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Abstract—Protohemin was shown to inhibit increased porphyrin synthesis induced in
monolayer cultures of chick embryo liver cells by the following drugs: allylisopro-
pylacetamide, 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine, griseofulvin,
glutethimide, diethyl-2,3,5,6-tetramethylterephthalate and diethyl 3,3’dimethylglu-
tarate. The nature of protohemin inhibition of porphyrin induction was studied.
Chick embryo cells were incubated with allylisopropylacetamide and the porphyrin accu-
mulation between 9 and 13 hr was measured. Porphyrin accumulation in this 9-13-hr
period was depressed if actinomycin D or cycloheximide was added after 9 hr of
incubation, but was not depressed by addition of protohemin.

GRrANICK! has shown that the increased synthesis of 3-aminolevulinic acid synthetase
(ALA-synthetase) induced in chick embryo liver cells by allylisopropylacetamide
(AIA) can be overcome by protohemin. He has suggested that the repressor for
ALA-synthetase consists of a protein aporepressor combined with protoheme, which
functions as a corepressor. AIA and other porphyria-inducing drugs are thought to
compete with protoheme for a site on the aporepressor so that the gene for ALA-
synthetase is derepressed. The studies described in this paper were designed to test the
above ideas and to extend our knowledge of the mechanism of drug-induced porphyrin
biosynthesis.

Previous studies of the relationship between chemical structure and porphyria-
inducing activity did not reveal an underlying common feature to which the property
of porphyria induction could be ascribed.? For this reason, it appeared unlikely that
all porphyria-inducing compounds acted at a common site, viz. a site on the aporepres-
sor normally occupied by protoheme. To obtain further information on this aspect
of the problem, protohemin inhibition of porphyria induction by a variety of com-
pounds was studied. The rationale for these studies was that protohemin might inhibit
porphyria induction by some but not all porphyria-inducing compounds, thus
strengthening the view that these compounds act at different sites.

It is difficult to visualize a structural similarity between any porphyria-inducing
drug and protohemin that would allow both compounds to act at the same site. If
protohemin and porphyria-inducing drugs act at the same site, then protohemin
inhibition would be competitive. If, however, protohemin acts at a site different from
the porphyria-inducing drugs, then protohemin inhibition should be noncompetitive.
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Experiments were therefore designed to study the nature of the inhibition exerted by
protohemin. According to the above hypothesis,' protoheme by combining with an
aporepressor inhibits the transcription of a segment of DNA into the messenger RNA
(m-RNA) for ALA-synthetase. To test this idea, the effect of protohemin on porphyrin
accumulation has been compared with that of actinomycim D and cycloheximide. It
was anticipated that, if the above hypothesis were correct, then the inhibitory effect of
protohemin would be found to resemble that exerted by actinomycin D rather than
that exerted by cycloheximide.

EXPERIMENTAL

Culture of chick embryo liver cells on petri-dishes

The procedure of Granick! was used with the following modifications. The enzyme
solution for preparing the cell suspension from four chick embryo livers consisted of
5 ml of 2:5%, trypsin in saline (Microbiological Associates) and 5 ml magnesium-free
and calcium-free Earle’s solution. The cell suspension was centrifuged at low speed,
the supernatant discarded and the cells resuspended in the complete medium at
37°. Fetal bovine serum (Microbiological Associates) was used for most of the experi-
ments. In the experiments in the latter part of this study, the batches of fetal bovine
serum were unsatisfactory and bovine serum (Pentex Inc., Winley-Morris Co. Ltd.)
was used instead. The experiments in which bovine serum was used instead of fetal
bovine serum will be indicated in the Results section.

