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ABSTRACT

LACTATE DEAYDROGENASR ACTIVITY AND ISOZYMES IN
CERTAIN STRAINS OF STAPHILOCOCCUS AUBTU3

byAl.lnE. Stockland

Lactate dehydrogenase (LDH) and LDH 1sozymes were
studied in strains 29, 3A, 6, 81, and 42D of Staphylocoecus
aureus ssleoted from five groups in the International-Blalr
series of phage propagating strainse Cells were culSivated
in Brain Hears Infusiomn (Difeo) under miercaerophilic eondi-
Sions and harvested near the end of the log phases Quantita-
tive nmeasurements were carried ocut on whole ocells by oompare
ing the optical densities for dilutions of washed and
unwashed cells, The nitrogem and phosphorus content was
subsequently determined for several dilutions of washed cellse
IDH activity was maximal a$ the end of exponential growth
and was measmured spestrophotometrically by reduction of
para nitro-blue tetrasolium (XBT) using nicotinamide adenine
dimucleotide (NAD) and phenazine methosulfate (FPMS) as
seupling agentse

Crude enzymé extracts were prepared both by an acetons
extraction technique (Vadehra, et ales 1964, Apple Miorobiole
1311010-1013) and by sonlocations LDH activity for these
enzyme preparations from the various strains was determined
as previocusly mentioned and aleo by measuring the rate eof
NAD reduction at 340 mue PFrom bdoth assay methods the followe
ing oxder of activity was observeds 29} 81> 6 >3 42D,



Alan Be Stockland

L0 Asozymes from fifteen strains, representing the
five phage propagating groups of the International-glair
series, were ssparated by acrylamide gel slectrophoresis.
The bands were detected by incubation of the gels in a solue~
tion containing sodiua laoctate (60%), L mlj 0e2 M triseHCL
baffer pi 75, 22 mly KCN (0,06 X), 2 mlj PMS, L m@g; NAD,
5 mgs and X837, ¥ mge Collectively the 15 straine were found
$0 possess & maximun of S Lisozyness The nurnbdber of ieozymes
per strains varied from 2 to &, 1lsozyme 3 appeared in 13 of
the 15 strains and was followed in froqucncy by numbers 2
and 1o
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INTRODUCTION

Kost studies involving the function of enzymes in

W gureug are ooncemed with those which are
produced extracellularly., Extensive work on extrasellular

enzynés of 3 gureug such as coagulase, lipase, and phos-
phatase has overshadowed research concerning the intracele
lular enzymes.

Carrently, lactate dehydrogenase (LUH) appears to commend
auch attention; however, reports in this area ave largely
oconfined to olinical studies on tissues of the hizher snimals,
including man. The conoeps of multiple molecular forus of
enzymes (isozymes) has extended cur understaniing of these
blologically active macromolecules and it is suzgested that
this notion bde applied to the study of dacterial pathogemioity
and olassification,

Latner and Skillen (1961) demonstrated electrophorstis
differsnces in the isozyme patterns of LDH in morual and
dissased tissues of liver, heart, and ssrum among the higher
enimalse If elesSrophoretiec Sechniques for ssparation of
isesynes are extended 80 certain deoterial enzymes and Aif-
ferences in 1sozyme patterns are found among certain strains
of J¢ sureys, & new and patentially valuabdble oriterion for
elassification would become available. Recent work by
Amaraginghem and Uong (1966) has demonstrated two malie
dehydrogenases in Xgcherjohia ¢oli, designated A and B, the
laster deing induced wnder seredis eonditions when terminal
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2
Fespiration 18 the source of emergy and the tricarboxylie
s0id pathway serves in a oycliec manners Kaplan and Clotsi
(1961) demonstrated that malic dehydrogenases 4iffer suong
eortain bacilius species, and they state that individual
ensyne variatiocns may be ussful in phylogenetic and taxonomie
studiess This approsch is supported by the work of Markers
and Paulhabdey (1965) in whieh representatives of )0 speclies
of fish were classified on the basls of whether they possessed
1, 2, 3, or 5 major isozymes of LDH,

Observed variations in isesyme patterns among pathogens
and non-pathogens may alse provide some insight into the
imherens virulemee of these orgasnimuss Ivler (1965) has
shomn that coagulase positive strains of staphyloeoccel have
greater 10T astivity tham new~pathosenie strains snd Kedsia,
ot ale (1966) have noted greater sacoinie dehydrogemase
setivity among the pathogenis strains, 6.8 those associated
mosts often with ssvere sepsis.

We therefore determined LDH astivity aand LDH isoxyme
patterns from srude extrasts of eertaim phage=~propagating
strains of S« surens vith the intention of correlating LDH
Lessyns patterms with phage grouping. We next sought a
esrremponiemce to some ether unique feature that these
strains possessed espeoially those most often comneoted with
fastors contriduting te the organimm's pathogemicity, such
68 e0agulase and pemicillinase productien (Solomon and San
Clemente, 1963)e



HISTORICAL REVIEW
Preliminary Work

Barly studies of bdlologlcal oxidation or dehydrogenation
were performed by Thunderg (1916) on washed musele. His
experinents, smploying a speelally designed Sude for anaerce
blesis, showed that intracellular material from living eells
was eapable of oxidising certaian organic acids im the adbssnce
of oxygen, 6.ge¢ Smosinate to fumarate., This Thunberg tubde
Sechaique dessme the general method for the study ef dehy-
dregenation since 18 permitted anasrediosis under spesifio
esnditions of time, Samperature, and piH.

