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About 30 years ago, it was shown that bacterial metha-
nol and glucose dehydrogenases contained a completely
novel type of prosthetic group which was subsequently
identified as pyrrolo-quinoline quinone (PQQ). Quino-
proteins were originally proteins contaning PQQ but
this definition has since been broadened to include those
proteins containing other types of quinone-containing
prosthetic groups, and the X-ray structures of represen-
tatives of each type of quinoprotein have recently been
published. This review is mainly concerned with the
structure and function of the PQQ-containing methanol

s T T -

dehydrogenase and related proteins. The basic structure
is a ‘propeller’ fold superbarrel structure made up of 8
B-sheet ‘propeller blades’ which are held together by
novel tryptophan-docking motifs. The PQQ in the active
site is coordinated to a Ca** ion and is maintained in
position by a stacked tryptophan and a novel
8-membered ring structure made up of a disulphide
bridge between adjacent cysteine residues. This
review describes these features and discusses these in
relation to previously proposed mechanisms for this

enzyme,

Introduction to quinoproteins

The term quinoprotein was first coined in 1980 (ref. 1)
to include a number of bacterial dehydrogenases which
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contain pyrrolo-quinoline guinone (PQQ) as their pros-
thetic group (Figure 1). The name is now used more
widely to include all those enzymes whose catalytic
mechanisms involve quinone-containing prosthetic
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Figure 1. The prosthetic groups of quinoproteins. PQQ (pyrrolo-quinoline quinone) occurs in the prosthetic group of dehydrogenases
for methanol, higher alcohols, aldose sugars, aldehydes and poly-vinyl alcohol, and for hydroxylation of lupanine. TTQ (tryptophan
tryptophylquinone) is in amine dehydrogenases. TPQ (6-hydroxyphenylalanine quinone or topa quinone) is in the copper-containing
amine oxidases in bacteria, plants and animals. LTQ (lysine tyrosylquinone) is the prosthetic group of lysyl oxidase, a specific copper-

containing amine oxidase occurring in animals.

groups in their active sites. Except for PQQ, these rela-
tively novel prosthetic groups are derived from amino

acids in the protein backbone of the enzyme (Figure 1):

tryptophan tryptophylquinone (TTQ) i1s derived from
two tryptophan residues and occurs 1n bacterial amine

2,3,

dehydrogenases™”; topa-quinone (TPQ) i1s a modified
tyrosine residue. and 1s the prosthetic group of the

copper-containing amine oxidases found in bacteria,

yeasts, plants and animals*’; and lysyl oxidase is a spe-
cial type of copper-containing amine oxidase whose

prosthetic group is lysine tyrosylquinone (LTQ)".
The main subjects of this review are the PQQ-

containing dehydrogenases, of which the methanol de-
hydrogenase of methylotrophic bacteria is the best-

characterized example”®. The history of the quinopro-

teins began in the 1960s with the characterization of the
novel prosthetic group of this enzyme by Anthony and

Zatman’, and of glucose dehydrogenase by Hauge'®.
More than 10 years later, Duine, Frank and co-workers
demonstrated that it contains a quinone structure with 2
nitrogen atoms'""'%, and Kennard’s group showed this to

be PQQ, by X-ray diffraction analysis'>. A number of

other bacterial dehydrogenases were subsequently

shown to contain PQQ by the groups of Duine and Frank

in Delft'*, and Ameyama and Adachi in Yamaguchi'>'®

These quinoproteins usually catalyse the first step in the

oxidation of alcohols and sugars in the periplasm of

bacteria, thus contributing to the formation of a proton-
motive force and hence the formation of ATP', They
are usually assayed with artificial electron acceptors
such as phenazine ethosulphate (PES). The physiologi-
cal electron acceptor is a soluble cytochrome ¢ 1in the
case of methanol dehydrogenase and some cthanol de-
hydrogenases; it is protein-bound haem C in the quino-
haemoprotein alcohol dehydrogenases, and ubiquinone
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in the membrane-bound glucose dehydrogenase. For
many years it was known that a divalent cation may be
involved in the structure or activity of some alcohol de-

- hydrogenases because Mg** or Ca** are required for re-

constitution of active enzyme from apoenzyme plus
PQQ. By contrast, 1t 1s not possible to dissociate PQQ
from methanol dehydrogenase without irreversible de-
naturafion and it 1s only relatively recently that calcium
has been shown to be present and implicated in the ac-
tivity of this enzyme'®*’.

Methanol dehydrogenase

This enzyme catalyses the oxidation of methanol to for-
maldehyde in the periplasm of methylotrophic bacteria
and is the only PQQ-containing enzyme for which a
structure is available®®?*, the highest resolution structure
(1.94 A) being that of the enzyme from Methylobacte-
rium exrarquen323, which is the one referred to through-
out this review. It has an a8, tetrameric structure; the
a-subunit containing the PQQ is 66 kDa, and the g-
subunit is very small (8.5 kDa). Thc subunits cannot be
reversibly dissociated and no function has been ascribed
to the small subunit. In the tetramer, the two af subunits
are arranged with their pscudo 8-fold axes approxi-
mately perpendicular to each other, and the PQQ pros-
thetic groups are separated by about 45 A.

Structure of the a-subunit

The large « subunit is a superbarrel made up of eight
topologically-identical four-stranded twisted antiparallel
B-sheets (W-shaped), stacked radially around a pseudo
cight-fold symmetry axis running through the centre of
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Figure 2. A drawing of an aff unit of MDH looking down the pseudo
8-fold axis, simplified to show only the S-strands of the ‘W’ motifs
of the a-chain, and the long a-helix of the 8-chain, but excluding
other limited B-structures and short a-helices??, The termini of the a-
chain are marked N and C and those of the B-chain n and ¢. The
PQQ prosthetic group is in skeletal form and the calcium ion is
shown as a small sphere. The outer strand of each “W’ motif is the D
strand, the inner strand being the A strand. The ‘W’ motifs are ar-
ranged 1n this view tn an anti-clockwise manner. The exceptional
motif W8 is made up of strands A-C near the C-terminus, plus its D
strand from near the N-terminus.

