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Natural human interferon-a2 is O-glycosylated
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Natural human interferon a, (IFN-a2) was isolated from a preparation of partially purified human leucocyte IFN by
monoclonal-antibody immunoaffinity chromatography. The purified protein had a specific activity of 1.5 x 108 i.u./mg;
it was estimated to constitute 10-20 %, of the total antiviral activity of leucocyte IFN. N-Terminal amino-acid-sequence
analysis identified the subspecies IFN-a2b and/or IFN-a2c, whereas IFN-a2a was not detectable. The structure of natural
IFN-a2 was found to differ from that of its recombinant (Escherichia coli-derived) equivalent. First, reverse-phase h.p.l.c.
showed that natural IFN-a2 was significantly more hydrophilic then expected. Secondly, the apparent molecular mass of
the natural protein determined by SDS/PAGE was higher than that of recombinant IFN-a2; incubation under mild
alkaline conditions known to eliminate O-linked carbohydrates resulted in a reduction of the apparent molecular mass
to that of the recombinant protein. On sequence analysis of proteolytic peptides, Thr-106 was found to be modified. These
results suggested that Thr-106 of natural IFN-a2 carries O-linked carbohydrates. Reverse-phase h.p.l.c. as well as
SDS/PAGE of natural IFN-a2 showed that glycosylation is heterogeneous. For characterization of the carbohydrate
moieties, the protein was treated with neuraminidase and/or O-glycanase and analysed by gel electrophoresis ; in addition,
glycopeptides obtained by proteinase digestion and separated by h.p.l.c. were characterized by sequence analysis and m.s.
Further information on the composition of the glycans was obtained by monosaccharide analysis. The results indicate that
natural IFN-a2 contains the disaccharide galactosyl- N-acetylgalactosamine (Gal-GalNAc) linked to Thr-106. In part of
the molecules, this core carbohydrate carries (a-)N-acetylneuraminic acid, whereas a disaccharide, probably N-
acetyl-lactosamine, is bound to Gal-GalNAc in another proportion of the protein. Further glycosylation isomers are
present in small amounts. As IFN-a2 is the only IFN-a species with a threonine residue at position 106, it may represent

the only O-glycosylated human IFN-« protein.

INTRODUCTION

At least 15 functional genes in the human genome code for
proteins of the IFN-a family. These molecules are closely related
in structure, with amino acid sequence similarities generally in
the region of about 90 %, (Henco et al., 1985). IFN-a proteins
consist of 166 amino acids (with the exception of IFN-a2, which
has 165 amino acids) and characteristically contain four con-
served cysteine residues which form two disulphide bridges. IFN-
a species are slightly acidic in character; with one exception
(IFN-«14), the proteins lack a recognition site for asparagine-
linked glycosylation. Two other human IFN species, namely
IFN-w! and IFN-£, are more distantly related to IFN-a; these
proteins are N-glycosylated. IFN-a, -# and -w, collectively
referred to as ‘class I IFNs’, bind to the same high-affinity cell
membrane receptor. Originally discovered on the basis of their
antiviral activity, class I IFNs have since been shown to exert a
multitude of biological effects; several preparations of natural
IFN-a, natural IFN-# and recombinant IFN-a2 have been
registered for therapeutic application in a range of viral and
neoplastic diseases.

The biological significance of the multitude of IFN-«a species is
still unclear. After viral infection, many, if not all, of the IFN-a
genes are expressed at least at the mRNA level; quantitative
differences have been described (Goeddel et al., 1981; Hiscott
et al., 1984). Analysis of IFN-a produced by leukaemic human
leucocytes and transformed human cell lines has also demon-
strated the presence of multiple IFN proteins (Allen & Fantes,
1980; Rubinstein et al., 1981; Allen, 1982; Hobbs & Pestka,
1982). Although the various species of IFN-a generally have very
similar biological activities, quantitative differences, e.g. in their
specific antiviral activity or their ability to stimulate natural

killer cells, have been reported (see e.g., Fish ef al., 1983; Weck
et al., 1981 ; Ortaldo et al., 1984).

In a series of experiments aiming at the isolation and character-
ization of IFN species present in human leucocyte IFN, we have
attempted to utilize the superior selectivity of monoclonal
antibodies (MAbs) not only to purify IFN from non-IFN
contaminants, but also to isolate single species of IFN. In a
previous study we used this approach to isolate natural IFN-wl
and have defined some of the properties of this molecule (Adolf
et al., 1990). We now describe the purification and some
characteristics of natural IFN-a2. Unexpectedly, we have found
that natural IFN-a2 carries O-linked carbohydrate residues.

EXPERIMENTAL

IFN bioassay

The antiviral activity of the IFN preparations was determined
in cytopathic-effect-reduction assays performed in microtitre
plates, using human A549 lung-carcinoma cells challenged with
encephalomyocarditis virus. Details of this procedure have been
described (Adolf, 1987, 1990). In each bioassay, all titrations
were performed in duplicate. A laboratory reference preparation
of recombinant human IFN-a2c was included in each assay; the
activity of this preparation had previously been assigned by
comparison with the international reference preparation for
recombinant human IFN-a2, Gxa01-901-535. All IFN activities
observed were corrected with regard to the assigned potency of
this reference preparation.

IFN e.li.s.a.

