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The concentrations of iodophor necessary to reduce the activity

of several metabolic enzyme systems 50 percent was used as the

basic approach in attempts to elucidate the mechanism of germicidal

action of iodine. For comparisons, a chlorine-releasing germicide

(Trichlorocide) and a quaternary ammonium compound were also

tested. It was found that on parts per million basis, Trichlorocide

inhibited the activity of most of the enzymes 50 percent in smaller

concentrations than either iodophor or the quaternary ammonium

compound. However on a molar basis iodophor was the most effec-

tive in inhibiting the activity of a majority of the enzymes. Converse-

ly, the activity of most enzymes was not inhibited by the quaternary

ammonium compound. In all tests where there was at least 50 per-

cent inhibition of enzyme activity, the concentration of the germicide

was well below that normally used for disinfection and sanitation pur-

poses, providing further evidence on the sensitive nature of certain

enzyme systems to inactivation by small concentrations of germicide.



Alcohol dehydrogenase and glucose-6-phosphate dehydrogenase

when partially inactivated by iodophor were completely reactivated

by glutathione and cysteine respectively. Likewise, cysteine was

able to partially reverse iodophor inactivated lactic dehydrogenase.

This evidence indicated that iodophor inactivated these enzymes, at

least in part, through oxidation of their essential sulfhydryl groups.

In addition, the activity of catalase was reduced 60 percent

when the enzyme was exposed to 60 ppm iodophor under alkaline

conditions indicating that the inactivation occurred as a result of

iodination reactions.

Only partial success was achieved in efforts to demonstrate

the in vivo oxidation of yeast glucose-6-phosphate dehydrogenase

sulfhydryl groups by iodophor.

In comparing the effects of iodophor and Trichlorocide on

glucose oxidation and viability of Saccharomyces cerevisiae cells,

it was found that with an exposure time of 30 seconds at one and two

ppm, iodophor inhibited both glucose oxidation and viable cell count

to a greater extent than Trichlorocide. However when the exposure

time was increased to five minutes, Trichlorocide was a more effec-

tive inhibitor. Cysteine and dithiothreitol were able to partially re-

verse the inhibitory effects of iodophor on glucose oxidation and

completely restore viable cell counts.

With both Pseudomonas fragi and Pseudomonas aeruginosa



cells, as little as 0.75 ppm of iodophor was able to substantially re-

duce glucose oxidation and cell viability. Dithiothreitol was able to

partially reverse these inhibitory effects.

From these results it was concluded that the activity of iodophor

on the organisms studied was due, at least in part, to the oxidation

of sulfhydryl groups located on proteins and other constituents essen-

tial for glucose oxidation and maintenance of cell viability.
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SOME ASPECTS OF THE MECHANISM OF ACTION OF
IODOPHOR AND OTHER GERMICIDES.

ON MICROORGANISMS

INTRODUCTION

The importance of iodine as a germicide has long been recog-

nized, and its usefulness for this purpose was enhanced a great deal

by the relatively recent introduction of iodophor sanitizers. One of

the advantages of iodophors is that the iodine solubilized in surface

active substances retains its desirable germicidal activity but not

its undesirable irritation and staining properties. The germicidal

activity of an iodophor is principally due to the free iodine present,

though other ingredients are important depending on the formulation

and use conditions.

There have been numerous studies on the germicidal effective-

ness of iodine against a wide variety of organisms; however, rela-

tively few investigations have been concerned with the mechanism

of activity of iodine, especially iodophors, on microorganisms. The

action of iodine on proteins is known to involve the oxidation of sulf-

hyd.ryl groups and substitution into tyrosyl and histidyl components.

From this, it seems that the germicidal effectiveness of iodine would

depend on the disruption of structural integrity resulting from substi-

tution or oxidation of proteins whose native conformation is vital for

their intended function in a cell.
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The present study was undertaken to gain further insight into

the mechanism of action of iodophors on microorganisms, the results

of which could hopefully be used to improve the effectiveness of

germicides. The primary research emphasis was to determine the

effect of iodophor on certain metabolic enzymes. Many enzymes such

as triose phosphate dehydrogenase require sulfhydryl groups for their

activity and oxidation of these groups have been shown to reduce ac-

tivity. With this and the amino acid iodination reactions in mind,

the present work was undertaken. In addition, the comparative ef-

fects of quaternary ammonium compound and chlorine on the activi-

ties of the various enzymes were examined.



REVIEW OF LITERATURE

Iodine

History of Iodine

3

For about 150 years, iodine has been used for various purposes

in medicine (Sykes, 1965). It was first used for the treatment of

wounds in 1839 and was so used in the American Civil War. As

early as 1895, the effectiveness of iodine against a number of patho-

genic bacteria was recognized, and in the early 19th century, its

usefulness as a skin disinfectant was reported. Today iodine serves

in many capacities and in various forms as a germicide. It has been

used in the sterilization of air and inanimate objects such as catgut

and surgical instruments; as a prophylactic and therapeutic agent in

diseases caused by bacteria, viruses, and fungi; for the disinfection

of drinking water and swimming pool water; and for sanitization of

dairy and brewing equipment (Lawrence and Block, 1968).

Physical and Chemical Properties of Iodine

Chemically, iodine is classed as a halogen along with fluorine,

chlorine, and bromine. It is a heavy, bluish-black solid at-ordinary

temperatures, and is only slightly soluble in water. However the

solubility in water can be greatly increased by the presence of iodides
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and by any one of a number of organic solvents. Iodine is less active

chemically than chlorine. For example, it will not react with am-

monia to form amines under conditions in which active chlorine is

converted to the less active chloramines. Nevertheless it does have

a high chemical activity. It is this high activity which is believed to

give iodine its biocidal value. In solid form, it is corrosive to tissue.

Iodine concentrations may be determined iodometrically by titration

with a standard solution of sodium thiosulfate using starch as an indi-

cator. Since iodine itself gives in dilute solutions a characteristic

yellowish color, this may be used for the qualitative and semiquanti-

tative estimation of iodine in solutions of the strength now generally

used in sanitation (Wilson, Mizuno, and Bloomberg, 1960).

Reactions of Iodine with Water

Iodine reacts with water in solution to form various kinds of

iodine compounds and ions, the proportion of the total iodine in the

various possible forms depending upon the pH of the solution. For

instance, in highly acidic solutions, most of the iodine is in the form

of the hydrated iodine cation (H
2
OI

+). As the pH increases, this

form of iodine gradually changes into hypoiodous acid (HOI), hypo-

iodous acid ion (10), and the iodate ion (I03). In addition there is

the presence of the triiodide ion (I
3

) from the reaction of diatomic

iodine with iodide ions (I) (Hughes, 1957). The hydrated iodine
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cation has the highest biocidal activity, and the activity decreases

greatly for each of the new forms as they appear as the pH is in-

creased. The hypoiodous acid has only slight activity and the iodate

and triodide ion no activity. Therefore the pH of the solution is an

important factor in the use of iodine for germicidal purposes (Wilson

et al., 1960). These reactions may be summarized accordingly:

Forms of Iodine Present as a Function of pH in Aqueous Solutions

Acid Solutions

I + HO
2 2

H201 + I

Neutral Solutions

H
2

01+ + H20

HOI + H30+

Alkaline Solutions

3H01 + 3H 0
2

103 + 21 + 3H30

With the production of the active species, the hydrated iodine

cation, the iodide ion is also produced, and the rate of reaction of

this species varies inversely as the square of the concentration. It

is apparent then that the control of the iodide concentration becomes

an important factor in regulating the amount of the hydrated iodine

cation present. Furthermore the reaction of the iodide ions with

the diatomic iodine not only reduces the concentration of the diatomic

iodine, but the production of the inactive triiodide ions also occurs

(Hughes, 1957).

Reactions of Iodine with Protein

The reactions of iodine with protein fall principally into two
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categories: oxidation and substitution reactions. The primary reac-

tions are:

H
2

OI + R
1
-SH

R
1
-SI + R2 SH

H
2

OI
+

+

H201+ +

Reactions of Iodine with Proteins

R1 SI + H + H2O

R1- S- --S -R2 + H + I

+ H

) R
N /4/0 + H+

2
H 0

N

H 0I+ +
2

2 RCH 2 \

H

+ H2O
Col

RC/
+ H+ H2O (5)

+ H2O
2

RCH

(6)

+ RCHO + OH (7)

The primary components of protein involved are the sulfhydryl groups

of cysteine and the tyrosyl and histidyl moieties. Reaction one occurs

initially with the formation of the sulfenyl iodide and continues into

reaction two whenever stereochemically possible. In the case of

monothio proteins such as serum albumin in which the formation of

a disulfide link is sterically difficult, two equivalents of iodine axe

consumed, but the sulfenyl iodide must hydrolyze rapidly since the
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final product is devoid of iodine (Hughes, 1957). Iodine may also

oxidize the sulfhydryl groups beyond the disulfide stage to produce

the sulfonate (SO), the sulfinate (S02-), and the sulfonate (S03)

groups. The oxidation of the sulfhydryl groups by iodine occurs

very rapidly and is favored by an acid pH (Webb, 1966).

According to Hughes (1957) the reaction of iodine with tyrosine

takes place in two steps (reactions four and five), He found that by

increasing the concentration of the hydrogen ion that the iodination

of tyrosine was correspondingly inhibited. It was reasoned, there-

fore, that the hydrated iodine cation will readily attack the phenolate

ion of tyrosine, R , or the quinoid form =0 rather

than the phenol form R OH. Therefore a deprotonation of the

tyrosine is necessary for any appreciable iodination to occur. The

introduction of the second iodine atom takes place more readily than

the first. This also may be explained by assuming that the reaction

involves the phenolate ion since iodination increases the acidity of

the phenolic hydroxyl, thereby increasing the abundance of the sub-

stituted phenolate ions concomitantly.

Evidence for reaction six, the iodination of histidyl residues

in proteins, has long been suspected of occurring, but only recently

substantiated by Cove lli and Wolff (1966, 1967). They have reported

that extensive iodination of bovine insulin leads to the formation of

substituted tyrosyl and histidyl residues, the iodohistidines
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consistently appearing later than the iodotyrosines. Li (1942) has

measured the rate of iodination of free histidine, and found the rate

to be about 30 to 100 times slower than iodination reactions with

tyrosine. No other amino acids are likely to undergo substitution

reactions although trytophan may be destroyed by oxidation reactions

(Hughes and Straessle, 1950).

Thyroxine formation (reaction seven) also occurs in the later

stages of iodination. However both iodination of histidine and thyrox-

ine formation take place appreciably only upon the introduction of

large amounts of iodine into the protein molecule (Hughes, 1957).

Effects of the Reaction of Iodine with Protein

Cellular components containing sulfhydryl groups may, in

general, be classified as: (1) low molecular weight thiols, such as

the cofactors lipoate, coenzyme A, etc. , (2) nonenzyme proteins

including cytoplasmic and structural proteins, and (3) enzymes of

all types and catalyzing a variety of reactions.

The importance of sulfhydryl groups in certain metabolic reac-

tions is well known, e.g., the conversion of coenzyme A to acetyl

coenzyme A at the beginning of the Krebs cycle. The sulfhydryl

groups of enzymes have been considered to bind cofactors or co-

enzymes to the apoenzyme or to form acyl or phosphoryl complexes

with intermediates derived from substrates, or to function directly
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as redox couples in electron transfer. Whatever the role sulfhydryl

groups play in enzyme catalysis their modification often abolishes

activity and since metabolism depends on sulfhydryl enzymes, it is

evident that most important metabolic pathways would be sensitive

to sulfhydryl reagents such as iodine. Even reactions with nonenzyme

protein sulfhydryl groups may disturb metabolism because of the role

such proteins may play in the structural organization of the metabolic

units or in the permeabilities of cells.

