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ABsTRACT The C proteins (C; and C;) are major constituents of the 40S subparticle of
heterogeneous nuclear ribonucleoprotein complexes (hnRNPs) (Beyer, A. L., M. E. Christensen,
B. W. Walker, and W. M. LeStourgeon, 1977, Cell, 11:127-138) and are two of the most
prominent proteins that become cross-linked by ultraviolet light to heterogeneous nuclear
RNA (hnRNA) in vivo. Studies are described here on the characterization of the C proteins in
vertebrate cells using monoclonal and polyclonal antibodies. Monoclonal antibodies to gen-
uine RNP proteins, including the C proteins, were obtained by immunizing mice with purified
complexes of poly(A)*thnRNA and poly(A)*mRNA with their contacting proteins in vivo
obtained by ultraviolet cross-linking the complexes in intact cells (Dreyfuss, G., Y. D. Choi,
and S. A. Adam, 1984, Mol. Cell. Biol., 4:1104-1114). One of the monoclonal antibodies
identified the C proteins in widely divergent species ranging from human to lizard. In all
species examined, there were two C proteins in the molecular weight range of from 39,000
to 42,000 for C;, and from 40,000 to 45,000 for C,. The two C proteins were found to be
highly related to each other; they were recognized by the same monocional antibodies and
antibodies raised against purified C, reacted also with C,. In avian, rodent, and human cells
the C proteins were phosphorylated and were in contact with hnRNA in vivo. Immunofluo-
rescence microscopy demonstrated that the C proteins are segregated to the nucleus. Within
the nucleus the C proteins were not found in nucleoli and were not associated with chromatin
as seen in cells in prophase. These findings demonstrate that C proteins with similar charac-

teristics to those in humans are ubiquitous components of hnRNPs in vertebrates.

Heterogeneous nuclear RNAs (hnRNAs),! the nuclear tran-
scripts of which some are precursors to mRNASs, are associated
in the cell with specific proteins to form heterogeneous nuclear
ribonucleoprotein complexes (hnRNPs). The hnRNPs have
been studied by both cytological (5, 7, 14, 37, 38) and bio-
chemical (6, 10, 12, 13, 16, 20, 22, 25, 28-30, 32, 33, 35, 36,
39-42, 44-46, 48-50) approaches. These studies have re-
vealed a major structural component of hnRNPs—the 40S
particles. The major proteins of the 40S particles so far
described are classified into three doublets: the A, B, and C
groups (6). The C group proteins are the two proteins (by
one-dimensional SDS PAGE) that appear to be the proteins
most tightly associated with the hnRNA in vitro of the 40S

' Abbreviations used in this paper: DME, Dulbecco’s modified Ea-
gle’s medium; FCS, fetal calf serum; hnRNA, heterogeneous nuclear
RNA; hnRNP, heterogeneous nuclear ribonucleoprotein complex;
UV, ultraviolet (light).
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particles, as determined by resistance to dissociation by salt
(6). Because of their abundance and tight association with the
hnRNA, the C proteins may play a central role in the for-
mation of the ubiquitous 40S hnRNP subparticles and are
potentially of cardinal importance in the structure and func-
tion of hnRNPs in vertebrates. The C proteins may also be
involved in the attachment of the hnRNP complex to the
putative nuclear matrix (12, 49).

The proteins in hnRNPs that are likely to be involved in
the packaging of hnRNA and in its processing into mRNA
can be identified by ultraviolet (UV)-induced RNA-protein
cross-linking in intact cells (11-13, 36, 48, 49). We have
recently obtained monoclonal antibodies to several of the
proteins which are in direct contact with hnRNA in HeLa
cells by immunizing mice with purified in vivo UV-cross-
linked hnRNA-protein complexes (12). One of these antibod-
ies, designated 2B12, recognized two of the major Hela
hnRNP proteins of molecular weight 41,000 and 43,000.

1997



These two proteins were shown (12) to correspond to the C
group proteins of the 40S hnRNP subparticle previously
described by Beyer et al. (6).

