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SUMMARY: Purified mouse interferon gamma (MuIFN-y), a lymphokine
having potent antiviral, immunomodulatory, and growth inhibitory activities,
is  internalized (¢t <1.0 min) by  mouse L929 fibroblasts via
receptor-mediated endocytosis. Individual MulFN-y molecules, identified by
a postembedding immuno-gold techmnique, are then transported to the cell
nucleus, perhaps through nuclear pores, into areas of demse chromatin,
Purified, isolated nuclei of L929 cells bind fsdiolabeled MuIFN-y
specifically and with high affinity (KEd = 2x10° M). These nuclear
membrane receptors, distinct from those for MuIFN-§, number about
24,000/nucleus. Treatment of mnuclei with trypsin prevents binding of
MeIFN-y. The demonstration of rapid cellular uptake and transport of
MeIFN-y into the dense chromatin, perhaps facilitated by nuclear receptors,
suggests that IFN-y molecules, alone or bound to receptor, may directly
affect genome regulation, © 1986 Academic Press, Inc

Of the three types of interferon (IFN), the antiviral lymphokime IFN—y
has appreciably greater immunomodulatory and growth—inhibitory activity than
either IFN-a or IFN-B. IFN-y differs from IFN-a and —f in amino acid
sequence, antigenicity, receptor specificity (1), 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 imtracellular
activities by yet unidentified transmembrane signals or messengers. The
fate or locus of action of receptor-bound IFN is not certain. IFN molecules
appear to be intermalized by receptor-mediated endocytosis (4-8), a
specific, selective, and rapid process for internalizing several other cell
regulators, such as growth factors and hormones (9,10). Previous
internalization studies tracing IFN by electron microscopy relied on
complexing and thus modifying IFN molecules with an electromdense marker
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prior to their uptake (4,6). By immunologically identifying murine IFN-y
molecules on the surface of ultrathin sections of cell embedded in a
hydrophilic resin Lowicryl K4M, we show here that natural, unmodif ied
molecules of IFN-y are very rapidly internalized via receptor-mediated
endocytosis and enter the nucleuwus as has previously been shown for MuIFN-§
(5,7,). Specific, high—affinity, nuclear membrame receptors for IFN-y,
also described here, may facilitate nuclear entry and accumulation of
IFN-y. This 1localization suggests a possibly direct mnuclear role for

IFN-y molecules in genome regulation,

MATERTALS AND METHODS

Mouse L929 fibroblasts were grown in suspension as described (5,7).
After 3 days at 36°C, the cells were centrifuged, washed three times with
Eagle's minimal essential mediumm (EMEM) without serum, and utilized
immediately.

Mouse IFN-y (MuIFN-y) was induced in murine T 1ymphocytes and
puﬁified by RNA-affinity chromatography to a specific activity of 1.4 x
10 laboratory units (LU)/mg (11). Antiviral activity of IFNs was
titrated by a hemagglutination yield-reduction bioassay using GDVII virus in
L cells (12). MuIFN-y activity is expressed in LU since no homologous
ifggrnational standard is yet available. Purified MulFN-y was labeled with
[*““}I-BoltonrHunter reagent to a specific activity of 50 pCi/pg (7).
Two~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.

1929 fibroblast nuclei were prepared by a modification of the method of
Seale as ;p:s'eviously described (7,13)., Briefly, thoroughly washed samples of
1-5 x 10 cells were subjected to hypotomic 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 1lysis buffer and
sedimented at 1,000 x g for 10 min on a 15% Ficoll cushion. The nuclei were
washed in lysis buffer, resuspended in EMEM, and counted. More than 65% of
the nuclei appeared to be free from cytoplasmic residue and cytoplasmic and
plasma membrfane 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 MDAPH cytochrome (P-450) reductase) (13) and by electron
microscopy ()65% free of cytoplasmic membranes) (7). Suspensggns of
nuclei were capable of incorporating significant amounts of [““PldCTP
(up to 100 pmol/40 min) in an ip yitro DNA replication system (13),
confiming their functional activity. Incrgasing amounts of MulFN-y were
applied to triplicate samples of 5 x 10° nuclei, kept on ice for 15 min
and processed ss previously described for MuIFN-f (7,13).

For electron microscopy mouse L929 fibroblasts grown in suspension were
washed three times with cold (4°C) Eagle’s minimal essential medium (EMEM)
without serum, and incubated at 49C for 30 min with 10,000 LU/ml highly
purified MuIFN-y. After the cells were washed with cold EMEM, they were
injected as a thick suspemsion (10 09115/0.5 ml EMEM) into 10 ml of EMEM
prewarmed to 37°C, and aliqguots (~10° cells) transferred at intervals
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(0-15 min) into cold (4¢C) fixative (0.5% gluotaraldehyde,
4% paraformaldehyde in EMEM) 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 cut and collected on 300-mesh
copper grids covered with Formvar film. The sections were first floated on
a drop of O0.4% bovime serum albumin for 1 hr, rinsed briefly, and
transferred onto a drop of anti-MuIFN-y rabbit IgG (1:900) (provided by Dr.
Havell, Saranak Lake, NY). This IgG preparation was specific for MuIlFN-y
and did not neutralize MulFN-B; extensive absorbtion with L929 cells
before wuse did not cause any 1loss of potency (1:70,000 against 10 LU
MuIFN-y). After 1 hr incubation at room temperature, the sections were
thoroughly washed with warm water (~60°C) 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 ad&erence to Lowicryl K4M of 0.008
+ 0.002 (p<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 comsisted of
sections of cells treated with IFN but not incubated with anti—IFN antibody.
Electron microscopy was performed with a Philips EM400 electron microscope
at magnifications x3,600-x28,000.

