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ABSTRACT: The active site for the family GH38 class II α-mannosidase is constituted in part
by a divalent metal ion, mostly Zn2+, as revealed in the crystal structures of enzymes from both
animal and bacterial sources. The metal ion coordinates to the bound substrate and side chains
of conserved amino acid residues. Recently, evidence has accumulated that class II α-
mannosidase is active in complex with a range of divalent metal ions. In the present work, with
employment of the class II α-mannosidase, ManA, from the hyperthermophilic archaeon
Sulfolobus solfataricus, we explored the influence of the divalent metal ion on the associated
steady-state kinetic parameters, KM and kcat, for various substrates. With p-nitrophenyl-α-D-
mannoside as a substrate, the enzyme showed activity in the presence of Co2+, Cd2+, Mn2+, and
Zn2+, whereas Ni2+ and Cu2+ were inhibitory and nonactivating. Co2+ was the preferred metal
ion, with a kcat/KM value of about 120 mM−1 s−1, 6 times higher than that with Cd2+ and Zn2+

and 10 times higher than that with Mn2+. With α-1,2-, α-1,3-, α-1,4-, or α-1,6-mannobiose as a
substrate, Co2+ was the only metal ion promoting hydrolysis of all substrates; however, Mn2+, Cd2+, and Zn2+ could substitute to
a varying extent. A change in the divalent metal ion generally affected the KM for the hydrolysis of p-nitrophenyl-α-D-mannoside;
however, changes in both kcat and KM for the hydrolysis of α-mannobioses were observed, along with changing preferences for the
glycosidic linkage. Finally, it was found that the metal ion and substrate bind in that order via a steady-state, ordered, sequential
mechanism.

Class II α-mannosidases are exohydrolases that belong to
glycoside hydrolase family 38 and hydrolyze mannosidic

linkages via the retaining mechanism.1 Extensive reviews of the
physiological role and activity profiles of class II α-mannosidase
are available from the literature.2,3 The specificities of the
enzymes range from cleaving only α-1,3 and α-1,6 glycosidic
bonds to include α-1,2 and α-1,4 linkages as well.4,5 In
eukaryotes, class II α-mannosidase resides in the Golgi
apparatus, the cytosol, and the lysosomes, where the enzyme
participates in processing the N-glycosylated proteins as well as
in catabolism of glycans originating from, for example, unfolded
or endocytosed proteins.2 The function of class II α-
mannosidase in Bacteria and Archaea is more obscure, but
most likely the enzyme serves similar functions, which is
supported by the discovery of protein glycosylation in
prokaryotes.6,7 In the crenarchaeon Sulfolobus solfataricus, a
recent report provides evidence for a likely role of class II α-
mannosidase, ManA, in the processing of an extracellular
polymeric substance known as EPS and maybe also in the
processing of N-glycans of proteins located in the S-layer.8

ManA has previously been characterized with respect to both
physical properties and substrate specificity.9

The class II α-mannosidase is fully dependent on a divalent
metal ion that participates in the binding of the mannosyl in
site −1, preceding the scissile bond of the substrate.10

Structural analysis of ligand complexes of the enzyme from

Streptococcus pyogenes11 suggested that the metal-ion complex
distorts the mannosyl to be cleaved off and, in this way,
facilitates transition-state formation. Likewise, identification
occurred via structural analysis of four highly conserved
residues, two histidines and two aspartates, that complex the
metal ion in addition to a water molecule. Thus, an overall
square pyramidal coordination sphere surrounds the divalent
metal ion.5,11 One of the aspartates complexing the metal ion is
also suggested to be the catalytic nucleophile.11,12 Upon
substrate binding (Figure 1), the protein ligands remain bound
to the metal ion; the water molecule ligand is replaced by the 2-
hydroxyl of the bound mannosyl, and an additional ligand bond
is formed with the 3-hydroxyl,5,10,11 resulting in a complete
octahedral coordination sphere for the metal ion.5,11 In all
published crystal structures of the enzyme, Zn2+ is located in
the active site.5,11−13 However, promiscuity in divalent metal-
ion activation has been reported.4,9,14 An example is the
enzyme from Thermotoga maritima which shows maximum
activity when complexed with Co2+ or Cd2+ but is also activated
by Fe2+, Cr2+, Mn2+, and Zn2+.4

