ISSN 0006-2979, Biochemistry (Moscow), 2006, Vol. 71, No. 12, pp. 1329-1335. © Pleiades Publishing, Inc., 2006.
Original Russian Text © V. I. Vasil’ev, T. V. Tikhonova, R. I. Gvozdev, I. A. Tukhvatullin, V. O. Popov, 2006, published in Biokhimiya, 2006, Vol. 71, No. 12, pp. 1633-1641.
Originally published in Biochemistry (Moscow) On-Line Papers in Press, as Manuscript BM06- 194, October 8, 2006.

Optimization of Solubilization and Purification Procedures
for the Hydroxylase Component of Membrane-Bound Methane
Monooxygenase from Methylococcus capsulatus strain M

V. L. Vasil’ev!, T. V. Tikhonova'*, R. I. Gvozdev?, 1. A. Tukhvatullin?, and V. O. Popov'

'Bach Institute of Biochemistry, Russian Academy of Sciences, Leninsky pr. 33, Bld. 2,
119071 Moscow, Russia, fax: (495) 954-2732; E-mail: inbi@inbi.ras.ru; ttikhonova@inbi.ras.ru
2Institute of Problems of Chemical Physics, Russian Academy of Sciences,
pr. Akademika Semenova 1, 142432 Chernogolovka, Russia; fax: (09652) 496-76

Received July 21, 2006
Revision received August 17, 2006

Abstract—The hydroxylase component of membrane-bound (particulate) methane monooxygenase (pMMO) from
Methylococcus capsulatus strain M was isolated and purified to homogeneity. The pMMO molecule comprises three subunits
of molecular masses 47, 26, and 23 kD and contains three copper atoms and one iron atom. In solution the protein exists as
a stable oligomer of 660 kD with possible subunit composition (apy)s. Mass spectroscopy shows high homology of the puri-
fied protein with methane monooxygenase from Methylococcus capsulatus strain Bath. Pilot screening of crystallization con-

ditions has been carried out.
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The importance of methane oxidation is directly
linked to the possibility of using methane as an energy
source because the C—H bond in the methane molecule is
one of the most highly energetic (104 kcal/mol); the
importance of methane oxidation is also linked to the
putative role of atmospheric methane in processes of
global warming of the Earth [1, 2].

Methylotrophs are the group of bacteria that can uti-
lize methane as the major source of carbon and energy for
growth process [3]. In addition to methane methy-
lotrophs can oxidize (sometimes stereospecifically)
alkenes and alkanes, including chloro-substituted deriva-
tives such as di- and trichloroethylene, which are soil
contaminants. This explains interest in methylotrophs for
soil bioremediation and fine organic synthesis.

Methane monooxygenase (MMO) is an enzyme cat-
alyzing the key reaction of methane oxidation to
methanol by oxygen in air:

Abbreviations: BSA) bovine serum albumin; DM) dodecyl-p3-
D-maltoside; pMMO) particulate methane monooxygenase;
sMMO) soluble methane monooxygenase.

* To whom correspondence should be addressed.

CH, + NADH + H" + O, - CH,0H + NAD" + H,0.

Besides MMO, there is only one enzyme (ammoni-
um monooxygenase) that can activate the very inert C—H
bond in methane.

Methylotrophs synthesize two types of MMOs—sol-
uble MMO (sMMO) and particulate (membrane-bound)
MMO (pMMO). The latter is synthesized by all methy-
lotrophs, whereas the soluble cytosolic form is produced
by several strains only under conditions of low Cu?* con-
tent in the growth medium. Synthesis of both forms has
been found in the following strains: Methylococcus capsu-
latus, Methylosinus trichosporium, Methylosinus sporium,
Methylocystis sp., Methylomonas methanica |1, 2, 4, 5].

Soluble MMO from M. capsulatus strain Bath is one
of the most studied MMOs [6-8]. The structure of this
enzyme and the putative mechanism of its action have
been elucidated. According to spectroscopic and X-ray
data, its active site contains a non-heme binuclear 2Fe-
cluster, which has also been found in the other sMMO
from M. trichosporium OB3b. Binuclear 2Fe-centers were
also found in other alkane and alkene monooxygenases,
including membrane-bound forms of these enzymes. It is
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possible that these active site structures are typical for
reactions of C—H bond oxidation in methane and higher
alkanes. The study of pMMO attracts much interest
because the reaction catalyzed by this enzyme might fol-
low a different mechanism.

