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Abstract

These studies were performed to determine whether the retic-
ulocyte can synthesize its own transferrin receptor and, if so,
whether synthesis is subject to translational control by intra-
cellular heme.

Reticulocytosis (20-35%) was produced by bleeding rabbits
and the washed cells were incubated for 14 h at 37°C in buffered
nutritional medium containing L-35Sjmethionine. After washing
and detergent lysis in the presence of protease inhibitors, su-
pernatant reticulocyte extracts were analyzed for transferrin re-
ceptors by immunoprecipitation with specific ovine receptor an-
tibody raised against denatured rabbit transferrin receptor. Im-
munoprecipitates were analyzed by SDS-gel electrophoresis and
fluorography. Antibody, but not preimmune sheep immunoglobin,
consistently precipitated a 35Slabeled protein with an Mr of
90,000 (reduced), coincident with bona fide receptor subunits
purified by ligand-affinity chromatography.

Incorporation of radioactive methionine was exclusively as-
sociated with receptor in reticulocyte stroma, and nascent re-
ceptor was not detected on free polyribosomes. Incorporation of
radioactivity in the receptor moiety accounted for 0.1-0.2% of
total incorporation into TCA insoluble cell protein. Treatment
of the cells with 40 gg/ml cycloheximide markedly inhibited
amino acid incorporation into the receptor, thus indicating de
novo synthesis of receptor protein. On treatment of reticulocytes
with 4,6 dioxoheptanoate to induce heme deficiency by dimin-
ishing the formation of intracellular heme, synthesis of the re-
ceptor was inhibited by >50%; synthesis was restored to control
rates on addition of 50 ,uM exogenous hemin.

These findings indicate that the reticulocyte retains receptor
mRNAand that synthesis of the receptor in erythroid cells is
subject to translational regulation by intracellular heme.

Introduction

Immature erythroid cells possess abundant receptors for the
plasma iron-binding protein transferrin (1). The presence of these
receptors allows iron to be incorporated into these cells and to
be used in the synthesis of heme (2). Hemoglobin synthesis con-
tinues during the maturation of erythroid cells, and persistent
expression of transferrin receptors on the reticulocyte surface
facilitates rapid iron uptake, even after these cells are discharged
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into the circulation (3). The importance of functional transferrin
receptors for maintenance of heme production thus raises the
possibility that reticulocytes may also retain the ability to syn-
thesize their own receptors.

Active protein synthesis by immature erythroid cells is de-
pendent upon intracellular heme (4). Extensive studies with re-
ticulocyte preparations in vitro have shown that in heme defi-
ciency a latent protein kinase, which phosphorylates the initiation
factor eIF-2, is activated (5). The phosphorylated eIF-2 seques-
trates another factor responsible for its recycling, thereby inhib-
iting polypeptide chain initiation on ribosomes. As a conse-
quence, protein synthesis ceases (6). This translational control
process obtains for the synthesis of reticulocyte proteins generally
(7, 8).

The condition that most commonly leads to intracellular
heme depletion in erythroid tissue is iron deficiency. In such
circumstances, the additional question is raised as to whether
synthesis of the transferrin receptor itself is influenced by heme
deficiency in immature erythroid cells. Active synthesis of re-
ceptors in these cells could be advantageous, since it might fa-
cilitate the rapid recovery of hemoglobin synthesis during periods
of repletion of iron stores. Accordingly, experiments were carried
out to determine whether reticulocytes synthesize transferrin re-
ceptors and, if so, whether this process is subject to translational
control by intracellular heme.

Methods

Cells. Reticulocytosis was induced in male rabbits weighing 2.5-4.5 kg
by repeated phlebotomy. 20-50 ml of blood was drawn from the ear 2-
3 times weekly. The hematocrit was maintained at 25-35%, with a re-
ticulocyte count of 15-40% as judged by staining with New Methylene
Blue N (B-463 1, Sigma Chemical Co., St. Louis, MO). The cells, hereafter
designated reticulocytes, were washed thrice in reticulocyte saline (RS)'
(0.13 MNaCl, 0.0074 MMgCl, and 0.005 MKCI buffered to pH 7.4
with 0.01 MNa-Hepes) and collected by centrifugation in a bench cen-
trifuge. The buffy coat was carefully aspirated after each cycle. In some
experiments, leukocytes and platelets were removed by elutriation through
a column of cellulose matrix equilibrated in RS (9).

