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1 Summary

A multiple sequence alignment of 44 serine/threonine specific protein phos-
phatases has been performed. This reveals the position of a common conserved
catalytic core, the location of invariant residues, insertions and deletions. The
multiple alignment has been used to guide and improve a consensus secondary
structure prediction for the common catalytic core. The location of insertions
and deletions has aided in defining the positions of surface loops and turns. The
prediction suggests that the core protein phosphatase structure comprises two do-
mains, the first has a single 3 —sheet flanked by o« —helices, while the second is
predominantly «—helical. Knowledge of the core secondary structures provides
a guide for the design of site directed mutagenesis experiments that will not
disrupt the native phosphatase fold. A sequence similarity between eukaryotic
serine/threonine protein phosphatases and the Escherichia coli diadenosine tetra-
phosphatase has been identified. Thisextends over the N-terminal 100 residues of
bacteriophage phosphatases and Escherichia coli diadenosine tetra-phosphatase.
Residues which are invariant amongst these classes are likely to be important in
catalysisand protein folding. Theseinclude Arg 92, Asn 138, Asp 59, 88, Gly 58,
62, 87, 93, 137, His 61, 139 and Va 90 and fall into three clusters with the con-
sensus sequences GD[IVTL]HG, GD[LY F]V[DA]RG and GNH, where brackets
surround alternativeamino acids. Thefirst two consensus sequences are predicted
to fall in the 3 —«—and -3 -oops of a 3 —a—3 -3 —secondary structure motif.
This places the predicted phosphate-binding site at the N-terminus of the o —helix
where phosphate binding may be stabilised by the o —helix dipole.



2 Abbreviations

PP1: The protein phosphatase 1 catalytic subunit and al itsisoforms.

PP2A: The protein phosphatase 2A catalytic subunit and all itsisoforms (des-
ignated PP2 in the human genome nomenclature).

PP2B: The protein phosphatsae 2B catalytic subunit and all itsisoforms (also
termed calcineurin A; designated PP3 in the human genome nomenclature).

PP1-like: All protein phosphatases that are more ssimilar in sequence to PP1
than to PP2A and PP2B.

PP2A-like: All protein phosphatasesthat are moresimilar in sequenceto PP2A
than to PP1 and PP2B.

PP2B-like: All protein phosphatases that are more similar in sequence to PP2B
than to PP1 and PP2A.



3 Introduction

Protein phosphorylation is important in controlling a variety of biological pro-
cesses. metabolism, cell differentiation and proliferation, gene expression, trans-
port, locomotion and memory, [1, 2]. The activities of proteins controlled by
protein phosphorylation are extremely varied and include enzymes, membrane
receptors, transport proteins, ion pumps and proteins mediating DNA replication,
transcription and trandation. In eukaryotes, reversible phosphorylation occurs
predominantly on serine, threonine and tyrosine residues, (reviewed by [3]), al-
though recently a histone H4 protein histidine kinase has been reported [4]. Sig-
nal transduction in prokaryotes is also mediated by phosphorylation on serine,
threonine, histidine and aspartate residues [5], although no instances of tyrosine
phosphorylation have been reported [6].

Protein kinases and phosphatases catalyse protein phosphorylation and de-
phosphorylation, respectively. In eukaryotes most of these enzymes show either
specificity for serine and threonine, or tyrosine residues. However, a number
of dual specificity protein kinases and phosphatases have recently been reported,
(reviewed by [7]). All protein kinasesarerelated in sequence and thereforebelong
to asingle family, that has presumably arisen by gene duplication from acommon
ancestor.

Serine/threonine protein phosphatases are classified into 4 major classes ac-
cording to substrate specificity, metal ion dependence and sensitivity to phos-
phatase inhibitors;, PP1, PP2A, PP2B and PP2C, reviewed by [2, 8]. PPl and
PP2A, purified from physiological sources, are active independent of metal ions
whereas PP2B is Ca2*-calmodulin dependent and PP2C is Mg?* stimulated.

The isolation and sequencing of cDNA clones of protein phosphatases from a
number of tissues of various species has shed light on the structure and evol ution-
ary relationships between these enzymes. Complementary DNA cloning [9, 10]
polymerase chain reactions [11] and mutant analysis [12] have allowed the isola-
tion of novel formsof phosphatases bel onging to the PPL/PP2A/PP2B family. The
primary structures indicate that PP1, PP2A and PP2B share a common cataytic
core of approximately 280 residues which has no relationship to PP2C and the
more recently discovered protein tyrosine phosphatases, [13, 10].

