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1. Introduction

The purpose of this article is twofold. First, to
review the recent literature dealing with the mech-
anisms of catalysis by binuclear manganese enzymes.
Second, to summarize and illustrate the general
principles of catalysis which distinguish binuclear
metalloenzymes from monometallic centers. This
review covers primarily the published literature from
1991 up to May 1996.

A summary of the major structurally characterized
dimanganese enzymes is given in Table 1.1. These
perform various reaction types including several
redox reactions, (de)hydrations, isomerizations, (de)-
phosphorylation, and phosphoryl transfer. Several
of the manganoenzymes listed in Table 1.1 have not
been further characterized in the last five years and
will not be discussed further here. These include
thiosulfate-oxidizing enzyme and bacterial ribonucle-
otide reductase. The reader should consult the
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earlier reviews noted below for references to this
literature. The tetramanganese core which catalyzes
photosynthetic oxygen production from water is the
subject of a separate review in this volume by Klein,
Sauer, and Yachandra and will also not be discussed
here. Recent crystallographic studies and a kinetics
study of xylose isomerase have lead to a modification
of the proposed mechanism for this isomerization
reaction which can be found in the original
literature.!~* Earlier reviews of binuclear Mn en-
zymes can be found in the works by Markham,® Que
and True,®” Dismukes,?° and Kessissoglou.1® There
is extensive literature on synthetic models of man-
ganese enzymes and reactions of Mn with dioxygen
and its reduced derivatives that will not be reviewed
here. Some specialized reviews may be consulted for
this purpose.t1~15

Some of the enzymes listed in Table 1.1 function
only with manganese at the active site, notably the
redox class of enzymes, while others such as the
hydrolytic class often are active with various divalent
ions. Mg?* is often the endogenous metal ion associ-
ated with the hydrolytic enzymes as isolated. This
includes xylsose isomerase, most exonucleases, ribo-
nuclease H, and enolase. The active form of phos-
photriesterase as isolated from Pseudomonas and
Flavobacteria contains 2 equiv of Zn?* bound to the
active site. The activity of these enzymes with Mn?*
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Table I.1. Multinuclear Manganese Enzymes
enzyme Mny site Mn—Mn, A net reaction enzyme reaction distribution
arginase binuclear Mn"'—=X—Mn'! arginine — urea + hydration of yeast, bacteria
ornithine guanidinium group mammals
catalase binuclear Mn''—=X—Mn'"", 3.6 A 2H,0; — Oz + 2H,0 redox, Mn'!, Mn'"! thermophillic and heme

thiosulfate-oxidizing binuclear Mn!"'—X—Mn'!
ribonucleotide presumed binuclear

reductase Mn!"'—O—Mn'!!
photosynthetic tetranuclear Mn(O),Mn, 2.7 A;
water oxidase Mn—X—Mn, 3.3 /§

xylose isomerase binuclear Mn'"'(RCO)Mn'' 4.9 A

3'—5' exonuclease binuclear Mn''(RCO2)Mn!!, 4 A,

320327 - 30427

ribonucleotides —
deoxyribonucleotides

2H,0 — O, + 4e~ + 4H*

glucose — fructose

DNA + H,0 —cleaved

deficient bacteria
thiobacilli
bacterial

presumed redox

tyrosine — tyrosyl
radical

redox, Mn""!, Mn!v plants, algae

1,2-keto—alcohol
isomerization

phosphodiester

bacterial

bacterial, diverse

Mg or Mn DNA hydrolysis
ribonuclease H binuclear Mn''(RCO)Mn'!, 4 A, RNA + H,0 — cleaved phosphodiester retrovirus, bacterial
Mg or Mn RNA hydrolysis
phosphotriesterase  binuclear Mn'"'(RNHCO;)(OH2)Mn'!, phosphotriester — alcohol phosphotriester bacterial
4 A, various M2+ + phosphodiester hydrolysis
dinitrogen reductase binuclear Mn!'—=X—Mn' peptide arginyl-ADP — phosphoamide bacterial
regulatory protein peptide arginine + ADP hydrolysis

(DRAG)
enolase binuclear Mn''(RCO2)Mn'' E-S

complex, Mg or Mn

glycolysis: 2-PGA —
P-enolpyruvate of C=C

reversible hydration  all eukaryotes

replacing the endogenous divalent cation is generally
comparable and on this basis thought to operate by
identical mechanisms. Native manganese-containing
hydrolytic enzymes include liver arginase and dini-
trogen reductase regulatory protein. Hydrolytic met-
alloenzymes can often employ divalent metal ions
with similar physicochemical properties such as ionic
radius, hydration free energy and Lewis acidity
because they are involved in essentially electrostatic
activation of a substrate or water molecule. These
properties are similar for Mg?t and Mn?* (0.7 vs 0.8
A; —1895 vs —1820 kJ/mol; pK, = 10.6 vs 11.4).16.17
By contrast, the redox class of manganoenzymes
perform various oxidation/reduction reactions involv-
ing more specific functions, such as the delivery of
one or more electrons at a specific electrochemical
potential and in some cases including oxo transfer.
These processes will be both metal specific and
oxidation state specific. Several examples are found
in nature of manganoproteins and manganoenzymes
containing Mn?*, Mn®*, and Mn**.

For the purpose of this article binuclear metal
centers in enzymes are defined in structural terms
as those which share a common bridging ligand
derived either from solvent, an amino acid residue
from a protein or a nucleoside from DNA or RNA.
Another important distinction of binuclear metal
centers is the occurrence of electronic coupling be-
tween the metals, in contrast to sites containing two
uncoupled metal ions. This bonding can involve both
ionic and covalent interactions that are mediated by
direct metal—metal forces or through the ligands or
solvent.

Il. General Concepts of Catalysis by Binuclear
Metal Sites

Why do some enzymes employ binuclear metal sites
for hydrolysis or redox reactions, whereas others
work quite well with mononuclear metal sites? For
example, why has Nature selectively employed di-
manganese catalases in certain bacteria as well as
the widely distributed monoiron heme-type cata-
lases? And why do dimanganese hydrolases like
arginase exist as well as the monozinc-dependent
hydrolases? One notion is that the two metals work

more or less independently, being required for dis-
tinct functions either structural or catalytic, or
alternatively, catalyzing different steps in a multistep
sequence. Some heterobimetallic centers do appear
to employ the two metals in different functions.
Possible examples being the CuZn superoxide dis-
mutase and the FeZn purple acid phosphatase.81°
However, even in such cases it is clear that the
distinct functions are not independent; there is
interaction between the sites that is essential for
catalysis. The metal ions in a bimetallic center
usually exhibit strongly correlated physicochemical
properties, in cases where they share a monoatomic
or conjugated bridging ligand (i.e., u-aqua, u-hydroxo,
u-0x0), particularly when they possess uncompen-
sated (net) charges. By contrast, the individual metal
ions in a bimetallic center can exhibit independent
physicochemical properties in cases where the metal
ions are decoupled by larger polyatomic bridging
ligands which also electrostatically screen the metals
(i.e., u-carboxylate, u-imidazolate). A defining feature
of the uncoupling of the metal ions is the observation
that binuclear centers can undergo apparently si-
multaneous two-electron redox transitions at a single
electrochemical potential. In mononuclear metal
centers two-electron steps are also possible, but must
be accompanied by compensating changes in the
ligand field potential or proton ionization which
creates the same or nearly the same electrochemical
potential for the individual one-electron steps. Ho-
mobimetallic centers have the additional feature of
symmetric delocalized charge distributions that can
operate together as a unit to enable stabilization of
transition states involving concerted steps, such as
nucleophillic ligand substitution reactions (Sx2 chemi-
cal nomenclature) in which simultaneous anionic
ligand addition and anionic ligand dissociation re-
quire electrostatic stabilization.

A. Catalysis of Redox and Hydrolytic Reactions
by Binuclear Centers

Binuclear sites in enzymes appear to have several
potentially useful properties either not found or
deficient in mononuclear centers which could be
important for catalysis. These include:



Manganese Enzymes with Binuclear Active Sites

(1) Charge delocalization over two centers vs one
metal facilitates two-electron redox reactions that
would require a larger thermodynamic driving force
in a mononuclear center.?® Examples include hem-
erythrin, myohemerythrin,?* and Mn catalase.

(2) Activation barriers arising from nuclear reor-
ganization of the solvent and the surrounding me-
dium (enzyme) can be less in binuclear vs mononu-
clear centers having the same net charge, owing to
greater charge delocalization. However, the bridging
position between the metal ions has a larger electro-
static potential. If this site is where the substrate
binds then substrate activation through bond polar-
ization can be achieved and used for catalysis.

(3) Opportunities for gating of the redox potential
upon binding of substrate offers a means for protect-
ing the active site from premature redox reactions
which can often be destructive (i.e., methane mo-
nooxygenase and Mn catalase). There are more
opportunities for protein-mediated gating mecha-
nisms in binuclear centers, owing to the larger
number of potential interaction pathways (ligands).
For example, in Mn catalase the strong oxidizing
potential of the (I111,111) oxidation state is effectively
unavailable for destructive side reactions owing to
the much faster rate of reduction by peroxide than
the rate of formation by peroxide. Thus, at all
concentrations of peroxide in the medium the major-
ity species is the unreactive (I1,11) oxidation state.

(4) Polyatomic substrates which require activation
by binding at more than one atom can generally be
accommodated better at binuclear centers.

(5) Electrostatic activation of substrate or ioniza-
tion of a proton from an active-site water molecule
will occur more readily at a charged binuclear center,
[M,]?"* than at the corresponding mononuclear center
M"* (i.e., arginase, enolase, xylose isomerase, exo-
nuclease, RNase H). The estimated binuclear elec-
trostatic effect is worth about 3.4 pK units to the free
energy of dissociation of a proton from a water ligand
compared to the corresponding mononuclear aqua
Mn?* species.??

(6) Formation of a low-energy transition state, for
example the negatively charged trigonal-bipyramidal
transition state formed during phosphodiester bond
hydrolysis (—2 net charge) by nucleases and RNase
H, is predicted to be energetically favored by sym-
metrical coordination of the axial ligands to the metal
ions of a binuclear center. This geometry is achieved
in exonucleases via formation of two bidentate bridges
involving an equatorial phosphate O atom.?® This
“binuclear effect” lowers the activation barrier to both
nucleophile attack and phosphoester bond cleavage.?

