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ABSTRACT

-Rat liver microsomes were incubated in the presence of zinc ions
and the rate of NADPH oxidation and related metabolism of aniline and
ethylmorphine by appropriate oxidases were studied. ,A competitive
mechanism of the inﬁibition of NADPH oxidation by zinc ion was found,
with Vmax = 10.3 nmoles NADPH/min/mg protein and K, = 7.22 uM zinc.
bAlthough spectral analysis of NADPH in the range of 220-400 nm did not
show any effect of zinc, gel filtration indicated binding of'Zn2+ to
NADPH in the molar ratio 2:1. The overall formation constant of
ZnZ—NADPH complex is 106'75.

Zinc ion also inhibited the activity of two other microsomal
drug'oxidases, aniline hydroxylase énd ethylmorphine-N-demethylase; 50%
inhibitioﬁ reached af 60 and 55 UM Zn2+, respectively; Another micro-
somal enzyme, glucose-é—phosphatase, independent of NADPH, was not
affected by zinc ion. The content and spectral characteristics of

cytochrome P was not affected by zinc ioms. -

450
It is concluded that Zn2+, by direct binding to the phosphate
moiety of NADPH, inactivates this pyridine nucleotide and prevents it
from functioning in the microsomal electron transport system. The

possibility that Zn2+ may interfere with other ions or enzymes involved

in microsomal electron transport cannot be excluded.
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CHAPTER 1
~ .
. INTRODUCTION

Unsaturated 1lipids in the cell membrane are a potential threat
to the integrity of the cell because of lability of lipids in the
presence of oxygen. Free radicals may be formed in lipids .in the.
presence of oxygen which results in peroxidation of the lipids and the
original 1ipid is destroyed along with the loss of the integrity of the
membrane. Factors controlling lipid peroxidation are vifamin E,
glutathion, and selenium, which are naturally occurring antioxidants, as
well as zinc ion. Other means of prevenfing lipid peroxidation are
spatial separation of the components undergoing lipid perokidation, low
oxygen tension, and metal chelation. This study is coﬁcerned with the
effect of zinc ions in hepatic lipid peroxidation.

Lipid peroxidation is an irreversible process associated with -
pathological processés. Lipid peroxidation has been identifiedAas a
basic deteriorative reaction in cellular mechanisms of aging processes
(1,2), carbon tetrachloride poisoning (3-6), in air pollution oxidant
damage to cells (7), ethanol induced liver injury (8), oxygen tbxicity
(9), and radiation damage (10).

The mechanism of lipid peroxidation has not been fully under-
stood since there are a variety of catalysts and inhibitors present.
Also, the profile of unsaturated lipids, catalysts, and antioxidants is

1



not the same in all tissues and subcellular fractions of the tissue.

The proposed reaction scheme for the peroxidation of unsaturated lipids

is (11):
Unsaturated lipid (R"H)
1.
Organic free radical
formed by hydrogen
abstraction (R”"e)
2.
Diene conjugation
+
3. 0
Peroxide radical (R"OO%*)
+RJH
4.

1 A
00H Hydroperoxide (R"OOH)

+R”e which can attack another unsaturated lipid

The free radicals shown in steps 2 and 4 can react very energetically.
They can initiate nonspecific hydrogen abstraction and chemical addition
reactions because of their unpaired electrons. The initiation reaction
of the above process is the variable step in tissues. Causes of the
abstraction of hydrogen from the unsaturated lipid have been shown in
vitro to be related to some heavy metals and the microsomal electron
transport chain.

The research reported here is concerned with the mechanism of

controlling lipid peroxidation particularly by zinc ions, but before



this can be understood the processes of lipid peroxidation must be

elucidated.

Metal Catalyzed Peroxidation of Pure Lipids

Metal catalyzed lipid peéroxidation has primarily been considered
in the degradation of hydroperokides, but recently Heaton and Uri (12)
have shown metals to be associated with the chain initiation step. Evi-
dence for this observation was shown when metal chelators were able to
stop the autoxidation of tissue homogenates (13). A general scheme for

the metal catalyzed propagation stép is proposed by Ingold (14) as:

RowoE + M™ 5 R0+ 0w s u®D

where M N+ represents the-metal. The R O° can then act as an initiator
of the‘oxidation of lipids. Some metals thaf have been shown to have
this catalyfié effect are ironm, copper, cobalt, and manganese (14-17).
Thefeforé, metals catalyzellipid peroxidation in two ways. They can’
initiate the first oxidative.attack and prométe the degradation of
hydropequides.'. |

Copﬁer ions were Shown to enhance the autoxidatioﬁ of phospho-

lipid emulsions (18). ‘Jarvi (19,20) has shown that a cobaltous chelate

has a similar effect by increasing lipid peroxidation. The addition of -

ferric ions to irradiated suspensions of mitochondria increased the pro-
duction of hydrogen perpxide (21). Lipid peroxidation has also been
associated with other metals such as lead (22), mercury (23), silver

(24), and gold (25).

*



Enzymatic Lipid Peroxidation

Free radical»intermediates have been shown to be formed in liver
microsomes by means of NADPH oxidation (26). Pfeifer and McCay (26)
have evidence that the free radical is responsible for the peroxidative
chain scission of unsaturated lipids in the microsomal membrane.

Another study by Hochstein and Ernster C27) indicates aﬁ NADPH-induced
peroxidation of lipids to be present in rat liver microsomes. The reac-
tion requires ADP, NADPH, or other pyrophosphates and is coupled to the

" NADPH oxidase system of‘the'microsdmes. Several authors (28,29) have
described an NADPH oxidase system of liver microsomes related to the‘drug
metabolizing system.

Gillete's work (29)vindicates that the drug metabolism of liver
microﬁomes is ésSociated with the electron transport system. - He has
evidence that the drug substrate reacts with the oxidized form of cyto-
chrome P-450 to form a complex by NADPH'cytochrpme ¢ reductase or
indirectly by an unidentified electron carrier.‘ The reduced cytochrome
P-450 complex then reacts with oxygen and decomposes to fhe oxidized
drug and oxidized cytochrome}P—450. During this process, a free radical
intermediate is formed which can attack‘the unsaturated lipids of the
microsomal membrane and cause peroxidativé damage characteristic of

pathological processes.

Toxicities of Lipid Perokides
Autoxidized fats which contain peroxides are toxic (30,31).
~ Pure lipid*hydroperoXides are not well absorbed from the gastrointestinal

tract. Intraperitoneal injections of methyl oleate and methyl linoleate
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peroxides (32) have an LD., of 6 and 12 mg/kg body weight, respectively,

50
while 20Q~mg/kg of the peroxides were not lethal if fed to the animal.

In vitro studies of peroxides show that peroxides react with
proteins, such as cytochrome ¢, to make them less soiuble, and causé a -
depletion of or damage to amino acids such as histidine, serine, pro-
line, and valine (33). Peroxides were shown by Wills (34)vahd Lewis and
Wills (35) to oxidize sulfhydryl compounds to sulfonic aéids and inacti-
vate sulfhydryl dependent enzymes. Lipid peroxides were added to low
density lipoproteins (36,37) which resulted in proteins being denatured.
Similarly, denatured‘proteins may be present in arterosclerotic lesions.
Lipid peroxidation producté appear to interfere with the normal pro-
cesses of the cell. |

The amount of lipid péroxidation formed in mitochondria exposed
to ultraviolet irradiation is correlaéed to the inhibition of oxidative
enzymes (38j. O'Malley et al. (39) héve shown that 1lipid peroxides
inhibit erythrocyte acetylcholinesterése. The inhibition of synthesis
of aséorbic écid in rat liver microsomes incubated aerpbically has been
associated with the lipid peroxidation reaction (40).

The'pfesenée of lipid peroxides in certain tissues has been con-
current with patﬁological conditions. Lipid peroxides have been demon-
stratéd in patients with'throﬁbosed veins (41) and athersclerotié
aortasl(l).. High serum.values of liﬁid peroxides héve been found in
patients. with hepatitis and cirrhosis (42,43)5 In vitémin E deficiencies,

Damm and Granados (44) found peroxides in the brown depot fat. Lipid



peroxides appear in skin coincident with the inflammation caused by

chemicals or irradiation (45,46).

Radiation

Results of several studies have shown that 1ipid peroxides are
present in the initial phases of radiation damage (47-50). The initiai
reaction brought gbout by the ionhizing agents is presumably the produc-
tion of the free radicals which begins the éhain of events in lipid

peroxidation.

