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ABSTRACT. Two proteins specifically involved in methanol oxidation in the methylotrophic bacterium
Methylobacterium extorquergmve been modified by site-directed mutagenesis. Mutation of the proposed
active site base (Asp303) to glutamate in methanol dehydrogenase (MDH) gave an active enzyme (D303E-
MDH) with a greatly reduced affinity for substrate and with a lower activation energy. Results of kinetic
and deuterium isotope studies showed that the essential mechanism in the mutant protein was unchanged,
and that the step requiring activation by ammonia remained rate limiting. No spectrally detectable
intermediates could be observed during the reaction. The X-ray structure, determ®ddresolution,

of D303E-MDH showed that the position and coordination geometry of ti#é {@a in the active site

was altered; the larger Glu303 side chain was coordinated to thlei@aand also hydrogen bonded to

the O5 atom of pyrroloquinoline quinone (PQQ). The properties and structure of the D303E-MDH are
consistent with the previous proposal that the reaction in MDH is initiated by proton abstraction involving
Asp303, and that the mechanism involves a direct hydride transfer reaction. Mutation of the two adjacent
cysteine residues that make up the novel disulfide ring in the active site of MDH led to an inactive
enzyme, confirming the essential role of this remarkable ring structure. Mutations of cytoatirontech

is the electron acceptor from MDH was used to identify Met109 as the sixth ligand to the heme.

Methanol dehydrogenase (MDH)s a soluble quino-
protein, whose prosthetic group is pyrroloquinoline quinone
(PQQ). It catalyses the first reaction in an unusual periplas-
mic electron transport chain responsible for oxidation of
methanol to formaldehyde in methylotrophic bactefig?):

Disulphide g ° )

MeOH— MDH — cytochromec, — ring
cytochromec,, — oxidase— oxygen s cu
1

. . o . . . Ala102
MDH is the first PQQ-containing quinoprotein to have its

X-ray structure determined3{-10), the enzyme from the
facultative methylotropiMethylobacterium extorquenthe
subject of this paper, being determined to 1.9408 IDH
has ano,f, tetrameric structure, each smalsubunit (74
amino acids) folding around the surface ofeasubunit (600
amino acids). The-subunit is a superbarrel made up of eight
radially arrangedg-sheets (the “propeller fold”). PQQ,
intimately bonded to a Ga ion, is buried in the interior of ~ FiGUre 1: Disulfide bridge, PQQ, and €ain the active site of
the superbarrel. The floor of the active site chamber is formed MDH.
by a tryptophan residue and the ceiling formed by a ring ,_. . i
structure arising from a disulfide bridge between adjacent (Fi9ure 1). This is the only example of such a structure in
cysteine residues joined by a novel nonplanar peptide bong@n active enzyme; red_u_ctlon O.f th!s bond revers_lbly Inacti-
vates MDH but its specific function is unknown. It is unlikely
. to be involved directly in electron transfer between PQQH
(U.TKT)h.IS work was supported by The Wellcome Trust and BBSRC and its electron acceptor, and it may a play a role in
The coordinates of the wild-type MDH and the D303E-MDH have protecting the intermediate free radical form of the enzyme,
been deposited with the Brookhaven Protein Data Bank (codes 1hdiwhich is the form in which MDH is usually isolated ).

and 1h4j, respectively). . . . .
*To whom correspondence should be addressed. MDH catalyses a ping-pong reaction, consistent with

1 Abbreviations: MDH, methanol dehydrogenase; PES, phenazine reduction of PQ_Q b_y methanol and release of for_maldehyde,
ethosulphate; PQQ, pyrroloquinoline quinone. followed by oxidation of PQQk back to the quinone by
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Ficure 2: Proposed mechanisms for MDH. In both mechanisms the reaction is initiated by proton abstraction. In panel A, there is an
addition—elimination reaction involving formation of a covalent hemiketal intermediate, whereas in panel B, there is a concerted hydride
transfer. In panel A, the polarization of the C4 carbonyl is facilitated by the ionization of the pyrrole nitrogen. In panel B, the tautomerisation
is probably facilitated by the Asp303.

way of the free radical semiquinon&2—14). It has been is therefore the most obvious target for site-directed mu-
proposed that a catalytic base (possibly Asp303) initiates thetagenesis. This has not been possible previously, however,
reaction by abstraction of a proton from the alcohol substrate and the only mutagenesis studies of this type of enzyme have
(Figure 2). The subsequent steps in the mechanism involvedepended on our model structure (based on MDH coordi-
formation of a hemiketal intermediate in an additton  nates) of the structurally homologous membrane glucose
elimination reaction (Figure 2A) or a hydride transfer (Figure dehydrogenase d@scherichia col{22—26). Mutagenesis of
2B). The Ca&" ion is coordinated to the carbonyl oxygen MDH is difficult because more than 30 genes are required
(O5) of PQQ, and it has been proposed that this facilitates for methanol oxidation, including those involved in the
its polarization and subsequent attack on the electrophilic biosynthesis of MDH, PQQ, and cytochroroge (27). The
C5 atom by an oxyanion or hydridé&,(2). Arg331 is within genes encoding the and subunits of MDH (hxaF and
hydrogen bond distance of the O5 carbonyl oxygen and maymxal) and cytochrome, (mxaQ are located on an operon
also contribute to the polarization of C5. Until recently the together withmxaJ(function unknown). ThenxaFJGlgenes
balance of evidence has appeared to be in favor of theare transcribed from a promoter upstreanmoe@Fand form
addition—elimination mechanism, but recent work on the part of an 11 gene clustemixaFJGIRSACKLD], the three
structure of the related soluble glucose dehydrogentse ( genesmxaAKLbeing involved in C& ion insertion 28, 29).
16) has strongly favored the hydride transfer mechanism for These methanol oxidation genes are absent fEncoli
that enzyme and it has been argued that a similar mechanisnwhich is also unable to synthesize PQQ wtype cyto-
also operates in MDH1(7). chromes. The usual methods for site-directed mutagenesis