An e.li.s.a. was set up that employs two neutralizing murine
IgG MADbs to IFN-a and an IFN-a2c laboratory reference

Abbreviations used: IFN, interferon; MAb, monoclonal antibody.
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Fig. 1. MAb-affinity chromatography of human leucocyte IFN

Partially purified leucocyte IFN was applied to the column; IFN bound was eluted in a pH gradient. IFN activity in the fractions was determined
by e.lis.a., using recombinant IFN-a2c as a standard. The flow-through and eluate fractions designated B also contained immunoreactive
material; however, this activity could not be quantified (see the Results section).

preparation (see above) as a standard. Development of the
antibodies and some of their properties have been described
(Adolf et al., 1982, 1987). Antibody EBI-1 was used for coating
of the assay plates; antibody EBI-10 covalently coupled to
horseradish peroxidase was added together with the sample. o-
Phenylenediamine and NaBH, were used as substrates for the
enzyme; the reaction was stopped by addition of H,SO,, and the
absorbance of the resulting product was determined (4, — A44,,)-

Purification of natural human IFN-a2

An affinity column was prepared by coupling 12 mg of MADb -

EBI-10 [purified from mouse ascites by (NH,),SO, precipitation
and protein G-affinity chromatography using standard pro-
cedures] to 1 g of CNBr-activated Sepharose 4B according to
the recommendations of the manufacturer (Pharmacia). The
final bed volume of the column was approx. 3 ml. A preparation
of partially purified human leucocyte IFN (Cantell et al.,
1981a,b), depleted of its IFN-w1 component (Adolf et al., 1990),
containing about (2-3) x 10%i.u./ml at a total protein concen-
tration of 2 mg/ml, was applied to the column at a flow rate of
1 ml/min; in two separate runs, 200 and 350 ml were applied.
The column was then washed with 0.1 M-sodium phosphate
buffer, pH 7.5 (buffer A), and eluted with a linear gradient
formed of buffer A and buffer B (0.1 M-sodium citrate, pH 2.1) in
a Pharmacia f.p.l.c. system (flow rate 1 ml/min). Fractions were
assayed for IFN activity by e.li.s.a. Appropriate fractions of
both runs were pooled, neutralized with 1 M-NaOH, and re-
applied to the same column re-equilibrated with buffer A (flow
rate 0.25 ml/min). The same elution program was then used
again. Appropriate fractions were again pooled, neutralized, and
stored frozen in aliquots until further analysis.

SDS/PAGE, h.p.l.c. techniques and amino-acid-sequence
analysis

SDS/PAGE and reverse-phase h.p.l.c. were used to analyse
preparations of purified IFN-a2; all methods were previously
described in detail (Adolf et al., 1990). Determination of the N-
terminal amino acid sequence was performed in an Applied
Biosystems model 477A pulsed liquid-phase sequencer; amino
acid derivatives were analysed on-line by reverse-phase h.p.l.c.

(Adolf et al., 1990). Highly purified recombinant (E. coli-derived)
human IFN-a2c used for comparison was kindly provided by
Dr. G. Bodo.

Mapping of proteolytic peptides

Affinity-purified IFN-a2 was further purified, denatured and
desalted by reverse-phase h.p..c. as described (Adolf et al.,
1990). The peak fractions were collected and dried in a Speed-
Vac concentrator. Portions [29 ug (peak 1) and 100 ug of
protein (peak 2) respectively] were redissolved in 0.1 ml of 19,
NH,HCO,; 0.5 and 1 ug respectively of trypsin (sequencing
grade, Boehringer Mannheim) in 3 and 6 ul respectively of
0.01 9, trifluoroacetic acid was added, and the reaction mixture
was incubated at 37 °C. After 6 h incubation, the same amount
of trypsin was added again, and incubation was continued for
further 18 h. The reaction mixtures were reduced for 2 h at room
temperature by the addition of 10 xl of 0.5 M-dithiothreitol
and 100ul of 6M-urea before analysis. Reverse-phase
h.p.l.c. was performed on a DeltaPak C,; column [Waters;
3.9 mm X 150 mm, particle size 5 gm; pore diameter 10 nm
(100 A)] at 30 °C, using the following solvents: solvent A, 0.1 9,
trifluoroacetic acid in water; solvent B, 0.1 %, trifluoroacetic acid
in acetonitrile. The following gradient program was used (flow
rate 1 ml/min): 0-55 min, 0-55 % B (linear gradient); 55-70 min,
559% B. Peptides were detected by their absorption at 214 and
280 nm. The resulting maps were compared with a map of
recombinant (E. coli)-derived IFN-a2c prepared similarly.
Peptides derived from natural IFN-a2 that differed in their
elution behaviour from their recombinant counterparts were
collected and subjected to N-terminal sequencing, or were
cleaved further with Staphylococcus aureus V8 proteinase (endo-
peptidase Glu-C; sequencing grade; Boehringer-Mannheim).
Portions [0.88 ug (peak 1/I), 2.6 ug (peak 2/Ib) and 1.5 ug (peak
2/Ic)] of the peptides were each dissolved in 0.1 ml of 25 mm-
phosphate buffer, pH 7.8. Proteinase dissolved in water was
added (17.5, 52.5 and 29 ng respectively), and the reaction
mixtures were incubated at 37 °C. After 6 h, the same amounts
of proteinase were added again, and the incubation was continued
for another 18 h. The samples were then submitted to reverse-
phase h.p.l.c. analysis as described above. Appropriate fractions
were collected and subjected to N-terminal sequencing.
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Deglycosylation of IFN-a2

Purified, denatured and desalted IFN-a2 was treated with
Vibrio cholerae neuraminidase (50 munits/ml; 18 h at 37 °C in
20 ul of 50 mm-sodium acetate (pH 5.5)/4 mm-CaCl,) and/or
endo-a-N-acetylgalactosaminidase (100 munits/ml, 18 h at
37 °C in the same buffer). Both enzymes were obtained from
Boehringer-Mannheim. Chemical cleavage was achieved by
incubation in 0.1 M-NaOH for 20 h at room temperature.

