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ABSTRACT,

Uroporovhyrinogen I synthetase (EC 4,3.1.8), an enzyme
of the heme biosynthetic pathway mediates the condensation
of four moles of porphobilinoaen to form one mole of
vroporphyrinogen 1I. The enzyme was purified from rat
hepatic cytosol and found to be sensitive to inhibition by
lead chloride, A low molecular weiaht, heat-stable,
dialyzable factor was also isolated from rat hevatic cvtosol
which could nrotect enzvmatic activity from inhibition bv
lead chloride. Ultraviolet and fluorescence spectra
indicated that the nprotective factor appeared to be a
nteridine derivative. Purified nrevarations of the factor
sunported the arowth of the folate denendent bacteria

Lactobacillins casei (ATCC 7469) and Streotococcus faecalis

(ATCC 8043), and also antagonized folic acid bindina to a
specific folate bindina orotein. 1In addition. the factor
produced stimulation of wuroporohyrinoaen I svntehtase
activitv, which was antaaqonized bv folic acid. These data
sugagest that the factor 1is a folic acid derivative.
Pretreatment of the factor with y —alutamyl carboxvveotidase
destrovyed the ability of the factor to protect
uroporohyvrinogen I svnthetase activity from inhibition bv
lead chloride. Pterovlhexaglutamate was also able to

protect enzvmatic activitv from inhibition bv lead chloride.
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Pterovltriglutamate or various nteroylmonoglutamate
derivatives were incavnable of orotecting aaainst inhibition
of enzvmatic activitv bv lead chloride, These data indicate
that the factor is a oterovlnolvglutamate derivative. The
microbiological and competitive wovrotein bindinga assavs
indicate that oicomolar auantitites of the factor were able
to oprotect urovorphyrinogen I svnthetase activitv from
inhibition by 10 °# lead chloride which indicates that the
factor 1is not merelv chelating lead. Factor was unable to
protect against inhibition of 5-aminolevulinic acid
dehydratase (EC 4,2.,1.24) bv 1lead chloride., which also

indicates that the factor does not act by chelation.

It was concluded that the factor was a
pterovloolvalutamate which specificallv interacts with
uroporrhyrinogen I synthetase to protect enzymatic activity
from inhibition by lead chloride. This snecific interaction
and the abilitv of the factor to stimulate enzvmatic
activity sugaests that the nterovlpolvalutamate mav requlate
urororrhvrinogen I svnthetase activity and serve as a
coenzvme for this enzymatic reaction of the heme

biosynthetic nathwav,
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I, INTRODUCTTION,

A, General considerations of lead intoxication.,

1, History of lead use and poisoning.

The toxicity of 1lead compounds has been known since
antiquity. The ancient Eayptiens used 1lead compounds as
homicidal agents, and some historians have claimed the Roman
empire collapsed because of the ingestion of Pb+2 from the
water in 1lead npipes. Physicians of the middle ages used
various lead ccmpounds therapeutically for almost every
possible disease. In the 15th and 16th centuries metallic
lead or lead acetate were used as sweeteners in wine which
resulted in many deaths and disabilities (de Treville,
1964) . This practice was later outlawed and made punishable
by death. With the increasing awareness of the adverse
effects of lead, it was shown that use of heated 1lead type
by printers was responsible for the loss of coordination in
their fingers. The "dry gripes" (i.e., colic - acute 1lower
abdominal pain) in pottery and glass workers were also shown
to be related to 1lead exposure, In the United States
automobile radiators containing lead solder have been used
for the distillation of illicit liguor (moonshine) .
Potentially dangerous concentrations of 1lead have been

encountered in whiskey distilled through these radiators.



Currently, 1lead intoxication is a problem for workers
during the smelting and refinina of the metal, 1in the
printing industry, and in the ©production of storage
batteries. The National Institute of Occupational Safety
and Health has recommended a threshold 1limit wvalue of
inorganic lead fumes and dusts of 0.15 ma/m3 for ambient

working environments,

Perhaps the greatest single source of modern day
environmental lead contamination has been the use of
tetraethyl lead (TEL) as an antiknock agent in gasoline. 1In
the past, gascline has contained as much as 5.0 grams of
TEL/gal. With the increasing use of motor vehicles, lead
intoxication has beaun to appear in non-occupationally
related cases. Persons living close to freeways and other
areas of heavy traffic may have substantially higher blood

lead levels than those living in remote areas (Kehoe, 1961).

2, Absorption, distribution and excretion of lead.

Absorption of lead is primarily by either the
gastrointestinal or respiratory tract. With the aid of
human volunteers, Kehoe (1964 a) has estimated that of the
normal daily intake of lead (350 ug), 310 ua are derived
from food, 20 vg from water and 20 wua from air.
Approximately 5-10% of orally ingested lead is absorbed via

the gastrointestinal tract. Gastrointestinal absorption can



be greatly affected by dietary calcium and vitamin D levels,
A high 1level of calcium in the diet may reduce lead
absorption; whereas, either a high level of vitamin D or low
level of calcium in the diet may increase absorption

(Hammond, 1969).

While the intake of lead from the air is much less than
that from food, the <contribution toward absorption is
approximately ecual (20-30 ug/day). Respiratory absorption
is largely dependent on particle size, If 90% of 1lead
containing particles have a diameter between 0.01 um and 0.1
um, nearly all of the {sad retained is absorbed. However,
when the mean particle diameter is 0.9 um, which is more
typical of wurban air, only 40% of the retained 1lead
particles is absorbed. The remaining larger particles are
moved up the respiratory tree by cilia and swallowed, thus
becomina a source of orally absorbed lead (Kehoe, 1961;
Robinson, 1966). The volume of inhaled air can also greatly
influence absorption. Thus a 1laborer in a lead csmelter
might receive a greater percentage of his daily 1lead
exposure by respiration than would an infant confined to a
crib, Under normal conditions 90% of the lead body burden
in adults 1is contained in bone; whereas, in children under
the age of six years, bone contains only 64% of the total
body burden (Barry and Mossman, 1970). Although this
sequestered pool is normally harmless, mobilization of 1lead

by acidosis, alcoholism or bone fracture can produce a



significantly higher blood and soft tissue level and
precipitate symptoms of lead intoxication. Although Kehoe
(1961) has concluded that the normally exposed adult is in
eauilibrium, he has shown that with an increased exposure to
lead the total body burden will tend to rise without
maintaining a new plateau. 1In contrast, the exchangeable
body burden as measured by blood lead levels seemed to reach
a plateau (Kehoe, 1964 a,b). This points out the inherent
fallacy of presuming blood levels of agents such as lead to

be indicative of total body burden and potential toxicity.

Red blood cells have a higher affinity for lead and
will contain as much as 95% of the total blood lead (Butt et
al., 1964) ., However, this pool of 1lead 1is readily
exchangeable with both soft tissue and bone. Approximately
68% (ca. 36ug) of the blood lead is excreted into the urine,
principally by glomerular filtration (Rabinowitz et al.,
1976) . This implies a rapid equilibration between
intercellular lead and the freely filterable form, When
lead exposure 1is excessive, tubular excretion becomes an
important mode of renal excretion (Vostal and Heller, 1968),
but is 1limited to 150 wug/day (Browder et al., 1973).
Although feces may contain more than 90% of the oral daily
lead 1intake, only 1% or less of this lead is from the bile

and represents excretion of previously absorbed 1lead. The

remaining absorbed 1lead (32%) 1is secreted into the hair,



sweat, nails, saliva and sputum and accounts for the

remaining 12 ug of lead. (Rabinowitz et al., 1976).

3. Clinical manifestations and diagnosis of lead

intoxication,

Clinical svmontoms of 1lead poisoning include anemia,
abdominal colic, acute or chronic encephalopathy, peripheral

neuropathy and nenhropathy.

Lead-induced anemia 1is wusually either hypochromic or
microcytic with a reduced red cell life-span,
reticulocytosis and often basophilic stippling (Waldron,
1966). Anemia due to lead poisoning has many features
similar to iron deficiency anemia. However, bone-marrow
preparations show a higher than normal number of
sideroblasts which is the opposite of that seen in the iron-
deficient state (Griggs, 1964). Signs include pallor, a
waxy shallow complexion, irritability and headache.
Although these signs are typical of other <chronic anemias,
infants and children with 1lead-induced anemia often also

suffer from acute abdominal colic.

Colic 1is manifested by acute abdominal pain, and
includes headaches, generalized muscle aches and
constipation. As symptoms grow more severe, vomiting,

anorexia and weight loss occur. Although these symptoms may



be so severe that a laparotomy will be performed, they may

abate spontaneously if exposure is eliminated (NAS, 1972).

