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ABSTRACT

A cDNA clone which expresses a protein that cross-reacts immunologi-
cally with the human C1 and C2 hnRNP core proteins has been isolated. The
clone was selected by a sensitive immunochemical assay employing an
avidin-biotin complex for detection, and identified as a clone for the
hnRNP C proteins by a highly sensitive antibody select assay that is
described here. The clone contains 677 nucleotides, and, as shown by
northern blotting, is derived from a 1.5 Kb poly(A)* mRNA. There are
regions of strong homology between the human and mouse genes, weak homology
is seen with chicken DNA, and very little, if any, homology can be detected
with Drosophila, Artemia, sea urchin, or yeast DNAs. Two peptides (a total
of 24 amino acids) of the calf thymus single-stranded DNA binding protein
UP2 show perfect homology with the deduced amino acid sequence of the
clone, suggesting that UP2 is related to the hnRNP C proteins. There is
also a region that has a sequence very similar to two regions of the

single-stranded DNA binding protein UP1 that contain proposed DNA binding
sites.

INTRODUCTION

As it is being synthesized, hnRNA combines with a set of proteins to
form heterogeneous nuclear ribonucleoprotein (hnRNP) complexes (1,2). This
is an early event in the metabolism of nuclear RNA, occurring on nascent
transcripts (3); all subsequent steps in the processing and transport of
RNA take place with RNA-protein complexes as substrates, not free RNA.
This may be of considerable importance since the conformation of the RNA is
probably altered by the proteins with which it is associated. For example,
the major hnRNP protein component of the brine shrimp Artemia is a helix
destabilizing protein that unwinds most of the secondary structure of the
RNA, and then compacts the unwound RNA into a structure that has a "beads-
on-a-string" appearance (4,5). There is also evidence to suggest that the
distribution of hnRNP proteins on the RNA may be sequence dependent (3,6).
Moreover, it is likely that these hnRNP complexes play a role in the splic-
ing of pre-mRNA as suggested by studies in which the inhibition of an in
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vitro splicing system by monoclonal antibodies to the hnRNP C proteins were
investigated (7). MWhile the proteins of the hnRNP complex may function in
both the packaging of hnRNA and in its metabolism, very little is known
about them.

Nuclear pre-mRNAs can be isolated as nucleoprotein complexes that,
in humans, contain several major proteins along with a large number of
minor components (1,2). In interphase cells, the hnRNP complexes are
restricted to the nucleus, but during mitosis the major hnRNP proteins, in
association with high molecular weight RNA, are distributed throughout the
cell (8). The major protein components, the core hnRNP proteins, have
molecular weights between 30,000 and 45,000. When electrophoresed, these
proteins appear as three doublets, and are referred to as the Al, A2, BI1,
B2, C1, and C2 core hnRNP proteins in order of increasing molecular weight
(1). Each of these six protein bands can be further separated into several
components on two dimensional gels (2). The proteins are immunologically
cross-reactive (8-10), suggesting that they are closely related, and pep-
tide mapping suggests that they are derived from a smaller number of pre-
cursor proteins (11). The amino acid compositions of the proteins are sim-
ilar, characterized by a high content of glycine (about 20%), very little
cystine, blocked NH2 termini, and the modified amino acid dimethyl-
arginine (2). Although the exact molecular weight distribution of the
hnRNP proteins differs between species, these general features are well
conserved, extending to crustaceans as evidenced by the properties of
HD40, the major hnRNP protein of Artemia (12), and to plants, as evidenced
by the properties of the major hnRNP proteins of wheat (13). There is also
a great deal of immunological cross-reactivity between the hnRNP proteins
of different species (8-10,14), supporting the evolutionarily conserved
nature of these proteins.

Recently, it has become apparent that there is a considerable amount
of homology between the hnRNP proteins and several single-stranded DNA
binding proteins that have been isolated from mammalian cells. The proper-
ties of several of these proteins, including UP1 and UP2 from calf thymus,
and HDP-1 from mouse myeloma have been investigated (15-18). Immunological
studies have indicated that these proteins and hnRNP proteins are antigen-
jcally related (17), and an analysis of amino acid sequences shows that
there is a clear relationship between the hnRNP Al protein and UP1, and
between the hnRNP A2 protein and HDP-1 (19). Trypsin and trypsin-like
enzymes have been shown to cleave hnRNP proteins to yield single stranded
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DNA binding proteins of 24,000-28,000 molecular weight, suggesting a pro-
duct precursor relationship between some of these proteins, particularly
the hnRNP A1 protein and UP1 (18,19).

