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ABSTRACT: The oxidation of methane to methanol in methanotrophs is catalyzed by the enzyme methane
monooxygenase (MMO). Two distinct forms of this enzyme exist, a soluble cytoplasmic MMO (sMMO)
and a membrane-bound particulate form (pMMO). The active protein complex termed pNMAas
purified recently fromMethylococcus capsulatBath) (1). The complex consists of pMMO hydroxylase

and an additional component pMM&R, which was proposed to be the reductase for the pMMO complex.
Further study of this complex has led here to the proposal that the pMRIG in fact methanol
dehydrogenase, the subsequent enzyme in the methane oxidation pathway by methanotrophs. We describe
here the biochemical and biophysical characterization of a stable purified complex of pMMO hydroxylase
(PMMO—H) with methanol dehydrogenase (MDH) and report the first three-dimensional (3D) structure,
determined by cryoelectron microscopy and single particle analysid 8A resolution. The 3D structure
reported here provides the first insights into the supramolecular organization of pMMO with MDH. These
studies of pMMG-MDH complexes have provided further understanding of the structural basis for the
particular functions of the enzymes in this system which might also be of relevance to the complete
process of methane oxidation by methanotrophs under high copper concentration in the environment.

Methanotrophic bacteria use methane as their sole carbonScheme 1
and energy source and therefore are of significant interest  Mehane Methanol Formaldehyde ~ Formate
in terms of playing a key role in the cycling of carbon in  monooxygenase  dehydrogenase  dehydrogenase  dehydrogenase
the biosphere2). There is also a significant potential for ¢H¢ — CHOH — HClHO — HCOOH - €O,
the commercial use of methanotrophic bacteria for the bio- Assimilated into biomass
transformation of numerous organic chemicals into valuable
products and the production of useful metabolit8s gs
well as for the bioremediation of toxic pollutant 6). The
methane oxidation pathway in tiéethylococcus capsulatus
(Bath) is shown in Scheme 1.

The first enzyme in this pathway, methane monooxygenase
(MMO),* exhibits the unique catalytic capacity for converting
methane to methanol under ambient conditions using dioxy-
gen as the oxidant. Methane monooxygenases exist in two
distinct forms: a soluble (sMMO) and a membrane-associated

(PMMO) form. The regulation of expression of MMOs is
governed by the level of copper in the environmegit §).
Both enzymes are multicomponent, comprising a metal-
containing hydroxylase and electron-donating reductase. In
addition, sMMO is associated with a regulatory proteih (
There is a low sequence homology between sMMO and
pMMO (10, 11) and little similarity with respect to their
structural organizationl@, 13), substrate profilesld), their
need for metal cofactorsl(15—17), electron donorsi@,

19), or location within the cell§). While sSMMO is a well-
characterized protein, pMMO has, until recently, remained
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complex pMMO-C was shown to consist of pMMO
hydroxylase (pMMG-H), which was comprised of three
subunits (Pmo A, Pmo B, Pmo C) and an additional
component formed by two polypeptides with molecular

Myronova et al.

(B) MDH Activity. Dye-linked oxidation of methanol was
measured at 600 nn27). The enzyme sample was incubated
in 50 mM Tris-HCI (pH 9.0) containing methanol (10 mM),
NH.CI (15 mM), KCN (5 mM), and dichlorophenolindo-

masses of 63 and 8 kDa. It was suggested by these authorphenol (DCPIP, 0.1 mM); the reaction was initiated by

that this component was a potential candidate for the
reductase of the pMMO complex and accordingly was
designated as pMMOR. Further extension of this work has
now led here to the proposal that pMM® is in fact
methanol dehydrogenase (MDH). We present here a bio-
chemical characterization of a purified pMM and show
that it is comprised of both pMMOH and MDH. Further-
more, we report the first three-dimensional (3D) structure
of pMMO—C using single particle analysis (SPA) of the
purified complex using cryonegative staining techniques.

EXPERIMENTAL PROCEDURES

Cultivation of M. capsulatus (BathAll experiments de-
scribed here use thd. capsulatugBath) from the University
of Warwick culture collection. Methanotrophs were grown
in nitrate minimal salt medium2¢d) with a final CuSQ
concentration of 4QuM. Large-scale fermentation d¥l.
capsulatus(Bath) was performed in a 100 L fermenter as
described earlierl). Cells were harvested and washed with

25 mM PIPES, pH 7.2, and resuspended in the same buffer.