Techniques for the prediction of protein structure fall into two main classes.
Molecular modelling methods (e.g. see [14]) use the known three dimensional
structure of a homologue as a scaffold on which to base the prediction. Such pre-
dictions can be very reliable and may help explain differing substrate specificities
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and suggest the regions of the protein that would best be modified by site-directed
mutagenesis (e.g. see[15]). In the absence of a structural homologue, the accur-
acy of prediction has historically been very low. Methods to predict the secondary
structure (« —helix, g —strand or loop) from a single protein sequence give at best
64% accuracy (e.g. see[16]), and few methods assign degrees of confidence to
each predicted region. However, significant improvements in the prediction of
protein secondary structure have recently been obtained through the use of mul-
tiply aligned sequences [17, 18, 19, 20, 21]. Multiply aligned sequences can also
allow the accurate identification of residues buried in the protein core[19, 20, 22].

In this paper, the common cores of 44 eukaryotic, two bacteriophage and one
bacterial protein phosphatase are analysed by residue conservation and a novel
combination of secondary structure prediction methods. The use of multiple
sequence data alows a more accurate picture of the protein secondary structure
to be determined by accurately defining the positions of insertions and deletions
which amost invariably occur between secondary structural elements[23], and by
identifying patternsof residue conservation consistent with « —helix and 5 —strand.
In addition, the multiple alignment characterises invariant residues across the
eukaryotes and between eukaryotes and bacteriophage. Invariant residues are
likely to beimportant in catalysi sthrough phosphate binding, in forming aputative
phosphoryl-enzymeintermediateand also in proteinfolding. The characterization
of invariant residues allows candidate residues which perform these functions to
be identified and, when coupled with the secondary structure prediction, provides
abasisfor designing site-directed mutagenesi s experiments.

4 Methods

4.1 Sourceof Sequencesand Multiple Alignment

Forty four complete or nearly complete eukaryotic phosphatase sequences were
gathered from the literature, NBRF-PIR version 33 databank and unpublished
results (see Figure 1! for references). The sequenceswerefirst compared pairwise
using the Needleman and Wunsch algorithm [24], followed by automatic multiple
alignment [25, 26]. The resulting alignment clearly showed the common region
of the phosphatases, but the alignment contained inconsistencies in the long N-
and C- terminal extensions that are only seen in some members of the family.

'Figurel.ps



Accordingly, acentral segment wasidentifiedin PP1 « —(rabbit) starting at residue
21 for 271 residues. This polypeptide was used to locate the common catalytic
core in the other 43 phosphatase sequences. The alignment procedure was then
repeated on these core sequences. Pairwisestandard deviation (S.D.) scoresfor the
core sequences obtained using the Needleman and Wunsch [24] agorithm were
all above 25.0, indicating that automatic multiple alignment of the core regions
would yield an accurate alignment within common secondary structural regions
[26]. After multiple aignment, small numbers of residues were trimmed from the
N and C terminii of some of theinitially identified core sequences. The resulting
multiple dignment is shown in Figure 1%

A scan of the NBRF-PIR version 33 databank was performed using the align-
ment shown in Figure 1°, and an adaptation of the Smith Waterman [27] local
smilarity agorithm [28] (Program SCANPS - GJB unpublished). This scan
identified a possible match with E. coli diadenosine tetra-phosphatase. The bac-
teriophage phosphatase sequences and diadenosine tetra-phosphatase sequences
were then aligned with a subset of the eukaryotic phosphatase sequences as shown
in Figure2*.

4.2 Conservation Analysisand Secondary StructurePrediction

Conservation analysis was performed with the aid of the AMAS (Analysis of
Multiply Aligned Sequences) program [29]. AMAS alows physico chemical
properties to be assigned to each amino acid type and the conservation of these
properties to be characterised for each position within a sequence alignment.
AMAS also allows sub-groups of sequences to be defined so that the smilarities
and differences between sub-families can be rapidly discerned.

The turn prediction algorithms of Wilmot and Thornton [30] and Rose [31]
were applied to each sequence in the alignment. Predictions of «—helix and
3 —strand were performed using the Robson [32], Lim [33] and Chou & Fasman
[34] methods. For N sequences thisgives 2N predictions for turn/loop, 3NV pre-
dictionsfor o« —helix and 3V predictionsfor 5 —strand at each aligned position. The
total possible number of positiveturn predictionsat apositionis2 N, similarly, the
total possible o —helix or 3 —strand prediction at apositionis3/N. A “consensus’

2Figurel.ps
3Figurel.ps
4Figure2.ps



secondary structure prediction was obtained by dividing the total number of pos-
itive predictions for each state at each position by these maxima. A preliminary
secondary structure for the position was then assigned by taking the state with the
highest fraction. For example, if we have 10 sequences, at each position there
will be 20 possible turn predictions, 30 possible helix predictions and 30 strand
predictions. If there are actualy 15, 15, 20, then the fractions are turn:15/20 =
0.75, helix: 15/30 = 0.5, strand: 20/30 = 0.67; the position would therefore be
assigned to turn. This preliminary prediction was then interpreted in the light of
the conservation patterns seen across the complete alignment ( Figure 1°). All
alignment figures were prepared using the ALSCRIPT program [35].