252Cf plasma-desorption m.s.

Mass spectra of tryptic peptides were obtained on a BIO-ION
20 time-of-flight mass spectrometer (BIO-ION, Nordic AB,
Uppsala, Sweden). Samples were dissolved in aq. 0.1% tri-
fluoroacetic acid and deposited on nitrocellulose-coated targets
(BIO-ION). Spectral accumulation times ranged between 0.5 and
12 h, depending on the yield. The primary ion start rate was 1000
fission fragments/s. Spectra were obtained at an acceleration
voltage of 17 kV. Mass assignments were calculated from peak
centroids, using H* and Na* for calibration.

Monosaccharide analysis

Separation of monosaccharides was carried out on a Dionex
BioLC system consisting of a Gradient Pump Module (GPM II),
an Eluent Degas Module (EDM II), a Basic Chromatography
Module, and a CarboPac PA-1 column (4.6 mm x 250 mm) in
series with a CarboPac PA guard column. The system was
equipped with a pulsed amperometric detector (PAD II) con-
taining a gold electrode to which potentials of E, =0.05V,
E,=0.6V and E;, =—0.6 V were applied for duration times
T,=300ms, T,=120ms and T,=60ms respectively. All
solvents were degassed by saturation with helium and stored in
closed pressurized vessels with helium gas sparging. For de-
termination of neutral monosaccharides, total hydrolysis of peak
1 protein was performed by incubating the sample with 1 M-
trifluoroacetic acid for 2 h at 100 °C. After drying the sample in
a SpeedVac concentrator it was redissolved in 0.2 ml of distilled
water and injected. Separation of monosaccharides was achieved
by isocratic elution with 0.02 M-NaOH (flow rate 1 ml/min). For
determination of sialic acid, tryptic peptides were incubated in
0.05 M H,SO, for 1 h at 80 °C, neutralized with 0.4 M-NaOH and
injected. The column was eluted with 0.15 M-sodium acetate in
0.1 M-NaOH (flow rate 1 ml/min). For detection of both neutral
monosaccharides and sialic acids, 0.3 M-NaOH was added to the
column effluent at a flow rate of 0.5 ml/min.

RESULTS

Purification of natural human IFN-a2

A preparation of human leucocyte IFN, derived from Sendai-
virus-induced human peripheral blood leucocytes and partially
purified according to the procedure developed by Cantell et al.
(1981a,b), was used as the starting material for isolation of IFN-
a2. IFN-w1 present in this preparation (10-15 %, of the total IFN
activity) has been selectively removed in previous experiments by
affinity chromatography on MAb OMG-4 (Adolf et al., 1990).
The flowthrough of the OMG-4 column had a specific antiviral
activity of (1-2) x 10°® i.u./mg; IFN-a, with a specific activity of
about 2 x 10® i.u./mg, thus constitutes at most 1%, of the total
protein. To purify IFN-a2 from contaminant proteins and, at the
same time, from other IFN-« species, we again relied on the high
selectivity of MAbs. One of a series of antibodies we have
developed, EBI-10 (IgG1), was previously shown to be quite
specific for IFN-a2; whereas this antibody was able to inhibit the
antiviral activity of recombinant IFN-«2 at concentrations below
1 ug/ml, other recombinant IFN-a species were neutralized only
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at 1000-fold higher concentrations (IFN-al, IFN-aF) or not at
all (IFN-aB, IFN-aC; Adolf, 1987). To demonstrate that EBI-10
will recognize all three known variants of IFN-a2, i.e. IFN-a2a,
-2b and -2c (see below), an elis.a. using EBI-10 as the
detector antibody (see below) was carried out. All three IFN-a2
variants gave parallel titration curves and almost identical
quantitative responses (results not shown).

An immunoaffinity column was prepared by coupling antibody
EBI-10 to CNBr-activated Sepharose 4B. The leucocyte IFN
preparation was applied to the column; about 309% of the
antiviral activity was bound (mean; two different preparations).
The column was eluted using a linear buffer gradient formed by
0.1 M-sodium phosphate, pH 7.5, and 0.1 M-sodium citrate,
pH 2.1. This buffer system results in a slightly concave pH
gradient (results not shown) and was expected to resolve bound
IFN-a species in the order of the affinity for the antibody. Two
protein peaks were observed in the eluate (Fig. 1); fractions were
analysed for their IFN-a content by a two-site e.l.i.s.a. that uses
antibody EBI-10 as well as a second MAb, EBI-1 (murine IgG1),
which also shows high affinity for IFN-a2 (Adolf et al., 1982;
Adolf, 1987). Recombinant IFN-a2c was used as a standard.
Whereas the sample as well as fractions of the peak eluted at low
pH (Fig. 1, peak A) gave titration curves parallel with that of the
standard, the flow-through and fractions of the first peak (B)
gave curves with different slope; these samples could therefore
not be quantified by the e.li.s.a. (Fig. 2) and were submitted to
biological assays (Table 1). The low pH required for elution of
the IFN in peak A as well as the results of the e.l.i.s.a. indicated
that IFN-a2 was at least a major component of peak A. To
ensure that all immunoreactive IFN-a had been bound by the
antibody, the flow-through was passed over the column for a
second time and bound protein was again eluted as described
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Fig. 2. E.Li.s.a. for human IFN-«

