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Abstract

Dephosphorylation of SpoIIAA-P by SpoIIE is strictly dependent on the presence of the bivalent metal ions Mn2� or Mg2�.
Replacement by Ala of one of the four Asp residues, invariant in all representatives of protein phosphatase 2C, completely
abolished the SpoIIE phosphatase activity in vitro, whilst replacement of the Asp residues by another acidic amino acid, Glu,
had varying effects on the activities of the resulting mutated proteins. D610E and D795E exhibited some residual activity while
D628E and D745E were without enzymatic activity. The results suggest that the functional model in which metal-associated
water molecules are involved in the dephosphorylation reaction catalyzed by human protein phosphatase 2CK can also be
applied to the bacterial protein phosphatase 2C-like protein. z 1999 Federation of European Microbiological Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Protein phosphatase 2C (PP2C)-like enzymes are
known to catalyse the Mg2�- or Mn2�-dependent
dephosphorylation of phosphoserine- and phospho-
threonine-containing proteins [1,2]. Representatives
of eukaryotic PP2C are implicated in several cellular
signal transduction pathways governed by reversible
protein phosphorylation, e.g. in response to stress.

Some limited sequence similarity to eukaryotic
PP2C has been detected in protein phosphatase
SpoIIE [1], which activates the transcription of cell
type-speci¢c genes in the pre-spore compartment of
Bacillus cells during an early stage of sporulation
(for review see [3]). The structural model of human
PP2C established from an X-ray analysis suggested
that the residues invariant in prokaryotic and eu-
karyotic PP2C are involved in metal ion-catalyzed
dephosphorylation. It has been proposed that Asp
residues 38, 60, 239, 282 together with Glu-37 and
Gly-61 coordinate a bivalent metal ion center. Met-
al-associated water molecules act as a nucleophile to
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attack the phosphorus atom in an SN2 mechanism
and as a donor to protonate the seryl leaving group
oxygen atom [2]. A structural similarity between the
bacterial SpoIIE protein, already characterized as a
Mn2�-dependent SpoIIAA-P phosphatase [4] and the
yeast TPD1 protein has been demonstrated. The re-
placement by Ala of either of the two invariant
COOH-terminal Asp residues corresponding to
Asp-239 and Asp-282 of human PP2C blocked the
function of the protein in vivo [5]. Here, we show by
in vitro analysis of mutants that most of the residues
proposed to be crucial in human protein phospha-
tase 2C are also essential in the function of the Ba-
cillus SpoIIE protein, suggesting that the functional
model established for eukaryotic PP2C might also be
valid for bacterial PP2C-like proteins.

2. Materials and methods

2.1. Cloning and expression of Bacillus SpoIIE

The wild-type spoIIE gene was ampli¢ed from
chromosomal DNA of Bacillus subtilis SG38 [6] by
the GeneAmp Polymerase Chain Reaction process
(GeneAmp XL PCR kit, Perkin Elmer) in such a
way as to place a NdeI restriction site at the trans-
lation start codon and a BamHI restriction site at the
3P end of the spoIIE gene. After con¢rmation of the
sequence of the resulting 2568-bp product, the gene
was cloned into the expression vector plasmid
pET11a (Novagen) cut with NdeI and BamHI. The
ATG start codon of the spoIIE gene was thus placed
eight nucleotides downstream from the highly e¤-
cient SD sequence of the phage T7 major capsid
protein encoded by the vector plasmid. The recombi-
nant plasmid pRB1011 encoding the full length
spoIIE gene was transformed into Escherichia coli
strain C41 (DE3) [7]. Expression of the cloned
spoIIE gene, under the control of the T7 promoter,
was achieved by IPTG (1 mM) induction of the T7
RNA polymerase gene [8].