In contrast to SMMO, the particulate enzyme is
characterized by limited substrate specificity; besides
methane, pMMO can catalyze hydroxylation of short-
chain alkanes (up to Cs) and epoxidation of correspon-
ding alkenes. However, pMMO exhibits higher activity
and stereoselectivity in hydroxylation reactions [2].

Nevertheless, the structure and composition of
metal-containing centers of pMMO are poorly character-
ized. The main problems are related to difficulties in sol-
ubilization and purification of this enzyme. Isolation and
purification of membrane-bound proteins are associated
with considerable difficulties, and together with crystal-
lization they represent a critical stage in elucidation of the
structure of membrane-bound proteins by X-ray analysis.
Removal of membrane proteins from hydrophobic mem-
brane environment is usually accompanied by loss of cat-
alytic activity due either to changes in native protein con-
formation or disruption of interactions with other mem-
brane proteins required for maintenance of physiological
function. Even among membrane proteins, pMMO is
characterized by increased instability and the properties
of electrophoretically homogeneous pMMO significantly
differ [2, 9-13]. pMMO was isolated from two bacteria,
M. capsulatus and M. trichosporium OB3b [14, 15].
pMMO from M. capsulatus has been better characterized.
The hydroxylase component of pMMO consists of three
subunits of 26 kD (pmoA or ), 47 kD (pmoB or a), and
23 kD (pmoC or y); in solution (in the presence of deter-
gent) they form a trimer (afy);. There is controversy
about the content, properties, and functions of metal ions
bound to apoprotein of the enzyme; there is evidence that
pMMO contains 2-4 copper atoms (some reports give
much higher values of 20-29 [2]) and 0-4 Fe atoms [2, 9,
10, 12]. The importance of Cu atoms for catalytic activi-
ty is well documented, whereas the putative role of Fe
atoms has been questioned in several studies. A recently
obtained structure of pMMO from M. capsulatus strain
Bath with resolution of 2.8 A could not solve this problem
[16]. This structure confirmed the presence of two types
of copper-containing centers per afy heterotrimer of
100 kD. The putative catalytic center contains a binuclear
copper center (type 1), which binds to a mononuclear
copper center (type 2) via an electron transport chain
formed by His residues; it is possible that this mononu-
clear center acts as a primary electron acceptor from a
physiological donor. Both Cu-containing centers are
located on the part of the pmoB subunits oriented to the
periplasm. Besides Cu, pMMO contains Zn ion located
in the membrane and bound to pmoC; the latter consists
of five transmembrane o-helices. Appearance of Zn ion is
possibly associated with use of Zn-containing crystalliza-
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tion solution. Fe ions had not been found in the structure,
but the authors reported that both enzyme solution used
for crystallization and enzyme crystals were inactive.
Thus, crystallization of catalytically active enzyme is still
an unsolved problem.

So, the goal of this work was optimization of a previ-
ously developed method for solubilization of the hydrox-
ylase component of pMMO for subsequent crystallization
and optimization of the method for monitoring of cat-
alytic activity of membrane-bound and purified pMMO.

MATERIALS AND METHODS

Periplasmic membranes isolated from cells of M.
capsulatus strain M was used as the starting material.
Membranes were isolated in the group of Structure and
Technology of Enzymes, Institute of Problems of Chemi-
cal Physics, Russian Academy of Sciences. Membranes
were washed in 25 mM Pipes-NaOH buffer, pH 7.25,
sedimented by centrifugation for 1 h at 150,000g, and
were kept until use in liquid nitrogen or at —73°C.

The following chemicals were used in this study: Pipes
and dodecyl-B-D-maltoside (DM) from AppliChem
(Germany), benzamidine and reagents for protein isola-
tion, purification, and crystallization, and some other
reagents from Sigma (USA) and ICN (USA).