Aging
Barber and Bernhein (1) have identified 1lipid peroxidation as a
deteriorating effect associated with aging. This is based on two ideas.

One is that chromolipids (lipofuchsins, aging pigments;fceroids) that

- accumulate linearly with age result from polymerization of oxidized

unsaturated lipids (51,52). The other théofy is that environmental fac-
tors lead to the production of free radicals which will cause oxidative
reactions along with irreversible and damaging effects on the lipids (53);
The association of lipid peroxidation to aging is supported by
Harman's study (54) in which the addition of antioxidants to the diet of
mice prolonged the normél life span. The evidence is indirect, but as
Barber and Bernheim pointed out (1, p. 395), ". . . it is generally not
clear whether peroxidation is the cause or effect of these (pathological)
changes. However, since 1ipid peroxidation is autocatalytic, once

started it can compound the injuries initiated by other factors and thus



'cohtribute to. the overall pathology. Such may be the role of lipid"

peroxidation in aging."

Carbon Tetrachloride Toxicity
The toxic effect of carbon tetrachloride on rat liver, which is
seen as necrosis, is dependent on the metabolism of carbon tetrachloride

(55,56). Thé metabolism of CCl, results in free radical products (4,55,

4

57-59). The free radical products attack unsaturated lipids in intra-

- cellular membranes which results in 1ipid perokidation. The 1lipid

peroxidation'dgmage is believed to be the necrogenic action of CCl4
(6,55,59) which is seen in the liver.

The formation of therfree radicals from the metabolism of CCl4
is enzyme dependent and located in the'endoplasmic reticulum of the
liver (55,56). In vitro studies have shown that a.source of NADPH is

‘necessary for the formation of lipid peroxides in the microsomal frac-
tion of livef homogenates (27,60). The enzymatic pathway is involved in
the NADPH-cytochrome P-450 electron transpbrt chain or drug oxidizing
system. Once the free radicgl intermediate, CC13°, is formed lipid
peroxidation can occur by way of the enzymatic process as described
earlier in this paper, or by a nonenzymatic route whichvrequires ADP

and Fe2+.

Factors_controlling Lipid Peroxidation

Since 1lipid peroxidation is considered to be a deteriorating
event in biological systems, it would be advantageous to control or

limit the process. Extensive studies have been made on dietary



antioxidants which are suggested in controlling lipid peroxidation. v
Some of these are vitamin E, selenium, glutathion, selenium containing

compounds, and zinc iomns.

Vitamin E

Chronic avitaminosis E in'ﬁany animal species is manifestéd as a
degenerative pfocess of the mﬁécles. Vitamine E deficienciés of preg-
nant mice resuits in 20% of the ne&born possessing necrotic muscles (61).
Rats on Vitamian deficient diets deVelop degenerative lesionsﬁof'the
myocardium and fibrosis develops (62). Dogs which haﬁe deranged absorp-
tibn of 1ipid soluble vitamins as a result of biliary fistﬁla experience
chromolipid pigmentation of muscles (63). Also, dogs on a high poly-
unséturated fatty acid diet low in ?itamin E show lipid pigmentation
(lipbfuschins) in the small intestines (64).

These studies indicate that the function of vitamin E is to
limit 1lipid peroxidation. Gram and Fouts (65) incubated rat liver micro-
somes with an NADPH generating system and observed considerable lipid
peroxidation. When they added vitamin E to the incubation medium, lipid
peroxidation was abolished. This study, along with numerous reports by
Tappel (66-69), indicates that vitamin E inhibits fatty acid oxidation

stimulated by different compounds.

Selenium and Glutathion
Selenium has been associated with protecting animals against
lipid peroxidative damage induced by diets high in unsaturated fats (70,

71). Studies by Reddy and Tappel (72) indicate that the detoxification



of dietary peroxides by way 6f the glutathion peroxidase System is
higher in rats suppiemented with selenium. Flohé, Glnzler, and Schock
(73) héve shown that glutathion peroxidase contains gelenium. This
supports Reddy and Tappel's (72) work that the detoxification of
peroxides is dependent on sufficient amounts of éelehium and glutathion
to activate the glutathion peroxidase system,

The swelling and lysis of mitochondria has been correlated to
lipid peroxides being formed (74). Hunter et al. (74) have shown that
glutathion significantly reduced the swelling, lysis, and disintegration
of isolated mitochondria.

These iE.XiEEQ studies indiéate that selenium and glutathion
reduce lipid peroxidation damage by means of the glutathion peroxidase
system. The 1lipid peroxidation rate is probably n§t being decreased;
instead, the products of lipid peroxidation are being detoxified more
répidly in the ﬁresence of the glutathlion peroxidase system and there-

fore tissue damage does not occur.

Zinc Tons
Carbon tetrachloride hepatotoxicity has been related to the
enhancement of lipid peroxidation. Several laboratories have shown that

the damaging effects of CCl, are ameliorated by zinc ion supplementationA

4

in exposed animals (75-77).
In Chvapil's study (75), rats were dosed with carbon tetra-

chloride so that half were fed normal levels of zinc and the other half

-were on a high zinc diet. Results sighificantly_shdwed that a pfoduct

of lipid peroxidation, malonaldehYde, was significantly decreased in the‘
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higher zinc rats. Lysosomal stability was significantly increased in
the-high zinc rats as measured by the amount of B—glﬁcuronidase released
from the lysosomes. Collagen accumulation and synthesis in the ;iVer,
which is indicative of the repair process, was significantly decreased
in rats on high zinc. This study showed that lipid peroxidation damage
induced by carbon tetrachloride c&uld be reduced when zinc was adminis~-

tered in conjunction with the noxious agent.

Méchanism‘of Zinc Ions Controlling Lipid Peroxidation

Zinc ions have been showﬁ.to prevent lipid peroxidation ig_zizg
and in vitro (78). The'research presented.in this paper is concerned
with the mechanism of‘éinc ions inhibiting lipid perokidation.-.This has
been approached By three-different means. First, since an enzymatic
lipid peroxidation proéess involVing the NADPH okidase system exists,
the effect of zinc on this was investigated; The oxidation of drugs by
liver microsomes in the presence of zinc waé studied. Thirdly, because
- the coenzyme NADPH is involved as a substrate for the above reactions,
the effect of zinc ions of NADPH was studied.

These studies do not hope to answer all the questions.presented
by this procesé. Ahotﬁer means by which zinc may be}inhibitingvlipid
peroxidation that hés not Been studied here is that zinc may be inter-
fering with metals which can catalyze lipid pe:oxidation or metals that
are necessary for the‘electron transport chain. Zincbions may also be
binding directly with enzymes. of the electron transport éysfemw More
studiés are neceséary to further explain the mechanism of the effect of

zinc ions in hepatic lipid peroxidation.



CHAPTER 2

INHIBITION OF NADPH OXIDATION AND OXIDATIVE METABOLISM

OF DRUGS IN LIVER MICROSOMES BY ZINC

Recent observations that zinc inhibits in vitro-induced 1ipid
peroxi&ation in liver microsomes (78,79) and protects the liver against
the toxic effects of CC14'(75) pointed to a possible effect of this .
metal on the activityrof mixed-function oxygenases in the endoplasmic
reticulum of the liver. Several authors have stressed the essential
role of NADPH as a source of electrons for the microsomal cytochrome
P-450 drug-metaboliziﬁg.enzymes (28,80). An NADPH oxidation-linked
lipid pero#idation system has also been identified in liver microsomes
and first described by Hochstein and Ernster (27). It was also suggested
that both the procésses of lipid peroxidation and of drug oxidation
depend on the same electron transport chain (81). Since CC14-induced ‘
lipid‘péroxidation is generally assumed to be initiated by the °CCl3 free
radical produced by the NADPH-dependent, cytoéhrome P-450 enzyme system
(55,56,82), then inhibition of NADPH oxidation may expiain the decreased

lipid peroxidation and CCl,-induced hepatotokicity produced by zinc. In

4
this research, evidence will Be'presented that NADPH oxidation is
inhibited by zinc and that this reaction results in the inhibition of

drug metabolism by liver microsomes.

