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INTRODUCTION

The Position of Porphyrins in Nature

Nowhere is the relationship between structure and function more
adequately expressed than in the field of comparative biochemistry.
The potential number of organic molecular structures appears to be
almost infinite, yet nature has selected relatively few for reproduc-
tion by its living organismes. Analogy is drawn between this and the
26 letters of the alphabet whose possible numerical arrangements
reach a staggering total, Nevertheless there is a finite number of
posgibilities with an even greater numevrical limitation imposed by
the process of commmunication., Experience has also shown that
amine acid patterns have been limited to such an extent that all
proteins may be classified within relatively few homologous struc-
tural categories (1).

The tetrapyrrole molecule is another example of a structural
form which nature has seen fit to use ruée&todly‘ In the Plant
Kingdom, protoporphyrin with slight structural alteration, is found
as the magnesium complex, chlorophyll, which functions in photo-
synthesis, an energy storing process. In the Animal Kingdom,
energy yielding reactione are genmerally dependent on protoporphyrin
as the iron complex which is coupled with specific proteins. These
include the oxygen carriers hemoglobin and myoglobin, and several

important enzymes, including catalase, the peroxidases, and the



cytochromes. The interrelationship is seen in the following
equation: (2)
Chlorophyll
CO, + HpO + Energy o 0z + Organic Compounds
Heme

The important place of the tetrapyrroles in nature has focused
a great deal of attention on their pathway of biosynthesis and the
intermediate compounds between the initial glycine-succinate con-‘
densation and the monopyrrole, porphobilinogen, have been estab-
lshed. Howsver, knowledge about multipyrrole formation, inter-
conversion, and metal complexing of the tetrapyrroles has barely
proceeded beyond the speculative stage.

The purpose of the work reported herein was to help elucidate
these unknown factors in heme biosynthesis. The site of iron in-
corporation, long assumed to be protoporphyrin, is questioned,
and & new tetrapyrrole intermediate in heme biosynthesis is de-

scribed.

Established Intermediates of Porphyrin Synthesis

Our knowledge about the mechanism of porphyrin synthesis has
sdvanced markedly since the discovery of the first porphyrin in 1867
by Thudicum (3); Garrod's classification of porphyria as an inborn
error of metabolism in 1923 {4); and Hans Fischer's synthesis of

heme in 1929 {5). More recently major contributions have included
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clinical studies {6, 7,8, 9), the induction of porphyria in experimental
animale by the amiuiatﬁttim of drugs (10,11,12), and in vitro studies
using normal animal tissues, most notably the avian erythrocyte
{13,14,185).

Biochemists in this country and in England bave clarified the
stepwise biosynthesis of protoporphyrin. Glycine and succinate have
been shown to be direct precursors of heme (Fig. 1), and the source
of each atom of protoporphyrin from these two precursors has been
defined in elegant fashion (16). &-Aminolevulinic acid {17) was pro-
posed and later found to be an intermediate, as was the monopyrrole,
perphobilinogen (18,19, 20).

Quite recently, temtative pathways have been suggested by
Shemin, and Bogorad and Granick for the conversion of the mono-
pyrrole to the tetrapyrrole form {21, 22). Shemin has postulated
that a reduced tetrapyrrole of the type Il configuration might be
formed by the coupling of two dissimilar dipyrroles arising from
porphobilinogen. The mechanism of the formation invelves the
condensation of three moles of porphobilinogen leading to a tri-
pyrrylmethane which splits to give a dipyrrylmethane and a mono-
pyrrole {(Fig. 2). The structure of the dipyrrylmethane is depend-
ent upon the poiat of cleavage. A split at A gives dipyrrylmethane
A, and at B, dipyrrylmethane B. Condensation of the dipyrryl.

methane molecules in the following manner would yield & porphyrin



Figure 1

The reaction sequence leading from succinate and glycine to

porphobilinogen, the monopyrrole precurser of porphyrins {2).
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Figure 2

A mechanism of porphyrin formation from the monopyrrole.
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of the I or I series; two moles of A yleld a series I tetrapyrrole;
while one mole of A and B each yields & series III tetrapyrrole. Two
- moles of B cannot condense because there is no carbon available to
form a methene bridge. It should be noted in view of data presentsd
subsequently, that the condensation product of a type A and type B
dipyrryl derivative would be a reduced derivative of uroporphyrin

1m,

Tetrapyrroles Investigated as Heme Intermediates
Any consideration of possible heme intermediates must neces-
sarily include uwroporphyrin, coproporphyrin, and hematoporphyrin
hmaumﬁ of their structural similarity to protoporphyrin (Fig. 3).
One may logically question whether or not these substances havé
any fuzicﬁén, for there is little evidence that uroporphyrin, copro-
porphyrin, or hematoporphyrin have any physiclogical significance.
For that mattex, protoporphyrin must also be included in this
category because its functional capacity is dependent upon the
prassﬁce of a nwtai. and of course the specific protein to which it
is amched; A plausible function for these molecules, including
their open chain derivatives, is that of an intermediate or end prod-
uct somewhere in the sequence of heme formation or breakdown.

Hematoporphyrin

. Early workers in porphyria chemistry considered the urinary

porphyrins to be hemoglobin breakdown products primarily because



Figure 3

Structural Formulae of Porphyrin
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8
of the influence of Hoppe-Seyler, hence the term ‘"hemsatoporphyrin’’.
He also produced the porphyrin chemically from hemoglobin with acid
{23). Fischer 1243 demounstrated that hematoporphyrin was 8 sep~
arate entity and could be distinguished from the urinary porphyrins.
He further stated that this molecule was not found in nature but was a
result of chemical rather than biochemical processes. In recent
years, evidence has accumulated to imply that hematoporphyrin may
be a precursor of protoporphyrin because of the high concentration
found in a Chlorella mutant which was also producing protoporphyrin
{25). Erikeen (26), studying the effect of lead on heme biosynthesis,
demonstrated a dicarboxylic porphyrin differeat from protopdrphyrin
and suggested that it might be hematoporphyrin. He relegated to it
the position of an intermediate in the formation of the free srythro-
cyte protoporphyrin and thus a precursor of beme. In a recent in-
vestigation, incubation of C14 labeled hematoporphyrin with bone
marrow homogenate ﬁﬂded pmtupbrphyrin containing 5 per cent of
the total added activity (27}, This would seem to be negligible for
such a proximate intermediate unless the @quilib:ium was far in the
direction of hematoporphyrin. The evidence thus far appeara more
suggestive than convincing in designating hematoporphyrin as a true
heme precursor.