Many enzymes have been found to be readily inhibited, often

by low concentrations of iodine. In most cases it is impossible to

know whether the inhibition is due to reaction with sulfhydryl groups

or to iodination reactions. One way of determining if sulfhydryl group

oxidation is responsible for enzyme inhibition is to attempt reversal

with thiols such as cysteine, glutathione, and dithiotheitol. This

reversal may occur as:
S

2R-SH + enzyme/
/SH

enzyme RSSR\s SH
(oxidized, inactive) (reduced, active)

A complete reversal certainly implies such a mechanism, but the

failure to reverse can be interpreted in various ways. Disulfide

groups may not be reversed by thiols if steric factors prevent this

reaction, and under these conditions oxidation past the disulfide stage

would not be reversible (Webb, 1966). For example Knopfmacher
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and Salle (1941) found no reactivation of beta-galactosidase by thiols

although they had some reason for believing sulfhydryl groups were

involved. Weill and Caldwell (1945) achieved partial reactivation of

beta-amylase indicating that some sulfhydryl group oxidation was

responsible for the inhibition. Thiols have been reported to com-

pletely reactivate urease (Hellerrnan, 1939), papain (Hellerman and

Perkins, 1934), and cardiac lactic dehydrogenase (Nygaard, 1955)

so that a sulfhydryl mechanism seems assured for these.

Several investigators have reported the inactivation of enzymes

by iodine by mechanisms other than sulfhydryl group oxidation. The

iodination of the tyrosyl residues of fructose-1, 6-diphosphatase re-

sults in the complete loss of catalytic activity (Rosen and Rosen,

1967). Similar results were reported by Wassarman and Kaplan

(1968) who found that fructose-1, 6-diphosphate aldolase was inacti-

vated upon iodination. Cove lli and Wolff (1966) showed that with an

increased iodination of tyrosyl and histidyl components of ribonucle-

ase A, there was a progressive loss in activity. Also, the oxidation

of a tryptophanyl residue near or part of the active site of lysozyme

by iodine was reported to be likely responsible for loss of activity of

the enzyme (Hartdegen and Rupley, 1964).

Studies on the reaction of iodine with microorganisms have

yielded some interesting and fruitful results. Anson and Stanley

(1941) reported that when the sulfhydryl groups of the coat protein
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of tobacco mosaic virus were oxidized by iodine the virus remained

viable; however when iodination of tyrosine occurred, the virus was

inactivated. A later report (Fraenkel-Conrat and Sherwood, 1967)

indicated that this iodination resulted in a conformational change of

viral protein and ability to form virus rods was lost. Studies by Hsu

et al. (1966) have shown that the apparent iodination of tyrosyl moie-

ties in poliomyelitis virus and f2 bacteriophage resulted in the inac-

tivation of the viruses while oxidation of the viral sulfhydryl groups

had no effect on viability. However when bacteria were treated with

iodine, the loss of viability appeared to be due to oxidation of essen-

tial sulfhydryl groups. Brandrick and Newton (1967) have recently

shown that the reaction of bacteria with iodine is primarily an

oxidation-reduction reaction with only little halogenation occurring.

Increased iodination of bacteria by raising the pH does not result in

higher bactericidal effect, but rather a decrease (Klebanoff, 1967;

Hugo and Newton, 1964).

Despite its strong oxidative action, iodine is unable to inacti-

vate either infectious RNA or DNA (Hsu, 1964). However an inter-

esting report by Goehler and Doi (1966) has shown that a reversible

conformational change and inactivation occurs upon iodine oxidation

of lysyl-tRNA. The inactivation could be completely reversed by

sodium thiosulfate indicating the involvement of sulfhydryl groups

either directly or indirectly with the binding efficiency of the
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lysyl-tRNA. These results suggest the possibility that iodine may

exert part of its germicidal action by inhibition of protein synthesis.

Some Compounds and preparations of Iodine

The oldest known compound of iodine used for antiseptic pur-

poses is probably iodoform, CHI3. The unpleasant odor and lack of

antibacterial properties in vitro are among its disadvantages, but

it does exhibit good antiseptic action in vivo.

An iodine compound especially lethal to bacterial spores is

iodine trichloride. A one percent solution is generally marketed as

a disinfectant for external application (Sykes, 1965).

Two percent iodine solutions such as alcoholic iodine tincture

and aqueous iodine solution are commonly used antiseptics. Tincture

of iodine is the most powerful and reliable antiseptic routinely ap-

plied to the human skin. However when it is applied to moist mucous

membranes, the alcohol may be diluted beyond its capacity to hold

the iodine in solution with a resulting precipitation of minute amounts

of very caustic metallic iodine (McCulloch, 1945). Thus a solution

of iodine-iodide is often preferred since most of the objections of

alcoholic solutions are avoided (Lawrence and Block, 1968).

Germicidal Activity of Iodine

Iodine is effective against a wide variety of organisms including
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bacteria, spores, viruses, yeasts, fungi, rickettsiae, and protozoa

(Wilson et al., 1960). One of its most striking characteristics is

that the concentration of iodine necessary to disinfect does not vary

greatly with different organisms and that the organisms are killed

rather than held in a condition of bacteriostasis. Furthermore there

have been no instances of microorganisms developing a resistance to

iodine (McCulloch, 1945).

Gershenfeld and Witlin (1949) found that a one ml solution of

two percent free iodine to be bactericidal within one minute against

24-hour-old F. D.A. broth cultures of Staphylococcus aureus (20 ml),

Pseudomonas aeruginosa (20 ml), and Bacillus mesentericus (10 ml).

In comparing with similar concentrations of free bromine and chlor-

ine over a wide pH range, they also reported that the iodine solutions

were more effective antibacterial agents. Chang and Fair (1941)

have found that vegetative bacteria suspended in water are killed by

five ppm iodine while Carroll (1955) has reported as little as two

ppm to be lethal to E. coli in ten minutes and 33 ppm in one minute.

These different results are likely due to the various testing methods

employed as well as to the amount of organic matter present.

Concentrations of free iodine of 62.5 ppm or higher have been

found to be tuberculocidal after a five minute exposure at room tem-

perature (Gershenfeld et al. as cited by Lawrence and Block, 1968).

If spores are in suspension, they show little increased
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resistance to iodine in comparison to vegetative bacteria. Both

spores of Bacillus species and Clostridium tetani are readily killed

by dilute solutions of iodine. Among the halogens, iodine is the

most effective against the spores of B. anthracis (Lawrence and

Block, 1968).

There are variations of opinions as to the lethal concentration

of iodine against fungi, but there is general agreement that it is an

effective fungicidal agent. Many of the pathogenic fungi are killed in

concentrations of less than 12 ppm iodine (Sykes, 1965).

High dilutions of iodine are also effective against viruses.

Solutions as dilute as 60 ppm will inactivate washed influenza virus

(Knight and Stanley, 1944). Gershenfeld (1955) has presented in a

review the effective inactivation by iodine and certain iodine com-

pounds of the viruses of poliomyelitis, herpes, rabies, vaccinia,

and others.

Preparations of iodine, its derivatives and combinations have

received wide use as protozoacidal and metazoacidal agents, especi-

ally in their effectiveness against amoeba, trichomonads, strongyl-

oides, trichuris, and oxyuris (Lawrence and Block, 1968).

Advantages and Disadvantages of Iodine as a Germicide

Although iodine undergoes a marked depressant effect by the

presence of organic matter, it is not as great as chlorine and is
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actually negligible when used in high concentrations. The tempera-

ture coefficient of bactericidal activity is relatively low compared

to other germicides being more effective at lower temperatures.

Water hardness generally does not have any effect upon the germi-

cidal efficiency of iodine, but should be considered since the water

may have other contaminants other than calcium and magnesium salts

and thus provide a buffering capacity. Finally iodine has a low tox-

icity when used as a germicide in comparison to other agents. Some

of its disadvantages are its low solubility, objectionable odor, high

vapor pressure, skin staining, precipitation upon dilution, and in-

stability.

Iodophors

Despite the advantages of iodine over other germicides, prepa-

rations of iodine were not extensively used before 1950 because of

its undesirable properties (Wilson et al., 1960). However with the

introduction of the iodophors by Shelanski (as cited by Davis, 1962),

a revolution occurred in the use of iodine for disinfecting and sanita-

tion purposes. Using polyvinyl pyroidone and other surface active

substances, Shelanski found that large quantities of iodine could be

dissolved while keeping the iodine in solution when diluted with water

and modifying its undesirable properties. In solution the carriers

are able to solubilize up to nearly 30 percent of their weight of
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iodine, of which from 70 to 80 percent may be released as available

iodine when the concentrated solution is diluted. The constitution of

the iodophor is not exactly known, but it is clear that the iodine is

bound in the form of micellar aggregates and that on dilution the

micelles are dispersed and the linkage of the iodine is progressively

weakened (Davis, 1962). A number of anionic, cationic, and non-

ionic surfactants may act as carriers; however they vary in their

ability to solubilize iodine, viscosity, foaming, detergency, and

wetting action. Almost all commercial iodophors use nonionic

detergents since they provide better solubility, stability, and other

desirable properties than the ionic surfactants. In general the

alkylphenoxypolyglycol ethers have proved to be the most useful.

Since iodine is more active in acid solutions, almost all commercial

iodophors contain a buffering agent to provide the desired pH in solu-

tion. Phosphoric acid is commonly used for this purpose.

The advantages of iodophors over other iodine preparations

are numerous and include possession of detergent properties, en-

hancement of germicidal action, little or no odor, elimination of

staining and skin irritation, lowering of vapor pressure, and unlim-

ited dilution possible without precipitation (Wilson et al., 1960).

In addition because the iodine is brought into solution with a solubil-

izer other than the iodide ion, there is little or no loss of iodine by

its conversion to the inactive triiodide ion, thus probably accounting
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for the reports of iodophor activity being higher than with similar

iodine solutions. With the combined effect of the phosphoric acid,

as little as one ppm iodine is 99.9 percent effective against staphylo-

cocci and E. coli in one minute (Sykes, 1965). Using a variety of

organisms often found on dairy and food equipment, Hays, Sandine,

and Elliker (1967) reported that iodophors and hypochlorites demon-

strated a high rate of germicidal activity. Hypochlorites were more

effective at acid pH for the bacterial species tested; however the

iodophor was more effective against yeasts. In comparing iodophors,

chlorine, and quaternary ammonium germicides using Staphylococcus

aureus, E. coli, and Pseudomonas aeruginosa as test organisms,

Johns (as cited by Davis, 1962) found that iodophors destroyed more

increments of test organisms than chlorine or quaternary ammonium

compounds. In addition to the vegetative bacteria, Mycobacterium

tuberculosis was killed by 50 ppm in two to ten minutes and patho-

genic fungi by 40-100 ppm iodine liberated from iodophor (Ortenzio

as cited by Davis, 1962). Against the Newcastle disease virus sus-

pended in allantoic fluid Bartlett and Schmidt (1957) have reported

that 25 ppm is effective in 30 seconds and that 50 ppm will inactivate

the poliomyelitis virus in five minutes. In testing the virucidal ac-

tivity of hypochlorites, quaternary ammonium compounds, and iodo-

phors, Watkins, Hays, and Elliker (1957) reported that 12.5 ppm

hypochlorite and 100 ppm QAC completely inactivated the
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bacteriophage of Streptococcus cremoris; however concentrations of

iodophor as high as 200 ppm were ineffective.

Uses of Iodophors

Iodophors are widely used in food processing plants, dairies,

brewing industries, hotels, restaurants, schools, and hospitals.