Concentrated cells were frozen and stored-80 °C.
Membrane Isolation, Solubilization, and Purification of
pMMO-—C. Membrane isolation and subsequent solubiliza-

tion was performed as described in refsand 25. The
purification of the pMMO complex was carried by gel
filtration on a Superdex 200 preparative-grade XK 16/200
column. Concentrated solubilized pMMO was applied to the
precooled (£C) S200 column which was equilibrated with
25 mM PIPES, pH 7.2, supplemented with 0.03% (w/v)
dodecyls-b-maltoside and 1 mM benzamidine. The eluted
fractions were checked for composition by SBIFAGE (1).
The fractions contained only pMMOH and the 63 kDa
proteins, referred to as pMMEC, and were concentrated
using an Amicon stirred cell with a XM-50 ultrafiltration
membrane. Samples were stored-&80 °C after flash-
freezing in liquid nitrogen.

Purification of MDH. Methanol dehydrogenase (MDH)
was purified from the soluble fraction following cell disrup-
tion. The soluble fraction was loaded on DEAE-Sepharose
F.F. (HR 26/10) column equilibrated with 20 mM Tris-HCI,
pH 8.0. The fractions were collected, followed by concentra-
tion using an XM50 membrane (Millipore). The concentrated
fraction was loaded onto a Superdex 200 (HR16/200) column
equilibrated with 20 mM MOPS, pH 7.0, containing 0.1 M
NaCl. Those fractions showing MDH activity and absorbance
at 340 nm (from PQQ in MDH), but not 420 nm (from
contaminating cytochrome), were collected and pooled. The
pooled fraction was concentrated using ultrafiltration and
checked for purity by SDSPAGE.

Protein ConcentrationProtein concentration was deter-
mined according to a modified Lowry protocd) with
bovine serum albumin as standard.

Enzyme Actiity Assay. (A) pMMO Actity. The activity
of pMMO at each stage of membrane isolation and purifica-
tion was assayed by following oxidation of propylene to

propylene oxide by gas chromatography as described previ-

ously using duroquinol as electron don@sy.

adding the mediator phenazine ethosulfate to 10 mM and
the activity estimated from the decrease in absorbance at 600
nm due to reduction of DCPIP, using an absorption coef-

ficient of 1.91x 10* M1 cm™2,

Gel Electrophoresis.Blue native polyacrylamide gel
electrophoresis (BN-PAGE) was carried out with-a18%
polyacrylamide gradient gel, prepared by the method of
Schgger and von Jagow28, 29). Samples (56100ug of
protein per lane) were mixed with 0.5 M aminocaproic acid
and loaded on the top of a 4% stacking gel. The gel was run
at 8°C at 16 mA constant current and-7020 V. When the
samples had completely passed through the stacking gel, the
voltage was gradually increased to 300 V. The 0.02%
Coomassie-containing cathode buffer was used until the dye
front was one-third of the way from the top of the gel when
it was replaced with 0.002% Coomassie-containing buffer.
Following electrophoresis, gels were further destained in 25%
methanol and 10% acetic acid. To determine the molecular
mass of pMMG-C, several standard proteins with known
molecular masses were used: thyroglobulin, 669 kDa;
ferritin, 440 kDa; catalase, 232 kDa; lactate dehydrogenase,
140 kDa; albumin (bovine serum), 66 kDa. SPIBAGE
(12%) was performed according to Laemn80) at room
temperature at 200 V. Protein bands on the SP8GE gels
were visualized by Coomassie brilliant blue R-250 (0.1%
w/v) in 10% (v/v) methanol and 10% (v/v) glacial acetic
acid. The gel was then destained by incubation in a solution
of methanot-glacial acetic acigdwater (4:1:5 v/v). The
SDS-PAGE gels were calibrated using Dalton Mark VII-L
markers (Sigma).

Chemical Cross-Linking Experimen@ross-linking of the
water-imposed domain of pMMO in the membrane fractions
and pMMO-C was performed using dithiobis(sulfosuccin-
imidyl propionate) (DTSSP), a membrane-impermeable
cross-linker, which cross-links only those proteins at the
surface of the membrane fractions. The pMMO was
diluted to 1 mg of protein/mL in 20 mM MOPS buffer, pH
7.2. DTSSP (20 mM), dissolved in 20 mM MOPS buffer,
pH 7.2, was prepared immediately before use and added to
the pMMO-C at a range of concentrations; 10 mM. The
cross-linked samples were incubated on ice for 2 h. The
reactions were quenched by the addition of Tris-HCI buffer,
pH 7.5, to a final concentration of 50 mM and incubated for
15 min at room temperature. After quenching, the cross-
linked samples were separated by BN-PAGE.

