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ABSTRACT The relationship between the rat tumor-asso-
ciated cytokeratin p39 (M, 39,000) and cellular DNA has been
studied in intact cells. Using a DNA-protein crosslinking tech-
nique, incubation with cis-dichlorodiammineplatinum, we
present evidence for the association of p39 with DNA in intact
Novikoff ascites hepatoma cells. The cells were treated with
cis-dichlorodiammineplatinum and solubilized in NaDodSO4-
containing buffer, and the DNA was pelleted by high-speed
centrifugation. By immunotransfer analysis, the cytokeratin
was found in the DNA pellet of the crosslinked samples while
absent from the controls. This result was further substantiated
by CsCl density-gradient centrifugation. Collectively, these re-
sults suggest a cytokeratin-DNA association at the filament
binding sites on or near the nuclear lamina.

The cytokeratins are perhaps the most heterogeneous class
of polypeptides that comprise the cytostructural intermedi-
ate filaments (1). These proteins exhibit overall patterns of
cell-type specificity, allowing classification of epithelial and
carcinoma cells on the basis of cytokeratin expression (2-5).
Immunohistochemical experiments demonstrate keratin fila-
ments to extend from desmosomal junctions to a supposed
filament "organizing center" at the nucleus (6, 7). These at-
tachment sites on or near the peripheral lamina of the nucle-
us are as yet undefined, and experiments attempting to as-
sign a role for filaments (if any) in nuclear morphology and
function are further complicated by the extreme insolubility
of these species and their tenacious ability to remain with
purified nuclei (8).
The three Novikoff ascites hepatoma (NAH) antigens p39,

p49, and p56 (Mrs 39,000, 49,000, and 56,000, respectively)
were originally characterized in chromatin preparations (9-
11). Subsequent studies established the specificity of the p39
and p49 antigens for rat carcinoma cells (12, 13) and their
identification as cytokeratins (14). Our laboratory has been
concerned with clarifying the relationship of these antigens
to the nucleus and chromosomal proteins. In this investiga-
tion, we have employed a protein-DNA crosslinker, cis-
dichlorodiammineplatinum (cis-DDP), and y irradiation with
intact, viable cells to assess the in vivo interaction of the
NAH p39 cytokeratin antigen with DNA. Our results indi-
cate that a part of this cellular antigen, perhaps the filament
ends, is situated either within crosslinking distance or bound
to the DNA in the intact cell.

MATERIALS AND METHODS
NAH was maintained by weekly transplantation in male
Sprague-Dawley rats. Electrophoresis supplies were pur-
chased from Bio-Rad. DNase I was obtained from Worthing-
ton and density-gradient grade CsCl was from Gallard
Schlesinger. Immunochemicals were from Miles and Stern-
berger-Meyer (Jarrettesville, MD). cis-DDP was obtained
from Sigma.

Crosslinking with cis-DDP and y Irradiation. Crosslinking
experiments were performed essentially as described (15,
16), with modifications. For cis-DDP crosslinking, freshly
collected NAH cells were gently washed with 5 vol of 0.15 M
sodium chloride/0.015 M sodium citrate, pH 7.2, and centri-
fuged at low speed (700 x g, 5 min). The cells were then
resuspended in 20 vol of the same buffer with or without 2
mM cis-DDP and incubated for the indicated times at 37°C.
Crosslinked cells were recovered by low-speed centrifuga-
tion and solubilized by homogenization and stirring in 20 vol
of 4% NaDodSO4/50 mM Tris HCl, pH 7.5/1 mM phenyl-
methylsulfonyl fluoride, for 3-4 hr. After centrifugation of
this suspension at 100,000 x g for 16 hr, the DNA-containing
pellets were resuspended in the above NaDodSO4 buffer and
again centrifuged 16 hr at 100,000 x g. The final pellets were
suspended in 2 mM Tris HCl, pH 7.5/1 mM PhMeSO2F and
dialyzed overnight against the same buffer. Proteins associ-
ated with the DNA pellet were then assessed by immuno-
transfer methodology as described below.

For crosslinking with y irradiation, freshly collected NAH
was subjected to 100 krad (1 rad = 0.01 gray) of y irradiation
from a 137Cs source. Controls were incubated at room tem-
perature for the duration of the irradiation. Cells were then
collected by low-speed centrifugation and processed as de-
scribed above for cis-DDP crosslinking.

