalence shown in the prevÅ}ous Chapter• • .'

HOWevert the pessibility remains to be examined,•that SSr dissociates

XntO MOnOmer (Xl) upon binding of the enzyme (E) and that the enzyme-

inhibitor cornplex is in the forrp of one molecule of enzyme with a mono'

Mer ef inhibitor (EIII) as in the case of plasminostreptin (Suginot H•

and KakinuTna, A., unpublished reSuZtS)•

' A Part oE this study was presented at nhe Annual Meeting Qf nhe BiO-

  PhYSical Society ef lapan (Tokyo, october 1973) (b).
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       The present study in this Chapter was initiated to determine the

moZecular weight of SSI in solution and that of the enzyme-inhibitor

 complex by u$ing sedimentation equilibrium rnethod. Especially, in order

 to detiect the di$sociation of SS: into taonomer, the molecular weight of

 SSr was measured at the low protein concentration.

3.2 Experimental Procedures

      P?oteins. A thtee times Crystallized and lyophilized preparatÅ}on

of Sti'eptomyees subtÅ}iisin inhibitor, SSI, was'kindly 'suppUed by Profes-

sor S. Murao. A three times crystallized prepa'ration of soybean trypsin

inhibiter ÅqKunitz} (Lot No. 54B-0720) was a product of Sigma Chernical Co.

A three times cFystallized preparation of subtilÅ}sin BPN' [EC 3.4.21.141

was purchased from Nagase Co. & Ltd., Osaka (Lot No. OI026). The purity

of the preparation was deterrnine"d 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,

E2':i:(280 nm')•t of 1.066, O.81Q, and, 1.004 were used for subtilisin BpN',

SSr (Experimentai Procedures 2.2) and' soybean trypsin inhibitor (KunitZ)
                                                          +
(5e), respectively.

      P.roteins were dissolved in 25 rnM phosphate buffer, pH 7.0, ioniC

strength O.1 •M (NaCl).

      ITThe compZex of subtiZisin BPN' and SSL A crystallized and ZyophS'

iiqed preparaticn oE Ehe cemplex of subtiii$in BPNi and SSr obtained

aCcording to the previously reported rnethod (45) was generously ' supplied

by Professor S. Murao. The preparaeion showed a single band on polyacry1
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Eig. 3.1. Polyacrylamide gel electrophoresis of Ca) subtilisin BpN'-SSX

complex, (b) mixture of subtilisin BPN' and SS!t and (c) SSr. Sarnple

solutions were applied to polyacrylamide separating gels at pH 9.5. The

gels were stained with Coomassie BriZliant Blue R--250 and destained by

leaching with 7.5g acetic acid.

    '
amide gel electrophoresis at pH 9.5 (Fig. 3.lr a)•

      Deter7ntnation of the pa?tiaZ specifie VoZzmie of SSJ. The partial

specific volurne, D, of ss! used in the ultracentrifugal experimelnts was

Measured with a S-ml ostwaZd pycnometer (52). Meniseus was adjusted in

a water bath at 2s.oÅ}o.loc, and room tempdrature was adjusted to 24.00c.

A Sartoriu$ 2442 ehemical baiance was used for weighSng. The rneasure-

MentS with pycnometer were carried out at six dÅ}Eferent qonceptrations

Of the inhibitor between 5.3 mglrn1 and O.5 mglml, and the measurement

WaS repeated at least IO times at each concentration.

     . The " of Ssx was alse theoretically calculated based,on the and,no

aCid cetnpositions (27) and the values of partial specifÅ}c volume of each

aMino acid according to the method of Ma"leekin (52)53)•

      VZtraeentnifugal methods. Au experiments were performed either

                               'With a Beekman spinco Model E analytical ultracentriEuge or with P
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Hitachi UCA-IA analytical uZtracentrifuge. The Beclcrnan Spinco Model E

abas equipped with an electronic speed control, a rotor temperature indi-•

cator and control ÅqRTZC} unit, ana phase-plate schlÅ}eren-Rayleigh inter-••

ference optical system; and the HiF.a. chi UCA-IA was equipped with an.

electronic speed control, an RTIC unit, and a split-bearn photoelectric

scanning apparatus Åq54), Hitachi UVC with a dif'ferential circuit

                                                                    '
and an alosorbance scale expander (2.5 - 20 times) rnade by the author. t

The expander is equipped with an external circuit to appiy the off-set

voltage, with which the Hitachi uvC photoeleetrie scanning apparatus is
                  '
improved te record the absorbance change of O.05 - O.25 in the full

scale.

     When the initial prote'in concentration was over about O.6 in ab;

sorbance at 280 nm, the, Beckman Spinco Model E was used, and schlieren

and Ray!eigh interference patterns were photographed on Fuji speÅëtro-

s'copÅ}c plates, Process Panchro Type. When the initial protein concen-

tration was below about O.6 in absorbance at 280 nm, the Hitachi UCA-IA

was employed and sedimentation patterns were recorded with a photoelec-

tric scanning apparatus Hitachi VVC. All photographic plates were read

on a Nikon'Model 6C tiwo dimensional nicrocomparator.

      F;uoroca=bon FC-43 was used as a bbttom liquid;

     Sedimentation veZocity.' sedimentation velocity studies were per'

formed to determine the sedimentation coeEficients of SSI and the coM' J•

plex of SSr and subtilisin BPN'. Ultracentrifugation was run at 25.00C                                                                     l
using 12-mm Valve type synthetic boundiary cells. For ssl, the schlieren

otpics of the Beckman Spinco Model E was applied and photographs were

taken on Fuji speetroscopic plates, Process Panchro Type with an appre-

priate time interval. Subtilisin BpN'-SSI cornpZex has very low solubil'/
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 ity; it disselved in buEfer solution at about O.5 mglTnl at maximum under

 the conditions used• The schlieren optics is not sensitive enough te

'detect this low concentration of proteinr therefore, ultraviolet absorp-

 tion scanning optics was used on the Hitachi UCA-IA analyticaÅ} ultra-

 centrifuge at 280 nm at'25-OOC. Absorbanees at 280 nm were scanned

                                                              t- -F throughout a Ziquid colurnn in the cell and were recorded at approPrÅ}ate

 time intetvals durÅ}ng the sedirnentation process. Sedimehtation •coeffi-

             were calculated according to Schachrnan C51). '' eients s       . 20,w
       Sedtmentutien equiZibrizan. With the Beckrnan Spinco Model E ana-- '
                                               '
 lytical ultracentrifuge, a!! experiments Were perfermed with five dif-

 feirent protein concentrations at one run at 25.0"C, with doubZe $ector

                                                              r cells having a 12-mm light path and f'itted with quartz windows on an

                                                          .                                            ' IM-G rotor.

       Synthetic boundary experiments using the capiZlary-type synthetiC

 boundary cell wer'e inade with each s61utio'n to give thd concent'ration in

 terrns of area on the photographie plate. ' .
       The experiments were also perfoirmed with a sirnple 12-irorn alurnLnium

 dOUble-seetcr cell and quartz windows in the HitachÅ} VCA-IA analytical

       Detemination of moleculat weights using the hi'gh speed sedimenta-

 tiOn technique (55) was performed at inÅ}tial concentrations of les's

 than 1•O mgltu1. [vhe attainment of equilibrÅ}utri was checked at 2 hr in-

 terVals near 'the end of the experiment until an equilibriurn diistribution

 WaS Observed. Low speed sedimentation equilibrium studies {56J57) were

 PerfOrMed with soxutions having an initial protein concentrations ef X:O

 - 3'O Mglml• In alJ such experiments, overspeeding rotatibri to reducd '

 the time to reaÅëh equilibrium was ernpleyed {57). ' '
                               '
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    , Before the use of the Hitachi UCA-]A ultracentrifuge with the ini-

tial concentration of protein below O.1 mg!mi,.the fidelity of the appa-

ratu$ was testea by performing the simiZar experÅ}ments. with 4 protein of

known molecular weight; soybean trypsin inhibiter CKunitz) was chosen as

the reference protein and its rnolecular weight,was aetemined with the

initial concentration oE O.0292 mglml. . .
              '
      Weight aver4ge rnolecular weight {Mwt) and loc.al weight ave;age mo-

lecular weight ÅqMwÅqr)) were obtained by Eqs. 3.1 and 3.2, respectively

                     2RT(Cb - Ca)

               Cl-Dp) tu2 co(rb2-r.2) '
                   '
           ' 2RT d{Zn C(r)}                                                                   (3.2)       MwÅqr) =                         22               (1 - "p•} tu                            d(r                                 }

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

      rb : positien oi the bottom from the q'enter of rotation,,

      C : protein concentration at the meniscus in mg/rnlt
       a
      Cb t protein concentration at the bottern in mglml,

      to : angular veZoeity of the ro.tor,

      p : densi•ty of the solvent,

      C. ; initial prqtein concentration ih mglmlt

      R : gas constant,

    ,T : absolute -temperature in Kelvin.
                                                  '
      Sedimentation equiZibriwn of the mixtur,e ef SSI and subtiZisin

BPIV'. The molecular weight pf the subtilÅ}sin BPN'-SS! complex was de'-
                               ttJ
termined, in additiQn to the sedimentation equtlibrium ,of the subtilisin

BPN'-SSX complex preparation, by appXying the •treatrnent of sedimentatiOn

equilibrium of multicornponent-polydisperse system to the,.rnixtu;e solu'
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tion of the enzyine and SSI• !n the rnixture solution, subtilisin BpNt

and ss! were dissolved at the ratio oi 2.17 : 1.00 Cin mglml units).

sedimentation equilÅ}brium measurements were conducted with six different

concentrations of total protein between 2.67 - O.0666 rnglml. Taking

into account the purity of the enzyme preparation used, 74.7ts, and the

                                                           -9strong binding between the enzyme and the inhibitor, KÅ} Åq 10 M, •the

weight fractions of the species contained in the mixture soiution were

determined to be 72.13$ ior subtllisin BPN'-SSI complex, 10.61s for ex-

cess SSI, and 17.26g for inactÅ}vated enzyrne. The polyacrylamide gel

electrephoretic pattern of the mixture solution used for the sedimenta-

tion experiments is shown in Fig•. 3.1 (b). The rnj:ddle band is the inac-

                                            '
tive form OE subtilisin BPN'.

    '      Sedimentation anaZysis ef' muZtteomponent-poZydisperse system. For'

a systern in polyrnerization equilibrium, the guantity Mw" obtained by

sedimentation equilibrium is not identical with Mw value which would

indicate for the same solution if' it were not redistributed in the cen-

trifUgal fieldr even if all species behave ideally. In 6ther wordS, it

eannot simply be assurned that the Mw* valtie obtained corresponds to that

in a solution of a concentration c.t which would be ' ,

      1tw =                                                                   Åq3.3),           ÅíCoi .•.

Where C.,i, represents the equilibrium concentration of tiie speciest i, Å}n

the absence of a centriEugal field. As Adams pointed out C60,61), the

COnSetVation of mass, even in the case ef chenicaZ equilibriumr iS iOr a

                                       '                                                                   '
                                                           -      co fz ig' c, (r) rdr. ' ' '
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Xf the solution is ideal, this is transformed to

             ci(r.) {exp[ipii(rb2 - ra2)] - i}'

       C. =Z 22                     Ae4. (r                            -r }                       ib a
                        .                       '         'where A = tu2ci - Vp)12RT. xf a quantity gi is defined ast

         ' Ci {r.) {exp [Abii (rb2 - ra2)] - i} ' '

       gi =Z 2 2' ''                     IWIi(rb - ra )

an apparent wei,ght average rnolecular weight is described asi

           E g,M,
      btrlhT* =            Z g.
               x

and C. = E gi.. rt should be noted that gi's are not identical,with

C.i's; but the equation for MwÅ} for an ideal polymerizing systern.have

the sarne Eorrn with respect to gi as do the expressions for bew with re-

                   L -tspect to C.i. When the poZyrng.rization or complex formation of proteins

is too smaU,.to be experimeptaXly detectable apd each species of the

protgins .approaches to equilibrium independently, Mwt is describ.ed by

the sarne equation as Eq. 3.3.
                                                '
                              ,      Generally, globular proteins are unique among macremolecules in

having such a small excluded volume that the virial coefficient, B, is
                                                       ,         `
very small; thus many of the expressions described for therrnedynamically

ideal systerns can be applied without significant error to protein sys-

tems. As would be described later, the molecular weight of SSX measured
     '
is almost independent on its concentration, and if any, too smaXl to be

detected ultraeentrifugally, in a wide cqncentration =ange, indieating
     '              '                                   '
the monodÅ}sperse system. ThereÅíore, the auther need not apply the

treatment of 'a ndxed-solute system or a self-associating system to SSI•

rn the rnixture system •of sub.tilisin BPN' and SSI, there would be the

                                                 '
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subtilisÅ}n BPN'-SSI comPlexr free SSIt and inactive erizyrne fragTnents

whose.moiecuZar weight would be between that of intact enzyme ,(Mw =

27,SOO) and that of amino acids (Mw st IOO). rt is assumed that the

mixture system behaves as an ideal rnLxed-solute system, since the 'very

smau dissociation c6nstant of subtiiisin BpN'-ssr coinpzex (Ki Åq lo-9 M)

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

3.3 Results
      Paor}tiaZ speetfie voZzutie. The partial specific volume of SSI was

measu=ed by using a pycnometer and the value was obtained to be (O.730 Å}

O.O04) mZ!g (Fig. 3.2). This value is •in -good agreement with that of

                                                                    'O•729 which was obtained theoretically by calculation aecording to

                                       t'McMeekin's method {52). For the subtilisin BPN'-SSZ compJext the value

of O.730 was used for molecular weight calculation. Beegu$e the partial

speeific vozume, ", of subtilisin BpN' is o.7bl, which is calculated

                                                ttfirom the arttino acid composition of the enzyme (24,2s}, and th'
x'

s vEiue is

identical with that of ssx, the average value ef J's of SST and.subtili-

                      ttSin BPN' O.730 i$ reasonable, assumLng that the value of i5 for each pro-
                                                 '                                      --                                                    ,tein dees not change appreciably upon complex formation•

      Sedimentation veZoeity of SSI. ssl shows a single synthetÅ}c

Sehlieren boundary at sl,2oo rprn, at 20ec in 2S rnM phosphate bufEer at

                                             -t                                                            t/PH 7•Or ionic strength o.1 M (Nacl), showing the hornogeneity of'the

Preparation and giving the. sedimentation coefficient sSo,w 2•30 S (Fig-

                                t/ t                                                                       'Ure not shewn}.

     Monodispe?se behavior, oÅí ssx in a wide eonaentration range. sedi-
            .                                                         '                                          '
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 Fig. 3.2. Detemination of the partial specific volumer V, of SSI by
 the density measurement in 25 TnM phosphate buffer, pH 7.0, ionic

 strength O.1 M (NaCl), 25.0Å}O.leC. The v value was detemined to be

 {O.730 Å} O.O04) ml/g from the intercept on the ordinate-axis.

                '                   '             '

 mentation equilibrium experiments were performed in a wide range of SSI

 concentration which dovers those used in kinetic and chemical measure-

 rnents.

       Rayleigh interference optical system was applied to the initial

                  ' concentrations of SSr between 4.0 and O.8 mglml, and the plots oi the

 'logarithrns of the concentration of SSr against the square of the dis-

 tance freih the center of rotation (log c.(r) vs. r2) (Fig. 3.3) are lin'
                                        -
 ear and indÅ}cate that the protein behaves ideally and in a rdonodispersed

 manner with the concentration of 10 'mg/ml at the eell bottom. The

 weight average moiecular weight was found to be 24,OOO.

       PhotoeiectrÅ}c ultraviolet absorption scanning opties was used fOr
,

  the lower initial concentration range of SSZ from O.8 to O.02S mglml.
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                                                                2Fig. 3.3. Sedimentation equilibritm run of SSI. Log Ci(r) vs, r plot-.

sarnple run in 25 m)4 phosphate buffer, pH 7.0, ionic strength O.1 M

(NaCl)r 25.00c at 16,200 rpm with the Rayleigh' interference bptics o-n

the Beektnan Spinco Model E analytical ultracentrifuge. [SSr]. = 3'.99

M9!rnl• The weight average• molecular weight, Mwtt was deterrnined to be

24,ooo.

rn Order tQ examLne the validÅ}ty of -the results at such a dilute concen-

trationt soybean trypsin inhibitor {KunitzÅr was selected as a reference

PrOtein, for its molecular weight is almost the sarne as that of SSZ C62)
                                                      '
and exists a$ monomer in this concentration range• tehe pZot of log
                                                               '                                                            'Ci{r) vs. r2 is linear and the molecular weight was deterrnine6 tb be

22t400 at the in.i tial concentration of O.0292 rng!ml, which is in good

                                             .-        '                        t-agreeMent with ether deteminations c50,62). Thus it was• cpnfinned that
                                                          L .t                                                     'tihe SYStem of a Hitachi vcA-IA analytical ultracentrifuge and a HÅ}tachi
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         AA2eo;o.o4 .ArlitiE';o o.2o

          .- .L-
          Egujtibrium . Equilibrium '

             CB
Fiq. 3.4. Sedi'mentation equilibrium run of SSZ

buffer, pH 7.0i Å}onic strength O.1 M .{NaCl), 2S

nhe photoeiectric scanning optics on the Hitach

tracentrifuge. [SSI]. = O.025 mglml. '
the start of sedirnentation; CB), at the

libritm e)rpanded 5 times.

               tt
UVC photoelectric scanning apparatus is good

      Figure 3.4 shows the sedimentation ' '

with a photoelectric scanning apparatus when

SSr was O.025 mg/ml. Figure 3.4 (A) was
                                      ,           'rotor spebd attained the prescribed speedt z6t

is a sedimentatien prefile at equilibrium, and
                '
panded five tÅ}rnes wÅ}th the expanding device
               ,                                  2..3.2). The plot of log Ci(r) vs. r is shown xn
                                  '
acteristic for rneniscus depletion rnethqd (55).
                              '
rnoleeular weight was deterrnined to be 22,400 Å}

range Crem O.Ol to O.1 mglrrlL.
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 equilibrium; (C), at the equi-

    for the present pprpose.

equilibriurn patterns recorded

    initial concentration of

recorded Å}mmediately when the

     880 rpm. Figure 3.4 CB)

      Fig. 3.4 (C) is that ex-
                   '
   (see Experirnental ProcedureS

       Fig. 3.5, which is char'

       The weight average

          --      800 in the concentratzon
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                                                                 '                                                                2Fig• 3.5. Sedimentatien equilibrium run of SSX. )og Ci(rÅr vs. r plot.
                                         -COnditions are as in Fig. 3.4. [SSr], = O.02S' mg!ml. The weight aver-

age molecular weight. Mwt, was detemined te be 23.300. iL

      From the results• obtained' by using Rayleigh interference optics,

                    'and ukraviolet al)$orption scanning optics, it was cencluded that the

MOIecular weight of ss: is 23,ooo in the conceptration range o.f 10 -

O. Ol mg!ml.

     Figure 3.6 depicts the dependence of the weight average molecular

  .Weightr Mwt, on the ceu ayerage .concept.ratien, •CCa + Cb)!2,'Where C'a

and Cb are the concentration of ssl at meniscus and /cell bottomr r.e- •

SPeetively. rn general, the apparent weight average molecu' lar w6Å}ght,
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Fig. 3.6. Dependenee of weight average molecular weight oE SSrr Mwt, on

cell average protein concentration, (Ca + Cb)12. Each point of Mwt was

obtained from the run in 25 mM phosphate buffer, pH 7.0, Å}onic strength

O.1 M (NaCl), 25.00C with the Rayleigh interference optics or the photo-

eiectric scanning optics. From the intercept on the ordinate-axis, the

rnolecular weight of SSI was det.ermined to be 23,16S Å} 211.

Mw*', is defined as
                    '      bewÅ}-1= Mw-1+ (B +V Mw'.-1) (c. + cb)1.2 + '"'' {3•6)1
           '
where Mw is the molecular weight bf protein, and B, the secondary

virial coefficient. The intercept on the ordinate-axis in Fig. 3.6

gives the molecular weight of SSI, rtrw = 23,l65 Å} 21X, in the concentra'

tion 'range between 10 arid O.Ol mglml covering the concentration used in

kinetic and chemieal measurem'ents. The value 23,X65 Å} 211 is twice of

the molecular weight calcu:ated based on the amine acid composition (27)'

Therefore, SSI was concluded te exist as a dimer under the condztions
.

employed in the concentration range of SSI 10 - O.Ol mglm!, namelyr the

dimer is the e'ssential form of SSI.

      Sedimentation veZoeity of the subtiZistn BPIV'-SSI eompZex. sedij
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Fig. 3.7. Sedimentation equilibrium'runs of subtilisin BPN'-SSI complex.

Saniple runs in 25 mM phosphate buffer, pH 7.0, iopic strength O.1'M

(NaCl), 25.00C, with nhe photoelectric scanning optics on the Hitachi

VCA--ta analytical ultracentriCuge. CA): [complex]. = O.0855 rnglml at •

10,490 rpm. (B): [complex]. = O.0362 mglrnl at Z9,780 rpm. {A): weÅ}ght

average molecular weight (cell average), Mw* = 51,620i weight average

molecular weight (at cell bottom). Mw(b) = 7S,810. CB): Ms-rt = 70,600,

Mentation veJocity rneasurement for the subtilisin BPN'-SSX compXex•wa$

Carried out on a Hitachi ucA-IA analytical ultracentrifuge with a HLtachi

UVe scanning apparatus usÅ}ng the differentiating circuLtt at 51r200 rpm,

200C (Figure net shown). The sedimentation coefficient sSo,w waS Ob-

tained to be 5.45 s.

     Sedimentation equiZibriimi of the subtiZisin BPIV'-SSr compZe c.

SinCe the lyophÅ}lÅ}zed powder of the subtilisin BPN'-SSX cempleX iS SP4r-

+XnglY soiuble, the max.imum solubility being O.3 mglml in 25 rnM phosphate

bUfEert pH 7.0, ionic strength o.1 M CNacl), at ' 2S.OeCt the sedimenta-

tiOn egUilibrium rneasurements were •earried out with ultraviolet' abSOrP-

tiOn Photoelectric scanning optics on a Hitachi -ucA-IA ana•lytical ultra`
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  centrifuge. Figure 3.7 shows the sedimentation equilibrium patterns 6f

                                t-  the complex; Fig. 3.7 {A}, a conventional method at low speed, and Fig.

  3.7 {B), a rneniscus depletion method at high speed, which reveaZ dis-

  tinctly two parts. Consequently, the lyophilized preparation of the

  complex appeared to be cornposed of at least two molecular species,
                 -
  though it shows a single band on polyacrylamide gel electrophoresis at

  pH 9.5 (Fig. 3.lr a). The smaller species, whose molecuZar weight is
                       '
  estirnated iess than 10,OOO, might have been generated during the lybL

  philization. For the rnaLn species, the molecular weight is given to be

  76,800, Vvhich indicates that the subtUisin BPN'-SST complex is composed

  of a mole..oi SS! dimer (Mw: 23,OOO, I2) and two Tnoles of subtÅ}lisin BPN'

  (Mw: 2- 7,500, 2 x E), thus being represented as E2I2•

        Sedinentation equtZibr,izvn of the mtx.tu?e soZutton of sztbtiZisan

  BPIV'.and SSL In order to prove that the lyophilized preparation oi the

  subtilisin BPN'-SSr complex whose molecular weight has turned out to be'

  76t800 is a genuine complex, sedimentation equiZibrium experiMents were

  performed on the mixture of subtilisin BPN' and SSr solutions. This

  nixture solutiont as described in Experimental Proceduxes 3.2, 'contained-

  subtilisin BPN'-SS: 'complex, free SSI•, and inactive enzyme fragments at

  72.13$, 10.618, and 17.26*, respectivelyi in weight fraction. These

  values were calcuZated based on the aqtive site purity of• the enzYrne

  preparation used, (74.7X) and -assuming that the equilibrium between the

  complex and both SSI and subtilisin BPN' extremely weighted toward the
 '
  the• Complex forrnation. This asstLrnption is justitied by very smaU diS-

                     CÅq ZO M) of 'the complex. Eigure 3.8 shows the  seczat:en            constant

  typical sedLrnentation eguilibrium patterns of the 'mixture using• the RaY'

, Zeigh, interference optics (Fig. 3.8, A) and the ultraviolet al)sorptiOn
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Fig. 3.B. Sediinentation equLlibrÅ}um runs of tl;e nixture solution of.SS;

and subtilisin BPN'. Sample runs in 25 rrthC phosphate buffer, pH 7.0t
ionic'  strength O.1 M ÅqNaCl), 25.00C. (A): [SS:]. = O.841 mglml, [$ubti-

lisin BPN']. = 1.83 mglml, the Rayleigh interference optScs on tiie

Beckrnan Spinco Model E analytical ultracentrifuge qt 14,.290 rpm. (B):

[SSX]. = O.0210 rnglrn1, [subtilisin BPN'}. = O.0456 mglml, the photoeled-

triC scanning opties on the HÅ}tachi UCA-IA analytical ultracentrifuge at

14r400 rprn. (A): weight average molecular weight (cell average), Mwt =

4Br540J weight average molecular weight Åqat cell bottom), )Cw(bÅr = 77,110

CB): b{w*=5i,310, Mw{b).=77,300•, - '
                                                 '

PhOtOelectric scanning optics {Fig. 3.8, B}. At the cell bottomt'the

MOIeeular weight was obtained to be 74,OOO - 78tOOO. Apparent weight

aVerage molecular weight Åqceu average, weight average molecular weight;
        '                                                            '"CVV*) WaS also calculated sÅ}rnultaneouslY. The inverse of appareht rtioZec-

Ular weight of the nixture of subtiiisin BpN' and ssl solutions against

the Cell average concentration, Åqca + cb)!2, is plotted in accord With

Eq' 3.6 CFig. 3.g). The reading of intercept gives the •molecular weight
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 Fig. 3.9. Dependence of apparent weight average molecular weight (cell

  average. weight average .molecular weight), Mw*, of the nixture of sub-
  tilisin BPN' and SSZ solution$ on the ceil average pretein concentrationtii

                                                                         /  (Ca + Cb)12• Each point ot Mw' was obtained from the run in 2S rnM phos-•

 phate buffer, pH 7.0, ionic strength O.l M (NaCl), 25.00C with the Ray-

" leigh interference optics 6r the photoelectric scanning optics. From

  tlie intercept. che molecular weight of the Tnixture, 65,360. Å} 1,200, was

  ebtain'ed.

  of the ndxture Mw as -65,360 Å} l,200. !n this case, Eq. 3.3 is applicad
                  '
  ble to determine the molecular weight of subtilisin BPN'-SS! comPlex.

  Equation ,3.3 is transfermed to

        MW=YEr t'IEt+'YI M: +'YE, ME, (3•7)
                         22

 .where Mw is the weight average rneleculgr weight Of the MiXtUre; YEI, Y12'

  and YE, are weight fraction of subtilisin BpN'-SSI complex, SSI, and

  inactive enzyme, respgctively; ME:, MI2, and ME, are the rnolecular

  weights of the compZex, SSI, and inactive enzyme, respectively.
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The vaiues of these temns are assuTnedt ba$ed on the active site purity

of the enzyme preparation used and the binding equiva' lence ef ssx to the

                                                  'enzyme (see Chapter One)t to be as follows; YE! = O.721, yz = O.106,
                                                        2
YEi = O•173, MI2 = 23,OOO, ME, = 27,500 i  100• IXIx is calculated to be

so,700 when ME,is assumed to be identicaZ with the molecular weight of

native and intact enzyrne (27tSOO), andi MEI to be 87t300 when ME, is

                                                                'taken to be 100 due to the autolysis of the enzyme te anino acids. It

is not practical to believe that all inactive enzyme is autolyzed to

arnino acids. Thu$, it is concZuded that the rnolecular weight of the

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

80r700 (above calculation) {see Discussion 3.4).

                                         '

3.4 Discussion

     Dimer.ie foma of SSIZ. The molecular weight of ssr has beeh report-

ed by Sato and Murao (1973, 1974) to be 27,OOO by gel filtratÅ}on on a

Sephadex G-100 celum (23), and 12,OOO by polyacrylarr!ide gel electrophe:

reSiS in the presence of sDs (49). They concluded that SSI must exist

Zn dimer under the usual conditions. It has been also suggested by X-.

raY crystalZographic study that ss! may consi$t ' of two identical sub-

UMtS in a erystalline .state Åq28). Based en the amino acid compositÅ}on

 (27), the rrti.nimal melecular weight of ssl i$ calculated to be 11r500-

      One of the purpose of the present study is to deterrnine the molec-

Ular wei,ght of the essential unit of ss: in the concentration range used

-

in enzyme kinetic, spectrophotometric, and binding rneasurements. The

MOIeCular weight of ssl was measured in the present study by sedirnenta"

           'tiOn eqUilibrÅ}urn method with aceuracy in the wide concentratÅ}on range Of
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 O.Ol - iO rnglml in. 25 rnM phosphate buffer, at pH 7.0, ionic strengch O,1'

 M (NaCl), 2S.OeC. The concentration range covers the concentrations

 used for various measurements mentioned aloove. Tbe concentxaeion, of

 O.Ol rnglml is on.e of the iowest ones which has been appliod to sedimen-

 'tatlon equilibriurn. The molecular weight was dete=niped to be 23,OOO

 Åëonstantly in the conF.entration range used. Frpm this evidence, it is

 confirrrteq that SS: cornposed oE two identieal subunits and a dipier forrn

 is an essentiai ymit in 1 x io-6 - i x io-3 M (as monomer),. where nei-

 ther monomer nor more aggregated fo]Tn than dimer was detected.

      MoZeeuZar weight of the stcbtiZisin BPIV'-SSIr aompZex. Horaogeneity

 of the crystallized complex preparation was exarnined by peZyacryZarnLde

 gel electrophoresis (Eig. 3.1). However, the sedimentatien equilibrium

patterns shown in Fig. 3.7 are not linear indicating rnulticomponent

                                                                     'system. As shown in Fig. 3.7 (B), near ceZl bottom, the main speeies is

sedimenting with rnoZecular weight of 76,760. 0ther than thi$, a Tminor

species of rnol'eeular weight of less than 10tOOO is detected. As previ-
                                                                     i
ously described in Chapter'[Pwo,' the binding and inhibition of SSZ

against subtilisin BPN' iS strictly stoichiometric. So, nhe melecular

weight of'the c6mplex inay be 39,OOO by simply adding the rnolecular

weight of SS! (Zl,500) and that of stD)tilisin BpN' ' (27,500), or integral

rnuitiple 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 lew rnolecuZar weight remains unidentified. As the

"dissocLation eon' stant of the cdmplex is very sman, xo-9 M, the dissoci"

ated inhibitor andler etlzyme is difficult to detect in the cencentratiOn

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

     .protezn to tiie darnage during lyophilization.
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  . MoZecuZct2p weight detexvnination oif the subtiZtstn BPNt-ssr compZex

in the mtxtu?e soZution of the both proteins. A$ described above, the

molecular weight of the subtili$in BPN'-SSI complex using thel' crystal-

lized and lyophilized preparation was not detemined'unambiguouslY. zn

                                                                     'order to overcome the disadvantage arising irom the low solubilÅ}ty of-

the compZex preparation and the presence Qf :ow molecular weight pro- '
                                                                         v
tein, the vaolecular weight was rneasured in polydisperse-multicomponent

system (Fig. 3.8). From the 'sedinnentation equilibrium pattern shown in

FÅ}g. 3.8, the biggest species in the rnixture solution was found at the

ceZl bottom having molecular weight oi 77r300• • . '
      From the sedimentation equilibrium of the rnixture soluti'on of sub-

tilisin BPN' and SS!, the molecula•r weight of the complex was suggested

to fall on the range of 80,700 - 87,300 in accerd with the treatment of

pclydisperse-rnulticomponent system. !t is clear chat this moledular

                        iweight is the average one of seme species, if any, of the cornplex.

      rn conneetiori with that the maximum value is 77,300t that tihe

average value is so,7oo (•see the seetion of Sedimentation equiZtbr'dum Qf•

                                             '
the minture soZution of subtiZisin: BPN' and SSI in ResuXts 3•3)t and '

tiiat the$e values are almost the same, the 'nuruber of the $pecies of the

 COMPIeX must be onXy on'e. ATnong the possible' cotubination of SSI and

 SubtÅ}lisin BPN' (Elxli El:2, E2!2, ..}t'), only the sPeeies oE E2:2,

                                                                         -El14, and EIXs can have a molecuiar weÅ}ght that con'forms to the al)ove '

 ValUeS. Since the previous data on binding and i- nhibi•tion stoichibmetry

 ShOW that the complex has a- compositien of Eint the SPeCieS 'Of E2I2

 (MW 78,OOO) is concluded to be the cormplex-

      SUbunt•ts tnteraetion of SSI. Reversible subunit self-assembly of

 !eW MOIecular weight protein proteinase inhibitorS from plant is well
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 established C50,63). In the absence oi proteinase, monomer-dimer equi-

 libria exist in the ,lima bean trypsin inhibitor (64-66)-, the Bewnan-Birk

 soybean inhibitor (67,68), and the Ventura black-eyed pea inhibitor

 {69)•. Monomer-dimer-tetrai;ter equilibria have been observed in varieus

 potato inhibitors Åq70-72), and black-eyed pea trypsin inhibitor CBEP[VXÅr

 and black-eyed pea chymotrypsin and trypsin inhibitor CBEPCI) (73.74).
,

 When these self-associable inhÅ}bitors bind enzyrnes, only proteinase-

 bound monomers have been reported in the monomer-dimer system described

 above Åq65,69, 75), and in the rnonomer-dimer-tetrarner system, only pre-

 teinase-bound tetramer C70) or proteinase-bound monoMers and diTners C72)

 have been reported. These indir.ect evidienqe sugge$t that subunit inter-

 action (half-site reactivity) is important during cornplex formation of

 inhibitor and proteinase.,

       Xn ehe present Chapter, the reversible subunit-association of SSI

 which may be con'centration dependent has not been observed. SSr exists

                                                          -6 in a stable dimer (:2') in a wide concentration range (1 x 10 -1x

 10-3 M as monomer). Even when it binds subtilisin BPN' CEI), SSI is

 observed only as a proteÅ}nase-bound dimer {E2I2). From these resultst

 the intersubunit binding of SSX seems stronger than that of other self-

 associating proteinase inhibiter.s previously reported, such as Bowr[tan-

 Birk soybe.an inhibitor, lima bea#' ihhibitor, and potato inhibitor. rn

 this poin,t, SSr is an interesting,and unique protein proteinase inhibi'

 toic as well as in i.ts ortgÅ}n and its inhibitory SpeCiEicity. ,There haVe
                                 -                                                     ' 'been some well known proteinase inhibitors that inhibit more nhan one

 enzyrne Åq15), and Rhode et aZ. (76) coined the.very descriptive terra

 "Mul-tÅ}h.eaded" to .deseribe the inhibi•tors with severaZ nonoverlapping

 indePendent sites. •Apparently, SSZ is not a multiheaded•inhibitor.
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  Hewever, it must betrerneMberedithat a SSI molecuie binds two subtilisin
                    x
  BpNt Etiolecules under usual conditions. This point should be taken into

  account especially in eguilibriurn and kinetic studies of this infiibitor.

