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ABSTRACT

Though the enzymes involved in heme bicsynthesis have been studied
by several groups using in vitro svian srythrecyte systems, no attempt
has been made to relate these enzymes to the morphology ef the intsct
cell. Previous work indicates that the chicken erythrocyte nucleus is
metabolically sctive and therefore must céﬂtain numercus enzymes. In
the present study fractionation of the chicken red cell has been under-
taken and the role ¢f the nucleus in ﬁeme biosynthesis investigated.

Fractionation inte cyteplasmie and nuclear fractions wes achieved
by ham@lysis.@f the washed red calls with hypotonic sodium chloride
solution followed by centrifugation at 9000 g. The isolated nuclei were
further fractionated into a seluble fraction and an insoluble residue
by Waring Blendor treatment and centrifugation. Microscopic study and
remarkably consistent experimental results indicated that the cell frace
tions thus prepared were relatively homogenecous.

Isolated cell fractions and combinations thereof were incubated
with various heme precurser substrates. Heme formation was evaluated
by tracer methods using Gl4~labelled glycine or Fe??, and in certain
experiments the uro~, copro-, and protoporshyrin formed were also guanti-

tated,



The heme biosynthetic pathway was divided into four segments for
studys (1) the condensation of glycine and suecinate (with decarboxy
lation of the g-emino-{~keto adipic acid formed) to yleld $-aminolevu~
linic acid (ALA)s (2) the conversion of ALA through porphobilinogen
(PRG) to porphyrine; (3) the conversion of uroporghyrin (or its reduced
derivative) to protoporphyring and (4} the insertion of iren into proe
toporphyrin to form heme,

Various techniques were utilized to inactivate enzyme systems with-
cut disrupting cofactors so that the enzymes catalyzing the above pore
tions of heme biosynthesis could be localized in a particular cell
fraction, |

It was found tha£ both cytoplasmic and nuclear fractions wers re-
quired for the conversion of glycine and suceinate to ALA, but the
inactivation techniques indiceted that the enzymes involved were in the
ruclei while the cytoplasm furnished essential cofsctors. Attempts to
solubilize these enzymes from the nuclear fraction were unsuccessful.

All the factors necessaxry for the conversion of ALz to ureporphyrin
were in the cytoplasmic fraction as prepared. The possibility was sug-
gested that these enzymes might have been eluted from the surface of
the nuclel during hemolysis.

Further data indicated that the enzymes catalyzing the synthesis
from the uroporphyrin to protoporphyrin stage were most probably in the
nucleus (more specifically, in its soluble fraction) with essential
cofactors provided by the cytoplasm.

The nuclear goluble fraction also contained the enzyme(s) respon=
sible for the insertion of iren into protoporphyrin to form heme, the

cytoplasmic fraction again providing necessary cofactors,



The relationship of these results to numerous reports by other
gxeaps using erythrocyte water~hemolysates has been discussed, and the
chicken erythrocyte has been compared to the humen red cell as regards
heme biosynthesis.

It has besen suggested that isolation of nuclear fractions as des-
cribed here provides convenient sources of many of the enzyme systems
concerned in heme blosynthesis., In nuclear fractions, separzted from
the mass of cytoplasmic hemoglobin, these enzymes may be studied in
purer form than in whole cells or hemclysates. In addition, study of
the cytoplasmic fraction should be of value in identifying essential

cefactors invelved in various stages of the synthesis,
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INTRODUCTION

Ao Biolegical Importance of liema

The biclogical importance of the heme molecule is well known. Heme
and derivatives of heme serve as the prosthetic groups of such vital
compounds as the oxygen carriers, hemoglobin snd myoglobin, and impore
tant enzymes including the cytochromes, catzlase, and the peroxidases.
In the Plant Kingdom the chlorophyll molecule, essential to photosyne=
thesis, is a magnesium~porphyrin complex, and recently vitamin Bys bas
been shown to contain cobalt within a porphyrinelike structure (1,2).
The importance of these heme~ and other porphyrin-containing compounds
has stimulated interest in the pathway of heme biosynthesis., Thus, the
intermediates involved in this process have received a great deal of

attention in recent years.

Be Methods of Studying Heme Biosynthesis

The biosynthesis of heme has been studied in several ways in &
variety of systems. Early in vive investigations (3,4,5) have been
supplemented by gﬁ yitro studies of heme synthesis using liver preperae
tiens (6), Chlorella (an alga) (7), certain bacterial erganisms (2,9),
and avian erythrocytes (10,11). The latter system has received exten-
sive investigation and is the object of the studles described herein.

Since heme synthesis is closely related to porphyrin formation,
biochemical and clinical studies of the humen disease, porphyria, have
added to our knowledge (5,12,13,14,15)s An experimental type of por-
phyria has been induced in rabbits (16), rets (17), and chicken embryes
(18) by administration of allylisopropylacetylcarbamide (Sedormid) or

related compounds and has been used to study various aspects of porphye-



rin formation (19,20). In addition, humen and experimental porphyria
have provided sources of porphyrins and porphobilinogen (FBG) for use
in the study of heme formation in other systems., A few studies of heme
formation have alsc been carried out in human subjects with certain

hematological abnormalities {21,22,23).

C. Established Intermediates in Heme Synthesis

Though Hans Fischer synthesized heme chemically in 1929 (),
little wes known of 1ts synthesis in the body until 1945 when Shemin
and Rittenberg found that Nl5-labeled hemin could be isolated from
the red blood cells of a normal humsn who had been fed NlS-glyeine {3).
Further studies by these workers indicated that the nitrogen of glycine
is directly employed for the synthesis of the protoporphyrin of hemo-
globin {25) and that it is the precursor for both pyrrole types in BTG~
toporphyrin (26). Glycine's role as a porphyrin precursor was zlso
suggestad by isotope studles caxrried out by English workers on human
porphyria patients (4,5) and rabbits and rats (27,28). Further esxly
tracer studies in the intact animal showed that the g-carbon atom of
glycine is utilized in the formation of heme (29), but the carboxyl car-
bor ig not (30), conclusions that were supported by later work using an
in vitro system (31). The discovery of Shemin gt al. that erythrocytes
from the peripheral blood of ducks can carry out heme synthesis from
glyeine (10,32) provided a convenient system for study of this pathway
in vitro. An early obssrvation by Bloch and Rittenberg while studying
acetic acid metobolism was that significent amounts of deuterium appeax
in hemin isclated from the red éﬁllg of rats receiving deuteriumelabeled

acetate {(33). This finding stimulated investigation of acetate as a



)

possible precursor of heme, ond data were obtained suggesting that most
or all of the carbon atoms of heme are derived from acetszte and glycine
(345350

The elegant method of hemin degradotion worked cut by Wittenberg
and Shemin (36) provided a means of identifying the source of each atom
of the heme molecule and led to identification of glyeine and sueccinate
as heme precursors, thus linking heme formation te the tricarboxylic
acid cycle (37,38,39). It was postulsted that glycine and succinate
might condense to form f~aminclevulinic acid (4La) (Figure 1), and
Shemin and co~workers, using dilution experiments and Clémlabeled ALA,
showed that ALA is, in fact, 2 true intermediate in heme biosynthesis
(40,41542,43,44), a finding that wes reported simultanecusly by Neue
berger and Scott (45). It was postulated that twe molecules of ALA
could combine in a Knorr type of condensstion to form a monopyrrole.
Following the isolation of porphobilinogen (PBG) from humen porphyric
urine and characterization of its structure (46,47,48), this compound
was ldentified as the monopyrrole intermediate in heme synthesis (49,50,
51,52).

‘The synthesis beyond the monopyrrele stage has not been 8o clearly
elucidated. The conversion of uroporphyrin III to proteporphyrin has
been reported (53), but neithex'urcparphyrin 111, coproporphyrin III,
nor protoporphyrin acted as &qu intermediates in dilution-type experi-
ments described by Dresel {51). Mo conversion of Clelabeled uroporpshy-
rin or coproporphyrin to protoporphyrin or heme was noted by Schwartz
using both in vive and in vitre systems (50). Verious workers have sus-
pected that certain colorless porphyrin derivatives or precursors are

actual intermediates in heme synthesis (19,54), and Nevé et al. showed
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that reduced uroporphyrin II1 behsves as a true intermediate in dilution
experiments {55). Thus, it would appear that the porphyrins may merely
be "side-products™ of heme synthesis. Such 2 scheme has been proposed
by Dresel and Falk (56). Shemin gt al. have proposed a mechanism by
which the conversion of the monopyrrole to a tetrapyrrole {reduced uroe
porphyrin III) via a tripyrrylmethane could secur (57).

Despite the fact that protoporphyrin has not been established as a
true intermediate, its conversion to heme has boen noted in bone marrow
and liver preparations (19), in bacteris (58), and in chicken red cell
hemolysates (59,60,61,62). Figure I summarizes briefly the most probshle
scheme, based on present knowledge, of the biosynthetic pathway from

glycine and succinate to heme.

D« Results of Past Enzymetic Studies of Heme Synthesis

In addition to describing intermediates, studies of heme synthesis
carried out in avian (chicken or duck) erythrocyte systems have revealed
further information about certain segments of the pathway. Of particular
pertinence to the present discussion are reports of the enzymatic resc-
tions and conversions that occur in fractions of red cell hemolysates
and some enzyme purificstions that have been carried out from these
fractions. Though cell fractionation on a morphologle basis, as has
been done with such interesting results in liver cells (63), has not
been carried out with avian red cells, various soluble systems have been
prepared from erythrocyte hemolysates and some reactions involved in
heme synthesis studied.

Heme is synthesized from glycine and suecinate or from ALA in intact

red cells or in hemolysates, but PBG is converted to porphyrins and heme



more efficiently in hemolysates, indicating that it probebly does not
penetrate the intact cell readily (64,65). Dresel reported that a
supernate, prepared by centrifugation at 20,000 g of a water-hencly-
sate, could convert ALA ox PRG t0 uro=- and capfﬁpaxphyrin but that
there was scercely any free pm@t@p@rph?rin or heme formed {51). On
ithe other hand, Shemin and associates prepared from an homogenized
water-hemolysate & similar supernatant fluid (their cell-free extract)
that would comvert ALA (but not glycine) to heme {66),

Granick has prepared three fractions from the soluble portion of
chicken erythrocytes by starch electrophoresis (67)s Fraction 1 con-
taing the enzyme converting ALA to PBG, fraction 2 the enzyme which
converts PG to a colorless precursor of uroporphyrin III, and fraction
3 when mixed with fraction 2 converts PBG under anaerchic conditions to
a colorless precursor of gapxpparyhyiin Iif.

ALA dehydrase, which aanve?ta ALA to PBG; has received the most
attention and has been found in numerous tissues im addition to aviasn
red cells {68,69). Purification and charecterization of the propertiss
of the enzyme(s) have been carried out by seversl groups of werkers (52,
70,71,72).

Tﬁg conversion of PBG to porphyrins has been studied in liver
homogenates (73), Chlopella suspensions (74), and in chicken erythro-
cyte hemolysates (75). The enzyme converting PEG to urcporphyrin III
wags partially purified from s supernatent preparation of chicken sryth-
rocyte hemolysate (75).

The corwersion of protoporphyrin to heme has been zhown te take
place in verious soluble preparvations of chicken erythrocytes {59,61,82),

Thus, it is seen that certain soluble prepsrations of avian
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erythrocytes contain enzymes catalyzing the resctions concerned in heme
synthesls from ALA to heme., However, the experimentel methods employed
have not permitted conclusions as to the intracelluvlar distributien of
the enzymes invelved. Undoubtedly the insoluble precipitate resulting
from centrifugation of a water<hemolysate contalns mainly nuclear mater—
ial, but just how wuch, if any, nuclear material is present in the solu-
ble portion as prepared is not clesr from the ztudiss to date. The
work presented herein has been undertaken in an attempt to elucidate
the role ¢f the nucleus in heme biocsynthesis.

