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INTRODUCTION

Bacillus thuringiensis, a'representative of.thefcrys—’

talliferous bacilli, has long been recognized as an effec-

tive microbial insecticide against various Lepidoptera and

Digtera, ‘The insecticidic.nature of the;organism is.basi;. :
ca}ly assoclated with the formation of a:protein'érystaliOr'
parasporél body accompanying sporulation (59). The naturef“
of the toxic crystal, namely, the S-eﬁdotOXin, has'beeniexé ‘
tensively reviewed by many reséarchers, but'little infOrmé—

tion 1s available about other aspects Qf the organism. In.

order to increase utility of B. thuringiensis'és a biblégi-'ii
cal insecticide; it is,necessary.tO-have as-muchvinforhatién
about hature of the'organism\as possible. The speéial,im—.
portance of the.extrécellular protease'hés been'SuggéSted‘by'
the possible relationship between protease-productiOn‘and ,“
sporulaﬁion (29,64) asiwell as:by the normal synchrony of
crystal brotein and spore formation (59); ~As there have
been novrépbrts relating to the produétion, purification and

properties of the protease of B. thuringiensis and:in view

" of the fact that the enzyme‘was‘prqduCed spontanéouély4in
“ high yieid, it was thus decided to inveétigéte various fa- |
cets of this extraceilular proteaée. B

The early demdnstration of'thé production of extra-
cellular proteases by various microorganisms.(27,40) ﬁas le&

to considerable 1ﬁterest nét only in the basic enzyme me-



chanisms butvalso in the industrial applicationa ofkthe.en§vﬁf
zymes. Among these are uses in medicine, thevfood industry,'
:‘ the detergent industry(spot—removing in’dry—cleaning),'and l'
in leather, textlle and photographlc proce531ng(8 9,12,18, ‘
32 61) Many of the proteases studied to date.have.atvleastﬂ
l'some'of the properties reqnired for industrial applications.
,For example, compared to alkaline proteases, the neutral
‘bproteases have not played as important a role 1n detergent =
applicat1on(8,9)..-But recent stud;es~on'§; subtllls enzymes”
“indicate that thé.neutral protease is a_morefeffective’agent‘
in reducing dental plaque in numans than is{the alkalinep
proteaee. o | " | | |

" In thigfthesis; Ikwill elucidate two majorraspectS'of

the extracellular neutral protease of Bacillus thuringlen—

sis var. kurstakl the nutritlonal and env1ronmental factors,
affectlng the productlon of extracellular protease and some
physicochemlcal as. well as enzymatic propertles of the purl-

fled neutral protease._



- REVIEW OF THE LITERATURE

The microbial proteases are excreted by-certa1n micfe—"
organisms andscan be isolated in their active form from the
culture filtrates (27)} Based purely on their pH ereferen-'
ce; the majority of these enzymes canbbe divided_intthhrgeea"

broad groups (27,41): (a) acid proteases, which include the .

Aspergillus saitoi acld protease, Rhizopus chineSis acid

‘protease, and Paecllomyces variotl acid protease, are-char—,

acterized by low pH activity and stability,prOfiles; insen- 5
sitivity tobmetal'chelating agents and phesphorylatingFCOm—“
pounds such as DFP (27). (b) neutral proteases, which e$hi* f‘
bit-pH‘optimum neaf neutrality, are sensitive to metal che- |
lating agents such as EDTA and O—phenanthroline and have |
been shown to be metalloenzymes (42,68) which possess rather
narrowly defined substrate speclficity toward peptide~bonds’
and no esterolyticbor amidase activity‘tOWard most ester and
amide substrates’(15;16,50,51,69). (¢) 'alkaline proteases,
which are best represented by»the subtilisins (the extra- ‘
cellular proteases of B. subtilis) (26), have maximum acti-
vity at alkaline pH, cleave a wide range of peptide bonds, i
possess esterase activity, and are senSitive,to'reagenss: '
such as DFP{ This sensitivity indicates they are serine
proteases similar to trypsin and'chymetrypsin (27,31, 41)

The neutral proteases have not been extensively studied

' until recent years. The isolation and-description of



‘these lesser known extracellular enzymes from culture fil-
trates have been reported in various microorganisms includ-

ing Bacillus(ﬂl) Streptomyces(ul), Pscudomonas(ﬂl) Asper-

gillus(41), Serrat1a(U9), and btaphylococcus(2 3). The

heutral proteases are primarily metalloproteases, which

share a common bond speciflcity, have pH optlmum around pr_~
7. 0, and are sen31tive to metal chelating agents such as |
EDTA and O-phenanthrolinetb'They are not 1nh1b1ted.by DFP,or;
vthiol reagents. ’The'substrate specificities of these en-
zymes were studied with both simple di- and tripeptldes and
proteln substrates. All the studies 1ndicated a substrate
spec1f1c1ty which required a hydrophoblc amino .acid such as
leucine or phenylalanine as the amino acid whose amino group_

was involved in the bond to be cleaved(ﬂl) To date, no

amidase activity has been exhibited by these enzymes nor has’f L

any esterolytlc activity been found,toward a host»of»P-nitro
phenyl eSters or other ester substrates(UI).. Calcium has:

been shown_to be importaht for the maintenance of the enzyme:
| stability(23). The major‘criterion for grouping the neutrai'
proteases together is the requirement,of metal for the cata;-
lytic activity of the ehzyme; uThe presence of a single atoms
of zinc per mole of the lsolated neutral protease protein has

been shown in B. subtilis by McConn et al. (NZ 68), in B'[

thermoproteolyticus by Latt et al. (36), in B megaterium by

Keay et al.(33), in B. cereus by Feder et al.(17), in B.



_polxmgkaiby‘Fogarty et al. (24), in Aspergillus sojae by

. Sekine (64) as well as in'Serratia by Miyataj(ﬂ9) and Aerolfl

monas proteolytica by Griffin et al. (25). In“addition to”

these demonstrations of zinc containing enzymes by direct
’metal analysis,_there are also reports on the'reactivation o

- of chelator-inhibited neutral proteasesvby divalent metal

ions in Streptomyces naraensis (30) and’ASpergillusforyZae‘"
'(5),‘ | . S —

‘Among all the‘microbial'proteasesistudied;lmost'workd
has been done with those of genus Bacillus. iMcConn et al.
(H2 68) isolated the B. subtilis neutral protease from. a n"v:

'crude preparation of the enzyme obtained from fermentation
liquors. - They used a combination of DEAE cellulose treatment

ammonium sulfate fractionation, and CM-cellulose chromato-

igraphy. The B. subtilis var. _amylosacchariticusmenzyme was
purified in a similar manner by Tsuru. et al.5(70) except |
’that Duolite A—2,‘an anion:exchangetreSIng.was'used to,re-

. movevthe pigment and»d-amylaSe, andrseparatIOn ofdthe,neu-'
»tral'and alkalinekprotease was»achieved over DEAE;Sephadex |
A—SO. Later, Keay (34) reported the use of hydroxylapatite
lfor the purification of both enzymes.v The only other"

i Bacillus neutral protease which has been studied in any dep;,el

th 1s a thermostable enzyme , thermolysin which was.isolated

- by Endo (14) from the culture medium of the thermophilic bac-:”

terium B. thermoproteolyticus (lh 36). ,This‘organism isia

’.'strain of B. stearothermophilus; Thephomogeneity.of the



enzyme was demonstrated by electrophoresis, sedimentation,

and Sephadex gel filtration(14). It has been claimed that

the neutral protease of B. subtilis var. amylosacchariticus_
(69,70,71)is different from the B. subtilis(42,71,72)neutral
protease in certain propérties, although both enzymes'eppa—gl
rentiy have eame specificity as thermolysin(15,l6,51,69,70,

7l)eicept for its high thermostbility and amino acid compo-.

sition(52,57). The purification of B. megaterium extra-

cellular neutral protease from culture filtrates by'ethanoi'
and ammonium sulfate fractionation and gel filtratiOn'over
Sephadex G;2OO has also been reported by Millet et al. (46,
47), They also showed the similarity in general properties
andAspecifidity of.this neutral protea$e»to the B. subtilis
neutral proﬁease(46,47). Various strains of.g; cereus have
' been shown to produce proteases in»culture‘filtrates with
properties which suggested that they were metalloendopepti-
dases(l,2l,22;37,53,56,60). Salter(60)reported the partial
.pufification of neuﬁral protease from B. cereus NCTC,9“5>by‘
ammonium sulfate fractionaﬁion and_DEAE—cellulose'chromato-
graphy. The enzyme had a pH optimum near neutrélity and was
completely inhibited by 10 M EDTA and partially inhibited
by NaCN and cysteine. .Federeet al.(l?)furthef worked with
§;'cefeus NCTC 945 and reported in 19?1 the more complete
purificatioﬁ of this E;‘cereus neutral protease from culture
filtrates by acetone precipitation, active charcoal treat-

ment, ammonium sulfate fractionation, and.chromatography



over hydroxylapatite and DEAE-cellulose. The’enzyme has
been shown not only to be a zinc-containing neutral protease

but also to possess_similar specificity to that of'theIneu~

tral proteases from g;}eubtilis,Ig;'megatefiUm, aﬁd‘thermo—"
Iysih(l?); 'Furukawa»et el;(21,22)separatedhthree proteoly-I»
.tic'fractionSIfrom B. cereﬁs KP931 fermentation‘beers. " One

of these fractions, fractlon III was markedly stablllzed by
’ca101um and 1nhib1ted by EDTA, properties whlch are shared )
‘with the neutraI proteases. Very recently, Fogarty et al.