The concentrations of iodophors to be used depend upon the purposes

desired. In general the following minimum strengths of iodophors

are recommended as sanitizing agents: In hospitals for all uses, 75

to 150 ppm; in restaurants, breweries, and food processing plants,

25 to 50 ppm; and for dairy equipment, 12.5 ppm (Lawrence and

Block, 1968). Properly formulated iodophors are useful not only

as germicides for final sanitization of equipment but also for clean-

ing purposes as well. Thus a one step cleaning and sanitizing process

is possible which is of economic importance (Wilson et al., 1960).

Iodophors also stain soiling matter such as milk solids and milk stone

so automatically indicate if equipment is physically clean. They do

not stain metals, as reported by some users, who apparently have

never succeeded in cleaning their equipment properly (Davis, 1962),

Some of the marketed iodophors commonly used include

Wescodyne, Betadine, Isoprep, Surgidine, and Klenzade Iodophor.
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Chlorine

Soon after its discovery in 1774, the remarkable ability of

chlorine to arrest putrefaction and destroy odors was recognized

and its use met with almost immediate approval. Chlorine is now

one of the most widely used chemical disinfectants largely due to

its almost universal application in the disinfection of questionable

water supplies.

Physical and Chemical Properties

Chlorine is a heavy, green-colored gas (McCulloch, 1945).

Because of its electronic configuration, it possesses a strong ten-

dency to acquire extra electrons changing to inorganic chloride ions

making chlorine a very strong oxidizing agent. It is this property of

chlorine which is believed to give it its high germicidal activity.

However this strong oxidizing characteristic also enables chlorine

to be very corrosive, and thus it attacks many metals as well as

organic matter. In chlorination of water a certain portion of this

chlorine will be consumed by water impurities; therefore a suffici-

ent amount of chlorine is generally provided to satisfy the initial

water demand and an extra quantity of chlorine is added to provide

a slight residual of free available chlorine. The term free available

chlorine is usually applied to three forms of chlorine which may be
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found in water: elemental chlorine (C12), hypochlorous acid (HOC1),

and hypochorite ion (0C1). They are formed according to the follow-

ing reactions:

C12 + H2O HOC1 + H+ + Cl

HOC1:= H+ + 001-

(1)

(2)

The disinfecting efficiency of chlorine decreases with an increase in

pH and vice versa and is parallel to the concentration of undissociated

hypochlorous acid. This would indicate that HOC1 must be far strong-

er in germicidal action than 0C1 (Lawrence and Block, 1968).

Preparations and Uses of Chlorine

Chlorine and chlorine compounds are widely used in water sup-

plies, swimming pools, sewage, dairy and food industries, and medi-

cine for sanitation and disinfecting purposes. A wide range of organ-

isms are susceptible to the germicidal action of chlorine including

algae, bacteria, spores, viruses, fungi, and protozoa (Sykes, 1965).

The hypochlorites are the most widely used of active chlorine

compounds, and are usually composed of either calcium or sodium

hypochlorite solutions ranging up to 70 percent available chlorine.

Chlorine dioxide is occasionally employed for purification of water.

Its advantages are that it does not react with ammonia and it is un-

affected at pH levels from six to ten. However it is an extremely

reactive compound and therefore difficult and often dangerous to
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use (Lawrence and Block, 1968). There are a number of organic

chlorine-releasing compounds which can be used as disinfectants.

They have an advantage of releasing their chlorine less readily and

so exert a more prolonged germicidal effect. Also they are less

irritant and toxic and thus advantageous for use in medicine and

surgery. Two such compounds are derivatives of isocyanuric acid,

the dichloro and trichloro compounds which have about 72 to 90

percent respectively of available chlorine (Sykes, 1965).

Mechanism of. Action

Despite much research the mechanism of germicidal action of

chlorine or chlorine compounds has not been fully elucidated. It is

generally agreed that with the exception of chlorine dioxide, chlorine

and its compounds are hydrolyzed in solution to some extent to yield

hypochlorous acid, and that the germicidal activity can be associated

with the concentration of undissociated molecules of hypochlorous

acid. Therefore the prevalent theory is that the mechanism involves

hypochlorous acid (Sykes, 1965). It has been speculated that HOC1

liberates nascent oxygen which in turn supposedly combines with

components of cell protoplasm, killing the organism. However this

theory has not been substantiated as Chang (1944) has reported that

chlorine is bactericidal even under conditions that exclude direct

oxidation. Also other oxygen producing compounds such as hydrogen
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peroxide which produces larger amounts of nascent oxygen do not

kill as rapidly as chlorine (Lawrence and Block, 1968).

It has been suggested that chlorine exerts at least part of its

bactericidal action by direct chlorination of bacterial protein replac-

ing the hydrogen in the amino groups. The combination of chlorina-

tion with oxidative effects on critical structures such as cell mem-

branes may cause the bacteria to disintegrate (McCulloch, 1945).

Friberg (1956) reported that the oxidative effect of chlorine and not

its chlorinating ability produces a primary bactericidal effect as

evidenced by a lack of radioactive chlorine (C135) uptake initially.

Later Friberg (1957) found that destructive permeability changes in

the bacterial cell wall were caused by chlorine, as evidenced by

leakage of P32 from nucleoproteins of the bacterial cell. Pulvertaft

and Lumb (1948) have observed the lysis of certain bacterial cells

caused by high concentrations of sodium hypochlorite. The bacteria

tested varied in the extent to which lysis occurred; advanced lysis

being found with staphylococci, pneumococci, and E. soli; leAs

marked lysis was found with Shigella dysenteriae; and very little

lysis occurred with streptococci.

Stumpf and Green (1946) and Knox et al. (1948) have advocated

that the bactericidal action of chlorine is produced by the inhibition

of certain enzyme systems essential to life. They have reported

that the inhibition occurs as a result of the oxidation of sulfhydryl
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groups of vital enzymes or other enzymes susceptible to oxidation

subsequently resulting in inactivation. Furthermore they found an

exact parallelism between the minimal concentrations of chlorine

at which the oxidation of glucose is completely inhibited and the min-

imal concentrations at which bacterial growth is suppressed. There-

fore they have suggested that inactivation of glucose oxidizing en-

zymes results in cell death.

Recently Benarde et al. (1967) have concluded from their ex-

perimental results that chlorine dioxide does not produce leakage

of cell contents. However by using C14 -labeled phenyla].anine up-

take as an indicator, they found that E. coli cells abruptly stops

uptake when exposed to the germicide. No lag phase was observed

indicating that a break in protein synthesis was involved rather than

inactivation of an enzyme system in the catabolism of glucose.

Quaternary Ammonium Compounds

Structure and Function

Basically the quaternary ammonium compounds (QAC) are

organically substituted ammonium compounds in which the nitrogen

atom has a covalence of five. Since they are structurally related to

amines, the general formula is:
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The X represents a halide, sulfate, or similar radical, and the

substituents R1, R2, R3, and R4 each represents an alkyl, araalkyl

or heterocyclic radical of a given size or chain length. The QAC

are quite desirable as germicides since they are colorless, odor-

less, nonirritating, possess detergent action, quite stable, and have

low toxiicity.

Antimicrobial Activity

The antimicrobial activity of the QAC is quite good; however

there is a variation in effectiveness among different organisms. In

general the QAC are more selectively active against Gram-positive

organisms than against the Gram-negative types, Pseudomonas

aeruginosa being the most resistant (Sykes, 1965). Virulent strains

of Mycobacterium tuberculosis were reported by Smith et al. (1950)

to be resistant to the bactericidal action of QAC, and spores of

bacilli were found by Davies (1949) to be quite resistant. The anti-

fungal activity of the QAC has been reported (Dunn, 1938; Joslyn,

Yaw, and Rawlins, 1943) as well as their effectiveness against

protozoa (Fair et al., 1945; Quisno and Foter, 1946). Viruses, in

general, appear to be somewhat more resistant than other organisms
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to the lethal effects of the QAC. Armstrong and Froelich (1964) have

reported that examples of viruses which are inactivated by QAC in-

clude influenza, measles, rabies, and vaccinia while poliomyelitis,

Coxsackie, and ECHO were resistant.

Mechanisms of Action

There have been several explanations for the germicidal action

of the quaternary ammonium compounds. Hotchkiss (1946) has re-

ported the release of nitrogen and phosphorus containing compounds

from QAC treated bacteria. Salton (1951) similarly noted the release

of cellular constituents from bacteria and attributed that part of the

germicidal action was due to this action. Damage and denaturation

of the cytoplasmic membrane by the action of QAC have been reported

by Tomcsik (1955). Recently Washam (1968) has shown in electron

micrographs the lysis of sensitive P. aeruginosa cells exposed to

high concentrations of QAC. Contrary to earlier concepts, Dawson,

Lominski, and Stern (1953) have reported that the QAC split lipo-

protein complexes throughout the cell resulting in the release of

autolytic enzymes which act within the cells. They found that when

low ratios of organisms to QAC were used, cell lysis occurred;

however at higher concentrations, lysis did not occur presumably

due to denaturation of the autolytic enzymes.

As a mechanism of action, the relationship between the
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inactivation of enzymes and denaturation of essential cell protein

is quite close. Indeed enzyme inactivations follow much more

closely cell death than lysis (Sykes, 1965). For instance Baker,

Harrison, and Miller (1941) reported that the loss of viability of

bacterial cells roughly paralleled the suppression of respiratory

and glycolytic activity. Sevag and Ross (1944) have advocated that

the inhibition of cytochrome C oxidase by zephiran results in the

inhibition of yeast cells. One of the strongest pieces of evidence in

support of enzyme inactivation over lysis is that of Stedman, Kravitz,

and King (1957). They reported a less than two percent loss of cell

contents at QAC levels which would inhibit glucose oxidation by 50

percent. When the germicidal concentration was increased ten fold

resulting in a 1,000 fold difference in lethal action, there occurred

only a 0.3 percent change in the amount of lysis. Roberts and Rahn

(1946) determined the activity of all the energy producing enzymes of

E. coli grown on acetate medium in the presence of growth-retarding,

growth-inhibiting, and lethal concentrations of cetyl pyridinium chlor-

ide. They found that growth inhibition occurred at a concentration of

the germicide which had little or no effect on dehydrogenase, cata-

lase, and oxidase activities. Therefore they expressed the opinion

that the bacteriostatic condition results from the QAC preventing

multiplication and not through inactivation of enzymes. However

with lethal concentrations of QAC, they found inactivation of
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practically all dehydrogenases and oxidases, but not catalase. The

lethal action was not reversible whereas the bacteriostatic reaction

was reversible. Knox et al. (1949) reported that zephiran kills

E. coli cells parallel with the inhibition of certain metabolic reac-

tions of the cells. These effects of killing and inhibition were pro-

portional to the zephiran bacterial ratio and not to the zephiran con-

centration; therefore it was strongly suggested that enzyme inhibition

accounts for the metabolic inhibition, increased permeability, and

subsequent cell death.
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MATERIALS AND METHODS

Enzymes

All except four of the enzymes were obtained from Sigma Chem-

ical Company, Inc., St. Louis; catalase was supplied by Dr. M.

