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1. Introduction

Metal ions play essentia roles in about one third of
enzymes [1]. These ions can modify electron flow in a
substrate or enzyme, thus effectively controlling an
enzyme-catalyzed reaction. They can serve to bind and
orient substrate with respect to functiona groups in the
activedite, and they can provide asitefor redox activity if
the meta has severa valence states. Without the
appropriate metal ion, a biochemical reaction catalyzed
by a particular metalloenzyme would proceed very
dowly, if at all.

The enzyme provides an arrangement of side-chain
functiona groups having an appropriate sized hole with
the preferred groups on enzyme side chains needed to
bind the required metal ion. The optimal number of such
binding groups is chosen for the particular metal ion,
together with the appropriate hydrophobic or hydrophilic
environment in thebinding site. Metal ionsmay be bound
by main-chain amino and carbonyl groups, but specific
binding is achieved by the amino acid side chains,
particularly the carboxylate groups of aspartic and
glutamic acid, and the ring nitrogen atom of histidine.
Other side chains that bind metals ions include
tryptophan (ring nitrogen), cysteine (thiol), methionine
(thioether), serine, threonine, tyrosine (hydroxyl groups),
and asparagine and glutamine (carbonyl groups, less
often amino groups).

No set of general rules exists that describes how a
given metal ion will behavein an enzyme[2] . Now that
many crystal structures of proteins are being studied by
X-ray diffraction, information on the binding of meta
ionsin the active sitesof enzymesisavailable and should
provide clues to the mechanism of action of the enzyme.
The examples of catechol O-methyl-transferase [3] and
mandelate racemase [4] will be discussed later in this
article.

The work described here includes results from
examinations of the crystal structures in the Cambridge

Structural Database [5] and the Protein Databank [6] . A
study of binding, however, also involves an analysis of
the energetic consequences of changing the way the
binding occurs, so that the most stable binding pattern for
a given group of ligands can be deduced. We have
approached this using ab initio molecular orbital and
density functional calculations [7, 8]. In this way we
obtain both the binding geometry of ligands and the
energetic consequences of changing this binding mode.

Metal ionsare generally positively charged and act as
electrophiles, seeking the possibility of sharing electron
pairs with other atoms so that a bond or charge-charge
interaction can be formed. They behave rather like
hydrogen ions (the poor man's metal). Meta ions,
however, often have positive charges greater than one,
and have a larger ionic volume so that they can
accommodate many ligands around them at the same
time. In addition, metal ion concentrations can be high at
neutral pH values, while hydrogen ion concentrations
are, by the definition of pH, low at these values.

Ligands are the atoms or groups of atoms that are
bonded to the metal ion, generally in an electrostatic
manner. They are usualy neutral or negatively charged
and they donate electron density to the metal ion. The
coordination number of ametal ion, that is, the number of
ligand atomsbound toiit, isviewed in terms of concentric
spheres; the inner sphere containing those atoms in
contact with the metal ion, the second sphere containing
those in contact with the inner sphere ligand atoms. The
number of atomsin these sphereswill depend onthe size
of the metal ion and the sizes of the ligand atoms. For
example, sodium is smaller than potassium, and sulfur is
larger than oxygen. Measurements of meta ion-ligand
distances in crysta structures led to the idea of atomic
and ionic radii [9-11]; anion radii can also be derived
from the minimum anion-anion distances in crysta
structures. The radius ratio, a concept introduced by
Goldschmidt [11], istheratio of theradius of the cationto
that of the anion and is generdly less than 1.0.
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Tetrahedra structures have aradius ratio between 0.225
and 0.414, while octahedral structures have a ratio
between 0.414 and 0.645. For example, the radius of
Mg?*is0.65 D, whilethat of O% is1.40 D and their radius
ratio is 0.464; the packing is octahedral.

The charge distribution in the active site of an
enzymeis designed to stabilize the transition state of the
catalyzed reaction relative to that of the substrate. In
enzyme-catalyzed reactions it is essentid that the
reactants be brought together with the correct spatia
orientation, otherwise the chance of the reaction taking
place is diminished and the reaction rate will be too low.
The electrostatic environment in the active siteisamajor
factor that servesto guide the substrate to the binding site
in the correct orientation. Metal ions can assist in this
process, often binding groups in a stereochemically rigid
manner, thereby helping to control the action of the
enzyme. Thus, an enzymewill bind itssubstratein such a
manner that immobilization and alignment, ready forma-
tion of the transition state of the reaction to be catalyzed,
and then easy release of the product will result; metal ions
often help in accomplishing this process.

