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Hermonally-induced Permeability Changes In
Stavhylococeus aursus

. Thonas J. Fitzgerald
Loyola University, Maywood, Illinois
Adviscor: W. W. Yotis, Ph. D.

Certain specific gonadal steroids selectively reduce the growth and viru-

lence of Staphylococcus aureus. Thils work was undertaken to investigate this

hormonal mechanism of action at the molecular level.
Under anaercbic conditions, when various hormones, such as progesterone,
- testostercne, mestranol, or norethindrone, at the pharmacological concentra-

tions of 20 to 40 mcg/ml, were added to Staphvlococcus aureus that had. been

nreviously exposed to I“C—glucose, the rates of leakage of radiocactivity from
homone-treated cultures were 10% to 60% greater than the rates of leakage
from the control cultures. Similarly, the cellulér relesse gf protein was 107
to 50% greater in the presence of progesterone; Penicillin enhanced the
steroidal effects of increased cellular leakagé.

The uptake of labeled substrates, such as glucose, alanine, lysine, or
glutamic acid, was altered 10% to 90% by prior treatment with progestercne,
testosterons, or estradiol at 40 meg/ml, or disthylstilbestrol at 20 meg/ml.
The inhibition of entry of labeled alanine was\markedly influenced by meta-
bolic activity, anaerobiosis, temperature, pH.;ce}luconcentration, and hormone
concentration. Substrate uptake by granm negatiVGQOrganisms, whose growth is
not inhibited by the sferoids, was also unaffecteé by the steroids.

14

Fractionat?on of staphylococcl after exposgre;to ten ~ 'C-labeled sub-

:
1 i
strates in the presence and absence of hormcnes, revealed widespread altera-
tions in the entrance of the labels into lipids, proteins, nucleic acids,
! [

teichoic acids, and cell wall mucopeptides. No direct relationship of steroid

action to macromolecular synthesis emerged. With some substrates, entry into




the cellular fractions was inhibited, while with others, either sﬁimulatory
or intermediate effects were detected. Progesterone at 40 mcg/ml, however,
altered the entry of eight of the compounds into their respective cellular
pcols. The hormone inhibitéd entry 11% to 174 for seven of thése eight sub-
strates. For short term incorporaticn, using 1bc-alanine. progesterone
initially reduced ent?ance into the cellular pools 15% within 10 seconds. At
this time, no hormonal'interventiOn was apparent in the incorporation into the
other cellular fractioﬁs. After 15 minutes, however, the steroid reduced the
entrance of the luc-label into the other fractions by 15% to 50%.

Synergistic activity was observed when sub-inhibitory concentrations of
penicillin were utilized with sub-inhibitory concentrations of progesterone,
testosterone, norethiﬂdrone and mestranol, or diethylstilbestrol, to inhibit
the entry of luc-alanine into ca;lwwallymggoPeptides. A progssterone concen-
tration above 15 meg/ml was recuired to reducé eﬁtrance of the labeled alanine
into ths ﬁucopeptide fraction. If sub-inhibiaorj concentrations of penicillih
were added, progesterone concentrations as low as 5 meg/ml significantly
reduced entry of the iabel into this‘fraction:

When>1@C—pr0gesterone was added, either to whole cells or to prepara-
tions of mucopeptidés from the identical quantity of whole cells, the latter

oreparation contained three times as much radioaqtivity as the former.
; | y‘“
The following hyoothesis is presented to éxplain the mechanism of action

of the gonadal hormones for the previously reoorted inhibition of growth of

S. aursus. % ooosed that the SterOldS, in o1ndlﬂg to the cell wall-
i | i

call mombranntcOmolox, influence bacterial trangnort mechanisms, producing

alterations in the rates of entry of essentlalhnutrients. This in turn, red=-

uces the growth of the staphylococci.
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I. INIHCDUCTION AND
REV1EW OF LILTERALURE
The gonadal hormones not only exert diverse regulatory
activities on the metabolism of mamrmalian cells, but also have
been implicated in the development of mycotic, parasitic, and
bacterial infections. Numerous reports have estéblished the in-
teraction of microorganisms and steroids in an altered host re-
sponse, which, in turn, may produce increased or decreased sus-

ceptibility to infection.

zuch has been reported concerning normonal effects on fungi,
mblds, and yeasts., BReiss (49) in 1947 did piloneering research
on the effects of various steroids on the growth of fungl. ke
reported inhibitory action of methyl testoéferone and X-estra-
diol. Casas-Campillo et al. (7) likewise reported the fungi-
static activity of hormones, especially 21, 2l-dinmethoxyproges-

terone on Curvularia lunata and :richophyton rentagrophytes. In

additibn, this steroid inhibited the growth of a variety of other
fungi, mycobacteria, and nocardia. rankowski (29) extended his
findings to in vivo effects of hormones. Le showed that testos-
terone exerted a slight protective effect on animals experiment-
ally infected with aspergilli. In sharp contrast, estradiol

shortened the survival tire of infected animals,




raxwell et al, (41) found that androstenedione almost

completely retarded the growth of Saccharomyces fragills in nu-

trient broth. They also isolated several nmutants that were
highly resistant to the hormone actlon. In similar work, Lester
et al. (37 and 38) reported significant growth reduction of

gerrinating conidia of Heurospora crassa by androstenedlone and

testosterone., Townsley et al. (60) also worked with Heuro-

spora crassa and found that deoxycorticosterone decreased both

the endogenous respiration and the uptake of glucose, They hy-~
pothesized that the hormone uncoupled oxidative phosphorylation,

thereby interferring with energy ylelding processes,

Chattaway's (8) epidemiological studies provided evidence
. for énhancement of dermatophytlic infections by gonadal hormones,

gspeclally in iFicrosporium diseases at puberty. He postulated

a direct steroidal effect on the in vivo growth of the specific

derratophytes.

A numter of reports describe the action of hormones on
various aniral systems in combating experimentally-induced in-
fections. Kass and Finland (32) found that adrenocorticétro-
phic hormone depressed resistance to infection by inhibiting
inflamation, producing a negative nitrogen balance, lowering
antibody production, and altering the function of the retiéulo-

endothelial system. 'he hormone diminished the effectiveness




of large macrophages in disposal of their ingested organisms,
icDermott (42) emphasized the protective role of steroids in

dorrant or inapparent infections in animals,

Kutzsche (36) documented the action of several steroids on

mlice experimentally infected with Salmonella typhimurium, Sal-

nonella typi, and Diplocoécus pneunoniae, iie suggested that

the protective action of hormones resulted from diminishing tis-
sue sensitivity to microbial endotoxins, rather than a direct
detoxification of the endotoxins. In related experiments,

Von Haan and Rosenfield (62) studied the action of various gon-
adal hormones on pnemococcal infections in mice., A single in-
traperitoneal injection of testosterone‘prqpionate significantly
lowered the mortality of diseased animals. When rale and fe-
male groups were compared, testosterone provided better protec-

tion against the pneumococci in the male group.

Tokuda (59) used rabbits instead of nice and descrited the
effects of sex hormones on staphylococcal ocular infections.,
“he viable count of bacteria isolated from the agueous humor
was statistically lower in the sterold-treated groups. Ghione
(20) foundAthat L. chlorotestosterone inhibvited nurine staphy-
lococcal infections, but did not affect the in vitro growth of
the organisms 1n troth. <ihe author's analysis 1lllustrated two

interesting concepts. First, the bacteriostasis produced by




ﬂ-chlorotestosterone would not have teen detected 1f only 1in
vitro assay procedures were employed. Secondly, the hormones
rmay act elther indirectly against the bacteria by stimulating
host-defense mechanisms of the mice, or directly against the

organisms after an in vivo transformation to an active antibac-

terial substancé.

Other reports detail the ln vitro action of hormones on
specific tacteria. Osborne and Eourdeau (45) investigated the

effects of various steroids on the growth of Vikrio fetus. If

progesterone or testosterone were added to the culture medium,
stimulation of Vibrio growth was detected. Varricchio et al,
(61) tested tre antibacterial activity of related azasteroids

on racillus subtilis and Sarcina lutea. ‘he amount of growth

inhibition was proportienal to cell and sterold concentration.
In addition, only the active azasteroids were bound to the or-
ganisms and this binding apreared to occur at the cell membrane
level. Similarly, Smith et al. (55) related the bacterio-
cidal action of various synthetic steroids to the surfactant
properties of the hormnones at the membrane level, Smith and
Shay (53) investigated the antimicrobial properties of steroids

on protoplasts of Stavhylococcus aureus and suggested a direct

hormonal action on the cell membrane,

If the sterolds act at the cell nrerbrane level it would




help to explain the differences in hormonal susceptibllity of
gram positive and gram negative organisms,whic¢h possess entirely
different cell wall structures surrounding the membranes,

Beutow and Levedahl (6) found that natural and synthetic estro=-
gens inhibited the growth of a number of gram-positive bacteria,
but did not affect gram-negatives. Smith et al. (54) in test-
ing the antlibacterial action of several nitrogen-containing
steroids, observed similar results. iost of the compounds used
retarded the growth only of gram-positive organisms. Casas-
Campillo et al. (7) in iike manner, detected inhibitory ef-

fects of gonadal steroids only on gram-positive bacteria,

In contrast to the above findings, icol, et al. (44)
owserved hormonal inhibitory effects on gram-negative microor-
ganisms also. 7ihey stated that estrogens were stimulants of
the host-defense mechanisrs of male white rice experimentally

infected with Diplococcus pneumoniae, rasteurella septica,

Salmonella tvphinuriun, Salronella typhi, Zscherichia coll,

Eermophilus pertussis, and Fseudomonas aeruginosa. rhe authors

postulated a stimulatlion of the reticulo-endothelial systen

with lncreased phagocytic ability.

Yotis and his co-workers have detaliled specific effects of

the sex sterolds on the growth and virulence of Staphylococcus

aureus. Yotis and Stanke (76) reported an in vitro tacterio-

static action of progesterone, pregnenolone, L-pregnen-
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_209 ol -3one, and 5 & -pregnane on S. aureus, and other gram
positive organisms. Gram negative bacterla, however, were not
subject to the inhibitory action. Iwo pertinent observations
were nade., The steroids retarded growth only during the initial
8 to 10 hours after inoculation, and anaerobiosis enhanced
hormonal inhibition of growth,

Yotis (69) examined the antimicrobial properties of nore-
thindrone and mestranol, two synthetic progestational agents
used 1n contraceptive pills. ZIacteriostatic action was exerted
only on gram positive organisms. <the severity and duration of
staphylococcal skin lesions and the total viable counts re-
covered frqm the leslons were significantly reduced in female
rabbits previously treated with norethindrdne. iestranol ap-
peared to enhance the antibacterial activity of norethindrone,
This suggested that hormonal interaction does occur and nmust
be considered in evaluating the data obtained from in vitro

studies, and in correlating this data with in vivo phenomena,

Yotis and Vaner (77) investigated the antimicrobial pro-
perties of testosterone and related intermediates on- the growth
of various microorganisms. Hormonal growth inhibition was evi-
dent only with gram positive bacteria, such as S. aureus,

S. evpiderrldis, Streptococcus faecalls, and Listeria .onocyto-

cenes, In addition, eplandrosterone and dehydrolsocandrosterone

gignificantly reduced oxidation of pyruvate by S. aureus.




Yotis and Faman (70, 71, 72 ) documented the antistaphy-
lococcal actlion of diethylstilbestrol, a synthetic estrogen,
fhis agent drastically reduced in vitro growth, inhibited oxi-
datlion of various substrates, produced significant leakage of
intracellular contents, and retarded the progress of induced

staphylococcal skin lesions in rabbits,

Yotis and Cummings (74) reported that a combination of
norethynodrel ahd nestranol severely decreased the viable count
of microorganisms isolated from the spleens and kidneys of nice
previously infected intravenously with 3. aureus. Furthermore,

rmortality was significantly lower in hormonally treated animals,

-

Yotis and Fitzgerald ( 79 after subcutaneous injection of
various androgens into rattits and subsequent isolation of serum,
found that S. aureus grew more luxuriantly in the serum of
control rabbits than in the serum of androgen vtreated animals,
With tryptic soy broth as a culture mediun, a cepncentration
150 to 300-fo0ld higher than that achieved in the blood of a
horronally-treated animal was required to yield an equivalent
effect, Also, the progress of induced furunculosis in rabtits
was significantly retarded by theilr prior treatnent with tes-

tosterone or 5 -androstan -3, l7-dione,

At this point, a substantial btody of information has in-

dicated an interaction of sterolds with tvacteria, especially




S. aureus. <he question arises as to how the horrones inhibit
the growth and virulence of staphylococci, What 1s the mecha-
nism of actlon of the hormone at the cellular or sub-cellular

level?

‘{heories of hormone action have followed three basic pat-
terns. Initially the hormone-enzyme hypothesis developed when
biochemistry was systermatically unraveling the mysteries of
classic intermediary metabolism. {he hormone-permeability
thesis followed, and was based on the discoveries ﬁhat insulin
and vasopressin influenced membrane transport, The hormone-
gene theofy emerged from the advances of molecular biology in

elucidating the genetic regulation of protein synthesis.,

in considering hormone action, the two essential steps
are the association of the horrone with the specific receptor,
and the effects resulting from hormone-receptor combination.
At preéent,there are too rany uncertainties to point with any
clarity to a definite molecularbmechanism as the target of ac-
tion of any hormone. In fact, in the vast majority of cases, |
there is no guarantee that the responses of enzyre systens,
protelin synthesis, or perneatlility functions that have been re-
ported, are not relatively rerote secondary consequences of
prinary actions exerted elsewhere. A tasic protlen then, 1s to

seperate the initial site of hormonal action in a cell from the




subsequent secondary reactions.

Lo thoroughly detail horrmonal effects at the three levels
of enzyres, proteins, or permeation would be a nassive under-
taking. Iherefore, effects on permeability functions, deemed
to be of primary importance, were selected for study and are

the subject of this dissertation.

the problens aséociated with the mechanism of action of
steroids upon staphylococcal perreablility are numerous; Iimpor-
tant questions are: 1) What 1s the target or receptor in a
bacterial cell that initially interacts with the hormone?
2) Is the affect upon cell permeability, 1n fact, the prirmary
rechanism of action at. the cellular level? 3) What are the
secondary effects produced by the steroid-receptor combination?
L} Do all sex horrones regulate permeability processes in staphy-
lococei in a similar fashion? 5) Why are sqme'derivatives more
active than others? 6) Why are certain strains of S. aureus
more susceptible to h;rmone action? And, 7) Are the inhibitory
effects of these sterolds in vitro, as well as in vivo, ulti-

rately the result of hormonal alteration of cell perreability?

ihe purpose of this dissertation 1s two-fold in attempting
to clarify the atove questions. Frirstly, a characterization of
normonal effects at the cellular level cf bacteria, mwore specif-

lcally of Stavnylococcus aureus will be presented; secondly, a
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correlation of thesé cellular effects will be rade with the pre-

viously mentioned in vivo and in vitro phenomena of horrione-

en— ————

vacterial interaction, with specific emphasis on the data pre-

viously reported (15, 16, 17, 75).




II. [ATERIALS AND IETHODS

Cultures =- S. aureus serotypes 1X, X, X1, X11, and X111
(AICC 12606-12610), and Hose strain (ATCC 14154) were maintained
by periodic transfer on nutrient agar (Difco) slants at 4 C,
the bacteria were tested for glucose ahd mannitol utilization
under anaerobic conditions according to Hugh and Leifson‘(29),
and for gelatin liquefaction, pigrentation, hemolysis, and both
free and bound coagulase by accepted microblological techniques

(56). Shigella flexneri, Salronella paratyohi, Proteus mirabilis,

and Escherichia coli were procurred from stock culture collec-

tions maintained at the Stritch Schoeool of edicine and had been

originally obtained from The American iype Culture Collection.

Growth of EFacteria - A loopful of cells was removed from the

agar slants and inoculated into 5 ml of sterile 3% tryptic soy
(Difco) broth (r3%:). After 12 hr, 0.5 ml of this culture was
added to 50 or 100 nl of sterile 37 TSE. rIhe cells were grown
at 37 C on a rotary sheker to mid logarithmic phase, harveéted
by centrifugation at 10,000 x g for 8 minutes, and washed twice
in 0.89% saline. A smooth suspension in saline was prepared by
mixing for two min at high speed with a Vortex Junior lixer.

~he cultures were then adjusted to the specified cellular den-
sity in saline, 0.1 ¥ sodlum phosphate buffer pi 7.0 (21), or

the synthetic mediur of Hancock and Park (25) which contalined

11




12
the following; L-lysine, 0.5 4 mole/ml; glycine, 0.5 « mole/ml;
L-glutamic acid, 2.0 4 moles/ml; DL-alanine, 24moles; uracil,
20 ncg/ml; glucose, 4 mg/ml; sodium phosphate buffer pH 7.0,
80 M moles/rml; rmagnesium sulphate, 1/u‘mole/m1; ranganese chlor-
ide, 0.1 .4 moles/ml; thiarine, 2 meg/ml; nicotinic acid, 1 mcg/
nle <‘he synthetic mediur was slightly modified whenever the
incorporation of one of its constituents was examined,by delet-
ing that 12C-constituent. Facterial suspensions were adjusted
to the proper cellular density with a lett Summerson photoelec-
tric colorimeter containing a number 42 filter. Prelininary
work had indicated a direct relationship of turbidity to viatle
counts of bacteria. For most of the experiments 100 or 150
Alett units were used, corresponding to 1.Q5 x 108 viatle tac-
teria/ml (126 mcg dry wt/ml) or 2.16 x 108 viable bacteria/ml

(222 pcg dry wt/zl).

Chenicals = Crystailine progesterone, testosterone, diethyl-

stilbestrol, 9 -estradiol, erlandrosterone, stanolone, and

17 X -hydroxyprogesterone were obtained from Sigra Chemical
Conpany, St. Louls, lissouri. Crystalline norethindrone and
nestranol were ottained froxr Syntex ILaboratories, Falo Alto,
California. Ihe opurity of these steroids was confirmed bty
reasurerent of the nelting polntsy;with a Fisher-Johns relting
point apparatus,and raxinun absorbanclies with a teckran LiL-G

spectrophotoneter,
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fhe followlng label ed compounds were secured from Iracer-
lab, VWalthan, iassachusettes: adenine-8-1uc, L-alanine -1k¢C
(uniformly labeled - u.l.),L-glutamic acid -1EC (u.l.),
L-phenylalanine ‘1”C (u.l.), sodium acetate =1 -l”C, glycerol
-1%¢ (u.l.), D-glucose -1%C (u.l.), uracil -2 =1%¢, L-leucine
-14¢ (u.1.), and I-lysine -14¢ (u.1.). Progesterone =4 -lhc
and testosterone -l -1%C were obtained from Amersham/Searle
Corporation, DesPFlaines, Illinols. All other chemicals utilized

were of reagent grade.

