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Cupin-type phosphoglucose isomerases (cPGIs) were identified in some archaeal and bacterial genomes and
the respective coding function of cpgi’s from the euryarchaeota Archaeoglobus fulgidus and Methanosarcina
mazei, as well as the bacteria Salmonella enterica serovar Typhimurium and Ensifer meliloti, was proven by
functional overexpression. These cPGIs and the cPGIs from Pyrococcus and Thermococcus spp. represent the
cPGI family and were compared with respect to kinetic, inhibitory, thermophilic, and metal-binding properties.
cPGIs showed a high specificity for the substrates fructose-6-phosphate and glucose-6-phosphate and were
inhibited by millimolar concentrations of sorbitol-6-phosphate, erythrose-4-phosphate, and 6-phosphoglu-
conate. Treatment of cPGIs with EDTA resulted in a complete loss of catalytic activity, which could be regained
by the addition of some divalent cations, most effectively by Fe2� and Ni2�, indicating a metal dependence of
cPGI activity. The motifs TX3PX3GXEX3TXGHXHX6–11EXY and PPX3HX3N were deduced as the two signa-
ture patterns of the novel cPGI family. Phylogenetic analysis suggests lateral gene transfer for the bacterial
cPGIs from euryarchaeota.

Phosphoglucose isomerase (PGI; EC 5.3.1.9) catalyzes the
reversible isomerization of glucose-6-phosphate to fructose-
6-phosphate. PGI plays a central role in sugar metabolism of
eukarya, bacteria, and archaea, both in glycolysis via the
Embden-Meyerhof pathway in eukarya and bacteria and in its
modified versions found in archaea. PGI is also involved in
gluconeogenesis, where the enzyme operates in the reverse
direction (see references 22, 26, and 40). PGIs have evolved
convergently. Most PGIs belong to the PGI superfamily, which
can be divided into the PGI family and the recently identified
bifunctional phosphoglucose/phosphomannose isomerase
(PGI/PMI) family (22). PGIs from the PGI superfamily, often
referred to as conventional PGIs, are found in all domains of
life and are well studied. Crystal structures have been deter-
mined for the eukaryotic PGIs from pigs, rabbits, humans and
from the bacterium Bacillus stearothermophilus, and conserved
amino acids proposed to be involved in substrate binding and/
or catalysis have been identified (3, 6, 10–13, 28, 29, 42). Bi-
functional PGI/PMIs, which have been characterized as a
novel family within the PGI superfamily, were predominantly
found in the crenarchaeotal branch of the archaea (26).

Recently, a novel type of PGI has been identified and char-
acterized from the hyperthermophilic euryarchaeon Pyro-
coccus furiosus (22, 52) and later from the closely related
Thermococcus litoralis (30). These PGIs belong to the cupin
superfamily and thus represent a convergent line of PGI evo-
lution. The cupin superfamily is present in all three domains of
life—eukarya, bacteria, and archaea—and comprises a group
of functionally diverse proteins that contain a central domain
composed of �-strands forming a small �-barrel called “cupin.”

Proteins from the cupin superfamily range, for example, from
mannose-6-phosphate isomerases and epimerases involved in
formation of bacterial cell wall carbohydrates to nonenzymatic
storage proteins in plant seeds and transcription factors (16–
19). The two euryarchaeal cPGIs were the first PGIs of the
cupin family to be described. Sequence comparison suggested
the presence of few putative cPGI homologs; however, none of
them have been characterized (44, 53). Two consensus se-
quences (GX5HXHX3,4EX6G and GX5PXGX2HX3N) were
established for the cupin superfamily (17, 18), which include a
metal-binding site found in most cupin enzymes, including the
PfcPGI and TlPGI (4, 30, 49). Two crystal structures are avail-
able for the PfcPGI; however, the role of the metal is discussed
to be either involved in substrate binding and/or in catalysis (4,
30, 49). Berrisford et al. (4) showed that catalytic activity is not
strongly influenced by the presence or absence of the bound
metal, suggesting that the metal might be implicated in sub-
strate recognition rather than being directly involved in catal-
ysis. Loss of metal-binding ability in some TlcPGI mutants
goes along with a loss of catalytic function, suggesting a role in
catalysis (30). Thus far, conclusive biochemical studies analyz-
ing the role of metals have not been performed.

We describe here the identification and functional char-
acterization of cPGIs from the euryarchaeota Archaeoglobus
fulgidus and Methanosarcina mazei, as well as the bacteria Sal-
monella enterica serovar Typhimurium and Ensifer meliloti. Mo-
lecular, kinetic, thermophilic, and inhibitory properties were
analyzed and compared. In particular, metal depletion and
reactivation experiments were performed with these cPGIs and
with PfcPGI. The data strongly indicate an involvement of di-
valent cations in the catalytic mechanism. Two consensus se-
quences for the novel cPGI family were derived. Phylogenetic
analyses suggest that bacterial cPGIs originated from eury-
archaeota by lateral gene transfer

* Corresponding author. Mailing address: Institut für Allgemeine
Mikrobiologie, Christian-Albrechts-Universität Kiel, Am Botanischen
Garten 1-9, D-24118 Kiel, Germany. Phone: 49-431-880-4328. Fax:
49-431-880-2194. E-mail: peter.schoenheit@ifam.uni-kiel.de.