It is worth pointing out that one of the major problems encountered in this study
involved the variable porphyrin production with different sera and different batches
of serum from the same company. In Table 1 some recent results are shown comparing

TasLE 1. EFFECT OF SERUM ON ALLYLISOPROPYLACETAMIDE-
INDUCED PORPHYRIN BIOSYNTHESIS IN CHICK EMBRYO LIVER CELL

CULTURE
Porphyrin*
Serum (sg/mg protein + S.E.)
Fetal bovine, heat inactivatedt 0-069 £ 0-002
{Microbiological Associates)
Fetal bovine 0-088 4+ 0-019
(Microbiological Associates)f
Fetal bovine 0-446 4 0-043
(Grand Island Biological Co.)
Bovine 0635 4 0019

(Pentex Inc., Winley-Morris Co.)

* Porphrin content was measured after a 20-hr period of
incubation with AIA.

+ Heat inactivation was carried out by heating at 56° for
30 min.

t Porphyrin production varied with different batches of
serum from the same company. In the early experiments of
this study, considerably larger quantities of porphyrin were
obtained with different batches of this serum.
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porphyrin production with cells grown under identical conditions but using different
sera. We have concluded from this variability that a large batch of serum with which
good porphyrin production is obtained should be stored frozen and used for a complete
set of experiments.

Measurement of the inhibitory effect of protohemin on porphyrin biosynthesis induced
by different drugs

The culture medium (4 ml) was removed from each 5-cm dia. Petri dish after 24 hr
of incubation and replaced with 4 ml of fresh medium. The growth medium® was made
up of Eagle’s basal medium (100 ml), fetal bovine serum (10 ml) and glutamine (1 ml).
Mycostatin, penicillin and streptomycin were added to protect against bacterial and
fungal contamination.! Porphyria-inducing drugs were dissolved in 959 redistilled
ethanol (5 ul) and added to the liver cells by means of disposable lambda pipettes.
Protohemin (approximately 15 mg), prepared according to the procedure of Shemin,?
was dissolved in 1 ml of 1 N KOH and distilled water (10 ml) was added.* The pH
was adjusted to 7-8 with 0-1 N HCI (approximately 9 ml) on a pH meter with con-
tinuous stirring. Protohemin solutions (0-1 ml) added to the Petri dishes were pre-
pared from this solution by diluting with 0-05 N KCl, pH 7-8. Protohemin was used
rather than protoheme because of the following considerations. Burnham and Las-
celles* have shown that protohemin and protoheme are essentially equal in their
ability to inhibit ALA-synthetase. For this reason and because of the technical
difficulties involved in keeping protoheme in the reduced state, protohemin has been
used in subsequent studies':* involving the actions of protoheme as a negative feed-
back inhibitor and a corepressor of ALA-synthetase. After the addition of porphyria-
inducing drugs and protohemin, the petri dishes were returned to the incubator for
approximately 24 hr. The porphyrin content of cells and media was determined and,
after determining the protein content of cells, the results were expressed as micro-
grams of porphyrin per milligram of protein. The results of these experiments are
shown in Table 2. Each drug was tested in duplicate or triplicate at a particular con-
centration. In addition, the amount of porphyrin in cultures to which ethanol (5 ul)
alone was added is recorded. Cells were examined under the phase-contrast micro-
scope (magnification, 640 diameters) after incubation with drugs. The criteria esta-
blished by Granick® were used to assess possible harmful effects of drugs on cells.
Thus, injury to cells could be recognized by rounding up of the parenchymal cells and
inhibition of growth by retraction of the filmy edge of the colonies. No morphological
changes were recognized in any of our experiments.

Measurement of effects of cycloheximide, actinomycin D and protohemin on AIA-
induced porphyrin biosynthesis

The culture medium was removed from each Petri dish after 24 hr of incubation and
replaced with 5 ml of fresh medium. AIA (1500 pg) in 959 redistilled ethanol (5ul)
was added to each Petri dish and the cells were reincubated at 37°. After 9 hr, the
Petri dishes were removed from the incubator and five dishes were set aside for por-
phyrin and protein analysis. Actinomycin D (5 ug) in 95 % redistilled ethanol (5 ul)
was added to each of five dishes to give a concentration of 7-8 X 10~* umoles/ml,
and cycloheximide (0-28 ug) in 95 %, redistilled ethanol (5 ul) was added to a different
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TABLE 2. INHIBITORY EFFECT OF PROTOHEMIN ON A VARIETY OF PORPHYRIA-
INDUCING DRUGS*