Crystalline penicillin "G" (sodium), bacitracin, and strep-
tomycin sulphate were obtained from CGeneral tiochemicals,
Chagrin Falls, Chlo; crystalline chloramphenicol from Signa
Cherical Company, St. Louis, ‘issouri; crystalline sodium
azide and 2, L-dinitrophenol from Eastman Crganic Chemicals,
Rochester, New York; and actinomycin D from ann Research
Laboratories,‘New York, Kew York.The chemicals for the scintil-
lation fluor, anisole, p-dioxane, and 1, 2-dimethoxyetbane
were ovbtained from Zastman (Urganic Chericals, Rochester, ~New
York. Crystalline 2, 5-dirhenyloxazole (FFPC) and 1, L-bis

2-(5~-phenyloxazolyl) -benzene (POPCP) were obtained from

Fackard Instrurent Company, Downers Crove, Illinois.

zuffers - -zuffers were made according to the method of

Comuri (21) as 0.1 N sodiun phosphate buffers at pL 5.7, 6.5,
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7.0, 7.5, and 8,0,

Hormone Solutions - A specified anount of hormone was dis-

solved in 957 ethanol (E!CI) and added to saline, buffer, or
synthetic medium to obtain a final concentration of 1 to L0
meg/rl in 1% or 2% EICH. Controls received only the 1% or 27

ETOL.

Measurerent of Radioactivity - Aliquots of 0.1 =1 of the

filtrates, the supernatants, the soluble fractions, or the dried
idllipore filters (Millipore Corporation, New Bedford, .assachu-
settes, 0.45 nicron, 13 or 25 mm diameter) were added to 10 nml
of scintillation fluor containing 18 g PPO, 60 mg POPCP,

900 =1 p=-dioxane, 150 ml anisole, and 150 mi 1, 2-dimethoxye-
thane (11). 14C-activity wes determined in a Fackard Tri-Carb
liquid scintillation spectroreter, model 3320, In this systenm
carbon-14 was counted with an eighty to eighty~five percent ef-

ficiency. A ninimun of 10,000 counts were accunulated per vial.

tatistical Analysis - Data were subjected to statistical

analysis 73). A "' test value larger than 2,000 indicated a
probtability factor of less than 5% and was statistically signifi-
cant at the 95% level. o obtain a value for the "t" test, three

separate forrulas were utilized:

standard G = Jigx-:‘.QY
N .

deviation
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standard error | P .

of difference of SEgq = Gﬁ% + O_EZ

2 means ~ "1 N2

LN test np N = difference of 2 means
SiEq

In general, duplicate samples were used and experizents were

perforned from 2 to 5 tines.

Lgaka?e Experiments - The bacteria were grown to mid logar~

ithric phase, harvested by centrifugation, washed twice in
saline, and re-suspended in O.lKsodium phosphate buffer pk 7.0
at 126 mcg dry wt/ml., To this suspension, O.l/a'C of 1hC-glu—
cose was added, ‘The cells were incubated on a yotary shaker at
37 C for 30 rin. Excess 1“C-activity not taken up by the cells
was removed by centrifugation at 15,000 x g for 10 min, and sub-
sequent washing with saline. The 1hc-lavelled bacteria were re-
suspended‘in 0.1 M sodiuxr vhosphate tuffer pi 7.0 or synthetic
mediur at 126 mcg dry wt/ml. (:‘his was prepared as a smooth
susvension as’previously indicated to minimize clumping effects).
The bacteria were lncubated in the presence and absence of the
specified hormones at 37 C in a Precision ihelco anaerobic in-
cutator flushed with 957 CCp and 5% Lp. At the designated tines,
duplicate 5 ml portions were removed and centrifuged at 10,000

X & for 10 min., Allquots of the supernatant fluld were placed
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in scintillation fluor and assayed for radloactivity in a

Packard iri-Cardb liquid scintillation spectrometer,

An alternative procedure to the above assay of extracellu-
lar fluid,was assessment of residual intracellular radioactivity
rermeining within the bacteria., Aliquets of 0.5 nl of cells
were nmembrane filtered after specific periods of exposure to
the hormones. The filters were washed with 4 volures of 0.1
M sodium phosphate wuffer pi 7.0, air dried, and placed into

scintillation fluor.

In simi1ar experirents, the leakage of protein and 260
nm atsorblng substances from the bacteriaAinto the extfacellu-.
lar fluid was assayed according to Wérburg and Christian (63).
Protein determinations were made by reading the absortance of

supernatant fluid at 215 and 225 nm.

Uptake and Incorporation - Eacteria were grown to mid logar-

ithmic phase in 183, harvested; washed, and susvended in 0.1 K
sodiun phosphate buffer pl 7.0, or in synthetic rmedium, at

126 mcg dry wt/ml. ~+he bacteria were added to 0.0l =C 1“C-sub-

strate containing either the specified hormones dissolved in

17 ZICE or only the 1 ZICH at 2LC., At various times thereafter,

O¢5 1 of the suspension was filtered by membrane filtration,

he filters containing the bacteria were washed with 5 volumes

of cold buffer, alr dried, and placed into scintillation fluor.




17
‘he quantity of radiocactivity retained on the filter was a direct

reflection of the total uptake of lhcalabel by thé\bacteria.

As an alternative procedure to the above, the cell suspen-
sions, after uptake of the 140-1abel, were passed through Seltz
filters. The filtrates were then assayed for radioactivity as

descrived.,

Fractionation of Zacteria - Pacteria were grown to nid

logarithmic phase, harvested, washed, and suspended in synthetic
redium at 222 nmecg dry wt/ml. The cells were pre-incubated L5
min on a rotary shaker at 37 C. Samples of 20 or 30 ml of the
suspensions were then exposed to 0,01l mC of 1lcosubstrate in

the vresence and absence of the indicated hormones atFZh C for
15 min. *the cells were immediately centrifuged at 15,000 x g
for 12 min a2t C C, washed twice 1n cold saline, and extracted
according to Park and Hancock (46). Ihe washed ce]ls were suse-
pended inl5ﬂ trichloracetic acid (ICA) and waintained at & C for
20 nin. The preparation was then centrifuged and the superna-
tant fluid tested for radiocactivity (cold ICA soluble fraction).
’he pellet was suspended and extracted with 75% EJOX for 15 min
at 45 C, the extract was centrifuged, decanted, and examined
for radiocactivity (alcohol soluble fraction). -he pellet was
trypsinized for 4 hr in a solution containing 0.05!1 NupxCO3,

0,005 HInOH, pi 8.2, end 10 trypsin (&. i. Sargent Company,
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Chicago, Illinois). <[he preparation was passed.through a nem-
brane filter to remove the remaining insoluble residue and the
filtrate was tested for radloactivity (trypsin-solubilized pro-
tein fraction). Filters containing the residue were air-dried
and placed directly in a vial of scintillation fluid (residue

fraction).,

4 modification of the above procedure was required for
short-terﬁ studies utilizing 10, 30, and 60 sscond exposure of
suspensions, as previously descrited, to lgc-alanine. After ex-
posure to the amino acid with and without the horrone, two vol-
unes of ice water (4C) were immediately added to the suspension.
These were placed in a water bath at 4C for 10 min to drasti-
cally reduce incorporation of_the label, centrifuged, washed

twice, and fractionated as described.

Chromatogravhic Analysis -~ Experimental procedures for

growth, préparation,and exposure to 140-1abels were similar to
those described. A large volurme of cells, 300 ml, suspended in
synthetic medium at 222 meg dry wt/ml was exposed to 0.01 mC of
lltcealanine or 1“C-lysine for 15 min at 2L C in the presence and
absence of progesterone at 40 mcg/ml, and subsequently fraction-
ated., Zach fraction was concentrated 300-fold ty flash evapora-
tion and treated és follows: <ihe cold ICA fractions were washed

with 5 volunes of cold ethyl ether to remove residual ICA, lhe
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75% ETOH fractions were subjected to mild alkaline hydrolysis
in 0.5N NaOH for 2 hr at 37 C (19) to hydrolyze amino-phos=-
phatidylglycerol. The hot TCA fractions, after washing with

ethyl ether, were hydrolyzed in 1 N HC1l for 3 hr at 100 C (2)
to remove alanyl groups esterifled to teichoic acids. The
trypsin-solubilized protein fractions‘were suspended in 6N HCl
in sealed ampules at 104 C for 22 hr. The insoluble residue
was hydrolyzed in 3 N HCl at 100 C for 16 hr. The excess HOL
in the last three fractions was removed by dessication in vacuo
over NaOH pellets, All résulting samples, after evaporation to
dryness, were dissolved in distilled HOH and applied to a column
(1.2 x 11.0 cm) of Dowex‘50 (hydrogen ion form)., The column was
washed with distilled water until no futfher radiocactivity was
detected in the eluate. The absorbed compounds were then
eluted with 4 N NH4OH in 5 ml portions, and tested for 1l4C-activ-
ity. Iabeled portions were evaporated to dryness and re-dis-
solved in 1.0 ml water. Eighty microliter portions of each
sample were quantitatively applied to Whatmann #4 chromatography
paper and developed by conventlional descending single dimension
chromatography using two separate solvent systems, n-butanol-
acetic acid - water (120: 30: 50 v/v) and phenol-water (75: 25

v/v) (52). Amino acids were located by»application of ninhy-
drin reagent with subsequent heating at 105 C for 3 min.

Ninhydrin positive spots were identified by comparing Rf values
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to the Ry values of amino acid standard solutions and to known
pUbliShedQRf values (52). :he specific amino acid spots were
cut from the paper chroratograms, placed in scintillation fluor,

and assayed for radiocactivity. Control sections of an equal

cize were also cut from the chromatogram and counted similarly.

Zxchange Teactions ~ Stapnhylococcl were grown in mid loga-

rithmic phase, harvested, and re-suspended in buffer or synthe-
tic rmedium at 222 meg dry wt/ml. Ihe bacterial suspension was

added to various labelled substrates containing horrones in 1%
EI0H or only 1% ETOH.' After uptake was initiated, unlabelled

substrates at 10-2} (300 to 1000-fold higher than th-substrate
concentration) were added to the suspensions. ihe high concen-
tration of "cold" substrate acted as an external trap to pre-

vent re-entry of 1bcosubstrate thet had effluxed from the cell.
Aliquots of 0.5 mnl of the cells were isoclated by membrane fil-
tration and assayed for total content of radiocactivity at var-

ious intervals after exposure to the label,

Inhibitors - The synergistic or antagonistic effect . of

inhibitors on hormonal alterations in the uptake and incorpora-
tlon of nutrients was studied by two procedures, the choice of

vhich depended upon the nature of the experirent.

in the first procedure, mid logarithmic phase cells were

predncubated in buffer or synthetic rmedium with and without a
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specific inhibitor, such as chloramphenicol, ‘streptomycin,
sodium azide, or 2, 4-dinitrophenol for 30 to 60 min. Eoth
groups of cells were exposed to lltcoalanine containing hormohes
in 1% ETOH or only 1,4 ETOH. At various times thereafter, total
1“C-uptake was deterriined by rerbrane filtration and subsequent

assay of radiocactivity.

In the second procedure, horrmonal alterations in the in-
corporatibn of substrates into staphylococcal macromolecules,
as influenced by cellular inhibitors, were determined by using
the fractionation procedure of Fark and lancock (46). Staphylo-
cocci were pre-incubated 30 to 60 min in buffer or synthetic
medium in the presence or absence of chloramphenicol, strepto-
rycin, or penicillin. Zhe cells were then added to 1”C-a1anine,
14C-1ysine, or 1“C-glutamic acid with and without the hormones.,
After 8 to 10 nin incutation, the bacteria were irmediately
centrifuged, washed, fractionated, and assayed for radioactiv~

.ity as described.




III. RESULTS

A. Hormonally-induced Leakage of Cytoplasmic Contents

It was apparent from previous work (15, 75) that the gono-
dal sterolds may act in én extracellular fashion without pene-
trating into the cell propery thus, the possibility that hor-
monal inhiblition of staphylococcal growth involved changes 1in
cellular permeability was considered. 7To this end, the effect
of various steroids upon the leakage of radioactive substances

from cells labelled with 1“C-g1ucose was assayed.

The release of 14¥C-activity from S. aureus exposed anaero-
bically at 37C to four steroids is shown in Table 1. Similar
rateé of leakage were observed for the éontfol and hormonally-
treated cells for the initial 12 hours. After 12 hours, how-
ever, substantial differences in 1“C—leakage were evident. Pro-
gesterone promoted maximal loss of radioactivity (44% to 60%);
norethindrone. and the combination of norethindrone and mestra-
nol produced slightly lower rates of leakage (35% to 48%); and
mestranol alone, and testosterone ylelded minimal but signifi-
cant leakage effects (11% to 29%) relative to the control cul-
tures., 1he percentage of increased ¢ /min, relative to leakage
in control suspensions, induced by each hormone, remained rela-
tively stable for the duration of the experiment. Note the in-

crease in the quantities of radiocactivity in the extracellular

22
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Table 1, Effects of various hormcnes on
cellular leakagze from o labelled cells

Time of exposure

12 hrs 17 hrs 23 hrs
‘rreatment  Activity 7% leakage Activity 7 leakage . Activity 5 leakage

gontrol T R— AT R— 5170 ——-

Progest. 6045  Lh,0417.0 7540 60.0413.2 8200  58.64 2.9
. bomeg /ml _ .
] Testost. 4805 144+ 0.7 6075  29.0+5.6 5750 . 11.2+ 3.6
1 40mee/ml ' Lt

Hestranol 4740 12,8+ 2.4 5780 - 22.7412.6 6350  22.8¢ 9.2
Smeg/ml :

Norethin, 6050 44.043.8 6630 %0.847.3 T 6370 34.8416.1

35meg/ml
Mestranol = : _ .

Smeg ful | | SRR
and ' 5930 . 42,447.8 6960 47.8413.5 7570 ¢ 46,4+ 8.8
forethin.
35meg/ml

S. aureus serotypes IX and X were grown tomld logarithmic phase in -
TS3, harvested, washed, and suspended at 126 meg dry wt/ml in O. 1 sodium
phosphate buffer pji 7.0 contalninJ 1.047C -4C-c1uc053. After assimilation
of the label for 30 min, the cellular suspension was washed twice in physiol-
ozlcal saline (0.897%) and resuspended in 0.12M150dium phosphate- buffer nI 7.0
at 126 meg/ml, The bacteria were incubated in the presence and absence 'of
the specified hcrmcnes at 37C in a Precisicn Thelco anaerocic incubator
flushed with 95% CC» and 5% nitrozen. 4t the designated times, 5ml portions
were removed and centrifuzed at 10,000 X~g‘f0r'10 nin. Aliquots of the
suparnatant fluid were olaced in scintillatdion flucr and assayed for radio-
activity in a ac&ard Tri-Card liquid scintillation snectrometer. Activity
is exorasoei as cpn/inl. The values represent the avarage of two experiments.
The % leakaze is defined as horacns=traatedemcon trol b ‘OO.

‘ convrol
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fluid of both control and hormonally-treated suspensions with

increasing time of incubation.

The quantitative aspects of various steroid concentrations
on cellular leakage .ere presented in Table 2, Staphylococci,
pre~loaded with 1”C-glucose, were exposed to progesterone or
testosterone at 0, 1, 20, and 30 mcg/ml undér anaerobic condi=-
tions. As in the previous experiment, no differences were appar-
ent during the first 20 hours of incubation. ‘Ihe control and
hormonally~treated suspensions exhibited identical rates of
leakage (results nqb§hown). After incubation for 20 hours, a
significant difference 1n loss of radioactivity was detected
with progesterone and testosterghe at or above 20 mcg/ml. At
10 and 1 mcg/ml, neither hormone enhanced the release of lhco
activity. Progesterone was slightly more effective in inducing
cellular leakage. After 20 and 26 hours exposure, progesterone
at 30 mcg/ml produced 23.2% and 15.9% leakage, while testoster-
one at 30 mcg/ml produced 16.7% and 12.8% leakaée, No hormonal
effects were detected after 45 hours of exposure, suggesting
that saturation levels had been reached in the efflux of radio-

activity from staphylococci,

Previous studies (75, 76, 77) showed that steroids inhi-

blted the in vitro growth of gram positive organisms such as
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Table 2. T©ffect of hormone concentraiion
on the leakage of internal radicactivity

Time or exposure

20 hrs 26 ars

Treatment ‘ Activity % leakage  Activity 7 leakage
Control 6120 —— 6780 ——
Testost. lmeg/ml 6310 3.1%3.8 6790 0.143.5
Testost. 20mcg/ml 6870  12.2+2.0 7240 6.840.2
Testost. 3Umeg/ml 7IH0  16.746.1 7650  12.847.3
Progest. lmeg/ml 6410 4.740.1 6920 | 2.1+4.1
Progest. 20meg/ml | 6980  14.041.0 7780  1h.74l.k
Progest. sumeg/ml 7540 23,2441 7860  15.940.1

Tiperimental conditions were the same as in Table 1 excepnt that
serotypes {II and YIII were used. Activity is expressed as cpm/ml.
The data are mean values for two experiments. The % leakage is
defined as hommona-treated—control { 100,

ccntrol
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S-. aureus, Streptococcus feacalis, and Bacillus subtilis, but

do not affect gram negative growth. TIherefore, in postulating
cellular leakage as one of the hormonal mechanisms of action, no
steroidal effects should be exerted on the leakage of cytoplas-

mic contents from gram negative microorganisms, Escherichila

colil and.Proteus mirabilis were pre-loaded with 1“C-glucose and

exposed to progesterone or testosterone at 40 mcg/ml under iden-
tical conditions of pH, temperature, and cell concentration. In
sharp contrast to the results obtained with S. aureus, the re-
lease of radloactivity in hormone-treated suspenslonmswas quite
similar to the control suspensions (Table 3). In fact, in all
instances, the extracellular 14Q-activity in the cultures con-
taining the hormone was less than the activity in the correspond-
ing controls. Incubation for as long as 45 houré did not sig-

nificantly increase leakage rates.

