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~  Any work on the synthesis of bacterial ensymes is
faced at the outset Ly the truth embodled in the aphorism
of tawrice licolle in his tesching at the Pasteur Institube:
*The bacterial cell is e mosale of entigens and engymes.®
The patbtern 1s so intricate even within a single apecies
that any one investigator can hope to throw cnly & little
iight on & minute cormer of this mosaliec. In the work timt
forus e subjoct matter of this theslis interest 18 concen-

trated on & single engyme, coagulase, of & single bacterial

There are many resscns for choosing to investigate
this perticular ongyme. lost bactorlal engymes are commn
to a large nwber of species - congulase is wmique. IS is
produeed only by Staph. wreus. licet bacterial onzymes
ect as small links in loug chalns of metabolic resctlions -
mwumwpmum.mmma
animal plasma. lost beoterial engymes are elaborated in an
ective form by the organism - coagulase is produced in an
inactive state and requires for sctivation the intervention
of & factor present in the plaswe of animmls. Flaally, an
additional interest attaches to this ensyme from the ine-
ereasing emphasis now boing placed on its mle in establishe

N
by
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For these resscns it was decidod to lnvestigate con-
ditions governing the formation and mode of action of
coagulase, the plesma-clotilng enzyme of Staph. sureus.
The investigations fell inteo thres main divialons:

(1) factors affecting coagulase produstion in laboratory
media, (2) fectors affecting coagulase produstion in chemie
eally defined media, and (3) the nature of the reaction Ly
which cosgulase is converted to its active form.

The work oa coagulsse produection in chemically defined
medis and in laboratory medis wes done partly in collsbore-
tion with other members of the Lepartment of Sacteriologye
The work on the counversion of coagulase to active coagulase
was done entirely in collsboration. Thwoughout the text
bibliographic references imdioste whnit vas joint worice

SRS
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The discovery of coagulase
The ecarliest mention in the litersture of the ubility

of Staph. sureus to cause bHlood to clot was in part en
erronsous finding. When Loodb (1903) publisbed the results
. of & mmber of experiments in which ho Sested the power of
broth cultures of different organisms to elot goose plasma
Msmnw-cmmlh‘)bw

-NWMMWM.MW%M
aureus had very marked clotting power. o bellieoved that
the aifferences betwoen 3taph. eurcus ad Bect. pyoeyenous,
Bact. prodigiosus and Hack. coll wore differences of degroe
and 424 not veslise timt the ability of Staphe aupeus to
cause coagulstion of blood was of & quite distinctive nature.
Losb's erroncous resulte ere now ssoribed to the fect
that he worked with goose plasma eontaining no antiecletting
agent. Goose and other fowl plasmas are known to remain
fluid for & consideredle time if kept In clean vessels free
from extrancous purticles which act as fool for clot forume
tion. The bacterial cells may, in some cuses, have scted
as foel in Loeb's exporiments. It Is also possible that
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the products of metabolism (formed during 24 hours' growth
of the organiam) could have caused & change in pH leading
to congulation. An Instance of non-specific clotting of
blood is that due to utilisation of the anti-clotiing sgent
by bacteris. Thus the utilisation of citrete Ly bacteria
present in eitrated blood ultimetely leads to clet formution
(Lominski, Conwey, Harper & Rennie, 1947; Harper & Conway,
1946).

 Cletting of dblood by Staph. sureus 1s quite distinet -
from the exaaple mentioned above. It is o wnligue property
of Staphe aurous and 1ts discovery should properly be
attributed to Much (1908)¢ In & most thorough and extensive
investigation of the elotting of blood by Staph. aureus he
discovered a series of facts about the nmature of the process
which are substantially sccepted to-day although some of them
have been ehallenged by Aifferent workers during the past
forty-fouwr yoars. One feels, indeed, that a great desl
more oredit is due o iuch @s the discoverer of coagulase
than to Loob.

His attention was directed to the phenomenon by an
observation that when Staph. aureys was added to hwmn blood
1t eauwsed 1t to clot, wiereas streptococci, pneumsecccl,
Be Syshosus and B. eoll d1d not. fe wrked with eltrated
blood and showed that although the speed of clobiting was
related to the amount of Staph. aureus added, the clot was
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' not due o the supply of caleius by the orgsnisms or to the
removal of citrate. With different stmins of Jtaph. aureus
$ho olebting power wes found to very, bub with Staph. albus
and with other buctorial spocies no clot formed. Iifoh
did not involve thrombine. lo showed that fidbrinogen,
which could be clotted by thrombim, wes not clotted by Staphe
aupeus. The implicetions of this finding were not apprecl-
ated wmtil 1084 whon Sudth 2 Hale (1944) showed that a coe
factor was required. fo also found that the product of
Staphe aureus causing olot was neither prothrombin nor
throsbokinase singe, firstly, oitrate Ald not impede the
sotion of Staphe. aureus and, secondly, purified fibrinogsn
+ thrombokinese + S%aphe sureus did not give & elot.
Pinally, he noted the presence of & fibeinolytic produst of
Staph. sureus and of clot inhibitore in plasma. His find-
ings are summarised below.

and is assoclated wit: the pathogenic (gumcus) strelos end
#tdthhm-mﬂn.uh‘“)m.
";’;‘mmmmnmm
&mmmcwnm
*mmmxwmcw

u The eletting agent is not prothwombin, thrombokinese or
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5. The clotting agent will not clot purified filrinogen.
6. A £idrinolytic egent is somotimes sssotiated uith the
elotting agent. '
7. Clot inhibitore my be present in plasma.

ach @34 not, end cbviously could mot, fully interywet
the results of his work, but from the perspective of prosent
knouledge it is clear that he established mest of the sellent
characters of the blood-clotting property of Staph. supeus.
Many of the investigstions of this subject during the past
forty years have conslated of & verification and expansion
of Mush's findings. The growth of our kmowledge of
m-mmmswuamtmu
subject mattor of the following pages.

¥k T TR
- i & ot o, B

Eleinschmidt (1909) ettempted to separate & clotting
sgent from cultures of staphylococci by Berkefold £iltree
tlion and concluded that the abllity to clot plesum was
associsted with living cells since lw found no sotivity in
the filtrate. Oratia (1021) found activity in the filtrate
from & culture of Jtaph. auweus, but since the ocells hmd
boen lysed Ly bacterioplage the question of whether coagul-
~ ase was confined to the sslls during 1life or liberated into
the medium remained unresclved. Oretis did not apecifly
the type of filter wed and, as will Do seen later, this



8.

point is of some importance  Oross (1987) found cosgulase
sotivity in eultures w:lch iad been passed through Soits

filters and confirmed this result four years later (Gross,
1951). Henkes (1928), however, was unable to detect any

sctivity in the liquid pasaing through Chamberland filters
and eoneluded frou this, end from the results of experiments
using heat-killed staphylococci, that the coagulating proe
perty was assoclated with live steplylocosci only. Gengon
(1083) was adble to demonstrate slight activity in filtrates
of broth cultures with Seitz or Chamberland filters, bubt

Mm-uummmuummxaum

hed boen lost in filtretion. He noticed, however, that

if defibrinated plasms was added to the gulture medium most
of the coagulase could be filtered without loss.

Hore definite evidence that coagulase was filtemable,
at least through Serkefeld filters, wes provided by
Vanbreuseghen (1804a) who found that coasgulase would pess
through & Berkefeld but not & Chamberlend filter, snd by
#alaton (1955) who found thnt 1t would pass through & Berie-
feld but not timough & Seits filter. 4 possible explanation
of the insdbility of some sarlier workers to detect coagulase
in Beriefeld filtrates is provided by Fisher (1806a) who
fomd that the smount of coagulese pessing through & filter
differed from strain to strein and wes spparently not related
to the sctivity of the whole sulture.
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At this poriod the most that could be sald for the
results of filtretion experimpnts was that they lmd ahown
that it wes possible to filter cosgulase through Derkefeld
filters. A clear answer to the problem of whethor coagul-
ase was an Intre~cellulayr or extra-sellulsr produst of
staphylocoscl had not been provided. loat of the experi-
of the presente of cosgulsse in filtwtes snd in those
cases whore activity was found in the filtrates 1t might
hove been dus o coaguluse libereted by cell sutolysis.

Pioally Smith & lia)e (1944) proved conclusively that
coagulese wes an extra-cellulsr product of sleplylocecci.
Using & Oredocol mendiene of specific pore sise (0.76 m)
thoy were sble to cbtain & sterile Filtrate as setive as
the original culture (see p.19)s The discovery reported
in this same paper that coagulase 1s prodused by staplylo-
coccl In an insctive form which differs fn properties from
the sotive materisl formed in the presenco of plasme explains
wiy Gengou (1883) end later Lominski (1044) found the
£1lterability of cosgulase greetly inereased by the adiition
of plasma.

Purther workt on tho filtretion of coagulsso by
laminglkd = Eilne (1947) showed that the amount passing the
£11ter was greatly affected by the pH of the liguid, and
itdele (1949) found not only timt the pH affested the yileld
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but also that the type of filter largely desermined whether
congulase was filterable or wot. Thore wes no lose on
£1ltering through Beriefeld (V) csndles and slight loss with
sintersd glass, but Seits, Chamberland and Mendler £ilters
completely retalined coaguluse.

To sum up, coagulsse is an extre-cellular product of
staphylocoscd, but ite £ilterability lergely depends on the
conditions under shieh filtration is earried oute

s ¥ € {

i SR S ol chin sl ot . bl 37 Tk teetsiniind

The first experiments on the effect of heat on
congulase were made by Congenbach & Usmua (1916)« They
found that the coaguleting action of staphylocosci was not
dependent on the presence of living ecells since eultures
killed by heating were still capable of clotiing plasmm;
- prolenged heating (13 bouwrs at 90°C.), however, destroyed
coagalase activity. lovever, four yesrs later (ratis
(1980b) found that suspensions of organisms from solid cule
tures lost thelr power of clotting plasms after being killed
by heat. EKeoukea (1988) also found thet killing by heating
destroyed cosgulase and, as menticied earlier (see pe8)
used this result together with the results of his filtration
experiments as a basis for asserting that the power to clot
plasmn is associated only with living staphylocoseli. This
assertion was disproved by Gross (1801) when e desonstrated
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that cosgulese could survive leating for 1 hour at 90°%C., &
teuperature incompstible with the survival of cells. Further
proof of the relatively high thermostability of crude coagule
ese was provided Ly the experiments of Gengou (1063} in whieh
coagulase survived heating for 20 minutes at 100°%. The
disagreement about the heat-stadbllity of coagulase wis [Poe
bebly due to the fact that in some of the tests suspensions
of orgenisms fro= solid cultures wilch contalned little or
no coagilase were used. Suspensions of arganisss fyom
solid medis contain so little cosgulese tiamt clot generally
forms enly after growth has talen place and heating of the
suspensions would weveat this growth.

Sumerous workers since Jengou bave gonfirmed his finde
ing thet congulase is wery hect-stable. Welston (1905)
fomd no loss of sctivity after hesting broth cultures for
15 minutes at 100%. and very 1ittlo loss after 30 minutes
at 100%. Flsher (1956a) found that the resistance of
coagulase in breoth cultuves to heet depended on the strein,
activity being completely lest after 5 minutes at 60°C. in
some and retained after 50 minutes at 100°C. in othere.
Strein differences in thermostability have not, so far, been
confirwed. Smith & Hale (1944) found thet congulose sotivity
largely survived heating for 50 minutes at 100°%.; there was
somo loss, lowever, after 30 minutes st 80°C. and repid ine
sctivation of coagulase filtretes at 180°C. Welker,
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Sehaffer & Uerow (1947) were also unable to secure corplete
insotivetion even after 50 minutes at 100°C. Thus the
relstively thewvaostable nsture of coagulase agpears to leve
beon well established Uy & number of workors. '

¢ bmaumgm“,
stability depends to @ large oxtent on Wm jwotestive action
of meterisls present in cultwe media. Working uith e
parified prejaretion of cosgulsse dissolved in distilled
water Lo found that 755 of the setivity wes lost after 50
minutes et 56°C. and over 905 after 30 minutes at 68°C.;
over 995 of the cosgulase wes Inmctivated by Leating for 15
“-u:oo'c Even at the relatively low temperature
of 37%. & solution of purified cosgulese in saline or éis-
m*mhﬂtuﬂwnwm”
W in 8% peptone showed no decrcase in

rom Teger's results it would seem Gmt the coneepbion
280 88 remarisbly stable st temperetures of 100°C.
0 tohomlud; coagulase, like the majority

_f.h.""" prevented by aoe o moRv constituents
al media such &8 peptone water.




Tho first cbservetion on the effeet of pi on coagule
ase was mde by Vasbreuseghen {(1934c). Ho obtained the
surprising result tiwt there was a dwfinits lowering of
activity in a cosgulase preparation kept at pi 7.5 for 40
hours s compared with & control maintained at pi 7.6 at
the same temperature. Apart from this isclated cbservution
and the report by Lominskl & Milne (1947) the only other
ﬂuhmmdﬂmm-mdmm‘
to be that of Tager (10460) which he carried out on & puri-
fied proparation. e found that c¢oagnlase was most stable
between pH 4.5 and 7.0, and et there was retier greater
loss bDetween pi 8.0 and 4.0« On the alialine side tiere
was marked deteriloration with complete loss of activity at
PE 118 after 22 hours at 37%. Although 1ittle work has
beon done on the stablility of coagulsse at different levels
of pli some confirmmtion for Tager's finding is provided by
mmmmqumummmw
a progess involving acid preciplitation at piH 4.0 and this
treatumut doos not secm to cause grest loss of sctivity
(Sslston, 1855; Tager, 1848h; Ualker, Derow & Selmffer,
i948) ¢ Lominski & ¥Milne (19047) eobtained results which are
in apparent countradiction to those of Tager. They found
that erude coagulase swrvived heating for 45 minutes at 65%.
meh better st a alightly slkeline than & slightly aecid pH.
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 The ey to ths contrediotion my 1ie in the Aifferent tempere-

tures wed, and the fact that Lominski end Milne worked with
coagulase in cultwre media for thelr tests wlercas Tager used
pare coagulase dissolved in buffer. It is perhsps signifi-
cant that Lominski eni Mine found that coagulas: beocamo
materfal having been held bask by the filters.

RS e t,,; S e - i A

| Yery 1ittle is kmown of the effect of different
ehenical reagents on coegulase and such knowledge as exists
is minly concernod with the inhibition or non-inhibitlion
of coagalating setivity. Tager (1948b) found that pedusing
substences d1d not interfere with the sction of comgulase
and timt sodium thioglycollats was able to retard the
deteriovation normally observed when & solutlon of e purl-
fied prepuration of cosgulase was kept at 37%. for 24
bowrs. I, however, Tagor hed used higher molar contentmae-
tions of reducing agents he would have found marfed in'dbl-
tion of coagalase activity (Lominski, 1048). Oxicising
agonts, on the other hand, were found o csuse & mpld lose
of astivity. Finally, ascorbiec acld caused a maried lose
of activity which wes prevented by the addition of eysteins;
this destructive effect of ascorbic scid might be due to
the formation of hydrogen peroxide in the course of its




breakdown (Berron, lo lelo & Klemperer, 1836).

Penicillin appears to interfore with the sction of
coagulese (imson, 1945; Agnew, Kaplan & Spink, 1947;
Hiale, 1949) although Walker, lerow & Schaffer (1048} did
not find this to be so. ALgnow 8 als found That strepto-
mycin was inhibitory and this was confirmed by Yelker gt &l
who found that sulpimthiagels, sulphadlaszine and & mudber
of fungal entibiotics dov not intorfere with the action of
coagulase, but tial popylene glycol and sodium aslide are
inhibitory. '

Congulase 1s not inbhibited by hirucin, citrele and
sodium fluoride (iwch, 1908) oxalate (Gonzendbach & Usmura,
'1918) cobre venom, chlorasgol fast pink, Iydroguinone end
low oxygen tension (Walstom, 19856) dilute phenol, potassius
pormangenste and trypaflsvine solutions (Geagou, 1933) and
heparin (Rigden, 1942)« Farkas (1047) found inhibition by
bromine and lodine st goncentretions of 0.3f and 0.8%
respectively.

It can thus bo seen that such Informmilion as has been
sogquired from the we of oaxidlsing end reduslng agents,
antiblotics and so forth counsists of & nwuber of detached
observations which add 1ittle to our kuowledge of coagulase.
Exoept in the experiments of Tager (194G6b) and Walker et gl.
{1948) the work was carrded out with coagulase contalning
culture material; with such material experimects of this
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kind could only be expected to yilold information on inter-
forence or non-interferexce witi the clotting proceas.

Zurdficotion of oagilase

Tie first atteupt to congcentrute coaguleso wvas mmde
by Yelston {(1536). Using ecellefree filtretes of staplyloe
soccel cultures ke found that cosgulsse could be preeipi-
tated by ethyl alcohol, smusnium sulplmte and scellic acid.
The precipitate did not represent a mawh purer meterdal tian
the original eulture, axd in the st concentrated preélare~
tions Ghet be could make Shere was little or no enhancement
of secbivity: presmmbly coagnlase iad been loat or rendered
insoluble by the txeatment. Pister (1906a) confirmed the
finding that comgulase precipitated at an acld pii. S«ith
& Hale (194%) eomwentrated the OGredocol membrane Liltrates
from stephylococcal cultwres by evaporating some of the
witor under reduced pressure at 60 - 70°%., and obtalined a
ten-fold inorease in eetivity. In none of these exporiments
w28 there much purification of thw produet.

The results of the first atbempls Go echileve & highly
coneantrated and purified coegulase wore publiasled almost
simaltancously by Welker, lerow & Sehaffer (1048) end Tmger
(19480)e Salker et al. ook as thelr starting wmterial
digest Droth cultwres of JUEph. Suwreus from whieh cosgulsble
proteins had been removed by heating. Coagulase wes
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separated and purified by a two-stuge acid preeipitation

and freego-dried to give a powder with a very high setivity.
This powder showed & coagulase activity per mg. of nitrogen
about 1000 timps greater than that of the original material.
The only eriterion of purity which they used was enbanooe

ment of activity per mg. of nitrogen; this wes so considere
able, however, that separetion of coagulase from extreansous
mterial must have taken plsace.

Tager's mwthod of purifying coagulase (Tager, 1948d)
was more complex thean thet of Walker o &)+ It was based on
& comperison of tiw effcetiveness of etiyl alecolwi, acid and
amonium sulphate as precipitants, and involved acid and
aloohol precipitation of coagulsse with ammonius sulphate
precipitation of impurities. About mlf the coagnlese acti-
vity of the broth cultwre was lost Guring the seven stegee
of the separation, but since moat of this could be aeccoumnbted
for in the various frections discarded, snd wes not due o
destrustion of coagulase, Tager suggeeted that higler yields
eould be obtalned by improvement of detalils. o also
pointed out the desirebility of applyling the methods of Con
et al. (1946) for frectionation of plasms and Pillemer's
(1946) method for purification of bacterisl toxins.

Tager's (1948b) purified preparation was & frecse~
dried powder glving water clear to sligitly opalesecent
solutions. This powder hed & very high activity and cone
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centrated solutions could clot plasms at a dilution of one
part in several millifon. It seems reasonable to expect
that elaborations end improvements of Tager's (1948b)
mothod may yield coagulase of compareble purity to the
erystalline ensymes. Although Teger (1948b) did net
claim to lave lsolated o pure coagulsse his wery potent
product is presumbdly the purest miterisl so far mede. IS
is from his preparation that most of thw existing and ade
mittedly inmadequate information on the nature of coaguluse
has been derived.

Zbe Hatwe of Coagulase
The first indisation timt coagulase wms a substanse

of lurge molecular size was the finding that coagulnse was
not dialysable (Gross, 1926): oxalated prabbit plasmm sus-
pended in a collophane bag in & Lroth culture of Stsph.
aureus d4id not clot. A similar result was cbtained by
Vanbrouseghem (1902) who found that wiesn amalated plasme
inoculated with Staphe suweus and contained in a collodieon
bag was immrsed in sterile oxalated plasma the inceulated
(1953 ) confirmed this polnt and found in addition thet
coagulase eould be exposed to clalysis for several wecks in
8 current of plysiclogieal saline without loss of sctivity.
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Only one investigator (Walston, 1056) found comgulase able
to pess through & dalysing membrene; he found that partly
parified coagulase passed through the meubrens, but thet
the coagulase in the unpurified cultwre filtrates did not.
In view of Tager's finding thet & much purer coagulase was
not dialysable Halston's isclated result must be attributed
to some aecldent of experirent such 68 & faulty membrane.

Smith & ale (1944), having found that crude coagul-
-nmaumo.n/um.mwm-a
less got through as the pore sise decroused, suggested theat
coagulase was “particulate” in that it secmmd 0 be associ-
ated with particles of falrly uniform size. This may lmwve
beon so in thelr ifuwpure preparetion, Lub experiments carried
out on purified coagulase by Tager (1948d) did not eonfirm
this view. Tager found that ultre-centrifugstion at
39,000 repeme for 3 houwrs Aid not give the sedimentation
»uwummcmmm.
sizse. Jletormination of activity st various lewols in the
centrifuge tube led him to conelude that in the ultre-
eentrifuge “the behaviour of coagulase is far more comparebls
to that of smsller molecules as of the order of proteins.®
(Ded98).

Evidence for the protein structure of coagulese is
partly based on the effoct of Jigestive engymes upon 16,
wiich has been investigated on several osccesions. Thus.
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walston (1958) found tiat trypsin insctivated coagulase and
Wolker, Schaffer & Derow (1047) found that both trypsia and
popsin completely destroyed its sctivity. These subhors

pointed out that although their results indleated timt

it difficult to belleve that cosgulase activity depended on
an intect protein structure. The discovery of Tager (1946b)
that heat stablility was a proporty of crude but not of purie
fiod coagulase removed this Aifficulty.