(7) Studies of the change in ligand field potential
of Mn(l1) observed via zero-field splittings (ZFS) in
the EPR spectra of model complexes indicate that the
second metal ion in binuclear complexes attenuates
the strength of the bridging-ligand field potential. A
weakened bridging-ligand field potential may play a
functional role in increasing the oxidation potential
or increasing the binding affinity to other ligands
such as water, thereby increasing the Lewis acidity.
For example, in promoting ionization of a proton from
a manganese-bound water molecule in arginase, with
the resulting hydroxide ligand serving as the nucleo-
phile needed for hydrolysis of substrate.
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Several of these concepts will be highlighted in
section I11 using dimanganese enzymes as examples.

B. The u-Carboxylate Conundrum: Passive
Structural or Redox Decoupling Function?

A common structural feature found in most bi-
nuclear proteins and enzymes is the presence of one
or two bridging («) carboxylates derived from aspar-
tate or glutamate side chains of the protein. These
commonly adopt u-1,3 geometry in which each O
atom is coordinated to different metal ions, Chart
11.B.1. Another geometry involving nonsymmetrical

Chart 11.B.1
M<g o-M Mg M\O O/M\O
\\C/ \\C/ \\C/
; ! 7
anti,anti-O,0' anti,syn-0,0' syn,syn-O,0'
syn
anti J
o T
L 1'2
u-1,1

u-1,1 coordination has also been found in some
bimetallic complexes and enzymes.?®> Because there
are two lone pairs on each O atom which can
participate in metal bonding, designated as syn and
anti, two forms of the u-1,3 bridging geometry can
be realized, anti,anti-O,0' or anti,syn-O,0’, Chart
11.B.1. Examples exist of each of these in inorganic
complexes, but their occurrence in proteins is not so
clear due largely to poorer resolution of the X-ray
structures. There is also the syn—syn geometry
which can accommodate only a single metal ion and
is commonly referred to as bidentate.

The possibility of interconversion between the 4-1,3
and u-1,1 geometries is one example of a rearrange-
ment that has been termed the carboxylate shift.?®
This shift is thought to be important for allowing
expansion of the coordination sphere in cases where
substrate binding is coupled to redox cycling of the
metal center, and as such would also include rear-
rangement of terminal carboxyl ligands between
bidentate and monodentate geometries on a single
metal.

The occurrence of u-1,3-carboxylates appears to be
a universal feature of bimetalloproteins and com-
plexes which perform two-electron or multielectron
chemistry. This correlation has been proposed to
have a functional significance beyond the obvious
structural necessity; the contrasting views have been
termed the u-carboxylate conundrum.?”.5 Several
examples of u-1,3-carboxylate-bridged binuclear en-
zymes which perform two-electron concerted oxida-
tions and suppress discrete one-electron steps are
given in eqs la—d. These include O, binding by
hemerythrin, eq 1a;?® peroxy intermediate formation
by methane monooxygenase, eq 1b (proposed struc-
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ture);?>2° oxidation of the diferrous intermediate by
O, during the assembly of ribonucleotide reductase,
eq 1¢;* and peroxide dismutation by Mn catalase, eq
1d.831  All of these enzymes possess carboxylate-
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bridged bimetallic centers, in which both metal ions
participate more or less equally in providing the
electrons, as judged by a variety of physicochemical
experiments.

Bridging carboxylates probably serve a functional
role beyond merely that of a passive structural bridge
to bring the metal ions together. Their size and
negative charge enables them to spatially separate
and electrically screen the metal ions so that the
degree of intermetallic electronic coupling is small.
Mn,'""M(u-carboxylate);—, complexes are relevant ex-
amples with weak electronic coupling. An important
consequence of this uncoupling is that the electronic
degeneracy that is intrinsic to symmetrical homobi-
metallic sites is not lifted through Jahn—Teller
distortions. In other words, there is negligible vi-
bronic coupling between the electronic energy and the
(asymmetric) nuclear distortions (vibrations) that in
cases of single ions with degenerate states, like Mn-
(111), could couple strongly to produce valence trap-
ping. This uncoupling of the Mn(ll) ions from small
amplitude vibrations of the bridging carboxylate
results in both metal ions undergoing oxidation at
close to the same electrochemical potential. In
contrast to terminally bound ligands, u-1,3-carboxy-
lates interact directly only with the two metal ions
and are isolated from the surrounding environment.
Replacement of the u-1,3-carboxylate by small mono-
atomic anions or ionizable water (hydroxide) ligands
leads to stronger electronic interaction between the
metal centers and also with the environment or
substrate via hydrogen bonding or proton ionization.
This stronger vibronic coupling results in separation
of the redox couples into well-resolved one-electron
steps with formation of the mixed-valence species
becoming possible with one-electron donors or accep-
tors. A case in point is Mn catalase where formation
of both the Mny(I1,111) and Mny(l11,1V) oxidation
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states occurs readily when starting from the u-oxo-
u-carboxylate-Mn,(111,111) state, while oxidation of the
reduced u-carboxylate-Mny(11,11) state, which lacks
the u-oxo, occurs by a two-electron process.

This u-carboxylate concept is illustrated by the
electrochemical data on complex 1, [LMn,(u-OAc)]-
(Cl0O,),, and its isostructural u-chloroacetato deriva-
tive vs the derivatives, LMn,Cl; (2) and LMn,(OH)-
Br; (3), which have the u-carboxylato replaced by
u-Cl~ and u-OH™, respectively. These data reveal
that only the u-carboxylato derivatives fail to exhibit
a one-electron redox pathway leading to the mixed-
valence species Mny(l1,111), in contrast to species 2
(Eo = 0.49 V) and 3 (0.54 V).323 Replacement of
u-Cl~ or u-OH~ by u-carboxylato or u-chloroacetate
increases the reduction potential for the one-electron
process by ca. 0.3—0.35 V up to the same potential
as the second electron step at 0.8—0.85 V. This
results in the simultaneous two-electron process Mn-
(1T <= Mny(11,11) becoming favored over sequen-
tial one-electron steps at different potentials.

NN
HN‘(L.MH"'O"*M}{-‘.D’NH
I S O

N =N [ NT
AN OYO E NH
(CI04),

1

For Mn catalases in vivo suppression of the mixed-
valence Mny(l1,111) state is absolutely critical for
proper functioning and presumably cell viability. The
mixed-valence state does not form during enzymatic
turnover, but can be induced artificially as an inter-
mediate during reduction with hydroxylamine, io-
dide, and other one-electron reductants.®* If this
partial reduction is allowed to occur in the presence
of peroxide the intermediate can be quantitatively
oxidized to a catalytically inactive di-u-oxo-Mny(l11,-
1V) species.?#3% Although this “superoxidized” state
can be fully reactivated by reductants, reduction
occurs so slowly (half-time ~30 min) as to render the
enzyme effectively unavailable during the cell’s life-
time. Consequently, redox chemistry which forms
either of the mixed-valence species must be strongly
selected against by the organism.

The Bridging-Ligand Field Potential. The redox
potentials for transfer of electrons to and from a
metal ion are directly influenced by the type of
ligands which are bound to the metal. The zero-field
splitting (ZFS) of a paramagnetic ion provides a
measure of the asymmetry in the ligand field poten-
tial, and can be used to estimate the change of the
ligand field strength in a series of metal—ligand
complexes. Comparison of the change in the mag-
nitude of the ZFS in Mn(l1) model complexes and
dimanganese(l1,11) enzymes indicates that the second
metal ion in binuclear complexes possessing a shared
bridging ligand (0?7, OH~, RO") attenuates the
strength of the bridging-ligand field potential. An
empirically observed linear correlation has been
found between the axial component of the ligand field
induced single-ion zero-field splitting parameter |D.|
and the intermanganese distance in a series of
ligand-bridged dimanganese(ll,Il) complexes and
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proteins, including alkaline phosphatase and con-
canavilin A.31 A reduced value of |D¢| was found to
correlate linearly with shorter intermanganese dis-
tances. A factor of 2—4 reduction was observed
relative to the corresponding single-ion Mn?* com-
plexes. That such a correlation exists should not be
surprising, since the bridging-ligand field strength
at both ions must decrease as the metal ions ap-
proach one another, assuming no other changes in
the nonbridging ligands were to occur. The useful
insight to take from this correlation is that it
establishes that the intermanganese separation con-
tributes in a significant way to the asymmetry of the
ligand field potential and can be measured via the
ZFS parameter. Accordingly, motion along this
coordinate is an important means for activation of
substrate molecules through electrical polarization.
Mn catalase is an example where the intermanganese
separation is known to change in response to anion
binding at the active site.36:%7

The weakened bridging-ligand field potential in a
binuclear center will increase the reduction potential
of the metal site (more electropositive metals), if
bonding to the remaining ligands were to remain
unaffected. Relaxation of the remaining ligands
around the slightly more electropositive metal ions
corresponds to stronger ligand—metal binding and
the possibility to increase the Lewis acidity of these
ligands. This can be used, for example, in promoting
ionization of a proton from a manganese-bound water
molecule in arginase, with the resulting hydroxide
ligand functioning as the nucleophile needed for
hydrolysis of substrate. This bridging-ligand mech-
anism operates in addition to the direct electrostatic
mechanism proposed above for the second metal ion.
A reduced bridging-ligand field is presumed to be
responsible for the weakening of the bond between
Cu™ and its u-histidine ligand that bridges to zZn?*
in superoxide dismutase. Dissociation of the u-imi-
dazolate-Zn?* from Cu™ occurs following reduction of
Cu?" in SOD and is accompanied by protonation of
imidazolate. This process appears to play an es-
sential role in proton delivery to form product hy-
drogen peroxide.*®

lll. Dimanganese Enzymes

A. Arginase
1. 1-Arginine Hydrolysis

L-Arginine, one of 21 amino acids utilized by living
cells for protein biosynthesis, also serves as a key
precursor in several major biochemical pathways,
including the elimination of nitrogenous excretion
products (via the urea cycle) in the biosynthesis of
polyamines as growth factors and in intracellular
communication via the formation of nitric oxide (NO).
The concentration of arginine in many tissues is
controlled by the enzyme arginase (L-arginine ami-
dinohydrolase, EC 3.5.3.1). Arginase is utilized in
the liver to convert L-arginine to urea and L-ornithine,
Figure I11.A1. Urea is the principal metabolyte for
disposal of nitrogen as a neutral and nontoxic waste
product formed during amino acid metabolism in
mammals. L-Ornithine serves as a biosynthetic
precursor to L-proline and the polyamines. Arginases

Chemical Reviews, 1996, Vol. 96, No. 7 2913

N source

o / excretion
-00C NH,* H,0 '\)1\
NH—( — Hy! NHy
+H3N NH, Arginase N
-00C
NOS NH3+
protein NO- tH3N
synthesis (nitric oxide) /
proline polyamines

Figure 111.LA1. Arginase catalyzes the hydrolysis of
L-arginine to urea and ornithine.

are ubiquitous in nature, having been found in
bacteria, fungi, plants, reptiles, and mammals. This
diversity, exemplified by the presence of the enzyme
in organisms which do not require urea, indicates a
fundamental importance of arginase in metabolism
beyond merely a source of urea and ornithine.

