AN ABSTRACT OF THE THESIS OF

Chemistry
Thomas Harding Massey for the M, S, in (Biochemistry)
(Name) (Degree) {Major)

Date thesis is presented /W 2 7. )84
— =)

Title A COMPARATIVE STUDY OF THE IN VITRO LOCALIZATION

OF MERCURY FROM PHENYL MERCURIC ACETATE AND

MERCURIC SALT IN RAT KIDNEY AND LIVER SUB-

CELLULAR FRACTIONS AND THEIR EFFECT ON

ALKALINE PHOSPHATASE

Abstract approved
(Major professor)

Studies were undertaken to determine the extent and rate of
binding of Hg-203 labeled phenylmercuric acetate and mercuric ace-
tate in rat kidney and liver slices and their subcellular fractions
after 37°C incubation of the slices in Krebs~Ringer-phosphate solu-
tions containing the mercurials at 10_4 molar. A fast and parallel
rate of uptake of both mercurials in kKidney slices between 1 to 3
hour periods was observed. The uptake of the two mercurials into
liver slices was much less than that found in kidney' slices. The
binding rate of phenylmercuric acetate was almost double the rate
of inorganic mercury.

The subcellular fractions (nuclear, mitochondrial, microsomai,

and soluble) of the tissue slices were prepared by homogenizing in



0.25 molar sucrose with subsequent differential centrifugation. Even
though the two mercurials showed similar binding in kidney slices,

it was found that phenylmercuric acetate was bound to almost twice
the extent that of inorganic mercury in the mitochondria, micro-
somal, and soluble fractions, with the preponderate of the inorganic
mercury being bound in the nuclear.

Phenylmercuric acetate was also bound to twice the extent of
inorganic mercury in the mitochondrial, microsomal, and soluble
fractions from incubated liver slices; however, the binding of the
two mercurials in the liver nuclear fraction was similar during the
first hours. Also, there was a decrease of the binding of inorganic
mercury in the soluble fraction from incubated liver slices as the
incubation time increased.

Sephadex G-100 elution patterns of the soluble protein fractions
from incubated kidney and liver slices were determined. The mer-
cury binding patterns in the elution fractions were also determined.
There was found to be three main peaks in the elution pattern from
liver and kidney soluble proteins. The first peak represents proteins
with molecular weights of 100, 000 or greater. The second peak con-
sists of 15,000 to 30, 000 molecular weight proteins followed by a
trough or dip in the pattern representing large polypeptides (molecu-
lar weights of 2, 000 to 3, 000). The last peak consists of small

polypeptides.



The specific binding of phenylmercuric acetate in the proteins
of the elution pattern corresponding to a molecular weight of 100, 000
or larger is greater than inorganic mercury by as much as two-fold.
The 15, 000 to 30, 000 molecular weight proteins in the Sephadex G-100
elution patterns show 2.5 to five times as much specific binding of
phenylmercuric acetate as compared to mercuric ion, There was no
other area in the patterns in which the mercurials were bound to any
significant extent.

The binding patterns of the two mercury compounds in the solu-
ble proteins of incubated kidney slices filtered through Sephadex G-100
columns, were similar to those of the liver soluble proteins, except
for a very high specific binding of both in the region of the elution
pattern corresponding to large polypeptides (2,000 to 3,000 molecular
weight).

Sephadex G-100 filtration of the incubation soluble proteins
leached from liver slices indicated that phenylmercuric acetate
caused a greater loss of large molecular weight proteins as com-
pared to the control or inorganic mercury incubated slices.

The migration characteristics of soluble proteins from kidney
slices with and without mercurial treatment were measured by disc
electrophorosis on polyacrylamide gel columns. The results indi-
cated that phenylmercuric acetate caused a possible loss of large

molecular weight proteins from the soluble fraction as compared to



control or inorganic mercury incubated kidney slices.

There was found to be no correlation between the specific
binding of the two mercurials with the enzymatic activity of alkaline
phosphatase in the soluble and microsomal fractions. It was found
that kidney slices incubated in solutions of inorganic mercury resulted
in approximately 83 percent enhancement of alkaline phosphatase
activity in the soluble fraction as compared to control. Phenylmercu-
ric acetate caused about a 40 percent increase. The microsomal
fractions from inorganic mercury treated kidney slices showed a
greater decrease in the alkaline pI;OSphatase activity than did phenyl-
mercuric acetate as compared to that of control. Twenty to 30 per-
cent of the alkaline phosphatase activity of the 35, 000 X G soluble
fraction was removed by ultracentrifugation at 150,000 X G. It is
possible that the apparent activation of alkaline phosphatase in the
soluble fraction was due to a solubilization of the enzymé, with its
genesis possibly being in the microsomes.

Addition of phenylmercuric acetate to the reaction mixture at
concentrations up to 10_3 molar caused no significant decrease in
the activity of alkaline phosphatase from kidney soluble proteins,
while inorganic mercury showed 20 percent inhibition at 10_5 molar
and almost 75 percent inhibition at 5 X 10-5 molar. There was no
significant stimulation of the enzyme when either of the mercurials

was added to the reaction mixture.
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A COMPARATIVE STUDY OF THE IN VITRO LOCALIZATION
OF MERCURY FROM PHENYL MERCURIC ACETATE AND
MERCURIC SALT IN RAT KIDNEY AND LIVER
SUBCELLULAR FRACTIONS AND THEIR
EFFECT ON ALKALINE PHOSPHATASE

INTRODUCTION

The toxicity of mercurial compounds has been known for many
centuries. It was found that elemental mercury vapors as well as
mercuric salts were poisonous and that their symptoms, in many
cases, differed. Battigelli (2) points out that the rate of absorption
determines not only the length of time of intoxication, but also the
organs which are most affected. For example, acute intoxication
usually results in damage to the kidneys and the gastrointestinal
tract if the dose is taken orally. Pulmonary changes will occur if
the air contains a high concentration of mercury. Chronic mercu-
rialism is usually associated with changes in the nervous system.

The increasing use of organic mercurials as fungicides in
agriculture for the treatment of fruit trees and vegetable crops has
brought to the attention of the tolerance hearings under the Federal
Food, Drug, and Cosmetic Act the need to know more about their
toxicity levels. It had been generally assumed that the organic
mercurials are less toxic than mercuric salts when taken orally (8).
However, there has been mounting evidence that the organic mercu-

rials are just as toxic as inorganic mercury and some sources assert



them to be much more toxic.

Battigelli (2) lists the important factors that determine the
degree of intoxication produced by mercury and its derivatives:

1. Rate and amount absorbed

2. Individual susceptibility

3. Physicochemical properties of the absorbed compounds.

Each of these factors will have an effect on the intoxication
mechanism, and the result will be modified by the other factors
acting simultaneously. These factors will operate throughout the
complete spectrum of study of the intoxication mechanism in biologi-
cal systems ranging from oral dosages of the toxic substances in a
live animal to the determination of the sulfhydryl character of a
pure enzyme.

The literature on the investigation of mercuArial intoxication in
animals does, indeed, range throughout the eptire spectrum of
methodology. There has been extensive work on the localization of
mercury compounds in the different organs of animals. Much was
done in conjunction with rates of absorption, binding, and excretion.
The effects of mercurials on enzymes have received much attention,
ranging from respiration of live animals to activities of highly puri-
fied enzyme systems.

There has been, however, very little attempt to localize mer-

cury compounds in the subcellular components of different organs



and especially little attention given to the correlation of enzymatic
activities in these components to the concentration of mercury. Be-
cause of the interest in comparing the toxicity of mercuric salts to
that of phenyl mercuric acetate used in agriculture, it was decided

to investigate the localization of the two mercurials in the subcellular
components of these two organs of the rat that show the highest con-
centration of mercury after oral feeding or intravenous injection--
the liver and kidney. It was also decided to attempt to correlate the
mercury binding with some effects on enzymes and membrane per-
meability.

It was important in this study that the exposure of the organs
to the mercury compounds be of the same concentration, the same
form (i.e., unbound to any other molecule), and the same time dura-
tion. In vivo experiments in which the mercury would be absorbed
from the gastrointestinal tract, carried in the blood stream (bound
to any of a large number of different components of the blood), and
deposited in the organs of the body in possibly different concentra-
tions would not satisfy the above requirements.

It was decided that in vitro incubation of liver and kidney slices
in solutions containing the concentration of salts found in extra-
cellular fluids plus known concentrations of mercuric acetate and
phenylmercuric acetate would provide adequate control over con-

centration, form, and duration of exposure.



SURVEY OF THE LITERATURE

The Binding of Mercury to Sulfhydryl Groups

The toxicity of mercury is based on the high affinity of mercury
for sulfhydryl groups. Hughes (18) develops the concept that the
principle reaction of mercury is with thiol groups. A very important
point is that all but traces of the mercurial will be bound to thiols,
assuming there is an excess of thiol groups in the biological system.
Mercury also has some affinity for other organic ligands such as
amines, carbonyls, and hydroxyls, although this is less than for
sulfhydryl groups.

Shaw has correlated the inhibition of urease by various metal
ions with the insolubility of the metal sulfides. The metals with the
most insoluble sulfides are the strongest inhibitors (39). He has
also shown a correlation with the magnitude of the sum of the first
and second ionization potentials and the chelation stability of the
metal ions. He concludes that inhibition may occur through chelation
of electron donor groups on the enzyme, as well as binding of the
sulfhydryl groups. However, the chelation with electron donor
groups is relatively small as compared to mercaptide formation,
and these groups can only direct mercury compounds toward a cer~
tain mercaptide and not away from it,

The effects of mercurials on living processes, by the binding
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of mercury to sulfhydryl groups, is easily demonstrated in bacterial

cultures and purified enzyme systems. Pershin and Shcherbakova

(34), working with Escherichia coli, decided that the bacteriostatic

action of mercuric chloride was due to‘ its interference of biochemical
reactions favored by sulfhydryl groups.

Shaechter and Santomassino (38) have shown the effect of
p—chloromercuribenzoate'(p—CMB) on the stability of cell envelopes

of E. coli. Treatments of growing cultures of E. coli with p-CMB,

at concentrations ranging from 10_3 to 5 X 10—6 molar, all caused
lysis in hypotonic solutions. Non- growing cell cultures were not
affected by the mercurial. The loss in cell integrity and viability
can be partially reversed by an excess of cystine, if treated early
in the experiments. It is hypothesized that disulfide bonds play an
important role in maintaining the bacterial-cell structural integrity
and that p- CMB inhibits the formation of the disulfide bridges.

The effects of mercurials can also be demonstrated on purified
enzymes. When an organic mercurial contains a charged group, the
binding capacity for some thiols is modified or reduced. Nygaard
(33) titrated lactic dehydrogenase from ox heart amperometrically
with mercuric chloride and spectrophotometrically with p-chloro-
mercuribenzoate and found that the lactic dehydrogenase activity
was inhibited slowly with the p-CMB and rapidly with silver and

mercuric ions. After incubation of lactic dehydrogenase with acetic



anhydride, which blocked NH_ groups on the protein, there was an

2
increased reactivity of the sulfhydryl groups to p-CMB which caused
strong inhibition. A similar reaction was found for acetylated liver
alcohol dehyrogenase.