2.2. Analysis of wild-type and mutant SpoIIE
expressed in recombinant E. coli cells

Western blot analysis of cell extracts with antibod-
ies raised against SpoIIE323ÿ827 con¢rmed that

SpoIIE1ÿ827 was of the size (about 90^92 kDa) ex-
pected from its amino acid sequence [2]. Crude ex-
tracts were prepared from 4-ml cultures. Cells were
resuspended in 0.4 ml lysis bu¡er consisting of 10
mM Tris-HCl pH 8.0, 10 mM EDTA, 5 mM dithio-
threitol and 0.1 mM phenylmethylsulfonyl £uoride
and passed through a French press (pre-cooled to
4³C). Cell debris were removed by centrifugation
(10 min, 10 000Ug) and 0.4 ml glycerol was added
to the supernatant. Puri¢cation of SpoIIE1ÿ827 was
performed from the membrane fraction (I. Lucet,
unpublished results) and quanti¢ed [16]. SpoIIAA-
phosphate, overproduced and puri¢ed as previously
described [9], was used to assay the protein phospha-
tase activity in two di¡erent ways. The ¢rst assay is
based on the observation that on non-denaturing
polyacrylamide gel electrophoresis, SpoIIAA-P mi-
grates faster than its hydrolysis product SpoIIAA
[9]. Alternatively, non-radioactive phosphatase as-
says on microtiter plates, ¢nal volume 50 Wl, were
performed with 100 WM Ser/Thr phosphopeptide
(Promega) or 34 WM SpoIIAA-P. This system deter-
mines the amount of free phosphate generated dur-
ing the reaction [10]. The two phosphatase assays
were performed at 30³C.

2.3. Preparation of SpoIIE mutants

The spoIIE mutations were introduced by the
Quik Change1 (Stratagene) method of site-directed
mutagenesis, with plasmid pRB1011 as the template
for ampli¢cation by Pfu DNA polymerase. The
primers used to introduce the appropriate substitu-
tions are listed in Table 1.

3. Results and discussion

3.1. Substrate speci¢city and dependence on Mg2+ or
Mn2+ ions

Cell extracts prepared from recombinant E. coli
cells (pRB1011) contained the functional SpoIIE
protein as revealed by their ability to hydrolyse
phosphorylated SpoIIAA-P. The phosphopeptide
RRA(pT)VA, which serves as a substrate for eukary-
otic Ser/Thr protein phosphatases 2A, 2B and 2C
[11], was not hydrolysed (Fig. 1). This strict substrate
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speci¢city is in line with the ¢nding that SpoIIE did
not dephosphorylate RsbV-P, a homolog of
SpoIIAA that controls the activity of the B. subtilis
stress factor cB [4]. The reaction is dependent on the
presence of Mn2�. If Mn2� ions are replaced by
Mg2�, a 10^20-fold higher concentration of ions is
needed to give the same enzymatic activity (Fig. 2).

Dependence on Mn2� or Mg2� is characteristic for
protein serine/threonine phosphatases of the type 2C
family, suggesting that despite the fact that their pri-
mary structures are only slightly similar, the two
enzymes do belong to one family. It has already
been reported that the dephosphorylation of
SpoIIAA-P, catalyzed by SpoIIE323ÿ827, a fragment
lacking the membrane spanning N-terminal domain,
depends on Mn2� [4]. The activity of eukaryotic
PP2C has been shown to be ¢ve times higher in
the presence of Mn2� than in the presence of Mg2�

[12].

3.2. Mutants with replacements in invariant residues

A comparison of PP2C and the C-terminal do-
main of SpoIIE reveals only 10 identical residues
which are all clustered within the putative active
site area. The residues in SpoIIE that are equivalent
to residues presumed to have a functional impor-
tance in human PP2C [2] were chosen for replace-
ment by in vitro mutagenesis. In addition, invariant
residues equivalent to Thr-128 and Gly-240 were re-
placed by Ala. Mutations were con¢rmed by a se-
quence analysis and the resulting plasmids were
transformed into E. coli C41(DE3) in order to ex-
press the mutated SpoIIE proteins. Western blot
analysis with anti-SpoIIE polyclonal antibodies [13]
revealed no apparent di¡erences in the extent of ex-
pression of wild-type and mutated SpoIIE (Fig. 3A).
Some examples of the activities of the mutated pro-
teins are shown in Fig. 3B. The assay of SpoIIAA-P
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Table 1
Oligonucleotides used to introduce site-directed mutagenesis into the Bacillus spoIIE genea