Each metal ion hasits own chemistry. An example of
the differing reactivities of metal cations is provided by
their ability to bind or lose water molecules. The
exchange of coordinated water with bulk solvent by
various cations has been categorized [1] into four groups:
those for which the exchange rate is greater than 108 per
second including akali and alkaline earth metal ions
(except beryllium and magnesium), together with Cr¥,
Cu®*, Cd?*, and Hof*. Intermediate rate constants (from
10*to 10 per second) arefound for Mg and some of the
divalent first-row transition metal ions. Those with slow
rate constants (from 1 to 10* per second) include Be#* and
certain trivalent first-row transition metal ions. The inert
group with rates from 10° to 10 per second contains
Cr*, Co®, Rh*, Ir**, and Pt**. One of the factors
involved in rates of exchange is the charge-to-radius
ratio; if thisratio is high the exchange rate islow.

An important reaction catalyzed by metal ions in
enzymes is the ionization of water to give a hydrated
hydrogen ion and a hydroxyl anion. Initial studies of this
process will be discussed here as they are relevant to the
action of ametal ionin providing ahydroxyl group and a
hydrogen ion for use in an enzymatic reaction.

2. Database Analyses and Computational
Studies

The structural databases accessed in this study of
metal ions were the Cambridge Structural Database
(CSD) containing three-dimensional data on crysta
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structures of small molecules (with carbon atoms), [5]
and the Protein Data Bank (PDB) containing information
on biological macromolecules[6] . These databaseswere
searched for the three-dimensional coordinates of al
reported crystal structures containing the metal ion of
interest. Care was necessary in this analysis because
metal-ligand interactions have been treated in the CSD as
bonds in some structures, and differently in other
structures. Therefore each entry was examined individu-
aly either by determining al neighbors within a given
radius of the metal ion or by displaying the structureon a
graphics screen [12] and determining the coordination
number by visua inspection. The PDB is readily
accessed by way of the World-Wide Web so that atomic
coordinates can be extracted. The results of analyses of
coordination geometry and ligand type are shown in
Table 1.

Ab initio molecular orbital and density functiona
calculationswere carried out using the GAUSSIAN suite
of programs[7, 8]; computational detailsarelisted inthe
individual articles. Initialy water molecules were added
sequentialy to the inner coordination sphere of a
particular metal ion. Then, for a selected coordination
number of that metal ion, water molecules were moved
from the innermost coordination sphere to the second
coordination sphere, keeping the total number of water
molecules fixed. The energy required to do this provides
ameasure of therigidity of the inner coordination shell.

In order to estimate the extent of polarization of the
water molecules by ahexahydrated metal ion, the energy
of the proton transfer reaction

M[H,0] " +H,0® M[H,0]. OH" +H,0"

was estimated by ab initio molecular orbital and/or
density functional caculations, giving the energy
required to ionize a metal ion-bound water molecule.
These caculations were repeated with one water
molecule replaced by a formate ion (a model of an
aspartate or glutamate side chain in aprotein), providing
information on the effect of other bound side chains on
the ability of the metal ion to ionize water.

3. Coordination Numbers and Ligand Types in
Crystal Structures

The first question we asked iswhat kind of siteon a
protein will a given meta ion sdlect for binding.
Anayses of the environment of metal ions in a wide
variety of crystal structures provide data on binding
preferences, that is, the most common innermost
coordination numbers and types of ligands (those



presenting oxygen, nitrogen or sulfur to the metal ion).
We are still in the midst of this study, but provide our
current resultson themetal ionsMg?*, Ca2*, Mré*, Zn?*,
and Pb?*. These ions include examples of alkaline earth
and transition metals. We are currently proceeding with
studies of Ni?* and Cu?" (not described here).

