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Protein Phosphorylation in Archaea

Barbara Thurston

(Abstract)

Protein phosphorylation constitutes an important mechanism
for cellular regulation in both Eucarya and Bacteria.  All living
organisms evolved from a common progenitor; this implies that
protein phosphorylation as a means of regulation also exists in
Archaea.  Previously, in the sulfur-dependent archaeon Sulfolobus
solfataricus a gene was cloned encoding a protein-serine/threonine
phosphatase that was similar to eucaryal protein-serine/threonine
phosphatases type 1, 2A, and 2B.  To identify protein phosphatases
in other archaeons, oligonucleotides encoding conserved regions of
eucaryal protein-serine/threonine phosphatases were used in the
polymerase chain reaction to amplify genomic DNA from the
methanogenic archaeon Methanosarcina thermophila.  From the PCR
reaction a fragment of DNA was isolated that encoded a portion of
a protein phosphatase. Using this DNA fragment as a probe, the
entire phosphatase gene was isolated.  The amino acid sequence of
the phosphatase encoded by this gene displayed greater than 30%
identity with eucaryal protein-serine/threonine phosphatase type
1.  The gene encoding the Methanosarcina phosphatase was expressed
in Escherichia coli. The expressed protein exhibited protein-
serine phosphatase activity that was sensitive to inhibitors of
eucaryal phosphatases such as okadaic acid, microcystin,
calyculin, and tautomycin.  In order to identify potential
endogenous substrates of archaeal protein-serine/threonine
phosphatases and kinases, a study was initiated to characterize
the most prominent phosphoproteins in S. solfataricus.  Cell
extracts were incubated with [γ −32P] ATP, MgCl2, and MnCl2, and the
proteins in the extracts were separated by SDS-PAGE.
Autoradiography of the gels revealed four prominent
phosphoproteins with apparent molecular masses of 35, 46, and 50
kDa.  N-terminal sequence analysis and enzymatic assays of the 35
kDa phosphoprotein identified this phosphoprotein as the α-subunit
of succinyl-CoA synthetase.  N-terminal sequence analysis and
enzymatic assays revealed that the 50 kDa phosphoprotein was a
hexosephosphate mutase.  Neither the 50 kDa nor the 35 kDa
phosphoprotein appeared to be the target of protein kinases or
phosphatases.  Therefore, while protein-serine phosphatases exist
in Archaea, the targets of these phosphatases have yet to be
determined.
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CHAPTER I

INTRODUCTION

An overview of protein phosphorylation
At the cellular level, one mechanism used to adapt to a

changing environment is the modulation of enzyme function via
phosphorylation/dephosphorylation.  Regulation of enzyme
activity via protein phosphorylation was first identified by E. G.
Krebs and E. H. Fisher in 1956 from their studies of glycogen
metabolism in skeletal muscle.1  They found that glycogen
phosphorylase is converted to an active form following its
phosphorylation by phosphorylase kinase.  Since then, protein
phosphorylation has been shown to play a prominent role in
regulating cellular processes as diverse as metabolism, gene
transcription and translation, cell division, membrane transport,
muscle contraction, light harvesting and photosynthesis,  viral
oncogene response, neurotransmission, and hormonal responses.2,3  

Because many key cellular proteins are regulated by
phosphorylation, it is an extensively researched process.  Protein
kinases phosphorylate cellular proteins on specific amino acids
triggering small conformational changes that alter their activity.4
The change in conformation may be close to, or far from, the site
of phosphorylation itself. Depending upon the enzyme, this
conformation change can either activate or inhibit enzyme
activity.  Phosphorylation can also alter the surface properties
of proteins affecting self-association or recognition by other
proteins.   The phosphorylation status of a cell’s phosphoprotein
population is controlled by the regulated activities of protein
kinases and phosphatases that catalyze phosphorylation and
dephosphorylation, respectively.5

1Krebs, E. G., and Fischer, E. H. (1956) “The phosphorylase b
to a converting enzyme of rabbit skeletal muscle,” Biochim.
Biophys. Acta 20, 150-157.

2Johnson, L. N., and Barford D. (1993) “The effects of
phosphorylation on the structure and function of proteins,” Annu.
Rev. Biophys. Biomol. Struct. 22, 199-232.

3Cohen, P. (1988) “Protein phosphorylation and hormone
action,” Proc. Roy. Soc. Lond. B  234, 115-144.

4Johnson, L. N., and Barford, D. (1993) “The effects of
phosphorylation on the structure and function of proteins,” Annu.
Rev. Biophys. Biomol. Struct. 22, 199-232.

5Cohen, P. (1988) “Protein phosphorylation and hormone
action,” Proc. R. Soc. Lond. B 234, 115-144.
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Protein kinases
Although signal-transduction pathways differ in complexity,

these pathways function mainly through one or more protein
kinases, protein phosphatases, and their cognate phosphoproteins.
Protein kinases transfer the gamma phosphoryl group of a
nucleoside triphosphate to a specific amino acid on the target
protein.6  Proteins are commonly phosphorylated on serine,
threonine, tyrosine, histidine, or carboxylic amino acids.
Protein kinases are individually classified based on the type(s)
of amino acids that they phosphorylate; for instance, kinases that
phosphorylate proteins on serine or threonine are called protein-
serine/threonine kinases.     

Protein kinases can be grouped into two superfamilies based
upon their amino acid sequence similarity and enzymatic
specificity.7,8  The histidine kinase superfamily
autophosphorylates a nitrogen on a conserved histidine.9,10  This
phosphoryl group is subsequently transferred to a specific,
conserved aspartate residue on a response regulator protein. The
serine/threonine kinase and tyrosine kinase superfamily
phosphorylates oxygen on serine/threonine or tyrosine residues
forming phosphate ester linkages.11  In contrast to the histidine
kinases, the phosphoryl transfer is direct and no phospho-enzyme
intermediate is formed.  Protein-serine/threonine kinases and
protein-tyrosine kinases have homologous catalytic domains of

6Hunter, T. (1991) “Protein kinase classification,” Meth.
Enzymol. 200, 3-37.

7Zhang, C. (1996) “Bacterial signalling involving eukaryotic-
type protein kinases,” Mol. Microbiol. 20, 9-15.

8Hunter, T. (1991) “Protein kinase classification,” Meth.
Enzymol. 200, 3-37.

9Stock, J. B., Stock, A. M., and Mottonen, J. M. (1990)
“Signal transduction in bacteria,” Nature 344, 395-400.

10Alex, L. A., and Simon, M. I. (1994) “Protein kinase and
signal transduction in prokaryotes and eukaryotes,” Trends in
Genet. 10, 133-138.

11Hunter, T. (1991) “Protein kinase classification,” Meth.
Enzymol. 200, 3-37.
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about 270 amino acids.12,13 An amino acid sequence alignment of
these catalytic domains revealed several subdomains that are
highly conserved throughout the Eucarya and Bacteria.14,15 

In Eucarya, most protein kinases phosphorylate proteins
containing either serine and threonine or tyrosine.   Many
eucaryal protein kinases are also regulated by second messengers
such as phospholipids, Ca2+, cAMP, or cGMP.16 Protein-
serine/threonine  and protein-tyrosine kinases recognize their
target proteins by the amino acid sequence surrounding the
phosphorylated amino acid.17  Therefore, peptides identical in
sequence to regions surrounding phosphorylated amino acid can be
used as substrates for protein kinases.  Kemp et al. were the
first to use peptides to detect protein kinase activity.18  They
used a peptide consisting of only seven amino acids that was
identical in sequence to the region surrounding the
phosphorylation site in phosphorylase kinase as a substrate to
detect cAMP dependent protein kinase activity.  

Protein phosphatases
Protein phosphatases remove phosphoryl groups from

phosphoproteins, effectively reversing the action of protein

12Hanks, K. H., Quinn, A. M., and Hunter, T. (1988) “The
protein kinase family:  Conserved features and deduced phylogeny
of the catalytic domains,”  Science 241, 42-52.

13Hunter, T. (1995) “Protein kinases and phosphatases:  The
yin and yang of protein phosphorylation and signalling,” Cell 80,
225-236.

14Zhang, C. (1996) “Bacterial signalling involving eukaryotic-
type protein kinases,” Mol. Microbiol. 20, 9-15.

15Hanks, S. K., and Quinn, A. M. (1991) “Protein kinase
catalytic domain sequence database:  Identification of conserved
features of primary structure and classification of family
members,” Meth. Enzymol. 200, 38-62.

16Fisher, E. H., and Krebs, E. G. (1990) “On the phosphorylase
b to a converting enzyme of rabbit skeletal muscle,” Biochem.
Biophys. Acta 1000, 297-301.

17Kennelly, P. J., and Krebs, E. G. (1991) “Consensus
sequences as substrate specificity determinants for protein
kinases and protein phosphatase,” J. Biol. Chem. 266, 15555-15558.

18Kemp, B. E., Benjamini, E., and Krebs, E. G. (1976)
“Synthetic hexapeptide substrates and inhibitors of 3’ - 5’-cyclic
AMP-dependent protein kinase,” Proc. Nat. Acad. Sci. USA 73, 1038-
1042.
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kinases.   These phosphatases  are grouped into serine/threonine-
specific,19 tyrosine-specific,20,21 dual specificity,22,23 and other
amino acid specific protein phosphatases.24,25 The dual specificity
phosphatases dephosphorylate proteins containing phosphoserine and
phosphothreonine as well as phosphotyrosine, and they are
structurally related to the protein tyrosine phosphatases.26

Protein-serine/threonine phosphatases are further divided
into types 1 and 2.27These two types of protein-serine/threonine
phosphatases can be differentiated by their substrate specificity
and the sensitivity of their enzymatic activity to the presence of
two inhibitors. Type 1 protein-serine/threonine phosphatases

19Cohen, P. (1991) “Classification of protein-serine/threonine
phosphatases:  Identification and quantitation in cell extracts,”
Meth. Enzymol. 201, 389-398.

20Hunter, T. (1989) “Protein-tyrosine phosphatases:  The other
side of the coin,” Cell 58, 1013-1016.

21Tonks, N. K. (1990) “Protein phosphatases:  Key players in
the regulation of cell function,” Curr. Op. Cell Biol. 2, 1114-
1124.

22Guan, K. -L., Broyles, S. S., and Dixon, J. E. (1991) “A
tyr/ser protein phosphatase encoded by vaccinia virus,” Nature
336, 139-143.

23Muda, M., Theodosiou, A., Rodrigues, N., Boschert, U.,
Camps, M., Gillieron, C., Davies, K., Ashworth, A., Arkinstall, S.
(1996) “The dual specificity phosphatases M3/6 and MKP-3 are
highly selective for inactivation of distinct mitogen-activated
protein kinases,” J. Biol. Chem. 271, 27205-27208.

24Perego, M., Hanstein, C., Welsh, K. M., Djavakhishvili, T.,
Glaser, P., and Hoch, J. A. (1994) “Multiple protein-aspartate
phosphatases provide a mechanism for the integration of diverse
signals in the control of development in B. subtilis,” Cell 79,
1047-1055.

25Wong, C., Faiola, B., Wu, W., and Kennelly, P. J. (1993)
“Phosphohistidine and phospholysine phosphatase activities in the
rat:  Potential protein-lysine and protein-histidine
phosphatases?” Biochem. J. 296, 293-296.

26Yuvaniyama, J., Denu, J. M., Dixon, J. E., and Saper, M. A.
(1996) “Crystal structure of the dual specificity protein
phosphatase VHR,” Science 272, 1328-1331.

27Ingebritsen, T. S. and Cohen, P. (1983) “Protein
phosphatases:  Properties and role in cellular regulation,”
Science 221, 331-338.
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preferentially dephosphorylate the β-subunit of phosphorylase
kinase and are inhibited by nanomolar concentrations of two
proteins, termed inhibitor 1 and inhibitor 2.28,29,30  Type 2
protein-serine/threonine phosphatases preferentially
dephosphorylate the α-subunit of phosphorylase kinase and are
resistant to inhibitors 1 and 2. The type 2 phosphatases are
further divided into types 2A, 2B, and 2C based on their divalent
metal ion requirements.  Protein-serine/threonine phosphatase type
2A is partially active in the absence of metal ions, type 2B is
Ca2+ dependent, and type 2C requires Mg2+.  Types 1, 2A, and 2B are
structurally related, whereas 2C belongs to a separate gene
family.31 

The types of protein-serine/threonine phosphatases can also
be differentiated by their sensitivity to toxins such as okadaic
acid, microcystin, tautomycin and calyculin A.32 Okadaic acid is a
complex fatty acid polyketal first extracted from the marine
sponge Halichondria okadaii.33  It causes tumors and diarrhetic
shellfish poisoning.34  Microcystin is a cyclic heptapeptide
synthesized by cyanobacteria.  Tautomycin is a polyketide produced
by the soil bacterium Streptomyces, and calyculin A is a

28Ingebritsen, T. S., and Cohen, P. (1983) “The protein
phosphatases involved in cellular regulation.  1.  Classification
and substrate specificities,” Eur. J. Biochem. 132, 255-261.

29Ingebritsen, T. S., and Cohen, P. (1983) “Protein
phosphatases:  Properties and role in cellular regulation,”
Science 221, 331.

30Cohen, P. (1985) “The role of protein phosphorylation in the
hormonal control of enzyme activity,” Eur. J. Biochem. 151, 439-
448.

31Tonks, N. K. (1990) “Protein phosphatases:  Key players in
the regulation of cell function,” Curr. Op. Cell Biol. 2, 1114-
1124.

32MacKintosh, C. and MacKintosh, R. W. (1994) “Inhibitors of
protein kinases and phosphatases,” Trends Biochem. Sci. 17, 444-
447.

33Tachibana, K., and Scheuer, P. J. (1991) “Okadaic acid, a
cytotoxic polyether from two marine sponges of the genus
Halichondria,” J. Am. Chem. Soc. 103, 2469-2471.

34Cohen, P., Holmes, F. B., and Tsukitani, Y. (1990) “Okadaic
acid:  A new probe for the study of cellular regulation,” Trends
Biochem. Sci. 15, 98-102.
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spiroketal produced by dinoflagellates.35   
Although these toxins have very different chemical

structures, they are potent inhibitors of protein phosphatases 1
and 2A.  Okadaic acid has an IC50 of 0.2 nM for protein-
serine/threonine phosphatase 2A and an IC50 of 20 nM for protein
phosphatase 1.36  Protein phosphatase 2B is inhibited by much
higher concentrations of okadaic acid,37 and protein phosphatase 2C
is unaffected by this inhibitor.38  Microcystins also inhibit PP1,
PP2A, and PP2B, but 1000-fold higher concentrations are required
to inhibit PP2B.39  

The crystal structure of microcystin bound to protein-
serine/threonine phosphatase reveals two metal ions at the active
site.40  Three surface grooves called the acidic groove, the
hydrophobic groove, and the carboxy-terminal groove emanate from
the active site.  Microcystin binds to the phosphatase in such a
way as to interact with the metal-binding site, the hydrophobic
groove and the edge of the C-terminal groove near the active site.
Little is known about how other toxins and inhibitors interact
with protein-serine/threonine phosphatases.  However, the peptide
inhibitors 1 and 2 block binding of microcystin or okadaic acid to
protein phosphatase 1, and binding of okadaic acid and microcystin

35Ishihara, H., Martin, B. L., Brautigan, D.L, Karaki, H.,
Ozaki, H., Kato, Y., Fusetani, N., Watabe, S., Hashimoto, K.,
Uemura, D. (1989) “Calyculin A and okadaic acid:  Inhibitors of
protein phosphatase activity,” Biochem. Biophys. Res. Commun.
(1989) 159, 871-877.

36MacKintosh, C., and Klumpp, S. (1990) “Tautomycin from the
bacterium Streptomyces verticullatus.  Another potent and specific
inhibitor of protein phosphatases 1 and 2A,” FEBS Letters 277,
137-140.

37Cohen, P., Klumpp, S., and Schelling, D. L. (1989) “An
improved procedure for identifying and quantitating protein
phosphatases in mammalian tissue,” FEBS Letters 250, 596-600.

38Bialojan, C., and Takai, A. (1988) “Inhibitory effect of a
marine-sponge toxin, okadaic acid, on protein phosphatases.
Specificity and kinetics,” Biochem. J. 256, 283-290.

39MacKintosh, C., Beattie, K. A., Klumpp, S., Cohen, P., and
Codd, G. A. (1990) “Cyanobacterial microcystin-LR is a potent and
specific inhibitor of protein phosphatases 1 and 2A from both
mammals and higher plants,” FEBS Letters 264, 187-192.

40Goldberg, J., Huang, H, Kwon, Y., Greengard, P., Nairn, A.
C., and Kuriyan, J. (1995) “Three-dimensional structure of the
catalytic subunit of protein serine/threonine phosphatase-1,”
Nature 376, 745-753.
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to protein phosphatase 2A is mutually exclusive.41
The recently acquired ability to rapidly sequence DNA has

enabled researchers to compare the DNA-derived amino acid
sequences of protein phosphatases among many different organisms.
The catalytic subunit of protein phosphatase type 1 is highly
conserved among the Eucarya.42  Comparison of the sequences for the
catalytic subunits from a wide range of organisms reveals 54%
identity among them.  The catalytic subunit of protein phosphatase
type 2A is also highly conserved among the Eucarya.  Isoforms of
protein phosphatase 2A share a sequence identity of 53%.  Among
the different types of protein-serine/threonine phosphatases, the
catalytic subunits of protein phosphatase 1 and 2A have the
highest similarity with greater than 38% sequence identity.43
Protein phosphatase 2B is also similar in amino acid sequence to
protein phosphatase 1, but it is not as closely related as protein
phosphatase 2A.44  Interestingly, several bacteriophages including
bacteriophage Lambda have genes that encode proteins with amino
acid sequence similarity to protein-serine/threonine phosphatases
1, 2A, and 2B.45  High sequence identity exists among isoforms of
protein phosphatase 2C,46,47 but protein phosphatase 2C shows no

41Tonks, N. K. (1990) “Protein phosphatases:  Key players in
the regulation of cell function,” Curr. Op. Cell Biol. 2, 1114-
1124.

42Barton, G. J., Cohen, P. T. W., and Barford, D. (1994)
“Conservation analysis and structure prediction of the protein
serine/threonine phosphatases,” Eur. J. Biochem. 220, 225-237.

43Cohen, P., and Cohen, P. T. (1989) “Protein phosphatases
come of age,” J. Biol. Chem. 264, 21435-21438.

44Kincaid, R. L., Gim, P. R., and Higuchi, S. (1990) “Cloning
and characterization of molecular isoforms of the catalytic
subunit of calcineurin using nonisotopic methods,” J. Biol. Chem.
265, 11312-11319.

45Zhuo, S, Clemens J. C., Hakes D. J., Barford D., and Dixon
J. E., (1993) “Expression, purification, crystallization, and
biochemical characterization of a recombinant protein
phosphatase,” J. Biol. Chem. 268, 17754-17761.

46McGowan, C. H., and Cohen, P. (1987) “Identification of two
isoenzymes of protein phosphatase 2C in both rabbit skeletal
muscle and liver,” Eur. J. Biochem. 166, 713-721.

47Arino, J., Woon, C. W., Brautigan, D. L., Miller, T. B.,
Jr., and Johnson, G. L. (1988) “Human liver phosphatase 2C:  cDNA
and amino acid sequence of two catalytic subunit isotypes,” Proc.
Natl. Acad. Sci. USA 85, 4252-4256.
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similarity to the other types of eucaryal protein-serine/threonine
phosphatases.48  

With such a high identity among evolutionarily divergent
groups, it is not surprising that protein phosphatases 1 and 2A
have important roles in regulating cellular functions.  For
example, both protein phosphatases 1 and 2A are required for cell
cycle progression.49,50,51  Deletion of the genes encoding these two
enzymes in yeast results in mitotic defects.52  Studies of rat
embryo fibroblasts show movement of protein phosphatase 1 from the
cytosol into the cell nucleus during G2 of cell division.53
Protein phosphatase 2A is a positive regulator of transcription of
the cdc2 gene,54 and negatively regulates the cyclin B-dependent
activation of cdc2.55 These phosphatases are also directly involved
in controlling ion channel efflux, glycogen metabolism, muscle

48Cohen, P. T. W., and Cohen, P. (1989) “Protein phosphatases
come of age,” J. Biol. Chem. 264, 21435-21438. 

49Ohkura, H., Kinoshita, N., Miyatani, S., Toda, T., and
Yanagida, M. (1989) “The fission yeast dis2+ gene required for
chromosome disjoining encodes one of two putative type 1 protein
phosphatases,” Cell 57, 995-1007.

50Axton, J. M., Dombradi, V., Cohen, P. T. W., and Glover, D.
M. (1990) “One of the protein phosphatase 1 isoenzymes in
Drosophila is essential for mitosis,” Cell 63, 33-46.

51Lee, T. H., Solomon, M. J., Mumby, M. C., and Kirschner, M.
W. “INH, a negative regulator of MPF, is a form of protein
phosphatase 2A,” (1991) Cell 64, 415-423.

52Kinoshita, N., Ohkura, H., and Yanagida, M. “Distinct,
essential roles of type 1 and 2A protein phosphatases in the
control of the fission yeast cell division cycle,” (1990) Cell 63,
405-415.

53Fernandez, A., Brautigan, D. L. and Lamb, N. J. C. (1992)
“Protein phosphatase type 1 in mammalian cell mitosis:
chromosomal localization and involvement in mitotic exit,” J. Cell
Biol. 116, 1421-1430.

54Jaramillo-Babb, V. L., Sugarmans, J. L., Scavetta, R., Wang,
S. J., Berndt, N., Born, T. L., Glass, C. K., Schonthal, A. H.
(1996) “Positive regulation of cdc2 gene activity by protein
phosphatase type 2A,” J. Biol. Chem. 271, 5988-5992.

55Lee, T. H., Turck, C., and Kirschner, M. W. (1994)
“Inhibition of cdc2 activation by INH/PP2A,” Mol. Biol. Cell 5,
323-328.
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contraction, and protein synthesis.56,57,58,59,60     
Protein-serine/threonine phosphatases, like protein kinases,

are regulated by extracellular signals acting through second
messengers.  This type of regulation was first discovered by Huang
and Glinsmann in 1976.61 They observed that inhibitor-1 must be
phosphorylated by cyclic AMP-dependent protein kinase before it
can inhibit protein-serine/threonine phosphatase type 1.  The
importance of second messengers in regulating phosphatase activity
was later reinforced by the discovery that protein-
serine/threonine phosphatase 2B was a calcium/calmodulin-dependent
enzyme.62  Protein phosphatases are also regulated by targeting
proteins that form complexes with the catalytic subunits.63 These
targeting proteins determine the subcellular location, and in so

56Ingebritsen, T. S., Stewart, A. A., and Cohen, P. (1983)
“The protein phosphatases involved in cellular regulation.  6.
Measurement of type 1 and type 2 protein phosphatases in extracts
of mammalian tissues, assessment of their physiological roles,”
Eur. J. Biochem. 132, 297-307.

57Alemany, S., Tung, H. Y. L., Shenolikar, S., Pilkis, S. J.,
and Cohen, P. (1984) “The protein phosphatase involved in cellular
regulation.  Antibody to protein phosphatase 2A as a probe of
phosphatase structure and function,” Eur. J. Biochem. 145, 51-56.

58Chisholm, A. A. K., and Cohen, P. (1988) “Identification of
a third form of protein phosphatase 1 in rabbit skeletal muscle
that is associated with myosin,” Biochim. Biophys. Acta 968, 392-
400.

59Chisholm, A. A. K., and Cohen, P. (1988) “The myosin-bound
form of protein phosphatase 1 (PP-1M) is the enzyme that
dephosphorylates native myosin in skeletal and cardiac muscle,”
Biochim. Biophys. Acta 971, 163-169.

60Bollen, M., and Stalmanns, W. (1992) “The structure, role,
and regulation of type 1 protein phosphatases,” Crit. Rev.
Biochem. Mol. Biol. 27, 227-281.

61Huang, F. L., and Glinsmann, W. H. (1976) “Separation and
characterization of two phosphorylase phosphatase inhibitors from
rabbit skeletal muscle,”  Eur. J. Biochem. 70, 419-426.

62Klee, C. B., Crouch, T. H., and Krinks, M. H. (1979)
“Calcineurin:  A calcium- and calmodulin-binding protein of the
nervous system,” Proc. Natl. Acad. Sci. USA 76, 6270-6273.

