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ABSTRACT: The X-ray analyses of coenzyme B),-dependent diol dehydratase revealed two kinds of electron
densities that correspond to metal ions in the active site. One is directly coordinated by substrate [Shibata, N.,
et al. (1999) Structure 7, 997—1008] and the other located near the adenine ring of the coenzyme adenosyl
group [Masuda, J., et al. (2000) Structure 8, 775—788]. Both have been assigned as potassium ions, although the
coordination distances of the former are slightly shorter than expected. We examined the possibility that the
enzyme is a metalloenzyme. Apodiol dehydratase was strongly inhibited by incubation with EDTA and EGTA in
the absence of substrate. The metal analysis revealed that the enzyme contains ~2 mol of tightly bound calcium
per mole of enzyme. The calcium-deprived, EDTA-free apoenzyme was obtained by the EDTA treatment,
followed by ultrafiltration. The activity of the calcium-deprived apoenzyme was dependent on Ca®" when
assayed with 1 mM substrate. The K, for Ca®" evaluated in reconstltutlon experiments was 0.88 M. These
results indicate that the calcium is essential for catalysis. Ca*" showed a significant stabilizing effect on the
calcium-deprived apoenzyme as well. It was thus concluded that the substrate-coordinated metal ion is not
potassium but calcium. The potassium ion bound near the adenine ring would be the essential one for the diol

dehydratase catalysis. Therefore, this enzyme can be considered to be a metal-activated metalloenzyme.

Adenosylcobalamin (AdoCbl,' coenzyme B;,)-dependent diol
dehydratase (pL-1,2-propanediol hydrolyase, EC 4.2.1.28) cata-
lyzes the conversion of 1,2-propanediol, 1,2-ethanediol, and
glycerol to propionaldehyde, acetaldehyde, and f-hydroxypro-
pionaldehyde, respectively (/, 2). The enzyme was purified to
homogeneity from Klebsiella oxytoca ATCC8724 (formerly
known as Aerobacter aerogenes and Klebsiella pneumoniae) (1, 3,4)
and shown to be composed of two dissimilar protein components
designated F and S, both of which are essential for catalysis (3).
Later, it was demonstrated with the recombinant enzyme that it
consists of three kinds of subunits, designated o, f3, and y, and
that the whole enzyme and components F and S correspond to
P2y, B, and ayys, respectively (6, 7). It is widely accepted that
metal-requiring enzymes can be grouped into two categories,
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so-called metal-activated enzymes and metalloenzymes. Mem-
bers of the former group are activated by the addition of a certain
metal ion, whereas the members of the latter group contain a
tightly bound metal ion that is essential for activity. Diol
dehydratase absolutely requires K* or other monovalent cations
with ionic radii similar to that of K™ for activity (, 8). It has been
shown that such a monovalent cation plays essential roles in the
cobalamin binding (8) and homolytic cleavage of the coenzyme
Co—C bond (9). In this sense, diol dehydratase is a metal-
activated enzyme.

The X-ray structure of diol dehydratase in complex with
CN-Cbl, an inactive analogue of AdoCbl, and the substrate
1,2-propanediol was determined in 1998, and the electron density
near the two OH groups of substrate was assigned to K* (10).
The structure revealed that, in addition to these OH groups, the
five oxygen atoms from five amino acid residues are coordinated
to the metal ion. When the X-ray structure of the enzyme—
AdePeCbl complex was analyzed (Figure 1), it turned out that
another metal ion is bound near the adenine moiety of the
coenzyme adenosyl group (/7). This metal ion was also identified
as Kt (11). From the structural, mutational, biochemical, and
theoretical studies, we have proposed a detailed mechanism of
action of diol dehydratase, based on the assumption that the
substrate and all the radical intermediates remain coordinated to
K" throughout the course of the reaction (12, 13).