Frisell and Hellerman (14), working with d-amino acid oxidase,
found that phenylmercuric acetate (PMA) inhibits irreversibly after
treatment with a twenty-fold molar excess of reduced glutathione.
The phenylmercuric ion lacks the benzoate configuration and its
primary interaction with'd-amino acid oxidase should involve,
uniquely, the protein sulfhydryl groups.

The text of this report is to discuss the effects of mercurials

on mammalian systems with reference to their interference with

cellular processes assumed to be correlated with sulfhydryl groups.

In Vivo Experiments: Absorption, Localization, Excretion

Elemental mercury is usually taken into the body as vapor
(2, 18), with resulting absorption into the blood, and being dissolved
in blood lipids, is transported to the body tissues. Metallic mer-
cury, because of its lipid solubility, is easily distributed to all
parts of the body and is subsequently oxidized to the reactive mercu-
ric salts. Because elemental mercury is quickly oxidized in water
(42), the formation of ionized salts impairs the egress of mercury

back across cell membranes through which it had formally entered



as the lipid soluble elemental mercury. Battigelli (2) Says that
the well-tolerated dose of elemental mercury can be directly in-
ferred from the air concentration of 0.1 milligram of mercury per
cubic meter. Assuming that 25 percent of the elemental mercury
or mercury compounds in inhaled air is absorbed through the lungs
and that intake and excretion of mercury are at equilibrium, a daily
dose of 2 to 4 micrograms per kilogram resulting from this exposure
is well tolerated. High acute doses of mercury resulting from ab-
sorption in the lungs caused lung irritation and possible nephro-
gastrointestinal effects. Chronic mercurialism is characterized
mainly by neurological involvement, regardless of the method of
intoxication of the mercury or of the mercury compound present.

The mercurous salts are generally considered to be much less
toxic than other mercury compounds. In studying the acute, dermal,
subacute, and chronic toxicity, Lehman (24) has shown that, while
mercuric chloride, ethylmercuric phosphate, and phenylmercuric
triethanolammonium lactate all resulted in LD50 values of 30 to 37
milligrams of mercury per kilogram, calamel required 210 milli-
grams mercury per kilogram for an LD50 dose.

Swensson, Lundgren, and Lindstrom (45) found, after injection
of 100 micrograms per kilogram of mercury (mercuric nitrate,
phenylmercuric acetate, and methylmercuric hydroxide) in the

femoral vein of white rats, that the mercuric salts were transported



mainly in the plasma. The two organic compounds were to a large
extend bound to the erythrocytes. The mercuric nitrate and phenyl-
mercuric acetate were deposited chiefly in the kidneys, whereas the
methylmercuric hydroxide appeared to be distributed more uniformly
throughout the body. The supply of mercuric nitrate gave a high
content of mercury in the colon wall. A later paper by Lundgren
and Swensson (25) reported similar results. They determined that
the toxicities of the organic mercury compounds were roughly the
same.

Berlin and Gibson (4) found that 50 percent of the mercuric
salts infused into the jugular vein of rabbits at a rate of 0.2 milli-
grams of mercury per hour were bound to the erythrocytes and that
the turnover rate between the plasma and blood cells was quite low.
The urinary excretion of mercury was found to correlate with the
concentration in the blood. However, there was no correlation
between the amount of mercury accumulated in the kidney and in
the urinary excretion. Berlin (3), in a later paper, reports that
methyl- and phenylmercuric salts infused into the jugular vein of
rabbits at a rate of 0.2 milligrams of mercury per hour showed
considerably less accumulation of mercury in the kidneys after the
first hour, with a much lower rate of excretion as compared to
mercuric salts.

The renal extraction of all three of the mercury compounds



(mercuric chloride, methylmercuric dicyandiamide, and phenyl-
mercuric acetate) as reported by Berlin (3) and Berlin and Gibson (4)
did not exceed 10 per‘cent of the amount of mercury in the blood
passing through the kidneys. About 50 percent of the total dose of
infused mercuric nitrate (0.1 to 1.0 milligrams), over a four-hour
period, accumulated in the kidney. This compares with about 30
percent for phenylmercuric acetate (total dose ranged from 0. 1 to
8.0 milligrams of mercury) and about 10 percent for the methyl-
mercuric dicyandiamide (total dose was about 4 milligrams of
mercury). The PMA (phenylmercuric acetate) excreted in the urine
was a small percentage of the infused mercury, whereas the methyl-
mercuric dicyandiamide excretion did not exceed a few parts per
thousand of the infused dose, after a four-hour period. These find-
ings can be compared to mercuric nitrate in which less than 10 per-
cent of the mercury was excreted in the first four-hour period.
Berlin concludes that urinary excretion of PMA as inorganic mer-
cury indicates a decomposition of PMA in the body.

Prickett, Laug, and Kunze (36) found that adult rats (250 to
300 milligrams) injected intravenously with 120 micrograms of
mercuric acetate and phenylmercuric acetate showed four times
as much inorganic mercury in the kidney as compared to PMA.
After a similar dose of the mercury compounds given orally, it was

found that PMA was absorbed much more readily from the
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gastrointestinal tract than was the mercuric salt and that there was
five to six times as much PMA excreted in the urine. After intra-
venous injections, it was found that PMA was excreted mainly through
the intestinal tract via the bile, and the mercuric acetate was ex-
creted mainly from the kidney. The excretion of mercuric ion in

the urine was 17 percent of the dose in 48 hours as compared to

3 percent after intravenous injections of PMA.

Miller, Klavano, and Csonka (30) state that phenylmercuric
acetate is decomposed in both the kidney and liver. After admin-
istering PMA at the rate of 3 milligrams of mercury per kilogram
of body weight, orally, intravenously, or intramuscularly, slightly
over half the urinary mercury was in a form other than PMA. Less
than 10 percent of the initial dose of PMA was excreted unchanged in
the urine of rats in the first 48 hours. The decomposition in the
body was fairly rapid, with detectable amounts of PMA occurring
only for approximately 96 hours.

Suzuki, Miyama, and Katsunuma (44) compared the localiza-
tion and excretion of several mercury compounds (ethylmercury
chloride, methylmercury chloride, merthiolate, phenylmercuric
acetate, and mercuric nitrate). After a subcutaneous injection of
subtoxic doses into rats, mercuric nitrate had the longest continu-
ance of excretion. The excretion of phenylmercuric acetate was

intermediate in rats, while the alkyl mercury compounds were
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excreted faster. The mercury in the kidney was much higher than
in the liver after administration of PMA and mercuric nitrate. The
alkylmercuric compounds showed a level of mercury in the kidney
about equal to or slightly smaller than that in the liver. The muscles
and the blood were the main depot of mercury 24 hours after the in-
jection of the alkyl mercury compounds. The mercury content of
the brain after alkyl mercury treatment was greater than that from
PMA or mercuric nitrate treatment.

Surtshin and Yagi (43) found that there was an increase in
resistance to the toxicity of mercuric chloride in rats fed on high
sucrose diets. Most rats fed on a diet of sucrose and vitamins for
three or more weeks survive intravenous injections of mercuric
chloride up to doses of 3 milligrams per kilogram, a dose usually
lethal to rats with normal diets. It was found that the sulfhydryl
content of the soluble proteins of the kidney is higher in rats fed on
sucrose diets. Kidney analyses were done three hours after injec-
tion of Hg-203 labeled mercuric chloride into the femoral vein of
rats on diets of sucrose and rats with diets of Purina chow. It was
found that the total mercury content in the kidney was the same.
However, there was a much higher content of mercury in the soluble
fraction and a much lower content of mercury in the nuclear and
granular fractions with rats fed with sucrose as compared to rats

fed on normal chow diets. Surtshin and Yagi believe that the
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decreased mercury binding in the nuclear and granular factions,
after sucrose diets, is the cause of increased resistance to mercuric
chloride.

Martin and Reid (27) found that hypoproteinemia in dogs caused
an increased resistance to mercuric chloride poisoning. A dose of
3 milligrams of mercuric chloride per kilogram given intravenously
was lethal to dogs on normal diets. The normal dogs did not excrete
as much as half of the mercuric chloride load and all died 2.5 to 4.5
days after administration of the mercury. The hypoproteinemic dogs
showed essentially no toxic symptoms. Some symptoms were ob-
served only after the third or fourth doses of mercury. In each
case, each dog excreted more than half the mercuric ion within
three days. Martin and Reid suggest that the increase in resistance
to mercuric ion poisoning is due to an increased extracellular volume
which would dilute the mercury and, also, that a relatively small
binding of mercuric ion by protein permits more rapid excretion
and diminished cell susceptibility.

Tadatomo (46) injected Hg-203 labeled mercuric nitrate intra-
muscularly in sub-lethal doses into guinea pigs and determined the
activity after 24 and 48 hours in subcellular components of various
organs. The kidney and liver homogenates were differentially centri-
fuged and the amount of mercury in the various fractions was deter-

mined. The binding is shown in decreasing order of amounts found
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in the fractions:

Kidney Liver
Soluble proteins Soluble proteins
Microsomes Nucleus
Mitochondria Microsomes
Nucleus Mitochondria

In Vitro Experiments: Effects on Membrane Function and Enzymes

Kleinzeller and Cort (22) found that rabbit kidney cortex slices,

3 4

when incubated at 0°C in 1. 45 X 107> molar Esidron, 4-5 X 10
mercuric chloride, and 10_4 molar p-chloromercuribenzoate, with
0.154 molar sodium chloride, brought about a greater loss of protein
nitrogen into the medium than did controls without mercury treat-
ment. They also found an increase of sodium and a loss of potassium
from the kidney slices. Similar results were obtained with brain
cortex and myocardium. Straited muscle and liver slices did not
give the effect when incubated in the mercurial solutions. Kleinzeller
and Cort suggested that mercurials change the permeability of the
basal membrane of renal tubular cells, thus increasing the passive
movement of sodium, chloride, and water back into the cells.

Hunter (19) found that increasing concentrations of mercury

(6.25 X 107

to 2.5 X 10-6 molar) progressively decreased the rate
at which glucose moves across the membranes of human erythrocytes.

The effect of mercury can be completely or partially reversed by
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cysteine, depending on the concentration of cysteine used. Piedraf-
eta, Trull, and Alemany (35) have also found that concentrations of

4 - i iqsg s . .
to 10 4 molar mercuric ion inhibits intestinal absorption

2 X 10
of sugars. The effect was thought to be intracellular.

Maizels and Remington (26), working with several types of
mercurial diuretics, found that incubation of rat kidney cortex
slices at 10-3 molar caused an increase in the sodium content of
the slices as compared to the controls. They also found that the
swelling of the cortex slices (uptake of water) was largely deter-
mined by the increase in the cell sodium. Their findings are con-
sistent with the view that the mercurial diuretics act mainly on
active transport with slight increases of the membrane permeability
to sodium.

