UNIVERSITY OF SOUTHAMPTON

THE X-RAY CRYSTAL STRUCTURES OF CYTOCHROME C; AND
METHANOL DEHYDROGENASE FROM METHYLOBACTERIUM
EXTORQUENS

By

PAUL ANTONY WILLIAMS

A thesis submitted for the degree of DOCTOR OF PHILOSOPHY

Department of Biochemistry June 2003



UNIVERSITY OF SOUTHAMPTON
ABSTRACT

DIVISION OF BIOCHEMISTRY AND MOLECULAR BIOLOGY
SCHOOL OF BIOLOGICAL SCIENCES
Doctor of Philosophy

THE X-RAY CRYSTAL STRUCTURES OF CYTOCHROME C; AND METHANOL
DEHYDROGENASE FROM METHYLOBACTERIUM EXTORQUENS

by Paul Antony Williams

The soluble proteins involved in the oxidation of methanol in the methylotrophic bacteria
Methylobacterium extorquens provide an ideal system in which to study electron transfer.
Methanol is oxidized to formaldehyde by methanol dehydrogenase (MDH), reducing the
pyrroloquinoline quinone (PQQ) prosthetic group to quinol. Electrons are then passed,
one at a time, to the c-type cytochrome, cytochrome ¢;, creating the semiquinone PQQ
free radical after the first transfer. Cytochrome ¢ is reoxidised by the typical class I c-
type cytochrome, cytochrome cy, which in turn passes electrons to the terminal electron
acceptor, the membrane bound cytochrome oxidase, cytochrome aas.

The crystal structures of MDH and cytochrome cy have been solved prior to this project.
The principal aim of this thesis was to grow crystals and solve the structure of the
hitherto uncrystallized cytochrome ¢;.. The 1.6 A X-ray crystal structure of cytochrome ¢;,
reported in this thesis was solved by molecular replacement; the search model was
cytochrome css1;. As expected, the haem was covalently bonded to the protein through
thioether bonds to Cys65 and Cys68 and the fifth ligand to the haem iron was provided
by His69. Somewhat unexpectedly, the sixth ligand to the haem iron was provided by
His112, and not Met109, which is homologous to Met101, the sixth ligand to the haem in
cytochrome cssii. The absence of the N-terminal region of the protein in the electron
density maps strongly suggested the protein has been truncated during crystallization,
leading to an increase in the flexibility and solvent exposure of the loop region which
contains Met109. This, along with the labile nature of the Met-Fe bond in cytochrome ¢;.
is the most-likely explanation for the bis-histidine haem iron coordination. The crystal
structure also revealed that a calcium ion was bound close to the inner haem propionate;
this region is most commonly occupied by an arginine or a histidine side chain in
eukaryotic cytochromes ¢ and bacterial cytochromes c,. The calcium ion interacts with
the inner haem propionate through a conserved water molecule, suggesting that it may
affect the redox potential.

MDH was analysed from methanol oxidation mutants, where mutations have been
introduced into the mxaC and mxaD genes. The mxaC gene was shown to code for a
protein involved in calcium insertion into MDH, and the mxaD gene product was thought
to modify MDH to improve the electron transfer to cytochrome c;. Although no gross
structural changes were observed in the MDH structures from both methanol oxidation
mutants, the calcium occupancy in mxaC31-MDH was only 60%, consistent with the
proposed role of the mxaC31 gene product in calcium insertion. The structural similarity
of mxaD11-MDH to wild type-MDH does not account for its lower rate of methanol
oxidation in whole cells, and suggests that the mxaD gene product does not alter the
structure of MDH in order to improve electron transfer to cytochrome ¢;, as was
previously postulated.
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Chapter 1