1621



MATERIALS AND METHODS

Overexpression and purification of recombinant protein. The open reading
frame (ORFs) AF1494, STM2757, SMc02042, and MM1968, which encode pu-
tative cPGIs, have been identified by BLASTP searches with the PfcPGI se-
quence (22) in the genomes of A. fulgidus (AfcPGI), M. mazei (MmcPGI), S.
enterica serovar Typhimurium (StcPGI), and E. meliloti (EmcPGIA) (15, 21, 33,
39). To prove their coding function as cpgi, these ORFs were cloned and func-
tionally overexpressed in Escherichia coli as follows. The respective coding region
of these cpgi’s was amplified by PCR with Pwo or Taq polymerase (PEQLAB,
Erlangen, Germany) from the respective genomic DNA as a template. The
following primers were used to introduce unique restriction sites for NdeI and
XhoI, respectively: pfcpgi, 5-�CTGGTGGTGCATATGTATAAGGAACCTTT-
3� (forward), 5-�TAACATTGTCCAGTTAACTACTTTTTCCACC-3� (reverse);
afcpgi, 5-�CCGGCTCTTTTTTTACATATGGAGTTTGTT-3� (forward), 5-�GC
TCGCTCTCTCGAGGTAAAAATTTTAA-3� (reverse); mmcpgi 5-�CAAAGG
GGAATCATATGGCAGTAACACTGAAG-3� (forward), 5-�CCCATTATAA
AATTCTCGAGCCTATTTCAGAGC-3� (reverse); stcpgi, 5-�CAGGGGGCAC
ATATGAAACAGCTACACC-3� (forward), 5-�GCAACGCCTGCTCGAGAT
TGCGTTTCC-3� (reverse); emcpgiA, 5-�CGAGACATACGAGGAATCCATA
TGACAAAGCT-3� (forward), and 5-�GAGTTGCGGCTTGCTCGAGCGGA
GCA-3� (reverse). After amplification and NdeI/XhoI double digestion, the PCR
products were inserted by T4 DNA ligase (Roche Diagnostics) into pET (No-
vagen) expression vectors linearized by NdeI/XhoI double digestion. The result-
ing plasmids pfcpgi-pET17b, afcpgi-pET19b, afcpgi-pET17b, stcpgi-pET19b, and
emcpgi-pET19b were introduced into E. coli JM109 and BL21(DE3) or BL21-
CodonPlus(DE3)-RIL (pfcpgi-pET-17b, mmcpgi-pET19b) (Stratagene) via trans-
formation. The inserted gene sequences were confirmed on each strand by the
method of Sanger et al. (45). E. coli BL21(DE3) and BL21-CodonPlus(DE3)-
RIL cells transformed with different cpgi-pET constructs were grown in two
flasks with 400 ml of Luria-Bertani medium containing 100 �g of carbenicillin/ml
and 34 �g of chloramphenicol/ml (only BL21-CodonPlus(DE3)-RIL cells) at
37°C to an optical density at 600 nm (OD600) of 0.8, and cpgi expressions were
initiated by induction with 0.4 mM IPTG (isopropyl-�-D-thiogalactopyranoside)
(pfcpgi) or 1 mM IPTG (afcpgi, mmcpgi, stcpgi, and emcpgiA). After 4 h of further
growth (OD600 of �2.5 to 3.2), the cells were harvested by centrifugation at 4°C
and washed in 50 mM Tris-HCl (pH 7.0) containing 50 mM NaCl. Recombinant
proteins were purified as follows. PfcPGI was purified as previously described
(22). For AfcPGI (obtained from afcpgi-pET17b transformed E. coli), cell ex-
tracts were prepared by French press treatment (1.3 � 108 Pa) of cell suspensions
in buffer A (50 mM Tris-HCl pH 8.4). After ultracentrifugation (100,000 � g for
60 min), the solution was heat precipitated at 80°C for 45 min, centrifuged again
(15,000 � g for 15 min), extensively dialyzed against buffer B (50 mM Tris-HCl
[pH 8.0]), and applied to DEAE-Sepharose (63 ml) that had been equilibrated
with buffer B. After the column was washed with 60 ml of buffer B and 150 ml
of buffer C (50 mM piperazine [pH 5.6]), protein was desorbed with a linear
NaCl-gradient (0 to 2 M) in buffer C. AfcPGI obtained from 0.1 to 0.2 M NaCl
was essentially pure. For His-tagged AfcPGI, StcPGI, MmcPGI, and EmcPGIA
(due to expression via pET19b vectors, these PGIs contain an additional 23-
amino-acid N-terminal sequence [MGHHHHHHHHHHSSGHIDDDDKH]),
cell extracts were prepared from cell suspensions in buffer D (300 mM NaCl,
1 mM imidazole, 50 mM Tris-HCl [pH 8.2]) as described above and ultracen-
trifuged (100,000 � g for 60 min), and the solutions were applied on a 3-ml
Ni-NTA-Superflow (Qiagen, Hilden, Germany) flowthrough column previously
equilibrated with buffer A. After the column was washed with 20 ml of buffer A,
protein was eluted by four steps with increasing imidazole concentrations in
buffer A of 20 mM (10 ml), 50 mM (10 ml), and 500 mM (2 � 10 ml). PGI activity
containing fractions were recovered from the last three elution fractions, the one
obtained from the last two were essentially pure. Pure cPGIs were dialyzed
against 10 mM Tris-HCl (pH 8.0) and stored at �20°C. Under these conditions
activity remained about constant. The respective His tag of AfcPGI, StcPGI,
MmcPGI could not be removed by enterokinase treatment.