The monoclonal antibody 2B12 recognized the C proteins
(41,000 and 43,000 mol wt) only in higher mammals (12). In
an attempt to define and study further the C proteins of other
vertebrate species, we screened the anti-hnRNP monoclonal
antibody-secreting hybridoma library and found monoclonal
antibodies that recognize these proteins also in other species.
This report makes use of such an antibody to identify the C
proteins across vertebrate species and describes immuno-
chemical studies which further characterize the C proteins of
hnRNPs.

MATERIALS AND METHODS

Cell Culture and Labeling: HeLa (human), CV-1 (monkey), and
Madin-Darby bovine kidney (bovine) cells were grown in monolayer culture in
Dulbecco’s modified Eagle’s medium (DME) containing 10% fetal calf serum
(FCS) at 37°C in 5% CO, atmosphere. Cultures were supplemented with
penicillin and streptomycin and used at subconfluent densities. Chinese hamster
ovary cells were grown similarly in DME supplemented with nonessential
amino acids. Chicken (MSB) cells (1) were grown in RPMI 1640 containing
10% FCS and 1% chicken serum. Lizard (4nolis carolinensis) myogenic cells
(3) were cultured in F10 medium containing 10% horse serum and 4% chick
embryo extract at 30°C in 5% CO,. Rat kangaroo PtK; cells were cultured in
Eagle’s minimum essential medium with nonessential amino acids and Earle’s
balanced saline solution with reduced bicarbonate (0.85 g/liter) supplemented
with 10% FCS. Cells were labeled with [**S]methionine at 10 xCi/ml for 12 h
in DME containing 1/10 the normal methionine level and 2% FCS. Labeling
with [*?Plorthophosphate (50 uCi/ml) was for 2 h in phosphate-free DME
containing 2% FCS.

Preparation and Analysis of UV-cross-linked Poly(A)*-

hnRNPs:  Irradiation of cells on culture dishes was carried out in PBS for 3
min at room temperature as recently described (11, 12). After UV irradiation,
the PBS was removed and the cells were allowed to swell for 5 min in ice-cold
RSB (10 mM Tris-HC], pH 7.4, 10 mM NaCl, 1.5 mM MgCl,) containing the
protease inhibitors aprotinin (0.5%; Sigma Chemical Co., St. Louis, MO),
pepstatin A (1 pg/ml), and leupeptin (1 ug/ml) and the RNAse inhibitor
vanadyl-adenosine (10 mM) (4, 9). Samples were made 0.5% (vol/vol) Triton
X-100, 0.5% deoxycholate (wt/vol), and 1% Tween 40 (vol/vol) and the cells
were homogenized by four passages through a 25-gauge needle. Nuclei and
cytoplasmic fractions were separated by low-speed centrifugation. The cyto-
plasmic fraction was discarded and the nuclei were resuspended in RSB and
digested with DNAse I (50 ug/ml for 15 min at 37°C) in the presence of 10
mM vanadyl-adenosine (11, 12). The DNase 1 (DPFF grade, Worthington
Biochemical Corp., Freehold, NJ) was treated with iodoacetamide (51) and
further purified on an aminophenylphosphoryluridine-2’(3’)-phosphate-aga-
rose column to remove RNase contamination (34). The nuclear fraction was
then adjusted to 10 mM EDTA, 1% mercaptoethanol, and 0.5% SDS. After
heating to 65°C for 5 min, rapid chilling, and addition of LiCl to 0.5 M, the
nuclear material was incubated for 15 min with oligo(dT)-cellulose (Type 3,
Collaborative Research Inc., Lexington, MA) with constant agitation. The
oligo(d T)-cellulose was then packed in a column and washed with >10 column
volumes of binding buffer (10 mM Tris-HCI, pH 7.4, 500 mM LiCl, 1 mM
EDTA, 0.5% SDS). The performance of the column was monitored by liquid
scintillation counting. The eluted poly(A)* material (in 10 mM Tris-HCl, pH
7.4, 1 mM EDTA,.0.05% SDS) was reheated to 65°C for 5 min and the
oligo(dT)-cellulose chromatography was repeated. The poly(A)* material was
precipitated overnight at —20°C with 3 vol of ethanol.