§. aureus at 126, 222, and 307 mcg dry wt/ml was eXposed
anaerobically to progesterone at 40 mcg/ml in 1% ETOH or only
1% ETOH., At specified times, 5 ml of the suspending fluid were
isolated by membrane filtration and assayed for protein and 260
nM absorbing substances (Table 4). Again, no differences were
observed during the initial stages of incubtation. After 22
hours, progesterone treatment resulted in loss of protein at

increased rates relative to controls. Faximal differences were
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Table 3. The cellular leakage of 14C—activity from
gram negative organisms as influenced by hormones

Time of exposure

Organism 20 _hrs 26_hrs 36 hrs
and Activity 3 leakage Activity % leakage Activity % leakage
treatment

Bscherichia coli

Control 6060 ———— " 7370 ———— 8340 ——

Progest. 5260 legative 6700  Negative 8330 Negative
4Omeg fmd _

Testost. 5970  XNegative 7220 Negative 8040  Negative
40meg/ml

Proteus mirabilis

Control 13970 ———— 16710 ———— 168310 ———
Progest. 10210  ¥egative 11140 Negative 11070  Negative
40me z /ml : ’
Testost. 13370  legative 15510 Yegzative 13920 lNegative

4omeg /ml

Sxperimental conditions were identical to those of Table 1 except
that 2. coli and P. mirabilis were utilized. Hegative, under % leakage,
indicates lower quantities of 1%c_activity in the extracellular fluid of
the hormone-treated suspensions as compared to the 1 C-activity in the
extracellular fluid of control suspensions. Activity is expressed as
con/ml., The data are averaze values for two experiments. The % leakage
is defined as hormons-treated-—control X 100.

control
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Table 4. Effects of progestercne on the cellular release of protein

Mg protein/1000 ml

Bacterial )
Time of concentra. Control Progest. Relative %
exposure (meg dry wt/ml) ~ 40meg/ml  difference
22 hrs 126 18.56 20,73  11.744.8
222 35.52  40.60 . 14.3+2.7
307 39.73  47.85 20.447.2
28 hrs 126 31.32  34.80 11.141.6
222 40.60  49.01 20.7+4.1
307 52.78  65.10  23.3:2.9

S. sureus serotypes X and Xl were grown to mid logarithmic
‘phase in TSE, harvested, washed, and suspended in 0.1 M sodium
phosphate buffer pH 7.0 at the specified cellular densities. The
cell suspensions were incubated anaerobically at 37C as described
in Table 1. After 22 and 28 hrs, 5 ml portions were removed and
centrifuged at 10,000 X g for 10 min. The supernatant fluid was
assayed for protein according to the method of Warburg and Christ-
ian (63). These values represent the average of three experl-
ments. The relative 4 difference is defined as
hormone-~treated--control X 100,

control
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attained at the highest cell density in which there was a 20.4%
and 23.3% difference after 22 and 28 hours, respectively. Note
that the percent differences after 22 hours were quite similar
to the percent differences after 28 hours at each bacterial con-
centration. Also, there was a progressive increase in the re-

lease of protein not only with time, but also with cell density.

Inconsistent results were obtained for the analysis of 260
nm absorbing compounds. Progesterone has a maximum absorbance
at 240 nm, which quite possibly interferred with readings at
260 nm.,

At this time, it was»of interest to investigate steroidal
effects on cellular leakage in the presence df antiblotics,
Cultures of staphylococci, pre-loaded with 140-g1ué2se and sus-
pended in synthetic medium to induce growing conditions, were
divided into three portions. To one was added bacitracin at
100 mcg/ml, to another, penicillin at 100 units/ml, and to the

third, distilled water.

The interaction of progesterone with the two antiblotics is
shown in Table 5. Without antibiotics, after two hours proges-
terone~-treated cells contained 98.8% as much 14C-activity as the
corresponding controls, and after 5 hours, 92.2% as much el

activity. Note the difference in the presence of penicillin.




Table 5. Interaction of progesterone and
antibiotics in enhancing cellular leakage

cpm/ml
Time of Treatment Control  Progest. 7 leakage
exposure 4Ome g /ml
2 hrs Yo antibiotic 9712 9595 1.240.1
Bacitracin . 9735 9568 1.7+0.7
100meg/ml
Penicillin 2218 8204 11.041.0
100units/ml
5 hrs No antihiotic 7264 6698 7.840.3
Bacitracin 8733 8373 4.141.2
100meg/ml
Penicillin 7004 Lh37 36.7+3.6
100units/ml

S. aureus serotypes {I and [II were grown to mid logarith-
mic phase in TSR, harvested, washed, and suspended_in 0.1 I
sodium phosphate buffer pd 7.0 containing 0.01lmC l*C-—glucose.
After assimilation of the label for 30 min, the cells were wash-
ed twice in physiological saline (0.89%) and re-suspended in
synthetic medium (25) at 125 meg dry wt/al, The bacteria were
incubated without antibiotics, with penicillin, or with bacitracin
in the presence and absence of progesterone under anaerobiosis
as described in Table 1., After 2 and 5 hrs exposure, 0.5 ml
aliguots of the suspensions were removed and membrane filtered
(13 mn diameter, 0.45 micron pore size). The d=»ied filters
containing the bacteria were placed into scintillation fluor
and assayed for radioactivity as described in Table 1. The
values represent thie avarare of two expariments. The 7 leakage
is defined as normaone=trzotclecuntrol

centrol

100,

30
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Hormonally treated suspensions contain a significantly lower
quantity of radioactivity than the corresponding controls, After
two hours, progesterone-treated cells contained 89.0% as much

activity, and after five hours 63.3% as much activity.
Bacitracin did not alter leakage rates,

B. Hormonal Intervention in the Uptake of Amino Acids

The alteration of entrance of specific substrates could af-
fect the progress of growth by reducing the availability of re-~
quired nutrients, The 1initial experiments to test this hypo-
thesis involved exposure of staphylococcal suspensions to l4en

glutamic acid, containing hormones in 1% ETOH or only 1% ETOH.

Table 6 presenﬁs the data obtained by Seitz filtration on
bacterial uptake of glutamic acid as influenced by progesterone
and testosterone at 40 mcg/ml. After 15 min, progesterone re-
tarded entry of the 1hc. activity 16%, and testosterone, 15%.
After 20 min, progesterone inhibition increased to 32%, while
testosterone inhibition remained at the same level of 15%. Pro-

gesterone thus appears to be the more potent inhibitor.

Table 6 also shows the results for a similar set of experi-
ments, utilizing synthetlc steroilds. After 10 min incubation

with labeled glutamic acid, norethindrone at 30 mcg/ml reduced




Tabls 6. Ianititioa of ¢lutamic acid uptswe oy drogest-
srong, tesicstercas, worethindronz, and westrancl
Time Centrol Progest. lslative Testost, lelative
1 . d 3 PR .
Bomez/al } inhibition UWimeg/zl 7 imhibition
15 min 1438 1632 16.0+4.1 1676 14.940.7 -
20 min 1303 1723 32.2+4.3 1494 1,64k ,5
-
Time Contrcl Eo&etuln. Relative orethin., Aslative
~ A7 A . s s 4s
Lom g,a¢ o Lnlld’tl“n 35 cv/ml ~ inhibition
.;eStI‘ "101
1Omc*/zi.
19 ain 9020 12160 33.940.2 14160 55.940.2
15 min 6870 10950 59.4+2.2 3720 1.5+4.5
3. anreus serotypes I and YII were growm 1o wid logarithaice
phase in T3P, harvested, washed, zand suspeanded in 0.1 ! sodium phos-
phate baffer »i 7:Q at 12%ncz 2»y wt/al. The cell suspension was

added to 0,01 mCT - -glutamlc acid containing the
dissolved in 1% osthancl or ths 175 ethanol at 24LZ,
times, the suspensions were passed taroagh 3Jeitsz £
filtrates were assayed for dual qu—activity 2
Table 1. Activity exoressed as cpa/ml. These
the averags data for three experiments. Relative
defined as aormone-treated—zcontrol { 100
control

resi

specified hommones
At the indicated

ilters. The

2s described in

values represant

ot

> inhibition is
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entrance of the label 34%, and after 15 min, 59%. <1he combina-
tion of mestranol, at 10 mcg/ml, with norethindrone diminished

glutamic acid uptake 56% and 41% after 10 and 15 min exposure.

These two steroids exerted better inhibition of uptake than

either progesterone or testosterone.

In the remaining experiments of this section, membrane fil-
tration was used instead of Seitz filtration. Staphylococcil
suspended in buffer were added to 140-glutamic acid containing
progesterone and testosterone at 40 mcg/ml in 1% ETOH or only
1% ETOH. Total uptake was assayed 1, 2, and 3 min after addi-
tion of the label (Iable 7). Both hormones inhibited uptake.
Although the effects were not as pronounced as in the previous
experiments (Iable 6), progesterone again was slightly more ef-
fective in reducing entry of the 140-activity. 1his inhibition
was transitory, occurring only during the initlal 7 min. There-
after, both control and hormonally treated cells contained equal

amounts of radioactivity.

The next group of experiments detailed steroidal effects on
the uptake of lysine and glucose. Staphylococci were suspended
in buffer and subjected to the labeled substrates in the pre-
sence and absence of progesterone at 40 mcg/ml. Table 8 indi-

cates that the hormone significantly stimulated the uptake pro-

cesses. After 5 min, the entry of'1”C-1ysine was enhanced 30.2%,




Table 7. Hormonal intervention in the uptake of glutamic acid

Time Treatment  Activity Relative
7 inhibition

‘

1 nmin Control 1661 ———-
Progest. 1542 7.241.2
Testost. 1553 6.5+1.2

2 min Controcl 1342 —————
Progest. 1628 11.641.1
Testost. 1695 8.0+1.6

3 nin Control 2166 | —
Progest. 1986 2.3+0.8
Testost. 2074 4.310.8

S. aureus saerotypes XIT and ¥III were grown to mid logarith-~
mic phase in T32, harvested, washﬂd and suspended in 0,1 If sodium
phosphate buffer p4 7.0 at 12fmegz dry wt/ml. The cell suspensicn

was added tc J3,0LlaC ~“P—~’utarlc acid containing prozestercons os
testostercne at Udmcz/wl, or oaly the homoas vehicle at 24C. Afts
uptake of the anino acid for the desiznated time, 0.35al of the sus-
p ensions was filtersed by membrane fllu aticn (C.45 aicron pere size,
12%mm diamester). Thae filters uwerz washed with 5§ velumes cf cold
buffer, air-dried, and placed directly inte scintillation fluor.
The radicactivity was asszyad in a Packard Tri-Carb liquid scint-
illaticn spescircmeter. Activity is expressed as cga/ml. The are
ths averazs of thrse experimsats. Ths relative % lnnlultlon is
dafined as homicnoe=-treated—control { 100,

ccentrol
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Table 8. The uptake of lysine and glucose as influenced by prosesterone

Lysine Glucose
Time  Treatment  Activity ZRelative Activity Relative
4 stimulation % stimulation
5 min Control 4ily ———— 1664 ————
Progest. 5356 30.243.4 1942 16.7+3.0
9 min Control 8462 ———— 2640 S
Progest, 10890 28.7+3.7 3152 19.4+47.3
15 min Control 14866 —— 3520 —~——
Progest. 20010 34.6+3.3 3890 10.5+4.9

The experimental conditions were identical to those of_ Table 7
except that cells were exposed to 0.0l mC of 14C-lysine or * C-glu-
cecse. The values represent the average data for three experiments,
The relative 7 stimulation is defined as homone~treatsd—control 1 100.
control
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and of l¥C-glucose, 16.7%. Stinulation of upteke of both amino

acids remained through the 9 and 16 min exposure times,

Hormonél effects on alanine uptake were then investigated.
lbc-gactivity was measured 5, 9, and 16 min post-addition of the
label (Ilable 9), After 5 min, control suspensions contained
2279 cpm and progesterone-treated contained 1821 cpm, a 20.1%
inhibition. In like manner, the steroid reduced entrance of
the label 18.4% and 14.9% after 9 and 16 minutes, respectively.
It is noteworthy, that this inhibition remained at a relatively
constant level for as long as 240 min (15.4% inhibition) after
addition of the 1%C-amino acid, at which time saturation levels

of alanine were approached.

These positive results stimulated further examination of
hormonal alterations in substrate uptake by staphylococci. The
next group of experiments were concerned with designing optimal
parameters for detecting these alterations. Hormonal effects
were observed on the following experimental parameters: cell
concentration, pH, hormone concentration, heat inactivation,

age of culture, anaerobliosis, and temperature.

the initial experiment involved an investigation of the
bacterial concentration required for optimal hormonal inhibition

of alanine uptake, 1io this end, staphylococcil were suspended




Table 9. The uptake of alanine as influencad by progestercne

Time Treatment Activity Relative
4 inhibition

5 min Control 2279 ———
Progest. 1321 20.1+4.1

9 min Control 2833 ——
Progest. | 2311 18.4+47.3

16 min Control Liy2 ———
Progest. 3525 14,945.5

240 min Control 23120 ———
Progest. 19553 15.443.8

Txperimental conditions are described in Table 7. Zac-
were exposed to 0.01 ul 1hn_slanine. These values represent
the average data for four experiments. Activity is expressed
as cpn/ml. The relative % inhidition is defined as
control ~hormone-traated { 100.

control
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in buffer at wvarious cellular densities., f{hese suspenslons were
added to the l%C-alanine with and without progesterone at 40 neg/
mle Incubation was terminated 8 min post-addition of the label.
The data (Fig 1) revealed that the hormone significantly reduced
the total uptake at all bacterial concentratipns. Inhibltion
ranged from 12% to 27% with maximal effects at the highest con-

centration.

Because amino acid uptake is mediated by enzyme-~like reac-
tions involving permease systems (9, 34), it was of interest to
observe hormonal effects at various hydrogen ion concentra-
tionsy therefore, phosphate buffers at pH 5.7, 6.5, 7.5, and 8.0
were employed in the incubation. Cells were exposed to the
labeled alanine for 8 min and assayed for radioactivity (Fig 2).
laximum inhibition occurred below pH 7.0. At pH 5.7, 1136 cpm
were taken up by hormonally-treated bacteria as contrasted to
2209 cpm for the controls (48.6% inhibition); at pH 6.5,

1062 cpm, as contrasted to 2478 cpm (57.2% inhibition). There=~
after, there was a rapid decline in alanine uptake and corres-

ponding inhibitory effects,

The quantitative aspects of various progesterone concentra-
tions on alanine uptake are presented in Figure 3., Staphylococ-

cl were exposed to the e amino acid in the presence of the

hormone at 30, 20, 10, 1, and 0 mcg/ml for 8 min., A




Figure 1

Alanine Uptake as Influenced by
Bacterial Concentration
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Experimental conditions were identical to those described
in Table 8, except that cellular suspensions were adjusted to
fZ' 70, 100, 124, and 156 mcg dry wt/ml and exposed to 0,01 mC

C-alanine. The data represent the average values for three
experiments.




Figure 2

The Effects of Various pH Levels on
Alanine Uptake
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Experimental conditions were identical to those of
Table 8, except that bacteria were suspended at pH 5.7,
6.5, 7.5, and 8.0 and then exposed to 0.01 mC 1uC-alanine.
The data are average data for four experiments.
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Figure 3

Alanine Uptake as Influenced by
Progesterone Concentration
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Experimental conditions were identical to those listed
in Table 8, except that the concentration of progesterone
was 30, 20, 10, 1, and O mcg/ml. The data represent mean
values for three experiments - Relative % inhibition is de-
fined as hormone-treated-control 100

control '
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progressive increase in inhibition was observed with increasing
concentratlions of progesterone above 10 mcg/ml, Below this con-
centration, no significant reduction in alanine uptake was de-

tected.

At this point, it was of interest to determine whether the
steroildal effects were exerted on the actual transport of the
amino acid into the cell, or on the adsorption of the amino acid
to the cell prior to its entrance., Heat-inactlivated staphylo-
cocel (65C for 30 min) were exposed to l4c-alanine with and with-
out progesterone at 40 mcg/ml. BRadloactivity was measured after
5, 9, and 16 min. Table 10 compares the data with data from a
similar experiment with active ceils. Te radioactivity within
heat-inactivated bacteria was only slightly above background;
and thus, progesterone was interferring with an active cellular

process rather than physical adsorption.

Alanine uptake as a function of the age of bacteria end
hydrogen lon concentration is presented in Table 1ll. StaphylococH
cl growing, in TSE, were removed at mid-logarithmic phase, harvest-
ed, washed, and suspended in phosphate buffers at the indicated
pH's., The cells were exposed to l4c-alanine in the presence and
absence of progesterone at 40 mcg/ml. BRadloactivity was evaluat-

ed after 8 min incubation. Twelve hours later, the staphylococci

in the TSB had reached stationary phase of growth., They were
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Table 10. Yormonal effects on the uptake of alanine
by "live" ce2lls and heat-inactivated cells

" ive" Heat-inactivated
Time Treatment Activity Relative Activity Relative
% inhibition % inhibition
5 min Control 3548 —— 98
‘ Counts
Progest. - 2890 18.6+1.3 75
9 min Control 5155 ——— 67
Too
Progest. 4291 16.8+6.4 62
16 min Control 6602 ——— 53
Low
Progest. 5685 13.9+41.5 69

Experimental conditions were identical to those of Table 7
except that sereotypes { and {II were exposed to 0.0l mC W ala-
nine. Staphylococci were inactivated by heatinz for 20 min at
60C. Activity is expressed as cpm/ml. These values represent the
average data for two experiments. The relative % inhibition is
dafined as control—hormone~treated { 100,

control
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Table 11, Hormonal effects on alanine uptake
as a function of the age of culture

Logarithmic cells Stationary cells
pd Treatment Activity Relative Activity Relative
% inhibition % inhibition

5.7  Control 6338 " m——— 1558 :---
Progest. 5156 18.743.0 1269 21.145.9

6.8  Control 5276 ———- 2049 ——-
Progest. 4373 17.144.3 1654 19.3+2.8

7.5  Control 4624 ———— 1743 ——
Progest. 3642 21.249.5 1154 33.818.0

8.0 Control 3840 ———— - 1461 ———
Progest. 3094 19.446.6 1219 16.6+6.1

S. aureus serotypes IX and XIII were grown in TS3 to mid loz-
arithmic and stationary ophases, harvested, washed, and suspended in
0.1 if sodium phosphate buffers at the specified pH's at a density
of 126mecg dry .wt/ml. The bacterial culbures were expossd to 0.0l mC

C~alanine for 3 min in thz2 presence and absence of progesterone at
40meg/ml and membrane filtersd. The filters were washed with 8 vol-
unes of buffer, air-dried, and assayed for 19c_content as described
in Table 7. Activity is expressed as cpm/ml. The values represent
averaze data for threse cxperiments. The relative % inhibition is
defined as control--hormons-trsated ( 100.

control
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harvested, washed, and suspended in the various buffers. The
identical experiment was performed, Note that the hormonal inhi-
bition of alanine uptake was falirly similar with tacteria from
both phases of growth, ‘The percent inhibition at pH 5.7 was
18.7% in log cells and 21.1% in stationary cells. At pH 6.5,
progesterone reduced entry of alanine 17.1% in log cells, and
19.3% in stationary cells., In like manner at pH 8.0, the hor-
mone impeded entrance of the label 19.4% in log cultures, and
16.6% in stationary cultures. The only pH to show a signifi-
cant difference between the two groups of bacteria was pH 7.5.
In log cells there was a 21,2% inhibition which increased to
33.8% inhibition in the older cultures. It should be emphasized
that the progesterone-induced inhibition remained relatively
constant, in spite of the fact that mid-log phase suspensions
had taken up 3 to 4 times as much radiocactivity as the slower

metabolizing stationary suspensions,

The next parameter investigated was anaeroblc versus aerobic
uptake. Bacterial suspensions were added to 1l4¢c-alanine contain-
ing progesterone at 40 mcg/ml in 1% ETO0d or only 1% EiOH and
placed in a Precision "“helco anaerobic incubator, Samples of
0.5 ml were removed and membrane filtered separately after 5, 9,
and 16 min of exposure. The results in Tlable 12 list uptake ef-

fects under anaerobic as well as aerobic conditions. An
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Table 12. 4lanine uptake under anasrobic conditions

Aerobic conditions Anaerobic conditions

Tine Treatment Activity Relative dctivity Relativs
E4
J

7 inhibition inhibition

5 min Control 1812 —— 1676 ——
Progest. 1529 15.640.2 1019 39.241.0

9 min Control 2392 —— 2779 ——
Progest. 2401 17.0+3.9 1726 37.940.1

15 min Control 4509 ——— 4234 —
Progest. 4395 22.5:6.0 2174 U48.745.2

Experimental conditions were identical to those Bf Table 7 except
that serotypes XII and £III wers exposed to 0.0l mC 1 C-alanine. For
anaercbiosis, a Precision Thelco Anaerobic Chamber flushed with 257 CCo
and 5% nitrozen was used. The activ:ty is expressed as cpm/ml. The
values represent average values for three experiments., Relative %
inhibition is defined as control—horone-treated { 100.

control




L7
enhancement of steroidal inhibition by anaerobloslis was apparent,
For aerobic conditions, the percent inhibition ranged from
' 15.6% to 22.5%. For anaerobic conditions, the percent inhibi-
‘tion ranged from 37.9% to 48.7%, representing over a two-fold

v

increase in hormonal reduction of alanine uptake.

