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ABSTRACT: The a and isoforms of the human protein phosphatase 2A catalytic subunit are  encoded by 
distinct genes whose expression appears to be differentially regulated. T o  obtain a better understanding 
of the mechanism(s) that regulate(s) the expression of these two transcripts, we have cloned the genes encoding 
both isoforms. Both genes (each -30 kbp) are  composed of seven exons and six introns which intervene 
at  identical locations, suggesting that they were derived from a common ancestral gene. However, the 5’ 
upstrcam regions as well as the regions encoding the 5’ and 3’ untranslated sequences of each m R N A  are 
diffcrent. The promoters of both genes are very G + C  rich and lack the T A T A  and C C A A T  sequences 
typical of many housekeeping genes. The Ca gene contains several potential Sp l  binding sites and a potential 
CAMP-responsive element. Northern analysis using RNAs  isolated from several different human cell lines 
showed that the steady-state C a  m R N A  was, in general, more abundant than the CP mRNA.  To determine 
whcther the promoters regulate the differential C a  and CP R N A  expression, they were fused to the reporter 
gcnc chloramphenicol acetyltransferase and transiently expressed in HeLa cells. Expression from the Ca 
promoter was 7-10 times stronger than that from the C p  promoter, which paralleled the endogenous Ca 
and Cg m R N A  levels in HeLa cells. These data  suggest that  the steady-state levels of the Ca and Cp 
mRNAs,  are  due, a t  least in part, to different promoter activities. 

R o t e i n  phosphatases play an essential role in the regulation 
of many processes ranging from cellular metabolism to in- 
volvement in cell cycle events [reviewed in Cohen (1989)l. 
Mutations rcsulting in cell cycle arrest in the fungus Asper- 
gillus nidulans (Doonan & Morris, 1989) and in yeast (Oh- 
kura et al., 1989; Booher et al., 1989) have been shown to be 
located within a protein phosphatase I gene, demonstrating 
that this phosphatase is required for completion of the cell 
cyclc. Furthermore, the discovery that protein phosphatases 
1 and 2A arc both strongly inhibited by okadaic acid, a non- 
phorbol cstcr tumor promoter, has led to the proposal that 
protein phosphatases may play a role in  tumor suppression 
(Bialojan & Takai, 1988; Haystead et al., 1989). However, 
the mechanisms responsible for the activation-inactivation of 
protein phosphatase activity in  these processes are poorly 
understood. 

+The nucleic acid sequence in this paper has been submitted to Gen- 

* Author to whom correspondence should be addressed. 
Bank under Accession Number 305297. 

Several types of protein phosphatases have been identified 
at the protein level [reviewed by Ballou and Fischer (1986) 
and Cohen ( 1  989)]. Three different holoenzyme forms of 
protein phosphatase 2A have been purified from a number of 
tissues and in all cases consist of a catalytic (C) subunit of 
36 kDa in association with one or more regulatory subunits 
of 5 5 ,  65, and 72 kDa (Crouch & Safer, 1980; Pato & 
Adelstein, 1983; Tung et al., 1985; Waelkens et al., 1987; Usui 
et a]., 1988). The C subunit has been cloned from various 
species, and at least two isoforms (termed C a  and Cp) have 
been identified (Green et al., 1987; Stone et al., 1987, 1988; 
da Cruz e Silva et al., 1987; da Cruz e Silva & Cohen, 1987; 
Arino et al., 1988; Hemmings et al., 1988; Kitagawa et al., 
1988a,b). Furthermore, two isoforms of the 65-kDa subunit 
have also been cloned (Hemmings et al., 1990). Thus, the 
structure of protein phosphatase 2A is likely to be even more 
complex than initially perceived. 

The amino acid sequences of the C a  and Cp proteins, de- 
duced from the cDNA sequences, are 97% identical, with 7 
of the 8 amino acid differences being clustered in the first 30 
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residues of the N-terminus. The mRNAs encoding both 
isoforms have been detected in all mammalian species studied, 
suggesting that the two phosphatase C subunits may have 
distinct functions and interact with different regulatory sub- 
units. Also noteworthy is the fact that although the noncoding 
regions of the CLY and C p  mRNAs share no sequence hom- 
ology, the 3’ untranslated regions of each isoform are highly 
conscrvcd among mammals. Northern analysis revealed that 
the C a  mRNA is expressed at relatively high levels in various 
porcine, rat, bovine, and rabbit tissues, particularly in brain 
(Khew-Goodall & Hemmings, 1988; Kitagawa et al., 1988a; 
Green et al., 1987; da Cruz e Silva et al., 1987). The CP 
mRNA showed a similar pattern of expression but a t  levels 
about 8-1 2-fold lower than the C a  mRNA (Khew-Goodall 
& Hemmings, 1988). The a and p transcripts encoding the 
65-kDa subunit are also expressed in a tissue-specific manner 
(unpublished data). 

Together, these observations suggest that regulation of 
protein phosphatase 2A may extend from transcriptional to 
posttranslational events. Understanding the control mecha- 
nisms that operate to coordinate the different genes encoding 
the catalytic and regulatory subunits is an important step 
toward elucidating the physiological roles of the different 
holoenzymes of protein phosphatase 2A. We are examining 
the role of transcriptional control in regulating protein 
phosphatase 2A levels. We report here the isolation and 
structural characterization of the genes encoding the Ca and 
CP isoforms. I n  addition, we have shown that the differential 
expression of the Ca and Cp transcripts is due, at least in part, 
to the different strengths of the two promoters. 