The physiological electron acceptor for MDH is cyto- and protein expression i&. coli are therefore not directly
chromec,, a large, specific, novettype cytochrome which  applicable and the alternative, of usik extorquenstself,
only occurs in methylotrophic bacterid§ 19). Its X-ray poses its own particular problems. For example, its high
structure has not been determined but that of a relatedG+C ratio limits the number of restrictions sites available
cytochromecssy; from Paracoccus denitrificandias been  for cloning steps (giving large inserts which are unstable in
published 20). Cytochromec, is oxidized by cytochrome  M13 phage), and there are difficulties when inserting small
cy whose structure has recently been determined and alsdragments into the large IncPI plasmids which are required
shown to possess some unusual featu?és ( for expression of mutant genes . extorquens

Most ideas about the structure and mechanism of PQQ- The present paper describes methods for the production
containing quinoproteins derive from studies of MDH which of site-directed mutants iM. extorquensvhich have been
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Ficure 3: Restriction map of thenxaFJGloperon in pKA1 and pKA1AmxaF::Kari). The map is not strictly to scale. Transcription is
from left to right. The white box represents the kanamycin resistance reporter gene replacing the deleted DNA. The probe used for Southern
hybridization is shown as a gray box.

employed successfully to produce mutations in cytochrome A

c. and MDH, to investigate the role of the novel disulfide T‘i"’l TACGTATG Sall
ring structure in the MDH active site, and, together With A TGCATACASCH
X-ray crystallography, to test hypotheses concerning its SnaBI
reaction mechanism. B
109

MATERIALS AND METHODS M109A 5'AACGGCATGGCGGGCCCGCAC

General Methods Used in Site-Directed Mutagenddisst MI121A 5vccccacsas&1'2,c_écumcc
bacterial strains, plasmids and phage have been described
previously B0, 31). All the genes used in this work are Eagl Sacll
depicted on the restriction map of plasmid pKA1 (Figure ceeeee 103 cceees

C103S 5 ' GGCCGCCCGCGCCGTCGC TAGCTGTGACCTCGTCAACCGC

3), and the synthetic mutagenic oligonucleotide primers are
3¢ CGGGCGCCCCAGCCATCCACACTGGAGCAGTTGE

listed in Figure 4. Restriction enzymes were obtained from Nhel

Promega or New England Biolabs. GrowthEfcoli, large 104

scale plasmid preparation by the alkaline lysis method, DNA €104S 5 ceccecCCeCeCCETCGCCTGCAGCGACCTCGTCAACCGE
manipulations, transformation d@&. coli, and agarose gel 3’ CGGGCGCGGCAGCGGACGTCGCTGGAGCAGTTGG
electrophoresis are described i82). Purification of M. Pstl
extorquenshromosomal DNA, bacterial matings, Western
blotting for identification of MDH and cytochrome,,

c103s 5 FeAG cACCTCOTCARG
oligonucleotide syntheses and DNA sequencing were carried GGCCECCCECELCETCECC ILEACCRACCTCE cec

out as described irB@). DNA fragments from agarose gels €184 3'  CGGGCGCGGCAGCEGAGCTCCCTGGAGCAGTTGE
were purified with a QIAEX I kit (QIAGEN). The Wizard Xhol
miniprep DNA purification system (Promega) was used for 303

small scale plasmid isolation frof coli. After mutagenesis, ~ D303E : S ca T accase
M. extorquensvas propagated on appropriate selection media o _ o
containing kanamycin and tetracycline. At every stage, FiGure 4: Synthetic oligonucleotides used for site directed mu-

. . S . tagenesis. (A) Introduction of th®al/Snd adaptor in production
mutations were confirmed by restriction analysis and/or DNA e deletion mutant. (B) production of mutations in structural

sequencing. Further details of procedures are provided in refgenes for cytochrome, (M109A, M121A) and MDH (C103S,
34 (for cytochromec. mutations), in ref33 for disulfide C104S, C103S/C104S, and D303E). The mutated nucleotides are

bridge mutations and production of the deletion mutant, and in ital_ics; the_ po_sitions of new _re_striction sites created by the
in ref 35 for production of the D303E-mutant. mutation are indicated by underlining.

Production of a Marked Polar Deletion Mutant for MDH  The 1.2 kbSmad fragment carrying the kanamycin resistance
Expression To produce the deletion mutant for MDH gene from pUC4KIXX (33) was cloned into th&ndBl site
expressionAmxaF::Kari), a suicide vector (pKA415F) was  which, like Smd, generated blunt ended DNA fragments.
needed to deliver thenxaF deletion into the chromosome  The Sal—SndI adaptor was used after several unsuccessful
of M. extorquens To achieve this aSal-Asd fragment attempts to clone the kanamycin resistance marker directly
including mxaF was removed from pKAL, creating into the filled-in Sal and Asd sites (withinmxaF; use of
pKA1AmxaF the ligated blunt ends regenerate&al site the adaptor also circumvented the screening that would have
into which aSal—Snal adaptor was inserted (Figure 4). been required after direct cloning in order to avoid clones
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with a 0.4 kbSal—Asd deletion or a 1.4 kbAsd—Asd
deletion resulting from the presence of twed sites within
mxaF The orientation of thekad marker gene was
determined by restriction analysis of plasmid DNA using
the Bglll site at one end of the insert, to select a clone
carrying the kanamycin resistance gene in the “forward”
orientation (in relation tanxaFJG). All subsequent steps
were performed as described fomxaJdeletion mutantZ8,