IFN species resolved by MAb-affinity chromatography were
analysed in a sandwich e.l.i.s.a. employing two MAbs. Appropriately
diluted fractions were applied to the assay plate and diluted in serial
2-fold steps. Symbols: @, a reference preparation of recombinant
human IFN-a2c; O, leucocyte IFN applied to the column; [,
flowthrough; @, a sample of eluate A; A, a sample of eluate B.
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Table 1. Purification of natural IFN-a2

107 x Antiviral activity

Volume Protein Recovery

Stage (ml) (mg/ml) (.u./ml)* (total i.u.) (%)
P-IFt 550 1.7 2.8 1540 100
First cycle

Flow- 550 1.7 22 1216 79

through

Eluate A 18 0.08 9.6 172 11

Eluate B 17 0.05 43 73 48
Second cycle

Eluate A 8 0.1 12 96 6.2

Eluate B 4 0.1 13 54 35

* Mean values for five independent bioassays.
tP-IF (partially purified human leucocyte IFN) after removal of
IFN-wl.
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Fig. 3. Reverse-phase h.p.l.c. analysis of IFN-a2

(a) E. coli-derived recombinant human IFN-a2c; (b) natural IFN-a2
(eluate A of the affinity column).

above. The material eluted amounted to less than 109, of the
IFN activity bound in the first run.

Column fractions representing peaks A and B respectively
were independently pooled, neutralized, and each pool was
subjected to a second cycle of affinity chromatography on the
same column. In both cases more than 959, of the IFN activity
was bound; elution was observed at the same position in the
gradient as in the first cycle of chromatography (results not
shown). The original sample of the leucocyte IFN, flow-through
and pooled peak fractions of both chromatographic cycles were
analysed for protein content by Coomassie Blue dye-binding
assays, and for IFN activity in an antiviral bioassay. The results
of one experiment are summarized in Table 1.

Identification of affinity-purified protein as IFN-a2

IFN-a purified by affinity chromatography was analysed first
by reverse-phase h.p.l.c. Protein derived from eluate peak A

G. R. Adolf and others

showed two incompletely resolved peaks, 1 and 2, with a mass
ratio of about 1:3 (Fig. 3b); peak 1 represents a more hydrophilic
protein fraction. Both peak fractions were collected, rechromato-
graphed, and subjected to N-terminal amino-acid-sequence
analysis. The following sequence was obtained in both fractions
(the cysteine residues given in parentheses were not identified,
but are inferred on the basis of the conserved IFN sequences):

1 5 10 15
(Cys)-Asp-Leu-Pro-Gln-Thr-His-Ser-Leu-Gly-Ser-Arg-Arg-Thr-Leu-
16 20 25 30
Met-Leu-Leu-Ala-Gln-Met-Arg-Arg-Ile-Ser-Leu-Phe-Ser-(Cys)-Leu- ..

By comparison with published sequences, both proteins were
identified as IFN-a2.

In both peak fractions (1 and 2) amino acid 23 was un-
equivocally identified as arginine, indicating that IFN-a2a, the
IFN-a2 variant with lysine in position 23 (= LelF A; Goeddel
et al., 1981) was not present in the leucocyte IFN preparation in
detectable quantities (< 109, of total IFN-a2).

The specific antiviral activity of natural IFN-«2 with respect to
the international reference preparation for IFN-«2, Gxa01-901-
535, based on a determination of the protein content of the
sample by its absorption at 214 nm (Adolf et al., 1990), was
determined as 1.5 x 108 i.u./mg (mean; two independent prepar-
ations; five bioassays for each preparation).

When the retention time of natural IFN-a2 on the reverse-
phase column was compared with that of E. coli-derived IFN-
a2c, it was apparent that the natural protein was eluted
significantly earlier (Fig. 3). The increased hydrophilicity of the
natural protein, as well as its heterogeneity, must be due to some
post-translational modification. Further analysis was thus
required to define the structural differences between the natural
and E. coli-derived proteins (see below).

Reverse-phase h.p.l.c. of eluate peak B resulted in a more
complicated pattern of five incompletely resolved peaks (results
not shown). Sequence analysis revealed that all these peaks
represented IFN-a species, but none of them consisted of IFN-
al.

Heterogeneity of natural IFN-a2 is due to O-linked
glycosylation

H.p.l.c.-purified IFN-a2 was further analysed by SDS/PAGE
after reduction with dithiothreitol (Fig. 4). Under the conditions
chosen, E. coli-derived IFN-a2c showed an apparent molecular
mass of 17500 Da (molecular mass calculated from the amino
acid sequence 19287 Da). H.p.l.c. peak 1 (about 25 %, of the total
protein) gave a single, relatively broad, and thus possibly
heterogeneous, band, with an apparent molecular mass of
20000 Da, whereas the major peak 2 was further resolved into
two major components (20000 and 19000 Da respectively), as
well as a minor one (21000 Da). These differences in molecular
mass from that of the recombinant protein, the size heterogeneity,
as well as the increased hydrophilicity, strongly indicated that
natural IFN-a2 is glycosylated. As there is no recognition site for
N-glycosylation present in the IFN-a2 structure, O-glycosylation
was considered.