Uroporphyria

Neuberger {28) and Radin and Shemin (29) independently sug-




gested that the synthesis of heme proceeds through a progressive
decarboxylation and dehydrogenation of uwmrphyrin and copropor-
phyrin to protoporphyrin., This is of interest when one considers
that only recently has the presence of uroporphyrin been confirmed
in mormal human urines (30, 31) and in the erythrocyles of patients
with hemogiobin aberrations {32). These new facts are the result of
improved laboratory techniques. Earlier identification of urimary
uroporphyrin was confined to clinical cases of porphyria which
manifested themselves by large outpourings of this fluorvescent pig-
ment. Because of its structural similarity to protoporphyrin it
logically was considered as a heme precursor which, under normal
conditions, was very likely preseat only briefly, since it underwent
rapid transformation to protoporphyrin or hemoglobin. On the basis
of experimental evidence the position of uroporphyrin as a heme
precursor is temuous, for in only one instance (33} bas it been ex-
perimentally cited as an intermediate, a finding often tested and as
yet unconfirmed. The strongest evidence against this hypothesis was
obtained by Schwarts (34). He incubated C1¢ labeled uroporphyrin
with an activity of 190, 000 counts per minute per milligram with
liver homogenates and bone marrow; perfused the same material
through liver; and even injected it into rats and rabbits, but the
isolated coproporphyrin and protoporphyrin failed to show any activity.

Coproperphyrin

Studies of coproporphyrin in normal urine and blood and in &
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varisty of clinicel conditions have provided valuable information
about this tetrapyrrole. Early studies of hemopoiesis by Dobriner
(38) indicated that increased coproporphyrin I excretion parallels
reticulocyte formation. He slse suggestsd that the coproporphyrin
was merely & side product in heme formation becauss the type 1
isomer was considered predominsnt while protoporphyrin is type
III. Watason, at one timne, held that the coproporphyrin I isomer
was predominant and that coproperphyria III was not a normal
product of metabolism, but rather: 1) a derivative from hemoglobin
in the diet; 2) 2 resultant of lead poisoning; or 3) dus to abnormal
conditions in the liver resulting from alcoholism (36). Such an
hypothesis requires the breaking of the porphyrin ‘rinl and resrrange~
ment of the pyrroles, & highty unlikely possibility in view of later
work, Schwarts (37) more recently has identified the normal erythro-
cyte coproporphyrin as the type III isomer, thus supporting the con-
tention of Rimington {38) that porphyrin synthesis procesds mainly
in the direction of the type IlI isomer.

Using N5 labeled glycine, Lowry (39) found & similarity in the
Nl ’ curves of hemoglobin and fecal coproporphyrin and protopor-
phyrin, suggesting that their formation might be related to the
synthesis of hemoglobin. These experiments alsc thoroughly dis-
posed of the possibility of coproporphyrin or protoporphyrin arising

from the catabolism of hemoglobin as suggested by Van den Bergh {40)
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and Grinstein (41}, With the breakdown of hemoglobin there is a rise
in the N3 content of stercobilin. If sither porphyrin were the result
of thie catalytic process then a rise in their NI® concentration should
have accurred.

Using a different approach to study heme biosynthesis, Ycas and
Starr (42) measured catalase, cytochrome ¢, and hematin production
in a yeast strain deficient in its ability to synthesize glycine., Ad-
dition of either glycine or protoporphyrin resultsd in formation of
catalase, cytochroms ¢, and hematin, Coproporphyrin Il was inef-
fective as & precurser to protoporphyrin with a consequent decrease
in hematin and the porphyrin ensymes, catalase and cytochrome c.
This is in agreement with the more recent work of Shemin {22) who
noted that C1% labeled coproporphyrin III is not converted to heme in
the duck erythrocyte preparation. In additiom, Schwarts (34) hae
also failed to find conversion of labeled coproporphyrin HI to heme
28 noted in experiments simmilar to those described under uropor-
phyzin,

Protoperphyrin

Further progress toward a complete explanation of heme bio-
synthesis has been hampered by a lack of information about the bio-
chemical mechanigm for combining iron and a specific protein with
the final functiomal tetrapyrrole, protoporphyrin., Evidence for a
relationship of protoporphyrin to heme synthesis is apparent from the

work of several investigators. However, there is no unequivocal
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experimental evidence to show that iron can be directly introduced

into protoporphyrin in any biological system to form heme.

Civanick {(43) has previoualy reported that chicken erythrocytes will
ensymically form heme from irom and protoporphyrin, Later, ina
personal communication he stated that these studies were incon-
clusive. Schwarts (34) incubated Gl4 labeled protoporphyrin with
bone marrow and liver homogenate and found & small amount of
activity in the isolated heme. More recently, Coldberg (44} re-
ported Fnﬁg incorporation into protoporphyrin to 2 greater degree
thaa that found by Schwarts and Granick.

In an excellent series of experiments, Dresel (45) tested porpho-
bilinogen, $-aminolevulinic acid, uroporphyrin IIl, coproporphyrin
11, hematoporphyrin 9 and protoporphyrin 9 as glycine diluents.
CGlycine is an essential precursor in the biosyathesis of heme, and
therefore ons might expect a diminution of heme radicactivity {rom
glycina‘-zwcm in the presence of other non-labeled direct inter-
mediates. Her results indicated that only porphobilinogen and &«
aminolevulinic acid diluted the glycine -2-CH gufficieatly to produce
the diminution in heme activity expecied of 3 direct intermediate,
Significantly protoporphyrin could not be included. It is therefore
uniikely that protoporphyrin is the principal iron binding intermediate
in heme synthesis,

The experiments presented in this thesis were designed to
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determine whether iron is incorporated into protoporphyrin. The
results strongly indicate that protoporphyria is not the principal iron
acceptor. Structurally related pyrroles were tested and these were
also shown not to be directly invelved. Therefore, tetrapyrroles,
whose existence in the reduced state has been suspected, were sought
between porphbobilinogan and heme. Chemical reduction of known
porphyrins to the '‘pro-porphyrins’’ or autoxidisable porphyrinogens
was accomplished. These reduced derivatives were then tested snd
one of them shown to be a heme intermiediate. The results of these

expeviments are described in the following pages.
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MATERIALS AND METHODE

A. The Lysed Duck Erythrocyte System

The lysed avian erythrocyte system has been used extempively
in studying the position of glyecine and succinic acid, $~amino-
levulinic acid, and porphobilinogen in the pathway of heme bio-
synthesis. Lysed duck red blood cells were therefore considered
to be a suitable medium for the study of intermediates appearing
after porphobilinegen in the sequence of heme formation.

Blood was obtained from the jugular vein of White Peking or
Muscovy (cairina moschata) ducks and prepared according to the
method described by Shemin and Kumin {13). The heparinized blood
is cemirifuged and the plasma removed. The red cells are washed
four times with isotonic saline and then suspended in & volume of
isotonic sucrose squal to the original volume of plasma. When
pooling of blood from several ducke is necessary, the cells are
first washed with the isotonic saline. Incubation of the erythrocytes
for one hour at room temperature in isotonic sucrose allows the
aystem to use up most of the endogenvus porphyrin precursors.
After incubation, the cells are separated from the sucrose by
centrifugation and lysed by the addition of one and one half volumes
of cold water. The lysed blood is then divided inte 20 ml. aliguots
for further incubation with the particular test substrate. The dura-

tion and temperature of the incubation period for each experiment



are cited at the bottom of the respective Table.