Analytical Gel Filtration. Calibration of Superdex 200
(Amersham Pharmacia Biotech) (HR10/300) for molecular
mass estimation was carried out by equilibrating the column
with 25 mM PIPES, pH 7.2, containing 0.03% (w/v)
n-dodecylS-p-maltoside at a flow rate of 0.3 mL/min. The
molecular mass determination of pMM{ was made by
comparing the rati&vy/\VV, of pMMO—C with the ratioVe/V,
of four proteins of known molecular mass (Bio-Rad calibra-
tion kit: aldolase, 158 kDa; catalase, 232 kDa,; ferritin, 440
kDa,; thyroglobulin, 669 kDa), wheré. is the elution volume
andV, is the void volume of the column, which was taken
as the elution volume required for the elution of Blue Dextran
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(2000 kDa) from the column. The calibration curve was with 15 uL of 0.1% formic acid and loaded onto a 0.5 cm
prepared by plotting the logarithms of the known molecular LC Packings C18 5im 100 A 300um i.d. u-precolumn
masses of protein standards against theiv, values. The cartridge. Flushing the column with solution A desalted the
corresponding molecular masses could then be deduced fronbound peptides before a linear gradient of solution B at a
the calibration curve by using the experimentally determined flow rate of 0.2 nL min? eluted the peptides for further

VdV, value of pMMO-C. resolution on a 15 cm LC Packings C1& 5 A 75um
Analytical Ultracentrifugation. Sedimentation Velocity and i.d. PepMap analytical column. The eluted peptides were
Sedimentation Equilibrium Analysidnalytical ultracentri- analyzed on a Micromass QTof (or Ultima Global) mass

fugation experiments were conducted in the National Centre spectrometer operated in positive ion mode, controlled by
for Molecular Hydrodynamics (NCMH) Business Centre at MassLynx 4.0 software and fitted with a nano-LC sprayer
the University of Nottingham, U.K. with an applied capillary voltage of 3.5 kV. The instrument

(A) Sedimentation Velocitylhe experiments were per- was calibrated against a collisionally induced decomposition
formed at 20°C in 25 mM PIPES, pH 7.2, in a Beckman (CID) spectrum of the doubly charged precursor ion of
XL-A analytical ultracentrifuge (Palo Alto, CA), following  Glu-fibrinopeptide B. The instrument was operated in data-
the Standard Operating Procedure SV01 02. Optical pathdependent acquisition (DDA) mode over the mass/charge
length centerpieces of 12 mm were used in the cells. An (nV/2) range of 56-2000. During the DDA analysis, both MS
initial scan was performed at 3000 rpm to check for the and tandem mass spectrometries (CID) were performed on
presence of heavy aggregates. A final rotor speed of 35000the most intense peptides as they eluted from the column.
rpm was selected, and 100 scans at 375 nm were taken at @he MS/MS data were processed and searched against an
min intervals and logged to disk using the Beckman software. appropriate database using the Micromass Global Server 2.0
The program SEDFIT was used for data analysis, following search engine. Search parameters specify up to one missed
the protocol prescribed in Standard Operating Procedurecleavage site, a 0.25 Da tolerance against the database-
SVA-02 (31, 32). generated theoretical peptide and product ion masses, and a

(B) Sedimentation EquilibriumThe experiments were  minimum of 1 matched peptide. A list of the 20 highest
performed at 20C in a Beckman XL-I analytical ultracen-  scoring entries was produced, and each suggested protein
trifuge, following the Standard Operating Procedure SE- identification was confirmed or rejected by a comparison of
I0_04.1 using interference optics. Optical path length the theoretical sequence with observed MS/MS data. When
centerpieces of 12 mm were used in the cells. After recording the database searches were unsuccessful, the MS/MS spectra
initial scans at 3000 rpm, a final rotor speed of 7000 rpm were interpreted in order to obtain amino acid sequence tags.
was selected. Scans were taken every 60 min and data logge&pectra were interpreted either manually or automatically
to disk using the Beckman software. Final scans were using the Micromass MassSeq software package or by a
accepted for analysis when no significant detectable changesombination of the two probabilistic sequences suggested.
could be found between successive scans. (B) Protein Identification by Means of MALDThe intact

The calculation of the molecular masses of the samplesmolecular mass of the small subunit of MDH froM.
was carried out using newly written local software, the Mfit capsulatus(Bath) was determined by means of matrix-
suite (manuscript in preparation from Prof. Arthur Rowe, assisted laser desorption ionization (MALDI) mass spec-
University of Nottingham). The function Mfit is obtained trometry using a TofSpec 2E (Micromass, Manchester, U.K.)

by simple integration with respect té (r = radial position) instrument which was operated in linear mode at an ac-
of the basic equation for sedimentation equilibrium and is celerating voltage of 20 kV. A VSL-337i nitrogen laser
defined by (Laser Science Inc., Newton, MA) was employed, operating
at 337 nm, under control of the MassLynx (Micromass,
fyi d(rz) - j:r;bf(rz) - Manchester, U.K.) data system. The sample was added to

the matrix solution (10 mg/mL sinapinic acid in 50:50
(2c/o,) expl0.5,(r* — 1)) — 1] + E(* — 1) acetonitrile-0.1% trifluoroacetic acid in D) to a final
concentration of kM, and a 1uL aliquot was spotted onto
wherey; are the data points, and their integration is performed the target and allowed to dry, prior to analysis. Calibration
numerically. The baseline offset is given Byc is the solute ~ was achieved using a sample prepared in an identical manner,

concentration at a given radius, aagandr, are the initial containing the proteins cytochronteand myoglobin over
concentration and initial radial position, respectively. An them/z range 5008-20000. Approximately 200 laser shots
estimate for the (reduced, flotational) molecular weigjli were employed to obtain the mass spectrum. The combined
obtained by nonlinear fitting, using the Levenbeigarquadt spectrum was smoothed and background subtracted to derive
algorithm. an average molecular mass for the protein species.