The O-glycosidic bond of glycoproteins can be opened by -
elimination under alkaline conditions. When natural IFN-« was
incubated in 0.1 M-NaOH for 20 h at room temperature, the
heterogeneity was eliminated, and the apparent molecular mass
was reduced ; protein derived from both peaks (1 and 2) resulted
in a single band with an apparent molecular mass indistinguish-
able from that of alkali-treated E. coli-derived IFN-a2c (Fig. 4).
Protein shortened by ten amino acids at the C-terminal end as
described by Levy et al. (1981), which would result in higher
electrophoretic mobility, was not detected.
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Fig. 4. SDS/PAGE of h.p.L.c.-purified IFN-o2

Proteins were reduced with dithiotreitol, separated on 15 %, -(w/v)-
polyacrylamide gels and stained with Coomassie Blue. M, molecular-
mass (M) markers. Lanes 1 and 2, E. coli-derived IFN-a2c: lane 1,
untreated ; lane 2, NaOH-treated. Lanes 3 and 4, natural IFN-a2
(h.p.l.c. peak 1): lane 3, untreated; lane 4, NaOH-treated. Lanes S,
6 and 7 (natural IFN-a2; h.p.l.c. peak 2): lane S, untreated; lane 6,
treated with O-glycanase; lane 7, NaOH-treated. Lanes 8 and 9, E.
coli-derived IFN-a2c, untreated. Lane 10, natural IFN-a2, h.p.l.c.
peak 1, untreated. Lanes 11, 12 and 13, natural IFN-a2, h.p.l.c. peak
2; lane 11, untreated ; lane 12, treated with neuraminidase; lane 13,
treated with neuraminidase and O-glycanase. Lane 14, E. coli-
derived IFN-a2c, untreated. Proteins with higher molecular mass
most probably represent oligomeric forms of IFN-a2.

Carbohydrate analysis

Further evidence for O-glycosylation was obtained in experi-
ments using neuraminidase and endo-a-N-acetylgalactos-
aminidase (O-glycanase; an enzyme that exclusively cleaves the
peptide—carbohydrate bond of serine- or threonine-linked un-
substituted Gal-GalNAc; Fig. 4). Treatment with neuraminidase,
or sequential treatment with both enzymes, had no detectable
effect on the electrophoretic mobility of protein derived from
peak 1 (results not shown). In contrast, neuraminidase treatment
diminished or eliminated the 21 kDa and 20 kDa bands derived
from peak 2, and simultaneously increased the 19 kDa com-
ponent. Treatment with O-glycanase affected only the 19 kDa
component, reducing its mass to about 17.5 kDa. Sequential
treatment with both enzymes resulted in the disappearance of all
three bands and in the appearance of a new band, again with a
molecular mass of about 17.5 kDa. A small amount of 20 kDa
protein, however, was unaffected by all enzyme reactions; this
protein most probably represents a contamination of peak 2 with
peak 1 protein, owing to incomplete resolution of the h.p.l.c.
column (Fig. 3). These results suggest that natural IFN-«2
contains a core O-linked carbohydrate moiety, probably of the
Galp1-3GalNAc-(Ser/Thr) type (19 kDa component of peak 2,
sensitive to O-glycanase), which, in a proportion of the molecules,
is modified by one or two neuraminic acid residues (20 kDa and
21 kDa components respectively of peak 2; sensitive to neur-
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Fig. 5. Separation of tryptic peptides by reverse-phase h.p.l.c.

(a) E. coli-derived 1IFN-a2c; (b) natural IFN-a2, reverse-phase
h.p.l.c. peak 1; (¢) natural IFN-a2, reverse-phase h.p.l.c. peak 2 (see
Fig. 3). Only the peptide map region containing the putative
glycopeptides is shown. Stars indicate major peaks derived from
unglycosylated peptides (retention time identical in all preparations).
Peaks I and II represent peptides comprising amino acids 84-112
and 71-112 respectively (see also Table 2).

aminidase) or by different, so far unknown, sugar residues (peak
1) that protect the peptide—carbohydrate bond from cleavage by
O-glycanase. Further glycosylation isomers may be present as
minor components, but are not detectable by SDS/PAGE (see
below).

Additional information on the structure of the carbohydrate
moieties was obtained by m.s. (plasma desorption, time-of-flight
separation) of peptides generated by trypsin digestion and
separated by reverse-phase h.p.l.c. Peptide maps obtained from
both h.p.l.c. peaks (1 and 2) of natural IFN-a2 were compared
with a corresponding map of E. coli-derived IFN-a2c; major
differences were seen in map regions that, as determined by N-
terminal sequence analysis, contain peptides comprising amino
acid residues 84-112 and 71-112 (Fig. 5; peaks designated I and
II respectively); compared with peptides derived from re-
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Table 2. Molecular masses of some tryptic peptides of natural IFN-22 determined by m.s.

Proposed carbohydrate
Molecular mass (a.m.u.)} structure
Peptide (amino

acid position Calculated Mass
Peak* number range) Observed (aglycone) Difference Structure (a.m.u.)}
1/11 71-112 5485 4736 749 Gal-GalNAc- 752

Gal-GIcNAc!

