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Cobalt activation of Escherichia coli 5′-nucleotidase is due to zinc ion
displacement at only one of two metal-ion-binding sites
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Escherichia coli 5′-nucleotidase activity is stimulated 30- to
50-fold in vitro by the addition of Co2+. Seven residues from
conserved sequence motifs implicated in the catalytic and metal-
ion-binding sites of E. coli 5′-nucleotidase (Asp41, His43, Asp84,
His117, Glu118, His217 and His252) were selected for modification
using site-directed mutagenesis of the cloned ushA gene. On the
basis of comparative studies between the resultant mutant proteins
and the wild-type enzyme, a model is proposed for E. coli 5′-
nucleotidase in which a Co2+ ion may displace the Zn2+ ion at only

one of two metal-ion-binding sites; the other metal-ion-binding
site retains the Zn2+ ion already present. The studies reported
herein suggest that displacement occurs at the metal-ion-binding
site consisting of residues Asp84, Asn116, His217 and His252, leading
to the observed increase in 5′-nucleotidase activity.

Key words: Co2+ activation, consensus sequence, phospho-
esterase, sequence motif, zinc metalloenzyme.

INTRODUCTION

Escherichia coli 5′-nucleotidase is a periplasmically localized
enzyme [1–3] capable of hydrolysing a broad range of substrates,
including all 5′-ribo- and 5′-deoxyribo-nucleotides, uridine
diphosphate sugars and a number of synthetic substrates, such as
bis (p-nitrophenyl) phosphate [4–6]. The enzyme has been shown
to contain at least one Zn2+ ion following purification, and X-ray
crystallographic data [7,8] suggests the presence of two metal-
ion-binding sites, designated M1 and M2 [8], in the catalytic cleft
(Figure 1). 5′-Nucleotidase activity is stimulated 30- to 50-fold
by the addition of Co2+ [4,5,9]: this level of activation is much
higher than that observed for other zinc metalloenzymes in which
the increase in activity following Co2+ substitution rarely exceeds
5-fold [10,11]. Significant levels of activation of 5′-nucleotidase
are also observed with Mg2+ and Mn2+ [4–6].

Catalytic site sequence similarity between the E. coli 5′-
nucleotidase and members of the Ser/Thr protein phosphatase
(‘Ppase’) family has led to 5′-nucleotidase being included in
this protein family [8,12]. A consensus sequence consisting of
three conserved motifs [Asp-Xaa-His-(≈ 25)-Gly-Asp-Xaa-Xaa-
Asp-(≈ 25)-Gly-Asn-His-Asp/Glu, where Xaa is any amino acid],
which contain residues important for catalytic function and metal-
ion binding in the Ser/Thr protein phosphatase family has been
suggested [12]. This consensus sequence is found in a wide
variety of phosphoesterases [12,13], ranging from vertebrates to
eubacteria, including the E. coli 5′-nucleotidase. Two additional
conserved motifs (Leu/Met-Gly-His-Ser/Tyr and Val-Gly-Gly-
His-Ser-Asn/Gln) have been identified in all 5′-nucleotidases and
many other phosphoesterases [14], and have also been identified
using the structure of kidney bean purple acid phosphatase
to guide sequence comparisons [15]. Kidney bean purple acid
phosphatase contains a dinuclear Fe(III)/Me(II) centre, where Me
can be either Fe or Zn, in which the metal ions play distinct
critical roles in hydrolysis [15]. Residues from all five conserved
motifs have been implicated in the catalytic and metal-ion-binding
sites of the E. coli 5′-nucleotidase [8], suggesting a common
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catalytic strategy for phosphate ester hydrolysis within this diverse
group of enzymes.

