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Abbreviations

BESOD: bovine erythrocyte (Cu,Zn)-superoxide dismutase
dopa:  3,4-dihydroxyphenylalanine

EC: Enzyme Commission

EPR: electron paramagnetic resonance
Hb: hemogiobin

M : relative molecular mass

i
NMR: nuclear magnetic resonance

PMN:  polymorphonuclear ncutrophils

SOD: superoxide dismutase, (Cu, Zn) when not stated otherwise

1 Introduction

Several copper containing oxidases and oxygenases avoid the liberation of free oxygen-
radicals in the enzymatic reduction of dioxygen by their substrates, although a radical
has been detected in some of them as an intermediate.

The copper proteins will be briefly reviewed. The intervention of radicals as
substrate, possible intermediate, and reaction product of copper enzymes will be
considered next. The pre-eminent role of the superoxide radical and of superoxide
dismutase might make the whole review somewhat unbitlanced. There have been in
this field some hasty generalizations and there are several and sometimes lively
controversies, like about the role of superoxide dismutases, the reaction mechanism
and the half-site reactivity of the (Cu, Zn)-enzyme, its action on singlet oxygen, the
non-photochemical production of singlet oxygen in biological systems, the mechanism
of the Haber-Weiss reaction, the superoxide dismutase activity of ceruloplasmin, the
state of copper in galactose oxidase.

Finally the action on copper proteins of mainly radiolytically produced radicals
will be described. The role of the reactions of free radicals in biological systems in
general is covered by comprehensive reviews 1+,

2 Copper Proteins in General

The absorption of copper in the intestines and its storage in several organs in higher
organisms have been linked with metallothioneins *. These proteins are characterized
by M, values of the order of 7000 and by a high cysteine content (nearly one third
of the amino acids). In the liver e.g. they contain only a small amount of copper (about
1-3% of the metal content) besides small amounts of cadmium and very large
amounts of zinc 4. Other small proteins with an affinity for copper and with much
lower cysteine contents have also been described .
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Copper Proteins

The active sites of the main copper proteins can be classified according to the
presence of mononuclear type-1 or (strongly) “blue” and type-2 or “non-blue”
copper, or of binuclear type-3 copper ¥.

The type-1 blue copper proteins act as electron carriers: azurin, plastocyanin,
stellacyanin, umecyanin e.g. They are characterized by a rather strong LMCT
(ligand to metal charge transfer) band near 600 nm and by small hyperfine coupling
constants A I in EPR. Copper is bound to two imidazole groups of histidine and to two

sulfur atoms of methionine and/or cysteine in a slightly distorted tetrahedral
environment, which seems inaccessible to water molecules ¢ %,

The type-2 copper proteins, on the contrary, have a nearly square-planar copper
environment, which is accessible to. water molecules®. They show only weak
absorption bands in the visible and normal 4, values in EPR. The main enzymatic
activities are listed in Table 1. |

The type-3 copper of hemocyanins !? and tyrosinases ' is usually EPR silent
with the exception e.g. of Helix pomatia methemocyanin. Dopamine B-monooxygenase
has been described to contain only type-2 copper according to EPR data '), but there
seems kinetic evidence for a transient binuclear site '

The “blue” oxidases contain these three types of copper together &'¥. The
stoichiometry is straightforward with laccase which contains one type-1 and one
type-2 copper, and one type-3 dimeric copper site ©. One would expect two laccase-
like sites in ascorbate oxidase and in ceruloplasmin, but the presence of respectively
3and 1 ' and 1 and 3 ' type-1 and type-2 copper atoms has been deduced. Cerulo-
plasmin shows oxidase activities towards different substrates, like Fe?* (ferroxidase)
and aromatic amines. It plays, moreover, an active role in the transport of copper 7.
With the proper precautions against the action of proteinases it can be isolated as
a single polypeptide chain 819,

Cytochrome ¢ oxidase contains one heme a and one heme a, besides two copper
atoms: Cu, EPR detectable when oxidized and Cu, EPR undetectable 2° 22, With
L-tryptophan 2,3-dioxygenase (EC 1.13.11.11), another heme protein, it has been

Table 1. Reduction of dioxygen by copper enzymes and their substrates (and cosubstrates)

Into Enzyme EC Number Ref.

H,0, Hexose oxidase 1.1.3.5 30)
Galactose oxidase 1.1.39 3
Amine oxidase (copper containing) 14.3.6 32)
Urate oxidase® 1.7.3.3 3
Lysyl oxidase® 1.13.12.aa 34

H,0 Cytochrome ¢ oxidase 19.3.1 2
Catechol oxidase (tyrosinase) 1.10.3.1 1
[Monophenol monooxygenase (tyrosinase) 1.14.18.1]
Laccase 1.10.3.2 14
Ascorbate oxidase 1.10.3.3 35
Dopamine B-monooxygenase® 1.14.17.1 11,12
Ceruloplasmin (ferroxidase) 1.16.3.1 a

a Formation of H,0, to be confirmed; b Cosubstrate: ascorbate
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shown that copper is not essential for its activity *®. Similarly indoleamine 2,3-
dioxygenase was devoid of copper 2%, although the presence of two heme and two
copper per M, of 58,000 was reported simultaneously 2%,

3 The Reduction of Dioxygen

The reactions of dioxygen have been amply documented 2672%, The reduction can
occur by a one-, two- or four-electron transfer reaction, the first of which is
energetically unfavorable. The one-electron reduction of hydrogen peroxide yields
the extremely reactive hydroxyl radical (Scheme 1).

02 _ l1e‘
HO5/05 2e-

H20 > Hp07 - HO'
Lem | 1e
2H0 H20 Scheme |

3.1 The Reduction to Hydrogen Peroxide and to Water

A reduction to hydrogen peroxide is obtained with enzymes with one copper atom
of type-2 (Table 1). A reduction to water requires enzymes with a dimeric site, with the
three types of copper or with a four-metal center (2 heme, 2 Cu) (Table 1).

3.2 The Production of Superoxide Radicals in Biological Systems

An EPR signal, characteristic for the superoxide radical, was observed by the
rapid-freezing technique in the oxidation at pH 10 of xanthine by dioxygen
catalysed by xanthine oxidase (EC 1.2.3.2) *®. The enzymatic reduction of dioxygen
by aldehyde oxidase (EC 1.2.3.1) produces also the superoxide radical.

The plasma-membrane bound superoxide-generating flavoprotein (superoxide
synthetase) of human polymorphonuclear neutrophils (PMN) has been solubilized
by Triton X-1003” and deoxycholate *® and purified. The enzyme catalyses the
reaction:

20, + NAD(P)H + H,0 » NAD(P)" + 20; + H;0" M

The K, value for NADPH is of the order of 35 uM against 900 uM for NADH.
NAD(P)H scems to react on the cytosolic side of the membrane, while the superoxide
anion is generated at the outer side *.

Following a stimulation by the yeast cell wall extract zymosan, phagocytosing
human leukocytes show an enhanced oxygen consumption, the cyanide-insensitive
“respiratory burst”, after a lag period of 30-40s. The production of superoxide
anions, measured by the reduction of Fe(IID)-cytochrome c, followed the same
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course “?, The formation of superoxide radicals was directly demonstrated by spin
trapping on stimulated human neutrophils 4.

A similar enzymatic activity was found in stimulated pulmonar alveolar macro-
phages from humans *?, guinea pigs *¥, and rats ¥, and in retinal pigment epithelial
cells from chick embryos 4%,

A cyanide-sensitive NAD(P)H dependent superoxide generating system was
described, however, for the nuclear membrane of hepatoma 22a ascites cells grown
in mice %,

The formation of superoxide has, moreover, been reported for cytochrome P-450,
diamine oxidase, flavoproteins, and peroxidases 47,

Superoxide radicals can also be produced in the reduction of dioxygen by strong
reducing agents, like iron-sulfur proteins, flavins, phenylhydrazine, semiquinones,
and thiols #” 74?. Some of the reactions of dioxygen, like with thiols, appear to be
metal catalysed in vitro 5, Several substances, when reduced intracellularly, are able
to generate superoxide anions with dioxygen, like the herbicide paraquat (1,1'-di-
methyl4,4"-bipyridinium dichloride) in Escherichia coli®V and with mouse lung
microsomes 2,

The production of superoxide radicals was also observed in the “autoxidation”
of oxyhemoglobin to methemoglobin: with shark hemoglobin by the induction of
the oxidation of adrenaline to adrenochrome >* and with bovine hemoglobin, in 1 M
phosphate buffer pH 6.0, by the reduction of Fe(IIl)-cytochrome c¢%¥. The
“autoxidation” of bovine oxymyoglobin to metmyoglobin also induced the oxidation
of adrenaline to adrenochrome 3. A displacement of a superoxide anion from the
active site by a water molecule or hydroxyl anion in a proton-catalysed process follows
from a kinetic investigation of the influence of pH and temperature on the
“autoxidation” of bovine myoglobin *®. Similarly with human hemoglobin a proton-
assisted displacement of superoxide by nucleophilic anions has been described 57,
although the authors have considerably modified their first interpretation ® (see
Sect. 4.1.7).

Finally superoxide radicals can also be generated photochemically in chloroplasts
in the presence of ascorbate or of paraquat. The formation was demonstrated by spin
trapping on illumination of spinach chloroplasts in the presence of oxygen and
paraquat *®. Superoxide radicals are formed, moreover, in the near-ultraviolet
photooxidation of tryptophan, as indicated by the increase of the H,0, production
in the presence of SOD %%, and on irradiation in aerated solutions of protoporphyrin
at 400 nm®" and of melanin with light of 320-600 nm ®?, as shown by spin-
trapping.

In aprotic solvents the superoxide anion is a very weak oxidant: the uptake of
a proton from the substrate is followed by the dismutation of HO; ¥. Thus stable
solutions of O, can be prepared by controlled-potential coulometry 5354,

3.3 The Production of Hydroxyl Radicals in Biological Systems

Although aqueous superoxide is a potential fairly strong oxidant E%(03/H,0,)
= 094V at pH 7.0 %%, it is not considered very reactive, except e.g. with ascorbate
and with NADH bound to lactate dehydrogenase °®, and with the thiol group of
cysteine, as shown by the inactivation of papain 7.
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The production of ethylene from methional (3-thiomethylpropanal) was induced
by the oxidation of xanthine by dioxygen catalysed by xanthine oxidase ®®. The
second-order rate constant for the reaction of hydroxyl radicals with methional was
estimated by pulse radiolysis * to amount to 8.2 x 10° M ™! s™!, while the superoxide
anion reacted more slowly % 7%. The short lag period of the ethylene production
induced by the oxidation of xanthine could be overcome by the addition of small
amounts of hydrogen peroxide. The reaction was inhibited by SOD or by catalase,
and by scavengers of hydroxyl radicals, so that the Haber-Weiss reaction was
implicated 5%:

H,0, + O; - O, + 'OH + OH™ (93]

A direct Haber-Weiss reaction is generally considered to be far too slow 't*7%),
a second-order rate constant of 2.3 M~ s~ has been estimated from the decomposi-

tion of aqueous H,0, by y rays ?». The reaction could be metal catalysed by
a Fenton-type mechanism "+ 7%:

Fe**-chelate + O — O, + Fe**-chelate 3)
H,0, + Fe?*-chelate — Fe**-chelate + ‘OH + OH"~ “)

The Fe-EDTA complex catalysed the oxidation of tryptophan "® and the hydroxyla-
tion of salicylate 77 in the presence of a superoxide-generating system. A partial
inhibition by diethylenetriaminepenta-acetate was observed for the latter reaction 7"
and in the ethylene production from 2-keto-4-thiomethylbutyrate 7.

The production of hydroxyl radicals was demonstrated by spin-trapping in the
autoxidation at pH 11.5 of 6-hydroxydopamine. The reaction was partially inhibited
by SOD, by catalase, and by diethylenetriaminepenta-acetate and deferoxamine "®.

A reduction and activation of H,0, by other one-¢lectron donors, like semiquinones,
has also to, be considered. This follows from a study of the ethylene production from
methionine in the presence of pyridoxal phosphate, a reaction characteristic for ‘OH
radicals or for Fenton-type oxidants. The ethylene production in the presence of
dioxygen, anthraquinone-2-sulfonate, and an NADPH-generating system in phosphate
buffer pH 7.6 was inhibited by SOD and by catalase, but stimulated by scavengers
of "OH radicals, like 0.1 mM mannitol, a-tocopherol, and formiate ™.

The production of hydroxyl radicals was also shown by the oxidation of benzoic
acid, a specific scavenger, with stimulated human granulocytes 2 and by the formation

Table 2. N- & C-Terminal amino-acids and conserved amino-acids at the active site of SOD

Species N-term. His His His His His Asp His Arg C-term.  Ref.

Yeast* Val 46 48 63 71 8 83 120 143 Asn-153 95100
Bovine® Ac-Ala 44 46 61 69 78 81 118 141 Lys-151 9
Equine® Ac-Ala 46 48 63 71 80 83 120 143 Phe-153 1%
Human® Ac-Ala 46 48 63 71 80 83 120 143 Gin-153 103109

a Saccharomyces cerevisiae; b Erythrocytes; ¢ Liver

6
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of ethylene from methional with stimulated human alveolar macrophages V. For the
detection by spin-trapping of the hydroxyl-radical production by stimulated human
neutrophils *) an alternate explanation was suggested: the decomposition of the
superoxide adduct of the spin-trap 52,

4 Superoxide Radicals as Substrate

4.1 (Cu,Zn)-Superoxide Dismutase

4.1.1 Discovery

Hemocuprein has already been crystallized in 1938 from bovine erythrocytes 3%,
It contained 0.34 9, Cu and was also present in small amounts in blood serum. Similar
proteins have been isolated from the erythrocytes of other mammals and from tissues
like liver and brain and named accordingly: erythrocuprein (human erythrocytes) 8,
hepatocuprein (bovine and equine liver), cerebrocuprein (human brain). All these
proteins were called cytocupreins, as they showed the same Cu content and M, value,
a weak absorption in the visible, a lack of enzymatic activity, and for a given species
an immunological identity. These cytocupreins were found, moreover, to contain
2 mol of Zn besides 2 mol of Cu per M, of 33,600 3.

The inhibition by erythrocuprein or hemocuprein of the reduction of Fe(IIl)-
cytochrome ¢ by a reaction product of xanthine oxidase — the superoxide radical —
indicated the superoxide dismutase activity (EC 1.15.1.1) of the cytocupreins %9,

Two symposia have entirely been devoted to superoxide dismutases 8738 like
several reviews 47-4%- 8995 Much information can also be found in three books % %9,

4.1.2 Sequence and Conformation

The amino-acid sequence has been determined for the SOD of four species (Table 2).
There are minor differences for the yeast enzyme: Asn-55 and Asn-92°% against
Asp-55 and Asp-92 %9, and for the human enzyme concerning the amidation of six
residues and: Ser-17 and Val-98 1% against Ile-17 and Ser-98 1%, Characteristic is
the very low amount or the absence of methionine and tryptophan. There is no
methionine in human SOD, the yeast SOD contains only Met-84, the bovine SOD
Met-115, and the equine SOD Met-99 and Met-117. Tryptophan is absent with the
exception of Trp-32 in human SOD.

A sequence homology of 54 %, was observed between the yeast and bovine SOD 9%,
of 807 between equine and bovine SOD %2, 'and of 829 between the bovine and
human SOD 103, ‘

The extra cysteine residue (Cys-111) of human SOD %3194 jg responsible for the
formation of a mixed disulfide '°® or of R—S—(S),—R’ (n = 0) ! as an artefact
of the preparation, yielding the absorption band at 325 nm ", which is not formed
in the SOD of other species investigated so far.

The conformation of BESOD has been determined by X-ray diffraction to
a resolution of 0.3nm '® and of 0.2 nm, as quoted in . Almost 50% of the
amino-acid residues form a P barrel made up of 8 antiparallel strands. There is a

7
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striking similarity with the folding pattern of the domains in immunoglobulins. Cys-55
and Cys-144 form a disulfide bridge. The ligands of Cu and Zn have been identified,
the metal atoms are at a distance of 0.6 nm with the bridging imidazolate anion of
His-61 (Scheme 2). Zn(11) is in a nearly tetrahedral and Cu(Il) in a slightly distorted
square-planar environment. It was shown that BESOD contains two paired sub-
domains 119,

His-118 His-69
His-46 @ His-61 Zn) His-78
His-44 Asp -81 Scheme 2

The ligands of Cu and Zn are conserved in the sequences (Table 2). High resolution
'H NMR showed that the active sites of yeast and bovine SOD have the same
geometry 11, A great structural homology was similarly established between the
active sites of human and bovine SOD !!? and of BESOD and the two SOD
isoenzymes of wheat germ ''*. The ligand histidine resonances were identified from
the exchange of the histidine C-2 protons, followed by "H NMR spectroscopy at
270 MHz. The method was applied to yeast and bovine SOD by comparing the
reduced, the Cu-free, and the metal-free proteins **4).

4.1.3 Quaternary Structure and Half-Site Reactivity

SOD occurs as a homodimer in solution: M, about 33,000 2 1°7, twice the value
from the sequence. The two active sites are identical as shown by X-ray diffraction '°®),

The rapid-freezing EPR data obtained in pulse radiolysis experiments had been
interpreted by half-site reactivity '**. In the meantime preparations have, however,
been obtained with a definitely higher specific activity (second-order rate constant
3.3x 10° against 2.4 x 10° M~! s™! for the preparations used in the pulse radiolysis
experiments) 11, so that the half-site reactivity has been seriously questioned ''” by
the presence of inactive enzyme in the earlier experiments ''®. Large differences in
specific activity (up to a factor of two) and in the ability to protect mouse bone marrow
stem cells against X-irradiation have been reported for five SOD preparations *'®.

New arguments in favor of an interaction between the Cu sites in the dimer have
nevertheless been advanced. The binding of Cu?” to a first site of BESOD seems to
facilitate the binding to the second site 1'?). On reconstitution of SOD by the addition
of Cu?* to a Cu-free preparation, while the recovered spectral properties were a linear
function of the Cu content, the recovery of the activity was interpreted by a specific
activity of the dimer with one Cu which was twice that of the dimer with two
Cu 120)_

The SOD of the swordfish Xiphias gladius remained fully active in 8 M urea. It
was concluded from gel chromatography that active monomers were present ‘2.
But the M, value in 8 M urea of the SOD, presumably very stable in this medium,
was obtainéd with standard proteins, considered unstable under these conditions.
Bovine and yeast SOD showed also an apparent M, value of 16,000 in 8 M urea by
gel chromatography after an abrupt decrease between 6 and 7 M urea. BESOD
retained its full enzymatic activity, while yeast SOD was reversibly inactivated 122}

8
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The extent of the dissociation in 8 M urea can, moreover, not be estimated from the
electrophoretically observed hybrid formation 122 12% between wheat germ (isoenzyme
II) SOD and respectively yeast and bovine SOD. BESOD did namely not dissociate
in 8 M urea at 25 °C for at least 72 h, as indicated by sedimentation equilibrium
analysis (M, 32,000). The reactivity of Cys-6 and of the histidine residues was not
increased either in that medium 124,

4.1.4 Reconstitution, Preparation and Investigation of Metal Derivatives

In stating the metal content of the enzyme and of its metal derivatives only one
subunit will be considered. The Cu site is presented to the left and the Zn site to
the right: (Cu,Zn) e.g. for the native enzyme.

Cu?* and Zn** can entirely be removed from BESOD by chromatography on a
Sephadex G-25 column by elution with 10 mM EDTA at pH 3.8 '?*). At this pH
the apoprotein is stable and a total reconstitution was achieved by the stoichiometric
addition of Cu** and subsequently of Zn?*, followed by a dialysis against phosphate
buffer pH 7.8. Zn** could also be replaced by Co?*, Cd?*, and Hg?*, yielding
active products. The (Cu,—)-derivative with an empty Zn site was only partially
active '?®)_ It is important in such experiments to remove EDTA entirely from the
apoprotein, like by a dialysis against 0.1 M NaClO, '*7.

The binding of one Zn**, presumably at the Zn site, organizes the active site,
as shown with BESOD by '"H NMR spectroscopy 2% 12) and by chemical modifica-
tion studies with diethylpyrocarbonate 1?®. The ligands of the Zn site are close
together in the sequence (Scheme 2).

A very interesting (Cu",Cu")-derivative of BESOD was prepared with 2 Cu?* per
subunit. The EPR spectrum between 5 and 10K indicated an antiferromagnetic
interaction of the two Cu** with a coupling constant of 52 cm ™!, which seems very
good evidence for an imidazolate-anion bridge *®, as borne out with model
complexes >, Similarly the (Cu",Co")-derivative of BESOD showed only a weak
EPR spectrum 126127131, On reduction of Cu(II) to Cu(I) a normal EPR spectrum
of Co(ll) was observed at liquid-helium temperatures like with the (—,Co")-deriv-
ative '2”. Magnetic susceptibility measurements over a wide range of temperatures
yielded an antiferromagnetic coupling constant 2J 2 600 cm™! for the (Cu™,Co™)-
BESOD 132,

In phosphate buffer pH 7.4 a (Co",Co™)-derivative of BESOD was obtained, while
the addition of Co?* in acetate buffer pH 5.4 yielded the (—,Co")-derivative 3%,

The inactive (Ag',Cu")- and (Ag'Co"-derivatives of BESOD have also been
prepared. The EPR spectra of (Ag',Cu")- and (Cu!,Cu")-BESOD were very similar
like the visible absorption spectra of (Ag',Co")- and (Cu',Co™-BESOD. From model
ﬁtting to the electron-density map at 0.3-nm resolution by an interactive computer
graphics system is was concluded that the bridging His-61 is slightly out of the plane of
Cu and its three other histidine ligands 134,

The metal ion is lost reversibly from the Zn-binding site of BESOD below pH 4. With
the (Cu®,Cu")-derivative an EPR spectrum at g = 2 appeared reversibly, suggesting
the loss of Cu?* from the Zn-binding site 13%. With the Zn-free (Cu",—)-BESOD
a reversible migration of Cu’>* from one subunit to the Zn site of another was
observed to occur with a pK, of 8.2 by the decrease of the EPR signal at 30 °C 136),

9
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The pronounced increase above pH 9.3 of the proton nuclear-magnetic relaxation
rates in aqueous solutions of (Cu",Zn")-BESOD at 295 K and 30 MHz was inter-
preted by the cleavage of His-61 from Cu?* and its replacement by an equatorial
OH". The axial H,0 on Cu?* remained unaffected *”.

The metal-substituted derivatives of BESOD and the influence of pH on the
reconstitution and on some of the derivatives have been thoroughly discussed 3%,

With the yeast enzyme it was concluded that His-63 is not a bridging ligand from
the perturbed angular correlation of y rays, which allows to detect the nuclear
quadrupole interaction between a '''Cd nucleus and the environment. The
(Cu™,Cd¥)- and (—,Cd")-derivatives showed namely the same spectrum, due to the
presence of two species. With the (Cu',Cd")-derivative, which showed a different
spectrum due to only one species, it was concluded, moreover, from the similarity of
the nuclear quadrupole interaction parameters with those of *!*Cd-carboxypeptidase
A at low pH that His-63 is apparently not a ligand of Cd(II) *. The interpretation
of the *H exchange rate of the histidine C-2 protons in yeast (Cu",Zn")-SOD was
straightforward for the ligands of Cu (His-46, His-48, His-120) and for two ligands of
Zn (His-71, His-80). From its higher incorporation rate it was inferred that His-63
is not coordinated to Cu, but only to Zn *%. Small differences between the active sites
of BESOD and of the yeast enzyme are plausible, as indicated already by the reversible
inactivation of the latter in 8 M urea 22, But one would like to have the same
experimental data with (Cu,!**Cd)-BESOD like EPR or magnetic susceptibility data
for the (Cu®,Cu™)-derivative e.g. of yeast SOD.

4.1.5 Reaction Mechanism

An alternate reduction and oxidation of Cu by superoxide anions (Scheme 3) followed
from pulse radiolysis experiments !*%- 141, The E°’ value (pH 7.0) of Cu in BESOD
was estimated to be 0.42 V *#?, In the presence of tetranitromethane, an effective
scavenger of superoxide radicals, the dismutation reaction was reversed, as BESOD
catalysed the reduction of dioxygen by hydrogen peroxide .

2H%03 Cu?t 07
k; ( SO D> 61
H207 cu’ 03
Cu?* in BESOD is slowly and partially reduced by H,0, **!- 447147 with a second-
order rate constant of 6.7 M~* s™! at pH 10.0 and 25 °C **”. The formation of the
superoxide anion in this reaction seems thermodynamically unfavorable, but the rapid
dismutation of 2 O to O, and H,0, will make the overall reaction possible 2. A
secondary reaction with the destruction of one histidine per subunit leads to the
inactivation of SOD. It was explained by a Fenton-type mechanism between H,0,
and Cu(l) in the active site 146147 and is accompanied by chemiluminescence 148)
This secondary reaction must obviously be avoided in kinetic experiments. .
The X-ray absorption edge brought direct evidence for the presence of Cu(l) in

BESOD reduced by dithionite, while the absorption edge of Zn?* was unaffected, as
expected. The action of H,0, was incomplete and shifted also the absorption edge

Scheme 3
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to lower energies. The Cu(I) environment in SOD reduced with dithionite was very
similar to that in [Cu(I)(imidazole),], while there was a difference between Cu?*
in BESOD and in [Cu(II)(imidazole),]. Upon reduction the environment of Cu from
square planar became more tetrahedral 14°),

The reduced (Cu',Zn")-BESOD is only very slowly reoxidized by dioxygen 14! 142

145, 146)

The dismutation of O; catalysed by BESOD occurs with a second-order rate
constant under turnover conditions of up to 3.7x10° M~ ! s™! near the limit for
a diffusion-controlled reaction, in 0.5 mM sodium pyrophosphate, 100 yM EDTA,
0.1 M ethanol at pH 9.0, where the nonenzymic decay of superoxide is slow 19,
The approach of the steady state was followed in pulse-radiolysis experiments by
measuring transmittance changes at 650 nm with native and with (partially) reduced
BESOD '), The rate constants for the reduction of (Cu",Zn"™)-SOD and for the
reoxidation of (Cu",Zn")-SOD corresponded with the turnover rate.

Somewhat lower values of 1.0x10® and 1.2x10| M~'s™! at pH 7.0 and 8.5
respectively were deduced from a kinetic study of the inhibition by green pea SOD
of the reduction of Fe(IlI)-cytochrome ¢ with xanthine oxidase as a superoxide
generating system 159,

The rate constant (k, = k, in Scheme 3) is independent of pH between pH 5.3 to
9.5 151 In order to provide a proton to O2~ formed in the reduction of O it was
suggested that the imidazolate anion of His-61 in BESOD is detached from Cu
upon reduction to Cu(l) and protonated '*”. From the variation with pH of the
midpoint potential of Cu in BESOD it had been shown that the reduction of
Cu?* is accompanied between pH 5 and 8.7 by the uptake of a proton 4?. An open
coordination on one of the metal atoms was deduced for BESOD reduced with
dithionite from the contribution to the relaxation of the nucleus of 33C1~ anions 52,
It is presumably located on Cu(I) as the (—,Co"- and (Cu',Co™-derivatives of
BESOD showed the same absorption spectrum 5* !5 and as the X-ray absorption
edge of Zn’* was not modified upon reduction of Cu?* with dithionite *®. From
the similarity of the NMR spectra of the (—,'*Cd"™)- and (Cu',!'3Cd")-derivatives
of BESOD it was concluded that His-61 remains attached to Cd upon reduction of
Cu?* and that the imidazolate anion is protonated on the Cu side 159, Rather different
results have been presented for 1'3Cd?* -substituted BESOD !5, which were discussed
in 155).

Is such an open coordination on Cu(I) in BESOD, presumably occupied by a water
molecule '*%, entirely compatible with the mentioned similarity of the X-ray absorp-
tion edge of reduced (Cu',Zn")-BESOD and Cu'(imidazole), 14®? A distinction bet-
ween O of water and N of imidazole might not have been possible.

The spectral changes observed with (Cu®,Co")- and (Cu',Co™-BESOD respectively
by reduction and oxidation with O; under turnover conditions were interpreted by a
protonation and deprotonation of the bridging imidazolate anion. They were, more-
over, shown to occur at the rate of the reduction and oxidation of the Cu center 5%,

An essential arginine is also conserved in the sequences (Table 2). By blocking
arginine-141 of BESOD or of the homologous residue of SOD of several other species
with butanedione in borate buffer the activity was lost for about 90% ' SOD from
baker’s yeast was inactivated for more than 98% on blocking arginine-143 158),
With (Cu',Zn")- and (Cu",Zn")-SOD from yeast *H was incorporated into a peptide

11



René A. Lontie and Dominique R. Groeseneken

which contained arginine-143 *%. The binding of the substrate at the Cu center and
the transfer of a proton to the generated peroxide dianion have been suggested as a
double role for this essential arginine 137,

An attractive mechanism takes moreover into account the hydration of O and the
structure of water in the active site 1*®). The reduction of Cu?’* in SOD by O; is
supposed to occur through the axial H,O, which was shown to exchange only very
slowly '37), Scheme 4 incorporates this mechanism 5% together with the protonation-
deprotonation of the bridging imidazolate 47> 1%,

A mechanism without reduction of Cu? ", similar to the reaction between HO, and

O, , was presented for the catalysis of the dismutation of superoxide by the Cu?*
cation 16%;

Cu’** + O; — CuO;

(%)
Cu02+ +0; +2H,0 - Cu** + 0, +H,0, + 20H" . (6)
HN-
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The formation of the analogous intermediate MnO," was demonstrated in the reaction
of the Mn?* cation with the superoxide radical 1V,

Aqueous solutions of SOD from human placenta were treated with y rays at 77K
and annealed at 190 K. An EPR signal observed at 77 K was interpreted as due to a
paramagnetic intermediate: a “loose complex™ Cu?* ... HO; at the active site %7,
The binding of HO; (pK, = 4.9) instead of O; seems rather improbable in
phosphate buffer pH 7.8. The activity of BESOD is, moreover, independent of pH
above pH 5.3 1*V. The paramagnetic intermediate could correspond to a superoxide
radical bound to the axial H,0 of Cu?** (Scheme 4).

The decay near 200 K of the EPR signal of O; in the “loose complex” of
BESOD was not accompanied by a reduction of Cu**, which occurred only upon
annealing at about 270 K. Similar observations were made with BESOD reduced
with H,0,. This was considered good evidence for the second mechanism (5) (6) with
a constant oxidation state of Cu, Cu?* or Cu*, and a cooperation of the two active
centers in the SOD dimer %%,

Such a cooperation seems very unlikely, the active centers being at a distance of
3.4 nm % With BESOD a heterodimer was prepared with a native subunit and a
diazo-coupled H,0,-inactivated subunit, whereby the activity was not altered. The
heterodimer showed approximately half the specific activity of the native enzyme %9,
which excludes moreover the half-site reactivity !5 1!7 (See Sect. 4.1.3). These results
were confirmed with the (Cu,Zn) (—,Zn)- and (Cu,Zn) (Co,Zn)-dimers, which showed
almost the same specific activity, expressed per Cu, as the native enzyme 1%,

From the liver of rats treated with lethal doses of X rays an inactive, presumably
reduced, enzyme was isolated, which was only very slowly reactivated in air 5%,
This derivative must obviously differ from the assumed (Cu',Zn")-intermediate in
the catalytic process (Scheme 4).

4.1.6 Distribution

The (Cu,Zn)-SOD is found in the cytosol of eukaryotic cells and in the inter-
membrane space of mitochondria, as observed with chicken liver 167, and also in
chloroplasts, as shown with spinach '°® and mustard ' leaves. A (Cu,Zn)-SOD has
also been isolated from a prokaryote Photobacterium leiognathi ™. Could this
symbiotic bacterium have borrowed the gene(s) from its host, the Pony fish,
although two different subunits (M, 15,000 and 17,000) were reported for the bacterial
enzyme? A (Cu,Zn)-SOD was furthermore detected in Paracoccus denitrificans 1V,

Fe- and Mn-containing superoxide dismutases have, moreover, been isolated. They
show striking sequence homologies. (Fe)-SOD has mainly been found in prokaryotes.
(Mn)-SOD occurs in prokaryotes, M, (20,000),, in the matrix of mitochondria, al-
though encoded by the nucleus, and also in the cytosol of e.g. liver cells (human,
chicken in contrast with rat) 172:173),

Superoxide dismutases are found in all aerobic and in aerotolerant organisms,
which consume oxygen '"¥, with the exception of Mycoplasma pneumoniae and other
species of Mycoplasma '™ .

The three types of SOD showed a similar activity near pH 7.0 with a second-
order rate constant of about 2x10° M~!s™!, as determined by the reduction of
Fe(Ill)-cytochrome ¢ and of tetranitromethane. The activity of the (Fe)- and (Mn)-
SOD decreased with increasing pH in contrast with that of (Cu,Zn)-SOD 179,
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The addition of 1 mM cyanide, which inhibits the (Cu,Zn)-SOD, allows to distin-
guish it from (Mn)-SOD in samples of eukaryotic origin 771", With azide a 50%,
inhibition was observed at pH 7.8 for (Cu,Zn)-, (Mn)-, and (Fe)-SOD at a concentra-
tion of about 32, 20, and 4 mM respectively 17, Pamoate, however, was only an
apparent inhibitor of the three types of SOD, as it lowered the sensitivity of several
assays 189,

In rat liver 16% of the dismutase activity was found in the mitochondria: 9%
in the intermembrane space and 7% in the matrix, due respectively to (Cu,Zn)- and
(Mn)-SOD. No activity was located in other subcellular structures *2%.

A radioimmunoassay has been developed for the (Cu,Zn)-SOD 8% and a '°F nuclear
magnetic relaxation method for the (Cu,Zn)- and (Mn)-SOD %9,

The gene for human (Cu,Zn)-SOD is located on chromosome 21 (two alleles
have actually been described) %%, In trisomy 21 (Down syndrome) an increase of
about 50 % in SOD activity was observed in erythrocytes and in blood platelets 3% 189,

As demonstrated with ’Cu in rats, (Cu,Zn)-SOD receives its copper from
ceruloplasmin after 2-3 days '®®. The (Cu,Zn)-SOD activity in erythrocytes is
reduced in Cu deficiency, as shown with several species **7). With rats e.g. during Cu
depletion, plasma Cu and ceruloplasmin were decreased by 78 and 759 respectively
against 72% and only 56 % for the blood cell Cu and (Cu,Zn)-SOD respectively %),
In three patients with Wilson’s disease the SOD level of erythrocytes was normal,
although the disease is characterized by an accumulation of Cu in the liver e.g. and
usually by low concentrations and sometimes the absence of ceruloplasmin 5%,

The (Cu,Zn)-SOD levels in erythrocytes of normal human subjects are fairly
constant: 461 + 46 (standard deviation) pg/g hemoglobin. Results are also reported
for several pathological conditions !*, Small differences were e.g. observed in
erythrocytes with on the average a 19 %, decrease in patients with Duchenne muscular
dystrophy *® and a 20% increase in black alcoholics in contrast with white
alcoholics °V. Sickled erythrocytes showed significantly higher levels of (Cu,Zn)-
SOD: 170 % on the average of those of normal erythrocytes 2. Tumor cells as a rule
seem to have lower or zero levels of (Mn)-SOD 9%,

The liver (Cu,Zn)-SOD of old rats (27 months) showed a 607 reduction of
specific activity, the presence of antigenically cross-reacting material, and a decreased
thermal stability in comparison with the enzyme of young rats (6 months) ¥ Similar
observations were made with ageing human fibroblasts in culture, whereby the absence
of a cytosolic stabilizing factor was suspected in old cells **%.

4.1.7 Role and Applications

The biological role and the clinical applications of superoxide dismutases are
covered by the second volume of the Symposium in Malta **%.

Superoxide dismutases together with catalase (EC 1.11.1.6) and glutathione per-
oxidase (EC 1.11.1.9) are important enzymes for the protection against “‘oxygen
toxicity” 21-1977199) Protection is also provided by substances like o-tocopherol
(vitamin E) 2°9).

A synergism between SOD and catalase points to the’OH radical (or a’OH radical
like intermediate) as the toxic species. The damage to resealed erythrocyte ghosts by
radiolytically produced ‘OH radicals was enhanced by H,0, by a factor of almost
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two. This could be due to the formation of a second "OH radical by the reaction of
H,0, with a radical formed from the substrate in the first step 2°V.

The role of superoxide dismutase has been challenged 47>2°2, One argument was
their presence in anaerobic bacteria, although often in low amounts 2°¥, Several
anaerobes do also contain catalase. A defense against an accidental exposure to
dioxygen has been suggested as a possible explanation for the presence of both
enzymes in aerotolerant anaerobes 202209,

A further role has been attributed to (Cu,Zn)-SOD: the quenching of singlet oxygen.
This raises, moreover, the question of the unlikely production of singlet oxygen in
biological systems by non-photochemical means.