The effects of various temperatures on the uptake of lhc.
alanine is exhlblited in Table 13. Staphylococcal suspensions
were added to the 1%¥C-amino acid in the presence and absencé of
progesterone at 40 mcg/ml and incubated at 4, 24, 30, 37, 45,
and 55 C for 8 min, Assessment of radloactivity indicated a
fluctuating hormonal inhibition. Maximum reduction of alanine
uptake occurred at 30 C. Control suspensions contained 7880
cpm, whereas the hormone-treated suspensions contained 5691 cpm
(27.8% 1nh1bition). At the other temperatures, progesterone pro-
duced statistically significant reductions in alanine uptake |

ranging from 16.3% to 21.6%4.

Previous work (15, 69, 70, 75, 76, 77) showed that steroids in-
hibited the in vitro growth of gram positive organisms but did not
affect the growth of gram negative organisms., Thus, it was impor-

tant to undertake a related series of uptake experiments with gram

negative bacteria. Shigella flexnerl, and Salmonella paratyphi
were exposed to 14c-alanine under identical conditions of pH, tem-

perature, cell cohcentration, and progesterone at 40 mcg/ml. The




Table 13, Effects of temperature on
hormeonal inhibition of alanine uptake

Temperaturs Treatment Activity Relative

% inhibition

he Control 831 ———
Progest. 652 21.644.9

24C Control 5204 ——
Progest, L34y 16.543.2

30C Control 78830 ———
Progest. 5691 27.8:5.6

37C Control 10072 ——
Progest. 3035 20.241.7

ksc Control 9697 —
Progest. 8115 16.3+3.2

550 Control 4102 —
Progest. 3257 20.6+2.8

Txperimental conditions were similar to those of

Table 7. Serotype { was exposed to 0.0l mC L*C-alanine
in the presence and absence of prozesterone at 40meg/asl
at the indicated temoeratures. Activity is expressed

as com/ml. These values rsoresent ths mean values of
three experiments. The relative % inhibitlon is defined

“as

control —nomone~-treatad { 100.
control

48
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suspensions were assayed for radiocactivity at 5,.9, and 16 min
post-addition of the label. Table 14 summarizes the results
and correlates them to the effects on S. aureus. After 5 min,
the hormone reduced staphylococcal uptake 20.1%; after 9 min,
18,4%; and after 16 min, 1%.9%. In direct contrast, S. flex-
neri and S. paratyphi, ‘in the presence of the hormone, showed
no significant variation in quantity of 140-aotivity taken up,

compared to the corresponding controls.

The observation. that progesterone inhibited the uptake of
alanine prompted a comparative study of the effects of other hor-
mones. Lacterial uptake of 14¢-alanine was observed in the pre-
sence of testbsterone and B -estradiol, in addition to proges-
terone, at 40 mcg/ml, and diethylstilbestrol at 20 mcsg/ml.

“he latter steroid, due to solubility requirements, dictated a
2% ETOH concentration for all four steroids. Controls received
only the 2% EI0H. Cells were removed after 5, 9, andlé min in-
cubation (Table 15). Diethylstilbestrol produced maximum inhi-
bition, retarding uptake 71% to 87%. iestosterone, B -estradiol,
and progesterone exerted relatively lower inhibitory effects,

retarding uptake 10% to 18%.

In related experiments (tesults not shown), 17 X ~hydroxy-
progesterone, which did not retard the growth of staphylococci

in broth ' (76), produced no inhibitory effects on alanine uptake.
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Table 14. Alanine uptake in gram negatives as influsnced by progesterons

Crganisn Tinme Control Progest. Relative
4Omeg/ml % inhibition

Staphylococcus aureus 5 min 2279 1821 20.1+4.1
9 min 2833 2311 18.447.3

16 min 4142 3525 14.9+5.5

Shigella flexneri 5min 1333 1296 2.8+2.4

9 nin 1733 1794 Mo inhibition

16 min 2572 2575 No inhibition

Salmonella paratynhi 5 min 3339 3487 No inhibition

9 min 43813 5286 o inhibition

16 min 6721 6972 Yo inhibition

as

S. aureus serotypes {I and XII, S. flexnarl, and S. paratyohi were

grown Tto aid logarithmic phase in TS5, harvested, washed, and suspendsd

in 0.1 ¥ sodium phosphate buffer pH 7.0 at l20meg dry wt/ml. Tne cell
suspensions were exposed to 0,01 mC 1%C-alanine containing either the
hormone or the hormons vehicle. At the designated times, bacteria

‘were isolated by membrane filtration, washed wita 8 volumes of buffer,

and plncad into scintillation fluor for assessment of radioactivity as

described in Table 7. Activity is expressed as cpm/ml. The values repre-
sent average data of two experiments. Relative % inhibition is defined

control—=hiornone=-treated £ 100,
control
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Table 15. Effects of other hormones on the uptake of alanine

Time Control Progest. Relative Testost. Relative Estradiol Relative Diethylstil. Relative

40meg/ml 5 inhib. &40mcg/ml % inhib. 40meg/ml % inhib. 20megz/ml % inhib.
5min 1396 1195 14.443.4 1249  10.5+5.4 1217 12.8+3.1 411 70.6+7.6
9 min 2532 2100 17.144.1 2281 10.044.8 2134 15.8+3.5 402 84.1+3.8
16 min 3517 2994 14.9+4,1 3100  11.9+6.3 3023 14.145.7 443 87.44+2.5

Zxperimental conditions were similar to those deseribed in Table 7. Bacteria wers exposed to
0.01 mC 140-alanine containing the hormones dissolved in 1% ethanol or only the 15 ethanol. Act-
ivity is expressed as cpm/ml. The values represent the mean values of three experiments. Rela-
tive 4 inhibition is defined as control—hormone-treated X 100,
control
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The data presented to this point reflect total radioactiv-
1ty within the bacterial cells. The next table (16) provides
a more detalled analysis of alanine uptake by S. aureus. Lac-
teria were exposed to the labeled amino acid and progesteroﬁe
at 40 mcg/ml. At the indicated times, aliquots of the suspen-
sion were removed and divided in two. One portion was immedi-
ately filtered to determine total uptake. The other was equal-
ly mixed with cold 10% TCA and extracted for 15 min at 0OC.
Residual activity after extraction, filtration, and washing re-
presents total incorporation of the label into cellular macro-
molecules. The pool of activity, defined as thét amount of
140—activity extractable with cold TCA, can be readily ascer-
talned by appropriate subtraction of total incorporation from

total uptake.

Table 16 depicts the nature of progesterone reduction of
total}uptake. Note after 5, 9, and 16 min exposure, the fair-
ly constant percent inhibition in the rate of total uptake; 19.0%,
18.1%,and 15;5%, respectively. Characterization of this inhibi-
tion revealed a two~fold effect: 1) an increasing retardation
of cellular incorporation, and 2) a decreasing reduction in pool
size, After 5-min,the steroid reduced incorporation 35.0%;
after 9 min, 40.7%; and after 16 min, 53.5%. ‘The cellular pools
were diminished 15.3% after 5 min, 12.2% after 9 min, and 2,8%

after 16 nin.
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Table 16. PrOgesterOne-inducéd effects on cellular incorporation and pool sizes

Total uptake - Total incorporation Pool sizes

Time Control Progest. Relative Control Progest. Qgelative Control Progsst. Relative

UOmez/ml % inhib. 4Omeg/ml % innib. 4Omcg/ml 2 inhib.
5min 3219 2609 19.0$3.8 601 391 35.045.1 2618 2218 15.3:4.9
9 min 4825 3954 18.113.4 999 587  40.7412.7 3836 3367  12.215.2
1€ min 6686 5650  15.5x4.3 1674 779 53.5:8.6 5012 4871 2.8+7.3

3. auresus serotypes {I,{II, and {IIT were grown to mid logarithmic phase in T3B, harvested,
washed, and suspended in 0.1 If sodium phosphate_buffer pH 7.0 at 126meg dry wit/ml. The coll
suspensions wers incubated at 24C with 0.01 nC 1%c.2lanine in the nresence and absence of prog-
esterons, At the designated times, 1.0 ml samples were removed and divided in two. Cne por-
tion (0.5 ml) was immediately membrane filtered and washed with 8 voluumes of cold buffer.

The other portion (0.5 ml) was diluted with 0.5 ul 10% ice-cold TCA. After extraction for 15
min, the second portion was also membrans filtered and washed with cold buffer. The first
portion represents total cellular uptake and the sscond portion, total incerporation. Pool
sizes were readily determined by subtraction of incorporation from total uptake. Activity is
expressed as cpm/ml. These values represent the mean values of four experiments. Relative
% inhibition is defined as control—hormone-treatsed £ 100.

control
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At thls time, furfher experiments ﬁere undertaken to elu-
cidate the steroidal mechanism of action. The uptake of ala-
nine and hormonal effects thereon, were studied in the presence
of various inhibitors, such as sodium azide, 2,4-dinitrophenocl,
actinomycin D, and chloramphenicol. Any synergistic or antag-
onistic action of steroidal inhibition would implicate specific
cellular processes, Bacterla were incubated with the inhibi-
tors, then exposed to 1l4coalanine in the presence and absenge
of progesterone at 40 mcg/ml. Uptake was analyzed by the stan-

dard procedures of membrane filtration.

Sodium azide and 2,4-dinitrophenocl restrict energy pro-
duction in microbial cells (12). HNeither of these agents af-
fected the uptake or the inhibition of uptake of labeled ala-
nine under the experimental conditions employed, thereby limit-
ing the possibility of hormonal involvement at the level of

energy production via oxidative phosphorylation.

In similar fashion, actindmycin D, an inhlbitor of RNA

synthesis (12) did not alter the hormonal inhibition of uptake.

When chloramphenicol, an inhibltor of protein synthesis
(12), was tested, synergistic results were obtained (Table 17).
Bacteria, sﬁspended in buffer and pré-incubated with the inhibi-
tor at 200 mcg/ml for 30 min, contained markedly lower quanti-

ties of radioactivity in progesterone-treated cultures. After




Table 17. Zffects of chloramphesnicol
and progesterone on uptake of alanine

Uptake in buffer

Without chloeamphenicel Witn cnloramphenicol
Time Control Progest., Relative Control Progest. Rgelative
4Omcg/ml % inhib. LOomez/ml 7 inhib. .
5 min 3218 2606 13.045.1 1065 617 42,1410.6
9 min 4828 3850 20.2+7.5 1434 752 47.6+3.8
16 min 7490 5524 26.3+5.4 1713 1020 40.6+2.9

Uptake in synthetic medium

Without chlorampnenicol - Jith chloramphsnicol

Tine Confrol Progest. Relative Control Progest. Relative
WOmezfml 5 inhib. U4Omeg/ml % innib.

5 min 2784 2376 20.4+43.1 2620 2182 16.6+3.7
2 min 3120 2528 19.443.7 2723 22838 16.0+3.3
16 min 3290 2634 20.0+2.6 2828 2370 16.244.2

Txperimental conditions were similar to those listed in Table 7.
Bacteria ware pre-incubated with and witnout chloramphenicol in 0.1 M
sodium phospohate buffer n¥ 7.0 or synthetic medium (25) for 30 uin,
then expesad to 0.01 n7 137_alanine. Activity is expressed as cpm/ml.
These values represent the average values. The relative » inhibition
is defined as control——hormone-treated X 100.

control

55
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5, 9, and 16 min, suspensions without %the antibiotic, in the
presence of hormone at 40 mcg/ml, contained 19.0% to 26,3%
less luc-activity than the corresponding controls. When sus-
pensions were pre-incubated with the antibiotic, a two-fold in-
créase in hormonal retardation was apparent. PFProgesterone-

treated cultures contained 40,6% to 47.6% less radioactivity.

Similar experiments were performed, with staphylococcl
suspended in synthetic medium, to test the assumption that
chloramphenicol should exert increased effects on actively grow-
ing cells, and in turn, produce an enhancenent of synergistic
actlion in combination with progesteronej} however, the results
did not substantiate this, as seen in 1able 17. The percent
inhibition produced by the hormone was not significantly af-
fected by the antibiotic, Without chloramphenicol, progester-
one reduced uptake 19.4% to 20.4%, and with chloramphenicol,
16.0% to 16.6%. The synergistic effect observed in the pre-
vious experiment quite possibly was due to the ﬁnteraction of
the inhibitor with cellular processes other than protein syn-
thesis,

Ce Hormonal Effects on Entry ofvSubstrates into
Various Cellular Fractions

Experiments described in the previous section demonstrated

hormonal intervention in the total uptake and total incorporation
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of nutrients into S. aureus. A further analysis of the pheho-
menon was attempted. <‘he fractionation procedure of frark & |
Hancock (46) was extended to a comparative study of steroidal
effects on the entrance of l“C-substrates, and their subse-

quent incorporation into cellular macromolecules,

the characterization of the five fractions is outlined
below. The cold TCA extract contains the pool of amino acids
and other acid-soluble low molecular welght compounds. The
ETOH soluble fraction is éomprised of cellular lipid and very
slight amounts of alcohol-soluble protein. BExtraction with hot
TCA removes the nucleic acids and virtually all of the staphylo-~
coccal teichoic acids from the cell wall., irypsinization con-
verts over 95% of the cell protein to soluble peptides., 'he

residue consists predominantly of the mucopeptides of the wall

structure.

The initial experiments involved quantitative aspects of
progesterone intervention in alanine incorporation. Eacterial
suspensions were exposed to the labeled amino acid and to the
hormone at 40, 30, 15, 1, and 0 mcg/ml, for 15 min (Table 18).
In the presence of 1 mcg/ml, no significant inhibition of
1“C-entrance was evident, The quantlties of radioactivity

within hormonally-treated and control fractlons were similar,

At 15 mcg/ml, progesterone retarded entrance of alanine into
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Table -18.

Effects of various concentrations of hormone on incorporation of alanine

Progesterone concentration

(meg/ml)

Fraction 0 1 Relative 15 Relative 30 Relative 40 Relative

% differ, % differ. 5 differ. % differ.
Cold TCA 9020 9000 0.3:0.7 8560 5.1x2.1 7600 15.843.6 7541 16.440.3
?5% IroH 7840 7333 6.5+3.1 7426  5.3:x2.4 7346 6.3+1.0 6545 16.5:+4.8
ot TCA 16760 15200 9.3+10,8 11920 28,9+15.6 9700 42.1+415.4 9134 45.5410.0
Trypsin 67620 64430 4,7+7.5 61800 8.6+6.1 58018 14.2+4.6 55560 17.8+40.5
Residue bh37 L4219 L.9+2.6 4623  4.243.9 4177 5.9+1.1 3535 20.3x2.2

S.aureus serotypes X and {I were grown to mid logarithmic phase in 732, harvested,
washed, and suspended
sions wsre exposed to
concentrations at 24C
{ g for 12 min at OC, washed twice incold saline, and extracted according to Park aud

fancock (46).

in synthetic medium at 222mcg dry wt/ml.
0.01 mC
for 15 min.

The bacterial suspen-
C-alanine in the presence of the indicated ncmone
The cells were immediately centrifuged at 15,000

Aligquots of the soluble material of the cold and hot TCA, the 757 EICH,

and trypsin fractions were placed in scintillation fluidand assayed fer radioactivity
The insoluble residue was collscted on membrane filters, air-

as described in Table 1.
dried, placed in fluor, and assayed for
The data are mean values for three experiments.

control-hormone-treated X 100.

e -activity.

Activity is expressed as cpm/ml.
Relative % difference is defined as

contergl
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the hot TCA fraction 29%. At 30 mcg/ml, the steroid inhibited
entry into the cold TCA fraction 16%, the hot TCA fraction,
42%, and fhe protein fraction, 14%. At 40 mcg/ml, progesterone
reduced entrance of ﬁhe lébel into all five cellular fractlions.
These results correlate With previous findings (76), in that
the growth of staphylococcl in nutrieht broth was significantlyr
retarded by progesterone at a critical concentration of 15 mcg/
ml. Below the concentration, no growth inhibitory effects were
detected.. Above the concentration, there vas a progressive in-

crease in retardation of staphylococcal growth.

Earlier work had shown that steroids did not effect the
growth of gram negative.bacteria in nutrient brofh (15, 69, 70,
75, 76, 77). With this in mind, experiments were performed to
determine hormonal influences on the cellular incorporation of

alanine into Escherichia coli and Shigella flexneri. Table 19

compares this data to results obtalned utilizing S. aureus.

For the stﬁphylococcal suspensions, progesterone significantly
retarded entry of the 14¢c.1abel into the five cellular frac-
tions, with inhibition ranging from 16% to 45% (Teable 18), In
direct contrast, no inhibitory effects.were exerted on luc-en-
trance into fractlions from gram negative bacteria., The quanti-
ties of radioactivity within the fractions of progesterone-

treated cultures were similar to the corresponding controls.




Table 19. Alanine incorporation into gram negative organisas

Bscherichia coli Shigella flexneri
fraction Control Progest. Contrcl Progest.
4Omeg/ml LOmeg /ml
Cold TCA 2000 2300 3920 4220
?75% =TCH 2620 2840 2040 2300
- Hot TCA 2640 2820 2860 3020
Trypsin 21140 22040 20100 22180
Residue 1678 1740 1514 1700

E. coli and 3. flexneri were grown to mid log-
arithnic puase in [3:, narvested, washed, z2iad suspen-
ded in synthetic mediun at 222zcg dry wt/al. The
bacterial suspensions were exposed to 0.0l mC ~7Z-ala-
nine for 15 min at 24C., Conditions of centrifuzation,
fractionation, and assay of l“C-quantity were des-
eribed in Table 18, Activity is expressed as cpm/al.
The data represent mean values of two exneriments.