Quastel and Whetham (1924) extended this procedure te
niercerganimms and demenstrated that a washed and serated
suspension of E. gol] could reduce methylene blue with varied
mbdstrates such as lactates Bach (1935) tested 66 compounds
as hydrogea domors for staphylococsocus and empleyed methyleme
blue as the final hydregen asseptor; among She sudstrates
tested, the most astive were lastate, slucess, amd memnocee.

Both Fleissh and Zzent-Cyorgyl (1924) investigated the
moshanimm of the dehydrogenase reaction and found that
eysnide added e musele Sissue stopped the oxygea uptake bmt
414 meS affect the rate of methyleme blue reductiom. Sinse
there was no stojchiometrie relationship detweem the cysnide
and methylens blue, the &ye did net ast by ocombining cheme
jcally with the oyanides This faot indicated that the dehy-
dyogenase aysten was ssparate from tha$ of the cytochromes

and Sheir oxidases. 3 '



5
Improved Techniques te Asssy lLactate Dehpirogenase

Lactate dehydrogenase (LDH) aotivity may de measmired by
nancmetirio, spectrophotometric, and colorimetric Sechniques
(Nashlas, et ale 1960)¢ Two -pootrophoto-itr:e assays have
been used for LDH preparations, ene which measures the |
appearance of NADH as$ 340 mu during the emsymatic oxidation
of lastate (noilndc. 1955), and snother which measures the
disappearance of NADH as 340 - during the enzymic redustion
of pyruvate (Flagemenn, et al, 19“). ‘The selorimetrie
Seshnique (Naschlas, et al. 1960) depends en the color change
which oecurs during reduction of eertain exidation-reduction
dyes such as the tetrazolium salSss

The employuent of methylene dlue as a tnul hydrogen
asoapior requires amasrobie oonditions becamse 18 is easily
Feoxidized inm aire PFordes and 3evag (1951) firss used
Setrazoliun ochleride as the final hydrogem acseptor $o
zreplace methylens bluse PFollewing this work, ssveral other
derivatives of Setrazolium salts each with differmmt side
groups were tested and found even more saitable. Tetrazolium
salts offered osrtain advantages over methyleme blue, mush
as simplification of precedure, nom-ryeoxidation im ailr, and
sreater smsitivity %0 reductions This inoreassd sensisivity
appeared dependent on certain electromezative greups attached
either te the N-2 phenyl or N-3 phenyl rings (Rachlas, e al.
1960)s Por¥ exsmple, 1ode-phenyl Setrasolimm chloride (INT)
and para nitro~-blue Setrazolium chloeride (NST) were considerably
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BoTe sensitive histochemical indicators of sucoinio dehydre-
snase activity than their unsudstituted analogs.

The efficienscy of hydregem Sransfer during im vitre
dehydrogenase studies has deen investigated, Warbtmrs (1935)
found specific co-fastors (co-enzymes such as nicetinmmide
adenine dinuocleotide, NAD) am indispensable component of the
ddvdmmu systeme Dickens and Mollwain (1933) firss
demonstrated the wvalue of phenazine derivatives as sleetron
earriers in a variety of dehydrogenase systems. Fhenazine
nethomilfate was found to be the most effestive slestren
earrier and 1s curremtly Whe most widely used for these
aystenss

ATonson and Fharmakis (1962) feunt that oyanida enhamoes
the eclor change during reductien of a neotetrazolimm sald.
1% may prevent couwpetition dy the cytochrome oxidass system
mmohma'tncm in the reaction, 27 1% may act
a8 an inSernediate hydrogen acceptor and in tura tramsfer
them $0 the Setrazelism malte

The reports of investigzators vary on the eptiamel pi and
Semperature for a tetrazolium salt $o asoept oiutml during
Sthe eonversion of laotate to pyruvates XNachlas, o8 als (1961)
sSudied the LDI reactioms at 37 C amd pH 7.0, whereas Allen
(1961) employed ryoom Semperature (eas 25 C) and pH 74he This
reastion had 8¢ %o carried eut in the dark sinoe light
deccuposes the phenazine methomlfate.

Comditions for optimal encyme production also vary over
& wide ranges Requirements for mere growth of staphylocooocus
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aFe NO% as stringent as thore for maximal production ef some
mIynsse Collins and laseslles (1962) showed tha$ LDH in
oxtracts from staphylecescus growm as$ pi 7.4 was abous tem
Simes greater in preparations from snasrodically cultivated
oolls ever the asredis ones.

Nethods of Extraoting Crude LI3

Vadehra, o8 als (1965) have employed several metheds
of extrasting intracellular proteasss from decterial sells
sach as scetone-pewier, toluene, smmic Sreataemt, freesing
and thawing, end grimding. Using these metheds %o odsaiam

eell-free extrasts from Bsolllus sabhilie, Pgsudowonss

patrefaciens, and 3Jtreptocoocup dursms they feund that ssale
treatant and grinding yielded mere protein inm the cell-free

extrests than 414 the ether wethed sy hewever, the scetens-
pewler method for all 3 ergmnimms yielded preteases with
the highests spesifie setivity. Om the other hamd their
data indicated that ssmic Sreatuens snd grinding were the
preferred metheds of disintegrating eells for the purposs
of oblaining the maximal sotivisy from intresellulay
PrIOtonse enxynes.