Isolation of Chromatin, Nuclei, and NAH Cytokeratin.
NAH nuclei were purified from washed cells lysed by hypo-
tonic shock (17). The method of Bonner et al. (18), as modi-
fied in our laboratory (19), was used to prepare chromatin
from isolated nuclei, which included one washing in 0.3 M
NaCl and resuspension in 2 mM Tris HCl, pH 7.5/0.1 mM
PhMeSO2F. Aliquots of chromatin were stored at -20°C un-
til use.

Cytokeratin from washed NAH cells was prepared exactly
as described by Franke et al. (20), which included one cycle
of solubilization in urea/2-mercaptoethanol buffer and pre-
cipitation with low-ionic strength buffer.
Monoclonal Antibodies. Detailed methods and character-

ization studies of mouse monoclonal antibodies to NAH p39
will appear elsewhere (unpublished data). In brief, BALB/c
mice were immunized by four weekly injections with 100-,ug
samples ofNAH cytokeratin in Freund's adjuvant and intra-
peritoneal booster injections 5 days before fusion. P3X63-
Ag8.653 mouse myeloma cells (kindly supplied by Christo-
pher Reading, University of Texas System Cancer Center,
Houston, TX) were passed in Dulbecco's modified minimal
essential medium and fused with freshly isolated, immunized
spleen cells according to Pontecorvo et al. (21). After fusion,
-5 x 105 cells were dispensed into each well of 96-well Co-
star plates and subjected to hypoxanthine/aminopterin/thymi-
dine selection (22). Fourteen to 21 days later, wells were
screened by ELISA with goat anti-mouse IgG-peroxidase
conjugate (23). Positive wells were amplified and cloned at

Abbreviations: NAH, Novikoff ascites hepatoma; PhMeSO2F,
phenylmethylsulfonyl fluoride; cis-DDP, cis-dichlorodiammineplati-
num.
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FIG. 1. Crosslinking of intact cells with cis-DDP. Freshly har-
vested NAH cells were crosslinked with cis-DDP and solubilized in
NaDodSO4-containing buffer, and high-speed DNA pellets were
electrophoresed. Immunotransfer was incubated with monoclonal
antibody to p39 and stained for immunoreactive proteins. Lane 1,
normal NAH chromatin standard (25 ug as DNA); lanes 2-5, DNA
pellets from cells incubated for 2 hr at 370C with (lanes 2 and 4) or
without (lanes 3 and 5) 2 mM cis-DDP and solubilized in 4%
NaDodSO4 With (lanes 4 and 5) or without (lanes 2 and 3) 5% (vol!
vol) 2-mercaptoethanol (each lane is 300 g.g as DNA); lane 6, DNA-
pellet fraction from -y-irradiated cells (600 tg as DNA); and lane 7,
uncrosslinked, control DNA pellet (600 Ag as DNA).

least three times by limiting dilution assays using mouse thy-
mocyte cells as a feeder layer and were assayed by immuno-
transfer methodology as described below. The hybridoma
line G4 used in this investigation is a stable line producing
IgM antibodies almost entirely specific for NAH antigen
p39.
NaDodSO4/PAGE and Immunoassays. High-speed DNA

pellets were prepared for electrophoresis by DNase I shear-
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ing as described (12). Samples were electrophoresed under
conditions of Laemmli (24), which employed a 3% stacking
gel and a 7.5% resolving gel. Protein bands were either visu-
alized with Coomassie brilliant blue staining or were trans-
ferred to nitrocellulose sheets as described by Towbin et al.
(25). The method of Sternberger (26) was used to visualize
immunoreactive antigens essentially as described (27). Im-
munoreactive staining was quantitated by densitometry with
the method of Guengerich et al. (28).

CsC1 Equilibrium Density-Gradient Ultracentrifugation.
Control or treated cells were solubilized in NaDodSO4 buffer
and DNA was collected by ultracentrifugation, as described
above. The DNA-containing pellets were resuspended in 2
mM Tris HCl, pH 7.5/1 mM PhMeSO2F, and -3 mg ofDNA
was gently homogenized in 42 ml of aqueous CsCl solution
(1.60 g/ml). Ultracentrifugation was for 72 hr at 100,000 x
gav with a Beckman SW 40 rotor. Fractions of 0.5 ml were
collected from the top of the gradient, measured for absor-
bance at 260 nm and density, pooled in groups of three or
four, dialyzed overnight against 2 mM Tris HCl, pH 7.5/0.1
mM PhMeSO2F, lyophilized, and prepared for electrophore-
sis as described above.