Afolabi et al.

to induce synthesis of MDH and cytochrormng methods
used for growth, harvesting, preparation of extracts, purifica-
tion and assay of cytochromes and methanol dehydrogenase
(using the artificial electron acceptor phenazine ethosulo-
phate, PES) are described in r&8 and 39. UV—vis and

CD spectroscopy, methods for determination of thiol groups,
and carboxymethylation procedures are described it kef
The production of oxidized enzyme with Wurster’s Blue,

29). The required mutant, produced by a double-crossover and its subsequent reduction, is as described idefinetic

event after introduction of pKA415F infd. extorquensyas
confirmed by hybridization analysis using the wild-type 3.6
kb Xhd fragment containingnxaF and part of themxaJ
sequence from pKALl as a probe (Figure 3).

The deletion mutantAmxaF::Karf) was unable to grow

on methanol but grew normally on methylamine, succinate,

pyruvate orj-hydroxybutyrate. It was complemented by
pRK310fmxaFJG) (30, 31), allowing growth on methanol.
Thea-subunit of MDH was absent from sonic extracts which
showed no dye-linked MDH activity. ThenxaG gene
product, cytochrome,, was expressed, confirming transcrip-

investigations, determination of deuterium isotope effects and
activation energies were all done using the dye-linked assay
system as described in ref0; during measurements of
ammonia activation on the deuterium isotope effect, the
concentration of methanol (800 mM) was sufficient to give
about 90% of theVmax value. Binding energies were
calculated from the measurdq, values for methanol.
Determination of the Structure of D303E-MDBrystals
were grown in the absence of methanol using the hanging
drop/vapor diffusion method as described previously for WT-
MDH (41). The well solution (1 mL) contained 14.5% poly-

tion of genes downstream of the kanamycin resistance (ethylene glycol) (6000), 20 mM Tris-HCI buffer (pH 9.5)

marker. However, thg-subunit of MDH which is encoded
by mxal immediately downstream ahxaG could not be

and 10 mM CaGl The hanging drops contained equal
volumes of this solution and MDH (20 mg/mL in 5 mM

detected by Western blotting. It is possible that the very small Tris buffer, pH 9.2). Crystals (1.& 0.2 x 0.1 mm) were
p-subunit (8.5 kDa) is unstable in the absence of the obtained after incubation in the dark for 1 month atG
o-subunit. This does not cause difficulty because during X-ray data from a wet-mounted D303E-MDH crystal were

complementation of the MxaF mutant with the wild-type or
mutant pRK310fxaFJG), the gene encoding the small
[-subunit Mxal) is also present.

Site-Directed Mutants of MDHMutagenesis of the altered
disulfide bridge depended on in vitro synthesis of double
stranded mutant DNA (Figure 4). The 342 Bal—Sad
fragment containing the Cys 103/104 regionnokaF was
cloned from pKAL into M13mp18 (giving M13KAO). A
double-stranded, 40 bpgzad —Sadl fragment within the
Sal—Sad insert of M13KAO was replaced by mutat&al —
Sad fragments (Figure 4), constructed in vitro by annealing
two complementary oligonucleotides wittag and Sadl

collected in house using a 30 cm Mar-Research imaging plate
detector system. The X-ray source was an ENRAF NONIUS
FR591 rotating anode generator operated at 50 kV and 100
mA, producing Cul radiation via a graphite monochro-
mator. A total of 180 images, each covering an oscillation
angle of 2, was recorded with an exposure time of 20 min
per frame and a crystal-to-detector distance of 230 mm.
Intensity data were processed with MOSFL#2Y and scaled
and merged using programs of the CCP4 sul®.(

The crystals were estimated to have a solvent content of
44% (44), assuming that there are twigS, tetramers in the
asymmetric unit. Initial phases were obtained by the molec-

cohesive ends incorporated at either end. The mutation wasular replacement method with MOLRERS), using ano;2

introduced via aSal—Sn&l adaptor and the 342 bp
fragment cloned back into pKA1l. The restriction sites

tetramer of wild-type MDH as the search modd).(
Reflections in the 263.0 A resolution range were used in

introduced with each mutation (Figure 4) were also designedthe cross rotation calculations, with a range of integration

to aid screening of mutant clones in subsequent st&ps (

radii values (36-70 A). The cross rotation function calcu-

Mutagenesis of the proposed active-site base to give thelated with a radius of 55 A yielded two significant cross-

D303E-MDH was carried out using the Stratagene Quik-
Change system. A 2.83kBal—Xba fragment contain-
ing part of mxaF and all of mxaJwas cloned into pBlue-
scripfill KS, chosen because it is not supercoiled and it is
very small (2.96 kb), thus providing the template for the

rotation peaks at 12.6 and 10,7thus confirming the
presence of twaw,3, tetramers within the asymmetric unit.
The highest cross rotation function solution yielded a
significant translation function peak at @5with the next
peak being at&. This solution was fixed and the translation

mutagenic reaction. The mutated DNA was excised using function was repeated to determine the relative position of

Asd, and the 1.36kb fragment cloned into pKA1 and and
the complete operon carrying the D303E mutatiomixaF
was then cloned from pKAL into pRK313%).

