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ABSTRACT‘. 3 N,

B- Lytlc protease is one of several proteolytic

enzymes produced by the soil bacterium Myxobacter\495 an

organism which first attracted attention by its abllity ‘to

lyse various species of soil nemagodes ‘and soi} bacterie.
Previouszinvestigations‘had-established\that the enzymexwas
a metallo—proteinase, with 02? gram atom of zinc per mole pf
\protein, and that it was responsible for much of the lytic \
activity of the organism. , . | o '.\-
The specificity of B-lytic proteese was investi- \
gated using glucagon, a peptide of known sequenpe and the
five peptides A, ﬁ, C, D, and E, produced by cleavage.of
B-lytic protease with oyanogen bromide. The enalyses and
'sequence detefﬁ‘nations of ‘the hydrolysis products 1solated
from B- digests of these peptides indicated that, with one -
exception, the-B—enzyne cleaved peptide linkages with glycyl
residuespas uonors of.the‘c;rbonyl group of the linkagefandfor
with hydrophobic amino acids as donors of the imino group of
the linkege. The exception-was cleavage of a threonyl;lysylt

linkage in Peptide D. Cleavage of 1inkages in front of

hydrophobic residues is a common attribute of neutral pro-.

~ .

teases such as, thermolysin and B. 'subtilis neutral pProtease.
These enzymes have little or no affinity for glycyl residues
and; in this respect- the 8 enzyme appears ‘to be unique.

As well as providing an extensive set of data on

the specificity of the B-enzyme, these studies made the

-~
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. following contributions to a determination of the amino acid

sequence of . B-1lytic protease. Previous investigationslhad
'assigned a sequence to’ residues 1- 8 and 12-24 of Peptide A

'(32 residues), had assigned a sequence to residues 1 8 of
Peptide B (12 residues) and had determined.a complete sequence
for Peptide'C (5 residues) The data from the studies with

g- lytic protease confirmed the aSsigﬁed sequences for Peptides:
A and B andlcompleted ‘the sequence determination for hoth |
peptides. Peptide C was not cleaved by the B enzyme. ‘The
isolation, analysis and sequencing of the products from
digestion of Peptides D and E with the B~ enzyme vere carried<
out concurrently with similar studies by Damoglou and Whitaker

using a vardety of other enzymes - trypsin, chymotrypsin

pepsin, a-lytic protease and a protease from Staphylococcu{

‘aureus. The. B- enzyme provided an. extensive set of cleavage
products from Peptide D (82 residues) and this data, in con~
junction with that from the other-enzyme digests;.determined X

the sequencelof Peptide D with the exceptions of.the‘assign—
ment'for five residues in one tryptic'peptide and the identi-q

fication of one residue which is either glutamine or glutamic

acid. Peptide E. (46 residues) is an extremely hydrophobic

peptide and the B- enzyme was the only enzyme which by itself
: e
gave a nearly complete set of peptides separable by high

voltage electrophoresis. This data in conJunction with that

El

from the ogher enzyme digests, determined the Complete sequence
.of Peptide E,. In addition@ a{digest ofiihe‘aminoethylated Be:
. . . . [ . v



enzyne ﬁith.trypsin'and B—lytic protease prcnided two of the
,peptides required to: establish the\orger of these peptides in
.the native enzyme ‘the. order is A.C. E B.D. 1In short, it was
-demonstrated,that B-lytic protease is a valuable enzyme for.
the.determination of amino ‘acid sequences.,

| AS part of the evidence classifying the g- enzyme as
a metallo -proteinase; it had been shown by other investigators
that treatment of the. B- enzyme with phenanthroline to remove p
zinc ‘led to a loss of bacteriolytic ractivity. This evidence
'was made less equivocal by establishing that activity could 4

be restored. by treatment of apo~enzyme with solutions con- .

_taihing zinc ions.
The course of attack by B-lytic protease on the

‘parasitic nematode, Ascaris suum, was investigated‘by electron

microscopy of . cuticle from ascarids which had been incubated
wrth the B- enZyme for periods of up to 24 hours. ‘Scanning
:electron microsc0py revealed the presence of localized pits

or tears in the cuticle. These lesions were absent from the“'

o ’ . . ‘

controls, absent from agcarids which had been incubated with
denzfne-for periods of 8 hours or less,land evident only when -

' fthe cnticle‘nas prepared“for~scanning electron nicroscopy by

freeze drying after rapid freezing, they were not detectable

- when the cuticle _was dehydrated with _ethanol. They are

interpreted as indicative- of regions of_cuticle which_had been

s0 Wweakened by enzyme that they'were unable to withstand.the

)stresses from rapidﬁfreezing.' I -

oW



One6f the major .components of tﬁe cuticle is an
" unusual form of collagen. 'Visbometric,assays of the-activity
~-of the R-enzyme toward,this collagen indicated that the

B-enzyme had little collageﬁase_activity.
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|- GENERAL INTRODUCTION

(a) Isolation of M&xoufcter 495 and Initial Observations

on  its Lytie Activity.(Institute of Microbiology, Canada
Department of Agricultufe; Ottawe) | |
fn 1964, Katznelson, Gillespie and Cook‘(ls reported

the isolation from Ottawa soil of bacteriu with iytic activitj'
.towards several species‘of soll nematodes, The lytic activity
was not dependent on the presence of living baetetiejﬁbut.was
equally ewvildent in cell—freé culture solutibns, suggesting
that the 1ytic principle was ‘an extracellular enzyme {or a
, group of enzymes) secreted into the culture medium. Nematode
‘1arvae were particularly susceptible to attack, and,'iu some

instances, were completely digested The lytic bacteria were

all members of the order Myxobacterales. The isolatec desig—

‘nated Myxobacter 495 had particularly high 1lytic activity “and

was maintained in the culture collection of the Institute.
Gillespie and Cook (2) extended these observations
in a report published the following'yeer. They demonstrated

that the culture solutions of Myxobacter.495 had substantiel

proteolytic activity toward casein and hemoglobin, were capable

of completely lysing cells of various Staphylococci and

Baciili, and of the soil bacterium, Arthrobacter globiformis,
~and were capable of partially lysing cells of other bactetia

such as the soll bacterium, Micrococcus lysodeikticus. They /

attempted to fractionate the enzymes of the culturelsolutiou/
- , . . : /




-~

, PO ' '
by passing the filtrate through a column; of hydroxylapatite -

and then_displacingIthepadsorbed'enzgmes witn alkaline Trls.
and phosphate buffers of increasing ionic strength. The

fractionation_was not.clear-cut but'among the;fractlons
obtained;-one showeo-strong~proteolytic-actlvity'but no
b{cteriolytic activity, and another showed substantial bac-
teriolytic activity but no proteolytic activity. - Gillesplile
and Cook concluded that at”least two extracellular enzymes

‘were‘proﬁucedzbyuthefofganism. ) 7 - ) o

These authors descfibed'Myxobacter'495‘as belonging

)

to the’genus, Sorangium, Subsequent investigations in Dr.
F. D. Cook's 1aboratory at the University of Alberta have
shown this identification to be untenable (3). . Christensen

and Cook have concluded that a neulgenus'of Myxbbacterla must Q"

‘be established for Myxobacter 495 and two related.species.

They -propose to name this new genus Lysobacter and to give

'Mykobacter 495 the name,;ngpbacter enzymogenes (4).

~ N
\

(b)J Isolation and Comparison of d-Lvtic Protease and B-Lytic

Protease (National ReSearchnCouncil of‘Canada, Ottawa)

[

The 1lytic enzymes of Myxobacter 495 were subsequently

studied in detail.by Whitaker and co—workers. The first report
published .in 1965 by Whitaker, Cook' and Gillespie (sﬂ

cribed the course of enzyme production when the organism uas \\

- ——

grown at 25° in shake cultures and in a 120—liter fermentor. -

The medium was a solution of mineral salts, glucose and amino

2
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acids from an acid hydrolysate of casein. The pH was initially
7.0, but increased to values as high as pH 8.5 durlng growth
of the'organism. The course of glucose uptake, amino acid up-

take, bacteriai‘growtn, production of 1ytic activity toward'“

Arthrobacter globiformia cells and production of proteolytic
~activity toward casein were measured. Peak enzyme product}on

_occurred in late log phase, and maximum yields were obtained

~

after about 48 hours_ of growth.

The‘isolation‘of enzymes with lytic activity was

described in the next report by Whitaker (6). The major steps
were as follows. (1) The medium was freed of cells with a con-

tinucus-flow centrifuge and freed of.di- and tri—vaient ions

, :

' by passagezthrough a mlxed bed of Amberlite IR 45 in the

v

Tgcetfate form ‘and Amberlrte IR 120 in the ammonium form. (ZY
The solutfon was then stirred with the cation exchanger

Amberlite CG 50 at pH 5.0.  This Operation removed from the

.

.solution all lytic activity toward A. globiformis cells, and

most of the proteolytic activity toward casein (3).ihe resin
"was titrated to pH 6.25, washed with dilute citrate buffer of
pH 6.25, and packed in a column«y The bacteriolytic ‘enzymes
.were displaced with a gtadient of sodium citrate buffers of

- 4
PH 6.25 and increasing ionic strength. Lytic activity

appeared in two peaks. The first peak contained enzyme which
migrated more slowly’ than lysozyme on electrophoresis at pH 8

in cellulose acetate; this enzyme was called the B-enzyme.

The second peak contained. an enzyme which migrated ahead of

\
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lysozyme; this enzyme was called the o= enzyme. (4) The enzymes Ty e

. -

were precipitated with ammonium 5ulfate and then freed of
‘ S .
. ‘ammonium sulfate by dialysis and by elution from a column of B

1 %

Sephadex Ge25 equilibrated with sodium acetate buffen. (5)

i

‘ '\T s S
A

.

Both enzymes were then refractibnated by tod exchange chroma—

— [ - Yo

o tography on Amberlite CG 50, precipitated with ammonium sulfate

[ El

and dialyzed. Both eQZymes had lytic activity toward. .- S

Al globiformis cells\and proteolytlc activ1ty toward _casein,

and hence they were renamed "a lytic protease and "8 lytic i

Y-

protease" ._ Together they accounted for %irtually all the

lytic activity of the culture solution.

LA Oy Sh ekt

- . The third report 6f JuriaBek and Whltaker (7) deg-~

cribed evidence relating to the homogeneity of these proteases.

The main points ‘which emerged were as follows. (1), Both enzymes
were homogéneous in the ultracentrifuge The molecular weights, - .
estimated by the Archibald.methodeith an assumed value of 0.72

for the partial specific volume were l9 000 19,300 for the-

\

G-enzyme, and 19,000 for the B enzyme. The sedimentation‘co—
LY

Lo

efficients, estimated from sedimentationﬁrates in acetate

buffer, were 2.2 Svedberg‘Units.‘ (2) Both enzymes were homo_

geneous, on starch gel electrophoresis‘at pH -8, and, with the-

exception‘of-an electrophoresis in one huffer .were homogeneous -

on electrophoresis in cellulose acetate with buffers ranging E?

from pH 3 to-9. The exception was electrophoresis in acetateu'
~7M urea buffer of pH 5. In this.buﬁfer, the G-enzyme mas

a

homogeneous, but the B-enzyme showed two zones. ({The explanation:
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)1{ ~ . R - i s | f - o

ﬁh' ”fis discussed ‘ater).- (3) Both enzymes were homogeneous on

% chromatography on columns of Sephadex G- 75 and homogeneous ‘ hﬂ
%’ ‘on chromatography n- columns of hydroxylapatite. In all these J‘
“}t" . . c . \‘1
x ‘separations, proteoly c activity and bacteriolytic activity

-~ <
: i

were inseparable. It will\be recalled that Gillespie and
Cook (2) used hydroxylapati e in their fractionation procedureW
‘and obtained ‘a fraction with b cteriolytic activity but no

TN
proteolytic activity However, their, procedures gave ‘enzymes

‘in\ektremely dilute solutions. Such\solutions were adequate
for assays of bacteriolytic activity,\hut were much too dilute'
for satisfactpry assays of proteolytic activity toward casein

as this assay is at least one grder of magnitude less sensi—

N
—_—

tive than the bacteriolytic assay. ' 8 . - t

4 AlADeIZIrviran

. The fourth report by Whitaker, Roy, Tsai and
Jurafek (8), compared the proteolytic activity of these enzymes
. by comparing their cleavage patterns of the A and B chains of

-performate—oxrdized insulin. The cleavage pattern'of the

f—-enzyme was very much 1ike the pattern reported by Naughton

and Sanger (9) for porcine elastase. The o~lytic protease

J

‘'cleaved the A ohain rapidly at-three sites - the Serg-Vallo

linkage, the,VallO—Cys(SO3H)ll linkage, and the Serlz—Leu13

1inkage - and also cleaved the B chain rapidly at three sites -

| - t
the Val Glu linkage, -the Ala14 Urg linkage, and the .

12 13 Lo
Va118—Cys(SO3H)19 1inkage. The properties of the B-enayme were E
quite different. Under the conditions tested, the enzyme had

no appreciable activity toward the A chain, and cleaved the



7 B - ; o ‘ .‘ 6 !
»{ﬁ' P
B chain rapidly ate only one aite _the Gly23 Phe24 linkage ";Kf
: In the fifth and last paper of this series, cleavage - .7

1 fedl

of the cell wall mucopeptides of Arthrobaeter globiformis and

Micrococcus lysodeikticus by the o- and S enzymes were reported

by‘Tsai, Whitaker,.Jurasek and Gillespie (lO). 'The g—enzyme
was shown to cleave rapidly the linkage betweén"N—acetyimuramic

("

acid and the N-= terminal alanyl residue of the peptide chain of

-

the M. ;ysodeikticus mucopeptide; the u*enzyme cleaved this

.

linkage slowly. Both enzymes hydrolyzed cross-linkages in-
volving the €-amino group ofrlysine‘residnes in the peptide

chain.

In 1967, Jur@sek and Whitaker reported. the amino

AEADCIa MG

acid and metal composition of these proteases (1l1l). The-anino
acid compositions of the two enzymes were completely different '

and assigned a minimum molecular welght of 19,000 to the o-

L
o
‘
2
:

enzyme and 19,800 to the B-enzyme.’ The g~enzyme contained no - {
divalent metal ions, but the B;enzyme contained one gran—a;om
of zinc- per mole of protein.

The.evidence that the B;enzyme Eontained zipc. sug-—
.gested an explanation for.the heterogeneity observedﬂon
'Ielecrrophoresis‘in‘acetate—7§ urea.buffer oftpH 5.0. This‘was
reported in 196? by Whitaker (12). The apparent electro-
phoretic heteroéeneity-depended on the periocd of exposnre.to
the buffer. If the period of exposure was‘brief, the eiectro- v
pherogram eﬁoned a ainglereomponenr of high mobility; if‘the

period‘of'exposure was prolonged, the electropherogram showed
. . : J
.
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’ .'l'._' o ‘ ' ’ L ) ' .
a single componenﬁ of low mobility, if the period off e:izigfg//”///////
Was of'intermediatelduration,\the electrOpherogram 8 ed

-

.. both components The m?bility of the slow componept’was.the

£

‘same as that of apo- enzyme produc by treatmeut of the native

enz?me withUG*phenan:ﬁzg}iﬁET/:Dialysis of the apo—eezyme
L T ++ U
against buffer containing Zn  ions led to the reformation of
"th'e component of high mobility.' In sher£, the heterogeneiti
"in 7M urea buffer of pH 5.0 was due to a ‘slow comversion of

native enzyme to apo—enzyie in this buffer.

4

"{c) Subsequent Characterization of ag-Lytic Protease

. . - ’ 1
Subsequent studies wﬁ&h.theLﬁ—enzyme were briefly
. " - v
as follows. (i) The enzyme wd%ﬁshodn to be a serine protease
with the same sequence,.Asp.Ser.Gl&, around its active serine

!

j;esidue as ehe pancreatic’éerine proteases (13). (ii),Its_
kinetic properéies were investigaeed with 'esters of N;acyl—
.substituted defivatives of alanine‘afd valine as subetratesl
and were found to‘be essentialiy the same as those of purified
percine elastase (14) As o-lytiec protease‘has only one
histidine residue (105, this finding threw cohsiderable d&dyt

—
=

on the twin-histidine reectionfmechanism proposed for serine
proteinases by Bender and Kézdy (15). (111) The eeduence
aboue the single histidine was shown to be hemologeus with
that etound Hietidine—SJ of chymotrypsin, trypsin and elastase

(16). These findings prompted a determination of the complete

amino acid sequence of the a~enzyme by Olson et al. (17).



