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Transferrin microheterogeneity as a probe in normal and
disease states
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Isoelectric focusing of iron saturated serum has been established as a convenient method for showing transferrin glycan
microheterogeneity. In a clinical setting, the method is used in the detection of cerebrospinal fluid leakage, the screen-
ing for surreptitious alcohol abuse and in the diagnosis of the carbohydrate deficient glycoprotein syndrome. In normal
physiological states it can also be used as a tool to probe for changes in N-glycosylation.
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Introduction polymorphism in most populations has, therefore, spuriously

i o o increased to about 29%. Although distributions in different
Microheterogeneity is defined in this article as the structural

variation in monomeric proteins due to differences in N-linked
glycan structure. Many methods are now available to measure
structural diversity but most often these only partially describe
the situation. Although exact description of glycan structure is
possible, this is impractical in view of the relatively large
amount of protein needed in such an analysis.

Transferrin (Tf) is the iron carrying monomeric glycopro-
tein of vertebrates, and plays an important physiological role
in iron homeostasis, regulation of growth and non-immuno-
logical defence [1, 2]. It exists in many different forms which
are determined by genetic polymorphism, iron saturation and
glycan composition. These factors affect the electrophoretic
behaviour of Tf. The most common phenotype (more than
95% in European populations) has been designated TfC, Fe
whereas the anodal and cathodal forms are designated TfB and W
TID respectively. Phenotypes within the main groups are
given subscripts (TfD¢,, TfD,, etc). The aminoacid changes in
some of these variants have been shown to be a single
aminoacid substitution [3]. Until 1978, TfC was considered to
be a single variant. However, using isoelectric focusing (IF),
TfC was shown to consist of many subtypes; the total number Legend: W-=GLcNAc O<Man @:Cal O=NAcNeu
of C-variants is now claimed to be 16 [4, 5]. The degree of Tf
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Figure 1. Schematic representation of the transferrin molecule car-
rying two N-linked glycans in the C-terminal domain. Three micro-

"To whom correspondence should be addressed heterogeneous forms of human transferrin are shown at the bottom of
the figure. Taken with permission from reference 2.
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Figure 2. Concanavalin A Sepharose chromatography of human serum transferrin.
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Figure 3. Top: densitometric scan of sialotransferrins separated on immobilines. Bottom: separation in ampholine gel. Cathode at the right hand

side. Numerals indicate number of sialic acid residues per molecule.

populations vary, of all 38 or more variants only four occur
with a frequency of over 1% [5].

Amongst the serum glycoproteins, glycosylation of Tf is
relatively simple (Fig. 1). Most other glyoproteins contain
three or more N-linked glycans and some O-linked glycans.
Tf contains no O-linked glycans and only two N-linked
complex type glycans [6, 7]. This means that the elec-
trophoretic pattern for Tf is relatively simple. Similarly,
Concanavalin A affinity chromatography yields a limited
number of well separated fractions which are easily identified
(Fig. 2).

IF using immobilines is one of the most sensitive separation
methods available and separates molecules on the basis of dif-
ferences in ionizable groups. Immobilines are used to create a
fixed pH-gradient in a gel. Proteins which are added to the gel
move between cathode and anode until they reach a position in
the gel where the pH is equal to their isoelectric point. This
causes the protein to accumulate at this position in the gel.
Hence, accurate and reproducible quantification of Tf variants
is possible.

Initially, quantification of Tf was performed by crossed
(rocket) immunoelectrophoresis. The area under the Tf
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precipitation peaks was measured and the relative amounts of
each fraction was determined by determining the % area in
each fraction. In this article relative amounts in each fraction
have been guantified by scanning the gel using a laser densito-
meter after immunofixation and subsequent staining. This
gives numerically identical results, but is much less labour-
intensive and gives better base line separation and repro-
ducibility. In Fig. 3 typical results are shown, emphasizing the
superior separation for Tf in an immobiline gel compared with
that obtained in an ampholine gel.