RESULTS
Incubation of viable, intact NAH cells with cis-DDP resulted
in the accumulation of the cytokeratin p39 into the high-
speed DNA pellets of crosslinked, NaDodSO4-solubilized
cells, while the pellets of corresponding controls contained
no p39 (Fig. 1). It should be emphasized that lanes 2-5 of
Fig. 1 were loaded with samples adjusted to a DNA content
12-fold higher than that of the NAH chromatin standard on
lane 1. Thus, only a small portion of the total p39 in chroma-
tin was recovered in the DNA fraction after a 2-hr incubation
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FIG. 2. Time course of the incorporation of p39 into the DNA pellets of cis-DDP-treated cells. Freshly harvested NAH cells were treated
with 2 mM cis-DDP. At indicated intervals aliquots were solubilized in NaDodSO4-containing buffer, and the DNA was pelleted by high-speed
centrifugation, DNase I treated, subjected to NaDodSO4/PAGE, and either stained with Coomassie brilliant blue (A) or transferred to nitrocel-
lulose and reacted with monoclonal antibody to p39 (B). Lane N, normal Novikoff chromatin standard (25 jig as DNA); lanes 0-8, aliquots taken
at 0-8 hr, respectively (150 pg as DNA); lane 9, molecular weight standards (Bio-Rad) (phosphorylase b, bovine serum albumin, ovalbumin,
carbonic acid, and soybean trypsin inhibitor). (C) The amount of immunoreactive p39 was quantitated by densitometry (28), taking the amount
of p39 in Novikoff chromatin as 100%. Histone H1 was quantitated by scanning the Coomassie-stained gel, taking the amount of H1 in
chromatin as 100%.
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with cis-DDP. When 5% (vol/vol) 2-mercaptoethanol was in-
cluded in the solubilizing buffer, p39 was not recovered in
the DNA pellet, suggesting that sulfydryl linkages may be
important for the DNA-cis-DDP-p39 complex. This result
was expected because sulfhydryl reducing agents have been
shown to reverse DNA-cis-DDP-protein crosslinks (29). As
a control, freshly harvested NAH cells were subjected to a
large dose of y irradiation, a technique known to crosslink
DNA to protein (30, 31). p39 was found in the DNA pellet of
irradiated samples (Fig. 1, lanes 6 and 7), though to a lesser
extent than in cis-DDP treated samples (compare the DNA
content in lanes 2 and 6, which contain roughly equivalent
amounts of immunoreactive p39).
The effect of time on cis-DDP treatment was also tested.

Freshly harvested NAH cells were incubated with cis-DDP
and aliquots were removed at hourly intervals for 8 hr. The
amount of immunoreactive p39 was assessed by densitome-
try in the immunotransfer profiles of the high-speed DNA
pellets of NaDodSO4-solubilized cell aliquots. With increas-
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FIG. 3. CsCl equilibrium density-gradient centrifugation of high-
speed DNA pellet fractions from whole cells reacted with cis-DDP
for 2 hr. (A) The OD at 260 nm (o) and density in g/cm3 (o) of the
fractions collected from gradients. (B) The fractions from three gra-
dients were pooled according to OD at 260 to make a total of nine
fractions. Each of the experimental points represents a pool of three
or four fractions, 0.5 ml each. For this reason, the p39 antigenic
peak is represented by only one point. However, these results were
highly reproducible. These were then dialyzed, DNase I treated, ly-
ophilized, electrophoresed, transferred to nitrocellulose, and react-
ed with monoclonal antibody to p39. The relative amount of p39 (A)
for each fraction pool was then calculated as described.
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ing time of cis-DDP treatment, we observed a nearly linear
incorporation of p39 into the DNA pellet fractions up to
about 7 hr; thereafter, the amount of p39 concentration did
not increase (Fig. 2). The decreasing viability of cells past 8
hr in cis-DDP (about 80% of live cells, as assessed with try-
pan dye exclusion), precluded further time-course measure-
ments. Assuming that the chromatin standard contained
100% of p39 available for DNA cross-linking, then our densi-
tometry measurements indicated that about 40% of the chro-
mosomal p39 associated with DNA after 7 hr of incubation.
This amount of crosslinked p39 represents only about 10-
20% of the total cellular p39 (10).
As a control we assessed the time-dependent appearance