EXPERIMENTAL PROCEDURES 
Isolation of Genomic Clones. A human leukocyte genomic 

library generated by partial Mbol digestion (Clonetech Labs., 
Inc.) and a human placenta genomic library (a gift from Dr. 
S. Shibahara, Friedrich Miescher-lnstitut), both cloned in 
EMBL3 vector, were screened. Clones XPC6c and XPC7-2 
were isolated by using the full-length porcine Ca cDNA (Stone 
et al., 1987). They were found to encode 3’ portions of the 
Ca and Cp genes, respectively, based on their hybridization 
to oligonucleotide or cDNA probes specific for the a or 
forms. The Ca- and CP-specific cDNA probes were 3’ non- 
coding fragments corresponding to nucleotides 940-1 346 (407 
bp) of the human C a  cDNA (Stone et al., 1988) and to nu- 
cleotides 996-1432 (427 bp) of the human CP cDNA (Hem- 
mings et al., 1988), respectively. Subsequently, three more 
clones (APC 15, APC301, and XPCl l-3) were isolated by using 
probes encoding the 5’ end of the human Ca and Cp cDNAs; 
clone XPCl5 was isolated by using a 134 bp fragment corre- 
sponding to nucleotides -86 to +48 of the human Ca cDNA, 
clone XPC301 with a 280 bp fragment corresponding to nu- 
cleotides -20 to +260 of the human Cp cDNA, and clone 
XPC 1 1-3 with an 86 bp fragment corresponding to nucleotides 
-20 to +66 of the human CP cDNA. These clones were 
determined to encode Ca or Cp by hybridization with oligo- 
nucleotide probes specific for Ca and CP. All cDNA probes 
were labeled with [ w ~ ~ P ] ~ A T P  by using the random-primer 
method (Feinberg & Vogelstein, 1984), and oligonucleotide 
probes were labeled with T4 polynucleotide kinase and [y- 
32P]ATP. Filters were hybridized under standard conditions 
as described in Maniatis et al. (1982). 

Construction of Physical Maps of the Ca and CP Genes. 
A simple restriction map was initially constructed by using 
BamHI, EcoRI, HindlIl, and Sal1 for all the genomic clones 
isolated, and all fragments which were found to hybridize to 
the respective cDNA probes were subcloned into pUC18, 
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Bluescript (Stratagene, San Diego, CA), or M13 vectors for 
further mapping and sequencing. Single- or double-stranded 
sequencing was carried out by the dideoxynucleotide chain 
termination method using [ Q - ~ ~ S I ~ A T P  and Sequenase 
(United States Biochemical, Cleveland, OH). In the 5’ un- 
translated and the 5’ flanking regions, sequences were deter- 
mined in both directions, and where the G+C content of the 
sequence was particularly high, sequencing reactions were also 
carried out using dITP in place of dGTP. 

The sequences of the individual exons were determined by 
sequencing from within each exon toward the boundaries using 
oligonucleotide primers complementary to the known cDNA 
sequences. About 1OC-200 bp at each end of all introns, except 
the 3‘ end of intron 1 and the 5’ end of intron 2 of the Cp gene 
(which were absent from the clones obtained), was sequenced. 
The intron sizes were determined by restriction mapping using 
enzymes which cut only once per exon in combination with 
DNA hybridization using oligonucleotide probes. 

Northern Hybridization Analysis. HeLa, MDA-MB23 1, 
MFM, MCF7, T-47D, Bowes, T E  671, Calu-I, EJ, A 1146, 
and A-43 1 cells were cultured in DMEM supplemented with 
10% fetal calf serum at 37 OC, 6% C02 .  Total cellular RNA 
was isolated by using the guanidine isothiocyanate-acid phenol 
method (Chomczynski & Sacchi, 1987) followed by selective 
precipitation of the RNA in 2.5M LiCI. Twenty micrograms 
of each RNA was electrophoresed on 1% formaldehyde- 
agarose gels and electrotransferred onto nylon filters (Zeta- 
Probe, Bio-Rad). The filters were hybridized and washed as 
previously described (Khew-Goodall & Hemmings, 1988). 
The relative levels of the Ca and Cp mRNAs were obtained 
by densitometric scanning of the autoradiograms. 

RNase Protection and SI Nuclease Analyses. Antisense 
R N A  probes for RNase protection analysis were made by 
subcloning restriction fragments from nucleotide -1 400 to +13 
of the a gene and from -1295 to +68 or -740 to -160 of the 
p gene (Figure 4) into the pGEM4 vector (Promega, Madison, 
W1). The resulting plasmids were linearized at positions -315 
(AoaI) and -650 (ScaI) for the a and p probes, respectively, 
and transcribed with SP6 polymerase in the presence of 50 
pCi of [(u-~*P]GTP. Full-length transcription products were 
gel-purified, and 5 X lo4 cpm of each probe was hybridized 
to 100 pg of total RNA isolated from HeLa cells. Hybrid- 
ization and digestion with RNases A and TI were essentially 
carried out as described by Melton et al. (1984) except that 
20 mM NaCl and 100 mM LiCl were used in the digestion 
buffer. 

SI nuclease mapping was carried out essentially as described 
by Berk and Sharp ( 1  977). The probes used were a 3 kbp 
EcoRI-Xmnl fragment and a 1.3 kbp HindIII-PuuII fragment 
for the a and P probes, respectively (see Figure 4, bottom). 
The C u  and C p  probes were labeled at the 5’ end of the XmnI 
and Prul I sites, respectively, using T, polynucleotide kinase 
and [y3*P]ATP. Poly(A+) RNA was prepared from total 
RNA by oligo(dT)-cellulose chromatography (Aviv & Leder, 
1972); 10-20 pg of poly(A+) RNA was hybridized with 4 X 
I O 4  cpm of each probe. 