Dayhoff (18) assessed. the homolohy with the pancreatic_enzymes

by‘alcomputer program which considered al tHe residues in the

sequence ‘and not merely those in regions arou

-

the active site.

She concluded that the homology was sufficient to ndicate that

/
: a-lytic protease and the pancreatic enzymes had evolved from a
i
L common ancestral enzyme. HcLachlan and Shotton (19) also

demonstrated by model- building that the sequence of the a- enzyme

was compatible with the enzyme having a three dimensional
‘lstructure similar to that\of chymotrypsim. .Work in progress on

the X-ray structure and the NMR spectra of the g-enzyme may

shortlv provide more di:ect evioence.on the.honology in three-

A

dimensiowdl structure.

(d) . S bsequent'Investigetion of B-Lytic Protéase
¥ D

" Whitaker, Juté§ek and- Roy briefly discussed the

nature of the B-lytie ptotease'in their publication on the
nature of a-lytic protease (13). They‘were‘unablexto assign

it to:any'of the four major groups of proteinases. They "

i H
‘pointed out that, unlike the d-enzyme, the B-enzyme was com-

"

pletely uneffecteh by inhibitors soch as diisop;opyl phosphoro—

.fluoridate (DFP) .or isopropyl methylphosphonofluoridate (Sarin),

Pand hence could not be claesified .as a serine proteinase. )
o, Further, as the enzyme has no free sulfhydryl groups and is

active at neutral or weakly alkaline pH '8, it could not be.
" clasgified as:a "thiol proteinase (euch=as papain) or*an

"aci proteinese (such as pepsin). .The remaining najor'gronp



P

: o - - : /
of proteinases is the "metallo—proteinhees" i.e,, enzymes

v

whose: catalytic mechanism is dependent on the presence of a’

-

'chelated_metai-ion,nueually”zinc.‘ ‘Whitaker and Roy (20) con-

. -
‘ >

" verted mnative B—enz&me with 1.0 g-atom of Zn + per nole, to‘
_aneessentielly zinc-free apo—enzyme (0.0é'g—atom of Zn++ per.
mole) by treatment of the enzyme with phenanthroline in acetete
Eufﬁer followed by ultrafiltration to remove the Zn‘+-phenan—
'throline complex. Assays of the bacterio1ytic"ectivity of the
apo-enzyme showed. no loss of activity from the conversion.

:Accerding to this evidence, the,Zn++ ion is not essential ‘for

cactivity and the B-enzyme could not be classified as a metallo-
: &%
proteihase. .

;/ Oza and Whitaker {21} re- -examined the conclusion in

\

the Acou’rs'e of a 'subsequent survey of potential inhibitors and \

'-substretes'of the B-enzyme.’ Tney found that metal-chelating
agenbs such aé phenanthroiine and etnylenedianineretraaceeic\
acid inhibited the bacteriolytic activity and the peptidase
activity of the B~enzxme. Furthermore, -they were unable to
'_confirerhiEaker Juréﬁek.and’Roy‘s findinge of-retention of
bacteriolytic activity by the apo-enzyme: in their experienZe,
the conversion of native enzyme ép apo- enzyme was ‘invariably
accompanied by a ‘loss oflactivity, and the residual activity
was.cbnsisrent with the ameunr of residuai native enzyme pre-
sent. Theyconcluded that the B ~enzyme was a metallo proteinese
and attributed the earlier result to a contamindtion .by trace.

amounts of divalen; ions which led to the reformation. of metalle-

4

‘enzyme durapg storage or dilution of the enzyne._
i, , : g



The most useful substrate detected by Oza and
'Whitaker s survey was 3(2 furylacryloyl) glycyl L 1eucine amide

(FAGLA) The enzyme cleaved this substrate at the linksge be-'

W

tween the glycine and L- leucine amide residues The pH opti—

mum for this hydrolysis was pH 6 5; the K and V max at pH 7 22 -
were 5.22 mM and 3, . 67x107 Ml';l,;;ec"_l respectively N- ~Carbo-
'benzoxylglycyl L-phenylalanine amide was also a substrate

_but it was hydrolfﬁéd too'slowly to ‘be of practical value in

an assay procedure. None of the esters tested - pr nitrophenyl

‘ I i

acetate, and methyl and- ethyl esters of various N acetyl— and
N- benzoyl amino acids - provided any evidence of the B enzyme -
having esterase activityf |

ﬁatsubara and }eder bave designated as "metai'
chelator—sensitiue neutral;pﬂoteineses",.some microbiai'pro}

teases faom variaus bscteria,'e.g.5 from species of Bacillus i“

and Pseudomonas; from'species'of Streptomyces, and'from_the
: . .
mould, Aspergillus oryzae (22). ‘Characteristic properties of .

these enzymes are'a content of 1 éramiatom of”divalent metal . /
ion (usually zinc) per mole .0f enzyme,. inhibition by chelating -.‘J
agents, a pH 0ptimum near neutrality, activity toward FAGLA,

and lack of esterase.actiuity ' The most thoroughly characterized

'enzyme in this group 1s thermolysin, a protelnase from Bacillus

thermoproteolyticus. "Its amino acid sequence and three-

dimensiona structure vere reported in 1972 (23,24,25).- The B i
: properties of R~ lytic protease descéribed above indicate that

it is alsq a member of this group of enzymes.



(e) Objectives

\ Aé‘evident from the above review knowledge of the
specificity of the B enzyme was extremely limited ‘ The only.
proven facts were that the enzyme cleaved the glycyl -phenyl-
Jalanyl linkage of ‘the insulin B chain, the glycyl leucyl
linkage of FAGLA ‘the glycyl phenylalanyl 1inkage of ‘N-
carbobenzoxyglycyl L phenylalanine amide, énd the lih&sge be-

\ f
tween N—acetylmuramic acid. and alanine in the cell-wall muco-

peptide of Micrococcus lysodeikticus

-

The first major objective of this investigation was

to extend knowledge of the specificity of the B- enzyme "To

e this end the manner in which the, enzyme cleaved the polypeptide

glucagon was determined A second major objective was to con-
tribute to a determination of the enzyme 5 amino acid sequence.

The first phase of the program for sequencing the enzyme - the

<

separation of the peptides produced by cleavage of the enzyme
with cyanogen bromide - was still under investigation when the

studies presented in this thesis were initiated "It was anti—

[N

1

cipated that cleavages by several enzymes would be necessary to
_ determine the c0mp1ete ‘amino acid sequence of these peptides.
The problem undertaken by the author was to use the B-enzyme

[

'as_a cleavage ‘agent, and s0 far as possible, to characterize
the.cleavage products,: It wasg felt that this undertaking would . it
not only contribute to the sequence determination but would _"

also provide a more definitive survey ‘of the enzyme ;]

.specificity.
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Two minorx projecta were- also undertaken - an, investi-'

.

'gation of the-action ‘of the R- enzyme on the cuticle of Ascaris

suum, and a further examination of the validity of classifying Lo

- Sy

the B~ enzyme as a metallo proteinase. It will be recalled that

1

study of the lytic enzymes was initiated by the observation of R

the lytic activity of Myxobacter 495 toward soil nematodes.

ALY

‘Whitaker ‘had extended these observations by comparing the

_..v_ I . - ~ - )

action"of the a- and B—enzymes:on Asearis'snum'éf%) ‘ He noted

’that, while incubation with the a- enzyme had no apparent effect
on the parasite, incubation with B lytic protease led to &
swalling of the cuticle of the parasite and: ultimately to thef
death of the organism. The nature of the initial attack on: ..
the Aacaris cuticle was investigated usiné techniqnes of |

electron microscopy. - ‘ _ \




PART A

THE B-ENZYME AS A METALLO-PROTEINASE '

‘- y

(a)'LIntroduction
Oza and‘Hhitaker‘s'classification-of f-lytic pro-

teaseias a metallo-proteinase was based on the folfowing_

' evidence (21): -(iaftﬁelﬁresence of 1.0 graméatom of zihc

per mole of native enxyme, (2) inhibition of activity by

chelating agents such as o- phenanthroline and . ethylenedi-bl

,aminetetraacetste, and.(3) ioss of activity on conversion of

oatioe‘enzyme to‘apo-enxyme with o-phenanthroline.

The third poiet"is:equivocal in?that toe loss of' 

: activity‘could"bé a secondary effect of the removal of zioc-

for example, a consequence’of-an irreversible change in con-

formation following the loss of zinc, or a consequence of

'enhanced susceptibility to proteolysis by residual native
enzyme.' Hhiteker had shown that the electrophoretic mobility

”of the apo—enzyme in cellulose acetate reverted to: that of the

‘native enzyme when the spo-en:yme‘was exposed to zinc ions
1(12). but mobilities ic cellulose acetate'are'not'sessitive
indicators of the conformation of a protein. It oas desirable
_therefore to determine vhether the loss in activity from the

treatmentﬁwith phenanthroline was restored hyhexposure to

" .2inc. ions.

13



(b) Materials
Phenanthroline was a Baker Analyzed Reagent Di~
isOpropylphosphorofluoridate (DFP) wss’purchased from the

Aldrich Chemical Company. Arthrobacter globiformis cells

had been prepared according to the method of Gillespie and
Cook (2) and were stored at T300._ The B-enzyme used ig this
ﬁmexperiment and in all other investigations was from a batch

of enzyme which had ‘been prepared in 1967 and. stored at‘—30
‘ ! .

no

.{c) Preparation of Apo-B-Lvytic Protease‘and Regenerated ‘ “

B-Lytic Protease

The enzyme used in this preparation was first treated

with DFP, to inactivate any trace of serine protease in the"

enzyme preparation. . A solution of en;yme (60" mg in 6 ml of | -
.wst'er_) was titrated to pH 7.5 with N"&OH, mixed 'with'60 ul of \
~a- 52 solutionrof DFP in isopropanol, and 1eft.at ZSdfor 45 . N
'minutes. One ml of the solution was designated "Native R~ i
lytic protease and-set aside for reference. The remainder

was mixed with 150 ml of 0.01M NaOH—acetate buffer‘(pH 5.5),
containing 10_3H phenanthroline, in a 400-ml Amigon ultra—'
filter fitted with an Amicon UH 2 membrane. The solution was
concentrsted to a volume of approximately 10 ml under a nitrogen
.pressure of about 25 551; The treatment with phenanthroline and
‘}he-concentration sten,were repeated., The residual ‘concentrate
was diluted with 150 ml of acetate hufferl(without phenan-
throline) and”ngain concentrated-to a volumelof aboﬁt'lo ml.

»

This dilution and concentration procedure‘wes repeated twice
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more-with 100~ml volumes oflwater as the diluent, The final
'concentrate ‘was 15 .ml of solution with an “enzyme concentra-
tion estimated from therabsorbance at 280 nm to be 2.8 ng/ml. ' '
.This.sqlution vas designeted "Apo-R- lftic protease"‘

Five nl of this solution was mixed in the ultra—
filter with 100 ml of 0.01IM NaOH- acetate buffer (pH 5.9), con~
taining 2x10 4y ZnClZJ The solution.was concentrated to'a
"volume of approximately lO ml, diluted with lOO ml of buffer
(witnout zinc), reconcentrated, diluted with- 100 ml of water
and reconcentrated to give 6.8 ml of solution with an estimated

enzyme concentrationﬁ\?\g 6 mg/ml This solution was desig-

nated "Regenerated B-lyti protease'", . SR 1

(d) Assay of Bacteriolytic.Activitv

The bacteriolytic activity ;f the enzyme prepara-
tions were assayed by tHe procedure-described by Whitaker'
Cook and Gillespie (5) . The substrate was a disgersion of
30 mg of A. globiformis cells in 100 ml of 0.025M. Tris-0. 004M

\
KCl ~-HC1 buffer of pH B.0. At zero time, 200 ul of enzyme

solution cbntaining 2 to 5 HEg of protein, Was mixed with 5 ml
of substrate solution maintained at 25.0° in a thermoétat

The absorbance at 660 nm was measured at 6 minute intervals
. -
for 24 minutes.

-

+*

(e) Results and Discussion

. g
b ' . . !

Table 1 summarizes the data from these assays. It

1g’ evident from this data that the loss of activity follcwing



. *
treatment of native B-lytic protease with phenanthroline

is restored by treatment of the apo enzyme with zinc chloride.
Point (3) of Oza and Whitaker s evidence 1ls therefore valid

evidence for support of their conclusion that B lytic pro—

tease is .a metallo -enzyme.

n

i
]
!
!
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| TABLE 1 SN
. | T o
LYTIC ASSAY WITH NATIVE B-LYTIC PROTEASE, APO-B-LYTIC PROTEASE

| . ‘
. AND REGENERATED B-LYTIC PROTEASE .

1

Final Enzyme

Enzyme Preparation . Conceritration _AAGBO

' : _ (ug/ml)
Native B-Lytic Protease | T 0.4 o 0.057
| ' __ 3 1.0 0.179
Apo-B-Lytic Protease o 0.4, . 0.003
1.0 0;0b4_
Regeneraﬁed'ﬂ—ﬁytic Proteése 0.4. - 6.059
N | - 1.0 0.218

* : :
Decrease in absorbance at 660 nm over the interval ¢t = 6 min. to

t = 24 minjaverage of duplicafe assays.



PART B.

INITIAL INVESTIGATION OF THE SPECIFICITY

OF B-LYTIC PROTEASE

I. CLEAVAGE OF GLUCAGON

(a).‘Introduétion
élucagoﬁ and'the-A and ﬁ chains of insulin are
favored substrates for assessing the specificity of pro—
teinases. As difCussed earlier, the A and B chalns of insulin
prdvided little information on the Specific1ty of the f-enzyme. N

Investigation of the cleavage of glucagpn was undertaken to

extend this information.

o
l
I
'
1
i
'

(b) Materials

Glucagon was ﬁurchased from Calbiochem. Thiogly~

colic acid was obtained from the Pierce Chemical Company.

.All other chemicals were of reagent grade.‘ Carboxypeptidase A

- {(DFP-treated) was from Sigma. '

(¢) Methods

(1) High Voltage Electrophoresis

Electrophqreses weré carried out in Lucite tanks
"with wvarsol as'tﬁe coolant for'electrophdresis at pH 2.1 or
3.5, or toluene as the cbolanq for glectroﬁhoresis.aﬁ pH 6.5
(27).. The paper was Schleicher and Schuell 20438 Chromato-
graphy and Eléctrophoresis Paper or Whatman 3MM Chrématggrap ¥

Paper. The buffers were pyridihefacetic acid water (80:2.4:720)



for electrophoresis at pH 6.5; pyridine—acecic acid;waEer
’(4:40:760)3for electrophoresis at pH 3.5; and 85Z formic

acid-acetic acid -water (l6:64:720) for electrophoresis at

'H 2.1; The voltage gradient’ was 40-50- volts per cm.
‘Marker strips fcom dried electropherograms were
dipped in'cadmiun—ninhydiin“(ZB) to locate the position of
_pepcides. The reagent was prepared by- mixing 100 ml of a 17
'solution .0f ninhydrin in acetone with 15 ml of a 0 6% solu—

tion of cadmium acetate in 13 aqueous acetic acid. 'The

‘ l

paper was allowed to’ air—de until the colour deveiOPed
""(spots appear as red, orange or yellow) and was stored -in a

plestic bag in the dark *The Ehrlich reagent (29) was used

H
-

as a supplementary indicytor to locate peptides containing

tryptophan -A side strip was dipped in 0.27% dimethylamino~
benzaldehyde in acetone: ébllowed by- a dip in 10Z hydrochloric
acid in acetone. Peptides containing tryptophan gave a

el

strong purple colour.
If a peptide required no further‘fractionetion; it
wae'elnted-from ehe paper and collected in a neighed tube.
If it required refracfionation, the zone was cut"from the
paper and stitched on to a freen sheet of paper for re-

electrOphoreeis or partition chromatography.

[

(11) Amino Acid Analysis
Saﬁzles of eluate were hydrolyzed routinely for

22 hours at 105 n sealed, evacuated tubes with 6N HC1 -

19
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0.05%Z phenol (30). Some peptides were also hydrolyzed in’
6N HGl-5% Ehioglycolic acid (31) for analysis of tryptophan.
Norleucine was used as an internal Staqdard. The amino acid

analyzer was a Beckman Model 120C or Model 121 analyzer.