This assumption seems reasonable for explaining the mechan-
ism of strict stereochemical control (/4—16) during the diol
dehydratase reaction (/7). Furthermore, additional energy would

©2010 American Chemical Society
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FiGURE 1: Two metal ions bound in the active site of diol dehydratase. (A) Metal ions located near the substrate OH groups and near the adenine
moiety of the coenzyme adenosyl group. M represents the substrate-coordinated metal ion and K the potassium ion. (B) Coordination distances
between M and ligands from amino acid residues and substrate 1,2-propanediol (PDO). (C) Coordination distances between K and ligands from

amino acid residues and water molecules.

be required if the initial coordinating interaction between sub-
strate OH groups and K™ were broken during catalysis. There
might be a very low or negligible spin density on K in the
substrate-radical intermediate [0.0 according to the theoretical
calculation by the QM/MM method (/8)]. However, there is a
strong argument against the assumption. Frey and co-workers
reported that pulsed EPR experiments with TI*-holodiol dehy-
dratase fail to detect the magnetic interaction between the TI*
nucleus and the inhibitor-derived cis-ethanesemidione radi-
cal (19). Very recently, they found that the unpaired electron
on the substrate-derived radical interacts with solvent-exchangeable
protons, and that no spectroscopic evidence of a direct coordination
of the substrate radical to TI™ was obtained using EPR, ENDOR,
and ESEEM spectroscopy (20). Therefore, one could point out that
the roles of metal ions in diol dehydratase remain to be established
unambiguously.

To address this problem, we have experimentally and theore-
tically examined the possibility that the substrate-coordinated
metal ion might not be K but another metal ion. The first
experimental support for this possibility was our finding that diol
dehydratase is almost completely inhibited by the preincubation

with EDTA in the absence of substrate. This led us to examine
the possibility that this enzyme is a metalloenzyme. In this paper,
we report that diol dehydratase is a calcium metalloenzyme and
that the substrate-coordinated metal ion is not K™ but calcium.
The theoretical support for this conclusion has also been
published elsewhere (27). The mechanism of inhibition with
EDTA as well as the role of calcium in the catalysis is also
described here.

MATERIALS AND METHODS

Materials. Crystalline AdoCbl was a gift from Eisai, Co. Ltd.
(Tokyo, Japan). All the standard solutions for metal analyses
were obtained from Nacalai Tesque, Inc. (Kyoto, Japan).
Centriplus YM-10 and Centricon YM-10 for ultrafiltration were
obtained from Millipore Corp. (Bedford, MA). Dialysis tubing
was purchased from Viskase Co. Inc. (Darien, IL). Sephadex
G-25 (fine) and Bio-Gel P-200 for gel filtration were the products
of GE Healthcare UK Ltd. (Little Chalfont, U.K.) and Bio-Rad
Laboratories Inc. (Hercules, CA), respectively. All other chemi-
cals were analytical grade reagents from commercial sources.
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Preparations of Diol Dehydratase. For comparison, both
the recombinant enzyme and the enzyme from K. oxytoca were
used. The former was purified from overexpressing Escherichia
coli IM109 cells harboring expression plasmid pUSI2E(DD) or
pUSI2ENd(DD), essentially as described previously (7). The
latter was purified from K. oxytoca ATCC8724 cells grown
without aeration in glycerol-1,2-propanediol medium, as de-
scribed previously (3). Both enzyme preparations were estab-
lished to be homogeneous by the criteria of nondenaturing and
denaturing PAGEs. Enzymes were purified as apoenzymes in the
presence of substrate (1,2-propanediol), but substrate-free
apoenzymes were obtained by either dialysis against substrate-
free buffers or ultrafiltration through Centriplus YM-10 using
substrate-free buffers.

Enzyme and Protein Assays. Diol dehydratase activity was
routinely assayed by the MBTH method (22). The standard assay
mixture contained an appropriate amount of apoenzyme, 15 uM
AdoCbl, 0.1 M 1,2-propanediol, 50 mM KCI, and 35 mM
potassium phosphate buffer (pH 8.0), in a total volume of
0.2—1.0 mL. After incubation at 37 °C for 10 min, the reaction
was terminated by addition of potassium citrate buffer (pH 3.6)
to a concentration of 0.05 M. MBTH-HCI was then added to a
final concentration of 0.9 mM, and the mixture was incubated
again at 37 °C for 15 min. The concentration of propionaldehyde
formed was determined by measuring the absorbance at 305 nm.
One unit is defined as the amount of enzyme activity that
catalyzes the formation of 1 umol of propionaldehyde per minute
at 37 °C under the standard assay conditions.