Mass Spectrometric Analysis of the pMMO Complex. (A) Electron MicroscopypMMO—C was resuspended in 25
Protein Identification by Means of On-Line Liquid Chro- mM Pipes buffer (pH 7.25) containing 100 mM NaCl and
matography and Electrospray lonization Mass Spectrometry 0.01% (w/v)n-dodecyl3-p-maltoside for a concentration of
(LC—ESI-MS/MS)Protein bands from BN-PAGE gels were ~100ug/mL. Samples were initially examined using stan-
excised, destained, reduced, alkylated, and digested withdard negative staining techniques with 2% (w/v) uranyl
trypsin and the resulting peptides extracted using the Micro- acetate as described in r&f§ and33. For the 3D structure
mass Mass Prep Station running the standard digestiondetermination a 2@L aliquot of pMMO—C was mixed with
protocol supplied by the manufacturer. The extracted tryptic an equal volume of 10% (w/v) ammonium molybdate (pH
peptides were transferred to a Micromass modular CapLC 7) and 2% (w/v) trehalose. Carbon-coated, glow-discharged
and autosampler system. Aub aliquot of extract was mixed  grids were then incubated on a 20 droplet of the purified
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Table 1: Methane Monooxygenase and Methanol Dehydrogenase

Activity of pMMO-Containing Samples kDa
pMMO activity 86 — 63 kDa | pMMO-R
[nmol of propylene oxide produced MDH activity —
min~* (mg of protein)'] with [umol of O, min~?

sample 10 mM duroquinol as reductant (mg of proteiny?] 45 — W < 45kDa G
pPMMO—C 69+ 9 0.25+0.2 3B —
pMMO—H 25+ 6 no activity S <—— 32kDa __ pMMO-H

20° _ a

pMMO—C embedded in ammonium molybdatieehalose __26kDa
for 30 s and blotted (Whatman 50 filter paper) and examined 25 —_. 3 ~————23kDa e
in a Philips 200 (FEG) TEM equipped with an Oxford system
cryostage under low temperatures10 K) and low dose
conditions 15 electrons/A). Images were collected using 145 —>
a 4K x 4K CCD camera at a magnification of 48234or —
3.1 A/pixel at the specimen level and betweeh.7 and 2.5 FIGURE 1. 12% SDS-PAGE of the purified pMMO complex
um defocus range. (PMMO—C) from M. capsulatugBath) stained with Coomassie

3D Image Processing of pMMEC. The 3D structures of brilliant biue R-250.

pMMO—C were generated using the common line projection
matching methods employed in EMANB4). The contrast
transfer function (CTF) was determined for each image using
CTFIT (part of the EMAN software). Approximately 7500
pMMO—C complexes were selected interactively using the
graphical interface boxer (EMAN processing software) into
a box of 72x 72 pixels (223x 223 A). A preliminary 3D
model was calculated from a set of reference-free class
averages that represented distinct views of the complex,
generated after band-pass filtering and centering of the
particles. The preliminary 3D model was iteratively refined
using a projection matching routine, whereby projections with
uniformly distributed orientations of the preliminary 3D

(37) corresponding to polypeptidgs (PmoB subunit),a
(PmoA subunit), andy (PmoC subunit). A weaker band
at ~32 kDa was also observed in purified samples of
pMMO—H and was suggested to be a proteolytic product
of the 8 subunit (L5). The additional polypeptides found to
comprise purified pMMG-C, namely, the 63 and 8 kDa
bands, have previously been designated as pMRQthe
possible reductase component in the compBx (
Identification of Putatie pMMO Reductase (pMMER)
as Methanol Dehydrogenase (MDH)he 63 kDa protein
band in Figure 1 was excised and incubated with trypsin,
and the digest was analyzed by MALDI-MS. Peptide finger-

model were used as references for classification of the rawprinting revgaled 32% coverage with 75% identity for the
data set, with the class averages from this step used toIarge subunit of methanol dehydrogenase (mxaF) based on
construct a new 3D model. Convergence, i.e., stabilization the sequence frorit. capsulatugBath) (L0). The molecular

of the 3D structure, was monitored by examining the Fourier mass of the smallest subunit of pMMEL was estimated