Introduction

1.1 Introduction

Methanol dehydrogenase (MDH) and cytochrome ¢ are soluble proteins from the
periplasm of methylotrophic Gram negative bacteria, such as Methylobacterium extorquens.
MDH has a pyrroloquinoline quinone (PQQ) prosthetic group and catalyses the conversion of
methanol to formaldehyde (Anthony, 1986), reducing the prosthetic group quinone to quinol.
The reaction mechanism for the oxidation of methanol relies on the quinone portion of PQQ
being polarized by a tightly bound calcium ion. Cytochrome ci. is an unusual c-type cytochrome
and is the physiological electron acceptor from MDH (Anthony, 1992). MDH donates electrons
in two single steps to cytochrome ci; a semi-quinone PQQ is formed after the first electron is
transferred (Dijkstra et al., 1989). The aims of this project were to characterize MDH from the

calcium insertion mutant mxaC31 and to solve the structures of cytochrome ¢ and the reduced

form of cytochrome cy using X-ray crystallography.

1.2 Methylotrophs

Methylotrophic bacteria are microorganisms able to grow on reduced carbon compounds
with one or more carbon atoms but no carbon-carbon bonds (Colby & Zatman, 1972). There are
two types of methylotrophic bacteria; those that absolutely require such compounds for growth,
termed obligate methylotrophs, or those that can also use organic multicarbon compounds,
termed facultative methylotrophs (Anthony, 1982).

Methylobacterium extorquens (formerly Pseudomonas AM1), the bacterium used in this
study, is a pink facultative methylotroph capable of using methanol and methylamine as a C,
source, but unable to use methane. It can also utilize multicarbon compounds, such as pyruvate

and succinate.

1.3 The electron transport chain

Methanol is oxidized by MDH to formaldehyde. Methanol can be synthesised from

methane in some methylotrophs; methane monooxygenase (MMO) catalyses this reaction,



although this enzyme is not present in M. extorquens. Figure 1.1 shows the short electron
transport chain for methanol oxidation; MDH transfers electrons to cytochrome c¢p, which is
oxidized by cytochrome cy, a typical class I c-type cytochrome, which is in turn oxidised by the
membrane-bound terminal oxidase, cytochrome aaz (Anthony, 1992). The pathway of electrons
from methanol to O, produces a proton motive force (PMF) sufficient to produce about 1
molecule of ATP (Anthony, 1988; O’Keeffe & Anthony, 1978), although this is dependent on

the relative concentrations of ADP and ATP.

1.4 Pyrroloquinoline quinone (PQQ)

PQQ (Figurel.2) is a non-covalently bound prosthetic group found in many periplasmic
dehydrogenases of Gram negative bacteria. Enzymes containing PQQ are now classed as
quinoproteins (Goodwin & Anthony, 1998). PQQ is formed from the fusion of glutamate and
tyrosine and is synthesized independently of the apoenzyme dehydrogenase and transported into
the periplasm, where it is incorporated into the enzyme. PQQ was first isolated from glucose
dehydrogenase and methanol dehydrogenase (Hauge, 1964; Anthony & Zatman, 1967). The
compound is easily released from the enzyme by denaturation and once characterized it was
shown to be a red, highly polar, acidic compound with a characteristic green fluorescence. Its
structure was subsequently solved by X-ray crystallography (Salisbury et al., 1979) and its
chemistry was fully described by Frank and Duine (Duine et al., 1987; Duine, 1991). The key
feature of PQQ is the ortho-quinone at the C-4 and C-5 positions of the quinone ring, which
becomes reduced to a quinol during catalysis. The C-5 is readily attacked by nucleophiles such
as ammonia, cyclopropanol and methanol amongst others. These reactions form adducts at the C-
5 position (Frank et al., 1989), an important feature when considering the enzyme mechanism.
Another important feature of PQQ is the ability to coordinate divalent cations in solution; this
was first shown by Mutzel and Gorisch (1991) and further developed by Itoh (1997). Ca®* is
tightly coordinated to the PQQ in the active site by way of the C7-carboxylate group, the N-6 in
the ring and the C-5 carbonyl oxygen; all quinoproteins whose structures have been determined

contain calcium bound in this way. Active site residues also coordinate to the Ca”™ (Figure 1.3).
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Figure 1.1 The electron transport chain for methanol oxidation

All the proteins involved in the transfer of electrons from methanol to O, are periplasmic, except
for the oxidase. Once formed, formaldehyde is used for assimilation in the cell or is further

oxidized to carbon dioxide.
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Figure 1.2 The structures of the various forms of pyrroloquinoline guinone (PQQ)

The quinone is reduced by substrate in the enzymes active site, producing quinol which is re-

oxidized (by way of the semi-quinone) in two single electron transfer steps back to the quinone.