The protein concentration of the purified enzyme was deter-
mined by measuring the absorbance at 280 nm. The molar
absorption coefficient at 280 nm for this enzyme, calculated by
the method of Gill and von Hippel (23) from the deduced amino
acid composition and subunit structure, is 120500 M~ cm ™" (24).

Preparation of Calcium-Deprived Apoenzyme. Apo-
enzyme was deprived of calcium by incubation at 37 °C for
10 min with 0.2 mM EDTA (pH 8.0) in the absence of substrate,
followed by ultrafiltration through a YM-10 membrane.

Metal Analysis. All solutions were prepared form glass-
distilled deionized water and were stored in polyethylene contain-
ers. All the buffers were freed from metal ions by extraction with
freshly dissolved 0.01% dithizone in CCly. Whenever possible,
plastic containers were cleaned by being soaked in a 1:1 solution
of nitric and sulfuric acids for several hours and rinsed thor-
oughly with metal-free water. Polyethylene ware was washed
successively with diluted detergent, 0.1 N NaOH, 0.1 N HCI,
1 mM EDTA, and metal-free water. Cellulose dialysis tubing was
boiled in 0.1 M EDTA (pH 8.0) for 10 min. It was then
transferred to a plastic container and stored at 4 °C in 0.01 M
EDTA (pH 8.0). All dialysis tubing, magnetic stirbars, etc., were
handled with disposable polyethylene gloves to prevent the
contamination of metal ions.

The zinc, calcium, copper, iron, magnesium, manganese,
molybdenum, cobalt, and chromium contents of the purified
enzyme from K. oxytoca and the calcium content of the recom-
binant enzyme were determined with Nippon-Jarrell Ash and
Hitachi Z-2000 Polarized Zeeman atomic absorption spectro-
photometers, respectively. To remove unbound metal ions,
purified diol dehydratase (0.3—2.6 mg) was either extensively
dialyzed against 2 L of 0.05 M potassium phosphate buffer (pH
8.0) containing 0.26 M 1,2-propanediol or ultrafiltered through a
YM-10 membrane and diluted in 0.01 M HEPES buffer (pH 8.0)
containing 10 mM KCI, 0.26 M 1,2-propanediol, and 0.2%
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FIGURE 2: Inhibition of diol dehydratase by preincubation with
EDTA. (A) Purified apoenzyme (0.1 unit) from K. oxytoca was
preincubated with the indicated concentrations of EDTA in 1 mL
of 0.03 M potassium phosphate buffer (pH 8.0) containing 0.05 M
KClin the absence (O) and presence of 10 mM 1,2-propanediol (®) or
15 uM AdoCbl (a). (B) Purified apoenzyme (0.1 unit) from K.
oxytoca was preincubated with EDTA in 1 mL of 0.03 M Tris-HCl
buffer (pH 8.0) containing no additions (a), 0.05 M KCI1 (O), 10 mM
1,2-propanediol (O0), or 0.05 M KCl with 10 mM 1,2-propanediol (®).
After preincubation at 37 °C for 5 min, the remaining reactants of the
usual assay mixture were added to small aliquots, and the remaining
activity was measured under standard assay conditions. The activity
of each enzyme incubated without EDTA was taken as the control
(100%).

Brij35. Buffer blanks were run for all the metal analyses. LaCl;
was used as the internal standard in the calcium analysis. To
check the sensitivity and accuracy of the calcium analyses, the
following measurements were taken as controls. Bovine serum
albumin (approximately 1.0 mg/mL) was confirmed to be
essentially free of calcium and not to affect the measured value
of calcium concentration when added to a standard calcium
solution. The calcium analysis was thus not appreciably affected
by the presence of protein. The calcium content of a-amylase
from Bacillus subtilis (Sigma) was 3 mol/mol of enzyme, in good
agreement with the published value (25).

PAGE Analysis. Nondenaturing PAGE was performed as
described by Davis (26) and denaturing PAGE (SDS—PAGE) as
described by Laemmli (27). Proteins were stained with Coomassie
Brilliant Blue R-250.