- 8195.9 Da by means of MALDI . These data indicate
shell correlation (FSC) of the 3D models generated from each as -
iteration. Volumes were separately calculated with either C1, that pMMO-R (~63 and 8.2 kDa) is likely t0 be methanol

C2, C3, or C4 symmetries applied. For the C1 and C2 thydrogenase\(66 and 8.5 kDa) @0) and is referred to

.. in this report from now on as MDH. This conclusion was
volumes the class averages used to generate the preliminar . )
g g P urther supported by experiments revealing that pMMQ

model were selected by the user. In each reconstruction th T
final 3D volume was derived from eight rounds of iterative ebUt not the pMMO hydroxylase alone, could ox@ze meth-
anol to formaldehyde in the presence of the 2,6-dichlorophe-

refinement. The resolution of each reconstruction was nolindophenol (DCPIP) as the terminal electron acceptor with
assessed following established procedu8&s36). In brief, a specific activity of 0.2%mol of O, min-1 (mg of proteiny™

the data set was divided into two, with volumes calculated (Table 1). Since, MDH is an important component of the

for the two subsets, and the resolution was estimated by the . :
Fourier shell correlation coefficient (FSC) with the resolution pMMO c.omplex, It can be inferred that methanol dehydro-
genase interacts with the pMMO hydroxylase to form an

limit taken to be where the FSC value fell below 0.5. efficiently functioning pMMO complex in vitro.

RESULTS Molecular Mass Estimation of the pMMO Complex.
Several methods were employed to investigate the molecular
Purification of pMMO-C. The specific activities of the  mass of the pMMO complex. Using analytical gel filtration,
purified pMMO complex (pMMG-C) and pMMO hydroxy- the value, in the presence of bound detergent, was estimat-
lase (PMMO-H) are presented in Table 1 illustrating that ed as 438.4 kDa (Figure 2). BN-PAGE revealed a single
the activity of pMMO-C is approximately twice that of  protein band (Figure 3A, lane 2) with a molecular mass of
pMMO—H alone, using duroquinol as reductant. Analysis ~440 kDa, suggesting that pMMEC exists as a stoichio-
of the polypeptide composition of pMMEC by SDS- metric complex. The migration of the pMMEC is retarded
PAGE (Figure 1) indicates that the principal polypeptides when compared with MDH (lane 4) and pMM&A (lane
have molecular masses at 63, 45, 26, and 23 kDa and a3), indicating a larger mass for the complex. In addition,
weaker band at-32 kDa. The additional protein with a no individual subunits, other subcomplexes, or larger olig-
molecular mass at 8195.9 Da was observed in the pMi@O  omers were detected on the gel. The molecular mass of the
samples by means of MALDI. The 45, 26, and 23 kDa bands purified MDH (Figure 3A, lane 4), which also ran as a single
have been previously reported as components of pMMIO  band, was estimated as 20010 kDa. In duplicate experi-
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Aldolase (171 kDa)
03 3

Catalase (202 kDa)

» ol .
< 0.2 s 2
Ferritin (391 kDa) PMMO<
(438.4kDa) 1L i
01
Thy roglobulin {725 kDa) A J
0 L v — 1 1 I

5 0 4 8 12 16 20

100000 1000000 s

Molecular weight (Da) FIGURE 4: Sedimentation velocity analysis of pMMEE. Sedi-

mentation velocity experiments were performed at@Gn 25 mM
PIPES, pH 7.2. The protein concentration was 9 mg/mL. A
wavelength of 375 nm and a final rotor speed of 5300 rpm was
£mployed.

Ficure 2: Molecular mass estimation of pMMEC by analytical

gel filtration. Gel filtration chromatography was undertaken using

a Superdex 200 HR10/300 GL size-exclusion column. Molecular
mass standards used to calibrate the column were aldolase (17
kDa), catalase (202 kDa), ferritin (391 kDa), and thyroglobulin (725

kDa). The approximate molecular mass of the detergent-boundedshows the presence of a major peak around 13.5 S, with the

pPMMO—C was estimated to be 438.4 kDa. minor peaks (estimated: 18% of total) around 10 and 8 S.
From this we presume that about 82% of the protein exists
A 1.2 3 4 B 1 2 3 4 5 in the native state. The presence of the minor components

could be caused by partial denaturation of protein complex

kD:
° under experimental conditions, which included running the

669

e centrifuge at 20°C. Knowing that the majority of the
e . pWMO<C pMMO—C complex is in the monodisperse state, its molec-
ular mass was estimated using sedimentation equilibrium
- : w HE .- analysis. Assuming a value of 0.81 mL/mg for the partial
' ‘ <— MOH specific volume of the protein complex plus detergent, the
ks molecular mass for pMMOC was calculated as 687 kDa.
140 | 3D Structure of a pMMGMDH Complex (pMMG-C).
66 - Samples of the purified pMMOC were initially examined

using negative staining technigues to assess the homogeneity
- of the sample. A field of pMMG-C complexes are shown