In some experiments the lysed cell preparation was homogenized
in & Waring Blendor fitted wiﬂ; 2 water jacket to prevent any marked
inerease of temperature during the 10 minute homogenisation period.
The purpose of this procedure is to destroy the glycine-succinate
coupling enzyme {46), thus reducing the amount of porphyrin and
heme which might be synthesized from these common endogenous
precursors. The use of this technique is indicated in the appropriate
experiments.

B. Solubilization of the Porphyrins for use in the Duck System

A factor of considerable annoyance was the low solubility of the
porphyrins at physiologic pH. At high or low pH, solubility was no
problem, but the acid or alkaline solution destroyed or inhibited the
enzyme systems involved. It was found that with careful addition
of sodium bicarbonate to the acid solutions (HC1), neutralisation
could be affected without crystallization of the porphyrins. This
solution, however, was unstable and precipitation usually occurred
after several hours. Comversely, an alkaline solution {(KOH) of the
porphyrins could be neutralized to pH 7. 6 by the careful addition of
dilute acid (1.5 N HCl1). Below this pH crystallization occurred. The
porphyrins may be ranked empirically according to their relative
ease of solubiligation., Uroporphyrin was the easiest and protopor-
phyrin the hardest to get into aqueous solution., The difficulties with

protoporphyrin were somewhat alleviated by the cbservation that
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M/7 sodium bicarbonate was a beiter sclvent, Hematoporphyrin was

found to be soluble in dilute sodium citrate, and did not precipitate

as easily at physiclogic pH as did the other porphyrians,

C. Preparation of Porphyrins from Hemin, Erythrocytes, and Urine
1) Preparation of Protoporphyrin from Hemin {47)
Protoporphyrin was prepared by & modification of the method of

Fischer and Putzer (48). Six gm. of recrystallized hemin and 400

grams of 95 per cent formic acid are added to a one liter 3 necked

flask, with stirrer and reflux attached and heated om an oil bath., A

total of 6 gme. of reduced iron powder is added in the following way.

Before the formic acid comes to 8 beil, 0.3 gm. of ivon is added,

As boiling begins, the iron is added in 6 to 7 portions over a period

of 20 to 25 minutes, with an additional 5 minutes of boiling at the

end. The flask is removad from the bath and after 10 minutes the
contente are filtered by suction, and the residus on the filter paper
washed with 3 little formie acid. The deep red formic acid solution
is poured into 2 liters of water. Then 100 cc. of saturated am-
monium acetate solution is added on the side of the beaker without
stirring and left overaight at room temperature. The fine flocculent
protoporphyrin ie cemtrifuged, and then transfsrved to & suction
filter, washed, and dried in vacuo and recrystallized.

2) Preparation of Protoporphyrin from Erythrocytes (49)

Whole bleod, ox clotted blood (25-50 ml. } are mixed with 2-3

volumes of acetone, The resultant precipitate is filtered through a
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Buchner funnel and washed with acetone 2 or 3 times. Suction is
applied until a dry powder {mostly hemoglobin) is cbtained {grayish
in eolor). The powder is suspended in 10 per cent oxalic acid in
methanol and shaken for 10 minutes. The hematin solution is
separated by filtration using 2 Buchner funnel and #5 Whatman
filter paper, Extraction is repeated with several portions of
oxalic acid solution until the extracted solution is colorless {4-5
extractions). Three to five grams of FeS504 per 100 ml. are dis-
solved in the combined hematin solutions. Precipitation may take
place here. The solution is then saturated with a strong current
of gaseous HCl {produced from NaCl plus concentrated HySOy).
The hematin solution becomes clear and the temperature rises.
The color changes to a red brown then to a violet, Protoporphyrin
has become saterified at this point and the HCL may be stopped. |
The solution is mixed with chloroform and a large sxcess of water
and allowed to stand several minutes until the ester is concentrated
in the chloroform. 7The latter solution is washed three times with
distilled water, on¢e with 10 per cent amumonia solution, and three
times again with distilled water. A white precipitate sometimes
forme with the ammonia wash and should be removed. The final
chloreform solution is conceatrated and mixed with methanol to
give a precipitate of the methyl ester of protoporphyria. The free

protoperphyrin is prepared by saponification of the ester in 25 per
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cent HC1 for 4-5 hours and is precipitated by neutralization with
dilute NaOH.

3) Preparation of Uroporphyrin and Coproporphyrin from Urine

of Porphyric Patients {50)

Urine wase obtained from patients with acute porphyria and from
rabbits made porphyric with AIA (allyl-isopropyl-acetamide) (51).

At pH 4+6 coproporphyrin is utrictad into ethyl acetate, and arﬁm
porphyrin remains in the aqueous phase. Removal of coproporphyrin
from the ethyl acetate iz accomplished by the addition of small
amounts of 1.5 N HCl, Buffering this solution again to 2 pH of 3.2
with & ssturated solution of sodium scetate and extracting the coprow
porphyrin with sther results in a highly purified product which is
removed from the ether by the addition of 1.5 N HCL.

Aluminum exide {5 gm. /40 cc.) is added to the aqueous phase
remaining after coproporphyrin extraction. The slurry is well
mixed and then allowed te settle {aided by centrifugation). The uro-
porphyrin is absorbed on the aluminum oxide and, after washing
with water, can be removed by the addition of 1.5 N HCL,

Esterification of the porphyrins proceeds readily in ten volumes
of methanol-sulfuric acid (20:1 by volume]j.

4) Preparation of Uroporphyrin from the Wing Feathers of

Turacus hartlaubi (52}

The wing feather is cut into small pieces and placed in 2 beaker

of 0.1 N KOH. Gentle agitation quickly and efficiently removes the
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Cu-uroporphyrin complex, which is precipitated by the addition of
several drops of concentrated glacial acetic acid. The procipitated
Cu-complex is washed several times with water and redisaolved in
0.1 N KOH.

Reduction of the Cu-complex with sodium amalgam removes the
Cu, leaving reduced uroporphyrin in solution. Aeration of the re-
duced uroporphyrin solution for several hours results in reoxidation

of the porphyrin, which is then precipitated with glacial acetic acid.

D. Preparation of Reducad Porphyrine

The amount of porphyrin required for each experiment was usually
less than five milligrams. Therefore, a rough estimate of this amount
of the porphyrin ester was weighed out. The ester is hydrolysed in
3 N HCI for several hours and the free porphyrin precipitated by the
addition of NaOH., The precipitate is washed with water twice and
dissolved in & small volume {3-5 ml. } of 0.1 N XKOH. Solubilization
in a dilute alkaline medium is preferred since the reduction process
with sodium amalgam was more sasily carried éut.

