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Mitochondrial Metabolism in Normal, 
Myeloid, and Erythroid Hyperplastic Rabbit 
Bone Marrow: Effect of Chloramphenicol 
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Protein synthesis, respiration, and oxidative phosphorylation were studied in 
mitochondria isolated from normal, myeloid, and erythroid hyperplastic bone 
marrow of rabbits. Mitochondria from normal and myeloid hyperplastic marrow 
showed a similar degree of ''C-leucine incorporation while a threefold higher 
activity was demonstrated in mitochondria from erythroid marrow. The incor- 
poration was mitochondrial-concentration-dependent and in all cases was inhibited 
by low concentrations of chloramphenicol (CAP). The respiratory activity of 
mitochondria isolated from either myeloid or erythroid marrow was twice as 
high as the normal, but in all cases respiration and phosphorylation were unaf- 
fected by concentrations of CAP which totally inhibited protein synthesis. 
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INTRODUCTION 

It is now well established that mitochondria of various organisms are capable of syn- 
thesizing some of their peptide components such as cytochrome c oxidase, coenzyme 
QH, -cytochrome c reductase, and oligomycin-sensitve ATPase [ 1-41 . Mitochondrial pro- 
tein synthesis is specifically inhibited by therapeutic levels of chloramphenicol (CAP) 
[5-81 where the drug binds reversibly to a high affinity site on the large subunit of mito- 
chondrial ribosomes and blocks the peptidyl transferase activity [9]. 

the major molecular mechanism underlying the reversible bone marrow suppression from 
CAP. The biochemical basis for the apparent vulnerability of the erythroid precursors to 
the drug has not been fully elucidated. In vivo suppresion of ferrochelatase activity by 

Abundant evidence indicates that inhibition of mitochondria1 protein synthesis is 

Received for publication September 20, 1979; accepted for publication November 13, 1979. 

Adel A .  Yunis is a Howard Hughes Investigator. 

Address reprint requests to Dr. Samir Abou-Khalil, Department of Medicine (R-38), University of 
Miami School of Medicine, PO Box 016960, Miami, FL 33101. 

0361-8609/80/0801-0071$02.00 @ 1980 Alan R. Liss, Inc. 



72 Abou-Khalil, Salem, and Yunis 

CAP and a block in the last step of heme synthesis have been proposed as major factors 
rendering the erythroid cells more sensitive to the drug. In both human and mouse mar- 
row in culture, erythroid colony (CFU-E) growth is inhibited by a CAP concentration much 
smaller than that required to inhibit myeloid colony (CFU-C) growth. It is not known if 
this difference in sensitivity to CAP between the two cell lines resides at the mitochondrial 
level. The present studies were designed to examine the relative activity of protein synthesis, 
respiration, and phosphorylation and the effect of CAP in mitochondria isolated from pre- 
dominantly myeloid vs. erythroid bone marrow. 

MATERIALS AND METHODS 

Crystalline chloramphenicol was provided by Parke Davis and Co., l 4  C-leucine was 
purchased from New England Nuclear, and other reagents were from Sigma or of analyti- 
cal grade. All materials used to measure 14C-leucine incorporation into mitochondrial 
protein were sterilized either by autoclaving or by filtration through Millipore filters with 
a pore size of 0.45 microns. 

Preparation of Bone Marrow 

Adult New Zealand white rabbits weighing 2-3 kg were used. The first group did not 
receive any treatment and was used as the control. The second group received two sub- 
cutaneous injections of 50 mg phenylhydrazine, one every other day with the second injec- 
tion given three days prior to the experiment. The bone marrow of these rabbits showed 
marked erythroid hyperplasia with 85-90% normoblasts. Myeloid hyperplasia was achieved 
in the third group by the subcutaneous injection of turpentine, 2 ml given daily on two 
consecutive days with the last dose given two days prior to the experiment. Following 
such treatment the percentage of myeloid cells in the bone marrow rose to about 75% of 
the total cells and comprised mostly immature forms. 

Rabbits were killed by decapitation, and the two long bones from each hind leg 
and humerus from each foreleg were excised, stripped of all muscle, and the marrow was 
exposed by cutting the bones longitudinally using bone forceps. The marrow was then 
removed, placed in cold homogenizing medium, and weighed. All subsequent steps were 
carried out in a cold room at 4°C. 