To facilitate the analysis of the hnRNP complexes, we have isolated a
partial cDNA clone of the human hnRNP C proteins. In this report we de-
scribe this clone, and present sequencing data that show that the single
stranded DNA binding protein UP2 is closely related to the hnRNP C proteins.

EXPERIMENTAL PROCEDURES

The chicken anti-bovine core hnRNP antibodies that were used have been
described (8). Although bovine hnRNP core proteins were used for immuniza-
tion, the antibodies recognize the entire set of hnRNP core proteins, both
human and bovine.

Immun jon.

Immunodetection by a double antibody method was done as follows. Free
sites on nitrocellulose paper containing the adsorbed antigen were blocked
with 3% gelatin in TBS (20 mM Tris, pH 7.4, 0.5 M NaCl) for 1 hr, and the
paper was washed in TBST (TBS with 0.05% Tween-20). The paper was incubat-
ed with anti-hnRNP antiserum at a dilution of 1:400 in TBSG (TBS with 1%
gelatin) for 1 hr with gentle shaking, then washed three times with TBST.
Horseradish peroxidase conjugated rabbit anti-chicken IgG (Cappel Labs) at
a dilution of 1:800 in TBSG was then applied for 1 hr followed by a wash
with TBST. Color was generated by reacting with color substrate (4 ml of
0.3% Bio-Rad color development reagent containing 4-chloro-1-naphthol in
methanol added to 20 ml TBS with 12 ul of 30% H202 added immediately
before use). Immunodetection using an avidin-biotin complex (ABC) was done
by replacing the peroxidase conjugated second antibody used in the above
procedure with biotinylated rabbit anti-chicken IgG prepared by the method
of Hsu et al. (20). Prior to the addition of color substrate, the paper
was fincubated with an avidin-biotinylated horseradish peroxidase complex
(Vectastain ABC kit, Vector Labs, Burlingame, CA) for 1 hr at room tempera-
ture and washed as above.

Isolation of a cDNA clone by immunoscreening.

A Agtll cDNA expression library, made from human hepatoma Li-7 poly
(A)* RNA, was obtained from Dr. Jeffrey DeWet. The 1library contains an
average insert of 0.78 Kb, and has been described (21). To screen this
library, E. coli Y1090 (22) was infected with phage at a low m.o.i. and
plated at a density of 50,000 plaques per 150 mm plate according to the
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method of Young and Davis (22). Plaques were transfered to dry nitrocel-
Tulose filters (Schleicher and Schuell) that had been soaked in 10 mM iso-
propyl B-D-thiogalactopyranoside (IPTG). The presence of positive plaques
was detected by immunoassay as described above, and purified by at least
two additional rounds of screening. The inserts were then subcloned into
pBR322 for restriction analysis and preparation of probes. Labeled probes
were prepared by nick transiation (26).
Antibody selection.

