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The Role of Manganese in Photosynthesis

John Livomess and Thomas D. Smith
Chemistry Department, Monash University, Clayton, Victoria, 3168, Australia

Although the process of light energy conversion to chemical form by specialized plant cell
organelles, the chloroplasts, is well understood, many contemporary investigations have been
concerned with the catalytic role played by manganese in oxygen evolution. Current views of

the photosynthetic electron transport chain or the so-called “‘Z-scheme” intermediates identify
the cytochromes bg, b-559 and f, the chlorophyll linked primary electron acceptor and donors
of photosystems -I and -II and a number of e.p.r. distinct iron-sulfur centres involved in non
cyclic and possibly cyclic electron transfer pathways. The accummulation of four redox equiv-
alents leads to the oxidation of water to yield molecular oxygen by a water splitting metallo-
enzyme (designated -Y) which involves at least two manganese atoms per molecule of enzyme.

During the four electron oxidation of water, e.p.r. and proton relaxation evidence suggest

the two manganese atoms undergo redox changes between manganese(II) and manganese(III)
states. A number of proposed manganese model systems exhibiting the features required by the
well known S-state mechanism of oxygen evolution are discussed. The modelling of both the
charge separation function of the photosystems and the properties of the catalytically active

manganese is of current interest from an energy production point of view.
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2 J. Livorness and T. D. Smith

1 Introduction

Photosynthesis may be defined as the assimilation of carbon dioxide in the light to
form carbohydrates. The chemical identity of the electron donor is water in all
photosynthetic organisms except bacteria. The overall equation of photosynthesis
for this group of organisms is:

H,0 +C0, —2% (CH,0)+0, .

Photosynthetic bacteria usually neither produce nor use molecular oxygen, most of
them are strict anaerobes poisoned by oxygen. Instead of water these organisms use
other compounds as electron donors. The green and purple suiphur bacteria use
hydrogen sulphide:

2H,S + CO, —2%5 (CH,0) +H,0 +28.

Some non-sulphur purple bacteria use an organic hydrogen donor, such as iso-
propanol, which is oxidized to acetone:

2 CH,CHOHCH, + CO, —2> (CH,0) + 2 CH;COCH; + H,0 .

In addition to alternative electron donors, carbon dioxide is not the only electron
acceptor in general photosynthesis; NO3 or N, and H' may be reduced to NH; and
H, respectively.

The magnitude and role of photosynthesis is illustrated by considering the yearly
turnover of carbon fixation by plants, about 2 x 101! tonnes of carbon with an energy
content of 3 x 1012 J or about 10 x the worlds annual energy use and 200 x its food
energy comsumption. All the atmospheric carbon dioxide is cycled through plants every
300 years, all the oxygen every 2000 years and all the water every 2 x 10° years.
The utilization of this enormous capacity of hydrocarbon and possibly ammonia and
hydrogen production from a free energy source, the sun, has attracted much interest
in the light of impending shortages of fossil-fuel based energy supplies 1—3).

It has now been established that in plant photosynthesis light driven electron
transport, coupled to phosphorylation, produces oxygen, NADPH (reduced nicotin-
amide adenine dinucleotide phosphate) and ATP (adenosine triphosphate). The latter
two are in turn consumed in, and drive the CO,-reduction-cycle. This cycle is com-
posed of a series of light independant reactions and has been extensively studied 45).

The trapping and conversion of light energy in higher plants and green algae
occurs in highly organized ellipsoid structures called chloroplasts which float free
in the cytoplasm. Electron microscopic pictures show that chloroplasts in higher
plants are saucer-shaped bodies 4—10 um in diameter and 1 gm in thickness with an
outer membrane or envelope separating it from the rest of the cytoplasm.

Internally the chloroplast comprises a system of lamellae or flattened thylakoids
arranged in stacks in certain dense green regions, termed the grana (Fig. 1). Each
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Fig. 1. Chloroplast organization

lamellae in the chloroplast may contain two double-layer membranes. The grana

are embedded in a colourless matrix, the stroma, and the whole chloroplast is
surrounded by a boundary of double lipid-protein membrane®), Embedded within
the thylakoid membrane is the photochemical apparatus which consists of pigments
(chlorophylls and carotenoids) electron carriers and the enzymes responsible for
ATP, NADPH and oxygen generation. Other proteins (ribulose diphosphate carboxy-
dismutase) are also associated with the thylakoid structure. A more detailed descrip-
tion of the chloroplast ultrastructure can be found in recent reviews7-9).

2 Photosynthetic Electron Transport

The inner membrane systems of chloroplasts, the thylakoids, transforms energy of
light quanta into other forms of energy which are used to drive the secondary proc-
esses of photosynthesis. Fully matured spinach thylakoids have an estimated chloro-
phyll content of > 105 molecules. Two functionally distinct pools of chlorophyll
have been identified, ) antennae or light harvesting chlorophyll (also containing
accessory pigments such as the carotenoids), and b) energy trapping and converting
chlorophyli-a (Fig. 2). The former pool absorbs visible light energy which is rapidly
transferred to the smaller pools of specialized chlorophyll which form the primary
electron donors of the two photosystems, PSI and PSII, of the electron transport
chain as depicted by Fig. 3. The two pools are designated P680 (PSI! reaction centre)
and P700 (PSI reaction centre) and are maximally activated by light of wavelengths
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Fig. 2. Structure of chlorophyll-a

around 680 nm and 700 nm respectively. The antennae pool of P680 and P700 con-
sist of 300 chlorophyll molecules per reaction centre. The reaction centres P680 and
P700 communicate at antennae level through a low molecular weight chlorophyll
protein (M.W. 25000 Daltons) designated, LH, light harvesting protein !9) which is
though to act as a functional component which can transfer excitation energy to
both PSI and PSII and can participate in energy transfer from PSH to PSI11—14) The
regulation of excitation energy distribution is thought to be mediated by magnesium
cations 15) although some doubt on the function of magnesium has recently been
expressed 16),

The structure, function and organization of chlorophyll in vivo has been exten-
sively reviewed 17-20), Chlorophyll aggregates are thought to comprise the antennae
and photoreaction centres P680, P700 and P865 in the case of photosynthetic bac-
teria (the chlorophyll associated with bacteria is distinct from plant chlorophyll and
is termed Bacteriochlorophyll, BChl.). In vitro modelling of chlorophyll aggregates
has been the focus of extensive study 17:18:22,25-27)_ P80 and P700 are thought to
be hydrated chlorophyll-a dimers or special pairs which are closely related to a pro-
tein component which plays an important role in controlling the rate of electron
transfer and maximizing the efficiency of the primary reaction28). Recent optical
and electron paramagnetic resonance studies of oxidized magnesium tetraphenyl-
chlorin, a synthetic model for chlorophyll, suggest that, by comparison with P680
in vivo, P680 may in fact be a ligated monomer whose function as a phototrap is
determined by interactions possibly with its protein environment?29).

The excitation of P680 and P700 gives rise to oxidized, e.p.r. detectable 30—32)
free radical chlorophyll species P700** and possibly P680*". P700** exhibits a prom-
inent reversible component at g = 2.0025 showing a Gaussian line shape with a peak-
to-peak line width of about 7.0 G 32—34), Optical measurements of the decrease in
light absorption (at 700 nm) or photobleaching are consistent with the e.p.r. findings
which suggest the formation of cationic chlorophyll free radicals derived from photo
induced electron ejection. A signal with g = 2.002 and width about 8 G showing decay
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lines of 5 ms/35 °K 33 or 2 ms 3% have been attributed to the photosystem II reaction
centre P680*". The ejected electrons are transferred to the electron carriers which
form the electron transport chain (Fig. 3). P680%" is reduced by water, via a water
splitting mechanism thought to involve a manganese enzyme (designated Y or Z), or
other suitable artificial electron donors. In recent years extensive studies have fo-
cussed on artificial electron transfer processes for the purpose of harnessing the
generated photocurrent either for direct use or for conversion to secondary storage
forms such as Hy, H, O, or carbon reduction. Photovoltaic devices which incorporate
chlorophyll layers or aggregates immobilized onto conducting surfaces have been
shown to mimic the primary photochemical processes of P680 and P700 (Table 1),
although at low efficiencies. Alternatively charge transfer across artificial biomem-
branes such as monolayers 35—44), micelles 45— 56), liposomes or vesicles 57-66) micro-
emulsions 67— 68), has been demonstrated. These systems organize donors and accept-
ors, lower ionization potentials, and most importantly, through their interfaces or
electrical double layers, allow for some kinetic control of electron transfers. In a
recent study by Toyoshima et al. %) with chlorophyll-a incorporated liposomes has
shown that reduction of copper(II) in an aqueous phase could be achieved by illumi-
nating vesicles containing potassium ascorbate. The reduction of copper(Il) to
copper(l) could be monitored by the loss of copper(Il) e.p.r. activity.

In plants electron transfer is mediated through membrane bound electron
carriers arranged in series to form what is termed the Z-scheme (Fig. 3). The char-
acteristics of the Z-scheme have previously been reviewed in detail and only a brief
outline of the chemical intermediates will be given here 69—77), The essential feature
of the model, from the point of view of this review, is the evolution of molecular
oxygen as a result of redox reactions involving manganese since this part of the
photosynthetic scheme is the least understood.

2.1 Cytochromes

A detailed description of the structure and function of cytochromes is given in recent
reviews 7879, Three different cytochromes have been isolated and purified from
higher plant chloroplasts. Two of the three purified plant chloroplasts cytochromes,
bg and b-559, are defined to be b-type since the heme can be split from the protein
component by acid-acetone treatment and the reduced a-band maximum of the
pyridine hemochromagen is approximately 556 nm. The third cytochrome is c-type
in terms of a thioether heme linkage to cysteines of the apoprotein through posi-
tions 2 and 4 of the porphyrin rings. The b-type cytochromes have typical molecular
weights (M.W./heme) approaching 40,000 D (cyt-bg) and 46,000 D (cyt-b559) al-
though they are generally purified as multisubunit lipoproteins of molecular weight
60,000 D and 111,000 D respectively. Of the lipid content of cyt-bs, 75—80% of the
lipid is accounted for by seven chlorophyll-a and six cardiolipin molecules per heme.
The 40,000 D protein component consists of separable subunits of 20,000, 96,000
and 6,600 (x 2) D. The total molecular weight of cyt-f is uncertain due to aggrega-
tion phenomena although photoactivating species of molecular weight 35,000 D

and 65,000 D have been prepared.
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12 J. Livorness and T. D. Smith

The function of the cytochromes in electron transport may be in the coupled
synthesis of ATP. Cyt-b559 may also play a role in water splitting and in the process
of intramolecular proton movement. Two forms of cyt-b559 (Aqax = 559 nm) have
been detected, a) a high potential form cyt-b559yp, midpoint potential at pH7
+0.383 V78 0r +0.370 V809 and b) a low potential form cyt-b559; p, midpoint
potential at pH7 +0.077 V 78 or 0.020 V 89, Conversion of the higher potential to
a lower potential form occurs via treatment with membrane disturbing agents such
as detergents. There is disagreement as to whether their high and low potential
forms are separate protein components or different potential states of the same
protein with the heme in different ionic or polar environments. According to a
scheme proposed by Cramer78), cyt-b559yp may function in a cycle around PSII
contributing to water splitting. A reversible light induced negatively directed poten-
tial change gives rise to cyt-b559 p whose functional site is located between the
primary electron acceptor of PSII, and the plastoquinone pool. Treatment of chloro-
plasts with hydroxylamine gave rise to two new forms of cyt-b556 titratable with
hydroquinone (i) Em, g = +240mV and (ii) Em, g = +90mV. Upon allumination
only the lower potential species could be detected. The loss of higher potential
cyt-b559 as a result of NH, OH treatment correlated perfectly with the effects on
oxygen evolution from water photo-oxidation 81), implicating a possible role and
functional site of cyt-b559 in photosystem II reactions82). Recently Hoffmann
et al.83) have suggested that cyt-b559 may function as an electron transfer interme-
diate in a pathway by passing the inhibitor 3-(3,4-Dichlorophenyl)-1,1-dimethylurea
{DCMU), which is believed to block electron transfer between the primary electron
acceptor and the secondary electron acceptor (plastoquinone pool) of photosys-
tem II,84) and regulating the direct transfer of electrons from the acceptor side of
PS1I to an artificial electron acceptor Dichloroindophenol (DCIP).

Cytochrome bg (midpoint potential — 0.08 V) appears to be involved in a
photosystem I cyclic phosphorylation, ATP forming, cycle with plastoquinone
having the likely electron acceptor 78). Cytochrome-f (midpoint potential + 0.365 V)
is thought to be closely linked to the coupling mechanism of ATP formation.

2.2 Primary Electron Acceptor of Photosystem I

The chemical identity of the primary electron acceptor of photosystem-II has not
yet been established although extensive spectroscopic evidence has suggested three
possible candidates 77-85), The proposed electron acceptors are; (i) a component,
designated Q (Quencher), measured by its quenching of photosystem II fluorescence
and having a midpoint potential of —35mV; (ii) a component, designated X-320,
measured by a light induced absorbance change at 320 nm which was identified with
the univalent reduction of plastoquinone to the semiquinone anion, although attempts
to detect the radical form by e.p.r. methods have proved fruitless; and (iii) a compo-
nent, designated C550, measured by a light induced absorbance change near 550 nm
which is thought to be secondary and may serve as an indicator of the redox states
of the primary electron acceptor. The absorption change kinetics of the one electron
reduction of X320 (a special plastoquinone) to a semiquinone radical anion parallel
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the kinetics of the fluorescence quencher Q. The identification of X320 with Q is
supported by electrochemical similarities.

Although the majority of opinion suggests Q (X320) to be the primary electron
acceptor of photosystem I, recent investigations have indicated that additional elec-
tron acceptors mediate the transfer charge from P680 to plastoquinone (Q). The free
base adduct of chiorophyll, pheophytin has been identified by optical, redox and

paramagnetic resonance measurements as a likely primary photo reduced spe-
ciesSSa,86,86a)_

P680 + Pheophytin — P680T + Pheophytin™ .

With an estimated reduction potential of — 640 mV, Pheophytin~ is easily capable
of reducing Q (X320).

2.3 Plastoquinone

Plastoquinone consists of several related substances of which the most abundant is
plastoquinone A. Plastoquinone A is a substituted benzoquinone found almost
exclusively in algae and higher plants in relatively high concentration (spinach

100 umol mmol—1).

CH,
CH,
CH; [CH~CH=C—CH,],~H
o}

Plastoquinone (A, = 260 nm) undergoes reduction to the hydroquinone
(A =290 nm (w)) via a two electron process corresponding to a midpoint potential
of + 113 mV. One electron reduction leads to a semiquinone free radical which
shows a characteristic strong absorbance of about 320 nm. Spectral investigations
of endogenous plastoquinone show that upon illumination plastoquinone is reduced
to plastohydroquinone (Ep, = + 80 mV) whilst cytochrome-f remains mainly in the
oxidized form 7).

2.4 Plastocyanin

Plastocyanins are relatively low-molecular weight “blue” copper proteins®®) found
in photosynthetic organisms9). It was originally proposed that spinach plasto-
cyanin is a dimer of molecular weight 21,000 Daltons containing two copper atoms
per monomer. Plastocyanin found in Phaseolus vulgaris is a monomer of molecular
weight 10,690 Daltons containing a single copper atom. The amino acid sequences
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of plastocyanins show the protein to contain one cysteine and two histidines in
homologous and highly conservative regions®9. The coordination site of the copper
ion has recently been identified by X-ray crystallography 999, The copper is located
in a distorted tetrahedral environment which is coordinated by the thiol group of
Cys-84, the thioether group of Met 92 and the imidazole groups of His 37 and His 38.
Membrane bound plastocyanin has a midpoint potential of + 320mV (soluble pro-
tein E,, =+370mV) and is thought to be the electron donor from cytochrome-f.
(Rate of reduction, k = 3.6 x 107 M—! s~1) to P700* (Rate of oxidation, k = 8.0 x
107 M—1 5-1)89),

The e.p.r. of oxidized plastocyanin (Cu2*) show resonances g;= 2.05 and g);=
2.23 with A ;= 0.006 cm~! 88), Reduction of plastocyanin gives rise to an e.p.r.
silent species (Cu*). Recent NMR studies of plastocyanins from French bean
(Phaseolus vulgaris) and cucumber (Cucumis sativus) have identified two binding
sites towards artificial redox indicators, Cr(CN); ™ and tris(1,10-phenanthroline)-
Cr'1. The binding of the complexes to plastocyanin occur at sites separated by
15 A with one site lying in close proximity to the copper atom °!:92). This observa-
tion confirms recent X-ray and rate constant studies which suggested that two
binding sites are involved in electron transfer reactions to and from the copper atom
and that possibly two mechanisms of electron transfer are involved 202,93)

2.5 The “Rieske” [ron-Sulphur Centre

Electron transfer from reduced plastoquinone to oxidized cytochrome-f is thought
to occur via a membrane bound Fe—S protein referred to as the “Rieske” iron-
sulphur centre after the discovery of an Fe—S protein in mitochondrial and sub-
mitochondrial fragments by Rieske et al.?4:25) which exhibits an e.p.r. signal (g =
1.89) similar to that later found by Malkin et al. in chloroplasts9). The e.p.r., redox
properties and function of Rieske’s protein have been recently reviewed °7-98). The
juxtapositioning of the Rieske Fe—S centre (midpoint potential +0.290 V) with the
plastoquinone pool is supported by recent studies which show inhibition of elec-
tron transfer to the Fe—S centre by Dibromothymoquinone (DBMIB E, + 0.170 V),
a known plastoquinone protagonist 99-102), The addition of DBMIB to chloroplasts
treated with an electron donor, Duroquinol, results in a loss of e.p.r. activity at

g = 1.89 with the appearance of an unidentified species at g = 1.94. Another inhib-
itor, 3-(3,4-dichlorophenyi)-1,1-dimethylurea (DCMU), which functions between the
primary electron acceptor of PSII and plastoquinone has no effect on the reduction
of the Fe—S centre with Duroquinol. On the basis of these results together with a
consideration of the midpoint potential of cytochrome-f (+360mV) the following
scheme has been proposed 103—105),

Recent e.p.r. studies show a preferred orientation of “Rieskes” Fe—S protein
from pigeon heart mitochondria with gy, 2 1.90 in the plane of the orientated mem-
branes and g, ~ 1.81 at 90°. The z-axis of the g-tensor runs through the two Fe
atoms and probably lies in the plane of the membrane 196). Similar experiments have
been performed on the spinach chloroplast Fe~S centre showing that the protein has
axial symmetry with g close to the plane of the membrane 107,
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DBMIB

!

PSII(Q) ————= PQ ——#—= ''Rieske centre’ —= cyt—f

ot

DCMU Duroquinol

2.6 Primary Electron Acceptor of Photosystem I

The properties that the primary electron acceptor of photosystem I should exhibit
have been outlined by Golbeck et al.75). These include (i) the light-induced reduc-
tion kinetics should mirror the oxidation kinetics of the primary donor, P-700,

(ii) the kinetics of the back reaction between the reduced acceptor and oxidized
donor should be identical for both species; and (iii) a kinetic correlation should
exist between the reoxidation of the primary acceptor and reduction of known
secondary acceptors. Several species have been proposed which include chlorophyll,
pteridines, flavins, ferredoxin and porphyrins (Ref. 75, Table 1). Evidence for an
intermediate electron carrier preceding P-430 has come from recent studies of flash-
induced transient absorption changes 108:109), The intermediate, designated A,,
accepts an electron from reduced P700 which is then transferred to another inter-
mediate A, (or X). The chemical identity of A, is thought to be a chlorophyli-a.
Evidence supporting this assignment comes from comparison of the PSI optical
different spectra with those of in vitro generated Chl™ radical anions in solution 86),
The in vitro potential of Chl~ (midpoint potential —0.900 V) is sufficient to reduce
the bound ferredoxins, (midpoint potential —0.730 V).

Spectral and kinetic evidence recently reported suggests A; may be a chlorophyll
dimer which is located between P700 and A, (X) and whose function is to transfer
an electron from P700* to A, (X) 119, More recently, proposals suggest monomeric
chlorophyll or possibly pheophytin as the likely intermediate 111,

2.7 Chloroplast Iron-Sulphur Centres

Iron-sulphur centres and their associated protein component are ubiquitous in living
organisms, and they exhibit a variety of functions that are always related to electron
transfer processes.

Recently the biological activity of synthetic iron-sulphur, [Fe,S8,4(S < CH,CH,-
OH),4 13—, and iron-selenium, [Fe4S4(S - CH,CH, OH),4 ]2, structural analogues of
the ferredoxin [Fe4S4 ] active centre has been investigated 112-113), The clusters could
replace ferredoxin and mediate electron transfer to Clostridium pasteuridium hy-
drogenase in a H;-evolving system with sodium dithionite as the electron donor.

The structure, function, and spectroscopic properties of the naturally occurring
Fe—S centres have attracted a large number of investigations®7-114-1183)  Among the
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iron-sulphur proteins two distinct classes of these proteins transfer electrons at
oxidation-reduction potentials near the potential of the H,/H* couple. These are:
(1) the ferredoxins of plant origin that contain a cluster of two non-heme and two
acid labile sulphur atoms per molecule [Fe, S, (cys)4]?~ and (2) the bacterial type
ferredoxins which contain one or two clusters of four iron, four labile sulphur atoms
per molecule [Fe,S4(cys)4]?—. Recent e.p.r., Mossbauer, and X-ray diffraction
studies of ferredoxins from Desulforibrio gigas119) and Azobacter vinelandii 120—-122)
suggest a new novel metallo centre containing a ring of three iron atoms linked by
three labile sulphur atoms.

Redox properties of Fe—S centres have been extensively studied by e.p.r. at
temperatures below ~ 80 K 75:97:118)_ These signals are caused by molecular anti-
ferromagnetism between a high spin iron(III) and a high spin iron(II) which gives
rise to an S = 1/2 system exhibiting a characteristic principle e.p.r. g-value of 1.94.
Reduced iron-sulphur centres in photosynthetic systems display either thombic
(gx * gy # 8,) or axial (g7 gy) e.p.I. spectra. In conjunction with e.p.r., redox
potentiometry affords a method of distinguishing multiple iron-sulphur centres on
the basis of their midpoint redox potentials which may serve different roles in elec-
tron transport processes.

It is thought that two types of Fe—S centres may be involved in chloroplast
photosystem I processes (a) Ferredoxin, which is involved in the non-cyclic elec-
tron transfer pathway to NADP, and (b) at least two Fe—S proteins (centres A
and B) which are involved in electron transfer reactions prior to ferredoxin. The two
types of Fe—S centres are distinguishable on the basis of solubility; ferredoxin being
the soluble centre whilst the remaining centres are insoluble or bound. The two well
characterized iron-sulphur centres A and B are of low oxidation-reduction mid-point
potentials of —550mV and — 590mV respectively 123:124) and comprise the species,
P-430, which was previously assigned as the primary electron acceptor of P700 7).
The photoreduced centres A and B, from spinach, exhibit different e.p.r. signals at
77 °K with g values of 2.05, 1.94, 1.86 and 2.07, 1.92 and 1.89 respectively. Micro-
wave power saturation and temperature dependent studies of the e.p.r. signals of
dithionite or ascorbate reduced centres suggest a magnetic interaction occurs be-
tween centres A and B 125). The magnetic interaction between the {4 Fe—4 S] centres
of the electron acceptors A and B resulted in saturation properties similar to those of
the 2 [4 Fe—4 S] ferredoxin from Clostridium pasteurianum. The assignment of the
e.p.r. signals of centres A and B to paramagnetic 4 Fe—4 S centres similar to those
found in reduced ferredoxins, on the basis of the similarity of the spin states of the
iron-containing centres in the two cases, has been confirmed by Mossbauer studies
of photosystem I preparations from the blue-green algae Chlorogloea fritschii 126).

Two tentative proposals have been suggested for the role of centres A and B 97).

(i) P700~»A, - “X” - Centre B - Centre A - Ferredoxin
and

o gy 7 Centre B — cyclic electron transport

(i)  P700~A, > Centre A - non-cyclic electron transport
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The chemical identity of the electron acceptor, X (midpoint potential —0.735V),
is currently unknown although it is thought that X is identical to an electron acceptor
designated A, (midpoint potential —0.730 V) which shows a difference spectrum
resembling that of a bound Fe—S protein 19, A similar suggestion has been put
forward by Cammack et al. 127) who identified the reduced acceptor, X, by e.p.r.
spectroscopy, g = 1.78, 1.88 and 2.08 of PS1 centres in intact cells of cyanobacteria
(blue-green algae) Nostoc muscorum and Anabaena cylindrica.