the subunit. This structure has been referred to as a pro-
peller fold, each W motif representing a propeller blade
and examples with four, six, seven or eight propeller
blades have been described. Haemopexin® and sinovial
collagenase®® have four blades; viral neuraminidase?®’
and a related bacterial sialidase®® have 6 blades; galac-
tose oxidase*”, methylamine dehydrogenase® and the -
subunit of the G protein transducin®'*? have 7 blades,
while methanol dehydrogenase and nitrite reductase™
both have 8 blades. It is intriguing that two of the pro-
teins having the propeller fold structure are gquinopro-
teins, although the related structures have no related
catalytic function. Thus, in methylamine dehydrogenase
(also from methylotrophic bacteria) the TTQ prosthetic
group 1s in the smaller subunit, the centre of the larger
superbarrel being filled with side chains®®; but, by
contrast, in methanol dechydrogenase the active site
containing PQQ lies within the large superbarrel struc-

ture.
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The 32 f-strands that make up the superbarrel struc-
ture in MDH are shown schematically in Figure 2,
labelled according to the ‘W’ motif in which they occur
(1-8) and the position they take within the motif (A-D).
The sequence of the strands in the structure is the same
as in the amino acid sequence (this is also seen in other
superbarrel structures), with the sole exception that the
final strand of the eighth motif (D8) is derived from the
N-terminus, not the C-terminus. The short A strands are
closest to the pseudo 8-fold axis, and the D strands are
on the surface of the subunit. Figure 2 shows that the
normal twist of the B-sheet enables space to be effi-
ciently packed in the subunit. This architecture allows
the large polypeptide chain to be folded in a very com-
pact form without any other typical structural domains.
There ts no ‘hole’ along the pseudosymmetry axis,
which is filled with amino acid side chains from the
eight A-strands of the fB-sheets which are, however,
more hydrophilic than those on the B- and C-strands.
Strand A runs more or less antiparallel to strand B, but
makes only 3 3-type hydrogen bond interactions with it,
all of which are close to the A/B turn. It is likely that the
conformations of the A-strands are controlled by the
close packing of side-chains in the very centre of the
molecule, where all eight A-strands come close together;
at the point of contact five of the eight residues are gly-
cine, thus facilitating close-packing. The remaining B, C
and D strands in each motif form regular twisted B-
sheets of sequences of 8 to 9 residues. In all motifs the
A-B and C-D corners are short, but the B-C corners are
more variable and in three cases (motifs 4, 6 and 8) they
form extensions containing 24-30 residues.

Tryptophan—docking interactions in the
a-subunit

A series of tryptophan-docking interactions between the
p sheet propeller blades make planar, stabilizing girdles
around the periphery of the subunits*>*** (Figure 3). This
method of stabilizing protein structures has not been
described previously and is therefore described here in
some detail. The interactions occur by way of 11-residue
CONSEensus seqhences in the C/D region of all ‘W’ motifs
except number 8 (Figure 4). 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 35). The tryp-
tophan at position 11 is stacked between the alanine at
position 1 of the same motif (W,) and the peptide bond
between residue 6 and the invariant glycine at position 7
of the next motif (W,,y). The same tryptophan 1s also H-
bonded between its indole NH and the main chain car-
bonyl of residue 4 in the next motif (W,,,). The third
type of interaction involving the conserved tryptophans
is a B sheet hydrogen bond between its carbonyl oxygen
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Figure 3. The girdle of tryptophan residues involved in docking the
. The tryptophan residues involved in docking are
shown in spacefill mode and the rest of the chain as backbone.The
PQQ prosthetic group is in skeletal form and the calcium ion 1is

B-sheets together™

shown as a small sphere.

| Pnsiti 1 2 3 a | 5| - 6 7 8 9 10 11
|
| _Motif p ¢ 1 ¢ | ¢ | i 1 1 D | D b _ | D D D
Wi Ala Leu Gly Lew Asp Asp Pro | Gly Thr lle Leu Trp
77 88
| W2 Ala | Leu | Asn | Ala Glu Thr Gly Glu | Thr Val Trp
1' 135 145
: W3 t Ala Tyr | Asp Yal Lys Thr Gly Glu Gln Yal Trp
186 196
! W4 Gly Arg | Asp Ala  Asp Thr  Gly Glu Ala Lys Phe
| 282 292
| W5 Thr Leu | Asp Arg Thr Asp | Gly Ala Glu Val Ser
| 337 347
; w6 Ala Tyr | Asm Ala e The Gly Asp Tyr Lys Trp
1 457 467
I
W7 Ata | Arg | Asp | Ser Asp Thr Gly Asp | Lew  Leu Trp
L 449 508
| ws Vai  Phe Arg  Pro Ala Trp
| 517 , 44
MDH Ala X Trp
{ onsensus (zly
Lys Trp

GDH/ADH Ala X
{onsensus

Figure 4. The consensus sequences in the tryptophan docking
motif?®. This occurs at the C/D corners at the end of the C strands
and the beginning of the D strands of each W motif; there are no
loops between these strands. The C/D corners are best characterized
as 4-residue (8) turns or S-residue turns (comprising residues 3-6 or
3-7 respectively). Consensus scquences are also included for the
guinohaemoprotein alcohol dehydrogenase (ADH) and glucose dehy-
drogenase, which is a membrane quinoprotein (GDH).

and the backbone nitrogen of position 1 (usually

alanine) of the same motf,
Exceptions to these interactions with tryptophan occur

in W1 and W7. In W1 the glycine at position 7 18 re-
placed in the stacking interaction by proline at posttion
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Figure 5. Part of a typical tryptophan-docking motif. This shows the
interaction of Trpl14S5 (in W2) with Alal35 (also in W2), and the
interaction with the plane of the peptide bond between Thr191l and
Gly192 (in W3). For clarity the remaining residues of the two motifs

are omitted, and the side chains are omitted from all residues except
for Trp145 and Alal35.