It is interesting to ¢ompare the results from the sbove studies of
heme synthesis by avisn erythrocyte systems with some results obtained
using human red cell systems. Morphologically the svian red cell dife
fers from the meture humen erythrecyte in that the formser is elliptical
in cross=section and contains @ large nuclesus whereas the latter §e a
non-nucieated biconcave disk. The two cell types also differ merkedly
from the standpeint of heme biosynthesis. The human red cell lacks
mest of the enzymes necessary to cerry out the resction sequence from
glycine to heme though it does contain ALA dehydrase (52) and in addi-
tion can apparently convert ALA to certain porphyrins {76). Study of
the peripheral blood from a patient with sickle cell anemia revsaled
that this blood cen convert glycine to heme (22), but it hse also been
found that the mere presence of reticulocytes, which contain nuclear
fragments, does not insure this zbility to synthesize heme (77). Thess
experiences with normel and pathelogical humsn erythrocytes zlso raise
the gquestion of the role of the nucleus, and one wonders if the dif=
ferances in heme~syrthesizing capability of the humen znd svian ved
cell might be related to the absence in the former and preserce in the

latter of 2 nucleus.



Bs. The Avian Erythrocyte

Except for the use of the chicken erythrocyte in studies of heme
synthesis, neither it nor its nucleus has received much attention from
biochemists in recent years. Laskowski prepsred nuclei from hen eryth-
rocytes and found that they did respire though the respiraticn was very
low (78), and Laskowski and Ryerson studied the effects of different
sodium chloride concentrations on isolated nuclei (79). MMelampy studied
the content and distribution (cytoplasmic versus nuclear) of amino scids
in the chicken erythrocyte (80). OUne writer, summerizing the small
amount of work done on the evian red cell, expressed the belief that,
"The bird erythrocyte is a cell of such limited metabolic function that
studies on the whole cell or its components may be of dubious value as
far as drawing general conclusions is concerned.” (81)

However, observations by Werburg in 1910 on the aerobic respiration
-of avian red cells and nuclear snd cytoplasmic fractions thereof led
him to assert that it is the nucleus and not the cytoplasm that is
responsible for the respiration that occurs after hemolysis of the red
cell (82). He found no measurable oxygen uptake by the cytoplasm alone.
These early conclusions of Warburg would certainly seem to indlcate
that the avian erythrocyte nucleus is a2 metabolically active fraction of
the cell and must contain numerous enzymes. It secms r2asonable, there-
fore, to belleve that examination of the avian erythrocyte nucleus for
enzymnes concerned in the biosynthesis of heme would be worthwhile and
perhaps rewarding.

The present study was undertaken in an attempt te define the role
of the avian erythrocyte nucleus in the biosynthesis of heme, that is,

to determine which of the enzymes, if any, concerned in heme synthesis
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are located in the nucleus. The results indicate that the nucleus does
play a very impertant rele in heme synthesis, that the enzymes which
catalyze several of the steps of the pathway asre, in fact, in the
nucleus, and thet frectionation of the cell as described here may pro-
vide convenient systems for the further study of thesze enzymes as well

as furnishing informetion asbout structure-functien relationships.



METHCDS AND MATERIALS

A. Fractionation of Chicken Red Cells and Isolation of Nuclel

Por all experiments, chicken red blood cells were utilized in an
in vitro system, Each collection of blood represented a pooled sample
from at least 100 birds.® Exﬁarim@nts were carried out on the same
day/(exngpt where noted) with a lapse of less than 12 hours bhetween
collection of blood and incubation of samples,

The heparinized blovd was centrifuged and the plasma and leukocyte
layers removed. The red cells were washed twice with elther Red Blood
Cell Salt Solution {see below) or 0,9 percent sodium chlorids, All
steps following washing ef the red cells were carried out in the cold
(év5“ C.)e Several methods of lysing the red cells were investigated,
Seponin, 3 mg./ml., and catlonic detergent, 1.5 mg./ml., (both in 1.5
volumes of RBC Salt Solution) were effective in lysis (of one volume of
red cells) but inhibited heme synthesis from glycine and succinate so
were discarded. London gt al. also observed this inhibitory action of
saponin (77). Water, which has been used for lysis in most previocus
studies with red cell hemolysstes (60,62,65,69,83), disrupts the nuclei
g0 as to make their isclation inm 3 relatively unchanged condition impos-
sible. The nuclear residue isolated after weter-hemolysis consists of
a j@llywlikebunworkable masse Lysis with the Waring Blendor ls effec-
tive but alse alters the structure of the nucleus and, as will be shoun
later, releases certain important soluble fractions of the nucleus into

solution. HNuclei isolated afﬁer Waring Blendor-lysis tend to agglutie-

*Chicken blood was obtained, mainly from White Leghorn and Rhode Island
Red chickens, through the courtesy of Northwest Poultry asnd Dairy Pro-
ducts Co. and Fresh Foods Co., Portland, Oregon.
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nate in a gummy mass and have a stringy appearxance microscopically,
The method of lysis finally chesen for these experiments was addition
to the red cells of 1.5 volumes of a hypotonic sodium chloride solution
{0.02 to 0.1 percent depending on cellular fragility) added slowly with
constant stirring. When hemelysis, as judged microscopically, was
reasonably complete (usually within 30 minutes), solid potassium chlox-
ide wes added te the lysis mixture to restore spproximate isotonicity.
The freed nuclel were then centrifuged at 9000 g for 10 minutes in a
Servall Angle Centrifuge. The dark red supernatant fluid, consisting
essentially of the cell cytoplasm diluted with the adied saline was
carefully pipetted off and preserved for addition to the appropriate
samples for incubation. This fraction will be referred toc as “cyto-
plasm® in all follewing discussion. Any remaining unlysed red cells
formed an obvious red layer below the lighter-colored nuclear layer
and could be removed. The nuclei were then washed & varisble number
of times (indicated in the tables of data) with RBC Salt Selution snd
subjected in certain experiments to other treatments that will be des-

eribed,

Be Preparation of Samples for Incubation

The various eryﬁhr@cyte preparations were pipetted into fifty-
milliliter Erlenmeyer flasks for incubation. Substrates, iron, and
coenzymes dissolved in water or saline were added to the flasks and the
final volumes brought to a given amount with water or saline, The sam=
ples were incubated in aly in the derk at 37° C. with shaking for the
periods of time indicated in the tsbles. The volumes of samples at
incubstion were usually between 10 and 20 ml., In the early experiments

it wes attempted to make the amount of a given cell fraction roughly
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equivalent to the amount that would be present in 20 ml. of bloed, In
later experiments specific volumes of the various cell fractions were
added., Following incubation, the samples were frozen to arrest enzyme
activity, and at a later time the isolation of hemin and/or the deter-

mination ¢f porphyrins was carried out.

Ce Waring Blendor Treatment

A1l Waring Blender treatment was carried out in the cold (4=5° C.)
using a stainless steel water-jacketed Waring Blendor cup eo that the
temperature of the treated material remzined low. In several experi-
ments the lysis mixture was blendorized at high speed for 30 or 40
minutes (in 5 or 10 minute intervals). After centrifugation for 10
minutes at 9000 g, two fractions were obtained. The supernatant fluid
now contained the "cytoplasm™ plus soluble paxticha of the nucleus
("nuclear soluble fraction") while the residue was the inscluble re-
mainder of the nucleus {"nuclear residue"). In certain experiments the
iselated, washed nuclei, suspended in an equal volume of RBC Sait S0 lu=
tion or water, were treated for 3 to 10 minutes at high spe=d in the
Waring Blendor. Centrifugation then separated the "nuclear soluble
fraction"” from the "nuclear residus”. Waring Blendor treatment was also
used in one experiment 10 inactivate the enzymes concerned in the forma-

tion of f—aminuleVHlinia acid from glycine and succinate.

Ds Heating Cell Fractions

in several experiments variouﬁ cell fractions were heated in
attempts to inactivate certain of the enzyme systems concerned in dif-
ferent stages of heme synthesis, The materials were heated in water

baths at the specified temperatures for thirty-minute perieds. In cases
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where the entire heated fraction wes utilized, it waes diluted to its
original volume with water after heating. In othor cases the material
was centrifuged and the supernatant fluid removed. Sufficient water
was then added with stirring to the precipitate to make up the original
volume, and the precipitate was asgain spun down., This water-extract
was then added to the origlinsl supernatant fluid to bring it to the
original volume of the cell fraction heated., Solutions prepared in

this way will be referred to ss “extracts” of a heated cell fraction.

E, Homogenizetion

In one experiment isolated nuclei were homogenized with an equal
volume of water in a Potter«Elvejhem homogenizer in an attempt to solu-
bilize certain enzyme systems. Following centrifugation for 10 minutes
st 9000 g, aliquots of the residue were re~homogenized with equal volumes
of various salt solutions and again centrifuged te yield various super-

natant and residue fractions.

F. Microscopic Observations of Cell Frections

Wet smears of the various cell fractions were examined microscop-
ically throughout sach experiment as a rough check on the homogsneity
of these frections. On one occasion smears of the varicus cell frac=
tions were stalned with Wright's stain end examined microscopically

unider an il immersion lens.

G. Proteporphyrin Preparation

Protoporphyrin was prepared by the method of Grinetein {84). "hole
blood, cells, or clotted blood was thoroughly mixed with 2 to 3 volumes
of acetone, The resultant precipitste was filtered through a Buchner

funnel and washed 2 or 3 times with acetone, Suection was applied till
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a grayish dry powder, mostly hemoglobin, was obtained. The powder was
suspended in 10 percent oxalic acid in methanol and shaken for 10
minutes. The hematin solution was separated by filltration using a
Buchner funnel and #5 Whatman paper. Extraction wes repsated with seve
eral portions of oxalic acid solution until the extracted golution was
colorless {4 or % @xtractiens). Three to five grams of ferrous sulfate
per 100 ml. were dissolved in the combined solutions. Precipitation
occasionally took place here. The solution was then ssturated with 2
strong current of gsseous hydrochloric acid (generated from sedium
chleride and concentrated sulfuric acid). The hematin solution became
clear, and the tempersture rose. The color changed to s red-brown and
then to a2 red=violet, At this point the protoporphyrin had become
esterified (mwethyl ester), and the addition of hydrochloric acid was
stoppeds The solution wes mixed with chloreform and 2 large axcéss of
water and let stand 15 te 30 minutes till the ester wass concentrated in
the chloroferm. The chloroform solution was washed 3 times with dis-
tilled water, once with 10 percent ammonia solution, end 3 times again
with water. A white precipitate sometimes formed with the amronia wash
and was removed, The final chloxoform selution was concentrated (pre-
ferably by vacuum) and mixed with excess methanol. Crystals of the
methyl ester of protoporphyrin precipitated out on standing. The pro-
toporphyrin could then be stored in this @sierified state. Saponifi-
cation of the ester to cbtain free protoporphyrin wes carried cut in
the dark at room temperature for a period of 4 te 20 hours using 7.5 N
hydrochloric acid {about 1 mg. ester per ml, acid). Ten percent sodium
hydroxide was sdded dropwise to precipitate the protoporphyrin. If a

white precipitete {sodium chloride) formed, 1t was removed by the sube
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sequent water wash. The precipiteted proteporphyrin was weshed with
water, redissolved in 0.1 N petassium hydroxide, and reprecipitated
with concentrated acetic aclds The reprecipitation step was then re-
peated, The proteporphyrin was dissolved in M/7 sodium bicarbonate,
adjusted cautiously to physielegic pl with dilute hydrochloric acid,
and an aliguot diluted with 1.5 N hydrochloric acid for fluorimetric
determination of concentration. The Qrotoporphyrin thus chtained was
diluted with water or physiological saline to the desired concentration

for addition to the appropriate samples for incubatien,

He Reduced Uroporphyrin Preparation

The wethyl ester of uroporphyrin III# which had been obtained from
the urine of a porphyric patient {85) was hydrolyzed overnight in 7.5 M
hydrochloric acld and the porphyrin precipitated by the addition of
sodium hydroxide., The precipitate wes washed with water and dissolved
in 2 small volume of O.1 N potassium ﬁydrﬁxide. At this point the con=
centration was determined fluorimetrically in 2 Farrand fluorimeter by
dilution of 2 small aliquot with 1.5 N hydraéhleric acld and comparison
with a coproporphyrin standard alse in 1.5 N hydrochloric acid. Reduced
ureporphyrin was prepsred as described by Nevé (86). To the alkaline
porphyrin solution was added 2 small amount of ammenium chloride and
ascorbic acid. Twoe or three grams of sodium amslgam were added, and
the gsolution was shaken until the fluorescence had decreased markedly.
A sacond fluorimetric determination of concentrastion was carried out at
this point to determine the percent of the uroporphyrin that had bsen
reduced. The solution was then filtered through a fine sintered glass