Demis and Rothstein (10) incubated rat diaphragm in various
concentrations of mercuric chloride with Krebs-Ringer-phosphate
solutions and determined the effect on glucose absorption and
respiration. At concentrations of mercuric ion of 2 X 10-4 to 5 X
10"5 molar the absorption of glucose was almost completely blocked.
The inhibition of respiration by mercuric chloride solutions required
much higher concentrations and prolonged time periods. Two X 1,0-4
molar mercuric salt had no effect on oxygen consumption for over
30 minutes, but eventually, after 2 hours, there was 30 percent

inhibition. With concentrations of mercury approaching 2 X 10—3
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molar, 90 percent inhibition was observed after 1.5 hours. The
inhibition of glucose uptake develops very rapidly, whereas respira-
tion inhibition requires a lag time.

Reversal of the inhibition of glucose uptake was achieved by
adding cysteine into the incubation medium at a concentration of
2 X 10_3 molar when the mercury concentration was 2 X 10-4.
Within 30 minutes the rates of glucose uptake returned almost to
normal. Reversal of inhibition of respiration was not found to a
measurable extent. Diaphragms incubated in 10—3 molar mercury
developed an inhibition of respiration of 60 percent within one hour.
The addition of 4 X 10—3 molar cysteine gave no reversal within the
next half hour. The results were compatible with the hypothesis
that certain reactions necessary for glucose uptake are located in
the periphery of the cell or on the cell surface, whereas enzymes
for respiration are located within the interior of the cell.

Hirade (17), using rat kidney homogenates, found that both
respiration and esterification of phosphate were inhibited by mercu-

5 and PMA concentrations of

ric ion concentrations of 2-5 X 10~
2 X 10_4 molar. Glutathione (reduced) restored oxygen uptake,
especially in the case of mercuric inhibition. Inorganic phosphate
esterification was restored only slightly.

The effects of mercury compounds on the kidney have been

categorized by Dzurik and Krajci- Lazary (11) into two types.
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The cytoplasmic effect is that in which mercury reduces the activity
of the tricarboxylic acid cycle. The effect is possessed by mercury
compounds lacking a diuretic effect and mercurial diuretics in toxic
doses. It is assumed that this effect is responsible for the toxicity
of mercury. The membrane effect is that in which compounds of
mercury having a diuretic action, act by increasing the membrane
permeability of the proximal tubule cells. Both PMA and mercuric
ion possess diuretic potency, but they are more toxic than the mercu-
rial diuretics. The general action of mercurial diuretics is to in-
crease the sodium concentration and urine volume (13).

Mudge (32) found that the diuretic effect occurs at concentra-
tions of mercury significantly lower than concentrations required to
depress oxygen consumption. Cohen (7) found that intravenous injec-
tion of mersalyl at a rate of 8.1 micromoles per 100 grams of body
weight of rats caused death, and that the oxygen consumption of the
kidney slices were less than for the controls. With diuretic doses
(2.1 micromoles per 100 grams of body weight) there was no differ-
ence in the oxygen consumption of the kidney slices as compared to
those of the controls. However, there was more inorganic phosphate
taken up in the control kidney slices as compared to the mersalyl
treated slices. Cohen believes that the effect is probably due to a
change in the permeability of cell membranes for inorganic phosphaté,

thereby impeding the generation of high energy phosphate esters.
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This change would cause a lack of these esters required for the
reabsorption of water in the tubules.

Clarkson and Magos (5), using equilibrum dialysis of mercuric
ion against one percent homogenates of rat kidney or liver in the
presence of penicillamine, found two classes of mercury binding.

The binding capacities occurred at concentrations of mercury of
1.0 X 10-7 and 30 X 10—7 moles of mercury per gram wet weight of
tissue. The same binding sites were found in both kidney and liver
homogenates. They explain that the preferential uptake by kidney of
inorganic mercury may be coupled to metabolism. Clarkson, Roth-
stein, and Sutherland (6) determined that Chlormerodrin breaks
down to mercuric ion in the rat kidney and that 2 X 10_7 moles of
mercury per gram wet weight of kidney induces diuresis in rate.

Taylor (47) approached the problem of mercurial diuresis from
the standpoint of the sodium transport mechanism being closely asso-
ciated with certain adenosine triphosphatase systems in rabbit kidney.
The ATPase (adenosine triphosphatase) of kidney cell debris was
found to resemble that of erythrocyte and nerve in its cation require-
ments. Also, the activity of the ATPase in kidney cell debris could
be stimulated with sodium and potassium. It was found that organic
mercurial compounds (some diuretics and p-CMB) preferentially
inhibited the sodium and potassium stimulated portion of the kidney

ATPase activity at concentrations of 5 X 10-5 molar. There was
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very little effect of the organic mercurials on the unstimulated por-
tion of ATPase activity at concentrations greater than 10-5 molar.
However, mercuric ion inhibited both the stimulated and unstimu-
lated ATPase activity. Concentrations of mercuric ion greater than

10~ 5M inhibited the unstimulated portion of the activity.

Alkaline Phosphatase in Relation to Mercury Toxicity

Much work has been done in attempting to correlate the changes
in the activity of enzymes in blood serum proteins or subcellular
fractions after mercury treatment in order to indicate the toxicity of
mercury. For example, Tuci, Cenacchi, and Lodi (48) dosed rats
with intraperitoneal injections of mercuric chloride (0.8 milligrams
per day for 50 days) and performed histological analysis on the liver,
kidney, myocardium, and spleen at different time intervals. Patho-
logical manifestations were observed on the 30th day of intoxication.
However, serum aldolase, lactic dehydrogenase, and malic dehy-
drogenase were increased in comparison to the controls by the 10th
day.

Some work has been done with mercury on alkaline phospha-
tase; however, there has been no comparative study with regard to
different types of mercury compounds.

Kosmider, Zurkowski, and Wegiel (23) found that mercuric

chloride in a final concentration of 10-3 molar caused a 95 percent



19

fall in the activity of alkaline phosphatase in the cytoplasm of neu-
trophilic granulocytes. Sachs and Dulskas (37), using histochemical
studies, found a decrease in the phosphatase activity of kidney after
chronic mercury poisoning, with an appreciable survival time.

Acute poisoning with mercury generally does not cause a decrease

in the phosphatase activity. A study of 50 workers exposed to mer-
cury vapors in industrial plants showed that alkaline phosphatase was
slightly activated in the serum (20).

Agus, Cox, and Griffin (1), working with alkaline phosphatase

from human kidney, rat bone, rat liver, Escherichia coli, and other
sources, found that cysteine inhibited the‘activity at a pH range above
10.1. The inhibition was caused by a chelation of the zinc at the
active center of the enzyme. The inhibiting species was of the type
—S—R—NHZ. The species HS—R-NH3+ found below a pH of 8.20 does
not combine effectively with the enzyme. They ascribed the inhibi-
tion to be a result of chelation in situ rather than a removal of the
zinc from the enzyme. Mercuric ion caused a partial reversibility
of the inhibition, as did the addition of divalent zinc.

Mathies (28) points out that alkaline phosphatage from swine
kidney requires the presence of both divalent manganese and divalent
zinc. He showed a direct correlation between the activity of the

enzyme and the zinc content and that divalent zinc was essential to

the enzyme. It is also generally accepted that magnesium .is essential
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for the activation of alkaline phosphatase, but its optimum con-
centration is of the order of 10_3 molar when the enzyme concentra-
tion is of the order of 10—8 molar. The magnitude of the magnesium
concentration is similar to that of the substrate, and it is postulated
that a magnesium salt of the phosphate ester is the substrate for

the enzyme.

Because the nature of this paper is to correlate the subcellular
localization of inorganic mercury and phenylmercuric acetate in rat
kidney and liver with its effect on alkaline phosphatase, it is impor-
tant to understand the subcellular localization of the enzyme.

Griffin and Cox (15) found that 98 percent of the alkaline phos-
phatase from rat kidney is sedimented by centrifugation at 105, 000
X G, which indicated its close association with cell particles. The
microsomes contained the highest specific activity of any of the
subcellular fractions. When the microsomes were treated with 0.26
percent deocycholate at pH 7.4, three fractions were obtained upon
centrifugation: ribonucleoprotein particles, microsomal membranes,
and a microsomal supernatant. When the microsomal supernatant
was centrifuged at 130,000 X G for three hours, a pellet of light
microsomal membranes was obtained. The specific activity of
alkaline phosphatase was by far the highest in the light microsomal

membranes.
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MATERIALS AND METHODS

- Preparation of the Liver and Kidney Slices

Rats were placed in a closed container and suffocated with COZ'
The abdominal and thoracic cavities were opened immediately while
the heart was still beating. The posterior vena cava between the
heart and diaphragm was cut to bleed the liver. The color of the
liver changed from dark red to light red, indicating that most of
the blood was removed.

The liver and kidneys were excised and placed in crushed ice.
The fat and connective tissue were removed and the organs were
sliced in the cold on a tissue slicer number 140 from the Havard
Apparatus company. The thickness of the slices averaged about
one millimeter. These slices were immediately placed in a beaker
containing cold Krebs-Ringer-phosphate solutions. The slices were
then divided into three groups and placed into beakers containing

10—4 molar P2Q3MA and Krebs-Ringer solution, 10—4 molar

203Hg(oAc)2 and Krebs-Ringer solution, and Krebs-Ringer solution
for the control. The volume of the incubation solutions was 50 to
100 milliliters but was the same for all three sample solutions in
any particular experiment. The slices were incubated in these

. o .
solutions at 37 C in a water bath.

Samples of tissue slices were removed from the beakers,
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washed with cold tap water, and patted dry with paper towels at
0.5, 1.0, 2.0, and 3.0 hour intervals. These were immediately
placed in plastic vials and frozen in dry ice. While frozen, the
slices were weighed. The weight for the liver slices was from one

to two grams, and the kidney slices weighed about 0.5 grams.

Preparation of the Subcellular Fractions

The frozen slices were weighed and thawed slowly in the cold.
The slices were homogenized in nine volumes of 0.25 molar sucrose
with a glass tissue grinder and teflon pestle and centrifuged at 700
X G in 50 milliliter centrifuge tubes for 10 minutes. The supernatant
was decanted and the pellet was resuspended and washed twice with
2.5 milliliters of 0.25 molar sucrose solution. The final pellet
was called the nuclear fraction.

The supernatant and washings from the isolation of the nuclear
fraction were centrifuged at 5000 X G for 20 minutes. The superna-
tant was decanted and the pellet was resuspended and washed once
in the 0.25 molar sucrose solution. The final pellet was called the
mitochondrial fraction.

