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ABSTRACT: Few studies measuring thermodynamic metal ion selectivity of metalloproteins have been
performed, and the major determinants of metal ion selectivity in proteins are not yet well understood.
Several features of metal ion binding sites and metal coordination have been hypothesized to alter the
transition metal selectivity of chelators, including (1) the polarizability of the coordinating atom, (2) the
relative sizes of the binding site and the metal ion, and (3) the metal ion binding site geometry. To test
these hypotheses, we have measured the metal ion affinity and selectivity of a prototypical zinc enzyme,
human carbonic anhydrase II (CAII), and a number of active site variants where one of the coordinating
ligands is substituted by another side chain capable of coordinating metal. CAII and almost all of the
variants follow the inherent metal ion affinity trend suggested by the Irving-Williams series, demonstrating
that this trend operates within proteins as well as within small molecule chelators and may be a dominant
factor in metal ion selectivity in biology. Neither the polarizability of the liganding side chains nor the
size of the metal ion binding site correlates strongly with metal ion specificity; instead, changes in metal
ion specificity in the variants correlate with the preferred coordination number and geometry of the metal
ion. This correlation suggests that a primary feature driving deviations from the inherent ligand affinity
trend is the positioning of active site groups such that a given metal ion can adopt a preferred coordination
number/geometry.

Many proteins contain tightly bound metal ions, including
a number of transition metals (e.g., Mn, Fe, Co, Cu, Zn, and
Mo) (1). In many cases, the identity of the metal ion is crucial
for the biological function of the protein, and therefore, it is
essential that the correct metal ion be incorporated in vivo.
Incorporation of the correct metal is dependent on the
concentration of metal ions in vivo and either kinetic or
thermodynamic metal ion selectivity. Even where metal-
lochaperones deliver the metal ion, selectivity is still required;
the chaperone must acquire and deliver the correct metal ion,
and the metalloenzyme must accept and retain the correct
metal ion while not accepting or retaining inappropriate metal
ions. So far, few studies measuring thermodynamic metal
ion selectivity have been performed, and the major deter-
minants of metal ion selectivity in proteins are not yet well
understood.

In small molecule chelators a general trend in metal ion
affinity (Mn2+ < Co2+ < Ni2+ < Cu2+ > Zn2+), termed the
Irving-Williams series (2), is frequently observed and
correlates with the second ionization enthalpy (3) of the
divalent ions of the metal. Several features of metal ion

binding sites have been hypothesized to alter the transition
metal selectivity of chelators, including (1) the polarizability
of the coordinating atom [hard-soft/acid-base theory (4,
5)], (2) the relative sizes of the binding site and the metal
ion, and (3) the metal ion binding site geometry or the site’s
ability to provide the preferred coordination number (6, 7).

To test the importance of these hypotheses for metal ion
selectivity in proteins, we measured the metal ion affinity
and selectivity of a prototypical zinc enzyme, human carbonic
anhydrase II (CAII),1 and a number of active site variants
of this enzyme. The His3 zinc polyhedron of CAII (Figure
1) is capable of binding a wide range of metal ions. In each
case, the metal ion coordination in metal-substituted CAII
(8, 9) is the characteristic coordination geometry typically
found for these metals in protein crystal structures; i.e.,
manganese and nickel are both octahedral, while cobalt and
zinc are both tetrahedral. Cu2+ bound to proteins is typically
either in a distorted 4-coordinate geometry intermediate
between tetrahedral and square planar (10, 11) or in a face-
centered trigonal pyramidal geometry (12). Additionally, in
both cases a water molecule is within 2.8-2.9 Å of the metal
ion, in position to form a trigonal bipyramidal geometry (13,
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distorted 4-coordinate geometry, with a distant oxygen from
a second water molecule in a position to form a trigonal
bipyramidal geometry (8).

The metal ion selectivity of wild-type CAII follows the
Irving-Williams series, although the affinity of Zn2+ is near
that of Cu2+ and is increased significantly compared to the
rest of the transition metals (15, 16). To investigate the
determinants of metal ion selectivity, we measured the metal
ion affinity and specificity of CAII variants where one of
the coordinating His ligands (either H94, which coordinates
through the Nε2 atom, or H119, which coordinates through
the Nδ1 atom) was substituted by another side chain capable
of coordinating Zn2+, including Asp, Glu, Gln, Asn, and Cys.
In almost every case, the metal ion selectivity of the variants
also follows the Irving-Williams series, demonstrating that
the second ionization energy of the metal ion (3) is a
dominant factor in thermodynamic metal ion selectivity in
proteins, although other influences can alter this trend. These
data also indicate that the polarizability of the coordinating
atom (S vs O) is not a major factor in metal ion selectivity
in CAII. Furthermore, site size is important for metal
discrimination only when the ionic radii of the metals are
significantly different, for example, in discriminating between
Cd2+ (1.09 Å) and Zn2+ (0.88 Å). Most importantly, these
data demonstrate that changes in metal ion specificity of the
variants correlate with the preferred coordination number and
geometry of the metal ion, as observed in protein crystal
structures. Therefore, we conclude that the primary features
driving deviations from the inherent ligand affinity trend,
i.e., the Irving-Williams series, are those that alter the energy
required for a bound metal ion to adopt a preferred
coordination number and geometry.