Preparation of transferrin. Transferrin was prepared from rabbit serum
by the method of Baker et al. (10). The protein was further purified by
passage through columns of DEAE-Affi-Gel Blue (Bio-Rad Laboratories,
Richmond, CA). When applied to this gel in 0.02 Msodium phosphate
at pH 8.0, the transferrin did not bind and was recovered in the void
fractions. Electrophoretic purity after this step was >95%. The extinction
coefficient of a 1% wt/vol solution of the iron-saturated protein at 280
nmwas taken to be 14.0.

Isolation of transferrin receptor. Transferrin receptor was purified
from reticulocyte stromal membrane by affinity chromatography on col-
umns of immobilized ligand. 40 ml of washed, packed reticulocytes were
lysed in 10 vol of ice-cold deionized H20. After sedimentation at 10,000
g for 20 min, the membrane pellet was washed in 0.13 MNaCl-0.0 1 M

1. Abbreviation used in this paper: RS, reticulocyte saline.
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Na-Hepes, pH 7.4, and recentrifuged. The cycle was repeated until the
membrane pellet was light pink. The stroma was suspended in 5 vol of
buffer, and Triton X-100 was added to a final concentration of 1% wt/
vol. The clarified mix was swirled on ice for 30 min and then centrifuged
at 105,000 g for I h at 20C. The resulting supernatant was used for
isolation of receptor.

Affinity matrix was prepared by linking rabbit transferrin covalently
to agarose gel with the use of cyanogen-bromide-activated Sepharose 4B
(Pharmacia Fine Chemicals, Piscataway, NJ). The final concentration
of immobilized protein was 2 mg/ml of swollen gel. The gel was treated
with 0.5% wt/vol acetic acid and then equilibrated in Hepes-Saline buffer
containing 0.1 %wt/vol Triton X- 100 before use. The gel was then treated
with fresh neutral ferric nitrilotriacetate (0.5 ml of a 200-gM solution,
4:1 chelate/metal ratio, per milliliter of gel) to saturate the ligand before
chromatography.

Affinity chromatography was carried out at room temperature using
a 2-ml bed volume of transferrin-Sepharose. Supernatant extract of re-
ticulocyte membranes was passed through the column at 40 ml/h and
followed by 50 ml of buffer containing 0.5 MNaCI and 0.1% Triton X-
100. The column was reequilibrated with 0.01 MHepes, 0.13 MNaCI,
and 0. 1%Triton X- 100. Transferrin receptor was eluted with a five bed
volume pulse of 0.5% wt/vol acetic acid in 0.1% Triton X-100 and im-
mediately neutralized by addition of I MNa-Hepes, pH 7.5. The eluted
protein was concentrated by precipitation with TCA in the presence of
sodium deoxycholate (11). After centrifugation, the precipitate was
washed in diethylether and treated with 5 ml 2:1 vol/vol acetone/methanol
overnight at -20°C. The final pellet of white protein was dissolved in
hot 9-M urea. The estimated yield was 1-2 mg.

Transferrin receptor antibody. Receptor antibody was raised in a 45-
kg sheep. The animal received 0.2 ml Bordetella pertussis antigen (Difco
Laboratories, Detroit, MI) subcutaneously at two sites and before im-
munization was bled 100 ml. Denatured receptor (200-400 Mg) in
Freund's complete adjuvant (Difco Laboratories) was then injected in-
tradermally at 10 sites and subcutaneously at 4 sites. This procedure was
repeated at 3 and 5 wk and finally at 9 wk. 10 d after the last immuni-
zation, the animal was exsanguinated and the serum stored at -70°C.

IgG was prepared from preimmune and immune sera by ammonium
sulfate fractionation and chromatography on DEAE-Affigel Blue (12).
Immunoaffinity gel was made by linking ovine IgG to CNBr-Sepharose
4B; control gel was prepared in parallel using preimmune IgG. These
gels contained 1.5 mgimmunoglobulin/ml packed beads. Immunoaffinity
chromatography was carried out at room temperature in the presence
of 0.01 M Na-Hepes, 0.13 MNaCl, and 0.1% Triton X-100, pH 7.4.
Aliquots of reticulocyte extracts were applied slowly to 0.5 ml of IgG-
Sepharose in 3-ml econocolumns (Bio-Rad Laboratories). After 5 min,
the columns were washed through with 3-column vol of buffer at a flow
rate of 10 ml/h and the total eluate was collected for analysis. Rabbit
anti-sheep IgG was prepared from the serum of a rabbit immunized with
preimmune IgG and affinity purified by acid-elution after absorption on
ovine IgG immobilized on cyanogen bromide-activated Sepharose 4B.
Two-dimensional immunodiffusion showed a single major precipitation
line with reactions of identity against whole sheep serum and purified
IgG (13).