63Hubbard, M. J., and Cohen, P. (1993) “On target with a new
mechanism for the regulation of protein phosphorylation,” Trends
Biochem. Sci. 18, 172-177.
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doing, the substrate specificity of the enzymes.  For example, one
protein targets protein-serine/threonine phosphatase type 1C to
glycogen particles and the sarcoplasmic reticulum in striated
muscle, whereas a different protein targets the enzyme to myosin
in muscle cells.64,65 Another means of regulating protein
phosphatase activity is via phosphorylation of the catalytic
subunit.  Both protein-serine/threonine phosphatases type 1 and 2A
have the consensus motif (Ser/Thr)-Pro that could potentially be
phosphorylated by proline-directed kinases.66,67  Recently, protein-
serine/threonine phosphatase type 1 has been found to be
phosphorylated and inactivated by cyclin-dependent kinases in
vitro.68      

Protein phosphorylation cascades in Eucarya
In Eucarya, a signal is often transmitted through a cascade

of protein phosphorylation or dephosphorylation events that alters
the activity of many target proteins.  An example of this type of
cascade is the mitogen-activated protein (MAP) kinase pathways in
yeast.69  At least six interconnecting MAP kinase pathways have
been identified.  These pathways regulate several processes
including mating and osmosensing.  These interconnecting signal
transduction pathways are thought to exist to accommodate the

64Moorhead, G., MacKintosh, R. W., Morrice, N., Gallagher, T.,
and MacKintosh, C. (1994) “Purification of type 1 protein
(serine/threonine) phosphatases by microcystin-Sepharose affinity
chromatography,” FEBS Letters 356, 46-50.

65Chen, Y. H., Chen, M. X., Alessi, D. R., Campbell, D. G.,
Shanahan, C., Cohen, P., and Cohen, P. T. W. (1994) “Molecular
cloning of cDNA encoding the 110 kDa and 21 KDa regulatory
subunits of smooth muscle protein phosphatase 1M,” FEBS Letters
356, 51-55.

66Moreno, S., and Nurse, P. (1990) “Substrates for p34cdc2:
In vivo veritas?” Cell 61, 549-551.

67Hall, F. L. and Vulliet, R. P. (1991) “Proline-directed
protein phosphorylation and cell cycle regulation,” Curr. Opin.
Cell Biol. 3, 176-184.

68Dowadwala, M., Da Cruz E Silva, E. F., Hall, F. L.,
Williams, R. T., Carbonaro-Hall, D. A., Nairn, A. C., Greengard,
P, and Berndt, N. (1994) “Phosphorylation and inactivation of
protein phosphatase 1 by cyclin-dependent kinases,” Proc. Natl.
Acad. Sci. USA 91, 6408-6412.

69Herskowitz, I. (1995) “MAP kinase pathways in yeast:  For
mating and more,” Cell 80, 187-197.
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cellular and molecular complexity of eucaryal organisms.70

Protein phosphorylation in Bacteria
Bacteria modulate cellular activities such as motility and

gene expression in response to changes in their environment.
Usually, the signal-transduction pathways involved in this
regulation have only two components:  a histidine kinase and a
response regulator.71  Therefore, these pathways are called two-
component regulatory pathways. Briefly, an environmental change
induces a conformational change of a membrane receptor protein.
This change in conformation triggers the kinase to
autophosphorylate on a conserved histidine residue.  The kinase
then binds to the response regulator protein.  The phosphoryl
group is transferred from the kinase to an aspartate on the
response regulator protein.  Phosphorylation of the response
protein causes it to bind to a target protein, which results in a
change in the function of the target protein.   As a consequence,
cellular activity is altered. 

One activity that is regulated by the two component
regulatory system is the direction of flagellar rotation.72
Transduction of a signal from the receptor protein to the
flagellar motor is mediated by four proteins.  The protein
histidine kinase CheA autophosphorylates in response to changes in
the conformation of the membrane receptor protein.  The phosphoryl
group is transferred to an aspartate on CheY.73  Phospho-CheY
interacts with the flagellar motor proteins resulting in a switch
from counterclockwise movement of the flagella to clockwise
movement of the flagella.  Clockwise movement of the flagella
causes the bacterial cell to tumble, which changes the direction
of cell movement. 

In order to quickly turn on or off signal transduction
pathways, protein phosphorylation/dephosphorylation must be
reversible.  Phosphohistidine has a different free energy of
hydrolysis than phospho-esters such as phosphoserine,

70Howell, B. W., Gray, D. A., and Bell, J. C. (1991)
“Evolution of complex intracellular signalling networks:
Diversification and conserved features of protein kinases,”
Seminars Dev. Biol. 2, 345-351.

71Stock, J. B., Surette, M. G. , McCleary, W. R., and Stock,
A. M. (1992) “Signal transduction in bacterial chemotaxis,” J.
Biol. Chem. 267, 19753-19756.

72Stock, J., B., Stock, A. M., and Mottonen, J. M. (1990)
“Signal transduction in bacteria,” Nature 344, 395-400.

73Ninfa, E. G., Stock, A., Mowbray, S., and Stock, J. (1991)
“Reconstitution of the bacterial chemotaxis signal transduction
system from purified components,” J. Biol. Chem. 266, 9674-9770.
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phosphothreonine and phosphotyrosine.  The phosphoramide linkage
is a high-energy bond that is quickly broken by hydrolysis.74
Therefore, it does not appear that the phosphohistidine residue on
the kinase is dephosphorylated by a protein phosphatase.  However,
protein-aspartate phosphatases that dephosphorylate the response
regulator protein have been recently discovered.75,76 

Recent discoveries in the evolution of protein
phosphorylation

For a long time, it was believed that protein phosphorylation
in Eucarya and Bacteria had evolved independently.  Before 1978,
only eucaryal proteins were believed to be phosphorylated on
serine, threonine, and tyrosine.77,78  Likewise, only bacterial
proteins were believed to be phosphorylated on histidine and
carboxylic acid amino acids.  Recent evidence, however, refutes
these ideas.  Proteins phosphorylated on serine, threonine, and
tyrosine residues, and homologs of eucaryal protein-
serine/threonine kinases and dual-specificity protein phosphatases

74Stock, J. B., Stock, A. M., and Mottonen, J. M. (1990)
“Signal transduction in bacteria,” Nature 344, 395-400.

75Perego, M., and Hoch, J. A. (1996) “Protein aspartate
phosphatases control the output of two-component signal
transduction systems,” Trends Genet. 12, 97-101

76Perego, M., Hanstein, C., Welsh, K. M., Djavakhishvili, T.,
Glaser, P., and Hoch, J. A. (1994) “Multiple protein-aspartate
phosphatases provide a mechanism for the integration of diverse
signals in the control of development in B. subtilis,” Cell 79,
1047-1055.

77Garnak, M., and Reeves, H. C. (1979) “Phosphorylation of
isocitrate dehydrogenase of Escherichia coli,” Science 203, 1111-
1112.

78Wang, J. Y. J., and Koshland, D. E. Jr. (1978) “Evidence for
protein kinase activities in the prokaryote Salmonella
typhimurium,” J. Biol. Chem. 253, 7605-7608.

12



have been found in Bacteria.79,80,81  In Eucarya, genes whose
products show high homology to Bacterial protein histidine kinases
have been identified.82,83,84   These findings demonstrated that
protein phosphorylation in Eucarya and Bacteria was more closely
related than previously believed.

The Archaea
While protein phosphorylation was being extensively studied

in Eucarya and Bacteria, evolutionary biologists were
reclassifying a group of unusual microorganisms.  As a result, a
new phylogenetic taxonomy was devised separating Archaea, Eucarya,
and Bacteria into three domains originating from a common
progenitor (Fig. 1).85  Although they exhibit a clearly prokaryotic
morphology, based on 16S rRNA sequence the Archaea appeared to be
more closely related to Eucarya than Bacteria.  Despite the name
Archaea, which suggests that the organisms are relics of very
ancient organisms, recent studies have suggested that the Bacteria

79Ostrovsky, P. C., and Maloy S. (1995) “Protein
phosphorylation on serine, threonine, and tyrosine residues
modulates membrane-protein interactions and transcriptional
regulation in Salmonella typhimurium ,” Genes Dev. 15, 2034-2041.

80Potts, M., Sun, H., Mockaitis, K., Kennelly, P. J., Reed,
D., and Tonks, N. K. (1993) “A protein-tyrosine/serine phosphatase
encoded by the genome of the cyanobacterium Nostoc commune  UTEX
584,” J. Biol. Chem. 268, 7632-7635.

81Munoz-Dorado, J., Inouye S., and Inouye M. (1991) “A gene
encoding a protein serine/threonine kinase is required for normal
development of M. xanthus, a gram-negative bacterium,” Cell 67,
995-1006.

82Chang, C., Kwok, S. F., Bleecker, A. B., and Meyerowitz, E.
M. (1993) “Arabidopsis  ethylene-response gene ETR1:  Similarity
of product to two-component regulators,”  Science 262, 539-544.

83Ota, I. M., and Varshavsky, A. (1993) “A yeast protein
similar to two-compoent regulators,” Science 262, 566-599.

84Maeda, T., Wurgler-Murphy S. M., and Saito, H. (1994) “A
two-component system that regulates an osmosensing MAP kinase
cascade in yeast,” Nature 369, 242-245.

85Woese, C. R., Kandler, O., and Wheelis, M. L. (1990)
“Towards a natural system of organisms:  Proposal for the domains
Archaea, Bacteria, and Eucarya,” Proc. Natl. Acad. Sci. USA 87,
4576-4579.
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may be more ancient in origin than the Archaea.86   While the
evidence is incomplete, existence of homologous protein kinases
and protein phosphatases in Bacteria and Eucarya suggests that
protein phosphorylation evolved very early in evolutionary time.
If so, then Archaeal organisms should also contain
phosphoproteins, protein kinases, and protein phosphatases.

As a group the Archaea are very diverse.  Some can survive in
extreme environments.  They have been found at temperatures over
100°C and at pressures of more than 200 atmospheres.87,88,89  The
Archaea can be divided into three groups:  halophiles,
methanogens, and sulfur-dependent Archaea.90   The halophiles are
aerobic and grow in very high concentrations of salt.  In fact,
they grow optimally at about 4.5 M NaCl, which is ten times the
salinity of seawater.91

The methanogens convert compounds such as carbon dioxide,
methanol, or acetic acid to methane to generate energy for cell
growth.   They are all obligate anaerobes that require highly

86Barinaga, M. (1994) “Archaea and eukaryotes grow closer,”
Science 264, 1251.

87Jones, W. J., Nagel, D. P. Jr., and Whitman, W. B. (1987)
“Methanogens and the diversity of archaebacteria,” Microbiol. Rev.
51, 135-177.

88Jones, W. J. Leigh, J. A., Mayer, F., Woese, C. R., and
Wolfe, R. S. (1983) “Methanococcus jannaschii sp. nov., an
extremely thermophilic methanogen from a submarine hydrothermal
vent,” Arch. Microbiol. 136, 254-261.

89Stetter, K. O., Fiala, G., Huber, G., Huber, R., and
Segerer, A. (1990) “Hyperthermophilic microorganisms,” FEMS
Microbiol. Rev. 75, 117-124.

90Jones, W. J., Nagle, D. P., Jr., and Whiteman, W. B. (1987)
“Methanogens and the diversity of archaebacteria,” Microbiol. Rev.
51, 135-177.

91DasSarma, S., (1995) “Halophilic Archaea:  An overview,” in
Archaea, A Laboratory Manual, Halophiles (Das Sarma, S., and
Fleischmann, E. M., eds.), pp. 5-11, Cold Spring Harbor Laboratory
Press, Plainview, New York.
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reduced conditions for growth.92,93  Methanogens are prevalent in
nature, where they occupy environments associated with
decomposition of organic matter such as aquatic sediment and the
digestive tracts of animals.94  They are also found in submarine
vents and geothermal springs where they oxidize geochemically
generated hydrogen to methane.  The sulfur-dependent Archaea
obtain energy for growth by metabolizing elemental sulfur.95  This
group of Archaea can be subdivided into the anaerobic sulfur-
reducers and the aerobic sulfur-oxidizers.  Both groups of sulfur-
dependent Archaea are thermophilic.  However, the anaerobic
sulfur-reducers grow at and above 90°C, while the aerobic sulfur-
oxidizers generally grow at slightly lower temperatures.  Members
of the anaerobic sulfur-reducers include the genera Pyrococcus,
Thermococcus, and Pyrodictium; and members of the aerobic sulfur-
oxidizers include Sulfolobus, Stygiolobus, and Metallosphaera.

Characteristics of the Archaea
Although the Archaea are more closely related to the Eucarya

than to Bacteria, they are similar in morphology to the latter and
are classified morphologically as prokaryotes.   The size of their
genome is in the same range as typical bacterial genomes.96  They
have a polycistronic arrangement of their genes and a single RNA
polymerase.97  The majority of archaeal mRNA is not

92Smith, P. H., and Hungate, R. E. (1958) “Isolation and
characterization of Methanobacterium ruminantium n. sp.,” J.
Bacteriol. 75, 713-718.

93Zehnder, A. J. B. (1978) “Ecology of methane formation,” in
Water Pollution Microbiology (Mitchell, R. ed.), pp. 349-376, John
Wiley, New York.

94Wolfe, R. S., and Higgins, I. J. (1979) “Microbial
biochemistry of methane - A study in contrasts,” Int. Rev.
Biochem. 21, 293-350.

95Adams, M. W. W. (1995) “Thermophilic Archaea:  An overview,”
in Archaea A Laboratory Manual Thermophiles (Robb, F. T., and
Place, A. R., eds.), pp. 3-7, Cold Spring Harbor Laboratory Press,
Plainview, NY.

96Forterre, P., and Elie, C. (1993) “Chromosome structure, DNA
topoisomerases, and DNA polymerases in archaebacteria (archaea),”
in The Biochemistry of Archaea (Archaebacteria), (Kates, M.,
Kushner, D. J., and Matheson, A. T. eds.), pp. 325-366, Elsevier,
Amsterdam. 

97Zillig, W., Palm, P., Klenk, H., Langer, D., Hudepohl, U.,
Hain, J., Lanzendorfer, M., and Holz, I. (1993) “Transcription in
Archaea,” in The Biochemistry of Archaea (Archaebacteria), (Kates,
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polyadenylated.98  The archaeal enzymes involved in basic
metabolism are similar to enzymes found in Bacteria.99  These
enzymes include the ones that control transport across the cell
membrane of inorganic ions, such as potassium and sodium.    The
enzymes that catalyze anabolic reactions, especially those
involved with energy production and nitrogen fixation, are more
bacterial than eucaryal.   The enzymes involved in cell wall
synthesis, most notably those involved in polysaccharide
biosynthesis are similar to those found in Bacteria as are some of
those involved in cell division.100

The Archaea also have many eucaryal characteristics.  Archaea
use methionyl-tRNA for the initiation of protein synthesis.101  The
proteins involved in genome replication, transcription, and

M., Kushner, D. J., and Matheson, A. T. eds.), pp. 325-366,
Elsevier, Amsterdam.

98Amils, R., Cammarano, Piero, and Londei, P. (1993)
“Translation in archaea,” in The Biochemistry of Archaea
(Archaebacteria), (Kates, M., Kushner, D. J., and Matheson, A. T.
eds), pp. 325-366, Elsevier, Amsterdam. 

99Bult, C. J., White, O., Olsen, G. J., Zhou, L., Fleischmann,
R. D., Sutton, G. G., Blake, J. A., FitzGerald, L. M., Clayton, R.
A., Gocayne, J. D., Kerlavage, A. R., Dougherty, B. A., Tomb, J.,
Adams, M. D., Reich, C. I., Overbeek, R., Kirkness, E. F.,
Weinstock, K. G., Merrick, J. M., Gldeok, A., Scott, J. L.,
Geoghagen, N. S. M., Weidman, J F., Fuhrmann, J. L., Nguyen, D.,
Utterback, T. R., Kelley, J. M., Peterson, J. D., Sadow, P. W.,
Hanna, M. C., Cotton, M. D., Roberts, K. M., Hurst, M. A., Kaine,
B. P., Borodovsky, M., Klenk, H. Fraser, C. M., Smith, H. O.,
Woese, C. R., and Venter, J. C. (1996) “Complete genome sequence
of the methanogenic archaeon, Methanococcus jannaschii,” Science
273, 1058-1073. 

100Baumann, P., and Jackson, S. P. (1996) “An archaebacterial
homologue of the essential eubacterial cell division protein
FtsZ,” Proc. Natl. Acad. Sci. USA 93, 6726-6730.

101Guota, R. (1985) in The Bacteria, Vol. 8:  Archaebacteria
(Woese, C. R., and Wolfe, R. S., eds.), pp.311-343, Academic
Press, New York. 
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translation resemble eucaryal proteins.102,103  Promoter elements
include TATA box homologs.   Many archaeal ribosomal proteins
resemble eucaryal ribosomal proteins, and histone-like proteins
have been found associated with DNA in Archaea.104,105,106 

In addition to characteristics that are common with either
Eucarya or Bacteria, the Archaea have features that are unique.
In fact, a comparison of the genome of Methanococcus jannaschii,
the only archaeal genome sequenced to date, with that of other
organisms, showed that the sequences of 56% of the archaeon’s 1738
genes were unlike any found in the two other phylogenetic
domains.107  In archaeal membranes, the lipids consist of
derivatives of diacylglycerol diethers.108 These branch-chained
ether lipids form a rigid lipid monolayer instead of the bilayer
configuration formed by the straight-chain ester lipids found in
the Eucarya and Bacteria.  The ether structure of lipids found in

102Hausner, W., Wettach, J., Hethke, C., and Thomm, M. (1996)
“Two transcription factors related with the eucaryal transcription
factors TATA-binding protein and transcription factor IIB direct
promoter recognition by an archaeal RNA polymerase,” J. Biol.
Chem. 271, 30144-30148.

103Zillig, W., Steter, K. O., Wunderl, S., Schultz, W.,
Preiss, H., and Scholz, I. (1980) “The Sulfolobus- ‘Caldariella’
group:  Taxonomy on the basis of the structure of DNA-dependent
RNA polymerase,” Arch. Microbiol. 125, 259-269.

104Ramirez, C., Andrea Louie, K., and Matheson, A. T. (1989)
“A small basic ribosomal protein in Sulfolobus solfataricus
equivalent to L46 in yeast:  Structure of the protein and its
gene,” FEBS Letters 250, 416-418.

105Shimmin, L. C., Ramirez, C. Yee, Matheson, A. T., and
Dennis, P. P. (1989) “Sequence alignment and evolutionary
comparison of the L10 equivalent and L12 equivalent ribosomal
proteins from Archaebacteria, Bacteria, and Eucaryotes,” J. Mol.
Evol. 29, 448-462.

106Brown, J. W., Daniels, C. J., and Reeve, J. N. (1989) “Gene
structure, organization and expression in archaebacteria,”
Critical Rev. Microbiol. 16, 287-337.

107Bult, C. J. et al. “Complete genome sequence of the
methanogenic archaeon, Methanococcus jannaschii,” (1996) Science
273, 1017-1140.

108Kates, M. (1993) “Membrane lipids of Archaea,” in The
Biochemistry of the Archaea (Archaebacteria), (Kates, M., Kushner,
D. J., and Matheson, A. T., eds.), pp. 261-295, Elsevier,
Amsterdam.
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Archaea stabilizes the lipids over a wide range of pH, protects
against oxidative degradation, and imparts resistance to attack by
phospholipases released by other organisms.  Therefore, these
linkages may facilitate survival in extreme environments. 

In all Eucarya and many Bacteria, the Embden-Meyerhof
glycolytic pathway is used to generate energy in the form of ATP
from glucose.  However, some strictly aerobic bacteria use another
pathway called the Entner-Duodoroff pathway.109  In this pathway,
6-phosphofructokinase is absent.  Glucose-6-phosphate is oxidized
to 6-phosphogluconate and then dehydrated to form 2-keto-3-deoxy-
6-phosphogluconate.  In the halophilic Archaea, glucose is
catabolized via a semi-phosphorylated Entner-Duodoroff pathway.110
Glucose is oxidized to gluconate, dehydrated to 2-keto-3-
deoxygluconate, and then phosphorylated to give 2-keto-3-deoxy-6-
phosphogluconate.  Metabolism then proceeds via the normal Entner-
Duodoroff pathway.  The sulfur-dependent Archaea, Sulfolobus and
Thermoplasma, modify the Entner-Duodoroff pathway even further in
that 2-keto-3-deoxygluconate is cleaved directly to pyruvate and
glyceraldehyde with no net yield of ATP.

Although the enzymes involved in cell wall synthesis in
Archaea are similar to those found in Bacteria, the structure of
the cell envelope is different.111  Archaeal cell walls consist of
glycosylated proteins rather than the peptidoglycan structure in
Bacteria.  The flagella also possess a unique structural
morphology.

Among the three groups of Archaea, each displays unique
features not found in the other two groups of Archaea.  One
example of this is the cofactors used by methanogens for
methanogenesis.112  There are five cofactors in methanogens,
including methanofuran, methanopterin, factor 430, 7-
mercaptoheptanoylthreonine, and cobamide factor III, that are not
found in any other organism.  

109Cooper, R. A. (1986) in Carbohydrate Metabolism in Cultured
Cells (Morgen, M. J., ed.), pp.461-491, Plenum Press, New York.

110Danson, M. J. (1993) “Central metabolism of the Archaea,”
in The Biochemistry of the Archaea (Archaebacteria), (Kates, M.,
Kushner, D. J., and Matheson, A. T., eds.), pp. 2-24, Elsevier,
Amsterdam.

111Kandler, O., and Konig, H. (1993) “Cell envelopes of
Archaea:  Structure and chemistry,” in The Biochemistry of Archaea
(Archaebacteria), (Kates, M., Kushner, D. J., and Matheson, A. T.,
eds.), pp. 223-259, Elsevier, Amsterdam.

112DiMarco, A., Bobik, T. A., and Wolfe, R. S. (1990) “Unusual
coenzymes of methanogenesis,” Annu. Rev. Biochem. 59, 355-394.
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Protein phosphorylation in the Archaea
Currently, very little is known about protein phosphorylation

in the Archaea. Protein phosphorylation in Archaea was first
studied in 1980 in the halophilic archaeon Halobacterium
halobium.113  Two light-regulated phosphoproteins with molecular
weights of 80,000 and 100,000 had acid and hydroxylamine resistant
phosphate linkages suggesting the presence of  phosphoserine or
phosphothreonine residues.  A few years later, Skorko reported the
presence of proteins phosphorylated on serine and threonine
residues in the sulfur-dependent archaeon  Sulfolobus
acidocaldarius.114  When cells were radiolabelled in vivo and whole
cell extract was subjected to phosphoamino acid analysis, proteins
phosphorylated on serine and threonine were detected.  Four
phosphoproteins of 32, 42, 52, and 71 kDa were observed by SDS-
PAGE followed by autoradiography.  However, no kinase activity was
detected when partially purified cell extract was incubated with
eucaryal phospho-acceptor proteins. 

Recently, in another member of the genus, Sulfolobus
solfataricus, a protein-serine/threonine phosphatase (PP1-Arch)
has been purified and its gene cloned.115  The derived amino acid
sequence of PP1-Arch had the highest degree of similarity to
eucaryal protein phosphatases of the type 1/2A/2B superfamily.  An
examination of the sequence features conserved among these groups
suggested that the archaeal protein-serine/threonine phosphatase
should be classified as a type 1 protein phosphatase.  However,
this archaeal type 1 protein phosphatase homolog was insensitive
to common inhibitors of eucaryal protein phosphatase type 1
including okadaic acid, microcystin-LR and calyculin A.  In
contrast, okadaic acid-sensitive protein serine phosphatase
activity was detected in cell extracts of the methanogenic Archaea
Methanosarcina thermophila.116  

PP1-Arch is the only enzyme involved in protein-
serine/threonine phosphorylation that has been isolated from an
archaeon.  Halophilic Archaea are known to have two- component

113Spudich, J. L, and Stoeckenius, W. (1980) “Light-regulated
retinal-dependent reversible phosphorylation of Halobacterium
proteins,” J. Biol. Chem. 255, 5501-5503.

114Skorko, R. (1984) “Protein phosphorylation in the
Archaebacterium Sulfolobus acidocaldarius”, Eur. J. Biochem. 145,
617-622.

