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Several novel selective sorbents for mouse interferon are described that exploit
the hydrophobic property and glycoprotein nature of this molecule. Low-molecu-
lar-weight ligands (hydrocarbons) and high-molecular-weight ligands (bovine
serum albumin) immobilized on agarose bind selectively mouse L-cell interferon.
The high selectivity of binding is due primarily to a hydrophobic effect, although
electrostatic forces are also apparently involved. Mouse L-cell interferon binds to
immobilized serum albumin and can be completely recovered by raising the ionic
strength of the eluant. The specific activity of interferon preparations can be
increased 2,000-fold to a value of 3 x 10°® reference units per mg of protein in a
single step with full recovery of the antiviral activity. A selective adsorption,
although to a lesser degree, can be also obtained on hydrocarbon-coated agarose
(Affi-Gel 202), resulting in 300-fold purification on desorption. The existence of
two major components of mouse interferon was revealed upon its chromatogra-
phy on the following sorbents: (i) bovine serum albumin-agarose, (ii) w-carboxy-
pentyl-agarose; and (iii) Bandeiraea simplicifolia lectin-agarose. This report thus
provides for the first time a means for efficient and clear-cut separation of

interferon components, thus enabling their further characterization.

Mouse interferon has been successfully puri-
fied in several laboratories by affinity chroma-
tography on solid-phase immunoadsorbents (10,
11) and by more classical physicochemical
methods (9, 13). The extent of purification by a
particular procedure varies from 20-fold to
2,000-fold, critically depending on the starting
materials, e.g., the titer of an interferon prepa-
ration and the quality of the isolated antibody
(10, 11). Specific activity of the best interferon
preparations varies within a narrow range of 2 x
10% to 3.8 x 10° reference units per mg of
protein, indicating a high degree of purification
(4, 9, 10, 13). There is, however, good documen-
tation that further considerable purification is
required (10, 13). Recently, the homogeneity of
a mouse interferon preparation, having 2.5 x
10°® reference units per mg of protein, has been
reported, although the experimental data pre-
sented seem rather in variance, than in support,
of this claim (9).

Any further purification of mouse interferon
may be critically dependent on the availability
of novel sorbents that display diverse bias in
their adsorption and desorption requirements.
Moreover, these novel sorbents should provide
for high selectivity in adsorption of mouse
interferon and for its near-to-complete recovery.
We now suggest one such sorbent: bovine serum

albumin (BSA), immobilized on agarose. The
binding of mouse interferon to this sorbent is
quite selective, inasmuch as it results in a
2,000-fold purification. The recovery of inter-
feron activity is complete (the specific activity
of desorbed interferon is about 3.0 x 10° refer-
ence units per mg of protein) and, furthermore,
the sorbent can be readily prepared and used.

MATERIALS AND METHODS

Interferon preparations. Mouse L,s,-cell inter-
feron was prepared as described previously (2).

Chemicals. BSA, a crystalline preparation, was
obtained from Miles Laboratories. Sepharose 4B,
CNBr activated, was purchased from Pharmacia Fine
Chemicals. p-Galactose and methyl a-D-man-
nopyranoside were obtained from Sigma Chemical
Co. Fluorescamine was obtained from Roche Diagnos-
tics. All media and sera were obtained from Grand
Island Biological Co. All other reagents were of
analytical grade. Double glass-distilled water was
used for all solutions.

Adsorbents. Concanavalin A-Sepharose 4B (con-
canavalin A-agarose) and CH-Sepharose 4B (@-
NH[CH,],COOH) were purchased from Pharmacia
Fine Chemicals. Affi-Gel 202 (@-OCH,-CONH-
[CH,],NH[CH,],NHCO [CH,];COOH) was from Bio-
Rad Laboratories. Bandeiraea simplicifolia lectin-
agarose was a generous gift of I. J. Goldstein. BSA-
agarose was prepared as described previously (6).