Isolation and purification of pMMO. Solubilization of
pMMO. The frozen membranes were thawed in 25 mM
Pipes-NaOH buffer, pH 7.25, and 10% DM solution
(w/v) prepared in the same buffer was added dropwise at
4°C with constant stirring up to final DM concentrations
of 0.25, 0.5, 0.75, 1.0, 1.25, 1.5, and 1.75 mg per mg of
protein. The mixture was incubated for 15-60 min and
centrifuged at 150,000g for 1 h at 4°C to remove insoluble
membrane material. Before centrifugation, detergent
concentration was decreased to 0.03% by diluting the
incubated mixture with 25 mM Pipes-NaOH buffer,
pH 7.25, containing 1 mM benzamidine to prevent pro-
teolysis. Solubilization degree was evaluated by assay of
protein concentration and pMMO activity in the super-
natant. The latter was then aliquoted and kept at —20°C
until subsequent pMMO purification.

lon-exchange chromatography was carried out using
an AKTA FPLC chromatograph (Amersham Bioscien-
ces, USA) and MonoQ HR5/5 column equilibrated with
25 mM Pipes-NaOH buffer, pH 7.25, containing 0.03%
DM and 1 mM benzamidine. Protein was eluted by a
linear gradient of NaCl (0-1 M) in the same buffer at a
flow rate 0.5 ml/min. The collected fractions were ana-
lyzed for protein content, enzyme activity, and by SDS-
PAGE.

Gel filtration was carried out using the AKTA FPLC
chromatograph and a Superdex™ 200 10/300 GL col-
umn with separation range of 10-600 kD. The column
was equilibrated with 25 mM Pipes-NaOH buffer,
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pH 7.25, containing 0.03% DM, 0.2 M NaCl, and 1 mM
benzamidine. Before gel filtration, the protein sample
obtained after ion-exchange chromatography was con-
centrated to final volume of 200 ul. The collected frac-
tions were also concentrated and frozen. For evaluation
of molecular mass of the proteins, the column was cali-
brated with molecular mass markers (Amersham
Biosciences).

Enzyme activity assay. Activity of pMMO was evalu-
ated by measuring rate of propylene oxidation to propy-
lene oxide as described in [2, 13] with minor modifica-
tion. Dried and purified from ethanol traces NADH and
duroquinol were used as reductants. Standard reaction
mixture contained 25 mM Pipes-NaOH buffer, pH 7.25,
15 mM NADH or 30 mM duroquinol, 50 uM CuSO,,
and pMMO (periplasmic membranes or enzyme samples
obtained during purification). Protein concentration in
pMMO samples was 40 mg/ml, and final volume of the
reaction medium was 300 pl. The mixture was placed into
a septum-sealed vial (7 ml) for gas chromatography. The
reaction was initiated by substitution (through the sep-
tum) of 3 ml air for 3.5 ml propylene using a syringe. The
mixture was incubated in thermostat at 45°C under con-
stant stirring. Samples of 0.5 ml were taken from the
gaseous phase after 1, 2, 3, 5, 10, 15, and 20 min with the
syringe. The samples were analyzed using a CHROM 5
gas chromatograph (Laboratori Pristroje, Czechia)
equipped with a katharometer as the detector and nitro-
gen as carrier gas. Temperatures of evaporator, thermo-
stat, and detector were 120-150°C. Propylene oxide con-
tent in the gas samples was determined from a calibration
curve. Specific activity of pMMO was expressed as
nanomoles of propylene oxide formed per min per mg of
protein (pMMO).

Duroquinol was obtained as described [9].
Commercially available duroquinone (0.2 g) was dis-
solved in 20 ml of ethanol and then sodium dithionite
(0.28 g) was added. After mixing (5-7 min), sodium boro-
hydride (0.07 g) was added. The solution bleached within
1 min and was stirred for 15 min. The resultant cloudy
solution was filtered using a paper filter; the sediment was
washed with 200-250 ml of distilled water. The collected
filtrate was dried using a vacuum centrifuge Centrivap
Console (Labconco, USA) and kept at —20°C.

Analytical methods. Purity of pMMO was evaluated
by SDS-PAGE using the Laemmli system [17]. Protein
solutions mixed with standard sample buffer were incu-
bated for 30 min without boiling [9, 10].

Protein concentration in the presence of detergent
was determined by the method of Lowry et al. [18] using
Bio-Rad Protein Assay kit (USA) and BSA in the pres-
ence or absence of DM for calibration curves.