In mammals, arginase has been detected in many
different tissues having an incomplete urea cycle,
such as red blood cells, brain, kidney, mammary
gland, and the gastrointestinal tract, where the
principal function is not associated with nitrogen
excretion.®8 41 The specific activity of arginase in
these tissues is 1—2% of the activity in liver. This
diversity is known to be linked to the existence of
two isoforms of arginase, so-called Al and All forms.
Genetic evidence indicates that the “liver” (Al) and
“kidney” (All) enzymes are coded by different
genes.*>* The lack of an abundant source of the All
isozyme has greatly limited molecular studies which
could address the question of possible other physi-
ological functions.

Arginase is also a major enzyme in the pathway
which produces polyamines such as putrescine, sper-
mine (in eucaryotes), and spermidine (in procaryotes),
via decarboxylation of L-ornithine catalyzed by orni-
thine decarboxylase. These polyamines are found in
high concentrations in actively growing cells where
they act as growth factors. It is believed that they
play a role in controlling rates of nucleic acid bio-
synthesis. Polyamines also serve to stabilize mem-
brane structures of bacteria, as well as the structure
of ribosomes and some viruses. Thus, L-ornithine
formation may be the main function of arginase in
cells which have incomplete urea cycles.

The best characterized form of arginase comes from
the liver (see Note Added in Proof). Rat liver argi-
nase is a homotrimeric protein with molecular mass
35 kDa/su. Each subunit possesses a pair of spin-
coupled Mn(ll) ions that is required for arginase
activity.** In the “aqua” form of the enzyme as found
at neutral pH the separation of the Mn ions was
found to exhibit a distribution of distances, 3.4—3.6
A, as deduced from the zero-field splitting in the EPR
spectrum of the excited quintet state.3 The distribu-
tion of distances narrows in the presence of inhibitors
like borate or L-ornithine, yielding a single distance
of 3.50 A, suggesting that these may bind to the
active site, perhaps directly to the Mn, site. This
intermanganese distance is consistent with the likely
presence of one or two bridging carboxylate residues.
The temperature dependence of the EPR intensity
was modeled by fitting to a Boltzmann expression for
a pair of Mn(l1) ions coupled by isotropic Heisenberg
spin exchange (—2JS;:S,). This dependence indicates
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Figure I11.A.2. EPR and mutagenesis derived structure
of rat liver arginase.

a diamagnetic ground state with triplet—singlet
energy gap AEio (cm™1) = |2J| = 4 for Mny(l1,11)Arg-
(+borate). This interaction is a factor of 4 smaller
than found in Mny(l11,11) catalase and 6 times smaller
than for [LMn,(CH3CO2)](ClO,), (complex 1) or LMn,-
Cls (complex 2) or LMny(OH)Br; (complex 3). This
large difference in energy gaps reflects either a
difference in the bridging ligands, or possibly, a
weaker ligand field (larger ionization potential) for
the Mn(ll) ions in arginase. Comparison of the
extremely weak Heisenberg exchange interaction
constant with those from more than 30 dimanganese-
(11,11) complexes suggests a possible bridging struc-
ture with a u-aqua ligand and one or two u-carbox-
ylates. These results lead to the preliminary
structural model depicted in Figure 111.A.2.31

The two histidine residues, His101 and His126
depicted in Figure I11.A.2, have been proposed as
terminal ligands to Mn on the basis of mutagenesis
studies in which both conserved residues were mu-
tated to Asn residues.*® The resulting mutants were
found to retain high arginase activity in the presence
of exogenous Mn(ll), but in the presence of the
chelator EDTA less than 0.2% activity was found, as
summarized in Table I11.A.1. Compared to the wild-
type enzyme containing 6 Mn/trimer, the Mn stoi-
chiometry is reduced in both mutants to 3.3 (H101N)
and 3.6 (H126N) following dialysis against Chelex-
100 ion exchange resin, and to a uniform 3.0 following
treatment with the chelator EDTA.

A third highly conserved residue, His141, is not
involved in Mn binding, as judged by EPR studies of
the H141N mutant.?> His141 is the site of inhibition
of arginase activity upon alkylation with diethyl
pyrocarbonate (DEPC). This inhibition is fully re-
versed by hydroxylamine, which is known to restore
the native His by N-dealkylation. His141 is thus
implicated as a general base in the mechanism,
perhaps responsible for deprotonation of the metal-
bound water nucleophile, as depicted in Figure
I1LA.2.46 In the proposed mechanism the metal-
bound hydroxide functions as the nucleophile which
attacks the guanidinium carbon of L-arginine, form-
ing a tetrahedral intermediate which eliminates urea
and L-ornithine as the stable products.

Chemical evidence supporting this proposed mech-
anism has come from studies of competitive inhibition
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of arginase activity by a series of N“-hydroxyamino
acids.#” Strong inhibition by N®-hydroxy-L-lysine was
observed, while N*-hydroxy-L-ornithine exhibits a 37-
fold weaker inhibition. The authors proposed that
the additional CH, unit in L-lysine is critical to
allowing interaction with the Mn;, center, and that
the N*-hydroxyl group may act as a transition state
inhibitor by displacement of the metal-bound water
nucleophile. According to this model the binuclear
metal center serves to ionize the substrate water
molecule that hydrolyzes the guanidinium carbon.

Evidence from steady-state kinetics indicates that
a protein functional group with pK, = 7.9-8.0
controls the rate of hydrolysis at the guanidinium
carbon of the L-arginine substrate.*¢4¢ This base is
presumed to deprotonate water, forming the hydrox-
ide nucleophile in the active site. This pK, is 2.7
units lower than that found in mononuclear Mn(l1)
complexes with neutral ligands such as aquamanga-
nese(ll), eq 2a. On this basis arginase is thought to
lower the pK, of a water ligand by forming a bi-
nuclear site, and also by coordination of Mn(ll) to
Lewis acidic ligands.

The increase in the Lewis acidity of a water ligand
bound to a dimanganese(ll,11) site over that bound
to a single Mn(ll) ion can be estimated by using a
thermodynamic cycle from published data. The pK,
for proton ionization from a water molecule bound
between two aguamanganese(ll) ions, the reverse of
eq 2d, can be estimated using the known binding
equilibria given in eqgs 2a and 2b,*® the water ioniza-
tion constant, eq 2c, and an electrostatic approxima-
tion.?? In these reactions waters of hydration are not
denoted unless they are released as a consequence
of the indicated reactions. All reactions refer to the
fully aquated ions. The appropriate units for each
equilibrium constant are indicated in parentheses.
log K=34M") (2a)

OH + Mn2+ _—

Mn(OH)* + H,0

OH

OH + 2Mn2+ =—= [Mi~ “Mn 3+ logK=34M?) (2b)

HO =—= H' + OH

log Ky, = - 14M2) (2¢)

/OHZ < _OH

[Mr MYt =—= [Mn “Mnp3+ + HY logK=? @d)

OH

H)O + 2Mn2+ === ("  “wmué* logK=1? Qe)

_OH

Mn(OH)* + Mn2t <= [Mn “Mn 3+ logk=0M-l) (2

The equilibrium constant for the proton ionization
in eq 2d can be determined from the other equilibria
if the association constant is known for formation of
the u-aqua-bridged dimer in eq 2e. Unfortunately,
this is not available in the literature. However,
ionization of a proton from aquamanganese(ll) has
a pK, of 10.6 (eq 2a + eq 2c¢). Hence, relative to free

Table I11.A.1. Both the Catalase and Arginase Activities of Liver Arginase Require the Dimanganese(ll,Il) Center

[Sossong et al. (1996); Cavallie et al. (1994)]

L-arginine hydrolysis peroxide proposed
mutant Mn/trimer Km (mM) Kcat (rel), % dismutation O, rate, % function
wild-type 6 14 100 100
HIS101ASN 3 2.2 0.17 0.5 Mn ligand
HIS126ASN 3 0.8 0.001 2.7 Mn ligand
HIS141ASN 6 9 10 100 cat. base
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water which has pK,, = 14, the effect of replacing a
proton on water by a Mn(ll) ion is worth 3.4 pK units
in free energy of stabilization. Assuming the second
Mn(11) ion produces the same degree of stabilization
as the first, then the pK, for eq 2d should be 10.6 —
3.4 = 7.2. Because the bonding in aqua Mn(ll) and
the hydroxide hydrolysis product is essentially ionic,
this electrostatic approximation has been found to
accurately predict the spin density distribution of
binuclear Mn(11) complexes and both the hydration
structure and dynamical properties of Mn(ll) in
water 5051

A second method for estimation of the pK, is to use
the equilibrium constants in eqs 2a and 2b to
calculate eq 2f. Comparing egs 2a and 2f indicates
that the binding of Mn(l1) to Mn(OH)* vs OH™ is less
favorable by A log K = —3.4. Hence, we can estimate
log K for formation of the aqua dimer in eq 2e to be
—3.4 —3.4 = —6.8, which is essentially using an
additive electrostatic model. From this number, we
get log K = —7.2 for eq 2d as the sum of eqs 2b — 2e
+ 2c¢. This model gives the same estimated pK, for
proton ionization as the previous model, while also
utilizing the independently determined equilibrium
in eq 2b to estimate the unknown equilibrium in eq
2e. The proton acceptor in this model is water.
Other factors such as the nature of the remaining
ligands and how they interact with the water ligand
will also greatly influence its pK, in a manner which
could yield changes as large as the binuclear effect
summarized here.

