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I. Introduction 

Textbook coverage of cellular respiration is oRen based on the mito- 
chondrial paradigm. Mitochondiral respiration is attractive because 
of its relatively uncomplicated organization. The respiratory chain 
consists of a single sequence of redox proteins with only two possible 
substrates and a single terminal electron acceptor. The simplicity of 
the mitochondria1 respiratory apparatus belies its evolutionary origin. 
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According to the endosymbiontic hypothesis mitochondria derive from 
ancestors that are closely related to modern purple bacteria, for ex- 
ample, Pseudomonas, Rhodobacter, and Paracoccus. Although mito- 
chondria are embedded in a cellular environment with narrowly con- 
trolled conditions regarding pH, redox balance, and substrate 
availability, bacteria may encounter a variety of environmental condi- 
tions. A repertoire of respiratory chains and regulatory mechanisms 
as opposed to a single electron transfer chain allows them to cope 
with a variety of environments. 

During respiration cellular redox free energy is converted into 
chemic-osmotic and chemical energy. The conversion is mediated by 
the flow of electrons, which, in an  oxidizing environment, run from 
low to high potential. In mitochondria the reducing equivalents flow 
via NADH and ubiquinone to the terminal electron acceptor, molecu- 
lar oxygen. In bacteria the reducing equivalents may be derived from 
a variety of sources, such as sulfur or nitrogen in low oxidation states 
(S, S2-, NH3), molecular hydrogen, or even ferrous ions. Terminal elec- 
tron acceptors may by provided by molecular oxygen, or by sulfur and 
nitrogen in high oxidation states, e.g., SO:-, NO,, and NO,. A bacte- 
rium has a collection of respiratory routes at its disposal, thus unrav- 
eling the respiratory machinery is a complicated task requiring not 
only identification of branches of the various electron transport chains 
and their composition, but also the elucidation of their genetic organi- 
zation and the mechanisms that control selective gene activation 
and expression. 

This review focuses on the electron transfer chain that is employed 
by the organism Paracoccus versutus [formerly Thiobacillus versutus 
(111 when it is provided with methylamine as its sole source of nitro- 
gen and energy. The chain is similar to the methylamine dehydroge- 
nase chain of Paracoccus denitrificans, and the results of the P. versu- 
tus studies will be compared with the P. denitrificans data where 
appropriate. One of the attractive features of this chain is that it con- 
sists of only four redox components: methylamine dehydrogenase 
(MADH), amicyanin (ami), cytochrome ~ 5 5 0 ,  and cytochrome c oxidase 
(COX). Only MADH contains an  organic prosthetic group, tryptophan- 
tryptophyl quinone (TTQ); the other three proteins contain metals (Fe 
and Cu) as their prosthetic group. MADH converts methylamine to 
formaldehyde and ammonia, which then enter the metabolic cycles of 
the cell, while the electrons that are liberated in the conversion step 
are fed into amicyanin and, subsequently via cyt ~ 5 5 0 ,  into COX, where 
they are used for the reduction of the terminal electron acceptor, mo- 
lecular oxygen, to water. 

. 
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In Section I1 the composition and organisation of the respiratory 
chains of P. versutus and P. denitrificans will be reviewed. The gene 
organization and composition, and their possible control elements, 
will also be discussed. Section I11 will deal with the structure and 
function of the four components of the MADH redox chain. Structures 
determined by X-ray diffraction (XRD) and nuclear magnetic reso- 
nance (NMR) techniques are available for the members of the MADH 
chain or for closely related analogues. Finally, the enzymology and 
reaction kinetics of the chain will be reviewed. 

II. Composition and Organization of Respiratory Chains 

A. THE RESPIRATORY NETWORK OF Paracoccus versutus AND 
Paracoccus denitrificans 

1. Introduction 

Paracoccus versutus and P. denitrificans (2) are phylogenetically 
closely related species; together with Rhodobacter and Rhizobium 
species they belong to the a-cluster of purple bacteria (3, 4) .  These 
gram-negative eubacteria are unable to  ferment availabe growth sub- 
strates, and are therefore completely dependent on respiration-linked 
oxidative phosphorylation for their (free) energy requirements. Usu- 
ally, these organisms are found in soil, sewage, or sludge, environ- 
ments where the availability of suitable carbon and energy sources as 
well as of terminal electron acceptors is subject to  ever-fluctuating 
conditions. The ability of the cells to  survive in these variable envi- 
ronments depends on the properties of their respiratory network as 
well as on their readiness to adapt to environmental changes. 

One of the best studied organisms in this respect is P. denitrificans 
(5, 6, 7,8). This bacterium has a great nutritional adaptability: it can 
grow chemolithoautotrophically with hydrogen or thiosulfate as sole 
energy source; autotrophically with methanol, formaldehyde, formate, 
or methylamine as sole energy source; or heterotrophically with a va- 
riety of sugars, organic and amino acids, and alcohols (9). Apart from 
oxygen, N-oxides such as nitrate, nitrite, nitric oxide, or nitrous oxide 
can serve as electron acceptors of the respiratory process (10, 11). 
This versatility in utilization of electron donors and acceptors is the 
consequence of the ability of the bacterium to redirect electron fluxes 
to alternative branches within its respiratory network (short-term ad- 
aptation) as well as to  change the makeup of the respiratory network 
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(long-term adaptation) in response to environmental changes (7, 8, 

Elucidation of the composition of the network at different growth 
conditions and the role of each component within it have been facili- 
tated by biochemical and physiological analyses of respiratory mu- 
tants that were created by means of targeted gene exchange tech- 
niques (17, 18). As a result of these approaches, strains that have a 
mutation in the chromosomal gene encoding one of the redox enzymes 
are generated. These mutations may be either marked or unmarked, 
in which case the target gene is interrupted by an antibiotic resis- 
tance gene or (partly) deleted, respectively. Because the number of 
antibiotic resistance markers that may be used in P. denitrificans is 
limited, the advantage of the latter approach is that more than one 
mutation in different target genes can be created in the same strain. 
This technique has been extremely useful in the attempt to  unravel 
the many respiratory branches that operate in parallel in P. denitrifi- 
cans. At present, a number of the genes and gene clusters encoding 
its respiratory enzymes have been cloned (81, and, by using the above 
approach, a comprehensive set of respiratory mutants with single or 
multiple mutations in either of these genes, and in different combina- 
tions, has become available for detailed analyses. On the basis of 
these analyses, the elucidation of the organization of the network un- 
der different growth conditions has been achieved (8, 19). 

2. The Makeup and Bioenergetics of the Respiratory Network 

12-16). 

* 

a. Aerobic Growth. The constitutive part of the respiratory net- 
work consists of nicotinamide adenine dinucleotide (NADH) dehydro- 
genase, succinate dehydrogenase, ubiquinone-10, the cytochrome bc, 
complex, and cytochromes c550 (located in the periplasm), and c552 (an- 
chored in the membrane). NADH dehydrogenase and cytochrome bcl 
are membrane-bound protein complexes by which the free energy 
made available by the electron transfer reactions is used for the gen- 
eration of a proton gradient across the membrane. Depending on the 
availability of suitable carbon and energy sources as well as on termi- 
nal electron acceptors, additional components and/or branches are ex- 
pressed and linked to the constitutive part of the network. When the 
bacterium experiences relatively high (for instance, atmospheric) oxy- 
gen concentrations it synthesizes an aa,-type cytochrome c oxidase. 
This terminal four-subunit complex spans the membrane and cata- 
lyzes the four-electron reduction of dioxygen to water with the con- 
comitant generation of an electrochemical potential across the mem- 
brane. The resulting electron transfer chain thus comprises three 
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sites of energy conservation (NADH dehydrogenase, the cytochrome 
bcl complex, and the aa3-type oxidase), by which means the bacterium 
is able to  generate ATP per electron very efficiently. With respect to  
the organization and function, the aerobic respiratory network resem- 
bles the one that is operating in mitochondria (20, 211, organelles of 
eukaryotic cells that are optimized for energy production (Fig. 1). In 
P. denitrificans, the concentration of the aa3-type cytochrome c oxi- 
dase decreases with decreasing oxygen concentrations, and the pro- 
tein is virtually absent during anaerobiosis (22, 23). In addition, the 
expression of this oxidase is twofold increased in cells grown on meth- 
anol or methylamine as compared with heterotrophically grown cells 
(24-26). Oxidases of this type are found in a wide variety of cells. 
Apart from their presence in eukaryotic cells, aa3-type cytochrome c 
oxidases have been encountered in many eubacterial (both gram neg- 
ative and positive), and archaebacterial (Sulfolobus acidocaldarius) 
species (27, 28). 

In addition to the aa3-type oxidase, P. denitrificans has the genetic 
potential to  express two other types of terminal oxidases: the bb3-type 
quinol oxidase and the cbb3-type cytochrome c oxidase (7, 12). The 
three types of oxidases share common biochemical properties and ar- 
chitectural features (7, 29). The most pronounced homology is found 
between the respective subunits I of the enzymes, which harbor the 
metal centers involved in electron transport and catalysis of oxygen 

FIG. 1. Scheme of the mitochondria1 respiratory chain: NADH dehydrogenase, ubi- 
quinone (Q),  the bc, complex, cytochrome css0, and the aa,-type cytochrome c oxidase. 
Not included is succinate dehydrogenase. Pumped protons (H’) are boxed, scalar pro- 
tons are not. Charge separation (q/2e-)  sites are indicated. 
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reduction. The subunits I all have 12 transmembrane a-helices with 
a total of six invariant histidine residues located in helices 2, 6, 7, 
and 10. These histidines are the ligands for the low- and high-spin 
hemes (a and a3 in the aa3-type oxidase, and b and b3 in the bb3- 
and cbb3-type oxidases, respectively), and a copper ion, CuB, the 
latter two of which form the binuclear reaction center (30, 31). On 
the basis of this resemblance, it has been postulated that the three 
different types of oxidases are all members of a superfamily of 
heme-copper oxidases sharing a common ancestor (7, 29). Amino 
acid residues ivplied in the pathway of pumped protons and chemi- 
cal protons are conserved in aa3-type cytochrome c and b b & p e  
quinol oxidases (31, 32). Evidence for the suggested pathways has 

. recently been obtained from studies on the three-dimensional struc- 
ture of the aa3-type oxidase, which was determined from X-ray 
analysis of the crystallized protein complex (33, 34). These path- 
ways are apparently not present in cbb3-type oxidases, because 
they lack the conserved amino acid sequences at the corresponding 
positions of the sequence (7,  35). Nevertheless, all three types of 
oxidases have proton pumping capacities and contribute to  the gen- 
eration of the electrochemical gradient (35). From the viewpoint 
that such a fundamentally important feature should be conserved 
among all members of the oxidase family, it may thus be that 
the mechanism of proton efflux is not yet understood properly. 
Alternatively, the proton channel in the cbb3-type oxidases may be 
composed of residues different from those of the other types. 

The most striking difference between these types of oxidase consists 
in the nature of the other subunits, which are involved in binding 
their dedicated electron donors and in enhancing the stability of the 
enzyme complex. Here, we will only focus on the electron entry sites. 
Subunit I1 of the aa3-type oxidase is composed of a large periplasmic 
domain that is anchored to the membrane via two transmembrane 
cu-helices (33). The soluble domain contains a binuclear CuA center 
that mediates the electron transfer between cytochrome c and heme 
a (33,36,37).  With respect to  its primary amino acid sequence as well 
as its geometry, its counterpart in the bb3-type quinol oxidase is very 
similar (28,381. The most pronounced difference is the lack of a CuA 
center, which makes it unsuited to react with cytochromes c. Instead, 
it receives electrons directly from quinol. The electron entry pathway 
in the cbb3-type oxidase is poorly understood. Apart from subunit I 
(CcoN), the oxidase consists of two membrane-anchored subunits, one 
of which has a single heme c (CcoO), whereas the other one has two 
hemes c (CcoP) (35, 39, 40). Mutant studies have revealed that cyto- 
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chrome bcl , or cytochrome c550, but not cytochrome c552, can act as 
electron donor for this oxidase (8). Perhaps the two hemes in CcoP 
make up an electron transfer pathway between the cytochrome bcl 
complex and the oxidase, whereas CcoO is responsible for electron 
transfer between the soluble cytochrome and the oxidase. 

