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ABSTRACT

Protein Al is one of the major component of mammalian ribonucleoprotein

particles (hnRNP). Human protein Al cDNA cloning and sequencing revealed the

existence of at least two protein isoforms. Among the cDNAs examined,

sequence differences were found both in the structural portion, leading to

aminoacid changes (Tyr to Phe or Arg to Lys) and in the non *ranslated

3'-region where two T-stretches of different length were observed.

Interestingly one of the aminoacid substitutions falls into a consensus

sequence common to many RNA binding proteins. Northern blot analysis of poly

A RNAs from five human tissues revealed two mRNA forms of 1500 and 1900 n

due to alternative polyadenylation. Analysis of genomic DNA showed at least

30 Al-specific sequences,some of which correspond to processed pseudogenes.

These results suggest that protein Al is encoded by a multigene family.

INTRODUCTION

In the nucleus of eukaryotic cells the primary transcripts of RNA

polymerase II (hnRNAs) hre associated with a specific set of proteins to

form ribonucleoprotein (hnRNP) particles (1). Considerable experimental

evidence points to a role of hnRNP complexes in the post transcriptional

processing of hnRNA and particularly in the splicing reaction (1-4). The

hnRNP complex is one of the most abundant structures in the nucleus

accounting for at least one third of the proteins of the nucleoplasm (1).

The hnRNA in the nucleoplasm of mechanically disrupted nuclei sediments in

sucrose gradient as a heterodispersed material between 30 and 250 S (5,6).

All of the heterodispersed fast sedimenting hnRNA is converted by mild RNAse

digestion into relatively homodispersed particles that sediment at 30-40 S.

The proteins of the 30 S particles generally referred to as "core proteins"

consist of six main polypeptides in one-dimensional polyacrylamide gel

©) I RL Press Limited, Oxford, England. 3751



Nucleic Acids Research

electrophoresis. Their HeLa cell nomenclature is the following: Al = 34 Kd;

A2 = 36 Kd; Bl = 37 Kd; B2 = 38 Kd; Cl = 41 Kd; C2 = 43 Kd. Cross linking

experiments in vivo and in vitro confirmed that hnRNA is actually associated

with this unique set of proteins (7). However immunoprecipitation

experiments with specific monoclonal antibodies suggest that at least two

other polypeptides of 68 and 120 Kd are associated to the hnRNP complex (7).

Proteins A and B are members of two related families of basic proteins that

share common antigenic determinants (8) and extensive homologies in the

primary structure (9). Proteins Al and A2 (together with protein Cl) are the

most abundant components of the hnRNP complex. The ratio of Al to A2 is

about 1:1 in the particles from rapidly growing cells (1) but much less Al

is found in stationary cells (10). Thus, in spite of their striking

similarities, these two proteins seem to be differently expressed. In

particular Al can be classified as a proliferation sensitive protein (10)

which further stimulates the interest for its more detailed

characterization. This can be obtained by cDNA cloning and sequencing, and

by the study of homologous mRNAs and of genomic DNA sequences.

In a previous paper (11) we described the use of cDNA cloning to

demonstrate the existence of a precursor-product relationship between hnRNP

Al and the mammalian single stranded DNA binding protein UP1. The analysis

of Al cDNA from human cells revealed the peculiar two-domains structure of

this protein that was also confirmed by peptide sequencing on the purified

protein (9,11). These studies also evidenced a striking evolutionary

conservation of protein Al between human and rat (12). Considering that a

similar evolutionary conservation was recently reported for protein Cl (13)

it is reasonable to assume that the same could be true for other hnRNP core

proteins. In this paper we extend our studies and demonstrate that protein

Al has different isoforms. The analysis of Al mRNAs also suggests a

differential expression of the various isoforms in different tissues.

Genomic DNA analysis clearly indicates that the Al-specific DNA sequences

are members of a conserved gene family containing several pseudogenes as it

was shown to be the case for protein Cl (13).
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MATERIALS AND METHODS

Screening of a human genomic DNA library

A library of human liver DNA, partially digested with EcoRI and cloned

in A Ch 4A (34) was screened by plaque hybridization (35) using pRP15 cDNA

probe P labeled by the random priming method (36).

Oligonucleotide synthesis, library screening and analysis of cDNA clones

Oligonucleotide probes were synthesized on a Beckman System 1 Plus DNA

Synthesizer, purified by polyacrylamide gel electrophoresis and P

end-labeled with T4 polynucleotide kinase. The screening of an SV40

transformed human fibroblast cDNA library in A gtll with a 20-Mer

oligonucleotide, was performed according to Mason and Williams (37).