115Leng, J., Cameron, J. M. Buckel, S., and Kennelly, P. J.
(1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon”, J. Bacteriol. 177, 6510-6517.

116Cohen P. (1991) “Classification of protein-serine/threonine
phosphatases:  Identification and quantitation in cell extracts,”
Meth. Enzymol. 201, 389-398.
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regulatory systems similar to the CheA/CheY system in Bacteria.117
Also, three Methanococcus species possess open reading frames
whose potential products exhibit faint homology to eucaryal
protein-serine/threonine kinases.118 Whether the protein-
serine/threonine kinase gene homologs encode functional protein
kinases is unknown.

Specific aims and significance of this project
The principal premise underlying evolutionary theory is that

every organism on earth evolved from a common progenitor.119,120,121
As early organisms evolved, the Bacteria were the first to split
off from what then became the Archaea/Eucarya lineage.   The
Eucarya/Archaea continued to evolve as one group for some time,
but eventually split into two separate entities.  Therefore, of
the three kingdoms, the Eucarya and Archaea shared the longest
common evolutionary history and are more closely related to each
other than to the Bacteria.  

Because these two kingdoms shared a common heritage, the long
term goal of research in this laboratory is to answer the question
“does a phosphorylation system exist in the Archaea that is
similar to protein phosphorylation systems in the Eucarya?”
Protein phosphorylation has been extensively studied in Eucarya
but very little is known about protein phosphorylation in Archaea.
The aim of the research outlined herein is to begin to fill this
void.  Specifically, two questions will be answered. 

117Rudolph, J., Tolliday, N., Schmitt, C., Schuster, S. C.,
and Oesterhelt, D. (1995) “Phosphorylation in halobacterial signal
transduction,” EMBO J. 14, 4249-4257. 

118Smith, R. F., and K. Y. King (1995) “Identification of a
eukaryotic-like protein kinase gene in Archaebacteria,” Protein
Science 4, 126-129.

119Iwabe, N., Kuma, K. -I., Hasegawa, M., Osawa, S., and
Miyata, T. (1989) “Evolutionary relationship of archaebacteria,
eubacteria, and eukaryotes inferred from phylogenetic trees of
duplicated genes,” Proc. Natl. Acad. Sci. USA 86, 9355-9359.

120Gogarten, J. P., Kiblak, H., Dittrich, P., Taiz, L.,
Bowman, E. J., Bowman, B. J., Manolson, N. F., Poole, R. J., Date,
T., Oshima, T., Konishi, J., Denda, K., and Yoshida, M. (1989)
“Evolution of the vacuolar H+ -ATPases: Implications for the origin
of eukaryotes,” Proc. Natl. Acad. Sci. USA 86, 6661-6665.

121Brown, J. R., and Doolittle, W. F. (1995) “Root of the
universal tree oflife based on ancient aminoacyl-tRNA synthetase
gene duplications,” Proc. Natl. Acad. Sci. USA 92, 2441-2445.
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1)  What are the identities of the most visually prominent
phosphoproteins in Sulfolobus solfataricus, and are they
involved in signal transduction cascades?
2)  Does a protein serine/threonine phosphatase similar to
PP1-Arch exist in other Archaea?
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Figure 1.  Phylogenetic tree showing the three domains,
Archaea, Bacteria, and Eucarya, arising from a common
progenitor.  Adapted from C. R. Woese.122

122Woese, C. R. (1994) “There must be a prokaryote somewhere:
Microbiology’s search for itself,”  Microbiological Reviews  58,
1-9.
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CHAPTER II

MATERIALS

Unless specifically stated, all chemicals were purchased from
Fisher or Sigma and were of analytical or HPLC grade.  All
radioisotopes were from Du Pont-New England Nuclear.   Kodak Bio-
Max MR X-ray film was purchased from Sigma.  Spectrophotometric
measurements were performed on a Hitachi UV-2000
Spectrophotometer, and the pH of solutions was measured on an
Accumet Model 10 pH meter.  

Materials for protein purification and enzyme assays
Hydroxyapatite was from Bio-Rad.  Affinity DyeMatrex Gel Blue

A and Blue B resins were from Amicon.  DE-52 cellulose was from
Whatman.  Sephadex G-25 was from Sigma and Sephacryl S-200 and
chelating Sepharose were from Pharmacia.  Bradford reagent and
standardized solutions of BSA were from Pierce.   The Mini-PROTEAN
II electrophoresis cell from Bio-Rad was used for SDS-PAGE.  The
preparatory electrophoresis cell was Model 491 from Bio-Rad.
Okadaic acid was from LC Services Corporation.  Microcystin-LR and
calyculin A were from Gibco, BRL.  Tautomycin was from Calbiochem.
Protein-serine/threonine phosphatase inhibitor 2 was from New
England Biolabs, Inc.  Eco-Lume liquid scintillation mixture was
from ICN.  Scintillation counting was performed on a Beckman
LS5800 scintillation counter.  Cellulose thin-layer plates were
from EM Science.  Protein sequencing was performed at the
Biomolecular Research Facility, University of Virginia .

Materials for molecular biology
The agarose gel electrophoresis apparatus and nucleic acid

sequencing electrophoresis apparatus were from Owl.  Restriction
enzymes were from Promega or USB.  Tris-buffered
phenol:chloroform:isoamyl alcohol (25:24:1) was from Sigma.
Shrimp alkaline phosphatase, Tris-buffered phenol, PEG 8000 and
pUC 118 were from United States Biochemical.  The Taq polymerase
PCR kit was from Perkin Elmer Cetus.    T4 DNA ligase, T4
polynucleotide kinase, Proteinase K, pGEM-3Z, 5-bromo-4-chloro-3-
indolyl-β-D-galactoside (X-gal), isopropyl-β-thiogalactopyranoside
(IPTG), Wizard PCR Preps, Wizard Mini-preps, and Wizard DNA Clean-
up System were from Promega.  Escherichia coli strain
BL21(DE3)pLysS was from Novagen, and pRSET C was from Invitrogen.
Oligonucleotides were synthesized by DNAgency.

GENERAL PROCEDURES

Growth of Organisms
Escherichia coli was grown on LB medium (10 g/l tryptone, 5

g/l yeast extract, 10 g/l NaCl, pH adjusted to 7.0 with NaOH) with
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the appropriate antibiotic123.  For daily use, E. coli strains were
streaked on LB agar plates.  For long term storage, aliquots of
overnight cultures were mixed with sterile glycerol to a final
concentration of 15% (v/v) glycerol and frozen at -70°C.

Methanosarcina thermophila cells were grown anaerobically on
acetate in a 10 liter pH auxostat, harvested using a continuous-
flow centrifuge, and frozen at -70°C as described by Sowers et
al.124

Sulfolobus solfataricus [ATCC 35091] was grown on medium
consisting of 1 g/l yeast extract, 1 g/l casamino acids, 3.1 g/l
KH2PO4, 2.5 g/l (NH4)2SO4, 0.2 g/l MgSO4.7H2O, 0.25 g/l CaCl2.2H2O,
1.8 mg/l MnCl2.4H2O, 4.5 mg/l Na2B4O7.10H2O, 0.22 mg/l ZnSO4.7H2O,
0.05 mg/l CuCl2.2H2O, 0.03 mg/l Na2MoO4.2H2O, 0.03 mg/l VOSO4.2H2O,
0.01 mg/l CoSO4.7H2O.  The pH was adjusted to 4.0 with H2SO4.125

The organism was grown in batch culture with aeration at 70°C.
Cells were harvested via centrifugation and stored at -20°C.

Protein assays
The amount of protein in a sample was quantitated according

to Bradford126 using the Coomassie protein assay reagent from
Pierce.  Bovine serum albumin (0 - 20 µg) in H2O was used to
generate a standard curve, and the absorbance of the protein-dye
complex in the assays was measured at 595 nm.

SDS-polyacrylamide gel electrophoresis
SDS-polyacrylamide gels (10% (w/v) acrylamide and 12.5% (w/v)

acrylamide) and running buffer were prepared as described by
Laemmli.127   Protein samples were prepared by mixing them in a 1:1
(v/v) ratio with SDS-PAGE sample buffer consisting of 36% (w/v)

123Sambrook, J, Fritsch, E. F., and Maniatis, T. (1989)
Molecular Cloning, A Laboratory Manual (2nd edition), Cold Spring
Harbor Laboratories, Plainview, New York.

124Sowers, K. R., Nelson, M. J., and Ferry, J. G. (1984)
“Growth of acetotropic, methane-producing bacteria on a pH
auxostat,” Curr. Microbiol. 11, 227-230.

125de Rosa, M., Gambacorta, A., and Bullock, J. D. (1975)
“Extremely thermophilic acidophilic bacteria convergent with
Sulfolobus acidocaldricus,” J. Gen. Microbiol. 86, 156-164

126Bradford, M. M. (1976) “A rapid and sensitive method for
the quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding,” Analytical Biochemistry 72,
248-254.

127Laemmli, U. K. (1970) “Cleavage of structural proteins
during the assembly of bacteriophage T4,” Nature 227, 680-685.
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glycerol, 4.5% (w/v) SDS, 0.045% (w/v) bromophenol blue and 10%
(v/v) 2-mercaptoethanol.  The mixture was heated for 5 minutes at
100°C and then loaded on the gel.   Bio-Rad Low Molecular Weight
Markers or Low Molecular Weight Prestained Markers were used to
estimate the approximate molecular weights of the proteins.  Gels
were stained with Coomassie Brilliant Blue and destained as
described by Fairbanks et al.128  The gels were dried between
sheets of gel drying film (Promega) according to the
manufacturer’s protocols.   

PROCEDURES FOR IDENTIFYING THE PROMINENT PHOSPHOPROTEINS
IN SULFOLOBUS SOLFATARICUS

Phosphoamino acid analysis of the radiolabelled
phosphoproteins

The identity of the phosphoamino acids present in the 50 kDa
and 46 kDa phosphoproteins was determined by Ken Bischoff.
Briefly, Sulfolobus solfataricus cell extracts were incubated with
2 µl [γ-32P] ATP (6000 Ci/mmol, 150 µCi/µl), 50 µM ATP, 5 mM MgCl2,
and/or 5 mM MnCl2 in a total volume of 20 µl at either 70°C or 25°C
for 15 minutes.   The proteins in the extracts were separated by
SDS-PAGE and transferred to PVDF membrane using Towbin transfer
buffer129 (25 mM Tris, 192 mM glycine and 20% methanol) and the
Trans-Blot Semi-Dry Electrophoretic Transfer Cell (Bio-Rad)
according to the manufacturer’s instructions.  Protein that had
transferred to the PVDF membrane was detected by staining the
membrane in a solution of 40% methanol, 1% acetic acid containing
0.1% (w/v) Coomassie Brilliant Blue R-250.130 The membrane was then
destained in 40% methanol.  The [32P] phosphorylated proteins were
then located by subjecting the membrane to autoradiography. The
region of the membrane containing the phosphoprotein to be
analyzed was excised and incubated in 6 N HCl for 1 hour at 110°C.
Next, the membrane was removed, and the liquid containing the
hydrolysate was evaporated in a CentriVap Concentrator, Labconco.
The hydrolysate was dissolved in 5 to 10 µl pH 1.9 buffer

128Fairbanks, G., Steck, T. L., and Wallach, D. F. H. (1971)
“Electrophoretic analysis of the major polypeptides of the human
erythrocyte membrane,” Biochemistry 10, 2606-2617.

129Towbin, H., Staehelin, T., and Gordon, J. (1979)
“Electrophoretic transfer of proteins from polyacrylamide gels to
nitrocellulose sheets:  Procedure and some applications,” Proc.
Natl. Acad. Sci. USA 76, 4350-4354.

130Aebersold, R. (1989) “Internal amino acid sequence analysis
of proteins after in Situ protease digestion on nitrocellulose,”
in A Practical Guide to Protein and Peptide Purification for
Microsequencing (Matsudaira, P., ed.), pp. 71-88, Academic Press,
San Diego, California.
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consisting of 7.8% glacial acetic acid and 2.5% formic acid.
Two dimensional thin layer electrophoresis was used to

resolve the phosphoamino acids in the hydrolysate.131   Xylene
cyanole, 0.5 µl of 1 mg/ml solution, was applied in two spots onto
a 10 x 10 x 0.1 cm cellulose thin layer chromatography plate
without fluorescent indicator.  The first spot was located 2 cm
from the bottom and 6 cm from the left side of the TLC plate.  The
second spot was 2 cm from the bottom and 8 cm from the left side
of the TLC plate.  A 1 µl mixture of 5 mM each phosphoserine,
phosphothreonine, and phosphotyrosine was applied 2 cm from the
bottom and 7 cm from the left side between the two xylene cyanole
spots.  All spots were dried with an air gun.  The hydrolysate was
then applied in 0.5 µl aliquots coincident with the phosphoamino
acid mixture, i.e. 2 cm from the bottom and 7 cm from the left
side of the TLC plate.  Between each application, the spot was
dried with an air gun.  

The electrophoresis unit used to separate the phosphoamino
acids on the TLC plate was a Pharmacia LKB Multiphor II.   The
phosphoamino acids were separated in the first dimension by
electrophoresis using the pH 1.9 buffer.  The voltage settings for
the power supply were 50 volts for 2 minutes followed by 250 volts
for 2 minutes, 500 volts for 2 minutes, and 1000 volts for 15
minutes.  The TLC plate was then dried and placed  on the
Multiphor II at the same position as before except rotated 90°
clockwise.  The phosphoamino acids were separated in the second
dimension using pH 3.5 buffer (5 % glacial acetic acid, 0.5%
pyridine).  The voltage settings for the power supply were 30
volts for 5 minutes followed by 60 volts for 2 minutes, 125 volts
for 2 minutes, 250 volts for 56 minutes.  In order to visualize
the three phosphoamino acid standards, the TLC plate was air-dried
and sprayed with 0.2% (w/v) ninhydrin in acetone.  The plate was
then baked for five minutes at 80°C.  Since the color from the
ninhydrin fades with time,  the location of the phosphoamino acid
standards was marked on the TLC plate using a pencil.  The
location of the [32P] phosphoamino acids from the sample protein
was then determined by autoradiography. 

Enzymatic assays of the 35 kDa phosphoprotein
Sulfolobus solfataricus cell extract for assaying the

enzymatic activity of the 35 kDa phosphoprotein was prepared by
the following procedure.  Frozen S. solfataricus cells (1 g) were
thawed and resuspended in 10 ml of 20 mM MES (pH 6.5) containing
0.5 mM EDTA.  The cells were lysed by sonication, and the lysate
was centrifuged at 100,000x g for 60 minutes.  The supernatant
liquid which contained the soluble cell extract was passed through
a G-25 column (3 x 30 cm) and was subsequently stored at 4°C.  

131Cooper, J. A., Sefton, B. M., and Hunter, T. (1983)
“Detection and quantitation of phosphotyrosine in proteins,” Meth.
Enzymol. 99, 387-402. 
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Substrate specificity of the 35 kDa protein was determined in
an assay containing the [32P] labeled cytosol fraction (15 µg of
protein), 0.1 mM MgCl2, and 1 mM of different citric acid cycle
intermediates, nucleoside diphosphates, or nucleoside
monophosphates in a volume of 30 µl.  Reactions were incubated at
37°C for 15 minutes and then terminated by addition of SDS-PAGE
sample buffer.  Following electrophoresis on a 10% SDS-
polyacrylamide gel and autoradiography, [32P] phosphate bound to
the 35 kDa phosphoprotein was measured using a Packard Instruments
Instant Imager, Hewlett Packard.

The dependence of the dephosphorylation of the [32P] 35 kDa
phosphoprotein upon divalent metal ions was determined by
incubating the [32P] labeled cytosol fraction (15 µg protein), with
either 1 mM succinate or 1 mM ADP, and 5 mM of the metal ion in
question in a total volume of 30 µl.  Following a 30 minute
incubation at 37°C, reactions were terminated by addition of 10 µl
SDS-PAGE sample buffer, and 20 µl of the assay mixtures were
subjected to SDS-PAGE and autoradiography.  Portions of the gel
containing the [32P] 35 kDa phosphoprotein were excised and the
protein-associated radioactivity was quantitated using
scintillation counting.

Enzymatic assays of the 50 kDa phosphoprotein
Substrate specificity and metal ion dependence of the 50 kDa

protein were determined using partially purified extracts of the
[32P] 50 kDa phosphoprotein.   The partially purified extracts were
prepared by the following procedure. Frozen S. solfataricus cells
(15 g) were thawed and resuspended in 20 mM MES pH 6.5 containing
50 mM NaCl, 0.5 mM EDTA, 1 mm PMSF, to a final volume of 20 ml.
Cells were lysed by sonication.  The lysate was centrifuged at
100,000x g for 90 minutes.  The supernatant liquid was saved as
the soluble cell extract.  The soluble cell extract (12.5 ml,  42
mg/ml protein) was incubated in a final volume of 15 ml with 25 µM
ATP,  30 µl [γ-32P] ATP (6000 Ci/mmol, 150 µCi/µl), 5 mM MgCl2 and 5
mM MnCl2 for 15 minutes at 25°C.  Unincorporated ATP was removed by
applying the cell extract to a DE-52 column (3 x 35 cm) that had
been equilibrated in 20 mM MES, pH 6.5, 50 mM NaCl, 0.5 mM EDTA.
The protein that flowed through the column was collected and
dialyzed overnight against 20 mM MES, pH 6.5, 0.5 mM EDTA to
remove the MgCl2 and MnCl2.  The presence of the 50 kDa
phosphoprotein in the flow-through fraction was confirmed by SDS-
PAGE followed by autoradiography.  

Substrate-induced removal of radiolabel from the [32P] 50 kDa
phosphoprotein was assayed at 70°C in a reaction mixture
containing 5 µM  substrate, 10 mM metal, and 135 µg protein in a
total volume of 20 µl.  Reactions were initiated by adding the
flow-through fraction from above.  The reaction mixtures were
incubated for 4 minutes and then terminated by adding 10 µl of SDS-
PAGE sample buffer.  A portion of the resulting mixture (20 µl) was
resolved into its component polypeptides on a 10% SDS-
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polyacrylamide gel.   The gel was stained, destained, dried, and
exposed to X-ray film.  After visualization by autoradiography,
the portion of the gel containing the 50 kDa phosphoprotein was
excised from each lane, the gel slice placed in a scintillation
vial containing 1 ml of scintillation fluid, and counted in a
scintillation counter. 

Transfer of [32P] phosphate from [32P] glucose-6-phosphate to
the 50 kDa protein was examined in assays containing 75 µg protein,
15 to 25 µM [32P] glucose-6-phosphate, and 10 mM MgCl2 in a final
volume of 20 µl.  The reactions were incubated at 70°C for 5
minutes.  Parallel reactions contained 75 µg protein, 1 µl [γ-32P]
ATP, 25 µM ATP, and 10 mM MgCl2 in a final volume of 20 µl.
Reactions were terminated by adding 20 µl of SDS-PAGE sample
buffer.  A portion of each reaction mixture (30 µl) was separated
on a 10% SDS-polyacrylamide gel.  The gel was stained, destained,
dried, and subjected to autoradiography.

The [32P] glucose-6-phosphate used in these assays was
synthesized in a mixture containing 40 mM Tris-HCl (pH 7.5), 2 mM
glucose, 10 µl [γ-32P] ATP, 2 mM ATP, 10 mM MgCl2, and 25 U
hexokinase in a total volume of  0.5 ml.  The mixture was
incubated 30 minutes at 25°C.  Ammonium hydroxide (0.1 M, 200 µl)
was added to adjust the pH of the mixture to 8.5.  The [32P]
glucose-6-phosphate was separated from unreacted glucose and ATP
on a Bio-Rad Anion Exchange AG 1-X8, 200-400 mesh column (1 x 5
cm).132  The column had been equilibrated with 0.001 M ammonium
hydroxide.  The mixture was applied to the column, and the flow
through was collected.  Next, the column was washed with 15 ml of
0.001 M ammonium hydroxide followed by 15 ml of 0.025 M NH4Cl, 0.01
M K2B4O7.  The [32P] glucose-6-phosphate was then eluted from the
column with 15 ml of 0.02 N HCl.  

The presence of [32P] glucose-6-phosphate in the reaction
mixture and the column fractions was determined in  a NADP-linked
assay consisting of a 150 µl aliquot of the fraction to be examined
and 1 ml of 40 mM Tris-HCl (pH 7.5) containing 4 mM MgCl2, 0.5 mM
NADP, and 0.25 U glucose-6-phosphate dehydrogenase.  Glucose-6-
phosphate (0 to 15 µg) was used to generate a standard curve.  The
reactions were incubated 30 minutes at 25°C.  The amount of NADPH
produced in the assay mixtures from the conversion of glucose-6-
phosphate to 6-phosphogluconate coupled to the reduction of NADP
to NADPH + H+ was measured on the spectrophotometer at a wavelength
of 340 nm.

132Benson, A. A. (1957) “Sugar phosphates, paper and column
chromatography,” Meth. Enzymol. 3, 111-129.
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PROCEDURES FOR ISOLATING AND EXPRESSING THE GENE ENCODING
A PROTEIN-SERINE/THREONINE PHOSPHATASE FROM METHANOSARCINA

THERMOPHILA

Solutions for molecular biology
The directions for making stock solutions of ampicillin,

stock solutions of 5-bromo-4-chloro-3-indolyl-β-galactoside (X-
gal), stock solutions of chloramphenicol, 50x Denhardt’s reagent,
0.5 M EDTA, 6x gel-loading buffer type IV, stock solutions of
isopropylthio-β-D-galactoside (IPTG), Luria Broth (LB), 3 M sodium
acetate (pH 5.2), 20x SSPE, 20x SSC, 50x Tris-acetate (TAE),
Terrific Broth (TB), 5x Tris-borate (TBE), and TE (pH 8.0) are in
the appendices of Molecular Cloning, A Laboratory Manual.133  The
recipes for L broth, L plates, L soft agarose, phage buffer, and
SM buffer were in the directions supplied with the Lambda DNA
Prep-Eze Kit from 5 Prime - 3 Prime.   

Ligations and transformations
Following cleavage with the appropriate restriction enzyme,

plasmids were dephosphorylated with shrimp alkaline phosphatase.
The alkaline phosphatase (2 to 5 units) was added directly to the
restriction enzyme digest, and the mixture was incubated for 30 to
60 minutes at 37°C.  The enzyme was then inactivated by incubating
the mixture at 65°C for 15 minutes.  Restriction digested DNA was
ligated into plasmids in a mixture consisting of approximately
0.05 pmol plasmid, 3:1 mole ratio of insert to plasmid, 1 µl of l0x
ligase buffer (Promega) containing 10 mM ATP, and 3 units of T4
DNA ligase in a final volume of 10 µl.  Typically, ligation
mixtures were incubated from 4 hours to overnight at 15°C.
Following the ligation, transformation was performed by adding the
ligation mixture to 100 µl of thawed competent cells on ice.  The
cells were incubated on ice for 30 minutes, then heat shocked at
42°C for 2 minutes.  LB (1 ml) was added, and the cells were
incubated for 1 hour at 37°C.  The transformed cells were then
plated (100 µl/plate) on LB plates with the appropriate antibiotic,
X-gal (800 µg/plate), and IPTG (800 µg/plate) as needed.  The
plates were incubated overnight at 37°C.     

Isolation of Methanosarcina thermophila genomic DNA 
Genomic DNA was isolated following a variation of a protocol

by Marmur.134  Methanosarcina thermophila  cells (3 g) were
suspended in 20 ml of TE.  The cells were passed twice through a

133Sambrook, J., Frisch, E. F., and Maniatis, T. (1989)
Molecular Cloning, A Laboratory Manual (2nd edition), Cold Spring
Harbor Laboratories, Plainview, New York.

