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Abstract

Universal protein networks conserved from bacteria to animals dictate the core functions of cells. Inorganic pyrophosphatase
(IPP) is an essential enzyme that plays a pivotal role in a broad spectrum of cellular biosynthetic reactions such as amino acid, nucle-
otide, polysaccharide, and fatty acid biosynthesis. However, the in vivo cellular regulation mechanisms of IPP and another key met-
abolic enzyme, phosphoglucomutase (PGM), remain unknown. This study aimed to examine the universal protein regulatory
network by utilizing genome sequences, yeast proteomic data, and phosphoryl-transfer experiments. Here we report a novel human
protein, henceforth referred to as calphoglin, which interacts with IPP and activates it. Calphoglin enhances PGM activity through
the activated IPP and more directly on its own. Protein structure and assembly, catalytic function, and ubiquitous cellular locali-
zation of the calphoglin (-IPP–PGM) complex were conserved among Escherichia coli, yeast, and mammals. In the rat brain, cal-
phoglin mRNA was enriched in the hippocampus and the cerebellum. Further, the linkage of the calphoglin complex to calcium
signaling was demonstrated by its interactive co-localization within the calmodulin/calcineurin signaling complex, by Ca2+-binding
and Ca2+-controlled activity of calphoglin–IPP, and by calphoglin-induced enhancement of microsomal Ca2+ uptake. Collectively,
these results suggest that the calphoglin complex is a common mechanism utilized in mediating bacterial cell metabolism and Ca2+/
calmodulin/calcineurin-dependent mammalian cell activation. This is the first report of an activator of IPP and PGM, a function
novel to proteins.
� 2004 Elsevier Inc. All rights reserved.
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The genome sequences of humans as well as a set of
additional broad organisms represent the basic founda-
tion of information on cellular proteins and their long
evolutionary history. The most elementary cellular func-
tions; basic metabolism, DNA replication, DNA tran-
scription into RNA, RNA translation into protein,
and the like, evolved only once and have stayed pretty
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well fixed since the evolution of single-celled yeasts
and bacteria. Glucose metabolism and related ortholo-
gous genes are observed in every living cell, and the
importance of glucose as a central signaling molecule
in all cells has recently been recognized [1].

An unexpected finding that emerged from large-scale
genome analyses was that prokaryotes expressed numer-
ous genes belonging to molecular families long studied
in the immune system and the nervous system of mam-
mals. Cyclophilins, receptors for a major immunosup-
pressant drug, cyclosporin A (CsA), are ubiquitous
proteins present in a wide variety of organisms and are
abundant in mammalian lymphocytes and neurons.
A CsA–cyclophilin complex acts by binding to the
Ca2+/calmodulin-dependent phosphatase calcineurin,
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inhibiting its phosphatase activity that leads to immuno-
suppressant effects in T lymphocyte proliferation [2].
In the brain, a glutamate receptor-mediated influx of
Ca2+ leads to calcineurin activation and underpins spe-
cialized higher order functions such as transcriptional
neuron response. Cyclophilins and other immunosup-
pressant-binding proteins share one commonality,
peptidylprolyl isomerase activity [3]. Prokaryotes have
peptidylprolyl isomerase proteins that exhibit extensive
sequence homology to mammalian cyclophilins. Still,
the link between cyclophilin/calcineurin signaling and
cellular metabolic activation mechanism remains
unclear.

One of the primary goals of postgenomic biology is to
understand how distant orthologues result in the con-
certed action of gene products to generate a common
function, ‘‘cellular activity.’’ Recent analyses of yeast
protein complexes on a proteome-wide scale have re-
sulted in significant progress being made towards this
goal [4–6]. Such studies have identified hundreds of
distinct multiprotein complexes in the budding yeast
Saccharomyces cerevisiae using two-hybrid methods
and affinity purification. The data provide an outline
of an organism�s proteome as a network of protein com-
plexes. Phosphoryl-transfer is the predominant strategy
for the control of elaborate protein network activities
in cells, and is often used as an experimental tool to
identify signaling pathways in protein complexes. In
eukaryotes, a series of chemically stable phosphoryla-
tions occurs in which the phosphates are transferred
from ATP molecules to tyrosine, serine, and threonine
residues of proteins by the respective protein kinase.
In contrast, the transfer of the phosphoryl group from
a histidine kinase to a response regulator forms the basis
of bacterial and lower eukaryotic signal transduction [7].
Phosphohistidine is chemically unstable and is often
indicated by acid-unstable phosphorylation [8]. Recent
examinations of archaeal, bacterial, and eukaryotic gen-
omes, however, have revealed the widespread presence
of networks of phosphoryl-transfer enzymes in all
domains of life [9]. The phosphoryl-transfer enzymes in-
clude various types of kinases, ATPases, pyrophospha-
tases, and glycolytic phosphotransfer enzymes. These
findings indicate that phosphoryl-transfer enzymes
may dominate universal cellular signaling pathways in
the same manner among diverse species.