5 Reaults

5.1 Clustering of sequences

Pairwise sequence comparison of the core phosphatase sequences shows that the
sequences cluster into four distinct groups. The sequences within each group
show greater similarity to each other than they do to other phosphatase sequences.
The groupings are: PP1-like sequences, PP2A-like and PP2B-like. Human PP5 (
A.E. McPartlin, H.M. Barker and PT.W. Cohen, in preparation) and Scerevisiae
PPT [36] form a fourth distinct group which shows least similarity to all other
phosphatase sequences in thisregion. Table 1 lists the range of sequence identity
seen within and between the classesin the phosphatase domainshownin Figure 1°.
The three major groups are consistent with known physico-chemical properties of
these phosphatases. In addition PP2B-like structures al possess long C-terminal
extensionsthat bind Ca?*and camodulin, whilst all PP2A-likeand most PP1-like
structures have no long N or C-terminal extensions. The exceptions in the PP1-
like group are S.cerevisiae PPQ [37] PPZ1 and PPZ2 [38] which have long serine
rich N-terminal extensions. PP5 and PPT possess long N-terminal extensions
with a repeat structure. The clustering performed here is sufficient to provide
a guide for structure prediction. However, more detailed considerations of the
evolutionary relationships between the full-length serine/threonine phosphatases
will be presented el sewhere.

Figurel.ps
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Figure1” illustratesamultiple alignment of the common core of the eukaryotic
phosphatase sequences; the four groupings are delineated by horizontal lines. The
boxing and shading reflects conservation of physico chemical properties within
each group and across the entire set of sequences (see legend for details).

5.2 Similarity to Bacteriophage Protein Phosphatases and E.
coli Tetra-Phosphatase

Scanning the sequence databank with an alignment of sequences is a sensitive
method to detect weakly similar sequences belonging to the same family [25, 39].
A scanusing thealignmentin Figure 1® ranked the E. coli protein diadenosinetetra-
phosphatase [40] withinthelow scoring “tail” of known phosphatase sequences. A
scan with the diadenosine tetra-phosphatase sequence showed the lambda protein
phosphatase and Drosophila melanogaster PPY to be the most similar proteinsin
the databank, followed by the Trypanosoma brucei PP1.

Figure 2? illustrates an alignment of the E. coli diadenosine tetra-phosphatase
with the protein phosphatases from ¢80, and lambda, and a representative set of
phosphatases from Figure1'°. The ¢80, lambdaand tetra-phosphatase sequences
share greatest similarity with eukaryotic protein phosphatases in the first 109
positionsof the alignment which areshownin Figure2''. Thesimilarity following
position 109 is very low and sequence alignmentsin this region are ambiguous.

The most striking regions of conservation between the sequencesin Figure2'?
Start at positions 34, 64 and 96 (58, 87 and 137 on Figure 1'®). These similarities
suggest that the E. coli diadenosi ne tetra-phosphatase, $80 and eukaryotic protein
phosphatases have diverged from a common evolutionary ancestor.

"Figurel.ps
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5.3 Invariant residues, secondary structure and inser-
tiong/deletions

The positions of invariant residues within the eukaryotic alignment and between
the eukaryotic sequences and the bacteriophage and E. coli diadenosine tetra-
phosphatase sequence are listed in Table 2.

The most accurate secondary structure predictions from an aligned family
reguiresequencesthat are possibleto align with littleambiguity, yet are sufficiently
variableto highlight the positionsmost important to the commonfold of thefamily.
Unfortunately, whilst the eukaryotic phosphatase sequences analysed in this study
are sufficiently similar to align well, in some regions the similarity is rather too
great to enhance dramatically, a conventional single sequence secondary structure
prediction. Bearing this limitation in mind, the summary secondary structure
predictionisillustrated at the base of Figure 1'4.

All secondary structure predictions are subject to error, however, given an
accurate alignment it is possible to assign the secondary structure of some regions
with greater confidence than others. As a rough guide, the order of confid-
ence in prediction is: loop (where insertions/del etions occur) > loop (conserved
Gly/Pro/Hydrophilic) > surface helix (with clear hydrophobic patterns) > surface
strand (with clear hydrophobic patterns) > buried strand (short run of conserved
hydrophobic residues). Accordingly, we here describe the arguments supporting
the prediction of loop, helix and strand and the reasons for ambiguity where this
isshownin Figure 115,

5.3.1 Loop Predictions

Insertions and deletions are normally only tolerated at surface non-secondary
structure positions of the native protein structure [23]. Accordingly, the location
of insertions and deletions in an accurate multiple alignment is a strong indicator
of asurfaceloop, or non-core secondary structure in the native three dimensiona
structure. There are 16 regions predicted as loop. Of these 10 correspond to the
location of insertions/del etions either within the eukaryotic phosphatases, or when
the phage and E. coli proteins are included (loops at: 6-22, 45-53, 74-82, 87-93,
98-117, 128-131, 151-159, 188-195, 223-269, 298-315). Further support for loop
prediction is gained from the observed conservation of Proline and Glycine and