The supernatant and washings from the isolation of the mito-
chondria fraction were diluted with 0.25 molar sucrose to 40 milli-
liters and centrifuged at 35,000 X G (maximum) for 1.5 hours. The

supernatant was decanted and called the soluble protein fraction,
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and the pellet was called the microsomal fraction. This method was

based on a procedure described by Umbreit, Burris and Stauffer

(49, p. 194).

Determination of the Sephadex G-100 Elution Patterns of
the Soluble Proteins |

The incubation of liver and kidney tissue slices and the pre-

paration of the homogenates were the same as for the subcellular
fractions, except that the time of incubation was 1.5 hours, and the
tissue was homogenized in only 3 to 4 volumes of 0. 25 molar sucrose.
Fifteen milliliter centrifuge tubes were used. The homogenate was
centrifuged at 35, 000 X G for 1.5 hours. Three to five milliliters of
the supernatant were introduced into a G-100 Sephadex column

(23 X 62 mm) in the cold and eluted with 0.1 molar NaCl and 0. 01
molar NaoAc buffer solution (pH 6. 0).

The Sephadex columns were prepared according to the method
described by Whitaker (50), Fifteen grams of dry Sephadéx G-100
granules were soaked in a one percent NaCl solution for 3 to 4 days
at 3to 5°C. A stopcock was sealed to the bottom of a two-foot piece

of 23 millimeter inside diameter glass tubing, and a piece of glass

wool was placed in the bottom of the column with glass beads layered
on top to a height of two centimeters. After the column had been

filled with the buffer solution, the soaked Sephadex slurry was in-
troduced into a funnel fitted to the top of the column with a rubber

stopper. Upon opening the stopcock, the buffer flowed out at the
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bottom and the Sephadex slurry passed into the column at the top.
Because the flow rate was fast during the packing of the first 10 o"r
15 centimeters of the column, the stopcock was almost turned off.
This reduced flow rate prevented too tight packing of the Sephadex
granules in the lower end of the column which was found to result
in a slight decrease in flow rate. A spun glass filter disc was
placed on top of the gel to prevent its disturbance when a sample
was introduced into the column.

After the sample was added, it was allowed to enter the top
of the gel until there was no sample fluid showing above the gel.

At this time buffer solution was added to the column, and a rubber
stopper fitted with a small teflon tube was attached at the top. The
teflon tube was connected to a reservoir containing the buffer solu-
tion. The reservoir was designed to maintain a constant hydro-
static head in relation to the column to insure a constant flow rate
throughout the filtration process. The flow rates of the column
were between 0.5 and 1.0 milliliters per minute.

Since three samples were incubated (control, PMA treated,
and inorganic mercury treated), there were three Sephadex columns
used. All samples were filtered through the columns at the same
time and at 3 to 5°C. The fractions were collected in test tubes
mounted in a fraction collector, and the volumes averaged about

4 to 6 milliliters.
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The elution patterns of the soluble proteins filtered through
the Sephadex columns were determined by reading the optical density
of each fraction at 260 millimicrons on a Beckman DU model 2400
spectrophotometer. Dilutions of some of the fractions were made
with buffer due to the high protein concentrations resulting in high
optical density readings. The values for the optical density of the
elution fractions were divided by the net wet weight of the incubated
tissue slices, and the elution pattern was plotted as the optical den-
sity per gram wet weight as a function of the elution volume. The
net wet weight of the incubated tissue slices was determined by
multiplying the fraction of the total volume of the soluble fraction
introduced into the column times the total weight of the incubated
tissue slices.

The elution pattern for the soluble proteins was also deter-
mined by precipitating the proteins in a steam bath and treating with
one milliliter of 10 percent trichloracetic acid. The precipitated
proteins were filtered onto glass fiber filters, washed with distilled
water, and dried with acetone. The weight of the dried protein was
divided by the net wet weight of the incubated tissue slices and the
volume of the faction. The elution pattern was expressed as the
milligrams protein per gram wet weight per milliliter. The dimen-
sions of the optical density is a measurement of concentration.

‘Therefore, the precipitated protein elution patterns must contain
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the same units (1/milliliters. )
It was found that the glass fiber filters lost 0. 16 milligrams
when washed and dried. The precipitated protein weight data were
corrected for this amount.

Determination of the Sephadex G-100 Elution Patterns of
the Incubation Solutions from Liver Slices

It was noticed that protein was being leached out into the incu-
bation solution during the incubation of the liver and kidney slices.
Liver slices seemed to release much more protein into the incuba-
tion solution as compared to kidney slices. This observation was
based on the turbidity of the incubation solutions. It was decided to
determine the filtration pattern for these proteins and to see where
the mercury compounds were bound.

After incubation of liver slices for 1.5 hours, the incubation
solutions were placed in 0.5 liter polyethylene bottles and dipped
into a dry ice and acetone mixture. The solution was frozen on the
sides and the bottom of the bottles by swirling them around in the
acetone bath. These bottles were then placed in a Vir Tis model
freeze drying apparatus and lyophilized in a vacuum of 0. 050 milli-
meters of mercury.

When the samples were completely dry, the vacuum was slowly

released, the bottles were removed, and a portion of the dried
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material was weighed out and dissolved into about five milliliters

of distilled water. The samples were then introduced into the

Sephadex columns, and the filtration fractions were collected as

described in the section on Sephadex filtration of soluble proteins.
The protein patterns were expressed as the optical density

per gram of the net wet weight of tissue leached as a function of the

elution volume. The net wet weight of tissue leached was determined

as the fraction of the dried incubation solutions placed into the columns

multiplied times the weight of the incubated slices.

Method for the Determination of Nitrogen
in the Subcellular Fractions

The centrifuged cellular fractions in the form of pellets were
resuspended in distilled water with the aid of the glass tissue grinder
and teflon pestle and diluted in volumetric flasks. Aliquots of 10 to
40 micrograms were taken for the nitrogen assay. The samples
were pipetted into 18 X 150 mm pyrex test tubes. To each of the
tubes was added one milliliter of 2 normal sulfuric acid containing

0.2 grams per liter of CuSeO The tubes were placed in a heated

3"
sand bath with a temperature of 110 to 140°cC.
Evaporation of the sample usually took about six to twelve

hours. When the water from the digestion mixture was evaporated,

it was usually black due to the carbon in the sample. The color in
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the samples was cleared up by adding drops of 30 percent of HZOZ.
The test for complete digestion was to wait for half an hour after
adding the hydrogen peroxide. If the digestion mixture remained
clear, the digestion was complete.

To the tubes after digestion were added (in order) two milli-
liters of water, two milliliters of color reagent, and three milliliters
of 2 normal NaOH. The color reagent contained four grams of potas-
sium iodide, four grams of mercuric iodide, and 1.75 grams of gum
ghatti. The gum ghatti (in powder form) was placed in about 500
milliliters of boiling water and allowed to reflux until dissolved. The
potassium iodide and mercuric iodide were dissolved in 20 to 50
milliliters of water. The two solutions were added together and
diluted to one liter. Due to some insoluble residues in the gum
gatthi, the color reagent was centrifuged at 2, 000 X G for five
minutes. The clear supernatant was decanted off and used without
further treatment.

Full color development was obtained after 15 minutes. Each
sample was diluted to 10 milliliters in a Klett type photometer tube
with distilled water, and the optical density at 490 millimicrons
was determined on a Baush and Lomb model Spectronic 20 spectro-
photometer.

The nitrogen assays were done in triplicate including blanks

and standards. The blanks contained about one milliliter of distilled
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water. The standards were made by pipetting one, two, and three
milliliters of a standard ammonium chloride solution (10 micrograms
of nitrogen per milliliter) into three test tubes. The blanks and
standards were carried throughout the digestion procedure and color
development with the other samples.

The number of micrograms that gave an optical density rating
of 0.10 was calculated. After subtracting the optical density of the
blanks from that of the samples, the nitrogen present was determined.
The nitrogen present was determined by multiplying the resultant
optical density times the extinction coefficient. Nitrogen in the total
sample was calculated according to the dilution and aliquot taken for
the determination.

The nitrogen content of the subcellular fractions was deter-
mined in liver and kidney slices incubated in Krebs-Ringer-phosphate
solution alone. The samples of slices were removed at 0.5, 1.0,
2.0, and 3.0 hour intervals. The nitrogen content was expressed
as the milligrams of nitrogen per gram wet weight of tissue that was
incubated. These values were used as the control nitrogen content
of the subcellular fractions to compare to the values for the inorganic

mercury and PMA incubated slices.
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Determination of Hg-203 Labeled Phenylmercuric Acetate
and Mercuric Ion Bound to the Tissue Slices, Subcellular
Fractions, and the Proteins in the Sephadex Elution Patterns

The PMA and Hg(oAc,)2 used in the incubation solutions were
labeled with 2O:)'Hg which emits gamma and beta radiation. The
content of P203MA and 203Hg(oAc)2 in the subcellular fractions was
determined with the aid of a Tracerlab Superscaler with a Tracelab
Nal Thalium activated scintillation detector number 455 for counting
the gamma activity. The centrifuge tubes, with the pellets (sub-
cellular fractions) at the bottom, or plastic vials containing the
tissue slices were placed on the detector and the activity was counted.
The detector was mounted upside down. The amount of mercury
(PMA or Hg(oAc)Z) present was determined from the inverse specific
activity of the two mercury compounds used in the incubation solu-
tions. Five milliliters of the soluble fraction was pipetted into
plastic vials and placed on the detector. The total activity in the
soluble fraction was calculated.

The inverse specific activity of the mercury was found by
pipetting five milliliters of the standard solutions used to make up
the incubation solutions (2 X 10_4 molar PMA and Hg(oAc)Z) into
plastic vials, placing them on the detector and determining the

number of millimicromoles of mercury per 100 counts per minute

{mumoles/l00cpm).. This figure was multiplied times the activity in
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the subcellular fractions to give the amount of PMA and mercuric
salts present. There was found to be no significant difference in
geometry when counting the activity in the samples and in the stand-
ard solutions.

The radioactive PMA and inorganic mercury in the elution
fractions was determined by transferring the fractions to plastic
counting tubes and counting the gamma radiation in a well-type
Packard Auto- Gamma Spectrometer, series 410 A. The inverse
specific activity of the mercury was found by pipetting 3 milliliters
of the standard solutions used to make up the incubation solutions
(2 X 10'-4 molar PMA and Hg(oAc)Z) into two plastic counting tubes
and counting them with the rest of the samples. One or two empty
tubes were counted to obtain the ba’ckground activity on the spec-
trometer.

Because the samples in the elution fractions from Sephadex
filtration were usually in volume different from the volume of the
standard solutions used to determine the inverse specific activity,
it was necessary to establish a correction curve for the difference
in geometry in the well-type detector.

A three milliliter sample resulted in about 89 percent efficien-
cy in counting. From the volumes of the elution fractions, the per-
cent efficiencies of counting of the standard solutions and the samples

was used to correct the sample determinations.
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Figure 1 shows the activity of a radioactive mercury solution
counted in a well-type gamma detector as a function of the volume of
the sample. Figure 2 shows the percent of the maximum activity
that is determined at different volumes of the sample.