Promoter Analysis. The pSV2CAT plasmid (Gorman, 
1985) was modified by replacing the Accl-Hind111 fragment 
of the SV40 promoter with a 31 bp polylinker containing 
multiple restriction sites to generate the PO-CAT plasmid. An 
AccI-NaeI (nt -1 160 to -20) fragment of the Ca gene and 
an EcoRI-BamHI (nt -1286 to -23) fragment from the CP 
gene were ligated into PO-CAT to generate the plasmids pa- 
CAT and pb-CAT. The promoter-CAT plasmids were 
transfected into HeLa cells by the calcium phosphate proce- 
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FIGURE I : Southern hybridiiation analysis of human DNA. Genomic 
DNA (20 p g )  isolated from HcLa cclls was digcstcd to complction 
by using thc indicatcd rcstriction cnzymcs and scparatcd on 0.757 
agnrosc gels. Thc filters were hybridized to the Ca-specific (left panel) 
or CS-specific (right panel) cDNA probes (shown below). DNA 
prcparation and hybridimtion conditions were as described by Maniatis 
ct ill .  (19x2). Thc Ccu- and C&spccific probes were gcneratcd from 
the 3’ noncoding rcgions. Thc numbcrs corrcspond to nucleotide 
positions shown in pancls A and R of Figure 3 for the Ca and C@ 
gcncs. rcspxtively. With the exception of the P.vl site in the Ca probe, 
none of thc restriction sites used in the Southern analyses were present 
in the regions spanned by the Ccu- and CS-specific probes. 

durc. and the CAT activity was assayed 48 h after transfection 
(Gorman. 1985). The assays were carried out at thrcc dif- 
ferent protein conccntrations, and only values in thc linear 
rangc of thc m a y  wcrc uscd. Protcin conccntrations were 
determined by the method of Bradford (1976). 

RESULTS 
Complexity o j  the Phosphatase 2A Gene Family. To de- 

tcrminc thc numbcr of gcncs cncoding each isoform of thc 
protcin phosphatasc 2A C subunit, Southern analyses of hu- 
man gcnoiiiic DNA wcrc carried out using Ca-  and CP-spe- 
cific cDNA probcs dcrivcd from thc 3’ noncoding regions of 
thc human CCU (n t  940-1346; Stone et a., 1988) and C p  (nt 
996-1432; Hcmmings ct al., 1988) cDNAs (see Figure I ) .  
Thc scqucnccs cncodcd by both thcsc probes were contained 
entircly within cxon VI1 and do not contain any sites for the 
restriction cnzymcs uscd in thc Southern analyses with the 
exception of a PstI sitc locatcd within the region used for the 
Ccu-spccific probc. Diffcrcnt scts of hybridizing fragments 
were obscrvcd with each of the two probes. When the Ca-  
specific probc was uscd, BamHI, Bglll, EcoRI, and SstI di- 
gestions gavc two hybridizing bands each, with one band 
usually hybridizing morc strongly. Digestion with Pstl resulted 
in thrce hybridizing bands; thc presence of a PstI site within 
thc rcgion spanncd by thc Ccu probc would account for two 
of thc thrcc bands obscrvcd (the small 350 bp band is barely 
visiblc in  this autoradiogram presumably due to inefficient 
transfer). Hind11 I digcstion also gave three hybridizing bands. 
Thcsc rcsults arc consistcnt with the a-specific probe hy- 
bridizing to two diffcrent genes, the C a  gene and a related 
genc or pscudogcnc (see below) which contains a Hind111 site 
within thc rcgion spanned by the probe. When the Cp-specific 
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FIGURE 2: Structure of the Ca and CS genes. The organization of 
the Ca and Cp genes is shown. Introns are indicated by solid lines 
and cxons by boxcs above the solid lines. Filled and open boxes 
rcprcscnt translatcd and untranslated sequences, respectively. Ar- 
rowheads indicate the positions of the polyadenylation signals (AA- 
TAAA). A partial restriction map is shown where B = BamHI, Bg 
= &Ill. E = EcoRI, and S = SsrI. In the Ca gene, BgIlI and SsrI 
sitcs were only mappcd for clonc XPC6c. Thc locations of the X 
genomic cloncs isolatcd arc illustrated below the gene structures. The 
location of cxon 11 of the CB gene was determined by polymerase chain 
reaction (Saiki ct al., 1985) amplification of the rcgion between exons 
I I and I I I using oligonucleotidc primers within thew cxons and genomic 
DNA from HeLa cells as template. 

probe was used, digestion with five of the six enzymes gave 
two hybridizing bands; Hind111 digestion gave three hybrid- 
izing bands. These results also suggest that there are two genes 
hybridizing to the Cp  probe, one of which contains a HindIII 
site within the region spanned by the probe (see below). 

Structure and Organization of the Ca and Cp Genes. Two 
human genomic libraries (prepared from leukocyte and pla- 
centa DNA) were screened, and several clones encoding dif- 
fcrent portions of the C a  and Cp genes were isolated. Physical 
maps of the two genes were constructured from these clones, 
and the regions of the genes spanned by these clones are shown 
in Figure 2. Clones XPCl5, XPC301, and XPC6c span 28 kbp 
of the C a  gene that includes all the exons and at least 1 kbp 
of 5’ flanking sequence. However, a portion of intron 1 of 
unknown size was not encoded by any of the clones isolated. 

Clones XPCl l-3 and XPC7-2 span 21 kbp of the Cp  gene. 
After extensively screening the two libraries, we were unable 
to isolate clones that bridged the regions spanned by XPC7-2 
and XPCl 1-3; this region includes exon 11. The full length 
of the Cp gene was, thcrefore, established by Southern analysis 
of human genomic DNA using DNA probes derived from the 
3’ end of XPCl l-3 and the 5’ end of XPC7-2. Both these 
probcs hybridized to common Sstl (10.5 kbp) and EcoRI ( 1  5 
kbp) fragments. The full length of the Cp gene was detemined 
to be 27 kbp by using this analysis. 