Concn. of Porphyrin
Drugs porphyria-inducing accumulation
drug (ng/mg protein)
(pmole/mi)
0-028 0-093
AIA 2-1 0-581
43 0-531
AlA 0-028 0-025
+ protohemin 21 0-062
(0-024 pmole/ml) 43 0-123
0-009 0-035
DDC 0-018 0-071
0036 0190
DDC 0009 0012
<+ protohemin 0-018 0-032
(0-021 pmole/ml) 0036 0075
0-006 0-023
Griseofulvin 0-029 0072
0-057 0-475
Griseofulvin 0-006 0-009
+ protohemin 0-029 0-017
(0-026 psmole/ml) 0-057 0022
Diethyl 2,3,5,6- ey o
tetramethylterephthalate 025 0-963
Diethyl 2,3,5,6- ' .
tetramethylterephthalate 88;‘; gg;g
+ protohemin 025 0-205
(0:026 pmole/m})
0-009 0019
Glutethimide 0-046 0482
046 1-040
Glutethimide 0-009 0-010
+ protohemin 0-046 0-029
(0-026 pmole/ml) 046 0-142
Controls 0-009

* Each value represents the mean of two determinations, except in the
case of DDC where values represent the mean of three determinations.

set of five dishes to give a concentration of 2 x 10~* pmoles/ml. Protohemin, pre-
pared as described above and in the concentration shown in Table 3, was added to
each of five dishes. To a further set of five dishes no addition was made. The cells were
reincubated for a further 4 hr. The porphyrin content of cells and media was deter-
mined and, after determining the protein content of cells, the results were expressed as
micrograms of porphyrin per milligram of protein. The results are shown in Table 3.



3003

Drug-induced porphyrin biosynthesis—IIT

*1591-1 paYIe;-ouo € Swisn [549] 100 18 IweOyTUAIS §
SUCHIBLIWIANAP OAY JO "J'S F uest oy} sjuosaxdas onjea yoeg
UL SIY UT posn $¥M WNIIS SUIAOY o

010-0 T £0Z-0 =01 X 271 unuayolerg ¢l
010-0 F 9%£-0 z-01 X (-9 wwoqoloig 111
10100 F 8€1-0  3800-0 F 91Z-0 »-0I X T SpIuSYOPLD €1
1600-0 *F £LL1-0 30100 TF 8420 +0I X 8-L (1 upAmoUnSY {11
§00-0 F ZIT0  L000 F S62-0 134
7000 F 1800 7000 F L60:0 6
11 yuswiadxg 1 usunradxy (y)
pouad (w8 00g)
i(Ca's F umoid Juy/sd) (uz/oousrd) UOBRqMOUE 14-f  'YIV JO UOnIppe Ioye
uufydiog usuod Snuy I35 pOppe SNy UOHEBQNOUI JO POLlag

«STHD AL OAMIWY AOIHO NI SISTHLINASOII NISAHJINOd AadNANT

-AAIAY LADVIXIOYJOSTIXTTIV NO NIWHHOIGHd aNY SAINIXIHOTOAD ‘(T NIOAWONLIOV A0 SLOZAA ‘¢ F1EV]



3004 D. W. ScHNEck, D. L. J. TYRReLL and G. S. MARKS

Control experiments showed that the solvents used for dissolving drugs did not affect
porphyrin accumulation.

Selection of appropriate concentrations of actinomycin D and cycloheximide

Since actinomycin D and cycloheximide exert toxic effects on cells, it was of im-
portance to select the smallest concentration of actinomycin D that would com-
pletely inhibit transcription of DNA into the m-RNA for ALA-synthetase and the
smallest concentration of cycloheximide that would completely inhibit translation
of the m-RNA for ALA-synthetase into ALA-synthetase.

