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Ubiquitin cross-reactive protein (UCRP), a 15-kDa interferon-induced protein, is a sequence homolog of
ubiquitin that is covalently ligated to intracellular proteins in a parallel enzymatic reaction and is found at low
levels within cultured cell lines and human tissues not exposed to interferon. Ubiquitin and UCRP ligation
reactions apparently target distinct subsets of intracellular proteins, as judged from differences in the
distributions of the respective adducts revealed on immunoblots. In this study, successive passages of the
human lung carcinoma line A549 in the presence of neutralizing antibodies against alpha and beta interferons
had no effect on the levels of either free or conjugated UCRP, indicating that these UCRP pools are
constitutively present within uninduced cells and are thus not a consequence of autoinduction by low levels of
secreted alpha/beta interferon. In an effort to identify potential targets for UCRP conjugation, the immuno-

cytochemical distribution of UCRP was examined by using affinity-purified polyclonal antibodies against
recombinant polypeptide. UCRP distributes in a punctate cytoskeletal pattern that is resistant to extraction by
nonionic detergents (e.g., Triton X-100) in both uninduced and interferon-treated A549 cells. The cytoskeletal
pattern colocalizes with the intermediate filament network of epithelial and mesothelial cell lines. Immuno-
blots of parallel Triton X-100-insoluble cell extracts suggest that the cytoskeletal association largely results
from the noncovalent association of UCRP conjugates with the intermediate filaments rather than direct
ligation of the polypeptide to structural components of the filaments. A significant increase in the sequestration
of UCRP adducts on intermediate filaments accompanies interferon induction. These results suggest that
UCRP may serve as a trans-acting binding factor directing the association of ligated target proteins to
intermediate filaments.

Interferons induce diverse cellular responses contributing to
the primary line of defense against viral and parasitic infections
and, more generally, modulate the immune system, cell prolif-
eration, and cell differentiation (1, 35). Interferons exert their
effects by specifically altering the expression of approximately
30 different intracellular proteins (35). Functions for a few of
these interferon-induced proteins have been well characterized
and contribute to our understanding of the numerous interfer-
on-mediated effects. However, functions for the majority of
these interferon-induced proteins are currently unidentified.
The interferon-induced 15-kDa protein, the ISG-15 gene
product, belongs to this latter group of proteins. Although it is
the predominant alpha/beta interferon (IFN-ox/p)-induced
protein in Ehrlich ascites tumor cells (3) and is present in
extracts of several other interferon-treated cells (6, 16), no
functional activity has been attributed to the purified protein.
Its temporal expression and concentration dependence on
interferon parallel induction of the antiviral response (6). On
the basis of these observations, it is assumed that the 15-kDa
protein is required in the primary response(s) of cells to
interferon.

Recent evidence indicates that the 15-kDa protein is com-
posed of two domains, each of which exhibits significant
sequence homology to ubiquitin (6), itself a highly conserved
8.6-kDa protein that participates in a number of fundamental
regulatory processes through a unique posttranslational mod-
ification in which the carboxyl terminus of the polypeptide is
covalently ligated to primary amines on a variety of intracel-
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lular proteins (reviewed in reference 9). The amino- and
carboxyl-terminal domains of the 15-kDa protein are 43 and
62% homologous to ubiquitin, respectively (6, 19). Symmetry
in the positions of homology between the two domains relative
to the crystal structure of ubiquitin (41) suggests these two
proteins have similar folding motifs (6). The marked sequence
similarity of this 15-kDa ubiquitin cross-reactive protein
(UCRP) accounts for its initial identification by affinity-puri-
fied polyclonal antibodies against ubiquitin (6). Both UCRP
and ubiquitin are synthesized as precursors that undergo co- or
posttranslational processing to yield identical carboxyl-termi-
nal sequences of Leu-Arg-Leu-Arg-Gly-Gly (15, 31, 34). The
resulting exposure of this hexapeptide sequence is functionally
significant, since it is the site of isopeptide bond formation to
ubiquitin (10) and contributes to interactions with several
ubiquitin-specific proteins such as the carboxyl-terminal hydro-
lases (31) and other enzymes required for target protein
conjugation (14, 44). Such similarities led Haas and coworkers
to propose that UCRP represents a function-specific homolog
of ubiquitin subject to a similar pathway of conjugation within
interferon-responsive cells (6). A major consequence of ubiq-
uitin conjugation is the targeting of proteins for degradation
via a multienzyme, ATP-dependent degradative pathway (10).
Whether UCRP similarly participates in degradative targeting
is currently the subject of considerable speculation.

Recently we have exploited immunological methods to
confirm the presence of UCRP-protein conjugates within
interferon-responsive cells (19, 20). UCRP conjugation appar-
ently differs in target protein specificity from the analogous
reaction occurring with ubiquitin. Conjugates to ubiquitin
represent a heterogeneous population of adducts, resulting in
a diffuse molecular weight distribution on immunoblots probed
with antiubiquitin antibodies (7). In contrast, UCRP conju-
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gates appear as discrete protein bands following immunoblot
detection with affinity-purified anti-UCRP antibodies, suggest-
ing a more restricted substrate specificity for formation of such
adducts (19). That the pattern of UCRP conjugates is con-
served among several cell lines examined indicates similar
subpopulations of targets for UCRP ligation (19). Detection of
low basal levels of free and conjugated UCRP in cultured cell
lines not treated with interferon suggests that UCRP adduct
formation may serve a constitutive regulatory function inde-
pendent of the interferon response. These putative functions
are probably similar under constitutive and interferon-respon-
sive conditions, since the intracellular population of these
adducts changes in absolute amount but not in distribution
upon exposure to the cytokine (19).
One approach to understanding the function of UCRP

ligation is the identification and characterization of proteins
targeted for conjugation. In this report, we describe immuno-
cytochemical and immunoblot results examining the intracel-
lular distribution of free and conjugated UCRP within cultured
human lung carcinoma cells. Our results demonstrate that
although most free UCRP exists as a soluble cytosolic protein,
a subtraction of immunochemically detected UCRP distributes
in a punctate cytoskeletal pattern similar to that observed for
intermediate filament-associated proteins. The cytoskeletal
distribution is stable to extraction with nonionic detergent and
0.3 M KI, indicating tight association of UCRP with the
cytoskeletal network. Immunoblots of parallel detergent-insol-
uble extracts confirm that the cytoskeletal distribution of
UCRP primarily derives from conjugated rather than associ-
ated free UCRP.

