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ABSTRACT The predicted amino acid sequence encoded
by the open reading frame 221 (orf221) of bacteriophage A
exhibited a high degree of smibaity to the catalytic subunits of
a variety of protein serine/threonine phosphatases belonging
to PP1, PP2A, and PP2B groups. Cloning and expression of the
orf221 gene in Escherichia coli provided direct evidence that
the gene codes for a protein serine/threonine phosphatase. The
single-subunit recombinant enzyme was purified in soluble
form and shown to possess a unique repertoire of biochemical
properties-e.g., an absolute requirement for Mn2+, resis-
tance to okadaic acid, inhibitors 1 and 2, and ability to
dephosphorylate casein, adenovirus ElA proteins, and the a
subunit of phosphorylase kinase. No phosphotyrosine phos-
phatase activity was observed. Mutational and biochemical
analyses identified the conserved residues 73-77 and Cys138 to
be important for activity. The name PP-A is proposed for this
unusual prokaryotic enzyme.

Reversible phosphorylation and dephosphorylation of pro-
teins have been recognized as the primary means of post-
translational regulation of protein function (1). However,
while studies of protein kinases experienced a nearly expo-
nential growth, those of protein phosphatases remained gen-
erally neglected. The complex structure and enzymology of
the phosphatases and the paucity of functionally active
recombinant enzymes seem to be the major reasons for the
relative lack of progress. A potential breakthrough in phos-
phatase research has recently been achieved through the
suggestion that the genomes ofbacteriophages A and 080 may
encode a protein serine/threonine phosphatase (2, 3). The
663-bp open reading frame (orf) of phage A could potentially
code for a 221-amino acid (orf221) polypeptide with signifi-
cant sequence similarity to the catalytic subunits of a variety
of eukaryotic protein serine/threonine phosphatases (3).
Subsequently, a phosphatase with activity toward phosphor-
ylated casein was detected in Escherichia coli infected with
AgtlO (2); the activity was absent in uninfected E. coli cells or
in those infected with Agtll mutant containing the large ninS
deletion that removed ==6% (2805 bp) of the A genome
including the N-terminal portion of orf221 (4). However,
these in vivo studies could not be definitive as to whether the
activity was an intrinsic property of orf221 or represented a
bacterial phosphatase induced or activated by the expression
of orf221 or any other orf in the Anin region.

In this communication, I report the cloning and expression
of the A orf221 gene in E. coli. The purified recombinant
protein was shown to be a potent serine/threonine phospha-
tase and exhibited a unique combination of biochemical
properties. These studies confirm preliminary results of
Cohen and coworkers (2, 3) and establish the orf221 protein
as the only documented serine/threonine phosphatase en-
coded by a bacteriophage. The phenotype ofthe A byp mutant
in which Cys138 of orf221 is altered to Phe implicates the
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orf221 phosphatase in the lysis-lysogeny decision of phage
A.*

MATERIALS AND METHODS
Expression and Purification of the orf221 Phosphatase. The

orf221 gene was amplified by PCR using A c1857 S7 DNA as
template and appropriate oligonucleotides containing Nde I
and BamHI sites. Cloning of the product in pET-3a, trans-
formation of E. coli BL21(DE3), induction of orf221 synthe-
sis by isopropyl (-D-thiogalactopyranoside (IPTG), and lysis
of the cells were carried out as described (5). Unless other-
wise stated, all chromatographic analyses were carried out in
buffer A [50 mM Tris HCl, pH 7.5/10% (vol/vol) glycerol/l
mM dithiothreitol (DTT)] containing 50 mM NaCl. The S100
extract (150 mg of protein) was passed through phosphocel-
lulose (10 ml), DEAE-cellulose (10 ml), and heparin-agarose
(4 ml) in that order; the orf221 protein did not bind to any of
these matrices. The flow-through from the heparin-agarose
column was twice subjected to Sephadex G-50 (18 ml; 1 x 30
cm) chromatography in buffer A containing 0.2 M NaCl. The
final yield was -8 mg of orf221 protein from 1 liter of
bacterial culture.
In Vitro Mutagenesis. Site-directed mutagenesis of the

Cys138 codon (TGC) to Phe (TTC) or Ala (GCA) was carried
out by the "megaprimer" method (6, 7) using the pET-3a-
orf221 plasmid as template. In the absence of a convenient
restriction site, deletion of nt 4306-4320 encoding the
RGNHE stretch was carried out by a PCR-based technique
with the class II restriction enzyme Bbs I, details of which
will be published elsewhere (unpublished data).