Receptor antibody was further purified by affinity absorption on ery-
throid membranes. All affinity procedures were carried out in 0.13 M
NaCI-0.0l MNa-Hepes, pH 7.4, containing EDTA(10 mM), aprotinin
(100 IU/ml) azide (0.02%), and phenylmethylsulfonylfluoride (0.5 mM)
at the indicated final concentrations, to inhibit proteases and microbial
growth. IgG (10 mg/ml) or a 1: I dilution of serum was first treated with
2 ml of 2 mg/ml transferrin-Sepharose 4B for 2 h at room temperature
to remove any contaminating antibodies directed against rabbit serum

transferrin. The antibody solution was then tumbled overnight at 4°C
with normal erythrocyte stroma prepared from a rabbit that had not

been previously bled. The membranes were removed by centrifugation
at 10,000 g and the supernatant was then absorbed by identical treatment
with washed stroma prepared from rabbit reticulocytes. The stroma was

harvested by centrifugation and washed likewise three times in Hepes-

saline and once in 0.6 M NaCl buffered to pH 7.4 with 0.01 M Na-
Hepes.

Affinity purified antibody was removed from stromal receptors by
treatment with 10 vol of 1% vol/vol acetic acid. After 10 min, the mix
was centrifuged at 10,000 g and the supernatant, containing antibody,
was neutralized by the addition of 1.5 MTris-HCI, pH 8.8. After neu-
tralization, contaminating stromal proteins are denatured and precipitated
so that specific antibody may be prepared from the eluate after further
centrifugation. Purified antibody was concentrated by dialysis against
saturated ammonium sulfate. The precipitated material was collected
by centrifugation, dissolved in water, and equilibrated in Hepes-saline
by further dialysis. At an assumed extinction coefficient of 14.0 for a 1%
wt/vol solution at 280 nm, the final yield of antibody was -8 mg, after
clarification by further centrifugation at 12,000 g. Immunodiffusion
against rabbit anti-sheep IgG confirmed the presence of ovine immu-
noglobulin, which was judged to be >80% pure by electrophoresis.

Analysis of labeled transferrin receptor. For labeling, reticulocytes
were incubated as a 20-33% suspension in RS at 370C in the presence
of 1 mg/ml iron-saturated transferrin at 0.1% D-glucose. Isotopes were
obtained from New England Nuclear, Boston, MA. Except where indi-
cated, the incubation mixture also contained 20 L-amino acids, each at
a final concentration of 50 MM. Cell suspensions were agitated to maintain
oxygenation and avoid clumping. In experiments with L-[35S]methionine
(NEG-004T), label (>1,000 Ci/mmol) was added at 0.4-1.5 mCi/ml
cells in the presence of the 19 unlabeled L-amino acids. Overall protein
synthesis was determined by counting the TCA-insoluble radioactivity
incorporated into total cell protein (14). Hemin for addition to the mix
was dissolved in I MNaOHand brought to pH 7.4 with Hepes before
use; control incubations without hemin contained equivalent amounts
of buffer and base. Intracellular heme deficiency was induced in intact
cells by incubation with 4,6 dioxoheptanoate added as a neutral solution
in RS (15).

Reticulocytes were surface labeled in situ with 125j (NEZ-033L, 17
Ci/mg, reductant free) using lodo-Gen reagent (Pierce Chemical Co.,
Rockford, IL), and following the procedure were recommended by the
manufacturer. I ml of reticulocytes was incubated at 250C with 100 MCi
1251 in 0.01 M Na phosphate, pH 8.5, and 0.135 M NaCI in an Iodo-
Gen-coated glass tube (Pierce Chemical Co.). After swirling for 30 min,
the cells were recovered by centrifugation and washed twice in RS. The
final pellet was solubilized in 2 ml buffer containing 1% Triton X-100,
10 mMEDTA, 1% vol/vol aprotinin (Sigma Chemical Co.), and 1 mM
phenylmethylsulfonylfluoride. The 105,000-g supernatant was then an-
alyzed by immunoprecipitation.