       The subunit interaction of SSX is probably one of the strongest

  ones which have been exanined. Schachnian and Edelstein C54) rnade the

  interesting observation that at neutcal pH and at very lew eoncentration

  of protein (O.O02 Taglml} in O.1 M phosphate buffer solutÅ}ont the hemo-

                                                                '                                         "  globin tetramer dissociates all the way into monomers, by the sedimen-
       .                             '
! tation experirnents using the photoelectric scanning optics. Their ex-
:
  periments with such a low protein concentration were made possible due

: to the big extinction aoefficient of the heTfioglobin Soret band, EO i'tl:

                                                             ': {410 nm) = 8.4. 0n the other hand, it was found in this study that SSI
:

                                                              'l dOes net dissociate into monomers at the low eoncentration of O.Ol rng!mZ.

[ Rough,ly, the dissociation constant of SSZ dimer inte monomexs may be
:
' e$timated to be zess than 4 x lo-7 M.
:
       There remain interesting problerns to be examined: under what con-

  ditienst ssl di$sociates into subunits; whether the isolated subunit

  retains the strong inhibitory activity against subtil"sin BPN'; by what

i kind of force, ss! subunits associate so strongly. These poÅ}nts will be
:
ii described in the following Chapter•
i

  3•5 summaryL
[ The moiecular weight of Stpeptomyees subtilisin inhibitor; SS!,

  and that oE the cermplex oE ssl and subtilisi.n BpN' were measured by nhe

  Sedirnentation equuibrium method in 25 mttl phosphate buffert at pH.7-O,

l iOniC Strength o.1 M (Nacv, 2s.oOc. The molecular weight of SS: waS



s

deterrnined to be 23,OOO over the wide concentration range, O.Ol - 10

             -6                        -3                           M as monomer) covering t"e range used for                -1x ZO

inhibitory, spectrophotometric, and kinetic measurements. Based on the
                                  ,
ainino acid composition of SSIt the molecular weight has been calculated

to be ZZ,500, therefore the molecular weight of 23,OOO obtained above

$uggests that SSr ' is dimer under' the usual conditions.
                                                              '                      '                   L
      The molecular weight of the subtilisin BPN'-SSI cempZex was deter-

mined to be 78,OOO (77,300 - 87,300) by two ways; sedimentation equilib-

rium of the crystallized and lyophilized complex preparation and that of
                                                        '
the Tnixture solution of subtilisin BPN' and SSI appZying the treatrnent
                  '
of multicomponent-polydisperse system. The rnolecular weight obtained

here, combining with the evidence as shown in Chapter One that a mole of

SSI (MW il,SOOÅr binds to a mole of the enzyme (1"" 27t500) tightly (Kd Åq

  -- 9IO M), demonstrates that one mole of dimeric SSZ binds twe moles oE

the enzyTne to' forrn a stable coMPIeXr E2Z2•

H

/
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             Chapter Four

       The Effeqt of Sodium Dodecyl Sulfiate on the Struetu`re

       and Function of Stpeptomybes SubtÅ}lisin Inhibitor *

                             '

      zt has been known that SS! is a singZe polypeptide of molecular

                                                                  'weight'  of Zl,500 from che primary structure (22)., As shown Å}n the pre-

vious Chapters, one mole of SSr binds and inhibitS stoichiometrically

one rnole of subtilisin BpN' with the i' nhibitor constant K. Åq lo-9 M, and
                                                        i                                                 '
under the usual conditions (at neutral pH, in the concentration range of

O•Ol - ZO mg!ml), SSI exists as a dimer of molecular weight oi 23tOOO.

In the presenee of subtilisin BPNi, it forrns a complex winh two moleg of

.the enzyme per mole of dirner. Neither rnon6mer-diner equilibrium of ssx

even at the very low coneentratien asi O.Ol mglml (1 ulC) nor dissoeiation

Of SSZ into monomers on the complex forrnation with the enzyine has been

Observedr in contrast with other reversibly self-associating protein

PrOteinase inhibitors sueh as Bownan-Bir]c soybean trypsin inhthitor (67,

68)r lima bean trypsin inhibitor C64-66), black-eyed pea inhibitors (23,

74)r and potato inhibitors (70--72}. Thus, the sul)units interactien of

SSr Seems to be very strong in comparison with other self-asseciating

                                                 '
   - The interaction of detergents with proteins has been a subjedt ef

baSÅ}C and praÅëtical interest. 1tnionic detergents are extensively used '

tApart ei tihis study was presented at the itnnual MeetÅ}ng qf the Agh-

  eU,ltUral chentcal soeiety oE lfapan (Kyotor April i976) (e)•
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in biochembcal preparations and they are classified as effective dena-

turing agents of proteins at remarkably Zow reagent concentrations (27).

However, the rnechanism 'of their aetion on ptotein conforrnation rernai.ns

unsolvedi Zt has been inferred chiefly from eptical rotatory dispersion

studies that denaturation by sodium dodecyl sulfate, SDS, of ovalbmin

                                         and chym6trypsinogen (79) may Åq78), and B-casein, histone fraction F                                      lt

actuaily result in forming new helica] regions that are not present in

,the native molecuZe. Such conversien of the unordered into the helÅ}cal

conforrnatien by "arnphiphiZic" substances (80) was clearJy indicated and

confirrnea later by circular dichroism (81-85).

      The term "denaturation" is usually considered as a synonyTn of

"disorganization" of the native three-dimensional seructure of a protein
       '
or other macromolecule.

                                                             '
      Xt is knewn that the interaction of proteins winh SDS causes the

forrnation of protein-SDS complexes and also subunit formation when the

protein Fonsists of subunits (86-89). .
                              '
      !n the present Chapter wÅ}11 be described the dLssociation of SSr

dimer into subunits at the low eoncentration of SDS without the los$ of
                                                                       '
inhibitory activity against subtilisin BPN' and the conformational

change observed on the binding of SDS and SSI.
                   '                tt
            '4.2 Exp'erirnental. Procedures

. P?oteins. A three times'crystallized and lyophilized preparation

oi Streptomyces subtilisin inhibitor, SSr, was a, generous gift frorn PrO'

fessor S. Murao. A three times crystallized preparation of subtilisin

BPNt [EC 3.4.21.14] was purchased •frorn Nqgase & Co. Ltd., Osaka ÅqLot NO•
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l

2o6oo6). The purity of the preparation was deterrnined to be 75.4g ac-

cording to the method described in ExperirTiental procedures 2.2. •

     concentrations of the protein solutions were determined. spectro-

photornetrically using the following absorptÅ}vities at pH 7.0; El cm(276

                        O.1"rm) = O.829 for SSZ and El cm(27S nrn) = 1.063 for subtilisin BPN' (Ex-

perimental Proeedures 2.2). .
     C72emieaZs. Sodium dodecyZ sulfate, SDS, (99g purity) CLot No. M3N

5o7B) ef specially prepared reagent and methylene biue (tot No. V5T2345)

of guaranteed reagent were purchasedi from Nakarai Cherr Lcals Ltd•. , Ky6to.

p-Nitrophenyl acetate, pNPA, (!tot No. FCFOI) was the product of •[eokyo

Ka.sei Kogye Ce. Ltd., Tokye, •The concentration of pNPA Was deterrnSned

spectrophotometrically by ,the method descrM)ed in Experimental Proce-

dures 2.2.

     A 25 rnM sodiurn phosphate buffer, pH 7.0, ionic strength adjusted

to O.1 M with NaCl, at 25.00C was used exclusively in the preSent study.

     AJI the spectrophotometric measurements were made with a Shimadzu

UV-200 or a union sM-401 reeording spectrophotometer•

     Detemincztion of the eritieaZ ndceZZe eoneentration. CMC. The

Critical mLcelle concentration of SDs in the buf-fer solution used was'

determined to be o.o3sl Cwlv) at 250c by -the measurement of the suriace

tenSiOn using a shimadzu sT-1 surface tensometer (the verticai metiiOd)

(90).

                                                                     '                                                  -
     The binding of sDS te sSz The binding of sDs to ssz was measured

With tihe equilibrium dialysis technique using a dializer manufactured by'

the author. The dialysgs unit was composed of a pair of acryiic plastic

blOeks (50 mm x so mm x ls rmrn thick) with a cylÅ}ndrieal hole (20 rnm Åët

10 MM depth} bored in each. The pair was positioned so that the holes .
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were facÅ}ng each other, and a sheet of Vi'sking membrane, Type 27132 was

placed between them. The Visking rnembrane had been treated with 2rg NaoH

for 15 min at room ternperature, rinsed with water, immersed in 1.5+ SDs

solution overnight, and finally washed with distilled water. It was

soaked in distiIZed"water. Five dialysis units were pZaced in a recip-

rocating shaker (130 reciprocating per min) at 250C. Zn order to reduce

the time to attaLn equilibrium, in the cases where SDS concentration was

larger• than nhe CMC, the dialysis was started with an protein solution

Åqinner selutiion) aontaining appropriate arnount of SDS. The concentra-

tion of SSI in Å}nner solution was 1.0 mglrn1 (87.0'uM as monomer}.

     .Determination of SPS eenaentration. The concentration of SDS

after dialysis wa$ determined in both inner (protein) and.outer (dÅ}aZy-

sate) solutÅ}ons by extraction of an alkyl sulfate-rnethylene blue complex

into chlorofort[i and by reading the absorption of the chloroEorm layer at

6S5 nm (89.91).

      ctne niUiliter of O.O07$ methylene blue in 1.0+ aqueous Na2S04r

which had been washed wi•th chloroiorTn in.a separating funnel, was placed

into a test tube with a stopper. Five milliliter of chlorofbrrn was

added to the test tube, and after addition of O.1 ml of a sarnple solu-

tion containing SDS (O.1 •- O.5 rnM; O.O03 - O.OX5$ (wlv)), the'test tul)e

was Vigorously stirred with a flash nixer for one rninute to extract the

methylene blUe-SDS complex into the chioroforrn layer. After che upper

water layer had been carefully pipetted out, the chloroform layer was

tran's•ferred into an optieal cuVette with a stopper through a srnall fun'

nel with a plug of adsOrbent cotton to rernove contaminating water droP'

lets. The al)sorption at 655 nTn was measured, and the SDS concentration

was read' ftom a ca-libratien curve. The calibratÅ}on •curve for the TSDS-
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ssl mixture selution was substantially the sarne as that for sDs solutie' n.

                                                                 ,:t abas found that the above procedure quantitatively ,remoVed the bound

                                                       'sDs frotn the protein.

      Sedementation equtZabTizgn in the presenee of' SDS. The rnolecuZar

weight of a protein in solution can be deterrnined- unarnbiguously with

                                                               ,sedirnentation eguilibrium iE the eScperimental data are treated in ac6ord

with the equations appropriate for multicomponent systern (92) Åqals6 re-

fer to the seetion of Sedimentation anaZysts ef nnzZtieomponent-polydis-

perse system in ExperimentaZ Procedures 3.2). The protein should be

highly purified, and it is assumed that rneasurements can be made at suf-

                                           t-ficiently low coneentrations to avoid prob16rn$ arising irom reversibZe

self-aggregation or therrnodynaptc nonideality (Linearity of the plot'oi''

log c(r) vs. r2, when plotted according to Eq. 4.1' indicates that this

eondztion is fulfiZied) (sed Chapter CDhree). The sedimentation experi-

rnent yields a value for buoyant molecular weight, pfw(r)'(Z - O'p), f6r

the SDS-sSr cornplex. The extent of SDS binding, 6D, is most convenient-

IY expressed as grarns of sDs per grarn oi protein. The molecular weightr

MW(r)t'that 'is to be rneasured is the local weight average molecular

weight of pure prbtein, excZuding bound clete?gent and othe? soZvent com-

POnents, and it is related to the experirnentally determined protein con-

eentration, c(r)) as a function of radiai position, r, by' the rdiation

      c2RTIas2År {d nn c(r}]1 d(r2)} k itw (r).(x - Åë'p) (4.o

Where tu i$ the radiax velocity of rotation•, p is the density of the sol-

Vent, and Åë' is the effeetive pavtiaZ speeific voZzane which includes

beth the true partial specific volurne and the'effects of the interaction

With detergent and• 6ther solvent cOmponents•' -

     The guantity th' in Eq. 4.1 can be measured dÅ}reetly by deteminingi
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the density of protein solutions that have been dialyzed to equilibrium

against a detergent soluti'on of the desired concentration. This method

requires great care (e.g.t precise concentxation measurernents are re-

quirea) and demands relatively iarge arnounts of protein.

      A more convenient procedure than rneasurement of Åë' is to use a

caleulated buoyant density factor, as was iirst done for protein-deter-
          '
gent aomplexes by Hersh and Schachman C93). To do this, the faetor

Mw(r)'Cl - Åë'p) of Eq. 4.1 is repiaced by

      Mw(r)•{1 - Åë'p) = Mw(rÅr'{(l - "pp) + 6DQ - "DP) + Åí 6i(1 - iJiP)}

                                                                   (4.2)
                                                             -p     '                             '          '
where vp is the partial specific volume of the protein and vD, the par-
    'tial specific volume of the detergent when bouncl to the pvotein (92).

The last terrn in the equation allows for binding of other substances,

                                                   'whieh does not exÅ}st in the present study. Since 6D and any important

6i are known parameters, Eg. 4.2 pemits the deterrnLnation of molecular

                                                                  'weight without rneasurement of Åë't provided that the tv values are known.

The value of "D is O.815 cm31g below cMc, and o.s70 em31g above cMc, p=

1.oo glcm3 at nhe sDs concentration ra.nge used (94År and Sp is O.730 Å}

                                                                     ,O.O04 obtained by density rneasurement and O.729 calculated on the basJs
                     '
of the arnLno aci.d composition (see Chapte.r ThreeÅr. With the use of

these values, the molecular weight of SSX in the complex with SDS, MwCr)

can be computed from the fellowing expression;

              Mw (r){ (1 - Åë'p)

              a -t "pp) + 6D(1 - 'v'Dp)

where the numerator is the buoyant molecular weight term caleulated eX-

perirnentally. Zn' the calgulation, additivity of reEractive index and

molar volurpes, are ,assumed. This point has been diseussed by carusi and
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sinsheimer in connection with a $indlar calculation (95).

     The apparent weight average molecular weight (cell average, weight

average molecular weight) of pure protein, Mw*, was obtained by Eq. 4.4.

    {(2RTItu2)(cb - c.)} 1 {c.(rb2 - 'r.2)} = Mwt (1 - Åë'p) '{4.4)

where C. i.s the initial protein concentration, Ca and Cb are the protein

cencentrations at nhe meniscus' and the cell bottom, re$pectiveZy, and r
                                                                      a
and rb are the radial positions of the rneniscus and the cell bo.ttom, re-

spectively.

     The sedimentation eguilibrium experiment of SSZ in the presence of

SDS was carried out at 25.00C in a Beckman Spinco ModeZ E analytical• .

ultracentrifuge equipped with a Rayleigh interference optical systemt

and a rotor-temperature control (RTZCÅr unit. A double-+sector cell was

used in aJl experiments. All rrteasurements on the photographic plate

were made with a Nikon ModeL 6C two-dimensional ;nicre-comparater equip.

Ped' with a rotational stage. A capillary-type synthetic boundary celX

WaS used.to detemine the refractÅ}ve index for initial protein• concenr

tration, C..

     The SS: concentration used in the sedirnentatien equilibrium exper-
                                                     ,
iMent was 1.00 mglml C87.0 pM as monomer) in 25 mM phosphate buffer, PH

7•O, ionic strength o.l M ÅqNacl),. From the preliminary, sedimentation•

eqUilibrium e)rperiments by the author, it was found that SDS forrns ntL-

Celles -of -tnolecular weÅ}ght of 3o,OOO above cMc under the present condi-

tiOnS. AIZ sarnpzes to be analyzea with sedirnentation analySis shouXd be

dialyzed first to equilibtium agai-nst the buffer, and the diaZysate

ShOUId be used as the'reference soivent. rt takes 3 - 4 days, however,

tO attain an di.alysis equilibrium especiaZly at the SDS cohcentration

abeVe eMc (see the section of petermiinatton of SDS eoneent?ation of
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this Experimental'Procedures 4.2). As no-antiseptic reagent {such as

NaN3) was used•in the sarnple solutiens for equi-Zibrium dialysis, it was

not practical te use the dialyzed solutions as sampie solutions for

sedimentatien equilibriurn because of the intection of the sample solu-

tions during• dialysis. Therefore, the SDS concentrations of the sample

celZ.and teference celi in most of the sedimentation experiMents•were

calcuZated on the bas•is of binding isotherTn of SDS to SS! determined ac•

cording to the method shown above. In some eases at the SDS concentra-

tion below CMC, the sarnpZes and reference solvents were ptePaiced by

      UZtravioZet abso?ption difference spectra observed on the binding

of S'DS,ntth SSr, IU)sorption differenee spectra measurements were'car-

ried -out on a Union SM-401 high sen$itivity recordihg spectrophotometer

equipped with a Union SM-4012 spectrai data proeessor at 25;OOC. A pai]

of guartz cuvettes devided into two compartments oE 4-mm light path

length •was'used. To.a. SSI solutiont 2.00 mg/ml (174.0 uM as monomer)

in 25 mbl phosphate buffer, pH 7•O, ionic strength O.Z M (NaCl) was

added the equal volurne of SDS solution in the 'sarne buffer at various

concentrations up to 10.,Org Cwlv). The ultraViolet abSorption spectra

Were measured after holding the mixture at 25.00C for 6 hr. Mhe base

line was cempensated by recording the difference between the difference

spectrurn producedrby SDS-SSr binding and the base Zine memerized in a

Vnion SM-4012 spectral data processor. The time dependence of the dif'

ference spectra was also tneasured immediately.after mixing by scanning

from 240 nrn to 340 nrn in 50 sec.

   . Absoxption and abso?ption diifferentiaZ spectra of SSf-SDS conrpZeXi

Ultraviolet absorption and its differential spectra (or derivatiVe spee
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tra) c96) were measured with a Union- SM-401 high sensitivity recordÅ}ng

spectrophotometer equipped with a Union SM-4012 spectral,data processor

at 2s.oOc. A differential spectrum was obtained by subtraCting eiee- .

tronically the al)sorption spectrum measured in 240 -- 340 nrn regiort from

that in 241 - 341 nm region:•the forrner and the latter had been s'tored

separqtely in the spectral data pro'cessor. The samples were prepared

as those used in difference spectra.

     rnhibitoTy activity of SSr against szthtiZistn' BPIV' in the presenee

of SDS. A pNPA solution (coptainÅ}ng finaily 5.0X (vlv) isopropanol) of

1.63 rnM in O.1 M NaCZ aqueous solutios; a SSX solutien of l3.0 pb4 Sas

monorner); a subtilisin BPN' solution of 139 l.lb4; and SDS solutions of

various concentration from O to l.03i {wlv) in 2S rnM phosphate buffer,

pH 7.0, ionic strength O.1 M {NaCl) were prepared. [Dwo milliliter of a

1 : 1 (in volume) mixture of the pNPA and SDS solutions was rnixed with

the same volume of a 1 : 1 (in volime} mixture of the SDS and SSI solu-

tions. To a 3.0 ml of the SDS-SSI-pNPA nixturet O.X ml of the enzyme '

Solution was added in an optical cuvette to initiate the enzymatic reaÅë-

tion• The progress ek the enzyme reaction was mofiitored at 405 nrn on a

                                                    :
ShiMadzu Uv-200 recording spectrophotorneter at 25.0eC. Transferring and
   '
MiXing oÅí solutions were done immediate' ly to avoid the non-er{zymatic

hYdrolysis of pNpA at pH'  7.0. ,The dependerice on SDS cofieentratien of

the initial rate {vi) of pNpA hydrolysis by subtilisin BPN' in the pres-

                                                 t..enee Of SS: was deterrnined in this way. On the ether handt the depend-

enee Of the enzymatic activity (v.) on sDs concentration in the absence
                                                                  -                                                        'Of SSr was deterrnined by carrying eut the satue measurement using the

                                                          '                                                  'bUffer in the place of the ss: solution. The relative inhibitory activ-

itY Of SSZ at a certain sDs concentratÅ}on ' was defined as (l - VYVo) x
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      Inhibition stoichiometry oE SSI against subtilisin BPNt in the

presence of •SDS was also examLned by ndxtng the solutiotis in the same

way. Tbe final concentration of SDS of O.10X (wlv), subtilÅ}sin BPN' of

1.86 uM, pN]?A of O.393 rttMr and SS: menomer of various concentration up

to 5 O vM were used`

4.3 Results
      tTVze e?itieaZ miceZZe eoneentTation rCP4C)'. Figure 4.1 shows the

dependence of surface tension of SDS soiution on=SDS concentration in

25 mM phosphate buffer, at pH 7.0, ionic strength O.1 M (Na61), 2Sec.

From the minimum point, the CMC was determined to be O.0351 (wlv) in the

condition used throughout this study.

      tl7ze binding isotheivn between SDS and SST. The binding isotherTn

between SDS and SSI is shown in Fig. 4.2, which was determined 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 SS:t above the SDS concentration O.12* (w!v).

      Sedementation equtZibritan of SSI in the presenee of SDS. Zn Fig-

4.3 is shown a plot of log c(r) vs. r2 of the sedimentation equilibriurn

at O.091 Åqwlv) of SDS initial cencentration, [SDS].t according to Eq.

4.1. From its non-linearity, it is clear tha't SST in SDS solutÅ}on is

Polydisperse and' multicomponent, i.e.i it demonstrates the existence of

dissociation-assoeiation of SSZ. From this plot, the buoyant molecular

                                                                   'weight, Mw(r)'(1 - Åë'p), was showri to be between 9,OOO and 4,540. The

                       -/effective partial specific volume, Åë', was determÅ}ned to be O.612, thuS;
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       Dependence oi the surface tensien of SDS Solution on tthe SDS

          -n 25 rttbl phosphate buffer, at pH 7.0, ionic strength O.i M

           The critical rnicelle concentratien {CMÅë) of SDS solution

          tq be O.0351 (wlv) under the condition used.

                                                             '

        the molecular weight of SSIr Mw(r), was turned out to be

           at cell bottom and ll,700 at meniscus, and the cell aver-

         weight, Mw*, was 16,700. '
                           2          of Zog C(r} vs. r was demonstrated to be linear in the

ÅëOnCentration ranges O - O.03g (w!v) and O.12 - O.4* (wlv) (-Figures

            in the range ef O.03 - O.12" Cwlv)', the plot was of more•

           zndicating the existence of more than one Component. •

                                          .             Iinear, both cell Zocal rnolecular weight, MwCJr)t and.

        Molecular weight, MwÅ}, ef SSI give the same value; in the

COneentration range of o - O.03+ (wlv), the value .was about 23,OOO•

            -l2 - O.4" (w/v), about 10,OOO. In the SDS' concentra-

         O-03 - O.12* Åqw!vÅr, the value of nhe cell average moXequ-

                            -61-



l.5

       l,O
    o    N    a

    a,  - to

I o.s
1

      - Oo • o.05• O,10 ••O.15 '. O.20
            '                               ' -[ S D S ]. o/.

Fig. 4:2. [vhe isotherm of binding of SDS toward SSZ. [SSZ]. = L.QO mgl

ml (S7.0 1.tM as rponomer), in 25 mM phosphate buffer. at pH 7.0, ionic

strength 6.l bs CNacl), 2soc.. •
                                                                      11

iar weightr Mwt, decreases gradually from about 23,OOO to about 10,OOe
                                                                      ;
                                                                      iwith 'the increase of the SDS concentration. The dependence of che celll,
                                                                      ;
average rnoZecular •weight, Mw*, on the SDS cOncentration Ss sho""n in Fig•l•

4.4. As reported previously, the molecular weight of SS! iS 11,500 caY

cuiated on the basis of amino acid cempositionr and in the buffer systel

used Å}n the present study at 25.00C, the molecular weight is 23tOOO frnv

the sedirnentation equilibrium study Csee Chaptet Three). Frorn the •data

shown in Fig. 4.4, it is demonstrated that SSI C87.0 vbd as rnonorner)

exis.ts as a dimer in -SDS concentration from Oi up to O.03rg {•w!v), the

dissociation into monomers occurs between O.03 and O.12+ (wlv), where

rnonomer and dimer co-exist, and above O.12$ (wlv) of $DS, there i•s onlY

monorner of mOlecular weight IZ,500.
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to tryptophyl

eO
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,
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                                                           '
Sedimentation equllibrium run of SSI in the presence of SDS.
                                             -
     plot. [Ss:].= 1.00 mglml (87.0 uM as monoTner); [$DS]..

       25 •mM phosphate buffer at pH ,7.0, ionic sttength P.1 M

      1 -- O'p = O.388, fringe magniEying coeffLcient.: l.96Z9.

        molecular weight at celZ bottop, Mw(bÅr = 23,210; the

    molecular weigh,t at meniscust Mw{a) = ll,700i the appar-

average rnolecular weight (cell average molecular weight), Mwt

  detemnined.
                                          i

                                                         '
      differenee speetra observed on the binding of SSI and

      depicts the absorption difference spectra,observed on

    SSr and SDS, which were obtained after keeping the SSZ-

                                                    . Solution for 6 hr at 25.00C. In the SDS cencentrat:on rang.e

    Cwlv) i,n 25. rnDa phosp.hate buffer, pH 7.0, ienic strength

   were shown the red shifts of.differenee spectra most prob-

 Phenylalanyl residues in 255 - 275 nm region and those due

   andlpr tyrosyl residues in 275 - 290 nm region. On nhe
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Fig. 4.4. Dependence of the apparent weight average rnoleeular weight

{celi average, weight average molecular weightÅrt Mwtt of SSX on the con-

centration of SDS. [SSI]. = 1.00 mglrnl {87.0 1thi as monomer) in 25 iTtrv1

                                     ,phosphate buffer at pH 7.0, ionic strdngth O.1 M (Nacl), 2S.OOC.

[SDS].: the total' concentration of SDS ih the sarnpie Åëell, i.e., the

concentration of SDS bound to SSZ plus that of free SDS. Sarnple and
reference solutions were obtained after complete dialysis {cZosed circle)

or ' prepated according to the binding isotherm, Fig. 4.1 (open circle)

Åqsee Experirnental Procedures 4.2). "

          '
other hand, in 290 - 310 nm region, there are large change depending on

the SDS Concentration; in the SDS concentration of O - O.09* (wlv}t

there. is a ehar'actieristic tr' ough at 300 nm, but abOve O.091 Cwlv) SDS,

anether trough at 293 ntn appears and becomes deepert as SDS concentra-

tibn increases. At last, •the 293 nm band overcornes the 300 nm'  band, and

the latter apparently dinishes. .This spectraX ehange can not be consid;

ered to be a shift of a Single difference $pectra'1 band 'from 300 nrn tO

293 nrn, but i't seerns that thete' are substantiaXly' two bands at 300 nm
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Fig. 4.5. Ultraviolet ab-

sorption difference.spectra

observed on the binding of

SSI and SDS. [SSI]. = 1.00
mglml (87.0 vbC as menOmer)

in 25 mbC phesphate bufferr

pH 7-Or ionic strength O.1 M
(NaCl), 25.00C.

Fig. 4.6. Dependence of the

mQlar absorptivity differ-

ence of the difference spec-

tra observed on the binding
of ss: and sDs on the cen-

centration of SDS. [SSI-]6 =

1.00.,rnglrn1 (87.0 yM as mono-

mer) in 25 rnM phosphate buf-

fer, pH 7.0t ionic strength

O.l M {NaCl) ,, 25.0eC. • Wave•-

length: 279 nm, open circle;

287 nm, ciosed circle; 293
nrn, open squar'e: 300 nmr

cZosed square.



                                                                    i
                                                                    l
                                                                    II
                                                                    f
and 293 nm, because there were detected two separate bands at 293 nrn aiidi
                                                                    i•
                                                         H1300'nrrt• at O.13S (w!v) SDS concentratiQ,n. The $hape and intensity of thel
                                                                   'idifferbnee spectra weFe not aitered up to s$ (w!v? sDs from that ob.tain-l

ed at O.17- Åqwlv) SDS. the 300 nm band and 293 nrn band are due to
                                                                  "                                                         tt-                                                                    l
charge effect and solvent or denaturation effect on a tryptophyl residue,

c46.42,92,98),,respectively (see Discussion 4•4)•' • l
                                              '                                                    'I      The magnitudes of the diÅíference spectra at 279, 287r 293r anq 300i

                                                                    'nm were plotted against nhe concentration of SDS, as shown in Fig. 4.6. i
                                                                    ,                                                         'tThe absorptivity differences at the four waveiengths iricrea,ses in barai-l

                                                                    l
Zel with the Å}ncrease of nhe SDS ,concentration in Q - O.IS (wlv)r but i

                                                                    ,at the SDS concentration of O.1* (w!v) a big change occurred. The dif-t
                                                                    {
                                                                    1ference spectrum should reflect the effecti of SDS binding to SSIr disso-'
                                                                    l
ciation Of SSZ by SDS, and denaturation of SSI by SDS. Therefore, the :"
                                                                    '                                          --                                                           't                                  /-:big change in the titration curve of absorptivity difference and devia-l

                                               .1tion from a single saturation curve seerns to be due to the conforrnation'i

al change such as dissoeiation in,to monorner or denaturatipn of SS!. rt !'
                                                                    :
                                                                    ;is noteworthy that the dependence of absorptivi'ty difeerence at 300 nn r

on the SDS. concentration is appreximately a single saturation curve, l
                                                                    1                               '                                                                    l•whereas absorpti•vity difference at 293 nm starts to increase al}ove,.O.04i

(wlv) SDS, and steeply increases in the range, [SDS]. = O.08 - O.14$ (W/il

vj, corresponding to that oi the celZ average molecular weight of SSI i

                                                                    }
CFig. 4.•4}, -whieh is indicative of dissociation of SSZ into monomers. i
                                              tt{   '                               ' 'l                                     seems te be the influence of thel                            and AeThg unusuaZ changeS in Ae27g 2s7 {
                                                                 /l                                                                    lbig c,hapge in Ae2g3. It Å}s proposed that when SSI dissoeiates into i
                                                                    lrnonomerst a tryptophy'1 res'idue of ss: rnonomer be'come rnore expesed to the l
                                                                    t

                                        --. i                                                                't                                                                    E      The time dependent change of the dÅ}Eference spectrum of the bind'i
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Fig. 4.7. Tirne dependence of the difference spectrum observed on the

binding of SSX and SDS. [SSr].= 1.00 mglml (87.0 VM as !nonomer), and ,
[SDS]. = O.10$ (wlv) in 2S mb phosphat6 buÅífer,' pH 7.0, ionic strdngth
O•1 M (Nacl), 2s.oec. Each scanning was start6d at the time shbwn( in

                                                                'the figure after the rttixing of the SSZ Emd SDS solutions {see Experirngn-

                                           //

ing of SSX and SDS was obtained by regording repeatedly on a Union SM- .