It is not only on the basis of electron entry sites that these types of 
oxidases are different. As compared with the aa3- and bb3-type cyto- 
chrome c oxidases, the cbb3-type oxidase has a -10-fold higher affin- 
ity for oxygen (41). Not surprisingly, therefore, expression of the lat- 
ter oxidase increases at  decreasing oxygen concentrations (6, 42). 
Oxidases of the cbb3-type or their allocated gene clusters have thus 
far been characterized in P. denitrificans (351, Rhodobacter capsula- 
tus, Azotobacter vinelandii, Agrobacterium tumefaciens, Pseudomonas 
aeruginosa (40), and Rhodobacter sphaeroides (27), and in several 
members of the Rhizobiaceae (39, 42, 43). The latter organisms are 
able to fix atmospheric nitrogen in symbiosis with a legume host 
plant, during which interaction the bacteria are lodged in the plant 
nodules. The oxygen concentration in these specific plant compart- 
ments is extremely low to prevent irreversible oxidation of nitroge- 
nase, the enzyme responsible for nitrogen fixation. In order to  keep 
the electron fluxes through the respiratory network going the bacteria 
rely almost exclusively on the high-affinity cbb&pe oxidase. 

The bb3-type quinol oxidase of P. denitrificans is the counterpart of 
the well-known Escherichia coli bo,-type quinol oxidase (12, 44). This 
type of oxidase is common in all genera of eubacteria (28). Because 
these redox enzymes couple the oxidation of quinol directly to the re- 
duction of oxygen, this electron transfer route is less efficient with 
respect to  free energy transduction than those involving the energy- 
generating cytochrome bcl complex. Little is known as to whether and 
how the expression of the quinol oxidase is fine-tuned in response to 
environmental changes. A model for electron transfer during hetero- 
trophic growth is shown in Fig. 2A. 

b. Anaerobic Growth. In the absence of molecular oxygen, electron 
flow is dependent on the availability of N-oxides that may serve as 
alternative electron acceptors (8, 10,44,45,46). At the shift from oxy- 
gen limitation to anaerobiosis, the makeup of the respiratory network 
drastically changes. The expression of nitrate, nitrite, nitric oxide, 
and nitrous oxide reductases as well as of the blue copper-containing 
electron carrier pseudoazurin is established, and in a concerted action 
these terminal oxidoreductases couple the removal of electrons from 
the respiratory network to the reduction of the corresponding 
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FIG. 2. The respiratory network of P. denitrificans during (A) aerobic heterotrophic 
growth and (B) methylotrophic growth. Common components of the two networks: 
NADH dehydrogenase (NDH), ubiquinone (Q),  the cytochrome bcl complex (bb, FeS, cd, 
cytochromes css0 and c652, and the three oxidases: the aa3-type cytochrome c oxidase 
(aa3), the cbb,-type cytochrome c oxidase (cbb,), and the &-type quinol oxidase (bb,). 
Succinate dehydrogenase (SDH) is relevant during aerobic heterotrophic growth. Meth- 
anol dehydrogenase (MDH), methylamine dehydrogenase (MADH), amicyanin (amid, 
cytochrome c5511 formaldehyde dehydrogenase (FyDH), formate dehydrogenase 
(FDH), and a putative formaldehyde carrier (?) are induced during methylotrophic 
growth. Solid arrows indicate the pathways of electron transfer; dashed arrows indicate 
molecule conversion and transfer. 
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N-oxides, ultimately yielding molecular nitrogen (denitrification). With 
respect to free energy transduction, these pathways are less efficient as 
compared to aerobic respiration because either they bypass the cyto- 
chrome bcl complex (route to  nitrate reductase), or the branches ter- 
minate in non-energy-conserving enzymes (routes to the nitrite, nitric 
oxide, and nitrous oxide reductases). In addition, growth under this 
condition brings the bacterium in the apparent paradox of main- 
taining high electron fluxes to support competitive growth on the one 
hand, and of preventing the accumulation of the toxic intermediates 
nitrite and nitric oxide on the other hand. It may be anticipated that 
global and local regulatory pathways controlling the expression and/ 
or activity of these oxidoreductases are optimally integrated to solve 
this paradox. Indeed, it has been determined that a number of regula- 
tory proteins, among which are two members of the fumarate nitrate 
reductase (FNR) family of transcription activators (8,47), are involved 
in regulation of gene expression during the aerobic-anaerobic shift. 

c. Autotrophic Growth. In the situation that P. denitrificans expe- 
riences a shortage of heterotrophic substrates, it can switch to auto- 
trophic growth, during which hydrogen or thiosulfate are oxidized by 
hydrogenase or a thiosulfate-oxidizing enzyme, respectively (48-50). 
Carbon supply is accomplished by the fixation of atmospheric carbon 
dioxide via the Calvin cycle under this growth condition. The bacte- 
rium is also able to  grow on C1 substrates such as methanol or me- 
thylamine (19), a process considered as autotrophic growth too, be- 
cause these carbon sources are oxidized merely with the purpose to 
gain energy (26). 

In the presence of methanol as the sole source of energy, P. deni- 
trificans induces the expression of the mxa gene cluster encoding 
methanol dehydrogenase (MDH) and its dedicated electron acceptor 
cytochrome c551i (14, 51). Both proteins are located in the periplasm 
and in subsequent redox steps they connect the oxidation of methanol 
to the reduction of cytochromes c550 and c552 .  MDH consists of a large 
subunit (66 kDa; (r-MDH) and a small subunit (9 kDa; P-MDH) that 
are complexed together in an crz-pz tetrameric configuration (52, 53). 
The large subunit has eight topologically identical antiparallel p- 
sheets arranged in a superbarrel structure with radial symmetry. The 
center of this structure makes up the active site pocket where the 
cofactor of the enzyme, pyrroloquinoline quinone (PQQ), is noncova- 
lently incorporated in the protein structure, and in close contact with 
a Ca2+ ion. Methanol-oxidizing branches are found in a wide variety 
of methylotrophic bacteria (54). Apart from P. denitrificans, much of 
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the current knowledge on the physiology and molecular genetics of 
this system has been obtained from studies on the facultative methyl- 
otrophic bacteria Methylobacterium extorquens AM1, Methylo bacte- 
rium organophilum IM, and Methylobacterium organophilum DSM 
760 (reviewed in Ref. 55). Like in P. denitrificans, the methanol-oxi- 
dizing branch of these bacteria is composed of MDH, a dedicated cyto- 
chrome cL, a cytochrome cH (L and H refer to low and high isoelectric 
points, respectively), and a cytochrome c oxidase. The work of Lid- 
strom et al. (55) further revealed that the synthesis of a fully active 
methanol-oxidizing branch requires a total of at  least 32 genes, 
among which are the pqq genes involved in cofactor biosynthesis, and 
a comprehensive set of so-called mxa, mxb, mxc, and mxd genes, some 
of which encode the structural enzymes, others of which encode en- 
zymes involved in calcium insertion, and proteins involved in regula- 
tion of gene expression and protein activity (55). 

Growth on methylamine is accompanied by the appearance in the 
periplasm of methylamine dehydrogenase and its electron acceptor 
amicyanin, both of which are encoded by the mau gene cluster (15, 
56-58). Like MDH, MADH has an az-& configuration made up by a 
small (16 kDa; P-MADH) and a large (47 kDa; a-MADH) subunit, 
which is also shaped like a superbarrel with radial symmetry (59,60). 
The active site, however, is found in the small subunit (61). This site 
is created after the cross-linking and modification of two tryptophan 
residues of the peptide chain, resulting in the formation of the pros- 
thetic group tryptophan-tryptophyl quinone. Electrons derived from 
the oxidation of methylamine are transferred via the blue copper pro- 
tein amicyanin to the electron transport network at the level of cyto- 
chrome c (cyt (62, 63). Methylamine-oxidizing branches similar to 
that of P. denitrificans have also been identified in P. versutus, and 
M. extorquens AM1. Obligate (Methylobacillus flagellatum KT) and 
restricted facultative (Methylophilus methylotrophus W3A1) methylo- 
trophic bacteria use similar branches for the oxidation of methyl- 
amine, but the dedicated electron acceptor of MADH in these bacteria 
appears to be either another type of blue copper protein, azurin (641, 
or a cytochrome c (65, 661, respectively, rather than amicyanin. The 
presence or absence of the latter redox carrier correlates with the 
presence or absence of its allocated gene, mauC, in the mau gene 
clusters of the different species. 

In addition to the proteins expressed specifically during and in- 
volved in the oxidation of methanol and methylamine, a cytochrome 
c553, is expressed during growth on these C1 substrates (5, 67). The 
gene encoding this cytochrome (cycB) has been cloned and shown to 
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be part of the xox gene cluster (68). Surprisingly, the products of the 
genes located upstream and downstream of cycB (XOXF and XOXJ, re- 
spectively) have a large degree of similarity with a-MDH and MxaJ, 
respectively. The role of this putative oxidizing branch still remains 
obscure, because mutational analysis of this gene cluster did not re- 
veal a clear function of the proteins (68). 

The oxidation product of both methanol and methylamine is formal- 
dehyde, which crosses the membrane into the cytoplasm. This trans- 
port process has been suggested to involve a specific formaldehyde 
carrier (69). In the cytoplasm, formaldehyde is further oxidized to for- 
mate via two consecutive reactions. In the first reaction, an NAD- 
linked glutathione-dependent formaldehyde dehydrogenase (FlhA) 
catalyzes the oxidation of formaldehyde into S-formylglutathione (70). 
In the second reaction, the latter molecule is converted into formate 
by S-formylglutathione hydrolase, which is a human esterase D ho- 
mologue (71). The flhA gene cluster of P. denitrificans encoding the 
two enzymes has recently been identified upstream of the xox gene 
cluster (72). Finally, formate is oxidized to carbon dioxide predomi- 
nantly by an NAD-dependent formate dehydrogenase (54). It has been 
reported, however, that P. denitrificans can synthesize isoenzymes of 
the formaldehyde and formate dehydrogenases that are NAD inde- 
pendent (73). A schematic view of the respiratory network that oper- 
ates during C, metabolism is presented in Fig. 2B. 

The free energy yield from the six-electron oxidation of methanol or 
methylamine to carbon dioxide may vary from 12 to 24 charge separa- 
tions (4) per mole of substrate, depending on the types of oxidases 
and dehydrogenases that contribute to the electron transfer reactions. 
Two of the electrons that are released during the first step of oxida- 
tion of these sources are transferred to either of the two cytochrome c 
oxidases, via cytochrome c or amicyanin, yielding 4 qlmol substrate. 
In the case that the formaldehyde and formate dehydrogenases are 
both NAD dependent, transfer of the remaining four electrons may 
yield an additional 16 to 20 q/mol substrate, depending on the parti- 
tioning of electrons among the quinol oxidase on the one hand and 
the cytochrome bcl complex and the cytochrome c oxidases, on the 
other hand, at  the level of the Q pool. In case the NAD-independent 
formaldehyde or formate dehydrogenases also contribute to the cata- 
bolic reactions, these values drop to 8 to 12 q/mol substrate because 
the energy-conserving NADH dehydrogenase complex is bypassed. 

Counterparts of many redox enzymes of P. denitrificans are also 
present in P. uersutus. Moreover, the DNA sequences of the genes and 
gene clusters encoding cytochrome c550 (cyd) ,  the aa3-type oxidase (cta 
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gene clusters), and the methylamine-oxidizing branch (mau gene clus- 
ter) have been shown to be strongly similar to their counterparts in 
P. denitrificans (73a). These findings indicate that the organization 
and function of the respiratory networks in both organisms resemble 
each other to a great extent. This resemblance is in agreement with 
the physiology of P. uersutus, which has strong similarities to that of 
P. denitrificans. One of the differences appears to be that the former 
organism is unable to  use methanol as source of energy. 