Washed reticulocytes were labeled with '251-transferrin after incu-
bation in RS for 20 min at 370C to release cell-associated transferrin.
'251-transferrin (101 cpm/Ag) was prepared by the lactoperoxidase tech-
nique (16) and 20 Mg was incubated with I ml of packed cells for I h at
00C in a final volume of 2 ml. The mixture was made 2% wt/vol in
Triton X-100 and centrifuged at 30,000 g for 60 min to obtain a detergent
extract of reticulocyte-associated transferrin for analysis by gel-permeation
and immunoaffinity chromatography.

Incubations for metabolic labeling studies were stopped after 1 to 6
h by dilution in 10 vol of ice-cold RS and rapid centrifugation of the
cell pellets. The pellets were washed twice by centrifugation before lysis
in detergent. It was found that the combination of 1% wt/vol Triton X-
100, 1% wt/vol sodium deoxycholate, and 0.1% wt/vol SDS reduced
nonspecific precipitation, and in buffer containing 150 mMNaF, 10
mMEDTA, and 20 mMTris-HCI, pH 7.5, rapidly solubilized the pellets.
Typically, 100-300 Ml of cells were taken up in 1 ml of solubilization
buffer and centrifuged at 105,000 g at 20C. The high-speed supernatant
was used for subsequent immunoprecipitation. Aliquots of extracts were
treated with 50 Mig of specific ovine IgG for 14 h on ice in a final volume
of 1.4 ml. The second stage was completed by addition of 5-10-fold
excess of affinity pure rabbit anti-sheep IgG and, after mixing at room
temperature, the mixture was left for an additional 2 h on ice.

Immunoprecipitates were harvested by centrifugation at 12,000 g
for 15 min and washed five times by dispersing in solubilization buffer
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and recentrifuging. The precipitates were taken up at 90'C in 45 Al 9 M
urea and 10 Al beta mercaptoethanol, and, after addition of 55 JAI of
twice-concentrated sample buffer containing SDS, were boiled for 5 min.

Immunoprecipitated receptor was analyzed by gel electrophoresis in
7.5% polyacrylamide slabs according to Laemmli (17). Gels were stained
routinely with Coomassie Blue and after drying were subjected to ra-
dioautography using Kodak X-Omat XAR-5 film (Eastman Kodak Co.,
Rochester, NY). "S-labeled proteins were detected fluorographically using
Enhance (New England Nuclear). The migration of labeled proteins of
interest was compared with standards (Bio-Rad Laboratories) by over-
laying radioautograms onto the original gel. Radioactivity in TCA-in-
soluble extracts on filters and solubilized immunoprecipitates was mea-
sured in a scintillation counter after decolorization with hydrogen per-
oxide.

Results

The material isolated by affinity chromatography of reticulocyte
extracts on transferrin-Sepharose has many of the characteristics
reported for transferrin receptors, including the ability to bind
repeatedly to the gel in the presence of low concentrations of
Triton X- 100, after desalting (not shown). To determine whether
the antibody raised against this protein component after antigen
denaturation could recognize native receptors on the reticulocyte
surface, gel permeation chromatography was used to prepare
solubilized receptors labeled with '25I-transferrin (Fig. 1). Three
peaks of radioactivity were detected after Sephadex G-200 chro-
matography of detergent extracts prepared from reticulocytes
following incubation with '251-transferrin at 0C: a form eluting
close to the void volume (peak 1); a peak coincident with free
transferrin and appearing just before hemoglobin (peak 2); a
small peak appearing after one bed volume and probably rep-
resenting free iodide. Aliquots of peaks 1 and 2 were applied to
columns of ovine IgG-Sepharose and the amount of bound ra-
dioactivity was quantified (Table I).

Significant retention of 1251-transferrin was only demon-
strated in experiments where samples from the high molecular
weight peak 1 were applied to columns of IgG-Sepharose pre-
pared from serum obtained after immunization with receptor.
Since significant retention of free '251I-transferrin (peak 2) was
not demonstrated, the antibody exhibited clear specificity to-
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wards a reticulocyte component with intact transferrin-binding
activity. Support for this finding was provided by the observation
that IgG prepared from sheep serum after immunization inhib-
ited 59Fe-transferrin uptake by reticulocytes but preimmune IgG
did not (not shown).