Lysogens of E. coli Y1089 (22) were made with ADL4 and with Agtll.
The 1lysogens were grown at 30° to 0,4-0.5 ASIO’ induced at 42° for 20
min, and, following the addition of IPTG to 10 mM, they were grown for 2.5
hr at 37°. Cells were harvested quickly at room temperature, and the
pellet resuspended in 1/10 volume of 10 mM Tris HC1, 10 mM NaCl, 0.1 mM
PMSF, pH 7.5 (TNP). The cells were lysed by three cycles of rapid freeze/
thawing, and the lysate was clarified by centrifugation at 5,000g for 10
min at 4°. The B-galactosidase or B-galactosidase fusion protein was par-
tially purified (all steps at 4°) by ammonium sulfate precipitation. To 10
ml of lysate, solid ammonium sulfate was added to 20% saturation (1.14 g).
After stirring for 30 min, the precipitate was collected by centrifugation
at 10,000g for 15 min. The supernatant was adjusted to 30% saturation by
the addition of 0.59 g solid ammonium sulfate. After stirring for 30 min,
the precipitate was collected by centrifugation at 10,000g for 15 min.
The pellet was resuspended in 1 ml of TNP and dialyzed extensively against
TNP. This partially purified fusion protein was adsorbed onto the surface
of a 24 mm diameter nitrocellulose filter (1 hr at room temperature). A
siliconized glass scintilation vial makes a convenient vessel. The filters
were then incubated with 1% gelatin for 1 hr to block any remaining protein
binding sites. Serum, diluted 1:10 in TBSG was added (2 ml) and incubated
with gentle shaking for 1 hr at room temperature. The unbound serum was
removed, and the filter was given four 5 min washes with 5§ m1 of TBST. The
selected antibodies were eluted by incubating the filter for 5 min with 0.5
ml of 0.25 M glycine-HCl, pH 2.5, 0.5 M NaCl, removing the filter, and
immediately adjusting the pH by adding 0.5 m1 1 M Tris, pH 8.0. The eluted
antibody was used to probe western blots of hnRNP complexes. These com-
plexes were prepared by sedimenting a pH 8.0 HeLa cell nuclear extract (23)
through a sucrose gradient, and collecting the 40S peak, which contains the
major portion of the hnRNP core proteins complexed with nuclear RNA (1).
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Blotting Procedures.

For western blots, proteins separated on Laemmli gels (29) were elec-
trophoretically transferred to nitrocellulose (24). Antigens were detected
by ABC immunoassay. For northern blots, poly(A)* RNA (2.5 ug) was
denatured and subjected to electrophoresis in 1.5% agarose-formaldehyde
gels (25). The RNA was then transferred to nitrocellulose, and hybridized
as described (26). For Southern blots, 10 pg of DNA was digested with
the indicated enzyme, electrophoresed on a 1% agarose gel, transferred to
nitrocellulose, and hybridized as described (26). Probes were prepared
from pBR322 containing the subcloned cDNA insert. The filters were washed
three times with 2 X SSC, 0.1% SDS at room temperature followed by three
washes with either 0.2 X SSC, 0.1% SDS at 68° (high stringency) or with 2 X
SSC, 0.1% SDS at 50° (low stringency).

Sequencing.

The DNA insert, cleaved by Eco RI, was subcloned into the Eco RI sites
of M13mp8 and M13mp9 (27). Two fragments, generated by cleavage of the Eco
RI insert by Bgl II at a site 327 nucleotides from one end were also sub-
cloned into the Eco RI/Bam HI sites of M13mp8 and M13mp9 (27). Sequencing
was done by the dideoxy chain termination method (28). The nucleic acid
sequences were analyzed using MicroGenie (Beckman) software.

RESULTS

A human cDNA expression library constructed in Agtll was screened
with antibodies that cross-react with the major 30,000-45,000 molecular
weight human hnRNP core proteins. These antibodies, which have been
described (8), were raised in chickens that were immunized with the com-
plete set of the 30,000-45,000 molecular weight hnRNP proteins isolated
from bovine brain. During the course of the screening, several different
methods for detecting the presence of an expressed antigen were investigat-
ed. The two methods that provided the greatest sensitivity and best signal
to noise ratio were an avidin-biotin complex (ABC) assay, and an indirect
second antibody assay. A comparison of these two assays using hnRNP pro-
teins as a standard antigen shows that the ABC assay is at least four times
more sensitive, and gives about the same amount of background color (Fig.
1A,B). The appearance of positive plaques in the second round of screening
is shown in Fig. 1C. It can be seen that an ABC immunochemical detection
system provides a sensitive method for screening Agtl1l expression librar-
jes.
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FIG. 1. Immunodetection of antigens and plaques by double antibody (A) and
ABC (B,C) immunoassays. Filters containing the indicated amounts of antigen
(A,B) or plaques (c) of a secondary screening were developed as described
in Experimental Procedures.