Phosphatase Assay. Standard phosphatase reactions were
carried out in buffer B (50 mM Tris'HCl, pH 7.8/50 mM
NaCl/5% glycerol/l mM DTT) at 38°C for 15 min; orf221
reaction mixtures also contained 6mM MnCl2. The following
substrates were used: (i) p-nitrophenyl phosphate (PNPP):
1-ml reaction mixtures contained 10 ,umol of PNPP; absorp-
tion at 420 nm was measured. One unit was defined as 1 pnmol
of PNPP hydrolyzed per min; (ii) casein: 10 gg of dephos-
phorylated a-casein (Sigma) was phosphorylated in vitro by
purified casein kinase II (CKII) and [t-32P]ATP (8). Small
molecules (including ATP) were then removed by passing the
reaction mixture through a Sephadex G-50 quick-spun col-
umn. The effluent containing [32P]casein was used in the
standard phosphatase assay such that each reaction mixture
(20 pA) contained 2 ug of [32P]casein. (iii) Phosphorylase
kinase: used exactly as described for casein except that the
catalytic subunit of cAMP-dependent protein kinase
(Promega) was used for phosphorylation. (iv) Epidermal

Abbreviations: PP, protein phosphatase; PNPP, p-nitrophenyl phos-
phate; orf, open reading frame; CKII, casein kinase II; IPTG,
isopropyl (-D-thiogalactopyranoside; EGF, epidermal growth fac-
tor; PTP, protein-tyrosine phosphatase.
*A preliminary account of this work was presented at the American
Society for Biochemistry and Molecular Biology Fall Symposium
on Structure and Function of Protein Kinases and Phosphatases,
Keystone, CO, Oct. 23-26, 1992.
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growth factor (EGF) receptor: CCL64 cells were labeled with
32p; in the presence of EGF and the labeled receptor was
immunoprecipitated with anti-EGF receptor antibody (9); the
immunoprecipitate was used as substrate. (v) ElA: phos-
phorylation of bacterially expressed ElA proteins (10) by
nuclear extract and [y-32P]ATP and immunoprecipitation of
32P-labeled ElA were carried out essentially as described (11,
12); the immunoprecipitate was used as substrate. (vi)
/3-Glycerophosphate, Ser(P), Thr(P), Tyr(P), and a- and
/3naphthyl phosphates: 0.5 ml of standard phosphatase re-
action mixture contained 10-50 mM substrate. The liberated
phosphate was measured by colorimetric assay (13). (vii)
Peptides: 40 nmol of Raytide (Oncogene Science) or CKII
peptide (RRREEETEEE) was phosphorylated by p43v-abl
(Oncogene Science) or CKII, respectively, in the presence of
[y-32P]ATP (8). Unlabeled ATP was then added to the phos-
phorylation reaction mixture to a final concentration of 1
mM, followed by the addition of the phosphatase. Incubation
was continued for an additional 30 min, after which the
remaining 32P-labeled peptide was assayed by P-81 paper
binding (8). When the effect of an inhibitor was tested, an
appropriate amount of orf221 was first incubated with the
inhibitor (and without, as a control) at 37°C for 10 min
followed by addition of substrate and further incubation for
measurement of activity.

RESULTS
A orf221 Gene Codes for a Phosphatase: Expression Studies.