Analytical assays. The purity of the respective cPGI preparation was checked
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) in
12% gels, followed by staining with Coomassie brilliant blue R 250 according to
standard procedures (35). Protein concentrations were determined by the meth-
od of Bradford (5) with bovine serum albumin as a standard. Using the ExPASy
ProtParam Tool (http://us.expasy.org/tools/protparam.html), the molar extinc-
tion coefficients at 280 nm (ε280) were calculated and used for the determination
of protein concentrations. ε280 values were as follows: PfcPGI, 35,560 M�1 cm�1;
AfcPGI, 38,830 M�1 cm�1; MmcPGI 29,300 M�1 cm�1; StcPGI, 26,880 M�1

cm�1; and EmcPGIA, 36,840 M�1 cm�1. Gel filtration chromatography was
carried out at ambient temperature on a Bio-Prep SE1000/17 column (Bio-Rad,

Munich, Germany) in 50 mM Tris-HCl–150 mM NaCl (pH 7.4) at a flow rate
of 0.5 ml min�1. For analytical ultracentrifugation, the AfcPGI (protein without
His tag was used) was dialyzed against 20 mM Tris-HCl (pH 7.0). Ultracentrif-
ugation was done at 20°C in a Beckman Optima XL-A analytical ultracentrifuge
equipped with a Titan AN 50 rotor and absorption optics. Sedimentation velocity
experiments were done for an approximation of the molecular mass at 22,000
rpm, and sedimentation-diffusion equilibrium runs were done at 60,000 rpm for
determining the molecular mass in a 150-�l volume. In sedimentation velocity
experiments the apparent sedimentation coefficient sapp

20,W and an approximat-
ed molecular mass were evaluated from the velocity and shape of the sediment-
ing boundary by fitting the time-dependent concentration profiles calculated with
Lamm’s differential equation for a single sedimenting species to the measured
data by using the program package AKKUPROG (32). When the measured
concentration profile of sedimentation-diffusion equilibrium runs remained un-
changed for 12 h, we assumed equilibrium to be attained. AKKUPROG was used
to calculate the apparent molecular masses by fitting the ideal distribution for a
single species to the measured concentration profiles. The partial specific volume
of the protein was calculated from the amino acid sequence.

Determination of metal content. After purification, the cPGIs (PfcPGI,
AfcPGI, AfcPGI with His tag, MmcPGI, and StcPGI) were dialyzed with a
100-fold excess volume of 10 mM Tris-HCl–10 mM EDTA (pH 7.0) and sub-
sequently with an 100-fold excess volume of H2O at 25°C. Dialysis with EDTA
was necessary to remove unspecific binding of Fe2� or Ni2� to cPGIs. Without
EDTA treatment the metal contents gave unreliable, significantly higher values
(more than fivefold). The following controls were used. For His-tagged cPGIs, to
correct for unspecific metal binding by the respective His tags as well as for H2O
impurities, His-tagged glucose-6-phosphate dehydrogenase from T. maritima
(23) and His-tagged PGI from P. aerophilum (25) were dialyzed and prepared as
described above for the cPGIs, and the respective metal contents of the proteins
were measured. The controls contained on average 0.02 Ni2� per enzyme mol-
ecule, whereas no iron could be detected in any of the control samples. For
non-His-tagged cPGIs, to correct for H2O impurities, H2O used for dialysis was
used as a control. Determination of iron and nickel was performed by atom
absorption spectroscopy as described recently (38).

Enzyme assays and determination of kinetic parameters. Since the enzyme
activities were not sensitive to oxygen, all assays were performed in the presence
of oxygen. pH optima were determined by using acetate, Tris-HCl, ethanol-
amine, CHES (N-cyclohexyl-2-aminoethanesulfonic acid), citrate, phosphate,
and CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) at 50 or 100 mM each.
PGI activity (G6P7 F6P) was determined in both directions. The formation of
G6P and F6P was measured by using glucose-6-phosphate dehydrogenase from
T. maritima (23) and mannitol-1-phosphate dehydrogenase from Klebsiella pneu-
moniae (41) as recently described (26). The following standard conditions were
used: for PfcPGI, 80°C (pH 7.0) and 2 �g of enzyme; for AfcPGI, 50°C or 70°C
(pH 7.4) and 5 �g of enzyme; for MmcPGI, 37°C (pH 7.4) and 20 �g of enzyme;
for StcPGI, 37°C (pH 7.2) and 33 �g of enzyme; for EmcPGIA, 50°C (pH 7.4)
and 80 �g of enzyme. Standard assay mixture 1 (F6P formation) contained 100
mM Tris-HCl, 0.3 mM NADH, 0.1 to 15 mM G6P, and 0.6 U of mannitol-1-
phosphate dehydrogenase; standard assay mixture 2 (G6P formation) contained
100 mM Tris-HCl, 0.5 mM NADP�, 5 mM F6P, and 1.1 U of glucose-6-phos-
phate dehydrogenase. The latter assay was routinely used for most PGI activity
determinations. (The given pH values correspond to the respective temperature
used.) The following substances were tested for potential inhibitory effects on
cPGI activity: EDTA, erythrose-4-phosphate, 6-phosphogluconate, sorbitol-6-
phosphate, phosphoenolpyruvate, ADP, fructose-1-phosphate, and fructose-1,6-
bisphosphate. Kinetic data were fit to the Michaelis-Menten equation with the
MicroCal software by using the Levenberg-Marquard algorithm.

Effect of metals on PGI activity. In order to obtain metal-free enzyme, 2 mg of
enzyme was incubated in the presence of 0.5 M EDTA for 30 min under the
following indicated conditions: PfcPGI, 80°C (pH 7.0); AfcPGI (enzyme without
His tag), 70°C (pH 7.4); MmcPGI, 37°C (pH 7.6); StcPGI, 37°C (pH 7.2); and
EmcPGIA, 50°C (pH 7.4). The proteins were subsequently dialyzed five times
against a 100-fold excess of H2O. The effect of metals on PGI activity was tested
by adding 5 to 3,000 �M concentrations of Fe2�, Ni2�, Mn2�, or Zn2� to the
respective standard assay mixtures, which was modified by using 10 mM Tris-HCl
instead of 100 mM Tris-HCl (at the respective pH). Low buffer concentrations
(10 mM) and Ultrapure Milli-Q water had to be used for all substances in the
assays. When higher buffer concentrations or deionized H2O was used, the
residual catalytic activity was still measured (data not shown) after EDTA treat-
ment, which was presumably due to soaking of metal impurities into the metal-
binding site of the enzymes. cPGI activity in the presence of Co2�, Ca2�, Cd2�,
and Mg2� was determined at 100 �M concentrations of the respective metal. For
the determination of EDTA Ki values, cPGIs were preincubated at the respective
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assay temperature for 30 min (except for MmcPGI, which was preincubated for
2 h) before the respective cPGI activity was determined and compared to the
control (cPGI preincubated without EDTA).