filter, cerefully adjusted to approximately pH & with dilute hydrochloric

#Generously sﬁpplied by Dr. Richard Nevé.
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acid, Qilutsé to the desired volume with water, and equal aliquots added
to each incubation flask. An zliquot of reduced uroporphyrin was {ncu=
bated for 3 hours andi the uroporphyrin concentration again detarmined.
This reduced uroporphyrin was alse sllowed to stand in the light for a

further perlod to see if sdditional re-oxidation would occur,

I+ Hemeglobin Determination

Hemoglobin was determined by conversion to cyenmethemoglobin with
Drabkin's solution and reading on a spectrophotometer (Bausch and Lomb,
Spectronic 20) at 540 ms (87). This method provides a simple and direct
analysis for total hemin (88) and utilizes standsrds that are stable for
long periods (89). Drabkin's solution is prepared as follows from rea-
gent grade chemicals (87): 1.0 gm. sodium bicarbonate, 50 mg. potass=
ium cyanide (in these experiments 37.6 mg. sodium cyanide was used in
place of potassium cyanide), 200 mge. potessium ferricyanide, and dis-
tilled water to one liter. The solution was stored in a brown botlle
in the cold and made up fresh every month. The cyanmethemoglobin
method described by Crosby gt al. (87) was modified as follows: Cne ml.
of the material to be anslyzed was diluted to 25 ml. with water. Cne-
half ml. of this sclution wes pipetied into 4.5 ml. of Drabkin's solue
tion in a cuvette, the pipette rinsed 3 times with the solution, and
the tube swirled to obtain thorough mixing. The blank consisted of
4¢5 ml. of reagent plus 0.5 ml, water., The cuvette was allowed to
stand at least 10 minutes before reading., The instrument was calibrated
using standards provided by the clinical loboratory of the University of
Uregon Hedicel School Hospital, and a permanent sub-standard was pre~
pared and used as a check on the instrument before each series of

determinations., Calibration of the spectrophotometer with accepted
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standards made possible caleulation of a factor to convert the optical
density reading directly to mg./ml. hemin. For this calculation it

was assumed that hemin represents 3,92 percent of hemoglobin,

Jo Isolation and Purification of MHemin

3

Hemin was labeled

_ with either Fel? {from ferrous citrate Faﬁt}} or
gl {from m—Clﬁ-glycine). in the experiments in which Feo? was usad,
between 0.5 a2nd 1.0 [curie was added per sample. In experiments uti-
lizing awclﬁugiyeina a2s substrate 13.3 microcuries were added to eath
sample (except in one experiment in which 6.6 micpécuries were used).
Hemin was prepared bf & new method (90). 7To the appropriate incubated
samples was added the necessary volume of “¢ytoplasm” to make 2ll same
ples of the experiment equivalent in hemin content and to act as a source
of carrier hemin, One ml, was removed in some experiments for the hempe
globin determination, and the remainder was added with swirling to about
10 volumes of a 31l mixture of acetonesglacial acetic acid, the glacial
acetic acid containing 2 percent (weight/volume) strontium chloride.

fan additional 2 volumes of the acetone~acetic acid mixture were used

t¢ rinse out the incubation flask and were added to the zbove mixture.
The total wixture was allowed to stand with occasional swirling for at
least 30 minutes to allow protein precipitation. The precipitated
protein was removed by gravity filtration on paper or with suction
thzough a medium sintered glass fiiter covered with filter paper to
prevent clogging, The filtrate was then heated on a hot plate to

105¢ C. after which the hemin erystalliized out immediately., The hemin
was centrifugéd énd washed twice each with 50 percent acetic acid,

distilled water, and 95 percent ethanol. If immediate recrystalliza=-

i

180 washed once or twice with

o
§

tion was contemplated, the hemin wa
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commercial ether to ald in drying. The crystalllized material was dried
and then purified by recrystallization. The hemin was triturated
thoroughly with G.3 te 0.5 ml. of pyridine till it had dissolved. Ten
to fiftoen ml, of chloroform were added, and the solution was flltered
through fluted #2 Whatwan fllter paper, The filter paper was washed
carefully untii colerless with an aﬂditional volume of chloroform
(10 to 15 ml.). Ten to twelve ml. of glacial acetic acid containing 2
percent {w/v) strontium chloride were added, and the solution was
allowed to stand 30 minutes. The chloroform was removed by heating
on g steam bath until beiling cessed. Crystallization of the hemin
then occurred in the ecetic acid. The crystals were washed as before
and dried. Previous work in this laboratory indicated that the recrys=
tallized hemin is pure and that a second recrystallization produces no
significant change in specific activity (86). Furthermore, it was found
with this methed for preparing hemin that the specific activity did not
even‘change markedly after the first recrystallization, Consequently
a few of the results reported here were obtained from hemin that was
not recrystallized (noted in appropriste tables), though in most of
the experiments recrystallization was carried out. In the former
cases the differences between samples to be compared were generally of
such magnitude as to make of little significance the 10 to 15 percent

change in activity that might have occurred after recrystallization,

K. Determination of Radioactivity

For Fe59-labeled hemin an appropriate amount (usually 5 to 10 mg.)
was weighed out and dissolved in 0,1 N potassium hydroxide to a concen=
tration of 1 mg./ml. A two-milliliter aliquoet was then pipetted into

a tube for counting. Fe59 activity was measured in 2 Nuclear well
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type scintillation counter attached t6 a Berkeley Decimatic Scaler.
The time required for 4000 (in some experiments 3000) counts was
recorded. ?@% cldalapsled hemin the dry recrystallized material was
weighed out into aluminum planchets and distributed in a uniform layer.
Cl4 activity was measured with sn end window Geiger~Miller tube and
Berkeley Decimatic Scaler, The time required for 1000 counts was
recorded. Results on Cl4 hemin are expressed in counts per minute
after background with correction to infinite thickness. Fe ? hemin
results are expressed in some experiments as counte per minute after
background of the two-milligram sample in 0.1 N potassium hydroxide,
in other experiments, in which the hemoglobin concentration and the
specific activity of the Fed9 added to each sample were determined,

as the percent of Fe59 incorporation into heme.

L. Porphyrin Quantitation

The method of quanﬁitatian of uro=, copro-, and protoporphyrin
used is a modification of that described by Schwartz (85). Wwith use
of this modification recoveries from red cell systems of 90 to 100
percent were obtained on copro- and protoporphyrin and 85 percent on
uroporphyrin. Other methods of tissue porphyrin assay gave much poorer
recoveries of uroporphyrin (91).

l. Extraction of Uroperphyrin

Te 2 5 ml. aliquot of the incqb&ted sample wers added 10 volumes
of acetone containing 2 percent {by volume) concentrated hydrochloric
acid toe precipitete the protein and solubilize the porphyrins.
The solution was filtered through a medium sintered glass filter
and the precipitate washed with the acetone-hydrochleric acid

until the filtrate was colorlaess, Two=thirds volume of ethyl acetate
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was added and the solution put in 2z seperatory funnel. Ten percent
sodium acetate was added until the phases separated, and further extrac-
tion was carried out with 5 ml. aliquots of 10 percent sodium acetate
until the aqueous phase did not fluoresce under a Wood's lamp (usually
4 to 5 aliquots). The uroporphyrin was now in the agueous phase and
was put aside {in the dark) for later purification.

2. Extraction of Coproporphyrin

Coproporvhyrin was extracted from the ethyl acetate with 0.1 N
hydrochloric acid (4 to 5 5-ml. aliquots). With higher levels of
uroporphyrin some sppeared here with the coproperphyrin. Protopor-
phyrin is not extracted by this dilute acid. The coproporphyrin was
also put aside for later purification,

3. Extraction of Protoporphyrin

The protoporphyrin was extracted from the ethyl acetate with 5 ml.
aliquots of 3 N hydrochloric azcid. The volumes added and taken off
were checked because the aguecus phase (hydrochloric acid) apparently
axtxaats gome acetone from ethyl acetute. The volume of the solution
thus obtained was adjusted to contain the equivalent of 1.5 N hydzow
chloric acid for fluvorimetric determination of the protoporphyrin cone
centration against aycapraperphyrin standard in 1.5 N hydrochloric acid.

4o Purification of Coproporphyrin

Using the pH meter the coproporphyrin solutien (in 0.1 W hydro~
chloric acid) was adjusted to pH 4.5 to 5.0 with 6 N potassium hydrox-
ide. At this pH coproporphyrin and protoporphyrin (alresdy removed)
can be extracted by ethyl acetate while urcporphyrin cannot be extracted.
Sodium acetate is necessary for guantitative extraction of the porphyrin

inte ethyl azcetate, but excessive amounts should be avoided. Generally
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a few drops of 10 percent sodium acetate were added. The coproporphy~
rin solution was added to 2 volumes of fresh ethyl acetate. Any
fluorescence remaining in the aqueous phase was due to uroporphyrin
which was then added to the uroporphyrin fraction. The ethyl acetate
was washed once with waeter and the coproporphyrin extracted with 1.5
N hydrochloric ascid (4 to 5 5-ml. aliquots). The concentration of
coproporphyrin was then determined fluorimetricaily,

5. Purification of Uroporphyrin

Uroporphyrin can be extracted by ethyl acetate at pH 3.0 to 3.2.
The aqueous urcporphyrin solution was adjusted to this pH (H metsr)
with hydrochloric acid and extracted with 2 volumes of ethyl scetate.
The uroporphyrin was then extracted from the ethyl acetate with 3 N
hydrochloric acid. As in all cases, extraction was continued with 5§ ml.
aliquots until there was no visible fluorescence in the extract. The
sthyl acetate was washed with 6 ml. of & N potassium hydroxide and
then with 10 ml, weter., This washed ethyl acetate was used to extract
the rest of the urcporphyrin out ¢f the aqueous sclution. Thé uropor-
phyrin was in turn extracted out of the ethyl acetate with 3 N hydro=
chloric acid and the whole process repeated egein if necessary. The
uroporphyrin in 3 N hydrochloric azcid was diluted €0 1.5 N znd the cone

centration determined fluorimetrically.

M. OUther Materials
1. a=CMeGlycine
Ubtained commercially.
2. Succinate
The desired amount of succinic acid was welghed out, dissolved
in water, aa& adjusted te approximste neutrality with solid

sodiun bicarbonate.
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3. S-aminolevulinic Acid Hydrochloride
Generously supplied by Dr, Jahn‘aw Dice, Research Department,
Porke, Davis and Company, Detreit, Michigsn,
4o Ferrous citrate = Fe??
Purchased from iAbbott Laboratories, Morth Chicage, Iliinois.
5, Carrier Iron
Prepared as a solution of ferrous sulfate heptﬁhydrata
(F@S&a o« 7T H,C) in water.
6, Glutathione {USH)
A stock solution of C.4 M glutathione in 0.01 N hydrochloric
acid was prepared and preserved in the frozen state, For the
appropricte experiments this stock solution was diluted to
the desired concentrations and adjusted to approximate
neutrality with solid sodium bicarbonate.
7. Diphosphopyridine nucleotide (DFN)
4 stock selution of 0.02 M UPN in water was prepared and pre-
sexrved in the frozen state. For the appropriate experinents
this stock solution was diluted and its pH adjusted as with
glutathione.
8. Red Blood Cell Salt Selution
. The composition of this salt solution aspproximates that
within the human red cell. It contains the following con-
centrations of the specified salts in weter: potassium
chloride, 120 meg./L.3 sodium blearbonate, 24 meq./L.:
magnesium chloride hexahydrate (ﬁg&lg.bﬁpo), 6 meq./Les
and @5 percént phosphoric acid, 1.2 meq./L. The sclution
has & pH of 7.3 t0 7ok
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RESULTS AND COUNCLUSICNS

As Observations on Isolated Nuclei

The nuclel isolated following hemolyeis of the chicken red cells
with hypotonic saline formed a grossly homogensous fraction snd did not
agglutinaete or form & jelly-like mass as occurred with other methods of
lysise The nuclel were readily resuspended in “cytoplasm”, salt solu=
tions, or water. Wet smears examined microscopically during the ccurse
of the experiments indicated that there was minimal contamination of
the nuclear fraction with intact red cells. Repeated washings with RBC
Salt Selution removed most of the "cytoplasm” as judged by the lighter
color of successive washings and as shown by the experimental results
on heme synthesis using nucle! washed a varying number of times.