An alternative proposal had just recently emerged from a study of the electron
spin relaxation of centre X from spinach photosystem I particles by microwave
power saturation of e.p.r. signals which showed that centre X does not exhibit spec-
tral features of known typical [2 Fe—2 S] or (4 Fe—4 S) centres 25). It was concluded
that centre X is most probably an anion radical of chlorophyll which interacts with
a fast relaxing ion, most probably iron, which is not associated with either centres
AorB.

3 Kinetics of Oxygen Evolution

The formation of a molecule of oxygen from water requires the removal of four
electrons; the average redox potential of these four equivalents is about +.81 V. How-
ever, the four individual reaction steps in the chemical oxidation of water vary from
—0.45 to +2.33 V. Since the energy of a red photon is about 1.8 eV, some of these
oxidation steps might be energetically unfavourable without a “‘moderating” mech-
anism. Some aspects of oxygen evolution kinetics have been discussed in previous
reviews 128-133),

The development of the modulated polarographic technique by Joliot has
permitted a refined analysis of the priming of oxygen evolution by light 134). The
technique was successfully applied by Joliot et al. 13%) and Kok et al. 136) and a de-
tailed analysis of the yields of oxygen per short light flash were made.

With appropriate spacing (~ 300 ms) between saturating light flashes (2 us half
amplitude) these workers observed that the yield of oxygen per flash was maximal
with the third flash and with subsequent flashes, large oscillations of yields were
obtained and these maxima occurred with a period of four (Fig.4). A number of
kinetic models have been proposed to explain this observation 135-137)_ As outlined
by Diner and Joliot 133), the model which best explains the existing data is that
proposed by Kok et al. 136:138) in which oxidizing equivalents are successfully
accumulated at an oxygen evolving site attached to only one photosystem II reac-
tion centre. Oxidizing equivalents are neither exchanged between different photo-
system II centres nor between oxygen producing sites. Each single turnover flash
generates one oxidizing equivalent and the accumulation of four of these results in
the liberation of an oxygen molecule. The cycle then begins again.

The characteristics of the model are depicted in Fig. 5 which shows that driven
by four successive photoacts, the oxygen-evolving enzyme (Y) cycles through five
oxidation states designated Sg, Sy, Sz, S3 and S4. The temperature dependance of
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the photo-oxidation steps, S, = S,4,, has recently been studied by comparing
thermoluminescence oscillation patterns of spinach chloroplasts as a function of the
number of short saturating light flashes !3%). It was found that the So or S; ~ S,
reaction proceeds below —65 °C whereas S, = S3 and S; — S, transitions are
blocked at temperatures below — 35 °C and — 20 °C respectively.
Each single turnover flash induces a separation of charge, transforming centres
in redox state Chl(Q)S,, to redox state Chl*(Q)"S;, where Q represents the primary
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electron acceptor of P680* (or Chl.af; )*3% The positive charges generated are stored
by the dark relaxation S, = S, which corresponds to the oxidation of S, by
Chl. ;" via univalent electron transfer reactions until after the accumulation of four
redox equivalents, S4 decomposes to Sy, and water cleavage by electron abstraction
occurs and oxygen is evolved }40),

The oscillatory pattern of oxygen flash yield is damped and eventually attains a
non-oscillatory steady state. To account for the pattern behaviour two damping
phenomena were postulated; (1) “misses”, a, in which there are randomly recurring
failures of the photochemical charge separation, and (2) “double hits”, 8, which is
defined as the occurrence of two charge separations, Sy ~> Sp43, in a single flash 138:141),
It is thought that a (probability factor) reflects a biological rather than technical phe-
nomenon 131:132)_In jsolated chloroplasts « is usually 0.10—0.12, while in whole cells
(e.g. Chlorella) & = 0.20—0.25. Double hits, 8, probably reflects a technical limitation
in the flash yield measurements and is of the order ~ 0.05 13D,

To be consistent with the experimental observations the model carries the addi-
tional assumption that S, and Sy are both stable in the dark. The lifetimes of the S,
and S; states are long compared to the dark transitions (S5 = S;+;) but less than
about 15 min: they decay to S;. Consequently after about a 15 min dark period the
distribution of the S-states is S¢:S;:S,:83=0.25:0.75:0:0. The ratio S;/Sg can be
varied by a number of ways including preillumination and by chemical means such as
ferricyanide (S{/So becomes very high) and ascorbate-DCPIP which reduces S, /S to-
wards unity.

In recent years a detailed analysis of Kok’s model for oxygen evolution has been
reported by Lavorel 142:143) Thibault 144 and Jursinic 145). Lavorel has developed a
numerical procedure (g-analysis) for the objective evaluation of the damping coeffi-
cients of oxygen sequences. The authors’ results argue against the concept that misses
(a) are only of photochemical origin, as proposed in Kok’s model. The application of
o-analysis (the application of matrix analysis to the model allows one to derive three
symmetrical functions (0, 65, 03) of the transition probabilities of the model) by
Lavorel led to an altemative to Kok’s model for the oxygen-evolving system in photo-
synthesis. The model illustrates a more rigorous treatment of the damping phenomena
which have been observed in the measurement of oxygen flash yield (Y) whilst main-
taining the concept of a four step mechanism for oxygen production. Thibault has
carried out a critical examination of the o-analysis method and showed that the model
was extremely sensitive to experimental error. Furthermore, the matrix on which the
o;’s calculation is based is an ill-conditioned matrix, a property of which is to amplify
errors. Consequently, the author cautions that conclusions drawn from the procedure
must be accepted with care 144).

A mathematical model, based on the binomial distribution, for predicting activa-
tion of reaction centres at various flash intensities from supersaturating flashes to
intensities two orders of magnitude lower, has recently been proposed 145). Evidence
is presented suggesting that the photosystem II photosynthetic unit is quite inhomo-
geneous, that is having a variety of antennae sizes and that « and § are nearly inde-
pendant of flash intensity and are intrinsic properties of the oxygen-evolving system.
Although their mechanistic origin is unknown, a and § are probably related to special
properties of charge flow in photosystem II.
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3.1 Proton Release During Oxygen Evolution

Concomitant to the release of molecular oxygen, protons arising from water are re-
leased in each of the S-state transitions, except S; — S,. A similar oscillation pattern
has been reported for the release of protons by a series of flashes which point to a
concerted reaction in which protons are released in synchrony with oxygen 146). The
protons generated do not diffuse freely as does oxygen but rather are readily taken up
by ionizable groups, exchange with counterions, and do not readily diffuse through
membranes. Kok and Fowler 146) used a sensitive pH technique to measure protons
released by short light flashes. They found that proton release, coupled to the pro-
duction of oxygen and thus released from the oxygen-evolving site, occurs toward

the inside of the thylakoid membrane. The result supports the location of the photo-
system II donor side on the inner surface of the thylakoid membrane.

Even though a considerable amount of kinetic information is available on the
oxygen-evolving mechanism, our knowledge of the detailed chemistry of the S-states
model is very inadequate. We do know however that there exists an essential require-
ment by the chloroplast for inorganic ions such as manganese(II) and chloride for
oxygen production. Investigations of this requirement has led to the proposal that the
oxidation of the S-states of the water splitting enzyme is related to redox reactions of
manganese in vivo involving Mn(II), Mn(III) and possibly Mn(IV).

3.2 Abundance and Properties of Chloroplast Manganese

A starting point to the supposition that manganese has a unique function in photo-
synthesis arose from an early observation that manganese deficiency in a species of
green algae, Ankistrodesmus, decreased photosynthesis without having significant
effects on respiration or total chlorophyll 147). Earlier studies had shown that manga-
nese was an essential micro-nutrient growth factor for Chlorella species and it was
thought that manganese was associated with the Hill reaction (O, evolution) 148-152),
Kessler et al. 153—155) and Eyster et al. }59 studying oxygen evolution inhibition
under manganese deficiency had shared a similar opinion. Cheniae and Martin showed
that the removal of Mn (< 1/1000 Chl) from normal Mn-containing chloroplasts by
mild temperature shock resulted in a loss of oxygen-evolving capability, but did not
affect System I reactions 132:157)_ The early literature covering manganese involve-
ment in oxygen evolution has been previously reviewed 128,158,159),

An earlier assessment of the abundance of manganese in chloroplasts revealed
a wide spread of data!5%), The current accepted value is 1 g atom of bound manga-
nese per S0—100 Chlorophyll molecules for the pool of manganese in PSII 116),
This pool of bound manganese is the minimum amount of Mn within PSII that is
required for maximum quantum efficiency and high rates of O, evolution. Factors
including sample preparation and plant age contribute to the variability of the man-
ganese content. Kaniuga et al. have recently determined the manganese content of
expanded tomato leaves, by complexiometric formation with pyridyl-2-azonaphthol
and by the permanganate colorimetric method, to be 3 g-atom/400 Chl. Whilst young
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tomato leaves were found to have a ~ three-fold amount of manganese, 6—8 g-atom/
400 Chl (Table 2, Ref. 2).

Another factor which may contribute to the accurate determination of manga-
nese content is the heterogeneous binding nature of chloroplast manganese and the
effectiveness of removing bound manganese by a number of chemical and physical
treatments as outlined in Table 2. Tris washing of chloroplasts has been used exten-
sively to interrupt the reactions linking the S-states of oxygen evolution to the sys-
tem II reaction centre. Tris washing of chloroplasts removes about two-thirds of the
total manganese pool whilst more drastic treatments such as temperature shock can
remove all of the bound manganese.

Blankenship and Sauer 160:161) showed that chloroplast bound manganese re-
leased by Tris (2/3 Mn pool) is released towards the inner thylakoid matrix and after
some time (t;, =~ 2.5h) diffuses through the membrane. E.p.r. investigations showed
typical spectra of free manganese which diminished upon incubation with DCIP and
ascorbate in sucrose buffers in the dark. Exogenous manganese, however, could only
be re-inserted when the manganese depleted chloroplasts were illuminated. Chelation
of loosely-bound manganese by EDTA (K4 = 10—14) within the thylakoid did not
inhibit re-insertion whereas the chelation of exogenous manganese inhibited the light
driven uptake of manganese. It was concluded that manganese is taken across the
membrane by a light driven process and that once within the thylakoid, is readily
bound (K4 2 1.2 x 10~*Mm) and that this binding is not dependant on light. The re-
sults support previous studies which similarly showed that manganese incorporation
into manganese deficient algae proceeds via a multiquantum process 162,163}

Kaniuga et al. found that upon cold and dark storage to tomato leaves between
40 and 50% of the total manganese is lost and following illumination of such leaves

Table 2. Removal of manganese from chloroplasts by various treatments

Treatment Effect Ref.

Thermal shock:

1. Incubation at 45-50°C 1) Complete removal of bound manganese. 1
for 3—10 min. 2) Total reduction of Hill reaction activity.

2. Incubation at 0 °C for 1) Between 40—50% of the total manganese content is 2-4
up to 3 days in the removed.
dark. 2) Hill reaction activity is reduced to 10—20% of un-

treated chloroplasts.

Hydroxylamine, NH,OH

Incubation at 15 °C with 1) Between 65-—75% of the total manganese content 5
{NH,0H] = 2—-10mM is removed.
in the dark. 2) Between 60—70% of the oxygen evolving capacity

is inhibited.

3) Unprotonated hydroxylamine is the effective
destructive agent.

4) Substituted hydroxylamine shows varying degrees of
effectiveness according to:
NH,0H > NH,0S803 > CH3NHOH >> NH,0CH;
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Table 2 (continued)

Treatment Effect Ref.

Sodium cyanide, NaCN

Incubation at 5 °C with 1) More than 80% of the bound manganese and copper, 6
[NaCN] = 55mM, but not iron, is removed.
pH 8.0, for 10-20h 2) Hill reaction activity is lost.
in the dark.

Chaotropic agents?

Incubation with either; 1) Chaotropic agents inhibit electron transfer between 7
[NaClO4] = 0.5M water and photosystem-II.
[NaSCN] = 0.8M 2) Results suggest that membrane disorganization,
[Guanidine] = 0.8M giving rise to free Manganese(II) ions, may be
[NaNO3] = 1.0M involved.
[Urea] = 1.0M

Tris-HCI buffer®

Incubation with 0.8M 1) Variable loss of total manganese reported ~ 70%8'10), 8-13
Tris-HCl, pH 8.0, for 30% %' and 10% 1112),
about 15 min. 2) Oxygen evolution capacity diminished upon manganese

extraction.

Magnesium(II) ions, Mg2*
Incubation with (MgSO4]= 1) Up to 67% or two thirds of the total bound manganese 14

50-200mM, pH 7.9, at content is removed.
0-2°Cfor 30-90min.  2) The efficiency of oxygen evolution capacity is directly
proportional to the bound manganese content.

Chaotropic agent: A substance that enhances the partitioning of non-polar molecules from a
non-aqueous to an aqueous phase as a result of the disruptive effect that the substance has on
the structure of water. Chaotropic agents are generally ions, such as SCN™ and ClO,, that
have a large radius, a negative charge, and a low charge density; they are used to solubilize
membrane bound proteins, to alter the secondary and tertiary structure of proteins and
nucleic acids, and to increase the solubility of small molecules. (Dictionary of Biochemistry
(Ed. J. Stenesh) (1975), J. Wiley & Sons.)

Tris: Tristhydroxymethyl)aminomethane
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the total manganese content in chloroplasts increases up to 70—-80% of the manga-
nese level measured in fresh leaves (Table 2, Ref. 2).

The reincorporation of manganese to chloroplasts treated with NaCN and the
binding state of Mn has been studied by Takahashi et al. (Table 2, Ref. 6). It was
found that 54Mn2* could be incorporated into two binding sites; (a) a low affinity
binding site, Kq = 10*M~1, incorporating 78 % of added 54Mn2* and (b) a higher
affinity binding site, Kq = 2 x 105M~! incorporating the remainder 22% of the
54Mn2*. The high affinity binding of 34Mn?* was specific for NaCN-treated chloro-
plasts and the binding of 54Mn?* is inhibited by weak light though the low affinity
binding site is not affected.

In the dark, several reductants induced the decrease of the Mn?* binding by a
mechanism similar to photo-inhibition164). A pH dependant structural change in
the chloroplast membrane induced by light or redox agents is thought to disturb
manganese binding by an apo-protein. The profile of pH dependance on the binding
of manganese(II) was found to have a midpoint of pH 7.2 suggesting that a group
with pk, at 7.2 plays a role as the donor ligand of Mn?* in the chloroplast membrane
(Table 2, Ref. 6). An imidazole nitrogen of histidine and the a-amino groups of
peptides has been proposed. Co-ordination of manganese(II) by thiol groups is
excluded because the rebinding of manganese(II) was insensitive to a thiol reagent,
p-Chloromercuribenzoate.

The binding characteristics of exogenous manganese by intact chloroplasts and
chloroplasts treated with 0.8M Tris-HCl indicates a co-operative binding mechanism®!),
The nature of the co-operativity is not yet clear, although two hypotheses have been
proposed: (1) The binding of the first manganese ions causes a change in the mem-
brane structure that is favourable for further binding, and: (2) Binding is accompanied
by change in the oxidation state of manganese, and stable oxidation and binding take
place only when there are no less than two manganese ions at the given membrane
locus.

3.3 Manganese Protein Complexes

In recent years interest has focussed on the binding of manganese by proteins and in
particular the isolation of a manganese protein or enzyme thought to be involved in
photosynthetic oxygen evolution. A number of manganese proteins from a variety

of sources have been isolated and characterized. Some features of manganese proteins
are outlined in Table 3. Of the Lectins, concanavalin A, a saccharide binding protein
from Jack bean, has been extensively studied and shown to contain two binding sites:
(1) a transition metal binding site, designated S, and: (2) a calcium ion binding site
S,. X-ray crystallographic studies have provided information pertaining to the struc-
ture around the co-ordination sites of manganese(II) and calcium(1I). Manganese(II)
occupies a very nearly octahedral co-ordination sphere by attachment to carboxylate
groups of residues ASP 19, GLU 8, HIS 24 and the imidazolate function group of
HIS 24 165). Manganese superoxide dismutases which function to protect cellular
metabolic processes 196) have been detected in a number of bacterium and higher
organisms. The structural comparisons of manganese superoxide dismutases with
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Table4. Manganese proteins involved in photosynthetic processes

Protein source

Comments

Ref.

Zea mays L.

Spinacia oleracea L.
(spinach)

Spinacia oleracea
(spinach)

Lactuca sativa (lettuce)

Phaseolus vulgaris
(french beans)

Hordeum vulgare (barley)

Phormidium luridium

(algae)

Phaeodactylum
tricornutum
(diatom)

Spinacia oleracea
(spinach)

1.
2.

3.

DN

Molecular weight of 25000 Daltons.

Contains 240 ng of manganese per mg of protein

(1 Mn/8 molecules of protein).

Bound manganese is not displaced by tris-HCl (pH 8).
The manganese is thought to play a structural role,
mainly in the stacking of the lamellae.

Two soluble protein fractions were collected;

a) molecular weight > 25000 Daltons.

b) molecular weight < 25000 Daltons.

Manganese content of fractions

a) 40 ng of manganese per mg of protein

b) 240 ng of manganese per mg of protein

The fractions are thought to play a structural, rather
than direct photosynthetic, role.

. Three protein fractions of molecular weights

23000, 26 000 and 29000 Daltons collected.
Fractions contain 50—70 ng of manganese per gm
of protein.

The manganese protein exhibits cyanide insensitive
superoxide dismutase activity.

. Molecular weight of < 1000 Daltons.
. Spheroplast have manganese content of 1g atom Mn

per 61 chlorophyll molecules.

. The manganese protein increased oxygen evolution

when reincorporated with fragmented spheroplasts
(from 4 to 44 umol-O,-per mg chl per h).

. Pigment-metallo-protein complex of molecular

weight 850000 Daltons consisting of
a) Pigments, 40 molecules of chlorophyll-a

20 molecules of chlorophyll-c

20 molecules of fucoxanthin
b) 40 protein subunits
¢) metal ions, 8 g atoms of copper

0.6-2.0 g atoms of manganese

The copper-manganese pigment-protein complex is
thought to react in the early steps of the Oy-evolving
system of photosystem-I1.

Molecular weight of 65000 Daltons.

Two manganese atoms bound to each protein unit.
The bound manganese is removed by 0.8M Tris-HCl
(pH 8.0).

The incorporation of the manganese protein to
preformed liposomes restores up to 85% of oxygen
evolving capacity.

The manganese protein is thought to be a part of the
water-oxidizing enzyme system.

4,5
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other metallo superoxide dismutases has recently been studied 167). Recently, man-
ganese superoxide dismutases have been detected in plant species including wheat
germ 168) spinach leaves 169), Jerusalem artichoke 179, kidney beans!71), corn179),
mosses and ferms!73), peas 174 and tomato leaves 175). Upon extraction of chloro-
plasts with organic solvents, bound manganese is retained with the aqueous protein
phase. Cheniae and Martin 157) have shown that 54Mn detected in whole chloroplast
suspensions is associated with the aqueous protein material. Due to the unstable
nature of the soluble protein, further characterization was not possible. Since then

a number of workers have reported the isolation of proteins associated with photo-
synthetic oxygen evolution which are enriched with manganese (Table 4). Two groups
of workers have previously reported the isolation of manganese protein complexes
of similar molecular weights, 25,000 Daltons which differ greatly in manganese
content (Table 4, Refs. 1, 2 respectively). It is thought that the heterogenous binding
nature of the total manganese pool may be a contributing factor to the discrepan-
cies132), The manganese associated with the complex is thought to play an impor-
tant role in the structural organization of an active thylakoid membrane. Foyer and
Hall have recently reported a rapid procedure for the preparation of light harvesting
chlorophyll a/b protein complex from a variety of species including spinach, lettuce,
french beans and barley (Table 4, Ref. 3). An assessment of the manganese content
by atomic absorption after concentrated nitric acid digestion indicated a manganese
content of 50—70 ng Mn/g-protein. The e.p.r. silent, bound manganese, could readily
be removed by Tris—HCI, heat or freeze thawing to give free e.p.r. active manganese.
There is a suggestion that the manganese may be involved in a superoxide dismutase
function.

Huzisige et al.17%) first reported a protein which was directly involved in oxygen
evolution. The protein, which was obtained by extraction of spinach chloroplasts
treated with alkaline-Tris HCI buffer, was shown to have a marked effect on oxygen
evolution in depleted chloroplasts. This oxygen evolution factor (OEF), as it was
designated, was shown to accelerate oxygen production only under strong light. It
was suggested that under such conditions another factor, designated X-factor, which
together with the OEF induce oxygen production, is inactivated and that OEF func-
tions to reactivate the inactive form of the X-factor.

The direct involvement of a manganese protein factor in oxygen evolution was
demonstrated by Tel-Or et al. (Table 4, Refs. 4, 5). A low molecular, less than
1,000 D, water soluble factor was extracted from the algae Phormidium luridium.

References for Table 4

. Lagoutte, B., Duranton, J.: F.E.B.S. Lett. 51, 1, 21 (1975)

. Henriques, F., Park, R.B.: Biochim. Biophys. Acta 430, 312 (1976)

. Foyer, C.H,, Hall, D. Q.: F.E.B.S. Lett. 101, 2, 324 (1979)

. Tel-Or, E., Stewart, W. D. P.: Nature 275, 715 (1975)

. Tel-Or, E., Avron, M.: Proceedings of the third international congress on photosynthesis,
1974. (Ed. Avron, M.) Elsevier, Amsterdam, p. 569, 1974.

Holdsworth, E.S., Arshad, J.H.: Arch. Biochem. Biophys. 783, 361 (1977)

Spector, M., Winget, G.D.: Proc. Natl. Acad. Sci. U.S.A. 77, 2, 957 (1980)
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Fig. 6a—c. Proposed models of oxygen evolution involving manganese

1. Holdsworth, E.S., Arshad, J.H.: Arch. Biochem. Biophys. 183, 361 (1977)
2. Renger, G.: F.E.B.S. Lett. 81, 223 (1977)
3. Wydrzynski, T., Sauer, K.: Biochim. Biophys. Acta 589, 56 (1980)
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Intact spheroplasts of Phormidium luridium, evolve O, but when a manganese con-
taining (1 g-atom Mn/51 mol Chlorophyll) ‘Hill factor’ is released from broken
spheroplasts, their O; -evolving capacity is diminished. This latter capacity is restored
when the factor is added back to the spheroplast preparations. In a recent review,
however, Radmer and Cheniae 132) suggest that the oxygen evolution factor or Hill
factor observed by Tel-Or may be some artifact.

The reported isolation of a Cu:Mn (= 4: 1) pigment-protein complex from the
photosystem II of Phaeodactylum tricornutum, a marine diatom, by Holdsworth
et al. (Table 4, Ref. 6) led to a proposed mechanism of oxygen evolution which in-
corporated a manganese-copper redox couple in the water splitting reaction (Fig. 6a).

More recently, Spector and Winget (Table 4, Ref. 7) have reported the purifica-
tion of a manganese containing protein extracted from spinach chloroplasts which
was shown to activate oxygen evolution in reconstituted photosynthetic membranes.
Fractionation of extracted proteins by Na-dodecylsulphate/polyacrylamide gel
electrophoresis and subsequent chromatographic purification (Sephadex G-200/100)
led to the isolation of an active protein with molecular weight of 65,000 Daltons.
The presence of manganese in the protein was confirmed by use of spinach grown
with 34Mn supplementation, and the amount was determined by quantitative man-
ganese analysis using atomic absorption spectroscopy which indicated that there were
two manganese atoms bound to each 65,000 Daltons protein molecule. The 54*Mn
could be released by the usual Tris treatment, leaving a manganese free apoprotein.
Reconstruction of active membranes involved the addition of the manganese protein
to depleted photosomes. These depleted photosomes were shown to catalyze high
rates of photosystem I and II electron transport activity. After reconstitution with the
65,000 Daltons fraction the photosomes catalyzed high rates of methylamine uncou-
pled oxygen evolution. The ability of the 65,000 Daltons protein to restore Hill
activity was lost when it was treated with Tris (pH 8.0), but similar treatment of
photosomnres prior to reconstitution with the protein had no effect. The results
clearly indicate that restoration of oxygen-evolution capacity occurs as a result of
the addition of a manganese-protein oxygen evolution factor.

