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Mechanism of Hemin Inhibition of Erythroid Cytoplasmic 
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ABSTRACT: Hemin, which has an important role in the reg- 
ulation of hemoglobin synthesis, also regulates the activity 
of cytoplasmic DNA polymerase from erythroid hyperplas- 
tic bone marrow cells and reticulocytes. Hemin inhibits 
DNA synthesis by binding reversibly to the enzyme. Bind- 
ing assays demonstrated that hemin prevents association 
and causes dissociation of the DNA-enzyme complex, This 
is in contrast to inhibitory compounds that specifically in- 
teract waith DNA such as ethidium bromide and daunomy- 

I t  is now well established that there are two major species 
of DNA polymerase in eukaryotic tissues (Weissbach et al., 
1971; Baril et ai., 1971; Sedwick et al . ,  1972; Chang and 
Bollum, 1972): a 3-4s DNA polymerase which is the only 
DNA polymerase found in highly purified nuclei prepared 
from most tissues, and a large DNA polymerase (8-1 1.7s 
depending on ionic strength) found primarily in the cyto- 
plasm (Byrnes et ai., 1973: Spadari et a/ . ,  1974). That the 
large DNA polymerase is indeed a cytoplasmic enzyme is 
strengthened by our recent observation that a substantial 
amount of large DNA polymerase is present in the rabbit 
reticulocyte, an anucleate cell (Byrnes et al.. 1974aj. Al- 
though this polymerase has been found in  the cytoplasm for 
some time, the role of this enzyme remains unclear. It has 
been suggested th,at this enzyme may be involved in cyto- 
plasmic processing of genetic information (Byrnes f r  al., 
1973, 197413). 

Hemin, the prosthetic group of hemoglobin, plays a cru- 
cial role in the regulation of hemoglobin synthesis. The syn- 
thesis of hemin is linked to the synthesis of globin. When 
the concentration of hemin is in relative excess, it inhibits 
its own synthesis through a feedback mechanism by inhibit- 
ing the activity of 6-aminolevulinic acid synthetase (AL.4 
synthetase) (Scholnick et ai., 1969; Bottomley and Smithee, 
1969). However, hemin stimulates the synthesis of globin 
and is required for continued ipitiation of globin synthesis 
and for maintenance of the polysome profile in reticulocyte 
extracts (Grayzel et al., 1966; Waxman and Rabinowitr, 
1966). We have observed that hemin, a t  the concentration 
optimal for globin synthesis, inhibits not only reticulocyte 
RKA-dependent R N A  polymerase activity (Downey et ul., 
1973), but also the activities of reticulocyte (Byrnes et a / . ,  
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cin which have little or no effect on the DNA polymerase- 
template complex. Kinetic analysis reveals that hemin inhi- 
bition of D N A  synthesis is competitive with respect to tem- 
plate and noncompetitive with respect to substrate. The in- 
hibitory effect of hemin can be reversed by subsequent ad- 
dition of globin, indicating that the inhibition of DNA syn- 
thesis by hemin is not due to irreversible inactivation of the 
enzyme. 

1974a) and erythroid hyperplastic bone marrow cytoplas- 
mic DNA polymerase (Byrnes et al . ,  1973). 

I n  continuing our investigation of the role of the cytoplas- 
mic DNA polymerase and its possible regulatory mecha- 
nisms, we have investigated the molecular mechanism of 
hemin inhibition of cytoplasmic DNA polymerase, hoping 
to elucidate the role of hemin as a modulator of the activi- 
ties of the cytoplasmic polymerases and the relation of these 
enzymes to globin synthesis. 