RNAse Digestion of Poly(A)*RNP: The poly(A)* material was
pelleted by centrifugation at 12,500 g and resuspended in 75 ul of 10 mM Tris-
HCI, pH 7.4, containing 1 mM CaCl,, and digestion with RNAse was carried
out with 25 ug/ml pancreatic RNase A (Worthington Biochemical Corp.), and
400 U/mi micrococcal nuclease (P-L Bicohemicals, Inc., Milwaukee, WI) for
60 min at 37°C (11, 12), To inhibit possible traces of protease, the pancreatic
RNase was preboiled and aprotinin (0.5%), pepstatin A (1 ug/ml), and leupeptin
(1 pg/ml) (Sigma Chemical Co.) were included in the digestion mixture. After
the RNase digestion, the proteins were precipitated by addition of 3 vol of
ethanol at —20°C for at least 2 h.

SDS PAGE: Protein samples were electrophoresed on an SDS-contain-
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ing discontinuous PAGE system (SDS PAGE) (11). The separating gel had a
final acrylamide concentration of 12.5%. After electrophoresis of **S-labeled
material the gels were stained with Coomassie Blue and impregnated with 2,5-
diphenyloxazole for fluorography (26).

Preparation of Monoclonal Antibodies to UV-cross-linked

RNPs:  Procedures were as described recently (11, 12). Briefly, poly(A)*
material from UV-irradiated HeLa cells (nuclei and cytoplasm), which eluted
from the oligo(dT)-cellulose column after two cycles of chromatography, was
used for preparation of monoclonal antibodies in mice (12). The UV-cross-
linked RNPs were partially digested with RNase A and with micrococcal
nuclease as described (12). The pellet was dissolved in 0.5 m! PBS and mixed
with an equal volume of complete Freund’s adjuvant, and 0.5 ml, corresponding
to material from 50 UV-irradiated 10-cm tissue culture dishes, was injected
intraperitoneally per BALB/c mouse. A similar booster injection in incomplete
Freund’s adjuvant was given on day 14 and the mice were hyperimmunized by
an intraveneous injection of the same antigen in PBS on day 28. Mice were
sacrificed 3—4 d later, the spleens were removed, and the lymphocytes were
fused with SP2/O myeloma cells. Hybridoma culture, cloning and screening
procedures were essentially as previously described (15, 24). Culture superna-
tants were initially screened for specific antibody-producing colonies by 8-
galactosidase-linked immunoassays and by immunoblotting using the same
material as that injected as antigens. Positive colonies were expanded, recloned,
and screened again using UV-cross-linked poly(A)* material. Ascites fluids
were prepared by intraperitoneal inoculation of hybridomas into pristane-
primed BALB/c mice.

Preparation of Polyclonal Antibodies: Antibodies to the C,
protein from HeLa cells (41,000 mol wt) were prepared as ascitic fluid in
BALB/c mice (47). HeLa C proteins were immunoprecipitated with 2B12 as
described below and resolved by electrophoresis on SDS PAGE. The gel was
stained briefly with Coomassie Blue and destained, and the band at 41,000 mol
wt was excised. The polyacrylamide was crushed and the protein was extracted
in a 50 mM Tris-HCI buffer, pH 8.0, containing | mM EDTA, 0.1% SDS, and
1% B-mercaptoethanol at 65°C for 6 h and dialyzed against PBS. 5 ug of the
purified protein was mixed with 9 vol of complete Freund’s adjuvant for
intraperitoneal injections (47). Three injections were carried out at 2-wk
intervals and ascites fluids were drained and used for immunoblotting at 1:200
dilution.