MATERIALS AND METHODS

Preparation of Plasticware and Solutions.All plasticware,
including dialysis clips, was initially acid-washed and then
soaked with a 50 mM cadmium solution to replace readily
exchangeable metal ions in the plasticware. Thereafter, and
between each use, the plasticware was soaked in a 4 mM
(ethylenedinitrilo)tetraacetic acid solution overnight and
rinsed thoroughly with deionized water (18 MΩ). No metal
was observed to leach out of the plasticware after this

treatment. All solutions were prepared in treated plasticware
using deionized water (18 MΩ) and metal-free pipet tips
(Bio-Rad) to minimize metal ion contamination. All reagents,
buffers, and solvents were of the highest purity available.
The Mn2+, Co2+, Ni2+, Cu2+, and Cd2+ metal ion solutions
used in the standard curves and metal ion buffer solutions
were atomic absorption standards (∼1000µg/mL in 1 wt %
HNO3; Aldrich). The Zn2+ metal ion solution was a ZnSO4
volumetric standard (0.0499 M solution in water; Aldrich).

Preparation of Metal Ion Buffers.Metal ion buffers were
prepared with bicine (Aldrich) or citric acid (Mallinckrodt).
Additionally, trace amounts (4-6 µM) of dipicolinic acid
(DPA) were included to ensure rapid equilibration of the
metal ion with CAII (17). The pH of the solution was
adjusted to 7.0 with semiconductor grade NaOH (pellets,
99.99%; Aldrich), and 3-(N-morpholino)propanesulfonic acid
(MOPS) was added to maintain the total combined buffer
concentration at 15 mM. The buffer combinations and
concentrations were chosen such that>90% of the total metal
ion is chelated by the buffers. The concentration of free metal
ion at a particular pH and buffer concentration was calculated
from the known stability constants of the buffers (18).

Colorimetric and Fluorescent Metal Ion Assays.The
colorimetric and fluorescent assays to determine metal ion
concentration were performed as previously described (15).
First, the metal standard solution or the protein solution is
diluted into a denaturing solution (final concentration) 4
M guanidine hydrochloride, 7.5 mM MOPS, pH 7.0) and
incubated for 2-3 min at room temperature to allow the
protein to unfold (19). Then a freshly prepared solution of
4-(2-pyridylazo)resorcinol (PAR, final concentration) 100
µM) is mixed with the sample, and the absorbance is
immediately determined at 500 nm (Ni2+ and Zn2+) or 514
nm (Co2+ and Cu2+). The metal concentration is determined
by comparison to a standard curve (0-10 µM). To measure
the concentration of Mn2+ and Cd2+, 20 µM Fura-2 (Mo-
lecular Probes) is used in place of PAR. The fluorescence is
determined at an emission wavelength of 510 nm (Mn2+) or
465 nm (Cd2+) and at excitation wavelengths of 340 and
380 nm (Mn2+) or 340 and 373 nm (Cd2+). The metal ion
concentration in the samples was determined by comparison
to a standard curve (0-10 µM). Either apoenzyme was
included in the standard curve (equimolar to the sample
protein concentration) or several sample protein concentra-
tions were examined.

Enzyme Preparation.The human CAII variants were
prepared and purified as previously described (20, 21). Fresh
apoenzyme (∼5 × 10-7 mol per preparation) was prepared
by Amicon diaflow filtration against DPA, as previously
described (22). The bound zinc ion concentration was
determined by the PAR assay (see above), and the apoen-
zyme preparation was used only ifg90% of the bound metal
ion was removed.

Determination of Binding Affinity.Dissociation constants
(KDs) for metal ions were determined as previously described
(15) by dialyzing apo-CAII (0.5 mL of 60-80 µM protein)
against a larger volume (500 mL) of various concentrations
of free metal ions, maintained by metal-chelator buffers
which includedg4 µM DPA at pH 7.0, for 16-22 h at 30
°C. Concentrations of free metal ions ([M]free) were calculated
as described above. Citrate was used as the primary chelator
for Mn2+, Co2+, or Ni2+, bicine was used as the primary