B. RESPIRATORY GENES AND THEIR EXPRESSION 

1. Control of Expression of Respiratory Genes 

The expression of the components of the methanol- and methyl- 
amine-oxidizing branches is subject to complex regulatory cascades 
that have to orchestrate the optimal composition of the respiratory 
network under these growth conditions in order to maintain respira- 
tory electron flows at  competitive rates, on the one hand, yet to pre- 
vent the accumulation of the toxic intermediate formaldehyde on the 
other. Moreover, parts of these signal transduction systems coordi- 
nate gene expression according to an energetic hierarchy, ensuring 
that the C1-oxidizing branches are expressed only when the cell is 
unable to  metabolize energetically more favorable substrates (19). 
This view is corroborated by extensive physiological and biochemical 
studies on this type of metabolism. MADH and amicyanin are synthe- 
sized only when the cell uses methylamine (and to a lesser extent 
other alkylamines) as sole source of energy (15, 74). MDH and XDH 
and their dedicated cytochromes, on the other hand, are expressed 
not only during growth on methanol but also during growth on me- 
thylamine or choline. Because the oxidation of all these carbon 
sources yields formaldehyde, it has been postulated that the latter 
molecule is an important trigger in the regulation of expression of 
their allocated gene clusters (73). The synthesis of all enzymes in- 
volved in the oxidation of methanol or methylamine is blocked when 
heterotrophic growth substrates are available next to  these C1 sub- 
strates (14, 15). Growth during C, metabolism also affects the regula- 
tion of expression of the other components of the branches, cyto- 
chrome c550 and the cytochrome c oxidases. The amount of these 
components increases two- to fivefold as compared to heterotrophic 
growth (24). Apparently, this increased supply meets the demands on 
increased velocities of electron transfer within this part of the respira- 
tory network. A number of different regulatory proteins that control 

. 
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the expression of the flh, xox, mxa, and mau gene clusters (75), as 
well as that of the cco and qox gene clusters, have been identified (8). 

Expression of the mxa genes is controlled by 
the gene products of the mzaXYZ genes, which are located upstream 
of the structural mxa gene cluster (14). MxaY and MxaX are a protein 
histidine kinase and a DNA-binding response regulator, respectively, 
a set of proteins that belongs to  the family of two-component regula- 
tors. As suggested above, the effector molecule for the sensor domain 
of MxaY is probably formaldehyde. The general principle for signal 
transduction via two-component regulatory systems is that binding of 
the 'effector molecule triggers the autophosphorylation of the kinase, 
after which the phosphate group is transferred to the response regula- 
tor. Once phosphorylated, the latter may bind to the promoter region 
of its target gene in order to  facilitate transcription by the RNA poly- 
merase (76). Surprisingly, however, MxaY was shown to be dispens- 
able in this cascade, suggesting that an alternative kinase takes over 
its role (77). The role of MxaZ in this cascade is still unclear. The 
MxaYX regulatory system appears to be specifically dedicated to the 
regulation of expression of the mxa genes; mxaX mutants showed an 
unimpaired expression of the mau, flu, and xox genes (14, 75). A 
two-component system, MxcQE, with a function similar to that of 
MxaYX, has now also been identified in M. organophilum XX. Its allo- 
cated gene cluster, however, is separated more than 40 kb from its 
target m a  gene cluster (78). 

The mau gene cluster of P. denitrificans con- 
sists of 11 genes. Of these, 10 encode the structural proteins and pro- 
teins involved in cofactor biosynthesis and are transcribed in one di- 
rection; the 11th one is located upstream and is divergently 
transcribed (15, 57, 58). It encodes MauR, which is a transcription 
activator that belongs to  the family of one-component LysR-type regu- 
lators. The spatial organization of the functional domains involved in 
DNA binding, signal perception, and dimerization in the members of 
this family is conserved (79). Usually the target locus of this type of 
regulator codes for a set of proteins that oxidize a particular sub- 
strate. The substrate molecule in turn serves as the trigger for the 
activation of the LysR regulator. This characteristic would be in 
agreement with the suggestion that methylamine is the molecule that 
triggers the expression of the mau gene cluster. The current view 
with respect to the mode of action of LysR-type regulators is that 
signal perception (i.e., binding of the activator molecule) induces di- 
merization of the regulator followed by binding to a target site up- 

a. mxa Gene Cluster. 

b. mau Gene Cluster. 
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stream of the promoter. As a result, the dimer may come into contact 
with RNA polymerase, after which transcription is initiated. In 
agreement with this view is the observation that MauR binds to the 
mau promoter region in a band-shift assay (8Ua). The target site for 
LysR-type activators is usually a conserved T-N11-A motif that har- 
bors small palindromic sequences at its ends. Such a motif, however, 
has not been recognized in the mau promoter region, indicating that 
the target site of MauR is slightly different from the conserved one. 
The target site for CatR, another member of the family of the LysR- 
type activators, is G-N11-A (8Ub), suggesting that small deviations of 
the target sequence indeed occur. Promoter probe studies have fur- 
ther shown that mau gene expression increases almost 1600-fold dur- 
ing growth on methylamine as compared to heterotrophic growth. 
This increase was not observed in the MauR mutant, which confirms 
that MauR is responsible for the increase in gene expression in the 
wild type (8Ua). The expression of the mauR gene is more or less con- 
stant, and independent of the growth condition or the concentration 
of MauR. Apparently, its expression is not autoregulated, a feature 
different from that of most other lysR-type genes. A counterpart of 
mauR has also been described in P. uersutus, although the orientation 
of it is opposite to that of the P. denitrificans gene (81). Analysis of 
the corresponding region upstream of the mau gene cluster from 
M. extorquens AM1 did not reveal sequences with similarity to 
mauR (56). 

c. Hierarchical Control. Apart from regulation by their cognate 
activators, the regulation of the expression of both mxa and mau gene 
clusters is subject to some kind of hierarchical control that  suppresses 
transcription during heterotrophic growth. Indeed, it has been shown 
that the expression of the mau genes is virtually blocked in the situa- 
tion that the bacterium grows in the simultaneous presence of succi- 
nate and methylamine. Further, both MADH and MDH are absent 
once succinate is added to the growth medium in addition to their 
corresponding substrates (19). The view that a global transcription 
activator is responsible for these phenomena has recently been cor- 
roborated by the analysis of a mutant disturbed in many aspects of 
C, metabolism (75). This mutant was unable to grow on methanol, 
methylamine, or choline. Moreover, the expression of the fzhA, mxa, 
mau, and xox genes was completely blocked. These pleiotropic effects 
were explained by assuming that the mutated gene in this strain en- 
codes a regulator that affects the expression of all these C, genes and 
gene clusters. Apparently, this regulator is not a repressor protein 
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because in the mutant in which the regulator gene has been knocked 
out one would expect constitutive expression rather than repression. 
Therefore, it has been suggested that this protein acts as a second 
activator in synergism with either of the two dedicated activators of 
m a  and mau gene expression. If this view is correct, one may expect 
that the presence andlor activity of this second activator is sup- 
pressed during heterotrophic growth. The identification of its allo- 
cated gene has been facilitated by the isolation of a genomic locus 
that fully complements the mutation. A scheme of the regulatory 
pathways that control gene expression during C1 metabolism is shown 
in Fig. 3. 

The expression of cycA and the cta and cco gene 
clusters, encoding cytochrome c550 and the aa3-type and ebb,-type cyto- 
chrome c oxidases, respectively, is also controlled by regulatory path- 
ways that respond to the switch from heterotrophic growth to C, me- 

d. Redox Control. 

FIG. 3. Model of regulatory pathways involved in C, metabolism in P. denitrificans. 
Genes and gene clusters are boxed; promoter regions (P) are designated. Structural 
proteins are methanol dehydrogenase (MDH), methylamine dehydrogenase (MADH), 
formaldehyde dehydrogenase (FyDH), the product of the TOY genes (XDH), the cyto- 
chromes c5511 ( c ~ ~ ~ , )  and c ~ ~ ~ ,  (c~~~,), and amicyanin (amic). Regulatory proteins (shaded) 
are the proposed formaldehyde sensor MxaY ( S ,  dimer), and its allocated regulator 
MxaX (R, dimer) encoded by their corresponding mza two-component regulatory genes 
(2CR), the LysR-type activator of mau gene expression (MauR), and the proposed global 
activator (A). Dotted arrows represent the transcription-translation process. Dashed 
arrows indicate the direction of transcription. Thin solid lines indicate substrate con- 
version. Thick solid lines indicate the processes involved in signal transduction and 
regulation ( + , positive; -, negative). 
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tabolism. The cbbs-type oxidase is hardly detectable in cells grown 
heterotrophically at  relatively high (atmospheric) oxygen concentra- 
tions, but its synthesis increases when the cell experiences a shortage 
of oxygen or when it grows on C, compounds (6, 22). In the former 
situation the electron output rate is limiting, whereas in the latter 
one the electron input rate increases, thus one might expect that the 
components in the respiratory network become more reduced under 
these growth conditions. The suggestion that a change of the redox 
potential of one of these components is the trigger for increased ex- 
pression of the cco gene cluster has recently been corroborated by the 
finding of a homologue of the E. coli FNR protein in P. denitrificans, 
designated FnrP (35). FNR in E. coli dictates the extent of expression 
of a number of genes involved in the aerobic-anaerobic switch (82, 
83). The protein has a redox-sensitive [4Fe-4Sl cluster that is sup- 
posed to either sense the oxygen concentration or the redox state of 
one of the components of the respiratory network. Reduction of the 
cluster triggers a conformational change, on which the protein dimer- 
izes and binds to its target site, a so-called FNR-box (82,84).  This box 
harbors a conserved TTGAT-ATCAA sequence motif, which is usu- 
ally located directly upstream of the RNA polymerase binding site. 
This organization makes sure that the FNR dimer and RNA polymer- 
ase bind next to each other on the DNA, thereby allowing physical 
contact between these two protein complexes. Once this occurs tran- 
scription starts. The functional domains of FNR are also present in 
FnrP from P. denitrificans (47). A knock-out of its allocated gene re- 
sulted in a number of effects on gene expression, among which was a 
decrease of cco gene expression to a residual 25% of the wild-type 
level, and a threefold increase of qox gene expression. In agreement 
with this observation was the finding of an FNR-box within the pro- 
moter regions of the cco and qox gene clusters. The mutation did not 
affect the expression of cytochrome c550 or the aa3-type oxidase. More- 
over, the promoter regions of their allocated genes do not contain an 
FNR-box. Analyses of strains with promoter-reporter gene fusions 
have revealed that the expression of the cycA gene increases 10- to 
20-fold in cells grown on methanol or methylamine as compared to 
succinate-grown cells (85). Further, the authors came across two dif- 
ferent cycA promoters. Perhaps one of these promoters is switched on 
for elevated gene expression during C1 metabolism. The amount of 
aa3-type oxidase increases twofold during C, metabolism. As yet, vir- 
tually nothing is known about the nature and mode of action of the 
transcription regulators controlling their expression in response to 

. 
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the growth condition. Whether one of the regulatory proteins identi- 
fied in the Cl signal transduction network is required for the observed 
boost in induction of gene expression during growth on Cl substrates 
is a matter of speculation. 

111. Structure and Function of the MADH Redox Chain Components 

A. STRUCTURE AND FUNCTION OF AMICYANIN AND CYTOCHROME c550 

1. . Amicyanin 

Amicyanin (AmCu) is a member of the type 1 blue 
(cupredoxin) family of copper proteins. The protein functions as the 
obligate electron acceptor for the enzyme methylamine dehydroge- 
nase in the methylamine-utilizing redox chain of P. uersutus and 
P. denitrificans (86). The primary structures of amicyanin from these 
two sources (86, 87) are compared in Table I. It is clear that the ho- 
mology between the two amicyanins is high, with 63% identity of 
amino acid residues. The three-dimensional structure of the oxidized 
AmCu(I1) form of the protein from P. uersutus has been solved by 
X-ray crystallography (881, and the NMR-derived solution structure 
of the diamagnetic reduced protein is also available (89). Amicyanin 
from P. denitrificans has also been studied crystallographically in its 
Cu(I1) state (90, 91) with the structure obtained showing very high 
similarity to  that of the P. uersutus protein (uide infra). By far the 
most interesting aspect of the crystallographic studies on P. denitrifi- 
cans amicyanin is the availability of the structure of its binary com- 
plex with MADH (92) and also that of a ternary complex with MADH 
and cytochrome c551i (93, 94). These studies will be discussed in more 
detail in a later section of this review. 