loozyunes

Heny eusymes, suoch as LDH, are Imowm to exist im wulS$iple
wolosular forns, 1.6: a8 "isozymes®s For exsmple, five
Asoxyues of ILDH are found in deef skelesal muscle and
Appella and Markers (1962) have sabjested Shis ensyme $o
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various physiochenical analysiss They treated one Lisozyme
ef orystalline LDH from beel heart with § M guanidine-HC)
or with 12 X urea $0 4issooiate the LDH molecule into four
inactive subtunits of egqual moleoular weights The four sudbe
units of beef LDH appearsd t0 be very similar polypeptides,
as analyzed by K and C Serminal amino and peptide patterms
(“fingerprinting®) after trypsin digestion, but these sud-
units could be separated into two classesc< and (3 en the
basis of chargee Assorting thess two kinds of sadunits inte
all possidle groups of four would mnmiuny yield five |
aifferent molecular ferms of LDH, all distinguished dy charge
differencese

Elestrophoresis, salt fraetiocnatiom, ultracentrifugzation,
eudstrate spesificity, ohromstography, immunochemistry, and
reastion kinetios represent She principal methods of separating
maltiple molecular forus of anxynes (NMarkeys, 1766)., Since
the elsstrophoretic nethod gives good results with a mintmem
of effert, it 18 wmest commonly employeds Plagemann, o8 ale
(1960), for exsmple, observed at least $we ssrclogically and
eleatrophoyetically distinet lastate dehydrogenases present
in rabdit spleosn and serumes They also found that smalogous
2abdit and hunan Sissues have similar but net idemSical LIH
fessyne patternes Appella and Markers (1962) empleyed
elestyophoretic methods $0 detect changes in the IDH isozyne
pattemn of pig hears during developaemt. Xaplan and Clottl
(1961) have been able $0 demomstrate that newborn rat heart
contains an IDR isozyme pattern slightly different from thas
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found in the adult organ and confirmned this difference by
immunological studies.

The phenomenon of electrophoretic separation of isozymes
has proved to be of olinical value since the isozyze pattern
of certain enzymes often are related to cdisturbances of the
metabolic systeme Latner and Sxillen (1961) have shown that
the LDH 1s0zyme pattemn of the five bands from hunan serum
departs from the normal pattern after cardiac infarction and
Jaundices In a later pudblicatien, Latner (1965), postulated
that this electrophoretic proeedure will also provide a
useful tool in differential disgnosis of asute pancreatitis
and oancers Fowler and Pearson (1964) have studied the
diagnostic and prognostie significance of serum enctymes
(®ege LDF) for mussular dystrophy and other neurologie
dissases, In the case of muscular dystrophy, serum enzymes
(eege LDH) have been useds (1) to detect clinically healthy
heterozyzous carriers of the dystrophic genes (2) te discover
preclinical cases of muscular dystrophys and (3) to assist
in sevaluating the natural course of the disease, Hill and
Levi (1954) have reported serum LDH elevations in neoplastioc
disease. Comparing normal adult tissue and malignant tumors,
Latner and Skillen (1961) found a shift to the slower
migrating zones in the LDH isozymes from the diseased tissues.

In other elinical applications, Kelly and Greiff (1961)
have demonstrated variations in LDH activity during growth of
virus in the embryonating chicken eggze The activities of the
fluids fron infected egzs at the 72nd hour, or later, were
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approximately 1?7 times higher tmn those from non-infected
egcse Bagsed on thess data, they developed a qualitative
test to detect infection by influenze virus.

Other applications of isozyme variations have been
studieds Kaplan and Ciotti (1961) have shown that the malie
dehydrogenases in bacoteria display eonsiderable diversificae
tion in thelr activity with certain co=factors as NAD and
NADP, although isozymes of closely related speocies generally
possess quite similar propertiess In contrast, the malic
dehydroganases of the bacillus group as a wvhole had remarke
able differences in thelr activitys These properties mighs
eventually provide valuable insight into phylogenetic and
taxonomic studieses haw (1965) has stated that electrophore~
tie studies on isozymes may have application in genetios and
in the analysis of enzyme relationships, and predioted that
the acoumulating data on electrophoretiec variations will
becoue significant in understanding the moleculay basis for
variation.



MATERIALS ARD METHCDS
Organisms

Pifteen phage propagating strains of Staphylococcus
aureus belonging to the International-Blalr series (Blair
and Carr, 1960) were selected for these studieses Group le-
Pe 8¢ 29,52A/79, 80, 52¢ Group II==Pe¢ Se 3A, 3B, 3C, 5S¢
Group III-=Pe Se 6, 47, 54, 77¢ Group IVe=Pe Se 82De Group
Miscellaneous--r, 3. 81, 83aA/B.

Medium and Cultivation

Stock cultures were grown on Nutrient Agar (Difco)
slants and refrigerated at 4 Co Ceolls for assay and prepara-
Sion of LDH were cultivated in BHI under mioroasrophilie
oeonditions since preliminary studies had shown cells grown
under reduced oxyzen tension had significantly greaser LDH
activitye This observation is supported by Collins and
Lascelles (1962) who found greater LDH activity in staphylocoocci
grown enasrobdically. Miorocaerophilio conditions were odtained
by filling Ehrlermeyer flasks with the medium to the neck and
closing 18 with a plastiec stoppers These conditions would
exist during the lag rhasse and exponential growthj hewsever,
an snaerobic state could be asmmed when the statSionary phase

is reached,
Quantitative Measureaents of Cell Porulations

Strains 6 and 3A were ocultivated in Brain Heart Infusion
10
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(BiI) under microaerophilis conditions at 37 C and samples
were rezoved a% intervals of one hours The optical density
of each sample was measured in 13 x 100 mm tubes upon removal
and the viadble cell numbdber determined by the plate count
method, For a second quantitative measureaent, 500 ml
volune of cells were cultivated under microaercophilic condie
tions and removed at 8 hours by centrifuzation at 10,000 x G
for 15 minuteses The cells were washed 4 times and resaspended
in distilled waters Optical density and viable eell numdber
were correlated by making plate eounts of appropriate cell
dilutions,.