In the present study, we found that calphoglin was an
extremely bioactive molecule in Escherichia coli cells.
Calphoglin enhanced IPP activity which sequentially
activated PGM in prokaryotic and eukaryotic cells, con-
sistent with their postulated role as universal cellular sig-
naling pathways. The functional protein complex of
calphoglin, IPP, and PGM is henceforth referred to as
the calphoglin complex. The calphoglin complex is a
crucial apparatus involved in linking the principal cellu-
lar metabolism (phosphate and glucose metabolism)
with other core functions of cells (protein synthesis
and degradation, calcium signaling, and cell growth).
Materials and methods

Protein expression, E. coli lysates, and phosphorylation experiment.
The cDNAs of human calphoglin and E. coli PGM were subcloned
into the E. coli expression vectors of pDEST14, pDEST17, and pET-
DEST42 (Invitrogen). The cDNAs of E. coli IPP and human PGM1 in
pCA24N vectors (AB052891) were also used. The E. coli strains, BL21-
AI and BL21-SI (Invitrogen), were transformed with these plasmids,
and 5 ml of cultures was induced by 0.2% arabinose and 0.3 M NaCl,
respectively, to express proteins. The cells were harvested 2 h after the
induction by centrifugation and 0.3 ml of the resuspended cells was
sonicated on ice using a microprobe for 1 min. Each 25 ll of phos-
phorylation reaction mixture contained 50 mM Tris–HCl, pH 7.5,
10 mM MgCl2, 20 lCi [32P]ATP, and 30 lg lysate protein. After
60 min of incubation at 25 �C, the reactions were stopped by a 5 ll of
6· SDS loading buffer. For the autophosphorylation of purified
PGMs, a 25 ll reaction mixture contained 50 mM Tris–HCl, pH 7.5,
5 mM MgCl2, 1 mM dithiothreitol, 1 mM EDTA, 50 lM [32P]ATP
(50 lCi), and 5 lg PGM.

Protein purification, Western blot, and antibody production. After
the induction of 400 ml cultures, the cell suspension was sonicated on
ice using a microprobe for 40 min. The cell lysate was centrifuged
at 12,000g for 15 min at 4 �C. From the supernatant, expressed
(His)6-tagged proteins were affinity-purified using an immobilized
Ni2+-column (Amersham, Product Number 17-1880-01) and a
PD-10 desalting column (Amersham) as described in the manufac-
turer�s protocols. Western blot analysis using anti-V5 antibody
(Invitrogen) was performed at a 1:7000 dilution as described in the
manufacturer�s protocol. Anti-calphoglin rabbit polyclonal antiserum
was generated against a full-length recombinant protein and used at a
1:4000 dilution.

PGM assay and rat soluble protein fraction. A 1 ml reaction mixture
contained 20 mM Tris–HCl, pH 7.5, 10 mM MgCl2, 1 mM glucose-1-
phosphate, 0.25 mM NADP+, and 0.1 mM glucose-1,6-diphosphate.
The reaction was initiated by addition of the indicated amount of cell
lysates or purified PGM proteins, and 1 unit of glucose-6-phosphate
dehydrogenase. The reduction of NADP+ was measured every 30 s for
20 min at 25 �C with a spectrophotometer (340 nm). To prepare sol-
uble protein fractions, 5 g of rat skeletal muscle was minced and cooled
in 50 ml of 25 mM Tris–HCl, pH 7.4, 137 mMNaCl, and 2.7 mMKCl.
The minced muscle was then homogenized for 15 min. The homoge-
nate was centrifuged at 5000g for 10 min at 4 �C. The supernatant was
then centrifuged at 12,000g for 10 min and the resulting supernatant
was collected for PGM and IPP assays.

IPP assay and total cellular Pi. The reaction mixture contained
20 mM Tris–HCl, pH 8.0, 10 mM MgSO4, 60 mM KCl, 2 mM PPi,
and the indicated amount of IPP or cell lysates in a total volume of
0.1 ml. The reaction was initiated by adding 4 ll of 50 mM PPi. After
incubation at 30 �C for 30 min, the reaction was terminated by adding
4 ll of 1 M citric acid. To determine the rate of PPi hydrolysis, the
release of Pi was measured by the colorimetric method as previously
described [10]. In experiments of calphoglin-dependent IPP enhance-
ment, 30 ng of each purified IPP protein of yeast and E. coli (Sigma) or
55 lg of rat muscle protein was incubated with 300 ng of affinity-pu-
rified calphoglin protein for 10 min at 25 �C, and IPP activity was
assayed for 30 min. In experiments of Ca2+-dependent IPP inhibition,
the reaction mixture contained 2 mM MgSO4. Total cellular Pi was
extracted from 60 mg dry pellets of E. coli cultures with 1.2 ml of 1 M
HCl.

RT-PCR. RT-PCR of calphoglin mRNA used the primers 5 0-ctt
ggggaggagttggccagtgcagcag-3 0 and 5 0-atcaggactgacttctcatcttcagcctcc-
3 0. RT-PCR of PGM used the primers 5 0-ggtgttctgggaaagcagcagtttgact
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tggaaaa-30 and 5 0-tcgtttgctgagaactgcttccccacaaaggagcg-3 0. The both
amplifications were performed under the following conditions: dena-
turation at 94 �C for 1 min, denaturation at 94 �C for 45 s, annealing at
68 �C for 1 min, primer extension at 72 �C for 1 min for 30 cycles, and
final primer extension at 72 �C for 5 min.

In situ hybridization. Experiments were performed as previously
described [11] using 35S-labeled riboprobes of full-length calphoglin.

Two-hybrid experiments. Experiments were performed as previously
described [12] with some modifications indicated in figure legend.
Transformation of pOBD2-vector into each ORF transformant was
performed using S.c.EasyComp transformation kit (Invitrogen). The
yeast suspensions were plated onto synthetic plates lacking tryptophan
and leucine, and were incubated for 7 days at 30 �C. After colonies had
grown they were picked and plated onto synthetic plates lacking
tryptophan, leucine, and histidine to detect two-hybrid activation.
Control transformations were included in each assay, without insert
and with only pOBD2-calphoglin (or -E. coli pgm).

Cell culture. SV-40 transformed African Green Monkey Kidney
(COS-7) cells (Japan Health Sciences Foundation) were cultured in
DMEM supplemented with 10% fetal bovine serum. Approximately
1 · 105 cells in a well were transfected with the lipoplexes containing
5 lg of each DNA of pcDNA/DEST47-calphoglin, pcDNA3.2/
V5DEST-calphoglin, and their empty vectors (Invitrogen).