Seven residues from these motifs in E. coli 5′-nucleotidase
(Asp41, His43, Asp84, His117, Glu118, His217 and His252) were selec-
ted for modification using site-directed mutagenesis of the
cloned ushA gene (Figure 1). Amino acid substitutions were
designed to minimize tertiary structural alterations. The resultant
seven different mutant proteins were purified and their kinetic
and chemical characteristics analysed and compared with those
obtained for the wild-type 5′-nucleotidase. These studies suggest
a model for activation of E. coli 5′-nucleotidase in which divalent
metal ions may displace the Zn2+ ion at only one of two metal-
ion-binding sites; the other metal-ion-binding site retains the
Zn2+ ion already present. Evidence is presented to support
the identity of M2 as the low-affinity metal-ion-binding site at
which displacement readily occurs, and of M1 as the high-affinity
metal-ion-binding site where displacement rarely, if ever, occurs.

EXPERIMENTAL

Bacterial strains

E. coli K12 strains used in this study were BL21� (hsdS gal
(λcIts857 ind1 Sam7 nin5 lacUV5-T7 gene1) ansB::strR) [16,17],
CJ236 (dut ung thi relA; pCJ105 (Cmr)) [18] and MV1190
(∆(lac-proAB) thi supE ∆(srl-recA)306::Tn10 (tetr)/ F’ traD36,
proA+B+, lacIqZ ∆M15) [18].

Phagemids

The ushA expression vector, pLM-2, was constructed by inserting
an ushA-encoding 1.8 kb PCR-amplified fragment, which had
been digested with HindIII and BamHI into similarly digested
pT7-7 [19]. The amplification primer pair used corresponds
to nucleotide positions –67 to –46 and 1781 to 1803
[20] (www.genome.wisc.edu/k12.htm) and incorporated add-
on sequences to generate these unique sites in the amplified
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Figure 1 Model of the E. coli 5′-nucleotidase metal-ion-binding sites showing ligands coordinating to the two Zn2+ ions present during X-ray crystallography

One Zn2+ ion, Zn1, occupies binding site M1, and another Zn2+ ion, Zn2, occupies binding site M2. This diagram, based on Figure 8(a) from Knöfel and Sträter [27], includes the positions of the
mutations referred to in the text with the exception of Glu118, which does not directly form part of either metal-ion-binding site.

product. pLM-3 was made by removing the 1.8 kb HindIII/BamHI
ushA fragment from pLM-2 and ligating this into similarly
digested pTZ19U [21]. Phagemid derivatives (pLM-4 to pLM-
10), each encoding an ushA gene-product with a specific amino
acid substitution, were generated using oligonucleotide-directed
mutagenesis.

PCR

The ushA allele was amplified from plasmid pLA7 [22] using
oligonucleotides designed to anneal 46 bases upstream of the
sequence encoding the initiating methionine codon and 128 nt
downstream of the sequence for the ushA stop codon [20].
Amplification reactions (50 µl) consisted of 1.5 mM MgCl2,
50 pmol of each primer, 12.5 nmol of dNTP mix (25 mM each
of dGTP, dATP, dTTP and dCTP) and 200 pmol of pLA7 that had
been purified using a Qiagen plasmid kit. Reactions were placed
in a thermal cycler (preheated to 95 ◦C) for 7 min, prior to the
addition of 2.5 units of Taq polymerase (Promega). The thermal
cycling programme comprised 34 cycles of 95 ◦C for 1 min, 50 ◦C
for 2 min and 72 ◦C for 2 min. PCR products were purified from
0.7% (w/v) agarose gels using QiaEX II resin (Qiagen).

Oligonucleotide-directed mutagenesis

Sequence changes resulting in 5′-nucleotidase derivatives with
specific single amino acid substitutions were made using the
Muta-Gene phagemid in vitro mutagenesis kit, version 2 (Bio-
Rad). The change of Asp41 (nt 121–123) to Asn was introduced
using a 31-mer annealing to the sequence complementary to nt
111–141 of ushA [20]. Similarly, six other substitutions were
made: His43 (nt 127–129) to Asn using a different 31-mer
annealing to the sequence complementary to nt 111–141; Asp84

(nt 250–252) to Asn using a 30-mer annealing to the sequence

complementary to nt positions 235–264; His117 (nt 349–351) to
Asn using a 30-mer annealing to the sequence complementary
to nt 337–366; Glu118 (nt 352–354) to Gln using a different 30-
mer annealing to nt 337–366; His217 (nt 649–651) to Asn using
a 25-mer annealing to the sequence complementary to nt 640–
664; and His252 (nt 754–756) to Asn using a 33-mer annealing
to the sequence complementary to nt 736–768. Generation of
these mutant derivatives was verified by sequencing of candidate
phagemids, using a Big-Dye sequencing kit and a model 377
automated sequencer (Applied Biosystems).