Immunoprecipitation: Immunoprecipitations were carried out in
the presence of the nondenaturing zwitterionic detergent Empigen BB (alkyl
betaine, Albright & Wilson, Whitehaven, Cumbria, England) which has been
recently shown to have excellent solubilization properties (2, 23, 43). We found
that immunoprecipitations in the presence of 1% Empigen BB are as efficient
as, and much cleaner than, those with the standard “RIPA buffers” which
contain SDS, deoxycholate, and Triton X-100 (21). Cells were rinsed in PBS
and scraped with 1% Empigen BB in PBS containing | mM EDTA, 0.1 mM
dithiothreitol, and 0.5% aprotinin. The sample was then sonicated twice for 5
s each with a sonicator (Heat Systems-Ultrasonic, Inc., Plainview, NY) equipped
with a microtip and set to scale 2. The sonicate was centrifuged for 5 min at
3,000 g and 2.5 ul of hybridoma-inoculated mouse ascites fluid was added to
the supernatant and incubated for 2 h at 4°C. 5 ul of rabbit anti-mouse IgG-
F(ab’), (Cappel Laboratories, Inc., Cochranville, PA) was added with 25 ul of
Protein A-Agarose (Bochringer Mannheim Biochemicals, Indianapolis, IN) and
incubation was continued for one more hour on a rocker at 4°C. Immunocom-
plexes with Protein A-Agarose were pelleted and washed five times with 1%
Empigen BB in PBS. The proteins were removed from the beads by being
boiled with 50 ul of SDS gel electrophoresis sample buffer.

Immunoblotting: Blotting of proteins from polyacrylamide gels onto
nitrocellulose paper (Schelicher & Schuell, Inc., Keene, NH) was carried out
by electrotransfer at 0.15 A at room temperature for 6-12 h in 50 mM Tris-
glycine, pH 9.1, containing 20% methanol (11, 12). The nitrocellulose blot was
treated essentially according to Burnette (8) except that 0.5% gelatin or 5%
nonfat dry milk was used instead of BSA as the blocking reagents, and the
nitrocellulose blot was incubated first with monoclonal antibody-containing
ascites fluid and then with '*I-goat anti-mouse F(ab’),. In some cases the
monoclonal antibody was iodinated with >°1 directly (17). Ascites fluid dilutions
were 1:1,000 for 2B12 and 4F4.

Immunofluorescence Microscopy: Immunofluorescence micros-
copy was carried out using a Zeiss Photomicroscope III equipped with the 63X
Planapo objective. Cells were cultured on glass coverslips, rinsed with PBS, and
fixed with 2% formaldehyde (methanol-free electron microscopy grade; Poly-
sciences, Inc., Warrington, PA) in PBS for 30 min at room temperature followed
by 5 min in acetone at —20°C. Ascites fluid dilutions were 1:500 in PBS, and
incubations with the first and second antibody were at room temperature for
30 min. Detection of the mouse antibodies was with fluorescein isothiocyanate-



conjugated goat-anti-mouse F(ab’); (Cappel Laboratories, Inc.) used at 1:50
dilution in PBS. Photomicrography was with Kodak Plus-X-Pan (iso 125).

RESULTS

A library of monoclonal antibody-secreting hybridomas was
generated by fusion of SP2/O myeloma cells with spleen
lymphocytes of mice immunized with in vivo UV-cross-
linked protein-RNA complexes of poly(A)*hnRNA and
poly(A)*mRNA. Of these hybridomas, ~80 recognized the
41,000- and 43,000-mol-wt C proteins of HeLa cells as as-
sayed by immunoblotting (12). One of these, designated 2B12,
was further characterized and it was found to recognize the C
proteins in human and monkey cells but not in lower verte-
brate species (12). In an attempt to obtain an anti-C proteins
antibody that would identify these proteins in other species,
the culture supernatants of the colonies that recognized HeLa
C, and C, by immunoblotting were tested by immunofluo-
rescence on chick embryo fibroblasts. One colony, designated
4F4, which was positive and provided nuclear staining, was
recloned and expanded. Immunoprecipitations of HeLa cell
material with 4F4 and 2B12 are shown in Fig. 1 and demon-
strate that the two monoclonal antibodies recognized two
similar polypeptides.