Magnesium generally binds oxygen atomsin ligands
rather than nitrogen or sulfur, asshownin Table 1. It aso
has a strong tendency to bind six ligands in a regular
octahedral arrangement [13]. Among possible ligands it
readily binds water; the hexa-aguated magnesium ion,
Mg[H-0]¢&" is common in crystal structures, even when
there is a crown ether or strong anion available as a
counter-ion which might have been thought to be more
suitable asaligand. Theaffinity of themagnesiumionfor
water may be partly connected with the size of the cation
in that the six oxygen atoms in the inner coordination
sphere are in contact with each other (OMO = 2.9 D),'as
well as, with the magnesium ion (OMMg?* = 2.07 D);
some other metal ions of similar size do not show this
affinity for water. Thus, the normal liganded state of
magnesium is rigidly octahedral with six oxygen atoms
(often from water molecules) surrounding the cation.

Calcium ions are larger than magnesium ions and
they show a strong tendency to bind oxygen ligands, see
Table 1. Their preferred coordination numbers range
from 6 to 8 [14, 15]. The geometry of this coordination
varies from octahedral (c.n.=6) to sguare antiprism
(c.n.=8) tothelatter with additional capping ligand atoms
(c.n.=9 or 10). In protein crystal structures calcium ions
mainly have six or seven meta ion-bound oxygen
ligands. Among these the average calcium ion binds 1.5
water molecules, alower value than that of 2.2 found for
magnesium ions. This is possible because magnesium is
used to bind substrates (and generaly requires two
coordination positions to do so), while many proteinsare
designed ssimply to sequester calcium and hold it (in a
location that is not very accessible to solvent) ready for
action, rather than to useit in an enzymatic reaction. For
the latter, nature has devised a specific cacium-binding
motif, the EF hand [16] which generally consists of two
agpartate residues (or one aspartate and one asparagine)
bound in a monodentate manner, one glutamate residue
bound in a bidentate manner, one main-chain carbonyl
group and one water molecule. The seventh ligand is
variable and may be water, serine, asparagine or
aspartate.

Manganese hasadlightly greater affinity for nitrogen
than does magnesium, but otherwise has very similar
characteristics [17]. This is not surprising because
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divalent manganese has long been used as a replacement
for magnesum in spectroscopic studies of enzyme
activity, using the paramagnetic properties that
manganese (but not magnesium) possesses [18]. Like
magnesium, manganese forms mainly octahedral com-
plexes, but does not show the great propensity that
magnesium does for forming a hexahydrate; manganese
tends to bind fewer than six water molecules and to
include anionsin itsinner coordination sphere.

Zinc is very different from magnesium, manganese
and cacium. It binds nitrogen and sulfur much more
readily and also shows lower coordination numbers in
spite of its size (which is intermediate between that of
magnesium and divalent manganese [19]). It was found
that the predominant ligand to zinc depends on the
coordination number of the metal ion, whereas the other
metal ions just listed each prefer oxygen at dl
coordination numbers. Zinc tends to form 4-, 5-, and 6-
coordinate complexes with about equal ease. When the
coordination number isfour, sulfur isaslikely aligand as
oxygen (see Table 1), when it is 5 nitrogen is the most
common ligand, and for coordination numbers 6 and 7
oxygen predominates asaligand. Thus, zinc can possibly
replace magnesium or divalent manganese (since they
both bind oxygen when their coordination number is 6),
but it has other options for coordination, in keeping with
its reactivity in the active sites of enzymes (often
involving a change in coordination number).

Divaent lead provides a more complicated story
because of the "inert-pair effect” which involves the
inertness of the two other 6s electrons on Pb*" towards
removal or participation in covalent bond formation or
hydrogen bonding [20]. Thisis ascribed to arelativistic
effect causing the 6s orbital to contract, so that the energy
required to remove or interact with this lone pair of
electrons is increased. The presence of this lone pair of
electrons can cause a nonspherical charge distribution
around the Pb** and there may be an identifiable gap in
the ligand arrangement around the meta ion. In this
regard the divalent lead ion is very different from al the
others mentioned above. In Table 1 we list the surroun-
dings of P?*in small crystal structures, and differentiate
between those in which the distribution of ligands is
spherically symmetrical ("holodirected”) and those in
which al the ligands are directed in only part of an
encompassing globe ("hemidirected"), so that thereis a
void in thedistribution of ligand bonds. The hol odirected
arrangement is only found for higher coordination
numbers and may beinfluenced by ligand overcrowding.
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Table 1. Coordination profiles of selected meta ions (CSD data).