Quantitation by fluorimetry is made at this point. An extremely
small volume of the alkaline porphyrin solution, usually 0.0l ml., is
removed and diluted to 25 ml. with 1.5 N HC1l. The concentration in
thie volume ig compared to a standard coproporphyrin also in 1.5 N
HC1. Coproporphyrin is the reference standard for all porphyrin

fluorescence measurementa because of its stability.
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To the alkaline porphyrin solution is added & small amount of
ammonium chloride (40 mg./ml.}, and sscorbic acid {3 mg. /ml. ).
Two to three grams of sodium amalgam (4-5 per cent) is added and
the solution shakexn until there is uo visible fluorescence. The
ascorbic acid retards the otherwise rapid reoxidation of the por-
p&yrins and the ammonium chloride yields ammonia gas on the ad-
dition of the amalgam. This gaseous ebullition increased the
surface ares of the amalgam by producing a spoagy mass and there-
by greatly facilitated the reduction process. Reduction under these
conditions is accomplished in 3-4 minutes. The solution is then
filtered through a fine sintered glass filter, carefully adjusted to
pH 7.6 with dilute HC1, and the volume adjusted (5-10 ml.). In the
experiments with reduced porphyrins the abbreviation {max. amt.)
is used. This refers to the maximum amount of reduced porphyrin
available for assimilation. Experimentally the maximum amount
equals about 25 per cent of that cited in each table {cf. Table XIV).
The solution of reduced porphyrin is now ready for addition to the
appropriate flask for incubation with the lysed duck erythrocyte cell

preparation.

E. Isolation and Preparation of Hemin for Determinstion of
Radioactivity (53)
In all the experiments approximately 1 pc of Fe39 is used per

20 ml. of blood. The iron iz added to the pooled lysed blood to insure



m_:iiorm distribution of the isotope. Individual samples are then
transferred to the incubation flasks containing the test substrate.
After incubation, the hemin is prepared by a modification of

- Fischer's method,

Three volumes of glacial acetic acid {containing 1 mi. of sat-
urated sodiwmn chloride) per volume of blood is brought to beiling,
the blood added slowly, and boiling continued for 5 minutes with
congtant stirring. The blood-aceti¢ acid mixture is digested on the
steam bath for one hour, after which time the hemin is centrifuged
while hot to minimize protein contamination. The precipitate is
washed 2 times each with fifty per cent acetic acid, water, esthanol,
ether and then dried. To obtain pure crystals, the heme is re-
crystallised. Omne half ml. of pyridine is added to the dry hemin
crystals and triturated well for one minute. Chloroform (8-10 ml. )
ie added and the mixture is filtered, The filter paper is washed
with chloroform (about 20 ml.) until colorless.

Approximately 15 ml. of glacial acetic acid is added and the
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mixture allowed to stand for 30 minutes. The solution is then heated

to 105 °C., to remove ths chloroform, thus allowing crystallisation to

take place in the concentrated acetic acid., A drop of concentrated
HCl seems to aid crystallisation.
The crystals are washed with acetic acid, water, ethanol, and

ether as before. An appropriate amount of hemin is weighed out to
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make & solution having a concentration of one milligram per milliliter.
The solvent was pyridine or 1 N KOH. Two milliliter aliquots were
mwtinaly used., Purity of the radioactive hemin is indicated by the
fact that & second recrystallization produced ma change in the specif-
ic activity {Table I).

E‘eW activity was measured in a Nuclear well type sciatillation
counter attached to a; Berkeloy Decimatic Scalez*a' G4 activity of
dry hemin crystals was measured with an end window Geiger-Muller

tube and Berkeley Decimatic Scaler.

P. Quantitation of Porphyrins

1) Exrythrocyte Coproporphyrin and Protoporphyrin

This procedure is a modification by Schwartz (54) of the method
of Grinstein and Watson {55) and permits analysis of copropoxphyrin
and protoporphyrin. The centrifuged cells {(ox lysed cell preparation)
are added to 10 volumes of a 4:1 mixture of sthyl acetate and glacial
acetic acid. The suspension is thoroughly ground and the extraction
repeated until the filtrate is essentially colorless. The porphyrin
is removed from the ethyl acetate-acetic acid solution by exhaustive
extraction with 3 ¥ HCL.

The H(ﬁl solution is neutralized to Congo red with saturated
sodium acetate and extracted with ethyl acetate. Coproporphyrin is

removed from the ethyl acetate by the addition of 0.1 N HCIL. The



TABLE 1

Specific Activity of Hemin Samples on 1st and 2nd Recrystallization

Hemin Activity
(CPM)
lst Recrystallization Znd Recrystallizsation
1024 930
468 &40
840 890
990 960

Cencentration of hemin in 1:0 N KOH = 1 mg. /ml.

Volume of aliquot = 2 ml.
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protoporphyrin is removed by addition of 3 N HCL. A sufficient
volume of 7.5 N HC1 is added to 0.1 N HCl-coproporphyrin solution
to raise the normality to 1.5. The protoporphyrin solution is
diluted with an equal volume of water. The solutions are then
quantitated by fluorescence measurement. The abeorbed ultra-
violat radiation of porphyrins is re-emitted as light of longer wave
length in the red region.

2) Erythrocyte uroporphyria

This method is applicable only to those experiments in which
uroporphyrin and reduced uroporphyrin were added. A 5 ml. aliquot
of incubation mixture is extracted with an ethyl acetate-acetic acid
mixture at pil 3.5. At this pH the uwroporphyrin is very soluble in
the acetic acid and can be extracted. Coproporphyrin is also ax-
tracted at this point. The porphyrins are removed from the ethyl
acetate-acetic acid solution with 0.1 N HCI.

The HC1 solution is neutralized to Congo red with saturated
sodium acetate and is extracted with ether to remove copropor-
phyrin. The aquecus phase containing uroporphyrin is extracted
with ethyl acetate. The uroporphyrin is then removed from the

ethyl acetate with 1.5 N HCl and is quantitated fluorimetrically.

i. Other Materials

Hematoporphyrin hydrochloride



Purchased from Mann Research Laboratories Ime. New York
6, New York.
Ferzous citrate - Fe?

Purchased from Abbott Laboratories, North Chicago, Hlinecis.
Glycine-2-C*

Purchased from Nuclear Laboratories, Chicago, Illincie.
Porphobilinogen

Obtained from Dr. Samuel Schwarts

University of Minnesota Medical School
§-Aminolevulinic acid hydrochloride

Generously supplied by Dr. John R. Dice, Research

Department, Parke, Davis and Company, Detroit, Michigan
Wing feathers from Turacus birds

Generously supplied by:

Kenton C. Tiat, Curater of Birds, Zoological Bociety of

San Diego, California.

Johm Tee-YVay, Dirmtai*

New York Zoological Socisty, New York

Theodore M. Reed, Veterimarvian

Mational Zoological Park, Washington, D. C.



RESULTS

Before attacking the main problem of heme biosynthesis, pre-
limisnary experiments were designed to obiain some working infor-
mation concemning the lysed duck erythrocyte systemn. Thue, one
of the first points to be determined was the content in normal duck
erythrocytes of the principal free porphyrin, protoporphyrin. This
value was found to be about 40-70 pg per cent a5 seen from Tebles
i1 and Iil.

investigation of the capacity of the system to synthesize proto-
porphyrin from sstablished heme intermediates revealed that glycine
and succinic acid were capable of producing about twice the original
amount of free protoporphyrin during three hours of incubation
{Teble II). In the absence of these two intermediates, no protopor-
phyrin was produced during the same and longer time intervals of
incubation {Table II}. This suggests that the gquantity of precursors
anormally present in the system is sxtremely small.