The structural studies on amicyanin from P. uersutus show that the 
protein consists of nine &strands that form into two antiparallel 
p-sheets, giving the molecule an overall structural motif known as a 
@-sandwich (see Fig. 4). This overall topology is very similar to that 
of other structurally characterized cupredoxins, with the homology to 
plastocyanin being greatest (87). The only notable difference between 
amicyanin and most other cupredoxin structures is the presence of a 
21-residue N-tereminal extension that forms an extra @strand in the 
structure. The recently published structural studies (95, 96) on the 
type 1 blue copper protein rusticyanin show that it, too, possesses an 

a. Structure. 
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P. versutus 

P. denitrifxans Val Leu 

P. versutus El Phe 

P. denhfxans T r His 

P. versutus Asp Ala Ile Asn El Ser 90 

P. denitnfxans Glu Gln Ala T r Ser Leu Thr Phe Thr Glu Ala 'Ihr 

Cys Thr Pro His Pro Phe Met Arg  Gly Lys Val ~ Ile 

Cys Thr Pro His Pro Phe Met Arg  Gly Lys Val Val 

P. versutus Fl 106 

P. denitnfxans I Glu 1 
a Data for P. versutus from Ref. 73a; data for P. denitrificans from Ref. 63. Identical residues are boxed. 
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FIG. 4. Representation of the three-dimensional structure of P. uersutus amicyanin. 

N-terminal extension, but in this case it is 35 residues long and is 
involved in three &strands that contribute to both P-sheets of the 
protein. 

The single copper atom that makes up the active site of amicyanin 
is found at one end of the &sandwich (Fig. 4). The metal is strongly 
coordinated by the S of a cysteine (Cys-93) and the N6 atoms of two 
histidine ligands (His-54 and His-96). The copper atom is displaced 
by 0.4 A from the plane of these three equatorial ligands in the direc- 
tion of a distant axial methionine ligand. The active site of oxidized 
amicyanin from P. uersutus is shown in Fig. 5 and the bond lengths 
and angles found for this protein and that from P. denitrificans are 
listed in Table 11. From the numbering of the amino acids in Fig. 5 it 
is clear that one of the histidine ligands (His-54, P. uersutus number- 
ing) is found at some distance in the primary structure from the three 
other coordinating residues, which are found close together on a sin- 
gle loop. The C-terminal ligand-containing loop is a common feature 
of all the cupredoxins and the length of this loop in amicyanin is the 
shortest of all the type 1 blue copper proteins. 

Another feature of amicyanin that is common to all structurally 
investigated cupredoxins is the presence of a hydrophobic patch on 
the protein surface, which surrounds the exposed imidazole ring of 
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FIG. 5. Representation of the Cu site of P. versutus amicyanin, highlighting the loop 
that contains the three copper ligands Cys-93, His-96, and Met-99. The copper atom is 
indicated by the dark sphere in the center of the figure. 

the C-terminal histidine ligand (His-96 in the case of amicyanin). This 
patch has been proposed as the main port of entry and exit of elec- 
trons into and out of the active sites of cupredoxins. 

Spectroscopically, oxidized amicyanin from P. ver- 
sutus is typical of a type 1 blue copper protein, with a main visible 
absorption band at 596 nm, due to a p.rrS(Cys) + dxz-,2 Cu(I1) charge 
transfer transition (97-99) and a hyperfine coupling constant of 5.3 
mT in its EPR spectrum. It is known that although the cupredoxins 
are classified together on the basis of spectroscopic similarities, the 
fine details of these features differ from one member of the family to 
another. Two distinct classes of cupredoxins have been identified on 
the basis of specific spectroscopic features. These are the type 1 axial 
sites in which the g,  and g, values are close together and which have 
little absorption at around 460 nm in their visible spectra [this second 
electronic transition has been assigned as a crS(Cys) + dX2-,2 Cu(I1) 

b. Spectroscopy. 
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TABLE I1 

BOND DISTANCES AND ANGLES AT THE ACTIVE SITE OF ~ I C Y A N I N  

FROM P. versutus AND P. denitrificans 

Parameter 
AmCu(I1) AmCu(I1) 

P. versutus P. denitrificans 

Resolution (A) 
Bond lengths (A) 

Cu-Nm (His-54)” 
cu-sy (Cys-93) 
Cu-NG1 (Hig-96) 
Cu-S6 (Met-99) 

Bond angles at copper atom (degrees) 
N6’ (His-54)-Cu-SY (Cys-93) 
Nm (His-54)-Cu-NG1 (His-96) 
Nfil (His-54)-Cu-SG (Met-99) 
S r  (Cys-93)-Cu-Nm (His-96) 
S y  (Cys-93)-Cu-S6 (Met-99) 
N61 (His-96)-Cu-S6 (Met-99) 

2.15 

2.04 
2.13 
2.13 
2.84 

132 
104 
84 

111 
117 
101 

1.31 

1.95 
2.11 
2.03 
2.90 

136 
104 
84 

112 
110 
100 

“Paracoccus versutus numbering. 

charge transfer transition (98, 9911. The second class of cupredoxin 
active sites has more rhombic EPR spectra features accompanied by 
an increased absorption at 460 nm (97-99). The amicyanins from 
P. versutus (100) and P. denitrificans (62, 101) both have type 1 axial 
sites, which is thought to be consistent with a relatively long Cu-S 
(Met) axial bond length [crystallographic studies have shown that in 
type 1 rhombic sites the Cu-S(Met) bond is significantly shorter (95, 
96, 102-105)l. The relationship between the spectroscopy and active 
site structure of these two classes of type 1 copper center is supported 
hy resonance Raman studies (106, 107) showing that the more rhom- 
bic sites have a longer Cu-S(Cys) bond length. 

Recently an additional spectroscopic technique has been utilized to 
quantify the extent of the axial interaction at the active sites of cu- 
predoxins. This involves the observation and interpretation of the 
paramagnetically shifted signals in the ‘H NMR spectrum of the oxi- 
dized protein, and the pioneering work has been carried out on amicy- 
anin (108). It has been possible for the first time to observe shifted 
ligand proton (resonances and assign them using exchange spectros- 
copy on 50: 50 mixtures of oxidized and reduced samples, so as to 
correlate the paramagnetic resonances with their assigned diamag- 
netic counterparts. The paramagnetic ‘H NMR spectra of wild-type 
amicyanin, two amicyanin mutants (vide infru), and type 1 blue cop- 
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per protein azurin are shown in Fig. 6. On comparing the spectra for 
amicyanin and azurin it is clear that in the latter the CVH resonances 
of the axial Met ligand are not shifted outside of the diamagnetic 
envelope, whereas in amicyanin they are found at -11-12 ppm. Be- 
cause the observed shifts are mainly due to Fermi-contact contribu- 
tions (i.e., delocalization via covalent bonds) this demonstrates the 
presence of covalency of the Cu-S(Met) interaction in amicyanin and 
not in azurin. This is also consisteFt with the shorter reported CuTS 
(Met) distance in amicyanin (2.8 A) as compared to azurin (3.1 A). 
One of the amicyanin mutants has a rhombic type 1 site (vide infru) 
and consistent with this the shift of the CVH Met resonances is much 
larger (see Fig. 6C). 

c. p H  Switch. A distinctive feature of amicyanin is that, in the 
reduced form, the ligand His-96 protonates with a pKa of 6.7. This 
behavior was originally observed in NMR studies (109, 110) and 
later in extended X-ray absorption fine structure (EXAFS) (Ill), 
kinetic (1121, and electrochemical (113) experiments. The protonation 
of His-96 results in a trigonal geometry at the Cu(1) center. Because 
such a coordination environment is favorable for Cu(I), as compared 
to the cupric form of the protein, an increase in the reduction 
potential, on protonation, is observed (Fig. 7). This behavior of 
amicyanin is another feature that strengthens the analogy to plastocy- 
anin (PCu), which also undergoes a similar active site protonation 
(114-118). In the case of PCu(I), crystallographic studies have been 
carried out at  various pH values (117). In these investigations 
structural details of the protonation processes are obtained and these 
are illustrated qualitatively in Fig. 8. The presence of a second 
conformation of the protonated histidine, as depicted in Fig. 8, is 
evident in NMR studies on both amicyanin (110) and plastocyanin 
(118). An intriguing difference between PCu(1) and AmCu(1) lies in 
the pKa value for the protonatable histidine ligand. In PCu(I), a 
value of -5 is found whereas the pKa in AmCu(1) is almost 2 pH 
units higher. The possible physiological role that the active site 
protonation plays in the case of amicyanin will be addressed later 
in this review. However, at this stage it is interesting to note that 
plastocyanin functions in the inner thylakoid of the chloroplast, 
where the pH is known, under illumination, to be quite acidic, 
whereas amicyanin is thought to function physiologically at more 
neutral pH values. The type 1 blue copper protein pseudo- 
azurin also undergoes an active site protonation, in its reduced state, 
with a pK, value similar to  that of plastocyanin (119-121). 
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PH 
FIG. 7. Variation of the reduction potential (E") of wild-type amicyanin with pH 

( I  = 0.10 M, NaCl). The values are obtained from cyclic voltammetry and are all refer- 
enced to the NHE at 22°C. The line shown is the fit to the following equation (113): E" 
(pH) = E" (high pH) + (RT/nF) ln(1 + [H+I/Krd). 

d.  Electron Self-Exchange. Amicyanin functions as an electron 
transfer protein. A basic property of all redox couples is the process 
of electron self-exchange, whereby the two oxidation states involved 
interconvert according to the following equation: 

AmCu(1) + AmCu(I1) * AmCu(I1) + AmCu(1). 

The study of electron self-exchange rates are therefore facilitated 
by the fact that the process has no driving force. The self-exchange 
rate constant provides an intrinsic measure of the electron transfer 
capabilities of a redox metalloprotein. Reported self-exchange rate 
constants for cupredoxins range from lo3 to lo6 M-' sec-I (122). In all 
cases it is believed that type 1 blue copper proteins self-exchange via 
their hydrophobic patches and that electron transfer occurs through 
the exposed histidine ligand. However, this has only been proved in 
the case of the cupredoxin azurin (123-125). The observed self- 
exchange rate constant (25°C) of 1.2 X lo5 M-' sec-' for amicyanin at 

FIG. 6. One-dimensional water eliminated Fourier transform spectroscopy (WEFT) 
spectra of (A) wild-type amicyanin; (B) the amicyanin mutant H96D; (C) the amicyanin 
mutant H%PFM + H%QGAGM; (D) wild-type Pseudomonas aeruginosa azurin. The 
diamagnetic region from 9 to 1 ppm has been omitted from the centers of the spectra. 
The insets show the spectra in H20, where an additional peak from an exchangeable 
proton appears. Peak assignments for wild-type amicyanin are given at the top of panel 
A. All spectra were collected a t  32°C on samples containing 50 mM phosphate, pH 7.0. 
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H’ 

FIG. 8, The H+-induced dissociation of the Cu(I)-N(His-96) bond of amicyanin, and 
the existence of two conformers of the protonated form. 

pH 8.2, which is almost independent of ionic strength (110), is inter- 
mediate in the range of values reported for cupredoxins (lo3 to  lo6 
M-’ sec-’1. Plastocyanins from higher plants and green algae have 
self-exchange rate constants of -lo3 M-’ sec-’ (126). These small rate 
constants are thought to be due to the presence of a large acidic patch 
on the protein surface, resulting in a large electrostatic repulsion dur- 
ing the self-exchange process. The cupredoxin with the largest self- 
exchange rate constant is azurin (127), which does not have any areas 
of localized charge on its surface and hence protein-protein associa- 
tion is thought to  be facilitated. The intermediate value for amicyanin 
may reflect the presence of a number of basic residues around the 
periphery of the hydrophobic patch. The self-exchange rate constant 
of amicyanin is diminished at  lower pH values due to the protonation 
of His-96 (110). This leads to  an increased reorganization barrier on 
going from three-coordinate Cu(1) to four-coordinate Cu(I1) and hence 
the rate of electron transfer is lowered. 

