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IDENTIFICATION OF OVOTRANSFERRIN AS A HEME-,
COLONY- AND BURST-STIMULATING FACTOR IN
CHICK ERYTHROID CELL CULTURES

JULIO COLL' and VERNON M. INGRAM

Department of Biology, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

SUMMARY

Clonal growth of erythroid cells from bone marrow of 2-day-old chicks in fibrin clots under
different culture conditions has been used as independent assays for heme-, colony- and burst-
stimulating activities found in anemic chicken plasma. The properties of the heme-stimulating
activity analyzed by gel filtration, isoelectrofocusing, resistance to heat denaturation, ammonium
sulfate precipitation, DEAE-chromatography or HAP-chromatography, suggested serum transfer-
rin as the heme-stimulating factor(s). Heme-, colony- and burst-stimulating factor(s) from anemic
chicken plasma did not separate from each other by gel filtration or isoelectrofocusing. Ovo-
transferrin from egg white also showed heme-, colony- and burst-stimulating activities by the assay
employed even after further purification by limited trypsin digestion, electrophoresis, hy-
droxylapatite chromatography or fractionation by ConA-Sepharose chromatography.

Few reports exist on clonal cell culture of
bone marrow erythroid cells from chicks
[1, 2]. Erythroid clonal cultures have been
studied in mammalian systems, mainly in
the mouse or in humans [3-9].

In the mammalian systems, two kinds of
erythroid precursors, DFU-E and BFU-E,
have been distinguished both by their pro-
liferative potential and their erythropoietin
requirement [6]. At low concentrations of
erythropoietin, small erythroid colonies are
produced after 2 days in culture from CFU-
E precursors. At 10-fold higher concentra-
tions, in addition to the 2-day-old colonies,
groups (bursts) of small erythroid colonies
are produced from BFU-E precursors after
7-10 days in culture. In chickens, CFU-E
precursors have been demonstrated [1, 2],
but no BFU-E precursors have yet been
described previous to the present paper.

Chick bone marrow cells will form spon-
taneous benzidine-negative erythroid colo-

nies in fibrin clots when grown with fetal
calf serum (FCS) [2]. The addition of chick-
en plasma stimulated heme accumulation
(benzidine-positive colonies instead of ben-
zidine-negative erythroid colonies) as well
as a 40% increase in the total number of
erythroid colonies. Because of the high lev-
el of spontaneous erythroid colonies under
these conditions, the cultures can only be
used to assay for heme-stimulating activity.
We report here modified culture conditions
which will allow both the assay of eryth-
roid colony-stimulating activity and burst-
stimulating activity.

Studies of the in vitro requirements of
CFU-E or BFU-E erythroid cells show that
all the mammalian cultures require the pres-
ence of both FCS and preparations with
erythropoietin activity. Attempts to sub-

' Present address: Instituto Tecnologico para Post-
graduados, P° Juan XXIII-3, Madrid, Spain.
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stitute completely the FCS requirement
have failed, although Guilbert & Iscove
[10] obtained mouse erythroid cell growth
(CFU-E) in a semi-defined medium con-
taining low proportions of FCS, selenite,
bovine serum albumin, human transferrin
and erythropoietin. The simultaneous pres-
ence of all these components was needed
in order to obtain maximal growth.

In the chick system, we have been able
to completely eliminate the undefined FCS
requirement, but not the bovine serum al-
bumin requirement; a chick factor derived
from chicken plasma or from egg white was
also needed.

We fractionated anemic chicken plasma
and assayed for three independent effects
on chick erythroid cell cultures as defined
previously: heme-, colony- and burst-stimu-
lating activities. The properties for heme-
stimulating activity were similar to those
described for transferrin or ovotransferrin
(the transferrin of egg white) and no separa-
tion of potential heme-, colony- and burst-
stimulating factors could be accomplished.
Commercial ovotransferrin has been found
to have heme-, colony- and burst-stimulat-
ing activities. "

MATERIALS AND METHODS

Heme, colony and burst assays

Bone marrow cells from the femurs of 2-day-old chicks
(Spafas, Norwich, CT) were plated in the medium
described in Coll & Ingram [2], except that the FCS
(Grand Island Biological Co., Grand Island, NY) was
omitted in some experiments, its volume being re-
placed by NCTC-109 (Microbiological Associates,
Bethesda, MD), and that the bovine serum albumin
was used at various concentrations (Sigma Chemical
Co., St Louis, MO). Bovine serumn albumin was re-
constituted in NCTC-109 and adjusted to pH 8.0
just prior to use with freshly made NaOH, The cells
were grown in fibrin clots, fixed and stained as de-
scribed in detail in Coll & Ingram [2]. Erythroid colo-
nies were recognized by the characteristic morpho-
logy of the stained cells and by their benzidine reac-
tion or their ability to be converted to heme-contain-
ing, benzidine-positive cells by continued incubation
with anemic chicken plasma.
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Anemic chicken plasma was prepared by aceto-
phenylhydrazine injections (Eastman Organic Chemi-
cals Div., Eastman Kodak Co., Rochester, NY) as
described in Coll & Ingram [2]. Heme-stimulating
activity was assayed by culturing the cells in medium
containing 10% FCS for 2 days, colony-stimulating
activity was assayed by culturing the cells in medium
containing no FCS for 2 days and burst-stimulating
activity was assayed by culturing the cells in medium
containing 10% FCS for 7-10 days. The rest of the
experimental conditions were as indicated in the figure
cuptions.

