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Polymerase chain reactions using Saccharomyces, Drosophila and human
DNA predict a large family of protein serine/threonine phosphatases
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Using the polymerase chain reaction (PCR) to examine the protein serine/threonine phosphatase (PP) family which includes PP1, PP2A and PB2B,

we have identified two, seven, and [our novel protein phosphutase genes in Succharomyces cerevisiae, Drosophila melanogaster and Homo sapiens,

respectively. Consequently. the genes in the PPI/PP2A/PP2B family now number 11, 15 and 12 in these species respectively, and the data predicts

still more unidentified phosphatases in higher eukaryotes. The PCR analyses also point to the presence in Drosophile and mammals of three or
more different genes encoding PP2B, the enzyme recenily identified as the target of certain immunosuppressant drugs.

Protein phosphatase; Gene family: Polymerase chain reaction; Saccharomyces; Drosaphita; human

. INTRODUCTION

Protein phosphorylation plays a crucial role in the
regulation of a wide array of proteins that are involved
in many cellular processes. The phosphatases which de-
phosphorylate serine and threonine residues in proteins
have been classified into four major types, PP1, PP2A,
PP2B and PP2C, based on their substrate specificities
and their sensitivity to certain activators and inhibitors
[1]. DNA cloning has elucidated the amino acid se-
quences of the catalytic subunits of PP], PP2A and
PP2B, and shown that they share 40-509 identity in the
catalytic domain, while PP2C has a completely different
structure {2]. Molecular cloning in lower eukaryotes has
demonstrated that the amino acid sequences of PP! and
PP2A have been more highly conserved during evolu-
tion than any other enzyme [3]. In addition, from
screening of DNA libraries it is clear that, not only do
these phosphatases exist as several isoforms sharing ap-
proximately 90% amine acid sequence identity, but also
that other phosphatases exist which cannot readily be
classified as PP1, PP2A, or PP2B by sequence similarity
[2].

A member of the same protein phosphatase family
(AORF221) is encoded in the genome of bacteriophage
A. This enzyme was initially identified as a protein phos-
phatase by a data base search [4] and subsequently by
enzyme assay (5]. Comparison of its structure with those
of mammalian protein phosphatases, identified regions
that proved to be conserved across all known pretein
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phosphatases in this family, indicative of a critical role
in catalytic activity [2,5]. In order to ascertain how
marny novel protein phosphatases exist in eukaryotes
and to begin to study their functions, we have carried
out polymerase chain reactions within the most highly
conserved region using the same two oligonucleotides
with DNA from Saccharomyces cerevisiae, Drosophila
melanogaster and Homo sapiens.

2. METHODS

Oligonucleatide primers | and 2 (Fig. 1) were designed to recognise
two of the most conserved regions of the PP1/PP2A/PP2B family {5,6).
The primers were phosphorylated at the 5-end according to Maniatis
ct al. (1982). PCR was carried out using AmpliTaq DNA polymerase
(Perkin Elmer Cetus, Bucks, UK} in 20 ul reactions. The procedure
was as described by Perkin Elmer Cetus, with the modifications de-
tailed in [6), Samples were treated with UV light of 300 nm wavelength,
for 15 min after addition ol all components, excepl the lemplate DNA.
PCR reaclions were carried out as follows; 94°C for 3 min; 49°C
(50°C for human DNA) for | min, 72°C for | min, 94°C {or 1 min,
35 cycles; [ollowed by 49°C (or 50°C) for 5 min and then 72°C for
10 min.