M4Figurel.ps
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apredominance of polar residues. For example, between 45-53 thereare 4 and 6
residueinsertionsin PP5 and S cerevisiae PPT, whilethereis aconserved proline
at 53. The 6 predicted loops that do not include insertions/deletions occur at
58-63,136-143, 181-183, 207-215, 275-277 and 284-287. Loop 58-63 includes
residues invariant throughout all known phosphatase sequences (Gly 58, Asp 59,
His61 and Gly 62) and may therforeform part of the catalytic site. Similarly, loop
136-143 contains conserved basic and acidic residues (Arg 136, Gly 137, Asn 138,
His 139 and Glu 140) and may also contribute to the catalytic site.

5.3.2 Hdix Predictions

Fiveregionsare assigned to thehelical conformation (23-44, 64-73, 196-205, 278-
283, 288-296), with a further 3 possible helical regions where the prediction is
ambiguous (see Ambiguous predictions below). A helix that has one side exposed
to solvent and one that packs against the hydrophobic protein core often has
hydrophobic residues on the buried face. Accordingly, conserved hydrophobic
residuesseen at anz,: + 3,7 + 4,7 + 7 §pacing give strong supporting evidence
for apredicted helix. The predicted helix at 23-44 shows thistype of pattern, with
conserved hydrophobics at 24, 27, 28, 31, 34 and 35. The pattern continues with
conserved hydrophobicsat 41, 42 and 44, but the conserved proline at 39 suggests
that the helix may contain a kink. Similar patterns are seen for the predicted
helices at 64-73, 160-180 (where akink may occur at 175), and 278-283.

5.3.3 Beta Strand Predictions

Eight 5 —strands are predicted for the phosphatase domain. These are at 54-58,
83-86, 94-98, 132-135, 184-187, 270-274, 316-322, 325-329. A surface 3 —strand
with one face exposed to solvent often exhibits a pattern of aternate conserved
hydrophobic and hydrophilic residues. Such patterns are seen for strand 54-
58 where 54, and 56 are conserved hydrophobic; strand 94-98 where hydrophilic
residuesare conserved at 94, 96 and 98; and 270-274 with conserved hydrophobics
at 270, 272, and 274. Short conserved runs of hydrophobic residues areindicative
of buried 3 —strands. This pattern is shown for the predicted strands at 83-86,
132-135 and 184-187. A further three possible 5 —strands are described under
Ambiguous predictions bel ow.

11



5.3.4 AmbiguousPredictions

The assingnment of secondary structure to either loop, helix or strand was per-
formed by combining the prediction profiles shownin Figure 1'¢ with an analysis
of conservation patterns. The strands and helices described in the previous sec-
tions show reasonabl e consistency for one predicted state. However, threeregions
do not show such consistency and are therefore difficult to assign either to 5 —or
a—conformation. The region 118-128 starts with a cluster of conserved hydro-
phobic residues (118-124) indicative of aburied 3 —strand, thisis continued by an
alternating hydrophobic/hydrophilic pattern suggesting that the buried 5 —strand
may extend into a surface strand (125-127). The loop 128-131 conserves proline
at 129 and the following region is predicted 3 —<132-135). Typell (proline) turns
often occur between consecutive antiparallel 3 —strands, so the conservation of
prolinelends support to the prediction of 5 —structureon either side of the 132-135
loop. However, this conflicts with the prediction profiles that suggest this region
isan a—helix.

At 144-150 the prediction profiles suggest 3 —strand, but conserved hydro-
phobicsat 144, 147, 148 and 150 indicate asurface o —helix. Thetolerance of Gly
at 146 may swing the prediction in favour of 3 —rather than « —structure.

Thevariable sequence composition at 330-C-terminusmaketheregion difficult
to assign to a—or 3—. The region might be split into two 5 —strands (333-339,
347-353), or possibly asingle helix if the gap at 342-344 is closed.

6 Discussion

6.1 Invariant Residues Suggest a Common Catalytic M echan-
ism

The similaritiesin sequence amongst eukaryotic and bacteriophage phosphatases

in Figure 2!'” suggeststhat they shareacommon catal ytic mechanism. Several PP1,

PP2A and PP2B homologuesin different species[2] and the novel phosphatases,

PP4 (formerly PPX) [41] and PP5 (M. X. Chen, Y.H. Chen and PT.W. Cohen, in

preparation), have been shown to dephosphorylate serine and threonineresiduesin
proteins. The lambda bacteriophage phosphatase ORF221 has been demonstrated

1SFigurel.ps
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to possess protei n phosphatase activity against glycogen phosphorylaseaand PKA
phosphorylated casein, [42]. When expressed from arecombinant vector, ORF221
displays phosphatase activity against casein phosphorylated on serine and tyrosine
residues [43]. Consequently the 15 residues (Table 1) invariant throughout the
eukaryotic and bacteriophage phosphatasesarelikely to play crucial rolesin protein
folding and enzyme catalysis.