Protein estimations

Protein was estimated by the BioRad protein assay
method (BioRad Laboratories, Richmond, CA) using
bovine serum albumin as standard. The absorbance
at 280 or 230 nm was used to monitor the protein
concentrations of column effluents. Densitometry of
Coomassie blue R-250 stained polyacrylamide gels
was carried out by using a Canalco Model J den-
sitometer.

Isoelectrofocusing

The column, model S.C. | of 110 ml (LKB Produk-
ter AB, Bromma 1, Sweden) was used for the prepara-
tive isoelectrofocusing experiments as indicated by the
LLKB manual.

Analytical isoelectrofocusing was performed in a
0.5%25 m column. The bottom of the column was
stopped with dialysis tubing and 5% polyacrylamide
gel (1 cm high). After leaving the bottom of the col-
umn immersed in 2% ethylenediamine overnight, a
mixture containing 1 mi of anemic chicken plasma,
25 ul of 40% BioRad ampholines (pH 3-10) and wet
Sephadex G-25, was poured into the column. The top
reservoir was 1% phosphoric acid as cathode solu-
tion and in the bottom reservoir was 2% ethylenedi-
amine as anode solution. After 6 h at 200-400 V, the
polyacrylamide stopper was perforated with a needle
and fractions were collected by gravity elution.

Gel filtration

Sephadex (Pharmacia Fine Chemicals, Inc., Piscata-
way, NJ) was used for gel filtration experiments as
recommended in the Pharmacia manual. Further de-
tails are given in the figure captions.

Hydroxylapatite chromatography

The gel (BioGel hydroxylapatite, BioRad Labora-
tories) was packed in a 3x35 cm column and equili-
brated with 25 mM potassium phosphate, pH 7.4
(starting buffer).

The sample was dialysed or made up in the starting
buffer and applied to the column. The eluate was col-
lected and the column washed with starting buffer
until the absorbance at 280 nm was 0. Elution of the

absorbed material was done by a stepwise increase .
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Fig. 1. Effect of bovine serum albumin (BSA) con-
centration upon the total number and size of chick
erythroid colonies in the absence (O) and in the
presence (@) of anemic chicken plasma in cultures
made in the absence of FCS. Cultures were prepared
as described in Materials and Methods except there
was no FCS and NCTC-109 was added instead (20
wljwell). Three ul (100 ug of protein) of anemic
chicken plasma/well were added to the cultures
(®@—®). After 2 days the cultures were fixed and
stained. Each point was scored in duplicate. Aver-
ages and ranges are presented. The numbers above the
arrows indicate the average number of cells/colony
obtained from the sizing of 50 colonies/point.

in the buffer concentration, usually 25 mM, 50 mM,
125 mM and 500 mM potassium phosphate, pH 7.4.
Three ml fractions were collected and kept at ~20°C
until bivassay. Assays were done using 2 ul aliquots
which allowed the use of 500 mM potassium phos-
phate without detrimental effects to the cells in cul-
ture.

Gel electrophoresis

SDS-gel electrophoresis was performed in slabs ac-
cording to the method described by Laemmli [11}
except that a 5-15% gradient of polyacrylamide was
used. Preparative gel electrophoresis in 160X 160x3
mm slabs was performed in 7.5% polyacrylamide gels
as described by Maizel [12]. Ovotransferrin from
Sigma (12 mg) was added to 2 ml of distilled water,
0.2 ml of bromopheno! blue, 0.4 mi of glycerol and
1.0 ml of 1 M Tris, pH 8.8, and the mixture electro-
phoresed. After the gel was removed from the glass
plates, the two edges were cut off and stained as de-
scribed by Maizel [12]. During this time the rest of
the gel was frozen at —70°C. The part of the gel cor-
responding to the ovotransferrin was cut into small
pieces and the protein was extracted in 0.1 M sodium
bicarbonate:1 M NaCl at 37°C for 4 h. The gel
pieces were removed by centrifugation and the super-
natant was dialysed against distilled water and lyo-
philized.

12-801809

Trypsin-digestion of iron-saturated
ovotransferrin

Two hundred mg of iron-saturated ovotransferrin
(Sigma Chemical Co.) were digested for 7 h with | mg
of trypsin (Worthington Biochemical Co.) in 4 ml of 0.1
M Tris pH 8 at 37°C with constant agitation. The
digest was applied to a 2.5%33 cm column packed
with Sephadex G-75, and eluted with 0.1 M sodium
bicarbonate. Fractions were pooled, lyophilized and
assayed.

Ammonium sulfate precipitation was performed by
adding the salt in increments of 20% of saturation
(at 20°C) to 10 ml of anemic chicken plasma, and
adjusted to pH 6 or 8. The fractionation was carried
out at pH 6 and at pH 8 with two different prepara-
tions of anemic chicken plasma. After the addition
of the solid ammonium sulfate the mixture was agitated
for 30 min at 20°C, followed by centrifugation. Pre-
cipitates were dissolved in distilled water and aliquots
of 4 ul were assayed.