Temperature dependence and thermal stability. The temperature dependence
of the enzyme activity was measured at between 20 and 96°C by using the re-
spective standard assay for G6P formation except that 50 mM sodium phosphate
was used instead of 100 mM Tris-HCl. The thermostability of the purified en-
zymes (125 �g of AfcPG or MmcPGI/ml in 50 mM sodium phosphate [pH 7.0],
400 �g of StcPGI/ml in 50 mM Tris-HCl [pH 7.0], and 600 �g of EmcPGIA/ml
in Tris-HCl [pH 7.4]) were tested in sealed vials, which were incubated at tem-
peratures between 40 and 100°C for 2 to 120 min. The vials were then cooled on
ice for 5 min, and the residual enzyme activity was tested and compared to the
controls (unheated samples).

CD spectroscopy. Circular dichroism (CD) spectroscopy analyses were per-
formed on JASCO J-715 CD spectrometer. Spectra were recorded in 2-mm
cuvettes and corrected for the signal of the solvent (10 mM sodium phosphate
[pH 7.0]). Secondary structure analysis and assignment to different secondary
structure types were performed by the experimentally established spectra-struc-
ture correlation by using the Varselec option of Dicroprot (14). Heat-induced
unfolding of the respective cPGIs was analyzed in temperature gradient exper-
iments by using closed cuvettes (0.5 cm). The protein samples were dialyzed
against 10 mM sodium phosphate buffer (pH 7.0), and the protein concentrations
were set to 200 �g/ml. The temperature of the respective samples was raised at
a rate of 1°C/min (depending on the protein in a range from 20 to 100°C). Protein
unfolding was followed by changes of the CD ellipticity at 226 nm (PfcPGI,
StcPGI, and EmcPGIA) or 232 nm (AfcPGI and MmcPGI). The ellipticity at a
given temperature (�) was corrected for the temperature-dependent baseline
giving ��. The corrected values of the folded state ��f and the unfolded state
��uf were used for calculating the fraction of folded protein (xf) as follows: (�� �
��uf)/(�� � ��f). Spectra were recorded before and after each temperature gra-
dient. The spectra, as well as the ellipticities of the unfolded state, were obtained
at pH 2 and pH 12 when complete thermal unfolding was not obtained up to
100°C.

Sequence handling. Sequence alignments were constructed with the neighbor-
joining (NJ) method of CLUSTAL X (50) by using the GONNET matrix.
Phylogenetic trees were constructed by using both the NJ option of CLUSTAL
X and the maximum-likelihood (ML) method of PROML (PHYLIP, version
3.6). Confidence limits were estimated by 100 bootstrapping replicates.

RESULTS AND DISCUSSION

In this report we give a comprehensive characterization of
cPGIs from archaea and bacteria which represent a novel PGI
family.

Identification, cloning and functional overexpression of cPGIs.
Based on the PfcPGI sequence, the ORFs AF1494, MA0821,
Mb1339, MM1968, STM2757, SMc02042, and SMb20857,
which have been previously annotated as hypothetical proteins,
were identified by BLASTP searches as putative PGIs in the
complete genomes of A. fulgidus, Methanosarcina species,
S. enterica serovar Typhimurium, and E. meliloti (formerly
Sinorhizobium meliloti), respectively (15, 20, 21, 33, 39). Mean-
while, AF1494 and MM1968 have been proposed as putative
cPGIs (44, 53). The coding function of the ORFs AF1494,
MM1968, STM2757, and SMc02042, as cpgi’s were proven by
cloning into pET19b and functional overexpression in E. coli
(see below). To test the in vivo transcription of cPGIs (ORFs
AF1494, MM1968, and SMc02042), total RNA was extracted
from A. fulgidus, M. mazei, and E. meliloti cells. cpgi-specific
mRNAs were amplified as cDNA by reverse transcription-
PCR, and cpgi-specific cDNAs of the expected respective
lengths were detected, indicating in vivo transcription of cpgi’s
in these three organisms.

Cloning and functional overexpression. ORF AF1494 con-
tains 708 bp, ORF MM1968 contains 741 bp, ORF STM2757
contains 843 bp, and ORF SMc02042 contains 639 bp, cod-
ing for polypeptides of 235, 246, 280, and 212 amino acids,

respectively. The recombinant His-tagged AfcPGI, StcPGI,
and EmcPGIA were purified to apparent homogeneity by a
single chromatographic step on Ni-NTA agarose. In addition,
AfcPGI and the pfcpgi gene were cloned into pET17b. Recom-
binant AfcPGI and PfcPGI were purified by a heat treatment
and two chromatographic steps on phenyl Sepharose and gel
filtration. Expression of the pfcpgi from the T7 promoter was
more than five times higher than from the araC promoter (see
reference 22). With the exception of the PfcPGI, all cPGIs
could be purified to yield more than 10 mg of pure protein per
g of transformed E. coli (wet weight).