It has been suggested that the spontaneous dismutation of O3 produces singlet
oxygen in contrast with the SOD-catalysed dismutation 2°9:

HO; + O] + H,0* - H,0, + H,0 +'0,. 0]
A quenching by SOD of singlet to triplet oxygen has been furthermore advo-
cated 2077299,

No singlet oxygen was, however, found in the reaction of O7 with one-electron
acceptors 2! and no?'»2'» or no more than 0.2%2%'% in the spontancous
dismutation of O;. No quenching by SOD of singlet oxygen was observed
either 24219 The weak luminescence in the aerobic xanthine oxidase reaction was
inhibited by SOD, by catalase, and by scavengers of ‘OH radicals. Attributed to
singlet oxygen, it seems due to carbonate radicals, formed by the action of "OH
radicals on carbonate jons #”). Similarly there is no good evidence for the production
of singlet oxygen by the myeloperoxidase of neutrophils. HOCI, produced from Cl1~
anions and H,0,, reacts with the singlet-oxygen traps 2!8 =229, The chemiluminescence
of phagocytosing neutrophils, also attributed to singlet oxygen, seems to be mainly
due to the oxidation of ingested particles 22V

Intravenously administered (Cu,Zn)-BESOD, when coupled to high molecular
mass derivatives in order to keep it in the circulation, showed a marked anti-
inflammatory effect >*». The anti-inflammatory protein “orgotein”, isolated from a
bovine liver extract in 1965 and which contained both Cu and Zn, was found to be
identical with (Cu,Zn)-SQD 223224},

Two elements in inflammatory processes are the attraction of leukocytes and the
vasodilatation caused by prostaglandin E,. Superoxide radicals generate in plasma
a factor chemotactic for neutrophils >*®. The prostaglandin phase of carrageenan
induced foot edema in rats was suppressed by frequent intravenous injections of
BESOD. Heat-denatured BESOD, catalase, and ‘OH-radical scavengers were in-
active %, The granuloma formation in rats, also induced by carrageenan-soaked
sponges and measured after 7 days, was not inhibited by a local injection of
BESOD alone at the moment of sponge implantation, but by a combination of
BESOD and catalase, which was possibly due to a protection of the former enzyme
by the latter 227,

Hyaluronate of bovine synovial fluid was extensively degraded within 30 min
in the presence of the xanthine oxidase system, as indicated by the decrease of the
relative viscosity. This degradation of hyaluronate-was inhibited by (Cu,Zn)-SOD and
by catalase *?®), The formation of "OH radicals was attributed to an iron-catalysed
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Haber-Weiss reaction 2%, Hyaluronate of the bovine vitreous body was similarly
protected by (Cu,Zn)-SOD, by catalase, and by peroxidase. The degradation of
hyaluronate in the presence of ascorbate or of Fe?* cations was not inhibited by
(Cu,Zn)-SOD 2. The formation of "OH radicals from H,0, and ascorbate, in the
presence of traces of Fe-EDTA, was largely independent of superoxide radicals 23"

Rats, exposed for 7 days to 85% O,, survived for more than 4 days in 1009, O,,
when control rats died within 3 days. They showed a 509 increase of SOD in their
tungs. With guinea-pigs, hamsters, and mice there was no increase of pulmonary SOD
and no tolerance was developed 3. This increase in pulmonary SOD at 80% O,
or more was only observed with 10-day old and not with 25-day old rats. Catalase and
glutathione peroxidase were increased with both groups 2**. There are, however,
modifications at the cellular level besides the increase of the enzyme activities.

Rabbit peritoneal macrophages (po, = 15 mmHg) showed only half the SOD
activity, expressed per mg protein, of the alveolar macrophages (p02 ~ 150 mmHg).
Lung and brain SOD activities of hypoxic mice were also significantly lower than in
normoxic controls 234,

A correlation was also presented between life-span and (Cu,Zn)- plus (Mn)-SOD
activities of two strains of Drosophila melanogaster. The short-living vestigial strain
had an activity of 72%, on the average of the wild strain 2**. With 2 rodent and 12
primate species there was a good correlation between the ratio of SOD activity to
specific metabolic rate and the maximum life-span potential for the brain, heart, and
liver 239,

The “autoxidation” of oxyhemoglobin, like that of oxymyoglobin, produces O;
(Sec Sect. 3.2):

HbFe**—0j — HbFe** + O] . (8)

The action of O] on oxyhemoglobin has been interpreted by a dismutation BN,

HbFe’*—0; + 0 + 2H* - HbFe** + O, + H,0, . ©)

As “oxyhemoglobin™ solutions in air are liable to contain appreciable amounts of
deoxyhemoglobin, it is astonishing that a reaction of O with deoxyhemoglobin
has apparently not been considered:

HbFe** + O] + 2H* — HbFe** + H,0, . (10)

for it would have provided a simple explanation for the observed decrease of
methemoglobin formation in the presence of 13.3 mM azide when full oxygenation

of hemoglobin was approached ®. .
The reaction of O3 with methemoglobin obviously regenerates oxyhemoglobin:

HbFe** + O; — HbFe**—O0; . (11)

The “autoxidation” of bovine heart myoglobin 5% and of shark hemoglobin ** were
followed respectively by the decrease of the absorbance at 581 and at 430 nm.
BESOD accelerated definitely the “autoxidation” of the myoglobin but only very
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slightly that of the hemoglobin. With both proteins there was a partial inhibition by
catalase.

As H,0, can be produced by equations (9) and (10) and by the spontaneous or
enzymatic dismutation of O} (Scheme 3), its reaction with deoxyhemoglobin 2*® and
with methemoglobin 2% must also be considered:

HbFe*” + H,0, + 2H* - HbFe(1V) + 2 H,0. (12)

This Fe(IV)-derivative is particularly stable with leghemoglobin, while with other
hemoglobins and with myoglobins the oxy form is regenerated with H,O, 23®,
The reaction of sufficient concentrations of H,O, with methemoglobin could formally
yield the "OH radical:

HbFe** + H,0, + H* — HbFe(IV) + (‘OH) + H,0 . (13)

Free "OH radicals were, however, not detected, as phenoxy radicals were generated at
pH 5 and 7 with human methemoglobin, H,0,, and phenols instead of the o-hydroxy-
cyclohexadienyl radicals observed with Fenton’s reagent and phenol >,

It was shown with photochemically generated O; that chromatographically purified
porcine oxyhemoglobin yielded no methemoglobin. The products originated likely
instead from reaction (13) and from subsequent reactions. The process was not
inhibited by BESOD, but after the addition of catalase methemoglobin was formed
and the reaction was inhibited by BESOD %4, like with erythrocyte lysates 24, By
the way normal human erythrocytes contain about 1 SOD and 1 catalase molecule per
1000 hemoglobin molecules 8%,

The importance of reaction (13) was also shown with stimulated human neutro-
phils, which generate O and are thus able to lyse erythrocytes. This hemolysis was
inhibited by exogenous (Cu,Zn)-SOD in contrast with the heat-denatured enzyme
and with catalase. When hemoglobin in the erythrocytes was converted into methemo-
globin by a nitrite treatment, SOD became ineffective, but exogenous catalase
protected. The erythrocyte became resistant to hemolysis when treated with carbon
monoxide, whereby the formation of methemoglobin was blocked and reaction {13)
avoided 242,

The role of O and of SOD will further be illustrated by some recent
examples.

The binding of a-methyldopa to the membrane of human erythrocytes was
increased fifty-fold when (Cu,Zn)-SOD was inhibited by diethyldithiocarbamate. The
autoxidation of a-methyldopa was inhibited by BESOD 243,

The insulin producing B cells of the pancreas are selectively destroyed by
alloxan, which is reduced there to dialurate. Isolated pancreatic islets of mice were
protected against the action of alloxan, by BESOD, by catalase, and by scavengers of
‘OH radicals **¥. A treatment of rat pancreatic islets with SOD, catalase or
diethylenetriaminepenta-acetate attenuated the effect of alloxan, suggesting again a
participation of ‘OH radicals 24%.

Cataract was induced in eyes of rabbits by 3-aminotriazole, a catalase inhibitor,
whereby the H,0, concentration was raised and (Cu,Zn)-SOD partially inactivated?*®.

The stimulation by paraquat of collagen synthesis in organ cultures of neo-
natal rat lungs was abolished by SOD 47
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To quote an example from a very different field, it was also suggested that
sunscald in tomatoes is related to the production of O and that protection is
afforded by (Cu,Zn)-SOD 9,

The role of O in strand breakage was shown with the DNA of the T7
bacteriophage, in this process "“OH radicals were implicated 2**. The possible relation-
ship with spontaneous cancer has been stressed 230- 21,

SOD and catalase protected the DNA of the double-stranded replicative form of
the bacteriophage ®X 174 against inactivation by y rays 25, The oxygen effect during
X irradiation was shown to be due to O] radicals with Escherichia coli. The
bacterial cells, grown in a low Fe medium in order to reduce the amount of
(Fe)-SOD in the periplasmic space, were protected by BESOD (1.23 pg/ml): the
oxygen enhancement ratio fell from 2.4 to 1.4, When (Cu,Zn)-SOD was
inhibited for 959 in Chinese hamster cells by diethyldithiocarbamate, which was
washed away as it is a radioprotector, the senmsitivity to X irradiation was
increased 234,

In order to prolong the plasma half-times (Cu,Zn)-SOD has been attached to dextran
and to Ficoll 222, and to polyethylene glycol 22:2%5. The inclusion in liposomes
allows, moreover, to direct it selectively to particular organs as a function of the
composition of the liposomes °>. When (Cu,Zn)-SOD from bovine liver was cross-
linked to rabbit albumin, the antigenicity in rabbits was decreased *°®. The production
of human (Cu,Zn)-SOD by genetic engineering might be worthwhile, although the
antigenicity of SOD seems low in mammalian species. It is probably linked with
the hypervariable regions: residues 17-30 and 109-111 '**. As a first step the human
placenta proved a useful source for the isolation of the mRNA 27,

Striking clinical results have been reported in inflammatory and auto-immune
diseases, although in a somewhat limited number of cases °*2*®. A low molecular
mass chromosome-breaking agent was identified in the serum of patients with
systemic lupus erythematosus. The chromosome aberrations in cultures of normal
lymphocytes in the presence of this factor were reduced to normal values by the
addition of BESOD to the culture medium %)

Intra-articular injections of orgotein proved effective in degenerative joint
disease 259, The side effects of radiation therapy in patients with bladder tumors were
also reduced by the administration of SOD 2°"). The nephrotoxicity of cis-diamine-
dichloroplatinum in rats was similarly lowered by the subcutaneous administration of
(Cu,Zn)-SOD %62,

4.2 Dismutase Activity of Copper Complexes

The most efficient catalyst for the dismutation of O is the [Cu(H,0) )"
complex 263 with a second-order rate constant of 8x 10° M~ s™%, more than twice
that of BESOD 1.

A superoxide dismutase activity has been reported for Cu complexes of amino
acids and peptides 2647266), salicylates 2, penicillamine **®), and indomethacin 269}
In pulse-radiolysis experiments by the decay of O3 at 250 nm a second-order rate
constant between 0.8 x 10° and 2.4x 10° M~! s™* was determined at pH 7.5 for the
Cu chelates of salicylates 27 and of 0.4x 10° at pH 7.0 for the Cu-penicillamine
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complex 2®. With the xanthine-xanthine oxidase system, however, the activity of the
bis-(salicylato)-Cu(Il) complex, measured by the reduction of Fe(III)-cytochrome c,
was about 1000 times smaller per mole of Cu than that of BESOD ?’%. The
inhibition of the nitroblue tetrazolium reduction by Cu complexes of tyrosine and
lysine was also 1000-2000 times less effective per mole of Cu than by BESOD %63,
Could this much lower dismutase activity, observed with the xanthine oxidase system,
have been due to a general protein effect, namely a complexation of free copper? But,
while in the presence of serumalbumin (0.11 mg/ml) the rate constant with the
Cu** hydrate was reduced from 2.7x10° to 0.25x10° M~!s~!, it was only
decreased from 0.29 x 10° to 0.15x 10° M ™! s™* with the Cu(Gly-His), complex 2%,

The lower activity of most chelate complexes than that of the aquo complex of Cu?*
was attributed to small amounts of free Cu®* liberated by the labile complexes 27V
The dismutase activity reported for the [Cu(@); Cu(Il),(D-penicillamine),,,CIJ° -
complex was suppressed by EDTA or by a Chelex 100 treatment 272, Free Cu?*
cations can, however, not explain the very high second-order rate constant of
6x10° M~! 57! measured at pH 7.0 with the [Cu,(indomethacin),] complex by the
decay of O] at 250 nm. With the Cu-histidine complexes, moreover, it was
concluded from the influence of pH on the pseudo-first order rate constant of the
dismutation of HO;/O7 that [CuHis,HP* was the active species with a second-
order rate constant of 3x10° M~! s~! between pH 2 and 7. It was not possible
kinetically to distinguish between the classical and the alternative mechanism, with
respectively Cu(l) or a Cu(I)—O; complex as intermediate 273,

A superoxide dismutase activity had been reported for the Fe-EDTA complex in
contrast with the inactivity of the Cu-EDTA complex. It was shown, on the contrary,
that Fe-EDTA, instead of catalysing the dismutation of O, interferes with the
reduction of nitroblue tetrazolium and of Fe(Ill)-cytochrome c in the assays of the
dismutase activity 274,

Cu chelates of anti-inflammatory and anti-ulcer drugs were often found more active
than the free ligands ?’>2®, The structure of the Cu(Il) complexes of the anti-
inflammatory drug indomethacin **® and of the anti-ulcer drug cimetidine 27" was
determined by X-ray diffraction.

4.3 Dismutase Activity of Other Copper Enzymes

Human ceruloplasmin inhibits lipid autoxidation induced by ascorbate or inorganic
Fe?™. 1Tt is considered an “acute-phase” protein with a beneficial effect in
inflammation ™. It was suggested that ceruloplasmin acts as a scavenger of
O radicals, as it inhibited the reduction of Fe(III)-cytochrome ¢ and of nitroblue
tetrazolium in the presence of xanthine oxidase, acetaldehyde, and dioxygen as an
O; -generating system **?. A mechanism without reduction of Cu?*, similar to that
presented for (Cu,Zn)-SOD **¥), was also postulated for human ceruloplasmin 289,
No dismutase activity could, however, be detected with O7 radicals generated by pulse
radiolysis, while type-1 Cu?* was reduced 8%, The inhibition of the Fe-dependent
lipid peroxidation by ceruloplasmin was tentatively explained by its ferroxidase
activity which lowered the concentration of Fe?* in the system, but ceruloplasmin
was also an efficient inhibitor of the Cu?*-catalysed peroxidation 2%, Fe-free trans-
ferrin also showed some inhibition 27,
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A weak dismutase activity with a second-order rate constant of 3x10°M 157!
was estimated for the galactose oxidase of Polyporus circinatus from the inhibition at
pH 7.8 of the reduction of Fe(llI)-cytochrome ¢ by O] radicals generated by the
xanthine-xanthine oxidase system ?%. Cytochrome ¢ oxidase appeared to have a low
superoxide dismutase activity, estimated to 1-39 of that of (Cu,Zn)-SOD, by the
inhibition of the reduction of p-nitrotetrazolium chloride 2%, Dopamine B-mono-
oxygenase showed a very weak superoxide dismutase activity (10 units/mg against
43,000 units/mg for bovine SOD) %), The reduction of nitroblue tetrazolium was,
however, found to be inhibited by proteins in general and by heat-inactivated
dismutase 287,

In conclusion no other Cu protein has a superoxide dismutase activity comparable
to that of (Cu,Zn)-SOD.

5 Radicals as Intermediate

5.1 Superoxide Radicals

Galactose oxidase of P. circinatus was apparently inhibited by traces of BESOD. It
can be inactivated by H,0, produced in the reaction unless catalase was added.
There was an activation by traces of O} . In the absence of oxidants the reaction usually
showed an induction period 2®®. The enzyme, used at very low concentrations in the
assays, was protected by proteins like serumalbumin. SOD did, however, not alter
the reaction rate when added after 15 min 28%), This was interpreted by an inactivation
of SOD by the H,0, accumulated in the reaction *%, but it could just as well mean
that SOD had no effect on the active enzyme, but that it did lower the activation in the
induction period. Peroxidase activated galactose oxidase and suppressed the effect of
SOD 289, 1t did protect the enzyme against H,0, inactivation and could have been
responsible for appreciable amounts of O}, produced from O, and from radicals
formed in its action on a substrate.

There is no valid interpretation for the activation by O] and by hexacyano-
ferrate(II1), although they fitted nicely in a reaction scheme with Cu(Ill) as the
active species 2*®. In the oxidation of an alcohol to an aldehyde Cu(lII) would be
reduced to Cu(l). In the subsequent reaction of Cu(l) with O,, Cu(IDO; was
considered an intermediate yielding Cu(I1I) and H,0,. This intermediate would be in
a reversible equilibrium with O; and with the resting Cu(II)-enzyme. This resting
enzyme would be oxidized by hexacyanoferrate(IIl) to the active Cu(III) species.
There was unfortunately no indication in X-ray absorption measurements for the for-
mation of Cu(Ill) with hexacyanoferrate(Ill) and the resting enzyme ***. EPR
measurements indicated that Cu(II) was present in the active enzyme '¥. It was not
possible, moreover, to detect O by the reduction of Fe(Ill)-cytochrome ¢ in a
galactose oxidase — galactose system 2%,

Pig kidney diamine oxidase was inhibited by CuSO, (for 49 7; at 0.1 mM)and by the
Cu complexes of lysine and tyrosine, but not by (Cu,Zn)-SOD **". Similar observa-
tions were made with purified bovine plasma amine oxidase *°?. There was only a weak
inhibition by bovine (Cu,Zn)-SOD, 0.1 mM Cu(II) (salicylate), gave a 40 % inhibition,
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excess lysine suppressed the inhibition by the Cu(II)-lysine complex, perhaps by form-
ing the inactive complex Cu(II) (lysine),. The inhibition by Cu** and by Cu(Il)
(salicylate), was essentially non-competitive. These data have been interpreted by a
dismutation of O] by the Cu(Il) complexes at the active site, which seems
inaccessible to SOD. According to the authors this would implicate O; as an
intermediate.

It has been suggested that the activation of dopamine B-monooxygenase by
ascorbate was due to the formation of O; by reduction of O,, as the enzyme
was activated by O and inhibited by BESOD #°%). This inhibition of the enzyme could
not be confirmed 2°+ 2%, Dopamine B-monooxygenase could, moreover, be activated
by ascorbate in the absence of O, ?¥). It was nevertheless activated by reduction with
O at a rate which was 200 times slower than that with ascorbate, The reduced
form of the enzyme was unstable in the absence of substrate, which was interpreted
by the mentioned low superoxide dismutase activity 289,

In these enzymatic processes there is no indication for free O] radicals and no direct
proof yet for their presence at the active site,

The reaction with O, of the fully reduced bovine heart cytochrome ¢ oxidase
(@*Cuy - Cugd}*) was followed at low temperature by optical and EPR spec-
troscopy **®. With the mixed-valence-state cytochrome c oxidase (@**Cu* - Cujt@2*)
cytochrome a>* and Cu?* remained unaffected and the presence of three inter-
mediates could be deduced:

[Cugas** + O, = [Cuga3™®. 07°] = [Cuj*al*- 03]

= [Cugas*- 0 - X*] (14)

The free radical X* could be a protein free radical or a porphyrin n-cation
radical 27,

5.2 A Paramagnetic Oxygen Intermediate

On adding dioxygen to the fully reduced laccase of the lacquer tree Rhus
vernicifera, the type-1 Cu and the type-3 Cu-pair were oxidized in the ms range and
an optical intermediate was observed at 360 nm 2°®. At liquid helium temperatures
an EPR signal was observed, which was tentatively interpreted as due to O, as a result
of its very short relaxation time and of the increase of its linewidth when the
reduced laccase of the fungus Polyporus versicolor was treated with 170, 299, A
similar paramagnetic oxygen intermediate was also observed with the laccase of
another lacquer tree Rhus succedanea and with ceruloplasmin. The decay of the
intermediate at 25°C (1, = 1s at pH 5.5 with R. succedanea laccase) was
accompanied by the reoxidation of the type-2 Cu *°%). One would expect, however,
such an intermediate to be extremely reactive (See Sect. 3.3), while it was stable in tree
laccase depleted of type-2 Cu(II) 300,

A new broad EPR resonance at g = 5 was observed by rapid freezing on treating
reduced cytochrome ¢ oxidase with O,. It could not be attributed to an oxygen con-
taining radical, as the linewidth was not increased with 170, 02,
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6 Radicals as Reaction Product

In the oxidation of ascorbate by O, catalysed by ascorbate oxidase, the formation
of the monodehydroascorbate free radical was demonstrated by EPR spectroscopy
in a flow ceil. A steady state was usually reached within 50 ms. The production
of the free radical was also followed by the reduction of Fe(llI)-cytochrome c.
Thus the oxidation of ascorbate occurs in a one-electron step 3**. The formation
of the monodehydroascorbate free radical was also measured directly by spectro-
photometry at 360 nm, where the free radical shows an absorption maximum 304,

The formation of the monodehydroascorbate free radical by dopamine B-mono-
oxygenase was similarly demonstrated by the acceleration of the reduction of Fe(III)-
cytochrome ¢ 3°% and by direct spectrophotometry at 360 nm 3%, The action of the
laccase from the mushroom Agaricus bisporum on catechol yielded also the semi-
quinone as the result of a one-electron transfer 3°®.

With tyrosinase, on the contrary, a two-electron oxidation occurs, as no EPR
signal was detected in the catechol oxidation at pH 5.3 3°¥. Melanins are polymeriza-
tion products of tyrosine, whereby tyrosinase catalyses the first steps: the formation
of dopa (3,4-dihydroxyphenylalanine) and of dopaquinone, leading to an indolequi-
none polymer *°7. The peroxidase mechanism for the conversion of tyrosine into
dopa in melanogenesis was not substantiated **®. In natural and synthetic melanins
free radicals of a semiquinone type were detected by EPR: 4-10x 10'" spins g ™' of a
hydrated suspension (the material was modified on drying and the number of free
spins increased). The fairly symmetrical EPR signal had a g-value of 2.004 and a line-
width of 4-10 G 3°7. The melanins seem to be natural radical scavengers.

The oxidation of dopamine by ceruloplasmin yielded a free radical with a very
short lifetime, characterized by an EPR signal at g = 2.006%%®). Dimethyl-p-
phenylenediamine was oxidized faster by the enzyme to the free radical Wurster’s
red, which was further oxidized by the enzyme in another one-electron step. The free
radical seemed, moreover, to be stabilized by ceruloplasmin 39,

7 The Action of Radicals on Copper Proteins

The autoxidation of ascorbate, a cosubstrate of dopamine $-monooxygenase, induces
the degradation of most proteins including catalase and dopamine f-monooxygenase,
but with the exception of (Cu,Zn)-SOD. Catalase protects dopamine B-monooxy-
genase and is therefore generally added in the assay systems 12 The apparent
activation or rather the stabilization of the enzyme (6.5 pg) by small amounts of
catalase (3.1 ug) was enhanced by native but not by boiled SOD (100 pg) and
also by similar amounts of serumalbumin (100 pg) or of boiled catalase (65 pg) ***.
The effect of SOD points to the intervention of O in the autoxidation of ascorbate.
Proteins in large amounts could react with the strong oxidizing agent formed in this
Udenfriend’s system *7, thus protecting the enzyme. The ineffectiveness of boiled
SOD could be due to its amino-acid composition (See Sect. 4.1.2). While O; did not
inactivate dopamine B-monooxygenase 2*¢), the rate_of inactivation in the presence of
ascorbate was increased by the addition of Cu?* and was faster than that observed
with similar concentrations of Cu?* and H,0, *'". An inactivation of tyrosinase by
ascorbate has also been described 32,

22



Copper Proteins

The primary products of the pulse radiolysis 233! of H,0 by pulse§ of h.igh-
energy electrons (1-15 MeV) are hydrated electrons e, and the free radicals 'OH
besides smaller amounts of H', H,0,, H,, and H,;0™.

In the presence of O, superoxide radicals are generated:

€q + 0, > 07 (15)
. HpO0
H + 0, — HO; === H,0" + O; (16)
In the presence of N,O the yield of "OH radicals can be doubled:
€,q + N;O+ H,O >N, + OH + OH™. a7n

The "OH radicals can produce the more selective halide or pseudohalide radicals:

‘OH + Br~ 25, Br, + OH" (18)
'OH + SCN™ XX, (SCN); + OH™ (19)

and the reducing formate radicals from formate:

‘OH + HCO; - CO; + H,0 (20)
in the absence of oxygen in order to avoid:

CO; + 0, - CO, + 0] . (¥2))]
With carbonate the "OH radicals generate the carbonate radicals:

‘OH + CO;~ - COj + OH™ . (22)

The 2-methyl-2-hydroxypropylperoxyl radicals were produced from 2-methyl-2-
propanol by pulse radiolysis:

(I:H:; .Cl:Hz CHz“O'z
CH3-(¥2—OH +'OH — CH;~C-OH 2% CH;-C-OH  (23)
| |

CH, CH, CH,

They were found not to react with BESOD, the rate constant was estimated to be
<10* M~'s™1, if there was a reaction at all 3!, The reaction of BESOD was also
investigated with several other radicals generated by pulse radiolysis. With the
semiquinone of riboflavin 5’-phosphate no reaction was detected. The semiquinone of
9,10-anthraquinone-2-sulfonate and the radical anion of 4-nitroacetophenone convert-
ed the enzyme into an unreactive form 319,

The inactivation of (Cu,Zn)-SOD from bovine and human erythrocytes by
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Brj radicals, generated by *°Co y-irradiation in the presence of Br~, was investigated.
The effect due to H' atoms was subtracted. The inactivation yields rose sharply
above pH 10 3!, This could be related with a loosening of the active site as a result of
the cleavage of histidine-61 from Cu(Il) 137, There was a destruction of histidine
and3:)8t; tyrosine, and unexpectedly of lysine when Cu was present in the active
site %),

In the presence of carbonate the half-life of the enzymatic activity of bovine and
human (Cu,Zn)-SOD was considerably reduced on **Co y-irradiation, which indicates
a more selective reaction of carbonate radicals with the active site '),

The reduction of laccase by O obtained by pulse radiolysis in the presence of O,
was followed by the decrease of the absorbance at 614 nm of type-1 Cu. Only a very
partial reduction was observed (up to 7%). The binding of F~ anions to type-2 Cu
lowered the reduction and the reoxidation rates 32%.

The reaction of CO} radicals with human ceruloplasmin produced RSSR ™ radicals.
Their first-order decay occurred at the reduction rate of type-1 Cu. The same
mechanism was observed with fungal and tree laccase 32".

The active sites of oxyhemocyanins did resist low doses (below 80 krad or
0.8 Jg™1) of *°Co y-rays or of 280 kV X-rays. On subsequent deoxygenation the
deoxyhemocyanin (Cu' Cu') of the chelicerate Limuius polyphemus was irreversibly
transformed into methemocyanin (Cu" Cu") by the H,O, formed during the irradia-
tion, while the hemocyanin of the gastropod Busycon canaliculatum showed a catalase
activity 322, In the absence of oxygen, the deoxyhemocyanins were submitted to up
to 8 times higher doses, whereby the active sites were partially inactivated. This action
was attributed to ‘OH radicals as it was eliminated by 0.5 M methanol or formate
as their scavengers. Cu(II) in the modified active site could be reduced again by
irradiation in the presence of 0.5 M formate. The oxygen binding was restored with
B. canaliculatum in contrast with L. polyphemus hemocyanin. There were obviously
other modifications in the protein moiety as a result of the irradiation **%.

8 Concluding Remarks

The discovery of the superoxide dismutase activity of erythrocuprein 86) has indeed
opened a wide field.

A (Cu,Zn)-SOD, prepared by less drastic methods and showing the highest
possible activity, could clarify the kinetic experiments, although the half-site
reactivity seems already rather unlikely. The intermediate might be stabilized and
characterized in mixed aqueous systems at sub-zero temperatures **%. A”direct com-
parison under the same experimental conditions of the metal derivatives of SOD
of different species could help to clarify their possible differences.

The storage role of (Cu,Zn)-SOD in seeds e.g. *” seems plausible, when the Cu-
carrier function of ceruloplasmin is considered 17 The lipophilic anti-inflammatory
and anti-ulcer Cu-chelates could also raise the Cu concentration in certain tissues
and thus enhance their lysyl oxidase activity. But especially Cu(acetylsalicylate),
inhibited proline,2-oxoglutarate dioxygenase (EC 1.14.11.2) and lysine,2-oxoglutarate
dioxygenase (EC 1.14.1.4), which are also important enzymes in the processing of
collagen 32%).
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In the experiments with galactose oxidase and dopamine B-monooxygenase very
low enzyme concentrations have often been used. The addition of an inert protein
might help to approximate the natural conditions by providing a protection against
surface dehaturation and against radicals, and by regulating the trace metal
concentrations.

The production of human (Cu,Zn)-SOD by genetic engineering could make suffi-
cient amounts available for a further testing of the promising applications in auto-
immune and inflammatory diseases, and as an adjuvant in the radio- and chemo-
therapy of certain types of tumors. In this respect the hemolysis observed as a
secondary effect in patients treated with nitrogen mustards could be ascribed to a
striking reduction of the (Cu,Zn)-SOD levels in their erythrocytes 329,
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Note Added in the Proof

2 Copper Proteins in General

Although the stoichiometry of the copper atoms in ceruloplasmin is not settled yet,
two type-1 copper atoms are now generally accepted, besides one type-2 copper and
one type-3 copper pair, and possibly a sixth and a loose seventh copper atom.

4.1.3 Quaternary Structure and Half-Site Reactivity

The dissociation of SOD observed by gel chromatography in 8 M urea, in contrast
with the sedimentation equilibrium data, might be due to differences in the experi-
mental conditions such as concentration effects.
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Abbreviations

PMNs  — polymorphonuclear neutrophils

CGD — chronic granulomatous disease

FMLP  — formy! methionyl leucyl phenylalanine
FMP — formy! methionyl phenylalanine

FMV — formyl methionyl valine

FMA — formy!l methionyl alanine

FnorLLP — formyl nor leucyl leucyl phenylalanine
FMMM — formy! (methionine),

FMLL — formyl methionyl (leucine),

FML — formyl methionyl leucine

FMLGlu — formyl methionyl leucyl glutamic acid
MMMM - (methionine),

KMB — 2-keto-4-thio methylbutyric acid

1 Introduction

The study of cells in blood has often provided the first and most detailed information
on the biochemistry, physiology, immunology, genetics and molecular biology of
processes which occur in eukaryotic cells. Much of the credit for the pioneering
work on blood cells must go to the ease with which these cells are obtained in
homogeneous suspension and to the simplicity of returning them to their sites of
action through intravenous infusion. In keeping with this precedent blood cells have
occupied a central role in the investigation of the metabolism of radicals derived from
molecular oxygen.

The ‘modern’ era of the study of the species derived from the reduction of
molecular dioxygen began with the discovery by McCord and Fridovich of the enzymic
function of erythrocuprein ¥, a cupro-enzyme first isolated from erythrocytes. The
reaction catalyzed by erythrocuprein in which superoxide anions dismute,

0; + 05 +2H" > H,0, + 05, 8y

caused it to be renamed superoxide dismutase. This momentous discovery implied
that at least one free radical occurred in cells in sufficient concentrations that an
enzyme had evolved which catalyzed its destruction. This enzyme could be shown to be
present in cells which were obliged to survive in the presence of molecular oxygen.
Since free radicals were nearly all reactive and unstable, it was proposed that super-
oxide anion, O;, was an agent of injury of the cells in which it was produced.
Superoxide dismutase, then, acted to forbid the injury which could be inflicted on
cells by their inadvertant reduction of dioxygen by one electron to form O, rather
than by four electrons to form water. A variety of data which support this proposal
have been summarized 2.

Just as the erythrocyte provided the first homogeneous superoxide dismutase the
granulocyte has been the exemplar of the cell which forms O; in a controlled and
apparently purposive manner. In the years following the demonstration by Babior
et al. that polymorphonuclear neutrophils (PMNs) formed O; when stimulated with
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latex particles ¥ an extensive literature has appeared devoted to the means by which
these cells are made to form O, . In this review [ shall recount the results of investiga-
tions of the role of O; and its progeny in the metabolism of both PMNs and red
blood cells.

2 Polymorphonuclear Leukocytes

These respiratory burst in PMNs refers to the dramatic, but self-limited, increase in
the consumption of oxygen exhibited by PMNs which are stimulated with a variety of
agents. Although known since 19334 the understanding of the respiratory burst
was advanced by the demonstration that one product of the reduction of dioxygen
by PMNs was H,0, *. The involvement of the respiratory burst in the microbicidal
function of PMNs was suspected in the 1960’s when it was demonstrated that killing
of certain microorganisms by PMNs was reduced under hypoxic conditions ® and
that in chronic granulomatous disease (CGD), defective killing of ingested bacteria
was associated with an inability to undergo the respiratory burst ¥, It was proposed
that products of the burst were bactericidal.

The demonstration that PMNs formed O in the respiratory burst 3 necessitated
the consideration of all the species which result when dioxygen is reduced one electron
at a time (Fig. 1). Superoxide, the result of the reduction of dioxygen by one electron,
appears to act mainly as a mild reductant in aqueous solutions. But when it
coexists with H,0,, its spontaneous dismutation product, O; can initiate a number of
potentially injurious events [reviewed by Fridovich #']. The primary means by which
cells deal with superoxide anions appears to be through the catalysis of their dis-
mutation by a family of metalloenzymes collectively designated superoxide dismutases.

Reduction of O; by another electron (Fig. 1) results in the formation of H,0,
which cells can eliminate through a reaction which is catalyzed by catalase and is
analogous to the one catalyzed by the superoxide dismutases. Peroxidases also cata-
lyze the destruction of H,O, using an organic molecule such as glutathione as the
reducing substrate. Hydrogen peroxide acts mainly as a mild oxidant but with the

DIOXYGEN 02
Ie-\
_ - SUPEROXIDE
SUPEROXIDE 05 + 03 + 2#F

ol 2 2 iswutase - Me%2 * 02
e~ 2H

HYDROGEN PEROXIDE  Hy0p + Hy0, CATALASE 2H,0 + 0
le

Y-0H-

HYDROXYL RADICAL OH'+( CATALYTIC SCAVENGING NOT FEASIBLE )

H
13\(

Hp0

Fig. 1. The steps in the reduction of dioxygen to water
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capacity, in concentrations great enough, to induce severe cytocidal effects. Probably
more germane to the reactions in which it engages in PMNs is the ability of
H,0, to act as a substrate for myeloperoxidase in which capacity it engenders a very
potent oxidant(s). The reaction(s) catalyzed by myeloperoxidase uses H,0, and a
halide as substrate to form a reactive product believed to be hypochlorous acid:

H,0, + C1” - HOCl + OH™ . @
Further reaction of HOC! with H,0, can yield singlet oxygen:
OCl™ + H,0, » CI™ + H,0 + !0,. 3)

A number of the reactions in which HOCI and 'O, might participate to kill bacteria
and to attack biological molecules have been documented. These include the halogena-
tion of tyrosines, the formation of aldehydes and chloramines, the attack of 10, on
unsaturated bonds in fatty acids, and decarboxylation of amino acids. The experi-
mental basis for these reactions has been reviewed by Klebanoff and Clark .

Further reduction of H,0, yields the hydroxyl radical, OH', indeed a powerful
but indiscriminant and very unstable oxidant. Superoxide anion may itself serve as
the reductant of H,O, to form OH ' in the presence of ionic iron in a reaction called the
Haber-Weiss reaction !9

F83++

O; +H202 — OH‘ ‘{" OH_ + 02. (4)

Ferric iron appears to undergo cyclic reduction by O; to Fe** and oxidation of Fe?*
by H202 1, 12),

0O; + Fe** - Fe** + O, (5

Fe** + H,0, > OH + OH™ + Fe®*  [The Fenton '¥ reaction] .
(6)

Finally, when OH' is reduced by one electron it forms OH ™. The extreme reactivity
of OH' may preclude the existence of an enzyme which could catalytically scavenge
it; in any event, none is known.

Singlet molecular oxygen, 'O, is also thought to arise, perhaps in reaction 4 or 5
(in place of dioxygen). The addition of (), completes the cast of characters comprising
molecules which may mediate the effects of O7, since whenever O is formed, H,0,,
OH’ and 'O, all may exist in aqueous solutions in the presence of micromolar concen-
trations of ionic iron which contaminate many buffers. Armed with the capacity to
form species with such a variety of affinities for electrons, the PMN is endowed with
the ability to initiate a formidable array of chemical reactions, not merely between
the various species themselves but also with its own constitutents and those of ingested
microbes.

That O; was the product of the burst was first shown by Babior 3 who
demonstrated in suspensions of intact PMNs to which latex particles were added
as a phagocytosable stimulus that cytochrome ¢ was reduced, a characteristic
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reaction of O . The addition of superoxide dismutase abolished the reduction of
cytochrome c, demonstrating by the specificity of the reaction which superoxide
dismutase catalyzes, that the reductant was indeed O; ¥. In experiments of this type
in which the enzymic action of superoxide dismutase is used to show that O; is a
necessary reactant, controls are frequently included which demonstrate that the
peptide of superoxide dismutase which has lost catalytic activity (due to heating or
demetallation) has also lost its effect since reactions have been described in which
the catalytically inactive enzyme acts as an inhibitor, by some mechanism independent
of its dismutation of O; '¥. Further evidence that the effect of superoxide
dismutase is an action on O; is provided by demonstrating that the effect is seen at
such low concentrations of the enzyme that a catalytic effect is highly likely and by
reproducing the effect with an unrelated superoxide dismutase such as the enzyme
containing Fe from E. coli.