401 recording spectrophotometer at a scanning speed of 2 nmlsec frorn 240

nM to 340 nm as shown in Fig. 4.7, which was ebtained at the SDS concen-

tration ef O.101 (w/v). The time-dependent absorptivity difference at

300t 279, and 2s7 nm is shown in Fig. 4.8. Most of the spectral change

at the respective wavelengths is shown to be completed within 30 sec

aEter rnixing of ssx and sDs, but there are rather slow increases in the
                                                   ,
tuOlar absorptivity difference at 279 and 287 nm with half-tirne of 1 and

2 tun, respectively, whereas there is no sueh slow change at 300 nm•

                                                                    /PrOM this disagreeinent in the time-dependent change in absorptivity dif-
                                                           .
ference, the interaction between ssz and sDs is suggested to be rather
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     Time dependence of the rnolar absorptivity difÅíerence of the
     'spectrum observed on the binding of SSX and SDS. [SSr]. = '

         O'PM as monomer), and [SDS]. = O.10$ Åqw/v) in 2S rnbC phos-

        pH 7.0, ionic strength O.1 M (NaCl), 2S.OeC. Wavelength:

       circle; 287 nm, close.d circle; 300 nrn, open square. The

       are essentially negative, thus - Ae3oo was plotted as 4E•

                                       '

    change in state of a tryptephyl resÅ}due on diasociation of SSI

        was aiso confinned by comparison of the absorption and

       absOrption spectra obtained in the presence and al)sence of

        other {Fig. 4.9). In the presence of SDS, the absorption

          becomes smoother than that obtained without SDSt espe'

         282, and 293 nm. The differential $pectrum in 280 - 310

       due to the difference spectrum caused by the red-shift ofa

     residue (98). In the presence of SDs•, there is a remarkable

                                               tt                  -.            .         regxon.

Inhibitory aettvity oj' SSI against smbtiZisin BplV' in the presenCe
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Fig. 4.9. Effeet of $DS on the absorptj.on and

spectra of SSZ. [SSI]. = 1.00 mglml (87.0 pM as
Cwlv}, solid line; O.15k {wlv}, dotted lihe, in

PH 7•Or ienic strength O.1 M {NaCl), 25.'OOC. AX
ferentiai spectra.

Of SDS. Prior to investigating the effect of

aetivity of ss:,.the influence of SDS on the .

Iisin BPN' was exanined. Figure 4.10 shows the

Pendence of initial velocity for pNPA hydrolysÅ}s

adding the enzyme solution to the pNPA-SDS

Mental Proce.dures 4.2). As shown Å}n F4g. 4.10r

Vet raises up at the low SDS concentration until

Mum V. ([SDS]. = O.O15rg (w!v}} is 1.12 fold

[SDSI. = ol. when sDs concentration increases

Ve deereases gradually, and v. at [SDS]. = O•25t

at [sDs.]. = o*.

                   '
     When the enzyme solution was added te the
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    Effect of SDS on the hydrolysis of p-nitrophenyl acetate

   BPN'.. [subtilisin BPN']. '= 4.49 pM, and [p-nitrophenyl

   394 rnM in 25 mM'phosphate buffer, pH' 7.0, ionic strength

 containing 5.0$ (v/v) isopropanoi at 25.00C.

  the time course of p-nitrophenol liberation has a lag

  foZlowed by a steady-state phase, and thb similar SDS

dependence of the initial velecity of the latter phase,

 under the sarne conditiohs u$ed in Fig. 4.10 except for

    SSI (Figure not shown). In this caser S'SI solutions

 incubated with SDS for eÅ}ther 25 min or 6 hr in 25 :ntC phosphate

    .O, ionic strength O.1 M (NaCl) at 25.00C. In Fig.

  relative inhibÅ}tory activity, RIA, ef SSr against subtilxsin

                            '
    presence of various concentration of SDS which is

  lv.} x'100 Crg) at each SDS concentration. The dependence

   SDS conÅëentratÅ}on is the same in either incubation

     wÅ}th SDS. As the concentration ef SDS incteases,
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Fig. 4.11. Effect oÅí S' DS on the inhibitory activity of SST agaLnst
subtilisin BpN' cataiyzed hydrolysis of p-nitrophenyl acetate. [subtiXi-

Sin BPN']. = 4.49 vtC, [SSZ]. = 3.15 vM (as inonemer), and [p-nitrophenyl

acetate]. = O.394 rnM in 25 rnM phosphate buffet, pH 7.0, ionic strength

O•1 M (NaCl) containing 5.0S (vlv) isbpropanol at 25.00C. SS! had been-

treated with sDS for 6 hr (open circle) or ?5 ndn Cclosed circle) before

USed for the inhibitory actÅ}vity assqy. Data for the steady;state phelse

but not for the Zag phase were plotted. '

Creases slightly in the sDs concentratÅ}on range up to O.O05rg Cw/v), but
                                               ,aboVe this concentration it decreases steeply reaehing the saturation

leVel of 50- at the sDs eoncentration of O.Q4x {wlv). rf RZA is plotteq

  +USing the Å}nitial rate, vi, of the lag phase in place, of that of the

Steady--state phase, the saturation level is 70$ (Figure not shown}•

     Figure 4.12 shows that the SSI concentration for complete inhibi-

tiOn against subtilisin BpN' in the presence of SDS (O.10*t wlv) ([SSX

MOnOmor]./[subtilisin BpN']. = 2 (MIM)) is consideral)ly larger •than that
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     '
                                                                  ,Fig. 4.12. Inhibition of SSI against the hydrolysis of p-nitrophenyZ

aeetate catalyzed by subtilisin• BPN'. [subti•lisin BPN']. = 1.S6 11M,

[p-nÅ}trophenyl acetate]. = O.393 rnlC, and [SDS]. = O$ (w/v), open circle;

O.IO$ (wlv), closed circle, Å}n 25 rnM phosphate buffer, pH 7.0, ionic

strengtb Oil M (NaCl) containing 5.01 (v!v) isopropaneZ at 25.00C.

                                                '

in the absence of SDS ([SSr monomer]./[subtilisin BPN']. = 1.0 (MIM})•

The titration data in the former case ( e ) scatter rather than those of

the latter case ( O År, suggesting the cornplicated effect of SDS on the

assay system used for the inhibitory activity of SS:, e.g., the effect

of SDS on the structures of subtilisin BPN' and SS:, on the binding' of

pNPA toward the actÅ}ve site of the enzyrne, and on the electrostatic en-

vironment oE the interacting regien of SSM and subtilisin BPN'.
                         .                      '
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 4.4 Discussion

      sDS binding to SSI. dissoeiation of SSX into menoniers. and inhibi-

 tory aatiVity of monoMei'ie SSt. The rneasurements of SDS binding to sSx

 {Fig. 4.2), molecular weight of SSZ in the presence of.sDS (Fig. 4.4},

and difference spectraZ titration Qbserved on the binding of SSÅ} and SDS

 (Fig. 4.6) were carried out under the same conditions and the same SS!

concentration {[SSI monomer]. = 87.0 pbl). These behavioxs depending en

the SDS concentration are in good agreement. On the other hand, the

                                           'relative inhibitory activity measurement of SSI against subtilisin BPN'
           '
was perEorrned at [SS: monomer]. = 3.15 uM. Although this concentration

is l130 as large as that used in the rnoleeuÅ}ar weight measurement, the

inhibitory activity rernains about a halt even at the concentration of

SDS of O.12$ (wlvÅr at which all SSZ moiecules e)gist as monomer. Vlhen

the relative inhibitory activity (Fig. 4.l:År and the molecular theight

                                         .CFig. 4.4} of ssZ are plotted against the rnolar ratio of [SDS].![SSZ '
4

monomer]. (MIM) in the sdne co-ordinate (Figure not shown) as ci6ne by

                                              'Nakagawa and Jirgensons (99) and sogami et al. (100), it is shown thalr L
                                                       N
at [SDS].1[Ssr]. = 6 - 12 CMIM) (which correspond$ to [SDS]. = O.L5 -

O•30* (wlvÅr in Fig. 4.4, and O.O05 - O.OIOI (Åí"lv) in Fig. 4.11) SSZ

eXIStS as monomer and it has ful,1 inhibitory acti"ity against s{ibtilisin

BPN'- From these cbnsiderationsr' it is concluded that ssl monom6r has

at least So$ inhibitory activity against subtilisin BPN' of that nat'
ive

     liffeet of SDS en the eonfonnation oÅí SSLT. An atypical trough

arOUnd 300 nm observed for ssx at very low concentration of SDS CPig•

4'S) is interpreted as a resuit of the change in electr6staiic environ-
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ment of tryptophyl residues by 1"lanthanarayanan and Bigelow C46,47).

The extrema (troughs or peaks) around 300 nm were found in the diEEer-

                                                                    Ience spectra reported previously on bovine serum albundn at low eon-

           '
cen

Fration of SDS (O.O06 - O.025rg, wlv) (100,101). To the author's

  ,knowiedge at least, it is unknpwn that $uch absorption difference around

300 nm is observed in proteins other than SSZ and bovine serum albu: tn

in the presence of SDS. E16di and Lakates (102) showed that in the dif-

ference specgrum• of N-acetyl-tryptophan-ethyl ester induced by the cati-

                   'onic detergent,.cetyl pyridinium iodide, the ,anomalous positive al)sorp-

tion aifference around 300 nm was observed, while in the diEference

spectrum induced by the anionic detergent, SDS, the negative trough a-

reund 300 nm was observed. From this result, they concluded that a

blue--$hiftt i.e., a depression in the difference spectrurn around 300 nn,

is observed when the groups of polarizable moZecule induee an electro-  l

                                                                    1statÅ}cally negative field relative to the indole nitrogen, and a red- :
                                                                    ishiftt i.e.t an asyrnmetry or taiZing on the longer wavelength side of I

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 negatJVe

           'absorption difference around 300 nrn as rneasured against a neutral reEer'

ence. Furtherrnore, the absorption of tryptophan-ethyl ester appeared tO

be insensitive to acidic pH, whereas that of AT-acetyl-tryptophan was nOt

 changed by increasÅ}ng the pH above neutrality (46,47,98). In 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 SSr.

 [ehe negative absorption difference at 293 nrn which is typically known aS

 denaturation blue-shift is observed at the SDS concentratLon above abOUt
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o.oo5$ Cw/v); this rneans that the copforirtation of SSZ around the trypto-

phyi residue changes at the concentration oE SDS above O.O05k (wlv).

Ana this behavior is correspending to nhe dissocSation oÅí ssz into mopo-

                                    '
mers.

     Effeet of SDS on the inhibitor7y aetivtty of SSI. (a) Effect on

enzyme. When subtilisin BPN' was added to the mixture of SDS emd sub-

strate, pNPA (without preincubation of the enzyrne with SDS), no or

little loss of subtilisin BPN' actÅ}vities was observed ÅqFig. 4.IQ).

Thus, it seems that either the affinity ef the substrate to the enzyme

is higher than that of SDSr or the substrate haS protective action, or

both. The enzyrne activity i$ slightly enhan'ced,(about ,10k) with.very ,

low SDS concentrations (O - O.04g, w/v). The enzyme activity enliance-•

ment in SDS was reported by Nakagawa and Jirgensens {99), that i.s, the

Peptidase activity of bevine carboxypeptidase B was lost at a faster

rater but the esterase activity was enhanqed with increasing incubation

tiMer although the esterase activity was decreased in the initial peri-

ed. As in the pre.senV study, the dependence of the enzyme activity on

the incubation time has not been examinedt it is difficuZt tq compare
                                                      L
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 oi

SUbtilisin BpN' against denatucants is also demonstrated by Xkai CI03)t

 .in Spite that it lacks disulfide bridges- ,
                                                               '      (b} Effect on Ssl. In the case of the dependence of the inhibi--

tOry aCtivity of ssl against subtilisin BPN' en SDS concentrationi the

inhibitory activi-ty is also enhanced slightly in the SDS copcentration

range oi o - o.olo* (wlv), but above o.OIOg CwlvÅr sDS, it decreases
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steeply tO 50$ of the relative inhibitory activitY, and hoZds coristant

level up to O.25S Åqw!v) SDS; This mean$ that SS! loses halE of the

inhibitory aativity as the consequence oE SDS binding, the dissociation

of SSI into rnonomers, and the conforraationaZ change of SS! including

denaturation, but the remaining half is maintained in the presence ef

                       '
SDS at rathe' r hÅ}gh concentratÅ}on.

      As shown in Fig. 4.12, the ratio of [SS: monomer].1[subtilisin

                                                       --BPN']. ÅqMIM) for -the complete inhibition of the enzyme increase$ as xn-

creasÅ}ng the SDS concentration in the reaction medium. !n order to ac-

courit fer this effect of SDS, there ate possible two reasons; narnely,

the increase of the inhibitien or binding stoichiometry of SSZ against

subtili•sin BPN', and the decrease of the inhibitor constant, Ki, of SSI

against subtilisl'n BpN' or the dissociation constant, Kd, of the SSZ-

subtilisin• BPN' corrtpleX.• As a reactive site of SSr against the enzyme

and an active 'site of the enzyrne for substrate binding have been charac-

                                           s                                                   ---terized definiteiyt the increase of Ki or Kd vaZue zn the xnteraction

betweeh •subtilisin BPN' and SSr is rdost plausib!e as the effect oi SDS

on the systeM. The )Åqi value of SSr againSt SubtiXÅ}sin 'BPN' in the pres'

                                                          -6 . ence of O.leg (wlv•) sDS was rovighly estimated to be 1 x 10 M frorn Fzg.

 4.12, and this value is 103 or more tirnes larger than that bbtained

without sDs '(K. Åqlo-9' M) {see c2)apter'[iiwo). '
               z

4.5 Summary
                                                       '
       St?ePtomyees subtÅ}lisin inhibitor, SSX, exists as a dÅ}mer of mo'
  '                      .
 Ieeular weight of 23,OOO in 25 mM phosphate buffert at pH 7.0t ionie

.strength O.1 M CNaCl), 25.00C in the coneentration range of' O.Ol - IO

                                           '
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mglml (Chapter Three)• Zn the present Chapter has been exarttLned the

effects of an anionic detergent, sodium dodecyl sulfate (SDS), on the

structure Euid funCtion of SSr.

     The mOlecular weight of SSI was measured in the SDs solutibn with

the sedimentation equilibrium method of the multicomponent-polydisperse

system, and thereby it has been shown that SS: dissociates into monorners

with SDS of O.03k - O.12* (wlv) when the concentration of Ss! is 1.00

mglml C87.0 vM as monorner}. As SSX dissociates into monoTners, there

observed a blue-shift due to a tryptophyl Tesidue in the absorption diC-
                           '
ference spectrum induced by the bindÅ}ng of SSX and SDS.

     Secondly, the inhibitery activity of SSZ against subtilisin BPN'-

catalyzed hydrolysis of p-nitrophenyl acetate, was measur.ed under the

eonditions that SSI is in rnonomer tn the SDS solution. It is concluded

that monomeric SSZ has at least 50k in the initial veloeity for the hy-
                                                    '                                                                    '
drelysis.of p-nitrophenyl acet4te of the maximum value obtained without

SDS.

                                - 7'7 .-



                        ,             Chapter Fzve

       The Interaction of Streptomyees SUbtilisin rnhibiter

       with, or-Chyrnotrypsin *

      Streptomyces subtilisin inhibitor, SSZ, has been believed unÅ}que

in that it inhibits oniY microbial alkaline proteinases (21-23). The

active site structixce of subtiZisin BPN', which is one of the aVcaiine

serine proteina$es of nicrobial origin, has been found by X-Tay crystal-

lography to resemble that of a-chymotrypsin, a neutral serihe preteinase

of Tnamrnalian dige' stive juice (32) {Tab'le 1.Z). '
      rn this respect, the finding thht ssl ,does net inhibit ct-chyrno-

trypsÅ}n whereas it strongly inhibits subtilisin BPN' with casein as sub-

strate suggests that this inhibitor can discriminate the difference in

the active site structure between a-chymotrypsin and sUbtilisin BPN'.

The mechanism of this apparently very rigorous discrimLnation seerns to

deserve detailed investigation. In the present Chapter will be reported

the study on the interaction between ct-chymotrypsin and SSX threugh (1)

inhibition of the hydrolysis oE p-nitrophenyl acetate, pNPA, (2) ultra'

vielet absorption difference spectruin observed en the binding of both

proteins, and (3) visible absorption difference spectrum due to the

interaction of SSr with proflavine-or-chyrnotrypsÅ}n cornplex (104). The

                   '
                                                                   .t A part of this study was presented at the Annual Meeting of the BiO-

  physical Society •of Japan (Sapporo, October 1974), and published in

  Agrie. BioZ. Chem. (1975) 39, 1159-1161 (d,e).
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interaction of SSI and trypsin will be also desc=ibed.

s.2 Experirnental Procedures

     Prqteins. A three tÅ}mes crystallized and lyophUized preparation

of Streptonzyees subtilisin inhibÅ}tor, SSI, was a generous giEt of Pro-
.

fessor S. Murao. A three timeg crystallized and Zyophilized preParation

                                                                '
of bevine ct-chymotrypsin [EC 3.4.21.1] (Lot No. CDI 34D69S), a two times

crystallized and lyophilized preparation of bovine trypsin [EC 3.4.2Z.4]

(Lot Ne. TRL 34C952} and a three times erystaZlized and lyophilized
                                                    '                                                                 'preparation of chymotrypsinogen A (tot No. CGZBA) were purchased from

Worthington Biochemical Corporationt Freehold, New Jersey.

     Protein concentratÅ}ons were determined spectrophotometrÅ}cally by
                                                         -.using the fonowing absorptivities at pH 7.o; E9':ii(276 nm) = O.829 foi

                                    O.IXSSr CExperimental Procedures 2.2), E                                        (282 nm) = 2.05 for ct-chymo-                                    1 cm
                                         ' O.1*trypsin and chymetrypsinogen A (105), and E                                              {280 nm) = 1.50 for tryp-                                          1 crn
                                       'Sin {106). The molecular weight of SSI (monomer)t ct-chyrnotrypsinr
        '                                           'ChYTnotrypsinegen A, and trypsin were assumed to be 11,SOO (27, Chapters

Three and Four), 25,ooo {le5), 25,OOO Åq105), and 24,OOO (106), respec-

tively.

     [Vhe purities of ct-chyrnotrypsin and trypsin preparations were deter-

Mined to be 89.Sk and 87.3s, respectively, according te the method de'

SCribed previously (35, Experimental procedures 2.2) using p-nitrophenyl

aeetate and N-trans-cinnarnoy} inidazoXe as titrantS• '

     2Ul of the experiments were carried out in 25 rnM phosphate buffert

PH 7•O, ionie strength O.1 M (NaCl), at 25•OOC•

     CheMicaZs,. p-Nitrophenyl aeetate, pNPA (Lot No. FCFOI) was pur-
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chased from Tokyo lÅqasei Kogyo eo. Ltd., Tokyo; proflavine hemisuZfate

(Lot No. b42K76S6) of guaranteed reagent grade was from Nakarai Che;nicals

Ltd., Kyotot and recrystailized from water before use. The concentra-

tionS of pNPA and proflavine were deterTTtLned speetrephotometrically at

pH 7.0 by using the rnolar absorptivity: e4os = 7•73 x 10 M CM (PKa

                                                      4 -1 -1= 7.l4) after complete hydroZy$ist and e444 = 3.89 x 10 M cm r re-

           'spectively.

                                                  '      Xnhabitory aetivity measia,ement. The inhibitory activity of SSI

against cr-ehymotrypstn and trypsÅ}n was measured speetrophotometricaZly

by using pNPA as substrate (see Discussion 5.4). The reaction was inx-

              tttiated by mixing equal volumes of enzyrae soZutien and mixture solution

of SSI and pNPA in 25 rnba phosphate buffer, pH 7.0, ionic strength O.Z M
               '(NaCl)t 25.00C. '  [Ill{e nixture solutien of SS! and pNPA had been prepared

by mixing equal volumes of aqueous selution of pNPA containing 10.0i

(vlv) isopropanol and SSZ solution in 50 mM phosphate buffer, pH 7.0,
   '
and irumediately used for inhibitory aetivity assay. Increase in absorpd

tion at 405 nm due to the liberation ef p-nitrophenol was rnonitored on

a Shirnadzu UV-200 recording spectrophotorneter. The rnolar absorptivity

                                                               3 --1 -l
at 405 nm of p-nitrophenol at pH 7.00 plas taken to be 7.73 x 10 M crn

which was deterrnined by the author. The inhi•bÅ}tor constantr K.it was

                                                 'determined by plotting the e)rperimental data according to Lineweaver and

Burk (le7År, and Dixon U08).
              '                                                     '      UZtravioZet absoxption diffeTence spectroseopu. vltraviolet al)-
                         '
sorption difference spectra observed on the bindiing of SSI and or-chymo'

trypsÅ}n were recorded on a Hitachi Model 323-2000 recordÅ}ng spectropho'

tometer with an expanded' scale CO.04 absorbance/full seale). using two

pairs oi matched cuvettes of 1.0-cm light path length at 25.00C. To an
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ct.-chytnotrypsin solution of 32•4 pM (taking into account the purity oE

the preparation) in 25 mM phosphate buffert pH 7.0, ionie strength O.1 M

(Naci) was added at 25.00C che equal volurne ei SSI solution in the saTne

buffer ag various concentrations up to O.152 rnM (as monomer). The

ultraviolet al)sorption difference spec,tra were recorded after keepÅ}ng

,the raixture at 25.00C for 10 rnin.

     vesibZe absoxption difference speetmm of pTofZavtne. visible ab-

sorption difierence spectra due to a ehange in the environment of pro-

flavine (104) were observed on (l) adding SSZ to a-chymotrypsin-profla-

vine ndxture er {2) adding proflavine to ct-chymotrypsin-SS! nixture.

The difference spectra were paeasured with a Shirnadzu UV-200 recording

spectrophotometer winh an expanded scale (O.2 absorbancelfuli $cale)

Using a pair of tandem cuvettes of 1.0-cm light path length at 25.00C.

In the case of (1), equal volymes ef an ct-chymotrypsin-proflavine rniX-

ture soZution ([ct-chymotrypsin]. = 38.6 uM, [proflavine]. = 71.4 14M). in

2S rnM phosphate buffer, pH 7.0, •ionic strength O.1 M CNaCl) and a SSr

SOIution in the sarne buffer oE various concentrations up to O.48 rnM (as

U)nOmer) were rnixed in the optical cuvette. In the case q.f C2}t equal

VOIumes of an ct-chymotrypsin-ssm rnixture solution {[ct-chyrnotrypsin]. =

31•8 PM, [ssx monorner]. = 87.2 ubC) in 25 rnM phosphate bufferr pH 7•Or

'ienie strength o.1 M {Nacl) and a proflavÅ}ne solution in the sarne buffer

Of the various concentrations up te'o.14 mbc were nixed in the optichl '

eUVette. It was estimated from the disseciation constant ofLct-chymotryp-

Sin-SSI eomplex cKd = 3.o x lo-6 M) (see Results 5.3) that 93$ of the

enZYTne used was bound to ss: in the final conditionS- '

     equiZib?itan diaZysis euperiment en the binding of profZavine with

q'ehYMotr,ypsan ov ct.ehymotx,ypsin-sSl- eompZex. [Ehe binding of proflavine



to ct-chyrnotrypsin or or-chymotrypsÅ}n-SSI complex was measured by equil-ib.
                                                                       '
riurfi dialysis Eechnique described in Experimental procedures '4.2.' Five

dialysÅ}s units were placed in a recipZocating shaker (130 recÅ}plocatien

per rni.n.}''at'250C for 45 hr. In the inner s'olution the concentrations

ot ct-chyrnotfypsin Wete between O.108 rnM and 54.3 pDl in 25 rnM phosphate

bufferr pH 7.0i ionic strength O.1 M (NaCl), and the concentratÅ}on of

SSI'in tihe same buffe.r was so selected that SS•1 could bind more than 9gl

                  c ----(in moXarity) of or.chymotryp$in used assumrig the dissecJat-on constant

of ct-chyrn6ttypsin-ss! compleX to be 3.o k lo-6 M (see Results 5.3);

namely, SSI conce' ntration was between O.395 inlC and'O.200 mh. The ini-

tial concentration of proflavÅ}ne in the inner and 'the outer solutions

were varidd in'a range below O.5 rnba. The proiZavine concentration was

determined specttophotometriCally by using the mo!ar extinction coeffi-

cient at' the wavellength {405 nrn) of isosbestic point of proflaviner a-

chyrnotrypsin-proflavine complex, and a-chyrnotrypsin-SSI-proflavine com-

PleX; e4so = 3•7I x lo4 M-Zern-1. '

5.3 Results
      /t
                                                                   .      Inhibition. :n the previous study of inhibitien by SSI, casein

was used as substrate (23). Since casein is a specitic substrate wiPh

strong afEinity for.serine proteinases, weak inhibition of SSZ against

some proteinases may have been overlooked. The relative vaJue of the
                           F
                                                                    -inhibitor constant, Ki, tg the Michaelis cQnstant, Km, is important :n

order to detect the competitive inhibition. By using p'NPA as substrate.

ÅqKm = 1.34 x lo75 M) it .was found that ss: competitively inhibits ct-

chyinotrypsin as shoym in Eig. S.1. The inhibitor constant, Ki, of SSI

                                                  ,
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Fig. 5.1. rnhibition. ef SSr toward the hydrolysis of p-nitrophenyi '

acetate, pNPA, catalyzed by ct-chymotrypsin. The Lineweaver-Burk plot
{107). [a-chyTnotrypsin]. = 3.58 vM; [SS: rnonorner]. = 'O vMt open circle;

10.9 vM, clesed circle, in 25 rnM phosphate buÅíferi pH 7.0r ionic

Strength O.1 M (NaCl) containing 5.0* (vlv) isoPropanoZ, 2S.OOC. The `
initial velocity of the rdaction, v, was measured by following the in-

arease in absorption at 405 nm. The type 6f inhibition was determined'

tO be coinpetitive, and the inhibitor constant, K., of SSI against ct-
                                               ichymotrypsin, to be 3.s x lo-6 M.

                                              -6tO U-dhymotrypsin was deterrnined te be 3.8 x IO M. rt wa$, found by
           'USing pNpA as substrate (K = 7.7 x lo-5 M) that ssr also inhibits tryp-
                         m
                                                             ' .Sin c6mpetitively (the Mneweaver-Burk plot not shown) with the inhibi-

tOr constant of l.1 x xo-4 M, which was determined from the Dixpp plot

     UZtravioZet difference speetrton. Difference spectrum Cred shift)

attributabZe mainly to tryptophyl residues was observed on rnixing the.

SOIUtions of ssl and of a-chynotrypsin ÅqFig. 5•3}-
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Fig. S.2. Xnhibltiop of SSr toward the hydrolysÅ}s oE p-nitrophenyZ

aaetate, pNPAt catalyzed by trypsin. The DÅ}xon plot {108).. [trypsin],

= 9.19 pM; [pNPA], = 81.8 uM, in 2S inM phosphate buiEer, pH 7.0, ionic

strength O.1 M {NaCl), contain;ng 5.0g Cv/v) isopropanol, 25.00C. The

initial velocity of the reaction, v, was rneasured by fellowing the in-
                        L)crease in ab.sorptÅ}on at 405 nm. The type oE inhibition was deternined
                                        -
fro:n the Lineweaver-Burk plot ÅqFigure not shownÅr to be competitive, and
the inhibitor censtant of ssr against trypsin, to be 1.1 x IQ-4 M.

      The ptot of absorptivity differencet AA2g2.s `- AA2sg.s Or AA2s7.o

- AA2sg:si agai-nst the concentrat":'on ef SSZ monomer wÅ}th a constant eon'

centration of ct-chyrnotrypsin (16.2 vM) gave a saturation curve as shown

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

                                              -6tor complexr'1(d, waS deterTnined te be 2.2 x XO M.

      Ilr'ofZavine differenee speetrtan. proflavine is known to bind stoi'

chiometrically at the active site oi or-chyTnotrypsin or trypsin and to

produce difference absorp#ion spectrtum Å}n the region of 400 - 500 nrn

(204). This Specttal change has been iased as a probe' to detect the
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Fig. 5.3. Ultraviolet absorption difference spectra observed -on the

binding of ssr and ct-chymotrypsin. [a-chyrnotrypsin]. = 16.2 vM; [SSr

monomer]. = (A} 26.S laM; (B) O p)C (base line), in 2S TnM phosphate buffer,

PH 7•Ot ionic strength O.1 M (NaCl), 25.00C.

binding of substrates and anaZogues to the enzyrne which displaces pro-

flaVine (109). Figure 5.5 shows the essentia!ly the same•shape of the

difference spectra as those produced upon substrate binding was obsetv-

ed When ssl was added to the ct-chymotrypsin-proflavine• systern. Erom the

Change in absorptivity difference at 465.0 nm with increasing'SS: cen-

eentration, the dissociation eonstant of the a-ehymotrypsin-SSI complex,

Kdt w'as determined to be 2.g x lo'6 M, and the maximum change in absorp-

tiVitY difference, AA46s.o - AA42s.o, was detemined to be O.15S Å} O.03

(Pig• S•6). The absorptivity diEferenee (AA46s.o - AA42s.o).WhiCh WaS

Obtained on binding of proflavine and ct-chymotrypsin under the same con-

ditions i$ o.24o Å} o.os. Thus it i.s suggested that profZavine bound to
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Fig. 5.4. Dependence of' ,the absorptivity difference observed on the

binding of SS: and ct-chymotrypsin on the concentration of SSr monorner.

[ct-chymgtrypsin]q = 16.2 1.IIC; [SSr monomer]. = O - 38.0 ubC, in 25 mM

phosphate buffer, pH 7.0, ionic strength O.1 M (NaCl), 2S.OOc. AAA:

AA2s7.o - AA2sg.s, open eircie; AA2g2.s - AA2sg.s, ciesee6cirele• Soiid

line, the theoretical curve obtained with Kd of 2.2 x iO M. .

ct-chymotrypsin could not cempletely be displaced even with large excesS

of SSI. Apparent}y 601 at most of the proflavÅ}ne bound to the- enzyme

isL displaced by SS:.

      The sarne type of difference spectra which were produced on the

binding of proflavine and ct-chyTnotrypsin was observed upon adding prP-

Eiavine solution to ct-chynotrypsin-SS.I, nix•ture solution. The titratiOnS

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 applYSng

the methed of non-linear Xeast squares .to the data in Fig. 5.7, the diS'

sociation constant of ct-chymotrypsin-profZavine complex and the maxiMUM

ehange in absorptivity difierence (AA46s.o - AA42s.o) for the a-ChYMO-
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Fig. 5.S. Visible absorption difference spectra observed on addÅ}ng SSX

to the proflavine-ct-chyinotrypsin complex. [a-chyrnotrypsin]. = 19.3 vtC;

 [proflqvine]. = 35.7 vMi [s$! monomerj.. = .ÅqaÅr 91.2 pM, Åqb) 74.6 ubfi, (c)

49•6 liM, (d) 16.6 uM, (e) O laM (base line), in 25 mM phosphate buffer,

PH 7.et ionic strength O.l M (NaCl), 25.00C.

trypsinhprofiavine system were deter:rtined to be (s.i Å} o.1) x ioL5 M ahd

                                                      '
O•S2 Å} O.12 (Abs.lcm) ([ct-chytnotrypsin]. = 15.9 pM)r re$pectively. For

the proflavine-(ct-chyirtotrypsin-ssX} systern in whieh 93k (in rnolarity) of

the enzyme used is $aturated by ssl, by assumi.ng the dissociatiop con.

stant ef or--chymotrypsin-•ssx complex to be 3 x lo-6 Mr the dis.soeiation

                                                '
COnStant of proflavine-or-chymotrypsin-SSr, complex into proflavine and

or'ehyrnotrypsi.r}-ssl complex was evaluated to be Ci3.2 Å} o.s) x lo-5 M,

and the maximurn change in al)sorptivÅ}ty difference (AA46s.o - AA42s.o)r

tO be O•36 Å} o.os (Abs./crn) ([ct-chymotrypsin-SSI complex.]. = 14•8 1-Pl)•

:t is supposed that proflavine bind or-ehy;notrypsin-ss: combiex to form
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Fig. 5.6. [the relationship between tihe absorptivity diiference observed

on adding SSX to the proflavine-ct-chymotrypsin complex and the eoncen-

tration of ssl mbnomer. The difference between AA46s.o and AA42s.o WaS

pletted against the concentration of SSZ monomer. [ct-chymotrypsin]. =

19.3 VM; [profiavine]. = 35.7 IM; [SSI monomer]. = O - O.12 rtLM, in 25 mX

phosphate bufÅíer, pH 7.0, ionic strength O.1 M (Nacl), 2S.OOc. solid
                                                        -6line, the theoretical curve obtained with Kd ef 2.9 x 10 M.