of a known DNA-binding chromosomal protein, H1 histone,
into the DNA pellet fraction of cis-DDP-treated cells (Fig.
2). In this experiment, Coomassie-stained NaDodSO4 gel
profiles were scanned and peak areas corresponding to H1
histone were determined by integration. H1 histone became
crosslinked to DNA and we noted an overall increase of H1
histone in the DNA pellets with extended incubation time.
However, in contrast to p39, a smaller portion of the avail-
able H1 histone was crosslinked (about 10%) after 7 hr of
incubation. These findings compare favorably with those of
others showing only low or undetectable histone-DNA bind-
ing after cis-DDP treatment (32, 33).
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FIG. 4. CsCl equilibrium density-gradient centrifugation of
NaDodSO4-pelleted DNA of whole cells incubated at 37°C for 2 hr.
(A) The OD at 260 nm (o) and density in g/cm3 (e) of the fractions
collected from one gradient. (B) The fractions were treated exactly
as described in the legend for Fig. 3.
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To confirm the cis-DDP association of NAH p39 cytokera-
tin with DNA, experiments employing CsCl equilibrium den-
sity-gradient centrifugation were performed. High-speed
DNA pellets from cis-DDP-treated or control cells were sub-
jected to CsCl gradients, and the amount of immunoreactive
cytokeratin antigen then was determined in pooled gradient
fractions (Figs. 3 and 4). With cis-DDP crosslinking, p39 re-
activity was observed to band at a density of almost 1.6
g/cm3, which is greater than that of purified protein (1.3
g/cm3) but less than that of pure DNA (1.7 g/cm3). In con-
trast, gradients containing DNA pellets from uncrosslinked
cells contained no detectable cytokeratin antigen within the
gradient (Fig. 4). This result indicates that treatment of in-
tact, viable NAH cells with protein-DNA crosslinkers re-
sults in a very tight, likely covalent, association of the p39
cytokeratin antigen with DNA.

DISCUSSION
Whether cytokeratins or other intermediate filaments are
present in nuclear protein preparations because of their ex-
treme insolubility or because of structural and functional re-
lationships is an important question. We have obtained evi-
dence indicating that a portion of one of the NAH cytokera-
tins, the p39 antigen, is situated in the intact cell within
crosslinking distance of the DNA. Our experiments em-
ployed freshly harvested, viable cells and disruption directly
in ionic detergent. These conditions eliminated the possibili-
ty of an artifactual cytokeratin-DNA binding complex.
Although cis-DDP has been documented to produce cova-

lently bridged, protein-DNA complexes (32-35), the ability
of the compound to elicit extensive DNA-DNA crosslinks
raises the possibility that the cytokeratins may not directly
bind to DNA but become trapped within a DNA cage during
ultracentrifugation. Provided such a phenomenon occurs, it
would still require considerable specificity because in our
studies a known DNA binding protein, H1 histone, was
crosslinked to DNA to a lesser extent than p39.
However, results obtained with the second protein-DNA

crosslinking technique are not subject to this criticism be-
cause y radiation causes double-stranded breaks in the DNA
and no intrastrand DNA-DNA crosslinking (31). This may,
in fact, be the reason that less p39 was recovered in the DNA
pellets of y-irradiated cells than in cis-DDP-treated cells be-
cause pelleting through NaDodSO4 requires long DNA
strands. However, regardless of the type of DNA-protein
crosslinking agent, both experiments indicate that a portion
of the cellular p39 is situated at, or near, DNA in intact NAH
cells.

Parallel experiments with polyclonal antisera to whole
NAH cytokeratin preparations (data not shown) indicated
that all three principal NAH cytokeratins-p39, p49, and
p56-can be crosslinked to cellular DNA. This suggests that
cytokeratins and probably other intermediate filament pro-
teins may actively participate in the nucleocytoplasmic inter-
actions. The information obtained with monoclonal antisera
to p39 shows that less than a half of the p39 present in chro-
matin becomes crosslinked with DNA. It should be further
emphasized that the chromatin-associated p39 represents a
rather small portion of its total cellular concentration (2). A
possible explanation of these findings is that only the fila-
ment ends associate with the nuclear DNA on or near its
interface with the nuclear membrane. In support of this hy-
pothesis are recent high-voltage electron micrographs of
whole cell mounts, illustrating the tight attachment of inter-
mediate filaments to the nuclear lamina (36, 37), and our re-
cent immunohistochemical experiments with monoclonal
antibodies to p39, which show heavy perinuclear staining.
Another possibility is the penetration of the nucleus by the
cytokeratins with the filaments contributing to the fibrillar
structure of the nuclear matrix (38, 39).

The overt neoplastic cell specificity of the p39 and p49
antigens (10, 12, 13) also raises the prospect that the NAH
antigens may be unique in their association with cellular
DNA (e.g., a situation only present in rat carcinoma cells).
However, Traub et al. (40) have reported purified vimentin
to have a high binding affinity for single-stranded DNA and
RNA, which, in conjunction with our data, may indicate a
more general relationship of the intermediate filaments and
the cellular DNA.
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