45Ca2+-binding experiments. Experiments were performed as pre-
viously described [13]. Proteins were separated by SDS–PAGE on 12%
gels and transferred onto a nitrocellulose membrane. After transfer,
the membrane was incubated with 1 lCi/ml 45Ca2+ for 10 min at
25 �C in a solution containing 10 mM imidazole–HCl, pH 6.8, 60 mM
KCl, and 5 mM MgCl2. The membrane was rinsed with distilled
water for 5 min, then air-dried, and exposed to X-OMAT film for 1–5
days.

45Ca2+ uptake experiments. Microsomal fractions were prepared
from rat muscle tissue as previously described [14]. Twenty-five
microgram microsome, 3lg calphoglin, and 0.3 lg yeast IPP were
incubated at 37 �C in 1 ml of 20 mM Mops, pH 7.2, 100 mM KCl,
20 mM NaCl, 5 mM MgCl2, 3 mM ATP, 5 mM NaN3, 2 mM PPi,
20 lM CaCl2, and 1.2 lCi 45CaCl2. After the indicated time, 45Ca2+

accumulated by microsomes was measured by the rapid-filtration
technique previously described [15].
Results and discussion

Calphoglin induces the phosphorylation of E. coli PGM

and increases its activity

To capture common components associated with
phosphoryl-transfer signaling in prokaryotic and mam-
malian cells, mammalian cDNA-expressing E. coli cells
were screened using an in vitro [32P]ATP labeling
method. Using a BLASTP search, we ascertained 50 un-
known mammalian gene products having homology to
bacterial and fungal phosphoryl-transfer enzymes such
as histidine kinases. The mammalian cDNAs were trans-
fected to an E. coli strain, BL21-AI, the ensuant colony
cultures were induced by 0.2% arabinose to express the
proteins, and the cell lysates phosphorylated with
[32P]ATP.

The expression of a human brain cDNA clone (calp-
hoglin, calcium–phosphate–glucose-linkage) exhibited
the significant increase in the phosphorylation of the
55 kDa protein (Fig. 1A) and suppressed host E. coli cell
growth (Fig. 1C), while the expression of other clones
had no effect on the protein phosphorylations or
phenotypes. Similarly, the expression of C-terminal
(His)6-V5-tagged calphoglin specifically increased the
phosphorylation of a 55 kDa protein. In contrast to
the acid-unstable nature of most prokaryotic phospho-
proteins [8], the phosphorylation of the 55 kDa protein
was acid-stable, which is characteristic of eukaryotic
proteins. The expressed recombinant calphoglin was
purified by a Ni2+-column, visualized by Coomassie
(CBB) stainings, and recognized specifically by anti-V5
antibodies (Fig. 1B). A full-length calphoglin protein
migrates as a major band at 80 kDa, and a secondary
35 kDa band represents C-terminal cleavage products.
Calphoglin mRNA is 2.9 kb long and encodes a protein
of 691 amino acids (Fig. 2A), which is consistent with
the size of the expressed recombinant protein. We puri-
fied the 35 kDa fragment using a Ni2+-column and two-
dimensional PAGE, and analyzed the N-terminal amino
acid sequence. The obtained sequence corresponded to
the (497–503) amino acids of calphoglin protein, which
identifies the cleavage site as being between the 496th
and the 497th amino acid residues of calphoglin (Fig.
2A). The results from utilizing another tightly regulated
expression system using 0.3 M NaCl as an inducer (Fig.
1A, right panel) confirmed the calphoglin protein, not
the inducers, was responsible for the increase in
phosphorylation.

To identify the 55 kDa phosphoprotein, we purified
the protein using combinatorial chromatography and
two-dimensional PAGE, and analyzed the N-terminal
amino acid sequence. The sequence obtained for the
55 kDa protein was AIHNRAGQPAQQ, which corre-
sponds to the N-terminal (2–13) amino acids of E. coli
PGM protein [16]. PGM catalyzes the interconversion
of glucose-1-phosphate and glucose-6-phosphate, and
is a critical enzyme in both glucolysis and gluconeogen-
esis. In this enzyme mechanism, a phosphoryl group is
transferred from the active phosphoenzyme to glucose-
1-phosphate, forming a dephosphoenzyme-glucose-1,6-
diphosphate intermediate, which then rephosphorylates
the enzyme to yield glucose-6-phosphate. The presence
of the phosphorylated enzyme of PGM has been found
in all cellular organisms (archaea, bacteria, and eukary-
ote) with highly conserved structures [16,17]. To exam-
ine the relationship between PGM phosphorylation
and its activity, we measured the enzyme activity of
PGM in lysates of calphoglin cDNA- and vector-trans-
fected E. coli cells. The reaction velocity of the phos-
phorylated PGM was 1.9 ± 0.1 lmol/min/mg of
protein and was found to be five times higher than that
of the unstimulated protein (Fig. 1D), which agrees with
a report identifying phosphorylated PGM as a catalytic
active form [18]. However, the increased 32P-labeling of
PGM does not clearly indicate the amount of the
phosphorylation level increase; rather it may reflect a



