
Studies oii the Biochemical Alterations of the

Protein Synthesizing Apparatus in Maturiiig

Rabbit Reticulocytes

I. Maturation iii Vivo

By TOVA \VILNER-ZEHAVI, G. IZAK AND J. MA(;ER

E ARLIER investigations revealed that the process of transformation of

reticulocytes into mature erythrocytes is associated with a loss of their

ability to synthesize hemoglobin,1 nuclectides2 and lipids, and with a marked

drop in their respiratory and other enzyme activities.4-5 In more recent studies

concerned with the mechanism of the ribonucleic acid (RNA) breakdown

which marks the phenomenon of the reticubocyte maturation, it was suggested

that this process is initiated by a nibonuclease, presumably present in the

stroma, and is carried on to the stage of free purine and p�ridine bases through

tile action of intracellular phosphatase� and nucleoside pilosphOnyla5e5.6�

Tllus, a considerable amount of information has accumulated concerning

the metabolic changes involved in reticulocyte maturation. However, the

biochemical mechanisms underlying these events and the factors governing

their sequence remain as yet obscure.

Tile present study was undertakell with the aim of gaining some insight

into the nature of the changes occurring primarily in the protein synthesizing

apparatus of rabbit reticulocytes during their maturation. This report deals

with the 1)iochemical aspects of rabbit reticubocyte maturation in vivo. A

parallel study on the maturation phenomena will be reported separately.”

MATERIALS AND METHODS

Biochemical preparations were purchased fromix the Sigma Chemical Co., St. Louis.

Radioactive compounds were acqimircd from the Amersham Radiochemical Centre. Buck-

inghamshire. Actinomycin D (Meractinomycin) was supplied by the Merck Sharp & Dohme

Co. through the courtesy of Dr. K. C. Mezey.

Reticulocytosis was produced in rabbits of 2 to 3 Kg. body weight by repeated injec-

tions of netmtraiized phenylhydrazimie0 hydrochloride,10 or by daily bleedings until reticulo-

cyte counts ranging from 40 to 90 per cent were attained.
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Blood samples were collected from the marginal ear vein using heparin as an anti-

coagimlant. The red cells were washed twice with physiologic saline solution and resus-

pended in the same solution. The buffy coat was removed at each centrifugation by care-

ful aspiration.

The subcellular fractions of the reticulocytes were separated by essentially following

the procedure described by Allen and Schweet.’1 Lysis was effected by adding 4 volumes

of distilled water containing 0.005 M MgCI2 to each ml. of packed washed red blood cells.

Following stirring for 10 minutes in an ice bath, the resulting hemolyzate was combined

with 1 vohmme of a mixture composed of 1.5 M sucrose and 0.15 M KC1. The heavy

particles were sedimented by centrifuging the hemolyzate at 4 C. for 10 minutes al

20.000 g in the International refrigerated centrifuge ( Model RH-i ); the sediment, conS

taming the cell ghosts, and amorphous debris will be referred to as heavy cell fraction.

The supernatant fluid ( to be termixed S.,�, ) was then centrifuged for 60 minutes at 105.000

g in a Spinco preparative ultracentrifuge ( Model L ) . The resultant ribosomes-containing

pellet was washed once with salt-sucrose medium consisting of 5 X 10-2M Tris Buffer

(pH 7.4), 3.5 X 102NI sucrose, 5 X 102M KCI and 2 X 10-3M MgCl9. The ribosomes

were restmspended by gentle homogenization in the same solution to give a final concentra-

tion of 2 to 3 mg. ribosonial protein per nil, suspension. The ribosome-free supernatant

fluid will be designated S100.

The following incubation mixture was used to determine amino acid incorporation into

protein in whole-cell suspensions: 0.05 ml. of 2.0 per cent glucose, 0.05 ml. of an amino

acid mixture compounded as described by Borsook, except that norleucine was omitted,14’

0.05 ml. of 0.004 NI DL-leucinei-C’4 (specific activity 2 .tc./1.tNI), 0.2 ml. of a reticulo-

cytes-rich red-cell stmspension in Krebs-Ringer phosphate solution equivalent to 8-12 mg

total protein. The volume was made up to 1 ml. with Krebs-Ringer solution (pH 7.4). After

60 minutes incubation at 37 C., the reaction was interrupted by adding 5 per cent tn-

chloreacetic acid (TCA). The resulting sediment was washed 3 times with cold 5 per cent

TCA, then heated in 5 per cent TCA for 30 minutes at 90 C., washed once more with

cold TCA, and once wth alcohol-ether (1:4 v/v). The final material was mounted in

nickel-plated planchets and the radioactivity was counted in a Nuclear Chicago gas-flow

cotmnter and corrected for self-absorption.
The cell-free system for amino acid incorporation into protein consisted of: 504tNI