The PCR products were subjected to agarose gel electrophoresis,
excised from the gel and subcloned into the EcoRYV site of Bluescript
(Stratagene, La Jolla, CA) [6]. Sequencing ol both strands was carried
out on double stranded DNA with Sequenase (United States Biochem-
ical Corp. Cleveland, OH) using T3 and T7 primers,

3. RESULTS

Electrophoretic analysis of the PCR fragments pro-
duced with chromosomal DNA from S, cerevisiae, D.
melanogaster, and Home sapiens is shown in Fig. 2.
With each species, a prominent band of the expected
size (120 pb) was visible. In addition, a second, much
weaker, band of higher molecular weight (about 250 bp)
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PP1G (R} T RIcf[GD|IzfR G| T Y D(E[LRLFE-YGGFPPESNYLTPFL[GD|¥YVD R GIK
PP2Ax (R) v rveleplviEGglagr HD|LIMELFR-I06GXS8PDTNYLF MG D|Y|vDRGY
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Primers S’ GTITGTGGIGATGTICATGG 3’ 3’ CTAAAACAICTAGCICCIAT 5’
A c cA c G TG GT
.\ pa
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Fig. 1. The conserved region of protein serine/threonine phosphatase used for designing primers for the polymerase chain reaction. The section

shown is amino acids 59-98 of rabbit PP1a [2,7] and the corresponding region of PP2A« [8], PP2BS [9], PPX [2], PPV [2], PPY [0}, PPZ] [2),

ORF221 [4,5]. Invariant amino acids are boxed. R, rabbit; H, human; D, Drosophila mefanogaster; Y, Saccharemyces cerevistae; A, bacieriophage

A. The coding sequences for the most conserved sections and the nucleotide sequences of the primers are shown below. A, adenine; C, cylosing;
G, guanine; T, thymine; 1, inosine; N=A, C, G and T.

was also amplified. This larger DNA fragment was later
shown by cloning and sequencing to have arisen from
spurious PCR products,

Sequencing of the 120 bp PCR fragments cloned in
DH5ea cells (64 from yeast, 84 from Drosophila and 53
from man) identified seven protein phosphatase se-
quences from S. cerevisiae and two from D. melanogas-
ter that were already known (see discussion). However,
the other cloned 120 bp PCR fragments encoded two
protein phosphatase like sequences from S. cerevisiae,
seven from D. melanogaster and four from man. The
nucleotide and deduced amino acid sequences of these
novel putative protein phosphatase fragments are
shown in Fig. 3. and their amino acid sequences are
compared with those of known phosphatases in Fig. 4.

Table 1 shows the level of amino acid identity of the
PCR fragments to the corresponding region of known
phosphatases in the same specics, with the exception
that human PP2BS was used for comparison with the
Drosophila sequences, because the sequence of PP2B in
Drosophila has not yet been published. From Table I it
is clear that the two yeast sequences (Y25 and Y58) do
not encode isoforms of known phosphatases. Y25
shows only 46-58% identity to known yeast
phosphatases, while Y58 is even more distantly related
to the known phosphatases, with amino acid identity of
40-52%. Y58 also contains an extra lysine residue at
position 11.

Of the seven novel Drosophila PCR sequences, D3 is
not closely related to any other phosphatase, sharing
only 44-56% identity with known sequences. It also
contains an extra proline residue at position 20. In con-
trast, D19 is nearly identical (96%) to that of the male

specific gene PPY [10}, with only a single amino acid
difference. However as there are 12 changes in the
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Fig. 2. Gel electrophoresis o7 the polymerase chain reaction amplifica-

tion products (rom genomic DNA using the protein serine/threonine

phosphalase primers shown in Fig. 1. (Y) Saccharomyces cerevisiae

genomic DNA. (D) Drosophifa melanogaster genomic DNA (H)

Human genomic DNA. (M) A HindlIl marker DNA. The sizes of the

DNA fragmenis are shown in kilobase pairs. Arrows indicate the PCR
amplificaiion products.
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58 @ ® ¥ DD VvV L N L P R X F 6 K Vv & P ® n T * L F N &
28 @ P NN D L L R I L K - L 8 6 v ® 8 P 2 N ¥ L F L 6
r25 A CAA TTT AAT GAT TTA TTG AGA AQT TTG AAG =--- TTG TCT GGT GIG CCA TCT GAT ACT AAT WAT CIG TIC TTG GGT
r58 € CAA TTT TAT GAT GIT TTG AAT TTA TTT CGC AAG TTT GGT AAA GTA GGT CCT AAG CAC ACT LAT CTA TTC AAT GGT
Drosophila melanogaster