Ethanol precipitation was performed with anemic
chicken plasma adjusted to pH 6. After the ethanol
addition, the mixture was agitated for 30 min at 20°C,
followed by centrifugation, and the supernatant frac-
tionated with increasing amounts of ethanol. The
precipitates were redissolved in distilled water and
4 ul aliquots were assayed.

Heat treatment at different pH values was carried
out with anemic chicken plasma dialysed, lyophilized
and redissolved in 0.1 M Hepes, pH 7.3 and adjusted
to the desired pH. One hundred p! samples were
heated at 60°C for 15 min. The precipitates were re-
moved by centrifugation and 4 ul of the supernatants
were assayed, No activity could be recovered from
any of the precipitates.

DEAE-binding was performed with 6 ml of anemic
chicken plasma diluted 1: 1 with distilled water (same
conductivity as 30 mM phosphate buffer, pH 7.4)
and 3 g DEAE-cellulose (Whatman, DE-23). The
mixture was adjusted to the desired pH, agitated for
30 min at room temperature and centrifuged. The
pellets were eluted with 1 ml of 0.25 M NaCl, 0.05
M Na-phosphate, pH 3.5, then adjusted to pH 8, and
4 ul aliquots were assayed.

RESULTS

Small, early erythroid colonies

Cultures prepared in the absence of both
FCS and anemic chicken plasma produced
only a very small number of spontaneous
erythroid colonies even when bovine serum
albumin (BSA) was added (fig. 1). The
addition of anemic chicken plasma in the
amount of 100 ug of protein/well to an
otherwise protein-free medium did not en-
able erythroid colonies to grow. However,
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Table 1. Characteristics of chick erythroid colonies grown in the presence (medium A)

or in the absence (medium B) of FCS for 45 h

Growth No Anemic chicken plasma
conditions Properties additions +100 ug prot/well
Medium A Colonies/50 000 74070 925175
(+209% FCS) cells
% benzidine + 4t1 9542
cells/colony 13.3£5 16.3+5
Medium B Colonies/50 000
(—FCS) cells 25+5 490130
% benzidine+ 0 8515
cells/colony 8+1 11.8+3

Chick bone marrow cells were grown in medium A (0.6 mg/well BSA and 0.7 mg/well FCS) or in medium B
(1.8 mg/well BSA and no FCS). The other components of the medium were as described in Methods. Cultures
received no protein or 100 pg of protein from anemic chicken plasma/well in 4 ul volume. Erythroid colonies
containing 8 or more cells were scored by the size, central nuclei, general morphology and staining charac-
teristics of their constituent cells, as described earlier [4]. The percentage of erythroid colonies that were
strongly benzidine-positive was determined by counting about 100 colonies per point. Number of erythroid
colonies and percentage of benzidine-positive were done in duplicate; averages and ranges are given. Average
size and S.D. were calculated from the sizing of about 50 colonies/point.

increasing amounts of BSA to cultures con-
taining anemic chicken plasma caused a
dramatic increase in the appearance of ben-
zidine-positive small erythroid colonies (fig.
1). Not only the number of colonies, but
also the size of the colonies increased with
increasing BSA concentration. In every
well, 90% of the colonies were benzidine-
positive,

The extent of the colony-stimulating ac-
tivity by BSA varied greatly from batch to
batch, even though they were all obtained
from the same supplier, Sigma Chemical
Corp. The optimal BSA concentration (1.5-
2.5 mg of BSA/well) had to be determined
for every batch. The pH of the albumin
solution used is also crucial; fresh NaOH
solutions must be used for neutralization,
because old solutions seem to be toxic
to the chick erythroid cells cultured in the
absence of FCS.

In the presence of 1.8 mg of BSA/well
(no FCS and no anemic chicken plasma),
only a few spontaneous erythroid colonies
developed, approx. 0.025 colonies per ug
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of BSA. The addition of FCS to these cul-
tures stimulated the development of small,
erythroid colonies to approx. I colony per
g of FCS protein. In cultures containing
less' than 0.35 mg of FCS protein/well
(10%), the colonies were benzidine-nega-
tive. In cultures containing 0.7 mg or more
per well of FCS, the erythroid colonies be-
gan to be slightly benzidine-positive. All
these colonies could be converted into ben-
zidine-positive colonies by the addition of
100 pg/well of anemic chicken plasma and
8-10 -h of further incubation as described
[2]. Anemic chicken plasma has more col-
ony-stimulating activity than FCS and
moreover produced small, erythroid colo-
nies of which 95 % were strongly benzidine-
positive. By this assay, anemic chicken
plasma had colony-stimulating activity to
the extent of 4 colonies per ug of protein
and egg white 3.8 colonies per ug of protein
(data not shown). Such culture conditions
can be used to estimate the stimulating ac-
tivity which produces small,  benzidine-
negative erythroid colonies (e.g. FCS) or
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Fig. 2. Morphology and staining properties of burst-
like chicken erythroid colonies. Cultures were set up
as described in Materials and Methods. Chick bone
marrow cells were incubated in the presence of 4 ul
of anemic chicken plasma (120 pg of protein/well)
for 6 days in fibrin clot cultures. Fixing and staining
were carried out as described by the benzidine—per-
oxide-hematoxylin method. Under these conditions,
burst-like erythroid colonies were either large ben-
zidine-positive colonies (A) or groups of small benzi-
dine-negative and benzidine-positive colonies (B). The
number of burst-like erythroid colonies was 5-20/
50000 bone marrow cells. Similar colonies were absent
from the cultures made without anemic chicken
plasma. X60.

the stimulating activity which produces
benzidine-positive colonies (e.g. anemic or
control chicken plasma).