The relation between kinetic properties of ManA and specific
properties of complex formation of the bound metal ion could
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serve as an interesting platform for not only studying metal-ion
binding sites and their interaction with substrates but also
engineering of metal-ion binding sites with affinity for metal
ions other than those bound by the wild-type ManA.
Typically, the divalent metal-ion preference of class II α-

mannosidases has been evaluated by less informative specific
activity measurements and not a full kinetic analysis. Ideally, the
latter provides the kinetic parameters, KM and kcat, for the
substrate, but at least kcat/KM is revealed, representing a kinetic
value much stronger than the specific activities where the
degree of saturation of the enzyme is unknown. Furthermore,
until now nothing has been reported about the kinetic
mechanism of metal-ion binding for this class of enzymes or
the influence of changing the metal ion in the specific inhibition
by swainsonine. To elucidate the influence of the nature of the
divalent metal ion on the kinetic parameters of class II α-
mannosidase, the present work describes a kinetic analysis of
the enzyme from S. solfataricus, ManA,9 in complex with a range
of divalent metal ions.

■ EXPERIMENTAL PROCEDURES

Materials. All chemicals were acquired from Sigma Aldrich
except for α-mannobioses, which came from Carbosynth.
Cloning and Expression of ManA from S. solfataricus.

A PCR product encoding ManA from S. solfataricus strain P2
was obtained from chromosomal DNA using the following
oligo-deoxyribonucleotides as primers: S.s.5.2ManA, GGGAA-
TTCCATATGAGAAACATAAACGAGCTTGAGGCG;
S.s.3.2manA, CGCGGATCCCTAACCCCTCACACTTATT-
GTGAGGATATCCC. The restriction endonuclease sites,
NdeI and BamHI, incorporated in the above primers, indicated
by underlining, were used to clone the PCR fragment into the
same restriction endonuclease sites of the expression vector
pET11a, resulting in the plasmid pJWN01.
Escherichia coli strain BL21 (DE3) transformed with pRARE

(Rosetta) and pJWN01 was grown with vigorous agitation in 2
L of a phosphate-buffered salt medium supplemented with
tryptone and yeast extract, as described previously,15 with the
addition of chloramphenicol (50 μg/mL) and ampicillin (500
μg/mL) to maintain the plasmids. Expression was induced with

1 mM IPTG at an OD436 of 8−10 and continued overnight.
Cells were harvested by centrifugation, washed twice in 50 mM
potassium phosphate (pH 7.5), and resuspended in 130 mL of
50 mM Tris-HCl (pH 8.0). Cells were disrupted by sonication,
and insoluble matter was removed by centrifugation for 20 min
at 13000 rpm in a Sorvall rotor SS34.
A large fraction (>90%) of the produced ManA was insoluble

and remained in the pellet with cell debris. Streptomycin sulfate
was added to the cell extract to a final concentration of 1%, and
the precipitate was centrifuged as described above. The
supernatant was heated to 80 °C for 20 min before repeating
centrifugation as described above. The supernatant was made
80% saturated with ammonium sulfate, and the pellet collected
by centrifugation, as described above, was dissolved in 6.5 mL
of 50 mM Tris-HCl (pH 8.0) and dialyzed against the same
buffer. The dialysate was then loaded on a 5 mL HiTrap (GE
Healthcare) anion exchange column equilibrated with 50 mM
Tris-HCl (pH 8.0) and eluted by a NaCl gradient from 0 to 0.5
M. Fractions were analyzed by SDS−PAGE, and those
containing pure α-mannosidase were pooled and made 80%
saturated with ammonium sulfate. ManA was collected by
centrifugation as described above, redissolved in 3 mL of 50
mM Tris-HCl (pH 8.0), and dialyzed through two changes of
500 mL of the same buffer. The dialyzed protein was stored at 4
°C. Two milliliter preparations of apo-ManA, 0.45 mg/mL,
were prepared by incubation in 50 mM Tris-HCl (pH 8.0) and
5 mM EDTA at 70 °C for 1 h. The EDTA-treated ManA was
twice subjected to dialysis in 200 mL of 50 mM Tris-HCl (pH
8.0) and 5 mM EDTA, followed by three stages of dialysis
against 200 mL of 50 mM Tris-HCl (pH 8.0). The apoenzyme
was stored at 4 °C.