             '

a ternary complex with affinity weaker than that Eor or-chynotrypsin.

' Figure 5.8 shows the Scatchard pZots of proflavine binding againSt

ct-chYinotrypsin'  and a-chytnotrypsin--SSr complex obtained by equilibrÅ}uin

dialysiS. In the latter system, 98rg Un molarity) of the enzyme was

bound by SS:. The data were treated by the method of linear least'

squares to evaluate the dissociation constantst Kd, and binding nuiriber,

n, of proflavine against a-chymotrypsin and ct-chymotrypsin-SSr compleX,

                                                             -5                                                                M andProflavine bÅ}nds to cechyTnotrypsin with Kd = (6.4 Å} O.5) x 10

n = 1.01 Å} O.12, and to Ja-chyrnotrypsin-S'Sr complex with Kd = C16.0 Å} O•e)

x 10-5 M and n = z.os Å} o.23. From these results, it was reveaied that
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Fig. 5.7. The reZationship between the absorptivity difference observed

on the binding of proflavine and ct-chymotrypsin or ct-chymotrypsin-SS:

complex and the concentration of profZavine. [a-chynotrypsin]. = 15•9

11Mi [SSr monomer]. = 21.B vM; [prof!avine]. = O - 60.0 vM, in 25 rnM
  ,
Phosphate buffer, pH 7.0, ionic strength O.1 M {NaCl), 2S.OeC. The dÅ}f-

ferenCe between AA46s.o and AA42s.o was plotted against the concgntra-

tiQn of proflavine. a-Chynotrypsin-proflavine system: open circle, the
                                                      -5                                                         M and (AASOIid line is the theoretical curve with Kd of S.Z x iO                                                                  465.0
-.AA42s.o)max of O•52• (ct-Chymotrypsin-sS:)-proflavine system: clos2g

      r the solid line is the theoretical curve wit4 Kd.of 13.2 x 10 Mczrcle

and (AA46s.o - AA42s.o)max of O•36•

PrOflavine can bind to ct-chyTttotrypsin-sSr ,complex stoichiometrically,•

fOrMing a ternary complex, with affinity less than that for ct-chymotryp-

 .Sin• The Kd values obtained from speetrophotometric titration of pro-

                                      ,flaVine .(Eig. s.7) and equilibrium dialysis-ÅqFig. 5.8) for both prOEIa-

 .Vine-ahehyrnotrypsin and proflavine-(a-chyrnotrypsin-SSZ) systems are in
                                                          '
gOOd agreement with each other-
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Fig. 5.8. The Scatchard plots of the binding of proflavine wÅ}th ct-

chyrnotrypsin and ct-chymotrypsin-SS! complex. The binding was measured

by equilibrium .dialysis in 25 m)! phosphate buffer, pH 7.0, ionic
strength O.l M ÅqNaCt), 2SOC. ct-•ehyrnotrypsin-proflavine system: closed
circle, the solid' Zine was drawn theore'tz'cally with Kd of 6.4 x IO-5M

and the nuiuber of proflavine bound to the enzymet nt of 1.01. (ct-ChyDrlt

trypsin-SSX)-proflavine system: open circle, the solid line was drawn
theoretically with Kd of 16.0 x lo-5 M Emd n df 1-.o3.

          /t

'5.4 Discussion

      lnhihition and binding. zn the previous study on inhibition bY

SSI using casein as substrate was reported that SSr inhibited neither

             tor-chymotrypsin nor trypsin {Table 1.1) C23). rn the present study, hptk

ever, by usÅ}ng pNPA as substrate ÅqK = 1.34 x lo-5 m, the inhibition Of
                                   m                                                                     -6
'SSZ against ct--chyrnotrypsin could be detected ebviously (K. = 3.8 x 10
                                                         i
'M). ' The interaction between SSI and cpu-chymotrypsin was detected• •bY

ultraviolet diffexence spectroscopy and proflavine difference spectrO'
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.scopy by using preMavine as a probe; the dissociation constant of the

ct-chyTnotrypsin-SSI complext Kd, was deterrnined frem these measurement$

                              -6             -6to be 2.2 x 10 M and 2•9 x 10 M, respective:y. Frotn these resuZts,

it is unequivocaliy concluded that SSX can specifically bind and cempet-

itively inhibit a-chyrnotrypsin. Mhe inhibitor constant, Ki, and the

dissociation constant, Kdr obtained in the three independent methods are

in reasonal)le agreement with each other giving the average value of

{3.o Å} o.7) x lo-6 M. This value is larger by about four orders of mag-

nitude than the inhibitor constant estirnated for subtilisÅ}n BPN' C3 x

lo'10 - 7 x lo-ll M: B. Tonomura, T. Azuma, and K. Hirerni; y• ueharar '

B. Tonomura, and K. Hiromi, unpublished resuks}. Recent finding that

ct-chyTnotrypsÅ}n is bound to SSZ immobilized on a Sepharose colum (110)

is consistent with the present conclusion.

     Ilr7ofZavine binding. A dye proflavine has been believed to bind

StoichiornetrÅ}cally at the active site "tosyl anion hall" of ct-chymotrip-

Sin or of trypsin, and to produce visible absorption difference spectrurn

CI04,le9). This spectral change has been used ,as a probe to detect the

binding of the enzyrne with substrates and analogues which displace pro-`

Elavine (104,109,111-114År. The sarne type of difference spectrum was ob-

SerVed on the binding of ssl with proiZavine-a-chyrnotrypsin complex.

HOWever, it was shown by the spectrophotometric titration of the binding•

Of PrOflavine to the a-chymotrypsin-SS: complex and of SSI to the pro-

ElaVine--or-ehymotrypsin complex, and by equilibrium dia.lysis, that SS:

dOeS not displace the dye in the active site of the enzyrne but forrns an

or'ehYMotrypsin--proflavine-ss: ternary compiex. To the author's knowl-

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

 ,interaets with the active site of ct-chymotrypsin without displacing pro-
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flavine frorn it. Proflavine binds or-chymotrypsin with the dissociation

                               -s                                  M and the maximum molar al)sorptivity             of C5.8 Å} O.7) x 10constantr K          d'
                                                    4 -l -1 rdifferenCe, CAE46s.o - Ae42s.o)maxt oÅí (3+3 Å} O•8} x 10 M cm , and

                                                          -5                                                             M andbinds a-chymotrypsin-SSI complex with Kd ef (:4.6 Å} 1.4) x 10

                                        4 -l --1(Ae46s.o - Ae42s.o)max Of (2•4 Å} O•5} x 10 M crn • TheSe differences

                           '
rnay demonstrate ,that some change is induced in the envÅ}ronrnent of pro-

flavine in the binding site of ct-chymotrypsin when the enzyme binds SSI,

rt is rather astonishing that there is a space to accomodate profZavine

in the ct-chyrnotrypsin-SSI complex. This loose binding at the interact-

ing areas bf the proteins must have resulted in the weaker inhibition

                                               -6such as shown in the present study (Ki r 3.0 x 10 MÅr•

      The X-ray cryStallographic studiy (32) has $hown that the actxve
         '
site structure bf subtilisin BPN' resembles that of or-chymotrypsint in

spite of the difference of the# or':'ginS. In the present study it was

suggested that SSr could discrindnate strictly the sma!1 difference in

                                                               .the aetive site structure between subtilisin BPN' and ct-chymotryps:n.

                                   .            Notes for Chapter Fzve

      The binding rate of Ss: and ct-chymotrypsin was meaSured prelisnina'

rily by the use of the difference absorptÅ}on produced on the binding Of

SSI and ct-ehymotrypsin-proflavine complex vvith a Vnion SF-70 stopped-

f:ow spectrophotometer (Fi'g. 5.9). The progress curve was observed at

465.0 rm. The final concentirations were l7.6 pM ct-chymotrypsin, 49•O V"

SSr rnonomer, and 45.5' vM proilavine, in 25 rrtM phosphate buffer, pH 7•O,

ionic strength O.1 M (NaCl), 2S.OOC. Figure 5.10 shows the second-order

plot of the progress curve shown in Fig. S.9, and the bitnplecular rate

                                        6 -1                                                -l                                                  , which is consist'constant, k, was deterir[Lned to be 2.3 x 10 M sec

                                                                  '

                                -92-

i
,



Fig. 5.9. Stopped-flow oscillogram for the binding of SSI and ct-chymo-

erypsin-proflavine complex. [a-chyrnotrypsin]. = l7.6 pM; [SSI moneTner].

= 49.0 uM; [proflavine]. = 45.5 vM, in 25 mb phosphate buffer, pH 7.0,

ionic strength O.1 M {NaCl), 25.00C. Scale: horizontal, IO rnsecldiv.;

vertical, O.Ol Abs.ldiv. Wavelength, 465.0 nm.
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Pig- 5•10. The second-order plot of the binding curve shown in Fig.

eenditions are as in Fig. s.9. The bimolecular rate constant, kt of
binding between ssl and a-chymotrypsin is calculated from the slope

be 2.3 x lo6 M-lsec-1.
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                                    '                                                '
ent with the supposition that the rate of the binding of SSr and or-

chymotrypsin is diffu$ion-controlled Åqsee Di$cussion 7.4 in Chapter
                                                    e                                                 '                                         '                                                         'Seven). '

5.5 Sumary                       :
              .tt                                                   '
                                                      -      Xn the present Chapter was described studies on the inhibition and

the binding of Streptomyces subtilisin inhibitor', SSZ, against a-chyrno-

trypsin. Beth• ct-'chyrnotryPsin and trypsin have been reported not to be

inhibited by SSZ usipg a specific substrate, casein (Table 1.1) (23).
                                                                     +
However, in this study SSI was shown to inhibit ct-chymotrypsin competi-

                                                -6                                                   M by using p-nitro-tiveZy wÅ}th an inhibitor constant, Ki = 3.8 x 10

phenyl acetate as substrate. The dissociation constantt Kd, of or-chymo-

               1,trypsin-SSZ complex was deterrnined from static titration to be 2.2 x

lo'6 M by ultravioiet' absorption difference spectra ebserved on the

binding oE the enzyme and the inhibitor, and to be 2.9 \ ZO M                                                                by vlsl.

ble absorption differenee spectra ef proflavine bound to the active sSte

of the enzyrne. 'The Ki and Kd valueS are in reasonable agreement with

                                                       -6                                                          M. This valueeach other giving the average value of (3.0 Å} O.7) x 10

is larger by alrdost four orders of magnitudd than the inhibitor constant

estimated for subtiZi$in BPN' (see Chapter lrwo).

      It was demonstrated by spectrophotometric titration and equilibr;'

um dialysis that proflavine bound at the active site of ct-ehy:notryps;n

is not displaced by SS: binding but forms a ternary cornplex with the

             '
enzyme.

      SSZ was aZso fQund .to 'competitively inhibit trypsin with the •

                              -4inhibÅ}tor constant of 1.1 x IO                                 M.
                                 ,
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            Chapter Six

      mshe Sta,tes oE Tyxosyl and Tryptophyl Residues ef

      St?eptemyaes Subti.lisin Xnhihitor t

                      '
6.l Introduction
                           '
                                           '     Streptoinuees subtilisin inhibitor, SSr, is a unia.ue protein -pro-

tednase- inhibitor in that it z"nhibits very strongXy 'the alkaZine serine

prcteina-ses of subtilisin EaTrti.!y {21,23). Zt has bef.?n shown tiiat the

na'tÅ}ve ss! usualzy exSsts in a diner idrm csee chapter glhrdeÅr andL it'

binds and inhthi'ts tvJe mDleevLles of subtilisin BpN" Csee ehapter Ers(roÅr.'

     Mhe compiete prj3narry structure of SSI has been detenined (27År'; -it

CentairLs a tryptophyl' xesidue and three t' y-resY! res-dueS per inonomer`

                                                    'CU3 amino acid residUeSi MW = ZZ,500} (stg• 1 1)•

     1tn ulttavioiet Eibsorption difference spectrum produced en the

interac'ti'en of ssl with subtilisin BpN' indieates changes in the enViy-

OnMent eE tyrosyi and tryptephyl resSdues CFig. 2.6). !hformation on
                                                       '
the states ef• these chromopheric ainino aeid residues abeuld provSde us-

With a clve for unde"rStanding tihe nature oi specific interaction between

the two ptoteins. ' '
     In the present chap'te"r, the Snvestigation oi the states eE tyrosyl

aTid 'tryptephyl residiues of ssx ana s[a)tilisin BpN' by solvent penturba=

tA Part oÅí this study was presentect at the Iumual Meeting of the Agri'

  CUZtUral Chernical society ef crapan (Tokyo, April 1974} and at the 2Sth

  h  tertSin en ProteÅ}n.structure Cqsaka, october ;974}t and ppblished in a.

  Bioehem. ag77) 82, no7-!21S (f')•
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'1.

tion and spectrophotometric titration in the alkaline pH region are

reported.

                  '
6.2 Experimental Procedures

     MateriaZs. A three tirnes crystallized and ZyophiZized preparation

of SSr was a generous gift frorn Professor S. Murao. A three times crys-

taliized subtilisin BPN' preparation (Lot No. 206006År was purchased from

Nagase & Co. Itd.t Osaka, and iV-acetyl-L-tryptophan ethyl ester from

Pretein Research Foundation, Osaka. iV-Acetyl-L-tyrosine ethyl ester

(tot No. VOP8931), ethylene gZycol, and guanidinium hydrochloride of

spectral grade, Emd other chemicals of analytical or better grade' were

obtai'ned from Nakarai Chernicals Ltd., Kyoto. Deuterium oxide (99.83*)

was tbe product of CEA-SACLAY DRA Bureau des Isotopes. Stabl.es, France.

Unless otherwise noted, the buffer solution used Eor all experiments waS

2S rnM phosphate buifer, pH 7;OOÅ}O.Ol Åqionic strength was adjusted to O.1

M with NaCi}.

      Concentrations of proteins and model compounds were all estimated

spectrophotometrically with a Shimadzu UV-200 recording spectropbotpme"

ter. The absorptivities of the proteÅ}ns calculated from the amine acid

cornpositions C25,27) are as follows (chapter grwo): E2',:i:(276 nm).= O•829

fpr SSIr and E2':itti(278 nrn} = l.063 for subtilisin BpN'. concentrationS

oi the model compounds were deterrnLned using the following molar absOrF'

tivities Åq42,21s}: z,34o M'lcm"1 for lv-acetyl-L-tyrosine ethyl ester at

275.5 nm and s,sso M"lcm-1 for N-acetyl-1-tryptophan ethyl ester at 280

nm. The purity of the subtilisin BpN' preparation used was detetrrLned'

to be 7S'.4" according to the method described in 'chapter [rwo (Exberirnen"
                   J                               ,                                                                 '
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tal procedures 2.2).

     VZtravioZet diffe?enee spectra. The procedures followed essen- .

tiauy tine rnethods described by Herskovits and Laskowski, Jr. (116).

An measurements were made with a Shimadzu UV-200 recording speet'ropho-

toraeter with an expanded scale (O.1 absorbancelfull scale). [Dwo paÅ}rs

of matched cuvetteS with 1.0 cm opticaZ path length were used, each pair

in .series in the sainple and reference compartments thermostated at 25.0

Oc. Concentrations of the .proteins and the model compounds were, always

ehosen not to exceed 1.5 in absorbance unit Å}n the spectrophotometric

                                              '

                                                                  .     SbZvent per,tLLrbation. DifÅíerence absorption spectra- caUsed by

solvent perturbation (118) were measured -at 25.0eC as described above

aEter keeping a inLxture of the sample and a per.turbant for 30 mÅ}n at

25.00C. Methanol, .ethylene glycol, poly'ethylene ,glycol (#300) and deu-

terium oxide(D20) were used as perturbant, and their mean molecular di--

aMeters were assurned to be 2..8 A, 4.4 A, 9.2 A, and 2.0 A, respectively

(119)• The final `concentrations of the per•turbants were in the range of

O- 50+. {vlv) except for D20, which was used only at 90- (v!v)'. Cautien

WaS taken so as to avoid temperature diiference between the sarnple and

the reference beils, which rnay aiffect nhe difference spectra.

     Spectvophotometvic titration of ty?osyZ residue6. The'phenoiic

hYd2o){yZ groups of tyrosyl residues' of ssl were-titrated by directly -

MeaSUring the difference in absorbance atf 295 nm and 245 nm-between'a

                                            ' ,giVen alkaline .and the neutral solution at pH 7.0. A 33rnbl phosphate-

NaOH buffer was used for pH g.o . -n.4, a 67 'init carbonate-bicarbonate

bUfEer for pH lz.o - 12.o, and a mi.xture of 1.0 N NqOH and .1.0 M'Na' Cl in

VEtriOUs ratios for pH ii.s - l3.o. Nacl was added to maintain .the ionic
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strength of the buffer soZutions eonstant at O.2 M. Time dependence oE

the -absorbance differenee was examined at 245 nrn and 295 rm. To l.5 ml

of the unbuffered aqueous solution of protein Å}n an opticaZ cuvette, 1,5

ml of alkaline er buffer sQlution of various pH's was added, and the

 change in absorbance wast followed usually for 2S min. The mixture solu-

 tions aiter the pH-jump were kept at 25.00C also 'for about 24 hr, and'

 the •dif,ference •spectra were taken again. AZI the pH values were checked

 after the mixing using a Hitachi-Horiba 'F-5 pH Tneter. The final SSI
         t/
 cencentration used for the titration was in the ran9e between 5.03 UM.

 and Z2.2 VM.

       For the titration in the presence of guanidinium hydrochloridet

 2.7 ml of SS: soiution with.4.55 M guanidinium hydrochleride at pH 7.00

 whieh had been kept at 25.00C fer 24' hr. was nixed with O.3 ml of a mix-

 ture of 4.0 N NaOH and 4.0,M NaCl in various ratibst giving desired pH

 values. The tyrosyl residues were t'itrated in the same way as' in the

                                                       -- absence oi guanidiniurti hydtochloride. The final,protezn concentration

 was 2'7.8 vM.: The dÅ}fference in molar absorptivity at 29S nm' between

 an alkaZine and'the neutrai solution is eonsidered identÅ}caZ regardless

 the presence of 4 M guanidinium hydroch!oride (120).

       AnaZysis of tttration ciata. The titration data in a given pHd

 range.wer,e analyzed as suggested previously (121,122) by a linear plot'

 ting in•terms of the molar absorptÅ}vity difference at a given pHt Ae,'

                                                                    , according •to the follow'ing equationr where AErnax is the difference :n

- molar absorptivity after complete ionizatÅ}on of all reZevant tyrosineS,

 and Ka istthe apparent ignization constant.

        [H+]'AE=Aernax"Ka'Ae'Ka ' C6•1)
 The method ef least squares was used to obtain the Aemax value and the

                                  -9S-
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i
apparent pKa• [Phe molar absorptivity diEferences used for the ionization

of a tyrosyZ phenolic group were: Ae2gs = 2.31 x 103 M-}cm-lr Ae24s = '

z.o66 x lo4 M-lcm-1. These values were obtained by the author with N-

acetyl-l-tyro$ine ethyl ester and agree witii the values reported by

other investigaters Åq120-123).

     Examtnation of a Tapid change in absoTbctnee by the pH-o'mp. The

pH--jump stopped-flow experirnents were performed u$ing a union sF-70

stopped-flow apparatus with ari opticai path oE 1.0 cm and about 1.5 msec

of dead-time according to the previously reported meLhod C124). The

optieal ehanges at 295 nm and 245 rum were recordied with a Ri.ken Denshi

9SC-8C quLek signal converter equipped with an X-Y recorder, F-3D.

     SoZvent pertuTbation. Figure 6.1 shows the molar absorptivity

dÅ}fference, AeA, of N-acetyl-b-tryptophan ethyl ester of a tryptophan

Ma)dmum, X == 291.0 nrn, and that ofn N-acetyl-Zrtyrosine ethyl ester at a

tYrOsine .maximum, X = 2S4.5 nm, plotted against the finai coneentration
                                                                      '    'Of ethylene glycol (+, vlv). The smilar plots were obtained also for

the other perturbants employed. rn the perturbant concentration range

between zero and 3ox (v/v) the plots were linear, above which upward

deViation frem the linearity was observed. The molar absorptivity dlf-

Eerenees ef the medel eompounds at the perturbant concentration of 20$

CVIV) (except in the case of D2o, 90*, vlv) have been determined•as

ShOWn in Table 6.l, which are,in satisfactory agreement with those ob'

tained by Herskovits and sorensen (119) except for one case (N-acetyZ-

r'trYPtophan ethyl ester in D2o at 285.5 nm). Caleulations 8escribed in

                                                    '
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Fig. 6.1. E' ffect ok the concentrat'ion of ethylene glycoi on thd solvent

perturbation difference.specttum of Al-acetyl-L-tryptophan ethyl estet and

that of N-acetyl-L-tyrosi-ne ethyl ester. [IV7acetyl-P-tryptophan ethyl-

ester]. = O.240 rnbfi, X = 291.0 nm, open circle; [iV-acetyl-L-tyFosine
                                                               ,ethyl ester]. = 1.26 mbC, X = 284.5 nm, closed circle, in 25 rnDC pho$phate

buffert plt 7.00, ionic strength O.1 M (NaCl),' 25.00c. 'T

                                                   r

the following sections we're made using the values obtained by ttie' 7

      Figure's 6.2 {A - D) shOw the solvent perturbation di'fference sPeC'

tra of SS: obtained with 20" (vlv) methanol, 20g (v" lv} ethylene'glycOlt

20t (vlv) poZyethylene glycol (#300), and 90$ (vlv) D20, respectiVelY'•

          'Examples of the plQts of Aex• at 285 nm and 294 nm against the perturbant

concentration are presentied Å}n Fig. 6.3, in which upward deviatiQn frOM'
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Table                                                                a6.1. pararneters of perturbants and rnodel chromophores in water.

pertur-
bant
Ct, vlv)

      wave-mean length
dSa•- (X) of
meter al:p
CA) max Cnm)

aex weve-
Length
(X) ef
a EVyr
pax (rum)

Aex

Ae-Trp- Ac-Tyr-
OEt OEt

Ac-Drp- Ac-Dyr-
OEt OEt

D20 (SO)

methanoZ
 (20)

EGb c2o)

PEGC (20)

2.0

2.e

4.4

9.2

292.e

291.S

292.0

291.0

-160.1
      d(-203.6)

 231.3
      d (235.4)
 29a. ti

 (3os.1)d

 512.5
      d (51S.7)

-11.0
     d{-12.2)

 16.8,
     d (16.B)

 16.1
     d C:6.Z)

 57.0
     d (57.1)

2eS.s

28S.5

zes.s

286,O

 -71.2
      d(.120.0)

 133.S
      d (135.9)

 16S.9
      d'(172.2)

  90.i •
      d  (94.3)

-60.3
     d{,-67.1)

 75.S
     d (7S.S)

 92.2
     d (92.2)

Z7B.6
     d(:87.0)

a

b

c

2S

EG,

m-s phesphate buffer, pii 7LoG', ionic strength o.1 M {Nacz)f 2s.ooc.

 ethylene glyc61. e pEG, poZyethylene gzycol (t3oo). d AeA valueB shcrwn in

) are cited fran HerskovSts and Sorensen {1968} C12S).

t

                                           'linearity was also detected in each plot at the perturbant concentration

                                       'above 30* (v!v). values of the molar•absorptiviVy d-i+fference of SSZ at
                        L                                        f                                '                               i20za (vlv} Cin the case of D2o, 901, vl") of the perturbant coneentratidn

                                         '             L
are sugimarized in Table 6•2•
                                                     -' j-
     In the difference spectra of SSI obtai'ned by •polyethylene glycol

(Fig. 6•2, c) no shoulder was detected at the 292 nm region. This was a
   rt                                                       '  ,UnZqUe feature of the polyethylene glycol perturbationt whSch wa$ net

fOUnd with other perturbants. This suggests that there was no or lit-

                                                           .                                         'tle, ii any, eontact between poiyethylene glycol mdZecules and the tryp-

tOP'hYX residue of ssr. The extent of exposure of tryptophyl and''tyrosyl

reSÅ}dues was estirnated using the fozlowing simultaneous equations (225År•

  '' AE2gi-2g3(protein) = a'AE2gi-2g3{Trp) + b'AE2gih2g3(Tyr) (6-2)

     Ae2s6.2ss(protein') = a'Ae2s6-2ss{Trp) + b'Ae2s6-2ss(7ryr) (6•3')
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Fig. 6.2. Diffe' rence spec` tra of SS: produced by adding ÅqA) rnethanolr

(B) ethylene glycol, CC) poiyethylene glycol, and {D) deuteriurn' oXide•

SSr dirner: (A} 59.7, lm;.(B) 46.8 pM; (c} 49.7 uM; (D) 44.0 1.thC.

(A) Tpetthanol (v!v): (a) O$; Cb) 121; (c) 16-; (d) 20X; Åqe) 22*. ÅqB)
ethylene glycol ' qvlv): (a) Ot; (b) 12$; (c} 16ag; Åqd) 20$; (e) 22*. (C)

polyethylene glycol (vlvÅr: (a) O*; (b) 8X; (c) 12g; (d) 16k; (e) 20t'•

(D) deuterium oxide •(vlv): 90x. SSI was in 25 mb4 phpsphate buffer, PH.

7.00t ionic strength O.1 M (Nacl}, at 25.0eC.

      '

whete coefficients a and b respectively represent the apparent nuTTiber Of

exposed tryptephyl (Trp) and tyrosyl ([Iyr) residues in the protein upder

investigation. Here Aex values rgfer to the molar absorptivity differ-
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Fig• 6.3. Effect ef ethylene glycol concentration on the

turb.atien difference, spectra of SSI. X = 292.0 nmt open

286.0 nrn, closed circle. [ssl dirner]. = 46•8 uMt in 25

                           'bUEEerr pH 7.00, ionie strength O.1 M (NaCl)t 25.0eC.

enees of the protein and the model compounds at the pealc

the difference spectrum (291-293 nin and 286"288 nmj- The

SUiMneuized in Tables 6.l, 6.2, and 6.3. The eQefficients

the ratios of the exposed ehromophoric residues to the

PhOric residues are listed in Tables 6.2 and 6•3• '

     CUrves A - c of Fig. 6.4 show the solvent perturbation

                                  ,SPeCtra of subtÅ}lisin BpNi caused by 201 Cvlv) methanol

Ylene glycol, and 2o* (v!v) polyethylene giycoi (#300)t

                                 - Z03 -

   '

   solvent Pbr-

  circle-; X =

 TnM phosphate

       -:

  wavelengths of

   results are
 'd ahd b anti

totaZ chromo-

      diffetence

r 201 (v!v) eth'

 respectively.



                                                 aTable 6.2. Difference spectral pararneters of SSI.

perturbant
 ("r vlv)

mean molar abso:ptivity appirtent ne. of
iiAIEr :iifgiE,.',"CeX(e.I,il, exp..og"dgl;;pBd

fraction of resi.
dues exposed {")

 Trp Tyr
D20 (90)

methanol (20)
EGb c2o)

PEGC (20}

2•o

2.S

4.4

9.2

-3?9.9

 251.3

 279.8

 322.0

-SGS.B

 544.5

 65Z.5

 915.5

1.54

O.65

O.63

O.06

7.5S

6.07

S.94

5.09

77.0

32.3

31.5

 3.0

126,3

iOl.2

 99.0

 88.3

a 25 mie phoEphate buffer, pH 7.00, ionic strength O.i M CNaCl), 2S.OOC.

b EGt ethylene glycol. e pEG, polyethylene glycol ("3oo). d values are eazcu-

lated aceording to Egs. 6.2 and 6.3.

The nurriner and the fraction of the exposed tryptoph\.1 ;and tyrosyl resS-

dues are shown in Table 6.3. '
      spectrophotometric• tibntion of tyrosyZ group6. Figure 6.s shows

the ultrqviolet absorption. spegtra of SSI qt pH's 7.0 and l3.1. No

spectral change was observed between pH 6 and B. In)ove pH 8, the spec-

tra showed gradual increase in rnolar absorbance concomitant with the red

                                 tl                                                         'shift, as pH vaiues incregsedt reaching tbe spectrum of pH l3.1. These

spectral changes were due almost exclusively to ionization of tyrosYl

phenolic groups. No conformatÅ}onal change of SS: seems to have taken

place; the identical profile of ORD spectra of SS: was ebtained betWecu
                                        i
pH's 7.0 and 13.Zr and no cleavage of disulfide bond at pH l3 was deteC'

                                 '
ted. Figpre 6.6 shows the pH-difference spectra of SSI, SS: in the

presence of 4 M guanidinium hydrochloride, and N-acetyl-tyrosine ethYl

                                               '
ester. The.nurriber of ionized tyrosyl residues in SSr at pH i4.0 waS

calculated firom crirve A te be 6.0 per mole, of dimer ss:. The value iSl

           'in good agreement with the resulEs of arnino acÅ}d analysis, three tyrosYl

                                - 104 .
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Fig. 6.4. Differenee spectra of subtilisin BPN' prodiuced by addi'ng (A)

methanol, (B) ethylene glycpl,•and (C) polyethylene glycol. Subtilisin
BPN': ÅqA) 42.7 pM; (-B) 40.' 2 v)4; ' (C) 31.4 vbC. ÅqA) methanol Cv!v): Åqa)
                                   tt                         t, ttOXi {b) 8$; (c) 16$; (d) 20*. (B)' ethylene glycol (v!v): (a) O*; (b)
                                                           '14*; (c) 18$; (d). 20*; (e} 221. {c) polyethyZene.glycpl (vlv): (a) Ol;

(b) 61; Cc) 10$; (d) 14g; (e) 18g. SubtUisin BPN' was in 25 rnDfi phps-
                                                         'Phate buffer,.pH 7.00, ionie strength, O.1 M (NaCl), at 25.00C. . .

                                                               dTable 6.3. Difference spectral pararneters of subtiliSiP BPN'- ,,...

perturbant
 C"i vlv)

inean
dia-
meter
(A)

molar absorptivity
difference CAex)
x:2go- x:2e4-
  293nnt 28Snrn

apparent
exposed

 no. of
     dcroups

fractiqp of resÅ}-
dues expesed {1)

TrP T•yr !trp 'Tyr-

Methltnel

EGb (2o)

peGe (2o)

(20) 2.8

4.4

9.2

 704.6

 712.0

10S3 -

 869,4

 939.4

IJ55

2,

2.

z.

54•

.O7

41

7.04

6.47

6.31

S4;7L

fiSv9

47.0

70.4

64.7

63.1

a'

 2S
b
 -EGt

iated

MM phosphate buffert

 ethylene glyeel. e

 aeeording to Egs. 6•

PH 7.

PEG,

2 and

Oe, ionie strength'

polyethylene glyeol

 E.3.

         - I05• •-

O.1 M '(Nael), 2S.'OOc.

 cl3oo). d yaiues tire Ca;qu-
z

-



                 Abs.

                   0.7

                   OL6

                   Q5

                  O.4

                  o.3 pH 7.00

                   '                                                           l
                  O.2

                  O.l

                   o
                       ny 250                           ' WAVELEN3GOSIH (nrnl 350

  Fig. 6.S. Ultraviolet al)sorption spectra of SSt. [SSI dimer]. = 27•3

  pM, in 25 mM ph6sphate buffet,'PH 7.00, ionic strength' O.1 M (NaCl)r ai)d

  in the Tnixture of 1.0 M NaOH' and 1.0 M HCI, pH 13.1, 25.00C.

 residues per SS: monomer C27).