Hiraga, Science Research Institute, Oregon State University. Bac-

terial glucose-6-phosphate dehydrogenase was isolated from Pedio-

coccus cerevisiae according to the method of De Moss (1955). The

beta-galactosidases of Streptococcus lactis and Lactobacillus helviti-

cus were obtained from G. A. McFeters and L. L. McKay respec-

tively, both of the Department of Microbiology, Oregon State Uni-

versity. Protein concentrations were determined by the method of

Lowry et al. (1951). Previously reported methods were used for

the enzyme assays as follows: Alcohol dehydrogenase (Racker,

1955); Beta-galactosidase (McFeters, Sandine, and Elliker, 1967);

Lactic dehydrogenase (Kornberg, 1955); Catalase (Beers and Sizer,

1952); Cytochrome c reductase (Mahler, 1955); Hexokinase (Darrow

and Colowick, 1962); Glucose-6-phosphate dehydrogenase (Worthing-

ton Enzymes, Enzyme Reagents Manual, 1966a); Malic dehydrogen-

ase (Ochoa, 1955); Glyceraldehyde-3-phosphate dehydrogenase

(Worthington Enzymes, Enzyme Reagents Manual, 1966b; with no

cysteine used in buffer).
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Microorganisms

Pseudomonas aeruginosa, Pseudomonas fragi, Pediococcus

cerevisiae P-60, and Saccharomyces cerevisiae were obtained as

stock strains from the collection maintained in the Department of

Microbiology, Oregon State University. P. aeruginosa, P. fragi,

and P. cerevisiae were maintained on tryptone, glucose, yeast

extract (TGY) agar (tryptone 5 g; yeast extract 5 g; glucose 1 g;

K2HPO4 1 g; agar 20 g in 1 liter of distilled water). S. cerevisiae

was maintained on a special TGY agar (glucose 20 g; tryptone 10 g;

yeast extract 5 g; agar 20 g in 1 liter of distilled water).

Germicides

Iodophor, formula ID-10; Trichlorocide, sodium dichloroiso-

cyanurate, formula XP-100; and alkyl dimethyl ethyl benzyl ammoni-

um chloride were obtained from the Klenzade Products, Division of

Economics Laboratory, Inc., Beloit, Wisconsin. The available

iodine in iodophor was determined by titration to a colorless end-

point with a standard solution of sodium thiosulfate. Available

chlorine was also determined by standard sodium thiosulfate titra-

tions according to the method described by the American Public

Health Association (1960). Quaternary ammonium compound con-

centrations were determined by the method of Furlong and Elliker
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Effect of Germicides on Enzymatic Reactions
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The effect of each germicide on an enzymatic reaction was

measured by adding the enzyme to the assay system containing the

inhibitor. Such a method provides some similarity to what may be

occurring in vivo. It also prevents the effects of dilution which oc-

curs in instances where the enzyme is preincubated outside of the

assay system with the inhibitor and then tested. By varying the

concentration of the inhibitor and repeating the assays several

times, it was possible to determine the concentration of germicide

to cause 50 percent inhibition of each enzyme. All calculations were

based on initial velocity reactions of zero order. A Beckman DU

spectrophotometer attached to a Gilford multiple channel absorbancy

recorder was used in all assays. Catalase was also assayed manor

metrically using a Gilson Differential Respirometer.

Iodine Inactivation and Reactivation of
Certain Metabolic Enzymes

Three different enzymes were selected which were believed

to depend upon their intact sulfhydryl groups for their activity.

These enzymes were subjected to mild oxidation by iodine and at-

tempts were made to reactivate the inhibited enzyme by use of
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reducing agents. In addition, a study was done on the possible

mechanism of action of iodine on catalase, a sulfhydryl independent

enzyme.

Sulfhydryl Dependent Enzymes

Alcohol dehydrogenase (yeast). To a solution consisting of

2.7 ml 0.01M, pH 7.5 sodium phosphate buffer containing 1.2 ppm

iodine at 25 C, 0.3 ml of the enzyme (0. 84 mg protein per ml) was

added with mixing. After two min, 0.1 ml aliquots were removed

and assayed. Reactivation was attempted by adding various concen-

trations of cysteine or glutathione after the two min with continued

incubation for an additional two min before assaying.

Lactic dehydrogenase (rabbit muscle). To a solution consisting

of 1. 8 ml of 0. 1M, pH 7.4 potassium phosphate buffer containing 0.5

ppm iodine at 25 C, 0.2 ml of the enzyme (31 ktg per ml) was added

with mixing. After one min, 0.1 ml aliquots were removed and

assayed. Reactivation was attempted by adding various concentra-

tions of cysteine after one min with continued incubation for an addi-

tional two min before assaying.

The method of Boyer (1954) was used to follow the reaction of

parachloromercuribenzoate (PCMBSigma Chemical Co. ) with

protein sulfhydryl groups. To determine the extent of oxidation of

sulfhydryl groups in the lactic dehydrogenase solution, 0.1 ml of the
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enzyme (0.58 mg per ml) was added to 2.8 ml of 0. 1M, pH 7.4

potassium phosphate buffer containing 42 ppm iodine with mixing,

the solution was then incubated for two min at 25 C. PCMB [ 0.1

ml at 9.42 X 10-4M prepared according to the method of Nei lands

(1954)] was then added and the change in optical density followed at

250 mp, in a Beckman DU spectrophotometer fitted with a Gilford

absorbancy recorder. This procedure was repeated with noniodine

treated enzyme to measure the normal reaction of PCMB with sulf-

hydryl groups in the enzyme solution.

Glucose-6-phosphate dehydrogenase (yeast). To a solution

consisting of 0. 6 ml of 0.1M, pH 7.4 Tris buffer containing one ppm

iodine at 25 C, 0. 2 ml of the enzyme (0. 15 mg per ml) was added

with mixing. After two min, 0.1 ml aliquots were removed and

assayed. Reactivation was attempted by adding various concentra-

tions of cysteine after the two min with continued incubation for an

additional two min before assaying.

Sulfhydryl Independent Enzyme

Catalase (beef liver ). The effect of iodine on catalase activity

was determined by adding 0.2 ml of catalase (35 p.g per ml) to 1.8

ml of 0. 1M, pH 7.0 potassium phosphate buffer containing 60 ppm

iodine. The solution was then incubated at 4 C and assayed at vari-

ous time intervals. A similar experiment was carried out at pH 8.5.
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The retarding effect of iodide ions on the reaction between iodine and

catalase was measured by adding 0.2 ml of various concentrations

of potassium iodide to 1.4 nil of 0. 1M, pH 8.5 potassium phosphate

buffer containing 60 ppm iodine. Catalase (0. 2 ml at 35 i.kg per ml)

was then added with mixing and the solution incubated at 4 C. Assays

were performed on aliquots removed at various time intervals.

Isolation and Partial Purification of Glucose-6-phosphate
Dehydrogenase from Iodophor-treated and

Noniodophor-treated Yeast Cells

A modification of the method of Kornberg and Horecker (1955)

was employed for isolation and partial purification of glucose-6-

phosphate dehydrogenase from yeast. A unit of enzyme was defined

as that amount which causes an initial change in optical density of

1.000 per min at room temperature (23-25 C) under the previously

described assay conditions. Specific activity was expressed as units

per mg of protein. Protein concentrations were determined spectro-

photometrically according to the method of Kalchar (1947).

Culturing of Cells and Preliminary Treatment

S. cerevisiae cultures were grown on TOY agar slants for 18

hr at 30 C. A broth suspension of a culture was then inoculated into

1800 ml of TGY broth and incubated with shaking for 20 hr at 30 C.

The cells were harvested by centrifugation at 2500 X g for 20 min,
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washed once in 170 ml saline, and resuspended in saline to an optical

density of 0.47 at 650 mil. For the iodophor treatment of cells, 100

ml of the cells were added to 900 ml of pH 7.0, 0. 2M sodium phos-

phate buffer containing 20 ppm iodophor with mechanical mixing at

25 C. After 30 sec, 25 ml of 0. 1N sodium thiosulfate were added, as

a neutralizer. As a control the same procedures were followed ex-

cept that the iodophor was omitted.

Autolysis and Spnication of Cells

Since there appeared to be little lysis in earlier trials with

sodium bicarbonate treatment, a combination of autolysis and sonica-

tion was used. The iodophor-treated cells were collected by centrifu-

gation at 2500 X g for 20 min and washed once with 150 ml 0. IN sodi-

um bicarbonate. Partial autolysis was achieved by incubating the

cells at 40 C for five hours in 150 ml of the 0. 1N sodium bicarbonate.

They were then sonicated by the Raytheon 10KC Sonic Oscillator at

100 percent tuned voltage for 30 min.

Fractionation with Ammonium Sulfate

All procedures from this step were continued with the prepa-

rations at or near 4 C. The autolyzate was centrifuged at 5800 X g

for 20 min, and the sediment was discarded. The supernatant was

diluted to about 140 percent of the original volume with 0. 1N sodium
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bicarbonate. Ammonium sulfate was then slowly added with mechan-

ical mixing to 55 percent saturation. The mixture was left for about

20 min and then centrifuged at 5000 X g for 20 min. The sediment

was discarded. To the supernatant the ammonium sulfate concentra-

tion was further increased to 70 percent. This mixture was left

standing for 20 min and then centrifuged at 5000 X g for 20 min,

The supernatant was discarded, and the sediment was dispersed in

50 ml of cold distilled water.

Calcium Phosphate Gel Adsorption

Calcium phosphate gel was added to the 50 ml preparation with

slow mechanical mixing up to a 1:1 ratio by weight of gel to protein.

The adsorption was allowed to proceed for 20 min; then the solution

was centrifuged at 4100 X g for 20 min and the supernatant volume

noted and discarded.

Elution of the Partially Purified Enzyme

The partially purified enzyme was eluted from the gel by adding

0. 1M, pH 7.4 sodium phosphate buffer in an amount equal to the vol-

ume of the original supernatant. Elution was allowed to continue with

mechanical mixing for 25 min. The solution was then centrifuged at

5000 X g for 20 min. The sediment was discarded and the super-

natant was used as the enzyme preparation.
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Effect of Iodophor or Trichlorocide on Glucose Oxidation
and Viability of S. cerevisiae

Yeast cells were grown on TGY agar slants for 18 hr at 30 C;

then inoculated into 100 ml TGY broth and incubated for 18 hr at 30 C

with shaking. Cells were then harvested by centrifugation and washed

twice in cold saline. Stock solutions of cells were prepared at a con-

centration of one mg nitrogen per ml which was equivalent to about

12 X 108 viable cells per ml. The cells were exposed to the appropri-

ate germicide with mechanical stirring in 0. 2M, pH 7.0 sodium phos-

phate buffer at 27 C for either 30 sec or five min periods. In a typi-

cal experiment three ml of cells were added to 297 ml of buffer con-

taining germicide. An excess of 0. 1N sodium thiosulfate was then

added at the appropriate time to stop the reaction and the cells were

collected by centrifugation. Cells were then resuspended in three ml

of saline. A Gilson Differential Respirometer was used to measure

glucose oxidation in which microliters of oxygen uptake were read

directly on the volumometer. One ml of the cells, 1.4 ml distilled

water, and 0.3 ml of 0. 1M, pH 7.0 sodium phosphate buffer were

added to a respirometer flask; 0.3 ml of 0. 05M glucose was added

to the side arm. Two drops of 20 percent potassium hydroxide

were introduced in the center well holding a piece of fluted filter

paper to adsorb carbon dioxide. After 15 min equilibration, the

glucose solution was tipped in and the oxygen uptake measured at
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30 C. Appropriate controls were included in all experiments. The

number of viable cells was determined by removing cell samples after

neutralization of the germicide by sodium thiosulfate and performing

dilution plate counts. Plates were incubated at 30 C for 48 hr. In

experiments where reducing agents were added to the reaction flask,

samples were removed after addition of the reductant. Attempts to

reverse the inactivating effects of iodine on glucose oxidation and

viability were done by adding the reducing agent after the cells had

been exposed to iodine. With dithiothreitol (Cleland's reagent,

Calbiochem Corp.), 0.8 ml of a 0. 2M solution was added 30 sec

after the reaction with iodine had been terminated with sodium thio-

sulfate. No additional incubation or washing of cells was done. With

cysteine, 0.5 ml of a 1M solution was added 30 sec after the reaction

with iodine had been terminated with sodium thiosulfate. The solu-

tion was then incubated for 15 min at 37 C. The treated cells were

then collected by centrifugation and washed once with cold saline.