Materials and Methods 
Titrium-labeled deoxyribonucleoside triphosphates were 

purchased from New England Nuclear or International 
Chemical and Nuclear Corporation. Unlabeled deoxyri- 
bonucleoside triphosphates were obtained from Sigma 
Chemical Co. or Calbiochem. Both unlabeled and 14C-la- 
beled poly[d(A-T)] ( 1  -5 X lo6 daltons) were obtained from 
General Biochemicals and were dialyzed before use against 
0.01 M Tris-HC1 buffer (pH 7.4) containing 0.06 M KCI. 
Calf thymus DNA and DNase were obtained from Worth- 
ington Biochemicals. Hemin chloride, ethidium bromide, 
and daunomycin were obtained from Calbiochem. Activat- 
ed calf thymus DNA was prepared as described by Aposh- 
ian and Kornberg ( 1  962). Bence-Jones protein was a gift of 
Dr. Duane Schultz, human globin was a gift of Dr. Brucc 
Cameron, and carbonic anhydrase was a gift of Dr .  Philip 
Whitney. 

D N A  Polymerase Assay. Cytoplasmic DNA polymerase 
was prepared from erythroid hyperplastic bone marrow and 
assayed as previously described (Byrnes et al . ,  1973). The 
reaction mixture when poly[d(A-T)] was used as template 
contained: 40 mM N-2-hydroxyethylpiperazine-:Y'-2-eth- 
anesulfonic acid (Hepes)' (pH 7.0): 80 mkf KCI: 0.4 InM 
MnC12; 0.48 m v  dATP and 8 ~ I M  [3H]TTP, 1000 Ci/mol, 
or 0.48 mM TTP and 8 p M  [ 'HIdATP, 1000 Ci/mol; 0.24 
,4160 unit/ml of poly[d(A-TI]; and 40 wg/ml of DNA poly- 
merase in a final volume of 0.25 ml. The reaction mixture 
was incubated for 10 min at  37'. 

Binding As.sa~.. The reaction mixture contained in a final 

I Abbrcviatiori used is: Hepes. .~-2-h}droxyethylpipera7ine- ,~ ' -2-  
ethanesulfonic acid. 
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F I G U R E  1: Instantaneous inhibition of D N A  synthesis by hemin. Assay 
conditions were as  described under Materials and Methods except for 
the t ime of incubation. Hemin ( I  X M )  was added after 3 min 
and aliquots were taken as  indicated (0 ) .  

volume of 0.25 ml: 40 mM Hepes (pH 7.0); 1.6 mM MnC12; 
2 pg of [14C]poly[d(A-T)], 8000 cpm/pg; and 12-16 pg of 
D N A  polymerase. After incubation a t  20' for 4 min the 
reaction was stopped by rapid chilling and the addition of 2 
ml of ice-cold washing buffer containing 0.01 M Tris-HCI 
(pH 7.8),  0.02 M KCI, and 5.0 mM 2-mercaptoethanol. The 
reaction mixture was filtered on a Millipore membrane fil- 
ter (type HA, 2.4-cm diameter), previously soaked in wash- 
ing buffer, and washed with 60  ml of washing buffer. The 
filter was dried and counted in a toluene-Omnifluor solu- 
tion in a liquid scintillation spectrometer. 

Gel Filtration of DNA Polymerase and Hemin. A 0.9 X 
28 cm column of Bio-Gel A-1.5m was equilibrated with 
buffer containing: 0.05 M Tris-HC1 (pH 7.8) ,  1.0 mM di- 
thiothreitol, 0.1 mM EDTA, 0.05 M KC1, and 25% glycerol 
a t  4O. Either 330 pg of D N A  polymerase, 2.4 X pmol 
of hemin, or a mixture of both in a final volume of 1 ml was 
applied to the column. Fractions of 1 ml were collected and 
assayed for D N A  polymerase activity as described and for 
hemin by absorbance a t  420 nm. In the absence of hemin 
the recovery of DNA polymerase activity was 65%. 

Gel Filtration of DNA and Hemin. A 0.9 X 28 cm col- 
umn of Bio-Gel A-1.5m was prepared as described above. 
Either 700 pg of activated calf thymus DNA, 2.4 X lo-* 
pmol of hemin, or a mixture of both in a final volume of 1 
ml was applied to the column. Fractions of 1 ml were col- 
lected and assayed for DNA by absorbance a t  260 nm and 
for hemin by absorbance at  420 nm. 