3.4 Oxygen Evolution and Manganese

The effects of manganese depletion on the photochemical activity of photosystem Il
such as the quantum and flash yields of oxygen evolution, which are 2 measure of

the fraction of the traps which are in the photoactive state and the abundance of

the oxygen-evolving centres respectively, argue for a function of manganese at the
oxidant site of photosystem I1128). Removal of the loosely bound manganese pool,
which comprises two-thirds of the total manganese content, by high concentrations
of Tris—HCI (pH 8.0) results in a 90—100% loss of oxygen-evolving capacity. Between
the limits of the remaining tightly bound manganese pool (one-third of the total man-
ganese content) and the total manganese content, oxygen-evolution capacity in both
strong and weak light was observed to be linear with manganese content. The role of
the more tightly bound manganese pool has not yet been established, although some
contribution towards lamellae stacking or superoxide dismutase activity is likely.
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The removal of the loosely bound manganese pool does not inhibit the photo-
oxidation of artificial electron donors or the electron transport processes of photo-
systems I and II. The mechanism of Tris-induced inactivation of oxygen evolution has
recently been studied 177). At concentrations of 0.8M Tris—HCI (pH 7.6 and 8.0) a
slow rate of inactivation of t,;; = 20—25 min occurs. The process could be accelerated
(t1/2 = 2.5 min) by illumination with weak light of sufficient intensity to yield only
1 hit/System-II trap per 10s and is rate limited by a dark step with a half-time of
about 200s. Chloroplasts inactivated with Tris in the dark could not be reactivated
with either reduced dichloroindophenol (DCIPH, ) or the hydrazones FCCP (carbonyl-
cyanidep-trifluoromethoxyphenylhydrazone) and CCCP (carbonylcyanide-m-chloro-
phenylhydrazone) whereas illuminated chloroplasts when treated with such reagents
were partially activated. As a result of the inactivation of 50—70% of the oxygen-
evolving centres by one short saturating flash it was concluded that minimally one
separation within system-II promotes a state which is susceptible to apparent in-
activation by Tris and loss of oxygen-evolution capacity. It was proposed that as a
result of a one quantum step, S; = S,, the S, state generated could co-ordinate
through a Mn®) jon to a Tris molecule via the amine function of Tris and resulting
in a chemical and/or structural modification of S, .

The inactivation of the oxygen-evolving enzyme by unprotonated hydroxyl-
amine (Table 2, Ref. 5) and ammonia have previously been thought to occur as a
result of the formation of a manganese-enzyme-amine state and in the case of am-
monia co-ordination with the S, and S; states but not with the dark stable S, -
state 178:179)  Dissociation of bound manganese from the Tris modified S, -state
(t1/2 = 200s) gives rise to inactive S-states (S;). Reactivation of the S;-states, by
reinsertion of free manganese(Il), is induced by reactivating reagents that cause the
decay of S, or S3 to lower S-states such as CCCP. The decay of the potentially
activable state (t;/, ~ 175 min) is correlated with diffusion of the unbound larger
two-thirds manganese pool of System-II within the thylakoid into the suspending
medium.

The loosely bound two-thirds manganese pool which is required was estimated
to constitute 4—6 manganese atoms per oxygen evolving centre, although the isola-
tion of a manganese oxygen evolution protein containing 2 manganese atoms has
added supportive evidence to recently proposed models of oxygen evolution involv-
ing manganese 128),

3.5 Models of Oxygen Evolution Involving Manganese

Based on earlier estimates of four manganese atoms per active Photosystem-II,
Govindjee et al. 189 proposed a reaction scheme involving four manganese atoms
which undergo oxidation-reduction changes between manganese(II) and manga-
nese(I]) states as the enzyme cycles through the S-states. In more recent investiga-
tions binuclear manganese protein complexes have become the active centres in
models which illustrate the four electron photo-oxidation of water (Fig. 6a—c).
Holdsworth et al. have proposed a mechanism which involves a 2Mn9/Mn?* couple
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to accommodate the four electrons derived from water which are then transferred

to the photo-oxidized state of P680 (Fig. 6 a). Included in the model is an attempt

to assign a role to the copper found in the pigment-protein complex isolated and

which has previously been outlined in Table 4.

Electron paramagnetic resonance studies showed that upon illumination re-
oxidation of Mn® (or Mn!) and Cul* to Mn2* and Cu?* occurred.

The model proposed by Renger (Fig. 6b) assumes that the reactions occur in
the water splitting enzyme unit Y or Z whose properties could be described by three
postulates:

1. The reactive intermediates of the sequential one step water oxidation to oxygen
are assumed to be stabilized at functional groups which contain Mn as the central
ion.

2. Oxygen is ultimately formed via the oxidation of complexed superoxide by a
1 electron donor M, whose oxidized form M? is stable in the dark. The complexed
oxygen is spontaneously released by an exergonic ligand-ligand exchange with
two water molecules.

3. The preformation of the oxygen bond occurs at the level of hydrogen peroxide,
which is binuclearly complexed by two functional manganese groups.

The complexation of hydrogen peroxide, superoxide and oxygen !81-182) to man-
ganese is thought to occur via direct interaction with metal ion 3 d-orbitals. Addition-
ally it is postulated that a charge delocalization between the central manganese ion
and the corresponding ligand is essential for complexation. The structural organiza-
tion of the water splitting unit is described as containing two manganese atoms at a
distance short enough to allow binuclear complexation for the peroxide and super-
oxide intermediates which are ordered around electron carriers D, and M. D, acts to
connect the water splitting enzyme Y and the oxidizing equivalent generated by
P680-Chlay;. The ground state of manganese is thought to be +2 or +3.

The most recent attempt to deduce the mechanism of oxygen evolution has been
reported by Sauer and Wydrzynski (Fig. 6c). Measurements of oxygen evolution and
proton release together with e.p.r. analysis of the manganese of heat treated chloro-
plasts led to the proposed scheme as outlined in Fig. 6 c. The scheme illustrates the
partial oxidation of water prior to oxygen evolution and the complete oxidation of
two functional manganese(II) ions to the higher manganese(III) state. Charges are
balanced in the Sy &> S§; — S, transition by a hydroxyl and an inorganic anion,
possibly CI~. Kelley et al. 183) have previously suggested chloride ion can bind to a
manganese protein complex. Complexation of a second OH~ (S, - S3) resultsin a
transfer of electrons to the manganese atoms, thus decreasing their oxidation level
and increasing that of the bound oxygens to the level of peroxide. The final step
(S3 = S4 = S) forms molecular oxygen by removing two more electrons from the
oxygen atoms, releasing the remaining two protons and returning the two manganese
atoms to the manganese(II) state. Although higher oxidation states or larger complexes
of manganese are not completely discounted, the proposed scheme illustrates that
only manganese(1l) and manganese(III) states need to be involved in the stabilized S-
state and that water splitting reactions involve hydroxyl ligand partial oxidation in a
manganese-protein complex. With the advent of the recent isolation of a manganese-
protein complex, further investigations may resolve the level of contribution of man-
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ganese to the S-states. Other workers are studying in vivo manganese contributions by
synchroton radiation techniques, although no results have yet become available 59,

The essential component of the models proposed is the nature of the redox state
(S) of manganese. Both electron and nuclear paramagnetic resonance have been em-
ployed in the study of chloroplast manganese.

3.6 EPR Studies of Chloroplast Manganese

Investigation into the functional state of manganese by the e.p.r. method in a number
of cases is made difficult by the fact that the complexing of the ion with low and
high molecular weight compounds leads to the disappearance of the characteristic
six-component e.p.r. spectrum, because of the heavy widening due to the splitting

of the spin sublevels in the zero field on disturbance of the cubic symmetry of the
field about the ion 134,

E.p.r. signals from hydrated manganese(II) ions with g = 2.003 and A= 94.5G
in photosynthetic systems are observable at room temperature in highly native spec-
imens such as leaves, algae and chloroplasts31:185)_ The e.p.r. detectable manganese
is observed by treatment of the cell chloroplasts with conditions leading to displace-
ment of the bound manganese, as manganese(Il) or higher valent e.p.r. non-detect-
able manganese, from the thylakoid into the cell matrix and loss of water splitting
enzyme activity. E.p.r. detectable manganese(II) has been observed in chloroplast
cells treated with Tris—HC] 160,161} high concentrations of divalent cations 184.186)
reductants 184:187) and mild thermal shock 132:188) A detailed account of the e.p.r.
aspects of photosynthesis including the manganese contribution can be found in a
recent review 31,

Gribova and Tikhonov 184 have observed e.p.r. spectra of Mn2*(I) in chloro-
plasts isolated in salt free or salt buffers which significantly differs in peak to peak
separation and relative intensity, from that of the hydrated ion, Mn(H, O)§+(II). The
transition from I==II in a number of cases is induced by light in the presence of re-
ductants.

Blankenship and Sauer 169:161) found that the e.p.r. of free Mn(Il) extracted
from Tris-treated chloroplasts was light sensitive; decaying on illumination and re-
covering in the dark. Lozier et al. 189) had previously observed a similar result with
Chlorella pyrenoidosa treated with chaotropic agents. They concluded that Tris
washing releases part of the bound manganese to the interior space of the thylakoid
and that the uptake of manganese from the external medium is a light driven reac-
tion, but once within the thylakoid, the divalent manganese is incorporated into the
membrane in the dark with resulting loss of e.p.r. signal and reactivation of oxygen
evolution.

Recently Siderer et al. 199 have observed an e.p.r. signal of manganese(Il) ions
in untreated lettuce chloroplasts at room temperature. The spectrum is characterized
by a spin Hamiltonian,

H=gfH-S+AI-S
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with the following parameters: g = 2.003 + .001; hyperfine splitting, A=94.5x0.5G
and an average peak to peak linewidth of AH = 30 G. Intensity measurements were
performed by comparing the intensities of the manganese(Il) signals of two identical
chloroplast preparations, one of which was slightly acidified. The authors obtained a
ratio of control/acidified ~ 0.2. This result is close to the expected relative intensity
of the —1/2 — 1/2 transitions and suggests that the observed signal in the control
chloroplast preparation comes from Mg = 1/2 transitions of bound manganese, rather
than from free manganese(II) ions. A detailed analysis of the e.p.r. (Q and X band)
spectra of single crystals and aqueous solutions of manganese proteins has recently
been reported 121:192)_ These results show that only the — 1/2 < 1/2 transition of
the Mn2* spectra are observed in concanavalin A solutions, corresponding to 0.31 of
the total e.p.r. intensity in good agreement with the 0.26 expected if only M = 1/2
transitions are observed in the manganese(II) protein complex. E.p.r., in conjunction
with n.m.r. (13C, 31P and ! H), techniques using manganese(II) as a paramagnetic
probe have been extensively used in the study of manganese protein binding sites in
a range of protein sources 193-212), Of particular interest has been the investigation
of regulatory and substrate binding sites, and the distances separating regulatory sites
and regulatory sites from substrate sites, of enzymes. Recently the distance between
the two metal ion binding sites designated n, and n, of glutamine synthetase derived
from Escherichia coli, which catalyzes the reaction

2+

L-glutamate + ATP + NH; L-glutamine + ADP + Pi

was deduced from the paramagnetic interaction between manganese(II) nucleotides
bound at n, and chromium(III) bound at site n;. A decrease in spectral intensity of
66% of the bound manganese due to chromium(III) was correlated to a separation
of n, and n, by 7+ 24209),

In an earlier study on normal chloroplast preparation from Chliorelia pyrenoidosa,
Treharne et al.2!3) had observed a manganese(II) e.p.r. signal which was found to in-
crease in intensity in the dark whilst diminishing when illuminated. A free radical
spin signal at g = 2 was observed to increase and decrease in intensity in the opposite
fashion to the manganese(II) signal and at at much faster rate.

Siderer et al. found that illumination of the chloroplasts in the cavity by visible
light causes a reduction in the intensity of the manganese(II) signal by about 80% in
one example. Turning the light off results in restoration of the signal to its original
intensity. A free radical signal at g = 2.0 at the centre of the manganese multiplet
which is generally referred to as signal I and signal II, representing the oxidized form
of P700 and a radical connected with system II, respectively was found to behave
similarly to that observed by Treharne2!3) upon alternate light/dark periods.

A number of treatments and reagents including heat, Tris washing, magnesium
cations, DCMU, artificial electron donors and acceptors and FCCP (carbonylcyanide-
p-trifluoromethoxyphenylhydrazone), were used to study the relevance of the light-
induced change of the manganese(II) signal to chloroplasts’ electron transport activ-
ity. DCMU, which blocks electron transfer from PS II and hence the manganese site
to plastoquinone, was found to inhibit the light effect on the manganese(II) signal.
Heat treatment, Tris washing and incubation with magnesium cations resulted in an
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increase of the dark manganese(II) signal apparently due to release of part of the
bound manganese. The resulting signal was still affected by light. However, the
kinetics of both light and dark reactions were considerably slower after the treat-
ments. The artificial electron donor phenylenediamine affects the light response of
the manganese(II) signal which the authors suggested is most probably due to the
reduction of the oxidized manganese (e.p.r. silent) form to manganese(Il) by phe-
nylenediamine. In the presence of ascorbate (1mM), a 2 electron donor, the light
effect on the manganese(II) signal was completely abolished. FCCP was shown to
decrease the light response of the manganese(Il) signal and at around 3 x 10—4M
completely inhibits the reaction. FCCP has a two-fold role (i) as an uncoupler, and
(ii) as an ADRY reagent (accelerating the deactivation of the reaction of the water
splitting enzyme (Y)). There are three main points that emerge from the above
results:

1. Manganese(II) ions participate in the electron transfer process of the photosyn-
thetic cycle via oxidation-reduction equilibria involving + 3 or higher oxidation
states of manganese.

2. The active manganous ions are bound in an asymmetric environment within the
chloroplast structure, apparently in protein complexes.

3. The effects of the various reagents on the light response of the manganous signal
suggest that its photo-oxidation is associated with photosystem II, the most prob-
able site being the water splitting apparatus.

Recently Siderer and Malkin214) have extended the e.p.r. studies on flash-
induced manganese(II) oxidation in lettuce chloroplasts. A comparison of the am-
plitudes of the manganese(I) e.s.r. signal shows that in a single saturating flash only
~ one-eighth of the manganese which reacted in continuous light was oxidized. Esti-
mation of the manganese concentration in photosystem II gives numbers in the
vicinity of 8 atoms/reaction centre. Thus there is a single manganese(II) oxidation
corresponding to each turnover of the reaction centre, and there is a pool of ~ 8 man-
ganese(II) ions which are oxidized only by continuous light. In a series of 4 flashes,
2.5 S apart with 52 s dark periods before the repetition of the experiment, the
maximal decrease in the amplitude of the manganese signal occurred after the third
flash. Noise levels prevented a clear assessment of the signal reduction after the
fourth flash and hence a correlation between the photo-oxidation pattern of man-
ganese by light flashes and the postulated oxidation changes of manganese(II) in the
S-states as proposed by Kok et al. 136),

Wydrzynski and Sauer?15) have recently reported on the periodic changes in
the oxidation state of manganese in spinach chloroplasts upon illumination with
flashes. The authors investigated the manganese(Il) e.p.r. signal in heat treated chlo-
roplasts in the presence of oxidants and reductants before and after illumination,
either continuous or as a series of brief flashes. By using the peak to trough height
of the manganese(II) hexaaqua signal as a measure of the relative concentration of
detectable manganese released upon heat treatment, the authors had found that pre-
illuminated fresh chloroplast preparations reieased up to 43% less e.p.r. detectable
manganese(II) than preparations kept under dark conditions. The addition of DCMU
and FCCP during the pre-illumination period eliminates any light induced change
in the amount of detectable manganese(II) release. These results implicate the in-
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volvement of photosystem II reactions in the light effect on manganese release. In
order to determine whether photooxidation of some bound manganese(Il) to e.p.r.
non-detectable higher oxidation states or a decrease in the amount of manganese(II)
released as a result of some macro-conformational change is responsible for the
reduction in the intensity of the Mn(I[)(H, 0)2" signal; the chloroplasts were sub-
jected to glutaraldehyde fixation, which prevents possible macro-conformational
changes. Pre-illumination of fixed chloroplasts again exhibited the observed light
effect indicating that the chloroplasts release both detectable manganese(1l) and non-
e.p.r.-detectable higher valent state manganese upon heat treatment.

This high valent manganese is thought to be Mn(III) which undergoes dispro-
portionation in aqueous media as follows: 2 Mn(I1II) - Mn(1I) + Mn(1V). The
addition of H, O, at pH 6.0, but not pH 7.5, to pre-illuminated chloroplasts resulted
in an increase in detectable manganese(II), presumably as a result of manganese(IV)
reduction to manganese(II). The pH dependance of the hydrogen peroxide reaction
suggests that the non-e.p.r.-detectable form of the manganese is MnO, . The light
induced change in manganese release is consistent with a net photo-oxidation of the
bound manganese.

3.7 Proton Relaxation studies of Chloroplast Manganese

Proton relaxation techniques using manganese(1I) as a paramagnetic probe have been
applied to elucidate the environment of protein binding sites216).

In recent years measurements of the enhancement of the longitudinal relaxation
rate, 1/Ty, of water protons by manganese(1I)201,202,204,206,210,211) haye been ap-
plied to the investigation of chloroplast bound manganese. Manganese(II) usually
maintains some water ligands when bound to large macromolecules and the electronic
relaxation of manganese(II) is such that the relaxation rates of the protons in the
solvation sphere are strongly enhanced. Preliminary experiments showed that treat-
ments which affect the amount of bound manganese in chloroplast membranes have
a large effect on the spin-lattice or longitudinal relaxation rate, 1/T; of water pro-
tons217), The addition of reductants such as tetraphenylboron and hydroxylamine
caused a large increase in 1/T,, whereas the addition of oxidants (potassium ferri-
cyanide or 2,6-dichlorophenolindophenol) led to a decrease in this rate, suggesting
that proton relaxation rates (PRR) could be used to detect changes in the oxidation
state of manganese. It was suggested that manganese exists as a mixture of oxidation
states, possibly Mn(II) and Mn(lII), in dark-adapted chloroplasts. In a recent set of
experiments the aqueous suspensions were exposed to a series of intense light flashes
after n of which (n=0,1,2 ... 20) the proton transverse (spin-spin) relaxation rate,
1/T,, was measured 218)_ The response of 1/T, to light flashes was found to be very
similar to that of oxygen evolution, both sequences exhibiting a damped oscillation
with a periodicity of four flashes. The oscillatory pattern of 1/T, does however have
some significant differences which the authors and others !32) have outlined. Minima
in the relaxation rates for example occur after the 4th, 8th, 12th, etc. flashes whilst
minima in the oxygen yield occur after the 6th and 10th. It is thought that the
differences in 1/T, and oxygen yield patterns can be attributed to the fact that the
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relaxation rates may differ significantly for each of the various S-states, whereas
oxygen evolution only takes place during the S, = S, transition. Some caution has
been expressed by Lawrence et al. 181) on the interpretation of the proton relaxation
effects since these rates may be sensitive to many factors other than manganese.

In a more recent investigation of proton and oxygen-17 nuclear magnetic reso-
nance relaxation rates (T ! and T; ') of aqueous suspensions of dark adapted chlo-
roplasts, it was concluded that T{! and T3 ! are determined largely by the loosely
bound manganese present in the chloroplast membranes219. Gol’dfel’d et al.3!» 229
report similar findings and conclude that the contribution of bound manganese
depends on the state of the chloroplast, in particular, the state of the system of
photo-oxidation of water. Wydrzynski et al.2'®} found that the effects of oxidants
(e.g. ferricyanide) and reductants (e.g. tetraphenylboron) on the proton relaxation
rate indicate that only about one-third to one-fourth of the loosely bound manga-
nese is present in the dark adapted chloroplasts as manganese(Il}, the remainder
being in a higher oxidation state (S) probably manganese(III).

3.8 Effect of Chloride Ion on Oxygen Evolution

Firm evidence for a specific function of chloride in reactions closely associated with
oxygen evolution was first provided by Izawa221). The addition of chloride (~ Smm)
resulted in a 4- to 10-fold stimulation of oxygen evolution of chloroplasts depleted
of chloride and uncoupled by EDTA. Alternatively it is thought that chloride might
protect against photoinactivation by enhancing electron transport between P680 and
H, 0 oxidation, thereby removing the deleterious oxidants of system I1132),

The interaction of chloride with manganese(II} has been implicated by recent
e.p.r. studies of a number of plant species including cypress needles???_ The e.p.I.
spectra show the typical sextet pattern for high spin manganese(Il) centred at
g =~ 2.02. The signal also shows quartet splitting arising from interaction with nuclei
of I=3/2. Both chloride and copper(Il) have I = 3/2, however the observed quartet
splitting is thought to derive from a Mn—Cl interaction. Chloride replacement by
fluoride (1 = 1/2) resulted in doublet splitting thus confirming a Mn-halide linkage.
Gol’dfel’d and Blumfeld®" suggest that the Mn—Cl complex in photosynthetic mem-
branes is a product of the partial catabolism of the water-splitting active structure, which
can accumnulate in sufficient quantity only in certain species. The manganese(1I)-
chloride complex is thought not to be identical with the water-splitting complex
itself, however this end product of degradation preserves some features of the initial
structure and indicates the presence of the Mn—Cl link.

Recently Kelley and Izawa 183) have measured the rate of oxygen evolution
(using silicomolybdate and 2,5-dimethyl-p-benzoquinone (DMQ) in tobacco chloro-
plasts and ferricyanide in spinach chloroplasts as artificial electron donors) of EDTA
uncoupled, functionally chloride depleted chloroplasts in the presence of several
inorganic and organic anions. The order of effectiveness of the anions to restore
oxygen evolving capacity was found to be as follows:

ClI~ >Br~ >NOj =1~ > HCOO~ >HCO3; >F~ (no effect) .
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Acetate was found to be totally ineffective as were other di- and trivalent anions
such as citrate, oxalate, succinate and tartate in activating oxygen evolution capacity
of chloroplasts depleted of anions. It was suggested that the site of chloride involve-
ment is on the water side of PS Il and the step requiring chloride is one which is
specifically associated with the water-splitting mechanism. The authors dismiss the
possibility that the role in water oxidation is to act as a counter ion to enable the
internal release of protons as the model proposed by Wydrzynski et al. Fig. 6¢
suggests, since the photooxidation of hydrogen peroxide by PS II does not require
chloride. Alternatively a proposal was put forward which suggested that chloride is a
cofactor of an enzyme involved in oxygen evolution and that it plays a prominent
role in preventing enzyme deactivation by hydroxylamine by binding to the manga-
nese enzyme, and that this ligand binding somehow alters the susceptibility of the
enzyme to hydroxylamine attack.

Recent investigations have shown that chloride depleted cells treated with
exogenous manganese(I) show a 50% reduction in Hill activity which can achieve
100% reduction when illuminated with red light 223). The addition of chloride at
concentrations less than ~ 1mM to chloroplasts prior to manganese(II) treatment
prevents loss of Hill activity by a process which does not involve complexation of
the free manganese(Il) ions. The exogenous manganese(Il) inhibits the oxygen evolv-
ing mechanism but does not affect the reaction centre of photosystem IL. Further-
more the manganese(II) sensitive step and the chloride requiring step are closely
related to each other. It is proposed that chloride binds directly to a chloride free
temporarily non-functional enzyme, E¢, which is involved in oxygen evolution:

E¢+CI- = E-CI™ .

Inhibition by exogenous manganese(Il) is thought to occur as a result of attack of

E¢, but not the chloride enriched form, by manganese(II). In order to explain the
50% inhibition of dark adapted chloroplasts it is suggested that the chloride defi-
cient enzyme exists in two different oxidation states (about 50% of each state),

Ef req and Eg oy, and only the more oxidized form, E¢ o, is sensitive to manganese(1I).
The inhibition is thought to involve reduction of the oxidized form by manganese(II)
which is irreversible and does not allow attack and reactivation by chloride ions.
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A. Introduction

Carbonic anhydrase (CA) is a rather popular metalloenzyme, easy to handle, rather
stable under a wide range of experimental conditions, and investigated with a large
variety of techniques.

Excellent review articles are available which devote their major attention to the
native enzyme'™®. In the recent years a number of papers dealing with physical chemical
measurements of metal substituted derivatives of CA have appeared. Information have
been obtained for example through electronic spectroscopy of chromogenic ions, EPR of
paramagnetic ions, NMR of nuclei nearby the paramagnetic centers or directly of the
metal jons which have a nuclear magnetic moment like >Cd.

The presence of the paramagnetic center or of the magnetic nucleus allows us to
monitor the chemical properties of the moiety constituted by the donor atoms and the
metal ion 1) as they depend on pH; 2) as they change upon interaction with the
inhibitors; 3) as they change along the catalytic pathway with natural or artificial sub-
strates; 4) in comparison with the chemical properties of simple inorganic compounds.
The aim of the present article is to survey the meaningful results obtained in this area as
compared with the known properties of the native enzyme.

B. The Native Enzyme

The enzyme is widespread in tissues of animal and vegetable species as well as in bac-
teria"™'). Mammalian blood contains about 1-2g/l of carbonic anhydrase'®?? and, since
human and bovine blood are easily available, the large majority of the literature data is
concerned with enzymes from the above sources. In mammalian red cells the enzyme is
constituted by a monomeric polypeptide of molecular weight around 30,000 and contains
a single zinc(Il) ion per molecule which is essential for the catalytic activity??.