FIGURE 1: Metal binding site of wild-type CAII. The geometry of
Zn2+ bound to wild-type CAII is tetrahedral. This figure was
generated in Molscript (43) from the crystal structure of wild-type
CAII (9) and then rendered with Raster3D (44).
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chelator for Cu2+, and tris(hydroxymethyl)aminomethane
(Tris) with high concentrations (0.2-10 mM) of DPA was
used to buffer Zn2+ or Cd2+. The total metal ion concentration
was maintained at>40-fold above the total protein concen-
tration to prevent any alteration in free metal ion concentra-
tion by sequestration in the protein. The protein-bound metal
was dependent on the free metal ion concentration and
independent of the total metal ion and total buffer concentra-
tion. The dialysis bags (Spectra/Por metal-free CE Mem-
branes, MWCO 15000) were rinsed thoroughly with deion-
ized water (18 MΩ) before use. Multiple proteins were
simultaneously dialyzed against the same solution. After
equilibration, unbound metal ions were removed from the
sample solutions by gel filtration over a PD-10 column
(Sephadex G-25M, 5 cm× 15 cm; Pharmacia). Varying the
length of equilibration from 16 to 22 h had no effect on the
observed metal ion affinity. The enzyme concentration ([E]tot)
was determined from absorbance (23), and the bound metal
concentration ([E‚M]) was measured by either the PAR
colorimetric assay (Co2+, Ni2+, Cu2+, and Zn2+) or a
fluorescent Fura-2 assay (Mn2+ and Cd2+), as detailed above.
The dissociation constant and asymptotic standard error were
calculated using the program KaleidaGraph (Synergy Soft-
ware) from a fit of eq 1 to the data, where the end point,C,
varied from 0.7 to 1.3.

In each case, the equilibration and metal ion binding assay
was repeated two to four times, both to cover a free metal
ion concentration range spanning both the high and low
plateaus of the binding curve and to improve the accuracy
of the dissociation constant (KD) determination.

RESULTS AND DISCUSSION

The apparent stability constants of various metal ions
bound to proteins have been determined for several metal-
loenzymes, including carboxypeptidase A (24), human
carbonic anhydrase I (16), pro-carboxypeptidase A (25), and
alcohol dehydrogenase (26). However, it is difficult to
ascertain metal ion specificity rules from these data sets
because the structure, composition, and binding site environ-
ments of the proteins are quite different from one another.
For this reason, we measured the metal affinity of a set of
proteins that differ by only one amino acid for a set of metal
ions which neighbor each other on the periodic table (Mn2+,
Co2+, Ni2+, Cu2+, Zn2+, and Cd2+), thereby systematically
investigating the specificity and avidity of a number of
closely related metal ion binding sites. These data then allow
examination of the importance of several parameters (i.e.,
the Irving-Williams series, liganding atom polarizability,
site size, site geometry) for determining metal ion specificity
in CAII.

Metal Ion Affinity of the Variants.To examine the
molecular determinants of metal ion specificity, we measured
the metal ion affinity of both wild-type (WT) CAII and CAII
variants using equilibrium dialysis followed by analysis of
bound metal ions (Figure 2; Table 1). In the CAII variants,
one of the three histidine ligands was substituted with Asp,
Glu, Asn, Gln, or Cys at either position 94 or position 119
to form a novel metal ion polyhedron. The biologically
important metal ions investigated in this work vary either in

the number of valence electrons while maintaining similar
ionic radius (Mn2+, Co2+, Ni2+, Cu2+, Zn2+) or in the ionic
radius while maintaining the same valence electron config-
uration (Zn2+ vs Cd2+).

The determination of metal ion affinity for the variant
enzymes was conducted at low ionic strength (I e 0.1) by
dialysis against large volumes of metal ion buffers and at
physiologically relevant pH (7.0) and temperature (30°C).
To reduce or remove artifacts from the data, all binding
constants were determined directly for each metal ion rather
than by competition. Furthermore, metal ion buffers were
used to maintain the free metal ion concentration. Finally,
to increase efficiency and improve the accuracy of determin-
ing the relative metal affinity of the variants, multiple proteins
were simultaneously dialyzed against the same metal-buffer
solutions. Therefore, even in the case of slight variations in
pH, metal ion concentration, or temperature between ex-
perimental runs, the fractions of metal bound to the variant
proteins (and hence the affinities) are directly comparable.
The dialysis experiments were repeated until there were
sufficient data so that the affinity order was clear and the
error in theKD was low (∼(30% of theKD) (Table 1). As
an example of the quality of these data, the metal ion binding
isotherms for the H119N CAII variant are shown in Figure
2. As in WT CAII (15), the weak affinity of the variants for
Mn2+ allows the determination of only a lower limit of the
KD for Mn2+. Similarly, the metal ion affinity of some of
the variants decreased so significantly that we were only able
to measure a lower limit for the metal affinity. The majority
of the apo-CAII variants are stable enough that little (<20%)
of the protein precipitates during the 16-22 h incubation at
30 °C. However, significant precipitation (up to 75%) of the
H119Q variant was observed at high free copper concentra-
tions (>1 µM), perhaps due to copper-mediated aggregation
(27). Therefore, we were able to determine only a lower limit
for the copper affinity in this case.