Tris buffer (pH 7.4), 6 �M MgCL,, 50 �NI KCI, 5 �M phosphoenolpyruvate (sodium salt),

1.0 �xM ATP, 0.1 �tM CTP, 0.2 �tNI DL-leucine-1-C’4 (specific activity 10 �xc./�sM), 20

�g. pyruvate kinase, 0.2 ml. of � fraction equivalent to 7 to 10 mg. protein and 0.2 ml.

of a ribosome suspension containing about 200 to 300 �g. protein. The mixture was made

up with distilled water to 1 ml. volume and incubated for 30 mninutes at 37 C. The reac-

tion was terminated by addition to TCA to a final concentration of 5 per cent and the

estimation of the radioactivity incorporated into protein was carried out as described above.

The lifespan of the reticulocytes was determined by applying the Cr51 labeling method
according to Ebaugh et al.’3 Hemoglobin was estimated as cyanmethemoglobin;’4 reticulo-
cyte counts and hematocrit determinations were performed by conventional procedures.

Protein was measured by the method of Lowry et al.’5 RNA was determined colorimetrical-

iy’2 with the orcinol reagent.’6

To determine the extent of �32 incorporation into reticulocyte RNA, the procedure of

Schneider22 was followed essentially, except that the last step of heating in TCA was

omitted and the final material (containing both RNA and protein) was transferred to

planchets by suspending it in alcohol-ether mixture (1:4). The validity of the procedure

was established by the constant relationship between the RNA values determined colon-
metrically and the radioactivity found in the RNA isolated as described above. Further-

more, it was shown that the entire nbosome-bound radioactivity could be rendered acid-

soluble by sLmbjecting the P32-labeled nibosomes to hydrolysis in 0.1 N NaOH for 18 hours

at room temperature or to enzynlic degradation by an excess of crystalline pancreatic

ribonuclease.
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All the analytical assays were carried out in duplicate. Other details of the methods

employed are specified in the legends of the respective tables and figures.

RESULTS

In rabbits injected repeatedly with phenyihydrazine or bled by venipunc-

tures ( about 40 ml. daily ) the increase in the RNA content of the peripheral

red blood cells roughly paralleled the rise in the reticulocyte count ( Fig. 1).

The RNA-protein ratio of the ribosomes showed only minor variations through-

out the period of observation.

The peak of the protein synthesizing ability as measured by the extent of

incorporation of radioactive leucine into protein in both whole cells and the

derived cell-free system coincided with the phase of highest reticulocyte count.

However, no consistent quantitative correlation prevailed between the number

of reticulocytes and their RNA content on the one hand, and the amino acid

incorporation activity on the other hand. These changes were followed in 11

phenylhydrazine-treated and 10 bled animals. (Tables 1 and 2).

It appears likely that these inconsistencies reflected the population changes

occurring as a result of the uncontrolled influx of newly formed reticulocytes

from the hyperplastic bone marrow into the blood stream. Moreover, by

determining the survival of reticulocytes with the aid of Cr51 labeling at the

peak of reticulocytosis in 6 rabbits, a number of distinct cell populations with

different half-life values could be discerned (Fig. 2).

In view of the above data it seemed reasonable to assume that the study

of maturation kinetics might be considerably simplified by a suitable device

capable of halting the outpouring of cells from the bone marrow into the

circulation. Such an opportunity was affordcd by the use of actinomycin D,

an antibiotic substance known to block cell proliferation, presumably by

interfering with the template function of DNA in directing the synthesis of

RNA by the RNA-polymerase system.’7 Actinomycin D (100 �cg./Kg.) was

injected into rabbits intravenously at the peak of reticulocytosis induced by

bleeding. This treatment was followed 8-12 hours later by subcutaneous ad-

ministration of P32-phosphate (0.5 mc.). The hone marrow depressing effect

of actinomycin D was reflected in a drop of the hemoglobin levels and

platelet counts during the 48-hour period following the injection. It should

he noted that in the control group of rabbits which received the same treat-

ment and the same amount of p32 but no actinomycin D, the hemoglobin rose

and the platelet count did not change significantly. The incorporation of p32

into the reticulocyte RNA in the actinomycin D-treated rabbits was negligible

(less than 10 per cent) as compared to that in the controls (Table 3). It

seemed therefore justified to surmise that actinomycin D eliminated the supply

of newly formed reticulocytes to the peripheral blood by the bone marrow.