Hybridization and washings were performed at 460C.

cDNA clones were analyzed by standard procedures (38). Bluescribe M13+

vector was purchased from Vector Cloning System (San Diego).

DNA sequencing and sequence analysis

DNA sequencing was performed by the chemical modification method of

Maxam and Gilbert (39) except that diphenylamine formate was used instead of

piperidine formate in the (A+G) reaction. Nucleotide and deduced aminoacid

sequences were analyzed by the Beckman "Microgenie" computer program.

RNA preparation and Northern blot analysis

Total RNA was isolated using the guanidinium thiocyanate solubilization

nethod of Chirgwin et al. (40) except for human fibroblast RNA that was

isolated according to Morandi et al. (20). PolyA RNA selected by

chromatography over oligo dT cellulose column was electrophoresed onto a

1.5% agarose, 6% formaldehyde gel (41), transferred to nylon membrane

(Hybond N, Amersham) and cross-linked by UV irradiation following the

instructions of the manufacturer. Hybridization with nick-translated probes

(10 cpm/ml) was carried out in 4xSSC, 4xDenhardt's, 25 mM Na PPi, 0.2% SDS,

125 Ig/ml yeast tRNA, 50% formamide at 420C. Hybridization with end-labelled

oligonucleotides (10 cpm/ml) was performed in 6xSSC, lOx Denhardt's, 25 mM

NaPPi, 0.1% SDS, 125 pg/ml yeast tRNA at 320C. High stringency washing

conditions with the two types of probes were respectively: 0.2xSSC, 0.1% SDS
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at 650C for 30 min and 6xSSC at 43°C for 2 min. Removal of probes for re-use

of RNA blots (when required) was obtained by washing for 2 hrs at 651C in 5

mM Tris-HCl pH8, 2 mM EDTA,0.1 x Denhardt's. Slot blots were performed using

a Minifold II apparatus (Schleicher and Schuell) according to manufacturer's

instructions. RNA was denatured with 6% formaldehyde at 68°C diluted to the

proper concentration with lOxSSC and loaded onto the nitrocellulose filters

prewetted with lOxSSC.

Human genome DNA analysis, Southern blot, dot blot.

10 ,ug of HeLa cells DNA, digested with EcoRI were separated by

electrophoresis on a 0.8% agarose gel, transferred to nitrocellulose paper

and baked for 2 hr at 800C. Hybridization conditions were as follows: 5x

SSC, 5x Denhardt's, 25 mM NaPPi, 200 ug/ml yeast tRNA, 50% formamide; high

stringency washing conditions were: 0.2 x SSC 0.1% SDS at 680C for 30 min.

Dot blot experiments were performed according to Mariani and Schimke (42)

with a Minifold II (see above), apparatus. Hybridization conditions were as

described above.

RESULTS

Isolation of a cDNA encoding the human hnRNP core protein Al

In a previous paper (11) we described the isolation of a cDNA fragment

of 949bp encoding the last 194 aminoacids of hnRNP core protein Al (34 Kd).

This cDNA clone (pRP10), isolated from a human liver cDNA library in plasmid

expression vector pEXl (14), was the starting material for the isolation of

other Al specific DNAs. A 20 n long oligonucleotide complementary to the

5'-end of pRP10 was synthesized and used to screen a huinan cDNA library inA

gtll prepared from polyA mRNA of SV 40 transformed human fibroblasts

(kindly provided by B. Wold), as described in Materials and Methods. Plaque

hybridization experiments yielded three clones (pRP12, pRP13, and pRP15)

with inserts longer than pRP10 (949 bp) and their cDNAs were subcloned in a

plasmid vector (Bluescribe M13 ) for further characterization. The

properties of pRP12 and pRP13 will be described in the following section.

pRP15 contained the longest insert of about 1700 bp as judged from agarose
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gel electrophoresis (not shown) and its size roughly corresponded to the

longer Al-specific mRNA species detected in Northern blots experiments with

HeLa cell polyA+ mRNA (11; see ahead).

The complete sequence of pRP15, along with the restriction map and the

sequencing strategy, is shown in Fig. 1. The total length of pRP15 cDNA is

1767 n, it contains an open reading frame of 960 nucleotides and two non

coding regions of 85 and 722 nucleotides at the 5'-end and at the 3'-end,

respectively; two possible polyadenylation sites are present.

The deduced aminoacid sequence of pRP15 cDNA corresponds exactly to that

reported for both human and rodent protein Al (9,11,12). The comparison with

the nucleotide sequence of a rodent Al cDNA (see Fig. 1) (12) evidences a

remarkable conservation. This point will be further addressed to in the

Discussion.