Enzyme Assays and Kinetic Analysis. All enzyme assays
were performed at 70 °C in 50 mM sodium acetate (pH 5.0).
The concentration of the divalent metal ion was 0.1 mM, if not
stated otherwise. Initial rates were determined at least twice,
with ranges of enzyme concentrations dependent on the
substrate: 6−60 nM in the presence of pNP-mannoside and
0.17−0.68 μM in the presence of α-mannobioses. The pNP-
mannoside dependent reaction was terminated by adding 200
μL of 1 M sodium carbonate to 100 μL of an assay incubation

Figure 1. Structure of the active site of Golgi class II mannosidase from Drosophila melanogaster in complex with (A) mannose and (B) swainsonine.
The amino acid residues involved in metal-ion binding are labeled by the one-letter code and numbered accordingly: H90, D92, D204, and H471.
The 2-hydroxyl and 3-hydroxyl of mannose and swainsonine, respectively, also complex the bound Zn2+ ion. D204 is the proposed nucleophile. The
acid/base D341 (orange) not interacting with the bound metal ion. The data used for the drawings are PDB entries 3BUP and 3BLB, respectively.
The figure was generated using PyMol.
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and subsequent cooling on ice before the absorbance was read
at 405 nm. As previously reported for pNP-mannoside, a
nonenzymatic hydrolysis was observed in the presence of high
Mn2+ concentrations.4 However, when Mn2+ concentrations
were kept at 100 μM or below, this reaction was undetectable
within the incubation times of the enzyme assay. The α-
mannobiose dependent reaction was accessed using a
colorimetric assay for the formation of the reducing ends.16

From a 100 μL incubation, aliquots of 15 μL were removed at
various time points over a period of 20 min and quenched by
the addition of a cooled colorimetric assay solution. Because
the background signal from the α-mannobioses was quite high,
the final colorimetric assay volume was adjusted proportionally
with the reagent and water to dilute the reducing end content,
in order to maintain the combined signal from the background
and the reaction within the detection limits. The quenched
reaction mixtures were incubated at 70 °C for 30 min and put
on ice, and then the absorbance at 562 nm was determined.
Equation 1 was fitted to the data from measuring the initial

rates at the various substrate concentrations. Equation 2
replaced eq 1 when a linear correlation between initial rates and
substrate concentration persisted up the highest achievable
substrate concentration.
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where v0 and vi represent the initial rates determined in the
absence and presence of the inhibitor, I, respectively, with the
apparent inhibition constant, Ki

app, and the substrate independ-
ent inhibition constant, Ki. kcat

app is the apparent maximum rate
obtained by varying either the substrate or the divalent metal-
ion concentration in the presence of a fixed, unsaturated
concentration of the other. Kis and Kii represent the inhibition
constants for competitive and uncompetitive inhibition,

respectively. Equation 7 is the equation for a two substrate,
steady-state sequential reaction mechanism.

= + + +v k K K K K( [A][B])/( [B] [A] [A][B])cat ia b a b
(7)

where [A] and [B] represent the two substrates with the
Michaelis−Menten constants, Ka and Kb, respectively. Kia
denotes the dissociation constant for substrate A.
The initial rate data were analyzed by nonlinear regression

using either Ultrafit 3.0 (Biosoft) or Kaleidagraph 4.0 (Synergy
Software). The presentations of linearized initial velocity data
are based on global fits using nonlinear regression. All kinetic
parameters are given with the standard error of the fit.

■ RESULTS
Enzyme Purification. The S. solfataricus ManA was purified

to homogeneity as described in Experimental Procedures. The
yield of soluble ManA was 4−5 mg from a 2 L cell culture;
however, large quantities were discarded as insoluble
precipitates. Various attempts to refold this insoluble fraction
of ManA were unsuccessful.