The elicitation of the respiratory burst has proven to be a complex phenomenon.
The central event is the activation of the enzyme which reduces O, to form O;, an
enzyme usually termed “the oxidase.” A minimum number of steps resulting in the
explosive but self-limited production of O; include stimulation of the cell by some
interaction between an external agent and the cell membrane, transmission of the
signal from the surface of the cell to the apparatus which activates the oxidase,
activation of the oxidase, catalytic oxidation of substrates yielding O; and finally,
inactivation of the oxidase. By a continuous recording of the formation of O;
spectrophotometrically it has been possible to subdivide the burst into separate
phases '*. A suspension of human PMNs in the sample beam of the spectrophoto-
meter was stimulated to form O, in the presence of cytochrome c. The change in
absorbance was recorded continuously against a cuvette with identical components
except that superoxide dismutase was present to scavenge O;. The change in
absorbance represented the O; -dependent reduction of cytochrome c. After the addi-
tion of phorbol myristate acetate there was a lag during which no formation of
O; occurred near the end of which the formation of O; commenced, gradually
accelerating to a limiting linear rate. The rate of formation of O, subsequently
declined, corresponding to the termination of the respiratory burst. The duration of
the lag was designated the period of activation and the linear rate of reduction of
cytochrome ¢ was termed the activity. The lag time and the activity were found in
some cases to vary independently. As the temperature was raised from 26° to 46° the lag
time shortened progressively whereas the activity was maximal at 37° to 40°, declin-
ing at greater temperatures. Activation was relatively independent of pH but the
activity exhibited a sharp optimum at pH 7.5. Calcium ions and magnesium ions
affected neither the lag nor the activity when PMA was the stimulus but when
opsonized zymonsan was the stimulus both ions diminished the lag and increased the
activity. N-ethyl maleimide had little or no effect on the lag time but progressively
reduced the activity. The activity was markedly diminished by 1 mM 2-deoxyglucose
and was diminished further by the addition of both 2-deoxyglucose and 0.5 mM
NaCN, whereas CN™ alone had no effect. Profound depletion of ATP by the
combination of 2-deoxyglucose and CN ~ nearly abolished the activity without affect-
ing the lag time. By this subdivision of the respiratory burst the lag time encompasses
the interaction of stimulus with receptor, the transmission of the signal, and the
activation. The activity is the phase of turnover of the oxidase. The phase of
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declining activity represents inactivation. The stimulation of the burst will therefore
be discussed as if these were separable components for the sake of simplicity although
they are clearly intimately interrelated.

2.1 Stimuli for the Respiratory Burst

A very wide variety of materials elicit the burst including detergents, opsonized
microorganisms, aggregated immunoglobulins, fatty acids, lectins, fungal products,
Ca ionophores, chemotactic peptides, polysaccharides, inorganic anions and plastics.
The bewildering array of active agents suggests that there must be several consecutive
sites at which the activation of the respiratory burst can be initiated simply because it
seems so unlikely that any single target could be responsive in the same way to such
diverse materials.

Of the particulate stimuli certain ones are far more active when they are coated with
proteins from serum (opsonized) than when they are not. However, others like
latex beads elicit formation of O; by PMNs without opsonization ¥. DeChatelet
et al. 1 found that the production of O; by PMNs from man and rabbit was
stimulated by opsonized but not unopsonized zymosan (fragments of yeast cell walls).
Bacteria alone were found to stimulate the formation of O; but in the presence of
serum bacteria stimulated the formation of O three fold 7. However, the stimulatory
effect of bacteria appeared to be caused by changes which the bacteria produced by
an interaction with constitutents of serum, because serum itself after exposure to the
bacteria stimulated production of O; by PMNs. The active component from
serum was heat sensitive (100°) and not sedimentable at 105,000 g. Whether this
material was derived from the components of serum or from the bacteria is not clear
but may have been a protein of the complement system.

Immunoglubulins and components of complement stimulate formation of O; . The
proteolytic fragment of Cs, Cs,, prepared by gel filtration of serum treated with
zymosan, and 1gG aggregated by heat both elicited formation of Oy 8 The ability
of IgG to elicit the formation of O; by PMN’s was also demonstrated when PMNs
were exposed to IgG and IgA bound to polystyrene plates '® or to IgG which was
heat-aggregated and bound to micropore filters 2.

Both IgG and Cj, were found to stimulate the respiratory burst separately and
independently 2V in one study but in another ?* C;, was active only in the presence
of IgG. The divergent findings may be attributable to differing methods. In one
study 2V serum was mixed with agarose beads which fix complement with the binding
of Csp. One set of beads was then heated at 50° for 30 min to remove Cs, and the
other was boiled in 2 M NaCl to remove IgG. The completeness of the removal of
each component was verified by the loss of reactivity of the beads with a fluorescent
monospecific antibody. Beads prepared in this way with either IgG or with C;4
attached elicited the formation of O; by PMNs whereas the release of lysosomal
contents occurred only with beads containing both IgG and Cs. The effects of the
IgG-agarose were blocked by F(ab’), and those of C,, were blocked by antiserum to
Cs.

In the other experiments 2?2 C; was purified chromatographically and C,, was
generated from the C; by digestion with trypsin. The C,,, was allowed to attach to red
cells which could then bind to PMNs. The specificity of the binding of the Cy,-red

40



The Metabolism of Superoxide Anion and Its Progeny in Blood Cells

cells to PMNs was verified by showing inhibition by C;,, and by C; ,-inactivator in
the fluid phase. The C, ,-coated red cells did not elicit the formation of O, whereas
IgG attached to red cells did. However, the red cells with C,,, attached did augment
the stimulation by IgG-coated red cells of production of O; and of the release of lyso-
somal enzymes.

Clearly a number of differences could explain these divergent results. Boiling could
cause loss of antigenicity but retention of activity in stimulating the formation of
O; . Alternately, the C,,, might be attached to agarose beads and to erythrocytes in
different ways so that different parts of the molecule were exposed to the PMNs,
The assays used to detect contamination of C;, by IgG may also differ in sensitivity
(immunofluorescence vs. gel electrophoresis of isolated C,).

The chemotactic peptides are also active in the stimulation of release of O; and in
the release of lysosomal contents 3%, Directed locomotion by PMNss is stimulated
by a family of tri-, tetra-, and dipeptides which have in common formylated
methionine as the first amino acid. Since formylated methionine is the initiator to
which other amino acids are added in the synthesis of bacterial protein, small peptides
which commence with formylated methionine are likely to be liberated proteolytically
at sites of bacterial infection, possibly explaining their great potency as chematoxins.
Using superoxide-dependent chemiluminescence (see below) as a measure of synthesis
of O3, Hatch et al. * showed a hierarchy of potency of FMLP > FMP > FMV
> FMA. Becker et al. * measured the formation of O in suspensions of rabbit
PMNs and found that the hierarchy of potency was the same for stimulation of the
formation of O; as it was for stimulation of release of lysosomal enzymes, namely

FMLP > FnorLLP > FMMM > FMLL > FML
> FMLGilu > MMMM .

In all cases the concentration of the peptide which caused !/, maximal stimulation
of either chemotaxis or secretion of lysosomal enzymes was less than the concentration
required to produce '/, maximal stimulation of formation of O;. Specificity was
shown by the competitive antagonism by the analogue of FMLP, carbobenzoxy-
phenyl alanyl-methionine. Like Becker et al., Lehmyer et al. 2% found that the
concentration of FMLP required to induce the respiratory burst was greater than
that needed to stimulate chemotaxis. They speculated that the high concentrations
which one might expect to find at the origin of a stimulus of chemotaxis, such as
a bacterial infection, might provoke the PMN which arrived at the source of the
signal to liberate the reactive metabolites of molecular oxygen. The hierarchy of
response to chemotactic peptides of PMNs was not the same as in monocytes 26)
nor was the interaction between separate stimuli. The chemotactic peptides can also
enhance the stimulation elicited by other agents; exposure of PMNs to FMLP in con-
centrations too low to stimulate the formation of O; itself enhanced the production
of O elicited subsequently by stimulation with concanavalin A, opsonized zymosan,
or phorbol myristate acetate 27,

As a non-phagocytosable, non-protein stimulus detergents have been used, especi-
ally digitonin **** but also sodium dodecy! sulfate *. Fatty acids which elicit the
burst include myristate 3 and arachidonate 32:39, Active lectins include concana-
valin A and phytohemagglutinin *¥; the specific synthetic inhibitor, alpha methyl
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mannoside, blocked both binding of concanavalin A and the concanavalin A-induced
stimulation of respiration, suggesting that concanavalin A acted through its known
specificity for oligosaccharides.

Continuous stimulation with concanavalin A was considered necessary because the
burst could be blunted by the addition of alpha methyl mannoside after Con A
stimulation had already commenced, suggesting, that, displacement of Con A from its
receptor could reverse the stimulation. The fungal metabolites, the cytochalasins,
exert varied effects; whereas cytochalasin B enhances the formation of O, by other
agents, especially particulate stimuli which can be internalized **>**~2?%), cytochalasin
D 3538 and E 37 appear to stimulate the formation of O; directly. The ability of
A 23187 to elicit formation of O; from PMNs 24 5%:60.68.70) appears to be due to its
action as an ionophore for Ca (see below). Other active stimuli include fluoride,
notable because its effect is reversible ¥, human leucocyte pyrogen which might
have a function in vivo 3, and phorbol myristate acetate "), The latter has been
very useful as a potent stimulus of the burst in various studies of the kinetics and
mechanism of activation of the burst.

2.2 Agents which can Block the Elicitation of the Burst

In addition to the specific antagonist, alpha methyl mannoside (of Con A) and
carbobenzoxy phenyl alanyl methionine (of FMLP), other compounds which
inhibit the burst include inhibitors of proteases, adrenal steroids, anti-inflammatory
drugs, phenothiazines, and local anaesthetics. Simchowitz et al. *» inhibited pro-
duction of O; by PMNs stimulated with FMLP by the action of the inhibitors of
proteases, tosyl phenyl alanyl chloromethyl ketone, tosyl lysyl chloromethyl ketone,
and the methyl esters of phenyl alanine and tryptophan. The effects of these, but not
other compounds were thought to indicate that the putative protease was more
similar to chymotrypsin than to trypsin. These inhibitors of proteolysis had little
effect on the Ca®* influx which accompanies activation, prompting the interpreta-
tion that the inhibitors act after the influx of Ca®* (see section on “Signal Trans-
mission”). The inhibitory effect of di-isopropylfluorophosphate (DFP), surprisingly,
was reversible, an observation not consistent with the covalent modification of
serine residues in a serine protease, its usual mode of action. Kitagawa et al. 43
similarly found that a variety of inhibitors of proteases inhibited the formation of
O; elicited by Con A or cytochalasin E. These authors found inhibition by com-
pounds with both tryptic and chymotryptic specificity. Inhibition was much greater
when the inhibitor was added before the stimulus. Goldstein et al. found an even
broader range of inhibitors of proteases to reduce the formation of O; by
PMNs including several natural inhibitors: soybean trypsin inhibitor, lima bean
trypsin inhibitor and antipain . These authors encountered a pitfall, perhaps not
detected in some other studies, namely the inhibition by DFP of the reduction
of cytochrome ¢ by an enzymic source of O;. If DFP can interfere with the
reduction of cytochrome ¢ by O; rather than inactivate the enzymic source of
O; , the nature of the reversible effect of DFP in the experiments of Simchowitz et al.
might be explained.

The local anaesthetics, tetracaine and lidocaine, inhibited both the release of
lysosomal enzymes and the formation of O; by PMNs*® but with variable
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cytotoxicity as judged by release of lactic dehydrogenase, a cytoplasmic enzyme.
Tetracaine, which appeared to be less toxic, reduced the formation of O; by
PMNs stimulated with either concanavalin A or Cs, (generated by the action of
zymosan on serum in the presence of epsilon amino caproic acid). The slight
effects of tetracaine on binding of *H-Con A at 37° were felt to be insufficient to
account for the extent of inhibition observed.

Adrenal cortical steroids reduce the response of PMNs to stimulation by serum-
treated zymosan, heat aggregated IgG, C;, *6) or FMLP *7, Steroids diminished both
release of lysosomal enzymes and formation of O;. These effects of adrenal
steroids were suggested as possible explanations for their antiinflammatory effects
in vivo. This is supported by the observation that similar effects are seen in PMNs
from human subjects to whom steroids were administered “®). One explanation for
the inhibitory effect of glucocorticoids on the metabolism of PMNs was suggested by
the work of Hirata et al. * who found that the diminished chemotaxis of rabbit
PMNs to FMLP was associated with reduced release of incorporated *C arachidonic
acid from PMNs in response to FMLP. This diminished release was attributed to
inhibition of phospholipase A, by a protein of molecular weight of 40,000 daltons
which was synthesized in response to administration of glucocorticoids. How this
might explain the inhibition of the formation of O; is not clear but it might be
related to the ability of exogenous arachidonate acid to stimulate the formation of
O; by PMNs3? and of arachidonic acid to stimulate the influx of Ca* in
PMNss, 3 a step which can activate the formation of O; (see below).

The actions of non-steroidal anti-inflammatory drugs appear to be diverse.
Phenylbutazone and sulfinpyrzone inhibited several effects of FMLP on PMNs:
increased adhesiveness, stimulation of the hexosemonophosphate shunt, lysosomal
enzyme release, and formation of O; 3?. These effects were explained by the
ability of both phenylbutazone and sulfinpyrazone to inhibit binding of labelled
FMLP to PMNs. Both were selective in that neither inhibited responses of PMNs
to Cs, and neither inhibited the stimulation of the hexose monophosphate shunt
by latex or by opsonized candida. The responses of PMNs to FMLP, including the
release of O; have also been inhibited by 5, 8, 11, 14 eicosatetraynoic acid, an inhibitor
of the metabolism of arachidonic acid *-*?; by indomethacin *7-5*59; and by
bromophencyl bromide, an inhibitor of phospholipase A, *?. Using serveral stimuli
including FMLP, zymosan-activated serum, serum-treated zymosan, A 23187,
and a complex of bovine serum albumin with anti-bovine serum albumin, Smolen and
Weissman >? found the extent of inhibition by these three agents to vary with the
stimulus. Other inhibitors of the formation of O; by PMNs include ibuprophen 47-5%),
oxyphenbutazone, mefenamic acid and benzydamine ¥,

The ability of one stimulus to induce refractoriness to a second challenge with the
same stimulus is called deactivation. This process appears to be specific for each
stimulus *¥. Exposure of PMNs to FMLP diminished the formation of O; and
blocked the increase in the concentration of cAMP on second challenge with FMLP.
However, both responses were elicited normally by Cs .. The reverse was also true.
Whether this phenomenon is due to internalization or occupancy of receptors for one
stimulus while leaving intact those for the other is not known. The basis for the
inhibitory effects of endotoxin on the responses of PMNs % is unclear. For the
inhibitory effects of phenothiazines see “Transmission of Signal.”
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2.3 Receptors

The receptors for the various stimuli appear to be the same for some chemically

related stimuli. Becker has presented compelling arguments that the various synthetic

peptides act at the same receptor %, His argument is based on:

1) the same hierarchy of potency for the various peptides whether one measures
chemotaxis, release of lysosomal enzymes, formation of O; or aggregation; and

2) the same Ky, for the competitive inhibitor, carbobenzoxyphenyl alanyl methionine,
with all four responses of PMNs as well as by inhibition of binding of the
peptides.

Bacterial neuraminidase inhibits the formation of O; by PMNs challenged with
latex particles or with Con A, suggesting an essential sialic acid in these receptors >”.
Treatment with neuraminidase also caused PMNs to form less H,O, in response to
Staph. aureus and to kill fewer of the bacteria *®. The blockade of the effects on Con A
by alpha methyl mannoside has already been mentioned.

2.4 Transmission of the Signal from the Surface of the Cell

Several steps in the transmission of the signal from the surface of the cell to the site
of formation of O appear to occur. Several groups have presented evidence that a
change in membrane potential is an early event following stimulation of PMNs *°~¢%.
Whitin et al. " noted a change in fluorescence of 3,3’-dipropylthiocarbocyanine
within 10 s of the onset of formation of Q5. The increase in fluorescence of the
carbocyanine dye, a lipophilic cation, was measured as a reflection of the increase in
membrane potential. The close correspondence of changes in membrane potential
and the subsequent initiation of the formation of O; was further demonstrated by
showing that two agents which affected the activation of the formation of O; in
known ways also affected the depolarization in a similar fashion. Incubation with 2
deoxyglucose (1 mM) completely abolished the change in fluorescence. Chlorpro-
mazine (20 pM) had similar inhibitory effects on the lag time both for the formation
of O; and for the onset of depolarization of the membrane. It also inhibited the
formation of O; and the extent of the change in membrane potential to a similar
degree, 88 % and 78 % respectively. Finally, in PMNs from individuals afflicted with
the inherited defect in the formation of O; called chronic granulomatous disease, no
depolarization occurred in response to PMA.

Using both a carbocyanine dye and another lipophilic cation, triphenylmethyl-
phosphonium, Seligmann and Gallin * found defective changes in the membrane
potential in PMNs from patients with chronic granulomatous disease in response to
FMLP or PMA. In PMNs from patients with other disorders of function the responses
were normal. The resting membrane potential, the response to valinomycin, (an
ionophore for potassium) and the response to the ionophore for Ca?™*, were all normal
or only slightly impaired.

Korchak and Weissmann * employed triphenylethylphosphonium as a means of
exploring the effects of external sodium on the responses of PMNs to stimulation
with an antigen-antibody complex (bovine serum albumin-antibovine serum albumin),
an ionophore for calcium (A 23187), and Con A. Both the formation of O, by
PMNs and the release of their lysosomal enzymes were diminished by reduction in
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the concentration of sodium in the medium. The uptake of the lipophilic cation was
also reduced by the reduction in concentration of sodium indicating an effect on
membrane potential. To complicate matters, the effects of an ionophore for Ca?*
were also diminished by reduced concentration of Na* in the medium, and an
ionophore for Na* failed to stimulate the formation of O, . The authors postulate
a role for Na* in the binding of ligand to receptor and also subsequently in the
events leading to the formation of O, . In support of these data suggesting an
interaction of the effects of Na* and Ca?* are the data of Simchowitz and Spilberg %
who demonstrated a unidirectional interaction between the fluxes of Ca?* and Na*
in PMNs in response to FMLP. Whereas the uptake of 22Na was not affected by
the concentration of Ca?* the influx of Ca?* decreased as the concentration of Na*
was reduced. On the basis of these data they suggest that the influx of Na™*
precedes that of Ca?*.

The participation of Ca?* in the activation of the PMN to form O; has been
demonstrated in a number of ways. In the absence of Ca2* in the medium, the
formation of O; in response to FMLP is markedly reduced 2*-2%-5%, The ionophore
for Ca?* A 23187 stimulated the formation of O 2*:59:60.68.70) The chelator of
Ca?*, EGTA, reduced the formation of O; 2%

However, the effects of Ca?* are not seen with all stimuli; the production of O;
in response to phorbol myristate acetate was unaffected in medium lacking Ca2*.
Lanthanum, which can act as a competitive inhibitor of Ca®*, reduced the effect of
Ca’* in suspensions of PMNs stimulated with FMLP ¥, That Ca?* acted by
entering the cell was suggested because calcium ions did not affect the binding of
FMLP. However, verapamil which blocks the channel for Ca?* in cell membranes,
produced dose-dependent inhibition of the formation of O, and of the influx of
#3Ca. This inhibition could be overcome by increasing the concentration of Ca?*
in the medium ®. The reasons for the requirement of Ca?* for activation by some
stimuli but not by others might be related to the site at which the stimulus in
question acts. PMA, for example, might act at a site beyond the point at which Ca?*
is required.

The reduction in the fluorescence of chlortetracycline which occurs when it binds
Ca?* has also been used to show that changes in the intracellular concentration of
Ca?* occur when the formation of O; is stimulated in PMNs. When PMNs which
had been treated with chortetracycline were stimulated with either cytochalasin D or
E. Coli, a decrease in fluorescence occurred which followed closely the release of
O; *. The antagonist of Ca®>*, TMBS inhibited both the change in fluorescence and
the formation of O; by PMNs, leading the authors to conclude that translocation
of Ca®* was required for the activation of PMNs by these two stimuli.

Finally, the inhibitory effects of phenothiazines ®> on the formation of O; by
PMNs have been interpreted as evidence for the participation of calmodulin in the
transmission of the signal from the surface of the cell to the oxidase. One action of
phenothiazines is to inhibit the effects of the complex of calmodulin and Ca2*.
The activity of the effector molecule, such as phosphodiesterase, which would normally
be stimulated by the binary complex of Ca with calmodulin, is not stimulated in the
presence of phenothiazines. Jones et al. > have shown that in both intact PMNs and
in membranous fragments of PMNs stimulated with opsonized zymosan, pheno-
thiazines inhibit the formation of O; . The hierarchy of potency of the various pheno-
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thiazines is the same as the hierarchy of potency in preventing the stimulation by
calmodulin of the action of phosphodiesterase. Moreover, the concentrations of the
phenothiazines which were effective were very similar to the concentrations re-
quired to block the effect of calmodulin on phosphodiesterase. When membranous
fragments made from PMNs stimulated with opsonized zymosan were titrated with
EGTA in a medium containing calcium, maximal inhibition of the formation of O;
from NADPH occurred below 2 pM Ca but rose very rapidly at slightly greater con-
centrations. This observation indicated that the activity was affected over a very
narrow range of concentrations of calcium, a salient characteristic of reactions modu-
lated by the complex of calmodulin with Ca?*. In membranous preparations from
PMNs stimulated with opsonized zymosan calmodulin stimulated the formation of
O; from NADPH. Finally, when a particulate subcellular fraction from PMNs
activated with FMLP was prepared in the presence of EDTA and resuspended in
buffer containing Ca®*, no activity of the oxidase was seen, but marked stimulation
with calmodulin occurred, restoring the activity to that seen when the same cells
were prepared in the absence of EDTA. These data suggested that preparation of
subcellular fractions in the presence of EDTA removed some activity necessary for
full activation of the oxidase and that calmodulin in the presence of Ca’* fully
restored the activity. However, efforts to elicit the activity of the enzyme forming
O; with calmodulin and Ca?* in ‘resting’ PMNs have not been successful .

However, another interpretation of the effects of phenothiazines is based on the
same hierarchy of potency of different members of the phenothiazine family in inhibit-
ing hemolysis and anaesthetizing nerves as in suppressing the formation of Oy
by PMNs. In these situations phenothiazines were proposed to render the membrane
more fluid and to increase the area of the membrane. By analogy, phenothiazines
might act in PMNs by increasing the fluidity of the membrane, thereby preventing
the formation of a stable complex of separate components required for activity of the
oxidase. Conversely, the authors propose that in the normal process of activation
membrane depolarization occurs, followed by a change (presumably a decrease) in
fluidity of the membrane which enhances the likelihood of a stable association of the
components of the active complex . It might seem that an increase rather than a de-
crease in fluidity might promote mobility in the lipid bilayer and thereby increase the
likelihood of association of the individual components. Decreased fluidity, however,
could stabilize a macromolecular complex.

Another action of phenothiazines is to compete with NADPH for the oxidase, an
inference which was based on fulfillment of the criteria for competitive inhibition in
double reciprocal plots of 1/[NADPH] vs. 1/rate of formation of O, in the presence
and absence of inhibitor 5, It seems worth considering that all the effects of pheno-
thiazines might be mediated through this effect and that the process of activation
represents the presentation of substrate to the enzyme from which, in the resting
state, the substrate is kept separate.

At least two groups have tested the effects of blockade of the anion channel on the
production of O; by PMNs ¢7-%®. Gennaro and Romeo 67 found that the production
of O; by bovine PMNs was reduced by the blockers of the anion channels SITS
(4-acetamido-4’-isothiocyanostilbene-Z,2’-clisulfonic acid) and ANS (anilino naph-
thalene disulfonic acid). The consumption of O, was unaffected. In accord with the
expectation if the effects of these agents were to block the anion channel, replace-
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ment of the chloride in the medium with salicylate, thiocyanate, and nitrate
inhibited the formation of O, in the expected hierarchy (salicylate > SCN™ > NOj
> CI7). The effects of these alternate anions, however, was small. These authors
interpreted their data to mean that superoxide was formed within the PMN and exited
into the medium through the anion channel 57,

A different conclusion was reached by Korchak et al. % in studies of human
PMNs. Blockers of the anion channel reduced the secretion of lysosomal enzymes
in response to immune complexes and the ionophore for Ca?*, A 23187, but did not
affect generation of O5 . Whether the differences in the results of the two studies
are wholly attributable to the different species studied (bovine vs. human) or to
other differences is not clear,

Evidence has been presented that the concentration of cCAMP is transiently increased
in PMNs stimulated to form O; by FMLP or Cs, % 7. Paradoxically, agents
which increase the intracellular concentration of cAMP caused a dose dependent fall
in the formation of O; by PMNs which was elicited by FMLP. A rise in the con-
centration of cAMP within PMNs was also observed by Smolen " after stimulation
with several agents. The increase in the concentration of cAMP preceded the release
of lysosomal enzymes and the formation of O; but did not occur before the change
in membrane potential. The increase in the concentration of cAMP was judged not
to be sufficient for the elaboration of O; or the secretion of enzymes from lysosomes
because three maneuvers produced changes in cAMP but no subsequent response.
However, whether the concentration of cAMP must rise in the normal chain of
events leading from stimulus to formation of O is not clear.

A role for microtubules and microfilaments was proposed by Nakagawara and
Minakami "V based on their observations that formation of O; elicited by cytochalasin
E was stimulated by D,O and inhibited by colchicine, vinblastine and cAMP.

2.5 Activation of the Oxidase

There is very little information on the process by which the enzyme(s) which
catalyze the formation of Q5 is activated. Whether activation represents covalent
modification of a proenzyme, translocation to the subcellular site where it gains
access to its substrate(s), insertion of a necessary cofactor, association of active
subunits, or still another process remains to be determined. The rapidity with which
activation occurs seems too rapid to represent synthesis of protein de novo.

2.6 The Oxidase
2.6.1 Location

The inference that the oxidase(s) is an ectoenzyme has been made from a variety of
data. The demonstration that PMNs possess both the Cu/Zn and the Mn superoxide
dismutase 7>~7% prompted the suggestion 72 that O; must be formed at a site which
protected it from the action of these enzymes. Since O; appeared in the fluid
surrounding the PMN, the most advantageous site appeared to be the plasma
membrane. In accord with this proposal, treatment of PMNs with a nonpenetrating
organic anion, p-diazobenzene sulfonic acid, in association with cytochalasin B to
prevent internalization of membrane into a phagocytic vacuole, inhibited the
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generation of O; 7. The binding of the stimulus, Con A was not inhibited,
prompting the interpretation that the non-penetrating reagent had not interfered with
binding of the stimulus but instead had inactivated the oxidase exposed at the
surface of the PMN. Similar conclusions were reached with the non-penetrating
reagent p chloromercuribenzoate 77

Fractionation of subcellular particules of PMNs has yielded data which were
interpreted diversely. Bachner 7® fractionated lysates of PMNs from infected humans
by differential centrifugation and by centrifugation on sucrose-density-gradients and
found the maximal specific activity of an enzyme which reduced NBT with NADH
(or NAPDH) as substrate to be enriched in the fractions with the maximum
specific activity of acid and alkaline phosphatases. The differing location of the
NADH-NBT oxidoreductase in the sucrose gradient from the location of the
enzymes in granules and the lack of latency (rise in activity with the addition of
Triton X-100) of the oxidase in contrast to the latency of enzymes in the granules
(peroxidase, beta-blucuronidase, and lysozyme) led to the conclusion that the
NADH-NBT oxidoreductase was not associated with the granules and was located
either in the plasma membrane or in the microsomes. Whether these studies
actually identified the oxidase responsible for the formation of O; is problematical
since activation in vitro is necessary for the full expression of this activity. Whether
the increased reduction of NBT which probably characterized the PMNs from these
infected patients meant that the oxidase was fully activated in vivo seems doubtful.
Whether the reduction of NBT was due to the formation of Oy in these studies
is also not clear.

In another approach subcellular fractionation of human PMNs, stimulated in
vitro with phorbol myristate acetate or opsonized zymsan, was performed by rate-
zonal centrifugation in sucrose gradients ’®. By varying the centrifugal force the
NADPH oxidase could be separated from the activities of enzymes in the lysosomal
granules but was similar to the distribution of markers for the plasma membrane,
aryl phosphatase, alkaline phosphodiesterase 1, and acid aryl phosphatase.

Cohen et al. 8 prepared podosomes (membrane-containing fractions from lightly
sonified PMNs) from the digitonin-stimulated PMNs of guinea pigs. The effects of
pH, N-ethyl maleimide, glucose, CN ~, 2-deoxyglucose, and Ca’* on the generation
of O; by intact cells and on the formation of O, in the podosomes were all the
same, leading to the interpretation that the activity found in the podosomes was the
activity in whole cells responsible for the generation of O; . The podosomes were also
enriched in adenylate cyclase and 5'-nucleotidase, markers of the plasma membrane.
The K, for NADPH was !/, the K, for NADH. The increased specific activity of
the oxidase from PMNs activated in the presence of 5 mM glucose and 0.5 mM
CN- was attributed to activation of greater amounts of the same enzyme found
in the absence of glucose and CN~ since the K,,s for NADPH and NADH were
unchanged while the specific activity increased two-fold. The data support locali-
zation of the activated oxidase in the plasma membrane.

In a second study by the same group ** phagocytic vacuoles were prepared from
PMNs which had been exposed to opsonized oil particles. The phagocytic vesicles
could be collected because of the distinctive buoyant density in a discontinuous
gradient of sucrose of the oil within phagocytic vacuole. The effects of CN~, of
chelators, and of EDTA on the appearance of activity in the phagocytic vacuoles
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were similar to those effects on the intact cells. The activity of the oxidase in the
phagocytic vacuoles in isolation fell while other activities in these particles
(5’ nucleotidase and lysozyme) did not. This indicates that the loss of activity of the
oxidase in whole cells was not simply internalization of the membrane, thereby
sequestering O; where it can no longer reduce cytochrome ¢, nor destruction of all
the enzymes within the phagosome indiscriminantly.

An oxidase has also been localized to the surface of human PMNs by cyto-
chemical staining 3?. Cells were allowed to phagocytose polystyrene spheres in the
presence of Ce’* and the site of formation of H,0, was detected by locating
electron-dense deposits of Ce(OH),O0H by electron microscopy. The reaction pro-
duct was found both in phagocytic vacuoles and at the cell surface in the presence of
NADH. Its formation was diminished by catalase and was dependent on NADH in
the medium. Tetrazolium salts inhibited the formation of the reaction product at
the cell surface, suggesting that when they served as the recipient of electrons, they
competed with dioxygen successfully and prevented the formation of H,0,. The
deposition of formazan, the insoluble product of the reduction of tetrazolium salts,
was not inhibited by superoxide dismutase, suggesting to the authors that the product
of this reaction was not O; . The interpretation of these data is difficult since the
formation of the product was slight in the absence of exogenous NADH and yet the
burst occurs in the absence of added pyridine nucleotide. The lack of inhibition by
superoxide dismutase might be a consequence of the inability of the negatively-
charged enzyme from bovine erythrocytes (pl 4.8) to approach the negatively-
charged membrane of the cell to compete successfully with the tetrazolium salts
for O5 .

Some of the other studies in which the oxidase was proposed to be located in lysoso-
mal granules ** may be difficult to interpret because the conditions of the assay for
the oxidase at pH 5.5 or 6.0 allowed a large component of a chain reaction propagated
by free radicals ®¥. The association of activity in the formation of H,O, with the
granules of PMNs was based on the presence of myeloperoxidase in the subcellular
fraction which was sedimented at 13,000 g 39. Although this centrifugal force might
not have been expected to sediment the plasma membrane, the stimulation of the
PMNss by heat-killed E. Coli could well have caused the phagosomes to sediment more
rapidly than isolated membranes. Since other markers were not determined the purity
of the fraction identified as granular is unclear.

2.6.2 The Reaction which the “Oxidase” Catalyzes

In a number of earlier studies the oxidation of NADH or NADPH was assayed
under conditions (acid pH, Mn**) in which there was a large component of what
appears to be a chain reaction propagated by free radicals 294, Under these condi-
tions it is difficult to be certain how much of the formation of O; and of the oxidation
of pyridine nucleotides was due to turnover of the enzyme and how much was due
to the chain reaction.

A variety of data have suggested that either NADH or NADPH are the substrate
for the oxidase. Thoughtful commentaries on this apparent conflict have appear-
ed °°-%9). Some of the apparent discrepancies may well arise from different groups of
investigators studying PMNs from different species under widely divergent condi-
tions.
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The substrate for the oxidase which forms O; in PMNs appears to be NADPH,
at least in human PMNs. The data in support of this contention include:

a) a fall in the ratio of NADPH to NADP after stimulation with polystyrene
spheres while the ratio of NADH to NAD remains the same °7;

b) the existence of a defect in the formation of H,0,, bacterial killing, and activation
of the HMP in individuals with severe deficiency of glucose 6 phosphate
dehydrogenase, a condition which results in an insufficient supply of NADPH
but not NADH *¥;

c) alesser K, for NADPH than for NADH in the partially purified preparations of
the oxidase from activated human PMNs 9% 100,81 apd

d) stimulation of the hexose monophosphate shunt which yields NADPH but not
NADH, during phagocytosis 191,

Although the assay of the oxidase in PMNs from patients with chronic granulo-
matous disease of childhood in whom formation of O, is markedly depressed,
would seem a further important criterion, the activity has either been found to be
markedly decreased with both substrates '°® or in resting PMNs has been found to
be decreased %% or normal 1% with NADH as substrate. Since the defect in CGD is
expressed after stimulation rather than in the resting state, the relevance of the data
in resting PMNs is unclear. The demonstration that formation of H,0, by PMNs
from normal individuals but not from patients with chronic granulomatous disease
was stimulated by external NADH but not NADPH ** is problematical because
of the difficulty of interpreting the relevance of the effects of external pyridine
nucleotides.

The reaction in which O; is formed. The reaction in which O, is formed has been
suggested to be:

NADPH + 20, - NADP* + H" +20; . )]
If the O; subsequently dismutes,

O; +0; +2H" - H,0, + O,, ®)
the sum of these reactions is:

H* + NADPH + O, - NADP* + H,0,. )]

Attempts to measure the ratio of the oxygen consumed to O; formed to H,;0,
produced in intact cells have been difficult because of the many reactions in which
both O; and H,0 may participate. When PMNs were treated with azide to inhibit
the reactions of H,O, with the hemoproteins, catalase and myeloperoxidase, and with
cytochalasin B to prevent formation of phagocytic vacuoles in which Oy might
be inaccessible to the cytochrome ¢ used to detect it %%, the ratio of O, consumed
to O; formed to H,O, produced was 1.0:0.99:0.4. The interpretation of these
ratios is difficult indeed. Hydrogen peroxide may be acted on not only by catalase
and myeloperoxidase but also by glutathione peroxidase. How many other reactions
O; and H,0, may enter is not clear, rendering the ratio to be expected uncer-
tain. The complexities of the interpretation of these data have been pointed out %),
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2.6.3 The Oxidase Itself

The enzyme chosen for isolation clearly will have different properties depending on
which of its characteristics are inferred from studies of intact cells. Most studies have
concentrated on a particulate enzymedetectable only in cells stimulated to form O,
which uses NADPH as substrate 9%+ 196 ~119 Enzymes with other characteristics have
also been partially purified and studied as well 117+ 118),

Babior, who has studied this enzyme at several stages of its purification, found in
lysates of PMNs which were activated with zymosan that of eight potential biological
reductants only reduced pyridine nucleotides supported the formation of O; . The
K, for NADPH was less than the K,, for NADH and the activity was decreased in
preparations from three patients with chronic granulomatous disease. In accord with
predictions based on reaction 7, 0.55 molecule of O; was measured per molecule of
NADPH oxidized under conditions of saturating concentrations of cytochrome ¢ 19,
The enzyme which was extracted with Triton X-100 from a granule-rich fraction from
activated PMNis, required an external source of FAD for the formation of O; from
NADPH !9, Riboflavin and FMN would not substitute. Flavin adenine dinucleotide
was proposed as a necessary cofactor, which was probably lost when the enzyme
was treated with the detergent.

The enzyme, which was extractable from activated but not from resting PMNs,
exhibited a quadratic dependence on enzyme concentration '°” which could be
restored to a linear relationship by the addition of phosphatidy! ethanolamine. This
phospholipid may have been removed by treatment with detergent. The K,, of
the enzyme in Triton X-100 in the presence of FAD was greater for NADH (930 uM)
than for NADPH (33 pM) and the optimal pH was broad with a maximum at
7.0°9. Its activity in the presence of phosphatidyl ethanolamine was judged suffi-
cient to account for all of the O; which activated PMNs produced.