Stains of the various fractions (erythrocytes before lysis, lysis
mixture; nuclei, and "cytoplasm") with Wright’s stain showed the follow-
ings (1) Nuclel in the lysis mixture and isolated nuclear fraction
were noticeably swollen and stained lighter than those seen within the
intact red cells. The swelling is assumed to be due to the trestment
with hypotoni¢ saline, and the relatively lighter staining with Wright's
stain, which stains the nuclel blue, may be due to dilutior within the
nucleus er possibly te an eluting out of some of the nucleoprotein,
According to Laskowskl and Ryerson dilute sodium chloride solutions
cause disappearance of internal nuclear structure and partial precipi~
tation and extractien of nuclecprotein without rupturing the nuclesr
membrane {79)s (2) The supernate was almost completely devoid of blue-
staining nuclear material.

It 1s impossible to say with certainty from these studies that the

method of hemolysis used did not result in dissolution of soluble
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moterial from the surface of or from within the nucleus, this material
then appearing in the “"cytoplasm™. However, the results of the bio-
chemical studies of heme synthesis made with these fractions were

extremely consistent throughout many experiments.

B. Division of Heme Biosynthesis inte Four Segments

It will be convenient in discmaéing the experimental results teo
oxrganize the data according to its application te specific segments of
the heme blosynthetic pathway. Figure I sﬁm&axizes heme synthesis,
pleturing in seguence the known and postulated precursors and inter-
mediates. As previcusly cited; these have been convincingly worked out
by Shemin and others wp to the stage of the monopyrrole, porphebilinocgen.
In addition Nevé has shown that reduced uroporphyrin is & direct inter-
mediste, probably lying close to PBG on the pathway. The subseguent
tetrapyrrole intermedistes are not clearly defiﬁed,‘but copro= and prow
toporphyrin or derivatives thereof are probably involved.

In the following discussion the heme biosynthetic pathway will be
divided into four stages and the role of the nucleus in each discusseds
(1) the condensation of glycine and suecinate (with decarboxylation of
the g-amino-fi=keto adipic acid formed) t¢ yield f-aminolevulinic acid
(ALA)s (2) the conversion of ALA through PBG to porphyrinss (3) the
conversion of uroporphyrin to protoperphyring snd (L) the iﬁgérﬁiﬁn of

iron into protoporphyrin to form heme.

=Y

C. The Formation of S~aminolevulinic Acid from Glycine and Succlinate
Table 1 shows the radiosctivity of the hemin isclated after incu~-
bation of aaalﬁ-glyaine with red cell fractions and combinations of

fractions, The lysis mixture was active in forming home from glycine,
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but heating it for 30 minutes at 56° C., inhibited the syntheeis come
pletely, presumably due to inéctivatian of essential enzymes. This is
in agreement with the obsexrvation of Goldberg gt al. that heating at
56° C. produces 99 percent inhibition of heme formation from glycine in
a chicken red cell system (60). WNeither the nuclel nor the "cytoplasm”
alone formed a significant amount of‘heme from glycine. The reconsti-
tuted system of nuclei plus “cytoplasm™ was active but to a lesser degree
than the lysis mixture, probably reflecting losses during isolation and
washing of tﬁ@ nuclei. Thus, it is seen that both nuclei and "cytoplasm™
must be present for heme to be synthesized from glycine.

The data in Teble 2 summarize the results of 3 similsr experiment
in which it was again demonstrated that neither nuclei nor “cytoplasam”
alone could synthesize heme from glycine. The "cytoplasm™ could, how-
ever, be replaced by lysed human red cells or by “cytoplasm® hested at
56° Cs without loss of the heme=synthesizing cepacity of the system,
The lysed human red cells actually stimulated synthesis more than "cytoe
plasm” in this experiment. Hesting at $6% C. would not be expected to
destroy cofactors but might very well inactivate enzyme systems. Heat
treatment was shown in the previocus experiment to inhibit the synthesis,
80 the abllity of nuclei plus heated “cyteplasm” (sample 5, Teble 2) to
synthesize heme implies that the enzymes catalyzing the conversion of
glycine and succinate to ALA are located in the nucleus.

The fact that lysed human red cells can replace the “cytoplasm”
would sesm to indicate that the enzymes aatalyziﬁg the reactions to ALA
are in the nucleus bectause although humsn red cells have been reported
to contain enzymes probably involved in certain steps of heme synthesis,

i.e, the conversion of ALA to PBG (52) and the conversion of ALA to
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certain porphyrins (76), normal human red cells cannot synthesize heme
from glycine (77). Thus, human red cells probably do net contain the
enzymes necessary t¢ convert glycine and succinate to ALA.

The glycine-succinate condensing enzymes could be studied directly
if it were possible to stop heme synthesis at the ALA stage and deter-
mine ALA concentrations, However, since an AlA-determination investi-
gated (92) gave inconsistent results, a further experiment wes designed
to demonstirate more directly the site of the enzymes concerned in the
conversion of glycine and suecinate to ALA. It was found (in experi-
ments t0 be described later) that when a lysis mixture was treated for
3C to 40 minutes in the Waring Blender and centrifuged, the supernatant
fluld, consisting of “cytoplasm” plus the "nuclear scluble fraction”,
was capable of converting ALA to heme but could not carry out the syn=
thesis from glyciney i.e. the glycine-succinate condensing enzymes were
iacking or, more likely, inactivated. This provided then a very conven-
ient method te study the conversion of glycine to ALA. Varicus preparae
tions could be added to this supernatant €fluid from Waring Blendor-treated
lysis mixture (WB). Only if the added preparation contained the glycine-
succinate condensing enzymes would labeled heme be formed from Clé-glycine,
The results of such an experiment are shown in Table 3, It is seen that
added "cytoplasm” was inactive {sample 2), but added nuclei stimulated
the synthesis (sample 3). It might be argued, however, that addition of
nuclel merely supplied necessary cofactors for enzymes present in the
other material (WB). To rule out this possibility semples 4-6 were
includeds Samples 4 and 5 show that heeting, which may denature enzymes
but should not destroy cofasctors,; iphibited the synthesis only when

applied to the nuclei. Shemin, Abrameky, and Russell noted that
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*homogenization™ disrupts the functiomal activity of only those enzymes
that sre involved in the condensation of succinate with glycine (66).
Homogenization would not be expected to destroy cofactors. Sampie 6
shows that homogenization of the nuclel (5 minutes in the Waring Blendor)
inhibited the synthesis completely.

It seems quite clear then that the enzymes responsible for the
glycine-succinate condensation and cenversion of the product, a-aminoe-f-
keto adipic acid, ¢ ALA ars in the miclear fraction of the chicken red
cell, Knowledge of this fact should simplify further studies greatly
siﬁma considerable purification of these enzymes can be achleved by
fractionation of the cell and isclation of the nuclei, A particular
advantage to nuclear studies 1s the fact that the great mess of hewo-
globin centain@d»iﬂ the cytoplasm has been separated from the enzymes.
In additien, further study of the cytoplasmic fraction may reveal the
essential factors which it conteins and lead %0 discovery of the
coenzymes invelved in thie reaction sequence.

4Unpubliéhed results from this laboratory on the conversion of pro-
toporphyrin to heme in a fracticnoted rot liver system indicated that
glutathione stimulated this conversion (93). An experiment was set up
to determine if glutathione (GSH), which is found im high concentrations
in erythrocytes, could replace the "cytoplasa™ in forming hems from glye
cine in the fractionated chicken red cell systems The results, presented
in Table 4, show that glutathione alone {2t the concentrations tested)
{s ingetive in this respect.

Schulman and Richert reported that the rate of heme synthesis from
glycine in the red cells of both vitamin Hg~ and pantothenic acld-defi-

cient ducklinge was balow that ih normal ducklings (94,95). Synthesis
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from ALA, however, was unaffected, They concluded that both pyridoxine
and pantothenic acid deficiencies exerted their effects on heme synthe-
sis in the utilization of glycine end sucecinate for the formation of
AL&e Similar conclusions were reached by Lascelles who studied porphy-
rin synthesis in cell suspensions of Tetrahymena vorax (9). Laver and
Neuberger have prepered a supernatant and two particulate fractions by
centrifugation ¢f an homogenized lysate of chicken erythrocytes (96).
Thelr supernatant fraction alcne was inactive in forming ALA from glye-
cine and succinate, and the ﬁarticuiat@ fractions alone showed only low
activity., However; the activity of the top particulate fraction was
increased 3.5 times by addition of the supernate and 2.5 times by cddie
tion of pyridoxal phosphate and coenzyme A. These results are in
remarkable agreement with the results reported herein and support the
assertion that the cytoplasm contributss only cofactors in the conver=
sion of glycine and succinate to ALA, the enzymes being in the nuclear
fraction, Pyridexal phosphate and coenzyme A may well be the cyteplasmic
cofactors in question and should be investigated further inm conjunction
with nuclear preparations.

An attempt was made to extract and solubilize the glycine-succinate
condensing enzymes from the nuclear fraction by treatment in the Potter-
Elvejhem homogenizer. Though the enzymes ave inactivated by Waring
Blendor-treatment, it was thought thet treatment as mild as this homoge-
nization should not demage them, and it is known that soluble eNzZymes
can sometimes be extracted from a cell froction by 2 salt solution (97).
The results of this experiment are shown in Table 5. The various super-
nate and residue fractions were added to the supernatant fluid resulting

from centrifugation of Wering Blendor-trested lysis mixture {iB) to see
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which contained the enzymes to convert glycine and succinate to ALA,

it is seen that hombgenization with water did not in itself inkibit
the synthesis (samples 2 and 3). After centrifugation of the water-
homogenate the residue consisted of a gummy layer of agglutinated nuclel
coverad with a filmy, more easily-resuspended layer. This filmy layer
may be equivalent to Laver and Neuberger's top particulate {Pl} fraction
(96)« Subsequent homogenization of the pellet with salt solutions gave
& more agglutinated mass after centrifugation with less or none of the
filmy layer overlying it. Samples 4 and 5 show that after homogenizae-
tion with water; the activity still resided in the residue, Rehomoges
nization of the residue with 0.9 percent NaCl (samples & and 7), 0.1
percent NaCl (samples 8 and 9), oxr RBC Solt Solution (samples 10 and
11) was 2lso ineffective in solubilizing the enzymes, and the synthesis
was somewhat decreased im the residuves. A combination of twoe of the
supernates (sample 12) was also inzctive.

Thus, although homogenization of the nuclear fraction in the Potter-
Elvejhem homogenizer does not destroy the enzymes that convert glycine
and succlinate to ALA, none of the attempted treatments was successful
in solubilizing these emzymes. Extraction with other, perhaps more
concentrated, salt solutions or other trestment should be trisd. Sonic
cecillation has been effective in iiberating certain enzymes from liver
cell fractions and yeast suspensions (97,98,99,100) and might be used

in this case.

De The Conversion of ALA to Porphyrins
In early experiments, ALA was incubated with various chicken red
cell fractions. An extract of a portion of the incubated semple was

prepared by adding an equal volume of 10 percent trichloroacetic acid
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(TCA) and centrifuging. The visible fluorescence of this TCA-extract
under a Wood's lamp was then observed ss an estimate of porphyrin forma=
tion. Fluorescence was graded subjectively asccording to its intensity
from 0 {no fluorescence) to 10 (very strong fluorescence). In most of
these experiments in which fluorescence was graded, Fe’? was added in
order tc observe slso hema synthesis from ALA in the various cell frace
tions, The data on heme formatien will be only briefly sliuded to at
present and will be discussed more fully in a later section.

The concentration of ALA used in all incubations was approximately
equivalent to the optimal level reported by Falk in studying porphyrin
and heme formation in chicken red cell hemolysates (101) and four to
five times the optimal level reported by Goldbery st al. studying enly
heme formation (60).

It is seen from Table & that in ev@iy case "cytoplassm® alone
(sample 1) was very active in converting ALA to porphyrins while the
nuclei alone and fractions thereof (samples 24} were in most cases
relatively inactive. The cases where some fluorescence did appear
after incubation of nuclear fractions with ALA may have resulted from
contamination with "cytoplasm™ due to inadequate washing or from other
sources of ervor in this very approximate determinstion. In this regaxd
it is noted in two cases that the combined nuclear washings were active
in converting ALA to porphyrins (samples 5 and 6). In cases whers
washed nuclel or nuclear fractions were recombined with “cytoplasm”
(samples 7-9), porphyring were alse formed, as would be expected. The
smaller values in some coses may be due to the fact that thess systems
were active in forming heme from ALA (as will be shown later). Thus

there may have bean less tendency for the porphyrins, which are probably
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by=products of intermediates in the pathway to heme, 10 accumplate, For
example, the one zero value (sample 8) wss recorded in an experiment in
which that sample was very active in forming heme., Intact red cells
(sample 10) and lysis mixture (sample 11) contain cytoplasm of course,
80 the reasen for their lack of activity in forming porphyrins from ALA
is not clear, Perhaps either the amount of heme formstion or possibly
permeability difficulties are responsible. The one experiment with
lysis mixture in which definite fluorescence was noted was one in which
the red cells were lysed with the Waring Blendor rather than hypotonic
saline.

