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SYNOPSIS

Some aspects of the antibacterial action of diphenyliodonium chloride.

The antibacterial acfivity of diphenyliodpnium chloride was .
investigated against Pivé Grem-positive and three Gram-negative
bacteria. The minimum iﬁhibitory concentrations‘wera determined ,7
for these organisms and diphenyliodonium chloride wés mors active

against bacteria growing under aerobic“conditions.

Diphenylicdonium chloride is a bacteriostatic agent whan
its actidns on the survival of proliferating and non-proliferating
cells are considered. No synergistic or antaponistic action was

observed with sixteen common antlbacterlal agents.

Thers was a loss of ribonucleic acid from the cell when
in contact with the drug, suggesting that the permeability of

the cell membrane 1s altersd. 3

Biphenyliodonium chlorida was rapidly teken up by the cell
and adsorption followed a Langmuirian isotherm. The adsorption
of the drug increassd linaarly with pH and antibacterial activity

also showed an increase with increasse in pH valus.

The compound also interfered with respiration and impaired membrane

function as judged by loss of intracelliulaer K*.

- Diphenyliodonium chloride is primarily a bacteriostatic agent
which acts'by impairing membrane function and so interfering with

cellular respirétion.



SECTION 1



Introduction_

Microbes are exposed to chemical stress by man and also 1n the
everchanging natural environment. There 1s a widespfead requirement
in medicine and industry for substances which are used outslde. the

body as disinfectants, antiseptlcs and blocildes.

The term disinfectant, describes products intended for use

in the presence of dirt and dense bacterial populationé.

Biocide 1s used morse particularly for preservatives that
prevent bacterial and fungal attack on wood, paper, textiles and

other organic materials.

The term antiseptic is usually reserved for a substancs
that can be safely applied to the skin, with the aim of reducing

the chances of infectlon by killfng the surface bactsria.

Many compounds which are qucessfully used against bacterial
1nfections‘are not highly bacteriéidal but mereiy.prevgnt thelr
hultiplication, most ars inactive against'non-growing bacterié.

A distinction 1s nféen made betwsen bacteriostatic and bacterdicidal

compounds, but the divisiun is by no means clear cut.

-



Interaction of antimicrobial -agentsr with the cell.

Whole cell

The first apparent interactibn with the whole cell is when a
compound is adsorbed onto the cell surface, and this adsorption is
_important in the disinfection process. The uptake of drugs by.cells
has been measured by many workers as an initial study oflthair

mode of actiocn.

Antiseptics ara readily taken up by bacteria, the amount
absorbed inéreasiné with an increasing concentratiun.r The adsorption
isotherm sometimes shows a point of inflection which corresponds to
the minimum bactericidal concentration, higher céncentratinns lead

to a much greater adsorption of the compound.

The extent of Killing of the bacteria is governed by three

principal factors: namely. concentration of the compound, bacterial

cell density and time of contact.

The uptaka of a given amounteof the coﬁpnuﬁd per cell leads to

the killing of a definite fractlon of the bacterial population in

a chosen time interval. The technique usually involves adding a
selution of the drué to a‘cell suspension ﬁf known density and

after a suitablé time interval the cells are removed by centrifugation
and the residual amount of drug in the cell free supernatant solution
is determined. The concentration of the drug in the supernatant fluid
is reduced by adsorpticon onteo the cell surface. Hence, the total

amount of drug taken up by the cells may be measured.



Giles et al (1960) considered that four distinct patterns of
adsorption can occur.  These are S, L, H, C, shapes. The.S
['S shaped]) pattern is found when'tha solute molecule is mono-
functional and has moderate intermolecular attraction, causing it
to orientate vertically. It meets strong competitinﬁ for substrate
sites from molecules of the sdlvent or by another adsorbed species.
ﬁonohydric phenols when adsorbed on a polar substrate from watér
usually give . this pattern. | .
L[Langmuip] pattern; in this pattern as more sites are filled
it becomes increasingly difficult for a bomﬁarding solute molecﬁle
ta find a vacant site. The adsorbed:'soluta molecule is either not
orientated vertically or thera is strong competition from the solvent.
If vertical orientation does occur there is a stfong intramolecular
attraction between the adsorbed molecules. Amongst the phenols,
rresorcinol shows this typerf‘behaviour. _
The 'H ( high affinity) pattern' is obtaiﬁed when the solute is
almost completely adsorbed. Sometimes the process is eccompanied
'-by Jon exchange. as in many bacgériolbgical staining procedures.
The 'C.[ constént partition} pattgrn' is obtained when the solutes
penetrate morerreadily into the a.dsorbate than does the solvént.
It hés beén ahbwn to occur when aaueous soldtions of phenols ars
adscrsed by synthetic polypeptides. It might also be expected to
occur when phendls are adsorbed from an aqueods solution by bacteria

containing a high proportion of lipid in their cell wall.



More recent studies on the adsorption of antibacterial
substances by micro-organisms include. the adsorption of dequalinium

by Escherichia coll and Staphylococcus aureus ( Huge & Frier, 13869).

They found that dequalinium acetate penetrates quits rapidly into
the cytoplasm where 1lts effect seems to be exertedl Fer adsorption
.of fentichlor by.E, colil and S. eureus Hugo & Bloomfiel& (1971a)
suggested that the drug was taken up by the cell wall and cell
membrane, the latter probabiy being the main sits of adsﬁrption
and main site of ‘action. They menticned that although both whole
cells and cell walls of E. coli have a higher affinity for fentichler
than tﬁose of é, aureus the former isvleés susceptible to ifs
antibacterial ection. The adsorption of éhlorhaxidine'by Clostridium
perfringens was studied by Hugo & Daltrey'(1974i,whn'Found
that a low coﬁcentration of chlorhexidiné‘caused a drop in the
turbidity of cell suspensions, but higher coﬁcentretions caused
a rise in turbidity aﬁd precipitation of the cytoplasm.

Information of the site of Edsorption may ﬁa cbtained by
studying the process at different pH values but it should.be
borne in mind that the ionization of the disinfectant as well
as receptor sites on the cell su;faca may be affected by changes

in ﬁH { Salton, 1857;, Hugo & Longworth, 1964).

Cell wall

The cell wall 1s a prime target for a number 6? important anti- .
biotics eg. penicillins, cephalosporins, cycloserine, vancomycin
and ristocetin. Here the precise biechemical target has been
identified. lThe antiblotics mosnomycin, enduracldin, prasinomycin,
antibiotic 11.837 R.P. and novobilocin likewise act on the cell wéll

however the site of action is not precisely determined.



Pulvertaft & Lumb (' 1948) showed that E. celi,;Streptococci and

Stéphylococci lysed almost completely when rapidly growing

cultures were exposed to low concentrations of antiseptics such
as formalin, phenol, mercuric chlorids, sodiumAhypochlorite and
merthiclate. The authors thought that the action was due tao
metabolic disturbance followed by uncontrolled action of lytic
enzymes which function ﬁormally in cell wall synthesis during
gfﬁwfh and cell division.. Other examﬁles ofﬁlysis indﬁced_by
chemical agents énd posslbly héving-the same Easic mechanism

are given in the work of Smith et al (1975).

Cytoplasmic membrane

Early work in this area was_conberned with drug-induced
leakage of material and there 1s 1iftle doubt that this centributes
to stasis of death according to the time and intensity of expasure
to the chemical stress coﬁcerned. More recently reactions at the
molecular level have been revsaléﬂ and it is these resctlons which
are currenfly the most exciting. They include uncoupling of

oxidative phosphorylation and inhibition of energy-dependent trabsport.

Cytoplasm
~ There are four targets for antibacterial drugs and antibiotics:
the cytoplasm itself, cytoplasmic enzymes, the nucleic acids and the

ribosomes.,



1)

2]

3]

Irreversibls coagulation of cytoplasmic constituents

Thisdréstic lesion is usually seen at drug concentrations

far higher‘than fhose causing general lysis or leakage.

The ecytoplasmic components most likely to be coagulated or
denatured are proteins and nucleic acids. Meyer (1901)

showed that the degree of antibacterial action of phenols

was proportional to their distribution between water and protein,

thus suggesting that protein was a prime target. Cooper (1912}

' concluded that phenols destroy the protein, structure within the cell.

Effect on metabolism end enzymes

The result of many éxperiments by many workers have shown that
enzyme inactivation is only one of many events caused by chemical
stress and is not likely to be a prime mechanism far death.

In some cases it may be a cause of bacteriostatic action.

The nucleic acids v

There are a number of antibiotics which affect the bicsynthesis

and funectioning of nucleic ébids. Actinomycin impalrs the

template function of DNA and binds to it. Antibiotics

chromomycin, mithramycin and olivomycin also have similar
effect on nucleic acids. Amongst the non-antlbiotic
antibacterial drugs, only threé main compounds a?fecting

these targets have been 1dentified: these are the acriaina
dyes, formaldehyde and phenylefhanol. Ferguson & Thofne (1946)
after studying the effect of a serles of acridine compounds on
the growth and respiration of E. coll concluded_thét they

irhibited reactions closely connected with synthetic processes.



Ribonucleic acid polymerase has alsu been identified as a target
for acridines in celli-free preparations from E. coli. Dyas such és
proflavin fit, or intercalate, intorthe double~-stranded DNA.

helix end thereby prevent its functioning. = = '_- ij:
Grossman et al (1961) showed that the amino group of the

purine and pyrimidine rings have been é&lted as likely sites for
the interaction of formaldehyde. |

Phenylethanol, is not only a membransfactive compound. but it has
'also-been shown to inhibit initiation of rsplicafién at High _

cancentrations { Lark & Lark, 18E6B].

4) Ribopsomes

Ribosbmas are associated with the formation cof péptides from

amino acids ordéredTbyT' messenger RNA and assembled by transfer

RNA. This precess is a singdlar target for streptcmycin, neomycin,
gentamycin, tetracyclines, chloramphenicol, lincomycin, puromycin and v

A

many others.

Ethylenediaminetetra acetic acid ( EDTAj is a specific chelator
of certain metals, including Mg+¥, neceésary for the integrity
of fhe 50S and 30S ribosome unit§ in prnkar&otes. EDTA is
used in conjunption with certain antiseptics to enhance their -
activity, specialiy against gram-negative ofganiéms. ( éussell 1971;
Leive 1974). Its possible action on ribasome structufe must be berne in mim

when it 1s present in - antibacterial systéms.



Effect of antimicrobial: agents on the tell membrana.

Three main lesions may be induced in the cytoplasmic membrans

byrchemical disinfectants:

1]

Leakage of cell constituents and modification of cell permeability

The modern notlon of cell membrane structire is of a phospholipid
bi-layer in which protein moleculss ara embedded. This is thought
to be common to a varisty of membranes ranging from the cyfnplasmic
membrane of prokaryotes, to thé-erythocytes.énd fb'mitodhbndrial'

membranes, { Singer & Michelson, 1972) { Fig 1 and 2).