The nitrogen and phosphorus sontent of strains 6 and JA
wore analyzed acoording to the methods miggested by Umbreis
(1957)e These were modifications of the misrokjeldahl and
nesslerization techniques for nitrogen, and the Flske-
Subbarow method for total phosphoruse

Determination of Growth Phase Showing Maximal LDH AcSivity

Culsures of 3. gureus in five hundred ml of BHI were
incudated at 37 C under miocrcaerophilic conditionss Samples
were resoved at irrezular intervals during a 32 hour perioed
and refrigerated. AS a oconvenient time after this peried,
all samples wers adjusted to an optical demsity of 0,222 at
620 mu with fresh Bils One-aml portioms of each adjusted
ssmple were incudbated 30 minutes at 37 C with 3 ml of an I3
reaction nixture prepared according to the method of Allen
(1961)e The final ooncentrations of reactants in this LDH
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preparation weres 0,025 M tris (hydroxymethyl) sminomethane
buffer pH 7443 0ed M lactic mocids 0,001 M niocotinanide adenine
dinuecleotide (NAD)$ Oe5 mz/ml nitro-blue tetrazolium (NBT)j
0,005 M potassium cyanidej and 0,02 mg/ml phenazine methosulfate
(PM3)e Although NAD was inoluded in this ILDJ reaction mixture,
its omission may be Justified for this experiment since whole
oells wers employede After inocubation, 3 nl of chloroform
were added to each sample and the contents mixed thorouzhly.
The sanples were allowed to stand at room temperature 10
minutes, agitated once more, and after ssparation of the two
layers, the top aquecus layer was transferred to 50-ml plastie
eenSrifuze tubes by a Pasteur pipettes This portion was them
eentrifuzed at 20,000 x G in a Sorvall angle centrifuge (model
S83-1) for 10 minutes to remove the insoluble debrise After
oentrifugation, the supernatant fluid was transferred to test
tubes and 3 ul of water added to emch before messuring absorb-
eney as 629 mu in 13 x 100 ma speoctrophotometer tubes. A
blank was prepared in a similar mamer excep$ thas 1 ml of
fresh BII replaced 1 ml of cell suspension.

Preparation of Crude LIH

Both the aoetone dry powler procedure of Vadehra, et al,.
(1965) and sonlec disintegration (M33Z 100 watt Ultrasonio
Disintegrator) were employed to odbtain an LDH preparationes
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Acetons rowler

For the acetone extraction technique, S. aareus (strain
6) was ocultivated in 1 liter of DIl at 37 C under miocro=
asrophilis conditions for 10 hours, after which the cells
were rsmovald by centrifugation at 10,000 x @ for 15 minutes
in a Sorvall (model RC-2) refrigerated centrifuges The cells
were then washaed & times with 40-ml portionsa of distilled
water and rosuspended in 10-ml of cold distilled water,
This saspension was added dropwise to a 500-ml Ehxlenmeyer
flaak containing 200 nl of cold acetone (~20 C)e As the
cslls wera added, the mixture was swirled continuously on a
magnetloc stirring arparatuse The treated cell suspension was
next filtered through a Buchner funnel using Noe 1 Whatman
filter papar and the cellular mnass removed to a dessioator
at 4 C for at least 24 hourss The resulting powder was then
ground in a mortar using glass beads (125«177 u)e Two ml
oold 0,05 ¥ tris-HCl buffer (pH 7.5) were added and the
viecous suspension stirred thoroughly at 15 minute intervals
for one houre The debris was removed by centrifugation at
30,000 x G for 40 minutes at & Co The supermatant fluid
containing the erude LD extract was stored at 4 C for future

2enieation

Cells were prepared for sonication by cultivating a
1iter of S. aureus in Bil for eight hourss The cells were
eentrifuged at 10,000 x G for 15 minutes, washed four times



14
with 40 nl portions of distilled water and resuspended in
two ml 0,05 M tris-HCl buffer (pH 7e5)¢ The tube containing
this suspension was inmersed in an ice-salt uixture and the
cells subjected to sonioc disintegration (i.ee. 30 seconds
smioation was altexnated with 30 seoconds of eooling for a
total period of 20 wmin)e The sonic disintegration wmetnod
required 10 miuutes at 7-9 miocrons to obtain 80 to 904 disrupe
tion of the cellse The debris was finally removed by
centrifugation at 20,000 x G for 30 minutes and the supernatant
fluld stored at & C for future LTH assayse

Assay Methods Employed for the LDH Extract Preparation

NAD Reduction

The first procedure employed for agsaying LDH activity
was a slightly modified method of Nielands deseribed in
Hethods in Enzymolozy (Colowick and Kaplan, 1955)e The rate
of NAD reduction was measured in 3-ml cuvettes at 30 C and
340 mn An a Beckman LU spectrophotometer (model 2400)e Each
test was carried ocut es followss to the cuvette there wae
adided 1¢87 ml trie-HCl buffer (0.05 M, PH 7e5), 0021 ml KCN
(006 iy, PH 705)9 0elS ml NAD (002 M), and 0,02 ml enzyume
preparation (2 mg protein/ml)e The mixture was allowed to
equilibrate before adding 0075 ml lactate (0¢5 M dl, Na form)e.
The optical density vas neasured at 30 second intervals for
3 minutes.
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I'"T Feduction

L]

The gecondé procecure for reesurirg activity derendel
upon the coler foreration of en oxidatiom-recuction dye,
rara nitro-blue tetrezcliuvme To & cuvette there was asdded
Ce20 ml of the IIT preperaticn (l.25 s protein per ml) and
2 ml of t4e LIH resoticn mirxture (held £t 27 C)s The contents
vere mived re;idly by édraving snd expelling the totel mirxture
3 timess The cpticel ¢density at 625 wn was immediately set
to 0 end weasured et 60 mecond intervels in the Beckman DU
epectrorhoteneter o determine the rate for the reduction of

the rara ritro-blue tetrszolium.
Caloulation of LDH Activation Energy

The sctivation enercy (E‘) vas determined by the FaD
reduction nethod (;reviously descrited) vhich was carried
cut at 20, 25, 30, 35, 40, 4S5, and 50 Cs The reciprocal of
absolute temrersture was plotted egeinst Lne LDH activity
end T was celeulated from the slope of the line.