In  the course of screening these libraries, we also identified 
several clones which encoded two different pseudogenes. One 
of these shared significant sequence homology (>80%) with 
thc C a  gene both in the coding and in the 3’ noncoding regions. 
However, the exon-intron structure of this gene was completely 
different from that of the C a  and Cp  genes; sequence analysis 
(data not shown) revealed four exons spread over approxi- 
mately 5 kbp. The putative coding regions contained three 
in-frame termination codons (in exons I, 11, and 111) and is 
thcrefore unlikely to encode a functional protein. Physical 
mapping (data not shown) revealed that this gene accounts 
for the second set of hybridizing bands detected by the C a  
probe in Figure 1. The presence of a HindIII site within the 
region hybridizing to the probe resulted in an addition hy- 
bridizing band observed upon digestion of genomic DNA with 
Hind I I I .  The second pseudogene (data not shown) appears 
to be the result of retroinsertion of a partially processed Cp  
transcript. I t  contained a 7 bp deletion at the boundary of 
cxons 11 and 111 (which were fused in this gene) and would 
result in a frame-shift. This Cp pseudogene probably accounts 
for the second set of hybridizing bands detected by the Cp- 
specific probe (Figure I ) .  
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S P I T  
G C T T T C A C C C C C A G T T T C C C C C C ~ C T C C f f i T C G T C C ~ ~ ~ ~ ~ ~ T C T ~ T T C C ~ C C T T C C T C C C C C C C C C T T T T C  

CCCTCCOCTCCCCCCCCCCTCCTCC~CCGTGACGT~CCACCCCCCCCCCCCCCCATTA-GACCCGACCTCT~GCCTCACC~ 
T CRE T T V V V T  T T 

A T C C A C O A C A A G C T G T T C A C C A A G G A O C T C G A C U C T G C A T  
M D E K V F T K E L D Q W I E Q L N E C K Q L S E S Q V K S  

CTCTCCOACAAGgtgagctgta  ... (>le) ... g t c t c c c a t c t g t a g C C T ~ ~ T C C T G A ~ T C ~ C G T ~ G A f f i T T  
L C E K  A K E I L T K E S N V Q E V  

C G A T G T C C A G T T A C T G T C T G T C C A G A T G T ~ T ~ T T T C A T G A T C T C A T ~ C T G T T T A G A A ~ G C T ~ T C A C C A G A T A C A  
R C P V T V C G D V E G Q F B D L M E L F R I G G K S P D T  

MTTACTTGTTTAT-GATTATGTTGACAGACCATATTA~CAGTT~CAGTTACACTGCTTGTACCTCTTM~aatttcaa..  
N Y L F M G D Y V D R G Y Y S V E T V T L L V A L K  

. ( 3 . 6 ) . . . a t t t t a t t g t t t t a g G T T C G T T A C C G T G A A C ~ T C A C C A T T C T T C G A ~ T C A T ~ ~ G A C A G A T ~ C A ~ G T T  
V R Y R E R I T I L R G N E E S R Q I T Q V  

T A T G C T T T C T A T G A T C A A T G T T T M G ~ T A T T T G T T T T A T T T T A T C ~ T ~ ~ C T A T C T T C C T C T U I C T  
Y G F Y D E C L R K Y G N A N V H K Y F T D L F D Y L P L T  

GCCTTGGTGGATGSGCAGgtatgtqgat.. . 
A L V D G Q  

(0.8)...aaccactcttttcagATCTTCTGTCTACATGGTGGTCTCTCCCCATCTATA 
I F C L E G G L S P S I  

G A T A C A C T C C A T C A T A T C A C A G A C C A C T T G A T C G C C T A ~ ~ ~ C C C C A T G A ~ a t g a c t t t . . . ( O . S )  . . . g  aagttattttttag 
D T L D E I R A L D R L Q E V P E E  

G C T C C A A T G T G T G A C T T G C T G T f f i T ~ G A T C - T G A C C G T G C T f f i T T ~ T A T A T C T C C T C G A ~ C C T f f i T T A ~ C C T T T ~  
G P M C D L L W S D P D D R G G H G I S P R G A G Y T F G Q  

G A T A T T T C T ~ A T T T M T ~ T G C ~ T C C C C T ~ C G ~ f f i T G T C T A ~ T C A C C A C C T A G T G A T ~ G g t a t g c t g t g  ... (1.1) 
D I S E T P N E A N G L T L V S R A B Q L V Y E  

... t c c ~ t t t c c t t g c a g A T M C T ~ T ~ C A T G A C C ~ T G T ~ T M C G A T T T T C A ~ ~ C ~ C T A T T G T T A T C G ~ G T ~  
G Y N W C B D R N V V T I F S A P N Y C Y R C G  

M C ~ O C T ~ T U I T G T T G A C G A T A C T C T ~ T A C T C ~ T g t a a g t a a t t  ... (0.9) ... C g g t c t t g t t t t c a g C T T O C A G  
N Q A A I Y E L D D T L K Y S F  L Q  

T T T G A C C C A G C A C C T C C T A W L C G C G A O C W L U L T G R A C T C G  
F D P A P R R G E P B V T R R T P D Y F L  

T G C C A T G A A C C A T A T A T C G A C C T A A T G G A A A T G G G ~ G A ~ C A G T A A C T C C A A A G T G T C A G A A A A T A G T T M C A T T ~ C T T G T  

TTTCACATGGACCAAAAGATGTGCCATAT~TA~GCCTCTTGTCATCMCAGCCGTGACCACTTTAGMTCAACCAGTT~TTG 

C A T G C T G M G C G A C A T T G T T G G T ~ ~ C C A G T T T C T ~ T A G C G C T A T T T G T A G T T A C T T T T G C T T T C T C T G A G A G A C T ~ ~ T A  