MATERIALS AND METHODS

Materials. Bovine ubiquitin, bovine gamma globulin, p-
phenylenediamine, bovine serum albumin (BSA), and protein
A were purchased from Sigma. Recombinant UCRP was
expressed and purified as previously described (19). Fetal
bovine serum and Affi-Gel-10 were obtained from HyClone
and Bio-Rad, respectively. Radiolabeled protein A was pre-
pared with Jodogen by using carrier-free Na125I (Amersham
Radiochemicals) as described previously (7). Rhodamine phal-
loidin was from Molecular Probes, Inc. Human recombinant
IFN-13ser (108 IU/mg) was kindly supplied by Triton Bio-
sciences. Human recombinant consensus, IFN-a (109 IU/mg)
was obtained from Amgen Biologicals. Human recombinant
keratin 18 was kindly provided by Werner Franke and IIse
Hofmann (German Cancer Research Center).

Cell culture and interferon induction. MG-63 (osteosarco-
ma) and A549 (lung carcinoma) cells were purchased from the
American Type Culture Collection and cultured as recom-
mended. Human foreskin cell extracts and primary keratino-
cytes were generously supplied by George Giudice (Dermatol-
ogy Department, Medical College of Wisconsin). Cultures
were grown at 37°C in a humidified 5% CO2 atmosphere. The
MG-63 and A549 cells were maintained as confluent mono-
layer cultures in minimal essential medium (Sigma) and Dul-
becco's modified Eagle's medium (Sigma), respectively, sup-
plemented with 10% (vol/vol) heat-inactivated fetal bovine
serum (HyClone). Keratinocytes were isolated from human
foreskin and cultured in Keratinocyte-SFM culture medium
(Gibco) as previously described (2). In all experiments, inter-
feron of the indicated type and concentration was added
directly to the conditioned culture media 2 days after passage
or medium change.

Antibodies. Rabbit anti-UCRP polyclonal antibodies were
generated against recombinant mature human UCRP and

affinity purified as described previously (19). Rabbit anti-
human IFN-P neutralizing antibody was purchased from Lee
BioMolecular. Sheep antiserum directed against human leuko-
cyte IFN-a was supplied by Biotech Research (NIAID Repos-
itory). Mouse monoclonal anti-p-tubulin antibody (TUB2.1)
(23) was purchased from Sigma. Mouse monoclonal antibodies
to human keratin 8 (35PH11) and human vimentin (43PE8) (5)
were a generous gift from Allen Gown (Department of Pathol-
ogy, University of Washington). Mouse monoclonal anti-hu-
man keratin 18 antibody (CK-5) (39) was obtained from ICN.
Rhodamine-conjugated goat anti-mouse immunoglobulin G
and fluorescein isothiocyanate (FITC)-conjugated goat anti-
rabbit immunoglobulin G antibodies were bought from Cap-
pel.

Solid-phase detection of UCRP. Samples were prepared by
rinsing cells in 25 mM potassium phosphate-buffered saline
(PBS; pH 7.4) and then subjecting them to lysis in 1x sodium
dodecyl sulfate (SDS) sample buffer containing 2% (vol/vol)
P-mercaptoethanol (6). The resulting extracts were briefly
sonicated for 10 s, boiled for 2 min, and resolved by SDS-
polyacrylamide gel electrophoresis (PAGE) on a 12% (wt/vol)
polyacrylamide gel before electrophoretic transfer to Schlei-
cher & Schuell BA83 nitrocellulose membranes (7). Blots were
immunostained with 10 ,ug of affinity-purified anti-UCRP
antibody per ml in Tris-saline (50 mM Tris-Cl [pH 7.4], 150
mM NaCl) containing 25 mg of BSA per ml and visualized by
autoradiography after incubation with 125I-protein A (7, 19).
Immunocytochemical localization of UCRP. Subconfluent

cultures of A549, MG-63, or primary keratinocytes were grown
on glass coverslips and incubated in the presence or absence of
1,000 IU of IFN-,B per ml for 24 h. Fixed whole cells were
prepared by ethanol (EtOH)-ether treatment (42); briefly,
cells were rinsed in PBS and then fixed by successive incuba-
tions in 70% EtOH (15 min), 50% EtOH-50% ether (30 min),
70% EtOH (3 min), 50% EtOH (15 min), and H20 (15 min).
Fixed cells were again rinsed five times in PBS to remove trace
organic solvents and stored overnight in the same buffer.

Other samples were progressively extracted with Triton
X-100, using a modified version of the method of Heuser and
Kirschner (11), prior to fixation for 30 min at 37°C in 4%
paraformaldehyde freshly prepared in stabilizing buffer [100
mM piperazine-NN'-bis(2-ethanesulfonic acid) (PIPES; pH
6.9), 0.5 mM MgCl2, 0.1 mM EDTA] (8). Cells were rinsed
twice in PBS at 37°C prior to differential extraction. Under
conditions of extraction 1, designed to preserve all cytoskeletal
elements, cells were incubated 3 min (37°C) in stabilizing
buffer containing 0.5% Triton X-100 and 4 M glycerol prior to
fixation. The conditions of extraction 2, which retain the actin
and intermediate filaments while quantitatively solubilizing the
tubulin network, required incubation for 30 min (37°C) in
stabilizing buffer containing 0.5% Triton X-100 in the absence
of glycerol. The most stringent procedure, extraction 3, was
designed to remove both tubulin and actin networks while
retaining intact intermediate filaments and required incuba-
tion for 30 min (37°C) with 0.5% Triton X-100 in stabilizing
buffer followed by a 3-h incubation in the presence of 0.3 M KI
at 4°C. For all three extraction protocols, the cells were rinsed
five times in PBS following fixation.