Starting from nucleotide 458 the sequence is identical to that of pRP10

cDNA (11) except that the latter ends at the first polyadenylation signal

and except for a small difference in the length of the T-streches at

positions 1306 and 1376 (see next sections). The 5'-end of pRP15 cDNA is

probably truncated 100-200 n from the start point transcription as indicated

by the fact that the corresponding mRNA is about 1900 n long (see next

section). Further experiments are being carried out to determine the

complete sequence of the 5'-end non coding region.

mRNA variants of hnRNP Al

The results reported in the previous sections already indicated the

existence of at least two mRNAs encoding for the protein Al but differing

for the length of the 3'-non translated region. The sequence analysis of the

other two cDNA clones isolated (pRP12 and pRP13) revealed variations also in

the coding region. Both cDNAs appeared truncated, the first starting at

nucleotide 209 (numbering as in Fig. 1) and the second at nucleotide 285.

pRP12, like pRPl5 had a 3'-end non coding region of 722 n, while in pRP13,

like in pRP10, the non coding region was only 307 n long since it ended at

the first polyadenylation site. Also in the case of these two cDNAs the

T-stretches had different lengths (Fig. 1).
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CGAAAGGTTACAAAGGCAAAGCCCC 25

TTTTCTGCCCGTGGACGCCGCCGAAGAAGCATCGTTAAA1;TCTCTCTTCACCCTGCCGTC 85
--C-G--CG-A---T---A-----

10 20
M.tSerLysSerGluSerProLysGluProGluGInLeuArgLysLeuPheIleGlyGly
ATGTCTAAGTCAGAGTCTCCTAAAGAGCCCGAACAGCTGAGGAAGCTCTTCATTGGAGGG 145
---------------- C--C--G--A--G----.-----C-------------------

30 40
LouSerPheGluThrThrAspGluSSrLeuArgSerHisPheCGlGlInTrpGlyThrLeu
TTGAGCTTTGAAACAACTGATGAGAGCCTGAGGAGCCATTTTGAGCAATGGGGAACGCTC 205
C- C- C--C -T ------------------------A---

50 60
ThrAspCysVa1ValMetArgAspProAsnTThrLysArgSerArgG1yPheGlyPheVa1
ACGGACTGTGTGGTAATGAGAGATCCAAACACCAAGCGCTCTAGGGGCTTTGIGTTTGTC 265
--C--------------------------------AA-A--C--A---------------

70 80
ThrTyrAlaThrValGluGluVYlAspA1aAl0MetAsnAlaArgProHisLysValAsp
ACATATGCCACTGTGGAGGAGGTGGATGCAGCTATGAATGCAAG4ACCACACAAGGTGGAT 325
--------------------A--------T--C-----------a--------a------

90 100
GlyArgValValGluProLysArgAlaValSerArgGluAspSerGl nArgProG1 yA la
GGAAGAGTTGTGGAACCAAAGAGAGCTGTCTCCAGAGAAGATTCTCAAAGACCAGGTGCC 385

T- G--A -G
110 120

H1*LsuThrValLysLysI lPheVa1G1yGlyI leLysGluAspThrGluGluHisHis
CACTTAACTGTGAAAAAGATATTTGTTGGTGGCATTAAAGAAGACACTGAAGAACATCAC 445
-----------G-------C--------C--T---------------------------

130 140
L.uArgAspTyrPh.GluGlnTyrGlyLysIleGluVaI1lGluIleMetThrAspArg
CTAAG GATTATTTTGAACAGTATGGAAAAATTGAAGTGATTGAAATCATGACTGACCGA 505

---C ----- --*-G----------T------A--
150 160

GlySerGlyLysLysArgGlyPheAl aPh.Va1ThrPh.AspAspHisAspSerVa1Asp
GGCAGTGGCAAGAAAACGGGCTTTGCCTTTGTAACCTTTGACGACCATGACTCCGTGGAT 565
- A AGWA--A--G-G--------C-----C--------T-----------T------

170 180
LysI1*ValIlGlnLysTyrHisThrValAsnGlyHisAsnCysGluV4lArgLysAla
AAGATTGTCATTCAGAAATACCATACTGTGAATGGCCACAACTGTGAAGTTAGAAAAGCC 625
-------T-------------A----------------------------A-----G--T

190 200
LeusirLysGi nGluMetAlaSerAlaSrSerSerSG1nArgGlyArgSerGlySerGly1
CTGTCAAAGCAAGAGATGGCTAGTGCTTCATCCAGCCAAAGAGGTCGAAGTGGTTCTGGA 695
-----G- -----------------------A------G-----------------c---