Comparison to the pK, for the arginase hydrolysis
reaction (7.9—8.0) indicates reasonable correspon-
dence, thus supporting a model in which the role of
the binuclear site could be to produce a lower pK,,
i.e., a stronger Lewis acid, than is achievable with a
single Mn(l1) ion. The lower pK, would allow forma-
tion of a hydroxide anion that could be a candidate
for the active nucleophile in the hydrolysis reaction.
A hydroxide ion that bridges between the two Mn-
(I ions is not expected to be a readily available
nucleophile, compared to a terminal hydroxide ligand,
even though thermodynamically it is easier to form
than a terminal hydroxide ligand. This arises be-
cause two of the lone pairs of electrons are tied up in
bonding to the Mn(l1) ions and thus in a static model
would not be available for attack of the substrate.
However, the rate-limiting step in substrate hydroly-
sis under steady-state turnover conditions is rela-
tively slow, about 250 s71.45 Hence, if dissociation of
a u-hydroxide from one of the Mn(ll) ions were to
occur at this rate or faster, it would be converted to
an effective nucleophile for hydrolysis. Ligand ex-
change rates on dimanganese centers have not been
reported yet, but the exchange rates for a variety of
neutral ligands bound to Mn(Il) fall in the range 4 x
10° to 5 x 107.%2 On this basis we predict that
bridging hydroxides should be Kkinetically effective
nucleophiles for slow hydrolysis reactions (<103 s™1).

A terminal hydroxide ligand on a binuclear Mn(I1)
center also qualifies as a potential nucleophile, but
will be a stronger base than a bridging hydroxide and
hence found in lower concentration at neutral pH.
This may be compensated by the presence of internal
bases which serve to deprotonate the water. There
is kinetic evidence for a conserved histidine residue,
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His 141, that is essential for catalysis. This residue
has been suggested to function as a general base and
is apparently not ligated to either of the Mn ions.*546

2. Catalase Activity of Arginase

Arginase also exhibits a weak catalase activity.
The catalytic efficiency (kea/Kwm) Of arginase in per-
oxide dismutation is 105—10° slower than the bacte-
rial dimanganese catalases, as summarized in Table
I11.A.2.22 This lower activity appears to be due either
to the inability of peroxide to oxidize arginase above
the Mny(11,11) oxidation level, or the lack of critical
acid/base residues in the active site that are needed
for coupled proton exchange with the substrate. A
higher reduction potential for arginase vs Mn cata-
lase would be expected if fewer carboxylates (more
neutral ligands, i.e., histidine or water) coordinate
to the Mn; center. Inhibitors of the arginase activity
(L-lysine, N@“-hydroxy-L-arginine) also inhibit the
catalase activity of arginase, indicating that the
dimanganese site is directly involved in activity.
Also, cyanide (HCN/CN™), a potent inhibitor of heme
catalases, is not able to inhibit the catalase activity
of arginase.?? This result is also true for Mn catalase
and has been ascribed to the inability of the two Mn-
(11) ions to move sufficiently far apart to allow linear
bridging of CN~ (ca. 4.8 A Mn—Mn distance).

Point mutations of conserved residues in the rat
liver enzyme expressed in E. coli have shown that
mutations His101Asn and His126Asn each lead to
loss of 3 Mn/trimer, exactly half of the wild-type level,
with concomitant loss of both the arginase and
catalase activities (Table I111.A.1). Restoration of the
hydrolytic reaction occurs in both mutants upon
binding of one Cd?" ion to form the heteronuclear
MnCd enzyme, while the catalase activity is not
restored by binding of Cd?*.22 Thus both Mn ions are
required for the redox function in the catalase reac-
tion. Mutagenesis of the conserved His141 to an Asn
residue produces no loss of Mn binding and no change
in the relative catalase activity. Thus His141 plays
no dominant role in Mn binding. It also does not
influence the relatively slow kinetics of the rate-
limiting step of the dismutation reaction. Since Asn
is capable of replacing His as a proton transfer site
(albeit with a higher proton affinity) this result does
not exclude a role for His in proton transfer steps in
the catalase reaction.

So what controls the redox vs hydrolytic activity of
the binuclear site of arginase? The evidence from the
His mutants in Table 111.A.1, showing that both Mn
ions are required for the catalase reaction, suggests
a ping-pong mechanism involving Mny(l1,11) < Mn,-
(111111) redox cycling, directly analogous to the Mn
catalase enzymes. Studies on dimanganese model

Table 111.A.2. Steady-State Kinetic Parameters for the
Dismutation of Hydrogen Peroxide by Mn Catalases
and Rat Liver Arginase

kcat/KM
Mno(11,11) protein  Keat (572) Km (MM)  (M1s™%) ref
T. thermophilus 2.6 x 105> 83 +8 3.1 x108 55
L. plantarum 2.0 x 10° 350 5.7 x 105 35
T. album 2.6 x 10* 15 1.7 x 10® 114
Liver Arginase 30 2,750 +£ 250 11 22




2916 Chemical Reviews, 1996, Vol. 96, No. 7

-~ 2H,0 = H;0* + OH- "PROTON DONOR"
147

- K
10 P&,

pK = AG® Mn Catalase
RT6
) e — pK?_
.
_______ H,0+ + H,0 = H,0 + H;0* "BASE"

0 - -

H,0, + {2DH* + Calggp} X 2H,0 + {2D + Catpy}

K
H,0, + (2B + Cagx}] = 0, + (2BH + Calpgp}

NET:

2H,0, + {2B-+2DH*} = O, + 2H,0 + {2BH + 2D}
Figure 111.A.3. By coupling the dismutation reaction to
H* donors and acceptors other than water the free energy
change (AG®°) can be increased and used to accelerate

catalysis. DH and B~ are a proton donor and acceptor,
respectively.

complexes also support a shared redox function for
the two Mn ions.®? Distinct functions for the two
metal ions, such as redox cycling at one Mn center
between Mn(I1) and Mn(l1V) and acid/base chemistry
promoted at the second Mn(ll) site, appear to be
excluded. Why is there a 10°-10° fold lower catalytic
efficiency, kea/Kw, for the catalase reaction by argi-
nase? The 4 times weaker Mn—Mn superexchange
energy in Mn(ll,1l)arginase vs Mn(ll,11) catalase
indicates a different bridging ligand structure which
may contribute to the large difference in catalase
rates. Three candidates for the different reactivities
are the higher reduction potential predicted for
arginase vs Mn catalase, a lower binding affinity for
peroxide (H2O, or HO, ™) at the active site, or the lack
of proton donors and acceptors in the active site
needed for the dismutation reaction. A Kinetic
limitation based on lower substrate accessibility to
open- or solvent-labile coordination sites on Mn is not
a likely explanation, considering the enzyme’s acces-
sibility to a variety of inhibitor molecules in the active
site. Moreover, 'H ENDOR studies of the Mn, site
of arginase indicate the presence of labile water
protons that exchange in ?H,0O, and thus solvent
exchange is facile.>®

In the first case, if oxidation of the binuclear Mn
site in arginase were rate limiting for catalase
activity we would predict a slower rate vs Mn
catalase by 107-fold, assuming an endothermic reac-
tion with a 0.5 eV greater reduction potential and
using Eyring rate theory. The ligand field contribu-
tion to the Mn(l11) reduction potential can be parti-
tioned into two components: that arising from ion-
izable residues (pH dependent) and that arising from
residues which do not participate in pH dependent
equilibria. The pH-dependent part of the reduction
potential can be determined from known equilibria
in many cases, as summarized in Figure I11.A.3. The
reduction potentials of Mn catalase and arginase are
not known at present, but the pH dependence of the
catalase activity is known. For the half-reaction
involving reduction of arginase by peroxide, proton
transfer from the substrate to a base (B~ in Figure
111.A.3) having acid dissociation constant equal to pK;
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will contribute to the thermodynamic driving force
of the half-reaction by an amount equal to eq 3.20:54

AAG, = RT In [1 + 10PH-PK2) (3)

This free energy shift is relative to the potential at
low pH where the base BH is fully protonated and
hence unavailable for coupling to the catalase reac-
tion, i.e. when water is the only proton acceptor.
Equation 3 predicts that if arginase has no proton
acceptor other than water it will have a smaller
thermodynamic driving force than the case of a
proton acceptor with pK, = 5.5, i.e. as found in Mn
catalase. The lower proton affinity would reduce the
free energy of stabilization by 2.0 kcal/mol in arginase
vs Mn catalase. If this thermodynamic barrier were
to contribute to the Kkinetic barrier for the rate-
determining step in the catalase reaction of arginase,
we could expect a slower rate by a factor of k/kmax =
0.04, using Eyring rate theory. This 25-fold reduction
could contribute to the slower catalase rate observed
with arginase, but is insufficient to account for the
observed 10°—106 difference. Hence, differences in
the identities of the proton transfer groups in the
active sites of arginase vs catalase are unlikely to be
solely responsible for the large rate difference.

This leaves as a possible source of the large
difference in catalase activities a redox potential
difference or a difference in peroxide binding affinity.
The electrochemical potentials of Mn catalase and
arginase have not been determined and so their
contribution to a thermodynamic barrier could not
be estimated. On the other hand, there is an 8—200-
fold larger Michaelis constant (Ky) for hydrogen
peroxide disproportionation in arginase (2.75 M) than
for either T. thermophilus Mn catalase (0.083 M), L.
plantarum Mn catalase (0.35 M), or T. album Mn
catalase (0.015 M).%® This lower affinity for peroxide
binding to arginase also contributes to the 105—10°8-
fold overall lower catalytic efficiency.