Probably the most insidious and 1life-threatening
symptom is acute encephalopathy. While other symptoms are
relatively mild, acute encephalopathy can occur
spontaneously and lead to death within a few days due to
chronic intractable seizures, coma, and cardio-respiratory
arrest (Chisolm, 1968; NAS, 1972). Pathologically, the most
extensive neuronal injury occurs in the cerebellum, although
cell damage can be observed throughout the entire brain.
Direct vascular damage appears to be the underlying cause of
the increased cerebral edema and increased intracranial
pressure, The signs of chronic encephalopathy occur
gradually and are less severe than in the acute disease.
They include 1loss of speech and motor coordination with a
poorly controlled convulsive disorder. These symptoms occur
most often in children with a 1long history of 1lead
absorption (Chisolm, 1968), Patients who have survived the
convulsions and pains of acute encephalopathy have
complained of muscle weakness and lack of coordination after
the pains have subsided. This peripheral neuropathy which
usually predominates in the extensor muscles of the limbs is
due to demyelination and axonal degeneration of the

associated motor nerves,



Nephropathy may also c¢ccur in adults with a long
history of 1lead exposure. Symptoms associated with
nephropathy may include progressive azotemia, glycosuria,
hvperphosphaturia and hyperuricemia, which may produce gout.
Epidemiological evidence has been presented that children
who were exposed to lead at an early age developed nephritis
later 1in life with a higher than normal incidence of deaths
due to renal failure (Emmerson, 1963; Tepper, 1963) .

Nephrosclerosis due to lead occurs mostly in older patients.

Clinical diagnosis of 1lead intoxication 1is based
largely on a proven history of industrial exposure for
adults or wusually by a history of pica for children. 1In
addition, evidence of anemia with basophilic stippled cells
or an abnormal blood 1lead 1level (i.e., greater than 80
ug/100 ml for adults or 40 ug/100 ml for <children) can be
used as <clinical evidence for intoxication (Lin-Fu, 1972),
Increased urinary excretion of coproporphyrin in excess of
0.2 mg/l or of 5-aminolevulinic acid (ALA) in excess of 2.0
mg/1l are also indicative of excessive lead absorption. An
infrequently used sensitive and specific test for diagnosis
of lead poisoning 1is the measurement of blood ALA
dehydratase (EC 4.2.1.24) activity. This enzyme is very
sensitive to inhibition by lead and is vltimately
responsible for the increased urinary excretion of ALA
during lead poisoning. In children, X-ray examination of

long bones such as the femur may also show evidence of lead



deposition around the metaphyses. This has also been used

as diagnostic evidence for excessive juvenile lead exposure.

4, Lead intoxication in children.

Although 1lead intoxication in adults has been well
studied, the adverse effects in children have gone largely
unnoticed until recently. Nevertheless, children are by far
more vulnerable to its harmful effects. A survey of 21
screening programs comprising 344,657 children who lived in
poorly maintained urban areas showed that as many as one-
third of the subjects had blood lead levels of 40 ug/100 ml
or higher, Such 1levels are indicative of excess 1lead
absorption and may be associated with clinical symptoms of
intoxication (Gilsinn, 1972)., Much of their lead absorption
was due to the eating of peeling chips from walls covered
with lead based paints which contained from 5-40% lead by

weight.

In more recent studies, an increasing number of
children who showed increased lead absorption were not from
older housing in the inner cities or from houses which had
lead painted walls, but were from newer suburban and rural
homes, Toothpaste and toothpaste tubes can pose a threat to
children if they chew on the tube or eat toothpaste which
has 1leached 1lead from an improperly coated tube, Children

may also chew on vencils painted with lead based rpraints or



newspapers which are printed with lead inks. Evaporated
milk cans with 1lead =ce2led seams or improperly glazed
earthenware have also been insidious sources of childhood

lead exposure,

A major source of extremely high lead content which
reflects the deposition of spent TEL from gasoline
combustion is street dirt and surface soil. Occasional lead
levels of 1.0 - 1.2% of surface soil have been reported for
heavily traveled urban streets (Lin-Fu, 1973). Dust samples
from Boston homes were found to contain 0.1 - 0.2% 1lead
which 1is also typical in other areas. Over 90% of airborne
urban lead is due to the combustion of TEL contained in

gasoline,

Evidence has also been accumulating that children are
more susceptible to the toxic effects of lead, The relative
inefficiency of both metabolic and excretory pathways along
with a less well developed blood-brain barrier may partially
explain this greater susceptibility. Deficiencies 1in
dietary iron, calcium and protein coupled with an increased
gastrointestinal absorption of lead have also been cited as

contributinag to a greater risk in children (Lin-Fu, 1973).

B. Heme biosynthesis in relation to-lead toxicity.




Heme 1is an essential prosthetic group which is present
in a wide variety of proteins including hemoglobin,
myoglobin, most cytochromes, nveroxidase and catalase.
Because of this central role as a orosthetic group for these
proteins, it is apparent that the lack of heme caused by
inhibition of the enzymes responsible for heme synthesis
would have disastrous conseaguences on the metabolism and

general biochemical processes of an organism,.

1. Review of heme biosynthesis

The relationship between the work to be presented and
lead toxicity can best be understood by a brief review of
the heme biosynthetic pathway. It is generally accepted
that because of the ubicuitous presence of heme in a wide
variety of organisms, both plant and animal, that its
synthesis must be very similar throughout nature. Although
the molecular weights of the enzymes and other physical
properties may vary between species, the overall reactions
have proven to be similar. A diagram of the heme

biosynthetic pathway is illustrated below.

The first reaction whose product is committed to the
synthesis of heme 1is the condensation of glycine and
succinyl coenzyme-A to form 5-aminolevulinic acid (ALA).
The reaction is mediated by the rate-limiting mitochondrial

enzyme ALA synthetase (EC 2,3.1.37).
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The ALA passes out of the mitochondrion and two
molecules are combined to form one molecule of
porphobilinogen (PBG) by the enzyme ALA dehydratase. Four
molecules of PRG condense under the action of
uroporphyrinogen I synthetase (EC 4,3.1.8) and
urovorphyrinogen ccsynthetase to form one molecule of
uroporphyrinogen III (uro III)., It is this reaction which
is the subject of this thesis and past work will be reviewed
later in this section. Uroporphyrinogen III is then
sequentially decarboxylated to form coproporphyrinogen III
by uroporphyrinogen decarboxylase (EC 4,1,1.37).
Coproporphyrinogen III then enters the mitrochondrion where
the enzyme coproporrhyrinoagen III oxidase (EC 1.3.3.3)
converts two of the remaining four propionic acid side-
chains to vinyl aroups to fecrm vprotoporphyrin IX,
Ferrochelatase (EC 4.99.1.1) then mediates the insertion of
the ferrous ion into prctoporphyrin IX to form the final

product, heme,

glvcine + succinyl coenzyme A

ALA synthetase

ALA

ALA dehydratase

11



PBG

uroporphyrinogen I synthetase

+uroporphyrinogen cosynthetase

Y

uroporphyrinogen III

uroporphyrinogen III

decarboxylase

coproporphyrinogen III

coproporphyrinogen oxidase

protoporphyrin IX

ferrochelatase

+2

HEME

hemoglobin, cytochrome P-450, cytochromes a,b,c, catalase,

myoglobin peroxidase
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The underlying basis of lead-induced anemia is almost
certainly the direct biochemical inhibition of several of
the heme biosynthetic enzymes. Of the six enzymatic steps
involved in heme biosynthesis, two have been shown to be
affected by lead, Inhibition of ALA dehydratase is
responsible for the increased ALA found in both wurine and
blood. Similarly inhibition of ferrochelatase is
responsible for the increased protoporphyrin IX found in the
red blood cells and in wurine (Tephly et al., 1971).
Excretion of coporoporphyrin has long been recognized as an
early warning of 1lead intoxication, However, it is
uncertain whether this is directly due to inhibition of

coproporphyrinogen oxidase,

2, Evidence for increased PBG excretion-during-lead

intoxication,

In severe cases of 1lead intoxication there 1is an
increased urinary excretion of PBG associated with its
accumulation in tissues, PBG excretion in non-lead exposed
adults is less than 1.0 mg/l, and values greater than 1.5
mg/l are considered the upper limit of normal. Evidence for
increased excretion of PBG was first presented by Watson,
Hawkinson and Bossenmair (1953) and Bashour (1954). Haeger
(1957) studied 20 industrial lead workers and reported that
four showed -elevated urinary excretion of PBG. de Kretser

and Waldron (1963) studied 100 1lead vpottery workers and

13



reported that 20 had urinary PBG excretion values exceeding

1.0 mg/1l and two above 2.0 mg/1.