134Marmur, J. (1961) “A procedure for the isolation of
deoxyribonucleic acid from microorganisms,” J. Mol. Biol. 3, 208-
218.
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French pressure cell, and a solution (20 ml) of 100 mM Tris-HCl
(pH 8.0), containing 0.3 M NaCl, 20 mM EDTA, 2% (w/v) SDS, 2%
(v/v) 2-mercaptoethanol, and 100 µg/ml Proteinase K was added to
the lysed cells.  The lysate was heated to 50°C, and 5 ml of 5 M
Na2ClO4 preheated to 50°C was added to the lysate.   This mixture
was incubated for 4 hours at 50°C or until it was no longer
cloudy. It was then divided into two equal fractions in Nalgene
polypropylene centrifuge tubes. Next, 15 ml of Tris-buffered
phenol:chloroform:isoamyl alcohol 25:24:1 (Sigma) was added to
each fraction, and the mixture was shaken for 20 minutes.  In
order to separate the phenol:chloroform:isoamyl alcohol from the
aqueous layer containing the DNA, the fractions were subjected to
centrifugation at 17,000 g for 10 minutes.  The aqueous layers
were decanted into clean centrifuge tubes, and the phenol
extraction was repeated until a protein layer was no longer
visible at the interface between the aqueous and phenol  layers.
This typically required a total of three extractions.

After the aqueous layers were decanted from the final phenol
extraction, they were combined, and 0.6 volumes of isopropanol
were added.  The mixture was incubated for 15 minutes at room
temperature, then centrifuged at 5,000x g for 10 minutes.  The
supernatant liquid was poured off and the DNA/RNA pellet at the
bottom of the centrifuge tube was washed with 80% (v/v) ethanol.
The pellet was air dried at room temperature.  After the pellet
had dried, 20 ml of TE was added.  The DNA was incubated at either
room temperature with occasional gentle shaking or 4°C overnight
until the DNA was resuspended in the TE.  Ribonuclease A (0.25 mg)
was added to the resuspended DNA, and the DNA was incubated at
37°C for one hour.  Chloroform:isoamyl alcohol 24:1 (5 ml) was
added.  The mixture was shaken and then centrifuged at 17,000x g
for 10 minutes.  The top, aqueous layer was transferred to a clean
centrifuge tube, mixed with 0.1 volume of 3 M sodium acetate (pH
5.2) and 2 volumes 100% ethanol, and centrifuged at 17,000 g for
10 minutes.  The liquid was decanted, and the DNA pellet was
washed with 70% ethanol.  The DNA was dried at room temperature
and resuspended in 5 ml of TE.

Polymerase chain reaction
The reaction mixture for DNA amplification using the

polymerase chain reaction contained 0.5 to 2 µg of genomic DNA or
100 ng plasmid DNA; 1 µM of each primer;  200 µM each dATP, dGTP,
dCTP, and dTTP; 4 mM MgCl2; and 1x reaction buffer (Perkin Elmer)
in a total volume of 50 µl.   The thermocycler was a GeneAmp PCR
system 9600 temperature cycler (Perkin Elmer Cetus).  For
amplification of genomic DNA to obtain the approximately 100 base
pair piece of the Methanosarcina phosphatase, the cycler was
programmed for an initial 3 minute incubation period at 94°C to
denature the template DNA followed by three cycles of denaturing
at 94°C for 30 seconds, annealing at 55°C for 1 minute, and
elongating at 72°C for 1 minute.  For the next 27 cycles, the
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annealing temperature dropped 1°C every third cycle.135 For
amplification of genomic DNA to obtain the entire Methanosarcina
phosphatase gene, the cycler was programmed for an initial 3
minute incubation period at 94°C followed by a cycle of denaturing
at 94°C for 30 seconds, annealing at 60°C for 30 seconds, and
elongating at 72°C for 2 minutes.  For the next 39 cycles, the
annealing temperature decreased 0.2°C/cycle. 

Southern blotting of Methanosarcina genomic DNA 
Methanosarcina thermophila  genomic DNA was divided into 100

µg portions.  Each portion was digested with a different
restriction enzyme.  Digested DNA was separated by electrophoresis
on a 0.7% agarose gel in TAE.  The agarose gel was then soaked in
0.25 M HCl for 10 minutes to fragment the DNA; in 0.5 M NaOH, 1.0
M NaCl two times for 20 minutes each to denature the DNA; and
finally in 0.5 M Tris (pH 7.5), 1.5 M NaCl two times for 20
minutes each to neutralize the DNA.  The above protocol was found
in the Micron Separations, Inc. (MSI) Catalog.  The DNA was
transferred to a MSI Magna NT nylon membrane by the downward
capillary transfer method as described by Ausubel et al.136  The
membrane was baked at 80°C for one hour to immobilize the DNA.
The baked membrane was placed in a heat-sealable pouch with 9 ml
of hybridization solution and soaked for 2 hours at 50°C
(prehybridization).  The hybridization solution consisted of 5x
SSPE, 5x Denhardt’s solution, 100 µg/ml denatured salmon sperm, and
0.5% (w/v) SDS.  

Oligonucleotides (15 pmol) were 32P-labeled in a reaction
containing 100 pmol of [γ-32P] ATP (6 µCi/pmol), 1 µl of 10x T4
polynucleotide kinase buffer, and 10 U of T4 polynucleotide kinase
in a total volume of 10 µl.  The reaction was incubated in a 0.6 ml
microcentrifuge tube for 30 minutes at 37°C.  Water was added to
the reaction to bring the volume to 50 µl, and the mixture was
fractionated on a Biospin 6 column (Bio-Rad) according to the
protocol provided by the supplier to separate the 32P-labelled
oligonucleotides from unused [γ-32P] ATP.

Hybridization was initiated by combining the 32P-labelled
oligonucleotides with 1 ml hybridization solution, then adding
this mixture to the membrane in hybridization solution from above.
The bag was resealed, and the membrane/oligonucleotide mixture was
incubated overnight at 50°C.  After the hybridization was
complete, the membrane was removed from the hybridization solution
and washed three times at room temperature in 2 x SSPE, 0.5% SDS

135Roux, K. H. (1994) “Using mismatched primer-template pairs
in touchdown PCR,” BioTechniques 16, 812-814.

136Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D.,
Seidman, J. G., Smith, J. A., and Struhl, K. (1987) Current
Protocols in Molecular Biology, John Wiley and Sons, Inc., New
York.
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for 15 minutes each time.  The membrane was then washed at 50°C
for 15 minutes in the same solution, wrapped in plastic wrap, and
subjected to autoradiography.

Construction of a Methanosarcina thermophila genomic DNA
library in Lambda GEM-12

The protocol supplied with the Lambda GEM-12 Xho I Half-Site
Arms kit (Promega) was used as a guideline to construct the
genomic library.  Initially, aliquots of M. thermophila genomic
DNA were partially digested with different amounts of the
restriction enzyme Sau3A I to obtain the highest number of
digested fragments in the 15 to 23 kb range.  Once the optimal
concentration of Sau3A I was determined, the restriction digest
was scaled up to generate enough digested DNA fragments for
construction of a genomic library in Lambda GEM-12.  The ends of
the digested DNA were partially filled-in using deoxynucleotides
supplied with the kit.   This partial fill-in prevents self-
ligation making genomic DNA size fractionation unnecessary.  The
digested DNA was then ligated into the Lambda GEM-12 Xho I half-
site arms, and the ligation mixtures were packaged in Packagene
Extract supplied with the Half-site Arms kit and stored at 4°C. 

Transferring phage to nitrocellulose membranes
Before transferring the phage to nitrocellulose,  it is

important to first determine the optimal number of plaques needed
per plate; therefore, the packaged phage was titered on LB plates.
Escherichia coli LE392 was used to inoculate 3 ml of LB medium
supplemented with 0.2% (w/v) maltose  and 10 mM MgSO4, and the
culture was shaken overnight at 37°C.  The next day, 30 ul of the
overnight culture was used to inoculate 3 ml of LB medium
supplemented with 0.2% (w/v) maltose and 10 mM MgSO4.  The culture
was shaken at 37°C until the OD600 was between 0.6 and 0.8.  The
cultures were then put on ice.  The packaging reactions were
diluted in phage buffer 1:500, 1:1000, 1:5000, and 1:10000.  The
diluted phage (100 µl) was added to 100 µl of the bacterial cells
in 5 ml tubes.  The tubes were then incubated at 37°C for 30
minutes.  Molten top agarose (3 ml, 45°C) was added to the tubes.
The tubes were quickly inverted, and the contents of the tubes
poured onto LB plates prewarmed to 37°C.  After the top agarose
had hardened, the plates were inverted and incubated overnight at
37°C.   

The phage dilution that produced the highest number of
individual plaques per plate was used to make additional phage
plates for transfer of phage to nitrocellulose filters.  These
phage plates were made by the procedure described above with one
modification.  The plates were incubated at 37°C until the plaques
were pinpoint size.  The plates were then hardened at 4°C
overnight. NitroPure nitrocellulose membranes (Micron Separations
Inc.) were placed on top of the phage plates for 5 minutes.  The
membranes were then removed from the plates and dried at room
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temperature for 10 to 20 minutes.  The membranes were placed,
plaque side up, on Whatman 3MM paper saturated with 0.2 M NaOH
containing 1.5 M NaCl for 2 minutes.  The membranes were then
transferred, plaque side up, to Whatman 3MM paper saturated with
0.4 M Tris-HCl, pH 7.6, 2 x SSC for 2 minutes followed by
incubation for 2 minutes on Whatman 3MM paper saturated with 2 x
SSC. The DNA was immobilized on the membranes by drying the
membranes at 80°C in a vacuum oven for 90 minutes.       

Screening the genomic DNA library with 32P labelled
oligonucleotides

The oligonucleotides were labeled and the membranes were
hybridized by the procedure described above under “Southern
blotting of Methanosarcina thermophila genomic DNA.”

Isolating Lambda DNA and subcloning the DNA into plasmids
Phage plaques were removed as plugs from agar plates using a

Pasteur pipet and expelled into 1 ml of SM buffer.  The mixture
was incubated for 1 hour at room temperature and stored at 4°C.
Before the Lambda DNA was purified, the number of plaque forming
units (PFU) per ml of SM buffer was determined using the serial
dilution method as described in Molecular Cloning, A Laboratory
Manual.137  

Plate lysates were prepared for Lambda DNA isolation by
combining, in a 4 ml sterile capped polypropylene tube, an amount
of phage in SM buffer equal to 107 to 108 PFU (typically 10 to 20
µl), 100 µl of lambda diluent supplied with the PREP-Eze kit (5
Prime - 3 Prime), and 100 µl of an overnight culture in L broth of
E. coli LE392.  The mixture was incubated for 20 minutes at 37°C.   

After the 20 minute incubation, melted L soft agarose (2.5
ml, 48°C) was added to each of the tubes containing phage infected
E. coli. The tubes were capped and quickly inverted.  Then, the
contents of the tubes were poured over 100 mm L plates that had
been preincubated at 37°C.  After the agarose had solidified, the
plates were incubated for 6 to 8 hours at 37°C until phage plaques
appeared.  The plates were then incubated at 4°C for 15 minutes.
Cold lambda diluent (5 ml) was added to each of the plates and the
plates were incubated overnight at 4°C with gentle shaking.  The
liquid covering the surface of the plates containing the extracted
phage was removed and transferred to a sterile centrifuge tube,
then  centrifuged at 4500x g for 10 minutes.  The supernatant
liquid was transferred to a clean, sterile tube.  Phage DNA was
then isolated from the phage lysate exactly as described in the
PREP-Eze Method for Lambda DNA Preparation supplied with the Prep-
Eze kit. 

137Sambrook, J., Fritsch, E. F., Maniatis, T. (1989) Molecular
Cloning, A Laboratory Manual, (2nd edition), Cold Spring Harbor
Laboratory Press, Plainview, New York.
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DNA sequencing
Plasmids used as templates for DNA sequencing were isolated

from overnight cultures of E. coli grown in TB.  The overnight
culture (1.5 ml) was transferred to a microcentrifuge tube and
centrifuged at 12,000x g for 20 seconds.  The supernatant liquid
was removed, and the cell pellet was resuspended in 200 µl of TE.
Cells were lysed by adding 200 µl of 0.2 M NaOH containing 1% (w/v)
SDS and slowly and repeatedly inverting the tube.  The lysate was
then neutralized by adding 200 µl of 3 M sodium acetate (pH 5.2).
This mixture was incubated on ice for 20 minutes, then centrifuged
at 12,000x g for 8 minutes.  The supernatant liquid was
transferred to a microcentrifuge tube and extracted with 1 volume
of Tris-buffered phenol (United States Biochemicals).  The top,
aqueous, layer was transferred to another microcentrifuge tube.
Plasmid DNA and RNA were precipitated by adding 0.6 volumes of
isopropanol to the aqueous layer and incubating on ice for 15
minutes.  DNA was then pelleted by centrifugation at 12,000x g for
15 minutes.  The pellet was washed twice in 70% ethanol and dried
in a speed vac.

The DNA was resuspended in 32 µl of H2O containing 20 µg of
ribonuclease A (Sigma).  The suspension was incubated at 37°C for
30 minutes to degrade the RNA.  Plasmid DNA was precipitated by
adding 8 µl of 5 M NaCl, 40 µl of 13% (w/v) PEG 8000, incubating on
ice for 20 minutes, and centrifuging at 12,000x g for 15 minutes.
The pellet was washed twice in 70% ethanol and dried in a speed
vac.

The tube containing the pelleted, denatured DNA was placed on
ice, and 7 µl H2O was added to resuspend the DNA.  Oligonucleotides
(1 µl of a 3 µM stock) used as primers for DNA sequencing were
added to the resuspended DNA along with 2 ul of sequencing buffer
supplied with the Sequenase kit (USB).  The mixture was heated at
65°C for 3 minutes, and then over a 15 to 20 minute period, slowly
cooled from 65°C to 37°C to allow the primers to anneal to the
denatured plasmids.    The mixtures were placed on ice and
sequencing reactions performed according to the protocol provided
in the Sequenase kit.

Sequencing gels for analysis of the sequencing reactions were
prepared as described in the directions supplied with the Long
Ranger acrylamide solution (J. T. Baker).  Briefly, one of the
glass sequencing plates was silanized with Sigmacote (Sigma)
according to the manufacturer’s instructions.  The plates and gel
spacers were then assembled.  A solution was prepared containing 9
ml of Long Ranger Gel Solution (J. T. Baker), 37.5 g urea, and 15
ml of 5x TBE buffer in a total volume of 75 ml.  Immediately prior
to pouring the solution between the glass plates, 50 µl of TEMED
and 500 µl of 10% ammonium persulfate were added.  After the gel
was poured, the acrylamide was allowed to polymerize for at least
1 hour before running the gel.  Sequencing gels were run in 1x TBE
buffer at a constant power rating of 90 watts.  After
electrophoresis, the gel was dried under vacuum.  Kodak Bio-Max MR
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film was used for autoradiography.  The gene encoding the M.
thermophila phosphatase was sequenced on both strands.
Oligonucleotides designed specifically for the gene were used as
primers in the reaction (Table 1).  All constructs containing the
M. thermophila phosphatase gene were sequenced with the
oligonucleotides PHOC and PHOD.  

PROCEDURES FOR ASSAYING THE PHOSPHATASE ACTIVITY OF THE
METHANOSARCINA THERMOPHILA PROTEIN-SERINE/THREONINE

PHOSPHATASE
 
Preparation of [32P] casein

Radiolabelled casein for use in protein phosphatase assays
was prepared by combining 100 µl of a 5% solution of hydrolyzed,
partially dephosphorylated casein (Sigma), 85 µl of buffer A (50 mM
Tris-HCl, pH 7.0, 1 mM DTT, 0.1 mM EGTA) containing 60 mM
magnesium acetate, 10 µl of 10 mM ATP, 40 µl of 20 µCi/µl [γ-32P]
ATP, and 90 µl of H2O.138  Next, 87.5 µl of buffer A was added to a
vial containing lyophilized catalytic subunit of cAMP-dependent
protein kinase (Sigma).  The kinase dissolved in buffer A was then
transferred to the above casein solution.  The vial that had
contained the kinase was rinsed with an additional 87.5 µl of
buffer A and this liquid was transferred to the above casein
solution.  The final volume was 0.5 ml.  The mixture was incubated
for 8 hours at 25°C, and the reaction was terminated by adding 50
µl of a solution of EDTA and sodium pyrophosphate (100 mM of each,
pH 7.0).

A portion of the mixture, 2 µl, was diluted into 38 µl of H2O.
Then, 1, 2, 3, and 4 µl of the diluted mixture was added to 1 ml of
scintillation fluid and counted in a scintillation counter to
determine the specific radioactivity of the [γ −32P] ATP.  The rest
of the mixture was loaded onto a G-25 column (2 x 15 cm) which had
been equilibrated in buffer A.  The column was eluted with buffer
A and 1.5 ml fractions were collected.  Portions (10 µl) of each
fraction were counted in a scintillation counter.  The fractions
containing [32P] casein, which were the first radioactive fractions
to elute from the column, were stored at -20°C.

  
Preparation of [32P] glycogen phosphorylase a

The [32P] glycogen phosphorylase a was prepared using [γ-32P]
ATP and the Protein Phosphatase Assay System from Gibco, Bethesda
Research Laboratories following the manufacturer’s protocol.
After the [32P] phosphorylase a was prepared, it was stored at 4°C.

138McGowan, C. H., and Cohen, P. (1988) “Protein phosphatase
2C from rabbit skeletal muscle and liver:  An Mg2+-dependent
enzyme,” Meth. Enzymol. 159, 416-426.
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Assay of protein-serine phosphatase activity
The protein phosphatase assay procedure was adapted from

McGowan and Cohen.139  Each reaction consisted of 10 µl 50 mM MES
(pH 6.5) containing 1 mg/ml bovine serum albumin, 5 µl [32P] casein
or [32P] phosphorylase a solution, 3 µl 100 mM MnCl2, and 15 µl of
the phosphatase and other additions.  The final volume was then
adjusted to 30 µl using 50 mM MES (pH 6.5).  The assays were
incubated for 15 minutes at 37°C and terminated by the addition of
100 µl of 20% (w/v) TCA.  The mixtures were then centrifuged for 3
minutes at 15,000x g, and 50 µl aliquots of the supernatant liquid
were counted in the scintillation counter to quantitate released
[32P] phosphate.

   

139McGowan, C. H., and Cohen, P. (1988) “Protein phosphatase
2C from rabbit skeletal muscle and liver:  An Mg2+-dependent
enzyme,” Meth. Enzymol. 159, 416-426.
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These oligonucleotides sequence the sense strand of the
phosphatase gene.

NAME SEQUENCE POSITION

MSPPFE cttgattttagactttgacattta -187 to -164

MSPPR1 tatatggaagaaaaactcgga -59 to  -39

MSPPF1 ggtaatgatcgtaggggata +89 to +107

T1 taccgaggctcttataaggctt +246 to +282

PHOD ttttccctatctctggaatga +510 to +530

These oligonucleotides sequence the antisense strand of
the phosphatase gene.
 

NAME SEQUENCE POSITION

PHOC atctcaggtaaaaggagaagc +71 to  +54

S2 gggtcttcaagcttcatccgga +290 to +269

PHOR3 ctgatatcattaatgctgccta +497 to +476

PHOR2 tccatctacaatgtcaggtcg +609 to +588

PHOR1 caaacagggcaaaagctgctgc +761 to +740

Table 1.  Oligonucleotides used to sequence the
Methanosarcina thermophila phosphatase gene.  The
oligonucleotide sequences are written 5’ to 3’.  The first base of
translational initiation is designated +1.
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CHAPTER III

IDENTIFICATION OF PROMINENT PHOSPHOPROTEINS IN SULFOLOBUS
SOLFATARICUS

Detection of the prominent phosphoproteins in Sulfolobus
solfataricus cell extracts

Preliminary steps in the identification of any protein
include having a method to differentiate the protein of interest
from other cellular proteins and devising a scheme for purifying
the protein for N-terminal and internal amino acid sequencing.
Since most phosphoproteins are phosphorylated by the gamma
phosphate of ATP, [γ-32P] ATP may be used to radiolabel
phosphoproteins in cell extracts and other fractions.  SDS-PAGE
followed by autoradiography can then be employed to resolve the
phosphoprotein from other cellular proteins.  When S. solfataricus
soluble cell extract was incubated at 25°C with 50 µM ATP, 1.25 µM
[γ-32P] ATP (6000 Ci/mmol, 150 µCi/µl), 10 mM MnCl2 and 10 mM MgCl2,
and the proteins in the cell extract separated by SDS-PAGE,
autoradiography of the gel revealed four prominent phosphoproteins
with apparent molecular masses of 35 kDa, 46 kDa, 50 kDa and 79
kDa (Fig. 2).  Increasing the incubation temperature to 70°C, the
optimal growth temperature for S. solfataricus, resulted in a
visible change in the phosphorylation pattern.  The 79 kDa protein
was no longer prominent.  The greatest change in the
phosphorylation pattern, however, was observed when MnCl2 was
omitted and cell extract was incubated at 70°C.  Under these
conditions, three additional prominent phosphoproteins appeared
with molecular masses of 42 kDa, 18 kDa, and 14 kDa.

Because the 50 kDa and 35 kDa phosphoproteins were
phosphorylated under a wide range of conditions and appeared to be
abundant in cell extracts, it was decided to initially purify
these proteins for phosphoamino acid analysis followed by N-
terminal sequencing.  Since scaling up the [γ-32P] ATP labeling
mixture would have required prohibitively high amounts of
radioactivity, we decided to try and partially purify the proteins
prior to labeling.  In this way, we hoped to reduce the volume of
the labeling reaction and hence the quantity of [γ-32P] ATP needed.
Pilot studies utilized pre-labeled reaction mixtures to determine
the chromatographic behavior of the proteins.  Surveys of several
types of chromatographic resins showed that the 35 kDa and 50 kDa
proteins adsorbed onto DyeMatrex Blue A.  The proteins of interest
could be eluted by increasing the salt concentration.  Next,
unlabeled extracts were subjected to the same procedure, and the
partially purified proteins concentrated, dialyzed, and incubated
with MgCl2, MnCl2 and [γ-32P] ATP.   The incubation mixtures were
then subjected to SDS-PAGE.  As determined by autoradiography of
the SDS-PAGE gel the 35 kDa and 50 kDa phosphoproteins could all
be phosphorylated following passage through the DyeMatrex Blue A
column.  This demonstrated that the proteins of interest could be
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partially purified on a DyeMatrex Blue A column before they were
phosphorylated on a preparative scale with [γ-32P] ATP.  

Purification of the 35 kDa phosphoprotein
Frozen Sulfolobus solfataricus cells (25 g) were thawed,

resuspended in 50 ml of 20 mM MES (pH 6.5), 0.5 mM EDTA, 1 mM
PMSF, 5 µg/ml leupeptin, 20 µg/ml DNase I.  PMSF was made as a 100x
stock solution in isopropanol and added on the day of use.    The
resuspended cells were ruptured by sonication using a Model W185
sonicator (Heatsystems-Ultrasons, Inc.).  The sonicator was set
for an output of 8.5 and power of 130 watts.  The cell suspension
was sonicated for three periods of one minute each with incubation
on ice for several minutes between each period.   

After the cells were lysed, the cell extract was centrifuged
at 17,000x g for 20 minutes.  The supernatant containing a total
of 0.97 g protein was then dialyzed overnight against 4 l of 20 mM
MES (pH 6.5), 0.5 mM EDTA.  Desalted S. solfataricus  cell
extract, 10 ml, was loaded onto a DyeMatrex Blue A column (2 x 24
cm) equilibrated in 20 mM MES, pH 6,5, 0.5 mM EDTA.  The column
was washed with five volumes of 20 mM MES (pH 6.5), 0.5 mM EDTA,
and the 35 kDa protein was eluted with 20 mM MES (pH 6.5), 0.5 mM
EDTA, 0.5 M NaCl. This process was repeated five more times until
the entire 50 ml extract had been processed.  Fractions containing
protein were combined, concentrated in Centri-preps, and dialyzed
overnight against 4 l of 20 mM MES (pH 6.5), 0.5 mM EDTA.  The
partially purified extract (0.19 g protein) was incubated with 50
µM ATP, 6.0 mCi [γ-32P] ATP (6000 Ci/mmol, 150 µCi/µl), 10 mM MgCl2,
and 10 mM MnCl2  in a volume of 15 ml at 25°C for 15 minutes.  At
the conclusion of the incubation, the mixture was applied to a
DyeMatrex Blue B column (2 x 15 cm) equilibrated in 20 mM MES (pH
6.5), 0.5 mM EDTA.   The column was washed with five volumes of 20
mM MES, pH 6.5, 0.5 mM EDTA, and the 35 kDa protein was eluted
from the column with a salt gradient of 0 to 0.5 M NaCl in 60 ml
of 20 mM MES (pH 6.5), 0.5 mM EDTA.  Fractions were analyzed for
the presence of the 35 kDa protein by gel electrophoresis followed
by autoradiography. 