D33 Q ® * D L ¥ K L P B ¥ 6 6 S5 P A 838 T K - ¥ L F L 6
D27 Q P ¥ D L ¥ K & ¥¢® B I 6 ? 8 P A T T K =~ ¥ L P® L ?
D19 @ F K » L R I P K A & GG F P P K A N - ¥ L P L @
D14 Q ¥ P D L ¥ K L FF E N @ ©6 P P A T T R = % L F® L G
D6 Q@ ® ¥* » L &L XK L L D @ © 6 ¥* P P Q@ T R =~ ¥ L F L G
D5 Q ®* K D L L R I P Q@ @ €€ 6 ¥ P P L B85 N -~ ¥ L P L G
D3 ¢ P T D L ¥4 N I F B I N 6 L P 8 E K N P ¥ L P N G
D3 T CAA TIC TAC GAC TTG ATG AAC ATA TIC GAG ATC AAT GGT CTG CcC TCT GAA ARG 2AT CCC TAC CTG TTC AAC GGC
D5 ? CAG TTC AAG GAT CTA TTG AGG ATA TTC CAG CAG TGC GGT GIG CCA CCG CTT TCA AAC --=- TAC CTG TTC CTT GGG
D6 G CAG TIT TAT GAT CTG CTG AAG ATC CTC GAT CAA IGC GGA TAT CCG CCG CAG ACA CGG --- TAT CTA TIT CTC GGG
Dl4 G CAG TIC TTC GA? CTC GTA AAG CTC TT¢ GAA GTG GGC GGC CCG CCG GCC ACC ACT AGS ~-~-- TAC CTT TT® CTA GGC
D1g T CAG TTC AAG GAT CTA TTIG AGG ATA TITC ARG GCA TGC GGC TTT CCA CCC AAA GCC AAC =--- TAT TITA TTT CTC GGT
D27 C CAG TTC TAC GAT QTG ATG AAG CTA TTC GAG ATT GGG ??7C TCG CCG GCG ACC ACC ARG =--- TAT CTG TTC CIG G??
D33 C CAG TIC TAC GAC CTG ATG AAG CTG TTC GAR GTG GGC GGC TCG CCC GCG AGC ACC AAG =--- TAT CTIG TITC CT8 GGC
Human

H32 Q F F D L ¥ K L ® E v 6 6 S P A N T R ¥ L F L ©
H13 @ F P D L M KX L F E ¥V © 6 8 P S N T R ¥ L F L 6
H9 @ ¥ ¥® D L X X L ¥ E ¥ 6 6 & P 8 N A R ¥ L F L G
HE Q L H p L ¥ B L F R I 6 6 K S8 P D T N ¥ L L M @
HE T CAA TTA CAT GAT CTT ATG GAA CTC TIT AGA ATT GGT GGA AAA TCA CCA GAT ACA AAC TAC TTA TTA ATG GGT

H9 A CAA TTC TTT GAC CTA ATG AAG TTA TIT GAA GTT GGA GGA TCG CCT AST AAC GCA CGC TAC CTC TTT CTG GGT
H13 A CAA TTC TTPT GAC CTA ATG AAG TTA TTIT GAR GTT GGA GAA TCA CCT AGT AAC ACA CGC TAC CTC ITT CTG GGT

H32 A CAA TIC TTT GAT TXG ATG AAG CTC TIT GAA GTC GGG GGA TCT CCT GCC AAC ACT CGC TAC CTC TTC TTA GGG

Fig. 3. Novel protein phosphatase genes and their encoded amino acid sequence identified by PCR, Y, yeast; D, Drosophila, H, human. The numbers
refer to the order of the PCR fragments isolated, The question marks indicate that the base or amino acid could not be unambiguously assigned,
even though the nucleotide sequence was read in both directions.