A possible sowoe of error in the interpretation of
tiwse experiments liess in the faet that the pepein and
trypein wed were relatively erude preparations whiech, it is
known, may contain otlnr ensymes such as lipases and anylases
{(Sumaey & Somers, 1947). In order to ¢liminate the chance
tiat the destruwetion of coaguluse might be due to extrancous
‘ensymes Tager (1946b) used erystalline trypsin end chymoe
trypsin in addition to & nwber of other proteolytic enzymes.
Both trypsin and clhymotrypsin cauwsed e repld and almost com-
plete loss of coagulase sctivity. The fiection of plsame
containing the precursor of & fibrin-digeating enzyme toe
gether with its sotivator, streptokinase, caused only
slightly less rapid and complete destruetion. 4 ewriows
jmmMM)mmmmmm
‘”mmmumm-umu
m 4 possible explanation is that the purified



coagulase condained stapiylococcal fibrinolysin which is
iowm to be an enzyme setivator of identisel properties o
stroptokinase. The presence of this sctivator in Tager's
preparetion in sufficlent guentity bo cause almoat complete
dostrustion of coagulase within ten minutes doos not, ‘ow=
over, soen very lilely. The other enaymes uwsed, crade
mwmmw,mumd
eoagulase. Recently Lominski, Smith & Sorrison (1068)
fouxi tmt coagulsse prodused by cae variant of & strain is
Papldly insctivated by an engy=e proiuced by enotier varlent
of the same stmain.

Tager (1946b) investigated a muber of other
characters of coagulsse end his findings are sumoarised be-
8% Pl 3.0 = 4e0s Tests for carbolydrates were negative or
douwbtfully positive. The purified m:terial contelned the
anino aold tyrosine. The aitrogen content of 14 - 167 wes
compatible with a proteln composition. Hlectrophwresis
reovealed the presence of two mobile components indieating
‘that absolute purity had not been achioved.

To sum up, the Insdeguate cata outlined above, and
the rosults of heat-atebility experimmnts wsith purified
m.mummm & tentative
mwmmummu

musm“nmm



of approximately pil 4.0: 1t 1s dlgested by & muber
of proteclytic ensymes with loss of activity: it
is rapldiy insctiveted in watery solutions at Gexn
peratures sbove 56°C. and is unstadle in allute
solutions unless jrotected by peptone: it 1s ine
hivited or destroyed by oxldising agonts and & nubey
of other substances of wnreleted strusture. 1t is
also destroyed by an enzyme produced by staphylo-
coccl thouselvess
This msagre list of properties omplmsiscs timt the
“Wwwwmnturm.uw-
1ished 18 its ebllity to clot blood plasma.

| The first ascomt of the olobiing of plasme by
Staphe ayrous (Loob, 1905) gave no indieation that the

 elotting mecheniam of this species is specific and distincte
ive. Huoch (1908) found, howover, Whwt not only was this
proporty of clotting plesm pecullar to staphylocesci, but
that 1t seemed to be limited to the psthogenie gugous group.
- Hany years were to elapse before sny attempt was made to we
cosgulase produstion as & eriterion of pathogenicity or to
investigsto the part which it plsyed in establishing
staphylocoscal infections. Thus twenty years later the
suthoritative textbook of Topley & ¥ilsen (1620) 4id not
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Staph. supeus. Yot the ebility to produce soagalose is now
regnrded as almost synonymous with pethogenieity. This
eusrgente of coagulese as the moet reliable single charecter
for distinguishing between pathogenic and non-pathogenie
stapiylocoscd is largely Gue to the fallure of otier
eritorin to give & clear dstinotion betwesn She bwo Eroups.

7hs earlicst attempts at classification of the
staplylocosci were based mainly oo the ocolour of the plgment
golden and white warieties by Rosenbech (1884) end en sddi-
tional yollow variety was included sborély afterwards.
The first of these verioties, Stephe sureus, incluled the
pathogenie organisms causing suppwmrative lesions in san and
animals; the second, Staph. albus, included tho weakly
patihogenic organisws found in the sitin, mir, eto.3 e
third, Stephs citieous. consisted of non-pathogenic sapro-
phytes. While It is true that the mjority of pathogeniec
staphylosoecl sre of the Staph. aweus specles, thery is a
considerable range of piguent prodwetion smong streins
boxderline strains with pale or eresny pigmont lms resulted
in a docrease in the emplasie placed on pigwnt in identl-
fying pethogenic stapiylocooci. It Lss been shoem, also,
that sureus strains csn give rise to albus variants
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(Bigger, Boland & O'Neare, 1027) and that the two types ave
interconvertible (Geisse, 1914; Ploner & Veldrien, 1058}

The defects of the classifisation of staphylocoect
by the colour of the colony led to attempts to devise &
system based on the presence or absenco of two propertics -
meemolysin produstion snd egglutinability by en immune
sorun (Nelsser & Wechsberg, 1901; Kutscher & Konrich, 10043
Velel, 1004)« Otto (1908) and levenyl (1926) found Shet
heemolysin production wes confined to streins from pathe-
logical sowrces, but Jullsnelle (1992) belleved %wt all
strains of staplylocosci were capable of pwocucing huemo-
lysia. This observation has not been substantisted by
muﬂlﬁo with regard to agglutinability, Otbe
(1908), Kutscher & Koorich (1004}, Velsl (1904) and Klopstoelk
& Bockenheimer (1804) sl fouwrl evidence to support the be-
1ief that staphylocoocd might be divided fuirly sharply
into pathogenic and non-pathogenic typos on the bLesis of
their agglutinebility by an snti-serun prepured agsinst e
staein of knowmn jethologiesl origin. The wse of both thsee
propertles s & mens of claseifying stephylocosci wes proe
posed (Eutscher & Kenrich, 1004); stmains producing haemo~
iysin and agglutinable by an anti-serus prepared against a
pethogenie strein were to be regarded as pathogonic, whoress
strains negative in both respecis were to e regarded as
non-pathogecie .



Another attexpt al classificstion was asde by sorden
{1908/4) based on tiw action of staphylocesci ou & wide
pange of sugsrs and other orgenie substrates. I found thet
of the 41 strains exsuined there were &5 different patierns
of results. Iliowever, the siz gureus straine tested gave
almost identical results and all fersented menuitol and
liquefied gelatin, whoreas fow albus gtwins showo! timee
propsrties. Bubt an extension of this work by ‘udgeen (1008)
showed Simt if a sulficliently large mader of sugares wes
tosted 1t was wuauel o £ind two stralns of stapiylosocci
giving ldentiecsl yesulits. Thus no sharp division ia bio-
chomical activities corresponding o & sharp sepsration into
pathogenic and non-patihogenic staphylococel emsrged fres this
work. A subseguent extension of this type of investigstion
by Winslow, Rothberg & Parsons {(1020) and Dudgeon & Simpson
{1828) lod them %o conclude that Stephylococci cocsisted ef
one large group of organisms showlng & wide renge of biochsmie
eal sotivities. At one end there wes the deeply pigasnted,
heemolytic, mannitol-forasnting, gelatin-liguwelylng, e~
eipitin-producing, pathogenis Staphe aupeus, aadl at the other
end the white, non-hacwolytlie, mannitol-negative, sohsm;
- nome~liquefying, fesbly or non-pathogensc Staph. slbus without
procipitin formstion in the subjects from which it had been
izolateds In pessing from the pathogenic to the noow
pathogenie there wes not & clesy oul sepuration of clmrecters;
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1% wes not & Gase of black or white but of all shades of grey.
One diffieulty of besing eny classification on
pathogenicity 1s the groat veriabllity of this property, and
G different senses in which the term %s uwsed. With tie
staphyloceccd additional confusion is introdused by the use
of the sowee of stmin as ¢ measwe of pathogenieity; in
nost of the carly work a stmin wes regarded as pathogenie
or non-pathogenic according to whether it Imd been isolated
from & suppwative lesion or healily tissues. It is kuown,
however, that pathogenie stapiylocosci ere found on verious
tissucs wsccompanied Ly lesions (Kemos, 1988). It ls
slse thought that stieins mey exist in an svirulent state
on tissues and ouly asguire virulence wnder suitable cone
ditions. mmam&m:mmm

Mwwmum-mmh
Staphe albus enti-serum.

The cledm Ly the eardisr workers that agsiutination
Sests could e used to dlistinguish between pathogens and
seproplytes hea not been borne cut by laber wark. Jullanelle
(1928}, using agglubinin-absorption methods, found no
correspondence bebwsen serologleal grouping and pethogenieity
and Hine (1988) found only & rough correspundence Lotween
serologleal grouping, pigmentation and maanitol fermentation.
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Julisnelle carried out few viralence tests and Hine none at
all so that the gualifisations mde in the previous pare-
greph apply to this work. There seens, however, to be
some correlatica Detween pathogenicity end the abllity to
fomd this correspondense (wdgeon & Simpoon, 1028:; Burky,
16833 Coman, 1958).

pathogenie snd nunw-pethogenic staphylivcosci cutlined above,
haemolysin produstion las Lest stood the test of time. The
fallure of earlisr workers to nsme the spocies of ped
¢orpusele against which & heemolyasin ucted and thelir ueware-
nees of the existence of different hsemolysins egting <Affer-
ently on the red cells of different apscles may LAV PIo-
vented the recognition of the close relationshipy bLetween

O =nmomolysin and pathogenlelty. lLately, however, thore hus
boan a tendency to restore ol-haemolysin to & key positioa
{Maxks, 1952). DBut, whatover the yeuson, coegulasse Jro-
@uetlion has tonded were end more to be accopted ss e wost
sonstant and eeslly demnstwable charecter of patbogenis
stephylocoscl. An accowst I8 glwen in the following pages

| of the emergence of the coagulase best es the chisf means

. of vecogalaing patingens.
‘ For seversl years after Much (1908), work on coagulase

ey was conternod mainly with the nature of coagilage end
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couditions goweruing its procustion rather then the associ-
ation botween cougalasse an. petiogeniclty . loagunlecn o
Uemare (1926), howover, confimmed Mush's finding that
cxslated plasce from men end enimals suffering fron etapiylo-
coceal infeotions tended Go clot within & fow hours of withe
drewal; they also found tiet five staeins of Staphe surous
of different origin were sble to clot plasum.

The firet real attempt to cormvlate coagilase (ro-
dustion with pathogecicity sas mmde by Derenyi (3986). e
collected & nuwber of strains of staphylovcossl (.im.xnsm-
ing streins from pus, Crom the healtly sikin end from tie
euvircumsnt and tested thom for thelr abllity to haemolyse
MabLIt rod colls, to clet milk end to clot plasmm.  Although
all his strains of pethological origin produwced hesmolysin,
& fadrly high proportion of other strains did so teo (20 to
70 per cent, depunding ou the source); & similer yesult
wes cbtained with milk clobting. But with cosgulese jroe-
Gueticn s found completc correspandesce between psthogenieity
f'umwumﬁmmmmmueb
m None of tw U0 streins from the onvirvomsnt or healthy
WWWWM,W&NM&Q

: me«rmm,
pet=~ (1) Coagulase +4ve, heemolysin +we, uilk clot
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{5) cosgalase -ve, haomolysin wve, milk clot ~we. On sub-
cutencous ianjestion into rebbits, grouwp (1) gave a vepld
and sovere infection, group (2) & slower and less sovere
infection. and growp (3) no infeotion. e concluded frem
nis results wul cosgulase produwtion wes the claracter to
widenh mest lmportasce should be given in deciding whetiovr a
strain wes markedly patbogenic or not. His experimnts are
of interest not only Lecause Larenyi wes the first to stuly
the ssscclation betwean coagulese and pathogenicity on a
fairly large seale, but also because ho carrisd oub animl
vifulence tests on his strins instead of relying on thely
origin in clessifyling thome

e laportance of cotgulsse was condirmed within &
short tise by two warkers. mml.umw
tion in shich gelstin llquefsction, coagalase production smd
hasmolysin production were cwgared, came to the conelusion
with organismes from pathological sowrses and in doudtfal
cases allowed & decision sbeut pathogenieity to be made with-
1o o short tiwe. Kemkes (1923) found bheb the coagalase
reactlion was given oniy Ly pethogenic staphylococsi and not
by non-puthogens or othsr bLacterial species and timt the Pee
 sults yan parallel with hsemolysin and sniml virulenee
tosts. Although & nusber of Strains lsolsted from the sitin
‘and heslthy mucous membwancs wers coaguluse poaitive .enimal
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onse move the danger of classifying strains on the besis of
thelir origins. Feses concluded thet not only was the
congulase test & valid means of excluding non-pathogens,
but thai It enabled a definite decision en pathogenicity to
be made. Gross (1831) examined 250 strains isolated from
infected and lwalthy tissues in respect of coaguluse Proe
dustion, hesmolysin prodaetion end the abllity to preduce
necrosis when injeeted intracutencously into rebbits. Iis
fomd marked neerosis with streins heving high heaemolysin
mEriged neerosis in strains with low beaemolysin and cosgulase
Proustion, and no patiwlogical changes with streins wiish
were haowolysin and cosgulsse nogative. iis clessificstion,
elibough eruwde, indicebed tiho close relationshipy between

| An attempt to ovaluate the relationship of coagulnse
and Lassolyein prodwdtion Yo pathogeniclty wes carricd oub
on 4 vary largs scale by Chepmmn, Serens, Peters & Curcie
{1934), who used 5000 stmeins from o wariety of sowrces.
Out of thwae 5000 strelins they selected 660 which showsd
golden pigment (supeus type) sud were either nsemolytic or
coagulase poaitive o Loth. Eighty-eight per cent were
eoag:lase positive and U1 per cent hmemolysin positive.
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Hsving first screensd the S000 strains, Chapmen et al.
(M)Md‘mmmmm”h
tive and hasmolysin negative and enother group in which the
strains were memolysin positive and coagulase negative and
carriod out animal virulence tests with about 7: of tie
strains. The results indicated that olither coagulase or
heemolysin produstion implied pathogenlcity In gureus strelins,
but with glbys streins coagalase produstion was more closoly
related to pathogenicity thean hesmolysin predustion (14/16
congulagse 4ve hasmolysin -ve strains killed & rabbit within
10 days, but only 4/17 coagulase -ve haemolysin +ve straeins
did seo)« Since only & small proportion (about 75) of the
strains with the selected propertics were tosted in enimls,
too mueh welght should not be given %o the results, but
they indlecate timt coagulase production may be a betier
gulde to pathogenicity then haemolysin produstion.

Another compariscn of a muber of different characters
of staphylocosel including coagnlase was made by Craiksiank
(1957)e In addition to confirming previous observaticns
that cosgulase and haemolysin produstion were not necesserily
associated characters of a stmin, he showed that comguluse
and hasmolysin could be distinguishod by thelr Aifferent
hest resistance end the prefevential absorption of Meemolysin
by rabLit red cells.

Crulksihenk divided a number of streins of pathological




and noan-pathological origin into threc growps :-~
(1) pathogenic sureus strains, (2) albys varisnts of the
pathogenic gupous strelins, and (3) non-pathogenic albus
strains. Although & higher proportion of struins of
pathological than of non-patiwlogicsal origin fermented
mnnitol and laotese, clobted milk, end liguefisd gelatin,
a sufflelent number of seprophytlc streins possessod twse
propertics to mmlew thelr we for diferestiation wuwellsbler
40/40 of thestrains of pathological origin produced coagule
ase and 56/40 lmemolysin; all of the 20 sapropiytic streins
wore negstive in both respects. Pathogenieity teste on
pathologionl origin and /12 for tie sspropiytic strains.
fie convluded that coagalese production was the moet constant
property associated with patbogenlelty end becuuse of its
constangy and ease of demmstrmtion recomaended its wse for
differentisting pethogenic from nos-pathogenie staphylococci.
In an extensive investigstion of 843 streins Chepuan,
Borens, liilson & curelo (1958) resched the same conclualon
a8 Crullslanic. Thoy cospared tlwir streins for cosgulese
production, heemolysin proiuction on Pebbit blood agar,
plgmentation, souwrees of stmains, growth on orystal viclet
ager (Chapmen & Derens, 1935), growth on brom-tiymol blue
ager mnd phenol red mannitol agsy (Chapman, Lieb & Cwelo,
1958), and rebbit pathogenieity. Yholr eonelusions wore



that it was possidble, provided certain detalls of tecimigue
were observed, %o correlate in-vitro tests, the sowce of the
streins and their pethogenieity towards rebblits, and that
the coagulase test was the most reliable single criterion.

An observation which they mede provides a possible
explanation of discrepancios wiieh obther workers had found
between in-vitro tests and animl pathogenicity. ~ Chepman
ot al. (1958) discovered timt a mmber of thelr stock
strains of undoubted pathological arigin had dlssoclated
into wmriants of widely differing pathogenicity and that a
decrease in pathogenicity wes associated with tle loss of
such charecters as haemolysin production, pigsentation,
ete. with coagulase production &8 one of the last to dis-
positive colonies, since this was one of the first charecters
to be lest, before spplying pathogenicity tests. In
addition to ascopting coagulase produstion as the most ro-
lisble differentiating test, they concluded that the extent
of mmomolyais on rabbit blood agsr when telen in conjunction
with coagulase produstion end pigmentstion of e strein, o
variants of a strain, provided an Ludleation of the degree
of pathogenicity. i

To quote only & few of & very large number of subhers,
Burly (1953), Plaun (1958), Noss, Squives & PGt (1941),
Fairbrother (1940) and Dienst (1942) procused additional
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evidence of the close assoclation of coagulsse production
and pathogenieity in stephylocoscl. It thus would secn
to have been soundly established by numerous workers that
coagulase production is the most constant end relisble
single oriterion that can be wsed in distinguishing between
pathogenic and non-pathogenle staphylococcl.

There appears to be a very closs sssoclation between
coagulage and X ~hasmolysin production sand in a recent
paper Marks (1068) suggests that -haemolysin predustion
18 sn even Detter indicstion of pethogenicity then cosgulases
o also suggests that the claims of other workers that they
umwm.mwwgm
which wore pathogoniec were often due So the source of the
strain being used as & oriterion of pathogenicity and that
such streins might well be adventitiously present in lesions.
Unfortunately the experimsntal evidence wich he brings for-
ward to support his belief in the superiority of X ~haomoe

lysin to coagulase production as a criterion of pathogeniecity
1s open to mzsctly the ssme eriticienm.

Tisd P ® 1" 1 .'“z T s ¥ o ¢ v 84 g
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Although much woric has boen devotod to the stuly of
cosgulagse production by pathogenic stapiylococci & great
deal less attention hms been given to the puwrt which it
plays in staphylococcal infections. The first suggeations




were based on its in-vitro behaviowr, end Gross (1983),
Gengou (1953) end Crulkshenk (1907) thought that It =ight
be responsible for the formation of tiwombi. Oross (1083)
found that the injection of a cellfres filtrate of stapiylo-
coccal cultures into & tied-off segmont of the jugular veldn
of thromdis Hollaway, Durnet & Willisms (1950) and
Fisher (1956a), however, could not ebtain intrevesculsr
clotting and Pisher 41d not find any significent amount of
thrombosis in 27 sutopsies of cases of staphylococcal
septicaonia.

A striking festure of stapiylococcal infections as
opposed to streptococcal infections is thelr tendency to
produce localised lesions consisting of the traditiomsl
“good and laudsble pus®. An attractive dodustion to be
dvaw: from the in-vitro clotting of plasam is that the pro-
duetion of coagulase leads to the enclos.we of the infoeting
organisms in & £ibrin clot which prevents spread timough &
vasculay system. Following the work of lenkin (1055; 1954)
Honkin & Walston (1054/35) took up this comception and after
exporimental investigation rejocted 4%. ienkin had shown
that Staphe sureus produced a powerfully injurious reaction
in Sissues smrvound the site of inoculation. Injuwries to the
capiliaries incrensed thelr permecbility and allowed
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fideinogen to pass through into the inflamed area and within
‘one hour of injection the dreining lymphaties could be
ocecluded by the formation of fitrinous tirombi. BSerkefeld
Mwmmmhum
It was found that when the dye, trypsn blue, wes injected
into such en area it falled to diffuse into the lymphatie
vessels in meriked contrast to the results obtained when
‘streptococecl were the erganiswe used. It wae concluded
thet the stapiylosoocus was primrily e mon-invading
organism owing to its intense locsl effects which cauwsed it
to be eircumscribed guickly by the meehaniesl berrier of &
£ibrinous mesh and by the throubosis of the lymphatics.

In order to determine whether ceagilase played &
significant part in this locallaing process lenkin &
Halston made & preparation by acid precipitation of filteved
broth enltures of Staph. sureus. They found that this acid-
precipitated cosgulase retained its clotting power but did
not £iz teypen blue in tissues. They also foun! that
broth-culture filtrutes which showed no cosgulating powers
wore still able to £ix trypan blus and that filtretes with
mapied coagulating powers were wmeble o fix the dye.
sathis tiey coneluded thet cosgulase played no r8le ia
' 1_mwmuwmm
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Crullkeshank (1087) put forwerd e Iypothetical scheme
in explanation of the course followed by staphylococcal
infections. The sequence of events postulsted was &8
followst~ (1) Implantation of staplylocescl; (2) inflamfe
tory resction with stegnation of blood flow; (35) cencene
tration of coagulase bullt uwp with resultant thrombosis in
the emall blood vessels; (4) gredusl solution of the
throubus by fibrinolysin produwced by the stephylocoscli; and
(5) dissemination of smell infective emboll leading te the
formation of pysemioc sbscesses in the lungs, kidneys, ote.