RESULTS

Inhibition of Diol Dehydratase with EDTA or EGTA.
The effect of EDTA treatment on enzyme activity was investigated.
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FIGURE 3: Time dependence of EDTA inhibition of diol dehydra-
tase. Purified apoenzyme (0.076 unit) from K. oxytoca was incubated
without (O) and with (@) 0.5 mM EDTA in | mL of 0.036 M
potassium phosphate buffer (pH 8.0) at 0 °C. After incubation for
10 and 40 min, CaCl, (O) or MgCl, (2a) was added to a final
concentration of 2 mM. After standing at 0 °C for the indicated time
periods, the remaining reactants of the usual assay mixture were
added, and the remaining activity was measured.

As shown in Figure 2A, strong inhibition was observed when
purified apoenzyme from K. oxytoca was incubated at
37 °C for 5 min with EDTA in potassium phosphate buffer
(pH 8.0) in the absence of substrate. The initial rate (k) of
inhibition at 37 °C with 0.5 mM EDTA was ~0.13 min~' (data
not shown). The inhibition was prevented by the presence of
10 mM 1,2-propanediol, indicating that the substrate protects
apoenzyme from the EDTA inhibition. Holoenzyme formed by
the preincubation of apoenzyme with AdoCbl in the absence of
substrate was also not susceptible to EDTA (Figure 2A). When
recombinant apoenzyme was used instead of purified apo-
enzyme from K. oxytoca, essentially the same result was
obtained (Figure STA of the Supporting Information).

Of the other metal-binding reagents tested, EGTA also acted
as a strong inhibitor of the enzyme (Figure S1B of the Supporting
Information). However, the following compounds were not
inhibitory at a concentration of 5 mM: 1,10-phenanthroline, a,
o/-dipyridyl, citrate, succinate, tartrate, malate, and salicylate. It
was reported that salicylate inhibits glycerol dehydratase, a
similar AdoCbl-dependent dehydratase (28).

Some Characteristics of the EDTA Inhibition. The pro-
tective effect of 1,2-propanediol was examined in Tris-HCI buffer
(pH 8.0) in the presence and absence of K*. 1,2-Propanediol
exhibited a protective effect on the enzyme from K. oxytoca only
in the presence of K, although neither 1,2-propanediol nor K™
alone was protective (Figure 2B). Similar results were obtained
with recombinant apoenzyme as well (data not shown). Besides
1,2-propanediol, the following substrates or substrate analogues
also exhibited the protective effect at a concentration of 50 mM
against the inhibition with 0.2 mM EDTA in potassium phos-
phate buffer (pH 8.0): stylene glycol, glycerol, 2,3-butanediol,
and 1,2-ethanediol (data not shown). All of them promote the
reassociation of components F and S (29), which is facilitated in
the presence of K (30). It seems thus likely that the degree of
EDTA inhibition is affected by the molecular assembly of
subunits or components.

Figure 3 shows the time course of EDTA inhibition at 0 °C,
indicating that the inhibition is time-dependent. When excess
(2mM) CaCl, (or MgCl,) was added after incubation for 10 and
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FiGURE 4: Type of inhibition of diol dehydratase by EDTA with
respect to substrate. Recombinant apoenzyme (0.0064 unit) was
preincubated at 37 °C for 5 min with the indicated concentrations
of 1,2-propanediol in the absence (O) and presence of 0.008 (®) and
0.016 mM (W) EDTA in 0.9 mL of 0.03 M potassium phosphate
buffer (pH 8.0) containing 0.05 M KCI. After preincubation at 37 °C
for 5 min, AdoCbl was added to a concentration of 15 uM, and the
remaining activity was measured: (A) v—s curve and (B) double-
reciprocal plots.

40 min, 87—91% of the enzyme activity was recovered. This
indicates that the EDTA inhibition of apoenzyme is reversible at
least in the initial phase. The inhibition was pH-dependent and
less marked at pH <7 (Figure S2 of the Supporting In-
formation). The pH of 50% inhibition was approximately 7.8,
suggesting that EDTA does not exert the inhibitory effect at the
lower pH where protons compete with Ca®" for the ligand.