Analysis of immunoprecipitates from reticulocyte extracts
indicated that the ovine antibody specifically recognizes a single
protein species, with an Mr of 90,000-100,000 (Figs. 2 and3).
In radioautographs and gels stained for protein and run under
reducing conditions, this polypeptide is coincident with bona
fide transferrin receptor prepared by affinity chromatography.
Heavy chains of immunoglobulin from the immunoprecipitates
are seen in stained gels at an Mr of 55,000. Although the presence
of abundant native immunoglobulin (Mr = 160,000) precludes
analysis of the material without addition of reducing agents,
protein co-migrating with unreduced dimeric receptor, M,

- 190,000, was detected in eluates from columns of immobilized
antibody after electrophoresis under nonreducing conditions
(data not shown). The stained gel displayed in Fig. 2 also shows
that precipitation of the receptor polypeptide is independent of
the presence of transferrin because addition of the protein did
not affect subsequent retrieval of receptor in the second stage of
the immunoprecipitation. Although there was considerable
variation in the apparent migration of the polypeptide recognized
by antibody, the immunoreactive species was always coincident
with receptor subunits obtained by ligand-affinity chromatog-
raphy and electrophoresed in parallel.

The antibody also detected a radioactive protein, Mr
90,000, in extracts of reticulocytes labeled metabolically with

L-[35S]methionine (Fig. 3). The 35S-labeled protein is coincident
with the single 125I species identified in surface-labeled cells by
the same antibody. Electrophoresis of crude stromal extracts as
shown in this gel indicated that the transferrin receptor accounts
for a significant fraction of the 35S label incorporated into retic-
ulocyte membrane proteins. The radioactivity in the receptor
moiety was drastically reduced in immunoprecipitates derived
from extracts of cells treated with 40 Ag/ml cycloheximide to
inhibit protein synthesis. Total cellular protein synthesis was
inhibited by 82% at this concentration of cycloheximide.

To determine whether the newly synthesized receptor is ca-

Figure 1. Gel-permeation chroma-
tography of reticulocyte extract. Re-
ticulocytes were incubated with 1251_

V Tf Hb Vt transferrin (Tf) as described in Meth-
ods, and, after lysis with Triton
X-l00, 1 ml of 30,000-g supernatant

i'k (180 X 106 cpm) was applied to a
I \. column (1.6 X 69.5 cm) of Sephadex

G-200 equilibrated in 0.01 MHepes,
0. 13 MNaCI, and 0. 1%wt/vol Tri-

B\ / . ton X-100, pH 7.4. The column was
*/.; \eluted with the same buffer at a flow

rate of 18 ml/h at 4°C; fractions of
1.5 ml were collected and counted
for 1251. The column was calibrated
with Dextran Blue (Vo, void vol-

T ume) and I251-Tf. The elution posi-
lit tions of rabbit hemoglobin (Hb) and

.-- \ \- T_~ - ...................,.thebed volume (Vt) are also shown.
Recovery of 1251 in the eluate ex-n50 60 70 80 90 100 110 ceeded 90% of the sample radioactiv-

Fraction No. ity.
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Table I. 25I-Radioactivity Bound by Ovine IgG-Sepharose

Preimmune Immune

Peak I (gl applied)
2 2 44
4 5 67

20 0 62

Peak 2
4 0 9

20 0 0

Aliquots of fractions obtained after gel filtration of reticulocyte ex-
tracts (labeled with '251-transferrin) on Sephadex G-200 were applied
to columns of IgG-Sepharose as in Methods. After washing, the per-
centage of '251-transferrin retained was determined.

pable of binding transferrin, an extract of 1 ml reticulocytes was
prepared after labeling for 4 h in the presence of L-
[35S]methionine and applied to a 1-ml column of transferrin-
Sepharose gel. The procedure for affinity purification of receptor
was followed as described in Methods. After elution and con-
centration of the protein specifically bound by the gel, the ma-
terial was electrophoresed together with a sample of crude extract
and subjected to radioautography (Fig. 3). A faint and diffuse
band of labeled protein coincident with the transferrin receptor
moiety was detected in the eluted material.