Wang and Jones (50) have determined the radioactivity in
proteins in paper chromatograms immersed in suitable scintillator
solutions. A method similar to Wang and Jones was used to deter-
mine the mercury activity in the precipitated protein fractions of the
soluble protein elution patterns from Sephadex G-100 filtration.

The glass fiber filters on which the precipitated proteins were
filtered were placed in glass vials used for liquid scintillation count-
ing, and 4 milliliters of liquiflour solution (4 grams of 2, 5-diphenyl-
oxazole and 50 milligrams of 1, 4-bis-2(5 phenyloxazolyl)-benzene
dissolved in one liter of toluene) were added. The beta radiation
was determined in a Tri-Carb Liquid Scintillation Spectrometer,
series 314 E.

A correction curve for self-absorption was determined by
precipitating various amounts of radioactive mercury labeled soluble
proteins. These were filtered as described, and the logarithm of
the counts per minute per milligram weight of protein was plotted
against the weight of the protein which was corrected for the loss of
weight of the filter (Figure 3). Extrapolation to zero weight of the

protein gave the true counts per minute per milligram protein.
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Figure 1. Activity of a radioactive Hg-203 solution, counted
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The correction curve for self-absorption was obtained by plotting
the relative specific activity against the weight of protein (Figure 4).

The specific activity of the labeled PMA and inorganic mercury
was determined by pipetting 0.1 milliliter into 4 milliliters of liqui-
flour and 4 milliliters of methyl cellosolve (the methyl cellosolve
contained 25 grams of naphthalene per 500 milliliters) and counting
in the liquid scintillation counter.

Since the geometry for counting activity in a homogeneous
solution is better than if the sample is in the shape of a disc and
lying at the bottom of the vial, a correction factor was determined
for the difference in counting efficiency. This was done by pipetting
0.1 milliliters of 10_'4 molar 203Hg(oAc)2 into several liquid scintil-
lation vials containing 4 milliliters of liquiflour and 4 milliliters of
methylcellosolve, and the same amount into test tubes containing
different amounts of soluble proteins. The protein solutions were
precipitated, filtered, weighed, and corrected for weight loss and
self-absorption as before. The ratio of the activity in the homoge-
neous solution divided by the activity in the precipitated proteins
(the value was found to be 1. 37) was multiplied times the inverse
specific activity of the homogeneous solution (expressed as the
millimicromoles of mercury per 100 counts per minute) to give the
inverse specific activity of the precipitated protein sample. Reason-

ing will show that there has to be more radioactive mercury present
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when counting by the precipitated protein technique to give 100 counts
per minute as compared to the homogeneous solution counting tech-
nique.

In this experiment, there was found to be the same activity in
the precipitated proteins even though there were different amounts
present. This result indicated that there was no loss of mercury in
the washing and drying steps and that all remained bound to the
protein throughout the procedure.

The activity of the elution fractions was converted to the amount
of mercury present, and this amount was divided by the net wet weight
of the incubation tissue slices and the volume of the fractions. The
result of these calculations was then plotted as the millimicromoles
of PMA or mercuric salt per gram-milliliter as a function of the
elution volume.

The magnitude of the mercury binding or the specific binding
in the proteins shown in the elution pattern was expressed as the
millimicromoles of PMA or inorganic mercury per milliliter per
O.D. in the experiments in which the optical density patterns were
determined. For the protein precipitation experiments, the specific
binding was expressed as the millimicromoles of the two mercurials
per milligram protein. The specific binding was plotted as a function
of the elution volume.

Depending on the experiment and the specific activity of the
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PMA or Hg(oAc)2 used, the activity in tissue slices was 1,000 to
5,000 counts per minute or better. The activity in the subcellular
fractions varied from 500 to 3, 000 counts per minute in the nuclear
fraction to about 20 to 150 counts per minute in the soluble fraction
on the Tracerlab gamma counter. The background on the Tracerlab
gamma counter averaged about 250 counts per minute. All counting
determinations were made over a ten-minute interval to insure
enough accuracy.

When the Auto- Gamma Spectrometer was used to determine
the activity in the soluble protein elution patterns, the counts per
five minutes varied from 200 to 1, 500 with a background of about
175. As the blanks (background), standard solutions, and samples
were all counted for five minutes, it was decided to leave the data
on the basis of five minutes. The activity in the incubation solution
proteins varied from 200 to 1, 300 counts per 5 minutes with a
background of about 170.

For the precipitated proteins bound with radioactive mercury,
the activity averaged about 100 counts per minute, with a range of
20 to 200. With a higher specific activity of inorganic mercury
used in one experiment, the counts per minute ranged from 100 to
1,200. The background of the Tri-Carb Liquid Scintillation counter
was about 16 counts per minute. The activity was determined over

a five-minute interval and converted to counts per minute.
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Method of Separation of the Soluble Proteins from Kidney Slices
by Disc Polyacrylamide Gel Electrophoresis

Kidney slices were incubated, homogenized, and centrifuged
as described in the section on Sephadex filtration of soluble proteins.
The time of incubation was 1.5 hours. The soluble fraction was
separated electrophoretically on polyacrylamide gel columns. The
apparatus used in the experiments was constructed similar to a type
commercially available from the Canalco company. The methods
for the experimental procedure were based on a procedure described
by Davis (9), with some modifications suggested by Morris (31).

The gel columns were prepared in six glass tubes (10 X 90
millimeters). The tops of the tubes were inserted through six holes
drilled in a circle in the bottom of a plastic container, and they were
ringed by rubber gaskets such that the seals between the dish and
the tubes were watertight. The upper container held reservoir
buffer solution. The upper reservoir, fitted snugly with the gel
tubes, was suspended above the lower reservoir so that the bottom
of the tubes were immersed below the lower reservoir buffer by
about 1/4 of an inch. Fitted through a hole in the bottom of the
lower reservoir was a single platinum electrode. The fitting was
watertight and the electrode was placed in the center of the circle
of the bottoms of the tubes so that the distance from each tube was

about 3 to 4 centimeters, and each tube was the same distance from
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the electrode. A similar electrode was suspended in the upper
reservoir so that it was about the same distance from and centered
in the middle of the tops of the tubes protruding through the bottom
of the upper reservoir container.
The solutions used for the polyacrylamide gels were the
following:
1. Reservoir Buffer: Tris-Glycine
Dissolved in 600 milliliters of water was 28. 8 grams
of glycine. The pH was adjusted to 8.3 with a strong
solution of Tris (about 6 grams of trishydroxymethylamino
methane). The solution was diluted to one liter.
For use the solution was diluted to 0.1 molar con-
centration.
2. Sample Buffer: Tris-Phosphate
Dissolved in about 25 milliliters of water was 5.7
grams of Tris. The pH was adjusted to 6.9 with 1 molar
phosphoric acid and diluted to 100 milliliters. Because
the soluble protein preparation was not buffered, the
sample buffer in the volume of 1/10 was added.
3. Spacer Slurry:
To 10 milliliters of the sample buffer (diluted 1/10)
3.5 grams of sucrose was added and enough dry Bio-Rad

P100 polyacrylamide gel particles to make a stiff gel.
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4. Small Pore Acrylamide Solution:

To 100 milliliters of water was added 30 grams of
acrylamide and 0. 8 grams of N, N'-methylenebisacryl-
amide.

5. Large Pore Acrylamide Solution: Used for spacer gel.
To 100 milliliters of water was added 10 grams of
acrylamide and 2.5 grams of methylenebisacrylamide.

6. Gel Buffer:

To 100 milliliters of water was added 183 grams of
Tris and 1.15 grams of N, N, N/, N'- Tetramethyl-
ethylenediamine. One molar HCl (about 240 milliliters)
was added to bring the pH down to 8.9. Water was added
to bring to a volume of 500 milliliters.

7. Ammonium Persulfate Solution:

To 100 milliliters of water was added 0.14 grams of
ammonium persulfate. This solution must be made up
fresh for each experiment.

8. Amido Black Staining Solution:

One gram of Amido Black was stirred into 200 milli-
liters of 10 percent (v/v) acetic acid. The solution was
filtered.

All the solutions with the exception of the staining solution were

stored at ZOC.
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The tubes were placed in a test tube rack after capping the
bottom with parafilm. The small pore gel solution was poured into

these tubes to about an inch from the top. The gel was made up as

follows:
Gel Buffer 5 ml
Water 5 ml
Small Pore Acrylamide Solution 10 ml
Ammonium persulfate 10 ml

The gel solution was overlaid with about 1/4 inch of water and
polymerization was allowed to proceed for 30 minutes. The water
prevents the formation of a curved boundary at the top of the gel
solution and also prevents oxygen from reaching it. The presence
of oxygen in the gel solution will inhibit polymerization.

After polymerization, the water is shaken out and the spacer
gel solution is poured on top to a depth of 1/4 inch. Water was again
added to 1/4 inch in depth. The spacer or large pore gel solution is

made up as follows:

Gel Buffer 2.5 ml
Water 2.5 ml
Large Pore Acrylamide Solution 5.0 ml
Ammonium Persulfate 5.0 ml

After polymerization, the water was shaken out of the tubes
and the spacer slurry was layered on top to a 1/4 inch depth. The

sample (0.1 to 0.5 ml), containing enough sucrose to give a final
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concentration of 0. 75 molar, was added on top of the spacer slurry.
Dry polyacrylamide powder was added to the sample to prevent con-
vection. Over the sample was layered the sample buffer brought up
to a concentration of sucrose of 0,5 molar. The rest of the tubes
were then very carefully filled with the reservoir buffer. The use
of a dropper is recommended for the layering of the sample and
buffers.

The reservoir buffer was carefully added to the upper reservoir
after inserting the tubes into the rubber-gasket-fitted holes in the
bottom. After removing the parafilm from the bottom of the tubes,
the reservoir and tubes were lowered until the bottoms of the tubes
were immersed in the buffer in the lower reservoir. The same
buffer was used in both the upper and lower reservoir.

A Heathkit Variable Voltage Regulated Power Supply, Model
PS-3, was wired to the electrodes (anode below). A current density
of 3 to 5 milliamperes per tube was maintained for 2 to 3 hours,
until an adequate separation was completed. The buffer discontinuity
can be seen in the gel due to the difference in the indices of refrac-
tion. The distance through which the discontinuity has moved is
used to ascertain the extent of separation (usually about 5 centimeters)

The gels were removed from the tubes by rimming gently with
water from a hypodermic syringe, and they were then placed in the

staining solution overnight.
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The gels were destained by inserting them back into the tubes
and removing the dye electrophoretically. Ten percent acetic acid
was used in both reservoirs, with the anode on top. The same cur-
rent density used for the electrophoresis of the protein sample was
used for the destaining.