Fixed monolayers were initially incubated in blocking solu-
tion (50 mM Tris-Cl [pH 7.6], 150 mM NaCl, 25 mg of BSA per
ml) to eliminate nonspecific binding and then incubated for 1
h with 10 ,ug of either affinity-purified anti-UCRP or antiubiq-
uitin antibody per ml diluted in the same solution (8). The
concentration of primary antibody used in these experiments
was determined from independent range studies. The cells
were then rinsed three times for 10 min each time with Tris-
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FIG. 1. Immunocytochemical detection of UCRP in A549 cells. Subconfluent A549 cells grown on glass coverslips were rinsed three times with
PBS and prepared by EtOH-ether fixation (42). The fixed cells were then stained with the indicated primary antibody at 10 Vtg/ml in blocking
solution followed by FITC-conjugated goat anti-rabbit antibody diluted 1:100 in blocking solution. (A) Control A549 cells stained with anti-UCRP
antibody; (B) A549 cells treated for 24 h with 1,000 IU IFN-Pser per ml and then stained with anti-UCRP antibody; (C) control A549 cells identical
to those in panel A but stained with antiubiquitin antibody; (D) control A549 cells identical to those in panel A but stained with FITC-conjugated
goat anti-rabbit antibody in the absence of any primary antibody; (E) IFN-,B-treated A549 cells identical to those in panel B but stained with
anti-UCRP antibody that had been preincubated with a 200-fold mole excess of free recombinant UCRP; (F) IFN-0-treated A549 cells identical
to those in panel B but stained with anti-UCRP antibody that had been preincubated with a 200-fold mole excess of free ubiquitin. All panels have
been exposure normalized. Bar = 20 jim.

saline and stained for 1 h with FITC-conjugated goat anti-
rabbit antibodies (1:100 dilution in blocking solution). The
titer of the secondary antibody was empirically determined to
minimize both nonspecific staining in the absence of the
primary antibody and signal crossover with the complementary
barrier filter when double-antibody colocalization procedures
were used. The coverslips were rinsed three times with Tris-
saline and then inverted and mounted on glass slides, using a
glycine buffer containing p-phenylenediamine (0.1%) anti-
quenching agent (13). For colocalization studies, incubation
with anti-UCRP as the first primary antibody was followed by
incubation with FITC-conjugated goat anti-rabbit antibodies.
The cells were stained with the indicated monoclonal antibody
and then incubated with rhodamine-conjugated goat anti-
mouse antibodies. Actin filaments were detected with rhoda-
mine-conjugated phalloidin diluted in blocking solution. Slides
were viewed on a Nikon Optiphot epifluorescence microscope.
The FITC filter was a blue filter with absorbance maximum at
495 nm, while the rhodamine filter was a green filter with
absorbance maximum at 546 nm.

RESULTS

Immunocytological localization of UCRP in cultured A549
cells. Immunocytological localization of UCRP within the
A549 human cell line was examined as a potential means of
identifying intracellular proteins targeted for ligation. Subcon-
fluent cultures of A549 cells grown on glass coverslips were
treated for 24 h with 1,000 IU of IFN-1 per ml and then fixed
by the EtOH-ether procedure (42) described in Materials and
Methods. Fixed cells were stained with affinity-purified anti-
UCRP antibodies at a concentration of 10 ,ug/ml. The intra-
cellular distribution of UCRP was monitored by indirect

immunofluorescence microscopy using FITC-conjugated goat
anti-rabbit secondary antibodies. As shown in Fig. 1A, a low
constitutive level of UCRP was immunocytochemically de-
tected in the absence of interferon treatment. The staining
pattern in uninduced cells revealed a characteristic perinuclear
distribution and cytoplasmic network closely resembling that
reported for cytoskeletal proteins. Induction of UCRP by 24-h
treatment with IFN-,B produced an intense but diffuse staining
pattern throughout the entire cell, presumably due to increases
in the levels of free and conjugated UCRP (Fig. 1B). Although
not apparent in the exposure normalized micrograph of Fig. 1,
a discernible filamentous pattern of UCRP deposition contin-
ued to be visible against the diffuse staining background for
IFN-13-induced cells (see Fig. 2). No staining was visible when
IFN-p-treated A549 cells were incubated with only the FITC-
conjugated goat anti-rabbit secondary antibody, demonstrating
lack of cross-reactivity with human A549 cells (Fig. 1D).

Specificity of the immunostaining for UCRP was suggested
by the observation that affinity-purified anti-UCRP antibodies
used at concentrations ranging from 0.5 to 10 jig/ml generated
similar staining patterns differing only in signal intensity (not
shown). Additionally, affinity-purified anti-UCRP antibodies
isolated from three different rabbits generated similar staining
patterns in EtOH-ether-fixed A549 cells (not shown). Previous
studies have proposed that ubiquitin also distributes in a
fibrous network (22, 29, 30). Three lines of evidence indicate
that the filamentous pattern observed with anti-UCRP anti-
body does not result from cross-reaction with ubiquitin: (i) the
anti-UCRP antibody does not recognize either free or conju-
gated ubiquitin when used to probe immunoblots (19); (ii)
immunocytochemical staining of untreated A549 cells with
antiubiquitin antibodies revealed a diffuse cytoplasmic staining
with an intense nuclear distribution (Fig. 1C) that was dis-
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tinctly different from that observed with the anti-UCRP anti-
body (Fig. 1A), even at high magnification (not shown); and
(iii) the immunospecific signal observed with anti-UCRP anti-
body was quantitatively blocked by preincubation with a 200-
fold mole excess of free recombinant UCRP but not by an
equivalent amount of ubiquitin (Fig. 1E and F, respectively).
UCRP distributes in a punctate cytoskeletal pattern. The

panels in Fig. 1 were photographed at higher magnification to
illustrate more clearly the fibrous pattern of UCRP and
potential changes following IFN-P treatment. In the absence of
interferon treatment, UCRP displayed a predominantly cyto-
plasmic fibrous distribution with a perinuclear pattern that
became more punctate toward the cell periphery (Fig. 2A).
Interferon treatment markedly elevated the level of immuno-
specific UCRP signal, as seen by the brighter staining in Fig.
2B, which was exposed under the same conditions as Fig. 2A to
allow direct comparison. However, a shorter exposure of the
field in Fig. 2B demonstrated that UCRP was still organized in
a predominantly fibrous pattern identical to that observed in
uninduced cells (Fig. 2C).