" -

(d)’;Production, ?i:actionationL and Analysis of Peptides

from Digestion with B-Lytic Protease v
Glucagon (7.2 mg) was dispersed in 6 ml of 0.025M
ammonium bicarbonate containing 137 ug of Bfenzyme:” One half

was digested for 20 minutes, and the other half, for 4 hours,

at 25°. The reaction was sp%pped by adding two volumes of

hot “ethanol énd'heating the solution in a boiling‘watér bdath

E

Tuntil most of the alcohol héd'evaporated; The residual solu-.

tion was freeze-dried. :
) Y - : R ! ra . -
‘The digests’yere fractionated initially by high

voitage electrpphoresis“é;.ph 2.1 on Whatman 3MM paper.

!

Cadmium-ninhydrin indicated % zones for the ?p minute digest:

1-20 (Mg, . = 1.38), 2-20 (u_ . = 1.00), 3-20 (p_ . = 0.92)

and 4_20.(user = 0;72). Theéé zones were refractiqnated by
elédtfophoresis at pH 3.5. This refractionation removed minor
contaminants from the major peptide of zomnes 2~20 andl3r20q
Peptid;s 3-20 and 4-20 fluoresced in ultra-violet light and
_gaﬁe a positive Ehrlich test for tryptophan. Each peptide*waé -] t
eluted and analyzed. ’Caﬁﬁium-ninhydrin'ind;qaped 6 zones after
electrophoresis of the 4-hour digest at pH 2.1: 1-4 (user =

1.36), 2-4 (u_,_ = 1.19), 3-4 (u_,_ = 0.95), 4=4 (u__ = 0.84) ]



[
. penv

5-4 (3;;; = 0.74) and 6-4 (user = 0.64). Refractionation of
zone 2-4 at pHi 3.5 gave two components, 2A-4 and 2B-4; the“.

peptides in the pthé:_zdnes remained homogeneous on refrac-

tionation. Peptides 3-4 and 6-4 fluoresced under ultra-. 7,

violet light and showed a positive Ehrlich test for tryptophan.
The peptideé were eluted and analyzed. The presence of tryp-
tophaﬁ‘in Peptides 2-20 and 3-4, and its absence in Peptides

4-20 and 5-4 was subsequently verified by amino acid an;lysis

of peptides hydrolyzed in 6N HCL-5% thioglycolic acid. B

‘The compoéition, yield and identificatidn of “the
peptides from ;HF two:digestsare_given in Tables 2 and 3, !
and the cleavage pattern is‘showp in Fig. 1. The mobilitfes
fedorded for_fheéé peptides are consiéteht with;mobilities
éalcuiéted frﬁm Offord's data (3é) relating mobilities éo

mglecular'weighﬁ and net electric charge.

(e) ?Discussion
" For reasons which will become more evident later,
cleavages‘by Ehe B—enzfme wi&l be classified 1into 4.gpoupst
| (1) Gly—ﬁPBcleaGagea, i.e.,.cleavages between a |
¢ o -glycyl_?esidue and a residue‘with a hydrophobie
B o sidé-chain' '
(2) .XwﬂPBcleavages, i.e.;.cleavages between a residue
| other than glycine and a residue with a hydrophobic
, \
side-chain )
(33- Gly-Y cleavages, 1.e., cleavages between a glycyl
residue 'and a rééidue with a npn-hydrophébicéstde—

chain'

21




22

| _. o &
- 82ayp %oy N X DT -0)39R(8"0) TL(0" dxﬂq e oy
| | . . nunmmwum mum.v - . -
., - | (- T)ud(s” d&HS csmim S_ﬁss dmﬁ . . . "
SCazz- Sayq e OX15(9° Summﬁ cuﬁa SR (CRILECRULES SR ozt
T (9 89@8 Smsm ._ |
a S.&Ha 0)naI(g" o:mio dmﬁzm dﬁws Sﬁo _. e o :
flagg- Tord © (z'p)es(er D IA(T £)x8v(g" DBv(6" OsH(Z DT 6 ¢ 022
Y419- Tomn L CRISEICR dﬁoa 0) 395(8" SmE . sz 0zeT
urdTao ,. o ‘H. : GOﬂuﬁmoa&wo vﬂu¢“wnﬁa¢ i q o NNV. _NWHummm
A / it P PT3TA :

Z dT18VL .



.mwmuylmmmnm ‘ ﬁunmmwmmAmuyuAw.cumnmﬁmuouﬁm>~o.auxwu 8T -9
‘mﬂwﬁxcmsum “ - (0° T)M21(0° T) 32H(0 " T) FUL(0 " T) XBY 1 ¥-g
Tty Sayg (0" T)2ud (L 1) Z4L(6° 1) 205 (8" T) E.ss.dxmﬁﬁ..d 8411 0c o~y
(£70)d2L(0" T)°ud (0 T)noT SRR
“C423-"Tnay (0*T)TeA(0* T) BTV(0* 2)¥T(0" T) 105 (1*7) X8V (6 " T) 81V 9z e_nm;
Sayz- Tewn, . (0" DA1(0" )XT9(6°0) 395 (6°0) UL(0 " T) 87 8 y-g2
T246y-"Tnay (0" )91(0*T)=T¥ (0" 1) XTI (6°0) 295 (6 * )X (0" ) B2y N
"n19- Ten (0°T)AT9(0° T)XTH(6°0) 295 (6*0) STH 8¢ y-T
- . @
UOF3T80dWO) PFOV OUTEY . @pFadag

uy3rIp

- \

PT®TA

SYNCH ¥ Y04 ASVAIOWd DIIAT-9 HIIM NOOVONTO 40 NOIISHOIA Eomm.mmmemmm.

P

€ dT4VL

\



.24.

Pﬁ. . . ] // *
: o o . g S uoL3sabLp. unoy - g
. N S : Uoj3s3BLp S3NuULL 0z 1Y
U SO R S ENEI ITIAT 9 X NODVINTo 40 J9VAVATI
] s . . :
, 6 . — ¢ > a = p-g2—>
T ’ -.A _, v"m

A
<
Lo
\n
o
3
T
<
-1
<L
o
v
~
i
L=

LY
.

L;H =m< 18T naT” duy* ugg- Fm> |Ud’ amq ugg-ely- mg< mnq me nmq na Jukr’ mmu 435 ° L»H dsy"uag "y m:a.;;h%%ww.:pm.umw.m_z
_ . S¢ ~ 0 - - mﬁ oL~ - g L

— 07~ — g —




. ) o P RS .- s .
) - . . . ‘
. g N . ' .
. i . . o - :
s, . , N » . ‘
K} . . . -7 .
‘ .

. and '(4)? X-Y cleavages, i. e., cleavages between a residue
other than glycine and a residue with a non-

hydrophobic sideﬁchain

' Theafollowing residues will be classed as hydrophobic alanine,

valine, isoleucine, leucine, tyrosine, Phegylalanine; tryptgi”
phan and histidine;

The oleavagesrdemonstrated'for glucagon)csn then

be classed as follows: L i . o s -
ot - Fast cleavages Glyé—Thré/;/' Gly-HPB: :
| , | Trnga eu 26 X-HPB
" Slow clesvages . Thr Bhe6 . X-HPB
: T P K |
/// Tyry3-Leuw,, - | X-HPB
: Q/ . A5p21-Ph322 X-HPB
// Lo l - ; ~ S

ILI. REACTION OF THE B-ENZYME WITH CBz-Tyr-Ala AND CBZ-His-

Phe-Phé-0Et

\ 2

(a) ‘Introduction

N Carbobenzoxyl tyrosyl -alanine (Cbz- Tyr-Ala) and
N- car?obenzoxyl histidyl phenylalanyl phenylalanine ethyl
ester (Cbz~His Phe Phe- OEt) have proved to be ueeful substrates
in studiee with'human gastripsin, an acid protease which tends
~tByhydrolyze linkages -between hydrophobic amino acids (33).

This'inveetigation was uuhertakenfto determine whether they

ﬁefe potenttally useful substrates for .the B-enzyme.
e T . v B L

25



(b)t Materials - l ' - - | \

- N~CérbobenzoxylGL—ty;osy;HL-alanine and qugrho;
benzox&l-thigtidyl-L—phenyla1any1—L-ppénylalanihe ethyl e;téfﬂ‘.
were éifts rrom Michael Hunkapillar, California Insti;uté of -
Technology.A

{c) 'Methods

N

A combination of ninhydrin and a chloerination pro-
cedure were used to detect the substrates and any hydrolyais
products separated by high voltage electrophoresis.  The

- cadmium-ninhydrin reagent previously described cannot be used

i .
prior to chlorination. It was réplaced?by a ninhydrin reagent -

consisting of 100 ml of ninhydrin (1Z in acetone) and 15 ml

of 0.05M sodium acetate. Sheets were dipped in this solution

Bl .

~and dried in a fume-hood.
The procedufe for chlorination of peptide bonds was .
that of Rydon and Smith (34)./ -The paper was dipped in 503

ethanol—acetoﬁe and was briefly blotted dry. It was placed

<

in a chlorination chamber on glass rod. supports over a mixture
of 100 ml of KMnO, (8 g/1).'4nd 100 ml of 1N HC1 for 20/\

minutes, and then was‘allowed'td dechlorinate in the air for
8-10 minutes. The sheet was sprayed with a freshly prepared

solution of 1% starch - 1% potassium -lddide. Amino acids and

peptides'give a pur@ie_cdlour with this reagent.

—
.

(d) Reaction with B-Lytic Protease and Treatment of

the bigest . ’ o “

Cbz-Tyr-Ala (1.1 mg) was dissolved in a solutdion of



. )
L §
1

’i" .
30 ul of pyridine in 100 nl of pyridine-acetate buffer of

pH 6. 5 (final pH -'6 8), Cbz-His-Phe—Phe OEt (0. 25 mg) was K

dissolved in a similar solution to which 5 ul of acrylonitrile

had been added

One half of each solution.was used as.tne'control;

and rhe other half was digested with Btf§tic pnofeasen(7.5'ug);

After . 2 hours at 250 he controls and dlgests vere fractionated

by electrophoresis at pH 2 1l and 6 5 " The sheets were treated

with ninhydrin and were ehlorinated

“(e) Results and Diseussion

Ninhydrin positive spots weére not observed with
* either compound and chlorinstion revealed that the controls
and digests had identical electrophoretic patterns ~ Thus

these peptides are not'substraces of the R-enzyme.

L)
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s PART C

" APPLICATION OF THE B-ENZYME TO THE DETERMINATION

OF_ITS AMINO ACID SEQUENCE, AND THE RESULTING

T
Pr-R

' "EXTENSION OF THE SPECIFICITY DATA

I. INTRODUCTION

y
B-Lytic proeease consists of!a single chain of
amino acids with:ﬁ’me;hionine residues?aﬁd two disulfide

bridges. Cleavage of the methionine residues with cyanogen
't > . -

bromide followed if necessary, by'reduction-and alkylation

of the four half- cystine residues should therefore, vyield

five peptides., Fig. 2 outlines Damoglou and Whitaker'

-~

procedure (35) for the production and isolation of these

peptides Table "4 gives'‘the amino acid composition of

B lytic protease reported by Jura¥ek, and Whitaker in 1967

' ‘(11), and .the corrections subsequently made by Damoglou and

.Whitaker (35). Table 5 gilves the amino’ acid composition of
Peptides A, B, C, A-C, D and E;  The N-terﬁiﬁal sequences of
these peptides and of the aminoethylaeed B-enzyme (35,3oy?
l.as determined by the DanéYl—Edean procedure, ere given %&
Table.ﬁi ‘The ﬁ—termina1-re§idue of the B-eozfme_was deter-
mined b§ rhe method.ofbHatsuo, Fujimoto. and Fatsuo’(B?) to
be‘asparegine. As Peotide A has the same N-terminal sequence

as B-lytic protease, and as both Peptide D and the f-enzyme

have Asn as their C-terminal residue, the parent peptides are /

¢

L

¢ . .
> - : _ , : P
. ' . . . , .
.



| 2 . o ' . e T
j S , B o290 0

/

} ' - ' B-Lytic Protease
m\b S ) : CNBr in 70% formic. acid at

0? for 11 hr. Freeze-dried.

N
3

CNBr-Treated B-Lytic Protease

Product dissolved in Hi?: pH

brought to 8.5. NH4H003 added

to a final concentration'of 3Z.
. o~

Resulting heavy precipitate

removed by centxrifugation.

Soiﬂbie Peptide Fraction ‘ ’ Insoluble Peptide Fractién
. Fractionation on : ,‘ e Réduction with
. Sephadeﬁ G325m ' ;tribﬁtyl‘phos—
-‘(supérfine). ' phine (40) and

J - ._ | | L alkylation with,

Peptides A:‘B’ C, a-C ethylene imine.
.Removal of.ré~
action by—prodﬁcts
‘o?-Sephadex 6-25
(coarse). Frac-
tionation by re-

‘cyeling chromato-

graphy on Sephadex

¥ ,'G+50 (superfine).

S . ’
' Peptides D and E

FIGURE 2: PROCEDURE FOR PRODUCTION AND ISOLATION OF CYANOGEN )

- " BROMIDE PEPTIDES OF B-LYTIC PROTEASE
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: ¢ ‘
TABLE 4 o o .
AMINO. ACID COMPOSITION OF B-LYTIC PROTEASE o
R - . S
fo : -‘NUMBER:OF RESIDUES
AMINO ACID |
| ORIGINAL ANALYSIS CALCULATED FROM
(JURASEK & WHITAKER) SEQUENCE (DAMOGLOU
‘1) - ..+, & WHITARER) (35)

Aépartic écia s 2&-24 o 22 -

Threonine ' . 13-i4 . . 14

Serine . j 19—21 .“ ] f.. 21

Glutamic acid "o 10

Proline | - 8-9 - 8

Glycine - 25-26 - : 25

Alanine : 13 |
- Valine - _ ) 5

Methionine o 4'

4 . ’ ’ batd . . T

Isoleucine. - 4

Leucine - . 9

Tyrosine | o | 13

Phenylalanine ) 6

Lysine | ' 3

Histidine : 8

Arginine ' 5

Half-Cystine ' ' ' 4

Tryptophan . 5 B -4




TABLE 5

. AMINO Q@ID .COMPOSITION OF PEPTIDES A,°B, C, A-C, D AND.E

. v ‘ * NUMBER OF RESIDUES IN PEPTIDE ‘
AMINO ACLD ' . i _
. . A‘ : ‘ B C A;C D”y -E.
- N £ 2 ._
Asx | ST S B o 12 3
Thr ‘_ ‘;' . 1 - . 1‘2 ‘8 3
ser 3 1 2 5 7 8
o1k 1 f1 _ 1 & 2
Pro - 4 ’ 4 : 4
Gly o 6 1 | 6 1 8 o
Ala . 2 1 | .. 2 6 !
val . | 1 1 . L 1 . 2
Ile . | N 1 o B A R
Leu ‘ 2 H ' . 1 3 5 ™~
Cpyr | 11 1 8 - 2
Phe g 2 T o2 2 2 AT
Lys - : ' ' B T
His - (2 2’ 3 3
Arg ' 1 | N 1 2 2
AE-Cys _ B -3 5 1
Trp ' | 1- ' ; 2
Hse , 1 1 b 1 ‘ 1
Total Residues 32 12 - _‘ 5 37 © 82 46



"

JFry e

N- TERMINAL SEQUENCE OF- AMINOETHYLATED B-LYTIC PROTEASE ‘AND

/7

TABLE 6

pEPTIDES A, B, C, A-C, D

, AND E

PEPTIDE N-TERMINAL SEQUENéﬁ o
AE-B Ser.Pro.A?x
A Ser.Pro;Asfoly.Leu.Leu.GixiPhe
B Asx.Ile.Glx;Ty;.Asx:Thr.Qiy.Ala
C Se?.Ser.Leg.Ask.Hse

.
Agc Ser.Pro
D Ask.Thr.Ala.Ile.Ala
E ' Ser.Arg.Gly.Glqu;y |

32
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i in the order A(BCE)D in B-lytic protease. Péptide A-C, a

\miﬁor product from-incomplgte cleavage of -.the linkage between ‘ '

the parent Pepfides A and C, -indicates that the oraét 1s

V“C(BE)D. As discussed later, the methionine diagonal Eﬁéﬁnique

S

‘pf Tang and Hartley was used to'determine the compleﬁe order

of these peptides (38). The cystine diagonal tecﬁnique of
Brown and Hartley was used in the dgtermination of sequences

around the cystine residues (39).

'IT. EXPERIMENTAL

(a) Matéfials
‘Phé‘h‘ylisothib‘cyan'ate, from Fluka AG, was distilled ' \
before use. TQifluorqacetic acid' was purchased from Matheson,
Cdleﬁan‘and Bell. Dimethylamiﬂnmphthaleneé5-sulfonyl chlorxide
wa; bbtainéd from Calbilochen. Pyridine was distilled before
use. All other solvents and chemicals Were reagent grade.
The polyamide layer sheets for chromatograﬁhic
identificaﬁion of dansyl.iamino acids were a product of the

Cheng Chin Trading Company, Ltd., Taiwan..