Interferon assay. Interferon samples were assayed
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on mouse Ly, cells by the colorimetric technique of
Finter (5) with vesicular stomatitis virus as the
challenge virus (multiplicity of infection, 0.125 PFU
per cell). (In our assay, international reference stan-
dard G 002-904-511 assayed as 4,000 U [nominal
value, 12,000 U] was used. All interferon titers in this
communication are expressed as reference units.)

Protein determination. Protein concentration was
measured by absorbance at 280 nm or by fluorometric
assay (1), with BSA as standard.

RESULTS

Chromatography of mouse interferon on
low-molecular-weight ligands (hydrocar-
bons) immobilized on agarose matrix. (i)
Chromatography on CH-Sepharose 4B and
Affi-Gel 202 at pH 7.4. Figure 1 illustrates the
elution profiles of a mouse interferon prepara-
tion from CH-Sepharose 4B and Affi-Gel 202
columns. Both adsorbents were equilibrated
and developed with phosphate-buffered saline.
It is readily apparent that there is no significant
difference in the elution profiles of bulk pro-
teins. However, mouse interferon activity was
selectively retarded on the Affi-Gel 202 column
(Fig. 1B). It should be noted that the Affi-Gel
202 adsorbent carries significantly longer hydro-
carbon side chains than CH-Sepharose 4B,
although of lower intrinsic hydrophobicity. The
overall hydrophobic character of the side chain
must be influenced to a greater extent by the
carboxyl head group for CH-Sepharose 4B than
for Affi-Gel 202. We reasoned that a decrease in
the charge of the polar head group should result
in a stronger hydrophobic interaction of the
hydrocarbon chain with mouse interferon. To
this end, the chromatographic behavior of
mouse interferon on both adsorbents was stud-
ied at pH 5.0.

(ii) Chromatography on CH-Sepharose 4B
by adsorption at pH 5.0 and elution at pH 7.4.
Figure 2 illustrates the elution profiles of bulk
proteins and interferon activity when the col-
umn was equilibrated and the interferon prepa-
ration was applied in 0.05 M sodium acetate
buffer at pH 5.0 (Fig. 2A). The breakthrough
fraction contained 90% of the applied protein
and no interferon activity. The elution of the
column with 0.02 M sodium phosphate buffer,
pH 7.4, resulted in a partial recovery (60%) of
interferon activity. Further elution with 0.5 M
sodium chloride in phosphate buffer displaced
the remainder (40%) of the activity from the
column. The separation of interferon activity
into two fractions could indicate the existence of
two components in the preparation or simply a
chromatographic artifact. To eliminate the lat-
ter possibility, a rechromatography of both
fractions I and II, as shown on Fig. 2A, was
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Fic. 1. Chromatography of mouse L-cell interferon
(Newcastle disease virus [NDV] induced) on CH-
Sepharose 4B and Affi-Gel 202 at pH 7.4. Interferon
preparations were dialyzed against 0.02 M sodium
phosphate, pH 7.4, containing 0.15 M NaC!l (PBS) for
16 h at 4 C. The interferon sample was applied on a
column equilibrated with PBS at 4 C. Fractions (1 ml)
were collected at a flow rate of 30 ml/cm? per h. The
material from the even-numbered fractions were used
to measure protein; the odd-numbered fractions,
collected into tubes containing 0.5 ml of a 1% solution
of BSA in PBS, were assayed for interferon activity.
Symbols: O, protein; @, interferon. (A) Chromatogra-
phy on CH-Sepharose 4B. An interferon sample (2
ml), containing 3,600 reference units of interferon and
1.5 mg of protein per ml, was applied on a column (0.9
by 20 cm), and the column was washed with PBS. The
breakthrough fraction contained 100% of protein and
100% of interferon activity. (B) Chromatography on
Affi-Gel 202. An interferon sample (2 ml), containing
7,200 reference units of interferon activity and 1.5 mg
of protein per ml, was applied on a column (0.9 by 20
cm), and the column was washed with PBS. The
breakthrough fraction contained 100% of the protein.
The interferon activity (100%) was recovered from the

column by further elution with PBS.

undertaken. Figures 2B and C establish that
both fractions preserve their chromatographic
distinctness. Clearly, this observation is of con-