The use of mutagenesis in the study of amicyanin 
has focused on the active site, with two types of changes made. The 
first of these involves single mutations of ligating amino acids, 
whereas the second type has focused on changing a whole ligand- 
containing loop (“loop-directed mutagenesis”). The axial ligand Met- 
99 has been replaced with a glutamine (128). The identical mutation 
of the axial Met-121 ligand of azurin has previously been carried 
out. However, subtle differences exist at the active sites of these 
two cupredoxins, making the comparison of the effect of the same 
mutation in the two proteins intriguing. The mutation has a very 
similar effect in both amicyanin and azurin, with the only difference 
being a less rhombic EPR spectrum in the former. Both the M99Q 

e. Mutants. 
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and M121Q mutants of amicyanin and azurin, respectively, are good 
models for the active site of stellacyanin, which naturally has an 
axial glutamine ligand. 

The replacement of the equatorial ligand His-96 by an aspartate 
has also been carried out in amicyanin (129). The mutant binds Cu(I1) 
to give a variant that is spectroscopically and probably structurally 
similar to  the wild-type protein. The electron self-exchange rate con- 
stant of both the M99Q and the H96D amicyanin mutants is consider- 
ably diminished, by approximately two orders of magnitude, when 
compared to the wild-type value of 1.2 X lo5 M-' sec-'. In the case of 
the .H96D mutant it is possible that the efficient electron transfer 
pathway, involving His-96, has been destroyed. This is further high- 
lighted by the fact that wild-type amicyanin gives a good electrochem- 
ical response at a bare glassy carbon electrode but that the H96D 
mutant does not. An alternative argument could be that in both the 
H96D and M99Q variants the reorganization energy of the site has 
been increased by the mutations made. 

As mentioned earlier in this section, three of the four active site 
ligands in cupredoxins are situated close together on a single loop (see 
Fig. 5). In Table I11 the loops found in this area of three different 
cupredoxins are shown. To investigate the role the length and compo- 
sition of this loop have on the active site properties of amicyanin the 
corresponding loops from plastocyanin (113) and azurin (130) have 
been introduced. The properties of these mutants are compared to 
wild-type protein in Table IV. In both cases a novel site that is pro- 
duced does not resemble, spectroscopically, wild-type amicyanin or 

TABLE I11 

C-TERMINAL LIGAND-CONTAINING LOOP OF Paracoccus uersutus AMICYANIN, POPLAR 
PLASTOCYANIN, Alcaligenes faecalis S-6 PSEUDOAZURIN, AND 

Pseudomonas aeruginosa AZURIN 

Protein Partial C-terminal amino acid sequences 

Amicyanin 93 Thr - Pro - Pro - - Phe ri 
Plastocyanin 84 Ser - Pro - Gln Gly Ala Gly Met 

Pseudoazurin 78 Cys Thr - Pro - Tyr Ala Met Gly Met 

Azurin 112 Cys Thr Phe Pro Gly Pro - Ala Leu Met 
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TABLE IV 

COMPARISON OF THE PROPERTIES OF WILD-TYPE AMICYANIN AND THE PLASTOCYANIN AND 
AZURIN LOOP MUTANTS 

Properties Wild type Plastocyanin loop Azurin loop 
~ ~~ 

Main visible absorption (nm) 596 593 608 
A--15ofA--600 0.10 0.26 0.19 
EPR Axial Rhombic Rhombic 
Reduction potential (pH 7.0, mV) 234 301 n.d." 
Active site pK. 6.7 5.6 <5.7 

a n.d., Not determined. 

the protein whose active-site loop was introduced. It is also interest- 
ing to note that in both cases the pK, for His-96 is >1 pH unit lower 
and that the rate of electron self-exchange is diminished. 

A final loop-directed mutagenesis experiment carried out on amicy- 
anin involved the introduction of a dinuclear CuA center, such as that 
found in subunit IT of CCO (Fig. 9) (131). This was achieved by replac- 
ing the wild-type loop between Cys-93 and Met-99 with the sequence 
AEICGPGHSG containing an additional cysteine. The CUA variant 
has spectroscopic properties very similar to  those of native CUA cen- 

FIG. 9. Representation of the engineered CuA site in the soluble domain of subunit 
I1 of the bo3 quinol oxidase from E. coli (37). 
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ters (Fig. 10). The paramagnetic form of this mutant has been studied 
using proton NMR. In this case, as compared to that of wild-type ami- 
cyanin (Fig. l l ) ,  much sharper isotropically shifted 'H NMR reso- 
nances are observed (132), due to much faster electronic spin relax- 
ation. The Fermi-contact shifts have been used to provide detailed 
information concerning the spin density distribution on the CuA li- 
gands. The amount of spin density on the ligands is approximately 
the same in the CuA center as in the mononuclear type 1 site. How- 
ever, in the former this involves two cysteine and two histidine li- 
gands. The two weak axial interactions at  the CuA site carry less than 
1% spin density and probably have very little covalency. A comparison 
to the spectrum of the soluble CuA domains of the CCOs from B. sub- 
tilis (133) and P. uersutus (134) confirm the similarity of the electronic 
structure of the CuA amicyanin mutant to those of native sites. 
2. Cytochrome c550 

a. Structure. The cytochrome c (cyt c )  component of the MADH 
redox chain is the monoheme type I cyt c550 (also known as cyt cz). The 
amino acid sequences of the cyt c550s from P. uersutus (135) and 
P. denitrificans (136) are shown in Table V. From this comparison it 
is clear that there is a strong similarity (84%) between the proteins 
from these two sources. Cytochrome c550 is one of the larger of the 
bacterial members of this class of metalloproteins and exhibits the 
highest similarity to the mitochondrial cyt c (137). A major difference 
between the bacterial cyt c550s and the mitochondrial cyt cs is the pres- 
ence of a C-terminal 13- to 16-amino-acid-long tail in the former. 

The three-dimensional structure of cyt c550 from P. uersutus is not 
currently available, although NMR studies have provided details of 
the secondary structure elements plus the dynamic properties of the 
protein (138). The crystal structure of cyt c550 from P. denitrificans has 
been reported (139) at 1.7 A resolution (see Fig. 12). The structure 
shows that the heme group is surrounded by five helices. The proto- 
porphyrin M ring is covalently attached to the protein via thioether 
linkages between its vinyl groups and two N-terminal cysteine resi- 
dues of the protein. Typically, the cysteines are found in the consen- 
sus sequence CXXCH. The iron component of the heme is further 
attached to the protein via two axial ligands: the W2 of His-19 and 
the S6 of Met-100. The complex environment of the heme in P. deni- 
trificans cyt c550 also consists of a number of hydrogen bonding inter- 
actions involving six water molecules, the side chains of Thr-35, Arg- 
45, Tyr-55, Trp-71, and Tyr-79, plus a number of protein backbone 
groups. 
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FIG. 11. WEFT spectra of (a) wild-type amicyanin in ,H20 at  32"C, with the inset 

showing the spectrum in H,O, (b) CUA amicyanin in ,H20 at 25"C, (c) the region between 
40 and 10 ppm in the spectrum of CuA amicyanin in ,HzO a t  T C ,  and (d) the same 
portion of the spectrum of CuA amicyanin in H,O at 7°C. 

FIG. 10. Visible spectra of the CuA amicyanin variant and the CUA domain of COX 
from B. subtilis. (A) The CuA amicyanin sample was in HEPES buffer at pH 7.0 whereas 
the CuA domain was in Tris buffer at pH 8.0. (B) The EPR spectra were obtained with 
the samples at 23 K, with glycereol added as a cryoprotectant. (C) The resonance Ra- 
man spectra of CuA sites on 488-nm (-150-mW) excitation at 15 K. CCO fragments 
from P. denitrificans (2.0 mM in CuA), T. thermophilus (1.8 mM in CUA), B. subtilis (1.5 
mM in CuA), CuA construct in P. aeruginosa azurin (-0.4 mM in CUJ, and CUA construct 
in P. versutus amicyanin (1.7 mM in CuA). 
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TABLE V 

COMPARISON OF AMINO ACID SEQUENCES OF CYTOCHROME c550 FROM Paracoccus uersutus 
AND Paracoccus denitrificans" 

Tv 1 MKISIYATLAALSLALPAVA/QEGDAAKGEKEFNKCKACHMVQAPDGTDIV 50 

Pd 1 MKISIYATLAAITLALPAAA/QDGDAAKGEKEFNKCKACHMIQAPDGTDII 50 

* * * * * * * * * * *  * * * * *  * * * *****************  ********  

Tv 51 KGGKTGPNLYGWGRKIASVEGFKYGDGILEVAEKNPDMVWSEADLIEYV 100 

Pd 51 K G G K ' k P N L Y G W G R K I A S E E G F K Y G E G I L E V A E K N P D L T W L I E Y V  100 
* * * * * * * * * * * * * * * * * * *  * * * * * *  ***********  * ********  

. Rr 101 TDPKPWLVEKTGDSAAKTKMTFKLGKNQADWAFLAQHSPDAGAEA-APA 149 

Pd 101 TDPKPWLVKMTDDKGAKTKFKMGKNQADWAFLAQNSPDAGGDGEAAA 150 
* * * * * * * *  * ******** *************  *****  * *  

Tv 150 EGAAN 154 
* *  * 

Pd 151 EGESN 155 

a Identical residues are indicated; Tv, P. uersutus (formerly Thiobacillus uersutus); 
Pd, P. denitrificans. 

Although P. denitrificans cyt ~ 5 5 0  consists of 135 amino acid residues 
(134 in P. uersutus), only 122 of these were observed in the crystallo- 
graphic studies. It has been suggested that this observation is consis- 
tent with proteolytic cleavage of the C terminus of the protein, which 
has also been observed in mass spectroscopic studies on the P. uersu- 
tus protein (138). Recent NMR studies on P. uersutus cyt c550 have 
clearly shown that, in solution, the C terminus of the protein is un- 
structured and highly mobile, thus making it more prone to proteoly- 
sis (138). 

A common feature of most c-type cytochromes is the presence of a 
ring of basic residues surrounding the exposed heme edge. The center 
of this ring has a more hydrophobic nature with a conserved phenylal- 
anine residue being found here. Cytochrome c550 is no different from 
the other members of this family in this respect and the role of this 
surface patch on the electron transfer reactions of the protein will be 
discussed in subsequent sections of this review. 

Cytochrome c550 possesses a low-spin iron center (except at  extremes 
of pH values) due to the presence of the axial histidine and methio- 
nine ligands (140). Therefore, the oxidized form of the protein (Fe3+, 
d5) is paramagnetic and the reduced form (Fez+, d6) is diamagnetic. 
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FIG. 12. Ribbon representation of a model of P. versutus cyt cSSO based on the struc- 
ture of the P. denitrificuns protein. The heme, axial ligating residues, and His-118 are 
in ball-and-stick representation. N and C indicate the N and C termini, respectively. 

The visible spectrum of the reduced protein is typical of that of a 
c-type cytochrome. The a-band is found at  550 nm, which is utilized 
in the classification of the protein. On oxidation the a- and &bands 
broaden and the intense Soret transition shifts from 416 to 410 nm 
and its molar absorptivity lowers. An interesting feature of the visible 
spectrum of the oxidized protein is a weak transition at 696 nm 
thought to be due to the presence of an axial methionine ligand. The 
EPR spectrum is typical of a c-type cytochrome with values of 1.08, 
1.91, and 3.35 for g, ,  g, ,  and g, ,  respectively. 