Construction of expression vectors containing ushA derivatives
with single amino acid changes

The 1.8 kb HindIII/BamHI fragment from each of the seven
phagemids, generated using oligonucleotide-directed mutagen-
esis, was then ligated into similarly digested pT7–7 to construct
a corresponding number of expression vector derivatives (see
Table 2) to enable comparative studies of these altered 5′-
nucleotidase proteins with the wild-type enzyme. Expression
of gene products from ushA and of its mutant derivatives,
each containing a specific single amino acid substitution, was
confirmed by SDS/PAGE and 5′-nucleotidase assay.

Protein purification

Wild-type and mutant 5′-nucleotidases, encoded by pT7–7
plasmid derivatives, were purified as follows. Periplasmic extracts
were prepared from 100 ml (3.5 l) of R-broth (10 g/l tryptone,
5 g/l NaCl, 1 g/l glucose and 1 g/l yeast extract) cultures containing
100 µg/ml ampicillin grown aerobically at 37 ◦C to D450 0.8. The
numbers in parentheses indicate the volume changes for larger-
scale preparations. The cells were harvested by centrifugation,
washed twice with 30 mM Tris/HCl (pH 7.5)/0.3 M NaCl, and
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resuspended in 10 ml (140 ml) of a solution containing 40%
(w/v) sucrose/2 mM EDTA/30 mM Tris/HCl (pH 7.5). Lysozyme
was added to a final concentration of 0.5 mg/ml and the mixture
incubated at 25 ◦C for 10 min. Spheroplasts were pelleted by
centrifugation at 17300 g for 15 min, and the supernatants
(containing the periplasmic fractions) were dialysed at 4 ◦C
against three changes of 1 litre of 5 mM Tris/HCl (pH 7.5) every
2 h. Ion-exchange chromatography was then performed using a
BioCAD 700E chromatography system with POROS HQ resin.
The proteins were adsorbed to the matrix in 5 mM Tris/HCl
(pH 7.5), prior to the application of a 5 mM Tris/HCl (pH 7.5) to
5 mM Tris/HCl (pH 7.5)/200 mM NaCl gradient over 30 column
vols. The presence of 5′-nucleotidase in collected fractions was
detected by enzyme assay and SDS/PAGE.

Enzyme assay

Assays of 5′-nucleotidase were based on a modification of
the method described previously [5]. The assay mixture
contained 68 mM sodium acetate (pH 6.0)/13 mM CaCl2/4 mM
CoCl2/0.9 mM 5′-AMP in a final volume of 330 µl. Pi was
detected by the addition of 0.7 ml of colour-development reagent
(10% ascorbic acid/0.42% ammonium molybdate in 0.5 M
H2SO4, 1 :6, v/v), followed by incubation at 45 ◦C for 20 min
and measurement of the absorbance at 820 nm. Specific activity
was expressed as units/mg of protein, where a unit is defined as
the amount of enzyme catalysing the production of 1 µmol of Pi.

Size-exclusion chromatography

Adventitious metal ions were removed from purified 5′-
nucleotidase and its mutant derivatives by size-exclusion
chromatography using Sephadex G-50 resin (44 cm × 1.5 cm
column) at 4 ◦C with a 2 ml/min flow rate. Prior to use, the
matrix was washed with 30 column vols of 5 mM Tris/HCl
(pH 7.5) to remove any associated metal ions, and all glassware
had been cleaned of metal ions with 10% (v/v) HNO3. Buffers
were made using distilled deionized water. Protein concentrations
of 2–3 mg/ml were loaded on to the column, and 2 ml fractions
were collected after 20 ml. Peak active fractions were identified by
5′-nucleotidase assay and SDS/PAGE and stored at −20 ◦C until
assayed. Prior to metal-ion analysis using inductively coupled
plasma-emission spectroscopy (ICP-ES), samples were diluted
to 50 µg/ml. Protein concentrations were estimated spectro-
scopically, with an absorption coefficient at 280 nm of 1.15,
based upon a calculated molar absorption coefficient of
66830 M−1 · cm−1 [23] and a molecular mass of 58134.8 Da [20].