Separation of the IDH Isorymes by Acrylamide
Gel Electrorhoresis

The electrophoretic method used was that described by
Davis (1964)s To each gel there was added 0,02 ml of 12,5 mng
protein/ml of the LDH preparatione After polymerization of
the gels, electrophoresis was carried out at § C to minimize
possible denaturation of the enzyme by ohmie heating and a
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a current of 4 ma was used per tube. When the tracer dye
1 mnl 0,001% (brom phenol blue) was within 5 wn of the bostom
of the tudbe (ca. 1 hour), the current was turned off and the
gels were placed in ice-cold water until they could be removed
conveniently from the tubess The gels were then immersed in
the LD reaction mixture (Allen, 1964) and incudbated at room
tenperature in the dark for 30 minutes. After development
of the bands, the gels were removed and placed in 73X acetio
asid to prevent further diffusion of the bandas.

Densitometer Studies

The LDH patterms of the 15 strains were analyzed by a
mnicrodensgitometer (Canalco, model F) equipped with a record-
ing charte 'J.ﬁo meter was set to full scale with an optical
density ranze of 2 The gain was set to § and a chart speed
of 3 inches per minute was employed for the recoxrder.



EISULTS

Quantitative Measurements for Two Strains of S. aureus

Cell Enumeration dy the Plate Count Technique
A linear relationship between cell population and

optical density of 2 different strains of 3. aureus is
reported in Figures 1 and 2, In Fige 1 measurements were
made on whole cultures, and in Pigure 2 the results for
washed cells that were resuspended in distilled water are
showne Optical density increments of 0,1 were obtained with
1.23 x 103 washea cella/nl whereas 0,69 x 10° unwashed cells
were required to also give 0.1 optical density inorements,
In both cases the measurenents reflected the degree of cell

dispersion which was almos$ twice as much in the case of the
washed cells.

(+) el tro and Cel ospho

Cell nitrogen and phosphorus (PFigures 3 and k) were
compared to cell density using washed preparations of strains
6 and 3A. In both cases a linear relationship was odserved
although the lines did not pass through the origin. Errors
usually inheren$ within population measurements may acoount
for this slight displacements The nitrogen content was
594 x lo'n ng/cell whereas the phosphorus yield was
1009 x 10! ng/eenrs

17
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Figure 1. Comparison of colony count per ml of

Staphylococcus aureus (cultures of strains
6 and 3A in Brain Heart Infusion) and
optical density measured at 620 mu.
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Figure 2, Comparison of colony count per ml of
Staphylococcus aureus (strains 6 and 3A)
and optical density measured at 620 mu
of cells harvested from Brain Heart
Infusion and resuspended in distilled
water after washing four times.
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Pigure 3.

Comparison of colony count of
Staphylococcus aureus (strains 6 and 3A)
and milligrams of cell nitrogen. The
washed cells were digested 1n pyrex tubes
with 5N sulfuric acid (containing 150 mg
of copper selenite per liter) at 180 C for
12 hours and the amount of nitrogen then
determined by nesslerization.
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Figure 4.

Comparison of colony count of Staphylococcus
aurues (strains 6 and 3A) and milligrams of
cell phosphorus. The washed cells were
digested in pyrex tubes contalning 10N
sulfuric acid at 150 C for 1 hour and the
amount of cell phosphorus determined by the
Flske-Subbarow method.
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Absorbancy Spectrum for Para Nitro-Blue Tetrazolium (NBT)

The absorption spectrum of reduced NBT was measured
(Pige 5) using oxidized NBT as the blankes Absorbancy was
mneasured spectrophotometrically (Bausch and Lomb, model
Speotronic 20) between 375 mu and 725 mu at intervals of
25 mue HMaximal absorption occcurred in the region of 625 mu.

Correlation of Growth of S. aureus and LDH Aotivity

ICH activity was measured in standardized samples (Pige
6) taken at irregular intervals from a non-shake culture
(strain 6) during growthe The highest LDH activity per fixed
nunder of cells (adjusted to optical density 0,222) was
ebserved to reach a maximum near the end of the exponential
phase, 1.8¢ at 7 hours or at an optical density of 0,75 for
the original eulturee.

Assay of LDH Activity for Five Strains of S. sureus

Method Is ¥aD Beduction
In the first method LDH activity of 5 strains of S. aureus

(Tables 2 and 3) was measured using the NAD reduction proce-
durees IDH preparations from both sonicated cells and from
the acetone dry powder method were shown to have the following
order of LDH activity based on units activity per cells 29>
81> 6 > 3a> uzn,

Method IIs FEeduotion of NBy
The second technique used to compare ILDH activity

(Fige 7) employed only the extracts from sonicated cells.
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Figure 5. The absorption spectrum of the indicator dye,

para nitro-blue tetrazolium.
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Comparison of lactate dehydrogenase activity
(using cell-free extracts prepared by sonica-
tion) of five strains of Staphylococcus
aureus by measuring the rate of reduction

of para nitro-blue tetrazolium.