Though the data presented in Table 6 are somewhat variable and
were obtained using a rough, very subjective quantitation of perphyrin
formation, there are fath@r definite indications that the enzymes con-
verting ALA via PBG to porphyrins appear in the cytoplasmic fraction of
the red cell prepared by these procedures and that the nucleus is inace
tive in this respect. It is interesting to note at this point that
these enzymes were found to be stable for long perieds of time. When
“eytoplasm™ that was stored in the refrigerator for over 3 month (up to
43 days) was incubated with ALA, the TCA-extract still showed very |
strong fluorescence. »

More precise data on porphyrin formation from ALA were @htained by
gquantitation of the uro-, copro-, and protoporphyrin formed in various
cell fractions incubated with ALA. The results of such an experiment
guantitating porphyrins and measuring Feo? incorporation into heme are
recorded in Table 7. The data on heme formatien will be discussed more
fully later., All determinations were done after 3 and again after &

hours of incubation. Since the length of incubation mede little differ-



ence in the gross nature of the results, only the 3 hour values are
recorded. Several facts stand outs (1) Significent smounts ef proto-
porphyrin were formed in only those samples in which heme was synthe-
sized. (2) Generally little coproporphyrin was formed, but, sxcept for
sample 6, there were relatively greater amounts of coproporphyrin
formed in those samples in which protoporphyrin was alse synthesized.
(3) Ureporphyrin was formed in all samples conteining “eytoplasm® with
especially great quantities formed in blendorized samples {5+7). Since
@ significant amount of uroporphyrin was formed by "cytoplasm® alone
{sample 2), it can be concluded that the nucleus is not recuired for
the cenversion of ALA to urepoxphyrin and that the enzymes exist in the
cytoplasmic fraction., Added nuclel {sample 4) did not stimulate this
conversion, The reason for the higher uroporphyrin values in Haring
Blendor-treated samples is not entirely clear, but in sample 7, at least,
the extremely high value may represent an accumulation at this intere
mediate stage due to lack of factors {enzymes) necessary to carry the
conversion on to aoprugorghyrin, protoporphyrin, and heme. It might be
pointed out here (and will be discussed later) that the nucleus or its
soluble fraction was apparently necessary to carry the reaction past
the uroporphyrin stage.

In connection with these results, 2 report by Granick is of intep-
est (67). He separated three fractions from the soluble portion of
erythrocytes by starch electrophoresis., Fraction 1 contained the
enzyme which converts ALA to PBG, fraction 2 the enzyme converting
PBG to a colorless precursor of uroporphyrin, and fractions 2 snd 3
together under snscrobic conditions converted PRG to a colorless pre=

curser of coproporphyrin.
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Schwartz and Watson obtained a “supernatant suspension” from rat
liver homogenate that converts PBG to porphyrins (mainly coproporphyrin
and protoporphyrin with smaller amounts of uroporphyrin) (6). They
obtzined similsr results with chicken blood hemclysates, but a wmuch
higher proportion of the PBG was recovered as urcporphyrin, which was
in agreement with the results being reported here.

Since the “cytoplasm™ was shown to contain the enzymes converting
ALA to uroporphyrin, further study wes directed st this froction, and
the ablility of heated "cytoplasm” to carry out this conversion was
examined. The results of two such experiments are tabulated in Tables
8 and 9. Table 8 shows again that the presence of nuclei is required
to carry the conversion past uroporpiyrin te protoporphyrin (ssmples 1
and 3), and again very little coproporphyrin was formed in any fraction.
The relatively low values for coproporphyrin may merely be due to the
kinetics and eguilibria ¢f the reaction sequence causing any coproporw
phyrin or precurser of coproperphyrin formed to be converted rapldly to
protoporphyrin or heme,

It is seen thet the cytoplasmlic enzymes catalyzing the formation of
uroporphyrin from ALA are stable up to 70° C., and uroporphyrin synthe-
eis is actually stimulated by heating to this tempersture. “Cytoplasm®
heated at 100° C. is, however, inactive.

Booilj and Rimington have reported that heating chicken or human
red cell hemolysates 30 minutes et 60° C. before sdding substrate alters
the synthesis as followss (1) The amount of uroporphyrin formed increases
{an observation supported by the data in Tables 8 and 9). (2) The
smounts of coproporphyrin and protoporphyrin decrease. (3) Uroporphyrin

I and coproporphyrin I replace the type III isomers (102). Similar
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results are reported by Bogorad and Granick using suspensions of Ehlorella

to study porphyrin synthesis (7). Beiling the Chlorells destroyed its
porphyrin-synthesizing capacity. Chlorglla heated at 55° C, for 60 min-

utes converted PBG to porphyrin, which wes mainly uroporphyrin I rather
than uroporphyrin III, as was formed in the unheated prepasration. In
thelr heated prepsration the porphyrin formed accounted for 90 percent

of the PBG that disappeared as compared with only 55 percent in the
unheated preparation, an interesting observation in light of the fact
that the heated "cytoplssm” samples in the present study also yielded
increased amounts of uroporphyrin (Tables 8 and 9). Isomer determinations
were not done on the samples reported here, but some type II1 isomers
mwust have heen formed since heated “cytoplasm” (56¢ C,) added to nuclei
could stimulate heme synthesis from glycine (Table 2).

The question might be ralsed whether these soluble enzymes of the
ayteplésm that convert ALA to uroporphyrin may not exist in the nucleus
in the intect cell and merely have been extracted from within the nucleus
or eluted from its surface by the treatment used in fractionating the red
cell, This possibility cannot be entirely ruled cut by the results of
the above experiments, but it can certainly be said with assurance that
these enzymes do exist in solution in the cytoplasmic fraction as pre-
pared, and isolation of that fractlon ylelds a system in which this sege-
ment of the heme biosynthetic pathway may be studied apart from the enzyme
systems of the nuclear fraction.

Cne step in the conversion of ALA to porphyrins, the condensstion
of two molecules of ALA to form a molecule of PBG, has been studied exten=
sively by several groups. Purification and partial characterization of

the enzyme, ALA dehydrase, that catalyzes this condensation, has been
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carried out by Shemin gt 21. using a cell-free extract of duck erythro-
eytes (41,52), by Granick using a chicken erythrocyte extract (69), by
Schulman using extracts of pigeon liver acetone powder (70), and by
Gibson, Neuberger, and Scott using a soluble fraction of ox liver ecyto-
plasm {71). That it is & soluble cytoplasmic enzyme in the chicken
erythrocyte is supperteﬁ by the results reported heras.

The conclusion that ALA is cenverted to uroporphyrin by the cyto-
plasmic fraction of the chicken red cell is in agreement with the reports
of Dresel and associztes that & supernatant preparation of a chicken
erythrocyte water-hemolysate formed significant amounts of uroporphyrin
from either ALA or PBG {51,65,103). 1In that system, however, copropore
phyrin {but not protoporphyrin) was alsc formed., The formation of copro=-
porphyrin may be a result of the different method of hemolysis since
nuclei are definitely disrupted in a water-hemolysate. Addition of a
particulate preparstion from rat liver to Dresel's supernatant prepara-
tion supplied the factor necessary for protoporphyrin to be formed, and
the activity of this liver preparation appeared to be assoclated with the
mitochondria, This is an interesting observation in that a mitochondrial
fraction from rat liver has been shown by Nishida to catalyze the conver-
sion of protoporphyrin to heme (93). Dresel and Falk's supernatant prep-
aration did not convert uroporphyrin itself to coproporphyrin or protoror-
phyrin (56), but this is not surprising since uroporphyrin is not a true
intermediate in heme synthesis, Shemin and co-workers have prepared &
supernatant fraction from an homogenized woter-hemolysate of duck red cells
that is capable of converting ALA all the way to heme (66). The apparent
disagreenent between the data of these two groups is claxified by

results, alluded to above and to be discussed further, which show that
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homogenization in the Waring Blendor releases from the nucleus certain
scluble enzymes vital to the later stages of heme bicsynthesis.

The work of Rimington and Boolj indicates that human reavaells GO
tain the enzymes found in chicken erythrocyte supernate, i.e. those
catalyzing the conversion of ALA to urcporphyrin III (76). This explains
the ability of 2 system of lysed human red cells and chicken erythrocyte
nuclei to convert glycine to heme (Table 2).

An enzyme, FBG deeaminase, which converis PBG 10 a precursor ¢f uro-
porphyrin has been prepared from extracts of spinach leaf acetone powder
by Bogorad (54), and the enzyme(s) converting PBG to uroporphyrin 111
have been purified from chicken erythrocyte hemolysatss by Lockwood and

Rimington (75),

Es The Conversion of Urcporphyrin to Protoporphyrin

As menticned in the previous section, other workers havé obtained
supernatant preparations from chicken red cell water-hemolysates that
convert ALA to uro- and coproporphyrin or their precursors (51,65,67,
103). The cytoplasmic fraction in the present study carried the conw
version of ALA only as far as uroporphyrin. Thus it seemed ressonzble
to examine the nucleus 2s @ source of the enzymes necessary to carry the
synthesis of heme past the urcporphyrin stage to copro= and protopor-
phyrine That the édﬁition of nuclel or the "nuclsar soluble fraction”
to "eytoplasm® is essential for the formation of protoporphyrin from
ALA is shown by the results already presented in Tables 7 and 8, It
ecvuld, of course, be asserted that the nuclear frsctions were contrib-
uting only essential cefactors ané not enzymes,

8ince uroporphyrin is probably not 2 true intermediate in heme

synthesie, it would not be expected that uroporphyrin itself would
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necessarily be converted to copro- or protoporphyrin in red cell systems.
Falk, Dresel, and Rimington reported 52 percent conversion of uroporphy-
rin 111 to protoporphyrin in red cell hemolysate (103), but in a latex
report Dresel states that the meximum protoporphyrin obtainable from
uroporphyrin III was less than 10 percent of that obtainable from FBG
under identical conditions (51).

The elucidation by Nevé gt al. of reduced uroporphyrin 11l as a
true intermediate in the biosynthesis of heme (55) peinted to this
material 2s & good substrate with which to study the role of the nucleus
in the uroporphyrin-to=protoporphyrin portion of the pathway of heme
synthesis., The results of an experiment in which reduced uroporphyrin
11T was incubated with variocus cell fractions in the presence of Fer?
are presented in Table 10, Hemin was iselated and its radicactivity
determined, and porphyrins were guantitated. The results of this exper-
iment were very inconclusive as really significant amounts of coproe or
protoporphyrin were not formed in any sample, and heme was synthesized
only in sample 5 to any extent.

It may be that permeability barriers t¢ the reduced uroporphyrin
substrate were presented by intact nuclel eo that only after Waring
Blendor treatment and preparation of the "nuclear scluble frection®
were the necessary nuclear enzymes sufficiently accessible, Even then
the nuclear soluble fraction alone did net convert reduced uroporphyrin
to heme (sample 4) due perhaps to lack of cytoplasmic cofactors.

The results that were oblained are, however, in agreement with
Shiffmann and Shemin's report that a soluble system (cellefree extract)
of duck erythrocytes contains the enzymes responsible for the decar-

boxylation of porphyrin side chains {(44).
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Concrete conclusions cannot be drawn from these data, but 1t can
safely be asserted that the nucleus (more specifically, the "nuclear
soluble fraction") contains essential factors {quite possibly enzymes )
for catalyzing the uroporphyrin-to-protoporphyrin stages of heme syn=
thesis and that further study of the “nuclear soluble fraetion®, pere
haps in combination with heated “eyteplasm” or added cofasctors, is

warranted.