Steady-State Kinetics of Substrate Saturation for
ManA Substituted with Various Divalent Metal Ions.
Initial activity measurements with pNP-mannoside as a
substrate were performed with the inactive apoenzyme in the
presence of one of the divalent metal ions at 100 μM: Zn2+,
Mn2+, Co2+, Cd2+, Mg2+, Ni2+, or Cu2+, among which Zn2+,
Mn2+, Co2+, and Cd2+ activated the enzyme. The kinetic
parameters from steady-state kinetic analysis of pNP-manno-
side saturation of the active ManA−metal-ion complexes are
shown in Table 1. When substituted with Co2+, ManA had a

kcat/KM value for the substrate that was 6−10 times higher than
that found for the enzyme harboring Zn2+, Cd2+, or Mn2+

(Table 1). This property of the Co2+-substituted enzyme
mainly resided with a comparatively low substrate KM. ManA in
complex with Zn2+, Cd2+, or Mn2+ showed somewhat similar
kcat/KM values for the substrate (Table 1). However, Zn2+- and
Cd2+-substituted ManA had a higher kcat value with a slight
increase in KM for pNP-mannoside compared with that of the
Mn2+-substituted enzyme (Table 1).
Class II α-mannosidase is known to have a broad specificity

toward the α-1,x linkages in their substrates, where x can be 2,
3, and 6.4,12,14 Although the steady-state kinetics on pNP-
mannoside readily revealed differences in the kinetic parameters
of ManA depending on the metal-ion substitution (Table 1),
there might be even more pronounced differences with α-
mannobioses, constituting a more natural substrate for ManA.

Table 1. Kinetic Parameters of pNP-Mannoside Hydrolysis
by ManA in Complexes with Various Divalent Metal Ionsa

metal ion KM (mM) kcat (s
−1) kcat/KM (mM−1 s−1)

−b 1.0 ± 0.1 10.5 ± 0.6 10.5
Co2+ 0.11 ± 0.02 12.5 ± 0.6 120
Zn2+ 0.65 ± 0.09 13.6 ± 0.5 21
Cd2+ 0.99 ± 0.15 16.1 ± 0.8 16
Mn2+ 0.39 ± 0.03 4.8 ± 0.1 12

aDetails about assays are described in Experimental Procedures.
Kinetic parameters were calculated using eq 1. bThis is an untreated
enzyme which has not been subjected to EDTA treatment (see
Experimental Procedures) and with no externally added metal ion in
the incubation assay.
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ManA was active on α-1,2-, α-1,3-, and α-1,6-mannobioses, as
previously demonstrated.9 In addition, α-1,4-mannobiose,
which has not previously been tested, was also found to be a
substrate. Table 2 lists the kinetic parameters obtained from

steady-state kinetic analysis of ManA substituted with Zn2+,
Mn2+, Co2+, and Cd2+ on the different α-mannobioses. The
kcat/KM values determined for mannobioses with the Co2+

enzyme were fairly constant regardless of whether α-1,2-, α-
1,3-, or α-1,4-disaccharide was the substrate and was
significantly lower on α-1,6-mannobiose (Table 2). Complexed
with Zn2+, Cd2+, or Mn2+, ManA was less active on α-
mannobioses compared with ManA complexed with Co2+

(Table 2), consistent with the observations for pNP-mannoside
(Table 1). One remarkable difference observed between the
substrates, pNP-mannoside and α-mannobioses, was that Mn2+

was preferred over Zn2+ and Cd2+, as evaluated from kcat/KM for
α-1,2- and α-1,4-mannobiose (Table 2). In fact, Mn2+ was the
only metal ion in addition to Co2+ that gave substrate KM values
low enough for a reliable determination of the individual kinetic
parameters, kcat and KM (Table 2).
Although ManA displayed similar kcat/KM values on α-1,2-, α-

1,3-, and α-1,4-mannobiose when Co2+ was the activating metal
ion, the same was not found for ManA substituted with Mn2+.

