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Summary. Rat aglycotransferrin (rAgTf) was produced
from the disialosyl diantennary fraction of rat transfer-
rin (rTf) by treatment with peptide: N-glycosidase F.
Following removal of the enzyme by gel filtration and
isolation of the deglycosylated protein by lectin chro-
matography, rAgTf was compared to rTf both in vitro
and in vivo. No significant differences were found be-
tween the two proteins with respect to affinity for iron
and kinetics of Fe release from the N-lobe and C-lobe.
The fluorescence emission spectrum of apo-rTf was
red-shfited by approximately 3 nm relative to diferric
rTf; however, no spectral difference was detected be-
tween rTf and rAgTf when the analogous forms (apo or
diferric) were compared. Plasma clearance of radioac-
tive iron administered to rats as either rTf or rAgTf was
comparable. Reticulocytes took up iron from rAgTf
slightly faster than from rTf. In contrast, Fe acquisition
by the liver from rAgTf was significantly reduced rela-
tive to rTf. This finding contrasts sharply with earlier
observations with asialotransferrin (rAsTf) and pro-
vides a basis for discounting charge loss as the mecha-
nism of enhanced hepatic Fe uptake from rAsTf. It is
suggested that the glycan complement of rTf, while un-
important for interaction of the protein with specific re-
ceptors, probably plays a role in the interaction with
low-affinity hepatic binding sites.
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Introduction

In rats, the principal iron-transporting protein, transfer-
rin, contains one complex oligosaccharide attachment
that is of the diantennary type (Spik et al. 1988). Earlier
studies in this laboratory showed that removal of the
two sialyl residues from rat transferrin (rTf) glycan
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shortened the biological life time of the protein by 25-
30% (Rudolph et al. 1986). Two possible mechanisms,
one specific and one nonspecific, can be considered to
account for the phenomenon: (1) specific interaction of
rat asialotransferrin (rAsTf) with the hepatic galactose/
galactosamine-specific (Gal/GalNAc-specific) lectin
(Ashwell and Harford 1982); (2) a nonspecific molecu-
lar alteration resulting from the loss of neuraminic acid
(NeuAc) carboxyl charges. A distinction between these
possibilities was afforded by a subsequent study with
rat aglycotransferrin (rAgTf), which showed that the
metabolic change following sialidase treatment was
overwhelmingly caused by altered charge (Regoeczi et
al. 1989).

Desialylation also endows rTf with the property of
preferentially directing its iron to the liver (Rudolph et
al. 1986), a feature which might be of importance for
the development of hepatic siderosis in alcoholism (Re-
goeczi et al. 1984). Based on the effect of competitive
inhibitors, we suggested that synergistic action between
transferrin receptors and the Gal/GalNAc-specific lec-
tin might explain the enhanced hepatic uptake of Fe
from rAsTf (Rudolph et al. 1986). However, a role of
charge loss could not be excluded at that time.

In the course of the present study, which was under-
taken to clarify the above point, an unexpected obser-
vation was made: namely, that the hepatic iron-donat-
ing properties of rAgTf deviated from those of both
rAsTf and control r'Tf. This prompted further studies of
the molecule in vitro as well as its function in vivo.

Materials and methods

Proteins. The main component of rTf, containing a disialosyl
diantennary glycan, was used throughout. It was isolated from
pooled rat plasma as described elsewhere (Regoeczi et al. 1987).
Unless stated otherwise, it was saturated with Fe before use. A
batch of rAgTf was prepared by incubating apo-rTf (150 mg) with
peptide: N-glycosidease F (Boehringer, Mannheim, FRG) under
conditions established previously (Regoeczi et al. 1989). After
36 h at 37° C, rTf was reconstituted as a holoprotein, followed by
separation of deglycosylated molecules from those still glycosy-



lated by chromatography on concanavalin-A-Sepharose (ConA-
Sepharose) as before (Regoeczi et al. 1989). The yield in rAgTf
was 30%. Residual enzyme activity was removed from the prepa-
ration by filtration through a column (1.5 cm x 1.1 m) of Sephadex
G-100 (Tarentino et al. 1985). To obtain rAsTf, r'Tf was incubated
with sialidase from Vibrio cholerae (Gibco). Conditions and the
technique used to separate reaction products were the same as
employed in an earlier study (Rudolph et al. 1986). Preparations
were labeled with T and/or *Fe (New England Nuclear) as re-
quired according to routine protocols (Regoeczi 1983 ; Rudolph et
al. 1986).