Metal content in purified protein was determined
using inductively coupled plasma mass spectrometry on
an ELAN 6100 DRC ISP MS spectrometer (Perkin
Elmer, USA). Fungal copper-containing laccase from
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Coriolus hirsutus and bovine heart cytochrome ¢ (Sigma)
were used as control proteins.

Mass spectra were obtained using an Ultraflex
MALDI time-of-flight mass spectrometer (Bruker,
Germany) with UV laser (336 nm) in the mode of positive
ion masses ranging from 500 to 8000 daltons, which were
calibrated using known peaks of trypsin autolysis. Gel
treatment, trypsin hydrolysis, and peptide extraction were
carried out according to protocols [19] with some modifi-
cation. A sample (0.5 pl) was mixed on the mass-spectro-
metric matrix with the same volume of 2,5-dihydroben-
zoic acid (Sigma) solution (10 mg/ml) in 20% acetonitrile
containing 0.1% trifluoroacetic acid and dried in air.
Proteins were identified using the Mascot program
(Matrixscience (www.matrixscience.com), USA) and the
database of the National Center of Biotechnological
Information (USA). Accuracy of mass detection was
about 0.01% (assuming possibility of modification of cys-
teine residues with acrylamide and methionine oxidation).

Crystallization. A solution of pMMO in 25 mM
Pipes-NaOH buffer, pH 7.25, containing 0.03% DM,
1 mM benzamidine, and 0.2 M NaCl was concentrated
up to 20 mg/ml using an ultrafiltration cell (Millipore,
USA) and membranes with cut-off 30 kD. For screening
of crystallization conditions, we used a Crystal Screen
Index kit (Hampton Research, USA). Crystallization was
carried out using all 96 positions of the kit at room tem-
perature. A drop of 2 ul contained 1 pl of the protein solu-
tion and 1 pl of a reservoir solution.

RESULTS AND DISCUSSION

Optimization of the method of pMMO activity assay.
Activity of pMMO was assayed using the reaction of
propylene oxidation to propylene oxide. Good evidence
now exists that in the membrane the hydroxylase compo-
nent of pMMO forms a complex with NADH-dependent
reductase; using NADH oxidation, the latter reduces
membrane quinones, which transfer electrons to the
hydroxylase component of pMMO [2, 11, 20]. Therefore,
NADH was used for determination of pMMO activity in
the membrane fraction. For optimization of activity assay
protocol, we investigated the effects of NADH and Cu?*
concentrations on kinetics of propylene oxidation.
Variation of NADH concentrations within 5-30 mM had
minor influence on the initial rate of this reaction;
observed changes did not exceed 10% with maximum at
15 mM NADH, but significantly influenced maximal
level of propylene conversion (Fig. 1).

Maximal yield of propylene oxide was detected at
15 mM NADH. Increase or decrease in NADH concen-
tration resulted in lowering propylene conversion level.
Putative reasons for this phenomenon can be attributed to
a deficit of reducing equivalents at low NADH concentra-
tions and to inhibition of this reaction by excess of NADH
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Fig. 1. Dependence of the rate of propylene oxidation catalyzed
by pMMO on duroquinol and NADH concentrations in the reac-
tion medium. Duroquinol concentrations (mM): 7) 12; 2) 30; 3)
60; 4) 70. NADH concentrations (mM): 5) 5; 6) 15; 7) 30.
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Fig. 2. Dependence of reaction rate of propylene oxidation cat-
alyzed by pMMO on propylene concentration in the reaction
medium. /) Air (3 ml) was substituted for 3.5 ml propylene; 2) air
(1.5 ml) was substituted for 2 ml propylene; 3) air (4 ml) was sub-
stituted for 4.5 ml propylene.

at high NADH concentrations. Enzyme inactivation by
propylene oxide, a toxic reaction product, is also possible.

Changes in copper ion concentrations from 0.05-
0.2 mM did not influence the reaction rate, but in the
absence of this ion this reaction is negligible.

The ratio of propylene and oxygen concentrations
influenced the reaction rate. Maximal enzyme activity
was observed with 3.5 ml propylene injected into a work-
ing volume of 7 ml (Fig. 2).