The assumption that ivon is incorporated directly into proto-
porphyrin was tested by adding protoporphyrin and radicactive iron
to the Iysed duck cell preparation and measuriag simultaneously the
disappearance of protoporphyrin and the radicactivity of the resultant
heme. The results in Table Il show that the synthesis of heme as

meagured by Fe59 uptake bears no correlation to the free protopor-



27
TABLE 11
Coproporphyrin and Protoporphyrin

Synthesized by Lysed Duck Erythrocytes

Coproporphyrin {ug%)  Protoporphyrin (ug%)

Time of Incubation Glycine aad Succinic Acid
{hxs)
with without with without
) 5.0 40
3 5.0 2.5 86 56
6 13,0 3.0 128 42
9 ’ 1.0 2.0 200 50
12 22.0 3.0 320 44

Glycine and sucecinic acid {0.5 g Mole sach per sample)

Temperature 37 ° C.



TABLE Il

Corrslation of Fe?? Uptake and Protoporphyrin Disappearance

During Heme Biosynthesis

Atmosphere Protoporphyrin Hemin Activity
{ug%) {CPM)
U hre, 6 hers. mﬁ.

5 ® 17 + 42 2550
Nitrogen 135 Mk 142 + 7 3870

315 »» 167 - 148 2430

75 ® 43 - 32 3930
Air 135 »% 275 + 140 5050

315 = 142 173 2350

* Endogenous protoporphyrin

*% Endogenous plus added protoporphyrin

28
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phyrin disappearance. G:cé.:iunuuf, with relatively high levels of
added protoporphyrin (250-300 pg) there was a decreased recovery
of protoporphyrin after incubation, but this again was not accompanied
by a aa:rnponding uptake of Feﬁ” into heme {Table III). This finding
suggested that iron was not bound under aerobic or anerobic condi-
tione fo the protoporphyrin nﬁniaty either by chemical chelation or
ensymatic insertion. Similar {indings were noted with very low levels
9& protoporphyrin {(Table IV).

In contrast to protoporphyrin, there was produced a progressive
incresse in Fs” labeled heme upon the addition of glycine and suc~
cinic acid, §-aminolevulinic acid, snd porphobilinogen respectively
{Table V).

Other tﬁtrayyrmlu {uroporphyrin, coproporphyrin, and hemato-
porphyrin) were tested in a ayateméuc screening and yielded results
identical to those found with protoporphyrin. These negative results
were obtained repeatedly and, therefore, to avoid redundancy are
illustrated only once and in conjunction with other results (Tables VI,
ViI, and VIH}.

Since the common tetrapyrroles could not be established as direct
heme intermediates by virtue of iron acceptance, attention wase turned
to the reduced derivatives of the respective porphyrins, Each por-
phyrin was tested in the oxidized and reduced state. The results are

as notaed:



TABLE IV
Fe*? Uptake With Added Protoporphyrin During

Heme Biosynthesis

Protoporphyrin Hemin Activity
HE # Moles {CPM)
6.0 o 2450
0.5 0.001 2460
1o 0.002 2470
2.0 0.004 2430
5.0 o.01 1990
10.90 g.02 2490
20.0 0.04 2320

Ineubation 6 hre. at 37* C.
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TABLE V

E‘e"’g Incorporation into Heme with Established Porphyrin Precursors

Substrate Micyromoles Hemin Aectivity

CPM/pMole CPM/mg

succinic acid 170 3 515
and glyecine

§-aminolevulinic acid 7.68 64 480
porphobilinegen 0.68 625 420

Incubation: & hre. at 37° C.



TABLE VI
i‘c“ Uptake with Added Reduced Protoporphyrin

During Heme Biosynthesis

Reduced Protoporphyrin Hemin Activity
pg/sample {CPM)
{max. amt. )

0 1260
43 | 1400
86 1440

172 1160
258 940

Protoporphyrin
{1g)

B2 1200
104 1240

Incubation: & hrs. at 37° C.
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TABLE VI
Fe>? Uptake with Added Reduced Hematoporphyrin

During Heme Biosynthesis

Reduced Hematoporphyrin Hemin Activity
{sg / sample) {CPM)
(max. amt. )

0 2490
10 3150
25 3100
60 3000
400 2740
1000 2470
Hematoporphyrin
10 2940
25 2950
100 2900
400 2680
1060 2930

Incubation: 6 hrs. at 37*° C.



TABLE VIH
¥ Uptake with Added Reduced Uroporphyrin Il

During Heme Biosynthesis

Reduced Uroporphyrin I Hemin Activity
(ng / sample) (CPM)
{max, amt. }

] : 1360

% 2600

140 3100

280 3500

Uroporphyrin I
{rg)

] 1360

70 2iz0

140 1890

280 . 2120

incubation: 6 hre, at 37° C.
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a) Protoporphyrin: As already seen, this porphyrin does not
accept Fe>?. in the reduced form similar results are also
noted {Table Vi).

b) Hematoporphyrin: The results show no significant uptake of
Fus . Reduced hematoporphyrin was likewise ineffective
{Table VII).

¢) Uroporphyrin: Uroporphyrin Iii showed no uptake of Fe59,
However, the reduced derivative produced incorporation of
the tracer iron into heme {Table VII). Later experiments
{Fig. 4, Table IX) show this incorporation even more
significantly.

To obtain a better supply of the pure isomer, uropor-
phyrin Il was isolated {rom the wing feather of the Turacus
bird {cf. methods). This bird is im the unique position of
having the only known source of pure uroporphyrin isomer
type HI.

Incubation for various time intervals of the reduced uro-
porphyrin I with the lysed cell system and Fe59, again
produced this increase in the radioactivity of the heme
{Fig. 3), indicating increased biosynthesis.

It would not have been surprising to find extremely high
concentrations of reduced uroporphyrin 11l resulting in a

lowered uptake of !’059, however, the inhibition occurring



Figure 4

Time factor in Reduced Uroporphyrin III Conversion to Heme in

Duck RBC,
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TABLE IX

Fe>? Uptake with Added Reduced Uroperphyrin II

Daring Heme Biosynthesis

Reduced Uroporphyrin I

Hemin Activity

(i M / sample) (CPM)

{max. amt.)
0 1870
0.1 6000
0.2 7100
6.3 18000
0.4 7500
6.6 4530
0.8 1750
1.9 850

Incubation: 9 hrs. at 37* C.