Fluorescence spectroscopy. A Perkin-Elmer spectrofluorometer
(model LS 50), interfaced with an IBM computer, was used. A
5-nm bandpass was set for both excitation and emission. A bi-
nomial filter was used for smoothing. Proteins (5-30 pg protein/
ml) were dissolved in 10 mM Tris/HCI pH 7.4 containing 0.15 M
NaCl. The solvent for apoproteins also included 0.001% (mass/
vol.) desferrioxamine mesylate (Ciba). Samples were excited at
275nm or 295nm and emission was recorded between 300-
400 nm. Spectra were corrected for solvent scatter and then nor-
malized.

Kinetics of iron release from rTf and rdgTf. An isotopic modifica-
tion of the spectrophotometric method of Morgan et al. (1978)
was used which distinguishes between the two iron-binding sites
of Tf with respect to release kinetics. In brief, [*FerTf or
[*FelrAgTf (2 mg/ml of either) was equilibrated with 0.1 M
Hepes pH 7.4 containing 0.15 M NaCl. Release was initiated by
adding an equal volume of a solution containing 10 mM 2,3-bis-
phosphoglycerate (Sigma) and 10 mM desferrioxamine in the
above Hepes/NaCl buffer. Samples (100 ul) were removed at in-
tervals for the determination of protein-bound and chelated *Fe
by rapid gel filtration on PD-10 columns (Pharmacia). The whole
procedure was carried out at room temperature.

Iron exchange between rTf and rAgTf. An adaptation of the
method of Aisen and Leibman (1968) was used. A mixture of both
apoproteins (50 pg of each) was labeled with *Fe. In addition, rTf
was also labeled with 'I, The latter label served as an internal
standard to monitor changes in ConA affinity of rTf that might
arise during prolonged incubation (see below). After removing
unbound radioactivity (Regoeczi et al. 1989) and reducing the vol-
ume in a Centricon 30 microconcentrator (Amicon), the prepara-
tion was added to 0.5 ml Hepes/NaCl pH 7.4 (see above) contain-
ing 450 ug each of apo-rTf and apo-rAgTf, 1 mM sodium citrate
and 0.05% (mass/vol.) NaNj, and then incubated at 37° C. Sam-
ples (50 ul) were taken at intervals up to 168 h for the determina-
tion by ConA chromatography of the partition of *Fe between
rTf and rAgTf. A similar study was also carried out using a com-
bination of rTf molecules possessing a disialosyl diantennary and
a trisialosyl diantennary glycan, respectively.

Induction of reticulocytosis. Rats were given a series of intraperi-
toneal injections of phenylhydrazine (Sigma), typically 1.5 ml of a
1% solution (mass/vol.) on days 1 and 2, and 0.8 ml on days 4 and
6. Two days later, they were exsanguinated using acid/citrate/
glucose (ACD; Dacie and Lewis 1975) as an anticoagulant. The
cells were first washed twice in ACD and then twice in RPMI
1640 medium (Flow Lab, Costa Mesa, CA) containing 5 uM ade-
nine (Sigma). Enrichment of the preparations with reticulocytes,
as established by new methylene blue staining (Dacie and Lewis
1975), was better than 95%.

Uptake of *°Fe by reticulocytes. Cells (8-9 x 107/ml) were sus-
pended in cold (4°C) RPMI 1640 medium containing 5 uM ade-
nine and bovine serum albumin (5 mg/ml; Sigma). (Traces of
transferrin detected in the albumin were removed beforehand by
cation-exchange chromatography.) Double-labeled (**Fe and
1Y), I'Tf, rAsTY, or rAgTf was added at a final concentration of
20 ug/ml before warming the suspension to 37°C in an atmo-
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sphere of 95% O, and 5% CO,. Samples (150 pl) were obtained at
intervals for the separation of cell-associated and free radioactivi-
ties in an Eppendorf microcentrifuge as described elsewhere for
hepatocytes (Rudolph et al. 1986). The '2°1/°°Fe ratio in the cell-
free medium was used in conjunction with the '*°T activity in the
cell pellet to calculate ‘net’ °Fe uptake by the reticulocytes.