The earliest experiments were those o% Hotchkiss (1944) on the
action of antibiotic. - tyrocidin on S. aureus. He showed that
the addition of tyrocidin to a suspension ﬁf cells in the
presence of glucose was followed almost immediately by a.rapid
fall in the rats o? respiration. More detalled investigation
showed that cells incubated {n the presence of tyrocidin lost

nitrogen and phosphate much faster than cells in the absence of the

- antibiotic. He also noted that similar effects were given by a

variety of catlonic and anionic surface-active agents.

Surface-active agents are divided into three classes according

to the charge cafried by the substance in solution:

1} Cationic surface-active agents possess & hydrophobic group,
suéh as a hydrocarbon chain or alkyl-substituted benzena ring,
together with a positively charged hydrophilic group e.g. a
guarternary ammonium, sulphonium, or pheosphonium,group.
Examples commonly used in studies of mode of action hava been
cetyltrimethyl ammonium bromide ( CTAB), cetylpyridinium

thloride ( CPC) and the polypeptide antibiotics, tyrocidin

-



FIG 1.

The llpid-gloubular protein meosaic model of
membrane structure; schematic cross-sectional
view. The phospholipids are affanged as a
discontinuous bilayer with thelr ionic and
polar heads in contact with water.

The integral proteins, are shown as‘globuiar

molecules partially embedded--in, and partially

- protruding from, the membrane. The protruding

parté have on thelr surfaces the idnic

residues { - and +) of the protéin, while

the nonpqlar residues are likely in the embeddsd
parts,laccqrdingly, the prétein molecules ére
emphipathic. The degree tg which'tha integral

proteins ars embedded and,‘in_particular, whether

| they span the entire membréna thickness depend on

.the size and structure of the molecules.






FIG 2.

The 1ipid-globular protein mosaic model
with a lipid matrix ( The fluid mosaic modell;
schematlc three-dimensicnal and cross-sectional

views. The solid bodies with stippled surfaces

. represant the glohbular Integral proteins, which

at long reange are randomly distributed in the

plane of the membrana. At short range, some

. may form specific aggregates, as shown.
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'gramicidin S and subtilin. The aqtivity of such substances

increase as ths pH is raised. Salton ( 1950, 1851) demonstrated

. that.the Eoncentration of CTAB producing a 93.89 per cent kill

was related to the amount of purine or pyrimidine containing
components leaking from the cell in the first 5 minutes of contact.
Hamilton (1970} ﬁoncluded that CfAB caused such a generalised affect

on the membrane that It became permeable to all the ions.

Chlorhexidine is another cationic antiseptis, which is much
less gurface active than CTAB eﬁd has little_detérgent action.
Hugo & Longworth (1864) investigated the ability of chlorhexidine
fo pfomote leékagé of intracesllular maferiai from E. coli and S. aureus

and found a diphasic leakage/concentration pattern.

2) . Anionic surfece-acti&e agents posses a hydrophebic group

similar to that in cationic agents and a negatively charged,
hydrophilip group which may be a;carquyl, sulphate, sulphonate

or phosphate group. Commpnly uséd examples are sodium dodecyl
sulphats [SDS],‘fatty acids and pﬂenols. Anionic detargenfs such

as SDS are much less to#ic to baéteria although their target is also
the cytoplasmic membrans { Gilby & Few 19B60). This may be due ta the
fact that in ahioniq detergents the active ibn isrnegativaly chargad

and may be repelled by the negatiVely charged bacterial surfacs.



3) Non-ionic surface-active agents are practically non-toxic

to bacteria, e.g. nonidet.

Certain solvents also cause leekage of ions, this has been by
the detection of lons, labile nucleic acids and their components,

purines, . pyrimidinss, pentoses and inorganic phosphorus.
Salton (1968) prdbosed‘that the seguence of events following.
contact of the antimicrobilal with the cell is:
11 Adéorption onto and penetration inte the porous cell wall.
2} Interaction with lipid-proteln complexes invelving reaction
with hydrophobic portiohs of proteins and orientated lipids;

leading to disorganization of the membrane.

3) Leakage of small molecular weight metabolites from inside

the cell.
4) Degradation of proteins and nuclelc acids.

5) Eventual lysis by the action of wall-degrading enzymes.

2} The inhibition o% hembrane bound enzymes
Membrane-bound adenosine triphosphatase has been implicated in the
utilizatioﬁ of enefgy—dependent transport in microbial cells.
Harold et al { 1969 b) showéd that chlorhexidine inhibits both
membrane-bound and soluble adenosine triphosphatase { ATPase]}

and also net kY uptake in Streptococcus faecalis. They deduced

that ATPase is coupled with K+ transport in membrane processes

in this organism. Daltrey & Hugo (1974) showed a similar inhibition
of ATPase in Clostridium perfringens.




Dicjcloheﬁylcarbodiimida (DCCD) was also shown to inhibit the

growth of S. faecalis at 10_4M ( Harold et al 1969a). Energy-
dependent transport of alanine snd phosﬁhaté and the energy-dependent
exchanga of K' for Na® or H' were inhibited; glycolysis was decreasad
as a resultloF decreassd ATP breakdoWn»but ATP syn£hesis was unaffected.
Membrane-bound ATPase was found to be sensitive whareas the

solubilized enzyhe preparation was resistant.r

3) Attenuation of membrane electrochemical potentials

The membrane poses an osmotic barrier between the cytqplésm and

_the external milieu. The barrler is pérmeabla to watser. thar
substances bass across the membrane as a iesult‘of specifid mechanisms
apd the nature nf.the mechanism for a specific subatance may differ in
different types of cell. Transpbrf of any substance acfoss a mﬁmbrane
involves three considerations: namely how the substance passes through
a hydrophobic barrier, how the internal concentration is related

to that outside the cell and if Fha substance moves up a concentration

v

gradient, how this is achieved. -.

Transpert processses are usually bonsidarad to fall into thres classaes:

Al Passivse diffusion
The subsfance diffuses through the membrans passing down a
coqcentration or electrical gradient. The substance must be
sufficiently soluble in the hydrophdbic medium of the membrane
to allow it to move across the barrier. For an uncharged
.molecula tha concéntration insids a cell cannot sxceed that
outside but the concentration distribution of a charged molecule

will be détermined by any slectrical gradient across the membrans.

..11_



8)

C)

With bacteria in a medium at pH 7, the proteins withiﬁ the cell
will carry a negative charge and set up an electrical gradient
across the membrane; passive dif?usion of a positivaely cﬁarged
ions can then give rise to a concentratlion gradient determined

by the Donnan equilibrium.

Facilitated diffusion .

The substance is'insulﬁble in'theuhydrnphobic barrier bﬁt

reacts with a carrier within the barrier to form a carrier-
substance complex whi#h can move across the mehbrane feleasing
the fres sﬁbstance in the hydrophobic -outer layers. 7Kabak_(1988]
suggested that the accumulation of certain sugars by bacteria

represents a form of facllitated diffusion.

Energy-dependent transport

The substante cannot pass across the membranss. It requires a
source of energy for movemenézacros§ the membrane. Carrier—mediated
transport against a concentration gradient can thus take place.
Transport of this type may résult in the build-up of free substance
in the cell at a concentration two or three times higher thén that

present in the external medium. .

-12-



Effect of antimicrobial agents. on membrane transport

The nature of the coupling of energy production tn.transpurt

is still a matter for debate. Thers are thres major hypotheses:

1) The Coupling hypothesis

The coupling factor theory which proposes that high-energy
intermediates are formed in the alectronﬁtransport system

and thess are alseo lnvolved in transport ( Slater, 1966).

2] Conformational Coupling

The conformaticn theory which probuséé that conformaticnal changes
in membrane protelns are mediated by ATP and are responsible

for driving translocation processes ( Green et al, 1988).

3) Chemiosmotic hypothesis

The chemiosmotic theory of Mitchell ( 1967, 1968, 1970; which
proposes that mambraﬁe is 1m;§rmeable tq H' and OH™, that the
electron-transport system in the membrane sets up a proton
gradient across that membrang, and that‘tha proton gradient
then pfovides the source ﬁf énergy to drive transport processss.
Where the transport of an lon or other substance is coupled to
the co - or ccuﬁtertranspnrt of another ion, it may be that the
carrier is common to the two processes.: Mitchell( 1870}, who

uses the word 'porter’ to desecribe the carrier, distingudishes

three types:

-13-



1) ° Uniporter involved in the non-coupled equilibration across
the membrane of a single solute, as in facilitated diffusion,

e.g. transport of D-glucose or leucins in erythrocytes.

2) Symporter involved in the equilibration of two solutes,
the translocation of one being coupled to the translocetion
in the same direction of the other, e;g; transport of phosphate

coupled with H in mitochondria, .

3) Antiporter involved in the aquilibraﬁinn of two solutes whers
the translocation 6f one 1s coupled to the translocation of -
the other in the oppesite direction, e.g; countertransport

of H and Na* or K' 1n mitochondria or S. faecalis ( Fig 3).

Mitchell proposed that oxidative phosphorylation, ATP synthesis,
active transport are powered by a protonmotive force, gensrated
by metabolic oxido-reduction, which 1s apparent as a chemical

and elsctrical gradient or potential differsnce across the

cytoplasmic membrana. It may be‘gxprasssd'thus:
Ar AL - 2 A
whereZlID is the prdfonmotive force,[&{k-is-fhe membrane elsctrical

potential in mV and Z& pH is the trans-membrane pH gradient.

Z is a factor converting pH values to mV, and at 37°C has a value of B2.
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FIG 3 Interlocking systems for anion transport

in mitochondr;a.

LN

(1) phosphate-pratein sympert
" (2) malate-phosphate antiport

(3) citrate-malate antiport



The expression-Z Z& pH, theresfore, is a pH difference expressed

~in mv,

The gradient of pH and of electrical potentiai generated
by the resplratory chain reverses the direction of an ATPase so.

as to bring about net synthesié of ATP. ( Fig 43}.

' Several workers have shown.that é group of chemlcals subh as -

uncoupling agent; dinitrophenol "(DNP} and tetrachlorosalicylanilide
will attenuate the membrane electrochemical pdtential generated by

metabolism and inhibit reactions dependent on it.

Oxidative phosphorylation and its uncoupling

In the bacterial respiratory chains, as in that of mitochondria,
reducing equivalents originating in NADH, succinate, or other
electron donors pass over a castcade of carrlers to oxygen.
The resplratory chains of bacterf% differ from each other and_
from those 0% mitochondria. Bacterial reépiratory chains oxidize
a wider range of substrates than ﬁitoéﬁondrie da.
Impertant as such differences are, thers iélnu reason to deubt
that the coupling of respiration to phosphorylation is in principle the

L]

same in bacteria as in mitochondria. ( Brodle & Gutnick 1872). (Fig 5).
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Uncoupling égents { Mitchell, 1581) act as speéific conductors
of protons across bacterial, mitochondrial and artificial membranes,
thereby modifying part of the protonmetive force across the mémbrane..
He pointed out that dinitfbphenol can sit in the hydroﬁhobic
portion of the membrane and act as a proteon conductor and destroy
the proton gradient which provides the energy for translocatilon, thus

any proton symporter or antiporter system will be brought to a halt.