Table 1 compares the number of eryth-
roid colonies, the percentage of benzidine-
positive colonies and the average size of the

erythroid colonies obtained under different
culture conditions in the same experiment.
The largest number of small erythroid colo-
nies were obtained in the simultaneous
presence of FCS and anemic chicken
plasma in medium containing BSA (925
colonies/well). These were also the condi-
tions for producing colonies with the largest
number of cells. In the same medium but
in the absence of FCS the number of colo-
nies was not as large (490 colonies/well)
and still smaller than the number of colo-
nies obtained by adding only FCS to the
cultures (740 colonies/well). The percent-
age of benzidine-positive colonies was very
small in cultures made in the absence of
anemic chicken plasma and was about 90 %
in cultures made in the presence of anemic
chicken plasma independently of the FCS
concentration. ‘

Cultures producing erythroid bursts
Prolonged culture of chick bone marrow
cells in the presence of FCS, BSA and
anemic chicken plasma showed the pres-
ence of burst-like groups of benzidine-posi-
tive erythroid colonies after 6-10 days of
incubation (fig. 2). No bursts were found
in cultures from which the anemic chicken
plasma had been omitted. Each burst con-
sisted of either a group of small colonies
with 30-50 cells/colony or a single mass of
cells containing 500 cells or more. Fig. 2
shows the morphology and staining proper-
ties of the burst-like chick erythroid colo-
nies. Some bursts contained groups of both
benzidine-positive and benzidine-negative
sub-colonies. The earlier small, erythroid
colonies, which were present after 2 days,
had disappeared after 7 days of incubation;
fibroblasts and lymphocytes were absent.
Between 5 and 20 bursts were obtained
from 50000 bone marrow cells.

Exp Cell Res 131 (1981)
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Fig. 3. Sephadex G-100 chromatography of anemic
chicken plasma and assay of the fractions for chick
erythroid colony-stimulating activity (A) and heme-
stimulating activity (B). Anemic chicken plasma was
obtained by bleeding as described. Two ml of plasma
was applied to a 1.8%x80 cm Sephadex G-100 col-
umn equilibrated with 0.1 M ammonium bicarbonate
and eluted with this same buffer. After elution of 25
ml, fractions of 1.25 ml were collected at a rate of
7 ml/h. Arrows: Vo, blue dextran; OT, ovotransferrin;
OA, ovalbumin; CC, cytochrome c. Six ul aliquots
were assayed for colony-stimulating activity in cul-
tures containing no FCS and 1.8 mg/well of BSA.
—, OD profile at 280 nm; ®—®, no. of erythroid
colonies/well; B-—8, % of benzidine-positive colo-
nies (B).

Characterization of heme-stimulating
factor(s) by gel filtration and
isoelectrofocusing

Anemic chicken plasma was fractionated by
Sephadex G-100 chromatography or by iso-
electrofocusing as described in Materials
and Methods. By Sephadex G-100 chro-
matography two protein peaks were de-
tected in the eluate: the first peak eluted
with the void volume, and the second peak
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eluted with an average molecular weight of

about 80000. Strongly benzidine-positive

colonies appeared only with fractions 23-34

(see fig. 3); the rest of the cultures con-

tained benzidine-negative and/or slightly
benzidine-positive erythroid colonies, like

the control cultures incubated in the ab-

sence of added aliquots. The total number

of erythroid colonies was approximately '
constant for all the fractions.

An apparent molecular weight of 68-
80000 D for the heme-stimulating activity
could be calculated. Similar estimations of
apparent molecular weight for heme-stimu-
lating activity were obtained by Sephadex
G-100 chromatography of control and ane-
mic plasma from 2-day-old chicks.

By isoelectrofocusing, two main protein
peaks were obtained, focusing at pH 6.5
and pH 5.3. The heme-stimulating activity
(benzidine-positive colonies) focused be-
tween pH 5.3 and 6.5 with a maximum at
an apparent isoelectric point of about pH
5.8. The rest of the cultures contained ben-
zidine-negative and slightly benzidine-posi-
tive erythroid colonies, similar to the colo-
nies in the control cultures incubated in the
absence of added aliquots. The total num-
ber of erythroid colonies was approximate-
ly constant in all the fractions.