To localize the cellular site of metabolically labeled receptor,
two membrane fractions were prepared from reticulocytes after

125f 35S
CELL MEMBRANE

EXTRACTS EXTRACTS
__7

-200-

-116
- 93 -

Pre-Immune IgG + - - -
Immune IgG - + - +

Cycloheximide - - - -

35S
CELL

EXTRACTS

I
-67-

-43- 1

+ -, 4'p

Figure 3. Detection of radiolabeled transferrin receptor. Reticulocytes
(35%) were surface labeled with "2I in situ (1.4 X 106 cpm incorpo-
rated per 50 /Ll packed cells) or metabolically labeled for 3 h with L-
[35S]methionine (2.5 X I0' cpm/25 gl) with or without the addition of
40 gg/ml cycloheximide. Incorporation of 35S into cycloheximide-
treated cells was 0.47 X 107 cpm. Transferrin receptor was retrieved
by immunoprecipitation with specific antibody or affinity chromatog-
raphy and analyzed by electrophoresis under reducing conditions and
by radioautography as described in Methods. 35S in samples was de-
tected after fluorographic enhancement. The position of purified re-
ceptor protein (detected by staining with Coomassie Blue) is shown by
the arrow and designated TR. Electrophoretic tracks included un-
treated extracts of reticulocyte membranes or whole cells labeled with
35S, as indicated. Reticulocytes after surface labeling with 125I were sol-
ubilized and treated with preimmune or antireceptor IgG, and immu-
noprecipitates from these whole extracts were subjected to electropho-
resis.

MW.
200K-

116K-
93K-

67K-

43K-

Pre-lmmune IgG
Immune IgG

Transferrin

+ - + - Affinity
- + - + Purified
+ + - - Receptor

Figure 2. Immunoprecipitation of reticulocyte protein. Stromal mem-
branes from 100 Al packed reticulocytes (25%) were extracted with
Triton X-100 as described in Methods, and high-speed supernatant
was treated with either 215 Ag preimmune ovine IgG or 195 Ag im-
mune IgG raised against transferric receptor. Rabbit transferrin (0.5
mg/ml) was then added to the immunoprecipitation mix, as shown.
Immunoprecipitates obtained after addition of affinity purified anti-
sheep IgG in the presence of 3% wt/vol polyethylene glycol to ensure
complete precipitation of all species of immune complex, were exten-
sively washed and subjected to electrophoresis. Molecular weight
markers, and biochemically purified transferrin receptor were also
electrophoresed and the gel was stained with Coomassie Brilliant Blue.
K, 1,000.

incubation for 2 1/2 h with L-[35S]methionine with or without the
addition of exogenous hemin. After hypotonic lysis with H20,
membrane pellets were prepared by centrifugation for 20 min
at 10,000 g and then by centrifuging the resulting supernatant
for a further 60 min at 100,000 g. The membrane pellets were
solubilized in detergent and again subjected to centrifugation at
high speed. The electrophoretic analysis by radioautography of
the membrane extracts after treatment with receptor antibody
is shown in Fig. 3. Radiolabeled receptor was identified only in
the 10,000-g membrane pellet. The two tracks represent the ef-
fects of treatment of the cells with 50 MMhemin in addition to
diferric transferrin (Fig. 4). In the presence of transferrin, and
therefore presumably with adequate intracellular heme, exoge-
nous hemin did not appreciably affect receptor synthesis.

Accordingly, the effect of intracellular heme deficiency on
synthesis of protein overall, and particularly of the transferrin
receptor, was investigated (Fig. 5). Reticulocytes were harvested
after passage over cellulose and labeled with L-[35S]methionine.
Intracellular heme deficiency was induced by incubating one

sample with 4,6 dioxoheptanoate to inhibit delta aminolevulinic
acid dehydratase competitively. At the concentration used, iron
incorporation from transferrin into cellular heme was inhibited
markedly (15), as has been confirmed in this laboratory. To
overcome the effects of the inhibitor on intracellular heme, hemin
(50 ttM) was added to the third sample of cells. At intervals,
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Immunoprecipitated 35S-Iabeled
Membrane Extracts

., MW
.. .,. .,..

crease in incorporation of radiolabel into cellular protein. Ad-
dition of exogenous hemin overcame the influence of dioxo-
heptanoate, allowing recovery of protein synthesis. Control rates
of receptor synthesis were also restored when dioxoheptanoate-
treated cells were supplemented with exogenous hemin.