In this article, current knowledge on the investigation of N-
linked glycan heterogeneity of Tf is summarized, and the use
of IF of iron saturated Tf in serum as a tool to detect alter-
ations in N-glycosylation in pathophysiological situations is
highlighted.

Materials and methods

Sample treatment

Venous blood samples were obtained between 10.00 am and
12.00 am in glass tubes without anticoagulant. Omitting the
anticoagulant is a relevant part of the procedure, as we and
others have found that this may influence the IF [8]. After clot
retraction, the sample was centrifuged for 20 min at 1200 x g
and 4°C. The serum was used immediately or stored at —20°C,
or —70°C until it was used. Before storage or application to the
gels, complete iron saturation of the Tf was ensured by mixing
100 ul of serum with 5 ul of 0.5 mol 1! NaHCO; and 3 pl of
10 umol! Fe (I11) citrate and standing at room temperature for
1 h. Rabbit anti human Tf anti-sera was made in the laboratory
‘compared favourably with commercially-available anti sera
{Dako-Denmark).

Analytical isoelectric focusing and crossed-immunoelectro-
phoresis

This method involved two steps; the first, separated the
proteins and the second, identified and quantified the separated
compopents.

The Tf subfractions were separated on polyacrylamide gel-
strips in an immobilized pH-gradient by IF. Strips were cut
from an Immobiline Dry Plate, pH 4.9 — 6.1 (Pharmacia
Biotech, Sweden), which had previously been rehydrated in
aqua bidest to a final weight of 20 g per gel and placed on a
thermostatically-controlled baseplate of an IF apparatus kept
at 10°C. Anode and cathode strips soaked in 10 mmol I glu-
tamic acid and 10 mmol 1! NaOH, respectively, were placed
over the ends of the Immobiline strips. An aliquot containing
2 pl of an iron-saturated serum (diluted 1:10) was applied at
the cathodal side of the strips and a voltage of 1 kV was
applied for 18 h. After IF, strips were covered with 50 pl
rabbit anti human Tf antibody (purchased from Dako,
Copenhagen, Denmark, titre 1:2800 or an in-house prepared
antibody). Dilution of the sample prior to IF was necessary
because it was found that antigen excess could cause predomi-
nant subfractions to dissolve during the overnight saline wash
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following the antibody treatment. Immunoprecipitated bands
were stained in a solution of 12% (w/v) trichioroacetic acid
containing 0.1% Coomassie Brilliant Blue G-250, and rinsed
with demineralized water and air dried.

Tf bands were quantified with the Ultroscan XlLaser
Densitometer. Results were processed using the Gelscan XL
(2.1) software (Pharmacia Biotech).

Tf concentrations

TF concentrations were measured turbidimetrically [9]
using a Boehringer antibody ES22. The Tf immuno-
precipitated with sheep-anti-human-Tf in an 0.1 mol 1!
Na,HPO/KH,PO, buffer pH 7.5, containing 4%
polythyleneglycol.

Concanavalin A affinity chromatography

Tf isolated from serum by immunoaffinity chromatography
was separated into the following three fractions: nonbinding,
weakly binding and strongly binding using the procedure
described by Hatton and Berry [10]. Diferric Tf was dialysed
against 0.05 mol 1! Tris/HCI, pH = 7.6 containing 1 mol 1~
NaCl, 1 mmol I CaCl, 1 mmol I"! MnCl,, | mmol I MgCl,,
and approximately 1 mg Tf per g wet gel was loaded on to a
Sepharose concanavalin A (Con A) column. The column was
pre-equilibrated and eluted with the above buffer. Fractions of
5 ml were collected and most of the Tf (about 76%) was eluted
after adding o-methyl-glucopyranosyl (0.15 mol 1)) to the
buffer. The nonbound and the weakly bound fractions
amounted to approximately 4% and 20% respectively.