Required mutation
in SpoIIE

Equivalent residue
in huPP2C

Amino acid/codon
changed

Oligonucleotide sequence

K602A Arg-33? Lys-602CAla 5P-TGCTCACGCTGCGGCGGGCGGCGGC (FW)

AAGCGCG 5P-AGGCCGCCGCCCCGCGCAGCGTGAGC (REV)

K602R Arg-33? Lys-602CArg 5P-TGCTCACGCTGCGCGGGGCGGCGGC (FW)

AAGCCGG 5P-AGGCCGCCGCCCCGCGCAGCGTGAGC (REV)

D610A Asp-38 Asp-610CAla 5P-TTGTCTCCGGTGCCAGCTACAGC (FW)

GACCGCC 5P-ATGCTGTAGCTGGCACCGGAGACAAGG (REV)

D610E Asp-38 Asp-610CGlu 5P-TTGTCTCCGGTGAAAGCTACAGC (FW)

GACCGAA 5P-ATGCTGTAGCTTTCACCGGAGACAAGG (REV)

D628A Asp-60 Asp-628CAla 5P-TGCAGCAATCAGTGCCGGAATGGGCAATGG (FW)

GACCGCC 5P-ATTGCCCATTCCGGCACTGATTGCTGC (REV)

D628E Asp-60 Asp-628CGlu 5P-TGCAGCAATCAGTGAAGGAATGGGCAATGG (FW)

GACCGAA 5P-ATTGCCCATTCCTTCACTGATTGCTGC (REV)

G629A Gly-61 Gly-629CAla 5P-CAATCAGTGACGCAATGGGCAATGGCGC (FW)

GGACGCA 5P-CATTGCCCATTGCGTCACTGATTGCTGC (REV)

T679A Thr-128 Thr-679CAla 5P-TGACGAAATATATTCCGCGCTTGACCTATC (FW)

ACGCGCG 5P-AGATAGGTCAAGCGCGGAATATATTTCGTC (REV)

D746A Asp-239 Asp-746CAla 5P-ATTATGATGAGTGCTGGCATTTTTGAGGG (FW)

GATCGCT 5P-TCAAAAATGCCAGCACTCATCATAATTAAG (REV)

D746E Asp-239 Asp-746CGlu 5P-ATTATGATGAGTGAAGGCATTTTTGAGGG (FW)

GATCGAA 5P-TCAAAAATGCCTTCACTCATCATAATTAAG (REV)

G747A Gly-240 Gly-747CAla 5P-TTATGATGAGTGATGCCATTTTTGAGGGG (FW)

GGCCGCC 5P-GCCCCTCAAAAATGGCATCACTCATC (REV)

D795A Asp-282 Asp-795CAla 5P-CCAAATTGAGGCCGATATGACTGTTGTTG (FW)

GACCGCC 5P-CAACAGTCATATCGGCCTCAATTTGGC (REV)

D795E Asp-282 Asp-795CGlu 5P-CCAAATTGAGGAAGATATGACTGTTGTTG (FW)