6: and in W7 the alanine at position 1 (Ala498) does not
form the expected interaction with Trp508. There are
two exceptions to tryptophan in position 11. Tryptophan
is replaced by Ser347 in W5 which makes a hydrogen
bond with the peptide carbonyl of residue 4 in motif
W6. In the other exception, Phe292 replaces tryptophan
in W4 and makes only stacking intcractions, with the
usual glycine peptide bond of W5 on one side, and a
seccond glycine peptide bond in position 1 of W4, Motif
W8 is exceptional in having no cons¢nsus secquence
(exccpt for Trp44) and so there is no glycine to interact
with the tryptophan in the previous motif (Trp508); in
its place this tryptophan forms a hydrophobic interaction
with the side chain of Leud40 and in the previous motf.
The carbonyl of this leucine (position 7) replaces the
usual carbonyl at position 4 in forming a hydrogen bond
with the tryptophan indole NI The Tl-residue motif is
extended in many cases by 2 further residues on the C
and D strands which are joined by main chain hydrogen
bonds?. The presence of the l-residue consensus se-
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quence can most readily be explained if these motifs
were derived by divergent evolution from an ancestral
‘W' motif containing such a sequence in 1ts C/D corner.
This observation adds some further evidence for the
evolution of superbarrel proteins which has been con-
sidered by Bork and Doolittle®. We have observed no
similar tryptophan docking motif in the 7-bladed super-
barrel proteins galactose oxidase and methylamine de-
hydrogenase, or in the 8-bladed nitrite reductase, which
does, however, have alternative sorts of interactions
holding together adjacent propeller blades™. By con-
trast, the PQQ-containing dehydrogenases for glucose
(GDH) and alcohol (ADH) show the greatest similarity
to the MDH in the sequences which form the W motifs.
This has facilitated modelling of the structure of these
proteins which has suggested that they have an almost
identrcal tryptophan docking motif at the C/D corners as
indicated for MDH (Figure 4).

The a subunits in methanol dehydrogenase contact
one another in the region containing the D-strands of the
seventh and eighth W motifs, associated over a large
planar interface containing many hydrophobic and hy-
drophilic side chain interactions. This 1s augmented by
the ten C-terminal residues of the @-chains which form
extensions which associate with the symmetry-related
subunit, again through hydrophobic and hydrophilic in-
teractions.

Structure of the B-subunit

The £ subunit (Figure 2) is most unusual as it forms a
very extended structure having no hydrophobic core.
The N-terminal 30 residues, which include one In-
trachain disulphide bridge (Cys6-Cys12) and a proline-
rich segment (residues 14-20), is folded in a series of
open turns. The C-terminal 54 residues, rich in charged
residues, form a single straight a-helix of 30 residues in
7 turns followed by a C-terminal segment folded back
on the helix. Overall, the f-chain forms a planar ‘J’
shaped unit, with the long a-helix as its stem, which
hooks over the globular a-subunit. Although some hy-
drophobic interactions occur between the « and S
subunits, 10n~—pair interactions are predominant, as ex-
pected from the fact that 40% of the 8 chain residues are
charged. The # chain makes contact with the edges of
the W1-W4 motifs of the a chain with ion pair interac-
tions involving Glul48, Glul93, Argl97, Lys236,
Glu267 and Glu301 on the a chain, with Lys16, Glu48,
Arg50, Arg54, and Lys59 of the 8 chain. In the absence
of any other obvious function for this unusual subunat, it
has been suggested that it acts to stabilize the folded
form of the large a-chain. The absence of 8-subunits in
the other PQQ-containing quinoproteins, however, per-
haps indicates that it has a more specific (unknown)
function.
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The novel disulphide ring structure in the active
site

Within the a subunit there is a remarkable novel struc-
ture derived by formation of a disulphide bridge be-
tween adjacent cysteine residues (Cys103-Cys104); the
result 1s a strained 8-membered ring (Figure 6). Al-
though such a disulphide bridge has been proposed to be
present in the active site of the acetylcholine receptor’
and has been seen in the structure of an inactive, oxi-
dized, form of mercuric ion reductase’®, this is the first
time that this structure has been seen in an active en-
zyme. It has been predicted that if such a structure
should unexpectedly exist in a protein then a strained
ring would be produced in which a normal planar trans
peptide bond would not be possible, and that a cis pep-
tide bond would be more likely’?®. In our 1.94 A
structure of the enzyme it is clearly seen that the peptide
bond 1s, as predicted, non-planar, but it is in the trans
configuration. The w angle is 145° giving a distortion
from planarity of 35°. All of the other bond lengths and
bond angles in the ring are standard values, including
the distance between the sulphur atoms (2.06 A); the
distortion in the polypeptide chain within the disulphide
ring structure is thus different from that observed in the
isolated Cys-Cys dipeptide model compounds® ',

The active site

The active sites within each a subunit occur on the
pseudo 8-fold symmetry axis, at the end of the superbar-
rel structure containing the loops between the B and C
strands of motifs W6 and W8 which fold over the end of
the superbarrel to enclose the active site chamber. Ac-
cess 1s by way of a shallow funnel made up of hydro-
phobic surface residues*, leading to a narrow entrance
to the chamber containing the non-covalently bound
PQQ, a bound Ca** ion, the novel disulphide ring struc-
ture and a potential active site base (Asp303). There is
no obvious interaction between the two active sites In
the two a subunits and the § subunits make no direct
contribution to the structure of the active sites.

The PQQ is held in place by way of two non-polar
axial interactions, the PQQ ring being sandwiched be-
tween the indole ring of Trp243 and the disulphide ring
structure (Figure 6). The indole ring 1s within 15° of
coplanarity with the PQQ ring and in contact with 1t and,
on the opposite side the two sulphur atoms of the disul-
phide bridge are within 3.75 A of the plane of PQQ. In
addition to these axial interactions, many amino acid
residues are involved in equatorial interactions with the
substituent groups of the PQQ ring system. These are
exclusively hydrogen-bond and 1on—pair interactions
involving residues mostly on the A strands of the ‘W’
motifs (Figure 7). Although the number of polar groups
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Figure 6. The novel disulphide ring in the active site of methanol
dehydrogenase?’. The ring is formed by disulphide bond formation
between adjacent cysteine residues. The PQQ is ‘sandwiched’ be-
tween this ring and the tryptophan that forms the floor of the active site
chamber. The calcium ion is coordinated between the C-9 carboxylate, the
N-6 of-the PQQ ring and the carbonyl oxygen at C-5. The oxygen of the
C-4 carbonyl is clearly out of the plane of the ring.