Figure 4A shows the effect of substrate concentration on
EDTA inhibition. When enzyme activity was measured with
varied concentrations of substrate in the presence of fixed
concentrations of EDTA, the extent of inhibition was dependent
on the substrate concentration; that is, the inhibition is more
marked at a lower concentration of substrate. The double-
reciprocal plot (Figure 4B) in the presence of EDTA did not
provide straight lines, suggesting that the inhibition is not a
simple competitive-type one with respect to substrate.

Because diol dehydratase consists of components F and S,
both of which are essential for activity, dissociation of the enzyme
into components might be a cause of the EDTA inhibition. This
possibility was tested by nondenaturing PAGE analysis. How-
ever, even after purified recombinant apoenzyme was incubated
at 37 °C for 10 min with an extraordinarily high concentration
(50 mM) of K*-EDTA in the absence of substrate, almost all
(>92%) of the enzyme migrated as a single band of (03y), in the
absence of substrate (Figure S3A of the Supporting In-
formation). Because the EDTA inhibition was observed in K-
containing buffer, this eliminated the possibility that EDTA
inhibited the apoenzyme by causing its dissociation into compo-
nents or subunits.

In contrast, when treated with 50 mM Na™-EDTA in the
absence of substrate, approximately half of the apoenzyme
dissociated (Figure S3B of the Supporting Information). Almost
no dissociation took place when the sample was treated with only
125 mM KCl or NaCl. When the apoenzyme treated with 50 mM
Na'-EDTA in the absence of substrate (Figure S3C of the
Supporting Information) was analyzed by two-dimensional
electrophoresis, the band just below that of (afy), still contained
a small amount of the § subunit, whereas the lowest band no
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Table 1: Metal Analysis of Purified Diol Dehydratase from K. oxytoca

diol dehydratase metal detected metal content

metal (mg/mL) (mg/mL) (mol/mol of enzyme)
Ca 2.57 0.925 1.9
1.53 0.469 1.6
Mg 2.57 0.067 0.26
1.53 0.034 0.19
Zn 0.80 0.032 0.12
Fe 2.57 0.063 0.09
Cu 0.80 0.046 0.16
Co 0.80 0.000 0.00
Mn 0.80 0.026 0.09
Cr 0.80 0.024 0.10
Mo 0.80 0.000 0.00

“Calculated on the basis of a molecular weight of 207268 (6).

longer contained the f subunit at all (data not shown). Because
the component S obtained by DEAE-cellulose column chroma-
tography also gave the major band in the same position, the
lowest band might be that of (ay), (component S). It was thus
concluded that high concentrations of both Na™ and EDTA are
necessary for the marked dissociation of the apoenzyme into
components in the absence of substrate. This dissociation might
be followed by slow, irreversible inactivation or denaturation of
the enzyme.

Metal Analysis of Diol Dehydratase. Although diol dehy-
dratase shows selectivity in activation by monovalent cations,
such as K* and NH,4 (1, 8), no requirements of divalent metal ions
for catalysis have been reported so far. To explain the inhibitory
effects of EDTA and EGTA, atomic absorption analysis of the
purified enzyme for metals was performed. Tables 1 and 2 show
that both the enzyme purified from K. oxyfoca and the recombi-
nant enzyme contain about 2 mol of calcium per mole of enzyme.
Since the enzyme exists as a dimer of heterotrimers, i.e., (a3y), (9),
it is likely that one calcium atom is bound to each a3y heterotrimer
unit. Magnesium was also detected, but in a stoichiometrically
insignificant amount. Copper, iron, zinc, manganese, chromium,
cobalt, and molybdenum were not detected at all or detected only
in negligible quantities.

Removal of Calcium from Apodiol Dehydratase. To
investigate the role of calcium in catalysis, the removal of calcium
from the recombinant apoenzyme was attempted. When the
apoenzyme was incubated with 0.2 mM EDTA (pH 8.0) at 37 °C
for 10 min and then ultrafiltered through a YM-10 membrane, the
calcium content of the resulting enzyme decreased to almost zero
(Table 2). In contrast, calcium was not removed at all by the EDTA
treatment in the presence of substrate, followed by ultrafiltration.