Immunofluorescence microscopy on Hel.a cells (Fig. 2,
and d) indicates that the cellular distribution of the proteins
recognized by 2B12 and 4F4 was also similar. In addition
4F4, unlike 2B12, stained other vertebrate cells and extended
the previous observation (12) that the C proteins (Fig. 2) in
vertebrates are segregated to the nucleus but are not found in
nucleoli. Nucleoli can be stained with monoclonal antibodies
using the same fixation and staining procedures (data not
shown) and, therefore, the absence of nucleolar stain indeed
reflects the absence from nucleoli of the C proteins. Further-
more, since 4F4 is positive in human cells and in lizard cells
whereas 2B12 is positive only in higher mammals (Fig. 2), the
two monoclonal antibodies are apparently directed against
two different epitopes. To determine whether the two anti-
genic sites reside on the same polypeptide chain of the 41,000-
and the 43,000-mol-wt proteins (C, and C;), or whether they
are on different polypeptides of similar molecular weights, the
antibodies were assayed by crossed immunoprecipitation-
immunoblotting assay. HeLa cell material was immunopre-
cipitated with either 2B12 or 4F4, resolved by SDS PAGE,
and electroblotted, and the blot was probed for each immu-
noprecipitation with the other antibody (Fig. 3). Since each
antibody recognized the same two pelypeptides that are im-
munoprecipitated by the other, the epitopes the two antibod-
ies recognize must be on the same polypeptide chains.

That two different monoclonal antibodies recognize both
C, and C; further suggests that the two polypeptides are highly
related. To examine this relatedness, we purified the 41,000-
mol-wt polypeptide (C,) from HelLa cells by immunoprecipi-
tation with 2B12 and SDS PAGE. The 41,000-mol-wt band
was excised from the gel and used to raise antibodies in mice.
Immunoblotting analysis with the mouse polyclonal antibody
(Fig. 4) shows that these polyclonal antibodies also recognized
both 41,000- and 43,000-mol-wt components.

The immunoflourescence data (Fig. 2) indicated that 4F4
would be useful as a probe for the identification of the C
proteins in different species. An immunoblot showing the
proteins detected by 4F4 in different vertebrate species is
shown in Fig. 5. It is clear that proteins corresponding to the
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FiGUrRe 1 Immunoprecipitation of
the 41,000- and 43,000-mol-wt pro-
teins from Hela cells with mono-
clonal antibodies 2B12 and 4F4. Cells
were labeled with [**S]methionine,
solubilized with 1% Empigen BB in
PBS, and immunoprecipitated as de-
scribed in Materials and Methods.
Immunoprecipitation with ascites
fluid of mouse inoculated intraperi-
tonially with the parent myeloma line
SP2/O was included as a control.
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C proteins which were initially defined in human HeLa cells
(6) are found also in other vertebrates. Furthermore, in all
species tested, at least two related proteins were detected. The
size of the C proteins was not entirely conserved. The hamster
C proteins (42,000 and 45,000 mol wt) were found to be
slightly larger, and the chicken C proteins (39,000 and 40,000
mol wt) slightly smaller, than the C proteins of primates. The
lizard C proteins were a closely spaced doublet at 41,000-mol
wt. The mouse C proteins had a similar size to those found
in human, monkey, and bovine cells, but 4F4 reacted with
them at very low avidity (data not shown). Occasionally, 4F4
also reacted with lower molecular weight polypeptides. In
hamster cells (from both baby hamster kidney and Chinese
hamster ovary lines) a minor band at 41,500 mol wt was
consistently seen in addition to the major ones at 42,000 and
45,000 mol wt. Since the lower molecular weight forms are
somewhat variable, they probably represent proteolytic frag-
ments of the C proteins. These forms are usually much more
pronounced after immunoprecipitation experiments (cf. Fig.
8). No signal could be detected by either immunoblotting or
immunofluorescence with 4F4 in Xenopus laevis cultured
cells (data not shown).

The C proteins of HeLa cells have been shown by UV
cross-linking to be in contact with hnRNA in vivo (12). To
determine if this is also the case in other species, we carried
out UV cross-linking in hamster and chicken cells. The cross-
linked poly(A)*hnRNP fraction from these cells was selected,
digested with RNase, and probed by immunoblotting with
4F4 after SDS PAGE. The results, shown in Fig. 6, demon-
strate that, as is the case in HeLa cells, the C proteins in other
species are in contact with poly(A)*hnRNA in vivo. The
bands at higher molecular weight are presumably homotypic
or heterotypic oligomeric forms of the C proteins (12).