Hepatic uptake of *°Fe from rIf and rAgTf. A total of 33 adult
female Sprague-Dawley rats (200-240 g body mass) were used for
this purpose. They were given free access to drinking water and
standard Purina rat chow. Each received an intravenous dose
(200 ug/100 g body mass in 0.2-0.3 ml) of either [*’FelrTf or
[°Fe]rAgTf. Groups of animals were exsanguinated under pento-
barbital anesthesia 15, 30, 60, 90, or 120 min later for the measure-
ment of net hepatic iron uptake by a technique described else-
where (Regoeczi et al. 1984). (The term ‘net’ refers to the fact that
values obtained were corrected for *Fe activity trapped post mor-
tem in the hepatic residual blood volume by determining this vol-
ume using rat '**I-albumin.)

Other techniques. To measure plasma iron clearance, rats were in-
jected with **Fe-labeled r'Tf or rAgTf (80-90 ug/100 g body mass
of either). Small venous blood samples were collected at 15-min
intervals up to 2 h, and *°Fe activity was assayed in 50-pl plasma
samples in duplicate. A Packard model 5550 counter was used for
radioactivity measurements with appropriate corrections for
Compton radiation in multiisotope experiments. Cells were
counted visually in a hemocytometer. Protein concentrations were
determined by absorbance measurements at 280 nm in a Beckman
Du-50 spectrophotometer.

Results
Iron delivery by rAgTf io cells and organs

Reticulocytes were incubated with *°Fe-labelled rTf,
rAsTf or rAgTf at a ligand/receptor ratio of 18:1, as-
suming 10° transferrin receptors (Tf-R) per cell (Iaco-
petta et al. 1981). The resultant *°Fe uptake curves
closely paralleled each other (Fig. 1). Slight inequalities
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Fig. 1. Uptake of iron by reticulocytes (8.4 x 16"/ml) from 20 pg/
ml of each of rTf (O), rAsTf (O) and rAgTf (@®). Experimental
conditions are given under Materials and methods. Points are the
means of measurements in quadruplicate, bars denote SE (only
shown when larger than symbol). For further explanations see the
text
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Fig. 2. Uptake of *°Fe from rTf (O) and rAgTf (@) by the rat liver
in vivo. Experimental conditions are given under Materials and
methods. Each point is the mean of three or four experiments.
Vertical bars denote SE

in ligand concentration probably account for the fact
that the curves reached a plateau at different levels
after about 60 min. For the interval 15-45 min, the reci-
procal plots of intracellular *°Fe values conformed to
linear regression lines with the coefficients —0.011,
—0.012 and —0.016 for rAgTf, rAsTf and rTf, respec-
tively. The values suggest that rAgTf is marginally more
efficient as an iron donor than rAsTf, which in turn is
slightly more efficient than rTf.

Plasma iron clearance was measured in six rats,
three of which received [*Fe]rTf and the other three
[*’Fe]rAgTf. The mean plasma half-life of **Fe was 45.9
(£0.6 SE) min in the former group compared with 47.6
(£3.4 SE) min in the latter. This difference is not sig-
nificant (1 =0.45, P=0.70).

Data pertaining to the acquisition of Fe by the liver
in vivo from rTf and rAgTf are summarized in Fig. 2. It
is seen that the uptake curves representing both pro-
teins diverged with time in such a way that the fully
glycosylated form out-performed the deglycosylated
one; by 60 min, the difference became significant
(P=0.019).

Iron release, iron exchange and fluorescence spectrum

Kinetics of iron release from rTf and rAgTf are com-
pared in Fig. 3. The release curves of both proteins
closely paralleled each other. The plots were nonlinear
over the first 90 min, which is attributed to the fact that
the Fe-binding site in the N-lobe is more vulnerable to
proton attack than that in the C-lobe (Evans and Wil-
liams 1978). To compute half-lives (¢,,,) of iron release
from the respective sites, two-term exponential func-
tions were fitted to the data in Fig. 3. The resultant
slopes, with coefficients of determination from 97.8% to
99.6%, gave a t,,, of 24.7 min for Fe in the N-lobe, and
293.5 min for Fe in the C-lobe of rTf, the corresponding
values for rAgTf being 25.0 min and 287.7 min. These
differences are too small to be of biological signifi-
cance.