Flgure 7.
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The rate of reduction of NBT was measured with a Beckman U
speotrophotometer (Model 2400)¢ The strains tested gave the
sane order of IDH activity as that odserved in the RAD
reduction method,.

Deternination of Activation Energy

jotivation Energy and the Optimal Tenperature for IDH Activity

Two LDH preparations from sonicated cells of strains 6

and 81 were compared for LU activity at temperatures ranging
from 20 C to 50 C (Fige 8)¢ The optimal temperature for LDH
activity occurred at 45 C for both strains.

The Arrhenius plot (Fige 3) to determine activation
energy shows a discontinuity of the slope above 45 Ce This
is apparently dues to enzyme denaturatione Using the equation
slope = 2:;3 the activation energy (2,) was caloulated to be
3.260 Kecale

Comparieon of the LDH Isoryme Fattern Anong Fifteen
Strains of 3. sureus

The 1sozyme pattern for 15 phage propagating strains of
8« aureus representing groups I, II, III, IV, and Misce of
the Intermational-Blair series (Blair and Carr, 1960) were
comparedes The number of isozZymes obtained for each strain
was as followss two for strains 29, 52, 52A/B, 3A, 3C, 55,
and 83A/B} three for strains 80, 3B, 6, 47, 77, and 42D;
and four bands for strains 31 and 54, Densitometer tracings
for these strains are shown in Pigures 9, 10, 11, and 12,
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using strains 81 and 6 of Staphylococcus aureuse.
The rates were measured by NAD reductlion at

340 mu, using a temperature range from 20 C to
50 Ce.
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Figure 8. Arrhenius plot for lactate dehydrogenase activity
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The bands were designated according to the ratio of their
relative migrations to the tracer dye, brom phenol blues
This ratio is analogous to the BRf value used in peper
chromatographyes The overall range of ratios was 50 to 80
and isozymes were arbitrarily divided into 5 components, each
differing by an increment of .06 and designated as followss
050 O ¢56-=180Zyme 53 56 t0 s62==igozyme b} 462 0 ¢63==
190Zyme 2} ¢63 to ¢7U==is0zZyme 2] +74 t0 +80-=isozyme 1l.

The vertical distance of the densitometer tracings from
the recording chart was reduced by § and the horizontal
length was left unalterede Zero on the abscissa represents
the position of the slowest moving band of that partiocular
samplee

Pigure 9 represents densitometer tracinggof LDH isozymes
for group I of the Intermational-Blair series, Strains 29 and
80 both have isozymes 1 and 2, whereas isozyme 3 was noted
in both 80 and 52A/79¢ Isozyue 4 was observed in both 52 and
52A/793 however, strain 52 was shown also to possess isozyme S,

Figure 10 represents densitometer tracings of LDH
iesozynes from group IIs All 4 strains have 1sozymes 2 and
3. vheresas only 3B possesses isozyme l.

Figure 1l represents densitometer tracings for group IIl.
Strains 6, 54, and possibly 77 have isozymes 1 and 4, whereas
all 4 strains have an isozyme ) in commone Only strain 54 and

47 possess an isozyame 5.
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Figure 9. Densitometer scannings of LDH isozymes of

Staphylococcus aureus (Group I of the
International-Blair series) after separation

by acrylamide gel electrophoresis and
detection by NBT.
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Pigure 10. Densitometer scannings of ILDH isozymes of
Staphylococcus aureus (Group II of the
International-Blair series) after separation
by acrylamide gel electrophoresis and detection
by NBT.
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Flgure ll. Densitometer scannings of LDH isozymes of

Staphylococcus aureus (Group III of the
International-Blair series) after separation

by acrylamide gel electrophoresis and detection
by NBT.
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Pigure 12 repreasents densitometer tracings for group IV
and the Miscellaneous groups Strain 42D is the only
representative of group IV and it has isozymes 2, 3, and 5.
Straina 83A/B and 81, representing the Hiscellaneous group,
both possegs isozymes 3 and &, whereas 81 also has isozymes
1 and 2,

Table 3 represents a oomposite of LDH isozymes for all
15 strains. Isozyme 3 was most often encountered among the
straina teated, followed in decreasing frequency by isozymes
2, 1, &, and 5,
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Figure 12. Densitometer scannings of LDH 1sozymes of

Staphylococcus aureus (Group IV and Misc.

of the International-Blair series) after
separation by acrylamide gel electrophoresis
and detection by NBT.
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Table 3, Comparison of the number of II'd isozymes from
cell-free extracts (prepared by sonication) of
15 straing of Staphylococcus cureas after
sorylamide gel electrophoresis and densitometer

scannings.

Strain ghr:g; Y ” ) § a;zyme " z
29 ) ¢ + +
52 I + +
52A/79 I + +
83a/B Misce + +
JA 11 + +
3C II + +
35 11 + +
38 11 + + +
80 I + + *
77 111 + + +

6 11X + + +
b7 ~ 111 + + +
A2p v + +
81 Misce + + + +
Sk 111 + + + +
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our preliminary studies concerning LUi in S. auyreus have
indicated that the production of this enzyme is enhanced by
csultivating the staphylococol under microaerophilic condi-
Sionse This finding 1s supported by Collins and Lascelles
(1962) who found that suspensions of anaerobically cultivated
3« sureus in nutrient broth gave approximately 10 times the
IDA activity as d1d aerodbically grown cellss Certain media
also appear to favor production of some 6NzZymes; GeZe, WO
found greater LDH aotivity in preparations cultivated in BHI
over those grown in trypticase soy brothe