2/Ib 84-112 3975 3304 671 NeuAc-Gal-GalNAc- 678
2/11b 71-112 5448 4736 712 NeuAc-Gal-GalNAc- 678
2/1Ic 71-112 5132 4736 396 Gal-GalNAc- 387

* Peak numbers according to Fig. 5.
ta.m.u., atomic mass units.
1 Calculated mass including one Na* ion.

combinant IFN-a2c, the respective fragments of natural IFN-a2
were clearly more hydrophilic. Moreover, the map of h.p.l.c.
peak 2 gave three major peaks for each peptide (Ia, Ib, Ic; Ila,
IIb, Ilc), in qualitative and quantitative accordance with the
number and intensity of bands observed in SDS/PAGE. The
molecular masses of three major peptides determined by mass
spectrometry are given in Table 2. The observed differences
between the masses calculated from the amino acid sequence and
the experimentally determined values are in agreement with the
proposed core carbohydrate structure, Gal-GalNAc, and its
substitution by neuraminic acid in a proportion of the protein
(peak 2). The presence of sialic acid was also confirmed in
experiments using ion-exchange h.p.l.c. with pulsed ampero-
metric detection (Dionex system) of monosaccharides derived
from tryptic peptides. For this experiment, corresponding
peptides were pooled (Ia+ IIa, Ib+IIb and Ic + Ilc respectively),
sialic acids were liberated by acid hydrolysis and analysed. (a-)N-
Acetylneuraminic acid was identified in peptides a and b, but was
absent from peptides c, the most hydrophobic ones of the
triplets. N-Glycolylneuraminic acid was not detected (results not
shown).

The carbohydrate structure, which was insensitive to neur-
aminidase and O-glycanase (peak 1; about 259%, of the total
protein), was also analysed by m.s. of a major tryptic peptide
(1/11; Table 2; Fig. 5). The observed mass indicates the presence
of a tetrasaccharide, probably consisting of an N-acetyl-lacto-
samine (Gal-GlcNAc) disaccharide bound to the GaINAc mole-
cule of the core structure (Kamerling et al., 1990); however,
other interpretations are possible. Analysis of the neutral carbo-
hydrates of total peak 1 protein using the Dionex h.p.l.c.
system after acid hydrolysis confirmed the presence of Gal,
GalNAc and GIcNAc, and also indicated the presence of fucose
as well as of an unidentified monosaccharide that was eluted at
the position of the glucose marker; glucose, however, has never
been found in O-linked glycans and thus is an unlikely com-
ponent. Fucose or other monosaccharides may thus be present
instead of N-acetyl-lactosamine in minor glycoforms of peak 1
protein; these protein species may thus account for the relatively
broad and probably heterogeneous band observed in SDS/PAGE
and for minor peaks of the peptide map that are eluted
immediately before the main glycopeptide (Fig. 5b). The low
amounts of these minor glycoforms, which together represent
less then 109% of the total protein present in our IFN-a2
preparation, precluded further analysis.

Identification of the O;glycosylation site

To identify the amino acid residue(s) that is (are) glycosylated,
relevant tryptic peptides: (Fig. 5) were sequenced. As these

peptides were too long to determine the entire sequence, part of
the material was further cleaved with Staphylococcus aureus V8
proteinase and separated by reverse-phase h.p.l.c. (results not
shown). Again, peptides derived from natural IFN-«2 that
showed different retention times compared with corresponding
peptides from E. coli-derived IFN-a2c were collected and
sequenced. All relevant peptides were found to contain amino
acids 97-112 of the mature IFN-a2 protein. Whereas all amino
acid derivatives from E. coli-derived peptides were readily
identified, the derivative of residue 106 (threonine) was
undetectable in both h.p.l.c. peaks 1 and 2 of the natural protein.
This result is consistent with glycosylation at this residue, as the
corresponding phenyl isothiocyanate derivative cannot be
extracted by the butyl chloride solvent used in the sequencing
cycle.

DISCUSSION

We have utilized the unique specificity of a monoclonal
antibody for the isolation of natural IFN-a2 from human
leucocyte IFN. Protein of at least 95 9, purity was obtained after
two sequential cycles of immunoaffinity chromatography. Bio-
assays confirmed the expected specific antiviral activity
(1.5 x 10% i.u./mg). IFN-a2 therefore contributes about 159, of
the total IFN activity of leucocyte IFN, taking losses incurred
during purification into account. As suggested previously on the
basis of mRNA frequencies (Goeddel et al., 1981; Hiscott et al.,
1984), IFN-a2 thus represents a major constituent of this IFN
preparation.

Amino-acid-sequence analysis indirectly showed that cysteine
represents the N-terminus of natural IFN-a2, in accordance with
earlier studies that used mixtures of IFN-a species for analysis
(see, e.g., Allen & Fantes, 1980; Levy et al., 1980; Zoon et al.,
1980). In contrast, natural IFN-wl, isolated from the same batch
of leucocyte IFN, was previously shown to be heterogeneous at
the N-terminus; owing to variable cleavage of the precursor
during biosynthesis, about 60 %, of IFN-w1 molecules carry two
additional amino acids (Adolf etz al., 1990). No evidence for
blocked N-termini, as described by Rubinstein et al. (1981), was
obtained for IFN-a2; further, protein clipped at the C-terminus
(Levy et al. 1981) was not detectable.