Further characterization

Heme-stimulating activity had the following
properties (table 2): it was eluted at 120
mM potassium phosphate, pH 7.4 from
hydroxylapatite; it was precipitated with
80% saturated ammonium sulfate at pH 6
or with 60-80% saturated ammonium sul-
fate at pH 8; it was resistant to heating at
60°C and pH 6-8 but irreversibly destroyed
at pH 5 or lower; it was precipitated be-
tween 25-54% ethanol at pH 6; it was
bound to DEAE—cellulose at pH 9 but not
at pH 7.5; and it was resistant to trypsin
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Table 2. Comparison between the properties of heme-stimulating activity and transferrins

Properties Heme-stimulating activity  Transferrins Ref. (Tf or OT)®
Molecular weight 68-80 000 (fig. 1) 76-79 000 16 (TY), 14 (Tf, OT)
Isoelectrofocusing pl 5.3-6.5 (fig. 2) pl 5.62-6.73 31 (0T)
Heat resistance Stable at 60°C, pH 8 and [ron-saturated, stable at 13, 32-(Tf, OT) (iron-

15 min 65°C, pH 8 and 120 min saturated Tf and OT are

Destroyed at 60°C, pH 5
and 15 min
Ammonium sulfate

precipitation pH 6, 80 % saturation

Iron-free denatured at
65°C, pH 8 and 10 min

converted into iron-free
by exposure to pH 5)

pH 6.5, 88 % saturation 14 (Tf)

pH 8, 60-80% saturation  pH 8, 65 % saturation 3307
DEAE binding Binds at pH 8, 30 mM Binds at pH 7.4, 5 mM 20 (OT, chicken Tf)
phosphate® phosphate
Eluted at pH 4 Eluted at pH 4.4, 75 mM

phosphate

HAP chromatography Eluted at 120 mM phosphate, Elyted at 100 mM phos-

Author (data not shown, OT)

pH7.4 phate, pH 7.4

SDS gel
electrophoresis
Trypsin digestion

an 80 000 band
Resistant at pH 7.3

Active fractions possessed 80 000 band

16 (TD), 14 (Tt, OT)

Iron-saturated are resistant 13 (Tf, OT)

, Iron-free are digested

* Tf, human serum transferrin, OT, ovotransferrin, transferrin found in the chicken egg white. Chicken serum
transferrin and ovotransferrin seem to differ only in the carbohydrate composition [18-21]. Ovotransferrin is
14% of the egg white, s0 is the most studied transferrin, together with human serum transferrin [14].

® Ionic strength equivalent to 30 mM phosphate,

(80 ug of trypsin/400 ul of anemic chicken
plasma, incubated at 37°C for 1 h at pH
7.3). By using purification methods in a se-
quential fashion (ethanol precipitation,
Sephadex chromatography, DEAE—cellu-
lose chromatography and ammonium sul-
fate precipitation), an active fraction with
about a 30-fold purification factor'was iso-
lated. All the above-mentioned fractions
possessed an 80000 molecular weight pro-
tein band by SDS-gel electrophoresis.

Properties of heme-stimulating

Jactor and transferrin

Table 2 shows a comparison between the
properties of heme-stimulating activity and
those of the ovotransferrin or serum trans-
ferrin molecules. The molecular weight
estimations, the isoelectric point range, the
pH dependence of resistance to heat, the

ammonium sulfate concentrations needed .

to precipitate the factor or the transferrins,
the conditions for ‘DEAE binding’ and the
resistance to trypsin digestion are similar
for the anemic chicken plasma heme-stimu-
lating activity -and for chicken ovotrans-
ferrin (iron-binding protein from chicken
egg white) or human serum transferrin
(iron-binding protein from human serum).

Colony- and burst-stimulating factors

Fig. 3A shows the protein profile-and the
total number of chick erythroid colonies in-
duced by incubation of chick bone marrow
cells with fractions from Sephadex G-100
chromatography of anemic chicken plasma
in the absence of FCS. The number of
erythroid colonies was highest (400-500
colonies/well) with fractions 25-30, where-
as the rest of the cultures contained 20-
70 colonies/well, like the control cultures
incubated in the absence of added aliquots.

Exp Cell Res 131 (1981)
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Fig. 4. Effect of the dosage of iron-saturated and
iron-free ovotransferrin on the percentage of benzi-
dine-positive colonies produced at 48 h of culture.
Conditions of culture were as described in Methods,
except the concentrations of FCS (0.17 mg/well) and
BSA (3 mg/well). Iron-free ovotransferrin was pre-
pared from iron-saturated ovotransferrin (Sigma) by
extensive dialysis against 0.1 M Na citrate, pH 4.5 and
then distilled water. Qvotransferrins were added at
the onset of the cultures. Two wells were scored
separately and about 100 colonies were classified as
either strongly benzidine-positive or weakly benzidine-
positive and benzidine-negative. Averages and ranges
are given in the figure. ®—®, Iron-saturated ovo-
transferrin, @---8, iron-free ovotransferrin; (J---0J,
iron-saturated rabbit or human transferrin (Sigma).

The intensity of benzidine stain was high-
est with the same fractions coinciding with
the higher number of erythroid colonies
(fig. 3B). The average size of the erythroid
colonies was approximately constant for all
the fractions. An apparent molecular weight
of 68-80000 D could be calculated for
colony-stimulating activity from these data
and from the elution volume of other
markers.