B. Manganese Catalases

Catalases protect organisms from oxidative dam-
age by serving as surveillance enzymes to scavenge
the appreciable levels of hydrogen peroxide produced
during O, metabolism in cells. As much as 10% of
the O, consumed in cellular respiration may be
reduced to hydrogen peroxide. Peroxide is readily
reduced to hydroxyl radicals and hydroxide ions by
a variety of one-electron reductants commonly found
in cells. The resulting hydroxyl radical is an indis-
criminate potent oxidant which is capable of oxidizing
all cellular components it comes in contact with. In
this capacity catalases provide the first line of defense
against oxidative stress and associated degenerative
diseases, including possibly forestalling the onset of
cancer and aging.56:57

Mn catalases have been characterized from a few
bacteria. The most extensively studied enzymes
come from the extremely thermophillic Thermus
thermophilus (Tt) and the lactate-requiring Lacto-
bacillus plantarum (Lp).58%° The enzyme exists as
a hexamer of six equivalent subunits, each with a
molecular mass of 35 kDa. A 3 A X-ray structure of
Tt Mn catalase has revealed a four-helix bundle motif
as the major secondary and tertiary protein folding
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Figure 111.B.1. T. thermophilus manganese catalase 3.0
A X-ray structure. Ribbon diagram of a-carbon tracing.
From Barynin et al. (1986) with permission.

elements in each subunit, as depicted in Figure
111.B.1.5961 This characteristic motif is found in a
diverse family of proteins comprised of hemerythrin,
apoferritin, cytochrome ¢’ and b562, methane mon-
oxygenase, ruberythrin, TMV coat protein, and E. coli
ribonucleotide reductase.8?562 The metal-binding site
in the first four examples and presumably manga-
nese catalase is comprised of side chains derived from
several a-helices and lies nestled within the interior
surfaces of the helices. Each subunit contains a pair
of Mn ions separated by 3.6 A. The amino acid
residues that ligate the Mn ions have not been
identified yet by X-ray diffraction. A 2.2 A data set
has been available since 1991; however, only recently
has the protein sequence been determined (D. Ash
and V. Barynin, private communication). A refined
atomic map of the protein is said to be nearing
completion (V. Barynin, private communication).
There are four oxidation states of Mn catalase that
have been characterized, symbolized in terms of the
formal Mn oxidation states as (I1,11), (I1,1111), (111,-
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1), and (111,1V). Only the (I1,11) and (I11,111) states
have been shown to catalyze the dismutation of
hydrogen peroxide at extremely high rates.

EPR spectroscopy first revealed that Mn catalase
contains a binuclear Mn center, and this technique
has been applied extensively to characterize the
electronic structure of three of the four known
oxidation states.®3-% EPR reveals that reduced Mn-
(I11,11) catalase contains a pair of antiferromagneti-
cally coupled Mn(ll) ions. Two excited-state EPR
signals (triplet and quintet spin states) can be
observed above a diamagnetic ground singlet state
in both the Tt and Lp enzymes.’%6¢ These have
temperature dependences that fit well the predicted
Boltzmann expression for a pair of Mn(ll) ions
coupled by isotropic Heisenberg spin exchange
(—2J3S1°S,). In the case of the reduced T. thermo-
philus enzyme the spin exchange energy for the
phosphate derivative is weak (—5.6 cm™1), and quali-
tative estimates for the other anion bound derivatives
indicates a range of values (=5 to —15 cm™1).3!
Comparison of the Heisenberg exchange interaction
constants to more than 30 dimanganese(ll,Il) com-
plexes suggests a possible bridging structure of (u-
OH)(u-carboxylate);—, for the unliganded form of
MnCat(ll,I1) at neutral pH.3* Table I11.B.1 lists
several physicochemical properties of Mn catalase-
(11,11) from both T. thermophilus and L. plantarum.

The enzyme isolated from L. plantarum exhibits a
Heisenberg exchange coupling of —5.2 cm™! for the
fluoride derivative and —20 cm™? for the unliganded
derivative at neutral pH.5¢ Both enzymes take up
one proton from solution per anion binding event,
which may indicate either proton uptake or release
of OH™.%667 On the basis of these data the core
structure of the unliganded form of the Lp enzyme
has been proposed to contain a di-u-hydroxo bridge
which is replaced by di-u-fluoro bridges and release
of 2 OH~ upon binding with fluoride.’® A single
u-hydroxo bridge and a single u-bridging anion site
have been proposed for the Tt enzyme,®” along with
one or two u-carboxylates (see below). Recent L-edge
X-ray absorption spectroscopy measurements indi-
cate that the octahedral component of the ligand
field, which splits the valence 3d orbitals of reduced
Lp Mn catalase, is about 1.1 eV, a value typical of O
or N ligands with a coordination number of 6.58

Table 111.B.1. Properties of the Dimanganese(ll,11) Center in Arginase and Catalase®®

Mn(11) Mn(Il) pair in r(Mn—Mn) (A) D, (ZFS) (cm™) J(cm™D 1C50 (mM)
MnCat(aquo), Tt >3.70 <|0.025] none
MnCat(phosphate), Tt 3.59 —0.051 —-56+0.1 nm

3.63 —0.040
MnCat(acetate), Tt 3.51 —-0.071 nd 23
MnCat(chloride), Tt 3.51 —-0.071 nd 0.20
MnCat(fluoride), Tt 3.31 —0.120 nd 0.25
MnCat(cyanide), Tt 3.63—-3.70 —0.040 to —0.025 nd >25 mM
MnCat(aquo), Lp nd nd —20 none
MnCat(fluoride), Lp 3.4 —0.094 -5.2 0.012 Kp

(dipole + zfs) 0.14 Kp2

arginase(+borate) 3.50 -0.073 —-2.0+05
arginase(—borate) 3.57 -0.056

3.52 -0.069

3.36 -0.105

a2 r(Mn—Mn) intermanganese sepatation; D, dipolar zero-field splitting from quintet state; J intermanganese Heisenberg exchange
interaction for H = —2JS;-S,; IC50 is the concentration of anion that induces 50% inhibition of the catalase activity at pH 6.3,
while Kp; and Kp, refer to binding constants not activity. ? Data for arginase and T. thermophilus Mn Catalase from refs 31 and

37; for L. plantarum Mn Catalase from ref 66.
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In both the triplet and quintet states of Mn(l1,11)
catalase the EPR signal exhibits zero-field splitting
(ZFS) that has its major source from the magnetic
dipole—dipole interaction between the Mn(ll) ions.
Because of the spherically symmetric spin distribu-
tion of the half-filled 3d shell of Mn(ll), a linear
correlation is observed between the ZFS of the
quintet state (D) and the crystallographically deter-
mined Mn—Mn distance for several dimanganese
pairs for which both data sets are available.?* Using
this correlation the Mn—Mn distance has been de-
termined for a number of the inhibited complexes of
Tt Mn(l11,11)Cat, and these are listed in Table 111.B.1.
The distance between the Mn(l1) varies between 3.31
A (F7) and ~3.7 A (unliganded, pH 7) for a variety of
anions in a systematic way with size of the anion,
consistent with binding to both Mn ions at a u-bridg-
ing position.?” The unliganded “aquo” form of Mn-
(11,1 Catalase has the longest separation of all
complexes at >3.7 A. This range of distances is
suggestive of one or two u-carboxylate bridges from
the protein spanning the Mn ions.

Only anions possessing two or more lone pairs of
electrons per atom exhibit evidence of binding to the
bridging site in the (I1,Il) oxidation state and of
simultaneously inhibiting the catalase activity. By
contrast, cyanide exhibits a special behavior in that
it does not inhibit catalase activity of the unliganded
enzyme (Table 111.B.1) and actually reverses inhibi-
tion caused by the inhibiting class of anions. Reac-
tivation is independent of pH between 6.5 and 8.5,
indicating that HCN is the active form involved in
reactivation of catalase activity. Cyanide appears to
bind to a terminal (nonbridging) site on one or both
Mn(I11) ions, as seen by the increase in the interman-
ganese distance to the aquo limit. This terminal
ligation preference has been ascribed to the linear
sp-hybridized electronic structure of cyanide, which
having only a single nonbonding pair of electrons per
atom cannot bind between two Mn ions, unless these
can be separated by 4.8 A. Inhibition of catalase
activity by anions seems to be governed by the lack
of kinetic lability at the bridging site, as evidenced
by the slow kinetics of inhibition by anions and the
slow kinetics of reactivation upon removal of anions.
Apparently bridging anions exchange more slowly
than terminally ligated anions and thus inhibit
effectively. The stimulation of activity by cyanide
suggests that bridging anions can be displaced to a
labile terminal coordination site on one Mn ion. The
two sites are in equilibrium with one another,
thereby allowing anions to exchange sites. Rapid
dissociation of anions that bind to the terminal site
on one of the Mn ions occurs in competition with
substrate binding thereby reversing inhibition. These
various data (metrical, Heisenberg exchange and
correlation with activity) have led to the proposed
core structure of the active and inhibited forms of
MnCat given in Scheme 111.B.1.%7

The Mn ions in catalases can be oxidized, yielding
three higher oxidation states: (I1,111), (111,111), and
(111,1V).346485 Extended X-ray absorption spectros-
copy (EXAFS) reveals that the Mn—Mn distance
shortens appreciably to 2.7 A in the catalytically
inactive (111,1V) oxidation state, a feature attributed
to formation of a di-u-oxo bridge.®® A di-u-oxo bridge
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Scheme I11.B.1. Core Structure of Mn(l1,11)Cat and
Anion (X7) Binding Equilibria. From Shank et al.
(1996).

om Qi om .
Ml} I\r[n Mn Mn M‘n/ I\/{n
0 0 = 0 o} = o o
\‘6) x/}o a2 W m>
37 A T H,0 3337 &
Active Active Inactive

has also been implicated on the basis of EPR tem-
perature dependence® and electronic spectroscopy
studies.”® Electron—nuclear double resonance (EN-
DOR) and electron spin—echo envelope (ESEEM)
studies of Mn(l11,1V)Cat have revealed that most of
the protein ligands lack atoms having magnetic
moments, i.e., lack protons in the first three coordi-
nation shells, and thus are comprised predominantly
of carboxylate residues (Asp, Glu) or oxygens.”* A
single N-donor ligand is also detectable by ESEEM
(terminal histidine(?)”? or possibly a u-bridging lysine
residue(?)’®). The coordination number of the Mn-
(111) ion is 6 and the electronic configuration of the
Mn(l11) has the usual Jahn—Teller distorted ground
state, (d,)3(d2)%.5" A single labile water molecule also
binds in the second shell of ligands and could be
H-bonded to the u-oxo bridges.™