210 220
AsnPh.G1yGlyGlyArgGlyGlyGlyPhGlyGC1 yAsnAspAsnPh.GlyArgGlyCly
AACTTTGGTGGTGGTCGTGGAGGTGGTTTCGGTGGGAATGACAACTTCGGTCGTGGAGGA 745
.C---------------------------------C--------T--T-----A-----G

230 240
AsnPheSsrGlyArgGlyGlyPheGlyGlySerArgGlyGlyGlyGlyTyrGlyGlyS5r
AACTTCAGTGGTCGTGGTGGCTTTGGTGGCAGCCGTGGTGGTGGTGGATATGGTGGCAGT 805

250 260
G 1 yAspGlyTyrAsnGlyPheGlyAsnAsp.GlySerAsnPheGl yGl yGl yGl ySerTyr
GGGGATGGCTATAATGGATTTGGCAATGATGGAAGCAATTTTGGAGGTGG;TGGAAGCTAC 865

270 280
AsnAspPheG1 yAsnTyrAsnAsnCG1 nSerSerAsnPh.GlyProMetLysGl yGlyAsn
AATGATTTTGGGAATTACAACAATCAGTCTTCAAATTTTGGACCCATGAAGGGAGGAAAT 925
-----------C-----------c-----A---------G-----G-----A--------C

290 300
PheGlyGl yArgSerSerGlyProTyrGl yGlyG1yGlyGCn1TyrPheAlaLysProArg
TTTGGAGGCAGAAGCTCTGGCCCCTATvGCGGTGGAGGCcAATACTTTGCAAAACCACGA 985
-----------G----------- T-----T------G----C--------T---------

310 320
AsnlnGlyyGlyTyrGlyGlySsrSgrSirSerSerS5rTyrGlyS-rG1yArgArgPhW
AACCAAGGTGGCTATGGcGGTTcCAGcAGCAGcAGTAGCTATGGcAGTGGCAGAAGATTT 1045
-A----------------------------------------------- --G--C

TAA,TTA GGAAACAAAGCTTAGCAGGAGAGGAGAGCCAGAG AAGTGACAGGGAAGCTAC 1103
------CA-CC-GG--A-AA---TTAGC-------------A------------------

AGGTTACAACAGATTTGTGAACTCAGCCAAGCACAGTGGTGGCAGGGCCTAGCTGCTACA 1163

AAGAAGACATGTTTTAGACAAATACTCATGTGTATGGGCAAAAAACTCGAGGACTGTATT 1223
-G -C-C-__--------- - C C C

3756



Nucleic Acids Research

1283

-HRK - ---I---bI-II 1343

AACAGTCTGATCGTGACGCTGAATAAA TGTC TTTTTTTTAATGTGCTGTG 1393
--A---------A----------T---TG----TTTTTTTT-------------------

TAAAGTTAGTCTACTCTTAAGCCATCTTGGTAAATTTCCCCAACAGTGTGAAGTTAGAAT 1453

TCCTTCAGGGTGATGCCAGGTTCTATTTGGAATTTATATACAACCTGCTTGGGTGGAGAA
------------G-----AA---C-------------T-- TGGT---------------

1513

GCCATTGTCTTCGGAAACCTTGGTGTAGTTGAACTGATAGTTACTGTTGTGAC CTGA 1570
----------AA------------T-C-A-----CC------------A--TTAA---

AGTTCACCATTAAAAGGGATTACCCAAGCAAAATCATGGAATGGTTATAAAAGTGATTGT 1630
GT---------T------ -C-T- - ---CAATT----------- - ----

TGGCACATCCTATGCAATATATCTAAATTGAATAATGGTACCAGATAAAATTATAGATGG 1690
--- --- ------ --G-.------------C---CT----------A-G------

GAATGAAGCTTGTGT ATCCATTATCATGTGTAATCAATAAACGATTTAATTCTCTTG
--------------- ATC -----------------C------------------------

1747

AAAAAAAAAAAAAAAAAAAA
- -TGG ---------------

0 500 1000 1500 2000

EcoRI Sau3A BstNI TaqI AvaIl HindM EcoRI EcoRI
I

FIG. 1 - Restriction map, sequencing strategy and nucleotide sequence of

pRP15 cDNA. The sequence of a rodent Al-specific cDNA clone (12) is shown

underneath for the sake of comparison; dotted line: identical sequence,

black bars: polyadenylation sites, asterisks: site of nucleotide change in

type B cDNA (pRP12, see Figure 2).