| (19)reported theipurifiCation of the metalloprotease_from,";’

B. polymyxa by ammonium sulfate fractionation,uacetone pre-

cipitation, and gel filtration on Sephadex G-IQO. Thé'met—g~"'

alleproteasgIof.g;_polzmgxa aleo showed the properties and
specificity similar to the neutral pfeteases ofeother mem-
bers of thevgénus:Baeillus(24). : | o

In most cases,.certaih'BacIllus.Species produce the
extracellular proteases during.the posteexponeﬁtial grthh'
phase. :HoWeVer,'seme species do‘produce the enzyme during';l
ekponential‘growth when grownfunder appropriateIconditions""
(10, 11 ug).. Tﬁe‘function of the proteese is hoﬁ known;bbut
Ilts productlon is correlated with the onset of a hlgh rate
-of proteln turn over(39 SU)and of sporulation in certaln
bac1111(6,66,74);. Mutant analysis and genetle ‘studies sug-
gested that the eapéCity to form an extracellular protease

was clOseIy[linkedegenetically or functionally to the



~.'capacity to spOrulate (62 66). Prestidge'etvali studied the
protease activity during the course of sporulation and found”;iJ

that three proteolytic enzymes isolated from B.,subtilis

'exhibited a rapid increase in specific activity at a time>rv7»fa*s
‘coinciding with thedappearance of refractile bodies in-the |

cells (58) : Although the specific regulatory mechanisms arehf;;jpd
‘not known, ‘the production‘of the extracellular protease in |
‘;moSFgE?cilluS<species can be inhibited by highchncentra- f:7hb

| tions of glucose‘or amino’acids;’or both'(37“63*73)' Levi-:pfh
sohn et al. (37) reported the inhibition of both the pro-_i

tease production and sporulation by incubating B cereus T ’
cells with a high level of amino acids.e Through studying

the w1ld type and mutants capable of sporulating in the in—i‘
hibitory;mixture of ‘amino acids,rLevisohn_et_al,'postulatedu7ﬂ
'_that‘eXtracellular:protease prdduction:isIcontrolled“by‘the ;;
level of a repressor which is directly or indirectly a ca-
tabolite or biosynthetic intermediate in many pathways.p :i

' When the rate of growth is reduced below a certain critical’iﬁ bf*

'1evel the amountvof this repressor is lowered and.dere-
pression of protease synthesis occurs. They further postu-:gi%”'**'
lated that the same catabolic or biosynthetic intermediate
’mayvalso function in the.regulation~of synthesis,of sporeb
'structural components (37);"The.isolation of mutants;capa-fw5
_dble.ofbspOrulating'but unable to produce theeproteasef(485

,and'nonsporulating mutants capable of:producingzthe protease
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(66) does imply that fhe‘twd_physioldgical properties are
‘v not necessarily coupledﬂ HoWever; the close linked rela-
tionship in timevbetwéen the initiation of formaﬁion of the
spore and the proteaSe.still suggests a model of general
‘ 'metabolic control of proteaSe productiqn cloéely related to

but distinct from the control of sporé.formation (37).



MATERIALS AND METHODS

~Bacterial culture. Baciilus'thuringiensis var. kursta-

ki (strain HD-1), which was originally isolated by HoWard T.
Dulmage (13), was obtained from Dr. Terry Couch Abbott Lab-f
oratories, and was used throughout this investigation.

Chemicals and Reagents. Reagent,grade chemicals were

used throughout this investigation. No chemicals were test-
ed for homogeneity‘or further purified. |

| Cupric sulfate, 3,5- dinitrosalicylic acid,'glycine,.‘
B hydrochloric acid, potassium phosphate (dibasic anhydrous.: i'
& monobasic crystal), phenol reagent 2N solution (Folin—
Ciocalteau), sodium carbonate, sodium hydroxide, sodium
potassium tartrate, sodium phosphate (dibasic & monobasic),b"
Tris(hydroxymethyl)aminomethane (TRIS), trichloroacetic acid
(TCA), and trisodium citrate were obtained from Fisher
Scientific Co. (Fairlaw, N. J.)

Acetyl- tyrosine ethyl ester (ATEE), azoalbumin benzo-
ylarginine ethyl ester.(BAEE), bovine serum albumin‘(BSA), -
bovine hemoglobin, Coomassie brilliant blue R, ethyiene—d“wiv
diaminetetraacetic acid (EDTA), dodecyle sodium sulfate
(SDS), morpholinopropane sulfonic acid (MOPS),‘OAphenan—
vthroline, oValbumin, pepsin, phenylmethylsuifonylfludride- :
(PMSF),,and‘trypsin were obtainedlfrom Sigma,Chemicais,Co;;:w'

,‘(St. Louis, Mo.)‘

Calelum acetate (powder), calelum chloride dinydrate, . .

10
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manganous chloride, magnesium chloride, and potato’starchfifbﬁi'

‘were obtained from B & A (Baker & Adamsom, Morristown, :

NJ)

Acrylamide, ammonium persulfate crystal ‘bis- acryla- S

mide, 2-mercaptoethanol, and‘N,N,NY,N'-tetramethyiethylene-Jﬂ}ﬂf

diamine (TEMED) were obtained from Eastman Kodak Co. (Rofvnmf" o

chester, N. Y.).

Acetic acid (glacial), ammonium sulfate, and sulfo—"’i o

salicylic acid were obtained from J. T Baker Chemical- Co.,";
(Phillipsburg, N . ). | | ; |

- Maltose, nutrient broth (control #569339), nutrient fu_;vl:

agar, and soluble starch were obtained from Difco Labora-f;fiff*'

tories (Detroit Mich )

Glycerol was obtained frome Nutritional Biochemicals  ﬂf“

Corp. (Cleveland Ohio)

' Acetone was obtained from Ashland Chemical Co. (CoiuméfleVQ“d

bus, Ohio)
Bromphenol blue (BPB) was obtained from Polysciences fxlf

: inc.

Hydroxylapatite (Bio-Gel HTP) was obtained from BIO- f;ff'”"

RAD Laboratories (Richmond Calif. )

DEAh—cellulose was obtained from Whatman, w & R Bals- ,1ffrf7

ton Ltd, Maidstone, Kent, England.
Sephadex G- 100 (medium) was obtained from Pharmacia

Fine.Chemicals, Inc. (Piscataway,.N, J,).
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Growth conditions. Stock cultures of~§L.thuringiensis‘~f 3

var. kurStaki were prepareduby streaking NSMfslants; incu-k'w
bating for 20 hours at 30 C and‘refrigerating the‘screw cap>
tubes.f | | | | ; | | »
Inocula for growth curve experiments werevprepared by
the ‘"active culture" technique of Nakata and Halvorson (55).
;,A loopful of the stock culture was placed in a 125 ml. cot— :
ton-stoppered flask containing 10 ml. sterile nutrient broth .
and incubated static at 30 C overnight. One ml. of the
vovernight broth culture.was_then transf'erredvaseptically ;
i into another 125-mi} cotton;stoppered,flaSk.containing 10
ml.VSterilefnutrient-broth. This,flaSkvwas:put on a New
.v BrunsWick model G76”gyrotory water bathishaker at732.5 C
and 220 rpm for 3 to U hours, ‘Identical transfers were re-
| peated twice-nore at 3 hour intervals to,obtaincvery younge
broth inocula for starting the‘growthpcurve eXperiments; '
| | Growth curves were initiated-hy inoculating'50 ml. of',‘_
NSM broth contained in a 500 ml. flask with 5 ml. of broth'
from the last flask in the "active culture" sequence. The
flask was shaken at 220 rpm, 32 5 C on a New Brunswick modellr
G76 gyrotory shaker. |
Growth was followed by measuring the absorbance 1n a.

- Klett- Summerson photoelectric colorimeter which was set at

zero absorbance (660 nm) with nutrient broth. Cuvettes were

12 5 mm diameter.