11
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Rat liver microsomes were prepared by a procedure described in
previous papers (78,79) and incubated in a medium enriched in NADPH or
in NADPH-generating systems, as given in the legend to Fig. 1. The réteA-
of NADPH oxidation was recorded at 340 nm on a Beckman Acta III spectro-
photometer at 37° under continuous slow magnetic stirring. Repetitive
addition of zinc into the reaction mixture not only slowed down the rate
of NADPH oxidation but, at a certain concentration of zinc in the
medium, reversed the reaction in the direction of NADP reduction -
(Fig. 1). The fact that an eXCess of zinc increases the final content
of NADPH above the initial 1ével of NADPH indicates the additional reduc-
tion of endogeﬁously present.NADP in the microsomal fréction. We have
two reasons to believe that the observed inhibition of NADPH oxidation
by zinc is related to the effect of this ion on some enzymes present in
the microsomal fraction of tﬁe liyer rather than to a direct interacfion
of zinc with pyridinenucleotides: 1) heating the reaction mixture at
60° for 10 min abolishes the changes in NADPH content, and 2) there is
no spectroscopic evideﬁce on the interaction of Zn2+ with NADPH (83).

More rigorous treatment of the effect of various zinc concentfa—
tions on NADPH oxidation was carried out under the conditions recommended
- for the assay of NADPH oxidase (84) and is presented in Fig. 2. The
activity of NADPH -oxidase, studied at two different concentrations of
the substrate and measured as initial velocities during the first minute
of the raction, was inhibited by zinc. Only a 10'uM concentration of

zinc inhibited 50 percent of the enzyme activity. Such a low



Fig.

LIVER MICROSOMES + NADPH GENERATING SYSTEM

LIVER MICROSOMES + NADPH

0.1 0.1 -r
340
20 nmoles Zn
20 jumoles Zn
10 jumoles Zn
20 jumoles Zn 20 jumoles Zn
3 min.
3 min.
0.0 0.0 ...
E ffect of zinc on the oxidation of NADPH in rat liver microsomes. -- A microsomal fraction

was prepared and diluted in Tris-KCIl buffer (0.05 M, pH 7.4) to obtain 1.5 mg protein/ml.
To samples containing 2 ml suspension, 1 ml of either 0.2 mM NADPH or 2 mM of glucose
6-phosphate, 2 units of glucose 6-phosphate dehydrogenase, 5 nM MgSO" and 20 nMnicotinamide
were added and measured at 340 nm at 37° under stirring. Given amounts of zinc in Tris-KCl1
buffer were added as indicated.



Fig.
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Effect of zinc on the activity of NADPH oxidase in liver micro-
somes at low and high substrate levels. -- Enzyme activity in
the microsomal fraction was assayed at pH 5.5 in a system con-
taining 8 nmoles Na2HPo4, 54 nmoles KH2PO4, 1 nmole MnCl2, 340
nmoles sucrose and 21.6 or 86.4 nmoles NADPH in 3 ml final
volume. Control samples did not contain a subcellular fraction.
The rate of oxidation of the reduced coenzyme was scanned at
340 nm.
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concentration of zinc suggests a possible effective and specific role of
zinc in -the control of NADPH oxidation within biological systems, even

in vivo.

Additional evidence indicgting that zinc ions at re;atively1low
concentrations interfere with NADPH oxidation-linked reactions was
determined by studying the microsomal metabolism of ethylmorphine. The
incubation procedure has previously been deséribed by Sipes et al. (85).
The only modification was a final protein concentratién of 2 mg/ml. The
data in Fig. 3 summarize the inhibitory effect of zinc on microsomal
ethylmorphine N;demethylaée activity as reléted to time. Zinc inhibited
the formaldehyde produced by the N-demethylation of ethylmorphine
throughout an incubation period 6f-90‘min. VSince thé_reactioﬁ was still
linear at 10 min, this time point was chosen to determine the effect of
various concentrations of zinc ions on the metabolism of ethylmorphinef
The results are summarized in Fig. 4. It is evident that the activity
of the N-demethylase, as judged from the first 10 min of the reaction,.
is:inhibited by zinc in a concentration-related manner. Similar experi-
2, a1, el

and CH3C02) indicate that the anion has no effect on the magnitude of

ments carried out with various zinc salts (gluconate, SO

the inhibition (data not presented).

The eXperimental evidence presented in tﬁis study clearly indi-
cafes that, in system iE.XZEEQ at relatively low concentrations, zinc -
ionsiinhibit the oxidafion of NADPH and the related metabolism of drugs,
as.represented in this stud} by'eﬁhylmorphine. The mechanism of zinc

.interactions with NADPH oxidase is under investigation. It is noteworthy,
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Effect of zinc on the liver microsomal N-demethylation of ethylmorphine in vitro. -- A final

volume of 3 ml incubation mixture contained 2 mg/ml of microsomal protein, 10 mM ethylmor-
phine, and NADPH-generating system (NADPH 0.22 mM, glucose 6-phosphate 3.3 mM, nicotinamide
2.0 mM and glucose 6-phosphate dehydrogenase 1 unit/3 ml). The concentration of zinc sul-
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E ffect of zinc concentration on the liver microsomal
N-demethylase activity. -- For methodological details, see
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however, that this enzyme requires Mn2+ (84). There is a possibility
that zinc may displace this cation in a manner similar to that suggested
by Brunel and Cathala (86) for alkaline phosphatase from bovine grain.

In any case, the findings indicating that the activity of NADPH oxidase

2+

is stimulated by Mn ‘and inhibited by zinc differ from the observation

made by May and McCay (87), who showed that pefoxidation of microsomal

2+

phospholipids dependent on NADPH oxidation was inhibited by Mn We

assume that the described inhibition of NADPH oxidation by zine may
explain our observation of the inhibition of 1lipid perokidation in the

liver by zinc (78,79) and the protection afforded by zinc against CC14-

induced hepatotoxicity.

Incubation studies ig_vitfo with 14CCl and liver microsomes

4

have implicated NADPH oxidation in the mechanism of CCl activation to an

4
active intermediate, probably °CC13. By following the covalent binding

of 14C to*14CC1 to microsomal protein as an-indek of the conversion of

4
14CCl to v14CC13, it was reported that covalent binding was prevented

4
by elimination of NADPH from the incubation mixture (88,89) or by addi-

tion of the specific antibody of NADPH-cytochrome c reductase (89) (NADPH
~oxidase) to the incﬁbation medium. If $CC13 is respoﬁsible for the CC14-
induced 1lipid peroxidation,‘then decreasing ﬁhe formation of it may |
reduce the peroxidation which is destructive to the liver cells. There-
fore, theifinding that zinc inhibits NADPH okidése may be the mechanism

by which zinc inhibits CC1,-induced 1ibid peroxidation and the subsequent

4

~liver damage.
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While studying the mechanism of Zn2+ inhibition on NADPH oxida-
tion, the conﬁentrations‘of all'reacténts were decreaéed as compared‘ta
the conditions of the experiment in Fig. 1. (Only the initial rate of
the reaction was used so that Michaelis-Mehton mechanisms could be
applied.) Under these conditions, Zn2+ inhibited NADPH o&idation as is
shown in Fig. 1, but the increase in absorption at 340 nm was not evi-
dent. Repeating the conditions of these previous experiments and
scanning the reaction at 340 nm and 600 nm showed an increase in absorp-
tion at both these wavelengths when 60 umoles of'Zn2+ were added to the-
reaction vessel. Increasing the temperature showed that this increase
in absorption occurred at still lower levels of Zn2+; From these new
findings, it apbears that the increase in absorption at 340 nm in Fig. 1
may'be due to microprecipitation at these high levels of NADPH and Zn2+.r
Further study is continuing~in.this area into the possibility of NADPH
and Zn2+ interactions occurring even though the u.v. spectral analysis

which is mentioned in this chapter shows no perturbations.
( ,



CHAPTER 3~

INHIBITION OF NADPH OXIDATION AND RELATED DRUG

OXIDATION IN LIVER MICROSOMES BY ZINC

In a recent study, it was shown that the administration of Zn2+

to rats protected the liver from CC1,-induced hepatotoxicity (75). The

4
data indicated a decrease in the peroxidation ofvunsaturated fatty acids,
since the rate of malondialdehyde formation was significantly slower in
liver microsomesAfrom Zn2+-treated animals. It is generally assumed
that CCl4 initiates lipid peroxidation after it is converted to a tri-
chloromethyl free radical (°CC13) by microsomal drug-metabolizihg
enzymes and that °CCl3 is the actual hepatotoxic speciesA(S,QO). Two
possible mechanisms could explain these findings; 1) that Zn2+ was
preventing the microsomal conversion of CC14,to °CClS, and/or 2) that
Zn2+ was interacting with the polyunsaturated fatty acids of the biomem-
branes, thus rendering them resistant to peroxidative deterioration.