Both heme and Mn type catalases dismute H,O,
at exceedingly high rates approaching that of a
diffusion limited reaction. The physiological activity
of Mn catalase is found exclusively in the (I1,11) and
(111,11 oxidation states, and a cyclic ping-pong
mechanism is believed to interconvert the two oxida-
tion states.®3® Previous steady-state kinetic studies
on Tt catalase indicate a rate-limiting step that is
first order in enzyme and peroxide concentrations,
involving interconversion between reduced Mn(ll,-
I1)Cat and oxidized Mn(I11,111)Cat.5"* These oxida-
tion states are also found for the active forms of Mn
catalase isolated from Lp based on X-ray absorption
edge studies.” Saturation kinetics are observed with
respect to substrate, corresponding to a Michaelis—
Menten rate law for all three known sources of the
enzyme, as summarized in Table I11LA.2. The Michae-
lis constants (Kw) differ by 20-fold, while the catalytic
efficiencies (K.a/Km) exhibit only a 5-fold variation
with species. Protons from solution are not required
in the rate-limiting step between pH 6 and 10.
However, ionizable protein residues with pK, 5.5 and
10.5 are essential internal acid/base catalysts in the
Tt enzyme.67.76

The (I11,111) oxidation state of Mn catalase is the
predominant form of the enzyme under aerobic
conditions of isolation. It lacks an EPR signal, but
exhibits characteristic visible and near ultraviolet
absorption bands (Table 111.B.2) that were tentatively
assigned to charge-transfer bands of type oxo — Mn-
(1) and carboxylato(O) — Mn(l11) and weaker Mn-
(1) ligand field transitions on the basis of compari-
son to wu-oxo-di-u-carboxylato-dimanganese(lll,111)
complexes and their resonance Raman excitation
profiles.”” The electronic spectrum differs from that
observed in the (I11,1V) oxidation state (Table 111.B.2),
which is blue shifted and has higher absorptivity. The
spectrum of this oxidation state has been interpreted
on the basis of variable-temperature magnetic cir-
cular dichroism, ligand field calculations and reso-
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Table 111.B.2. Electronic Absorption by Mn(lll,111) and
Mn(111,1V) Catalase?

Amax, NM absorptivity,?

M-tcm™! T. thermophilus L. plantarum

() 280 (32,000)
395 sh (340) 380 sh (290)
475 (300) 470 (270)
500 (300) 485 sh (260)
600—800 tail 680 (70)

(60 at 700)

nv) 360 sh (1,680)
410 (1,650) 440 (928)
560 (320) 630 (320)

a Data for L. plantarum Mn(l11,111) catalase is from ref 59;

L. plantarum Mn(111,1V) catalase, from ref 70; T. thermophilus
Mn(111,111) and Mn(111,1V) catalase, from ref 74. ® Absorptivity
is per mole of dimanganese subunits.

Scheme 111.B.2. A Possible Mechanism of Peroxide
Dismutation by Dimanganese Catalases
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nance Raman studies of model complexes, which
support a core structure having the di-u-oxo-mono-
u-carboxylato bridge.”® The presence of the di-u-0xo
core is in good agreement with the interpretation of
Mn EXAFS studies and simulations of the EPR
spectrum and its temperature dependence.51.6°

An atomic level mechanism for catalysis by Mn
catalases can be proposed on the basis of these data
and is given in Scheme 111.B.2. In the first step of
the reaction (A — B) substrate binds directly to a
terminal site on Mn(ll) by displacement of a water
ligand. This is proposed on the basis of the afore-
mentioned anion binding studies, which suggested
that substrate exchange occurs initially at a terminal
site (as was found in studies with cyanide). An
internal protein residue is imagined to function as
proton acceptor for ionization of hydrogen peroxide
and later to deliver the proton to form the product
water. This could be the catalytically important base
with pK, ~5.5. Activation of peroxide for reduction
to the oxide level is imagined to occur following a
critical step in which the terminally ligated substrate
(B) swings over to form a u-n?-peroxide (C). This
binding mode is proposed on the basis of the anion
binding studies demonstrating that anions like F~,
ClI, etc. prefer to bind in the bridging site. Reduction
of substrate to water and u-oxo at this site (C — D)
should be facilitated by a decrease in the interman-
ganese distance from ~3.7 to 3.3 A, as is found upon
anion binding to the (Il,11) oxidation state (i.e.,
Scheme 111.B.1). The mechanism of the remaining
steps is less clear, as there is very little information
at present on the (I11,111) oxidation state. However,
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the u-oxo bridge is known to be readily exchangeable
with H,O8 upon protonation in mono-u-oxo-diman-
ganese model complexes.””~7® On this basis, proto-
nation of u-oxo and cleavage of the bridge is proposed
to occur upon binding of the second substrate mol-
ecule to a terminal Mn(l11) site (D — E). Subsequent
intramolecular two-electron transfer from hydroper-
oxide to reduce both Mn(l11) ions, coupled to proton
transfer to the catalytic base, would complete the
cycle by generating O, and the reduced aquo complex
(E —A).

In this mechanism, the extraction of free energy
to aid in driving the reaction can be imagined to occur
in two stages. First, coupling of proton transfer from
the first substrate molecule to a low-affinity protein
site which will eventually form one of the two product
water molecules, species D™ in steps A—B — C —
D. Second, coupling of proton transfer from the
second substrate molecule to a high-affinity protein
site (also species D) which will eventually form the
second product water molecule (D — E — A). For
simplicity in drawing, the same symbol is used in
Scheme 111.B.2 to designate both the proton donor
and acceptor in this mechanism (species DH/D").
This gives the impression that no free energy change
associated with proton transfer can couple to the
product formation. However, if two different acid/
base groups are involved in this process, as sum-
marized previously in Figure 111.A.3 (DH + B~ — D~
+ BH), then their difference in acidites could be the
source of protonic free energy. Even if the proton
donor and acceptor in Scheme 111.B.2 are the same
group, they may have different pK, values arising
from the influence of different charge distributions
in the active site in the steps linked to proton
transfer.

A recent alternative mechanism has been proposed
in which interconversion of Mn,!"(¢-OH), and Mn;'"-
(u-0O), core structures forms the basis of the catalytic
mechanism.%6

C. Hydrolysis of Phosphodiester Bonds in
Polynucleic Acids by Bimetallic Enzymes

1. Exonuclease of DNA Polymerase and RNase H

Replication of and infection by the human immu-
nodeficiency virus type 1 (HIV-1 virus) requires DNA
synthesis by reverse transcriptase (RT), a retrovirus-
encoded RNA-dependent DNA polymerase. HIV-1-
RT is a multifunctional enzyme required not only for
the synthesis of the double-stranded proviral DNA
from the single-stranded retroviral RNA genome but
also for cleavage of the retroviral RNA polymer in
the form of a hybrid DNA—RNA intermediate. This
latter activity, called ribonuclease H or RNase H
activity, allows transcription of the RNA fragments
to proceed. These two functions are localized in
separate domains of the enzyme. The enzyme re-
quires either Mg?t or Mn?* for activity. HIV-1 RT
has two subunits of 66 and 51 kDa, both of which
are needed for an active heterodimer. The 66 kDa
subunit contains the DNA polymerase and RNase H
domains, whereas the 51 kDa subunit, obtained by
proteolytic digestion of the larger subunit, has only
the DNA synthetic activity. The remaining 15 kDa
carboxyl terminus is inactive as an RNase H but can
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Figure 111.C.1. Overview of the 3'=5' exonuclease active site showing a bound deoxydinucleotide. The positions of the
sugar and base of the penultimate nucleotide are determined from the tetranucleotide complex, while the 3' terminal
nucleotide and the remaining coordinates are from the dTMP complex. The side chains of residues interacting with the

metal ions and dTMP are shown. The two binding sites for divalent metal ions are labeled A and B and are 3.0 A

apart.

Metal ligand distances are between 1.9 and 2.2 A and H bond distances are between 2.7 and 3.0 A. From Beese and Steitz

(1991) with permission.

be fully reactivated by addition of the 51 kDa poly-
merase domain, confirming the functional interde-
pendence of the two subunits in the native enzyme.
The steps in the life cycle of the virus which RT
catalyzes include: (1) RNA-dependent DNA poly-
merase; (2) RNA hydrolysis; and (3) DNA-dependent
polymerase.

The RNase H domain of RT, short-hand for ribo-
nuclease H or more completely RNA—DNA hybrid
ribonucleotide hydrolase (EC 3.1.4.34), breaks the
phosphodiester bond by hydrolysis of RNA found
specifically in RNA—DNA hybrids.8® An X-ray dif-
fraction structure of the 15 kDa RNase H subdomain
of HIV-1 RT has been solved to 2.4 A resolution and
found to exhibit an overall 3-dimensional structure
similar to the E. coli RNase H, but with unique
structural features which are believed to be impor-
tant to its distinct RNA substrate specificity.®! In
both enzymes, and additionally in the 3'—5' exonu-
clease domain of DNA polymerase I, two Mn?* ions
have been located in the map, and these have been
suggested to be the metal ions required for their
catalytic activities. This connection is often obscured
in nucleic acids, owing to the many structural metal
ions associated with these polyanionic polymers. The
polymerase domains of both enzymes also contain a
metal-requiring center, not to be confused with the
nuclease site. In the case of both HIV-1-RT (RNase
H subdomain) and DNA polymerase | (exonuclease
subdomain), binuclear metal sites are found in their
structures. Despite significant protein-folding dif-
ferences, four conserved carboxylate residues serve
to bind two Mn?* ions. The Mn?* ions are separated
by 4 A by a u-1,3-bridging carboxylate. The two

active-site structures can be superimposed. The
structure of the exonuclease domain of DNA poly-
merase | complexed to a deoxynucleoside monophos-
phate, dTMP, is depicted in Figure I11.C.1.22 It is
clear in the latter structure that the two metal ions
bind additionally to one of the oxyanions of the 5
phosphate of dTMP. One metal ion (A) ligates a
water (or hydroxide), while the other metal ion (B)
ligates the second oxyanion of dTMP.