FIGURE 3: 5—13% Blue native PAGE of pMMEC. (A) Lane 1, 1N Figure 5A, revealing a homogeneous sample of well-
high molecular mass protein standard for native electrophoresis, dispersed, uniformly sized, particles with only a few small
thyroglobulin (669 kDa), ferritin (440 kDa), catalase (232 kDa), areas of aggregation observed. For the 3D structure deter-

lactate dehydrogenase (140 kDa), and albumin (bovine serum) (66mjination of the complex we employed cryoelectron micros-

kDa); lane 2, purified pMMG-C from a Superdex 200 column e ;
(60 ug); lane 3, pMMOG-H (60 ug); lane 4, purified MDH from 2P of purified pMMO-C embedded in trehalose

the Superdex 200 column (50g). (B) Lane 1, HMW protein ~ Molybdate (see Experimental Procedures). The inset to panel
standard for native electrophoresis, as in (A); lane 2, purified A shows an example of a fast Fourier transform (FFT) of
pPMMO—C; lane 3, pMMG-C + 2 mM DTSSP; lane 4, pMMEC one of the micrographs collected under cryo-EM conditions.
+ 5 mM DTSSP; lane 5, pMMOC + 7 mM DTSSP. Panel B of Figure 5 shows class averages of the cryoimages
after CTF correction using reference-free two-dimensional
ments the 440 kDa protein band (lane 2) was digested with projection classification. These images have been low-passed
trypsin and characterized by means of tESI-MS/MS. filtered (18 A) for clarity. Examination of these class
The presence of pMMOH was identified by sequence averages (no symmetry applied) finds distinct views of
identity of all three subunits of p MMOH. The presence of pMMO-—C. Particles 1 and 2 show rounded complexd90
methanol dehydrogenase was also confirmed by sequencd in diameter with a central cavity, whereas particlesé3
identity of two peptides from methanol dehydrogenase are larger with dimensions of approximately 150100 A.

large subunit mxaF. The class averages in groups 7 and 8 show particles similar
To eliminate the possibility that there were separate in size and overall shape to those in groups 1 and 2 but
components within the complex, the purified pMMQ without the central indentation.

sample was also treated with increasing concentrations of We calculated the 3D structure of the purified pMMQG

the cross-linker DTSSP, and the cross-linked product waswith C1, C2, C3, and C4 symmetries, with the top and side

analyzed by BN-PAGE (Figure 3B). A comparison of the views for each volume shown in Figure 5C. Examination of

untreated (Figure 3B, lane 2) protein and protein incubated the C2 refined structure finds the side view is only90 A

with increasing amounts of DTSSP (lane3) gave only a in height and therefore is smaller than that reported for

single high molecular mass polypeptide band-440 kDa. purified pMMO—H determined by both electron microscopy
The oligomeric state of the pMMEC was also examined  (25) and X-ray crystallography method$3). Both the C1,

by sedimentation velocity data analysis. The sedimentation C3, and C4 structures have side views approximately 140 A

coefficient distributionc(s) profile of pMMO—C (Figure 4) tall, composed of two separate domains. Also common to
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Fourier shell correlation

00 s (14 ik
1 1 1 T i e

Resolution (1/A)

Ficure 5: TEM and image processing data of purified pMMO. (A) A field of negatively stained (2% w/v uranyl acetate) purified
pMMO—C, illustrating that the particles are uniformly dispersed and homogeneous. Inset: Example of a fast Fourier transform of a micrograph
used for the 3D reconstruction of purified pMME examined under cryo-EM conditions after embedding in trehalosdybdate. The

edge of the transform corresponds to 1/6.2 A. (B) A selection of 2D class averages calculated from the cryonegative particle raw data set
using reference-free alignment in EMAR4). (C) Preliminary 3D models of pMMOC determined by applying C1, C2, C3, and C4
symmetries. The left column shows the top view and the right column the side view of each reconstruction. (D) Fourier shell correlation
(FSC) resolution estimate for each of the 3D volumes of pMMDwith C1, C2, C3, and C4 symmetry applied (solid line, circle symbols,
dashed line, and solid black line, respectively) illustrating that at EST5 the C3 model has the highest resolution~df6 A.