This scheme attempted to account for the fect tiat
although staphylococcal infestions tend to be locallsed dise
poreion throughout She host muy ensue in the shape of
pyaemic sbacosses of different organs. The assumption that
£ibeinolysin played & part in staplylocoscal ianfection was
no dowdt proupted by the fregquency with widch it is found
along with coagulase. In faot, so ¢loze is the association
that Gengou (1983) regarded the formation of & clot exd its
wm&-nd&tt-mtumummmo

The understanding of the pert played by congulase in
staphylecoccal infections was greatly enlarged by the work
of Hale = Smith (1945) who showsd that coagulase inhibited
the phagosytosis of staplylococcl in witre. When & mixture
of staphylococci end coliforms is exyosed to phagooytes in
coagulable plssme only coliferms are phagocytesed. Then
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nen-coagulable plasza 1s uded phagoGytosis of stapiylocosel
takes place unless coagulass sctivator (see p.46) L8 added.
They suggested that the formtiocn of & £ibrin euvelope
round the organisans mey prevent opscalsetion or nullily
the shanges to the cell surface scccapanying opsonisation,
snd that agzlutination of staphylocceci followed Ly the
formation of compact messes exbedded in & fibrin matrix
might form & mechanical cbstacle to phagooytosis.

In more gonoral terms Smith & iale interpreted
theolir resulte in the following way: tiey considered that
coagulase confers on staphylococci a resistance sgainst the
host's £irst line of defence, the phagoeytos, and enables
the infecting organisms to claborate thoir toxic products.
They also drew the cenclusion that suseceptibility of &
specles to infectlion by staplylocosci is related to the
conguledility of the plasms.

An in-vivo attempt to demonstrate the validity of the
above Iypotheses was carried out by Smith, Hale & Smith
(1947). They found that the minimum lethal dose in Serus
of the nuwber of cocscl incculated intresardislly into
guinea pigs was four to elght times greater with streins
uhioh did mot clot guinea-pig plasme then with stieins which
dld. The distridution of the lesions in the internal
organs of the two sets of animls indlcsted that lavesive-
ness was also dependent on coagulase procustion.
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'a.mmdww&mm
to domonstrete in yive the finding that the phagocytosis of
staphylocosel in & menstruum conteining incoagulable plasme
is inhibited by rendering 1t coagulsble. The animels wsed
in this series of experiments were mice, whose plesme is
not clotted by coagulase. One ecet of snlmsls was Iinoculsted
intmeperitoncelly with a cosgulase-positive strain of Jtaph.
gureus in a comgulable menstruwmm and snotihor set with the
same strein suspended in an Incoagulable menstruuri. It wes
found that the coocl injected in thw coagulable menstrum
showod an initial decresse in mubor followed Ly & rapid ine
erense so that by the end of 24 howrs the peritonoun Conw
tained & very large muber of organisme both free and intkres
esllular. The cocod injected in an incoagulable menstruum
progressively decreased in number so that by the end of 24
houwrs they were virtually absent from the peritonoum.

A sinilar sot of experimnts was carried out with a
view to finding out whetler there was any cdifforence in

of the organisms. .
In the s study Smdth, flele & Smith in
relative Importance of cosgulase and X
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staplylocoscal infestions. They compared the infecticus
produced In guinea-pigs by strains which were able to clob
guines=-pig plasma (gepe coagulase 4ve) with streins which
could not (gepes coagulase ~ve). It was found that stralns
produeing (-haemolysin which were gepe coagulase -ve
produced losa merked pathological changes al the site of
inoeulation, the testes, than streins which Were geps
 coagulese 4ve end produced no C(-hsemolysin. Intradermal
inocculation of guines pilgs produced some surprising results.
Gspe congulese 4vo strains with 1ittle or no (/~toxigenicity
gave lesicns compaysble to those oblained with ighly (=
toxigonic straine whilch were gepe congulase -ve. One would
expoct that a relatively large incoulation of a toxigenle
orgenism into a dense tissue 1like the skin shoull procuce
noerosis, but not that the geye soagulase +ve strains Jrow
duoing 1ittle ((~boxin should do so. In this conaectien
the findings of Chepman, Berens, Nilson & Cureio (1968),
wiich were deseribed Iin an earliier seotion, my be reucubered.
They showed +hmt variants of staphylocuscl arise in laoboretory
cultures which lack one or zmore of the elurestors of tio
parent pothagenic strein end that ((-haeuolysin prodwstion
s more easily loast than cosgulase produstion. This miscs
" $he possidility thet the streins used by Sudth, Hale &
Smith were ™ -hmemolysin -ve variants, amnd that snimml
Inpeculation restored J(~toxigenielly; wnfortunately ne




mention is made of tests on arganisms recovered from the
lesions produced in the experimental enimals.

The work of Smith, Hale & Smith has been deceribed
ot some length since 1t 1s the main contribubion to the
wnderstending of the part played by cosgulase in stapiylo-
ecoceal infeotions. These suthors Al not claim that
eoagalase was the only or oven the moet important fhotor
in the infective process, but they unioubtedly dempnstrated
oxperimental enlmels not normmlly susceptible to infection
with Staphs sureus, thore seems to be a good deal of evidence
for the view put forwerd in this end & previous paper (Hale
& Suith, 1945) thet the main rOle of cosgulsse in infeetlien
is the provisicon of a protective barrier against phago-
eytoais by virtus of its action on fibrinogen. It 1s also
possible timt the cocurrence of lesions in other paprts of
the body, through the trensport of infective euboll, is
detorained by coagulsse.

The only subseguent work wileh tiwows light on the
»8le of coagulase in infoction is tint of Lominaki (1049).
Lominski & Hoberts (1946) had shown thet humen plasme con-
tained s substance which inhibited the clobtting ection of
coagulase and that this inhibitory substence wes [wresent in
greater smount in the blood of healthy individuals then in
patients with major staphylococcel infections. lLominekl




found that rabbits which lad been givea a single intre-
peritoneal injoction of an inhibitory human serum survived
intrevenous inoculation with a virulent strein of Staph.
gurous, whereas rebbits without the protective d®se of humen
serum died. The protection depended on the coagulase-
inhibitory snd not the anti- (-hsemolysin titre of the four
in the amount of sctivator in the blood of different species
might account for variation in species susceptibility te
staphylococcal infection, 1t cannot mccount for Aifferences
in suscoptibility within & single specles sueh as wan wiere
the lovel of activator is uniformly high.

i, st “ " S . [ T

This sspect of the subject will be trested in greater
detail in & lster seotion, Dut an outline of the development
of our Imowledge of the clotiing process is glven Uslow.

It will be recclled tiat the clsssical experiments of
Raeh (1908) showed timt the clotting of bleod by Staph.
sureus differed from the normsl eletting process. Coagule
ase uwes neither prothrombin, tiwonokinese nor thrombing
it acted in the absence of free clclum fons end 414 not
elot purified fidrinogen. In addition, sowe factor which
was lost in the pwrification of fiberinogen seomed to be
necessary for staphylocoecal elotting.
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Hueh's experiments were crule in the sense that live
staphylocosccs were used and some of his negative results
might be attridutable to lack of growth: nevertheless s
findings remain substantially true.

There was & lapse of somw years before this problem
again attrected attention, but from 1919 to 1921 Gretia
pidlished @ series of papers on the sotion of staphylocosel
on plasms. In his first paper Gretia (1919%a) found the
belaviow of stephylococci analogous to other bacterial
specios in rendering omalated rebiit plasme more cesily
clottable on re-caleifying. In his next peper, however
{oratia, 19090), he altered his views; be dlstingulshed
betuwesn thrombin and coagulase Ly showing that staplylo-
cooci oould clot plasmm in the presence of hilruiin which
interfered with the astion of twombin.

mmmxmwmw
& mochanism independent of throuwbin of which the exponents
wore Huch and Gratis wes challengod Ly NHelf (19192, 1910h)
who suggested thet the action of stapihylococci was merely
species and reguired the agency of Siwombin. liolf was proe
_ bubly Pight in saying that with the crude methods of purifi-
fon used ¢ ws wlikely thet Oretis's preperetion had
pmpletely deprived of the genevators of thwombla =
n and thresbolcinese.  However, Gretia (1920a,
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1920b, 1020c) after & seriecs of complex experiments involving
fibrinogen believed to be frec from protiwombin, thwosbolcin.
ase and tihrombin and the use of differential inhibition of

coangulase and thrombin re-affimmed his bellef in the dlee

tinetive nature of the two clotting mechenisums.

The problen remsined $a Statu que watil it engaged
the attention of Uengou (1963) who made & comprohensive
study of the mode of asction of cougulase. His starting
point wes the cenflisting evidence on whether stapihylovcoci
clot or do not clot purified fibrinogen. Gengou's firet
step was to demonetrate that coagulase could be predused in
tho sbeence of fibrinogen. e next showed that stapiylo-
coccl gave no elot eoither whon gvwn in & medium containing
fibpinogen or vhen fibrinogon wes edded to a broth cultuwre.
Clot formed when plasme was added even when the plasme lwd
been froed from fibrinogen and the mwecursors of thrombin.
In fect, Gengou demonstrated that the cletting of ibrino-
gen by stephylocoeci required the intervention of some other
factor present in plasma. Ids Interpretation was wrong; e
thought ©™mt when no clot formed this wes due to lyeis.
The action of the defibrineted plasus wes belioved to be dwe
%o 1%s containing lysis inhibitors snd, in fact, he showed
that serum slbumin and globulin wore lysis inhibitors.

 Venbreuseghem (1904b) took up the guestion of the
relation of cosgulation to lysis. Ie used the plasmm of
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gaines-pigs which 1s not normelly clotted by staphylocoscl
and found that altheugh 1t d1d not normally clot et 37°C.,
clot formed at Sexperetwres below 20°C. In erder to clob
at 37°. & weak prepavation of cosgulase had to be used oF
humen serus albumin or globulin added. e assumed, slong
lines of reasoning similer to those of dengou, that lyals
was slowsd down et temperatures below 80°C. and inhdbited
by albusin or globulin. iiis interpretation was wrong
since guines-pig plssmn which has remained unclotted after
& prolonged period at 37°C. will elot if the tempereture
is pefuced to 20%C. (Zaith & Hele, 1044). Smith & Hale
provided a partial explamstion of this anommlous Lebaviour
of guinca-pig plasma (see pe46) bub despite further work by
Toger & Hales (1946b) this complex problem remalns unre-
solved.

There 1s no dowt b coagulase and fibrinclysin
are frequently assoclated; Fisher (1036b) found that 24
of 26 coagnlase 4ve strains prodused fitewinolysin, Cliristie
& Wilson (1041) 92 of 99 end Chapomn (1948) 68 of 60 The
fact that there is @ smell proportion of coagulase Jveo
stvains which preduce no fibrinolysin seoms to rule out the
poasibility that ceagulase end Cilrinolysin are identiecal,
and & clesy soparetion of the tuwo sctivities was showm by
Gerbein, Perguson, Trevis, Jolmston & Bayles (1946). They
found that the relative moportions of coagalese and
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fibrinolysin in the alcolwl precipitates from broth cullwres
of Staphe aureus differed fron stmain to strein.

Little knowledge of the mode of action of coagulsse
had emerged from the work jJust deserided except in the
mm“wmwnmm.m
menner from the normal clotting mechsnism of blood. SudSh
& Anle (1944) at last were adble to bring some oxder into
this confused subjeot. They showed that coagulase by
itself is ineetive but that by rescting with a fecbor present
in some plasmas end deficient or lacking in others 1t i
converted to sctive coagulase, s throubin-like substance.
The resction of coagulsse with astivator to glw active
mmmaumummmw
protirombin to thrombin by thrombokinese excopt that calolum
fons are not reguired. They found that plasmas not normelly
clottod by coagulase (guines-pig, mouse and fowl) could be
made easily clottable Ly the eddition of & smell quentity of
sctivator in the form of nmman testis extmwet. 4 purified
£1brinogen solution which remsined unclotted in the presence
of conguless gave o Papid clot on the addition of activstor.
In this same peper the theory @wt the peoulisr behaviour of
guineaepig plesms was duwe to the £ibrinolytic properties of
coagulsse was disposed of. Smith & Hale found that &
mixture of gulneee-plg plasme and coagulsse which 'ad ramained
fluld for 24 hours at 37°C. eletted wiwn placed at 20%. end




bolioved that the explanation lay in the rats of destruction
of sctive cosgulase excecding the rete of formiion at the
higher teaperature. i _

Thus Smith & fale showed that coagalase &s produced
by staphyloscosci is insstive, thet 1t is converted to its
active form by reactlion with an sctivator present in gome
plasmas but deficient or totally lacking in others, and tmg
the non-coagulability of the plasmms of somw spocles is due
agcumalation of sufficient active cosgulesse. This discovery
of the existence of Swo forms of cosgulase explains Che dis-
erepant results obtained by some earlier workers in regard
to the physicel properties of coagulase. Coagulase prepared
in & medium containing plasms was Preally sctive cosgulase
which is more fllterable and more esslly destroysd by leating
than the insctive coagulase formedc in medis witheut plagmp.

The above ascount covers only the period up to the
time of Sufth & Hale (1044)+ later developments are dlae
cussed in Section III shich deseribes experimpnts undertaken
with the objeet of elucidating the sctivetor/coagilase
reaction.




4ntlgonlolty of coajulsse

Nuch (1908) menticned the presance of clot innibiters
in hgmen plusmss and several others mmwe since conflirmed
this cboervation (Gross, 10835; Walston, 1955; Salth & Hale,
1644; loninski & Roberts, 10406, Tager & alss, 1L04Ga).
The clot inhibitors were found only ian cocaslonsl speclamns
of plasms and were usually effeotive to & very low Sitve.
Other woriters (Zoukes, 192853 Sudbues & Sohlmrigk, 1983)
were uwmable to demonstrate suy reterdatlion of clotiing in
plasmes of patiente with staplylocoscal infections even when
the seru showed & Mgh exnti-haemolysin titre. Crullabmak
{(1937) found that the plasmas of two pstients with staphylo-
coccal infections gave normal elotting times and that fousr
petients, after a course of staphylocoocel toxoid showed &
rise in anti-heemolysin titre but no Increased resistance to
clotting by cougulase. Oross (1933), on the other hand,
foundt that anti-staplylococcsl pebbit sera woere capeble of
inhibiting the elobting mction of coagilase, but only to &
low titre.

Various attoupia o Lxmmise anlmmls o cougulese have
met with slight suscess. Gposs (1951), Sudlnws & Schimrigk
{1983}, Walston (1905) and Smith & Sale (1044) were umeble to
obtain any marked antibody formetion in experimental animels.
Thws it secmed that although coegulsse inhibition could
oscasionally be found in humen plasmss the antigenieity of
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mmnm The inhibitors had not been
found to be sigiificantly higher in the plasms of patients
suffering from staphylococcal infeetions, and animel experi-
ments showed tiet coagilase had 1itile 1f eny ebility to
eliecit antibodles.

A now aspost of the problem emerged, howewver, in the
results of an investigation of the occcurrence, natwe, and
mode of action of inhibitors ecarried out by lomineki
Roberts (1946). They demonstrated the presence of an ine
hibitory substance in the sers of & large proportion of
‘poople (212 of 348)« The infrequency with wbich clot ine
hibitors lad been fomd by previcus workers was explained
by teo findingss £irstly, coagulsse was shown to ave &
greater affinity for fibrinogen than for Inhiblitor, and
socondly, the use of live staphylocoecd or highly potent
preparations of coagulase caused the Inhivitory effect to be
sweuped. The rarity of clot inhibition by plesms is theve-
fore to be expected and in fact Lominski & Hoberts found
tiat only @ small proportion of the plasmss exmmined ine
hibited clottings The inoldence of low- or non-inhibitery
Sore was grecter in petients suffeping froa scute wmajor
" staphylococcal infections then in healtdy people. They
showed that Inhiditor possessed & nuwmber of sntibody
characteristios but did not definitely secept it wntil
suscossful immmisation in men or entmels had been schisved.
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Sueh conclusive evidence of antidody formaticn ia
o was provided by Tager & Hales (1048c).
They were able by the use of & highly purified and potent
coagulase in the presence of staphylocoscel X whmemolysin
#s & potestiating agent to satidedy formtion, to achleve &
Gefinitely inereased inhibitery titwe in the sere of lu-
1ised animels. Complement-fimmtion tests snd agglutine-
tlon of collodien particles costed with coagulase provided
ucditionsl evidence of antibody formtion.

Further work by la-melkemp snd his esscelates seoms
to have established beyond doubt thet coegulase is antigenie
~ bub enly % respect of certain animls. Remwlkanp, Dadger,
Pingle, Peller & Hodges (1950) were wunsble to immnise
rabbits, ducks, chickens and geese to coagulase, but with
monkoys they fomnc & striking rise in antl-cosgulase sctivity
after & course of injestions of either coagilase or active

E, l“'“mi.mmhih“‘“
oaly was coagulese entigenic but that seversl coagilases could
bo distinguished serolegleslly (Remmslimnp, lesebicks &
Plagle, 1950). Cosgalase was prepered from timee 2
Wh:mm"m”mw
titre of the ,fgfﬁlw“m““m“
in the teet. m ST ——
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gonie nsture of the three ccagulases. Despite some Gross-
resction it was found possible to sbsowd, specificelly, the
material lahibitory to one of the three coegulaves without
altering the inhibitery titre to anotiwr. The existento of
specific coagulases of Stagh. sureus might be uwsed to explain
the apparent absenco of antibodies to coagulase in the sera
of putlents recovering fro= staphyloceocal infestlons on the
assumption tiwt the antibodles prosent were not spocifiec to
the coagulase used in testing. It seems unlikely, however,
that the correlstion observed Ly Lominuki & Roberts between
susceptibility to stephylococcal infections end lack of
nhibitor in the patients' sere can be asccounted for In this
wiye This year Duthie & Lorens (1968) produced coagulase
antibody formmtion even in rebLits by the iajectlion of coagule
ase adsorbed on sluminium phosphate; 1ike previous werkers,
they 424 not got & mariked antibody response when coagulase
was injected by itself.

Although the abllity of coagulass to elicit antibodies
and the existence of antigenically dlstinet ceagulases can
be mgarded &8 established, there are & nuwber of problems
still wwesolved. If inhiditor is & cosgulasc-antibedy, why
ia antigenicity sc diffioult to demonstrate in exporimental
imzmisation? If inhibitor is not an antiboedy, to what
category of substanco does it belong? Tiuse guestions still
awalt & convincing answer.



SECTION I
The preoduction of coagulase in laboratory media;
isolation of variants ef Staphylococcus sureus giving
high and low ylslds of coagulase.
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Haterials and mOLhoOdS cccevvocvccnonsonnnscnns
Isolation of variants scscccccocsnvonvssconnns
Description of variants scevescccssvsvcnancnse
Stability of veriants seesscsssscssvasvessssns
Changes in coagulase productlon within strains
Phage-typiIng sesesssscsssssncssssssnsnnscnsnns
Preservation of variants sccecesscsvscorsccone
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In order to study the influence of nutrients on the
synthesis of coagulase by Staph. awreus it is important to
have strains which give high and regular yields of coagul-
ase. But as Tager & Hales (1947) pointed out, under pro-
longed eultivation a strein mey undergoe profound changes in
its capacity to produce cosgulase. ILaboratory strains
mnmummmqummn,mm
variability cannot be accounted for by changes in the con-
ditions of culture since it occurs even when these condi-
tions are carefully controlled and the same batch of
medium or a chemically defined mediuwm Is wsed.

The difficulties which this irregular behaviour caused
in work on the synthesis of coagulase led to the investiga-
tion of & number of laboratory cultures of Staph. aureus
described below- IU was felt that a knowledge of the con-
ditions giving rise to fluctuwations in the coagulase-pro-
Gueing powers of & strain might explain inconsistent re-
sults and perhaps enable consistency to be achieved.

One of the first points to be investigated wes
whether all the orgean isms of & culture of Staph. aureus
produced the same amount of coagulase. It soon became
evident thet wide variations existed and in the following



pages a deseription is glven of some of the characters of
high- and low-coagulase-producing varlants and of methods
for isclating them.

Materisls end Nethods

Strains. m:mm«mmuznw
woere used; they were selected because they gave high ylelds
of coagulase. Two were one-year-old laboratory strains
and the other eight were recently isolated.

Nedia. Three media were used: (1) horse-heart extract
broth, (2) "Lab-lemeco” broth agar, snd (3) horse-heart
digest-broth agar with 57 of oxalated horse blood. Medium
" Ho+5 was used either unheated or heated to 80°C. for 10
minutesa; the pH of the three medisa was between 7.2 and 7.5.
Plasma. Humen plasme containing 0.671 sodium acid citrate
and 0.47% glucose was used, care being taken to use the same
bateh when coagulase production of variants was compared.
Estimation of coagulase. Four ml. of broth in 4 x 1/2 in.
test-tubes were inoculsted end incubated at 37.5°C. for
four days. These details are important beceause it was
found that the degree of aeration and the surface to volume
ratio of the cultures influenced coagulase production. Two
methods of coagulase estimation were used: (1) a clotting-
time measurement, and (2) titration.

(1) Clotting-time measurement. 0.5 ml. of culture




was added to 0.5 ml. of 2 1 in 5 dilution of plasma in
0.85% saline in & 4 x 1/2 in. test-tube. The tube was
gently rocked through 45° from the vertical and the time
taken for clot to form was noted.