Figure 1.3 The many interactions of PQQ and calcium in the active site of MDH

These interactions were calculated from the X-ray structure of MDH from M. extorquens (Ghosh
etal., 1995).



1.5 The main types of quinoproteins

Quinoproteins include all enzymes whose catalytic mechanisms involve quinone-
containing prosthetic groups in their active sites (Anthony, 1996). Quinoprotein dehydrogenases
which oxidize alcohols and aldoses contain PQQ as their prosthetic group, whereas amine
dehydrogenases contain prosthetic groups derived from modified tryptophan residues: TTQ
(tryptophan tryptophylquinone) (Davidson, 1993a, 2000) or CTQ (cysteine tryptophylquinone)
(Satoh er al., 2002). By contrast with TTQ and CTQ, which are derived from the amino acid
chain of the proteins, PQQ is synthesized separately and bound non-covalently into the active
site of the protein. The reactions are catalysed in the periplasm, either by membrane-bound
enzymes which pass electrons to ubiquinone, or by soluble dehydrogenases which react with c-
type cytochromes or blue copper proteins.

There are three classes of PQQ-containing alcohol dehydrogenases. Type I enzymes are
soluble and contain a single PQQ molecule; MDH is a member of this class and is further
discussed below. Type II alcohol dehydrogenases are soluble quinohaemoproteins, which have a
C-terminal extension containing a haem ¢ domain (Section 1.11). Type III enzymes are similar to
type II but they have two additional subunits (including a multi-haem cytochrome ¢) and are
bound to the periplasmic membrane. There two types of glucose dehydrogenase; an atypical
soluble quinoprotein (sGDH) whose function is not understood, and a more widely-distributed
glucose dehydrogenase which is bound to the membrane by transmembrane helices at the N-

terminus (mGDH).

1.6 The structure of MDH

Several structures of MDH from methylotrophic bacteria have been solved (See Table 1.1
for a complete list of references). The highest resolution structure for MDH from M. extorquens
was 1.94 A (Ghosh ez al., 1995), and it is the structure that will be referred to. When relating
structure to function the results from the active site D303E mutant of MDH (Afolabi er al., 2001)
will be considered.

MDH is a tetrameric protein with an o, structure which consists of two almost
spherical af units (Figure 1.4). Figure 1.5 shows a single o subunit from MDH. The o-subunit
is 66 kDa and is the catalytic subunit of the enzyme as it contains the Ca* ion, the PQQ and the

catalytic amino acid Asp303. The B-subunit is a small 8.5 kDa subunit which is thought to have



Table 1.1 A list of references to all the MDH structures solved

Organism

Reference:

Methylobacterium extorquens

Ghosh et al., 1995

Methylobacterium extorquens

Anthony, Ghosh & Blake, 1994

Methylobacterium extorquens

Afolabi et al., 2001

Methylobacterium extorquens

Anthony & Ghosh, 1998

Methylophilus W3A1

Zheng et al., 2001

Methylophilus W3A1

Xiaeral., 1996

Parracoccus denitrificans

Xia et al., 1999

Methylophilus W3A1

Xiaetal., 1992

Methylophilus methylotrophus

Xiaetal., 1992

Methylophilus W3A1

White et al., 1993




o-subunit

subunit

Figure 1.4 The o3, tetrameric structure of MDH

The protein is comprised of 2 roughly spherical o units. The o-subunit is shown in blue and the

B-subunit in gold (Ghosh et al., 1995).