. 60
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Macromolecular syntheses occurs at a much faster rate in
cells in mid-log phase than in cells in stationary phase. If
the hormones act specifically on some internal synthetic pro-
cess, for example, protein synthesis, then increased inhibition
of substrate incorporation should be observed in the "younger“
cultures. To this end, two suspensions of cells, one from mid-
log phase and the other from stationary phase, were exposed to
1“C~alanine in the presence and absence of progesterone at
40 mecg/ml (Table 20). Subsequent fractionation revealed no sig-
nificant deviation in hormonal inhibition of alanine entrance
into the five fractions. The percent inhibition in each cellu-
lar fraction for both groups of cells was simlilar: cold ICA,
13% in log cultures, and 13% in stationary cultures; 75% ETOH,
18% and 12%; hot TCA, 43% and 39%; trypsin, 17% and 22%; and
residue, 19% and 16%. ‘[he smaller quantities of 140-activ1ty
incorporated by stationary cultures was indicative of less
metabolically active bacteria, ‘hus, a slowdown in overall cell
metabolism was achieved without a concomitant increase or de-

crease in hormonal inhibitory effects.

It is known that substrates taken into cells and incorpor-
ated into cellular components, must pass through a cellular pool
before entering the diverse metabolic pathways (4, 5, 78). In

this way, the pool size may directly influence the synthesis of
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Table 20. ZEffects of progesterone on different phases of cultures

Logarithmic phase Stationary phase
Fraction Control Progest. Relative Control Progest., Relative
bomcz/ml 7 differ, YOomeg/al % differ.

Cold TZA 15094  1373%  13.241.0 14920 12976 13.044.1

75% ETCH 2680 2200  18.0+3.6 2550 2250 11.7+41.6
Yot TCA 21136 12050  43.0+41.4 18220 11144  38.8+2.4
Trypsin 11736 9760  16.8+1.2 9236 7224 21.8+1.4
Residue 33407 26947 19.3#4.5 24192 20273 16.2+l.7

S. aursus serotypes {II and XITII were grown to mid logaritnmic
and stationary phases in TSB, harvested, washed, and suspended in
syntuetic medium at 222mcg dry wt/ml. Txperimental conditions were similar
to those of Table 18. Activity is expressed as com/ml. The data are
average values for three experiments. 3elative § difference is defined
as control—=hormona-treatad { 100.

control
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macromolecules., Therefore, it was important to note at what
point initial hormonal effects occurred, Staphylococcl were
exposed for 10, 60, and 900 seconds, to 1lC-alanine with and
without progesterone at 40 mcg/ml (Table 21). The initial in-
hibition within 10 seconds (14%) was exerted in the cold TCA
fraction. Notice the increasing inhibition in 1”C-entry into
the hot TCA fraction: 10 seconds, 5% (not statistically signi-
ficant); 60 seconds, 22%; 900 seconds, 45%., For the protein
and residue fractions, hormonal intervention was not apparent
until the organisms had been exposed for more than 60 seconds.
These results suggested an immediate, initial influence on the

transport of alanine into the cellular pool.

Previous investigations (15, 75, 76) relating to the ac-
tions of gonodal steroids on the growth of S. aureus revealed
that eplandrosterone, at or above 20 mcg/ml, exerted a pronounc-
ed growth suppressive action. Stanolone inhibited growth to
a lesser extent, whereas 17 X -hydroxyprogesterone did not in-
fluence growth of the organisms. With these facts in mind, ala-
nine incorporation was assayed in the presence of the three
hormones at 40 mecg/ml, and also, epilandrosterone at the sub-in-
hibitory concentration of 10 mcg/ml (fable 22). Eplandrosterone
at 40 mecg/ml exerted maximum inhibition, retarding entry of

the label into all five cellular fractions. Stanolone impeded

entrance into the hot TCA (12%) and protein fractions (19%).
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Table 21. Time course incorporation of alanine

Time of exposure

10 seconds

60 seconds

900 seconds

Fraction Control Progest. Relative Control Progest. Relative Contrel Progest. Relative

uomgg/ml 7 differ. LOmeg/ml 7 differ. Bomcg/al 5 differ.
Cold 7CA 3500 3000 14.345.5 4070 3500  14.04h4.2 32626 27306 16.3+3.4
Hot TCA 4550 4300 5.543.7 5800 4550 21.6+2.0 37466 20453 45.4x1.4
Trypsin 7410 ’ 7630 Vezative 8290 8980 Negative 39353 33766 14.241.2
Residue 2420 2277 5.943.1 4000 3780 5.5¢3.6 19581 15622 20.2+3.9

ashed, and ;uspcndcd in synthetic mediua at 222nmeg/ml. The bacterial suspensions were e

0 0.01 mC +7C-alanine for 10, 60, and 200 sec in the presence and absence of the hormcne. A
exposure for the specified times, 2 volumes of ice water were added to the suspensions, whica

were then placed in an ice bath at 0C for 10 min. The conditios of centrifugatioa, fractionaticn,
and assay of redicactivity were identical tc those of Table 18. Activity is axpresss? as cpa/ul.
The data represent the mean values of four experiments. The relative 7 difference is Jdefined as
cenbrel——horncns-treated £ 100,

S. aureus serotypes %, II, and XIII were grown to mid logarithmic phase in TSE, harvested,
W 1008e
+ ~
- BN
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Table 22. Effects of other hommones on alanine incorporation

17%XCH-
Fraction Control Epiand. Relative Epiand. Relative Stanol. Relative progest. Relative
4Omecg/ml % differ. 1Omeg/ml % differ. 4O0mcg/ml % differ. H4Omcg/ml % differ.

Cold TCA 43040 38060 11.643.5 41000  4.7+4.2 46050 Negative L6009 Negative
75% ETOH 4120 3690 10.4+5.8 3910 5.1+3.1 Lh20  Negative 3869 6.1+5.9
Hot TCA 32280 22870 29.242.0 31160  3.5+43.9 28450 11.947.0 31989  0.9+2.1
Trypsin 49570 30880 37.748.4 44070 11.143.6 39980 19.4+5.5 46100  7.04+3.8

Residue 20063 17452  13.0+3.0 20524  Negative 20807 Negative 20524  Negative

Experimental were identical to those listed in Table 18. S. aureus serotypes XII and XIII
were exposed to 0.01 mC 14c_alanine in the presence of epiandrosterone at 10 and 40mcg/ml, stano-
lone at 40mcg/ml, and 17 OHprogesterone at 4Omcg/ml. The controls were exposed to the hormone
vehicle. Activity is expressed as cpm/ml. The data are average values for three experiments.
Negative, under relative % difference, indicates no inhibitory effects. The relative % difference
is defined as control—=hormone-treated X 100.

control

\

MMW&M o
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17 & —hydroxyprogesterone did not significantly alter incorpor-
ation rates into any of the fractions. Also, epiandrosterone,
at the sub-inhibitory concentration of 10 mcg/ml, did not in-
hibit entrance of the -“C-alanine into four of the five cellu-

lar fractions.

Attention was then focused on the incorporation of other
substrates. Staphylococcal suspensions were incubated with hco
glutamic acid or 14C-lysine in the presence and absence of pro-
gesterone at 40 mcg/ml (Table 23). The hormone significantly
inhibited entry of glutamic acid into the cold TCA (13.1%) and
75% ETOH fractions (16.1%) and stimulated entrance into cell
protein (21.0%) and residue (15.7%). After exposure to l4¥C-
lysine, progesterone enhanced entrance of 1”C—aétivity only
into‘the cold TCA fraction and reduced entrance into the other

four cellular fractions, 10.5% to 21.3%.

Similar experiments were performed with 1“C-phemylalanine
and luC-leucine (fable 24), Progesterone significantly re-
tarded entry of the labeled phenylalanine into the cold TCA
fraction (12.2%4). Entrance into the other fractions was not
altered. 7The difference in total uptake between hormonally-

treated and control cultures was not statistically significant.

Fractionation studies after exposure to leucine disclosed
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Table 23. Effect of progesterone on incorp-
oration of glutamic acid and lysine

Glutamic acid Lysine

Fraction Control Progest. Relative Control Progest. Relative

Lomcg/ml % differ. Lomeg/ml % differ.
Cold TCA 920 800  13.1#4.7 124240 231640  86.44+9.7
75% ETOH 1413 1186 16.145.1 23266 18320  21.3+6.8
Hot TCA 4880 4773 2.2+4,0 6213 5514 11,345.8
Trypsin 43226 52293 21.0+6.2 36373 32560 10.540.2
Residue | 2658 3075  15.743.3 36470 31692 13.141.2

Experimental conditions were identical to those of Table 18 except
that bacteria were exposed to 0.01 mC 14C-glutamic acid or l4c-lysine.
Activity is expressed as cpm/ml. These values represent the mean values
for four experiments. Relative % difference is defined as
control —hormons-treated X 100.

control
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Table 24, Effect of progesterone on incor=
poration of phenylalanine and leucine
Phenylalanine Leucine
Fraction Control Progest. Relative Control Progest. Relative
. Lomeg/ml % differ, LOmeg/ml % differ.
Cold TCA 13800 12120 12.2+1.8 14933 13160 11.9+2.6
75% ETOH 8420 9140 8.5+4.2 3040 2173 28.5:3.1
Hot TCA 4420 Loko 8.6+7.3 14853 17720 19.3+10.2
Trypsin 66420 63560 4.341.5 49333 46680 5.442.7
Residue 20007 18395 - 8.1+6.5 12863 14891 15.8+4.0
Experimental conditions were identical to those listed in_ Table 18
LAc-leucine

exceRt that the bacterial suspensions were exposed to 0.0l mC
or L C-phenylalanine. The activity is expressed as cpm/ml. The data repre-
sent the mean values for three experiments. The relative % difference is
defined as control—homone-treated X 100.

control
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hormonal alterationsyin four of the five fractions. Inhibition
occurred in the entry of radiocactivity into the cold 1CA (11.9%)
and the 75% ETOZ fractions (28.5%). Stimulation was evident in
the entrance into the hot TCA fraction (19.3%) and the residue

(15.8%).

The previous data involved hormonal alteration in the in-
corporation of diverse amino acids and dictated further analy-
sis of 1ncérporation, utilizing other nutrients, Bacterial
suspensions were incubated with labeled acetate, glycerol, or
glucose containing progesterone at 40 mcg/ml in 1% ETOH or only
1% EIOH (Table 25). After acetate exposure, the cold TCA and
protein fractions of hormone-treated cultures contained 11.5%
and 58.7% less radioactivity than comparable controls. In
contrast, progesterone enhanced the entry of the acetate label
into the hot TCA fraction 22.2%. After exposure to glycerol,
significant hormonal reduction, 11.0%, occurred only in the cold
CA fraction. Entry into the 75% ETOH, the hot TCA, and the
residue was increased 17.0%, 11.2%, and 11.1%, respectively.
For glucose, progesterone retarded entry of 140-activity into
three of the five fractions. Significantly less radioactivity

was detected in the 75% EI0H, trypsin, and residue fractions of

hormonally-~treated suspensions. DNo alterations were apparent

in the cold TCA and hot TCA extracts,
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Table 25.

Effects of progesﬁerone on incorporation of acetate, glycerol, and glucose

Glyﬁerol

Acetate Glucose

Fraction Control Progest. Relative Control Progest. Relative Control Progest. Relative

Lomeg/ml % differ. YOomeg/ml % differ. Wmcg/ml % differ.
Cold TCA 42270 37640  11.0+4.6 3480 3080 11.515.0 48060 L6240 3.8+3.1
75% ETOH 110800 129620 17.0+7.3 2040 1880 7.945.2 31660 25840 18.4+3.9
Hot TCA 25616 28488  11.2+5.0 1080 1320 22.2+4.2 275760 275780 0.0+2.6
Trypsin 20650 21560 L.ht5.1 1840 760 58.749.7 49500 41260 16.7+5.8
Residue 18611 20670 11.1%2.9 1625 1545  4.9+3.6 66077 56249 14.9+3.1

Experimental co
exposed to 0.0l mC L

B

itions were
-glycerol,

1

C-acetate, or

C-glucose.

dentical to those listed in Table 18 except that bacteria were
Activity is expressed as cpm/ml.

The values for acetate and glycerol exposure represent average values for three experiments, and

for glucose, the values are averages for four experiments.

as control-—homone-treated X 100.

control

The relative % difference is defined
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The next group of experliments involved constlituents of
.nucleic acids, - lL’C-—su:len:’me or luc-uracil were incubated with
S. aureus with and without progesterone at 40 mcg/ml (lable 26),
Of the five cellular fractions, only two, the cold and hot 1CA,
contained detectable quantities of radiocactivity, after 8 min
exposures. For incorporation of adenine,the cold iCA extract
of progesterone-treated cells consisted of 37948 cpm, while
controls consisted of 45768 cpm, & 17.1% inhibition. In like
manher, the entrance of the label into the hot 1CA fraction was
reduced 21.,0% by the hormone. For incofporation of uracil,
progesterone retarded entrance solely in the hot TCA fraction.
Control cultures contained 93430 cpm and hormone~treated 79889

cpm, representing a 14,.5% reduction.

Table 27 summarizes the incorporétion data for all ten
substrates. teravions in entrancé rates were generally wide-
spread. Inhibition occurred more often than stimulation. With
the experimental techniques herein employed, no observable pat-
tern of either hormonal stimulation or hormonal inhibition of
specific macromolecular syntnesis emerged. Note, however, the
steroidal effects on the entry of divers substrates into cel-
lular pools, as reflected by the cold TCA extracts. Progester-
one significantly affected eight of the ten substrates tested,
Relatively consistent inhibition, 11% to 17%, was observed for

seven of thesze elight compounds,




Table 26. Progesterone-induced effects on the incorporation
of adenine and uracil into the cold and hot TCA fractions

.72

Adenine Uracil

Fraction Control Progest. Relative Control Progest. Relative
4Omeg/ml % differ. UOmeg/ml % differ.

Cold TCA L5768 37948  17.147.7 . 170730 168190 1.5+2.8
Hot TCA . 29718 23466  21.046.1 93430 79889  14.5+1.3

Experimental conditions were identical to those oﬁ Table 18 except
that bacteria were exposed to 0.0l mC l¥C-adenine or 1% uracil. Only
background amounts of radiocactivity were detected in the 75% ETOH, tryp-~
sin, and residue fractions. Activity is expressed as cpm/ml. The val-
ues are mean values for three experiments. The relative % difference
is defined as control—hormone-treated X 100.

control




73

Table 27. Summary of hormonal effects on cellular incorporation

Fraction Stimulation Inhibition No effect
Cold TCA LYS-86 acetate-12 ADE-17 ALA-16 GLC URA
GLU-13 glycerol-ll LEU-12 '
PHE-12
75% ETOH glycerol-17 ALA-16 GLC-18 GLU-16 acetate PHE
LEU-29 LYS-21
Hot TCA acetate-22 gly- ADE-21 ALA-46 LYS-11 GLC GLU PHE
cerol-ll LEU-19 URA~-14
Trypsin GLU=~-21 acetate=59 ALA-18 GLC-17 glycerol LEU
LYS-11 PHE
Residue GLU-16 glycer-  ALA-20 GLC-15 LYS-13 acetate PHE
0l-11 LEU-16

The numbers after each substrate indicate the % inhibition or the
4 stimulation produced by progesterone. These values were obtained from
Tables 18, 23, 24, 25, and 26.
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D, Colunn and Paper Chromatography

In order to identify the radiocactivity associated with the
isolated cellular fractions after exposure to labeled sub-
strates, conventional chromatographic techniques were employed.
Staphqucocci were added to 140-1ysine or 140-a1anine, incu-

ted 15 min, centrifuged, washed, and fractionated. The cel=
lular fractions were concentrated 300 fold by flash evaporation,
hydrolyzed, passed through Dowex 50, and spotted on chromato-
graphic paper. <‘he chroﬁatograms were developed in two sol-
vent systems, Ninhydrin-positive spots were assayed for lhc.
content and identified by published Ry values and b& co-chromn-

atography with authentic standards (52).

Table 28 correlates the results obtained from five separate
experiments in each of the two solvent systems. After exposure
to 14C-alanine and subsequent fractionation, the cold ICA frac-
tion contained three distinctly labeled compounds, Of the
total radioactivity applied to the chromatogram, 16% was re-
covered in the spot corresponding to ethanolamine, 12% corres-
ponding to arginine, and 66% as unchanged alanine. Five label-
ed compounds were identified in the cold TICA fraction of cells
exposed £o 14 co1ysine: ethanolamine accounted for 15%; ala-

nine, 10%; proline, 12%; arginine, 8%; and unchanged lysine,

50%.
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Table 28. Chromatographic analysis of the cellular
fractions after exposure to 14C-alanine and 14z 1ysine

15 min exposure to:

Fraction Alanine Lysine
Cold TCA  Alanine ' g ~ Lysine 50%
Halanine ;
Ethanolamine 15%
Arginine 12%
Alanine 10%
Ethanolamine 164 ‘
Proline 12%
Arginine 8%
75% ETOH Omitted Lysine 98%
Hot TCA Alanine 98%  Omitted

Trypsin Reflects cold TCA Reflects cold TCA

Residue Alanine 95% Lysine 99%%

The per cents indicate the quantity of luc—activity for each
identified compound in relation to the total amount of radiocactivity
found in tth fraction, Exgerimental procedures for growth, exposure
to 0.01 mC ~ C-alanine or 1 C-lysine were identical to those listed in
Table 21, Each fraction was concentrated 300~fold by flash evaporation,
acid or alkaline hydrolyzed, passed through a Dowex 50 +H column,
spotted on Whatman #! chromatography paper, and developed in either
phenol: water (4;1 v/v) or in butanol: acetic acid: water (12:3:5 v/v).
Amino acids were located by application of ninhydrin spray with sub-
sequent heating at 105 C for 3 min. Ninhydrin-positive spots were.
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identified by co-chromatography with authentic standards and by
comparison of Ry values with known published Rf values. The
spots were cut out and placed in scintillation fluor. Radioac-
tivity was detemined in a Packard Tri-Carb liquid scintillation
spectrometer. The data represent the mean values for five ex-
periments in each solvent system.
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The trypsin solubilized protein fraction of suspensions
added to the alanine and lysine reflected thelr respective
cold TCA fractions. Slightly less radioactivity was detected,
but again, the same compounds, with the exception of ethano-

lamine, were observed,

In the 75% ETOH fraction, after exposure to labeled lysine,
98% of the 14C-aotiv1ty applied to the paper was recovered as
unchanged 1ysine. ‘This probably represented the alkaline hy-
drolysis product of the éellular lipid lysylphosphatidylgly-

cerol as reported by other investigators (18, 19, 28).

In the hot TCA fraction, after exposure to l¥C-alanine,
98% of the radioactivity was isolated as unaltered alanine.
Other reports (2, 46) have identified an alanyl group esteri-~
fied to the celi wall teichoic acids of S. aureus. ‘this alanyl
group, liberated by acid hydrolysis, could account for the radiot

activity in the hot TCA fraction.