Quantitative Determination of the Gel Electrophoresis
Patterns of the Kidney Soluble Proteins

After destaining, the gels were sliced on the tissue slicer
number 140 from the Havard Apparatus Company. Slices along the
longitudinal axis were made such that they were 2 to 5 millimeters
in thickness. The initial slice on a new gel column had a flat and
a round side. The first slice was discarded, and more slices were
taken until one with flat smooth surfaces was obtained. Slices with
different thicknesses were taken on different columns due to the
amount of stained protein in the gel. If the sample introduced into
the column was small, the amount of stained protein in the bands
was faint. In this case a larger slice was taken to insure detectable
colored protein bands. With any particular slice taken, it was
important to insure that the thickness was the same throughout its
length.

The gel slice was mounted between two glass slides by wrap-

ping tape around both ends of the slides. The gel was squashed or
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compressed slightly to remove any air bubbles, and care was taken
to insure that the thickness of the gel was the same throughout its
length.

The prepared gel slice was then mounted on a Photovolt Elec-
tronic Densitometer, Model 525, and the optical density pattern of
the bands in the gel was determined. Since the bands in the gel were
very thin, it was necessary to decrease the slit width over the light
source. Also, a microcaliper was attached to the housing of the
search unit so that it impinged on the movable platform on which the
gel slice was mounted.

Since the stain of the proteins in the gel was blue, a yellow
filter was mounted in front of the photomultiplier tube to increase
the sensitivity. Readings of optical density were taken from the
Electronic Photometer Model 501-A, The blank reading, to estab-
lish the zero optical density, was taken through the gel in front of |
the boundary where there were no protein bands.

The optical density patterns of the gel electrophoresis strips
were plotted as the optical density against the number of revolutions
of the microcaliper. Because of the fact that the sample of soluble
proteins placed .on the gel column varied (20 to 50 micrograms of
nitrogen) and the fact that the slices of the gel used for the deter-
mination of the electrophoretic patterns were of varying thickness,

the peak intensities varied from graph to graph. In order to be able
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to compare the results for the mercury treated samples against the
control, it was important to standardize the data.

Peak 2 (Figures 41 to 43) on the gel electrophoresis patterns
was found to be present in all the experiments. Also its shape
seemed to approximate the standard bell-shaped curve that would
be expected from a pure protein. It was decided to use the peak
intensity of peak 2 as a standard and to adjust its intensity to 1.0
optical density. From this adjustment the intensities of the other
peaks were adjusted proportionally. The results of these calcula-
tions on two experiments are shown in Table 2, in which the intensity
of peak 2 is 1. 00 optical density.

The difference between the values of the intensity of the peaks
for the control and either the PMA or mercuric ién treated samples
was divided by the values of the control peaks. The result was two
columns of figures representing the adjusted optical density readings
of the control, PMA, and inorganic mercury treated samples and
the percent difference, from the control, of the mercury treated
samples. Whether the intensities of the peaks for PMA and mercuric
ion treated samples were greater or lesser than those for the control

is indicated by the plus or minus sign.
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Method for the Determination of the Alkaline Phosphatase
Content of the Microsomal and Soluble Fractions

The alkaline phosphatase activity was measured in the soluble
fraction, isolated according to the method described in the section
on Sephadex filtration of soluble proteins. The time of incubation
was 1.5 hours. The analysis of the enzyme activity was based on
a method described by Melani and Guerritore (29).

The substrate for the assay was p-nitrophenylphosphate
(PNPP). Splitting of PNPP by phosphatase produces p-nitrophenol
(yellow in basic media) and inorganic phosphate in a 1:1 ratio.
Measurement of the increase of optical density at 405 millimicrons
as a function of time gives the enzyme activity. The extinction
coefficient of PNP is relatively constant above a pH of 8.5, but
below this pH it drops rapidly. The use of PNPP as a substrate
for the measurement of alkaline phosphatase is ideal, because the
pH range for optimum activity of the enzyme is about 10.4 in rat
kidney homogenate according to Melani and Guerritore (29).

The reaction mixture for the alkaline phosphatase assay is
shown in Table 1.

The volume of enzyme solution and water was varied in dupli-
cate or triplicate runs. However, the total volume of the reaction
mixture was always three milliliters. The pH of the buffer was

changed when determining the pH for optimum activity of the enzyme.
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The glycine buffer was brought to the desired pH by addition of

dilute NaOH solution.

Table 1. Reaction mixture for alkaline phosphatase assay.

Volume Final
(ml) Concentration

0.2 M Glycine Buffer, pH 10. 4 1.50 100
1.5 mM MgSO4 0. 40 0.125
30. 4 mM PNPP 0.50 5.06
Enzyme Solution 0.10
Water 0.50
Total volume (ml) 3.00

Samples from the soluble fraction were used without further
purification. The microsomal pellet was resuspended with the aid
of the teflon homogenizer in 0.25 molar sucrose, with the same
volume as its respective soluble fraction. The microsomal sus-
pension was then diluted down to 1/10 the concentration, and an
aliquot of this was taken for the assay.

A nitrogen analysis was done on each of the samples in the
Same manner as deécribed in the section on the Johnson method for
analysis of nitrogen.

The extinction coefficient of p-nitrophenol was determined in
basic pH (9 to 11) and was used to calculate the millimicromoles of

PNPP hydrolyzed per minute per milligram nitrogen.
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RESULTS

The Uptake of Phenylmercuric Acetate and Mercuric
Acetate by Rat Kidney and Liver Slices

The in vitro binding of PMA and mercuric acetate in rat kidney
slices as a function of time is similar for both compounds. The
binding of the mercurials in liver slices as a function of time was
much less than in the kidney. Figures 5 and 6 show the binding of
the mercury compounds in the liver and kidney slices. The binding
of PMA in the liver is almost double that of inorganic mercury. It
is possible that the binding sites for inorganic mercury in liver
slices are approaching saturation, because the uptake curve begins
to level off at three hours. Binding sites for both the mercury com-
pounds in the kidney are far from near becoming saturated, as both
PMA and inorganic mercury continue to be taken up at a fast rate
after three hours.

The first few experiments were done using the organs from
male rats. Due to a shortage of male rats, females were used.
There was found to be no difference in the binding of the mercury
compounds with regard to sex in the kidney and liver slices and in
the subcellular fractions. Heimburg and Schmidt have found that
there was no significant difference in resistance to mercury toxicity

in male and female rats (16).
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The Incorporation of Phenylmercuric Acetate and Mercuric
Acetate into the Subcellular Fractions of Rat Kidney
and Liver Slices

Figures 7 and 8 show the binding of PMA and Hg(oAc)2 in the
subcellular fractions of kidney, and Figures 9 and 10 show the same
for liver on the basis of the wet weight of the tissue slices. The
percent binding of the two mercurials in the subcellular fractions in
the kidney is shown in Figures 11 and 12. The same is shown for
liver in Figures 13 and 14.

The mercury bound to the subcellular fractions on the basis
of the nitrogen present is shown for kidney in Figures 15 and 16 and
Figures 17 and 18 for liver.

From the percentage binding of PMA and mercuric ion in liver
and kidney slices, it can be seen that the inorganic mercury binds
much higher in the nuclear fraction than in the other fractions. This
trend is observed in both kidney and liver. Although the highest per-
centage of PMA is also found in the nuclear fraction, it is not nearly
so marked as compared to mercuric ion.

The percent Hg(oAc)2 in the soluble proteins decreases with
time and is evident in both kidney and liver. The percent of PMA
in the soluble proteins drops only slightly in both kidney and liver.

The rate of increase of binding of PMA and Hg(oAc)Z, on the

basis of the milligram weight of nitrogen in the soluble fractions,
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levels off after the first hour of incubation, except for mercuric
ion in the liver soluble fraction, which decreases.

There is about three to four times as much PMA per milligram
nitrogen as there is inorganic mercury in the liver soluble proteins,
after two hours. In the kidney the PMA per milligram nitrogen is
only twice that for mercuric ion, after two hours.

The percent of both PMA and mercuric ion in the mitochondria
and microsomes of both kidney and liver remains fairly constant.
The PMA in these fractions was slightly higher in both organs. In
terms of mercury per milligram nitrogen PMA is nearly one and
a half to twice that found for inorganic mercury in the 1 and 2 hour
incubation periods for both the mitochondria and microsomes.

The Nitrogen Content of the Subcellular Fractions in
Control and Mercury Treated Kidney and Liver Slices

The nitrogen content of the subcellular fractions from control
incubated kidney and liver slices as a function of time is not signifi-
cantly different from that after PMA or inorganic mercury incuba-
tion (Figures 19 to 24). The nitrogen content in the nuclear fraction
increased with time while the soluble fraction shows a loss of nitro-
gen. However, the nitrogen content in the nuclear fraction of kidney
slices when incubated in PMA remained constant throughout the time

of incubation.
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Sephadex G-100 Elution Patterns and the Mercury Binding
of the Soluble Proteins from Liver and Kidney Slices

The optical density elution patterns for liver soluble proteins
from 60 centimeter Sephadex columns show a large peak at 50 to
60 milliliters elution volume (Figure 25). There was a second peak
or plateau at 65 to 110 milliliters and a third peak at about 200 milli-
liters. No significant shift of peaks was found with binding of PMA
and mercuric salts as shown in Figures 24 and 25.

The elution patterns of TCA and heat precipitable proteins also
shows a large peak at 50 to 60 milliliters (Figure 29). The second
peak was not resolved completely from the first but shows up as a
shoulder in the range of 65 to 110 milliliters. The analysis was not
carried out past the second peak. Figure 29 also compares a typical
optical density elution pattern plotted with the pattern determined by
the weight of the protein in the fractions. It can be seen that in the
shoulder or second peak the extinction coefficient for 260 millimicron
light is less than in the first peak. The optical density profiles are
used because they are easy to determine and reproduce, but they
are not a true representation of the amount of protein present in any
particular area of the pattern.

The elution pattern of the kidney soluble proteins was deter-
mined only by the method of optical density. The elution curves for

kidney were similar to those of liver except for a much higher peak
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at 205 milliliters elution volume (Figure 33).

There is a difference in the degree of binding of PMA and
mercuric ion in the liver soluble proteins. Figure 26, 27, 30, and
31 show that there were also differences in binding of the same
mercury compound in different areas of the elution pattern. In the
area of the first peak PMA is bound one and a half to two times the
amount of inorganic mercury. In the second peak PMA is bound 2.5
to five times the amount of inorganic mercury.

Figures 28 and 32 show the binding per unit amount of protein
or the specific binding of PMA and Hg(oAc)Z. The high differential
binding of PMA in the proteins of the second peak is clear. Figure
28 shows a marked specific binding of both PMA and mercuric salts
from 125 to 170 milliliters in the elution pattern. Some binding is
seen at 190 milliliters, which does not coincide with the protein peak
in this area.