A comparison of the total protein content of IPTG-induced
(Fig. 1, lane 2) and uninduced (lane 1) E. coli BL21(DE3)
harboring the pET-3a-orf221 plasmid reveals the synthesis
upon induction ofan -26-kDa polypeptide whose size closely
matches the predicted molecular weight (Mr 25,202) of orf221
protein (3). After lysis ofthe cells, orf221 protein was purified
as described. It emerged in a single peak of apparent size 28
kDa (data not shown) from Sephadex G-50, suggesting that
the protein is a monomer. In all fractionations, the profile of
phosphatase activity using PNPP as substrate (PNPPase)
correlated with that of the 26-kDa polypeptide in SDS/
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FIG. 1. Purification of orf221 protein. Growth and induction ofE.
coli BL21(DE3) and purification of orf221 have been described. The
following fractions (5-20 Mg of protein) were analyzed in SDS/
polyacrylamide gel (14) followed by staining with Coomassie blue:
total protein of E. coli BL21(DE3) containing pET-3a-orf 221 before
(lane 1) and after (lane 2) induction with IPTG, S100 extract (lane 3),
phosphocellulose flow-through (unbound) (lane 4), DEAE-cellulose
flow-through (lane 5), heparin-agarose flow-through (lane 6), final
Sephadex G-50 pooled fraction (lane 7). Lane M, protein size
standards (kDa). The major band below 14 kDa in lanes 1-3 is that
of lysozyme used to lyse the cells.

PAGE. The final preparation (lane 7) was judged to be >90%
pure. S100 extract obtained from uninduced cells contained
very little PNPPase activity (-2% of the "induced" extract),
while PNPPase activity of an extract of BL21(DE3) contain-
ing pET-3a vector was undetectable (data not shown).
To further confirm that the 26-kDa polypeptide indeed

represented the product of the cloned orf221 gene, mutagen-
esis of the cloned gene was performed. Comparison of the
predicted primary sequences of A orf221 protein with those
of the catalytic subunits of protein phosphatases PP1 and
PP2A revealed a number of conserved regions, one of which
is the pentapeptide RGNHE at positions 73-77 of the orf221
polypeptide (3). A mutant clone was constructed in which the
nucleotides corresponding to this stretch were deleted by in
vitro mutagenesis. Construction of the other mutants was
based on sequence analysis of a known mutation in A that
mapped in the orf221 gene. Known as byp, this mutation
produced aG to T change at nucleotide 43636 ofthe A genome
(4), thus changing the TGC (Cys138) codon of orf221 to TTC
(Phe). Using the A imm21byp DNA as template in the PCR, the
mutant orf221 gene was cloned in pET-3a as described for the
wild-type gene. In addition, another mutant was constructed
by site-specific mutagenesis of the pET-3a-orf221 DNA by
PCR such that the same Cys codon (TGC) is altered to an Ala
codon (GCC). Fig. 2 shows that the RGNHE deletion mutant
(lane A) expressed a protein that was shorter than the wild
type (lane W) by -0.5 kDa, whereas proteins expressed by
the Cys -- Phe (lane Cl) and Cys -) Ala (lane C2) mutant
clones were essentially identical to the wild type in size. The
three mutant proteins were purified to near homogeneity and
their phosphatase activity was tested by using PNPP as
substrate. All three were found to be highly defective, their
specific activities expressed as percentage of wild type being
as follows: ARGNHE, 2%; Cys -* Phe, 3%; Cys -+ Ala, 5%.
These results not only confirm the 26-kDa protein as the
phosphatase but in addition suggest an essential role of these
specific amino acid residues in enzyme activity. In what
follows, a detailed study of the biochemical properties of the
purified orf221 protein is presented.

Biochemical Parameters of the orf221 Phosphatase. The
optimal temperature, divalent cation concentration, and pH
for the orf221 phosphatase were determined in vitro by using
PNPP as substrate (Fig. 3); essentially similar results were
obtained by using phosphorylated casein as substrate (data
not shown). orf221 phosphatase exhibited an absolute re-
quirement for Mn2+, which could be substituted by Co2+ but
not by Mg2+ or Ca2+; even as little as 0.5 mM Mn2+ produced
80% of the maximal activity. The highest (optimal) specific
activity of the enzyme (-10,000 units per mg of protein) was
observed under the following conditions: 42-45°C, 5-8 mM
Mn2+, pH 7.8-8.5.