. Two ml._samples to be used for protease assay were



13

withdrawn at each hour of growth after inoculation. The
bacteria were removed by centrifugation with an IEC—ZQA
cehtrifuge (Damon/IEC Divison) at 27,000 x g, 4 ¢ for i5
minutes. The culture Supernatants were frozen uhtil used
for. determination of prdtease activity. Expériments es-
tablished that no declihe_in activity took place during
several weeks of freezing{

The pH of the growth medium was measured hourly with
a Corning pH meter. |

Spore formation in relafidn to the coufse'of growth and
production of protease was investigated by drawing 1 ml.
samples hourly, sohicating the samples fqr 1 minute to dé—
clump thevcélls, heating at 80 C_for lélminuteé, and dilu-
ting and plating in nﬁtrient agar. Samples‘for spore counts
“were taken when slightly refractile prespores were firsﬁ
-detected by phase contrast“microscopy.

Composition of protease production medium (PPM). The

NSM broth, which was used in the grdﬁth curVe expérimént,
was originally formulated,by‘Fortnagel and Freese (20).
This_mediﬁmbwas prepared by autoclaving O,H‘g. of nutrient
broth in 49.75 ml. of distilled water. When the medium had
cooled to below 50 C, 0.25 ml. of autoclaved métal mixture
was added. The metal mixture'contained’0.1u1M'CaClz;2HaO,~
0.01 M MnCl,.4H,0, 0.2 M MgCl, .6H,O. |

As a_result of an éxamination of the effect of metals



14

on protease production bysg&‘thuringiensis, the following
medium was devised from NSM for production of the highest
1evelsvof protease activity. It cohsisted of nutrient broth

(8.0 g/1,000 ml.), 7 x 10° m CaCl,.2H0, 5 104'

M MnCls..
4H,0, and 1 x 10> M MgCla.6HzO. The nutrient broth and the
stock metal salts SOlutions were autoclaved‘separately and
mixed together after coolingw

. Preparation of a large voiume of crude protease for

pdrifiCation Two hundred ml of PPM in each o; twelve 2l.

flasks was 1noculated with 107 (v/v) of B thurlnglensis

culture prepared by the "active culture" technlque,as pree
v1ously descrlbed The flasks were shaken on the G25
gyrotory shaker at 32 C and 220 rpm for 12 hours. Bacterial"
cells were removed by centrlfugatlon in a Sorvall RC2 B re-
frlgerated(centrifuge u51ng the GSA rotor at 23 300 X'g.for,
20 minutes at‘S C. The resultlng culture supernatant con-

' talnlng the crude enzyme was stored at 5 C |

Protease«assay. Proteolytic act1V1ty was’ determined bya

a slight modification of the method of Hanson (28), A 0.5%
(w/v) solution of'azoalbumin was prepared inva appropriate
buffer . (0 1 M) at the des1red pH | |

The reaction mixture contalned 1. O ml. of azoalbumin
and 0.7 ml. of distilled water. The,reactlon was initiated‘
by’the addition ofv0.3,mlrlof the enzyme preparatioh. After

incubating in a water bath~at_3010‘for'l hour, the reaction
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was stoppéd by the addition of 2 ml.vof 8% TCA solution. The
precipitate was removed by centfifugation at 27;000 X g,for 
15 minutes at 4 C in a IEC-B20 cenﬁrifuge.: Two mi.gof‘thé
supernatant was mixed with 2 ml._of 0.5 N NaOH,;aﬁd the 005 
lor deveiépment}was measured speétrophotometrically;at 440
nm in a Hitachi Perkin-Elmer Model 139.UV-VIS Spectfophofo—*
meter with a 1 cm cuvette. A blank was prépared by adding
TCA to the substrate prior to.the'addition.of‘thé enzyme so-
. lution. When very active enzyme.prepafations were aSsayéd,bu
they were diluted Sufficiently to aséure that‘thevresulting‘
absorbance at 440 nm reflected an excess of substrate tdlen; 
- zyme. Oné unit of protease»activity was defined as thét' |
amount of en;yme which caused an increase in absorbance at "
440 nm of 0.01 per 1 hour under the condition of the test.
‘Sﬁecific activity is expressed as unitsbof protease activity:
ber mg of proteih. : ' ’

Determination of amylase activity.' Amylase‘activity

was determined by the method of'Bernfield () using 1z:s91ue;’
ble starch in 0.02 M potassium phosphate buffer, pH 6.9; as -
the substréte'solution. The‘dinitrosaii¢ylic acid’reagént»

was prepared by diésol#ing at room témpérature»l_g of 3,5-: ‘
dinitrosalicylic acid in 20 ml. of 2 N NaOH and 50 ml. dis—"‘
tilled water, adding 30 g of Rochelie'salt (sodium potaséiumw

tartrate) and making up to 100 ml. with distilled water.
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A 1 ml. amount of properly diluted enzyme preparation

was incubatedrfor 3 minutes at 25 C withll ml} of the sub-,g;»m“”';:

;strate’solution The enzymatic reaction was interrupted by
the addition off,2. ml. of dinitrosalicylic acid reagent. The
Vtube'cOntaining this mixture was heated for‘5 minutes»in“anf‘
»boiling water bath and then allowed to cool to;room'temper~
ature. After addition of 20 ml. of distilled water, the
absorbance of;the solution was determined spectrophOtometrié'
cally at 540 nm. The blankvwas prepared in the'same manner
without.enzyme.} A calibration curVe.established with |
maltose (0‘2 to=2Vmg- in 2'm1 of distilled water) was. used f}
to convert the spectrophotometer readings into mgs. of mal-~”
‘tose. One unit of amylase activ1ty is defined as that
amount of enzyme which 1iberates 1l mg. of maltose in 3 min-x
utes at 25 C. Specific activity is expressed as units of
amylasefactivity.per mg. of.protein. o '

Determination of esterase activity. 'Esteraseuactivityi'

was determined by a modification of the method of Prestidge ; .

et al. (58). | Hydrolysis of benzoylarginine ethyl ester
(BAEE) or acetyl—-tyrosine ethyl ester (ATEE) was measured
at room’ temperature with a Hitachi Perkin—Elmer Model 139 -
UV-VIS SPectrophotometer. TheireactiOn'mixturercontainedI:l’
0.8 ml. of 0. l% 'BAEE or 0 05% ATEE prepared in 0. 1M pH 7 0

MOPS buffer 2.1 ml. of the ‘MOPS buffer, and 0. l ml. of the

enzyme preparation. The reference cuvette contained all R ;'w."‘
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components of the assay‘except enzyme. BAEE hydrolysis was
indicated'by an increase in absorbance at 254 nm and ATEE

“hydrolysis by a decrease’in'absorbance at'237‘nm.

Protein determination. Proteln was measured by the'
| method'Of Lowry et al. (38). Bovine serum albumln was used
- as the standard,'

v’Protease»purification. A large volume offculture'su— o

pernatant containing the crude enzyme, which was prepared as.
previously described, was concentrated aboutb20—fold by‘ul—.i
trafiltration with an Amicon stirred cell (Model 52) using

‘a Diaflo ultrafilter UM10 membrane at 5 C with 55 psi nitro-

gen gas pressure The concentrate was clarified by centrie"d'?'

fugatlon 1n a Sorvall RC2-B refrigerated centrlfuge using ¢h

the SS3H rotor at 27 000 x g for 20 mlnutes

Solid ammonlum sulfate was slowly added w1th constant S

stirrlngvto the concentrated crude enzyme solution.,rAt>
each desired level of'Saturation, the miXture uas'allowed
to stand 10 minutes to'allow‘precipitation, »Fraqtiohs ofg’»!
0-30%, 30-45%, 45-60%, 60-75%,’and'75-907.werevcollected by.;:“

centrifugation. The precipltates were dissolved in 0. l M

MOPS-0.1% calcium acetate buffer, pH 7. 0 The fractlon w1thef¥vf}s;h

the hlghest protease specific activ1ty was then dialyzed
against the same buffer at M,C for 6 hours with one change, L
of the buffer after 3 hours. |

Amylase was removed by adding 10% pulverlzed potato: L
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- starch to the most active dialyzed ammoniumfsulfate fraction

in the presence of 12% cold ethanol at 5 C After 10 min—cggc’ilﬂf

utes stirring, the starch was removed by filtration under
vacuum at 5 C. Fresh starch was added and the:treatment
repeated.» | | v

The protease was further purified by adding 2 volumes'v

of precooled acetone to the starch filtrate. ~After stirringh'*'”‘i

for 5 minutes, the precipitate was collected‘byfcentrifuga—'f-.l‘

tion and washed with acetone/O 1% calcium acetate solution
(2:1). The precipitate was redissolved in 0. l M MOPS 0. 1% :i
'calcium acetate solution (pH 7 0) and stored at 5.C: for
| ~application on a- hydroxylapatite column " |
Hydroxylapatite prev1ously equilibrated with 0. 17 cal-
cium acetate, was poured to form a l X U ‘cm - column Thevj,’
‘column was cooled to 5 C in the cold room. The enzyme pre-t_i

paration derived from acetone treatment was applied to- the

~column.~ The column was then washed,with about 200.ml. o,1%’fp3~?i'

calcium acetate'at avflow rate of 40 ml./h. PotaSSium phoSQt'
‘phate buffer (pH 7.2) ranging in concentration from 0 01l M
to 0.2 M was used to elute the protein. Fractions of 4 mi.
ivwere collected at a flow rate of 40 ml. /h and were read at
280 nm to.determine the protein absorbance; The fractions
with protein absorbance were assayed for protease activity.