(b) Methods’

(1) Partition Chromatography
The solvent for descending paper ch;omatography was

g—butaﬁol—acetic acidﬂwater—p§ridine(30:6:24:20). The sheet

was equilibrated with solvent in,the~cﬁromatography chamber

for at least one hour before the inflow of gsolvent to the

paper.



(11) Amino Acid Analysis

Hydrolysates containing hbmoserine wer%'evaporated

to dryness and were treated with pyridine-acetate buffer of

-~

by

pH 6.5 at 105° for 1 hour, to honvert homoserine 1actone to,
free homoserine (41). The solution was evaporated to dryness
| ‘

and the residug_was dissolved in water immediately before

amino acid analysié.

(1i1) Dansyl-Edman Préced&re

" Peptides were seqﬁenced by'thg 5angy1FEdmaﬁ pro-
cedure of,Gray (42) ﬁhe particular method ﬁsed was a
modification-of that described by Gray and Smith (43). The
peptide was added in graded amounts to‘a'éefies of 6x50 mm .
tubes - roughly 2 nM of peptide to tube 1 (for determination
éf the N-terminal residue); foughly'A—S nM to tubes 2 and 3
(for determination'of'the 2nd and 3rd residues). and rohghly%ﬁ
10-20 nM to tubes 4 and 5 (for determination of the 4th and
5th residues) Samples were dried under vacuum in a heated
desiccator with an aluminium base plate with holes into which

the tubes could be inserted; the base plate was maintained at
. <] . N

&

.a temperature of 45°. The first tube was set aside for deter-
mination of the N-terminal residue of the pept#de by direct

dansylatipn} the second tube was subjected to one Edman,step.
. 71 -

for determination of the second residue; the third was sub-

jected. to two steps, and so on.

34
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.Step 1 Reaction withAphenyliaothiocyanate

,

Twenty—five ul .

of water and 25 1l of SZ phenylisothiocyanate (PITC) in

"pyridine were added to each tube; the tubes were flushed with

. . _ - Tl 0. -l."TZ’ 0 o S Rl .
| | B |J
| N=C=S + NH,-CH-C-NH- CH\-—C- — @NH ~NH- <|:H- -NH C|:H ‘c]:-

PITC Phenylthiocarbamyl peptide

(Ptc- peptide)

'nitrogen, sealed with parafilm and incubated at 45 for 1.5

hours. The mixtures were centrifuged and ‘dried in yacuo-at
» ot - N \
45°. N |
‘ Step 2. -Cle age with.tri.f_l'uoroacetic acid Fifty pl of tri- ‘
fluorocacetic acid was added to each tube. The tubes mere

flushed with nitrogen, sealed with parafilm, and incubated

at 45° for 30-minutes. 'The bullk of the trifluoroacetic acid

<l
e

R, O R, 0 - . i "R, O
. C-NH '

ﬁ ll “ I‘.z "" TFA _. e 12 ”

@-NH-—C-NH—-CH-C-NH—CH-—C— = @-N\ + NH,-CH-C-

‘Pte-peptide : Amino acid
' phenylthiohydantoin
b - . 1
was removed with.a fine stream of nitrogen and the final traces

were removed over NaOH in a vacuum deslccator “at 45 The

second tube was set aside, while the remaining tubes were

o

subjected to the number of Edman stéps required, one tube
being removed at the end of each step.

..11-. ., v



Step 3. Extraction with butyl acetate Samples were'extracted

before the dansyl reaction, and they were also extracted after
three to four Edman steps if the eamplee were not drying .
readily after .treatment with PITC or trifluoroacetic acid.
Fifty ul of water and 200 ul of butyl acetate were added to
each tube. The tubee were covered" with paZafilm, and the con-
tents were mixed and centrifuged. The upper layer was removed

with a Pasteur pipette. The extraction with butyl acetate was

repeated three times, and the samples were then dried under

vacuum.

Step'4."Dansylation' To eech tube was added 10 ul of 0.01§

sodium bicarbonate and 10 pl of a 0.5% solution of dansyl
chloride (1- dimethylamimmuphthalene 5 -sulfonyl chloride) | in

’acetone. The tubes were covered with perafilm and the contents

were mixed, centrifuged, incubated at 45° for 30 minutes,

” h
.N(CHB) 2 : I N‘(jcgrj) 2
OO .+ bk :
+ NH_,~-CH-C R O
; 2 | ~ ||
502C1 i _ - SOZTNH-CH:C—
Dns-C1 . | f + “Dns-peptide

recentrifuged and dried.. The dansyl peptides were hydrolyzed
. Ol -
in 25 ul of(6§ HC1l in sealed tubes for 16 hours at 105°. The.

h&drolysatee were centrifuged, the tubes were opened,'and the

e

¢ P ) . : ’rj

&

S

P

i
i
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samples were dried In some‘instances, tubes " were evacuated

‘before they were sealed for the .acid hydrolysis

- N b

Step 5. Identification of dansyl amino acids The dansyl-'

amino acids were identified by chromatography on polyamide

thin-layer sheets. Five Ul of 502 pyridine ‘was mixed with

the dried hydrolysate, and the solution was centrifuged to

\

collect it at the bottom. of the Eube. Two, ul of solution was
applied on the front and back of a polyamide sheet; one of
these applications was on top of a spot containing a standard
mixture consisting of .the dansyl. derivatives of Ile, Pro, Phe,

' uAla, Thr, and Glu.. Sheets were developed With solvent 1

“{water- formic acid l00'1‘5)'in‘one direction, dried,.and

developed with solvent 2 (benzene acetic acid 9:1) at right
angles to theifirst direction Certain dansyl ‘amino acids
) -

~could be identified at this stage by examination under ultra-, -

violet light The sheets were developed with solyent 3 (ethyl
_acetate methanol acetic dcid 20 1:1) in the‘same direction as.”‘
solvent 2, to separate Dns-Agp from Dns- Glu, Dns- Ser from
Dns;Thr, and Dns-NHz-from Dns-Ala. (Dansyl amine and dansyl
hydroxide were always present, as a result of breakdown of

dansyl amino acids and dansyl chloride) ' The patterns‘of .:' i
an ~amino acids on chromatography are shown in Fig “3, Two
;other solvents.were reguired to separate the basic ‘Dns-amino
)ecids. The phosphate solvent (0. OSM trisodium phosphate—.

ethanol 3 1) separated Dns-~ Arg from the pair, Dns E Lys and

-Dns-Hig, while the ammonia solvent (lH NHs-EtOH 1: 1) separated

-




Dns-Ile &Pns—Prq C
. " - ; - T . ’

Dns-Leu <—Dns-Val. * —
~© -
/0 = ijf—Dns—NHz P

bis=- Dns-Tyr

5 . f)ns—_'Phe ) O—Dns Ala

. - Dns- Gly »
o,Dns 'ryr Dns‘Thr SN - .
' ~—Dns-His :
ois Q , |
PEET Dris - Lys AZZ%ZV T Ser | [ORsvArg:
o o — €-Dns-Lys + .,
. Dns OH - 'Dns-Asp  + Dns-Glu .a-Dns-Lys :
- R .~ . Dns-Hse L e,

. T . . o
' . Dns Ile + Dns-Leu Zm.—Dns—Ngz h y
T “ b O—an Pro - : o
L bis- D%T D—Dns Val ‘ o /
Duns- Phe.‘. - O'—Dn's—Aléi-_.
Q l O—Dns Gly 7

bis Lys

: . o=-Dns~ Tyr-—o . Q—DHS‘Thl"
' .o __ ' CD—Dns Ser
243 . " Dus-Glu—CD’

‘. Dns-Asp@ ‘ ' o—'—DnS;'HiAS..-

i

RN/ RS

. 1 Dns— H . \ e-Dns-~Lys *+
S o L v a-Dns=-Lys-, -
. o '. . C . e,
FIGURE 3: CHROMATOGRAPHY OF DNS—AHINO ACIDS ON POLYAMIDE .
. THIN LAYER PLATES. R
Solvent 1 (water-hformic acid 100: l 5), Solvent 2 °
(benzene—-acetic acid 9:1); Solvent 3 (ethyl acetate—
- methangl- acetic acid 20 1: l) :
a N - .
~ »
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’
A

£

b

. acetic acid dried and analyzed,_ -

' Dns—His from the pair, Dns e Lys and Dns-Arg

s
.

‘The position

A of tryptophan was confirmed by using carboxypeptidese A (44)

to determine the C terminal residues of certain peptides

A

'obtained by cleavage with chymotrypsin or f- lytic protease

i

ILf Qminoethylcysteine or lysine were not at the

N- terminal end - of a peptide, the side—chain amino group was

converted to. “the Ptc- derivative by the first Edman step. The

h

'aans E- Ptc'Lys derivative could be identified but the d—-

Dns w-Ptc- AEC derivativelbreaks down on acid hydrolysis
Y ER

(iih Determination of C- Terminal Residues With

Carboxypeptidase A (44)

I3 ]

of water in a 6x50 mm.tube, centrifuged resuspended in water

and recentrifuged It was- dissolved in 100 i of 2M ammonium
bt
bicarbonate buffer and diluted to 500 ul with water, to give

a final enzyme concentration of 1 ug/ul _The peptide to be

-

sequenced was dried dissolved 4in 250 ul of 0. OSH N- ethyl—
morpholine -acetate buffer cf .pH 8.5\ mixed with 50 ul of
, .

carbpxypeptidase solution,”and incubated at 37 ﬂqr appro-

\

priate time intervals The solution was then "acidified with

L

(v) Calculation of Yield e

-,

The amount of each peptide was calculated from the

amino acid analysis of the solution eluﬁ%d from the psper,

the ratio of this amounk, (in nM) to the amount (in nM) of -the

Carboxypeptidase A (25 ul) was suspended in 500 ul-

" 39
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substfate used in the digestion is repotted as’the yield of
the peptide. ‘No corrections were made'for‘losses euring

" freeze-drying, or for peotide on the eide—stripe excised for
‘treetment with ninhydrin or other indicetors; Apart from
these losses which in.principle'ate determiqeble, substantial
losses are toﬁbe expected from the fractionation and elution

steps. The reported yields. are therefore minimum estimates

" ‘J

of the amount of peptide produced during the enzyme hydrolysis

»

(vi) Correlation ofﬂElectrobﬁoretic Mobility and

[y

Net Electric Charge of Peptides e

Estimates of the net electric charge on a peptide

b

ar% based on Offord's graphs (32) relating the electrophoretic

-

mobility of peptides to thelr . molecular weight and - net-

.

'*”eleptric charge.

il

Other methods are theisame'as those described in

Part B.

40°
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o _ s X
IIT. GLEAVAGE OF PEPTIDE A o -

(a). Prodgction end Fractionation of Peptides

‘

. ‘Peptide.A~(5.4 mg = 1.8-uM) was digested with B~
1ytrc protease-(66-u§)'in Sns 51 of 0.05M N-ethylmorpholine-
acetic.acid buffer of pH 7.5, forll.S hours at 379; . The

,mixture was acidified, freere;dried and fractionated by
electrophoresis et-pH 6.5. Cadmium- ninhydrin detected three

basic zonea..AB—l. AB-? and AB-3 (ul = 0.47, 0. 36 and 0.25.
respectively), hnd one neatral zone, AB -4, Zone AB—Z was

fluoreqcent. The peptide in zone AB-1 was eluted without

"further fractionmation. Peptides in zone'AB-2,gere reﬁractionu- L

ted by ele_c‘tropho‘resie at pH 2.'.'1, to give tyzo‘p'eptides,' f&B-2—I.L -, i ‘
and AR-2-2 (user = 1.20 end 1.13 reSpectivelyi;}each'peptide

-was regraotionated at'pH 3.5.and eluted. The basic peptide

in zone AB-B;wae'eluted after refrectiouefion at pH 2.1

(user - 0.90). Refractionation of'the neutral peptides of

zone ;B-& at pH 2.1 yielded 5 zones, AB-4-1 to AB-4-5, with

'mobilities (uggp) of 1.19, 1.11, 0.84, 0.68, and 0.61, res-

pectively. The peptides in these zoneiiwere éluted and

' analyzed On analysia, the peptide from zone AB—&-S was

impure and was refractionated by partition chromatography

~ . - -

(b} Amino Acid Composition and Sequence Data

Table 7 gives the yielde. and amino acid composi-

o . ) . * e -
tiona of these peptides, .their net charge at pH 6.5, thelir
sequencea as determined by the Dansyl-Edman procedure; and

-+
[

i a s Mt
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their assignment in the entire sequence of Peptide A. Anino
acid analysis does n6t~distinguish.asparfic aeid (Asp) from
asparagine (Asn) residues, nor glutamic acid (Glu) from

glutamine (Gln) residues, and aspartic acid/asparsgine resi~ -

"dues and glutamic acid/glutamine residues are Iindicated as ;

Asx and Glx residues’ in~the amino acid composition The yf///,

assignment of ASp, Asn, ‘Glu and Gln residues in the sequence
is based on the following considefations. The Asx residue

.of peptide AB-1 cannot be Asp, as the positiye charge of this
peptide at pH 6.5 is consistent'pnly with the Asx regidue
being'espersgine, and the homoserine residue being hog%serine'
1actone, all other combinations of Asx and Hse give neutral

or acidic peptides. The Asx residue of Peptides AB- 4 4 and

AB-4-5 1s identified es‘Asn because the A&&_residhe of .these

peptides is clearly the same as that in Peptide AR-1. Simi-
larly, as Peptides AB-2- 1 and Af-3 are basic peptides with |
only one basic amino acid_residue,'their respective Asx and
Glx residues must be!Asn and" Gln residues. Peptide AB-4-3 1is
a neutral peptide with no basic amino ecids; its Asx'residne.
i& therefbse an Asn iesidue. |
a Two peptides require comment. Peptide‘Aﬁ—é-S was -
gbtained iﬁ very low yield. 1Its analysis is marginsl but the
peptide sequenced cleanly. The analysis of . Peptide AB-2- -2
2‘indicated that .this peptide is ; mixture of at least two pep- 1

tides. The analysis is consisgent with it being a mixture of

the peptides Ala.Ser.Trp,His.Val.Gly and Ala.Ser.Trpris.Val.

’

y



. . - % . . .
Gly.Gly.(Ala,His,Thr,Asn,Thr,Gly). "This assignment is con-

gistent with the sequence determination, which proceeded

cleanly, and with the failure to separate the components of

AB-2-2 by electrophoresie, ag the two peptidee"indicated eoove

could be ekpected to have similar charge/mass ratios.

(c) Application to the*Sequeneeiof Peptide A
The f6llowing features of the sequence had been

-

determined previously by Whitaker and Roy- (36): o ¢

1 Peptide A had the amino acid composition (AsxsThr Ser3

lleroAGlyBAlaZVal Leu,Tyr PheZHiszArngrp Hse ) (Table 5)

and its first eight residues were Ser.Pro.Asx.Gly.Leu.Leu.

~

~Glx.PHe, (Table 6).

2. Digestion of Peptide A with trypsin gave a peptide, T-1,
'with the composition (Asx Ser Gix Pro2 Gly Leu2 Phe2 Arg) and

-, Ser. Pro, ‘Asx as its N~ terminal residues, and a peptide, T- 2

w

R

3. Digestion of the peptide T-Zﬁﬁ with chymotrypsin gave

two peptides. - Peptide T-2- cn 1 had the composition (Gly Ala

. Ser- Trp) and N- terminal sequence Gly Ala.Ser. Trp, and Peptide

T~ 2 Ch '2 tiad the composition (Asx2 Thr2 Ser Pro Gly, Ala Val

Hisi Hse) end His Val. Gly as its N terminal sequence

4. Digestion of the peptide, ﬁ¢l+.with thermolysin gave a
.lpeptide,'.T 2 ']?h 1 with cpm osition (Ae:»c2 T Ser Pro Gly

7A1a Val Tyr His Hs Tand Val Gly.Gly.Ala. His.Thr.Asx as its

‘N- terminal sequen e.

. . "
L} - - .
B (\\j
.
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As shown in Fig. 4, tnESe data in csnjunctien with.
the data from the B—digeet_of Peptide A assign a unique amino '
~acild sequence to Peptide A, .The data obtained by Wnitaker
and Roy had yielded the sequence of Peptide A except for thel
order of 'residues 9-11 (Pro2 Phe) . and the order of residues
25-31 " The f~peptides established the sequence of these un-
known areas and confirmed the remainder of the structhre

"

.Peptide AB-3 showed the sequence of residues 9~11 to be Pro.
Phe.Pro. Peptide AB-4-5, together with peptides AB-4-1, AB-1
and AB—A-&, determined the oxrder. of the'CQterminal_residues,

".while AB-2~1 showed that residues 25-26 were Thr.Gly.