At high pH the oxidized form of cyt ~ 5 5 0  undergoes 
a number of spectroscopic changes. This is thought to  be the result of 
deprotonation of a lysine residue, which, in its neutral form, replaces 
the methionine as the axial ligand to the iron (141). This conclusion 
is consistent with the observations that the 696-nm visible absorption 
band disappears at high pH, and with a decrease in the isotropic shift 
of the C"H3 resonance of the methionine ligand in the 'H NMR spec- 
trum. In cyt ~ 5 5 0  the alkaline transition occurs with a pKa of around 
11, whereas in mitochondria1 cyt c the pKa is lower, with a value be- 
tween 9 and 10 typically found (142). 

b. p H  Effects. 
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A number of mutations have been introduced in P. versutus cyt c550 

in order to investigate the alkaline transition in this protein. The resi- 
due Lys-14, which is found in the ring of basic residues surrounding 
the exposed heme edge, has been replaced with a glutamine and a 
glutamate (143). The rationale behind these changes came from work 
on horse cyt  c in which the corresponding Lys-13, which is involved 
in a salt bridge with Glu-90, was chemically modified with a neutral 
and a negative group. In both cases a lowering of the pK, for the 
alkaline transition of 1 pH unit was observed and was ascribed to the 
breaking of the salt bridge (144). The Lys-14Glu and Lys-14Gln mu- 
tants of cyt  ~ 5 5 0  have pK, values, for the alkaline transition, that are 
almost identical to that of wild-type protein. This shows that salt 
bridges made by this residue are not important in maintaining the 
high pK, of the alkaline transition in cyt c550.  

Various studies on mitochondrial cyt c have led to the proposal that 
two different lysine residues can coordinate to the metal atom, in 
place of the axial methionine, at alkaline pH values, and site-directed 
mutagenesis experiments have shown that Lys-79 is one of these 
(145). The corresponding lysine of cyt  c550 from P. uersutus (Lys-99) 
has been replaced with a glutamine (146). The effect on the pK, of the 
alkaline transition is minimal; the value has lowered by 0.4 pH units 
to 10.8 in the Lys-99Glu variant. This indicates that the role of this 
residue in the alkaline transition is not so prominent as in the case 
of the mitochondrial protein. 

A more direct investigation of the alkaline transition of c-type cyto- 
chromes involved the replacement of the axial Met-100 ligand by a ly- 
sine in cyt ~550. This produces a variant in which Lys-100 is thought to  
be the axial ligand and which exhibits spectroscopic properties similar 
to  the alkaline form of cyt c (147). These spectral features are indepen- 
dent of pH up to a value of 12. Interestingly, the Met-100Lys mutant of 
cyt  c550 exhibits certain spectroscopic properties similar to cytf ,  in which 
the N terminus of Tyr-1 is known to be one of the axial ligands (148). 

c. Redox Potential. The reduction potential of cyt  c550 is typical for 
this class of heme-containing proteins, and a value of 252 mV in 50 
mM cacodylate buffer at pH 7 (and at room temperature) has been 
reported (147). The reduction potential of cyt c550 is independent of 
ionic strength but is affected by pH, as shown in Fig. 13. This depen- 
dence of the reduction potential on pH is thought to be mainly due to 
protonation/deprotonation of the heme propionates. Of the mutations 
made in cyt c550, those at  positions 14 and 99 have very little effect on 
the reduction potential. However, the replacement of the axial methi- 
onine ligand with a lysine leads to a drop of approximately 330 mV 
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FIG. 13. Midpoint potential (E") as a function of pH. Data points ( 2 3  mV) were 
obtained with cyclic voltammetry. Protein concentration was 0.10-0.15 mM in 50 mM 
cacodylate/NaOH or HEPES/NaOH buffer. The solid circles and the lefty axis refer to 
wild-type cyt c550, whereas the open circles and the right y axis are for the MlOOK 
cytochrome c550 variant. 

in the reduction potential. Again, a pH dependence of the reduction 
potential similar to  that in the wild-type protein (Fig. 13) is seen. The 
drastic effect of the Met-100Lys mutation on the reduction potential 
of cyt c550 is not unexpected, because it gives a potential very similar 
to that observed for the alkaline form of cyt c. Cytochrome f has a 
much higher reduction potential of 365 mV, which is thought to be 
due to the more buried nature of the heme in this protein (148).  

Numerous studies have been made of 
the self-exchange reactivity of class I c-type cytochromes (149-156). 
In most of these it is found that the protein has a low self-exchange 
rate constant at low ionic strength, which increases as the ionic 
strength is increased. This behavior is thought to  be due to the basic 
residues that surround the exposed heme edge and prevent efficient 
protein-protein association. The small (80 amino acid residues) cyt 
c551s are known to behave differently with respect to  self-exchange 
reactivity. These bacterial proteins have ionic-strength-independent 
self-exchange rate constants of lo7 M-' sec-' (152). This has been at- 
tributed to the smaller number of basic residues around the exposed 
heme edge of these proteins and to the presence of a larger hydropho- 
bic patch in this area. 

d.  Electron Self-Exchange. 



386 DENNISON ET AL 

Cytochrome c550 from P. uersutus has a self-exchange rate constant 
(40°C) of 2 X lo2 M-' sec-' at zero ionic strength and a pH of 6.0 (143). 
The self-exchange rate constant increases by almost three orders of 
magnitude to 1 X lo5 M-' sec-' at  an ionic strength of 0.55 M .  The 
P. denitrificans protein appears to be more efficient at  self-exchang- 
ing, with a reported (151) rate constant (25°C) of 1.6 X lo4 M-' sec-' 
( I  = 0.1 M and pH 7.5), which compares with a value (40°C) of 4 X 
lo3 M-' sec-' for the P. uersutus protein under similar conditions ( I  = 

0.1 M ,  pH 6.0). These differences are thought to be due to small struc- 
tural variations among the two proteins, especially regarding the sur- 
face charge properties. 

The two mutations at positions 14 ofcyt c550 from P. uersutus both 
have an effect on the self-exchange rate constants (40'0, with values 
at  zero ionic strength of 7 X lo3 and 1.2 X lo4 M-' sec-' reported for 
the Lys-14Gln and Lys-14Glu variants, respectively (pH 6.0) (143). 
This observation proves the role of the positive area around the heme 
edge as the recognition site involved in the self-exchange process. It 
also shows that the removal of a single positive charge in this area 
favors the formation of an encounter complex and results in a higher 
second-order self-exchange rate constant. 

B. STRUCTURE AND FUNCTION OF METHYLAMINE DEHYDROGENASE AND 
CYTOCHROME c OXIDASE 

1. Methylamine Dehydrogenase 

MADH from 
P. uersutus is an a2Pz heterotetramer with subunit molecular masses 
of 47.5 and 12.9 kDa, respectively. The small subunit contains the 
prosthetic group tryptophan-tryptophyl quinone, which is formed by 
a 2'-4 covalent cross-link of two tryptophan residues (Trp-57 and 
Trp-108; see Fig. 14) (157). Trp-57 is further modified at positions 
C-6 and C-7 to yield an orthoquinone structure with Em? = 90-100 
mV (158). 

The three-dimensional structures of MADH from P. uersutus and 
P. denitrificans have been determined in the presence and absence of 
amicyanin, and in the presence of amicyanin and cytochrome c551i (57, 
59-61, 92, 159). The architecture of the tetramer is best described as 
consisting of two ap catalytic units (Fig. 15). Each a-subunit interacts 
with the @subunit in the ap catalytic units and with the a-subunit of 
the other a@ catalytic unit, but there are no interactions between the 
two &subunits of the tetramer. The large subunit consists of seven 

a. Structural Aspects of Methylamine Dehydrogenase. 
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FIG. 14. Structure of the tryptophan-derived TTQ cofactor of MADH. The covalent 
attachment to the protein through the C@ atoms of the modified tryptophans is also 
shown. 

four-stranded antiparallel @-sheets arranged in a circle with a quasi- 
sevenfold axis. The right-handed twist of these antiparallel 0-sheets 
gives this subunit the appearance of a propeller. The small subunit 
consists of a central three-stranded @-sheet and some smaller @ struc- 
tures. These 0-sheets are connected by long loops and extended re- 
gions. The small subunit contains 12 cysteine residues, all of which 
are involved in disulfide bridge formation, and this extensive cross- 
linking provides the small subunit with a very rigid structure. 

The angle between the planes formed by the indole rings of the TTQ 
cofactor is approximately 40”, a value similar to that observed by 
NMR for a TTQ model compound (161) and also similar to what has 
been calculated (162). This calculation-based structure suggests that 
the protein is not a strong determinant of the TTQ conformation. Al- 
though the TTQ cofactor, especially the Trp-108 moiety, is located 
close to the surface of the protein, it interacts via hydrogen bonding 
with many surrounding residues, all of which (except Phe-64) are de- 
rived from the @-subunit (Fig. 16). In fact, all potential H-bond donors 
and acceptors of the TTQ cofactor participate in H bonding. There is 
a small pocket near the orthoquinone moiety of Trp-57-involving 
only C-6 and 0-6 and not C-7 and O-7-where substrate and/or am- 
monia (or water) can bind. Atoms C-5’ and C-6’ of Trp-108 are acces- 
sible to solvent but are covered by amicyanin in the MADH- 
amicyanin complex (at least in P. denitrificans) and close to the Cu 
site. The distance between C-6’ of Trp-108 and the Cu of amicyanin js 
9.3 A; the distance between C-6’ and His-95 of amicyanin only 5.4 A. 

The pH 
profile of the reaction catalyzed by MADH is strongly dependent on 
the type of electron acceptor. Using artificial dyes as electron ac- 
ceptors, a pH optimum around pH 7.5 occurs, whereas with amicya- 

b. Factors Affecting the Structure and Activity of MADH. 
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FIG. 15. Representation of the structure of methylamine dehydrogenase based on 
the crystal structure (60, 159). The secondary structure elements, p-sheets and cy-heli- 
ces, are indicated as plates. The cofactor l"l'Q is presented in a ball-and-stick form. 
(Top) This representation shows clearly the small and large subunits, with the ex- 
tended arm of the large subunit embracing the small subunit. (Bottom) The molecule 
is turned 90" with respect to the orientation in the top drawing, along the sevenfold 
symmetry present in the large subunit. A remarkable feature is that the cofactor is 
located on the extension of this sevenfold axis. 

nin no pH optimum is observed (163). Furthermore, the absolute 
turnover number obtained with the natural electron acceptor is much 
higher (under optimal conditions at 2WC, k,,, = 55 electrons/sec) than 
is obtained with the dyes. As may be expected from products formed 
in the reaction, both [H'I and "Hi] have a strong effect on the vari- 
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FIG. 16. Stereoview of the TTQ cofactor and surrounding residues. In bold, Trp-108, 
Trp-59, and Asp-74; disulfide bridges are shown between Cys-109 and Cys-78 (left) and 
between Cys-77 and Cys-121 (right). 

ous steps of the overall reaction. However, other monovalent cations 
can have similar effects. 

The optical spectrum of MADH is largely due to the optical proper- 
ties of the cofactor TTQ (Fig. 17). Ammonia but also other monovalent 
cations such as CS', Rb', K', Na+, and Li', or substrate analogues 
such as trimethyl- or tetramethylammonia, have a profound effect on 
the optical spectrum of W H , , ,  MADH,,,,, and W H r e d ,  and also 
on the activity of the enzyme (163-165). To interpret the different 
effects on the optical spectrum and on the rate of various intermedi- 
ate steps, it is appropriate to distinguish two types of binding sites 
for monovalent cations, type I and type 11. In the presence of cations 
such as trimethylammonium and tetramethylammonium, a red shift 
in the optical spectrum is observed (type I), whereas others (K' and 
Na') change the optical spectrum in a manner as observed for reduc- 
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FIG. 17. Left: Absorption spectra of W H O .  and W H r d  (obtained with methyl- 
amine addition) a t  pH 7.0. Right Absorption spectra of the three redox forms of MADH 
at  pH 9.0, the reduced forms being obtained by dithionite addition. The enzyme concen- 
tration in both panels is 30 @. 
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tion (type 11). Cations such as Li', Rb', Cs+, and NH; may bind to 
both the type I and type I1 binding sites because they show both opti- 
cal effects dependent on pH and concentration. Cations binding to the 
type I binding site compete with the substrate methylamine for bind- 
ing; binding constants calculated for MADH,, using either an equilib- 
rium binding method or the stopped-flow approach yield the same 
value. A type I optical spectrum is transiently formed on binding of 
the substrate. 