Gibson, MacKenzie and Goldberg (1968) studied three
groups of 1lead workers, The first group contained 15
workers with a "presymptomatic state of lead exposure", A
second group of 30 workers had "mild symptoms such as mild
anemia", and a third group of 16 workers had "severe signs
and symptoms" of lead intoxication. Five of their patients
in group 2 had PBG excretion levels greater than 1.5 mg/l as
did 13 of the 16 in group 3, None of the workers in group

one had PBG excretion levels exceeding 1.5 mg/l.

None of these studies reported procedures for storage
of urine samples., This is important since PBG in urine is
unstable unless frozen and may spontaneously form porphyrins
leading to an underestimation of PBG excretion. These
studies also did not report the daily urinary PBG excretion.
Daily urine voclumes differ among various individuals (Diem
and Lentorrer, 1972) and may also change during lead

intoxication as well as physical exercise.

Gibson and Goldberg (1970) studied the excretion of
heme precursors in 1lead intoxicated rabbits, Urinary
coproporphyrin 1levels became elevated within 48 hours after
the first dose of lead. ALA levels were not elevated until

after the seventh day, while PBG levels were not elevated
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until after the 20th day. The mean urinary excretion level
of PBG was 9.90 + 1,30 mg/l in the lead poisoned group as
compared to 1,20 + 0.20 mg/1 in the control group. Both
coproporphyrin and ALA excretion were also elevated. Brain,
liver, kidney and bone-marrow were also examined for
increased levels of heme precursors. While there was only a
statistical elevation of kidney PBG content, the other
tissues also appeared to have elevated 1levels, These
authors should have reported their percent recovery of PBG
from tissue, Since it is cuite difficult to extract PBG
from tissue samples, it 1is 1likely that the tissue PBG
concentrations reported are low. ALA 1levels were also
elevated in liver, kidney and bone-marrow. Tissue 1lead
levels were reported for brain, 1liver and kidney. When
expressed in equivalent molarity for wet tissue, the tissue

5

lead concentrations were 1.13 x 10 ° M, 6.17 x 1072 M and

1,45 x 10-4 M for brain, liver and kidney, respectively.

Although these studies do not indicate that there is a
massive excretion of PBG during lead intoxication, they do
suggest that uroporphyrinogen I synthetase, the enzyme which
utilizes PBG may be inhibited. The Km of uro I synthetase
is the second lowest (ca. 10-6M) of the six heme synthetic
enzymes (De Matteis, 1975). During pveriods of increased
heme demand, ALA synthetase levels increase in an attempt to
compensate for the heme deficit. However, if a second

enzyme such as uro I synthetase 1is inhibited to a rate
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slower than any of the other enzymes of the heme pathway, it
will become the new rate-limiting enzyme. Thus, inhibition
of uro I synthetase activity in periods of increased heme
demand would be expected to result in enhanced urinary PBG

excretion and possible impairment of heme production.

C. Review-of -past-studies-with-uroporphyrinogen-1I

synthetase:

Urovorphyrinoaen I synthetase 1is responsible for the
condensation of four moles of PBG to vyield one mole of
uroporphyrinogen I (uro I) and was first isolated from
spinach leaves by Bogorad (1958 a,b,c). Since then numerous
reports have appeared describing a possible mechanism for
the reaction (see figure 1). While it is relatively easy to
depict a mechanism for isomer I formation, it is much more
difficult to visualize how the biologically active isomer
IIT 1is formed. Bogorad (1958b) isolated from wheat germ a
specific protein, uroporphyrinogen cosynthetase, which
promoted formation of the correct uro III isomer when
incubated with uro I synthetase. Uro III cannot be formed
by incubation of wuro I with the cosvnthetase. Uro I
synthetase has been isolated from & number of different
sources and the enzvme from human erythrocytes has a
reported molecular weight of 25,000 + 5000. In the course
of product formation, 4 moles of ammonium ion are produced

which at high concentrations (0.01M) can act as a non-
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competitive inhibitor. Divalent metal cations such as Hq+2.

Cd+2. Sr+2, Mq+2 and Ca+2

have also been identified as
inhibitors (Frydman and Frydman, 1970; Frydman, 1973).
Frydman (1973) reported that 25mM lead was not an inhibitor,
However, phosvhate buffer was used in the reaction mixture
which is known to form insoluble lead phosphate. Piper et
al., (1976) demonstrated that PbCl2 was a very potent non-

competitive inhibitor for purified rat hepatic and

erythrocytic uro I synthetase activities.

In order to studv the mechanism of the conversion of

PBG to uroporphyrinogen, previous investigators have

synthesized possible intermediates and measured their

incorvoration into the porphyrin ring. Bogorad's agrouo

(Plusec and Boaorad, 1970; Radmer and Bogorad, 1972) have

studied the incorroration of a dinvrrylmethane and a

tetrapyrrylmethane into uvre 1III, Although both of these

substances seemed to be avpronriate substrates, neither

produced significant incorporation into the porpyrin ring.

These data suggest that free dimers and tetramers of PBG are

not intermediates of the reaction. Several other groups

(Battersby et al., 1977 a,b,c; Frydman et al., 1976; Scott

et al., 1976; Frydman and Frydman, 1975; Frydman et al.,
1975) have also studied the incorporation of bilanes
(straight chained P3G tetramers). However, none of these
der ivatives has convincingly explained the ring

rear rangement to form the uro III isomer,.
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Ammonium ion, hvdroxvlamine and methoxamine have been
used extensivz2ly in the study of uromorvhvrinogen formation.
Both ammonium ion and hydroxvlamine can be incorporated into
the nascent uronorohyrinogen molecule and will be released
uoon cvclization and formation of the tetravyrrole rina

(Frvdman and Frvdman. 1975)

Sancovich. Battle and Grinstein (1969 a.b) studied uro
I synthetase from bovine liver. Thev showed that ammonium
ion could act as a non-competitive inhibitor (Ki=0.172 M)
for uronorohvrinogen I synthetase but was a commetitive
inhibitor for the cosvnthetase. The combined effects
vielded sigmoidal kinetics indicative of an allosteric
protein. Physiological levels of ammonium ion are. however.
three orders of magnitude lower than the concentrations used
in these experiments. Another interesting findinag of this
work was the demonstration of an utrafiltrable factor which
could stimulate urovorvhyvrinogen woroduction from PRG,.
Unfortunately. these workers have not remorted anv further

work on this factor.

Piver and Teohly (1974) studied uro I svnthetase and

the direct effect of lead chloride on enzvmatic activity in

vitro. Lead chloride oroduced sianificant inhibition of
human and rat hemolysate enzvme. However., the enzvme

derived from either rat or human 1liver cytosol was not

inhibited bv PbCl, concentrations as hiah as 1074M.  These
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workers concluded that a plausible explanation for the
excess PBG excretion seen in severely poisoned patients is
inhibition of the enzyme in blood or bone-marrow but not in

liver.

Some insight into this differential inhibition of uro I
synthetase activity was obtained when it was realized that
dialysis of hepatic cytosol rendered the enzyme sensitive to
inhibition by PbCl2 (Piper et al., 1976; van Lier and Piper,
1976). Evidence for a heat-stable dialyzable factor was
obtained when non-dialyzed rat hepatic cytosol was
fractionated on Bio-Gel P-30 (Piper et al., 1976).
Fractions were assayed for their ability to reverse
inhibition of uro I synthetase activity by PbClzin dialyzed
hepatic cytosol and fractions containing the protective
factor were pooled and studied. When factor samples were
heated for 30 minutes in a boiling water bath, no change in
protective ability was observed. Treatment with either
concentrated nitric acid or sodium hydroxide for 30 minutes
and subsequent neutralization resulted in a 50% destruction
of the factor. Approximately 80% destruction of the
protective ability of the factor occurred when aliquots were
ashed at high temperatures, This indicated that the
protective factor was an organic substance and not a metal
ion. Neither deoxyribonuclease (deoxyribonucleate 5'-
oligonucleotido-hydrolase, EC 3.1.4.5) nor ribonuclease

(ribonucleate 3'-oyrimidino-oligonucleotidohydrolase, EC
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3.1.4,22) pretreatment of the factor had any effect on its
ability to protect against inhibition of wuro I svnthetase
activity bv PbCl2 . However, wpretreatment with a non-
specific protease (Sigma Type VI) resulted in a significant
destruction of protective capacity which indicates that the
protective factor miaht be a protein or might contain a
peptide chain as a portion of its structure (Piper et al.,