VASILEV et al.

The temperature optimum of the reaction catalyzed
by pMMO was 40-45°C. In some studies, pMMO activi-
ty was assayed in buffer containing 0.15-0.20 M NaCl. We
investigated the effect of NaCl on pMMO activity. Figure
3 shows that increasing the NaCl concentration is accom-
panied by a decrease in pMMO activity; this may be
attributed the decrease in propylene solubility with
increase in ionic strength of the reaction medium.

The highest specific activity of pMMO detected in
membranes and calculated from the initial rate of propy-
lene oxidation in 25 mM Pipes-NaOH buffer in the pres-
ence of 15 mM NADH and 0.1 mM copper chloride was
45 £ 5 nmol/min per mg of protein. Specific activity was
constant within the range of pMMO concentrations used.
Our values of pMMO activity are consistent with those
described in the literature: mean 40-70 and range from 10
to 200 nmol/min per mg of protein [2].

Solubilization and purification of pMMO is accom-
panied by loss of a reductase component and so determi-
nation of enzyme activity requires reductants other than
NADH, such as reduced quinones. We used duroquinol
as the electron donor for assay of solubilized enzyme
activity. Duroquinol was obtained by reduction of com-
mercially available duroquinone by dithionite and sodium
borohydride. Variation of duroquinol concentrations
within 10-60 mM had minor influence on the initial rate
of the reaction (Fig. 1). Increasing duroquinol concentra-
tion above 70 mM caused almost total inhibition of
enzyme activity. It was earlier noted [20] that duroquinol
excess also inhibited the NADH-reductase activity
assayed by NADH-dependent reduction of duroquinone.

Activity of membranes assayed with 50 mM duro-
quinone was 40 & 2 nmol/min per mg of protein; this cor-
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Fig. 3. Dependence of reaction rate of propylene oxidation cat-
alyzed by pMMO on NaCl concentration in the reaction medi-
um: /) 0 M NaCl; 2) 0.2 M NaCl; 3) 0.5 M NaCl.
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Fig. 4. Dependence of reaction rate of propylene oxidation cat-
alyzed by pMMO on dodecyl-B-D-maltoside (DM) concentration
in the reaction medium (%): 1) 0; 2) 0.03; 3) 0.05; 4) 0.1.

responds to 90% of membranes activity assayed using
NADH. Since pMMO solubilization employs DM at
concentrations up to 2%, we investigated the effect of
DM on pMMO activity. Increasing DM concentration in
the reaction medium from 0 to 0.1% decreased the
pMMO activity (Fig. 4).

In all cases, duroquinol concentration was calculat-
ed from the weight of the solid material used for prepara-
tion of the duroquinol solution. However, it should be
noted that duroquinol quantities introduced into the
reaction cannot be correctly defined as “duroquinol con-
centrations”. This is because duroquinol is a poorly solu-
ble substance and at a given detergent concentration we
worked with a saturated duroquinol solution in buffer. It
is more convenient for experimental work and detection
of precise concentration to use alcohol solution.
However, in this case duroquinol undergoes oxidation
within a few hours. Introduction of ethanol solution into
the reaction mixture is also accompanied by total inhibi-
tion by pMMO activity.

pMMO solubilization. According to literature data,
treatment of periplasmic membranes with non-ionic
detergent dodecyl-B-D-maltoside (DM) is one of the
most effective and gentle methods used for pMMO solu-
bilization [21]. Various procedures for pMMO solubiliza-
tion have been described [2, 9-14, 22]. For optimization
of the solubilization procedure we varied the following
parameters: protein/detergent ratio, duration of solubi-
lization, temperature.

In accordance with previous report [22], we found
that the optimal DM/protein ratio was 1.2 : 1 (w/w). At
lower DM effectiveness of protein extraction from mem-
branes decreased. At higher DM /protein ratio, effective-
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ness of solubilization remained unchanged but the
pMMO became inactive. At high DM concentrations in
solution, the pMMO trimer loses a subunit of 22-23 kD,
and this is accompanied by loss of its catalytic activity
[12]. Enzyme solubilization with high DM concentra-
tions was shown to be accompanied by loss of signals of 8
of 10 copper atoms in the EPR spectra; due to their oxi-
dation or removal from the active site of pMMO [12].
Circular dichroism spectra revealed no influence on sec-
ondary structure at DM concentrations up to 2%.