Figure 7. The equatorial interactions of PQQ and the coordination
of Ca** in the active site?®, This figure also shows Asp303, which is
likely to act as a base, and Arg331 which may also be involved in the
mechanism. Figure 6 shows the axial interactions that are also in-
volved 1n holding PQQ in place in the active site.

involved might indicate at first sight that the environ-
ment of the PQQ is polar, earlier ENDOR expcriments
had previously indicated a relatively hydrophobic envi-
ronment for PQQ and a closer look at the interactions
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confirms this. An oxygen of the 9-carboxyl forms a salt
bridge with Argl09 and both groups are shielded from
bulk solvent by the disulphide. The carboxyl group of
Glul55 and a 2-carboxyl oxygen of PQQ are also
shielded from solvent and it is probable that at least one
i1s protonated, their interaction thus being stabilized
through hydrogen bond formation.

Of particular interest are the interactions of the C4
and C5 oxygen atoms; whereas the C5 oxygen is in the
plane of the PQQ ring system, the C4 oxygen is out of
the plane by about 40° (ref. 23), perhaps consistent with
the semiquinone state of PQQ. The C4 and C5 oxygens
are hydrogen bonded by the NH; and NH,; atoms re-
spectively of Arg331, and in addition the C4 oxygen
makes a longer hydrogen bond interaction with the am-
ide NH; of Asn394 whose amide CO is hydrogen
bonded to its own main chain NH group. It is not known
if the bonding of the C4 and C5 oxygen atoms is main-
tained in the fully oxidized quinone and fully reduced
quinol forms of the prosthetic group, in which the C4
and C35 oxygen atoms are likely to be in the plane of the
ring. As well as its hydrogen bonding to the PQQ,
Arg331 also makes hydrogen bonds between its NH, and
the carboxylate and main-chain carbonyl of Asp303.
The two side chains lie side by side, permitting free ac-
cess to the carboxyl group of Asp303, which is the most
likely candidate for the base required by some catalytic
mechanisms previously proposed for MDH®,

A Ca** ion is clearly seen in the active site, confirm-
Ing predictions that it is likely to be intimately related to
the prosthetic group'”. The co-ordination sphere of the
calcium ion in the active site contains PQQ and protein
atoms (Figure 7), including both oxygens of the car-
boxylate of Glul77 and the amide oxygen of Asn261.
The PQQ atoms include the C5 quinone oxygen, one
oxygen of the C7 carboxylate and, surprisingly, the N6
ring atom which is only 2.45A from the metal ion. The
five oxygen ligands have distances from the metal of
2.4-2.8 A.

The position of the substrate in the active site has not
been unequivocally determined; the one or two solvent
molccules which might occupy the same space as the
substrate alcohol group are in slightly different locations
in the two available structures>%, Immediately adjacent
to the more polar region containing the active site base
there 1s a hydrophobic cavity, which could accommodate
a small alkyl group, bounded by two tryptophans, a
leucine and the disulphide ring. This raises the problem
that this enzyme has a broad substrate specificity, and
can oxidize primary alcohols including relatively large
substratcs such as pentanol and cinnamyl alcohol; it is
not immediately obvious how these substrates could
readily gain access to the active site and understanding
of this awaits solution of a structure containing one of
these larger substrates,
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Mechanism of methanel delhivdrogenase

The enzyme catalyscs a ping-pong rcaction, consistent

with reduction of PQQ by substrate and release of prod-

uct, followed by two sequential single-electron transfers
to the cytochrome ¢p, during which the PQQH, 1s oxi-
dized back to the quinone by way of the free radical
semiquinone”'“’”. The rate-limiting step 1s the con-
version of the oxidized complex, containing the sub-
strate, 1nto the reduced enzyme plus product, and is the
only step requiring the activator ammonia.

The C-5 carbonyl of isolated PQQ is very reactive to-
wards nucleophilic reagents, such as methanol, leading
to the obvious conclusion that a covalent PQQ-substrate
complex may be important in the reaction mechanism,
Support for this has come from the reaction of MDH
with cyclopropanol which gives a C-5 propanal adduct,
indicating that the mechanism consists of proton ab-
straction by a base, giving a ring-opened carbanion,
which then attacks the electrophilic C-5 of PQQ**%. It
was suggested that during oxidation of methanol, a
similar proton abstraction must occur, followed by for-
mation of a carbon/oxygen bond to give a hemiketal

intermediate. It is probable that Asp303 (Figure 7) pro-
vides the catalytic base which initiates the reaction by
abstraction of a proton from the alcohol substrate
(Figure 8). In the mechanism shown in Figure 7 the oxy-
anton produced by proton abstraction attacks the elec-
trophilic C-5, leading to formation of the proposed
hemiketal intermediate, the subsequent reduction of the
PQQ with release of product aldehyde being facilitated
by prior ionization of the hemiketal complex which
might involve the pyrrole N atom. An alternative
mechanism is a simple acid/base-catalysed hydride
transter in which Asp303 again provides the base and
Ca’™ acts again as a Lewis acid (Figure 9). The large
deuterium isotope effect (about 6) observed during the
reductive phase of the reaction is consistent with either
mechanism; in both cases the step affected will be the
breaking of the C-H bond, and it is this step that is af-
fected by the activator ammonia, although the mecha-
nism of this activation is not understood**®, Recent
studies using PQQ analogues bonded to Ca** in organic
solvents have provided supporting evidence for mecha-
nisms involving hemiketal formation (Figure 8)
(ref. 49).

[6]

[5] [4]

Figure 8. Mcchanism for methanol dehydrogenase involving formation of a hemiketal intermediate®. It is suggested that the base
(Asp303) abstracts a proton from methanol and that the Ca’* ion facilitates attack by the resulting oxyanion on the electroph:lm_ C*§,
to give the hemiketal from which the methyl proton is abstracted; this is facilitated by ionization of the C-4 carbonyl oxygen Whl.L‘l’l 13
made possible by the pyrrole nitrogen atom. The oxidative part of the cycle involves electron transfer to cytochrome ¢ or an artifical

dye electron acceptor.