In previous studies, we have shown that the anti-UCRP
antibody does not discriminate between free and conjugated
polypeptide present on immunoblots (19); therefore, it is not
possible to distinguish whether the distribution observed in
Fig. 2 results from free, conjugated, or both forms of UCRP.
Since 60 to 80% of total UCRP is found ligated to target
proteins within A549 cells (19), it is likely that the immunocy-
tological signal present in Fig. 2 represents conjugated
polypeptide. The kinetics of UCRP induction following expo-
sure to interferon show a characteristic pattern in which there
is an initial increase in the level of free UCRP during the first
12 h of interferon exposure followed by an elevation of UCRP
conjugates during the subsequent 12 h as the free pool
undergoes ligation (19). We exploited this differential induc-
tion to examine possible redistribution of signal under condi-
tions for which either free or conjugated polypeptide domi-
nated. An experiment identical to that of Fig. 2 was performed
following incubation of A549 cells with IFN-1 for either 12 or
24 h. The majority of the increased UCRP signal in cells
treated for 12 h with IFN-13 resulted from a diffuse staining
pattern whose overall localization remained unchanged as
UCRP was subsequently conjugated to substrate proteins
during the next 12 h (not shown). Although no significant
differences in immunocytochemical localization could be de-
tected between cells containing a large percentage of free
UCRP (12 h of interferon treatment) versus those containing
mostly conjugated UCRP (24 h of interferon treatment), the
cytoskeletal distribution of UCRP staining remained relatively
unchanged. In agreement with previous immunoblot analyses
(19), these results suggest that the substrate proteins for
UCRP conjugation and their intracellular distribution remain
constant following interferon treatment.
UCRP is present constitutively in A549 cells. As shown

above, the intracellular distribution of anti-UCRP reactive
proteins in cells exposed to interferon is considerably more
complex than that from untreated cells. Furthermore, the
fraction of conjugated UCRP in A549 cells relative to that of
the free form is greatest before interferon treatment (19). For
these reasons, we chose to focus on the distribution of UCRP
conjugates under constitutive conditions for which the immu-
nocytochemical analysis would best reflect the distribution of
UCRP conjugates rather than free cytoplasmic UCRP.
Low constitutive levels of both UCRP mRNA and protein

have been detected in a number of cultured cell lines and
human tissue in the absence of interferon treatment (3, 6, 19,
20, 32). However, the presence of UCRP in uninduced cells
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FIG. 2. Intracellular distribution of UCRP in A549 cells. Subcon-

fluent A549 cells grown on glass coverslips were incubated for 24 h in
the absence (A) or presence (B and C) of 1,000 IU of IFN-P per ml.
Cells were then fixed and stained with anti-UCRP antibody as de-
scribed in the legend to Fig. 1. Panels A and B were made at identical
exposures to demonstrate the increase in immunospecific UCRP signal
following interferon treatment. Panel C is a fivefold-shorter exposure
of panel B to illustrate better the continued fibrous distribution of
UCRP following interferon stimulation. Bar = 4w um.

could be due to a constitutive role for the protein or could
result from autoinduction by low levels of secreted IFN-a/t.
To resolve this question prior to further immunolocalization
studies, confluent cultures of A549 cells were passaged three
times in the presence of neutralizing antibodies against both
human IFN-a and IFN-P. Cultures were then grown for an
additional 24 h in the absence or presence of various doses of
either IFN-a or IFN-4 to verify the neutralizing activity of the
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FIG. 3. Free and conjugated forms of UCRP exist constitutively in
A549 Cells. Confluent monolayer cultures of A549 cells were grown in
the absence (A) or presence (B) of 100 neutralizing units (nu) of
neutralizing antibodies against both human IFN-a and -I per ml. After
three passages, the cells were induced with the indicated amounts of
human recombinant IFN-a or ba3ser for 24 h. Thereafter, cells were
lysed by the addition of SDS sample buffer, and then proteins were
resolved by SDS-PAGE (12% gel), transferred to nitrocellulose, and
stained with 10 pug of affinity-purified anti-UCRP antibodies per ml as
previously described (19). Bound antibody was visualized by autora-
diography following incubation with 125I-protein A. Each lane was
loaded with 8 x 104 cells. The mobilities of UCRP and molecular mass
markers (in kilodaltons) are indicated at the left and right, respectively.

antibodies. Cultured cells were lysed directly into SDS sample
buffer, resolved by SDS-PAGE (12% gel), and electroblotted
onto nitrocellulose (BA83; Schleicher & Schuell) as previously
described (19). The resulting immunoblots were probed with
affinity-purified rabbit polyclonal anti-UCRP antibodies that
recognize neither free nor conjugated ubiquitin. Levels of free
and conjugated UCRP were then visualized by autoradiogra-
phy, after which the immunoblot was incubated with 1251
protein A (19).
The results of a representative experiment are shown in Fig.

3. Figure 3A illustrates the induction of free and conjugated
UCRP in response to increasing amounts of IFN-ot or IFN-P
for cultures passaged in the absence of neutralizing antibodies.
Both interferons induced the synthesis of free UCRP at low
doses and the accumulation of UCRP conjugates at higher
doses (19), as noted in Fig. 3 for IFN-oL. Concentrations of
IFN-P below 10 U/ml are required to observe similar differ-
ential induction (19). Previous work (19) and shorter exposures
of Fig. 3 (not shown) reveal that although the qualitative
distribution of UCRP conjugates is conserved in cells treated
with different amounts of IFN-co or -13, some UCRP adducts
appear to be induced by interferon treatment while others
remain unchanged from the levels present in the absence of
induction. Figure 3B shows parallel samples from cultures
passaged in the presence of 100 neutralizing units each of
anti-IFN-ot and -13 per ml. The neutralizing antibodies elimi-
nated the induction of UCRP by 1,000 IU of IFN-ot and 10 IU
of IFN-1 per ml. Neutralizing antibodies against IFN-13 were
not adequate to block induction of free UCRP above 100 IU of

IFN-P per ml but did significantly attenuate the subsequent
accumulation of UCRP conjugates that occurs at higher con-
centrations of the cytokine (19). Most significantly, similar low
levels of both free and conjugated UCRP were present in
control cells passaged either in the absence or in the presence
of the neutralizing antibodies (lanes 0). The latter observation
confirms that both free and conjugated forms of UCRP are
constitutively present in A549 under conditions in which
autoinduction is precluded.
The filamentous distribution of UCRP does not associate

with microtubules or actin fibers. It has been reported that
free ubiquitin colocalizes with both microtubules and nuclear
spindles (29). To determine if the filamentous distribution of
UCRP observed in Fig. 1 and 2 resulted from constitutive
association of the polypeptide with these fibers or other
cytoskeletal components, A549 cells were progressively ex-
tracted by the procedure of Heuser and Kirschner (11) as
described below and in Materials and Methods. This extraction
protocol exploits the differential solubility of the various
cytoskeletal components.