Lysed Blood was Homogenized.
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with levels somewhat above 0.3 p Mole was unexpected.
This is thought to be due to the presence of an inkibitor,
pessibly a urobilinoid substance formed during reoxidation
of the reduced uroporphyrin (56), or perhaps an impurity
accompanying the uroporphyrin III during its isclation
{Table IX).

dj ﬁropasphﬁm IL In ﬂu‘ reduced form, this porphyrin was
inert toward 3‘&” uptake {Table X]).

e) Coproporphyrin HI: As seen in Table XI reduced copro-
porphyrin Il can serve as & heme precursor but appears

to be leas effective than reduced uroporphyrin I

The Establishment of Reduced Uroporphyrin Il 3 a Divect Heme

Iutam ediate,

In order to determine whether reduced uroporphyrin Il is a
direct intermediate in heme biosyathesis, an isotope dilution ex-
periment was carried out using glycim—bﬂ“. a known precursor
of heme, Dilution of the labeled intermediate produced by con-
densation of glycine~-2-Cl4 and suceinic acid by a non-labeled
suspectsd intermediate should result in a diminution of heme ac-
tivity. The data in Table XIf show a 50% reduction in glycine in-
corporation in the presence of reduced uroporphyrin Ill. These
data are particularly significant in view of the very low levels of

reduced uroporphyrin I present. Feo? uptake was followed in
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TABLE X
¥e°? Uptake with Added Reduced Uroporphyrin I

During Heme Biosynthesnis

Reduced Uroporphyrin 1 Hemin Activity
(i Moles) (CPM)
¢ 980
8.1 970
¢.3 960
8.6 &80

Incubation: 9 hrs. at 37° C.

Lysed Blood was Homogenized.
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TABLE XI
;-‘5‘} Uptake with Added Reduced Coproporphyrin I

During Heme Biosynthesis

Reduced Coproporphyrin I Hemin Activity
{s Moles) (CPM)
{mmﬂ amt-’

9 990
8.1 3570
0.2 3300
0.4 2940

incubation: 9 hrs. at 37° C.

Lysed Blood was Homogenized.



TABLE XII
ﬂiycime-»z—ts“ Dilution by Reduced Uroporphyrin III

During Heme Biosyathesis

Reduced Uroporphyrin I Hemin Activity
(» Mole) {CPM)
{max. amt.) .

0 82z
0.18 80
0.22 40
0. 29 37
Porphobilinogen
{is Mole)
| 0.88 40

27 p Mole {1.3 pc.) glyuim.-zacu per sample
The cl4 activity was determined with an end window counter. The
hemin activity values are corrected to infinite thickness.

Incubation: 9 brs, at 37° C.
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V&uplieate samples, thereby eliminating the possibility of an inhibi-
tion. Thus, the reduced uroporphyrin must have diluted the labeled
glycine, and is, therefore, in the main pathway of heme bissynthesis.
An approximately egquimolar amount of porphobilinogen diluted the
¢l ncorporation to the same degree as the reduced uroporphyvin
{Table XII). Thus it appears that reduced uroporphyrin Il is in the
main pathway of heme biosynthesis.

As indicated by the hypothesis of Shemin, reduced uroporphyrin
Il is perbaps the first tetrapyrrole formed. Rimington also states
that the reduced form of the porphyrin is the one immediately formed.
His work (57) and that of Case {11) show an increase in uroporphyrin
upon boiling or aesration of the porphobilinogen solution in acid. This
oxidation involves the loss of hydrogen atoms from the bridge
carbons. Depending upon the side chain arrangement of the mono-
pyrraole, there could be a reduced tetrapyrrole siructure (octa,
tetra, or dicarboxylic) with the bridge carbons in the reduced state.
Exposure to air apparently is sufficient to oxidize the reduced
compound to uroporphyrin, coproporphyrin or protoporphyria.
Therefore, one might also expect to find uroporphyrin, copropor-
phyrin and protoporphyrin produced as by~products of the heme
pathway. In one experiment the lysed duck cells were incubated
with 170 micrograms of reduced uroporphyrin III in the following

mannsr. Set A comsisted of two lysed bload samples; one contrel
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sample and one sample with 170 pg. of reduced uroporphyrin Il wers
incubated at room temperature for three hours. Set B was prepared
similarly and incubated for aine hours. The results shown in Table
X1IX indicate that reduced uroporphyrin Il had been converted to
coproporphyrin and protoporphyrin and essentially to the same degree
after three or nine hours of incubsation,

In order to quantitate these conversions additional information
was required. The amount of heme synthesized could be calculated
irom radioactivity measurements. The amount of ureporphyrin
formed on reoxidation of the reduced uroporphyrin IIl and likewise
the amount of coproporphyrin and protoporphyrin could be guanti-
tated, The reduction process forms urobilinoid substasuces, there-
fore, the quantitation of the actual amount of reduced uroporphyria
available for conversion could be detarmined by teking a volume of
the buffered reduced uroporphyrin solution equal to that added to the
lysed blood samples, and adding it to & volume of water equal to the
iysed blood sample volume, and incubating it under the same condi-
tions as the blood samples. One could assume that the amount of
reoxidizsed uroporphyrin formed would then be a measure of the
amount of reduced uroporphyrin available. The results of this ex-
periment are tabulated in table XIV. Of the 160 pg available for re-
duction, 36 pg remained for reoxidation and coaversion to succeeding

intermediates. The total free porphyrin recovered was found to be
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TABLE X1
Conversion of Reduced Uroporphyrin Il to Coproporphyrin

and Frotoporphyrin

Coproporphyrin Protoporphyrin

pg /15 ml, ug/ 15 mi, *
substrate Shrs. 9 hre. 3brs. 9 hvs.
None 0.0075 0.0075 2.03 1.65
Reduced ureporphyrin I

{9, 2 p Mole) 0.35  0.29 7.20  7.20

* 15 ml. of lysed blood per sample was used in this sxperiment.
Incubation: 37° C.

Lyved Blood was Homogenised.
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TABLE XIV
A Balance Study of the Conversion of Reduced Uroporphyrin II

~ to Uroporphyrin, Coproporphyrin, Protoporphyrin

and Heme
Droporphyrin 11l belore reduction { max. amt.) 160 pg
Reoxidised Uroporphyrin Il 56 pg
Amount of Reduced Uroporphyrin assumed to be available
for conversion 36 pg
Porphyrin recovery: “Uroporphyrin 2.28 pg
Coproporphyrin 1,43
Protoporphyria 7.80

Total 1L 51 pg

Calculation of the amount of reduced uroporphyrin Il converted to
heme.
Microcuries of Fe3? ndded to lysed blood sample 1.5 pe.

Amount of iron added as ferrous citrate / sample 1 pg.

Agtivity ndded per sample:
3,7 x 10% disentegrations / sec / pe
X 4.5 (uc added to total blood volume of 90 ml. )
16.65 x10% D / second |

60
99.9x10° D/ min / 90 mi, = 33.3 x10% D/ min / 30 ml.
or D/ sample

X

Counter efficiency eguals 50 per cent
2 Xeats / min / sample = D/ mia.