122

CURRENT SCIENCE, VOL. 72, NO. 10, 25 MAY 1997



REVIEW ARTICLE

[1] [2] [3] [4] [5]
PQQ ‘ PQQ | PQQOQ PQQG - PQQ
‘ ~ | | N
N N N OV S VO N N
IS/ Jaa [ <y | C«)\) l
a"o O g C Hz ~ ‘ D O_C H 2 ,.-O H e e OH H o OH
L’ /J | Ca e _b Ca~" /. Ca
Cca A Ca - ° O 0 0. O
R O C C/ \c/
s — ¢t —> | — | —> |
C | Asp 303
\ ASp 303 ASP 303 ASD 303
ASD 303

Figure 9. An alternative hydride transfer mechanism’?, The initial proton abstraction is the same but the electrophilic C-5 is involved
directly in removal of the methyl hydrogen as hydride. This mechanism was adapted from those previously published?” in order to em-
phase the probable double involvement of the active site base (Asp303). The oxidative phase is the same as in Figure 8.

In the mechanisms described here, the Ca** ion is
given a role in addition to a structural role 1n maintain-
ing PQQ in an active configuration; it is proposed that
the Ca’* acts as a Lewis acid by way of its coordination
to the C-5 carbonyl oxygen of PQQ, thus providing the
electrophilic C-5 for attack by an oxyanion or hy-
dride®*%. It is also possible that the Ca** ion coordinates
to the substrate oxygen atom. The role of Ca** in the
mechanism has been given support by a study of a Sr**-
containing methanol dehydrogenase produced by grow-
ing bacteria in a high concentration of Sr** (ref. 50), and
by investigations using an active enzyme containing
Ba?* jnstead of Ca®* (ref. 48). This is the first example
of an enzyme in which barium plays an active catalytic
role; the modified enzyme has a relatively low affinity
for methanol (K, 3.4 mM instead of 10 uM), and its
activator ammonia, but its activation energy is half (and
its V., twice) that of the normal Ca** enzyme. We have
suggested that this may be due to a change 1n conforma-
tion at the active site, leading to a decrease in free en-
ergy of binding and hence to a decrease in activation
energy ". It should be noted that, as an alternative to
Ca’* acting as activator of the C5 atom, it has recently
been suggested that Arg331, which hydrogen bonds to
the C5 oxygen, might be involved as an electrophile
leading to build up of positive charge density on this
oxygen*:.

Reaction of methanol dehydrogenase with its
electron acceptor, cytochrome ¢,

Cytochrome ¢ is a specific large acidic c¢-type cyto-
chrome’!™’, There is considerable evidence that the de-
hydrogenase and cytochrome ¢ ‘dock’ together intially
by electrostatic interactions between a small number of
lysyl residues on the dehydrogenase and carboxylates on
the cyluchrornc”'ﬂ‘“*”. A study of this 1nitial interac-
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tion confirmed the role of electrostatic interactions but
surprisingly showed that it is not inhibited by 50 uM-
EDTA which is sufficient to inhibit the overall electron
transfer process between the proteins®®. It is possible,
therefore, that EDTA inhibits by binding to nearby lysyl
residues, thus preventing movement of the ‘docked’ cy-
tochrome to its optimal position for electron transfer,
which probably involves interaction with the hydropho-
bic funnel in the surface of the dehydrogenase®**° o8,

Electron transfer from the quinol form of PQQ to the
cytochrome electron acceptor occurs in two single elec-
tron transfer steps — the semiquinone form of PQQ being
produced after the first of these transfers (Figure 8). The
protons are released from the reduced PQQ into the pe-
riplasmic space — thus contributing to the protonmotive
force'’”’. An obvious candidate as an intermediary in
this process is the novel disulphide bridge between ad-
jacent cysteines in the active site. This possibility ap-
peared to be supported by the demonstration that this
novel structure is very readily reduced with dithiothrel-
tol, yielding enzyme that is inactive with cytochrome.
However, reaction of the inactive reduced enzyme with
iodoacetate  produces carboxymethylated cysteine
residues that would not be available to take part in oxi-
dation/reduction rcactions, and yet this carboxymcthyla-
tion leads to re-formation of active enzyme®’. This type
of disulphide ring structure has not been obscrved pre-
viously in an active cnzyme and its rarity would suggest
some special biological function. It is not present in the
quinoprotein glucose dehydrogenase in which electrons
are transferred to membrane ubiquinone from the quinol
PQQI,, and in which the semiquinone-free radical 1s
unlikely to be involved as a stable intermediate, It has
been supgested, therefore, that this novel structure might
function in the stabilization or protection from solvent at
the entrance to the active site of the free radical PQQ
semiquinone in methanol dehydrogcenase®™,
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PQQ-containing dehydrogenases for alcohols
and glucose

There are three types of PQQ-containing alcohol dehy-
drogenase that are distinct from methanol dehydroge-
nase'” but they all contain a calcium ion, and the
reductive parts of their mechanisms are likely to be
stmilar. The first type, such as that in Pseudomonas
aeruginosa is almost identical except for 1ts substrate
specificity®’. The other types are quinchaemoproteins,
having an in-built electron acceptor in the form of haem
C which occurs on a C-terminal extension of the primary
sequence. This is illustrated in Figure 10, which also
shows the membrane glucose dehydrogenase with its N-
terminal additional sequence likely to be involved in
binding the enzyme in the membrane.