Fractions containing the 35 kDa protein were pooled,
concentrated, dialyzed, and given to Ken Bischoff for separation
by preparative electrophoresis on a 12% acrylamide gel.  The
preparative electrophoresis fraction containing the 35 kDa protein
was further purified on a 12% SDS-PAGE slab gel and transferred to
PVDF membrane.  The 35 kDa protein on PVDF membrane was sent to
University of Virginia for N-terminal amino acid sequencing.  A
summary of the purification scheme for the 35 kDa phosphoprotein
is shown in Figure 3.

Purification of the 50 kDa phosphoprotein
Desalted cell extract was prepared and separated on a

DyeMatrex Blue A column as described above.  The protein fraction
that eluted with 20 mM MES (pH 6.5), 0.5 M NaCl, 0.5 mM EDTA was
pooled, concentrated, and radiolabeled in a mixture containing 50
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µM ATP, 4.5 mCi [γ-32P] ATP (6000 Ci/mmol, 150 µCi/µl), 10 mM MgCl2,
and 10 mM MnCl2.  Radiolabeled protein was loaded on a DE-52 column
(2 x 20 cm) equilibrated in 20 mM MES (pH 6.5), 0.5 mM EDTA.  The
column was developed with a linear salt gradient (0 to 0.5 M NaCl)
in 200 ml of 20 mM MES (pH 6.5), 0.5 mM EDTA.  The fractions
containing radioactivity, as determined by counting 10 µl aliquots
in a liquid scintillation counter, were further analyzed by SDS-
PAGE followed by autoradiography.  The 50 kDa protein eluted from
the column when the concentration of NaCl was between 20 and 50
mM.   

Fractions containing the radiolabeled 50 kDa protein were
combined, concentrated, and dialyzed overnight against 4 l of 20
mM MES (pH 6.5), 0.5 mM EDTA. The 50 kDa protein fraction was then
given to Ken Bischoff to further purify by preparatory
electrophoresis in a manner similar to that described for the 35
kDa phosphoprotein.  Ken Bischoff then further prepared the
protein for N-terminal sequencing using slab gel electrophoresis.
The purification scheme for the 50 kDa phosphoprotein is depicted
in Figure 3.

Phoshoamino acid analysis of the 35 and 50 kDa
phosphoproteins.

After each of the proteins was purified, Ken Bischoff
analyzed the samples to determine the phosphoamino acid content
using acid hydrolysis followed by two-dimensional thin layer
electrophoresis.  The 50 kDa proteins was phosphorylated on
serine.  However, the phosphate bound to the 35 kDa protein
appeared to hydrolyze to free phosphate upon addition of acid
suggesting that the 35 kDa protein may be phosphorylated on a
histidine or lysine.  

Amino acid sequencing results for the 35 and 50 kDa
phosphoproteins.

A comparision of the N-terminal amino acid sequence of the 35
kDa phosphoprotein with other known proteins indicated that the
protein was the α-subunit of succinyl-CoA synthetase (Fig. 4).
Succinyl-CoA synthetase is an enzyme that has been extensively
studied in a wide range of organisms.  All succinyl-CoA
synthetases characterized to date are comprised of two types of
subunits, α and β.140,141  Depending upon the organism, the enzyme
exists as either an αβ dimer or an α2β2 tetramer.  Alpha subunits
typically have molecular masses ranging from 30 to 36 kDa.  The

140Bridger, W. A., (1974) “Succinyl-coenzyme A synthetase,”
The Enzymes 10, 581-606.

141Nishimura, J. S. (1986) “Succinyl-CoA synthetase
structure/function relationships and other considerations,” Adv.
Enzymol. 58, 141-172.
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molecular mass of the 35 kDa phosphoprotein as determined by SDS-
PAGE falls within this range.  

The N-terminal amino acid sequence of the 50 kDa
phosphoprotein most closely matched the amino acid sequences of
phosphoglucosamine mutases from several genera of Bacteria and two
species of Archaea.  However, the sequence was also similar to
amino acid sequences found near the amino termini of
phosphoglucomutases, and to a lesser extent, phosphomannomutases
from a wide range of organisms (Fig. 5).  Escherichia coli
phosphoglucosamine mutase has a molecular mass of 47 kDa as
determined by SDS-PAGE.142  In several other Bacteria and in two
species of Archaea, the genes that putatively encode
phosphoglucosamine mutase have been sequenced, but their presumed
protein products have not been examined.  These genes encode
proteins that are approximately the same size as the E. coli
phosphoglucosamine mutase.  The molecular masses of
phosphoglucomutases typically range from 59 to 63 kDa, and
phosphomannomutases have molecular masses ranging from 29 to 61.
The molecular mass of the 50 kDa phosphoprotein as determined by
SDS-PAGE falls within the same range as known and potential
phosphoglucosamine mutases.  To confirm the tentative
identifications of the 35 and 50 kDa proteins assigned by amino-
terminal sequence similarity and apparent molecular size, a series
of experiments were undertaken to determine whether these proteins
behaved as predicted toward potential substrates.

Substrate specificity and metal ion dependence of the 35
kDa phosphoprotein.

Ken Bischoff examined the substrate specificity of the 35 kDa
phosphoprotein to obtain biochemical evidence supporting its
identity as the α-subunit of succinyl-CoA synthetase.  Succinyl-
CoA synthetase is a key enzyme in the tricarboxylic acid cycle
where it catalyzes the reversible conversion of succinyl-CoA +
nucleotide diphosphate + phosphate to succinate + nucleotide
triphosphate + Coenzyme A.143  The reaction proceeds via three
distinct steps or “partial” reactions:  1) enzyme + succinyl-CoA +
phosphate to enzyme-succinyl-phosphate + CoA, 2) enzyme-succinyl-
phosphate to enzyme-phosphate + succinate, 3) NDP + enzyme-
phosphate to NTP + enzyme.  The phosphoamino acid involved in

142Mengin-Lecreulx, D., and van Heijenoort, J. (1996)
“Characterization of the essential gene glmM encoding
phosphoglucosamine mutase in Escherichia coli,” J. Biol. Chem.
271, 32-39.

143Nishimura, J. S. (1986) “Succinyl-CoA synthetase structure-
function relationships and other considerations,” Adv. Enzymol.
58, 141-172.
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catalysis is a phosphohistidine.144 Phosphohistidine is acid
labile, consistent with the observed acid lability of the
phosphate on the 35 kDa phosphoprotein.  Depending on the enzyme
specificity, the nucleotide diphosphate used in the reaction is
either adenosine diphosphate or guanosine diphosphate.145 In order
to confirm the identity of the 35 kDa phosphoprotein as the α-
subunit of succinyl-CoA synthetase, cell extract containing the
[32P]-labeled 35 kDa phosphoprotein was incubated with MgCl2 and a
variety of nucleotide diphosphates, nucleoside monophosphates, or
tricarboxylic acid cycle intermediates.  Of all of the compounds
tested, only incubation with ADP or succinate resulted in
dephosphorylation of the [32P] 35 kDa phosphoprotein.  Since all
other known succinyl-CoA synthetases require the presence of
divalent metal ions for catalysis, the divalent metal ion
requirement for the 35 kDa phosphoprotein was examined.
Dephosphorylation of the [32P] 35 kDa phosphoprotein by either
succinate or ADP was dependent on divalent metal ions.  Therefore,
biochemical evidence as well as its physical characteristics
support the identification of the 35 kDa phosphoprotein as the α-
subunit of succinyl-CoA synthetase.

Substrate specificity and metal ion dependence of the 50
kDa phosphoprotein.

Hexosephosphate mutases including phosphoglucosamine mutase,
phosphoglucomutase, and phosphomannomutase catalyze the
interconversion of sugar-6-phosphate and sugar-1-phosphate through
a phosphoseryl-enzyme intermediate.146  The reaction can be divided
into two reversible steps: 1) enzyme-phosphate + sugar-6-phosphate
to enzyme-sugar-1,6,-diphosphate 2) enzyme-sugar-1,6-diphosphate
to sugar-1-phosphate + enzyme-phosphate.  The presence of
phosphoserine in the 50 kDa phosphoprotein was consistent with
this mechanism.  In order to confirm that the 50 kDa protein was a
hexosephosphate mutase, it was assayed for enzymatic activity
using two different types of assays.  If the 50 kDa phosphoprotein
represents the phosphoenzyme form of phosphoglucosamine mutase,
then the addition of suitable phosphosugars should result in the
exchange of the [32P] phosphoryl group on the enzyme for the
unlabelled phosphoryl group on the sugar.  This would be

144Brownie, E. R., and Bridger, W. A. (1972) “Succinyl
coenzyme A synthetase of pig heart:  Studies of the subunit
structure and of phosphoenzyme formation,” Can. J. Biochem. 50,
719-724.

145Bridger, W. A. (1974) “Succinyl-coenzyme A synthetase,” The
Enzymes 10, 581-606.

146Ray, W. J., Jr., and Peck, E. J., Jr. (1972)
“Phosphomannomutases,” in The Enzymes (Boyer, P. D., ed.), pp.
407-477, Academic Press, New York.
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manifested as a substrate induced disappearance of the [32P]
phosphate bound to the [32P] 50 kDa phosphoprotein.  

The [32P] 50 kDa phosphoprotein was radiolabeled with [γ-32P]
ATP in soluble cell extract.  The extract was then separated on a
DE-52 column.  The DE-52 column fraction containing the [32P] 50
kDa phosphoprotein was used for all of the experiments described
below.  Incubation of cell extract containing the [32P] 50 kDa
phosphoprotein with glucose-6-phosphate in the presence of MgCl2
resulted in the removal of the radioactive phosphate from the 50
kDa phosphoprotein (Fig. 6).  However, very little radioactive
phosphate was removed from the [32P] 50 kDa phosphoprotein when
cell extract was incubated with glucose-6-phosphate in the absence
of divalent metals (data not shown).   In addition to Mg2+, removal
of the [32P] phosphate was stimulated by addition of Ca2+, Cd2+,
Co2+, or Mn2+ and to a lesser degree by the addition of Zn2+ or Cu2+.

When the [32P] 50 kDa phosphoprotein was incubated with
glucose-1-phosphate, glucose-1,6-diphosphate, glucosamine-6-
phosphate, mannose-6-phosphate, mannose-1-phosphate, fructose-6-
phosphate, or fructose-1-phosphate in the presence of MgCl2, 60 to
80% of the [32P] phosphate was removed from the 50 kDa
phosphoprotein.  The loss of [32P] phosphate from the 50 kDa
phosphoprotein was similar to that observed following incubation
of the 50 kDa phosphoprotein with glucose-6-phosphate (Fig. 7).
Incubation with unphosphorylated sugars such as glucose, mannose,
or glucosamine did not result in release of [32P] phosphate from
the 50 kDa phosphoprotein.  Therefore, the sugar by itself did not
cause the release of [32P] phosphate from the 50 kDa
phosphoprotein.  Rather, the release of [32P] phosphate was
dependent on the presence of the phosphosugar as would be expected
for a hexosephosphate mutase.  

Incubation of the [32P] 50 kDa phosphoprotein with either ATP
or ADP resulted in the release of [32P] phosphate from the 50 kDa
phosphoprotein.  The release of [32P] phosphate from the 50 kDa
phosphoprotein in the presence of ADP may be attributable to the
phosphorylation of ADP on the 5’ pyrophosphate.  However, the
release of [32P] phosphate from the 50 kDa phosphoprotein in the
presence of ATP is more difficult to explain.  During catalysis,
the phosphate bound to the enzyme might be transferred to either
the 5’ or 1’ position of the ribose.  However, on the ribose of
ATP, both the 5’ and 1’ carbons are blocked.  Since the 50 kDa
protein became phosphorylated in the presence of [32P] ATP, the
question was raised of whether it was the consequence of a direct
interaction of ATP with the protein or the byproduct of a reaction
carried out by another enzyme in the cell extract.  Future
experiments using purified 50 kDa protein will have to be
conducted to answer this question.

In the second set of experiments, the ability of [32P]
glucose-6-phosphate to donate radiolabeled phosphate to the 50 kDa
protein was examined.  If the 50 kDa phosphoprotein is a
hexosephosphate mutase, then the protein should become
radiolabeled when incubated with [32P] glucose-6-phosphate. 
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Dialyzed cell extract was incubated with MgCl2 and either [32P]
glucose-6-phosphate or as a positive control [γ-32P] ATP.  Proteins
in the cell extract were separated by SDS-PAGE, and the gel was
analyzed by autoradiography to determine which proteins became
[32P]-labeled.  The most prominent phosphoproteins in the cell
extract incubated with [γ-32P] ATP were the 35 kDa, 46 kDa, and 50
kDa phosphoproteins.  In contrast, the most prominent
phosphoproteins in the cell extract incubated with [32P] glucose-6-
phosphate were the 50 kDa phosphoprotein, the 35 kDa
phosphoprotein and a new 80 kDa phosphoprotein  (Fig. 8).  These
results were consistent with the first set of enzymatic assays
which indicated that the 50 kDa protein completed a catalytic
cycle when cell extracts containing the 50 kDa protein were
incubated with either glucose-6-phosphate or ATP. 
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Figure 2.  The effects of divalent metal ions and
temperature on the phosphorylation of S. solfataricus
proteins in the presence of [γ-32P] ATP.  Reaction mixtures
contained 20 mM MES, pH 6.5, 10 mM MgCl2 and/or 10 mM MnCl2, 50 µM
ATP (sp. act. 150 Ci/mmol), 17 mg/ml dialyzed S. solfataricus
protein (20 µl final).  Reaction mixtures were incubated at either
25°C or 70°C for 30 minutes.  Reactions were stopped by adding 10
µl of SDS-PAGE sample loading buffer.  An aliquot of each mixture
was then loaded onto a 10% or 15% SDS-polyacrylamide gel and its
component proteins separated by electrophoresis.  The gel was
stained, destained, dried, and analyzed by autoradiography.  Below
are shown the autoradiograms for the 10% (left) and 15% (right)
gels.  The migration positions of the molecular weight markers are
shown on the left.
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Sulfolobus solfataricus cells were resuspended in 20 mM MES (pH
6.5), 0.5 mM EDTA, 1 mM PMSF, 5 µg/ml leupeptin, 20 µg/ml DNase I.

Cells were ruptured by sonication, and cell extract was
centrifuged at 17,000x g for 20 minutes.

Soluble cell extract was loaded on a DyeMatrex Blue A column
equilibrated in 20 mM MES (pH 6.5), 0.5 mM EDTA.  The 35 and 50
kDa proteins were eluted from the column with 20 mM MES (pH 6.5),

0.5 M NaCl, 0.5 mM EDTA.

The fractions containing the 35 and 50 kDa proteins were
concentrated, dialyzed against 20 mM MES (pH 6.5), 0.5 mM EDTA,

and incubated with [γ-32P] ATP, MgCl2, and MnCl2.

35 kDa protein dialyzed in    50 kDa protein dialyzed in  
20 mM MES (pH 6.5), 0.5 mM   20 mM MES (pH 6.5), 0.5 mM
EDTA and loaded on a DyeMatrex   EDTA and loaded on a DE-52
Blue B column.   column.

35 or 50 kDa protein eluted from their respective columns with 20
mM MES (pH 6.5), 0.5 M NaCl, 0.5 mM EDTA.

Further purification by preparatory electrophoresis and transfer
to PVDF membrane for N-terminal sequencing.

Figure 3.  Outline of the purification scheme for the 35
kDa and 50 kDa phosphoproteins.
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S. solfataricus  1M L I N K - - - - - - N T R V L V T G H T15
D. discoideum 22V L I N K - - - - - - N T K V I C Q G F T36
R. norvegicus 33I Y I D K - - - - - - N T K V I C Q G F T47
E. coli  3I L I D K - - - - - - N T K V I C Q G F T17
H. influenzae  3I L I D K - - - - - - N T K V I C Q G F T17
M. jannaschii  2V L R D K M I L L D E N T K A I V G Q I T22

Figure 4.  Sequence comparison of the Sulfolobus
solfataricus 35 kDa phosphoprotein and the known or
potential α-subunits of succinyl-CoA synthetases from
Dictyostelium discoideum,147 Rattus norvegicus (Eucarya),148
Escherichia coli,149 Haemophilus influenzae (Bacteria),150
and Methanococcus jannaschii (Archaea).151  The numbers in
superscript bold indicate the location of the amino acids within
the sequence of the protein or open reading frame.  Amino acids
that are underlined are identitical to ones found in the 35 kDa
phosphoprotein from S. solfataricus.

147Birney, M. A., and Klein, C. (1996) “Cloning and expression
of the alpha subunit of succinyl-CoA synthetase from Dictyostelium
discoideum,” Arch. Biochem. Biophys. 319, 93-101.

148Adams, L. A., Werny, I., and Schwartz, S. M. (1996) Genbank
direct submission, Accession U75394.

149Wolodko, W. T., James, M. N. G., and Bridger, W. A. (1984)
“Crystallization of succinyl-CoA synthetase from Escherichia
coli,” J. Biol. Chem. 249, 5316.

150Fleischmann, R. D., Adams, M. D., White, O., Clayton, R.
A., Kirkness, E. F., Kerlavage, A. R., Bult, C. J., Tomb, J. -F.,
Dougherty, B. A., Merrick, J. M., McKenney, K., Sutton, G.,
FitzHugh, W., Fields, C. A., Gocayne, J. D., Scott, J. D.,
Shirley, R., Liu, L. -I., Glodek, A., Kelley, J. M., Weidman, J.
F., Phillips, C. A., Spriggs, T., Hedblom, E., Cotton, M. D.,
Utterback, T. R., Hanna, m. C., Nguyen, D. T., Saudek, D. M.,
Brandon, R. C., Fine, L. D., Fritchman, J. L., Fuhrmann, J. L.,
Geoghagen, N. S. M., Gnehm, C. L., McDonald, L. A., Small, K. V.,
Fraser, C. M., Smith, H. O., and Venter, J. C. (1995) “Whole-
genome random sequencing and assembly of Haemophilus influenzae
Rd,” Science 269, 496-512.

151Bult, C. J., et al. (1996) “Complete genome sequence of the
methannogenic archaeon, Methanococcus jannaschii,” Science, 273,
1058-1073.
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Sulfolobus solfataricus  1M K L F G T D G V R S L I N K D L17
  50 kDa phosphoprotein
Methanococcus jannaschii  2G R L F G T S Q I R M K N L S P K18
  urease operon
Methanobacterium  2K K L F G T F G V R R L A N E V L18  
  thermoautotrophicum
  Orf1
Mycobacterium leprae  2G R L F G T D G V R G V A N R E L18
  UreD
Helicobacter pylori  1M K I F G T D G V R G K A G V K L17
  UreC
Escherichia coli  4R K Y F G T D G I R G R V G D A P20
  phosphoglucosamine
  mutase
Escherichia coli 39A V K F G T S G H R G S A A R H S55
  phosphoglucomutase
Acetobacter xylinum 39R V A F G T S G H R G S S L T T S55
  phosphoglucomutase
Salmonella LT2 15G I V F G T S G A R G L V K D F T31
  phosphomannomutase
Mycoplasma pneumoniae 41K P S F G T A G V R G K M A P G Y57
  phosphomannomutase
Saccharomyces cerevisiae 15D Q K P G T S G L R K K T K V F M31
   phosphoglucomutase 1
Rabbit muscle 13D Q K P G T S G L R K R V K V F Q29
   phosphoglucomutase

Figure 5.  Comparison of the amino acid sequence of the 50
kDa phosphoprotein with those of known and potential
hexosephosphate mutases.  Shown is the N-terminal sequence of
the S. solfataricus 50 kDa phosphoprotein aligned with regions of
known hexosephosphate mutases or open reading frames encoding
potential phosphosugar mutases from other organisms. The name of
the organism and the name of the protein or open reading frame is
listed on the left.  The amino acid sequence is on the right with
superscript numbers denoting the position of the amino acids
within the sequence of the protein or open reading frame. Amino
acids that are underlined are identitical to ones found in the 50
kDa phosphoprotein from S. solfataricus.
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References for amino acid sequences used in Figure 7.  The
references are listed in the order that the sequences
appeared.152,153,154,155,156,157,158,159,160,161,162

152Bult, C. J. et al. (1996) “Complete genome sequence of the
methanogenic archaeon, Methanococcus jannaschii,” Science 273,
1058-1073.

153Nolling, J., and Reeve, J. N. (1996) Genbank direct
submission, Accession U51624.

154Robison, K. (1993) Genbank direct submission, Accession
467124.

155Labigne, A., Cussac, V., and Courcoux, P. (1991) “Shuttle
cloning and nucleotide sequences of Helicobacter pylori genes
responsible for urease activity,” J. Bacteriol. 173, 1920-1931.

156Wang, R., and Kushner, S. R. (1993) Genbank direct
submission, Accession P31120.

157Lu, M., and Kleckner, N. (1994) “Molecular cloning and
characterization of the pgm gene encoding phosphoglucomutase of
Escherichia coli,” J. Bacteriol. 176, 5847-5851.

158Brautaset, T., Standal, R., Fjaervik, E., and Valla, S.
(1994) “Nucleotide sequence and expression analysis of the
Acetobacter xylinum phosphoglucomutase gene,” Microbiology 140,
1183-1188.

159Stevenson, G., Lee, S. J., Romana, L. K., and Reeves, P. R.
(1991) “The cps gene cluster of Salmonella strain LT2 includes a
second mannose pathway: Sequence of two genes and relationship to
genes in the rfb gene cluster,” Mol. Gen. Genet. 227, 173-180.

160Himmelreich, R., Hilbert, H., Plagens, H., Pirkl, E., Li,
B. -C., and Herrmann, R. (1996) “Complete sequence analysis of the
genome of the bacterium Mycoplasma pneumoniae,” Nucleic Acids Res.
24, 4420-4449.

161Boles, E., Liebetrau, W., Hofmann, M., and Zimmermann, F.
K. (1994) “A family of hexosephosphate mutases in Saccharomyces
cerevisiae,” Eur. J. Biochem. 220, 83-96.

162Ray, W. J., Hermodson, M. A., Puvathingal, J. M., and
Mahoney, W. C. (1983) “The complete amino acid sequence of rabbit
muscle phosphoglucomutase,” J. Biol. Chem. 258, 9166-9174.
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1 CaCl2  6 MgCl2    10 MgCl2 + CaCl2 15 MgCl2 + MnCl2
2 CdCl2  7 MnCl2    11 MgCl2 + CdCl2 16 MgCl2 + NiCl2 
3 CoCl2  8 NiCl2    12 MgCl2 + CoCl2 17 MgCl2 + ZnCl2 
4 CuCl2  9 ZnCl2   13 MgCl2 + CuCl2
5 FeCl3   14 MgCl2 + FeCl3

Figure 6.  Effect of divalent metal ions on the glucose-6-
phosphate induced disappearance of 32P radioactivity from
the Sulfolobus solfataricus 50 kDa phosphoprotein. 
Portions of the DE-52 fraction containing the (32P) 50 kDa
phosphoprotein (135 µg) were incubated with 5 µM glucose-6-
phosphate and the metals listed below, each at a concentration of
10 mM, as described in Chapter II.  The reactions were terminated
by adding SDS-PAGE sample buffer, and the protein in the reactions
was resolved on a 10% SDS-polyacrylamide gel.   The region of the
gel containing the (32P) 50 kDa phosphoprotein was excised and
counted in a scintillation counter. The results are reported as
percentages of 32P radioactivity present in each gel segment as
compared to that found for the 50 kDa phosphoprotein incubated in
the absence of any divalent metal ions.  Assays were performed in
duplicate with the average deviation from the mean ranging from
±1% to ±14%.  
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 1 glucose-6-phosphate 11 ATP
  2 glucose-1-phosphate 12 ADP
  3 glucose-1,6-diphosphate 13 AMP
  4 glucosamine-6-phosphate 14 glucose
  5 mannose-6-phosphate 15 glucosamine
  6 mannose-1-phosphate 16 sucrose-6-phosphate
  7 fructose-6-phosphate 17 xylose-1-phosphate
  8 fructose-1-phosphate 18 erythrose-4-phosphate
  9 ribose-5-phosphate 19 β-glycero-phosphate

10 ribose-1-phosphate

Figure 7.  Survey of the ability of various sugars and
phosphosugars to induce removal of [32P] phosphate from the
50 kDa phosphoprotein.  Portions of the DE-52 fraction
containing the (32P) 50 kDa phosphoprotein (135 µg protein) were
incubated with potential substrates (5 µM) and 10 mM MgCl2 as
described in Chapter II.  The proteins in the reaction were
resolved on a 10% SDS-polyacrylamide gel.  The region of the gel
containing the (32P) 50 kDa phosphoprotein was excised and counted
in a scintillation counter.  The results are reported as the
percentage of radioactivity present in the 50 kDa phosphoprotein
as compared to that remaining in the 50 kDa phosphoprotein that
had been incubated with MgCl2 alone.  The average deviation is
indicated by error bars, and the number of replicates for each
measurement is indicated.
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  [32P]Glucose-6-Phosphate  [γ−32P] ATP
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    Lane 1  2  3 Lane    1    2

    

Figure 8.  Phosphorylation of S. solfataricus proteins
upon incubation of cell extracts with MgCl2 and [32P]
glucose-6-phosphate.  Shown on the left is an autoradiogram of
an SDS-polyacrylamide gel of S. solfataricus cell extract (75 µg
protein/assay) that was incubated with various concentrations of
[32P] glucose-6-phosphate (0.43 Ci/mmol) and 10 mM MgCl2.  Lane 1
is 25 µM glucose-6-phosphate, lane 2 is 20 µM glucose-6-phosphate,
and lane 3 is  15 µM glucose-6-phosphate.  The autoradiogram of the
SDS-polyacrylamide gel on the right is S. solfataricus cell
extracts that were incubated with various concentrations of [γ-
32P]ATP (0.5 Ci/mmol) and 10 mM MgCl2.  Lane 1 is 25 µM ATP and
lane 2 is 20 µM ATP.  On the right of each autoradiogram is shown
the positions of the molecular weight markers.  On the left of
each autoradiogram are listed the estimated molecular masses of
the phosphoproteins indicated by the arrows.
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IDENTIFICATION OF A GENE ENCODING A PROTEIN-
SERINE/THREONINE PHOSPHATASE IN THE ARCHAEON

METHANOSARCINA THERMOPHILA TM-1.