Almost all (>92 and 89%) of this calcium-deprived, EDTA-
free apoenzyme migrated as a single band of (0fy), in the
presence and absence of substrate, respectively (data not shown).

Reconstitution of Calcium-Containing Apoenzyme from
Calcium-Deprived Apoenzyme and Ca’*. The calcium-
deprived, EDTA-free apoenzyme thus obtained was reconstituted
into the calcium-containing enzyme by the preincubation at 30 °C
for 10 min with various concentrations of CaCl, in the absence of
substrate. When assayed with | mM 1,2-propanediol, the enzyme
activity was highly dependent on the Ca®" concentration added
(Figure 5). The calcium analysis indicated that the calcium
contamination of the 2.5 M 1,2-propanediol stock solution was
~0.05 uM, although no calcium contamination of either AdoCbl,
dithizone-treated 1 M potassium phosphate buffer (pH 8.0), or

Table 2: Removal of Calcium from Recombinant Apoenzyme by EDTA
Treatment, Followed by Ultrafiltration

calcium content”

treatment conditions (mol/mol of enzyme)
no treatment with 1,2-propanediol 22
without 1,2-propanediol 2.4
EDTA treatment 1 with 1,2-propanediol 2.5
without 1,2-propanediol 0.3
EDTA treatment 2°  without 1,2-propanediol 0.0

“Calculated on the basis of a molecular weight of 207268 (6). bIncubated at
37 °C for 5 min with 0.1 mM EDTA, followed by ultrafiltration. ‘Incubated
at 37 °C for 10 min with 0.2 mM EDTA, followed by ultrafiltration.

Propionaldehyde Formed (nmol/mi/min)

@
T 1 1
0
0

5 100

CaCl, (uM)

FIGURE 5: Activation of calcium-deprived apodiol dehydratase by
preincubation with Ca®*. Calcium-deprived apoenzyme (0.011 unit)
obtained as described in the text was preincubated with the indicated
concentrations of CaCl, in 1.5 mL of 0.04 M potassium phosphate
buffer containing 0.03% Brij35. After preincubation at 30 °C for
10 min, 1 mM 1,2-propaendiol and 15 uM AdoCbl were added to
0.32 mL aliquots, and the remaining activity was measured. The inset
is a double-reciprocal plot.

dithizone-treated 1 M KCI solution was detected. The calcium
contamination of the assay mixture containing 1 mM 1,2-
propanediol in the absence of added Ca®" was estimated to be
~0.02 nM from the calcium contamination of the 1,2-propane-
diol stock solution. The enzyme concentration in the assay
mixture was 0.27 nM (0.006 unit/mL). We therefore concluded
that the calcium of this enzyme is essential for catalysis. A trace of
enzyme activity observed in the absence of added Ca*" might be
due to a trace of calcium contamination in the assay mixture.
From the activating effect of Ca®*, the apparent K., for Ca®* was
calculated to be 0.88 uM.

Stability of Calcium-Deprived Apoenzyme. Calcium-
deprived apoenzyme was unstable when incubated even at
37 °C in the absence of both Ca®" and substrate (Figure 6).
CaCl, significantly protected the apoenzyme from inactivation.
Substrate fully stabilized the apoenzyme even in the absence of
CacCl,, and the addition of both CaCl, and substrate showed not
only a stabilizing effect but also some activating effect (~30%)
upon preincubation.

DISCUSSION

As reported in this paper, we found that diol dehydratase is
almost completely inhibited by the preincubation with EDTA or
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FIGURE 6: Effect of Ca®>" and substrate on the stability of calcium-
deprived diol dehydratase. Calcium-deprived apoenzyme (corres-
ponding to 0.0012 unit) obtained as described in the text was
preincubated at 37 °C for the indicated time periods in 0.16 mL of
0.04 M potassium phosphate buffer (pH 8.0) in the presence and
absence of 10 uM CaCl, and/or 0.1 M 1,2-propanediol. The substrate
1,2-propanediol and AdoCbl were added to concentrations of 0.5 M
and 15 uM, respectively, and the remaining activity was measured.
Additions: none (O), CaCl, (A), 1,2-propanediol (a), and CaCl, with
1,2-propanediol (®). The activity of apoenzyme kept at 0 °C under
respective conditions were taken to be 100%. Average + standard
deviation (n = 3).