Fig. 1. Specific action identification of human calphoglin on E. coli cells. (A) The specific increase of acid-stable phosphorylation of the 55 kDa
protein (arrow) in calphoglin-expressing E. coli. Control, control vector-transfected E. coli; Native, native calphoglin-expressing E. coli; and
Recombinant, C-terminal (His)6-V5-tagged calphoglin-expressing E. coli. Ten microgram phosphorylated proteins were separated by SDS–PAGE on
12% gels, transferred onto PVDF, and autoradiography was performed. Chemical stability of phosphorylated proteins was determined by treating
PVDF with 1 N HCl for 2 h. (B) Affinity-purified recombinant calphoglin protein compared to natural calphoglin in the cerebellum (CB). One
microgram and 20 ng of bacterially expressed recombinant calphoglin on a filter are visualized in the left and central panels, respectively. Eighty
kilodaltons of full-length calphoglin (filled triangle) and a secondary 35 kDa doublet of C-terminal calphoglin cleavage products (star) are shown. An
immunoblot of 10 lg human cerebellum protein with anti-calphoglin antibodies demonstrates that calphoglin (open triangle) migrates with the size
identical to that of bacterially expressed calphoglin. (C) Calphoglin-induced growth retardation of host E. coli cells. An empty pBluescript vector
(control) and calphoglin cDNA in the vector were induced into BL21 cells where basal expression is leaky. (D) Calphoglin-induced PGM activation
in E. coli cells. CALP, calphoglin. The activity was measured by determining the rate of glucose-6-phosphate formation. Five micrograms of cell
extracts was used in the assay. Data are means ± SEM from three independent experiments. (E) The increased amount of cellular Pi in calphoglin-
expressing E. coli cells. The increase in Pi level was calculated to be 1.7-fold. Data are means ± SEM from two independent experiments.
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Fig. 3. Calphoglin is widely expressed in mammalian organs and brain
cells with ubiquitous co-localization with PGM. (A) RT-PCR analysis
of multiple mouse mRNA for calphoglin and PGM. Five nanograms
of each organ cDNA was used as a template. After amplification
cycles, reaction mixtures were electrophoresed on 1.2% agarose gels.
The predicted sizes of PCR products with two specific primers for
calphoglin and PGM are 738 and 886 bp, respectively. (B) In situ
hybridization of calphoglin in rat brain coronal and sagittal sections.
OB, olfactory bulb; CTX, cortex; STR, striatum; HP, hippocampus;
PN, pontine nucleus; and GCL, granule cell layer. In order to verify
the specificity of staining, adult striatum tissue sections were probed
with 35S-labeled calphoglin cRNA in the presence or absence of a 100-
fold excess of unlabeled cRNA. The excess amount of cold probes
abolished labeling, which indicates ubiquitous mRNA distribution in
brain cells.
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summation of a higher phosphorylation level and an
accelerated substrate turnover. Of the other surveyed cel-
lular parameters, the total cellular inorganic phosphate
(Pi) level of calphoglin-expressing E. coli cells was signif-
icantly higher than the control (Fig. 1E, 1.7-fold).

Calphoglin has an evolutionarily conserved domain and is

widely expressed in brain and other organs with ubiquitous

co-localization with PGM

Calphoglin was initially a protein of unknown func-
tions, but had a unique structure that differed from the
‘‘kinase’’ protein family. It showed low homology to a
bacterial histidine kinase domain with an expect value
of 0.036 and a percent identity of 24% (Fig. 2B, HK re-
gion), which was insufficient to predict protein function.
However, a protein domain database search revealed the
presence of a conserved domain in calphoglin, which is
also found in Smc, Sbc, myosin tail, and metallopepti-
dase (Fig. 2B). Human calphoglin showed high homol-
ogy to Smc, a chromosome segregation ATPase, with
an expect value of 1e�13 and a percent identity of
26% (Fig. 2C). Moreover, the comparison of the top
calphoglin homologues between E. coli and other
eukaryotes showed a high degree (9e�5, 4e�16, and
5e�17, Fig. 2B) of conservation throughout evolution.
Furthermore, these homologues had the conserved do-
main of Smc, Sbc, myosin tail, and metallopeptidase.

The cellular distribution of calphoglin was deter-
mined in mammals. Calphoglin mRNA is present and
co-localizes with PGM in all surveyed mouse organs
(Fig. 3A). Substantial levels of calphoglin mRNA are
evident throughout adult rat brain, with the highest con-
centrations of mRNA seen in the hippocampal neurons
and cerebellar granule cells (Fig. 3B). Calphoglin pro-
tein is enriched in extracts of the human cerebellum
and migrates as a single 80 kDa band (Fig. 1B). The
broad distribution of the calphoglin homologue, the
equally balanced divergence, and the ubiquitous co-lo-
calization with PGM underlie the calphoglin-induced
activation of E. coli PGM.

Co-localization of yeast PGM and calphoglin homologues

within calmodulin protein complexes

Analysis of native yeast protein complexes by sensi-
tive mass spectrometric methods allows the detection
Fig. 2. Calphoglin has the unique structure with an evolutionarily conserved
N-terminal sequence of the 35 kDa fragment that was identified using a pro
AY563137. (B) A schematic representation of the structural features of calph
homology ranks in a homologue list of each species. The similarities are expres
homologous to a histidine kinase; SbcC, ATPase involved in DNA repair; Smc
EH, Eps15 homology; and MHC, myosin heavy chain. (C) Aligned amino ac
Identical amino acids between two sequenceswere labeled as ‘‘:’’, conservative s
and end of the alignment are the amino acid numbers starting with the first m