Solubilization depends on temperature and duration
of treatment with detergent. According to our data, at
4°C solubilization is complete within 1 h. SDS-PAGE
revealed that under our experimental conditions pMMO
is the main protein component of the solubilized mem-
brane material (Fig. 5, lanes 7 and 2).

Purification of pMMO. The purification procedures
described in the literature [2, 9-16] are based on the com-
bination of various stages of column chromatography; it
includes ion-exchange chromatography, gel filtration,
and hydrophobic chromatography. In all cases the final
purification product, pMMO comprises three polypep-
tide chains of 45-47, 26, and 23 kD. However, catalytic
activity of the purified enzyme and metal ion (Cu?* and
Fe’*) content significantly vary in the various purification
schemes. Many authors indicate lack of reproducibility of

<« 60

«— 45
«— 42

<« 36

<« 26
<« 23

Fig. 5. SDS-PAGE of pMMO purified using a two-stage procedure
including anion-exchange chromatography and gel filtration.
Lanes: 7, 2) two dilutions of solubilized membranes; 3) protein
molecular mass markers (from top to bottom): cellulase (94.6 kD),
BSA (66.2 kD), ovalbumin (45 kD), trypsin inhibitor (21.5 kD),
lysozyme (14.4 kD); 4) molecular mass markers of 200, 150, 120,
100, 85, 70, 60, 50, 40, 30, 25, 20, 15, and 10 kD; 5, 6, &) fractions
2, 3 (after additional concentrating), and 4 obtained after anion-
exchange chromatography, respectively; 7) homogeneous pMMO
after gel filtration.
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properties of purified pMMO. This may be attributed to
various conditions used for cultivation of cells and there-
fore various combinations of pMMO accompanying pro-
teins. The most successful protocol for pMMO purifica-
tion was developed in DiSpirito’s group [22]. This team
obtained a homogeneous pMMO with specific activity of
140 nmol/min per mg of protein, significantly exceeding
all previously reported values. The purification procedure
including two stages of ion-exchange chromatography did
not differ significantly from the protocols described in the
literature, but the purification was carried out under
anaerobic conditions.

The first stage of our purification procedure of solu-
bilized pMMO included ion-exchange chromatography
on Mono Q column equilibrated with 25 mM Pipes-
NaOH buffer, pH 7.25, containing 1 mM benzamidine
for protease inhibition and 0.03% DM for increasing
pMMO solubility and decreasing nonspecific sorption.
After enzyme solubilization, DM concentration in the
protein solution was decreased by dilution with buffer
lacking DM. After protein loading and column washing
with the initial buffer (eight column volumes), proteins
were eluted by a gradient of NaCl (0-1 M) in the same
buffer (Fig. 6). Fractions were collected and analyzed for
the presence of pMMO and NADH-reductase activities
and also by electrophoresis.

Fraction 1, which did not adsorb on the column, was
almost protein free. Fractions 2 and 3 possessed NADH-
reductase activity; maximal activity was detected in frac-
tion 3. Besides pMMO, the electrophoregrams of frac-
tions 2 and 3 contained protein bands of molecular mass-
es 70, 60, 42, 36, and 10 kD (Fig. 5). Since there is no

2500 -

2000 -

u

1500 A

Absorbance
o
o
o
1
w

500 - 5

0 T T T T T T T T T T
0 5 10 15 20 25

Eluent volume, ml

Fig. 6. Anion-exchange chromatography of the solubilized
pMMO. Conditions: MonoQ HRS5/5 column equilibrated with
25 mM Pipes-NaOH buffer, pH 7.25, containing 0.03% DM and
1 mM benzamidine. Protein was eluted by a gradient of NaCl (0-
1 M) in the same buffer.
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generally accepted viewpoint on the nature and molecu-
lar mass of NADH-reductase, we analyzed the most
probable candidate proteins of 60, 42, and 36 kD using
MALDI-TOF mass spectrometry.