(2) Titration. To 0.5 ml. of serial doubling dilu-
tions of the culture in 0.85% saline were added 0.5 ml. of
@ 1 in 5 dilution of plasma in merthiolated saline, the
final concentration of merthiclate being 1 in 1000. The
highest dilution of the cultures to show clot after 24
hours at 57.5°C. was noted and recorded as the coagulase
titre. |

Isolation of verlents

The method was originally devised in order to find
out whether the individual organisms in & culture of Staph.
aureus were identical in regard to coagulase production.
Accordingly, broth cultures were plated, and from a number
of colonies, usually 24, broth cultures were again mmde.
After 4 days' incubation these wers tested for coagulase
by measurement of clotting times. VWhen differences in
elotting speed were found the cultures with the highest and
lowest clotting times were again plated, colonies picked
into broth and the broth--plate--broth eycle repeated
several times with the aim of selecting the best and the
worst coagulase producers. A% first the colonies were
picked at random but it was soon realised that the fast-
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clotting and the slow-clotting variants could be recognised
by their characteristic growth in broth and colenial mor-
phology, partieunlarly on blood agar and heated-blood agars
The following assoclation of coagulase production and growth
characters was found: the fast-clotiing varilants gave
granulay growth in broth and colonles of warylng degree of
rouginess, whereas the slow-clotting varisats showed uniform
turbidity in broth and gave smooth eolonies, typical of
Staph.aureus. Consequently growth characters became the
guide in the selection of variants.

At this stage it was recalled that Bigger, Bolend &
O'leara (1927) had found that rough colonies of Staph. sureus
may readily be cobtained by plating old broth ¢cultures. Since
the fast-clotting varisnts were of the rough type and since
it was noticed that rough variants could be detected in youmg
broth ecultures by the greanular appesrance of the broth and
the presence of pellicle, the following method for the iso-
lation of rough veriants was evolved. Young broth cultures
showing granulerity, or broth cultures which had been allowed
to stand for 1 - 8 weeks, were plated and checked for the
presence of rough (R or fast-clotiing) and smooth (S or
slow-clotting) variants. These colonies served as starting
material for broth cultures with which the experiments en
coagulase production werse carried out.
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The experiments demonstrated the existence in the
10 strains of variants differing considerably in coagulase
production and growth characters; a description of thelr
distinguishing features is given below.

The fast-clotting variasnts giving high yilelds of
coagulase showed & varisble degree of rougness in their
growth; in 24-hour broth cultures the liquid might be al-
most clear or more or less turbid but 1t always contained
coarse granules visible to the naked eye. There was always
a pellicle with early ring formation and a heavy deposit
which was viscid on shaking &nd had sn irregular edge
(Pigel, p+60)« On solid media the colonial mobphology
showed a gradation in R charscters. On Dlood agar or
heated-blood agar the fast-clotting variants of some strains
were smaller, more opaque and more convex than the typical
smooth colony of Staphs sureus (Pig.5, p«6i); it was only
when picked inteo broth that they revealed thelr rough
‘character. When touched with a wire these colonles were
coherent and could be shifted sz & whole on the surface or
1ifted entire on the loop; they often had an irrvegular
outline and dry appearange. On heated-blood agar the
rough charscters were more marked. Pinally, four of the
strains frequently gave typical R colonies (Figs.2 and 3,
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Pp+61,62) presesbling those deseribed by Bigger, Boland &
O'Seara- The rough characters became less marked with age
and after 48 hours colonies of the fast-clotting and slow-
clotting wariants might be indistinguishable. Haemolysis
a1d not appear tobe correlated with R--S variastion. On
occasion, after 48 hours' incubstion, a slight clearing of
heated-blood agar eround the colonies was noted. Flgs.2-5
(pp+61-64) show the different colonial appearances assoclated
with the fast-clotting and slow-clotiing warliants.

The slow-clotting variants glving low yields of
coagulase showed growth of the smooth S5 type generally
associsted with Staph. sureus. In 24--48 hours' broth cule
tures there was wniform turbidity with a little smooth sedle
ment which could easily be slaken wp; no pellicle or ring
formation in these young cultures was observed (Fig.l,p.60).
On solid media 24-bour colonles were circular, slightly con-
vox, smooth, glistening and entire (Figs.4 and 5, ppe«63,64).
The clearing of heated-blood agar occasionally ncited around
48-hour colonies of fast-clotting variants wes much more
frequent and extensive with the smootin variants.

Prom one strain & smooth variant was isolated which
produced no cosgulase after 72 hours' growth in broth. The
results of phage-typing described below show that it was a
variaat and not an accidental contaminant.

The characters of the fast-clotting and slow-clotting



variants and the assocliation of R and S variation with
coagulase production are summrised in Tables 1 and 2

(965, 66).
The question arose whether the difference 1a coagilase

production between the two variants was due to a difference
in growth. The results shown in Tables 3 (p.67) indicate
that the amount of cosgulase produced by the E as compared
with the S variant is not proportionate to the difference

m“um.
On prolonged ineubation the cell count of 3 varisnts

mtﬂomomawmmfwmk,bwm
production lagged behind. Whenever older cultwures of S
ﬁrunta showed a rise 1n‘ coagulase content, the broth had
become greanular and R varlants could be found on plating.

Stebility of varisnts
R variants produced S variants and vice versa, the
nhatwattormsm-mh to strain. It was
always found that after one or more plate--broth--plate
eycles, colonies of the opposite type appeared on the plate.
With different strains, the number of such colonies ranged
mz-:mmunmmzuugmam. .
On the whols, there seemed to be a greater tendency for S
to be formed from R variants than the reverse. In three
strains (C, W and i) the tendency seemed to be in the
opposite cirection, and smooth colonies picked Into breth




Broth cultures of, on left, R fast-clotting variant;
on right, S slow-clotting variant X ca. 2.



Colonies of K, fast~clobting

heated blood agar.

variants on

X c&« 10.
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Colonies of R fast-clotting varisnts on
wated bleod agar. x ca« B0,
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Colonies of F, fast-clotting variants (smmll
and irregular) and S, slow-clotting variants
(large end circular) on blood agar. x ca.l0.

63.



Filzure S.

‘Golonies of fast-clotting verisnts (small

and opaque) and slow-clotting variants
(large) x cas 10.
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Tavle 5.
Relation of comgnlase production to dry cell weight in
Strein &% i
i ¥
Vartant tested Coagilase titwe® "“L':.’.‘i“i.
{(gn. por 100 ul.)
Hough 8,000 0.0627 .
Smooth o4 005838
T_ - —
Ratio Rough:Smooth 12531 Le8d 2l

% The figuwres in the tavle yefer to 48-hour cultures
groun in 40 mli. volumes, with a large surfage ares.

* The titre of coagulase was ascertained as deseribed
in the section on "Hateriels and methods®. The
figares ave the reciprocels of the highest culture
dilution to show coagulase setivity under the cone

dition descrided.



often showed grenular growth and gave high ylelds of
coagulase. Flates spread from such broths revealed the
presence of R colonies.

As alresady mentioned, strains kept in the laboratory
over a number of years often showed sudden changes in
coagulase production. Experiments showed thmt at the peak
of coagulase production strains ylelded a high proportion
of R fast-clotting variants and few or none during the
phase when coagulase production wes at its lowest level.
Observations with strain § illustrate this point. An
agar slope made from & typically granular broth culture was
shown by plating to contain meinly rough variants. Sub-
cultures mede & few days later still gave granular growth
in broth and e high yield of coagulese. Two months later,
subeultures from the same slope gave smooth eolonies on
plates and uniform turdidity in broth with little coagulase
production. The sams change from R to S happened also with
freeze~dried eunltures of strain 6. Fouwrteen days after
drying subeultures gave rough colonies, granular growth In
broth and a high yield of coagulese; but three months later
subcultures gave smooth colonies, uniform turbidity in breoth
and poor produetion of coagulase. The instabllity of these
particular freege-dried cultures mey have been due to im-
perfect drying. For some strains which had considerably



‘declined in cosgalsse production it was possible to vestore
this property; but only after repeated platings from old
broth cultures were we able to isolate i fast-clotting
colonics which on subeulture gave high ylelds of cosgilase.
hmw.wvwdmmwmm
with the presence of K fast-clotting varisats and low ylelds
of coagulase with their absence.

Phere-typing
The Inatadility of the variants strongly sugpested
that the starting meterial did not consist of o mixture of
strains, but in order to check this point the wariants of
three streins were submittoed for phage-typing. The re=
enlte (Table 4, p«T70) confirm the view that, for cach of the

strains tested, the sturting meterial indeed consisted of
only & single strain.

208

i
Ak

Despite the instability of the variants it wes posuible
to meinbtain them by dally platings on blood or hsated-blood
agar from colonies showing the characteristic morphology-.
Thus over & period of four months the X fast-clotiing variant
of strain O was kept tirough 100 subsultwres and the 3 slow-
clotting varfant thwough 50. It is importent thet subcultures
should be made from plates not more thon 2¢ howrs old becawse,

as alroeady mentioned, after this time tho colonies tend to lose
thelr characteristic appearance. Also cn plating from old R

colonies an increased proportion of S oolonies was obtained.
e e e e S

= S




Isdlo &
Phage-typing of the variauts of 3 steains of Staph. eureus.

“rhoss phage patteorns sre regarded es establishing
cloae relationship Letwoen the vearianis within
sach perticular strain.



i. The existence of veriants 44rffering conelidarebly
in comgulase prometion end growth charecter was Gonone
strated in each of ten streins stulied.

8 gh produstion of congulese wns fouwd %o be :
associats’ with the Rt (rough! form of growth md low coagul-
@se produstion with the 8 {smvoth). |

8. R verisabs were convertible to S and vice verss, the
sase of canversion varying from strain to straln.

This work was earried out in eollshomtion, “Ath.
dorrison & Louinsid (196R).



and penicilliin

As Review of work on growth and mptabolism of
Stagh. sureus in ehemically defined medis
BRI o s ahbis v sumaishonpinbonsselisn
7he fonotlion of aneurin end nicotinsmide ..
The aminc-acid requiresenta of Jtaph. eureus
The amino-acid metaboliss of Staphe eugeus
resistance

L R E R E A AL R R ER L L2 R

 infivence of nutzdents on the formation

of bacterial poduc B T TR

« Bxperfmsntal. Preduction of coagulase in a

INErOdusBion sesssesssssesvrsnsssnssssssnnan
atoriale and OLHOUS cvevevcssrcsssssosnne

The effoct of sltering thw comsentration of
anino aclds e

A A AR R R R RS R R S AR A R R Y

The effeed M the concentration
of M Sing G048 srscccsccrsvonssnanes

The effect of varying the concentration of
sorine and Jouting sescsnsnsvssnvnnascanses

The offect of ing the properticns of

W anc SrBBEBEEBEL L HDINBRRES

The m ;&' ulmhu Pro~-
m

‘CQ'Q..QQ@OQQ..O.Qi"..b'.'.

8 8 Bdz

i

R Wy LS
et ek o

e 1
- -
L o> S

2 TR

LR



“MQ:.M“Q:thcoocmc

LR R .‘”"II“.‘Q.“. :

m AR o & S DR

)

{Bxperimental sesse D79 ot seqgs)







The first attempt to grow staphylococcl in a simple
modium of known composition was mace by Haghes (1952) in
the course of an investigstion into the chemistry of
becterisl metsbolism. o found %imt en eold hydrolysate
of cesein would not support the growth of Staphe aldus but
that the eddition of 0.0L% of meat extrect gave heavy
growtl; the meat extract alomwe led to be et a concontration
of more than 0.5 to give eguivelent growth. An acetono-
procipitated concontrute of the growth factor was effective
at & concentretion of ene part in 50 million parts of
cusein hydvolysate. It wes found to be heat stable in
neutrel or slightly scid solutions and was dlalysablo.
Hughes was umable to identify this factor beyond saying thet
its beleviour placed it in the class of chomical compounis
mown colloetively as "Vitemine 5%.

Endght (1935), using & basel mediunm of acid-iydrelised
gelatin plus tryptophen, tyresine, cystine and glucose,
founl thet a growth factor, which he cbtained from yeast
propurations (mralte), wes required by Steph. eurous.

An eoven more powsrful concontrate than Mughes's preparation
was obtained by solvent extrection of marmite, preeipitation
. of impurities and veowm distillation of the active material.
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Tests showed that this "staphylocoecus factor® enabled most
strains of pathological origin (whether aureus or slbus) to
grow in the basal medium dut that saprophytic staphylocosci
required in addition some other nutrient factor. The
general properties of Knight's and Hughes's preparations
agreed fairly well, which is not surprising since it is
likely that they were both impure preparations of the same
growth fector.

ammmmmtbmtm.ta-uuw.
imown chemical composition was made by Fildes, Richardson,
Enight & Gladstone (1656)s. They obtained eserobic growth
in a medium containing only amino acids, glucose, salts and
"staphylocoscus factor'. The medium wsed was a slightly
altered version of one which had been found to support the
mdwtrmanm.mnmm
WM.‘:&“MO&MWM&&
were essential. Anserobic growth required the addition of
pyravic seld, the presence of 5§ cerbon dloxide snd an
additional component extracted from yeast which they called
“Facter III". When Pactor III was found to be uraeil
(Richardson, 1956) enly the so-ecalled “"staphylococcus
factor® remained to be identified for the growth requirements
of Staph. aureus to be known.

This last step in devising & medium containing only
.kmown chemical compounds was made by Enight (1957a). He
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investigated ths "stephylococcus factor” of marmite using
two media, an amino-acid medium and acld-hydrolysed gelatin.
Prom the high vacuum distillate of marmite (Knight, 1955)
a chloroplstinate was 1solated; this had growth-promoting
properties in gelatin but not in the amino-acid mediunm.
Thus "staphylococcus factor” appeared to consist of at least
h.m.mam-u&nbwmt&npm
hydrolysate. Chemical examination of the active prinmciple
suggested the presence of cyeclie nitrogen compounds (@.32»,
pyridine derivetives). For this reason, and since other
micro-organisms had been shown to need these substances,
Enight decided to try the effect of adding cozymase and
vitamin By (sneurin). Cozymase and nicotinic mcid and
amide, which are possible degradation products of cozymase,
wore indeed found to be sctive in the basal gelatin medium
but not in the amino-acid wedium. The second factor, re-
quired in the amino-acid medium only, was subseguently
found to be identical with or replacesble by aneurin. Keser,
Finkle, Dorfman & Saunders (19358) later confirmed the need
of Staph. sureus for the two vitamins aneurin and nicotinamide.
Enight (1957b) also determined the amounts of nico-
tinic acid and eneurin needed for full growth of Staph.
aureus and the degree of specificity of eneurin. He found
that the two components of the aneurin molecule, the pyri-
midine and the thiszole residues, could be utilised in
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when the spatial configurations were exactly as in aneurin.
Aneurin 1tself with one substituent group lacking was found
to be inactive, which fllustrates the highly specific nature
of the growth requirements of_ Steph. sureus. A similar
high degree of specificity was found for nicotinic ascid or
nicotinamide by Knight & Nellwain (1958). This was later
confirmed by Landy (1958a, 1956b) who found that derivatives
and even isomers of nicotinic acld were, with few exceptions,
insctive es growth factors for Staph. aureus.

The vitamin requirements of Staph. aureus have been
investigated by other workers and it now scems that the
matter is not so simple as at first appeared. Kogl &
Wagtendonk (1958), for instence, were able to obtain an in-
erease in growth of over 800% in a simple gelatin hydrolysate
medium by the addition of the methyl ester of biotin, and
Porter & Pelozar (1941) found that 2 of 17 strains of Staph.
aureus which failed to grow on continued subculture in a
simple medium containing aneurin and nicotinamide grew well
in the same medium after biotin had been added. The
latter authors also found thet with some strains growth in
the basal medium was stimulated by the adaition of biotin,
but thaet & number of other bacterial vitamins md no effect
on sny of the streins teasted. On the basis of these

findings Porter x Pelezar suggested tiat Staph. sureus
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sould be divided into thwee grows in respect of vitamin

requiremsnts: (1) straings which ean grow on continued sub-
culture in the presence of nicotinanide and aneurin and are
not influenced by biotin, (2) strains which can grow in the
presence of nicotinemide and anewrin and are stimulated by
bDiotin, end (3) strains whieh will not grow without biotin.

Kligler, Grossowics & Borgner (1943) found that in &
series of strains ezamined all needud nicotinle acld for
grovth and most needed ancurin, but & fow wers able to grow
without aneurin.

Thus not only are there strains with more complex vita-
ain regquirements than tl» work of Enight (198%a, 1007b) indle
cated, but there are some with simpler requirements.

Tespite these gqualifieations, the medlium devised by
Pildes ot al. (1956) and modified by Pildes & Rishardson
{1957) end Gladstone (1937) satisfios tie growth requiroe
ments of tho majority of strains end lms bDeen a tool of
prime importence in the investigaticn of the motaiolism of
Staph. awreus. In somo loter work casein hydrolysate
supplemented by vitaming was used as & matter of convenience
rethor than the more complex amino-ccid medium, but even so
it was besed on the nutritiomal reguirements of Jtaphe aureus
worked ocut on the amino acid wedia. Hedia of known chpmical
composition have been used for a variety of purposes somoe
of which ere outlined in the following pages. %
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These included (1) the function of aneurin and nicotinamide
in the metabolism of Staph. sureus, (2) the amino-scid re-
quirements of Staphe sureus, (3) the assimilation of amino
acids and penicillin resistance, and (4) the influence of

nutrients on the formetion of bacterial preoducts such as
toxins and coagulase.

aneur nico

Hi11ls (1058) studied the effect of anewrin on the
metabolism of lsetie end pyruvic acids by Staph. aureus.
He found that sneurin was active at such & low concentretion
that 1ts effect could be observed only by using organisms
grown on synthetic media deficient in sneurin. With such
organisms he found that sneurin was necessary for the dls-
matation of pyruvic seid into lactic asid, acetic acid and
earbon dloxide (see below) and that in the absence of
aneurin pyruvic acid accumulated and inhibited the oxidation
of lsctic acid.

2 cn‘eo COOH + Ho0 = CH,CHOH COOH + CHyCOOH + co’
pyruviec acid lactic acid acetic scid

Smyth (1940) using weshed ce)ls grown in an sneurin-
deficient medium found that ozaloacetic acid or fumarie
acld could replace aneurin in the dismutation of pyruvie
ecid end suggested that aneurin scted by catalysing the
formation of oxaloacetic acid which acted as a hydrogen
carrier in the pyruvic acid dismutation.



Bovarnick (1945) clelmed thet e mixture of esparegin
and glutamiec scid heatod at 100%C. for scversl deys could
replace nicotinamide as & growth fector for Staph. sureus,
but did not wee this Lfinding te throw light on the function
of nicotinamide. The most detalled study of the réles of
both sneurin snd nicotinamide was that carried out by
Kligler st ale (1043)s They found that the rdéle of nicow
tinamide was to produce & primary glycolysis in which the
oxidation of the pyruvic acid mas cetalysed by anewrin.
Streins gapable of growing without eneurin uzed only aboubt
407 of the glucose utilised in the preseace of both sneurin
and nicotinamide; without snourin pyruvic and lactic acide
sccumulated. With both vitamins present the end product
consisted, mainly, of scetis and lsetis mcids with only
small amounmts of pyruvic scid. |

Sevag & Swart (1947) and Sevag, Sheldurns & lNudd
{1951) made the curious finding that colls which had been
grown in the presence of glucose were uneble to metabolise
pyruvate; eoells which had been grown in & glucoso-free
modlium could metabolise pyruvate gompletely in £ - 8 hours.
This effect was not modified by the presenge of a large
excess of aneurin. The mechenism of the lreakdown of
pyruvate is therefore more complex than was sugpested by
Kizler gt sl. (1943).




Ihe amino-acid requirements of Staph. aureus

The amine-acld requirements of 26 strains of Staph.
aureus were very thoroughly investigated by Gladstone
{18957) uwsing & modified form of the medium of Fildes &
Richardson (1937). He found thet 25 of 26 strains grew
well in this l6-amino-acid medium, but thet withdrawal of
euch amine cid in burn revealed widely differing growth
requirements; thus for one strain phenyl alanine was
essential, for another strain leucine, for another valine and
so on«. Sueh differences disappoared when strains were
trained to grow in deficlient media. When cells were left
in o deficient medium growth eventually occurred; transfers
in such medis ultimately resulted in good early growth.
By successive withirewsls Gladstone wes able to train his
strains to grow in & medium from which all emino acids had
been excluded and in which the main source of nitrogen was
smuonia. The ease of withdrawal of individual amino acids
varied, however, with the complexity of tho wedium. Thus
- leueine could be withdrawn from & complex medium (16 amino
acids) but as amine acids were progressively omitied a
ih’mmm.hmmwcutmmcmm“
unless leucine was restored. Staphylococci could be
trained to grow without leucine, however, but during train-
ing required the presence of other amino acids which in a
complex medium did not sppear to be essential. Beth




leucine and these amino acids could be withdrawn once train-
ing had oscurred. Cystine wes the most difficult amino
acid to dispense with, pertly because it was the only
organie form of sulphur present and partly because it was
the last sowee of amino nitrogen in the medium. Wen
finally the strain had been trained to dispense with amino
nitrogen it wes found possible to replace cystine with
thioglycollate and thus grow Staphe. aureus in & medium cone
taining no amino aclids.

o permment elteration in the morphological, cultural
and biochemical characteristlics resulted from adaptation teo
Mnammmmnmammnnw
to the wsual laboratory media such properties as gelatin
liguefaction, coagnlase production and heemolysin preduction
wvere unimpaired. Very little hsemolysin and no coagulase
wore produced in sny of the amine scid medis.

Gladstone's results suggest that differences in the
natritional requirements of stralns of Staphe. sureus are
largely dependent on thelr previous nutritional history and
that the application of the term “indispensable amino acids"
uanhuntmqtuumumm. This
Mmﬁamh.ho-oﬁ.hthmm“qmm
cosgulase and haemolysin producticn. The fact that haemo-
lysin production was slight and coagulese was not produced
in the clomically defined media suggests that although all
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amino scids ave dispens@ble for growth some may bo iniis-
altle for coagulase and hmemolysin produstion. It was on
the basis of this assumption, in faet, that the work to be
described in a later segtion was ecarried out (see p.ss).