Viable colony counts and optical density were compared
using washed and unwashed cells. The apparent cell count
for washed cells was almost twice as high as that for unwashed
eells at equivalent optiocal densities, thus indicating a
higher degree of oclump dispersion in the former case.
Staphylococcal unoclumped saspensions are especially difficuls
to prepare (Hinds and Peterson, 1963) because of their mucous
nature and Elek (1959) states that 3, aureus grown in a
synthetic anino-acid medium produces large quantities of
maooid materiale We cultivated staphylocooci in a medium
(BHI) eontaining & high amount of protein material and a
large quantity of mucoid material was produced, FLeduced oxygen
tension may also increase the mucoid by-produotse Russell
(1950) states that Af the degree of aeration is reduced,
microorganians will begin to excrete a variety of energy-rich

7
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compounds instead of the fully-oxidized carbon dioxide. The
excreted products of respiration by heterotrophic organisms
growing under limiting oconditions consists of two distinct
types of compoundss ocomplex carbohydrate gums typically
produced by many groups of bacteria under aerobiec conditions,
and a variety of simple soluble compound such as certain
aliphatic acids, aldehydes, ketones, alcohols, and simple
dibesio and hydroxy=-acidse

Hinds end Feterson (1963) found that the addition of
0¢5% Tween 30 greatly enhanced the disperaion of staphylocoocal
oells and enabled them to obtain reproducible viable counts,
Washing with distilled water also enhanced dispersion of
the cells by removing much of this mucoid material.

Linear relationships of both nitrogen and phosphorus to
oell numnber were observedj however, in doth instances the
1ine 414 not pass through the origin. FErrors usially inherent
in population measurements (e.ge dead cells) may account for
this displacement. The nitrogen oontent was calculated to
be 594 x 1011 mng per oell whereas the phosphorus yield was
1,09 x 10-11 mg per celle BRBennett and Williams (1957) calcula-
ted nitrogen and phosphorus values for }icrococcus pyogenes
vare aureus cultivated on beef extract agar (eolid mediun)
and obtailned 0650 x 10-13 mg nitrogen per cell and 020 x 10~11
mg phosphorus per cells The differences fyom our values may
be due in part to the growth mediua and methods ewployed for
these studiese Seocondly, the time of harvesting the cells
may partially acocount for these variations since certain
organic materials containing phosphorus or nitrogen may
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accunulate over a longer cultivation time.

Since little information was available on bacterial LDH,
18 was necessary $0 ajdapt and modify certain procedures used
in histochemical studies (Wieme, o% ale 1962)¢ Tetrazolium
salts are commonly used in the clinical studies of LDH
isozymes (Latner and Skillen, 1961) because of their high
sensitivity to reduction and thelir resistance to reoxidation.
There are currently avallable numerous indicator dyes to
detect rsduoing enzymes, but NBT and 2-p-icdophenyl-3-pe
nitrophenyl=5-phenyl tetrazolium chloride (INT) appear to bDe
the most censitive tetrazolium indlcators (Nachlas, €% al,
1960) because of certain elestronesative groups on the N-2
or N-=3 phenyl ringse Of ten indicator dyes tested by us, NBT
and INT gave the strongest response to staphylococcal IIlHe
Since NBT was routinely used by us under modified conditions
from those found in the literature, 1% was necessary to rn
an adsorbancy spectrum for this tetrazolium salte Maximal
absormncy for the purple formazan produced from NBT upom
reduction was observed in the region of 625 mu.

Maximal LDH activity by 3. aureus osccurred at the emd
of exponential growthe This was 7 hours (optical density
0+75) for strain 6 oultivated in EHI as a non-shake culture
and using a 10f inoculums Hershey and Bronfenbrenner (1933)
have shown that the maximal rate of oxygen uptake per cell
for Ee ¢0ll occurs at the beginning of expomential growthe
Since our organisns were grown under microaerophilis csonditions,
inoreasing II'7 activity may be expected to ocour during the
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decline in oxygen tension by the end of the log phases The
apparent decrease in LDH activity per cell during the stationary
rphase would also be expected since there is an inoreasing nume
ber of dying cells in the meiium at this phases Also I
which had leaked into the medium during sutolysis of old cells
would have been digproportionately diluted during the preparae
tion of the sonmpless

Aelysia of cell free extracis required ¢ =suitadle method !
of disrupting the cells to releass the intraocelluler LIHS$
hovever, this rresented the problem of possible denaturetion _
of the enzyreas Valehra, et ale (1965) reported that of several ’ |
cell disrurting methods sn acetone extrastion technique gave
the least dernaturation of intracellular bacterial protecses
even though less total protein was recovereds Although the
acetone extraction procedurs gave us satlsfactory results, we
found higher gpecific 1LDT activity and less arparent denstura-
tion using a sonication procedure.

The Cetermination of NAD reducticn rstes for sonicated
end acetone powder preparations clearly demonstrated the high
activity of gtrains 81, 6, and 29 as ecorpared to strains 3A
and 427 The same relative order of IDH ectivity for these
gtrains vacs confirmed by the R2T colorimetric method. Yelzia,
ot al, (126() has stated that strains isolated from patients
with stephylocoecal infections denonatrated higher cctivity
of certain enzynes (e.se suceinic éshydrogenase) than strains
fsolatcd from healthy cerrierss Ivler (19653) has found that
the cnzyne levels of IIH in coarulece positive astrains were

conslderatly higher than in cocgpulase negative strains end
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Baird-rarker (1965) reported that strain 8) and 80 are
frequently associated with severe sepsis in hospitals and
that strain 6 is often implicated in food poisoning cases.
Coagulass and ponlenungn production contribute to the
pathogenicity of the staphylococci and strains 29, 81, and
6 are extremely high producers of either or both of these
two enzymes .( Solomon and San Clemente, 1963)s Lur data on
ILDH for strain 6 indicate that the maximal LDH activity is -
attained precisely at the end of log growthj therefore, in
order to oocupare maximal activity of each strain, measurements
were uniformly made from samples colleoted as the end of log
phase for each strain.