The enzyme was found to be unstable ' in soluble form and to bind FAD
tightly witha K, of 61 uM. Its selectivity for an acceptor of electrons was demonstrated
by its failure to reduce ferricyanide, dichlorophenolindophenol, methylene blue, or
cytochrome ¢ (directly). Tantalizingly the loss of activity was nearly immediate in the
presence of ATP, prompting the suggestion that ATP may be a physiological regulator
of the activity of the enzyme. Activity was stimulated by dithiothreitol at low concen-
trations and loss of activity was stimulated by salts and EDTA.

In a similar approach the “oxidase” was extracted with deoxycholate in 12-14%
yield from the granules prepared from PMNs which had been activated with either
phorbol myristate acetate or with opsonized zymosan °®). By this method, as well, the
enzyme was very unstable and its specific activity in deoxycholate was only
0.1-0.2 of the activity in the particulate fraction from which it was extracted.
The spontaneous loss of activity was slowed at 4° and in the presence of glycerol,
dimethyl sulfoxide, and ethylene glycol. Further studies by the same group °
provided the surprising observation that the ratio of moles of NADPH oxidized to
O; produced varied with the stimulus used to activate the PMNs, being greater
in lysates of cells stimulated with PMA. In contrast, the effects of phorbol myristate
acetate and of opsonized zymosan on consumption of O,, on formation of O, and
on activation of the hexose monophosphate shunt were similar in the intact cells. The
enzyme was found to undergo autoinactivation, loss of activity which depended on
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enzymic turnover. Deoxycholate both stimulated activity and accelerated autoinacti-
vation. Autoinactivation could not be attributed to exhaustion of substrate nor to
attack by the reactive derivatives of molecular oxygen which would be expected to
result from O;, since scavengers of O;, H,0,, OH’, and 10, all failed to retard the
loss of activity. The rate of oxidation of substrate fell markedly when the deuterated
substrate, 4R-(*H)-NADPH, but not when 4S-(*H)-NADPH was substituted for the
hydrogenated substrate, indicating stereospecificity of hydride transfer. As with the
results of Babior and Kipnes 1% FAD stimulated the activity of the enzyme in Triton
X-100 and titration with FAD suggested that in Triton X-100 the enzyme was
40-75 % depleted of flavin. Substitution of synthetic flavins showed that an analog
only capable of transferring two electrons at a time inhibited the enzyme at a
concentration of 32 uM, suggesting that the acceptor of electrons will only accept
one electron at a time. Finally, gel filtration of the enzyme in detergent resulted in
enrichment in a chromophore with spectral characteristics of a cytochrome b but
depletion of myeloperoxidase, possibly supporting the earlier suggestion (see below)
that cytochrome b is incorporated into the phagosome. The b-type cytochrome was
only slowly reduced in the presence of NADPH but it did react briskly with
0,.

The role of cytochrome b in the formation of O; by PMNs was initially
suggested by experiments in which a chromophore was detected in subcellular
fractions of PMNs, the spectral characteristics of which were felt to be distinct from
those of myeloperoxidase, another hemoprotein abundant in PMNs *'". The sub-
cellular distribution of this pigment by contrifugation in gradients of sucrose
suggested that it was located in two different fractions, one of which was thought
to be the granules and the other the plasma membrane as demonstrated by cosedimen-
tation with *H-Concanavalin A 11, The ability of dithionite, which penetrates mem-
branes slowly, to reduce the cytochrome b was thought further to support its
location in the plasma membrane as was the rapid appearance of the pigment
in phagocytic vaculoes !*). The function of this cytochrome was thought to be inti-
mately involved in the respiratory burst since PMNs from patients with chronic granu-
lomatous disease in whom the respiratory burst is markedly reduced were found to
have decreased amounts of the pigment 1* ') This has not been confirmed by
another group who found the problem confounded by the presence of eosinophil
myeloperoxidase whose absorbance maxima would obscure the identification of
cytochrome b *1%), In the latter report females affected with chronic granulomatous
disease were found not to have reduced amounts of cytochrome b but the
examination of males, the usual patients with chronic granulomatous disease, was not
possible due to the contamination with the myeloperoxidase from eosinophiles. While
the assay of the males with chronic granulomatous disease was rendered inconclusive,
other data suggested that the cytochrome b was not involved in the formation of
O5 . By treatment with Brij 35, a detergent, the cytochrome be could be studied in
isolation; it did not bind CO, indicating that it is not an O-type cytochrome.
Finally, removal of cytochrome b from the NADPH-dependent oxidase, had no effect
on the ability of the latter to form Oj, strongly suggesting at least with this
enzyme, that the cytochrome b is not involved in the formation of Oy .

An oxidase has been purified from the resting PMNs of guinea pigs which appears
to be far more active with NADH as substrate than with NADPH 7. This enzyme,
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which was prepared in isotonic Kl rather than in detergent, donated only about
159 of the electrons removed from its substrate to O, to form O, . The rest were
donated directly to O, in pairs to form H,0,. The ratio of H,0, formed, whether
directly or indirectly by dismutation of O5, to NADH oxidized was 0.95-0.99. The
enzyme was inhibited by a variety of phosphates, including ATP and ADP, the extent
of inhibition increasing with the number of phosphates. The inhibitory effects of
ATP were shown to be exerted through competition with NADH and could be
reversed by the addition of Mg?*. The catalytic turnover coupled with the con-
centration of NADH in PMNs of guinea pigs were sufficient to account for the
respiratory burst. The high K., (0.4 mM) was recognized and various explanations
were suggested as possible means for modulating the affinity for substrate. These
included a change in substrate affinity when the enzyme associates with the inner
face of the plasma membrane, the site at which the authors proposed that the enzyme
resides based on the substantial proportion which remains associated with the plasma
membrane when cells are disrupted in isotonic sucrose rather than in KCL

Another oxidase was isolated from the resting PMNs of guinea pigs by the same
group which isolated the NADH oxidase !!®. In contrast to the NADH oxidase this
enzyme, which uses a variety of aldehydes as well as 2 hydroxy pyrimidine as
substrates, donates a larger proportion of its electrons to O, to form O
(75-90%,). The apparent molecular weight was 340,000 by gel filtration and the opti-
mal pH was 7.5 to 9.0. In spite of its localization in the phagosomal membrane by
electron microscopic histochemistry, the enzyme was thought not to represent the
dominant source of O, in PMNs from guinea pigs because it was inhibited by CN~
whereas the respiratory burst is not. It was not found in human PMNs. There are
attractive properties to this enzymic reaction since one action of myeloperoxidase on
amino acids is to form aldehydes which would be substrates for this enzyme.

2.7 Termination of the Burst

At least two types of mechanism for termination of the respiratory burst have been
proposed. The participation of myeloperoxidase has been suggested from obser-
vations in PMNs from patients with the hereditary deficiency of myeloperoxidase
and from studies with inhibitors. Rosen and Klebanoff !** reported that the rate of
formation of O; declined less rapidly in suspensions of PMNs from patients with
the inherited deficiency of myeloperoxidase. Jandl et al. '2® described the effects of
two types of inhibitors on the termination of the respiratory burst. The effect of
azide was on the duration of production, but not on the maximal rate of formation,
of O . Azide was thought to act by inhibiting myeloperoxidase which could inactivate
the oxidase either by forming products such as HOCI, which attack the oxidase, or
by direct action of myeloperoxidase on the oxidase acting as the reducing substrate.
The decline in activity of the burst was also inhibited by cytochalasin B, prompting
the interpetation that part of the apparent loss of activity of the oxidase was caused
by internalization of the enzyme, possibly in the phagocytic vacuole. A somewhat
puzzling observation was that when PMNs were activated under N, the subsequent
formation of O; by particles prepared from the PMNs was markedly enhanced
compared with particles from PMNs activated in the presence of air. When the stimu-
lation of the PMNs was continued for 60 min under N,, however, the production of
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O, had fallen considerably in particles prepared from the anaerobically stimulated
cells. Whether a third type of inactivation was the explanation for these observations is
not clear. Certainly the very low K, of the oxidase of O, of 10 pM ") might indicate
that only the most rigid measures would exclude O, sufficiently to abolish the
enzymic turnover in PMNs. Therefore, the partial effect of anacrobiosis might have
been to slow both enzymic turnover and the consequent autoinactivation found by
Light et al. 1% in the partially purified enzyme.

2.8 Products and Consequences of the Burst

Although PMNs appear to reduce oxygen in the respiratory burst by a single
electron, to form O, , both OH' and H,0, may be produced from subsequent reactions
as summarized ecarlier. The effects of the formation of these reactive molecules
range from the generation of light to the killing of other cells.

The evidence that O; is a product of the burst has already been summarized.
Another direct consequence of the formation of O; is the reduction of nitroblue
tetrazolium to form an insoluble deposit of blue formazan. The reduction of
nitro blue tetrazolium had been observed to occur in PMNs in patients with
bacterial infections. In intact cells this appears to be a consequence of the forma-
tion of Oj ; it fails to occur in PMNs from patients with chronic granulomatous
disease which cannot undergo the respiratory burst *?%, it is diminished by anaerobio-
sis 122 and it is inhibitable by superoxide dismutase '3 124,

The many methods by which the formation of H,O, by PMNs has been measured
have been summarized in the superb volume by Clark and Klebanoff®). At least
one other method has been successfully employed in which the spectrophotometric
reagent which forms a characteristic complex with H,0, is a peroxidase. In this
method, a peroxidase is added to the medium in which PMNs or their subcellular
fractions are stimulated to undergo the respiratory burst. In the absence of the
reducing substrate for the peroxidase the enzyme is “arrested” in its catalytic
turnover after it has been oxidized by H,0,. The heme iron in this oxidation state
exhibits a characteristic absorption spectrum. From the change in absorbance the
amount of H,0, formed can be determined 8122,

Formation of the hydroxyl radical. Because the killing of certain microbes was
dependent on the ability of PMNs to undergo the respiratory burst, the actual micro-
bicidal species was sought. It had been shown that a potent oxidant was formed
during the catalytic action of xanthine oxidase on xanthine 126) an enzymic
reaction which, like the PMN, produces both O; and H,O,. This potent oxidant was
proposed to be the hydroxyl radical formed by the reaction between O; and
H,O0, (reaction 4). Because such an oxidant seemed a likely candidate to mediate the
microbicidal activity of PMNs, the formation of OH’ was assessed in PMNGs.

Most of the reports of the formation of OH' or a similar potent oxidant by PMNs
are based on the detection of a specific product formed by oxidative attack on an
organic precursor. The inference that the oxidant(s) is OH" usually rests on the
inability of either O; or H;0, alone to oxidize the organic precursor while in com-
bination the precursor is oxidized. Ancillary evidence for the formation of OH’ is
comprised of inhibiting the formation of the oxidized product by compounds known
to react avidly with OH'. The formation of ethylene as the product of the
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oxidation both of methional 12713V and of 2-keto-4-thio methylbutyric acid
(KMB) 128:130-132) iy the presence of activated PMNs has been measured by gas
chromatography. Methane and ethane have been determined as the products of the
oxidation of dimethyl sulfoxide **® and the formation of methionine sulfone was
assayed from methionine 3%,

The mechanism of the formation of oxidizing species as determined by the effects
of specific inhibitors have varied. In suspensions of both phagocytosing PMNs 27
and of granules derived therefrom '?® ethylene was produced from methional or from
KMB. In both cases superoxide dismutase inhibited formation of ethylene but
catalase did not. Nor did H,O, stimulate the formation of ethylene in the suspensions
of granules 2®, leading the authors to propose that H,0, was not an obligatory
precursor of the oxidant. In other studies of PMNs stimuiated with opsonized
zymosan 2139 catalase did inhibit formation of ethylene as did superoxide dis-
mutase, ethanol, benzoate. The lack of inhibition by dimethylfuran was thought to
mean that 'O, was not involved 3. Inhibition by azide and cyanide was not
explained.

The inhibitory effects of azide and cyanide might be explained by the findings of
Klebanoff and Rosen 3" who, after eliminating the formation of ethylene which was
not dependent on the presence of cells, observed formation of ethylene apparently
dependent on myeloperoxidase. Formation of ethylene was diminished in PMNs from
patients with myeloperoxidase deficiency. Myeloperoxidase restored the formation of
ethylene by these cells to normal. A cell-free system consisting of myeloperoxidase,
H,0,, C1”, and EDTA caused the formation of ethylene from KMB. In this cell-
free system all the components were necessary, Fe** stimulated formation of ethy-
lene, and native but not heated superoxide dismutase inhibited. The last observation
was particularly puzzling since no source of O; was present. Similar findings were
reported by Takanaka and O’Brien '*? who also found that the sequence in which
products of the burst were detected in activated PMNs was first the formation of O5
followed by chemiluminescence followed by formation of ethylene from KMB.
Hydrogen peroxide, O; , and OH" were all judged to be involved in the formation
of methane from dimethyl sulfoxide in the presence of stimulated PMNs 3%, In
none of these cases can the identity of the potent oxidant(s) be stated with
certainty.

As a means of identifying the potent oxidant another approach was made. By the
use of certain organic compounds one can infer the presence of a free radical by
converting a highly unstable one such as OH’ to a much more stable compound which
can accumulate in solution, rendering its detection by electron spin resonance
possible. To measure the presence of OH' the compound DMPO (5,5-dimethyl
1-pyrroline-N-oxide) has been used 135:139) The characteristic adduct of OH" with
DMPO was detected in suspensions of PMNs which had been stimulated with op-
sonized zymosan '3>136), The formation of the signal was inhibited by superoxide
dismutase and by mannitol but not by catalase **3-139) Polymorphonuclear neutro-
phils from a patient with myeloperoxidase deficiency formed greater amounts of the
adduct than did normal PMNs. These data, in striking contrast to the findings in
some of the experiments measuring the formation of the potent oxidant (see above,
reference '*) were proposed to be explained by the formation of OH' by a reaction
which did not involve H,0, 3%,
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Fe** + HO, —» Fe** — O,H™ (10)
Fe** —O,H 4+ e + H* - Fe** + OH™ + OH’ ayn

The data with the spin trap DMPO were very similar to those of Tauber et al. 1?7+128)
measuring the formation of ethylene from methional or KMB. Unfortunately, as
with the use of oxidizable organic molecules, the specificity for OH' of the spin
adduct identified in the experiments with ESR is not clear. A critical, cautionary
review of this approach has recently appeared 37

Still another highly reactive molecule which is suspected of being formed as a
consequence of the respiratory burst is 'O,. The supposition that 'O, was a
product of the respiratory burst was initially based on the chemiluminescence of
phagocytosing PMNs 138139 byt this interpretation was questioned on the basis of
the spectrum of emission of the chemiluminescent species '4®. This objection is
somewhat vitiated by the observation that biological compounds like bovine serum
albumin and tryptophan shift the spectrum of the light emitted by 'O, to shorter
wavelengths 1* rendering its spectral identification difficult. The formation of 'O,
has also been inferred from the increased susceptibility of a mutant of Sarcina
lutea which lacked carotenoids to killing by PMNs 42), Since carotenoids quench
10, the resistance of the carotenoid-containing parent strain was attributed to its
greater ability to prevent the injurious effects of 'O,. Finally, Rosen and Klebanoff
noted the conversion, by myeloperoxidase, H,0,, and halide, of 2,3-diphenylfuran to
cis-1,2-dibenzoylethylene, a reaction thought to be specific for 'O,. Because known
quenchers of 'O, inhibited the reaction and D,0, which increases the lifespan of
10,, stimulated the reaction, 10, was proposed to have been formed *4*. However,
this reaction has subsequently been shown not to be specific for 'O, 144143,
Nevertheless, the effects of the quenchers and of D,O remain compatible with the
inference that 'O, is formed.

The roles of Oy and its products in the microbicidal function of PMNs. The
intimate association of the respiratory burst with the act of engulfing microorganisms
and the impaired respiratory burst in PMNs from patients with chronic granulomatous
disease in whom the killing of certain bacteria is defective prompted experiments
to assess the roles of O; and its progeny in the killing of bacteria. The results have
been mixed. Yost and Fridovich *® approached the problem by assessing the killing
by PMNs of E. Coli in which the content of superoxide dismutase had been
manipulated experimentally. By varying the conditions in which the bacteria were
grown (aeration, Fe content of the medium) organisms were obtained which contained
either lesser concentrations of the MnSOD but normal amounts of the FeSOD or
greater concentrations of the Mn-superoxide dismutase and lesser concentrations of
the Fe-Superoxide dismutase. The organisms with a reduced content of the Fe-
superoxide dismutase were killed in whole blood after a shorter lag and more rapidly
than the cells in which the Mn superoxide dismutase was diminished. To correct
for the effects of growth in Fe-deficient medium on catalase and peroxidase
(3/; and !/,, respectively of control activities), the susceptibility to killing of bacteria
grown either in Fe-rich or in Fe-depleted medium was compared in the presence
of cyanide to inhibit the bacterial heme-containing enzymes peroxidase and cata-
lase. The cells grown in Fe-depleted medium still were more susceptible to killing,
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suggesting that even when the effects of catalase and peroxidase were eliminated with
CN7, an iron-dependent activity was required for resistance. This activity was in-
ferred to be the Fe-superoxide dismutase. This difference in rate of killing was
thought not to be due to differences in rates of phagocytosis because the killing
under anaerobic conditions, when phagoeytosis is not impaired, was actually greater
for the iron-replete than for the iron-deficient organisms. The experiments with CN~
are complicated by the inhibition by CN ™ of myeloperoxidase, a potent microbicidal
enzyme in PMNs. Finally, E. Coli with differing contents of the Mn- and Fe-
superoxide dismutases were subjected to killing by a photochemical flux of OJ,
produced by riboflavin-light and methionine. The rate of killing was greatest in
bacteria with the least content of the Fe-superoxide dismutase and least in bacteria
with the greatest content. Data were not presented, however, showing that the
killing in the photochemical system was due to O, ; the killing of bacteria in
blood could not be inhibited with superoxide dismutase, a finding interpreted to mean
tha the enzyme was excluded from the phagosome.

Johnston et al. 12 have provided extensive experimental evidence for the import-
ance of O, (and H,0,) in the bactericidal repertoire of PMNs. In contrast with the
results of Yost and Fridovich superoxide dismutase inhibited the killing of three
pathogenic bacteria by PMN's as did catalase. The inhibitory effects of catalase and
superoxide dismutase were much greater when they had adhered to latex particles,
allowing them to be enclosed with the bacteria within the phagocytic vacuole. Their
greater effects when so attached were attributed to a more advantageous location
wherein they could scavenge O; or H,0, before either could react with bacteria with
which they shared the phagosome. The data are slightly complicated by the effects
of the latex particles themselves which, even without enzymes attached, reduced the
killing of bacteria and which are known to stimulate the burst. The inhibitory effects
on bacterial killing of benzoate and mannitol were felt to reflect their abilities to react
with OH'. The inhibitory effects of superoxide dismutase on bacterial killing by PMNs
has been confirmed 47,

The bactericidal effects of O; or its progeny were further supported by experiments
in a cell-free system in which O, was generated by the enzymic action of xanthine
oxidase on acetaldehyde '4®). The killing of Staphylococcus aureus was inhibited by
superoxide dismutase, catalase, mannitol, benzoate, azide, histidine, diazabicyclo-
octane, xanthine, urate, and hypoxanthine. The effects of superoxide dismutase and
catalase were attributed to their effects on their substrates, O; and H,0,, respectively
and the effects of the other compounds to their abilities to scavenge OH" and/or
'0,. The possibility that 'O, was one of the reactive, bactericidal species was
suggested by the greater susceptibility to killing of the mutant of Sarcina lutea which
lacks carotenoids '#?. The concentration of substrate for xanthine oxidase could be
reduced one-hundred fold in the presence of myeloperoxidase and a halide to achieve
the same extent of killing, indicating far more efficient use of the products of the
enzymic reaction when myeloperoxidase was present. In the presence of myeloper-
oxidase superoxide dismutase no longer inhibited, suggesting that O; was no longer
required. The necessity of H,O, was shown by the inhibitory effects of catalase. Azide
may have acted either by inhibiting myeloperoxidase or by scavenging 'O,. The
effects of 1,4-diazobicyclo(2,2,2)octane and histidine might be attributed to their
scavenging of 'O, but distinguishing between an effect on OH" and an effect of
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1Q, is difficult. These experiments demonstrate the great bactericidal efficiency of
myeloperoxidase.

A dissenting view which was based partly an another approach has been publish-
ed 19, The roles of H,0, and O; in the killing of Staph. aureus were assessed by
correlating the bacterial content of catalase and of superoxide dismutase with the
pathogenecity of the organism. Using isolates of Staph. aureus from a clinical labora-
tory, a correlation between the activity of catalase in Staph. aureus and lethality in
mice was observed (r = 0.88) but no correlation was found between lethality and
the content of superoxide dismutase. Catalase could inhibit the killing of an organism
in which the activity of catalase was decreased but superoxide dismutase could not.
Similarly, injection of catalase intraperitoneally increased the virulence of Staph.
aureus in mice but the injection of superoxide dismutase did not. Certainly the lack
of any effect of the superoxide dismutase within the bacterium on O, produced
outside could be explained by the barrier to the entry of O, posed by the cell wall,
for which there is experimental support *®. The absence of an effect on the virulence
of staph of injected superoxide dismutase could indicate that O; is not an important
microbicidal species but other explanations can also be advanced. Even when super-
oxide dismutase is present in the medium surrounding phagocytosing PMNs its
effect on killing of bacteria is modest unless it is forced into the phagosome by
attachment to an ingestable particule *** or by altering its charge by coupling to poly-
lysine thereby increasing its positive charge to allow its approach to the negatively
charged cell membrane 5. Given these qualifications and the very short survival in
the circulation of unmodified CuZn superoxide dismutase from bovine erythro-
cytes 152153 the concentration of superoxide dismutase may have been so low that
an inhibitory effect on bacterial killing could not have been observed.

The killing of other types of organisms by PMNs has also been assessed.
Klebanoff 15 observed that. E. Coli, Staph. aureus, and Candida tropicalis were all
killed in a cell-free system in which O; and H,O, were both generated by the enzymic
action of xanthine oxidase on xanthine in the presence of myeloperoxidase and ClI™.
In this system, O; appeared to play no role as shown by the lack of inhibition by
superoxide dismutase except at very high concentrations at which the denatured
enzyme also inhibited killing. All components of the system were shown to be
necessary (xanthine oxidase, xanthine, myeloperoxidase, and Cl17). The great
dependency on H,0, as a substrate for myeloperoxidase was shown by an experiment
in which killing was inhibited by cytochrome ¢, which by reacting with the O; and
returning it to solution as dioxygen, could diminish the formation of H,0,. That
this was its mode of action was shown by reversing the inhibition produced by cyto-
chrome ¢ with superoxide dismutase which competes with cytochrome ¢ for Oy and
causes the formation of H,0,.

The larvae of Trichinella spiralis, the parasitic cause of trichiniasis, are also
susceptible to killing by products of the respiratory burst. In this case H,O, itself
appears to be the active species. In the presence of immune serum PMNs killed
larvae of T. spiralis but PMNs from patients with chronic granulomatous disease in
which the burst is markedly impaired killed poorly **¥. Catalase inhibited the killing
but superoxide dismutase did not. Azide and cyanide which inhibit myeloperoxidase
enhanced killing. These data which suggested that H,O, might itself be cytotoxic for
the larvae of T. spiralis were confirmed in studies in a cell-free system 156) When
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both O; and H,0, were produced by the enzymic action of xanthine oxidase on
xanthine, larvae were killed. Killing was inhibited by catalase but not by superoxide
dismutase. The enzymic action of glucose oxidase on glucose which forms H,0, but
not O; was also larvicidal. Suspensions of particles from a homogenate of either
PMN:s or eosinophils, which contained myeloperoxidase, inhibited killing, indicating
that H,O, may have been directly toxic to these larvae. Myeloperoxidase, which uses
H,0, as a substrate to form its bactericidal products, presumably acted by diminish-
ing the concentration of H,0,. Indeed, larvae of T spiralis were shown to be markedly
more sensitive to H,0, than bacteria. :

The killing of both Candida albicans '>” and Schistosoma mansoni *® by PMNs
appeared to be dependent on myeloperoxidase. The PMNs from patients either with
deficiency of myeloperoxidase or with chronic granulomatous disease killed C.
albicans poorly 1*7). A cell-free system of myeloperoxidase, a halide, and a source of
H,0, killed efficiently. All the components of the system were necessary. Either
catalase or inhibitors of myeloperoxidase inhibited the killing as did quenchers of 10,.
Similarly Schistosoma mansoni stimulated the formation of H,0, by PMNs and was
killed in a manner which was inhibited by catalase and by inhibitors of myeloper-
oxidase, CN~ and N 158,

2.8.1 Other Cytocidal Effects

In certain cases the killing of mammalian cells had been shown to result from products
of the respiratory burst in PMNs. The longevity of PMNs themselves as assessed by
their ability to exclude the supravital dye, trypan blue, was increased during
phagocytosis by superoxide dismutase **. The toxicity of H,0, or its products was
studied in the PMNs from subjects with the inherited reduction in the activity of
catalase '°?. In the PMNs from affected individuals (with about 25% of the normal
activity) which were exposed to a source of H,0, generated continuously from
glucose and glucose oxidase, the ability to undergo the respiratory burst in response
to zymosan fell. The function of PMNs as assessed by their ability to engulf
droplets of paraffin oil and to migrate toward a chemotaxin was increased by
catalase but not by superoxide dismutase **". When H,0, and O; were generated
externally, again catalase but not superoxide dismutase preserved normal uptake.
That the toxicity of H,0, might be exerted in part through the enzymic action
of myeloperoxidase was suggested by the demonstration that the combination of
myeloperoxidase, H,0,, and a halide produced lysis as demonstrated by the release
or 3 Cr from PMNs 162),

Erythrocytes, too, are susceptible to the reactive products of the respiratory burst.
In one study, erythrocytes from patients with the inherited lack of glucose-6-
phosphate dehydrogenase, an enzyme in the hexose monophosphate shunt which is
necessary for the formation of NADPH, were the targets. Because NADPH is the
necessary source of electrons for the reduction of glutathione in the erythrocyte,
these cells are unable to maintain enough reduced glutathione for the reaction catalyz-
ed by glutathione peroxidase which detoxifies H,0,. These cells are, therefore,
markedly vulnerable to H,0,. When PMNs were exposed to latex particles to
stimulate the burst, the erythrocytes deficient in glucose-6-phosphate dehydrogenase
were so injured that when reinfused into the subject they were removed from blood
much more rapidly than were normal erythrocytes treated similarly 163,
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Normal erythrocytes have also been lysed by PMNs activated with phorbol
myristate acetate 154165, Both superoxide dismutase and catalase inhibited the lysis
but scavengers of OH' and * O, did not *¢*. The mechanjsm of this effect was dissected
by treating the erythrocytes with CO which prevented lysis. The effect of CO, which
binds avidly to hemoglobin, suggested that lysis required the participation of
hemoglobin. Since O5 is known to cause the formation of methemoglobin from
oxyhemoglobin 2°1:207~209)  this was proposed as the effect of O; . In accord with
this proposal, when methemglobin was formed first by treating the erythrocytes with
nitrite, and the red cells were then subjected to the activated PMNs, the inhibitory
effects of superoxide dismutase were lost. The lysis of erythrocytes containing
methemoglobin was markedly inhibited by catalase. An explanation was proposed in
which Oy first caused the formation of methemoglobin which could then react with
H,0, to form an oxidant which attacked the erythrocyte from within *®. A predic-
tion based on this formulation has subsequently been tested; superoxide appears to
enter the red cell through the channel in the membrane for the exchange of stable
anions #'¥. By blockade of this channel the effects of O, on the formation of
methemoglobin should be abolished. Indeed, this was observed . Certainly these
experiments suggest one way in which O; formed by PMNs can damage cells. The
unique abundance of hemoglobin in erythrocytes, however, may limit the relevance
of this mechanism to other cells.

Lysis of antibody-coated red cells through the products of the respiratory burst
appears to be linked to phagocytosis '®”. Neutrophils from patients with chronic
granulomatous disease lysed antibody-coated erythrocytes less effectively than PMNs
from normal subjects in suspension, but when phagocytosis was prevented by attach-
ment of the erythrocytes to plastic or by treatment with colchicine, PMNs from the
patients with chronic granulomatous disease lysed the red cells normally.

Neutrophils activated with zymosan-activated serum damaged cultured endothelial
cells as shown by release of *Cr in a manner which was inhibited by catalase and by
the combination of catalase and superoxide dismutase but not by superoxide dismutase
alone 1%,

The antibody-dependent lysis of tumor cells by PMNs exhibited some of the
characteristics of damage mediated by products of the burst; in the presence of tumor
cells there was increased consumption of O,, increased formation of O; and
activation of the hexose monosphosphate shunt ‘. However, although a reduction
in the concentration of O, in the medium inhibited lysis neither catalase nor super-
oxide dismutase inhibited. The lack of effect on these enzymes was attributed to
their inability to interpose themselves between the plasma membranes of the PMN
and its target. Similar conclusions were reached by Clark, and Klebanoff 170) whose
data incriminated the products of the burst by the reduced killing of tumor cells by
PMNs from patients with chronic granulomatous disease. Myeloperoxidase, however,
appeared not to be required since neither azide or cyanide inhibited and killing by
PMNis from patients with inherited deficiency of myeloperoxidase was normal.

However, when PMNs were stimulated, not by antibody on the surface of the tumor
cell, but instead by Concanavalin A """ or by opsonized zymosan 172 myeloper-
oxidase did appear to mediate the killing; azide and cyanide inhibited the killing,
halides were required, catalase inhibited, and PMNs from patients with either
hereditary deficiency of myeloperoxidase or chronic granulomatous disease were
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ineffective. Similar effects of azide and cyanide on the lysis of lymphocytes by
PMNss after stimulation with phorbol myristate acetate have been reported *”® and
an impressive lytic effect of HOC], the product of the myeloperoxidase reaction, was
demonstrated. Myeloperoxidase may not be involved in the antibody-dependent kill-
ing of tumor cells if release of the contents of the lysosomes where myeloperoxidase is
stored did not occur.

Still a different set of results was obtained by Nathan et al, 17+ 175 who assessed the
tumoricidal effect of macrophages or of PMNs stimulate by PMA. These authors
concluded that H,O, itself was the lytic species. Catalase but not superoxide dismutase
inhibited lysis. The curves relating the dose of PMA either to the formation of H,0,
by PMNs or to killing of tumor cells by PMNs were identical. Furthermore, there was
a linear relationship between the susceptibility of each type of tumor to lysis by
H,0, and to its susceptibility to lysis by PMNs. Lactoperoxidase and 1~ inhibited
rather than stimulated cytotoxicity in the presence of serum.

The H,0, which PMNs elaborate during the burst affects platelets as well.,
Hydrogen peroxide could diffuse from phagocytosing PMNs across a dialysis mem-
brane and cause inhibition of aggregation of platelets on the opposite side of the
membrane 17, Platelets also release serotonin and adenine in the presence of PMNs
stimulated with opsonized zymosan '7”). The involvement of products of the respira-
tory burst was shown by the diminished effects of PMNs from patients with either
hereditary deficiency of myeloperoxidase or with chronic granulomatous disease on
platelets. The effects on platelets were blocked by catalase or by omission of halides,
further suggesting that myeloperoxidase mediated these effects, but H,O, itself in the
absence of myeloperoxidase had similar effects. The authors suggested that these
effects of H,0, derived from the respiratory burst could be mediated through the
enzymic action of myeloperoxidase or by H,0, itself.

Chemiluminescence. That PMNs stimulated to undergo the respiratory burst cause
the emission of light has already been mentioned. Whatever the species which actually
emit photons, the phenomenon appears to be dependent on O; and H,0, 178,179)
seems faithfully to reflect the activity of the burst #7182 is enhanced by scavengers
of OH' '*, and is amplified by the cyclic hydrazide, luminol '8 The simplicity
with which chemiluminescence is measured in a liquid scintillation counter with the
coincidence circuits off has made it popular with students of the respiratory burst in
PMNs.

2.8.2 The Role of Products of the Burst in Inflammation

The ability of PMNs to elaborate O; and its reactive progeny and the capacity of
these progeny to react with many components of cells attracted the interest of
investigators of the molecular basis of the inflammatory response. One way in which
PMNs may participate is by acting as the source of the molecules such as OH
which may destroy tissue. The inhibition of the inflammatory effects of Carrageenan
by superoxide dismutase '®% might represent such an effect.

A second way in which PMNs may affect the magnitude of the inflammatory
response is by regulating their own movement to sites of inflammation. Evidence that
this may be a function of which PMNs are capable has been provided by Petrone
et al. ¥ who attempted to modify the inflammation elicited by the reverse passive
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Arthus reaction with superoxide dismutase. To ensure that the enzymes which were
to be injected into animals were likely to survive long enough to have an effect,
superoxide dismutase was covalently coupled to large polysaccharides to increase
the molecular weight of the enzyme so that it would not be filtered at the
glomerulus and thereby lost into the urine. Animals were injected intravenously with
antigen (human serum albumin) and intradermally with antibody. Inflammation at
the site of the injection of the antibody was completely suppressed by an intravenous
injection of Ficoll-superoxide dismutase but not by Ficoll or by catalase. The
migration of PMNs to the site of the inflammatory response as assessed histologically
was drastically curtailed. Experiments in vitro demonstrated that a chemotactic
material was formed from a lipid-like precursor in plasma by the action of xanthine
oxidase on xanthine, an enzymic means of generating O;. Its formation was
inhibited by superoxide dismutase but not by catalase, suggesting that when PMNs are
activated in the presence of plasma a chemotactic material may be formed from
O5 . Perez et al. '® have demonstrated the formation of a chemotactic factor from
arachidonic acid in the presence of an enzymic source of O; . The formation of the
chemotatic material was inhibited both by scavengers of O; and of H,O, and by
scavengers of OH", Whether the chemotactic materials of Petrone et al. and of Gold-
stein et al. are identical and whether they are formed in vivo as a means of
regulating the migration of PMNs is not clear. Clearly the patterns of inhibition were
different, at least implying that the mechanisms of forming these two chemotaxins
differ.

Some of the effects of products of the respiratory burst would appear to have
opposing effects on the inflammatory response. Neutrophils stimulated with an
antigen-antibody complex or by an enzymic source of Oy inactivated the elastase-
inhibitory activity in serum '87-1%® Inactivation was prevented by both catalase and
superoxide dismutase and by scavengers of OH’, suggesting a reaction of the Haber-
Weiss type (reaction 4). However, involvement of myeloperoxidase in PMNs was also
suggested by inhibiting the inactivation with azide, cyanide, and depletion of C1~ and
by reproducing the inactivation by myeloperoxidase, H,0,, and CI™. Clark et al. 189
have recently demonstrated the ability of myeloperoxidase, in conjunction with H,0,
and C1-, to inactivate the alpha, protease inhibitor of serum. Similar effects were pro-
duced by PMNs activated with phorbol myristate acetate. The inhibition by CN™,
N; and catalase as well as the lack of inactivation by PMNs from patients with
deficiency of myeloperoxidase suggested that the myeloperoxidase in PMNs catalyzed
the destruction of the alpha, antiprotease. One would suppose that the effect of
inhibition of the inactivator of elastase as a consequence of the respiratory burst would
be to increase the damaging effects of unopposed elastolysis.

Contrary to this anticipated effect is the effect of products of the burst on
chemotactic factors. Clark and Klebanoff *® showed that both chemotaxins,
Cs, and FMLP, lost chemotactic activity in the myeloperoxidase system. The
anticipated consequence of this action of myeloperoxidase would be to terminate
the influx of PMNs into an inflamed site.

Another means by which PMNs may help terminate the inflammatory consequences
of their activation is by the secretion of lysozyme from their lysosomal granules.
Treatment of PMNs with lysozyme not only reduced the chemotaxis of PMNs in
vivo and in vitro but also diminished the formation of O; in response to opsonized
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zymosan and to phorbol myristate acetate '°). That this effect of lysozyme was the
consequence of its enzymic action was demonstrated by partial reversal of these effects
by a specific inhibitor, tri-N-acetyl glucosamine.

2.9 Chrenic Granulomatous Disease

The relative rarity of the inherited illness, chronic granulomatous disease, does not
indicate its great importance in the evolution of the understanding of the respiratory
burst in PMNSs. In this disease (reviewed in reference 95) children are afflicted
with severe, recurring, infections with bacterial pathogens, but only with certain
organisms. The common feature of the bacteria which do cause infection is that they
do not excrete H,0,, usually as a consequence of the synthesis by the bacterium of
catalase 192, The abnormalities in the function of PMNs all appear attributable to a
defect in the respiratory burst. After stimulation of PMNs there is reduced consump-
tion of O, 7, diminished formation of Q5 123:193-19% ap4 H,0, 7-1#5:1%4) defective
activation of the hexose monophosphate shunt 7, lessened chemiluminescence 1%,
and impaired killing of those bacteria 7 which require products of the burst to be
killed. Phagocytosis is normal. The activity of the NADPH oxidase is reduced in
stimulated PMNs #9-190-196) That the defect may be in the mechanism by which the
burst is initiated has been inferred from the defective change in polarization of the
membrane in response to appropriate stimuli 5V as described under “Signal Trans-
mission.”