orf221 Is a Protein Serine/Threonine Phosphatase: Studies
of Substrates and Inhibitors. To define the exact nature of the
orf221 phosphatase, its ability to dephosphorylate a variety
ofphosphorylated proteins and small molecules was tested in
vitro. Except for PNPP and naphthyl phosphates, none ofthe
small molecular phosphates tested served as substrates for
orf221; this included phosphorylated serine, threonine, ty-
rosine, and glycerol, and 5'-AMP. Specific activities against
a- and fnaphthyl phosphates were about 5% and 20%,
respectively, of that with PNPP.
With PNPP used as the substrate, a number of known

phosphatase inhibitors were tested in an attempt to determine
the identity of the enzyme and classify it into the PP1 and PP2
groups of phosphatases (ref. 15; see Discussion). As sum-
marized in Table 1, orf221 was neither stimulated nor inhib-
ited by the following, even at their highest concentrations
tested: okadaic acid, Ser(P), Thr(P), Tyr(P), phosphorylated
glycerol, heparin, protamine, potassium tartarate. The fol-
lowing were inhibitory: vanadate, fluoride, inorganic phos-
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Table 1. Effect of inhibitors on orf 221 phosphatase

Inhibitor

FIG. 2. Overexpression of
orf221 mutant proteins. S100 ex-
tracts (as in Fig. 1, lane 3) of IPTG-
induced E. coli BL21(DE3) contain-
ing pET-3a clones of wild-type
orf221 (lane W), ARGNIJE mutant
(lane A), Cys138 to Phe mutant (lane
Cl), and Cyst38 to Ala mutant (lane
C2) were analyzed by SDS/PAGE
followed by staining. Lane 0, con-
trol S100 extract of induced
BL21(DE3) containing pET-3a vec-
tor; lane M, protein size standards
(kDa). Arrow points to the orf221
protein band.

phate, and EDTA. Since orf221 showed little activity on
phosphorylated amino acids, the specificity of the enzyme
was investigated by using phosphorylated protein and pep-
tide substrates as described below.

Casein, phosphorylated by purified CKII, which is an
established protein serine/threonine kinase (16), was found
to be an efficient substrate for orf221 (Fig. 4B); the corre-
sponding stained gel showed no degradation of casein (Fig.
4A), thus eliminating protease contamination in orf221. Ef-
fects of a few selected inhibitors in this system (Fig. 4) were
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Sodium fluoride (5 mM)
Sodium fluoride (20 mM)
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PNPP (10 mM) was used as substrate under standard assay
conditions as described. The enzyme was preincubated with the
indicated concentration of the inhibitor before addition of substrate.

essentially identical to those obtained using PNPP as sub-
strate (Table 1). Earlier, the phosphatase activity observed in
A-infected cells was also shown to be active on casein (2). The
Cys -- Phe mutant orf221 protein was highly defective in
casein phosphatase activity (Fig. 4, lane C).
When phosphorylase kinase was used as substrate for

orf221, the a subunit was preferentially dephosphorylated
while the , subunit remained unaffected (Fig. 5). The activity
was not inhibited by okadaic acid (lane 8) or by the thermo-
stable inhibitors 2 (lane 9) and 1 (data not shown).

Finally, the human adenovirus-type 5 ElA proteins of 289
and 243 residues have recently been shown to be phosphor-
ylated by serine/threonine protein kinase(s) (11, 17, 18). Both
are phosphorylated at several common sites including Ser219,
which is the major phosphorylation site, and Ser", which
induces a large shift in gel mobility (10). In vitro, both ElA
proteins were found to be susceptible to orf221 (Fig. 6A). In
addition, the peptide RRREEETEEE, phosphorylated at the
threonine residue by purified CKII, was dephosphorylated
by orf221 (Table 2). Taken together, these results conclu-
sively demonstrate the serine/threonine phosphatase activity
of orf221.
To test whether orf221 may also possess a protein-tyrosine

phosphatase (PTP) activity, two Tyr(P) substrates were used:
autophosphorylated EGF receptor and phosphorylated Ray-
tide, a synthetic peptide containing tyrosine as the only
phosphate acceptor. orf221 failed to release 32p label from

100
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Temperature ( C)