F. The Conversion of Protoporphyrin to Heme

The first informstion about the final stage of heme synthesis, that
is, the incorporation of iron into the porphyrin ring, was obtained in
experimentes similar to those slready described in which ALA and F959
were incubsted with varlous cell fractions and the radicactivity of
isolated hemin determined. As would be expected from the results
already discussed, both nuclear and cytoplasmic fractions were required
in order for heme te be formed from ALA. Results of such ah experiment
are expressed in Table 11. It is seen that the lysis mixture was more
active than intact red cells, perhaps due to decreased permeability
barriers, and that the reconstituted system {sample 7) was less active
than lysis mixture but still definitely capablé of carrying out tha cone
version. When washed nuclei an& "cytoplasm™ were stored separately in
the cold, their activity in synthesizing heme from ALA when recombined
decreased about 20 percent in one day end 45 percent in two days.

Furthermore, in agreement with the repcrt of Shemin, Abramsky, and
Russell that a cell-free extract can convert ALA to heme (66), it was
found that centrifugation (at 9000 g) following Waring Blendor treate
ment of intact red cells ylelded a supernatant preparation capable of

this conversion (Table 12, sample 3). A similaz preparation cbtained
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from Waring Blendor treatment of lysed red cells gave similar resulis
(Table 7). Since “"cytoplasm” alone could not convert ALA to heme, it
was assumed that the Waring Blendor trestment liberated soluble materials
{probably including enzymes) from the nucleus. To substantiate this
assumption, a "nuclear scluble fraction" was prepsred directly by blene
dorizing isolated nuclei. As s2en in Table 13, when this nuclear
soluble fraction was added to “cytoplasm", heme was synthesized from
ALA., Some of the activity, however, still resided in the "nuclear
residue”,

Since these preliminary observatione ¢n iron insertion hinted that
the enzyme(s) involved might be in the "nuclear soluble fractien®, fure
ther experiments were undertaken using pxﬁt@pﬁxghyrin as a substrate te
study iron insertion specifically.

As yet it has not been shown that protoporphyrin is 2 true inter-
medlate in heme blosynthesis, and certsin workers have presented evidence
that it is not (51,86). On the cther hand, several workers have described
biclogical systems which can insexrt iron inte protoporphyrin to form heme
{19,58,59), and work of this type carried out in chicken red cell systems
indicates that this iron insertion is, in fact, enzyme dependent (60,61,
62).

The results of two of several similar experiments in which protopore
phyrin and Fe’? were incubated with various cell fractions are given in
Tebles 14 and 15. In the latter table results are expressed in terms of
percent incorporation of Fe’?, It is seen that maximel insertion of
iron inte protoporphyrin was obtained when both nuclear and cytoplssmic
fractions were present, and that zlthough some of the stimulation pro-

vided by nuclei was reteined in the "nuclear residus”, most of the nuclear



39
activity was solubllized by the Waring Blendor treatment.

Tables 14 and 15 alsc show that nuclel or the "nuclear scluble
fraction™ alone catalyzed some degree of iron insertion into protopor-
phyrin while "cytoplasm™ alone was inactive. The tentative conclusion
was made that the enzyme catalyzing iren insertion was in the nucleus
{more specifically, the "nuclear soluble fraction") while the "cyto=
plasm™ contributed cofactors stimulating this resction. Further
studies were carried out to try to confirm this hypothesis.

To determine the optimal preteporphyrin level for irom incorpors-
tion, "nuclear soluble fraction” added to “cytoplasm" was incubated
with varying amounts of protoporphyrin. As shown in Table 16 and Figure
II, the level of protoporphyrin that produced maximal uptake of Fed?
was Q.1 umoles or a concentration in the incubated sample of approxi-
mately 0.5 X 10”§ﬁm This is only one-tenth as great as the optimal
concentration reported by Goldberg et al. (60) and as that used by
Schwartz gt 21. (62) in their studies of iron incorporation into prote-
porphyrin in chicken red c¢ell hemolysates, and was also less than the
concontration used by Krueger, Melnick, and Klein {61). The cptimal
iron concentration was not determined, but the level used in this and
subsequent experiments was about 0.01 umoles per sample or & concentra=

ﬁﬁ. depending on

tion of added iren of approximately 0.5 to G.6 X 107
the volume of the sample.

Table 17 shows that lysed human red cells, when added to nuclei,
could stimulate increased lxon incorporstion inte protoporphyrin (sample
5) though not as markedly as could “cytoplasm™ (sample 4). Since it is
reported that human red cells cannot form heme from protoporphyrin (60),

this was an indication that the "cytoplasm® was furnishing only cofactors
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and not enzymes. “Cytoplasm®™ heated at 56% C., also stimulated synthesis
when added to nuclei {sample 6) but again less than unheated *cytoplasm®,
At any rate the 86 percent inhibitlon of protoporphyrin conversion to
heme in chicken red cell hemolysates caused by hesting at 56° C. that
was reported by Goldberg (60) was certainly not noted hers. This then
lends further weight to the hypothesis that the anzyme is nuclear.

Howsver, attempts to verify Goldberg’s heat-inhibition results
and apply this inhibition sepsretely to nuclear and cytoplasmic frac-
tions to localize the enzyme gave results that are not entirely c¢lear~
cuts It was found in such an experiment (Table 18) that when the nuclei
wera hested at 56° C. and added to “cytoplasm®, iron incorperation was
decreased 66 percent but not completely inhibited (sample 4). This
much inhibition would certainly be unlikely, though, if the nuclel were
furnishing only cofactors. On the other hand similar treatment of
"cytoplasm" gave 29 percent inhibition (sample 5). The greater heat~
sensitivity of the nuclei 1s consistent with the hypothesis of a nuclear
enzyme. However, heating either the nuclei or the “eytoplasm® at 70° C.
inhiblted iron incorporation practically completely (samples 6 and 7).
If, as the results imply, the enzyme is in the nucleus, » reasen for
inhibition when the “cytoplasm® is heated must be sought,

The data from another experiment, in which the “"nuclear soluble
fraction™ and extracts of heated cell fracticns were prepared, are pree
sented in Table 19. The results are similar to those in Table 18. It
1s seen again that heating either "cytoplasm” or the "nuclear soluble
fraction™ at 56° C, caused some inhibition. In this casey, inhibition
was £8 percent when the “nuclear soluble fraction® was heated and 53

percent when the "cytoplasm” was so treated. Again the greater heat-
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sensitivity of the nuclear freection is evident. Heating at 62° ¢,
caused marked inhibition similar to that achieved at 70° C. in the
previous experiment (Table 18).

These results, showing much greaster heat-sensitivity of the nuclsar
fractions end replacement of "cytoplasm" by lysed human red cells, were
interproeted as being compatible with a nuclear lécaliza{ian of the
enzyme that cetalyzes insertion of iren into protoporphyrin. The
explanation for the decresse in iron incorporstion when the “ecytoplasm”
was heated is not obvious, but it may be that this treatument caused
formation of substances which could bind iron and thus decrease its
incorporation into protoporphyrin, Data in support of this explana-
tion were obtained in one experiment (Table 20) in which the nuclear
fraction alone, due perhaps to inadequate washing, stimulated a signifi-
cant degree of iron incorporation into protoporphyrin, but when heated
"eytoplasm® (especially at or above 70° C.) was added to these active
nuclei, iron incorporation was decreased markedly. In this experiment
it was also demonstrated asgain thet the nuclei (sample 6) were much
more sensitive to heating at 56° C, than was the "cytoplasm® (sample 3).
That the inhibition might be related te iron-binding is alse indicated
by the fact that no such inhibition was noted when the cytoplasm-contain«
ing fraction {WB) was heated in the experiments that utilized lobeled
glycine as substrate (Table 3, sample 4).

Because of the instability of the succinate-glycine condensing
enzymes to Waring Blendor homogenization, the effect of such trsatment
on the ironeincorporating fraction was examined, This fraction was
stable to prolonged blendorization (Table 21),

Nuclear localization of this enzyme would be demonstrated quite
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conclusively if the "cytoplasm” could be replaced by pure cofactors.
Studies of the conversion of protoporphyrin €0 heme in liver cell frace
tions indicated that glutathilone {GSH) and diphosphopyridine nucleotide
{pPy) stimulated iron insertion (93). The results of adding varivus
levels of these twe substances to isolated nuclel azre shown in Tables
22523, end 24, together with the comparable values for nuclear fractions
alone and nuclear fractions plus “cytcpl&am“. The figures in Table 23
indicate that, at low concentrations DPN was able to increase iron
incorporation more than 100 percent ever nuclel alone, showing that it
can, to some extent, replace the “cytoplasm®™, This then lends further
weight te the hypothesie that the cytoplasm furnishes only cofacters
and that the enzyme catalyzing iron insertion is in the nucleus. Tables
22 and 24 show that glutathione added to intact nuclel, and DPN added
to the "nuclear soluble fraction” did not stimulate iron incorporation
significantly., Combinations of these and perhaps other materials might
be tried to see if the "cytoplasm®™ cannct be more completely replaced
by known cofactors.

it may be concluded, then, from the above results that the enzyme
catalyzing iron insertion into protoporphyrin to form heme is almost
certainly in the mueieus of the chicken eryihrocyte and can be s0ly-

bilized by Waring Blendor treatment.



DISCUSSIUN

The conclusions drawn from the data presented can be briefly
sunmarized as followss (1) The enzymes catalyzing the conversion of
glyecine ond succinate to ALA are in the nuclear fractiocn of the chicken
erythrocyte. (2) The nuclear fraction is not required for the conver-
sion of ALA to uroporphyrin. The snzymes and cofactors involved are
in the cytoplasmic fraction as prepared heve. (3) The enzymes carry=
ing heme biosynthesis from the uroporphyrin to protoporphyrin stage are
most probably in the nuclear fraction and can be rendered soluble by
treatment of that fraction in the Waring Blendor. (4) Iron insertion
inte protoporshyrin also &epen&s upen & nuclear enzyme (or énzymea)
which can be solubilized by Waring Blendor treatment. (5) The enzymes
in the nuclear frection require certain cytoplasmic cofactors to mani-
fest their activity.

it is seen, then, that the avian erythrocyte nucleus plays a vital
role in heme biosynthesls and apparently contains all the enzymes in-
volved except those converting ALA to uroporphyrin. It would perhaps
be more reasonable from a structure-function standpoint to expect all
the enzymes of this biosynthetic pathway to exist in the n&cleus, and;
as pointed out previously, this possibility cannot be ruled out by éh@
studies presented here. If, for example, these enzymes exlisted on the
surface of the nucleus in the intact cell or if they were very scluble,
they might easily have been eluted into the cytoplasmic fraction during
the procedures of hemolysis and fractionation,

Several implications for further study mey be drawn from the con=
¢lusions reached in this report. The cell fractions described here

provide scurces of enzyme systems necessary for heme biosynthesis,
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sources in which these enzymes may be studied im purer form than in
intact or hemolyzed calla.' This cell fractionation achieves separa=-
tion of most of the enzymes from {he mass of hemoglobin contained in the
cyteplaem and also from certain essential cofactors. Study of the
cytoplasm should be of value in attempts to identify these cofactors,

It is interesting to compare the chicken exythrecyte to the human
red cell as regards the enzymes concerned in heme blosynthesis. The
human red cell has been shown to contain the enzymes converting ALA
both to PBG (52) and to certain porphyrins, in particular ureporphyrin
111 (76)s This synthetic cepsbility of the human red cell is remarkably
similar to that of the chicken erythrocyte cytoplasmic fraction as
described here. Thus the ability of the peripheral blood of humans
with certain hematologic abnormalities to catalyze heme formation from
glycine and sucainatev(zz) may be due te the presence in that blood of
red cells with intact nucleil or nuclear fragments containing those

enzyme systems found in the chicken erythrocyte nucleus.
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SUMMARY

The role of the chicken erythrocyte nucleus in heme biosynthesis
has been investigated,

Fractionation of chicken erythroeytes inte cytoplasmic and nuclsar
fractions was achleved by hemolysis of the washed red cells with
hypotonic sodium chloride sclution followed by centrifugation at
9000 g. The isolated nuclel were further fractionated into a
"nuclear soluble Fraction” and a "nuclear residue” by Waring Blen=
dor treatment and centrifugation.

Microscopic study and remarksbly consistent experimentzl results
indicated that the cell fractions thus prepared were relatively
homogenedus.