RESULTS AND DISCUSSION
The method of following the uptake of [IZSI]—HnIFN—y into a mass
population of mouse L929 cells revealed rapid internmalization of the
[12511 label (t1/2 < 1.0 wmin) (data not shown), similar to results
obtained with human IFN~y (8) in human cells and murine IFN-$§ in L929
cells (5,7); this method, however, cannot umequivocally identify where

IFN-y goes in the cell.

Fig, 1 shows electron micrographs of ultrathin sections of L929 cells
incubated at 37°C for different lemgths of time with natural MulFN-y, 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 (1c) and receptosomes (1d). This
process, characteristic of RME, took place within 1-2 min of incubation at
379C. The label was located very close to the membrame 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), although 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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Fig. 1. Electron photomicrographs showing rapid receptor-mediated
endocytotic movement of MulFN—y through the cytoplasm and into the nucleus
of L1929 mouse fibroblasts. After treatment at 4°C with MuIFN-y, cells
were incubated at 37°C for differemt periods (1-15 min), fixed, and
embedded in the hydrophilic resin Lowicryl K4M. Ultrathin sections were
treated with anti-MaIFN-y IgG (1:900) and then OGPA (1:500), (a and b) -
60 sec at 37°C after treatment with IFN; MuIFN-B located on coated areas
of plasma membrane (CM) and in coated pits (CP). (c¢) ~ 1-2 min; MuIFN-y
located in a coated vesicle (CV); (e and d) — 2 min; MulFN-y located in
receptosome (R); and on the nuclear (Nu) envelope; (e) — in a nuclear pore

(NR), In 2 min the majority of the label was located inside the nucleus
(Nu).
These results provide direct, unambiguous evidence that mnaturally
internal ized unmodified MuIFN~y molecules are transported by RME to the
L929 nucleus where they reside mainly in areas of demse chromatin, Isolated

125

L929 cell nuclei also bind ["“"I)-MuIFN-y (Fig. 2). The nmunclear

binding is specific, simce an excess (>30-fold) of wunlabeled MulFN—y

IIZSI]—MnIFN-y for nuclear membrane binding sites

competes with the
(Fig. 21}, By Scatchard analyses there are 24,000 high-affinity binding
sites/nucleus, with a Kd of 2 x 10710 M, as well as some low-affinity
sites as indicated by the bi-phasic curve (Fig. 2b). BRigh— and
low-affinity nuclear binding sites have also been observed with other
ligands (15,16,17). Brief treatment of isolated nuclei with trypsin (3
mg/ml) reduced binding of llzsll—MnIFN—y by 88%, suggesting that the
nuclear receptor has a protein moiety. High-molarity salt (1 M NaCl), knowa

to elute IFNs from nucleic acid affinity columns (18), reduced binding by

257



Vol. 138, No. 1, 1986 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

o
o

x10°)

. 3
i/‘_} -

| ¢

(-]
L

B/F!

N

3

o
T

50 1
BOUND (pg)

N
T

125, \uIFN-Y BOUND [CPM x107)
S
T

LI
5 10 15 20
V25| MuIFN-Y APPLIED (ng)

11715. 2a. Binding of [1ig§]—MuIFN—‘y to isolated L929 cell guclei.
nereasing amounts of [T77I]-MulFN~y were added to 5 x 10 L1929
ngﬁ%ei incubated at 4°C for 15 min, afteizghich the amount of mnucleus-bound
[ I]lzswas determined (7). O, [“““I]-MulFN-y alone;, ®, binding
of [ I]-Mu{§§_7 in the presence of 500 ng of cold MulFN-y; A,
binding of_ [ I]-MuIFN-y in the presence of 800 ng of c¢old MulFN-§
(1.3 x 10° YU/mg, Lee Biomolecular). The verticel bars indicate the
standard error of the mean., The dashed linﬁligpresents the specific binding
calculated by subtracting the cpm of g I] bound in the presence of
cold MuIFN-y from the cpm of total 11251] bound.

Fig. 2b. T&gs inset figure is & Scatchard plot of the data for specific
binding of [ I1-MuIFN~y (as the dimer).

only 12%. Lack of competition for nuclear binding of [1251]—MnIFN—-y by
excess unlabeled MuIFN-B indicates that $ and vy IFNs have different
nuclear receptors (5), & distinction that has also been noted for the plasma

(1257)puIFN-7 by

membrane receptors for these IFNs (3). Trapping of
chromatin as illustrated by electron microscopy may possibly account for the
values observed at low bound/free ratios shown in the Scatchard plot (Fig.

2b, inset).

The physiological significance of the very rapid transport of IFN-y
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 ~f induce new synthesis of
several mRNAs within 5-10 min, and recombinant human IFN-y within 30 min

after application to the cells (19-22). Various biologically active
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ligands, such as insulin, nerve and epidermal growth factors, and steroid
hormones, bind to the nuclear membrane or the nuclear matrix (15,16,17).
Indeod, the treatment of isolated nuclei with insulin increases nuclear mRNA
efflux, nucleotide triphosphatase activity, and protein phosphorylation
(15). Brief treatment of isolated nuclei of mouse L cells with murine
IFN~-B rapidly decreases RNA effiux from the nuclei in dose-dependent manner
(13). The very rapid uptake and transport of immunologically recognizable
IFN-y molecules through the cytoplasm and into the demse chromatin areas of
the nucleus suggests that IFN molecules may act as their own messengers,
either alome or bound to receptor, and may be directly imvolved in genome

regulation,
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