Results and discussion

For the interpretation of IF patterns, detailed knowledge of
glycan synthesis and metabolism is required. For reviews on
this topic see [11-15]. Evolutionarily, glycan synthesis is one
step up the ladder compared to protein synthesis, particularly
in its coding mechanism. Through branching, different
anomeric configurations and types of bonding, a vast combina-
tion of structural classes are created. However, glycans are
distinct from polypeptides and nucleic acids, in the relatively
small molecular size at which this diversity is attained. They
are also distinct from nucleic acids and polypeptides in that
they are not coded for by an accurate template mechanism.
Essentially, glycan structure is coded for by the intrinsic infor-
mation present in the primary, secondary and tertiary structure
of the polypeptide core, in conjunction with characteristics of
the enzymes involved in the synthetic machinery; as well as
any interaction with the matrix in which the glycan is
processed. Consequently, the outcome is not easily defined,
and the final product is very microheterogeneous.

With differic Tf the picture is simpler because the hetero-
geneity visualized through variations in the isoelectric point
in a sample is a reflection of the number of sialic acid
residues per molecule. In complex N-glycans, the degree of
branching determines this number. Further variation can be
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Table 1. Transferrin microheterogeneity in normal serum as distinguished by degree of branching of glycans
(Con A separation) and by number of sialic acids per molecule (IF separation expressed as a %).

Concanavalin A separation

IF separation

bi-bi-antennary bi-tri-antennary tri-tri-antennary Total (%)
Sialotransferrin
Fractions
4] — — -
1 _ — -
2 2.3 0.2 - 2.5
3 7.1 02 - 7.3
4 654 0.8 0.1 66.3
5 0.7 18.0 0.2 18.9
6 - i1 3.7 4.8
7 - 0.1 0.1
8 — — _ —
Total 75.5 20.3 4.1 99.9
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Figure 4. Densitometric scans of transferrin microheterogeneity in the course of acute hepatitis. Cathode at the right hand side of the figure.
(A) Normal scan. (B) Isoelectric focusing pattern at presentation with severe hepatitis. (C) Pattern in the convalescent period. Gradual normal -

ization of the pattern coincided with a decrease in disease activity.

present as a result of either aberrant or incomplete synthesis
or desialylation. To assess the influence of the latter two
factors, an IF analysis was performed on the three Tf frac-
tions that can be separated by Con A affinity chromatogra-
phy.

Eighteen Tf components were detected by IF in the Con A
fractions (Table 1). Only 13 are shown in the Table because

only trace quantities of the 0, 1 and 8 sialotransferrins were
visible on the gel. The Table shows that the different forms of
Tf [4— 6] after IF can be used to predict the type of complex
glycan that is present. Therefore, by virtue of its compara-
tively simpler carbohydrate structure, we have used IF of Tf as
a probe to monitor changes in protein glycosylation in physio-
logical and pathological states.
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With respect to the catabolism of glycoprotein glycans in
the circulation; it is our experience that in normal healthy indi-
viduals little variation occurs as a result of this type of
modification. Tf can be stored at 4°C for long intervals
without significant changes in the distribution of microhetero-
geneous forms. On the other hand, in a number of disease
states such as acute hepatitis and uraemic haemolytic syn-
drome, and following pneumococcal sepsis, we have observed
a very pronounced shift in the pattern towards forms with less
than the usual number of sialic acids (Fig 4). As these changes
were reversible, with the pattern gradually normalizing with
the reduction in disease activity, we believe this to be the result
of enzymes released into the circulation through cell lysis
related to the disease process, possibly augmented by bacterial
and/or viral enzymes. Between and within individuals the vari-
ation in Tf microheterogeneity as assessed by IF is minimal
[16]. Also, in all groups with an established disease or physio-
logical state the pattern of distribution is remarkable in its uni-
formity [16]. Variation in microheterogeneity is, therefore, not
just the result of random variations. The consistency of Tf, IF
patterns is characteristics and demonstrates that Tf glycosyla-
tion must be closely controlled, although the mechanism for
this is unknown. Thus, IF of serum Tf can be used to assess the
control of glycosylation.