'SDS-polyacrylamide gel electrophoresis and estimation p'

.of‘molecular weight. The apparatus used was the Electro—!
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phoresis unit obtained from Hoefer Scientific Instrument

Inc. The detailed procedures for performing electrophoresisf;jj'hgf
 were obtained from Dr. R C Bates with a slight modifica- ;f**7ﬁ“
v»tion. ' ' ‘ :

- (a) Cleaning of'tubeS°) All the tubes were soaked in -

vdichromate sulfuric ‘acid for I to 6 hours, rinsed Very w811 _fi"’

with distilled water and dried in an oven. They were then ?ff, ;

1

washed with 0.1% SDS solution and again dried |
(b) Buffer for electrophoresis O 1 M sodium phosphatef“fﬁ;i7'

‘fbuffer (pH 7.2) was prepared in large volume as a stock

The working standard phosphate buffer was prepared freshly

" Just before electrophoresis by adding 0. 1% SDS powder to

the stock buffer. | _

(c) Preparation of polyacrylamide gels ‘ Reagents'usédif”
were (1) Solutlon A: 20 g acrylamide and o 5u g bis_jf'
acrylamide in 100 ml. working standard buffer., (ii) Solu—

tion B: 0.15 g ammonium persulfate and 0.1 ml TEMED in

100 ml. working standard buffer (prepared freshly) ef]f);}b,,i}

7.5% gels were prepared by mixing 3 volumes of solution A

with 1 volume standard working buffer and then adding anvv_vy‘”"
equal volume of solution B. This was mixed well and used

to fill the tubes, the bottoms of which were sealed by

serum—stoppers Tubes were filled to 9. 5 cm with a Pasteurjﬁfﬁiiﬁf
pipette, and a few droplets of distilled water added to the ;f?

| top to ensure a flat surface. Polymerization was for 20 to fﬁffdx’
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30 minutes.b After the gels were hard, the water was shakenl}

off the top of the.gels.

(d) Electrophoretic prerun The bottom tray was filled o,ﬁ~

with an appropriate amount of standard working buffer (aboutﬂ
400 ml1.). After placing the tubes in the electrophoresis
unit with adaptors,;air bubbles were drawn off the bottom of'
the tubes with a curledeaSteur pipette; The,upper:tray:was
filled with enough sfandard’workiné buffer to cover all the
tubes underneath.’ The electrophofesis;unit was connected to.
,.a Beckman Duostat regulated.D.C; power supply and run aﬁ;a
constant current of 4 mA per tube at room'temperature'for 1
| to 2 hours; | | |

(e) Preparation of samples for eleétrophoresis:' Stande
ard proteins for moleoular weight determination were prepar-
ed as stock solutions. One hundred ug of denatured 'bovine
hemoglobin, tryp51n pepSin, and fifty.ug of denatured |
ovalbumin and BSA were applied to the gels.

Samples (not more than 250 ml.) were denatured by add-
ing l/iO volume of 10% SDS in 0.01 M phosphate buffer (pH
'_7.2) and 1/10 volume of 10% mercaptoethanol. The abovevmix-
tures were boiled for 1 minute and cooled. Before applying |
to each gel, the denatured.samples were mixed‘with 2‘drops
, of glycerol and 2 drops of BPB traeking dye (pfepared1by'
dissolving a éiny‘bit of BPB powder in about 1 mi..of“Water):,‘

(f) Electrophoresis separation run: Each sample was .
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applied to the top of the gel with a Pasteur pipette. Elec—

trophoresis was performed at room temperature’for“about‘lé S

hours at a constant current of U mA per gel iSamples;were
run towards the positive pole o | |
(e Staining of gels: Protein bands were-visualized
by fixing the gels in tubes of 20% sulfosalicylic acid for R
‘8 to 12 hours, staining for 13 to 14 hours with 0. 25% Coo-vi”
masSie’brilliant blue dye,sand destainingiwith 7% acetic
acid (V/V) incthe1Diffusionadestainer,'Hoefer_SCientific'
Instrument, Inc. | - : |

(h) Scanning of gels for molecular weight estimation

The gels for molecular weight estimation were scanned in 2 iifd<?~h

Gilford spectrophotometer at 5&0 nm and the protein bands fj’;'l

were recorded on a_Gilford recorder 2&2.' Thevdistance from
the-top of the gel to the main peak (protein band) was mea-
sured. The protein standard curve for molecular weight es--

timation was plotted on a semi log graph paper with the data

of distance in cm. against molecular weight The spectro—f_::’a.

photometer was,zerOed at 540 nm withrtheiclear‘part]of the -
gels |

Analysis of metal ions. All the glastarefused’inbthis

experiment was washed with 50% nitric acid and rinsed with
glass distilled water, The starch filtrate enzyme prepara—'-'
tion was'precipitated with solid ammonium.sulfate}to-ﬁS% |

 saturation at 5 C. The precipitate was redissolVed in



22

" 0.01 M MOPS-0.1% calcium acetate buffer; pHp?.O;‘and dia- -
lyzedfagainst the same-bufferfforvS hoursxat 5 C. ‘The_dia-;H‘
flyzed’enZyme preparation was then.appliedvto'a:l'r 12 cm. N
Sephadex G-lOO column previously equilibrated with 0 01 M i
MOPS-0. l% calcium acetate buffer, pH 7 O Thevprotein was
.eluted by washing the=column with 0.0l M MOPS-Ocl% calcium
acetate buffer (pH 7 .0) at a flow rate of UO ml /h..’Frac;'
tions of U ml. were collected and measured for protein ab-
sorbance at 280 nm Those fractions w1th protein absorbance
were-assayed for protease activity and the zinc-content was;
determined by atomic absorption spectrometry using the |
Unican SP9OA atomic absorption spectrophotometer Philips

Electronic Instruments. Standard curves were prepared by

using zinc reference solution from Fisher Certified Reagent ;-:'

Solution

The'effect of pH upon‘activity of the proteaSe.‘lOES%

'azoalbumin solutions were prepared in 0 l M Na citrate-:

citric acid buffer for pH 5.5-6. 0, in 0 1 M MOPS buffer forlgiyicli

pH. 6.5_7 0, in 0.1 M TRIS HCl buffer for pH 7 5 8 5, and- inf_;777

0.1 M glycine-NaOH buffer for pH 9. 0 lO 5.
The protease assay was . performed and protease activity

determined as previously described.

The effect of inhibitors on protease activity 0,0S:M SRR

EDTA, 0.001 M Osphenanthroline, and 0.001 M PMSF were. the

‘inhibitors used in this experiment; The reaction mixture
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contained,0.3~ml. enzyme prepération, 1.0 ml. azoalbumin
solution (pH 7.0), 0.1 ml. of Ogl M EDTA or 0.02 M PMSF
or 0.02 M O—phenanthroline,'and 0.6‘m1; of distilled watér. .
The_assays weré pefformed as:previouély described. - L

Effect of temperature on enzyme stability. 0.3 ml.

aliquots of the enzyme preparation were ea¢h incubated ét

various temperature for 10 minutes prior to the nbfmél pro;"
teasé assay; After these heat treatments, the glassvcentrié
fuge tubes'with:the”0.3 ml.'aliqupts'Wefe 1mmediatély‘cooled_
in an 1ce‘bathQ The assays were then performed as previous- .
ly described. The remaining activities were:expressed aé o

percentages of the initial activity.
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Optimum pi for protease assay. In view of the lack

of knowledge concerning the number and type of protease en-

zymes present in the culture supernatant it was first nec-fﬁwffﬁ'”

- essary to determine the activity at a variety of pH values N

The examination of . protease activity with a native crudeizf.ff”“’:

enzyme preparation was performed by using azoalbumin solu-=f}f

tlons prepared in different buffers to give a pH range fromif"”'i"

- pH 5.5 to 10.5. This investlgation not,only established anrf _:

.optimum'pH'for the azoalbumin assay in measuringbproteasejp
activity but also gave some information about the-number:
of enzymes present. Figure 1 illustrates the effect onpHi .