DNA, the sequence cannot have arisen from the PPY
gene by PCR error. Consequently, it is likely that DI9
is an isoform of PPY. D5 and D6 are also most similar
to PPY, but since the identity is only 75% and 63%,
respectively, they may be functionally distinct enzymes.
D14, D27, and D33 are 88%, 83%, and 87% identical
to human PP2BS [9,26] respectively and may be Droso-
phila homologues of human PP2B.

Of the four novel human sequences, H6 differs from
human PP2Ax [23,24] and PP2AS [23,25] at only two
amino acids (92% identity). The nucleotide sequence of
H6 shows nine differences from that of PP2Ae, but only
three from the same region of PP2AS. Since one pseu-
dogene for PP2AS has been identified by chromosomal
blotting [27], it is possible that H6 is this pseudogene.
H9, H13, and H32 may encode isoforms of PP2B. H9
and H13 are very similar to that of human PP2BS (83
and 96% identical, respectively), while H32 has exactly
the same amino acid sequence. However the nucleotide
sequence of H32 shows 17 changes frem human PP2B5S,
demonstrating that it must be part of a distinct gene. H9
and H13 show 17 and 15 nucleotide differences from
human PP2Bg, respectively. The amino acid sequence
of H13 is identical to that of a PP2§ isoform cloned
from murine testis [28).
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4, DISCUSSION

We have ideniified two, seven, and four novel protein
serine/threonine phosphatase genes in yeast, Droso-
phila, and man, respectively. The use of genomic DNA
rather than ¢cDNA for PCR means that in theory all
protein phosphatases with the conserved sequence rep-
resentative of the family could be identified from a sin-
gle reaction. Although the possibility that some of these
are pseudogenes rather than expressed phosphatase
genes cannot be ruled out, particularly in man, it is
likely that most, if not all, of those in Drosophila and
yeast are functional gencs. In fact, we have now shown
that the yeast PCR fragments are part of long open
reading frames (M.X. Chen, Y.H. Chen and P.T.W.
Cohen, unpublished data). The Drosophiia PCR frag-
ments, including D3, DS, D6, D19, D27 and D33 have
been used to probe head and eye imaginal disc cDNA
libararies under high stringency, and, except for D6,
positive clones were identified in all cases. These probes
have been hybridized under identical conditions to
Drosophila geriomic DNA cleaved with several restric-
tion enzymes, In all cases only a single band was seen,
except for the putative PP2BS homologues D27 and
D33, which both hybridised to the same two bands



Volume 306, number |

(data not shown). This clearly indicates that the cDNA
clones detected at the same stringencies are almost cer-
tain to contain the PCR probe sequences. Indeed se-
quencing of ane of the cDNAs has shown this is correct
(L. Brown, M. Chen and P.T.W. Cohen, unpublished
data). In addition, D14 sequence has been found in a
c¢DNA encoding a Drosophila PP2B (Drs. D. Guerini
and O.B. Klee, personal communication).

A total of 13 new phosphatase genes have been iden-
tified in this study by PCR, bringing the number of
protein Ser/Thr phosphatase genes in the PP1/PP2A/
PP2B familyto 11, 15and 12in S. cerevisiae, D. melano-
gaster and H. sapiens, respectively (Fig. 4). Seven of the
nine known yeast genes including DIS2S1 (PP1) [11],
PPH21 (PP2A), PPH22 (PP2A) [13], SIT4 [14}, CMPI
(PP2B) [15,16], CMP2 (PP2Bw) [12,15-17] and PPZ2
[12] were identified during our analysis, suggesting that
the majority of yeast phosphatase genes in this family
may have been found. In contrast, although seven new
sequences were amplified in Drosophila, only two of the
seven genes that were known already were identified,
suggesting that much larger numbers of phosphatase
genes may exist in Drosophila. The human species is
likely to have homologues of all of the Drosophila
phosphatases. The fact that less novel genes were found
in man, than in yeast and Drosophila partly reflects the
smaller number of clones analysed (see results). It is also
clear that phosphatase genes with introns in this region
would have escaped cloning. Recent sequencing has
shown that the Drosophila PPV gene does indeed have
a small intron in this section (D.J. Mann and P.T.W.
Cohen, unpublished data). Although it may be possible
to obtain sequences with small introns by cloning DNA
fragments of larger size from the PCR products, it is
unlikely that sequences with large introns would be am-
plified etfectively by PCR, In addition, it was evident
from our experiments with human and Drosophila
DNA, that many phosphatase sequences amplified by
PCR were not cloned because ‘rearrangement’ of clones
(which produced clones with an unexpected structure)
appeared to be common with DNA from the higher
organisms (see data in ref. 6). Such rearrangement was
low with yeast DNA. An increase in the number of
phosphatase genes through evolution is not unexpected
in order to deal with the increased complexity of cellular
regulation by reversible protein phosphorylation in
higher eukaryotes.

