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SUMMARY: Purified mouse interferon gamma (MuIF?+y) , a lymphokine 
having potent antiviral, immunomodulatory, and growth inhibitory activities, 
iS internalized (t 

4 
<l.O min) by mouse L929 f  ibroblast s via 

receptor-mediated endocytosis. Individual MuIFN-y molecules. identified by 
a postembedding immune-gold technique, are then transported to the cell 
nacl eus, perhaps through nuclear pores, into areas of dense ohromatin. 
Purified, isolated nuclei of L929 cells bind -f8diol abel ed MUIFN-y 
specifically and with high affinity (Kd = 2x10 M) . These no01 ear 
membrane receptors, distinct from those for MuIFN-S, number about 
24,OOOlnucleus. Treatment of nuclei with trypsin prevents binding of 
MUIFN-y . The demonstration of rapid cellular uptake and transport of 
MnIFN-7 into the dense chromatin. perhaps facilitated by nuclear receptors, 
suggests that IFN-7 molecules, alone or bound to receptor, may directly 
af feet genome regulation. @ 1986 Academic Press, Inc. 

Of the three types of interferon (IFN), the antiviral lymphokine IFN-7 

has appreciably greater immunomodulatory and growth-inhibitory activity than 

either IFN-a or IFN-S. IFN-y differs from IFN-a and -g in amino acid 

sequence, antigenicity. receptor specificity (11, and induces a greater 

number of proteins in cells (2). Binding of IFNs to plasma membrane 

receptors (3) has been thought to be sufficient to trigger intracellular 

activities by yet unidentified tranmuembrane signals or messengers. The 

fate or locus of action of receptor-bound IFN is not certain. IFB molecules 

appear to be internal ixed by receptor-mediated endocytosis (4-81, a 

specific, selective, and rapid process for internalizing several other cell 

regulators, such as growth factors and hormones (9.101. F+r w ions 

internal ixation studies tracing IFN by electron microscopy relied on 

complexing and thus modifying IFN molecules with an electrowdense marker 
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prior to their uptake (4.6). By immunologically identifying murine IBN-y 

molecules on the surface of ultrathin sections of cell embedded in a 

hydr ophil ic resin Lowicryl K4M, we show here that natural, unmodified 

molecules of UN-y are very rapidly internalized via receptor-mediated 

endocytosis and enter the nucleus as has previously been shown for BuIPN-8 

(5,7.). Specific, high-affinity, nuclear membrane receptors for IPN-y, 

also described here, may facilitate nuclear entry and accumulation of 

IPN-y . This localization suggests a possibly direct nuclear role for 

UN-y molecules in genome regulation. 

MATBRIALS AJ@ MSTBODS 

Mouse L929 fibroblasts were grown in suspension as described (5.7). 
After 3 days at 36OC. the cells were centrifuged, washed three times with 
Eagle’ s minimal essential medium (EMEM) without serum, and utilized 
immediately. 

Mouse IPN-y (KuIPN-y) was induced in murine T lymphocytes and 
pyif ied by BNA-affinity chromatography to a specific activity of 1.4 x 
10 laboratory units (LU)/mg (11). Antiviral activity of IPNs was 
titrated by a hemagglutination yield-reduction bioassay using GDVII virus in 
L cells (12). MuIPN-y activity is expressed in LU since no homologous 
:~~s;l”-~,“‘p,‘,B~~~~r~e~~e~~t ~ai:ab~~ci~~ifte0ff~~-~fwa,8,1~~I:PlBd ;;,‘; 

‘&o-thirds of the original antiviral activity was retained; on SDS-PAGE 85% 
of this activity co-migrated with a 40Kd protein and 15% with a 20Kd 
protein; both the dimer and the monomer had antiviral activity. 