A T M G A T G T A A A C A T T A C T C G T G A A T A A C G  

C A A A C A A T C A T T G G A G C T T M T A T W L A C A T T T T T A A A A A T A A T  

TTCACGGATACCGTTTMTTTMTTATATGATTTGTCT~CTCAGTTTATTCCCTACT~TCTCACCCCCATGTTGTTCTTT~TAT 

T G T C A G A A C C T G C T G A G T T G T T T T G A A C A G M C T G T T T T T T C C C C T T C C T G T M G A C G A T G T G A C T ~ ~ ~ C T ~ G T G T T T T T  

C A T M T A A A C T T G T G M C T M G A A C T G A A G G T C A A A T T  

C A A T T G A G T A A A T T T T A G M T T T G T A C A C T T G T A G G T A f f i T A A A A ~ T ~ ~ C T A C A T M C C T C T C T f f i T M C T C C T T G A ~ T T C T  
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CTTGTTTGTMGAAAGCTGTGCTGCTTCAGTMGACTTMTTGT~CCATATMCTTGAGATTTMGTCTTTGGGACGGGTCTTTTGTTT 

TAATAAAACAGCATGTTTTCAGGTAGAG 
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F I G U R E  3: Nucleotide and deduced amino acid sequences of the Ca (A) and Cp (B) genes. The top line shows the nucleotide sequence with 
the upper case letters denoting exon and 5’ flanking sequences and lower case letters denoting intron sequences. The amino acid sequence 
is shown in single-lcttcr code below. The sizes of the introns in kilobase pairs are shown in parentheses. The major transcription start sites 
arc indicated by largc invcrted triangles and the minor start sites by small inverted triangles. The A of the translation initiation codon, ATG, 
is dcsignatcd as + I ,  and numbering does not include intron sequences. Consensus sequences for Spl binding (GGGCGG, dotted underline), 
CRE (Ctu only) (TGACGTCA, dashed underline), and polyadenylation signal (AATAAA, solid underline) are indicated. The following differences 
were observed between the gene and published cDNA sequences: ( I )  Nucleotides 1-14 of the Ca cDNA of Arino et al. (1988) did not correspond 
to those in  thc cquivalcnt positions on the Ca gene. (2)  nt -54 to -61 of the Ca gene were absent in the corresponding positions of the Ca 
cDNA of Arino ct al. (1988). This deletion was not present in the cDNA sequence of Stone et al., (1988) which is in complete agreement 
with the gcnc sequence. (3) n t  -20 to -8 of the Cp cDNA (Hemmings et al., 1988) did not correspond to those in the equivalent positions 
of the Cp gcnc. (4) n t  1140-1 143 (3’ noncoding) of the CP gene were absent in the corresponding positions of the Cp cDNA of Hemmings 
et al. (1988) but wcrc present in the Cp cDNA of Arino et al. (1988). ( 5 )  The A at position 873 of the Cp gene is a G in the Cp cDNA 
(Hcmmings ct al., 1988). 

The sequences of the Ca and CP genes are presented in 
Figure 3A,B. Both genes are organized into seven exons (see 
Figure 2) with the location of the introns being identical in 
the two genes (Figure 3A,B). Introns 1-5 are located between 
codons while intron 6 splits a codon between the second and 
third nucleotides. All the intron-exon splice junctions conform 
to splice-site consensus sequences (Padgett et al., 1986). In 
both genes, exons 11-VI1 are clustered whereas exon I is 
separated from the rest of the gene by a large intron (>15 
kbp). Exon I encodes all of the 5’ untranslated sequence plus 
the first 34 amino acids of the N-terminus of the protein. Exon 
VI1 begins 70 bp 5’ of the translation termination signal and 
contains all of the 3’ untranslated region. In the Ca gene, exon 
VI I also contains two additional polyadenylation signals 
(AATAAA: Proudfoot & Brownlee, 1976; Fitzgerald & 
Shenk, 198 I ) located 120 and 365 bp downstream of the first. 

The transcription start sites of the C a  and Cj3 genes were 
mapped by RNase protection and S1 nuclease analyses. When 
the C n  probe was used, a major fragment of 21 8 bp and several 
minor fragments of 332, 255, 240,232, 21 3, 205, and 195 bases 
were observed (Figure 4). This suggests the presence of a 
major start site at position -205 and several distinct minor start 

sites located both upstream and downstream of the major start 
site (Figure 3A). Alternatively, the Ca probe may also hy- 
bridize to one or more related genes giving rise to the minor 
bands. In contrast, the CP probe gave a broad band of between 
490 and 520 bases implicating the use of several clustered start 
sites between positions -422 and -452 with similar frequencies. 
Two minor, but distinct, start sites were observed at positions 
-125 and -127. To obtain a more precise location of the major 
cap sites, a shorter Cj3 probe was used. This analysis revealed 
two major bands corresponding to positions -409 and -423 
and several minor start sites in the same region (data not 
shown). It should be noted that the autoradiogram shown in 
Figure 4 has been overexposed to reveal the minor bands and 
thus the Ca transcript does not appear to be greater than 
10-fold more abundant than the Cj3 transcript, as observed 
by Northern analysis (see Figure 5). Shorter exposures 
showed that RNase protection and S1 nuclease analyses (data 
not shown) agree with the data obtained by Northern analysis. 
S1 nuclease analysis using C a  and CP probes that extend 
further upstream (see Experimental Procedures) gave pro- 
tected fragments identical with those obtained by RNase 
protection experiments (data not shown), thereby confirming 
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m u R E  5: Expression of the Ctu and CP genes in human cell lines. 
Total RNA (20 pg)  from each of the indicated cell lines was hybridized 
to 32P-labclcd Ctu- or CP-specific cDWA probes [3’ noncoding frag- 
ments corresponding to n t  940-1 346 of the Ctr cDNA (Stonc et al., 
1988) and n t  966-1432 of thc C/J cDYA (Hcmmings et al., 198S)l. 
The specific activities of the probes labeled by the random-primer 
method (Fcinbcrg & Vogelstein, 1984) were 2.4 X IO9 (for Ctr) and 
2.6 X IO9 (for C I ~ )  cpm/pg. After autoradiography, the filters were 
stripped and rcprobcd wi th  a 3’P-labclcd actin cDNA probe. The 
positions of the 18s and 28s rRNA markers are shown. 