Metal ionic lons Radius CN % Total % Composition of Ligands

Mg2+ 0.65 A 4 9% 39% 0 38% N 3%S
5 7% 43% 0 56% N 0% S
6 79% 82% O 9% N 0% S
7 4% 75% O 18% N 0% S

Ca2+ 0.99 A 6 22% 80% O 16% N 0% S
7 25% 94%0 5% N 0% S
8 45% 95%0 6% N 0%S
9 5% 98%0 2%N 0%S
10 3% 100% O 0% N 0%S

Mn2+ 0.74A 4 % 22%0 19% N 24% S
5 % 33%0 44%N %S
6 75% 61%0 30% N 1% S
7 % 54%0 22% N 05%S

Zn2+ 0.71A 4 42% 17%0 30% N 17% S
5 19% 26%0 60% N 8% S
6 35% 60%0 37%N %S
7 4% 64%0 29% N 6% S

Pb2+ 112A 6 18% 14%0 8% N 10% S
7 4% 11%0 6% N 12% S
8 P 57%0 21%N 5%S
9 2% 56% 0 44%N 0%S
10 5% 85%0 13% N 4%S
2 2% 25%0 50% N 0%S
? P 28%0 30% N 26% S
4 24% 30%0 26% N 38%S
g W% 37%0 23% N %S
e 8% 15% 0 8% N 4%S
7 8% 46%0 17%N %S
& 1% 6% O 2% N %S

& Percent of bonds of each coordination number
® Hemidirected structures (69% of entries) in which there isastructural gap in the distribution of ligands

4. Energetic Consequences of Changes in

Coordination Numbers
Ab initio molecular orbital calculations indicate that Variable coordination numbers and the cal cul ated energy

the energy penalty for changing the inner coordination
number of Mg from six is fairly high; Mg[H-O]¢*" is

inner coordination sphere of Mg** isfairly rigid. Divalent
cacium and zinc ions, on the other hand, can have more

cost for changing the coordination number is lower, as
shown in Tables 1 and 2. Thusthe energies of azinc ion

12.4 and 6.4 kcal/mol lower in energy than Mg[H,O] 2+ with six water molecules around it are similar no matter
A2H20 anoi Mg[HO]s> #HO respectively Thjs t?1e whether four, five, or al of these six water molecules are
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in the inner hydration sphere. This implies that any
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Table 2. Relative energies (kcal/mol) of hydrated metal-ion complexes.

Metal ion Energy [m.n]* Energy [m.n]* Energy [m.n]*
Mg2+ 0.0 [6.0] +6.42 [5.1] +12.42 [4.2]
Mn2+ 0.0 [6.0] +352 [5.1] +7.7 [4.2]
Ca2+ 0.0 [6.0] +82° [5.1] +150° [4.2]
0.0 [7.0] 1.4 [6.1] +4.0° [5.2]
0.0 [8.0] +1.0° [7.1] -05° [6.2]
Zn2+ 0.0 [6.0] +1.0% [5.1] +1.4 [4.2]
0.0 [5.0] 0.6° [4.1]
0.0 [4.0] 14.6 [31]

* [m.n] denotesametal ion surrounded by m water moleculesin theinner
sphere.

coordination sphere and n water moleculesin the second coordination

aMP2(FULL)/6-311+ +G**//HF/6-31G* level for magnesium complexes and MP2(FULL)/6-311+ +G**//[HF/HUZ* level for manganese

and zinc complexes [17].
® MP2(FULL)/HUZSP* (p,d)+//HF/HUZSP* (p) level [15].
¢ MP2(FC)/HUZSP*[[HF/HUZSP* level [19)].

chemical reaction around the Zn?*, which involves a
change in coordination number, does not incur a serious
energy penaty for changing the coordination number.

Thisisinlinewith the experimental observationthat zinc

can be used to carry out a catalytic reaction, as in

carboxypeptidase, while magnesium is more generaly

used to hold the substratefirmly in place, as suggested for

mandel ate racemase and 3',5'-exonuclease.

Molecular orbita studies, combined with database
analyses, have provided some basisfor understanding the
differences between hemidirected geometries (with a
void in the ligands) and hol odirected geometries (with no
such void) of Pb** complexes. In hemidirected structures
the coordination number islow, the ligands may interact
with each other, the metalligand bonds are generally
ionic and the lone pair has p character (indicative of
directionality). In holodirected complexes involving
higher coordination, numbers, the meta-ligand bonds
have more covalent character and the lone pair haslittle,
if any, p character. It is aso found that in holodirected
complexes more electron density is transferred from the
ligands to Po2+.