Effect of Iodophor on Glucose Oxidation and
Viability of P. fragi and P. aeruginosa

Effect on P. fragi

P. fragi cells were transferred at least three times in seven

ml of TGY broth (modified to contain three grams glucose per liter)

at 12-hr intervals with shaking at 30 C. A drop of the culture was

then inoculated into four 250-ml flasks each containing 50 ml of the
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modified TGY broth and incubated with shaking for 12 hr at 30 C.

The cells were then harvested by centrifugation at 2500 X g for 20

min, washed twice in 100 ml cold saline, and resuspended in 40 ml

of saline. One ml of the culture was then removed and diluted with

saline to yield an optical density of 1.15 at 650 mil equivalent to about

10 X 108 viable cells per ml. For the exposure of cells to iodophor,

three ml of stock cells were pipetted into 37 ml of 0, 2M, pH 7.0

sodium phosphate buffer containing 0.75 ppm iodine at 27 C with

mechanical stirring. After 30 sec, 0.3 ml of 0. 1N sodium thiosulf-

ate was added. A similar procedure was followed for attempts to

reverse any inhibitory effects of iodine by adding 0.4 ml of 0. 2M

dithiothreitol 30 sec after addition of the sodium thiosulfate. A

buffer solution containing no iodine was used as a control. The

cells were then collected by centrifugation at 10, 000 X g for 20 min

and resuspended in three ml saline. Glucose oxidation was meas-

ured by the Gilson Differential Respirometer by the method previ-

ously described for yeasts. Colony counts were done by plate dilu-

tion techniques by use of modified TGY agar. Counts were done

after incubation at 30 C for 48 hr.

Effect on P. aeruginosa

P. aeruginosa cells were transferred at least three times in

seven ml of modified TGY broth at 12 hr intervals with shaking at
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30 C. A drop of the culture was then inoculated into 200 ml of the

modified TGY broth contained in a one liter flask, and incubated for

eight hr at 30 C with shaking. The cells were harvested by centrifu-

gation at 2500 X g for 20 min, washed once in 100 ml saline, and

resuspended in 40 ml saline. One ml of the culture was removed

and diluted with saline to yield an optical density of 1.15 at 650 mil

equivalent to about 5 X 108 viable cells per ml. The cells were ex-

posed to 0.75 ppm iodine by the identical procedures described for

P. fragi except that 0.2 ml sodium thiosulfate and 0.2 ml dithio-

threitol were used. The cells were collected by centrifugation at

10,000 X g for 20 min and resuspended in 2.5 ml saline. Measure-

ment of glucose oxidation and colony counts were done as previously

desc ribed.
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RESULTS

Comparative Effects of Germicides
on Metabolic Enzymes

The comparative effects of iodophor, Trichlorocide, and the

quaternary ammonium compound on the activities of certain meta-

bolic enzymes are shown in Table 1. On a parts per million basis

the activity of most of the enzymes was inhibited 50 percent by a

smaller concentration of Trichlorocide than either iodophor or the

quaternary ammonium compound. However on a molar basis, iodo-

phor inhibited the activity of a majority of enzymes in the smallest

concentration. In general the quaternary ammonium compound was

the least effective inhibitor. It may be noted, however, that the alco-

hol dehydrogenase, beta-galactosidase (liver), and cytochrome c

reductase systems were quite sensitive to inhibition by the quater-

nary ammonium compound in small concentrations indicating the

susceptibility of some enzyme systems to this compound.

Certain enzymes, such as glucose-6-phosphate dehydrogenase,

were quite sensitive to iodophor but resistant to Trichlorocide.

Others, such as catalase, were sensitive to Trichlorocide but resis-

tant to iodophor. It would seem then that in these two cases iodophor

and Trichlorocide are exerting their effects by two different mechan-

isms. In the effect of QAC on beta-galactosidase of different
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sources, the QAC inhibited the activity of the enzyme from liver,

stimulated the activity of the enzyme from Lactobacillus helveticus,

and had no effect with the concentration used on the activity of the

enzyme from Streptococcus lactis.

On a molar I
50 value per milligram enzyme protein per ml it

may be noted that several of the enzymes were sensitive to very small

concentrations of the germicide, e.g., alcohol dehydrogenase, while

others were only sensitive comparatively to large amounts of the

germicide, e.g., lactic dehydrogenase. This disparity may be due

to differences in purity of the enzyme as well as accessibility of the

active sites of the enzyme to the germicides.

In all instances where there occurred inhibition of enzyme ac-

tivity of at least 50 percent, the concentrations of germicide causing

such inhibition was well below concentrations normally used for sani-

tation and disinfection purposes.

Mechanism of Iodophor Inactivation of
Certain Metabolic Enzymes

Since many of the enzymes in Table 1 were quite sensitive to

iodophor, it was thought that a more detailed study of certain enzymes

might help in determining the mechanism of the germicidal activity

of iodophors. Three enzymes which were either known or suspected

to depend upon their sulfhydryl groups and one shown to be independent



Table 1. Comparative effects of germicides on metabolic enzymes. 42

Enzym e Germicides' 150 Valueb Molar I
SO

Value c Specific I
SO

Valued
-5 3

m
Alcohol dehydrogenase IOD 1. 1 0. 86 0. 11
(yeast) TCC 0. 5 1.40 0. 19

QAC 8.2 1.86 0.26

13 -galactosidase (liver) IOD 1. 5 1. 17 0. 24
TCC 7. 0 19.70 4. 10
QAC 8. 4 1. 89 0. 39

p-galactosidase IOD 2.0 1.56 1. 13
( Lactobacillus helveticus) TCC 2.0 S. 63 4.08

QAC
e

13-galactosidase IOD 2. 1 1.64 0. 14
(Streptococcus lactis) TCC 2.0 5.63 0.49

QAC 20. Of

Lactic dehydrogenase IOD 12. 0 9. 38 936. 00
( Rabbit muscle) TCC 6.0 16.90 1690. 00

QAC 512. Og

Catalase (liver) IOD 128. Of ---- - - --

TCC 14.0 39.40 475.00
QAC 640. Of

Cytochrome-c-reductase IOD 24. 0 18. 70 2. 80
( pig heart) TCC 13.0 36,,60 5. 50

QAC 10. 0 22. 50 3. 36

Hexokinase IOD h

(yeast) TCC Of115. O ---- ----
QAC 115.0 25.90 25.90

Glucose-6-phosphate IOD 1. 5 1. 17 9.40
dehydrogenase (yeast) TCC 256. Of ---- - - --

QAC 512, Of

Glucose-6-phosphate IOD 4. 0 3. 12 0. 07
dehydrogenase TCC 256. Of --
(Pediococcus cerevisiae) QAC 512. Of

Malic dehydrogenase IOD 8. 0 6.25 51. 10
( pig heart) TCC 6.0 16.90 138.00

QAC 512. Of ---- ----
Glyceraldehyde-3-phosphate IOD 1. 0 0. 78 6. 32
dehydrogenase (rabbit muscle) TCC 0. 1 0. 28 2.26

QAC 512. Of ----
a IOD = lodophor; TCC = Trichlorocide; QAC = quaternary ammonium compound.
b Concentration of germicide required for 50% inhibition of the enzyme.
c Calculated using 127.9, 35. 5 and 444. 0 as molecular weights for iodine, chlorine and QAC

respectively.
d Molar 150 values per mg enzyme protein per ml.
e QAC stimulated activity in concentrations up to 1800 ppm.
f Concentrations of germicide up to this amount had no effect.
g This concentration inhibited by about 30%.
h Unable to assay because of the immediate decolorization by iodophor.
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of these groups for activity were selected for study. The results in

Table 2 show that alcohol dehydrogenase inhibition (31%) is completely

reversed by glutathione. The importance of using an appropriate re-

ducing agent became apparent when it was found that cysteine in lower

concentrations failed to produce the same effect. High concentra-

tions inactivated the enzyme further, presumably by disruption of

disulfide bonds necessary for the conformational integrity of the

enzyme.

Table 2. Effect of glutathione and cysteine additions on the activity
of alcohol dehydrogenase (ADH) inhibited by iodophor (1. 2
ppm iodine).

Experimental conditions Initial velocity
0.D. per min

Percent
inhibition

Control (ADH in buffer) 0. 052 0

Control (ADH in buffer);
later 0.1 ml 0. 25M
glutathione 0. 052 0

ADH with iodophor; later
0.1 ml 0.25M glutathione 0. 052 0

ADH with iodophor; later
0.1 ml 0. 05M cysteine 0. 036 31

ADH with iodophor; later
0.1 ml 0. 125M cysteine 0. 036 31

ADH with iodophor 0. 036 31

ADH with iodophor; later
0.1 ml 0. 25M cysteine 0. 018 66
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Similarly, partially inactivated lactic dehydrogenase (65%) was

reactivated to only 25 percent inhibition by cysteine (Table 3). It is

suspected in this case that some of the essential sulfhydryl groups

were oxidized further than the disulfide stage, thus could not be

reduced.

With glucose-6-phosphate dehydrogenase, a 23 percent inhibi-

tion was completely reversed by cysteine (Table 4).

To provide further evidence that iodophor readily oxidizes par-

ticular enzyme sulfhydryl groups, parachloromercuribenzoate

(PCMB) was used. This compound reacts specifically with sulf-

hydryl groups; therefore, by first exposing the enzyme to iodophor

and then to PCMB an indication of the extent of oxidation may be

obtained by measuring the decrease in reaction between PCMB and

the iodophor-treated enzyme. In such experiments, it was found

that treatment of the enzyme with iodophor for one minute greatly

reduced the amount of PCMB taken up by the enzyme. The reaction

of the enzyme with iodophor from two to four minutes completely

prevented subsequent uptake of PCMB (Figure 1). Since the non-

treated enzyme reacted as expected towards the PCMB, it was

concluded then that a majority of the sulfhydryl groups had been

oxidized by the iodophor resulting in the minimal reaction of the

PCMB with the iodophor-treated enzyme.
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Table 3. Effect of cysteine addition on the activity of lactic
dehydrogenase (LDH) inhibited by iodophor (0. 5 ppm
iodine).

Experimental conditions Initial velocity
A 0. D. per min

Percent
inhibition

Control (LDH in buffer) 0.060 0

Control (LDH in buffer);
later 0.1 ml 0.5M
cysteine 0.060 0

LDH with iodophor; later
0.1 ml 0. 5M cysteine 0.045 25

LDH with iodophor; later
0.1 ml 1M cysteine 0.025 60

LDH with iodophor 0.021 65

LDH with iodophor; later
0.1 ml 0. 1M cysteine 0.007 88

LDH with iodophor; later
0.1 ml 0. 01M cysteine 0.002 97

Table 4. Effect of cysteine addition on the activity of glucose -6-
phosphate dehydrogenase (G6PD) inhibited by iodophor
(1.0 ppm iodine).