The culture medium (5 ml) was removed from each Petri dish after 24 hr of incuba-
tion and replaced with S ml of fresh medium. ATA (1500 pg) in 959 redistilled ethanol
was added to each Petri dish. Actinomycin D dissolved in 959 redistilled ethanol
(5 pl) was added to Petri dishes to give the series of concentrations shown in Table 4.

TABLE 4. ACTINOMYGIN D INHIBITION OF ALLYLISOPROPYLACETAMIDE-
INDUCED PORPHYRIN BIOSYNTHESIS*

Actinomycin D Porphyrin Percentage
(pmole/ml) (pg/mg protein)t inhibition
0 1-22 0
39 x 10°¢ 1-34 0
39 x 10° 0-296 78
39 x 1074 0-022 98
39 x 1073 0016 99

* Porphyrins were estimated 20 hr after addition of allylisopro-
pylacetamide (300 pg/ml) to cells. Actinomycin D was added at the
same time as allylisopropylacetamide. Bovine serum was used in this
experiment.

+ Mean of three determinations.

Similarly, cycloheximide dissolved in 959, redistilled ethanol was added to Petri
dishes to give the concentrations shown in Table 5. The Petri dishes were returned
to the incubator for 24 hr. The porphyrin content of cells and media was determined
and, after determining the protein content of cells, the results were expressed as
micrograms of porphyrin per milligram of protein (Tables 4 and 5).

Analysis of Petri dishes for porphyrin and protein
The procedure of Granick! was used without modification.

RESULTS AND DISCUSSION

The results shown in Table 2 clearly show that protohemin inhibits the action of
porphyria-inducing drugs of diverse chemical structure and provides no evidence for
drugs acting at different sites. This result is in accord with one hypothesis of the
mechanism of protohemin action.! However, this experiment does not prove that
this hypothesis is correct. This follows from the fact that protohemin might act at a
site distinct from that of the porphyria-inducing drugs, causing an inhibition of a
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TABLE 5. CYCLOHEXIMIDE INHIBITION OF ALLYLISOPROPYLACETAMIDE-
INDUCED PORPHYRIN BIOSYNTHESIS*

Cycloheximide Porphyrin Percentage
(pmole/ml) (ng/mg protein)t inhibition
0 0719 0
1x 10°° 0625 13
1x 103 0-463 36
1x 107 0-020 97
1x 1073 0014 98
1x 1072 0-009 99

* Porphyrins were estimated 20 hr after addition of allylisopro-
pylacetamide (300 pg/ml) to cells. Cycloheximide was added at the
same time as allylisopropylacetamide. Bovine serum was used in this
experiment.

+ Mean of three determinations.

step which is necessary for all porphyria-inducing drugs, even though they may
initially act at different loci.

In order to explore the nature of protohemin inhibition, the concepts of Ariens
et al.’ were used. The porphyria-inducing drug was considered as the agonist, pro-
tohemin as the antagonist, the aporepressor as the receptor, and porphyrin accumula-
tion as the biological effect. If protohemin acted as a competitive inhibitor, then in the
presence of protohemin the log-dose-response curve for the porphyria-inducing drug
should shift in a parallel way to higher concentrations. Moreover, competitive in-
hibition would be demonstrable by the fact that the influence of protohemin could
be overcome by an increase of the dose of porphyria-inducing drug. If protohemin
acted as a noncompetitive inhibitor, a parallel shift in the dose-response curve for the
porphyria-inducing drug would not be observed. Instead, a gradual decline in the
maximum porphyrin accumulation would be observed with increasing doses of pro-
tohemin and the antagonistic action of a sufficiently high dose of protohemin would
be insurmountable by the highest dose of porphyria-inducing drug. Granick?! reported
that the degree of inhibition exerted by protohemin depended on the concentration
of protohemin relative to one fixed dose (15 pg/ml) of AIA. On this basis, he suggested
that protohemin inhibition was competitive in nature. However, the same result
would be anticipated if the inhibition exerted by protohemin were noncompetitive.
In both competitive and noncompetitive inhibition, a reduction in the concentration
of protohemin relative to a fixed concentration of porphyria-inducing drug will result
in a larger porphyrin accumulation. In order to differentiate competitive from non-
competitive inhibition, it is necessary to study the effect of the antagonist over a wide
range of agonist concentrations. Moreover, the effects of a range of antagonist con-
centrations should be explored.