An investigation of the sulphur reguirements of
Staphe aureus was underteken by Fildes & Richardson (1957).
They ookt great care to enswre that no sulphur wes present
s impwrities in the constituents of tholr modium, using
as far as possible ayntletis anlne aclids and reducing to
the lowest poesible level any natural amino eacids preseat.
Their results showed that cystine wmes the most effective
source of sulphur bat that 1t could be replesced, though less
effectively . by methionine, eny mereapto (-31) sompound,
dithio («-3-3-) compounds or finally any compound such ae &
thionic seid (RC30H) or amide (RCSNHp) contelning e potential
mereapto groups The outstending effectivensss of cystine
as & souree of sulphwr ( 5 x 10™° u.) In comparisen with
methionine (10"9H.) and verious other mereepto compounds
led the authors to suggest that the effeet on growth of &
mereapto compound is not exerted by virtue of its sulphuer
content but by the ense with wideh 4% can be usod in the
synthesis of oystine. Apert froa its Intricsic Interest in
regard to the motabollism of Staphe suyrous this peper contains
an oxcellent dlscussion of tie eriteris of purity teo be
satisfied in order to obtain valid results in the study of




in intewesting epplication of the syntiemtic modium
of Gladstons (1957) was the demonstretion by Gale > Noduelld
{1948) that strains of Steph. sureus which hed been trained
to grow in very high concentwations of pendeillin hed become
alwst non exseting In thelr emiso esld requirements and
were even sble to dispense with nicotinamide. But, as wes
firat nobted by Bellamy & Kiimek (1648}, sot only were tiwse
highly resistant organisms Gram-uegative, bub they we
bacillary in shape. They bosr so 1ittle resesblance o
Staphe aureus in bischemical, morpholosical ant stalning
chareotors that it is Aiffieult to be swe that the parend
and tue vesistent strelns belong to the same bacberial
. speaies.

This work of Gale & Hodwoll formed pert of & very
extousive fowvestigetion Dy Gale nd Lis asscoliatos of the
sssimtlation of amino acids by Grem-positive bacteria (Gale,

2947, b & ¢; Oale & Taylor, 1048, 104%; Taylor, 1087;
Gale & Witolell, 1947). A Suawry of twir Dain conslusions
12 sAven below.

Staph. aweus aasimilates wxl accumalates certain suino
scids within the cell.e Some aniso sclds, psrtloulsrly
lysine, pass into Sho ¢ell Ly diffwelicn) others, particulsrly
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glutamiec acid, by an active process. In either case an
equilibriun is reached with the eoncentration inside the
cell markedly higher than in the external environment.
With glutamic ecid (the amino scid mainly studied) this
agcumalation within the cell acts as a metabolie pool for
& direct condensatlion &~ protein end for another metabolie
process inhibited by the triphenylmethane dyes. According
to Gale, penieillin prevents the assimilation of glutamie
seid by Staph. aureus so that the glutemic-acid content of
the growing c¢ell is repldiy eximusted and lysls follows.
The scquisition of penieillin resistence seems to depend
on the ability of staphylocoeci %o change from an assinmila-
tive to a synthetic type of metebolism. Thus strains
- which have scguired a high penieilliin resistance are alse
non-exacting and, conversely, strains adapted to simple
nutritional requirements show inereased resistance to
penicilline.

The above summry gives some indication of the wide
field coversd by Gale and his colleagues end of the origin-
ality of thelr approach to the study of the nitrogen
metebolism of Steph. sureus. Owing te the limitations of
the analytical mothods used, their work bas been mainly re~
stricted to glutamle acid. It is possible, however, that
en oxtention of Gale's methods will eventually thwow light
on the part played by different amino acids in specific




aspects of the metabollsm of Staph. aureus, such as the
syntheais of coagulase.

The first attenpt to study the influence of individual
amino acids on the formation of bacterial products by Staphe
aureus appears to lave been carried out by Jengou (19085).
His investigation waes prompted by the observetion that some
of his strains 41d not produce {~heemolysin when grown in
meat-extract broth. o studled the effect of adding indle
viduel amino acids to meat-extrect bwroth end found timt
some stimalated the produstion of ~haemolysin while others
had no effect. The addition of erginine to the medium gave
e much gquicker and greater production of o(-haemolysin then
any of the other amino scids with the exception of ornithine,
which gave almost &8 merked a response. Arginine, omithine
and citrulline mye part of the molecule in common, bubt une
fortunately Gengou wes umable to obtain any eitrulline which
is even more closely related to arginine than ornithine.

The next attempt was made by Gladstone (1938) in &
very extenslive investigation of factors influencing X-hnemo-
lgsin gredwtion. b wed & chemienlly Sefined wedfws
{Gladstone, 1837) modified on the basis of the amino-scid
analysis of hydrolised edestin which wes found to give goed




A=hasmolysin produwetion. His Staph. sureus wes adapted teo
mnummmw X =hmemolysin
only wien trensferred to & richer medlum. Nuch adjustment
of the proportions of the various anino acids wuas neceded
for good ylelds of O(~haomolysin because some amino scids
mmmmummmmsm.cmmm-
ticn and inhibitory -j. higher concentration. Gladstone
eonfirmed Gengou's finding that arginine wes of primsyy
importense in o(-haemolysin produstion and was rqlaceable
by ornithine; his order of importance of the other amino
acids was roughly in agreement with Jengou's findings.

It was not until twelwve yoars later that the formme~
tion of coagulsse in a chomiecally defined medium wias Po-
ported (Lominski, O'Hes, Goudle & Porter, 1950). Their
modium consisted of 17 amino selds, 4 vitamins and lnorgmnic
salts and gave coagulase after 35 - § days' Incubation of the
sultures but only in low yilelds. This medium provided the
starting point for the experiments now to be described.






8 ZEreductlon of coagulase in a chemieally defined medium

Introduction

It was thought that 1t might be pessible, by varying
the components of & medium and observing the effect on
coagulase production, to gather informetion about the syne
thesls of coagulase. The first need was for & chemically
defined medium which would give yields comparable o those
'gmbytho usual laboratory media such as meat-extract
broth. The medius deseribed by Lominski et al. (1950)
gave such small emounts of coagulase that it was not suitable
for this type of study. Further unpublished werk by
Lominski, O'Hea, Morrison & Porter, however, led to the de-
vising of & medium in which a suitable streln of Staph.
sureus produced cosgulase of a titre® of 8000. It contained
& higher conceantration of most of the amino acids than the
earlier medium (with some omlssions end some additions) and
‘was arrived at by observing the effect of withdrewsl of esch
constituent in turn. The composition of the medium ls
shoen on p- 94 (Nedium I).

This medium gave high yields of coagulsse on occasion,
but at other times wunder apparently identical conditions,
and with the same strain of orgmism gave poor ylelds. It
was at this point that the éxperiments now te be described

Ranmates

¥ See definition on p. 92.
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were beogun with the alm of finding out the cause of the
erratic results obtained with Medium I. The work com-
prisod a study of the effeet of varying the concentration
of amino scids and vitanins. A section is devoted to the
parts played by arginine, ormithine snd citrulline on
coagulase productions In the cowrse of this work the
;mm;-s-amumurmmmmw
Staph. aureus and an account of this is also given.
Pinalily an accomnt is glven of the offect of bacterial
variastion on coagulsse productlion.

Naterials and Methods

Glasswere. All glassware used in these experiments wes
cleaned in chromic seid or sodium hypochlorite cleening
mixture, thoroughly washed in tap weter, washed in distilled
water, steeped in distilled water and finally rinsed in
distilled water.
Preparation of media. The medis were prepared by one of the
following methods -
Hethod A

Stock solutions of each amino acid in Strensen's
buffer (EgHPO, 0.2 M; eitric ecid 0.1 M.) of pi 7.3 were
 sterilised by sutoclaving, except for tryptophan which was
filtered through & Seitz pad to avold heat destruction.
The inorganic salts and vitamins were dissolved in Stren-



1.

sen's buffer and sterilised by Seitz filtretion. With
sterile precautions throughout, appropriate smounts of the
aifferent amino acids were added to the vitamin/salts
solution and the mixture dispensed in 10 ml. lots into
miversal contsiners.
Hothod B

. The smino scids and salts were dissolved in Siren-
_sen's buffer and sterilised by Selts filtration. Stock
solutions of the individual vitamins were made in distilled
water and sterilised by Selts filtraution. 10 ml. lots of
media in universal containers were mesde by the addition of
the smino scid base and the individusl vitemin solutions,
with all precautions to maintain sterility.

Cultures. The inoculs were obtained by centrifuging
24~hour meat-extract broth cultures of Staph. aureus,

seshing the eells three times with physiological saline

and trensferring & smll loopful of the washed eells into
synthetic mediume. After three successive subeultures in
mmn.n-u-mmmmmu-
perimental medis were incculated with a small loopful from
the third subgulture. The different media were incubated
at 37.6%. and ssmples withdrawn at one or two day inter-

vals and tested for coagulase. A .
Estisation of cosgulase. Serial doubling dilutions of the
cultures were made in 0.85{ saline containing 0.1% merthiol-
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of diluted culture was added 0.5 ml. of hmen plasma
(diluted 1 iIn 5 with 0.85% saline)« The merthiclate,
present in & concentration of U084 (W/V), was found o
57.5%°C. for 24 hours and examined for the greatest dilu-
tion to give & clot. Prequently a second reading wes mde

after the tubes had been left for another 3¢ hours at room
temperature. The anount of coagnlase present in & culture
was oxpressed as the titre, which was the reciprocsl of the
greatest dllution of the culture to give a definite plasma
clot.

In attompting to discover wiy lHediwa I should have
given erratic results possible explanations were considered.
Gross errore in weighing seomed to be ruled out by the fact
that in a series of careful repetitions erratic results were
st1l1l obtained. It wes then thought that these might be
due to very smsll varistions in the compesition of the
medis. This thought was prompted by the findings of
Gladstone (1953) that some amino scids which stimulated
«haemolysin production at e concentretion h-m inhibi-
tory at & higher concentration, and that individual smino
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mummmmwn
& complex wedium are Aimitiess 1t wes decided in She Civet
wummmmmuummu
ummmmmmm
dopended on seubrelisation of the mmmum
anlno wcid Dy some otier.

Hifterent nedia wore prepared in each of which ooe
aaine aclid was kept ot the concontration shown in lediws I

 and the vemadalng amine sclds were reduwsed to oue fifth of

the congeatration show:. Vitaslne and salis were st the
sonseatrations shown for Nedfws I. In @ control medium
all thw enino Gcids were kept at one £ALEh of the Gonsen~
tration glven for Mediwa I. Tiw inocouletions wore made
from the third swoulture in the centrol medium of & gecd
oosgulase producing atrels of Shaphs ayreus. Samples were
tested for coagulase after two end four days' incudation of
tie cultwres.

The rosults glven in Table & (p.96) show that even
& five-~fold increase in the concentration of each emine
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acid made 1ittle difference to coagnlese production. This
appeared o rule out the possibility thet the erratic re-
sults obtained with mdium I (p-94) had been due to slight
mnmmsu«mum If any one
anino scid had been present at & concentration on the depdar-
1ine between inhibition and stimulation of coagmlase proe
duction one would have expected tint its use et a concentra~
tion five times greater than in the control would have ad &
marked effect. Am, if coagulase production hmd depended
on the exset newtralising of the innibitory effect of one
emino scld by snother, the laprgs chenges in the relative
proportions of the amino acids in this experiment should
mmmmhmummmmmw
more then & single tube of the dowbling dflution series.

a_of serine end isoleusine
mmummmmdﬂumaa
one amino acid by snother it is known that the toxicity of
iso-leucine and serine for B. anthrecis can be neutralised
by & conbination of valine and leueine but not by either
alone (Uladstone, 1958). It was thought interesting to see
mmmmmummmmpo-
duction. since iIf the concentrations of each of these four
snine acids were critical, smell variations (within experi-
mental error) in the composition of media might have a mrked
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strength and remminder at one-f'ifth normel concentration
Glutaxic acid 9.5

Growth and coagulsse production with one amino acid at fulls
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effect on the yleld of cosgulase.

Accordingly, media were prepared in which all the
amino scids were et the concentretions shown in Medtum I
with the exeeption of serine and iso-lewsine. Thase two
wore reduced singly and jointly to three-guarters of theiy
normal level. Cultures inoculated with a good coagulase-
producing Steph. sureus, strain 5, were tested after two and
four days' incubation. |

The pesults glven in Teble G (p.98) show thet altera-
tion in the concentrations of serine end lso-leucine far
greater than could be found between different batehes of the
same medium had 1ittle effect on coagulase prodwetion.

3 affect of wverying the proportions of arginine snd &
. Unpublished werk by Lominsid, Morrisen, O'Hea &
Parter indlcated that the reletive and absolute scncentras=

tions of alenine md erginine sffected cosgulase produstion.

uwmmmmmmmm

amino aclds ezvept arginine snd alsnine were at the concene
tretions shown in Nedium I; arginine wes varied betwoen
/20 end W80 (0.87F - 0.887) and alanine between /10 end
WI000 (0.99% - 0.0089%)s Strain 5 was sgain uwsed and the
cultures were tested for cosgulase after four, six and eight
days. The vesults sre glven in Table 7 (p.99).

The highest titre resched was low in comparisen with




% Normal concentration of serine

= 0«06 gme por 100 mle

it . ® 4scleueine w 0,12 * * ® =

+ See myhms.
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# Titretion read after 48 hours (24 hours' incudbation at
nmmwum.zmw;. See
footuote to Table 5.

ommoum 8.




the titres which this strain gave in meet-extrect broth
(2060 = 4000), but elesr aifferences oan be sesn between the
various experimental media. Arginine and alanine both Dew
came inhibitory as thelr concentrations were raised so that
/20 exginine 4+ %1000 alanine gave deleyed growth end V20
arginine 4 100 alenine no growth et all.

Thus the pame effect 13 epperent with coagulase pro-
duotion as Oladstone (1958) noticed in regard to  -hmemolyse
in; arginine which, es later experiments show, is of primry
fmportance for coagulase production, becomes Inhibitory to
growth sbove a soncentration of '/80. Alanine does not
appear to have mach Influence on coagulase preduction aé low
concentrstions but is inhdbitory to Doth growth and cosgul-
ase modustion at the higheat concentration tested.

glaine, ornithine and cltrulline en

In view of Gengou's finding that arginine greatly ine
flueneed the production of ~haemolysin (Gengou, 18955),
and that it was replsceable by ernithine, experiments along
sluilar lines were carried out. A series of media were

prepared in which arginine was replaced by omithine oy
eitrulline; Iin controls the arginine wes replaced by nor-
leucine or simply omitted. The vitamin content of the media
was high and was dictated by the results of experiments on



the influence of vitamin concentration on coagulese pro-
duction deseribed on p. 118 et seg. The media were prepared
in the following way:

A basal medium of the same composition as ledium II |
(see p.108) but without erginine, wes propared by dissolving
the components in 80 ml. of Duffer, the addltion of stock
solutions of arginine or its replecements bringing the con-

. gentration of ingredlients to the desired level (Sories A)«

The seme basal medium wes also used four times dlluted
{Series B)+ In both series arginine wes at the concentra-
tion shown in Medium II or was replaced in turn by buffer |
or eguimolar amounts of ornithine, eltrilline and norleucine.
in emch case 8 ml. of coucentrated or diluted basal medium
plus 8 mle of arginine or replacement was inoculated with a
mans.mm@nstmumw
16,000 in meat-exitrect broth, and passed previously through
tiree successive subcultures in the norleucline medium.
Each culture was tested for ¢ cagulase after two, four and
seyen deys, and the presults are shown in Teble & (p.208).
The gquestion arcse whether the differences in coagul-
ase produetlon merely reflecied differences in the number
of cells present. Inspection of Series A in Teble 8 will
show that this 1s mot so. The cell counts of the 4-day
arginine and ornithine cultures sre the same, bub the
erginine medium contains 16 times more coagulase than the




'mmmmmﬁuwva)aam

used in arginine, ornithine, citrulline experiments

L-arginine base 020 gn.+ DL-alanine

Leglutamic scld 0.52
fL-aspertic acid 0.16
DL-methionine  0.16
TL-valine 0.12

Ti-tireonine 0.1

Ii-isoloueine  0.12
L-lysine HC1 0.10

HES0, «TH0 020 gn-

Aneurin 60 ugn. 3

L-leucine 008
DL-phenylalaning 0.00
L-tryptophen 0.068

L-histidine HC1 0«06

L-proline 0.08
L-gerine 0«06

KghPo, 0-85 gns

nlcotinamide 4000 ugn.

0089 gme

i

% The buffer wes 0.2W.EgiiF0,/0.1 M. eitrie seid.
~SBrensen's buffer. |

4 In the other wdia the erginine ws replaced by one of
the following:~ uerleucine U.15 ga.j; oranithine dihydro-

chloride 0.857 gn; citrulline 0.20 ga.
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cEnithine mediuwn. The same dlsparity may be seen with the
soagulase prodwtion in the i-day arginine culture and the
eulture of basal medium in Series A, where the growth 1is
{dentical. In the 6-day cultures growth in Series i media
containing arginine, ornithine and eltrulline proceeded mueh
further than in the controls. But the differences in cell
. eounts are much less than the differences in the ammnbs of
coagulase produced. If the O-day arginine and norleucine
eultures of Series A are considered, the ratio of cell
counts is seen to Lo less than & to 1, but the ratio of
coagulase produced is 500 to 1. This dissocistion of growth
and coagulase production was observed in many other experiments.
It is clear, therefore, that arginine plays an ime-
- portant part in the proiuction of coagulase just as in the
production of haemolysin. It also seems that 1t 1s fully
replacesble by eitrulline end less effectively by ornithine.
It would seem then that in erder to obtain high yields of
cosgulase either arginine or the amino acids omithine and
eitrulline, which have comuon structural featwres, must be
present in the medium. With arginine simply omitted or
replaced by norleucine the yield of coagulase was pPOOrs
These results were obtained with a straln of Staph.
aureus eapable of giving high ylelds of coagulase in meab-
extract broth. It wes therefore decided to try the effect
of arginine on another strein producing less cosgulase

: 3 R )\ v |
A S TG i (S
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{(Strain Kelly). In this experiment meat-extract broth,

"‘ basal medium, basal medium 4 arginine and basal medium +

: ornithine were compared. The results are given in Table 9
{p«106)+« It is surprising to note that this organiom,
which is & poor cosgulase producer, gives faster initial

l\ growth than strein 5 though it never attains as high a final

| cell count. Apart from this point it is obvious that the

| conclusions drawn from the previous experiment are not fully

| applicadble to this strain. The influence of arginine is
slight, indicating that for this type of strain conditions

| for good cosgulase production were not attained in the syn-

thetic medis and that another fector or factors were needed.
(Wssar P1ova wERE)

by, Staph. aureus

The experiments deseribed above showed that at least
| for certain strains arginine was of great importance for
cosgulase production. It eould be replaced by citrulline
or ornithine, but one of these tiree smino acids had to be
present for good yields of coagulase. It was thought that
they might be interconvertible or that they might be able to
mu.marnirmmzmmmm
of coagulase. |

The formation of ernithine from arginine had already
been demonstrated by Hills (1940) and Gale (1945) who
postulated an enzyme, srginine dihydrolase, catalysing the
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These ezperiments indiceted that strains of Jtaph.
gureus differ amoag eseh otlwr in thelr nutritionsl re-
wore later found even bebtwecn variants of & singis astwelin
{see p.i3i)e It was decdded o fuvestignte the belmviowr
of difforent strains and thelr wrisnts Sn clealvally do-
fined media since the imporbant »8le of erginine might Lo
cteowred by vweriability in regard to otiwr nulritlonsl
requirements. The work desoribed en p.O2 ef geg. oo the
effeet of R — S variation on the produstion of cosgule
ase in ondinewy medis suplmsised the need for thls sspeet
to be considered. |

Before punesing to tlese experiments hOWOVer, &n
accoumnt 1s given of the formstion of ¢i%ulline from epgline
ioe Ly Stegh. supous; this is Joliowed Ly e descilytion of
the experimonts in whieh vibtusin coweciratlions were vearied.




Effect of replscing arginine with ormnithine on a poor ;
coagulase producing strain of Staph. sureus. o

*%*H&u

I Cong- Cell | Cosg=

m ulase m ulase

B x e

1 7.0 8 8 3 WO g

| Aacea oraithink 11.4 | 16 15.2] 16 | 215.2 o
Added arginine} 11.¢ | 32 15.2 | 32 16.2 16
Neat-extract |
 broth 15.5 | 128 15.2 | 856 15.2 256

— i . s

* Titrations read after 48 houwrs (2¢ hours' incubation
8% 57.5%. followed by 24 hours at room tempevature).
See footnote to Table 5. |

+ See footnote to Teble 5.
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~ Mlm m {reaction (1))~

Arginine + 2 Hy0 ~——> ornithine + B UH; 4 COy eervee (1)
Since reaction (1) involves the simultaneous reaction of
two molecules of weter with one molecule of arginine it al-
most certainly proceeds in two steges. In a perscnal
communication Professor ii.4. Krebs suggested tiat these
might be as follows, citrulline beling formed in the first
stage and ornithine In the second:
Arginine + B0 ~-=-7 eitrulline + Wiy «eesssesececes  (8)
Citrulline + Ho0 ~-» omithine + NH; # CO, seescees {3)
The reactions (2) and (35) had not been shown with
Staphe sureus but had been demonstrated In Streptocoseus
faccalls by Tsuboum Sekine (1947) and Enivett (1951).
| The work deseribed in the following pages wes not
'm-&tnmamammmmmmw
a similar sequence of resctions with Steph. aureus, but
mainly to scquire some information about the materials wsed
and products formed in the synthesis of coagulsse. For
this resson a cultwe medium containing a high concentration
of amino sacids and glving a good yisld of coagulase was used.