Here, the kcat/KM value for α-1,3-mannobiose was about 5
times lower than those of α-1,2- and α-1,4-mannobiose (Table
2). The α-1,6-mannobiose was not a substrate for Mn2+-, Cd2+-,
or Zn2+-substituted ManA, at least not at the tested substrate
concentrations (Table 2).

Inhibition by Swainsonine of ManA Substituted with
Various Divalent Metal Ions. Swainsonine is a competitive
inhibitor of class II α-mannosidase.4,5,11 Figure 2 shows the

swainsonine inhibition of ManA substituted with Zn2+, Mn2+,
Co2+, and Cd2+. From the inhibition constant, Ki

app, obtained
from eq 3, the substrate concentration independent inhibition
constant, Ki, was calculated using eq 4. The values of Ki and
Ki
app for the individual experiments are given in the legend of

Figure 2. Ki values in the micromolar range obtained in the
present study are not uncommon for swainsonine inhibition of
class II α-mannosidase.11,14 However, the observation that
ManA substituted with Zn2+ is considerably less sensitive to
swainsonine compared with the Co2+-, Cd2+-, and Mn2+-
substituted enzyme is surprising because a previous work
reports a Ki

app value of 0.2 mM, corresponding to a Ki ≈ 30 μM,
for the Zn2+-substituted ManA.9

Steady-State Mechanism of Metal-Ion Binding to
ManA. The apparent KM values for Zn2+, Cd2+, and Co2+ for
activation of ManA approached the enzyme concentration in
the assay incubation. Therefore, Mn2+ with a somewhat higher
KM of about 0.6 μM was chosen as the activating metal ion in a
kinetic analysis of the mechanism of substrate and metal-ion
binding. The pattern of intersecting lines in Figure 3A is
consistent with both an ordered and a random sequential
mechanism.17 To elucidate the mechanism in more detail, the
inhibitor swainsonine was used as a substrate-binding analog, to
distinguish between these two mechanisms. Consistent with
swainsonine being a substrate-binding analog, we observed

Table 2. Kinetic Parameters for Hydrolysis of α-
Mannobioses by ManA in Complex with Various Metal
Ionsa

metal
ion α-mannobiose KM (mM) kcat (s

−1)
kcat/KM (mM−1

s−1)

Co2+ α-1,2-
mannobiose

0.85 ± 0.07 5.5 ± 0.2 6.4

α-1,3-
mannobiose

1.16 ± 0.47 4.9 ± 0.6 4.2

α-1,4-
mannobiose

2.5 ± 0.3 10.4 ± 0.4 4.2

α-1,6-
mannobiose

2.0 ± 0.4 2.0 ± 0.2 1.0

Zn2+ α-1,2-
mannobiose

NDb NDb 0.206 ± 0.008

α-1,3-
mannobiose

NDb NDb 0.102 ± 0.005

α-1,4-
mannobiose

NDb NDb 0.106 ± 0.005

α-1,6-
mannobiose

−c −c −c

Cd2+ α-1,2-
mannobiose

NDb NDb 0.277 ± 0.007

α-1,3-
mannobiose

NDb NDb 0.28 ± 0.05

α-1,4-
mannobiose

NDb NDb 0.31 ± 0.01

α-1,6-
mannobiose

−c −c −c

Mn2+ α-1,2-
mannobiose

2.3 ± 0.3 3.1 ± 0.2 1.3

α-1,3-
mannobiose

NDb NDb 0.185 ± 0.009

α-1,4-
mannobiose

2.0 ± 0.6 1.9 ± 0.2 0.95

α-1,6-
mannobiose

−c −c −c

aExperiments were performed as described in Experimental
Procedures. Data were analyzed using eq 1, unless otherwise noted.
bND = not determined. In these data sets, the KM was too high to be
determined, and the kcat/KM value was calculated using eq 2. cNo
measurable activity.