b

of ‘‘orthologue proteomes,’’ which are thought to have
evolved by vertical descent from a common ancestor
and are presumed to carry out some of the core func-
tions of cells [5]. Since PGM is universally conserved
and its orthologues are found in all species, we searched
the proteome-wide database of yeast protein complexes
[5,6] using PGM as a probe to explore the intracellular
pathway of calphoglin-induced PGM activation. An ini-
tial search identified 15 protein complexes that contain
PGM. We found that one of them was enriched with
domain. (A) Amino acid sequence of calphoglin. An underline indicates
tein sequencer. A GenBank accession number for calphoglin cDNA is
oglin and its homologues with homology data. *Numbers indicate high
sed as a combination of expect value and (percent identity). HK, region
, chromosomal segregation ATPase; MS ch, mechanosensitive channel;
id sequences of the homologous regions of human calphoglin and Smc.
ubstituted amino acidswere labeled as ‘‘.’’. The numbers in the beginning
ethionine. A NCBI Conserved Domain Number for Smc is COG1196.
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calphoglin homologues while the remaining 14 com-
plexes contained no homologues. This complex consists
of 26 proteins (calmodulin protein as bait and 25 associ-
ated proteins) and includes at least three calphoglin
homologues—Nuf1p, Ede1p, Myo2p, and other Myo
proteins (Table 1 and Fig. 2B). Furthermore, the cal-
modulin complex is enriched with other highly con-
served orthologues, and 10 of its components are
essential proteins. The function of each component indi-
cates the involvement of this complex in most elemen-
tary cell functions (RNA translation and basic
metabolism) supporting the notion of an orthologue
proteome. Some components such as calcineurin and
cyclophilin mediate calcium signaling for neuronal acti-
vation and T cell proliferation. The 26 proteins are likely
to be organized into some functional subunits around
the mouth of intracellular Ca2+ channels. It is well
known that Ede1p and Nuf1p, two calphoglin homo-
logues present in the complex, are regulated by Ca2+

and calmodulin [19], respectively (Fig. 2B). KefA, an
E. coli homologue for: calphoglin, Nuf1p, and Ede1p,
forms a prokaryotic cation channel (Fig. 2B and Table
1) [20]. The homology of Nuf1p, Ede1p, and yeast
PGM to their respective E. coli counterparts is high
(3e�6, 2e�7, and 2e�17), and similar to that of other
highly conserved orthologues within the calmodulin
complex. These findings suggest the involvement of calp-
hoglin in elementary cellular functions linked to Ca2+/
calmodulin signaling.
Table 1
Yeast 26 proteins including calphoglin/calcineurin complexes and their mam

Yeast protein
Mammalian orthologue

Homologya

[Yeast to E. coli]

Orthologue with evolutionarily conserved structure

Vas1p Valyl-tRNA synthetase 0 (43%)
Ils1p Isoleucyl-tRNA synthetase 2e�84 (28%)
Ynk1p Nucleoside diphosphate kinase (NDK) 4e�30 (45%)
Pgm2p PGM 2e�17 (26%)
Uba1p Ubiquitin-activating enzyme 2e�15 (30%)

Calphoglin homologue

Nuf1p Calphoglinb 3e�6 (17%)
Ede1p EH domain protein 2e�7 (20%)

Calcium signaling protein

Cph1p Cyclophilin 1e�8 (31%)
Cmp2p Calcineurin 5e�3 (32%)
Cmd1p Calmodulin 0.43 (20%)
Cmk2p CaM kinase II 0.55 (25%)
Myo2p Class V MHC 0.09 (21%)
Myo3p,4p,5p Class I, V, I, MHC 0.18–0.33 (30–27%

Other orthologue

Ipp1p IPP 4e�3 (31%)
Sod1p Superoxide dismutase (SOD) 5e�6 (25%)
Hyp2p Translation initiation factor eIF5A 0.83 (32%)

Other eight yeast proteins (essential) Cof1p Mlc1p (non-essential) Hch1p H

a Homology is expressed in expect value and (percent identity).
b Calphoglin is a mammalian homologue for Nuf1p.
Functional assembly of calphoglin, IPP, and PGM

proteins, and the conservation throughout evolution

The observation of the co-localization of yeast PGM
and calphoglin homologues within the calmodulin pro-
tein complex has been followed up utilizing the yeast
two-hybrid method [4] and other detailed functional
studies. To explore whether calphoglin acts on PGM
via a pathway within the calmodulin complex, yeast
cDNAs of the calmodulin complex components were
screened by two-hybrid methods using human calphog-
lin and E. coli PGM as baits (Fig. 4A). To provide di-
rect evidence for the role of calphoglin in mediating
universal cellular signals, we took advantage of the fact
that calphoglin activates PGM in E. coli cells and used
three different cDNA species (human calphoglin
cDNA, E. coli PGM cDNA, and yeast cDNAs of com-
plex components). As indicated by the arrows in Fig.
4A, yeast IPP was identified as a common interacting
partner of human calphoglin and E. coli PGM, which
indicates that the detected action of calphoglin on
PGM may be bridged by an intermediary partner,
E. coli IPP (Fig. 5A). Like PGM, IPPs are highly con-
served enzymes that hydrolyze PPi to 2Pi and are pres-
ent in all cellular organisms [21]. The functional
assembly of a human calphoglin, a yeast IPP, and an
E. coli PGM has proved the remarkable conservation
of this pathway through billions of years of evolution.
IPPs are required for a broad spectrum of PPi-releasing
malian and E. coli counterparts

Top E. coli homologue
Function Essential

Valyl-tRNA syn. Translation, PPi release Yes
Isoleucyl-tRNA syn. Translation, PPi release Yes
NDK Nucleoside metabolism No
PGM Glucose metabolism No
Thiamin biosyn. ThiF Activation, PPi release Yes

KefA and MukB Part of spindle pole body Yes
KefA (second, YibP) Endocytosis No

Peptidylprolyl isomerase Calcineurin regulation No
Protein phosphatase 2 No
Not shown Yes
ATP-binding protein No
Pho regulon Polarized growth Yes