Untreated A549 cells were sequentially extracted with 0.1%
Triton X-100 in stabilizing buffer in the presence (extraction 1)
or absence (extraction 2) of 4 M glycerol or in the absence of
glycerol and then with 0.3 M KI (extraction 3) prior to fixation
with paraformaldehyde. These extractions are reported to
preserve the tubulin, actin, and intermediate filament networks
(extraction 1), to extract the tubulin network while preserving
the actin and intermediate filaments (extraction 2), or to
extract all cytoskeletal structures except for the intermediate
filament network (extraction 3) (11). After fixation, the cover-
slips were stained with rabbit anti-UCRP antibodies and
TUB2.1, a monoclonal antibody directed against 13-tubulin
(23). Immunospecifically bound antibodies were detected with
either FITC-conjugated goat anti-rabbit antibody (anti-
UCRP) or rhodamine-conjugated goat anti-mouse antibody
directed against TUB2.1 (Fig. 4). Under these conditions,
there was no detection of the rhodamine signal when viewed
through the FITC filter or of the FITC signal when viewed
through the rhodamine filter (data not shown). Separate
control experiments also demonstrated that there was no
cross-reaction of secondary antibodies with the fixed cellular
proteins or cross-species recognition of the inappropriate
primary antibody, since no signal was observed when the
appropriate primary antibody was excluded (data not shown).
The least rigorous extraction (extraction 1) left a well-

defined tubulin pattern that bears no resemblance to the
punctate fibrous pattern found with affinity-purified anti-
UCRP antibodies (Fig. 4A and B). The tubulin network began
to collapse under the conditions of extraction 2, since the
microtubules began to retract from the cell periphery and
acquired a punctate appearance at their distal ends (Fig. 4D).
The pattern obtained with anti-UCRP following extraction 2
did not resemble the pattern for tubulin (Fig. 4C). Under the
most rigorous conditions of extraction 3, the tubulin staining
was quantitatively eliminated while that of UCRP was retained
(Fig. 4E and F). The organization of UCRP was slightly altered
by extraction 3 such that the punctate pattern appeared to
condense into a more tightly packed network.
The absence of colocalization between the fibrous pattern of

UCRP and the tubulin network was confirmed by three
additional observations. (i) Double exposures of these ex-
tracted cells showed that the UCRP signal did not coincide
with that of tubulin (data not shown). A few areas stained with
both antibodies; however, this appeared to result from inter-
secting fibers rather than the distribution of UCRP reactive
proteins along the microtubules. (ii) The tubulin network was
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FIG. 4. UCRP does not distribute along the tubulin network. Subconfluent cultures of A549 cells were grown on glass coverslips and were
extracted as described in Material and Methods: (A and B) 0.5% Triton X-100 and 4 M glycerol for 3 min at 370C; (C and D) 0.5% Triton X-100
for 30 min at 370C; (E and F) 0.5% Triton X-100 for 30 min at 370C followed by 0.3 M KI at 40C (11). Following extraction, the cell lysates were
fixed with 4% paraformaldehyde for 30 min at 370C (8). Subsequently, the cells were stained with rabbit anti-UCRP antibody and detected with
FITC-conjugated goat anti-rabbit antibody and then stained with mouse anti-13-tubulin antibody (TUB2.1) and detected with rhodamine-
conjugated goat anti-mouse antibody. (A, C, and E) FITC filter; (B, D, and F) rhodamine filter. Bar = 4 [tm.

not stable to the EtOH-ether fixation technique originally used
to identify the UCRP fibrous pattern, indicating that the
fibrous pattern observed with anti-UCRP probably did not
result from an association with the tubulin network. (iii) In one
optical field, we observed two cells undergoing mitosis in which
the spindles stained intensely with the antitubulin antibody;
however, there was no recognition of these structures by the
anti-UCRP antibody (Fig. 5).
A similar study was performed to determine if UCRP

localized with the actin microfilaments. In these studies, rho-
damine-conjugated phalloidin was used to detect actin fila-
ments. Phalloidin preferentially binds filamentous actin to the
exclusion of the free monomer, obviating background detec-
tion of the latter (38). Some degree of colocalization was
detected in the cell periphery and extracellular attachment
sites, which stained brightly when probed with phalloidin and
anti-UCRP antibodies (not shown). However, many of the

punctate filaments of UCRP were not detected by phalloidin,
and the progressively rigorous extractions eliminated all rec-
ognition by phalloidin, suggesting that much of the UCRP
pattern was not associated with the actin filaments.
UCRP distributes along the keratin filaments. The ability of

the UCRP staining to resist extraction with both nonionic
detergents and high concentrations of KI suggested that
UCRP may be tightly associated with the intermediate fila-
ment network that is also highly resistant to these extractions.
Association of UCRP with intermediate filaments was con-
firmed in EtOH-ether-fixed A549 cells by immunocytochemi-
cal colocalization of UCRP with cytokeratin, a constituent of
these structures (Fig. 6A and B). Cytokeratin 8 was stained
with monoclonal antibody 35PH11 (5) and detected with
rhodamine-conjugated goat anti-mouse antibodies. Figure 6
also compares the staining of UCRP in A549 cells with that of
cytokeratin 8 as a function of different extraction protocols.
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FIG. 5. UCRP does not associate with mitotic spindles. Subconflu-
ent cultures of A549 cells were grown on glass coverslips and prepared
by using extraction 1 (Material and Methods). The cells were subse-
quently stained first with anti-UCRP antibody and then with anti-n-
tubulin antibody (TUB2.1) as described in the legend to Fig. 4. Bar =

4 pum.