Consequently, the maturation phenomena observed under these conditions

appeared to be confined to the reticulocyte population which had entered

the circulation prior to the establishment of the bone marrow blockade by

actinomycin D. The decrease in the number of reticulocytes, as well as the

fall of their RNA content within a 48-hour observation period, was much more

D
ow

nloaded from
 http://ashpublications.org/blood/article-pdf/27/3/319/572472/319.pdf by guest on 19 M

ay 2023



/

/

\

‘S

RNA
lug

Protein
mg

15

10

5

0

\

\

p.-,__ /
/ �.

/
/

/
/

-I

- -

‘�-� I

0 5

N

322 WILNER-ZEHAVI, IZAK AND MACER

i#{176}henylhydrozine

inj#{149}c(ions

.- -. RETICULOCYTES

S-S WHOLE HEMOLYSATE RNA

o----o FRACTION RNA

o-#{149}-o RIBOSOMAL PROTEIN

Reticutocy tes

80

70

60

50

L0

30

20

10

0

DAYS

Ribosomat
Protein

pg

TotaL

Protein
mg

10 15

Fig. 1.-Illustrates the correlation between reticulocyte count, RNA content and

ribosome yield at various stages of phenylhvdrazine treatment in one representative

experiment.

promloullce(l in the actinomycin-treated animals than in the controls. Further-
more, in the Actinomycin D-treated animals the rihosomal RNA-protein ratio

showed a marked drop in the course of reticulocyte maturation, contrasting

with the apparent constancy of this parameter in the control rabbits. The

ability of the reticulocytes to carry out incorporation of amino acids into protein

declined concomitantly with the decrease of their RNA content. Representative

experiments illustrating the above observations are presented in Table 3.

DIscUssIoN

An essemitial agreemlient was foumld to exist between the progress of reticulo-

cvte maturation in vivo and the time-course cf the variotms alteratiomis bearing

omi 1)0th structural and functional aspects of the Proteim1 svmlthesizing apparatus

(Cf tilese cells. \\7ithim� tile framework of this basic correlatiomi, however, con-

siderable quantitative discrepancies were frequently observed between the
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Table 1.-Changes in the Various Parameters of the Protein Synthesizing System

of Rabbit Reticulocytes at Different Degrees of Reliculocytosis

Incorporation of Leucine-1-C”
into Protein

No. of

Ani-
mals I)ays

Hemoglobin
Cm. Per 100 ml.

Blood
Range

Reticulocytes
�

Range’

jg. RNA Per
mg. Protein

of Whole
Hemolyzate

Range

Ribosomal
RNA-Protein

Ratio
Range

Whole CelLs
cpm per

ng. protein
Range

(Cell-Free System
rpm per mg.

ribosomal
protein

Range’

11 2 9.1-ho 4.0-13.() 0.2-0.75 0.58-0.83 63-126 -

11 4 7.6-9.8 18.0-39 0.6-1.9 0.68-0.77 140-295 -

10 6 7.0-8.8 21-39 1.2-3.6 0.71-0.84 270-876 1960-218()

11 8 5.7-7.4 33-61 4.6-10.3 0.74-0.82 373-910 2100-2760

9 9 4.8-6.5 62.0-84.() 11.3-15.1 0.71-0.78 710-150() 2800-3465

10 10 5.1-6.4 61.0-76.0 7.3-9.8 0.65-0.76 518-870 1910-250()

11 13 6.9-8.8 29.0-37.0 2.2-4.1 0.68-0.77 610-936 2010-2320

10 16 7.6-9.8 9.0-18 0.9-1.8 0.73-1.81 78-144 1720-215()

9 18 8.0-10.3 5.4-11.5 0.45-1.6 - 144-21() -

Phenyhydrazine hydrochloride was injected into rabbits subcutaneously for 8 consecutive

clays at a (lady (loSe of 10 mng. pc’r Kg. Blood samples were withdrawn on the days mdi-

eated and examined as specified in the i’ahle. The number of animals used on each day

of the experiment is indicated.

‘I’ahle 2.-Changes in the Various Parameters of the Protein Synthesizing System

of Rabbit Reticulocytes at Different Degrees of Reticulocytosis

Reticulocytes

jig. RNA I’er
mg. Protein

of Whole
Ribosomal

RNA-Protein

Incorporation of Leucine-1-C”
into Protein

Cell-Free System
Whole Cells rpm per mg.

cpm per ribosomal

% Hemolyzate Ratio mg. protein protein
Range Range Range Range Range

No. of
Ani-
mals

10

10

9

10
9
9

10

18

Ilenioglobin
Cm. Per 100 ml.