In this chapter we explore the firét hypothesis, namely,_that
zinc interferes with mixed-function oiidases residing in smooth endo-
plasmic reticulum of liver microsomes. It has been well established.
that the mixed-function oxidation consumes equal amounts of NADPH, oxy-
gen, and drug as a subsfrate._ Thus,'fhe initial step iﬁ liver microsomal. -
electron transport involves transfer of eléptrons from NADPH to redﬁce
the oxidized heme P—450-substrate complex by way of NADPH-cytochrome-c

20
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reductase. The reduced thochrome P-450 substrate complex then reacts
with molecular oxygen to form the oxygenated complex (29). The oxida-
tion of NADPH in the initiation of microsomal electron transport
resulting in oxidation of abdrug was assumed to be the likely target for
zinc effect. The preliminary report indicating such an effect has
already been published (91).

.~ The micfosomes will also catalyze an NADPH-dependent peroxidation
of endbgenous lipid (26). This reaction involves the transient formaQ
tion-of 1lipid peroxides, leading to deterioration of polyﬁnsaturated
fatty acids and producing a variety of degradation products, including
malondialdehyde. Assuming that zinc inhibits microsomal NADPH oxidation
(91), we suggest that by this mechanism‘both oxidation of drugs and
NADPH-oxidation dependent lipid pereoxidation in the endoplasmic reticulum
should be inhibited. The experimental data supporting the view that
zinc ions inhibit enzymatic lipid peroxidation were published

elsewhere (79).

Methods

All ekperiments reported in this study were performed with micro-
somes isolated from aduit Sprague-bawley rats of both sekes; After
exsanguination of the animal, the liver was thoroughly perfused with at
least 20 ml of ice-cold saline_through either the portal vein or the
inferior vena cava. .

Liver was homogenized in phosphate buffer (0.01 M, pH 7.0) or
TrisQKCI buffer (0.05 M Tris HCl and 0.153 M KC1 buffer, pH 7.4) an& is

described for each study. Tris-KCl buffer had a tendency to decrease



22
enzyme activity as compared to phosphate buffer but phosphate buffer
precipitated Zn2+ at higher levels so that the buffer was chosen’
according to the parameter being studied. Homogenization was performed
in an all—glassvhomogénizer and microsomes were isolated from the super-
natant of 15,0001g centrifuged for 20 min as described in a previous
paper (92).

In experiments with dialyzed microsomes, an aliquot of micro-
somal fraction»homogenized in 0.01 M phosphate buffer, pH 7;0, was
dialyzed for 2 hr at 4° against 5 mM EDTA, 1 mM 1,10-phenanthroline, pH
7.0;.and then against 0.01 M phosphate buffer for 24 hr. The pH of'the

microsomal fraction after dialysis was adjﬁsted to pH 7.0.

NADPH Oxidation
The rate of NADPH oxidation was recorded at 340 nm at 32° on a
Beckman'Acta III’spectrophotoﬁeter in quartz cuvettes. The reaction
vessel contained 141.7 mM sucrose and 96 uM NADPH (Sigma) in either
Tris-KCl or phosphate buffer. Enzyme activity Was initiated by adding
1-6 mg of microsomal pfofein in a final volume of 3 ml. MnClZ,'MgCIZ,

or ZnCl2 was added as indicated in Results of this chapter. The initial
‘velocity of the oxidation was obtained in min 1 of the reaction, since

the rate tended to decrease with time.

Microsemal Drug.Oxidases
The microsomal fraction for the determination of microsomal
drug—metabolizing'activity and glucése 6-phosphatase- activity was pre-

pared as follows: 1livers were perfused in vitro as described,
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homogenized in 1:3 (w/v) of Tris-KC1 buffer (50 mM Tris-HC1-154 mM KC1,
PH 7.4), and the homogenate was centrifuged at 15,000 g for 20 min. The
resulting supernatant was then centrifuged at 105,000 g for 60 min to
obtain the microsomal pellet. This pellet was gently rehomogenized in
1.5 vol of the same buffer. All the above operations were carried out
at 2°. The protein content of the microsomal suspension was determined
by the method of Lowry et al. (93).

The microsomal metabolism of ethylmorphine and aniline was deter-
mined in 3.0-ml mixture consisting of: 5 mM MgClz,:lz mM glucose
6-phosphate, 1 ﬁnit of glucose 6-phosphate,dehydrogenése (Sigma), 0.33
mM NADP, 50 mM Tris-KCl buffer (pH 7.4), 6 mg of ﬁicrosomal protein, and
10 mM ethylmorphine or 1 mM aniline. The mixture was incubated at 37°
for 10 min with shaking, after which the reactions were terminated with
1 ml cf 15% ZnSO4 (ethylmorphine) or with 0.8 g NaCl and 25 ﬁl ether
(aniline). The degree of N—demethylation was estimated by measuring the
amount of formaldehyde formed.according to the method of Nash (94).
Aniline hydroxylase was asséyed according to Sﬁﬁcklcr; Arrhenius, and
Hultin (95).

-In order to insure thatlzn2+ was not seiectively pfecipitating
the microsomal enzymes, the activity of microsomal glucose 6-phosphatase
was determined By incubating S_ﬁmoles glucose 6-phosphate with 1 mg of“
microsomal protein in 0.2 ml of 50 ml‘TriseKC1 buffer (pH 7.4). The
proceduré employed was essentially that aeccribed by Harper (96) with a .

- microsomal suspension being substituted for filtered liver homogenate.



24
The phosphate content was determined by the colorimetric method of Fiske

and Subbarow (97) utilizing the Fisher Gram-Pac (A0974).

Cytochrome P-450
Cytochrome P-450 was determined spectrophotometrically (95) and

1

calculated using the extinction coefficient of 91 mM_ et (98).

Metal Analysis

This analysis was'done on an atomic absorption spectrophotometer,
Perkin Elmer model 305, after digesting the livér sample initially with
concentrated nitric acid followed by digestion in equal parts of nitric
acid and 30% hydrogen peroxide. The digest wasvevaporated to dryness,
the residue was diluted in deionized distilled water, and appropriaté
‘aliquots were;taken for the analysis of zinc, iron, manganese, and

magnesium.

Résults
A linear relation was.found between the rate of formation of
NADP and the prdtein céntent of liver miérosomeS‘Within the concentration
of 1-6 mg proteins in 3 ml medium. Further work reportéd was carried on

within this concentration range of microsomal fraction.

Effect of Zinc on NADPH Oxidation

This effect was studied in a microsomal fraction of the liver at
‘vériOus coﬁéentrations of zinc and at‘7.2, 14.4, and 28.8 mM NADPH added -
to the microsomes, suspended in 0.64 M phosphate buffer.. The rate of

FNADP formation in the system was related to the amount of NADPH added.
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At any concentration of NADPH its oxidation was inhibited by zinc in a
concentration-related manner. The KS value of this reaction was 6.45 mM
NADPH. These data presepted in Lineweaver-Burk d;uble-reciprocal plots
(Fig.VS) show a competitive mechanism for zn?* inhibition. -With a 1/v
intercept of 0.097, the Vmax for the reaction was 10.3 nmoles NADP/min/mg
of proteins. The Ki was calculated to be 7.22 uM Zn2+.

There are several ﬁossible mechanisms by which Zn2+ could
inhibit NADPH oxidation. Direct interaction with NADPH may render this
pyridihe nuclectide more resistant.to oxidation. ,Another péssibility is
the interference of an+ with certain metals involved in. the microgomal
electron transport system. Finally, the inhibition of NADPH oxidation
by Zn2+ may reflect the interference of this_metal with enzymes ét any
step of the microsomal electron transport chain. In the next section,

the results referring to the last two mentioned hypotheses will be pre-

sented. The first hypothesis is under investigation.