The quinohaemoprotein alcohol dehydrogenase from
acetic acid bacteria 1s membrane-bound and contains
three types of subunit but no subunit equivalent to the
small B subunit of methanol dehydrogenase'>'®. The
primary sequence of the catalytic subunit shows an N-
terminal region (600 residues) with an additional C-
terminal extension containing a haem-binding site®*®’.
In the N-terminal region there was 31% identity to the
sequence of methanol dehydrogenase and it was possible
to model its structure using the coordinates of methanol
dehydrogenase (Figure 11) (ref. 64). Although there are
considerable differences in the external loops, particu-
larly those involved in the formation of the shallow fun-

nel leading to the active site, the active site region was

Methanol dehydrogenase

Glucose dehydrogenase

5 membrane helices

150 amino acids

Region of superbarrel
MDH, ADH, GDH

il e————— . — il

About 600 amino acids

e kil — -

highly conserved, including the tryptophan and the .
sulphide ring on opposite sides of the plane of the PQ
and also most of equatorial coordinations to the P(
(Figure 7). Especially important with respect to
mechanism was the conservation of the active site b:
(Asp303 1n methanol dehydrogenase) and all the coor
nations to the calcium ion. This suggests that f
mechanism of this alcohol dehydrogenase is essentia
similar to that of the methanol dehydrogenase. Compa
son of the protein sequence of the soluble quinohaen
protein  ethanol dehydrogenase from Comomor
testosteroni leads to a similar conclusion for that enzyme'
The membrane-bound glucose dehydrogenase cata
ses the oxidation of the pyranose form of D-glucose
the C1 position) and other monosaccharides to the I
tone. The reaction occurs in the periplasm and the el
tron acceptor is ubiquinone in the membrane®®®’, It is
Intrinsic monomeric membrane protein (about 87 kI
1n which a divalent cation is necessary for reconstitut]
of active enzyme from apoenzyme plus PQQ. The
terminal region (residues 1-154) forms a membrane :
chor with 5 trans-membrane segments, and this regior
likely to contain the ubiquinone-binding site. The
maining periplasmic region (residues 155-796) sho
26% identity of sequence to that of the «a-subunit
methanol dehydrogenase and it has been possible
model 1ts structure using the coordinates of methas
dehydrogenase (Figure 11) (ref. 68). In the mo
structure, the novel disulphide ring is replaced by a
tidine residue which maintains the position of PQQ

Alcohol dehydrogenase

Haem-binding region

100 amino acids

Superbarrel region

W3 W1 W2 W3 W4

MDH (pl{ascpijaBconliaBcoliaBcniiaBcD
ADH D |jABCD]||ABCDJ{ABCD||ABCD] |ABCD

GDH |[D||ABCD

W5 W6 W7 W8
ABCD||ABCD
Low similarit

Low similarity and Highly conserved
80 extra amino acids

Figure 10. Sequence alignment of quinoprotein dehydrogenases. Each ‘W’ is a 4-stranded #-sheet {or propeller blade). These are the
regions showing greatest similarity of sequence between the quinoproteins, There are many loops between, and within, the 8-sheets
which show least similarity. For example, there is a long region with little conservation of sequence (including a large loop) between
the end of the D-strand in W35 and the end of the D-strand of W6. The highly conserved region between strand-A in W7 and the end of
strand-B in W8 was originally proposed to be a PQQ-binding domain; this is not the case.
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N-terminal

Figure 11. Schematic representation of the backbone of glucose
dehydrogenase (GDH), methanol dehydrogenase (MDH) and alcohol
dehydrogenase (ADH) showing their major secondary structure. The
MDH was determined by X-ray diffraction®. The model GDH
structure is of the C-terminal section of the membrane-bound GDH
(residues 155-796) (ref. 68). The model ADH structure 1s of the N-
terminal region of the quinochaemoprotein subunit | of the membrane
complex (residues 1-590) (ref. 64). The prosthetic group is shown as
a bail and stick structure, and the Ca** as a van der Waal’s sphere.
The major loops are in black. The position marked ‘h’ shows the
position where residues 497-579 (GDH) would join the main super-
barrel structure. These residues are not present in MDH or ADH and
the sequence on GDH is too long to model.

MDH GDH

Trpd404

Trp243

Figure 12. Comparison of the stacking intcractions of the PQQ in
MDH and the mode!l GDH. In MDH the PQQ is stacked between the
coplanar Trp243 and the disulphide ring system of Cysl03 and
Cys104 (ref. 23). In GDH the coplanar tryptophan is retained
(Trp404) but the disulphide is not conserved. Instead, His262 may
perform a similar role in helping to bind the PQQ into the active site
region. In the model structure the C4 carbonyl oxygen is shown out
of the plane of the ring as in MDH, but there is no evidence that this

seriquinone structure is ever present in GDH.
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Figure 13. The coordination of Ca** and the bonding of PQQ in the
active site of the model glucose dehydrogenase. Of the equatonal
interactions with PQQ the significant differences between the two
enzymes are that residues Serl74, Arg331 and Trp476 of MDH are
replaced by Val352, Lys493 and Leu712 in GDH; this results 1n
fewer H-bonds to the PQQ in GDH. Ca*®* is included in the model
GDH, although this may be replaced by Mg”* in the GDH from some
bacteria. By analogy with the mechanism proposed for MDH (refs. 7,
8), Asp466 may act as a base, initiating the reaction by abstraction
of a proton from glucose; in this mechanism the Ca?* acts as a Lewis
acid, co-ordinating with the C-5 carbonyl oxygen, which gives rise to
the electrophilic C-5 carbon of PQQ.

the active site, consistent with the previous demonstra-
tion that a histidine residue is essential for binding
PQQ® (Figure 12). There are fewer equatorial interac-
tions between the protein and PQQ (Figure 13), perhaps
explaining why it is possible to effect the reversible dis-
sociation of PQQ from the glucose dehydrogenase but
not from methanol dehydrogenase'™’". By analogy with
the methanol dehydrogenase structure, Asp466 1s hikely
to be involved in base catalysis. One clear difference 1s
that there is more ‘space’ in the glucose dehydrogenase
active site, perhaps to accommodate the larger substrate,
and the Arg331 in MDH which may play a role 1n ca-
talysis is replaced by Lys493 in glucose dehydroge-
nase®®. The ligation of the (presumed) calcium is
similar, suggesting that it plays a similar role in the two
enzymes - that of a Lewis acid through coordination to
the C-5 carbonyl oxygen, thus providing the electro-
philic C-5 of PQQ. The proposed active site base 18 con-
served, suggesting that the reaction s 1nitiated by
abstraction of a proton from the anomeric hydroxyl ot
the pyranose ring. This would be followed by attack
from the resulting oxyanion to form a hemiketal inter-
mediate; or attack by a hydride from the glucose oxy-
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anion, leading directly to formation of the lactone and
the quinol form of PQQ. That the mechanism mwht be
different, however, 1s mdlcatr.,d by the fact that Mg®* i
far more effective than Ca® for reconstitution’ "',

The oxidative half reaction of glucose dehydrogenase
is completely different from that in methanol dehydro-
genase in which there must be two single electron trans-
fers to two separate cytochrome molecules. By contrast,
in glucose dehydrogenase two hydrogen atoms must be
transferred to the acceptor ubiquinone. Although this
may also involve transfer of the electrons one at a time,
it is not necessary for a stable semiquinone to be
formed, and indeed no semiquinone has ever been ob-
served in glucose dehydrogenase. The active site funnel
is not hydrophobic and there is no suggestion from the
model structure or from the primary sequence that there
is a hydrophobic region of the protein that could interact
with the membrane except the N-terminal transmem-

brane segments.