Figure 1.5 The off subunit of MDH

This view looks down the pseudo 8-fold axis and is simplified to show only the "W' motifs of the
o-chain (shown in green) and the long o-helix of the B-chain (shown in blue), but excludes other
B-structures and short a-helices. The PQQ is in skeletal form and the calcium ion shown as a

small sphere. The Figure is based on the structure from Ghosh et al. (1995).



no catalytic function. A mutation in the gene which codes for the B-subunit produces bacteria
incapable of producing MDH (Nunn ez al., 1989). MDH is the only PQQ-containing enzyme

with a B-subunit, which suggests that it may have a unique role in MDH

1.6.1 The o-subunit of MDH

The X-ray crystal structure of MDH shows the -subunit is a superbarrel structure made
up of eight twisted antiparallel B-sheets (W-shaped) stacked radially around a pseudo eight-fold
symmetry axis running through the centre of the subunit. The structure has been referred to as a
propeller fold, each W motif representing a propeller blade. The fold is held together by
tryptophans which link together the eight [-sheets, these residues constitute the ‘tryptophan
docking motif’. The tryptophan docking motifs make planar, stabilizing girdles around the
periphery of the a-subunit (Figure 1.6). The interaction occurs by way of an eleven-residue
consensus sequence in the region of the C and D B-strands all ‘W’ motifs, except number eight.
The relevant characteristics of the tryptophan residues are their planar conjugated rings and their
ability to act as a hydrogen bond donor through the indole ring NH group. Figure 1.7 shows how
the tryptophan at position eleven in the consensus sequence is stacked between the alanine at
position one of the same motif (W,) and the peptide bond which exists between residue six and
the invariant glycine at position seven of the next motif (Wy.1). The same tryptophan is also
hydrogen bonded between its indole NH and the main-chain carbonyl of residue four in the next
motif (Wy,1). The third type of interaction involving the conserved tryptophan is a J-strand
hydrogen bond between its carbonyl oxygen and the backbone nitrogen of position one (usually
an alanine) of the same motif. Examples of proteins which have a propeller fold with four, six,
seven or eight propeller blades have been previously described. Haemopexin (Faber et al., 1995)
and synovial collagenase (Li er al., 1995) have four blades; viral neuraminidase (Varghese et al.,
1983) and bacterial sialidase (Crennell er al., 1993) have six blades; the B-subunit of the G-
protein transducin (Sondek et al., 1996; Lambright et al., 1996) and the heavy chain of
methylamine dehydrogenase have seven, while MDH and nitrite reductase (Fulop er al., 1995)
have eight. Each o-subunit of MDH has a single PQQ molecule which is coordinated to a Ca**

ion and is highly hydrogen bonded to the protein (Figure 1.3).
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Figure 1.6 The girdle of tryptophan residues, which are involved in docking the B sheets
together
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Figure 1.7 A typical example of a tryptophan docking motif, as seen in MDH

The Figure is taken from Anthony & Goodwin (1998).
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1.6.2 The B-subunit of MDH

Each 8.5 kD 74 residue B-subunit forms a ‘J’ shaped structure around one side of the a-
subunit. Figure 1.5 shows that the subunit consists of a long straight o-helix as its stem. It hooks
around the o-subunit and forms mainly ionic interactions with the larger subunit, although there
are several hydrophobic interactions. The B-subunit makes contact with the edges of the W1-W4
of the o-subunit with ion pair interactions involving Glu148, Glul193, Argl97, Lys236, Glu267
and Glu301 on the o-chain, with Lys16, Glu48, ArgS0, Arg54 and Lys59 of the B-chain. In the
absence of any other known function for the subunit, it is possible that it acts to stabilize the
folded form of the o-chain. It was previously thought that the high number of lysine residues in
the B-subunit (15 out of the 74 residues) indicated a role in docking with cytochrome ¢ (Nunn ez

al., 1989) but this was later shown not to be the case (Section 1.19).