The novel phosphatases PPQ, PPT, PPV, PPY, PPZ, PPH3, SIT4 have not
yet been demonstrated to be active phosphatases. However, virtually all residues
that are invariant between PP1, PP2A , PP2B, PP4 and PP5 are aso invariant
between PPQ, PPT, PPV, PPY, PPZ, PPH3 and SIT4. The exception, serine,
is invariant at position 192 for all sequences except PPT where it is a proline,
but since serine is not conserved in the bacteriophage sequences it is unlikely
to be an essentia residue. The E. coli tetra-phosphatase removes pyrophosphate
from diadenosine tetra-phosphate. Since 14 of the 15 residues, that are invariant
throughout eukaryote and bacteriophage phosphatases, are aso invariant in E.
coli tetra-phosphatase (Table 2), it is likely that the E. coli phosphatase shares
a common catalytic mechanism with the eukaryotic and bacteriophage enzymes.
It is not known whether E. coli diadenosine tetraphosphatase possesses protein
phosphatase activity.

The importance of the invariant residues, Asp 59 and 88 and His 61 and 139
in catalysis is supported recent site directed mutagenesis study of lambda bac-
teriophage phosphatase ORF221, (J. E. Dixon and S. Zhou, unpublished results).
Substitution of Asp 59 for Asn, His 61 for Asp, Asp 88 for Asn and His 139 for
Asn abolishes phosphatase activity. In contrast substitution of either Asp 91 for
Asn and Glu 140 for GIn reduces activity by 29% and 82%, respectively. Al-
though Asp 91 and Glu 140 areinvariant throughout eukaryotic and bacteriophage
sequences, Asp 91 is an Alaand Glu 140 is an Asp in the E. coli diadenosine
tetra-phosphatase sequence, consistent with the notion that these residues are not
essential for phosphatase activity.

There are no invariant Arg, Lys, His, Asp or Glu residues after position 296
or before position 58 of the eukaryotic phosphatases ( Figure 1'®). Moreover,
before position 58, the sequences of the phage and E. coli phosphatases show
little similarity to the eukaryotic proteins ( Figure 21°). Together, this suggests
that neither of these regions are likely to be involved directly in either phosphate

18Fjgurel.ps
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binding or metal ion binding.

6.2 Changein chargesign

The invariant residues discussed above clearly signal positions that are important
to the common fold or function of the phosphatases. However, more subtle
patterns of residue conservation can point to positions that are important to the
specificity of different members of the protein family. For example, in the well
known serine proteinases, the physico-chemical properties of the residue at the
base of the S1 binding pocket contribute to the differing specificity of trypsin
and chymotrypsin for peptide substrates. The residue is an Asp in trypsin-like
enzymes which preferentialy bind peptides at Lys or Arg, while this position is
a Ser in chymotrypsin-like enzymes where the smaller side-chain allows binding
of more bulky aromatic residues (e.g. see [44]). Within the protein phosphatase
sequences shown in Figure 1?°, there are many positions at which amino-acids
showing similar physico-chemical propertiesare conserved within one of the four
sub-families, yet different residues are seen in other sub-families. The most
striking positions are those where a charged residue is conserved within a sub-
family of sequences (e.g. the PPls and PP2AsS), yet is of different charge in
other sub-families. Since charged residues are normally seen on the surface of a
protein or performing important structural rolesin the hydrophobic core, achange
in conserved charge at a position suggests that the residue may be important for
defining the functional specificity of the protein sub-family. Such positions are
summarised in Table 3.

At position 4, a negative charge is predominant in all families except the
PP5/PPT (Lys/Arg). At 142, Lys/Arg is conserved in the PP2B and PP2A sub-
families, but Asp inthe PP5/PPT group; PP1sconserve Ala/Ser at thisposition. At
151, Lysis conserved in the PP2Bs, but Glu in PP5/PPT, al other sequences have
Tyr/Phe at this location. At 165 Glu/Asp is conserved in PP2Bs, but Lys/Arg/His
predominate in PP2As and PP1s. At 213, Hisis conserved in PP2As, Asp/Glu
in PP1s, whilst at 303 Arg is conserved in PP2Bs with Glu conserved in the PP1
family.

It is currently not possible to predict functions for these residues, however
they may represent good targets for mutagenesis experiments aimed at probing the
functional specificity of individual protein phosphatases.

20Figurel.ps
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6.3 Phosphate binding site

Important structural requirements of the catalytic site of protein serine/threonine
phosphatases are to bind serine-phosphate and threonine-phosphate. The results
of asurvey of the structures of 30 phosphate binding sites in 18 different proteins
were reported by Johnson in 1984 [45]. It was shown that phosphate binding
sites can be separated into those involved solely in binding and those present at
the catalytic site. The latter sites are generaly less well defined. Arginine is
frequently involved in binding phosphate with lysine less often. The phosphate
binding sites are commonly present at the N-terminus of an apha-helix to benefit
from positive helix dipole interactions. Phosphate groups aso interact with the
side chainsof serine, threonine, asparagine and glutamineand with the NH peptide
groups of the main-chain. Glycinesresidues are common at these positions.