(d) Relevance to the.Specificity of B-Lytic Protease;

. The cleavages by 8—1ytié protease are shown below,

and they are classed as described for glucagon.

Gly, -Leu Gly-HPB

o\ 3 ‘ '
'<<;. | Gly ,-Alay, . Gly-HPB_ | .
L ey xw -
Glylg:clyzo Gly-Y
Gly26—5er27 Gly—f
Giyzs—Asnzg Gly-Y

4

Therefis evidence for cleavage after every glycyl residue -
Y . . . .
Vo :

except the jz?ond %};\of the sequence Glinly.Ala.

/ .
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. . C lal
_IV. CLEAVAGE OF PEPTIDE B

(a) Production, Separation, Analysis and Sequencing

of Cleavage Products

3

Peptide B (1.6 mg = 1.2 uu)'wég digeéted_with
B lytic protease (165 pg) in 4 ml ot 0.05M ¥-ethylmorpholine-
acetic acid buffer of pH 7.5, for 19 hoqxe\at 37°. The digest
was freeze-dried and the peptides were”tractfonated by electro-
phoresis at pH 2.1. Cadmium-ninhydrin showed three major

peptides, BB-1 (u___ = 1.11), BB—2T(pser

0.92) and BR-3

(ué = 0.61). The first and last of these were eluted while -

er

peptide Bf-2 was:separated from a minor contaminant-by electro-~
thoresis‘at pH 3.5. The amiﬂ@ acid compositions, yield net

charge at pH 6.5, sequencea and "assignment of these peptides

are given in Table 8A. _

(b) Relevance of Cleavage Pfﬁducts to the Sequence of

Peptide B
As indicated in Tabies 5 and 6, the amino acid com-
position and Dansyl—Edman-determination.had established the
partial sequence' .
Asx.Ile. Glx Tyr. Asx Thr.Gly.Ala(Asx Ser Val)Hse
Thezgita.in Table B8A completed the sequence determination
(Fig. Z), and-established that all the Asx residues are Asn

residues, and that the single Glx residue is a 'Gln residue.

{(c) Relevance of Cleavage Products ‘to the Specificity

of Brtytic Protease

47
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-
Al

Tﬁgftwd cleavages detected_in Peptide ‘B, can be

classed as follows:

Gly,“Alag,. -~ 'Gly-HPB

LN Asng—Vallo - X-ﬁPB

48
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. . : o .
-'V._ﬂATTEHPTED CLEAVAGE OF'PEPTIDE'C

. [ . .
(a)- Digeation and Fractionation Procedure ' ut ‘ v

Peptide ¢ (0.5 mg = 0.9 uM) was treated with hot-

pydridine -acetate buffer, freeze- dried and digested with

‘B-lytic proteaae (5 ug) in 1 ml of 0. OSM N- ethylmorpholine— ) | ?
" acetic acid buffer of pH 7. 5 for 17 hours at 37° _The digest

was acildified, dried and fractionated by electrophoresia at
_pH 2.1. Cadmium ninhydrin showed only trace amounta of
peptides other than a peptide with the same. mobility and
amino acid composition as Peptide c itself (Table BB) It

wa@’concluded that Peptide C is not readily degraded by the : _
B-enzyme. S o | : L .

(b) Discussion. ' 7 - S L P

'Thé data in Table 6 combined with data from digestion.
of Peptide C with carboxypeptidase (35) asaigned the sequence"

rSer Ser Leu Aap Hse, to Peptide c (Fig 5). The Ser.Leu

flinkage is a potential cleavage point for the B enzyme (an

X HPBcleavage) and iB a cleavage point for thermolysin (36),

~

. 4
as aeen in Fig. ‘5, However, the B-enzyme does hydrolyze

!

this linkage in the intact aminoethylated protein, as shown .
by evidence preaented in Part C VIII. Peptide C has only
five residues, and end effects may account for the absence

of cleavage in Peptide'Ciitaelf.
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. ¥I. CLEAVAGE OF PEPTIDE D .

-

(a) Productioh aﬁd Fractionatioh'oi feptidea

A dispersion of Peptide D (5.-6\1,Jg“= éOD nwoles) in
r . )

2 ml-of O. OSN N-ethylmorpholine acetic acid buffer of pH.7.5

was digested with ‘B- 1ytic protease (60 ug):for 4 houre at 379_

'3

_The mixture wasg acidified freeze dried and fractionated by
2electtophoresis at’pH 6;5 Cadﬁium-ninhydrin indicated 6
major-zonee,'pB—l to DB-6; the mobilitiee (ul ) of the first
&>h five,zones'ﬁete.Q.Go;-O;SG, 0.47; 0,32 ‘and 0.20, tespectively,
whfie the.eixth‘band was neutral. These bands were fcrth?m

'fracgionated as-foilowa:

(1) "'P"e_PtidE_ DB-1 in .z.on.e'llwaﬂ eluted after refractionation/

-byielectrophoteeis at pH g.l'fuser.= 1.34). N

52

(2) Zzome 2.yielded two bands, DB=2-1 and DB-2-2 (u_; ' ='1.41°

:
i
!

and 1.24, respectively);'on electrophoreses at pH 2.1. /
Peptide DB 2 -1 was refractionated at pH 3.5, while Peptide/

1_DB 2-2 was. eluted without further fractionation o .f
- . . N . f"
_ﬂ(3j. Zone 3 was, fractionated by lectrOphoresis at pH 2 1 to”

[

s

yield 2 major bands, DB 3- -1 and DB— —2‘(u = 1 26 and 1.20,

're3pectiveiy), Each was refractionated at pH 3.5 to remove

' « ‘ ) + - . ( .
minor-contaminants. - S : . ;

f

(4) Peptide DB-4 in band 4 was" refractionated b% electro-

phoresis at pH 2. 1 (u = 1 27) and at pH 3 5 éo remove

minor contaminants. °o- ) /
: 7

(5) Peptide DB 5 in zone 5 was eluted after refractionation

-

at pH‘z.l (user = 1.16) and.at pH 3.5.

" - o Sl '

-

s 2
TPV A )



(6) Refractionation at pH'2.1 of the neutral peptides of

band 6 yielded three zones, DB—G -1 to DR-6-3, with mobilities

(user) of 1.03, 0.83, and 0. 62 respectively+ . The first zone,

DR-6-1, yielded two major bands, DB—G—l—l and. DR-6-1-2 on

l electrophoresis at pH 3.5;Kthe former was eluted and the

latter ‘was refracticnated by phrtitidn chromatography, to
give Peptides DA-6-1-2-1 and DR~6-1-2-2. Pentides DB-6-2

and DB 6-3 were each refractionated at pH 3 5 and eluted

(b) Amino Acid Composition and Sequence Data
Table 9 gives the yields, amino acid compositions,
net charge at pH 6. 5 sequences and. assiénment of these
peptid@g\\\The composition of two peptides requires commenit.

The analysis of the neutral peptide, DBR- 6 1-1, is more con-

‘sistent with the compositiou Ala Thr2 Glyz-than-with that of
“-the indicated tripeptide,‘ﬂowever, the sequence data and

, electrophoretic'mobility at pH 2.1 (Offord's ‘data (32) assigns

a noleculaarweight of 21b—295 for a net charge of +1) support
the indicated assignment. Although Peptide DB-6-2 has an
anomalouslf high alanine and proline content and low threonine

content, its first four residues sequenced cleanly. Neither

c

of these peptides was required to establish the sequence, but
both are relevant to the specificity of .the enzyme.

The Asx and Glx residues in these peptides were

assigned as aspartic acid or asparagine, and glutamic acid or

glutamine, - from Dfford's correlatione between electroPhoretic
mobilities,'molecular weight and net charge’(32). The

[

Pt b YNV A



.

__amqmugugﬁm.auumm.

-

1

¢ | z-z-1-9-9d

H O -
0  (0°T)e1(0° T) ML . T-z-1-9-94
-0 (5*0)eTV(0 TYATO(T 1) UL (  T-1-9-90
: " (95 dag) mﬂm.wﬂw o . © (daz)(6 T ATO(E"T) 0Ad : : .
62-6T S7H 013 KTD Ul 195 X0 &19 N (0°2)x19(8"1) 395 (0" T) WL(L " T)FTH €1 - g-ga”
T s . ﬁmu<~gmm : : . | (1°1)248(2"2) 295 .
3 . T9-€S Hgy dsy.Iyy usy IA1) Fog IS . T+, (0°T) uL(8* T)*8V(0 1) 0aV(Z 1) 3V LT ¥-3a
- - n . - ° . . . ) )
) - a.... - - . - (T°T) 341 .
to 6Y-GY L 571 v KL £ T+ “(20)°TL (0" D) £T19(8"0) L{0 " T) 32V 9 7-£-9a
* | . . T S (L°0)no1
. 9€-0€ .Z75 Tusy uTH 84T M2 T+ (z* A1 (0 DXTO( " T)X8V(8"0) 84T €1 T-£-94 -
3 N ) .
| . 15 IEL 0aV. ‘ o © (L T) L0 T)LTD
SR . 7L-99 - 93 ey T K19 U8V SLT: ot (£°T)X19(0°2) X8V (6°0) 0aV(0 " T) 841 < 7-2-9a
. 3 . - 8T-st - . XTo sy 0FV N3 T+ . * (8*0)na1(e "T)ATO(0 " T) ¥8V(0 " T) DAV al T-z-8a
) : _ | : - . © (DAL DA |
299 (oay 11 usy) ‘Tro T5 08V 84T 7 . - (D0 7)X8V(0 ) 0AV(0 ) 541 y .. 19
.mmnuﬁmmm : - 9 pd L — ..f....
3o ’ aouanbag_ . 281eyy . . . () Co
) JuouusTssy . JaN uop3Fsodmo) PI®TR apT1aded
b d ) 3 - . : r i ) N ) . \ r i
T _ ©,qSvaIO¥d OILAT-Y HIIM. 4 HAILdAd 40 ‘NOIJSEOIA WOYd STM Lddd J
X ) . N o . ; . M |
- . - LN . . P, . !
, . - S .



' -~ v
N oy ~ jl!ll’-fl! -
Y .
3 . m " T \‘ll’l.lil.’”.
- : . , . R GEES :
28-9L ugy oiad X1 ©1g usy HmhouNH . 0 An.cvambﬁ.Cmﬁm:.donmﬁn.ﬁnndM o L £—9-9a
, Vo (ot : (2°0)TUL(9°0)3T1 -
T A1)y  2yg usy oid) eTy sy TIv ST1 0 (8°2)ETV(y°T)01d(6°0)XT(0 T)X8V L z-9-9a
] -, g - . - ' ; S~
anpysay — 59 nd . (2) .
30 9ouanbag . @3aey) . uoysysodmo) PI®TA apradag
ua.ﬂadw,w.mmﬂ y - ( 39N . . : ,
. ponuyiuod - 6 FIEVL
2 o . -



mobilities and molecular weights of Peptides DB 1 and DR-2-2
are consistent with the’ peptide having a positive charge of.

+2 at neutral pH, end as they each contain two basic amino

acid_residues, their one Glx and two Asx residueS‘pre.identified

as glutamine ‘and asParagine regsidues. Similarly; the_mobiliil
ties of Peptides DB—2 -1 and EB—Brl are consistent with a net
charge. of +1 at-neptral ph,'and as e&ch has a single basic
“amine acid residue, the Asx residde-of the former'mustJbe
asparEgine, and ‘the Asx and Glx“residues of the ietter are"-‘
'asparagine ahd giuteminecr Since feptide DR-4 has & positiveV
charge of +1 at pH 6.5, and conteins two basic amino acids,
'one Abx residue is asparagine and the other is aspartic acid
'Their assignments as Asn and Asp were made by Damoglou and

Whitaker in the course of other work Also, the. first Glx 3,

residue of Peptide DB 5 was identified as’ Gln by Damoglou and

Whitaker in the course of other work. The second Glx residue.
of this peptide is flanked by histidine residues and the net

charge of about +1 at pH 6 5 could represent the sum of two

partial positiye charges from partial ionizations of the two
8
histidine residues in the sequence, His Gln. His,ﬂor it could

T

- Tepresent a net positive charge from more complete ionization

of theuhistidines in the sequence, His‘ Glu. His . Peptides ) .
DR-6-2 and’ DB 6- 3 are neutral peptides and contain no basic
‘resddues;:the Glx and Asx residues of‘DB 6-2 and the Asx

resldue. of DB-6-§'are‘therefore jdentified -as glutamine and -

_asparagine.



(c) App;dcatibn to the Sequence of ?eptide D “

Peptides from digests of Peptide D with trypsin and :

_'a—lytigfprotegse; ahdsfrom a d;gest of the,native B—eﬁzyﬁe
with pepsia, were characterized and sequenced by Damoglou and
Whitager (55) concurrent}y'with the sequencing of the peptides
ﬁe;ived ﬁrom'B—diges;ioa_of Pep;ide D. This" work is sum- . )
marized priefly in Fig{ 6: Peptidea*labelled "T" din F;g. 6
are from a tryptic digest. Peptides laeelded "z! are from a
'prolonged tfyp%ic diéest wﬁich_gavé a number dﬁ additiomal
eleaeages.. Peﬁtidesnlabelied "a" are from digestdon.with
o-lytic protease. Peptides labelled "P" were iaolated after | ;:
digestion of the native B;enzyme with pepsin by the cystine |
'diagonal procedure described in Parﬁhc IX

These data in conjunction with the N-terminal

sequence of Peptide D (Table 6) and the data from the B- digest‘

_of Peptide.D, assigned a complete sequence to Peptide D with
_ - , .

the exception of_ assignments within Peptide T-3 and the

assignment of Glx26 previously discussed.

A major contribution of the-B-peptides was_tﬁe pro-

vigion of overlaps between trypéic:peptidesg ;hese are shown

.Y

" below. 7 ‘
| ‘Pegtide Overlap_between Tryptilc Pept%des
Dg-2-1 ' T-1 and T-2
DR-3-1 - =i ~ T-2 and .T-3
" DR-3-2 ' ‘.7 T-3 and 'T-4
‘ / DB-1 and DB~2-2  T-6 and T-7

DR~-2-2. ' T-7 and T-9
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-/ ’ o [
,Peptide DB 4- was not sequenced completely, but its composition

gshowed 1t o#erlapped Peptides T-4 and T- 5. &' S
. L

(d) "Relevance of Cleavage Products to the Specificity

f-B-Lytic Protease

The cleavages of Peptide D.bx B-lytic protease;

classgd as described for glucagon, are shown below.

-:X'_ HP B Clea\iagi;ﬁfs_ Gly —-Y Cleavages
A1a3 - I‘le4 ' : _ Glle - Glylé |
Ala'l4 - Leu,o - G1y34.— Ser,, :
Ser29 - Leu30 : Gl_\y52 - Ser53
:TYF37 - Leu38 ‘ 5
Thr, -.AlaSO o Gly - HPB Cleavage .
CIyTes - Z'Leu64 ‘ ' ’ Gly,, - TyT,q
AEC72 - Tyr73 ) a
Tyr_‘,‘5 - Tyr.e ' . X - Y Cleavégg
Thrgs = L¥sgg -
| S
:
“’/ﬂj ,i



. VII. - CLEAVAGE OF PEPTIDE E.

f
- j
(a) Production and'Fractionation of Peptides

Peptide E (5 ﬂh:f 1 umole) was dispersed in 4.5 ml,
of 0.05M Njethylmorphc ine—ecetic atid buffer of pH f,S and
digested with ‘B-1lyti¢ protease'(53 ug) for 4 hours at 37°
Tpe digest was acidified, freeze-dried and'fracrionated by
electrcphoresls ft pH 6.5. Cadmidm—ninhydrin retealed six .
major bends, designated E8-1 to EB-6. The.acidic pepﬁide-iﬁ
zone EB 1. (u '= o.éﬁ)\éés eluted. . The neutral peptides in
band 2 were refractionated by ele;crophoresis at pH 2.1, An
ertor in the timing gf this electrophoresis resulted in the..
recovery of only two n;utral peptides, EB-2-1 e;d EB-Z—é
(usér =.0.71 and 0.55] respectivedy); the former was re-
fractionated at pH 3.5, while the latter was eluted. Frae-
‘tionation at‘pH 2.1 of the basic pePtides in zone ER-3
(ﬁasc.=.-0 33) ylelded 2 major peptides which were eluted - -
EB-B—i and EB-3-2 (user = 1,27 and 1.20, respectively). The
peptides in. zcne ﬁ8—4 (u sp = -0.43) were fractionated by
elew;rophoresis at pH 2.1 to give two peptides, EB-4-1
(user = 1.60) and EB—&—Z (Pser = 1.47). The peptides in
bands EB-5 and EBTG'(uasﬁ = —OidQ and -0.59, respectively)
were refracticnated'et pH 2.1 (user = 1,75 for each).