       Figure 6.7 sihows'the r)lots of Ae                                           between neutral and alkaline                   . 295
 solutions 6f ssl against respective pH. curve A represents the ioniza-

• tion of bhe tyrosyl phenolic groups measured at 10 ndn after the prePa"

 ration of the alkaline sarnples without guanidiniurn hydrochloride. tuhe

 identical curve was obtained even when Ae2gs were mtia.sured af.ter 24 hr

 at 250C. Curve D-shows the phenolic hydroxyl ionization in the presenCe

 of 4.l M guanidinium' hydrodhloride aCter keeping Eor 24 ht at 250C. Ttie
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Fig• 6•6. pH-Difference spectra of sSz and IV-acetyl-L-tyrosine ethyl

eSter. A Åq -): [ss: qimer]. = 14.1 vt"1, pH 14.0 vs. pH. 7.00. B (--'-)
[SSr dimer]. = ls.s pefi, pH lo.3S vs. pH 7.00 in the presence of 4.l M

gUEMidiptum hydrochloride. c (---): [Al--acetyl-Ytyrosdne ethyl ester]

= 66.3 pM, pH 13.0 vs. pH 7.00•

          '                      '

Plateau level of Ae2gs of curve D correspohds to ime ionization gf 6•O

tYrOSYI phenolic groups. curve A shows three steps of the ionization•
                                                           +t
     The pKa values of the tyrosyl residues of ss: were detemined

eSSenttalJy accerding to the proceduxe previously descrU)ed (121,122)-

zaie experimental valued between pH g.o - zo.4 of Fig. 6.7 curve A ean

beSt fitted to a straight line using Eq. 6.1 as shown in Fig• 6.8r A•
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                 t J,'
 Fig. 6.7. spectrophotometri•c tittation curves 6f ssz. A (open eircZe):

 forward titration at 10 min and 24 hr after preparing alkaline sarnple

 solution. [SSI dimer]. = .5.P3 vM. Solid line is the theoretical curve
drawn by 'assigning pKa v.a'  lues, 9.5B, ILIOt and 12.42, respectively, tO
three pairs of tyrosyl residues per mole of ssz dirner. A': theoretical

 tliemzation durve for 2.15 tytosyl tesidues' p'er mole of dirner' SSr witha

pKa of 9-66• B (open triangle): differehce betwebn curves A and A'.

B': theoretical ionizatidn 'curve for 1.68 tyr6sYl r'esidueS per inole'of

ditner SSI with pKa 11.02. C Cepen sguare): diffdrenceibetvieen curvesB

and B'. C': theoreticai ionization curve fbt 2.26 tyrosyl residues Per

rnole of dirner SSI with pKa 12.33. D (closed circle): forward titratiOn

in the presence of 4.1 M guanidiniurn hydrochloride. [ss! dimer]. = 27•8
11M• Dotted Zine is the theoretical curve for' six tyrosyl residues with"

  a

A pKa. of the relevant phenelic groups was obtaÅ}ned ftom the slope to be

9.66 Å} O•10r and the number of the groups,' frorn the intercept on the
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         "be 2.l5 Å} O.03 per mole of SSr

theoretical ionization curve for

                      log -

    Fig 6.8.- ltnalysis of

    tÅ}tration curves of SSI

                [H• ]'Ae vs.    zn terrns             of
    AE plet: 'TitratÅ}on at

    295 nrn between pH.9;O

    and ZO.4, (A); between

    pH 10.4 and 11.4, ÅqB);

    between pH :Z.4 and "

    13.4, CC). Titration in
    the presence of 4.1 M
    guanidinium hydroch16-

    ridb at 294 nm between-'

    pH 9.95 cuid 13.0, CD).

                       it

                      t ./ ./ -:

                      '

d#mer. Curve A! in Eig. 6.7
            '
 :2.15 phenolic groups with



                                             '

a pK' of 9.66. Subtraction of Curve A' from the experimental points ef

Curve A gives Curve B. The AE2gs values of Curve B betwelen pH ZO.4 and

11.4 can be best fitted, in the same rnanner, to a straight Zine {Eig.
       '    '                              '
6.8, B), vbhich indicates ionization of 1.68 Å} O.13 phenolic groups with

a pK of 11.02' } O.06 in this pH region. Ctrve B' of Fig. 6.7 is a

theoretical tÅ}tration curve for Z.68 phenolic 'groups with a pKa of

Zl.02. Subtraeting Curve B' from Curve B gives Curve C of Fig. 6.7,
                                                           'which •can b6 best fitted, by the sarne treatment, to a $traight line

              .1
(Fig..6.8, C) that indicates the ionization of 2.26 Å} O.16 tyrosyl resi-

dues with a pK of 12.33 Å} O.06 in the region of pH 11.4 - l3.4. Curve
              a
C' of Fig. 6.7 is a theoretical ionization curve for 2.26 phenolic

groups with a pK of 12.33. [Ehus the six tyrosyl residues of a dirner
                9
SSI are to be classified into three groups: 2.l5 residues with a pKa of

9.66, 1.68 residue$ with a pKa of 11.02, arid 2.26 residues with a pKa of

12.33. (see Discussion 6.4)
                                               '      [Ilhe experimental pointS of Curve D in Fig. 6.7 ean be best fitted

to a straight line according to Eq. 6.l as shown in Fig. 6.B, D, which

shows the ionization of six tyrosyl residues per mole of SSr'dirner with

a single pKa of 10.41 in the presen6e of 4.1 M guanidipium hydrochlo--

ride. The dotted line of Curve D in Fig. 6.7 is a theoretical ioniza'

tion curve for such phenolic gtoups.

      lime-dependenee of the phenoZic ionization. The apparent ionizat

tion process of eriginaliy buried tyrosyl residues caused by conforma'

tional change due te ehe pH-jump can be distinguished from the ioniza'

tion of originally exposed residues in terTrts oE the tirne-dependence Of

the process-(124).' The latter proeess is so fast that the time-depend'

ence should not be deteCtable. Zn the case of SSI, rio time-dependent
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ionization of tyrosyl residues was deteeted with an ordinary spectrophQ-

toTnet.er or with a stopped-flow apparatus ip the pH range pH IO - l•4. .

This impZies that the ionization of all phenolic groups has completed

within che dead-time of the apparatus, and strongly suggests that these

tyrosyl residues are originaZly exposed.

     !ZVze states of tyrosyZ re$idues of SSI. The soXvent perturbation

    'studies have demonstrated that ali of the six tyrosYl residues in SSI

dirner are exposed to the solvent for every perturbant studied. This is

consistent with the fact that all of the tyrosyl phenoliC groups ionize

very rapidly within the dead-time of the stopped-flow apparatus.

     The results obtained from laser Raman spectroscopy (M. Nakanishi

arid M. Msuboi, personal communication) and fro!n X-ray crystallogiaphic

ar)alysis with 2.3 A resolution (29) also support this inference.

                                                                      s     27tree apparent pKa's of tyrosyZ Tesidues. The spectrephotometric

titration of tyrosyl residues at the alkaline pH region has shown nhat

the sSx tyrosyl residues in a dimer ss:'  can be classified into thtee

grOUPs in terms of the pK of the ionization. If the tyrosyl residues
                        a
Of SSI ionize independently, the nurrO)er of the ,residues of a cer' tain pK
                                                                      a
ShOUId be an integer. rhis cendition' has not been considered for the

CalCUIation described in Results 6.3. when Curve A in Fig. 6•7 is ana-

IYZed with a fixed nurnber of tyrosyl residuest i.e., two for each group

WXth the same molar absorptivity differencet the pKa values becoTne 9•58'

    kÅ}O'10, 11.lo Å} o.lg, and 12.42 Å} o.30 for each -group. These' vaiuels are

in agreement wÅ}th tho$e ddscribed in Results 6.3, though sem' e'

what iarger

                                '
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deviations are included here. The solid line ef Fig• 6.7, Curve A i•sa

                                                                      'theo- retical curve d:awn for pK 's 9.58, ll.10, and l2.42 for- each two
                              a
residties. 'Thus, the six tyrosyl residues "of SSI dimer are to be sepa-

rated into three groups, each including two residues. Since SS: is coth

pesed of two identical subunits as shown in the previous sYudies (-27,28,

49), the pKa's of tihe three tyrosyl residues of monomer SsX are thus

separately evaZuated. The three tyrosyl residues muSt locate in differ-

ent enviropment from each other, aZthough they all appeaF to be on the

surface of •the rnolecule as described al)ove. Difference in rnLcroscopic

eleetrostatic'  field or the presence of hydrogen bonds could be the

reason for the observed d;fference in pKa values•.

      Mhe titration of SSZ in the presence of guanidiniurn hydrochloride

was carried out ' without clea"ing the disulfide bonds, singe the contrid

bution of reducing agents such as 2-mercapteethanol to the molar absorp'

tivi' ty ditference was thought difficult to be accurately estirnated. [the

obtained pKa. value (10.41) is slightly higher ' than the case of proteins

free of di.sulfide bond, subtiliEin BPN' and subVlisin. Carlsberg (pKa

9.97 in the presence of 5 M guanidinium.hydrochloride) (122). The dif'

ference between those values night be due to that two of the three tYre'

syl. residues of SSr monorner locate in a disulfide :oop (27). .,

      1!he states of tzr,yptophyZ residues of SSI. The results of solvent

perturbation experiments suggest also that the tryptophyl residues (tWO

per dimer SSr) are not accessibie to polyethylene glycolr the mean
molecular diarneter of whicE is g.2 At whereas -about a third of the tryP'

tophyl residue contact with methanol and ethylene glycol, the diarneterS

of which are 2.s A and 4.4 A, respectively. sihce each of the chroMO'

ph6res in a dimer ssi is expected to be in'a hornoiogous part in the sdi
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nit (27,28,49)t it is concluded that the tryptophyl resÅ}due is partiauy

buried i.n the molecule of SSL The state of the tryptophyl residue thus

estimated seems to be closely related to the unigue preperties of ssl

that the intrinsic protein fluorescence due to tryptophyZ residues is

strongiy quenched in the native ssl (126).

     'aVze states of tyTosyZ ctnd trtyptophyZ residues of subtiltsin BPiV'.

ane rnolecule of subtiZisin BPN' C275 amino acid residues, ut = 27,500)

contains three tryptophyZ and ten tyrosyl residues (25)', and the states

of thdse chromophores have been investigated by $everal methodS: spec-

                               '
trophotometric titration (122), chemical modification Åq26,127-129), x-

ray crystallography (26' ), and solvent pertuiibation (130). '

     !Ilie states of these chromophoric arnino acid residues 'of the subti-

lisin BPN' preparation uSed had to be conÅíirmed fOr iuxther investiga-

tion on the interaction between SS: ahd the enzyTne. The nurnbdr of' Elx--

POSed tyrosyl and tryptophyl residues of subtiZisin BPN' obtained in the

Present Chapter (Table 6.3)' are essentially consistent with the pub-

lished results from the spectrophotometric titration and from the reac-''

tiVities of those residties toward chemical modification'reagents, though

the present results give sornewhat larger extent of exposure than the

Values of Herskovits and FUchs (230}-

     Ail oi the six tyrosyl residues of SS! dimer and about six of the

ten residues of subtilisin BpNt have been found in the exposed state by

the soXvent perturbation study. some of them must be involved in the

enZyt"e-inhibitor complex ferrnation resulting in the ulttaviolet absorp-

tien dtffe:ence spectrum (Fig. 2.6År. Whether the tyrosy: residues of

the both proteins or of either one of the two proteins part.icipate in

the eemplex Eorrnation remains to be clarified, and further studies along
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this line are described in the fOllowÅ}ng chapters. "t

6.5 iS urnmary
         '
      The states of tyrosyl and tryptophyl residues of a diTneric protein

proteinase inhibitor, St?ep.tomyees subtilisin inhibitor, were studied by

solvent perturbation difference spectroscopy with methanolt ethylene

glycol, polyethylene glycol (#300), and deuterium exide as perturbapt,

and by spectrophotometric titration at alkaline pH. rt was indieated

that all three tyrosyl residues per rnonomer of the inhibitor were exT

posed on nhe surface of the melecule, and thgir pKa values were sepa-

rately estimated to be 9.66(Å} O.10}, 11.02(Å} O.06), Fmd 12.33(Å} O.06).

The only one tryptophyl residue per monomer of the inhibitor seemed to

be buried in a cleft of the melecule.

      The, solvent perturb,ation study oE subtilisin BPN', whÅ}ch is a main

target enzyrne of this inhibitor, indicated that seven tyrosyl and two

or three tryptophyl residues of the enzyme molecule were accessible te

rnethanol rnoleeule. . .•
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            Chapter Seven ',

      A Tyrosyl Residue :nvolved ln the SpecÅ}fic Interaction

     between Streptomyces Subtilisin Inhibitor and SubtUi-

      sin BPN' Static and Kinetic StudÅ}es *

     Protein proteinase inhibitors like soybean trypsin inhibitor

(Kunitz) and bovine pancreatic trypsin inhibitor ÅqKunitz) have drawn at-

tention as the most "natural" substrate analpgues of trypsin. The crys-

tallographic studies on the complexes of these inhibitors and trypsin

provided a plenty of inforTnation as an excellent rmodel for the true

binding mode of a specific substrate on the enzyrne in general Cle.11).

Streptomyces subtilisin inhibitor, ssX, is ,a protein proteinase inhibi-

tOr with sueh a prospect for subtilisins, against which enly very few

SPecific pretein inhibitors have been Åíound• , .

     An SSI molecule, which exists as a dimer under the usual eendi-

tiOns consisting,of two .identiea! subunits• (see Chapters [Dwor Threer and

POUr) (27.28), binds and inhibits two moieeules of subtilisin BPN' (see

ChaPter tDwo)i. The inhibitor contains a. tryptophyl and three tyrosyl

teSidUes per monemer (113 amino acid residues, brw .= •UeSOO) C27); the

trYPtOphyl residue is believed Lo be partialZy buried :'n the molecgie

and all tyrosylt  residues to be. exposed, on the surface of the prdteinr

frOM the results of the solvent perturbation and the spectrophotornetrÅ}c

tA Part oi this study ' was ' presented at the 26th Forum en Pretein Struc'

  tUre (Nagasaki, october 1975) (g)•
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titration. On the other hand, it has been found that in a moleeuXe,of

subtilisin BPN', seven out of ten tyrosyl residues and aZrnost all three

tryptophyl residues are accessible to methanol Csee Chapter Six)..

changes in the environrnent of those chrdmophoric residues on the associ.

ation of ssr and subtUisin BpN' have• been suggested by the 'ultraviolet

                                                 '
absorption difference spectra (see Chapter Two).

      In the present Chapter, ehanges in the solvent accessÅ}bility of

those chromophoric air[Lno acid residues accornpanied by the enzyrne-inhibi-

tor complex formation are studied te obtain evidence for the involve-

ment of sucP chromophoric residues in the specifia interactien between

SSI and subt llisin BPN'.

                F7.2 Experimental Procedures •
                                         '                             '
      MateniaZs. A Åíhree tirnes crystallized and lyophilized preparatien

of Str,eptomyees subtilisin inhibitor, SSI, was a generous gift from

Professor S. Murao. A three titnes crystallized and lyophilized prepara'

tion sUbtiXisLn BPN' [EC 3.4.21.14! (Lot No.'206006) was purchased frOM

Nagase &' Co. Ltd., Osaka. The purity oi the enzyrne preparation used Was
.

deterrnined to be 75.4* according to the rnethod described in Chapt'er zzV'

A three times crystallized SubtiZisin Carlsberg [EC 3.4;21.141L prePara'

tion (Zpt No. 2SB--•2340) was purchased from Sigrna Chemical co•.,,andiitS

                                                                  .purity waS deternined to be 92.71. A three times crystallized bovLne

pancreatic ct-chymotrypsin [EC 3.4.21Ll] ÅqLot No. cDr 34D6gs) and a tWiCe

erystallized bovine pancreatic trypsin [Ec 3.4.21.4] Cbot No. TRL 34C'.

952) are from'Wort,hington Biochemical corporation (see Experimental PrO:

                                         -d                                    '                                                   '
cedures 5.2År. '
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     concentrations oi the pretein solutions were deternined using the

                                     O.IXfonowing absorptivities at pH 7•OO: El crrt(276 nm) = O.829 for SSI,

EIO' :i:(27S nrn} = 1.063 for subtUisin BPN' (chapter [rwo), E2':itÅq2so nn) =

                                     O.1rgo.g6 for 'subtilisin Carlsberg (131), E                                         {282 nrn) = 2.'OS, for ct-chyrno-                                     1 crn
                   O.1$trypsin {105), and El cmC280 nm) == 1•05 Åíor trypsin (106)'; and tbe fol-

                                         O.Iklowing values were also used at pH 9.70r El crnC276 nm) = O.8SO for SSI

    O.IX    l cm(280 nM) = i•092 fOr SubtiXisin BPN'. The molecular weightsand E

were taken to'be ll,500 for SSI monomer (27), 27,500 for' subtilisin BPN'

(25), 27,300 for subtilisin Carlsberg (131), 25,OOO fer ct-chyTFtotrypsin

(105), and 24,OOO for trypsin Åq106). All spectrophotornetric measutre-+'

                                                       .men'ts were perEorrned with a Shimadzu UV-200 recordSng speetrophotometer.

     Ethyle"ne glycol •of spectral grade and other chemieals of analyti-

cal reagent or better grade were obtained from Nakarai Chernieals Ltd.r

Kyoto.

     For the eXperjJnent of solvent, perturbation difference spectroscopy

25 MM phosphate buffer, pH 7.00Å}O.Ol (ionie strength was adjusted to O.l

M With NaCi) was used. For the experirnents of the difference spectro-

SeOPY on the bindihg of the enzyme and SS! in the alkaZine pH range, 2S

MM earbonate buffet was used. pH of nhe buffer was adjusted to a

deS'ired value within Å}o.ol pH unit with O.1 N HCI or NaOH solutions, and

the ionic strength was adjusted to O.1 M with NaCl. A Hitachi-Horiba

F'5 pH-meter was used for azl pH rneasurements. al1 the experiraents were

Carried out at 2S.OOc.

     NOtes for the symboZs used. In the fellowing descriptionr the

MOIeeULe oi subtiiisin BpNt and that of ss! subunit will be indicated by
E Etnd Ir respectively, and the suffixes, l and 2 will s{'and.for the.ir

nUEd)er; aceordingly, the binding stoicbiometry described in Chapter [Irwo
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can be written as I2 + 2Ez -- E ?!2• Symbol$, Il and EIXI wiLl be also

used representing ll(X2) and {l(E2I2), respectively, for convenienee of

interpreti•ng'  the interaction between the two preteins simply in terms of

the reaction per binding site, although no molecular species such as I
                                                                     l
and El:l have been actualZy detected under the conditions employed in

the present study (see Chapter Four).

      SoZvent per,tztr7bcxtion. The solvent perturbation experiments were

carried out -at pH 7.00, 25.0eC according to the method described Å}n Ex-

perimental Procedures 6.2 in Chapter Six. The solvent perturbation dif-

ference spectra of the nixture of SSr and subtili$in BPN' solutions

rather than the isolated complex were exarni•ned.Å}* Methanol 'and ethylene

glycol, their mean dÅ}arneters being 2.8 A and 4.2 A, respectivelyt were

used as perturbant.

      tZhe estimation Qf the nunther of tryptophyZ and tyrosyZ residues

invoZved in the bindtng of SSf and subtiZisin BPjV' by soZvent pertu?ba-

tion. Mhe foZlowing syTriooZs were used. '

      cl : purity of the subtilisin BPN' preparation used.

   X, Y : tetai nuruber of tryptophyl and tyrosyl resSduest respectivelYt

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

                       'tt :nactive protein fraction in the enzyrne pr,eparation used :nay be Per'

                                                                     t    turbed by the solvent to the sarne degree as the active enzytne• mbJS

    effect,'however, aoes not hamper the estimation oi the nurnber Of

    chromophoric residues involved in the interaction 6etween ssl and

                                                                 '    subtilisin BPN', because the effect of the inactive fraction iS
       '
    cancelled out so far as the mixture of subtilisin BpN' and sSI SOIU'
                  .         '
    tions are used-
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        BpN' (Ex!zÅr' -
  xi y : number oE solvent-accessible (e)qi)osed) tryptophyl and tyrosyl

        residues, respectively, in one molecule of the proCein, SSZ

         {Xl) p,r subtilisin BPN' ÅqEl).

                                          '  g, i : number of solvent-inaccessible {buried) tryptophyl eLnd ty=osyl

         residues, respectivelyr in one rnolecule of the protein, SSI

         C!l) or subtilisin BPN' (El). .
xt, yi : nurra)er of tryptophyl and tyrosyl res•idues, respectivelyt whose

         accessibility to the solvents was qhqnged on the forrnation of

         the complex (EIII)'

C , C. ; initial concentrations of subtilisin BPN' (active and inactive
 ei
         fraetions) and SSI monomer, respectively, in the nixture of the

         enzyrne and the inhibitor solutions. Accordingly dCe stands

         for the concentration of the active enzyr!te.

   Cei : eoncentration of the complex (EIII), formed in the mixture ef

         subtilisin BPN' and SSI solutions, which is equa! to dC under
                                                               e
         the condition$ used.

     [E!he suffices, e, i, and ei represent subtilisin B?N', SSI and the

enZytne--inhibitpr complex, respectively. The concentrations of trypto-

PhYl (Cx) and tyrosyl residues (cy) whÅ}ch are pgrturbed by the sqlvent

PertUrbants• in ,the mLxture of subti.lisin BPN' and SS: selu#iens are ex-

Pressed by Eqs. 7.2 and .7.3• •' ';

      C =Cx +C.x. -C .x* . ,, (7.2)       X e'e l- eL
      Cy'CeYe+CiYi-CeiY' • ,i Åq7'3År
The abserptivity diffeirences, tytx(E-r nixture), in.whLch X xepresgnts-

the   WaVelength, 2g2 nTn and 2B6 nm, caused by solvent perturbatien are
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         ' Ae .Ae -Ae                                                  .Ae   ' ' 292tY 2S6rX 286,Y 292tX n•
                    '

      Differenee speetua on the binding of'subtiZisin BPN' and SSI at

aZkctZine pH. Difference spectra were observed on the binding af sSZ and

subtilisin BPN' in the pH region between 8.4 and 10.2 using"a ShirnadZU

uv-200 recording spectrophotemeter wÅ}th an' expanded scale CO.1 al)sorb`

aricelfurl scale) and a cell helder therTnostated at 25.00C. [Pwb paitS

of matched quartz cells (optical path, 1.0 cm) were used.

    '     'Kinetie6 of binding of subtiZisin BPIV' and SSJ at aZkaZine pH•

EVhe'rate of the binding of subtiiisin BpNi and ssT was measured at 25•Oa

C with a Union SE-70 stopped-flow spectrophptorneter.monitoring the ab'

serbance dÅ}fference at 245 nrn, with an Iwatsu Ms-Soi9A s#orage osCil1or

scope. 'the second order rat.e constant for the 'binding of subtiliS;n
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given by Eqs. 7.4 and 7.5.

      AA2g2(E-i mixture) = Cx'AE2g2,x + Cy'Ae2g2,y (7.4)

      AA2s6(E•-I nixture) = C.'Ae2s6,x + Cy'Ae2s6,y (7.S)

                      ate the molar absorptivity differen'ces at the            and Aewhere Ae                  x,y        X,x

wavelength, X nmi of tryptophyl and tyrosyl residues, respectively. The

values of C .x* and C .y* can be given by solving Ecis. 7.2 - 7.5 simul-
           e:                     el
taneously:

      c .x* = Åqc'x + e.x.År -c
       ex                ee                       =z                              x
           ' AA2g2(E-I Mixture)'Ae2s6,y - AA2s6(E-: mixtUre)'Ae2g2,y

         Cx- Ae .AE -AE                                                  .Ae                                             286,x                                                    292,y                                   286ty                           292rX

                                                                  (7.6)

      CeiY' (%Ye + CÅ}Yi) - Cy

              AA2g2(ELI mixture).Ae2s6,x •- AsA2s6{E-! mixture)'AE2g2,x
         C
          y



                                   'BpN, was deterrnined from tiie p'regress curve using an equal concentrati6n

of the active enzyine and of SSI as monomer. rn thi$ case the secopd-

order rate constant, k, is given by Eq. 7.B, '

      ' -1              =k[SSI rnonomer]. (7.8),          )     {t       l/2

where ty2 is the half-time of the b4nding and {SSX monomer,], is ,the

initiai concentration of SSr rnonomer. The measurements were repeated

under the same conditions at least seven tiMes, and the rate constants

were detemined by the least square method frorn the plots 6f AA24s"l ,.1

     Binding of subtiZisin BPIV' and SSI at ngutraZ pH. The diEferenc,e
                                                                    Tspectrurn and the stopped-fldw oscillogram observed 6n the bihdding. of '

subtilisin BPN' and SS! at alkaline pH were compared with those obseryed

                                                                    '
at neutral pH. The ultravioZet absorption difference,'spectrum was meaq-
                                                        -t'
ured with a union sM-401 recording ' spectrophotometer, and the bÅ}•ndi.ng .of

                                                                    'the both proteins was measured in 25 mM phosphate bue#er, pH 7•OQr
                                                  t. /-.
iOnie strength O.IM {NaCl), 2S.OeC. : '

7•3 Resglts

     States of tryPtophyZ and tyTosyZ residues affeeted by the 'inte?ac-

tiOn between subtiZistn BPIV' and'SStT. Figure 7.1 shows 'the difference

SPeCtra obSetved on the soivent perturbation of the nixture of SS: and

SUbtilisin BpN, bY"ethylene g'lycol. [rhe final c6ncentration of SSZ as

                                                            ,taOneMer (C.) and of total subtilisin BpN' {C ) were'26.3 vM and'O.602

tnglMl Åq21.9 vM assurnfi.ng tihe enzyme to be 100* active), respectively.

Figure 7.2 depicts the.relabionship between the absorptivity difpference

                                                          +and the eoncentration of ethyzene glycol at 292 nm and 2S6 nm•' The ab-
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,

Fig. 7.1. In)sorption aiffe'r.

ence spectra observed on the

solvent perturbation of the

mixture solution of subtilF
sin BPN' and SSI ' w:' th ethyl-

ene glycol in 25 mM phosphate

buEfier, pH 7.00t ionic

strength O.1 M (NaCl), at

25.0eC. [SSX monomer].=
26.3 1ri1; [subtÅ}lisin BPN'],=

16.5 pM (ta]cing the purity ei

the preparation, 75.4" into

account). ,ethylene gZycol

Åqvlv): (a) Org; (b) 5i; (c) IS

$; (d) 2S+.

     260 280 300''-
           WAVELENGTH (nm)

sorptivity differences, AA2g2CE-1 mixture) and AIX2s6CE-: mixture)t at

20* (vlv) ethyZene glycol were detemined from this plot to be l.35x

io-2 cm-1 and i.gs x io-2 cm-1, respectiveiy, by the methed of ieast

sguares. The absocptivity differenees at 292 rum and 2B6 nm with 20"

Cvlv') methanol as perturbant were deterrnined to be 1.sQ x lo-2 crn-`1 and

2.3i x io-2 cm-i , respectiveiy in the sarne manner. since t,he dissocia'

                                                                -9tion eonstant,. Ki, of the subtili.sin BPN'-sSr complex is belOw 10 M

                                                                   '(se.e Chapter TieoÅr, ghe concgntratien of the cornplex (EIIi) in the MiX'

ture ot subtilisin BPN' and SSX (C .) can be taken to be equal to the
                                  e:
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Fig• 7.Z. The relationship between the absorptivity differences ob-

Served on the solvent perturbation of the rni.xture solution of subtilisin

BPN' and Ssl with ethyZene glyeol and tiie concentration of ethyXene gly•-

eOl. [subtilisin BpN']. = 16.5 vM; [ssz monomer]. = 26-3 ulCt in 25 rnM

PhOSphate buEfer, pH 7.00, ionic strength O.1 M (NaCl), 2S.OOC. Wave-

lengtii; 292 nm, open circle; 286 nm, closed circle. `

                                            'COneentration ef the active form of the enzyme, dC , which'was 16.S pbfi
                                              e
bY Using the purity of the enzyme preparationt 7S.4g. The inolar absorp-

tiVitY diEferences for solvent perturbation shotvn in Table 6.1 (Chapter

SiX), whieh were determiried with model cornpounds, IV-acetyl-L-tryptophan

ethYl ester and AT-acetyl-L-tyrosine ethyl ester, were used for calculat-

,ing the nurribers of tryptophyl and tyrosyl residues in the proLeins, re-

SPeCtively. Thd total nurnbers of the selvent-accessible tryptophyl and

tYrOSYI residues contained in one molecule of monomer SSI (-)• and one

TbOlecule oE stibtz'lisin BpNi (El)• are shown in Table 7-1. By solvÅ}ng

                                T 123 -



Mable 7.1.

and tyrosyl

The nurnber

residues of

of the

 SSI,

 solvent-accessible

subtÅ}Zisin BPN't and

(bkposed) tryptophyl
              atheir eomplex.

(a} (b)   dCc} (d) (e)e

prote:ns SSI
{rl)

S. BPN,
 {EX} -

cornplex
 (Elrl}

trYPto-
phyl
residues

total number
of residues
with perturbant
            b 201 (vlv) EG
             o 20S (v/v) Met

1

o

o

.

.

315
32' 3

3

2

2

.

.

06

54

4

2

2

,

.

3S

B6

4

1

1

.

.

43

95

-o

-- o

'

.

95

91

tyrosyl
residues

total 'number
of residues
with perturbant
            b 201 (vlv) EG
 2oi (v7v) MetC

3

2

3

.

.

97

04

IO

 6

 7
.

.

47

04

13

9

10

:

.

44

OB

13

 ,4

9
.

.

83

io

-4

-o

--

.

'

61

9B

                                   t .t tt                  /-                                        "                                                     '
a 25 rnM phosphate butfer, pH 7.00, ionic strength O.1 M (NaCl)t 25.00C.

b EGt ethylene g:ycoz. C Met, n)ethanoi. d (c) == (a) + (b).

                                                       t-e (e} = Cd)'- (e)•

                                                 '                                                     '
                                                           'Eqs. 7.6 and 7.7 using the parameters given above, the nUmberS of trypttr
phyi (xt) and tyrosyi (yt)'" r.e. siddes whose accessipuity 'to the sol'vent

                                                  tt-.
changed on the formation of the cornplex (El:l) were obtained. The re'
                                                                 :
sults show that,O.95 tryptophyl and 4.61 tyrosyl residues Pecpme inaC'

cessible to ethylene glycol, and O.91 tryptophyl pnd O.98 tyresyl reS2-

dues " ;irf"feih,,ab".:l'.llZZ",,,,b..ipil:1.;laS2ji llhll i:.ll.ili•iljliSiil :Pmb'l'.lzi,in. Bpiv' and

SSX qt qZkaZtne pH. Eigure 7.3 shows tbe,difference spectrum observed

on the binding ef subtilisin BpN' and $sl at pH g.7o. [vhis is a typiCal

difference sReFtrum that is observed when the ignized t.yrosyl residUeS

are protenated. This indicate$ undoubtedly that .some ionized tyrOSYI

residueCs) of SS: andlor subtilisin BpN' at. pH ,9,.7e become pFotonated bY

                                           '                                                   /
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               240 260 280 300 320                          WAVELENGTH (nm)

Fig. 7.3. Ultraviolet absorption difierence spectrum ebserved on the

binding of ssr and subtilisin BPN'. [subtilisin BPN']. = 24•S PM;

[SSI monomer]. = 28.S yM, in 25 rnbl carbonate buffer, pH 9.76, ionie

Strength O.1 "t {NaclÅr, 25.00C. ,

                        t- t/
the binding of the two protein rnolecules• -
     The molar abserptivity differences calculated frorn Fig. 7;3' are

                                                  3 -1. -1 .Ae24s =- 7.21 x lo3 M-lcrm'1 and Ae2gs =- 1.27 x 10 M cin •                                                              Sinee

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

                                                              'dne detemined with lv-acetyl-L-tyresine ethyl ester are' Ae24s = 10•66' x

103 M'lc!n'-1 and Ae2gs = 2.31 x lo3 M-Zcrn-1 (see chapter'six}, -the :spec'

traZ ehange in Fig. 7.3 corresponds to the change which wbuz d be ex-

PeCted when'half-ienized 1.2 tyrosyl residues or 40* ionÅ}zed• one tyrosy!
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Table

SSI (I
Z2
 )r
1

. The
 $ubtil

states of

dsin BPN',

the

 and

tyrosyl residues and their
 SubtiZisin Carlsberg.a

pK    values of
  a

Class

Class

Ciass

 I

rx

ur

exposed

exposed

exposed

    ss:

no. of
tyrosyl
residues

  1.0S

  O.B4

  1.13

 PKa

 9.66

li.02
12.i3

exposed

buried.

buried

  subtilisin
  BPN,

n-o. of
rtYeEg•g.Y.i. P"a

  5.30 9.74
  2.65 il.25

  2 12.S

  subtiliBin
' Carlsberg

no. of
tyrosyl pKresidues a
         -  6.38 9.92
  3.58 11.61

  3 12.5

a  Data on subtilisin BPN' and subtilisin Carlsberg are citea from Markland

                                                        '(1969} (122), and data on SSr from Chapter Six.