1.6.3 The active site of MDH

The active site of MDH is located in an internal chamber within each o-subunit, which is
located approximately at the centre of the pseudo eight-fold symmetry axis. The active site
contains the catalytic amino acid Asp303, the Ca™ ion, a PQQ molecule and an unusual eight-
membered disulphide ring structure which is formed from adjacent Cys103 and Cys104 residues
joined by an atypical non-planar peptide bond; the disulphide forms the ceiling of a chamber
enclosing the PQQ and the base of the chamber is formed from the indole ring of Trp243 (Figure
1.8). Recent research on quinohaemoproteins has postulated that conserved water molecules in
the active site are important in the transfer of electrons from PQQ to a C-terminal c-type
cytochrome ¢ domain (Chen et al., 2002; Oubrie et al., 2002) (Section 1.13). This electron
transfer could be conserved in the MDH/cytochrome ¢ system as MDH has these water
molecules in the active site. The disulphide bridge between Cys103 and Cys104 is not present in
the membrane bound glucose dehydrogenase but it is present in other quinoprotein alcohol
dehydrogenases. The transfer of electrons from membrane bound glucose dehydrogenase to
ubiquinone probably does not involve the formation of a semi-quinone prosthetic group as
happens in MDH; this disulphide ring structure has therefore been postulated to stabilize the
semi-quinone free radical formed in soluble alcohol dehydrogenases (Avezoux er al., 1995).

The X-ray structure of MDH showed that the calcium ion in the active site is coordinated
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Figures 1.8 The stacking of PQQ between the indole ring of Trp243 and the disulphide ring
formed from Cys103 and Cys104 in MDH

Figure 1.8a shows the two orientations of the stacking interaction between PQQ and the eight
membered ring formed between adjacent cysteines 103 and 104 and Trp243. These Figures are

taken from Anthony and Goodwin (1998).
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by six ligands; three atoms from amino acid side-chains (both carboxylate oxygens of Glul77
and the amide of Asn261) and three PQQ atoms (the C-5 quinone oxygen, one oxygen of the C-7
carboxylate group and the N-6 ring atom) (Ghosh et al., 1995); this arrangement is shown in
Figure 1.3. The calcium ion is proposed to perform two roles in the enzyme. It keeps the PQQ in
the correct conformation for electron transfer and secondly it acts as a Lewis acid in the reaction
mechanism; the definition of a Lewis acid is ‘a substance that can accept a lone pair of
electrons’. This second function of the calcium ion is to facilitate the attack by the hydride or the
oxyanion on the C-5 of PQQ in the reaction mechanism by polarising the C-5 carbonyl group
(see Section 1.7). Calcium-free MDH from M. extorquens mutants (Section 1.17) was inactive
and had an abnormal absorption spectrum (Richardson & Anthony, 1992; Goodwin et al., 1996;
Goodwin & Anthony, 1996). The absorption spectrum was different from wild type MDH in the
region of 345 and 400 nm; it is in this region that PQQ produces a characteristic peak and
shoulder respectively. The recovery of enzyme activity and wild type absorption spectrum could
be achieved by reconstituting MDH at high pH with high concentrations of not only calcium but
also barium or strontium ions (Goodwin & Anthony, 1996); this produced the only example of a

characterised enzyme with barium in the active site.

1.7 The reaction mechanism for MDH.

The C-5 carbonyl in oxidized PQQ is very reactive towards nucleophiles, such as
alcohols, ammonia, amines, cyanide and amino acids. This led to the proposal of a substrate-
PQQ covalent complex (a hemiketal) forming in the reaction mechanism (Frank er al., 1988;
Frank et al 1989; Anthony, 1996). Support for the hemiketal-intermediate mechanism has come
from the reaction of MDH with cyclopropanol (a suicide inhibitor) which gives a C-5 propanol
adduct (Frank er al., 1989). Therefore it was suggested that a similar mechanism occurs during
methanol oxidation. The proposed mechanism begins with an initial proton extraction from the
substrate by Asp303 which allows the resulting oxyanion to attack the C-5 of the PQQ, and form
a hemiketal intermediate, as shown in Figure 1.9a. The subsequent reduction of the PQQ with
release of aldehyde is facilitated by prior ionisation of the hemiketal complex, which involves
the pyrrole nitrogen atom. The calcium ion coordinated to the PQQ O-5 facilitates this reaction