I929 fibroblast nuclei were prepared by a modification of the method of 
Seale as pgeviously described (7,13). Briefly, thoroughly washed samples of 
l-5 x 10 cells were subjected to hypotonic lysis, homogenization by 35 
strokes of a type-B tight-fitting Dounce pestle, and centrifugation for 4 
min at 800 x g; the homogenate was resuspended in lysis buffer and 
sedimented at 1,000 z g for 10 min on a 15% Picoll cushion. The nuclei were 
washed in lysis buffer, resuspended in EMBM, and counted. More than 65% of 
the nuclei appeared to be free from cytoplasmic residue and cytoplasmic and 
plasma membi ane enzyme markers . The degree of purity was monitored 
both by measuring the contamination with marker enzymes from plasma membrane 
(4.7% of total alkaline phosphodiesterase) or from endoplasmic reticulum 
(7% of total NDAPB cytoohrome (P-450) reductase) (13) and by electron 
microscopy (265% free of cytoplasmic membranes) (7). 
nuclei were capable of incorporating signif icant 

Sw=n;pp]sdg~ 
amounts of 

(up to 100 pmol/40 min) in an h vitro DNA replication system (13). 
confirming their functional activity. 
appl ied to trip1 ica te sampl es 

Incrgasing amounts of MuIPN-y were 
of 5 z 10 nuclei, kept on ice for 15 min 

and processed as previously described for EluIm-g (7.13). 

For electron microscopy mouse L929 fibroblasts grown in suspension were 
washed three times with cold (4eC) Eagle’s minimal essential medium UmJw 
without serum, and incubated at 4OC for 30 nin with 10,000 LU/ml highly 
par if ied MuIPN-y . After the cells wgre washed with cold EBJ% they were 
injeoted as a thick suspension (10 cejlls/O.5 ml BMW into 10 ml of Ek!B:M 
prewarmed to 37OC, and aliquots (-10 cells) transferred at intervals 
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(o-15 min) into cold (4OC) fix8tive (0.5% glutsraldehyde, 
4% paraformaldehyde in Ek5Ml for 30 min. 

Fixed cells were washed for 1 hr with 0.1 M lysine to block free 
aldehyde groups, dehydrated in dimethylformamide, and embedded in the 
Lowicryl K4M (14). Ultrathin sections were cat and collected on 300-mesh 
copper grids covered with Formvar film. The sections were first floated on 
8 drop of 0.4% bovine serum albumin for 1 hr. rinsed briefly, and 
transferred onto a drop of anti-MuIFN-7 rabbit IgG (1:900) (provided by Dr. 
Havell, Saranak Lake, NY). This IgG preparation was specific for MuIFN-7 
and did not neutralize MUIFN-p; extensive absorbtion with L929 cells 
before use did not cause any loss of potency (1:70,000 against 10 LU 
MuIFN-7 1. After 1 hr incubation at rocm temperature, the sect ions were 
thoroughly washed with warm water (~OaC) and exposed to 1:500 dilution of 
colloidal gold-protein A conjugate (CGPA) (E-Y Laboratories, San Mateo, CA) 
to allow for binding of the protein A to the Fc portion of the IgG. This 
dilution of OGPA gave a nonspecific CGPA a9 erence to Lowicryl K4M of 0.008 
+ 0.002 (~(0.05) CG particles per 1 pm of the plastic outside the cell 
sections (5). Sections of cells not treated with IFN and processed as 
described served as one set of controls; another control consisted of 
sections of cells treated with IFN but not incubated with anti-IFN antibody. 
Electron microscopy was perf armed with a Philips EM400 electron miaroscope 
at magnifications x3,6O~x28.000. 

RESULTS AND DISCDSSION 

The method of following the uptake of 11251]-MuIFN-7 into a mass 

population of mouse L929 cells revealed rapid internalization of the 

[12511 label (tl,2 < 1.0 mid (data not shown), similar to resulta 

obtained with hmsan 1FN-y (8) in human cells and marine IFN-S in L929 

cells (5,7); this method, however, cannot unequivocally identify where 

IFN-7 goes in the cell. 