Site-Directed Mutagenesis of Cytochromgencoded by
mxaG) The mxaGl genes were cloned (usingbd and
BanHl) into pM13mp18 for mutagenesis (Figure 4) by the
Kunkel method 86, 37); the single-stranded pM13GI DNA

the secondx,f, tetramer, yielding the highest peak at 27
(the next peak being at &3 Following the positioning of
botha,f, tetramers in the target asymmetric unit, the crystal
packing of this solution was viewed using MOLPACKG]

to verify sensible crystal contacts. Refinement of the mo-
lecular model was performed with the program CNS){

the progress of refinement was monitored by setting aside

was used as a template for second strand production in vitro5% of the reflections for freB-factor (Riee) calculations48).

using T4 DNA polymerase, the mutant DNA being subse-
quently cloned into the intermediate vector pKA33(34).
Characterization of Proteins. M. extorquem&s grown

Initially, the model was subjected to 20 cycles of rigid body
refinement, which reduced thRfactor from 45.7% Riee =
42.5%) to 24.7% Riee = 24.9%). The refined model was

on methanol media or on methylamine with methanol added used to calculateA-weighted electron density maps that
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were subjected to 4-fold noncrystallographic symmetry ligand. The two methionines mutated to alanine in this
(NCS) averaging. All map inspections and model manipula- investigation were Met109 and Met121 which are conserved
tions were performed with the program QUANTA (Molec- in the related cytochromessy;; which has 52% identity of
ular Simulations Inc., Burlington, Massachusetts). Initial sequence to cytochroneg (18).

examination of the averaged maps revealed difference density Mutant M121A was able to oxidize and grow on methanol
for one PQQ molecule, one &don and a Glu303 side chain  as its sole source of carbon and energy but mutant M109A
in eacha subunit, thus providing support for the chosen was unable to do so, indicating that Met109 is possibly the
molecular replacement solution. Further refinement was sixth heme ligand. Normal amounts of cytochromevere
carried out & 3 A using the CNS simulated annealing produced in both mutants and they were purified as described
protocol (torsion-angle) during which the model was raised for the cytochrome from wild-type bacteri@g, 39). The

to 2500 K and then slowly cooled to 300 K in 25 K UV—vis part of the absorption spectra (24600 nm) of the
decrements. Throughout refinement, NCS restraints weredithionite-reduced, and persulfate-oxidized mutant cyto-

maintained since their release did not lower Ryg. value.
Alternating cycles of model building and refinement resulted
in convergenceR-factor= 18.7%,Ree = 21.7%). The final
model was analyzed with PROCHECHKY), and displayed

chromes were unchanged, showing that no major perturbation
of the heme had occurred in either of the two mutant
cytochromes. In the oxidized M121A cytochrorog the
near-infrared band (695 nm) was also present as normal,

acceptable geometry for both main chain and side chainshowing that the methionine-iron bond remained intact. This
parameters. Inspection of the Ramachandran plot indicatedcytochrome had also retained its ability to act as electron
that 82.6% of the amino acid residues are in the “most acceptor for methanol dehydrogenase, the rate of reduction
favored” regions, 16.5% are in “additionally allowed” and apparent affinity for the enzym&q 3 uM) being
regions, 0.2% are in “generously allowed” regions and 0.7% unchanged.

in “disallowed” regions. The “disallowed” residues in each By contrast, M109A cytochrome. was no longer able

o subunit (Lys19, Asn52, Asp105, and Lys166) were well- to act as an electron acceptor for MDH, and the near-infrared
defined by electron density. band was absent, indicating that the methionine ligand to
RESULTS the heme was lost. The work presented here confirms that

Met109 is the sixth ligand to the heme iron in cytochrome
Site-Directed Mutagenesis in M. extorquemke starting ¢. and that this is essential for its electron-transfer interactions
point for mutagenesis was the 8.6 indlll fragment

with MDH. The unchanged spectrum between 500 and 600
containing themxaFJGloperon, cloned previously into the

nm in the mutant cytochrome indicates that the Met109
broad host-range vector pVK100, able to replicateMn

ligand had been replaced by an alternative low spin ligand
extorqueng30, 31). All mutagenic programs required a small  (probably lysine or histidine), while the lack of absorption
intermediate vector, pKAL (total size, about 10 kb) which

at 695 nm shows that this ligand is not the adjacent Met108.
we have developed specifically for recombinant DNA

During this work it was noticed that, by contrast with the
manipulations using the genome of the methylotrdph great majority of soluble-type cytochromes, in addition to
extorquensit is a modified pBR322 plasmid with the Tet

those cysteine residues which are attached to the hgdne (
and Sal sites removed, and thidindlll —BanH| mxaFJGI

cytochromec, has two cysteine residues (C53 and C167),
fragment (6.8 kb) inserted (Figure 2§ 29). For expression  which are not conserved in cytochrorog,. These “extra”
in M. extorquensmnutated genes were transferred from pKA1 residues could not be carboxymethylated wiitAA using
to pVK310mxaFJG| thence into a MxaG mutant 80, 31) native or denatured cytochronse However, after denatur-
for mutated cytochromes, or into the deletion mutant

ation of the cytochrome followed by reduction with dithio-
AmxaF::Kar for expression of mutated MDH. threitol, both cysteines could be carboxymethylated, sug-
Site-Directed Mutagenesis and Characterization of Cyto-