The immunofluorescence microscopy (Fig. 2) and the UV
cross-linking data indicate that the C proteins are concen-
trated in the nucleus where they interact with hnRNA and
are excluded from nucleoli. Immunofluorescence microscopy
of rat kangaroo cells PtK, (Fig. 7) shows that chromosomes

1999



FIGURe 2 Immunofluorescence microscopy of Hela celis and lizard myogenic cells with 2B12 and 4F4. Left and right panels are
phase-contrast and fluorescent micrographs of the same fields of cells, respectively. a and b, Hela cells stained with 2B12; c and
d, Hela cells stained with 4F4; e and f, lizard cells stained with 2B12; g and h, lizard cells stained with 4F4. Exposure time for f

-was manually adjusted to be the same as for h. X 400.

in prophase cells did not stain. It can therefore be concluded
that although hnRNP proteins, possibly incuding the C pro-
teins, probably associate with chromatin-bound nascent RNA
polymerase H transcripts (13), they nevertheless are not bona
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fide chromatin proteins.

The hnRNP C proteins in human HeLa cells have previ-
ously been shown to be phosphorylated in vitro (18, 28) and
in vivo (12, 18). The autoradiogram shown in Fig. 8 demon-
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FIGURE 3 Immunopreci-
pitation and cross-immu-
noblotting of 41,000~ and

2 43,000-mol-wt  proteins
(41 and 43) with 2B12 and
4F4. Immunoprecipita-
tions were from unlabeled
Hela cells. The immuno-
precipitate was dissolved
in sample buffer and sub-
jected to SDS PAGE and
blotted. Immunoblot anal-
ysis was carried out as de-
scribed in Materials and
Methods and antibodies
iodinated directly were
used. (A), 41,000- and
43,000-mol-wt  proteins
were immunoprecipitated
with 2B12 (7} or with SP2/
O (2) and probed with 4F4,
(B) The two proteins were
immunoprecipitated with
4F4 (1) or with SP2/O and
probed with 2B12.

FIGURE 4 Immunoblot analysis of
total cellular material of Hela (hu-
man) and monkey CV-1 (monkey)
with  anti-41,000-mol-wt  protein
polyclonal antibodies. These anti-
bodies were prepared as ascitic fluid
as described in Materials and Meth-
ods.
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Ficure 5 Identification of group C proteins of hnRNP in different
vertebrate cells with monoclonal antibody 4F4. Cells grown in
culture were washed twice with PBS and dissolved in SDS PAGE
sample buffer. An aliquot was resolved by SDS PAGE and immu-
noblotting was carried out as described in Materials and Methods.
The cell lines used were: Hela (human), CV-1 (monkey), Madin-
Darby bovine kidney (bovine), Chinese hamster ovary (hamster),
MSB (chicken), and Anolis carolinesis myogenic cells (lizard). Values
at left, molecular weight x 1073,

<

& o

S s
L & &
< & ¢

Ficure 6 Immunoblot
analysis of group C pro-
teins cross-linked in vivo to
poly(A)*hnRNA by UV ir-
radiation of intact cells in
different species. Cells
grown in monolayer were
irradiated for 3 min with
UV and the nuclei were
isolated as described in the
text. The poly(A)*hnRNA
was selected by oligo(dT)-
cellulose chromatography
and digested with RNAses,
and the released proteins
were resolved by SDS
PAGE, blotted onto nitro-
cellulose  paper, and
probed with monoclonal
antibody 4F4.
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strates that, as in HeLa cells, the C proteins of hnRNP in
other species are also phosphorylated in vivo. Human, ham-
ster, and chicken cells were incubated with [*’P]orthophos-
phate and the C proteins were immunoprecipitated from the
disrupted cells in the presence of phosphatase inhibitors. The
labeling experiment shown in Fig. 8 was carried out in the
presence of 5 ug/ml actinomycin D to inhibit transcription
of RNA polymerase II. This was found to be helpful because
otherwise the background was too high as a result of the RNA
that was precipitated with the C proteins. However, there was
no effect on the intensity of the label in the C proteins due to
actinomycin D (Y. D. Choi and G. Dreyfuss, unpublished
results).