Harpld & Baarda (1968) shﬁwad that tetrachlorosa1icylanilide
(TCS) uncaublas the metabolic ensrgy iqvolved in translocation
proéesses and they investigated its action on S. faecaiis, gn
crganism that iacks cytochromes and.relie; upan glycolysis”for ATP

generation.

The existence of a proton gradient in obligate anaerobic

micro-organisms was demonstrated in Clostridium perfringens by

Daltrey & Hugao {1974) ( Fig Ba].:zTCS in combination with

valinomycin partially dischargedgit ( Fig Bb] énd DNP did se -
campletély { Fig Bd].. Chlorhsxiding and CTAB had no sffect at
10 Pg/m1—1, although with €TAB at;ﬂﬂﬂ pg/m1f1 a further slight

| drop in pH was observed. ( Fig 6b).

Harold eand Papineau { 1872) have shown that the active
accumulation of dibenzyldimsthyl ammonium ion ( poat) by
metabolizing S. faecalis ceases upon adding TCS and the

accumulated DDA+ leaves the cells.,
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FIG 6 .
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The effect of three antibacterial agents (CTAB,

val and TCS) and one phenol { DNP) on proton flux

\

across the membrane o#-Clostridium perfringens.

(a) Control suspension.’

(b) Additions were made as indicated. CTAB,
Cetyltrimethylammonium bromide.

(c) Additions were made as indiceted. VAL,
Valinomycin ( 0.5 \Jg'ml_1 final conbenfration]
TCS, tetrachlorosalicylanilide { 3 x 1DFSM
concentration}.

(d) DNP was added as indicated to a final cpncentrétion '
of 5 x 10_5M. H Cl was added at b min.

{Reproduced with permission from Daltrey & Huga 1974).



Recently Gatley and Sherratt (1976) studied - diphenyleﬁsio-'

donium.and trialkyltin compounds,Tﬁey found that.thesa compounds

catalyse a linked exchange of OH and of Ci— ions across biological
ﬁembranes and inhibit mitochendrial qkidations in €17 containing

media as a consequence of this exchange. Thesé,compﬁunds lowered the amount
of succinate, citrate and glutamate accumulated in the matrix of
mitechondria in the presénce oF C17, also inhibif.the oxidation of
NADH-linked substrates by isolated mifochondria in-a time dependenf

manner in the absence of Cl .

Inhibition of energy dependent transport. -

Another postulate of the chemiosmotic theory is that 1t providés
an explanation of the source of energy for the traﬁsport of metabolites
into the cali. Several workers have shown that chemicals which act
as uncoupling agents, are able to.discharge transport processes.

Thus, Hemilton ( 1968) showed that glutamib acid uptake in S. aureus

was completely inhibited by TCS ﬁhd DNP.

Table 1 shoﬁs some antibioties and reagents which affect membrane

- processes.
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Table 1

Inhibition of membrane processes ( after Harold, 41972)

Metabolic
region

Inhibitor

Mode of action

Respiratory
chain

Cyanide

Azide

‘Rotenche;
- piericidin

Antimycin HOGQ-

NO

Inhibits cytochrome oxidase

Inhibits cytochrome oxidase,
often ATPass as well; conducts
protons.

Specific inhibitors of first
coupling site, probably on oxygen
side of cosnzyme @

Specific inhibiltors of second
coupling site, between

-cytochromes b and c.

ATPase

Bligomycin
bCeoD

Dio9

.Typically inhibits mitochondrial,

but not bacterial ATPase; site of
action, the "oligomycin- sensmtivity
conferring-protein”.

Inhibits both mitochondrial and
bacterial ATPaseireacts covalently
with a protein component of the
membrana.

Inhibits mitochendrial bacterial
ATPasa; apparently binds to the

Ionophores
+

H

K /H
Na*/H+

Lipid~soluble
ions.

Dinitrophencl

Valinomycin
monactin

Gramicidin

Nigericin
Monensin

DDA

ATPase 1t=zelf.

. Conduct H+ very speclfically across

artificial and blalogical membranes:;

. uncouple oxidative phosphorylation;
"H* movement is electrogenic.

_Conduct K* very specifically across
*artificial and bilological membranes.

K* movement is electrogenic; do not
always uncouple oxidative
phosphorylation.

Relatively non-specific for meono-
valent catilons, uncouple oxldative
phosphorylation.

Medilates electricaliy neutral
exchange of K* for H® not usually
an uncoupler.

Medlates electrically*neutral
exchange of Na for H not usually
an uncoupler.

Lipid-soluble cations, accumulated

by, and uncouple, intact mitochondria.




" Todonium Campoundé

. The iodgnium compounds:are members of a class of compounds in
which iodine is an integrel part of their structuré and are present
as positive ions. . Hartman & Meyef ( 1893) synthesised the first
iodonium compounds and Frsedlander & French (1946) reported high
inhibitory powers Fér many iodonium compoundslincluding |
diphenyliodonium chloride against various organisms. The
bacteriostatic and bactericldal activity of diphenyliodonium chloride
and related compounds ware tested by Gershenfeld & Witlin ( 1948 b},
against a wide range aof Gram—negative énd Gram-positive orgénisms.
They also found that diphenyliodonium chloride appeared as the most
generally effective substance, with the.chlnride having a greater |

bacteriostatic efficiency than the iodide in generai_except against

~ S. aureus and Eberthella. typhosa.

Engelhard & Worton (1956) investigated the fungistatic and
bacteriostatic efficiency of bislf dichloreophenyl}) iodonium chloride
and indicated that this compound can be used in dermatological infections

becausse it markedly reduced the transient and resident microflera

of the skin.

The bacterioststic and bacteriqidal,effic;ency of diphenyliodnﬁium
chloride with terpiniel and.ethylaléohcl and. saponified mﬁstard oil_'
was studied by Zahir et al (1963) against mahy bacteria. Moyle [19?5)
compared a se&ies of related iodonium compounds against some bacterila
and he found that pfchlordphenyl f_phenyliudonium] - chloride was
one of the most effective antimicrobial agents of the diphenyliodonium

typs.
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Freedlandef & French [1946]) suggested that certain compounds in this
group are. powerful cationic detefgehtsbut they are not notably
surface-active. Gershenfeld ( 1948 a) compared results o% thﬁ
antibacterial acticn of diphenylliedonium chloridé and iodide with
those of bis-p-chlorophenyliodonium sulphate and iodids and

concluded that the anlon hed an effect on the activity of the
compound. He also showed the addition of sodium thiosulphate

did ﬁot affect the bacterlostatic or bactericidal afficiencyrof
iodonium compounds. Moyle ( 1975) foﬁnd that bis'( 3,4 dichlorophenyl)
iodonium chleride has greaﬁer activity than bis ( 4 chlorophenylio-
donium) chloride and 4, ﬁhluro, diphényliédonium cﬁloride which hava_
more activity than the unsubstituted diphenyliodonium ehloride |

against S. aureus.

0.02 gm - 0.03 gm of diphenyliodenium chloride paralysed the muscias

of frogs and dogs. ( Gottlieb 1894%). 430 o " He also found

that toxicology was analogous to metallic poisoning specially:’ '

as found in lead or tﬁalium poiséning. Gershenfeld ( 1948 b]ifcund

that intraperitoneal injections of diphenyliﬁdonium chloride in

white mice revealéd increased excltability, - increased respiration and
paralysis of the hind legs. He also showed thét the lethal dose for
thess mice was 20 mg/kg of body weight. Moyle [1975].studiéd thé

_1evel of toxicity of different diphenyliodonium compounds on mice

and found that the oral medium dose (LDgg) was 56.2 mg/kg of body weight

for diphenyliodonium chloride.
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The crystal structure of diphenyliodonium chleoride
was studied by Khotsyanova ( 1975). He showed that the molecule .
is T-shaped. If ths two nonbhonded pairs of electtons oh iodins
are taken inteo account, the moleculs aﬁouid have a trigonal

bipyramidal structure.
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/
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Diphenyliddonium chloride
pH phenyl

X electrons
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SECTION 2



MATERIALS

Drganismé
The following organisms were used throughout;

Streptococcus faecalls NCIB 67083; Staphylococcus aureus

NCIB 8625; S, aureus type Uxford; Bacillus subtilis NCIB 3610;

B. megaterium NCIB 8291; Escherichia coli NCTC 9001;

E. coll Texas NCTB 10097; Pseudomonas aeruginosa NCIB 8235;

Clostridium sporogenes NCIB 532; Candida albicans A39.

Unless otherwise specified E. coli 8001 and Staphylococcus

aureus NCIB 8525 were used.

Media

- The following media wefs used and wefe sterilised at
15 1b/in? for 15 minutes ( unless otherwise spaecified).
All media were prepared from "Oxoid” products unless stated

otherwlsse.

A nutrient broth containing (.g/1) Lab-lemco 10;
neutralised bacteriological peptone 10; sodium chloride 5;
was used for the maintenance of the bacteria. The pH

was adjusted to 7.5 before use.

For Candida elbicans a medium containing ( g/1) maltose 38;

yeast extract 2.5; mycological peptone 8; malt extract 2;

agar No. 3;20. The pH was adjusted to 4.5.- 5 hefore use.

For the growth of Clostridium sporogenes, Reinforced Clostridial

Medium and Reinforced Clostridial Agar were used.
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For the growth of Streptococcué fancalis the following

media were used: o

1)  medium NATY ( Zarleﬁgu & Schultz 41966} was used which contained
the following: tryptone, 41.0%, yeast extract.'G.S%;
glucose, 56 mM; NasH P04 7 H,0, 60 ﬁM. The pH was adjusted
to 7.6 beforg use. |

2) Plate - count Agar.

3) medium which contains: 1.0% glucogei 1% tryptic digest o?
casein; 1.0% KZH PD4 énd 0.5% yeast extract. The pH was
7.8 bafora uée.

When solidiflied medla were required agér No. 331.5% (w/v)

was added.

The purity of cultures was checked periodically by plating out
onto Mac Conkey medium for E. coli and Staphyloboccus |
medium 110 ( Oxold CM145) for 3. aureus. All cultures were
incubated for 18 hours at 37°C unless otherwise ihdicatad.
Chemlcals
| Aldrich Chgmical Co. Ltd, supplied diphenyliodonium
chloride, dicyclohexyicérbodiimiée and dipicrylamine;

I.C.I. chlerhexidine;

Merck Sharp & Dochm, fosfohomycin;

Eli Lilly & Company"Ltd.D—cycloserine; and

British Schering Limited. gentamycin,
All cther chemicals wers of AR grade and obtained from B.D.H. Ltd

. Poole.
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METHODS

Determination of Minimum Inhibitory Concentration [MIC} Values

Tube Metheds:

1) various concentrationa‘of diphenyliocdaonium chloride were
prepared in 5 ml of sterile nutrient broth and iﬁoculated with
a loopful of ca.4 x 107 cells/ml culture. The presence and
absence of growth waé noted after 24 hours at 37°C. An
" approximate Minimum Bactericidél Concentration (MBC) was destermined

by subculturing onto a nutrient agar plate, a lcopful of

broth from tubes showing no visible growth.