Although the usual patient is a boy, as expected with an illness inherited as an
X-linked recessive, a substantial minority of patients are girls ®. Recently this has
been proposed to result from random X-inactivation because the PMNs from
mothers of afflicted girls were found to exhibit reduced chemiluminescence in response
to opsonized zymosan **”, The chemiluminescence in the mothers was intermediate
between normal and the severely diminished levels in the afflicted children. In each
pedigree the PMNs of either the patients or their mothers were composed of two
populations of cells with respect to the reduction of nitroblue tetrazolium; one
population reduced nitroblue tetrazolium normally and the other did not. This finding
is consistent with the existence of one population of PMNs in which the mutant
chromosome was inactivated, allowing normal reduction of nitroblue tetrazolium by
O;', and a second population in which the normal chromosome was inactivated leaving
only the mutant X chromosome to code for a gene product(s) which was defective in a
necessary component of the burst. In the pedigrees of afflicted females only on the
maternal side were there afflicted males, parents with intermediate chemilumines-
cence by PMNSs, or female siblings with diminished chemiluminescence by PMNs.

Among the questions which remain unanswered in this illness is the function of
O7 . The defect in killing of bacteria appears correctable with a means of supplying
H,O0, to the interior of the phagosome. The bacterium may do so if it lacks
catalase and consequently excretes H,0, !°2. Another particle such as a latex bead
to which an enzymic source of H,0, is attached 198-19% will also suffice. In either of
these cases killing of bacteria is improved. If H,0, corrects the defect what, then, is
the necessity for the formation of O; at all? The evolution of an enzyme which
forms O; solely for the purpose of manufacturing H,O, seems unnecessarily
cumbersome and potentially injurious since many other flavoenzymes form H,0,
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directly without any O, as precursor. Are there other roles of O; in PMNs? Are
there other defects in these patients for which the lack of the production of O;
accounts?

3 Erythrocytes

The non-nucleated erythrocyte of mammals is rich in the CuZn superoxide dismutase.
In the mature cell the nucleus, ribosomes, mitochondria have all disappeared leaving
a plasma membrane enclosing a concentrated solution of hemoglobin and those en-
zymes required for the preservation of its function in the transport of oxygen and
CO,. It is tempting to suppose that in these marvels of specialization enzymes which
have been retained serve some vital function. The richness of the erythrocyte in
superoxide dismutase, in this, light, might appear mysterious because the means by
which erythrocytes form O5 is not obvious. The reactions in which Oy is formed re-
present reductions of molecular oxygen, reactions which occur chiefly in organelles
which the erythrocytes lack. Obviously, the erythrocyte functions in environments
where oxygen abounds and transports oxygen in its circulatory rounds, but it does
not normally reduce the oxygen it carries. What, then, is the source of O; in the
erythrocyte which has made it advantageous to contain large amounts of superoxide
dismutase? What is the effect of O; on the erythrocyteyfrom which superoxide
dismutase protects it?

Certain answers to these questions can be offered. The most persuasive answer to
the question of the source of O; is that oxyhemoglobin itself is the culprit.
Although dioxygen is usually released from oxyhemoglobin, some of the time
oxyhemoglobin may dissociate to ferrihemoglobin (methemoglobin) and O; :

HbFe** — O, — HbFe** + 05 . (12)
(oxyhemoglobin)  (methemoglobin)

The ‘pathologic’ dissociation has been demonstrated in the hemoglobin of the shark,
a creature whose hemoglobin appears to be particularly prone to this dissociation **?,
in human oxyhemoglobin 2V, and in the heterodimers (alpha,beta;) of hemo-
globin 202, Superoxide is also produced when oxyhemoglobin is illuminated 203)
and when hemoglobin reacts with certain organic compounds 2°+2°%, Whether any
of these reactions form O in sufficient amounts to form the pressure that has
caused the non-nucleated red cell to retain such an abundance of superoxide dismutase
is stili not clear.

Because the erythrocyte is a relatively simplified cell with a circumscribed function
it would seem that superoxide dismutase must act to prevent a deleterious effect
of O; on the erythrocyte’s capacity to transport oxygen. Superoxide might react
with hemoglobin to form a derivative which cannot reversibly bind O; . One such
reaction is to mediate the formation of methemoglobin, the derivative of hemoglobin
in which the Fe?* in heme is converted to Fe**. The ability of O; to react with
hemoglobin to form methemoglobin has been proposed to occur 201,207-209) jp g
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reaction in which the bound O, is reduced by O;, permitting the subsequent disso-
ciation of methemoglobin and peroxide:

HbFe?*—0, + O; + 2H* — HbFe** + H,0, + O, . (13)

The evidence for this reaction is that when solutions of hemoglobin are subjected to
a flux of superoxide anions generated either photochemically 2°!°2°7 =299 or by radio-
lysis 2°7 the formation of methemoglobin occurs as determined by the characteristic
change in absorbance. The formation of methemoglobin could be inhibited by super-
oxide dismutase but not by its catalytically inactive derivative. Whether superoxide
reacts with hemoglobin in red cells to form methemoglobin in vivo is not clear. It
seems unlikely that this occurs because the rate of the reaction is relatively slow.

Another possible effect of O; on erythrocytes is to initiate injury to the cell
membrane. Such a lesion might shorten the lifespan of the cell. Several studies have
suggested that O; can indeed disrupt the membrane of the human red cell, probably
indirectly. Intact erythrocytes have been subjected to a flux of O generated
externally by the enzymic action of xanthine oxidase 2! and resealed ghosts from
erythrocytes have been subjected to a flux of O; generated internally '), In both
cases there was inhibition of lysis by superoxide dismutase but not by the heated
enzyme. Catalase inhibited the lysis of the intact cells but not of the resealed ghosts.
A variety of other scavengers also inhibited lysis, but the lack of specificity of
these prevented unequivocal interpretation of the data. It seemed likely that some
reactive progeny of O, was the species but whether this was OH' or 'O, or some
other molecule is not clear. In the case of the intact cells a reaction between H,0, and
O, was proposed.

H,0, + O - OH + OH™ + '0,. (14)

The lack of inhibition of lysis by catalase in the resealed vesicles prompted the
proposal that the precursor which reacted with O to form the lytic species was not
H,0, but instead a lipid hydroperoxide; the marked sensitization of the vesicles to
the lytic effects of O;, which prior photooxidation produced, was consistent with
this proposal >'V. Lysis of bovine red cells exposed to O, however, was inhibited
by superoxide dismutase but not by catalase 2!,

Clarification of the differing inhibitory effects of catalase in the intact human eryth-
rocytes and in the resealed vesicles may be provided by the experiments of Weiss and
colleagues '°> whose data suggest that in the intact erythrocyte subjected to a flux
of O; from PMNs there are at least two steps leading to lysis. In the first O5
permeated the cell membrane and reacted with oxyhemoglobin to yield methemo-
globin. Once methemoglobin was formed there was no longer inhibition of lysis by
superoxide dismutase. Methemoglobin could be formed in the erythrocyte by other
means and when these cells were exposed to PMNs stimulated with PMA, lysis was
inhibited by catalase but not by superoxide dismutase. It was proposed that
methemoglobin reacted with H,0, within the erythrocyte to form a powerful oxidant
which attacked the membrane from within. These observations predict that both
catalase and superoxide dismutase would inhibit the lysis of intact erythrocytes in a
flux of O; but that in vesicles, from which hemoglobin had been removed by
washing before resealing, some other mechanism must prevail.
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Experiments in which the lysis of erythrocytes exposed to oxidizable organic com-
pounds have also been performed 2°47206.213.214) 1y some of these experiments
05 and H,0, appear to be involved as shown by the inhibition of lysis by super-
oxide dismutase and catalase. However, the pathways leading to lysis in these
experiments may be complex because of the effects of O; and H,0, on the rates
of autoxidation of the organic compounds 2! and because of the possibility that the
oxidizable organic compounds or their products react with the red cells directly.

The ability of O; to convert oxyhemoglobin to methemoglobin and to initiate
disruption of the membrane of the erythrocyte may be effects that superoxide
dismutase acts in the erythrocyte to prevent. There is, however, another possibility.
Superoxide dismutase may exist in red cells to scavenge O; formed in plasma. The
results of experiments consist with this possibility have been presented ') In these
experiments xanthine oxidase was sealed within vesicles prepared from the membranes
of erythrocytes. When these vesicles were incubated in phosphate buffer containing
acetaldehyde as a substrate for xanthine oxidase, cytochrome c in the buffer was
reduced. That O; was the reductant was demonstrated by inhibition of the reduction
of cytochrome ¢ by superoxide dismutase added to the medium. Because the membrane
of the erythrocyte contains a channel for the exchange of stable anions, it was
proposed that O; might move through the membrane of the red cell in this
channel. Indeed, blockade of the anion channel with either of two sulfonated stilbene
derivatives markedly inhibited the reduction of cytochrome c in the medium by
O; formed inside the vesicles. Inhibition by the blockers of the anion channel was
overcome by disrupting the membrane of the vesicle with Triton X 100, suggesting
that the effects of the sulfonated stilbenes were exerted only in the presence of an
intact membrane. If O; could indeed pass through the membrane of the red cell in
the anion channel might it do so in vivo? The answer to this question is not known.
However, there are some attractive features to such a proposal. Superoxide in plasma
could enter the cell readily through the anion channel where it encounters superoxide
dismutase which converts two superoxide anions to water and H,0,. The hydrogen
peroxide could then be catalytically scavenged, either by catalase to water and dioxy-
gen, or by glutathione peroxidase to water and oxidized glutathione. By this means
O; formed in plasma, by phagocytic PMNs for example, could be efficiently
converted to water and dioxygen.
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Abbreviations

ESR, electron spin resonance

NMR, nuclear magnetic resonance

ENDOR, electron-nuclear double resonance

FAD, flavin adenine dinucleotide

FMN, riboflavin-5"-monophosphate (flavin mononucleotide)
TARF, tetracetylriboflavin

Rfl, riboflavin

Lfl, lumiflavin

1 Introduction

More than one century ago a yellow, fluorescent pigment was isolated from whey
by Blyth ¥, In the subsequent years yellow pigments were extracted from various
biological materials. Depending either on the source of isolation or the physical
appearance, these natural products were named e.g. “lactochrome”, “lycochrome”,
“ovoflavin™, “lactoflavin™, “hepatoflavin”, or ‘“verdoflavin”. Later, it became
evident that all these compounds are riboflavin (vitamin B,).

Some highlights of the developments in the field of flavins and flavoproteins
are presented in Table 1. This table is an extension of a similar table published by
Beinert *® who summarized the progress in the field achieved up to 1958. Due to
the wealth of papers published during the last two decades, the discoveries listed
in Table 1 should not be considered as a comprehensive overview but rather as a
selection of a few topics reflecting the author’s own view. Looking back at the
“history” of flavin research, it is striking that the great activities displayed especially
during the fourth decade of this century came to an almost complete stop in the
subsequent two decades. One reason for the decreasing interest in the natural product
under consideration lies in the fact. that the chemists regarded flavins as chemically
rather stable compounds. Perhaps the main reason for the decreasing activities
in the flavin field was the fact that the isolated compounds from different sources
were structurally invariable, not provoking the synthetic skill of an organic chemist.
In this context, the potentiometric investigations carried out by Michaelis and his
co-workers 3758 were exceptions. In fact, this work provided the basis for a revival
of the interest in flavins in the sixth decade of this century. Beinert '® investigated
the half-reduced flavin system by the ESR technique proving that such a system
contains flavin radicals. This observation, on the one hand, and the initiated
chemical studies by Hemmerich and Fallab 3%, on the other hand, were the great
impulses leading flavin research into a new and flourishing era. Of course, these
studies were accompanied by many puzzling findings by flavoenzymologists who
succeeded in the isolation and characterization of a number of flavoproteins. Since
1965, the activities of the chemists and biochemists in the field of flavin research
are coordinated in regularly held international meetings. The close interaction between
chemists and biochemists facilitated by these meetings made it possible to achieve
a great progress during the last 15 years. The growing and continuous interest of
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Table 1. Some Highlights of the Developments in the Field of Flavins and Flavoproteins

The Flavin Redox-System and Its Biological Function

Year Discovery Research Group Ref.

1879 Riboflavin (“lactochrome™) from whey Blyth I3

1908 Oxynitrilase from almonds (a controversal Rosenthaler 2)
enzyme over a long period of time)

1926 Xanthine Oxidase Dixon and Kodama 3

1932 “0Old yellow enzyme”, first protein recognized ~ Warburg and Christian 4
as flavoenzyme

1934 Synthesis of lumiflavin Kuhn et al. 5

1935 Synthesis of riboflavin Karrer et al. 6)
Identification of FMN as prosthetic group Theorell 7
of “old yellow enzyme”

1936 Synthesis of FMN Kuhn et al. 8)

1938 Identification of FAD as prosthetic group Warburg and Christian 9}
of D-amino acid oxidase

1939 Lipoamide dehydrogenase from heart Straub 10)

1950 FAD exists as an intramolecular complex Weber 1

1952 Lipoamide dehydrogenase is a constituent of the Sanadi et al. 12)
multi-enzyme pyruvate dehydrogenase complex

1953 Xanthine oxidase contains FAD, Fe and Mo Green and Beinert 13)

1954 Synthesis of FAD Christie et al. 14)
Lactate oxidase, internal flavoprotein mono- Sutton 15)
oxygenase

1955 Succinate dehydrogenase contains a covalently  Kearney and Singer 16)
bound flavin

1956 Cytochrome b,, contains FMN and proto- Boeri and Tosi 17
heme IX.
Proof of the existence of flavin-free radicals 18)
by the electron spin resonance technique Beinert

1958 Butyryl-CoA dehydrogenase: formation of long  Steyn-Parvé and Beinert 19
wavelength absorbing species

1959 NADPH-cytochrome ¢ reductase from liver Lang and Nason 20)
microsomes

1960 Isolation of a FAD-containing peptide after Kearney 21)
proteolysis of succinate dehydrogenase

1962 Salicylate hydroxylase, external flavoprotein Katagiri et al. 22)
monooxygenase

1963 Structure and function of oxynitrilase Becker et al. %

1964 The formation of flavosemiquinone metal Hemmerich b
chelates )
Binding of chemically modified flavocoenzymes McCormick et al. 25
by apoflavoproteins

1966 Flavin-10a-hydroperoxides as an intermediate ~ Mager and Berends 26
in the reaction of reduced flavin with O,,
Flavoproteins form neutral and anionic Massey and Palmer 27
semiquinones

1967 X-ray structure analysis of flavin Kierkegaard et al. 28)
Bacterial NADPH-sulfite reductase contains Siegel et al. 9
FMN, FAD and Fe as prosthetic groups
Flavosemiquinone anion Ehrenberg et al. 30)

1968 Microsomal amine oxidase Machinist et al. 30

1969 Structure of covalently bound prosthetic Hemmerich et al. 3

group of succinate dehydrogenase
Crystal structure of Clostridium flavodoxin

Ludwig et al.

33)
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Table 1 (continued)

Year Discovery Research Group Ref.
Structure of sulfite complex of flavoproteins Massey et al. 34)
and the possible reaction of flavin hydro- Miiller and Massey 35)
peroxides

1970 X-Ray study on cytochrome b, Monteilhet and Risler 36}

1971 Partial sequence of clostridial flavodoxins Tanaka et al. 3N
Physical evidence of the existence of flavin Miiller 38)
hydroperoxides

1972 Three-dimensional structure of Desulfovibrio Watenpaugh et al. 39)
vulgaris
Proposal of a specific interaction between a Miiller 40}
prosthetic group and apoflavoprotein to explain
the various catalytic properties of flavoenzymes

1973 8-Hydroxy- and 6-hydroxy-FAD, new prosthetic Ghisla and Mayhew 45
groups
Roseoflavin Miura et al. 42)
Formation of an adduct at N(5) of the pros- Porter et al. 43
thetic group in D-amino acid oxidase

1974 Fluorescence properties of reduced flavins Ghisla et al. 44)
and flavoproteins

1975 Three-dimensional structure of p-hydroxy- Drenth et al. 43)
benzoate hydroxylase from Pseudomonas Wierenga et al. 46)
fluorescens
Crystal structure of glutathione reductase Schulz et al. 47,48)
X-Ray of flavodoxin from Anacystic nidulans Smith et al. 49)

1976 Polymer-bound flavins Shinkai et al. 503

1978 Modified flavins as active-site probes of flavo-  Moore et al. b
proteins
5-Deazaflavin derivative as a patural product Eirich et al. 52

1979 Covalently bound non-coenzyme phosphorous  Edmondson and James 53
residues in flavoproteins

1980 Photoelectron spectra of flavins Eweg et al. 54)

Ab initio calculations for flavins

Palmer et al.

55)

young researchers in the field of flavins and flavoproteins reflects the attractiveness
and excitement a single molecule can provide.

In the following the basic chemical and physical properties of free flavin will be
described in some detail, because the knowledge of these properties is the key for a
detailed understanding of the function of flavoproteins. In addition, some general
and common properties of the classes of flavoproteins will be presented and discussed
in relation to some new concepts. It will however not be possible to cover the whole
literature. For the reader interested in more details, the recent review papers by
Massey and Hemmerich ¢, Bruice °*, Walsh %%, Simondson and Tollin ®®, and
Hemmerich % (and references therein) should be consulted. An overview of the
pertinent research on flavins and flavoproteins is easily accessible by the proceedings
of the international symposia %%~ 72,
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The Flavin Redox-System and Its Biological Function

2 Physical and Chemical Properties
of Common and Modified Flavocoenzymes

2.1 Common Flavocoenzymes

The most common flavocoenzymes associated with biological materials are Rfl,
FMN and FAD (Scheme !). The side chains ribityl, ribityl phosphate and ribityl
adenine diphosphate are important constituents of flavocoenzymes since these side
chains are in general responsible for the selective binding to a particular flavoapo-
protein. The isoalloxazine ring is the redox active chemical entity of the flavocoenzy-
mes. The term ““isoalloxazine™ is widely used in the literature although it is an
unfortunate creation originating from the use of alloxan in the early flavin synthe-
sis 7, In this terminalogy, 7,8-dimethylisoalloxazine means flavin. According to
international recommendations flavin is defined as 7,8-dimethylbenzolg]-pteridine-
2,4(3H, 10H)-dione. It should also be noted that the numbering given in Scheme 1
is the one internationally now accepted but an older numbering is still sometimes
found in the modern literature. The terms FMN (flavin mononucleotide) and FAD
are also in discrepancy with the common chemical nomenclature because the side
chains are not linked to the flavin moiety via a glycosidic bond which can, therefore,
not be cleaved by hydrolysis. These terms are, however, internationally accepted.

i ® ® ©
photolysis u Hoor OH
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4o 827 CHyT (CHOHI3 —CHY 0P —0-P—0—C
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flavin - adenine - dinucleotide (FAD)

Scheme 1

Hydrolysis of FAD leads to FMN and/or Rfl (Scheme 1). Depending on the pH,
free FMN and Rfl can be degraded to lumiflavin or lumichrome by photolysis
(Scheme 1). Mainly for this reason lumiflavin serves often as a substitute for the

. flavocoenzymes in model bio-organic chemistry. Free FAD is much less liable to
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photolysis, due to the formation of an intramolecular complex ¥ which is responsible
for the very efficient radiationless deactivation of the flavin in the excited state.
Bound to apoflavoproteins all flavocoenzymes are generally quite stable against
photolysis although continuous irradiation of flavoprotein solutions over a long
period of time may lead to the destruction of the flavocoenzyme and more probably
to irreversible damage of the apoflavoprotein.

Riboflavin is synthesized by all green planis and by most microorganisms.
A recent account on the pathways of riboflavin biosynthesis is found in Refs. 747,
Riboflavin is the precursor of FMN and FAD. Higher animals have lost the capacity
to synthesize Rfl and their daily requirements must be supplied by foodstuffs. The
biological synthesis of FMN from Rfl is catalyzed by the enzyme flavokinase.
The biological transformation of FMN into FAD requires the enzyme FAD
synthetase. Both reactions depend on ATP and Mg* * as co-factors. More recently,
Walsh et al.”® discovered a flavokinase/FAD synthetase system in Brevibacterium
ammoniagenes capable of phosphorylating and adenylating many artificial riboflavin
derivatives. This finding is of practical use in the small-scale preparation of chemically
modified FMN of FAD derivatives. Such derivatives have been used in the pastin a
few cases as substitutes for the natural prosthetic group of flavoproteins to test
the specificity of the coenzyme binding site of a particular flavoprotein.*77-7®
This technique received much attention in the last few years. Since the discovery
of 6- and 8-hydroxyflavins 72-8% (cf. below) the potential of modified flavocoenzymes
as active-site probes of flavoproteins became evident. Concomitantly, the interest
in the preparation of modified flavocoenzymes grew. In addition, earlier studies 2>
revealed that, in general, apoflavoproteins are capable of binding modified flavo-
coenzymes as long as the demand for a specific side chain is fullfilled. Of course, the
replacement of the natural prosthetic group by a modified one affects the catalytic
properties of the enzyme studied. The chemical synthesis of riboflavin derivatives
has been worked out and such derivatives are easily available in pure form ' 754,
The procedure to phosphorylate riboflavin derivatives on a preparative scale has
recently been improved 85, These preparations, and also commercial FMN, contain
a considerable amount of riboflavin phosphate isomers, which are difficult to separate
by column chromatography. This problem is emphasized in the chemical synthesis of
FAD 1486:87) where the yield is rather low (20-25 %). In this context, it is surprising
that a modification of the synthesis of FAD from FMN published by Cramer and
Neuhoeffer 3 has not been noticed by workers in the flavin field. According to
Cramer and Neuhoeffer, the yield of the chemical synthesis of FAD is drastically
improved (~70% pure FAD). The procedure was successfully applied in the author’s
own laboratory (yield ~60-70%). It is expected that the improved procedure of the
FAD synthesis will stimulate the active-site directed studies on flavoproteins because
the problem of separating FMN or FAD from their synthetic by-products has
already been solved by use of FMN- or FAD-specific affinity column 8990},

2.2 Modified Flavocoenzymes

The discoveries of Theorell °" and Warburg and Christian °> demonstrated that the
prosthetic group of flavoenzymes can be released reversibly without proteolytic
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digestion of the protein. Most flavoproteins known today show a similar behaviour.
Although a very strong interaction of binding can occur, the prosthetic group is
usually released from the flavoprotein under relatively mild denaturing conditions.
We know now that the tight binding is a result of combined effects of electro-
static arid hydrophobic interactions between the prosthetic group and the apoflavo-
protein. In 1955, Green et al. *® discovered that only part of the total tissue flavin
was released upon treatment with the usual techniques and concluded from this
observation that part of the flavin was covalently bound. This proposal was supported
by the finding of Kearney 2" who succeeded in isolating a peptide on the level
of lumiflavin after proteolytic digestion of succinate dehydrogenase and alkaline
photolysis of the isolated flavin peptide. Although this seemed a promising approach
to the solution of the problem, ultimately it led to the elucidation of the structure of
the covalently bound prosthetic group, the unusual chemical properties of the new
flavin prevented a rapid progress in this field. Later, Chi et al. ** demonstrated that
the peptide was not linked to the N(3) position of the flavin. These two results
already indicated that the flavin-peptide linkage must occur in the benzene sub-
nucleus of the flavin. In 1966, an identical conclusion was deduced from model
studies 3¥. Strong evidence of the linkage between the peptide and the 8o-position
of the flavin was presented in 1969 3% and finally proved in 1972 %%,

Today, four kinds of 8a-substituted peptides are known (Scheme 2). The published
data up to 1976 were summarized recently °-°”. The chemical synthesis of the
various flavin peptides and their physical properties are described in the references
given in Table 2 and were reviewed recently %%,

The amino acid residues of the apoflavoproteins (Scheme 2, (/) to (4)) involved
in the covalent binding to the 8a-position of the prosthetic group possess functional
groups which are ionizable in the pH range 6-10 as free molecules. These pK

Table 2. Flavoproteins Containing a Covalently Bound Prosthetic Group®

Enzyme Covalently Bound Ref.
Prosthetic Group

Cholesterol oxidase 8x-N(1)-Histidyl-FAD 107
Thiamine dehydrogenase 80-N(1)-Histidyl-FAD 08
Cyclopiazonate oxidocyclase 8a-N(1)-Histidyl-FAD 109)
L-Gulonolactone oxidase 8a-N(1)-Histidyl-FAD 110)
L-Galactonolactone oxidase 8o-N(1)-Histidyl-FAD 11
6-Hydroxy-D-nicotine oxidase 8x-N(3)-Histidyl-FAD 1z
Sarcosine dehydrogenase 80-N(3)-Histidyl-FAD 113
Succinate dehydrogenase from beef hart mitochondria 8«-N(3)-Histidyl-FAD 114)
Succinate dehydrogenase from Vibrio succinogenes 8¢-N(3)-Histidyl-FAD 115)
Choline oxidase 80-N(3)-Histidyl-FAD 116)
p-Cresol methylhydroxylase 80-0-Tyrosyl-FAD nmn
Monoamine oxidase 84-S-Cysteinyl-FAD 18
Flavocytochrome css, from Chromatium 8-S-Cysteinyl-FAD 119)
F}llalvocytochrome Cssy from Chlorobium thiosulfato-  8u-S-Cysteinyl-FAD 120
Dhilum

Trimethylamine dehydrogenase 6-S-Cysteinyl-FMN 121,122

a} For structures, see Scheme 2
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values may be shifted to even lower pH values in a polypeptide chain. These amino
acid residues are susceptible to nucleophilic substitution reactions and could, there-
fore, give a possible hint at the mechanism of the biological synthesis of flavin
peptides. The reaction mechanisms by which flavin is attached to the proteins is
still unknown. Some recent works on this subject, however, indicate that naturally
occurring flavocoenzymes can be incorporated into the apoflavoproteins. This has
been demonstrated by a cell-free synthesis of 6-hydroxy-D-nicotine oxidase *®.
This finding may surprise scientists not familiar with the chemical reactivity of flavin.
The reactivity of flavin towards various reagents will be discussed below; here
we only mention a few relevant reactions related to the 8u-substituted flavo-
coenzymes. Bullock and Jardetzky ®® showed that the CH; group at C-8 selectively
exchanges its protons in D,0 at pH 6.8 in phosphate buffer. The methyl group can
also be selectively oxidized by NO; in acetic acid to the corresponding acid '°%.
This reaction is comparable to the oxidation of p-nitrotoluene to p-nitrobenzoic
acid. Isoalloxazine-6,8-disulfonic acid is converted to the corresponding 8-hydroxy-
isoalloxazine by the hydroperoxide anion. This reaction leaves the 6-position unaltered
which is chemically less reactive '®V. The chemical synthesis of the 8a-modified
flavocoenzymes was achieved by the use of 8u-monobromoflavin derivatives as
starting materials which are used as alkylating agents for the preparation of the
desired amino acid derivatives 192, These few examples demonstrate the ease with
which 8a-substitution of flavin can occur. Therefore, sophisticated biological means to
produce covalently bound prosthetic groups in certain flavoproteins are probably
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not required. This immediately raises the quéstion why some flavoproteins contain
covalently bound prosthetic groups and others not. The answer to this question
cannot be given at the present time. It is possible that the covalent attachment of the
prosthetic group was, at a certain evolutionary stage, the only means of some
flavoproteins to accommodate the flavin needed for catalysis. The polypeptide chain
in the isoalloxazine binding pocket probably strongly differs in these enzymes from
those known today from crystallographic studies (cf. below). This would mean that
covalently bound prosthetic groups should be deeply embedded in the protein interior.
it is obvious that much more experiments are needed to shed light on this
problem and it is probable that only three-dimensional data can answer our questions.
To obtain such data will not be an easy task.

There is, up to now, one exception known to the four kinds of the above
mentioned covalent linkages. The prosthetic group of trimethylamine dehydrogenase is
linked via the C(6)-atom of the flavin to a cysteiny! residue (Scheme 3, (5)). As
mentioned above the less reactivity of C(6) of flavin as compared to that of CH(8)
requires probably some chemical modification of the prosthetic by biological means
prior to covalent attachment. The C(6)-S-Cysteinyl flavin was synthesized recently
starting with 6-nitro flavin '°® which was subsequently reduced to the amino
derivative and transformed to the corresponding bromo derivative via diazotation.
Reaction of the bromo derivative with cysteine gave the desired 6-S-Cysteinyl
derivative 199,

The flavoproteins known to contain covalently-found prosthetic groups are list-
ed in Table 2. In addition to the flavoproteins also carcosine oxidase from
Corynebacterium contains a covalently-bound FAD %%, Its mode of linkage is not
yet known. Furthermore it seems to be the first enzyme reported to contain
equivalent amounts of covalently-bound and dissociable FAD. Djmehtlyglycine
dehydrogenase prossesses also a covalently linked prosthetic group, which structure
is probably identical with that of (2) 1%,

The 8a-modified flavins show some remarkable physical properties which differ
from those of common flavins. Since these properties are very helpful in the iden-
tification of modified 8ua-substituted flavocoenzymes originating from biological
materials the physical properties are presented briefly here. Compared to ribo-
flavin (Scheme 2, (I), R’ = H) the visible light absorption properties of (2) to
(5) are very similar except that the second absorption maximum is blue-shifted by
about 20 nm. In (2) and (3) this blue shift depends on the state of ionization of
the imidazole. Similarly, the quantum yield of the fluorescence emission is strongly
pH-dependent. This property can be used as a first indication of the structure
of the 8x-amino acid residue of peptides obtained proteolytically. Whereas &)
exhibits a pH-independent quantum yield in the range between 3-8, (2) to (5) are
weakly fluorescent at pH 7 (about 10% or less of that of (1)). At pH 34 the
fluorescence quantum yield of (2) and (3) is the same as for riboflavin. This is not
valid for (4) and (5), the fluorescence of which does not increase with decreasing pH.
The increase of fluorescence in (2) and (3) is due to the protonation reaction of the
N-atom of imidazole. In fact, from this observation the pK, values of 5.2 for (2)
and 4.5 for (3) were determined. Therefore, from the pH-dependence of the fluores-
cence of an unknown sample a good indication of the structure of the 8a-substituent
can be obtained. To distinguish e.g. between (2) and (3) the measurement of the
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pH-dependent fluorescence quantum yield is routinely applied. Two other propertics
of (2) and (3) can be used to distinguish them. Firstly, (2) is irreversibly reduced
by BH, , whereas (3) does not react. Secondly, (2) exhibits a much greater storage
stability in solution than (3). (4) and (5), on the other hand, can be distinguished
from each other and from (2) and (3) by performic acid oxidation. Upon this
treatment the fluorescence of (4) increases to the level of riboflavin and shows a
pH-independent quantum yield, whereas the fluorescence of (2), (3) and (5) is
not affected by this treatment. Thus, (5) is the only derivative that fluorescence
is not influenced by chemical treatment of pH. Furthermore, it is noticeable that
(2), (3), (4) and (6) possess redox potentials (E, +) about 30 mV more positive than
that of riboflavin (— 190 mV), indicating an increase in electron affinity as compared
to that of (I). The physical and chemical properties of 8x- and 6-substituted
riboflavin derivatives were summarized recently '),

2.3 Structure and Properties of other Modified Flavocoenzymes

In 1971 the discovery of an orange coloured prosthetic group was reported '*%.

Because of its unusual colour as a flavin it was called ,,orange* flavin. The flavin
derivative is the prosthetic group of an enzyme present in Megasphaera elsdenii.
The enzyme was later identified as an electron-transferring flavoprotein 2%, From
the purified enzyme variable amounts of 8-hydroxy-FAD #*!2® could be extracted
together with FAD and 6-hydroxy-FAD *27-128), Initially, 6-hydroxy-FAD was named
“green”’ flavin because of its physical appearance to the eye. These unusual prosthetic
groups are non-covalently bound to the apoprotein and can, therefore, be removed
from the protein by common, mild denaturing procedures. From the total amount
of flavin present in the enzyme only a small fraction consists of the modified
prosthetic group. In addition, the modified FAD’s cannot be detected in bacterial
suspensions that are either treated immediately with acid or incubated under
anaerobic instead of aerobic conditions '2¥, This indicates that the oxydation
(hydroxylation) reaction occurs by some reactive oxygen species generated by the
enzyme in a biologically non-relevant reaction. The generation of these purification
artifacts by other enzymes than the flavoproteins (or by a combined reaction of
two or more enzymes) present in the crude extract cannot be excluded, since the
purified enzymes do not yield the artifacts. The oxidation of C(6) of flavin is a
surprising fact whereas the C(8)CH; group is relatively easily oxidizable as shown
my model studies (see above). Enzyme molecules containing the modified prosthetic
group are enzymatically not active.

The structure of the modified flavocoenzymes was elucidated by chemical syn-
thesis and comparative physical studies 126-13 (Scheme 2, (7), (8)). The compounds
possess some unusual properties some of which are collected in Table 3. The most
prominent difference between (7) and (8) is the fluorescence behaviour: (7) is fluores-
cent, (8) does not fluoresce. Moreover, at pH > 10 the fluorescence quantum yield
of (7) increases by a factor of about 2, in contrast to normal flavin the fluores-
cence of which is quenched. By this property (7) and (8) are easily distinguished
(Table 3). From the visible absorption properties of analogs of (7) and (&) it was
concluded that both compounds can exist in two tautomeric forms (proton on N(I)
or C(8)0, C(6)0), leading to quinoid structures.
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Table 3. Some Physical and Chemical Properties of Other Modified Flavocoenzymes®

Property Compound®
(7) {(8) (9) (10}
En. 7 (mV}) —332 - —222 —373
pK, 48(C®OH) 7.1 (C(OH) 1.6 6.3 (C(8)OH)
(CON(CH,),

11.5 (N(3)H) >9 (N(3)H) 10.8 (N(3)H) 12.2 (N(3)H)
Absorption maximum

(nm)
pH 3.0 435, 262 422,262 — 395, 267
pH 7.0 472, 300 - - 505, 314 420, 2959
pH 13.0 472, 283 550, 434 492, 308 420, 290
Fluorescence emission:
maximum (nm) 528 a4 4 not determined
intensity® 1.34 — —
Source ETFP from ETF from Streptomyces Methanobacterium
M. elsdenii M. elsdenii, davawensis
glycolate oxidase
Ref. 126,127) 128) 131) 52)
a) Riboflavin derivatives d) Non-fluorescent
b) For structures see Scheme 2 e) Relative to riboflavin (=1)
¢) pH 8.85 f) ETF = electron-transferring flavoprotein

A red coloured flavin derivative was isolated from the culture medium of
Streptomyces davawensis and was named *“roseoflavin’ because of its colour 42+ 131,
Its chemical structure was ascertained by synthesis and photolysis of the natural
product '*%. It is a riboflavin derivative possessing an N-dimethyl group at position 8
(Scheme 2, (9)). Some properties of (9) are given in Table 3. “Roseflavin” is
non-fluorescent and very sensitive to light in organic solution. Light catalyzes the
elimination of one of the methyl groups at position 8. The thus formed 8-methyl-
amino derivative is fluorescent. Although “roseoflavin” binds to various apoflavo-
proteins it does not restore the corresponding catalytic activity but it possesses weak
antibacterial and antiriboflavin activity 13,

Another Japanese research group isolated two riboflavin derivatives from the
cuiture filtrate of Schizophyllum commune and called these natural products “Schizo-
flavin” 1 and 2 3139, The physical and chemical properties of these compounds are
almost identical to those of riboflavin. The only structural difference between ribo-
flavin and the “Schizoflavins” lies in the oxidation of the terminal side chain carbon
atom, i.e. alcohol vs. aldehyde or carboxylic acid.

Cheeseman et al. ' reported in 1972 the purification and properties of a fluores-
cent compound from Methanobacterium. Owing to the first visible absorption at
420 nm the unknown compound was called Factor-420. It was not until 1978 till it
became clear that the compound is a flavin-like molecule 52, By different physical
techniques it could be shown that the molecule is a 5-deaza-FMN derivative (Scheme 2,
(10)) where at position 8 the methyl group is replaced by a hydroxy group. In
addition, the side chain phosphate group is esterified by a lactyl group which, in
turn, is linked to a diglutamyl moiety via a peptide bond. Factor-420 functions as
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an electron carrier between H, (—420 mV) and NADH (—320 mV) (cf. Table 3).
As a deazaflavin it shows an unexpected reactivity towards molecular oxygen in the
1,5-dihydro state. 1,5-Dihydrodeazaflavins are, in contrast to 1,5-dihydroflavin,
rather stable under aerobic conditions. In contrast, Factor-420 in its 1,5-dihydrostate
reacts smoothly with oxygen. The chemical and physical properties of (10) have been
confirmed recently by synthesis of a deazaflavin analog *7.

The biological function of Factor-420 is to catalyze the electron transport
between hydrogen and pyridine nucleotide in Methanobacteria (anaerob). These
Archaebacteria are obligate anaerobes. In this context some proposals have been
put forward with respect to the evolution of biological reactions catalyzed by
flavoproteins *®.