Interaction of Zn2+ with Othér Metals

-We tested the possibility that zinc displaces some metals
involved in the microsomal electron transport system. It was shown fhat
‘the granular fraction of polymorphonuclear leucocyteé (84,99) and
mécfophages (100,101) contains an NADPH oiidasé.which is strongly acti-
vated by an+ ions t9§,101), In a receht paper, it was reported fhat
anf inhibited NADPH oxidase from pulmonary alveolar macrophages in a
competitive manner (101). In 1iver,miérosomes, it is the activity §f

cytochrome c¢ reductase which functions as NADPH oxidase.
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protein)”1. The 1/KS value is 0.155 (mM NADPH)"1.
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The studies on the role’of'Mn2+ in microsomal NADPHloxidation
were done with a microsomal fraction dialyzed for 2 hr agdinst 1 mM,
1,10-phenanthroline and 5 mM EDTA -at pH 7.0 ‘and then for another 24 hr
at 4° against 0.01 mM phosphate buffer, pH '7.0. The change in the con--
tent of zinc, iron, magnesium, and maﬁganese_in microsomal fraction due
to dialysis is shown in Table 1. Only a minimal amount of iron (less
“than 9 percent of total iron) was removed by'dialysis. After the second
dialysis, the content of Mn2+'decreased from the original 3.2 to 1.6 ng/g
of microsomal protein. Thus, only 50 percent of manganese was removed
by dialysis. Further addition of anf up to 0.43 mM final concentration
, réSulted in a linear increase of the rate of NADPH oxidation (Table 2).‘-
{ No effect of added Mng within the same concentration range was obserﬁed,
Surprisiﬁgly, addition of small amounts of mn?* (up to 5 uM final con-
centration)vto the EDTA-treated and extensively'dialyzed microsomal
fraction sfimulated the okidation of NADPH (Fig. 6). Within»a range éf
conceﬁtratiohs of 5-30 uM Zn2+, an iﬁhibition of NADPH okidation was
found in two indépendent experiments. The peftinent data from our
experiments are shown in Fig. 6.

The differing effect of increasing concentrations of zinc ions
on NADPH oxidation in nondialyzedrand dialyzed microsomes (Fig. 6) was
suggestive of pdssible interaction 5etween Zn2+ and Mn2+. Further
analysis of this effect indicated rather complek relations between both
metals. Table 3 represents the results of one typical experiment,:which
has been reproduced in tﬁree similar experiments. The data show that

increasing Zn2+ cdncentratioh in a dialyzed Sémple from 3.3 to 13.3 uM
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Table 1. Content of some metals in intact .and
CaNa,EDTA dialyzed rat liver

microsomes. 2
2+ L
Me (ug/g protein)

Sample Fe Zn Mo Mg
Microsomes

Nondialyzed 878 95 3.2 452

Dialyzed 800 63 1.6 167
% Dialyzed out 9 30 50 63

#Liver microsomes (250 mg protein) were
dialyzed for 2 hr against 5 mM EDTA and 1 mM
phenanthroline, pH 7.0, at 4° and then 0.01 M
PO4 buffer, pH 7.0, for 24 hr at 4°. Metal
content was determined by atomic absorption.
Data are presented/g protein of microsomal
fraction.

Table 2. Rate of oxidation of NADPH in EDTA-treated
and dialyzed liver microsomes in the presence
of various divalent cations.?

NADP

M2 or Mg2+ . (nmoles/min/mg protein)
concn Zn~ conecn . ‘
(mM) (um) ot wg?t 7n*
0.0 0 29 29 19.7
0.10 3.33 ' 50 29 37.5
0.33 -10.00 157 30 24.0
0.43

13.33 169 29 20.5

a. .. . . . . . .
Liver microsomes were dialyzed as is described in
Methods. NADPH oxidation was initiated by 2.0 mg of
microsomal proteins being added to a cuvette con-
taining 22.5 mM KH2PO4, 13.3 mM NapHPOs4, 141.7 mM
sucrose,; 96 UM NADPH and the above metals at 32°. The
pH value of the incubation medium was 7.4.  Indicated
metal concentration refers to exogenous amount of
single metal added to the microsomal sample.
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initiated by 1.5 mg protein of microsomal preparation being
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Zn2+. The nondialyzed liver microsomes contained 3.5 yg Zn"Vg
protein and the dialyzed sample contained 2.5 yg Zn"™t/g protein
as determined by atomic absorption.
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without exogenous Mn2+‘resu1ted in inhibition of NADPH oxidafion. When
0.1 mM Mn2+ was added, the effect was just the opposite; nevertheless,
at 0.3 mM Mn2+, the oxidation of NADPH was again inhibited with
increasing.2n2+. ~The analysis of the kinetic daté suggests that the
mechanism involving various metal ions in NADPH oxidation is too complex

for rigorous treatment at the present time.

Table 3. Rate of oxidation of NADPH in dialyzed
microsomes at various concentrations of
7nlt or Mn2*.a :

NADP (nmoles/min/mg protein).

2+
Zn2+ » Mn {(mM) N
(uM) : -0 . 0.1 - 0.2 » 0.3
0.0 19.7 20.8 35.1 126.3
3.33 37.5 17.5 - 34.0 - 59.2
10.00 24.0 28.5 " 35,1 24.1

13.33 20.5 42.8 25.6 - 15.4

,aMicrosomal fraction was dialyzed as described in
Methods. NADPH oxidation was measured in a cuvette
containing 22.5 mM KHyPO4q, 13.3 mM NapHPOy4, 141.7 mM
sucrose, 96 uM NADPH, the above amounts of metals
‘and 1-6 mg of microsomal proteins, initiating the

- reaction at 32°. The pH value of the medium was 7.4.
The indicated concentrations of individual metals
refer to amounts added to the sample in excess of
their content left after dialysis. The oxidation
rate was based on min 1 of the reaction.

Effect of Zinc on Some Enzymes of
Microsomal Electron Transport

To test the hypothesis that zinc interacts directly with some

enzyme components of liver microsomal electron transport, we Studied'the
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effect of this metal cation on cytochrome P-450. Supplementation of
Zn2+ at two different concentrations (1 and 100 uM) to isolated micro-
somal fraction incubated under slight shaking in Tris-KCl buffer for 10
or 40 min at 25° did not result in any change of speétral characteristics
of cytochrome P-450. The characteristic maximum at 450 nm as well as
the shoulder at 420 nm was idenfical in all samples.analyzed.

Effect of Zinc on the Activity of Some
Oxidases in Liver Microsomes

Inhibition of NADPH oxidation inriiver microsomes by zinc, as
documented above, éhould'result in inhibition of drug oxidation. To
' experimentally verifyvthis stateﬁent, wé studied the effect in vitro of
Zn2+ in a final concentfation of 5-150 uM on the NADPH—dependent micro-
somal oxidation of aniline énd N-demethylation of ethylmorphine.  The
data in Fig. 7 indicate the inhibition of aniline hydroxylase activity
byliinc, 50 percent inhibition being obtained at 60-70 uM zinc concen-
trations. These data are similar to the previouély published data for
ethylmorphine N-dgmethylation (91). Under similar experimental condi-
tioné, theAactivity of glucose 6-phosphafase, an enzyme independent of
NADPH oxidation, was not affected by the presence of Zn2+ (Fig. 7).

Figure 8 presents data on the effect of zinc on the acti?ity of
aniline hydroxylase as weil.as ethylmorphine N-demethylase by plotting
the reciprocai rates for velocity of product formation as a function of
zinc concentration. _The slopes of linearly transformed data clearly
indicate thé inhibitbry effect of zinc on both enzymes depeﬁdent~on

NADPH.
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7. Effect of Zn™+ on the activity of aniline hydroxylase and
glucose 6-phosphatase in liver microsomes. -- Aniline (1 mM)
was incubated for 10 min in a 3-ml incubation medium (pH 7.4)
consisting of 5 mM MgCl], 12 nM glucose 6-phosphate, 1 unit
glucose 6-phosphate dehydrogenase, 0.33 mM NADP, 6 mg of micro-
somal protein, 50 mM Tris, and 154 nM KCI. Glucose
6-phosphatase activity was determined by incubating glucose
6-phosphate with microsomes suspended in Tris-KCl and the Pi
determined by the colorimetric procedure of Fiske and Subbarow
(97). Each point represents the mean of two incubations.
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10 min in 3 ml medium (pH 7.4) consisting of 5 mM MgCl], 12 mM
glucose 6-phosphate dehydrogenase, 0.33 mM NADP, 6 mg of micro-
somal protein, 50 mM Iris and 154 mM KC1. The rate of reaction
was determined by measuring the product of each reaction: HCHO
for ethylmorphine N-demethylase and p-aminophenol for aniline
hydroxylase. Each point is the mean of two incubations.
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To ascertain if various'anidns of zinc compounds play any role
in the inhibitory effect of Zn2+, we studied the effect of four zinc
salts at 0.1 mM concentration on the activity of ethylmorphine
N-demethylase in liver microsomes. Our results indicate that zinc
gluconate was the least inhibitory (50 percent inhibition) and zinc
acetate the most inhibitory (63 percent) when initial rates of product
formation were followed. Zinc chloride and zinc sulfate inhibited by 50

and 56 percent, respectively.