Anemic chicken plasma was fractionated
by Sephadex G-100 chromatography and
the fractions were assayed for both heme-
stimulating activity and burst-stimulating
activity in the presence of FCS. The burst-
stimulating factor was not separated from
the heme-stimulating factor. Similarly, iso-
electrofocusing did not separate these two
activities (data not shown).
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Fig. 5. Effect on the dosage of iron-saturated ovo-
transferrin and human transferrin on the total number
of erythroid colonies produced at 48 h in cultures made
in the absence of FCS. Conditions of culture were as
described in Methods, except for the concentrations
of FCS (0%) and BSA (1.8 mg/well). Ovotransferrin
was added at the onset of the cultures. Two wells
were scored separately; averages and ranges are given
in the figure. ®—®, Iron-saturated ovotransferrin;
0---0, iron-saturated human (or rabbit) transferrin
(Sigma),

Heme-, colony- and burst-stimulating
activities of ovotransferrin

Iron-saturated and iron-free ovotransferrins
were obtained from Sigma Chemical Co.
and assayed for heme-, colony- and burst-
stimulating activities. Fig. 4 shows the
effect of the dosage of iron-saturated and
iron-free ovotransferrin on the percentage
of benzidine-positive colonies produced at
48 h of culture. The specific activity of this
preparation was 70% benzidine-positive
colonies/ug of ovotransferrin.

Fig. 5 shows the effect of the dosage of
iron-saturated ovotransferrin and human
transferrin (Sigma) on the total number of
erythroid colonies produced at 48 h in cul-
tures in the absence of FCS. About 8-10
ug of ovotransferrin/well were required to
obtain maximal numbers of erythroid colo-
nies. This specific activity varied between
6~60 colonies/ug with different BSA
batches. The erythroid colonies were ben-
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Table 3. Number of chick erythroid burst-
like erythroid colonies obtained in the ab-
sence and in the presence of several con-
centrations of ovotransferrin

ug of No. of
ovotrans- burst-like
ferrin/ erythroid

Cultures well colonies/well
Control {no addition) 0 2.7+0.6
+ovotransferrin 0.5 8.5+0.8
[ 14,0+2.3
2 11.540.8
8 27.743.7
16 28.2+2

Cultures were set up as described in Materials and
Methods with 100000 chick bone marrow cells/well,
0.35 mg/well (20%) of FCS and 1.8 mg/well of BSA.
Cultures were incubated in the absence and in the
presence of Sigma ovotransferrin. After'7 days, the
cultures were harvested, fixed and stained by the
hematoxylin-benzidine-peroxide method as de-
scribed. Either large benzidine-positive colonies or
groups of smaller benzidine-negative and benzidine-
positive colonies were counted as burst-like erythroid
colonies. Four wells were scored separately; the
averages and S.D. are given.

zidine-negative and slightly benzidine-posi-
tive at low dosages (0-2 ug of ovotrans-
ferrin). The intensity of the benzidine stain
increased with the ovotransferrin concen-
tration. No significant differences were
found between the activities of iron-satu-
rated and of iron-free ovotransferrin (data
not shown). Human or rabbit serum trans-
ferrins (Sigma Chemical Co.) were not able
to produce benzidine-positive chick eryth-
roid colonies (fig. 4) nor did they stimulate
chick erythroid colony formation (fig. 5).
For assaying burst-stimulating activity,
cultures were set up as described in Ma-
terials and Methods in the absence and
presence of several concentrations of ovo-
transferrin. After 7 days of incubation, the
cultures were fixed and stained as de-
scribed, and burst-like colonies were scored
by the criteria discussed earlier. Cultures
made in the absence of ovotransferrin con-

Table 4. Heme- and colony-stimulating ac-
tivities of purified ovotransferrin

% ben-
zidine + No. of
colonies/ colonies/
[ 2344 mg
Ovotransferrin (as ob-
tained from Sigma) 47.5 37.5
Trypsin-treated ovo-
transferrin 28.9 46.8
Hydroxylapatite
fraction 32.3 48.0
Electrophoresed band 48.0 42.5
ConA-Sepharose
fraction II 47.5 50.0
fraction 1 44.0 37.5
fraction IV 45.5 45.0

Ovotransferrin was obtained from Sigma, except the
ConA-Sepharose fractions which were a gift from Dr
Hotta (as described by Iwase & Hotta [22]). Ovotrans-
ferrin was purified as described in Methods. Heme-
stimulating activities were determined in cultures
made in the presence of 10% FCS; they are expressed
as the % of erythroid colonies which appeared benzi-
dine-positive per ug of protein. Colony-stimulating
activities were determined in cultures made in the
absence of FCS; they are expressed as the number
of erythroid colonies per ug of protein. The specific
activity remained the same or slightly increased for
both heme- and colony-stimulating activities. The ap-
parent decrease of heme-stimulating ggtivity of the
‘trypsin’ and '"HAP' fractions in this experiment was
not confirmed (data not shown).

tained an average number of 2.7 benzidine-
negative bursts, Cyltures made in the pres-
ence of ovotransferrin contained a maxi-
mum number of 28 benzidine-positive
bursts. The number (table 3), the intensity
of the benzidine stain and the size of these
bursts increased with increasing amounts of
ovotransferrin.

Further purification of ovotransferrin
Since it is possible that the activities dem-
onstrated for ovotransferrin were due to
trace impuri}ies, efforts were made to study
this possibility by independent further
purification of commercial iron-saturated
ovotransferrin (Sigma).

Iron-saturated ovotransferrin, which is

Exp Cell Res 131 (1981)
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resistant to trypsin digestion [13] was di-
gested with trypsin and the digest was sepa-
rated by Sephadex G-75 chromatography.
Fractions eluting in the ovotransferrin re-
gion were pooled and lyophilized (Materials
and Methods).