FIG. 3. pH (A), Mn2+ (B), and temperature (C) optima of orf221

phosphatase assayed with PNPP as substrate. For any given param-
eter, the maximum activity ("10,000 units per mg of protein) was
taken as 100 and other values are expressed as a percentage of this
maximum.
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FIG. 4. Casein phosphatase activity of orf221. [32P]Casein (2 jig)
was acted upon by 0.5 pig of purified orf 221 phosphatase (lanes 1-7,
wild type; lane C, Cys138 to Phe mutant) treated with the following
inhibitors: none, lane 1; 1 pM okadaic acid, lane 2; 1 mM Ser(P), lane
3; 1 mM Thr(P), lane 4; 0.5 mM Tyr(P), lane 5; 3 mM PNPP, lane 6;
10 mM NaF, lane 7. Lane M represents a reaction with wild-type
phosphatase in which Mn2+ was substituted by Mg2+. Lane 0
represents a control reaction with no phosphatase added. After the
reactions, the products were analyzed by SDS/PAGE. (A)
Coomassie blue-stained gel. (B) Autoradiograph.
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FIG. 5. Specific dephosphorylation of the a subunit of phospho-
rylase kinase by orf221. Phosphorylase kinase (5 big) phosphorylated
(32P-labeled) by cAMP-dependent protein kinase was treated with 0.5
,ug of purified orf221 as described. At the following times, 5-i4
portions of the reaction mixture were taken out and analyzed by
SDS/PAGE (14); an autoradiograph of the gel is shown. Lanes 1-7,
0, 10, 20, 30, 60, 75, and 90 min, respectively; lanes 8 and 9, 90-min
phosphatase reactions using orf221 pretreated with 1 pM okadaic
acid and inhibitor 2 (1 ug/ml), respectively. Lane C, no orf221
added.

either substrate (Fig. 6B; Table 2). As expected, the tyrosine
phosphatase PTP-1B did dephosphorylate both substrates.

DISCUSSION
Results presented here provide direct evidence that the
orf221 protein of phage A is a protein serine/threonine
phosphatase with broad substrate specificity. Thus, orf221
becomes the only bacteriophage enzyme in the growing list of
serine/threonine phosphatases (PP), many of which have
recently been shown to play critical roles in diverse cellular
processes such as growth and differentiation, oncogenesis,
DNA replication, transcription, and protein synthesis (1,
19-23). The active recombinant enzyme should provide an
opportunity to combine the powers of site-directed mutagen-
esis and A genetics in the structure-function analysis of a
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FIG. 6. Dephosphorylation of adenovirus ElA but not EGF
receptor by orf221. The following 32P-labeled proteins were immu-
noprecipitated and the precipitate was treated with 0.5 ,g of purified
orf221 for 30 min as described; an autoradiograph following SDS/
PAGE analysis of the samples is presented. (A) 289-residue (two left
lanes) and 243-residue (two right lanes) ElA, untreated (lanes -) or
treated with orf221 (lanes +); arrows indicate species of expected
mobility and arrowheads indicate those exhibiting phosphorylation-
induced mobility shifts (11). (B) EGF receptor, untreated (lane -),

treated with orf221 (lane +), or treated with PTP-1B (lane T)
(Upstate Biotechnology, Lake Placid, NY).

Table 2. Dephosphorylation of phosphopeptides by orf221
and PTP-1B

32P remaining, cpm x 10-2
Phosphatase Raytide CKII peptide

None 2240 2124
orf221 2237 872
PTP-1B 34 2102

Standard phosphatase reactions were carried out with 25 ng of
either enzyme.

defined PP. In addition, large amounts of purified phospha-
tase may be amenable to crystallography which, in the case
of serine/threonine phosphatases, has remained virtually
unexplored. Such studies should be particularly rewarding in
light ofthe increasing evidence that relatively few PPs, unlike
the vast multiplicity of protein kinases (24), may be involved
in many aspects of cellular regulation (15, 25). The ability of
orf221 to dephosphorylate apparently heterologous sub-
strates such as ElA (Fig. 6) and casein (Fig. 4) lends
substance to this argument. While this work was in progress,
successful expression of another serine/threonine phospha-
tase in soluble form has been achieved-namely, that of the
catalytic subunit of phosphorylase phosphatase belonging to
the PP1 class (26). Earlier attempts to express recombinant
PP catalytic subunits either resulted in inefficient expression
(27) or produced an insoluble protein (28).