1976; van Lier and Piper, 1976),

The purpose of the present work was to identify this
factor and to study its regqulation of inhibition of

uroporphyrinogen I synthetase activity by lead chloride.
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ITI. MA-T"E-R-I-A-L-S--A-N-BD-"M"E-T-H-O0-D-S-;

A, Materials:

1. €hemicals;:

Porohobilinoaen was nurchased from Porphyrin Products.,
Salt Lake Citv. Utah, ammonium sulfate. ultra-oure enzvme
grade from Swartz-Mann, Oranaeburg, New Jersev. and
bionterin from Reqis Chemical Companv. Morton Grove,
Illinois. Bionterin was reduced to dihvdrobionterin by the
addition of sodium dithionite. Pterine. 6.7-dimethvl-
5,6.,7.8-tetrahvdronterine, D.L-6-methyl-5.6,7,8-
tetrahvdroonterine and crvstalline bovine serum albumin were
obtainad from Calbiochem., La Jolla. California. Folic acid.
Ecteola cellulose. 5-methyl tetrahvdrofolic acid and o-
vhthalaldehyvde were bouaht from Siama Chemical. Commanv, St.
Louis, Mo. Folic acid [3'., 5'.9(n) -3H] (63 Ci/mmole) was
obtained from Amersham-Radiochemical Center, Arlinaton
Heights, Illinois. Dihvydrofolic acid was orevared by sodium
dithionite reduction accordinag to Futterman (1963).
Tetrahvdrofolic acid was ovrevared by wplatinum dioxide
catalytic reduction in 0.1 M tris - HCl1l, oH 7.0 (Blaklev.
1957). N5 -formvltetrahvdrofolic acid was obtained from
Lederle Laboratories. Pearl River., New York and was used to

5 10 10_

prepare both N7, -methenvltetrahydrofolate and N
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formyltetrahydrofolate by adjusting the pH (Rabinowitz,

1963). Pteroyltri- and pteroylhexaglutamate were generous
gifts from Dr. E.L.R. Stokstad, University of California,

Berkeley, California. Lactobacillus casei (ATCC 7469) and

Streptococcus faecalis (ATCC 8043) were obtained from

American Type Culture Collection, Rockville, Marvland.
Chick wpancreas acetone powder, and all bacteria growth and
assay media were suppnlied by Difco Laboratories, Detroit,
Michigan. DEAE cellulose and Bio-Gel P-30 (100-200 mesh)
were purchased from Bio-Rad Laboratories, Richmond,
California, and Sephadex G-100 was obtained from Pharmacia,

Piscataway, New Jersey.

2, Animals

Male Sprague-Dawley rats, 180-220 grams from Simonsen
Laboratories, Gilroy, California were used throughout this

study.

B. Methogg

1. Enzyme Assays

a. Uroporphyrinogen I synthetase

Uro I synthetase activity was measured bv the method of

Strand et al.. (1972). The enzvme was incubated aerobicallv
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in the presence of 50 umoles tris-HC1l buffer. »d 8.0 and 150
nmoles PBG in a total volume of 1.5 ml for 1 hour at 37°C in
the dark. The reaction was terminated by the addition of an
eaual volume of a 1:1 mixture of 2N HClO4 and 95% ethanol.
The extracted material was measured fluorometricallv at
excitation and emission wavelengths of 405 and 595 nm,
respectively and commared to a uroporphyrin I standard
curve. Product formation was a linear function of time for

80 minutes; however, assavs were conducted for 60 minutes.

b. ALA-dehydratasa

This assay was a slicht modification of that described
by Gibson and others (Gibson et al.. 1955; Berlin and
Schuller. 1974; Weissbura and Vovtek, 1974)., A 9000 x g
suvernate (0.25 ml) was incubated at 37°C in the presence of
0.75 wumoles ALA and 100 umoles of sodium phosphate. pPH 6.3
in a total volume of 1.5 ml. The incubation mixtures were
maintained under nitroaen gas for 1 hour., The reaction was
then stonoed by the addition of 0.5 ml of 50 mM H0012 in 5%
(w/v) trichloroacetic acid and the extracted material
reacted with a 2% acidic solution of dimethyl-
aminobenzaldehvde. Product formation was estimated bv the
absorontion at 553 nm,. An extinction coefficient of 61
mMolar™ 1 cm ! was used to convert absorption to enzvmatic

activity.
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2. Quantitative protein determinations.

Protein concentrations were measured either by the
method of Lowry et al (1951), the microbiuret method (Albro,
1975; 1Itzhaki and Gill, 1964; Zamenhof 1957), or by direct

absorption at 280 nm,

A fluorometric method utilizing o-phthalaldehyde (OPT)
was also used for the detection of protein, wprimary amines
and amino acids (Torres et al., 1976; Benson and Hare, 1975;
Weidekamm et al., 1973). Samples (1.0 ml) were added to 1.0
ml of 0.1 N sodium phosphate, pH 8.5. 2-Mercaptoethanol (5
ul) and 5 ul of a 1% (w/v) solution of OPT in methanol were
then added. The mixtures were maintained in the dark at
room temperature for 45 minutes. Samples were then analyzed
fluorometrically ( Aex 340; X em 445) and comvared to a

standard solution of bovine serum albumin similarlv treated.

3. Purification of rat heoatic vroporohvrinogen-I

sznthetggg.

Male rats were decapitated with a guillotine, the blood
allowed to drain and their livers perfused in situ with 0.9%
(w/v) NaCl (at 5OC) via the inferior vena cava. A 33 1/3%
(w/v) liver homogenate was prepared in cold 50 mM tris-HCI1,
pH 8.0 at 5°¢ using a Dounce glass homogenizer. The

homogenate was centrifuged at 25,000 x g at 59 for 20
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minutes. The sunernate was removed and recentrifuaed at
105,000 x a (5°C) for 60 minutes to vield a clear hepatic
cvtosol. The cvtosol was heated in a hot water bath for 5
minutes at 60°C. The susoension which formed was cooled to
SOC. rehomogenized and centrifuaded to vield the heated
cvtosol fraction. This material was subjected to ammonium
sulfate fraction, and the material which precivnitated
between 40 and 60% saturation was collected. redissolved in
10 ml of +tris buffer. and dialyvzed acainst 4 liters of
buffer. The enzvme was then anplied to a 1.7 x 24 cm column
of DEAE cellulose which had been eauilibrated in 50 mM tris-
HC1, nH 8.0 buffer. The enzvme was eluted with a 0-0.4 M
KC1l 1linear 4aradient vprevared in tris buffer. Fractions
which contained uro I svnthetase activitv were vpooled and
concentrated with an Amicon model 52 stirred cell
concentrator fitted with a PM-10 membrane. This material
was then apvplied to a Semhadex G-100 column (2.5 x 556 cm).
The enzvme which eluted from this column was vooled and

store at -20°C and was stable for several months.

4, Purification of -the -factor -nrotectina-against

inhibition-of-urovnorphvrinogen-I-svnthetase

activitv-bv-Pbelz.

Rats were decapitated and their livers verfused with
cold saline as described above. Liver homogenates (33 1/3%

(w/v)) were prevared in water rather than tris buffer. A
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9000 x a suvbernatant fraction was prevared and recentrifuged
at 105,000 x a at 5°C for 90 minutes. Cvtosol (30 ml) was
anplied to a 2.5 x G0 cm 3io-Gel P-30 column which had been
equilibrated in water. Fractions were assaved for the
factor by incubatinag 0.1 ml aliouots of everv third fraction
in the presence of dialvzed henatic cvtosol and 10 %
PbClz. Fractions containing the factor were pooled and
lvonhilized. The resultinag freeze-dried prowder was
reconstituted with 1.0 ml water and a»nnlied to an Ecteola
cellulose column. pH 7.0 (0.9 x 45 cm) which had been
equilibrated with water (Fukushima and Akino. 1963: Pinar
and van Lier. 1977). The factor was then eluted with a
linear aradient of 0-0.1 M NH,CO0H. nd 7.0. Fractions which

contained the factor were nooled. lvophilized and

reconstitnted with a small volume of water.