DISCUSSION

The most prominent structural feature of hnRNP complexes
described so far is the proteinaceous 40S subparticles. Of the
three recognized subgroups of proteins that are major com-
ponents of the 40S particles (A, B, and C), the C proteins are
unique. They remain associated with the hnRNA in vitro
under salt conditions where the other subgroup proteins dis-
sociate (6), they are phosphorylated (12, 18, 28), and they are
acidic whereas the others are basic (6, 12). The classification
of the A, B, and C proteins was based on observations made
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Figure 7 Immunofluorescence microscopy of rat
kangaroo cells PtK, with 4F4. a, phase contrast; b,
immunoflourescence. X 630.

in human HeLa cells and likely candidates were pointed out
also in rodents (6). The data obtained with the monoclonal
antibody 4F4 demonstrate that proteins similar to the human
C proteins are found across vertebrate species and the anti-
body defines them from humans to reptiles. Although the C
proteins in the different species must have some common and
highly conserved features, such as the antigenic site recognized
by 4F4 and an hnRNA binding site, they are not completely
conserved across vertebrates. Their apparent molecular weight
in different species can differ by a few thousand per polypep-
tide chain (approximately a 40 amino acid size difference
between the chicken and hamster C, proteins) and the site
against which antibody 2B12 is directed is conserved only in
higher mammals. This is somewhat surprising because other
proteins that are part of a complex higher-order structure
(e.g., histones, actins, and tubulins) are usually of almost
identical size in different species. Other proteins of the 40S
subparticle of hnRNP, which most likely correspond to the A
and B proteins, were recently identified in different species
using polyclonal and monoclonal antibodies (19, 27, 31), and
these also differ in size between human, rodent, and avian
cells (27).

The two C proteins, C, and C,, are very similar to each
other and share antigenic sites. In all cases, with every anti-
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FIGURE 8 Immunoprecipitation of group C proteins from Hela
(human), CHO (hamster),and MSB (chicken)cellslabeled with [*2P]-
orthophosphate. Cells were labeled with [*?Plorthophosphate at 50
«Ci/ml in phosphate-free Eagle’s minimum essential medium con-
taining 2% dialyzed FCS for 2 h in the presence of 5.0 ug/m! of
actinomycin D. Immunoprecipitation was carried out as described
in Materials and Methods. Phosphatase inhibitors (10 mM NaF and
20 uM ZnCly) were included throughout the procedure. The posi-
tions of the C proteins are indicated by arrowheads. 1, immunopre-
cipitations with 4F4; 2, control immunoprecipitations with Sp 2/O.

body so far encountered, the same antibody recognizes both
proteins. In addition, their partial peptide maps are somewhat
related (12) and antibodies raised against purified C, react
with C, in both human and monkey cells. At present it does
not seem likely that the two C protein bands arise from the
same polypeptide after posttranslational modification because
their ratio is always the same under any biochemical and
cellular fractionation so far attempted. Furthermore, the same
ratio of C, and C, is seen after in vitro translation of HelLa
mRNA in rabbit reticulocyte lysate and immunoprecipita-
tion, suggesting that they are likely to be translated from two
separate mRNAs (N. Theodorakis and G. Dreyfuss, unpub-
lished results).

As is the case in HeLa cells (12, 18, 28), the C proteins in
other species are also phosphorylated and are associated with
both poly(A)* and poly(A)"hnRNA in vivo. The immunoflu-
orescence microscopy data on the C proteins, the 120,000-
mol-wt hnRNP protein (12), and the A and B proteins (19,
27, 31) indicate that the major hnRNP proteins so far exam-
ined are segregated to the nucleus. The RNA transcripts that
emerge in the cytoplasm must, therefore, exchange the major
proteins with which it is associated, as previously suggested
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(12, 25, 42). Within the nucleus these hnRNP proteins are
excluded from nucleoli, which suggests that they are not
involved in ribosomal RNA transcription or processing. The
immunofluorescence micrographs of PtK, cells in prophase
indicate that the C proteins and possibly also the other major
hnRNP proteins are not chromatin proteins although they
are likely to be associated with actively transcribing regions
through association with nascent hnRNP transcripts.

The data presented here demonstrate that C; and C; have
conserved properties across vertebrates. Taken together with
the recent findings of Lesser et al. (27) on the relative conser-
vation of the A and B proteins, they suggest that higher-order
structures of hnRNA with nuclear proteins are highly con-
served in these species.
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