Isolation of Mitochondria 

Bone marrow mitochondria were isolated according to Weinbach [ 101 with slight 
modification. The marrow was homogenized (1 gm of marrow/8 ml) in a medium con- 
sisting of 0.25 M sucrose, 2 mM EDTA, 2 mM nicotinamide, and 1 rng/ml of bovine 
serum albumin (BSA), adjusted to  pH 7.4 with KOH. The homogenization was accom- 
plished in a Potter-Elvehjem glass homogenizer with the Teflon pestle mounted on a 
3/8 inch variable speed electric drill at a low setting (about 600 RPM) until an apparently 
homogeneous suspension was obtained (4-5 plunges). The homogenate was centrifuged at 
800 g for 10 minutes and the supernatant with a thick layer of fat on the top was filtered 
through 2 double-layers sterile gauze and recentrifuged as before. The resulting supernatant 
was centrifuged at 8500 g for 10 minutes to collecte the mitochondria. The mitochondrial 
pellet was washed twice by suspending it in 2 ml homogenizing medium/gm of marrow and 
centrifuging at 8500 g for 10 minutes. The final pellet containing the mitochondria was 
resuspended in the homogenizing medium to give a final concentraiton of 8-1 5 mg of 
pro tein/ml. 
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Assay of Mitochondrial Protein Synthesis, Respiration, and Oxidative Phosphorylation 

The assay of protein synthesis was carried out at 30°C in the following incubation 
medium: 50 mM bicine, 15 mM KPi, 10 mM succinate, 1 mM EDTA, 50 mM KCI, 5 mM 
ATP, 5 mM nicotinamide, 6 mM MgCI2, 50 units penicillin G/ml, adjusted to pH 7.4 with 
KOH, 60 pg of a complete amino acid mixture minus leucine as described by Roodyn 
et a1 [5 ] ,  and mitochondria 0.5-1 mg protein in a total volume of 0.53 ml. Incubation 
was carried out in a Dubnoff metabolic shaker. After 2 minutes of preincubation, 2 pCi 
L-’4C-leucine (specific activity 339 mCi/mmole) was added. At appropriate time intervals 
aliquots of 0.1 ml were transferred to Whatman No. 3 paper discs, and were washed and 
counted according to the method of Mans and Novelli [ 1 1 ] . Inhibition of the incorpora- 
tion of 14C-leucine in the presence of 300 pg/ml of cyclohexhnide (10-20%) due to micro- 
soma1 contamination constituted a background and was subtracted from all the assays. 

Mitochondrial respiration and oxidative phosphorylation were determined polaro- 
graphically using a Clark electrode and oxygen monitor (YSI, Yellow Springs, Ohio), and 
an incubation medium consisting of 25 mM glycylglycine, 150 mM sucrose, 40 mM HC1, 
and 1 mg/ml of BSA, adjusted to pH 7.4 with KOH. Mitochondrial protein was determined 
by the Biuret method [ 121 using BSA (fraction V) as a standard. 

RESULTS 

Pattern of 14c-leucine incorporation 

C-leucine incorporation by “normal” marrow mitochondria is shown 
in Figure 1. As previously reported by Martelo et a1 [ 131 , the incorporation was linear from 
15-20 minutes gradually reaching a plateau in 45-60 minutes. Figure 1 also shows that the 
amount of ’ C-leucine incorporated increased in proporation to the amount of mitochondria 
added in the range of 0.36-1.8 mg of mitochondrial protein. 

The rate and extent of 14C-leucine incorporation by “normal,” “myeloid,” and “ery- 
throid” mitochondria expressed as CPM/lOO pg of mitochondrial protein are shown in 
Figure 2. In this experiment mitochondrial protein was adjusted to comparable levels in all 
three preparations prior to assay. The incorporation activity in “myeloid” mitochondria 
was comparable to “normal” (Fig. 2A and B), whereas the activity was threefold higher in 
“erythroid” mitochondria (Fig. 2C). 

The pattern of 

Inhibition by CAP 

was inhbited by small concentrations of CAP. Figure 3 depicts a representative experiment 
in normal rabbit bone marrow mitochondria where the effect of increasing CAP concen- 
tration was tested at 3 different durations of incubation. A concentration-dependent inhibi- 
tion of 14C-leucine incoporation was noted beginning at 5.7 pM (1.9 pg/ml) CAP and be- 
coming almost complete at 113 pM (37 pg/ml). The percent inhibition was similar at 15, 
30, and 45 minutes of incubation, and the pattern of inhibition was identical when “mye- 
loid” and “erythroid” mitochondria were used (not shown). 