Amongst the eukaryotic protein serine/threonine phosphatase sequences ( Fig-
ure 1?1), Argisinvariant at positions 92, 136, 207, 268 and 293. However, when
the bacteriophage sequences are included only positions 92 and 136 are invariant,
and on including the diadenosine tetra-phosphatase sequence only position 92 is
invariant. This strongly suggests arole for Arg 92 in phosphate binding and less
so for Arg 136. Arg 92 and 136 occur in highly conserved regionsof the sequence
predicted as loops. Asn 138, 324, 331; GIn 63; Ser 96 and 321 and Lys 125 are
invariant amongst the eukaryotic sequences, although only asparagine 138 is con-
served throughout all the phosphatase sequences. Asn 138 istherefore acandidate
for a phosphate binding residue. There are 11 invariant glycine residues in the
eukaryotic sequences, many of which are located close in primary structureto in-
variant arginine, aspartate and histidine residues, suggesting arolein determining
the position of these residues on surface turns and loops. Amongst eukaryotic
and bacteri ophage phosphatases and the diadenosi ne tetra-phosphatase sequences,
glycineisinvariant at positions 58, 62, 87, 93 and 137 and it is possible that one
or more of these glycinesisinvolved in phosphate binding.

The secondary structure prediction ( Figure 1%2) suggests that the region
between 54 and 98 has the pattern 5 —« —3—3—. Thisissimilar but not identical,
to the phosphate-binding structure of the dehydrogenase protein family. In the
dehydrogenases, the phosphatate binds near the N-terminus of the first o —helix in
a —a—f3 —a—3—-motif where all 5—strands are parallel, and phosphate binding
is stabilised by the o —helix dipole [46]. In the phosphatases, if the region 54-

21Figurel.ps
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98 were to fold as a parallel 3 —a—3—unit with an additional antiparallel strand
a the end of the sheet, then the 53—« —oop (58-63) that contains the invariant
residue pattern GD[IVLTL]HG, and the -3 -oop which contains the pattern
GDI[LYF]V[DA]RG would be suitably positioned to form a phosphate binding
site with stabilisation from the dipole of the intervening helix (64-73).

6.4 Phosphoryl-Enyzme Intermediate

Little is known about the catalytic mechanism of serine/threonine specific pro-
tein phosphatases. Trans-phosphorylation reactions were unable to establish the
presence of a phosphoryl-enyzme intermediate, [47]. Alkaline phosphatase cata-
lyses dephosphorylation through a phosphoryl-serine enzyme intermediate, [48],
whereas protein tyrosine phosphatases [49] proceed via a phosphoryl-cysteinein-
termediate. Low molecular mass phosphatases proceed via phosphoryl-cysteine
[50] or phosphohistidine [51] intermediates. Recent evidence suggests that purple
acid phosphatase may also function through a covalent phosphoryl-enzyme inter-
mediate involving a histidine residue, [52]. However, the absence of invariant
cysteines and serines in the protein serine/threonine phosphatases indicates that
phosphoryl-cysteine and phosphoryl-serineintermediates do not occur inthisfam-
ily of phosphatases.

The less closely related reaction catalysed by phosphoglucomutase pro-
ceeds through a phosphoryl-histidine intermediate, and ATPases proceed via a
phosphoryl-aspartate intermediate. Likely candidates for a putative intermediate
in the protein serine/threonine phosphatases are therefore the invariant Asp 59 and
88 and His 61 and 139.

6.5 Aremetal ions present at the catalytic centre?

Metal ions are involved in the catalytic mechanisms of a number of different
phosphatases. Vincent and Averill have shown that the mammalian purple acid
phosphatases have one Fe**tand one Fe®*at the active centre, while plant purple
acid phosphatases have one Fe?*ion and one Zn**ion. [52]. Two Zn?*ions and
aMg?*ion are bound at the catalytic site of E. coli alkaline phosphatase with the
inorgani c phosphate substrate compl exed by the Zn?*ions[53]. The situationwith
the protein serine/threonine phosphatasesisless clear. Only low levelsof iron and
zinc (0.2 and 0.1 mol/mol protein, respectively) werefound in apreparation which
was probably a mixture of PP1 and PP2A [54] , whereas 0.6-0.9 mol/mol of both
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iron and zinc were found in a complex of PP2B catalytic and regulatory subunits
[55, 56] , dataused to suggest that these serine/threonine protein phosphatases are
metall oenzymes, with sequence similarities to the purple acid phosphatases. [57].