Molecular properties. Proteins from the diverse cupin su-
perfamily have been described as monomers or oligomers
with either a monocupin or a bicupin fold (16–19) (Table 1).
PfcPGI was previously described as a dimer of 21.4-kDa sub-
units (22). Using size-exclusion chromatography, the purified
cPGIs resulted in a single elution peak, and apparent molec-
ular masses of 29 kDa (AfcPGI), 28 kDa (MmcPGI), 67 kDa
(StcPGI), and 43 kDa (EmcPGIA), respectively, were de-
duced. SDS-PAGE revealed one subunit each with apparent
molecular masses of 27, 28, 32, and 27 kDa, respectively, indi-
cating a dimeric structure for the StcPGI and the EmcPGIA
and monomeric structures for the AfcPGI and MmcPGI. The
monomeric structure of the AfcPGI was verified by analytical
ultracentrifugation. The measured concentration profile of
sedimentation-diffusion equilibrium runs were best fit by using
a molecular mass of 27 kDa, which is about the calculated mass
of the AfcPGI (27.424 kDa). In accordance with this, the in-
tersubunit hydrophilic cluster as described for PfcPGI (Lys3,
Tyr129, Gln59�, and Asp65�) (4) is partially conserved in the
dimeric EmcPGIA but is not present in the monomeric AfcPGI
and MmcPGI (see alignment in Fig. 5). Thus, cPGIs are either
monomeric or dimeric monocupins. In comparison, a dimeric
arrangement [	2 or (	2)2] is a prerequisite for catalytic activity
for conventional PGIs, as well as for PGI/PMIs, which also
have significantly larger subunits ranging from 296 amino acids
to more than 600 amino acids.

CD spectra. In order to compare the overall fold of the
cupin-type PGIs with PGIs and PGI/PMI, CD spectra were re-
corded. All cPGIs showed very distinct CD spectra compared
to PGIs from the PGI superfamily, e.g., to the PGI/PMI from
Thermoplasma acidophilum (26). In comparison to conven-
tional PGIs, which consist of two 	�	-sandwich domains, cPGIs
are characterized by a central �-barrel forming the unique cen-
tral cupin core and show lower ellipticities due to their higher
�-sheet content. In accordance with this, a lower 	-helical con-
tent and higher �-sheets were estimated for cPGIs from the CD
spectrum.

Catalytic properties. Kinetic properties of purified cPGIs
were determined for both reaction directions (G6P and F6P)
and are summarized in Table 2. The pH optima of the PGIs
analyzed were quite similar, i.e., between pH 7.2 and 7.6. For
all cPGIs the respective rate dependence on both substrates of
the enzymes followed Michaelis-Menten kinetics, and the re-
spective Km and Vmax values are given in Table 2. All Vmax

values given correspond to the purification procedure de-
scribed. The catalytic rates of the three mesophilic cPGIs an-
alyzed (MmcPGI, EmcPGIA, and StcPGI) were significantly
lower compared to both the hyperthermophilic cPGIs and the
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conventional PGIs or PGI/PMIs (26, 27, 44, 46). It should be
noted that S. enterica serovar Typhimurium and E. meliloti
contain several PGI isoenzymes in addition to the cPGI de-
scribed here; S. enterica serovar Typhimurium also contains a
conventional PGI (Q8ZKI4) and E. meliloti contains a conven-
tional PGI (StPGI, Q92SC4), as well as a second cPGI
(EmcPGIB, Q92UI1). The recombinant StPGI and EmcPGIB

encode for active PGIs as well (unpublished data). In E. me-
liloti all three pgi genes are transcribed in vivo during growth
on complex medium (unpublished data). In M. mazei no other
pgi gene could be identified. cPGIs exhibited a high specificity
for the substrates G6P and F6P. They do not accept M6P at
significant rates (
2%). Thus, cPGIs do not show PMI activity
and differ from the enzymes of the bifunctional PGI/PMI fam-

TABLE 1. Comparison of cPGIs with selected members of the cupin superfamily

Protein Source Fold type Quaternary
structure Metalc Source or

reference

Archaea
PGI Pyrococcus furiosus, Salmonella enterica serovar

Typhimurium, and Ensifer meliloti
Monocupin 	2 Me 2; This work

PGI Archaeoglobus fulgidus and Methanosarcina mazei Monocupin 	 Me This work
PGI Thermococcus litoralis Monocupin 	2 Fe and Zn 30
dTDP-6-deoxy-D-xylo-4-hexulose

3,5-epimerase
Methanothermobacter thermoautotrophicus Monocupin 	2 None 7

Bacteria
AraC Escherichia coli Monocupin 	2 None 47
Proline 3-hydroxylase Streptomyces sp. Monocupin 	2 Fe 9
dTDP-6-deoxy-D-xylo-4-hexulose

3,5-epimerase
Salmonella enterica serovar Typhimurium Monocupin 	2 None 1

Oxalate decarboxylase Bacillus subtilis Bicupin 	6 Mn 2

Eukarya
Oxalate oxidase Barley, Hordeum vulgare Monocupin 	6 Mn 54
Homogentisate dioxygenase Human Monocupin 	6 Fea 51
Phosphomannose isomerase Candida albicans Bicupin 	 Zn 8
Isopenicillin N-synthase Emericella nidulans Monocupin 	 Fe or Mnb 43
Canavalin Jack bean Bicupin 	3 None 34
Phaseolin Phaseolus vulgaris Bicupin 	3 None 36

a Iron is not associated with the cupin domain.
b Mn was found in the structure.
c Me, divalent metal.

TABLE 2. Comparison of molecular and kinetic properties of cPGIs from P. furiosus, A. fulgidus, M. mazei,
S. enterica serovar Typhimurium, E. meliloti, and T. litoralis

Parameter
Propertya of:

PfcPGI* (22) AfcPGI (This work) MmcPGI (This work) StcPGI (This work) EmcPGIA (This work) TlcPGI* (30)

Standard assay temp (°C) 80 50 37 37 50 50

Apparent molecular mass (kDa)
Native enzyme

Gel filtration 43 28 28 67 43 39
Analytical ultracentrifugation – 27 – – – –

Subunit (SDS-PAGE) 20 28 28 32 27 26.7
Subunit (calculated) 21.476 27.424 30.209 26.834 34.684 26.7

Oligomeric structure 	2 	 	 	2 	2 	2

pH optimum 7.0 7.4 7.6 7.2 7.4 –
Temp optimum (°C) �99 82 57 55 57 –
Arrhenius activation energy (kJ/mol) 50 71 � 3 72 88 41 –
Linear part of Arrhenius plot (°C) 20–96 30–83 30–55 35–55 27–40 –
Tm (°C) �100* 97 66 64 58 –
Km (mM)