200 K

Discussion

116K

93K Figure 4. Localization of radiolabeled
transferrin receptor. Reticulocytes
(35%) were labeled metabolically for

67K 2 1/2 h with L-[35S]methionine (1.5
mCi/ml cells, 1,143 Ci/mmol) in the
presence of 1 mg/ml transferrin with
or without addition of 50 ,M hemin,
as described in Methods. After lysis in
7 vol of 0.001 MTris HCI-0.002 M

43K MgC12, pH 7.6, membrane pellets
were harvested at 10,000 g, then at
100,000 g. After solubilization, immu-
noprecipitation and electrophoresis of
extracts from - 15 Al cells, labeled re-
ceptor was detected by fluorography

101000 Xg 1001000 xg and exposure for 20 d. Samples from

Pe1,0let Pellet membrane fractions of control and
hemin-treated cells are shown as desig-

-H +H -H +H nated by H- and H+, respectively.

aliquots of reticulocytes were removed for measurement of total
protein synthesis and for immunoprecipitation of receptor. Each
sample of extract was analyzed for radioactivity specifically in-
corporated into cellular receptors. These data indicate that de-
pletion of intracellular heme progressively diminishes reticulo-
cyte protein synthesis and synthesis of receptor. The extent of
inhibition of receptor synthesis appears to exceed the global de-

Erythroid precursor cells require large amounts of iron for the
formation of heme and thus express transferrin receptors on
their surface throughout development (18). During maturation
the number of receptors changes (19), such that functional re-
ceptors are absent from the surface of mature erythrocytes. Al-
though reticulocytes are anucleate, they continue to synthesize
a variety of proteins (20) and contribute up to 30% of the he-
moglobin complement of the mature erythrocyte (21). In this
study, immunochemical techniques, employing specific antibody
to denatured receptor, were used to determine whether reticu-
locytes synthesize the transferrin receptor. Observations are pre-
sented that indicate that this antibody recognized functionally
intact receptors expressed on the cell surface. The use of retic-
ulocytes made it possible to determine whether the biosynthesis
of transferrin receptors reflects the operation of the heme-reg-
ulated control of protein synthesis in immature erythroid
cells (6-8).

Experiments carried out with different reticulocyte prepa-
rations consistently showed that this cell retains the capacity to
synthesize transferrin receptor and insert newly made receptor
into stromal membranes. The structural characteristics of the
labeled receptor recognized by our antibody are in accord with
previous analyses of transferrin receptors detected in cultured
human cells (22, 23), human placenta (24), and human (25) or
rabbit reticulocytes (26, 27). Quantitative studies indicated that
incorporation of radiolabeled methionine into the receptor
moiety accounted for 0.1-0.2% of the labeled cellular protein.
Analysis of membrane extracts showed, moreover, that the re-
ceptor accounted for a significant fraction of the 35S incorporated

A Reticulocyte Protein Synthesis

X0. Tronsferrin10 ~~~~Contro I;
0 / _{+Hemin
I, 8 ,6: Dioxoheptanoate

Eca-
,.6-

arm642 ir 52/t *K4 6 Dioxoheptanoate

C>

1 2 3 4
Time (h)

B Receptor Synthesis

-20-
w

o16c~L
Q.

. 12-

C.

WC 8-
._c

0

c 4-

In

1 2 3 4
Time (h)

Figure 5. Influence of intracellular
heme deficiency on receptor synthe-
sis. Reticulocytes (20%) obtained af-
ter passage over cellulose were incu-
bated in nutritional medium con-
taining L-[35S]methionine (1.2 mCi/
ml cells) at a final concentration of
10 AMas in Methods. The control
incubation contained 1 mg/ml trans-
ferrin alone: 4,6:dioxoheptanoate
(500 AM) was added to inhibit heme
formation and 50 AMaqueous
hemin was added to replete the in-
hibited cells. Aliquots were removed
for determination of TCA-insoluble
radioactivity (A), and at 1, 2, and 4
h, two samples, representing 100 Al
(109) cells, were taken for solubiliza-
tion from each incubation (B). Ra-
dioactivity in immunoprecipitated
transferrin receptor was determined
at each point by correction for inter-
stitial radioactivity in identical pre-
cipitates containing preimmune
ovine IgG.
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into stromal proteins. The possibility that metabolic labeling
with 35S-methionine represented not de novo synthesis but post-
translational incorporation of radiosulfur into the glycoprotein
is rendered unlikely by the observation that cycloheximide, which
inhibits peptide bond formation, profoundly reduced radiola-
beling of the receptor moiety.