A screening of more than 200,000 recombinants by the ABC immunochemi-
cal assay yielded several putative hnRNP clones. After several rounds of
purification and immunological screening (the appearance of the filter
after the secondary screening is shown in Fig. 1C), one clone, ADL4 was
selected for the studies that are reported here. In order to further
characterize the fusion protein, 1lysogens of Agtll and ADL4 were
prepared. After induction by IPTG, cell 1lysates of these lysogens were
analyzed by SDS polyacrylamide electrophoresis. As shown in Fig. 2A, the
synthesis of both B-galactosidase and the fusion protein is dependent on
induction with IPTG. Somewhat more protein is synthesized by cells in which
the phage have been induced by heating to 42° and growing at 37° than in
the cells grown at 30°. A fusion protein with a molecular weight of about
140,000 is synthesized by ADL4. This corresponds to a fragment of about
24,000 molecular weight fused to the B-galactosidase of Agtll, and is the
size expected from a 700 base pair cDNA insert. This fusion protein cross-
reacts very strongly with anti-hnRNP antibodies but B-galactosidase does
not, as shown by immunoblotting experiments (Fig. 2B).

Based on the results of a sensitive antibody select analysis, we have
identified the 24,000 molecular weight polypeptide insert as a fragment of
the C1 and/or C2 hnRNP core proteins. As shown in Fig. 3B, antibodies that

4082



Nucleic Acids Research

joggmas 8 B 9
A.

95~ §

68—

3
3

43~

z
-
i:
4
T

i &
e
- :
o ‘ =
x B. ! i
= A
95~
68~
43-

1\

- - e D e e

FIG. 2. Fusion proteins produced by ADL4 and Agtll 1lysogens. Lysates
of ADL4 (lanes 1-4) and Agtll (lanes 5-8) were analyzed by electrophor-
esis on 8% Laemmli gels (29) (A) and by western blotting (B). The lysogens
were induced at 42° and grown for 2 hr at 37° (lanes 2,3,6,7) or grown at
30° with no temperature shift (lanes 1,4,5,8) in the presence of 10 mM IPTG
(lanes 3,4,7, 8) or in its absence (lanes 1,2,5,6). A Hela cell pH 8 nuc-
lear extract, which contains the hnRNP complexes, is in lane 9.

have been selected by the fusion protein are highly enriched in antibodies
that cross-react with these two proteins as compared to unselected serum.
When hnRNP proteins are used to select antibodies in place of the fusion
protein, the selected antibodies cross-react the same as unselected serum
(not shown). Antibodies selected with B-galactosidase obtained and puri-
fied by the same procedure as the fusion protein but from bacteria infected
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FIG. 3.

Analysis of the expressed protein by
antibody selection. HeLa hnRNP complexes, sep-
arated by electrophoresis on 8% Laemmli gels
(29), were transferred to nitrocellulose paper
and probed with either unselected antibodies
(A) or antibodies that were selected by binding
to immobilized ADL4 fusion protein (B).

with Agt1l do not cross-react with any of the hnRNP proteins in western

blots.

The dincrease in

sensitivity of the antibody select analysis

employed here over the original procedure (30) is achieved by adsorbing a
partially purified fusion protein onto a nitrocellulose solid support.
This is then used to select cross-reacting antibodies for use as probes for
western blots.

M, x103

1 23456

TRE IR R

We find that it is necessary to use a partially purified

FIG. 4. Purification of B-galactosidase
fusion proteins for selection of anti-
bodies. A 1lysate of an induced XDL4
lysogen was fractionated by ammonium
sulfate precipitation, and the fractions
were analyzed by electrophoresis on an
8% Laemmli gel (29). Lane 1, commercial
B-galactosidase; 2, crude lysate; 3-6,
ammonium sulfate precipitates at 0-20%,
20-30%, 30-40%, and 40-60% saturation
respectively.
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A B FIG. 5. Northern analysis of human (HeLa cell) (A),

and mouse liver (B) poly(A)* mRNA probed at high

] stringency. The two blots are at different expos-

= ures. HWhen exposed under the same conditions, the

- !()ar)ld in (B) is about 10 fold weaker than the band in
' A).

fusion protein since nitrocellulose has a limited protein binding capaci-
ty. Conceivably, a different matrix such as a cyanogen bromide activated
gel could be used, but nitrocellulose provides a very convenient, easy to
use, and in our hands, more reliable support. The fusion protein can be
easily enriched to about 80% purity by ammonium sulfate precipiation; both
B-galactosidase and the fusion protein are found at maximum purity in the
20-30% saturation fraction (Fig. 4, Lane 4). By using a partially purified
fusion protein, a several fold increase in sensitivity of antibody selec-
tion is obtained.