‘on the protease aétivity under the conditions of‘the assay.

The results indicated that the optimum pH for'protease‘assay,i_51-’

is in the range between 6.5-7.0 with the best activity showntfl'

at pH 7.0. Therefore, in all subsequent assays the azo- ,‘ati'

albumin solution was buffered at pH 7.0 with 0.1 M MOPS

buffer. ‘The pH profile also indicated that acid or alkaline:_,,::;

protease did not constitute a significant part of the totaliyi,}ﬂ,:,

protease activity.

Protease production during growth and the relationshipff]

to'spore formation A growth curve of B; thuringiensis manj,

performed in NSM broth by using a 10% v/v inoculum from therﬁ

last flask in an- "active culture" series. The'"active;cul-’rff;

ture" series was necessary to assure that the inoculum

24
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FIGURE I|. Protease activity of B. thuringiensis ~

culture supernatant measured at various pH values.. -
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con51sted entirely of phys1ologically young cells.' GrOWthi_'

was followed turbidimetrically until the fifth hour when

- the cells clumped producing a granular appearance. This

' made further turbidimetric measurement inaccurate .The‘pH
'was.measured hourly and’2 ml* samples were taken, centrifuén
ged, and ‘the clear supernatant used for protease ‘assay.

‘When slightly refractile prespores were detected by phase
contrast microscopy, sampllng was begun to determlne the
number of heat stable spores present Heat stable sporesi”“r
were those cells which survived a 12 minute treatment at |

80 C. The data are presented graphically in. Figure 2

Exponential growth of the culture was completed at about thesﬂf_

fourth hour. ‘The pH of the NSM broth fell to pH 5.7 at the‘ffg-fi

'mlddle of the exponential phase of growth and then 1ncreased'flo

again as exponential growth was completed | The«pH remained”fif .

relatively constant in the range of 8.0-8. 5 during the sta- h
'vtionary phase. Protease production was 1n1t1ated at the~' -
completion of exponential growth and contlnued for 5 hours.lﬁ
['The 1ncrease in. the number of heat-stable spores 001ncided

with the completion of protease productlon.:u

Effect of metal salts on extracellular protease pro—ﬁd'h

_duction in nutrient broth. Protease production was flrst

examlned by;growing'B. thuringiensis in various media 1n—-':‘

cluding GYS (76), €CG (7), YE (7), and NSM. NSM was found

to giVe.the best yield of protease. ‘In'orderfto_detect th?iﬂf“
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- growth of B. thuringiensis. Symbols: o = absorbance;

o = pH; a = protease cé?ivi‘iy; a = spore- count.
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effect of the metal salts in thebNSM on the production of

’protease, a series of experiments were done by adding dif-;.fff*r

ferent combinations and concentrations of the three metal
salts, namely, calcium chloride,_manganous chloride, and
magnesium chloride, to the nutrient broth.

'iThe’first;approachﬂwaS]to'addveachtmetal_Salt*indihvv

vidually to nutrient broth in the same concentration as the =

" metal mixture in the NSM, i.e. 7 x 10T M CaCls, 5 x 10° M

MnCl,, and l<k lOﬂSM MgClz,'and to compare the’protease“pro~

duction to that produced in NSM broth. The result is given‘_:.

_ in_Figure 34 In the absence of added metals, 1.e. in nu—_

~trient'brothlalone, protease-production wasrlowvand,barelylt;
detectable;' Of the metal salts added 1nd1vidua11y;,magneé 5
sium had the least effeCt? calcium promotedmthe formation -
of a low but feadilyvdiScernable amount of'protease,(and x
manganous ion supplementation allowed formation of almost

twice as much protease as did calcium ion supplementation._

_'However» in the presence’of manganese alone the protease*wasV

unstable and after reaching a peak of activity between 6 and_f
9 hours, the activity was lost. The combination of all 3
metals at the level found in NSM broth allowed formation of .
a level of protease activity over twice that found with
manganese alone | |

It was possible that rather than stimulating synthesis

of protease, the metals were merely activating“the enzyme_in
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FIGURE 3. Effect of single' metal salts on protease
prodb(:tiqn in nutrient broth. Symbols: o = putrient o
broth; © =7 x I0%M CaClp; & =5x 1G5 M MnCl,;
a=1x103M MgClp; ® = NSM, o
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the assay system. To test this possibility, g;vthuringien_

sis was grown in nutrient broth, nutrient broth + 5 x ldﬁ

M.
manganous chloride; and in'NSM’and 9 hour culture superna-
tante were‘assayed with and without metal supplements.b The h
data in Table 1 clearly ehow'that adding metals to thevaséay )
system did not stimulate enzyme activity and therefore the e
effect of metals ishdefinetely to promote enzyne syntheSis.f

The second approach was to add different combinations

of two metal salts to nutrient broth and to compare:the pro—l B

tease productlon to the normal NSM broth Eachesalt‘was in
the same concentratlon found in NSM broth The results are
shown in Flgure M The comblnatlon of Mn* and Ca in nutrl—d'
ent broth allowed better protease productlon than ‘any of the
other paired comblnations and this pair even allowed better
protease production than found in NSM. 'Although_Mgz+and M
supplementation allowed protease'prodUction’almost to the
level found in NSM- the activity was lost. This points to
a role for Ca1~1n maintaining enzyme stabillty Thls role
of Carfwas confirmed by the stability of the enzyme producedo"
in ca* and Mgz*supplemented broth.
From the above»results, the presence Of‘both manganese"'
~and calcium in thevnutrient»brOth was_found to bé-eSsential
for both the produotion and'stability of protease. Using
this information, the effeotiof different concentrations,of

Mn** and ca* in the presence of 1 x 10.3 M MgClilon‘protease



Table 1. Effect of added metals on the activity of B. thuringiensis proteasé*

v : : o - - Protease activity obtained
Protease Metal salts added " . Protease . : from protéase assay with-
source - to assay mixture activity - out metal salts addition -

S S R (units/ml) - (units/ml) o

10t M cacl, R o
10 M MnCl, - . 11.6 10
x 10 M MgCl, ' S :

‘Nutrient
broth

¥ N   .

SRS )

Nutrient . % - ‘
broth + 7 x 10 M CaCl, 5 ST | -
5 x 10% M 1 x 107 M MgCl, 8.6 60
MnClz - . ) ‘ . ’ : .' Lo ) Coe

£ Culture supernatants used as the source of enzyme in this experiment were 9 h
- old at the time of harvest.  ~ = S o o I

TE
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- FIGURE 4. Effect of 'diffarpnt combinations of two

metal salts in nutrient broth on protease production.
Symbols: ® =NSMj o = 7x 1074 M CaClpand |x1075M
MgCl, ; & = 7 x10°4M CaCl, and 5x 10°5M MnCl, 3
a=5x105M MnaClp and 1x103M MgCiy.
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production was examined. The result whlch is presented 1n,f_i“'

Figure 5, indicates that 7 x 102 M CaCl, and 5 x 10‘5M MnCl, o

as well as 7 x 107 M CaCl, and 5 x 10% M MnClz included in

1n the nutrient broth w1th 1 x 10 3y MgClz were optimum for_‘w«ff

':protease production The importance of Ca for enzyme sta-“ﬁ’
bllity was again clearly demonstrated. | .
‘Although Mg was 1ncluded in the media when optimum
Cca* and an*levels were. determined (Figure 5), it was |
possible that this metal could be eliminated from the medium!’

with no less of»protease production. This effect wa.s sug— ;?d

gested'earlier'(Figure by. In the experiment presented in p “

Figure’6‘ the Mn* and Ca levels were held at 5 X lO >y and e

7T x 10 M respectively while the Mg level varied from none_fMi[F"

to 1 x 107 . The final 12 hour act1v1ty 1ndicated that

1x 10 M Mg* allowed more protease production than other' o

levels but the difference from no Mg to 1lx 10 M Mg was i?;ffEI

only about a 15/ increase in activ1ty."

Zinc has been~sh0Wn”to.be_a'cOfactor required for eﬁf..ﬂf“' -

zymatic activity of some bacterial neutral proteases (17,2N3j;}p73

33, 42v68) ‘ HoweVer, supplementation of the'grOWth medium
with various concentrations of an'did not enhance protease ;
act1v1ty (Table 2) | |

At thls point, an experiment was run to see if differ-‘vfﬁ

ent combinations of higher concentrations of CaCl; and MnClzi’” B

in the presence of 1lx 10° M MgClz could glve a better yleld;;.
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combinations of Mn2tand ca®Fwith 1 x IO_'3M ‘Mgt

on protedée production,
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FIGURE 6. Effect of differant concentrations of
MgCl in nutrient broth containing 7 x 03m CaClp
and 5 x 1005M MnCly on protease production.