Discussion

The aim of this study was to explain the possible mechanism(s)
by which zinc administered in vivo protects the liver against CCl4
hepatotoxicity (75,76). The results of this study in vitro indicate that
zinc inhibits the oxidation of NADPH in livqi microsomes by a competitive -
mechanism. A logical consequence of blocking NADPH oxidation in the
presénce of Zn2+ would be inhibition of all microsomal reactions dépen-
dent on the transfer of electrons from NADPH. The activity of two NADPH-
dependent microsomal enzymes, i.e., aniline hydroiylase and eﬁhylmor-
phine N-demethylase, was inhibited by the addition of Zn2+ to the incu-
bation ﬁedium. Another enzyme, bound also to endoplasmic reticulum, but
independent of NADPH oxidation,vi.e., glucose 6-phosphatase5 was not
affécted by zinc.ioné. This finding indicates that the deScribed,effect'

of Zn2+ on NADPH oxidation or the metabolism of two drugs was mnot
2+

related to eventual microprecipitation of microsomal proteins by Zn"~ ,

but to specific interaction of the metal with some components of the

drug-oxidizing system. Thus, the decreased oxidation of some drugé
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metabolized to a hepatotoxic product might explain the protective effect
of zinc on carboﬁ tetrachloride-induced liver damage (75,76).

Zinc is obviously not the only metal inhibiting microsomal elec-.
tron flow, Mm2+ and C62+ were shown to inhibit peroxidation of phospho;
lipids in liver mic¢rosomes (102), possibly by competing with Fe3+ for
binding sites on the microsomes (81). It has to be stressed, however,
that contrary to the Zn2+ effect both Mn2+ and Co2+ were effective at mM
concentrations, while'Zn2+ was inhibitory at uM concentrations. While
this study suggests that increase in zinc coﬁtént in liver microsomes
may reduce hepatié drug metabolism, a similar effect was reportéd by an
opposite situation, i.e., by zinc deficiency (103). Furthermore,
despite the~comp1§xity of Zn2+ and an+ interaction in the tested
rsystem, tﬁe»data do not suggest an additive or syﬁergistic effecf.

It would be premature to speculate on the possible biological
implications of this finding. A direct,proof-should be-presented first
that'such an inhibition of drug metabolism and eventually lipid peroxida-
tive deterioration of polyunsaturafed fatty acids by zinc occur also
after administration in vivo of this metal. The already mentioned pro-
tection of CCl, hepatotoxicity by zinc in rats supports such an

4
assumption (75;76).



CHAPTER 4

EVIDENCE FOR THE FORMATION OF THE -

BINUCLEAR COMPLEX, Zn,-NADPH

We have shown that zinc ions inhibit the enzymatic microsomal
electron transport chain essential to the drug oxidizing‘system of liver
cells in vitro (91,104). The mechanism of this inhibition .is unknown.
Since oxidation of NADPH is the initial reaction of the éystem, we
investigated‘the possibility that binding of zinc to NADPH could be
involved in this inhibition. |

Results of other studies have indicated interactions of zinc’
with related nucleotides. Zinc forms stable éomplexes with 5“-AMP (105),
ADP (106), and ATP (107,108). NADH was found not to bind zinc (109,110).
A1l of these nucleotides contain adenine and phosphate moieties and all
except.NADH bind with zinec. |

Since the relative stability of some'zinc-nucleotide complexes
appears to increase with increasing numbers of phosphate groups in the
nucleotide (110), we hypqthesized that while zinc might not bind to
'NADH it could bind NADPH as the latter compound contains an additional
phogphate group; In this study, we demonstrate that zinc does, in fact,

bind to NADPH and we suggest a structure for the resulting zinc-NADPH

binuclear complex.

36
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Materials
NADPH (tetrasodium salt, 99% pure) and NADH (disodium salt, 98%
pure) were obtained from.Sigma Chemical Co. ZnCl2 (ultrapure) was packed
under argon from Alfa Inorganics. Sephadek G-10 was obtained from
-Pharmacia and DZO from Bio Rad Laboratories. All experiments were per-
formed in 0.05 M Tris-HC1 buffer, 0.154 M KC1l, pH 7.4 or 0.01 M Hepes,

0.154 M KC1, pH 7.2 as is indicated in the experiment.

Methods

The interaction of zinc ions with NADPH and NADH was studied by

5
Y

four methods.

Equilibrium Gel Filtration

Equilibrium gel filtration was used to study the binding of zinc
ions to‘NADPH and NADH as described by MantoﬁrﬁAand Riley (111). This
method was chosen instead of a titration'techhique because: (1) we did
not know the number of metal ions bound to each pyridine nucleotide
molecule, (2) the nucleotide bound to the metal ion could not be dis-
tinguished from free nucleotides, and (3) the limited solubility of zinc
hydfoxide. Zinc and pyridine nucleotide equilibrium gel filtration was
carried out with a Sephadex G-10 column (22100‘cm) in 0.01 M Hepes
buffer, 0.154 M KC1, pH 7.2, and flow rafe of 0.5 ml per min_maintained
by a peristaltic pump.. After equilibrating a Sephadex G-10 column with
a buffered soluiion containing a known concentration of the zinc ion of
interest (See Results), 13.3 umoles of pyridine'nucleotide in 0.2 ml of

buffer was_added to the column and eluted with the zinc solution used
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for equilibrating the column. Fractions of approximately,l ml were col-
lectgd and NADPH, NADH, and zinc were'meésured. NADPH and NADH concen-
trations were obtained by meésurement of their absorbances with a
Beckman Acta III spectrophotometer at 340 nm using thelexperimentally
determined ektinction coefficient of 5.456 cm'l mM-l. This value is
approximately equal to that reported by Hrycay and O'Brien (112). Zine
ion content in the eluate was measured by atomic absorption in a Perkin
Elmer Model 305A spectrophotometer. Recovery of the pyridine nucleo-
tides from the columm was at least 87% in all experiments.

The binding of zinc to NADPH was studied in-Tris-HCI and Hepes
buffers since»Hanlon, Watt, and Westhead (113) have shown an interaction
of Tris-HC1 buffer with zinc ion. Our studies also suggest an inter-
action since ZnCl2 was soluble in Tris-HC1l buffer beyqnd that indicated
by the solubility product of Zn(OH)2 at pH 7.4. This suggested a zinc-
" tris (hydroxymethyl) aminomethane complex being present whiéh was soluble.
Hepes buffer at pH 7.2 was chdsen because of no apﬁareﬁt‘interaction

with the zinc, i.e., ZnCl2 solution in Hepes did not exceed the solu-

 bi1ity product of Zn(OH)Z.

Ultraviolet Spectrum

The ultraviolet spectrum of a solution of 96 ﬁM_NADPH was
recorded ih the range of'220-400 nm in the ﬁfesence qf‘13.3 uM ZnCl2 as
in Bruice aﬁd‘Benkovic's study (109) with NADH and zinc. NADPH and

ZnCl, were made up in 0.05 M Tris-HC1l buffer, 0.154 M KC1, pH 7.4.

2
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Fluorescence Spectrum
The fluorescence spectrum of NADPH at 1 uM with and without 1.25

uM ZnCl,. was recorded with excitation of 345 nm and emission at 460 nm.

2
- The zinc and NADPH were in 0.05 M Tris-HCI buffer, pH 7.4, and measure-

ments were made on an Aminco-Bowman fluorophotometer.

Nuclear Magnetic Resonance

Nuclear magnetic resonance studies of NADPH and NATCH were per-
formed on a Varian CFT-20 spectrometer at 32 MHz for B}P. 32 umoles of
the pyridine nucléotides were recorded in‘10 ml of 0.05 M Tris-HCI

buffer, pH 7.4, 20% DZO’ and zinc additions of 40 umoles.

Acid Dissociation Constants

The acid dissociation constants of the phosphate groups of NADPH
were determined by acid fitration of the tetrasodium salt of NADPH. 34
umoles of the NADPH in 20 ml of 0.157 M_NaNO3 were‘titrated with 0.1 M~
HC1. Titrations were performed at 25° under a nitrogen atmosphere. The
~glass electrode saturated calomel electrode pair wag calibrated at pH

6.86 and pH 3.56 with National Bureau Standard buffers.