In the presence of iron-complexing anions (e.g. ci-
trate), transfer of Fe is known to occur between trans-
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Fig. 3. Release of *°Fe from rTf (O) and rAgTf (@) in the pres-
ence of 2,3-bisphosphoglycerate. Reaction conditions are given
under Materials and methods. Curves, plotied semilogarithmical-
ly, denote protein-bound *°Fe activity at intervals following the
addition of 10 mM 2,3-bisphosphoglycerate

ferrin molecules (Aisen and Leibman 1986). We took
advantage of this feature to explore whether, in a mix-
ture of r'Tf and rAgTf, equilibrium of Fe favored either
protein: 10% of the binding sites were saturated with
**Fe in the 1:1 mixture. ConA chromatography of daily
subsamples showed minimal subsequent changes in the
initial *°Fe distribution between glycosylated and
aglyco forms. Thus, after 168 h, 3.25% of the iron that
had been originally associated with rTf was present in
rAgTf. During the same interval, the proportion of
ConA-reactive 'I-rTf decreased by 3.6%. (This de-
crease has been taken into account when calculating
*Fe distributions.) The same experimental design was
used to investigate if the presence of a trisialosyl glycan
in Tf (Regoeczi et al. 1987) affected the equilibrium of
iron exchange. Serial measurements on a mixture of rTf
molecules, containing di- and trisialosyl glycans in
equal proportions, revealed redistribution of *Fe at a
very low rate in favor of the trisialosyl component. By
168 h, 5.1% of iron that had been originally present in
the disialosyl fraction was associated with the trisialo-
syl component. Clearly, the above changes are not great
enough to postulate a role for the glycan, or the type of
glycan, in Fe binding by rTf.

On excitation at 295 nm, both the holo and apo
forms of rTf yielded a broad fluorescence peak, the
former with a maximum at 337 nm and the latter at
340 nm (Fig. 4). Since tryptophans buried in proteins
emit with a maximum close to 320 nm and those fully
exposed close to 350 nm (Lakowicz 1983), it seems rea-
sonable to conclude that the majority of Trp indoles in
rTf are localized in a partially polar micro-environ-
ment. The slightly red-shifted spectrum of apo-rTf is
consistent with a less compact state of the molecule,
which is also observable by other methods (Charlwood
1973). When excited at 275 nm, there was a relative in-
crease in emission by apo-rTf in the region over 340 nm
(Fig. 5). As inferred from the unique reactivity of trans-
ferrin tyrosyls with iodine (Regoeczi 1983), this increase
might have been due to tyrosinate emission (Lakowicz
1983). The spectra shown in Figs. 4 and 5 were not in-
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Fig. 4. Fluorescence emission spectra of apo-rTf and holo-rTf
(10 pg/ml of each) when excited at 295 nm. For experimental con-
ditions see Materials and methods. Each curve is the mean of
three separate recordings
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Fig. 5. Fluorescence emission spectra of apo-rTf and holo-rTf
(10 pg/mi of each) following excitation at 275 nm. For experimen-
tal conditions see Materials and methods. Curves are the means of
three separate recordings

fluenced by varying the concentration of rTf between
5-30 ug. Nor were the spectra of control and deglycosy-
lated rTf distinguishable (not shown).

Discussion

The present work is the first comprehensive study with
a completely deglycosylated Tf. Before, Kornfeld
(1968) removed 9-47% of the carbohydrates (other than
NeuAc) from human Tf by sequential treatment with
glycosidases; however, the product gave inconsistent
results when tested on rabbit reticulocytes.

Our results suggest that rAgTf binds and releases
iron indistinguishably from its glycosylated counter-
part. Furthermore, **Fe was cleared from the plasma
normally when complexed to rAgTf, implying that
rAgTf and rTf are comparable iron transporters.