                    ,

residue becorne fully protonated on the formation of the complex CEIII)

at pH 9.70. ThiS inplies that pKa of about one tyrosyl residue consid-

eral)ly shifted upwards. The pKa valu g.s of tyrosyl residues of SSXt

subtilisin BPN'r and subtilisin Carlsberg are listed in Table 7.2.

There are six eandidate residues with pK 9.7 whÅ}eh could be responsible
                                         a
for this shifY in PKa'
                                                              '                          ,      The difference spectra at alkaline pH were observed at variou$

ratios of the concentration of rnonomer SSI (:1) to that of subtilisin

                                                                      .BPN' (El); the obs.erved absorptivity diEferenaes increased witll the M'

crease in the ratie and reached a saturated Xevel at the ratio of 1•O

(M!M) .(•Figure not•shown). -
      The pH-profile of the absorptivity difference at 24S nm is shOWn

'in Fig. 7.4 Åqple't a) (see Eig. 7.5, a). '
      The sinilar difference spectrum as shown in Fig. 7.3 was obserVed'

on the binding of subt"isin carlsberg and ssl at pH 9.70 (Fig. 7•6),•

and the molqf absorptivity differences at 24s nm and 2gs nm were - 'S.93
           ll
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F.i' g- 7.4. Spectrophotometric titration of tyresyl residues of the SSZ•-

Subtilisin BpN' complex. Ca): al)sorptivity differences at 245 nm ob-

Served on the binding of SSI and subtili$in BPN' at alkaline pH's, in
2S mM carbonate buifer, ionic strength O.1 M (NaCl), 25.00C. {b): theo-

retical titration curve of 6 tyrosyl residues of pK 9.7 (see text).
                                                 aCe): absorptivity differences obtained by subtractÅ}ng those of (a) from

Cb) (see text).

---

x lo3 M-icrn-1 and - 1.2g x lo3 M.'lcrn-1,, respectively. The number of

tYFOSYI residues with pK 9.92 - 9.66 (TabZe 7.2) converted to the fully

                       a•
PrOtOnated form by the .comp.lex forrnation (EIII) was calculated to be

betWeen o.g and 1.1. However, ,no difference spectra ef this type were

ebSe'rved at pH g.7o with a-chymotrypsin and trypsin (Fig. 7•7}; although

theSe proteinases have been found to interqct with and be inhibited by

SSr at neutral pH (see Chapter FiVe}-

     tlVie kineties of assoeiation betueen SSI and subtiZisin BPAI'. The
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Fig. 7.S; The relationship between'Ae24s[H+] and Ae24s. Plots (a) and

(b)'were rnade based on the values of plots {a) and Cb)'in Fig. 7.4'r red

spectivelY. (see Diseuss'ibn 7.4). '

abserptivity difference at 245 nm shown in Fig. 7.3 could be a good

probe for studying the binding kinetics of SSr winh subtilisin BPN'.

                                                                    ,Figure' 7.8 show$ an osciZloscope trace of the time course of the bindUig

                                                                '                                               .between SS: Emd subtilisin BPN' measured with a stopped-fZow apparatUS•

The concentrations oÅí ss: monomer and $ubtilisin BpN' were equal (2,61

                                                                  6 i-l
11M}. The second-•order rate constant was deterrnined to be 3.1 x IO M

secdl from the second-order plet (AA24s-1 vs. time) in Fig. 7.9• The''

dependence of the reciprocal of• half-time (tl12)-1 of the binding tiMe

course at pH 9.70 on the protein concentrations'is shown in FigL 7.10'

           'The good linear relatienship observed in FigS. 7.9 and 7.10 suggestS

             '          'that the binding proceeded threugh a sÅ}mple bimolecular Step in the
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  3oo
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320

Fig. 7.6. Ultraviolet absorp"

Vion difference spectrum ob-

served on the binding of SSr

and $ubtilisin Carlsberg.

[subtUisin Carlsbetg]. = 25.8

laM; [SSr monomer]. = 32.3 pl)1,

in 25 rnM carbonate buffer, pH

9;70r ienic strength Q.1 M

CNaCl), 25.oec.

24O  260 280 300
WAVELENGTH -(nm)

520

Fig. 7.7. Ultraviolet absorp-.

tion difference spectra ob-

seFved on the binding of.SSI

with ct-chyTnotrypsin and tryp-

sin. Ca): ct:chymotrypsin-SSZ

systein. Åqb): trypsin-SS: sys-
                      'tern. (c): base line. [SS.I

monomer]. = 38.l uM; [ct-chyrno-
                    -trypsin]. = 20.3 VM; [trypsin].

= 20.0 pM, in 25 rabC Carbonate
buffert pH 9.70, ionic strength

O•1 M (NaCl), 25.ooc.L .

- .129 -



Fig. 7.8. Im osciZioscepe trace of a tirae course of absorbance change

at 245 nm on the binding of SSI and subtilisin BPN' observed with a

stopped-flow apparatus at pH 9.70. [subtilisin BPN']. -- [SSI monemer],

= 2.61 uM, in 25 rnryl.carbonate buffer' , pH 9.70, ionic strength O.1 M

CNaClÅr, 25.0eC. Scale: horizontalt 50 msecldiv.; vertical, O.O0465
Abs.ldiv. The lower curve is the flow velociey trace. ' .
                                                       L               -                                               t -tt

range of the pretein concentration studied: [active enzytne]. = [SSX

monomer]. = 2.6Z vM - O.127 mM; and the second-order rate constant waS

determiheld from the slope 6f the plot in Fig. 7.10 ;to be (3."O Å} O.2) X

lo6 M-lsec-Z showing a good agreement withnythe one obtained for the pror
       ;
                                                                   '

   ,      The pH-d6pendence of the secofid-order rate censvants was studied

in the range of the protein concentrations, [active enzyTne). = [SSZ,

                                    i.monomer]. = 5.2 uM - 24.2 vM, and in the pH-region, pH g.o - lz.3.'The

logarithms of the rate constants are plotted against pH in Fig. 7•11,

The rate constant, kt decreased with the increase of pH with a slOPe,

 Clog k/ pH), oE -i above pH ZO.4.
       Comparison of the dtffeorTence spectrLan and the stopped-fZow eSCiZ'

 Zogran observed on the binding of SSr and subtiZisin BplV' at pR 9•70
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              o
               O O.2                                 O,4                                          O.6
                           time (sec}'

                                -1Fig, 7.9. second-order plot (tVt                                   vs. time) for the binding of SSI                             2'45 -and subtilisin BpN' in '25 rmbf carbonate buffer, pH 9.70, ionic strength

O,1 M ÅqNaCl), 25.00c. IsubtilSsin BPN']. = [SSX monomer]. = 2.61 1.L)1.
ilie seeond-order rate constant was estintated to be 3.i x io6 M'lsecrl.

 ,i"Vth' those at pE 7.oo. Figure 7.12 shows an absorption difference spec-

trUM Observed on the binding og ssl and subtilisin BPN' at pH 7•OOr 25•O

eC. The maximum spectral change is about 1115 of that in Fig• 7L3 which

WaS obtain6d on the binding at pH g.7o. zn Fig. 7.13 is shown 'the tirne

COUrSe of the binding observed at pH 7.00 by the use of this small ab-

SOrbance change with a, union RA-4ol stopped-flow spectr6photometev with
t/data averaging equÅ}pment. A single run Åqupper one) is too ' noisy te
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                  O- 5 IOs l5                                                M                            [SSI monomerJex 10

                                          '
                                                                 ,Eig. 7.10. Dependenee bf the reciprecal of half--tirne of the bind:ng
time course on pretein concentration in 25 mbfi carbonate buffer, pH 9t70F

ionic strength O.1' M ÅqNaCl), at 25.0eC. The final concentration of SSI

rnonomer and that of the active Eorm of subtilisiri BpN' were equal• The
6

second order rate consEant obtained from the slope was (3.o Å} o.2) x 10

 --1 --1M sec .

            'estimate the rate constant. The lower cu.rve, which was obtained bY aC'

cumulating and averaging 14 binding curves, has a sufficient signal tO

                                                  '
noise ratio for the analysis. By comparing the binding curves in EZg'
                                                      '            '7•13 with that in Fig. 7.9, it would be clear how the absorptivitY dif'

ference at 245 nm oi Fig. 7.3 Åqat pH g.70) is a good probe for studYing
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6.4

6,O

5.6

              '' pH
                                                          '                                                             '               -                     'Fig. 7.11. pH-Dependence ef the sec6nd-order rate constants of the ,

binding of SSr and subtilisin BPN' in 25 TmbS carbonate buffer, ionic

strength O.l M (NaCl), at 25.0eC. The soZid line is the theoretieal •

C,"i i'"o6e d
MI:gg.-aCi?Ording to Eq• 7•iO with a pK. vaiue of io.4o and I f 3.so

binding kinetics between subtilisin BpN' and SSr.

7.4' Discussion
                                                        '      '
              '
     SOZvent perturbation diffe?ence spectroscopy. :t can be' deduced

frOM the solvent pe'rtutbation study with ethylene glycol that -four or

fiVe t' Yrbsyl 'residues out of ten exposed t-yrosyl residues Cof gbtal' 13'

reSidues) and ene• tryptophyl residue out of total four in a moiecule o'f

SSI,MOnemer (I•1-) and subtilisin BpN' CEI) are located at or hea] the

binding sites of the two ptoteins.• only one tyrosy! residue arnong those

EiVe at the binding region could be approached by methanol• '
.
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Fig. 7.12. Ultraviolet absorption difference spectrum observed on the

binding of subtilisin BPN' and SSZ at pH 7.00. [subtilisin BPN'].=
20.8 vM; [SSI monomer]. = 41.0 laM, in 25 Tn)C phosphate buffer, pH 7.00t

                                                    /ienic strength O.1 M CNaCl), 2S.OOC. (refer also to Figs. 2.6 and 7.3)

      Diffei'ence spectroscopy of the binding bett"een sUbttZisin BPN' and

SSI at aZkctZine pH. Froin the differenee spectrum observed on the bind'

ing of subtilisin BPN' and SSI (Fig. 7.3), tt is suggested that appar-

ently one tyrosyl residue of pKa 9.7 {"norma1" tyrosyl residue) in

either SS: or the enzyrne undergoes a change from the half-ionized tg the

cornpletely protonated form on the binding at pH 9.70. rn erder to de'

termine whether really only one tyresyZ residue is subjected to the PHa

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 difference speCtra

on the binding of subtilisin BPN' and Ss! were measured at various PH'S

 (plot (a) in Fig. 7.4). :n the region of pH 8.4 - 10.2 the changeS ;n

the ionization ef only the ty:osyl residues of pKa g.7 among those ShO'n

 in Table 7.2 should be selectively observed. Five tyrosyl residueS Of
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  IO msec

AA O.OOl

Fig. 7.l3. Stopped-flow oscillograms of a time course of absorbance

change at 288 nm on the binding of subtilisin BPN' and SSI at pH 7.00.

[Subtiiisin BPN']. = 11.2 vM; [SSI rnonomerl. = 45.7 •vM, in 25 raM phos-

Phate buifer, pH 7.00, ionic strength O.X M CNaCl), 25.0eC. Lower

Curve: a single scanning. vpper curve; an average of 14 times accumu-

lated seannings.

SUbtilisin BpN' (El) and one residue of SSI monomer C•rl) have pKa 9-7t

and aÅëeordLngly six residues out of the total 13 tyresyl residues in the

eOMPXeX CEIrl) wouldJbe half-ionized and the others be ful!.y protonated

at PH 9.70, ii simple additivity is applicable. A theoretical'pH-titra-

tiOn CUrve can be drawn for these supposedly six "normal" tyresyl res:-

           'dUeS in the complex (E!-) as shown in Fig. 7.4 Åqcurve b)'• The.true

titration curve of ',norrnal" tyrosyl residues in the compleX (EIII) Can

be Obtained, therefere, by subtracting.Ae value of plot (aÅr in Fig• 7.4

frOM that oE curve cb). The difference is shown as Plot (c•) in Fig-

7'4' The titration data shown in plots (a) and (c) in Fig• 7•4 were '
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analyzed by a linear plotting ÅqAe[H+] vs. Ae; Eq. 6.l) according to the

method described previously (Experimental Procedures 6.2, AnaZysis of

titration duta}. The number of tyrosyZ residues with a pKa value whieh

is indicated by the slope of the piot (Ae24s[H+] vs• AE24s) Can be given

                                                   rnaxby dLviding the value of intercept on the abscissar AE24s, by the molar

absorptivity difference for ' the ionization bf a tyresyl ressidue (Ae24s=

                                                      //                                                            +lo.66 x lo3 M-lcm'1; see chapter six). zn Fig• 7•5, ar AE24s[H ] are

plotted againstiAE24s using the values of plot (a) in'•Fig. 7.4. This

linear ploE corresponds to the titration curve of 1.2 tyrosyl residues

With p' Ka,9-58• Thus we may, exp` e' cti- a, titration ciuive of five "norrnal"

tyr6syl re$idues for plot.(c) in Fig. 7.4. The plot shOwn in Fig. 7.5,

b, which was drawn by using the values of plot (c) Sn, Fig. 7.4t actuallv

showed thqt it dorresponds to a titration curve of 5.l, tyrosyl residues
           '
with pKa 9•76• '' It has been shownr therefore, that one knormaZ" tyrosyl

residue rnust 6av6 turned into unti?rable' at the'
pH,r ggioh examined {pH

B.4- 10.2) due to a pK shift probably to above ll.5. ,.
                      a
      That the siinilar difference spectra due to change in the protona-

tion of a tyrosyl residue were observed on the binding •of ssr with sUb'

tilisin BPN' and,subtilisin CarJsberg but not with ct-chymotryp.sjn Or

trypsin suggests the sirnilarity in the active site structurg between the

two .subtilisins. I.t may be related in some way to the rernarkable dif'

 fe=e4ce in Ki vaJues oi ss: against, qrchyrnotrypsin e.o x lo-6 M),trYP'

                                                         -ll                                             -10 sin (;.4x 10"4 M), and subtilisin BpN' (3 x lo -7 x, lo ) (see'
                                                        '
 Chap'ters [ewo and Five),.

      'Ktnetics of association bettoeen subei.Zisin BPIV' and SSr. The

                                                             ' large absorptivity difference at 245 nm- due to uhe pKa shift of t.yrOSYI

 residues upon the binpting pf ehe two prqteins is an, excellept probe fet



monitpring the reactien with a stopped-flow apparatus (Fig. 7.8). ThÅ}s

is much inore superior to the small al)sorptivity differences i•n 260 •- 3oo

nm region ebserved at neutral pH (Fig. 7.12), which have been used for ,

the kinetic studies in the case pf the interaction between trypsin and

soybean trypsin inhibitor {Kmitz) (132). The onZy limi.tation pf this

differenee spectrum by tyrosine ionization Å}s that it cannot be used at

lewer pH regionr for which the fluorescenee method has been suÅëcessfully

employed in .the case of SSr and subtiZisin BPN' (Uehara, Y., Tonomura,

B., and Hiromit K.r unpublished results),.
                                                          '
     The second-order rate constants obtained in• the present study, k =

4x zo6 -sx lo5 M-isec-i at pH g.o- n.3', are in the oÅ}der of inagni-

tude of the rate constants obtained for .the assoeiation between sorne

onher proteinases and their specific protein inhibitors: e.gi., boyine B-

trypsin and bovine basie pancreatic trypsin inhÅ}bi•tor (133)t bovine'.ct-

ehynotrypsin and bovine basic pancreatic trypsin inhibitor Cl14), ana

tryPSinL or chyrnotrypsin and pancreatic trypsin inhibitors {Kunitz and

KaZai) {134). These vaiues may be consider,ed to•be those•of a diffusion

COntrelled reaction C135), if the effective fractions gC surface area

inVelved in the specific interaction of the two proteins Cestirnated tO

be between i and 3v are taken into consideration. rf a reaation.occurs

eVery tirne there is an encountet and s'ul)sequent 'colli'sions no ,Xonger

 COntribute to the reaction, it is called' a diffusion-contrplled reaetiOn.

VOr the' ease of uneharged molecuLes in solution, the encounter r'ate con-
                                                             ' Stant, k, can be calculated from t '' '
       e
     k.,. 4TiV(DA I,::i.(rA + rB) M'-i..Åëri ' , , .(7.g)

 The Units are.those of .a second-order reaction, AT is Avogadro's. number, '
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and D and r are the difiusion constants and reaction radj.i of moleeules

A and B, respectively. For subtilisin BPN' andi SSI dÅ}mer, D2o,w were

•determined to be g.o4• x lo-7 cm21sec a31) and g.32 x lo'7 cm21sec (4g),

respectively; and respective values of r are calculated to be 21.7 A and

20.4' A, assurtting the molecules to be sphere. For the Ez12 complex,

                                                2                                           -7D and r were calculated to be 7.16 x 10 cm /see and 24.4 A, re-
 20rW
spectively. According to Eq. 7•9, ke for the binding: E + :2 -EII2

is caleulated to be s.g x lo9 M-Zs'ec-1 , and that for the binding: E+

         'Ei -Er to be s.6x io9 M7isec-1. As the rnaxirnum value of the
           22 Z2
second-order rate constant for the binding of SSZ and subtilisin BPN' is

4 x io6 M-isec-i , the effective• iraction oi surface area for the binding

can be 'estimated to be 3+ ior each protein. This value, 31, oi the ef-

fective fractiori is in good agreement with that estiirnated 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•pH-dependence oi the bSnding rate• constant, k CFig. 7.U)t iS

con$iStent with the follewing equation:

                 K.            1+ a
                 [H ]

where i is a pH independent rate con.$tant. The result suggests that an

                                                                  ' arnino aeid residue with pKa 10.4 participates directly in controll;ng

 the binding rate. The arnino acid could be q tyro$yl residue in eitheF

 subtilisin BPN' and SSI.
                                                                   '
       Tyrosyl residues have been postulated te be involvedr throUgh

 hydrogen bonding, or hydrophobie interactions, in the intennolecular

 interactions between proteins: tabacco-mosaic-virus pretomers (136"13Sl'
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the,leuteinizing hormone (139), Bence-Jones protein protomers (ReiÅr

{140), the flagellin subunits (140, and trypsin and soybean trypsin
                                            '
inhibitor (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 directiy involved on the

bindin9. At the present stager it remains to be clarifiedi whether or

not this tyrosyl residue is identical with the one that changes the ex-

tent of accessibility to methanoZ mo;ecule, or the ionizable group hav-

ing pK = 10.4 that affect the binding rate eonstant.
     a

7.5 Surmary

     Changes in the states of tyrosyl and tryptophyl residues on the

fOrmation of a complex between subtilisin BPN' and Streptomyces subtili-

 -eSM inhibiter, SSr, were studied. The solvent perturbation study with

ethYlene glycol and Tnethanol as perturbant showed that, on the complex

fOrMation, a tryptophyl and about five tyrosyl residues become inacces+-

Sible to ethyZene glycol, and a tryptophyl and a tyrosyl residues to the

SMalZer perturbant, methanol. Mne ultraviolet al)sorption difference

SPeetra at 245 nm observed at alkaline pH indicated that a tyrosyl resi-

dUe Of either one of the -two proteins shifted its pKa value eonsiderably

UPWards (g.7 -År n.s) on the complex formation. The kinetids of

aSSOeiation of these two protein molecules were studie.d with the differ-

enee absorbance rnentioned above as monitoring probe• A typical birnolec-

Ular reaetiori was observed in the protein concentration ranget 2-61 1ibt '
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                                                                     6•127 uM; and the 'second-order tate constant of assoeiation was 3.l x lo
                                                 'M-lsec-1 at pH g.7o. The pH-dependence of the second-order rate con-

                            '                                            '                                    'stants suggested tbe involvement of a residue wiVh pKa 10.4 in the as-
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            Chapter Eight

      [Dhe Xnteraction of Carboxyl Groups and a Tyrosyl

                                                                  '      Residue in the Specific Interaction between Strepto-

      m'yees Subtilisin Inhibitor and Subtilisin BPN' '

      Chemical Modification Studies *

                       '

8.1 rntrOdudtion
      '            '                                            ,
     In the previous Chapterr it was suggested that there are four or

five tyrosyl residues at or near the binding sites o.f SSr and subtSlisin

BPN' from the solvent perturbation study with ethylene glycol. An ab-

sorption difference spectra characteristic of protonatien of tyrosyi

resldues was observed on the complex formation between subtilisin BPN' .

aTid SSI at alkaline pH, and it was indlcated that a tyrosyl residue in

either one of the two proteins shifts its pKa value eonsipterably upwards

CPKa 9.7 - År 11.S). [Ehis difference spectra may serve as a clqe to

elUcidate the molecular mechanisrn of the interaction between subtilisin

BPN' and SSI.

    The present work was initiated in order te determipe in which

PrOtein, ss: or subtilisin BPN', the tyrosyl residue in question exists

and what .kind of functienal group are responsiPle Eor the pKa Shift., '

CheMieal modification methods perturbing the ionization states of tyro'-

                                                              //.
SYI residues and earboxyl groups are considered usefuZ for thÅ}s`

purpese.

tAPart of this study' was presented at the Annual Meeting ef the Japa-

 neSe Biochernicar society (sappbro, september 1976) (h)•
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8.2 Experirnental Procedures
                                '
      Rpoteins. A three tÅ}mes crystallized and lyophilized preparation

of SS! was a generops gift from erofessor S. Murao. Three times erys-

talliled and lyophilized preparation of.sul)tUisÅ}n BPN' [EC 3.4.21.l4]

(Lot No. 7370935) and subtilisin Carlsberg [EC 3.4.21,.14] (Let No. 2SB-

2340) were purchased from Nagase & Co. Ltd. and SigTna Chenical Co., re-

spectively, and their respective purities were deterrnined to be 80.9X

and 92.7ts by the method previously described (Experimental Proeedures

                                                                -2.2)'. Their concentrations were determined $pectrophotometrically at

PH 7.00 using the absorptivity coefficients and molecu!ar weights shown

in Experimental Procedures 7.2.

      ChemieaZs.- 3-Nitrotyro$ine was obtained from Aldrich CheTnical

                                                                +Ce., MLlwaukee, p-nitrophenyl acetate (pNPA) was frorn Tokyo Kasei Kocyo

Ltd. Co., and tetraniLromethane ([vNM), Z-ethyl-3-{3-dirnethylandhopropyl}

carbodiiniae (EDPCÅr, 1-cyclohexyl-3-(2-morpholinoethyi) carbodiirnide

                                                                    ,metho p-tolUenesulfonate (CMEC), glycine methyl ester, and other cheMi'

cals of analytical reagent or better grade were from Nakarai CheJnicalS

Ztd.r Kyoto.

      Amino acad anaZubes. AmLno acid analyses were periormed with a

Hitachi KLA-3 amiho acid analyzer according to tfie procedure of SpackMan

et aZ. (243) following hydrolysis with 6 M boiling Hcl in evaculated

sealed tubes at liOOC for 22 hr. For the deterTrtLnation of tryptophan

tiie' pxotein was hydrolyzed in the presence of 4$ thioglycolic acid bY

the sarne procedure as al)ove (144).

      .Tnhibito?y activtty measzcrement. , xnhibitory activities of natiVe
                                                            .
and chemically modified SSI's towards subtilisin BpN' were measured' aS
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aescribed in Experimental Procedutes 5.2, using pNPA as substrate with

a shinadzu UV-200 recording spectrOphotometer in 25 mh 'phosphate bUffer,

                                                           'pH 7.00t ionÅ}c strength O.1 M (NaCl)r containing 5.0" isopropanol-i 25.0

oC' '
     Inhibitor constant, Ki, of SS! and its de:ivatives against subti-•

lisin BPN' were determi.ned according to the following equations des'crib-

ing the steady-state kinetics of an enzYme with tightly bourid inhibitors

(41,145) Åqsee Chapter [Dwo).

           L, k, "     E+S           •c-li-: ES -E+p .
                                                         '             k3

     E+r E=iii-? 'E: ' '              -3
                                        '
Kinetic pacameters were defined as follows:

     Ki ` [%l ][ :] ` :h33t K.= k-l iik2 , ' ''. '

      cr = 2,
          Vo -

Thus, we have;

  , Ki =ig ct ' s. IIrnKrn {i. - e. ci - ct)} ' ' ` •

Where e., i,, and s. are the initial coneentrations of enzyrner inhibitor
                     '
and substrate, respectively; Km is the Miehaelis constant; V. and vi are

the initial velocities withogt and with inhib.itor, respectÅ}vely. The

SIOPe oi the plot, {i. 1 (' 1 - ct)} vs. {(1 + s.IKm) 1 a}, gives the Ki '

                                t, L-     Mt?ation of SSI and stthtiZisin BPiV' with tetMctnttromethane.

Nitration of ssi and sip)tiiisin BpN' was carried out by adding Ei sul'taL

ble aliquot of a o.6s M ethanolic TNM solution to protein s6iution (s -
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20 mglml), in. 50- rnM Tris-HCI buffer, pH 8.0. Th.e reaction rnixture was

kept at 250C for a suitable period and the.reaction was stopped by gel

fUtration on a BÅ}o-Gel P-4 colurnn equilibrated with •t' he sarne bufter or

with 25 TnM carbonate buffer, pH 9.7, ionie strength O.1 M (NaCZ).

The -degree of nitration was detemined by arnino acid analysis or by ab-

                                                         -1 -1                                                              • (146}.sorbance at 381 nm using the molar absorptivity of 2,200 M cm

      Modipteation ef cax,boav.Z groups of SSI with water soZubZe actvbedi-

inride. SS: {ca. 10 mglTttl) and glycÅ}ne methyl ester hydrochloride. were

dissolved in O.1 M NaCl aqueous solution, artd the pH of the solutÅ}en was

                                                 '                                           'Å}mmediately adjusted eo 6.5 with HCI and NaOH. The react-ion was initi-

ated by addition of either 1-cyclohexyl-3-(2-morpholinoethyl) carbodÅ}-

imide rnetho p-toluenesulfonate (Cb(EC) or 1-ethyl-3-(3-dirnethylarnLnopro-

pyl) carbodiimirie (EDPC) of respective concentration of O.10 M or O.13 M•

                                                          '       -The reaction nixture was kept at 25eC fer a sui'table period. [I]he pH of

the rnixture did not altex during the reaetion. The ndxture was then

subjected to dialysis against O.IO M NaCl aqueous solution at pH 7.0 tO

                                                                ,rernove excess reagents at 50c. The number of glycyl residues 'incdrpo-

rated was deterrnined by amino acid analysis.

      PoZyaer'yZamtde geZ eZeetrophoresis. :n order to deterrnine homoge'

neity Elnd mozecular weights of the rnodified proteins, polyacryl amide

gel electrophoresis under denaturating conditions (sodium dodeeyl sul'

fate pxus 2Lrnercaptoethanoi) was carried out according to weber and

osborn {147).
                                        '             .
      C]eZ ehromatography. GeZ chromatography to estirnate molecular

weights of the modified proteins was performed according to 1tndreWS

 (14s) on a 6oLlum aeo x l.6 cmÅr of sephadex G-ioo, calibrated with

standard preteins, equilibrated M'th 2S mM phosphate buffer, PH 7.0t
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sonic strength O.1 M (NaclÅr.

     vZtravioZet absorption diffeTence speetroseopy. ultravÅ}olet ab--

sorptÅ}on difierence spectra observed on the bindÅ}ng between native or

modiified SSI and native or modified subtilisin BPN' •were measured as de-

scribed in Experimental Precedures 7.2 wlth a Shim'adzu UV-200 recording

spectrophotometer in 25 rnM earbonate buffer, pH 9.70, ionic strength O.1

"s (NaCl}t or in 25 r(di1 pyrophosphate butfer, pH 8.00, ionic strength O.1

M (NaCl), 25.00c.

     As demonstrated in Chapter Seven, this difference spectrurn results

from the shift of ionization state of a tyrosyl residue of pK 9.7 ei-
                                                           a
ther in SSI or in subtilisin BPN' to the fully protonated' state on the

interaction between the both proteins. Here, the nurnber, n, of tyrosyl

reSidues whose ionizatien states were converted from ienized to proto-

nated ones on the interaction between SSI Åqor modified SSr) and subtili-

Sin BPN' {or modified sUbtilisin BPN') was'evaluated froTrt the difference

abSorbance at 245 nm. In the ease of interactien between carboxyZ-

greup"moditied ssl and subtilisin BPN', n value was calcuXated using

the molar a6sorptivity difference, Ae24s = 1.o66 x'lo4 M-lcm'l, obyained

    t-for the ionizatien of lv-a6etyl•-L-tyrosine ethyl ester {Results 7.3). in

                                                                    '
the eases of the interaction between nitrated SSZ and subtilisin BPN'

and that between ssr and nitrated subtilisip BPN', there should be con-

hribUtion in the absqrbance difference at 24S nm from 3-nitrotyrosyl

reSidues in additiQn to that trom tyrosyZ residues. Figure 8•1 shows a

difEerence spectrum of 3-nittotyrosine in aqueous solution at pH 5.56

                                                       'against pH 6.go. From the pH-dependence of the difference speetra. the

MOIar absorptivity difterences, Ae, at 245 nm and 427 nm for the ioniza-

tiOn of 3-nitrotyrosine were deterrnLned to ' be 7.s6 x zo3 M-iem-i arid
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Fig. 8.1. In)sorption difference spectrurn of 3-nitrotSrosine produced

due to the difference in pH. [3-nitrotyrosine]. =27.6 uM; sample solU'

tiont pH S.56; reference soiution, pH 6.90, in O.1 M NaCl aqueous solU'

tion, 25.0eC. The value of pKa of 3-nitrotyrosi-ne was deterrnLned to be

6.83.

        '
                                                                 '2.63 x io3 M-lcm-1, respectively, and the pl(a value was determined to be

6•83. Using these values, the 'absorptivity difference at 24S nm dUe tO

the ionization of tyrosyl residues Was estimated seParately.