5. Polarizing Potential of Various lons

Atomsor groups of atomsare considered polarizable
if, when they are placed in an electric field, a charge
separation occurs and adipoleisacquired. Thisdeforma-
bility or polarizability is measured by the ratio of the
induced dipoleto the applied field. Those atomsthat hold

on less firmly to their electrons are termed more
polarizable. Itisfound that if two ionshavethe sameinert
gas structure (potassium and chloride, for example), the
negatively charged anion is more polarizable than the
positively charged cation, which holds on to its electrons
more tightly.

The word "hard" has been introduced to indicate a
low polarizability so that the electron cloud is difficult to
deform (like a hard sphere). By contrast "soft" means
high polarizability so that the electron cloud is readily
deformed [18]. A hard acid or metal cation holds tightly
to its electrons and therefore its electron cloud is not
readily distorted; its unshared valence electrons are not
easily excited. Soft (polarizable) metal cations contain
electrons that are not so tightly held and therefore are
easily distorted or removed. A hard acid prefers to
combine with a hard base, while a soft acid prefers to
bind with asoft base by partially forming covalent bonds.
The type of binding is related to the highest occupied
molecular orbital (HOMO) of the electron-pair donor (a
Lewis base, the ligand) and the lowest unoccupied
molecular orbital (LUMO) of the electron-pair acceptor
(a Lewis acid, the metal ion). If these have smilar
energies, then electron transfer will give acovalent (soft-
soft) interaction, wheresas the energy differenceis large,
electron transfer does not readily take place and the
interaction is mainly electrostatic (hard-hard). Hard
cations include the akali and akaline earth metal ions
while soft metal ions include Cu?", Hg,?*, Hg?", Pd?*. In
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biological systems, hard ligands generdly contain
oxygen while soft ligands contain sulfur. Hard acids tend
to bind hard bases by ionic forces, while soft acids bind
soft bases by partially forming covaent bonds. These
hard-soft categorizations are a help in understanding the
relative binding preferences of various cations. Most
metal ions of biologica significance are hard or
intermediate between hard and soft. Most soft metal ions
and soft ligands are poisonous and they interact with
other soft speciesin the body. For Pb? the harder ligands
are found in hemidirected structures and the softer
ligands in holodirected complexes.

Nature has devised many enzyme systemsinwhich a
metal ion interacts with the oxygen of awater molecule.
If a water molecule can be dissociated into a hydrogen
ion and a hydroxyl group, the latter can serve as a
nucleophile in chemical and biochemical reactions.
Nature has chosen activation of a water molecule as a
means to obtain such a nucleophile in situ so that a
chemical reaction can occur in a stereochemicaly
controlled manner in the active site of the enzyme. The
questions we ask are as follows: 1) how does nature
ensure that the specific water molecule will be activated;
2) how does nature compensate for the lower water
activation power of some cations over others (since a
wide variety of metal ions may not be available in the
particular active site and the enzyme hasto do the best it
can with what is available); and 3) how does nature
ensure that the required reaction occurs.

Ab initio molecular orbital and density functional
calculations have been carried out to measure the extent
to which a series of meta cations can, on binding with
water, cause it to be dissociated into its component
hydrogen ions (subsequently hydrated in solution) and
hydroxyl ions. Initia dataindicate that the charge of the
metal ion playsasignificant rolein modifying the pKaof
water. The binding enthalpies of awide variety of metal
ion monohydrates, M[H,O]** , have been published [21]
but their deprotonation enthalpies are sill under
investigation. Calculations for the proton transfer
reactions

M[H,0] . +H,0® M[H,0]  {oH ]+H,0*

find values for the )GEygg of -1.8kcal/mol for M=Mg,
+1.7kca/mol for M=Mn and -11.6 kcal/mol for M=Zn.
Similar values (+2.8, +3.6, and -10.4kcal/mol respec-
tively) are obtained when M[H,OJs*+ is replaced by
M[H20]4[NHs].. These values, which indicate that

Mg®, Mn%, and, (particularly) zZn®*, facilitate the
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ionization of water; for comparison the values of ) GE xg8
for the reactions H,O+H ;0~-40H +H30" andM[H,0]5*"
A[HCO,] +Hz0+-M[H,0] 24 [OH A[HCO, +H0" (M
Mg, Mn) are +225.5kca/mol and 81.8 kcal/mol
respectively. Thus the presence of a negatively charged
carboxylate group makes it significantly more difficult
for the ionization of a metal-bound water molecule to
proceed.