Figure 2. Inhibition of ManA hydrolysis of pNP-mannoside by
swainsonine. The experiments were performed as described in
Experimental Procedures. Initial rates are from experiments where
the swainsonine concentration was varied at fixed concentrations of
pNP-mannoside in the presence of the divalent metal ions as indicated.
Ki
app and Ki were calculated using eqs 3 and 4: (■) Co

2+, 0.6 mM pNP-
mannoside; Ki

app = 65 ± 16 μM; Ki = 10 μM; (□) Mn2+, 0.5 mM pNP-
mannoside; Ki

app = 104 ± 23 μM; Ki = 46 μM; (◇) Cd2+, 5 mM pNP-
mannoside; Ki

app = 120 ± 21 μM; Ki = 20 μM; (◆) Zn2+, 0.6 mM
pNP-mannoside; Ki

app = 2400 ± 170 μM; Ki = 1200 μM.
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competitive inhibition by swainsonine of pNP-mannoside
saturation of ManA (Figure 3B). However, the diagnostic
experiment shown in Figure 3C revealed uncompetitive
inhibition of Mn2+ saturation by swainsonine when the metal
ion was varied at different fixed concentrations of the inhibitor.
The combined pattern of substrate saturation and swainsonine
inhibition observed in Figure 3 is unique for a steady-state
ordered mechanism in which the metal ion is bound prior to
the binding of the substrate.18 The kinetic parameters
calculated from the experiments shown in Figure 3 are listed
in the legend.
Metal-Ion Inhibition of ManA. Although Ni2+, Mg2+, and

Cu2+ did not activate the apoenzyme, this did not exclude the
binding of these three metal ions to the active site. The results
presented in Figure 4A, derived from experiments that varied
these metal ions, demonstrate that both Ni2+ and Cu2+ inhibit
ManA in the presence of Co2+. Mg2+ did not inhibit ManA,

even at concentrations up to 1 mM (Figure 4A). In agreement
with Ni2+ and Cu2+ being inhibitory, these two metal ions did
not appear to promote substrate inhibition at increasing pNP-
mannoside concentrations (Figure 4B), as would be expected if
ManA, complexed with either Ni2+ or Cu2+, was able to bind
pNP-mannoside to the active site.

■ DISCUSSION
There have been no thorough investigations on the influence
exerted by the exchange of the divalent metal ion on the kinetic
properties of class II α-mannosidase or the role a change of the
metal ion plays in substrate specificity. Except for two studies
on prokaryotic enzymes,4,14 most reports are based on the
effect of metal ions on enzymes where the intrinsic metal ion
has not been removed prior to analysis. Most likely, such
scenarios describe the properties of a mix of enzyme−metal-ion
complexes. In the present work, we have overcome this

Figure 3. Binding mechanism of substrate and divalent metal ion to ManA. The experiments were performed as described in Experimental
Procedures. (A) Double-reciprocal plots of initial rates at various concentrations of pNP-mannoside and MnCl2 as indicated. Kinetic parameters
calculated using eq 7 were kcat = 4.9 ± 0.1 s−1, Ka = 0.70 ± 0.1 μM, Kia = 5.4 ± 1 μM, and Kb = 0.33 ± 0.04 mM. (B) Double-reciprocal plots of initial
rates at various concentrations of pNP-mannoside in the presence of 1.25 μM MnCl2 and swainsonine, as indicated. Kinetic parameters calculated
using eq 5 were kcat

app = 3.1 ± 0.13 s−1, KM = 0.70 ± 0.090 mM, and Kis = 0.11 ± 0.014 mM. (C) Double reciprocal plots of initial rates at increasing
concentrations of MnCl2 in the presence of 0.6 mM pNP-mannoside and swainsonine as indicated. Kinetic parameters calculated using eq 6 were
kcat
app = 3.1 ± 0.12 s−1, KM = 0.70 ± 0.090 mM, and Kii = 0.083 ± 0.0076 mM.