) Pho regulon No, No, No

IPP PPi hydrolysis Yes
SOD No
Isoleucyl-tRNA syn. Translation Yes

ul5p Pst2p She3p She4p Vps13p



Fig. 4. Identification and functional analysis of the calphoglin complex. (A) Yeast two-hybid screening of a protein array of yeast calmodulin/
calcineurin complex components. The DNA-binding domain vector pOBD2 and the Gal4 activation domain vector pOAD [12] were used. The
screening was performed by transforming a plasmid of pOBD2-human calphoglin or pOBD2-E. coli pgm into a yeast reporter strain PJ69-4a
expressing the following S. cerevisiae proteins as Gal4 activation domain fusions: Aa1, cmd1 (combination of well positions, protein name); Aa2,
cmk2; Aa3, cmp2; Aa4, cph1; Aa5, cof1; Aa6, nuf1; Bb1, myo2; Bb2, myo3; Bb3, myo4; Bb4, myo5; Bb5, pgm2; Bb6, ils1; Cc1, vas1; Cc2, hyp2; Cc3,
ipp1; Cc4, ynk1; Cc5, pst2; Cc6, sod1; Dd1, uba1; Dd2, vps13; Dd3, she4; Dd4, hch1; Dd5, hul5; Dd6, mlc1; Ee1, uso1; Ee2, myo1; Ee3, rad50; and
Ee4, pgm1. In C3 and c3, colonies are shown (arrows) after three weeks of growth on medium lacking tryptophan, leucine, and histidine, and
supplemented with 100 and 3 mM 3-amino-1,2,4-triazole, respectively, thus allowing growth only of cells that express the his3 two-hybrid reporter
gene. No colony was detected in other wells. (B) Calphoglin-dependent activity enhancement of the IPP proteins. Thirty nanograms of each purified
IPP protein of yeast and E. coli (Sigma) was incubated with 300 ng of affinity-purified calphoglin protein for 10 min at 25 �C, and IPP activity was
assayed for 30 min. The activity was measured by determining the amount of Pi liberated from PPi hydrolysis. Data are means ± SEM of three to
four determinations from four independent experiments. (C) The increased IPP activities in 30 lg and 36 lg cell lysates of calphoglin-expressing E.

coli and COS cells, respectively. Data are means ± SEM from three independent experiments. (D) CBB staining of 3 lg of affinity-purified proteins
from single and double transformants. Host E. coli cells were singly transformed with the plasmid encoding (His)6-tagged E. coli PGM, or doubly
transformed with (His)6-PGM plasmid and (His)6-E. coli IPP plasmid. Double transformants were selected on plates containing ampicillin and
chloramphenicol. (E) The functional characterization of the singly purified PGM is compared to that of the co-purified PGM with IPP protein.
0.15 lg of each PGM was used in the assay. Data are means ± SEM from four independent experiments.
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biosynthetic pathways, including oligosaccharide and
fatty acid synthesis, tRNA charging/amino acid activa-
tion (Table 1), and polynucleotide synthesis [22]. These
biosyntheses are not thermodynamically favorable and
are reversible reactions. The hydrolysis of PPi by IPP
eliminates metabolite inhibition, therefore shifting the
reaction equilibrium in favor of polymerization (Fig.
5A) [22].

To confirm the yeast two-hybrid results, we reconsti-
tuted calphoglin protein with yeast IPP and E. coli IPP
in vitro, and monitored the functional interactions of
the two proteins by enzyme activity assays (Fig. 4B).
A purified recombinant calphoglin protein, not a control
extract, was able to enhance the activity of the yeast IPP
protein in vitro to 2.8-fold of the base level at 30 min.
Similarly, calphoglin enhanced the protein activity of
E. coli IPP. These results indicate that calphoglin di-
rectly interacts with and increases the activities of pro-
karyotic and eukaryotic IPPs. To further establish that
calphoglin activates IPPs, IPP activity was determined
in lysates of the calphoglin cDNA-transfected cell cul-
tures of E. coli cells and mammalian COS cells (Fig.
4C). Consistent with the results of in vitro reconstitu-
tion, cellular expression of calphoglin enhanced E. coli�s
and mammalian IPP activities by 2.5-fold and 1.6-fold
of their base levels, respectively. The result explains that
our initial finding of increased cellular Pi concentration
(Fig. 1E) is due to calphoglin-induced IPP activation.
Calphoglin defines the novel protein function of an
IPP activator.

To investigate the IPP–PGM interaction, we co-ex-
pressed these recombinant proteins in E. coli in combi-



Fig. 5. Model and activity of the native calphoglin complex. (A) Proposed model of assembly and action of the calphoglin complex. (B,C) Activities
of a native calphoglin complex in the soluble protein fraction of rat skeletal muscle. Twenty-five micrograms of a fraction protein was treated with:
none (open squares), 2 mM PPi (filled triangles), 0.3 lg calphoglin (open circles), or 2 mM PPi and 0.3 lg calphoglin (filled circles), and PGM
activities were assayed immediately. Similarly, IPP activities were determined with 85 lg muscle protein and 0.3 g calphoglin. Data are means ± SEM
from three independent experiments. (D) Calphoglin-dependent enhancement of PGM autophosphorylation. Two micrograms of affinity-purified
recombinant human PGM is visualized by CBB staining in the left panel. Ten micrograms of human calphoglin or control extract was incubated with
5 lg human PGM and 50 lM [32P]ATP (50 lCi), and the phosphorylation of PGM was analyzed by autoradiography in the right panel. (E)
Calphoglin-dependent enhancement of PGM enzymatic activity. 0.39 lg of human calphoglin (filled circles) or control extract (open circles) was
incubated with 0.23 lg human PGM for 10 min at 25 �C, and PGM activity was assayed for 10 min. Data are means ± SEM from three independent
experiments. (F) Cell growth of calphoglin-expressing COS cells. COS-7 cells were transfected with a GFP-tagged calphoglin plasmid and a GFP
plasmid (control) at culture day 0. Cell numbers and GFP fluorescence were recorded at 4 h, 1, 2, and 3 days following transfection. Phase-contrast
microscopy (top four panels) and fluorescence microscopy at day 3 (bottom two panels) are shown. To evaluate the growth rate, the base amount of
cellular protein at day 3 was determined to be 0.14 ± 0.02 mg/3.3 cm dish.
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nation with IPP and PGM, or PGM alone. The ex-
pressed proteins were affinity-purified (Fig. 4D), and
the PGM activities were measured in the presence and
absence of PPi (Fig. 4E). When PGM was expressed
alone, the activity of the purified PGM protein showed
a product–time plot with a velocity of 23 ± 2.5 lmol/
min/mg of protein and was unaffected by PPi. In con-
trast, co-expression of PGM with IPP resulted in differ-
ent plots with the increasing velocities of 22 ± 2.6,
43 ± 3.0, and 76 ± 3.1 lmol/min/mg of protein, depend-
ing on the PPi concentration. These results indicate that
IPP directly interacts with and enhances the activity of
PGM in the presence of PPi. To evaluate whether the
stimulation of PGM activity is due to the production
of Pi from PPi, we added Pi to PGM alone; PGM activ-
ity was unaffected by Pi, which suggests that PGM acti-
vation occurs by the interaction with PPi, IPP, and free
energy. This line of evidence infers the model in which
calphoglin enhances IPP activity, which subsequently
enhances PGM activity (Fig. 5A).
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Activity of native calphoglin complexes