The property of Mn**stimulation of some forms of PP1 and PP2A and the
Mn?*dependence of the lambda bacteriophage phosphatase [42, 43] suggests a
Mn?*hinding site in serine/threonine protein phosphatases. However, there is no
evidence that metal ions arelocated at the catalytic site of protein phosphatases or
participate in catalysis.

Recent studies have shown that inhibitor 2 acts as a molecular chaperone in
therefolding of PP1 catalytic subunit and in carrying out this function can change
its Mn?*dependency. Bacterially expressed PP1 apha and PP1 beta are totally
dependent on Mn?*for activity. After incubation with inhibitor 2 and reactivation
by phosphorylation of inhibitor 2 with glycogen synthase kinase 3 in the presence
of Mg-ATP, the expressed PP1 isof orms becomes Mn?*independent [58]. It was
further demonstrated that PP1 could be denatured in 6M GuCl and refolded to the
fully active state in the presence of 2 mM EGTA, inhibitor 2, glycogen synthase
kinase 3 and Mg-ATP. Since the refolding to the fully active Mn?Tindependent
enzymes was performed in the presence of EGTA, Mn?*cannot be an essential
feature of the catalytic site of PP1. Instead Mn?*may stimulate the expressed PP1
by maintaining the tertiary structure of the enzyme in a similar conformation to
that of the native enzyme. These studies aso show that if iron and zinc ions are
present at the active centre, they must be bound covalently and thusit is unlikely
that they would be lost during purification. They aso demonstrate that although
Mn?*has been shown to stimulate the activity of certain forms of PP1 and PP2A
[59, 60, 61], it is not essentia for full activity and indeed there is no evidence for
the presence of Mn?*in the native enzyme [54, 55, 56].

Although the exact role of the metal binding site in serine/threonine phos-
phatasesin either catalysis or in defining the protein conformationis unclear, there
are severa conserved residues that potentially could bind metal ions. Residues
known to form ligands at metal ion binding sites include aspartate, asparagine,
cysteine, glutamate, glutamine and histidine. The crystal structure of alkaline
phosphatase shows that one Zn?*ion is ligated by two His and one Asp while the
second Zn%*tisligated by one His and two Asps [53]. NMR studies suggests that
the 2 histidines, atyrosineand an acidic residue ligate the 2 Fe?*ions bound to the
catalytic site of purple acid phosphatases, [62].

Possiblemetal binding residueswhich are conserved throughout the eukaryotic
protein serine/threonine phosphatase sequences are Asp 59, 66, 88 and 91; Asn
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138, 324 and 331, Glu 140 (Asp in diadenos netetra-phosphatase) and 153, and His
61, 139, 188 and 295. These residues occur in regions of the sequence predicted to
formloops. When the bacteriophage and diadenosi netetra-phosphatase sequences
are included only Asp 59 and 88; Asn 138; Glu 140 and His 61 and 139 are
conserved.

6.6 Secondary Structure Prediction and Domain Structure

The secondary structure prediction shown in  Figure 1?3 suggests that the
Ser/Thr phosphatases are made up of both both « —helix and 5—strand. The
most highly conserved region between eukaryotic and phage phosphatases,
and E. coli diadenosine tetra-phosphatase comprises the first 143 positions in
the alignment ( Figure 1?%). It seems reasonable to suggest that this region
makes up a single structural domain in the common phosphatase tertiary struc-
ture. The overal predicted secondary structure for the predicted domain is:
a—3-+*a-B-*3HB-4a-)3—-6—*a— with “*” indicating the putative phos-
phate binding loops and parentheses showing uncertainty in the predicted state.
This prediction is consistent with a single 3 —sheet with « —helices packing on
either face. Positions 144-356 probably comprise a further structural domain
but with a higher proportion of «—helix and the summary secondary structure
(BHa)a—B—-a—a-)s—a—a—

In common with all predictions, our prediction for the Ser/Thr phosphatases
is likely to contain errors. Accordingly, we have presented the evidence for and
against the assigned state of each predicted region. These data will provide a
valuable guide for those planning site-directed mutagenesis experiments to probe
the functional specificity of the phosphatases. Consideration of our results should
avoid uneccesary effort performing mutations that are likely to disrupt the hy-
drophobic core of the protein. For example, mutations that alter the length of
the protein chain should be restricted to regions strongly predicted as loop, while
point mutations of conserved hydrophobic residues in predicted secondary struc-
tures should be avoided.

Protein Ser/Thr phosphatases are under investigation by X-ray crystallography
in severa laboratories. The prediction presented here may be helpful in guiding
theinterpretation of low resol ution el ectron density maps, particularly when fitting

Z3Figurel.ps
24Figurel.ps
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the protein sequence to the observed density.