Results 
Effect of Hemin on DNA Synthesis. A time course for 

synthesis of D N A  is shown in Figure 1 .  In  the absence of 
hemin D N A  synthesis continues for a t  least 30 min. How- 
ever, when hemin is added after 3 min of incubation, the 
synthesis of DNA is inhibited instantaneously. The instan- 
taneous inhibition of chain elongation could be due to the 
interaction of hemin with either the enzyme or the tem- 
plate. 

Dissociation of Template-Polymerase Complex by 
Hemin. The incubation of DNA and D N A  polymerase re- 
sults in the formation of a DNA-enzyme complex which is 
retained on a cellulose nitrate membrane filter, whereas the 
enzyme and DNA separately are not retained. This is simi- 
lar to the retention of the DNA-RNA polymerase complex 
by cellulose nitrate filters (Jones and Berg, 1966). The  ef- 
fect of increasing concentrations of hemin on the formation 
of a [14Clpoly[d(A-T)]-enzyme complex is shown in Figure 
2. Hemin a t  a concentration of 1.2 X loT5 M or higher 
completely inhibits the formation of the [14C]poly[d(A- 
TI]-enzyme complex and no radioactivity is retained on the 
Millipore filter. Preincubation of DNA polymerase with 

F I G U R E  2: Dissociation of template-DNA polymerase complex by 
hemin. The formation of a [I4C]poly[d(A-T)]-DNA polymerase com- 
plex was assayed as  described under Materials and Methods except for 
the addition of hemin as  indicated. 

['4C]poly[d(A-T)] did not protect the DNA-enzyme com- 
plex from dissociation by hemin, nor did the synthesis of 
D N A  lead to the stabilization of the DNA-enzyme com- 
plex against the action of hemin (data not shown). These 
results suggest that hemin not only prevents the formation 
but also causes the dissociation of the DNA-enzyme com- 
plex. 

Interaction of Hemin with DNA Polymerase. To deter- 
mine whether the inhibition of DNA synthesis by hemin is 
due to its interaction with the enzyme or with the DNA 
template, we investigated whether hemin forms a complex 
with D N A  polymerase or DNA. A mixture of hemin and 
DNA polymerase was chromatographed on an agarose col- 
umn and the elution profile compared with that of DNA 
polymerase and hemin chromatographed separately (Figure 
3). Hemin alone is retarded and eluted in a single peak; 
however, in the presence of the enzyme, hemin is eluted in 
two well-separated peaks. The first peak appears in the 
same position as DNA polymerase and the second peak cor- 
responds to the position of free hemin. This suggests that 
hemin forms a relatively stable complex with the enzyme. 
Analogous experiments with hemin and template have 
shown that hemin is retarded and eluted in a single peak ei- 
ther in the presence or absence of DNA (data not present- 
ed). 

Effects of Known Inhibitors of DNA Synthesis on the 
Template-Enzyme Complex. Having demonstrated that 
hemin prevents association and causes dissociation of the 
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F l G L R E  3 Demonstration of the binding of hemin to D N A  polymerase 
by gel filtration on Bio-Gel A - l  5m Chromatographic procedures dnd 
dstays for D N A  polymerase and hemin a re  described under Materials 
dnd Methods D N A  polymerase alone (O), hemin alone (O),  dnd D N A  
polymerase and hemin (A) 
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Table I: Effects of Inhibitors on Binding of DNA-Depen- 
dent DNA Polvmerase to Poly[d(A-T)].a 
_ _  ___. _ _ _  ~ _ 

[ 'k ]Poly-  
(d(A-T)] 

In h i bit o r  Bound (cpm) Inhib. 

Control 10,670 
Hemin  (8.0 pM) 1,200 89 
Rifamycin AF '013 (40 pg/ml) 600 94 
Ethidium bromide (24 pg/ml) 8.310 22 
Daunomycin (16 pg 'ml) 8,430 21 

U T h e  reaction mixtures were as described under Ma-  
terials and Methods except for the  addition of various in- 
hibitors as indicated. 