Experimental conditions Initial velocity
A O.D. per min

Percent
inhibition

Control (G6PD in buffer) 0.110 0

Control (G6PD in buffer);
later 0.05 ml 0. 1M
cysteine 0,110 0

G6PD with iodophor; later
0.05 ml 0. 1M cysteine 0,110 0

G6PD with iodophor 0.085 23
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Figure 1. The effect of the treatment of lactic dehydrogenase with
iodophor (42.0 ppm iodine) on the reaction of PCMB with
the enzyme. Symbols: 0 0 before treatment with iodophor;

after treatment with iodophor.
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Previous evidence shown in Table 1 has indicated that exposure

of catalase for a short time to iodophor concentrations as high as

128 ppm had no effect on its activity. It appears then that the sulf-

hydryl groups in catalase are not essential for its activity. However

inactivation of catalase by iodophor may also occur through iodina-

tion reactions. On the basis of this possibility, experiments were

conducted to determine the effects of iodination. As deprotonation

of tyrosyl and probably histidyl groups is the first step toward iodina-

tion, an experiment was designed to control the extent of deprotona-

tion and thus iodination by varying the pH of the reaction mixture

containing the iodophor and enzyme. As can be noted in Figure 2

there was no additional inactivation of catalase after prolonged incu-

bation with iodophor at neutral pH in comparison to the control. Here

little iodination has occurred because the deprotonation was largely

suppressed by the neutral pH. However when deprotonation and

iodination were encouraged by the alkaline conditions, inactivation

of catalase up to 60 percent was promoted.

Since iodide ions suppress the formation of hydrated iodine

cations, the active ion forms in iodination reactions, as well as

suppressing iodination, addition of these ions would be expected to

inhibit enzyme inactivation. Evidence for the iodide inhibition is

shown in Figure 3. It can be noted that there was a concomitant

increase in catalase activity when increasing concentrations of
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Figure 2. Effect of pH on the inactivation of catalase by iodophor (60 ppm
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with iodophor; vL--37 pH 8.5, no iodophor; pH 8.5, with
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Figure 3. Effect of iodide ions on the inactivation of catalase by iodophor

(60 ppm iodine) at pH 8.5. Symbols: 0-0 no iodophor or
iodide; 0-0 with iodophor only; v v with iodophor plus

iodide, O. 1M; with iodophor plus iodide, 0. 01M.
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iodide ions were introduced. It was therefore concluded that the

mechanism of iodophor inactivation of catalase was through iodina-

tion of tyrosyl and histidyl moieties which altered the structural

integrity necessary for enzyme activity.

The Isolation of Partially Purified Glucose-6-phosphate
Dehydrogenase from Iodophor-treated and Nontreated

S. Cerevisiae Cells and Attempts to Reverse
any Inhibition with Cysteine

Since it was shown that yeast glucose-6-phosphate dehydrogen-

ase is partially inactivated by iodophor and that this partially inacti-

vated enzyme can be completely reactivated by cysteine, the ques-

tion may be asked if this enzyme inactivation by iodophor can occur

in vivo. If such an inactivation is occurring, it may account for the

decrease in glucose oxidation and subsequent contribution to the

lethal action of iodophor. In an effort to gain insight into this possi-

bility, yeast cells were treated with iodophor and then subjected

to isolation and purification of the glucose-6-phosphate dehydrogen-

ase. If the enzyme isolated from iodophor-treated yeast cells ex-

hibits a reduced activity in comparison to the enzyme isolated from

noniodophor-treated cells and can be reactivated by cysteine, then

such evidence would support the theory that iodine permeates the

cells causing oxidation of essential sulfhydryl groups of glucose -6-

phosphate dehydrogenase and most likely that of other enzymes.
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Unfortunately the experiments were only partially successful.

As can be noted in Table 5, the specific activity of the partially puri-

fied enzyme isolated from iodophor-treated cells was much higher

than from the nontreated control cells. For some reason yet un-

known, the iodophor had some effect on the protein fraction contain-

ing the enzyme to be more selectively adsorbed to the calcium phos-

phate gel, whereas with the nontreated yeast cells the adsorption

was slightly less than expected. It is felt that in order to make a

meaningful comparison, the partially pruified enzymes from the

treated and nontreated cells should possess similar specific activi-

ties and ideally the enzyme from the treated cells with slightly less

such that similar concentrations of reducing agents may be used.

However repeated attempts to prepare such partially purified en-

zymes failed as the enzyme from the treated cells had in all cases

much higher specific activities than from the nontreated cells.

Nevertheless, attempts were made to determine the effects

of cysteine on the enzymes isolated from the iodophor-treated and

nontreated cells. The results as expressed in Table 6 indicate that

cysteine in test number four was able to stimulate the activity of the

enzyme about 27 percent over the activity of the enzyme not exposed

to cysteine (test number one). In a control experiment cysteine did

not stimulate the activity of the enzyme isolated from nontreated

cells (Table 7, test number two). However it was found that upon



Table 5. Partial purification of glucose-6-phosphate dehydrogenase from nontreated and iodophor-
treated S. cerevisiae cells.

Type of
S. cerevisiae

cells

Yeast autolyzate

Nontreated

Iodophor-treated

(NH4)2 SO4 fraction Ca
3
PO4 eluate

Protein Specific Protein Specific Protein Specific
mg/ml activity mg/ml activity mg/ml activity

5.20 0.20 2.30 0.52 1.1 1.1

1.00 1.00 2.25 0.55 0.18 17.9

Table 6. Effect of cysteine addition on the activity of partially purified glucose-6-phosphate
dehydrogenase (G6PD) from iodophor-treated S. cerevisiae cells.

Test
no.

Experimental conditions Initial velocity Percent
0. D. /min activation

1 Control (G6PD* in buffer) 0.0110 0

2 G6PD plus 0.04 ml 0. 5M cysteine,
incubated 2 min then assayed 0.0115 4

3 G6PD plus 0.04 ml 1. OM cysteine,
incubated 2 min then assayed 0.0110 0

4 G6PD plus 0.04 ml 0. 5M cysteine,
incubated 4 min then assayed 0.0140 27

5 G6PD plus 0.04 ml 1. OM cysteine,
incubated 4 min then assayed 0.0115 4

*Assay procedures and conditions were those previously described with the above modifications.
Concentration of G6PD was 0.18 mg/ml.



Table 7. Effect of cysteine addition on the activity of partially purified glucose-6-phosphate (G6PD)
from noniodophor-treated S. cerevisiae cells.

Test Experimental conditions Initial Percent Percent
no. velocity inhibition activation

1 Control (G6PD* in buffer) 0.035 0 0

2 G6PD plus 0.05 ml 0. 2M
cysteine, incubated 2 min
then assayed 0.030 14

3 G6PD plus 1.5 ppm iodophor,
incubated 2 min then assayed 0.025 29

4 G6PD plus 1.5 ppm iodophor,
incubated 2 min, added 0.05
ml 0.2M cysteine, incubated
2 min then assayed 0.025 29

*Assay procedures and conditions were those previously described with the above modifications.
Concentration of G6PD was 0.30 mg/ml.
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upon partially, inactivating this enzyme by iodophor and attempting

to reactivate by various concentrations of cysteine, no reversal oc-

curred (Table 7, tests numbers 3 and 4). Therefore the efficacy of

stimulating the enzyme from nontreated cells by cysteine is some-

what open to question since the partially inactivated enzyme would

be expected to be reactivated, at least partially, by cysteine. Pre-

viously (Table 4) it was shown that the commercial glucose -6-

phosphate dehydrogenase from yeast cells which had not been par-

tially inactivated by iodophor did not undergo stimulation of activity

when exposed to cysteine. The results of these experiments sug-

gested that iodophor was able to partially oxidize the essential suif-

hydryl groups of glucose-6-phosphate dehydrogenase in the yeast

cells leading to reduction of enzyme activity and subsequent decrease

in metabolism of glucose.

Effect of Iodophor and Trichlorocide on Glucose
Oxidation and Viability of S. cerevisiae

Since both iodophor and Trichlorocide were able to inactivate

enzymes involved in the metabolism of glucose (Table 1), a study

was conducted in which the effects of these germicides on glucose

oxidation and suppression of growth of yeast cells could be compared.

Also attempts were made to reverse inhibition by use of the reducing

agents cysteine and dithiothreitol.
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With an exposure time of 30 sec and a concentration of one and

two ppm, iodophor inhibited both glucose oxidation and viable cell

count to a greater extent than Trichlorocide. At one ppm of both

germicides there was an accelerated rate of oxygen uptake, especi-

ally after 30 min, indicating that the yeast cells were beginning to

recover from the inhibitory effects possibly through resynthesis of

enzymes. However at two ppm of both germicides, oxygen uptake

was linear, illustrating the apparent absence of any recovery (Figure

4). With an exposure time of five min and a concentration of one

ppm, Trichlorocide inhibited glucose oxidation and viable cell count

to a greater extent than iodophor (Figure 5). There was a close cor-

relation between percent inhibition of glucose oxidation and percent

inhibition of viable cell count (Table 8) with both germicides suggest-

ing that the inhibition of glucose oxidation resulted in the inhibition

of growth.

There was an average reversal effect of 18 percent in glucose

oxidation when the yeast cells were exposed to cysteine after iodophor

treatment (Table 9). The reversal response was immediate and lin,-

ear suggesting that the reversal was due, in part at least, to a par-

tial reactivation of inhibited glucose metabolizing enzymes (Figure 6).

It is unlikely that this reversal effect was due to the metabolism of

cysteine since appropriate controls were included during the respi-

rometer experiments. The addition of cysteine to the
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Figure 4. Effect of iodophor and Trichlorocide on inhibition of glucose
oxidation by S. cerevisiae after exposure time of 30 seconds.
Symbols: 0 0 no germicide; 0-0 after exposure to 1 ppm
iodophor; v 17 after exposure to 2 ppm iodophor; AA
after exposure to 1 ppm Trichlorocide; 0-41 after exposure to
2 ppm Trichlorocide.



400

360

320

280

240

200

I 6 0

I20

80

40

57

10 15 20 25 30 55 40 45 50 55 60 65 70
MINUTES

Figure 5. Effect of iodophor and Trichlorocide on inhibition of glucose
oxidation by S. cerevisiae after exposure time of 5 min.
Symbols: o 0 no germicide; after exposure to 1 ppm
iodophor; A A after exposure to 1 ppm Trichlorocide.



440

400

Lale 360
1
a. 320
z
cp 280
>-
X
0240
0
X200
cr

_7.1

1
160

0
2 1202

80

40

58

0 5 10 15 20 25 30 35 40 45 50 55 60
MINUTES

Figure 6. Partial reactivation of glucose oxidation in S. cerevisiae by
cysteine. Symbols: 0.-0 control, cysteine-treated and washed
cells; AA 1 ppm iodophor-treated cells; D 1 ppm iodo-
phor, then cysteine-treated cells.



Table 8. Percent inhibition by iodophor and Trichlorocide of glucose oxidation and viable cell count.

Measurement Germicide
conc.

Iodophor Trichlorocide
30 sec 5 min 30 sec 5 min

Glucose oxidation

Viable cell count

1 ppm

2 ppm

1 ppm

2 ppm

61

96

63

99

80 49

89

45

84

98

99

Table 9. The reversal effects of cysteine and dithiothreitol on iodophor inhibition of glucose
oxidation and viable cell count in S. cerevisiae.

Measurement Percent inhibition
1 ppm iodophor

only
1 ppm iodophor, 1 ppm iodophor,

then cysteine then dithiothreitol

Glucose
oxidation

Viable
cell count

60

47

42 40
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iodophor-treated cells after they had begun to oxidize glucose was

found to have no reversing effect. Similar results were obtained

with dithiothreitol (Figure 7; Table 9). Both cysteine and dithiothrei-

tol were able to completely reverse the effects of iodophor when

growth was inhibited by 47 percent. Although similar reversing

effects did occur even after washing the cells previously exposed to

the reducing agents, it was not known whether or not this reversal

was due to the metabolism of the reducing agents.