Strain. The strain of Staph. aureus used was cosgulase
p-nno.-tmmmmnmwrmm
m. ‘



Nedis end oultuwres. The mediunm used was thet shown in
tediwa III (p.109) or with the arginine replaced by equie
molar amounts of eitrulline, ornitihine or norlewine. These
fowr media ayre referred to as the arginine, eltrulline,
ornithine and norleucine medis. Bach contained 10 saine

aclids, 4 vitamins and inerganic salts; Mmaﬂm,

as in all other experiments with chonically defimed medis,
because of its iInhibitory effect o coegulase production
(Seter, 1957). The incoula were prepared by centrifuging
18-hour old broth cultures of Sfephs sureus, washing the
eells woll with saline, and subculbturing successively
through twee lots of arginine-free norleucine medium. From
the third suboulture 10 ml. lots of the various medis wope
fvoculated with & small loopful. In each experiment five
modls were used - & norleucine medium, an ornithine medium,

& eitrulline modivm, an erginine mediws, and & blank cone

sisting of an minoculated arginine medium. The norleueine
modivs was used as & control, giving similar growth to the
erginine medium, since simple omission of arginine caused
mach poorer grovwth with the strain used. Cultures were
incubsted for 9 days and samplos sithirewn at intervals
for examination by paper chromatography .

: The samples from the dalfferent
mwmmmowwmmu
Congden, Gordon & Maptin (1947)e After de-salting, the



Composition (per 100 ml. buffer® at pi 7.5) of medium used

4n experiments on formation of eitrulline from arginine.

L-arginine base 016 guie

IL-glutamic acid 0.16
IL-aspartic acid 0+16
m 0«15

Mevaline 0.2

- DL-threonine 0.12
~ Ph~isoleusine 0.12
. Dh-lysine HC1 0406

MgS0, +7HgO = 0.5 gue}

| Biotin 1.0 ugme; ansurin e.a’pp.; minm/m.s,
; ' i :

kgt

PN B,
UL o SR

IL~alanine
e-loue ine

glyeine

x’m‘ = 0.5 gue

nicotinamide 20 ugn.

Y

0.16 gme

0«08
0.08
0.06
0.086
0.06
0.06
0+086

D S A T o o T ) M i g

® The buffer was 0.2 M. EgilP0,/0.1 M. eitric acld

SBrensen's buffer.
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ssmples were evaporated to dryness and taken up to the
originel volume in 50F etiyl alcohol. 30 micre-litre
spots were used in two dimensional clromatograms consisting
of & 24-hour ascending run using phenol saturated with water
as the solvent, followed by a 48-hour descending run with a
water-saturated solution of one part glacisl acetic acid in
four parts n-butyl alcohol. The spots were neutralised
with smmonia and the butyl alcohwl/ecetic acid run wes
carried out in the presence of aumonia vapour. After re-
movel of the solvent the aminoe scid spots were doveloped by
spraying with a solution of ninhydrin.

Hesults

The clromatogrems of the 3-day and S-dsy eultures
showed only the amino acid spobs to be expected from the
known composition of the media in the case of the uninoculated
. arginine blank medium and tie ornithine snd norleucine medise.
The S-day and 5-day arginine cultures showed an additional
- omithine spot and the S~day and S-day citrulline culbtwres
showed an ornithine spot and an unidentified spot.

The chromatogram of the 7-day old arginine culture
showed the appearance of a citrulline spot which was missing
from the 7-day norleucine and ornithine chiromatograms and
from the blank (unincculated arginine) medium. This
eitrulline spot wes even more mariked on the chrometogram of



S=-day norleucine and ornithine eultures and from the blank
mediume Pigse 6 - 10 (pp.112-116) show the chromatogrems
of the 9~day uninoculated arginine medium and norleucins,
‘ornithine, sitrulline snd arginine cultures. The separa-
tion of the spots 1s poor with the high concentration of
amino aclds used, dut with lower concentrations the small
amount of e¢itrulline formed would not have beon dotectable.
Since the completion of these experiments Stein &
Noore (1951) reported the break-down of erginine during
electrolytic de-salting and thelr results suggested that
citrulline might be cne of the products of this break-downs
The posaibility of the citrulline rormed in the arginine
eultures having arisen as an artefact of de-salting wes
smmll, however, since all the specimens were subjected teo

the same de-salting procedure; yet no citmlline wes found |

in the younger arginine cultwres or in the uninoculated

arginine medium. To ¢linech the matter, further experiments

with resting cells in which de-salting was omitted were
carried out; these ruled out the possibility of citrulline
having arisen &s & result of the electrolytic break-down of
' arginine.

Hethod . A-Wummumuw
in distilled water was lncubated for 24 hours at 37.5%. with

ﬁwma-oasmewumm




ARGININE
UNINOCULATED

9 Days
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Chromatogran of wninoculated arginine medium after
P-days® incubstion at IV.5°C. |



NORLEUCINE

9 Days

Chromatogren of norleucine culture after
P=days* Iincubation at 37.5%.




Figure 8.

ORNITHINE

9 Deys

Chromatogran of ornithine cullure after
g~days! incubation at 37.5°C.
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CITRULLINE .
9 Days

¢
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_ ,Chromatogranm of citrulline culture after 9-duys'
v ineubation at 37.5%C.
C shows the position of the sitrulline spot.
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ARGININE 1' ‘

9 Days

Chrometogram of the arginine eultwre after
9-days' incubation st $7.5°C.
C shows the position of the eitrulline spot.



x TR E AN ¥ B el T R T Y T T AR A S S MY Y * AP 2N g Py—— p—
b Nk R e L R
v D Rl R o G SRR AR ks : ! i SRR 01
§ 2 <h,

m. ‘ ':

' water. Descending chromatograms using butyl alcohol/acetic
'A acid as solvent wvers garried out on 10 mioro-litre spots of
the followingt~ (1) suspension of cells in distilled

_water, (2) solution of arginine in distilled water, and
| (3) mixture of cells and arginine.

Results. The oell s pension showed no emino-acid spots at
211, the arginine solution & single amino-acid spot, but the
V mixture of cells and arginine showsd a mariked formuation of
! both citrulline and ornlithine accompanied Ly & decrease in

. aPginine. Figse 11 snd 18 (pp-119, 120) show the clwomates
| marker spots of ornithine snd eitrulline added.

Thus the formation of citrulline from arginine has
egain been demonstrabed, this time in circumstances waich
eliminate the possibility of the eltrulline having arisen
as sn avtefact.

When this finding 1s considered together with the
known formation of ornithine from arginine and the formmiion
of ornithine from citrulline (shown in the eitrulline 9-day
chromatogrem) the bweskdown of arginine to ornithine in
the two stages suggested by Krebs is demomstrated. It
appears from Table 8 (p.105) that arginine and citrulline
are about equally effective in stimulating coagulase pro-
duction but that ornithine is less effective than either.
Prom this it follows that the réie of these threo amino




acids ecan hardly be explained by postulating that arginine

and citrulline are converted to ornithine and that orni-
mummdu.mmmmm
Though it 1s not clear what part this arginine-
ummemithtbm-t
cosgulase, the ¢lose relatlonship between the strustural

R SN = AT
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formalae of these three amino acids and the shared ability

tc stimulate cosgulsse production strongly suggests a

The experiments described earlier in which the amino~
acid composition of medla was varied failed to provide an
explanation of the erratic resulis obtained. The possi-
bility that clanges in the vitamin content might have been
responsible was then considered. Dilubte solutions of
vitamins lose thelr sctivity iIn the course of time and since
in some of the repeat experiments (with Hedium I) stock
solutions of vitamins seversl weeks old were used, it was
thought worth while o investigate the iafluence of
vitamins.

in an initial oxperiment thwee vitamins, aneurin,
pyridoxin and nicotinamide were used st the ususl concentra-

tion (Medfium I, p. 94') at 10 times and at 50 timos greater;
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One dimensional chromatograms of the followingie
(1Y Cells #+ arginine incubeted for 24 hours at 37.8%.
(8) Marker spots of arginine, ornlthine end citrulline.

(3) Marker spot of arginine.




SR E g e i e R
W AR T TR RIS I R NT - N :

CITRULLINE

AV GININE

pw ITHIBE

e ——— R—— T L —

Ons dimensional m of
(1) Cells 4 arginine incubated for 86 howre ab 57.85°C.
{2) Nerier spot of arginine.




the rest of the componsnts of the medium wers at half the
concentration shown in Nedlum I. The orgsnism used was
strain i°Cracken. The rosults given in Table 10 (p.125)
mmnwmwwmmmmaﬂ;
,mumn.mu-augmmmumun
inoreasing consentration of vitamins. |
swmt-munammm
lost its ability to give high yields of cosgulsse even in
broth cultwres mnd it was decided to mepeat the experiment
with a different strain (strain 5). At the ‘semo tlme the
possibility thet one or more of the yitamins might be in-
hibitory at higher concentrations was mm the
individual vitsuins were used at the concentrations glven
mu-uu-xunmotmm.mmm Amino
ammuzumazwcwm
given in NHedium I. The median were inccwlated frem the
_wdamzummmdm‘&umm
. medfwa. Tsble 11 (p.126) gives the results. Again ouly
| & low finel titre was remched but the Pesulbs suggested
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© In this third experimnt in which the conseatvation
of the vitamins was varied the omission of pyridoxin cowsed
no change in coagulase production. There wes a very
maried Inerease, however, 1n cosgulsse when sneurin was lne
ereased to 100 times the usual concentration. 4 similay
increase in nicotinamide concentration did not affect the
am ount of coagulase produced.

The most steilking feature of the results of this
last experiment was the appearance of & high titre of
coagalase in two of the redis and 1t wes decided, therefore,
to investigste the influence of vitamins on coaguluse Jrow
duction more fully. Experiments were carried ocut in whieh
vitaning were omitbted or incressed and the amino seclids and
saltu wore at half, three-quariers or the full strength of
Medium I. The staphylocoscus used was the undissoclated
atrein 5 or its rough variant (strain 5R), see pe 66 .
. The highest titre of coagulase reached in the course of 6
to 7 days' oulture is given. Tables 15 - 17 (pp. 128-132)
give the resulis of different experiments which are swaarised
as folloms: |



 {1). Pyridexin hed no effect an coagilase produstien
in three experiments and was inhibitory in one when aneurin
and nicotinemide were &t the normal concentrations. When
eneurin and nicotlinamide were st & high concentration
pyridoxin was once inhibitory emd once stimalatory.

' (2). High concentrations of aneurin were sometimes
stimdatory end somstimes without effect, but in the presence
of nigh eoncentretions of nicctinamide alweys led to &

(3). High concentrations of nieotinaside were effects
ive in incressing cosgulase production only in the presence
of high concentrations of anewrin.

(4)» A combination of smewrin and nicotinamide et
100 times thelr normml concentrations cawsed e maried ine-
erease in coagulase production (8 to 16 times) in every

It is obviouws from these results that the response of

28 0 changes in the vitamin content of = chemi-
cally defined medium 1s not consistent. The strain used
bebaved &s though its vitamin requirements ¢1ffersd from
experiment to experiment. It seemed, however, that a
medium containing no pyridoxin and with snewrin and nicotine
amide at 100 times normel concenbration could be relied on
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to give & fairly consistent yleld of coagulase and some
- experiments on arginine replscoment were carried out with
: & slightly modified version of tals medius (ses Tsble 8,
P+108).
Rty It must be emphesised, however, that variation in
| and could not be wholly atitributed to changes in either
anino scid or vitamin coucentration. It sssumed the
aspect of & bilologicsl phenomsnon end strongly recalled the
[ : findings in regard to R —— § veriation of staphylocesed
in ordinsry media, see p.55. It was therefore decided to
investigate the vitamin requirements of different strains
and of their warients in order to test the hypothesis that
o variable coagilase production might be the result of strain
variation. It was thought that not only might the ine
trinsic powers of synthesising cosgalase vary but also the
nutritional reguirements for the synthesis.




Effect of inereased vitamin concentretions on coagulese

production of Staphe aureus.

Novmel | 7.6

1.4

(7

15.2

20.8

22.Y

Teble &

f + Yormal vitamin concentration as in Medium I.

#+ See footnote to Table 5.

% 7igrations read after 24 houwrs at 37.5°C. See footnote to
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100
m '

100 300 10 § THot done 40u0
100

£ 100 Hot dme 4000 gk

% Titration read after 24 hours at 37.5%. See footnote
to Table 5e

+ Vitamin concentrations: 1 = concentratlion given in lNedium
%m-mmmtmgmu um 13
= 100 times concentretion glven in Medium 1.




BEffeoct of increasing nicotinamide comcentretion on
coagulase production

Vitemin concentrationt Highest titre of coagulase |
. resched®

:

|

5 Aneurin|Hisetin- |\Pyridoxin | Expted| Expbed | Expted Expb.S

I

| r 1 1 N1l 28 | 16 si12 | 128

i 100 1 Hil 000 | 16 | s | looo

g 1 100 §il - 512 | 128
00 | 100 ¥ - | 2000 | 2000

& &

i

i

| Zable 18.

.

|

|

o mmaw-m MJM-&W»&WJA.
|

!

1 1 Ni1 128 it 512 128

i 100 Wil 128 R 512 128

| 100 1 - En 7 16 | s18 1000
100 | 100 Nil i 128 | 1000 2000

% Pitrations read after 24 hours at 37.5°C. See
footnote to Table 5.

+ Vitamin concentrations; 1, 10 and 100 = 1, 10 and
b Wthu concentration glven in Hedium 1.




, * Titretlions read after 24 hours at 357.5%.
i See footnote to Takle 5. '

o 4 Vitanin concentretions: 1, end 100 = 1 and 200
| times coneentration given in Mediwam 1.
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Phe investigations of the influence of amino mcids

and vitanine on coagulase production strongly suggested 4
that nuteitional requiremcnts differed from strain to streln.
The work on R = 3 variation (uo swl'-ion I, p«53) showed ,,
that even yariants of a singls strain differed in thelr
ability to produce cosgulese on ordinary media. |

In the light of these findings it seemed desimeble to
investigate move extensively the behaviouws of different
strains and strain wvariants in a chemically defined medium.
Vitamin requirements were particularly selected for study.

The formula of all the medis used was basically that
of Wedium I (p.94) but without pyridoxin. It wes used
{(a) a8 such end (b) with & hundredfold increase in the con-
centrabions of aneurin and nicobtinamide. Control cultures
in meat-extract droth were made In each case. All media
wore incculated with weshed organisms which had been sub-
cultured through three successive lots of low-vitamin mediam.

The organisms selocted for testing included the rough,
high-coagulase-producing veriants of three streins (&R,
#°D.Re sud ¥°C.R), the smooth, low-coagulsse-producing verisnt
of one of these strains (MeD.3) and an undissociated strein
(Relly)s In Experimnt 5 & newly isolated rough variant
(D.R) was substituted for strain Kelly, which had been found
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"umwmwcmmuw
oxtract troth.
Puping preparation of the inocula for these experi=
 ments, 1t becass evidont that growth requirements differed
~ mmong the severl stmins, and even betuwsen the varisnts of
& single strein. Thus the rough varisnt of stida (DR} i
@ve muoh poorer initlel growth tlea any of the other stmins
tosted. In two experiments HPL.:X becams adapted but in the
tidrd 1t stopped growing eltogetbor. The smooth vardaat of
the same strein (4°0.3) grew freely throughout the experiments.
Hecause of the failure of the rough varisnt to grow in the
third passage, strein 30 (W05 and ¥90.3) wes omltted from
fxperiment 3. Table 18 (p.153) swsmrises the results and
ummmnuummmummw
each eulture. |
A striking finding is the failwre of strain 5R bo glve
high yielde of coagulese sithough in the pest, in the seme
 medfum, high Sitres had been obbained; Nigh titres were, in
fuot, achloved in the present experiments in meat-extrvect
broths The posaibility of error in tiw reperetion of the

mmmmwmmmcwmamf
igadn strein 67 failed to give smoh coagulase. The feed

‘‘‘‘‘‘‘

thst strain MOC.R gave good cosgulese production in Bxperi-
ment 2 also argued egalast the wmedlus being defective.
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a - .J
| | Expbel Bxpt.2 Expbe3 J
|| weeem meaten® COTR ICIEROSS ﬁ;n. s bt I o
| ase , ase per_ml. ase
em | % 9.5 8| s.8| 218 | 5.7 = |
| [ . 11.4 16 | 59 | 38 | 7.6 64
" gres £2.7 (16,000 | 26.5 (32000 | 38.0 |64000
| WpR 1 9.5 | N1 | 3.8 | m11 | wNot ehough
Sl 9.5 N4Y | 5.7 | N1 m
| . | B 24.6 | 2,000 | 22.7 | 1000 ulation
' ®ps | 21 9.5 W11 | 15.2 | mn |
| AR e 11.4 Bi1 | 16.2 | W} Hot done
l . f HuE. 19.0 1,000 15.2 64
o B 9.5 8| 7.6 500 | 15.2 16
| A 0 13.3 16 7.6 | 1000 11.4 16
, ® e 9.5 28 | 28.4 32000 17.8 @ 500
| | | |
Relly 1 9.5 581 | 7.6 | =
| | 100 9.6 W41 | 9.5 | 16 | HNot done
| | HeBe 13.5 266 | 11.4 | 16 | |
T e ’ | 57| 188
| . 200 Not dome mot done | 7.8 | 256
| | WeBe ! . 8R.7 | 1000
| L__ ‘ { ! i
“ Pitrations read after 2¢ hours at 37.5°%. See footnote
! to Table 5.
| 4 ledliums: 1 = lNedium 1 with vitanmins at concentration shown
on 94 .
ke 100 = 1mnm:txeoummtm

shown
H.E. = lsat-extrsct broth.
4+ See footnote to Table 5.
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During these experiments evidence was beginning to
accumulate that the R, nigh-coagulase-producing varisnts
and the S, low-coagnlase-producing warisats were convertible
one into the other with varying degrees of case (see p.68).
And, in fact the R — S variation wes found, by plating, to
be the cause of the variations in production of coagulase
with strain ¥°C.R both in the chemlcslly defined medium and
in meat-extract broth. For strain 5 B, however, this does
not hold since plating of cultures in chemically defined
media of low coagulase titre gave R golonies.

This investigstion of the behaviour of different
strains end their variants in chemically defined media con-
cludes the study of the relationship of metebolic requirements
to cosgulase produstion. As the yesult of this work, the
mcrmm“am-mamm
relatively fized mutritional requirements had to underge &
redical change. The results of the last set of experie
monts eonsidered jointly with those of the earlier experiw
ments on amino acids, vitamins and R —— 3 variation led
to a new plcture of the specles with the extreme variability
of its metabolic needs as the dominant feabture.




1. The causes of irreguler produstion of coagulase in
chemically defined media wore investigated by studying the
effect of varying the concentration of emino scids and
vitemins. _l“
2.  The importsnce of erginine in the formtion of ecoagul-
ase and the ebility of ornithine and eitrulline to act as |
replacements were demonstrated.

Se The formation of citrulline fron arginine was demon-
strated both in cultwre and with resting cells.

The vitamins speurin end nicotinamide were found to
mnmwmmmmtntmmm
at concentrations much greater than were needed to ensure
full growth of 3taph. sureus.

S+  Staph. sureus was found to show & wide variation in
nutritional requirements which was not obvious in ordinary
media but revealed itself in chemically defined media.

e Irregnler produstion of coagulase in chemically defined
media could be partly attriduted to R — 3 variation. In
addition 1t was found that strains and veriants of a single
strain could vary in their mtritional req irements both for
growth and coagulase production while remaining in the R form.

The work on formation of citrulline from arginine was
carried out in collsboration (Lominski, Morrison & Porter,

1962). )

4.




The mode of setion of coagilnse
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The starting point for & discussion of the mode of
sotion of cusgulase mast of nocessity be the work of
Smith 2 Sale (1944) which wes described in an earlier
ssotion (p.46)s They showed, 1t will be 1vcalled that -
cosgulase would not clot purified fibrinogen and reguired
the presence of a component of humen and other plaswas
ealled activator with which 1t reacted to give & throubine-
iike substance, sctive congulase. Thelr findings raised
e muber of problems which aftor elght yesrs eve still un-
solved - /

The first of tilwee problieme is wiwther coagulase or
sctivator 1s the quantitative precursor of sctive cosgalaso.
Smith & Hale left the mattor open and suggested that either
explanation would £1% the known fucts. A further possi-
bility is that sctive comgulase is ths procuct of come-
bination of activator with coagulase.

Another problem erising from Jmith 4 Imle's Qlacovery
is concerned sith the natwre of the acotiwvetor. Is 48
identicel with any of the fuctors involved in the nomaal
blood-clotting mechanion? An ascomnt of the different
sttenpts which have been mde to mower these qustions ie
given below.




Tivombokinese. Sadth & Hale considered the possibllity of
it for & mumber of yessons. Dialysed plasas, from which the
caleium 'sd doudtless been removed, showed no kinmse

sotivity but retained 1ts ariginel content of comgalsse
activator. They found also thst gulnea-plg testis although
& rich souree of tirombokinese was deficient in sctivator,
and that throzbokinase survived heating which deatroyed
eotivator. Tager & Halos (1048b) ia discwssing thds latter
rosult rogarded hest difforentiation es invalld becawse they
wore able o show some swvival of sotivater in plesma heated
for 15 sinutos at §6%C. Thay adaitted, Lowever, timt in
acetone-treated rabbit brain sotivetor is mch less host
stable then thrombokinase. Ouines-plg pleams (ecoorcing to
Tager & Hales) contsins quite a high concentration of "mesied®
sctivator which con only bo vevealed by asid pecipitations =
1t 1s possible thet sintler conditions apply to gulnee-plg

| testis.