General Trends.Any change in the direct ligands from
the wild-type His3 metal polyhedron decreases metal ion
affinity overall (e.g., metal ion binding to WT CAII is
>16000-fold tighter than to H94E CAII, on average) but

[E‚M]/[E] tot ) C/(1 + KD/[M] free) (1)

FIGURE 2: Metal ion affinity of H119N CAII. The metal ion
dissociation constant was obtained by dialyzing 0.5 mL of 80µM
H119N CAII for 16-20 h at 30°C against 500 mL of metal ion
buffer used to maintain the free metal ion concentration. The affinity
of the following metals was analyzed: Co2+ (b), Ni2+ (]), Cu2+

(0), Zn2+ (4), and Cd2+ (2). Enzyme-bound metal (E‚M) was
separated from free metal by chromatography on gel filtration
columns and quantitated using either the PAR colorimetric or Fura-2
fluorometric assay, as described. The data shown here are repre-
sentative of that from each of the variants. The background has
been subtracted from each data set, and the end points have been
normalized to 1. A binding isotherm was fit to the data (eq 1), and
the values ofKD are listed in Table 1.
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reduces Zn2+ affinity much more than the affinity for any
other ion. For example, the Cu2+ affinity of the majority of
CAII variants, relative to WT CAII, is decreased 102-103-
fold while the Zn2+ affinity is decreased 105-106-fold (Table
1). The smallest perturbations in metal ion affinities are
observed for the H94D variant where Ni2+ binding is
unaffected and the affinity for Co2+, Cu2+, and Cd2+ is
diminished by∼3-, 47-, and 2-fold, respectively. However,
this substitution still reduces Zn2+ affinity substantially
(>5000-fold). In this regard, H94D is typical of the variants,
confirming the earlier assertion that CAII has selectivity for
Zn2+. WT CAII is Zn2+-specific not only relative to the small
molecule chelators but also relative to the CAII metal ligand
variants.

Inherent Metal Ion-Ligand Affinity Trend: The IrVing-
Williams Series. The metal ion affinities of almost all of the
variants examined follow the Irving-Williams series (Mn2+

< Co2+ < Ni2+ < Cu2+ > Zn2+) (2), and are also in-line
with the related MC series in that the Cd2+ affinity is close
to that of Zn2+ and Ni2+ in the Irving-Williams series (28).
The sole exception to this rule is H119Q CAII, which has
equal to or higher affinity for Zn2+ than for Cu2+ (Table 1,
Figure 3). In general, the ratios of affinities for the various
metal ions of the CAII variants much more closely ap-
proximate the ratios measured for small molecule chelators

than the ratios observed for WT CAII. These data indicate
that wild-type CAII shows enhanced specificity for Zn2+

relative to Cu2+, even though it does not violate the Irving-
Williams series. This similarity in affinity ratios between
small molecule chelators and the CAII variants can be seen
by comparing the metal ion affinity profile of the H94D,
H94Q, and H119N CAII variants (Figure 3) with that of
small molecule chelators (Figure 3, inset). Additionally, the
negative log of theKD (i.e., the pKD) of small molecule
chelators (18) correlates well with the second ionization
enthalpy (3) of the metal ions (e.g., theR-factor for the linear
fit of the pKD of nitrilotriacetic acid vs∆Hion is 0.96) (data
not shown), indicating that this is a reasonable parameter
by which to measure Irving-Williams-type behavior. Simi-
larly, the metal pKDs for the CAII proteins examined, except
for WT CAII and H119Q CAII, also correlate well with the
second ionization enthalpy (e.g., theR-factors of H94Q and
H119N CAII are both 0.93) (data not shown). The lower
correlation observed between the metal ion affinity and the
second ionization enthalpy for WT and H119Q CAII (R-
factors of 0.86 and 0.7, respectively) reflects deviations from
the Irving-Williams series, mainly caused by the enhanced
Zn2+ affinity. These data suggest that the Irving-Williams
series represents an inherent metal ion-ligand affinity trend
which is equally applicable to small molecule chelators and
metal binding sites in proteins, although deviations from this
underlying trend can occur. Furthermore, this result suggests
that a low correlation between the pKD and the second
ionization enthalpy for various metals can be used to identify
proteins in which metal-ion-specific interactions occur.

Surprisingly, other than the second ionization enthalpy of
the metal, there is no easily quantifiable parameter that
correlates with the metal ion affinity of these variants. Linear
correlations between the pKD of the divalent metal ion and
the side chain hydrophobicity, hydrophilicity, volume, surface
area, pKa, pI, or relative polarity of the substituted side chain
(29) all yield a scatter plot with anR-factor <0.5 (data not
shown).

Charge.Ligand charge has been suggested to play a role
in metal affinity and specificity (21, 30). To test this
hypothesis, we compared the metal ion affinity of variants
containing a metal polyhedron with a neutral metal ligand
(Asn or Gln) to that of variants with a negatively charged
ligand (Asp or Glu). Surprisingly, these data show no
consistent trend, indicating that the charge on the ligand is
not a major determinant in metal affinity in the CAII metal