0 6 1 2  ia 2 4  30 36 
p o l y  ' d ! 1  11 C O N C  [ p g  m l l  

F I G U R E  4: The effect of template concentration on the rate of DNA 
synthesis in  the presence (0) and absence (0)  of 4 X M hemin. 
Assay  conditions were as described under Materials and Methods ex- 
ccpt that the concentrations of DNA varied from 0.25 to 36 pg/ml. 

DNA-enzyme complex by interacting with DNA polymer- 
ase, we also investigated the effects of other inhibitors of 
DNA synthesis on the formation of the template-enzyme 
complex (Table I ) .  Neither ethidium bromide, an interaca- 
lating dye of DNA, nor daunomycin, an anthracycline anti- 
biotic which has a high affinity for DNA and is believed to 
intercalate between base pairs (Goldberg and Friedman, 
1971), has any  significant effect on the formation of the 
template- enzyme complex a t  concentrations which marked- 
ly inhibit DNA synthesis (Byrnes et a/..  1973). However, 
incubation of DNA template--DNA polymerase complex 
with Rifamycin AF/013, an analog of Rifamycin B, re- 
sulted in almost complete dissociation of the template-en- 
zyme complex as measured by retention of the [I4(?]- 
poly[d(A-T)]-enzyme complex on a Millipore filter. This 
suggests that the mechanism of inhibition of DNA synthesis 
by compounds that interact with the DNA template is not 
due to thc inhibition of binding of DNA polymerase to the 
DNA template, but is a result of blocking of the movement 
of the enzyme along the DNA template. Thus, the binding 
assay could provide a simple and sensitive assay to deter- 
mine whether inhibitors of DNA synthesis interact with 
DNA polymerase or DNA template. 

Kinetics of Hemin Inhibition of D N A  Synthesis. The ef- 
fect of hemin on the initial rate of DNA synthesis as a func- 
tion of DNA template concentration is shown in Figure 4. 
It can be seen that the per cent inhibition of DNA polymer- 
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F I G U R E  5: Double-reciprocal plot of the data in  Figure 4: (0) presence 
of 4 X M hemin; (0)  absence of hemin. 

ase activity by a fixed concentration of hemin can be re- 
duced by increasing the concentration of DNA. A double- 
reciprocal plot of the rate of DNA synthesis as a function of 
DNA concentration in the presence and absence of hemin 
(Figure 5) shows that the apparent K ,  for DNA is in- 
creased in the presence of hemin while the V,,, remains 
unchanged, suggesting that hemin is a competitive inhibitor 
with respect to template. Analogous experiments with 
poly[d(A-T)] as template a t  a concentration of 0.24 ,4260 

unit/ml show that the apparent K ,  for dATP and for T T P  
remains unchanged a t  4 X IO-' and 2 X M ,  respec- 
tively, either in the presence or absence of 4 X I O p h  M 
hemin; however, the V,,, is reduced from 41 to 19 pmol/ I O  
min in the presence of hemin (data not shown), suggesting 
that hemin is a noncompetitive inhibitor with respect to 
substrate. 

Reversibility of Hemin Inhibition. If hemin indeed func- 
tions as a physiological regulator of cytoplasmic nucleic 
acid polymerase activity, then the binding of hemin to DNA 
polymerase should not lead to irreversible inactivation of 
the enzyme. The reversibility of hemin inhibition of DNA 
synthesis is shown in Table 11. Addition of 4 X I O p h  M 

hemin results in about 75% inhibition of DNA synthesis. 
This inhibition is reversed by the addition of globin, while 

_____-______ 

Table 11: Reversibility of Hemin Inhibition by Human 
Globin .a -~ _ _  _._____ 

I H]rMP 
Iricorp. ( i  

Inhibitor Added Protein Added jpmol) Inhib. 