VoL. 17, 1976

=0

o
%)
S
-
<« M

N NO
O um o wm
Interferon Titer (ref. units x1073)

[T

Protein (mg/ml)
N
o
(8]

O =
hy o
Il
N N O
o ;m

«<m

l--.---.._.Q~

10 20 30 40

Fraction Number

Fic. 2. Chromatography and rechromatography of
mouse L-cell interferon (Newcastle disease virus
induced) on CH-Sepharose 4B. An interferon prepara-
tion was dialyzed against 0.05 M sodium acetate, pH
5.0, for 16 h at 4 C. Samples were applied on columns
(0.9 by 15 cm) equilibrated with 0.05 M sodium
acetate, pH 5.0, at 4 C. Columns were washed with
equilibrating buffer, followed by 0.02 M sodium
phosphate, pH 7.4 (E,), and finally with E, contain-
ing 0.5 M NaCl (E,). Symbols: O, protein; @,
interferon. (A) Chromatography of interferon prepa-
ration. The interferon sample (5 ml), containing 6,000
reference units of interferon and 1.3 mg of protein per
ml, was applied, and the column was washed with
0.05 M sodium acetate, pH 5.0. The breakthrough
fraction contained 90% of the applied protein. The
column was washed with E,; the wash yielded about
9% of the protein and 60% of the interferon activity
(). Elution with E, yielded the remaining 40% of
interferon activity (I) and traces of protein. (B)
Rechromatography of fraction I. Fraction I, supple-
mented with BSA, was dialyzed against 0.05 M
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siderable interest, as it may provide a tool for
molecular characterization of the heterogeneity
in mouse interferon preparations. The selectiv-
ity of binding, especially for fraction I, is not
sufficiently satisfactory for further purification
purposes.

Chromatography on Affi-Gel 202 by ad-
sorption at pH 5.0 and elution at pH 7.4.
Figure 3 illustrates the results of a purification
experiment in which a large volume of mouse
interferon preparation was applied to a column
in 0.05 M sodium acetate, pH 5.0, at 4 C. Under
these conditions, there was complete retention
of interferon activity. By contrast, the bulk
proteins resident in this preparation were to a
large extent (96%) unretained and could be
further displaced (2%) from the column by a
shift from 0.05 M sodium acetate, pH 5.0, to
0.02 M sodium phosphate, pH 7.4. Selectivity in
desorption was achieved with a linear gradient
of sodium chloride in phosphate buffer. The
overall purification of interferon was about
300-fold and its recovery was 95%.

Chromatography of mouse interferon on
high-molecular-weight ligand (BSA) immo-
bilized on agarose matrix. (i) Chromatog-

" raphy on BSA-agarose at pH 5.0. Figure 4

illustrates the results of chromatography of
mouse interferon preparations on BSA-agarose.
Figure 4A depicts the binding and elution of
mouse interferon induced by Newcastle disease
virus, whereas Fig. 4B records an analogous ex-
periment for poly(I) - poly(C)-induced interferon.
Three chromatographic facets of the data pre-
sented deserve immediate comment. First,
there is a complete and highly selective reten-
tion of interferon activity; second, the recovery
of the activity is complete under mild solvent
conditions; and third, two major fractions of
interferon activity are present regardless of the
nature of the inducer.

(ii) Chromatography on BSA-agarose by
adsorption at pH 5.0 and elution at pH 7.4.
Figure 5 illustrates the results of the purifica-
tion experiment. A large volume (100 ml) of a

sodium acetate, pH 5.0, and a sample (2 ml), contain-
ing 3,000 reference units of interferon and 2.5 mg of
protein per ml, was applied on a column. The
breakthrough fraction contained 90% of the applied
interferon activity except for traces recovered with
solvent E;. (C) Rechromatography of fraction II.
Fraction II, supplemented with BSA, was dialyzed
against 0.05 M sodium acetate (pH 5.0), and a sample
(2 ml), containing 2,250 reference units of interferon
and 2.5 mg of protein per ml, was applied on a
column. The breakthrough fraction contained all of
the applied protein. All interferon activity was re-
covered with solvent E,.