Iron-saturated  ovotransferrin  fractio-
nated by ConA-Sepharose chromatography
was obtained from Dr Hotta ( 1977).

All the above preparations gave one
single band at about 80000 and only trace
amounts of other proteins by SDS-gel elec-
trophoresis (data not shown). Table 4
shows the heme- and colony-stimulating
* activities of all the above-mentioned frac-
tions, which were not significantly different
from each other and not significantly altered
by the purification procedures.

DISCUSSION

By itself BSA does not have erythroid
colony-stimulating activity, but in the pres-
ence of anemic chicken plasma it is able
to allow the formation of small, erythroid
colonies (fig. 1). Perhaps contaminants
bound to BSA are responsible for this ef-
fect, because a preparation of lipid-free
BSA was unable to support colony forma-
tion. It has been reported that the growth
of mouse hemopoietic colonies in low se-
rum requires BSA and lipids [6]. Maximum
growth of small, erythroid colonies requires
the presence of FCS even when anemic
chicken plasma is added to the medium
(table 1). This suggests that FCS contains a
factor not present in anemic chicken plasma
required for this optimal growth. Attempts
to substitute the FCS requirement in mouse
bone marrow erythroid cell cultures have
not been completely successful, although
culture conditions have been found to re-
duce to-1% the FCS requirement [6].

This study reports for the first time the
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existence of erythroid burst-like precursors
(BFU-E) in chicken bone marrow. The ap-
pearance of the bursts is dependent on the
presence of anemic chicken plasma. The
morphology (fig. 2), the time required for
formation (Materials and Methods) and the
numbers of these bursts are similar to what
has been reported in the mouse and in
human bone marrow cultures [2, 5, 7-10].

The behavior in our in vitro system of the
heme-stimulating activity during gel filtra-
tion, isoelectrofocusing, trypsin digestion
(table 1), ammonium sulfate precipitation
(table 1), DEAE—cellulose chromatography
(table 1), HAP chromatography (table 1)
and inactivation by heat at low pH (table
1) were similar to that reported for human
serum transferrin or chicken ovotransferrin
(table 1) [14-17]. By using published purifi-
cation procedures for serum transferrin
[17], a fraction could be obtained that had
heme-stimulating activity and a band of
80 000 molecular weight by SDS-gel electro-
phoresis (data not shown). Estimations of
level of transferrin in the anemic chicken
plasma by SDS-gel electrophoresis and
comparison of expected heme- and colony-
stimulating activities on the basis of the
dose response curves (figs 4, 5) for purified
ovotransferrin, varied within the same or-
ders of magnitude (data not shown). Fur-
thermore, heme-, colony- and burst-stimu-
lating activities from anemic chicken
plasma could not be separated from each
other by gel filtration or by isoelectrofocus-
ing. All these data suggest that there is only
one factor involved in the three separable
effects observed for anemic chicken plasma
and that this factor is probably serum trans-
ferrin.

Serum transferrin and ovotransferrin (the
transferrin of egg white) seem to differ only
in the carbohydrate composition [18-21].

‘Serum transferrin is one of the molecular
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species found in the ovotransferrin when
separated by ConA-Sepharose chromato-
graphy [22]. Because of the availability of
highly purified ovotransferrin, experiments
were continued with this material,

Ovotransferrin also appeared to have
heme-stimulating activity (fig. 4), colony-
stimulating activity (fig. 5) and burst-stimu-
lating activity (table 3). Heme- and colony-
stimulating activities were not removed by
further purification attempts (table 4).

Samarut [23] recently reported on the
preliminary purification of a chicken eryth-
roid (in vitro) colony-stimulating factor
from anemic chick serum. By gel filtration
on Sephadex G-75, the peak of activity was
broad and eluted near a marker at 68 000,
By DEAE-cellulose, the activity was eluted
at 40 mM phosphate buffer pH 6.8. Both of
these properties are similar to the ones
found for the heme-stimulating activity as
defined in this study suggesting that Sama-
rut’s factor might be identical to our heme-
stimulating factor.

The requirement for ovotransferrin {(or
chicken serum transferrin) by maturing red
blood cells to produce benzidine-positive
cells (heme-stimulating activity) is not sur-
prising, since this iron-transporting protein
is known to be required to deliver iron to
those cells [24-26]. The requirement for
ovotransferrin (or chicken serum transfer-
rin) for growth (colony or burst) is also
not surprising, since specific growth-pro-
moting activities for transferrins have been
reported in cell culture [27-30]. The need
for ovotransferrin (or chicken serum trans-
ferrin) for growth (colony or burst) as a
requirement for in vitro culture of chick
erythroid cells needs further research. Spe-
cific. growth-promoting activities for trans-
ferrins have been reported in cell culture
for other cell types [27-30], and transferrin
has been reported as a requirement (in addi-
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tion to erythropoietin, BSA, FCS and Se)
for mouse bone marrow erythroid cell
growth [10]. No reports exist, however, on
the effects of transferrin in the complete
absence of FCS and/or erythropoietin in
the mammalian erythrocytic cultures.