Surprisingly however pRP12 showed also two nucleotide substitutions at

positions (468) and (522) causing two am±iiacid substitutions (Tyr -- Phe

and Arg -- Lys) in the protein at positions 128 and 146, respectively. Thus

at least two protein Al isoforms ( a= pRP15 and B = pRP12) exist and the

possibility that other variations might occur in the part of the molecule

not covered by pRP12 and pRP13 cannot be ruled out. The results of these

experiments are summarized in Fig. 2.
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a II 'An pRP 15
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t tjA pRP 12
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IaIM *I__f- An pRP 10

FIG. 2 - Different Al-specific cDNAs isolated from human fibroblasts (pRP12,
pRP13, pRP15) and from human liver (pRP10, 11). Aminoacid substitutions

corresponding to type a and B isoforms (see text) are indicated along with

the length of T-stretches in the 3'-end non coding region. The black dots

represent polyadenylation sites.

The existence of Al-specific mRNAs with different polyadenylation sites

was confirmed by a Northern type hybridization on polyA RNA from HeLa cells

with pRP15 cDNA as probe. As shown in Fig. 3(A) two mRNA species of about

1.5 and 1.9 Kb specifically hybridized to the probe, the smaller being more

abundant. The densitometric scanning of the autoradiogram (not shown) gave a

2:1 ratio in the intensity of the short and long RNA signals.

To show that the two mRNA species actually differed in the 3'-end non

coding region as observed in the cDNAs (see Figure 2), the same blot was

hybridized with a probe lying between the two polyadenylation sites of

pRP15; as expected this probe hybridized only to the 1.9 Kb long mRNA (Fig.

3(A), lane B).

Overall abundance of Al specific RNA

The abundance of Al specific mRNA was measured by a slot-blot

hybridization experiment with HeLa polyA RNA by comparing the hybridization

signal of the pRP15 probe (see previous section) with that of a human

3-actin cDNA probe. The abundance of B-actin mRNA is relatively constant in

the different cell lines and has been estimated to be of the order of 500

molecules/cell (15). The result of the experiment is shown in Fig. 3 (B);

total Al mRN4A is approximately as abundant as that of B-actin and

constitutes about 0.1% of the total polyA RNA. This figure is in agreement
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FIG. 3 - A: Northern type hybridization on poly ArmRNA from HeLa cells (see
Materials and Methods). Probe: (Lane a) complete pRP15 cDNA; (Lane b)
EcoRI-EcoRI fragment of pRP15 of 309 n, at the 3'-end between the t-wo

polyadenylation sites (see Fig. 1). (Lane c) rRNA markers.

B: slot blot hybridization experiment for determining the overall abundance

of Al-specific mRNAs relative to that of human B-actin mRNA. The amounts of

polyA RNA from HeLa cells (,ug) per slot are indicated alongside.

with the fact that hnRNP proteins are the most abundant non histone nuclear

proteins in mammalian cells and that protein Al is a major constituent of

the complex (1).

Al specific mRNAs in different human tissues

hnRNP core protein Al has been reported to be the only protein of the

hnRNP 40s complex whose intracellular level varies significantly with the

proliferative state of the cell (10) being more abundant in actively growing

cells. We wanted to test whether also the Al mRNA expression was

proliferation sensitive. Northern blot analysis using pRP15 cDNA probe was

performed on polyA RNAs from five human tissues: fibroblasts, HeLa cells,
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kidney, placenta and thymus (see Fig. 4) and compared to B-actin mRNA. Since

the amount of loaded mRNA (4 pg) was accurately calibrated in all lanes, it

is evident that kidney and placenta contain less Al mRNA compared to the

other three more proliferative tissues. Contrary to expectation also B-actin

mRNA is reduced in these two tissues. Thus the effect of cell proliferation

on the level of protein Al could be due, at least in part, to an effect on

Al mRNA synthesis and/or stability. Interestingly the relative abundance of

the two mRNA species (1.5 and 1.9 Kb) was approximately the same in all the

examined tissues (see Fig. 4) indicating that alternative polyadenylation is

an intrinsic property of the Al hnRNA precursor and does not depend on the

cellular environment.

We next turned to the problem of the mRNA variants ( aand B, see Fig. 2)

that can produce two protein Al isoforms (Tyr --. Phe and Arg --. Lys) and

asked the question of their representation among the two mRNA length

variants (1.5 and 1.9 Kb) and in different tissues. To discriminate between

the two mRNA isoforms we used selective oligonucleotide hybridization on the

same filter used for hybridization with pRP15 cDNA. Two 15 n long

oligodeoxynucleotides (I and II) were synthesized (see Materials and

Methods) complementary to the same coding region of the two mRNAs

(nucleotides 461-475) and thus differing only for one central nucleotide

(A-.T). Then in a preliminary slot blot hybridization experiment (not shown)