The calcium-calmodulin regulated protein phosphat-
ase PP2B is the target of the immunosuppressant drugs,
cyclosporin and FKS506, used in transplantatition sur-
gery [29]. Our experiments indicate that there are at
least three PP2B isozymes in Drosophila and at least
four in man (assuming none of the PCR sequences are
from pseudogenes). Investigation of whether mRNA
corresponding to these PP2B sequences is present in
human T cells may be valuable for studying the action
of immunosuppressant drugs.
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¥28 QPFPNODLLR K~-~LS8GVPIDTR-YLPFPLG
288 QP YDYLEHLF ARFGEVOPKART-~TLPNG
BPL QTYDLLRLPE-TGEGGPIrPPRSN®~-~TLIEFELO
PPEL QYODLLRLPrPT~-~KCGGPPPSBSAN-TLIFPLG
P2L2 QYTADLLRLIrT-ECGFPPHNAN-TLPLG
PRHE21 (PP2A) QripLLrveELFER-21088PCPDTN~TLENG
PRH22 (PP2A) QOADLLZELVYE-~IGGOPCPDTN-TLFNG
PPHI Q LEDLLTLPE-KSGGOGVEKTR-TIPLG
8174 QFEDLLELFrATAGGPrP®»DDIN-TIFLG
CHP2 (PP2Bn) QY PDLLELPE-VEGGDPAT TS ~YLPLG
CHPL (PP2DB) QYTYDLLRLPE-VGGDPFARTID-~TLPFLG
D. aslacogaster
D3 QFYDLMHENIPE-~INGLPSERNPILFRNG
D5 QPFPRDLLAIPQ~-~-QCGVPPLSEN-TLPFPLG
°1 QTFrYDODLLEILD-~-QEAYPPQTR-TLELG
Ll4 QFPODLYRLPE-YGGPPATTR-YLELGS
pi9 QFRDLLARAITE-ACGOPPPEAN-TLELG
D27 QF XD LNELFE~I1G?S3FPATT?EK-YLELG
D33 QFYrPDLHEXLPE-VGEGGSPASTE-TLYEIL?
FP1L 13C QIYTYDLLRLPE-YGGTPPASN-TLFLG
PP1 878 QYYDLLRLPRE-YGGPPPESK-TLPEFLG
PRL 3CA QY¥YYDLDLLRLPE-TGGPFrPPE IN-YLIFLG
PP1 9C QYTDLLARALPE-Y¥GCQGQFPPAAN-ZTLLEPLG
PPY D5A QFTDLLRIFE-ACGEFPPEKAN-ZTLIELG
PF2A 28D QFHPLMEELFR-ZIQGESPDODTNR-TLFNG
[12 3 QFPYDLEELPR-VGSADYPERNR-YLENG
PPV QrY¥popLEQLFR-~-TCEQYPHTNN-TIFPrNG
fuman
{1 QLEDLMELPR-IGGEAPDTHN-TLILING
B9 SQFFDLMELFE~-YGGESPSHEHAR-TLYLG
B13 QPFPFDLMELPE~YGEGGIPINTR-TLPLG
B3z QPFDLHRLPFPE~-~YGOSPANTR-TLPILG
PRP1G QTYTDLLARALFE~YTQGQGPPPESOSR~FTLELG
h3:2Y¢) QYT PDLLRLPE-YGGPPPERAN-TZTLG
PR1Y QY YT0OLLRLFPE-YQCQGFPPEIOIR-TLELNLG
BPP2ACG QPHDLNELPR-IGGESPDTN-TLENG
PRZAD QPEDLNELFrR-2GGRIPDPDTHN-~-TLIENG
PPX QFYXDLEEBLFR-VYVAGDVPERN-TLTING
PRT QFYXDLLEIFPESE-LABAGLPSETHNPYZINFNG
pRIBP QFFrDLHKLFE-~YGEGGSPANTR~TLELG