The comparative effect of CAP on protein synthesis in “normal,” “myeloid,” and 
“erythroid” mitochondria is shown in Table I. The degree of inhibition was virtually the 
same in all three preparations over the range of CAP concentrations used (5.7-1 13 pM). 

As extensively demonstrated in previous experiments, mitochondrial protein synthesis 
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Fig. 1. Relation of L-14C-leucine incorporation to  mitochondrial protein concentration. Different 
amounts of normal bone marrow mitochondria were added to the reaction medium for protein 
synthesis. At the indicated time 68 pg of mitochondrial protein were applied per disc in A;  116 pg 
in B ;  204 p.g in C; and 340 pg in D. 

MINUTES 

Fig. 2 .  Incorporation of L-'4C-leucine into protein of mitochondria from normal (A), myeloid hyper- 
plasia (B), and erythroid hyperplasia (C) of rabbit bone marrow. See Materials and Methods for 
experimental details. 
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Fig. 3. Inhibition of normal rabbit bone marrow mitochondria1 protein synthesis as a function of 
chloramphenicol concentrations and of time of incubation. In A, mitochondria were incubated for 
15 minutes with CAP after L-14C-leucine addition; in B, 30 minutes; and in C, 45 minutes. Aliquots 
of 116 pg mitochondria1 protein were applied per disc. See Materials and Methods for experimental 
conditions. 

TABLE I. Inhibition of Mitochondria1 Protein Synthesis by Chloramphenicol (CAP) 

Mitochondria “Normal” “Myeloid” “Ery throid” 

CAP Percent of Inhibitiona 

5.1 pM 29 f 3b 
(6)‘ 

11.5 pM 3 1 f 2  
(6) 

22.6 pM 55 f 2  
(3) 

56.6 pM 63 f 2  
( 3 )  

133 pM 15 f 2  
(3) 

36’2 
( 5 )  

4 8  f 4  
( 6 )  

5 9 f 1  
(3) 

6 9 f l  
(3) 

16 f 2  
( 3) 

2 9 f 3  
(6) 

4 4 f 2  
(6) 

5 8 f 1  
(3) 

12 f 1 
(3) 

81 f 1 
( 3 )  

aPercent of inhibition was the average of 3 values after 15,  30, and 45 minutes 
of incubation with the inhibitor from one or two experiments. 

bStandard error of the mean. 

CNumber of assays. 
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Mitochondria1 Respiration and Oxidative Phosphorylation 

Figure 4 shows typical oxypolarographic tracings of “normal” (A), “myeloid” (B), 
and “erythroid” (C) mitochondria. It was important to incubate these mitochondria in a 
MgZ +-free medium in order to get the coupling between respiration and ATP synthesis. 
Addition of Mg2+ to the medium will cause an apparent uncoupling of mitochondria [ 141 
similar to the dinitrophenol effect on oxidative phosphorylation. The use of glutamate as 
a substrate for oxidation, which enters at site I in the respiratory chain, gives ADP:O ratios 
close to the theoretical value of 3 for such substrates (Fig. 4). The respiratory control ra- 
tios (RCR) as defined [ 151 indicated that the mitochondria were intact. The addition of 
a known amount of ADP to state IV of respiration [15] resulted in a marked increase in 
oxygen consumption where the ATP is being formed at state 111. As soon as this ADP was 
phosphorylated, the mitochondria returned to the state IV rate. On the other hand, the 
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big. 4. Effect of chloramphenicol on  mitochondrial respiration and oxidative phosphorylation of 
normal (A), myeloid hyperplasia (B), and erythroid hyperplasia (C) from rabbit bone marrow as 
determined by oxypolarography a t  3OoC. Mitochondria were incubated in the medium described 
under Materials and Methods with 10 mM glutamate, 5 mM K Pi, and without (traces A,  B,  C) or  
with (traces A‘ ,  B’, C‘) 150 ,y.M CAP; 200 or 320 nmoles ADP were added as indicated; In A and 
A‘, 0.8 mg mitochondrial protein from normal rabbit bone marrow was used; B and B , 1.33 mg 
from niyeloid hyperplasia; and C and C’, 0.75 mg from erythroid hyperplasia. RCR is the respiratory 
control ratio according to  [ 151 ; mito is mitochondria. 
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addition of a high concentration of CAP (1 50 pM), much higher than needed to inhibit 
completely mitochondrial protein synthesis, resulted in a very slight effect on either state 
IV or state Ill of respiration (Fig. 4A 4B ’, 4C I ) ,  in agreement with results previously reported 
from this laboratory [ 131. 