we determined the conditions under which each oligonucleotide hybridized

only to the cognate RNA made in vitro with no cross hybridization to the

other (16). As shown in Fig. 4 (upper panel), the 15-mer oligo I probe (form

a ) hybridized strongly to the HeLa cell RNA (both 1.5 and 1.9 Kb) and to a

much lower degree to the RNAs from the other four tissues. Surprisingly

however, by the same procedure, we were unable to detect significant

hybridization with the 15-mer oligo II (form B). Hybridization with oligo I

sharply contrasts with that of cDNA probe only in the case of thymus (t)

where the relative amount of type a mRNA seems to be lower than in the

other tissues. Since type a protein (Tyr at residue 128) is predominant in

all tissues examined so far it is possible that in human thymus other type a

mRNA variants exist but escape detection with oligo I because other
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FIG. 4 - Northern type hybridization experiment to determine the relative

abundance of Al-specific mRNAs in five human tissues. (f): SV40 transformed

human fibroblasts; (h): HeLa cells; (p): placenta, (k): kidney; (t): thyrnus.

4 pg of polyA RNA from the five tissues were loaded onto the gel. The

nitrocellulose filter was hybridized first (upper panel) with a 15-mer

oligonucleotide (Oligo I) (nucleotides 461-475 of pRP15) corresponding to

the type aisoform (see Fig. 2). The same filter was then washed and

rehybridized to the complete pRP15 cDNA probe (middle panel) and to a

B-actin cDNA probe (lower panel) as a control.

nucleotide changes can occur within the short oligo sequence. This fact

could also account far the failure to detect hybridization with oligo II and

explain at least in part the discrepancy with other data. These results are

in line with our finding of different cDNA species within the libraries

analyzed and with the results of Southern blot analysis of the human genome

which showed at least 30 hybridizing bands (see next section). We therefore

postulate that hnRNP protein Al is most likely encoded by multiple mRNAs

some of which direct the synthesis of the two protein isoforms hitherto

found ( a and 1) while other isoforms are still to be discovered.

Genomic complexity of Al genes

To understand the origin of the protein isoforms described in the

previous sections we undertook the analysis of the structure of Al specific

DNA sequences in the human genome. Dot blot hybridization to human DNA

carried out at high stringency demonstrated the presence of about 30

sequences homologous to pRP15 cDNA per haploid genome (see Fig. 5(A)).
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FIG. 5 - A: Dot blot hybridization experiment to determine the number of

Al-specific sequences in human DNA genome under stringent conditions (see

Materials and Methods). The indicated amounts of HeLa cell DNA (upper panel)

and of pRP15 cDNA cloned in Bluescribe M13 (lower panel) were applied onto

the blots in duplicate. The filter was probed with a complete pRP15 cDNA.

The number of chromosomal sequences was determined by comparison of signal

intensities (arrows).

B: Southern type hybridization of pRP15 cDNA to HeLa cell DNA digested with

EcoRI. Lane a): complete pRP15 cDNA probe. Lane b): BstNI-Hind-III fragment

of pRP15 cDNA in the coding region. Lane c): Hind-III-EcoRI fragment of

pRP15 cDNA in the 3'-end non coding region. Molecular weight markers are

shown alongside.
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Accordingly Southern blot hybridization to HeLa cell DNA digested with EcoRI

using pRP15 probe at high stringency revealed about 30 different bands (see

Fig. 5(B)). The pattern of Southern hybridization did not change

significantly and in any case was not simplified when the coding or the non

coding regions of pRP15 were used as probes (see Fig. 5(B)). In an attempt

to reduce the complexity of the hybridization pattern we used as probe a

short oligonucleotide complementary to the 5'-end of pRP15. Also in this

case the pattern remained quite complex with many bands recognized by the

oligonucleotide (not shown). Quantitatively similar results were obtained on

Southern blots of DNAs extracted from lymphocytes of five different

individuals digested with a number of (restriction enzymes: Dra I, Msp I,

Hind III, Cla I, Xba I (not shown)). Furthermore in these experiments no

restriction site polymorphism was observed. Taken all together these results

indicate the existence of a multigene family with both multiple functional

genes and possibly multiple pseudogenes (see ahead) as described for several

housekeeping genes (17) and for other genes like those of hnRNP Cl protein

(13), snRNP proteins (17), HMG proteins (18). Given this type of results and

in order to better analyze the Al gene family, we screened a human genomic

DNA library in A Ch4A by plaque hybridization with pRP15 cDNA probe (see

Materials and Methods). 22 independent positive clones with EcoRI inserts

ranging from 3100 to 16000 bp were obtained. The 15 inserts giving the

strongest hybridization signal were subcloned in Bluescribe M13 vector,

submitted to detailed restriction analysis and the fragments so obtained

were tested for hybridization to different regions of pRP15 cDNA (coding and

non coding). On the basis of this analysis it can be concluded that the

majority of genomic clones behaved as processed pseudogenes since, although

colinear with the cDNA, they partially diverged from it. In fact some lacked

restriction sites (present in the cDNA) while others had restriction

fragments that did not hybridize or hybridized only weakly to the

corresponding ones on the cDNA (not shown). This conclusion was further

strengthened by the determination sof the nucleotide sequence of the genomic

fragment that showed more similarities to the cDNA which although largely
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homologous to the latter, contained many stop codons in all reading frames

and a central highly divergent region of 200 n. In conclusions it appears

that the majority of the genomic clones selected by plaque hybridization

with pRP15 cDNA consist of non expressed pseudogenes of the processed type.