- The optimal teaperature for LDH aoctivity of cell-free
extraocts (strains 6 and 8l1) was 45 C and the activation
energy calculated fyom an Arrhenius plot was 3.260 Koale
The plot showed a disscontinuity of the slope at 45 C thus
indiocating denaturation of the enzyme adbove this temperature.
Sizer’s work (1943) has shown the activation energy of E. goli
IDH as 19,400 Kcale and the inastivation temperature as 45 C,
There are several possible reasons for this six-fold difference
in astivation energiles of bacterial LDHe Sizer (1943) employed
washed whole cells of R« goli and added no additional sofactors
to decrease the activation energys Instead we used cell-free
extracts of 3. sureus and added co~faotors PM3 and NADe Since
whole cells will not allow immediate interaction of the
intracellular IDH with the substrate, the rate of enzyme
aotivity naoy also, in part, be a measure of cell wall and
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menbrane permeabilitye Another possibility for the discrep-
ancy in activation energies is in the method of its meamure-
nents Whereas we measured the rate of NAD reduction, Sizer
measured the time required for 755 reduction of methylense
blues

Good resolution of most LUH 1sozymes was obtained by
using 0.25 to 1,0 mg protein per sample gele Resolution was
impaired if more than 1 mg of protein was used per samplee
On the other hand some bands would be missed if the amount of
protein was less than 0,25 mg per sample. Better reszolution
could de assumed with purification. An occasional band may
appear in the control samples This phenomenon may be due
to endogenous activity and appears to be sliminated by inocuba-
ting the acrylamide gels no longer than 30 minutes.

We attempted unsuccessfully to correlate IDH activity
with LDH fesozyme patternsi however, there did appear to de
& possidble correlation between IDH 1sozymes in eertain strainas
with unusually high coagulase and peniocillinase produotion.
For example, in Group I of the International-Blair series,
only strain 80 had more than two ITH feozymese This strain
was the highest scoagulase and penicillinase producer of this
groupe Strains 54 and possibly 77 are the only representatives
tested in Group III that have more than 3 ITH isozynes, These
two strains are very high penicillinase producers, and in
addition strain 54 is also highly coagulase active, In Group
¥iscellaneous only strain 81 had more than two LDH fsozymes.
This strain is only a faly coagulase produceri however,

1
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renicillinase ectivity is extremely high.
Isozyne 3 appeared most frequently (274 of the strains

tested) and mey pocsibly represent a common LTUH 1sczyme for

the genus; however, mors strains, inocluding coagulase negative

strains, will have to be examined t2 support this conclusione
Seven of the fiftesn strains possessed 2 [I'H isozymes, eix
had 3 LD 1sozymes, and only two strains (54 end 81) had 4
isozymese None of the strains tested possessed all § LDi
isozymes. Although there appeared to be no definite correla-
tion of LI 1sozyme patterns and the phage grouping among
the few strains gtudied there clearly are differences in ii'{
activity an? L1 1sozyme pattems among the phage propagating
strains of 3. aureuss The distribution and amount of the
inozyme may well form the basis for a new oclassification of
the staphylococoij however, a much dbroader analysis is
mandatory to support this propositione This objective ococuld
be accomrlisied by the followings (1) the analysis of a
greater nunber of strainsjy (2) the testing of cell-free
extracts from various phases of growthj (3) the use of
several different media and the effect of certain growth
inhibitors uron on LI ieozymes patternsg end (%) the testing
of possidble alditive effects of LUH isuozymes by mixing

preparations from two or more straina,
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Selected strains of S. aureus representing the 5 groups
of the International-Blair series were used for studies of
lactate dehydrogenase (LDH)e Cells employed for assays
were cultivated in Bl at 37 Ce

Naximal IT'H activity for whole cells appeared near the
end of exponential growthe This peak (O«De 0.75) was reached
et 7 hours for strain 6 using a 104 inoculume

Cell free extracts were prepared by an acetone powder
method (Valehra, et ale 1965) and by sonicatione The sonica-
tion technique gave higher specifiec activity and less appar-
ent denaturation of the LUH enzyme.

ILPH activity was determined by measuring the rate of
NAD reduction (Neilands, 1955) and NBT reduction (Allen,
1961)e In both assays, the relative order of LDH activity
for 5 strains of Se surens wasg 29> 81> 6 > 3A > 42D,

The optimal temperature for IUH activity in crude ecslle
free extracts was 45 C and the activation energy, calculated
from an Arrhenius plot, was 3.260 XKoale

The LIH isozyme patterns for 15 strains of 3. eureus
were determined by acrylamide gel electrophoresis (Davis,
1964) and band development by NBT (Allen, 1961)e FPive
isozymes were arbitrarily designated according to their
relative migrations to the tracer dye, brom phenol dlue.

The slowest band was designated isozyms 5 and the fastest,
isozyme ls Isozyme 1 was found in 7 strains, isozyme 2
b




bs
Ain 7 strains, isozyme 3 in 13 strains, isozyme &4 in 7
strains, and isczyume § 1nlt streinse Most streins had 2 or
3 isozymaes; however, none of these strains was found to heve
all 5 isouymese Izozyme 3 yhlch appearcé in 074 of these
strains nay possibly constitute a comacn LT 1sozyme for the

gonuse
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