To define the calphoglin complex model, which is
based on the cDNA expression system and reconstitution
studies, our findings were integrated with a more physio-
logical approach using mammalian native protein com-
plexes. We treated soluble protein fractions of rat
skeletal muscle with PPi alone, with calphoglin alone, or
with PPi and calphoglin, and monitored the activities of
both IPP and PGM (Figs. 5B and C). Consistent with
the result of the in vitro reconstituted PGM + IPPmodel,
enhancement of PGM activity from 0.23 ± 0.02 to
0.38 ± 0.02 lmol/min/mg of protein was observed after
the addition of 2 mM PPi, presumably by the action of
IPP and PPi hydrolysis detected in the fraction. Treat-
ment of the fraction with 2 mM PPi and calphoglin fur-
ther enhanced the activities of both IPP and PGM,
which is consistent with themodel. However, the addition
of calphoglin alone also stimulated the PGM activity to
0.35 ± 0.02 lmol/min/mg of protein, which suggests that
some portion of the activation of PGMoccurred from the
direct action of calphoglin. Thus, the calphoglin complex
is a universal cell apparatus, and controls Pi and glucose
metabolism from bacteria to mammals.

To investigate the direct action of calphoglin on PGM,
a recombinant humanPGMwaspurified (Fig. 5D, left pa-
nel) and reconstituted with the human calphoglin in vitro.
PGM activation was monitored by PGM phosphoryla-
tion (Fig. 5D, right panel) and enzyme activity (Fig.
5E). Purified PGM alone showed autophosphorylation
activity, which is consistent with the result of recent re-
ports [23].Apurified calphoglin protein directly enhanced
the PGM autophosphorylation activity and its enzymatic
activity from 37 ± 2.2 to 60 ± 3.0 lmol/min/mg of pro-
tein, indicating a novel type activator of PGM.

The over-expression of calphoglin significantly sup-
pressed E. coli cell growth (Fig. 1C). However, it is likely
that this is simply due to the metabolic imbalance caused
by the excess stimulation of PGMactivity. To examine the
effect of human calphoglin onmammalian cell growth, we
transfected COS cells with a green fluorescent protein
(GFP)-tagged calphoglin plasmid or aGFPplasmid (con-
trol) and monitored their growth rate (Fig. 5F). The ex-
pressed proteins of calphoglin-GFP and GFP began to
appear at culture day 1, and reached a maximum level
in more than 70% of the cultured cells at days 2 and 3.
The calphoglin-expressing cells grew at 105 ± 12% of
the base rate of the control cells, and both cell types be-
came confluent at day 3. This result indicates that calp-
hoglin does not suppress mammalian cell division.

Calphoglin complex is a key apparatus in linking principal

neuronalmetabolismwith calciumand calcineurin signaling

In the brain, localization of the highest concentra-
tions of calphoglin mRNA is closely related to that of
Ca2+-linked major neurotransmission proteins such as
NMDA glutamate receptors [24] and nitric oxide syn-
thases [25]. The co-localization of the calphoglin com-
plex with Ca2+/calmodulin signaling complexes and
PPi-releasing reactions might reflect the intracellular
link between locally concentrated Pi/PPi/sugar-metabo-
lites, Ca2+ sequestration, and neuronal activation. A
45Ca ligand-blotting experiment with the three purified
components of the calphoglin complex demonstrated
that Ca2+ does bind to 35 kDa C-terminal fragments
of calphoglin, and IPPs of E. coli and yeast, but not to
PGM (Fig. 6A). The Ca2+-binding activity of calphoglin
corresponds with the Ca2+-linked characteristics of
Nuf1p and Ede1p. In contrast to the potentiation effect
of calphoglin on both prokaryotic and eukaryotic IPPs,
Ca2+ is known to strongly inhibit their activity via the
CaPPi complex, a strong competitive inhibitor for
MgPPi [26]. To examine the relationship between calp-
hoglin-induced IPP enhancement with its Ca2+-depen-
dent inhibition, we reconstituted calphoglin and each
IPP of E. coli, yeast, and rat muscle in the presence of
3, 30, and 300 lM Ca2+ (Fig. 6C). Calphoglin enhanced
in a similar manner all three IPP activities at all stages of
inhibition, indicating that the type of interaction is dis-
tinct from the binding competition of Ca2+. Moreover,
treatment of recombinant calphoglin with [32P]ATP
and rat cerebellum homogenate selectively phosphory-
lated the 35 kDa C-terminal fragments of calphoglin
(Fig. 6B), implying that the C-terminal portion of calp-
hoglin regulates the total activity of the calphoglin–IPP
complex in coordination with Ca2+. The N-terminus of
full-length calphoglin is likely to block the access of ki-
nase protein to its C-terminal portion. In a recent anal-
ysis of an alternative splicing form of human calphoglin,
we identified another C-terminal truncated form at the
downstream of the 548th amino acid. This C-terminal
truncated form sustained a significant level of its protein
activity, which support a notion of the C-terminal por-
tion as a regulatory domain.