Strategies for identifying and isolating the gene encoding
the Methanosarcina protein-serine/threonine phosphatase.

Previously, in this laboratory, a divalent metal ion-
stimulated protein-serine phosphatase had been characterized in
the methanogenic archaeon, Methanosarcina thermophila.163 The
enzyme that was the source of this activity was functionally
similar to the S. solfataricus protein-serine/threonine
phosphatase PP1-Arch.164  Both phosphatases were stimulated by
divalent metal ions, bound to and eluted from hydroxyapatite and
DE-52, had similar substrate affinities in vitro, and were
sensitive to diethylpyrocarbonate.  All of these similarities
suggested homologs of PP1-Arch exist in M. thermophila TM-1.
Unlike PP1-Arch, however, the activity of the protein-serine
phosphatase from M. thermophila was sensitive to okadaic acid.
Okadaic acid is known to potently and specifically inhibit
eucaryal protein serine/threonine phosphatases belonging to the
type 1, 2A, and 2B superfamily.165  If the M. thermophila
phosphatase was structurally similar to PP1-Arch and eucaryal
protein-serine/threonine phosphatase type 1, a comparison of the
primary structure of PP1-Arch with that of the M. thermophila
phosphatase and protein serine/threonine phosphatase type 1 from
eukaryotes could prove useful in determining why PP1-Arch is
insensitive to okadaic acid.  Isolation and cloning of a second
archaeal protein-serine/threonine phosphatase would also help
establish whether or not PP1-Arch from S. solfataricus was a
member of a family of structurally similar archaeal protein
phosphatases.   

Because the M. thermophila and S. solfataricus protein
serine-phosphatases shared many functional properties, and the
amino acid sequence of PP1-Arch was  very similar to eucaryal
protein serine/threonine phosphatase type 1, it was hypothesized
that the amino acid sequence of the M. thermophila phosphatase
would be similar to the sequences of these two other protein
phosphatases.  Oligonucleotides were designed using amino acid

163Oxenrider, K. A., Rasche, M. E., Thorsteinsson, M. V., and
Kennelly, P. J. (1993) “Inhibition of an archaeal protein
phosphatase activity by okadaic acid, microcystin-LR, or calyculin
A,” FEBS Letters 331, 291-295.

164Leng, J., Cameron, A. J. M., Buckel, S., and Kennelly, P.
J. (1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.

165MacKintosh, C., and MacKintosh, K. (1994) “Inhibitors of
protein kinases and phosphatases,” TIBS 19, 444-448.
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sequences conserved among PP1-Arch and the eucaryal protein-
serine/threonine phosphatases of the type 1, 2A, and 2B
superfamily (Fig. 9).  The oligonucleotides also encoded Eco RI or
Bam HI restriction sites at the 5’ ends to facilitate cloning.
Amplification of M. thermophila genomic DNA by the polymerase
chain reaction using these oligonucleotides as primers yielded an
approximately 125 bp piece of DNA (Fig. 10).  This PCR product was
isolated from a low melting agarose gel using Wizard PCR Preps,
digested with the restriction endonucleases EcoRI and BamHI, and
cloned into the plasmid pUC 118. The 125 bp piece in pUC 118 was
sequenced, and the DNA-derived amino acid sequence of the PCR
product was found to be similar to the amino acid sequences of
protein-serine/threonine phosphatases types 1, 2A, and 2B from a
wide range of organisms.

In order to confirm that the PCR product had been amplified
from Methanosarcina genomic DNA and not some contaminating DNA, a
Southern blot was performed.  Oligonucleotides T1 and S2 (Table 1)
corresponding to nucleotide sequences in the PCR product were
synthesized.   These oligonucleotides were end-labeled with [γ−32P]
ATP using T4 polynucleotide kinase.  Genomic DNA from M.
thermophila was digested using restriction enzymes, and the
resulting pieces were separated by agarose gel electrophoresis and
transferred onto nylon membranes.  The membranes were then probed
with the [32P]-labeled oligonucleotides (Fig. 11).  Under stringent
hybridization conditions both oligonucleotides bound to pieces of
DNA of approximately the same size.  Thus, it was concluded that
the PCR product originated from Methanosarcina thermophila DNA.  

Cloning the gene encoding the Methanosarcina protein-
serine/threonine phosphatase from a Lambda library.

Next, a Methanosarcina thermophila genomic DNA library in
Lambda Gem-12 was screened with the radiolabeled oligonucleotides
T1 and S2 to identify and isolate clones encompassing the entire
phosphatase gene.  DNA from four plaques that yielded positive
hybridization signals was isolated.  Portions of this DNA were
digested with BamHI, EcoRI, or SacI.  The pieces of DNA from the
restriction digest were separated on an agarose gel and
transferred to a nylon membrane.  After a Southern blot was
performed using this membrane and the oligonucleotide S2, an
autoradiogram of the membrane highlighted one of the several size
pieces of DNA generated from each of the three restriction
digests.  DNA corresponding to the positive hybridization signal
was cloned into pUC 118. The DNA cloned into pUC 118 from the
BamHI digest contained the entire phosphatase gene.  

Both strands of this piece of DNA were sequenced.  The DNA-
derived amino acid sequence of the Methanosarcina thermophila
protein-serine/threonine phosphatase (MSPP) was obtained using the
computer program DNASTAR.  The nucleotide and DNA-derived amino
acid sequences of the phosphatase gene are shown in Fig. 12.
Analyses of base composition, amino acid, composition, molecular
size, and codon usage were performed using PCgene (Table 2).  The
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amino acid sequence of the gene encoding MSPP was compared to the
amino acid sequences of other proteins using the programs BLASTX
at the National Institute of Health and BLITZ at the European
Molecular Biology Laboratory.  The amino acid of MSPP sequence
most closely matched the amino acid sequence of the catalytic
subunit of a stress-inducible  protein-serine/threonine
phosphatase type 1 from Phaseolus vulgaris.166  When the amino acid
sequences of these two phosphatases were aligned, a 26% match
[(number matching amino acids/(number matching amino acids +
number nonmatching amino acids + gaps) x 100] was calculated.
MSPP also matched by greater than 20% the amino acid sequences of
many other eucaryal type 1 protein-serine/threonine phosphatases
and exhibited a high level of similarity to eucaryal protein-
serine/threonine phosphatases types 2A and 2B.  (Fig. 13).  The
areas exhibiting the highest degrees of identity were located in
regions of the enzyme known or thought to be critically involved
in enzyme function.       

Translation of the gene encoding MSPP appeared to start at
the nucleotide sequence GTG instead of ATG.  Translation also
started at GTG in the Sulfolobus protein serine/threonine
phosphatase.167  Immediately upstream of the translation start site
was a putative ribosome binding site (gaggtgccc).  In the Archaea,
there are two elements that are required for transcription
initiation.168  The first element is the TATA box octanucleotide.
This octanucleotide, which is also called Box A, has the consensus
sequence TTTATATA.  It is the major structural determinant of
transcriptional initiation.  Transcription initiates at a distance
of 18 to 27 base pairs downstream of Box A.  The second element is
the consensus motif TTGC.  This element is where transcription
initiates; it is called Box B.  At -64 and -37 bp from the
Methanosarcina protein-serine/threonine phosphatase gene
translation initiation site are nucleotide sequences similar to
the Box A and Box B sequences that denote a transcription
initiation site (Fig. 14).  Farther upstream are two direct
repeats which may possibly be involved in regulation of gene
transcription.  

166Zimmerlin, A., Jupe, S. C., and Bolwell, G. P. (1995)
“Molecular cloning of the cDNA encoding a stress-inducible protein
phosphatase 1 (PP1) catalytic subunit from French bean (Phaseolus
vulgaris L.),” Plant Mol. Biol. 28, 363-368.

167Leng, J., Cameron, A. J. M., Buckel, S., and Kennelly, P.
J. (1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.

168Hausner, W., Frey, G., and Thomm, M. (1991) “Control
regions of an archaeal gene,” J. Mol. Biol. 222, 495-508.
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Expression of the gene encoding the Methanosarcina
thermophila protein-serine/threonine phosphatase (MSPP).

In order to characterize the enzymatic activity of MSPP and
to prove that the gene that had been cloned did encode a
functional protein phosphatase, the gene encoding MSPP was ligated
to an expression vector and expressed in E. coli as outlined
below. 

The gene for MSPP was amplified in a PCR reaction in which M.
thermophila genomic DNA was used as a template and two
oligonucleotides corresponding to the codons for the predicted
amino terminal sequence and the sequence immediately following
that predicted to encode the protein’s carboxy terminus were used
as primers (Fig. 15).  The amino terminal primer was designed with
a Bam HI site at the 5’ end to facilitate cloning into the
expression vector pRSET C.169 The primer included extra bases
between the Bam HI site and the GTG start site of the phosphatase
gene to insure that the gene would be expressed in frame.  The
carboxy terminal primer had a Pst I site at the 5’ end.   The
plasmid pRSET C and the PCR product each were digested with Bam HI
and Pst I, ligated together, and transformed into E. coli strain
DH5α.  The vector pRSET C was chosen for expression of the
phosphatase gene because it placed a sequence of DNA encoding six
successive histidines 5’ to the phosphatase gene.  The resulting
N-terminal leader sequence of six histidines would facilitate
purification of the phosphatase by metal affinity chromatography.
In pRSET C, transcription of the phosphatase gene is controlled by
the T7 promoter.

Recombinant plasmids were isolated and transformed into E.
coli strain BL21(DE3)pLysS.  This strain of cells has a
chromosomal copy of the T7 RNA polymerase gene behind a lac UV5
promoter.  This promoter is induced when IPTG is added to the
growth medium.  Escherichia coli BL21(DE3)pLysS also contains a
plasmid encoding the gene for T7 lysozyme.  T7 lysozyme inhibits
T7 RNA polymerase and prevents expression of the phosphatase
before IPTG induction due to leaky transcription of the T7
polymerase gene.  Leaky transcription may cause reduced cell
viability and low levels of protein expression.  The plasmid that
carries the gene encoding the T7 lysozyme also carries a gene
conferring chloramphenicol resistance. Escherichia coli
BL21(DE3)pLysS transformed with the gene for MSPP in the vector
pRSET C was named E. coli MSPP.

Overnight cultures of E. coli MSPP grown in 10 ml of LB
broth, 100 µg/ml ampicillin, 34 µg/ml chloramphenicol were used to
inoculate 1 L of LB broth containing 100 mg ampicillin, 34 mg

169Kroll, D. J., Abdel-Hafiz, H. A., Marcell, T., Simpson, S.,
Chen, C., Gutierrez-Hartmann, A., Lustbader, J. W, and Hoeffler,
J. P. (1993) “A multifunctional prokaryotic protein expression
system:  Overproduction, affinity purification, and selective
detection,” DNA and Cell Biology 12, 441-453. 
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chloramphenicol.  The culture was grown at 37°C with vigorous
shaking until it reached an optical density at 600 nm of 0.6 to
0.8.  Isopropyl-thiol-β-galactoside (IPTG, 0.5 mM) was added to
the culture to induce production of MSPP.  After addition of IPTG,
the culture was incubated for 90 minutes at 37° C with vigorous
shaking, and the cells were harvested by centrifugation at 8,000x
g for 10 minutes.  Cells were resuspended in 10 ml of 20 mM Tris-
HCl (pH 6.8), 0.5 M NaCl, 1 mM imidazole, 1 mM PMSF, 5 mg/ml
lysozyme, 0.1 mg/ml DNase I.  Resuspended cells were incubated 30
minutes on ice, then lysed by sonication.  Lysed cells were
centrifuged at 17,000x g for 20 minutes.  The supernatant liquid,
which consisted of the soluble cell extract, was stored at 4°C.

In the vector pRSET C, expression of the gene encoding MSPP
produces the phosphatase with an additional 33 N-terminal amino
acids.170  Six of these additional amino acids are histidines which
facilitate purification of the phosphatase by metal affinity
chromatography. A Chelating Sepharose Fast Flow (Pharmacia) column
(1 x 8 cm) was charged with five volumes of 0.4 M ZnSO4.  The
column was then washed with two volumes of H2O and equilibrated
with six volumes of 20 mM Tris-HCl (pH 7.0), 0.5 M NaCl, 1 mM
imidazole.  The soluble cell extract (10 ml) was applied to the
column.  Next, the column was washed with five volumes of 20 mM
Tris-HCl (pH 7.0), 0.5 M NaCl followed by five volumes of 20 mM
Tris-HCl (pH 7.0), 0.5 M NaCl, 60 mM imidazole.  MSPP was then
eluted from the column with 15 ml of 20 mM Tris-HCl (pH 7.0), 0.5
M NaCl, 250 mM imidazole.  The 250 mM imidazole eluate was
concentrated in a Centriprep Concentrator, followed by a Centricon
Concentrator, until the volume had been reduced to 1 ml.  

A portion of the concentrated fraction from the metal
chelating column (0.5 ml) was loaded on a Sephacryl S-200 column
(2 x 25 cm) equilibrated in 20 mM MES pH 6.5, 150 mM NaCl, 0.5 mM
EDTA.  Protein was eluted with the same buffer and fractions (0.5
ml) were collected and analyzed for phosphatase activity using
phosphorylated casein as a substrate.  The apparent molecular mass
of MSPP, including the additional 33 N-terminal amino acids, as
compared to protein standards was 32,000 kDa (Fig. 16).  Some of
the fractions from the Sephacryl S-200 column were analyzed by
SDS-PAGE on a 12.5% SDS-polyacrylamide gel (Fig. 17).  It was
observed that fractions exhibiting phosphatase activity contained
a prominent protein with a  molecular mass of approximately 30,000
kDa . A summary of the purification procedure is shown in Table 3.
Overall, about 100-fold purification was achieved in this two step
procedure. The five fractions from the Sephacryl S-200 column
containing the most phosphatase activity were pooled and

170Kroll, D. J., Abdel-Hafiz, H. A., Marcell, T., Simpson, S.,
Chen, C., Gutierrez-Hartmann, A., Lustbader, J. W, and Hoeffler,
J. P. (1993) “A multifunctional prokaryotic protein expression
system:  Overproduction, affinity purification, and selective
detection,” DNA and Cell Biology 12, 441-453. 
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concentrated to 0.2 ml.  This material was used for enzyme assays.
In order to confirm that the phosphatase activity observed in

the E. coli cell extracts was from MSPP and not from an endogenous
enzyme, cultures of E. coli BL21(DE3)pLysS pRSET C were grown,
harvested, and separated on the metal chelating column by a
procedure identical to that described above.  Using phosphorylated
casein as a substrate, very little phosphatase activity was
observed in the cell extract and no activity was detected in the
metal chelating column fraction. MSPP also dephosphorylated
glycogen phosphorylase a (1.3 nmol/min/mg protein).  However,
under identical conditions, casein proved to be a better substrate
(6.6 nmol/min/mg protein).  

MSPP was assayed for metal ion dependence using [32P] casein.
The metal ion profile for the recombinant phosphatase was very
similar to that obtained for the phosphatase activity that had
been previously characterized in M. thermophila cell extracts
(Fig. 18).171  The phosphatase was most active in the presence of
Mn2+, but activity was also stimulated by Ni2+ or Co2+.  No activity
was observed in the absence of metals or with the addition of Cu2+
or Zn2+.    The optimal pH for enzyme activity was approximately
6.0.  However, the enzyme was active over a wide range of pH
values.  Activity could be detected at pH values as low as 4.0 and
as high as 8.5.  Like the protein-serine/threonine phosphatase
previously assayed in M. thermophila cell extracts,172 the
recombinant phosphatase was inhibited by the eucaryal type 1, 2A,
and 2B protein-serine/threonine phosphatase inhibitors okadaic
acid, microcystin-LR, or calyculin A.  Tautomycin, another
specific inhibitor of eucaryal protein-serine/threonine
phosphatases, also inhibited MSPP.  When the phosphatase activity
of MSPP was measured in the presence of varying levels of each
toxin, the IC50 for okadaic acid was estimated to be 0.31 µM and
the IC50 for microcystin was 0.27 µM, while the IC50 for  calyculin
A and tautomycin were 0.40 µM and 0.60 µM, respectively (Fig. 19).
Although MSPP was inhibited by the toxins, it was not inhibited by
inhibitor 2, a specific inhibitor of type 1 protein
phosphatases,173 when either phosphorylated casein or phosphorylase

171Oxenrider, K. A., Rasche, M. E., Thorsteinsson, M. V., and
P. J. Kennelly (1993) “Inhibition of an archaeal protein
phosphatase activity by okadaic acid, microcystin-LR, or calyculin
A,” FEBS Letters 3, 291-295.

172Oxenrider, K. A., Rasche, M. E., Thorsteinsson, M. V., and
Kennelly, P. J. (1993) “Inhibition of an archaeal protein
phosphatase activity by okadaic acid, microcystin-LR, or calyculin
A,” FEBS Letters 331, 291-295.

173Cohen, P. (1985) “The role of protein phosphorylation in
the hormonal control of enzyme activity,” Eur. J. Biochem. 151,
439-448.
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a was used as a substrate. 
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PP1-Arch    L G D Y V D R E P Q T G V E N L S L I L - K 
PP1 rabbit L G D Y V D R G K Q S - L E T I C L L L A Y
PP2A yeast M G D Y V D R G Y Y S - V E T V S Y L V A M
PP2B rat    L G D Y V D R G Y F S - I E C V L Y L W A L

         
PP1-Arch    K L I E S D E N K G K T K I V V L R G N H E
PP1 rabbit  K I - K Y P E N - - - - - F F L L R G N H E 
PP2A yeast  K V - R Y P H R - - - - - I T I L R G N H E
PP2B rat    K I L - Y P K T - - - - - L F L L R G N H E
     

FORWARD PRIMER 5’GGAATTCC GGX GAT/C TAT/C GTX GAT/C C/AG 3’ 
      Eco RI   G    D     Y     V    D    R

REVERSE PRIMER 5’CGGGATCCCG T/CTC A/GTG A/GTT XCC XGG/T XA 3’ 
      Bam HI      E     H     N    G    R    L        

Figure 9.  Oligonucleotide primers for amplification of
DNA from Methanosarcina thermophila TM-1 encoding MSPP.
Shown at top are the amino acids 62 to 104 of PP1-Arch from S.
solfataricus aligned with similar sequences from representative
protein phosphatases from the Eucarya.  Bold letters indicate the
highly conserved regions used to design PCR primers for amplifying
the DNA for MSPP.  Shown at the bottom are the sequences of the
forward and reverse primers aligned with the amino acid sequences
upon which they were modelled.  The locations of the restriction
endonuclease recognition sequences (Eco RI or Bam HI) placed at
the 5’ ends of the oligonucleotides are indicated.
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References for the amino acid sequences listed in Figure 14 for
PP1-Arch174, PP1 rabbit175, PP2A yeast176, and PP2B rat.177
 

174Leng, J., Cameron, A. M., Buckel, S., and Kennelly, P. J.
(1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.

175Berndt, N., Campbell, D. G, Caudwell, F. B., Cohen, P., da
Cruz e Silva, E. F., da Cruz e Silva, O. B., and Cohen, P. T. W.
(1987) “Isolation and sequence analysis of a cDNA clone encoding a
type-1 protein phosphatase catalytic subunit:  Homology with
protein phosphatase 2A,” FEBS Letters 223, 340-346. 

176Sneddon, A. A., Cohen, P. T., and Stark, M. J. (1990)
“Saccharomyces cerevisiae protein phosphatase 2A performs an
essential cellular function and is encoded by two genes,” EMBO J.
9, 4339-4346.