Several isoenzymes have been so far identified within each species: three different
isoenzymes are present in human erythrocytes, which are labelled HCAA, HCAB, and
HCAC, with a relative abundance of 5, 83, and 12% respectively® ) and two major
components (BCAA and BCAB) in bovine erythrocytes?”. Man is among a few animal
species in which the isoenzymes are differentiated by large variations in catalytic activity;
as a matter of fact the low activity forms A and B seem to be a later product of evolution,
while the C form more closely resembles those found in other mammals®). The primary
structure is known for both the B and C isoenzymes (Fig. 1)*. Despite the several
changes in the aminoacid components on passing from human B to human C or bovine
isoenzymes®"¥, many oligomers in the polypeptide chain remain unaltered®, so that
the secondary and tertiary structure is almost the same in all isoenzymes*). Therefore we
will still refer to carbonic anhydrase as a single chemical species, unless there is a need to
stress the differences between the various isoenzymes.

In the last decade X-ray data began to appear on carbonic anhydrase, and the X-ray
structure is now resolved for several isoenzymes at about 200 pm nominal resolu-
tion*>*®. From these data the rugby ball shape of the molecule, the large region of rigid 8
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structure whose strands run all across the central part of the molecule, involving more
than one third of the aminoacids, and the almost central position of the metal ion, sitting
at the bottom of a roughly conical cavity about 1.5 nm deep, (Fig. 2), were soon appa-
rent.

1. Around the Active Site

For a better understanding of the properties of the enzyme including the possible
stereochemistries of the metal ion, the catalytic mechanism and the interactions with
inhibitors, a closer inspection of the metal ion environment is needed. High resolution X-
ray data*™*® show that the basis of the active site cavity is constituted by four strands of
the f§ structure indicated by y, 4, ¢, and § (Fig. 2); His 94 and 96 from strand ¢ and His
119 from strand ¢ coordinate the zinc ion, the former two with the nitrogen in position 3
and the latter with the nitrogen in position 1. His 94 is a little bit further than expected for
regular coordination, the metal lying also some 30° out of the imidazole ring plane. In
Table 1 the metal-nitrogen distances and the bond angles are reported; if allowance is
made for the large errors on the bond distances and presumably more on the angles,
these data may appear to be consistent with a pseudo-tetrahedral structure. A fourth
weak electron density is observed in the vicinity of the zinc atom; it is assigned to a water
molecule or a hydroxide ion, since it is poorly connected with the protein backbone. The
resultant coordination polyhedron is represented in Fig. 3.

Outside the first coordination sphere of the metal ion, the first important feature
encountered is the OH group belonging to Thr 199, which is almost opposite to His 94

Fig. 2. Secondary and tertiary structure of human carbonic anhydrase C. The cylinders represent
the a helices and the arrows the strands of the § structure. The zinc atom together with its histidine
ligands is also shown
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Table 1. Metal nitrogen distances and bond angles in human carbonic anhydrase C?

R (pm)
N (His 94) 240 Ngg = Zn — Ngg = 117°
N (His 96) 200 Ngg = Zn — Ny = 113°
N (His 119) 200 Ngg — Zn = Ny = 121°

? Based on Ref. 48

Fig. 3. Coordination polyhed-
ron of the zinc atom in human
carbonic anhydrase C showing
the reciprocal orientation of the
three histidy! ligands and the wa-
ter molecule

Fig. 4. Pictorial representation
of the active site cavity showing
the residues in close proximity of
the zinc atom which are common
to all the human and bovine
isoenzymes
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and within hydrogen bonding distance to both the metal coordinated water molecule and
the carboxyl group of Glu 106, the latter being part of the fragment connecting 6 and ¢
strands and almost buried behind the bottom of the cavity. By further moving towards
the outside of the active site other residues of interest are encountered, namely His 64
and Gln 92. Figure 4 is a pictorial representation of the inner part of the cavity, showing
the reciprocal orientation of all the above mentioned residues. All of them are present in
all the carbonic anhydrase isoenzymes. The overall shape of the cavity is slightly different
in human B and C isoenzymes, owing to the presence of different residues in that area:
the most significant differences are at position 67 and 200 (Fig. 1). In particular in the low
activity human B isoenzyme two more histidines are present in the place of Asn 67 and
Thr 200. This reduces the volume of the cavity available to the solvent and to solute
molecules. The bovine isoenzymes are strictly similar to the human isoenzyme C*).

Several chemical modifications have been successfully performed on carbonic anhy-
drase’™*®. The human B form can be carboxymethylated at His 200°" while human
carbonic anhydrase C has been carboxyketoethylated at His 64°9.

AN AN
N° NH + ICH,C00~ Pt N-CH,C00- + H* + I~
7N . N

N NH + BrCH,CO0-COO- ——— N~ N-CH,-CO-COO- + H' + I

All of these manipulations cause drastic reduction but not complete removal of
catalytic activity’®>®), suggesting that none of the above residues are essential for the
catalytic process. This is not unexpected for His 200 which is present only in human
carbonic anhydrase B, since it is reasonable to assume a common catalytic pathway for all
the isoenzymes and therefore common residues to be involved in the catalytic steps
should be looked for.

¥

II. Catalysis

Since the first description by Meldrum and Roughton in 1932% of an enzyme in blood
able to catalyze the reversible hydration of CO,, which they named carbonic anhydrase,
no other physiological function has been discovered for this enzyme. Only in the sixties
other activities®* have been found “in vitro”, such as hydrolysis of esters®”® and

sultones®® and hydration of aldehydes®?,

CO, + H,0 = HCO, + H* (1)
R-COOR’ + H,0 = RCOO- + R'OH + H* @)
RSOR’ + H,0 = RSO, + R'OH + H* 3)

RCHO + H,0 = RCH(OH), 4
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A large amount of experimental work has been done through different kinetic techniques
to elucidate the effect of the enzyme on reaction (1), although discrepancies have been
registered among the published data.

The first, uncontroverted point to be stressed is the extremely high efficiency of the
enzyme. The uncatalyzed first order rate constant for the hydration reaction is around
3 x 1072 57!, although above pH 10 the reaction CO, + OH™ == HCO;~ predominates
with a second order rate constant of 8.5 X 10° s™! #7); at neutral pH the enzyme is able
to enhance the hydration rate by a factor of 107 *®®. The second experimental evidence is a
drastic pH dependence of the catalytic efficiency: the hydration activity increases and the
dehydration activity decreases with increasing pH>*'. The pH rate profiles for both
functions are roughly of sygmoidal type at least in buffered solutions and in a limited pH
range; they have been taken as indicative of a single acid-base equilibrium in the active
site whose pK,, however, ranges from 6.1 to 8.4 depending on the experimental condi-
tions and the particular isoenzyme used®'*), The overall catalytic rate at a given enzyme
concentration depends on two factors:

1) the Michaelis constant, Ky, which determines how many substrate molecules at fixed
enzyme concentration are undergoing the catalytic process.
2) The rate of the catalytic process when the enzyme is fully saturated with the substrate,

which is called Vi,,,.

In the case of the hydration reaction Ky has been shown to be independent of pH
whereas Vi, is not'?-1%); the observed pH dependence of the catalytic rate is therefore
attributable to the latter parameter. In the case of the dehydration reaction conflicting
reports have been published®: 1% 19); however at least in the case of the bovine enzyme it
has been shown that the only pH dependent parameter is again V,,,, 1%

The above data have lead to the common statement that the “acidic form” of the
enzyme is required for the dehydration, and the “basic form” for the hydration reaction;
this is incorrect and violates the thermodynamic definition of the enzyme'™”, unless it is
stressed that the reaction

CO, + H,0 = HCO;™ + H*

involves a proton, which can be bound to the enzyme at some step of the catalytic
pathway

CO, + H,0 + E = HCO;™ + EH* = HCO;” + E + H*

where EH™ and E represent the acid and basic forms of the enzyme.

While this simple view held for a long time, and has been undoubtedly useful in
rationalizing many of the enzyme chemical properties, several more subtle
effects™ 1% 11 112 remained unexplained and lead to more complex theories. Recently
thorough studies of isotope effects on the kinetic parameters have lead to the postulation
of the existence of a second ionizing group!” ''*117) a5 well as the occurrence of an
internal proton transfer during the catalytic pathway; the role of buffers in accelerating
the interconversion between EH* and E is also becoming apparent™ !7-13); this inter-
conversion becomes the rate limiting step for buffer concentrations lower than
1073 M),

The other hydrolytic activities of carbonic anhydrase seem to follow the same pH
dependence as the CO, hydration®: 71-774.87.126), since the ester hydrolysis is much
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easier to follow experimentally, the hydrolysis of p-NO, phenylacetate has become a
widespread assay method for carbonic anhydrase®® %77, Although not definitely proved,
the reactions 1 through 4 are likely to involve the same catalytic groups. It should be
noted that the aldehyde hydration reaction does not require the release of a proton. The
observed increase of the activity at high pH® 29 is thus related to the increase in
concentration of the alkaline form of the enzyme; the latter must be therefore considered
the only active enzyme species. Unfortunately, there is no way to check this hypothesis
by studying the dehydration reaction in this case.

1I1. Inhibition

Carbonic anhydrase is reversibly inhibited by a large number of simple anions, which are
summarized in Table 2. All of them are non competitive with respect to the hydration
reaction® ™" i.e. they bind the protein at a different site from that of CO,. The apparent
affinity constants of anions for the enzyme as a whole decrease with increasing pH'®.
Several authors® 149 stated that the pH dependence of the affinity constants of the
anions is sygmoidal with a pK, around 7 like that of the group controlling the catalytical
activity and proposed the following scheme to account for the observed pH dependence.

K,
FH' —E )
K, 1L + ; Kapp = KI —_I(—— (1)
Ebl-I 1+ [—Hi_]

Recently!* accurate investigations on the cobalt(II) substituted CA pointed out that the
affinity of the anions in absence of buffers becomes larger and larger as the pH is
lowered, the resuiting dependence of K,,, being no more represented by a sygmoid
curve. However, if the range of pH investigated is restricted, and if the experiments are
performed in the presence of interacting buffering species, as were the cases referred by
the previous authors, the apparent affinity constants follow with reasonable accuracy a
sygmoidal dependence on pH. When the concentration of the anion is pH dependent
because it is the conjugated base of an acid with a pK, falling in the pH range of interest
(6-10) the profile of K,p, against pH is bell shaped®; for example the apparent affinity
for the enzyme of cyanide (as a substance), will decrease at low pH because the concen-
tration of the CN™ ion decreases according to the value of pK, of HCN = 9.3 (Fig. 5).

In such cases the maximum of the bell shaped profile of K, with pH falls at pH =
172 (pK,; + pKaz) were 1 and 2 refer to the enzyme and to the inhibiting species respec-
tively®. K,pp can be expressed as

1 1

Kapp = Ki = K, : . [ (2)
[H*] K.,

EH* XE4+H

HI % ew

EH* + " = EH-I
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1 1 1 1 1

6 7 8 9 10 n
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Fig. 5. pH dependence of the apparent affinity constants of hydrogen sulfide and cyanide for bovine
carbonic anhydrase

Is should be noted that in principle the same pH dependence of K.y, is expected if the
alkaline form of the enzyme (E) reacted with the neutral form of the inhibitor (HI)

E+H = E-HI

Aromatic sulfonamides constitute another important class of carbonic anhydrase
inhibitors, generally showing high affinity towards the enzyme (see Table 2)!46-19; their
inhibition is also of non competitive type and the pH dependence of their apparent
affinity constants is bell shaped like that of cyanide'>?. Although no conclusive evidence
has been reached on the nature of the sulfonamide-enzyme adduct'* > many experi-
mental data suggest that sulfonamides bind the metal as anions'®> 14151 153-158)  The
existence of strong hydrophobic interactions between the aromatic moiety of sul-
fonamide molecules and the protein part of the enzyme has been also shown*! 12159,
Kinetic studies have shown that the association rate displays the same pH dependence as
the thermodynamic constant’®). On the assumption that the reaction is a first order
process the thermodynamic constant is given by the ratio betweeen the association and
dissociation rate constants. This implies that the pH dependence of the affinity is gov-
erned by the association rate.

It should be noted that sulfonamides, as well as some of the anions reported in
Table 2, like NO;™~ or ClO,~, are very poor coordinating agents for metal ions in aqueous
solution® 199, However, there is no doubt that inhibitors do bind the metal ion in
carbonic anhydrase (vide infra). In particular infrared studies on the N3~ adduct of
BCA! Y showed that the asymmetric stretching mode of the bound anion was strongly



Carbonic Anhydrase 55

shifted with respect to the free anion absorption, indicating a direct binding to the metal.
3C NMR investigations of cyanide ion in the presence of HCAB and BCA'? demon-
strated that the carbon atom of this ion is directly bound to the zinc. Several 3C]'63165
and $'Br!%> 169 nuclear relaxation enhancement studies indicated again a direct interac-
tion of these ions with the zinc atom. Finally, EXAFS studies allowed to determine a
zinc-iodide distance of 265 pm in the lyophylized iodide-BCAB adduct'®). A further
evidence of direct interaction between the inhibitors and the zinc(II) ion comes from the
observation that removal of the zinc from carbonic anhydrase drastically reduces the
affinity of inhibitors®.

Neutral molecules other than sulfonamides generally show little affinity for the
enzyme, and somewhat puzzling behavior. Aniline apparently binds the acidic form of
the enzyme'?’- %1 while methanol binds the basic form, although it is possible that the
latter does not bind the metal'” "), Imidazole is not an inhibitor of the high activity
bovine and human C isoenzymes, while it inhibits the low activity human B
form!%2: 19139172 Fyrthermore, imidazole has been reported to show competitive
behavior and, apparently, do bind both the low and high pH forms!® 105139

Up to now no mention has been made of the nature of the ionizing group or groups
controlling the pH dependence of inhibition and catalytic activity. While this point will be
discussed in the following sections, we simply list here the possible candidates:

1. the zinc bound water molecule® '™ whose presence is inferred from the X-ray
data®*®

2. one of the coordinated histidines which would ionize to imidazolate anion

3. a non coordinated histidine (e.g. His 64) whose pK, is around 7'"®

4. a glutammic residue (namely Glu 106) which could loose a proton through the hydro-
gen bonding net which links it to Thr 199 and to the zinc bound water molecule'™.

174-177)

C. Metal Substitution

The zinc(II) ion can be removed from the enzyme by lowering the pH down to 5 and by
addition of zinc chelating agents, to yield an almost inactive apoenzyme™: 135 180-183)
Extensive studies on the kinetics and thermodynamics of the process

apoenzyme + Zn>* = native enzyme

as well as its pH dependence have been carried out!'® 18187 the results are summarized
in Table 3. The data are qualitatively consistent with a tridentate behavior of the protein
ligand with respect to Zn?*.

The apoenzyme is able to bind a number of different metal ions, such as VO**, Mn?*,
Fe?*, Co**, Co®*, Ni?*, Cu**, Cd** and Hg?* in a 1:1 ratio!" 181919 (Taple 3).
Difference electron density maps have shown that Co?*, Cu**, Mn?*, are bound essen-
tially in the same place as the native zinc(II) ion"“1%). The mercury atom in the
dichloromercury(II) derivative is displaced by about 60 pm from the Zn(Il) position'®®.
Besides the above reported metal ions, Fe’*, Pb**, Be?*, Mg?*, Ca’* and Ba’* have also
been tested'® 1% for their ability to reconstitute a catalytically active enzyme. Only the
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Table 3. Stability constants and kinetical data for some metallocarbonic anhydrases

Log K (M™) kg (s7)? ke M7

ZnBCA lg.g;g;; 1x108)¢ 1.5 x 10 10 ¢
ZnHCAB'™® ¢ 10.5
CoBCA'® ¢ 6.0 1.2 x 107 72 % 107}
CoHCAB'® ¢ 7.2

190) £ 1.1 x 10738 9.08
MnBCA 3.3 3.5 x 107¢* 56"
MnHCAB® ¢ 3.8
VOBCAYY 11.4 6.8 x 107!
CuHCAB® ¢ 11.6
NiHCAB'™ © 9.5
CdHCAB'™ © 9.2
HgHCAB® ¢ 21.5

® Rate constant for the dissociation of the metallocarbonic anhydrase; ® Rate constant for the
formation of the metallocarbonic anhydrase; © at pH 5.0; ¢ atpH 7.0;¢ at pH 5.5; " at pH 5.9; 2 at
pH 6.25; " at pH 7.75; " at pH 8.5; ' at pH 7.9

Table 4. Relative enzymatic activities of some human metallocarbonic anhydrases®

Hydration of CO, Hydration of p-NQO,
phenylacetate®
ZnHCAB 100 100
ZnHCAC 294 270
CoHCAB 56 322
CuHCAB 1 18
NiHCAB 5 12
MnHCAB 4 14
CdHCAB 4 7
HgHCAB 0 3

* Based on Ref. 132; ® At pH 7.5. At alkaline pH the cadmium derivative displays 30% of the
ZnHCAB activity!®?

cobalt(Il} ion is able to give rise to a derivative with activity comparable to that of the
native enzyme, the other metalloderivatives being less than 10% active (Table 4). The
catalytic activities towards CO, hydration and ester hydrolysis do not strictly parallel
each other™ %), A possible source of error in determining the catalytic efficiency of low
activity derivatives can be the presence of impurities of native zinc enzyme; it follows that
some of the smallest numbers of Table 4 should be taken as upper limit values. The
catalytic activity of the cobalt(I) derivative shows a roughly sygmoidal pH dependence
similar to that of the native zinc enzyme, the pK, being also quite similar'*”. A sygmoidal
behavior is found for some of the less active derivatives but, generally, higher pH values
are required with respect to zinc and cobalt enzymes to obtain measurable effects'> 1),
Inhibitors of the native CA often act as ligands of the metallosubstituted derivatives; they
still display their inhibiting properties of the residual activity.
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D. Water Proton Relaxation

In order to propose any reasonable mechanism for the catalytic action of CA it is of
primary importance to check the presence and the number of water molecules in the
coordination sphere of the metal in enzyme solutions.

Since most of the enzyme properties have been found to be strongly pH dependent, it
would be desirable to ascertain independently the presence of solvent molecules bound
to the metal ion all over the pH range of interest, their possible acid/base properties, and
their interaction with metal binding inhibitors. Substitution of the native zinc(II) ion with
paramagnetic 3d metal ions among those listed in the preceeding section allows NMR
techniques to be applied to the elucidation of the problem: the approach is essentially
based on the strong coupling between water protons and unpaired electrons of a para-
magnetic metal ion, which causes sizeable shortening of the ligand nuclear relaxation

times.

In order to detect the presence of water in the coordination sphere of the metal in the
enzyme by measuring the water proton relaxation times two main conditions must be
fulfilled"”1%);

1. The exchange time of the water protons from the paramagnetic site to the bulk
solution is smaller than the relaxation times they experience in the metal coordination
sphere;

2. The relaxing capability of the metal ion is high enough to give measurable effects
when averaged over the total number of water protons in solution.

Early data on cobalt(II) substituted bovine and human carbonic anhydrases did reveal
the presence of exchangeable protons in the metal coordination sphere at alkaline pH>,
in agreement with the X-ray structure of the crystalline native enzyme prepared at pH
8.7; however, the paramagnetic effect decreased by decreasing pH, leading to the sugges-
tion that in the acidic form of the enzyme water was not in fast exchange with the bulk
solution, or not coordinated at all. This result raised a major debate, which is still alive,
on the validity of the simplest model for the active site ionization, i.e. the deprotonation
of the coordinated water molecule.

Analogous results were later obtained on the manganese(Il) derivative!*2'D; the
paramagnetic effect was only present at high pH, and was again considered to be consis-
tent with a metal bound water molecule rather than with a hydroxide ion.

Thorough studies of the water proton relaxation in the presence of bovine carbonic
anhydrase substituted with a number of paramagnetic metal ions'*® 43201210 anqd at
various magnetic fields'?2%%-211-212) ' have allowed to obtain a more complete picture of
the behavior of water in the metal coordination sphere upon pH variations and inhibitor
binding. The longitudinal relaxation rates, T,™", for water protons in the presence of
several metallosubstituted carbonic anhydrases as a function of pH are reported in Fig. 6:
it appears that exchangeable protons are present in the coordination sphere of all the
metal derivatives investigated. The large difference in the observed 'H T, ™! values for the
various metal derivatives is not unexpected, since the relaxing capability is strictly related
to the metal electronic relaxation times, as will be discussed later.

At variance with the earlier results, no major pH dependence is detected in any of the
derivatives investigated, provided that the enzyme solution is free from anions. As a
matter of fact the earlier data®®® on cobalt carbonic anhydrase were altered by the
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presence of sulfate!®20%207.210 " which binds the metal ion at low pH as such or as
HSO,~ 29 and probably removes the water molecule. The decrease of the paramagnetic
effect at low pH previously observed in the manganese derivative!®® ! was probably due
to dissociation of Mn2* ions from the protein, consistent with the relatively low stability
of the complex; if more concentrated solutions are used, and the contribution of the
above equilibrium is taken into account, exchangeable protons can be detected all over
the pH range 6-10%9.

If the T, ! values reported in Fig. 6 are diminished by the relaxation rate measured in
solutions containing equal amounts of diamagnetic zinc enzyme, the quantity obtained,
Tlp'l, represents the neat contribution of the paramagnetic center to the proton relaxa-
tion rate, which can be expressed by the Solomon, Bloembergen and Morgan (SBM)
equation?>219);

£ ., K ,
';Tlp '=Tim 1=rTf(fc) + K'f(r.)

where f is the molar ratio between the water protons and the enzyme and n is the number
of protons interacting with the paramagnetic center at distance r; K and K’ are products
of physical constants; t. is the electronic relaxation time of the metal ion and 7, is a
correlation time which is related to 7. and to the rotational time of the complex, z,,
through the relation; 7.”! = 7,”! + z,”!. The rotational time of a macromolecule of the
size of carbonic anhydrase is of the order of 107%!%, while the electronic correlation
times 7, range between 1078 and 10~3s for the metal ions investigated'*”'7. Therefore 7,
is determined by the latter term. From the above equation it would be possible, in
principle, to evaluate the number of protons n in the coordination sphere of the metal;
unfortunately, there are too many parameters in the equation which are only approxi-
mately known to be confident of the numerical result, although there are attempts in this
sense reported in the literature'®. Presently, it can only be stated that the presence of
two protons, i.e. of a water molecule, can be consistent with the obtained data. The f(z.)
part of the SBM equation is reported in Fig. 7 as a function of z.. The dots represent the
values obtained from the experimental data on the different metal derivatives on the
assumption that a single water molecule is bound with metal-hydrogen distance of
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Fig. 7. f(z.) part of the SBM equation as a function of r.. The dots represent the f(zr.) values
obtained from the relaxation data on the various metal derivatives by assuming r = 280 pm and
n = 2 {(n = 4 in the case of NiBCAB)

280 pm (in the nickel(II) derivative two water molecules are assumed to be bound, vide
infra). The 7. values obtained are consistent with the usual values of the electronic
relaxation times of the above metal ions, and thus in qualitative agreement with the
above hypothesis.

The pH independence of the paramagnetic effect is apparently in favour of the
presence of a water molecule all over the pH range, since a decrease at high pH would be
expected upon ionization to a hydroxide ion, if the other parameters in the equation
remain the same. However, a 14% decrease in metal-proton distance in the hydroxo
complex would be enough to counterbalance the loss of a proton in the total relaxation
effect. On the other hand, it is known that coordinated hydroxide ions display much
longer exchange times as compared to water molecules’*?? and therefore a metal
bound hydroxide would not contribute to the water proton relaxation, unless hydrogen
bonding of the hydroxo group with a second sphere water molecule provides a pathway
for hydrogen exchange; such a mechnism has been proposed to occur in simple inorganic
complexes?® %Y, Finally, there is the possibility of addition of a hydroxide ion at high pH
without displacement of the water molecule, increasing the metal coordination number
from four to five; an increase in the number of protons from two to three could easily be
masked by variations in r and/or in the electronic relaxation times of the resulting
chromophores. Relaxation rates of 'O would in principle be capable of sheding light on
the problem. However, no significant differences in water 7O relaxation rates were
observed between zinc and cobalt substituted carbonic anhydrase®” indicating that
owing to the large water to metal ratios the neat contribution of the paramagnetic center
is small as compared to other relaxation mechanisms experienced by 'O in protein
solutions (see Note Added in Proofs 1).

The water proton relaxation could also be used to ascertain the presence of water in
the metal coordination sphere of the inhibitor derivatives of some metallo carbonic
anhydrases allowing definition, in some cases, of the stereochemistries and coordination
numbers (see following sections).
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E. The Coordination Around the Metal Ions

The knowledge of coordination numbers and stereochemistries of various metal deriva-
tives may be relevant with respect to the donor properties and flexibility of the active
cavity. The relevance is particularly evident in the case of the active cobalt derivatives
whose results can be transferred to the native enzyme with some confidence. A compari-
son of the stereochemical differences among the various metallo substituted derivatives
as related to their catalytic efficiency may also be meaningful. A further point of interest
is the stereochemistry of the adducts of the various metallosubstituted carbonic anhy-
drases with the molecules which act as inhibitors of the native enzyme. In general the
comparison of the physical chemical properties of all the derivatives of each metallo
substituted CA is by itself quite helpful in understanding the coordination chemistry of
the compounds.

