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UMARY Heat-stable calmodulin immunoreactivity and bioactivity 
were detected in crude preparations of various types of human, 
murine and chicken interferons (IFNs). Calmodulin containing 
HuIFN-a was retained on a trifluorophenothiazine-Sepharose 
column. The wo activities were separated by serial elutions 

S+ with 50 PM Ca (HuIFN-a) followed by 2 mM EGTA (calmodulin). 
While maintaining its full antivirf+l activity, calmodulin free 
HuIFN-a inhibited enhancement of Ca -ATPase activity irr vitro by 
authentic purified eukaryote calmodulin. These results indicate 
that IFNs are calmodulin-binding proteins and that the secretion 
of both IFNs and calmodulin occurs from IFN-induced cells. Q 1985 

Academic Press, Inc. 

Calmodulin is an evolutionarily highly conserved 

intracellular Ca2+ -binding protein found in all animal cells 

that plays a role in regulating the activities of Ca2+-dependent 

enzymes (1,2). Interferons (IFNs) are a family of 

multifunctional proteins (5-7) synthesized and released from 

cells in response to a variety of different inducers (3,4). 

Recent studies have shown that not only can human leukocyte 

Abbreviations: 

EGTA, ethylene glycol-bis (B-aminoethyl ether)N,N,NlNl-tetra 
acetic acid); IFN, interferon; HuIFN, human interferon; MuIFN, 
mouse interf,eron; ChIFN, chicken interferon; TES-TEA, N-tris 
[hydroxymethyl] methyl-2-amino-ethane sulfonic acid- 
triethanolamine. 
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interferon (HuIFN-a) bind to calmodulin ti vitro (8), but that 

this IFN can affect intracellular levels of calmodulin in human 

cells (9). This report describes the presence of calmodulin 

immuno- and bioactivity in IFN preparations from various sources 

and the separation of immuno- and bioactive calmodulin from 

bioactive HuIFN-a. Calmodulin-free HuIFN-c is shown to modify 

calmodulin enhancement of Ca2+-ATPase activity. 

MATERIAI& Am METHOD& 

QzuculturesEnhuiruses. Human foreskin (BG-9,BG-27), mouse L- 
929 and primary chicken embryo cells were grown and maintained in 
Eagle's minimal essential medium (MEM) containing 10% fetal 
bovine serum (10). 

A plaque purified clone of vesicular stomatitis virus (VSV, 
Indiana serotype) was grown and assayed for infectivity.in L-929 
cells (11). Influenza virus (WS strain), Newcastle disease virus 
(NDV), and Sendai virus (Cantell strain) were grown in lo-day old 
embryonated chicken eggs and assayed for hemagglytination 
activity using chicken erythrocytes (12,13). 

Interferons. Human leukocyte interferon (HuIFN-CX) was produced 
by peripheral white blood cells in response to Sendai virus. 
HUIFN-a was purified to a specific activity of 1 x lo7 IU/mg 
protein (14). HuIFN-8 was produced by infection of human 
foreskin (BG-27) cells with poly rI:rC and purified by the 
procedure of Mikulski et al. (15). HuIFN-B was also produced in 
HEp-2 cells by infection with NDV (16). Highly purified 
preparation of HuIFN-1x2, produced in E.coli.was a gift from Dr. 
C. Weissmann, University of Zurich, Switzerland. 

MuIFN-f3 was produced in L-929 cells in response to NDV and 
partially purified as described previously (17). MUIFN-y, 
produced in BCG sensitized mice challenged with old tuberculin 
was a gift from Dr. G. Sonnenfeld, University of Louisville, KY. 

ChIFN-Bwas produced in lo-day-old embryonated eggs by using 
influenza virus as the inducer (18). ChIFN-a was produced in 
chicken lymphocytes by infection with Sendai virus (18). 

Antiviral activity of IFN preparations was determined in 
homologous cells by the dye uptake method of Finter (19) using 
VSV as the challenge virus. Human reference IFN-cx obtained from 
the National Institutes of Health was used as a reference 
standard for all human IFNs. 