Results
A characteristic elution pattern of NADPH from the Sephadex G-10

- column equilibrated with ZnCl, in Hepes_buffer is shoWn'in Fig. 9. - The

2
elution pattern indicates that zinc binds to NADPH. The elution patterns
of NADH under identical conditions indicate that zinc binding does not

occur.
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Elution pattern of zinc and NADPH in 0.01 Hepes buffer, 0.154 M
KC1, pH 7.2, from Sephadex G-10 column. — The column was
equilibrated with 111 yM ZnCl] (¢) in Hepes buffer and 13.3
ymoles of NADPH (o) was added and eluted with the zinc solu-

tion. Recovery rate of the NADPH was 87%.
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In order to determine the number of'zinc ion binding sites and
the association constants of the zinc-NADPH complex, gel filtration
colums were equilibrated at different concentrations of zinc ion.

.Analysis of the binding data was based on the equilibrium equations:

k
NADPH + zn° «—2:8PR: _ NADPHeZn [1]
i ——
2+ k2 a
NADPHeZn + Zn“® 428D NADPH-Zn,, [2]
Am——

The apparent association constants k and k2 app at pH 7.2, and
. = s ° .

1,app.
ionic strength 0.157 M, can be written as

_ _[NADPH-Zn]
Ky app, = —ADPHZN] [3]
[NADPH] [Zn”" ]
[NADPH- Zn,, ] |
o i | (4]
- T2,app. '[NADPH‘ZH][Zn2+] ' | -

where [NADPH] represents all forms of the uncomplexed ligand in -

moles/liter as in eq. 5:

[NADPH] = [H,L] ¥ [HSL-] + [HZLZ_] + HLS’] + [L4f]

(5]

Equation 5 is pH-dependent and is taken into account later in the calcu-
. . +

lations. [Zn2+] represents the free molar concentration of an , and

[NADPH-Zn] and [NADPHoZnZ].are the molar concentrations of the complexed

species.
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A function v is defined as the number of moles of zinc bound per.

mole of total NADPH, [NADPHT]r

5 = (moles of Zn2+ bound) ‘ [6]
(moles of"NADPHT) '

" where
[NADPHT] = [NADPH] + [NADPH-Zn] + [NADPHoZnZ] [71
Substitution of eqs. 3, 4, and 7 into eq. 6 gives:

SR W i I 2k1k2[Zn2+]2
Ve 3+ v - (8l
1+ kl[Zn 1+ klkz[Zn 1

Rearrangement of this equation gives:

(21?6 - 2], 1 1 6-0], 1 _,
L S R e X

v 1 v 1¥2

[9]

which is the equation for a straight line with the slope equal to
%—-and the y-intercept equal to - ili—" When the observed gel filtra-
-2 : , ' 172

tion data (Table 4) are plotted according to eq. 9, the resulting
straight line (Fig. 10) fits the aséumption that two moles of zinc are

bound per mole of NADPH. The values of k and k obtained
1,app. 2,app :

from a least squares analysis-of the data are 103'73 and 102'99

3

respectiValy.



Table 4. Determination of v from Sephadex
G-10 columns.2

Zn (M) | | v (* SEj

8.0 x 107° .0212 + .00025
5.6 x 1070 .0310 # .00035
9.6 x 107° ’ , .0433 * .00025
0.7 x 1070 ©.0410 % .00030
11.1.x 10°° .0648 + .00028

%Colums were equilibrated with the above
concentrations of zinc ion and NADPH eluted
as described in Methods. v was determined
as described in the text.

43



[Zn2+](v-1)\ ( x 103)

slope=

Fig. 10. Graph of the experimental data from the Sephadex G-10 column

run five times each time in one of five different concentra-
tions of zinc ion in Hepes buffer. -- o = 80 yM, ¢« = 86 yM,
i =97 yM, A= 96 yM, and D = 111 yM. Derivation of the
straight line equation is presented in the text. Least

squares analysis has a correlation coefficient of 0.993 and
kl,app. = 105-76 and k2,app. = 102-99.
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To determine whether the binding of zinc to NADPH involved the
chloride ions in the solution, the column was run under the same condi-
: tioné exceptAthat Zn(NOS)2 replaced ZnCl2 and NaNO3 replaced'KCI. Also,
the possibility of the Hepes buffer reacting with the zinc was tested by
running the column with the buffer concentration increased by a factor
of ten. Values fér v from these columns fit the straight line plot as
in Fig. 10. The column with Tris—HCl buffer instead of Hepes buffer at"
the same zinc chééntration also resulted in the same elution pattern as
Fig. 9, indicating that the zinc-tris(hydroxymethyl)aminomethane complex
~ did not change the metal-nuc¢leotide complexes.

To determine the zinc binding sites of NADPH, the ultraviolet
spectra of the compounds were recdrded. Scanning of NADPH and NADH from -
220-400 nmrwith and without the addition of zinc. resulted in identica1
maxima at 260 nm and 340 nm. This agrees with Bruice and Benkovic's
(109) observations that zinc caused no shift in the UV spectrum of NADH.
Also, the fluofescence spectrum of NADPH with zinc gavé maxima identical
with those obtained with NADPH alohé, at én ekcitation wavelength of
346 nm and emission at 460 nm. These maxima are similarrtp those
observed by Eleviich (114) with NADH. Thus, our results indicate that
zinc does ﬁot cause any perturbations in the fluorescence spectrum of
NADPH. |

The possibility of zinc binding t0»thevphosphate,moieties of
NADPH was investigated'by'doing the 31P NMR spectra of NADPH and NADH
with and without zinc additions. The spectra indicate binding of zinc

to NADPH but not NADH. As seen in Fig. 1la, the peak at.5 ppm is due to
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25 20
ppm

317 NMR spectrum of 3.2 nM NADPH. — (a) Tris-HCI1 buffer, 20%
D20, pH 7.4; 15,242 transients, 0.511 sec acquisition time,
10 ysec pulses with broad band proton decoupling. (b) 4 nM
ZnCl2 in Tris-HCI buffer, 20% D20, pH 7.4; 11,427 transients,
0.511 sec acquisition time, 10 ysec pulses with broad band

proton decoupling.

Fig. 11.
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the diphosphates, while the peak at 20 ppm is due to the phosphate on
the 3-carbon of the adenine ribosyl portion of NADPH. The spectrum of
NADPH with zinc (Fig. 11b) indicafes that zinc causes a shift of the
phosphate peak at 20 ppm and a slight.narrowing of the diphosphate peak
at 5 ppm. |

Since the binding sites of zinc to NADPH involve the phosphate
moieties of NADPH, the association constants of the four phosphate groups
were determined. The titration curve of the tetrasodium of NADPH with
HC1 is shown in Fig. 12. Also shown in Fig. 12 is the Gran Plot
analysis (115) of the pH-volume data obtained from the titration. By
plotting the dafa as described by Seymour and Fernando {115),'the:slope

of the Gran plot is - %—-and the interaction with fhe'x-axis is the
4 A _ S

volume at the equivalence point. The titration was carried out at the

same ionic strength as the gel filtration (0.157 M) and the value of pK4

was found to be 6.01. The first three pX values were found to be

several orders of magnitude less than pK4 and were not célculated.

Since the binding studies were performed at pH 7.2, the only significant

proton interactions of NADPH will be:

adenine édening .

0 CH ribose 0——CH,,——ribose

2 o 2
0= T————O T K 0 = P——0 ?-

. N 4 - | : .

cl) o='1l>‘_ ) e— ? o=rl>——o' + H
0= llj-—-—o‘ 0~ o‘= P— 0" 0~

O——=CH, nicotinamide 0——CH, nicotinamide

2 . o 2
o0 - |7

ribose _ ribose
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-6
=
w 2
-5 pH
4
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i y point -3

1 2 3

4 S .6 7
HCI (i)

Fig. 12. Acid titration of the tetrasodium salt of NADPH and the Gran
plot derived from the acid titration curve. -- o = acid
titration and # = Gran plot.
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or as shdwn in egs. 10 and 11:

I SV L L , [10]
+. 4

Ky = = - S 1]
[HL™ ]

The other three.protonafed sPecies are stronger acids and they will not
be present in significant amounts at pH 7.2.