6. Geometry of Metal-lon Binding to Functional
Groups

The geometries of metal ion-carboxylate interactions
have been studied in order to determine the following: 1)
which lone pair of an oxygen atom in a carboxylate
group, syn or anti, is preferred for metal cation binding;
2) does the meta ion lie in the plane of the carboxyl
group; and 3) under what conditions do metal ions share
both oxygen atoms of the carboxylate group equaly? We
found that cations generally lie in the plane of the
carboxylate group [22]. The exceptions to this mainly
include the alkali meta cations and some alkaline earth
cations; these metal sionizereadily and form strong bases
so it isnot surprising that they have less specific binding
modes. When the distance of the metal cation to the
carboxylate oxygen atoms is on the order of 2.3-2.6 D,
the metal ion tends to share both oxygen atoms equally.
Otherwise one oxygen atom of the carboxylate group is
bound to the metal ion and the other isnot. Calciumions
often form bidentate interactions, whileit islesscommon
for the smaller magnesium ions.

Imidazole groups in histidyl side chains of proteins
bind metal ionsin avariety of enzymes. One imidazole
can, by virtue of its two nitrogen atoms, bind one or two
metal ions, depending on its ionization state and the
suitabilities of the metal ion. The basesin DNA can also
bind metal ions. We have analyzed hydrogen bonding to
and from nitrogen atoms in nitrogen-containing hetero-
cycles [23, 24] for crystal structures in the Cambridge
Structural Database. It was found that for hydrogen
bonding, a dlight out-of-plane deviation of the binding
atom often occurs. Metd ions bind more rigidly in the
plane of the imidazole group. The energetic cost of such
deviations were analyzed by ab initio molecular orbital
caculations. In an investigation of protein crysta
structures in the Protein Databank it was found that the
binding of metal ionsto histidinein proteinsismorerigid
and the location of the metal ion is more directional.
Thus, if an enzyme needs to control the location and
orientation of a carboxylate or imidazole group, it can
accomplish this better with ametal ion than by hydrogen
bonding.
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Metal ionsin proteins are often involved in structural
motifsasshownin Fig. 1. When ametalloenzyme carries
out its catalytic function it uses one of a few possible
three-dimensional arrangements of functional groups
around the metal ion to ensure the specificity of the
required biochemical reaction. Thus, if such catalytic
metal-binding motifs can be identified and categorized,
then incipient reactivities of enzymes could be inferred
from their three-dimensional structures. Such a categori-
zation, however, requires an understanding of the
underlying chemistry of any metal ion in the active site.
One motif identified in the crystal structure of cobalt(l)
formate consists of a carboxyl group in which one
oxygen atom is bound to the metal ion and the other is
bound to metal-bound water, to give a cyclic structure
[13, 17]. This motif has been found in many metallo-
enzyme crysta structures [25], such as D-xylose
isomerase [26].

The roles of these motifs are of interest. The metal
ion-hydrated-carboxylate motif (1) is planar and
commonly found. It does not, however, affect the ability
of the metal ion (in studies of Mg?* complexes) to ionize
water. On the other hand, for magnesium ions (which
generdly have arigid octahedral arrangement of binding
groups) it utilizes 2 of the 6 coordination positions and
therefore serves to orient the arrangement of ligands, an
effect we have labeled "coordination clamping [27]."
Motif (1) isalso found in several crystal structures such
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asthat of the **-subunit of integrin CR3[28]. It appearsto
help bind subunits together.

A third motif (111) is found in D-xylose isomerase
and involves two meta ions with several carboxylate
ligandsand ahistidineligand [26, 27]. The metal sitethat
binds only oxygen atoms can ' bind substrate in place of
the two water molecules and orient the substrate. The
second metal ion site (with histidine as one ligand) then
positions a meta ion-bound water molecule to attack the
substrate.