In order to fish out an active gene, we have recently devised a method that

favours the selection of the expressed genes against the non expressed ones.

By this method we have already isolated an Al specific gene sequence that

appears to contain introns (to be published).

DISCUSSION

Identification of Al transcripts

By screening two human cDNA libraries prepared from human liver and

human fibroblasts we isolated four Al specific cDNAs: pRP10, pRP12, pRP13

and pRP15. Of these, pRP15 contained the whole coding region, the complete

3'-end non coding region, and 85 n of the 5'-end non coding region (see Fig.

1). The other three cDNAs lacked more or less extended regions at the 5'-end

probably due to premature termination of reverse transcription from the

mRNAs. All four transcripts contained the same open reading frame and are

extremely conserved except for the following differences (see Fig. 2):

1) the 3'-end non coding region can be either 307 or 722 nucleotide long

with one or two polyadenylation sites (AATAAA) respectively.

2) the two longest T-stretches in the 3'-end non coding region have variable

length.

3) one cDNA (pRP12) shows two nucleotide substitutions in the coding region

that cause two aminoacid changes in the protein.

Since three of the four cDNAs were truncated, we cannot rule out the

possibility that other variations could be found at the 5'-end of the cDNAs.

Properties of the non coding regions

As already mentioned in the Results, the 5'-end non coding sequence of

pRP15 is probably truncated. Furthermore nucleotides 3-31 appear to be

repeated in the inverted orientation at nucleotides 516-544. In spite of the

possibility of a reverse transcription artifact at the cDNA tail it is worth

underlining that the 85 nucleotides upstream of the first AUG are all in
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frame with the following coding sequence. It is difficult however to

attribute a biological significance to this observation since all the

available data on the aminoacid composition and sequence of protein Al

indicate a polypeptide of 320 aminoacids (9). Furthermore, in pRP15 the AUG

is immediately preceded by the CCGTC sequence that fits the consensus

sequence (CCANC) for initiation of translation often found in the

transcripts of vertebrates (19).

As shown in Figure 2, the 3'-end non coding region of Al specific cDNA

can consist either of 307 n (pRP10 and pRP13) or of 722 n (pRP12 and pRP15).

Accordingly, Northern blot experiments with polyA mRNA from different human

tissues (see Fig. 4) evidenced two corresponding mRNA forms of 1.5 and 1.9

Kb. Given the presence of two polyadenylation sites in the longest

transcripts we attribute the mRNA length heterogeneity to alternative

polyadenylation of the same precursor with a slight preference for the first

site. Since the relative abundance of the long vs. short mRNA is about the

same in all tissues (see Fig. 4) the choice of the polyadenylation signal

seems to be dependent solely on the neighbouring sequences in the precursor.

Variants in the coding region

The deduced aminoacid sequence of the protein encoded by pRP15 cDNA

matches exactly the known primary structure of human protein Al. On the

other hand, from the satne cDNA library we could isolate a second cDNA that

showed two aminoacid substitutions (Tyr --- Phe and Arg --D Lys) at residues

128 and 146 respectively producing two protein Al isoforms. Isoforms of

protein Al were already surmised by our group (11) and by other authors (9)

after the finding that certain Al peptides obtained by protease digestion

were a mixture of two peptides with one aminoacid sustitution. In addition,

a certain degree of physical heterogeneity of protein Al has been reported

by several authors (1).

In a previous paper (11) we described a human Al peptide with a

substitution at residue 127 (Tyr --- Phe) that corresponds exactly to that

predicted by pRP12 cDNA; another Al peptide showed a substitution at residue

190 (Ser -..AsN) for which no corresponding cDNA has yet been found. Other

authors (9) have reported an aminoacid substitution (Arg --. Lys) at residue
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30 in human protein Al. Thus our isolation of Al mRNA isoforms further

supports the existence of several protein Al isoforms. Moreover the results

of Northen blot hybridization with cDNA and specific oligonucleotide probes

(see Fig. 4) indicate that other isoforms besides the ones isolated so far

must exist at least at the mRNA level.