5. -Prenaration-of metallothionein

Metallothionein was nrepared bv the methods of Kaai et
al.. (1974) and Shaikh and Lucis (1971). Rats received 5
daily injections of cdcl, (2.0 ma/ka). On the sixth day
livers were removed and homogenized in 0.25 M sucrose (20%
(w/v)). Homogenates were centrifuoced at 32.000 x a for 20
minutes at 5°C and the resultinag sumernate was recentrifuged
for 90 minutes at 105,000 x a. Cvtosol (30 mwl) was
chromatogranhed on a Sevhadex G-75 (2.5 x 135 cm) column

which had been eaquilibrated in 6 mM borate - 50 mM NaCl, »i
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8.5. Fractions which had an increased absorption at 250 nm
compared to control <cytosol preparations were collected,

pooled and lyophilized.

6. Quantitative estimation-of folate-concentration

a. Bacterial -growth-assays

The assay procedure was essentially that described by
Herbert (1966), Waters and Mollin (19%1), and Difco (1971).
Sodium phosphate (50 mM) - 1% (w/v) sodiun ascorbate, (0.5

ml) buffer at pd 6.1 for L. Casei or pH 6.8 for S -faecalis

was mixed with 2.5 ml of the anprooriate double strength
assay media. Various auantities of folic acid (from 0.4 to

10 picomoles for L. casei or 1.0 to 8.0 picomoles for

S. faecalis) or the sample to be tested were added and the

final volume adjusted to 5.0 ml with water. The tubes were
canped and sterilized for 30 minutes at 2300C. After beina
cooled to room temperature. one droo of a 1:100 dilution of
a 6 hour bacterial culture was added to each tube and mixed.
The tubes were incubated in a shakina water bath for 18
hours at 37°C. Bacterial arowth was estimated bv measuring
the turbidity at 660 nm. Assavs of unknown folate samnles
were compared to a standard curve wvprepared from arowth

assays with known folic acid concentrations,

b. Folate-commetitive-orotein-bindino-radioassav
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1. Preoaration'of-folate'bindinc-nrotein

Folate binding protein 1is a B-lactoglobulin found in
milk and was orevared bv the method of Rothenberg et al..

(1972).

2. Assav-nroceduore

The assav was modified from the method of Mortensen
(1976). Folic acid or a sample of wunknown (200 ul) was
mixed with 200 wul of an aoprovriate dilution of binding
protein (see below)., 100 ul of SH-folate (0.5 na or 66 nCi),
and 0.5 ml of 0.1 M tris-iIC1l, »4 3.3. Jater was added to a
final volume of 1.0 ml. The mixtures were incubated at 37°C
for 30 minutes. The tubes were then cooled in an ice bath,
and 1.0 ml of agelatin-coated charcoal (3.5% (w/v) charcoal
0,75% (w/v) gelatin) was added and the tubes mixed and
incubated at 4°C for 20 minutes. The tubes were then
centrifuged (2000 rpm) and 1.0 ml of supernate was mixed
with scintillation fluid (Merit R) and counted. The percent
3H-folic acid bound to the binding protein is an inverse
logarithmic function of the folic acid standard
concentration, A standard curve was prepared using folic

acid.

Prior to the assay of unknown folate solutions, it was

necessary to determine the amount of folate binding protein
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to bind most but not all of the labelled folic acid. This
was done by verforming serial dilutions of the stock protein

3H-folic acid.

and asscaying them with a constant amount of
In this manner a dilution which bound 60-80% of the labelled
folate was determined. For this study a dilution of 1:200

was adeauate,

7. Treatment -of factor samples with-y=aglotamyl

carboxyvertidase.

Chick pancreas acetone nowder served as the source of y
-alutamyl carboxynentidase. The vowder was dissolved (20
ma/ml) in water. and any insoluble material was removed by
centrifugation. This nrevaration was dialyzed adainst water
and frozen at =-20°C until used (Bird et al.., 1965).
Aliaguots of factor (20 ul) were mixed with 0.1 ml of Y -

alutamyl carboxypentidase and 0.1 ml of 0.1 M NH,COOH. oH

4
7.0 in a 3 ml centrifuae tube. The tubes were incubated for
2 hours at 37°C. The reactions were stopped by placino the
tubes in a boilinag water bath for 10 wminutes. The

precipitate was removed by centrifugation and the suvernate

was concentrated by lvoohilization,

8. Polvacrvlamide-gel=electronhoresis,

Disc-gel electronhoresis was vperformed vsing the method

of Davis (1964)., This is a two step method which allows
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nroteins to "stack" in discs between two anions in a large-
pore gel. Sevnaration of these discs occurs in a small-pore
agel at ©»H 8.9, Electronhoresis was conducted at 4 ma/gel.
After the run, aels were fixed in 12.5% (w/v)
trichloroacetic acid and then stained in a 0.05% (w/v)

Coomassie blue R-250 in 10% (w/v) trichloroacetic acid.

9. Suvlfhydrvl analysis.

Reduced sulfhydryl aroups were estimated usinag the
colorimetric reaction 5',5'-dithiobis (2-nitrobenzoic acid)
(DTNB) bv the procedure of Ellman (1959). An unknown sample
contained in 1.5 ml is mixed with 0.5 ml1 of 0.1 M sodium
phosphate, =»d 8,0 and 20 ul of 0.01 M DTNB. The absorption
was measured at 412 mM. An extinction coefficient of 13,600
M—l cm-1 was used to <calculate the reduced sulfhvydrvl

concentration,

Oxidized sulfhvdrvyl aroups were assaved bv the method
of Zahler and Cleland (1968). Disulfides were first reduced
by the addition of dithiothreitol or dithioerythritol, The
excess reducing agent was then complexed by the addition of
AsO,- and the resulting sulfhydryl groups reacted with DTNB,
Since the dithiothreitol-Ast- complex will react with DTNB,
but at a slower rate, the reaction is followed with time on

a Gilford 2000 recording spectrophotoreter and the
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absorption extrapolated to zero time is used to measure the

amount of disulfide initially present.
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ITII. RE S UL TS .

A, Purification of the factor from rat-hepatic-cytosol.

The factor which protects uro I synthetase activity
from inhibition by PbCl2 was vourified as described in
Materials and Methods, Hepatic cytosol was prepared from
livers that were homogenized in water in order to avoid the
isolation of factor preparations having high concentrations
of the buffer salts. which interfered with subseauent
identification orocedures. Elution profiles of the
protective factor from Bio-Gel P-30 and Ecteola Cellulose

are shown in fiagures 2 and 3, resvectively.

Aliocuvots of the factor were subjected to thin-laver
chromatoaranhv on MN 300 celluloze, and chromatoaraphed with

5% (w/v) NH4HCO3. pH 7.8. The cellvlose was scraned from

the plates in 0.5 cm seaments. Scranings were extracted
with 0.5 ml water. and 0.4 ml alicuots were tested for their
abilitv to noprotect against inhibition of vpurified rat

5

hevatic uro I synthetase by 10 ° M PbCl Protective

2.
factor was located at only one position with an Rf of 0.,74.
Two other additional solvent systems, 5% (w/v) ammonium
carbamate, pH 9.0, and 95% ethanol - 3% (w/vV) NH4C1 (70:30) .

PH 6.0 were also used, These svstems vield sinale spots of
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vrotective factor with Rf values of 0.77 and 0.46 for the

two solvent svstems, resnectivelv.

It soon became evident that a means to cuantitate the
amount of factor in a samnle was necessary. Hence, one unit
of factor was defined as "that amount of factor necessarv to
cause a ten fold increased reoguirement of
PhCl, concantration in order to maintain a level of 50%
inhibition of uro I synthetase activitv." (Piper and van
Lier, 1977). This definition is demonstrated in fiaqure 4.
o-Pththalaldehvde (OPT). which reacts with onrimary amines
and is wused in the micro-analysis of nroteins at 0.1 ug/ml
concentrations. was used for estimation of the degree of
ourification of the factor from hepatic cytosol. A 1792
fold purification of the factor from hepatic cytosol was
obtained (table 1). Factor preparations from the Ecteola
cellulose step were not likely to have contained protein,
since factor <could be reccovered by ultra-filtration with a
Amicon UM-2 membrane which has a molecular weight cutoff of
1000, The small amount of OPT reactive material might be
due to the presence of a primary amino group as part of the

chemical structure of the factor.