by acting as a Lewis acid, making the C-5 more reactive and susceptible to attack by the

oxyanion.
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Figure 1.9a) The hemiketal intermediate reaction mechanism for the oxidation of methanol

to formaldehyde

The Figure is taken from Anthony (2001).
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An alternative mechanism is an acid/base-catalysed hydride transfer mechanism (Figure
1.9b) (Anthony, 1996). This mechanism now seems the more likely reaction mechanism. The
Asp303 again initiates the reaction by a proton abstraction from methanol, the reaction continues
with a direct hydride transfer from the methanol to the C-5 of the PQQ which produces the first
intermediate, a tetrahedral C-5 reduced intermediate. The rate-limiting step of the reaction is the
breaking of the C-H bond and the hydride transfer to the C-5 atom of the PQQ, this step is
greatly facilitated by the Ca®, which polarises the C-5 carbonyl bond. What follows is a
tautomerisation of the PQQ, presumably facilitated by the catalytic base Asp303, resulting in
PQQH;. Both mechanisms have been considered for sGDH where the evidence strongly supports
the hydride transfer mechanism. A high resolution structure (1.9 A) of sGDH was solved where
glucose was bound in the active site. Figure 1.10 is created using the pdb file from the X-ray
structure of sGDH; the structure showed how glucose interacts with the PQQ. The orientation of
the glucose in the active site is ideal for direct hydride transfer from the glucose C-1 atom to the
PQQ C-5 atom; the distance between the two atoms is only 3.2 A in the sGDH-glucose complex.
Since the C-1 hydrogen atom is expected to point down towards the PQQ C-5 atom a hydride ion
thus has to be transferred over a distance of only 1.2 A for covalent addition to the C-5 atom. A
similar proximity (3.2 to 3.5 A) and geometry of substrate and cofactor reactive groups has been
observed in several nicotinamide and flavin-dependent oxido-reductases (Karplus & Schulz,
1989; Mattevi er al., 1996, 1997), which also make use of a hydride transfer mechanism. Further
inspection of the active site shows that His144 is the only base close to the glucose O-1 atom;
this suggests that in the case of sGDH, His144 acts as the general base that abstracts a proton
from the glucose O-1 atom. There is also substantial evidence for the hydride transfer
mechanism in MDH. A 1.90 A structure of MDH from Methylophilus methylotrophus showed
PQQ in a reduced sate, with the C-5 carrying a hydroxyl, this is not an intermediate in the
hemiketal mechanism; this would suggest a hydride transfer mechanism (Zheng er al., 2001).
There was also a failure to observe a spectroscopic intermediate during the course of the reaction
and along with the observation from the D303E MDH mutant from Methylobacterium
extorquens that Glu303 is able to make a hydrogen bond with the O-5 oxygen of PQQ, which

would only be possible if there was a hydroxy! in this position.
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Alternative

Figure 1.9b) The acid/base-catalysed hydride transfer mechanism for the oxidation of

methanol to formaldehyde

The Figure is taken from Anthony & Williams (2002).
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Calcium

Figure 1.10 The active site of sGDH

The Figure is constructed using the deposited pdb coordinates from Oubrie et al (1999).
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1.8 Quinohaemoproteins
Quinohaemoproteins are ideal proteins to study the electron transfer between PQQ and