J. VIroL

442 DAVEY, SULKOWSKI, AND CARTER

700
1208
600 lﬁ.f\«w-«'ﬁ e
—_ ¥
E 500 J'J 15 g
_§ w0 %
00 | i
05§
100} ¢ &
i 2
0 A—_‘V I 1 Lo s 0 .S

40 80 120 %0 200

Fraction Number (1ml)

Fic. 3. Purification of mouse L-cell interferon (Newcastle disease virus induced) on Affi-Gel 202. An
interferon preparation (100 ml), containing 3.6 x 10* reference units of interferon activity and 620 ug of protein
per ml, was dialyzed against 0.05 M sodium acetate, pH 5.0, for 15 h at 4 C and applied on a column (0.9 by 10
cm) equilibrated with the same buffer by means of a peristaltic pump at a flow rate of 30 ml/cm?® per h. The
eluate from the column was divided by a stream-splitting device in a ratio of 1:9. The 10% portion of the eluate
was collected into 1 ml of a 1% solution of BSA in PBS and used to assay the interferon activity. The 90%
portion of the eluate was used to measure the protein concentration. Fractions from 1 to 20 and from 140 to 200
were 1 ml each; fractions from 21 to 139 were collected as 10-ml portions. The breakthrough fraction (5 to 110)
contained about 95% of the applied protein and no interferon activity. Further elution of the column with 0.02
M sodium phosphate, pH 7.4 (E,), resulted in the recovery of 4% of the interferon activity and 2% of protein.
The column was then developed with a linear gradient of sodium chloride (E,). The interferon activity (95% of
the applied) was recovered in fractions 163 to 167; the specific activity of fraction 164 is 2 x 10" reference units
per mg of protein. Symbols: O, protein, ®, interferon; —, sodium chloride gradient.

mouse interferon preparation was applied on a
BSA-agarose column in 0.05 M sodium acetate,
pH 5.0, at 4 C. The column was washed with
0.02 M sodium phosphate, pH 7.4 (E,), until
equilibration and then developed with a linear
gradient of sodium chloride. The pertinent

25
20

developed with a sodium chloride gradient in the
equilibrating solvent. Symbols: O, protein; @, inter-
feron; —, sodium chloride gradient. (A) Elution
profile of Newcastle disease virus-induced interferon.
An interferon sample (3 ml), containing 3,000 refer-
ence units of interferon activity and 1.5 mg of protein
per ml, was applied, and the column was washed with
0.05 M sodium acetate, pH 5.0. The breakthrough
fraction contained 96% of the applied protein. Elution
of the column with sodium chloride resulted in
displacement of the remaining protein and total
recovery of interferon activity. (B) Elution profile of
poly(I)- poly(C)-induced interferon. An interferon
sample (10 ml), containing 1,830 reference units of
interferon activity and 2 mg of protein per ml, was
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Fi. 4. Chromatography of mouse L-cell interferon
on BSA-agarose at pH 5.0. Interferon preparations
were dialyzed against 0.05 M sodium acetate, pH 5.0,
for 16 h at 4 C. The interferon sample was applied on a
column (0.9 by 60 cm) equilibrated with 0.05 M
sodium acetate, pH 5.0, at 4 C. The column was then