Although globin is the protein synthesized in greatest quantity
by immature erythroid cells, appreciable amounts of nonglobin
protein are also produced. Careful analysis of protein synthesized
by intact reticulocytes has shown that - 15% of the incorporated
radioactive aminoacids may be found in nonglobin polypeptides
(28). Nonglobin proteins in reticulocytes are synthesized pre-
dominantly on membrane-bound polyribosomes that sediment
at low centrifugal forces (29). The observation that the newly
made transferrin receptor was only detectable in extracts of
membranes sedimenting at 10,000 g is thus compatible with the
expected synthetic site of nonglobin polypeptides. Investigations
of translation of mRNAsfor secretory and membrane proteins
in cell-free systems have demonstrated that supplementation with
microsomes allows normal processing of the nascent proteins
to occur. Proteolytic cleavage and glycosylation proceed co-
translationally and are generally accompanied by translocation
of the nascent chains across microsomal membrane vesicles,
where they become segregated (30). The finding that radiolabeled
transferrin receptor may be detected in reticulocyte membranes,
and may acquire functional binding activity, indicates that these
cells retain the complex mechanism for vectorial insertion across
membranes as well as the enzymic activities required for pro-
cessing. It is conceivable that the antibody used in these studies
failed to recognize nascent receptor in extracts of free ribosomes,
but the polyclonal nature of the xeno-antiserum raised after per-
sistent antigenic challenge renders this possibility unlikely. Thus,
synthesis of nascent protein on membrane-bound polyribosomes
with co-translational insertion into the plasmalemma appears
to be the process by which reticulocytes produce mature trans-
ferrin receptor.

Reticulocytes do not possess nuclei and do not synthesize
RNA; since they actively synthesize a variety of proteins, these
cells, or extracts prepared from them, provide an excellent system
for studies of translational control. Synthesis of a- and f3-globin
chains is dependent on the presence of heme in intact cells or
cell-free lysates to maintain the heme-regulated eIF-2a protein
kinase in its inactive form (5). Previous studies indicate that
there is considerable variation in the intrinsic ability of reticu-
locyte mRNAsto direct initiation, particularly under conditions
of heme deficiency (8, 31, 32).

In heme deficiency, the heme-regulated eIF-2a kinase is ac-
tivated, eIF-2a is phosphorylated, a nondissociable complex of
eIF-2(P) and the recycling factor is formed, and recycling factor
becomes limiting in the initiation of protein synthesis (33). As
a result, the recycling of eIF-2 is inhibited, the formation of the
ternary complex (eIF-2 - Methionyl-tRNAf- GTP) is inhibited,
and the formation of the complex of the 40S ribosomal subunit
with the ternary complex is diminished. When40S - Met-tRNAf
complex formation is diminished, the translation of various
mRNAswill vary depending on their amounts and on their
affinity for the 40S * Met-tRNAf complex; for example, in heme
deficiency, the translation of a-globin mRNAis much more
inhibited than that of f3-globin mRNA, because of the greater
affinity of the f,-globin mRNAfor the 40S-Met-tRNAf complex
(32). Accordingly, having demonstrated biosynthesis of the
transferrin receptor in intact reticulocytes, we addressed the fur-

ther question of the extent to which synthesis of the receptor is
affected by intracellular heme deficiency. The results indicate
that synthesis of the receptor is significantly inhibited when the
concentration of intracellular heme is diminished by the inhi-
bition of heme synthesis (Fig. 5).

Recent studies in cultured human K562 erythroleukemia
cells yield a half-life value for the transferrin receptor of 7 h,
and induction of iron deficiency in these cells by desferrioxamine
leads to increased expression of the receptor by enhancing tran-
scription of receptor mRNA(34). Since iron deficiency should
result in heme deficiency, the question is raised of the operation
of the heme-regulated eIF-2a kinase mechanism in K562 cells.
It is known that this mechanism is present in human reticulocytes
(35), but it remains to be determined whether it is operative in
normal nucleated erythroid cells of the marrow or in K562 cells.
There is the speculative possibility that in early stages of erythroid
cell development, transcriptional control of transferrin receptor
synthesis predominates, but that as maturation progresses and
nuclear function declines, translational control supervenes. This
possibility may appear unlikely, but it merits investigation.
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