F6P 1.0 0.6 0.7 3 0.8 1.7
G6P 2.9* 0.6 1.0 1.0 0.4 11.7

Vmax (U/mg)
F6P 800 30 2.6 0.5 0.3 72.6
G6P 130 8.5 2.4 1.5 0.5 45.5

Ki (mM)
Erythrose-4-phosphate 3.9* ND 1.8 ND 1.8 –
6-Phosphogluconate 0.30* 0.67 0.15 3.0 ND 0.38
Sorbitol-6-phosphate 0.19* 0.7 0.03 0.36 0.54 –
Mannose-6-phosphate ND* ND ND ND ND 2.3

a �, New data; ND, not detectable; –, not measured. The reference or source is indicated in parentheses in the subheading. F6P, fructose-6-phosphate; G6P,
glucose-6-phosphate.
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ily. It should be noted that pmi genes are present in all organ-
isms containing a cupin-type PGI.

Inhibitors. The potential inhibitory effects of several sub-
stances, including inhibitors of conventional PGIs, on cPGIs
were analyzed (Table 2). Among the substances tested, only
sorbitol-6-phosphate had a significant effect on the cPGIs with
Ki values ranging from 0.003 to 0.7 mM. Erythrose-4-phos-
phate and 6-phosphogluconate, classical inhibitors of the con-
ventional PGIs with Ki values in the micromolar range (e.g.,
(26, 44), could hardly inhibit cPGIs. Erythrose-4-phosphate
had no effect on AfcPGI and StcPGI, and 6-phosphogluconate
did not inhibit EmcPGIA (up to 5 mM). The distinct response
with respect to these inhibitors might be due to the different
catalytic mechanisms proposed, i.e., hydride transfer in cPGIs
(49) versus proton transfer via cis-enediol intermediate report-
ed for conventional PGIs (13, 37, 42). All other substances
tested (ATP, Pi, fructose-1,6-bisphosphate, and fructose-1-
phosphate) had no significant effect on the cPGIs used in the
present study.

Metal dependence of cPGI activity. The majority of proteins
with a cupin domain contain a metal-binding site for divalent
cations that are essential for function (Table 3) (for a review,
see reference 18). We analyzed here the role of metals on five
cPGIs, including PfcPGI. (i) As analyzed by atomic absorption
spectroscopy, all PGIs contained both iron and nickel, the
respective metal contents (expressed as mole/mole subunits)
are given in Table 3. None of the cPGIs were fully occupied by
metals, indicating an underestimation of metal content, which
is probably due to EDTA treatment of the proteins used to
reduce unspecific binding of metals, e.g., to the His tag, prior
to iron and nickel measurements (see Materials and Methods).
The metal content measured depended on both the source of
the protein and the purification procedure used due to differ-
ent (contaminating) metal contents of the buffer systems used.

(ii) All cPGIs were inhibited by millimolar concentrations of
EDTA; the high Ki values obtained for EDTA (55 to 210 mM)
(Table 3) indicate a high affinity for metals. (iii) Metal deple-
tion of cPGIs was achieved by long-term incubation with high
EDTA concentrations (500 mM) 10 to 20°C below the tem-
perature optimum of the respective enzyme and extensive sub-
sequent dialysis with H2O. After this treatment, all cPGIs in
the present study, except for EmcPGIA, completely lost cata-
lytic activity. The residual activity of EmcPGIA measured after
EDTA treatment is probably due to an extreme tight binding
of metals, which is also reflected by the highest Ki value for
EDTA compared to the other cPGIs. However, catalytic activ-
ity of PfcPGI, AfcPGI, MmcPGI, and StcPGI could be re-
stored by the addition of several divalent cations. The respec-
tive reactivation curves of PfcPGI, AfcPGI, MmcPGI, StcPGI,
and EmcPGIA with Fe2�, Ni2�, Mn2�, and Zn2� are given in
Fig. 1, and the derived apparent Vmax values and apparent
metal affinities as reflected by the metal concentrations at
half-maximal velocity (KMe,0.5V values) are summarized in Ta-
ble 3. The measured KMe,0.5V values for Fe2�, Ni2�, Mn2�, or
Zn2� varied between 7 and 1,180 �M, and the enzymes showed
the lowest apparent KMe,0.5V values, which indicate a high
affinity to either Fe2� (AfcPGI), Ni2� (PfcPGI and StcPGI), or
Zn2� (MmcPGI and StcPGI). Thus, under physiological con-
ditions cPGIs presumably represent a heterogeneous mixture
with respect to their metal content depending on both affinity
and availability of the respective divalent metals. The highest
catalytic activity was measured in the presence of Fe2�

(PfcPGI and MmcPGI), Ni2� (AfcPGI, MmcPGI, StcPGI, and
EmcPGIA), or Mn2� (StcPGI). Generally, divalent metals
were inhibitory at higher millimolar concentrations. This was
especially true for Zn2�, which reactivates the cPGIs at low
concentrations but was inhibitory at concentrations of �200
�M. In addition, when added at 100 �M, Co2� and Cd2� could

TABLE 3. Metal content, EDTA inhibition, and apparent affinities and activities with divalent cations of cPGIs from P. furiosus,
A. fulgidus, M. mazei, S. enterica serovar Typhimurium, and E. melilotia

Parameter
Propertyb of:

PfPGI* AfcPGI* MmcPGI StcPGI EmcPGIA

Assay temp (°C) used 80 50 37 37 50
Metal content (mol/mol subunit)

Ni2� 0.39*/0.12† 0.41‡/0.06* – 0.20 0.07
Fe2� 0.04*/0.07† 0.03‡/0.01* – 0.17 0.13

Ki EDTA (mM) 55 97 101 120 210
Metal reactivation apparent affinities Kaff (�M)