Fig. 4. Novel protein phosphatase amino acid sequences. S. cerevisiae
PCR fragments Y25 and Y58 have not been identified previously.
Seven of the known phosphatases, including DIS2S1 (PP1){11], PPZ2
[12], PPH21 (PP2A), PPH22 (PP2A} [13], S1T4 [14], CMP! (PP2B)
[15,16], and CMP2 (PP2B,) [12,15-17] were identified by PCR. The
two genes that were known already «nd not identified in this experi-
ment were PPZ] [12] and PPH3 [18]. D. melanoguster PCR fragments
D3, D3, D6, D14, D19, D27, and 33 were not previously identified.
Of the known phosphatases, only two (PP1 96A [19] and FPY 55A
[10]) were identified by PCR, The others including PP1 87B {20], PP]
13C (V. Dombradi, D.J. Mann and P.T.W. Cohen, unpublished data),
PP1 9C [19], PP2A 28D [21], PPX (N.D. Brewis and P.T.W. Cohen,
unpublished data), and PPV [2] were not identified in this experiment.
The number and letter following the phosphalase name signify its
chromosomal location. (¢) Human PCR fragmenis H6, H9, H13, and
H32 have not been identified previously. Known phosphalases, in-
cluding PPla [22], PPig, PPly (H.M. Barker and P.T.W. Cohen,
unpublished data), PP2Ax [23,24), PP2AS [23,25], PPX (N.D. Brewis
and P.T.W. Cohen, unpublished data), PPT (A.E. McPartlin and
P.T.W. Cohen, unpublished data), and PP2BS [9,26), were nol identi-
fied in this experiment.

A PCR experiment carried out with £. co/f genomic
DNA did not yield any clear PCR products. This is
consistent with the finding that protein serine/threonine
phosphatase activity, as measured with phosphorylated
casein or phosphorylase as substrates, cannot be found
in this bacterium, provided that there is no infection by
phage A or other phosphatase encoding phage [4,5]. It
is probable that E. coli do not possess this class of
protein phosphatase genes.
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Table 1
Percent amino acid identity of the PCR-amplified fragment of novel protein phosphatases 1o the same region of known phosphatises,

8. cerevisiae

DIS2 PPZ1 PPZ2 PPH2!| PPH22 PPH3 SIT4 CMP2 CMPI

(PPD) (PP2A) (PP2A) (BP2BwW) (PP2B)
Y25 54 54 54 50 58 50 52 50 46
Y58 52 40 40 48 44 40 44 40 44
D. melanogaster

PPI PPI PB! PPL PPY PP2A PPX PPY PP2Bg

87B 96A 9C 13C 55A 28D 19C 6A {human)
D3 56 56 LY 52 52 52 56 44 43
D5 67 67 63 67 75 50 S0 AG 50
D6 54 54 50 58 63 46 46 46 58
Dl4 58 58 58 58 50 54 54 50 88
D19 67 67 75 63 9% 50 54 46 50
D27 6l 61 57 61 48 57 52 52 83
D33 61 61 57 61 48 6l 57 52 87
Human

PPla PP1S PPly PP2Ax PP2AS PPX PPT PP2BS
H6 50 50 50 92 92 63 38 50
H9 58 63 58 54 54 54 46 83
Hi3 58 58 58 58 58 54 54 26
H32 58 58 58 58 58 54 50 100
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