Three variants of IFN-a2, differing in their amino acids at
positions 23 and 34, are known: IFN-a2a (Lys-23, His-34;
originally designated ‘Le IF A’; Goeddel et al., 1981), IFN-a2b
(Arg-23, His-34; the prototype IFN-a2 described by Streuli
et al., 1980) and IFN-a2c (Arg-23, Arg-34; formerly IFN-
a2“ Arg”; Dworkin-Rastl et al., 1982; Bodo & Maurer-Fogy,
1986). At amino acid position 23 of natural-IFN-a2, only
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arginine, but not lysine, could be identified. As a conservative
estimate, at least 10 mol 9, of lysine would have been detected by
our analytical procedure. It thus seems that IFN-a2a is at best a
minor component of natural IFN-a2 and may be totally absent
from this preparation. Amino acids beyond residue 30 of natural
IFN-a2 could not be clearly identified during N-terminal se-
quencing, and we were thus not able to conclude whether IFN-
a2b and/or IFN-a2c are represented in the preparation of
leucocyte IFN we have analysed. cDNA coding for IFN-a2b was
first derived from leucocytes isolated from the same donor
population (blood donors at the Finnish Red Cross Blood
Transfusion Service) that also provided leucocytes for the IFN
preparation used as the starting material for the present study.
IFN-a2a cDNA was isolated from a library prepared from
Sendai-virus-induced KG-1 cells, a myeloid cell line derived from
a patient with chronic myeloid leukaemia (Koeffler & Golde,
1978 ; Goeddel et al., 1981) ; IFN-a2c cDNA was cloned from the
African-Burkitt’s-lymphoma cell line, Namalwa (Dworkin-Rastl
et al., 1982). IFN-a2a, -2b and -2c are often regarded as allelic
variants, although evidence that at least IFN-a2a and -2b may
be derived from different genes was presented (Pestka et al.,
1986). If this is correct, then IFN-a2a and IFN-a2c may represent
allelic variants, and IFN-a2b may be the product of a separate
gene; alternatively, these three proteins may be derived from
allelic forms of a single gene. Our results thus can be interpreted
to show that the IFN-a2a allele is rare in, or even absent from,
at least the Finnish population, or that, for unknown reasons,
the allele is not expressed. With the help of our EBI-10 MADb
column it is feasible to determine whether the representation of
IFN-«2 variant proteins is different in preparations of human
leucocyte IFN derived from different donor populations. Our
preliminary results indicate that virus-induced Namalwa cells, a
source of ‘lymphoblastoid’ IFN (Allen & Fantes, 1982; Bodo,
1981), secrete IFN-a2b and IFN-a2c, but also do not produce
detectable IFN-a2a (I. Maurer-Fogy & G. Bodo, unpublished
work).

A number of earlier studies have attributed the size and charge
heterogeneity of human leucocyte IFN observed in SDS/PAGE
and isoelectric focusing respectively to heterogeneous glycosyl-
ation of a single polypeptide chain (reviewed by Stewart, 1979).
Subsequently, cloning of IFN cDNA and genomic DNA revealed
the unexpected multitude of IFN-a genes. With one exception,
the corresponding proteins do not contain recognition sites
(Asn-Xaa-Ser/Thr) for N-glycosylation (Henco et al., 1985);
only IFN-«14 (Le IF H, IFN-aN) contains two of these
sequences. A related IFN protein, IFN-wl, contains a single N-
glycosylation site. We have previously shown that IFN-wl is a
major component of human leucocyte IFN and is, indeed, N-
glycosylated (Adolf et al., 1990). Recently, we have obtained
evidence that IFN-«14 is also present in human leucocyte IFN,
although only in small quantity, and is also glycosylated
(G. R. Adolf, I.Kalsner, H.Ahorn, I. Maurer-Fogy & K.
Cantell, unpublished work). IFN-a14 and/or IFN-w1 may thus
account for the glycosylated IFN species with unexpectedly
high molecular mass that were observed in preparations of
human ‘lymphoblastoid’ (Namalwa) IFN and leucocyte IFN
produced by leukaemic cells (Allen, 1982; Labdon et al., 1984).
Although it was suggested that O-glycosylated species of IFN-a
may also exist (Labdon et al., 1984; Kojima et al., 1989; Zoon
et al., 1989), this has not been demonstrated directly.

Analysis of natural IFN-a2 by reverse-phase h.p.l.c. showed
that the natural protein can be resolved into two components,
both more hydrophilic than E. coli-derived IFN-a2. SDS/PAGE
revealed that the protein is also heterogeneous in molecular
mass, resulting in three bands, all of them with lower electro-
phoretic mobility than the equivalent E. coli-derived protein. The
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most straightforward explanation for the results of both ana-
lytical procedures is heterogeneous glycosylation of the natural
protein. As IFN-a2 does not contain a recognition site for N-
linked glycosylation, O-linked carbohydrates must be involved.
This hypothesis was confirmed by cleavage of the putative
peptide—carbohydrate bond with alkali; the resulting protein was
homogeneous and showed the same molecular mass as the
recombinant protein. Further comparison of natural and re-
combinant proteins after proteolytic cleavage, followed by sep-
aration and analysis of the resulting fragments, allowed us to
define a candidate glycopeptide ; sequence analysis of this peptide
identified Thr-106 as the O-glycosylation site. A comparison of
the amino acid sequences of all published IFN-a species (Henco
et al., 1985) revealed that this threonine residue is unique to IFN-
a2; glycine, isoleucine or glutamic acid are present at the
corresponding position (107) in all other proteins. This might
indicate that IFN-a2 is the only O-glycosylated species of IFN-
a, in agreement with previous reports that only two or three of
the IFN-a species purified from human cells contain carbo-
hydrates (Labdon et al., 1984; Kojima et al., 1989; Zoon et al.
1989). On the other hand, Thr-108 (109 in other IFN-a species)
is strongly conserved; however, at least in natural IFN-a2, this
residue is not glycosylated. The recognition sequence for O-
glycosylation is not well defined; proline, serine and threonine
residues are often observed in the vicinity of the O-glycosylation
site. This holds true also for IFN-a2 (Thr-106, Thr-108 and Pro-
109). It is not clear why Thr-106, but not Thr-108, is modified.