Iron acquisition from Tf by erythroid cells can be
completely inhibited by antibodies to the Tf-R (Morgan
and Baker 1988), the inference being that access of Tf
to these cells occurs only through specific receptors.
From the data in Fig. 1 therefore, we conclude that the
interaction of rTf with Tf-R is not impaired by either
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deglycosylation or desialylation. In studies using rabbit
reticulocytes and rabbit AsTf, Hemmaplardh and Mor-
gan (1976) came to similar conclusions.

Desialylation of rTf results in a markedly enhanced
uptake of Fe by the liver (Regoeczi et al. 1984; Rudolph
et al. 1986). The present study shows that rAgTf lacks
this property (Fig. 2). Both rAsTf and rAgTf carry the
same (reduced) charge. In addition, rAgTf is also de-
void of terminal galactose residues. The different be-
haviour of the two proteins as hepatic iron donors
therefore unequivocally establishes the importance of
exposed galactose (in contrast to loss of sialyl carboxyl
charges) as a mediator of the excessive Fe uptake by
the liver from rAsTf. Further support is thus gained for
the hypothesis (Rudoiph et al. 1986) that Tf-R and Gal/
GalNAc-specific lectin act synergistically in that pro-
cess.

Significantly, removal of the whole glycan from r'Tf
affected hepatic Fe uptake rates to become subnormal
(Fig. 2). This novel observation prompts us to postulate
a hitherto unsuspected role for the Tf glycan in liver/
transferrin interactions. Three, simultaneously operat-
ing, mechanisms have been proposed for the hepatic
acquisition of Fe from Tf, namely, specific receptors
(Young and Aisen 1981), pinocytosis (Sibille et al.
1982) and low-affinity binding sites (Cole and Glass
1983; Page et al. 1984). The possibility of a reduced in-
teraction of rAgTf with Tf-R may be discarded on the
basis of data in Fig. 1. Alteration in the pinocytic rate
of r'Tf due to deglycosylation seems an unlikely expla-
nation. It remains conceivable therefore that the rTf
glycan promotes the interaction of transferrin with low-
affinity binding sites. This preliminary hypothesis
clearly requires confirmation in future studies.

Glycoprotein glycans, by virtue of interacting with
their protein backbones, can affect the conformation of
the latter (West 1986). It was for this reason that the
study was extended to protein fluorescence. There are
no published fluorescence spectra of transferrin, to our
knowledge. Measurements of Stokes radius (Charl-
wood 1973) as well as crystallographic studies (Bailey
et al. 1988) have shown that the transferrin molecule
becomes more compact on binding iron. The changes
in fluorescence following the apo-holo transition (Figs.
4 and 5) were modest and no further changes appeared
following deglycosylation. RTf contains 7 Trp and 19
Tyr residues (Schreiber et al. 1979). These residues
could change their micro-environment in diverse ways
as the protein assumes different conformations with the
net effect that no larger spectral shifts take place.

Acknowledgements. This work was supported by the Medical Re-
search Council of Canada (grant MT-4074). We thank Drs R. M.
Epand and V. S. Ananthanarayanan for the use of their fluores-
cence spectrophotometers.

References

Aisen P, Leibman A (1968) Citrate-mediated exchange of Fe™
among transferrin molecules. Biochem Biophys Res Commun
32:220-226



94

Ashwell G, Harford J (1982) Carbohydrate-specific receptors of
the liver. Annu Rev Biochem 51:531-554

Bailey S, Evans RW, Garrett RC, Gorinsky B, Hasnain S, Hors-
burgh C, Jhoti H, Lindley PF, Mydin A, Sarra R, Watson JL
(1988) Molecular structure of serum transferrin at 3.3-A reso-
lution. Biochemistry 27:5804-5812

Charlwood PA (1973) Comparison of the sedimentation and gel-
filtration behaviour of human apotransferrin and its copper
and iron complexes. Biochem J 133:749-754

Cole ES, Glass J (1983) Transferrin binding and iron uptake in
mouse hepatocytes. Biochim Biophys Acta 762:102-110

Dacie JV, Lewis SM (1975) Practical haematology, 5th edn,
Churchill Livingston, Edinburgh