1. Stereochemistry of the Cobalt(1l) Derivatives

The electronic absorption spectra of CoCA in the range 8 — 23 x 10° cm™ are well
shaped and strongly pH dependent (Fig. 8)'3- 136 1923 The profile of the absorption at
15,600 cm™! against pH (Fig. 9) shows that more than one acid base equilibrium is
capable to affect the electronic spectra, although the effect of one equilibrium is predo-
minant over the others”*2®), The pK, of such equilibrium is located between pH 6 and
pH 7.7 depending on the particular isoenzyme.

<4400
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Fig. 8. Electronic absorption spectra of COBCAB in unbuffered solutions at pH 5.8 (----- ) and 8.8
—)
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Fig. 9. Electronic absorption spectra of CoBCAB (a) and CoHCAB (b) as a function of pH.
a: unbuffered solutions at pH 5.8, 6.0, 6.3, 6.7, 7.3, 7.7, 7.9, 8.2, 8.8, in order of increasing &;s¢;
b: 1072 M HEPES buffered solutions at pH 6.1, 6.6, 7.1, 7.8, 8.3, 8.6, 9.5, in order of increasing
£5.6. The full lines represent the spectra obtained at the middle and at the end of the titrations. The
insets represent the intensity of the 15.6 cm™ x 107* d-d transition as a function of pH. The solid
lines are calculated assuming a single pK, of 6.6 (a) and of 7.35 (b), respectively



62 I. Bertini et al.

These spectral changes have been assigned as due to the presence of anionic species
which act as inhibitors and can be present as impurities even after exhaustive dialysis?%).
This interpretation which requires water always being coordinated as such in the enzyme
finds further support in the constancy of the 'H relaxation rates of the cobalt enzyme with
pH and has been claimed to be consistent with all the experimental data available in the
assumption of a single active enzyme species. The studies in our laboratory have estab-
lished™* 2 that the electronic spectra are reproducible and substantially independent of
the presence of impurities and even of the buffering species, as long as they are very large
molecules like HEPES (N-2-Hydroxyethylpiperazine-N'-2-ethanesulfonic acid), which
presumably cannot enter the active cavity.

The spectra at pH 5.8 and 8.8 referred as the spectra of the acidic and basic forms
respectively, are quite different either with respect to the energy of the absorption
maxima and to the molar absorbance. Lindskog et al. demonstrated that the compound
as well as its inhibitor derivatives are high spin with three unpaired electrons?”?®_ In
every case the electronic spectra show at least one absorption with ¢ > 100 M~! cm
(Table 5); therefore on this basis the possibility that the chromophores are six coordi-
nated can be ruled out’®. The only stereochemistries consistent with these data are the
pseudotetrahedral and the five coordinated'®?. The presence of several absorption max-
ima in the electronic spectra of the enzyme derivatives suggests also that either the
tetracoordination or the five coordination occur in highly distorted chromophores. In the

-1

Table 5. Spectral data for some cobalt(II) bovine carbonic anhydrase derivatives

Inhibitor Band energy (cm™! x 1073) and molar absorptivity (M~ cm™)

pure enzyme at pH 5.9 8.2(47), 10.5(13)sh, 15.6(100), 16.2(135), 18.1(250), 19.2(180)
pure enzyme at pH 8.0 8.2(80), 11.0(18), 15.6(260), 16.2(280), 18.1(380), 19.2(280)

acetate 8.3(7), 10.2(6), 14.1(9), 18.0(110), 19.4(80)sh, 21.2(100)

acetazolamide 7.9(65), 9.2(65), 11.0(45), 16.8(500)sh, 17.4(530), 18.2(220), 19.3(390)

aniline 8.9(100), 10.5(55), 17.4(470)sh, 17.9(580), 18.9(460)

azide 8.6(24), 10.3(31), 10.6(30), 15.6(65)sh, 17.6(250), 18.4(210), 21.2(110)

benzoate 8.5(15), 10.6(6), 13.2(4), 16.9(160)sh, 18.0(220), 19.7(170)sh, 20.8(110)sh

bromide 8.5(3), 10.5(7), 14.0(10)sh, 16.8(200), 18.2(200), 18.7(90)sh, 20.3(170)

chloride 8.0(14), 10.6(14), 13.9(4)sh, 16.9(270), 18.1(220), 20.2(160)

cyanate 8.0(60), 10.7(75), 17.4(600), 19.1(450), 20.4(180)sh

cyanide 7.8(100)sh, 8.7(120), 10.2(110)sh, 17.2(700), 18.4(500)sh

fluoride 7.8(15), 8.4(15), 9.0(22), 9.7(19)sh, 10.7(16), 16.9(170)sh, 18.2(270),
19.2(210)sh

formate 10.2(18), 11.0(11)sh, 13.6(15), 17.8(130), 18.2(120)sh, 18.7(110)sh,
22.0(55)sh

hydrogen carbonate  7.8(19), 8.5(21), 8.8(17), 11.0(9), 15.6(85), 16.3(105), 18.2(220),
19.4(170)sh

hydrogen suifite 10.2(4), 13.6(8)sh, 18.2(110), 20.0(90)sh

hydrosulfide 7.8(25), 10.2(30)sh, 10.8(32), 16.3(600), 18.4(400)

iodide 10.5(1), 13.2(9), 15.9(80)sh, 16.7(120)sh, 18.1(170), 18.9(180), 20.1(190)

nitrate 8.6(16), 10.2(9), 14.2(8), 18.0(130), 21.1(100)

oxalate 14.5(14), 17.7(165), 19.3(110)sh, 21.6(100)

2,4-pentanedione 9.2(9), 11.0(7), 13.7(12)sh, 18.2(130), 20.7(90)sh

thiocyanate 10.2(4), 10.6(4)sh, 14.5(9), 17.5(100), 18.9(90)sh, 21.5(100)

Reproduced from Ref. 136
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absence of rigorous information which may be obtained by relating the absorption
spectra and the symmetry of the chromophore, only a thorough comparison of the
electronic spectra within the series of the inhibitor derivatives may allow more reliable
deductions.

The electronic spectra of the inhibitor derivatives (Table 5) are essentially pH inde-
pendent although the apparent affinity constants do depend on pH (see Sect. B.IIL.).
The spectra have been classified into three types!*®:

1. weak intensity spectra (¢max < 150 M~! cm™!) with a characteristic absorption in the
range 12,000-14,000 cm™l;

2. intense spectra with molar absorbance above 300 M~! cm™ in the visible region;

3. spectra with molar absorbance in the visible region between 150 and 300 M~! cm™,
some of which show a weak absorption in the range 12,000-14,000 cm ™.

The comparison between the first two types of spectra can lead to some conclusions.
A difference in molar absorbance between 600 M~! cm™! for the NCO™ derivative and
100 M~ ¢cm™! for the NCS™ derivative or between 700 M~! cm™! and 110 M~! cm™! for
the cyanide and acetate derivatives, respectively, should be ascribed to major changes in
the coordination geometry rather that to changes in the molecular orbital coefficients
within the same coordination. In general, high spin tetrahedral complexes of cobalt(IT)
show much larger absorbance than five coordinate complexes do?. Furthermore the
position of the absorption may be meaningful. The absorptions in the range
16 000-20000 cm™! which are the most intense are due to transitions from the ground
level to levels arising from the *P term (F-P transitions) whereas the weak absorptions at
lower energies are due to transitions among the levels arising from the ‘F term (F-F
transitions)'3% 239 Whereas the F-P transitions strongly depend on nephelauxetic
effects™ 39 i.e. on electron delocalization effects, it is well established that increasing
the coordination number leads to an increase in the range of the F-F transitions and
therefore to an increase in energy of the highest of them®>. Although such statements
should take into account concomitant changes in the overall ligand field strength and
geometrical effects, it may be reasonable to propose the occurrence of five coordination
for the compounds giving rise to spectra of the type 1 and tetracoordination for the
compounds giving rise to spectra of the type 2%,

Tetracoordination should occur through substitution of a ligand of the pure cobalit
enzyme and five coordination through addition of a further ligand. Reasonably in the
tetracoordinated derivatives the water molecule could be removed.

The spectra of type 3 should be indicative of equilibria between tetra and five coordi-

nated species*® %9):
N Nl /OH;
N—=Co—In &=—— N—Co

N/ N/ \In

This criterion is somewhat rough since a single electronic spectrum can probably be
reproduced by several combinations of ligand field and geometrical parameters; how-
ever, as long as the skeleton of the three histidine residues is assumed to be fixed the
number of independent parameters is decreased. In this sense the spectral differences
between the adducts with N3~, NCS™ and NCO™ (Fig. 10) are hardly accounted for by
major angular distortions without the concomitant change in coordination number, since
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Fig. 10. Electronic absorption spectra of COBCAB adducts with cyanate ( ), azide (- ---- ), and

thiocyanate (~-—-— ) at pH 5.9

the three inhibitors have such similar donor and steric requirements. A further confirma-
tion of the utility of the criterion comes from the dicyanoaurate CoBCA adduct. Using
the X-ray difference map to locate the heavy gold atom, the dicyanoaurate ligand has
been located in the cavity of the native enzyme in a position different from that of
water”?, Successive studies by >C NMR on the cobalt derivatives have proved that the
cyanocomplex is indeed bound to the cobalt ion®®. The electronic spectrum is typically
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of class 1 and therefore it is reasonably assigned as due to a five coordinated
chromophore?®.

If the above criterion is applied to the spectra of the pure CoCA the answer is that
they are indicative of a tetracoordinated geometry; however, such large spectral varia-
tions both in shape and frequency between the acidic and basic forms of the enzyme
might imply some conformational change in the protein part more than a simple change
of a donor atom. Indeed, the simple change of a OH, group with a OH™ group would be
expected to only slightly affect the electronic spectra since both groups are close in the
nephelauxetic and spectrochemical series!®" 2, A change in the ligand conformation
introduces a further parameter in the interpretation of the electronic spectra and makes
less reliable the above criterion. The magnetic circular dicroic spectra of the cobalt
enzyme have also been recorded: while the spectra of the acidic form have been inter-
preted as due to a pseudotetrahedral chromophore, both four and five coordination have
been proposed for the alkaline form®% 0,

'H relaxation rate studies of water solutions containing the cobalt enzyme and its
inhibitors are not of great help since CoCA shows the smallest 'H T, ™! enhancement (see
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Fig. 11. 'H T,™! values for water protons of 2.4 x 107> M CoBCAB unbuffered solutions as a
function of pH: (@) pure enzyme; (O) plus 10™! M suifate. Residual values obtained after addition
of p-toluenesulfonamide ( ), cyanate (M), and thiocyanate (A). The T,™! values of 2.4 x 1073
M solutions of ZnBCAB (@), Co(H,0)%* (0), and of a five coordinated monoaqua cobalt(II}
complex (A, see next section) are also shown
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Fig. 6). Six coordinated high spin cobalt(II) complexes are expected, however, to give an
even smaller T;~! enhancement owing to shorter electronic relaxation times?!”). Indeed,
the 'H T;™! value of a 10~ M solution of cobalt sulfate containing the Co(OH,)¢**
complex is as small as the values of CoCA adducts in which the bound water has been
replaced by the inhibitor® (Fig. 11). Since all the inhibitors of CoCA reduce the 'H
T, ! values of solutions of the cobalt enzyme, even if in the case of five coordination they
do not remove the bound water, it has been proposed that either the electronic relaxation
times of the five coordinate species are again quite unfavourable’*®?  or that the
protons exchange slowly on the NMR time scale. Indeed, the 'H T;™! value of a five
coordinate model compound containing a water molecule ((CoTPyMA~OH,J**, see next
section) is the same as the residual relaxation rate (Fig. 11) (see Note Added in
Proofs 2).

The EPR spectra of the cobalt enzyme derivatives have been matter of extensive
investigations'® %12 However, the spectra of the pure cobalt enzyme are of very low
quality probably because of the concomitant acid/base equilibria which never provide a
single species. Furthermore the EPR spectra of high spin cobalt(Il) compounds are
difficult to interpret owing to the complexity of the theory?*®. The experiments provide
three apparent g values whereas their analysis requires three molecular g values and two
parameters describing the energy separation between the two Kramers doublets at zero
magnetic field. Under these circumstances every attempt at theoretical interpretation is
bound to fail. Furthermore even from an empirical point of view the ranges of apparent g
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Fig. 12. Glassy solution ESR spectra at 4.2 K of CoBCAB 1:1 adducts with the following
inhibitors: (leff), A, acetazolamide, pH 8.7; B, cyanate, pH 6.1; C, cyanide, pH 8.0; (right),
A, iodide, pH 6.0; B, thiocyanate, pH 6.2; C, acetate, pH 7.2; D, azide, pH 6.5
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values for tetrahedral and five coordinate species are largely overlapping?®>>, How-
ever, recently the EPR spectra of the 1: 1 adducts have been recognized to belong to two
types (Fig. 12) which substantially differ in the width of the low field signal (largest
apparent g value)®®. In the case of the iodide derivative a hyperfine splitting of
160 X 10™* cm™! is also resolved®®. If the linewidth is attributed to large unresolved
hyperfine coupling, the two kinds of EPR spectra can be distinguished on the basis of the
different magnitude of the hyperfine coupling. The single crystal studies on cobalt com-
plexes reported up to date allow us to propose that square pyramidal and octahedral
geometries give rise to larger hyperfine splittings than tetrahedral or trigonal bipyramidal
complexes®* >, Now, the derivatives giving rise to electronic absorption spectra of
type 2, already assigned as tetrahedral, give rise to EPR spectra consistent with tetraco-
ordinated or trigonal bipyramidal geometries whereas the derivatives giving rise to elec-
tronic absorption spectra already assigned as five-coordinated give rise to EPR spectra
consistent with octahedral or square pyramidal geometries. Keeping in mind that the
above geometries are only limit idealized geometries, and that deviations may be large,
the EPR spectra might add further support to the above assignment of the stereochemis-
tries of the CoCA adducts.

In the case of the cyanide adduct and in excess of inhibitor a sharp EPR spectrum is
obtained which has been assigned to low spin cobalt(IT) (one unpaired electron)?*+24),
Presumably two cyanide groups bind the metal ion and the resulting five coordinate
chromophore is low spin. This is not unexpected since five coordinate complexes with
soft donor atoms like the carbon of the cyanide ion are low spin??. The stability of this
derivative increases with decreasing temperature: at 25°C only a small amount is
detected whereas it is completely formed in the glassy solutions below 0°C*¥. A
thorough EPR investigation with carbon and nitrogen labelled cyanide ions has allowed
detection of the ligand hyperfine splitting due to two magnetically equivalent carbon
atoms®® %) Since a ligand hyperfine splitting due to a single nitrogen is also
observed®, a square pyramidal geometry was proposed with the unpaired electron
residing in the dZ orbital®*”. Such geometry could give rise to a sizeable ligand hyperfine
coupling only with an axial nitrogen of the protein and undetectable couplings with the
two basal nitrogens. The particularly strong C-Co bond would allow detection of sizeable
couplings when such bonds occur in the basal plane of the square pyramid.

The binding of a second cyanide ligand to the cobalt enzyme in the glassy solution at
low temperatures may account for the observation of an EPR spectrum assigned to high
spin five coordinated species for those inhibitor derivatives giving rise to electronic
absorption spectra intermediate between those assigned as tetracoordinated and those
assigned as five coordinated (electronic spectra of type 3)*®). Furthermore the EPR
spectra of the cobalt enzyme in the presence of large excess of inhibitors like I~ and
NCS~ or non-inhibitory substances like imidazole for the bovine enzyme are typical of
high spin species different from those previously analyzed®*®. Evidently some sort of
further chemical interaction with the ligands in excess within the active cavity occurs at
low temperatures. '
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A Spectroscopic Model of Carbonic Anhydrase

In order to have a better comprehension of the pH dependent properties of carbonic
anhydrase a cobalt compound with pseudotrigonal symmetry and a single water molecule
has been prepared®® "), The formula is CoLH,0(ClO,), where L is

CH,

N YN
CH, -~
gt

o,/

The electronic spectra in water solution are strictly similar to those in the solid state and
are strongly pH dependent. Apparently the spectrum decreases in intensity with a pK, of
7.5 until at low pH only the spectrum of the hexaaqua complex is obtained. This acid base
equilibrium is believed to involve the apical nitrogen. Another equilibrium is observed
with a pK, around 9 which has been assigned to the following dissociation

CH
/ /
\ —H N
L/ o
\
CH3 H3 OH_

3

The spectral changes relative to this latter equilibrium are similar to those observed in
CoCA (Fig. 13) if allowance is made for the more intense absorptions of the pseudotetra-
hedral cobalt enzyme and for a weak band at 13,000 cm™" typical of five coordination
shown by the model complex® 2", The finding that the Co-OH, = Co-OH equilib-
rium can dramatically affect the electronic spectrum despite the vicinity of the H,O and
OH~ donors in the spectrochemical series is a support of the bound water molecule
dissociation in the enzyme.

The ligand N3 is capable of substituting the water in the complex, still giving rise to a
five coordinate chromophore. However, its affinity constant is pH dependent, similar to
the behavior observed with CA. Evidently the OH™ ion, even without cavity effects, is
capable of successfully competing with the azide ion.

I1. Stereochemistry of the Copper(1l) Derivatives

The electronic absorption spectra of CuBCAB show a single broad absorption at
13,000 cm™'. Their pH dependence is quite minor, probably with an ipsochromic shift of
300 cm™! when the pH is increased!*? 18205 258) ' Als0 the EPR spectra are essentially pH
insensitive with g = 2.31, g, = 2.06, A = 131 X 107* cm™! at pH 5.6, the rhombic
component being small? %), Also the human isoenzyme B which shows an electronic
absorption spectrum with a maximum at 13,700 cm™' displays a similar behaviour
although the experimental data were obtained in presence of buffering species?* 247258,
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Fig. 13. Electronic absorption spectra of CoOHCAB (upper) at pH 6.1 (A) and 9.5 (B), and of
Co(tris(3.5-dimethyl-l-pyrazolylmethyl)amine OH,]** model complex (lower) at pH 7.5 (A} and
9.6 (B)

Despite the pH insensitivity of these spectral parameters, the apparent affinity constant
of inhibitors is pH dependent,. as in the native and cobalt enzyme, with a pK, of
8.514-2%) This means either that the Cu-OH, = CuOH equilibrium hardly affects the
electronic parameters (as often happens in inorganic compounds) or that the K, is
governed by a group inside the cavity different from H,O and unable to affect the
electronic properties.
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Fig. 14. '"H T,™" values for water protons of 1.0 x 107° M CuBCAB unbuffered solutions as a
function of pH: (A) pure enzyme; (@) adducts with the indicated ligands. The T,™" values of pure
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The limit spectra of the inhibitor derivatives are pH independent and again show a
single broad absorption located between 12,000 and 14,000 cm™! 140-205)_These electronic
spectra are typical of distorted chromophores either five coordinated or tetracoordinated
with a flattened tetrahedral geometry”. Again, the choice between the two
stereochemistries is based upon subtle considerations after a close inspection of a large
amount of data.

In particular, evidence that inhibitors do bind the copper ion come from charge
transfer absorption bands displayed by the iodide and azide derivatives'®” %), Further-
more *C NMR data on HCO;~ 9 and acetate®" have proved the existence of a copper
oxygen chemical bond. Therefore it can be generalized that inhibitors do bind at the
metal site. On the other hand most of the inhibitors (N;7, 17, Ac™, Fig. 14) do not
remove the water molecule from coordination since they bind to the copper ion without
affecting the '"H NMR relaxation rate of the water solution®®. In this case either a bound
histidine residue is removed and replaced by the inhibitor or the inhibitor binds at a
further coordination position. Although in principle both hypotheses are possible we
would like to pragmatically assume that the histidine nitrogens are bound under all
circumstances (see Note Added in Proofs 3). Within this frame the coordination of the
inhibitors which do not remove water is proposed to be

N\ /OH:

N—=Cu
N/ \In
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Furthermore, since the overall shapes of the electronic absorption spectra and of the
EPR spectra are strictly similar along the series of compounds, one would also propose
that the three nitrogen atoms and the oxygen atom of water form a flattened tetrahedral
cage whose geometry remains substantially constant among the various adducts. The
inhibitor could bind in a more or less loose way in the axial position as often happens for
the fith donor in five coordinated copper complexes®?. The A values, which were found
to be extremely sensitive to small angular variations in distorted five coordinate com-
plexes®™® 23 change only slightly among the adducts with the bovine isoenzyme B*
whereas they change somewhat more among the adducts of the human isoenzyme B?*
(Table 6). In the series of the inhibitors of the latter isoenzyme A varies from 150 to
100 G with large rhombic components consistent with the above geometrical proposals.
Analogously to the cobalt enzyme also in the case of the copper substituted enzyme two
adducts with the cyanide ion have been characterized®”-%%. At room temperature,
independent of the cyanide to enzyme ratio, only the 1:1 cyanide adduct is formed. At
112°K in excess of cyanide a new species starts to appear which is completely developed
at a cyanide to enzyme ratio of 6:1. This species, which has been identified as the
dicyanide adduct, shows an electronic spectrum with an absorption at 16,800 cm ™! and an
EPR spectrum with g; = 2.20, g; = 2.05 and A = 185 X 107 cm™'. The EPR spectrum
of the dicyanide adduct shows also evidence of ligand superhyperfine structure which can
be attributed to two magnetically equivalent nitrogens of the protein and to two magneti-
cally equivalent carbon ligands of the two bound cyanide groups*”. Whereas the 1:1
adduct, analogously to the other derivatives with anionic inhibitors, is presumably five
coordinate the electronic parameters of the dicyanide derivative strongly suggest an
essentially planar tetragonal chromophore, with one or two loosely bound axial

Table 6. EPR parameters for some human and bovine copper carbonic anhydrase derivatives®

g & Ajlem™ x 107
CuHCAB 2.29 2.06 150
acetate 2.32 2.09 140
cyanate 2.31 2.11 119
azide 2.27 2.09 112
hydrosulfide 2.25 2.07 117
cyanide 2.24 2.09 - 2.02 122
dicyanide 2.20 2.05 190
CuBCAB 2.31 2.06 131
acetate 2.31 2.03 131
benzoate 2.26 2.02 165
oxalate 2.29 2.04 150
azide 2.26 2.04 124
cyanate 2.29 2.05 128
aniline 2.30 2.02 131
imidazole 2.27 2.04 164
nitrite 2.30 2.03 134

2 At liquid nitrogen temperature. The EPR parameters of CuHCAB derivatives are taken from
Ref. 245 with the exception of the cyanide adduct which is taken from Ref. 247. Those of
CuBCAB are taken from Ref. 205
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ligands™®-24-29)_ The planar moiety could be formed by two histidines and two cyanide
ions.

The oxalate ion being potentially bidentate has also been tested against CuBCAB™®),
'H T, measurements have shown that oxalate reduces the T,”! enhancement, whereas
the EPR and electronic spectra are similar to those of the other anionic derivatives.
Although it may be possible that the ligand prevents the bound water from fast exchange,
the bidentate nature of the ligand leads to the proposal that water is removed from
coordination and that the structure is

N /O\C¢O
N}Cu ]
N" Co~Cso

HCO;™ and some sulfonamides probably remove water from coordination (at least for
the bovine enzyme B) since they cause a decrease of the 'H relaxation rate
(Fig. 14)®5:2)_ 1t should be recalled here that sulfonamides are the strongest inhibitors
of the native enzyme and that HCO;™ is the natural substrate. The chromophores they
give rise to are therefore

N
N>Cu-—-X
N

X = HCO;", sulfonamides

Sulfanilamide and p-toluenesulfonamide have a different behavior with the human
and bovine isoenzymes®”, In the former case the 'H relaxation rate is not reduced, and
the EPR spectra of the adducts show A values in the range 130-140 X 10™* cm™. The
same ligands with the bovine B enzyme quench the 'H relaxation enhancement and show
A =170 x 107* ecm™. Such low Aj values have supported the assignment of the
chromophores as a pseudotetrahedral geometry?> %5,

The free copper enzyme and the HCO;™ derivative have electronic parameters similar
to those of the other anionic inhibitor derivatives. This may not be a worry if it is
considered that the inhibitor is the fifth ligand loosely bound, but it may also indicate that
in the free copper enzyme there is a fifth donor which.could be either a second water
molecule or a donor provided by the protein part. In the latter case a reasonable candi-
date could be the threonine 199 residue which is hydrogen bonded to the coordinated
water in the native protein®®. The two accessible binding sites present in the cavity both
in the cobalt and copper derivative probably partially overlap. Indeed, the iodide causes
detachment of HCO;™ from the copper derivative®®, although it binds to a different site.
Only in the case of the strong and small inhibitor cyanide two ions are capable of binding
the metal at low temperature.