7. Roles of Metal lons in Enzyme Action

The crystal structure of mandelate racemase with
bound p-iodomandel ate provides a useful example of the
importance of ametal ion in areaction [4] . The enzyme
binds a magnesium ion by means of three carboxyl
groups. The substrate mandelate has displaced water
from the magnesium coordination sphere and binds by
means of its carboxylate group and an a-hydroxy group.
The magnesium ion will lie in the plane of the carboxyl
group, as shown by our studies of metal ion-carboxylate
interactions [22]. The magnesium holds the substrate
firmly in place so that the catalytic abstraction and
addition of a hydrogen atom by His 297 or Lys 166 is
precisely effected (see Fig. 2). The magnesium probably
also aids this activity by affecting the electronic flow in
the carboxylate and hydroxyl groups by mild polari-
zation. We have found that metal ion coordination is
better than a hydrogen bond in aigning a functional
group; there is considerable flexibility in a hydrogen
bond as we found for imidazoles[23].

In the reaction catalyzed by the enzyme mandelate
racemase the magnesium ion binds substrate as shownin
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A S~dimitrecatechol
Fig. 3

Fig. 2. A Histidine (His 297) and Lysine (Lys 168) are
positioned to abstract a hydrogen ion from the substrate
and, if it isadded again from the other side, racemization
occurs. Hydrogen bonding to a carboxylate group of the
substrate helps to stabilize an enolate intermediate in the
reaction.

In catechol O-methyltransferase[3], shownin Fig. 3,
a methyl group is transferred from the sulfur of S
adenosy[methionine to catechol. The magnesium ion is
oriented by amotif of typel andit binds substratein such
an orientation that a hydroxyl group is near the S-CH3
group, and the other hydroxyl group isheld in place by a
carboxylate group. There are many other examples of
two-metal ion active sites, such as hemerythrin, alkaline
phosphatase and superoxide dismutases (which have
been well documented). These studies of the geometries
and energetics of meta-ion ligand binding can therefore
aid in our understanding of metalloenzyme function.

Acknowledgments

Thiswork was supported by agrant CA-10925 from
the Nationa Institutes of Health. Its contents do not
reflect theofficia viewsof theNational Cancer | nstitute.

References

[1] J. J. R. F. D. Silva and R. J. P. Williams, The Biological
Chemistry of the Elements, 1991, Clarendon Press: Oxford.

[2] J. R Glusker. Structural aspects of metal liganding to
functional groups in proteins. Adv. Protein Chem., 1991, 42,
1-73.

[3] J. Vidgren, L. A. Svensson and A. Liljas. Crystal structure of
catechol O-methyltransferase. Nature, 1994, 368,354-358.

[4] D. J. Neidhart, P. L. Howell, G. A. Petsko, V. M. Powers, R.
Li, G. L. Kenyon, and J. A. Gerlt. Mechanism of the reaction
catalyzed by mandelate racemase. 2. Crystal structure of
mandelate racemase at 2.5 A resolution: Identification of
the active site and possible catalytic residues. Biochem.,
1991, 30, 9264-9273.

[5] F H. Allen, S. Bellard, M. D. Brice, B. A. Cartwright, A.
Doubleday, H. Higgs, T. Hummelink, G. G. Hummelink-

Vol.16 No.2 1999

Peters, O. Kennard, W. D. S. Motherwell, J. R. Rodgers,
and D. G. Watson. The Cambridge Crystallographic Data
Centre: Computer-based search, retrieval, analysis and
display of information. Acta Cryst., 1979, B35,2331-2339.

[6] F. C. Bernstein, T. F. Koetzle, G. J. B. Williams, E. F. Meyer,
M. D. Bryce, J. R. Rogers, O. Kennard, T. Shikanouchi, and
M. Tasumi. The Protein Data Base: a computer-based
archival file for macromolecular structures. J. Mol. Biol.,,
1977, 112, 535-542.

[71M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M.
A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A.
Montgomery, R. E. Stratmann, J. C. Burant, S. Dapprich, J.
M. Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O.
Farkas, J. Tomasi, V. Barone, M. Qossi, R. Cammi, B.
Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J.
Cioslowski, J. V. Ortiz, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, 1. Komaromi, R. Gomperts, R. L. Martin, D. J.
Fox, T. Ketih, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara,
C. Gofizale,z, M. Challacombe, P. M. W. Gill, B. G. Johnson,
W. Chen, M. W. Wong, J. L. Andres, M. Head-Gordon, E. S.
Replogle and J. A. Pople. Gaussian, Inc., Pittsburgh, PA,
1998.

[8] P. M. W. Gill, B. G. Johnson, J. A. Pople and M. J. Frisch.
The performance of the Becke-Lee-Yang-Parr (B-LYP)
density functional theory with various basis sets. Chem.
Physics Letters, 1992, 197, 499-505.