Blood
Range

8.7-11.9

6.3-8.6

4.3-7.1

4.1-6.9

4.8-7.6

6.3-8.4
6.9-8.7

7.6-8.9

Days

4

Ii

8

()

10

13

16

8

1.9-4.6

4.8-9.2

17.0-29.0
43.0-62.0

28.0-41.0

21 .0-38.()
20.0-31.0

14.0-26.0

0.1-0.35

0.43-0.68

0.85-2.1

7.4-9.6

:3.9-6.4

3.6-5.8
2.6-4.8

1.1-3.4

0.69-0.81

0.72-0.84

0.68-0.81

0.73-0.84

0.68-0.76

0.63-0.81

0.73-0.79

54-96

176-295

760-1310

320-800

360-575

215-740

195-347

1760-2100

1860-2430

2100-2680

1970-2460

2110-2450

1930-2250

1810-2340

Rabbits were bled 30-40 ml. daily for 8 consecutive (lays. Blood samples were examined

on the days specified in the table. The number of animals examined on each day of the
experiment is indicated.

principal parameters studied-namely, reticulocyte count, RNA content and

amino acid incorporation activity. Similar discrepancies have been previously

observed by Holowav and Ripley� as well as by Koritz and Chantrenne.’9

These apparent inconsistencies seem to he inherent in the complexity of the

experimental setup, due to rapid and uncontrollable variations in the cell

�)optl1atioI1 and to tile intrimlsic cell heterogeneity. It follows from our data
that the population shifts are governed not only by the random rhythm of

outpour of young reticimlocytes froni tile bone marrow into the blood stream,

but also by the different rates of destruction of the iml(lividual reticulocytes,
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cpm/mL

Fig. 2.-Red-cell survival curves in 6 rabbits with experimentally produccd
reticulocytosis. Triangles: bleeding-reticulocytosis; other signs: phenyihydrazine-
reticulocvtosis. The tagging with Cr5’ was performed 24 hours after the last treat-
ment, when the reticulocvte counts were in the range of 40 to 80 per cent.

as reflected in the composite survival curves of the Cr51-tagged cells. The

conformity in the behavior of reticulocytes derived from bled animals and

those produced by phenylhydrazine treatment indicates that the reduced

lifespan exhibited by large segments of the reticulocyte population bears no

relation to phenylhydrazine toxicity, but represents rather some maturaticn

anomaly, originating presumably from excessive stimulation of the bone

marrow. The latter interpretation is in accord with similar conclusions arrived

at independently by Borsook et al.2#{176}and by Stohiman and Brecher,21 using

essentially different experimental approaches.

In the actinomycin D-treated rabbits the rate decline of RNA in the maturing

reticulocytes was much faster than in the controls. Furthermore, the ribosomal

RNA-protein ratio decreased in the course of maturation, whereas in the

untreated animals tilis ratio remained practically constant. These observations,

though still limited in scope, are cogent enough to suggest that judicious use

of this agent in conjunction with the Cr�-labeling technic may help to reveal

a more correct image of the maturation kinetics, except for some of the

distortions due to the above-mentioned superimposed phenomena.

SUMMARY

The study of maturation of rabbit reticulocytes in vivo revealed an essential

correlation between the degree of reticulocytosis, the RNA content of the

circulating red blood cells and their ability to carry out amino acid incorpora-

tion into protein. The nevertheless frequent occurrence of considerable

quantitative discrepancies between these parameters during the progress of

maturation appears to be attributable to fluctuations in the reticulocyte popula-
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tioll due to intrinsic difference iii the life span of these cells and to release of

young reticulocytes from the hyperplastic 1)Ofle marrow into the circulation.

The distortions ill the p�ttter1l of maturation kinetics by the continued con-

tribution of the lxme marrow seem to he largely eliminated by blockmg

t’rvthropoiesis at the height of reticulocytosis with the aid of actinomycin I)

treatment.

SuJ’�IrtLAI1lo IN 1NTERLINCUA

Le studio del maturation de reticulocytos de conilio ill vivo revelava oh

correlation essential inter Ic grado de reticulocytosis, Ic contellto de acido

ribonucleic in Ic erythrocytos circulante, e Ic capacitate de istos de effectuar

le incorporation de amino-acido ad iii proteina. Ii occurre, nonobstante, in Ic

curso dcl progresso del maturation considerabile discrepantias quantitative

illter Ic parametros meiitionate, lo tiue pare esser attrihuibile a un fluctuation

in le population reticulocytic in consequentia del differentia intrinsec inter

le longevitates de iste cellulas e al liberation de juvene reticulocytos ab Ic

llyperplastic medulla ossee ad in Ic circulation. Le distortiones in le con-

figuration del cinetica maturatori per le continue contribution ab le medulla

ossee pare esser eiiminabiie in grande mesura per le hlocage del erythropoiese

al culmine del reticulocytos con le adjuta de tin tractamento a actinomycina D.
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