In the residue, 95% of the radiocactivity was identified as
unchanged alanine and 99 as unchanged lysine, after exposure
to 1%C-alanine and *C-lysine. “hese amino acids are consti-
tuents of staphylococcal mucopeptides in the cell wall struc-

ture (46).

he results of the chromatographic analysis of the cellular
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fractlons suggested that metabolism of 1QC-substrates did oc-

cur within the 15 min exposure time, and dictate caution in

the Iinterpretation and application of the data.

The suggestion was made that the hormones were binding
directly to the labeled substrates, making them unavallable
for cellular uptake and incorporation, and, in effect, produc=
ing the reported alterations. 1o examine this possibility,
lL*C-alanine and llLC--lys:lne were incubated with and without pro-
gesterone at 40 mecg/ml in.buffer for 15 nin. Each of the solu-
tions was then spotted on chromatography paper and developed
separately in solvent A(n-butanol - acetic acid - HOH) and

solvent B (phenol-HOH).

If the steroid binds the labeled amino acid, its Ry value
would be alteréd, thereby reducing the quantity of radioactivity
at the appropriate alanine or lysine position corresponding to
the controls, Assessment of the 140—content of ninhydrin-
positive spotls revealed no significant binding by the hormone
(ITable 29). 71he quantities of radioactivity in spots corres-
ponding to control and hormone containing solutions for both
alanine and lysine were quite similar in each of the solvent

systens,

An important sidelight corroborating the above investiga-

tion is that hormonal binding to 1¥C-substrates, with
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Table 29. Analysis of hormoi binding
capacity to 14C-alanine and C-lysine

Solvent system Control Progest. Relative
UbOmeg/ml % differ.

n-butanol:;acetic
acid:water
Alanine 2820 2780 1.442.2
Lysine 9120 9038 0.9+1.7
Phenol :water
Alanine 2490 2570 3.1+2.0
Lysine 8880 8630 2.8+0.8

Labelled alanine or labelled lysine, 0.0l mC, was
added to 0.1 M sodium phosphate buffer pH 7.0 with and
without progesterone at 40mcg/ml. After incubation at
24C for 15 min, unlabelled alanine or unlabelled lysine
at 10=3 M was added to the appropriate sample, and S0
microliters of each sample was spotted on Whatman #1
chromatography paper. The chromatograms were developed
in the two indicated solvent systems separately. Ala-
nine and lysine were identified by spraying with nin-
hydrin reagent and heating at 105C for 3 min. These
spots were cut out and assayed for luC-quantity as des~ _
cribed in Table 28. Activity is expressed as cpm/ml.
The data represent average values for five experiments.
The relative % difference is defined as
control-—~hormone-treated X 100.

control '
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consequent unavallability for cellular uptake, could not ex-

plain the stimulatory alterations produced by the steroids.

E. Exchange Reactions Involving
Iabeled and Unlabteled Substrates

'‘he abllity of unlabeled alaninevto exchange with radioac-
tive alanine present within cellular pools, at a faster rate in
the presence of progesterone at 40 mcg/ml is demonstrated in
Table 30, After 4,0 and 4.5 min, there was an 11% and 12% hor-
monal inhibition in the uptake of labeled alanine., An exchange
reaction was immediately apparent upon addition of a 300-fold
excess of '"cold" alanine at 4.5 min. Control cultures effluxed
5;3% of the total radioactivity within 90 seconds, while pro-
gesterone-treated cultures effluxed 16.9% of the total radio=-
activity. The total exit of léﬁeled alanine between 4.5 and
10,0 min was similar for both groups of'cells. The activity
in the controls dropped from 9900 to 7142 cpm (27.9%) and in
hormone~treated from 8702 to 6235 (28.4%)., The percent inhibi-
tion of uptake produced by the steroid initially was 12%, in-
creased to 23% after 6,0 min, and returned to 12% after 10.0
min. “he result, then, was an immediate three-fold enhancement

of efflux of the label from cells exposed to progesterone.

To investigate the possibility that the hormonally-induced

increased efflux was an indirect effect of the smaller pool




Table 30. Exchange of 12C and luC-ala

nine as influenced by progesterons

Time Control Progest. Relative
(min) Lomeg/m1 % inhib.
4.0 9421, 8427 10.6+3.2
4.5 9900 8702 lZ.Qtﬁ.Z
Add 12¢-a1a

at 4.5

6.0 9374 7231 22.9+41.9
8.0 7892 6475 18.0+0.8
10.0 7142 6235 12.741.5

S. aureus serotypes XII and XIII were grown to mid log-
arithmic phass in T3B, harvested, washed and suspended in
synthetic medium at 2%§mcg dry wt/ml. The cell suspension
was added to 0.01 mC ~"C-alanine in the presence and absence
of progesterone at 40mcg/ml and incubated at 24C. At the
designated times, 0.5 ml of each suspension was filtered

by membrane filtration (0.45 micron pore size, 13 mm diameter).

The filters were washed with 5 volumes of cold 0.1 M sodium
phosphate buffer pH 7.0, air-dried, and placed into scintil-
lation fluid for radicactivity determination. After incuba-
tion for 4.5 min, 103M 12C-alanine was added to each sus-
pension. Activity is expressed as cpm/ml. The data repre-
sent the mean values for four experiments. Relative % inhib-
ition is defined as control-——hornone-treated X 100.

control

81
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size in progesterbneftreated staphylococci, at the time of ad-
dition of unlabeled alanine, a similar series of experiments
were performed. he steroid, however, was added to the sus~
pension at the same time as the "cold" amino acid, after up-
take of the 1¥C-alanine nad been initiated., As in the previous
experiments, an immediate hormonal effect was manifested

(Table 31). ‘the activity within the control suspensions drop-
ped from 9910 to 7335 cpm, & 26% efrlux, as oppossd to the hor-
mone-containing suspensions, which dropped from 9900 to 6380
cpm, a 36% efflux. Due to the increased exit or exchange of
radioactivity an inhibitory effect was apparent after 6,0 min.
Controls contained 7335 cpm,whereas hormone~treated contained
6380 cpm, a 13% inhibition. More importantly, these experi=-
ments revealed that the phenomenon of progesterone enhancement
of staphylococcal exchange was not an indirect result of smaller

cellular pool sizes,

Further experiments were undertaken to determine whether
this efflux effect could account for the previously reported
alterations in the uptake and incorporation of nutrients.
Exchange reactions were performed with 14C-lysine or lL‘LC-glu—

tamic acid with and without progesterone at 40 mcg/ml.

Repeated experiments with glutamic acid disclosed that an




Table 31.

as cpm/ml.

Effects of
mechanisms of 120 and

- 83

- oS Mt 1 ¢ e e

ogesterone on the exchange
C~alanine in cultures con-

taining equal internal pools of labelled alanine

Time Control  Progest.  Relative
(min) Lomeg /ml % inhib,
4.0 9233 9285 ——
4.5 9910 9900 -
add 12c-al1a

nine and
progest.

6.0 7335 6380 13.041.5
8.0 6668 5730 14.141.6
10.0 6209 5482 11.741.5

Experimental proeedures were identical to those listed

in Table 30 except that
at the same time as the

C=-alanine.

ogesterone was added at 4.5 min,
Activity is expressed
The data represent mean values for three exper-

Relative % inhibition is defined as

control

control—homone-treated { 100.




84

internal-external exchange mechanism did not occur under the
experimental conditions employed. ‘‘here was ho detectable
decrease in cellular 1”C-content upon addition of excess un-

labeled glutanmic acid.

the initilal experimenps with lysine presented similar pro-
blems which were overcome by using a high concentration of *cold]
lysine (1000-fold excess), by suspending the cells in buffer
instead of synthetic nmediun, and by pre-incubation of staphylo-
cocci for 60 min at 37 C, +‘he data in Table 32 indicate a dif=-
ferent hormonal effect on the exchange mechanism. Upon addi-
tion of unlabeled lysine, the l4c-content of control cultures
decreased sharply from 3453 to 2320 cpm, a 33% efflux, whereas
progesterone-treated cultures dropped only slightly from L2u2
to 4214 cpm. In this case, the steroid retarded the efflux of
radioactivity, which is 1in direct contrast to the_enhanoement

of alanine efflux presented in the previous tables.

Fe Effects of Various Cellular Inhibitors

. In elucidating the hormonal mechanism of action on altera-
tlons of staphylococcal incorporatibn rates, attention was
directed to the effects of wvarious metabolic inhibitgrs. Syn-
ergistic or antagonistic interaction of hormones with inhibi-

tors, would implicate involvement of specific processes of




Table 32. The effects of grogesterone
on exchange of 12¢ and 1 C-lysine

Time Control  Progest. Relative
(min) bomeg/ml 4 differ.
4,0 3202 3797 18.5+1.9
4.9 353 hau2 22.840.1
Add 12¢c.1ys-

ine at 4.9

8.0 2320 , L4214 81.6+10.9
12.0 2260 bo26 78.148.0

Experimental conditions were identical to those
listed in Table 30 except that cells were suspended in
0.1 M sodium phosphate buffer pH 7.0; cells were exposed
to 0.01 mC 4c-1ysine; and the labelled lysine was dile
uted with lo=2 M C-lysine. Activity is expressed as
cpm/ml. The data represent mean values for five exper-
iments. Relative % difference is defined as
control—~hormone-treated X 100.

control
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cellular function(s). No interaction was detected with strep-
tomycin; A very slight antagonistic effect, no larger than 5%,
was produced by chloramphenicol. This effect, however, was too
insignificant to warrant further investigation. Ieaningful re-
sults were obtained with the combination of penicillin and pro=-
gesterone, which exhibited a synergistic action on inhibition

of cell wall synthesis. Ihls was expected, based on earlier
findings that revealed a steroidal enhancement of penicillin in-
hibition of staphylococcal growth in nutrient broth (73) and a

steroidal enhancement of penicillin-induced cellular leakage.

The mode of action of penicillin has been thoroughly docu-
mented by Strominger, Park, Wise, and Tipper (57, 58, 67).
They offered convincing evidence that the target enzyme, through
which penicillin reduces cell wall synthesis, 1s the transpep-
tidase which cross-links the mucopebtide polymers through a
penta-glycine bridge. Part of the structure of the mucopeptide

is composed of D & L-alanine, L-glutamic acid, and D-lysine,

The residue from the fractionation of staphylococci (46)
contains this mucopeptide from the cell wall structure. The
quantities of radicactivity incorporated into the residue after
exposure fo labeled alanine, lysine, or glutamic acid are indic-
ative of the cellular metabolic activity. 'the reduction in |

incorporation of these amino acids into the mucopeptides,
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induced by penicillin treatment, is directly related to the cel-
lular inhibitory effects of this antibiotic. Thus, the tools
are available for a detailed investigation of penicillin-hor-

mone interaction.

Penicillin inhibition requires active cellular growth, so
all experiments were performed with bacteria suspended in syn-
thetic medium (25). S. aureus, strain Rose, a penicillinase-

producing strain, was used.

The retardation of alanine entry into ceil wall mucopep-

- tldes under two different conditions of cell metabolism is

shown in Table 33. Staphylococci were suspended in synthetic
medium in the presence aﬁd absence of penicillin, preincubated
on a rotary shaker at 37 C for 10 min to 120 min, and then ex-
posed to l4coglanine with and without progesterone at 40 mcg/ml
for 8 min.i By this procedure, bacterla were elther in a static
period of adjustment tb the suspending medium or were actively
growing. The comparison is madé in Table 33, After 10 min pre-
incubation, progesterone impeded the rate of entry of lhcactiv-
ity‘into the residue fraction, only in the presence of penicil-
lin at 330 units/ml (11.4% inhibition). 'he combination of
‘prégesterone and penicillin reduced entry 37.2%. ‘ihe steroid
did not significantly affect the staphylococcal suspension not

containing the antibiotic or that containing 3 units/ml. After
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Table 33. Incorporation of alanine into
residue after 10 and 120 min pre-incubation

Treatment Control Progest. Relative t test Relative
: 40mcg/m1 % inhib. % inhib,
by progest. by progest. &
' penicillin

Pre~incubate 10 min

Without penicillin 1873 1721 8.1+4.7 0.678 ————

3units/ml penicillin 2133 2003 6.1+4.2 1.245 Negative

300units/ml penicillin 1327 1176 11.445.9 2.392 37.2+410.5
Pre-incubate 120 min o

Without penicillin 2650 2363 11.1+4.7 2.576 ————

3units/ml penicillin 2279 1946 15.1¥2.2 2.777 26.6+7.2

BOOunits/ml penicillin 1755 1373 22. 2_3 9 2.073 48, 2+4 0

S. aureus strain Rose was grown to mid logarithmic phase in TSB, harvested, washed, and
suspended in synthetic medium at 222mcg dry wt/ml. The suspensions were pre-incubated with
and without Eenicillin on a rotary shaker at 37C for 10 and 120 min. Cells were then exposed
to 0.01 mC 1%C-alanine in the presence and absence of progesterone for 8 min. The bacteria
were immediately centrifuged and fractionated as indicated in Table 18. Radioactivity of
the residue fraction was assayed. Activity is expressed as cpm/ml. The data represent the
average values for three experiments. Relative % inhibition by progesterone is defined as
control--homone-treated X 100. Relative 4 inhibition by progesterone and penicillin is

control :
defined as control wlthout‘penlclllln--hormone-treated with penicillin X 100.
control without penicillin
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120 min pre~incubation, however, the hormone significantly re-
duced the rate of alanine entry into the cell wall mucopeptides
for cells not exposed to venicillin (10.8% inhibition), for
cells exposed to 3 uﬁits/ml (14.6% inhibition), and for cells
exposed to 330 units/ml (21.8% inhibition). The combination of
penicillin and progesterone inhibited entry 26.6% and 48.2%,

respectively.

The activity of the gntibiotic in blocking cell wall syn-
theslis is evidenced by the quantities of radiocactivity in the
control cells. No sign;ficant reduction in radiocactivity was
apparent at the lower penicillin concentrétion after 10 min of
pre~incubation. Control fractions without the antibiotic con-
tained 1873 cpm and controls with penicillin at 3 units/ml con-
tained 2133 cpm. In contrast, control cells in the presence of
330 units/ml contained 1327 cpm, representing a reduction of
29%. Note that this was the only fraction of the 10 min pre-in-
cubation group that exhibited hormonal reduction in 1”C-activity
into the residue. After 120 min, without the antibiotic, con-
trols contained 2650 cpm; at 3 units/ml, controls contained 2279
cpm, a 14% reduction; and at 300 units/ml, controls contained
1755 cpm, a 34% reduction, Thus, pronounced synergistic effects
requiréd conditions of actively growing bacteria and conditions

in which penicillin was actively
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inhlbiting cell wall mucopeptide synthesis.

In the remaining experiments cells were pre-incubated

with and without penicillin for 60 min,

It was of intérest to determine hormonal effects at or
below the critical progesterone concentration of 15 mcg/mi;’
Staphylococci were exposed to lhcealanine in the presence of
progesterone at 0, 5, and 15 mcg/ml. 1650 units/ml of peni-
cillin were used. Fractionation (Table 3%4) revealed that pro-
gesterone alone at 5 or 15 mcg/ml did not inhibit entrance of
radioactivity into the cell residue, In the presence of peni-
cillin and the hormone at 5 mcg/ml, bacterialisuspensions con-
tained 10.1% less 14C-activity than the corresponding éontrols.
At 15 mcg/ml, bacterial suspensions contained 19.3% less ac-
tivity than the corresponding controls. Table 34 also lists
the percent inhibition by the antibiotic. The cortrols without
penicillin contained 10970 cpm and with penicillin 6340 cpm.
fhis corresponds to a 42,3% reduction. Similarly, with pro-
gesterone at 5 and 15 mcg/ml, penicillin reduced entry of the
label 52.8% and 60.3%, respectively. ©The combination of pro-
gesterone at 5 mcg/ml and penicillin inhibited entry 48,1%;
when the progesterone concentration was increased to 15 mcg/ml,

entry was inhibited 53.3%.

“tThe previous table lndicated that progesterone at or
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Table 34. Incorporation of alanine into residue at various homone concentrations

: Hormone concen. Relative Relative
Treatment 0 5 % inhibition t test % inhibition t test
‘ neg/ml by hormone by ho?'mone &
penicillin
Without penieillin 10970 12070 Negative ——— ——— -

% inhib. by penicillin 42,3  60.3

1650units/ml penicillin 6340 5700  10.1+1.5 1.000 48.1+5.5 6.478
4 inhib. by penicillin 42,3 52.8

0 15
Without penicillin 10970 12890 Negative ——— ——— ———-
1650units/ml penicillin 6340 5120  19.3+4.8 2.302 53.3+7.9  9.750

\ incuba.ted mth and without penicillin for 60 min.

Activity is expressed as cpm/ml.

Experimental conditions were identical to those listed in Table 33 except that cells were pre-

The data are
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mean values for three experiments. A t test value larger than 2.000
indicates a value that is significant at a 5% level or better. Rela-
tive % inhibition by hormone is defined as control-~homone-treated
: control

X 100. Relative % inhibition by hormone and penicillin is defined as

control without penicillin~—hormone-treated with penicillin X 100.
control without penicillin
The % inhibition by penicillin is defined as
with penicillin~-without penicillin X 100.
with penicillin
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below 15 mcg/ml did not retard entry of 1kcoalanine into the
residue fraction. In ordér to establish distinct synergistic
action, the critical concentration of penicillin should also

be determined. To this end, staphylococci were exposed to 1l4cC-
alanine and various concentrations of penicillin for 8 min and
subsequently fractionated (Table 35). The critical concentra-
- tion of the antibiotic was between 1.65 and 3.30 units/ml.
Above this level, neniclllin increasingly retarded entrance of
140-activity into the cell residue and below this level, no

inhibitory effects were detected.

Based on these facts, Table 36 presents the data for in-
corporation of labeled alanine into cell wall mucopeptides
with progesterone at 40 and 15 mcg/ml and penicillin at 0.82
and 1.62 units/ml, Without the antibiotic, the steroid at
40 mcg/ml, significantly reduced entry into the residue 13.6%.
At'15 mcg/ml, hormonally~treated suspensions contained quanti-
ties of radiocactivity similar to the corresponding controls.
With penicillin at 0,82 units/ml, progesterone at 40 and 15 mcg/
ml significantly impeded entry of the label 20.2% and 15.6%,
respectively. With penicillin at 1.62 units/ml, the inhibition
increased to 23.9% and 18.5%. Most importantly, the hormone at
the sub-inhibitory concéntration of 15 mcg/ml and penicillin

at the sub-inhibitory concentrations of 0,82 and 1.62 units/ml
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Table 35. Effect of penicillin concentration
on the incorporation of alanine into residue

Penicillin Activity Relative

concen. % inhibition

units/ml
0.00 4255 ——
0.82 L868 Negative
1.65 L3 Negative
3.30 3887 8.7+40.4
k.95 3373 - 20.7+2.1
6.60 2988 29.8+4.2

Experimental conditions were identical to those
in Table 33 except that no progesterone was used. The
activity is expressed as cpm/ml. The data represent
average values for three experiments. The relative
% inhibition is defined as
with penicillin-~-without penicillin X 100

without penicillin




Table 36. Effect of inhibitory and sub-inhibitory concentra-
tions of progesterone and sub-inhibitory concentrations of
penicillin on incorporation of alanine into the residue fraction

Hormone concsen.