2) A range of diphenylicdonium chloride concentrations
WAas preparedlin 5 ml of sterile double st;ength nutrient broth,
An overﬁight cultu?e of the test orgénisms was diluted
1:10 with sterile Ringers soldtion. One ml of this inoculum
was then added to the diphenylicdonium chloride solutions,
which were then made up to 10 m; with sterile distilled water.
The presence and absence of growtq‘was noted after 24 hours at

379¢. Each test was carried out four times, on sgparate days.’

Plate methods

Predried plates of nutrlent agar containing a range of
diphenyliodonium chloride ( 10 pg - 100 pg/mll were prepared,

A loopful of E. coll or S, aureus was then streaked out onto

these plates, the presence and absence of growth was noted
after 24 hours at 37°C., Plates were incubated both aercbically
( normal incubator]) and anaserobically ( Gaspak CO»/N,

atmosphere) { Brewer & Allgeier 1966)., In both cases the absence
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or presence of growth was noted. The sensitivity of E. coll

. and S. aureus was aiso estimated uging filter paper discs

[AA disc Whatman) impregnated with.ZUU pé/disc of diphenyliodonium
chloride. Thay were placed onfo seeded plates and the

diameter of the zones of inhibition measured.

The MIC value fer C. slbicans was determined at H 5 and

gH 7 by the plate method.

Effect of cell number on the MIC value

A range of diphenyliodonium chloride concentrations
were prepared in sterile nutrient broth. These were inoculated
with 1 ml of E. coli celi suspension to obtain a final cell
concentration rénging from ca. 101 tﬁ ﬁ07 cells per ml.
The MIC value was noted after 24 hours at 37°C. Each test
was carried out in triplicate on successive days.

v

lPreparation of cell suspensions

The organisms were grown for 24 hours in sterile nutrient
broth and then cells were harvested by centrifugation at 5000 g at
4%c, The cells were then washed three times with + strength Ringers

solution and fesuspendéd when required in { strength Ringers

‘soluticn; ( unless otherwise mentioned).
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Determination of the dry welght of organisms

E, EQ;E'WES'gfowniin a- Roux flask for 24 hours at 37°C
on nutrient agar slants. The cells were then washed off and
any small lumps of agar remaining were rémoved by céntrifugation
at 130g. The cells were then harvested at 5000g, washed and
.resuspended in water. Serial dilutions were preparesd with
water. The optical densify of these suépewsicp was determined
at 420nm. 18 mi of each dilution was dried over calcium
chloride under a partial vacuum. From this data a calibration

curve of dry weight versus optical density was drawn.

Effect of diphenyliodonium chloride on growing cultures

E. coli was incubated in nutrient broth to give a
Final 6oncentration of Eé: 107 cells/m) and shaken in a
‘watar bath at 37°C. At.appropriate time intérvalsfthe
required'concentration of diphenyliodonium chloride was
7 addad.to the inoculated broths. iGrawth and turbidity
were measured as described_abovei This procedure was also
repeated using S. aureus. The experimeﬁt was carriled out

in triplicate on successiva days.

Effect of diphenyliodonium chleride on non-proliferating cells.

E. coll was suépended in sterile 0.8% sodium chloride
solution to glve a final concentration of EE# 2 % 105 cells/ml
and shaken in a water bath at 3?°C. At the required time
intervals, the inoculated saline was erarated into two egual
_volumés. Diphenyliodonium chloride was added to one and an

egqual volume of water to the other. Decimal dilﬁtions were
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prepared. Viable counts were determined by the Miles & Misra (1938}
method. Four replicates were carried out on each sample and
contrel. The plates were incubated at 37°C fﬁr 18 hours.

Following incubetion plates with 20 to 200 colonies were

" counted. The test was carried out four times on separate days.

Effect of diphenylicdonium chloride on proliferating cells.

E. coli was inoculated into nutrient broth to give a
final concentration of ca. 2 x 10% cella/ml and shaken in
a reciprocal shaker at 379Cc. After two hours the inoﬁulated
broth was separated into two equal volumes. The required
concentration of diphenyiiodonium chloride was added to ons
and an e&ual amounf of water was adged to the other.

Decimal dilutions were prepared and viable counts carried

out as above.

Effect of pH oh the bacteriostatic action of diphenylibdonium'chloride.

A i gradient plate was preﬁared by a modification of the
methbd of Szybalaski (1852]. Tw; media of sterile nutrient
agar were prepared at pH 5 and S?respectively.. Into a sloping
petri dishes a layer of pH 5 nutpient'agar was poured, allowed
to set and placed on a level surface. Then the pH 8 nutrient
agar was poured on top, thus the resulting .plate on
equilibration had a pH gradient from‘S to 9. The plate
was then saeded with either&'megcjgrim or S. .aUreﬁs. A strip
of filter paper 0.8 x 4.0 cm ( Whatman No. 1) impregnated
| with a 1000 pg/ml solution of diphenyliodonium chloride was
piaced'along the pH gradient, and the plates incubated
at 37°%C overnight. The pH gradient was checked with.

narrow range indlcator papar.
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Interaction of diphenyliodonium chloride with other antibactéria%_gggnfé
The technigue of Maccafaro (1961} was used to investigate

the ihtefadtion of diphenyiiodoniﬁm chloride with other antibacterial
agents and antibiotics. Two strips of filter paper (Whatman No. 1)

werae placed at right angles on seeded nutrient agar plates. One of
these fllter papers was impregnated with diphenylicdonium cloride

(1000 pg/ml) and otﬁers were impregnated with the following: -
penicillin ( 500 pg/ml}; methicillin, (1000 pg/ml); ampieillin

(1000 pg/ml); cloxacillin, (1000 Fg/ml]; D#cycloserihe { 1000 Fg/ml]j
Vancomycin { ZDD-Pg/mllj‘?osPonnmycin f 1000 Fg/ml)} streptomycin

( 500, 1000 Fg/ml]: gentamicin ( 1000 Pg/ml]: tetracycline ( 500 Fg/ml];
lincomycin ( 2000 Fg/mllz clindomyein (‘2900 Pg/ml]; sthidium bromide

( 1000 Fg/ml]; acriflavine ( 10000 Fg/ml): phenal ( 41000 Fg/ml]: |
catylpyridinium chloride ( 1000 Fg/ml]: cetyltrimethylammdnium

bromide, { cetrimidse} { 4000 Fg/ml]: dinitfnphenolgi( 1000 Fg/ml);_
sodium lauryl sulphate { 41000 Fg/ml]s thioglycolic acid ( 0.1M);
thioglycerol ( 0.1M); mercaptoethanol ( 0.1M); tween B8O ( 25%);
adenine ( 1000 pg/ml}; thymine (;JGDﬁ pg/mi)s uracil ( 1000 Fg/mlj;

This experiment was also repaateé using_1D,DUD Fg/ml of diphehylio-

donium chloeride.

Assay of diphenyliodonlum chloride

A modified‘méthod oF-Eowd & Burns {19B66) was uaéd. Standard |
soclutlon of diphenyiioddnium chloride were prepared to glve .
. a range of ccncent?atioﬁ up to 500 pg/ml. 10 ml of these solutions,
5 ml of 0.1% dipicrylamine ( dissolved-in 0.1g NasCo3l); and 2 ml of
0.5% sadium carbonate Qare placed in a 100 ml sepafating funnel and the

pH checked to ensures that it was > 10. Under alkaline conditions the
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extract shows maximum absorption at 400 mm. Further sodium carbonate
was then added te ensures that theva was >f0. 10 ml chloroform

was then edded and the solution shakeh for two minutes

in order to extract the water insﬁluble product of the

reaction hetween diphenyliodonium chloride and dipicrylamine.

The extract was run off through filter paper ( Whatman No. 1).

into a 50 ml flask. The chloroform extraction was then repeated -
twice more and the extracts combined énd made up to 50 ml

with chloroforﬁ. The absorbtion was détermined at 400 nm

against pure chleoroform. Care was taken not to ekpose

the organic extract to strong daylight.

Loss of intracellular constituents

An overnight broth culture of E. coli was centrifuged
tp remove the cells. The cells wers thenAwashed three times
with 1 strength Ringers solution anﬁ resﬁspended in 0.01M
phosphate buffer contalning grad;d concentrations of
diphen&liodnnium chlorida. A?te? 2 hours the celis were femoved
by centrifugation and the RNA coﬁcentratiun in the supernatant

estimated by the method of Dgur-g Rosen (1951).

Uptake of diphenyliodonium chloride by bactefia

A suspension of test organism was prepared by washing an
18 hours nutrient agar slanf with ¥ Ringers solution. The
suspension was centrifuged at 130g to remove agar fragments,
washed twice by centrifuging at 8000g for 10 minutes and |

finally resuspended in phosphate buffer 0.05M pH 7.2.
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Diphenyliodonium chlorids concentration was determined hy the
method of Bowd & Burns (1966). Drug“uptake‘(aéggfptidn] was
measured by allowing cells to remain in centact with.the.
drug undsxr yarying conditions of time and pH. Foilowing
which the cells were centrifuged at BODUg for ﬁo‘minutes

and the diphenylicdonium chloride determined in ths |

supernatant ligquid.

Inhibition of membrane-bound AFTasae and of cation’ tranSpOPt
in Streptococcus fascalis.

Strentococcus faecalis NCIB_87B3 was grown on_medium N&Tyr-

(Zarlengo § Schyltz (19881 The cells were harvested by centrifugation
at 8000g for 15 minutes, washed twice with 2mM Mg Cly and o

resuspended in water. Cation transport was studied at

room temperature.

Glycolysis was monitpred coﬁtinuously at.ﬁH‘7.5 by meéns.o?
a pH stat ( ﬁadiomefep,Copenhageﬁ] { Zarlengo-% thulfz'[ﬂéééj which
automatically adds NaOHIto neutfélize the 1actiq acid producéd
by tha‘cells. inhibitibn of net7K+ uptéks by diphenyliocdonium
chloride was then determined by the methodtof‘ﬁarold'ef"él5gqas?1.
The saﬁples were filtered through 0.45 pmMillipore filters
and washad with MgC}Z; The cations wers extracted with trichlor-
‘oacetic adid and estimated by flame photometry. Membrane-bound
ATPase was prepared by osmotic lysis of protoplasts. The
Enzyme was dissopiated from the memﬁrane using Iysozyme by the
method of Abrams (1965). The effect ﬁf diphenyliodonium |
chlorid; was testéd as follows: Native or solubilized enzyme
‘was incubated for 10 minutes in Tris-Mg buffer ( 0,1M Tris

chloride 2 mM Mg++ PH 7.5) at room temperature with or without
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inhibitors. The suspension was then diluted with an equal
volume of Tris chloride ( 0.1M) - ATP, ( 40 mM) - Mg++
¢ 8mM) and incubated at 38°C. Pi release was determined

after 10 minutes by the method of Chen et al £1958].