ICP-ES

The concentration in solution of Co2+ and Zn2+, in parts per
billion (p.p.b.), was determined by ICP-ES analysis, using a
SpectroFlame model P + M spectrometer (Analytical Services,
Department of Agriculture, University of Queensland, Australia).
Standard metal-ion solutions were prepared in the range of 0–
300 p.p.b. The detection limit for Co2+ has been reported to be
0.4 p.p.b. [24].

RESULTS AND DISCUSSION

Purification of 5′-nucleotidase and its mutant derivatives

Using E. coli cultures containing pT7-7 derivatives encoding
wild-type 5′-nucleotidase or 5′-nucleotidase variants containing

single amino acid substitutions, the protocol described in
the present study resulted in the purification, to apparent
homogeneity, of 5′-nucleotidase and its mutant derivatives with
yields of up to 6 mg of 5′-nucleotidase per litre of original
culture. The specific activity of wild-type enzyme was in the
range of 670–730 units/mg. Despite the presence of an isopropyl
β-D-thiogalactoside-inducible T7 RNA polymerase promoter
upstream of the ushA gene (or its mutant alleles) in these plasmids,
isopropyl β-D-thiogalactoside was found to be unnecessary for
high levels of expression (results not shown).

Metal-ion analysis of wild-type enzyme

ICP-ES analyses (n = 10) were performed on 50 µg/ml (859 nM)
purified wild-type 5′-nucleotidase to determine Zn2+/enzyme
molar ratios. Prior to this analysis, the enzyme had been
dialysed extensively against 5 mM Tris/HCl (pH 7.5) prepared
from distilled deionized water in glassware cleaned with 10%
HNO3; separate analysis of the buffer determined that the
levels of contaminating ions were at, or below, the limits of
detection using this procedure (results not shown). Data analysis
resulted in a Zn2+/5′-nucleotidase molar ratio of 2.177 +− 0.193:1
(mean +− S.D.). This estimate is consistent with previously
reported X-ray crystallography data [8], indicating that two Zn2+

ions are associated with E. coli 5′-nucleotidase. Interestingly, this
is not consistent with the earlier work of Dvorak and Heppel [7] in
which a Zn2+/5′-nucleotidase molar ratio of 0.7 :1, equating to an
estimate of one Zn2+ ion per molecule of enzyme, was determined.
However, their study involved a multi-step purification procedure
performed with the intention of removing any Zn2+ not strongly
associated with 5′-nucleotidase. Thus this disparity in molar ratios
suggests the possibility that at least one of the two metal-ion-
binding sites identified by Knöfel and Sträter [8] has a relatively
low affinity for Zn2+.

In order to examine potential metal-ion displacement, purified
5′-nucleotidase (1.9 mg/ml) was incubated at 4 ◦C with or without
a 100-fold molar excess of CoCl2, followed by size-exclusion
chromatography and subsequent ICP-ES analysis (Table 1).
In the absence of added metal ions, Zn2+/enzyme molar ratios in
the range of 0.517:1–1.042:1 were obtained (Table 1). Taken
with the Zn2+/enzyme molar ratio of 2.177:1 determined for
the dialysed sample (see above), the data may be interpreted as
indicating the presence of up to two associated Zn2+, but that one
of these is more readily dissociated from its binding site. Thus it
follows that this binding site has a relatively low affinity for Zn2+

ions. Since the Zn2+/enzyme molar ratio was never determined as
being lower than 0.5:1 following size-exclusion chromatography,

Table 1 Range of divalent metal ion/wild-type 5′-nucleotidase molar ratios
after incubation in the absence or presence of a 100-fold molar excess of
metal ions/enzyme

Numbers in parentheses indicate the number of times an experiment was repeated to calculate
the range of values. bdl, below the level of detection.