gesting that the cytochromg of M. extorquenss unique
chrome ¢. Cytochromec, is the specific electron acceptor in having a disulfide bridge in its structure, perhaps confer-
for MDH, and its X-ray structure is being determined as part ring greater stability on this large periplasmic cytochrome.
of a program aimed at elucidating its interaction with MDH, Site-Directed Mutagenesis and Preliminary Characteriza-
and determining paths of electron transfer to its heme from tion of MDH with an Altered Disulfide Bridge in the Acé
the PQQ prosthetic group of MDH. Cytochromeis similar Site.MDH contains a remarkable ring structure, made up of
in many properties to Class | cytochromesut its amino adjacent cysteine residues (Cys103 and Cys104), which lie
acid sequence shows that it constitutes a separate novel classnmediately above the PQQ (Figure 1); this type of structure
of c-type cytochromes. A diagnostic characteristic of a typical is not seen in the active site of any other type of enzyme,
Class | cytochrome is the position of the methionine that indicating that it is likely to have some specific function in
forms the sixth ligand to the heme; this is usually about 60 the PQQ-containing alcohol dehydrogenases which may or
residues toward the C terminal after the histidine that may not involve reductive cleavage to the free cysteine
provides the fifth heme ligand. In cytochronee all three residues. To investigate whether it is an essential feature of
methionines are closer than this and the sequences arounthe active site of MDH both cysteines were mutated to serine
the methionines bear no relationship to those around me-(separately and together).
thionine in other c-type cytochromes. This work was All three mutants (C103S, C104S, C103S/C104S) were
undertaken to establish an appropriate method of site-directedunable to oxidize methanol or to use it as their sole source
mutagenesis and expression (see Materials and Methods) foof carbon and energy, although oxidation and growth on other

future studies with this cytochrome (cytochromeannot
be mutated and expresseddncoli) and to determine which

substrates was unchanged. Cytochrameas expressed in
all three mutants, as expected, confirming that the mutation

of the three methionine residues provides the sixth hemehad not prevented expression of downstream genes. MDH
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Table 1: Kinetic and Thermodynamic Constants for D303E-MDH and WT-MDH

WT-MDH? D303E-MDH
Km for methanol (with 15 mM NHCI) 0.003 mM 250 mM
Kafor NH.CI (with 800 mM methanol) 2mM 1.1mM
Kafor NH4CI (with 800 mM deuterated methanol) 7mM 2.15mM
deuterium isotope effect (with 20 mM NgI) 1.6 5.9
deuterium isotope effect (with 1 mM NjgI) 4.3 8.4
activation energy 35.4 kJ/mol 20.2 kJ/mol

aValues for WT-MDH are taken from ref0.

was synthesized by all three mutants, although at very low 900
levels and the enzymes were completely inactive. These
results confirm that the complete disulfide bridge is required
for activity, and they are consistent with the previous
observation that chemical reduction, to give the reduced
thiols, leads to inactive enzym&X). Unfortunately, the very
low levels of expression of the mutant protein precluded
further investigations, but overexpression of the mutant
proteins in an alternative strain should provide sufficient
material for further study of this intriguing structure.
Site-Directed Mutagenesis of the Proposed #&tSite
Base, Asp303, to Glutamateitiation of the MDH reaction
has been proposed to involve the active site base Asp303;
to test this hypothesis Asp303 was mutated to glutamate as
described in the Materials and Methods. The growth on 0.5%
methanol in batch culture of the D303E mutant was similar
to the wild-type strain and the D303E-MDH was produced
at wild-type levels; it was purified by the normal procedures,
characterized biochemically, and its X-ray structure deter-
rlnined. The main kinetic differences are summarized in Table 200 200 500
Kinetic Analysis of D303E-MDHAIlthough cytochrome Methanol (mM)
c. is the physiological electron acceptor during oxidation of Ficure 5: Effect of the concentration of ammonia and methanol
used phenazine ethosulfate (or Wurster’s Blue) in the enzyme(().z)slﬁquNnE"‘lCI’ (4) 2.5 mM NHC; (@) 1.0 mM NHCL; (#)
assay. In this system, there is an absolute requirement for '
ammonia (or methylamine) as an activator. It is not known E+A + 5 @——— ES+A
what role it plays in the mechanism but deuterium isotope K,
studies (see below) have indicated that it acts in the rate-

600

300

Specific activity (nmoles/min/mg)

limiting step of removal of hydrogen from the methyl group K, Ke
of methanol.
In the PES-linked assay, th€n.x value for purified K,
D303E-MDH (1.2%mol min~* mg-2) was about 60% higher EA+S € —————D EAS=DE+A+P

than that for WT-MDH but thé,,, value was increased more FiGure 6: Kinetic scheme for the activation of D303E-MDH by
than 80000-fold (M to 250 mM). This did not prevent ammonia. This scheme shows that the combination of enzyme (E)

: L : : with substrate (S) is dependent on the activator ammonia (A); thus,
growth in batch culture containing high concentrations of E and EA have different affinities for the substrate. The equation

methanol. A large increase in thé&, value was also seen oy this scheme i = Vinad(1 + KYS {1+ KJA (1 + SKJ/(1 +

for oxidation of ethanol (6(xM increased to about 1.3 M)  SK.)}. When the measured reaction rates were fitted to this
and forn-propanol (6QuM increased to about 2.2 M). This  equation, the values of the constants were shown to be as follows:
decrease in apparent affinity for substrate was even greater:?]a: 0-1? mM?Kéf: 1&% mdM3 Ks .:t44-3 TM;K’S = 3|21mM (NB:
than that previously observed in MDH containing 2Ba ese values are for the dissociation of the complexes).