3 The Flavin Redox System

The most prominent feature of the chemistry of flavin is its redox properties. These
properties make flavin especially suitable for its broad involvement in biological
reactions. In the following the pH-dependent species formed in one- and two-
electron reductions will be dealt with first, including their visible absorption and
fluorescence properties. These physical properties form the basis of many kinetical
and analytical studies. In Scheme 3 the structures refer to the free and protein-
bound prosthetic groups (cf. Scheme 1). To study the physical properties of the
flavocoenzymes often N(3)-alkylated lumiflavin (R = CHj;) is used which is better
soluble in a variety of solvents. Other physical and chemical properties of these
species will be discussed subsequently.

3.1 Flavoquinone

In all three redox states, flavin is an amphoteric molecule (Scheme 3). Flavoquinone,
i.e. oxidized flavin, possesses ionization constants of ~0 and ~ 10. It should be noted
that the first protonation occurs at N(1), which is the most basic nitrogen in
FI,,H and not N(5). In very strong acidic solutions, however, N(5) can also be
protonated reversibly giving the dication. The light absorption properties of
flavoquinone species are given in Table 4. Deprotonation at N(3) has little influence
on the shape of the light absorption spectrum, except that the second band is
shifted hypsochromically. The monocation exhibits an apparent single-band visible
absorption spectrum which is resolved in cations carrying alkyl substituents at N(1)
or C(2x) 1. A similar behaviour is shown by the dication the maximum of which is
shifted bathochromically by 50 nm as compared to that of the monocation. The light
absorption spectrum of (/2) depends strongly on the polarity of the solvent 139-141)
Especially the second absorption band shows an unexpected behaviour. Very recent
data 142 indicate that the second transition in the flavin spectrum must be assigned
to a mixed state containing anamalous n — 7* character arising from the anomalous
behaviour of the N(1) eone pair. (1) and (J2) are fluorescent, whereas (13) is
non-fluorescent because of quenching by OH ™. In acidic solution (1I) is also non-
fluorescent due to quenching by H* but quaternary flavinium salts in organic solvents
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Table 4. Comparison of the Light Absorption Characteristics of the Amphoteric Species of Lumiflavin

in the Three-Redox States

Species™ Solvent Absorption maxima (nm) Ref.
(Molar extinction coefficient, mM ™! cm™!)
Fl,H pH 7 445(12.4), 367(10.0), 266(42.2) 139-141)
Fly pH 12 447(12.0), 352(11.6) 139)
Fl,,H; 6N HCl 390(21.0) 139,140
Fl,H}* conc. H,80, 440(21.0) 139)
FIH, » pH 5 580(3.6), 502(3.9), 357(7.7), 326(5.8) 150)
FIH, ¥ CHCl, 642(4.4), 603(4.0), 490(2.4), 460(2.0), 385(5.9), 150}
. 326(7.2)
FIH™ DMF 477(5.9), 400(11.5}, 373(17.6) 30
(FIHZn)* @ DMF 810(0.035), 537(3.6), 502(3.9), 395(12.3), 154
' 375(15.2)
FIR, ¢ CHCl, 447(9.0), 368(21.0) 150)
FIH] 6N HCI 488(7.2), 358(8.0) 139)
Fl, . H, pHS 395(2.7), 295(6.8) 139,153,154)
FleaH; pH 8.5 342(4.0), 285(7.5) 139,153, 154)
Fl HY 6N HCl 316(9.5) 139)
a) For structures see Scheme 3 ¢) Flavosemiquinone chelate
b) N(5)-ethyl derivative d) Neutral, red flavosemiquinone
flavoquinone
X T v o
HyC g\ N\( PKg=0 © PKo=10HyC e
HaC N7 NH “’_— NH — ch N NO©
FloxH,® 0 FloxH Flox® 0
11 12 13
©
e 110,
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Y pKQ =23 H3C N PKQ‘B 3 HacﬁN N (@]
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A Fle Fi 0o
14 15 16
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are fluorescent 1493 In contrast to (I2), Rfl and FMN, FAD is only weakly
fluorescent in neutral aqueous solution due to dynamic quenching by the formation
of an intramolecular complex *-144), Based on this property a procedure was developed
to analyze the purity of FAD 49,

3.2 Flavosemiquinone

The addition of one half equivalent of e.g. dithionite to a solution of (12) yields a
so-called “half-reduced” system. “Half-reduced” is not a very meaningful term, it
only implies that one electron is added to flavin without any indication of the
spin distribution. This is best demonstrated by equilibrium (1)

FIH + F1 ,H, 2 2FIH, 6}

showing that under unfavourable conditions only a very small concentration of fla-
vosemiquinone may be formed. In neutral aqueous solution the system is strongly
disproportionated yielding only a few percent of flavosemiquinone. For this reason
Michaelis et al. >’>3® could only infer the existence of the flavosemiquinone.
Beinert > proved its existence by ESR. The pK value of the deprotonation reaction
of (15) was determined by ESR 3%, potentiometric **®’ and pulse radiolysis **’ tech-
nique. The pK value of the protonation reaction of (15) was obtained by pulse
radiolysis studies **7. The complexity of a “half-reduced” flavin solution is best
demonstrated by the pH-dependent spin concentration of the system as determined by
ESR 3% and calculation (Scheme 4). From Scheme 4 it is evident that the flavosemi-
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quinone formation strongly depends on the pH-dependent disproportionation and
comproportionation reactions. Theoretically, at low and at high pH values 100%;
flavosemiquinone formation is expected. This is found for FIH; (I4) but not for
FIH ™ (I6). The reason for the latter observation is that N(3)-alkylated flavins under-
goes hydrolysis at pH > 10. For unsubstituted flavins, e.g. FMN, it is known that
monomeric flavin species tend to form sandwich complexes, depending on solvent
polarity and ionic strength '4®). On the other hand, the flavosemiquinone cation (14)
is thermodynamically the most stable one among the flavosemiquinone species. At
pH < 0 the “half-reduced” flavin system is fully comproportionated. The high
stability of (I4) made it possible to crystallize it, as done as early as 1937 by Kuhn
and Strobele ). The pH-dependence of equilibrium (1), assuming that the effect
of formation of bimolecular complexes can be neglected, is given by Eq. (2) 3@

(1 + K/H)?

k(H) = K
B = e R 7 Ko H 7 KK/

@

where k(H) is the pH-dependent equilibrium constant betonging to (1), Ky is the semi-
quinone formation constant among the neutral species (FI.,H, FIH, and FIl ,H,)
and H is the hydron ion activity. K, K and K,.q are the acidity constants of F1 H,
FIH, and Fl,4H;, respectively. The theoretical curves in Scheme 4 are calculated
using pKg = 1.64, pK,.q = 6.3 and pK = 8.4 for the N(3)-alkylated system (e.g.
FIR ") and pKy = 2.5, pK,, = 10, pK = 8.6 and pK,.;, = 7.0 for FMN. It should
be kept in mind that Scheme 4 applies only to model systems in aqueous solution and
a completely different situation is faced with protein-bound flavocoenzymes. Never-
theless, the complexity of the system makes it a very difficult task to decide in model
reactions whether the flavosemiquinone or the flavohydroquinone is the primary
reaction product using flavoquinone as starting material. The same holds of course
studying the mechanism of oxidation of flavohydroquinone. Extreme caution must,
therefore, be exercised in the extrapolation of model studies to biological reactions
catalyzed by flavoproteins. The biological relevant flavosemiquinones, i.e. (15) and
(16), have been and still are called blue and red radicals. These terms should be
avoided because the corresponding flavosemiquinone species have been definitely iden-
tified and characterized. The light absorption properties of (16) were concealed for
a long time although visible spectra of red protein-bound flavosemiquinones were
reported ?®). The reason for this is the high disproportionation of partially reduced
free flavin in aqueous solution as outlined above. This jeopardized the identification
of the visible absorption properties of (I6). The discovery 3® that an almost
quantitative yield of (/6) could be obtained using an organic solvent (DMF) instead
of aqueous solutions made it possible to characterize the flavosemiquinone anion.
At the same time *” it was also found that N(3), C(2x)- or C(2u), C(4o)-dialkylated
flavin derivatives yield red coloured, neutral flavosemiquinones. The first ab-
sorption maximum of these neutral, red flavosemiquinones is shifted to the blue
(~30 nm) as compared to that of (16) (Table 4). It is possible that the neutral, red
flavosemiquinone can also occur in flavoproteins although the spectra of all red flavo-
protein semiquinones known resemble that of (16). The colour of solutions of (15)
vary between green and blue (Table 4), depending on the solvent used. The strong
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negative solvatochromicity is explained by the mesomeric structures (/5) and (/5a)
(Scheme 5). More recently, it was proposed that the mesomeric structure (155)
(Scheme 5) contributes also to the stabilization of protein-bound flavosemi-
quinone *3®, From Scheme 4 it follows that in neutral aqueous solution only a few
percent of (15) is formed. The spectral properties of (15) could, therefore, not be
quantified until it was discovered that N(5)-alkylation prevents disproportion of a
half-reduced flavin system !5, The flavosemiquinone cation (/4) is biologically not
relevant but is an ideal species for elucidating the structure of new flavin derivatives
of chemical or biological origin because of its quantitative formation and stability
towards oxygen. These properties were very useful in studies on the structure of
8a-substituted flavinyl peptides 2.

3.3 Flavohydroquinone

Reduction of flavin by two electrons yields the 1,5-dihydroflavin (Scheme 3),
often called *‘reduced flavin™. Since isomeric two-electron reduced flavin structures
are known (cf. below), the term “reduced flavin” should be avoided unless defined
to prevent misunderstanding. From all flavin species possible in a redox reaction
the solution of 1,5-dihydroflavin is, in contrast to that of some isomeric compounds,
devoid of a stront colour but not colourless as indicated by the term “leucoflavin”,
which is still used (Table 4). The only true colourless species is (/7). Because
of the very high oxygen-sensitivity of 1,5-dihydroflavin its chemical and physical
properties were investigated only recently 1533 Long before crystallographic data
on flavins were available, conclusions were drawn from the molar extinction
coefficient at 450 nm of 1,5-dihydroflavins with respect to the planarity of the
molecules. From the data presented in Table 5 it was proposed that anionic
1,5-dihydroflavins are less planar than the neutral ones 3 This suggestion was
later fully supported by X-ray studies ***. The extinction coefficients are indeed
very useful values to estimate the planarity of free and protein-bound 1,5-dihydro-
flavins as recently shown by Ghisla et al. '**). These authors also found that (/8)
and (19) possess weak fluorescence properties at low temperatures '>*). The fluores-
cence emission maximum appears at 495 nm for (/8) and at 510 nm for (/9). At room
temperature free 1,5-dihydroflavins are non-fluorescent. In contrast, many 1,5-di-
hydroflavins bound to apoflavoproteins exhibit weak fluorescence properties at room
temperature 154158,

With respect to (15) the possible mesomeric structures are given in Scheme 5.
A few remarks will be placed here regarding possible mesomeric or tautomeric
structures for the other species depicted in Scheme 3. For all one- or two-electron
reduced species various tautomeric forms can exist, e.g. iminol tautomers. Such
tautomers do not exist in flavoquinone. In addition, in (/6) and (/9) the negative
charge could also be placed on the other hetero atoms in the pyrimidine subnucleus
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Table 5. Comparison of the Molar Extinction Coefficients at 450 nm of 1,5-Dihydroflavins in the
Neutral and Anionic State

Compound Neutral (pH 2.2) Anionic (pH 8.5) Ref.
£450 MM "1 om ™! ggso mM T om™!
FMNH, 1.39 0.90 13%)
FADH, 1.57 1.06 139
TARFH, 0.89 0.62 139
?Hg—?Hg
HsC N N\Y/O s
.58 — 139)
LT
HC N
0
CHy
HsC T!l H 0
3
0 — 153)
LT
H3C 'il CH3
HyC LCH; O

of the flavin system, except on N(3). Finally, it is important to note that the for-
mation of all one- or two-electron reduced species (Scheme 3) is thermodynamically
fully reversible.

3.4 Flavin Redox Species Bound to Apoflavoproteins

In biological systems all species shown in Scheme 3 can be formed, except the
cationic species. The pK value for the formation of (13) has been determined for a
few flavoproteins, but its formation may lead to the release of the prosthetic group,
because either N(3)H is important for the binding interaction with the apoflavoprotein
or the alkaline solution (pH ~ 10) leads to denaturation of the protein. For instance,
pK, values of 8.0 and 9.4 were determined for glycolate oxidase *” and D-amino
acid oxidase '*®), respectively. These findings indicate that the N(3)H group of the
protein-bound flavoquinone in these two enzymes is in a highly polar environment
and probably not hydrogen-bonded to the apoenzymes. This suggestion is support-
ed by the observation that the addition of an inhibitor to these enzymes causes an
increase of the pK values by about 2 pH units. This indicates that the environment
of the N(3}H group (and probably other parts of the prosthetic group) changes from
hydrophilic to more hydrophobic upon binding of inhibitor or substrate {expulsion
of water from the binding site) as indicated by the accompanied spectral
changes '*"*®). In this situation the N(3)H may be hydrogen-bonded to the
apoenzyme (cf. below).

Flavoproteins form either (/5) or (16) in high yield, if they are formed at all.
A helpful, general rule is that flavoprotein oxidases (see below) form (16),
flavoprotein dehydrogenases and flavodoxins form (15) whereas flavoprotein mono-
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oxygenases give no flavosemiquinone. As with all rules, there are exceptions. For
instance glucose oxidase is able to form both (/5) and (/6) with an ionization con-
stant of 7.3 27-*39, Although anionic protein-bound flavosemiquinones are not trans-
formed to the neutral one, even at acidic pH (~5), in a few cases it was observed that
the addition of an organic, complexing molecule (inhibitor) to e.g. the anionic
flavosemiquinone of D-amino acid oxidase yields the neutral flavosemiquinone in
a high yield **®. 1t should be noticed that the flavoprotein semiquinones observed,
which are easily obtained chemically in a photocatalyzed reaction 2% may not
be of biological relevance. Glucose oxidase, and in fact most flavoprotein oxidases,
easily form the semiquinone in a chemical reaction, but nor physical nor chemical
evidence could be obtained up to now that the flavosemiquinone is involved in the
catalysis 1*%. For the dehydrogenases it is known that flavosemiquinone plays an
important role in catalysis.

Flavohydroquinone bound to apoproteins plays a very important role in flavo-
protein-catalysis, either in the electron-transfer to substrates or other enzymes or
in the oxygen activation reaction. The chemical reactivity of 1,5-dihydroflavin bound
to apoproteins can differ drastically from that of free flavin. The reactivity is
likely governed by factors such as the conformation of the bound flavohydroquinone
and the ionization state (cf. below).

4 Chemical Properties of Free and Protein-Bound Flavin

4.1 Flavoquinone: Nucleophilic Reactions

Flavoquinone, the resting state of isolated flavoproteins, was for a long time
considered as chemically rather unreactive. The early pioneers in the field studied the
alkaline hydrolysis of lumiflavin to prove the chemical structure. Products of
hydrolysis were identified as urea and a substituted quinoxaline carboxylic
acid 1617163 This reaction was reinvestigated by Bruice and co-workers '**) under
milder conditions. The initial product leads to the formation of an ureido carboxylate
by hydrolytic scission between positions 3 and 4 of flavin. For the related alloxazines it
was claimed that hydrolytic scission occurs between position 2 and 3 '*%. This was
proven to be incorrect 19 so that it can now be concluded that both kinds of mole-
cules are hydrolyzed by the same initial mechanism. The aim of these studies was
to determine which positions of flavin are susceptible to nucleophilic reactions
because nucleophilic dark reactions may play a role in flavoprotein catalysis. Ex-
cept for photo-catalyzed reactions and some other nucleophilic dark reactions occur-
ring at the center N(5)-C(4a), which will be discussed below, flavin is only sus-
ceptible to nucleophilic reactions after activation of the desired position(s). For
instance, nucleophilic reactions occur smoothly at positions 2 and 4 when the oxygen
atoms are replaced by sulfur, a methylthio or methoxy group 84,167 From this it
can be concluded that flavoquinone possesses only two functional groups, ie. N(3H
and C(8)CHj;. Only C(8)CH, is chemically an interesting functional group as already
demonstrated above. Besides the already mentioned reactions 88~V C(8)CH,
condenses with activated aldehydes in a strong acidic medium to deeply coloured
products 1%, The dimerization of some flavins to form “bifavins™ occurs also via the
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C(8)CH, group 3019, With a halogen at position 8 a variety of 8-substituted flavins
can be prepared 7. This chemical reaction has been applied recently in two destinct
ways as a tool to explore the active site of flavoproteins !’*), The high chemical
reactivity of 8-chloro-substituted flavocoenzymes was used to fix the prosthetic group
in the active center of lipoamide dehydrogenase covalently via the SH group of a
cysteine residue **. On the other hand, if no such chemical reaction occurs the
bound prosthetic group can be tested for the accessibility of the 8-position by
reaction with thiolate ions which yields a different flavin chromophore . On the
other hand, the chemical transformation of 8-chloroflavin into the corresponding
8-mercaptoflavin by thiolate ions yields a flavin system with pronounced mesomeric
and tautomeric structures '’". Depending on the structure, the first visible absorption
maximum occurs between 470 and about 600 nm '), In flavoproteins one of the
mesomeric or tautomeric structures is generally bound preferentially. From such
studies conclusions were drawn with respect to the chemical and physical properties
of the flavin domain in several flavoproteins 172, Although such studies yield some
interesting results their interpretation may not be as simple as reported 172

The finding **-'73-1"*) that flavoproteins form covalent adducts with various
compounds stimulated research on the mechanism of flavin-catalyzed oxidations (for
recent reviews, see refs. 61, 62). The aim of these model studies is to shed light on the
mechanism of biological reactions catalyzed by flavoproteins. The problem has
been approached photochemically and by dark reactjons, i.e. ground-state chemistry.
From the photochemical reactions of flavin with various substrates, yielding generally
C(4a)- or N(5)-substituted flavins, it has been concluded that these reactions are
models for the covalent addition of carbanions to flavin 175~ as observed in
flavoproteins '"*). The fact that the product of a photochemical reaction of free
flavin possesses the same structure (e.g. N(5)-substituted) as that obtained by a
dark reaction of a flavoprotein does not allow to conclude that both mechanisms
are similar, i.e. occur via carbanion addition. The photochemical reaction is initiated
by the excited flavin in the triplet state. Such reactions are inherently radical in
nature '"®. If in such reactions a covalent addition of the carbanion occurs, the
available mechanistic studies do not prove it or indicate at what stage of the
reaction sequence it would occur. On the other hand, the chemistry of model flavins
in the ground state is also very complex . A disadvantage of free flavin as
compared to protein-bound flavin is the fact that free flavin in model reactions can
undergo complex, secondary reactions (cf. Scheme 3). Principally, it should be
possible to mimic the chemistry of flavoproteins in some degree, it is still very
difficult to deduce from model studies the biological relevance of an observed
mechanism. This is simply so because we cannot yet mimic the environment of a
protein-bound prosthetic group in its various facets, i.e. microenvironment, specific
interactions between flavin and apoprotein, amino acid residues aiding acid-base
catalysis. Although the carbanionic mechanism is generally accepted to take place in
certain flavoproteins a recent reinterpretation of the reaction mechanism of the
oxidation of 1,2-disubstituted substrates by flavins and flavoproteins opens new
perspectives 1*®). Nevertheless, model studies have revealed that the covalent
addition of a substrate to C(4a) of flavin is generally acid-catalyzed ®1-17%, On the
other hand, the observation of a radical mechanism of the oxidation of initially formed
carbanions by flavoquinone '3 does not imply a similar reaction mechanism in
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flavoproteins where no evidence could be obtained for the formation of radicals
during the catalytic action, e.g. glucose oxidase 1*. In order to circumvent the
ambiguities of model studies many research groups have more recently chosen for a
different approach to solve the pending problems, i.e. active site directed chemical
studies on flavoproteins where compounds related to the structure of natural
stubstrates are used 5%, In such reactions the protein-bound flavocoenzyme often
forms covalent adducts of different chemical structure *® ~18¥), These suicide inhi-
bition studies are valuable tools to explore the chemistry of the protein-bound flavo-
coenzyme but it is doubtful if they can contribute much to the unravelling of the
catalytic mechanisms of flavoproteins, because the suicide inhibition reactions occur
usually only after many catalytic cycles of the enzyme. The suicide reactions have,
however, great possibilities for pharmacological applications.

The reaction of sulfite with free flavins, although biologically not relevant, is a
useful tool for the characterization of free and protein-bound flavin. The sulfite
addition yields a N(5)-substituted flavin with an affinity paralleling the redox
potential of the particular flavin analog 3. This reaction can also be observed in a
number of flavoproteins forming the flavosemiquinone anion **. This observation
led together with other data to a new classification of flavoproteins 34 Thus, flavo-
protein oxidases readily form the sulfite adduct and yield the flavosemiquinone anion
upon chemical reduction whereas dehydrogenases and monooxygenases do not react
(cf. below). A similar adduct is formed between free flavin and phosphine deriva-
tives 40,

Still another and promising approach to mimic reactions catalyzed by protein-
bound flavoquinone is the use of micellar and macromolecular systems 3% 1857187,
In such systems the micro-environment of the flavin can be varied while negatively or
positively charged groups can be located in the vicinity of the flavin. Available
results indicate that the reactivity of flavin towards various reagents is enhanced
in such systems as compared to the free system.

Many flavoproteins contain, besides the flavocoenzyme, also metal ions as pros-
thetic groups 7*). The study of the interaction between free flavoquinone and d-metal
ions is, therefore, of biological interest. In aprotic polar solvents weak complexes
are formed 1887199 Bidentate chelates are formed involving N(5) and the carbonyl
group at position 4 of flavin. Complexation causes a red shift of the visible ab-
sorption maxima ( ~40 nm). From NMR studies **~'%% it has been concluded that
delocalization of metal d-electrons towards the ligand is very small and that the
spin-transfer mechanism appears to result from indirect -1 spin polarization at the
coordination site. These chelates are probably biologically irrelevant since they
would not support flavin-metal electron-transfer.

With respect to flavoquinone it should finally be mentioned that molecular com-
plexes between flavin and aromatic molecules are formed which have their counter-
parts in flavoproteins. These complexes show often long wavelength absorption,
especially when reduced nicotinamides are involved. These deeply coloured species
are accepted as charge-transfer complexes, although very convincing evidence has not
yet been presented. The most pertinent data were reviewed by Massey and Ghisla 'Y,
The interaction between a flavin covalently bound to a nicotineamide was studied by
Blankenhorn 9. From a thorough study it was concluded that a hydride-transfer
mechanism is involved and that the two reacting molecules are aligned parallel in a
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sandwich complex, in contrast to a proposal favouring intermediate covalent link-
age '°¥. X-ray studies on various complexes were conducted %%, The crystallo-
graphic data indicate a preferential overlap between the region N(5), C(4a),
C(10a) of flavin and the complexing molecule. Such complexes probably play an im-
portant role in some flavoprotein-catalyzed reactions.

4.2 Flavosemiquinone: Interactions with Metal Ions

The only flavin species possessing a relatively high metal affinity is flavo-
semiquinone 24, In aprotic polar solvents the flavosemiquinone-metal complexes are
formed quantitatively and exhibit characteristic visible absorption spectra
(Table 4) 1Y), In the near infrared region an additional weak absorption is observed.
Some solvents, e.g. acetonitrile and pyridine, influence the molar extinction of this
absorption. It was therefore tentatively proposed that the near infrared absorption
reflects the symmetry of the flavosemiquinone-H,0-solvent complex. It could be
shown that the electronic spin of the radical ligand is also delocalized to the
metal ion using highly enriched isotopes of Zn and Cd **®. From these results it
was estimated that the spin density or spin polarization transferred to the nucleus of
Cd is about that in the case of Zn. Theses results indicate that semiquinone
chelates probably play a role in metal-containing flavoproteins. The stability
constant of flavosemiquinone-metal chelates in organic aqueous solutions is about
10* M 1. Thus, in the presence of metal ions the equilibrium (3)

+2Me2+

FI,H + Fl H™ 2 2FIH™ &=—— 2(MeFIH)" 3)

is shifted to the right, i.e. comproportionation occurs {cf. Scheme 4). The spin density
distribution in all possible monomeric flavosemiquinone species were determined
from the coupling constants of chemically and isotopically substituted flavosemi-
quinones (Table 6). These results were confirmed by ENDOR measurements 20,
This technique was also successfully applied to protein bound flavosemiquinones where
most of the expected coupling constants were observed 2. From Table 6 it

Table 6. Comparison of the Isotropic Hyperfine Coupling Constants for the Flavosemiquinones

Ring Position Hyperfine coupling constants in Gauss:
(16) (15) (14) (MeFIR)*
Ref. 3@ Ref. 132 Ref. 200 Ref, 199
N-5 7.3 8.0 7.32 7.7
H-5 — 7.6 7.79 —
N-10 32 36 4.75 3.1
H-10 3.0 39 497 3.1
H-8 4.0 2.4 3.22 3.9
H-6 35 1.7 1.34 35
H-$ 0.9 — 0.40 —
H-7 e — 0.50 —
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follows that irrespective of the flavosemiquinone species the spin density resides
mainly in the central ring of flavin, the highest spin density is always localized
at N(5) and C(4a) 20,

The dismutation reaction of a mixture of flavoquinone and flavohydroquinone in
DMF was studied kinetically in the presence and absence of redox-inactive metal
ions 294203 This system shows a very complex kinetic behaviour with the formation
of dimers. The chemical properties of this system resemble somewhat those of FMN
in aqueous solution 14®, A partially reduced aqueous flavin solution was also
studied by rapid kinetic techniques allowing the determination of the various equili-
brium and the corresponding rate constants 2°9.

The ability of flavosemiquinone to form complexes with amino acids was studied
in view of the possible relevance of such complexes in flavoproteins 2°”). The results
indicate that tryptophan, cysteine and possibly tyrosine could function at the active
centers of flavoproteins as agents to stabilize the protein-bound flavosemiquinone 7.

4.3 Flavohydroquinone: Oxygen Activation

Flavohydroquinone possesses no metal affinity but exhibits other interesting
chemical properties which were explored by substitution reactions. Flavohydro-
quinone can, in principle, be substituted at N(1), C(2x), N(3), C(4a), C(4a) and
N(5), depending on several factors such as polarity of solvent and nature of the
alkylating agent **®. Protection of N(5) by an acyl group leaves N(1), C(2x), N(3)
and C(4o) as alkylating sites 2°%). However, N(1) in flavohydroquinone is never alkylat-
ed owing to steric hindrance by the peri-substituent at N(10). If N(5) is un-
protected it shows a high, unexpected reactivity, being the first position to be
alkylated *5¥. This reactivity is surprising in view of the fact that the charge in flavo-
hydroquinone anion resides entirely in the pyrimidine subnucleus. In case that N(5)
is unprotected C(4a) is also alkylated. Thus, depending on the conditions, either
N(5) or C(4a) reacts **¥. Alkylation at C(4a) renders flavohydroquinone redox in-
active. The alkyl group can only be removed by a light-catalyzed reaction. The
structure of the known dihydroflavins are shown in Scheme 6. Besides the
1,5- (22) and 4a,5-dihydroflavin (21), three other isomers are known. 1,8-FIH,

R H
R ! | 10a
nos Ao, “QCJ(“ o
3 —
H3C N-R L‘/ HaC % N—R

1.8-FiHy 20 La5- F|H2 15- FlH2 22

R

| H

H4C N NYO HaC N N\YfH

A AR HaC N AR

H3C N 3
Ho H 0

3,4~FlHo 23 2-desoxy-23~FiHy 24

X}

Scheme 6
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(20) *® and 4a,5-FIH, (21) are only known as alkyl derivatives. Compound (20)
is only obtained by photochemical reactions. 3,4-dihydroflavin (23) is formed by
BH, -reduction and requires light catalysis 21%). Interestingly, BH, -reduction of L-
and D-amino acid oxidase yields an identical product formed smoothly in the
absence of light 2!, The catalytic properties of these modified enzymes are not influ-
enced indicating that the C(4ot) position plays no crucial role in the interaction
with the apoprotein and that the redox property of the flavin is not affected.
Dihydroflavin (24) is formed by BH, -reduction of the C(2x), N(3)-dialkylated
flavinium salt in a dark reaction. The methoxy group at C(2x) is eliminated by
hydride in a secondary reaction 2!2, Except (22) the dihydroflavins shown in Scheme 6
are stable to air and transformed into flavoquinone by a light-catalyzed reaction.
1,5-Dihydroflavin exhibits rather diffuse visible absorption characteristics (cf.
Table 4). In contrast, the derivatives (20), (21), (23) and (24) show well-defined
spectra. The absorption maxima occur at ~430 nm ((20)), ~ 360 nm ((21)), ~400 nm
((23)), and ~450 nm ((24)). Not considering (22), the isomeric 1,5-dihydroflavins
are planar, except for the tetrahedral carbon center where the hydride ion is
covalently bound.

The most fascinating, but still badly understood, chemical property of flavohydro-
quinone is the oxygen activation reaction. Mager and Berends concluded from kinetic
studies that flavohydroquinone reacts with oxygen forming flavin hydroperoxide
as an intermediate *:>-2!4), They postulated the structure of a 10a-flavin hydro-
peroxide for the intermediate. On the other hand, Hemmerich favoured C(4a) of
flavin as the atom of interaction with oxygen >'*). This controversy led subsequently to
the postulation of other possible structures, now out of dispute >'®. The observation
that certain flavoproteins form sulfite-addition complexes lead Massey and co-
workers, considering also other chemical properties of flavoproteins, to interpret the
possible oxygen intermediates in terms of their possible biological functions 34,
It was argued, if such intermediates were indeed formed with free and protein-bound
flavohydroquinone, that it would be expected that the chemical reaction path from
the intermediate to flavoquinone should differ, depending on the function of a partic-
ular flavoprotein. In Scheme 7, which is a modification of that originally present-
ed *¥, the postulated reaction sequences are shown. Thus, reaction of (25) with
oxygen can either yield (26) or (27), in accord with previous suggestions 213-215),
For convenience, in the following only the possible reaction path of (26) is discussed,
although the same paths are feasible for (27) or even more likely to occur. It
was then suggested that flavoprotein oxidases (in the catalytic event oxygen is the
terminal electron acceptor) produce hydrogen peroxide. Reduced glucose oxidase, for
instance, produces indeed quantitatively hydrogen peroxide upon oxidation, with no
indication of intermediate flavosemiquinone formation. F lavoprotein dehydrogenases
and flavodoxins are in general making use of the flavosemiquinone in the catalytic
reaction. This fact was taken as support for the postulation of the reaction sequence
(26)—{(28)—(29). This sequence was observed experimentally with free flavins,
flavodoxin and other flavoproteins where the formation of superoxide was proven 27},
Finally, the sequence (26)—(30)—(29) was suggested for the reaction mechanisms
of flavoprotein hydroxylases (monooxygenases). Also these enzymes form no
flavosemiquinone, either chemically or catalytically. This proposed mechanism is very
likely to occur with e.g. p-hydroxybenzoate hydroxylase since ortho-substitution of
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a phenolic compound is an electrophilic reaction. The proposed oxenium ion possesses
the chemical properties required. Recently, it was shown that p-hydroxybenzoate
hydroxylase 218219 and also luciferase 22, form a labile flavin-C(4a)-hydroperoxide.
In the latter case the structure of the intermediate was elucidated by NMR #*Y, During
the catalytic action of these enzymes several intermediates {(consecutive break-down
products of (27)? absorbing between 370 and about 420 nm are formed *'?. Structure
(26) was for a long time not accepted because the C(10a) position of flavin was
believed to be chemically rather unreactive until it was found that c-complexes are
formed between quaternary flavinium salts and methoxide 3®. As shown later by
NMR the formation of C(102) s-adducts is restricted to flavinium salts alkylated at
N(1) 222:223)_ In addition, careful oxidation of methanolic or acetonitrile solution of
dimethyl-1,5-dihydroflavin yields a pure spectrum of the corresponding C(10a)-
hydroperoxide 3. The spectrum of this intermediate is very similar to that of the
corresponding methoxide adduct. The introdution of more bulky alkyl substituents
into position 10 of these model compounds yields visible absorption spectra of the
c-complexes resembling those of the intermediates observed during catalysis of the
flavoprotein monooxygenases 22, Similar studies were reported by Mager #**) who
confirmed the data mentioned above.
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Also other mechanisms of oxygen activation by flavohydroquinone have been
postulated, among others the formation of oxaziridines, dioxetanes 2*® and carbonyl
oxides 227, but the resulting chromophores would probably absorb at wavelengths
shorter than 370 nm. However, Bruice and his co-workers ®-228 231 haye gathered
overwhelming evidence for the existence of flavin-C(4a)-hydroperoxide and its capa-
bility to oxidize various compounds. These model reactions show the remarkable
feature that flavin hydroperoxide behaves in many cases like a dioxygenase, i.e.
transfer of hydroperoxide to the substrate . It should however be kept in mind that
such model studies, as impressive as they may be, cannot tell the whole story about
flavoprotein-catalyzed oxygenation reactions. It is evident that more refined model
studies and a better understanding of the enzyme-catalyzed reaction mechanism are
needed to explain fully the experimental observations. In addition, no satifactory
explanation has yet been offered for the fact that flavohydroquinone reacts rather
smoothly with molecular oxygen, while it violates the law of spin conservation, i.e.
reaction of a singlet with a triplet molecule. Nevertheless, the existence of flavin
hydroperoxides cannot be denied anymore. It seems most logical that the hydro-
peroxide must be formed in the sequence (27)—(28) (Scheme 7) because C(4a) can
easily accommodate the unpaired electron leading to the stable (protein-bound)
neutral flavosemiquinone (Table 6). Concerning the importance of (26) and (27) in
biological oxidation reactions (including monooxygenations) the proposed corre-
sponding reaction path needs still further experimental support. However, in the
opinion of the author (26) may well play an important role in monooxygenation
reactions if the protein supports its formation. Recent >’N-NMR results 2% on free
and protein-bound flavins indicate that N(10) could assist the sequence (26)—(30)
and the easy elimination of H,O from (30) to yield (29) (Scheme 7). In this context
the theoretical studies of Goddard and Harding **, which show that both (26) and
(27) are feasible intermediates, but that (27) is energetically more favoured, may
provide a good basis for the design of further experiments.

5 Flavoproteins

5.1 Redox Shuttles

Flavoproteins occupy a key position among the oxidizing enzymes. No significant
extent of biological oxidation occurs except through flavoproteins as part of electron
transfer mechanism. Among the great number of flavoproteins, about 100, there are
four which are as yet not believed to be involved in biological oxidations:
Oxynitrilase which catalyzes the formation of dextrorotatory oxynitriles %, glyoxy-
late carboligase which catalyzes the formation of hydroxymalonic semialdehyde 23
and CO, from glyoxylate and finally, riboflavin-binding protein from eggs which is
believed to function as a storage for vitamin B, and as a riboflavin carrier 225, The
real biological function of old yellow enzyme which catalyzes the oxidation of
NADPH is also not yet known 7.

Theoretically, flavoproteins could make use of all three redox states during
catalysis (cf. Scheme 3). But it turned out that flavoproteins use selectively only
certain redox states, depending on their biological functions. In the following the
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present state of knowledge will be summarized briefly in a simplified manner. Thus,
simple flavoprotein oxidases, i.e. flavoproteins not containing a metal prosthetic
group, shuttle between the flavoquinone and flavohydroquinone state forming hydro-
peroxide (4).

FlwdH:; 4 02 d FIOXH + H202 (4)

Examples of this class of enzymes are glucose oxidase and D-amino acid oxidase 239,
The classification of the flavoproteins used here is that originally suggested * which
has been modified recently °®. In the author’s own view the original classification
has the advantage of being simple and yet quite useful whereas the new classification
does not add to simplify and classify the rather complex picture of flavoprotein
catalysis. Nevertheless, in flavoprotein oxidases, the 1,5-dihydroflavin is very
reactive towards O,. On the other hand, the two-electron reduced form of flavo-
protein oxidases reacts slowly with pure one-electron acceptors, e.g. ferricyanide.
That the two-electron transition is biologically favoured in these enzymes explains why
they can react easily with sulfite 4.

The oxygen reactivity of flavohydroquinone bound to apoflavoprotein dehydro-
genases can vary considerably from fast (flavodoxins), moderate (xanthine oxidase)
to nil (succinate dehydrogenase) 23”. Most, but not all, flavoprotein dehydrogenases
contain one or more types of metal prosthetic groups, e.g. xanthine oxidase contains
also Fe and Mo. Since these metal ions are involved in electron flux, their possible
participation in the reaction with O, cannot be excluded. Much evidence, however,
indicates that the flavin is involved in the one-electron reduction of O,, as shown
in Equation (5).

Fl,H; + O, » FIH, + O,H . )

The simple flavoprotein dehydrogenases, i.e. those not containing a metal prosthetic
group, such as flavodoxins, have been studied widely and found to react according
to reaction (5). In vivo and in vitro, the flavoprotein dehydrogenases from the
flavosemiquinone which is a catalytic intermediate. The stability of the flavosemi-
quinone differs greatly as far as in vitro reactions are concerned. Azotobacter vinelandii
falvodoxin forms one of the most air-stable neutral flavosemiquinone *®). In
contrast to other dehydrogenases, the two-electron reduced flavodoxins react smoothly
with O,. This different reactivity towards O, is most probably related to the con-
formation of the prosthetic group, i.e. planar vs. bent (cf. below). The two-electron
reduced flavoprotein dehydrogenases are in general, with the exception of flavodoxins,
more reactive towards ferricyanide than O,.