AUG at nuclcotidc -431 (7 bp uptrcam of the 5’-most major 
cap sitc). This opcn rcading framc extends into the coding 

- 2 6 7  
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FIGURE 4: Start site mapping by RNase protection analysis. cRNA 
probes generated to the 5’ end of the Ccu or Cp genes (bottom) were 
hybridized to total RUA (100 pg)  or tRUA (100 p g )  and digested 
with RKascs A and T, .  Thc protcctcd fragments wcrc resolved by 
elcctrophorcsis on 8 7  polyacrylamide gels containing 8 M urea to- 
gether with an aliquot of each of the undigested probes. Lanes marked 
A. C. G. and T arc a set of sequencing rcnctions obtained by using 
a known DNA template used as a molecular weight marker. Lane 
M contains pRR322 DYA cleaved wi th  Hnelll and labeled wi th  
polynuclcotidc kinnsc and [y-32P]ATP. The autoradiogram has been 
overexposed to reveal the minor bands and therefore docs not reflect 
the quantitative difference between the Ccu and Cf3 major transcripts. 
The restriction sites used for subcloning and linearization to generate 
the Ccu and CB cRNA probes are shown below. The numbers cor- 
respond to nuclcotidc positions as shown in Figurc 3. 

the use of multiple start sites in  both genes. These data in- 
dicatc thc prcscncc of an unintcrruptcd 5’ untranslatcd sc- 
qucncc of 205 bascs for thc CR transcript and bctwccn 422 
and 454 bascs for thc C p  transcript. Thcrc arc no upstrcam 
AUGs locritcd in thc 5’ untranslatcd rcgion of the Ccu mRNA. 
Intcrcstingly, howcvcr, thc 5’ untranslatcd rcgion of thc C p  
mRNA contains an opcn reading framc initiating with an 

sequcncc and tcrminatcs at nucleotide +60. Comparison of 
the translated scqucncc of the open reading frame with the 
protein databasc rcvcals no significant homology with any 
known protcin. Thc significance of this opcn rcading frame, 
i f  any, is currently being investigated. 

Thus, thc prcdictcd transcript sizcs arc approximately 1.6, 
1.7, or 1.9 kb for thc CCU gcnc and I .9 kb for thc C p  gene. 
Northcrn analysis using RYA isolated from several different 
human ccll lincs (Figurc 5 )  rcvcalcd only onc mRNA species 
of about 2 kb with thc Ccu- and Cp-specific probes. These data 
suggcst that thc third polyadcnylation signal in  thc Ccu gene 
is prcfcrcntially uscd in thcsc ccll lincs (but scc Discussion). 

Properties of the Transcripts and Features of the 5’ 
Flanking Sequences of the Ccu and Cp Genes. Northcrn 
analysis of total RNA isolated from 1 1  human cell lines 
(HeLa, MDA-MR231. MFM, MCF7, T-47D, Bowcs, TE671, 
Calu- I ,  EJ, A 1 146, and A-43 1 ) showcd largc diffcrcnccs in 
the amount of cach transcript as wcll as in thc Ccu to C p  ratio 
(Figurc 5 ) .  In  gcncral, thc CCU mRNA was morc abundant 
than thc Cf3 mRYA. Thc ratio of the Ccu to C p  transcripts, 
dctcrmincd by dcnsitomctric scanning of the autoradiograms, 
rangcd from 27:l in  MCF7 cclls to 1 : l  in A 1146 cclls. 

Wc comparcd thc 5’ flanking scqucnccs of the Ccu and Cp 
gcncs to idcntify scqucncc motifs rcspnsiblc for the differential 
rcgulation of transcription of thc two gcncs. This analysis 
rcvcalcd that thc scqucnccs of thc promotcr rcgions, although 
sharing somc characteristics, were different. The features 
common to thc two promotcrs and also the 5’ noncoding se- 
qucnccs wcrc a high G+C content (cxtcnding from - 1  200 and 
-600 in thc CY and f3 gcncs into thc first intron) and an increase 
in the ratio of CpG to GpC from 0.2-0.25 in the bulk of the 
gcnomc (Russcl ct al., 1976) to I .O in thc C p  promoter and 
0.8 in the Ccu promoter. Both promoters lacked TATA and 
CCAAT boxes in appropriatc positions for use as transcription 
initiation signals. Thc Ccu gene contained an 8 bp palindrome 
(TGACGTCA) 26 bp upstrcam of thc start sitc of tran- 
scription that is idcntical with thc consensus scquencc of the 
cAVP-rcgulatory clemcnts (CRE)  identified in many 
CAMP-rcsponsivc gcncs (Rocslcr ct al., 1988) (Figure 3A). 
No such motif was obscrvcrd at an cquivalcnt position in the 
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FIGURE 6 :  Analysis of the promoter strengths of the C a  and C@ genes. 
Plasmids pa-CAT and p@-CAT were constructed by fusing portions 
(indicated by the nucleotide number beneath where + I  denotes the 
A in the translation initiation codon, ATG) of the C a  and Cp  genes 
to thc CAT gcnc as shown. PO-CAT is a promoterless plasmid. 
Hatched and dotted boxes represent the 5’ flanking regions of the 
C n  and C@ genes, respectively, and filled boxes represent the CAT 
gene. The plasmids were transfected into HeLa cells, and the resulting 
CAT activity was dctcmined from three independent transfections. 