\ meg/ml Relative
Treatment 0 Lo % inhib. by t test
hormone
Without penicillin 2556 2209 13.6+1.3  2.283
0.82units/ml penicillin 3245 2569 20.2+3.9 2.224
1.65units/ml penicillin 3107 2366 23.9+6.0 2.259
0 15
Without penicillin 2556 2553 0.1+2.6 0.012
0.82units/ml penicillin 3245 2739 15.64¢5.4  2.279
1.65units/ml penicillin 3107 2532 18.5+3.8 2.447

Experimental conditions were identical to those of Table 33 except that
the suspensions were pre-incubated for 60 min. Activity is expressed as
cpm/ml. These data are mean values for four experiments. A t test value
larger than 2.000 represents avalue that is significant at a 5% level or
better. Relative % inhibition by hormone is defined as
| control—hormone-treated X 100.
| control
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acted synergistically to reduce entrance of 140-a1anine into

cell wall mucopeptides.

Similar experiments were performed with penicillin at

1.62 units/ml and decreasing concentrations of progesterone.
Cells were exposed to the 140-a1anine and to the hormone at

15, 10, 5, 1, and 0 mcg/ml (Table 37). No significant inhi-
bition was detected at 1 mcg/ml; but at 5, 10, and 15 mcg/ml,
progesterone significantly retarded entrance of the label 11.8%,
14,0%, and 18,1%. Note that hormone concentrations as low as

5 meg/ml produced inhibitlon in the presence of sub-inhibi-

tory amounts of penicillin.

ihe data to this point reflect the iéhibitory‘effects of
progesterone on the incorporation of alanine into cell wall
mucopeptides, iable 38 presents the effects of other hormones
at ;ub-inhibitory concentrations in the presence of penicil-
lin at 1.62 units/ml. Diethylstilbestrol at 2 mcg/ml. pro-
duced maximum inhibition. Control fractions contained
12140 cpm and hormone-treated 7010 cpm, corresponding to a
L2,3% reduction. ‘the combination of norethindrone at 13 meg/
ml and mestranol at 2 mcg/ml exerted 26.9% inhibition; testos=-
terone at 20 mcg/ml, an 18.1% inhibition; and progesterone
at 15 meg/ml, a 17.7% inhibition. .his again correlates with

previous work in which diethylstilbestrol affected maximal
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Table 37. Effects of various progesterone concentra-
tions on alanine incorporation into residue in the pres-
ence of sub-inhibitory concentrations of penicillin

Hormone
concen, Activity Relative t test
meg/ml % inhibition
0 12760 —-——— ——
1 12260 - 3.9+40.2 0.735
5 11254 11.840.2 2,124
10 10980 14.0+2.6 2.163
15 10450 18.1+2.0 2.924

Experimental procedures were identical to those
of Table 33 except that the suspensions were pre-incu-
bated for 60 min., Activity is expressed as cpm/ml..
These data are mean values for three experiments, A
t test value larger than 2.000 indicates a value that
is significant at a 5% level or better. Relative %
inhibition is defined as control--hommone-treated X 100.

control
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Table 38. Effect of various hormones at sub-inhibitory
concentrations on incorporation of alanine into residue

Treatment Activity Relative
% inhibition

Control 12140 ———
Progest. 9990 17.7+3.3
15meg/ml
Testést. 9940 18.1+4.3
20meg/ml !
Diethylstil. 7010 42,346.0
2meg/ml :
Norethin.
13mcg/ml
and ' 8870 26.9+2.8
Mestranol
2mcg/ml

Experimental conditions were identical to those
listed in Table 33 except that cells were pre-incubated
for 60 min. Activity is expressed as cpm/ml. The
values are averages for three experiments. Relative
% inhibition is defined as control--hormone-treated X 100.

' control
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retardation of growth in broth (70), and maximal reduction in in-

corporation of nutrients (17).

The cell wall mucopeptides of S. aureus also contain ly-
sine and glutamic acid (46). The next group of experiments
assessed progesterone-penicillin interaction in the incorporation
of these two amino acids into the residue., A slightly lower
critical concentration of penicillin, 0,82 units/ml, was observ-
ed for the incorporation of lysine, When bacteria were exposed
to the labeled lysine and progesterone at 15 mdg/ml, stimulatory
effects were detected (Table 39). Controls contained 51503 cpm,
and hormone-treated contained 118533 cpm, representing a 130,1%
stimulation. In the presence of penicillin, less stimulation
was apparent (94.3% stimulation). Another way of stating this,
is that, in the presence of progesterone, penicillin inhibited

residue incorporation 12.9%.

The results for hormone-antibiotic interaction in the in-
corporation of glutamic acid were not as clearly defined. No
synergistic effects were noted under the experimental conditions

employed.

the synergistic action of hormones with penicillin provided
speculation that the sterolds act somewhere at the level of cell

wall mucopeptides. 'his led to a re-examination of previous work
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Table 39. Effect of progesterone and penicil- -
"lin on incorporation of lysine into residuse

Homone concen.

meg/ml
Treatment 0 15 Relative
4 difference
Without penicillin 51503 118533 130.1417.8
0.82units/ml penicillin 53167 103283 Oh.3+15.4
% inhib. by penicillin Negative 12.9+1.5 '

Experimental conditions were identical to those of Table
33 except that the cells Kere pre-incubated for 60 min and
then exposed to 0.01 mC 1 C-lysine. Activity is expressed
as cpm/ml. These data represent the mean values for three
experiments. Relative % difference is defined as .
control--hormone~treated X 100. The % inhibition by peni-
control
cillin is defined as without penicillin——with penicillin X 100.
with penicillin
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(15, 76), which had showm approximately 2% or 3% of 1hc testos-
terone or 1”C~progesterohe bound to whole cells of S. aureus.
the residual 98% or 97% remained free in the extracellular
fluid. A thick suspension of staphylococci was exposed to 14C-
progesterone for 5 min in synthetic medium, 'The cells were then
fractionated, according to Park and Hancock (46)., ‘he residue
was washed twice, re-suspended in buffer and assayed for hco
content. (killipore filtration was not used because of adsorp-
tion of the label to the filters). In the same experiment,
whole cells were extracted with cold\TCA, then exposed to 1lca
progesterone, and fractionated. In similar fashion, after each
extraction procedure, the insoluble matter was exposed to the
labeled hormone and fractionation was continued to the residue.'
“he data in Table 40 show that 7.3% of the total progesterone
added remained bound to the mucopeptides if the 1abe1‘was added
directly to whole cells., If the hormone was added aftér cold
“CA extraction, 7.8% remained attached to the residue, Similar-
ly, 11.7% was bound afier hot TCA extraction and 10.6% after
trypsinization. 7The largest increase in binding abllity was ob-
served when lbc—progesterone was added directly to the mucopep-
tides. 23.0% was attached to the preparation. If a much denser
suspension of staphylococci was utilized, as much as 55% of the

- added label was firmly bound to the residue fraction.
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Table 40. Binding of lL’C-pz'ogesterone to bac-
terial mucopeptides after various treatments

Added luc-prOgest.

to treated cell Activity % Mc-activity
suspensions bound

Whole cells 8040 7.3:0.1
Cold TCA 8610 7.83»_0.}1
Hot TCA 12930 11.740.2
Trypsin 11670 10.640.5
Residue 25260 23.040.7

S. aureus strain Rose was grown to mid logarithmic phase in TSB,
harvested, washed, and suspended in synthetic medium at 1350mcg dry
wt/ml. One-fifth of the cell suspension was exposed to 0.22 mC
(110,000 cpm) of 14C—progesterone. This portion, plus the other
four portions were extracted with cold TCA. Again, one-fifth of the
suspension was exposed to 110,000 cpm of the labelled hormone. All
five portions were extracted with hot TCA. Again, a portion of the
original suspension was exposed to the labelled hormone. All five
portions were trypsinized. A portion of the original suspension was
added to “*C-progesterone. The remaining reszidue in the last portion,
was exposed to the labelled homone. All five portions were washed
twice with two velumes of 0.1 M sodium phosphate buffer pH 7.0. The
residue fracticns of the five portions were assayed for radioactivity
by re-suspension in buffer and placing 0.lml into scintillation fluid.
Activity is expressed as cpm/ml. The data are mean values of two exper=-
iments. The % 14C-activity bound is defined as observed activity X 100.

total activity added




103
IV. DISCUSSICH

It has been previously demonstrated (15, 16, 17, 69, 70,
71, 72, 73, 74, 75, 76, and 77) that steroids effectively di-
minish the staphylococcal processes of growth in nutrient broth,
in the skin of rabbits, and in the spleens and kidneys of nice,
in atterpting to explain these findings at the rolecular level,
consideration has been given to hormonal intervention in cellu-~

lar perreability.

he growth of a microorganism is the result of the syn-
thesis of all of its cellular components. -he entry of most of
the organic nutrilites required for growth is rediated by spe-
cific and nonspecific permeation systems (31), usually involv-
ing active transport. .his active transport can te defined as
the transfer of a specific nutrient, with expenditure of energy,
frorn a given external concentration to a higher level within the
cell, Nwrerous models for active transport have teen proposed,
one of which follows (1L). \Uhen enerzy is applied to bring
abdut active transport, the specific carrier protein, I, is con-
verted on the inner side of the nembtrane to a relatively inac-
tivated form T3, with a nuch lower affinity for the substrate,
Ce. rence, :3 by conversion to fiS cah unload S within the cell,
even when the internal concentration is high; and Ty will return

. unloaded until that concentration teco-es high enough to satisfy
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the high richaelis constant of Iy (or to block 1its formation
fror~ TS). During‘this cycle, T4, 1in a spontaneous exergonic
reaction, khecormes { on the outer aspect of the membrane, and

can again pick up external S at a low concentration.,

Hurerous reports have been published on microtial trans-

port systems, for example, the anino acid permeases of Z, coli

o
-~

T

(6l+) and Ps. acruginosa (33), the tryptophan permease of .

crassa (65), the carbohydrate permease of Cl. perfrincens (23),

and the histindine and aroratic amino acid perreases of S. typhi-
murium (1). ihorough investigations have also teen wade on the
carbohydrate transport mechanisms of S. aureus (14, 26; 27, and
51). A phosphoenolypyruvate transferase systerm has been irpli-
cated that is very similar to that descrited in E. coli (35).

It consists of enzyne I and enzyre II, a heat stable protein, and
a factor III, Fengstenberz et al. (26) postulated a model in
which the carbohydrate molecule diffuses through the membrane

and is acted upon bty the rhosphotransferase system at the inner

surface of the merbrane, The phosphorylated derivative then

passes into the cell cytoplasm.

Zhus, permeability, as the regulator of the entry of cellu-
lar substances, is a most important function. Ly controlling
the rates of entry of gpecific subvstrates, transport systems
control not only the activitlies of intracellular enzyres, tut

also theilr induced synthesis (9). 4iny darase, or alteration of
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cell integrity, may produce consequent alterations in perreabll-

itye.

Previous results (15, 70, and 75) indicated an apparent
extracellular action of the gonadal hormones on staphylococci.
With this in rmind, and tased upon the reported otservations in
this paper, the following hypotresis 1s presented. ETinding of
the hormones may occur on the cell wall mucopeptide, and at the
sare time, the close proxinity of the cell mertrane to the ruco-
veptide allows for binding and/or interaction of the steroids
with the cell merbrane regions. Willrmer (66) proposed nodels
in which steroid hormones tecare incorporated into phosphnolipid
ronolayers with hydrgphilic groups extending outward. In our
system, the hydrophoblc hydrocarton tacktone of the sterold could
bind to the nonrolar merbrane with the hydropnilic groups attach-
¢d to cell wall wmucopeptides. Varricchio et al. (61), in their
study of the structural features of azasteroids required for
antitacterial activity, concludéd that the steroids rust have
toth a hydrorhobic group and hydrophilic group in order to inhi-

bit growth of the organisns,

<

shue, a means has teen provided vherety steroids nignt in-
fluence structures at a prhase boundary (cell mevbrane) with con-
sequent alcerations in the flux of retabolites across the prase

toundary. -hese alterations, due to the binding of steroids,
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ould concelvably produce the following two events, affectihg

bacterial permeability: 1) the prevention of access of some

o]

ther molecule to a region near, or at the point of attachment

of the steroid to the receptor; and 2) the production of a

c

onforrational change and, hence, a change in function of the

receptor molecule itself. :he local disturtance produced by

the change in conformation could directly, or indirectly, in-

fluence permeability hy affecting svatially separate transpor?t

systers contained within the nembrane proper.

1
t

Since the transfer of a substrate into a cell is an okt~
igatory prelude to subsequent metabolism, steroids, via regula-

ion of substrate entry, should exert many secondary conse-

quences on diverse asvpects of cell retabolism. lany enzyres

1

+

C

ot

c

ocated in the membrane profoundly affect the integrated func-

(=l

loning of the cell. Any disturbance or alteration in the ac-
ivities of these enzymes could also produce nurerous secondary

onsequences.

In support of this hypothesis, the present study provided

four lines of evidence for hormonal effects on cell permeability.

1

C

) Zacteria exposcd to the steroids showed increased rates of

ellnlar leakage of llciyareled raterials and rrotein, 107 to

60l higher than the corresponding controls. _his sugzgested

a

ction at the level of the cell mermbrane. 2) _he uptake of
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specific nutrients, such as alanine, lysine, or glutamic acid,
was altered 107 to 907 by prior treatrzent with various hormones.
Fractionation of the hacteria after exposure to 1t coalanine in-
dicated an initial horronal intervention in the entrance of the
larel into the cellular pool. ihis imnediate effect was follou~
ed subsequently by effects on macrorolecular syntheses. 3) Ihe
exchange of labeled alanine or lysine with unlateled 2lanine or
lysine was altered bty progesterone, For alanine, 14C-activity
effluxed three times as fast in the presence of the hormone,

Lhe opposite results were obtained for lysine. ‘he control cul-
tures exchanged 30% of the internal 1bC-activity,‘while the ac-
tivity within the horrone-treated cultures rerained constant,
Again, this implicated steroidal effects on specific permeability
mechanisrs. L) Iastly, synergistic activity was detected when
penicillin was uvsed in combination with steroids to reduce the
entry of l!C-alanine into cell wall mucopeptides. Ihis implied
a sinilar site of action of hormones at the cell wall, cell rem-

brane level.

The data concerning hormonal inducerent of cellular leakage
provided evidence trat the antlbacterlal sction of steroids en-
tails alterations in perreability processés. _he overall effec-
tiveness of the horiones ray well be the result of several para-
reters whlch cause detrimental effects to staphylococci. ‘he

inrititlon of crowth, tren, may not be due entirely to leakaze
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of cellular components; the fact reralins; that involvenment of

the cell rembrane was demonstrated.

‘he leakage of substances fron staphylococcl exposed to
sterolds was clearly shown by assessing rates of loss of inter-
nal radioactivity and cellular protein. Prolonged exposure for
8 to 12 hr was required before hormone-treated suspensions showed
increased rates of leakage over and atove the leakage in the con-

trol suspensions (Tables 1, 2 and 4),

Ihere were a nunber of reasons to support the vieﬁ that
leakage effects were in some way related to the hormonal inhibi-
tion of staphylococcal growth. Cellular leakage was enhanced at
the identical critical concentration, 20 reg/z1l (75, 76 ), of pro-
cgesterone and testosterone that was required for growth inhibi-
tion (Iable 2). In comparing testosterone and progesterone, the
latter steroid was slightly rore active in inducing leakage,
and slightly nore active in retarding growth (75, 77). Froges-
terone, in conjunction with penlicillin, produced increased rates
of growth reduction (73) and increased rates of cellular'leakage

(faktle 5).

No effects were discernible in the leakage of useful nutri-
ents from gram negative organisms (ITatle 3), which were also not |
susceptible Lo growth inhibition (75, 77). ixplanations of in-

senslitivity of grar negative tacteria to horronally-induced
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leakage may involve the chemical differences in the cell enve-
lopes with resulting inability of the organisms to bind the hor-
rones, i.he cell enveloves of gram negative bacterla are chemil-
cally and physically more complex than those of gram positilve
specles, containing large arounts of lipoproteins and lipoﬁoly—
saccarides, in addition to the rigid mucopeptides, Varricchio
et al., (61) suggested that the resistance of grar negative or-
ganisms‘to'azasteroids involved the cell walls, which are 20%
lipid, as contrasted to the cell walls of gram positive organ-

isms, which contain only 27 lipid.

ihe results of the uptake experinents revealed specific

horr.onal inhibition in the permeation of glutaric acid (Ilable 7)
and alanine (Iatle 9), and stirmulation in the perreation of ly-
sine and glucose (Iable 8). _.he dual effect of stimulation and
inhibition of uptake of the different substrates was puzzling.
It 1s possible that the binding of the horzone to the specific
cell receptors could inhibit permeatility by directly hindering
sore aspect of the adsorption-transport reaction of alanine and
glutamrmic acid., At the same time, the conforrational change due
to the hormone-receptor interéction, rmight produce stimulation
of uptake in an indirect ranner, by affecting spatially sepa-

rate, but proxirnate, transport systems of glucose and lysine.

in defining optiral parameters for the reduction of alanine
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uptake, a few notable relatlonships to in vitro growth reduction
were evident., Progesterone-induced inhibvition of growth was
detected up to a cell concentration of approxirately 600 mcg/ml
dry wt (77). Likewise, salanine uptake was significantly afrect-
ed in the same range of cell densitlies (Figure 1). Amino acid
uptake by grar negative microorganisms was unaffected by the hor-
rones (Iable 14), A variety of hormones displayed various de-
grees of growth inhibition (75, 76, and 77), and similar degrees
in reduction of alanine uptake (Qlable 15). Progesterone signi-
ficantly impeded the uptake of alanlne only at; or above, the
critical concentration of 15 mecg/ml reqpired to.inhlbit growth

(Fig. 3).