The transition flavoquinone-flavosemiquinone seems not to be useful in flavo-
proteins catalysis. Only trimethylamine dehydrogenase electron-acceptor flavo-
protein, isolated from bacterium W3Al2*”, makes probably use of this shuttle
240,241) The enzyme forms a very air-stable anionic flavosemiquinone.

Although flavoprotein monooxygenases form a separate class, formally they can
be considered to react according to Equation (4) as far as the redox states involved
in catalysis are concerned.
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Besides flavocoenzymes, also other prosthetic groups or coenzymes can be
involved in biological oxidation reactions, i.c. metal ions. Whenever e.g. electrons
must be transported from reduced pyridine nucleotides to metal-containing enzymes,
which are one-electron acceptors or donators, then a flavoprotein is required as
mediator. In such cases the flavoprotein receives two electrons and one proton
(hydride-transfer?) from NAD(P)H yielding the flavohydroquinone state of the
protein which in turn splits the electron pair into two electron equivalents which
can be accommodated by the metal-containing enzyme. The reverse reaction, i.e.
uptake of two consecutive one-electron equivalents and donation of a electron
pair, if of course also possible, for instance in xanthine dehydrogenase %2, In these
reactions flavoproteins make use of all three redox states. These statements need
a cautious note. The donation or acceptance of two one-electron equivalents is only
feasible when the electrons are of equipotential energy. However, the redox potential
between flavoquinone and flavosemiquinone, on the one hand, and that between
flavosemiquinone and flavohydroquinone, on the other hand, can differ considerably.
Since only a few data are available, the feasibility of these reaction sequences must
still await experimental proof,

The latter problem has been investigated in detail in two complex flavoprotein
systems, i.e. NADPH-sulfite reductase **-?4* and microsomal NADPH-cytochrome
P-450 reductase >**). These enzymes are complex in several regards. They contain
iron part of which may be associated with heme or heme-like chromophores. Even
more interesting (at least in context with the subject concerned here) is the fact that
these enzymes need FMN and FAD as prosthetic groups, in contrast to the above
mentioned “simple” flavoproteins containing only one particular flavocoenzyme,
not considering the variation in stoichiometry in different enzymes. Anyhow,
NADPH-sulfite reductase contains 4 FAD and 4 FMN per eight identical protein
subunits whereas NADPH-cytochrome P-450 reductase contains 1 FAD and 1 FMN
per polypeptide chain. Although the electron flux in NADPH-sulfite reductase
exhibits a much more complex reaction sequence than NADPH-cytochrome P-450
reductase, the common feature of both enzymes will be presented in a simplified
approach. It could be demonstrated convincingly that the entry port of electrons
is FAD shuttling between the flavoquinone and flavohydroquinone state during
catalysis, but making use of the intermediate flavosemiquinone level. FMN, on the
other hand, forms a rather stable semiquinone and shuttles between the semiquinone
and the hydroquinone state. The overall reactions are presented by Egs. (6) to (8).

NADPH + FAD - NADP* + FADH, , 6)
FADH, + 2 FMNH - FAD + 2 FMNH,, Q)
2FMNH, + 2 A(acceptor) - 2FMNH + 2A~ . (8)

To transport the two electrons from NADPH to the acceptor molecule (A), the
one-clectron transfer reactions must proceed in two consecutive steps. These two
enzymes demonstrate how nature is making use of one and the same redox system
to split the incoming electron-pair into single electrons of equipotential energy to
reduce a particular acceptor system.
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Flavoproteins are redox systems. It could, therefore, be expected that their redox
potentials would tell us something about their function and eventually about the
possible reaction mechanism. In Table 7 an overview of available data is given.
Although it seems too early to draw some definite conclusions from these results,
a few points are worth mentioning. All flavodoxins, i.e. pure one-electron trans-
ferring flavoproteins, show a large difference between the E; and E, potentials
amounting from about 200 to 450 mV. These values should be compared to that of
free flavin (about 60 mV). The corresponding values of the flavoprotein oxidases,
show, in contrast, only a relative small difference, i.e. glucose oxidase, thiamine
dehydrogenase (forms H,0,), xanthine dehydrogenase (reduces NAD™). These
enzymes are two-electron reducing enzymes with respect to the terminal electron
acceptors and the E; values are in the range needed to carry out the corresponding
reactions. In addition, where the terminal acceptor is molecular oxygen the E{ values
are relatively positive. On the other hand, the proposed FAD involved in the oxidation
of NADPH (E; = —320 mV) in NADPH-cytochrome P-450 reductase possesses
the expected E; value whereas that of NADPH-sulfite reductase seems too low to
accept the hydride-equivalent easily from NADPH. Therefore, these values must be
used with caution, also considering the complexity of these systems. The flavoprotein
transhydrogenase from A. vinelandii reacts only with pyridine nucleotides. It is
interesting that this enzyme exhibits the expected behaviour showing only a two-
electron transition. On the other hand, p-hydroxybenzoate hydroxylase gives both
a E; and E,, while it does not form in general any intermediate semiquinone, either
chemically or catalytically. Its AE,, value resembles that of the two complex
enzyme systems. This could be taken as an indication that the reaction mechanism
of this enzyme is even more complex than believed and could fit the theory developed
by Conrad 2. From Table 7 we also learn that the properties of the flavocoenzymes
are taylored by the apoproteins to fit a particular biological reaction as was
suggested earlier *”. A good illustration of this fact is the finding that the redox
potential of L-amino acid oxidase changes drastically upon reversible low-temperature
inactivation %% (cf. Table 7).

5.2 Structural Studies

During the past decade many papers have appeared with the optimistic title “On
the mechanism of . . .”. It has become, however, clear that the mechanisms governing
the flavoprotein-catalyzed reactions are still not well understood, though different
approaches in the study of these enzymes have opened new perspectives. The
wealth of data available must be complemented by physical studies yielding infor-
mation on the dynamic structure of the biomolecules on the molecular and sub-
molecular level. The knowledge of the three-dimensional structure of an enzyme
is a desirable basis to interpret results obtained by other physical techniques. The
flavodoxins are probably the most intensively studied flavoproteins. Therefore,
a short discussion is devoted to these proteins in the following. The three-dimensional
structures of a few flavoproteins have been elucidated, others are currently under
active investigation 3*3%43~49) The most thoroughly studied protein is flavodoxin
from Clostridium MP 2%7-2%%) All three redox states were investigated. The three-
dimensional data show that FMN possesses a planar structure in all three redox
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states, though the flavohydroquinone state deviates from coplanarity by a few
degrees. One of the most surprising findings to most of the researchers in the field was
the fact that the apolar part of FMN, i.e. the benzene subnucleus, is on the surface of
the protein and in contact with bulk solvent, whereas the pyrimidine nucleus of
FMN is burried in the apoprotein. If we look at Table 7, we may understand that this
arrangement is the only way to modulate the redox potential of flavoproteins by
specific interactions (e.g. hydrogen bonds) with amino acid residues of the apo-
protein. Indeed, interactions are formed at N(1), C(2x), N(3), C(4a) and N(5) of
FMN. The results were recently reviewed in detail by Mayhew and Ludwig 63269,
From potentiometric studies on the closely related flavodoxin from Megasphaera
elsdenii it has been suggested that the flavohydroquinone is in the anionic state 27"
This was recently ascertained by NMR 2"V, The same holds for A. vinelandii flavo-
doxin and the other flavodoxins. The fact that anionic flavohydroquinone in flavo-
doxins is forced to acquire a planar structure makes the flavodoxins powerful
reducing agents. It was suggested that the electron-transfer of reduced flavodoxins
occurs via the C(8)CH; group of the prosthetic group ?’®. This suggestion was
deduced from the fact that both methyl groups of protein-bound FMN are in contact
with bulk solvent 267268 This suggestion must be dismissed on the following
grounds: 1) Replacement of FMN in M. elsdenii flavodoxin by a FMN derivative,
where the benzene nucleus is fully reduced, still yields a partly catalytically active
protein, although electron flow via C(8)CH; is impossible 27¥). 2) In most flavo-
semiquinones 27#2"¥ and flavoquinones in flavodoxins ® water and free amino
acids have access to the N(5)-C(4a) part of the prosthetic group. 3) Electron transfer
between the semiquinone and hydroguinone in flavodoxin is fast whereas that
between the semiquinone and quinone is slow 27”. 4) **N-NMR data prove that
N(5) of bound FMN is the entry and exit port of electrons. In p-Hydroxybenzoate
hydroxylase the methyl groups of the benzene subnucleus of FAD are also exposed
to solvent but catalysis occurs via N(5)-C(4a) of bound FAD 4546,

The three-dimensional structures, or part of it, are also known for Desulfovibrio
vulgaris and Anacystis nidulans flavodoxins. These results, including those obtained
on C.MP., were recently summarized by Adman?’®. Hence, these results will
be discussed only briefly. The x-ray structures show that the isoalloxazine ring is
embedded in a hydrophobic pocket of the apoprotein, i.c. flanked by at least one
aromatic amino acid residue. During the redox transitions, especially from the
oxidized to the semiquinone state, small conformational changes occur and contacts
with the isoalloxazine ring are formed or broken. These conformational transitions
form probably a kinetic barrier so that the semiquinone state is “trapped” by the
apoprotein and, therefore, rather stable towards oxidation by molecular oxygen.

Until recently, it was not known that flavoproteins contain also covalently bound
phosphate. A. vinelandii flavodoxin, L-amino acid oxidase, glucose oxidase, NADPH-
cytochrome ¢ reductase, thiamine dehydrogenase possess one mole of covalently
bound phosphate/per mole protein 3*2™). The function of these phosphate residues
is not yet known. In glucose oxidase the phosphate residue is linked to two amino
acid residues implicating that it functions like a disulfide bridge *’*.

Besides the x-ray and NMR technique, two other valuable techniques should be
mentioned. Raman spectroscopy has been applied to a few flavoproteins. This
technique should be able to reveal the interaction sites between the isoalloxazine
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ring and amino acid residues 22°~283, Pyblished data reveal that the complexity
of the Raman spectra makes it a difficult task to extract the desired information.
This is partly due to the fact that the observed lines cannot yet be definetely assigned,
although some progress has been booked recently in this respect 229. However,
it can be expected that the combination of NMR and Raman spectroscopy will
make it possible to reveal the subtle interactions between prosthetic group and
apoflavoprotein. These interactions are believed to be the key for a profound
understanding of the different functions of flavoproteins.

The other technique of great potential for obtaining structure information is the
laser-induced luminescence. Not all, but many flavoproteins exhibit a weak to a
strong fluorescence emission. Time-dependent anisotropy studies on pig heart
lipoamide dehydrogenase **> and the pyruvate dehydrogenase multi-enzyme com-
plex 89 where lipoamide dehydrogenase is one of the constituents, revealed that
the prosthetic group, i.e. the isoalloxazine ring, possesses internal flexibility. This
observation _is unexpected and, at a first glance, in contradiction to the concept of
specific interactions between the prosthetic group and apoprotein. This apparent
discrepancy is a result of thinking in static structures, as imposed by x-ray studies,
rather than dynamic structures, which are closer to reality. Specific interactions
must play an important role in the catalysis of flavoproteins, but these interactions
can still be of dynamic nature. It is now generally accepted that protein molecules
can undergo local and molecular structural fluctuations 2™®,

Finally, it should be mentioned that theoretical studies are needed to support
or reject certain hypotheses deduced from experimental studies, and, of course,
vice versa. In the field of flavin and flavoprotein research a few theoretical papers
were published which are useful guides for the experimentalists 33:287:28%),

6 Concluding Remarks

It was attempted to describe the fundamental chemical properties of flavins in
some depth and to correlate them, whenever possible, to those of flavoproteins.
It is obvious that, considering the wealth of information available, not all properties
of flavin received the same attention which is reflected in the literature cited.

Instead of reviewing the whole field the new and possible future developments
received first priority. For instance, the photochemical data on flavins were only
mentioned incidentally because, in the author’s view, the photochemical reactivity
of flavin can be related less directly to the catalytic properties of most flavoproteins.
However, for the reader interested in this subject the few references given should
make possible an easy access to the appropriate literature.

I am grateful to Mrs. J. C. Toppenberg-Fang, Mr. B. J. Sachteleben, Mr. M. M.
Bouwmans, Dr. C. van Dijk, Ir. C. T. W. Moonen for their assistance in the
preparation of the manuscript. I am indebted to Dr. C. van Dijk for the allowance
to use unpublished results.

The unpublished work cited in this paper has been carried out under the auspices
of the Netherlands Foundation for Chemical Research (S.0.N.) with financial aid
from the Netherlands Organization for the Advancement of Pure Research (Z.W.0.).
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Semiquinone Formation in Flavo- and Metalloflavoproteins

I Introduction

Since the initial observation of flavin radical species by Michaelis and coworkers !+%,
the involvement of flavins in one-electron oxidation-reduction processes in biological
systems has occupied the attention of workers in the field of redox enzymology
up to the present time. Flavin coenzymes occupy a unique role in biological
oxidations in that they are capable of functioning in either one-electron or two-
electron transfer reactions. Due to this amphibolic reactivity, they have been termed
in a recent review * “to be at the crossroads” of biological redox processes.

The ongoing research into the structure and mechanism of flavoenzymes has been
the subject of several recent excellent reviews *~%. The proceedings of six symposia
held at intervals over the past 16 years ’~'2 provide an overall perspective on the
progress of flavoenzyme research over this time period. The intent of this article
will be to focus directly on the chemical and physical properties of the semi-
quinone form of flavin coenzymes to the extent that current knowledge permits,
from the point of view of both model system studies and from ex}sting knowledge
of their properties in flavoenzyme systems. For an in-depth treatment of flavin and
flavoenzyme redox properties in which the oxidized and hydroquinone forme as
well as the semiquinone form are discussed as related to their biological function,
the reader is refered to the article by F. Miiller in this volume.

II Properties of Neutral and Anionic Flavin Semiquinones
in Model Systems

1 Absorption Spectral Properties

Two ionic forms of flavin semiquinones have been shown to exist in flavoenzymes:
the neutral form and the anionic form '

| |
©
HBD@:N e H3c ; %\KO
—
l = i
. N\ @. N\
0 0
Neutral {blue} Anionic {red)

Cationic flavin semiquinones are formed below pH 3.0 4. Since this form is not
found in biological systems, it will not be considered further.

The absorption spectral properties of the neutral and anionic forms are quite
different as shown in Fig. 1. Due to the rapid dismutation of flavin radicals to
form an equilibrium mixture with the hydroquinone and oxidized forms of the flavin,
special procedures must be employed to measure the spectral properties of free
flavin radicals. Nearly quantitative amounts of anion radical can be formed in
aprotic solvents under basic conditions !, Alkylation of the N(5) position of the flavin
hydroquinone followed by oxidation results in nearly quantitative formation of the
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Fig. 1. Absorption spectra of neutral and anionic flavin semiquinones. ( } Anionic riboflavin
semiquinone, ( ) neutral riboflavin semiquinone '7; (--vreeer ) neutral FMN semiquinone of
Azotobacter flavodoxin, (- ——) anionic FAD semiquinone of glucose oxidase

neutral flavin semiquinone '®. Absorption spectral properties of free anion and
neutral flavin semiquinones in aqueous solutions have been measured using pulse
radiolysis to generate the respective radicals and the absorption measured before
decay by dismutation '7.

In contrast to their instability free in solution, flavin semiquinones bound to
proteins are generally (although there are exceptions) quite stable and can be
generated in nearly quantitative yields. This stability results from thermodynamic
considerations in which the oxidized/semiquinone oxidation-reduction couple is
usually more positive and well separated from the semiquinone/hydroquinone
couple. In addition to thermodynamic stabilization, kinetic stabilization of protein-
bound semiquinones has also been observed '® and will be discussed in more detail
in subsequent portions of this article.

Although the spectroscopic properties of the oxidized and hydroquinone forms
of the flavin ring have been the subject of both theoretical ** 2" and experimental
studies 22729, much less attention has been given towards understanding the
spectroscopy of the neutral and anion semiquinone forms of the flavin ring system.
Perhaps the most definitive study to date on this subject is the comparison of polarized
single crystal absorption spectral data on the oxidized and neutral semiquinone
forms of Clostridium MP flavodoxin by Eaton and coworkers %), These studies
show that the two lowest frequency © — 7* transitions in the oxidized and neutral
semiquinone forms have quite similar polarizations. Circular dichroism and ab-
sorption spectral data on solutions of the two oxidation-reduction forms of this
flavodoxin also show that the two low frequency transitions exhibit similar anisotropy

factors g = - 21.27 These data, as well as magnetic resonance data which indicate

a qualitatively similar spin distribution for the triplet state of oxidized flavins and
the doublet ground state of the semiquinone form '*-2#739 have led Eaton and
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coworkers to propose 2¢ that the electronic transitions of the neutral flavin semi-
quinone have the same orbital origins as the corresponding transitions of the oxidized
form. This hypothesis would then imply that no gross electronic rearrangement in the
flavin ring system occurs on one electron reduction. No corresponding single.
crystal spectral data are yet available on the anionic flavin semiquinone. It is of
interest, however, that the two low frequency transitions in the oxidized and anionic
semiquinone forms of glucose oxidase (380 and 450 nm and 400 and 490 nm,
respectively) have similar anisotropy factors (g400(F17) = +1.6x 107* g,5,Flox) =
= 0.4x107* and g5(F17) = 5.4x 1074, g350(Flox) = 4.9 x 107%) 2” which is sug-
gestive that the same hypothesis applies regarding the relative electronic transitions
of the oxidized and anionic semiquinone flavin species. Confirmatory experimental
data must await single crystal polarization data on flavoproteins containing an
anionic semiquinone form.

The model system studies of Miiller et al. *" have shown that alkylation of
the O(2) and O(4) positions of the isolloxazine ring results in a flavin radical with
similar ESR and absorption spectral properties as the anion flavin radicals although
this flavin species has a neutral charge. Whereas binding of the flavin to its site on

?
CH3 @jr(l OH
CHg3 NN
* OH
an apoprotein could, in principle, lead to this tautomeric neutral species which
could result in anomalous chemical and spectral properties as compared to the
“normal” neutral and anionic forms there has been, to our knowledge, no unequivocal
demonstration of such a species in flavoenzymes. The possible existence of a neutral
“red” flavin semiquinone in the flavoenzymes putrescine oxidase and Old Yellow
Enzyme has been suggested ¥ to explain the departure of these two enzymes from
the correlation observed with a number of flavoenzymes between the formation
of anionic semiquinones and a high affinity of the oxidized form to produce an N(5)
sulfite adduct. These properties have been suggested to arise from the proximity of
a protonated base of the protein to the N(1) position of the flavin ring resulting in an
inductive effect which would facilitate sulfite addition to the N(5) position of the
oxidized flavin and stabilize the anionic semiquinone. To demonstrate the existence
of neutral red semiquinones in flavoenzymes, a great deal more must be learned about

their chemical and physical properties so as to be able to distinguish them from the
normal “anion” form.

2 Electron Spin Resonance (ESR)
and Electron Nuclear Double Resonance (ENDOR) Spectral Properties

Since flavin semiquinones are tricyclic heteronuclear aromatic systems, the spin density
due to the unpaired electron can be distributed at a number of sites on the isoalloxazine
ring. Knowledge of the location and the extent of spin density at these locations
on the ring system is important for the determination of sites that may participate
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in electron transfer reactions in enzymes. To accomplish this task, both theoretical
and experimental approaches have been applied with the latter utilizing ESR and
ENDOR spectroscopy.

It is essential to study the ESR spectrum of flavin radicals in solution since rapid
tumbling results in the averaging out of anisotropic contributions of the hyperfine
splitting and permits optimal resolution of the spectra. Flavin analogs with ribityl
side chains (riboflavin, FMN, FAD) show complicated hyperfine splitting patterns
since the side chain interacts strongly with solvent and does not undergo a rapid rota-
tion. For this reason, most ESR studies have been done on lumiflavin analogs in
which a methyl group replaces the ribityl side chain at the N(10) position.

The interpretation of the complex hyperfine splitting pattern of flavins was facilitated
by comparing the ESR spectral properties of lumiflavin analogs of different isotopic
and of different chemical group substitutions. The former method is preferable
since isotopic substitution does not lead to any substantial alterations in electronic
structure or geometry of the molecule. The results from studies of a large number
of flavin analogs in their anionic !3-3?, neutral !, and cationic ** semiquinone
forms provide a good understanding of the distribution of unpaired spin density
about the flavin ring. Isotropic hyperfine coupling constants of nuclei at the various
positions were evaluated from changes in the total linewidth of ESR spectra of
flavin analogs differing in specific isotopic or chemical substitution. Computer
simulations of spectra were beneficial in the analysis of neutral semiquinone 16)
and cationic semiquinone 3¥ hyperfine coupling constants. The latter approach
required the application of more sophisticated simulations utilizing Fourier trans-
forms which proved to be successful, whereas earlier simulation approaches failed
to adequately fit the experimental data for the estimation of the hyperfine coupling
constants. ESR studies on fully deuterated FMN 3% provided a means of directly
measuring the coupling constants at the N(5) and N(10) positions, and at the ex-
changeable proton of N(5). These results were in good agreement with those of
Miiller et al. !9,

Table 1. Isotropic hyperfine coupling constants of flavin semiquinones

Position Nucleus Anionic semiquinone®  Neutral semiquinone®  Cationic semiquinone®
a(mT)* a(mT) a(mT)
1 N — — —_
3 N — — —
5 N 0.73 + 0.03 0.80 + 0.02 0.732
H(NH, NCH;) — 0.76 + 0.02 0.779
6 H 0.35 + 0.05 0.17 + 0.02 0.134
7 H — — 0.050
8 H(CHs) 0.40 + 0.05 0.24 + 0.05 0.322
9 H 0.09 + 0.01 - —
10 N 0.32 + 0.03 0.36 + 0.02 0.475
H(NCH,) 0.30 + 0.02 0.39 + 0.02 0.497
43¢ C —(or+) 0.3 —(or+) 0.55 —(or+)0.18

s Taken from reference 35. ® Taken from reference 16. © Taken from reference 33. 9 Taken from
reference 39. ¢ ImT = 10 gauss

114



Semiquinone Formation in Flavo- and Metalloflavoproteins

Isotropic hyperfine coupling constants for the different nuclei of the flavin ring
are given in Table 1 for the various ionic forms of the flavin semiquinone. An estimate
of the unpaired spin density at each of the atoms exhibiting a detectable hyperfine
coupling can be computed using the known values for the spin polarization para-
meters of the appropriate atom and the experimentally determined hyperfine
coupling constant by means of the following expression:

at = QP

where a, is the hyperfine coupling constant of the atom x, Q, is the spin polarization
parameter of the atom, and P, is the spin density in the P,-orbitals of the respective
carbon on nitrogen atoms. Detailed treatments of this relation have been pub-
lished 36-3®),

The results of these studies show that little or no spin density occurs in the
pyrimidine ring, but rather the unpaired spin distribution is concentrated in the
pyrazine and benzenoid portions of the isoalloxazine ring (Table 2). The site of
highest spin density is the N(5) position with substantial densities also occuring at
C(8) and at N(10). From ESR studies of 4a' ‘3C enriched flavins, Walker et al. 3

Table 2. Experimental and calculated spin densities of flavin semiquinones

Position Nucleus Anionic semiquinone Neutral semiguinone
Experimental® Calculated® Experimental®  Calculated®
1 N —0.002 ~0 0.020
3 N —0.036 ~0 —0.021
5 N 0.256-0.394 0.361 0.282-0.432 0.382
(0.270) (0.410)
6 C 0.129-0.167 0.201 0.067-0.085 0.146
7 C —0.117 ~0 —0.085
8 C 0.148-0.190 0.140 0.089-0.115 0.120
9 C 0.033-0.048 —0.060 ~0 —0.077
10 N 0.112-0.173 0.164 0.126-0.194 0.328
4a* C 0.126 + 0.075  0.163 0.023 + 0.05 —
(+0.425) (+0.700)

* Taken from reference 35. ® Taken from reference 37. © Taken from reference 16. ¢ Taken from
reference 40. ¢ Taken from reference 39.

have shown that approximately 50 % of the total spin density of cationic and anionic
flavin radicals is located on the adjacent N(5) and C-4a nuclei.

A comparison of the various ionic forms suggests spin density at the C(4a) position
to be lower for the neutral semiquinone that for the anionic or cationic forms %,
These results are not unequivocal as it is not known what effect N(5) alkylation
(required for stabilization of the neutral form) has on spin density at the C(4a)

! This position was designated C(12) in the original paper but is now referred to in the literature
as the C(4a) position,
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position. A diagrammatic representation of the sites of observed spin density on the
flavin ring is shown in Fig. 2. It is therefore suggested that possible sites on the flavin
ring important in one-electron transfers include the N(5), C(4a) and C(8) positions.

Fig. 2. Map of the flavin ring system and positions
of spin densities. The size of the open circles approxi-
mates the relative amount of spin densities and the filled
circles indicate sites of unknown spin density

While ESR approaches have proved invaluable in our understanding of the pro-
perties of flavin semiquinones in solution, information regarding protein-bound
flavin radicals from ESR measurements are more limited. This is due to the slow
tumbling on the ESR time scale which results in a “non-averaging” of anisotropic
hyperfine coupling leading to the observation of broad, unresolved ESR spectra.
Detailed properties of protein-bound semiquinones are of interest in determining
whether or not binding to the apoprotein results in any substantial alterations in
distribution of spin density on the flavin ring system. If any alterations are observed,
such information would be useful in identifying a specific site(s) on the flavin ring
important in electron transfer reactions involved in a specific flavoprotein mechanism.

ENDOR spectroscopy has proven to be a valuable technique to provide infor-
mation on both free and protein bound flavin radicals. Since flavin radical ESR
spectra can be partially saturated at moderate microwave power, ENDOR spectra
may be observed as nuclear spin transitions by detection of changes in the partially
saturated ESR signal as a function of nuclear radio frequency. The resonance con-
dition for nuclei (when I = /,) is described by the following equation:

vi = v, = Aif2|

where vy, is the nuclear Zeeman frequency of the free nucleus and A, is the hyperfine
coupling in MHz. No proportionality between signal intensity and number of
nuclei exists due to the dependence of the signal strength on the various longitudinal
relaxation mechanisms.

Proton ENDOR studies on flavin and flavoprotein radicals have been published
principally from Ehrenberg’s laboratory 42, Strong signals due to the 8-CH,
protons are observed with couplings similar in value to the ones observed with the
model systems (Fig. 3). Protein-bound anionic flavin semiquinones have 8-CH;,
isotropic couplings of 11 MHz where the neutral forms exhibit couplings of 7-8 MHz.
These experiments show that the 8-CH, group in flavoproteins maintains isotropic
character even at low temperatures and that binding of the flavin to a protein moiety
has little influence on the hyperfine coupling to the 8-CH; protons.

The occurrence of shoulders on the ESR spectra of a number of flavoenzyme
radicals is dependent on the temperature and microwave power used in the spectral
experiments **. This anomalous saturation behavior is also observed for neutral
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Fig. 3. 'H-ENDOR spectra of a protein-bound anionic flavin semiquinone (oxynitrilase) and a
protein-bound neutral flavin semiquinone (A4zotobacter flavodoxin). The ENDOR spectra were
recorded at the magnetic field settings indicated. Taken from Ref. 2 with permission

lumiflavin semiquinone in a toluene glass ¥ at —120 °C but not in a polycrystalline
phase at the same temperature. The origin of these shoulders has been suggested
to be due to different saturation behavior for the (+1, +1) or (—1, —1) N(5)
and N(10) nitrogen spin configurations. Values of 52 and 58 gauss are calculated
for the anionic and neutral radicals respectively, based on the isotropic hyperfine
coupling of these nuclei and on the assumption that the anisotropic interaction of
the axial hyperfine tensors is 2.5 times that of the isotropic coupling 4. Simulations
of ESR spectra of totally deuterated flavin semiquinones ** (in which the coupling
from the N(5) and N(10) nitrogens predominate) provide a satisfactory fit of the
experimentally obtained spectra (Fig. 4) 3. Proton ENDOR spectra determined
using the “wings” of the ESR spectrum for observation monitors only the com-
ponents of the “powder” spectrum with fairly discrete orientations to the magnetic
field. The observation of a narrow ENDOR signal due to the 8-CH; group in
both anionic and neutral protein bound flavin semiquinones shows the orbital of

Simulation
N{5}, N{10)

15dB
25°

106

2x{15+TJ8)
Fig. 4. Simulated ESR spectrum of a flavin semiquinone considering only the hyperfine interactions

from the strongly coupled (N(5) and N(10) nitrogens (left)*? and and experimentally observed
ESR spectrum of a deuterated flavodoxin neutral semiquinone in 2H,O (right) 3
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C(8) to be parallel with the nitrogen orbitals, thus providing evidence for the
planarity of flavin semiquinones “?. More recent X-ray crystallographic data on
the CI. MP flavodoxin **) provide confirmatory data on the planarity of the iso-
alloxazine ring in its one-electron reduced form.

Recent studies *® have demonstrated the feasibility of solution ENDOR experi-
ments on flavin cationic radicals and the observation of *N ENDOR signals from
the strongly coupled N(5) and N(10) positions. The isotropic hyperfine coupling
of both the nitrogen and protons (both + and —) are in good agreement with
past ESR and ENDOR studies. Of potential interest for further work on the
mechanism of flavin radical electron transfer reactions ‘is the observation that
replacement of N(5) by a sulphur atom results in a substantial redistribution of spin
density in the benzenoid ring (i.e. a decrease at the 8 position and an increase at the
7 position). With the availability of more sensitive instrumentation and with
increased radio frequency ranges and power capabilities, further applications of the
ENDOR technique to flavoenzyme systems should lead to increased knowledge
regarding the properties of flavin semiquinones in enzyme systems.

3 Interaction with Metal Tons

The rationale for studies on flavin semiquinone metal interactions stems from the
presence of flavin coenzymes which participate in electron transfer in a number
of metalloflavoproteins. Iron-containing redox centers such as the heme and non-
heme iron sulfur prosthetic groups (Fe,/S;, Fe,/S,, or the “rubredoxin-type” of
iron center) constitute the more common type of metal donor-acceptor found in
metalloflavoproteins, although molybdenum is encountered in the molybdenum
hydroxylases (e.g. xanthine oxidase, aldehyde dehydrogenase).

The metal chelating ability of flavins has been extensively investigated predominat-
ely in Hemmerich’s laboratory *”. While the oxidized and reduced (hydroquinone)
forms of flavin are poor chelating ligands to divalent metal ions in aqueous solution,
the flavin semiquinone forms chelates of considerable stability. This is readily
demonstrated by the increase in semiquinone formation on the addition of metal
ions to a half-reduced flavin solution which occurs by shifting the equilibrium
away from semiquinone dismutation:

_Ht ot
Flox + FIH, == 2FI" ot== 2Me"— FI*

Stopped flow kinetic studies *®’ show that metal ions react with the dimer of Flox
and FIH, resulting in the formation of neutral and chelated semiquinone. Subsequent
chelation of the neutral semiquinone by metal ions occurs at a much slower rate.

The stability constant for the lumiflavin semiquinone Zn chelate in aqueous
solution was found to be 2x10* M™!, with the Cd chelate having about equal
stability 4. Aprotic solvents such as DMF serve to increase the stability constants
relative to H,O about 10-fold. In all systems tested, the stoichiometry of the flavin
semiquinone-metal complex is 1:1.

ESR and ENDOR spectral data on flavin-metal chelates in which the metal has a
magnetic moment (e.g. *'Zn, 1''Cd, '**Cd) have shown that the hyperfine couplings
on the flavin are comparable to those of the anionic flavin semiquinone (as is the
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absorption spectra) and that the electronic spin is also delocalized to the metal
ion 39, These data suggest that the metal ion is coordinated to the N(5) and
possibly the O(4) positions of the flavin ring. No ESR spectra are observed from
flavin chelates with paramagnetic metal ions. Paramagnetic susceptibility measure-
ments of a flavin semiquinone-Ni*2 complex showed the two spin systems (S = !/,
for the flavin; S = 1 for Ni*?in a triplet state) to be coupled in a state with S = 3/, 59,

Recent X-ray and oxidation-reduction studies of a flavoquinone-Ru(II) complex
[(10-methylisoalloxazine) - (NH;),Ru] (PF), - 2 H,O show the Ru(Il) to be chelated
to the flavin at the N(5) and O(4) positions. This metal complex is of interest in that
Ru(Il) is isoelectronic with low spin Fe 22 and thus serves as a model for Fe-flavin
interactions. Of interest is the observation that, on complex formation, the flavin
ring system deviates from co-planarity which, taken with absorption spectral and
electrochemical data suggests a large amount of metal to ligand backdonation of
electron density so that it may be viewed as a Ru(I1I)-Fl-complex. Whether deviations
from non-planarity is general for flavin semiquinone-chelates will have to await
further X-ray crystallographic investigations.

4 Oxidation-Reduction Properties

The redox and acid-base equilibria involving flavin semiquinone species are as
shown in Scheme 1. pK® values have been determined by both equilibrium (po-
tentiometry) *2 and kinetic !7-5%-%%) methods and range from approximately 8.3 for
flavins with uncharged R groups (lumiflavin, riboflavin) to 8.5 (FMN) and 8.8 (FAD)
for phosphorylated flavins. The higher values for the coenzyme forms result from
electrostatic repulsion between the negative charges in the isoalloxazine ring and the
side chain phosphate.
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Careful potentiometric titrations by Draper and Ingraham 52 have given values
(standard reduction potentials at pH 7.0) of —238 mV for E’y; and —172 mV for
Eg, for FMN and corresponding values of —231 mV and —167 mV for riboflavin.
Values of potential as a function of pH are tabulated in this paper and shown in a
graphical presentation in Fig. 5.
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Fig. 5. The pH dependence of the three
normal potentials of riboflavin. E, is
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5 Reaction with Oxidizing Agents

Flash photolysis >* has proven to be a useful technique for investigating the reactivity
of flavin radicals. This approach takes advantage of the fact that illumination of
flavins in the presence of suitable reducing agents (e.g. EDTA, phenols, indoles)
leads to a one-electron reduction of the flavin triplet state 53:55-5%, Through the
use of a short duration flash, radical formation can be made to occur in several
microseconds or less, and one can subsequently follow the fate of the semiquinone
via optical absorption. By carrying out the photolytic conversion in the presence
of oxidants, it is possible to directly measure electron transfer rate constants. Studies
as a function of pH allow the reactions of both the neutral and anionic semiquinones
to be monitored.

In Table 3 is a compilation of some of the rate constants which have been
determined for various flavin semiquinone reactions. Note that whereas many of
these reactions are quite rapid (at or near diffusion control), others are relatively slow.
Of particular interest (see below) is the reaction of O, with FH-, which is too slow
to measure (due to the competing disproportionation}. Note also that side chain and
electrostatic repulsion effects can be seen in some of these reactions.

A recent study °V has shown that solvent dielectric constant exerts a considerable
influence on flavin semiquinone reaction rates. A biphasic dependence was observed,
with the rate constant being virtually independent of dielectric at low values and
sharply increasing at high values. This was interpreted in terms of a change in
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Table 3. Rate constants for flavin semiquinone reactions

Flavin semiquinone  Oxidant k, Comments Ref.
species* M™ts™h

LfH: LfH: 6.2x10° disproportionation; pH = 5.0 57
RfH- RfH- 1.1x10° pulse radiolysis; pH = 5.0 m
FMNH- FMNH- 26x10° pH = 5.0 51
FADH- FADH- 1.9x10° pH = 5.0 51
Lf~ Lf- 1.1x10° pH =590 57)
Lf~ Lft 6x 10° acetonitrile 8
3-MeLfH- 3-MeLf* 4% 10° aqueous buffer: pH =70 39
LfH- Fe(CN);® 6.0x10° pH = 5.0 57
Lf+ Fe(CN);®  46x10°  pH = 9.0 57)
LfH- cyt ¢ 6.2%x 107 laser photolysis;  pH = 7.0 61
LfH- ¢O- 47x10° pH =50 57
LiH- 0O, <10t upper limit only 5
Lf+ 0, 3x 108 flash photolysis M
Lf~ 0O, 2.5%x 108 pulse radiolysis 60)

* Abbreviations: Lf = lumiflavin; Rf = riboflavin; Me = methyl; @O- = phenol radical.

mechanism with solvent polarity. Specifically, it was suggested that hydrogen atom
transfer and a neutral transition state occur in low dielectric media, and a dipolar
transition state and electron transfer in high dielectric media. These results suggest
the possibility that flavoenzyme apoproteins can control the rates and mechanisms
of flavin semiquinone electron transfer reactions by providing the appropriate
dielectric environment.

8x-Substitution of the flavin has been shown % to decrease the pK*® (by about
1 pH unit), to slightly decrease the rate of disproportionation (approximately a factor
of two) and to decrease the rate of the reaction of F~ with O, (2-10 times).
Such effects are probably a consequence of electron withdrawal by the 8a-sub-
stituent and may have significance with respect to the enzymic properties of co-
valently bound flavin.