A1l the sawe, the fects that celciun 1s not lovelved
in the sctivation of congulase {(see p.6) end thet rich
sources of thrombokinese are poor sowrees of activator mwe
cawed Tager & Fales and otler workers to ascept Smith &
inle's view, and no subsoguont experimental evidence hms been
offered to controvert it.
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Brotiwoubin. Wummamm i

of aetivator and protiwombin has been prejuced, seversl
worlers have been struck by simllerities betwsen the two sub-
Tagor & Halos (19i8a) found thmt the setivator and pro-
thronbin contonts of etimncl-~precipitated plasma frections
ren parallels othwrs have contlmmed this finding (Eaplan
& Spink, 1048; ale, 1949)» They (Teger & Feles) also
found thet both substances Leve & simllsr sone of heat ine
activation in plesma end timt Loth are adsorbed by barim
sulphate, aluminiwn ldydroxide and magmwslian hydroxide.
Other similaritiss were found by Duthie & Lovens.  Inoubse
tion of setivator or protirombis with throsbokinase + calofum
eaused & parallsl loss of both, rebbits end umans receiving
dlommrol showsd o payallel decresse in both, sod finally,
specimen of dried purified protivwonbin prepared from hamen
plasms fmeticuned eo activator et & dflution of 1 in 10°
{vuthie & Lovens, 1950, 1002).

The chief polnts of difference Letwee: protiwonbin |
and sctivetor are detailed below. In the first place, Tive
suscessive JSeits filtretions of ylssms csusc a complete loss
of prothrombin setivity but leave the sotlvator level almost
wehanged (Tager & Inles, 1048b; Iuthie & Lovens, 1950).
This srgaent is not quite so strong as 1t secaw alnce acid
procipitates from such filtretes have & alight protiwmombin




i . setivity (Tager & Hales, 1968%). Seeondly, sctivator can
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be destroyed by freesing or lyophilizing plasss without fme
palning the protirombin lovel (Esplam & Spinmk, 1948). |
Thirddy, thrembln, mmumumnmw‘,ﬂ
WM.MnMMMmt(M
& Mles, 1940). lastly, plasms clotted by cosgalase shows
mmamuummamm—tm
conversion (Cuthie & Lorens, 1980).

If setivator and protirosbin sre identical one mst
sssume 8 Aifferent method of comversion to thw active
elotting agent since caledunm lons sre not reguired by cosgule
ase. One mst also sssume & Aifferent end procuet since
soagulase Is not Inhidited by heparin whersas throodin is.
Pinally, activator does not appear to be the guantitative
procurscer of active cosgulase (ses p.l145 ot sey ) as jwro-
trenbin 48 of thromdin.

There i3 thus & constderable body of evidence both for
and against the view that sctivator and protirambia are
identleal. It secus that the most reasonabls atiltude at
present 15 to regard them as closely associated fractions
of plasmn which sre separeble omly sfith A1£7loulty. '

Mﬂmm (M)Mwnwumm
dow: with albumin in ammonilum sulplube frectlicnation of
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plasma, £iner methods of fractlonstion showed it to be
wiable, however, to ldentify it with eny of the components
of the blood clotting process sush as Accelorator Olobulin
o V facter. Miale, in feet, regsrded 16 as & speclalised
giobulin charecterised by its resction with coagulase and
Pensmed 1t “Coagulsse Globula®s In & laber muper Wale
(1952) found that the sctivator coutent of blood wes reduped 5{*’2
awmmmmwmmm
with ths precursor of thrcubokinase. mmm.m
m.mhmtn&&:Mdthum
from other ecmponents of plesms. ;

 Swver since Gratlia (1920a) gave the nemo staplyle-
m«m»mmuumtwww.m_m*
itmmmmmtmmumm
WM#WWMM&MMWthtu
the tias factor wie igowred & large or @miell Qunllity of
congulese rodaced the same effect, the clotiing of plasum,
but the matter has never been thorcughly ilavestigated. The
atscovery of Suith & male {1944) Smt the bacterisl procust
wes Insctive per sc wade 1t clear that the engyuic properties
belong to active cosgulase, bul even here tinm evidenoo is
not very strong. MN‘GM“NW“M

3 :':‘%ﬁ
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sotive cosgulsse fs heat-ladbile. non dlalysable (Wale,
1049), snt cam be recovered without loss affer four SUSCES=
ive clottings of plusma (Teger, 194%H). o
~ If wo accept the ensymic nature of sctive coagulese
there vemsins the problem of the perts played by metivabor
and congulsse in the formmtion of this enzyme. Idtile mey
be goneluded from the fuot that cosgulsse can Lo Pepared
with & potency of oue part In sswveral millien (Tager, 1048b)
and that plesms is effective as & sowrce of activator st & |
aflutlon of 1 fn 120,000 (Sager, 1948) since the qum titative |
@spest of the resctlon between them 19 wikmows.  The problem
of elusidating this resction is extremely C4ffiocult boocnuse
1% can be followed only by titrating the smount of sctive
sesgilase formed which In turn can be estimated only by ite
abllity to clot plssws.  No method hes yet been found of |
Interrupting the resction 6% any particulsr stage ond Sepesebe
ing the thmee substances, congulase, aotivator and active
coagulase.

As 8 result of this AIfflcullty diverse views are hald
on the r8les of setivator and coagulsse in the formmtion of
sctive coagulese. Suith & Gale, by the use of the tom
sotizator perimps laplled a slight preforence for coagulase
88 the precursor of active coagilsse, bub they stated that
sctivator might equally well fulfil this fumetion. Tager
{1948n) conaidered the réle of the two components to be so



| Goubtful tnat he introduced the term Congulase Resoting
Pactor (C.E.0) in jlece of activetor. Msls (1040)

! Mmmmthmmn
. vether than cosgalese as the jrecwrsor of aotive coagulase.
. Eaplan & Spink (1068) suggested the possibility that Instesd

u-mmwcwumnmm |
| migst be o move complisated reastion between coagilese, ‘
! The only attespt, so far, to ostablish the rlles of
: sctivator and cotgulase in the formation of aotive congulase
by & study of tin kinetice of the resetion 18 that of Valker
& Devow {1949)« They came to the comolwslon that the Po-
| sction wss stolohiometric and thmt the smount of active
| songalase formpd in mixtures of ctivater and cosgilese is
| dependent on the compenent not in eagess. Tholr rosulte are
not entively convineing beceuss, wiler cortein conditions ef
engyme and substrade concentration, the amount of sud prodwt
| formed mey depend on the concentration of both enayme snd
| subatrate, snd the resction only sham & stolehiowstriec
Their method involved fncubation of cosgulsse with
| activator for 21 hours; the asowst of active ccaguiase formed
in this pariod wes estimated by determining the Peasctlon-
et velocity constant of the converaion of fibelsogen to £iurin

ke
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version of fidwinogen to £ibrin in the presence of a fixed
smount of setive coagalsse follows o firet order course,
so that changes in the valus of the reastion-velocity cone -f.j
stant would give & measure of She smownt of ective coagile
ase formed in mixtures of sctivator snd coagulsse. nfopr-
tmately no indioation s given of the potency of thelr
sctivator preperation wiich was the ethmnol-precipitated
| Prectionl of humn plasm, and Tager (1060s) hes shown thet
in the purifiod stabe this fraction contains vary little
sotivatori Thus 1t %5 sove than poseidle thet the concene
tration of activetor wes so low in many of their mixtures
 thet the resction hed not gone to completion in 81 hours.
o Sinoe their reesoning is Lesed cn the asswumption tiut in all
o thelr miztures the coagilsse-aotivator resetion hed gone o
completion, thelr conelusion® are open Go douwt. Thelr
results do not . therefore, ruls out the possibility that
active cosgulase is farmed by en engymo-cabalysed resetlon.
The exporimental work desceridbed in the following
pages wes undorteken with a view to solving the problem
widch Wllkcor & Dorow had tried to answer.
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how for elther cosgulase or sctivator confarmed to the ldeal
conception of an enmyme as & bLiologioal catelyst. In otheyr

words, wuld te smomnt of active congulase farmed in &
mixture of activetor and coagulase during a long enough e
action period Lo dependent only on te concentvetion of one
of these two coumponents?

The first metiod used ws to leave mixtures of ot~
wator and coagulsse until no further formetion of sctive
coagalsse was dotogctable and then estimste the amount of
mmmupmwumm. The sane
difficulty of interpreotation arose as in the experiments of
mtmu thw amount of sotive cosgulase formed 4n
the mixtures appesred to depend on the amount of coagrlssy
prosent, bubt vas this due to the engymic nature of sctivator
or wms the resction stolohlomtric with sctivstor in large
oRouSs
eoagulese formed Ly She speed with whioh mixtures of seti-
wbtor and congalase clotted fibrinogen. Again the resulte
414 not give & decisive answer to the guestion, but in con-
junetion with the results of the titmtlion experiments



| appoared to rule out Waller & 'erow's view that the resction

i ws di-molecular end suggested retior that It wes ensymle
in neture with cosgilase as substrate e activetor es o

| . ensymo. ;0

| degree of completion of tie activator/cosgulsse rosction was -
mossurod by observing the effect of adding empuss of each
component ln turn to & mixture in which the resction appoared
to lave gone to complotion. fHoth sctivator and coagulase
- could be demoustrated in mixtures in wideh the formation of
sotive cosgulsse had censed. Such results could be obtained
with an engymie reastion in whifch the enzyme 1» Inbibited
by the product of its sctivity or in & stolchiometric re-
sotion wiioh doos not go to eampletion.

Spbeoinlg
woagilese
{(1). Horse-heart digest broth or msat-extiact roth eule
tures of a Btaph. surous known %o be & good coagilass prow
duoer were incubated at 37.5%. wutil they hud yeached &
| conguiase titve of 8000 to 8000. They were then hoat- |
killeod (7 minutes in & Hoeh's sberiliser) end centrifuged
and the clesar supernatent was woed as & sowoe of cpugulase.
| ()« A pertly porified congulase was mde from eultures of
| & tho same stoain in 25 peptone water or msat-oxtrect broti.
ko
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| allowed So sediment at 4%C. for 18 houwrs. After decant-

ing, the sedimsnt was pacied by centrifuging snd re-

| guspended In digest broth at P 7.8. The swpension wes

Rept at 4%C. fur 12 howrs end the ocells and insoluble §
o mterials wore then contrifuged out snd ddscarded. This :
procedare, wiich is a partial epplicstion of the motind of
Tager (1948b), wes usod %o give coagilase jreparatlicns with
titres ranging from 266 to 16,000 which were f1e0 of ine
nibitewy substanees proseat in the ariglual cultures.

E Activator
A sn emmoniun sulphete procipitetion metind wes wed in
i the preperetion of sotivetor from hawn plasmme 40 ule of
| plasme were dlluted to 800 mle with 0.85/ saline end 86 gue
sawalus sulphete added, giving 40F saturetion. AfSer
50 minutes® preelpitation at roon tempereatwre the uaterial
| wes flltered through filter paper coaled with a thin \
of kicselguw. The filtrete, shich conbained most of the'y
sctivator of the plasss and none of thw inhibitory sub-
stances, wes brought to 85/ saturation with emmontun sulphate
end loft to precipitete for 50 minutes &t room temperature
sctivator wes eluted from the kieselgulw by sheking with




0.85¢ saline (P 7.5 - 3.0) and centrifuging out the in-
soluble mterial. Thwree olutions were curried out to give
& totsl volume of 20 ml. oluste. This eluate wes dlslysed
mn”ammmmmaw The
dialysste wes brought up to the originel wolume of the
plugsms (40 md) snd was used s8 & souree of sotivetor. It
was found o e fyree of inhibitor as tested Ly the mothod of
Lominski & Roberts (1046); for sterlle experiments it was
filterod tlwough sintered glass.

Piwinoge: solutlon
067 and 0.25% solutions of purified bovine fibeinogen

(Armour) were used in titretion and eclotting-tim experiments
rospectively. o eclot forsed when tiese solutions and egqual
smounts of coagulese were mimed and fnsubated st 87.5%. for
86 houwrs; the solutions wore slso found to be fyeo of
congulase-inhivitery substances. Since it was found tied
£iurinogen tended to preeijitete out on leeping, solutions
wore prepared esch evening for use timoughout the next day.
fgtive comgulesy

Active cosgulase wes mdo by lseving a mdxture of equal
- parts of coagulase and activetor for 46 hours at room tem-
perature. No further formetion of sotive coagulase was
anm.
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mwcmmmmwm
. doubling 4llutions in 0.857 saline or in 0.857 ssline cone :
taining O«1¢ merthiolate. To Uef ml. of eseh dilution of
astive congulase 0.8 ml. of fibrinogen solution was added g
and the tubes kept at 37.8°C. for 84 houwre and somtimes for
& furthor 24 - 72 hours &t rous temperatre- |

The titve of soagulase was determined ly & titration
in which the Sest-tubes contained: 0.5 mle of seriel double
fng dilutions of coagulase + 0.8 mle of activator # 0.0 ml.
of fitrinogen soluticn.

The titre of activator was deterained by & titration
in shich the test-tubes containedt 0.5 ml. of serfel dowble
tng d1uitons of aotivator + 0.2 ml. of congalase + 0u3 mhe
of fivrinogen solution.

The reciprocal of the greatest dllution to give &
elot was talen in all cascs as the titre.

ﬁm&a-&%«“n:%ﬁuﬁ*
w'mmm“mmctuuum.
0.6 ml. of fibvrinogen solution were added. The 4 x V8 in.
test-tube conteining the sixture wez $ilted gently through
45° from the vertical at li-second interwals wmbtil one
minute froam clotiing (determined by preliminery exporiments)



% s clot formed in the mure concentrated solutions of active
dflute solutiens. Iy replicate resdings it ws fowd thet
the error wes § to 10 seconds In clotting timss up $0.5
minutes snd 5 to 10 minutes In & clotiing tims of 60 minutes,
whon the elet wes forming slowly. The emount of sctive
cosgilase present wos fomd by interpoletion of the olotting
time In & cwrye prepered from known dilutions of sctive
coa;alnse.

e Mt 7 g miinetlies

The stability of sctive cosgulsse wes determined by
tions in saline sad after the dilutions had stood for B4
hoare at 57.5%C. or at room temperatuwre.

The stability of activsitor wes detormined Ly edding
a fized amount of coagalase {a) to freshly prepered and
{b) to B4-hours-old dilutions of activator and measuwring
the elotting times imwmdintely after msking the adqdlbtlon.

The stablility of coagulsse was detoruined by adding
s fized emount of sstivetor to (a) freshly propared end
{b) S4-howrs-old dilutions of cosgulase and measuring the
Wen the clotting times of the freshly prepared and




egonts were agcepted as steble. &

A seriss of miztures of different quentities of i
in saline. The compositios of the mixtures is shows in
%able 19 (p.158). Hmch mixture wes loft for @ howrs at room
teupersture to allow formtion of sotive coagulese, and the
amount formed was determined by titreting doubling dilutions
against fidrinogen solution. The composition of the
mlxture and the results of o typicel experiment in whdch
tiw doubling dilutions were mde in merthlolated ssline and
the titmtions carried out at 57.8%C. ere shown in Teble 190
(pel8R)e It will Do seon that uhen the concentratlon of
coagulase wes decressed by 100 timss (Mixbures 3 to 1) the
amount of active coagilsse formed dooreased by 126 times,
but even when tihe concentration of sotivetor was decreased
by 10,000 times Ghe emount of sctive coagulase for-ed again
dropped by 126 times (Hixtures 5 to 9).

Purther exporisments were porformed in whieh the :
proparstions of coagulase and activetor, the temperatupre, the

R
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aflent, the vosetion periods and the time of reeding the
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titrations were varied. With soms exceptions, treced to
the use of weulteble mtorlsls, tho Pesalts showsd & simtlar
pattern to those gueted in the typlesl exporiment (Teble 19,
pe1B8). Chenges in the concsntyution of coagulsss in the
mixztures ususlly led to & proporticaal chengs in the auount
of sctive coegulase formed, but even wery large clanges in
the eoncentretion of activator coused reletively s:mll
shangos In the amount of aetive coagulase prodused.

dost of the ezperinents were eerried cut with miztures
wihich ad been allowed to resct fur 1L - £ hours before Gle
trating the sotive cosgulnse formed. %o justification for
this procedure wes the finding thet verying the lengih of
mmmmuumummwmm
of aotive ecvegulese prodused (see p.154, Teble 1%a)e On
earrying cut somw clotting-tise meesuremmis, however, it be-
otue evident that the ressction was Ly no mwans complete withe
in 8 hours and was In fect proceeding during tie subsegquent
86 bours when the diluted mixtures were in contact with
fivricogen. A & consegqumwe of tids finding end becmupe
of the sowroes of error Introdwped by the large number of
pipettings which titretion tecimigues require, it was decided
to seek soufirmtion of the findings by another method of
sotive coagulase estimtion. Before pessing to & deseription
of the results of tuis other motind - cletiing-tlime measure~
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are worth mentioning. » : i

It ms fownd ty reading titrations after 26, 40 and 78
houre that the mixtures containing low ecucentreticns of
activater showed & emtinuwd ingrease 1o titre of sobive =
cougalase, wisress mixtwres costaluing smell wwuants of
osagulase ald not. Anotter polat of lnterest was tuo cboeRe

vation that with mixtwres containing e small srmount of

sctivator the titre of actlve cosgalase book & much longer
time to resch 8 mixims when the S1tmtion was one Gt room
tezperature rether than at 37.5%.; this differemce ws

As mentionsd previously, 1t was thought thet 3t might
be possible to confimm the rosults of the titretion experi-
monts by using a Gifferent method for the cstimeticn of
sotive congulage. Since sotive coagnlese 15 o Simombine
ke substence it wes decided to try to estimmte 1t by a
sinfler mothod to that used for throubin (Quick, 1042).

This proved fessible. lheu the clotting times of lmouwn
Wduﬂnmmewm
tion the points fell on & hyperbolic curve (Fig.id).
Provided tist tle resgents remained steble the amount of



astive comgulase that had been forwsd in any miztwre of
ing the elobting tiws of the mixtuwrs in Fiz.dd. In
g4ffleult to obtain, the stability verying with the SOwres
of the congulese. The only jreparetion of comgulese wileh
gave & stable sotive cosgulase had @ very low titve. Thls
was usod in the firet cxperimnt. In the cecond experiment
ceagulase end setivator of equsl pobency which gave s less
stable ackive coagulase were used.

A NP BN g% 4 e M de 5 e 8 iy £ 4
. -—a.l..., R b R SR A

A mixture of egual volums of cosgulsse and activator
was loft &t room tomperetwe wntil the clotting tims hed
reached & constent wilue. A series of ¢ilutions of this
mixture 68 shown in Teble 20 (p.159) wes prepared and the
' elotting time of coch dilution maswed. Tio clotting time
of the wdilubod sixbupe wes taken s the clotting tim of
1007 active ceagulase and the timws of the different dilue
tions were used to prepeve £5z.15. To determine the smount
aw«mm‘ammwnumm"‘-'
coagilese tho elotting timw of the mixturc wes taken end
interpolated in £15.15. Table 81 (p. 159) shows the clobting
times of mixtures of 2 ml. of sctivator with 8 ul. of
diffevent dilutions of coagalase at intervels during the 24
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3y interpelation In £1g.15. It will be noticed
vm.tnuwwmuwmmmm-
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'  in the presence of excess of the otler. Thder these condi-
5 tlons 1f the rescticn were bl-moleculsr & mixtwre of egual
volumws of activator and coaguilase would contain the same
molecular concentration of both activeter and congulese.
& bi-molecular resction bobwoen sctivator mc comgnlase is
given by equation (1): _ "

‘ YoRA © ' wewessssas (%)
where V * the resction weloelty, A = the molscular concontie
tion of setivater, ¢ = the molecular concentration of
coagnlase, X » the resction-velooity eoustant.

With & mixture of equal parts of oguipotent eeti-

vator and coagulase the initial reaction veolocity would be

glven by equation (28):

v-:.’

ghore a® A = O .

AfSor sy timo, ¢, wien x moleculss of sctivator
have coubined with x solecules of coagulase to glve X moloe
eules of active coagulase tiw resction velocity is given by
equation (5):

T ")

Vg = Kla-x)® snsvssoses )
whore V, = the rescticn veloclty at time, €, and x = tie
molecular concertration of active coagdase formed.

if, however, thw initial molscular corcentrations
of sctivator snd cosgilase were not icentleel, then the pe-
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m«'nm-mu- &, is given by equation (4):

. " E{p-=){g-x) cssssnssssssnssssssne ()
-.O’Obmmm.tuu“.
q = the initlal molecular concentretion of coagulmse, end
x = the smount of active coagulase formed in time, .