The use of Triphenyltetrazolium chloride ( T.7.CJ) in determining
the dehydrogenase activity of E. coli. :

E. coli groWwn on nutrient agar slant was washed off

~and agar fragments removed by centrifugation at 130g.

The cells were then washed thfee timés and resuspended in

0.1M phosphate buffer. _!jne ml of thils suspenslon wes dried

- and weighed to determine tha‘dry welght of the cells.

For determination of the dehydrogenase aoctivity the

. method of Hugo f1954] Qas used. Intg a series of sterii

universal bottles 1.0 ml of T.T.C. ( 0.1% w/vi;.D.S ml of

cell suspension and 1 ml of substrate were added and made up-

te 5 ml with 0.1M phosphate buffer. Theée Sottles wers usad as
cqntrols_ The same solutions with 0.5 ml of various conCentrationé

of dipﬁenylindﬁniurﬁ chloride wer{s also prepared. All bottles wefe kept
in a water bath at 37°C, At 20 minute intervels one test |
and one control bottle was remnv;d. The reaéticn mixture waé
acidified with 5 ml of glacial acetic acid. The triphenylformazan
produced by ths reduction of T.T.C. by dehydrogenases was

extracted using 5 m) of toluene and estimated éolourimetrieally at

430 nm.
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Oxygen consumption of E. coll as measured by Warburg apparatus.

'+ E. coll was inoculated onto the surface of nutrient
agar aﬁd incubated at737°C for 24 hours. The culture was washed
off and égar fragments removed byicentrifuging at 130g.,
The cells were then washed three times by centrifugation at
8000g end resuspended in 15 ml 0.5 M phosphate buffer.
The uptake of oxygen was determined by the direct method
of Warburg in an atmosphers of air at 1dD oscillation/min.
Each contral flask contained in 3 ml, 70 mg of cslls,'U.SM
‘phosphate buffer -[ pH 7.2) and D.Dzm.glucose, The same
solutions with 0,025 mi of various cuncentratinnédnf

diphenylicdonium chloride were preparad ( Dawes 1872},

Effect of diphenyliodenium chloride on the morphology
and size of the cell.

E. coli was grown at 37°C for 24 hours in étefile
nutrient broth containing 1060 Fg/ml dipheﬁylicdonium chloride.
The celis were harvested by centrifugation at 4000g at 4%,
washed and résuspendéd with 0.9% sodium chloride, to give

7

a cell density of ca 1.5 x 10 cells/ml. The cell size

was then determined by the method of Bulman & Stretton (1974].

Electron Microscopy

1) Scanning Elsctron Microscopy

Glutaraldehyde-was added to an E. coli broth culture to give
é final concentration of 1.5% {(w/v)}. After two minutes
contact, cells were removed by centrifugation at 3000g for
15 minutes at 4°C. The cells were then resuspended in

two ml of gluteraldehyde { 5% w/v) in % strength Ringers

solution and stored at'4°C for 16 hours.
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" The cells were removed by centrifugation, washed.three
“times with'distilled water and resuspended teo give the
requlred cell density. One drop of this suspension 7
was allowed to air dry on a cover slip and then dehydrated
over calcium chloride under a partial vacuum ( Bulman &

Stretton 1974).

2} Transmission Electron Microscopy

1UD ml of sterile nutrient broth qontaining 100 Fg/ml.of
.diphenyliodonium chloride was prepared and incculasted with

an ovérnight culture of E. coli. The inoculated broth

was kept in a shéking water bath.at 37°C for 18 hours. .

Cells were harvested by centrifugation and transmission

electron microscopy was carried out by the method of

Glauert (1858). |

v

Titration curve for diphenyliodohium chloride

The pH meter was standardiséd initially using gH 7 buffer.
0.2g diphenyliodohium chloride was dissolved in 100 ml of distilled
water and 25 ml of this soiution i.e. 0.05¢g diphenylindbnium
chloriae was titrated with 0.1N Hel. This titration was repeated
with 25 ml disti;led water. Then, using the samé conditions, a
further 25 ml aliqunt‘bf diphenyliodonium chloride solution was
titrated against 0. 4N NaOH. Using the titration values obtained for
diphenyliodonium chloride and water,s table of milli-equivalents of

titrant versus pH was obtained.
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Results

Antibacterial activity

1) Bacteriostatic and Bacfericidal action

The MIC values( table 1) of diphenyliodonium chloride
shows that thls compound has greater activity on gram-positive
than gram-negative bacteria. ,Tha.greatESt activity was

shown wlth vegetative cells of B. subtilis and B. megaterium.

Table 1
Minimum inhibitory concentrations for diphenylio-
denium chloride, using one lenpful of culture containing

ca. 4 x 10* cells/mi.

Organisms " : MIC Cug/MQ) '
S. aureus ' ‘ _ 30 ]
S. aureus (-Oxford) . 30
B. megaterium o 1. 20
B. subtilis | 10
E. coli (8001) : : | 8 1bU
E. coli (Texas) ’ o 100
F . eeruginosa : : . 70
S. faecalis ' 7 . 100

Using the same inoculum the approximate bactericidal
concentrafion was generally found fto be 10—2U'Fg/m1 higher
than the MIC value. The MIC value rose slightly when the

7

cell concentration was 1ncreasad from 102 to 10" ecells/ml

(Fig 1).
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FIG 1.

The Effect of cell numbers on the MIC value
for diphenyliodonium chloride using E:;coli

as the test organism.
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. Table 2 shows the MIC values using ca. 10? cells/ml.

Table 2
Minimum inhibitory concentration and minimum bacterial
concentration veluss for diphenyllodenium chleoride

using ca 'I(Zl7 cells/ml.

Organisms mIc - MBC
_$_. aursus 70 . 200
S aureus (Oxford) 7ﬁ ) ZDﬁ‘
B. megata;'ium | _ 50 1ao
B. subtilis N T | 0
E. coli (9001) - 150 >200
£, coli (Texas) 150 " >200
f_.', aeruglinosa ‘ - ;14[] 7 >2E;D
S. faecalis | 50 > 200

Effect of oxygen

The effect of oxygen on MIC values was carried out by measuring zones

of inhibition of E. coll and S. aureus in bbth agrobic and
snaerchic cenditions, Table 3 shows that diphenyliodonivm

" chloride 1s mors active under aerchic conditions.
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Table 3

Zonss “of inhibition for E. 'colil, S. aureus, C. albicans and

Clostridium sporogenes undef asrobic and anaercbic

condifions using AA disc.

Organisms ‘| Aerobic - Anasrobic
5. aureus , 32.4 mm 25.8 mm
E. coli - 23.8 mm 17 .2 mm
C. alblcens " 43.5 mm -
Clostridium sporogenss - 57 .2 mm

| The MIC value for diphenyliodonium chloride for

C. élbicané was determined at both pH 5 and pH 7.
At -the higher DH~Va1ue. the MIC is lower tﬁan that
obtained at PH 5 ( table 4].; These determinations

were carrisd out by the plate method.

Table 4.
Minimum inhibitory cqncentrétion of diphenyliodenium

chloride for C. albicans at pH 5 and pH 7.°

Organism CMIC at pH 5 MIC at pH 7

C. albicans ‘ 100 Fg/ml 40 Pg/ml
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Table 5 shows the MIC values for_E. coll under aercbic

and anaerobic conditions using plate and tube methods.

Table 5
Minimum inhibitory concentration of diphenyliodonium
chloride for E. coli by plate ard tube methods under

eercbic and anaerchic conditions.

MIC asercbic MIC anaerobic
Plate Tube . Plate
50 pg/ml | 100 pg/ml | 100 pg/ml

Effect on growing culture

When diphenyliodonium chloride was added during the
log phéae, there was an inhibition'o¥ growth, which is shown
in Fig 2. . | : |
The effect of diphenylicdonium ch;ﬁride oh a growing culture
of S. aureus 1s shown 1n Fig B.Nhén:a concentration of diphenyl;
iodonium cﬁlorids below the ﬂIC vélue were ugad there was an.
initial reduction in growth rate, but growth continued and almost
reached‘the same level as in the control system.
The bactericidal activity ofdipﬁepyliodonium chlor;de.was

measured by carrying ocut viable counts using proliferating and

non-proliferating cells. ( Fig 4 and 5).
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FIG 2,

‘.The gffect of diphenylicdonium chloride on a
log phase culture of E. coli., Point A is time
aof addltion of diphshyliodonium chloride;
O~0O, control culture; |
D-9. 50 }Jg/rnl diphenylicdonium chloride;
A_A, -'IU.D pg/ml diphenyliodonium chloride;
B-m 200 Fg/ml diphenyliodonium chloride.

7
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'FIG 3.

The sffect of dipheﬁyliodcnium chloride nnl a log
phase culture of S. aursus. Point A is time of
addition of diphenyliodonium chloride;

O-0- éontrnl; |

o -9, 20 pg/ml diphenyliodonium chloride;
A_A, 50 pg/ml diphenyliodonium chloride? .

ES— 3120 Fg/mIA diphenyliodonium chloride.

[
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FIG 4,

The effect of diphenyliodonium chloride oha:auspn.ofﬁgg,.
10% cells/ml of E. coli.in the presence of 0.9%

NaCl at 37°C; QO —0O» contfol: |

O —o, 200 peg/ml diphenyliodonium chloride;

A_-4& 200 Fg/rnl diﬁhenylioﬁonium chloride;

— CB 800 pg/ml diphenyliodonium chloride;

Point A is time of addition of diphenyliodonium chloride.
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FIG 5.

The effect of diphenyliodonium chiofida on ‘a broth
culturs of E. coli containing ca.10° cells/ml at 37°¢

Point A is time of addition of diphenyliodonium

chloride; -0, cnntrol;.

@—-9. 200 Fg/ml diphenyliodenium chloride;

& _A, 200 Pe/ml diphenylicdonium chloridae;

B -8, 800 pg/ml diphenyliodonium chloride.
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Effect of pH on activity of diphenyliodonium chlﬁride.
The effect oF‘pH on activity of diphenyliodonium

chloride is shown in Figs 6 and 7, as the pH increased

the antibacterial activity of diphenyliodonium chloride

-also increased. Strip A was Impregnated with 1000 Pg/ml of

diphenyliodonium chloride.

Loss of intracellular constituents.