Future prospects

Now that the structure of the PQQ-containing quinopro-
tein methanol dehydrogenase has been determined, the
most important remaining questions concern details of
the mechanism of its action, including the role of the
activator ammonia, the ‘docking’ system for interaction
with its specific cytochrome, and determination of the
route for electron transfer within the enzyme and the
transfer of electrons to the cytochrome. Similar studies
will be extended to the related alcohol and glucose de-
hydrogenases. The approaches to address these ques-
tions involve the analysis of structures of multiprotein
complexes, and of proteins containing activator and
substrate, and the use of site-directed mutagenesis to-
gether with kinetic and structural studies of the mutant
proteins.

1. Duine, J. A., Frank, J. and Verwtel, P. E. J., Fur. J. Biochem.,
1980, 108, 187-192.
2. Mclntire, W. S., Wemmer, D. E., Chistoserdov, A. and Lid-
strom, M. E., Science, 1991, 252, 817-824.
3. Davidson, V. L., Principles and Applications of Quinoproteins,
Marcel Dekker, New, York, 1993,
4. Janes, S. M., Mu, D, Wemmer, D., Smith, A. J., Kaur, S,
Maltby, D, Buringame, A. L. and Klinman, J. P, Science, 1990,
248, 981-987.
. Klinman, J. P., Methods Enzymol., 1995, 258, 1-415.
6. Wang, S. X., Mure, M., Medzihradszky, K. F., et al., Science,
1996, 273, 1078-1084.
7. Anthony, C., in Principles and Applications of Quinoproteins
(ed. Davidson, V. L.}, Marcel Dekker, New York, 1993, pp. 17-
45.
8. Anthony, C., Biochem. J., 1996, 320, 697-711.
9. Anthony, C. and Zatman, L. J., Biochem. J., 1967, 104, 960-969,
10. Hauge, J. G., J. Biol. Chem., 1964, 239, 3630-3639.
i1. Duine, J. A., Frank, J. and Westerling, 1., Biochim. Biophys.
Acta, 1978, 524, 277-287. |
12. Duine, J. A, and Frank, J., Biochem. J., 1980, 187, 221-226.

Lh

726

13.

14.
15.

16.

17.

18.
19.

20.
21.

22,
23.
24.
235.
20.
27.

28.

29.
30.
31.

32.
33.
34.
35.
30.
37.
38.
39.

40).
41,

42.
43,

44,

—— e ———— -

Salisbury, S. A., VForrest, H. S, Cruse, W. B. T. and
Kennard, O., Nature, 1979, 280, 843-844,

Duine, J. A., Eur. J. Biochem., 1991, 200, 271-284.

Matsushita, K. and Adachi, O., in Principles and Application of
Quinoproteins (ed. Davidson, V, L.), Marcel Dekker, New York,
1993, pp. 47-63.

Matsushita, K., Toyama, H. and Adachi, O., Adv. Microbial.
Physiol., 1994, 36, 247-301.

Anthony, C., tn Principles and Applications of Quinoproteins
(ed. Davidson, V. L.}, Marcel Dekker, New York, 1993, pp.
223-244.

Adachi, O., Matsushita, K., Shinagawa, E. and Ameyama, M.,
Agric. Biol. Chem., 1990, 54, 2833-2837.

Richardson, 1. W. and Anthony, C., Biochem. J., 1992, 287,
709-715.

Xia, Z. X,, Dai, W, W, Xiong, J. P., Hao, Z. P., Davidson,
V. L., White, S. and Mathews, F. S., J. Biol. Chem., 1992, 267,
22289-22297

White, S., Boyd, G., Mathews, F. S., Xia, Z. X, Dai, W. W,
Zhang, Y. F. and Davidson, V. L., Bi{}chemistry, 1993, 32,
12955-12958.

Anthony, C., Ghosh, M. and Blake, C. C. F., Biochem. J., 1994,
304, 665-674.

Ghosh, M., Anthony, C., Harlos, K., Goodwin, M. G. and Blake,
C.C. F., Structure, 1995, 3, 177-187.

Xia, Z., Dai, W,, Zhang, Y., White, §. A, Boyd, G. D. and
Mathews, F. S., J. Mol. Biol., 1996, 259, 480-501.

Faber, H. R, Groom, C. R., Baker, H. M., Morgan, W. T,
Smith, A. and Baker, E. N., Structure, 1995, 3, 551-559.

Li, 1., Brick, P., O'Hare, M. C. et al., Structure, 1995, 3, 541-
549,

Varghese, J. N,, Laver, W. G. and Colman, P. M., Nature, 1983,
303, 35-40.

Crennell, S. J., Garman, E. F., Laver, W G., Vimr, E. R. and
Taylor, G. L., Proc. Natl. Acad. Sci. USA, 1593, 90, 9852-
9856.

Ito, N., Phillips, S. E. V., Yadav, K. D. §. and Knowles, P. F,,
J. Mol. Biol., 1994, 238, 794-814.

Vellieux, F. M. D., Huitema, F., Groendijk, H., er al., EMBO J.,
1989, 8, 2171-2178.

Sondek, J., Bohm, A., Lambright, D. G., Hamm, H. E. and
Sigler, P. B., Nature, 1996, 379, 3695-374.