Arnount of heme in 30 ml. of blood (9 ml. of celle) is 125 mg.
The activity of the heme iz measured from I mg. aliquots, there-

fore, multiply the D/ 2 mg. sample by 62.5 for total heme activity.
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TABLE XIV ( cont’d)

Heme activity:

ents Hm D/ min x 62,5 total D / min.
control 57 1150 7187 2000
sample 4193 8386 534125 524000

Activity due to reduced uroporphyrin III 525,000
- 72,000
452,000 D/ min,
Per cent labeled Feo? incorporated into hemse

0.45 x 106 X 100 = 13.6 %
3. 33 x 100

11 pg of Fe added / sample

n = 0.2 p Moles / sample
B6

p Moles of izron bound in heme
8.2 X 0.136 = 0.027 p Moles

Therefors, the amount of reduced uroporphyrin utilized = 0.027

p Moles
830 pg equals 1 p Mole of reduced uroporphyrin
. 027 p Moles equals 16,3 ug
Total erythrocyte porphyrin 11,51 pg
Reduced uroporphyrin converted to heme 22.41
Total conversion 33,3552

Per cent converaion:
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11.51 pg. The amount of reduced uroporphyrin converted to heme v}as
calculated $o be 16,3 pg. The combined values squal 27,8 pg for a
total recovery of 77 per cent.

ldentification of the perphyrins formed from reduced uropor-
phyrin I was obtained by analysis of the absorpiion peaks of the
extracted uroperphyrin, coproperphyrin, and protoporphyrin and
were 628 my, 402, 408 respectively. These values are similar to
the peaks found for known pure compounds (Table XV}. |

In view of information presented by Goldberg (44), protopor-
phyrin was reinvestigated as an iren acceptor. The results showed
that in the presence of phosphate ion, Fe? is incorporated into
protoporphyrin to some extent {Table XVI). However, the uptake

is much less than that with reduced uroporphyrin il



TABLE XV
Absorption Analysis of Porphyrine Formed from

Conversion of Reduced Uroporphyria I

Maxirnum
Literature Observed
Uropozphyrin 628 626-628
Coproporphyrin 402 400-404

Protoporphyrin 408 408~ 410
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TABLE XV§
Fe°? Uptake During Home Biosynthesis with Added

Protopurphyrin in the Presence of Phosphate Jon

Protoparphyrin Hemin Activity
BB {CPM)
L 150
139 420
278 440
556 770

Incubation: 3 hrs, at 37° C.

Lysed Blood was Homoegenised.
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DISCUSSION

Material presented in the forsgoing pages certainly suggests
that uroporphyrin and coproporphyrin, in the reduced state, ave in
the direct pathway of heme biosyathesis, The concept that the
mmrgu_y occurring tetrapyrroles usually seen, namely, uropor-
phyrin, coproporphyrin, hematoporphyrin, and protoporphyrin are
not in the main biosyathetic pathway has been partly borne out; i. e.,
the only active compounds (uropoerphyrin Il and coproporphyrin I}
must be in the reduced state, thus partly comfirming the theoretical
congiderations of Shemin.

The dilution of glyeine-2-C!4 incorporation inte heme by re-
duced uroporphyria Il suggests that reduced uroporphyrin IIX is
& direct heme intermediate. Furthermore, since the isotope
dilution by porphobilinogen is similar to that seen to occur with
rediced uroporphyrin I, the two heme precurscors must lie close
together in the pathway. Thus the porphyrinogen X; in Figure
§ is probably reduced uroporphyrin IIl. Additional confirmatory
evidence for the natural eccurrence of reduced tetrapyrroles has
recently been noted. PBogorad (58) found a colorless compound
produced ensymically from porphobilinogen, which yielded uro-
porphyrin I, slowly by autoxidation in air, and rapidly by the action

of a plant ensyme. Furthermore, this coiorldu tompound, when



Figure 5

A suggested pathway of heme bicsynthesis.
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incubated with a Chlorella cell preparation, yielded, not wro-
porphyrin, but coproporphyrin {isomer type not detsrmined)
as the main product. This suggests that the compound served
as a substrate for the ensymes mediating decarboxylation of the
protoporphyrin precursors. Granick {59) bas separated three
protein izvactions {rom the seluble portiom of chicken erythrocytes
by paper slectrophoresis. Fraction l contained an enzyme which
catalyzed the condensation of §-aminglevulinic acid to porpho-
bilinogen., Fraction 2 was capable of converting porphobilinogen
to & colorless compound which on autoxidation was identified as
uroporpbyrin IIl. Fractioa 3 together with fraction 2 converted
porphobilinogen to colorless compound which on autoxidation
was shown to be coproporphyrin IIl, Of great interest was the
finding that the oxidized uroporphyrian produced by the action of
fraction Z on porphobilinogen could not be acted upon by the de-
carboxylating ensyme in fraction 3, This finding may be in-
terpreted as strongly suggesting that decarboxylation of the
porphyrins can occur oaly in the reduced state,

Reduced coproporphyrin IIl was also shown to accept Fe39
during heme biosynthesis, but apparently to a lesser degree than
the reduced uroporphyrin IIl, Additionsl experiments are in-
dicated here to clarify the position of this intermediate. In view

of the observations of Bogorad and Granick, it is very likely
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to appear in the heme biosynthetic scheme at the position X,
in Figure 5.

in the normal human erythrocyte, the presence of copro-
porphyrin Il and protoporphyrin 9 has been established. The
presence of uroporphyrin IIl under normal coaditions may be
assumed in order further to establish the existence of the scheme,
It has been shown that reduced uroporphyrin IIX serves as &
divect heme precursor, and therefore the oxidised derivative is
off the main pathway. Rapid conversion of the reduced compound
to coproporphyrin may account for lack of evidence for its
existence. The normal erythrocyte levels of free copropor-
phyrin and protoporphyrin indirectly suggest the possibility that
only extremely small and as yet undetected amounts of iree uro-

porphyria are actually present under normal circumstances, as

saen below:
¥ree Erythrocyte Porphyrins (54)
pg %
Uroporphyrin Coproporphyrin Protoporphyrin
? 0.3 13.0

The pool sise of the fres srythrocyte porphyrins would indicate
that the eguilibrium is shifted to the right thus accounting for the
greater amount of protaporphyrin normally found, and the observed

absence of uroporphyrin.
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Early experiments using lysed duck erythrocytes with added
glycine and succinic acid showed very marked synthesia of free
proteporphyrin, and also of coproporphyrin. This finding has
been confirmed by Ortex (60). While free uroporphyrin has not
been found in these studies, it has been identified in the erythro-
cytes of patients with erythropoietic porphyria and Cooley’s
anemia (61, 32).

Hematoporphyrin, though structurally related, cannot be
assigned a position in the direct pathway of heme hiosynthesis on
the basia of experimental evidence, although its formation in some
instances is difficult to explain otherwise.

The role of protoporphyrin, long sssumed to be the acceptoy
of iron and therefore a direct heme intermediate, remains question-
able. Az mentioned earlier protoporphyrin was the most difficult
of all the porphyrine to maintain in physiologic solution. After
reduction, this problems was even greater. Adding to the uncertain
status of this compound is the confirmation of Goldberg's work
showing uptake of 7e®?. The only apparent differeance, and thus
the important condition in the method of Goldberg, is the presencs
of ortho phosphate ion, which apparently facilitates Fe39 incoz-
poration. Preliminery studies, therefore, reveal that phosphate
ion is mecessary, but the finding has not been pursued further.