The loss of intracellulsr constifuents was estimated by-
measuring RNA leakage ( Filg 8). Leakage was not pronounced
and reached, in all cases, an almost cokstant‘value in the
presence of 100 Fg/ml qf diphenyliodonium Ehloride. This
loss of dytoplasmic constituents was rapid ( Fig 9) occurring
within the first few minutes of contact. Thereafter, there

_was only a further slight loss with an increasing timé of

centact.

B
3

Interaction of diphenyliecdonium chloride with other antibacterial
agents. ‘ .

There was no interactionAbethen diphenyliodcnium chlorids

and any of the entimetabolites used. ( Tabls 6).

Estimation of diphenyliodonium chloride.

The use of the dipicrylamine reagent enabled diphenylio-
donium chloride to be determined at low concentrations, The
response -~ curve versus 0.D. at 420 nm was linear from 50 to

400 pg/ml ( Fig 101,
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TABLE 6

Interactions of diphenyliodonium chloride with

antibiotice, preservatives and'antimetabolites.

N =

no reaction

Strip A

Strip B

S. aureus

E.

coli

diphenyliodonium
chloride

Penicillin

Methicillin
Ampicillin
Cloxacillin
D~Cycloserine
Vancomycina
Fosfonomycin
Streptomycin
Gentamycin .
Tetracycline
Lincomycin
ﬁlindnmycin

Ethiodium.bromide
Acriflaviné

Phenol )
Cetylpyridinium chloride
Cetrimide

Dinitrophenol”

Sodium lauryl sulphate

Thioglycqlic Acid 1%
Thioglycerol 1%
Mercaptoethanol 1%
Tween B0 (25%)
Adenine

Thymine

Uracil

= .

= &2 2 2 2 2 2 Z2 2 2 2

zZ 2 zzz =2 2

2 2222 Z2 2

< Z2 2 2 2 2 =

2 2 2 2 2 2 =2

zZzz2z =z =222 2 2 =




FIG B.

The effect of pH on the activity of

" diphenyliodonium chloride on S. aureus.

FIG 7.
The effect of increass in pH ( pH 5 to 9)
on the activity of diphenyliodonium chlorids

on B. megaterium.






FIG 8.

The effsct of diphenyliudonium'chloride
oen the intérecellular leékage of RNA.
Test orgaﬁism, E. coli suspsnsicn 26.7 mg
dry weight cells/ml in 0.01M phosphate
buffer ( pH = 7.2) maintained at 37°C for

2 hours.
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FIG 9.

RNA leakage from a s'uspension of E. coll, 26.7 mg
dry weight cells/ml in 0.01 M phosphate buffer
( pH = 7.2), maintained at 37°C in the presence

of 100 pg/ml diphenyliodonium chloride,
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FIG 10.

Calibration curve for concentration of
diphenyliodonium chloride in aqueous

solution.
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Uptaks of diphenyliodonium‘chloride by bacterial cells.

The adsorption isotherm for tﬁe uptake of diphenyliodonium
chloride by E. coli suspension 2.8 mg dry weight cells/ml
from distilled water and phosphate buffer ( 0.05M, PH 7.3}
after 3 hours at 37°C is shown in Fig 11.
The amount of drug adsorbed increased wilth an increase of pH
{ Fig 12). The upteka was rapld and the cells were saturated

after 5 minutes contact ( Fig 13},

Inhibition of the membrane-bound ATPase and of cation transpart
in Streptococcus faecalis.

Membrane bound ATPase activity wés Inhibited by diphenyl-
iodonium chloride - =~ - ., chlorhexidine - s C and'
dicyclohexylcarbudiimide " ziee-), Fig 14. Diphenyliodonium
chloride appears to be the most active when compared to |
chlorhexidine and dicyclohexylcarbodiimide. Also the potency
of the chlorhexidins énd diphanyl}odonium chloride when comparsd
on a molar basis at 0.3 mM was similar ( 36% inhibition). |
However svén at 0.08 mM diphenyliodenium chloride did not .

completely inhibit the enzyme activity.

‘Inhibition of K+ accumulatlion by Intact cells.

Cells harvested.from medium NaTy are relatively depleted
of K* but contain large amounts aof Na® and H . In the presence of
an energy source such cells can accumulate K+. with concurrent
extrusion of Na+ and H+,this catlon exchange 1s ac;ompanied by

marked stimulation of glycolysis. - ( Figs 15 & 16).
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FIG 11.

Uptaké of diphenylio;donium chloride by E. coli
'suspension 2.8 mg dry Qéight cells/ml, from
solution of diphenyliodonium chloride aftér
3 hours at 37°Cf‘.adscrption from 0.05 M phosphate |

buffer ( pH = 7.3}.



Uptake of diphenyliodonium chloride ug/mg. dry weight

of cells

S0
80
70
60
| 50
| 40

30

20F

10

Fig- 11

1 ] [ ]

L 1 1 : 1
100 200 300 400 500 600 700 800

- Concentration of diphenyliodonium chloride pg/ml .

860



FIG 12.

The effect of pH on adsorption of diphényliodnnium
chloride by E. coli suspension 2.8 mg dry weight
lcells/ml_'f"rom 0.05M phasphate buffer solution ‘
containing 200 Fg/ml di.phenyliodonium chloride

_after 20 minutes contact at 37°C.
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FIG 13,

The eff-‘ecf of time on uptake n%‘ dipheny'liodonium
chloride by E. coll suspsnsion 2.8 mg dry weight
cells/ml from solution of phosphaté buffer

( 0.05M, pH 7.3) containing 300 pg/ml

diphenyliodonium chloride.
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FIG 14.

Inhibition of th.e membrane-bound -ATPase.;.The en39m€ wd$
prepared in Tris-Mg buffer { 0.1M Tris chloride,

2m MMg"" PH 7.5),... incubated for 10 minutes at

room temperature with or without inhibitt’:rs,

; Lo +. and : then diluted with an aquall volume

of Tris - chloride ( 0.1 M) - ATP ( 10 mM) - P"!gM

( 8mM) and incubated at 38°C. ',Pi réleaésd was
determined after 10 minutes, |

& — ® diphenyliodonium chlorﬁide:

aA-& dic.ycluh.exylcarbnd 1imide;

F3a—M chlorhexidine.
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FIG 15.

Inhibition of net K uptake by diphenylicdonium
~chlaride and dicyclohexylcarb&diimide. Cells grown
on medium NaTy were resuspended in watér at 1.3 mg -
cells/ml. Aliquats of 20 ml each weré prepared.

- 0=0, control; X—¥, 50 Pg/ml ‘diphenyliodonium
chloride ( 1 x 10_4M] 9 -9, 100 Fg/ml diphenyliodonium
chloride { 3 x 1071 ;A _A., dicyclohexylcarbodiim-ide
( 1 x 107*M); after 5 minutes glucase ( 4 mg/ml)
was added to each and glycolysis was allowed to -
proceed, the pH was kept ponstant on the pH-stat
at 7.5 for 5 minutes. At this point ( designated

0 min) KCl was added to 1 mM.

Te;l’ organism- S. faecalis
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FIG 16.

The effect of diphenyliodonium chloride on the
stimulation of glycolysis associated 'with net K
uptake. Cells grawn on mediufn NaTy were resuspended -
in water 1.3 mg cells/mi. Aligquots of 20 ml gach
wéra.prepared.O—o, Con.trola' -9, 100l'.|g/rn1_ |
diphenyliodonium chloride ( 3 x 1075 K—-XK, 50 Fg/ml
diphenyliodonium chioride ( 1 x 107%m; A _.AL;
dicyclohexylcarbodiimide { 1 x 10"y, after 5 minutes
glucosa ( 4 mg/ml) was éd__li:led to each and glycolysis_.
was allowed to proceed, the pH was kept constant

on the pH-stat at pH = 7.5 for 20 minutes.
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Diphenyliodonium chloride inhibited both the exchange of cations
and the concurrent stimulation of glycolysis., Diphenyliodonium
,cﬁloride was less effective an inhihitor. than dicyclohexyl-
carbodiimide ( mole for mole) and inhibitéd k* accumulation
completely at the MIC value and at less than the MIC valhe

by ca . BD%.

Effect of diphenyliodenium chloride on oxygen consumption.

The effect of diphenyliecdonium chloride on the aerobic
metabolism of glucose 1s shown iﬁ Fig 17. At concentration of
diphenyliodonium chloride near the MIC value, respiraticn |
continues for abéut 120 minutes and theh ceasas. At
.éoncentration of_compﬁund-lass than this respiration continues

but 1s still markedly depressed in comparlison to the control.

The use of Tribhenyltetrazolium bromide (T.T.C} 1n determining
the dehydrogenase astivity of E. coll,

——

T

The quantitative determination of succinéte, lactata and'
malate dehydrcgenase act;vity in E. EEli is shown_iﬁ Figs 18
19 & 20. A study has been made of the use of T.T.C as an indication
o? bacterial dehydrogenasse ectivity,'the method has been placed
on a quantitétive basis by determining, colorimetrically the
formazan‘producéd oﬁ reductilon. All.the dehydrogenase.systems'
examined were inhibited by diphenyliodenium chleoride. Howevar,
the lactate and maléte.systems weré particularly sensitive,
the malate system being complately inhibited by 100 Fg/ml. The =
_éuccinate system was less sensitive and cﬁntinued for 30 minutes

in the presence of 50 Pg/ml and slowly for 20 minutes in 100 pg/ml.
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FIG 17.

Inhibition by diphenylioapnium chlloride of the
aarobic glucase metabolism by E. f:_oll. 24 mg/ml

in 0.5 M phosphate buffer containing 0.02M glucose.
0-0.» control; 9—9, 50, pg/ml diphenyliodanium
chlorti;A_A, 100 Pg/ml diphenyliodonium chlnrida

at 379¢.
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FIG 18.

The production of formazan by E. coli 2.4 mg/ml
in 0.1M phosphate buffer, ( pH = 7) 1in the presence
"of succinate under aercohbic conditions at 37083

O-0, control; ®—-®., 50 Fg/ml diphenyliodonium

chloride; A&, 100 pg/ml diphenyliedeonium chloride.
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"FIG 19

The preduction of formazan by E. coll

2.4 mg/ml in 0.1M phosphate buffer (pH =7)
| in the presence of lactate under aerobic
cenditions at. 37%; O—O, control;

®-8, 100 Fg/ml diphenyliodonium chloride.
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FI1G 20.

The productien of formazan by E. Eg£1_2;4 hg/ml

in 0.1M phosphate buffer ( bH = 7] in.ths prasence
of malate under asrobic conditions at 37°C; |
O -0, control;@~-@®, 100 Fg/ml di;::hényliodonium

chleoride.



06

05

- 0.D. 490nm

Fig.20

Contact period (min.)



Effect of diphenyliocdonium chloride on the- morphology and size
of the cell. .

The effect of diphenyliodonium chleride on the cell size’
of Egrcoli is shown in Fig 21. There is no significant changa‘
in the size distribution of cells after trsatment with 100 pg/ml

diphenyliodonium chloride.