Lambright, D. G., Sondck, J., Bohm, A., Skiba, N. P., Hamm,
H. E. and Sigler, P. B., Nature, 1996, 379, 311-319.

Fulop, V., Moir, J. W. B., Ferguson, S. J. and Hajdu, J., Cell,
1995, 81, 369-377.

Bork, P. and Doolittle, R. F., J. Mol. Biol., 1994, 236, 1277-
1282.

Kao, P. N. and Karlin, A., J. Biol. Chem 1986, 261, 8085~
8088.

Schiering, N., Kabsch, W., Moore, M. J,, Distefano, M. D,,
Walsh, C. T. and Pai, E. F., Nature, 1991, 352, 168-172.
Ramachandran, G. N. and Sasisekharan, V., Adv. Protein
Chem., 1968, 23, 283437,

Chandrasekaran, R. and Balasubramanian, R., Biochim. Bio-
phys. Acta, 1969, 188, 1-9.

Capasso, S., Mattia, C. and Mazzarella, L., Acta Crystallogr,
1977, B33, 2080-2083.

Mez, H., Cryst. Struct. Comm., 1974, 3, §57-660.

Sukumaran, D. K., Prorok, M. and Lawrence, D. S, J. Am,
Chem. Soc., 1991, 113, 706-707.

Anthony, C., Ghosh, M. and Blake, C. C. F., Biochem. J., 1994,
304, 665-674.

Frank, J., Dijkstra, M., Duine, A. J. and Balny, C., Eur. J. Bio-
chem., 1988, 174, 331-338.

Dijkstra, M., Frank, J., and Duine, J. A., Biochem. J., 1989,
257, 87-94,

CURRENT SCIENCE, VOL. 72, NO. 10, 25 MAY 1997



A — gl —

435,

46.

47.

48.

49,
5Q.

51,
52,
33.
54.
58.

56.
57.

58.

59.

60.

61.

Dijkstra, M., Frank, J. and Duine, J. A., Biochem. J., 1989, 257,
87-94.

Frank, J., Dijkstra, M., Balny, C., Verwiel, P. E. J. and Duine,
1. A., POQ and Quinoprozeins (eds. Jongejan, J.A. and Duine, J.
A.), Kluwer, Dordrecht, 1989, pp. 13-22.

Frank, J., van Krimpen, S, H., Verwiel, P. E, J,, Jongejan, J. A,,
Mulder, A. C, and Duine, J. A., Eur. J. Biochem., 1989, 184.
187-195.

Goodwin, M. G, and Anthony, C., Biochem. J., 1996, 318, 673—
679.

Itoh, J. Biochem., 1997, 2, 1-2.

Harris, T. K. and Davidson, V. L., Biochem. J., 1994, 300, 175-
182.

Nunn, D. N. and Anthony, C,, Biochem. J., 1988, 256, 673-676.
Anthony, C., Biochim. Biophys. Acta, 1992, 1099, 1-15,

Chen, L. Y., Durley, R. C. E., Mathews, F. S. and Davidson,
V. L., Science, 1994, 264, 86-90, |

Chan, H. T, C. and Anthony, C., Biochem. J., 1991, 280, 139-
146.

Cox, J. M., Day, D. J. and Anthony, C., Biochim. Biophys, Acta,
1992,-1119, 97-106.

Dales, S. L.. and Anthony, C., Biochem. J., 1995, 312, 261-265.

Harris, T. K. and Davidson, V. L., Biochemistry, 1993, 32,
14145-14150.

Harris, T. K., Davidson, V. L., Chen, L. Y., Mathews, F. 8. and
Xia, Z. X., Biochemistry, 1994, 33, 12600-12608.

Anthony, C. (ed.), Bacterial Energy Transduction, Academic
Press, London, 1988, pp. 293-316.

Avezoux, A., Goodwin, M. G. and Anthony, C,, Biochem. J.,
1995, 307, 735-741.

Schrover, J. M. J., Frank, J., van Wielink, J. E. and Duine, J. A.,
Biochem. J., 1993, 290, 123-127. |

CURRENT SCIENCE, VOL, 72, NO. 10, 25 MAY 1997

REVIEW ARTICLE

62

63

64.

65.

66.

67.

68.

69.

70.

71,

Inoue, T., Sunagawa, M., Mori, A., Imai, C., Fukuda, M
Takagi, M. and Yano, K., J. Bacteriol., 1989, 171, 3115-3122.
Inoue, T., Sunagawa, M., Mori, A., Imai, C., Fukuda, M.,
Takagi, M. and Yano, K., J. Ferment. Bioeng., 1990, 70, 58-60.
Cozier, G. E., Giles, I. G. and Anthony, C., Biochem. J., 1995,
307, 375-379. |

Stoorvogel, J., Kraayveld, D. E., vanSluis, C. A, Jongejan,
J. A., Devries, S. and Duine, J. A., Eur. J Biochem, 1996, 235,
690-698.

Matsushita, K., Shinagawa, E., Inoue, T., Adachi, O. and
Ameyama, M., FEMS Microbiol. Lett., 1986, 37, 141-144.
Matsushita, K., Shinagawa, E., Adachi, O. and Ameyama, M
J. Biochem., 1989, 105, 633-637. _
Cozter, G. E. and Anthony, C., Biockem. J., 1995, 312 679-
685.

Imanaga, Y., in POQQ and Quinoproteins (eds. Jongejan, J. A.
and Duine, J. A)), Kluwer, Dordrecht, 1989, pp. 87-96.
Ameyama, M., Nonobe, M., Hayashi, M., Shinagawa, E., Mat-
sushita, K. and Adachi, O., Agric. Bivl. Chem., 1985, 49, 1227-
1231,

Buurman, E. T., Tenvoorde, G. J. and Demattos, M. J. T.,
Microbiology, 1994, 140, 2451-2458.

9y

ACKNOWLEDGEMENTS. I thank the BBSRC, the Wellcome Trust
and the Royal Society for support of my work on quinoproteins, and
the Department of Biochemistry, Sri Venkateswara University, Tiru-
pati and the Indian Institute of Science, Bangalore for their hospital-
ity during production of this review.

Received 17 April 1997, accepted 19 April 1997,

727