Northern blots of human (HeLa cell) and mouse liver poly(A)* RNA
probed with the cloned cDNA both show hybridizing RNAs of about 1.5 Kb
(Fig. 5). RNA of this size is somewhat larger than the minimum size
required to code for a protein of 42,000 molecular weight. The difference
in size may reflect the presence of 5' and 3' untranslated regions of the
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FIG. 6. Southern blots of human DNA (A,B), and mouse DNA (C,D) cut with
Bam HI, Bgl II, Eco RI, Hind III, Pst I, Sal I, Sac I, or Kpn I (lanes 1-8
respectively) were probed at high (A,C) or low (B,D) stringency. DNAs from
human, mouse, chicken, Artemia, sea urchin, Drosophila, and yeast (lanes
1-7 respectively) were cut with Bam HI (E), or Bgl II (F) and probed at low
stringency.
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mRNA.  RNAs from both humans and mice hybridize with the probe, and the
hybridizing RNAs from the two sources are about the same size. The mouse
RNA however, gives a band that is about ten fold less intense than the
human RNA. This could be a reflection of differences in abundancies be-
tween the mouse liver and HelLa cell messages or, more likely, a less than
perfect homology between the two RNAs.

Sequence homologies are also apparent at the DNA level as shown by
Southern blots (Fig. 6). MWhile there is a considerable amount of homology
between the mouse and human hnRNP C protein genes, no, or very little,
homology with chicken, Drosophila, sea urchin or yeast DNA is detected when
probed at a high stringency (not shown). HWhen Southern blots are probed at
a low stringency, several additional bands of weaker homology can be seen
in the mouse and human DNAs, and some weak homology with chicken DNA can be
detected. At the RNA level, new bands are not seen at the lower stringency
(not shown), suggesting that either the DNA of the lower stringency bands
is not expressed, or yields RNAs of about 1.5 Kb. The intensities of the
bands, when compared to cDNA standards that were loaded and run in paral-
lel, correspond to a low copy number. MWhile these data are not accurate
enough to imply that the genes are present in a single copy, they do sug-
gest that the copy number is low.

The nucleotide sequence of the cloned DNA is shown in Fig. 7. Sequenc-
ing was done on Eco RI fragments subcloned in both directions into M13mp8
and mp9, and on Eco RI/Bgl II fragments subcloned into the Eco RI/Bam HI
sites of MI13mp8 and mp9. The sequences of these fragments give a complete
overlap of the Eco RI/Bam HI fragment extending from nucleotide 1 to 327
with an Eco RI fragment, and a small overlap between the 328-678 Eco RI/Bam
HI fragment and an Eco RI fragment in the opposite orientation. The deduced
amino acid sequence has one open reading frame as determined by the lack of
termination codons. When this sequence is compared with the amino acid se-
quences of peptides from single-stranded DNA binding proteins, we find, as
discussed below, that there is a complete homology with two peptides from
the calf thymus protein UP2. There is also a region that has a sequence
very similar to two regions of the calf thymus protein UP1 (Fig. 8).

DI ION

We have isolated and characterized a cDNA clone which expresses a pro-
tein that cross-reacts immunologically with both the C1 and C2 core hnRNP
proteins but not with any of the other core hnRNP proteins. An analysis of
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10 20 30 40 50 60
CCCG GAG GAG CAG TTC GGC GGG GAC GGG GCG GCG GCA CGG GCA ACG GCG GCG GTA GGC GGC
Pro Glu Glu GIn Phe Gly Gly Asp Gly Ala Ala Ala Arg Ala Thr Ala Ala Val Gly Gly

70 80 90 100 110 120
TCG GCG GGC GAG CAG GAG GGA GCC ATG GTG GCG GCG ACA CAG GGG GCA GCG GCG GCG GCG
Ser Ala Gly Glu GIn Glu Gly Ala Met Val Ala Ala Thr GIn Gly Ala Ala Ala Ala Ala

130 140 160 170 180
GGA AGC GGA GCG GGA CCG GGG GCG GAA CCG CGT CTG GAG GCA CCG AAG GGG CAG CGC CAG
Gly Ser Gly Ala Gly Pro Gly Ala Glu Pro Arg Leu Glu Ala Pro Lys Gly Gin Arg Gln