The specific binding of the mercurials on the basis of protein
weight (Figure 32) shows that the binding of PMA in the area of the
second peak is the same when the liver slices were incubated in
10_4 and 2 x 10_4 molar PMA. However, the binding of inorganic
mercury increases in the liver soluble proteins when the liver slices
were incubated in twice the concentration of mercuric acetate solu-
tion. Also, both PMA and mercuric ion increase their specific

binding in the first peak when incubated in 2 X 10“4 molar solutions.
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The specific binding of PMA is about double that of inorganic mer-
cury in the first peak at both concentrations.

The binding of PMA and Hg(oAc)2 in the kidney soluble proteins
is shown in Figures 34 and 35. The proteins in the second peak bind
approximately twice the amount of PMA as compared to inorganic
mercury. At the elution volume of 150 milliliters thére is a marked
binding of both PMA and Hg(oAc)2 and to about the same extent.

The specific binding curves of PMA and mercuric ion for kid-
ney soluble proteins also show that twice the amount of PMA was
bound to protein in the second peak than that of inorganic mercury.
There is a very high specific binding of both mercurials at 150
milliliters, with the inorganic mercury being slightly higher.

According to Whitaker (51) the molecular weights of the pro-
teins in the first peak of the elution pattern for the soluble proteins
are of the order of 100, 000 or greater. The composition of the first
peak may be small microsomes that were not sedimented at 35, 000
X G or large protein complexes, both of which have been completely
excluded from the Sephadex G-100 gel particles. A decreasing order
of molecular weight occurs with increasing elution volume. The
proteins in the area of the shoulder or second peak are of the order
of 15, 000 to 30, 000 molecular weight. The last peak represents
peptides and amino acids (elution volume of 180 to 220 milliliters.)

The trough in the elution pattern, between the second and the last
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peak corresponds to polypeptides with molecular weights of about

1, 000.

Sephadex G-100 Elution Patterns and the Mercury Binding of
the Incubation Solution Proteins Leached from Liver Slices

The optical density elution patterns for the incubation solution
proteins shows a peak between 50 and 60 milliliters and corresponds
to that found in the soluble proteins (Figures 37 to 40). There was
some indication of a second peak or shoulder in the range of 80 to 90
milliliters comparable to that found in the soluble protein patterns,
but this was not obvious as the optical density begins to rise imme-
diately with an indication of a peak at 150 to 180 milliliters. The
optical density keeps rising until it reaches the peak found at the
210 to 220 milliliter area. It is believed that this last peak corre-
sponds to that found in the soluble protein elution patterns.

It is interesting to note that the first peak for protein leached
from the PMA incubated liver slices is much higher than for protein
leached from liver slices incubated in control or inorganic mercury
solutions. The optical density in the range of 95 to 135 milliliters
rises slightly for the PMA and mercuric ion treated slices, whereas
the optical dehsity for the control incubation solution proteins keeps
falling and rises sharply from 135 to 145 milliliters.

The mercury binding curves for PMA and mercuric ion are
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fairly similar except for a peak appearing at 80 to 120 ml for the
PMA incubation solution. Also, it is interesting that, for one gram
of liver slices incubated there is almost the same amount of mercury
per milliliter present in the first peak, whether the slices were in-
cubated in PMA or mercuric ion.

The specific binding of mercuric salts in the first peak (Figure
40) is nearly double that of PMA, In the region of 80 to 100 milliliters
PMA has a specific binding of the protein almost double that found for
mercuric ion and forms a separate specific binding peak. It is as-
sumed that the high specific binding of PMA in the 80 to 100 milliliter
range corresponds to its high specific binding in the soluble proteins
in the 85 to 110 milliliter area.

The results indicate that there is a greater permeability of the
cell membranes to large molecular weight proteins of 100, 000 or
greater (seen in the first peak of the elution profile) after PMA incu-
bation than after control or mercuric acetate incubation. The amino
acids and small peptides seem to be able to leach out whether the
liver slices were incubated in the mercurial or control solutions.

Polyacrylamide Gel Electrophoresis Patterns of the Soluble
Proteins from Control and Mercury Incubated Kidney Slices

It can be seen that, after standardizing the peak intensities of

the electrophoresis patterns to the intensity of peak 2, there is a
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definite decrease in the peak intensities for the PMA incubated
samples. Peaks 5 through 8 in the soluble protein pattern from
PMA treatment show about a 20 percent decrease in intensity as
compared to the respective peaks in the control patterns. Peak 9
shows an even greater loss of intensity, about 30 percent (Table 2).

Values for the intensities of the peaks are different in the two
experiments. The reasons for this difference are not clear but can
possibly be attributed to a lack of complete destaining of the samples
in Experiment 1. However, regardless of the error involved in the
procedure, it is assumed that the results obtained for the peak in-
tensities of one of the samples in either experiment are comparable
to the results from other samples in the same experiment.

The spacer slurry and the spacer gel are used purely as an
anti-convectant in which the concentration of the sample takes place
electrophoretically. The small-pore gel acts not only as an anti-
convectant but serves as a molecular sieve (41). If the assumption
is made that for a homogeneous solution of a variety of proteins in
a specified pH, there will be, on the average, the same specific
charge (number of ionized groups per unit length of peptide), then
the gel electrophoresis procedure must separate the proteins out on
the basis of molecular weight, as well as total charge on the protein.
It therefore can be assumed that the molecular weights of the proteins

in the area of the peaks 7 to 9 are probably of a higher molecular



77

Table 2. Major peak intensities, relative to peak no. 2, of the
disc polyacrylamide gel electrophoresis patterns for
‘control and mercury treated kidney soluble proteins.

Control Hg(oAc), Percent PMA Percent
Peak Intensity Intensity Difference Intensity Difference
(Experiment No. 1)
1 0. 66 0.56 -15 0.58 -14
2 1.00 1.00 --- 1.00 ---
3 1.01 0.97 - 4 0.85 -16
4 1.56 1.39 -11 1.25 ~19
5 1.36 1.22 -10 1.15 -12
6 1.65 1.77 + 7 1.34 -19
7 1.95 2.00 + 3 1.68 -14
8 2.11 2.32 +-9 1.74 -18
9 4.18 4.15 -1 3,05 -27
(Experiment No. 2)
1 0.61 0. 60 -2 0.59 -3
2 1.00 1.00 --- 1.00 ---
3 0.87 0.94 + 8 0.81 - 7
4 1.67 1.75 + 5 1.43 -14
5 1.53 1.52 +1 1.23 -20
6 1.97 1.91 -3 1.59 -19
7 2.08 1.89 -5 1.57 -24
8 1.78 1.76 -1 1.23 -31
9 2.18 2.22 + 5 1.33 -39
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Figure 41, Disc polyacrylamide gel electrophoresis pattern of soluble proteins
from control treated kidney slices.
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weight than those in the area of peaks 1 and 2.

The continuous smear of a vast number of different types of
proteins, each species of which is in a low enough concentration not
to be resolvable in the electrophoretic pattern, has resulted in in-
creasing the background optical density, the net effect of which is to
increase the optical density of the peaks that were resolvable in the
pattern. On the basis of these assumptions, the decrease in the peak
intensities (peaks. 5 through 9) for the PMA treated samples is inter-
preted as a general decrease in the concentration of the proteins
making up the background optical density and not as a decrease in
concentration of the proteins comprising the observable peaks.

The data from the gel electrophoresis patterns indicate a
general loss of large molecular weight proteins from the kidney
slices incubated in PMA as compared to the results for the control
and inorganic mercury incubated kidney slices.

The Effect of Incubation of Kidney Slices in Phenylmercuric

Acetate and Mercuric Acetate on the Alkaline Phosphatase
Activity in the Microsomal and Soluble Fractions

,

The extinction coefficient for p-nitrophenol in basic pH ‘;\;as
determined as 66. 6 micromolar per 1.0 optical density. The volume
of the reaction mixture being three milliliters, the amount of p-
nitrophenolphosphate hydrolyzed per minute per milligram nitrogen

was calculated as the product of the extinction coefficient, 3 milliliters,
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and the change of optical density per minute-per milligram nitrogen.
The results of the alkaline phosphatase assay on the soluble

and microsomal fractions are given in Table 3.

Table 3. Alkaline phosphatase activity of soluble and microsomal
fractions from control and mercury treated kidney slices.

mumoles PNP/ Percent different
min/mg N from control
Experi- Soluble Microsomal Soluble Microsomal
ment Treatment fraction fraction fraction fraction
1 Control 73 -—-
PMA 77 6
Mercuric ion 120 66
2 Control 96 3,560 - ---
PMA 143 3, 300 49 -7
Mercuric ion 229 3,050 138 -14
3 Control 70 5, 450 - -—--
PMA 99 5,150 40 - 6
Mercuric ion 98 4, 880 40 -11
4 Control 43 2, 820 ——— ——-
PMA 66 2,240 53 -21
Mercuric ion 78 2,070 81 -28
4A®  Control 29 17 - -
PMA 51 22 76
Mercuric ion 56 20 94

* The soluble fraction from the experiment 4 was centrifuged at
150, 000 X G for one hour. Activity shown for resulting fractions.
A definite trend is observed in all the experiments. There is
an apparent activation of the enzyme in the soluble fraction and an
observed inhibition in the microsomes. The inorganic mercury-

treated slices produced a more pronounced effect than did PMA.
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Figure 45 shows the effect of PMA and inorganic mercury
added té the reaction mixture. The addition of PMA in concentrations
of 10-3 and 10-4 molar resulted in no significant effect on the activity
of alkaline phosphatase; however, one assay did show some stimula-
tion at a concentration of 6 X 10—5 molar. Inorganic mercury showed
a marked inhibition at concentrations higher than 1O-F6 molar. Con-
centrations higher than 10-4 molar resulted in nearly 100 percent
inhibition.

Besides determining the pH at which optimum activity of alka-
line phosphatase occurred as a routine procedure, it was questioned
whether possible binding of mercury (PMA or mercuric ion) to the
enzyme would change the pH optimum. There was found to be no
change in the pH optimum for the enzyme after incubation of the
kidney slices in the mercury solutions, even with the observed acti-
vation. The pH optimum curve for a control sample is shown in
Figure 44.

As a result of the fact that addition of PMA or inorganic mer-
cury to the reaction mixture did not give the same results as the
incubation of the kidney slices with respect to the observed activa-
tion phenomenon, the question arose as to whether the observed
stimulation was only apparent and that possibly it was a result of
a solubilization of the enzyme or that it was bound to a particle that

would not sediment at 35, 000 X G.
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The last two experiments, 4 and 4A, seem to indicate that at
least some of the activity is soluble. The 35,000 X G soluble frac-
tion was placed in a Beckman Model L-2-50 ultracentrifuge and
centrifuged for one hour at 150, 000 X G (average). The material
sedimented in the form of a pellet was very red in color as compared
to the 35, 000 X G microsomal pellet which was pale reddish-brown.
The 150, 000 X G pellet was resuspended in 0.25 molar sucrose and
the activity was again determined on both fractions. It can be seen
that only about 20 to 30 percent of the activity was sedimented at
150, 000 X G for the control as well as for the PMA and mercuric
ion samples.