Molar ratio

Incubated with Zn2+/enzyme Co2+/enzyme

No added CoCl2 or ZnCl2 [0:1] 0.517–1.042:1 (3) bdl (3)
CoCl2 [100:1] 0.119–0.433:1 (3) 0.385–0.628:1 (3)
ZnCl2 [100:1] 1.525:1 (2) bdl (2)
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this suggests that one Zn2+ ion was retained per molecule of
enzyme, which, in turn, suggests that the other metal-ion-binding
site has a relatively high affinity for Zn2+ ions.

The data shown in Table 1 do not conclusively demonstrate
displacement of one of two enzyme-associated Zn2+ ions by
Co2+ ions in solution. However, the consistent results of lower
Zn2+/enzyme molar ratios for samples incubated with excess Co2+

in solution, compared with higher Zn2+/enzyme molar ratios for
samples incubated in solution in the absence of added Co2+,
suggests a degree of displacement of enzyme-associated Zn2+

ions by Co2+ ions has occurred. Also, the concomitant detection
of, and determined values for, a Co2+/enzyme molar ratio only in
samples incubated with excess Co2+ in solution is suggestive of
at least one Co2+ ion per molecule of enzyme. The possibility
that these values do not represent a range of Co2+/enzyme
molar ratios but rather reflect inefficient removal of Co2+ ions
in solution by size-exclusion chromatography can be discounted.
Control samples containing the same amount of added CoCl2, but
no 5′-nucleotidase, were incubated under the same conditions,
followed by size-exclusion chromatography and ICP-ES analysis.
No significant levels of Co2+ were detected in the fractions where
5′-nucleotidase would normally be expected to elute, nor indeed
in the surrounding fractions, for any of these control samples
(results not shown).

Comparative specific activities of wild-type 5′-nucleotidase and its
derivatives containing single amino acid substitutions

Seven residues from the five conserved motifs implicated in
enzyme function and/or metal-ion activation were targeted for
conservative substitution using site-directed mutagenesis. These
residues were Asp41, His43, Asp84, His117, Glu118, His217 and His252.

Expression vectors, derived from pT7-7 and encoding
each of the seven mutant 5′-nucleotidase proteins and wild-
type 5′-nucleotidase (Table 2), were constructed. Following
transformation into E. coli BL21�, all 5′-nucleotidase proteins
were purified from these cultures to apparent homogeneity using
the described protocol (see the Experimental section) and specific
activities determined (Table 2).

The contribution of chromosomally encoded 5′-nucleotidase
from E. coli BL21� to these determined specific activities of
purified wild-type and mutant enzymes was clearly negligible,
due to overexpression of plasmid-encoded ushA gene products.
For example, the lowest specific activity in the presence of
Co2+ was for the 5′-nucleotidase mutant with the His117 → Asn
substitution. Even if the His117 → Asn mutant was hypothesized to

Table 2 5′-Nucleotidase activities of purified mutant proteins

All plasmids are pT7-7 derivatives. Specific activity in the presence (+Co2+) and absence (−Co2+) of cobalt. The experiments were repeated ten times to calculate the range of values.

Specific activity (µmol of Pi/min per mg)

Amino acid substitution Plasmid +Co2+ −Co2+ Fold activation in presence of Co2+

None (wild-type) pLM-2 985.38 +− 35.1 24.79 +− 0.868 39.74
Asp41 → Asn pD41N 89.55 +− 3.48 1.29 +− 0.052 69.42
His43 → Asn pH43N 7.44 +− 0.223 0.701 +− 0.021 10.61
Asp84 → Asn pD84N 1.072 +− 0.0375 0.000386 +− 0.0000308 2777.20
His117 → Asn pH117N 0.369 +− 0.0185 0.0104 +− 0.00052 35.48
Glu118 → Gln pE118Q 60.5 +− 2.42 0.5778 +− 0.029 104.71
His217 → Asn pH217N 2.228 +− 0.128 0.0091 +− 0.00032 244.84
His252 → Asn pH252N 216.04 +− 8.21 1.253 +− 0.0464 172.42

be inactive, and thus the measured activity presumed to represent
only chromosomal 5′-nucleotidase, this still represents more than
a 2600-fold decrease in activity compared with that of the pLM-
2-encoded wild-type 5′-nucleotidase. If, on the other hand, the
measured activity mainly represents that of the His117 → Asn
mutant, then the contribution of ‘background’ chromosomally
encoded 5′-nucleotidase becomes even more inconsequential.