In contrast to the kinases, very little is known about
regulation of the phosphatases. The catalytic subunits of
most known serine/threonine phosphatases are found asso-
ciated with other cellular proteins, the majority of which
remain uncharacterized (15). The associated protein(s) usu-
ally inhibits the catalytic subunit and thus, in analogy to the
cAMP-dependent protein kinases, may represent a negative
regulatory subunit(s). In my hands, the orf221 protein be-
haved like a monomer in gel filtration; moreover, the phos-
phatase activity per unit amount of the orf221 protein (de-
termined by SDS/PAGE) did not alter appreciably during
purification of orf221 (data not shown), suggesting that a
regulatory subunit of orf221 may not exist.
Cohen and coworkers (15) have classified protein serine/

threonine phosphatases into two types (PP1 and PP2) based
on their ability to dephosphorylate the ,B or the a subunit of
phosphorylase kinase and their differential sensitivity to
inhibition by the thermostable protein inhibitors 1 and 2
(Table 3). The PP2 enzymes were further classified into
subtypes 2A, 2B, and 2C on the basis of substrate specificity
and dependence on divalent cations. Although orf221 is seen

Table 3. Classification of A orf221 phosphatase
Property PP1 PP2A PP2B PP2C orf221

Requires divalent
cation No No Ca2+ Mg2+ Mn2+

Substrate subunit
of phosphorylase
kinase ( a a a a

Effect of inhibitors
1 and 2 Inhibited None None None None*

Inhibited by
okadaic acid Yes Yes Less No No

Effect of heparin Inhibited None None None None
Major location Mem Cyt Cyt Cyt Solublet

Properties of orf221 are from this study. Properties and classifi-
cation of the PP1 and PP2 phosphatases are based on ref. 25, where
additional characteristics can be found. Mem, membrane associated;
Cyt, cytoplasmic and soluble.
*Inhibitors 1 and 2 were purified from rabbit muscle (29).
tNative as well as recombinant orf221, expressed in E. coli, are
found in soluble cytosolic form (ref. 2; this study).
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to exhibit many properties common to the PP2B and PP2C
classes (Table 3), its Mn2+ requirement indicates that it may
constitute a class of its own (PP2D?). Earlier, comparison of
predicted amino acid sequences showed that orf221 and the
catalytic subunits ofPP1, PP2A, and PP2B are closely related
to one another, while that of PP2C is completely unrelated
(ref. 24; unpublished observation).
At this point, we cannot explain why orf221 failed to

dephosphorylate phosphoserine and phosphothreonine. Cu-
riously, the three small molecular phosphates that did func-
tion as substrates (albeit at variable efficiencies)-namely,
PNPP and a- and (-naphthyl phosphates-all contained
aromatic rings adjacent to the phosphate group. Perhaps the
optimal activity of orf221 requires additional sequence de-
terminants, preferably consisting of aromatic amino acids, in
the vicinity of the serine/threonine-phosphate of the protein
substrate. A quantitative analysis of phosphatase activity
using defined substrates should pinpoint the exact sequence
requirement of orf221.
The role oforf221 in A growth remains unknown. As shown

here, the byp mutant orf221 encodes a defective phosphatase
resulting from a Cys -- Phe mutation (Fig. 6). The byp mutant
phage has an interesting phenotype: it is defective in estab-
lishing lysogeny and hence forms clear plaques. It has been
conjectured (4) that the byp mutation generates a promoter
-10 sequence that induces an early synthesis of the late
antiterminator protein Q, which in turn shifts the lytic-
lysogeny decision toward the lytic pathway; however, the
activity of the presumptive promoter could not be detected in
a A byp prophage (30). On the other hand, it is possible (2) that
the active form of A transcription antiterminators N or Q or
some of their accessory factors (namely, bacterial Nus fac-
tors) are phosphoproteins and that the orf221 phosphatase
negatively regulates their activity through dephosphoryla-
tion. The E. coli NusA protein, required for both A N and Q
function (31, 32), is a possible candidate; indeed, my prelim-
inary experiments showed that an E. coli phosphoprotein,
approximately the size of NusA (67 kDa), was specifically
dephosphorylated by the orf221 phosphatase (data not
shown). It is interesting to note that while most of the orfs in
the ninR region are dissimilar between A and 080, the A orf221
and the corresponding 080 orf are -73% similar (including
the RGNHE domain and Cys138), suggesting a functional role
of the phosphatase (3). Thus, it is proposed that the enzyme
be renamed protein phosphatase A or PP-A. Identification of
E. coli and A phosphoproteins sensitive to the orf221 phos-
phatase and analyses of the effects of purified orf221 on N
and Q activity in defined in vitro transcription systems (32,
33) should shed light on the function of this prokaryotic
phosphatase.
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