8.3 ' Results

      Mtration 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 SS: de-

 -- -rivatives in visible region in 25 mDC pyrophosphate buffert pH 8.00,
iOnic strength O.1 M (NaCl), 2S.OOC. (a) one-tyrosyl-residue-nitrated

SSI: {b) two;tyrosyZ-resiaue-nitrated SS:; (c) absorption spectrum obT

tained subtracting Ca) from (b), which is corresponding te the absorp-

tiOn speqtrum.of a nitrotyrosyl residue secondarily modified. The pK
                                                                 aValUes of the nitretyrosyl residues of prirnarily and secondariZy nitra-

ted were estimated to be 7.9S Å} O.U, and 8.56 Å} O.10, respectively;

eXCess of TNM to a O.46 rnlfi soZution of SSZ monomer in 50 inM Tris-HCI

bUffert pH s.o, 2sec, 1.1 out of three tyrosyl residues of the 'protein'

Were converted to 3-nitrotyrosyl residues, and at 20 hr after, 2.3 resi--

dUes were- eonverted. Figure 8.2 shows the absorption spectra of (a)

1'1-tyrosyl-residue-nitrated ssz, (b) 2.3-tyresyl-residue-nitratea

    'SSI, Emd (c) the differenee spectrum between (a)`and (b). SpectrUm (a)
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is considered to be the al)sorption spectrum of the morio-nitrotyrosyl

residue modified first, and spectrurn (c) is that ef the mono-nitrotyro.
                                             '
syl residue modified second. From these spectrat .the pKa values of the

nitrotyrosyl residues were caiculated to be 7.95 Å} O.11 for $pectrum (a)

and 8.56 Å} O.10 for spectrum (c) in cqmpqrisen with the ,spectrum of

                                                     '                     -Lmodel compound, 3-nÅ}tretyrosine CFig. 8.it pKa 6.83), uSing the values:

e427 = 4-10 x 103 M-Zcm-1 at absorptÅ}on maximurn 6f'nÅ}troPhenolate ion,

                3                   -z                       -1E36o = 2-79 x 10' M crn at abserption maximum of'unÅ}onized nitrophenol,

and E = 2.2o x lo3 M-lcrn-i at the isosbestic'point;

                                       //                               '      !t has been reported that natiy..e SSX is composed of two identical

subunits under the usual conditions, and gel filtratiQn on a Sephadex

G-100 column and SDS-pQlyacry.la!nide gel. electrophgF,esis of SSr give
                                                  Jl'                           t tl t                +molecular weights of 23,OOO (diJner) and Ui500 '{monomer), respectively

{see••Chapt.er Three),. One,-tyrosyl-residue-nitrated SSr shows the same

pattern in th-e gel filtration and the electrophoresis. Gel tiitration

of ' tw6-'{yrosyl-residue-nit,r. ated 'Ssrr however,-shows two rnaip bands of

molecular weights of 69,OOO and 23,OOO.in the ratio of 4, ;T3 in. •protei.n..

arnount, elnd sDs-diSc 'electrOPhoresis shows three"-bands o'f moledular

        T-,. C - ' i.p '.t '-weights ' of 45,060, 23,,OOO, aFSd 11,.500. By densitometfy with a ShirnaqZU

CS-9000 dual-wavelength TLC scanner, the ratio of the protein aTnount Of

the three bands w4s deterl"ined as 2 : 5 : 10. The.molecular sizes de-

termined above demonstrate that the most reactive tyrosyl residue of SSI

                                                                   -monomer can be nitrated without pelymerizatign, but that thg nitratiOn

of the second-reactive residue is accompanied with pelyrnerization of SSI
     t

probably dug to tbe internal cross-li.nking by TN.M. .
      AbsoTption difference spectra observed on the binding of nit?ated

SSLT and subtiZisin BPIV'. Figure 8.3 shows the absorptiOn diEferenCe
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Pig. B.3. Difference spectra qbserved on the binding og.tyrosyl-resi-
                                                       .dUe'nitrated ss: and'subtilisin ispN'. (A) [subtilisin BPN'], = 24.2

PM; [one-tyrosyl-r6sl'due-nk.Lrated ss!'moh'omer]. = 2s;1' pMi in 25"mh

earbOnate buffer, pH g.7o, ienic strength O.1 M ÅqNaCl)r 25•OeC• • ;Eb
CB) [subtilisin BpNi]. = 31.g vbe, [one-tyrosyi- .residue-nitrqte,d SSI
tonOMer]. = 66.2 pM, in 2S mh ptirophosphate buffer, pU S.OOt ionic

Strengtih O.1'M ÅqNaci),'2s.oec. ' ' , ''  "

-s---`---------

SPeCtira observed on the binding oi ene-tyrosy' 1-residue-nitrated SS: and

SUbtilisin BpN, at cA) pH g.7o and {B} pH 8.00.' The rnolar absQrptivity

                                                 '
                                            .t                                           lt
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difference at 245 nmt Ae24sr of spectrum (A) was - 7.21 x lo3 M-lam-1,

                                           'which corresponds to that of l.1 tyroSyl resSdue of pKa 9.70'  shifted te

                                    'the completely protonated state. Iibsorbtivity dÅ}fferences at 428 nrn

and 360 rm demonstrates that the pKa of the nitrotyrosyl residue C7.9sÅ}

O.il) shifts up to pKa 8.60 on the forrnation of enzyme-inhibitor com-

plex. On the ether hand, the direction of the difference absorptivities

in spectrurn CB) 'at 428 nrn and 360 nm are inverted in cemparison with

those ef spectrum (A). This shows that the pKa of the nitrotyrosyl

residue shifts down to pK 7.77.
                         a
      The difference spectra observed on the binding between two-tyrosy!-

residue-nitrated SSI and subtilisin BPN' were measured at pH 9.70 and

                                          'pH 8.00. They are almost the sarne as those obtained with one-tyrosyl-

resi' due-nitrated'  SSX (Figure not shown). Ae24s was determined to be

- 7.4g x lo3 M-lcm'l from the spectium observed qt ipH g.7o•

                                              ]                                                    '                                            i      These results shown here indicate that the microenvi;orment of a

nitrotyrosyl residue changes on the formation of enzyme-inhibitor coM'

plex, and the inversiVe directien in the absorptivity differences at PH

9.70 and pH 8.00 shows the difference in the environment oE the nitrO"

tyrosyl residue at these pH's. It shou!d be noticed, however, that a

large upward pKa-shift of a t\rosyl residue of pKa 9.7 was observed at

either pH•
      IVitvation of subtiZisan BPAJ' and differenee spectra on the bindirig

bettileen SSr and nit?ated szthtiZisin BPIV'. mhe modification conditiOnS

and the results are summarized in Table 8.1. lhese nitrated enzyMe

derivatives show no remarkable changes in hydrolizing activity towardS

PNPA (kcat = 2.58 Å} O•22 rnin-lr KTn = {3.40 Å} o.33) x lo-4 M in 25 TaM

phosphate buffer, pH 7.0, ionic strength O.1 M (NaCl), 25.00C).
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Tal)le 8.Z. Nitration of tyrosyl residues of subtilisin
                  anitromethane (C[INM).

Tg,i!::liY?-r;.Bp.i].(MIM) :2.ilgtlfl?) ff of
rated

nit-
 Tyr

 56
 56
218

218
218

O.5•

1.0

O.5

1.5

3.0

o

o

o

1
4

6

.5

.8

.8

.l

.7

1

1

o

o

o

o

a Nitration was carried out at pH 8.0, 250C in 50 mbC $ris-HCI

 solution. [subtUisin BPN']. = O.285 rnbE.

 n : nurriber of tyrosyl residues of pK 9.7 whiah are eonverte'd
                                     a
     unionized fonn on the complex forination at pH 9.70, 25

Svendsen (129) reported that even 8.2 out of-ZO tyrosyl residues

nitrated' without loss oi activity towards prOtein and synthetic

strates.

     [Vhe diiÅíerence spectra observed on the binding between

nitrated subtilisin BpN' at pH 9.7e are shewn in Fig• 8-4•

degree of nitration of tyrosyl residues increased, the molar

tiVity difference at 245 nrn decreased and the one at 428 nrn

Finally with 6.7 tyrosyz residues nitrated, the difierence spectrurn

SheWs Qn!y the changes in nitrotyrQsyl residues (as Fig- B.1)

Centribution of tyrosyl residues has ,disappeareq. 5he results

here strongly suggest that the tyrosyl residue of pKa 9•,7, •which

Verts itself to funy ,protonated form on the formation ef the

-iTthibitor complex, is one of the •tive tyrosyl residues of pK

SUbtilisin BpN'.

     Modification -of eai:boarv-Z g7oups oÅí SSt with wateT-soZubZe

                                             '
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Fig. 8.4. Difference spectra observed on the bindÅ}ng of SSI and tyro-

syl;residue-nitr'ated subt" ili9in BPN' derivative; •[tyrosyi-residue-

nitrated subtUisin BPN']..F l5..2 vM; .[SS: monorner]. = 44.9 1.LM, in 25 mh

carbonate buffer, pH 9.70, ionic strength O.1 M CNaCl), 2S.OeC.
(a) base line. Cb) 6.7; (c} 4.1 tyrosyl residues of subtilisin BPN''are

                           .                                                  t-

im2 de.• 'The effect of electro'static fie!d'on the diffetence spectra upOn

the binding of SSr and subtilisin B?N' was examined• through moai•ficat-iOn

of carboxyl 'groupS by binding covalently glycine methyl ester with th'e

aid of water-soZuble carbodiinide. There are 12 carboxyl groups' (6 aS'

partyl and 5 glutamyl residues and a earboxyl teminus) •and 10 glyCYI

                                                                   ,residues-in a monomeric SS: (Eig. 1.1-) (•27). The modi'fication condi'

tions and the resiilts are shown in Table S.2. -Behaviors ef the SSr de'

rivatives on SephadeX -G-100 gel .fUtration and sDS-polyacrylamide gel

electrophoresis are the sarne as those of native ssr. The differenCe

spectra observed on the bindin'g between Subtilisi'n BpN' and cafboxYl-
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Åëable 8.2. Blocking of earbo?cyl groups of SSX with glycine methyl ester
                                           acGblE) usi•ng water-solul)le carbodiÅ}mide Cwsc).

tssl]. (M) GD,llS (M) WSC (M) React-ion
-time Åqhr)

# of
blQqked
9arb9xyis

n

                                                     O 1.l,
            -4                O.25 CMEC O.iO 2.0 3.'3 1.1-'  2. 61 x 10
            -4  O. 82 x 10                O.25 CmaC O.10 22.0 41.L7 ' O.5
  1,7oxlo-4 o.33 EDpc o.l3 3.o 4.'o o.s
            -4  1.70 .x 10                O.33 EDPC O.l3 6.0• 5.3 O                      . a ,.,'.
acheTtacal modification was carried out at pH 6.5, 250C in O.1 M NaCl F'•

 aqueou.s solution. CMEC: l-cyclohexyl--3-(2Lmorpholinoeth}il).carbodi.
                                                                   2 inide metho p-toluene sulfate. EDPC: 1-ethyl-3-C3-dimethylaminopropyl)
       d carbod"mide. n: nmp.er of tyrosyl residues of pKa 9.7 which' are cbn•-

 verted to Eully unienized fonn on the eomplex forrnation at pH ,9.70r

                                                                  d
                                                               ":•,

                                                       t-                                                                  -. -.                                                           tt l--                                                                  -yreup-modified' ssx at pH 9.70 are shown in Fig. B.5. The difference

SPectra were measured guiekly (within 15 rnin) after adjusting pH of the

Selution to 9.70 to avoid alkaLine hydrolysÅ}s of the glycine methyl es"

                                        ttters blockÅ}ng carboxyl groups of ss:; the rate constant, kr of the allca-

line hydrolysis was determined to be 4.6x lo-5 sec-1 (ty2 = 2so rnin)'•

ds the modification of carboxyl groups proceeds, the molar absorptivity

                                                                 '                                                              'difEerences at 24s nrn are decreased. {vhe dlfierence spectrum obtaihed

With 5.3--carboxy"-group-mQdified ssr is althost the same as that ob-

SerVed on the binding between' native ssr and subtilisin BPN' at pH 7•O

(Fi9S. 2.6 and 7.l2År, and the number of tyrosyl residues' of pKa 9-7 '
                           '                                                                  :WhiCh are converted to fuuy unionized form on the complex forrnationt

thenvalue, was calculated to be zero•'

                                                                '     [lhe difference spectrum produced on the binding between subtilisin
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Fig. 8.5. Difference speetra

observed' on the binding of

subtilisin BPN' and carboÅrry1-

group-modÅ}fied SSr• [subti-

lisin BPN']. = l6.8 1.efi; [car-

boxyl-group-medified SSZ mon-

other], = 27.6 pMt in 25 Tnbfi

6arbonate buffert pH 9•70i

ionic strength O•1 M (NaCl)i

25.00c. Åqa), base line for

spectra (c) and Cd)7 (b), hase

line for spectrum {e).

 (c) S.3i (d) 4.7; (e) 3.3 car-

boxyl groups of SSr monomer

are modified.

 240 260 280 500 520         WAVELENGTH Cnm) ..

  '
BPN' ana S.3-carboxyl-group-modified ssl was also measured at pH 9.70

after incubating the SSI derivative at. the same pH, 25.0ec for i2 hr

(Figure not shown). Vnder .these conditions, 5.3 glycine methyl esterS

incorporgted, into SSr must have been hydrolysed as foZlows:

                           \\ uu-     'ecoo-modxfz-tw, fi6 H3EitiE5iEi{gkaiine.W, rkOO'

          . cation hydrolyfi=s
                                     'And there should appear again 5.-3 earbo)ry1 groups of glycyl residUeS.

The difference spectrum gives the n value ef o.6. The fractional valUe

of n may be due to the steric hindrance by the glycyl residues coupled'

      The difference spectrum measured irmediately aiter the binding
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Fig. 8.6. :nhibitien of subtilisin BPN'-catalyzed hydrolysis of p-nitro-

Phenyl acetate'by cherttically modÅ}fied SS! derivatives. [subtilisin

BPN'], = 74.0 uM; [pNpA]. -- O.502 mM; SSI: native SSr (open circle)i one-

tYrOsyl-residue-nitrated SSI (closed circleh two-tyrosyl--residue-
nitrated ssr Copen trsangle)} S.3-carboxyl-groub-modified SSI (open

SgUare}, in 25 mM phosphate buffer, pH 7.00t ionia strength O.1 M (NaCl),

COntaining 5.ox (vlv} isepropanoi, 2S•OOC•

                                                     i

betWeen 5.3-carboxyl-group-modified ss: and subtiiisin Carlsberg at pH

9'70 and the ene measured with the Ssl derivative ineubated 12 hr at pH

9'70 give the n value of zero and o.st respectively•

     The results suggest that the negative charges of carbo)gyl group(s)

.In SS: are involved inLthe upward' pKa-shift of a tyrosyl re.sidue ef sul)-'

                                                         'tUiSin BPNi or subtilisin carlsberg on their interaCtiOn.
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      lnhibitory activities of ehemieaZZy modafied SSX de?ivattves.

Figure 8.6 shows the inhibitory activities oi native SSI, one-tyrosyl-
                                                                 i
residue-nitrated SSM, two-tyrosyl-residue-nitrated SS!, and 5.3-carboxyr.

group-modified SS: against subtilisin BPN' acti•vity using pNPA as sub-

                      -4           = 4.98 x 10 M at pH 7.0, 25.00C). Except for the two-strate (K
         m
ty'rosyl-residue-nitrated SSr, the inhibitory stoichiometry is 1 : 1 (MIM)

with inhibitor costants, K., of Åq3.8 Å} 1.5) x lo-IO M for'native ss:,

                          J-Åq7.s Å} 2.o) x lo-10 M fer one-tyrosyl-residue-nitrated ssr, and (4.5Å}

o.6) x lo-9 M for 5.3-carboxyl-group-rnodified ss!. [Dwp-tyrosyl-residue-

nitrated SSr has gn unusual stoichiornetry. This unusual stoiehÅ}oraetry

seems to eorrespond to the decrease of the reactive site of SSI against
                                                      ,
subtilisin BPN' due to nhe polynerization iof SSI by [ENM.

8.4 Discussion
      IVit?ation bf SSI. Th'ere are three tyrosyl residues CTyr 7, 1lyr 75t

                       '
and [Dyr 93) in SSI monomer (27). All of them are located on the molec`

ular surface according to the results of solvent perturbation differenCe

spectroscopyt and their pK valubs are deterrnined to be 9.66; 11.02, and
                          a
l2.33 by spectrophotometric titration at alkaline pH (Chapte= Six). ÅëYr

75 lpcates near the reactive site of SSX towards ct-chymotrypsint i.e•,

Met 73 - Val 74 (27År. By X`ray crystallographic study of ssx at 2•3A.

resolutiont it was shown that [Dyr 93 is pear the contact region of sUb'

units, and [Dyr 7 is almost a diagonal region to.the reactive site Åq29)'

rt can be expected that [Ilyr 75 night interact with silbtiZisin BpN'r• a]id

this tyrosyZ residue could be responsj.ble for the difEerence spectral

change on the cornplex formation beVween subtilisin BPN' anq SSI•
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     As the reactivity of a tyrosyl residue toward [IINM should decrease,

in the order of pKa Åq146)r 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 nrn region) on the binding of the one-tyrosyl-

residue-nitrated SS' I derivative and subtilisin BPN', and this made us

speculate that the difference spectral change i$ most probably due to'

the envirorumental change 6f !Dyr 75 and that pK oE the residue is 9.66:
                                            a
Even upon the interaction of subtÅ}lisin BPN' with the tiwo•-tyrosyYresi-

due-nitrated SSI {probably those oE pK 9.66 and ll.02År, there remains
                                     a
the large absorptivity difference at 245 nm in the difference sPectrdn

observed (Fig. 8.3). [rhereforet the tyrosyl residue of plKa 9.7 tOhich

                           'shifts upward to År ll.5 on the binding of sub'tiiisin BPN' and SS: is/

supposed to be in stibtilisin BPN' but not in SSM, for a tyrosyl resiaue
                                          '        -                                                                      'remains not to be nitrated must have a high pK vaZue.
                                            a
     netir'ation of subtiZisin BPiV'. r4arkland and hisi 'cow6rkers {149"

151) have demonstrated that 5 tyrosyl residues in isubtiZisin BpN' readt

readÅ}ly with EeNM. c[yr 6, 21, 104, 217, and 262 are fully nitratedt

Whereas Tyr 91 and 263 are only partially nitrated; it is not y' et ciear'

Whether residue 167 and z71 are nitrated at all. Presurnably the five
 '
                   'reSidues that are readily nitrated are tho' se titrated normally (pKa =

9'7)• in spectrephotomet'ric titration tit alkaline pH (Tal)le 7:3), ana

thOSe that are partiany nitrated may be t' he residueS that are titrated

With slightly higher pK . svendsen (128,129) has'rePorted that witih
                      a
e)ChaUstive nitration s out of lo tyrosyl residues in subtilisin BPNi are
  '
nitrated without a loss of enzymLc activity. svendsen (128.129) also

EOund the sarrte number 6f accessible tyrosyz residues on ioqinatioh•

     Weber and Kraut (152} have found that [lyr i04 Ss the first to be
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iodinated. Other iodinated residues appear to be 21t 167 or 171, and

217 C26). pre!iminary results by Markland U51)indicated that nitration
                        '
of subtiZisin BPN' with a five-fold exce$$ of TNM resulted in one most

                                                                  .readily nitrated tyrosyl =esidue identified as [Dyr I04. EDyr 104 is colh

mon to pae tiwo subtilisins, BPN' ar}d Carisberg. Svendsen (153) has ob-

taihed an identical result with nitration of subtilisin Carlsberg.

      At the active site of subtiiiFÅ}n BPN', there are two tyrosyl resi-

dues of pKa 9.7t Tyr 104 and 217, and they are located in the each side
        '
of the catalytic residue Ser 221. X-ray crystallographic studies so far

exainined on subtilisin BPN'-inhibitor complexes provide evidence for twe

alternative binding sites. While active-site directed reagents like
      .                        '
ZAGPCK (IV-benzylo\ycarbonyl-L-alanyl-glycyl-L-phenylalanine chloromethy-

ketoneÅr are founa in a shallow hydrophobic cleft, Stite A {31,32}F irre-

versible inhibitors such as phenylmethane sulphony! fluoride (PMSF)t

good acylati.ng agents like lg-t?ans-cinnarnoyl irttidazele {TC:), and IV-

benzoyl-L-arginine (BA} are all located at the second site, Site B

(1'54). These two sites are about 12 A apart, but are at approximately

the same distance frorn. the active Serine 221 (155). The fermer studSeS
                                                             l-
by Kraut et aZ. (31) and Robertus et dZ. C32) have demonstrated that tyr
                                                           '                                        '
104 exists at Stt4)site 4 which is involved in the formation of hydrophOb'

ie environrnent, Site A, apd that the tyrosyl residue intgracts with tlie

benzylo)cycarbonyl greup. Tyr I04 moves 1 - 2 A en th!s interaction.

                                                                    ,The latter studies by Wright et aZ. C154•) have showed that an aroTratJC

ring of the inhibitort BAt interacts with [ryr 217 through van der WaalS

contacts. zt seem$ to be very difficult to detemine which Site A orB

                                                                  ,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 ssx.

rf spectral ehanges of [Dyr 104 and !Vyr 217 of subtilisin BPN' en the
          '
binding with SSX can be discriminated ftom each other, it is possible to

infer the,interaeting mode between a protein stSostrate and the enzyme.

     As shown i,n Table 8.1, even if nhe most reactive tyrosyl Fesidue
                                            tt
of subtilisin BPN` towards [VNM {which is assigned to [Iyr 104 aceording
                                                       }-
                                'to Markland) has been nitratedt the difference spectrum observed on the

binding of SS: and the nitrated enzyme at pH.9.70 is the same as that

obtained on the binding of SSX and native enzyme. Thus, it is most rea-

sonably considered that [Vyr I04 i's excludeq from the candidates of a

tyrosyl residue whose pKa shifts upwards (9.7-År 11.'5) on the forma-

tion of subtiZisin BPN'-SS! complext and that [Vyr 217 can be most likely

hhe tyrosyl residue in questien.*Å}

     Modifiaation of ecu?boxyZ groups of SSZ. Table 8.2 $hows Vhat neg-

ative charges on carboxyl groups of SS:t especially that .rnodified fiCtht

are a direct origin of raising up the pKa value of a norrnal tyrosyl

reSidue {presumabiy Tyr 217År on the aetive site of subtilisin BP,N'.. .The

t' IV-Benzoyl-Iearginine, BA, is a cornpetitive inhibitor toward the hy-

   droZysis of pNpA by subtil-isin BpN' and the inhibitor censtant, Ki,

   WaS deterrni.ned to be i8.3 rmba. Nitration of subtilisin BPN' was car-

   ried out ptelirninarv under the saine condition as 'shown on the line 5

   ,   in Table 8.1 in the presence of 30 mM BA. fl!he resultst howeverr are

   eOmpletely the same as those obtained without BAr leading us'to con-

   elUdie that this inhibitor dees no't protect tyrosyl residues (espe-

   Cially 7ryt 2I7) from nittation 'by TNM, though it is belÅ}eved to bind

   near Tyr 217.
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                                        '

                                            '
 ' ct-chyrnotrypsin has been proposed to be Met
                                  '
    the resÅ}due in SSrÅr. Although the site

 has not yet been deterrnineq-, Met 73' - Val 74'

                                              ,      to be ehe reactive, site also-against subti'

 of resemblanee in substrate specificity an,d

       the two epzyrnes. If the sequence around

  is placed- over the subsites of subtllisin BPN'

binding rnode revealed by the X-ray crystallO'
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graphic study of subtilisin BPN'-ZAGPCK complex (32}, there are twe con-

ceivable interaetions between tyrosyl residues and carboxy•1 groups,. '

i.e., Tyr 104 - Asp 68' and Tyr 217 -- Asp 76' (Fig. B.7). [ehe latter

interaction is supposed to' be the one involved in the strong and specif-

ic interaction between SSI and subtiZi$in BPN' accompanied with the pK'-
                                                                     a

shift ofatyrosyl residue. ' '
     The interaction between a tyrosyl residue and carboxyl group(s'}•

{presumably Tyr 2i7 - Asp 76') should contribute sotaewhat to• /the stal)il-

ity of an enzyme-inhibitor compiex. :n fact, this intetaction, was shown

to atuount to a• tenth of the totaZ affinity (-1.5 kcallmol eut-of 14 kcall

mol in free• ene=gy) between the both ptOteins from the cempartsbn of the

inhibitor'constants of native and khe chenically'modiEied' "SS!'s.

8.5 Sumrnary
 +

     1tn abso)ption difference spectra typical of a change in Å}onization

Sta,te (pKa 9.7 -År IZ.S) of a tyrosyl residue has been observed upon

the binding between SS: and subtilisin BPN' at alkaline pH (Chapter Sev-

eP). Nitratien of tyrosyl residues of SSI and those of subtilÅ}sin BPN'

Were performed with tetranitrornethane, TNM. •By the measurements of the

diEference spectra observed on the bindSng of the tyrosyl-residue-

 ,nltrated ssz and the native subtilisin BPN't or the native SSr 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-

dUeS ot pKa g.7 of the enzyrne. This tyrosyZ residue was assigned to

lyr 217 by taking into consideration the reactivities oi tyrosyl resi-
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      carboxyl groups ef $SI were -rnodified by covalently binding glycine

methyl ester with aid of water-soluble cqrbOdiimide, in order to cross

out the negative •qhEprges on SSX. The difference spectrum which was.ob.

served en •the binding of subtilisin BPN' and the 5.3-carboxyl-group-

modified SSI at alkalSne pH is alTnost the sarne as that observeq on the

binding of the natiVe SSr and the enzyrne at neutral pH. This phenomenon

indicates that the pK of a tyrosyl residue of the enzyrme is shifted
                     a
upwards by inteiracting with carboxyl group(s) of SSZ on the formation

of the enzyrme-inhibitor complex.

      By placing the sequence around the reactive site of SS: (Met 73-

Val 74} over the active site structure oÅí subtilisÅ}n BPN't the .interact'

ing pair of a tyrosyl residue and a carboxyl group is suggested to be

that of Tyr 217 bf the en' zyme and Asp 76 of SSI.
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             Chapter Nine

       The rnteraction of StTeptomyces SubtilisÅ}n Xnhibitor

       and [Vhiolsubtilisin BPN' de

 9.1 Introduction
           '
      !t has been demon$trated that Streptomyees subtilisin inhibitort

 SSI, tightly binds subtilisin BPN' and inhibits its enzyme actiVity with

                                      -9 the Å}nhLbitor constant, K.t less than 10                                         M (Chapter Two). On the o•th-
                        z
 eir hand, chrornatographie study showed that SSI does not interaet with

 chernieally modiEied inactive enzyrnes such as diisopropylphosphory!ated

 (DXP) and carbobenzoxy-L-alanyl-glycyl-L-phenylalanine-ehlorome'thyl-

 ketone-treated (zAGpcK} subtilisins Åq45), suggesting that SS! bindS sub-

 tilisin BPN' at or near the active sitie of the enzyllie (Chapter !Irwo). Xt

    ' remazns obscure, however, whether or not the proteolytic aetivity'ef the

 en4ynte is essentÅ}aZ for the enzymd-inhibitor interactien, since iritro-

 dUctÅ}on of a bulky group such as DrP and ZAGPCK te the actiVe site of

 the enzyme may lead to a steric hindrance in the specific interaction

.With SSX, malcing the complex formation impossible` In order 'to make

 this point clear, a study was attempted on the interaction between SS:

 and thioXsubtilisin BpN' (157-1•59,127) in whieh Ser L22i of the natiVe

 enZYTne has been eonverted artificiaZly to Cys 22Z-

      The present chaPter describes the spectrophotometric analyses of•
•x-  -
 tA Part of this study was presented at the 28th Forum on Protein Struc•-

  tUre (Tokyo, october'1977), and published Å}n er. Bioehem. .(1977) 82,

                                '  125-13o (i.e')•
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 of the interactÅ}on of SSI with thiolsubtiiisin BPN'. The results indi-

 cated that conversion of the active serine residue to cysteine residue

 induees a Iarge increase in the qissociation constant of the enzyTne-ssl

 complex and a detinite decrease in the extent of upward pKa-shift of a

 tyrosyl residue of the enzyme upon binding with SS:. These results were

 cornpared with those obtained Åíor natural subtÅ}lisin BPN'-SSM interactien

 in Chapter Seven. '

t 9.2 Experimental Procedures

       Rr,oteins. A three tirnes crystallized and lyophilized pFeparaqon

 oi SS: was a genergus gift from Professor S. Murao. The lyophilized

 preparaVion of thiolsubtÅ}lisin BPN', whieh was prepared from subtilisin

 BPN' [EC 3.4.21.141 purchased from Nagqse & Co. Zttd;, Osaka (1iqt No.

  7370935), was kindly suppiied by Professor D. Tsuru. Protein concentra'

  tions were detemined spectrophotometrically at pH 7.0 by using the

                                                               O.1$  absorptivity coefficients EOI':ig(276 nm) = O.829 for SS:t and El crn(?78

 nm) = 1,.063 for subtilisin BpN' and thiolsubtilisin BPN'; and the moleC'

  ular weights 'll,500 fgr SSZ monomer, and 27,500 for subtilisin BPN' and

  thiolsubtiXisin BPN' (ExperimentaZ Procedures 2.2).,

        The purity of the thiolsubtilisin BPN' preparation usqd was

                                                                      .  checked with various critex,ia. The prepqratiqn showed no caseinolytiC

  activity but definite esterolytic activity toward pNpA (see Results 9•3

  and Fig. 9.2). The esterase.aqtivi•ty- was inhÅ}bited by incubation with

  p-ehloromercuribenzoate, pCMB, at a molar ratio of l : l, in sharp COn-

  trast with that of subtilisin BtiN', to which pcthcB was completely inert'

                                                              '                                              '  1mino acid analysiS gave O.9 rnole of cysteic acid per mole of enzyMe,

                                                             '
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and 1.1 mole free sulfhydryl groups were titrated with pcD(B. No gross

conforrnational change was detected on this modification as observed with

opticaZ rotatory dispersion,,ORD, andi circular dichroism, CD, spectral

measurements (Fig. 9•l) (see later). The purity of the used preparation

of thiolsubtilisin BPN' •was determined to be (99 Å} 3)8 by the method

                                     'described in Experimental Procedures 2.2 using pNPA as titrant.

     Inhibato?y aetivity measui7ement. :nhibiyory actÅ}vity of $Sr

                      '
against thiolsubtilisin BPN' was meaSured as described in ExperiTnental

                                              'procedures S.2 using pNPA as .$ubstrate in 25 r["I Phosphate buffer con-

taining 5.0* Cvlv) isopropanol, pH.7.00, (the ionic strength adjusted

to O.1 M with Nael), 25.00C. The concentrations of the enz' yTne and the

inhibitor in the reaction solution were 3.00 u)( and 13.0 vMr respective-

lyt and pNPA' concentration was between 9.38 vM and O.563 rnM.

     UZtztiavioZet absoxptlon differgnee spectra! Difference spectra

observed on the b' inding of ssz and thiolsubtilisin BpN`" at alkaline pH

Were measured with a Union $M-401 reÅëording $pectrophotometer (O.Ol al)r

SOrbancelEull sca'le) equipped with a Unipn SM-4012 spectral data proces-

SOr and a cell holder thennostated at 25.00C. A pqir of quarz cuvbtteS

diVided into two compartments of 4 mm light path length was used. Egaul

VOIUmes of 33.4 uM thiolsubtilisin BPN' and SSr of various concentration

ttP tO O•36 mbc in 25 !rth! carbonate buffer, pH 9.0 - 10.4, ionic strength

O'1 M (naC'1) were Tnixed in the opticaX cuvette ÅqExperSme' ntal Pxocedures

7•,2 Emd 8.2). A Hitachi-Horiba F-5 pH-meter wa$ used for all pH rneasr

Urements.

                                                                  '    'ORD and CD speetra. Qptical rotatory dispersiont ORD, and circu-

lar dichroism, cD, speetra were measurbd with subtilisin BPN" and thic1-

SUbtili$in BpN,' by using a JAsco oRDIuv-5 spectropolarimeter and a JASCO
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Fig. 9.1. 0ptical rotatory diSpersion (A) and circular dichroism (B) Of

the native Subti'1isin BPN' and thiolsubtilisin BPN'. The enzyrnes were

dissolved in 25 rn)d phosphate buffer, pH 7.00, ionic strength O.1 M

CNaCl). The' measurements were perforrned at 25.00c. The solid line and

the broken line refer to thiolsub.tilisin BPN' and native subtilisin

BPN', respectively. The bar shows the noise level" The protein conCen'

trations and optical paths are (A) 3.25 vM, IO mm: {B) 5.13 uM, 1 irm

(200 - 250 nrn) and 2.31 pM, 10 mtn Åq260 -'300 nm), respectively.

Model j-2o autoihatic recording spectropolarimeter equÅ}pped with cD at'

tachrnent,'  respectively. The both apparatus were calibrated with sUCrOSe

 '
CSchwatz-Mannt ultra pure) and d-10-camphoresulfonic acid (Eastman

           '   '
Kodak) (160-262).
   '
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FÅ}g. 9.2. :n' hLbition of SSI toward the hydrolysis of p-nitrophenyl ace-

tate, pNPA, catalyzed by thiolsubtilisin BPN'. The Lineweaver-Burk L
plot (102). [thiolsubtilisin BPN']. = 3.00 PM; [SS! monoTner]. = O uM

(open circle); 13.0 ub4 (closed circleÅr, in 2S mM phosphate buffer, pH

7.00, ionic strength O.l M (NaCl), containing 5.0$ (v!v) isoprepanolt

25.00C. The initial veloeity of the reaction, vr was measured Py fol-

lowing the increase in absorbance at 405 nrn. The type of inhibition was
detemined to be competitive, ahd the inhÅ}bÅ}tor constantt K,r 6f ss:

                                               M. (see'Text)agaxnst thiolsubtilisin BpN', to be 1.31 x                                          10

9•3 Results

     lnhibition of SSI against thieZsubtiZisin BPN'. p-Nitrophenyl

aCetate has proved te be a suitabLe substrate to study the enzyrnatic

aCtivity of thiolsubtilisin BpN' {158). [Vhe kinetics of the thiolsubtÅ}-

liSin BpN'--catalyzed hydrolysis of pNpA is simtlar to nhat of U-chymo-
                                                                       J                                                                    'ttYPSin, subtilisin, an.d papain, and the hydrolysis presumably takes

Plaee aceording to the three-step mechanism shown in Chapter Two (Eq.
                                                        '                                                                 '
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                                              '2.1). In a presteady-state reaction an initial burst of p-nitrophenol

was ob$erved corre.spondz'ng to rapid forTnation of acetyl-enzyme. The

burst was followed by a steady-state Czero-order) reaction, indicating

a rate-deterMining deacylation. The reaction was carried out at the

enzyrne concentratien of 13.5 uM Cassuming the purity of the preparation

used to be iOOg), and the pNPA concentration betwee.n i,.'56 mba and O.S2Z

rnM, in 25 rnM phosphate buffer containing 5.0rg (vlv) isopropanol, pH

7.00, ienic strengtti O.1 M (NaCi), 25.00C. The purity of the thiolsub-•

tilisin BPN' preparation used was estimated to be (99 Å} 3)+ by measuring

                                  'the burst of p-nitrophenol libetatiori (seel Experimental Procedures 9.2).