Figure 4. Inhibition of ManA by divalent metal ions. The experiments were performed as described in Experimental Procedures. (A) Initial rates of
pNP-mannoside hydrolysis by ManA in the presence of various concentrations of Ni2+, Cu2+, or Mg2+. The Co2+ concentration was varied as
indicated, and pNP-mannoside was added to produce a concentration of 1 mM. Ni2+ was varied in the presence of a Co2+ concentration of (●) 50
μM or (■) 10 μM. Cu2+ was varied in the presence of a Co2+ concentration of (▲) 250 μM or (◆) 900 μM. Mg2+ was varied in the presence of a
Co2+ concentration of (□) 50 μM. (B) Saturation curves of pNP-mannoside hydrolysis by ManA in the presence of (●) 10 μM Co2+ and 10 μM
Ni2+ or (■) 900 μM Co2+ and 10 μM Cu2+. Cu2+ and Ni2+ were added to a concentration resulting in about 50% inhibition. Ki

app values calculated
from eq 3, corresponding to the shown curves and obtained as described in Experimental Procedures, were (●) 28 ± 2, (■) 5.7 ± 1, (▲) 5.9 ± 1,
and (◆) 9.4 ± 0.6 μM.
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problem by developing a protocol for removing the divalent
metal ion as a measure of the decrease in ManA activity to
background levels and which upon addition of metal ion could
be fully restored.
The relatively high kcat values observed, in general, for pNP-

mannoside compared to those of the α-mannobioses (Tables 1
and 2), as well as the variations in the kcat value on the various
α-mannobioses, point to the cleavage of the glycosidic bond of
α-mannobioses as the rate-limiting step in substrate turnover,
not uncommon for glycoside hydrolases.19,20 The Co2+-
substituted ManA appears to be the kinetically superior
metal-ion−enzyme complex based on the kinetics of both
hydrolysis of pNP-mannoside and α-mannobioses (Tables 1
and 2). The fairly similar kcat/KM values for pNP-mannoside of
ManA in the presence of Zn2+, Cd2+, and Mn2+ (Table 1) imply
that the metal ion is mainly involved in substrate binding. Thus,
a decrease in the substrate KM by complex formation between
the substrate and the divalent metal ion, resulting in a tight
ground-state complex, would cause the activation energy for the
transition-state formation to increase with a concomitant
decrease in the kcat value. The Co

2+-substituted ManA evidently
stands out by maintaining a high kcat value despite a low
substrate KM value (Table 1). This latter result represents a
unique case for the investigated divalent metal ions where the
kinetic parameters point to a stabilization of both the ground
state complex and the transition state formed between Co2+

and substrate in the active site.
The kinetic analysis of α-mannobiose hydrolysis was, in

many of the combinations of ManA and divalent metal ions,
hampered by a KM value for the dissacharide overly high to be
measured accurately with the used assay technique. However,
on the basis of the kcat/KM values, the trends for the influence of
the divalent metal ions on α-mannobiose kinetics (Table 2) are
similar to that of pNP-mannoside (Table 1). Also with
mannobioses, ManA substituted with Co2+ remained the
kinetically superior metal−enzyme complex (Table 2), and
the Mn2+-substituted enzyme maintained relatively low values
of both substrate KM and kcat values, at least on α-1,2- and α-
1,4-mannobiose. Conversely, ManA in complex with Cd2+ or
Zn2+ showed kcat/KM values for α-1,2- and α-1,4-mannobiose
that were much lower than those for the Mn2+ enzyme (Table
2), a result that clearly deviated from the results of pNP-
mannoside (Table 1).
The impact of changing the divalent metal ion on the kinetic

parameters for the substrate appears not to be uniformly
applied to all substrates. This is demonstrated by the kcat/KM
value for the Mn2+−enzyme complex when α-1,3-mannobiose
is the substrate compared to the kcat/KM values for α-1,2- and
α-1,4-mannobiose (Table 2). In general, activity of class II α-
mannosidase on α-1,4-mannobiose is not reported in the
literature, because either the activity has not been tested or it
has not been considered relevant with respect to the task of
demannosylating N-glycans. However, a couple of studies on
enzymes from prokaryotes, Picrophilus torridus14 and T.
maritima,4 report on this activity.
Many enzymes require a metal ion in order to function, and