Evans RW, Williams J (1978) Studies of the binding of different
iron donors to human serum transferrin and isolation of iron-
binding fragments from the N- and C-terminal regions of the
protein. Biochem J 173:543-552

Hemmaplardh D, Morgan EH (1976) Transferrin uptake and re-
lease by reticulocytes treated with proteolytic enzymes and
neuraminidase. Biochim Biophys Acta 426:385-398

lacopetta BI, Yeoh GCT, Morgan EH (1981) Transferrin recep-
tors and iron uptake during erythroid cell development. Bio-
chim Biophys Acta 687:204-210

Kornfeld S (1968) The effects of structural modifications on the
biological activity of human transferrin. Biochemistry 7:945-
954

Lakowicz JR (1983) Principles of fluorescence spectroscopy. Ple-
num Press, New York

Morgan EH, Baker E (1988) Role of transferrin receptors and en-
docytosis in iron uptake by hepatic and erythroid cells. Ann
NY Acad Sci 526:65-82

Morgan EH, Huebers H, Finch CA (1978) Differences between
the binding sites for iron binding and release in human and rat
transferrin. Blood 52:1219-1228

Page MA, Baker E, Morgan EH (1984) Transferrin and iron up-

Note added in proof

According to a recent paper (Walsh MT, Watzlawick H, Putnam
FW, Schmid K, Brossmer R [1990] Effect of the carbohydrate
moiety on the secondary structure of B,-glycoprotein I. Biochem-
istry 29:6250-6257), the circular dichroic (CD) spectrum of hu-
man plasma f,-glycoprotein I (5,I) changes following deglycosy-
lation in such a way that parts of the random coiled segments as-
sume f-turns. To see if similar changes occur in rTf, we examined,
in aqueous buffer, rTf and rAgTf in a Jasco model J-600 spectro-
polarimeter. However, no differences were found in the CD spec-
tra. A possible explanation is that 8,1 has five N-glycosylation
sites whereas rTf only one.

take by rat hepatocytes in culture. Am J Physiol 246:G26-
G33

Regoeczi E (1983) lodogen-catalyzed iodination of transferrin. Int
J Peptide Protein Res 22:422-433

Regoeczi E, Chindemi PA, Debanne MT (1984) Transferrin gly-
cans: a possible link between alcoholism and hepatic siderosis.
Alcohol Clin Exp Res 8:287-292

Regoeczi E, Chindemi PA, Rudolph JR, Spik G, Montreuil J
(1987) The chromatographic heterogeneity of rat transferrin
on immobilized concanavalin A and lentil lectin. Biochem
Cell Biol 65:948-954

Regoeczi E, Bolyos M, Chindemi PA (1989) Rat aglycotransferrin
and human monoglycotransferrin: production and metabolic
properties. Arch Biochem Biophys 268:637-642

Rudolph JR, Regoeczi E, Chindemi PA, Debanne MT (1986) Pre-
ferential hepatic uptake of iron from rat asialotransferrin: pos-
sible engagement of two receptors. Am J Physiol 251:G398-
G404

Schreiber G, Dryburgh H, Millership A, Matsuda Y, Inglis A,
Phillips J, Edwards K, Maggs J (1979) The synthesis and secre-
tion of rat transferrin. J Biol Chem 254:12013-12019

Sibille JC, Octave JN, Schneider YJ, Trouet A, Crichton RR
(1982) Transferrin protein and iron uptake by cultured hepato-
cytes. FEBS Lett 150:365-369

Spik G, Coddeville B, Montreuil J (1988) Comparative study of
the primary structures of sero-, lacto- and ovotransferrin gly-
cans from different species. Biochimie 70:1459-1469

Tarentino AL, Gomez CM, Plummer TH Jr (1985) Deglycosyla-
tion of asparagine-linked glycans by peptide: N-glycosidase F.
Biochemistry 24:4656-4661

West MC (1986) Current ideas on the significance of protein gly-
cosylation. Mol Cell Biochem 72:3-20

Young SP, Aisen P (1981) Transferrin receptors and the uptake
and release of iron by isolated hepatocytes. Hepatology
1:114-119