both the C1 and C3 structure is the triangular-shaped topthat the putative periplasmic view is also triangular in shape,
view comprised of three protein densities that is distinct from characterized by three protein densities, forming a three-
the more square-shaped C2 and four-lobed C4 top views.pronged star. Presented in panel C (rotation of the complex
Panel D of the figure shows the plot of the Fourier shell in B around thex-axis by 90) is the side view of pMMG-
correlation (FSC) against resolution for each of the four C, i.e., perpendicular to the membrane plane, which is
models: 25 A (C1), 22 A (C2), 19 A (C4) finding the C3  approximately 160 A tall and is comprised of two distinct
structure having the highest resolution ofl6 A. C3 domains: a cylindrically shaped region we have termed the
symmetry was selected as most appropriate for determining“body” (~105 A tall) associated with a domain we have
the 3D structure of pMMG C based on the biochemical and termed the “cap” which is composed of three protein
image analysis data reported here and coupled with previoussegments, each of which interacts with the body. The regions
data from this group2®) and others13) that demonstrated  of the body that forms the contacts with the cap are distinct
that purified pMMO-H is trimeric. densities we have termed “arms”, features we also reported
The 3D structure of pMMG-C is displayed in Figure 6 in the pMMO—H structure determined by EM and SPA
at a threshold that encompasses a mass580 kDa. The methods 25). One of the arm domains enclosed by the
intracellular side of the complex is shown in panel A dashed box has been enlarged (inset) and displayedat 2.5
presenting a triangular-shaped density10 A across (edge  above the mean density to reveal that each arm is punctuated
to edge). Rotation of this view of pMMOC by 180 reveals by a small hole that runs through to the interior, a structural



3D Structure of a MDH-pMMO Hydroxylase Complex Biochemistry, Vol. 45, No. 39, 20061911
DISCUSSION

A recent crystal structure of the purified pMM@H (2.8
A resolution) showed that it formed a trimer, comprising
o, 8, andy polypeptides, and roughly resembled a cylinder
(13). We also presented a report demonstrating that pMMO
H was trimeric using electron microscopy and single particle
analysis 25). We also demonstrated that the oligomeric
complex was functional, with data that also suggested that
cap a trimeric pMMO-H may likely represent the in vivo
form. We have now advanced these studies by finding that
two enzymes of the methane oxidation pathway in the
M. capsulatugBath), pMMO-H and methanol dehydrog-

bod!
Y enase (MDH), form a supramolecular complex that we
have called pMMG-C. The formation of a supracomplex
J is now being realized as a common theme in biological
50 A systems §8—41).
FiGURE 6: 3D structure of pMMG-C. The 3D volume of It is generally accepted that methanol dehydrogenase

pPMMO—C refined with C3 symmetry applied displayed at thresh- (MDH), a pyrroloquinole quinone (PQQ) containing enzyme
olds (1.8 above the mean density) to encompass a complex with oxidizing methanol to formaldehyde, is a periplasmic soluble
a mass of~530 kDa. (A) Putative intracellular side of pMMEC protein @0). An X-ray structure has been determined for

showing a relatively flat complex triangular in shape. (B) Putative ; _
periplasmic face of pMMGC revealing three protein densities MDH from Methylobacterium extorquer{é2) andMethyl

joining in the center to form a three-pronged star arrangement. (C) OPhilussp. @3). MDH crystallized as a dimeng/z) showing
Putative side view of pMMGC illustrating that the purified that eachu subunit (66 kDa) contained one molecule of PQQ
complex is composed of two densities termed the cap and body.and one C#& ion. Thef subunit (8.5 kDa) was seen to fold
The expanded area shows that the upper portion of the body wegrqund theo. subunit though its function is unknown. The

called the arm. Densities are characterized by a region of low - . . .
density (displayed at 2dsabove the mean density) that runs through suggestion that a domain of MDH could be associated with

from the external surface into the interior of the structure. intracytoplasmic membrane in methanotrophs was published
30 years ago23) with new evidence recently present@d)
motif also reported for the EM pMM©H volume @5) and In the absence of structural information defining the interac-

matched with low-density regions in the crystal structure tion of pMMO and MDH our previous prediction of the
(13). Also in common with the pMMG-H structure is the in_teractiqn between the neighboring enzymes reliled. on
central channel running through pMMEE in the region biochemical datal). In .the present study, the association
termed the body. Figure 7 shows the interior of the complex °f PMMO—H and MDH in the stable complex has now been
by removing half of the structure (panel A). The cut-away Cconfirmed by means of BN-PAGE and analytical ultracen-
in panel A shows that the central cavity is cone-shaped unlike tfifugation, with the biochemical data illustrating here that
the cylindrical channel, with a uniform diameter, of pMMO PMMO—C exists |.n a complgx of atlleast two protems: .