Table 1: Affinity of a Series of Divalent Metal Ions for CAII Variantsa

pKD
a

variant Mn2+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+

CAII <3.4 6.8( 0.2 7.8( 0.2 13.0( 0.1 12.0( 0.1 8.64( 0.07
H94D <3.0 6.36( 0.08 7.8( 0.1 11.28( 0.08 8.30( 0.07 8.46( 0.04
H94E <3.0 <2.2 5.2( 0.2 11.4( 0.1 7.37( 0.07 5.9( 0.1
H94N <3.0 2.0( 0.3 4.8( 0.2 11.00( 0.07 5.0( 0.2 <5.0
H94Q <3.0 <2.4 5.6( 0.3 10.79( 0.06 6.15( 0.09 <4.2
H119D NDb 3.9( 0.1 5.2( 0.1 10.1( 0.3 6.24( 0.03 5.8( 0.5
H119E ND <2.5 5.0( 0.2 8.6( 0.1 5.6( 0.1 <4.1
H119N ND 4.53( 0.08 5.9( 0.1 11.3( 0.4 6.78( 0.05 6.2( 0.1
H119Q ND <2.5 <3.7 <6.0 6.00( 0.04 <3.9
H94C ND ND ND ND 6.6( 0.1 <4.3
H96C ND ND ND ND 5.48( 0.06 <3.1
H119C ND ND ND ND 6.8( 0.1 3.8( 0.3

a pKD ) -log KD. Measurements were done at pH 7.0, 30°C. b ND ) not determined.

FIGURE 3: Metal ion affinity profiles of small molecule chelators
and CAII variants. The metal ion affinities for the CAII variants
were determined as described in the legend of Figure 2 and these
values are listed in Table 1. The CAII variants included in this
graph are wild-type (O), H94D (1), H94Q (0), H119N (2), and
H119Q ([). Some of the values of-log KD are maximum values,
as indicated by theV symbol. Inset: Metal dissociation constants
(KD) for small molecule chelators, including bicine (±), DPA (b),
and 8-hydroxyquinoline-5-sulfonate (4), are taken from the National
Institute of Standards and Technology Standard Reference Database
46.
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polyhedron. At position 94, variants with the charged group
Asp have higher affinity for all metals than variants contain-
ing the neutral ligand Asn (Table 1; Figure 4). In contrast,
at position 119 the result is reversed; variants with the neutral
Asn side chain have higher affinity for all metal ions than
variants containing a negatively charged Asp. This was an
unexpected result and suggests that the position of the side
chain has a stronger effect on metal affinity than the charge
on the coordinating group. The metal-ligand positioning at
these two positions is different since zinc coordinates theε

and δ nitrogen of H94 and H119, respectively. Similarly,
variations are observed for the relative metal affinity of
variants containing a Glu versus a Gln ligand, although the
high dependence on the position of the side chain is not
conserved. For example, at position 119 the variant with the
charged Glu side chain has much higher affinity for Cu2+

compared to H119Q CAII while the uncharged side chain
in the H94Q variant confers higher affinity for Ni2+ compared
to H94E CAII. These data demonstrate that there is no
consistent, proportional preference for charged or neutral
ligands in this metal binding site and, therefore, factors other
than electrostatic interactions must be major determinants
of the metal affinity.

Polarizability. One hypothesis for altering metal ion
specificity is Pearson’s hard-soft/acid-base rules which
state that soft, or highly polarizable, metals tend to associate
more strongly with soft ligands and hard, or not very
polarizable, metals tend to associate more strongly with hard
ligands (31). To investigate the role of side chain polariz-
ability in determining the metal ion specificity in CAII, we
compare the affinity of the borderline Zn2+ with that of the
polarizable, soft Cd2+ for variants containing either a hard
carbonyl oxygen (Asn or Gln), a slightly more polarizable
carboxyl oxygen (Asp or Glu), or a soft sulfur-liganding atom
(Cys). The substitution of Cys for a His ligand significantly
decreases the affinity of CAII for both Zn2+ and Cd2+, and
in fact, the affinity for Cd2+ is too weak to be measured
accurately in many cases (Table 1). Nonetheless, the metal
ion selectivity ratio (KCd/KZn) remains large (g200-fold) for
the His2Cys metal polyhedra, indicating that Zn2+ still binds
with higher affinity than Cd2+ (Figure 5). The His to Cys

substitution increases specificity for Cd2+, relative to wild-
type CAII, at most 10-fold [calculated from (KCd/KZn)WT/
(KCd/KZn)Mu]. In contrast, substitution of His by Asn or Asp,
amino acids that coordinate metals with an oxygen atom but
retain the chain length of Cys, causes a larger decrease, on
average, in the Zn2+ affinity than the Cd2+ affinity. Therefore,
the metal ion selectivity ratio (KCd/KZn) decreases to less than
5, indicating that Zn2+ and Cd2+ bind with similar affinities
in these variants (Table 1, Figure 5). Thus, the His to Asx
substitution increases selectivity for Cd2+ relative to wild-
type CAII [(KCd/KZn)WT/(KCd/KZn)Mu] by 600-3300-fold. In
summary, the proteins with the harder oxygen ligands have
higher selectivity for the softer metal ion (Cd2+) than the
variants with the softer sulfur ligands. (The metal selectivity
comparisons for mutations containing a Glu or Gln compared
to a Cys substitution are attenuated due to the additional
change in the size of the metal polyhedron. These data are
discussed further in the next section.) Since substitution of
sulfur ligands for borderline ligands does not increase
discrimination in favor of soft metal ions, Pearson’s hard-
soft/acid-base rules are not followed, and liganding atom
polarizability is not the major determinant of metal ion
specificity in the CAII binding site. The hard-soft/acid-
base hypothesis is a poor indicator of metal ion specificity
trends in CAII and, perhaps, more generally in proteins. In
contrast, metal ion selectivity in a designed peptide scaffold
can largely be explained by the donor atom preference for
each metal ion (32). This difference is likely due to additional
structural constraints imposed on the metal binding sites in
proteins.