In the chick erythrocytic culture, ovo-
transferrin (or chicken serum transferrin)
appears to be the only growth requirement
in the complete absence of FCS and added
specific chick erythropoietin by using the
same cell concentrations and similar culture
conditions to what has been used in the
mouse system [3, 10].

The role of transferrin during chick eryth-
ropoiesis is not clear from our present in
vitro studies. It could be that the ovotrans-
ferrin requirement appears to be the only
requirement, because chicken erythropoie-
tin and/or other chicken growth factor(s)
are already present in the cell inoculum
or the cells are already triggered in vivo.
Although this possibility is unlikely in the
case of burst formation, since it seems to
require very high concentrations of eryth-
ropoietin in the mouse system [5, 6], more
experimental evidence is needed to decide
among this and/or other possibilities in the
chick system.

We are grateful to Dr K. Hotta for providing ConA
fractions of chicken ovotransferrin. This work was
supported by grant no. AM13945 from the USPHS
and by grant RR07047 from the USPHS. J. C. was
supported by the Fundacion del Instituto Tecnologico
para Postgraduados of Spain,

REFERENCES

1. Samarut, J & Nigon, V, Exp cell res 100 (1976)
245.

. Coll, J & Ingram, V M, J cell biol 76 (1978) 184.

. Mcleod, D L, Shreeve, M M & Axelrad, A A,
Blood 44 (1974) 517.

- Cooper, M C, Levy, J, Cantor, L. N, Marks, P A &
Rifkind, R A, Proc natl acad sci US 71 (1976) 1677.

. Heath, D 8, Axelrad, A A, McLeod, D L &
Shreeve, M M, Blood 47 (1976) 778.

LI

LA N

Exp Cell Res 131 (1981)




184

&

10.
11

12,
13.

15.
16.
17.

Exp

Coll and Ingram

Iscove, N N, Erythropoiesis (ed K Nakao, J] W
Fisher & F Takaku) p. 165. University Park Press,
Baltimore, Md (1974).

. Iscove, N N, Sieber, F & Winterhalter, K H, J cell

physiol 83 (1974) 309.

. Tepperman, A D, Curtis, J E & McCulloch, E A,

Blood 44 (1974) 659.

. Axelrad, A A, McLeod, D L, Suzuki, S &

Shreeve, M M, Differentiation of normal and
neoplastic hematopoietic cells (ed B Clarkson, P A
Marks & J E Till), p. 155. Cold Spring Harbor
conf. on cell proliferation, vol. 5. Cold Spring
Harbor, NY (1978).

Guilbert, 1. J & Iscove, N N, Nature 263 (1976)
594.

Laemmli, U K, Nature 227 (1970) 680.

Maizel, J V, Exp tech for virology (1969) 334.
Azari, PR & Feeney, R E, J bio} chem 232 (1958)
293,

. Putnam, F W, The plasma proteins. Structure,

function and genetic control (ed F W Putnam)
vol. 1, p. 265. Academic Press, New York (1975).
Jeppsson, J O, Biochim biophys acta {40 (1967)
468. '
Palmour, R M & Sutton, H,E, Biochemistry 10
(1971) 4026.

Hudson, G, Ohno, M, Brockway, W ] & Castel-
lino, F J, Biochemistry 12 (1973) 1047.

. Graham, | & Williams, J, Biochem j 145 (1975) 263.

Cell Res 131 (1981)

19.

20.
21.

V4

22.
23,
24,

25.

26.
27.

28.
29,

30.

31,
32.

33.

Williams, J, Biochem j 83 (1962) 355.

— Ibid 108 (1968) 57.

Thibodeau, S N, Lee, D C & Palmiter, R D, J biol
chem 253 (1978) 3771,

Iwase, H & Hotta, K, J biol chem 252 (1977) 5437.
Samarut, J, Exp cell res 115 (1978) 123.

Williams, S C & Woodworth, R C, J biol chem 248
(1973) 5848,

Harris, D C, Proteins of iron metabolism (ed E M
Brown, P Asien, J Fielding & R R Crichton) p. 197.
Grune & Stratton, New York (1977).

Zapolski, E J & Princiotto, I V, Biochem j 166
(1977 175.

Tomey, D C, Invie, R C & Mueller, G C, Exp cell
res 74 (1972) 163.

Hayasi, J & Sato, G, Nature 259 (1976) 132,
Rizzino, A & Sato, G H, Proc natl acad sci US 75
(1978) 1844.

Hutchings, 8 E & Sato, G H, Proc natl acad sci US
(1978) 901,

Wenn, R V & Williams, J, Biochem j 108 (1968) 69.
Azari, PR & Feeney, R E, Arch biochem biophys
92 (1961) 44.

Azari, P R & Baugh, R F, Arch biochem biophys
118 (1976) 138.

Received April 9, 1980
Revised version received August 5, 1980
Accepted August §, 1980

Printed in Sweden

CHAN(
BLOOD
EM

The human
Galg1—4Gid
Gal31—>4Gl
and the anti
GalB1—4Gl

have been us
of mouse tet.
of disaggreg
bodies have
ated with d
ated and cy
tion into prk
the surface
distributed
tions into the
other types
basolateral

The carbohydrz
and glycolipids
receptors in ce
mation is accun
bohydrates of ¢
sis and (2) durii
mouse embryor
[1-6]. For exa
workers have
prepared by pr
entiated embry |