Resonance Raman spectroscopy suggests a strong electrostatic in- 
teraction between type I monovalent cations and the TTQ, but a cova- 
lent bond is not formed between the cation and the cofactor (166). In 
particular, an electrostatic interaction with the C-6 carbonyl oxygen 
atom has been postulated. EPR experiments clearly show strong mag- 
netic coupling between the 14N or 15N nucleus of added NH; and the 
electron spin in "dithionite-generated" TTQ,,,, , but also between the 
Cs nucleus and TTQ,,,, (167, 168). Because Cs' does not bind cova- 
lently to  TTQ,,,,, covalent binding of ammonium or formation of an 
iminosemiquinone is not a prerequisite to  interpret the EPR experi- 
ments. In agreement with this is the occurrence of the C-6 oxygen 
vibration in the resonance Raman spectrum of the dithionite-gener- 
ated TTQ,,,, in the presence of added ammonium. In other words, the 
C-6 oxygen atom is not displaced by NH: and binding of the cation 
close to the TTQ,,,, may be sufficient to  elicit the broadening effects 
seen in EPR. 

This latter interpretation is apparently in contradiction to the in- 
terpretation given of the electron spin echo envelope modulation 
(ESEEM) experiments in which TTQ,,,, had been generated with 
14N- or 15N-labeled methylamine (169). Like the EPR spectrum, the 
ESEEM spectrum showed magnetic interaction between the electron 
spin and the substrate nitrogen. However, the magnitude of the 14N 
isotropic coupling was proposed to indicate covalent attachment of the 
substrate nitrogen to the TTQ,,,, , i.e., the iminosemiquinone had been 
generated. Recent ESEEM expeiments on the dithionite-generated 
TTQ,,,, indicate that this radical is mainly in the anionic form, with 
the C-6 oxygen forming a hydrogen bond, and further that the angle 
between the indole ring planes is 48" f 11" (170). 

The location of the type I1 binding site is more difficult to establish. 
The binding affinity is lower and less specific than for the type I bind- 
ing site, but in view of the strong negative cooperativity observed be- 
tween type I and type I1 cations and the large optical effects dis- 
played, the type I1 binding site is expected to be close to  the TTQ. The 
monovalent cations not only bind to MADH,, but also to MADHred and 
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MADH,,,,, as is clear from both optical and EPR spectroscopy. In the 
presence of Cs+, Na+, and NH,', the amount of TTQ semiquinone in- 
creases, thus this state is selectively stabilized by these cations. In 
contrast, trimethylamine binds most strongly to MADH,, does not 
bind to MADHd, and slightly decreases the amount of TTQ,,, . 

Although k,,, and the rate of reduction of TTQ,, by substrate me- 
thylamine are practically independent of pH, the rates of other steps 
show a clear pH dependence and generally increase with increasing 
pH. For example, the rate of association of methylamine and the spec- 
ificity constant kCatIK, for amicyanin are strongly pH dependent. The 
rate of association of methylamine shows an apparent pK of 8.7 that 
may be ascribed to the presence of a protonatable group on W H ;  
methylamine CpK, = 10.7) is, in this interpretation, assumed to bind 
as the protonated cation. The pH dependence of the specificity con- 
stant for amicyanin can be explained by assuming the presence of two 
protonatable groups with pK, values of 6.7 and 8.2. The pK, value of 
6.7 may correspond to the histidine residue, which, when protonated, 
is responsible for the low rate of the self-exchange reaction of amicya- 
nin. The pK, of 8.2 may be due to deprotonation of the cation binding 
site (possibly Asp-76) on the enzyme, similar to  what has been con- 
cluded on the basis of the optical effects seen for MADH from P. deni- 
trificans. 

Because TTQ is a two-electron donor and amicyanin is a one-elec- 
tron acceptor, one can in principle observe two different TTQ-associ- 
ated oxidation phases, namely, from TTQred + amicyanin and from 
TTQ,,,, + amicyanin. This is borne out experimentally. The first reac- 
tion, TTQred -+ amicyanin, is much slower than the second, because 
the TTQ,,,, form is not normally observed. However, in the presence 
of monovalent cations the first oxidation step is accelerated much 
more than the second, consistent with the accumulation of the TTQ,,,, 
under these conditions. The monovalent cations do not influence the 
affinity of amicyanin for MADH but directly affect the rate of electron 
transfer from the TTQ to the copper site. A semiquantitative analysis 
suggests that monovalent cations specifically lower the reorganiza- 
tional barrier (by lowering the value of the reorganization parameter 
A (2.2 eV) (cf. 171) for the first oxidation step somewhat more than 
for the second, whereas the change in redox midpoint potentials has 
only a minor effect on the rates. 

2. Cytochrome c Oxidase 

The DNA-derived protein sequence of cytochrome c oxidase from 
P. versutus is very similar to that of P. denitrificans (172). The enzyme 
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is present in the cytoplasmic membrane of the bacterium and deter- 
gents are required for its isolation. To purify the enzyme, the mem- 
branes are first preextracted with sodium deoxycholate, which re- 
moves loosely bound proteins and the less hydrophobic proteins. 
Triton X-100 is further used to solubilize the enzyme from P. uersu- 
tus, followed by chromatography on diethylaminoethyl (DEAE) and 
Q-sepharose columns; a pure enzyme preparation is obtained only 
after two additional chromatography runs on Mono-Q. 

The enzyme purified in Triton X-100 consists of two subunits with 
apparent molecular masses of 33 and 50 kDa. Its optical spectrum 
shows features characteristic for cytochrome uu3: a y band maximum 
at 426 nm and an cr band maximum at 603 nm for the oxidized en- 
zyme; these values shift to  444 and 605 nm, respectively, for the dithi- 
onite-reduced enzyme. The low-temperature EPR spectrum of the oxi- 
dized enzyme shows signals originatizlg from low-spin heme u (gr,y,x = 

2.94, 2.29, 1.39) and from CuA (gz = 2.18 and gx,y - 2.01). EPR signals 
from cytochrome a3 and CuB are absent, perhaps due to the antiferro- 
magnetic coupling between these redox centers. The reduced enzyme 
shows no EPR signals. All these structural and spectroscopic proper- 
ties are similar to  those obtained for the cytochrome uu3 oxidase from 
P. denitrificuns and mitochondria1 cytochrome uu3 oxidases (1 73,174). 

Optimal activity of the purified enzyme solubilized in Triton X-100 is 
obtained in the presence of excess phospholipids. The pH optimum of 
the steady-state reaction with horse heart ferrocytochrome c occurs at 
pH 6, yielding a turnover of about 80 electrons/sec, similar to  the value 
obtained for the enzyme from P. denitrificans. Remarkably, a purified 
membrane-bound c cytochrome, identified by its N-terminal sequence 
as cytochrome c1 from the bcl complex, stimulates the rate of electron 
transfer between horse heart cytochrome c and the cytochrome c oxi- 
dase by about a factor of two. The in uitro enzyme assay with purified 
cytochrome oxidase and reduced amicyanin showed no activity; only 
after the addition of endogenous cytochrome c550 (or horse heart cyto- 
chrome c )  did oxidation of amicyanin occur, in agreement with the se- 
quence of electron transfer; ami + cyt c550 -+ CCO. 

IV. Electron Transfer Kinetics and Enzymology 

A. THE CATALYTIC CYCLE OF MADH 

By analogy with the copper-topaquinone-containing amine oxidase, 
the catalytic cycle of MADH can be viewed as comprising a reductive 
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part and an oxidative part (175). As discussed above, spectroscopic 
techniques such as EPR, ESEEM, and resonance Raman spectroscopy 
indicate that the substrate, or more specifically the ammonium group 
of the substrate, binds in close vicinity to the TTQ cofactor. Because 
Cs+, for example, produces effects in the EPR spectrum of TTQsemi 
similar to  those of ammonia, i.e., hyperfine coupling to the electron 
spin, the conclusion that these monovalent cations interact electro- 
statically with TTQ seems justified. However, recent studies have in- 
dicated that an iminosemiquinone is probably formed (177,178). Both 
alternatives have been incorporated in the scheme of the catalytic 
cycle :depicted in Fig. 18. 

As a first step, an electrostatic Michaelis complex is formed (see 
Fig. 18A) between protonated methylamine and MADH (perhaps in- 
volving Asp-76), as evidenced by the transient red shift observed in 
stopped-flow experiments (163). Hereafter, a nucleophilic attack by 
the amine nitrogen of the substrate takes place at  position C-6 of 
the TTQ cofactor (159). The carbinolamine thus formed expells water, 
leading to the formation of the substrate imine. The expelled water 
molecule may remain closely bound to the cofactor. The next step is 
a-proton abstraction (by Asp-76) from the substrate and simultaneous 
reduction of TTQ, yielding the so-called product imine. Evidence in 
agreement with proton abstraction (although hydrogen or hydride 
transfer cannot be ruled out) may come from the large deuterium iso- 
tope effect associated with this step (179-181). Next is the release of 
the product formaldehyde; its oxygen atom is proposed to be derived 
from the enzyme-bound water molecule. At this stage the reductive 
phase, leading to the formation of the aminophenol intermediate, is 
completed. 

The oxidative phase (see Fig. 18B) consists of two sequential one- 
electron oxidation reactions with two different amicyanin molecules. 
On the basis of experiments with apoamicyanin and Zn2+- or Ag'- 
substituted amicyanin, one can conclude that oxidized amicyanin has 
a much higher affinity for MADH than does reduced amicyanin, and 
further that reduced amicyanin rapidly dissociates from the enzyme 
(vide infru) (182). The presence of ammonia or another monovalent 
cation in the active site promotes rapid oxidation by amicyanin; in 
particular, the rate of the step from the fully reduced cofactor to the 
semiquinone state is enhanced (176, 183). It was further observed 
that the rate of oxidation by amicyanin of the hydroquinone form of 
TTQ in the absence of NH; is about 20- to 30-fold lower than the rate 
of oxidation of the aminophenol (1 76). Nevertheless, whether oxida- 
tion of the aminophenol to the iminosemiquinone occurs in the cata- 
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A Trp 57 Trp 57 Trp 57 

0 .  - ,O-H 

Y 
Asp 76 Asp 76 Asp 76 

(Michaelis-complex) (Carbinolarnine) 

Trp 57 Trp 57 Trp 57 

(Substrate Irnine) (Product Irnine) (Amino phenol) 

FIG. 18. Catalytic cycle of methylamine dehydrogenase. Both the reductive phase 
(A) and the oxidative phase (B) are shown; h i ,  amicyanin. See text for details. 

lytic cycle or during hydration to the hydroquinone form, followed by 
oxidation to the anionic semiquinone (Fig. MB), cannot be decided on 
basis of these latter observations. It is also possible that both reac- 
tions may occur. After this step either semiquinone intermediate, or 
both, may be further oxidized by a second molecule of amicyanin, 
yielding TTQ,,. In this last step, the monovalent cation NH; dissoci- 
ates from MADH, either by itself or as a result of the binding of a 
substrate molecule, initiating the next catalytic cycle. 

B. REACTIONS BETWEEN PARTNERS OF THE MADH REDOX CHAIN 

Electron transfer reactions have been investigated only for the first 
three members of the MADH redox chain from P. uersutus. In the case 
of the P. denitrificans system extensive studies have been carried out 
on the reaction between amicyanin and the enzyme MADH (160,171, 



MADH ELECTRON TRANSFER CHAIN 395 

B Trp 57 Trp 57 

H+ 

O Y O  

Asp 76 

NH4+ 

O Y O  

Asp 76 

(Aminophenol) (Hydroquinone) 

Ami,, Ami,, 

H+ + Amired Amired + H+ 
Trp 57 Trp 57 

H+ 

O Y O  

Asp 76 

H20 

y $ H  L.. I 

0 

H.--O 

NH4+ 

O Y O  

Asp 76 

(Iminosqniquinone) (Anionic semiquinone) 

T Q o x  
FIG. 18. Continued 

176, 177, 184). The availability of the crystal structure of the binary 
complex of these two proteins (92) adds to the impact of these studies, 
and provides a model to  which current electron transfer theories can 
be applied. The theoretical results can then be compared with kinetic 
studies of electron transfer within the complex. Additional studies 
(185, 186) have focused on the electron transfer reaction between 
MADH, amicyanin, and cytochrome c551i from P. denitrificans (as 
pointed out in Section 11, MADH and amicyanin are induced by 
growth on methylamine, and cytochrome c551i is induced by growth on 
methanol). Again, a crystal structure is available for the complex of 
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these three proteins (89, 90). Studies have also been published on the 
reaction between cytochrome c550 and the CuA domain of subunit I1 of 
cytochrome c oxidase, both from P. denitrificans (187). 