instead of C#&'" in the active site (for Ba-MDHK,,= 3.5 o . . . o

mM) (40). state kinetics being consistent with the scheme in Figure 6

MDH has an absolute dependence on ammonia as activatot¥hich shows that, although methanol and ammonia are both
in the PES-linked assay system, its main effect being to essential for activity, each appears to bind more strongly to
increase th&/ma value (@, 2, 40). This was not changed by the enzyme in the absence of the other. This suggests that
the mutation. Thé&, of D303E-MDH was slightly decreased substrate and activator sites are not identical but able to
(from 2 to 1.1 mM) and very high concentrations were interact with each other as previously suggested for WT-
inhibitory (K;, 70 mM for WT-MDH; 105 mM for D303E-  MDH (13, 52) and Ba-MDH @0). The value ofK{JKs (7.2)
MDH). As previously shown for WT-MDH, the apparent is a measure of this negative effect of ammonia on the affinity
affinity of D303E-MDH for methanol decreased with for methanol and}/Ka (numerically the same) reflects the
increasing concentration of activator (Figure 5), the steady negative effect of methanol on ammonia binding (Figure 6).
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[Ty Ficure 9: Determination of the activation energy for D303E-MDH.
% CD;OH Activity of D303E-MDH (6.7xM) was measured in the PES-linked
g_ system with high concentrations of methanol (800 mM) andGIH
h (15 mM) at temperatures betweerf® and 50°C. The activation
energyEx was calculated from the slope of the best fit line based
1 L ) on the equation’ = A exp(—Ea/RT).
10 20 30

[NH,CI] mM 20 WT-MDH

Ficure 7: Effect of ammonia concentration on the activity of
D303E-MDH measured with methanol and deuterated methanol.
The effect of NHCI concentration was measured in the PES-linked
assay system with high concentrations of substrate (800 mM). The
curves were the best fit for the equatiorr Vimax [A)/(Ka + [A] (1

+ [A)/ K)), where [A] is the concentration of Nj&I.

10.0
AE,=-214 AE,=-152
AE,=-175 AE,=- 280
80 1 AE, =-39 AE,=+128
D303E-MDH
6.0 | 20

D303E-MDH g+

40
WT-MDH : ! ' '
20 f
Ficure 10: Schematic Gibbs free energy changes (in kJ/mol) for

the formation of the transition state complex during the activity of
methanol dehydrogenase. The changes in Gibbs energies are for
the concentrations used in the experiments and not the standard
0 5 1o 1520 states of 1 M. The values for WT-MDH and BaMDH are taken
[Ammonium chloride] mM from (40). E represents the enzyme, S is the substrate, ES is the

FIGURE 8: Effect of ammonia concentration on the kinetic isotope ENZYMe substrate complex and ES* is the transition state complex.

effect with WT-MDH and D303E-MDH. The values for D303E- £ @nd Es represent activation and binding energies, angizes
MDH were derived from the data in Figure 7 and the values for &Mmeasure of the energy of the transition state compex, AEs,
WT-MDH were taken from refi0. and AE; are the differences in these energies occurring when the

WT-MDH is changed to B&-MDH and D303E-MDH.

Gibbs energy (kJ/mol)

Gibbs energy (kJ/mol)

Kinetic deuterium isotope effect
N
S

Deuterium Isotope Effect in D303E-MDHhe apparent
affinity of D303E-MDH for methanol and deuterated metha- substrate to deuterated substrate must be those involving
nol was almost the sameXy, values, 250 and 193 mM, removal of the methyl hydrogen as shown in Figure 2. These
respectively). By contrast, the,.x was decreased at least are conversion of 4 into 5 in panel A and the conversion of
6-fold with deuterated methanol (Figure 7). The apparent 1 into 2 in panel B. These results exclude the possibility
affinity for the activator ammonia was slightly lower with  that ammonia activates MDH by encouraging the initial
deuterated methandKg, 2.15 mM) than with methanokg, binding of substrate or by affecting the formation of any
1.25 mM) (Figure 7); the isotope effect was therefore PQQ-methanol adduct, or by stimulating the reoxidation of
dependent on the concentration of ammonia, being higherreduced PQQ; they confirm the previous proposal that
at lower ammonia concentrations, as seen previously withammonia activates the reduction of PQQ by substrage (
MDH from HyphomicrobiunX (13) and with Ba-MDH @0) 40).
(Figures 7 and 8; Table 1). This deuterium isotope effect Activation Energy for Methanol Oxidation by D303E-
was greater for D303E-MDH (6 with 20 mM NgI) than MDH. The activation energy for methanol oxidation cata-
that observed with WT-MDH (1.6 with 20 mM NJ&I) but lyzed by D303E-MDH, measured between 6 and?60was
considerably less than the isotope effect (8.0 with 20 mM 20.2 kJ/mol (Figure 9) compared with 35.4 kJ/mol for WT-
NH.Cl) measured with Ba-MDH 40). The steps in the  MDH, consistent with the 60% increase in the meas\gg
mechanism that are affected by the change from protiatedvalue. This decrease in activation energy (15.2 kJ/mol)
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Table 2: Data Processing and Refinement Statistics for the

D303E-MDH Structure

Afolabi et al.

Spectrophotometric analysis of the mechanism of MDH
has been hindered by the difficulty of obtaining a stable
oxidized form of the enzyme. When it is produced from the

total number of reflections 134 792 ) o S -

no. of unique reflections 48 502 isolated semiquinone form by oxidation with Wurster’s blue,
resolution (A) _ _ 3.0 MDH becomes very rapidly reduced by the small amounts
completeness (%) (highest resolution shell) 91.5(814)  of endogenous substrate for which the enzyme has an
Rimerge(%0) (highest resolution shell) 9.4 (26.5) v high affini > 40). B b f
multiplicity (highest resolution shell) 3.0(2.8) gxtremey 'g. a inity ¢, 2, 40). By contrast, ?C.ause 0
avgl/al) (highest resolution shell) 6.9 (2.6) its very low affinity for all substrates, a stable oxidized form
resolutiorl range (A) 303 of D303E-MDH could be produced readily by incubation
g;;fgéo(g/g)@ 287 with Wurster's blue, and its subsequent reduction measured
no. of reflections in working set 45 246 by the increase in absorption at 345 nm and the accompany-
no. of reflections in test set 2385 ing decrease at 400 nm. As expected, the rates of reaction
no. Ot;‘ pfgtlein 6;:]0315_ fion &) %0050‘;8 measured in the absence of added substrate and activator
rms bona ieng eviation . H ; : :