A complete inventory of the alkaline phosphatase in all the
subcellular fractions was not carried out.

An analysis of the alkaline phosphatase activity was carried
out on the elution fractions of Sephadex G-100 filtration of kidney
soluble proteins. The kidney soluble fraction and the elution fractiens
were prepared as outlined in the section on Sephadex G-100 filtration
of liver and kidney soluble proteins.

Figure 46 shows the optical density pattern of kidney soluble
proteins and the alkaline phosphatase activity., There was found to
be no significant difference in the area of the activity of the enzyme
with regard to treatment of the kidney slices with the mercurials.

About 15 percent of the total activity of alkaline phosphatase
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phosphatase introduced into the column (as the soluble fraction) was
recovered in the elution fractions. Addition of solution from the last
peak in the pattern did not cause any change in the activity deter-
mined from the fractions in the first peak proteins. Because of

the low recovery of activity from the Sephadex column, further ex-

periments were not carried out.
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SUMMARY AND CONCLUSIONS

It is apparent that phenylmercuric acetate definitely has the
ability to penetrate the cell barriers and to bind to the intracellular
particles better than has inorganic mercury. The binding data in the
whole tissue slices (Figures 3 and 4) indicate that there is definitely
a difference in rate of binding of the mercurials for the case of liver.
PMA seems to bind to the mitochondria and microsomes almost twice
as much as inorganic mercury for both kidney and liver.

It is seen that for both PMA and inorganic mercury, the highest
intracellular binding is in the nuclear fractions (on the basis of tissue
weight). It is well known that the nuclear fraction isolated according
to the procedure described in the materials and methods section
contains cell debris which includes cell membranes and some con-
nective tissue. Therefore, the possibility cannot be eliminated
that part of the mercury bound in the nuclear fraction is, in reality,
bound to cell membranes and other debris.

It is shown in Figures 9 to 12 that inorganic mercury exhibits
a very high binding in the nuclear fraction (percentage of the total
mercury bound to the slices) with relatively little in the mitochondria,
microsome, and soluble fractions. The question can be raised: why
does inorganic mercury have such a tremendous affinity for the

nuclei? The answer is, possibly, that much of the bound mercury
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is really located in the cell membranes.

Another important trend observed in the subcellular mercury
binding curves (Figures 5 to 16) is the initial high values for mercu-
ric ion binding in the soluble fraction. This phenomenon is especial-
ly apparent in the subcellular fractions of liver. Demis and Roth-
stein (10) have found that incubation of rat diaphragm in 2 X 10—4
molar mercuric chloride showed a fast rate of uptake in the first 20
to 25 minutes, after which there was a sharp lessening in rate. They
suggested that the diffusion of mercury into the extracellular spaces
took place in the first 20 to 25 minutes and that the fixation of mer-
cury to the surface of the cells followed by slow diffusion into the
interior explained the second rate of accumulation.

It is therefore possible that the 30 minute and the one hour
figures for the mercury binding in the nuclear and the soluble frac-
tions are, to a certain extent, measurements of the mercury content
in structures outside of the cell.

The mercury binding data plotted on the basis of nitrogen con-
tent show definitely that PMA has a much higher affinity for all the
subcellular fractions except the nuclear as compared to inorganic
mercury, sometimes as much as twofold. Also, the binding of PMA
in the soluble fraction on a basis of nitrogen is 2.5 to 3 times the
binding of inorganic mercury.

This stoichiometry ratio of two PMA molecules to one inorganic
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mercury ion can be understood on the basis of the fact that PMA
carries only one positive charge, whereas the mercuric ion carries
two. It is possible that, if the binding sites of PMA and inorganic
mercury are the same, it will take twice as much PMA as it would
mercuric ion to bind the same number of sites. On the other hand,
if the binding sites for mercury in the subcellular fractions other
than the nuclear fractions are not saturated at the end of one hour- -
as one might so conclude by noticing that the slopes for the rate of
mercury binding are nowhere near approaching a plateau when the
binding data is plotted on the basis of nitrogen--then it could also be
concluded that PMA has gained entrance into the cell much faster
than mercuric salts.

In Figures 17 to 22 the nitrogen content of the subcellular
components is shown. The most apparent trend observed is the loss
of nitrogen in the soluble fraction from the control slices, as well
as those incubated in mercury. This phenomenon may be caused by
a leaching of proteins from the extracellular fluid causing an apparent
loss from the isolated soluble fraction. The reason for the increase
(with time) of the nitrogen content of the nuclear fraction is unex-
plained.

The Sephadex G-100 elution patterns of the soluble proteins of
liver show no significant difference for the control samples as com-

pared to those treated with the mercurials. It can be seen, however,
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that the specific binding of PMA, in the first peak proteins, is twice
as great as that for inorganic mercury for the elution patterns deter-
mined by the method of heat and acid precipitation of the proteins.
The PMA binding is only slightly greater than inorganic mercury
when determined in the optical density patterns. The two methods
do not give too close an agreement, but they do show that PMA does
bind to a greater extent in the first peak proteins.

The specific binding of the two mercurials in the shoulder of
the elution patterns for liver demonstrates the very high specific
binding of PMA as compared to mercuric ion. It is also important
to note that the proteins in the second peak are saturated by PMA.
Incubation of the liver slices in 10_4 and 2 X 10—4 molar PMA re-
sulted in nearly the same specific binding. The amount of PMA and
inorganic mercury in the first peak proteins was seen to increase
with incubation in a double strength solution. Also, the inor ganic
mercury in the second peak area increased its specific binding.
These higher specific binding data for PMA in the elution patterns
substantiate the results of the soluble fraction binding in the sub-
cellular fraction analysis.

The binding data of the mercurials in the soluble protein
elution patterns of kidney (Figures 31 to 34) show essentially similar
results for the first and second peak areas. The interesting differ-

ence between liver and kidney specific binding of the mercurials is
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that there is a very high peak in the area of the optical density pat-
tern showing the least amount of protein and that the specific binding
of the two mercurials is essentially the same. The stoichiometry
of two PMA molecules to one mercuric ion required to bind the same
number of sites does not seem to hold true.

The elution patterns for the proteins leached into the incubation
solutions for liver slices indicate that even without treatment with
the mercury compounds, there is a considerable loss of protein,
the preponderate of which has a small molecular weight (15, 000 or
less).

This evidence gives support to the results obtained for the
nitrogen content of the soluble fractions in Figures 17 to 22. Itis
interesting that inorganic mercury does not cause a significant
change in the nitrogen loss as compared to the control, but PMA
does cause an extra loss of some large molecular weight proteins.

The results obtained with the gel electrophoresis patterns of
the soluble proteins of kidney slices also seem to indicate that there
is a possible loss of large molecular weight proteins due to treat-
ment with PMA as compared to the control or inorganic mercury
treatments.

The results obtained for the alkaline phosphatase activity in
the soluble and microsomal fractions, after treatment with PMA

and inorganic mercury, do not correlate with the specific binding
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of the mercurials. The effect of inorganic mercury on the activity
of alkaline phosphatase in the soluble fractions is greater than for
PMA, but the binding of inorganic mercury is only one-half that for
PMA. The same thing can be said about the microsonal fraction.
Inorganic mercury, which binds much less than PMA, causes a
much greater inhibitory effect in the alkaline phosphatase activity.
Ernster, Siekevitz, and Palade (12) describe the process of
formation of microsomes in rat liver homogenates. The microsomes
consist of vesicular and tubular fragments of the endoplasmic reticu-
lum that were formed during homogenization. The endoplasmic net-
work breaks down by a pinching-off process into separate ve sicles.
Each vesicle contains a ""quantum' of the soluble material contained
inside the reticulum surrounded by a membrane with a set of attached
ribonucleo-protein particles. They demonstrated that some micro-
somal enzymes (NADH-cytochrome reductase, NADH diaphorase,
magnesium-activated ATPase, and glucose-6-phosphatase) were
either part of the microsomal membranes or bound tightly to them,
after treatment of the microsomes with 0.26 percent deoxycholate.
After sedimenting the deoxycholate treated microsomes and diluting
the deoxycholate concentration in the supernatant, there appeared
more sedimentable vesicles which contained NADH-cytochrome ¢
reductase and glucose-6-phosphatase activities. They postulate that

these particles arise from aggregation of small micells and individual

molecules.
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Griffin and Cox (15) found that alkaline phosphatase was bound
to light microsomal membranes and was sedimentable after treat-
ment with 0.26 percent deoxycholate, The specific activity of the
enzyme in this fraction was the highest of any subcellular fraction.

In this report ultracentrifugation of the supernatants obtained
at 150, 000 X G formed a pellet that contained a very low specific
activity of the enzyme as compared to the pellet from the 35, 000 X G
centrifugation. The supernatant after ultracentrifugation showed
about a 20 percent decrease in the specific activity of alkaline phos-
phatase. It seems that there is a true solublization of the enzyme
with the mercury compounds causing an increased effect.

It is possible that the pinching- off process of the endoplasmic
reticulum during homogenization is not complete and some of the
soluble material in the lumina of the reticulum is lost to the super-
natant. Both inorganic mercury and PMA would have an effect on
the reticulum membranes, the pinching-off process being slightly
impaired and resulting in an enhanced alkaline phosphatase activity
in the supernatant.

The essence of this work can be summarized by saying that
just as phenylmercuric acetate has a somewhat greater ability to
distribute itself in the animal body as compared to mercuric ion
(cited extensively in the literature review), it also has a better

ability to penetrate cell membranes and distribute itself more evenly



94
throughout the subcellular structures.

Phenylmercuric acetate also has an ability to increase the
membrane permeability of cell membranes to large molecular weight
proteins, whereas mercuric ion exhibits no such effect. This in-
hanced loss of protein nitrogen was described by Kleinzeller and
Cort (22) for both p- chloromercuribenzoate and mercuric chloride
incubation of kidney slices. The results of this report indicate that
inorganic mercury does not have an effect on the membrane permea-
bility of cells to protein, which are in disagreement with the results
of Kleinzeller and Cort.

Both phenylmercuric acetate and mercuric acetate possibly
have an effect on the membranes of the endoplasmic network that
slightly inhibits the pinching-off process of the reticulum and allows
more of the intralumina fluid to be released into the soluble fraction,
the net result of which is an apparent activation of alkaline phospha-
tase. The trend of an increased activity of alkaline phosphatase in
the soluble fraction in the order of control, PMA, and mercuric ion
treated samples is directly proportional to the decrease of the eh—
zyme activity in the microsome fractions in the same order. It
should be pointed out that the activity of alkaline phosphatase in the
whole homogenate, the nuclear fraction, ;.nd the mitochondria fraction
was not determined and that there is the possibility of the enzyme ac-
tivity having its genesis in some subcellular fraction other than the

microsomes.
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