Studies of the P. versutus system have concentrated on the non- 
physiological electron transfer reaction between MADH and cyto- 
chrome c550 (182). The effects of the Lys-14Gln and Lys-14Glu muta- 
tions, at  the exposed heme edge of cytochrome ~ 5 5 0 ,  on this reaction 
have been evaluated. Removal of the positive charge at position 14 
results in a 20-fold lowering of the second-order rate constant for the 
reductiop of cytochrome c550 by MADH. The introduction of a negative 
charge at this position results in a much larger decrease in the ob- 
served rate constant (500-fold). These large effects are not due to al- 
terations in the driving force for the different reactions because the 
reduction potentials of the two cytochrome c550 variants are almost 
the same as the wild-type value (vide supra). Additionally, the two 
variants both have self-exchange rate constants larger than the wild- 
type value, and from simple Marcus theory an increase in the rate 
constant for the cross-reaction with MADH would be expected. These 
results clearly indicate that the positive charge around the heme edge 
of cytochrome c550 is important for association with a negatively 
charged region on MADH. Consistent with this observation, the sec- 
ond-order rate constant for the reduction of wild-type cytochrome c550 

by MADH decreases as the ionic strength is increased. 
An extension of the above studies provides a very interesting in- 

sight into the interaction between MADH and amicyanin (182). Ex- 
periments were carried out using redox-inert analogues of oxidized 
and reduced amicyanin to block the reaction between MADH and cy- 
tochrome c550. Zn(I1)- and Ag(1)-substituted amicyanin were utilized, 
and the results of these experiments are shown in Fig. 19. The much 
greater effect of the Zn(I1)-amicyanin on the reaction indicates that 
the oxidized cupredoxin has a much greater affinity for MADH than 
does its reduced counterpart. This makes perfect sense in that physio- 
logically oxidized amicyanin needs to  associate more strongly with 
MADH, so that electron transfer can occur. Once the electron has 
been passed to the copper site the decreased affinity of the reduced 
protein would facilitate dissociation. Involvement of the protonatable 
His-96 ligand of amicyanin, which is found in a central position of 
the interface between the two proteins (see Fig. 20; vide infra), is an 
intriguing option. It has been proposed that once electron transfer 
from MADH to amicyanin has occurred the histidine ligand will pro- 
tonate [the pK, of His-96 in Cu(1) amicyanin is approximately 7; vide 
supra] and thus will aid dissociation (182). 
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30 I 

FIG. 19. Inhibition with redox-inactive amicyanins of the oxidation of MADH by cy- 
tochrome csw. The circles show the effect of Zn(I1)-amicyanin; the squares represent 
data obtained using MI)-amicyanin (182). 

The electron transfer reaction between amicyanin and cytochrome 
c550 of P. uersutus has also been studied (182a,b). The effects on this 
reaction, of the surface mutations to cytochrome c550 (K14Q and K14E) 
and of altering the ionic strength, have been investigated. The results 
show that oppositely charged surfaces on the two proteins are not 
utilized in this reaction. This suggests that the basic patch of cyto- 
chrome c550 is used along with the hydrophobic patch of amicyanin. 

Before reviewing the details of the reactions between proteins from 
P. denitrificans it is important to  first discuss the available structural 
information. The proteins MADH and amicyanin are known to associ- 
ate quite strongly in solution (188). A binary complex has been crys- 
tallized and the structure (92) of part of the interface between the two 
proteins is shown in Fig. 20. The hydrophobic patch of amicyanin, 
which surrounds the exposed imidazole ring of the ligand His-96, is 
found associating with a mainly hydrophobic region on the L subunit 
of MADH. There are also interactions between amicyanin and the 
larger H subunit of MADH. The two proteins interact in such a way 
that the rIYrQ cofactor of MADH and the copper of amicyanin are ap- 
proximately 9 A apart. 

A crystal structure is also available for a ternary complex of 
MADH, amicyanin, and cytochrome c551i (89, 90). The latter protein 
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FIG. 20. Position of the TTQ cofactor of MADH and the copper of amicyanin in the 
crystal structure of the binary complex of the. two proteins. The distance from the edge 
of the TTQ cofactor to the Cu atom is 9.3 A. The side chain of His-96 is positioned 
between the Cu and the TTQ. The interface between the two proteins in the complex 
is formed by the hydrophobic patch of amicyanin and a similar hydrophobic surface of 
MADH, surrounding the exposed edge of the TTQ cofactor. 

is, in fact, the dedicated electron acceptor of the enzyme methanol 
dehydrogenase (18) and the physiological relevance of this complex is 
at present a matter of debate (see also Section II,A,2). In the ternary 
complex, MADH and amicyanin associate in almost the same manner 
as in the binary complex structure. The amicyanin-cytochrome c551i 
interface in the ternary complex is a lot more polar than that involv- 
ing MADH and amicyanin. However, the association does not involve 
oppositely charged surfaces on the two proteins. 

Initial studies of the electron transfer reaction between MADH and 
amicyanin, from P. denitrificans, utilized dithionite-reduced MADH 
(as opposed to the substrate-reduced enzyme). A study of the temper- 
ature and driving force dependence of the rate resulted in relatively 
large calculated values for the reorganization energy (A)  and elec- 
tronic coupling (Hm) of 2.3 eV and 11.7 cm-', respectively, for this 
reaction (160, 171). The authors concluded that the electron transfer 
reaction is coupled to protein rearrangements, and so the observed 
rate constants contain a contribution from the equilibrium constant 
for the rearrangement process. It is claimed that the calculated elec- 
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tronic coupling value is consistent with the distance between the re- 
dox cofactors in the binary complex of the proteins. This implies that 
the crystallographic complexois very similar to that formed in solu- 
tion. A direct distance of 7.8 A was derived using a p (electronic decay 
factor) value of 1.4 A-l, whereas a thrpugh-bond path length of 12.4 A 
was predicted using a p value of 0.7 A-l. The direct distance betwecn 
the TTQ cofactor of MADH and the copper of amicypin is 9.4A, 
wheFeas a pathway analysis provided a route of 14A, including a 
3.6-A through-space jump. 

As explained in detail above, the reduction of MADH by its physio- 
logical substrate (methylamine) is believed to result in the formation 
of an aminophenol form of the TTQ cofactor. Subsequent one-electron 
oxidation of MADH leads to the formation of an aminosemiquinone 
TTQ intermediate, and finally, following a second electron transfer 
step, to  the quinone TTQ resting state of the enzyme (176-178). The 
temperature dependence of the rate constants observed for the oxida- 
tion of methylamine-reduced MADH by amicyanin provides values of 
A (3.53 eV) and HAB (22,850 cm-') that are physically meaningless. 
This indicates that the reaction is gated, i.e., the observed rate con- 
stant does not describe electron transfer. To further investigate the 
cause of gating, the oxidation of both dithionite- and methylamine- 
reduced MADH, by amicyanin, was studied in deuterated solvent 
(176). The observation of a large solvent (D20/H20) kinetic isotope 
effect for the reaction involving methylamine-reduced MADH, and not 
for the dithionite-reduced protein, clearly indicates that the adiabatic 
process that gates electron transfer involves the transfer of an ex- 
changeable proton. 

The question of the physiological significance of the crystal struc- 
ture of the ternary complex of MADH, amicyanin, and the cytochrome 
c5511 from P. denitrificans has already been mentioned. The argument 
used in favor of this structure being physiologically relevant is that, 
in uitro, cytochrome c551, is the most efficient electron acceptor for the 
MADH-amicyanin complex, of three c-type cytochromes found in 
P. denitrificans (63). However, the fact that cytochrome c5511 is the 
dedicated electron acceptor of the enzyme methanol dehydrogenase 
(18) would, intuitively, argue against this proposal. Additionally, a 
mutant strain of P. denitrificans in which the cytochrome c5511 gene 
has been knocked out exhibited growth characteristics, on methyl- 
amine, identical to the wild-type strain. A different mutant strain, 
with the cytochrome c550 gene knocked out, showed a decrease in the 
maximum specific growth rate on methylamine. Nevertheless, the 
Davidson group has carried out extensive studies on the electron 
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transfer reactions between MADH, amicyanin, and cytochrome c5511. 
Polarized absorption spectroscopy has been utilized (189) to demon- 
strate that the crystallographic complexes (binary and ternary) are 
both capable of methylamine oxidation. In the ternary complex the 
subsequent reduction of the heme of cytochrome c5511 occurs in about 
35 min at pH 9.0. Interestingly, the reduction of heme still occurs in 
crystals containing apoamicyanin, but in that case takes approxi- 
mately 4 days (at pH 7.5). It should be noted that in all cases a pH 
dependence of the rate of electron transfer from MADH is observed, 
with faster rates obtained at  the more alkaline pH values. This has 
been attributed either to  the protonation of the His-95 ligand of 
amicyanin at lower pH values (vide supra) and/or to the stabilization 
of the TTQ aminosemiquinone at high pH. 

Studies in solution of the reaction between the MADH-amicyanin 
complex and cytochrome c5511 have been interpreted in the following 
way. It is believed that the association of amicyanin with MADH 
leads to a lowering of the reduction potential of the amicyanin by 73 
mV, to a value of 221 mV (at pH 7.5) (184) (this assumption was also 
made in the analysis of the MADH-amicyanin kinetics). This makes 
electron transfer to cytochrome ~5511, which has a reduction potential 
of 190 mV (190), more favorable. This proposal has been questioned 
(182~1, and it has been suggested that the observed differences be- 
tween the reduction potential of free amicyanin and amicyanin com- 
plexed to MADH reflect nothing more than the different affinities of 
oxidized and reduced amicyanin for MADH, which was not taken into 
account in the interpretation of the spectroelectrochemical data (184). 
Another assumption that has been made in the interpretation of the 
kinetics of this reaction is that amicyanin complexed to MADH is 
solely responsible for the observed reduction of cytochrome c5511. The 
reduction of cytochrome c5511 by free amicyanin, although thermody- 
namically unfavorable, occurs too quickly to be monitored by the tech- 
nique used (184). This indicates that the interaction of free amicyanin 
and cytochrome c5511 allows the two proteins to associate in a way that 
enhances the electronic coupling between the two metal centers. 
Alternatively, the faster reaction could be due to an enhanced associa- 
tion constant for the two proteins in the absence of W H .  

More detailed electron transfer studies indicate that cytochrome 
c5511 and the MADH-amicyanin complex associate in solution (186). 
The temperature dependence of the rate constant for electron transfer 
from copper to iron, within this ternary complex, provides estimates 
of A and HAB of 1.1 eV and 0.3 cm-', respectively. These results are 
consistent with electron transfer over distances of 13-23 A, de- 
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pending on the p value used.oThis appears to agree with a direct 
copper-to-iron distance of 24.7 A (the copper-to-heme edge distance is 
22.7 A) in the ternary complex. Again these results are used to imply 
that the arrangement of the proteins seen in the crystallographic 
studies is also relevant in solution. 

Extensive mutagenesis studies have been used to investigate the 
interaction between cytochrome c550 and the soluble CuA domain of 
subunit I1 of cytochrome c oxidase (both proteins from P. denitrificans) 
(187). Removal of acidic residues on the surface of the CuA domain, 
close to the metal site, results in a decrease in the second-order rate 
constant for the oxidation of cytochrome c551i. This indicates that the 
acidic patch on the CuA domain of cytochrome c oxidase is used for 
association with the basic patch of cytochrome c550. Similar studies 
have also been carried out on the complete oxidase from P. denitrifi- 
cans utilizing, in this case, horse heart cytochrome c as the electron 
donor (191).  Again the importance of the acidic residues of subunit I1 
of the oxidase, for this interaction, was demonstrated. 
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