GACCGAA 5P-CAACAGTCATATCTTCCTCAATTTGGC (REV)

aMismatches introduced into the nucleotide sequence are underlined.
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dephosphorylating activity revealed that residues
equivalent to Asp-38, Asp-60, Asp-239 and Asp-
282 of the human PP2C are important for the enzy-
matic activity. Replacement by Ala of any one of
these residues in SpoIIE (Asp-610, Asp-628, Asp-
746 or Asp-795) results in inactive or nearly inactive
mutant proteins. However, replacement of the same
residues by Glu results in mutated proteins with
varying residual activities. D628E and D746E were
without a detectable activity, but D610E and D795E
display some residual activity. Gly-747, which is ad-
jacent to Asp-746, also seems to be crucial for the
enzymatic activity. G747A was signi¢cantly reduced
in its enzymatic activity whereas T679A and G629A
were not a¡ected. Replacement by Ala or Arg of
Lys-602, which was thought to be equivalent to
Arg-33 in human PP2C, was also without an e¡ect
on the enzymatic activity (Fig. 3C).

3.3. A proposed reaction mechanism of the reaction
catalyzed by SpoIIE

We have con¢rmed that the bivalent metal ions

Mn2� or Mg2� are essential for the phosphatase ac-
tivity of SpoIIE, as has been demonstrated for the
homologous eukaryotic protein phosphatases 2C
[2,12]. However, fewer amino acid residues seem to
be functionally involved in SpoIIE than in human
PP2C. No functional importance was detected for
residues equivalent to Arg-33 and Thr-128, for exam-
ple.

In the model proposed for human PP2C, ¢ve
acidic amino acids coordinate two Mn2� ions at
the catalytic site. Four of them, Asp-38, Asp-60,
Asp-239 and Asp-282, are invariant in all eukaryotic
and prokaryotic protein phosphatases 2C presently
known [14]. Recently, it has been shown that substi-
tutions in residues equivalent to Asp-60 and Asp-239
completely abolish the activity of mouse PP2CL in
vitro [12]. The results described here con¢rm that the
four invariant Asp are also essential in the prokary-
otic relatives of PP2C, while replacement of Gly-629
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Fig. 2. The SpoIIE activity is dependent on divalent metal ions.
Extracts from E. coli C41(DE3)UpRB1011 cells (20 Wg protein)
were incubated with 4 Wg SpoIIAA-P in 50 mM Tris-HCl (pH
7.5) in a total volume of 25 Wl for 1 hr. The reactions were
stopped with 5 Wl loading bu¡er containing 100 mM EDTA and
subjected to electrophoresis on a non-denaturing 12% polyacryl-
amide gel.

Fig. 1. Dephosphorylation of SpoIIAA-P but not of phospho-
peptide by extracts of recombinant E. coli C41(DE3) cells har-
bouring pRB1011. Crude extracts from E. coli C41(DE3)U
pRB1011 cells (5 Wg protein) were incubated with either
SpoIIAA-P (SpoIIAA;SpoIIE) or RRA(pT)VA phosphopenta-
peptide (peptide;SpoIIE) in 50 mM Tris-HCl (pH 7.5) and
10 mM MnCl2 in a total volume of 50 Wl. Controls were per-
formed with extracts of C41(DE3)UpET11a and incubated with
SpoIIAA-P (SpoIIAA;pET11a) and phosphopentapeptide (pep-
tide;pET11a). Shown are the mean values of three independent
experiments.
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(which is equivalent to Gly-61) by Ala did not a¡ect
the enzymatic activity of SpoIIE. However, this last
result does not necessarily exclude the possibility that
Gly-629 is functionally important, since the carbonyl
oxygen atom in G629A, proposed to form a hydro-
gen bond to the metal ion center, remains at approx-
imately the same position. It was inferred from the
molecular architecture of human PP2C that Glu-37
was involved in an indirect coordination of the sec-
ond metal ion via a water molecule [2]. However,
that residue is not conserved in prokaryotic PP2C.
The replacement of Glu-37 by Ala in mouse PP2CL
has only minor e¡ects on the activity of mouse PP2C
[12], suggesting that Glu-37 is not crucial for the
functioning of PP2C. Thr-128 is invariant in all
PP2C presently known and it has been proposed
that it ¢xes the position of Asp-60 by hydrogen
bonding with the main chain NH [2]. However, re-
placement of the equivalent Thr-679 by Ala did not
a¡ect the kinetics of the enzyme. On the other hand,
Gly-747, which is adjacent to Asp-746 (equivalent to
Asp-239), seems to be necessary for the proper coor-
dination of the metal ion binding center since its
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Fig. 4. Amino acid residues participating in the metal ion driven
dephosphorylation catalysed by SpoIIE. As proposed for human
PP2C [2], a metal-associated water molecule (OH3) acts as a nu-
cleophile to attack the phosphorus atom while a second water
molecule (H�) protonates the seryl-58 leaving group oxygen
atom. H-bonds of side chains that probably coordinate the binu-
clear metal binding center in SpoIIE are shown. SpoIIE residues
participating in coordination of the metal ion center are boxed.