Electron Milcroscopy

1) .Secanning Electron Microscopy. - | -
The scanning elsctron micfoscopy study showed no
_alteration in.the cell surfacs ond‘no change in cell
size of E. coll a?ter treatmant with 100 Fg/ml oF

diphenyliodonium ohloride ( Flgs 22 & 23).

2) Transmission Electron‘Microscopy.

: Traosmission.electroo microscopy of thin sections of E. coll
after treatment with 100 yg/ml diphanyliodanium chloride
showsd that there was 1ittle alteration in cell structure,
although the dark polnts may be sites of accumulation

of diphenyliodenium chloride ( Figs 24 & 25).

Titration curve for diphenyliodonium chlorids

The tifration curve for diphenyliodonium chloride was

cbtained { Fig 26). L
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‘FIG-21,

Size distribution of E. coll in the range
1.75 to 30 ,Jm when grown in nutrient broth.
A, control and B with 100 Fg/ml diphenyliodenium

chloride.
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FIG 22

Scanning electron microscopy of E. ccli

grown in nutrient broth; cont;ol % 8,500

FIG 23 ©

‘Scanning electron micfoécppy of E. coll grown
in nutrient broth containing 1G0 Fé/ml diphenylicdonium

chloride x 9,500






FIG 24

Electron micrograph of a cross section

of E. coll x 40,000

FIG 25

Electron micrograph of a cross section
'oF'§: coli after treatment with 100 pg/ml

diphenylicdonium chlbrida X 40,0040.






- FIG 26.

Titration curve of pH against milli-

eqguivalents of 0.1N sodium hydroxide.



ps

] ] 1 N 3

45 6 7 8 9.
' milli-equivalents of ‘0.IN NaOH added |

10

L]

kR



 SECTION 4



DISCUSSION

The determination of antibacterial activity as shawn by
the MIC valuss, indicates that diphenyliodonium chloride is
considerably more active against gram-pcsitiverthan gram-
negative bacteria. Many antibacterial agents exhibit such
sglective toxicity including compounds active agaihst call
wall or membranes. However, compounds‘whiqh haQe greater
.activity agalinst gram-positives'than*gram-negatives usually do
nﬁt have significant action on the bacterial cell wall unless they
have a specific éctiﬁn on c2ll wall biosynthesis. There is little
svidence of this 1in fhe cass of diphenyliodonium chloride,
Firstly because no lysis occurs in growing cultures and secondly
because thers is no élteration in the cell surface as shown by
S.E.ﬁ. This would suggést that there is no damage to the cell wall.
Also there was no change 1n the mean éell size nor were any

particularly large or émall cells Produced.

A study of the activity of diéhanylindunium chiorids showed
that the compound is bacteriostatic or bactericidal according to the
concentration used.l }he bactericidal concentration waé genarally

"only slightly higher than the MIC value, when using an inoculum
car4 x 104 cells/ml e.g. 120 pg/ml for E. coli. When using 52:107
cells/ml the bactericidal level was mors than twice.the-bacterio-

static concentrations e.g.') 200 Pg/ml for E. coli.
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The bactericidal effect was shown by the effect of
diphenyliudonihm chloride on proliferating and non-
broliferating cells. For a suspension of 2 x 108 cells/ml
a cencentration of 140 Pg/ml is required to-inhibit the g;awth,,
of E. coli, Even at concentration of 200 pg/ml ( twice the
MIC value) there was little bactericidal action and at double
this concentration it toek over 6 hours to complstely kill the
inoculum. At.higher concentrations an increased bactericidal
action was ﬁbservad s8.g. 400 pg/ml gave a 99.98% Kill in-4

hours and 800 pg/ml in SO minutes.

The effect of diphenyiioqonium chloride on growing cultures
of E. coll indicated that the action was not immediate even
whan added at the mid log phase and it took almost an hour to
show inhibition of the test organism. At 200 Fg/ml { twlce the
MIC valua) of diphenyliedonium ch{oride complete inhlbition of
growth occurrad. GBut this could ﬁbt be studied further, sinda'
none of tllwe commen antagonists of disinfectants reversed the |
effect aof diphenyliodoniuh chloridg. Thus it was not possible 
to examine the effect on growing éﬁlturea and hance determine
whén a bacterlcidal effect was reached. Ons expianation of these
observations could ba‘the inhibition of protein or nucleic acld
syntheéis. Howaver, this does not necessarily Imply that an
antibacteria; agant Sirectly effects these processeé, since éuch
syntheses could alsoc be inhibited indirectly if the compound
acts on ene or mors stagss of metabolism.

At lower concentrations a reduction in growth occurred but eventually

reached the seme leval as the control.
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When diphenyliodonium chloride was added at the MIC value

{100 Fg/mll to a mid log phase culture of E. coli, complete
inhibition of growth did not occur. This is probably attributable
to quenching of activity by the cells present. Such guenching
éffect was similarly-nnted abovs when the MIC weres determined

using a range of inoculum levels. .

Unlike E. coll thé growth of S. aureus was inhibited
immediately sfter the additiup of 120 pg/ml of diphenyliodonium
chlerids, cenfirming the greater sensitivity of §3 aureus
compared with E. coli.

At lower concentrations of the compound gréwth continusd but

was slightly reduced and at very low concentrétioh 2.g., 20 ]Jg/ml
a slight reduction in cell gro&th was nofed but the finai celi
density was very similar to the cqhtrol. Thus; this would tend

to confirm the bacteriostatic naturs of diphenyliodonium chlerids.
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Diphenyliocdonium chloride appears to bé more activé against

E. coli and S. auréus under aerob%o conditions than under anasrobic
conditions, both by zone diffusio& and MIC studles. Under aerobic
conditions the zones of inhibition are lafger than under enaérobicr
conditions. Also using the plate method, the MIC valus under
anaerobic conditions was ca. twice that obtained under aerobic
conditions. The di?fereﬁt MIC values which were obtained by ‘
plate and tube methods could be partly explained by the availability

of oxygen in the two systems, for the tube methed there could

be some limitation.of oxygen.'



The assessment of the interaction bétween diphenylio~
donium chloriﬁe and the most common antibiotics and antimetabolites
showed that there was no intefection-betwean them. This kind
of behavicur which Maccacaro {1961} calls "indifference” does
not always have a clear significance, and may not necessariiy

infer that interaction does not occur.

éefore an antibacterial agent can exert its action, it
must gain access to the sensitive sits, andrtha call wsll,
may present a2 barrier to the pessage of diphen&liodcnium
chloride. The cell wall can acf as‘a non-absorbing bérrier
and so prevent access to the cell membrane or other site within
the cell. The cell wallmay alse have a high éffinity for the
drug, thus acting as an absorbing barrier and so preventing
adsorption of the drug by the celiﬁinterior.
One possibie site of absorptiﬁn are the lipids of the cell
envelope in.E, coll which contain; up te 20% of lipid materdiasl

compared with 1-2% in S. aureus.

Sincs it has been found that liﬁid splubility for diphenyl-
icdonium chloride is very low ( the partition coefficiént water:
n hexane = 0.08) it is unlikely that this compound will dissolve
and become trapped in the lipid of the cell envelope. It could,
~ therefore, react with'tha non-liplid meterizl present in the |
cgll wall By an ion—excﬁange process. Thus passing from the
external environment to the interior of the cell, wheré it may react

with enzymes involved in electron transport processes in the
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cell membrane and ultimately interacting with cytoplasmic
ccnsfituents. However, éuch a mechanism would fail to
differentiata betwsen the relative sensitivity of E. Eéll-
and S.  aureus unless there is more icnogsnic material

in the cell wall of E, coll.

The effect of pH on the uptake of diphenylicdonium chloride
showad that at higher pH values a greafar amount of the drug
was adsorbéd.' This would suggest that the main effect of changes
in pH is to influence the ;ohization of ‘the adsorbing sifes in
the cell, becausse diphenylieodonium chlorids 1is a saltlend fully
ionized at all pH values and so ioniiation'nf the acidic cell
components is the most important factor. This inéraased adsﬁrption
is acconpenied by an incraasa in antimicrobial activity as the
pPH valus of the medium rises. This 1s.similar to the observed
rise In the activity of the cationic détergeht, cstrimidesat'alﬁaline pH
values which also may be due to an increased adsorption (Sykas, 1985].
Similar rasults wers cbtalned w1th chlorhexidins ( Longworth,
1971} where an increass in ianized groups at the cell surface
occurs with an increass in the uptake.
Where the adsorption of angibacterial agents { which exhibit.
seisctivity], has been determined at ﬁrug levels‘which ara inhibitory,'
tha levels ﬁf uptaké were not dissimilar. For example dequélinium
( Hugo & Frier, 1369) ﬁr fentichlor [.Hugo % Bloomfield, 1971 al.
Under these clrcumstances there appears to be a difference in'
affinity for the compounds by S. aureus and E. coli and certainly

no real difference in thelr mode of action.
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The upteke of antibacteriai agents by intact cells under
various conditions permit some concluslions to be made about the
adsorption process and the cell receptor sites invelved.

When the adsorption of diphenyliodenium chleride by E. coli is
examined it is seen that a Langmuirianisotherm or L-form (Giles
ot al 1950) 1s obtained. This indicates that drug molecules
ara at first readily accepted by the adsorbinglmaterial,-bﬂt

as the available sites become progressively f11l1ed, further

adsorption 1s hindered.

This situation is found with many .antibacterial agaents
including fentichlor ( Hugo & Blbomfield, 1971a), and dequalinium
{ Hugo & Friar.‘1959]. |
fhs fact that ataﬁgmpirianisotherm is aobteined, weould indicate
moncmolecular layer adsorption. However, it is paésibie to
calculate tha approximate concentration of diphenyliodonium
chloride at which a monolaysr of drug molsculss is formed on the
surface ﬁf‘a bacterial cell.. Tﬁuélif it 15 assumed that E. coli
is a cylinder 2.0 pnx 0.8 Fmsurmounted af elther end by hemispheres
of radius 0.25 Pm,then the surface area 1is 5.812pﬁ2= 5.812 % 108 AZ_
~If 1t is assumed that the diphenyl&cdonium cHloride malecule is
orientated with one of the phényl groups at right angles to the
cell surface and the rest of the molecule perpendicular to‘tha.
_surface ( a.candition for optimal packing, but unlikely_tﬁ bccur
in fact) then the molecule will occupy an area of 26 -A%, thus
th; maximum number of molecules accommddétad as a monolayer
1s 5.812 x 108/28 = 0.224 x 108 molecules, or, from Ayogadro's
number, 1.867 x 1078 pg diphenyliodonium chloride (base) per
cell » 1 mg dry welght cells of E. coll = 4 x 189 = 74.68 Fg'base‘=

85,5 je of the diphenyliodonium chloride/mg dry weight of cells.
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The actual figure is probably much less than this. ‘Thus,

it is possible that adsorption oVer and.abova this level

might be due to the building up of multilayers ( at ths
gaturation level ca.5 monolayers) of the drug which may be

a feature of the leakags inhibition phenomenon, or; alternatively
to penetration of.drug into the interior { cytoplasm) of ths
csil. Similarly, Cox (1966) showed that with 1-decamethylens--
4—amindguinaldinium,sufficient drug was'absorbad at the
saturation level to give at least 30 monolayers around the
5acteria1 cell. Hugo & Lonéworth (1984] also fﬁund that
multilayers of chinrhexidihe may occur around the bacterial

cell. Whilst uptake studies caen be helpful, they are prdbably
too simplistic because 1t is not always reasonable fc extrapolate
data from simple physical systems to complex biologiéal syétems

whare a dynamic situation occurs.