Ni2� 7 37 1,180 22 ND
Fe2� 40 7 200 50 ND
Mn2� 61 81 220 38 ND
Zn2� 17c 46 130 22 ND

Apparent Vmax (U/mg)
Ni2� 61 7.0 2.3 1.2 ND
Fe2� 92 2.8 2.3 0.5 ND
Mn2� 26 6.2 2.3 1.2 ND
Zn2� 51 1.8 1.3 0.7 ND

Velocity at a 100 �M concn of metal
Co2� 44 2.2 1.2
Cd2� 23 2.1 0.4 ND
Ca2� 33 0.1 0.03 ND
Cu2� 0.5 ND – 0.02 ND
Mg2� 28 0.01 – 0.02 ND

a The metal content was measured by atomic absorption spectroscopy. Apparent KMe,0.5V values and apparent Vmax values (substrate fructose-6-phosphate) were
derived from reactivation curves of cPGIs (Fig. 2). All metals were used in the form of chlorides.

b �, Recombinant protein without His tag; †, purified from P. furiosus; ‡, recombinant protein with His tag; ND, not detectable; –, not measured.
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be used by PfcPGI, AfcPGI, and StcPGI, whereas Mg2� and
Ca2� were to some extent efficient only with PfcPGI and Cu2�

was rather inhibitory for all cPGIs.
Thus, the data presented here, and in particular the reacti-

vation experiments, indicate an involvement of metals in ca-
talysis. Moreover, the presence of a divalent metal, most likely
iron, as deduced from the crystal structure of PfcPGI bound
with 6-phosphogluconate is a prerequisite in the recently pro-
posed hydride transfer mechanism of PfcPGI (49).

Temperature optimum and thermostability. The thermo-
philic properties of the cPGIs were analyzed by determining
the temperature dependence of the specific activity by time-
dependent heat inactivation of the proteins (Fig. 2), as well as
by heat-induced unfolding as detected by CD spectroscopy
(Fig. 3). Not surprisingly, PfcPGI showed the highest thermo-
stability; its temperature optimum has been shown to be
�99°C (22), and no thermal unfolding could be detected at up
to 100°C. AfcPGI had a temperature optimum at 82°C and an
apparent melting temperature (Tm) of 97°C; however, com-
plete unfolding could not be detected at temperatures up to
100°C. The enzyme was highly thermostable, retained �80%
of the activity upon 120 min incubation at 80°C, and showed a
half-life of �100 min at 90°C. At 100°C an almost complete
loss of activity was observed after 60 min. MmcPGI and StcPGI
showed temperature optima of 57 and 55°C, respectively, and

Tm values of 66 and 64°C, respectively, were deduced from the
respective monophasic and sigmoidal melting curve. MmcPGI
and StcPGI did not lose activity at 40°C and had half-lives of
ca. 25 min at 60 and 55°C, respectively. The EmcPGIA exhib-
ited a temperature optimum of 57°C and a Tm of 58°C. The
deduced activation energy of the latter was significant lower
than the corresponding values of the other cPGIs in the
present study. The EmcPGIA was quite heat resistant up to
50°C, with a half-life of �240 min, whereas at 55°C the half-life
was ca. 20 min. The cPGIs from the mesophiles M. mazei, S.
enterica serovar Typhimurium, and E. meliloti showed heat
resistance and temperature optima 10 to 15°C above their
respective growth temperature optima of 37, 37, and 28°C. One
might speculate that the proteobacterial cPGIs might be more
relevant at higher temperatures in the respective organisms.

Sequence comparison and phylogenetic affiliation. cPGIs
show neither homology (ca. 5%) nor structural similarity to the
PGI superfamily and represent a convergent line of PGI evo-
lution (4, 22, 49, 52). Their function as cPGIs has been de-
scribed either recently (22, 30, 52) or in the present study.
Additional putative homologs are currently not present in pro-
tein databases. An alignment of all known cPGIs is given in
Fig. 4 and revealed significant amino acid sequence identity (11
to 89%) among these sequences. A total of 17 residues are
completely conserved among these 11 sequences, including the

FIG. 1. Reactivation of cPGIs from P. furiosus, A. fulgidus, M. mazei, and S. enterica serovar Typhimurium by metals after EDTA treatment
and subsequent H2O dialyses. (A) PfcPGI; (B) AfcPGI; (C) MmcPGI; (D) StcPGI. Reactivation obtained with Fe2� (■ ), Ni2� (F), Mn2� (Œ), and
Zn2� (�) is shown. A total of 100% of the specific activity corresponds to 91 U/mg (PfcPGI), 7 U/mg (AfcPGI), 2.3 U/mg (MmcPGI), or 1.2 U/mg
(StcPGI).
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metal-binding site (His88, His90, His136, and Glu97; PfcPGI
numbering) (4, 30, 49). In most cases the corresponding metal-
binding site of other cupin superfamily proteins is coordinated
by three histidines and a glutamate as well (18). In addition, all
residues except for Tyr52, which is substituted by a His in
StcPGI, i.e., residues Thr71, Gly87, Tyr99, and Tyr160, that
have been proposed to be involved in substrate binding as
deduced from the X-ray structure of the PfcPGI in the pres-
ence of inhibitors are conserved as well (49). Tyr152, Ala69,
and Ala150, which have been suggested to contribute to the
hydrophobicity of the active site of PfcPGI, are not conserved.
Based on the alignment, two specific signature patterns of the
cPGI family were deduced: TX3PX3GXEX3TXGHXHX6-

11EXY and PPX3HX3N. The region between the two cupin
motifs, which varies from a minimum of 11 amino acids in
some microbial enzymes to more than 100 amino acids in
certain eukaryotic transcription factors and dioxygenases (17,
18), comprises 20 to 31 amino acids in cPGIs.