Fig. 3. The Serine phosphatase activity of wild type (SpoIIE1ÿ827)
and mutated proteins expressed in E. coli C41 (DE3). A: Immu-
noassay of the SpoIIE proteins in crude extracts (prepared from
recombinant C41(DE3) cells). Samples containing 8 Wg protein
were separated by denaturating SDS-PAGE. Cross reactions
were quanti¢ed densitometrically using 150 ng and 75 ng of puri-
¢ed SpoIIE1ÿ827 as an internal standard with the program
CREAM 4.1. The protein concentration of SpoIIE1ÿ827 was as-
sayed according to Bradford [15]. B: Reactions with crude ex-
tracts and 4 Wg puri¢ed SpoIIAA-P were performed as described
in Fig. 2, except that 10 mM MnCl2 was added to the incuba-
tion mix. The positions of SpoIIAA-P and SpoIIAA are indi-
cated. The amount of SpoIIE present in crude extracts used to
perform dephosphorylation of SpoIIAA-P was calculated from
the data shown in Fig. 2A. C: Comparison of serine phosphatase
activities from SpoIIE1ÿ827 and all the variant proteins. Shown
are the mean values of three independent experiments. 1 unit ac-
tivity was de¢ned as the amount which converts 1 Wg SpoIIAA-P
min31 to dephosphorylated SpoIIAA at 30³C. No phosphatase
activity was detected when cell extracts prepared from E. coli
C41 (DE3)UpET11a were incubated with SpoIIAA-P (not
shown).
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replacement by Ala did signi¢cantly reduce the phos-
phatase activity.

4. Conclusions

These studies con¢rm the molecular mechanism
for metal ion-catalyzed dephosphorylation proposed
for human PP2C [2] also for its prokaryotic counter-
part Bacillus SpoIIE. The main features of this mod-
el are metal bound water molecules that act as nu-
cleophile and proton donor and a binuclear metal
binding center which coordinates and stabilises the
more nucleophilic hydroxide ion species. SpoIIAA-P
dephosphorylation is likely to be achieved by proto-
nation of the oxygen of the P-O scissile bond that
links the phosphate group with Ser-58 of SpoIIAA
[15]. No amino acid residues coordinate the phos-
phate ion either directly or via indirect water-medi-
ated contacts. The only invariant catalytic site resi-
dues among the PP2C-like protein phosphatases
participate in metal ion coordination. Most crucial
among the four invariant Asp residues in SpoIIE are
Asp-628 and Asp-746. Asp-628, the equivalent of
Asp-60 in human PP2C, coordinates both metal
ions via bidentate binding and Asp-746, the equiva-
lent of D239 in human PP2C, forms a direct coordi-
nation to one metal ion and a second water-mediated
contact (Fig. 4). A Glu residue in either of these
positions would be unable to maintain both of the
interactions in which Asp is involved. By contrast,
Asp-610 and Asp-795 (the equivalents of Asp-38 and
Asp-282) each form only one coordination bond to
the binuclear metal binding center. It follows that
D628E and D746E would be extremely sensitive to
slight steric changes of their reactive side chains.
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