Cp gene, but a truncated C R E  was present within the region 
of the clustered start sites at postion -430 (Figure 3B). TWO 
invcrtcd Sp  1 consensus sequences (CCGCCC; Kadanoga et 
ai., 1986) were also observed in the region upstream of the 
start site of transcription in the Ca gene (Figure 3), while in 
the Cp gene several Spl  consensus sequences (GGGCGG) 
were obscrved in the 5’ untranslated region between the 
clustered start sites and the two weak start sites (Figure 3). 

The diffcrcnccs observed between the Ca and Cp promoters 
implied that they may have different transcriptional activities. 
To  investigate this possibility, we fused -1200 bp of the 
promoter and 5‘ noncoding regions of the Ca and Cp genes 
to the bacterial chloramphenicol acetyltransferase (CAT) 
reporter gcnc and used the resulting pa-CAT and pP-CAT 
plasmids for transient expression analyses in HeLa cells 
(Figure 6 ) .  Results from three typical experiments are shown; 
the expression of the pa-CAT plasmid was about 8.5-fold 
higher than that of pP-CAT. A similar ratio of C a  to Cp 
mRNA levels was detected by Northern blot analysis in HeLa 
cells (Figure 5). The pa-CAT and pP-CAT plasmids were 
also transfected into several other human cell lines, and in all 
cases, the CAT expression resulting from the Ca promoter was 
higher than that resulting from the C/3 promoter (data not 
shown). This observation is consistent with the relative levels 
of C a  and Cp mRNAs detected by Northern analysis in most 
human cell lines (Figure 5). The expression of the pa-CAT 
plasmid was about 2-4-fold higher than that of pSV2CAT 
transfected into HeLa cells (data not shown). These promoter 
activities are consistent with the high levels of C subunits 
mRNAs generally observed. Preliminary deletion experiments 
showed that in both genes, about 100-150 bp of 5’ flanking 
sequence was sufficient to confer full promoter activity (data 
not shown). 

DISCUSS I ON 

We havc cloned and established the structure of the genes 
encoding the a and isoforms of the human phosphatase 2A 
C subunit. The genes show conserved exon structures, sug- 
gesting that they have probably evolved from a common an- 
cestral gene. Seven of the eight amino acid differences ob- 

Table I: Amino Acid Identity and Similarity between Human Ca 
(2Aa) and Other Protein Phosphatases’ 

tYDe overall exon I exons 11-VI exon VI1 
2Aa/2AP 97 (98) 79 (88) 99.6 (100) 100 (100) 
2Aa/ 1 46 (69) 22 (59) 51 (73) 14 (32) 
2Aa/2BC 41 (63) 12  (32) 54 (73) 23 (59) 

2Aa/X‘ 46 (81) 69 (84) 30 (57) 
Percent identities and similarities (inside parentheses) between dif- 

ferent protein phosphatases were calculated by using the algorithm of 
Needleman and Wunsch (1970). The exons correspond to those de- 
termined for the protein phosphatase 2A c a  and Cp genes. bRabbit 
phosphatase I (Berndt et al., 1987). cRat  phosphatase 28 ([to et al., 
1989). dYeast homologue of phosphatase 2A (Arndt et al., 1989). 
eRabbit phosphatase X (da Cruz e Silva et al., 1988). 

2A~x/S lT4~  58 (78) 33 (60) 63 (80) 22 (43) 

served between these two isoforms are located within exon I; 
the eighth is in exon 111. Furthermore, comparison of the 
amino acid sequence of the human phosphatase 2A Ca with 
those of the C subunit of several different protein phosphatases 
(Table I)  shows that the regions with the highest homologies 
fall within those encoded by exons 11-VI. Taken together, 
these data suggest that the sequences encoded by exons 11-VI 
(the “constant“ exons) may be important for substrate binding 
and catalysis; this high sequence homology could in part ex- 
plain why protein phosphatases 1 and 2A dephosphorylate the 
same substrates. Exons I and VI1 (the “variable” exons) may 
encode sequences important for regulation. It will be of some 
interest to examine the genes of protein phosphatases 1 and 
2B, which are related to the type 2A, to ascertain whether they 
show the same conservation of exon structure. 

The 3’ untranslated region of each isoform, which is highly 
conserved between species but divergent between Ca and Cp 
mRNAs (Stone et al., 1987, 1988; da Cruz e Silva & Cohen, 
1987; Arino et ai., 1988; Hemmings et al., 1988; Kitagawa 
et al., 1988a), is located entirely within exon VII. Analysis 
of the 3’ untranslated region of the Ca gene revealed three 
polyadenylation signals a t  positions 1588, 1708, and 1953. 
Northern blot analysis of several different human cell lines 
with the Ca-specific probe, however, revealed only a -2-kb 
mRNA, indicating that in the cell lines polyadenylation occurs 
principally at the third signal. No sequence motifs matching 
the consensus for the downstream elements CAYTG (Berget, 
1984) or YGTGTTYY (McLauchlan et al., 1985) were found 
3’ of the first and second polyadenylation signals. However, 
not all genes require these downstream consensus sequences 
for polyadenylation to occur (Birnstiel et al., 1985). In  the 
course of cloning the human cDNAs, we isolated 2 Ca clones, 
1 of which terminates a t  the first polyadenylation signal and 
is followed by a string of 17 A’s which was not found in the 
second clone. The second clone terminates 13 bp after the 
third polyadenylation signal, suggesting that both the first and 
third polyadenylation signals are functional (unpublished data). 
Only one polyadenylation signal was found in the CP gene, 
and a sequence similar to the consensus sequence, 
YGTGTTYY, was found 31 bp downstream of the poly- 
adenylation signal. 