Site Size.Another hypothesis is that the size of the metal
ion binding site can influence the metal selectivity (10); for
example, a larger site may favor the binding of a large ion
over that of a small ion. Here we examine the binding of
metals with ionic radii ranging from 0.83 Å (6-coordinate
Ni2+) to 1.09 Å (6-coordinate Cd2+) in a site where the native
ion, Zn2+, has an intermediate ionic radius (0.88 Å) (3). In
this analysis we assume that, as a first approximation, longer
side chains (Glx) produce a smaller binding site and shorter
side chains (Asx being∼20 Å3 smaller than Glx side chains,
on average) produce a larger binding site. An examination
of the crystal structures of these variants (21, 33, 34) indicates

FIGURE 4: Dependence of the metal ion affinity on the charge of
the coordinating ligand. Comparison of the metal affinity of CAII
variants containing an uncharged metal ligand (Asn) compared to
a charged ligand (Asn), where∆∆GM ) RT ln(KD,Asn) - RT ln-
(KD,Asp). The values ofKD are taken from Table 1. A positive∆∆GM
indicates that the metal ion binds more tightly to the variant
containing the charged side chain while a negative∆∆GM indicates
enhanced affinity with the neutral side chain. The black bars
represent comparisons of the affinity of mutations at position 94,
and the gray bars indicate comparisons of variants at position 119.
The arrow indicates that the value of∆∆GM is a lower limit. No
consistent preference for charged or neutral ligands is observed for
any of the metal ions.

FIGURE 5: Metal ion selectivity (KCd/KZn) of CAII variants. The
metal ion selectivity of CAII variants for Cd2+ relative to Zn2+

(KCd/KZn) is plotted. The values ofKCd andKZn are taken from Table
1. A larger value forKCd/KZn indicates higher selectivity for Zn2+

while a smaller value indicates enhanced selectivity for Cd2+. The
variants are separated by both polarizability of the liganding atom
and length of the side chain. The Asn and Gln variants coordinate
metal with an uncharged carbonyl oxygen, the Asp and Glu variants
coordinate metal with a carboxylate oxygen, and the Cys variants
coordinate metal with the more polarizable thiolate atom.
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that this simple model is reasonable; the liganding atoms of
the side chains are an average of 3.5-3.6 Å away from one
another in H119D and H94D CAII, but only∼3.1 Å away
from one another in H119Q CAII.

The only metal ion we examined that has a significantly
larger ionic radius than Zn2+ is Cd2+ (3). As may be seen in
Figure 5, the size of the substituted side chain does influence
the binding selectivity for Cd2+ vs Zn2+; sites with shorter
side chains (compare D with E and N with Q) have higher
selectivity for Cd2+ (lower KCd/KZn), although the effect is
modest (∼34-fold, on average). Examining the wild-type
CAII crystal structure, we note that the CR-Zn2+ distances
at positions 94 (6.1 Å) and 119 (5.0 Å) are somewhat
different, due to the liganding atom being the Nε2 nitrogen
in H94 and the Nδ1 nitrogen in H119. Therefore, substitution
of a shorter side chain at position 94 results in a slightly
larger binding site than an equivalent substitution at position
119. This is reflected in the slightly lowerKCd/KZn ratios
(Table 1, Figure 5). These are modest effects, but, nonethe-
less, decreasing the length of a side chain and therefore
increasing the size of the metal binding site causes a larger
enhancement in Cd2+ selectivity than does altering the
polarizability of the liganding atom. However, the selective
influence of site size is only apparent where a comparison
of isoelectronic ions is made. No clear size-related trend is
present when nonisoelectric ions are compared (Table 1),
suggesting that factors related to the electron shell occupancy
may play a larger role in metal ion selectivity than size
matching.