On the basis of this structure, Steitz and co-
workers have proposed an atomic model for how both
metal ions of exonucleases may act to catalyze
hydrolysis of polynucleic acids.?® Figure 111.C.2
depicts the proposed transition state in their model.
Metal A and its monodentate carboxylate ligand,
Glu357, serve to ionize a bound water ligand, forming
the hydroxide nucleophile and orienting it for in-line
attack at the trigonal face of the phosphate that lies
opposite to the departing 3' hydroxyl of the phos-
phodiester bond. Metal ion B orients the reactive
trigonal face of the tetrahedral phosphate directly at
the nucleophilic hydroxide, through coordination to
two phosphate oxygen atoms as seen in the structure.
It also stabilizes the anionic charge on the 3' hydroxyl
of the cleaved product to which it is directly ligated.
This mechanism correctly accounts for the inversion
of stereochemistry at the phosphate center by forma-
tion of the trigonal—bipyramidal phosphate diester
in the transition state. Warshel and co-workers have
conducted a theoretical analysis of this mechanism
and find good evidence to support its general valid-
ity.2*

The binuclear center appears to play a special role
in stabilizing the formation of the trigonal-bipyra-
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Figure 111.C.2. The proposed transition state of the two
metal ion enzymatic mechanism for the 3'—5' exonuclease
reaction. Metal ion A on the right is proposed to facilitate
the formation of an attacking hydroxide ion whose lone pair
electrons are oriented toward the phosphorus by interac-
tions with the metal ion, Tyr497 and Glu357. Metal ion B
is hypothesized to facilitate the leaving of the 3' hydroxyl
group and stabilization of the 90° O—P—0O bond angle
between the apical and equatorial oxygen atoms. From
Beese and Steitz (1991) with permission.

midal transition state through the symmetric coor-
dination of the incoming and departing anionic
fragments—the “balanced see-saw potential”. This
feature cannot be readily duplicated in enzymes not
possessing binuclear sites. The Lewis acidity of the
binuclear site could also be enhanced over that of a
monometallic site, by as much as a factor of 3.5 pK
units in the case of aqua Mn?* ions, as described
above. This electrostatic effect serves to lower the
pKa, of the water nucleophile, thereby increasing its
concentration at physiological pH.

The similarities in geometrical arrangement of the
three conserved carboxylate ligands and the binding
of UO,Fs®~ to the active site in one of the heavy atom
derivatives of the RNase H domain of HIV-1 RT, has
led to the suggestion that it could share a common
mechanism of phosphodiester bond hydrolysis as
proposed for the 3'—5' exonuclease of DNA poly-
merase 1.80.82

Not all studies support the double metal ion mech-
anism. Steady-state kinetic studies of the E. coli
RNase H activity using a synthetic RNA—DNA
hybrid as substrate have found a molecularity of one
for Mg?* ion in catalyzing the rate-limiting step
under steady-state conditions.®® It is not clear from
these data if the binding of Mg?" ion is associated
with one or more sites on the enzyme or the substrate
or both. An extremely narrow range of Mg?* con-
centrations could be explored, owing to the onset of
substrate inhibition as the Mg?* concentration in-
creases. These kinetic data do not preclude the
involvement of a second metal ion in catalysis. In
support of the single metal ion hypothesis, an X-ray
structure of E. coli RNase H has found only a single
metal ion coordinated to the protein.8* However,
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metal-binding studies were not conducted. The bind-
ing of a second metal ion is presumed to be weaker
and may not be structurally detectable in the absence
of substrate.®

2. Ribozymes: Endonuclease Activity of Self-Splicing
Catalytic RNAs

Ribozymes are relatively short sections within RNA
polymers that function as enzymes to catalyze the
cleavage of RNA, so-called self-splicing endonuclease
activity. They are found embedded within the inter-
vening sequence regions of various RNAs.® The
cleavage reaction clearly requires metal ions and may
involve two metal ions with distinct functions (Mg?*
or Mn?* are equally effective). However, it is not yet
clear what are their specific functions in catalysis nor
if these form a binuclear center. The “hammerhead”
ribozyme is a catalytic RNA which forms a structural
motif present in the RNA genome of several plant
pathogens. It is believed that the self-splicing cleav-
age activity is essential for replication of the virus.®”
The recent crystal structures of two inhibitor com-
plexes of hammerhead ribozymes offer hope that all
of the catalytic metal ion(s) may eventually become
detectable crystallographically.®88 The crystal struc-
tures did not unambiguously identify the associated
Mg?* ion(s), and indirect methods were used to place
one hydrated Mg?* ion in the active site.?® Scott et
al. have proposed a single metal ion mechanism
based on these structural data. A second more labile
site has not been proven (or disproven).

The catalytic ribozyme of Tetrahymena thermo-
philia has been extensively studied by kinetic meth-
ods. The rate-limiting step in cleavage is believed
to involve attack by a hydroxide ion bound to a
divalent metal ion based on two compelling lines of
evidence: (1) Although there is no Kkinetic isotope
effect (and hence no proton transfer in the rate-
limiting step), the rate slows by 4.4-fold in D,O vs
H,O, as expected for an equilibrium deuterium
isotope effect originating from the 4.5-fold lower
concentration of OD~ vs OH~ at the pH of the
reaction;% (2) the rate accelerates with increasing pH
with the same slope for a variety of divalent metal
ions, while saturating at different pHs that correlate
roughly with the pK, of the metal ion.%%%2 This step
is depicted in Figure 111.C.3 where the reaction starts
by abstraction of a proton from the 2' hydroxyl of the
substrate RNA molecule by the metal hydroxide base
to form the metal 2'-alkoxide. A second divalent
metal has been implicated in coordination to the pro-r
oxyanion of the phosphodiester.®® This metal has
been proposed to stabilize the 5'-oxyanion leaving
group that forms in the product. In the second step,
the metal 2'-alkoxide attacks the phosphorous to form
a 2',3'-cyclic phosphodiester, with release of the
metallo-5'-alkoxide. The symmetric electrical poten-
tial, created by a pair of divalent metal ions in the
binuclear intermediate, can be anticipated to con-
tribute to a concerted sequence of steps noted above.
Such simultaneous nucleophillic attack and product
release is a specific example of reaction catalysis
mediated by a concerted binuclear metal effect.

A word of caution should be added here. The two
metals involved in the proposed transition-state
structure given in Figure 111.C.3 are brought together
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Figure 111.C.3. Mechanism of the double metal ion catalysis of RNA substrate hydrolysis by the “hammerhead” ribozyme
oftetrahymena thermophilia. Adapted from Sawata, et al (1995) with permission.

by the availability of metal ion coordination sites on
the substrate RNA. The metal ions should exhibit
appreciable electrostatic repulsion in the absence of
substrate and will certainly change coordination and
may not even remain bound to the enzyme. Conse-
guently, the involvement of the binuclear site in the
catalytic process is an especially challenging hypoth-
esis to establish.

Piccirilli et al. studied the kinetics of cleavage of a
nonphysiological all deoxynucleotide substrate which
involves formation of the 3'-hydroxyl cleavage prod-
uct.®® Comparison of the rates for the 3'-oxo- vs 3'-
thio-bridged substrate revealed a 1000-fold rate
enhancement with Mn?* vs Mg?*. This result was
interpreted as evidence for the essential role of the
divalent ion in stabilizing formation of the 3'-thiolate
product in the rate-limiting step of catalysis. Direct
coordination of the metal at the 3'-oxo group was
proposed.

There is also kinetic evidence discounting the
importance of a second metal ion involved in the rate-
limiting step of catalysis. A recent kinetic study of
the rate of cleavage of a synthetic oligonucleotide
substrate containing a 5'-bridging phosphorothioate
at the single mandatory ribonucleotide (C.7;) and
deoxyribonucleotides elsewhere, found neither a 5'-
thio effect on the rate of cleavage, nor a large
difference in rates between Mg?" and Mn?*.% This
has been interpreted to indicate the involvement of
only a single divalent cation in the rate-limiting step
of enzymatic turnover and that cleavage of the 5'-
leaving group is not the rate-limiting step. However,
in a more recent kinetic study employing an all-RNA
substrate containing a 5'-bridging phosphorothioate
linkage found that the attack by the 2'-oxygen on the
phophorous is the rate-limiting step in cleavage only
for the substrate containing the 5'-thioester linkage
and that cleavage to release the 5'-leaving group is
the rate-limiting step for the natural all-RNA sub-
strate.®® These results enable an alternative inter-
pretation of the results by Kuimelis et al.** Because
the rate-limiting step is not the departure of the 5'-
leaving group for the hybrid oligonucleotide used by
Kuimelis et al., one might not expect to observe a 5'-
thio effect on the rate of cleavage. Hence, it is not
possible to exclude the possibility of a binuclear metal
site as the catalytic unit based on these results.

3. Chemical Models for Metal lon-Catalyzed
Dephosphorylation of Nucleoside Triphosphates

The principles proposed above for metal ion cataly-
sis of phosphodiester bond cleavage in polynucleic
acids have been rigorously examined in the context
of metal ion-catalyzed dephosphorylation of purine

Figure 111.C.4. Tentative view of a reactive Mg(ATP)2-
complex at an enzyme, the y-phosphate group being ready
for a nucleophilic attack and transfer to R—O which is
sitting in a groove of the enzyme. Obviously, the R—O
residue could alternatively be bound to M and be cor-
rectly positioned towards the y-phosphate group in this
way. ATP may be oriented at the enzyme surface by
stacking (e.g. with an indole residue) and hydrogen bond-
ing, forcing Mg?" by this orientation, possibly with the help
of protein sites, into the o and 3 positions of the phosphate
chain. Obviously, Mg2" and M"* could interchange their
positions or other metal ions could substitute for them, and
(at least) one of the two metal ions could even be replaced
by an ionic interaction (e.g. with an arginyl group) and a
reactive intermediate would still result (see text). The
release of ADP from the enzyme could in the example
shown be initiated by a stronger coordination of the metal
ion to the now twofold negatively charged 3 group leading
thus to a release of Mg(ADP)~ from the enzyme surface.
(Reprinted from ref 84. Copyright 1984 American Chemical
Society.)

and pyrimidine nucleoside triphosphates to form the
corresponding nucleoside diphosphate and ortho phos-
phate.®® The likely pathways for catalysis by divalent
cations involving both a single metal ion and two
metal ions have been elucidated. This section does
not attempt to offer a comprehensive review of the
recent literature on chemical models.

There is firm evidence for distinct roles for two
divalent metal ions in these reactions, as summarized
in Figure 111.C.4. One metal ion is chelated to two
oxyanions derived either from the o and § phos-
phates, or the g and y phosphates (only the former
case is illustrated here). This metal ion stabilizes
formation of the additional charge that forms on the
B phosphate upon cleavage of the f—y bond. The
second M?" is monoligated to the terminal phosphate,
binds water, and is active only following deprotona-
tion to form the monohydroxo species, M?*(y-NTP)-
OH. The aqua complex is inactive. Thus, the ter-
minal M?* site serves primarily to promote ionization
of the aqua ligand by lowering its pK, and delivering
it to the y-phosphate as the hydroxide nucleophile.
As suggested in Figure 111.C.4, the terminal M?* in
NTP-dependent enzymes may also serve to weaken
the f—y P—O—P bond to allow a protein-derived
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nucleophile (R—0") to break this bond by attack at
the terminal phosphate.