The apparent association constanté determined by the gel filtra-
tion are conditional constants, dependent on the pH and the ionic
strength of the solution (eq. 5). The-frue formation constants are

expressed byf

Sk
L4+ zn?t z;—l;e— ZnL?" - [12]
S =
2- 2+ k2 : ‘ :
ZnL™ + ZIn £————0 7n,L [13]
— 2
k) = 4'fn’~ L | [14]
[L° 1[Zn" ]
' [ZnZL]
"k, = : [15]

[ZnLZ_][Zn2+]

From eq. 14,.ki‘is determined by the amount of ligand in the L4 form,
and not uncompléxed NADPH as shown in eq. 3. However, Lé- is related to

the uncompléxed NADPH concentration by the expression:
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[L4‘] = o, [NADPH] ' [16]

where o, is the fraction of uncomplexed NADPH in the L4_ form. Recalling

4
that at pH 7.2 the only important ionic species of NADPH are the HLS_
and L4-, a, may be written as:
4-
' [HL™ ] + [L° ]
Substitution of eq. 11 into eq. 17 gives:
K ' .
o, ='__f:_ﬂ_____ _ [18]
H]+K

4

, and pH are known, the value for o, is 0.93 or

The relationship between the apparent kl and the true kl can

Since the value of K

1070033

be shown by substituting eq. 16 into eq. 14:

2=
K. = [Znl" ] - [19]
1 1zn?' o, [NADPH]
Rearranging eq. 19 and substitution from eq. 3 gives:
kl o _ ' '
k. = —22PP. [20]
1 o
4 ,
e Taa . 3.73 ' -
kl app of the Zn-NADPH complex from Fig. 10 is 10 ; therefore, kl

3.76

from eq. 20 is 10 It is seen that kz.is nOt,dependentvoﬁ the
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concentration of L4‘ so that the value of k2 obtained from the linear

least squareés analysis is 102'99.

Discussion
Zinc binds to .NADPH to form a mononucleér complex and a binuclear
complex. The forﬁation constant of the mononuclear complex is 10'3'76 at .
an ionic strength of 0.157 M. The formaéion constant of the binuclear

2.99

complex is 10 The zinc binding sitgs of NADPH were studied by

examining the ultraviolet, fluorescence, and 51

P NMR spectra in the
presence. and absence of zinc ion. | |

The addition of zinc ion did not change the UV absofpfion maxima
of NADPH at 340 and 260 ﬁm. These maxima have been attributed to the
reduced form of the nicotinamide moiety‘and”the adenine portion, respec-
~tively. Hence, zinc does not bind at thése sites and does not cause any
changes-iﬁ the electron.distribution in these groups. ' This agrees with .
Iweibo and Weiner (116), who showed that zinc does not bind to the
adenine moiety of NADH. The fluorescence spectra of NADPH which arises
from the reduced form of the nicotinamide.moieﬁy of the molecule is also
not influenced by the addition of zinc ion and indicates that Einc is
not bound to any of the donor atoms in the ﬂiéotinamide group.l Both the
UV and fluorescence spectra support Tékahashi and Harvey's (117) studies
which report that ﬁeither nicotinamide nor the adenine portions of NADH
interact with the zinc atoms in alcohol'dehydrogenase.

The 31P NMR studies show that zinc forms complexes with NADPH

and not with NADH. - Furthermore, the spectra indicate that zinc interacts .

with the monophosphate group on the 3'-carbon on the adenine ribosyl
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portion of NADPH. Similar zinc-ribosyl phosphate interactions have been’
‘reported with AMP (105), RNA (118), and inosine S'ﬁonophosphate (119).
Weitzel and Spehr (110)'theorizedjthat the stability of the zine-
nucleotide complex increased as a function of the number of phosphate
grouﬁs present which is supported by this study. Similar findings were
reported by Rifkind and Eichhorn (105) with Zn-5'-AMP in which a
phosphate-metal interactioh as well as a phosphate-metal-adenine linkage
'is shown. Our studies with NADPH and NADH did not show adenine inter-
actions with zinc. |

The possibility of zinc bindiné to the chloride ions as indi-
cated by McCall and Taylor (120) in the Zn—(9-mefhyi-adenine) complex

was eliminated since the gel filtration with Zn (NO instead of ZnCl2

3)2
did not change the elution characteristics.

Our results indicate zinc is Eound to NADPH as 'shown in Fig. 13.
In this model, the first zinc atom forms a linkage between the monophos—'
phate and diphosphate moieties. The second zinc atom links the
remaining oxygen of the monophbsphate'with,the diphosphate to form a
ten-membered ring structure. The ring is "puckered" as seen. in Fig.v13
so’that there is minimal stress. The overall formation constant of the

binuclear complex is 106'75.

The formation of a ring will restrict the
rotation of the adenine and nicotinamide groups which in turn may-limit
the availability of the reduced nicotinamide ring to enzyme oxidation.

A similar effect where zinc stabilizes DNA (121) was reported. The evi-

dence that zinc inhibits NADPH-dependent microsomal reactions (104) may

be explained by the binding of zinc to NADPH, thereby making the complex



Fig.

13.

Zn2-NADPH

Proposed scheme of zinc binding with NADPH based on the
experimental results of two zinc moles bound to one NADPH
molecule.
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more resistant to enzymatic electron loss orvhindering the formation of
the enzyme-substrate intermediate. Since zinc interacts with the sub-
strate this does not exclude the possibility of zinc ions interfering

with some enzymes of the microsomal electron transport chain or other

necessary metal ions of this system.



CHAPTER 5
GENERAL CONCLUSIONS-AND FURTHER PROJECTIONS

The formation of the binuclear complex, Zn.,-NADPH strongly indi-

2
cates that zinc ions inhibit hepatic lipid peroxidation by preventing
this pyridine nucleotide from functioning in the microsomal electron
transportrsystem. Evidence is presentgd in this study which shows that
NADPH oxidase (cytochrome ¢ reductase), aniline hYdréxylése, and ethyl-
morphiné’demethyiase are inhibited by zinc ions. These enzymes afe
NADPH-dependent, while glucose-6-phosphase, which is also bound to the
endoplasmic reticulum but not dependent on NADPH, was not inhibited by
zinc iqns. .Therefore, zinc ions are inhibiting the production of 1lipid
peroxides. |

iLipid peroxidation must first be initiated as in thé mierosomal
electron transport chain, and then it must be perpetuated by producing
free radicals as in the unséturated.lipids of the biomembranes. Zinc
ions may bé inhibiting hepatic 1lipid peroxidatioh by interacting with
the phospholipids of the membranes, thus making them more resistant to
peroxidative damage. Therstabilization of lysosomes and erythrocytes by
zinc ions from lipid péroxidation has been shown by Chvapil and coworkers
(122-124). Results of sevérai studies indicate that-zinc ions increase

the rigidity of model systeﬂz-of phospholipids (125).

55
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The research reported here only begins to explain the mechanism
of zinc ions inhibiting'hepatic lipid peroxidation, namely the microsomal
‘electron transport system. Another aspect of zinc ions in lipid peroxi—
dation which has been documented (122-124) must still be investigated,
that is, the stabilization of biomembranes. _ i

To complete the study of the mechanisms of the effect of zinc
ions in hepatic lipid peroxidation; membrane stability will be investi-
gated, and then these mechanisms which have been elucidated in the in
vitro system will, in conclusion, be tested in the in vivo system.

Biomembrane stability will be studied by ﬁeasuring the degree bf
"fluidity" of the membréne as-a function of zinc ions. This will be
done by measuring phospholipid exchange in the presence and absence of
zinc ions. Transport of ions across the membrane will also be examined.
The profile of polyunsaturated fétty acids of the membfane may also vary
in the presence of zinc‘ions. Siﬁce the\binding of zinc ioms to the
phosphate moieties is well known, the pbssibility of zinc ions intér-
acting with the phospholipids of the membrane is very real.

The final proof of the mechanisms of zinc ions inhiﬁiting
hepatic lipid peroxidation will be in the animal studies in which condi—‘
tions knbwn to be due to hepatic lipid peroxidation will be tested on
high zinc fed rats and normal zinc fed rats. Parameters of lipid peroxi-
dative'damage will then be measured. A model system of,hepatiﬁ lipid
peroxidation is carbon tetrachloride poisoning which has already been

shown to- be ameliorated by zinc administration (75-77). Other systems
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to be investigated are ethanol-induced liver injury, oxygen toxicity,
and radiation damage. o

These studies which are outlined here, it is felt, are necessary
to complete the research on the mechanisms of the effect of zinc ions in

hepatic 1ipid peroxidation.
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