Site Geometry.None of the previously examined param-
eters appear to be a primary determinant of metal ion
selectivity in CAII. To examine whether the geometry of
the metal binding site in CAII is important for metal
selectivity, we compare the thermodynamic metal ion affinity
data with the metal site geometry visualized in protein crystal
structures, as summarized in Table 2 (9, 21, 33-35). The
crystal structure of H119N CAII demonstrates that the
geometry of bound Zn2+ ion changes to trigonal bipyramidal
(from tetrahedral in wild-type CAII) due to the binding of
an additional solvent molecule to the Zn2+ ion (21). Since
the geometry of Cu2+ is trigonal bipyramidal in wild-type
CAII, changes in the protein structure that stabilize this
geometry relative to other geometries are predicted to
enhance Cu2+ affinity. This prediction is confirmed for the
metal selectivity of H119N CAII (Figure 3, Table 1); the
ratio of the metal dissociation constants (KCu/KZn) changes
dramatically from a modest 8-fold preference for Cu2+ in
wild-type CAII to ∼31000-fold higher affinity for Cu2+ in

H119N CAII. This preference pattern holds true for each of
the other variants in which the crystal structure illustrates a
trigonal bipyramidal Zn2+ binding site (Table 2), including
H94N (1 × 106-fold) (21), H119D (7000-fold) (34), and
H94D (1000-fold) (33). This correlation suggests that
geometric constraints are important for modulating the Cu2+/
Zn2+ selectivity in CAII. Since the majority of variants
demonstrate both enhanced Cu2+ selectivity and trigonal
bipyramidal Zn2+ binding sites, it is likely that the protein
structure in wild-type CAII stabilizes the tetrahedral geometry
observed for Zn2+ while destabilizing the trigonal bipyra-
midal geometry. Nonetheless, the wild-type binding site does
not enforce tetrahedral geometry, as illustrated by the diverse
geometries observed in the crystal structures of metal-
substituted CAII (8, 9).

In contrast, the crystal structure of H119Q CAII (21)
illustrates a highly constrained, slightly distorted tetrahedral
Zn2+ binding. The glutamine side chain shifts the position
of the bound Zn2+ by 0.74 Å compared to wild-type CAII.
This movement decreases the available space for additional
coordinating water molecules and alters the position of the
Zn2+-bound water so that it no longer is able to form a
hydrogen bond with the side chain of T199. The enormous
decrease in metal affinity (Table 1) is likely due to a
combination of the loss of this hydrogen bond and the
alteration of the position of the metal ion. On the basis of
the trends in liganding number and geometry, the H119Q
variant is predicted to have enhanced selectivity for Zn2+,
as Zn2+ prefers a relatively low coordination number (4) and
tetrahedral geometry. A comparison of the metal ion
specificity of H119Q CAII with its short side chain analogue,
H119N CAII, is particularly striking; the affinity of H119Q
CAII for Zn2+ is decreased modestly (6-fold) while the Cu2+

affinity is diminished>200000-fold, leading to a significant
enhancement in Zn2+ selectivity. Similarly, H119Q CAII has
enhanced selectivity for Zn2+ (KM/KZn) relative to the H119N
CAII for Co2+ (>20-fold), Ni2+ (>26-fold), and Cd2+ (>32-
fold). Importantly, the effect of the geometric constraint is
apparently strong enough to cause H119Q CAII to violate
the Irving-Williams series (Figure 3), by having higher
affinity for Zn2+ than for Cu2+. These data indicate that the
metal ion affinity alterations in H119Q CAII can be largely
explained by alterations in the geometric constraints on the
metal ion polyhedron.

Previous mutagenesis studies also suggest that copper/zinc
selectivity in CAII is related to the geometry of the metal
binding site (36, 37). Amino acid substitutions in hydropho-
bic residues located underneath the metal ion binding site

Table 2: Geometries and Distances in the Zinc-Binding Polyhedra of Carbonic Anhydrase Variants

distance of liganding atom from zinc ion (Å)

variant geometry position 94 position 96 position 119 nonprotein 1 nonprotein 2

WT CAII a tetrahedral 2.1 2.1 2.1 2.1 (Wat)b NA
H94Dc distorted trigonal bipyramidal 2.1 2.4 2.2 2.4 (Wat) 2.6 (Wat)
H94Ed distorted tetrahedral 2.3 2.4 2.3 2.5 (Wat) NA
H94N‚Trise distorted trigonal bipyramidal 2.0 2.1 2.0 2.3 (Tris) 2.4 (Tris)
H94N‚Azme,f distorted trigonal bipyramidal 2.0 2.0 2.0 2.1 (Azm)e 2.9 (Azm)e

H119Dg distorted trigonal bipyramidal 2.2 2.0 2.8 2.2 (Wat) 2.4 (Wat)
H119Ne trigonal bipyramidal 2.0 2.0 2.3 2.1 (Wat) 2.2 (Wat)
H119Qe distorted tetrahedral 2.1 2.0 1.9 2.3 (Wat) NA
a Reference9. b Wat is water or H2O. c Reference33. d Reference35. e Reference21. f Azm is acetazolamide orN-(5-sulfamoyl-1,3,4-thiadiazol-

2-yl)acetamide.g Reference34.
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of CAII (Figure 1, F93, F95, and W97) enhance Cu2+ affinity
while decreasing Co2+ and Zn2+ affinity (38). X-ray crystal
structures of metal-bound CAII variants reveal that the
tetrahedral Zn2+ and trigonal bipyramidal Cu2+ coordination
geometry is retained (37). However, in the apoenzyme a
conformational change of the direct metal ligand H94 as well
as the indirect (i.e., “second-shell”) ligand Q92 is observed,
thereby eliminating preorientation of the histidine ligands
with tetrahedral geometry in the apoenzyme. Therefore, these
aromatic core residues serve as anchors that help to preorient
direct and second-shell ligands to optimize the tetrahedral
Zn2+ binding geometry and to destabilize alternative geom-
etries. These data, along with the current studies, suggest
that geometrical constraints are a main determinant of the
enhanced zinc/copper selectivity of CAII compared to small
molecule chelators.