!I2alWlh BssayB. Prior to immunoassay, all IFN preparations 
were heated to 95OC for 5 min., rapidly cooled to 4°C in a 
methanol dry ice bath, and then centrifuged at 10,000 x g for 20 
min. The supernatant was collected and immunoassayed for 
calmodulin activity using a polyclonal, monospecific antibody, as 
described previously (20). Purified rat testis calmodulin 
(CAABCO, Houston, TX) was used as a standard. 

The IFN preparations were tested for calmodulin bioactiv'ty 
by their ability to stimulate human red blood cell membrane Ca i+, 
ATPase activity in yitro. The method used in our laboratory 
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measures enzyme activity as the liberati n of phosphate (Pi) from 
%+ Na2ATP in the absence and presence of Ca (20) l 

~i~e~lEH~~Ff~~w~~~~~~asine-Se~haros~ 

EolLmn* chromatographed on a 
trifluorophenothiazine-Sepharose (CAABCO) affinity column. The 
column was equilibrated with 20 mM TES-TEA buffer, pH 7.4, 
containing 300 y NaCl, 1 mM CaCl and 1mM B-mercaptoethanol. 
HuIFN-cl (1.7 x 10 IU/O.Sml) was app 1. led to the column and eluted 
geriatim2rith equilibrating buffer, then with buffer containing 
50 PM Ca and finally with buffer containing 2 mM EGTA. Eluates 
were tested for calmodulin immuno- and bioactivities and for IFN 
bioactivity. 

Calmodulin content ti JjX preoarations 

IFNs produced in different cell types using various inducers 

were tested for the presence of immunoreactive calmodulin. All 

types of IFNs tested (human, murine and chicken) contained 

significant amounts of immunoreactive calmodulin (Table 1). 

Highly purified cloned HuIFN-a2 contained calmodulin, although 

the ratio of calmodulin to bioactive interferon was reduced 

compared to non-purified interferons. 

Five IFN preparations were tested for calmodulin bioactivity 

by direct addition to a human red blood cell membrane Ca2+-ATPase 

assay. Partially purified as well as crude HuIFN-a, ChIFN-8 and 

cloned HuIFN-a2 enhanced Ca2+ -ATPase activity but HuIFN-8 from 

BG-9 and HEp-2 cells did not (Table 1). 

aromatm ti UN-son frifluoroohenothiazine-Seoharose 

GOlU~. s . eoaration of calmodulin and IDl antiviral activities 

Results presented in Figure 1 show that fractions eluted 

with 50 JJM Ca2+ contained 94% of the recoverable HuIFN- 

antiviral activity. In contrast, 96% of immunoreactive 

calmodulin was eluted with 2 mM EGTA. The recovery of HuIFN-a 

and calmodulin activities from the phenothiazine column was 75% 

and 99%, respectively. Fractions eluted with EGTA containing 

almost all immunoreactive calmodulin (and 6% of the interferon) 
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Table 1. Calmodulin content of various interferon preparations 

Interferons IFN titer Calnndulin 

Source Inducer (units/ml) insuno- biosctivityl 
reactivity 

(w/ml) 
(lJg/ml) 

. . 
Nsm-mrifl~ 

ImIFN-a Lynphccytes 
HuIFN-B EC-9 cells 
HuIFN-B IT!+-2 cells 

MUIFN- B L-292 cells 
MuIFN-Y Mouse 

ChIFN-C% Wwh=*e 
ChIFN-6 Chicken egg 

p.artialJy lxrrified 

bu.FN- a Lynphccytes 
HuIFN-B EG-9 cells 

HuIFIkY2 !L& 

MUIFN-!3 L-929 cells 

Send& virus 
Poly rI:rC 
NIV 

g&acter ium 

Sendai 
Influenza virus 

Sendai virus 
Poly rI:rC 

MV 

3.0 x 104 
8.0 x 103 
7.0 x 103 

2.7 x lo4 
2.5 x lo3 

6.4 x lo2 
6.4 x lo2 

1.0 x 105 
1.0 x 106 

1.0 x 105 

1.0 x 105 

4.4 1.2 
2.6 0 
2.1 0 

1.3 
3.0 

5.4 
4.1 

N? 
m 

5.6 
m 

8.1 2.6 
1.1 M 

1.7 

0.1 

1.8 

m 

lInterferon preparations were directly added to Ca2+-ATPase assay. Stimulatory 
activity was expressed in pg calmcdulin/ml using a sinultsneously determined rat 
testes calsodulin dose response curve ss standard. Values are meaus of three or 
sore determinations. 