the haem of cytochrome c as each of the redox centres are present in separate domains within the
same protein; this allows potential routes for electrons to travel between the redox centres to be
postulated. Recently high resolution X-ray structures of type II alcohol dehydrogenases have
been solved, from Comamonas testosteroni (Oubrie et al., 2002) and Pseudomonas putida (Chen
et al., 2002). The overall tertiary structure of the 1.44 A resolution structure of alcohol
dehydrogenase from Comamonas testosteroni is shown in Figure 1.11. As the Figure shows, the
protein has two easily identifiable domains which are joined by a linker region which extends
from Pro590 and Gly566, (the linker is a flexible region and is not shown in Figure 1.11 as the
deposited pdb file does not contain this segment of the structure). The larger domain (the 566
amino acid N-terminal domain) contains one molecule of PQQ and a calcium ion, which is
coordinated to the PQQ and amino acid side chains. Also present in the active site was a region
of ring-shaped electron density; this density was interpreted as being tetrahydrofuran-2-
carboxylic acid in the proposed substrate binding cleft, which is a hydrophobic cavity located
near the PQQ. Tetrahydrofuran-2-carboxylic acid is an oxidation product of tetrahydrofurfuryl
alcohol; this oxidation reaction takes place in the highly related alcohol dehydrogenase
quinohaemoprotein from Ralstonia eutropha (Zarmnt et al., 2001; Zarnt et al., 1997). Also
tetrahydrofuran-2-carboxylic acid is similar to the oxidation products of the bulky primary
alcohols which the Comamonas enzyme is capable of oxidizing. The PQQ domain has a B-
propeller fold similar to that seen in MDH and in other PQQ-containing enzymes. As with MDH
the propeller fold is formed by eight four stranded PB-sheets arranged in a radial manner creating
a pseudo eight-fold symmetry with PQQ at the centre. Six of the eight B-sheets contain the
tryptophan-docking motif to stabilize the (-propeller fold. The smaller C-terminal domain is an
o-helical type I cytochrome ¢ (amino acids 591-677) and is composed of five a-helical segments
that enclose the covalently bound haem ¢ which is covalently attached to the protein via thioether
linkages to Cys604 and Cys607. The haem iron is coordinated to the protein via His608 and
Met647 and is in a low-spin hexa-coordinated state. The residues around the methionine
coordinated to the haem iron are atypical when compared to mitochondrial cytochrome ¢ and
many bacterial cytochrome ¢, proteins. The conserved tyrosine residue which is adjacent to the

methionine ligated to the haem iron and is thought to stabilize the redox related conformational
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Figure 1.11 The tertiary structure of the quinohaemoprotein alcohol dehydrogenase from

Comamonas testosteroni

The Figure is taken from the 1.44 A X-ray crystal structure (Oubrie er al., 2002).
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changes is absent and is replaced by a phenylalanine residue; apart from several water molecules
in the cleft surrounding the Met647, the area is mainly hydrophobic. Also no water molecule is
close enough to interact with Met647 and regulate redox related conformational changes as is
postulated in mitochondrial cytochrome ¢ (Berguist & Brayer, 1992). His608, on the opposite
side of the haem, forms a conserved hydrogen bond via the ND1 atom to the carbonyl group of a
proline amino acid (Pro620), as is seen with all known cytochrome c structures, and it is also
surrounded by hydrophobic residues.

Pseudomonas putida HKS produces two type Il alcohol dehydrogenases, ADH IIB and
ADH IIG (Toyama et al., 1995), the former is produced when the bacteria are grown on butanol
and the latter when grown on glycerol or 1,2 propanediol. ADH IIB exhibits high activity against
long-chain primary and secondary alcohols, while ADH IIG has higher activity with diols but not
with primary and secondary alcohols. The structure of ADH IIB is described below. The X-ray
crystal structure was solved to a resolution of 1.90 A and is, as expected, very similar to the
quinohaemoprotein from the Comamonas enzyme (discussed above). The large N-terminal
domain (~60 kDa) contains the PQQ moiety and the C-terminal domain (~10 kDa) constitutes
the cytochrome ¢ domain. The overall rms deviation between the quinohaemoproteins from
Pseudomonas putida and Comamonas testosteroni for 576 equivalent Co atoms is 1.08 A. For
the separately aligned domains, the rms deviations are 0.85 A for 516 equivalent quinoprotein
Co. atoms and 1.28 A for 76 equivalent cytochrome Co. atoms. The sequence identities for
equivalent residues in the two types of domain are 56.8 % and 31.6 % respectively. Although
there is a higher rms deviation between the two cytochrome domains the folding pattern is
almost identical when comparing the two domains. The only other major difference between the
two alcohol dehydrogenases <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>