Phylogenetic analyses and evolution of cPGIs. In order to
analyze the phylogenetic relation of cPGIs within the cupin
superfamily, phylogenetic analyses were performed by two tree

FIG. 2. Thermostability of cPGIs from A. fulgidus, M. mazei, S. enterica serovar Typhimurium, and E. meliloti. (A) AfcPGI; (B) MmcPGI;
(C) StcPGI; (D) EmcPGIA. Symbols indicate thermostability at 100°C (�), 95°C (}), 90°C (Œ), 80°C (F), 70°C (■ ), 60°C (ƒ), 55°C (‚), 50°C (E),
and 40°C (�).

FIG. 3. Thermal unfolding of cPGIs from P. furiosus, A. fulgidus,
M. mazei, S. enterica serovar Typhimurium, and E. meliloti as moni-
tored by CD spectroscopy. The values for PfcPGI (ƒ), AfcPGI (�),
MmcPGI (E), StcPGI (‚), and EmcPGIA ({) are indicated. Thermal
unfolding was either detected at 226 nm (PfcPGI, MmcPGI, StcPGI,
and EmcPGIA) or detected at 232 nm (AfcPGI and MmcPGI).
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construction methods: NJ and ML. Indeed, in a phylogram
including both cPGIs and several putative members of the
cupin superfamily from eukaryal, bacterial, and archaeal cPGIs
form a separate cluster within the cupin superfamily (not
shown) and thus represents its own cPGI family. Thus far this
family comprises nine euryarchaeal and two proteobacterial
sequences. All other bacterial genomes thus far appear to
contain only a conventional PGI. This includes all proteobac-
teria, especially Agrobacterium tumefaciens and S. enterica,
which are the most closely related species from E. meliloti and
S. enterica serovar Typhimurium, respectively, with sequenced
genomes. Thus, for the respective proteobacterial cpgi genes, a
lateral gene transfer from euryarchaeal species has to be as-
sumed, since a loss of this gene in almost all bacteria appears
to be unlikely. To test this hypothesis, phylogenetic analyses of
the cPGI family were performed by the NJ and ML tree con-
struction methods. A phylogram of the cPGI family based on
an NJ tree is given in Fig. 5A. The topology was achieved by

both methods (NJ and ML) and is supported by very good
bootstrapping values. Not surprisingly, cPGI family sequences
cannot be divided into a bacterial and an euryarchaeal cluster
but rather into two or three subfamilies: Thermococcales and
Methanosarcinales (Salmonella). The identity between these
subfamilies is ca. 11 to 22% and members of a subfamily share
molecular and spectral properties. Subfamily II comprises the
monomeric cPGIs from Methanosarcinales and A. fulgidus. The
Thermococcales subfamily includes the dimeric cPGIs from
Thermococcus and Pyrococcales spp., as well as the two cPGI
isoenzymes from E. meliloti. EmcPGIA and EmcPGIB share
51% amino acid identity and cluster closest to the TlcPGI,
which also shows a high homology to these proteobacterial
cPGIs (38 and 35% identity, respectively). Their presence is
presumably the result of a lateral gene transfer from a Ther-
mococcus-like species after the lines of E. meliloti and A. tu-
mefaciens divided, followed by a late gene duplication in the
evolution of E. meliloti. For the stcpgi gene, a lateral gene

FIG. 4. Multiple sequence alignment of amino acid sequences of the cPGI family. The alignment was generated by using CLUSTAL X (50).
Accession numbers were as follows: PfcPGI, NP577925; AfcPGI, NP070323; MmcPGI, NP633992; StcPGI, NP461684; EmcPGIA, Q92MQ8;
EmcPGIB, Q92UI1 (and its putative homologs from P. horikoshi [O59618], P. abyssi [Q9UXW3], M. barkeri [ZP00076760], and M. acetivorans
[NP615780]). The two derived signature patterns of the cPGI family are given below the alignment; invariable residues of these patterns are in
boldface and are also highlighted in the alignment. Secondary structure assignments as derived from the X-ray structure of the PfcPGIs (49) are
given above the sequences; 	-helices are indicated as bars, and �-sheets are indicated as arrows.
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transfer has to be assumed after the lines of S. enterica serovar
Typhimurium and S. enterica divided; however, the source of
this transfer remains unknown.

Lateral gene transfers have been suggested for several
conventional pgi genes (26, 31, 44), e.g., from eukarya to
their symbionts and parasites or between (hyper)thermo-
philic bacteria and archaea (26, 44). Thus, the evolution and
distribution of PGIs in the phylogenetic tree is complex and
rather puzzling (Fig. 5B). The PGI superfamily is found in
all three domains—archaea, bacteria, and eukarya—and
probably has been present in the last common ancestor as
well. Whereas PGIs from the PGI superfamily are found in
all bacteria and the euryarchaea Methanococcus and
halobacterial species, PGI/PMIs presumably have origi-
nated in the early crenarchaeal evolution by functional di-
versification and are found mainly in crenarchaea and also
in two (hyper)thermophilic bacteria and in Thermoplasma-
tales (26). The assumption of lateral gene transfers from a
euryarchaeal source to some proteobacteria defines the
cPGI family as an euryarchaeal family that originated during
early euryarchaeal evolution. A scenario would be plausible
in which these novel cPGIs have replaced an ancestral con-
ventional euryarchaeal PGI before the Thermococcales
evolved. In the following euryarchaeal evolution this cpgi
gene might have been replaced by a pgi or a pgi/pmi gene in
Methanococcales and Halobacteriales or Thermoplasmatales,
respectively.

In summary, we give an elaborate characterization of a novel
protein family, the cPGI family, which represents a convergent
line of PGIs. Cupin-type PGI represents a euryarchaeal PGI
family and have spread to some bacteria by lateral gene trans-

fer. They differ from conventional PGIs by their fold, a lower
molecular mass, their metal dependence, and their inhibitory
potential.
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