On a per mg mitochondrial protein basis, the rate of mitochondrial respiration at 
state IV has been shown to be different according to the origin of mitochondria. While 
the respiratory activity in “myeloid” and “erythroid” mitochondria was about the same, 
their activity was twice as high as that of “normal” mitochondria (Table 11). 

DISCUSSION 

It is clear from our data that isolated bone marrow mitochondria have a high activity 
with respect to respiration, oxidative phosphorylation, and protein synthesis as determined 
by ‘‘C-leucine incorporation. It is interesting that in spite of the fact that bone marrow con- 
tains a myriad of cell types in all stages of maturation as well as a high fat cell content, the 
biochemical characteristics of marrow mitochondria were basically quite similar to those 
of liver and heart mitochondria. Electron micrographs of our preparations showed the mito- 
chondria to be relatively free of microsomal contamination and other debris although some 
fragmentation, lysosomes, and swelling were apparent (not shown). 

The experiments described herein were prompted by several observations including 
the known clinical vulnerability of erythroid precursors to CAP and the greater sensitivity 
of these cells to the drug as demonstrated in marrow culture. Since CAP-induced reversible 
bone marrow suppression is due to inhibition of mitochondrial protein synthesis, the obvious 
question to be addressed was whether protein synthesis in mitochondria of erythroid cells 
was unusually susceptible to CAP. It would appear from our results that protein synthesis is 
inhibited equally by CAP in mitochondria of both myeloid and erythroid tissue assayed un- 
der identical conditions. Accordingly, the greater sensitivity of erythroid precursors to CAP 
cannot be demonstrated at the mitochondrial level under the conditions of our experiments. 
It is conceivable, however, that by altering the conditions of the assay such as extending 
the preincubation with the drug, one might observe a difference between “myeloid” and 
“erythroid” mitochondria. On the other hand, the incorporation of amino acid into mito- 
chondrial protein is intimately connected with different aspects of mitochondrial metabolism 
[16]. For example, it is known that isolated mitochondria retain a sizable pool of amino 
acids which can affect the incorporation of a given amino acid into mitochondrial protein; 
however, the composition of the pool and the mechanism of its action are still unknown. 
It is thus possible that the sensitivity of erythroid cells to CAP may somehow involve 
differences in cytoplasmic and mitochondrial amino acid pools (mitochondrial milieu) 

TABLE 11. Rate of Mitochondrial Respiration at State IV in Three Types of 
Rabbit Bone Marrow 

Respiration 
ng atoms 0, consumed/ 

Mitochondria minute/mg of protein 

Normal 

My eloid 

Ery throid 

6.46 

11.45 

12.89 
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which would be annulled in this artificial assay system employing isolated mitochondrial 
preparations. Such pools may allow competition between CAP and certain amino acids 
involved in mitochondrial protein synthesis. Accordingly, the use of media with different 
amino acid compositions may provide a useful approach to test this hypothesis. This is 
currently being attempted. 

Perhaps the most interesting result in these studies was the relatively very high degree 
of l 4  C-leucine incorporation by mitochondria isolated from erythroid marrow which 
amounted to threefold that of “normal” or “myeloid” mitochondria. The difference could 
not be explained on the basis of high respiratory activity in “erythroid” mitochondria since 
this was comparable to that of “myeloid” mitochondria. While respiratory activity of a given 
cell population may reflect its overall metabolic activity, mitochondrial protein synthesis 
is more closely related to the rate of cellular proliferation and the biogenesis of new mito- 
chondria. Accordingly, it is possible that the vulnerability of erythroid cells to CAP in vivo 
and their sensitivity to it in culture are in part related to their rapid proliferation and high 
rate of mitochondrial protein synthesis. On the other hand, the previous observation of in 
vivo suppression of ferrochelatase, an enzyme intimately associated with the inner mito- 
hondrial membrane [17,18] by CAP, raises the question of whether other erythroid mito- 
chondrial membranous proteins are preferential targets for the drug. Accordingly, the 
elucidation of the exact mechanism of erythroid sensitivity to CAP probably requires a com- 
parative sequential assay of the various key mitochondrial membranous enzymes following 
exposure to CAP. This is currently under study. 
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