177Ito, A., Hashimoto, T., Hirai, M., Takeda, T., Shuntoh, H.,
Kuno, T., and Tanaka, C. (1989) “The complete primary structure of
calcineurin A, a calmodulin binding protein homologous with
protein phosphatases 1 and 2A,” Biochem. Biophys. Res. Commun.
163, 1492-1497.
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125 bp

  1  2  3  4  5  6  7  8  9  10

Figure 10.  Amplification of Methanosarcina thermophila
genomic DNA using the polymerase chain reaction.  The
polymerase chain reaction was performed using 1 µM each of the
forward primer and the reverse primer shown in Figure 12 and
various concentrations of genomic DNA as described in the
Materials and Methods.  The DNA produced in each reaction was
resolved on a 1.5% soft agarose gel in TAE.  Shown is a picture of
the gel illuminated with UV light after staining with ethidium
bromide.  Lane 1 contains 5 µl of 1 kb ladder (Gibco BRL).  Lanes
2, 3, and 4 are from amplification of 0.5, 1, and 2 ug H. volcanii
DNA. Lanes 5, 6, and 7 are from amplification of 0.5, 1, and 2 µg
M. thermophila DNA, and Lanes 8, 9, and 10 are from amplification
of 0.5, 1, and 2 µg Pyrococcus furiosus DNA.  On the right is
indicated the position and estimated size of the predominant
product formed using M. thermophila DNA as a template.
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1  2  3   1  2  3

    Oligonucleotide S2    Oligonucleotide T1
  

Figure 11.  Southern blot of Methanosarcina thermophila
genomic DNA.  Southern blotting was performed as described in
the Materials and Methods. Membranes were hybridized with either
[32P] labeled oligonucleotide T1 or [32P] labeled oligonucleotide S2
(Table 1).  Shown is an autoradiogram of the hybridized membranes.
Each lane contains 15 ug restriction digested M. thermophila
genomic DNA.  Lane 1 contains DNA that was digested with Bam HI,
Lane 2 contains DNA that was digested with Kpn I, and Lane 3
contains DNA that was digested with Xba I.  The autoradiograph on
the left shows hybridization of M. thermophila restriction
digested DNA with oligonucleotide S2.  The autoradiograph on the
right shows hybridization of M. thermophila restriction digested
DNA with oligonucleotide T1.
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PREDICTED MOLECULAR WEIGHT

30,800

BASE COMPOSITION

Adenine = 238 (29.4%) Thymine  = 215 (26.6%)
Guanine = 206 (25.5%) Cytosine = 206 (25.5%)

CODON USAGE

Ala GCT  6 Lys AAA  9
GCC  3 AAG  8 = 17
GCA  4 Met ATG  5 =  5
GCG  2 = 15 Phe TTT 14

Arg CGT  0 TTC  6 = 20
CGC  1 Pro CCT  4
CGA  0   CCC  2
CGG  1 CCA  1
AGA  6 CCG  4 = 11
AGG  7 = 15 Ser TCT  0

Asn AAT  8 TCC  3
AAC  3 = 11 TCA  4

Asp GAT 14 TCG  2
GAC  5 = 19 AGT  0

Cys TGT  0 AGC  2 = 11
TGC  2 =  2 Thr ACT  3

Gln CAA  0 ACC  2
CAG  5 =  5 ACA  4

Glu GAA 15 ACG  0 =  9
GAG  6 = 21 Trp TGG  3 =  3

Gly GGT  4 Tyr TAT  5
GGC  3 TAC  4 =  9
GGA  7 Val GTT  2
GGG  9 = 23 GTC  2

His CAT  4 GTA   8
CAC  4 =  8 GTG  6 = 18

Ile ATT  5 --- TAA  1
ATC  5 TGA  0
ATA  8 = 18 TAG  0

Leu TTA  3
TTG  0
CTT 10
CTC  6
CTA  2
CTG  7 = 28

Table 2. Predicted molecular weight of the Methanosarcina
protein-serine/threonine phosphatase and base composition
and codon usage of the gene encoding the Methanosarcina
phosphatase.
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tttttaagcttattaatacttgattttagactttgacatttataagcctgcctttacaaaagga
aattgaaaacctgatagagtatatggtgcttgaagaacttcccttgaggtttggaaaacgttta
ttgtgaaaaaattcctttcatatatggaagaaaaactcggatttgcctccctgagaggctcttg
agtagaggtgccccc 

gtg gta tca aaa aag gtt tcc agg aaa gtt gcc gca aaa gaa gaa  
 M   V   S   K   K   V   S   R   K   V   A   A   K   E   E   

ctg ctt ctc ctt tta cct gag ata gac cgc att ttt gat tcg gaa 
 L   L   L   L   L   P   E   I   D   R   I   F   D   S   E     
    
cca gct gtg ctt aga att gat act gag ccg gta atg atc gta ggg 
 P   A   V   L   R   I   D   T   E   P   V   M   I   V   G   

gat att cac ggg aat tta cag gcg ctg gaa tac gta ata gaa aaa 
 D   I   H   G   N   L   Q   A   L   E   Y   V   I   E   K   

agg gaa gaa atg aat tat aag aat ttt ctt ttt ctc ggg gat tac 
 R   E   E   M   N   Y   K   N   F   L   F   L   G   D   Y   

gtg gat aga ggc cct cag ggt acc gag gct ctt ata agg ctt ttc 
 V   D   R   G   P   Q   G   T   E   A   L   I   R   L   F   

cgg atg aag ctt gaa gac ccg gat cat atc ttc ctg cta agg gga 
 R   M   K   L   E   D   P   D   H   I   F   L   L   R   G   

aat cac gaa act gtg gat atg aac atc tac tat ggt ttt ttt gca 
 N   H   E   T   V   D   M   N   I   Y   Y   G   F   F   A   

gag ata ggt ttt gat gag gaa ttt ctc ttt aga gtg agc cag aca 
 E   I   G   F   D   E   E   F   L   F   R   V   S   Q   T   

tat gat aaa atg ccg ata gcg gct gta cta tcc ggg cac aca ttc 
 Y   D   K   M   P   I   A   A   V   L   S   G   H   T   F    

tgc gta cat gga ggg atc aat ggg ata ggc agc att aat gat atc 
 C   V   H   G   G   I   N   G   I   G   S   I   N   D   I   

agg aag gaa aag gct ttt ccc tat ctc tgg aat gat cct tca aac 
 R   K   E   K   A   F   P   Y   L   W   N   D   P   S   N   

cat ccc gga ctc acc gct tcg agg aga ggc tca act gta aag gaa 
 H   P   G   L   T   A   S   R   R   G   S   T   V   K   E   

Figure 12.  DNA-derived amino acid sequence of the
Methanosarcina protein-serine/threonine phosphatase.  The
predicted ribosome binding site, which is immediately upstream of
the translation initiation site, is underlined. 
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ttc gga cct gac att gta gat gga ttt tta aag aca aac cac ctg 
 F   G   P   D   I   V   D   G   F   L   K   T   N   H   L   

aaa aga ata gtg aga ggt cat aca gcc ctt gac aaa ggg tac agg 
 K   R   I   V   R   G   H   T   A   L   D   K   G   Y   R

tgg tgg ttt gac gga aaa ctg ctc tca ctt ttt tcc tgc ccg gat
 W   W   F   D   G   K   L   L   S   L   F   S   C   P   D

tat gtc gga ctt ggg aat gca gca gct ttt gcc ctg ttt gaa aaa 
 Y   V   G   L   G   N   A   A   A   F   A   L   F   E   K    

gag gaa ata aag ctg ttc gtc ttc ggg gat cag cag gaa taa 
 E   E   I   K   L   F   V   F   G   D   Q   Q   E

gagaaagtttactcttattgagccactaatttctagaaaaa

Figure 12.  Continued.
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Figure 13.  Amino acid sequence comparison.  Comparison of
the predicted amino acid sequence of the Methanosarcina
thermophila protein-serine/threonine phosphatase (MSPP) with the
sequences of the S. solfataricus protein-serine/threonine
phosphatase (PP1-Arch),178 protein-serine/threonine phosphatase
type 1α  from rabbit (PP1 rabbit),179 protein-serine/threonine
phosphatase type 2A from Saccharomyces cerevisiae (PP2A yeast),180
protein-serine/threonine phosphatase type 2Bα from rat (PP2B
rat),181 and Lambda phosphatase.182  

178Leng, J., Cameron, A. M., Buckel, S., and Kennelly, P. J.
(1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.

179Berndt, N., Campbell, D. G, Caudwell, F. B., Cohen, P., da
Cruz e Silva, E. F., da Cruz e Silva, O. B., and Cohen, P. T. W.
(1987) “Isolation and sequence analysis of a cDNA clone encoding a
type-1 protein phosphatase catalytic subunit:  Homology with
protein phosphatase 2A,” FEBS Letters 223, 340-346. 

180Sneddon, A. A., Cohen, P. T., and Stark, M. J. (1990)
“Saccharomyces cerevisiae protein phosphatase 2A performs an
essential cellular function and is encoded by two genes,” EMBO J.
9, 4339-4346.

181Ito, A., Hashimoto, T., Hirai, M., Takeda, T., Shuntoh, H.,
Kuno, T., and Tanaka, C. (1989) “The complete primary structure of
calcineurin A, a calmodulin binding protein homologous with
protein phosphatases 1 and 2A,” Biochem. Biophys. Res. Commun.
163, 1492-1497.

182Cohen, P. T. W., Collins, J. F. W., Berndt, N., and da Cruz
e Silva, O. B. (1988) “Segments of bacteriophage λ (orf 221) and Φ
80 are homologous to genes coding for mammalian protein
phosphatases,” Gene 69, 131-134. 
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MSPP  M V S K K V S R - - K - V A A K E E - L L L L L20 
PP1-Arch                            M N I E E T Y E - L L10 
PP1 rabbit L L E V Q G S R P G K N V Q L T E N E I R G L C39
PP2A yeast Q L D Q W I E H L S K C E P L S E D D V A R L C100  
PP2B rat  R V D I L K A H L M K E G R L E E S V A L R I I65
Lambda                            M R - - - - - - Y Y E5         

  

MSPP  P E I D R I F D S E - P A V L R I D T E P V M I43
PP1-Arch  E K S K D I F R Q Q G P F I G E Y K E D K V V F34
PP1 rabbit L K S R E I F L S Q - P I L L E L - E A P L K I61 
PP2A yeast K M A V D V L Q F E - E N V K P I - N V P V T I122 
PP2B rat  T E G A S I L R Q E - K N L L D I - D A P V T V87  
Lambda  K I D G S K Y R N - - - - - - - - - - - - I W V17

MSPP  V G D I H G N L Q A L E Y V I E K R E E M N Y K67 
PP1-Arch  V G D T H G A I N V T E Y V F R K F Y D N V D L58
PP1 rabbit C G D I H G Q Y Y D L L R L F E Y G G F P P E S85
PP2A yeast C G D V H G Q F H D L L E L F K I G G P C P D T146
PP2B rat  C G D I H G Q F F D L M K L F E V G G S P A N T111
Lambda  V G D L H G C Y T N L M N K L D T I G F D N K K41

MSPP  N F L F - L G D Y V D R G P Q G T - E A L I R L89   
PP1-Arch  - I V F - L G D Y V D R E P Q T G V E N L S - L79   
PP1 rabbit N Y L F - L G D Y V D R G K Q - S L E T I C L L107   
PP2A yeast N Y L F - M G D Y V D R G Y Y - S V E T V S Y L168  
PP2B rat  R Y L F - L G D Y V D R G Y F - S I E C V L Y L133 
Lambda  D L L I S V G D L V D R G A E - N V E - - - C L61 

MSPP  F R M K L E D P D H - - - - - - I F L L R G N H107
PP1-Arch  I L K K L I E S D E N K G K T K I V V L R G N H103
PP1 rabbit L A Y K I - K Y P E N - - - - - F F L L R G N H125
PP2A yeast V A M K V - R Y P H R - - - - - I T I L R G N H186
PP2B rat  W A L K I L - Y P K T - - - - - L F L L R G N H151
Lambda  E L I T - - - F P W - - - - - - F R A V R G N H76

MSPP  E T V D M N I Y - Y G F F A E I G F D E E F L F130 
PP1-Arch  E - S P L T N F H Y G F F E E L K I K T E D A E126 PP1
rabbit  E C A S I N R I - Y G F Y D E C K R R Y - N I K147
PP2A yeast E S R Q I T Q V - Y G F Y D E C L R K Y G S A N209
PP2B rat  E C R H L T E Y - F T F K Q E C K I K Y - S E R173
Lambda  E - Q M M - - I - D G L S E R G N V N H W L L N96

Figure 13.  Continued.
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MSPP  R - V S Q T Y - D K - - - M P I A A V L S G H T149
PP1-Arch  N A Y E K - F R D L F S Y M P Y S V L V N - G Y148 
PP1 rabbit - - L W K T F T D C F N C L P I A A I V D E K I169 
PP2A yeast - - V W K M F T D L F D Y F P V T A L V D N K I231
PP2B rat  - - V Y D A C M D A F D C L P L A A L M N Q Q F195
Lambda  G G G W - F F N L D Y D K E I L A K A L A H K A120

MSPP  F C V H G G I - N - G I G - - - - - - - S I N D164 
PP1-Arch  L C M H G G L - P A T L E G D R L G I T T V E D171 
PP1 rabbit F C C H G G L S P - D L Q - - - - - - - S M E Q185 
PP2A yeast F C L H G G L S P M - I E - - - - - - - T I D Q247
PP2B rat  L C V H G G L S P F - I N - - - - - - - T L D D211
Lambda  D E L P I L I E L V S K D - - - - - - K K Y V I138

MSPP  I - - R K E K A F - - - - - P - - - - - - - Y L174
PP1-Arch  I - - A K L - K Y P D I - N P D D P V G L Q I L191
PP1 rabbit I - - R R I M R P T D V - - P D Q G L L C D L L205
PP2A yeast V - - R D L N R I Q E V - - P H G P V M C D L L267  
PP2B rat  I - - R K L D R F K E P - - P A Y G P M C D I L231    
Lambda  C H A D Y P F D E Y E F G K P V D H Q - - Q V I160

MSPP  W N D P - - - - - - - - - S N H P G L T A S R R189 
PP1-Arch  W N D P - R D - - - - - G L L D I D F L P S I R209 
PP1 rabbit W S D P D K D - - - - - - V Q G W G E N D - - R221
PP2A yeast W S D P D - D - - - - - - R G G W G I S P - - R282
PP2B rat  W S D P L E D F G N E K T Q E H F T H N T - V R254
Lambda  W N R - E R I - - - - - S N S Q N G I V K E I K178

MSPP  G S T V K E F G - P D I V D - - G F L K T N H -209
PP1-Arch  G E G I Y Y F G - E R V T N - - E F L S Y N N -229 
PP1 rabbit G V S - F T F G - A E V V A - - K F L H K H D -240
PP2A yeast G A G - F T F G - Q D I S E - - Q F N H T N D -301  
PP2B rat  G C S - Y F Y S - Y P A V C - - D F L Q H N N -273  
Lambda  G A D - F I F G H T P A V K P L K F A N Q M Y I201

MSPP  - - - - - - - - - L K R I V R G H T A L D K G Y224 
PP1-Arch  - - - - - - - - - F K G I I R G H E A V - D G F243  
PP1 rabbit - - - - - - - - - L D L I C R A H Q V V E D G Y255
PP2A yeast - - - - - - - - - L S L I A R A H Q L V M E G Y316
PP2B rat  - - - - - - - - - L L S I L R A H E A Q D A G Y288 
Lambda  D T G A V F C G N L T L I Q V Q G E G A        221

Figure 13.  Continued.
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MSPP  R W W - F D G - - - - - K L L S L F S C P D Y V242 
PP1-Arch  R T N - M N G - - - - - K V I T V F S S V - Y H260 
PP1 rabbit E F F - A K R - - - - - Q L V T L F S A P N Y C273
PP2A yeast S W S - H Q Q - - - - - N V V T I F S A P N Y C334
PP2B rat  R M Y R K S Q T T G F P S L I T I F S A P N Y L312 

MSPP  G - - - - - - - - L G N A A A F A L F E K E E I258 
PPP1-Arch  G Q R S G I L Y H D Y N N N K F V R I Y I K M V284 
PP1 rabbit G - - - - - - - E F D N A G A M M S V D E T L M290 
PP2A yeast Y R - - - - - - - C G N Q A A I M E V D E N H N351 
PP2B rat  D V - - - - - - - - Y N N K A A V L K Y E N N V328

MSPP  K L F V F G D Q Q E268
PP1-Arch  N D Q L I E E I V293
PP1 rabbit C S F Q I L K P A D K N K G K Y G F S G L N P G314
PP2A yeast R Q F L Q Y D P S V R P G E P T V T R K T P D Y375
PP2B rat  M N I R Q F N C S P H P Y W L P N F M D V F T W352

Figure 13.  Continued.
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Nucleotide Sequence Upstream of the Translation Start Site

ttaatatcaagttccactattctgccccctatgtataagtagaataaaaactcccatggtt

ctttttaactgattgaatttttcgctggtttttaattaactggatttttaattaactggat
    DIRECT REPEAT 1  DIRECT REPEAT 2

ttttaattgaccgacatctaattatctggatttttaagcttattaatacttgattttagac

tttgacatttataagcctgcctttacaaaaggaaattgaaaacctgatagagtatatggtg

cttgaagaacttcccttgaggtttggaaaacgtttattgtgaaaaaattcctttcatatat
       BOX A

ggaagaaaaactcggatttgcctccctgagaggctcttgagtagaggtgccccc gtg
      BOX B    RBS     TI

Methanogen Transcription Initiation Consensus Motif183

TTTTATATA (18 to 24 bp) TTGC

Figure 14.  Nucleotide sequence upstream of the
Methanosarcina protein-serine/threonine phosphatase gene
translation start site.  Shown is the predicted translation
initiation codon, gtg, (underlined, designated by TI) and the *
nucleotides preceding it.  The following additional sequence
features are also underlined:  DIRECT REPEAT 1, DIRECT REPEAT 2,
BOX A, BOX B, and RBS (ribosome binding site).

183Hausner, W., Frey G., and Thomm, M. (1991) “Control regions
of an archaeal gene,” J. Mol. Biol. 222, 495-508.
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Figure 15.  Construction of a vector for expression of the
Methanosarcina thermophila phosphatase gene in E. coli.
Methanosarcina thermophila genomic DNA was amplified using two
oligonucleotide primers named MSPHOS.FOR and MSPHOS.REV (A).  The
primers were constructed with Bam HI and Pst I sites to facilitate
cloning.  The Methanosarcina phosphatase gene (B) produced from
the polymerase chain reaction and the plasmid pRSETC (C) were
digested with Bam HI and Pst I and ligated together to produce the
Methanosarcina protein-serine/threonine phosphatase expression
vector (D).  In A, B, C, and D the restriction sites used to
ligate the phosphatase gene to pRSET C are indicated by bold
lettering.  In B the sequence of DNA corresponding to the
oligonucleotide primers is underlined.  In C the Methanosarcina
phosphatase gene is underlined.  The abbreviation rbs stands for
ribosome binding site. 
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A) PRIMERS

 Bam HI
MSPHOS.FOR 5’ACGCGGATCCCCGTGGTATCAAAAAAGGTT3’

 Pst I
MSPHOS.REV 5’AAAACTGCAGTCTAGAAATTAGTGGCTCAATAAGAG3’

B) AMPLIFIED METHANOSARCINA PHOSPHATASE GENE

  Bam HI
5’ACGCGGATCCCCGTGGTATCAAAAAAGGTTTCCAGGAAA ...CAGCAGGAATAAGAG
               M  V  S  K  K  V  S  R  K      Q  Q  E STOP
       

       Pst I
AAAGTTTACTCTTATTGAGCCACTAATTTCTACACTAATTTCTAGACTGCAGAAAA3’

C)  PRSET C

   rbs
GGAGATATACAT ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACT  

    M  R  G  S  H  H  H  H  H  H  G  M  A  S  M  T

 Bam HI
GGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAAGGATCGATGGATCCGA 
 G  G  N  N  M  G  R  D  L  Y  D  D  D  D  K  D  R  W  I  R

  Xho I   Pst I    Kpn I  Eco RI Hind III
CCTCGAGATCTGCAGCTGGTACCATGGAATTCGAAGCTTGA...  
 P  R  D   L  Q  L  V  P  W  K  S  K  L

D) THE PHOSPHATASE GENE CLONED INTO PRSET C

   rbs
GGAGATATACAT ATGCGGGGTTCTCATCATCATCATCATCATGGTATGGCTAGCATGACT 

    M  R  G  S  H  H  H  H  H  H  G  M  A  S  M  T

GGTGGACAGCAAATGGGTCGGGATCTGTACGACGATGACGATAATGATCGATGGATCCCC 
 G  G  N  N  M  G  R  D  L  Y  D  D  D  D  K  D  R  W  I  P 

 Bam HI
GTGGTATCAAAAAAGGTTTCC...CAGCAGGAATAAGAGAAAGTTTACTCTTATTGAGC
 V  V   S  K  K  V  S     Q  Q  E STOP  

 Pst I
CACTAATTTCTACACTAATTTCTAGACTGCAGCTGGTACCATGGAATT...

Figure 15.  Continued.
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Figure 16. Gel filtration chromatography of the
Methanosarcina protein-serine/threonine phosphatase on
Sephacryl S-200.  Proteins from the concentrated zinc-chelating
column fraction containing phosphatase activity were separated on
a Sephacryl S-200 column as described in the text.  Fractions (0.5
ml) were collected and aliquots, 5 µl, were analyzed for
phosphatase activity.  Shown is the relative phosphatase activity
in cpms of [32P] phosphate released during the assay as a function
of elution volume.  The elution volumes of the proteins used to
calibrate the column are indicated with arrows.       
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Fraction
Protein
(mg)

Activity
(µmol/min)

Specific
Activity
(µmol/min

/mg)
Recovery

(%)

Enrich-
ment
(fold)

Cell
Extract

12 4.3 0.36 100 1

Zinc-
chelating
column

1.5 2.0 1.3 47 3.6

Peak
Fraction
S-200

0.026 1.1 42 26 117

Table 3. Summary of purification of the Methanosarcina
thermophila protein-serine/threonine phosphatase.
Escherichia coli cell extract containing the expressed M.
thermophila protein-serine/threonine phosphatase, the pooled and
concentrated zinc-chelating column fraction, and the fraction with
the most phosphatase activity from the Sephacryl S-200 column were
assayed for casein-dependent phosphatase activity and protein
content.  Below are summarized the results of these assays.

75
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31 kDa

22 kDa
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Lane   1   2   3   4   5   6   7   8   9  

97 kDa

Figure 17.  SDS-PAGE of the Methanosarcina protein-
serine/threonine phosphatase.  Portions of the cell extract,
zinc-chelating column fraction, and Sephacryl S-200 fractions from
Table 4 were resolved on a 12.5% SDS-polyacrylamide gel.  Lane 1
contains 3 µl of SDS-PAGE Low Molecular Weight Markers.  Lane 2
contains 5 µl of the cell extract. Lane 3  contains 10 µl of the
zinc-chelating column fraction. Lanes 4 through 9  contain 20 µl
aliquots of various fractions from an S-200 column.  The fraction
corresponding to lane 7 exhibited the highest level of phosphatase
activity when phosphorylated casein was used as a substrate.
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2 MnCl2 11 MnCl2 + CaCl2
3 MgCl2 12 MnCl2 + CoCl2
4 CaCl2 13 MnCl2 + NiCl2
5 CoCl2 14 MnCl2 + CdCl2
6 NiCl2 15 MnCl2 + CuCl2
7 CdCl2 16 MnCl2 + ZnCl2
8 CuCl2
9 ZnCl2

Figure 18. Effect of divalent metal ions on the activity
of the Methanosarcina thermophila protein-serine/threonine
phosphatase.  Casein-directed phosphatase activity was assayed
according to the procedure described in Chapter II with the
exception that the indicated divalent metal ions or EDTA were
substituted for MnCl2.  The concentration of each metal ion was 10
mM and the concentration of EDTA was 5 mM.  Results are reported
as percentages of the activity observed in the presence of MnCl2.
Assays were performed in duplicate and the average deviation from
the mean ranged from ±5% to ±17%. 
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Figure 19.  Sensitivity of the Methanosarcina protein-
serine/threonine phosphatase to inhibitors of type 1, 2A,
and 2B protein-serine/threonine phosphatases.  The
Methanosarcina protein-serine/threonine phosphatase was assayed
for activity in the presence of okadaic acid, microcystin-LR,
calyculin A, or tautomycin.  Assays contained 0.5 µg/ml of the S-
200 purified M. thermophila phosphatase, 10 mM MnCl2, 0.5 µM [32P]
casein, and the indicated concentrations of each toxin.  The
assays were conducted as described in the Materials and Methods.
Results are reported as the percent activity observed in the
absence of toxins.  The dotted lines indicate the estimated IC50s
for each inhibitor.
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CHAPTER IV

DISCUSSION

Phosphorylation of cellular proteins in Sulfolobus
solfataricus.

The phosphorylation/dephosphorylation of cellular proteins is
an important mechanism for controlling biological activities.  In
signal transduction cascades, protein kinases phosphorylate
cellular proteins causing structural and functional changes in
these proteins.  Typically, the amino acid that is the target of
phosphorylation is not directly involved in catalysis.184  Protein
phosphatases catalyze the “reverse” reaction returning the
proteins to their unphosphorylated state.

Recognition of the reversible phosphorylation of proteins on
serine, threonine, and tyrosine residues as a regulatory mechanism
has led to the widespread use of 32P to label phosphoproteins in
vivo and in vitro.185  In Eucarya, incorporation of 32P into
cellular proteins has been used to identify the targets of protein
kinases activated by hormones, growth factors, or cellular
transformation.  In Bacteria, recognition of the existence of
proteins phosphorylated on serine, threonine, and tyrosine has
laid the groundwork for further studies into protein
phosphorylation.

The overall goal of the research described herein was to
expand our understanding of protein phosphorylation/
dephosphorylation into the third domain of life, the Archaea.  In
the sulfur-dependent archaeon Sulfolobus solfataricus, initial
attempts at finding genes encoding protein kinases or detecting
protein kinase activity using typical eucaryal protein kinase
substrates failed.  Therefore, efforts were redirected towards
isolating phosphoproteins that may be substrates for both the
protein-serine/threonine phosphatase (PP1-Arch) already cloned
from S. solfataricus and undiscovered protein-serine/threonine
kinases.

When soluble cell extracts were labeled with [γ −32P] ATP,
three of the most prominently radiolabeled phosphoproteins that
were observed migrated with apparent molecular masses of 35, 46
and 50 kDa on SDS-PAGE.  The 50 kDa protein was phosphorylated on
serine.  Because we were looking for substrates of a protein-
serine/threonine kinase and phosphatase, we decided to purify this

184Johnson, L. N., and Barford, D. (1993) “The effects of
phosphorylation on the structure and function of proteins,” Annu.
Rev. Biophys. Biomol. Struct. 22, 199-232.