EGTA in the absence of substrate. This became a new clue for
addressing the problem. The metal analysis revealed that ap-
proximately 2 mol of calcium is tightly bound to diol dehydra-
tase, while the contents of other metals were almost negligible.

In the X-ray structure analysis of diol dehydratase in complex
with CN-Cbl, a large electron density was observed near the two
OH groups of the substrate (10, 11). It is generally not easy to
discriminate between K and Ca®" from the electron density and
its shape even at a resolution of 1.7 A. The coordination distances
between this metal and ligands, including O1 and O2 of the
substrate OH groups, are 2.2,2.3,2.3,2.4,2.4(01),2.4 (02), and
2.5 A (Figure 1B) [Protein Data Bank (PDB) entry IEGM],
which are slightly shorter than those expected for six-coordinated
K™ and rather suitable for Ca*". Despite these considerations, we
assigned the electron density to seven-coordinate K (10), partly
because this was the only kind of metal ion that bound to the
enzyme and partly because K™ was the only metal ion that has been
established to be essential for catalysis (1, 8). Because the data of
coordination distances for seven-coordinate K were not available
at that time, we assumed that coordination distances in the seven-
coordinated “entatic” state might be different from those for six-
coordinate K. Later, we succeeded in the X-ray analysis of the diol
dehydratase—AdePeCbl complex (/7). We found that another kind
of metal ion is bound near the adenine ring of the adenosyl group in
addition to the substrate-coordinated one (Figure 1A). This metal
ion is six-coordinate, and the coordination distances between this
and ligands are 2.7, 2.8, 2.8 (H,0), 2.9, 3.0, and 3.0 (H,0) A
(Figure 1C) (PDB entry 1EEX), which are typical for six-coordinate
K. Therefore, this metal ion was also identified as K™ (/7). Recent
QM/MM calculations, however, indicated that the coordination
distances in the X-ray structures are significantly shorter than the
calculated K™ —ligand distances and better fit to the calculated
Ca”"—ligand distances (21). The coordination distances for seven-
coordinate K™ in arsenate reductase have recently been reported
(PDB entry 1JF8) (31), but they are not significantly shorter than
those for six-coordinate K.

Biochemistry, Vol. 49, No. 33, 2010 7215

EDTA
G 5 € koa3mint - Ca
E ‘ <—E <—— E EDTA
™~ +S
Kd,s
+Ca2+
+CBZ‘T Kd,Ca (_S)T l/ -Caz+
_SS
E < E Ca-EDTA
™~ s +S
Ky<(-Ca)

FIGURE 7: Schematic representation of EDTA inhibition of apodiol
dehydratase. Abbreviations: E, apoenzyme; S, substrate; Ky, dis-
sociation constant of the calcium-containing apoenzyme for the
substrate; Ky (—Ca), dissociation constant of the calcium-deprived
apoenzyme for the substrate; Ky c,(—S), dissociation constant of the
substrate-free apoenzyme for Ca>*. k was estimated from the initial
rate of inhibition at 37 °C with 0.5 mM EDTA.

The finding that diol dehydratase is a calcium metalloenzyme
raised the possibility that the substrate-coordinated metal ion
might be not K* but calcium. The K,, of the enzyme for Ca>"
determined by reconstitution experiments in the absence of
substrate was 0.88 uM. Because the affinity of the enzyme for
Ca”" is 50 high and calcium-free apoenzyme is unstable, calcium-
deprived apoenzyme was difficult to obtain by dialysis. Recon-
stitutable calcium-deprived apoenzyme was obtained here for the
first time by the EDTA treatment, followed by ultrafiltration.
Calcium-deprived enzyme lost the activity almost completely, but
its activity was recovered by the addition of Ca®*. This would be
reasonable if the enzyme-bound calcium is directly involved in
substrate binding. Collectively from all the data available at
present, we reassign the substrate-coordinated metal ion to
calcium and propose that, in addition to K, this calcium is
essential for catalysis. Figure 1A shows the active site structure of
the diol dehydratase—AdePeCbl complex (//), in which calcium
(M)and K" are coordinated by the substrate and located near the
adenine ring of the adenosyl group, respectively.