According to the MALDI-TOF data, the band with
molecular mass of 42 kD obviously represents a fragment
of the pMMO a.-subunit, which is formed due to proteo-
lysis; this fragment is rather tightly bound to pMMO.
Neither of the components used for analysis including the
protein band of 36 kD shared significant homology with
NADH-reductase described in [20]. Some authors
believe that in M. capsulatus NADH-reductase activity
can be attributed not only to the transmembrane protein
[20], but also to large subunit of NAD-dependent
formaldehyde dehydrogenase [23] or methanol dehydro-
genase [11], representing a complex comprising two sub-
units of 63 and 8 kD. However, in our case the primary
structure of 60 kD subunit reveals 80% identity with the
soluble regulatory protein, chaperonin, and does not
exhibit marked similarity with the methanol dehydroge-
nase fragment of 63 kD.

According to SDS-PAGE data, fraction 4 (eluted at
0.2 M NaCl) represents almost homogeneous pMMO
(Fig. 5, lane &), containing the characteristic set of sub-
units. However, no catalytic activity in the reaction of
propylene oxidation was detected.

Gel filtration. Gel filtration was the final stage of
pMMO purification. (Fraction 4 obtained after ion-
exchange chromatography was used as the initial materi-
al for the final purification stage.) The pMMO was eluted
as a single symmetrical peak (Fig. 7) of molecular mass of
660 kD (calculated by the calibration curve). Data of
SDS-PAGE confirmed the presence of only three bands
corresponding to the three subunits of pMMO (Fig. 5,
lane 7). It is possible that the molecular mass value
obtained in this study corresponds to (afy)s subunit com-
position. Oligomeric composition of pMMO in solution
has been discussed in several studies [2, 16, 24]. It was
suggested that the most probable state of pMMO is a
monomer (afy) with molecular mass 220 kD due to
bound detergent molecules [12] or dimer (afy), with
molecular 200 kD [13]. According to X-ray data, the
crystal structure of pMMO has (aBy); subunit composi-
tion [16], forming an ordered ring structure. It is suggest-
ed [24] that such pMMO trimer is a functional unit of this
enzyme in the membrane. In this case it is reasonable to
suggest that the molecular mass of 660 kD obtained in our
study for pMMO solution in the presence of 0.03% DM
is consistent with the oligomeric structure of [(afy);],-

We employed mass spectrometry for additional char-
acterization of the subunits obtained. The protein was
tested for the presence of metals, and maintenance of sec-
ondary structure was analyzed by CD spectrophotometry.

Characterization of the hydroxylase component of
pMMO. According to MALDI-TOF mass spectrometry,
the large subunit of pMMO purified in this study repre-
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Fig. 7. Gel filtration of fraction 4 obtained during anion-
exchange chromatography. Conditions of gel filtration:
Superdex™ 200 10/300 GL column equilibrated with 25 mM
Pipes-NaOH buffer, pH 7.25, containing 0.03% DM, 0.2 M
NacCl, and 1 mM benzamidine.

sents a protein of 47 kD that shares 52% homology with
pmoB deduced from the genome of M. capsulatus strain
Bath. Homology of amino acid sequences for two small
subunits pmoA and pmoC, calculated from MALDI data,
was 13 and 11%, respectively. These results are consistent
with characteristics of corresponding subunits isolated
from strain Bath [12, 24].

According to data of metal analysis, homogeneous
pMMO contains three copper atoms and one Fe atom per
molecular mass of 100 kD. This is consistent with X-ray
analysis data [16] demonstrating the presence of three
copper atoms and one zinc atom, which probably substi-
tutes for an atom of another metal, most probably an Fe
atom.

The CD spectrum demonstrated high content of a-
helices in the protein structure (up to 62%); this is con-
sistent with data of X-ray analysis (59% a-helix) [16].
Such coincidence might confirm the preservation of
native protein structure during purification and solubi-
lization; however, the protein used in [16] was catalytical-
ly inactive, and its structure could significantly differ from
the structure of the native protein.

In the process of screening of crystallization condi-
tions using the Crystal Screen Index reagent kit, we
obtained a monocrystal of pMMO of 40 x 40 x 100 um
using the following conditions: 0.1 M succinic acid,
pH 7.0, and 15% polyethylene glycol 3350 as a precipi-
tant. Now we are examining the quality of this crystal and
trying to reproduce this result.
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