rms bond angle deviation (A) 14 (ammonia) were very low, with complete reduction occurring

occurred concomitantly with an increase of more 80 000 in

after 12 h. By contrast, when both methanol and ammonia
were present, the rate was too fast to measure using
conventional spectrophotometry (complete reduction within

the K, for methanol. Assuming that this reflects a change ; s
in K4 for methanol then this indicates a decrease in binding 2 S)- When either ammonia or methanol were added to the
energy of 28 kJ/mol. This suggests that in D303E-MDH there oxidized enzyme separately, thg rates were sufficiently low
must be a decrease in stability of both the transition state {0 b& measured and were identical at the two wavelengths
complex and the enzyme substrate complex (Figure 10). This(345 and 400 nm). The first-order rate constants were<4.5
finding contrasts with the effect of replacing Tavith Ba?* 10°% s* for reduction by endogenous substrate in the
in Ba-MDH where the change in activation energy was Presence of ammonia activator, and &810°° s™* with
almost entirely due to the decrease in stability of the enzyme @dded methanol in the absence of ammonia. The spectra were

substrate complex, with little affect on stability of the identical during both reduction processes, with an isosbestic
transition state complex4(). point at 360 nm and were indistinguishable from those
Production of the oxidized form of D303E-MDH and its Previously published for Ba-MDH4(0). All the results

reduction by methanolThe absorption spectrum of reduced suggest that only the fully oxidized and fully reduced forms
MDH has a peak at 345 nm and a shoulder at 400 nm, which of MDH were present during the reaction. There was no
has been ascribed to PQ@Hnd the spectrum of the enzyme indication of any intermediate form as might have been
containing the semiquinone form of PQQ is almost identical; expected if a methanol or ammonia covalent adduct is an
on oxidation, the absorption at 345 nm decreases and thentermediate. If the mechanism does involve such an
absorption at 400 nm increases, (2). The absorption  intermediate, then its spectrum must be very similar to either
spectrum of D303E-MDH, and the CD spectra (24M@0 the oxidized or the reduced forms, or the population of the
nm) were shown to be the same as those of WT-MDH in enzyme in the intermediate state is too small to detect. The
which the PQQ is in either the semiquinone or reduced form, D303E-MDH will be used in future studies using stopped
indicating that the secondary structure and the redox stateflow analysis in order to investigate this further; this approach
and conformation of PQQ has not been markedly altered by has been successful in demonstrating the absence of a

mutation of Asp303 to glutamate.

covalent adduct intermediate in the mechanism of the related

Table 3: Interatomic Distances (in A) between Key Features in the Active Site of MDH Ktethylobacterium extorquens

wild-type MDH; values in
parentheses are for MDH from

atom 1 atom 2 Methylophilus methylotrophuyg—6) D303E-MDH
Asp303 OD1(OE1 of Glu303) CGa 3.5(3.2) 2.4
PQQ 04 6.1(6.1) 51
PQQ 05 4.1(4.2) 2.8
PQQ C5 5.3(5.4) 4.0
Arg 331 NH2 3.6(3.7) 3.6
Asn261 ND2 3.2(3.3) 3.8
Ash 261 OD1 3.5(3.6) 33
Asp303 OD2 (OE2 of Glu303) Ca 4.6 (4.2) 4.3
PQQ 04 5.2(5.1) 5.0
PQQ 05 3.8(4.1) 35
PQQ C5 5.0 (4.9) 4.7
Arg331 NH1 5.2 (5.3) 5.7
Arg331 NH2 3.0(3.1) 35
Asn261 ND2 5.3(5.1) 55
Asn261 OD1 5.4 (5.5) 54
Arg331 NH1 PQQ 04 2.7 (3.1) 3.0
PQQ 05 3.4(3.3) 3.8
PQ C5 3.7(4.2) 3.9
Arg331 NH2 PQQ 04 3.3(3.2) 3.1
PQQ O5 2.9 (3.0) 29
PQQ C5 3.9 (4.0) 3.7
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was shown to bé2; (a = 101.85 A,b = 61.02 A,c =
212.68 A, ang3 = 92.83) and there were twa,3, MDH
tetramers per asymmetric unit. The structure was determined
at 3 A bymolecular replacement; after refinement, the final
R-factor was 18.7%, with a corresponding friedactor of
21.7%. The polypeptide chain backbone had continuous
electron density for both molecules in the asymmetric unit
and well-defined electron density for one molecule of PQQ
and one calcium ion in the active site in eacisubunit. A
summary of data collection parameters and refinement data
is given in Table 2.
The D303E mutation had no major effect on the overall
oDl OD2 4% o structure of MDH. The main chain atoms of WT-MDH and
ND2 - B D303E-MDH superimpose with an rms deviation of 0.2 A
for 667 G, atoms, and the interatomic distances between
Asn 261 Asp 303 PQQ and relevant amino acid side chains, in the region of
the active site are not markedly different, the greatest
WT-MDH difference being 0.34 A, with 80% being less than 0.2 A
different. The only notable differences result directly from
the change of Asp303 in WT-MDH to Glu303 in D303E-
MDH (Table 3; Figure 11). In WT-MDH the carboxyl group
of Asp303 is too far away to interact with PQQ or?Ca
directly. By contrast, in D303E-MDH a carboxyl group
oxygen (OE1) of Glu303 is more thd A closer to the Ca&
ion (2.4 A), changing the coordination of the arom
hexacoordinate to the more usual heptacoordinate and
shifting the C&" ion about 0.5 A in a direction perpendicular
to the plane of the PQQ toward the disulfide bridge. The
same oxygen atom (OEL1) is also located so close to the O5
of PQQ (2.8 A instead of 4.1 A) that there must be a
hydrogen bond between these oxygen atoms. The most likely
explanation is that the PQQ is in the reduced (or semi-
quinone) form with a hydroxyl on the C5, as seen in the
structure of MDH fromM. methylotrophug53); however,
the resolution is not sufficiently high to see whether the C5
atom is in the expected tetrahedral conformation.