Effect of Iodophor on Glucose Oxidation and
Viability of P. fragi and P. aeruginosa

When cells of P. fragi were exposed to 0.75 ppm iodophor for

30 sec, there was a 44 percent inhibition of glucose oxidation. How-

ever dithiothreitol was able to reverse this inhibition 30 percent to

14 percent inhibition. Cell viability was inhibited 97 percent, but

could be reversed by the dithiothreitol to 65 percent inhibition, a

reversal of 32 percent (Table 10). Dithiothreitol was able to com-

pletely reverse the inhibited glucose oxidation during the first 30

min, but the reversal became partial after there was accelerated

oxidation by the control cells (Figure 8).

When cells of P. aeruginosa were exposed to 0.75 ppm iodo-

phor for 30 sec, there was a 54 percent inhibition of glucose oxida-

tion. However dithiothreitol was able to reverse this inhibition to
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25 percent, a 29 percent reversal effect. Cell viability was inhibited

68 percent, but was reversed by the dithiothreitol to 38 percent inhibi-

tion, a reversal of 30 percent (Table 10). As with P. fragi there

was a complete reversal of glucose oxidation by dithiothreitol dur-

ing the first 30 min of measurement, but again only a partial reversal

was evident during the accelerated glucose oxidation of the control

cells (Figure 9).

Table 10. The reversal effect of dithiothreitol on iodophor inhibition
of glucose oxidation and viable cell count of P. fragi and
P. aeruginosa.

Measurement

Percent inhibition
0.75 ppm iodophor 0.75 ppm iodophor

then dithiothreitol

P. fragi P. aeruginosa P. fragi P. aeruginosa

Glucose
oxidation 44 54 14 25

Viable
cell count 97 68 65 38

Attempts to Develop and Isolate an Iodophor
Resistant Strain of P. aeruginosa

In view of the ability of P. aeruginosa to develop resistance to

high concentrations of QAC, an effort was made to demonstrate a

similar resistance by the organism to iodophor by selection of sur-

vivors among a large population of cells exposed. No increase in
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resistance could be demonstrated when survivors were retested by

repeated treatment.
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DISCUSSION

The primary emphasis of this research to determine the mech-

anism of germicidal action of iodine has been to study the inhibitory

or inactivating effects of iodophor on certain metabolic enzymes. For

comparative purposes, the effects of Trichlorocide and a quaternary

ammonium compound on the activities of the various enzymes were

also examined. If the treatment with iodophor was able to inactivate

one or more essential enzymes of the microbial cell, then a break

in the life-processes would occur such that the cell would be unable

to reproduce and so, by definition, be presumed dead (Sykes, 1965).

The results of the present study provide further evidence on the

sensitive nature of enzymes to inhibition by germicides. In general

lower quantities of Trichlorocide inhibited by 50 percent more en-

zymes than iodophor. However iodophor was generally more effec-

tive on a molar basis. This would indicate that on a weight basis

Trichlorocide is a more effective inhibitor. On a molar concentra-

tion basis, however, it appears that fewer iodine molecules are re-

quired to inhibit the identical concentration of enzyme than chlorine.

A possible explanation for these results is the requirement of addi-

tional chlorine molecules as the sulfhydryl group oxidation proceeds.

In this regard, it is believed that more chlorine molecules are re-

duced as the sulfhydryl groups are oxidized through the SO-, SO2 ,

and SO3 stages:

Under normal conditions during usual disinfecting and sanitiz-

ing operations, higher concentrations of iodine-containing germicides
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are employed than were used in this study. Practical experience has

dictated this condition, and it is well known that several hundred ppm

concentrations are necessary to insure safety from a contamination

standpoint. However, the use of such high concentrations in a study

designed to define the present effects of iodine on enzyme systems

would have yielded meaningless results. Only by using low amounts

of germicide was it possible to measure the effect of iodine on spe-

cific enzymes. Also if germicidal activity were to occur in stages

due to different effects caused by the disinfectant as the concentra-

tion increased, challenging the enzyme systems with high amounts

of inhibitor would have been improper. Moreover, partly due to

permeability factors, it is likely that enzyme inactivation within the

cell by germicides occurs at low concentrations. With the present

results, in all tests where the enzyme activity was inhibited at least

50 percent the germicide concentration was far below that normally

used for disinfecting and sanitation purposes.

The enzymes which were most susceptible to small concentra-

tions of iodophor or Trichlorocide were those catalyzing key meta-

bolic reactions and included beta-galactosidase, alcohol dehydrogen-

ase, glyceraldehyde-3-phosphate dehydrogenase, lactic dehydrogen-

ase, glucose-6-phosphate dehydrogenase, cytochrome c reductase,

and malic dehydrogenase. These are indispensable, energy-linked
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enzymes involved in lactose hydrolysis, glycolysis, the pentose

cycle, oxidative phosphorylation, and the Krebs cycle.

Because of the essential link between cell functions and enzyme

activities, several other workers also have investigated the survival

of bacteria as related to the inhibition of one or more specific en-

zymes treated with disinfectants. For instance, Sykes (1939) after

investigating the effects of alcohols and phenols on the dehydrogen-

ases of E. coli, suggested that the amount of inhibition of succinic

dehydrogenase activity might be used as an index of degree of cell

death. Furthermore, Knox et al. (1949) showed that the death of

E. coli in the presence of cationic detergents paralleled the loss

of certain metabolic functions as a consequence of the inhibition of

a number of enzymes, particularly, lactic acid oxidase.

From the experimental results of the present study in which

a majority of the enzymes tested were found to be very sensitive to

low concentrations of iodophor or Trichlorocide, the inference may

be made that the inactivation of one or more of these critical enzymes

by the germicide would be sufficient to inhibit growth or, more likely,

to kill the cell. Since the concentrations of germicides normally

used for disinfection are several times greater than the concentra-

tions that were found to cause enzyme inhibition, it is quite likely

that other factors such as protein denaturation and permeability

changes occur along with enzyme inactivation effects to rapidly kill
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the cells. In addition, it is clear that there are important differ-

ences in resistance of enzymes to the inhibitory effects of iodophor

and Trichlorocide. For example, catalase was sensitive to inhibi-

tion by Trichlorocide but resistant to short iodophor exposure. By

comparison, glucose-6-phosphate dehydrogenase was quite sensitive

to iodophor but resistant to Trichlorocide. These results indicate

that there are differences in the mechanism of enzyme inactivation

between iodophor and Trichlorocide. Since Trichlorocide is chem-

ically more reactive than iodophor, this may explain its effect on

catalase; however, the resistance of glucose-6-phosphate dehydrog-

enase to inhibition by Trichlorocide remains unexplained.

Hays et al (1967) have reported that yeast cells exhibited a

greater resistance to hypochlorite than iodophor. They believe that

possibly the larger cell mass of the yeast created a greater chlorine

demand that had to be satisfied before chlorine could destroy the

yeast cells. Another possibility which occurred as a result of the

present study is that the chlorine resistance of a key enzyme may

contribute significantly to the resistance of the yeast cells. In this

regard, yeast glucose-6-phosphate dehydrogenase was found to be

resistant to Trichlorocide but sensitive to iodophor. To help deter-

mine if this chlorine-resistant enzyme was unique in yeast cells and

thus a factor in chlorine resistance, the enzyme was isolated from

P. cerevisiae, an organism more sensitive to destruction by
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Trichlorocide than iodophor. However the P. cerevisiae enzyme

was also found to be resistant to chlorine and sensitive to iodophor

indicating the unlikelihood that the resistance of glucose-6-phosphate

dehydrogenase to chlorine is the only contributing factor to the yeast

cells in their resistance to chlorine.

Since the majority of enzymes tested were resistant to inactiva-

tion by the quaternary ammonium compound, this may partially ex-

plain the greater resistance of microorganisms to QAC in compari-

son to Trichlorocide and iodophor. On the other hand, Albin (1966),

in her studies on bacteria resistant to QAC, indicated that QAC in-

hibited a number of enzymes including those involved in carbohydrate

fermentation. It is conceivable that the inhibition of even one essen-

tial enzyme in a metabolic scheme by QAC would be sufficient to

prevent carbohydrate fermentation; however, it is felt that more

definitive studies both in vivo and in vitro would be in order since

the present results show that a majority of the glycolytic enzymes

tested were resistant to inhibition by QAC.

During the present study it was found that there was no appar-

ent distinction between effects of QAC on different classes of en-

zymes. For example alcohol dehydrogenase was inhibited by QAC

while glyceraldehyde-3-phosphate dehydrogenase was not, yet both

are believed to depend upon their sulfhydryl groups for activity

(Barron, 1951).
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From the results section (Tables 2, 3, and 4), it can be seen

that additional evidence is provided indicating that the mechanism of

iodophor inactivation of certain enzymes involves oxidation of their

essential sulfhydryl groups; both alcohol dehydrogenase and glucose-

6-phosphate dehydrogenase, partially inactivated by iodophor, were

completely reactivated by reducing agents while inhibited lactic de-

hydrogenase was partially reactivated. Apparently, with alcohol

and glucose-6-phosphate dehydrogenases, the oxidative effect of

iodophor is the only inhibitory mechanism involved because com-

plete reactivation was possible; however, with lactic dehydrogenase,

possibly iodination in addition to sulfhydryl oxidation leads to inacti-

vation of the enzyme. Further evidence that iodophor does oxidize

sulfhydryl groups was provided (Figure 1) when it was found that

lactic dehydrogenase, previously exposed to iodophor, failed to re-

act with PCMB, a sulfhydryl group specific reagent (Boyer, 1954).

It is likely that the number of enzymes which can be inactivated

by oxidation caused by small concentrations of iodophor are numer-

ous, and this would further substantiate one aspect of the mechan-

istic effect of iodophors on enzymes.

Other enzymes which do not depend upon their sulfhydryl groups

for their activity may still be susceptible to inactivation by iodophor

by virtue of direct iodination reactions. In this regard, it was found

that catalase, which was resistant to inactivation by iodophor
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concentrations as high as 128 ppm at a neutral pH, was quite suscep-

tible when treated in an alkaline solution. Since it has been indicated

by Nicholls and Schonbaum (1963) that the tyrosyl and histidyl moie-

ties probably contribute to the tertiary structure of the catalase pro-

tein, it is feasible that the iodination of these moieties result in a

conformational change affecting the active site of the enzyme. Simi-

larly, iodination reactions have been reported to cause the inactiva-

tion of fructose -1, 6- diphosphate aldolase (Wassarman and Kaplan,

1968), fructose -1, 6- diphosphatase (Rosen and Rosen, 1967), and

ribonuclease A (Cove lli and Wolff, 1966). The critical nature of

tyrosyl and often histidyl residues in maintenance of catalytic activity

has been well documented in these reports, and it was found in all

cases that there was an immediate loss of catalytic activity upon

iodination of these amino acid residues.

Since it is now known that the pH and iodide concentration of

an iodophor solution greatly influence its germicidal activity when

iodination reactions are involved, the results of Watkins et al. (1957)

seem less surprising. They reported that iodophor was ineffective

against Streptococcus cremoris bacteriophages in concentrations

as high as 200 ppm during a 60 second exposure time. Since a pH

of 7.0 was used in their studies, it is likely that iodination reactions

were not sufficient to inactivate the bacteriophages. By increasing

the alkalinity of the solution and allowing further deprotonation of
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tyrosyl and histidyl groups with subsequent iodination, inactivation

of bacteriophages would be expected to occur readily. In this re-

spect, Hsu et al. (1966) reported that f2 bacteriophages of E. coli

were quite resistant to iodine inactivation at pH 4. 0; however as the

pH became alkaline there was increased inactivation of the viruses

which they attributed to increasing iodination of tyrosyl residues.