Anaeroblosis, besides enhanclng the antimicroblal activity
of steroids on groﬁing cultures of S. aureus (75), also enhanc-
ed the reduction of alanine uptake (iable 12). It has been re-
ported (18, 30) that shifts from aerobic to anaerobic conditions
cring about substantial alterations in rerbranes of staphylococ-
cl, such as in the levels of phosphatidyl glycerol, cardiolipin,
glucolipid, vitanmine Kp, and protohemes, These changes in mem-
brane structure may lncrease the binding affinities of hormones,
producing increased innibition of growth, or increased permeabll-

ty effects,

‘hat hormonal alteration of staphylococcal.uptake does not
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depend solely upon the rates of internal cellular biosynthesis,
as indicated by the following pertinent observations. firstly,
the overall metabolic activity of cells suspended in buffer for
long periods of time, such as 4 hr, should te greatly reduced,
As noted in .able 9, however, the percent inhibition of alanine
uptake after 240 min, 15%,rerained comparable to the percent
inhibition during the initial stages of exposure, 15/% to 20j.
Secondly, progesterone intervention in the uptake of alanine
was relatively consistent for btoth the metabolically active
logarithmic, and the less active stationary phase cultures
(Table 11). Thirdly, cellular nmetabolism is highly dependent
on temperature, being least active at ternperature extremes

(4C or 55C), and most active at intermediate temperatures. ihe
hormonal inhibtition of the uptake of alanine, however, was re-
latively constant in the range of temperatures tested (Iable 13).
Fourthly, anaerobiosis severly limits eneréy production with
consequent slowdown in cell retatolisr. In direct contrast,
hormonal inhibition of amino acid uptake was enhanced two-fold

under anaerotic conditions (Iable 12).

he p:E dependence of hormonal inhibition (Fig. 2) ray re-
flect steroidal interaction with the enzyre-llke perzease sys-
ters., An explanation for the increase in inhiblition as pi was

: i
decreased, 1s the lonzation of carboxyl or acidic groups
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making avalilable greater numbers of charged groups within the
cell surface, This, in turn, may result in greater attraction
and binding of hormones. Furthermore, organic acids are more

permeable as unionized acids than as ionized anions.

Fractionation of bacteria after exposure to diverse 1¥C-
substrates clearly indicated steroidal intervention in the en-
try of labeled nutrients into cellular pools, lipids, lipid-
soluble proteins, nucleic acids, teichoic acids, proteins, ;nd
cell wall mucopeptides (Tables 18 to 26). Specific relation-
ships with previous data were recognized. The incorporation of
alanine into the bellular fractions was impeded by progesterone
(15 meg/ml), and epiandrosterone (20 mcg/ml) only at, oé‘above,
the critical concentrations required to retard growth (Iable 18,
and 22)., Entry rates into the cell fractions of gram ﬁegative
organisms, bn the other hand, were not significantly altered by
the steroids (Table 19). Prbgesterone-induced reduetions of in-
corporatidn of amino acids were similaf for cultﬁres in the
logarithmic and stationary phases (Table 20). HNo significant
changes in the percent inhibition of 140-entry into the five
fractions were detected in the less metabolicaily active sta-

tionary cells, Epiandrosterone exerted a pronounced growth su-

pressive action (75), and also exerted maximal inhibition of -

incorporation of alanine, relative to the actions of stanolone
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and 17 X -nydroxyprogesterone. - .he latter steroid did not gf-
fect staphylococcal growth (77), and also did not influence the
“{ncorporation of amino acids into the bacteria. Stanolone
exerted slight growth inhibitory effects (75), and slignt in-

hibitory effects on incorporation rates (Iable 22).

Substrates taken into cells and incorporated into cellular
components rmust pass through cellular pools before entering the
various netabolic pathways (&, 5, 78). In this way, the pool
sizes ray directly influence the synthesis of macromolecules,
the experinent involving the time course 6f 1“C—uptake into
cells following short term exvosure to MMC-alanine indicated

that the initial inhibltory effects of progesterone, occurring

Y

within 10 seconds, a 1l% inhibition, were exérted on the entfy
of the label into the cellular pools of staph&lococci. At this
“time, the quantities of radtoastiviﬁy in control and horronally-
treated fractions of the hot ICA, trypsin, and residue |
were identical. _he steroid inhibited entry of 1lC-activity

into the latter three fractions only after a ~miniruz of 60 sec

exposure igable 21). These results suggested an initilal, inme-
R of ;

diate horrdhal influence on the transport alanine into the cel-

lular pool.

For incorporation of other substrates, no obvious relation-

ship of steroid action to racromolecular syntheses ererced,
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dith some substrates, entry into the cell fractions was inhibit-
ed, while with others, either stizulatory or a coubination of in-
hibitory and stizulatory effects were detected. Of the ten sub-
strates tested, eight showed significant alterations in pool
sizes (Iable 27)., < he only two substances not effected were
glucose and uracil, botrh of which are extrenely active metaboli-
cally. As a possible explanation, the activity of the transport
rechanisrs for these two compounds ray be so great, trat any in-

hibtltion of permeability functilon ray have been overridden by

the high entrance rates of glucose and uracil,

Analysis of the incorporation of phenylalanine (Table2 L)
and glycerol (Table 25) revéaled horrmonal inhibition solely in
the entry of liC-activity into the cold TCA fraction, 127 and
117, respectively. Longer incubation periods »ay have resulted
in steroidal alterations in 1“C~quantity in the other four

fractidns.

the chroratographic assessment and identification of the
radiocactivity associated with the five cellular fractions after
exposure to alanine and lysine (Iable 28) dictates extremne cau-
tion in interpretation of the data. A thoroﬁgh guantitative
and qualitative investiration 1is necessary to distinguish be-
tween 1Y C-activity and the original 1! C-substrate. rtacterial

“

suspencions,in an active netabolic state, will catabolilze
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substrates at a rapid rate with resultant entry of the 1“carbon
into Various,biosynthétic pathways. For exarmple, after addition
of labeled rhenylalanine, or leucine to staphylococcl, the small,
but sipgnificant, amount of radicactivity detected in the resi-
due fraction, probably represented breakdown and re-utilization
of the original 1”-’C—labels. ‘he recent work of Gupta and Frazer
(21"} itenized the metabolic fate of absorted valine in a filaren-
tous fungus. Catabolis: of the amino acid was observedvas early
as I min post-addition of the label, After 15 min incubation,
the label frox the valine appeared no less than 12 other com-

pounds.,

.

Chromatographic analysis of the radioaétivity within the
cold JCA and protein extracts of S. aureus after 15 min exposures
to 1bC-a1anine or 1hC—lysine indicated that L0Z to 507 of the ac-
tivity represented compvounds other than the original alanine or
lysine'(fable 28). he radioactivity within the other fractions
was unaltered. <‘his provided a useful blological tool for fur-
ther experimentation. In the study of the synerglsm between pro-
gesterone and penicillin, it was assuied that after exposure to
alanine,or lyslne, and subsequent fractionation, the lhc-activity
in the rezidue reflected 957 to 997 ofvthe ﬁnchanged original
substrates, Sinilar assu~nptions can be rnade for incofporation

into cell wall teichoic acids (hot ICA) and celluler liplds
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(75% ET0H)., These resuits for alanine'and lysine correlate well
with other reports concerning the identification of amino acids
.incorporated into various cellular fractions (2, 18, 19, 22, 24,

28, ~ 48).

Not too many conclusions can be drawn from the exchange re-
actions, in which labeled alanine or lysine exchanged with un-
labeled alanine or lysine. Progesterone produced an immediate
3-fold increase in the efflux of alanine, relative to the con-
trol (Table 30). In contrast, the hormone reduced the rate of
efflux of lysine. It should be recalled, that the entry of ala-
nine into the cold TCA fraction was inhibited (Table 18), while
the entry of lysine was stimulated (ilable 23). This hormonal
influence on exchange reaction was not observed for glutamic
acid. Thus, a generalized cellular exchange mechanism, due to
sterold exposure, does not appear to be responsible for differ-
ences in the quantities of substrates taken into cells, However,
it is hot necessary for the hormones to influence all components
in order to effect cell growth, In any case, these data fur-

ther implicate a hormone-permeability interaction.

the effects of chloramphenicol provided iﬁteresting results
for speculation. In buffer, the antibiotic interacted with the
hormone to enhance 1nhibitioh of substrate uptake, while in syn-~
thetic medium this effect did not occur (iable 17). Bacteria

suspended in synthetic medium were actively growing, and in this
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’staée-should be rore éuéceptible to the inhitition of protein
synthesis by chloramphenicol, Resting cells in bﬁffe;#§hqu1d be
less susceptible hecause pf lowered rates’of protéin synthesis,
thus, the synergistic effects of chlorarphenicol and hormones
upon suhsérate uptake were possibly“due to an interaction of the
inhititor with cellular processes other than protein synthesis.
In fact, it has teen reporied th&%3chlofamphenicol at 200 mecg/ml
the concehtration used in these é§geriments,-1nf1uences perne-

ability processes (25). If this'“

be expected,

Synerzistic action was obsarvﬁﬂ when penicillin was used in

combination with specific st eroid@;“ The antibiovic enhanced

horronally-~induced leakage of iﬁtcrnal constliuencs from staphy-

lococcal cellsA(Taﬁle 5)e In a@&itién, in tre presence of peni-

clllin, sub-inhi“i ory convenura“

6ne, die,nyls ilrtesirol, and norethindrone plus "es,ranol re-
dvced the ra:g of entry of alanine and lysine into cell uall
mucoéeptides (Tabtle 38 and 39)a.v1he synergistic action was en-
tirely feaslible in light of the facu that penicillin acts at the

cell wall level (12).

.he above findings for penicillin were consistent with the

.....

atachmen: of labeled progesierone Lo the cell wall rucopeptiides,

ans of progesterone, testoster-
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-fre detection of radiocactivity within the residue specifically
implicatéd attachment‘thereon. ﬁhen 140-progesterone was added
elther to whole cells or to preparations of mucopepﬁides from
the ldentical quantity of whole cells, the latter preparations
contained three times as much radioactlvity as the whole cells.
It 1s possible that cell fractionation reﬁoved cellular compo-

nents, and thus, exposed additlonal areas for hormone attachment.

fased on the hypothetical model presented_énd the reported
observations, sore pertinent questions can be answered. Uhat
was the target or receptor in a bacterial cell that initially
interacted with the horrmone? According to the model presented,
the receptor was at the cell wall-cell merbrane interface and
ray be a combination of polar mﬁcopeptides of the cell wall and

non-prolar lipids of the membtrane,

Was the affect on perreability the primary rechanism of ac-
tion at the cellular level? Although this is a rost difficult
question to answer with assurance, the results pointed to per-
reatility as the primary target for steroidal mechaniem pf action,
ihe su;mation of horrmonal effects on incorporation of the ten
substrates indicated a relatively uniforn affect onl& upon éellu-
lér pools of staphylococci, The short term incorporation experi-

rent showed that the initial intervention by the hormones was in
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the cold ICA fractions. The lack of dependence on overall céll
netabolism apparently.exCIuded prirery affects on incorporation
into mécromolecules. 'The results of glycerol and phenylalanine
incorporation showed steroidal intervention of entry into the ;
¢cold TCA fraction, without concomaltant alterations of l1ncorpor-
atlon rates into the other four fractions. The progesterone—in-
duced alterations of cellular incorporation wereisimilar for,
wbultures in the logarithmic and Stationary phases, suggesting
hormonal intervention: in the activity of 2 celluiar function‘(s)
equally shered by both groups of cells. Such a function could

be perreability as implicated by the experimental data.

What were the secondafy effects produced ty the hofmone re-
'ceptbr cortination? Iransport processes determine the nature and
quantify of the solutes that enter the cell. Feters (47.) pro-
rosed the cell merbrane as the coordinating factor in cellular
physioiogy; If a hofmone alters a cell rembrane, it would be
expected to rmodify several enzyme reactlons, produbing rany var-
| ied, rather than simple, changes:’dih animal cells,.ﬁdol (68) |
hypothesized that 1nsulih actélén fat and protéin»métaboliSm as
secondary, or derived phenoména;lthat is, derived from the ac

' tilon of the»hormone in making'glﬁcosé’available to intracellular
enzymatlc processes. The glucoéé, in turn, provides; ehergy for

the synthesls of fat or protein, For the reported incorporation
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studles in the present dissertation, progesterone intervention was
denonstrated for most of the substrates utilized. Ihe incor-
poration of these substrates reflected a wide range of bacterial
netabollic syntheses - proteins, cell wall structures, lipids,
sugars, arino acids, and nucleic acids. That the hormone would,
directly influence all of‘the enzyratic rmachinery herein in-
volved, is most unlikely., Frobably, the steroidal effects on
cellulér incorporation represented secondary reactions subser-

vient to prirary reactlons at permeability levels,

Do 21l the sex”hormones regulate perreablility in staphylo-
cocei in si-ilar fashion? lost of the accunulated data in this
and pfevious studies were the result of analysis of progesterone
action. Cther steroids, including androgens, progestens, syn-
thetic progestens, estrogens, and synthetic estrogens, appeared
to affect the varlous staphylococcal processes in related ways

(15, 16, 17, 69, 70, 71, 72, 73, 7%, 75, 76, and 77).

Why were sore derivatives mbre active than others? Ihe
Gerivatives of horsmones utilized in these stﬁdies were closely
'related, differing oniy in the nature and/or sterochemistry of -
such groupse as hydrozen atoms, hydroxyl aroups, :ethyl groups, .

or keto groups., BSuch che-ical differences could result in changes

in binding capacities of the normone to Lhe recep:or(s). .hi
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could produce increased, or decreased effects relative to the

parent compound.

Why were certain sirains of S. aureus more susceptitle to
hor—one action than other strains? Strain differentiation often
reflects subtle changes in bacterial cells., Redaj and Rethy
(28) reported that various strains of S. aureus differed in the
fatty acid composition of thelr meribranous structures with re-
sultant crhanges in antiblotit sensitivity. Serotypes 1X to X111
are very likely, closely related metabolically and physiologi-
cally., Differences rnay exist in cell wall-cell mepbrane com-
position. If this is true, then fluctuations in binding of hor-~
rones to thelr respéctive receptor sites could produce more, or

<

less, suscepclbility to steroid actlon.

Could the alcerations of peraeablliiy observed in the pre-

senc ssudy accoun: for the previously reported in vivo anti-
icrobial activiiles of the horaones? Although further research
will bte required to answer this questlon, the results of this
study sugresced a direct hormone=-siaphylococcal intersaction.

It is probable that perrealbility changes with subsequent second=-
ary reactlons of cell :etabolisx, ray account for sore, but not_

211, of the in vivo antliricrobial effects of the sterolds.

cany other physiological faciors must also te consldered in the
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interplay of host-defense mechanisms with the gonadal hormones,

Hormonal intervention in cell permeability is not an al-
together new hypothesis. For example, Edelman et al. (13)
isolated skeletal muscle membranes and found that they bound
1311 3nswiin by both electrovalent and covalent (disulfide)
linkages., This, they thoughi, was evidence that the permeabil-
ity changes cauéed by insulin were initiated by a thiodisul-
fide interchange reaction between the disulfide bond of the’hor-
mone and the thiol groups of the membrane. Also, Crabbe and
deWeer (10) found that aldosterone stimulated active sodium

transport in the toad bladder by lncreasing the sodium perme-

2bility of the mucosal border.

There are still other similar examples., Thus, adrenocor-
ticotropic hormone inhibited the active incorporation of ascor-
bic acid in adrenal cortical slices. As several cortical ster-

oids also inhibited the uptake, Sharma et al. (50) proposed that;ﬁ 

adrenocorticotropic hormone acted through steroids produced in ;
its presence. Also, Noall and Allen (43) observed that estra; |

diol stimulated the uptake of e(~aminoisobutyric acid by the -
uterus. This occurred only if the hormone was offered in _;xgu

but not in vitro,.

As a final example from a microbe, Lester et al. (38)
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observed that déoxycbrtiCOsterone»inhibited the uptake of sugars, |

arino acids, and rubidiur by leurospora crassa. “he results

suggested that the action of the hormone was directed agalnst

specific pgrgegbility processes of the fungal cell.
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V. SUMHARY

Certain specific gonadal steroids selectively reduce the

growth and virulence of Stapuyloccccus aureus. <[his work was

undertaken to investigate this hormonal mechanisxz of actlon at

the molecular level.,

Under anaerobic ¢onditions, when various hormones such as
progesterone, testosterone, mestranol, or norethindrone, at the

pharracological concentrations of 20 to U0 meg/ml, were added

to Stanhylococcus aureus that had been previously exposed to
1“C-g1ucose, the rates of leakage of radioactivity frox horrone-
treated cultures were 107 to 60% greater than the rates of 1eak¥
age from the control cultures, Simllarly, the cellular releése
of protein was 103 to 507 greater in the presence of progester-
one. Penicillin enhanced the steroidal effects of increased

cellular leakage,

fﬁe uptake of latel ed substrates, such as glucose, alanine,
lysine, or glutaric acid, was altered 10% to 907 by prior
treatrment with progesterone, testosterone, or estradlol at
Lo ncg/ml,or diethylstilbestrol at 20 mcg/rl. The inhibition
of entry of latel ed alanine was rarkedly influenced by meta-
bolic activity, anaerotiosis, temperature, pk, cell concentra-
tion, and hormone concentration. Substrate uptake by gram

nepgative organisms, whose growth 1s not inhibited by the
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steroids, was also unaffected by the sterolds.

Fractlionation of staphylococcl after exposure to ten 1“C-
label ed substrates in the presence and absence of hormones, re-
vealed wide-spread alterations in the entrance of the labels
into 1lipids, proteins, nucleic acids, teichoic acids, and cell
wall mucopeptides. No direct relationship of sterold actlon to
rmacromolecular syntheses emerged. Vith some substrates, entry
into the cellular fractions was inhibited, while with others,
elther stirmulatory or intermediate effects were detected. Fro-
gesterone at 40 mecg/ml, however, altered the entry of eight of
the corpounds into thelr respective cellular pools. Ihe hormone
inhibited entry 11% tokl7% for seven of these eight substrates, -
For éhort-term incorporation studies using 1”C-alanine, proges-
terone initially reduced entrance into the cellular pools 15%
wlthin 10 seconds. At this time,:nb hormonal intervention was
apparent in the incorporation into the other cellular fractions.,
After 15 ninutes, however, the sterold reduced the entrance of

the 1%¥Cc-latel into the other fractions by 15% to 50%.

Synergistic activity was observed when sub-inbibitor& con=-
centrations of penicillin were}utilized with sub-inhibitory
concentrations of progesterone, testosterone, norethindrone and
mestranol, or diethylstilbestrol, to inhibit the entry of 1“0- ’
alanine into cell wall nucopeptides., A progesteroné concentra-

tion above 15 mcg/rl was required to reduce entrance of the
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latel ed alanine into the mucopeptide fraction. If sub-inhibi-
tory concentrations of penicillin were added, progesterone con-
centrations as low as 5 mcg/rml significantly reduced entry of

the label into this fraction.

“hen luC—progesterone was added, elther to whole cells,
or to preéarations of nmucopeptides from ihe identical quantity
of whole cells, the latter preparation contalned three times as
much radioactivity as the forrer. In fact, with concentrated
suspensions of mucopeptides, as much as 23% to 55% of the added

hormone rerained firmly bound.

Ihe following hypothesis 1s presented to explain the
mechanism of action of the gonadal hormoneé, in the previously
feported inhibition of growth of S. aureus. It 1ls proposed
that steroids bind to the cell wall-cell membrane comxplex, and
in so dolng, produce two moleéular events, affecting bacterial
permeaﬁility: 1) the prevention of access of soxe other
molecule to a region near, or at the point of attachment of the
hornone to the receptor; and 2) the production ofva conforma-
tional change, and hence, a change iﬁ function of the receptor
rolecule itself. -‘he local disturbance produced by the change
in conformation could affect spatially separate transport sys-

tems contained within the membrane proper.
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