We obtained a set of dose-response curves for AJA in the presence of protohemin
in a concentration which was constant for each curve but which varied for the various
curves. Ideally it would have been desirable to construct a complete set of curves in
one experiment. However, from a practical point of view this was not possible. For
this reason, in most experiments the log-dose~response curve for ATA in the absence
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and presence of one given dose of protohemin was obtained. The results of this
experiment indicate that protohemin at a concentration of 0-002 pmoles/ml has a
slight inhibitory effect on porphyria induction (Fig. 1a), although the results are in-
conclusive. In Fig 1b, and d are shown the results obtained from experiments in
which protohemin was present at 0-005, 0-01 and 0-015 pmole/ml respectively. The
pattern of inhibition observed is compatible with that of noncompetitive inhibition,
but incompatible with that of competitive inhibition as described by Ariens et al.5 It
is noteworthy that with very high doses of AIA, porphyrin accumulation decreased
for reasons that are not readily apparent. For this reason, only a limited range of

doses of AIA could be explored and the results have therefore to be treated with some
reservation.
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FiG. 1. Dose-response curves for AIA in the absence of protohemin (@ —®) and in the presence

of protohemin (@ — — — —@®). The protohemin concentrations were 0-002 pmole/ml (a), 0-.00.5

pmole/ml (b), 0-01 umole/ml (c), and 0-015 pmole/ml (d). Each point represents the mean of tripli-
cate samples. The bars represent the range.
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After addition of allylisopropylacetamide to chick embryo liver cells grown as a
monolayer culture, porphyrin formation was shown to increase rapidly after a lag
period of approximately 9 hr (Table 3). Cells were incubated with allylisopropylacet-
amide and the porphyrin accumulation between 9 and 13 hr was measured. The
porphyrin accumulation in this 9-13-hr period was depressed if actinomycin D or
cycloheximide was added after 9 hr of incubation (Table 3). The effect of actinomycin
D was small, but statistically significant, in repeated experiments. This small depres-
sion is a problem of the experimental design which produces limitations in comparing
the inhibitory effects of protohemin relative to actinomycin D. If the hypothesis of
Granick' were correct, addition of protohemin after 9 hr of incubation should inhibit
transcription of DNA into the m-RNA for ALA-synthetase and depress porphyrin
accumulation in the 9-13-hr period in a manner similar to that observed with actino-
mycin D. This could not be demonstrated (Table 3). It is noteworthy that protohemin
exerts an inhibitory effect on porphyrin biosynthesis similar to that observed with
actinomycin D and cycloheximide when added at the same time as the porphyrin-
inducing drug. However, when added 9 hr after the porphyrin-inducing drug,
this inhibitory effect could not be demonstrated. Thus, by means of this ex-
periment we are unable to demonstrate protohemin inhibition of transcription.
It is noteworthy that Kurashima er al.5 have recently suggested that protohemin
inhibits transport of ALA-synthetase from the cytosol into mitochondria. Moreover,
Sassa and Granick” have recently suggested that protohemin inhibits ALA-synthetase
induction at the level of translation. Our experiment does not provide support for
either of these hypotheses. If protohemin inhibits at the level of translation, it should
exert an effect similar to that of cycloheximide, which is not the case (Table 3). If
protohemin inhibits ALA-synthetase movement into mitochondria, formation of ALA
and consequently of porphyrin would fall in the absence of the mitochondrial succinyl-
CoA-generating system. This is not observed. Further studies are in progress to
delineate the mode of action of protohemin.
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