190 200 210 220 230 240
TCG GAG GGG GCG AAG ATT GAC GCC AGT AAG AAC GAG GAG GAT GAA GGC CAT TCA AAC TCC
Ser Glu Gly Ala Lys Ile Asp Ala Ser Lys Asn Glu Glu Asp Glu Gly His Ser Asn Ser

290 300
TCC CCA CGAICAC TCT GAA GCA GCG ACG GCA CAG CGG GAA GAAITGG AAA ATG TTT ATA AGA
Ser Pro ArglHis Ser Glu Ala Ala Thr Ala Gln Arg Glu Glu| Trp Lys Met Phe Ile Arg

310 320 330 340 350 360
GCC TTA GCT GGG ACA CTA CAA AGA AAG ATC TCA GAG CTA CTT TCC AAT TGT AAG TGT AGC
Ala Leu Ala Gly Thr Leu Gln Arg Lys Ile Ser Glu Leu Leu Ser Asn Cys Lys Cys Ser

370 380 390 400 410 420
TGC ACT CTG AGT TAC ATC CTA TCA CAG GCA TCA AGG TTT GCT TTG CTA TTT AAA GAA TCG
Cys Thr Leu Ser Tyr Ile Leu Ser GIn Ala Ser Arg Phe Ala Leu Leu Phe Lys Glu Ser

430 440 450 460 470 480
AAT GTA GAT AAG GTC ATG ATC AAA AAG AAC ATA AAT TCA TGG AAG GTG ATT GAT CCT AAA
Asn Val Asp Lys Val Met Ile Lys Lys Asn Ile Asn Ser Trp Lys Val Ile Asp Pro Lys

490 500 510 520 530 540
AGG GCC AAA GCC ATG AAA ACA AAA GAG CCG GTT AAA AAA|ATT TTT GTT GGT GGC CTT TCT
Arg Ala Lys Ala Met Lys Thr Lys Glu Pro Val Lys Lys|Ile Phe Val Gly Gly Leu Ser

600
CCA GAT ACA CCT GAA GAG AAA| ATA AGG GAG TAC TTT GGT GGT TTT GGT GAG GTG GAA TCC
le Arg G1 Phe Gly Gly Ph 1u Val Gl

610 620 630 640 650 660
ATA GAG CTC CCC ATG GAC AAC AAG ACC AAT AAG AGG CGT GGG TTC TGC TTT ATT ACC TTT
ITe Glu Leu Pro Met Asp Asn Lys Thr Asn Lys Arg Arg Gly Phe Cys Phe Ile Thr Phe

670
AAC CAA GAA GAA CCG G
Asn Gln Glu Glu Pro

FIG. 7. The nucleotide sequence of the cloned cDNA, and the amino acid
sequence deduced from it. The regions that show perfect homology with two
peptides from UP2 are boxed, and the region that shows homology with UP1
(as shown in Fig. 8) is underined.

the DNA sequence of this clone shows that it also shares homology with the
single-stranded DNA binding protein UP2, and has a region that is similar
to UP1.

The clone was isolated from a human hepatoma cDNA expression library
constructed in Agtll that was screened with antibodies that cross-react
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DL4:  VKKIFVGGLSPDTPEEK IREYFGGFGEVESIELPMDNKTNKR RGFCFITE
UP1:  14-KLFIGGLSFETTDES LRSHF-33 51-KRSRGFGFVTY-61
UP1: 103-VKKIFVGGIKEDT EEHHLRDYF-124 143-KK RGFAFVTF-152

FIG. 8. Homology with the UP1 amino acid sequence. Amino acids indicated
by (:) are identical with those of DL4; those indicated by (.) represent
Ile and Val, Ile and Leu or Glu and Asp matches. The region that is homol-
ogous with the proposed UP1 DNA binding sites (31) is underlined. The
sciequence corresponds to nucleotides 512-661 of the DL4 sequence shown in
Fig. 7.

with all of the core hnRNP proteins. During the course of the screening,
two commonly used immunochemical methods for detecting antigens were inves-
tigated: a double antibody assay and an avidin-biotin complex (ABC) assay,
both employing horseradish peroxidase for the development of a color reac-
tion. HWe find that the ABC assay gives at least a four-fold increase in
sensitivity over the double antibody method with very little increase in
background. Although the ABC method requires additional steps, the in-
crease in sensitivity that was obtained made this the method of choice for
use with the antigen and antibodies that were investigated in this study.