It is likely from the experimental results that EDTA causes
inhibition by its coordination to the substrate-coordinated metal
ion (Figure 7). This reaction occurs in the absence of substrate
but is blocked by the substrate. The resulting complex with
EDTA would have a sufficiently long lifetime to be significant for
enzyme activity. The inhibition seems to be reversible at least in
an early stage, because it was mostly reversed by the addition of
either Ca®" or Mg®". The calcium-deprived apoenzyme was less
stable than the calcium-containing one but was stabilized par-
tially by Ca*" and fully by substrate (Figure 6). The X-ray
structure of the enzyme revealed that the substrate is bound in the
negatively charged inner part of the active site cavity in compo-
nent S (), complex). Besides coordination to the metal ion, it
forms hydrogen bonds with four amino acid residues (/0) from
four p-strands composing the (f/a)s (TIM) barrel of the
a subunit. The substrate binding would thus participate in
stabilizing the barrel structure. Therefore, it is reasonable that
the removal of substrate from the active site brings about a
conformational change of component S, which would result in
weakening of the interaction with component F (f subunit) and
thus promote its gradual dissociation. This might lead to the
slow, irreversible inactivation or denaturation of the enzyme.

As a result of the new assignment described above, K* bound
near the adenine ring of the coenzyme adenosyl group (upper
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axial ligand) must be essential for activity. Why is this K" or
another monovalent cation with an ionic radius similar to that of
K™ absolutely required for diol dehydratase catalysis (1, 8)? We
have previously reported that such a monovalent cation plays an
important role in the tight binding of cobalamin to the apo-
enzyme (8). Recently, Frey and co-workers have reported that
K™ is essential for the homolytic cleavage of the coenzyme Co—C
bond (9). It should be noted that this K™ is six-coordinate by four
amino acid residues and two H,O molecules, one of which is
hydrogen-bonded to NI of the coenzyme adenine moiety
(Figure 1C). It is therefore evident that K is one of the
constituents of the so-called “adenine-binding pocket” that plays
an essential role in the coenzyme Co—C bond cleavage and thus
in catalysis through tight binding and proper positioning of the
adenine ring (/7). In addition, the coordination of the four amino
acid residues (Ga261, Sa264, Ea265, and Ea280) and two H,O
molecules (hydrogen bonded to Ga263, Ea265, Ma276, and
Va225) to K* would be important for keeping the local orienta-
tion of strands 87 and 8 and helices a.14 and a15, which may be
important for the cobalamin binding as well. The sensitivity of
cofactor activity to ionic radii might also be explained on the basis
of this structure. The difference between K* and Na™ in inducing
the apoenzyme dissociation in the presence of a high concentra-
tion of EDTA suggests that the binding of a monovalent cation
with an appropriate ionic radius to this site may contribute to the
association of subunits or components to some extent.

Glycerol dehydratase, an AdoCbl-dependent isofunctional
enzyme, was also reported to be inhibited by EDTA (26). This
enzyme is very similar to diol dehydratase in various proper-
ties (32), although they are immunologically distinct enzymes (33).
In contrast to diol dehydratase, glycerol dehydratase is inhibited
with EDTA even in the presence of substrate (28). This paper
suggests that the EDTA inhibition of glycerol dehydratase is due
to dissociation of subunits. However, there might be a possibility
that it is also related to metal binding, because the three-
dimensional structure and the action mechanism of glycerol
dehydratase are similar to those of diol dehydratase (13, 34).
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SUPPORTING INFORMATION AVAILABLE

Inhibition of purified recombinant apodiol dehydratase by
preincubation with EDTA and EGTA (Figure S1), pH depen-
dence of EDTA inhibition (Figure S2), and PAGE analysis of
EDTA-treated apodiol dehydratase (Figure S3). This material is
available free of charge via the Internet at http://pubs.acs.org.
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