2 M Nut done 

demonstrated proportional calmodulin bioactivity, stimulating 

Ca2+-ATPase to the same degree as the rat testis standard (data 

not shown). 

Effect of column purified HuIFN-c QQ oalmodulin bioactiy&y 

HuIFN-cl, eluted from the phenothiazine column with TES-TEA 

buffer containing 50uM Ca2+, was used to study the effect of 

interferon on calmodulin bioactivity. This column purified 

HuIFN-cx which contained less than 4% of the total calmodulin 

originally present in the IFN preparation, inhibited human red 
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IO 1 n 
1 I I I I I I I I I I II 1 0 1 1 mM Ca2+ ELUTION 50 uM CONDITIONS Ca2+ 2 mM EGTA 0 2 CALMODULIN INTERFERON (ng/mI) <I”/ml> 0 0 320 0 320 50 320 100 320 200 200 0 

Figure 1. Chromatography of BuIFN-a on triflou5ophenothiazine- 
Sepharose column. HuIFN-a (1.7 x 10 Iu/O.5 ml) was 
applied to the column which had been equilibrated 
with 20 mM TES-TEA buffer,pH 7.4, containing 300 mM 

1 mM 2-mercaptoethanol. The 
with the equilibrating buffej+(l mM 

, followed by buffer containing 50 !JM Ca and 
finally with buffer, containing 2 mM EGTA. 

Figure 2. Effect of trifluorophenothiazi e column purified 
HuIFN-a on red cell membrane Ca 3% -ATPase activity. 
Interferon and membranes were incubated with varying 
concentrations of rat testis calmodulin for one hour 
at 37°C prior to enzyme assay. Identical results 
were obtained in four separate experiments. 

blood cell membrane Ca2+ -ATPase activity (Figure 2). The 

inhibition by HuIFN-CY (320 IU/ml) could be overcome by addition 

of exogenous rat testis calmodulin to the system. 

DISCUSSION 

Although the calmodulin-like material detected in the various 

IFN preparations in this study awaits amino acid analysis, the 

heat-stability of the material, the ability of that material to 

stimulate Ca2+ -ATPase activity in vitro and the nature of the 

monospecific antibody used in the immunoassay suggests that IFNs 

contain a moiety very similar, if not identical, to authentic 

calmodulin. The finding of calmodulin activity in highly 
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purified cloned HuIFN-a2 produced in E. cou is interesting but 

not totally surprising. We and others have found calmodulin-like 

bio- and immunoreactivity in L coli (21,221. 

Results of studies with trifluorophenothiazine affinity 

chromatography indicate that the antiviral activity of partially 

purified HuIFN-a was not significantly affected upon removal of 

over 96% of calmodulin from the IFN preparation. HuIFN-a from 

which calmodulin was removed inhibited the activity of membrane 

Ca2+-ATPase in Y&&L This inhibition could be overcome by 

addition of rat testis calmodulin to the assay, suggesting the 

interferon was acting by binding to the endogenous calmodulin 

present in our membrane preparation (20) and interfering with its 

function. The presence of inhibiting and enhancing bioactivities 

separable by affinity column may explain the variable calmodulin 

bioactivity relative to immunoreactivity seen 'in the 

unfractionated interferons (Table 1). 

Eucaryotic cells contain genes for calmodulin and IFNs. The 

calmodulin gene is expressed at all times: as a result, cells 

contain significant amounts of calmodulin. In contrast, IFN 

genes are not expressed in normal cells. Our finding of immuno- 

and bioactive calmodulin in interferon preparations could be 

explained by several mechanisms operating ti y.&yo. Intracellular 

IFNs could bind to cellular calmodulin prior to their release 

from cells or IFNs could bind extracellularly to calmodulin which 

had been independently released from IFN-induced cells. 
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