The identity of the clone was determined by a highly sensitive anti-
body select procedure. We have found that for an antibody select procedure
to be successful it is necessary to have a sufficient amount of selected
antibody at a high enough concentration to insure a strong signal when it
is used for the development of western blots. By adsorbing a purified
fusion protein onto nitrocellulose filters (which have a limited protein
binding capacity) rather than crude extracts, the amount and concentration
of selected antibody that can be obtained from each filter is increased
several fold. This results in a corresponding increase in the sensitivity
of the antibody select procedure over the original procedure (30). In this
report we describe a simple scheme for the enrichment of B-galactosidase
fusion proteins from bacterial lysates.

Based on peptide mapping experiments, it has been suggested (11) that
the hnRNP proteins probably belong to several closely related families.
The fusion protein that is expressed by ADL4 selects an antibody that
cross-reacts equally well with both the C1 and C2 proteins but not with any
of the other core hnRNP proteins. This suggests that the C1 and C2 core
hnRNP proteins are very closely related, perhaps being derived from a com-
mon precursor. The lack of reactivity of the ADL4 fusion protein select-
ed antibodies with the A and B hnRNP proteins (Fig. 3B) suggests
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that the A and B hnRNP proteins do not share this particular antigenic re-
lationship.

By SDS-polyacrylamide gel electrophoresis, the C! protein is about
41,000 molecular weight, and the C2 protein is about 43,000. An mRNA of at
least 1.2 Kb is required to encode these proteins or their precursor. On
northern blots (Fig. 5), poly(A)* mRNA of about 1.5 Kb is detected by
hybridization with the cloned DNA, suggesting the lack of a large untrans-
lated region. The mRNA that encodes HD40, the major hnRNP protein of
Artemia (which has a molecular weight of 40,000) is also about 1.5 Kb in
length (31). The DL4 probe detects both human and mouse mRNAs of 1.5 Kb,
even at high stringency, suggesting that portions of the mRNAs that code
for the C proteins are fairly well conserved between the two species. The
intensity of the 1.5 Kb band is about ten-fold weaker in the mouse RNA than
in the human RNA suggesting that while there are regions of good homology
between the two RNAs, these regions only comprise portions of the total
RNA. An alternative explanation, that the amount of RNA coding for the
hnRNP C proteins differs greatly between mouse liver and HeLa cells, seems
less likely since the concentration of hnRNP C protein appears to be about
the same in both sources.

From Southern blots (Fig. 6) of genomic DNA, we calculate a copy num-
ber close to one for the hnRNP C protein gene, indicating that the gene is
present in low copy number. Blots done at high (0.2 X SSC at 68°) and low
(2 X SSC at 50°) stringency indicate that there is a considerable amount of
homology between the human and mouse hnRNP C protein genes, and regions of
weak homology with the chicken genes. We see no, or very little, homology
with sea urchin, Drosophila, yeast, or Artemia DNA. In Southern blots prob-
ed with a cDNA clone of the Artemia protein HD40, homology was seen between
the HD40 probe and yeast, pea, chicken, mouse, and human DNA, with human
DNA giving 8-10 defined bands ranging in size from 0.8 to 15 Kb (31). The
fact that we see no homology with Artemia DNA suggests that while there may
be homology between HD40 and some of the other hnRNP proteins, this homolo-
gy may not extend to the C proteins.

The strong homology between the human and mouse DNAs and RNAs that
encode the hnRNP C proteins is not particularly surprising in light of the
great deal of immunological cross-reactivity between different mammalian
species (8-10). It has also been observed by a number of workers that it
is very difficult to induce the synthesis of antibodies against the mam-
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malian hnRNP core proteins in mammals. Antibodies against the mammalian
hnRNP proteins react only very weakly with HD40 (7).