© Symbols: ® =no MgCly; o = I x 103m ‘Mg'c,lz; A=

I x 1079M MgClp; o = § x1075M MgCly; ® = | x106M
 MgCly. o ' '



Table 2. Effect of dlfferent concentrations of Zn in the nutrient broth con-
taining 7 x 107> M CaCll s 5 X 107 M MnC1l, ,and 1 x 10°>M MgCl, .

Hours of , | Protease activity (unlts/ml)
growth No ZnSO, 1 x 10°° M ZnSO04 1 x 10° M ZnSO+ 1 x 164'M ZnSOy
3. 35 35 " 39 33
6 123 106 3 | 41
9 © 215 | 155 | 106 128
10 212 208 136 93

12 250 192 | Coars 126

9¢
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of protease;' The data from this further'experiment_is eié,
i hibited in‘Figure 7. The best protease production,duringjb"f
the growth of B. thuringiensis was in a nutrient broth con-

“*u MnCl,, and 1 x 1031w

taining 7T x 10 i CaClz, 5 x 10
| MgClz This particular medium which was very favorable for‘“
the productlon of. protease was named "Protease Production'

Medium" (PPM) and was used throughout the remainder of the:[fﬁ'
investigation |

Purification of the extracellular protease. The puri-

ficatidn procedures described in'Materials and Methods for

the B. thuringiensis protease are similar to those used by-

Keay et'al, (3)),f0rathe B. subtilis NRRL B3411 neutral pro-ﬁiv:«
tease.; Table 3 lists steps.used in enzyme‘purification‘and.
the results obtained at each step. . Following growth’Of the
organism, the cell-free culture supernatant was concentrated
‘using an Amicon ultrafiltrationncell with a UM10 membrane

having an exclusion 1limit ofbapproximately molecular'ueight o
18,000. After.concentration the total amountvof_proteinv;_

present decreased about 68% but there was a smail increasei'“

- (1.83 x) in specific activity After adding 2% calclum ace_ ;y &

tate powder, further purification was achieved by use of

» ammonium sulfate fractionation,f Of the fractions taken at
various;percentages of saturation (see Materials.and Methods,v
page 17) the U45- 607 fraction contained most of the activity

and represented a 67 fold increase 1in specific activity,.
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FIGURE 7. Protease production during the growth _
of B. thuringiensis in different concentrations ond
combinations of CaClp and MnCly with Ix 1073m
MgCly in -nutrient broth. Symbals: e =7 xio3m CaClp
+ 5 x105M MnClp;o =7 x10°3M CaClp + 5x10°M
MnClp ; & = 7 x1072M CaClp + 5 x 10754 MnClp ;
o= 7.x1072M CaCly + 5x107%M MnCly.



" Table 3. Purification of Bacillus thuringlensis exoprotease

Steps Volume Protein Total . Activity Total Specific = Purification Enzyme S ' Amylase :
- “(ml) . (mg/ml)  protein (u/ml1) activity activity (fold) © yleld activity  Specific activity
- ) : - (mg) (u) (u/mg) | ) ) (u/m1) (u/mg)
Crude enzyme ) Co : ) . S . : - . . :
solution - 2,500 - °  1.85 4,440 - 190 456,000 102.7 * - 1 " 100 1.2 - o 0.65
Ultrafiltration . N A S . ' C o ’
cell ccncentrate 122 C11.7 1,427.4 2,200 .. 268,400 188 1.83 58.85 15.75 1,34 w
Ammonium 45-60% . 18 1.85 . 33.3 12,666 - 227,988 6,845.5 66.67 50 20 - 0.3 @
suifate N . A . - . . . - o
‘. fractions 60-75% 18 1.05 18.9 700 12,600 666 _ 64 2.7 - _ . _
Dialyzed ammonium » ‘ i o ) L o o
sulfate fraction 16 1.7 27.2 . 12,666 202,656 7,451 72.55 . 444 21.25 ©12.5
.. (45-60%) . . . : : R : . :
Star:ﬁ treated : . - . : T S .
. enzyme flltrate ) 4 . 1.0 . 4 - 10,000 . 140,000 10,000 - 97.37 30.7 0.375 0.375
Acetone treated o - o T e ' . )
fraction . - . 10.5 0.6 - 6.3 4,300 50,400 . 8,000 .- 77.9 , 11 . - -
_Hydroxylapatite ’ o - ) ) - o . ) v )
chromateography 9 © 0,06 0.54 430 . 3,870 . 7,166.7 70 0.34 -




o

compared to the enzyme obtained from the crude enzyme pre—
paration. The main contaminating enzyme at this point was

believed to be amylase which had itself been purified 10 x_u_

by these procedures (Table 3) Following dialysis to remove”-7’m

ammonium sulfate, the US 60% ammonium sulfate. fractlon -was

:treated with pulverized potato starch in the presence of 12%fv»‘

ethanol. »The-starch with adsorbed amylase was,removed by
filtration under vacuum. This'treatment removed about'97%::
of the amylase and what appeared to be a significant:part of;5'
brownish pigment”wnich remained'after the‘ammonium sulfate
treatment; At this point, the entymevSpecific‘activity‘had
increased'about 97 fold,v{Furthervpurification[using_coldfﬁ:
acetone resulted-inta}decrease‘in activity. chfbmatographyt”
on hydroxylapatite also resulted in a decrease iniactivity;

To,prepare a quantity of partially purified protease

for userin.enzyme.characteriiation, the purification scheme'4;~%5”7i

‘used in Table 3 was~slightly’mddifiedbi‘The;acetone precift
pitation and hydroxylapatite steps were_eliminated sincei;d
‘these were found to be non—productive '.The purification
sequence shown in. Table Ik was used to prepare enzyme used
for. molecular Weight determination, to determine the’ effect
of pH on activity, to determine the thermal stability of the
-enzyme,vand.to determine'the relationship of;Zinc toienzyme','
activity - This- purification resulted in an enzyme prepara- f'i

tion in which the specific activity had been increased about



Table 4. Purification of Bacillus thuringiensis exoproteasé

S Volume Protein Total Activity Total Specific Purifigation Enzyme Amylase
Steps . (ml) * (mg/ml) protein (u/ml) activity - activity (fold) © yleld activity ' ‘Specific activity
) . (mg) L . (u) (u/mg) S (%) (u/m) - . (u/mg)

‘erude enzyme - ) S o o . : ‘ : S ) ) :
solution 2,400 1.453 - 3487.2 o212 .508,800 145.8 1 -100. © 0.6 0.413
Ultrafiltration o S : ’ : SR . o SR o
cell concentrate 128 S 11.25 1440 2,283 292,224 202.9 1.39 S7.44 5.875 . 0.527
Ammonium = 0-45% g 0.5 4 - sEo " n,320 1080 7.4 © 0.84 - - -
sulfate  45-60% 20 1.75 35 14,833 . 296,660 - 8476 58.1 58.31 12,625 toT.21
fracticns 50-65% 8 . 0.894 .7.15 3,200 25,600 - 3579.4 24.5° 5.03 1.5 1.67
Dialyzed ammonium . : ' i . L D R :
sulf?te‘frﬁction 17 . 1.6 - 27.2 16,333 277,661 10208.1 . 70.01 54,57 12.625 7.265

(45-60% . o o : , S o . o : :

3 x starch treated o T : S T o o
eneyme filtrate 13 0.872 11.3% 11,733 . 152,529  134535.3 52.29 g
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92 times that in the original culturevsupernatant

SDS—polyacrylamide gel electrophoretic analysis of;pro-frlo'l

tease purification ~ To evaluate the purity of the enzyme" o

preparation, crude-culture,supernatant, concentrated culture'

supernatant the 45~ 60% ammonium sulfate fraction and the

filtrate from starch treatment were subJected to polyacryla—_f;

mide gel electrophoresis'in separate gels;_ Thegresultvis
pictured in Figure'B.‘ In gel number 1, 290 ug.of protein}inff'

the crude culture supernatant'gave a single faint band. The

,concentrated crude enzyme (1125 ng of protein applied to theffcvi'm‘

gel) showedAa single dark band (gel 2) Electrophoresis of B
262 ug of protein from the 45~ 60% ammonium sulfate fraction
(gel 3) showed a main band located at the same migration '
| distance ‘as the bands in gels 1 and 2.  In addition two
slower moving bands are present. Gel U received 87 ng - of
the starch treated“enzyme-preparation. A single band apeffl‘:
peared»which»migrated at a rate}equal to‘the’mainfbands in;fﬂﬂiﬁ
gels 1, 2 and 3. The appearance of a single main band o

throughout purification, the increasing specific activity ofyﬁe'

the protease, and the decreased amount of protein applied to;"

gel y point to the main band being the protease. The ap-'v
pearance of 2 other bands in the ammonium sulfate fractionvsgf
~ and the disappearance of these bands_along'withvamylase fo1;/7
| lowing starch treatment indiCate«that one‘of’the slowly movép.;