It should be considered however that only conservative substitutions

were observed between chemically similar aminoacids for which it is

difficult to envisage a biological significance. It is possible in fact that

a duplication of an ancestral Al gene allowed the occurrence of neutral

mutations subsequently fixed by random genetic drift. On the other hand, it

should be observed that the aminoacid substitution at position 146 (Arg --*

Lys) falls inside a consensus for RNA recognition and/or binding (see

below).

Abundance of Al specific mRNA

The slot blot experiment reported in Fig. 3 (B) allowed an estimation of

the relative abundance of Al mRNA in HeLa cells in the order of 0.1% of the

total polyA+ mRNA. This figure, obtained by using as reference the mRNA for

B-actin (15) is about 10 fold lower than a previous estimation based on the

abundance of human DHFR mRNA (20) but probably more accurate. In either case

Al mRNA is abundant in the nucleus in accordance with the fact that protein

Al is the major component of the hnRNP complex that in turn accounts for a

large fraction of non-histone nuclear protein. Northern blot experiment on

five human tissues (see Figure 4) showed that, as it was shown for protein

Al, (10) also Al mRNA is much more abundant in actively proliferating cells

(HeLa), and this is the case for both the 1.5 and the 1.9 Kb mRNA forms.

This could indicate a direct involvement of Al in some key steps of

nucleic acid metabolism such as splicing as it has been shown for another

protein (Cl) of the hnRNP complex (2).

Al domain structure

The domain structure of protein Al has been previously discussed by

several authors on the basis of protein sequencing studies (9,11). Secondary

structure predictions suggest two distinct domains: the NH2-terminal two

thirds (residues 1-195) has a high a -helical probability while the
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COOH-terminal portion (residues 197-320) has a low a -helical probability

and an extremely high (40%) content of glycine. In the NH2-terminal domain,

the first 184 aminoacids, consist of two adjacent 91 residue partially

homologous stretches that are believed to contain two independent binding

domains for single-stranded nucleic acids also on the basis of photochemical

cross-linking studies (21). Within each repeat we have located (at residues

56-63 and 146-153) an 8 aa sequence ( RGF G

FVTT ) that fits a consensus
K A F

found in several eukaryoCtic nuclear proteins known to interact with RNA

(9,11,12,22-29). As already mentioned, the two protein Al isoforms reported

here differ for two aminoacids one of which falls in the consensus.

Therefore they could have a different mode of binding to RNA and a different

function.

As to the glycine-rich COOH-terminal domain of protein Al, recent

evidence suggests that also this part of the protein interfaces directly

with nucleic acid and produces positive cooperativity of binding (30). It is

worth noticing that a remarkable primary structure homology can be seen

between the COOH-terminal portion of Al and that of nucleolin (C23

fragment), (27) to indicate a similar role of the latter in the processing

of ribosomal RNA.

Genomic complexity of Al genes

Southern blot analysis on human DNAs from various sources showed

multiple bands. The stringency of hybridization conditions made it unlikely

that genes of other related components of the hnRNP complex could be

detected. In the light of our results on the mRNA variants it is likely that

some of the bands correspond to multiple functional genes. However the

screening of a human DNA genomic library demonstrated many processed

pseudogenes as is the case for a number of mammalian multigene families

(17). Interestingly however the Al specific sequence pattern, although very

complex, was exactly the same in different individuals indicating a

selective pressure in the evolution of the Al gene family. Additional data

on the possibility of a multigene family encoding protein Al have recently

been reported (31).
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Conservation of protein Al in mammals

The comparison of protein Al from different species indicated a

remarkable conservation in the primary structure. Human protein Al (isoform

a , see Fig. 2) is 100% homologous to the proteins Al from both rat (12)

and calf thymus (32). The comparison of the nucleotide sequence of our human

cDNAs with that of rat cDNA (12) also gives a surprising result. As shown in

Fig. 1, the two sequences are highly homologous both in the coding region

(92.3%) and in the non coding regions (85.6% and 73% for the 3' and the

5'-end respectively). Only 72 point mutations are present in the coding

region, 67 of which at the third nucleotide, and 5 at the first. If one

considers that the two species are separated by 80 million years of

evolution it should be concluded that protein Al has a very low rate of

evolution in the order of that of some histones, a -actin and somatostatin-28

(33) or lower. This again points to an essential role of this protein in

some key process (splicing?) and to a strong selective pressure toward the

maintenance of the structure, probably finalized to ensure the accuracy of

interaction with both RNA and other proteins in the hnRNA complex. These

considerations seem to be applicable also to the non coding regions that,

could therefore play an important role in post-transcriptional regulation.
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