Different degrees of sialylation and galactosylation of
human Tf in cerebrospinal fluid (CF), amniotic fluid and syn-
ovial fluid have been described {17, 18]. The occurrence of a
particularly high proportion of asialo Tf in CF has been put to
clinical use. Early diagnosis of CF leakage, most commonly
presenting as otorrhoea or rhinorrhoea, can be of vital impor-

tance in recurrent meningitis. Cerebrospinal otorrhoea and rhi-
norrhoea are notoriously difficult to diagnose, often requiring
labour-intensive, costly, radiographic procedures that are not
without risk to the patient. By analysing the microheterogene-
ity of the Tf pattern of suspect CF and demonstration of the
existence of a pronounced asialo-Tr band, a diagnosis of CF
leakage can be made [19]. Alternatively, demonstration of the
asialo-T¥ is also possible by more conventional electrophoretic
technigues (in these techniques asialo-Tf is conventionally
referred to as the tau-band), but the advantages of the IF
approach are higher specificity and, in particular, higher sensi-
tivity.

Variation in the microheterogeneity pattern of Tf can also
be found or induced by several pathological and physiological
conditions (Fig. 5). A highly aberrant IF pattern has been
described in children suffering from a rare syndrome dom-
inated by neurological abnormalities [20, 21]. The di- and
asialofractions are present in high concentrations, a phenom-
enon which also occurs in the CF of these children. Tf is not
the only aberrantly glycosylated protein in this condition. Other
glycoproteins such as o, antitrypsin and ceruloplasmin have
also been found to be glycosylated differently {22, 23]. The
metabolic error in protein glycosylation in this disease is not
well-defined and it is known as the carbohydrate deficient gly-
coprotein syndrome (CDG). After its first description by
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Figure 5. Isoelectric focusing patterns of iron saturated serum after
immunofixation with antitransferrin and Coomassie Blue staining.
Cathode at top. Lanes 4, 8 and 12: normal sera. Lanes 1, 2, 3 and 7:
Carbohydrate Deficient Glycoprotein Syndrome. Lane 9: serum from
a patient with high serum sialidase activity due to pneumococcal
sepsis. Lane 10: alcoholic. Lane 11: Hodgkin’s Disease. Lanes 5 and
6: duplicated normal pattern due to genetic heterozygosity; both TfC,
- and TfD-variant-tetrasialotransferrins are prominent, and other extra
intense signal due to pentasialo-TfD and trisialo-Tf,; focusing at the
same position.

Jaeken er al. [20], additional variants were recognized, so that
currently, a further division of the disease into subtypes
termed, CDG-1I CDG-II, etc. has been made. The exact bio-
chemical defects distinguishing these subtypes are not known
and the distinction between them is based on the microhetero-
geneity pattern of Tf, which in this context acts as an elec-
trophoretic fingerprint.

Several groups have shown that one or more Tf bands
detected by IF are more pronounced in the sera of alcoholics.
This is the reflection of an increased concentration of mole-
cules with a low sialic acid content. Detection of these bands
can be used as a clinical test for surreptitious alcohol abuse.
The specificity of such a test is inadequate, however, since
organic solvent intoxication can also cause the increased
occurrence of Tf variants with lower sialic content.

More subtle changes are induced in pregnancy, rheumatoid
arthritis (RA) and idiopathic haemochromatosis [16, 24, 25].
Besides confirming the recognized effect of pregnancy on
total Tf synthesis, we have also shown a consistent and pro-
gressive redirection of synthesis towards highly sialylated Tfs
in the course of pregnancy [24]. This effect became statisti-
cally significant in the second trimester, and the trend
appeared to be continued up to the last week of pregnancy.
Compared to any of the other investigated groups, pregnancy
had the most pronounced effect on the microheterogeneity of
Tf. After delivery, these changes are rapidly reversed. This is
demonstrable as early as 4 days after delivery, and 5 weeks
later both the concentrations and the subfraction-pattern are
virtually normal (Fig. 6). Women using oral the contraceptives
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Figure 6. Transferrin microheterogeneity in the course of pregnancy. Sialotransferrin fractions are indicated on X-axis. C: Control females, 1,
IL IIT: 1st, 2nd and 3rd trimester of pregnancy respectively, AT: full term, PPM 1 month post partum. Top: proportional distribution of sialo-
transferrin fractions (%) and in lower half corresponding concentrations (umol 1" ).