~1ing bands in gel 3 may*have,been amylase,‘.The‘single'strOHg;i-
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Figure 8. SDS-polyacrylamide gel electrophoresis of enzyme
preparations during purification
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band in gel H,indicates that no othef‘protein is presentvin
any quantity approachlng that of the protease
Molecular weight of the B. thuringiensis var. kurstaki

neutral.protease. The‘molecular weight of“the neutral pro--
tease was estimated to be about 37;000. This was done by
electrophoresis in SDS-polyacrylamide gels. 'Thejreference
proteins usedafof the protein standard‘curve”were”bovine
- hemoglobin (15,500 MW), trypain (23,300‘MW), pensin (35,000’
MW) , ovalbnmin (43,000 MW); and BSA (68,000 Mw)ft‘Fo11pwing,
electrophoresis for 12 hours at U mA per tube tne gels were
scanned. The distance from thentop.ofveach éei‘to»the pointv
of.the peak was measuredﬂon‘the.chart paper’and’thenstandard-
curve was obtained by semi-log plot of‘moieculaf‘weignt
against distance of migratiOn in cm. (Figure 9) va‘line of
best fit has been drawn through the points. |
The gels.with each standard protein‘and“protease:are
pictured in Figure 10. Fromvleft to right'are‘hemoglobin_’
(1), trypein (2), pepsin (3), protease (M),eoValbumin (5),
and BSA (6).

Effect of pH on protease activity. Figure 11 illus- .

 trates the effect of pH on enzyme‘activity‘of.the,partially
purified protease. The extracellular.proteaSe‘of B, thurin#b
giensis ehowed a pH optimum near nentrality.

Effect of temperature on stability. Figure'l2 shows

the thermal inactivation curve of the paftially purified
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MOLECULAR WEIGHT x 1074

b5

FIGURE 9. Standard curve for mol_eculor-we’ighf :
~estimation. ¥¢ = dafa point for B. thuringiensis protease. -
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Figure 10. Molecular weight estimation on SDS-polyacryl-
amide gel electrophoresis.
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FIGURE IIl. Effect of pH on the activity of B.

thuringiensis exoprotease.



REMAINING ACTIVITY (%)

48

100

(<]
O
-

2}
?

H
o
T

20

1 ] 1 | 1 | 1 I

o 20 40 . 60 80
TEMPERATURE.(C)

FIGURE 12. Thermal stability of B. thuringiensis
neutral profease. ' |



b9

neutral protease.- The enzyme was qUiteothermostable”in'tne
presence of 0.1% calcium acetate. The firstjindication_of
thermal inactivation was observed when the enzyme was incu-
bated at 70 C for 10 minutes Ninty percent of the activityd

was lost following treatment at 80 C for: 10 minutes.

Effect of inhibitors on protease: activiAy, The crude
enzyme was markedly,lnactivated by the metal ohelating

agents, 0.05 M EDTA and O. 001-M“O-phenanthroline,tas shown

in Table 5. Pheny1methylsulfonylfluoride (PMSF), an 1nh1b1-':"‘

tor of serine alkaline proteases, showed no inhibltory ef-
fect.

Esterase assay No esterase activity againSt either'

BAEE or ATEE substrate was detected with either crude. or
partially purified enzyme preparation.

Relatlonship of z1nc to protease activity:"Studies of '

neutral proteases from other microorganisms have 1ndicated
a relationship between zincg and enzyme act1v1ty (17 24 33,
42, 68) A possible relatlonship between zinc and enzyme

activity for the B thuringlensis neutral protease was

qought by examining the zinc content of Sephadex G-=100 gel

filtration fractions which contained protease. The sourCe

‘éf enzyme~app11ed to the column:was material'whieh'had‘been
starchﬁtreated to remove amylase (see Table ) and repreci-
pitated witb 65% ammonium snlfate. The eluting'bnffer (__y
0.01 M MOPS, pH 7.0, containing 0.1% calcium acetate)
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Table.S.' Effect of various inhibitors on protease activity

Ihhibitor Final concentration remaining activity’
None - 100%

EDTA 5 x 10*M 11%
O-phénanthrgline 1 x 107w } 6%

PMSF 1 x 10°M

. 100%




v‘51 : . : " vﬂ‘  | ¥..

contained nbjziné.whén testéd.bj atomic abSbrpinn'speCtﬁo; ,
scopy. All of the protease activity was eluted from the
column in 3 four ml. fradﬁidﬁs;n The zinc ﬁo ﬁroteiﬁ'ratio.
~in the three_fracti6ns has almoétvCOnStant ihdiéatihg that

the zinc in the effluent wgs protein'associated;_ HoweVer, |

thé zinc'to proteasevactivity ratio was'not_constant‘indie

‘cating that some:other'protein(s) containing zinc were stiil .

-present'infthe,partially'purified enzyme}(Table 6).



Table 6. Relationship of zinc to protease

activity.

Sephadex G-100

Protease - Protein Protease Zn*" Zn zn™*
gel filtration activity (mg/ml) specific  content / » -/
fractions (units/ml) cactivity  (mg/l) protein protease
: (units/mg) activity:
1 233.3 0.0615 3793 0.2809 0.0046 1.2 x 10°
2 1266.6 0.128 9896  0.5185 0.0041 4.1 x 10°
3 175.0 0.0675 0.0048

2593 0.3293

1.9 x 10

26



DISCUSSION

Protease production in relation to the growth and spore

formation of B. thuringiensis. The temporal relationship_

'between spore formation and.protease production.was:one of
the earliest ipdications'in the literature that there might
be a biochemical relationship~between the;two'events Al-
though the temporal relationshlp was very clearly indicated
in this study, th1s is no 1onger regarded as good evidence
of a blochemlcal connectlon. This is particularly true in
'llght of the reports by Michel and Millet (45) and Millet
and Archer (46) that mutants of B. subtllls,and B. mg§§¢,
terium lackrng»the,extracellular neutral»protease_sporulate‘e

normally. In the'abSence'of protease negative_mutants of

B. thuringiensis, it is_not possible to evaluateithe possi-

'bility of a biochemical connection between proteese synthe-

sis ahd sporulationgin this organism. It is qulte possible :'*°5

that both are merely catabolite repre551b1e events which:
occur when that repression is relaxed.

The pH profile found during growth of B thurlngien31s

var. kurstaki ‘was s1milar to that reported earlier for B.

thuringiensis var.~galleriae (76). Acidic metabolltes pro-,r
| duced during growth,apparently lowered‘the pH. Withpthe'def vl
repression of tricarboxylic acid cycle enzymes,}theSe acidsv
were oxidized and the pH rose. | |

The role of trace metals in the biosynthesis of extra¥

53
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- cellular protease. Of the metals included'in nutrient broth

bfor~protease production by B. thuringiensis, it was.found -

that the yield of protease was most senéitivé_to the levels
of manganese.and'calcium. Manganous ions were-partidularly
essential for‘the maximum yleld of prdtease. »Calcium_ioné,
on the other hand, had a stabilizing effe¢t oh pfotease acj'v;
tivity. Magnesium ions alone-were'not éésentiél to-prbtéésé;
production, buﬁ the presence of magnesium ions along with o
manganese and calcium was shown to give:the best enZyme
yield. _ | |
Stocktbn et al. (67) in their work with éLvsubtilis
ﬁreborted the essential role of manganous-ibns for protease"f
p}oduct;on. ‘Weinberg (75) also indicated that ménganese
is the "key" metal for speciés of Bacillus in the synthésis
of Secondary m¢tabolites. Examples of sedondary meta5o1i£es

whose synthesis depends upon manganesé:arefbacitracinvin_g; -

“licheniformis, bacillin, D-glutamyl polypeptide;-and’éubti-

lin in B. Subtilis; and phage and spores in Q; mégateriuma' 
(75). Although Weinberg ekcluded_extrécellular‘prdtease,
ffom the group of secondary hetabolites, present work does
demonstrate the "key" metal effect of mahganesevupon itél
synthesis. The precise site of the manganeééueffectvin the
scheme of protein synthesis i§ dnknown. |
Gorini in 1950 (23) was one of the first to show the

importance of calcium in activation and stabllization of
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protease. Later, the stabilizing effect of calcium ionsibnf ?“”

the neutral proteases of g;,subtilis~(u2)_and4§; mégaperium*g §f;ff

(33) was shown. This efféct$hasknow been deanStréted'With

the B. thuringiensis neutral proteaseQ ,Withoutvthe additidn

of calcium to the growth medium, protease was_pro@uced buﬁ o
was.unstable; probably due to self-digeStion; The reqﬁiref> 
ment fopAcalcium'is'aggrevated by:thé rémdva1 of:ca1§ium,/“f
from the medium by the endosporé as it acquires heat resiSt—b
ance. | | - |

Feder et al. (17) in their study of B. cereus neuﬁrai B
protease indicated that some sﬁabiiizatiOn Qf protease was.
achieved with MQClZ. 'Although the exact role o£,magnesigm' |
ion in protease pfoduction isbnot clear, the data reported
here does demonstrate the necessity of supplying magnesiﬁm
in the growth medium for optimum protease production.