In order te iaclate the other neutral peptides, a
second ddéest of PeptidejE was performed under identical con-

ditions. .On electrophoresis at pH 2.1, the peptides in the

‘neunral'zone, EBZ—Z, yielded 5 "bands, designated‘@BZ-Z—l to

60




y ' | : ’ ‘ 61 \

Egz-z-s (user = 1.06, 1.00, 0.94, 0.82, and 0.57, respec-
tively). The peptide in each of zones EBZ—Z-l to E82—2—3‘

was-refractionated at pH'3.5 and eluted, while the peptide in

L=

edch of zones E52-2—4 and E82-2~5 wés freed of minor contami-

»

nants by partition chromatography. An additional basic pep-

tide,'EBZ-ﬁ (uasp = =0.69) was also isolated from this digest.

It was fractionated by electrophoresis at pH 2.1 (u . 1.78)
. - _ se

and by partition chrémktographyf'

~
L]

Vi
(b) Amino Acid Composition and SequencepData

The yilelds, amino acid compositions, net charge - T

at pH 6.5, sequences, and assignmeént of these peptideé are

shown in Table 10. The C-terminal residues of Peptide EB-ﬁel \

‘were also determined after a 2.5 hour digest of the peptide

with'garho‘peptidase A. The His and AEC residues of Peptide
EB-S-yEré not dete;mined, bué this peptide 1s obviously the
same as Peptide T-3, described below. Since Peptide ﬁ&-l was
acidic, its Glx residue was g;utamig écid. _Peptides EB-2-2
"~ and EBZ—E—S were.neptral and contained no basic amino acids,
;nd thus their two Asx and one Glx residues were aspéraéiné

and glutamine,

(c) Application of Cleavage Products to the Seguence

of Peptide E-
Damoglou and Whitaker (35) characterized and:

sequenced peptides from digests of Peptide E with a

Staphylococcal:éﬁzyme, chymotrypsin, trypsin, and o-lytic



62-

K

(T2)0T-LT (328) XTO 10 ¥Iv *1¥ (6°0) 295 (D" ¢) BIV(6 T)£T9 9 N..N-Num
9T-ST1 ) T8 TV (0*T)eTV(T"T) 235 9 Humunmm.

, - (0°T)°4d(5"2) 225
8z-Tz (DAV) uum 105 ‘5TH 81y 847 dud 18 Am 0)0av(£*0)82v(6°0) STH(T" ﬂum%ga. A2 9-9
8z-52 Gmsaam 95 ST (8°7) 195 (0" T) 08V (0 T) o1 3 '5-gd
y-€Y . . ST AL (0°T)3£L(0 " TYSTH - S z-y-g
€-1 [SEREAETS (2" DATOE D 195(670) BV ST 1-y-94
y9-2¥ ‘STH X1 LT . (£°T)sTR(072) 24L L 7-€-93

(9°0)°11 ! ) -
9¢-T€ LS CRETHA TH TeA 11 C 0) TeA (0 T)AT9(0" T) JUL(6°0) 8TH 1T T-¢-g4
(ATORTVRTVISSETVISSTEA (daz) (0°T) T®A(6"Z) BTV )

61-9 daz) usy K15 usy UTo Wev Ies (22 LT19(6°0)XT9(%°2) 195(0 " €) XBY 11 AR A’ Yt

. VN | (£*0)daL
=Lt ET ST h..ﬁ\u.\.mmm day XT5 (T°1T)3£L(0"T)ATD(0° 1) 295 (0°2) 24l 0€ T-¢-gd
1€-62 - 7D BTV oud - o (6°0)24d (0 T)BTV(I " T)XTD 62 T-g4

muﬁwmwmm . 59 mm
.Jo ’ aouanbag 9818uD | uotarsodmo) (%) PTI®TA aprideg
39N :

Juawu3[esy

ASValodd DIZAT-Y HIIM H HQILddd 40 NOILISHDIQ WO¥A SHAILdAd

0T 419Vl

rs

g . S



63

-~
i sutaescmoy INPTEAT TeUTUISL-)
e I — . o . ik
yZ-1¢ 4 L ETRT GIETIE T T+ (0°T)2ud (0" T) 335 (€ 1) 82V(0" 1) 8471 & 9-“ga
% A NGRS
. . . . L,
¢1-9 diy usy 19 usy uyy usy 19§ 0 (L 0)LTo(Z " T)XTH(0"T) 295 (L T)XBY . ST - G=Z-"¢4
(12)02-51 (225 £19) AT9 ®BIV BIV 13§ BTV 0 : (07 ) BTV(0" ) ATD(S T) 385 €1 y-7-"94
. u * - . o . N
- —— R ' - - -y -
- a8y hag 0 . (0°T)®sH(0 TN 12 £-z-"94
9%-GY % H
. 83NpI8d - g nd . : )
% WM b _aouanbag a81ey)n _ " uop3Tsoduo) . (%) PI®TX apraded
JusmuBdIssy e I9N i
“~

penutiuod - QT FTEVI.



proﬁease; their resulﬁs are priefly summarii&d as follows: -

1. Peptide E was cleaved after .its éingle glutamic acid

residue using an enzyme from Staphylococcus aureus (a gift-

of 6r. G. Drapeau, ﬁepart&ent of Micrdbiélogy, Univéfsity of
'Montreal). Digestion of the two resuitiné peptides, S-1 and
§-2, with chymptrypsin ylelded tﬁe péptides 1aBelled §-1Cc-1,
§-2c-1, S—ZC—Z;.and S—ZC—S‘in Flig. 7. feptide 5-1 was also

digested with a-lytic protease and yielded Peptide S-la-1.

2. The cysteic acid peptide, P-Bl, was isolated from a peptic

‘digest of the native enzyme, as described in Part C-IX, and

28 and Phe29 of -

Peptide E. 7Peptide P-1, also isolated from a peptic digest

helped to confirm the-overlap between AEC

of the native enzyme ,was located by staining marker bands

Rl

with Ehrlich'é.reagent_(ZQJ.

3. A tryptic digest followed by electfoPhoreais at pH 6.5

yielded 3 basic peptides, T-1 to T-3 (Arg, Ser.Arg, and His.

—

Ser.Ser.AEC, respectively), and a mixture of peptides which

remained at the base-line; digestion of these adsorbed peptides

[y

with a-lytic protease gave an-acidic peptide, Ta-1, which

provided the overlap between the,tw& peptides from the‘digest':

of Peptide E with the Staphylococcal enzyme.

4. A chymotryptic digest of Peptide E yielded one peptide,
afed .

labelled C-1. =

These data combined with the data from the B-digest

of Peptide E.and the N-terminal sequence of Peptide E (Table 6)
» - ! . . . <>

7/
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gives the amino acid sequence sﬁown in Fig. 7.
is noéew0rthy for‘its extended runs of neutfalhémiﬁo"aaids.‘
These were .2 gource of much frustration in early attempts

to sequence the peptide via cleavagea with. commonly used |

enzymes - . . i =
- L:\" .
Yo
4

(d) Relevance of'Cleavage Products to the-Specifidity

of B -Lytdic Protease

.

«

The cleavages of Peptide E and the B enzyme have

e

been classified below as described for glucagon:

X - HPB Cleavages ' Gly - Y Cleavages
Trpy, f Vallé ' L, Gly, - Glya'-
'Serlg - Alals ‘ ,’w~_5-;@§l?; - Ser,
Ser16 - A1e17 : | diy;h i,Serzi_'
Argza'- H1325 - . squ36“— G1y37‘
AEC,q - Phe,g |
Glu3i - 11232

Thral': Tyrazf'
RATPIN AT

'H1844,1 Leua

The sequence.

ot
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VIII. -THE ORDER OF THE‘CYANOGEN BROMIDE PEPTIDES oF B LYTIC

PROTEASE A Lo ST .

-(a) Diagpnal Technique ‘_ .’ o N . .

e '

The methionine diagonal technique of Tang'and -
Hartley (38) provides a method for- ordering peptides obtained

from cyanogen brOmidewcleavage of a protein, Peptides con-
taining methionine were selectively purified from an enzyme

digest of . the entire protein by the following procedur&

n

Step 1 Fractionatfon of‘digest The peptides ‘were frac-

tionated by electrophor\sis on Whatman SMM paper at pH 6 5

and their positions were located by staining two side strips

! +

with cadmium—ninhydpin A third side strip 1 cm wide was cut

L L

from the paper, and dye markers were applied at 3 cm intervals

-

‘to correct for migration of peptides along the strip The

- strip was held horizontally between two clamps, sprayed evenly .

|.._

‘in a fume\hood with a solution-of OulM iodoacetamide in
.pyridine acetate buffer of pH 3 5 until ‘the strip was wet ‘but
not running, and incubated overnight at 259 in a desiccator

containing a tray of the same buffer ‘ This reaction ‘converts

oy 3

‘methionine to’ Sqcarbamoylmethylmethionine (CM~ methionine),

confeﬂdng an additional positive charge gn the peptides

H Lo T N L CH

f g"B, '". . . i . l 3
-8 T R P ’ +?&~CH2—CO-NH5
! ' . " 'pH 3.5, 16 hr '
-Cco- =2 5, CH
-?Hzn +u ICH,-CO-NH, = — CH, )
- CH, _ Cooe gt . oHZ . o+ I
_NH-CH-CO- T . -NH~CH-CO-

Y




f\.

‘The strip -was dried in a fume hood and ‘washed several times

I

= with acetone to remove excess‘iodoacetamide.

Step 2:' biagonal Electrophoresis " The third side-strip was -

stitched on to a fresh sheet'of'paper and was submitted"to,

Kelectrophoresis .at pH 6. 5 at right angles to the original

‘direction The entire sheet was stained with cadmdum ninhgdrin‘

to Teveal the position of the peptides. Peptides whose electro—

phoretic mobility'had not been altered by the treatment with' N
. ‘ _ S

iodoacetamide 1ay on a diagonal Peptides.whose electrophoretiér.

mobility had been altered lay off the diagonal toward the\

'cathode

v ‘ s .. 2

Steg 3. Isolation of Peptides Containing ‘Methionine: The bands

from the fractionated digest which corresponded in position

‘to the off-diagonal peptides were cut out, modified by the

reaction with iodoacetamide.as-described above, and stitched
on to fresh sheets of paper for preparative electrophoresis
at pH 6.5 Cadmium-ninhydrin revealed the positions of the -

CM-peptides, and these were eluted with‘dilute agetic acid

2 *

- St 4. Amino Acid Analvsis CH—Methionine; which is.de=. AR

graded by acid hydr01ysis, was converted to homoserine and
the peptide was cleaved after the homoserine residue by
heating the Bample with water,'as follows. An aliquot of the
eluate was mixed with norleucine, the internal. standard in.

a hydrolysis tube, and the mixture was dried. After addition

- T
“



CH3 ] . . . . <
. . .‘
+§-CH, -CO-NH - . OH. 4
2 2 : :
clzu | H,0, 100°, 1 hr - {
2 . Y] . } ’ ] 2 K d +
?Hz ll‘ Lt -“ \“, . . . .?Hz . ].I\ .
X~NH-CH-CO-NH-CH-CO-Y ~© % . X-NH-CH-COOH an-cu—co:-*k
1 ; . .

\ . .
R ' . \ St ) 5L .
. 2 : . Voe T

. of 100.ul of H20 the tube'wee placed ln a‘larger tube Erttedu
with a gngundglass stopper and conta ning about 1 ml of
weter.i The sample was: heated at 100 for i hour and dried
It was"® hydrolyzed under vacuum in 200 W1 OQ\GN HC1- 0 052 S e
pﬁenol for 20 hours at 105 ,and was treate;\yith pyridine—

~ i

acetic acid buffer of pH 6.5 for 1 hour at 105 prior to . \

"analysis, to convert homoaerine lactone to free homoserine

“ ! 2

jb). Enzyme bigestion of AE—B-thiclProteaee.
h (l) Materials | _. | o ,
‘ ‘ Aminoethyleted B- lytic protease was prepared o
by Damoglouh:;d\;;?%pker (35) by inactivating B~ lytic protease a
.;in 7M urea- ethylenedieminetetraacetic acid at pH 4, reducing |
%the disulfide bridges with tributyl\gnosphine at pH 9 5 (40)
’fand alkylating the reeultlng aulfhydr;ljresidues with ethylene
inmine. The aminoethylated"protein‘%as freed of low—molecular
='f-weight solutes by peseage through a column of Sephadex G- 25
. with 102 acétic aq;d as aolvent and freeze ~dried.— *Amino acidbﬁm"_e~t_,

”'analyafa 1ndicated that all its eulfhydryl groups had been

L 'alkylated.
v



B 'j\J (11)

\persed in 10

Digestion with lrypain and B-Lytic Protease e
Am noethylated B lytic proteaae (20 mg) was dis-

1 of 0. OSM N ethylmorpholine acetic acid buffer
-of pH 7. 5 and digested with trypsin‘(GQO Hg) and B—lytic

protease (200 ug) at 37° for-& hours. The reaction mixture

was acidified

D

technique showed that two major peptides, both derived from

,- .

_ the neutral zone,

ith acetic acid and freeze dried The diagonal

ay off the@diagonal .These peptides,,”

AER- Tr B 1 and AEB- -B-2, were isolated from the neutral zone

[

dnand subjected ‘to amino acid analysis as described above The

'aminOracid composition and seq&Ences of these peptides are

given im Table 11. : SR | .

i
-4

1

K (ii1) bigestion with Thermolysin and Trypsin
- Aminoetbylated-B-lytic pxotease (21 mg) was dis-

"persed in 10 ml of 0. 05M N~ ethylmorpholine -aceticg aeid buffer

fl

of pH 6.5. After digestion with thermolysin (210 ug) for 3

hours at 37 ; trypaih (400 ug) was added and the digestion was ,

allowed to proceed 7 lHours . 1onger.' The mixture was acidified

with acetic acid and freeze dried "The-diagonal technique

i
showed that 2 major péptidea, derived from the neutral zone,
+ I

.lay of £ the diagonal. Theae phptides,:AEB -Th-Tr-1 and -2,

were isolated ~from the neutral zone and aubjected to amino

[

. .
acid analysis aa described above. the aminoeacid compositipns

~h

/2 éﬁ,rv
and s quences of theae peptidea .are given in Table 11.

.70
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(c) Discussion

W_"From considerationsdescribed in Pert‘CJI,'the
order of the:peptides in‘the-B-enzyme was hhown to-be
‘A C(BE)D. Peptide'AEB~Tr—B-2 ptovided the overlao‘between
Peptide ‘A and Peptide C, thue confirming the order of Peptides
~'A and C .while_Peptide AEBfTr-B-l gave the overlapf%etween

. . < :
-the‘C—terminue-of Peptide C and the N-terminus of Peptide E,

establishing the order -as A.C. E B. D It is noteworthy that -
'Peptidée AEB Tr-B-1 and -2 indicate that the Ser-Leu linkage;

of Peptide C was cleaved by the B enzyme 1in the intact pro-

tein although it was not cleaved in PePtide C itself.

| The.firet thermolysin-trypein peptide, AEB-Th-Tr-1, .

confirmed the above assignment by an onerlap between Peptidee
E and B. The second thernolysin-trypsin peptide, ?eptide

:AEB-Th—Ter; analyzed for a peptide with two Asn residues but

onlj one was assigned to the oeptide by the sequence data.

The sequence overlapped Peptides B and D.'

~



IX. THE SE?GCTURE OF B-LYTIC PROTEASE

B . .
The positions of the disulfide bridges of B-lytic

protease were determined by Damoglou and Whitaker (35), uéing

the cystine diagonal technique of‘Brown and Hartley (39).
Two pairs of cysteicxacid peptides, P Al and 'P-A2, and P-Bl
and P-B2, were isolated fromda peptic digest of the native
enzyme. The sequenees of these peptideS'and the positions/
of the disulfiderridges‘afe.shown'in Fig.'Sl The first di-
sulfide bridge is internalfto.Peptide D,_while.the second is
"between Peptides P and’ E. | .