I11. Stereochemistry of the Oxovanadium(IV) Derivative

The oxovanadium(IV) ion differs from the other ions in that the metal ion is always
accompanied by the oxygen as an extra ligand. Through EPR investigations the occur-
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rence of two forms of the oxovanadium(IV) substituted enzyme have been shown™V,

The low pH form is the dominant one at pH values below 7, the pK, of this equilibrium
being estimated  to be 7.7. Both the electronic spectra (Fig. 15)*® and the EPR
spectra’®® have been interpreted on the basis of a tetragonal symmetry either square
pyramidal or elongated octahedral®®®. The compound apparently oxydizes above pH
8D, Since from 'H NMR data a water molecule seems still bound to the metal the
proposed coordination of vanadium(IV) is

o
fl

N—=V~OH,
N N

the VN; moiety being puckered owing to the steric requirements of the protein nitrogens.
The possibility for the threonine hydroxide to occupy the sixth coordination position
cannot be ruled out. Indeed, from the ESR spectra an increase of the coordination
number in the acidic form as compared to that of the alkaline form has been proposed,
the further donor being a protein group'V, Inhibitors like NCS™ and N3~ seem not to
bind to the metal ion'*®.

IV. Stereochemistry of the Nickel(Il) Derivatives

The electronic spectra of NiBCA show absorptions at 15.6 and 25.6 x 10° cm™!, with
molar absorbances of 20 and 50 M~ cm™!, respectively'*?). The energies are typical of six
coordination; although the intensities are known to be sensitive to the lack of symmetry
of the chromophore they are higher than the usual values® 2", The spectra are also pH
dependent: by increasing the pH the intensity of the former absorption band first
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Fig. 16. Electronic spectra of NiBCAB; spectra at pH = 6.1, 6.8, 7.6, and 8.4 are represented by
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Fig. 17. 'H T,™! values for water protons of 5.0 x 107> M NiBCAB unbuffered solutions as a
function of pH (@®). Residual values obtained after addition of azide or p-toluenesulfonamide, as
well as the T7! values of pure water and of 5.0 x 10> M ZaBCAB are also shown

increases and then decreases (Fig. 16) indicating that more than one acid-base equilib-
rium occurs. The six coordination may be reached through the three histidine nitrogens,
two water molecules and a sixth donor group which can be either a third water molecule
or the threonine OH group'®®. The binding of a N3~ ion occurs in a 1:1 ratio, and large
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water 'H T,~! enhancement remains upon addition of N;™**®) (Fig. 17). Therefore more
than one water molecule is indeed bound to the paramagnetic center.

V. Stereochemistry of the Manganese(Il) Derivatives

The studies of MnCA are rather numerous owing to the large relaxing capabilities of the
manganese(II) ion on nearby nucleil#l: 142190 19,201,204, 268.269) igwever, the stability of
MnCA is rather small and decreases at low pH values, so that at pH 7 2 10> M MnCA
solution contains about 20% of free manganese ions'** 2",

The manganese ion in MnCA is high spin'*Y and therefore the electronic absorption
spectra are not meaningful from the point of view of the stereochemistry. The manganese
CA is among the few manganese proteins which allow the observation of EPR
spectral*h 1% 28). however, the correlation between the EPR parameters and the metal
stereochemistry is a difficult task?®. Again the largest source of information is the water
IH relaxation rate enhancement which shows the presence of a water molecule within the
coordination sphere!®® 21, 2%9) The inhibitor N;~ does not remove the water from coordi-
nation, thus giving rise to five coordination (Fig. 18). The oxalate ion and p-toluenesul-

T

50}

e pts

® Oxalate

S

1 1
6 7 8 9 10 11 pH

Fig. 18. 'H T, values for water protons of 1.0 X 10™> M MnBCAB unbuffered solutions as a
function of pH: ( % ) experimental data; (A) data corrected for manganese dissociation at low pH;
(@) adducts with the indicated ligands
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fonamide, analogously to CuCA, do remove the water molecule”. The non inhibited
enzyme may be either four or five coordinated.

A 'H NMR investigation of N'-acetylsulfanilamide interacting with MnCA permits
mapping of the molecule within the active site. The estimated metal-proton distances fit
with a model in which the sulfonamide nitrogen is directly bound to the metal'*V.

VI. Stereochemistry of the Cobalt(IlI) Derivatives

The cobalt(III) carbonic anhydrase is obtained by oxidizing the cobalt(II)} enzyme with
hydrogen peroxide'®* %™, The resulting product is diamagnetic indicating that the co-
balt(III) ion inside the active site is six coordinated”’”. Also the electronic absorption
spectrum, which shows a maximum at 19,400 cm™}, is in agreement with a distorted
octahedral coordination of the cobalt(III) ion. The donor set is probably similar to that of
the nickel derivative. Addition of anions like CN™, ClO,”, and N3~ causes the above
band to shift, indicating a direct binding at the metal.

VII. Stereochemistry of the Dichloromercury(Il) Derivative

Mercury dichloride forms a compound with apo CA. On the basis of the X-ray data it
seems that the linear Cl-Hg-Cl moiety bends until an angle of circa 90° is formed and the
coordination of the mercury atom is completed by three histidyl nitrogens and the hy-
droxide of the threonine 199 residue'®. The reciprocal orientation of the donor atoms as
they appear from the X-ray analysis is shown in Fig. 19.

1990
98, 11
P Y
// Hg//'

Fig. 19. Coordination polyhedron of mercury(Il) in carbonic anhy-
*N drase. The protein ligands are His 94, His 96, His 119, and Thr 199

VIII. Stereochemistry of the Cadmium(Il) Derivative

The substitution of the native zinc with a cadmium(II) ion leads to an enzyme which still
shows esterase activity'®. The ""CdHCAB has been estensively studied through per-
turbed angular correlation of y rays (PAC)!* 927D, These studies showed the existence
of two pH dependent forms of the cadmium enzyme, the interconversion from one to the
other occurring with a pK, = 9.0, in close agreement with esterase activity measure-
ments'®. The observed change in the quadrupole parameters which can be obtained
through the PAC technique have been shown to be consistent with the ionization of a
cadmium bound water molecule. Coordination stereochemistries analogous to those of



Carbonic Anhydrase 77

the native zinc enzyme have been proposed for CACA as well as for the imidazole and
sulfonamide derivatives™.

IBCJHCAB and > CdBCAB have been also investigated through *Cd NMR spec-
troscopy?’> ¥, In the case of the ">*CdHCAB derivative no signal was formerly?™ %",
observed at pH < pK, whereas at pH above 9.1 or in the presence of inhibitors like CI™,
Br~, and I, a resonance became detectable. These observations were explained on the
basis of relatively slow exchange processes occurring at the cadmium atom in the enzyme.
Owing to the large range of chemical shifts shown by ">Cd in different environments
(dramatic differences in chemical shifts have been in fact observed in the Cd deriva-
tives of the various isoenzymes®’?), the linewidths of the !*Cd resonances are expected
to be modulated by relatively slow exchange processes which generally do not affect the
linewidth of the NMR signals of the other commonly investigated nuclei’’> ™, These
slow processes were proposed to involve conformational rearrangements, or the equilib-
rium itself between the acidic and the alkaline forms of the enzyme which the authors
considered as due to water dissociation?’>?"?, Recently?®, also the low pH form of the
human B isoenzyme has been reported to give rise to a detectable resonance, provided
that the solution is free from carbon dioxide and buffering species.

F. The Affinity of the Inhibitors of the Native Enzyme for the Metal
Substituted Carbonic Anhydrases

As mentioned in the previous sections, the inhibitors of the native CA isoenzymes are
generally capable of interaction with the metal substituted derivatives. The affinity of the
inhibitors for the native enzyme is most often obtained from activity measurements
whereas physical chemical measurements are used for measuring the affinity of ‘the
various molecules for the various metalloenzymes.

The affinity values of inhibitors for the cobalt enzyme are often of the same order of
magnitude as for the native enzyme (Table 2). Sometimes some compounds are found
through spectroscopic techniques to interact with the metal ion of CoCA and they are
tacitally included among the inhibitors of the enzymatic activity of both the native and
cobalt(II) substituted derivatives. In such a way a large number of compounds have been
tested in order to point out the requirements of the molecule to act as inhibitor. Further-
more, the spectroscopic techniques applied to the systems CoCA-inhibitors have allowed
an accurate study of the pH dependence of the apparent affinity constants of the various
inhibitors on an extended range of pH values even in absence of buffers. The conclusions
of such results presumably hold also for the native enzyme.

The affinity constants of the anions for CuCA are much larger than for the native
enzyme whereas they are practically zero for the oxovanadium derivative. The affinity of
aromatic sulfonamides drops for non active metallo derivatives. Table 2 is a survey of the
literature data obtained through different techniques including the data for the zinc
derivative.

Anionic inhibitors have been shown through activity measurements to have pH
dependent affinity constants for the native enzyme, the affinity decreasing with increas-
ing pH*"»4-68.6.14) The same behavior is shown by the cobalt(I)!*! *" 14 and the other
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Fig. 20. pH dependence of the apparent affinity constants of acetate and oxalate ions for CoOBCA:
(A) acetate in 0.1 M phosphate buffer; (O) acetate in unbuffered solutions; (M) oxalate in unbuf-
fered solutions

©

metal derivatives™ 1% 2% indicating the presence in all cases of at least one acid-base
equilibrium in the active site responsible for the binding of inhibitors. Actually, for some
of the metal derivatives the pH dependence of the affinity constant is the only proof of
the existence of such equilibria since the spectral variations with pH of the pure metal-
loenzymes are far less dramatic than in the case of cobalt. However, the above ionizing
group may in principle be different from that governing the electronic spectra of CoCA
and from that governing the catalytic activity of the enzyme. As a matter of fact, more
than one acid-base equilibrium are capable of influencing the binding of inhibitors, as
observed in the case of carboxylate and bicarboxylate anions interacting with cobalt
carbonic anhydrase!*: the binding is more and more favoured as the pH is decreased, far
beyond what it would be expected in the case of a single ionization being operative
(Fig. 20). 'H and ®C NMR measurements have also shown the existence of a second
binding site for the acetate ion in the active cavity, different from the metal ion but close
enough to it to influence the ligand nuclear relaxation parameters; it seems that this
second site can be occupied also in the presence of a sulfonamide molecule bound to the
metal jon2 144,275, 276)

Zwitterionic substances like aminoacids show?’” a bell shaped pH dependence of the
apparent affinity towards CoBCAB (Fig. 21) similar to that of CN~, HS™ or sul-
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Fig. 21. pH dependence of the apparent affinity constant of L(+)alanine for COBCA. The full line
is fitted to Eq. 2, Sect. B.III.)
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Fig. 22. pH dependence of the apparent affinity constant of trichloracetaldehyde for CoBCAB.
(The full line is fitted to Eq. 2, Sect. B.III.)
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Fig. 23. Electronic absorption spectra of CoBCAB at pH 8.0, alone (..... ) and at various tri-

chloroacetaldehyde concentrations (----- ). The solid line approximates the limit spectrum of the
adduct within 3%

500

fonamides (see Sect. B. IIL.). Also in this case it has been proposed?’” that the interact-
ing species are the anionic form of the inhibitors with the acidic form of the enzyme in
analogy with the behaviour of the anions.

Neutral inhibitors are usually weak ligands, with some exceptions which are worthy of
notice. Aniline shows the same pH dependence as anions'*¥, both from the point of view
of its inhibiting properties towards the zinc enzyme'”? and of its binding affinity towards
the cobalt derivative!® 1™; therefore the negative charge of the ligand seems not to be
essential for binding to the positively charged acidic form of the enzyme (see Note Added
in Proofs 4), although it contributes to enhance the affinity. Hydrated trichloroacetal-
dehyde, which is also of interest representing the product of the enzyme catalyzed hydra-
tion of trichloroacetaldehyde, behaves with respect to pH like sulphonamides and
aminoacids (Fig. 22)®. Once again the bell shaped dependence of the affinity constant
on pH can be rationalized in terms of the ionization of the aldehyde with a pK, = 10.0.
The electronic spectra of the adduct with the cobalt enzyme have the peculiarity of being
similar to those of the high pH form of the enzyme®™ (Fig. 23), at variance with those of
all the other inhibitor derivatives which never show the characteristic bands between 600
and 640 nm. A further proof of direct binding at the metal came from 'H and *C NMR
measurements, which definitely show the ligand to be within binding distance to the
metal ion”™.

Methanol has also been reported to be a weak inhibitor of the zinc enzyme with
inhibiting capability increasing with increasing pH®* '"Y; however, successive measure-
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ments on the cobalt derivative showed that the metal is not involved in binding, since the
electronic spectra are unaffected and the NMR relaxation parameters of the methanol
nuclei indicate a distance of about 600 pm from the metal ion'’”. It is possible that
methanol occupies the same binding site as that found in the case of the acetate ion for
the second binding site?®.

All the inhibitors mentioned up to now are non competitive with respect to the
substrates of the enzymatic reactions catalyzed by both human and bovine isoenzymes.
Actually, no competitive inhibitor of carbonic anhydrase was known since 1971, when an
extensive report appeared on the inhibiting properties of imidazole towards HCAB!®.
This substance, however, had no measurable effect on the bovine enzyme. It was soon
apparent that imidazole had some unique properties: U. V. difference spectra indicated a
different binding mode with respect to the other inhibitors”®, while its affinity for the
enzyme seemed to be almost pH independent'® 27, unless the pH was lowered below
the pK, of the ligand protonation; X-ray data also suggested that the imidazole ring
occupied a different position in the active site, being at about 270 pm from the metal and
bent enough to leave the water molecule coordinated to the metal'’™®. Consistently,

600[
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Fig. 24. pH dependence of the electronic spectra of the imidazole adduct of COHCAB. From the
bottom pH 6.5, 6.65, 7.05, 7.4, 7.9, 8.4, 9.0, 9.3, 10.1
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Fig. 25. pH dependence of the ap-

parent affinity constants of 1, 2, 4

triazole (A), 1, 2, 3 triazole (@), and

tetrazole (M) for COBCAB. The pK,

5 8 7 8 9 10 1 of the pyrrolic protons are 10.3, 9.4,
pH and 4.9, respectively

Perturbed Angular Correlation spectra obtained on the cadmium derivative® lead to
the proposal of five coordination around the metal ion, although the electronic spectra of
the cobalt derivative were more indicative of pseudotetrahedral geometry; finally, the
electronic spectra of the imidazole adduct of CoOHCAB are strongly pH sensitive
(Fig. 24), while its stability constants are not’®*??, A recent attempt to clarify the
binding behaviour of the above ligand has lead to the discovery of analogues with much
higher affinity towards the enzyme, namely 1, 2, 3 triazole, 1, 2, 4 triazole and tet-
razole®”. The above substances are also capable of binding to the bovine enzyme CoB-
CAB, although with lower affinity constants than in the case of the human enzyme; the
affinity constants of all of them are pH independent, up to the ligand NH ionization
(Fig. 25). This new class of CA inhibitors should be characterized by the possibility of a
bridging interaction between the metal ion and some residue in the active site capable of
forming hydrogen bonds with the NH group of the ligand. On the basis of the X-ray
structure of the imidazole adduct the residue is tentatively proposed to be Gln 92. A
strong interaction with another site in the cavity would account for the insensitiveness of
the affinity constant to the metal-linked ionizations.

G. Substrates and Metal Substituted Carbonic Anhydrases

Metal substitution has been also of primary importance in sheding some light on the type
of interactions between substrates and the active site cavity. The largest amount of data is
of course referred to carbon dioxide and to the hydrogenocarbonate ion, which are the
natural substrates of the enzyme. From kinetic measurements on the native enzymes (see
Sect. B. IL.) it has been established that a specific binding site is required for both CO,
and HCO5™. *C NMR spectra of H*CO;~ at pH 8.3 in the presence of cobalt bovine
carbonic anhydrase established through an analysis of the nuclear relaxation times that
the anion is actually bound to the paramagnetic metal®! #); discrepancies in the calcu-
lated affinity constants with respect to those obtained through anion competition were
attributed to the presence of a second, non catalytic binding site®V,

It would be obviously desirable to obtain the same kind of information on BCO,;
unfortunately, the pK, of the equilibrium CO, + HO = HCO;~ + H is 6.35, and
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therefore the pH cannot be lowered so much to completely avoid the presence of HCO3~
in solution, owing to possible metal dissociation or denaturation of the protein. The
13C NMR spectra of the system CO, = HCO5™ in water show two signals separated by
~ 40 ppm®2% 23 but addition of even small amounts of the high activity bovine cobalt
enzyme causes collapse of the signals to an average position®! with consequent loss of
specific information on the single species. In the case of the low activity cobalt human
enzyme B the interconversion rate between CO, and HCO;™ is slower, and two separate
signals are still present at enzyme concentrations suitable for the experiment; however,
the interconversion is still too fast with respect to the intrinsic relaxation rates of *C of
CO; and HCO;™ in the presence of the paramagnetic center. Therefore T, and T, give
once again only an average information®?.

Recently the same kind of experiment was performed on the copper derivative
which displays much lower activity as well as longer electronic relaxation times, both
favourable properties in order to obtain different relaxation times for the two species. As
a matter of fact, a dramatic difference was observed in the paramagnetic effect on
H"CO;™ and *CO,, which establishes that the former ion is bound to the metal ion while
the latter species is not, but has a different binding site in the cavity about 600 pm far
from the copper center.

Furthermore, the dissociation rate of HCO;~ from the copper coordination sphere
could be measured, the resulting value being at least two orders of magnitude smaller
than the corresponding value for the zinc enzyme®®®. This relatively slow rate is consis-
tent with the above dissociation being the slow step in the catalytic pathway for the
copper enzyme, accounting for the reduced activity of the copper derivative.

At variance with all the monoanionic ligands of the copper derivative, HCO;~
reduces the water 'H T, ! enhancement®®, although it apparently competes with anions
for the same or nearly the same coordination site (Fig. 14).

Trichloroacetaldehyde has been reviewed in the preceeding section, being a non
competitive inhibitor of the esterase activity. However, it can be also considered as a
product of the enzyme catalyzed aldehyde hydration, since it is nearly 100% in the
hydrated form in water solution. An investigation by means of spectroscopic tech-
niques®’® has shown that the above substance is bound to the metal ion in COBCAB.
Analogously, NMR experiments indicated the presence of paramagnetic coupling
between the nuclei of acetaldehyde and the cobalt ion'?®. The above experiments estab-
lish that the CoBCAB catalyzed hydration of acetaldehyde follows the same pH depend-
ence observed for the zinc enzyme.

If it is recalled that the carboxylate anions are products of ester hydrolysis, and that
they have long been known to bind metallosubstituted carbonic anhydrases, it may be
suggested that the products of every catalyzed reaction can bind the metal at some step of
the catalytic process. Things are less clear as far as the substrates of the hydration
reaction are concerned: only carbon dioxide has been shown not to bind the metal ion?®®
while no direct evidence exist for esters and anhydrous aldehydes, although they prob-
ably behave like the natural substrate.

It can now be attempted to summarize the progress obtained on the knowledge of the
active site chemistry referring to a schematic representation of a possible catalytic path-
way (Fig. 26). For the sake of simplicity and without loss of generality the alkaline form
of the enzyme is drawn as a tetrahedral zinc hydroxo complex (A). A zinc aquo complex
could also fit in the scheme, provided that a proton transfer to another basic group in the

260)
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Fig. 26. Schematic representation of a possible catalytic pathway, summarizing the structural infor-
mation obtained from physico-chemical data

cavity is made possible. Consistently with the NMR data, the incoming CO, molecule
approaches the active site possibly in the hydrophobic part of the cavity, without binding
to the metal. It could, however, bind through H-bond any other attacking site in the
vicinity of the metal. A possible candidate for this may be the Gln 92 residue to which the
competitive inhibitor imidazole is proposed to bind®?. By reacting with the hydroxide,
the bicarbonate ion is coordinated to the metal ion (B). Such a reaction may occur
through several pathways, e.g. by involving a water molecule of the cavity. At this stage
the metal can coordinate a water molecule as a fifth ligand (C), giving rise to a five
coordinate intermediate to facilitate the detachment of the HCO;™ ion (D). The presence
of an equilibrium between a four and a five coordinate HCO;™ adduct is consistent with
the spectral data of the cobalt derivative'®. The alkaline form of the enzyme is finally
reconstituted by a possible buffer mediated proton transfer.

H. Conclusions

The substitution of the native zinc(II) ion with other metal ions has allowed to gain
information on some key properties of the enzyme. In particular, the dichloromer-
cury(II) derivative has shown the flexibility of the active site with respect to its coordinat-
ing properties, in that also an OH threonine residue may act as a sixth coordination
ligand. Such a group is a good candidate as a donor atom also for other six coordinated
complexes like nickel(II), cobalt(IIT), and possibly oxovanadium(IV). In such cases the
metal ion would be somewhat displaced from the native zinc position, and this could be
checked through difference electron density maps.
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Regarding the groups determining the pH dependent properties of the enzyme, the
electronic spectra of the cobalt(II) derivative have been shown to be dependent on more
than one acid-base equilibrium. Previous potentiometric studies®* 9 have shown that in
the range 5-8 there are about four titratable protons. !°Cd showed that at least one
acidic group is capable of affecting the cadmium NMR spectra, suggesting that the
ionizing group is directly bound to the metal ion.

'H NMR studies of the various paramagnetic metal derivatives have shown that a
group with exchangeable protons is ailways bound to the metal. While at low pH there is
little doubt that the above group is a water molecule, the existence of an OH group at
alkaline pH may be consistent with the data by assuming a shorter metal oxygen distance.
The similarity of the spectral properties of the couple CoN4(H,0)?*-CoN,(OH)" in a
model complex with those of the cobalt enzyme makes the above assumption less
speculative®® 27,

The whole set of physico-chemical measurements on the paramagnetic metal ion
derivatives has shown that anionic ligands can either substitute the water molecule or add
to a fifth coordination site. In the cavity therefore there are two binding sites, partially
overlapping. This finding supports the possibility of five coordinated intermediates
occurring along the catalytic pathway. Monte Carlo calculations have been performed by
Clementi and coworkers?"2%) using the atomic coordinates of the active site residues in
HCAC as obtained by X-ray data, a water molecule as a probe, and the interaction
potentials of water with the zinc(II) ion and the various aminoacid residues®" ), These
studies have shown that besides the potential well in which the coordinated water
molecule is present there are two more potential wells, less defined and located at about
220 and 290 pm from the zinc ton. These potential wells are not necessarily occupied but
their existence, besides supporting the hypothesis of the two binding sites, may also
account at least in part for the observation of residual paramagnetic effects on proton
relaxation when the water molecule is removed from coordination.

NMR techniques and electronic spectroscopy established that all the products of the
catalytic reactions (HCO;~, hydrated aldehydes and carboxylate anions) do bind the
metal ion, while the substrates probably do not; their binding site(s) are not well iden-
tified so far.

Many ligands, especially if negatively charged, bind the metal in MCA. The acid-base
equilibria occurring in the cavity determine the apparent affinity constants at every pH.
Binegatively charged ligands may have lower affinity than mononegative analogues, as in
the case of the H,PO;-HPOj;~ system®?, or higher affinity when chelating behavior is
allowed!®). Hydrophobic (sulfonamides) and hydrophylic (imidazole) interactions may
also be operative; in their absence, neutral or zwitterionic species?”” are unfavoured with
respect to anionic ligands with similar steric requirements. Such requirements play an
important role by themselves, as shown®® by the large affinity displayed by the linear
Au{CN),” ion compared with the non appreciable affinity of the bulkier planar
Au(CN),” species.
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Notes Added in Proofs

1) Recent O relaxation studies on the copper derivative have shown that oxygen is bound to the
metal in the pH range investigated (Bertini, I., Canti, G., Luchinat, C.: Inorg. Chim. Acta 56,
1 (1981)) and that it exchanges rapidly on the NMR time scale. It is suggested that if OH™ is
present, it might exchange through an equilibrium of the sort

M - *OH + H,0 =M — *OH(H,0) = M -~ OH + H,0*
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2) Recent water 'H T, studies at various magnetic fields have allowed to establish that the deriva-
tives assigned as five coordinated have a water molecule in the coordination sphere and 7, as low
as 10725, whereas those derivatives which have been assigned as pseudotetrahedral do not
contain bound water and 1 is ca. 107*!s (Bertini, I., Canti, G., Luchinat, C.: Inorg. Chim. Acta
56 (1981)).