Further evidence for low- and high-affinity metal-ion-binding sites

The data presented in Table 2, taken with the X-ray
crystallography data relating to the residues involved in metal-
ion binding ([8] and Figure 1), support the hypothesis of low- and
high-affinity metal-ion-binding sites in E. coli 5′-nucleotidase.
Asp84 is directly involved with both metal-ion-binding sites, and
the mutant enzyme encoded by pD84N (Table 2) exhibited both
decreased specific activity (>900-fold decrease of the wild-type
activity) and increased levels of activation by Co2+ (>2700-fold
compared with approx. 40-fold for the wild-type). The unusually
high level of activation by Co2+ exhibited by this Asp84 → Asn
mutant, in comparison with that of other mutants, may be a
consequence of loss of the Zn2+ ion coordinated by the low-affinity
metal-ion-binding site coupled with the decreased affinity of the
high-affinity metal-ion-binding site for Zn2+. Mutants exhibiting
similar characteristics are proposed to indicate involvement of
the corresponding amino acids in the wild-type enzyme in the
low-affinity metal-ion-binding site, although levels of activation
by Co2+ are not expected to be as high in other mutants that
coordinate to a single metal ion only.

The mutant encoded by pH217N (His217 → Asn) exhibited
significantly decreased specific activity (0.23% of the wild-type)
and was activated more than 240-fold by the addition of Co2+ or
approx. 6-fold the level of activation for wild-type 5′-nucleotidase
(Table 2). The mutant encoded by pH252N (His252 → Asn) also
exhibited decreased specific activity (21.9 % of the wild-type)
and was activated by Co2+ more than 170-fold, or approx.
4-fold the level of activation for wild-type 5′-nucleotidase
(Table 2). These results suggest that His217 and His252 form part of
a low-affinity metal-ion-binding site in E. coli 5′-nucleotidase.

These mutants (Asp84 → Asn, His217 → Asn and His252 → Asn)
clearly differ from the mutants encoded by pD41N (Asp41 →
Asn) and pH43N (His43 → Asn) in respect to the relative levels
of Co2+ activation. Although the Asp41 → Asn mutant showed
decreased specific activity (9.1% of wild-type), it was activated
in the presence of Co2+ by approx. 69-fold, or less than 2-fold
the level of activation for wild-type 5′-nucleotidase. Similarly,
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the His43 → Asn mutant also showed decreased specific activity
(0.76% of wild-type) and its magnitude of activation in the
presence of Co2+ was approx. 10-fold, which equates to approx.
4-fold less than the level of Co2+ activation for the wild-type
enzyme. This decreased level of activation was not anticipated
and may be caused by the substitution of a residue (His43) which
may play a key role in the activated catalysis. Nevertheless, these
two mutants (Asp41 → Asn and His43 → Asn) exhibited changes
consistent with their involvement in a high-affinity metal-ion-
binding site.

His117 is not directly involved in metal-ion-binding (although
the X-ray crystallography structure indicates that the carbonate
ion coordinated to His117 is in turn coordinated to both metal
ions), but a role in a catalytic Asp–His dyad with Asp120 has been
proposed [8]. The mutant encoded by pH117N (His117 → Asn)
showed markedly decreased specific activity (0.037% and
0.042% of wild-type in the presence and absence of Co2+

respectively), but was activated in the presence of Co2+ by approx.
35-fold, similar to the 40-fold activation of wild-type (Table 2).
This indicates that the residue plays a role in catalytic function,
but not in the proposed low-affinity metal-ion-binding site.