6 Interaction with Organic Compounds

Flavin, in all three of its oxidation'states, readily forms molecular complexes with
organic donors and acceptors °. Ingraham and coworkers 5% using potentio-
metric measurements, have determined affinity constants for the semiquinone form
of riboflavin with several donors. These are in the range of several hundred M ™! for
indoles, phenols and disulfides, all of which are known to be in the active sites of
flavoproteins °*7. Such complex formation is undoubtedly of significance with
respect to the effect of protein environment on flavin redox properties, especially
semiquinone stabilization. In this context, Gillard and Tollin ®® have shown that
complexation of FH- with tryptophan reduces the rate constants for several electron
transfer reactions (O,, ferricyanide, disproportionation) by as much as a factor of 10.
It is interesting that tyrosine has a much smaller stabilizing effect even when com-
plexation is enhanced by intramolecular effects 6%,
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7 Semiquinones as Intermediates in Flavin Redox Reactions

Inasmuch as flavins can accommodate two electrons but possess a relatively stable
one-electron intermediate, an obvious guestion which can be asked of any flavin-
mediated two electron redox reaction is whether or not the mechanism includes
the radical species on a direct line between reactants and products. The mere
observation of semiquinones in a reaction mixture is not sufficient evidence for
their intermediacy, due to the existence of side reactions such as comproportionation
(F + FH, =2 FH") which can generate radicals rapidly. Bruice " has discussed
this question from a physical-organic point of view and concluded that there must
exist a competition between one-electron and two-electron processes and that the
actual mechanism should be determined mainly by the free energy of formation
of substrate radical and the nucleophilicity of the substrate. Bruice has analyzed
a variety of systems which he feels should proceed via one-electron mechanisms;
among these are quinone and carbonyl group reduction by FH, "".

Hemmerich and coworkers 727 have argued that a two-electron mechanism is
most likely in reactions involving the formation and cleavage of carbon-hydrogen
bonds, i.e. (de) hydrogenation. Unfortunately, no suitable chemical models are
available for such reactions, although these workers have suggested that photo-
chemical reactions of this type can be considered as analogous systems. On the
basis of steady-state investigations of the flavin-sensitized oxidative photodecarboxy-
lation of a-substituted acetic acids they propose a two-electron mechanism 7.
However, when such reactions are investigated using laser photolysis and spin-
trapping techniques, clear evidence is obtained for a one-electron mechanism ™7,
It should be realized that with an obligatory two-electron donor such as cyanoboro-
hydride, flash experiments do indicate that a two-electron mechanism is operative *%,
although it is noteworthy that the efficiency of this reaction, as measured by the
second order rate constant for triplet reduction, is considerably less than for one-
electron donors such as phenols or indoles, or for the a-substituted acetic acids.

The oxidation of FH, to F by O, has stimulated a good deal of interest since the
pioneering work of Gibson and Hastings *® which established the formation of the
flavin radical during the reaction ””. Although the mechanism of this reaction is
quite complex, there is good reason to believe that a flavin semiquinone-superoxide
jon pair is an intermediate . A recent report ” on the reaction of riboflavin
semiquinone with O, has shown the existence of an intermediate with spectral
properties similar to those of a 4a-peroxy reduced flavin which then further reacts
to form Flox and H,0,. This is, to our knowledge, the first documentation of a flavin
semiquinone oxidation mediated through a “complex” rather than through an
“outer-sphere” type of electron transfer reaction.

III Flavin Semiquinones in “Simple” Flavoproteins

1 Electron-transferring Flavoproteins

a Flavodoxins
The flavodoxins are a group of FMN containing flavoproteins isolated from micro-
organisms which mediate electron transfer at a low redox potential between the
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prosthetic groups of other proteins (for reviews see references *® and ®%). They
function biochemically as one-electron carriers, shuttling between the semiquinone
and fully-reduced forms, which has by far the most negative of the two potentials
(see below). The ionization state of the semiquinone in the flavodoxins is FH- and
the pK® values are considerably higher than for free FMN 29,

The term “flavodoxin” was originally applied 82 to these flavoproteins because
of their functional interchangeability with the ferredoxins, expressed as an induction
of the synthesis of the flavodoxin as a replacement for ferredoxin under low iron
growth conditions in organisms such as Clostridium pasteurianum. However, in other
organisms (¢.g. Azotobacter vinelandii) similar proteins, for which the same nomen-
clature is used, are constitutive 8 and play a unique biochemical role. It now appears
that this type of low potential electron transfer flavoprotein is widely distributed
among various types of microorganisms, including photosynthetic bacteria, blue-
green and green algae, and nitrogen-fixing anaerobes and aerobes 9.

A large number of ferredoxin-dependent enzymes have been identified in bac-
teria %), Flavodoxin will replace ferredoxin in most of these. Among the biochemical
proeesses in which these proteins function are nitrogen fixation, hydrogen production
and sulfate reduction.

All known flavodoxins have low molecular weights (14,500-23,000 g mole ~!) and
contain a single polypeptide chain and a single bound FMN. Upon the addition
of one reducing equivalent, the FMN adds one electron and one proton to form the
neutral semiquinone. This species is blue in color (as contrasted to the yellow color
of the oxidized form) and has broad absorption bands in the visible between 400 and
700 nm. Addition of a second equivalent leads to a one-electron reduction to the
hydroquinone, which is pale yellow in color and has weak bands at around 450
and 365 nm.

Magnetic resonance spectroscopy (ESR #, ENDOR 42:44.85) NMR 8%6-87) has
been applied to the study of flavodoxins. The ESR and ENDOR results have indicated
that the spin density distribution in flavodoxin semiquinone is similar to that
found in free flavins and that the flavin radical is probably in a planar conformation.
The latter conclusion is verified by X-ray structure work (see below). The NMR
studies have argued against any extensive conformational changes upon change
in redox state, have demonstrated that aromatic protons are shifted upfield when
flavin is bound to apoprotein and disappear upon semiquinone formation, and have
shown that the linewidths of some of the flavin resonances are consistent with
rigid attachment of the flavin to the protein. All of these conclusions are in agree-
ment with the X-ray crystallography.

The structure of two of the flavodoxins have been determined by X-ray crystal
analysis. These are from Clostridium MP and D. vulgaris. Both of these flavodoxins
contain a high degree of secondary structure and interesting similarities as well as
differences are found. In the Clostridium protein %6+38:8% the FMN is bound on
the periphery of the molecule. It is flanked by the side chains of Met 56 and Trp 90,
the latter of which is directed toward the solvent side. Trp 90 and the FMN are
inclined at an angle of 27° to one another. Only the dimethylbenzene portion of the
flavin ring system is significantly exposed to solvent. It is through this region of the
coenzyme that electron transfer has been suggested %689 to occur (see below).

The flavin-protein interactions serve to modulate the redox properties of FMN,
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For C.MP flavodoxin at pH 7, the PFIH:/PFIH, and PFl/PFIH- redox couples
are —399 mV and —92 mV respectively ®*®. Examination of the structures of the
flavodoxin semiquinone suggests how the change in the redox potential may be
accomplished. In Scheme 1, it is seen that upon one electron reduction of the oxidized
flavin to the semiquinone, position N{5) becomes protonated. In the structure of
oxidized flavodoxin, no hydrogen bonding to this position is found. In the semi-
quinone structure, however, the hydrogen at N-5 forms a hydrogen bond to the
carbonyl group of glycine 57. It is believed that residues 56 through 59 undergo a
conformation change upon reduction from a distorted type IT 3,, bend to a
distorted type 1 bend. The formation of this hydrogen bond can partially account
for the increased kinetic stability (see below) and the increased pK*® of the semi-
quinone, as well as explain the observed change in the redox potential. With regard
to the latter, the 80 mV change in potential is equivalent to 1.8 kcal/mole, which
is not an unreasonable value for the energy of a hydrogen bond. In electronic terms, the
shift to a more positive value may be ascribed to a stabilization of the positive
charge at N(5) via delocalization through the hydrogen bond. It is likely that the
flavin-tryptophan interaction is also involved in semiquinone stabilization (see
below).

For the D. vulgaris flavodoxin **°1 although the location of the flavin, and the
overall polypeptide folding patterns are remarkably similar to those for Clostridium
flavodoxin the residues in the immediate vicinity of the flavin ring are different.
Methionine is replaced by Trp 60, and tryptophan by Tyr 98. Tyr 98 is nearly
coplanar with the isoalloxazine ring, whereas Trp 60 is held at about a 46° angle
with respect to the flavin. These differences in the binding site environment are
interesting in view of the similarities in the redox properties. It is not clear as yet
whether semiquinone stabilization involves the same mechanisms as with the
Clostridium protein.

The reaction of flavodoxin semiquinone with O, is quite slow (second order rate
constants 92 for A. vinelandii, C. pasteurianum and D. vulgaris flavodoxins are
8.3x1072, 3.2 and 5.8 M™1, s, respectively). Although a rate constant for the
reaction of free neutral flavin semiquinone (FH-) with oxygen has not been measured
because of the competing disproportionation, the value for anionic formis 3 x 105 M!
s~ and the rate constant for FH- must be more than 10% times less than this (see
above). Thus, the oxygen stability of flavodoxin semiquinones can be ascribed to this
shift in the pK of the neutral form of the radical to higher values which prevents
oxidation from occurring via the much more reactive anionic form. The disproportio-
nation reaction is also effectively inhibited in the flavodoxins, possibly by steric
effects, and thus the semiquinone is completely stable in the absence of oxygen. It
is interesting that ferricyanide shows little or no difference in reactivity between
the neutral and anionic free flavin radicals (see above). The slower rates of reaction
of flavodoxin semiquinone, as compared with free flavin semiquinone, with this
reagent (see below) must therefore be due to other factors, such as the flavin-
tryptophan interaction.

The reaction of ferricyanide with the semiquinone forms of flavodoxins is more
rapid than is the oxygen reaction. Second-order rate constants with A. vinelandii,
C. pasteurianum and D. vulgaris flavodoxins are 8.3 x 1P M 1s™! 1.1x 1057 s7Y,
and 8.3x103 M~ 5! respectively °2. This is to be compared with a value of

124



Semiquinone Formation in Flavo- and Metalloflavoproteins

6x10* Mt s™! for free flavin semiquinone (Table 3). The 7,8-dichloro-FMN
analogs of C. pasteurianum and A. vinelandii flavodoxins react more slowly, with
second-order rate constants of 3.0x 10> M~* s™! and 1.4 x 10> M1 s ! respectively.
Similar behavior has been observed with equine cytochrome ¢ as an oxidant. Thus,
for the three above mentioned flavodoxins, the measured °* rate constants are
L1x10°M™ s, 23x10°M~*s™! and 1.7x107's! for the normal proteins
and 1.2x10° M~ ! and 1.9x 10°* M~ s~ for the dichloro-FMN analogs of 4. vine-
landii and C. pasteurianum flavodoxins. For free flavin the value is 6.2x 10" M~ s™1
(see above). More recent work °> has shown that these flavodoxin reactions are
somewhat more complex than was originally believed. A study of the concentration
dependence of the observed rates has shown that a protein-oxidant complex is
formed along the reaction pathway. However, decreases in the rate of electron transfer
by chlorine substitution of more than two orders of magnitude are still obtained.
This is thought to provide direct confirmation of the hypothesis that electron transfer,
at least from the semiquinone form of the flavodoxin to iron-containing oxidants,
proceeds via the dimethylbenzene portion of the flavin ring structure. It is interesting
that model studies ¥ of the reaction of free flavins with cytochrome ¢ indicate a
similar participation of the dimethylbenzene ring. Recent 3'P NMR studies *> have
shown that the rate of electron exchange between the flavin semiquinone and flavin
hydroquinone of M. elsdenii flavodoxin is 100 sec ™! which is much greater than the
exchange rate between the oxidized and semiquinone forms. In line with this
observation are kinetic studies of dithionite reduction of M. elsdenii flavodoxin %
and temperature-jump kinetic studies of the methyl viologen radical equilibrium with
Azotobacter flavodoxin ®” which shows that the rate of conversion of the semi-
quinone to the hydroquinone to be at least two orders of magnitude faster than
the rate for oxidized to semiquinone conversion. These data have been interpreted
to suggest a change in protein conformation on reduction from the oxidized form to
the semiquinone. Pulse radiolysis kinetic studies on Clostridium MP flavodoxin ¥
show that four spectrally distinct processes are involved in reduction of the oxidized
FMN to the semiquinone by the hydrated electron. The slowest, last two species have
been proposed to involve a protein conformational change on semiquinone for-
mation. Recent and ongoing *'P NMR studies on Azotobacter flavodoxin * show
chemical shift alterations of the two non-coenzyme phosphorus residues on semi-
quinone formation and on hydroquinone formation which suggests localized altera-
tions in their environments consistent with alterations in protein conformation.

The above considerations provide a rationale for the redox properties of flavo-
doxin which function between the flavin hydroquinone and neutral semiquinone
redox forms. Further studies are required to determine whether similar properties
exist in flavoproteins in which both redox couples (PF/PFl- and PF1/PFIH,) are
operative and in situations where the anionic semiquinone rather than the neutral form
is functional.

b Electron Transferring Flavoproteins (ETF)

The oxidation of fatty acids is catalyzed by the FAD-containing acyl coenzyme A
dehydrogenases which transfer reducing equivalents to the mitochondrial respiratory
chain via a flavin-containing electron transfer flavoprotein (ETF) and subsequently
via an ETF dehydrogenase (an Fe/S flavoprotein 199, In addition to the mammalian
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form, ETF preparations have been isolated from an anaerobe 1°" and from a
methylotrophic bacterium 2. The function of the ETF from the anaerobic
bacterium M. elsdenii is to couple the oxidation of NADH to the reduction of butyryl
coenzyme A dehydrogenase, a flavoprotein which catalyzes the reduction of short
chain y, B unsaturated fatty acids. The ETF isolated from the methylotrophic
bacterium W3A1!%% acts as the natural electron acceptor of the iron-sulfur,
6-S-cysteinyl FMN containing protein, trimethylamine dehydrogenase.

Each of the forms of ETF isolated from the different sources contain FAD as
coenzyme and form an anionic semiquinone on one-electron reduction. Stopped-flow
kinetic studies on the pig liver ETF 1°® showed the anionic flavin semiquinone to
be formed at times faster than catalytic turnover and thus demonstrate the partici-
pation of the anionic FAD semiquinone as an intermediate in the acceptance of
reducing equivalents from the dehydrogenase. These studies would also imply the
intermediacy of the semiquinone form of the acyl CoA dehydrogenase which would
have been expected to form a neutral flavin semiquinone at the time the studies of Hall
and Lambeth '°* were performed, however, no spectral evidence for its formation
were found. Recent studies % have shown that the binding of CoA analogs to the
dehydrogenase results in the perturbation of the pKa of the FAD semiquinone such
that an anionic (red) rather than the neutral (blue) semiquinone is formed. This
perturbation was estimated to reduce the pKa by at least 2.5 units to a value of
7.3. These data would suggest that both the dehydrogenase and ETF form anionic
flavin semiquinone on electron transfer which cannot be differentiated spectrally,
and thus the kinetic intermediacy of the anionic flavin semiquinone in electron
transfer between the dehydrogenase and ETF may be due to both flavoproteins.

The properties of the semiquinone from of the ETF isolated from the methylo-
trophic bacterium !°? resemble those of the bacterial flavodoxins with the exception
that flavodoxins form neutral semiquinones whereas this ETF forms an anionic
semiquinone. Nearly quantitative anionic semiquinone formation is observed
either in the presence of excess dithionite or when excess trimethylamine and a
catalytic amount of trimethylamine dehydrogenase are added. Of interest is the
apparent stability of the anionic semiquinone towards oxidation by O, '°? but
not to oxidizing agents such as ferricyanide. This appears to be the first example
of an air-stable protein-bound anionic flavin semiquinone. Future studies on the
factors involved in imparting this resistance to O, oxidation by the apoprotein are
looked forward to with great interest.

2 Pyridine Nucleotide-Dependent Flavoproteins

In the transfer of reducing equivalents from the pyridine nucleotide pool, flavo-
proteins carry out a central role of mediating the conversion of the obligatory
2-electron reductant to 1l-electron receptors such as hemes and iron-sulfur redox
centers. In such a role, the semiquinone form of the flavin serves as a pivotal
intermediate. The reduction of flavins and flavoproteins by reduced pyridine
nucleotides has been extensively studied since the initial work of Singer and
Kearney 1°® which showed that flavin reduction can occur in a non-enzyme catalyzed
manner. The reduction proceeds as a 2-electron process since the formation of a
nicotinamide semiquinone (a necessary intermediate in a 1-electron process) has been
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shown to be a thermodynamically unfavorable process (E, values in the range of
—650 to —850 mV) 199,

Pyridine nucleotide-dependent flavoenzyme catalyzed reactions are known for the
external monooxygenase %7 and the disulfide oxidoreductases 1°®. However, no
evidence for the direct participation of the flavin semiquinone as an intermediate
in catalysis has been found in these systems. In contrast, flavin semiquinones are
necessary intermediates in those pyridine nucleotide-dependent enzymes in which
electron transfer from the flavin involves an obligate 1-electron acceptor such as a
heme or an iron-sulfur center. Examples of such enzymes include NADPH-cytochrome
P.so reductase, NADH-cytochrome bs reductase, ferredoxin —NADP* reductase,
adrenodoxin reductase as well as more complex enzymes such as the mitochondrial
NADH dehydrogenase and xanthine dehydrogenase.

Pyridine nucleotide-dependent reductases which contain only a single flavin
such as a liver microsomal NADH-cytochrome bs reductase ' and spinach ferre-
doxin —NADPH reductase ' and adrenodoxin reductase ') do not appear to form
thermodynamically of kinetically stable semiquinones on reduction either by
substrate or chemically with dithionite, even though flavin semiquinones must occur
during catalytic turnover. This behavior, in retrospect, is not too surprising if we
take into consideration the advantage of two equipotential successive one electron
oxidations in reduction of two one-electron acceptors by the PFI -/PFIH, and PF/PFl1-
couples. A large disparity in the potentials of the two couples could lead to the
formation of a stable semiquinone intermediate which would be unable to be
reduced by the obligate two-electron donor, i.e. reduced pyridine nucleotide.
For the enzymes, NADH-cytochrome bs reductase and adrenodoxin reductase, the
binding of NAD* and NADP"*, respectively, have been shown to increase the
relative two electron redox couples by approximately 100 mV 1%%-111) This has been
interpreted 'V to provide the thermodynamic driving force for formation of
fully reduced protein since the relative two-electron potentials of each enzyme
(—291 mV*'Y) and —258 mV!* are close enough to that of the pyridine
nucleotide couple (—316 mV) to expect that only partial reduction would occur. The
oxidized forms of the species with bound pyridine nucleotide have little or no
affinity for the respective oxidized forms of the two flavoenzymes. Such behavior
is expected to provide a further driving force for complete reoxidation of the
flavoenzymes by their electron acceptors. The addition of NAD™ to a partially
reduced solution of NADH-cytochrome bs reductase has been observed to facilitate
comproportionation to form the anionic flavin semiquinone in a yield of 31 109,
The catalytic significance of this observation is not known since no deviation froma
two-electron Nernst plot is observed with NADH as reductant and no kinetic studies
have been done to compare the rate of the NAD *-facilitated compropotrtionation
reaction with the rate of catalytic turnover. No comparable studies on the effect
of NADP™ on the oxidation-reduction potential of ferredoxin-NADP* reductase have
been, to our knowledge, published. Inasmuch as the physiological role for this
enzyme is reduction of the pyridine nucleotide rather than its oxidation, the
potential of the enzyme should be significantly lower than that of the pyridine
nucleotide couple. Indeed, a value of —445mV has been determined for this
flavoenzyme '? with the driving force for its reduction being due to a decrease
of 90 mV in the one-electron potential of the ferredoxin reductant. This increase
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in reducing power arises from the energy involves from the binding of the reduced
ferredoxin to the oxidized flavoprotein reductase 12,

In contrast to the above reductases which contain only a single flavin moiety,
NADPH-cytochrome P,s, reductase contains both FMN and FAD ''?. One flavin
may be presumed to accept two reducing equivalents from NADPH while the other
serves as a one-electron reductant for the heme iron of cytochrome Pys,. Flavin
resolution and reconstitution studies !'* have shown that the FAD moiety is the
low-potential flavin that accepts reducing equivalents from NADPH while the FMN
moiety is the high potential flavin that serves as the one-electron reductant for
cytochrome Pysq.

A comprehensive series of oxidation-reduction potential measurements *'* have
shown the FAD moiety to have the following one-electron couples: PFI/PFIH- =
= —290 mV and PFIH-/PFIH, = —365 mV while the FMN moiety exhibits the
following: PFI/PFl- = —110 mV and PFIH-/PFIH, = —270 mV. The FMN and
FAD smiquinones were found to both be the neutral form as judged from absorption
and ESR spectral data. The overlap of oxidized/semiquinone potential of the FAD
moiety withethe semiquinone/hydroquinone couple of the FMN moiety demonstrates
the thermodynamic facilitation of flavin-flavin electron transfer via a one-electron
mechanism. Stopped-flow kinetic data are also consistent with this view ''* 9. In
contrast to NADH-cytochrome bs reductase and adrenodoxin reductase, the presence
of oxidized pyridine nucleotide does not appear to influence the redox potential of
either flavin of the reductase 1'®. The effect of complexation of the reductase with
cytochrome P50 7 on the redox potentials of the individual flavin moieties or
on the cytochrome have not, to date, been investigated. The binding of the
reductase and electron transfer to the cytochrome is dependent both on phospholipid,
and on a hydrophobic “tail” which is present in the detergent-solubilized reductase
but not in the proteolytically solubilized form ''”. From a thermodynamic point
of view, it would appear that P, reduction is mediated between the “one-"
and “three-electron” reduced forms of the reductase. This suggestion results
from the known one-electron potential of the cytochrome (—237mV in the
presence of benzphetamine as substrate)''® and the PFIH-/PFIH, couple of
—270mV for the flavin moiety of the reductase. The oxidized/semiquinone
couple of the FMN (—110mV) is clearly too positive to be a viable reductant
although this suggestion is equivocal since the potential for the substrate-bound,
ferrous oxy form of the cytochrome is not known and may, in fact, be more positive
than the substrate-bound ferric form !9,

3 Enzyme-Bound Flavin Semiquinone
which are not Catalytic Intermediates

A considerable amount of information regarding flavin semiquinone reactivity as
well as the environment of the bound flavin coenzyme has accumulated over the years
from studies of flavoenzyme systems which produce semiquinones either on
photochemical reduction **-***) or upon reduction by one electron equivalent of
dithionite, but which do not form a detectable semiquinone intermediate during
catalytic turnover. For example, the correlation of anionic semiquinone formation
and the ability to bind sulfite at the N(5) position in a number of flavoenzyme
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oxidases 129 as well as “benzoquinoid” stabilization when either 8-mercapto or
6-hydroxy flavin analogs are bound have led Massey and coworkers (4) to suggest the
proximity of a protonated basic amino acid residue to the N(1) position of the
flavin ring. This interaction would be expected to exert an inductive effect which
would facilitate nucleophilic addition by sulfite to the N(5) position as well as
stabilize the anionic form of the flavin semiquinone.

In the case of two flavoenzyme oxidase systems (glucose oxidase (18) and
thiamine oxidase *?") where both oxidation-reduction potential and semiquinone
quantitation values are available, semiquinone formation is viewed to be kinetically
rather than thermodynamically stabilized. The respective one-electron redox couples
(PF1/PFl- and PF1-/PFIH,) are similar in value (from essential equality to a
50 mV differential) which would predict only very low levels of semiquinone (32%
when both couples are identical) at equilibrium. However, near quantitative yields
(90 %) of semiquinone are observed either by photochemical reduction or by titration
with dithionite which demonstrates a kinetic barrier for the reduction of the
semiquinone to the hydroquinone form. The addition of a low potential one-electron
oxidoreductant such as methyl viologen generally acts to circumvent this kinetic
barrier and facilitate the rapid reduction of the semiquinone to the hydroquinone
form.

Glucose oxidase is one of the few known flavoenzymes in which the semiquinone
pKa is in a physiological range '*!®, Both equilibrium and kinetic data show a
pKa of approximately 7.3 which is 1.5 pH units Jower than that of free FAD 52:53),
Protonation of the anionic semiquinone is very rapid, being complete in the dead
time of the stopped flow apparatus '®. One of the more interesting properties of
both the neutral and anionic flavin semiquinones of glucose oxidase is their
reactivity with O,. Model studies with free flavin semiquinones have established
that anionic semiquinones are at least 10* more reactive with O, than the
neutral form (see above). This differential reactivity is not too surprising when
one compares the relative oxidation-reduction potentials for 0,/0,~ (—330 mV 122)),
FI/FI* (—325mV at pH 10) and FI/FIH- (—146 mV at pH 5 *?). The pKa for
protonation of O, is 4.45'*> and thus, the potential dies not change in the pH
range of 5-10. In the case of glucose oxidase, however, the reaction rate of the
anionic flavin semiquinone with O, (Em = —200 mV '®) is only three-fold greater
than that of the neutral form (Em = —63mV ') with O,. The temperature
dependence of the reaction rates for both forms differ and provide evidence for
the direct reaction of the neutral form with O,, rather than an apparent
reaction of O, with low levels of the anionic form in equilibrium with the
neutral form. What is not easily understood is the relatively facile rate of
reduction of an oxidant (O,) with a potential of —330 mV by a reductant with an
apparent potential of only —64 mV. While more work needs to be done to resolve
this dilemma, it is appropriate to point out that both the anionic and neutral
semiquinone forms of glucose oxidase used in these experiments with O, were
subject to kinetic stabilization and thus it is inappropriate to predict their
respective reducing properties on the basis of thermodynamic (equilibrium) data.
Since both forms of the glucose oxidase flavin semiquinone appear to be similarly
kinetically stabilized, perhaps it is not unexpected that they exhibit similar
reactivities with O,.
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IV Flavin Radicals in Metalloflavoproteins

The examples of flavin semiquinones in the flavoenzyme systems discussed thus
far have involved situations in which flavin-metal one-electron transfer reactions
occurred via intermolecular interactions. In this present section we will describe
current knowledge regarding intramolecular one-electron transfer between flavins and
metal-containing redox centers which occur in the same enzyme molecule. Direct
studies of flavin semiquinone properties and reactivities become more formidable due
to absorption spectral overlap with the other redox centers, which also exhibit
visible absorbance which changes with redox level. In addition, for the majority
of systems investigated, the rates of electron transfer among the redox centers
present are much more rapid than the rates of catalytic turnover '2* so that one is
left with the prospect of observing concentrations of flavin semiquinones in
equilibrium with other redox centers with the relative extent of oxidation-reduction
being dependent on their relative redox potentials.

1 Interaction with Molybdenum and Iron-Sulfur Centers

a Flavin-Containing Molybdenum Hydroxylases

The involvement of flavin semiquinones in a metalloflavoenzyme is probably best
illustrated from a discussion of xanthine oxidase and/or dehydrogenase. This enzyme
catalyzes the oxidation of xanthine to uric acid as well as a number of other
reactions. There exists a vast literature on this enzyme and the interested reader is
referred to several redent reviews 257128 for extensive treatments. In addition
to the FAD moiety, the enzyme contains one molybdenum and two distinct
Fe,/S, centers which are reduced and oxidized at rates consistent with catalytic
turnover 12%:139 Available data unequivocally support the molybdenum center as
the site for the entry of reducing equivalents from the substrate into the enzyme
while the FAD moiety serves as the site for electron donation to O, in the case of
the oxidase and NAD™ in the case of the dehydrogenase. The FAD moiety is reduced
via one-electron equivalents by either the molybdenum or by the reduced Fe,/S,;
centers. The relative oxidation-reduction potentials for the various redox centers
in both the dehydrogenase and the oxidase are given in Table 4 based on published
data 1317139, 1t should be pointed out that the values presented in Table 4
demonstrate the difficulties involved in poising the potential at one temperature

Table 4. Oxidation-reduction potentials for the redox centers of xanthine oxidase (mV)

Condition Mo(VD)/Mo(V) Mo(V)/(V)  FAD/FADH: FADH/FADH, Fe/S1 Fefs1l

room —300 (fast) —300 (fast) 242 227 —300 —200
temperature®

pH 7.2 —344 (siow) —306 (slow)

low —-355 (fast)  —356 (fast)  —280 244 —300 —255
temperature®

pH 7.1

s Taken from Ref. 3, ® Taken from Ref. '3V,
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and then monitoring the relative ratios of oxidized and reduced species at the much
lower temperatures required for ESR measurements. Recent ESR studies '3 show
that the ionic form of the FAD semiquinone has a measurable pKa (8.8), as was found
with glucose oxidase 3-8, The available redox potential data (Table 4) illustrates the
thermodynamic feasibility for reduction of the flavin by the other redox centers
in the enzyme.

When O, is the electron acceptor, the reduction can occur in either two-
electron steps with FADH, as reductant and H,0O, as the product or in a
one-electron manner with O,~ as the product. In the latter case, the reduced
form of the flavin could be either FADH, or FAD - Recent studies on the reaction
of O, with reduced xanthine oxidase has shown that reoxidation of the six-electron
reduced enzyme by O, proceeds initially with two sequential two-electron steps to
form two moles of H,O, and the two-electron reduced form of the enzyme.
Oxidation of the two-electron reduced form by O, then proceeds via two-sequential
one-electron steps to form two moles of O, and oxidized enzyme. The differential
rate of O, release 135139 js suggestive of one mole arising from the one-electron
oxidation of FADH, to FAD- while the other O, arises from the slower
O,-oxidation of FAD - to FAD. If this suggestion is correct, the observed insensitivity
of the slow step to pH would suggest that the neutral and anionic forms of the
FAD semiquinone exhibit similar reactivities with O,. In this respect, it would be
of interest to measure the relative oxidation-reduction potentials of the two ionic
forms of the FAD semiquinone.

b Mitochondrial Succinate Dehydrogenase

The covalent 8ux-N(3)-histidyl FAD of mitochondrial succinate dehydrogenase
functions as a two-electron acceptor in the oxidation of succinate to fumarate and
as a one-electron donor in the reduction of the iron-sulfur centers of the enzyme.
Recent ESR spectroscopic data *37!3® have shown the covalent flavin semiquinone
to be anionic in the pH range of 6.1 to 9.1. Indeed, a survey of all known flavo-
proteins containing an 8a-substituted covalently bound flavin has resulted in the
finding that their semiquinone forms are anionic in the physiological pH range !*7.
Recent potentiometric studies as a function of pH '3 have suggested the flavin
semiquinone to have a pKa of 8.0, with no observed alterations in ESR
spectral properties. The potentiometric data, however, is dependent on the
quantitation of flavin semiquinone concentrations in equilibrium with the iron sulfur
centers at certain poised potentials in the presence of mediator dyes as well as on
the assumption that such equilibria are not altered on freezing the solution for ESR
spectral measurements. In view of the differences observed in flavin semiquinone
content whether the enzyme is reduced by substrate (32-48 % in the pH range of 6.1
to 9.1'%%) or by poised potentials (7-16% in the same pH range '*) it would
appear that additional investigations are required for a definitive description of
the influence of such conditions on the flavin semiquinone. Magnetic interactions
between the flavin semiquinone and iron-sulfur cluster S-1 (an Fe,S, center)
have been observed ** demonstrating the proximity of the two redox centers which
are estimated to be separated by a distance of 12-18 A 139, From these data and
from the relative redox potentials of the two substrate reducible iron sulfur
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centers (S-1 Em = 0 mV and S-5, Em = +60 mV 1) it has been suggested that S-1
is the iron-sulfur center which functions as the electron acceptor of the reduced
flavin.

¢ Trimethylamine Dehydrogenase

This bacterial enzyme, which is isolated from a methylotrophic bacterium, is of
interest to flavin enzymologists in two respects. The first is the presence of an
unusual covalently bound FMN moiety which has been identified as 6-S-cysteinyl
FMN 40141 and is present in a single molar stoichiometry with an Fe,/S, cluster 142
on the enzyme. In addition, it is the only known metalloflavoenzyme where the
rate of molecular electron transfer between the two above redox centers is slow
enough to be followed by kinetic techniques in the msec time range **¥.

Both stopped-flow and rapid freeze quench kinetic techniques show that the
substrate reduces the flavin to its hydroquinone form at a rate faster than cata-
lytic turnover 1*¥. Reoxidation of the flavin hydroquinone by the oxidized
Fe,/S, center leads to formation of a unique spin-coupled species at a rate
which appears to be rate limiting in catalysis. Formation of this requires the
substrate since dithionite reduction leads to flavin hydroquinone formation and
a thombic ESR spectrum typical of a reduced iron-sulfur protein 4%, The appearance
of such a spin-coupled flavin-iron sulfur species suggests the close proximity of
the two redox centers and provides a valuable system for the study of flavin-iron
sulfur interactions. The publication of further studies of this interesting system is
looked forward to with great anticipation.

2 Heme-Flavin Semiquinone Interactions

The biological importance of one-electron transfer reactions between flavin and heme
centers is demonstrated in considering the flavoenzymes NADH-cytochrome bs
reductase and NADPH-cytochrome P, reductase. In addition to these systems, a
number of flavoproteins are known which contain both flavin and heme in the same
oligomeric unit. Of these proteins, the best characterized are flavocytochrome b,
or yeast L(+) lactate dehydrogenase'*" and Chromatium vinosum cytochrome
¢-552 149, Lactate dehydrogenase contains FMN and heme in a one-to-one stoichio-
metry 4% while the bacterial flavocytochrome contains one covalently bound 8a-S-
cysteinyl FAD ' and two hemes ). Until recently, our knowledge regarding
the rates of electron transfer reactions between hemes and flavins was quite meager.
With the application of laser flash photolysis techniques to these systems **147)
it is anticipated that substantial new information will be forthcoming.

Recent studies on the electron-transfer between a number of flavin analogs with
equine cytochrome ¢ shows that flavin semiquinone reduction of cytochrome ¢ reflects
a diffusion-controlled process with a second-order rate of 6x 10" M~* sec™ 14%)
No major differences in rate were observed with the ionic form (anion or neutral)
of the flavin semiquinone. Comparison of the rates of reduction by a number
of flavin analogs suggests that cytochrome interaction occurs through the N(5)-
dimethylbenzene region of the isoalloxazine ring.

Flash-photolysis studies on the heme-flavin electron transfer rate of Chromatium
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cytochrome css; 147 shows that reduced heme (there are two in the protein)
transfers a single electron to the oxidized flavin to. form the anionic semi-
quinone with a first-order rate constant of >1.4x 10% sec™'. A similar study of
a related protein from Chlorobium (cytochrome Css3) has determined a rate
constant of 1.2x10° s™! for one-electron transfer from flavin semiquinone to
heme **®. These rapid rates of electron transfer demonstrate that in hemoflavo-
enzymes, as in metalloflavoenzymes containing molybdenum and iron-sulfur centers,
intramolecular electron transfer is much faster than catalytic turnover and that
the distribution of reducing equivalents observed during stopped-flow or rapid
quench kinetic measurements which are limited to the msec time of slower scale is
determined by the relative redox potentials of the redox centers involved. Recent
kinetic studies on the flavocytochrome L-(+ )-lactate dehydrogenase have shown that
the two-electron reduction of the flavin by the substrate is rate limiting 4% 3% with
subsequent rapid formation of the reduced heme and neutral flavin semiquinone.
The formation of the three-electron reduced enzyme (reduced heme and flavin
hydroquinone) is much slower than catalytic turnover since this form can only arise
from intermolecular electron transfer.

V Conclusions and Present Status of the Field

It should be obvious from the literature discussed in this article that progress
in our understanding of the properties of flavin semiquinones and their role in
flavoenzyme catalysis has increased dramatically over the past twenty years.
This has been due to the application of sophisticated chemical and physical
approaches, as well as to an increase in the number and diversity of flavoenzymes
which have been purified to homogeneity in quantities sufficient for extensive
study.

In spite of this progress, the gaps in our knowledge of the molecular mechanisms
of the participation of flavins in one-electron transfer reactions are enormous.
Whether the reduction of flavins by “obligatory” two-electron donors occurs by
a concerted two-electron process or by sequential one-clectron transfers remains
a matter of controversy and is a subject under current active investigation.
It is hoped that this review will convince the reader of the usefulness and
necessity of redox potential measurements in the understanding of electron transfer
reactions in flavoenzymes. These type of measurements have become more numerous
in recent years; however, more information of this type is needed. We have seen that
the apoprotein environment can alter the one-electron potentials of their respective
bound flavin coenzymes by several hundred millivolts, yet virtually nothing is
known, on a molecular basis, of how this is achieved.

Finally, the precise sites on the isoalloxazine ring which participate in semiquinone
oxidation reactions in flavoenzymes will depend on whether the protein-bound
semiquinone exhibits the same distribution of spin density as in the free system
or in fact differs. Current ENDOR data suggests that the spin density in the
8-position of protein-bound flavin semiquinones is similar to that of the free
systems. Further work is required to monitor spin distribution in the N(5) and
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N(10) positions of the bound semiquinone and to determine, systematically, if any
correlations between redox potential, spin density distribution, and ionic form of
the semiquinone exist.
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