Control 
Hemin 

(4 x 10-6 M) 

Hemin 

Hemin 
(4 X M) 

(4 x 10-1~ M) 

Hemin 
(4 x 10-c M) 

Hemin 
(4 X M) 

Globin (2.4 x lo-" M) 

Globin (2.4 x lo-' M)' 

Globin (2.4 x lo- ' ;  M ) ~  

Bence-Jones protein 

Bence- Jones protein 

Carbonic anhydrase 

Carbonic anhydrase 

(2.6 x l O - ' ~  M) 

(2.6 x lo-' M) 

(2.8 x lo- '  M) 

(2.8 x lo-' M) 

40 0 
11.3 72 

41 0 
41 0 

27 32 

40 0 

10 75 

40 0 

11 72 

_____-___ ______  - 

Reaction conditions were as described under Materials 
and Methods except for the addition of hemin and protein 
as indicated. Globin added before the addition of hemin. 

Globin added after the addition of hemin. 
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addition of non-heme-containing proteins, such as Bence- 
Jones protein or carbonic anhydrase, has no effect on hemin 
inhibition. This shows that the inhibition of DNA polymer- 
ase by hemin is not due to irreversible denaturation of the 
enzyme and suggests the possibility that hemin coordinates 
the activities of the cytoplasmic polymerases with the syn- 
thesis of globin. 

Discussion 
Hemin inhibits DNA synthesis with cytoplasmic DNA 

polymerase by binding to the enzyme and preventing the 
binding of template. Kinetic analysis of DNA polymerase 
inhibition by hemin shows that hemin is a competitive in- 
hibitor with respect to template and a noncompetitive inhib- 
itor with respect to substrate, the deoxyribonucleoside tri- 
phosphates. This is analogous to the mechanism of hemin 
inhibition of RNA-dependent R N A  polymerase (K. M. 
Downey et al., unpublished observation). The reversibility 
of hemin inhibition by equimolar concentrations of globin 
suggests that the inhibition of DNA polymerase by hemin 
results from reversible modification of the enzyme affecting 
the template binding site and is not a consequence of irre- 
versible inactivation of the enzyme. This is consistent with 
the suggestion that hemin is a physiological regulator of cy- 
toplasmic DNA and RNA polymerase activities. 

Since greater than 80% of the protein synthesized in 
erythroid cells is hemoglobin, it has been suggested that 
amplification of hemoglobin mRNA occurs in these cells. 
We have postulated that the cytoplasmic DNA and RNA 
polymerases are involved in amplification of hemoglobin 
mRNA (Byrnes et ai., 1973; Downey et ai., 1973). Hemin, 
which plays an important role in the regulation of synthesis 
of both components of hemoglobin in erythroid cells, also 
controls the activities of erythroid cytoplasmic DNA poly- 
merase and RNA-dependent RNA polymerase. Hemin reg- 
ulates its own synthesis by feedback inhibition of ALA syn- 
thetase (Scholnick et al., 1969; Bottomley and Smithee, 
1969) and it is required for continued initiation of globin 
synthesis (Grayzel et al., 1966; Waxman and Rabinowitz, 
1966). The concentration that is required for optimal globin 
synthesis (1 X M) (Bruns and London, 1965) is also 
the concentration that results in marked inhibition of the 
activities of ALA synthetase (Scholnick et al., 1969; Ka- 
plan, 1971) and cytoplasmic DNA and RNA polymerases 
(Byrnes et a/ . ,  1973; Downey et al., 1973). This suggests 
that hemin modulates and coordinates the activities of the 
various cytoplasmic enzymes involved in  globin synthesis. 

Hemin may be a more general regulator of cytoplasmic 

DNA and RNA polymerases and not restricted to erythroid 
cells, since hemin has been found to stimulate protein syn- 
thesis in both erythroid and nonerythroid cells and the syn- 
thesis of nonheme proteins (Beuzard et al., 1973). However, 
whether hemin is a general or specific regulator of DNA 
and RNA polymerases will have to await further investiga- 
tion. 
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