The mutant encoded by pE118Q (Glu118 → Gln) exhibited
decreased specific activity (6.1% of wild-type), and the level of
activation by Co2+ was more than 100-fold, or approx. 2.5-fold the
level of activation of wild-type by Co2+ (Table 2). These results are
clearly not similar to those for mutants containing substitutions
of residues involved in either the proposed low- or high-affinity
metal-ion-binding sites. However, a role for Glu118 in the catalytic
site appears likely based on the significant decrease in specific
activity in the absence of Co2+. It is interesting that a glutamate
residue immediately follows the conserved histidine in motif III
(equivalent to the E. coli 5′-nucleotidase His117) in 17 of the 20
nucleotidases (5′- and 3′-) studied by Innes et al. [14] and in ten of
the 16 other phosphoesterases examined by Zhuo et al. [12]. The
remaining six phosphoesterases examined have an aspartate re-
sidue in the position analogous to the E. coli 5′-nucleotidase
Glu118, suggesting the acidic side chains are critical to enzyme
structure or function.

Model for Co2+ activation of 5′-nucleotidase

In view of previous observations [4,5,7–9] and the results re-
ported in the present study, we propose the following model
for Co2+ activation of E. coli 5′-nucleotidase. Co2+ ions readily
displace the Zn2+ ions at the low-affinity metal-ion-binding
site M2 (formed by residues Asp84, Asn116, His217 and His252),
whereas the high-affinity metal-ion-binding site M1 (formed by
residues Asp41, His43, Asp84 and Gln254), retains the Zn2+ ion
already present. The question of precisely how the presence of
a coordinated Co2+ ion, rather than a Zn2+ ion, in the M2 metal-
ion-binding site of E. coli 5′-nucleotidase activates this enzyme
remains open.

Recent studies with thermolysin, which has moderately
increased activity (2-fold) following Co2+ ion substitution of the
resident catalytic Zn2+ ion [25], suggest one possible mechanism
for exogenous Co2+ activation of 5′-nucleotidase. According to
X-ray crystallographic studies [8], the two resident Zn2+ ions in
E. coli 5′-nucleotidase were found to be in a trigonal bipyramidal
conformation, with each Zn2+ tetrahedrally coordinated by four
protein ligands (see above). In the case of thermolysin, Co2+ is
proposed to have a five-coordinate geometry, even in the absence
of substrate/inhibitor, with two water molecule ligands, whereas
Zn2+ ligation is presumed to change from a four-coordinate to
a five-coordinate geometry during catalysis [25]. This feature of
Co2+ may contribute to a more stable transition state and enhanced

activity towards the substrate. If a similar situation was true of
catalysis by 5′-nucleotidase, this would provide the mechanism for
activation by Co2+. However, studies with the zinc endopeptidase
astacin have shown that a change in active site geometry is not
necessarily a consequence of substitution of Zn2+ by Co2+ [26].

Another possible mechanism for Co2+ activation can be
hypothesized from recent crystallographic studies using the
substrate analogue α,β-methylene-ADP, which have suggested
a reaction mechanism for hydrolysis based upon nucleophilic
attack by a metal-bound water molecule [27]. It is possible
that the substitution of Co2+ for Zn2+ in the M2 site induces a
slight conformational change in the residues that form this metal-
binding site, and thus places the attacking nucleophile in a more
favourable in-line position for hydrolysis, increasing the rate of
catalysis. Such a conformational change could be due to Co2+

ions displaying a strong preference for a particular coordination
geometry; for example, a square pyramidal coordinate geometry
is favoured by pentacoordinate Co2+ ions, contrasting with the
random distribution of Zn2+ pentacoordinate structures between
square pyramidal and trigonal bipyramidal [28]. Studies on
the zinc endopeptidase astacin have demonstrated a striking
correlation between active site geometry and catalytic function
in this metalloproteinase [26].

Kinetic evidence in support of the proposed model

The model predicts that the affinity of enzyme for Co2+ will
drop significantly when amino acid residues that form part of the
low-affinity site, but not the high-affinity site, are substituted.
Km (Co2+) values for wild-type 5′-nucleotidase and its seven
mutant derivatives were determined (Table 3). Notably, and
consistent with the finding reported previously by Neu [5], 5′-
nucleotidase activity in the presence of Co2+ was found not to
conform to Lineweaver–Burk kinetics (results not shown). Thus
a standard graphical method of absorbance at 820 nm versus
Co2+ concentration, to determine the concentration at which the
reaction was at half of its maximal value, was used to estimate
Km (Co2+).