B. A comparison-of the properties of-the factor

to metallothionein.
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Metallothionein, a sulfhydryl rich protein, has been
reported to bind cadmium, zinc, and mercury (Pulido et ail.,
1966; Webb, 1972), It was possible that the factor was a
substance similar to metallothionein which could bind 1lead
and protect against inhibition of uro I synthetase activity
by PbC12. Therefore., metallothionein was vpurified from rat
liver and tested for its ability to protect against
inhibition of uro I svnthetase activitv by PbClz. As shown
in table 2. metallothionein was unable to protect against
inhibition of uro I synthetase activitv by PbClz. Factor was
also found to be devoid of reduced or oxidized sulfhydryl
content. However, approximately one-third of the amino
acids present in metallothionein are known to be cysteine
(Kagi et al., 1974; Pulido et al., 1966). Metallothionein
exhibited a characteristic band pattern by disc-gel
electrophoresis when stained with Coomassie blue (Shaikh and
Lucis, 1971). When factor was subjected to gel
electrophoresis, no bands were observed. The inability of
metallothionein to protect against inhibition of wuro I
synthetase activity by PbClz, the absence of sulfhydryl
content in factor preparations, and the inability to observe
gel electrophoretic patterns characteristic of proteins
indicated that the factor was a substance distinctly

different from metallothionein.

C. Purification and-properties-of -uroporphyrinogen-I

synthetase.
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It became apparent that a better understanding of the
properties of the factor could be achieved only by utilizing
purified uro I svnthetase preparations, Uro I synthetase
has been purified from several non-mammalian sources such as

wheat germ. soinach leaves and Rhodopnseudomonas spheroides

(Lambais and Batlle, 1971; Davis and Neuberger, 1973; Jordan
and Shemin, 1973; Stevens and Frvdman. 1968; Frydman and
Frydman, 1970; Higuchi and Boaorad. 1975; Sancovich et al..
1969). However. the mammalian enzvme has been primarilv
isolated from erythrocvtes (Stevens et 21.. 1968; Frydman
and Feinstein. 1974). Onlv Sancovich et al (1969 a.b) have
reported the study of a hepatic uro I svnthetase (bovine
liver). Extensive purification of the rat hepatic enzyme
has not been reported. Most of the published purification
procedures use ammonium sulfate precipitation, heat
treatment, and ion exchange or gel filtration
chromatography. However, the procedure reported herein
utilizes all of these technicues for the purification of the
enzyme from rat liver. It is therefore uniquely different
from the previously published procedures. The elution of
rat hepatic uro I synthetase from DEAE cellulose is shown in
figure 5 and from Sephadex G-100 in figure 6. A typical
example of the purification of rat hepatic uro I synthetase
with vyields, specific activities and wourifications is

presented in table 3.

1. Other'heaVV'metal'inhibit05§.
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In addition to lead., other divalent cations were tested
for their abilitv to inhibit wuro I svnthetase activity.
Several divalent heavy metal cations such as mercury,
cadmium, and zinc were 3also found to be inhibitors of uro I
synthetase activity (table 4). Factor was tested for its
abilitv to protect against inhibition of enzvmatic activity

by these other divalent metals. Factor exhibited no

. . . . ey sy s +2
orotection against enzvmatic inhibition »nroduced by Ha =, A

slight but significant orotection against inhibition of

2 +2

enzvmatic activitv by Cd+ and Zn was observed. In

addition to these metal ions, divalent magnesium and iron
failed to produce significant ihiibition at 1074 u
concentrations, These studies with divalent metal cations

2

other than Pb+ indicate that the interaction between uro I

+ .
synthetase, Pb 2, and the protective factor must be somewhat

specific.

D. Properties of the purified-factor,

Factor preparations that had been purified by column
chromatography were concentrated by lyophilization,
dissolved in small volumes of water and subj=cted to ultra-
violet, visible and fluorescent svectral analvsis. The
ultraviolet spectra of the factor showed only one
characteristic absorption pbeak at 262 nm (Fioure 7). b\fo)
absorption pneaks were observed in the visible smectrum (340-

600 nm). Fluorescence snectra of the factor mn»nroduced an
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excitation maximum of 368 nm and an emission maximum of 420
nm, Svectral Aanalysis were nerformed at vpH 6.5. The
excitation and emission wavelenaths of the factor resembled
the values reported for various folates. Thus, folic acid
was immediatelv evaluated for its ability to protect against
inhibition of uro I synthetase activity by PbClz. Folic
acid (10.4 M) was unable to protect enzymatic activity from
inhibition by PbC1, (figure 9). However, such high
concentrations of folic acid produced a small but
significant stimulation of nwvnurified rat hepatic uro I
svnthetase activitv, An excitina observation was that
freshly prepared factor preparations also produced a
dramatic stimulation of purified rat hevatic wuro I
svnthetase activity in addition to nwprovidina oprotection
against inhibition of enzymatic activity bv PbClz.
Furthermore, the factor stimulation of wuro I synthetase
activity was antagonized by folic acid. which indicated that

the factor might be a rnteridine derivative.

In order to further test whether the factor was a
folate, use was made of specific folate-dependent
microbiological and competitive protein binding radioassays.
Factor was added to cultures of two folate dependent

bacterial strains, L; -casei (ATCC 7469) and S. faecalis

(ATCC 8043). Factor (152 units) was able to support the
growth of both organisms, which supports the hypothesis that

the factor is a folic acid derivative (table 5).
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Competitive ovrotein bindina radioassays are hiaghly
specific for measurement of folate derivatives (Rothenberg

et al., 19%74; Mortensen, 1976), Therefore an assay was
develoved using a purified milk binding orotein and 3?—
folate (Mortensen, 1976). Alicuots of factor were added to
the assay svstem to determine whether the factor could
antaagonize 3H-folate binding. Factor preparations (greater
than 19 units) were found to antaagonize 3H-folate bindina to
the purified folate bindina protein (table 6). which

provides additional evidence that the factor is a folate

derivative.

m

. Evalnation-of various-nteridine-derivatives-for

nrotection‘aqainst;iggibition'of'urO'I'svnthetase

activityv-bv-PbCl;:

A number of folic acid derivatives were tested at 10_5M

concentration for their asbility to affect uro I svnthetase
activity or to protect enzymatic activitv from inhibition bv
PbCl2 (table 7). None of the varticular derivatives tested
were able to protect against inhibition of uro I svnthetase
activity by 102w PbCl,. However. dihvdrofolic acid
produced a verv marked stimulation of enzymatic activitv.
In contrast, tetrahvdrofolate was an inhibitor of enzvmatic
activity at concentrations greater than 10_7M. Since none

of the folates tested was cavable of wpnrotecting against

inhibition of wuro I svnthetase activity by PbClz. various
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unconjugated oteridine derivatives were tested.
Unconjugated nteridines refer to those compounds which
contain the pteridine rina structure but do not have a bp-
amino-benzovlglutamyl moietv. Several of these compounds
have been revorted to be coenzvmes for the hydroxvlation of
phenvlalanine and other aromatic amino acids (Kaufman. 1963;
Fukushima and Shiota. 1972). Several different unconjuagated
pteridines failed to protect against inhibition of uro I
synthetase activity by PbCl,, (takle 8). An interesting
finding was that dihydrobiopterin produced a significant

activation of uro I synthetase activity.

F. Studies with the factor and pteroylpolyglutamates.

Folates isolated from animal tissue contain more than
one glutamic acid residue and are referred to as
pteroylpolyglutamates. Rat liver has been shown to contain
over 90% of its folate in pteroylpolyglutamate forms with
the penta- and hexa- glutamate forms being predominant (Shin
et al., 1972; TLeslie and Bauch, 1974). Y =glutamyl
carboxypeptidases are present in tissues which can cleave
successive glutamate residues from oteroylpolyglutamates.
It was possible that the factor was a pterovlvolvglutamate.
To test the hyoothesis. y-alutamvl carboxvoveptidase was
prenared from chick wpancreas (Bird et 21., 1965) and

incubated with a sampnle of factor. Factor treated with

boiled Y -glutamyl carboxvneotidase served as the control.
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As shown in fiaure 10, novretreatment of factor areatly
reduced the ability of it to protect against inhibition of
uro I svynthetase activitv by PbClz. indicating that the
factor is a nbpterovlpolvglutamate. Pretreatment of the
factor with boiled <y -glutamvl carboxypeotidase failed to
destroy the abilitv of the factor to protect, which
indicates that the destruction of the factor was an

enzymatic process.

Pterovloolyglutamates were obtained and tested for
their ability to protect against inhibition of wuro I
synthetase activity by PbClz. Pteroylhexaglutamate (10-'5 M
to 10—6M) was able to protect enzymatic activity from
inhibition by PbCl2 (table 9). Pteroyltriglutamate or
pteroylmonoglutamate were unable to protect enzymatic
activity from inhibition by PbClz. Thus it is apparent that
the glutamate side chain has an important role in enabling

pteroylglutamates to protect against inhibition of uro I

synthetase activity by PbCl,.