The 5’ flanking sequences of both genes lack TATA and 
CCAAT boxes in the appropriate positions relative to the 
transcription start sites. This probably accounts for the 
multiple start sites observed by S1 and RNase protection 
analyses. Both promoters and 5’ untranslated regions are G+C 
rich and show an increase in the ratio of CpG to GpC com- 
pared to the rest of the genome. These features are common 
to several “housekeeping” genes which are constitutively ex- 
pressed in all tissues (Dynan, 1986; Bird, 1986). That these 
5’ flanking sequences function as promoters is demonstrated 
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by the transient expression experiments. Preliminary deletion 
experiments showed that between 100 and 150 bp of 5’ 
flanking scqucncc was sufficient to mediate full transcriptional 
activity in both genes (data not shown). Furthermore, the 
relative activities of these two promoters transfected into HeLa 
cells reflect the relative steady-state C a  and Cp  mRNA levels 
in these cclls. Thus, the differential expression of the C a  and 
CP mRNAs appears to be transcriptionally regulated. Al- 
though thc promoters of the C n  and Cp  genes have in common 
the abovc-mcntioned features, they differ in their nucleotide 
sequence as well as the number and locations of putative Spl 
binding sitcs. The C n  gene also contains a putative CRE that 
is absent in the CP gene. I t  remains to be seen whether the 
CRE conrcrs CAMP-responsiveness to the C a  gene. 

The Ctu and Cp  genes evidently arose by gene duplication, 
but the fact that their promoters are different suggests that 
their cxprcssion may be regulated through different tran- 
scriptional rates. Furthermore, the 3’ untranslated sequences 
which are different between isoforms but highly conserved 
between species may also play a role in the regulation of the 
steady-state mRNA levels. Both of these mechanisms would 
modulate the levels of the a and p isoforms in the cell. 
However, the activity and substrate specificity of protein 
phosphatase 2A have also been shown to be influenced by the 
interaction of the C subunit with different regulatory subunits 
[reviewed in Cohen (1 989)]. Therefore, a very complex system 
for regulating protein phosphatase 2A exists involving (a) 
apparent tissue-specific transcription of different C subunit 
and regulatory subunit (65 kDa) isoforms and (b) assembly 
of the C subunits with different regultory subunits to generate 
various holoenzyme forms (Cohen, 1989). 
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Grafting of a Calcium-Binding Loop of Thermolysin to Bacillus subtilis Neutral 
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ABSTRACT: The surface loop which in the Bacillus subtilis neutral protease (NP)  extends from amino acid 
residue 188 to residue 194 was replaced, by site-directed mutagenesis, with the 10-residue segment which 
in the homologous polypeptide chain of thermolysin (TLN)  binds calcium-4 [Matthews, B. W.,  Weaver, 
L. H., & Kester, W. R. (1974) J .  Biol. Chem. 249, 8030-80441. The mutant N P  was isolated to homogeneity, 
and its structural, functional, calcium-binding, and stability properties were investigated. Proteolytic 
fragmentation with Staphylococcus aureus V8 protease of mutant N P  was used to isolate and analyze the 
protein fragment encompassing the site of mutation, unambiguously establishing the effective insertion of 
the new 10-residue segment. Atomic absorption measurements allowed us to demonstrate that mutant NP 
binds three calcium ions instead of the two ions bound to wild-type NP,  showing that indeed the chain segment 
grafted from TLN to NP maintains its calcium-binding properties. The mutant NP showed kinetic parameters 
essentially similar to those of the wild-type N P  with Z-Phe-Leu-Ala-OH as substrate. The enzyme inactivation 
of mutant vs wild-type N P  was studied as a function of free [Ca2+]. It was found that mutant N P  was 
much less stable than the wild-type N P  when enzyme solutions were dialyzed at  neutral pH in the presence 
of [Ca2+] below 1 0-3 M. On the other hand, the kinetic thermal stability to irreversible inactivation of mutant 
NP, when measured in the presence of 0.1 M CaCl,, was found to be increased about 2-fold over that  of 
the wild-type NP. Thus, modulation of enzyme stability by free [Ca2+] in mutant NP correlates with similar 
findings previously reported for thermolysin. Overall, the results obtained indicate that protein engineering 
experiments can be used to prepare hybrid proteins on the basis of sequence and function analysis of 
homologous protein molecules and show the feasibility of engineering metal ion binding sites into proteins. 

An exciting potential application of protein engineering is 
the creation of proteins with novel functions (Oxender & Fox, 
1987). Although a full extension of this technology to the de 
novo protein design will be possible only when a deep un- 
derstanding of protein folding and structure is reached 
(Richards, 1986), the construction of hybrid proteins represents 
a first promising attempt. Hybrid proteins are those obtained 
when two proteins, or parts of them, are joined together to give 
new polypcptidc structures with functions eventually in com- 
mon wi th  those of the parent molecules. The first hybrid 
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proteins reported in the literature were obtained in a more or 
less empirical approach, namely, by randomly fusing the DNA 
coding sequences of two proteins, some of which were, for 
example, P-galactosidase (Weinstock et al., 1983), phosphatase 
(Hoffman & Wright, 1985), Gal4 repressor (Fields & Song, 
1989), and others. Recently, more rational approaches to 
hybrid protein construction have been undertaken. For ex- 
ample, hybrid human-mouse antibodies were created by 
substituting the complementarity-determining regions of a 
mouse antibody with the corresponding one of a human 
myeloma protein (Jones et al., 1986). The feasibility of 
substituting one P-turn for another without substantially al- 
tering the overall protein structure was demonstrated by Hynes 
et al. (1989). These authors prepared a hybrid staphylococcal 
nuclease with a (3-turn of four amino acid residues replaced 
with a five-residue turn from concanavalin A. A crystallo- 
graphic study of the mutant nuclease revealed that the con- 
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