Mutant Asp84 → Asn displayed an increase in Km (Co2+) from
92.5 µM for the wild-type to 155 µM for the mutant, reflecting
a predicted decrease in the number of ligands coordinating the
metal ion resident in the low-affinity metal-ion-binding site. In
comparison with wild-type, the change in Km (Co2+) brought
about by substituting His252 with Asn252 [Km (Co2+) = 164 µM] is
comparable with that for the Asp84 → Asn mutant, supporting the
suggestion that His252 is also part of the low-affinity metal-ion-
binding site.

Table 3 K m (Co2+) values of wild-type 5′-nucleotidase and its mutant
derivatives

Values are presented as means +− S.D. (µM). The experiments were repeated four times to
calculate the range of values.

Amino acid substitution K m (Co2+)

None (wild-type) 92.5 +− 12.6
Asp41 → Asn 81.8 +− 5.8
His43 → Asn 81.8 +− 6.2
Asp84 → Asn 155.0 +− 7.8
His117 → Asn 99.5 +− 5.8
Glu118 → Gln 459.0 +− 27.9
His217 → Asn 95.4 +− 10.2
His252 → Asn 164.0 +− 2.3
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The significant decrease in affinity for Co2+ for the
Glu118 → Asn mutant [Km (Co2+) = 459 µM] suggests Glu118 may
play an indirect role in the low-affinity metal-ion-binding site,
possibly through an adjacent residue. The tertiary structure [8]
indicates that Glu118 is not in close proximity to either coordinated
Zn2+ ion, although Asn116, His117 and Asp120 are present in the
active site. As noted previously [12,14], glutamic acid or aspartic
acid residues occupy positions in other phosphoesterases and
5′-nucleotidases analogous to the E. coli 5′-nucleotidase Glu118,
suggesting a critical role of these acidic residues in catalysis or
structure.

The His217 → Asn mutant has a Km (Co2+) of 95.4 µM, almost
identical with that of wild-type (92.5 µM). Nevertheless, X-ray
crystallography data suggests that, of the residues examined in
the present study, His217 coordinates to the same metal ion as
Asp84 and His252, and mutants of both of these residues exhibit
characteristics indicative of roles in the low-affinity metal-ion-
binding site.

Other mutants (Asp41 → Asn, His43 → Asn and His117 → Asn)
exhibited no significant changes in Km (Co2+) from the wild-type
(Table 3). For Asp41 and His43, these results are consistent with
the prediction that they form part of the high-affinity metal-ion-
binding site and also with the data in Table 2, suggesting that
the metal-ion-binding site formed by these two residues as well
as by Asp84 and Gln254 does not play a significant role in metal-
ion displacement and activation. The Km (Co2+) value determined
for the His117 → Asn mutant is consistent with earlier data in the
present study and the findings of Knöfel and Sträter [8], suggesting
that His117 plays no direct role in metal-ion binding.

In summary, analysis of 5′-nucleotidase-specific activities
and Km (Co2+) values of 5′-nucleotidase and of seven mutant
derivatives each with a single amino acid substitution suggests that
one Zn2+ ion coordinates into a high-affinity metal-ion-binding
site (M1) formed by residues Asp41, His43 and Asp84 (and also
Gln254 based on X ray crystallographic data; see [8]), whereas
another Zn2+ ion coordinates into a low-affinity metal-binding site
(M2) formed by residues Asp84, His217 and His252 (and also Asn116

based on X ray crystallographic data; see [8]). Neither His117 nor
Glu118 are part of either metal-ion-binding site, but Glu118 does
appear to have some role in catalytic function and/or structure.
This data supports a proposed model for Co2+ activation of E. coli
5′-nucleotidase in which Co2+ ions readily displace the Zn2+ ion at
the low-affinity metal-ion-binding site, M2, leading to increased
enzyme activity, whereas the high-affinity metal-ion-binding site,
M1, retains the Zn2+ ion already present.
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