3) 'H NMR studies of the cobalt protein have shown that the three histidine residues remain
coordinated upon binding of inhibitors (Bertini, L., Canti, G., Luchinat, C.: J. Am. Chem. Soc,
in press).

4) An alternative suggestion has been made by S. H. Koenig et al. (Jacobs, G. S., Brown, III, R.
D., Koenig, S. H.: Biochemistry 19, 3754 (1980)) who proposed aniline to bind to the coordi-
nated water. This hypothesis, however, does not account for the sizeable 3C contact shifts
measured for the coordinated ligand'®. In the same paper the methyl proton relaxation rate of
CH;OD in presence of CoCA has been reported to be constant with pH.
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Introduction

In the beginning of biochemical experimental work on the mechanism of biological
oxidation, there was great uncertainty about the nature of biological redox carriers: It
was, however, obvious that redox equivalents must be “carried” through many steps,
starting e.g. from alcoholic substrates in the citric acid cycle, and ending with the final
acceptor, molecular oxygen. In the early 30’s the founding fathers of redox enzymology,
such as Heinrich Wieland, began to subdivide respiration into a cyanide sensitive and a
cyanide insensitive part®. By this, they came close to the idea that cyanide insensitive
respiration was connected with hydrogen, and cyanide sensitive with oxygen transfer.
Single electrons and radicals were at this time believed to be non-existent as chemical
entities.

Even nowadays, loss with the assignment of specific redox centers to cyanide sensitive
and insensitive respiration is somewhat equivocal, especially with the non-metallic redox
centers, such as reduced flavin. As will be discussed in more detail below, flavin-depen-
dent O,-activation can, in principle, follow 1e~ stoichiometry (with production of
superoxide) or 2e~ stoichiometry (with direct production of peroxide). We have little
information as to what extent these centers are naturally accessible to oxygen. Cyanide
insensitive respiration does not conserve energy. It is still an open question, whether this
is an unsuccessful pathway, perhaps due to the inefficiency of nature to preclude O,-
contact with reduced centers of high O,-affinity, or whether nature requires a certain
level of superoxide formation in tissues for anabolic purposes, which in turn is regulated
by the detoxifying action of catalase and dismutase. In any case, cyanide insensitive
respiration must be differentiated according to its stoichiometry: Iron-sulfur centers, of
course, transfer single electrons only, while flavin centers are ambiguous.

Lenor Michaelis then came with his discovery of biological radicals, namely
flavosemiquinones, emerging from his qualitatively perfect, though quantitatively incor-
rect electrochemical evaluation of the flavoquinone redox system®” (cf. Eq. 1).

SHY . eJH*
Fl, ‘= HF ‘= H,Fl., (1)

At the same time Richard Kuhn reached a goal, which was the dream of a chemist, a
crystalline preparation of (flavosemiquinone) radical®®. The two types of radicals he
prepared in solid state were, however, of entirely artificial nature, the one being the red
semiquinone cation, the acidity of which (pK ~ 2) precludes biological relevance, and
the other one a dimeric (flavoquinhydrone) complex, which is largely in the dispropor-
tionated form. Though in principle, flavin/flavin contact or interaction could be biologi-
cally relevant’?, it should be pointed out that such a flavin sandwich conformation has
not been found up to date in any protein. Furthermore, Richard Kuhn anticipated,
without discussion, a 1-protonated structure for the neutral semiquinone™” (cf. Fig. 14).
This seemingly small mistake, nevertheless, precludes an understanding of the opera-
tional behaviour of the radical state in flavoproteins, as will be shown further on.

The discovery of the fact that organic compounds containing single electrons might be
absolutely stable and crystallizable, led Michaelis to the great simplification that in
biological redox reactions no other valence changes than of + 1 should be permitted®®.
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Thus, it was anticipated that even in those reactions, where no radicals could be
observed, they were still present as intermediates, but would decay too rapidly for
analytic inspection. Nowadays, the maintainance of this postulate would limit rates of
“electron pairing” down at the picosecond level®®.

2 e -Transfer

It took more than 30 years until the Michaelis hypothesis could be definitely eliminated.
Still the very best example for a biological redox reaction of non-radical character is
nicotinamide-dependent (de)hydrogenation. Very good evidence for the extreme des-
tabilization of the radical level in the 2e™-redox system NAD*/NADH has been put
forward by the work of Blankenhorn®. He compared nicotinamide models with the
sterically flavin-shaped analog 5-deazaflavin and found that the change in the steric shape
did not change at all the electronic behaviour. As Table 1 shows, nicotinamide, (and
respectively 5-deazaflavin), requires for the uptake of the first single electron a potential
of —850 (—770) mV, while the second electron will follow with a much higher potential of
+210 (+130) mV. The 2e~-redox couples NAD*/NADH, as well as (dihydro)-deazafla-
vin are in the range of ~320 mV>®. Hence, these redox chromophores strictly prefer
uptake and donation of 2e”-equivalents over the reactions with single electrons (cf.

e~ (slow) e~ /H*

NAD* ==————==  NAD =—————== NADH a,b
(-850 mV) (+210 mV) T 2)

BHj (fast) c

(=320 mV)
e /H* . e~ /H"

dFl, —— 1-HdF1 H,dFly a,b
(=770 mV) (+130 mV) T 3)

BHj; (fast) ¢

(=320 mV)
e~ /H" (fast) . e /H*

Floy s=—/———= HFI —————x= H,Fly a,b
(=231 mV) (~167 mV) T ()

BHj (slow) c

(~199 mV)
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Table 1. Enzyme and model redox potentials Eg (pH 7) (mV)?

P. Hemmerich et al.

System Fl, & FI* Flx S Fl oy FI' s Fl 4 4E;,
E,(1e7) E (2¢7) E, (le7)

Free F1 -231 -199 =167 —64
(le"or2e)

1-RF1 not obtained -009 not obtained
(2e-only)®
5-RF1 +423° +216° +010 +413
(Le~-only)®
Flavodoxins -190 to —-130 ~280° —420 to —377 +240
(1e-only)
NADP-reductase =320 -360 —400 +80
(le” or2e”)
Glucose J pH 5.3 —046 —-051 -056 +10
Oxidase UpH 9.3 —200 =220 -240 +40
(2e-only)
S-Thiaflavin irrev. irrev. +430
(1e -only)
5-Deazaflavin -770 -320 +130 -900
(2e"-only)
Nicotinamide NAD* =< NAD* NAD* = NADH NAD’= NADH —-1060
(2e"-only) -850 -320 +210
Dithionite? 50 e SO 250 2e” (SO

le~or2e” y S 2 : 5 2)2
(1e”or2e7) ~660 386
Oxygen® le o 2¢ 4e”
(1 C_, 26_ 02 p= 02 02 = Hzoz Oz = Hzo
orde) -330 +290 +820

* Data of Ref. 37 completed

whereas 5-RFl,, forms the pseudobase 5-RFI-4a-OH.

calc. as arithm. means of E ,

1-RFl,, is at pH 7 present as N(3) deprotonated mesoionic neutral species,

given for comparison
¢ Extrapolated from pH 4 for the cation 5-RFL, (cf. Fig. 8b)

Egs. 2 and 3). In contrast to this are the redox properties of flavins, which show slow
reaction with a hydride donor, but fast reaction for the 1le~ uptake
(cf. Eq. 4).

The Uniqueness of Nicotinamide

Nevertheless, one can force single electrons into the nicotinamide or deazaflavin system
by photochemical means, using the same 5-deazaflavin as photosensitizer and an organic
1e~-photoelectron donor such as EDTA as substrate®”. Table 2 reviews the events
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which can be observed in such photoreductions, depending on the nature of the sub-
strate. Starting with cyanide or borohydride as extreme cases, we find even under photo-
chemical conditions a strict 2 e”-transfer consisting of nucleophilic addition of negatively
charged substrate residue to the excited chromophore. Analogous dark reactions are rare
in chemical systems (cf. Eq. 4), but are found in the dark reaction between flavin and
reduced nicotinamide, which is, of course, too slow to have any biological relevance”. It
is, therefore, the aim of 2e™-redox proteins to circumvent the chemical difficulty of
providing 2 e -equivalents for oxidoreductive purposes. The system NAD*/NADH (as
shown in Fig. 1) is by nature uniquely provided to fulfill this aim, since the oxidized
coenzyme can not easily accept single electrons for chemical reasons. On the other hand,
the reduced coenzyme is ready to split out hydride equivalents in order to reach a state of
aromatization. Removal of a proton from NADH would result in the formation of the
anti-aromatic ion NAD™ at high expense of energy'®. Figure 2 shows examples of anti-
aromatic species which are chemically relevant. All of them are high energy intermedi-
ates, which undergo immediate stabilization by rearrangement. In order to transfer

Fig. 1. Mechanism of nicotinamide dependent
hydride transfer’. Note that the apoprotein
needs not only activate position 4 but also pro-
tect positions 2 and 6. This is the reason why
there are no simple chemical models for
NAD(H)

R
H

Q= s

N

H

N NH H NN Ny NH,
m R — =L

RSN R N
H o 0

R_H R R
N - H* N)j —_— NCje
= Q# Q=

Fig. 2. Examples for potentially antiaromatic species, which avoid this energy rich state either by
prototropic shift (I, III)* ™ or by deplanarization (II), or by valence isomerization (IV)™
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Fig. 3. Bent (crystal) structure of (5-acetyl)-dihydroflavin®”’. Flattening of the molecule leads to
antiaromaticity. Note that the N(5)-acetamide group is also nonplanar in itself and is easily hydrolys-
able because of lacking amide resonance®

hydride equivalents, nature has found one of the most simple chromophores, NAD*, to
fulfill this requirement. Another biologically relevant case of anti-aromaticity is also
shown in Fig. 3, namely dihydroflavin. Since this more delocalized -electron system has
no CH-bond, from which a hydride equivalent could be split, but only NH-bonds (which
do not lend themselves as easily for rupture because of electronegativity), the dihydrofla-
vin system escapes from anti-aromaticity simply by deplanarization, which precludes
tricyclic delocalization of 7-electrons. This folded structure of dihydroflavin is of great
biological importance, as will be shown below. The planar conformation is high in
energy, anti-aromaticity implying as in all anti-aromatic systems, a low lying triplet
state’’). The low lying triplet is a prerequisite for the tendency of the chromophore to
accept and donate single electrons. In contrast to nicotinamide, flavin is thus not a hy-
dride donor-acceptor, which is demonstrated by the fact, that in contrast to nicotinamide,
flavin reacts with borohydride only extremely slowly’" (cf. Eq. 4c).

Finally, when high energy single electrons are forced into a 2e™-specific acceptor
system, e.g. by the above mentioned photochemical method of Massey and Hem-
merich®, the resulting radicals such as NAD* will undergo dimerization with subsequent
redox-inactivation of the coenzyme® (cf. Eq. 5).

TA, h
NAD*+ DA M

NAD* — % (NAD), (%)
In spite of the tremendous progress that has been made since the early 30’s, it is very
curious to see that our current textbooks still struggle with the same difficulties. Even
worse, many authors are not aware of this and confine themselves to the description of
ever more sophisticated redox systems and redox chains, which then turn out to be redox
networks, while at the same time, they can not adopt non-equivocal nomenclature,
concerning the nature of redox transport and redox carriers. Table 3 shows an evaluation
of current textbooks in this respect, and demonstrates the state of present knowledge.
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Table 3. Mechanism of redox transfer mode stoichiometry. While the alcohol/nicotinarmide hydride
transfer is now widely acknowledged, the flavin versatility as intended by nature remains largely
unclear. Furthermore, the change in transfer-mode between nicotinamide and flavin (H- —- R7)
remains without discussion. Hence, the flavin is assumed to be at will a hydride transfer cofactor and
the uniqueness of nicotinamide is lost

Transfer mechanism supposed for

Textbook Alcoho/NAD* NADH/flavin Other flavin substrates/flavin
Mahler and Cordes®™  H~ ? le”

Karlson® H- ? le”

Buddecke® H ? ?

Lehninger™ H- ? le™, 2e”

Metzler® H ? le”,2e”,H,R™

Dixon and Webb!® H™ ? ?

Stryer™ H- ? ?

Walsh® H- H- te”,R-

this lecture H~ R™ le”,R7,H™

? Transfer mechanisms are not specified

Biological Redox Packages

Firstly, we want here to differentiate between different types of redox packages, those
which are unimportant in biology, others, which remain questionable, and a third cate-
gory, which is biologically significant, although such available evidence is largely ne-
glected, as Table 3 shows clearly.

Hydrogen Packages. Starting with molecular hydrogen, we have a redox package, which

can only be digested biologically by the iron sulfur protein hydrogenases. The term

hydrogenase is already extremely misleading, since it is synonymous with reversal of
dehydrogenase. The mode of dihydrogen splitting in hydrogenase is strictly 2e~ and thus
excludes the occurrence of intermediate H-packages, in the course of Hj-activation®?.

The hydrogen atom is a well known species in physical chemistry but contrary to common

opinion, hydrogen atoms are kinetically rather stable'”, compared with rates of

biocatalysis, for several reasons:

(a) The hydrogen atom (in the gaseous state) is a species of relatively high diameter
(1.06 A) which is highly symmetric and requires polarization for activation.

(b) In polar solution the hydrogen atom is an acid of approximate pK 9°”. The pK is not
too well defined, because as mentioned before, polarization is required for further
reaction, and therefore, the deprotonation of the hydrogen atom is not a very fast
reaction. But in spite of this we can at least state, that at physiological pH and in
hydrophilic environment we have to account for hydrogen atoms only in their
deprotonated forms, namely hydrated electrons, which are kinetically much more
labile.
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Hence, hydrogen atoms do not lend themselves as biocatalytic redox packages. The
only hydrogen package to be considered in this context would thus be hydride.

The hydride ion as found in sodium hydride, however behaves chemically as a base and
not primarily as a reductant (cf. Eq. 6).

CH;-CO-CH, + NaH —» CH;~CO-CH;Na* + H, )

If applied to a keto-compound, such as acetone, hydride will react preferably by abstrac-
tion of an a-proton rather than by reduction of the carbonyl group. This can only be
overcome by an exchange of “simple” hydride towards complex hydride, such as BHy,
which lacks the symmetry of the H™-ion” (cf. Eq. 7).

H,0
CHCO-CH, + BH; —5 CH,~CHOH-CH, + B(OH), %)

Thus, in redox enzymology, hydride can not occur as a chemical entity of whatever
short lifetime; instead, hydride in biology is confined to be a transition state, the occurr-
ence of which is uniquely connected with a very special coenzyme, nicotinamide, as
already mentioned and shown in Figs. 1 and 4.

2 CONH, H.2 CONH, CONH,

|87

Fig. 4. Hypothetical 2 e™(0)-transfer between flavin and nicotinamide: A covalent bond is formed
and split between the heterocyclic nuclei with subsequent proton transfer. Note that a steric correla-
tion between the o-bonding sites is required which is more specific than simple donor-acceptor -
overlap. The latter is possible but not essential for the starting and the final state. The covalent
intermediate must be anticipated to be rather colorless as the formula shows and, therefore, a
shortlived species difficult to detect experimentally

Oxygen Packages. Contrary to the activation of molecular hydrogen which is specifically
confined to hydrogenases, nature has at its disposal quite a few systems which can
achieve the difficult task to activate molecular oxygen, namely, various iron (heme or
non-heme) proteins'® copper’®, and the purely organic flavin and pteridine systems®:*%).

The various modes of oxygen activation are differentiated in the following equations

4e~/4H
dioxygen reduction: O, ——i—> 2H,0 (4e7) 20)(8)

monooxygen insertion (oxygenation): O, 2e7ZHURH H,O + ROH (2e™ +2¢e7)¥(9)
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Oxidase action: O, 3e—_/—2—H—> H,0, (2¢7) 6(10)
single electron transfer: O, =, 0y (le) (11)

Discussion of the stable “dioxygen packages”, namely H,O, and superoxide, is out of
scope in this article. Among the unstable potentially relevant “monooxygen packages”,
the hydroxyl radical should be taken with great suspicion wherever it is mentioned: The
reactivity of OH® with CH-bonds is so high, kinetically as well as thermodynamically®,
that in order to maintain OH" as an oxygen package, nature would have to protect it
against all contact with CH-bonds. A CH-free environment, however, cannot be
accepted as biological. The discussion of “OH* in biology” is therefore limited to metal
complexes, acting as stabilizers of the OH-radical®. Since, however, metal chelation
removes the characteristic features of OH* it is a matter of semantics to postulate its
occurrence in metal complexes. In any case, there is no Fe-OH bond known, which
would ever dissociate homolytically under biological conditions.

For insertion of oxygen into CH-bonds, nature has, therefore, developed an “oxyge-
nation” apparatus, working with atomic oxygen (“oxene” packages), as transition
state®” V) (cf. Eq. 9).

After this general discussion of biological redox packages, we can now come back to
the initial subject of this review, namely scope and limitation of single electrons as the
“most simple” redox packages in biology. The key question in this context: Where in the
natural redox chains is the borderline between dehydrogenation and single electron
transport or even more precisely, when are electrons disconnected from organic residues
and “mobilized”? Is the locus of this disconnection identical with the site of “pair split-
ting”?

We have already discussed that the CH-substrates of nicotinamide-dependent enzy-
mes must be preactivated in the sense of C*H™. It turns out that the reverse is true for the
substrates of flavin-dependent dehydrogenases, which must be preactivated in the sense
C H™®. The resulting carbanion R~ is, of course, transferred not as a chemical entity,
but in a transition state, and may yield a flavin covalent adduct, possible structures of
which are shown in Fig. §.

All biological redox chains of mitochondrial, microsomal or chloroplast origin, invari-
ably contain one and only one critical point of a working subunit which converts car-
banionic residues R~ into two single electrons and a carbocation R* and vice versa
(R™ being further stabilized by hydrolysis).

The thus defined “electron pairing” (or electron pair splitting) implies two problems,
which are only at first sight easy to resolve, namely a charge correlation and a spin
correlation problem.

The charge correlation invokes the steady rapid disposal of a positive carrier unit (the
already mentioned R*), which neutralizes the repelling power between the two elec-
trons. The spin correlation invokes the steady presence of a spin relaxing, i.e. spin-orbit
coupling heavy atom center, particularly at least one sulfur iron cluster, which at the
same time serves as a single electron store (see below). By this fact, the flavin-dependent
2 e -splitting differs from any 1e™-/2e”-transformation, which might occur in the lipo-
quinone pools of redox chains*?.
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Fig. 5. Bonding modes in flavin-substrate complexes as exemplified by alkyl-dihydroflavins
RFl,.sH. The RFl-bond can assume a wide variety of properties: (1) When R* is more stable than
R-, such as in R = acetyl, o-bonding is limited to N(5)*Y. (2) When, on the contrary, R™ is more
stable than R*, such as in R = cyclopentadienyl, stable g-bonding is limited to C(42)*®. (3) In the
case of R = H statement 1 is verified thermodynamically?”. (4) In the case of R = CHj kinetically
stable 4 a- and 5-isomers can be isolated?”. (5) When the substrate model residues R become more
labile, such as R = ArC(CH;),, pH-regulated sigmatropic migration and backmigration is
observed®™ (cf. Eq. 12). (6) At higher temperatures migrations are accelerated to yield fluctua-
tions®). A change from o- to m-character of the RFl-bond is observed e.g. for R = iodide (+Fl,,
acceptor) or R = NAD* (+Fl,;H, donor)?. But there is a very small energy difference between o-
and s-“complexes”. The extreme of an entirely ionic RFl-bond is reached for metallic R*

4a-R-Fl.;H = 5-R-Fl,.¢H (12)

The Uniqueness of Flavins

In order to understand the versatility and the uniqueness of flavin coenzymes, one must

always keep in mind that flavin enzymes exhibit three mechanistically independent ac-

tivities:

(A) (de)hydrogenation, implying RH-deprotonation, electron pair splitting and R*-hyd-
rolysis,

(B) single electron transfer (towards le~-storage and energy conserving centers or mem-
brane areas),

(C) dioxygen activation.

Note though, that only the le™-mode of O,-activation is within the scope of this lecture.
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The three main flavin activities have to be combined pairwise by input and output. This
results in the distinction of five classes of flavoproteins*®®, namely:
1) A = A: dehydrogenases (or with a better term, transhydrogenases: group transfer
only) (Ze” only)
2) A = C: dehydrogenases/oxidases (2e™/2e7) (cf. Eq. 10)
3) A = C: dehydrogenases/oxygenases (2e /4e”) (cf. Eq. 9)
4) A = B: (de)hydrogenases/e”-transferases (2e”/1le”)
5) B = B: pure e -transferases (flavodoxins: le only)

In contrast to lipoquinones, the spectral properties of which are less pronounced and
confined to the UV-range, we can easily differentiate the biologically relevant flavin
species, occurring as essential or artificial intermediates in flavin (bio)chemistry, namely
Fl,,, HF, Fi~, HF] 4 and H,Fl,.4. This implies one oxidized species, two (half-reduced)
radicals and two fully reduced species, the physical properties of which are illustrated in
Table 4.

Flavin-dependent single electron transfer, the central subject of this lecture, requires
a thermodynamic stabilization of the radical state, as given by the dismutation equilib-
rium (cf. Eq. 13).

Flox + HyFl,q = 2HF (13)

Table 4. Flavin species of biological relevance

Redox- protonated neutral deprotonated
state
’ K ~ 0)7)
oxidized (HFLL) =t Tox
Flavodoxin
2% 390 nm'” 447 nm®
A 488 nm®™P 530 nm>*
- < pK~23Y . pK ~8.4™ .
Semiquinone (H,F1*)? —= HFI =———==Fl
Flavodoxin Glucose oxidase, pH 10
A% 488 nm'” 580, 6270m* 488 nm*”
EPR 1.9 mT™ 1.5 mT™
pK ~ 65‘&’ B
reduced H,Fl. 4 === HFl
Flavodoxin, pH 5 Flavodoxin, pH 8.5
abs 350 nm*® 368 nm>
y il 507 nm>»* 530 nm®

® These species are not found in biology

> Fluorescence emission of 2-methoxy-3-methyl-lumiflavinium-perchlorate measured in aceto-
nitrile

¢ Fluorescence emission of flavoprotein is often quenched

4 Electron paramagnetic resonance line width for immobilized flavoproteins, measured in mT
(milli tesla), 1 mT = 10 G. Note that flavoproteins, covalently linked at C(8a) e.g. succinate
dehydrogenase, exhibit a reduced line width of 1.2 mT™

¢ Fluorescence emission of reduced lactate-oxidase at pH 7.0
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This equilibrium is shifted towards the left hand side under all chemical conditions
(apart from pH < 0, pK ,gical ~ 2.3°?). For purposes of biological single electron trans-
fer, this equilibrium must be regulated by the apoprotein (see below).

Hence, the biological flavins can, but need not, stabilize the radical level in the same
way as they can, but need not transfer single electrons. If the apoprotein stabilizes the
radical level in any case of a 2e™-activity, the action of the radical will be inhibitive. This
is the case when the red radical FI'™ is observed, which is in general, not a catalytically
active species™ ).

If flavin is indeed the natural borderline between single and double electron transfer,
this leads immediately to the next question: What decides whether flavin will act in the
le™- or 2e"-mode?

Apoprotein Regulation of Flavin Reaction Modes

An answer towards this question has been proposed recently by Hemmerich and Mas-
sey*): Regulation is brought about by positive charges or hydrogen bridges from the
protein to either the N(1)- or the N(5)-site of the flavin molecule, as is shown in Fig. 6.
How can this be proven?

Blocking of nitrogen lone pairs by stable biological hydrogen bridges can be
mimicked chemically by introduction of alkyl substituents. This is, of course, a regio-

e -TRANSFER CONFORMATION
( RADICAL STABILIZED)

o | ;
i”3 N~ ~N~\:0 5
= lﬁ < _NH< ¢
oy HoE

/\

Fig. 6. 1e™-/2e -alternative of flavin-de-
pendent redox transfer as regulated by re-
gio-specific hydrogen bonds or positive
charges from the apoprotein towards the A
lone pairs of either the N(1)/O(2 a)-region CH, (‘.’
(2e"-transfer, lower part) or the N(5) lone N f;l
pair (1 e”-transfer, upper part). Note that in

—(
3

o
~M-wOoxmy

the 1e”-transfer case the input and output H<

of electrons is presumably through the C(8)- CH N
edge while in the 2 ¢"-transfer case the sub-

strate (carbanion) access is through posi- L ——

tions 4 a, 5. Thus blocking and deblocking of RADICAL R@ R@ DESTABILIZED

lone pairs is accompanied by opening and

closing of the access site {DE)HYDROGENATION CONFORMATION
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specific irreversible process, but it provides us with modified flavins which can be taken
to be models for either specific 1 e™- or specific 2 e”-transfer.As can be seen from Fig. 7,
alkylation in position 1 or 2 « leads to a flavoquinonium system (cf. Eq. 14), which de-
stabilizes the radical level, while, on the other hand, alkylation in position 5 has exactly
the reverse effect (cf. Eq. 15).