there are several examples of metal-ion binding enzymes
displaying metal-ion promiscuity.21−24 In rare cases, non-native
metal ions may even make a more efficient enzyme.21,23 In this
context, it is important to note that different divalent metal ions
show certain trends with respect to the coordination number
and preferred side-chain ligands,25,26 and theories such as the
Irving−Williams series and the Pearson acid-base concept can

assist in understanding the behavior of enzymes substituted
with different divalent metal ions. Two histidines and two
aspartates, of which all are conserved in ManA, bind to the
divalent metal ion in class II α-mannosidase. Additional ligands
are the 2-hydroxyl and 3-hydroxyl of the substrate (Figure 1A),
in agreement with a hexacoordinated, octahedral arrangement
around the bound metal ion.5,11 Co2+, Zn2+, Cd2+, and Mn2+ are
all capable of forming complexes with histidines and aspartates;
Co2+ and Mn2+ predominantly form octahedral complexes in
proteins, and Zn2+ predominantly forms tetrahedral complexes.
However, Cd2+ can adopt either of the two coordinations.25,26

Therefore, it is not unlikely that Co2+ and to some extent Mn2+

when complexed in the active site of ManA promote a more
efficient enzyme because of their preference for the octahedral
conformation. Previous investigations on class II α-mannosi-
dase from S. pyogenes11 and bovine12 have implied that the
metal ion is involved both in substrate binding and in distortion
toward the transition state, functions that can explain the
observed variations in the kcat and KM values for the substrate
(Tables 1 and 2). For swainsonine inhibition, Ki values in the
micromolar range obtained in the present study (Figure 2) are
not uncommon for class II α-mannosidases,11,14,27 although the
result indicates a weaker inhibition than typically seen for class
II mannosidases. For example, Golgi and lysosomal class II
mannosidases are strongly inhibited by swainsonine with Ki
values in the nanomolar range.5,28 swainsonine inhibition of
ManA substituted with Zn2+ was less potent than with Co2+,
Cd2+, or Mn2+, maybe because the latter three metal ions
typically induce an octahedral conformation favoring the
Swainsonine complex (Figure 1B).5,11

The sequential ordered mechanism (Figures 3 and 5)
observed for the binding of divalent metal ion and substrate

to ManA, in that order, has been observed with other
enzymes24,29,30 and is perhaps not surprising, considering the
role of the metal ion in substrate binding. In contrast to the
rapid equilibrium mechanism generally observed for the
binding of the metal ion to the enzyme,24,29,30 the binding of
Mn2+ to ManA is at a steady state. This indicates that the rates
of binding and dissociation of Mn2+ from ManA, or a
conformational change of the metal−enzyme complex prior
to substrate binding following each round of catalysis, are on
the same order of magnitude as the rate of the reaction. Figure
5 illustrates the steady-state ordered mechanism and the
associated kinetic parameters. Interestingly, Cu2+ and Ni2+ are
both strong inhibitors of ManA (Figure 4A), where Cu2+ stands
out by having a Ki

app of 9 μM in the presence of 900 μM Co2+.

Figure 5. Scheme of the steady-state ordered sequential mechanism
where the metal ion (A) binds and dissociates from the enzyme (E) at
a rate on the same order of magnitude as the reaction. Another
possibility is that an additional step (e.g., isomerization) immediately
following the formation of EA, but prior to binding of substrate (B),
occurs with a rate on the same order of magnitude as the catalytic rate.
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However, the absence of induced substrate inhibition (Figure
4B) in the presence of the inhibitory metal ions indicates that
although ManA binds Cu2+ and Ni2+, the binding of pNP-
mannoside is not facilitated by these metal ions.
Although ManA has been shown to contain Zn2+ when

purified from S. solfataricus,9 we find that the zinc-bearing
enzyme, although active, was very inefficient on all α-
mannobioses. In addition, the inhibition by swainsonine,
characteristic of class II α-mannosidase, was not as prominent
with the Zn2+-containing enzyme and much more efficient in
the presence of the other activating divalent metal ions. Our
observations, of course, do not necessarily warrant a suggestion
that ManA is a Co2+ enzyme, but in the catalytic interplay
among protein, metal ion, and substrate, Co2+ seems superior
to all other tested divalent metal ions.
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