Pi and glucose-6-phosphate, two products of calphog-
lin complex reactions, are known to significantly enhance
the amount of Ca2+ sequestration in cellular microsomes
[15]. If calphoglin–IPP functions as a Ca2+ sensor for the
calphoglin complex, IPP–PGMmay function as an effec-
tor to cooperate with Ca2+ signaling (Fig. 6F). To exam-
ine the role of the calphoglin complex in Ca2+ transport,
we reconstituted rat microsomal vesicles with calphoglin,
IPP, PPi, and 45Ca2+ in vitro. Calphoglin significantly en-
hanced both the rate and quantity of microsomal 45Ca2+

uptake (Fig. 6D), presumably due to increased Pi concen-
tration (Fig. 6F). Recent studies have further demon-
strated that PGM phosphorylation and activities play a
pivotal role in Ca2+ flux in diverse species, consistent with
our finding that calphoglin increased the 32P-labeling level
and activity of PGM. In studies using rat muscle sarco-
plasmic reticulum [27] and some protozoa [28,29], PGM



Fig. 6. Link of the calphoglin complex to calcium signaling. (A)Autoradiography of 45Ca2+-bound calphoglin complex proteins on filter. About 1 lg of
35 kDa C-terminal calphoglin fragments (star) was separated by SDS–PAGE from 30 lg of total the recombinant protein extract. One microgram of
each IPPandPGMfromSigma. (B)Cerebellar protein-dependent phosphorylationof 35 kDaC-terminal fragments of calphoglin. Thirtymicrogramsof
recombinant calphoglin or control extract was incubated with 300 lg cerebellum homogenate and 300 lCi [32P]ATP in a total volume of 250 ll, and the
phosphorylation of the mixed proteins was analyzed by autoradiography (left). From 200 ll of the reactions, phosphorylated calphoglins were affinity-
purified. The extracts were then analyzed by both autoradiography (center) and immunoblotting (right). An 80 kDabandof full-length calphoglin (filled
triangle) and 35 kDa calphoglin fragments (star) are shown. (C) The effect of calphoglin on Ca2+-dependent inhibition of IPPs of E. coli, yeast, and rat.
Both purified IPPs ofE. coli and yeast, and ratmuscle proteins were used. Data aremeans ± SEMof three to four determinations from five independent
experiments. (D) Calphoglin-induced enhancement of rat muscle microsomal 45Ca2+ uptake in the reconstituted system. Data are means ± SEM from
three independent experiments. (E) A potent inhibitor of calcineurin selectively inhibited cell growth of the pgm2D strain. The following strains
(accession number)were obtained fromEUROSCARF:wild type of BY4743 (Y20000), pgm1D (Y34977), and pgm2D (Y36545). The strainswere plated
on syntheticmediumcontaining 2%galactose in thepresence andabsenceof 10 lMCsA.Theplateswere incubatedat 30 �Cfor 3days. (F)Model of links
between calcineurin/calphoglin complex and cellular calcium signaling. CPH, cyclophilin; CaN, calcineurin; and CaM, calmodulin.
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and its paralogues were rapidly and extensively labeled
with [32P]ATP by a Ca2+/calmodulin-dependent mecha-
nism, correlated to the Ca2+ release factor.

Further, we performed a yeast proteome database
search using each component of the 26 yeast proteins
and identified a key pathway to link the function of
calphoglin to calcium/calcineurin signaling. We found
that four of the 15 PGM-containing complexes con-
tained cyclophilin (Cph1p, an endogenous inhibitor for
calcineurin). Yeast has two PGM isoforms, Pgm1p
and Pgm2p, but all four complexes contained Pgm2p,
one of the 26 components of the calmodulin protein
complex (Table 1). This intensive intracellular co-locali-
zation indicates that Pgm2p directly binds to cyclophilin
(Fig. 6F) because they were co-purified by four different
bait proteins. Like calphoglin, cyclophilin is an evolu-
tionarily conserved component of eukaryotic calcium
signaling (1e�8, Table 1).

A recent report supports the results from our yeast
proteome database search. It was shown that a yeast
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mutant lacking Pgm2p (pgm2D) accumulates a 9-fold
higher level of steady-state total cellular Ca2+ and that
its growth was inhibited by CsA, a potent inhibitor of
calcineurin [30]. To determine the specific link between
Pgm2p and calcium/calcineurin signaling, we performed
experiments using yeast PGM deletion mutant strains
(Fig. 6E). The effects of 10 lM CsA on growth of wild
type, pgm1D (another PGM isoform that is not included
in the 26 protein complex), and pgm2D strains were
examined. We found that growth of the wild type and
pgm1D strains was unaffected by CsA, while growth of
the pgm2D strains was completely suppressed. This line
of evidence demonstrates the essential roles of pgm2p
and calcineurin in cellular Ca2+ signaling, and that the
activities of both proteins regulate cell growth in coordi-
nation with each other in the calmodulin complex. Thus,
the Pgm2p–cyclophilin interactions in the 26 proteins
provide a molecular basis for how PGM influences cal-
cineurin signaling and cellular proliferation (Fig. 6F).
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