Importance of Stabilizing Hydrogen Bonds. In contrast,
the metal ion specificity and affinity of the H94D CAII site
are difficult to rationalize solely on the basis of geometric
alterations observed in the crystal structures. Although the
H94D site is trigonal bipyramidal with Zn2+ bound, the metal
selectivity profile does not parallel that of H119N (Figure
3) or H119D CAII (Table 1). In fact, H94D has the highest
overall affinity of all of the CAII variants (with an affinity
for Co2+, Ni2+, and Cd2+ comparable to that of wild-type
CAII) and is the only variant with higher affinity for Cd2+

than for Zn2+ (by ∼1.5-fold). The H94D crystal structure
visualizes the formation of an additional hydrogen bond
between one of the metal-liganding solvent molecules (33)
and the non-metal-ligand oxygen of Asp that is presumably
responsible for the unusually high metal affinity of this
variant. Stabilizing hydrogen bonds may also explain the
enhanced metal affinity of other variants as well. For
example, the crystal structures indicate that H119N, but not
H119D, CAII retains the second shell hydrogen bond
between the side chain of Glu117 and the amino acid side
chain at position 119. This hydrogen bond likely explains
the ∼10-fold higher metal ion affinity of H119N CAII
compared to that of H119D, consistent with the enhancement
of metal affinity by second shell hydrogen bonds in the His3

CAII metal polyhedron (39). Therefore, introducing stabiliz-
ing hydrogen bonds may be a generic method for improving
metal ion affinity and selectivity in designed proteins (40,
41). High selectivity for Zn2+ was recently observed in a
designed tetrahedral zinc binding site that included second
shell hydrogen bonds (41).

ActiVity. Studies of the catalytic activity of the metal-
substituted wild-type CAII demonstrate that only the metals
able to easily adopt a tetrahedral coordination sphere, Zn2+

and Co2+, provide significant catalytic enhancement (8). For
CAII mutants containing substitutions in the His ligands, the
Zn2+-bound enzymes all catalyzep-nitrophenyl acetate
hydrolysis to varying degrees, as indicated by the pH-
independentkcat/KM; however, the catalytic pKa is markedly
higher in the carboxyl-substituted variants (20, 21). In the
case of the carboxamide-substituted variants, the pKa of the
reaction is not as highly perturbed, but thekcat/KM values
for either PNPA hydrolysis or CO2 hydration are still
depressed relative to wild type (21). The only carboxamide-
substituted variant retaining a tetrahedral Zn2+ coordination
sphere, H119Q CAII, is also the variant with the least
perturbed pKa (6.9, as compared to 6.8 for wild-type CAII).

This correlation is consistent with the prediction that lower
coordination numbers are important for both depressing the
pKa and increasing the reactivity of Zn2+-bound solvent (42).
Therefore, while the histidine ligands are not essential for
catalytic activity, they are likely conserved not only for metal
ion selectivity but also to maximize electrostatic stabilization
of both the ground-state zinc hydroxide and the negatively
charged transition state at physiological pH (20).

CONCLUSIONS

This work has been the first examination of the metal ion
specificity of a library of closely related metal ion polyhedra.
By determining the metal ion binding affinity of a number
of CAII variants for a range of metal ions, we were able to
directly test four hypotheses of metal ion specificity: inherent
ligand affinity, polarizability, site size, and geometry. Wild-
type CAII and almost all of the variants follow the inherent
metal ion affinity trend suggested by the Irving-Williams
series, demonstrating that the inherent metal ion affinity trend
operates within proteins as well as within small molecule
chelators and may be a dominant factor in metal ion affinity
in biology. This tendency of the variants to follow an inherent
metal ion-ligand affinity series strongly implies that, for
biology to impose specificity, it must compete with the
inherent ligand affinity trends described by the Irving-
Williams series. H119Q CAII did not follow the Irving-
Williams series, demonstrating that it is possible for other
influences within a protein to overcome this trend. Neither
the polarizability of the liganding side chains nor the size of
the metal ion binding site strongly affects metal ion specific-
ity in our study, although the size of the site may aid in
discrimination between isoelectric ions. Instead, changes in
metal ion specificity of the variants can be tied directly to
the preferred coordination number and geometry of the metal
ion. Therefore, modulation of the ability of a bound metal
ion to adopt its preferred coordination number/geometry
appears to be the primary feature driving deviations from
the inherent ligand affinity trend in CAII and likely other
proteins as well.
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