2e /H*

1/2 a-R-FIZ, 1/2 a-R-Fl,.¢H 6)(14)
Amax 380 nm  + 136 mV A,,,292 nm pH 2.45

e’ ¢ /H”
5-R-Fi}, 5-R-FI 5-R-Fl,.4H 6)(15)
Amax 348 nm  + 427 mV Apay 582 nm + 235 mV A, 340 nm pH 2.45

In Fig. 8 we have listed the corresponding potentials and we see that in the 5-alkylated
case the 1e™-potential (cf. also Eq. 15) is elevated, while in the 1/2 a-substituted flavin
(cf. also Eq. 14) the 2e™-potential is elevated. Figure 9 shows finally, that upon reduc-
tion of 1/2a-alkylated flavin we do not observe the slightest amount of intermediate
radical, while we obtain up to quantitative formation of the blue radical upon reductive
titration of N(5)-substituted flavin®.

This is in good agreement with the fact, that the biologically active blue radical is
neutral. The stable blue and active radical carries its mobile proton in position 5.

It is not surprising therefore, that a biocatalytically functional semiquinone has the
blue neutral HFI® structure and that this mobile hydrogen is kept in position by a hydro-
gen bridge from the protein. This is experimentally supported by the X-ray crystallogra-
phic data of flavodoxins®”.

As a further consequence, whenever a flavoprotein transforms 2e™- into 1 e™-pack-
ages, it must undergo each time a conformational change switching from unstable red
radical i.e. “1/2a-block™, towards stable blue radical and “S-blocked”, or else the
required separation of 1e”-potentials (cf. Fig. 8) can not be achieved. This is sum-
marized in Fig. 10.

For the understanding of the regulation of flavin activities in flavoproteins, as out-
lined above, we can summarize our mechanistic problems with the flavin system or, in
other words, the flavin “region” in the various redox chains by four questions of increas-
ing specificity:

(1) Redox Stoichiometry. The question of actual redox stoichiometry being 1e” or2e”,
as discussed above;

(2) Nature of Electron Carrier. In 2e"-reactions the distinction between H~
(nicotinamide) and R~ (flavin) transfer, as discussed above;

(3) Geometry of Bonding Interaction. In the case of R™-transfer we have further to ask
for the geometry of the R-Fl-“bond” occurring during catalysis. The easily detectable,
colored species often observed caused considerable interest in the last decade, and have
been then identified as s-charge transfer complexes®®. This led to a general tendency to
overemphasize n-charge-transfer interactions at the expense of what is called g-covalent
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catalysis®. Among enzymologists, it is a widespread “mistake” to assume that the o-
character of a substrate coenzyme bond implies kinetic stability. It should be remem-
bered that the prefix ¢ does not mean this, instead it only denotes an axial bond
geometry. In Fig. 5 we showed g-bonds of increasing kinetic lability for the flavin case.
Here we see, that there is a smooth transition from kinetically stable groups such as
methyl to alkyl groups migrating on the flavin surface, depending on the pH. At more
elevated temperature, such migrating groups become “fluctuating”, i.e. they migrate
under suitable conditions to and fro so rapidly, that a distinct fixation can not be seen
within the measuring time® . This, however, does not change the o-character of the
bond. From this it seems to be reasonably clear that the surface of largely planar,
aromatic or heteroaromatic biological redox cofactors provides a stabilizing foundation
for the migration of organic residues. This is in particular true for the surface of
flavocoenzymes™?.

It is a widespread mistake to believe that, maybe because of the larger contact area,
7 interactions would be more efficient than o contacts. It has however been shown as
visualized in Fig. 11, that in benzoquinhydrone as the prototypic & complex, 1 e~ -transfer
exhibits an energy barrier, as high as 134 kJ Mol™! and that the two sandwich halves can
not approach each other to a distance smaller than 3 A%, This is because the required
accompanying proton transfer is hindered, the “intra sandwich” hydrogen bridges not
being in the favorable valence angle range of 120 to 180°, but instead at 90°. Orthogonal
hydrogen bridges are entirely inefficient and hydrogen bridge formation in flavoquinhyd-
rone will therefore, occur strictly inter- and not intramolecularly. This proves that an
efficient electron transfer in molecular quinhydrone complexes can be excluded under all

Fig. 9a,b. Spectral course of 1-blocked versus 5-blocked flavin reduction. The reductions were
performed photochemically®, in 50% acetonitrile containing 25 mM EDTA buffer of pH 5,6,
where EDTA was at the same time photoelectron donor, in the case of 1-RFL, and in 20%
acetonitrile containing 8 mM mandelate pH 4,55 in the case of 5-RF;;. (a) The isosbestic course of
the 1-blocked flavin reduction shows that in the neutral pH range no radical is observed at half
reduction. ESR-measurements of the half-reduced system (photochemically with mandelate in
acetonitrile, which shows optically the identical reduction course as in neutral aqueous solution)
gave less than 5% semiquinone’. The dashed trace shows practically 100% reversibility of the
reduction after admission of O,. This spectral course is also shown for the flavin dependent reduc-
tase in the yeast fatty acid synthetase-complex which is in our definition a pure transhydrogenase
(L. Fox, private communication). (b) More complicated is the spectral behaviour in the case of the
5-blocked flavin: In this case the starting quinonium salt is only stable at pH < 4. Thus we start with
the shown preequilibrium between the quinonium salt absorbing at 548 nm and the nearly colorless
4 a-psendo base absorbing at 353 nm (curve I). The small amount of cationic chromophore present
in solution permits the smooth reduction of the system leading to nearly 100% formation of 5-
blocked radical absorbing at 582 to 624 nm (curve 3). The intermediate radical is then further
reduced to 5-ethyl-Fl,4H absorbing at 340 nm (curve 6). The reversibility of the system through
reduction and reoxidation with oxygen is shown by comparison of the acidified aerobic starting
solution (curve 1a), which is identical with the acidified aerobic final solution (curve 9): Two sets of
isosbestic points are observed, one for the formation and one for the disappearance of the inter-
mediate radical 5-RFI". This spectral course of reduction is identical with what is observed for the
reduction of “1e~ only” flavoproteins such as the flavodoxins™
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oder Flavodoxin

Fig. 10. Flavin-dependent 1e7/2e -transformase cycle. A minimum trinity of redox centers is
required consisting of a larger flavin unit and two smaller 1 ¢ -units. The latter may be either FeS
centers (photosynthesis and respiration) or one flavodoxin plus FeS centers (azotobacter nitrogen
fixation) or a flav(odox)in plus one heme center (Py,-0xygenation). The flavin unit can pick up
either one or two electrons: In the radical state it is “5-blocked”, in the oxidized and fully reduced
state 1-blocked and must undergo a conformational change each time it makes a 1e-step. This is
indicated by the arrows stretching out from the center of the cycle. The cycle accounts for the fact
that the two steps of 1e”-donation occur from the same 1e -center with the same potential.
Furthermore, RH-dehydrogenation can only proceed, when the 2 e™-flavin center is entirely empty.
Thus the sequence of events is the following, starting from the “oxidized resting state” which
contains one electron in the store: (I) R™-uptake in the flavin center followed by leaving of R*.
(2) Electron pair splitting and shift of one electron into the low potential FeS-center. By this the
“reduced resting state” is reached. (3) Donation of the first single electron into the chain followed
by return of the store electron into the flavin unit and donation of the second single electron through
the low potential FeS center into the chain. Note that the system is never entirely depleted of
electrons in the steady state. If there was no store center the cycle would come to a halt whenever it
has reached the 1 e -reduced flavin state, since return into the oxidized resting state and further R™-
uptake is then prevented

but photochemical conditions, for if the valence angle is rendered favorable we are left
with an excessive H-bridge length of >3.0 A.

(4) Site of Substrate Attack. If a 0-bond is formed, then the next question must pertain to
the site of “bonding” of the covalent residue in the flavin. Alkyl fixation at the flavin
surface is found chemically in either position 4a, 5, 6 or 87734 %:84.8)_ Reversibility of
addition as required for biocatalytic relevance, as well as migrational aptitude is encoun-
tered in the positions 4a, 5 and 8. In biological systems catalytically competent inter-
mediates have been observed mainly by studies of Ghisla et al.? %2, all of which have the
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H N >l 7A
1202 o
O1zo° 0
>/~requir.

4—>3A——O

274 H @ __/ Fig. 11. “Kekulé”-picture of a monomolecular benzo-

/ quinhydrone unit in the solid state. Note that the favor-
/’ able hydrogen bonds are not within this unit but to-

O wards the next layer of molecules. This precludes an
l efficient coupling of electron and proton transfer, and
shows that s-interaction of flat donor and acceptor

next layer molecules is not by itself an efficient way of catalysis®?

structure of 5-alkyl dihydroflavins. On the other hand, artificial substitution in the bridge
position 4 a, could also be obtained in flavoproteins, though not in a reversible way® (cf.
Eq. 16).

/

Flx ¥)(16)

\ 4a—-R-Fl 4H

This failure, however, is easily explained by the fact, that the artificial substituents are
too stable, compared with a more labile natural substrate residue. In order to ascertain
smooth removal of the alkyl substituent R, this group must bear additional function, such
as hydroxyl or amino at the a-carbon®. For the lability of such alkyl substituents com-
pare Fig. 5.

Chemically, one can even remove saturated residues R from position 5 via the reac-
tion sequence of Eq. 17: |

5—R-FlgH

~e~/—H"* . -

5-RFl,.,H 5-R-Fi 5-R-FI, — Fl,, + R* (17)

The last step will only work smoothly when a suitable alkyl acceptor is present®”.

Summarizing question 4: For biological relevance, we can generalize that flavin-depen-
dent dehydrogenases can fix- their substrates by covalent catalysis in position 5 and
maybe 429,

Chemical model experiments let us assume that C(4 a) serves as entrance and leaving
position for the reduced R~ whereas N(5) serves the same purpose as for R* while
intermediate R migration is regulated by pH. A different problem is apparently, the
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input and output of single electrons in the flavin chromophore. Here we see that the 5-
blocked conformation is indeed active (cf. Fig. 6), which points to the fact that the
electrons must come and go through the outer edge of flavin nucleus in position 8. This is
consistent with the known X-ray data on flavodoxins, as already mentioned®, and
creates a similarity between single electron transfer by flavins and cytochromes. In
Fig. 12 we show such an “outer edge contact” between two flavins, in order to demon-
strate that even in the electron exchange between such big heteroaromatic planar
chromophores, the contact is of o-geometry, while 7-interaction may additionally occur,
preferentially in chemical systems, but not as an absolute prerequisite for biological
redox catalysis.

CH3  CHa

G, H
>N
HN? 0
AL » 5
—N 5 ? N /C —
H ——
CH3 CHj 0 1NH
A
(FIH), = 1-HF(-8,8'-FIH-1'

Floe* FlgHo *== (FIH), & 2FIH (dFIH), = 1-HdFi-55-dFIH-1
a

* asymmetric centers

hy .
(dFIH), ==" 2dFlH
b
l!l N 0

Fig. 12a—c. Structure of o-covalent half-re- CHs . 7
duced dimers for (a) natural flavin FI*, (b) 5- S , N\
deazaflavin dFI'¥, and (c) 5-thiaflavin sF?).  CH3 H
Note that the steric prerequisites are highest for l'{
the 5,5'-dimer of dFl and lowest for the 8,8'- N @ §©\/ CH3
dimer of Fl. On the other hand 5,5’-(dFIH), is O’A N ’i‘ CH3

kinetically stable whereas 4a,4a’-(sFl), is ther-
modynamically stable and dissociates thermally
into radical monomers. 8,8'-(FIH),, finally, is
kinetically as well as thermodynamically labile
and will undergo immediate dismutation. Thus,
it is predetermined to be a biocatalytically es-

(sFlly = sFl-4a,4acsFl
sential intermediate c ( sFl)g =— 2 sFl
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N(5) — Mutilated Flavocoenzymes

A further corrobation of the principles outlined above comes from the study of
flavocoenzymes modified in the block position N(5) (for structures cf. Fig. 13).

Fig. 13. “Kekulé”-picture of “mutilated flavins” in the fully
reduced state. While natural flavin (X = NH) shows 3
mechanistically independent activities, namely (de)hydrogena-
Rib tion (2e7), Oj-activation (le” or 2e”) and single electron
transfer (1e7), substitution of X = CH, deletes 1 e”-transfer

9 1 H
Cfgj@[l?g f;lz 0 activity’®, while substitution X = S deletes the 2e -trans-
4

fer activity?. This is consistent with 2e -activities being
favoured by block of the 1/2 a-lone pairs while 1e™-activity is
favoured by block of the N(5)-lone pair

In “5-deazaflavin” the flavin center nitrogen 5 is replaced by CH-group. This modifi-
cation turns the flavin into a “flavin-shaped nicotinamide system”®, since oxidoreduc-
tion now implies formation and rupture of kinetically stable CH- instead of labile NH-
bonds.

Hence, 5-deazaflavin dFl,, will react smoothly with chemical 2e™-reductants such as
borohydride or reduced nicotinamide which is discussed in a preceding section (cf.
Eq. 3¢). It should be noted that natural flavin reacts slowly with these 2 e™-reductants
(cf. Eq. 4¢). If, however, the uptake of single electrons in the 5-deazaflavin system is
enforced by method of Massey and Hemmerich® (EDTA in the presence of light), the
first intermediate to be observed is the red radical 1-HdF1* (cf. Eq. 3a), which is very
short lived and is a strong reductant (cf. Table 1)®). This radical in turn will back donate
its single electron smoothly to any suitable 1e™-acceptor in the environment. This is the
reason why this method lends itself easily for the controlled reduction of many sensitive
and vulnerable redox proteins.

In order to study enforced 1e™-transfer in a 2 e™-specific redox system, S-deazaflavin
offers the following advantages over nicotinamide:

The formation of the primary radical NAD" leads to the dead end of irreversible
dimerization”. The primary radical 1-HdFI* formed in the 1e~-reduction of deazaflavin,
however, decays preferably by dismutation?. This dismutation is photoreversible, as in
general photochemically active semiquinone dismutation equilibria are reversed by the
action of light (cf. Eq. 18a; for the corresponding dismutation equilibrium for flavins, cf.
Eq. 13).

dFl,x + HadFley a

\

2 1-HdA s (18)

(o]

/

1-HdF1-5, 5'—dFIH-1' b
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Hence, under conditions of long-term illumination, a second and slower decay chan-
nel for 1-HdFI* comes to bear, namely 5,5'-dimerization'® (cf. Fig. 12b). This reaction is
slower because the 5,5'-contact is sterically somewhat inhibited. It must, therefore, be
concluded, that the rapid photoreversible dismutation apparently does not proceed
through a slow, but stable 5,5’- but instead (as already hypothesized above) a fast, but
labile 8,8'-contact (cf. Fig. 12 a). Under continuous illumination the slowly formed 5,5'-
dimer (HdFI1), (cf. Eq. 18b) will, therefore, be the only end product of deazaflavin
photoreduction. In contrast to (NAD), (cf. Eq. 5) the deazaflavin dimer can, however,
be reconverted to oxidized starting material by mild oxidation or photooxidation'®-?,

It should be further noted, that in the deazaflavin photoreduction, part of the light
energy is stored, owing to the formation of the stable dimer 5,5'-(HdFl),, while in the
half-reduced natural flavin system, the energy gained by photocomproportionation is
dissipated during the subsequent dark re-dismutation® (cf. Eq. 13 and Table 2).

On the other hand, the differences between the 5-deazaflavin and the natural flavin
system lie in the following facts:

1) We saw that the flavin system exhibits two types of radicals which are tautomers,
namely the red 1/2 a-HFI*, which is under all chemical conditions thermodynamically
and kinetically unstable, and the blue 5-HFI*, which can be stabilized chemically by
alkylation and biologically by insertion into a protein. Interconversion of these radi-
cals must be rapid, since it invokes only shift of mobile hydrogen. Every flavin-
dependent biological 1e7/2e™-transformation must be accompanied as mentioned by
such rapid prototropically induced conformation change.

2) In the 5-deazaflavin system, however, the interconversion of the tautomeric 1- and 5-
blocked radicals is slowed down, because it requires formation and rupture of C(5)-H
bonds (cf. Fig. 14). Thus, we obtain, as mentioned, the 1-blocked red and strongly
reducing radical upon 1e™-reduction of the quinone dFl,,, while the primary product
of the 1 e™-oxidation of hydroquinone H,dFl,q is the colorless and oxidizing radical 5-
HAFI?). In contrast to its tautomer this radical can not undergo direct dismutation nor
formation of a stable dimer and must, therefore, await its slow 5-deprotonation, if left

to itself.
In summary the biologically required prototropic interconversion of 1/2a- and 5-

blocked radical tautomers, which is fast in the free flavin system, is slowed down in the 5-
deazaflavin analog. This modification, thus, provides us with a model, in which the
conformational shuttle accompanying the 1 e”/2 e”-transformation is slowed down. Thus,
we arrive at a model of a biological “1e™/2 e -transformase” machine, switched down to
low gear.

From this it follows further that the 5-deazaflavin modification deletes specifically two
of the three main flavin activities, namely single electron transfer and dioxygen activa-
tion, while it transforms the natural flavin-dependent dehydrogenation activity, which is
a group transfer, into a nicotinamide-simulating hydride transfer*®.

Finally, we can also demonstrate the reverse principle, when replacing the center
nitrogen in natural flavin by sulfur: Thus, we arrive at a “5-thiaflavin” system, which still
lends itself for the abstraction and back donation of single electrons with formation of
stable radicals sFI°. This radical is trivially 5-blocked, having no mobile proton and thus
can not undergo dismutation, but only dimerization in the sterically less favorable posi-
tions 4a,4a’ 2Y(cf. Eq. 19). This o-dimer formation (cf. Fig. 12c) can even be reversed
thermally, though the dimer 4 a,4a’-(sFl), can be isolated easily at low temperature.
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Fig. 14. Supplementation of Fig. 13 showing for natural flavin and 5-deazaflavin the possible neut-
ral radical tautomers which in the 1/2a-blocked case are red-coloured and thermodynamically
unstable'® ™, whereas in the 5-blocked case the radical is blue and thermodynamically stable for
natural flavin™ and colorless and unstable for deazaflavin®. Note that the interconversion as well
as the dismutation and comproportionation of these radicals is fast for natural flavin but slow for
deazaflavin since in this latter case CH-bonds must be formed and split. On the other hand the
natural radical prototropism can be regulated (i.e. accelerated as well as slowed down) by the lone
pair blocking action of the apoprotein

—e /-H*
HsFley ———> sFI'— % sFl-4a,42'sFl (19)
+430 mV

The sulfur modification eliminates two among the three flavin activities, namely (de)hyd-
rogenation and oxygen activation. The remaining slow oxygen affinity of 5-thiaflavin is a
1e™-transfer affinity, yielding superoxide as first intermediate (cf. Eq. 11). The same
affinity is characteristic as an artificial side reaction in flavin-dependent dehydrogenases,
leading to the formation of superoxide as a biological accident, which could be repaired
by the interaction of the ever-present superoxide dismutase.

Summarizing, the modification in the flavin N(5) position renders it possible to create
“mutilated” flavins and flavoproteins, which in turn give us entirely new insights into
flavin-dependent redox transfer mechanisms, and allow us to separate le™- and 2e™-
transfer capacities, both of which are inherent in the natural flavin system, but regulated
by apoprotein.
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Final Remarks

The scope and limitation of single electron transfer in biology is still a matter of con-
troversy. In particular the uniqueness of flavin as 1 e™/2 e -interconverting agent requires
further examination after the description of a steadily increasing number of molyb-
denum-containing enzyme systems which appear to shuttle between the valence states of
IV and VI in a way which is general 2e~, but apparently leaves the opportunity of
“electron pair splitting” under certain conditions which are still ill-defined®. The ESR
spectrum of the Mo(V) state is seen during the reoxidation of these systems, but quan-
titative determination of the single electron step is difficult because of the complicated
dismutation equilibrium (cf. Eq. 20).

2 Mo(V) = Mo(IV) + Mo(VI) (20)

This represents in turn the uniqueness of molybdenum as a “carrier free 2 ¢"-transferring

agent”®", that is in other words, equivalent to the designation of Mo as a “2e”-store”

which is rapidly accessible and available in contrast to, say, NADH as a kinetically stable
hydride store.

In this context, one is quite generally referred to the question of thermodynamic
versus kinetic radical stability: Unless particular pathways for a “dismutational”
1e -exchange between redox centers are foreseen by nature, one would assume that
dismutation of protein molecules is always slow. This kinetic problem adds to the ther-
modynamic problem, and in every treatment of a flavoprotein radical both aspects have
to be considered.

There remains the question whether “everything is possible in redox enzymology” or
whether certain pathways of redox equivalent transfer are definitely to be excluded. In
the following sentences we want to propose various restrictions of general relevance:
1) No flow of redox equivalents is possible between nicotinamide and any 1e™-center,

whether it be heme or iron sulfur, without the intermediate action of a flavin.

2) The difference between nicotinamide, flavin- and molybdenum-dependent dehyd-
rogenations consists in the nature of the substrate bond to be broken in the first
activation step. For nicotinamide as mentioned, this is C®*(sp’)H®", for flavin it is
C*~(sp®)H’* and for molybdenum it is C**(sp?)H°". Hence we want to postulate the
restriction that dehydrogenation of trigonal CH has an absolute requirement for
molybdenum as acceptor.

3) A special unresolved problem is the question of flavin being essential or not in the
(de)hydrogenation of a,8-unsaturated carboxylic acid derivatives as it occurs during
biosynthesis and degradation of fatty acids. Little emphasis has been paid up to now
by investigators in this field, to the fact that depending on the nature of the organism,
flavin is required in some cases for fatty acid synthesis such as in yeast, but is appa-
rently not required in e.g. mammalian liver. This would be a paradigmatic case of
“everything may happen in proteins (or not)”. Hence the problem is posed whether
nicotinamide could reduce such systems. Whether or not a 1,4-hydride transfer from
nicotinamide to an a,B-unsaturated acid is possible at all, it must be said to be not only
unresolved but largely unconsidered.
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It is a prediction of this review that in principle nicotinamide cannot replace flavin and
vice versa, not even within a range of 2 e -transfer reactions, because nicotinamide
transfers hydride while flavin deals with carbanionic substrate residues.

On the other hand a probability not to be neglected is the following one: Flavin is
often the limiting factor in many cases of multifactor redox systems. This is apparently
true for the mitochondrial respiratory chain.

On the other hand it is a wide spread but unjustified belief that flavocoenzymes bind
their cofactor so vigorously that it can not come off without causing irreversible
damage. In contrast flavin may not only be limiting but it may be the cofactor most
easily lost in a given system, and precisely those flavin systems where the flavin is not
bound too tightly will elapse speedy recognition to the extent that the whole system
might be rate determined by substoichiometric amounts of flavin which have not been
washed out during preparation. In such cases one should always try reconstitution
experiments with extraneous FMN and/or FAD.

A pertinent question in this matter concerns the structural requirement for substrates
of flavin dependent dehydrogenation of a,f-unsaturated acid derivatives. From all we
know it appears that carboxylate anions can not be substrates of flavin dependent
dehydrogenases without being activated

— either by conversion to an activated ester, such as an acyl-CoA derivative,

- or by coordination in an iron-sulfur-cluster belonging to the apoenzyme.

This case appears to be verified in the normal succinate dehydrogenases, as well as in
microbial enoate-reductase®.

In any case the first step in the dehydrogenation of the substrate is a-deprotonation
and this step must be facilitated by preceding suitable derivatisation of the carboxy-
late.

Hence, a ready explanation for the fact is at hand, that flavin dependent carboxylate
dehydrogenation finds partly activated substrates and partly inactivated ones. On the
other hand we know a number of flavin substrates whose CH-bonds are split without
activation by a further electron withdrawing substituent. Examples to be mentioned
here are the flavin dependent alcohol oxidases such as methanol oxidase or gly-
cerophosphate oxidase. These enzymes catalyze dehydrogenation of simple alcoholic
substrates, and it is difficult to conceive that the apoprotein should be able in these
cases to afford the high activation energy required for CH-deprotonation of a simple
alcohol. We postulate that redox transfer is carbanionic also in this last mentioned
case, because it is flavin and not nicotinamide-dependent. We must at the same time
think how the apoenzyme could be of help for this purpose. Some help for better
understanding may come from the fact that replacement of the 2e™-substrate
methanol by the 1e~-analog hydroxylamine switches the enzyme from 1e”- towards
2¢"-transfer, and consequently radical stabilization?. The radical observed here is
the red 1-blocked semiquinone anion. It is so stable that it cannot be discharged by
procedures, which leave the protein intact.
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