Recently, a number of blind tests of secondary structure prediction methods
have been performed (for arecent review see [63]). Our prediction for the phos-
phatases isanother inthis series. Accordingly, when thefirst structure of aprotein
phosphatase is solved, comparison of prediction with experiment will provide
further guidance for the devel opment of improved secondary structure prediction
methods.
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8 FigurelLegends

8.1 LegendtoFigurel

Multiple alignment of the catalytic core of 44 Protein Phosphatase sequences:
H, human; B, bovine; Rb, rabbit; Rt, rat; M, mouse; P, pig; D.m, Drosophila
melanogaster; S.c, Saccharomyces cerevisiae; S.p, Schizosaccharomyces pombe..
Reference numbersfor the first publication of each complete sequence are shown
in square brackets. Numbers in parentheses refer to 1. (A. E. McPartlin, H. M.
Barker and P. T. W. Cohen, in preparation) and 2. (M. X. Chen, Y.H. Chen and P.
T. W. Cohen, in preparation).

Secondary structure prediction histograms and summary secondary structure
prediction obtained by combining the prediction histograms with an analysis of
residue conservation patterns (see text). The sequences are divided into four
groups or sub-families according to similarity. These sub-families are delineated
by horizonta lines. The shading is based upon a physico-chemical property
scoring scheme [17]. Shading was calculated allowing up to two gaps at each
position, and ignoring the 10% least frequently represented amino acids at each
position.
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White on black positions are identical residues in al sequences,or where
residues are identical within a sub-family (e.g. at position 28, C is conserved
in the PP2A sub-family, but not within other sub-families). Light shading shows
positions where residue physico-chemical properties are conserved within a sub-
family. Italic text indicates positions where a sub-family does not have highly
conserved physico-chemical properties. The line marked conservation shows po-
sitions that share physico-chemical properties across al sequences on a scale of
0-10 (10 = +) calculated according to Zvelebil et al. [17]. The helix, beta and
loop histograms plot the frequencies of each state predicted by the three secondary
structure and two turn prediction algorithms (see text). The helix, strand and loop
summary lines show the positions of predicted secondary structures obtained by
combining the information from the histograms with a consideration of residue
conservation patterns (see text). Black shading on these summaries indicates the
positions of the conserved hydrophobic residues.

8.2 LegendtoFigure?2

Alignment of protein phosphatasesfrom ¢80, lambda[64], with E. coli diadenosine
tetra-phosphatase and representative sequencesfrom Figure 12>, The shading pro-
tocol isidentical to that describedin thelegendto Figure1?°. Theline Figure 1*7
Numbers cross-references positionsin thisalignment with Figure 1*®. Thisalign-
ment has been optimised for the sequences that are shown, as a consequence, the
alignment between positions 50 and 60 differs dightly from that shown in Fig-
ure1?°. The Leu at position 43 (position 67 in Figure 1°°) is shown as an identity
since the only sequence without Leu at this position is PPT (Val). Similarly, the
Leu at position 80 (position 121 in Figure 1*') is also shown as an identity, since
the only sequence withou Leu at this position is PPT (Phe).

ZFigurel.ps
26Figurel.ps
2TFigurel.ps
28Figurel.ps
2Figurel.ps
30Figurel.ps
31Figurel.ps
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9 Tables

9.1 Tablel
Range of sequence identity seen within and between each class of phosphatase.
PP2B PP2A PP1L | PPS/PPT
PP2B 100/59
PP2A | 44.6/36.9 | 100/53
PP1 43.9/37.3 | 51.9/38.4 | 100/54
PP5/PPT | 41.6/34.6 | 41.8/35.2 | 43.4/34.9 | 44.9/44.9
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0.2 Table2

Positions of conserved (identical) residues within eukaryotic sequence and among
eukaryotic, bacteriophage and E. coli diadenosinetetra-phosphatase. Residue 140
isan Asp in diadenosine tetra-phosphatase. () residue is conserved between euk-
aryotic sequences and diadenosine tetra-phosphatase. Bacteriophage and diaden-
osine tetra-phosphatase show sequence similarities between positions 58 to 140.
The regions of highest conservation are : 58-63, 85-93, 136-140, 188-191, 321-

325.

Residue Eukaryotes Eukaryotes and | Eukaryotes, bacteriophage

Type Bacteriophage | diadenosine tetra-phosphatase

Alanine 322

Arginine 92,136,207,268,293 | 92,136 92

Asparagine | 138,324,331 138 138

Aspartate 59,66,88,91 59,88,91 59,88

Glutamate 140,153 140 140=D*

Glutamine 63

Glycine 58,62,75,87,93,137 | 58,62,87,93 58,62,87,93
189,190,215,269,301 | 137 137

Histidine 61,139,188,295 61,139 61,139

Lysine 125 (125)*

Phenyalanine | 85,150,171,282

Proline 212,323

Serine 96,321 (96)*

Tryptophan | 222

Valine 90 90 90

TOTAL 42 15 14
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9.3 Table3- Changesin sign of potential charge

Position Predominant Charge
PP2B | PP2A | PP1 | PP5/PPT
4 - - - +
142 + + -
151 + -
165 - + +
303| + -
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