Although the ©vrevious exveriments have demonstrated a
relationship between the factor and uro I svnthetase, the
relationship need not be a svecific one,. Naturallv
occurring amino acids such as aspartate or glutamate, which
are present in liver, can in sufficient quantities protect
against inhibition of uro I synthetase activity by PbCl,.

However, these amino acids were effective only at 10-3 M or
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higher concentrations, which far exceeds the concentration

of PbCl, (1072

M) .

Hence, to test the sovecificitv of the nprotective
factor. its effects were studied on another enzyme. ALA
dehydratase 1is known to be very sensitive to inhibition bv
PbCl,. The data in table 10 demonstrates that the factor
was unable to pvrotect ALA dehvdratase activitv from
inhibition bv PbCl,. The amount of factor wused was much
higher than that reauired to protect uro I synthetase
activity and indicates that the factor must be svecific for

uro I svnthetase.

G. Stimnlation‘of'urO'I'svnthetase-activitV'bz

dihvdrofolic-acid:

In order to more fully describe the stimulation of uro
I synthetase activityv bv dihvdrofolate, enzvmatic activitv
was measured at various dihvdrofolate concentrations. Peak

5

activation occurred at 5 x 10 ° M dihvdrofolate. However. a

significant stimulation of enzvmatic activitv was observed

at concentrations of dihvdrofolate as 1low as 5 x 10-7 M

(figure 11). Concentrations areater than 10-4 M interfered
with the fluorescence analvsis of the wvroduct. Activation
with dihvdrofolate was not seen in the presence of boiled

enzvme. Thus the activation must be enzvme denendent.
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The time course of dihvdrofolate activation of uro I
synthetase activity is shown in fiqure 12, It 1is evident
that nroduct formation is linear with time in the presence
of dihvdrofolate. The concentration of dihydrofolate was
measured by fluorometry at each point during the time course
for activation of enzvmatic activity. The emission and
excitation wavelengths of dihvdrofolate ( Aex 317nm ;x em
425nm) are auite different from other folate derivatives
(Uveda and Rabinowitz, 1963). Thus, if dihvdrofolat= was
being consumed during the activation of enzyme activity a
decrease in fluorescence would be easilvy detectable.
However., no decrease in dihvdrofolate concentration was
detected during the activation of uro I svnthetase. Thus,
this data indicates that dihvdrofolate |is not being
transformed during the activation of uro I synthetase. but
is catalyticallvy enhancing the wnroduct formation. Such
behavior 1is tvpical for coenzymatic reqgulation of certain

enzvmatic reactions.
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Table 4

Inhibition of Jronorphvrinogen I Svnthetase
Activity bv Several Divalent Metals

.................................................

Metal added without factor with factora

nmoles uro/mg Drotein/hrb

Control 26,2 + 0,33 24,6 + 1,06

Ph 1077 1.33 + 0.07 20.2%+ 0.40

Hg 107° M 0.38 + 0,04 0 + 0,14

ca 1074 4.06 + 0,11 7.62%+ 0,27
4

zn 107 M 6.13 + 0,13 9.36+ 0.23

8 16.7 units.
mean 4+ S.E.M. for 3 determinations,

©p<o.01.
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Table 5

Assay of Factor with the Pteroylglutamate-
dependent Microorganisms Lactobacillus casei
and Streptococcus faecalis,

a
- Pteroylglntamate-Content
Factor Addition T casel S - fsecalis

Units pmoles

16

32
152 3.6 (0.024°%) 3.2 (0.021)
a

The minimum detectable PteGlu contents bv micro-
biological assav were 0.4 and 1.5 omoles for L:
casei and S: faecalis, resvectivelv.

The numbers in parentheses denote omoles of
factor (as PteGlu) ver unit.



Table 6

Assav of Factor by Competitive
Protein Bindina Radioassav

Factor Addition Pterovlglutamate Content?
units. L. pmoles . .. . .. ..

13 0

19 0.10 (0.005)b

38 0.19 (0.005)

76 0.46 (0.,006)
a

The minimum detectable PteGlu content by compet-

itive protein binding assay employing 3H—folate
was 0.1 pmole,

b The numbers in parentheses denote pmoles of

factor (as Pt=2Glu) ner unit.
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Table 9

The Effect of Pteroylglutamates cf Variable
Glutamate Chain Lengths on Inhibition of
Uroporphyrinogen I Synthetase Activity by Lead Chloride

Addition to Uro I
Reaction PlLeroylglutamate Synthetase
Mixture Concentration Activity

nmoles uro/mg

protein/hr
None None 31.1 + 0.1
pbCl,” None 0.8 + 0.1
Ptedlu 107> o 29.4 + 0.5
PteGlu + PbCL, 0.8 + o,
PteGlu, 107° 4 29.0 + 0,
Ptedluy + PbCl, 0.9 + 0.
PteGlug 107° M 32,3 + 0.3
PteGlu, + obcl, 30,2 + 0,7°
PteGlu, 1078w 32,5 + 0.3
PteGlu, + PbCl, 3.6 + 0,5°

5

8 Values represent the mean + S.E.M, for 3 determinations.
P rhe PbCl, concentration was 107° .

€ penotes significant difference from PbCl, alone (P<0.,05).

2

51



52

Table 10

Pailure of Factor to Protect Against
Inhibition of 5-Aminolevulinic Acid
Dehydratase Activity by Lead Chloride

Addition to
Reaction Mixture ALA Dehydratase Activity

nmoles/mg protein/hra

None 6.59 + 0.06
PbCl,® 2.59 + 0.08
Factor 6.57 + 0.05
PbCl? + Factor 2,06 + 0.07
a

Values represent the mean + S.E.M., for 3
determinations,
The PbCl, concentration was 2.5 x 1072 o,

Bach reaction mixture contained 8.4 units of
factor.



Figure 1

The Condensation Reaction of Uropvorphyrinogen Synthetase.

Uro I is formed by uro I synthetase. Uro III formation
requires the simultaneous action of wuro I synthetase and
uroporphyrinogen cosynthetase. A = acetate; P = n-

oropionate,
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Figure 2

Isolation of a Factor from Rat Hepatic Cytosol which
Protects Against Inhibition of Uroporphyrinogen I Synthetase

Activity by PbCl,.

Rat hepatic cytosol was added to a 2.5 x 60 cm column
of Rio-Gel P-30 and 2.5 ml fractions were collected. The
factor was located by adding 0.1 ml aliguots of every third
fraction to dialyzed hepatic cytosol in the presence of

substrate and 1074

M PbClz, (0=--=0), Control wuro I
synthetase activity was 102 picomoles/mg/hr. PbCl2 reduced
enzymatic activity to 22 picomoles/mg/hr. Absorvbance at 280

nm, (0---0),
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Figure 3
Purification of a ractor Protecting Against
PbCl2 Inhibition of Rat flenatic uropIcpayrinoyen I

Synthetase Activity by Ecteola Cellulose Chromatoaraphy.

Factor isolated by chromatoaraphy on Bio-Gel P-30 was
lyophilized, dissolved in water (1 ml) and apolied to an
Bcta2ola  ceollulose column (0,9 x 24 cm), The factor was

eluted with a linear gradient of 0-0.1 M NH,COOH, pH 7.0,

4

Fractions (5 ml) were collected at a flow rate of 15 ml/hr.
Aligquots (0.5 ml) of every third fraction were assayed with
purified rat hepatic uro I synthetase in the presence of

10-5 M PbClZ, (1"=---0). Apsorbance at 280 nm, (0---@),
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Figure 4

Inhibition of Purified Rat Hepatic Uroporphyrinogen I

Synthetase Activity by Lead Chloride.

Each point represents the mean of 3 determinations +
S.E.M, (0---@), uro I synthetase activity in the absence of
factor. (0---0), uro I synthetase activity in the presence

of 1 unit of factor,.

59



2 -4
N
i§m§
l\Qq
[T 2T sk
*/
S
N
S
8
—fo— o< 4—"'5——»—17
/ 3

/oo

o I
3 Q 2

(4y s uivjosd Bw / 0an sajowu)
ALIAILOV 3SVLI3IHINAS I N3OONIHAHJHOLOoHN

LOG [PbCl, ]

60



Figure 5

Purification of {Jrooorphyrinogen I Synthetase on DEAE

Cellulose.