Fig. 1 shows electron micrographs of ultrathin sections of L929 cells 

incubated at 37aC for different lengths of time with natural MuIFN-7. In 

the first 60 sec. IFN molecules were detected on coated areas of the plasma 

membrane and in coated pits (la, b). Coated pits containing IFN were seen to 

invaginate forming coated vesicles (1~) and reoeptosomes (ld). This 

process, characteristic of m5. took place within l-2 min of incubation at 

37OC. The label was located very close to the membrane of these 

organelles, implying that IFN was not detached from the receptor. Within 2 

min of incubation the majority of MuIFN molecules were detected on and in 

the cell nucleus (le, f), al though some IFN could be found in the nucleus 

even within 60 sec. On many micrographs IFN was shown to be lcoated in or 

near nuclear pores (le). 
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1. Fig. Blootron photafctographs showing rapid roooptor-mediated 
ondocytotio movomont of MnIlW-y through t&o cytoplssm sad into tAo nncl ous 
of L929 mouse fibroblasts. Mtor trostmont at 4sC with %IPN-y, cells 
wore incubated at 37OC for difforont periods (l-15 min), fixed, and 
omboddod in the hydrophilic rosin Looiory! K4ld. UltratAin sootions wore 
troatod with anti-MuIFN-y IgQ (1:900) and then CGPA (1:SOO). (I and b) - 
60 sot at 37.C after troatmont witA IPN; MnIPN-p locstod on costed sross 
of plasma mombrano (CM) and in ooatod pits (CP). (c) - l-2 min; MuIPN-y 
locstod in a costed vosiclo WV); ( o sad d) - 2 rin; MozlW-y locstod in 
rocoptosomo 00; and on the nuclear (No) envelope; (0) - in s nuclosr pore 

(W. In 2 min the majority of tho label was located inside the nnoloas 
(ha). 

These results provide direct, unambiguous evidence that naturally 

internalized unmodified YuIFN-y molecules are transported by RME to the 

L929 nucleus where they reside mainly in areas of dense chromatin. Isolated 

L929 cell nuclei SISO bind [125 II-MnIl?Wy (Fig. 2). The nnclear 

binding is specific, since an excess (>30-fold1 of unlabeled MdlFN-7 

compe tts with the [1251]-MuIFN-~ for nuclear membrane binding sites 

(Pig. 2a). By Scatchard analyses there are 24,000 high-affinity binding 

sites/nucleus, with a Kd of 2 I 10-l’ I, as well as some low-affinity 

sites as indicated by the bi-phasic curve (Pig. 2b). High- and 

low-affinity nuclear binding sites have also been observed with other 

ligands (15,16,17). Brief treatment of isolated nuclei with trypsin (3 

me/ml) reduced binding of [1251]-MnIFNy by 88%, suggesting that the 

nuclear receptor has a protein moiety. Eigh-molarity salt (1 I NeCl), known 

to elute IFNs from nucleic acid affinity columns (181, reduced binding by 
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‘25 I-MuIFN-8 APPLIED (ng) 

Pi8. 2a. Binding of to isolated L929 cell UOlCi. 
Inoresring amounts of xer e added to 5 I 10 3 w29 

The vertical bars indicate the 
standard error of the mean. 
calculated by 

snbtracting TX: d:;~edo:inel~Qpreaents the specific binding 

s 
II bound in the presence of 

cold YnIFN-y from the cpm of total 112 II bound. 

Fig. inset figure is a Scatchard plot of the data for specific 
bindingZb:f Tf’51~-MuIFN-~ (as the dimer). 

only 12%. Lack of competition for nuclear binding of [1251]-MuIF#-y by 

ace ss unlabeled MuIFN-p indicates that ~3 and y IFNs have different 

nuclear receptors (51, a distinction that has also been noted for the plasma 

membrane receptors for these IFNs (3). Trapping of [12s11-dfuIFN-y by 

chrcnnatin as illustrated by electron microscopy may possibly account for the 

values observed at low bound/free ratios shown in the Scatchard plot (Pig. 

2b. inset) . 

The physiolo8ioal significance of the very rapid transport of IIN- 

into the nucleus, which may be facilitated by nuclear membrane receptors has 

still to be determined. Recent evidence suggests a possible role for early, 

direct nuclear IFN effects. Human IFN-a and -p induce new synthesis of 

several mRNAs within S-10 min, and recombinant hnman IFN-7 within 30 mia 

after application to the cells (M-22). Various biologically active 
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1 igands. such as insulin, nerve and epidermal growth factors, and steroid 

hormones, ‘bind to the nuclear membrane or the nuclear matrix (15,16,17). 

Indeed, the treatment of isolated nuclei with insulin increases nuclear ml?NA 

efflnx. nncleotide triphosphatase act iv ity, and protein phosphorylation 

(15). Brief treatment of isolated nuclei of mouse L cells with murine 

IFN-~3 rapidly decreases RNA efflnx from the nuclei in dose-dependent manner 

(l.3). The very rapid uptake and transport of immunologically recognizable 

IFN-7 molecules through the cytoplasm and into the dense chromatin areas of 

the nucl ens suggests that IFN molecules may act as their own messengers, 

either alone or bound to receptor, and may be directly involved in genome 

regulation. 
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