applied, and the column was washed with 0.05 M
sodium acetate, pH 5.0. The breakthrough fraction
contained about 95% of the applied protein. Elution of
the column with sodium chloride resulted in recovery
of the remaining protein and total recovery of inter-
feron activity.
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Fic. 5. Purification of mouse L-cell interferon (Newcastle disease virus induced) on BSA-agarose. An
interferon preparation (100 ml), containing 2.4 x 10* reference units of interferon activity and 640 ug of protein
per ml, was dialyzed against 0.05 M sodium acetate, pH 5.0, for 16 h at 4 C; it was applied on a column (0.9 by 10
cm) equilibrated with 0.05 M sodium acetate, pH 5.0, by means of a peristaltic pump, at a flow rate of 30
ml/cm? per h. The column eluate was divided by a stream-splitting device in a ratio of 1:9; the 10% portion of
the eluate was collected into 1 ml of a 1% solution of BSA in PBS and used to assay interferon activity; the 90%
portion of the eluate was used to measure the protein concentration. Fractions from I to 10 and from 170 to 230
were 1 ml each; fractions from 11 to 169 were collected as 10-ml portions. The breakthrough fraction (5 to 100)
contained about 96% of the protein and less than 1% of the interferon activity. The column was then
equilibrated with 0.02 M sodium phosphate, pH 7.4 (E,). This removed some protein (about 3%) and about 1%
of the interferon activity. Further elution of the column with sodium chloride resulted in complete recovery of
interferon activity. Fractions 176 to 179 contained 90% of the applied interferon activity; the specific activity
was 3 x 10° reference units per mg of protein. Symbols: O, protein; @, interferon; —, linear gradient of NaCl
formed by mixing two solvents: (i) 0.02 M sodium phosphate, pH 7.4, 20 ml; and (ii) 0.02 M sodium phosphate,

200

pH 7.4, 0.5 M NaCl, 20 ml.

details are given in the legend to Fig. 5. The
equilibration of the column with phosphate
buffer, at pH 7.4, resulted in displacement of
the remaining 3% of contaminating protein and
a negligible amount (1%) of interferon activity.
The displaced interferon activity (E;) was not
subdivided into two fractions; moreover, it
could be recovered in a small volume providing
a significant concentration as well. The overall
purification was about 2,000-fold, the recovery
was 90%, and the specific activity was about 3 x
10°® reference units per mg of protein.
Chromatography of mouse interferon on
lectins immobilized on agarose matrix. (i)
Chromatography on concanavalin A-agar-
ose. When mouse interferon preparations were
applied on concanavalin A-agarose columns
equilibrated with PBS, partial binding of inter-
feron activity was consistently observed. How-
ever, a large portion of applied activity was not
retained on the column and was recovered in the
breakthrough fraction. The activity retained on
the column could be recovered with methyl
a-D-mannopyranoside (0.1 M) together with
other glycoproteins. The lack of complete reten-

tion and the relatively low binding selectivity of
interferon made the use of concanavalin A-
agarose adsorbent unattractive for further puri-
fication purposes. However, the binding behav-
ior of mouse interferon preparations indicates a
gross difference in the glycosylation of the
various interferon molecules present and is
thus the most plausible cause for the heteroge-
neity of interferon observed on the other sorb-
ents described in this report.

(ii) Chromatography on B. simplicifolia
lectin-agarose. Figure 6 illustrates the affinity
chromatography of a mouse interferon prepara-
tion on Bandeiraea lectin. Two major fractions
of interferon activity are observed: a break-
through fraction and a fraction recovered from
the lectin column with 0.1 M p-galactose (Fig.
6A). Both fractions preserve their identity upon
rechromatography (Fig. 6B and C) and are
therefore apparently genuine components.
Chromatography on this lectin can be very
useful for the purification of interferon fraction
selectively adsorbed. Additionally, the selective
binding of one interferon component indicates
the presence and availability of D-galactose
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Fi1c. 6. Chromatography of mouse L-cell interferon
(Newcastle disease virus induced) on B. simplicifolia

lectin-agarose. An interferon preparation was
dialyzed against PBS, containing calcium chloride at
1 mM concentration, for 16 h at 4 C. The interferon
sample was applied on a column (0.5 by 1 cm) of the
lectin equilibrated with PBS (1 mM CaCl,) at 4 C.
Fractions (1 ml) were collected at a flow rate of 30
ml/cm? per h and assayed for interferon activity and
protein. Symbols: O, protein; @, interferon. (A)
Elution profile of mouse interferon preparation. An
interferon sample (5 ml), containing 1.4 x 10* refer-
ence units of interferon activity and 1.5 mg of protein
per ml, was applied on the column. The breakthrough
fraction contained 98% of the applied protein and 54%
of the interferon activity. Further elution with the
equilibrating solvent, containing 0.1 M D-galactose
(]), resulted in the recovery of the remaining inter-
feron activity. (B) Rechromatography of the break-
through fraction of interferon activity. An interferon
sample (2 ml), containing 1.1 x 10* reference units of
interferon activity per ml, was applied on the column.
(The sample was derived from the breakthrough
fraction of interferon activity depicted on part A.) The
column was washed with PBS (1 mM CaCl,), and all
of the interferon activity was recovered again in the
breakthrough fraction. (C) Rechromatography of the
fraction eluted with D-galactose. The fraction of
interferon activity recovered with D-galactose (A) was
extensively dialyzed against PBS (1 mM CaCl,), and
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units (6); it does not necessarily indicate the
absence of D-galactose on the other interferon
component unretained on the column. It does
indicate, however, the inaccessibility or differ-
ent anomery of these D-galactose units, if pres-
ent.