Concentrated enzyme from ammonium sulfate fractionation
was applied to a 1.7 x 24 cm column of DEAE cellulose and
eluted with a 0-0.4 M KC1l gradient in 0,05 M tris-HC1l pH 8.0
buffer. Uropnorphyrinogen I synthetase activity, (0---0),
absorbance at 280 nm, (0---@). Fractions of 3.0 ml were

eluted at 15 ml/hr.
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Figure 6

Purification of Uroporphyrinogen I Synthetase on

Sephadex G-100,

A concentrated solution of enzyme from DZAT cellulose
chromatography was applied to a 2.5 x 66 cm coluan of
3enhadex G-100. 150 two ml fraction were eluted with 50 mM
tris-HCl, prH 8,0 at 12 ml/hr. Uroporohyrinogen I synthetase

activity, (0---0); absorbance at 283 nm, (0---0),
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Figure 7

The Ultraviolet Absorption Spectra of a Factor
Protecting Against Inhibition of Jronorphvrinoqgen T

3yntahetase Activity by PbC12.

Concentrated factor (2160 units/ml) from Ecteola
cellulose chromatoaraphy was used at pH 6.5. An absorption
greater than 2.0 OD occurred below 225 nm which fell rapidly
to a minimum at 238 nm. A peak occurred at 2562 nm which
fell to Dbaseline at 292 nm. No further absorption peaks

occurred in either the ultraviolet or visible spectrum,
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Figure 8

The Fluorescence Excitation and Emission Spectra of a
Factor Protecting Against Inhibition of Uroporphyrinogen I

Synthetase Activity by PbClZ.

Concentrated factor (1080 wunits/ml) from Ecteola
cellulose chromatography was used at pH 6.,5. The excitation
maximum occurred at 368 nm while measuring fluorescence at
450nm; the emission maximum occurred between 420 and 450 nm
while exciting at 363 nm. The spectra have not been
corrected for lamp intensity, and were recorded on an

Aminco-Bowman spectrophotofluorometer,
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Figure 9

Antogonisn of Factor Stimulation of Hepatic

Uroporphyrinogen I 3ynthetase Activity by Folic Acid.

Each value renpresents the mean + S.,E.M. for 3
determinations, Reaction mixtures with factor contained 8.4
units; 10—5M PbCl, was used where noted. * Denotes
significant difference from control (P<0.05). ** DNenotes

significant difference between factor plus folic acid and

factor alone, (P<0.05),

1. Control

2. Factor, 8,4 units

3. 1077 M PbCl2

4, Factor + PbCl2

5. 107% M folic acid + PbCl,
6. 107% M folic acid

7. 107> M folic acid

8. 107%  folic acid + factor
9. 107% M folic acid + factor
10.  107° M folic acid + factor
11.  107% M folic acid + factor
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Fiqure 10

Effect of y -Glutamyl Carboxypentidase Pretreatacnt »E
Factor on Protection Against Inhibition of Urovorphyrinogen

I Synthetase Activity by PbC1,.

Factor (63.3 units) was wreincubated with chick
pancreas Y-glutamyl carboxypeptidase as described in
materials and methods. Alicuots of treated factor
preparations were then spotted on MN-300 cellulose thin-
layer plates which were developed with 5% NH4HCO3, oH 7.8.
Cellulose was scraped off the plates at 0.5 c¢cm intervals,
eluted with water and the eluates tested for their ability
to protect against inhibition of uro I synthetase activity

by 107° M #bCl

2 (0---C), uro I svnth2tase activity of
reaction mixtures containing factor treated with y-glutamyl
carboxypeptidase, (0---@®), uro I synthetase activity of

control reaction mixtures containing factor treated with

boiled y-glutamyl carboxypeptidase.
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Figure 11

The Effect of Dihvdrofolate Concentration on the
Activation of Rat Hepatic Uroporphyrinogen I Synthetase

Activity,.

Each value represents the mean + S.E.M., for 3
determinations. Uroporphyrinogen I synthetase activity
without dihydrofolate was 25,0 nmoles/mg/hr. Significant
activation (P<.05) occurred at all concentrations greater

7

than or equal to 5 x 10" ' M dihydrofolate,
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Fiqure 12

Time course for Activation of Urovorphyrinogen I

Synthatase by Dihvdrofolic Acid.

Each value represents the mean + S.E.M, for 3
determinations. <Control uro I synthetase, (0---0); Uro I
synthetase activity in the presence of 10-5 M dihydrofolate,

(0---9) .
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IV. D-I-85-C-§-8-5-I1-0-N-;

The results of nrevions studies (Pimer et al.. 1976.;
van Lier and Piver 1976) have demonstrated the existence of
a small, heat-stable. dialvzable factor in rat hepatic
cvtosol which can orotect urovorohvrinogen I svnthetase
activitv form inhibition bv lead chloride. Initial
experiments revorted herein showed that the factor contains
neither sulfhvdrvl nor disulfide arouns. Thus, the factor
was not the sulfhvdrvl rich oprotein. metallothionein.
Furthermore, ovurified rat hematic metallothionein could not
protect uro I svnthetase activitv from inhibition bv
PbCl, nor did the factor and metallothionein disvlav similar
staining natterns on disc-gel electronhoresis, Folate
antagonism of factor activation of wuro I synthetsase
activity. suonmort of the arowth of the folate-dependent

bacteria. L:-casei and S:-faecalis, and antagonism of a

competitive protein bindina radioassav for folate indicated
that the factor was a pteroylalutamate. Dedgradation of its
protective capacitv bv pretreatment with Y -alutamvl
carboxvoeptidase indicated that the factor was a
pterovlpolvalutamate. Protection of lead mediated
inhibition of uro I synthetase activitv by
pterovlhexaglutamate also suaaests that the factor 1is a

nterovloolvalutamate.
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An estimation of the amount of factor required to
protect against inhibition of uro I svnthetase activity bv
PbClz can be achieved from the microbiological and
competitive protein binding assavs. Aroroximately two units
of factor as oreviously defined are reauired to protect uro
I svnthetase activitv from the inhibitorv effect of 10-5 M
PbClz. This corresnonds to 0.01 to 0.05 picomoles/assay
expressed 25 folate which corresponds to 6.7 to 33 picomolar
concentrations. This is considerably 1less than the
concentrations of PbCl2 (10 umolar) or urovorvhyrinogen (ca.
0.2 umolar) which suqaqgests that the factor mav be a coenzyme
for this enzvmatic reaction. Much higher concentrations of
pterovlhexaglutamate (2-20 umolar) than the factor (6.7 - 33
pmolar) were reguired to protect aagainst inhibition of uro I
svnthetase activitv by PbC12. The factor may contain
substituent aroums or mav be in an oxidation state auite
different from nterovlhexaaglutamate. Such structural
differences mav enable it to more effectivelv interact with

the enzvme to protect against inhibition by PbCl,.

Althonagh chelation of lead miaght be suagested as a
nossible mechanism for the factor's wprotective canabilitv.
this was unlikely since nicomolar amounts of the factor

protected acainst inhibition of uro I svnthetase bv 10-5 M

PbClz. Furthermore. the factor was unable to ©orotect

against inhibition of ALA dehvdratase activity bv PbCl,.
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During the elution of uro I svnthetase from DEAE
cellulose with the KC1l aradient a 1loss of activitv was
sometimes noted. When the effluent after concentration was
tested. it wAas shown to suvnort agrowth of the folate
deovendent microorganisms and to antagonize 3H—folate bindinag
in the competitive nrotein binding radioassav. These
findings snagest that a folate 1is associated with vro I
svnthetase. This folate was also ca»able of protectina uro

I svnthetase activity from inhibition by PbC12.

The nwvossible oassociation of a folate derivative with
uro I svnthetase as well as its abilitv at very low
concentrations to protect enzymatic activitv from inhibition
bv PbC12 sugaests that it mav be a coenzyme for this
reaction. This hyoothesis is further strengthened bv noting
that the factor was @also able to stimulate enzymatic
activitv. Since dihvdrofolate was the onlv other folate
tested which could stimulate uro I svnthetase activitv, it
is nns3sible that the factor miaht be a
dihydrooterovlpolyaglutamate. Nevertheless. all other
enzymatic svstems which use a folate coenzvme have reauired
a tetrahvdro- form. Studies with other folate reauiring
enzymes have shown 1lower Km's and higher Vmax's when
tetrahvdrooteroyloolyglutamates were used thus indicating
their suverior ability to function as coenzvmes (Coward et
al.., 1975; wWhitfield and Weissback, 1968). The fact that

tetrahvdrovnterovlmonoalutamate was an inhibitor of the uro I

79



svnthetase reaction does not eliminate the vnossibilitv

that

a tetrahvdroonterovlvolyvalutamate mav in fact be the true

coenzvme, Further work will be necessary to clarifv

point,

this
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