[9] R. D. Shannon and C. T. Prewitt, Effective ionic radii in
oxides and fluorides. Acta Cryst., 1969, B25, 925-946.

[10] I. D. Brown, What factors determine cation coordination
numbers? Acta Cryst., 1988, B44, 545-553.

[11] V. M. Goldschmidt, Crystal structure and chemical
constitution. Trans. Faraday Soc., 1929, 25, 253-283.

[12] J. Erlebacher, and H.L. Carrell. ICRVIEW-Graphics
program for use on Silicon Graphics computers from the
Institute for Cancer Research. Fox Chase Cancer Center,
Philadelphia, PA.

[13] C. W. Bock, A. Kaufman and J. P. Glusker. Coordination of
water to magnesium cations. Inorg. Chem., 1994, 33, 419-
427.

[14] H. Einspahr and C. E. Bugg, The geometry of calcium-
water interactions in crystalline hydrates. Acta Cryst., 1980,
B36,264-271.

[15] A. K. Katz, J. P. Glusker, S. A. Beebe and C. W. Bock.
Calcium ion coordination: a comparison with that of
beryllium, magnesium and zinc.J. Amer. Chem. Soc., 1996,
118, 5752-5763.

[16] R. H. Kretsinger and C. E. Nockolds, Carp muscle calcium-
binding protein. 11. Structure determination and general
description, J. Biol. Chem., 1973, 248, 3313-3326.

[17] C. W. Bock, A. K. Katz, G. D. Markham and J. P. Glusker.
Manganese as a replacement for magnesium and zinc:
functional comparison of the divalent metal ions. J. Amer.
Chem. Soc., 1999, 703,121, 7360-7372.

[18] A. S. Mildvan. Metals in enzymes catalysis, In "The
Enzymes," P. D. Boyer, ed., Academic Press: New York,
1970; Vol. 2, pp. 446-536.

15



[19] C. W. Bock, A. K. Katz and J. P. Glusker. Hydration of zinc
ions: a comparison with magnesium and beryllium ions. J.
Amer. Chem. Soc., 1995, 117, 3754-3765.

[20] L. Shimoni-Livny, J. P. Glusker and C. W. Bock. Lone pair
functionality in divalent lead compounds. Inorg. Chem.,
1998, 37,1853-1867.

[21] M. Trachtman, G.D. Markham, J.P. Glusker, P. George and
C.W. Bock. Interactions of metal ions with water: ab initio
molecular orbital studies of structure, bonding enthalpies,
vibrational frequencies and charge distributions. 1.
Monohydrates. Inorg. Chem., 1998, 37, 4421-4431.

[22] C. J. Carrell, H. L. Carrell, J. Erlebacher and J. P. Glusker.
Structural aspects of metal ion-carboxylate interactions. J.
Amer. Chem. Soc., 1988, 110, 8651-8656.

[23] A. B. Carrell, L. Shimoni, C. J. Carrell, C. W. Bock, P.
Murray-Rust and J. P. Glusker. The stereochemistry of the

16

recognition of nitrogen-containing heterocycles by hydro-
gen bonding and by metal ions. Receptor, 1993, 3,57-76.

[24] P. Chakrabarti, Geometry of interaction of metal ions with
histidine residues in protein structures. Protein Eng., 1990,
4,57-63.

[25] A. K. Katz and J. P. Glusker. Roles of zinc and magnesium
ions in enzymes. Adv. Mol. Struct. Res., 1998, 4, 227-279.

[26] H. L. Carrell, J. P. Glusker, V. Berger, F. Manfre, D. Tritsch,
and J.-F. Bielimann. X-ray analysis Of D-Xylose isomerase
at 1.9A: Native enzyme in complex with substrate and with a
mechanism-designed inactivator. Proc. Natl. Acad. Sci.
USA, 1989, 86,4440-4444.

[27] A. K. Katz, J. P. Glusker, G. D. Markham and C. W. Bock.
Deprotonation of water in the presence of carboxylate and
magnesium ions. J. Phys. Chem., 1998, 102,6342-6350.

[28] B. J. Graves. Integrin binding revealed. Nature Struc. Biol.,
1995, 2, 181-183.

TheRigaku Journal



Vol.17 No.1 2000

17