Under the most rigorous conditions of extraction 3, the
patterns of UCRP staining closely colocalized with the cyto-
keratin network, which appeared as a complex collection of
interdigitating fibers forming a perinuclear pattern that ex-

tended toward the periphery (Fig. 6G and H). Double expo-
sures of parallel experiments showed that not all areas of the
cytokeratin network contained a detectable UCRP signal.
These regions with unassociated UCRP appeared to be ran-

domly distributed throughout the keratin network (data not
shown).
To determine if the intermediate filament association of

UCRP was specific for cytokeratin, the human osteosarcoma
cell line MG-63, which expresses vimentin rather than keratin,
was also examined (not shown). A similar pattern of punctate
fibers that was highly resistant to extraction with nonionic
detergent was observed in MG-63 cells stained with anti-
UCRP. No signal was detected when cells were stained with
either 351H11 or CK-5, a monoclonal antibody specific for
cytokeratin 8 or 18, respectively (5, 39). However, 43PE8, a

monoclonal antibody directed against vimentin (5), stained the
intermediate filament network and also colocalized with the
punctate fibrous pattern characteristic of anti-UCRP staining.
In contrast to results with the A549 cells, some of the UCRP
filamentous signal present in MG-63 cells stained independent
of the intermediate filament networks revealed by the antivi-

mentin antibody 4313E8. A low level of vimentin fibers was
detected in A549 cells, in addition to the signal from the
keratin network, which also showed an association with
UCRP-immunospecific signal (not shown). The latter observa-
tions indicate that anti-UCRP detects a population of proteins
that associate in a punctate pattern with the intermediate
filament network of cells derived from mesothelial and epithe-
lial origins. Finally, UCRP was also shown to distribute in a
qualitatively similar intermediate filament-associated pattern
within cultures of primary keratinocytes (not shown).
UCRP conjugates are associated with intermediate fila-

ments. The affinity-purified antiubiquitin antibody used for
Fig. 1 exhibits a documented specificity for conjugated ubiq-
uitin to the exclusion of free polypeptide (7), which provides an
unambiguous identification of the ubiquitin adducts in immu-
nocytochemical applications (33). In contrast, the affinity-
purified anti-UCRP antibodies do not discriminate between
free and conjugated UCRP (19); therefore, the immunolocal-
ization of UCRP signal to intermediate filaments could poten-
tially arise through binding of the free polypeptide to these
fibers, as apparently occurs between free ubiquitin and the
cytoskeleton (4, 29), or by association of UCRP conjugates. To
distinguish between these two possibilities, subconfluent cul-
tures of A549 cells were grown on coverslips in the absence or
presence of IFN-P under conditions identical to those for
preparation of samples for the immunocytochemical studies
described earlier. Cells contained on the coverslips were rinsed
with PBS and extracted directly into SDS sample buffer.
Extracts were then resolved by SDS-PAGE and either stained
directly with Coomassie blue (Fig. 7) or electroblotted onto
nitrocellulose and probed with anti-UCRP antibodies (Fig. 8).

IFN-13 treatment had a negligible effect on both the distri-
bution and amount of total protein in A549 cells, since
qualitatively similar patterns were observed in whole cell
samples from control and interferon-treated cultures (Fig. 7).
The organic fixation used for the initial immunocytological
studies shown in Fig. 1 and 2, which best preserved the
filamentous pattern of UCRP, retained the majority of these
cellular proteins (Fig. 7, EtOH/Ether). In contrast, most of the
intracellular proteins in both untreated and induced cells were
eliminated by the progressive extraction protocol. The most
rigorous extraction in the presence of 0.3 M KI (Fig. 7, Ext.3)
eliminated almost all of the cytoskeletal proteins in the range
of 40 to 70 kDa that had been retained by extraction 2, leaving
only the highly insoluble subunits of the intermediate filaments
and four low-molecular-mass (<20-kDa) intermediate fila-
ment-associated proteins. The prominent 57-kDa band re-
tained in extract 3 was identified as vimentin on a parallel
immunoblot stained with the 4313E8 monoclonal antibody
specific for this isoform (not shown). Extract 3 also contained
less abundant bands of 45 kDa (cytokeratin 18) and 52.5 kDa
(cytokeratin 8) that were identified by immunoblotting with the
specific CK-5 and 35,BH1 1 monoclonal antibodies, respectively
(not shown).

Figure 8 shows the pattern of anti-UCRP-immunoreactive
proteins contained in A549 samples from a Western blotting
(immunoblotting) analysis performed in parallel to the exper-
iment represented by the gel shown in Fig. 7. There is a marked
induction of UCRP following IFN-, treatment in whole cell
extracts. Approximately 70% of total UCRP was present in
conjugated form within untreated cells (Fig. 8A, Whole Cell
Control), as judged from quantitation of free and adduct pools
within this sample as described previously (19). Interferon
treatment increased the absolute amounts of free and conju-
gated UCRP disproportionately, leading to a decrease in the
level of conjugated UCRP to 60% of the total polypeptide

MOL. CELL. BIOL.



CYTOSKELETAL DISTRIBUTION OF UCRP CONJUGATES 8415

anti-UCRP ant i-K ER AT IN -8

LU

FIG. 6. UCRP distributes along the keratin network. Subconfluent cultures of A549 cells were fixed with successive incubations in 70% EtOH
for 15 min, 50% EtOH-50% ether for 30 min, 50% EtOH for 15 min, and 100% H20 for 15 min (A and B) (42). Cells were also extracted as
described in Materials and Methods with 0.5% Triton X-100 and 4 M glycerol for 3 min at 370C (C and D), 0.5% Triton X-100 for 30 min at 370C
(E and F), and 0.5% Triton X-100 for 30 min at 37 C and then 0.3 M KI at 40C (G and H) (11). Following extraction, the cells were fixed with
4% paraformaldehyde for 30 min at 370C (8). The cells were initially stained with anti-UCRP antibody and detected with FITC-conjugated goat
anti-rabbit antibody and subsequently stained with anti-keratin 8 antibody (3513H11) (5) and detected with rhodamine-conjugated goat anti-mouse
antibody. Bar = 4 pum.
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FIG. 7. SDS-PAGE analysis of extracted A549 cells. Subconfluent
cultures of A549 cells were grown on coverslips and incubated for 24
h in the absence (Control) or presence (+ Interferon-P) of 1,000 IU of
IFN-,B per ml. Cells attached to coverslips were solubilized directly into
SDS sample buffer (Whole Cell), extracted as described in Material
and Methods (11) with 0.5% Triton X-100 and 4 M glycerol for 3 min
at 370C (Ext.1), 0.5% Triton X-100 for 30 min at 370C (Ext.2), or 0.5%
Triton X-100 for 30 min at 370C and then 0.3 M KI at 40C (Ext.3), or
subjected to successive incubations in 70% EtOH, 50% EtOH-50%
ether, 50% EtOH, and H20 (EtOH/Ether) (42) followed by solubili-
zation in SDS sample buffer. Samples were resolved by SDS-PAGE
(12% gel) and stained for total protein with Coomassie blue. Positions
of molecular weight markers are indicated in kilodaltons on the right.