Igsolated cell fractions and c¢oembinations théreﬂf were incubated
with various heme precursor substrates. Heme formation was evaluated
by tracer methods using Cléwiabelled glycine or ?959, snd in certain
experiments the uroe-; copro=, and protoporphyrin formed were also
guantitated,

The heme biosynthetic pathway was divided into four segments for
studys (1) the condensation of glycine and succinete (with decar-
boxylation of the a~amino-Beketo adipic acid formed) to yield
S-aminolevulinic acid (ALL)g {2) the conversion of ALA through
porphobilinogen (PBG) to porphyrinsg (3) the conversion of uropor-
phyrin (or its reduced derivative) to protoporphyring ané}(é) the
insertion of iron into pratéparphyrin to form heme.

Various techniques were utilized to inactivate enzyme systems withe

out disrupting cofactors so that the enzymes catalyzing these pore

tions of hem
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fraction,
It was found that both cytoplasmic and nuclear fractions were
required for the conversion of glyeine and sueccinate to ALA, but
inactivation techniques indicated quite clearly that the enzymes
invelved were in the nuclel while the cytoplasm furniched essential
cofactors., Attempts to solublilize these enzymes from the nuclear
fraction were unsuccessful.
All the factors necessary for the converelon of ALA to ureporphyrin
were in the cytoplasmic fraction as prepared. The possibility wes
suggested that these enzymes might have been eluted from the nuclel
during hemolysis.
Datz were interpreted as indicating that the enzymes catalyzing the
synthesis from the uroporphyrin to protoporphyrin stage were most
probably in the nucleus, {more specifically the "nuclear soluble
fraction") with essentlal cofactors provided by the cytoplasms.
The "nuclear soluble frection® also contained the enzyme(s) respon-
sible for the insertion of iren inte protoporphyrin to form heme,
the cytoplasmic fraction again providing necessary cofactors.
The relationship of these results to numerous reports by other
groups using erythrocyte watsr~hemolysates has been discussed,
It has been suggested that isvlatien of nuclear fraoctions as de-
scribed here provides coenvenient sources of many of the enzyme sys-
tems concerned in heme biosynthesis. In nuclear fractions separsted
from the mass of cytoplasmic hemoglobin these enzymes may be studied
in purer form than in whole cells or hemolysates. In addition,
study of the cytoplasmic fractign should be of value in identifying

essential cofactors involved in various stages of the synthesis.
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TABLE 1
Heme ‘Wnthasiv fmm an(’:l%i‘;lytina

ﬂeat Xnectiva?ion of Lysm ?—*‘éixture and Effect of Washing Nuclel

Samples Hemin Radiocactivity (CPM)
1) 15 ml. lysis mixture 552
2) 15 ml, heated lysis mixture (56°C.) 3
3) 15 ml. “eytoplasm" | 6

4) 5 ml. nuclel {washed 2X) 4 5 ml. RBC Salt Solution 2

5} 5 ml. nuclel (unwached) + 10 ml, “cytoplasm" 339
6) 5 mls nuclei {washed 1X) + 10 ml. “cytoplasm® 261
7) 5 ml. nuclel (washed ‘3}{) + 10 ml. "eytoplasm® 228
8) 5 ml. nuclei {wsched 4X) + 10 ml. “cytogﬂasm” 233

Incubation for 4 hours.

Added to each samples 13.3 umoles (1.0 millicurie/millimole) w..cl!;.,
glycine, 0.14 millimoles succinate, and 1.0
umole iron.



TABLE 2
Heme Synthesis from a=Cl=Glycine

Effect of Heated “"Cytoplasm™ and Lysed Human Red Cells

Samples ‘ Hemin Radioactivity (CPM
1} 15 ml. lysis mixture 185
2) 15 ml, ”sytoplasm“ ' 2
3) 5 ml. nuclei + 5 ml, water 1
4) 5 ml. nuclei + 10 ml. “cytoplesm” 51
5) 5 ml, nuclei + 10 ml. heated “"cytoplasm™ (56°C.) 52
6) 5 ml. nuclei + 10 ml. lysed human red cells 111

Incubatien for 4 hours,

Added to each semples 13.3 umeles (1.0 millicurle/millimole) a=Clé-
glycine, 0.14 miliimoles succinate, and 1.0
iwole iron,

Human red cells washed 3X with 0,92 NaCl and lysed with 1.5 volumes
distilled water.

All nuclel washed iX,
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TABLE 3

Heme Synthasis from a~cl4»61ycine

Enzyme Inactivatien by Heating snd Blendorizing Nuclei

Semples
1) 10 ml.

2) 10 ml.
3) 10 ml,
4) 10 ml.
5) 10 nl.
&) 10 ml,

Hemin Radicactivity (CPM

WB 4+ 10 ml. water 2
WB + 10 ml. “"ecytoplasm® 1
WR 4+ 5 ml. nuclel + 5 ml, water 237

heated WB (56°C.) + 5 ml. muclei + 5 ml, water 329
WB + 5 ml. heated nuclei (56°C.) + 5 ml, water 2

B+ 5 ml, blendorized nucleil + 5 ml. water 2

Incubation for 4 hours,

Added to each samples 13.3 mmoles (1,0 millicurie/millimole) a-Clé-

glyeine, 0.2 millimoles succinate, and 1.0
Umole iron.

WB = supernatant fluid resulting from Waring Blendor treatment of lysis
mixture followed by centrifugation for 10 minutes at 9000 g.

A11 necleil washed 2X.
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TABLE 4

Heme Synthesis from a-Clé=Glycine

Effect of Glutathione

Samglgs
.3.) 5 mle

2) 5 ml.
3} 5 ml.
4) 5 mla
5) 5 ml.
6) 5 ml.

Hemin Radicactivity (CPM)

nuclei + 10 ml. water i1
nuclei + 10 ml. “"cytoplasm” - 136
nuclei + 10 ml. GSH solution (finel conc. 0.03 M 1
nuclei + 10 ml. GSH sclution (final conc. 0.01 M) 2
nuclei + 10 mls G5H solution (final conc. 0.003 M) |
nuclei + 10 ml. GSH solution (final conc. 0,001 M) 2

Incubation for 4 hours.

Added te each samples 13.3 umoles (1.0 millicurie/miliimole) gCion

glycine, O.14 millimocles succinate, and 1.0
tumole iron,

ALl nuclei washad 2X.
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TABLE 5

Attempt to Sclubilize Glyecine-Succinate
Condensing Enzymes from Nuclear Fraction

Samples Hemin Radloactivity (CPM)
1) 15 ml. WB i
2) 10 ml, WB + 5 ml, nuclei + 5 ml. water 88
3) 10 ml. WB + & ml. homogenized nuclei + 5 ml. water | 96
4) 10 ml. #B + supernate from (3) ’ 2
5) 10 ml, WB + residue from (3) 63
6) 10 ml, WB + supernate after rehomogenization with 5 mi, 1
0.9% HaCl
7) 10 ml. W8 + residue from (6) k]
§) 10 ml. "B + supernste after rehomogenization with 5 ml, 1

0.1% NaCl
9) 10 ml, WB + residue from (8) 21

N

10) 10 ml. WB + supernate after rehomogenization with 5 ml.
RBU Salt Solution

11} 10 ml. Wl + residue from (10) 28
12) (4) + (10) 0

Incubstion for / hours.

Added to each samples 13.3 umoles {approximstely 0.5 millicuries/milli-
mole) a=Clé=glycine, 0.14 miliimoles succinate,
and 1.0 umole iron,

W8 = supernatant fluid resulting from Waring Blendor treatment of lysis
mixture followed by centrifugetion for 10 minutes at 9000 g.

411 nuecled woched 2X.



TABLE 6

Porphyrin Formation from ALA

Fludresﬁence after 6
Hours' Incubation with

Samples 6 umoles ALA Average

1) *Cytoplasm"# 10,10,10,10,10,10,10, 10,0
10,10

2) Muclei 45040,5,6,0,3,2,5,4,0, P
0,0

3) "Nuclear soluble fraction” 0 0.0

4} "Nuclesr residue” 0 0.0

5) Combined firet washings of nuclei 10 10.0

6) Combined third woshings of nuclei 4 Lol

7) Nuclei + "cytoplasm™ 5,10,5g165233,6,lﬁ,é, 7.8

8) “Muclear soluble fraction” + 10,0 540

“oytoplasm® ’

9) “"Nucleor residue" + "cytoplasm" 10,10 10.0

10} Washed chicken red cells 0,0,0,0,0 0,0

11) Lysis mixture 130,§,$,o,o,0,0,0 i.0

0 = no visible fluorsscence; 10 = very strong fluorescence,

Each figure in the fluorescence column represents the result of a
separate experiment in which ALA was incubated with the iIndicated cell
fraction,

All nuclel were washed at least 2X before incubatien,

#5 TCA-extract of unincubated cytoplasm shows no visible fluorescence.



TABLE 7
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Porphyrin and Heme Blosynthesis from §-Aminolevulinic Acid

Porphyrin Formation (itgm./ssmple) Hemin Radio-

sample_s _lj_x__g
1) Lysis mixture 18
2) "Cytoplasm™ 41
3) Nuclei | 3

4) Wuclei + “cytoplasm” &3

5) waring Blendox-treated 154
lysis mixture

6) "Muclear svluble frac~ 243
tien" + “cytoplasm”

7) "Muclear residue® + Q34
"cytoplasm”

Copro
0.7
0.2
0.2
Sedy
dsS

Ge

0.3

Proto activity (CPM)

40 3800

7 20

3 110
126 3026
3e8 5340
174 6900
16 260

Incubation for 3 hours.

Added to each ssmples 6 umeles ALA and approximately 1 peurie Fe 7,

Semples 6 and 7 prepared by centrifugation of Waring Blendor treated

lysis mixture.

Muclei and nuclear residues woshed 4X.



TABLE 8

Porphyrins Formed from S-iminolevulinic Acid

Porphyrin Formetion (ugm./sample)

1) Lysis mixture 5/, 1.3 193

2) Muclei 7 0.1 i1

3) Muclei + “cytoplasm® 122 0.8 158

4) "Cytoplasm® {without ALA 1 0.2 15
substrate)

5) "Cytoplasm® 149 0.3 6

6) "Cytoplasm™ heated at 173 0.6 g
£6°C,

7) "Cytoplasm® heated at 336 Cud &
6oeC,

8) "Cytoplasm® heated at 398 0.7 6
éLeC,

Incubation for 3 hours.
Added to each sample: & umoles ALA (except sampla 4).

Muclel washed 2X.



TABLE 9

Effect of Heating "Cytoplasm™ on Porphyrin Formation from
$=Aminolevulinic Acid

63

Porphyrin Formation (ugm./sample)

Samples Uzo Copro Proto
1) "Cytoplasm® (unheated) 144, 0.9 28
2) "Cytoplasm™ heated at 60°C. 351 0.3 9
3) "Cytoplasm® heated at 70°C. 418 0.7 9
4) "Cytoplasm® heated at 100°C. 3 0.2 6

Incubation for 3 hours.

Added to each samples ©6 umoles ALA,



TABLE 10

The Conversion of Reduced Uropsrphyrin III to
Heme and Cther Porphyrins

percent of Fe59

Samples Incorporation
1} 10 ml. "cyteplasa” + 10 ml. water 0.5
2) 5 ml. nuclei 4 15 ml. water 0.1
3) 5 mls nueclel + 5 ml, water ¢ 10 ml, “eytoplasm™ 2.8
4) 10 ml. "nuclear soluble fraction® + 10 ml. water 0.3
5) 10 ml. "nuclear soluble fraction® + 10 ml. “cytoplasm" 35.5
6) 5 ml. nuclei + 5 ml, water + 10 ml. extract of heated Cuds

“sytoplasm® (100°C.)

7) 5 mi. extract of heated nuclei (100°C.) + 5 ml. watsr + 0.4
10 ml. "cyteplasm™

8) 5 nl. nuclei + § ml. water + 10 ml. “cytoplasm® {uropor- 3.2
phyrin substrate)

Incubation for 3 hours.

Added to samples i=73 272 ugm. reduced uroporphyrin II1I and 0,62 ugm.
iron containing 0.82 ucurie rFeb9,

Added to sample Ss 240 ugm. uroporphyrin 1II and iren as in other
samples,

Reduced uroporphyrins Solution of 332 ugm. ureporphyrin I1i/ml.
reduced. Concentration after reduction was 60 pigm./mls 1 ml,
added to each sample. Thus 272 ugm. reduced uroporphyrin theoretie
cally available for reaction, After incubaticn, concentration of
urcporphyrin had increased to 130 ugm./ml., and after standing in
the light, the red color returned, indicating that Ffurther re-oxi~
dation of reduced uroporphyrin had occurred.