Recently, it has been suggested that at least some of the eukaryotic
single stranded DNA binding proteins, a number of which have been describ-
ed, may be related to the core hnRNP proteins. Three peptides from UP2,
which is isolated from calf thymus, have been sequenced (32). A comparison
of the amino acid sequences of these peptides with the amino acid sequence
predicted from the nucleotide sequence of DL4 shows a perfect match with
two of the three peptides (Fig. 7). There is no match with the third pep-
tide, which has the sequence Lys-Tyr-His-Asn-Val-Gly-Leu-Ser-Lys. Since
DL4 is a partial clone, smaller than UP2, it is possible that this peptide
lies outside of the region covered by DL4. This strong homology not only
suggests a relation between the hnRNP C proteins and UP2, but also indi-
cates that the amino acid sequence of these proteins has been well con-
served between humans and cattle. In a similar note, very good homologies
have been shown between amino acid sequences of peptides from the human
hnRNP Al protein (Mr'32’°°°) and the 22,000 molecular weight calf thymus
single-stranded DNA binding protein UP1, and between peptides from the
human hnRNP A2 protein (Mr'34'00°) and the single-stranded DNA binding .
protein UP1-B from calf liver and HDP-1 from mouse myeloma (Mr'24'000'
27,000) (19). Based on these homologies, immunological evidence (18), and
proteolytic digestion studies in which it was observed that the Al and A2
proteins give rise to 24,000-28,000 molecular weight peptides when digested
with trypsin or with proteases present in cellular extracts (18,19), it has
been proposed that some of the helix-destabilizing proteins are derived
from hnRNP proteins by proteolysis. The exact relation between UP2 and the
hnRNP C proteins is not clear, but the similarity in molecular weights sug-
gests that UP2 may be the same as the hnRNP C1 protein. Alternatively, UP2
may be derived from the hnRNP C proteins by cleavage of a small fragment.
It should be noted however, that the digestion of the hnRNP C1 protein with
trypsin gives rise to a relatively stable 28,000 molecular weight fragment;
a 39,500 molecular weight fragment is not observed (19).

Merrill et al (32) have observed that there is a partial homology
between one of the UP2 peptides and two regions of UP1. These two regions,
it is proposed, compose two domains of UP1 that share internal homologies.
By comparing the amino acid sequence of UP1 with the sequence derived from
DL4, we see that there is a large region of DL4 that is homologous with two
regions of UP1: amino acids 14-61 and amino acids 103-152 (Fig. 8). This
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region includes one of the UP2 peptides that have been sequenced. There is
also a considerable homology between this region and the mouse myeloma pro-
tein HDP-1 (which is related to the hnRNP A2 protein (19)), but this is not
particularly surprising since UP1 and HDP-1 have very similar amino acid
sequences (33). The rest of DL4 shows very little homology with UP1. It
has been suggested that UP1 might contain two structurally related DNA
binding sites: one containing residues 51-61, and the other residues 143-
152 (32). As shown in Fig. 8, DL4 contains a region that is very similar
in composition to these sites. Of the eight amino acids in this region,
six are the same in all three sequences, and the two that differ might be
expected to have little effect on the structure of the protein: an Ile in
DL4 which is Val in the two UP1 sequences, and a Cys which is Gly or Ala in
UP1. Just as striking, however, is the homology between DL4 and UP1 resi-
dues 14-34 and 103-125. Since it appears to be highly conserved, this
region may also play a central role in the function of these proteins.
Although the ADL4 fusion protein appears to contain the proposed DNA (and
RNA) binding site, it does not bind to mRNA as assayed by nitrocellulose
filter binding (not shown). The proposed binding site is, however, near
the junction with B-galactosidase, and may not be in the proper conforma-
tion. A comparison of the nucleotide sequence of DL4 with that of UP1 (34)
shows very little similarity at the nucleotide level between the two, even
in the regions of conserved amino acid sequence.

One striking feature of the hnRNP proteins is their high content of
glycine: about 20% for the C proteins. From DL4, we can deduce the se-
quence of a 225 amino acid region. This region contains about 10% glycine,
a value closer to the 7.6 mole% average value for proteins in the PIR Pro-
tein Sequence Database. Consequently, the remainder of the hnRNP C protein
must have a very high glycine content of about 30%. This is similar to the
hnRNP A1 and A2 proteins which have an NHZ terminal domain with a normal
glycine content and a carboxy terminal domain that is very rich in glycine
19).
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