(Fig. 8A, Whole Cell + Interferon-P). The autoradiogram of
Fig. 8A reflects the relative increases in the free and conju-
gated UCRP pools in response to IFN-1 induction; however,
the marked induction ofUCRP adducts obscures details of the
resulting molecular weight distribution. Figure 8B shows the
autoradiographic pattern of the interferon-induced blot of Fig.
8A exposed for one-fifth the time to normalize for the relative
induction in total UCRP protein derived from direct quanti-
tation. The normalized exposure of Fig. 8B reveals that the
distribution ofUCRP conjugates induced in response to IFN-,
is qualitatively similar to that of uninduced cells in containing
bands of identical mobility; however, the relative abundance of
the various bands is altered during interferon induction. This
suggests a change in relative specificity for UCRP conjugation
in response to interferon induction.

Figure 8 demonstrates that extraction 2 eliminates most of
the free and conjugated UCRP from uninduced control cells,
as expected since UCRP is a soluble cytosolic protein (6, 16,
19). In interferon-treated cells, a considerable fraction of free
and conjugated UCRP is retained in extract 2 and persists even
after extraction 3 (Fig. 8A, + Interferon-1). Since the majority
of intracellular proteins are removed by extraction 2, as judged
from Coomassie blue staining (Fig. 7), retention of significant
free and conjugated UCRP in the final two extraction samples
suggests these proteins bind to intermediate filaments, the
dominant proteins retained after extraction 3. This binding
must be relatively specific, since the free and conjugated forms
of UCRP, present in low abundance compared with total
protein, are observed following extraction 3 (Fig. 8, + Inter-
feron-P, Ext.3) while little total protein is retained (Fig. 7). No
effort was made to estimate the fraction of total UCRP
originally bound to the intermediate filaments, since the results

FIG. 8. Immunoblot analysis of extracted A549 cells. Parallel sam-
ples from A549 cell extracts as described in the legend to Fig. 7 were
resolved by SDS-PAGE, transferred to nitrocellulose, and probed with
anti-UCRP antibodies. Immunorecognition was detected by autora-
diography following incubation with "I-protein A. Panel B represents
a fivefold-shorter exposure of panel A.

of Fig. 8 indicate that the conditions of extractions 2 and 3
progressively remove these adducts. Work is currently in
progress to confirm directly that free and conjugated UCRP
bind to intermediate filaments.
The results of Figure 8 indicate that the intermediate

filament-associated UCRP signal detected immunocytochemi-
cally in uninduced A549 cells principally originates from
conjugated rather than free polypeptide. Moreover, the major-
ity of the signal is derived from an intermediate filament-
associated UCRP conjugate of 48 kDa, representing a target
protein of approximately 33 kDa when the molecular mass
contribution from UCRP (15 kDa) is subtracted. Three obser-
vations preclude the 48-kDa UCRP conjugate arising as an
artifact from cross-reaction of the anti-UCRP antibody with
cytokeratin 18, which has a similar relative molecular mass (not
shown). The 48-kDa UCRP conjugate migrated slightly above
the band of cytokeratin 18 when immunoblots such as that in
Fig. 8 were counterstained for protein. In addition, on parallel
immunoblots, monoclonal antibody CK-5 detected cytokeratin
18 but not the 48-kDa band bound by the anti-UCRP antibod-
ies. Finally, anti-UCRP failed to detect a recombinant human
cytokeratin 18 standard present on a control immunoblot at
approximately the same amount as that contained in an extract
3 sample such as that in Fig. 8.

DISCUSSION
The biological response of UCRP intracellularly is assumed

to require its covalent ligation to specific target proteins (6,
19). As an approach to identifying substrate targets for UCRP
conjugation and therefore to define a potential function(s) for
this posttranslational modification, immunocytochemical stud-
ies were initiated to determine the intracellular distribution of
these adducts. A significant fraction of the immunocytochem-
ical signal detected with affinity-purified anti-UCRP polyclonal
probes distributes in a punctate filamentous pattern under low
magnification (Fig. 1 and 2). Treatment with IFN-1 induced
the synthesis of UCRP and a corresponding increase in the
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diffuse cytoplasmic distribution in A549 cells. However, the
filamentous distribution of UCRP remained detectable within
the diffuse staining of soluble free and conjugated UCRP (Fig.
2), consistent with previous findings that the target protein
population susceptible to UCRP conjugation is largely con-
served between uninduced and interferon-treated cells (19).
Additional studies demonstrated that the distribution of
UCRP colocalized with the keratin network in A549 cells (Fig.
6), vimentin filaments in both A549 and MG-63 cells (not
shown), and keratin in primary kerotinocytes (not shown),
indicating that UCRP associates with several types of interme-
diate filament proteins. The punctate distribution of UCRP
was not uniform along the intermediate filaments. Regions of
the fibers devoid of associated UCRP were randomly distrib-
uted in the cell. It is unlikely that the regions devoid of
associated UCRP resulted from the fixation procedures, since
several protocols resulted in a similar distribution. It is possible
that the seemingly undecorated regions contain low levels of
associated UCRP below the limit of detection by immunoflu-
orescence. Alternatively, the equilibrium position for binding
of UCRP conjugates to the fibers may be freely reversible for
the intracellular concentrations of these adducts so that the
irregular distribution reflects transient fluctuations in distribu-
tion that are trapped during fixation.