Neithar copro~ nor proteporphyrin formed in significant amounte in
any sample,



TABLE 11
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Heme Formation from 8-Amimlevulinic Acid in Erythrocyte Fractions

Samples

1) Washed red cells
2) Lysis mixture

3) "Cytoplasm®

4) Wuclei {washed IX)
5) Nuclei (washed 2X)
6) Nuclei (washed 4X)

7) Nuclel (wsshed 4X) + "cytoplasm®

Hemin Radioactivity (CPM)

2400
4270
20
120

Incubation for & hours.

Added te each samples 6 umoles ALA and approximately 0.69 pcurie Fed9,
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TABLE 12

Hems Formation from S-ﬁmin&iuvulinic Acid in a Seluble System

Samples Heme Radiocactivity (CPM)
1) Washed red calls 6400
2) Lysis mixture 6760
3) "Cytoplasm® 4+ "nuclear soluble fraction” 5100
4) "Muclear residue® (washed 2X) | 50

Incubation for 6 hours.
Added to each samples 6 umoles ALA and 0.76 ucurie Fe59.

Red cells lysed in Waring Blendor (sample 2) and centrifuged 10 minutes
at 9000 g to obtain samples 3 and 4.
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TABLE 13
Heme Pormation from S-Aminﬂlevulinic Acid

Preparation of Nuclear Soluble Fraction from Isolated Nuclel

Samples | Hemin Radioactivity (CPM)
1) Muclei + "cytoplasm” 6420
2) "Cytoplasm” 40
3) “Muclear soluble fraction® + "cytoplasm® 4520
4) "Muclear residue" (washed 2X) + "cytoplasm® 2280

Incubation for 3 hours.
Added to each samples 6 umoles ALA and approximately 0.8 Mourie Fe’9,

All nuclel washed 4X. MNuclel fractionated by treatment in Waring
Blendor fer 3 minutes.

Isolated hemin was not recrystallized.



TABLE 14

Heme Formation from Protoporphyrin

Samples Hemin Radicactivity (CPM)
1) Muclel + RBG Salt Solutien 170
2) Nuclel + water 600
3) Nuclei + “cytoplasm™ » 5190
4) "Nuclear soluble fraction" 1260
5) "Nuclear residue™ + weter 380
6) "Muclear soluble fraction® + “cytoplasm” 6300
7) "Nuclear residue™ + “cytoplasm" 1100

Incubatien for 3 hours.

Added to each sample: 0,14 umoles pioto;zorphyrin and approximately
1.0 tourie Fed9,

A11 nuclei washed 3X and residues 2X.

Isolated hemin was not recrystallized,



TABLE 15

Heme Formation from Protoporphyrin

Porcent of Feo9

Samples Incorporation
1} Lysis mixture 245
2) *Cytoplasm™ 045
3) Muclei + woter 5.0
4) Buclei + "cytoplasm” 24,9
5) "Muclear soluble fraction® b7
6) "Nuclesr residue® 246
7) “Nuclear soluble fraction® + “cytoplasm® 18.3
§) "Nuclear residue®” + “cytoplasm® 2e4

Incubation for 3 hours.

Added to cach samples 0.18 umoles protoporphyrin and 0.02 umoles iron
containing 0.52 ucurie Fe59,

All nuclel washed 3X and residuss 2X.
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TABLE 16

Determination of Uptimal Protoporphyrin Level
for Iren Incorxporaticon

umoles of Added  Percent of FeS9

Samples Protoporphyrin Incorporation
1) 10 ml, "cytoplasm® 0.2 0.2
2) 5 ml. nuclei + 10 ml, “eytoplasm® 0.2 27.0
3) & ml. “"nuclear soluble fraction" + 0.02 | 10.2
10 w1, “cytoplasm®
4) Bame as (3) 0.1 23.2
5) Same as (3) 0.2 16,5
6) Same as (3) Ok 12.1
7) Same as {3) 0,8 2.2

Incubation for 3 hourse

Added to each samples Protoporphyrin {amounts indicated above) and
0,01 pmoles iren containing 0.57 ucurie Fed9.

All nuclel washed 3X.
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TABLE 17
Heme Formation from Protoporphyrin

Effect of Lysed Humen Red Cells and Heated "Cytoplasm"

Percent of Fe59

Samples Incorporation
1) 15 ml, lysis mixture 25.8
2) 15 ml. “cytoplasa® | 1.8
3) 15 ml. nuclei + 5 ml. water | bel
4) 5 ml. nuclei + 10 ml, “cytoplasm®” 2445
5) 5 ml. nuclel + 10 ml. lysed human red cells 11.0
6) 5 ml. nucleil + 10 ml. heated “"cytoplasm” (56°C.) 16.5

Incubation for 4 hourse.

Added to each samples 0.09 umoles protoporphyrin and 0.01 #moles iron
containing 0.36 ueurle Feo%,

Muclel weashed 4X.
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TABLE 18
Heme Formation from Protoporphyrin

Effect of Heating Cell Fractions

Percent of Fe59

Samples incerporation
1) 5 ml, nuclei + 10 ml. water _ 6.9
2) 10 ml. “eytoplasm®" + 5 ml. water 0.7
3) 5 ml. nuclel + 10 ml. "cytoplasm® 4240
4) 5 ml, heated nuclei (56°C.) + 10 ml. "cytoplasm” 143
5) 5 ml. nuclei + 10 ml. heated "cytoplasm®™ (56°C.) 29,8
6) 5 ml. heated nuclei (70°C.) + 10 ml. “cytoplasm" 1.3
7) 5 ml. nuclel 4+ 10 ml. heated “cytoplasm® (70°C,) 1.9

Incubation for 3 hours,

Added to each samples 0.12 umoles protoporphyrin and 0,01 umoles iron
sontaining 0.72 ucurie Fe59,

Wuclei washed 4X.
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TABLE 19
Heme Formation frem Protoporphyrin

Effoct of Heating Cell Fractions

Percent of Fed9

Samples Incorporation
1} 10 ml, "nuclear soluble fraction™ + 10 ml. water 0.5
2) 10 ml. “nuclear soluble fraction™ + 10 ml, “"cytoplasm” 1644
3) 10 ml. extract of heated “nuclear soluble fraction” 1.9

{56°C.) + 10 ml. “cytoplasm®

4) 10 ml. "nuclear scluble fraetion® + 10 ml. extract of %
heated "cytoplasm” (56°C.)

5) 10 ml. extract of heated "nuclear soluble fraction® 0.7
(62°C.) + 10 ml, "cytoplasm®

6) 10 ml. “nuclear soluble frasction®™ + 10 ml. extract of 1.8
heated "cytoplasm™ {629C,)

Incubation for 3 hours.

Added to each samples 0.15 umoles protoporphyrin and 0.01 umoles iron
containing 0.82 ucurie Fed9,

uclel washed 4.



TABLE 20
Heme Formation from Protoporphyrin

Effect of Heating Gell Fractions

7%

1) 5 ml,
2) 5 ml,
3) 5 ml.
4) 5 ml.
5) 5 ml.
6) 5 ml,
7) 5 ml.
8) 5 ml.

nuclei + 10 ml. water

nuclei + 10 ml, "cytoplasm”

nuclei + 10 ml, heated “cytoplasm" (569C,)
nuclei + 10 ml. heated “"cytoplasm® {70°C.)
nuclei + 10 ml. heated “cytoplasm™ {100°C.)
heated nuclei (56°C,) + 10 ml. “cytoplasm®
heated nuclei (70°C,) + 10 ml, “cyteplasm“

heated nuclei (100°C.) + 10 ml, “cytoplasm"

Percent of Fed?
Incorporation

241
27.8
2445
30
1.0

12.1
0.6

0.3

Incubation for 3 hourss

Added to each samples

containing 0,8 pcurie Fe59,

Muclel washed 2X.

0«12 moles protoporphyrin and 0.0l umoles iron
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TABLE 21
Heme Formation from Protopoerphyrin

Effect of Prolonged Waring Blendor Treatment

Percent of FeS9

Samples Incorporation
1) 5 ml. nuclei + 10 ml, water 469
2) 5 ml. nuclei + 10 ml, "cytoplasm” 2345
3) 5 ml. nuclei + 10 ml. blendorized "cytoplasm” 16,0
4) 5 ml. blendorized nuclel + 10 ml, “cytoplasm™ 28.1

Incubation for 3 hours.

Added to each samples 0O.14 pmoles protoporphyrin end 0,01 umeles iron
containing 0.65 ucurie Feo9,

Blendorization was for a total period of 40 minutes {in 10-minute
intervals).

Muclei washed 4X.



TABLE 22
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Effect of Glutathione (GSH) on Iren Insertion into Protoporphyrin

Semples

1) § mi.
2) 5 mle
3) 5 ml.

5) 5 ml,

nuclei +
nuclei +
nuclei +
nuclei +

nuclei #

10 ml, water

10 ml. “eytoplasm”

10 ml. GSH (finzl conc. 0,001 i)
10 ml. GSH (final conc. 0,002 M)
10 ml. GSH (final conc. 0.004 M)

Percent of Fe59
Incorporation

6.9
42,0
644
6.2
7.8

Incubatien for 3 hours.

Added to esch samples

Muclel washed 4X.

0.12 umoles protoporphyrin and 0.01 umoles iron
containing 0.72 ucurie Fe59.



TABLE 23

Effect of Diphosphopyridine Nucleotide (DPN) on
iron Insertion into Protoporphyrin

Samples
1) 5 ml.
2} 5 ml.
3) 5 ml.
4) 5 ml.
5) 5 mle
6) 5 ml.

nuclei + 10 ml,
nuclei + 10 ml,
nuclei + 10 ml,
nuclei 4+ 10 ml.
nuclei + 10 ml,

nuclei 4+ 10 wul,

water

"cytoplasn®

DPN (final cone. 0,0004 M)
DPN (final cone. 0.0002 M)
DPN (final conc. 0,0001 M)
DPN {final conc. 0,00005 M)

Percent of Fed9
Incorporation

409
2345
3.8

9.9

Incubation for 3 hours.

Added to each samples 0,14 umoles protoporphyrin and 0,01 umoles irem
containing 0.65 ucurie Fe?9.

Nuclel washed 4X.
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TABLE 24

Effect of Diphosphopyridine Nucleotide (DPN) on
Iron Insertion inte Protoporphyrin

Percent of Fe59

Samples Incerpﬁration
1) 10 ml. “nuclear seluble fraction" + 10 ml, water 0.5
2) 10 ml, "nuclear soluble fraction® + 10 ml. “cytoplasm” 1644
3) 10 ml. "nuclear seluble fraction® + 16 ml, DPN (final 0.7

conc. 0.00005 M)

4) 10 ml. "nuclear scluble fraction® + 107m1.'B?N (final el
conc, 0.00002 M)

5) 10 ml. "nuclear soluble fraction” + 10 ml. DPN (£final Ouds
sonc, 0.00001 M)

6) 10 ml. "nuclear soluble fraction® + 10 ml. DPN (final 0.4
conc. 0,000005 M)

Incubzation for 3 hours.

Added to each samples 0.15 umoles protoporphyrin and 0.0] umoles iron
containing 0.82 ucurie Fed9,

Nuclei washed 4X.
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Figure I

Proposed Pathway of Heme Biosynthesis
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Fig, I

PROPOSED PATHWAY OF HEME BIOSYNTHESIS

(POOH
COOH GH;- NH, GOOH CH,
’ cooH CH-NH, (=0 CH:  CHe
OQ-' C =
AL o L A
CH2 NH, CH2 Che CH,
COOH CH, COOH CHe N
COOH . NHe
Glycine  Succinate a-Amino- 3-Amino- Porphobilinogen
B-kete  lewlinic PBG
adipic acid  acid
ALA
Red"ced : =cH ‘N \
u
uroporphyrin » H CH
Key: M= —CHs =CH—7 N 2
A= — CH:COOH
= = CHzCHz COOH
V= —CH=CH:
Uroporphyrin Il
M v M v 'f ’
N N7\ Reduced 7 N \
Heme <«—f€& CH H  CH<—— coproporphyrin > CH H
H N H
A N N. 7 N
=CH—[/ ] { ]"CH—( J
M P P M

Protoporphyrin IX

Coproporphyrin Wi



Figure 11
Uptimal Protoporphyrin Concentration

for Iron Incorporation
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Fig. I
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