displayed a similar trend: the concentration of total Tf was
increased, and compared with the controls, more of the
increase was accounted for by the highly sialylated variants.
Compared to pregnancy, the pattern differed in that at the
same concentration of total Tf, the change in proportion was
less marked than in pregnancy.

Iron deficiency is accompanied by an increased total Tf, the
group average rising by 48.2%. Relative proportions are
shifted considerably less towards the highly sialylated frac-
tions, reaching statistical significance only for the penta-sialo
Tf. Compared to pregnancy, total Tf concentration in iron
deficiency is higher, and most of the actual increment in con-
centration is due to increased production of tetrasialo-Tf.

RA patients without anaemia have been compared with RA
patients with iron deficiency, and RA patients with anaemia
of chronic diseases (ACD). Patients with active RA generally
have a lower total Tf concentration. The decrease is less in
the subgroup with iron deficiency, but still significantly lower
when compared to the healthy controls. The microheterogene-
ity pattern is again changed in favour of the highly sialylated
Tfs. This change is less pronounced in the non-anaemic RA

patients and most pronounced in the ACD-group, with the
iron deficiency group occupying the intermediate position. In
both the iron deficiency and the ACD-subgroups, the concen-
trations of penta-, hexa- and heptasialo Tfs are not
significantly depressed compared to controls, while the total
Tf concentration in these groups is diminished by 15.1% and
38.8% respectively. The tetrasialo Tf is significantly
depressed in both proportion and in concentration in all RA
subgroups, and a similar effect is observed for the di- and
trisialo-Tf (Fig. 7).

It is possible to draw certain conclusions on the coupling
between protein and glycan synthesis from our results for dif-
ferent physiological and pathological states. Results on sera
from pregnant women indicate that protein core synthesis and
changes in glycosylation towards higher branched glycans are
not linked, since the changes in the forms with tri- and tetra-
antennary chains correlated better with duration of gestation
than with the concentration of total Tf [16]. Also, women on
oral contraceptives showed less change in microheterogeneity
when compared to pregnancy, when the total Tf concentra-
tions were similar. Another argument for this conclusion was
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Figure 7. Transferrin microheterogeneity in control females and females with RA divided in three groups: non-anaemic RA, RA accompanied
by iron deficiency and RA complicated by anaemia of the chronic diseases. Top: proportional distribution of sialotransferrin fractions (%).

Bottom: corresponding concentrations (umol i),

provided by the results from the RA group. In acute and
chronic inflammatory conditions increased synthesis of acute
phase proteins is invariably accompanied by changes in
microheterogeneity and this suggests a linkage. On the other
hand, Tf being a negative acute-phase protein [26] provides a
model in which the effect of protein synthesis on N-glycosy-
lation is dissociated from the effect of the acute phase
response on glycosylation. The microheterogeneity pattern
can change markedly even when protein synthesis is
significantly depressed. Therefore, an association between the
rate of Tf synthesis and the glycosylation pattern does not
occur.

Conclusion

Accurate and reproducible description of Tr glycan micro-
heterogeneity is provided by IF of iron saturated serum, and as
such, provides a convenient tool for the study of N-glycosyla-
tion. In a small scale this technique has been used to investi-
gate certain clinical problems, and under these circumstances
it provides valuable information. The lack of a more detailed
understanding of the biochemistry of these changes will,
however, probably limit their widespread use in the near
future.
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