Previous work by Fried and coworkers has suggested that
free ubiquitin associates with intermediate filaments (4) and
microtubules (29). In addition, ubiquitin conjugates have been
identified in inclusion bodies of several degenerative diseases,
including Alzheimer's dementia (24, 25, 45), Parkinson's dis-
ease (24), and amyotrophic lateral sclerosis (26, 27). In the
present studies, the cytoskeletal distribution of UCRP differs
significantly from that of ubiquitin, which exhibits a diffuse
cytoplasmic localization and prominent nuclear staining (Fig.
1C). We consistently failed to observe a cytoskeletal distribu-
tion for ubiquitin when affinity-purified rabbit polyclonal anti-
bodies against this polypeptide were used. The competition
experiments of Fig. 1 rule out cross-reaction between anti-
ubiquitin and anti-UCRP antibodies in immunocytochemical
applications; therefore, it is possible that the discrepancy
between our inability to detect ubiquitin localization to the
cytoskeleton and the reports of Fried et al. reflects cross-
reaction of their monoclonal probes with endogenous UCRP.
Alternatively, the data do not rule out the possibility that the
cytoskeletal distribution of ubiquitin is not a general feature of
all cells, unlike that of UCRP. More recently, Lowe and
coworkers have found that the distribution ofUCRP in several
pathological and normal human tissues, including those show-
ing ubiquitin localization to inclusion bodies, is distinct from
that of ubiquitin (21). These findings emphasize the impor-
tance of assessing potential cross-reaction between immuno-
probes prepared against the two polypeptides when interpret-
ing results from localization studies.

Rigorous extraction with nonionic detergent and 0.3 M KI
(extraction 3) demonstrated that the cytoskeletal pattern for
UCRP resulted from colocalization with intermediate fila-
ments (Fig. 6C). Since the affinity-purified anti-UCRP antibod-
ies do not discriminate between free and conjugated polypep-
tide, the parallel Western blot of Fig. 8 was critical in
distinguishing between these two pools in their binding to
intermediate filaments. The autoradiogram of Fig. 8A shows
that the cytoskeletal distribution of UCRP in uninduced cells
following extraction 3 (Fig. 6G) derives principally from con-
jugated rather than free UCRP. Most of the cytoskeletal
UCRP signal is attributable to a single adduct of 48 kDa,
although a number of higher-molecular-mass conjugates are
present at lower levels. The UCRP conjugates must be par-

tially sensitive to the conditions of extraction 3, since the
autoradiographic intensity of the 48-kDa adduct is about 25%
of that following extraction 2, which itself is nearly quantita-
tively retained compared to that for the whole cell extract (Fig.
8A, Control). In contrast, the marked accumulation of free and
conjugated UCRP pools following 24 h of interferon induction
is accompanied by a proportional increase in the retention of
both populations following extraction 3 (Fig. 8A, + Interferon-
P). The latter result is not a consequence of incomplete
extraction, since the distributions of proteins retained follow-
ing extraction 3 are comparable between control and interfer-
on-induced cultures when detected by Coomassie blue staining
(Fig. 7). However, as found with the uninduced cells, both
populations of UCRP are subject to some loss during the
conditions of extraction 3, since the 48-kDa conjugate band is
reduced approximately fourfold from that present following
extraction 2 (Fig. 8A, + Interferon-d). This loss is particularly
evident in Fig. 8B, for which the Western was exposed for a
proportionately shorter time to correct for the increase in total
UCRP present within the cells. The distribution of UCRP
conjugates in Fig. 8B is somewhat different from that of
uninduced cells (Fig. 8A), which may reflect subtle changes in
the target protein specificity for conjugation during interferon
induction.
The results of Fig. 8 suggest that the cytoskeletal distribution

of UCRP is due to the noncovalent adsorption of the polypep-
tide (free or conjugated) to the intermediate filament network,
for which UCRP may serve as a transposable trans-acting
binding factor for directing the association of otherwise soluble
target proteins to these fibers. We believe this putative binding
to be specific relative to total protein, since a qualitatively
greater fraction of total UCRP (Fig. 8) than of total protein
(Fig. 7) is retained following the conditions of extraction 3. It
is evident from Fig. 8 that the successive extraction steps strip
UCRP from the intermediate filaments; therefore, we have
made no attempt to quantitate the fraction of UCRP bound to
these fibers prior to extraction. There is precedence for binding
of interferon-induced proteins to the cytoskeleton. The inter-
feron-induced MxA protein, which inhibits replication of in-
fluenza virus in cultured mouse cells, has been shown to bind
transiently to cytoskeletal proteins (12). In contrast, many viral
proteins also associate with the intermediate filament network
presumably as sites for the assembly of new viral particles, such
as demonstrated by frog virus 3 (28). Other viral infections
induce morphological changes in the cytoskeleton, such as the
altered distribution of vimentin intermediate filaments follow-
ing cleavage of these structural proteins by human immunode-
ficiency virus type 1 protease (36). Moloney mouse sarcoma
virus specifically modifies vimentin by phosphorylation, which
may modulate the function of vimentin filaments in trans-
formed cells (37). The association of UCRP conjugates with
these filaments could potentially either block binding or inhibit
the action of such viral proteins as part of the antiviral activity
of the polypeptide.
Low constitutive levels of conjugated and free UCRP have

been observed previously in various cell lines (6, 19) and
human tissues (19-21). The results of Fig. 3 confirm that the
low basal level ofUCRP is not a consequence of autoinduction
by endogenous interferon secretion, since both free and con-
jugated UCRP are found by immunoblot analysis in confluent
A549 cells passaged three times in the presence of sufficient
anti-IFN-a and anti-IFN- P antibodies to neutralize >102 IU of
the cytokines per ml. Several other interferon-induced proteins
are found at low constitutive levels in the absence of interferon
treatment (1, 17), indicating that some of the mechanisms for
interferon action are mediated by upregulating preexisting
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pathways involved in basal metabolism. By inference, it is likely
that UCRP also serves a basal regulatory function which is
recruited during the interferon response. Other intermediate
filament-associated proteins have been found to distribute in a
punctate pattern similar to that observed here for UCRP (18)
and to serve in bridging filaments (43). Therefore, the poten-
tial exists that UCRP or its conjugates contribute to the
organization of the cytoskeletal network.
Our current understanding of the UCRP conjugation path-

way is not adequate to ascribe a defined function for UCRP
adduct formation. As a ubiquitin homolog, UCRP conjugation
may target a separate set of proteins for degradation via the
ATP-ubiquitin-dependent degradative pathway (40). If this is
the case, then association of UCRP conjugates with interme-
diate filaments may contribute to the regulation, disassembly,
and degradation of these fibers during cellular differentiation
and division. Since UCRP is one of the first proteins induced
following interferon treatment, it is likely that this protein
serves a fundamental role in the interferon response, for which
its ligation to intracellular targets and their subsequent asso-
ciation with intermediate filaments represents a novel mecha-
nism for this transduction pathway.
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