Lot us consider two mixtures used in this experiment.
ene of shich consists of 2 ml. of 1005 activator + 2 ml. 405
coagilase, and the other of 2 mle. of 100F cosgilase 4 2 ml.
of 401 activator. zumumvmwcuw
sctiwator, diluted coagalase mixture is glven by oquation (lh
. | Vg ® Blaex){ 4 amk) secccscrsncercesancs (B)
whore p, the initial concentration of activator = a, and
g, the inltial coucentirutlion of cosgulase = e, and x =
the amount of sotive coogulase formed.
' The pescticn velocity of the concsntrated coaguluse
plus dilute activator mixture, when the sems emount of active
coagulase, x, has beon formed Is glven by eguetion {(6):
Vg = B(4,8-2){0%) sosnsesnssnsscsscess (6).
Thas in theoe Swo mixtures the rete of formstion of active
coagalase will bo the same vhen any specified amount of
active coagulese has boon formed, and this should hold for
ail values of x. |
In other words, if he veaction 18 di-molecular then
for sny .two mixtures of the eguipotent mctivator snd coagul-
ase preparations used in thls exporiment, wien the retio of




'mhmhmu.ﬂumn&-tu&

vator to coagnlese in the other ths initisl and eubsequont
retes of fomation of ective cougulnse will be identical.
The main odbject of this second experimont wes to (is-
cover wiwther, amluwmmm
congulase 4id setisfy these criteria of & bi-moloculsyr

& preparation of active cougulase wes sgain made by
leaving a mixture of sctivator avd congalase at room tezporas-
ture wntil tiore we no Narther reduction in clotting G ime.
A serfes of dflutions of tils preperstion wowe bested for
clotting times snd £ig.ld (p+171) drewn from the results
show in Table 29 (p.207). Tubles 89 and 30 (pp.168,160)
glve tho clotting times of mixturcs of diffepent conoentra-
ticns of sctivetor and cosgalase thwoughout 24 hours (after
mixing) and the corresponding amownts of sctive coagilase
foreed. Tables 31-33 (p.170) give tlw result of stablility
tosts on the reagents. Fige«ls and 38 (pp.172,173)
fllustrate the aifferent rates of formation of sctive coagule
ase in mixtures in wifcoh thw retio of sctivetor o congulase
wes the same as the retio of coagulese to activabor.

These two grephe 1llustrate wvery clearly tint the re-
w-mnuunmummmuuuuw
molecular course. With a mixture of dilute cosgulase and



sctivator with concentmated cosgalsse, however, gives
slower initiel formation of sctive cosgulsse which contimies
to be produesd at & falrly steady rete throughout the next
24 hours.

 An wwatisfactory feature of tils experiment is the
instability of the active coagulase. Table 31 (p.170)
shows & marked loss in the higher dlilutions after standing
for 24 hours at room tempwrature. This loos my lave beoon
smller in the miztures than appeers from il stability tests
since the loss of active cosgulsse wes found to be greater in
saline then in the prosence of the jwoteins of plesme or
eulture media. Even sssuming that the figures for sctive
ecoagalase formetion e lower tian Shey should be owing %o
loss during thw Sl of Slw experiment, the comparisen between
rates of formstion remsins velld. The reaction does not
follow & bi -moleculer course.

Ancther festure of this experiment wes thw finding
that the emownts of sctive coagalsse formed in mdxtures of
deeruasing smounts of cosgnlass with s fixed awount of actl-
vator were groater than in correspondiing dilutions of the
‘actiyg cosgulase jrepareticn. This ralsed the possibility
that/s mixture of equal parts of sctivetor and coagilese the
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Clotting times and amounts of eotive congulsse fomwd for

mixtuwres of dimdnishing smounts of cosgulase with & fimed
“‘Mo

Activator and coagulase were ogul-
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Clotting times and amounts of sctive ccagulase for mixtures
of diminishing amomnts of activator with & fixed amount of
coagulase. Activator and cosgulase were equlpotent.
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Zable 3.
Stabllity of active coagulase
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seastien night not lave gene o completien. The next twe
exporiments wore deeigned to find out if this were so. o

ccnmmmm«m was diluted to &
econcentration of 20X in saline. mu«mmd :
this 207 setive coagulase were mmde with saline, activator

or cosgulade end the clotting time of euoh mixture wes ob=
soryed ovar 24 hows. The rosults are cilven In Tebls 34
(ped76).

rodles nmtmmwmmdmtmhm
mmmm mmmmuumm
first diluted in saline to the same poteoncy a&s tiw ceegulase.
Hixtures of 207 Ailubicns of these btwo sctive cosgulase pmoe
perations with egasl smounts of ssline, sctiwelor or congule
ase were mmde mnd tho clotting tlmws moasured durisg She
follocwing 84 howrs. The resuits sre glven in Tables 35 and
36 {p-270).

© Both experiments show that the active cosgulese pre-
paretions sontalined both fres sctivetor snd frve coagiluse
since adiftion of elthar component caused & shorbening of the
heve gone to completion was thorefore confirmed.  In Ghwe






anmcmmmmu
& 207 éilublon of active cosgulase jrepared from sctivebor
{sitwre 16,000) snd coagulase (Gitwe &,000)s

20 active \“w 207 aotive

m; 240 ml. m- Bel &
sctivator 2.0 ml. m B mle
o 4 ﬂ-—-i
- - - o
pH -
11 izt
ar L
Teble 36
Effect on clotting time of adiitng sotivator and coagaluse to
& 207 dllutlon of sctive cosgulase M fron mm »_
(t2bre 4,000) and congaless (titre 4,000)s .

805 active 20, active
m.. SeU nil) mt - B ‘c :

mls motivator 3.0 ul. den

Clotting time
+ t
s@ 11t
23 azr
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S«  Then sctive congulase forwmtion had ceesed, sotivater

1«  An fovestigntion of the forwmtion of sctive ceagulsse
with sctivator a5 sngyme end cOAgUIASS &8 HUDILTGLE.

. experiments were incompatible with & bi-moloculsr Yo

and comgulase wore atill present in the resctlon miztamwe.

™ds work wes omyried out in collaboration

(omdnski, Cowile & Mewrison). 3
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then the investigation of conditions effecting tim
produetion of ceagnlass ws bogm the muin object wee Go
study its fommtion in chemfcally defined media.  Staph.
- gureus is primerily e nen-aynthotic opganism snd 1t socmd
pogsitle that the use of media of knowm composition aight i
enable the perts played by different smino sclds io the
symthonts of coagilase to be determined. In the course of
Shis worik, however, 1t becsw clear that wnoontrolled

variation In the coagulase-producing power of stralus of
ya8 woere rossonsible for inccnaslstencles.

It beesus negessury to ecquire some imowledge of the
conditions giving rise to £lwotuetions In ocogulsse pro-
ducticn even in ordinery media and this prompted the Investle
@tion of & number of lsboretory culbures of Sgaph. speus.
The finding thai strains mey conelst of warisats Aiffering
consideratly in thelr abililty to produce coag:lase not only
holpe to explain the imconsistent res.lts with chemleslly
dafined medla, but also throws saw lighi on the relatlione
sbip of coagulese produstion to patiogenieity.

 The cosgulase Sest used in the identification of
pathogenie stephylocosci is perforued either on colonlos
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& large popddation of organlsms is tested. The prodlem
thevefure srises of shether 16 1o pesudssible bo lock on 8
positive voslt 1n tiis Sest &8 Pepreseubatlve of Wb whole
popalation; ® fos I fast-clobbing versents algit be preseat
1a & strels whlch conslsted largely of cosgilasowiegutive
warisnts. Oa the other lead & nogative Mes.lt nesd nob
ecxplade the possibility thet tiw styadn 1o cepaile of pro=
exists in tis findlng of & coaguless«w ptive warfent of
struin 6. Certalnly the pesults do nobt suggest Siat thare
18 an wnbridgesatle gap LEbuOs: SLEZIILEC-POSLLIve and
soogalase -negative StAPLyLocaBol.

Apart from thelr Leering ou tho cosgulsse Lest the
fincings of tids work raise Interesting spoulations in
rogard to e pelaticushly etwesn the emount of eoesulnse
produeed and e puthoguulelty of 6 sGmln. lespite the
goueral socepbance of cougulase poLBLicn &8 an Lidox of
pathogenielty, very Jittle s been dond in the wy of
ooupering the amowt of coagulsse predused with tin virule
onoe of strelus. The ooly work of Shis nature BppeLPs Lo
be that of Teger & Mmles (1047) win tried to velebs the
clinioal souwrce of & mumber of streine to thelr cepocily to
produce cosgulase. Thoy fowx! Wb abepiylocoocel sejals




mmdu.mumm
activity; 1t see:ed to be sufficlent thet some songalase
and some texin should bs jrocuced for an arganism o be &

The method whieh Tager & Hales wsed wes to plok
eolonies at yendom from yrimary cultures of staphylocoecd
dused were compured. Tiore is & posaibility thet eny
single colony selected was ouly one of mmny veriants of the
‘they vofer to othor unpsblisked work which indicated that s
given strain my give rise o doughter stweine Aiffewing
signifteantly in thelr especity %o elsbouto coagulase.
They also mention the poussibility thet the substrale prow %
vided by the host et one perticular ares favours tie slsetics
of strains of d¢ifferent sonjulase-procucing powers, and Siat
factore may coue into play within the nost which =0dify the
capacity of the organisa to moduse cosgulngs.

'Mammuammwm
iantellectual Aifficulty of accepting & plenomus: of such
gualitative Lmportance ss guaatitatively losignificant.
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| shile the werk ou Rk - 5 varlation bewrs caly indivectly sa
tids jwoblen 1t Suggests & way in whlch high conguless gre- |
custion might develop within the hoot even with strelss
shouing low fa-vitro setivity. Giuse the mjority of the
ton streins obuiled showed & grester tendensy bo give S
i varlsnts from R then B from & 1t wight well be Suad oven &
lawvive sonditions fevow the R warisnts (high coegulase
producers), tie twensforence to Isboretovy mdls causes &
change to the 5 form with & mush loser CO8gilAse Getivity. Tj
This suggestion is, of cowrse, puwrely speculstive, bul the
finding of warlants Giffering grestly in cosjplese aetivity
raises (oo poosiblility simt the lack of corrolalion hDetwoen
4o smount of cosgnlase roduced Wad the Soverity of ine
foction sey Ve én 1n-vitro ShONGRERON. '
The £indings of the work ex R -~ 5 variation iy
_ o explain why labovatery culbtuwres of 388phe SWWeus Somd-
fe. tlmws show sadden clsuges iu caugalase-phoducling powers and
hmwmnmmmmuam
of congulase. Gith nost otvuins the tendenay s gresater
for the I weriants to ehange to the 3 form thea yice yorse
80 that & stewis whloh wes is the § foram shen first fsoluated
'f s Shepelere ghving goud ylelis of cosgulase muy vevert to
| ' tae meee statle 5 form with poorer coagalese produsing
powers. In e few strulns ., hovewsy, @0 tendency is in tie
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This R —— $ veriation also provides a partial
explanation of wiy the sam strain in the same clemically
defined modium wder Sdentical conditions of culture shows
wide flwtuations in coagulase produetion. It does not
provide & complete explanation sinee strains !mve been found
whteh, while growing in tho B form very in their sutritionsl
requirenmta for cosgulsse mrodudtion.

As montioned cerlier, the muin object of the investiw
gation of the nutritiooal requirements of Steph. awrsus in
chenically defined modia was to try and gain sowe Informetion
adout the pert played Ly differeant nutrients in the synthesis
of congulase. Some Information was obtalned, yig., thab
arginine, ornithine and eitrulline play an important role
in the produstion of coagulase end timt without tiw presense
of ono of these thwee aming tcids in the mediun coagulsse
12 forsed only in very smll wmounts. Sowtimes, however,
even with adeguate amounts of erginine present, poor coagul-
ase yiolds wore obiained. It was also foundi that eitrulline
is formed from arginine; this finding teken In conjunction
with the known formmtion of omdthine from arginine end the
close struotural similarity of the tirec amino ecids suggests
that they shere some ocomson funstion in the syntlesis of
congalese. The nature of Sthis function, howowver, Is stild
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. Anotler finding was that aneurin and niscotinanide,
when present at concentretions mmh gPe ter than neoded
for full growth, have & mrhedly stimulatory cffect on
coagulese produstion. Again, howewer, the effeet of ligh
vitamin concertrations was not conslastent and sooetimes &
strain failed to produce much coagalese In & highi-vitamin
medias shich mad previously given good resulis.

This inconsistency in the behavicur of Staph. auwreus
ss pogaris coagulase prometicn lod to the Lnwvestigtion of
the nutritional reguivements of seversl strelns and straln
variants. 48 @ result of this work and of the eurilesr work
with amino acids, vitsuine and B ——— S variation, the
concepbion of Jtaphe @peus as & species with complex and
relatively fixed mptabelic reguirencnts underwent & radical
change. The new ploture of the specles which emorged had
as & donlnant fosture the extrome variability of its
mtasolic needa. & tentative deseription of the variable
bohaviouwr of Jtaph. auwous vwhich lod to tids now conteption
is given below. | ’
| le In & chomlcslly defined mediwa, though eomplex
and believed to contaln all essontial nmutrients some, but
not all, streins snd strein verdents of Staph. cureus may
have thelir nutriticnel reguirersats satisfied.

8. In such & medium some stine or variants of &




S« 4 strein may grow snd produce cosgulase but the )
_amomt of coagilese forwed may fluctuste @s & vesuls of
R~ § varistion, this disscolation being sometimes at
& Mgh and somntines et & low lovel.

MAMwmounwmmM
variant which alwmys gives high ccegulase proajuction in
meat-oxtract bwoth end yet my somstimes fail, although re-
maining R, to produce cosgulsse 1n & chemically definoed
modfume AL other times the same B veriant in the same
mediwa way give high yields of coagulase.

In this study only two features were considered -
growth sd cosgulase produation. When growth alone wme
talzon. @8 an Index of the wetabolle reguirements of the organe-
lsn the emount of varisbility wes less then whon growth and
coag:lase produntion wore consldoved together. 4n inveobige-
tlon of a greater cunber of strd ne end o wider renge of
of variadility found.

3taph. sureus is gonerally rogsrded as an sssimilate
ive rather tian & synthwtic organiem; 1% now appoars that
the fluldity in its metabolic requirements 18 snother
charactoriatic of the speciss. Though only a few steuins
wore wieod and Che changes in the media wore slight. & wwole




At of varlation in nutritionsl requirements wes e:combOPe
ede It 15 bepting, therefare, to rogavd this wrisdillty
of Staphe supeus in its metabolic neede as a predomlsant A
foature of tho speoles; indecd this is the most striking
£inding in this study of the produstion of coagalase.

A great GIfficulty in attempting to determine the
PGlos of sotivator and coagideso in the formation of sctive J;
cosg:lose has alroady been mentioned (p.142); ectivator

and comgulase can be demonstreted cnly by their ebility o
forn sotive ccagulase which in turn can be estimted only
in terms of its ability to produce & fidwin clot. 4 simie
lar problem arises in conceotion with the intersction of

protiwosbin with throsbolkinase to give tircebin. Deaplte
-m“d“ummm'mmd
whethor thrombolinese 1s an cugyme or not atill reasins in
doubt. i
The epproach to the problen was o atterpt to find oub
how far the resction of sstivetor with comgilsse conformed
to & festure of ensyms/substyate resetions, nerely, tiat the
smount of end-produst is dlrectly related to the emount of |
subatrate and tends to be independsnt of the amount of enzyme
pregsent if the resction time is sufficiontly long. To Some

extont tho titration experiments in fuct showed this feature;
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with excess of astivator the sctlve coagalase formad wes
amounts of sctivetor the smount of eotive congulase fomwd
414 not decrense proporticnately with the sctivetor. As
& mttor of fuct smll quntltles of ectivetor gave moh
greater ylelds of sctive coagaluse than could heve been
poasible if activator ind been the substvste in an ensymo=
catalysed reactlion. Thus the results of the titration
experimmts suggest thnt coagilase ia the quentiteiive two-
eursor of setive cong.lsse and thet the converslon is
brought about by an eugyme, activetor. This view is sup-
ported by the obmervation timt sotive comg:lase contimes

to be formed over leng perdeds in mixtures contalning small
amounts of activater. A stolohlowetric roection between
sotiwmbor snd coag:lase would sppear to be ruled out by tie

ﬂmmtmwaummcmum

directly proportionsl to the smount of activator pressut in
the resstion mixture. The results of the titration experi-
ments, however, are wesloned by the disparity in potencies
wien astivator and cosgalase are titvuted against sach otler.
In the £irst of the clobting-time exporiments the
amount of sctive coagulase produced in verious mixztuves of
activetor and coagulase was slmost completely independont
of activabor and directly preportienal to tie ecncentretion

Btk



of coagilase. This is in elmost complote agrecment with
too ideal results which sould be obtained if cosgilese were
the substrate and sotivator sn enmyme. Unfortumtely, &
bi-molecular resction in which sotivetor wes in large excess
would lead to o simllar finding. And io this experiment
activator was in lurge excess as Judged by the relative
titres of 856 and 886,000. It wus Sen declided to use
equipotent activator and coagulaso. MWMN”
wore vory unstable. Activator hed to be diluted to schisve
equipotency -

This raises a fundamental AAfTicalty of this method of
investigation. The strengths of the preparations of sstl-
wator and coagulsse are measured Ly the extent to whlch sash
ocan bo diluted and still react with exposs of the other to
produce enough active coosgulase in 84 hours to clob fibrinoe
gone This is gquite a valid method of jJuiging the relative
strengths of the preparations 1f the reaction between them
is stolohiomsteric, but is less walid 1 one of them is en
engyme. In the above experimmt, if we sasume thot acti-
vator is an engyme, 1t would be In aocordance with the Lnown
bolaviowr of ensymes thet it should poduce & demsnstreble
amount of sotive coagulase in 24 hows at & dllution of 1
in 866,000, Bub 1t doos not follow that a mizture of wie
dlluted coagulase with highly dlluted sctivator mst give




long the resetion 1s allowed to proceed. Inmymes commmly
lose much of their scetivity duwring the progress of the re-
peration the more maried is this leoss of sctivity.  Thus
the eangymic natwre of sotivator might not reweal iteelfl
wndor conditions of eguipotensy of the components of the
rogction. ’ ,
: Nevertholess 1t was thought theb the use of oguipstent
proparations of sctivator and coagulese might give informa=
tion not so mmeh about the amount bub ruther aboub tie pate
of active comagulase forumiion which would Indicate whethwr
the resction was stolchiometric or ensyuic. This proved to
be the casee

Tebles 29 snd 50 and figs. 15 end 16 show thet in
Quickly at firet and guickly fulls off. This io wimt ome
mmummumw‘wnu&w
soagalase is forsed. The tables and grepis also siww thet
in corrvespondiag mixtures with dllule sctivator there is &
mach less merked falling off in thw resction rete and for
moat of the 84 houre active coagulase is formed st & steady
rate. The conversion of coagulese Lo sctive cong.dase is
not nesrly so complete in this a8 in the clobbing-time
exporimnt using concontrated setivator. Dub the wse of
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equipotent reagents mads 1t extresely uwilibsly thet what 13,
after all, en ideal pattemn of snmymis resction would e
} menifest unfer such adverse concitiems. Although the fore
i mtion of active congulase from coagalase is not complete in
' the 24 hours of the experiment the stesdy mete of formetlion
with @1lute sctivator and the repdd falling off with cop- i
respending consentrations of coagalese ere not n ACCONMNNe
 with the pesults to o expscted ia the di-moleculsr resctlion
postulated by welker & Derow (1049). lespite the adverss
conditicas of the experizent the fact thet reducticn of
activator has loss offvet on the sotive cvegulsse proiused
than & corresponding reduction in coagulese slso argues
. sgainst @ biownolecular reaction.
There voumin the results of the last two experiments
| to be discussed. It is obvious from Tebles 54-36 (pp.178,
178) thet when setive cosgulase formation hes stopped theve
is o841l avalladle sctivator and coagulese in tho resctlion
aixture slnce addidfon of either component causes Lrtler
active congalsse to be prodwed. Any explanstion of this
psnomenon must be bemtative but 1t is & commwn feature of
ensyme-catalysed resctions for the ensymes to Do innibited
by the predusts of their own sctivity, snd this inhibition
may be of the competitive type (Sumer & Wyrdiek, 1080).
In this case if ectivetor is competitively innibited by
aotive comgulase it is not surprising tist the sddltion of




- more cosgulase or more ectivator should cause more active
congulese to be forued. The inccmpleteness of the rosotion
could alse gsour in & stoichlometrie resctlon, but fwr 8w

ressons given above this interpretation is ruled out. Vor
the ressons dlscussed earlier (pe142) (the imposalbility of
separating activator, coagulase and sctive coagulase) it

proved technically impossible to esrry cut inhiditlon W

montss It 1s possible that Walker & Devow's finding that
tho amount of setivetor, shen not in owsess, dotermised the
anount of sctive cosgulase produced was due to indibition of

/vmwmum As mentioned earlier,

mtmmammnm.wm
Prection I, and the concesbration of sctiwator in Somo of
thelir resction mixtures may have boen guite low.

& surlows festwre of the last experiment is the effeot
of déilution on & preperation of active coagilsse. Iilution
of & prepurstion of active ceagulsse made fron eguipotent
sctivator and coagulose caused more active congilase to Le

m«hwmu"m. fio explamstion io offored
of this wexpected finding, bub 1t s possitly related to the

phenomenon observed by NHenslies (1068) who found thet dllube
preparations of sotivetor survived heating much botter than
concentreted solutions. |

To sum up, the explanation by Welker & levow (1949)
tiat the recction betwoen sotivetor and coagulsse is Dle
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p The discovery, natuve, properties, and mode of

 sotion of coagulase are deseribed In en introdustory SUPVeye

- e In & nudber of strains of Staph. sureus the caxperlie

mental work described in this thesis demonstrated Liw
existense of variants differing consldersbly in cosgiluse

 production and growth charectors. 4 deseription of their

distinguishing features i3 glvem.

Se Provious work in shich chamically defined medis were
used for investigating the growth requirements end motabole
ism of Staphe sureus is described.

e Exporimentally , the present work shows the laportence

B This work also shows that the vitenins anowrin end

nisotinumlde eause & mried lnoreass in coagulase woduction
when present at & consentretion much preater than is noeded
to snsure f:ll growth of 3Baphe sureus in aninoescid sedia.

Be The formstion of eitrulline from arginine by Stenb.

R N T u-.-‘—,’z,?.’m‘i?!:-:;‘;' (S TR I O T oy A

x s Al R\ Wl Al AAPTIR S S -~ ). o g\ (L \ N,
L S ¥ g 'Y L) ¥ ) . \[ " ] Ak
" g PALS QU ‘ v ’.

gureus hes been demonstrated both in culture and with resting

oells.
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