Glu 177

Glu 177

DISCUSSION
Asn 261 Asp303 has been proposed previously to be the catalytic
base that initiates proton abstraction from the methanol
D3 OSE-MDH hydroxyl group (, 2, 6, 8) (Figure 2), and it is not surprising

FIGURE 11: Active site of wild-type MDH and D303E-MDH. Key that its replacement by the alternative base (glutamate) gave

differences are the heptacoordinate?Cia the D303E-MDH due ~ an enzyme (D303E-MDH) which retained some activity. The
to a new coordination to the carboxyl of the Glu303; formation of kinetics with respect to methanol and the activator ammonia,
:nnfﬁgyg:ggﬁ;gt?ggi ]?%tc\)'\;%eig Ocﬁltﬁ{seégfgsxagéh;i85 :g:;%?; and the deuterium isotope effect were consistent with the
and Arg331. The electron dens?ty for the activeysite residues, PQQ overall reaction mechan!sm being unch_a_nged in the muta_nt
and C&* in D303E-MDH are contoured at 1.0 rms. enzyme. The decree_xse in apparent affinity for methanol in
the D303E-MDH K, increases from M to 250 mM) and
soluble glucose dehydrogenase Atinetobacter calco-  the decrease in stability of the transition state complex are
aceticus(16). consistent with the observed changes in the active site region.
Structure of D303E-MDHThe two crystal forms of MDH These include the movement of the ?Caon, the new
previously used in the structure determination of MDH from coordination of Glu303 with the Gaion, the replacement
Methylophilus methylotrophusere bothP2;, with a single of the hydrogen bond with Arg331 with a hydrogen bond to
a2 tetramer occupying the asymmetric unit in both crystal the O5 of PQQ, and the general steric restrictions due to the
forms (). Three types of crystal have previously been introduction of the longer side chain of Glu303. Besides

obtained for WT-MDH fromM. extorquenstwo of which hydrophobic interactions, the binding of methanol prior to
were used during the initial structure determination, one proton abstraction is presumably by way of a hydrogen bond
being orthorhombicH2,2,2;) and the other triclinic P1); to the active site base (Asp303), and possibly by coordination
both crystal forms contained a singlgf.-tetramer in the  to the C&" ion which would increase its coordination from
asymmetric unit9, 41). The monoclinic crystals (1 mm 6 to 7. There is an appropriate amount of space to

0.1 mm x 0.2 mm) of the mutant enzyme (D303E-MDH) accommodate methanol sufficiently close to thé'Gan. It
reported here constitute a fourth crystal type. The space groupshould be noted that if the methanol is able to bind to the
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C&" ion, then the ammonia base might possibly also bind
there which would be consistent with the kinetic data
presented in this paper. The decrease in binding energy of
methanol in the D303E-MDH is possibly due to poorer
binding to the GIlu303 and perhaps because it binds more
poorly to the C&" (giving an octa-coordinated structure).
We have also considered the possibility that the methoxide
ion is the true substrate for the mutant enzyme as its
abundance broadly reflects the very high appakgntfor
methanol, and its binding and entry to the catalytic reaction
would be less compromised by the new bonding pattern of
Glu303. However, a more detailed analysis is inappropriate
in the absence of a structure of the oxidized form of MDH
(that is, the form that binds methanol) or of any structure
containing bound substrate. Only one such structure has been
reported §) but a recent reinterpretation by Mathews and
co-workers $3) has demonstrated that there is no methanol
present and that the PQQ is in the reduced form, with the
C5 carrying a hydroxyl group (structure 3 in Figure 2B)
which is not an intermediate in the additioalimination
mechanism (Figure 2A). These authors point out that the
immediate implication of their observations is that MDH
follows the alternative hydride transfer mechanism (Figure
2B), first proposed for MDH, 2, 54), which is in agreement
with the mechanism for the related soluble glucose dehy-
drogenase published recently by Dijkstra and co-workers
(15—17, 55). This interpretation is consistent with our failure

to demonstrate detectable spectroscopic intermediates during 24,

the course of the reaction, and our observation that Glu303
is able to make a hydrogen bond with the O5 oxygen of
PQQ in D303E-MDH, which would only be possible if there
is a hydroxyl in this position.

In the direct hydride transfer mechanism the proton transfer
reaction during the tautomerisation process (Figure 2B) is
likely to involve a nearby base, probably the same base as
catalyses the initial proton abstractidh 2, 8). If this is the
case then an oxygen atom of D303 or E303 must be within
abou 3 A of the donor (C5 of PQQ) and acceptor (04 of
PQQ) atoms. The distances depicted in Figure 11 and Table
3 demonstrate that this is not the case. The nearby Arg331
is an alternative candidate, with NH2 being within hydrogen
bonding distance of O4, but it is probable that the “arm” of
the aspartate (or glutamate) side chain is sufficiently flexible
for it to carry out both functions; the initial proton abstraction
and facilitation of the subsequent tautomerisation of the
reduced PQQ.
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