Purification of the extracellular‘protease.*»Theva

activity pfofile of the crude culture supernatant shoWed,an‘:g
optimum activity at pH 7.0 and very little activity at pH |
9.0. This was evidence against the presénce‘of an alkaliné'
protease as 1s produced by B. subtilis in addition to its -
neutral protease. Also, ﬁhe activity of the cfude‘enzyme |

"was inhibited almost completely by chelating agentshand_ﬁot . 
at all by PMSF. This supported'thé presence of a metalfcon; _

taining,neutral protéasé‘fathef than an alkalinetprdteaSE;‘ ﬁ

with serine at the active'site; Thus, at the'outset Qf

AN



purification the evidence pointed to the presence of a sin—rs
. gle neutral protease., ' S
Use of the'Amicon ultrafiltratiOn-cell_Waspsuccessful’yi
in“conoentrating.the culture.filtrate'and'removing some low. p'
molecular weight proteins and other small molecules Ammo— S
nium sulfate fractionation was very successful in achieving
»a,large increasepin specifie.activity.r'Almost;all of;thenjif;“
protease‘Was'confined to the»HSeGO%bfraction.. SDSonlyafiQ""'
aerylamide gel:electrophoresis at'this-stage.showed two'v'
contaminating'proteins; one;of which was almost;certainly
-amylase. Assays indicated;thatAamylaselhad;heengpurified
along with the proteaseiup’to-this stage.'fRepeated:treat;ﬁt‘
ments with pulverized potato starch and precipitationpwith'i o
cold ethanol werevsuCcessfulbin eliminating'QS%”Of:the |
amylase. About a 92 x purification had been achieved at.
‘this stage and electrophoresis showed a single band of pro-'

tein. This does not prove that other protelns were not pre- k

'sent, but it does indicate that if present.they.were present tfﬂl57

in very low levels. Attempts to further purify the enzyme
by cold acetone precipitation and hydroxylapatite chromato-

graphy were unsuccessful.

Physical, chemical.and.enZymatic properties of the B.

’ thuringienSis neutral protease. Estimationvofrthe molecularif,f

weight of the purified protease by SDS-polyacrylamide gel

‘electrophoresis gave a value of about 37,000. "Thiswfallsif,



57

within the 35,000—40,000'mo1ecu1ar weight range of neutralo :
proteéses produced by.most’microorganisms reported by'
Matsubara et al (Hl).'- .‘ |

The purified enzyme exhibited optimum activity in the

range of pH 6.5-7.0. ‘This is simllar to thefsharp peak of

“pH 7.3 obser#ed'for.gL megaterium (33) and pH 7.0-7.2 for
B. cereus (17). This observation supports the neutral pro-

tease nature of the B. thuringiensis enzyme.

The purified proteése was‘quité‘thermostable in the
presence of calcium. Treatment at 70 C for 10 minutes only

decreased activity by 23%.1 As it true for other'neutral

proteases, the extfacellular protease of B. thuringiensis-
did not ého& esterase activity aéainst the two substrates'.
tested. This is in contrast to alkaliné protéases which
often possess esterase in addition to protease activity.

The considerable inhibition of protéase activity in the
crude enzyme preparation”oy the.metal—chelating agéntshEDTA
and O;phenaothroline and the inefféctivehess of PMSF (an in-
hibitor of serine alkaline protease) gave not only a further
indication of the neutral protéase nature of the onzyme:but |
also was indireot eVidence.of_theometallo-pfotease nature of
the‘neutral protease. | | B

‘ Although the zinc found in Sephadéva—lOO:oolumo frac—:
tions was clearly associated with protein,‘thé zinc to units

of protease activity ratio was not constant. Thus it cannot
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be conclusively stated that zinc is the metal associated
with enzyme activity. Further purification of the enzyme
would be necessary to eliminate the apparent presence of one

or more contaminating zinc-containing proteins.

It can be concluded that B. thuringiensis is similar to

" B. céreus,'EL‘megaterium,’g; thermoproteolyticus,'andbgL

polymyxa in that it only produces a neutral extfacellular

protease. Also, the neutral protease of‘g; thuringiensisvis.'

similar to most néutral'proteases produced by othér'micro—:‘
organlsms in that it has a pH optimum near neutrallty, 1t is
sen51t1ve to metal -chelating agents, it is 1nsen51t1ve to. o

trypsin inhibltor,_and it hasﬂno esterase activity.



SUMMARY

1. Upon completion of exponential growth in a metal

salts supplemented nutrient broth; B. thuringiensis var.

kurstaki.(HD~1) synthesized.ahd'exoreted‘a single neutral
protease{ This synthesis was completed priorlto the appear-
ance of heat resistant spores.

2. A protease production medium (PPM) was deveIOpedr
which optimiied extracellular protease production by B
thuringiensis - PPM contalned nutrlent broth supplemented

with 5 x 10 4M MnClz, 7 X lO M CaCl,, and 1 X 10 M- MgClz.*s'

3. A 51mple procedure was developed whlch allowed a
high degree:(97 x) of purification of the enzyme.
| y, A molecular welght of 37,000 was determlned for
the partially. purlfied protease by electrophores1s on SDS-—Ji
polyacrylamlde gels. | i
5., The pH optimum of the,extracellularfproteaseAaeti%e‘
vity was determined to be about.pH.6;5—7.0. | |
A 6. The partially purified neutral protease‘lacked eSe'p

terase activity against BAEE and- ATEE

7 The neutral protease was shown to- be inhlbited by frt_'.

the metal- chelatlng agents, EDTA and’ O-phenanthroline but‘,""'

not by PMSF a trypsin inhibltor.
8. The zinc_content in relationdto.thelprOtease activi-

ty was investigated,

59
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PRODUCTION, PURIFICATION AND PROPERTIES OF

. BACILLUS THURINGIENSIS NEUTRAL PROTEASE»
- ',by" | '
Eugenia Yee-Ching Li
| (ABSTRACT) '

'Although the insect pathogenicity of Bacillus thurin—'

giensis is reasonably well understood, relatlvely 11ttle is
known about other facets of this microorganism ] phys1ology
At the time of sporulation, the organism produces in addi- .
tion to the spore and toxic paraspore (crystal) an extra-
cellular proteolytlc enzyme This study concerns the condi¥[
tions for production the, puriflcation and the properties of
“this enzyme

It was found in‘studies relating to production-of‘proé'

tease that B. thuring1ens1s var. kurstaki (HD l) produced a-

considerable quantity of the enzyme in a protease production o

medium (PPM) This medium contained 7 x 10 3M CaClL, 5 x 10+

M MnCll and l X 103 M MgClz in nutrient broth. Manganese
was required for enzyme synthesis and calcium was required
for enzyme stability.

Starting w1th a large volume of crude enzyme prepara-

tion obtained from the oulture supernatant of E; thuringienfd
sis grown in'PPM,‘thelenzyme was purified 97 x. vThe purififu
cation steps included:Amicon‘ultrafiltration‘cell conCentraé
tion, ammonium sulfate fractionation, and potato starch ad-

-sorption. Electrophoresis on SDS—polyacrylamide gels showed.



a single protein band at the last purifiCation step. ‘
The enzyme had a pH optimnm'around pH 6.5-7.0 andiWaseo:'j‘
sensitive.to metal'chelating agents sucn as EDTA‘and O-phe- 
nanthroline. The molecular welight of the neutral"proteasesr
vhas'been estimated to be about 37, 000 by eiectrophoresis ini
SDS—polyacrylamide gels. In the presence . of 0 1% calcium
acetate, the ‘enzyme is quite stable at 60 C after 10 minutes
incubation. It lacks esterase activity when tested against i:
;vacetyl tyrosine ethyl ester and benzoylarginine ethyl ester.
All the above properties indicate the similarity of the .

Bacillus thuringiensis neutral protease to those produced}by*"

other members of the genus Bacillus as welliaSQto the other

microbial neutral proteases.
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