The steady-state portion ef the hyd)relysis obeys Mchaelis-Menten ]cinet-

ics. [Ilhe Lineweaver-Burk plots (107) are shown in Fig. 9.2. The kinet-

ic parameters, kcat and Kmf were calcuZated frorn the piQt (open citc!e)
                                                                   '            'to be 4.3s x io3 sec-1 and s.42 x lo'-6 M at pH 7.oot 2s.ooct respective'

ly. EIrhe plot Åqclosied circle) in Fig. 9.2 is a Lineweaver-Burk plot in

                         'the presence of SS:, indicating nhat the type of inhibition is competi'-

tiver and the eompetitive inhibiter constant, K., was calculated to be•

        -sl.31 x 10 M at pH 7.00, 25.00C.

      Differenee speetra observed on the binding at aZkaZine pH. Ftgute

9.3 shows an ultraviolet absorption difference spectrurn observed on the

binding of SSI and thioisubtilisin BPN' at pH 9.70, 25.00c. This is Of
                                                            v                                                  'the same shape as that observed on the binding of SSr tind subti!isin

                                                                   'BPN' {Fig. 7.3); therefore, the difference spectrum in Fig. 9.3 should

be attributabZe te the upward pK -shift of a tyrosyl residue CChapte;
                               a
Seven'}. Although the molar absorptivity differencer Ae24st under the

conditions studied (-i.lo x lo3 M-icm-i) is conside=ably srnal' zer than

that c-7.2i x io3 M"i qrn'i ) obtainedi from Fig. 7.3 fbr the native enzyme

     '
                               - l68 •-



base line

  T
AA O.O05
  s

            240 260 '280 300 520 '540
                           WAVELENGTH Cnm)

Fig. 9.3. Ultraviolet al)sorption difference spectrum eb$erved on the

binding of SSZ and thiolsubtilisin BPN'. [thiolsubtilisin BPN']. = 16.

UM; [SS: rnonomer]. = 24.1 1llFl, in 25 m)fi carbonate buffer, pH 9-.70, ionic

strength O.1 M (NaCl), 25.0ec.

under the sarne conditions, the molar absorptivity difference at 245 nm

Was used for the spectrophotornetric titration to estimate the dissocia-

tiOn constant, Kd, of SSI-thioZsubtilisin BPN' complex. The dependence

Of Ae24s on SSI cpncentration were measured at pH •10i20, 9.70, and 9.2o

{Fig• 9.4). Each titration curve was analyzed by the iise of non-linear

                                                     'least squares method Åq163) giving 1(d values and liniting val.ues of

Ae24s in large excess of ssl, Ael:2tlis, aS shown in Table 9-1• The Kd

                                                   -t                                                                   'ValUes can be as$umed to be const,ant. (.40 ,pM) between pH 9..2 and IO.2.

r pR-Dependenee oj' the moZar absoxptivity differenee ,at 245' nm.

                                                      'FigUre 9.s shows the pH-dependence of AE24s whibh was rneasured for the

binding of thielsubtilisin BpN' (i6.7 pM) and SSr'(O.ISO mM as rnonernerÅr

in'  the pH region g.o - lo.4, 2s.ooc. under these conditionst the con:
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Fig. 9.4. Relationship between the molar absorptivity difference at 24S

nrn observed on the binding of•thiolsubtiiisin BPN' and SSr, AE24s, and

the eoncentration of SST monomer. [thiolsubtiiisin BPN']. =-16.7 llM:
[SSI monomer]. = O - O.20 rnM, in 25 mb carbonatq'  bufEer; pH 9.20 (open

circle)r pH 9.70 (closed circle), and pH IO.20 Åqopen triangle); ionic

strength O.1 M {NaCl), 25.0eC. (see Table 9.1)
          '

Table 9.1.

complex, K

at 245 nm,

ference at

SS: shown

  The dissociation eonstant of the thiolsubtilisin BPN'-SSZ

   and the maximum value of the molar absorptivity differenCed'
 Ael;2g, deterrnined from the titration ef the absorptivity dif'

 24S rum observed on the binding of thiolsubtilisin BPN' and

in Pig. 9.4. [thiolsubtilisin BPN']. = 16.7 11M•

pH
Kdxlo5

(M)

-AESXsxIO-3-t-1)(Mcm

10.2Q 4.3Å}O.5 3AOÅ}O.20•
9.70 3.5Å}O.4 2.28Å}O.08

3.8Å}O.5 l.03Å}O.04

,
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                                                             '                                                                   '                     '                                                                '      pH-Dependence of the rnolar absorptivity difierence at 245 nrn

            binding of thiol$ubtilisin BPN' and $SZ. [thiolsubtiJÅ}-.

            7,uM; [SSr •inonomer]. = O.l50 mM, in 25 TnbC carbonate buf:

           IQ.40t i'onic strength O.1. M.CNaCl), 25.009. ,

          the enzyme-inhibitor eomplex was estimated to be 13.4 pDC
                                                             ttt
           solution from the value Kd = 40 PM-

         been described on Chapters Seven and Eightt a pK value of
                                                        a
      resSdue ef subtiXÅ}sin BPN' shifts irom 9.7 to År 11.5 on th.e

             complex betwe'en SSr and subtilisin BPN'. This tyrosyl

          presumed to exist in the same state in thiolsuPtili-sin

            subtilisin BPN'. The plots in Eig. 9.5 weUid cOrrespond

   difference titration curve of this tyrosyl residue beVween before

          eomplex for:nation CpKa = 9.7 ,for the tyrosy'1 residue in

           [Dhus, the pH titration curve of the tyrosyl residue ip

enzyrne-inhibitor compXex (data represented by gpen circles in Eig.

    obtained by subtracting As24s value in Fig. 9.5 at eac)i pH frorn
                                                   L                                                     '
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Fig. 9.6. [Mie shift of the ionization state of a tyrosyl residue of pKa

9.7 (most probably Tyr 217 ot thiolsribtilisin BPN') on the bindihg of

thiolsubtilisin BPN' and SSr, in 25 mh carbonate bufferJ pH 9.00 -
10.40, ionic Strbngth O.Z M (Nacl), 25.0ec. bpen circle: data obtained

with [thielsubtilisin BPN']. = Z6.7 .1thf and [SSI rnonomer]. = O.l50 TnM;

under the conditien, 801 of the enzyme was assumed to be bound with SSI
                -5with Kd =4x 10 M CTable 9.1Åri pKa 9.7-IO.2: Closed circle:.
data obtained by assurrtLng that 100i of the enzyme is bound with SST; PKa

9.7 e 10.3.

              +P
the titration curve of the =eSidue of pK 9.7 (Fig. 9.6}. A t:trat:On
                                        a,                                                            'curve with pK 10.2 was best fitted to the titration data according tO'
             a
the equatidn CExperiment'al Procedures 6.2r Eq. 6.1):

  . L [H+']'AE24s "Ka'Ael::l; - K.'Ae24s

The' eloseld circles in Fig. g.6 were obtained by using AEI:2tlls in [rab!e 9•1

instead bf AE24s in Eig. 9.5 which was smallet than Ael:2tlls, because it .

was nteasured under the conditions that 80ts-oE the enZytue exists as the

enzyrne-inhibitot corriplex. The calcu'lated values of Ael:9tg obtained bY

multiPlying Ae24s -values in Fig. 9.-S .by 1.2S C= llo.B) (the "reciprocal
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of the degpee of saturation of the enzyme with SSt) were used as weZl as

be:Zitf shown in Table,9-1 to evaluate the pKa value more precisely. 'The'

pKa value o# the tyrosyl residue in the t•hiolsubtilisin BpN'-ss: complex

                                               'was thus deterrnined to be 10.3.

                                          '     !IVzioZsubtiZisin BPIV'. The alteration oÅí the active site of an

enzyrne may give mechanisticaZly meaningful inforrnation. Mhiolsubtilisin

BpN', an SH analog of the. serine proteinase subtilisin BPN', can be pro-

duced by the conversion of the hydro)cyl group of the re.active serine
                                                                     '               'residue at the active site into a sulfhydryl group by chenical modifica-

tion. Thiolsubtilisin BPN' can be regarded as a model of thiol protein-

ases, such as papain, inasmuch as both thiolsubtilisin BpN' (164) and

                                                             '                                                                      'Papain (165) have an imidazole ring in the inrmediate vicinity of the
                                               '                                                       'thiol greup, as clearly indicated by X-ray difEraction studies. Howev-

er t thiolsubtilisin BPN' has no proteinase activity: it cEm only catg-

                          --IYze the hydrolysis of pNpA ahd inidazole amides U57.158) and it is

                                                           /tinactive toward oEher ester and arnide substrates (166). !n serine pro-

teinases in general, a serine hydroxyl group at the active site of sub-

tilisin BpN' serves as a nucleophile during enzymatic catalysisr with

                                         'the interrnediate forTttation of etn ' acYZ-enzyrne in which the acyl group is

attached to this sefine hydroxyl group. [Vhe SH group of cys'teine pos-

                                                                 'SeSSes steric and chemical properties sinilar to those of the OH group
     'eÅí Serine. The van der waals radii of o)eygen and sulfur are 1.40 and

1'85 A, respectively, and' the covalent radÅ}i are O.66 and 1•04 At re"

                                                    '                'SPeCtively {167). since the two groups react sirnilarly Å}n hydrolyses of
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 esters such as pNPA, the conversÅ}on oE an OH group to an SH group would

 be a rninimal modification, in both chemieaZ and stericai sense. Mhe sH

 group is, in generaZ, somewhat more reactive thah the OH group either

 as an attacking nucleophile or as a leaving group (168-170). However,

 the catalytic activity of thiolsubtilisin BPN' towards pNPA is signifi-

                                                       -6 cantly lower than that of subtilisin BPN': Krn = 8•42 x 10' M and kcat=

 4.3s x lo'"3 sec-1 for thiezsubtilisin BpN', and Km = 4.98 x 10-e M and

                --2 -1 kcat = 9.25 x 10 sec for subtilisin BPN' in 25 mbC phosphate buffer,

              ' pH 7.0, ionic strength O.1 M {NaCl), 25.0eC. The decrease in Krn value

 counteracts the low kqat, so the speci4city constant, kcatlKrnr of thi-

 olsubtilisin BPN' toward pNPA is about the same as in the subtilisin

   '
 BPN' system.

      Inhibitiori and binding of SSI against thioZsubtiZisin BPIV'. The

'results obtained here show that the proteolytic activity of the enzytne

 is not necessarily essential for the enzyme-inhibitor interaction. Inie

                                -5 inhibÅ}tor constant, K, (1.3 x 10 M at pH 7.0År, of SSI against thioZ-
                     ;
                                                       '                                                    -5                                                      M at pH 9.2 ' subtilisin BPN' and dissociation constant, 1(d (4 x 10

 10•2}r of the SS!-thiolsubtilisin BpN' compLex are more than 105--ield

                                                      e
 greater thar) those for subtilisin BPN'. [[ine slight conversion of the
             F active seryl residiue of subtilisin BPN' to a cysteinyl residue was feUiid

                                                        ' to decrease the affihity between the enzyme and the inhibitor to a cOn-

 siderEibie extentr by about 7 kcallmole ir} free energy units. Tt is

 noteworthy that the smalZ difference in atonic radii of oxygen and SUI'

 fur could result in such a big change in binding affinity, and it seanS

      ' likely that SSr strictly discriminates the fine structure around the ,

 region of active stte serine residue of the target enzyme.
             '       !iVze inte?action bettileen a tyrosyZ residue and earboxyZ group(sJ'
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rt has been described in Chapters Seven and Eight nhat on the complex

formation between subtilisin BPN' and SSI a tyrosyl .residue of the en7

zytne interacts with earboxyl groupÅqs/) of SSZ and that the pKa, oi the

tyrosyl residue shifts upwards from 9.7 to År 11.5. As has been shown in

the present Chaptert however, presurnably 'the •sartte tyrosyl residue of

thiolsubtilisin BPN' shifts its pKa from 9.7 to only 10.2 - 10.3 upon

the interaction with. SSZ. '
     A quantitative formulation of the electrostatic effect of a'

charged group on the acidity of a neighborÅ}ng group was given by Bjerrum

(171) based on point Charge model. rf a group of charge Ze where

Z is the valence of the group, and e is the preton unit of eharge

is aSsumed to be immersed in a continuous medium of dielectric constant,

Dt and if it is at a distanee, r, frorn an acidic groupt then the contri-

bution of 'the charged group to the electricaZ work done per mole under '
                            ,
the influenceLof the potential, Y, at the acidÅ}c 'group is ' •

                lvzE2• . , ,                                                                 (9.1)     Aw = NEY =                 D? ,
                                                                 '                                                      '                             .
Where N is Avegadro's nurriber. Xf the free en.ergy of ionizqtion o,f arl
                                                                     ;
aCid containihg a charged substituent group is compared with that of a .

SiMilar acid containing no such substituent, the difference in•AGO,

naMely the difference in pK , for the two acids inay be set equal to AW.
                          a
                                                             -                                                         '                                                   '!Fhusr it may be written, malcing use of Eq. 9•1 as:

                                   2                                 Ne     AW =A(AGO) = 2' 303'APK. ' RTI)r ' . . (9'2)

Where R and T are gas constant and absolute temperature in K, respec-

                                                -10tiVely. using the nnmerLcal values e = 4-BO x 10                                                    esu). ru• = 6.02 x•

1023, R. B.31 x lo7 erg deg-lmori, and T= 2gB K, we havei
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      T=24'B%p"K!O-7 (crn) (g•3)
                  a

      This relationship was applied to the interaction'between a tyrosyl

residue of the enzyme and carboxyZ group(s) of the inhibitor on the com-

plex forrnation between SSr and subtilisin BPNt' or between SSr and thiol-

subtili$in BPN'., When the vaZue of D ior water, 78.3, is used (sinceT

the eifective die2ectric constants around the interacting residues are

unknown)•, r' is calculated to be less than Z.72 A for the SSX-subtilisin

BPN' interaction and 6.2Z - 5.17 A ior the SSFthiolsubti•lisin BPN' in-

teraction. The former value, r Åq 1.72 A, seeTrts to be unconceival)ly

srnall for •the• distance between a tyrosyl phenolic hydroxyl group and a

cqrboxyl group. :f 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 T, and

then the P value is ealuculated to be less than 49.0 frem Eg. 9.3. '

ha]Åqing use of this effectÅ}ve dielectric constant, the distanee between

tbe tyrosyl hydroxyl group of thiolsubtilisin BPN' and the carboxyJ

group 6f.ssl 'was estimatbd to be År 9•93 A (ApKa O•5) ' 8•27 A (APKa

                                                          'O.6).tt . .
                                                                     '
M The D values on the molecular surface of lysozyme were estimated on

   the basis of the previously reported titrqtion data .of Glu 35 and 1tsP

   52 obtained by Kuramitsu et aZ. (173) and those of His 15 obtained bY

   Kangawa et aZ. (174). Frorn the forrner data, D was detertnined to be

                                                                        ,
   34 - 48• by' the use of the atomic coordinate obtained bY the X-raY

   crystaZlogr'aphLc studies C175)i and from the latter data, P of al)OUt

   40 was estimated from the plot as shown in Fig. 9 in Ref. (173)•
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     It is obvious that Bjerrum's'treatrnent can be only an approxima-

tion (172). However, it is ciear that the considerably small pK -shift
                                                              a
of the tyrosyl residue on the interaction between SS! and thiolsubtili-

sin BPN' .cornpared with that between SSI ana $ubtilisin BPN' could be an

extension of the distance between the tyrosyl residue and the carboxyl

group. The tyrosyi residue and the carboxyl group are most probal)ly

'assigned to {lyr 217 of subtilisin BPN' and thiOlsubtilisin BPN' and Asp

                        '                     '76 of SS!, respectively (Chapter Eight). rt is notevvorthy that the

sman change in the active site structur6 of subtizisin BpN' (ser 221

- Cys 221År leads to a considerable extension (about three times in so

far as the effective dielectric constant is unchanged in the Bjerrumt's

equation, Eq. 9.3) of the distance between [Iryr 217 of the enzyme and Asp

76 of ss:.

9.5 Summary
     The interaction between SSr and thiolsubtilisin BPN't in which Ser

221 of subtilisin BpN' is converted to Cys 221i was examined.

     SSI competitively inhibits the estetolytic activitY of thiolsubti-

liSin BPN' towards p-nitrophenyl acetate with the inhibitor constantt

Ki, of 1.3 x lo-5 M at pH 7.oo, 2s.ooc. spectrophotornetric analysis of

the interaction between ss: and thiolsubtilisin BPN' yielded the disso-

Ciation constant of the ssr-thiolsubtilisin BPN' complexr Kdr Of 4 x

10                                                         -fold- greater    M at pH 9.20 - 10.20. These values are more than 10

than those for subtilisin BpN' (see chapter [Dwo). This indicates that

the small change in the active site structure of subtilisin BPN' leads

tO a eonsiderable decrease in the binding affinity (by abou' t 7 kcallMele
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in free e.nergy unSts) to SS!. .
      The spect=ephotometric titration of the difference spectra ob-

served on the ,binding of SSr and thiolFubtilisin BPN' at alkaline pH

demonstrated that a tyrosyl residue of the enzyme shÅ}Åíts Å}ts pKa value

from 9.7 tq 1.e.2 - 10.3 on the cornplex forTnation with SSI. This extent

of pKa--shi,ft is considerably smaller compared with that observed on the

interaction between SSI and $ubtUisin BPN' (pKa 9.7 "mÅrÅr 11•5). This
                J-
large difference Sn the pKa--shift sugg, ests that the small change Åqof

O.45 A) at the active site of subtilisin BPN' leads to a great incrqa#e

                                            '
in the distance between the tyrosyl r.esidue of the enzyrne and the car-

bory1 group(s) of SSI.

  L

-
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            Chapter Ten

      Concluding ReTnarks

     The present studies were carried out to clarify the physical-chern-

ical properties of Streptomyees subtilisin inbibitor, SSZ, and to eluei-

date the mechanism of interaction of SSI and proteinases, especially the

unusuaUy tight binding between SSI and subtilisin BPN'. The exper imen-

                                       'tal results are sumarized as follows:
                                                         '
i) One molecule of SSr (MW 23,OOO; dimer) binds and inhibits two
                                  tt                                                            '
molecules of subtilisin BPN' (bCW 27,500) strongly. The inhibitor con-

                                                                  -9stant, Ki, against subtilisin BPN' was gstj.mated to be less t4an 10 M

at pH S.5 and pH 7.0, 25.00C.
                                  '                                                                   ny                                                                      '                           'ii) SS! exists as a stable dimer of rnolecular weight of 23,OOO in the

wide concentration range, O.OZO - 10 rnglmlt whieh includes the range .

used for the various studies employed; spectrophotemetrict kinetict opd

inhibitz'on measurements. The molecular weight of the subtilisin BPN'-
.

SS: complex Å}s about 78,OOO (77,300 - 87t300), whLch indicates that one

                                           '
MOIeeule of dirneric SSI binds two rnolecules of the enzyTne to form a

stable complex of E2r2 tYPe. ,
iii) SS: moleeules, at 1.0 mglrnl, are in the equilibriurn between mong-

Meric and dÅ}meric forrn in the presenc.e of O.03 - O.l2* (wlv) SDS at pH

7,Or ionic strength O.1 M (Nacl), 25.00C. The SSI monorner, in the pres-

enCe of sDs, has at least 50rg of the inhibitory aetivity against subti•-

h'sih BpN' obtained without sDs•

iV) ssr bÅ}nds stoichiomeLricany and inhibits competitively orrehyrnor

                                                         -6trYPsin with the inhibitor constant, Ki = {3.0 Å} O-7) x 10                                                            M•, when
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p-nitrophenyl acetate is used as substrate at pH 7.0, 25.00C. These

values which are zo3-fold or more greater than those for subtilÅ}sin

BPN', suggest much weaker binding for a-chyTnotrypsin. This indÅ}cates

that SS! can discrminate strictly the difference between the ac.tive

site structure of a-chyinotrypsin and subtiZisin BPN'. Proflavine bound

at the active site of a-ehymotrypsin is not displaced by SS: but iorms

a ternary complex with the enzyme and SSr. SSr also inhibits competi•-

                                               '                                 -4tively trypsin with Ki = 1.1 x IO M.

v) rt was demonstrated by solvent perturbation difierence spectroscoPy

that aZl three tyrosyl residues per monomer SSr a.re exposed on the sur-

faee, and their individual p]( values were estimated to be 9.66 Å} O.10,
                             a
11.02 Å} O.06, and 12.3b Å} O-06 by spectrophotometric titration at alka-

Zine pH. The single tryptophyl residue per monomer SSI seemed to be in
          '  '
a cleft of the rnolecule, as it is orily 30ig aceessible to ethylene glycol
                                                         '
and inaecessible to polyethylene glycol.
                                         '                                                        'vi) The soivent perturbation study with ethylene glyeol and methanol

                '
as perturbants showed that a tryptophyl and about five tyrosyl residueS

                                ttbecome inaccessible to ethylene glycol and that a tryptophyl and a tYrO-

                      '                                   'syl residues te the smaner perturbant, methan6i upon the cornplex forma-

tion• The ultraviolet absorption difEerence spectra at 245 nm observed

at alkaline pH indScated that a tyrosyl residue of either one of the tWO

        '                         value eonsiderably upwards {9.7 -År il.5) Onproteins shifted its pK
                       a
the complex formation. A typical second-order 1ci.netics was observed fOr

          '                                                 'the binding by monitoring the difference al)sorbance rnentioned abover 'arid

the second-order rate con$tant of the as$oeiation was obtained to be 3'1

                                                   '
x 10 M sec .
                                            '                    'vii) ch6niical modification studies showed that a tyrosyl residue of
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                                                            'sul)tili$in BPN' shiÅíes its pKa upWard$ on the eornple)c forrination, which

is brought about by carboxyl groupCs) of SSZ. The interactÅ}ng tyrosyl

resraue and carboxyl group(s) are most probably assigned to [eyr 217 of

                                    .subtilisin BPN' and Asp 76 of SSI, respectively.

vii) SSZ inhibits competitiVeZy the esterolytic activity of thiolsub-

tSlisin BPN' towards p-nitrophenyl aceta'te with the inhibitor constant,

K., of 1.3 x lo-5 M at pH 7.o, 2s..oec. Ah ultraviolet difference spec-
 i
trum was observed 6n the binding'of SS: and thiolsubtilisin BpN' at

                    'alkaline pH which is simiZar to that obser"ed en tbe binding of SSr and

subtilisin BPN'. From the, conce'nttatibn dependence of the dttference

spectra, the dissociation constant, Kdf of the SSZ-.thiolsubtilisin BPN'

                                  -5                                     Mr• and the pH-dependence of theeomplex was deteminea to be 4 x 10

diiference spectra demonstrated'that a tyrosyl residue shifts its pKq

upwards frorn 9.7 to 10.2 - IO.3, wliich iF 'considerably lower than the

PK -shift for the SSI-sUbtilisin BPN' interaction. This. tyrosyl residue

iS reasonably assurned to be Tyr 217 of the enzyrne based on the results

                                       'Obtained with the binding of $S! and sul?tilisin BPN'. These resu)t$ •

indicate that the small change in the active site of subtilisin BPN'

                                                      '
 CSer 221 - Cys 221) leads to 'a considerable loosening of the blnding

With SSr, whieh is refZected upon the decrease i-n the pKa-shift due to

an extension of the distance between the inteiracting tyrosyl residue of

the enzyrne and the carboxyl group{s) of SSr-
                                                          '
                                                                 .      17i?ee dimensionaZ modeZ of SST. Figure IO.1 shows a tentative

 Sketeh of the ssx subunit estabiished recently by the X-ray crystallo-

 gtaPhic studies at 2.3A resolution by bcitsui et aZ. (29). At thSs' ,

 Stage, it seems to be interesting to cormpare.the results meptiened abov•e

With those obtained from the x-ray crystaZlographic studies C28,29,31,
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32}.

     zt is one of the unique characteristÅ}cs of SSZ that it exists as

a dirner and it forms a $table E2T2 complex under the usuai cenditions

(see ChapYers Three and Feur). At the contact region of subunits, as

shown in Fig. ZO.i, five segrnents of the polypeptide chainr •i.e., resi-

dues 40-42, 29-34, 12-15t 78-84i and 9Z-97, form an antipqrallel B-sheet.

The B-sheet of a subunit faces directly toward that of the other, relat-

ed by the diad shown in Eig. iO.l, and the plane of nhe two B-sheets are

roughZy paraZlei. 1ibout a• fourth ef total amino acid residues are Å}n-

volved in the B-sheet Åíormationt and this expl-ains• the strong binding

between SSI subunits. The solvent accessibilities of 'th=ee tyrosyi'and

a tryptophyl residues per SS: rmonomer mea$ured by the solvent perturba-

tion rnechod are consistent with their states revealed by the X-ray

crystallographic studies. The N-terminal side and C-terminal side of

the region around the reactive site, bCet 73 - Val 74t seem te be held

tightly by the 71-10Z clisulfide bridge and by the B-sheet, respectively.

btitsui et aZ. (29) indicate that the residues Met 70t Cys 7:, Pro 72,

Met 73, Vai 74, and [Dyr 75 in SSZ seem to fit reasonabLyt 'respectivelyt

the S4} S3, S2t Slr Sl', and S2' sites of subtilisin BpN' (30-32-). The

COnforruation of the part eontaining these residues in SS: seems•to be

CloseXy related to those of the correspQnding parts of trypsin inhibi-

tOrs, bovine pancreatic trypsin inhibitor (BPN) and soybean trypsin

inhibitor (sTI), although the over-all conformation of SSI is qpmpletely

different from those of the latter twe inhibitors Åq8-11,29)- .

      Homology in the region surreunding the reactive site and itn a di-

                                                                   +SUIfide bridge can be pointed eut {27} between.$SI and the pancreatxe

SeCretory trypsin inhibitor (PSTZ; Kazal.type trypsin inhibitor) from
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bevine Åq176,127), porcine Åq128,179), ovine (ISe), and human (281) pan-•

creas.. Recent investigations revealed a• aonsÅ}derable homology among

aniinal and plant proteÅ}nase inhibitors Åq182). The case of SSr and 'psrl

provides an interesting example of the homology between two entirely

distinct organisms, a bacterium and a mamma!.
                                              '
      Xnhibito?y specifictty of SSX. The rather narrow inhibitory

specificity Å}s another unique feature of SSI as a protein proteinase

inhibitor. Some protein proteinase inhibitors which inhibit subtili-sin

         'BPN', e.g., plasminostreptin CKakinumat A., Sugino, H.t and Isonot M.t

unpublished resuZts) and potato inhibitors (183--185) inhibit as weXl

trypsin and/or plasmin and ct-chyrnotrypsin.

      On the oeher hand, SSX can strictly discrindnate the sul)tle dif-

ference in the active site structure of subtilisin BPN' and a-chytnotryp-

sin or trypsin, and surprisingly, it can recognÅ}ze even the minute dif-

ference between the active site structures of subtilisin BPN' and thiol-

subtiZisin BPN'. Judging from the large decreas'e jn 'the binding affinÅ}-

ty (large increase in Ki), it can be pointed out that the structures of

contact-areas of the two proteins do not fit weil in the weak interac-

                                                                      'tion between SSZ and q-chymotrypsin and that 'between SSI and thiol$ubti'

lisin' BpNi. ,                                         '
                                                                --      A dyet proflavine bound at the active site of or-chyrnotrypszn iS

not displaced by the binding of SS: to the active site of •che enzyme.

This is, to the author's knosniledgei the first obser•vation of the forrna"

tion of a ternary cornplex among or-chymetrypsin, profXavine, and a subd

strate anaZog (in this case, SSI). [Vhis implies that SSI does not

occupy the part of the aceive site to which Proflavine binds, presuMa'

bly the "tosyl anion hoXe" of tthe enzyme. rn the weak interaction
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between SS: and thioZsubtiiisin BPN', the distance between Tyr 217 in

the substrate binding sÅ}te of thiolsubtilisin B?N' and Asp 76 of S'SI is

estimated to be al)out three timeS longer than tihat in the interaetien

between SS! and native subtilisin BPN',

     Zt has been known, by the subsite mapping' method (30,156), that

the $ubstrate specificity of subtiiisin BPN' is btoader than that oE

a-chyrnotrypsin, trypsin, and eZastase, and the X-ray crystallographic

studÅ}es C32.39) revealed that subtilisin BPN' has no detinite speciEÅ}ei-

ty determining site as the latter three enzyrnes. The interaction with

substrate at the specifÅ}city determining site oE ct-chymotrypsinr trypsin

and ela' stase, in which a favoral)le .amino acid side chain qan be aqcomo-

datedt appears to contribute largely to the total affinity between the

enzymes and the substrate. In the interaction between trypsin and soy-

bean trypsin inhibiter ÅqKunitz} (11), the interaction at the primary -

                 was estirnated to be 4 kcallmole out of tOtal 15 kcallbinding sÅ}te, P               i'

Mole. rn subtilisin BPN', however, because ef the. Iac)c of the defÅ}nite

SPeciticity determining site, the interaction with a substrate 'at nhe

SUbsites, so called "secondary interaction", shou:d have more signifi`

Cant than in a-chytnotrypsin, trypsin, and elastase. In this sense,

there could be a clistinct differenee between the interaction of subti-

lisin BPN' and ssl and that of trypsin and STI or BPTr (8-11}'.

      The X-ray crystallo.graphic studies on the BPT"bovine trypSin .

eOMplex and the sN-porcine trypsin complex indieated strongly that the

bOth complexes exist as the tetrahedral adducts. In order to stal)ilize
                                                                      '
energetically unfavorable tetrahedral intermediate with the oxyanien of

the inhibitors, some•very strong and energetically favorable binding '

MUSt be reguired elsewhere. some binding forces ean be'identiEied- which
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are probably strongest in the tetrahedral ferm, in particular the

hydrogen bonds to the oxyanion and the contaets made at the Pl'-site,

e.g., Xle 64 in ST:t Ala l6 in BPTI, and Val 74 in SSX. In additien,

there are other sitrong interactions nearby. Some of these attractive

contacts in the cornplex wj.IX be destroyed and others will be weakened iE

the enzyme and the inhibÅ}tor are forced apart in ordet to ferm either

the acyl enzyrne or the hichaelis complex. Thus, the tightly bound

tetrahedral intermediate, which allows these numerous interactions,

becomes the most stable form. !n the interaction between SSr and subti-

lisin BPN', it is not yet known whether or not the tetrahedral inter-

mediate is forTned. '

      The central question about SSX systern is to be: Vthy does the

inhibitor bind so strong ? What have to be explained is tiie bixiding

constant of SS: which corresponds to l5 - 20 kcallmole of'free energY
                                                                    '
deerement ? In the present thesis, the interaction of SSZ with subtili'

sin:BPN' •and that with thiolsubtilisin BPN' are especially stressed•

The Ultraviolet absorption difference spectral change due to the plCa

shift of tyrosyl residue resulted frorn the interaction of tyrosyl

residue and carbo)ryl greup was used as a probe for investigating the

protein-protein interaction. By using this rnethod, it was de:fionstrated

                                                                     ,that a slight structural change (O.45 A) in the active site of subtili'

sin BPN' by converting the active Ser 221 to Cy,s 221 artificially (OH

--" -F SH) leads to a remarkable decrease i.n the binding affinity to SS!'

It is unaiubiguously concluded' that the strong binding between SS! and

subtilisin BPN' is caused by the topographLcal fitness between the

contact areas of the both preteins. The method employed above is USe-

Eul, if applicable, for the investigation on the protein-protein inter'
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,a.ction at the mOlecular aspects, and provides

•evldence as well as X-xay crys'tallography• apd'

resonance) spec't=oscOpy.

                           " 't
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us with the meaningful
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