DISCUSSION

A slight retardation of the mouse interferon
activity, with respect to bulk proteins in the
breakthrough fractions, was previously reported
for BSA-agarose (8); there was, however, no
binding of interferon on w-carboxypentyl-
agarose (3). We now report that the interaction
of mouse interferon with both sorbents can be
significantly increased by lowering both the pH
value and ionic strength of the solvent during
the adsorption phase of the chromatography. At
pH 5.0, BSA is close to its isoelectric point, and
mouse interferon carries an overall positive
charge (9, 13). An electrostatic interaction is
therefore possible, although it cannot account
by itself for the high selectivity in retention of
mouse interferon. This selectivity is more easily
explained by participation of a hydrophobic
interaction. In the case of human interferon, the
binding to immobilized albumin is exception-
ally strong and can be reversed only by a
hydrophobic solute such as ethylene glycol (8).
This is not the case with mouse interferon,
although the interaction of mouse interferon
with serum albumin takes place at pH 5.0, a
point at which the hydrophobic interactions of
serum albumin are most pronounced in model
systems (7). Nevertheless, the hydrophobic in-
teraction of mouse interferon with hydrocarbon-
coated agarose is probably the main force re-
sponsible for the high selectivity of binding,
although electrostatic interactions at pH 5.0
may also occur. When electrostatic binding is
probably the only force involved, as on carboxy-
methyl-Sephadex, the selectivity of retention of
the mouse interferon molecule is very modest (9,
13).

It has been recognized that mouse interferon
preparations contain many normal host cell
components of similar molecular size and elec-
tric charge (10). These proteins apparently still
contaminate highly purified mouse interferon
preparations (9, 10, 13). Since the highly selec-

a sample (2 ml), containing 1.2 x 10* reference units
of interferon activity per ml, was applied on a column.
The column was washed with PBS (1 mM CaCl,) and
the breakthrough fraction contained no interferon.
The retained interferon activity was recovered (|)
with PBS (1 mM CaCl,) containing 0.1 M D-galac-
tose.
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tive retention of mouse interferon on immobi-
lized serum albumin and hydrocarbons un-
doubtedly is due to a different chromatographic
bias than that in more classical chromato-
graphic sorbents (9, 13) or immunoadsorbents
(4, 10, 11), these new sorbents may be of critical
importance for further purification of mouse
interferon; this, however, remains to be estab-
lished.

Other investigators have previously reported
the phenomenon of heterogeneity in mouse
interferon preparations on electrophoresis. For
example, fast and slow components were re-
ported to exist in interferon preparations in-
duced by Newcastle disease virus (12, 13) or
MM virus (9). The present study suggests
several novel affinity sorbents that allow, for the
first time, a structural characterization of inter-
feron molecule by exploiting its hydrophobic
property and glycoprotein nature. For example,
it seems plausible that the two components of
mouse interferon observed on Bandeiraea lectin
chromatography correspond to those revealed
previously by electrophoresis. The interrela-
tions of all components, as observed during
chromatography on BSA-agarose, w-carboxy-
pentyl-agarose, concanavalin A-agarose, and
Bandeiraea lectin-agarose, will, however, re-
quire further study. This report provides a
means for their efficient and clear-cut separa-
tion and thus enables their further characteriza-
tion.
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