The data from the sequences of Peptides A to E, .the
order of tnese peptidesfand-the pos%ﬁions of the disulfide
Bridges.‘SPecifies the/completelsequenee'of B-iytio'protease
with the exceptions of the Glx assignment and the short

sequence already mﬁnﬁioned in the discussion of Peptide D.

/ :
The sequence is shown in Fig. 9.

The sequences around the histidine and ‘the glutamic"

f

acid residues are/of particular interest'as a glutamic acid

residue and two histidine residues provide the ligands#ffor

v .

zinc in both thermolysin (25) and carboxypeptidase A’ (45)

_—
—

The residues iq/question are:

for carb7£ypeptidase A (His69, E;lu72 andiH15196)

. .Thr -
lJ/;Gly.Ilil:-z.}i:l.sﬁg Ser.Arg. Glu72 .Trp.Ile Thx

, and}

Ser.Ile Hislgs.Ser .Tyr. Gln

{
L} :

/ - ’ - :
{ . ' = . -

/ : - | T
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d for th lysin (1 '
an o? ermolysin (H18142’ Hisl46 and G1u166)

Val.Val.éla.Hislaz.GIuaLeu.Thr.H15146.Ala.Vgl.fhr

£

and" ‘Ala.Ilé.Asn.Glu166~Ala.Ile.Ser

L]
»

ihe sequences aroqnd the histidine residues énd thé,glutamic

-+

acid residue of the B-enzyme are not homologous with"these
sequences. A‘more'geqeral, prelimin%ry comparison of the

‘entire sequence -has also been made by groupiﬁg amino acid

o

residues into 'thé categories defined by Olson et g;.'(17)

and then comparing every trimer sequence of Ehe B—enzymé

{(residues 1-3, 2-4, etc.) with every trimer sequence of car-

.

boiybegtidage A pnd thermolysin. -This Qompérison also showed

ng evidence of significant homologies. It is probable, there-

fore, that all EE?Eé“enzzmes are products .of different

v

evolutionafy pathways.
The aﬁ&no'écid composition of the B-enzyme was com-

pared with fhe'compo itions oftgﬁe neutralwﬁrotease (22) of -

’

"B, thermoproteolyticus, B. subtilis, B. subtilis NRRLB3411,

B .

g;.subtilis var. amx}osacchﬁritus:‘g.:aeruginosa'(elaﬂtolytic

.and nion-eligstplytic ehzymés)'andfl.,gfanulosum. "The B-enzyme

]

‘differed from these”néutral prpteaseé-in general 1in two res- . -
S - SRR o : . . ' \ _

- pects: one is that it is about-one-half the size of the neutral
. proteases; the,otﬁer iéfthat,fhe R<enzyme contains 4 residues

of halfAEystine, whereds,  with the exceptioﬁ of the elastolytic

A

enzyme of~g; aeruginosa,athe neutral profeases have no half-

. nxstiné“fésidues:
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X. CONCLUSIONS REGARDING THE SPECIFICITY OF‘B-tYTIC PROTEASE}

The specificity of the B-enzyme has been thoroughly
1nveetigated in the course'of‘determining the'cleavage pattern

of glucagon‘and the sequences of the cyanogen bromide peptides
of the B-enzyme. Tle cleavagee'of insulin, glucagon and ‘the
cyanogen bromide peptides have been classified inro four =
categories as described in Part B-I-(e); the X-HPB cleavages
larexsunmarized in Table 129 the Gly-Y cleavages are given in

| ?ablemi3, and the Gly -HPB and X-Y cleavages are shown in

Table 14. These data show that B- 1ytic protease exhibits a

specificity for cleavage of linkages in which a glycyl residue

conrribUtes the carbonyl -group, or a hydrophobic residue conm-—

trrbutes'tne imino gr@uo.

Tne X residue of an X-HPB cleavage (Table 12) can
be a hydrophobic amino acid, a neutral hydrophilic amino
acid, an acidic aminosacid'on a basic‘amino acid; for example,
Trp and His‘, ser and Thr, Glu and Asp, or Arg and AEC. The

,I\residue of a Gly -Y cleavage (Table 13) can' be Gly, Ser,
S
Asn or Thr. The Gly—H?B cleavages, shown in Table 14, satisfy‘

¥

both the criteria for cleavage by the B- enzyme, while the X-Y
cleavage, netveen Thr65 - Ly566 in Peptide Dtlsarisfiea neither
and ia an -exception. . \

| In these cleavages, neither the X nor the Y residue

has been observed to be proline However, one Gly—HPB cleavage
Y .

. (6lyy4 - Ala., in- Peptide A) has a prolyl residue two resir

14.
dues in front of the glycine reeidue, and oné Gly-Y cleavage

- : i j - - . ©
. - I .
e . - ) - ) 4 .
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TABLE 12

X - HPB CLEAVAGES OF B-LYTIC PROTEASE

Glucagon ' Thr - .Pha

5 . 6 A5p21 - Phe22
e ' 5 Tyr,, —lLeu14.l ' Trpzs‘ - Leuy, e
PéptidgTA. o wgerls - Trp16
fo _ .
Peptide B . ' Asn9 - Val10
7Pe'ptfg>def D K Ala, - Ile, - Thr,, - Alag,
Alalg - Leu15 P Tyr63 - LeQGA
Ser,g - Leug, AEC72 - T§r73
Tyr37 - Leu383 e TyrZS'_ Tyr?{
. , : &
'Peptide E . Trpy, - Valjy _\ Gluy; - Ile,,
‘ ‘ Ser14 - Ala15 ‘.‘\ Thr41 -'T?rzz
- Sg;lﬁ - Ala,, '\ Tyr42 - Tyr,,
Afgém'— Pﬁe25 3 His44 - Leu45
_ AEC,, - Phe,g |'¥‘ '
"
N
.
bl
n i
/7 ’ . 4



- TABLE 13

PROTEASE:

GLY - Y CLEAVAGES OF B-LYTIC
Glucagon Gly4 - Thr5
Peptide A Gly g ‘_bleo
. Cly,g - Sexgy
Gly28 - Asn29
Peptide D Gly,;g = Gly, o
Yty - ) C) - -
\ .. Gly34 - Ser35
Glyg, = Serg,
Peptide E Cly, - G1Y4
Gly5 - Gly6
Gly20 - Serzi'
613 = 6173
1

79



! A . .\
1 . ‘ 4
4’ ’
R i . .
i . . ' T4
TABLE 14 .
GLY - HPB AND‘X-~ Y CLEAVAGES OF B-LYTIC PROTEASE S
S ' GLY - HPB CLEAVAGES
oy - o N

-

Peptide B o Gly., " - Alag

Peptide D 'G1y74 - Tyr,g -

X - Y CLEAVAGE

Peptide D Throo - Lysge ' .




3(G1Y21 - Adn,, in Peptide %}\ﬁff-a prolyl residue two residues

behind the k¢ residue. In two X-HPB linkages which were not S

- cleaved by the B- enzyme (Gly7 - Phe8 in Peptide A and Asn, -

6
»
Al‘J in 'Peptide D), the HPB residué was. followed immediately

\ by proline. Thus proline appears to hinder cleavage only if

) it is immediately adjacent to residues which form the potential
. /

‘ ) P
,—/
cleavage eite; e

g ot ‘ Thermolyain_pui4ﬁﬁ‘ﬁﬁ;;;he’ﬁe;::al proteaeee of'
o
¢ gubtilis (48 49), S.

1a y
all have s

iSeus (49) ‘and P aeruginoea (50)
cities e milar to the combined X-HPB and

’ﬂ,lfﬂfcf‘—HPB specificities of the B enzyme The first two enzynes

also resemble the B enzyme in that neither cleaves an X-HPB

. linkage, if(the hydrophobic residue is followed by a prolyl

i,
residue (51,52). However&none of these neutrail protegges'

. . . . L P
have been demonstrated to have a marked Gly-Y specificity.

\ :
Cleavage of the Gly8 - Ser9 linkage of the insulin B chalin

has been reported for the neutral proteases, I and ‘II, of

B. subtilis var; amylosaccharitus (53), and cleavage of the \\\g¥x'
Gly20 - 21 Iinkage o} the same sﬁbstrate has been‘reported
for the'neutral protease of Proteus mirabilis (54), but ‘all

. ) N
three cleavages were minor cleavages. It should be noted that

many “of these neutral proteases have not been tested thoroughly
againsﬂfsubetrates which might reveal alspecificity fpr'
cleavage after glycine Ineulin and glocagon‘have been the
favored eubstrates, and these contain few glycyl residues.

-

" The B-enzyme's preference for cleavage following glycine only



y

..n
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became apparent when its cleav Attern toward Peptide A

was determined. _However,

thermolysin has been tested with a
, variety of‘substrates, for -example, with beef heart cyto-

chrome C (510,‘tobacco mosalc virus coat protein (46), and

Pseudomonas azurin (55), and it slows no specificityaab

responding to the Gly—Y specificity of the R= enzyme

r

The cleavage patterns with the B chain of per-

v

- %

formate oxidized insulin show another difference - The neutraI‘T
l “ ‘ .

’ o ‘ . « .
,proteases of“g.,thermoproteolyticus (46 47, B. subtilie (48,

PR -

49), P. aerugi;osa (50}, s. griseus (49), é orygae;éAQY and'

g.'megaterium (56} hydrolyze six linbeges of this ‘substrate -

¢

and Phe

147 Le%q g0 Tyr“16 uy70 Glyza

'Phe 24 -Phe 25 linkages, whereas the B-enzyme cleaves

24
only one - the Gly23 ?heza linkage . . o .

. v

The nature of the group donating the carbonyl bond

- k3

to the" 1inkages hydrolyzed by B-lytic protease are. summarized

-in-Fig 10: Fig. 10A represents a Gly-Y or dly ~HPB. cléavage -

with glycine donatingfthe carbonyl group ' Since glycine has.f

‘ne asymmetric carbon there. can be.no absolute requirement

‘ "

of stereOSpecificity to- H% fulfilled here Fig. 10B shows .

AJ
the 1inkage that the B enzyme hydrolyzes in the cell wall
)

: mucopeptide of the bacterium, ﬂ; 1ysodeikticus. This cleavage‘

is between the lactyl ‘group of N-acetyl muramic acid and Ld -
alanine, the first amino acid of the peptide chain In’ this

'case, the sugar, -which contributes-the carbonyl group to the

Ny

e hydrolyzed linkage, haa the D configuration (10) Fig. lOC'

Y.

3 N .

—

- I
— . e

a,
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e I 7\%* ' ‘ N Tt

5 , -
- shows an X- HPB cleavage between an L- amino acid and a hydro-

. N
: pQPbic residue' as diSCUSsed previously, ‘X can be heutral,

~
P v

hydrophobic, acidic or basic._—Clearly, B—lytic protease has

.

no configurational{requirement with respect to the residue

" contributing the carbonyl group to the hydrolyzed linkages,

*

T —— gﬁa;ﬁ;he enzyme can cleave after glycine, or a group of the D-

———
—_—
————

'configuration, or an L=~ amino‘gcid """" 'It‘may“fhowever, have a

W -

confofmational requirement and possiBly the significance of

o

_glycize residues in ;he enzyme's specificity is the minimal
-
restyiction onlconformatiop Which a glycine residue imposes.

Peptides from digests by'ﬁhe B-enzyme mede a major

\\conpributiOn to the determination of the sequences of

\f:f“ﬂeiiides A, B, D, and E,.and to the ordering of these peptides. 'q..,
S \“\ ’ - : . : i .
In the. case Peptides D and E, B-digests provided extensive

information, whefeas,apartigglerly with Peptide E, digests

. . N - -,.,\\-___ . . !
with trypsin, chymoprypsin and_a—lyzic\ rotease provided wery

lingted information. In short, the B—enzyﬁeahegjclgiily'
. ’ . . ) ,"._“‘-_
e proved to be a useful digestive agent'fn.the.detenminaticﬁ\bﬁex%

~ L . _ , | _ ‘
' its. own sequence and would undoubtedly be helpful in the e\ﬁf‘

determination of the sequences of other proteins.
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PART D o ¢ a

STUDIES OF THE ACTION OF B LYTIC PROTEASE ON ASCARIS SUUM

a

— - —— T ToTme—.
- \ T
¥ . —

I. INVESTIGATION -BY ELECTRON MICROSCOPY

(a) Introduction

Ascaris suum (Goe:e 1782) is a pazz;itic nematode

in the intestinal tract of pigs. 'It is closely

v

Ascaris lumbricoides (Linnaeus, 17585 a'paras?te of the human

intestinal.tract; some authors classify the porcine parasite

as a'subspécies, var. suum, of A lumbricoides.._The outer.
layer of Ascaris is.a nulti-layered céficie, whose ihnerﬁoéf
layer 1is firﬁly'attached to layers of muscle.tibsﬁe betwéen
the cuticle and the body'cavity The attachment gradually
‘weakens when ascarids are exposed to the B-enzyme, and
+eventually the cuticle peels off very readily. The enzyme
mus t pe;etrate the cuticle before iﬁ can weakén‘theﬂa£téchmemt
betéeen‘qh;ltwo'tissdes, and thé'primary aim of fhis study wés
‘to deteﬁﬁine-éhether electron microscopy éould reveal the

course of the initial attack.

\3\\\533 Materdials
\\\\IEE ascarids were collected immediately after
S : .

siaughter of"tﬁzir host at thada Packers plants in Hull dr,_

ng They were washedxxhoroughly with runn ap—ﬁater,
and

were kept overnight in th;\gzﬁa salts medipm”hf Ellison

t al. (57) - 2.3 mM KC1, 140 mﬂ,NaCl-, 1. 6\mM cacl,, 11 =M

. \
MgC1, enzo, 0.6 wM KH,PO, and 6..1 nM Nai‘f}’oa of‘p\ﬂ‘

835
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' ‘Glutaraldehyde was,bioiogicalugrade, for use as a
histological fixative, All other—chemicals were of reagent '
"grade. . -

(c) Treatﬁent’g§-2ﬁgarids with B—Lytiﬁ Protease
o : Y . o
" Four nematoded,»usually two males and two females),
were placed in each of a series of 250 ml Erlenmeyer flasﬁs‘ I

containing -100 ml of the culture medium of_Eliison. Five mg of

Boenzyme was added to'the flasks other than those for the

. £ S ' ' : A

'.controisL' The flasks were gently shaken on a rotary shaker

v

‘,of each” worm and opened 1engthwise to remove the visc ra . A \

in an incubatorx athSo. .Nematodes were removed from the
flasks after'freatment perioeds of 1, 2, 4,‘8, 16 and 24 hours. o

' .7 : ' N N
A section about 4 cm long-was then cut from the central reglon .

series of cuts, approxlmately 1 mm apart, were made with a
razor blade along one edge of the section, as illustratedl -

-

below. The entire section was fixed for 1 hour at 25 in a

% (

Y

’

. ) : -, - . 4
4% solution of glutaraldehyde in’ the cglture medium, and was

stored at 4°. The fifﬁtion'ﬁrbcess involves crosslinkage of

aﬁiﬂa-groups by glutéraldehyde. The thin strips cut along one o,

-

edge provided the material:td be embedded for transmission

microscopy. ‘ ' <



P - . Al ‘ .‘\

-(d) Transmission Electron Hicroscopv

-

\
Pieces lxl mm were cut from the narrow strips

washed twice in Solution A (29 mM sodium barbital 29 e

sodium acetate 125 mM sucrose and 1.8 mM calcium chloride)
5\

. for 15 minutes each time and fixed in Solution A containing

- ,\ ;

17 osmium tetraoxide (OsO ) for TS minutes

The pieces were

dehydrated in ethanol (for 15 minutes in each of 30% 562,

ZOZ,:SSZ, and 9527 ethanol and in absolute alcohol changed once
" bver the course cof 30 minutes) These pieces were embedded in
Spurr Low Viscosity Embedding Medium (58) - 10 ¢ vinleyclo-.

hexene dioxide, 6 g diglycidyl ether of polypropyleneglycol

26 g nonenyl succinic anhydride dnd 0 4 g dimethylaminoethanol

The pieces were ‘treated according to’ the following schedule

|

(1) 15 min. in propylene oxide (PO)
(2) * 15 mih. in PO (repeat of (1)) |
t X / .
(3) 15 min. in PO. - Spurr medium (2:1)

(4) 15 min. in PO - Spurr medium(1:1) - | T

S

(5) 15 min. in PO - Spurr medium (1:2)

(6) 1 hr..in Spurr medium

(7 3 nr. in Spﬁrr medium

Each piede wasg set in a block of Spurr medium, and the block:

was cured hy heating overnight at 60 The block was trimmed

with an LKB Pyramitome and sections were cut with a Reich rt

AN
ultramicrotome; when floated on, water, the sections gave.a\\
06

'silvery interference pattern, indicating a thickness of 0.