The carbohydrate component of natural IFN-«a2 was analysed
using a variety of techniques. Taken together, these experiments
clearly demonstrate that natural IFN-a2 contains at least four
major differently glycosylated protein species. For the majority
of molecules (h.p.l.c. peak 2, containing about 75 9%, of the total
protein), the most likely structure of the carbohydrate chain
could be established on the basis of experiments using
SDS/PAGE, glycosidases, tryptic peptide maps, m.s. and mono-
saccharide analysis. We propose that all molecules contain the
core disaccharide, Gal-GalNAc, which is either unsubstituted or
modified in a proportion of molecules by one or two (a-)N-
acetylneuraminic acid residues. The carbohydrate composition
of proteins represented in the minor h.p.l.c. peak (1) is less clear,
but most probably is also heterogeneous. Its carbohydrate moiety
is insensitive to neuraminidase and O-glycanase, and mass
spectrometry of the only major tryptic glycopeptide indicated the
presence of a tetrasaccharide. In accordance with these results,
and also with published O-glycan structures (Kamerling et al.,
1990), we propose that the major protein species in peak 1
contains the same core carbohydrate as described above, Gal-
GalNAc, substituted with the disaccharide Gal-GilcNAc.
Although we do not have independent proof for this structure,
our hypothesis is consistent with results of monosaccharide
analysis of the total peak 1 protein; this method also revealed
that, in addition to Gal, GalNAc and GIcNAc, other neutral
monosaccharides, including fucose, are present. Minor com-
ponents of peak 1 may thus show further diversity in carbo-
hydrate composition ; their presence may explain the broad band
observed in SDS/PAGE and minor peaks in the peptide map. In
summary, we have suggested, on the basis of a variety of
experimental approaches, carbohydrate structure assignments
for IFN-a2 glycoforms that together account for at least 90 %, of
the naturally occurring protein. A complete elucidation of the
carbohydrate structures was beyond the scope of the present
work and will require larger quantities of protein.

To determine whether IFN-a2 produced by the Burkitt’s-
lymphoma cell line Namalwa is also O-glycosylated, experiments
similar to those described above were carried out. From an IFN
preparation produced and partially purified as described by Bodo
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(1981), IFN-a2 was isolated by MAb-affinity chromatography
and reverse-phase h.p.l.c. Preliminary results indicate that
Namalwa-derived IFN-a2 is more hydrophilic and has a higher
molecular mass than E. coli-derived IFN-a2 and thus most likely
is also glycosylated; again, Thr-106 could be identified as the
glycosylation site. However, only a single peak was observed
upon reverse-phase h.p.l.c., and the pattern of glycosylation
therefore must be different (I. Maurer-Fogy & G. Bodo, un-
published work).

The significance of our findings is not clear at present.
Preparations of IFN-a2 produced in E. coli and thus devoid of
O-glycosylation have been registered as drugs in many countries.
Considering results obtained with IFN-8, IFN-w1 and IFN-y, it
is unlikely that glycosylation affects the biological activity of
IFN-a2 in vitro (see, e.g., Bocci, 1983); our antiviral bioassays
have not shown a significant difference in the specific antiviral
activities of the natural and recombinant IFN-a2 proteins. Senda
et al. (1990) have recently reported on the three-dimensional
structure of murine IFN-£ determined by X-ray crystallography ;
it is thought that all class I IFNs share this basic framework. In
this structure, residue 106 would be located in loop CD on the
surface of the molecule, consistent with a glycosylation site. With
respect to the putative receptor interaction site of IFN, this loop
is situated on the opposite side of the molecule, and thus
glycosylation is unlikely to affect binding to the receptor.
However, the pharmacokinetics of glycosylated and un-
glycosylated IFNa2 may well be different, and the stability of the
protein may be influenced by glycosylation, as is the case for
human granulocyte colony-stimulating factor (Oh-eda et al.,
1990). Further, the immunogenicity of therapeutically applied E.
coli-derived IFN-a2 might be affected by the lack of glycosylation.
Gribben et al. (1990) have recently reported that four out of 16
patients receiving recombinant human granulocyte-macrophage
colony-stimulating factor produced in yeast developed anti-
bodies to this protein; these antibodies were found to react with
epitopes that in endogeneous granulocyte-macrophage colony-
stimulating factor are protected by O-linked glycosylation, but
which are exposed in the recombinant factor. Induction of
antibodies to recombinant E. coli-derived IFN-a2 after prolonged
treatment of patients has been described (Figlin & Itri, 1988),
and it has been speculated that natural IFN-a may be less
immunogenic than the recombinant IFN-a2 proteins (Galton
etal., 1989). This topic is highly controversial, and the incidence of
antibody induction certainly depends on a variety of factors;
however, the difference in glycosylation should at least be
considered. It will now be possible to compare the reactivity of
relevant serum samples with recombinant and natural IFN-a2.
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and E. Traxler for excellent technical assistance, and Dr. G. Bodo for
providing recombinant IFN-a2c. The antiviral bioassays were kindly
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