185Brautigan, D. L. and Shriner, C. L. (1988) “Methods to
distinguish various types of protein phosphatase activity,” Meth.
Enzymol. 159, 339-346.
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protein for N-terminal sequence analysis.  Since the 35 kDa
phosphoprotein was easy to purify and a prominent phosphoprotein,
we decided to also obtain its N-terminal amino acid sequence.

The identification of the 35 kDa phosphoprotein.
The  35 kDa phosphoprotein was identified as the α-subunit of

succinyl-CoA synthetase based on characteristics that the 35 kDa
phosphoprotein shared with the α-subunits of previously
characterized succinyl-CoA synthetases.  The N-terminal amino acid
sequence of the 35 kDa phosphoprotein closely matched amino acid
sequences found near the amino termini of all known α-subunits of
succinyl-CoA synthetases.  The 35 kDa phosphoprotein was similar
in size to the α-subunits of succinyl-CoA synthetases, which
generally range from 30 to 36 kDa .  The acid lability of the [32P]
phosphate bound to the 35 kDa phosphoprotein was consistent with
the presence of phosphohistidine.  Incubation of cell extracts
containing the [32P] 35 kDa phosphoprotein with succinate or ADP,
which are known substrates of the enzyme, resulted in the removal
of the [32P] phosphate from the 35 kDa phosphoprotein consistent
with completion of the catalytic cycle in either the “forward” or
“reverse” direction.  Incubation with other nucleoside
diphosphates or TCA cycle intermediates had no effect on the 32P
content of the 35 kDa phosphoprotein.  It was not too surprising
that the enzyme preferred ADP over GDP given that the enzyme was
originally phosphorylated when it was incubated with [γ-32P ATP].
Therefore, the [32P] 35 kDa phosphoprotein is the phosphoenzyme
intermediate formed by a histidine on the α-subunit of succinyl-
CoA synthetase during the enzyme’s catalytic cycle.  It is
interesting to note that when Freestone et al. isolated and
identified phosphoproteins in E. coli looking for potential
substrates for bacterial protein-serine/threonine kinases, a 32
kDa phosphoprotein was identified as the α-subunit of succinyl-CoA
synthetase.186 

The identification of the 50 kDa phosphoprotein.
Identifying the 50 kDa phosphoprotein has proven to be

somewhat more difficult.  The 50 kDa phosphoprotein was putatively
identified as a hexosephosphate mutase; however, precisely which
one remains a mystery.  The amino terminal sequence most closely
matches that of a phosphoglucosamine mutase in Escherichia coli
that converts glucosamine-6-phosphate to glucosamine-1-
phosphate.187  This enzyme is involved in peptidoglycan and

186Freestone, P., Grant, S., Toth, I., and Norris, V. (1995)
“Identification of phosphoproteins in Escherichia coli,” Mol.
Microbiol. 15, 573-580.

187Mengin-Lecreulx, D., and van Heijenoort, J. (1996)
“Characterization of the essential gene glmM encoding
phosphoglucosamine mutase in Escherichia coli,” J. Biol. Chem.
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lipopolysaccharide biosynthesis.  However, similar amino acid
sequences are found near the amino termini of many other
phosphoglucomutases and a few phosphomannomutases.

Biochemical studies of the 50 kDa phosphoprotein demonstrated
that the radiolabeled phosphoryl group could be removed by
incubation with various phosphosugars.  This process was divalent-
metal ion dependent.  Potential substrates identified in these
studies included glucosamine-6-phosphate as well as glucose-6-
phosphate, mannose-6-phosphate, glucose-1-phosphate, and mannose-
1-phosphate.  The E. coli phosphoglucosamine mutase was first
identified only a year ago and is the only phosphoglucosamine
mutase whose catalytic activity has been characterized.188
Disruption of the chromosomal copy of the gene (glmM) encoding
phosphoglucosamine mutase in E. coli was detrimental to growth.
However, growth returned to normal when a plasmid encoding glmM
was transformed into the cells, but not when plasmids encoding
phosphoglucomutase or phosphomannomutase were transformed into the
cells.  In vitro, the E. coli enzyme used both glucose-6-phosphate
and glucosamine-6-phosphate as substrates.  However, no other
potential substrates were tested. Like other hexosephosphate
mutases, its catalytic activity was dependent upon the presence of
MgCl2.  Because there is so little information on the enzymatic
characteristics of phosphoglucosamine mutases and because the 50
kDa phosphoprotein dephosphorylated so many phosphosugars, it
cannot be ruled out that the 50 kDa phosphoprotein is a
phosphoglucomutase or phosphomannomutase. 

In future experiments to determine whether the 50 kDa
phosphoprotein functions as a phosphoglucosamine mutase in vivo,
the gene encoding the 50 kDa phosphoprotein could be expressed in
a strain of E. coli lacking an active phosphoglucosamine mutase.
Escherichia coli strains with inactive phosphoglucosamine mutases
lose their rod shape and growth stops early at a lower cell
density.189   If expression of the gene encoding the 50 kDa
phosphoprotein could restore the wild-type phenotype, this would
strongly support the assignment of the identity of the 50 kDa
phosphoprotein as phosphoglucosamine mutase. 

Hexosephosphate mutases including phosphoglucosamine mutase,
phosphoglucomutase, and phosphomannomutase have an amino acid
sequence that contains a characteristic conserved active site

271, 32-39.

188Mengin-Lecreulx, D., and van Heijenoort, J. (1996)
“Characterization of the essential gene glmM encoding
phosphoglucosamine mutase in Escherichia coli,” J. Biol. Chem.
271, 32-39.

189Mengin-Lecreulx, D., and van Heijenoort, J. (1996)
“Characterization of the essential gene glmM encoding
phosphoglucosamine mutase in Escherichia coli,” J. Biol. Chem.
271, 32-39.
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motif.190  This motif includes a serine residue that is
phosphorylated during the catalytic cycle.  Therefore, the
phosphoserine present in the 50 kDa phosphoprotein is probably
involved in catalysis and is not phosphorylated by a protein-
serine/threonine kinase. 

Cloning and expression of the gene encoding the
Methanosarcina thermophila protein-serine/threonine
phosphatase (MSPP).

Protein-serine/threonine phosphatase activity was first
detected by Keith Oxenrider in cell extracts from M.
thermophila.191  Using phosphorylated casein as a substrate, he
detected phosphatase activity that was sensitive to inhibition by
okadaic acid, microcystin, or calyculin A.  Previously, these
inhibitors were thought to exclusively inhibit eucaryal type 1,
2A, and 2B, protein-serine/threonine phosphatases.192  In this
study, amplification of M. thermophila genomic DNA using the
polymerase chain reaction and oligonucleotides modelled after
highly conserved regions of protein-serine/threonine phosphatase
type 1, 2A, and 2B and PP1-Arch generated a single product.  Using
oligonucleotides designed from the DNA sequence of this PCR
product, a gene was cloned that encoded a putative protein-
serine/threonine phosphatase.  

Comparison of the DNA-derived amino acid sequence of the M.
thermophila protein-serine/threonine phosphatase (MSPP) with the
sequences of thousands of other proteins revealed that it was very
similar to eucaryal protein-serine/threonine phosphatases of the
type 1, 2A, and 2B superfamily.  In fact, MSPP has 35 of the
42 amino acid residues that are conserved in all known eucaryal
type 1, 2A, and 2B protein-serine/threonine phosphatases.193  This
similarity extended over the entire amino acid sequence of MSPP.
It displayed 34%  identity to protein-serine/threonine phosphatase

190Ray, W. J., Jr., and Peck, E. J., Jr. (1972)
“Phosphomannomutases,” in The Enzymes (Boyer, P. D., ed.), pp.
407-477, Academic Press, New York.

191Oxenrider, K. A., Rasche, M. E., Thorsteinsson, M. V., and
Kennelly, P. J. (1993) “Inhibition of an archaeal protein
phosphatase activity by okadaic acid, microcystin-LR, or calyculin
A,” FEBS Letters 331, 291-295.

192MacKintosh, C., and MacKintosh, K. (1994) “Inhibitors of
protein kinases and phosphatases,” TIBS 19, 444-448.

193Barton, J. G., Cohen, P. T. W., and Barford, D. (1994)
“Conservation analysis and structure prediction of the protein
serine/threonine phosphatases,” Eur. J. Biochem. 220, 225-237
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type 1α from rabbit,194 30% identity to protein-serine/threonine
phosphatase 2A from Saccharomyces cerevisiae,195 and 33% identity
to protein-serine threonine phosphatase 2B from rat.196  MSPP was
smaller than these eucaryal protein-serine/threonine phosphatases,
comprising only a little more than what is considered to be the
catalytic core, which spans from amino acids 30 to 295 in PP1α
from rabbit.      

Besides MSPP, PP1-Arch from Sulfolobus solfataricus is the
only other archaeal protein phosphatase with a known amino acid
sequence.  PP1-Arch has 33 of the 42 amino acid that are conserved
among the type 1, 2A, and 2B protein-serine/threonine
phosphatases.197  PP1-Arch was also closest in amino acid sequence
to protein-serine/threonine phosphatase type 1 with 31% identity.
The catalytic cores of PP1A, 2A, and 2B were more closely related
to each other, sharing greater than 37% identity, than to either
PP1-Arch or MSPP.198  Surprisingly, MSPP displayed a higher degree
of identity with eucaryal protein-serine/threonine phosphatase
type 1 than it did with PP1-Arch (34% versus 32%).

In the amino acid sequence of  MSPP are thirteen amino acids
that are conserved in all type 1, 2A and 2B protein-
serine/threonine phosphatases, in PP1-Arch, in the bacteriophage
Lambda phosphatase, and in other phosphohydrolases such as

194Berndt, N., Campbell, D. G., Caudwell, F. B., Cohen, P., da
Cruz e Silva, E. F., da Cruz e Silva, O. B., and Cohen, P. T. W.
(1987) “Isolation and sequence analysis of a cDNA clone encoding a
type-1 protein phosphatase catalytic subunit: Homology with
protein phosphatase 2A,” FEBS Letters 223, 340-346.

195Sneddon, A. A., Cohen, P. T. W., and Stark, M. J. R. (1990)
“Saccharomyces cerevisiae protein phosphatase 2A performs an
essential cellular function and is encoded by two genes,” EMBO J.
9, 4339-4346.

196Kuno, T., Takeda, T., Hirai, M., Ito, A., Mukai, H., and
Tanaka, C. (1989) “Evidence for a second isoform of the catalytic
subunit of calmodulin-dependent protein phosphatase (calcineurin
A),” Biochem. Biophys. Res. Commun. 165, 1352-1358.

197Leng, J., Cameron, A. J. M., Buckel, S., and Kennelly, P.
J. (1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.

198Barton, G. J., Cohen, P. T. W., and Barford, D. (1994)
“Conservation analysis and structure prediction of the protein
serine/threonine phosphatases,” Eur. J. Biochem. 220, 225-237.
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diadenosine tetraphosphatase from E. coli.199  These conserved
residues tend to be concentrated in three regions.  The amino acid
sequences in these regions are GDXHG, GDYV(D/A)R, and
(L/V)(L/R)GNH(D/E).  The similarities in these amino acid
sequences among eucaryal, bacteriophage, and archaeal phosphatases
suggest that they share a common catalytic mechanism.  Subsequent
expression of MSPP in E. coli provided an opportunity to examine
the functional properties of the enzyme in detail including its
toxin sensitivity.  

Although the amino acid sequence of MSPP most closely matched
the amino acid sequence of type 1 protein-serine/threonine
phosphatases, the sensitivity of this archaeal phosphatase to
specific inhibitors of protein-serine/threonine phosphatases
differs from that of protein-serine/threonine phosphatase type
1.200  The heat stable peptide inhibitor 2 functioning as a
regulatory subunit specifically binds to type 1 protein-
serine/threonine phosphatases, but inhibitor 2 had no affect on
the activity of MSPP.

Okadaic acid, microcystin-LR, calyculin A, and tautomycin are
potent, specific inhibitors of type 1, 2A, and 2B protein-
serine/threonine phosphatases.  However, each of the phosphatases
exhibits varying degrees of sensitivity to each of the toxins.
These toxins were also found to inhibit MSPP.  However, MSPP was
much less sensitive to okadaic acid (IC50 310 nM) than either type
1 protein-serine/threonine phosphatases (IC50 10 to 60 nM) or type
2A protein-serine/threonine phosphatases (IC50 0.1 to 1
nM).201,202,203 MSPP was more sensitive than protein-serine/threonine

199Barton, G. J., Cohen, P. T. W., and Barford, D. (1994)
“Conservation analysis and structure prediction of the protein
serine/threonine phosphatases,” Eur. J. Biochem. 220, 225-237.

200Cohen, P. (1985) “The role of protein phosphorylation in
the hormonal control of enzyme activity,” Eur. J. Biochem. 151,
439-448.

201Cohen, P., Klumpp, S., and Schelling, D. L. (1989) “An
improved procedure for identifying and quantitating protein
phosphatases in mammalian tissue,” FEBS Letters 250, 596-600.

202Ishihara, H., Martin, B. L., Brautigan, D. L., Karaki, H.,
Ozaki. H., Kato, Y., Fusetani, N., Watabe, S., Hashimoto, K.,
Uemura, D., and Hartshorne, D. J. (1989) “Calyculin A and okadaic
acid: Inhibitors of protein phosphatase activity,” Biochem.
Biophys. Res. Commun. 159, 871-877.

203MacKintosh, C., and Klumpp, S. (1990) “Tautomycin from the
bacterium Streptomyces verticullatus.  Another potent and specific
inhibitor of protein phosphatases 1 and 2A,” FEBS Letters 277,
137-140.
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phosphatase type 2B (IC50 5 to 10 µM).204   The IC50 for microcystin
inhibition of MSPP was 270 nM.  This inhibitory concentration was
very close to values observed for the inhibition of protein-
serine/threonine phosphatase 2B (IC50 200 nM) but 2000 times higher
than values observed for the inhibition of type 1 and 2A protein-
serine/threonine phosphatases (IC50 0.1 nM)205  The IC50 of
calyculin A for MSPP (400 nM) was also 2000 times higher than
values observed for the inhibition of type 1 and 2A protein-
serine/threonine phosphatases (IC50 0.2 nM).  The concentration of
calyculin required to inhibit type 2B protein-serine/threonine
phosphatases has not been determined.  The IC50 of tautomycin for
MSPP (600 nM) was much higher than for protein-serine/threonine
phosphatase type 1 (IC50 0.2 to 22 nM) and protein-serine/threonine
phosphatase type 2 (IC50 1 to 32 nM), but much lower than for
protein-serine/threonine phosphatase type 2B (IC50 80 uM).  The
overall pattern of toxin sensitivity was similar to type 2A and 2B
protein-serine/threonine phosphatases where the enzyme was more
sensitive to microcystin-LR than to okadaic acid or calyculin A,
and was least sensitive to tautomycin. In contrast, type 1
protein-serine/threonine phosphatases are more sensitive to
microcystin than to calyculin A or tautomycin, and least sensitive
to okadaic acid.  Surprisingly, the Sulfolobus protein-
serine/threonine phosphatase, which has an amino acid sequence
that most closely matches eucaryal type 1 protein-serine/threonine
phosphatases in an organism that is evolutionarily related to
Methanosarcina thermophila, is insensitive to all of these
toxins.206

Okadaic acid, microcystin, calyculin A, and tautomycin are
naturally occurring compounds with extremely different
structures.207  Okadaic acid is a polyether fatty acid,
microcystin-LR is a cyclic heptapeptide, calyculin A is a

204Cohen, P., Klumpp, S., and Schelling, D. L. (1989) “An
improved procedure for identifying and quantitating protein
phosphatases in mammalian tissue,” FEBS Letters 250, 596-600.

205MacKintosh, C., Beattie, K. A., Klumpp, S., Cohen, P., and
Codd, G. A. (1990) “Cyanobacterial microcystin-LR is a potent and
specific inhibitor of protein phopshatases 1 and 2A from both
mammals and higher plants,” FEBS Letters 264, 187-192.

206Kennelly, P. J., Oxenrider, K. A., Leng, J., Cantwell, J.
S., and Zhao, N. (1993) “Identification of a serine/threonine-
specific protein phosphatase from the Archaebacterium Sulfolobus
solfataricus,” J. Biol. Chem. 268, 6505-6510.

207MacKintosh, C., and MacKintosh, R. W. (1994) “Inhibitors of
protein kinases and phosphatases,” Trends. Biochem. Sci. 17, 444-
447
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spiroketal, and tautomycin is a polyketal.  Considering the
structural diversity of these compounds, it is highly unlikely
that MSPP and eucaryal type 1, 2A, and 2B protein phosphatases
have in common the characteristic of being sensitive to all of
these toxins purely by chance.  Given the high degree of sequence
identity between MSPP and the eucaryal protein-serine/threonine
phosphatase 1, 2A, 2B superfamily, it appears that protein-
serine/threonine phosphatases were present in the common
progenitor of the Eucarya and the Archaea.  Furthermore, it is
likely that the common progenitor was toxin-sensitive, or at least
possessed the necessary prerequisites. Presumably, as other
organisms developed toxins such as okadaic acid and microcystin as
a means of defense, there was selective pressure for the evolution
of toxin insensitive phosphatases. If so, S. solfataricus or its
progenitor must have been subjected to such selection pressure.

The enzyme encoded by the M. thermophila protein-
serine/threonine phosphatase gene has many of the same enzymatic
characteristics as the phosphatase previously characterized by
Oxenrider et al.208  Both protein phosphatases dephosphorylated
casein and glycogen phosphorylase a and were sensitive to a group
of inhibitors previously thought to  specifically inhibit eucaryal
type 1, 2A, 2B protein-serine/threonine phosphatases.  The
recombinant M. thermophila protein-serine/threonine phosphatase
was divalent metal ion dependent. It exhibited similar relative
activities in the presence of various divalent metal ions and
combinations of divalent metal ions as the activity detected in
Methanosarcina cell extracts.  Thus, the recombinant protein-
serine/threonine phosphatase and the protein phosphatase
characterized in M. thermophila cell extracts appear to be one in
the same.  The postulated existence of a single protein-serine
phosphatase in Methanosarcina thermophila also is supported by the
observation that M. thermophila genomic DNA contains only one
detectable gene for a protein-serine/threonine phosphatase.

The gene encoding MSPP shared several characteristics with
the gene encoding PP1-Arch.209  Both genes initiated translation at
the codon GTG.  Immediately upstream of each of the GTG start
codons were ribosome binding sites.  Farther upstream were
nucleotide sequences indicative of transcription start sites.
About 300 base pairs were sequenced upstream and downstream of the
gene encoding MSPP.  The sequences were sent to GenBank, but did
not appear to contain open reading frames whose potential products

208Oxenrider, K. A., Rasche, M. E., Thorsteinsson, M. V., and
Kennelly, P. J. (1993) “Inhibition of an archaeal protein
phosphatase activity by okadaic acid, microcystin-LR, or calyculin
A,” FEBS Letters 331, 291-295.

209Leng, J., Cameron, A. J. M., Buckel, S., and Kennelly, P.
J. (1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.
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resembled known proteins.  Therefore, the question of whether the
gene encoding MSPP is part of a larger operon remains unanswered
at this time.  Since genes in the same operon sometimes have
related functions, sequencing farther upstream and downstream of
the gene encoding MSPP may aid in elucidating the role of MSPP in
controlling cellular functions in M. thermophila.

Conclusion
Divalent metal ion stimulated protein-serine phosphatase

activity has been detected in Sulfolobus solfataricus,210
Methanosarcina thermophila TM-1,211 and Haloferax volcanii.212
These three genera represent the three major groups,
phenotypically-speaking, within the Archaea.  Protein-
serine/threonine phosphatases similar in amino acid sequence to
eucaryal type 1, 2A, and 2B protein-serine phosphatases have been
cloned from two of these species,  Methanosarcina thermophila and
Sulfolobus solfataricus.213  

Although protein-serine phosphatase activity has been
detected in all three groups of Archaea, apparently not all
Archaea possess the same type(s) of protein-serine phosphatases.
Recently, the genome of Methanococcus jannaschii was sequenced.214
A search for open reading frames encoding conserved sequences from
the M. thermophila and S. solfataricus protein phosphatases failed
to identify an open reading frame potentially encoding a protein-
serine/threonine phosphatase similar to eucaryal type 1, 2A, 2B
protein-serine/threonine phosphatases.  The genome sequence did
encode potential proteins that are targets of protein kinases and
protein phosphatases in Eucarya.  These proteins included the

210Kennelly, P. J., Oxenrider, K. A., Leng, J., Cantwell, J.
S., and Zhao, N. (1993) “Identification of a serine/threonine-
specific protein phosphatase from the archaebacterium Sulfolobus
solfataricus,” J. Biol. Chem. 268, 6505-6510.

211Oxenrider, K. A., Rasche, M. E., Thorsteinsson, M. V., and
Kennelly, P. J. (1993) “Inhibition of an archaeal protein
phosphatase activity by okadaic acid, microcystin-LR, or calyculin
A,” FEBS Letters 331, 291-295.

212Oxenrider, K. A., and Kennelly, P. J. (1993) “A protein
phosphatase from the halophilic archaeon Haloferax volcanii,”
Biochem. and Biophys. Res. Comm. 194, 1330-1335.

213Leng, J., Cameron, A. J. M., Buckel, S., and Kennelly, P.
J. (1995) “Isolation and cloning of a protein-serine/threonine
phosphatase from an archaeon,” J. Bacteriol. 177, 6510-6517.

214Bult, C. J. et al. (1996) “Complete genome sequence of the
methanogenic archaeon, Methanococcus jannaschii,” Science 273,
1058-1073.
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archaeal homolog of eucaryal translation initiation factor 2A,
glycogen synthase, histones, hydroxymethylglutaryl-CoA reductase,
and RNA polymerase.  Previously, Skorko examined some of these
potential targets of phosphorylation in the archaeon Sulfolobus
acidocaldarius, including ribosomal proteins and RNA polymerase,
but none of the proteins targeted for study appeared to be
regulated by phosphorylation.215  In bacteria, isocitrate
dehydrogenase is phosphorylated on a serine by a protein that is a
dual kinase/phosphatase in response to high levels of acetate in
the medium.  However, isocitrate dehydrogenase in Sulfolobus
acidocaldarius does not appear to be phosphorylated under similar
growth conditions.

It was surprising that no genes potentially encoding protein-
serine/threonine phosphatases were found in Methanococcus
jannaschii.  The presence of protein-serine/threonine kinases and
phosphatases in only select archaeal species appears to be similar
to the situation in Bacteria.  Some species of bacteria, such as
cyanobacteria and soil bacteria, have eucaryal-type protein-
serine/threonine kinases whereas others such as Haemophilus do
not.216,217,218  It may be that only some species of Archaea require
protein-serine/threonine kinases and phosphatases.  Over a long
period of time, the species that did not require these enzymes
slowly lost the genes that encoded them.  

The occurrence of eucaryal-type protein phosphatases and
bacterial type protein kinases in Archaea, bacterial-type protein
kinases in eucarya, and eucaryal type protein kinases in Bacteria,
indicates the ancient origin of this process.  However, Archaea,
Bacteria, and Eucarya have independently evolved for millions of
years.  It may be that while the regulatory enzymes in the
phosphorylation cascades have evolved relatively slowly, the
targets of these protein kinases and phosphatases may have evolved
dramatically with the changing needs of different organisms. 

215Skorko, R. (1984) “Protein phosphorylation in the
Archaebacterium Sulfolobus acidocaldarius,” Eur. J. Biochem. 145,
617-622.

216Zhang, C. C. (1993) “A gene encoding a protein related to
eukaryotic protein kinases from the filamentous heterocystous
cyanobacterium Anabaena PCC 7120,” Proc. Natl. Acad. Sci. USA 90,
11840-11844.

217Munoz-Dorado, J., Inouye, S., and Inouye, M. (1991) “A gene
encoding a protein serine/threonine kinase is required for normal
development of M. xanthus, a gram-negative bacterium,” Cell 67,
995-1006.

218Fleischmann, R. D. et al. (1995) “Whole-genome random
sequencing and assembly of Haemophilus influenzae Rd,” Science
269, 496-512.
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Therefore, although the protein-serine/threonine phosphatases
resemble eucaryal phosphatases, their substrates may prove to be
totally unexpected or unknown proteins.
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