LY

0.09 y. .The sections were picked'up on grids and'#ere.stained N



With uranyl acetate (30 minutes in 2. SZ aQueous uranyl acgtate) - ﬁ

and with Reynold s lead for 10 minuteq (59) They were Examined ngw

i\ -

using an Elmiskop 1 transmission electron microscope at 80 KV
| \ Yot
Ascaris cuticle is not an ideal material for- electron ‘N

: N
microscopy, as it has poor staining properties and much of. 1t AR

particularly the layers below the cortical layers, is virtually Ulii
amorphous.‘ Photography was essential for critical examination S
.0f -these layers as the viewing screen of the microscope did not-_ o
provide‘sufficient contrast‘ At a'QO ,000- fold magnification,‘ ’
about 10 photographs were.required for ‘an overlapping photo~

graphic record of the entire cuticle. Bird and Deutsch (60)

o

identified nine layers in the cuticle of Ascaris suum.‘ an

external cortical and an internal cortical layer a-fibfillarnl
'layer, a homogeneousllayer, a boundary layer, three fiber
layers.and‘a basal-lamellar layer.— Al of these layers could .
be identified with the exception of the boundary layer whicn

.as Bird and Deutsch point out, is sometimes difficult to detect

~. A detailed examination of five sections from the

controls and twelve sections from'enzyme-treated ascarids (24~

hour expoSure)-failed to reveal any significant-differences;

 between the't%ohsets;-and the comparison was not pursued;

further. It was appreciated that the failure to observe
'differences’may simply have been a consequence &6f the smallf

number of sections examined.



" (e) . Scanning Electfdn.ﬁicroscégy’*tf . -H:;f._ _d.;ﬁ“
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v+ .Pleces measuring*abPut 1x1lem were.cut -from the.
B s . R ST N AT : W T T
RPN : . LNy ) ' SR e . N “,‘,-"-: : '?.‘);
fixed material and were washed in-distilled'water\foﬁ-6”hours?

to remové excess glutaraldehyde ‘and buffer _ The:tissue.was
dehydrated either by freeze drying or by treatment with
ethanol. In the first technique ‘the tissueafor freeze drying
was rapidly frozen in Frepn 12 and freeze dried overnight in

-~

a Speedivac - Pearse Tissue Dryer Model l ~In the aecond
X ;

-technique, the tissue was dehydrated with alcohol by gentle
°shakingvfor 15 minutes in each of the following solutions,;

' 30% ethanol, "50%, 60%, 75z, 85%, and‘QSZ ethanol and.ln

absolute alcohol which was changed 4 uimeSpover the course of

l hour; the tissue was then air-dried : Each piece of tissue

- was mounted on.a metal-atub covered with silver paint ‘and

P ¥

when the paint had-dried the stub was inserted in a SpeedivaE

Coating Unit Model 12E6/1258 Gold was'diffused on to the:

1
sample from two angles to a depth of’ ‘about 300 A

The coated specimens were examined by scanning
electron microBCOpy using a Cambridge Stereoscan Mark TIIA
electron\microacope T . - S

Fig. 11A is a photograph 'taken at low magnification
kl4 XY of‘cuticle from an ascarid which ‘had been exposed to
the B—enzyme for 2& hours; the cuticle had ‘been dehydrated by
freeze;drying after rapid freezing. It will be no ted that the
surface has, numerous small pits.ﬂ The pits appeared only in

cuticle which had been: exposed to the (- enzyme for at least {

/ .
/ Py
e, . .

~
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| -, FIGURE llA SURFACE OF CUTICLE EXPOSED TO THE B-ENZYME FOR

24, HOURS AND DEHYDRATED BY FREEZE-DRYING (14 x).

About 20 pits can be seen. The film was Kodak .
FX 135~20 Panatomic X.

"B: ONE TEAR IN THE SAME SAMPLE’ (1225 x).

.
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16 mours, and which had beLn dehydrated by the freeze drying

_technique Fig l%ﬂ shows two of the three pits which were

observed/in a lxl cm sample of cuticle from an ascarid which-‘-"
‘had a 16 hour exposure to enzyme No i?d;r than 10 werelz L :
'.observed ia cuticle from ascarids with a 24-hour exposurel |

5 They were absent from the controls and also from cuticle which
]

had been exposed to B-lytic protease for 2& hours _and dehydrated

withvalcohol o _;; T . . . : k \
- .

TAt higher magnification (Figs llB‘and'l2B); the
pits appear as deep tears extending through several layers'oféa "
.cuticle. These tears varied in length from 50 to about 200 y.
: They were never observed“on direct examination of the cuticle
by optical microscopy, and, as mentioned above they were | \
n;ver observed when the cuticle was dehydrated with alcohol
. The obvious explad;tion is that they represent regions of
cuticle which had been sufficientlg\weakened by enzyme attack
to be unable to withstand the- mechanical stresses from rapid
freezingj . _ '
- < -
These lesions appear more frequently in the/érooves?
than in the ridges of the oﬁter surface.' Otherwise'they showed -
-so obvious distribution pattern. They are hardly consistent
with a uniform layer—by—layer attack on.the cuticle. Rather
they suggeij/fhét/fhe attack proceeds by a series.of localrzed
penetrations. The.weakening of the cuticle is not accompanied

////L//by extensive digestion aB8 this would lead to gross changes,

detectable by'visdainexamdnation]with the optical microscope,
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'FIGURE 12A: SURFACE OF CUTLCLE EXPOSED TO THE B-ENZYME FOR
: 16 HOURS AND DEHYDRATED BY.FREEZE-DRYING (240 x).
WD BE y 1e

‘T,wc‘; p'its in the .surface can be segn.
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B: ONE TEAR IN THE -SAME SAMPLE (1200 x).
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.II., ACTION OF THE B-ENZYME ON ASCARIS COLLAGEN

a form of collagen which was first described by Chitwood in

.tropocollagen (63) in several respects it ccntains fewer

' proline residues,. and it contains

3 95
and the absence of such digestion suggests that much of the
structural protein ln the cuticle is not readily degraded to
.soluble products by the B- enzyme An example of one such
component is discussed in the following section .

v

L] . I . . | . . ] N - \\‘
9. : “ r . N . . i
£a) Introduction _ ‘ ) : - o .

Most of the fiber layers and roughly 302 of the '

total dry weight of the Ascaris cuticle are ‘accounted for by

1936 (61) As shown by Harrington and his co- workers, its

-amino acid composition (62) differs from that of vertebrate

-

glycine than proline residues,rit ntains very few hydroxy—
_substantial number of

'half cystine residues (Table 15 cols 1 and 2). It has a

'molecular weight of ‘about 900 000. On reduction of the half-

cystine residues, the molecule is converted to a mixture of 2

non—identical subunits of 62,000 molecular weight:-

As this protein is a.major component, ~and the only

well characterized component,of Ascaris cuticle, it was-_\

I
obvi&usly of interest to determine whether the B- enzyme had

2

appreciable-activitymtoward it. Aﬁhacterial'collagenase,
. : 5 :

the collagenase of Clostridium histdly}icum{ and a-lxtic pro- »
, % .. . --._i ’ ’ : - - ‘
tease were used as standards for comparison.

N L .
- . ' . t



AMINO ACID COMPOSITION OF RAT SKIN COLLAGEN AND ASCARIS COLLAGEN

TABLE 15

.

" Rat Skin ' Ascaris , ““Ascaris
Collagen - - Collagen ~ CBEEEEEE*'
(Gross & Plez)(63) (McBride & (This pre-.
: : >  Harrington)(62) . . . parationm)-
' I'_.ys 29 . ' 45 45-
His % 5.1 - 8.4 - 5.7
Arg //j 49 - 29 | 728
Asx ’ 4; . : 69’ 64
¥ Thr . 20 . 19 L 14
Ser n S 19 ! 18
Glx 74 L Y §7 65 "
.Pro 117 B 296 298
Gly 327 e am 282
Ala 106~ ' S .73
1/2-Cys 0o 27 33
Val 22 N 16
Met 6.3 | 5.2 3.8
Ile 10 . N [ 8.5
“Leu 25 o ' 19 | 19
Tyr 32 - 3.7 1.9
Phe 13-ﬁ | 10 8.8
Hyp 100 | 16 1
o 1R :

*x | o )
‘Analysis after hydrolysis for. 24 hours

S .w{fh'ﬂ"ij .

»
fie
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v‘A and B have the same: lysine content (64

S
' T,

(b)." Materials B T - . - =

. . h
T . . o : -

-

The afenzy@e had been prepared ae outlined in the

‘introduccionﬂ Go}lagenaéé—dLS (2 x crystaliized)”from

'Cloetridium‘histolvticum was obtained from Mann Reséarch:

. Laboratotries. This enzyme,brgparation probably-contained botn

&3

collagenase A and B, as its mJthod of preparation antedated

u

the procedure for ‘separating the two enzy'da 'Collagenase

EH .

and the concentra-

tion of collagenase wvas estimated from an amino acid analysis.

of a stock solurion of-the enzyme. The ammonium sulfate used

-was Mann-Schwarz Special Enzfne Grede. All other chemicals

werdiresgent grade. 3 S _ ‘

(c) Pregarationuof Ascaris Collagen

Cuticle was obtained by clipping off the two
extremities of rhe nematodee,.slitting the body wall length-
wise; removing the riecera, and then scraping the mnscle off
the curicle This scraping operation was carried out by ;
placing the nematode on a glass plate with the cuticle side
down and scraping off the muscle dith a-glass slide. The
cugicle was washed thoroughly in éater, drained, and pressed
dry with Kimwipess - : ; ‘ . ' '

‘Ascaris collagen was prepared from this cuticle by~

~ the me;nod of Harrington and co-workers (62,65). Cnticle

.

(25 g ofﬂthe‘pressed—dry material) was ground to a slurry

. . _ .
with a mortar and pestle and was extracted overnight at 4 by

gentle srirring in 1.1iter of 0.5 N NaCl. This extractdOn ' .



;emoved most of:the éoluble.non—collaéenous procein. The
extracted cuticle was collected by centrifugation and homo-
genized by hand firstly in a 1ooaely—ﬁitting ground glass
‘homogenizer, and then in a tightly—fittlng gronnd—glasslhomo—
genizer. The homogenate was stirred for 40 honrs~inv150 ml

of 0.5 N NaCl at 40 and then centrifuged at 15,000 x g for

20 minuFes. The supernatant fraction, containing the Ascaris
collaéen, was mixed with one third of.its volume of a solution
of ammoniuﬁ'sulfate‘(saturated at 4°); the mixture was left
overnight at. 4°, The precipitated collagen was collected in

a centrifuge, dissolyed in. 60 ml of 0.5 X NaCl';nd orecipitated
by addition of 25 ml of-saturated ammonium eulfate. The pellet
wag.redissolved by stirring iF‘for 48 hours with 40 ml of 0.20
N NaCl at 4°. The solution waa-tnen dialyzed in-Viaklng‘di—'
alysis tubing for 3 days against several changes of 0:20 N
NaCl at 4?. The dialyzed,solution wasAcentrifuged at 78,000 X
g for one hour, to yield%iﬁ ml of clear viscoua‘collagen
solution.

| Table 15 compares its amino acid.compositlon with
tha; reported for gggggig collagen by McBride and Harrington
(62) The concentration of collagen in the solution was

estimated from the amino acid analysis to be 1 .9 mg/ml,

"

(dY Enzymic Activities tdéward Ascaris Collagen

A viscometric assay was used to compare enzyme
“activities toward Aeéarfa'collagen.; The two viscometers we:e

‘Cannon capillary viscometers with flow times of 63 31 .and 66 29

N

98 .
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equation:

degradation products, is given by(the-equation;

sec when. loaded with 5.0 ml of distilled water at' 25:0 . The

‘substrate stock solution was a solution of Astarts. collagen

. Coe L .
(1.9 mg/ml) in 0.20 N NaCl;. the enzyme stock s%lntions were

{
solutions of enzyme in phosphate buffer of pH 7.2 prepared

from 0.25 M KH2P04 and 0 25 M NEZHPOA" Immediately prioxr to

the assay, both solutions were brought to 25, O in the thermo-.

stat and at zero time, 4, 5 ml of substrate solution was mixed'
e

with 1.0 ml of enzyme solution, 5%0 ml of the mixture was
added to the viscometer. ’Theﬂﬁioéftimes‘were'messured at
intervals over-the course of 1 to.2 hours. The time that a
meaSurement was made was taken as the time at the mid-point of
the flow time. 'Elow times were also measured for the solvent

(5 ml of a.mixture of 4.5-m1 of 0.20 N NaCl and 1.0 ml of

phosphate buffer)

For the purpgses of this simple comparijgon, the

viscosity of a solution can bé taken to be given by the

—

/s
n = Cpt
where n is the viscosity of the solution, p is the density,

\ . \

t is the flow-time, and C is the vidcometer constant. - The

speoific viscosity, nsp’ of a solution of collagen or its

‘- 0
! o] pt
n = = - 1

8P. Mo ‘ poto

’,-/.

" where n, p and t are the viscosity, density and flow—time of-

- 1

the solution and no,‘pO and'to are the viscosity, density and".

2

o
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"solution in a 5 ml volumetric flask

flow—time of the solvent. The densities of the collagen
: v oo
solution and solvent:-were estimated by the weight of the

, and as they were observed

. to be very nearly identical, their ratig was taken as one,.

[

Fig. 13 shows the change " in specific viscosity over

'the course of 1 hour at various concentrations of u-lytic

proteaSE\nB—lytic<protease~and Clostridium histolyticum

--“collagéhase - It will be noted that B- 1ytic protease at a con-

centration of 146 ug/ml has: considerably less collagenase

;activity in this assay than C. histolyticum collagenase at a

concentration of only 3. 3 ug/ml. Ev%n a—lytic protease, an

enzyme ‘with no 1lytic activity toward Ascaris, has a much
ASCAT IS

'greater activity toward Ascaris collagen than the B-enzyme.

According to this comparison, then, the f-enzyme is an enzyme
ith extremely weak collagenase activity. This finding is

consistent with other ‘data on the specxficity of the enzyme

0za and Whitaher had found that glycyl—L-prolyljglycyljglycine
nd N-Cbz- glycyl -L- prolyl glycyl glycyl -L- prolyl -L- alanine I

were not hydrolyzed at an appreciable rate by the B-enzyme

.(21), these compounds are usually good substrates for enzymes

with high activity toward mammalian collagen It should also

be noted that the previously discussed cleavages of the A and

B chains of insulin, glucagon, and the cyanogen bromide peptides
f the B-enzyme provided not one example of.a.cleavage in the
immediate vicinity of a_proline residue.

Clearly; the lytic activity of the B-~enzyme toward

.100-°




FIGURE 13:

101
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ACTIVITY OF B~LYTIG PROTEASE, C. HISTOLYTICUM

COLLAGENASE AND o-LYTIC PROTEASE TOWARD ASCARIS

'COLLAGEN; SPECIFIC VISCOSITY VERSUS TIME.

'The B-lytic protease concentrations are l4.6pg/ml

(x) and 146 Ug/ml (Q); the C. histolyticum
collagenase concentrations are (.7 }lg/ml (V)

and 3.3 pg/ml (A); the a-lytic protease concen-

~tration is P80 ug/ml (@).

S
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1

On the other hand, an enzyme with an ability

—

nematodes cannot be attributed to its collagenase activity.

"to cleave peptide

linkages with glycdine as a cafboxyl dpno: or with hydrophobic

.residues.as the donor-of the a@ino group, is an énzyge:which
, is'vefy l%ke%g-to find térgets for-attack in a great va?ietyﬁ
of'tigsues. 'Further, B-1lytic protease; unlike a-lytic pro-
tease, has ﬁo known couqféf—part gmdng the'pancreétic enzymes
which Ascaris must Withsténd in,tﬁ; infestinal tracé of its

‘host. 'ﬁence,_&hén attacking_Ascaris, bhelﬁ—enZyme'is un-
likely to bé;cEaLleWged by inhiBito?s analagous to the
pﬁrasite's trypsiﬁ inhibitors (66,67)'an& its chymotrypsin
inhibitor;(68).A Thesg rélatively.unséeéific factqrs -
versatility in attack and fréedom‘from inhibition ; are pro-
bably thé.factors whiéﬁ contribute ﬁost»tb the ﬁ;ﬁ;zyme's

helmintholytic activity.
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