It is most likely that adsorption takes place at siteé
separate from the cell surface, that is within the cell wall
and ultimétely in the cytaplasm.l“T.E.M. examination of sections
has shown that the amouﬁt of drugfpreéené in tha cell wall 1s -
not high, nor is 1t localized in specific regions., $ince the
electron dense lodine would be egpected to be detécfed by this

method.

It has been shown that the MIC increases with numbers of
cells inoculated. This could probably be explained by the drug
. adsorbing to the cells and thus being inactivated, thus the

greater the number of cells present, the greater the inactivation.

_47.-.



‘Diphanyliodonium chleride may affect ths integrity of
the cell membrans, becausé there is some loss of intracellular
material when the drug is édded to a suspension of E. coli.
HoweVer. this 1s not likely to be the main mechan;sm of its
lethal action because the loss of interacellular material
is very low whén compared to tha loss in the presence of
chlorhexlidine ( Huge & Longworth, 198§j,polymyxin t Newfoﬁ,
1953) or colistin (Stretton 1965) which exert their aﬁtion by
membrane damage. The effect of increased concentration of
diphenyliodonium chloride on the loss éf cell constituents
is monophasic, which is similar to the effect. of Hexylresorcinol
t Beckat et al, 1959) whare the progressive addition of hexyl-
resorcinollcausad more extensive damége and the release of more.
callular constituents until the'drug molecules e#erted their
maximum effect upen the cytoplasmic membrane. The mehbrane
sctivs comppunds'CTAB and polymyx}n (Newton, 1953} and
chlorhexidine ( Hugo & Longworthiz1984),-have a diphasic effect.
In the cases of fentichlor { Hugof& Bloamfielﬁ. 1971 bl,
polymyxin [ Few § Schulman, 1955] and CTAB (Saltan, 19511,‘
there Is a lineer reiationship Eé%wean the proportion of cells
killed and the amdunt‘of 260 pm abscrblng material faleassﬁ.
The loss of intfacellular material could be due to the activation
of autolytic enzymes, but this is unlikely as thelloss Increases
only slowly with time and would not'represent a significant |
. fraction of ths matserial lost. Howsver, at concentrations
lgss than 100 Pg/ml of diphenyliodonium chloride,RNA loss was
produced in E. coli and at 100 Fg/ml ( the MIC valus) thers was
maximum loss of RNA. If the concentration of dipheﬁyliodoﬁium

chloride was increased to a bactsricidal level, then, leakags
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is not longer concentraticn dependent.

The sméll amount of demage to the cell was confirmed
~using both scanning and transmission electron microscopy.
Even at 100 Fg/ml of dipheny;iodonium chloride there was
no detectable loss of major cell censtituents when ultrs thin

sections were examined by transmlssion electreon microscopy.

The'effects on metabolic activity wera shown by the
Inhibition of daﬁydrogenaaa systems, at approxiﬁétely the
MIC values, and on the sensitivity of eerobic gluoose'matabolism. .
Diphenyliodonium chleride inhibits glucose
metabolism of E. coli under asrobic conditions. The rate of
oxygen consumption was less than the control in the presence
of 100 Fg/ml and was completely iﬁhibitad after 2 hours.
.This suggests that glucose metabo;ism is very sensitive to
diphenyliodonium chlorida. At SU:Fg/ml of the dfug respiraticon

continues byt is still merkedly depressed.

Dehydrogenass systems wera also inhibited by diphenyliodonium
chloride.r The malate and 1actateAsystems are particularly
sensitive to diphenyliodonium chloride. The malate system,
being completely inhibited by 100 Fg/ml of the drug with

the succinéte_dehydrogenase being less sensitive.
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Since it was found that there is no significant difference
between the cochcentration of diphenyliodonium chloridé required
to inhiblt the metabolism of glucoée under aeroblc and anaerobic
conditions, it is unlikely that specific inhibition of cytochrome
systems is involved. Woodroffe & Wilkinson (1968}, using
tetrachlorasalicylanilide, found a 20-fold difference existed
between the concentration required to inhibit glucose fermentafioﬁ

and that necessary to inhibit glucose oxidation.

There was no stimulation of dehydrogenase activity at
low concentrations of diphenyliodonium chlori;gﬁ;sdzlike the
stimulation obtained where compounds are used which are known
to damage the intsgrity qF.thelcytnplasmic membrane s.g. chlorhexF‘
idine, {(Hugo & Longworth, 1964) where an in;rease in membrane
permeability may be responsible for the obsepvéd phenomenoen.

s ‘and- . with bronopol { Stretton & Manson 1873} which
acts by qxidaticn of the thiol greups.

The dehydrogenase enzyme syspems are located in the cell
membrane as demonstrated by Sedar'& Burde (1965) and_Hirano
st al [1989] and alteration of thése enzymes‘may damags membraha
structure and permit leakaga. This type of effect is shown
by the closely related diphenyleneiodohium chloride which ié
also‘an antibacterial agent approximately as active as
dipheﬁyliodonium chloride ( Stretton, unpuﬁlished]. This compound
inhibits phosphorylations and the chloridé-hydroxide balance In

isolated chlorﬁplasts { Watling & Selwyn, 1372).
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It has been shown that S. faecallis may exhibit a_sUbsténtial

anaeroblic endogencus metabolism aftér groch on media containing
an excess of energy source.  Membrane ghosts from S. faecalls
contain a ?irﬁly bound-adenosine triphosphate when they are
prepared and washed with buffer PH = 7.5 containing Mg++ ions.
Several workers { Holland & Shgrratt, 1972 and Gatley & Sheratt,
1975].have investigated the effect of diphenyleneiodonium chlorlde
on mitochondria. This compound inhibits ADP- or uncnupler;
,rstimuléted oxidation of succinate or of glutamaterin C1 -containing
media by a mechanism dependent on the catalysis of a linked C17-OH™
exchange .across‘the inner mitochoﬁdrial mgmbrana. In this

respect diphenylensiodonium chloride resembles the'trialkyltin
| compounds which élso mediafa this exchange ( Selwyn et al, 1370}.
Diphenylensibdcnium chleride also 1nhib1t3 soluble rat liver

NADH dehydrogenase and NADH oxldaticn by.rat'liver submitochondrial
particles directly. NADH dehydrogenasa preparations apparently
contaln only high af?inity binding sltes whilst only low affinity
sitaes occur in erythrocytes. ’
_ Mitochondrlal ATPase is thought to catalyse the terminal step
in oxidative phqsphorjlation. (Pullman‘& Schati, 1957].' It is
unlikely that the ATPase asscclated with protoplast membranes of
'Eh_feecelis serves an analogous funofion as this organism lacks

cytcchromastand generates ATP entirely via glycolysis (Deibel, 1964).

Diphenyliocdonium chleorids is 2 potent inhibitor of_mémbrane
assbciated phenomena, because it inhibité membrana-bound-ATPassa
and K accumulation by intact cells and reduces the rate of
glycolysis. Thus a number of energy dependent processes in

S. faecalls are inhibited by diphenyliodonium chleride .
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The ATPass of mitochondrial membréns appears functicnally
very different from the ATPase aésdciated with thé plasma
membrans of fermsntative cells such as erythrocytes or S. fasecalils.
The former is thought to catalyse the terminal step in oxidative
phospharylétion. the latter apparently mediates.fhe utilizatlaen
. of giycolytically generated ATP for membrane transport. Yet,
it has been khown fof soma time that oligomycin, ths classical
inhibitor of ATPase and oxidative phosphorylation in initochondria,
inhibits aisﬁ ATPase and cation transpart in efythrncytes-

(Whittam, et al, 1984).

The observation with DieoS and chlorh;xidine: { Harold et al
1969 a) as well as earlier work with DCCD { Harold st al, 1969 b)
adds to ths'grawing evidenca that arfundémental unity undefliEs
pfacesses apparenfly as dlverss és oxldative phosphorylation in
mitnchondria.-and cation transport bv S.- faecalis.

Similarities at the moleculéb level between the ATPase
of mitochendria and oF_§.'faecalis-( Abrams, 1965 and Abrams

& Baron, 1367) point in the same direction.

Diphenylicdonium chleride, Dio8, chlorhexidine and DCco
all stop the growth Ef‘§.'faecalis at concéntration comparablae
to those which inhibit'thé ensrgy depsndent transport of K+.r |
The concentration of diphenliodonium chloridé which inhibifs
ATRase activity is much less than ths MIC value. The cessation
of growth may thus be a consaguence of the inhibition of energy

linked transport processes.
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Dicyclohexylcarliodiimide (DCCD) does not inferfere with
the generation of ATP (Harold; gt él, 1969 al), but it inhibits
the membrane-bound ATPase of the intact cell. The other compounds
which were used as controls, Die% and chlorhexidine, probably
act at the same site. The site of action of DCCD is not clsarly
defined and 1t inhibits membrans-bound ATPase but not the
solubilised enzyme ( Harold et al, 1968 b). Thus it appears
that BCCO reacts with an unidentified‘component‘nF the membrane
and inhibits the ATPase indirectly, perhaps by a transmitted
effect on the conformation of the enzyme ([ Harold ét ai, 1669 b
and Bulos & Racker, 1988).. In contrast chlorhexidine énd Died
inhibit both the membrane-bound and solubi;ised ATPase of

S, faecalis.

_Diphenylibdonium chleride, D109, chlorhéxidina and DCCD,
all stop the growth of S. faecalls at conCEntratiﬁns comparable
to those inhibiting the enargy de%endent transport of k',
Also diphenyliodonium chloride inhibits ATPase activity at a
concentration below the MIC vélue; This suggests that one aspect
of the iathai action of diphenylibdonium chloride'is to inhibit

ensrgy linked transport processes.

The evidence suggests that diphenyliodonium éhloridé
exerts its antibacterial action primarily on systems associated
with the cytoplasmic hembrane. The most sensitive sites would
appear'to bhe the membrané-boﬁnd ATPase and K* trénsport. In
addition membrene associated debydrogenase systems are also very
sensifive to the compound and begcause of its membrans invblvement

there is a loss of cytoplasmic constituents.
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However, there are othsr effects produced by diphenylicdonium
chloride which suggests that at higher concentrations it
interferes with general cell metabolism and that thess

contribute to its bacteriostatic effects.
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