D. Other Dimanganese Proteins

1. Enolase

Enolase catalyzes the reversible dehydration of
2-phospho-b-glycerate (2-PGA, 4) to form phospho-
enolpyruvate (6) in the glycolytic pathway, eq 4.%
This step creates a highly activated phosphoryl group
in 6 that is capable of synthesizing ATP from ADP
in the final step of glycolysis.

o o
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H
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The reaction in eq 4 is believed to proceed in two
steps with formation of a nucleophillic carbanion
intermediate, the aci-carboxylate 5. Catalysis of this
reaction requires rate acceleration of carbon depro-
tonation at C-2, where the ionization constant is
unfavorable (pK, ~ 28—32). The subsequent step
involves release of hydroxide and conversion of the
aci-carboxylate dianion into carboxylate. The aci-
carboxylate intermediate must be protected from
solvent and dioxygen because it is a strong nucleo-
phile and can decarboxylate. A loop of the protein
wraps around the substrate and appears to serve a
role in sequestering the intermediate from solvent
access.®® Catalysis of the initial step in this reaction,
deprotonation of the carbon acid, is a general feature
in several classes of enzymatic reaction types includ-
ing dehydrations, isomerizations, and racemiza-
tions.*®

The enzyme contains a bimetallic center that is
essential for catalysis. Both (Mg?"). and (Mn?"),
forms of the active enzyme have been characterized
spectroscopically.1®® One of the divalent metal ions
binds tightly and has been called the “structural”
metal site I, while a second metal binds in the
presence of substrate or substrate analogs has been
called the “catalytic” metal site 1. Several high-
resolution crystal structures of enolase, primarily
from yeast but also from lobster muscle, are available
which present atomic models for the holoenzyme and
the complexes with substrate and product molecules
as well as a substrate analog. A consistent stereo-
chemistry for binding of the substrate analog phospho-
noacetohydroxamate to both metal ions of the binu-
clear center has been established independently by
X-ray diffraction of the (Mg?"), enzyme and by EPR
studies of the (Mn?%), enzyme.%1% The binding of
2-PGA to an inactive form of the enzyme containing
only a single divalent ion at site | has also revealed
its role in coordination of the phosphate group.0!
Most recently the structure of the fully active enzyme
with both metal sites occupied and bound to both
substrate and product molecules present as a 1:1
equilibrium mixture of 2-PGA and P-enol pyruvate
has been solved.’?? These independent structural
studies have led to three somewhat contrasting views
for catalysis to be proposed.98:101.103

The most recent mechanistic proposal is based on
the structure of the complexes between the (Mg?*),-
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Figure 111.D.1. Schematic diagram of the enolase active
site residue interactions with the (Mg?"),—substrate/
product complex. The dashed lines from 2-PGA to amino
acids represent possible hydrogen bonds. The dashed lines
from the magnesium ions indicate their coordination.
Interatomic distances in angstroms are given on the dashed
lines. From Larsen et al. (1996) with permission.

holoenzyme and both substrate and product mol-
ecules. The substrate complex is depicted in Figure
111.D.1.1%2 This structure reveals that both Mg?* ions
participate in binding the carboxylate group of 2-PGA
in a u-1,1-bridging geometry. The higher affinity
Mg?* site also binds the second carboxylate O atom.
The inequivalence in the Mg—O(carboxylate) bond
distances (A = 0.2 A) suggests that both Mg?* ions
are important for stabilization of the intermediate
aci-carboxylate 5. These bond lengths are quite long
(2.2—2.4 A) in comparison to bond lengths of Mg—O
oxyanion complexes which fall in the range 2.00—
2.12 A 194 1t can be hypothesized that shortening of
these distances upon formation of the planar aci-
carboxylate by deprotonation at C-2 should contribute
appreciably to the binding affinity of the transition
state, thus lowering the activation barrier for cataly-
sis. The lower affinity Mg?* site binds directly to the
phosphoryl group of substrate and product and thus
appears important for substrate selectivity. Several
other amino acids involved in hydrogen bonding to
the substrate and product molecules undoubtedly
contribute to selectivity and activity of the enzyme.
Substrate binding appears to involve closing of a
latch comprised of a loop from the protein that
anchors to the lower affinity Mg?" site by chelation
to both the carbonyl O and side chain O, of serine
39.

The closest functional group to the C-2 carbon of
the substrate molecule is the terminal Ne atom of a
lysine residue located at 3.1 A. This group is
proposed to be the general base where the ionized
proton binds following deprotonation of substrate.
Relative to an unperturbed lysine group with pK, =
10.8 the pK, for deprotonation at C-2 in solution is
estimated at 28—32.1% This pK, must be lowered in
the active site in order that formation of the aci-
carboxylate not be the rate-limiting step in the
reaction. Metal coordination appears to play a major
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role in accelerating this step. It was previously found
on the basis of isotope exchange experiments that the
second step in the reaction of eq 4, involving hydrox-
ide release and planarization of the C2—C3 double
bond is the rate-limiting step.1® Other workers have
found that product release, rather than elimination
of hydroxide in the second step is likely to contribute
to the rate-limiting step under steady-state turnover
conditions.1%

2. Phosphotriesterase

The hydrolysis of phosphotriesters and related
phosphonates in certain bacteria is catalyzed by a
metalloenzyme called phosphotriesterase. Although
these substrates are not natural products, the bacte-
rial enzymes appears to have evolved recently. They
exhibit high selectivity and greatly accelerate the rate
of hydrolysis with values of ke nearly 104 s71.197 The
enzyme is speculated to have evolved in response to
toxic stress from organophosphates in the environ-
ment. The native enzyme binds two Zn?* ions, but
also is catalytically active with a variety of divalent
ions including Cd?*, Ni?t, Co?f, and Mn?*. The
dimanganese enzyme exhibits a spin-coupled bi-
nuclear center according to EPR spectroscopy.% A
crystal structure of the (Cd?*),-holoenzyme has been
reported which gives a model for the structure of the
enzyme.’®® The separation of the Cd?" ions was
restrained to a distance of 3.3 A in the model. An
unusual feature of the structure is the presence of a
carbamylated lysine residue that bridges between the
Cd?* ions in a u-1,3 geometry and by a u-aqua (or
hydroxide) ligand. The implications of the protein
structure on the mechanism of catalysis have not
been described yet. A carbamylated lysine residue
also bridges the pair of Ni?" ions in the active site of
urease.'? It has been pointed out that a carbamy-
lated lysine should provide a stronger ligand field
than the carboxylate group of glutamate, owing to
its ability to undergo proton ionization at Ne and
delocalization of the electron pair into the bridging
carboxylate.’® Thus, one can anticipate that delivery
of a proton from the Ne site may be a unique aspect
of catalysis by enzymes containing a metal-bound
carbamylated lysine residues in the active site.

3. Dinitrogen Reductase Regulatory Protein

Nitrogenase activity in the purple non-sulfur bac-
terium Rhodospirillum rubrum is regulated by the
reversible ADP-ribosylation of Arg101 of the dinitro-
genease reductase protein.''! The enzymes that
perform the ADP-ribosylation reaction (DRAT) and
the removal of ADP-ribose (DRAG) have been over-
expressed, and their roles in regulation of dinitroge-
nase reductase activity have been determined. DRAG
is a Mn-containing enzyme. Recently it has been
found to contain a dimanganese site which exhibits
an EPR signal typical of the weakly spin-coupled
Mny(11,11) type centers, like those found in arginase,
catalase, and enolase.'*?> The role of the dimanganese
site in the hydrolytic deribosylation reaction of the
protein substrate, L-arginine-ADP-ribosyl, remains to
be established.

4. L-Arginine-Metabolizing Enzyme of Photosystem Il

Partial characterization of a Mn-requiring enzyme
associated with photosystem Il complexes of spinach
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and tobacco has been reported.’’® The isolated
protein has a molecular mass of 7 kDa and exhibits
a weak activity in hydrolysis of L-arginine to urea
and L-ornithine (arginase reaction) that requires Mn.
The Mn stoichiometry was not established, but a
second site, required for activity, binds Ca?* or Mn?+,
The highest activity (10x) is observed in intact PSI|I
membranes depleted of the extrinsic proteins of the
water-oxidizing complex (33, 23, and 17 kDa). The
protein also has a weak catalase activity which was
taken to suggest a possible role in water oxidation
and suggests the presence of a binuclear Mn site. The
functional role of the protein is not known.

IV. Summary

Binuclear metal sites in enzymes play a number
of conventional roles in catalysis. The foregoing
examples illustrate cases where the two metal ions
operate as a unit to accomplish one or more of the
following steps: (1) activate a substrate molecule for
either oxidation or reduction; (2) activate a substrate
molecule for deprotonation or nucleophillic addition;
(3) ionize a water molecule; (4) stabilize a transition-
state intermediate; (5) molecular recognition of sub-
strate and selectivity. Nature has evolved binuclear
sites in enzymes for special purposes too. The more
extended charge distribution that can be achieved
with binuclear metal sites vs amino acids from a
protein or nucleotides from RNA or DNA is an
important factor for recognition of polyanionic sub-
strates and for stabilization of transition states
requiring charge delocalization over multiple atoms.
For substrates which bind between the metal ions a
larger electrical potential can be achieved without
increasing unwanted activation barriers than in the
analogous monometallic site.

V. Abbreviations

Arginase-Mny(11,11), Arg(l1,11); dinitrogen reductase
regulatory protein, DRAG; manganese catalase, Mn-
Cat; methane monooxygenase, MMO; 2-phospho-b-
glycerate, 2-PGA; phosphoenolpyruvate, P-enolpyru-
vate; ribonuclease H, RNase H; superoxide dismutase,
SOD; zero-field splitting, ZFS.
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Note Added in Proof

An atomic model of the structure of liver arginase
has been described recently, on the basis of X-ray
diffraction analysis of single crystals. (Kanyo, Z. F.;
Scolnick, L. R.; Ash, D. E.; Christianson, D. W.
Nature, 1996, in press.)
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