In experiments designed to determine if iodophor was actually

oxidizing sulfhydryl groups of glucose-6-phosphate dehydrogenase

in S. cerevisiae cells, difficulties were encountered in obtaining an

enzyme preparation of similar specific activity to that obtained

from control cells; the enzyme obtained from iodophor-treated

cells exhibited several times more specific activity than the control

preparations. The increased selective adsorption of the enzyme

from iodophor-treated cells, apparently caused by some component

in the iodophor, remains unexplained. Nevertheless there was a

27 percent stimulation of activity of the enzyme isolated from

iodophor-treated cells by cysteine, suggesting that the iodophor

caused partial oxidation of its sulfhydryl groups in vivo.

When S. cerevisiae cells were exposed to one and two ppm

of iodophor or Trichlorocide for 30 seconds, iodophor was more

inhibitory for both glucose oxidation and viability. However with

a five minute exposure, Trichlorocide was more inhibitory. Since

Trichlorocide is generally considered to be chemically more
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reactive than iodophor, over an extended period, it undoubtedly was

able to inflict a greater degree of inactivation of the glucose oxidiz-

ing system and indirectly those systems necessary for viability.

It may be noted from Figure 4 that after about 30 minutes there

was an accelerated rate of glucose oxidation by the cells previously

exposed to one ppm of either germicide but not with two ppm. It

appeared that the additional one ppm was critical enough to prevent

any recovery from the detrimental effects of the iodophor. This

may be caused by the irreversible damage to one or more cellular

enzymes involved in glucose catabolism.

When glucose oxidation by yeast cells was inhibited 60 percent

by iodophor, cysteine was able to reverse this inhibition by 18 per-

cent and dithiothreitol by 20 percent. Also yeast cell viability,

which was inhibited 47 percent by iodophor, was completely re-

stored by both cysteine and dithiothreitol. It was concluded from

these results that the mechanism of action of iodophor on yeasts was

due in part to the oxidation of essential sulfhydryl groups. These

groups are most likely connected with glycolytic enzymes, other

proteins essential for glucose oxidation and transport, and with

those proteins whose structural integrity is necessary for cell via-

bility.

When both P. fragi and P. aeruginosa cells were first exposed

to 0.75 ppm iodophor and then to dithiothreitol, it was found that
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during the initial 30 minutes the cells oxidized glucose, there were

identical rates of oxidation for both control and test cells (Figures 8

and 9). This indicated that the dithiothreitol was able to completely

reverse the inhibitory effects of iodophor. Therefore it was conclud-

ed that during the initial 30 minutes, the exclusive mechanism for

inhibition of glucose oxidation was oxidation of essential sulfhydryl

groups by iodophor. The accelerated glucose oxidation after this

time may be due to the differential rates of growth of the variously

treated cells.

It has been reported that iodine reacts with bacteria by an

oxidation-reduction process with little iodination occurring (Hsu

et al., 1966; Brandrick and Newton, 1967). Based on this, it was

expected that the extent of restoration of iodophor-inhibited glucose

oxidation and viability would depend upon several factors, including

the effectiveness of the reducing agent and the extent of oxidation of

the essential sulfhydryl groups. With yeast cells, the correlation of

glucose oxidation inhibition with reduction in cell viability suggested

that the iodophor and Trichlorocide acted specifically by inhibiting

one or more enzymes of glucose oxidation--an inhibition which

caused cell death. However, with the Pseudomonas there was no

such correlation, indicating that inhibition of glucose oxidation in

this case had little or no direct effect on cell viability.

It is realized from the overall results that the mechanism of
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germicidal action of iodophors is only partly due to oxidation of es-

sential sulfhydryl groups and iodination reactions. Since a majority

of the tests were conducted with concentrations of iodophor well below

that normally used for disinfectant and sanitation purposes, the

mechanism of action described would be primarily applicable to the

low concentrations stated. At higher concentrations of iodophor,

other factors such as nonspecific protein denaturation, destruction

of cell permeability, and leakage of cell contents likely enhance the

effects of sulfhydryl oxidation and iodination to kill the cell. How-

ever an examination of the results with the organisms tested at low

concentrations of iodophor indicates the extreme sensitivity of the

organisms to destruction by iodophor concentrations as low as one

and two ppm. Since it has been shown that at these concentrations

the primary mechanism of action of iodophor is oxidation of essen-

tial sulfhydryl groups, this action by itself would be sufficiently

germicidal.

It has been shown by Hsu et al. (1966) that inactivation of

poliovirus and f2 bacteriophage by iodine is inhibited considerably

by low concentrations of iodide ion. Also at low pH values where

iodination was inhibited, they found little inactivation of the viruses.

These results along with the present ones further emphasize the

consideration which will often be necessary in the use of iodophors

and other iodine-containing compounds against a particular class
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of microorganisms. If the destruction of viruses is the primary

goal, and if it is assumed that iodination of viruses leads to inacti-

vation, then pH values above neutral for the disinfecting solution as

well as low iodide concentrations would be desirable. However if

the destruction of organisms such as bacteria and yeasts is the

primary goal, a low pH is desirable to favor sulfhydryl group oxida-

tion. Iodide ion concentration would not be as significant since oxida-

tion of sulfhydryl groups is not materially retarded by its presence.

It would seem then that further studies on the effectiveness of

iodine and iodine-containing compounds would be in order. For ex-

ample, the Globaline tablet, containing tetraglycine hydroperiodide

(Hsu et al., 1966), is used by the United States Armed Forces as a

universally effective water disinfectant for emergency purposes.

A study of the effectiveness of this tablet against microorganisms

especially viruses at various pH and iodide concentrations may well

prove significant.

It also becomes evident from the present and other studies,

the important role the constituents of an iodophor especially its

iodide concentration play in its germicidal action. In this regard,

iodophors have an advantage in that iodine is brought into solution

with a solubilizer other than the iodide ion resulting in a minimum

amount of these ions. However because of the differences in formu-

lation of various iodophors, it may well be fruitful to examine the
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formulation of different types of iodophors in regard to the relation-

ship between iodide concentration and their effectiveness against

microorganisms especially viruses. The application of the spectro-

photometric method of determining iodide concentration (Brandrick

and Newton, 1967) may well be feasible here.

Though there are good indications that iodination reactions lead

to the inactivation of f2 bacteriophage and poliovirus (Hsu et al.,

1966) and in the present studies the inactivation of catalase, the

evidence is still somewhat presumptive. To obtain conclusive evi-

dence as well as gaining further insight into the mechanism of action

of iodine, radiotracer work with 1131 would be desirable. The method

would involve exposing the viruses to iodine for varying periods in an

aqueous solution, centrifuging, and measuring for radioiodine in the

supernatant as well as the sediment. In addition, hydrolysis of the

protein coat of the viruses or enzyme protein followed by radiochro

matogram scanning of the chromatographed amino acids should per-

mit identification of any iodinated tyrosine or histidine residues. If

inactivation of the viruses or enzyme is occurring by iodination, then

there should be a decrease in activity in proportion to the extent of

iodination.

Although it has been known for many years that iodine is spor-

icidal, very little work has been done on the mechanism of action.

It has been suggested that the dormant state of a bacterial spore is
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maintained by a protein coat stabilized by disulfide linkages, and

that the reduction of these linkages by treatment with a reducing

agent leads to activation and subsequent germination of the spore

(Keynan, Issahary-Brand, and Evenchik, 1964). Since the germin-

ating spore is more likely to be susceptible to the action of iodine

than a dormant one, the sporicidal action of iodine may be enhanced

by first treating the dormant spore(with a reducing agent, allowing

germination, and then exposing to iodine.

An interesting phenomenon which may be worthy of further

investigation was the effect of iodophor in increasing greatly the

adsorption of the glucose-6-phosphate dehydrogenase to calcium

phosphate gel in the enzyme purification trials. Preliminary expe

ments were performed with a coagulase fraction to determine if the

effect could also occur here; however, negative results were ob-

tained. Nevertheless, experimentation with other enzyme purifica-

tion procedures may prove fruitful.
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SUMMARY

In studies designed to gain further insight into the mechanism

of action of germicides especially iodophor against various micro-

organisms, several selected metabolic enzyme systems were exposed

to concentrations of germicide necessary to reduce their activity 50

percent. It was found that on a parts per million basis, the activity

of most of the enzymes was inhibited by a smaller concentration of

Trichlorocide than of iodophor or the quaternary ammonium com-

pound. However on a molar basis, iodophor inhibited the activity

of a majority of enzymes in the smallest concentration. In general

the quaternary ammonium compound was the least effective inhibitor.

In all experiments where there was at least 50 percent inhibition, the

concentration of germicide was well below that normally used for

disinfection and sanitation purposes. These results further empha-

size the sensitive nature of certain enzymes to inactivation by germi-

cides; consequently, it is suggested that inactivation of critical en-

zymes in microorganisms is likely one of the factors responsible

for germicidal action.

Certain enzymes, such as glucose-6-phosphate dehydrogenase,

were quite sensitive to inhibition by iodophor but resistant to Tri-

chlorocide. Others such as catalase were inhibited by Trichlorocide

but resistant to iodophor. These contrasting results intimate a
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difference in the mechanism of action of iodophor and Trichlorocide.

In a study of the mechanism of action of iodophor on sulfhydryl

group dependent enzymes, it was found that alcohol dehydrogenase

inhibition (31%) and glucose-6-phosphate dehydrogenase inhibition

(23%) were completely reversed by gAiLathione and cysteine respec-

tively. Similarly partially inactivated lactic dehydrogenase (65%)

was reactivated to 25 percent inhibition by cysteine. Furthermore

by use of the sulfhydryl group specific reacting agent parachloro-

mercuribenzoate, it was shown that with lactic dehydrogenase, there

occurred a general abolishment of sulfhydryl groups after the enzyme

was exposed to iodophor. It is concluded from these results that the

primary mechanism of inactivation of these particular enzymes by

iodophor is by oxidation of their essential sulfhydryl groups.

For the sulfhydryl-independent enzyme catalase, it was found

that little or no inactivation occurred when exposed to 60 ppm iodo-

phor at pH 7.0. However when the pH was increased to 8.5, inacti-

vation up to 60 percent occurred. The inactivation thus likely oc-

curred through iodination reactions of tyrosyl and possibly histidyl

moieties in the enzyme rather than through oxidation of sulfhydryl

groups.

Attempts to demonstrate the in vivo oxidation of yeast glucose-

6-phosphate dehydrogenase sulfhydryl groups by iodophor were only

partially successful. Although cysteine was able to stimulate the
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activity of the enzyme isolated from iodophor-treated yeast cells 27

percent, because of wide differences in specific activity of the en-

zyme from nontreated and iodophor-treated cells, a valid compari-

son was not possible.

When S. cerevisiae cells were exposed to one or two ppm

iodophor or Trichlorocide for 30 seconds, there was a greater in-

hibition of glucose oxidation (12%) and viable cell count (18%) by the

iodophor than by the Trichlorocide. However with an exposure time

of five minutes, Trichlorocide inhibited glucose oxidation and viable

cell count to a greater extent (18% and 24% respectively). Cysteine

and dithiothreitol were able to reverse the inhibitory effects of iodo-

phor on glucose oxidation up to 18 percent and 20 percent respectively

and restore the viable cell counts up to 47 percent.

When P. fragi cells were exposed to 0.75 ppm iodophor for

30 seconds, there was a 44 percent inhibition of glucose oxidation

and 97 percent inhibition of viable cells. However dithiothreitol was

able to reverse these effects 30 and 32 percent respectively. Com-

parable results were obtained with P. aeruginosa cells.

These results indicate that the mechanism of action of iodophor

on the organisms studied is at least partly due to the oxidation of

essential sulfhydryl groups involved in glucose oxidation and the

maintenance of viability.
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