This observation is not too surprising if one considers that it
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may be reduced protoporphyrin which is blochemically active and
therefore the added protoporphyrin would need to be reduced for
activity. Relative to this suggestion, examples can be cited to show
the necessity for phosphate in certain oxidation-reduction enzymes
of a type which may very likely be active here. A direct correla-
tion of enzyme activity with phosphate conceatration was shown by
Kearney {62) studying the requirement of succinic dchydtcgamne
for inorganic phosphate. The reduction of cytochrome ¢ by zaanthine
oxidase has also been showa to be dependent on the presence of
inorganic phosphate (63).

It should be recalled here that Dresel concluded, from es-
periments cited earlier, that protoporphyrin did not dilute glycine-
z.clt significantly and therefore did not fulfill the requirement of
a direct heme intermediate. This finding by no means denies the
possibility that 2 small amount of protoporphyrin has proceeded to
heme, since there actually was 2 small but detectable amount of
glyeine dilution. Because the glycine and protoporphyrin are
relatively far romoved from one another in the biosynthetic pathway,
a trace of protoporphyrin may show virtually mo dilution of glycine-
2-C1% and yet show significant uptake of ¥e59. The important point
iz that in this reaction sequence, im which the intermediates are
proximate to one another, the Fe3? uptake should have far exceeded

the amount observed, if the protoporphyria were the principal binding
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égmi. The results shﬁw, however, that leas than 0.3 p Mole of
reduced ureporphyrin Il was capable of producing heme with an

39 activity grn{ur than nine times the control level, while that

Fe
from L p Mole of protoporphyrin was only 3 to ¢ times the coatrol,
even in the presence of phosphate, This ehmpuuon of Fe37 uptake
indicates that reduced uroporphyrian Il has about nine times the
activity of protoporphyrin 2s 2 heme precursor. Furthermore,
the data suggest that iron may be incorporated at some intermediate
phase rather than as the final step in heme formation (X3 in Fig. 5).
The inactivity of reduced uroporphyrin 1 with regard to Fed?
uplake indicates additional work which miy possibly establish the
relationship of the typs I and Il isomers. It is possible that the
reduced nroporphyrin I may proceed in a masner similar to that
suggested for uroporphyrin i, and the lack of ensymes prevent
the derivatives from proceeding beyond coproporphyrin, thus ac-
counting for the observed lack of protoporphyrin 1 in nature.
Thus, experimeunts have been described which were designed
to elucidate the site of iron incorporation. While this locus re-
maing in & yet undetermined state, 4 new intermediate in hame
biesynthesis, perbaps the first tetrapyrrole, has been establizshed

and the long unknown position of uroporphyrin clarified.
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SUMMARY

The incorporation of iron imto naturally cccurring tetrapyrroles
has been investigated in a lysed duck erythrocyte preparation.
Uroporphyrin, toproporphyrin, hematoporphyrin, and protopor-
phyrin did not show any significant uptake of Fe%9 when in-
cubated with the lysed duck erythrocytes.
Reduction of these porphyrine was carried out with sodium amal-
gam, These reduced derivatives were then investigated ae heme
precursors using l‘n"”.
Reduced uroporphyrin IIf stimulated heme biosynthesis when ad-
ded in amounts up to 0.3 y Mole, (reater concentrations caused
inhibition, probably due to the presence of urobilinoid substances
formed by ths reduction process.
Reduced uroporphyrin I, reduced hematoporphyrin 9, and reduced
proteporphyrin 9 showed no increased labeling of hemin with Fe9,
Reduced coproporphyrin Il stimulated heme biosynthesis but to a
lesser degree than reduced uroporphyrin III.
Glycine-2-Cl4 incorporation into heme was markedly diminished
in the presence of reduced uroporphyrin IIl. The isotope dilution
was similar to that produced by porphobilinogen, suggesting that
reduced uroporphyrin III is in the main pathway of heme bio~

synthesis.
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Reduced uroporphyrin IIl was found to be converted to uro-
porphyrin, coproporphyrin, and protoporphyrin, as well as to
heme.
It is suggested that ivom may be iacorporated st somie intermediate
phase other than protoporphyrin.
Oxidised porphyrins appear to be side products of heme bio-
synthesis.
m.m: ion appears to be necessary for heme biosynthesis
from protoporphyrin, However, the synthesis is less than that

from reduced uroporphyrin III.
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ABSTRACT

The utilization of tetrapyrroles in heme biosynthesis has been
studied in lysed duck erythrocytes with radioactive iron (Few) ine-
corporation into heme used as & measure of heme synthesis. Proto-
porphyrin, long assumed to be the acceptor of iron in heme synthesis,
could not be demonstrated as the principal agent for iron incorpora-
tion under either aerobic or anerobic conditions. There was no cor-
relation between the resultant heme radioactivity and protoporphyrin
disappearance, similarly, the other naturally occurring tetrapyr-
roles, uroporphyrin, coproporphyrin, and hematoporphyrin yielded
only negative results.

Since the common tetrapyrroles could not be established as
heme precursors by virtue of irom acceptance, attention was turned
to their reduced derivatives., Reduction of the porphyrins, ac-
complished with sodium amalgam, results in the addition of

hydrogen atoms to the four methene bridge carbon atoms and two



of the pyrrole nitrogen atoms. Rapid reoxidation of the colorless
non-fluorascent reduced derivatives was retardad by the addition
of ascorbic acid,

The reduced derivatives of protoporphyrin, hamamparﬁhyrin.
and urcporphyrin I wers shown to be incapable of incorporating
F@ﬁg.

Reduced uroporphyrin III, however, showed marked uptake of
Fe59 at Ievgls up to 0.3 p Mole, Above this level inhibition was
aoted, which is considered to be due to the presence of urobilinoid
substances formed during the reduction process.
| Reduced cﬁémp(}rphyﬂn IIl was also noted to increase heme
synthesis but to a lesser degree than reduced uroporphyrin II.

Reduced uroporphyrin Il was shown to be a direct intﬁrmed.-
jate in heme biosynthesis by an isotope dilution exparimnﬁt using
glyci;m-z-cu, a known precursor of heme. The results showed
a 50% reduction of glycine incorporation into heme in the ‘presmce
of reduced uroporphyrin Iil. An approi:ima.tely equimnelar amount
of porphobilinogen diluted the cl4 incorporation to the same degree
as the reduced uroporphyrin I,

Reduced uroporphyrin III wae found to be converted to free
uroporphyrin, coproporphyrin, and protoporphyrin as well as to

heme, supporting the theoretical considerations that reduced



uroporphyrin Il is the first tetrapyrrole formed.

Protoperphyrin was recently reported to bind iron during heme
biosynthesis, results which are in contrast to those obtained in
this laboratory., Experimental confirmation was accomplished
with the finding that phosphate ion is necessary for this incorpera-
tion. Nevertheless, reduced uroporphyrin Il was found to be nine

times more active than protoporphyrin in heme synthesis.