H. At the mouth of the body domain there is a small central ~We have examined the oligomeric state of the purified
density, but it is not clear whether this is an artifact or a PMMO—C by analysis of the molecular mass of the
feature of the structure. The interior features of pMMO components, both in their individual state and in the complex.

were also examined by taking slices through the height of "€ molecular mass of the MDH, purified from the complex,
the volume from the putative intracellular side through to was confirmed as 200 kDa using BN-PAGE electrophoresis

: e . : . - Figure 3A, lane 4). Since the molecular mass for the
the periplasmic side (Figure 7B). Slice 9 in panel B finds ( .
the cavity of pMMO-C is ~20 A in diameter widening to monomer of MDH based on SBS’AGE (Figure 1) and

~65 A in slice 26. Though the cap does not seal the cavity MS a_naly5|s vv_as_v71 kDa, we infer that it exists in the
I . trimeric state within the complex. Furthermore, it has already
off from the extracellular milieu, it can be seen to partially

occlude it (slices 2732). The three protein densities been established that pMMH also exists as a trimer with

. : . . a molecular mass of 36810 kDa @5). Thus we propose
composing the cap are clearly defined in sections 40 onward.,[hat the complex forms by association of two trimeric
What is also apparent from the slices is that in the region

. . ) - proteins with an expected molecular mass of around-510
corresponding to the body (slices 1434) there isa twisting 550 kpa. In this study a molecular mass of the purified

of the protein domains by-35° in a clockwise direction. pPMMO—C complex was estimated as 438 and 440 kDa,
The EM volume of pMMO-H also revealed a similar  sing analytical el filtration and BN-PAGE electrophoresis,
skewing of the base and neck of the structure-80°. The  respectively. The lower value of the complex may be due to
view of pMMO—C in Figure 6A shows that the structure is  the difference in the shape of the complex compared with
sealed from the cytosolic side of the membrane; however, individual components. Such conformational differences can
when displayed at higher thresholds a central cavity forms; affect the mobility of proteins through the column matrix
therefore, coupled with the fact that the cavity narrows (44) or polyacrylamide gels2@). In this paper we have
toward the intracellular side of the membrane, we suggestshown that the transmembrane helices and extracellular arm
that the complex may be open to the cytosol and that due todomains of pMMG-H undergo significant conformational
the presence of a detergent plug or a limit of the resolution rearrangement upon binding MDH, and this could well
of the structure it appears closed. explain the molecular mass difference observed.
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Ficure 7: Slices through the pMMOC 3D structure. (A) pMMG-C as viewed from the side (i.e., parallel to the membrane plane) with
one-half of the structure removed to reveal the interior of the volume illustrating that the central cavity is narrower toward the putative
intracellular side. At the plane of the cut-away the colors represent the protein density distribution=g2@n pink = 2.80, navy

blue= 3.60). (B) SectionsX—y plane) through pMM®-C as orientated in Figure 4A with slices at 3.1 A intervals taken from the intracellular
side. Box size= 223 x 223 A.

Another explanation for the discrepancy between the
expected and observed values for the total molecular mass
of pMMO—C was that some components of the complex
were lost during the analytical procedure. To test this, we
treated the complex with the cross-linker DTSSP and
determined the molecular mass of both untreated (Figure 3B,
lane 2) and protein incubated with increasing amounts of
DTSSP (lanes-35) by BN—PAGE. All samples gave only
a single high molecular mass polypeptide band440 kDa,
demonstrating that pMMOGH and MDH are in close contact.
The oligomeric state of the pMMOC was also confirmed
on the basis of the sedimentation velocity data analysis. The g
sedimentation coefficient distribution profile of pMMEC
(Figure 4) indicates that about 82% of the protein exists in
the native state. At the same time, the molecular mass for
pMMO—C, calculated from sedimentation equilibrium data,
was 687 kDa including the bound detergent. Studies of other
membrane-bound proteins have indicated that arountl 30
35% of the mass of the protein could be due to bound
detergent 45). Assuming, therefore, that detergent has
surrounded only the hydrophobic surface of the membrane
protein, the resulting molecular mass of pMMQ, mea-
sured by equilibrium sedimentation, should be as high as
540-560 kDa, in good agreement with the suggestion that
both proteins in the complex exist as trimers.

Presented in Figure 8 is the 3D structure of pMMO
matched with the crystal structures of both pMM& and
MDH. Panel A shows that the height of the pMM@
domain termed here as the body as viewed perpendicularFicure 8: Comparison of the 3D structures of pMMQ@ and
to the membrane plane fits very closely with the side view PMMO—H. (A) Putative side view of pMMG C with the X-ray
of the pMMO—H crystal structure and has a similar width Structure of pMMO-H (PDB code 1YEW) fitted into the EM

. envelope illustrating that the body domain of pMM@ matches
at the base. We propose that the body of pMMO is with the height of pMMG-H. (B) Putative periplasmic view of

formed by pMMO-H and the cap domain is formed by a  the 3D volume of pMMG-C matched with the X-ray structure of
trimer of MDH. Rotation of this view in panel A by 90 pMMO—H. The curly black arrows indicate that the EM density

around thex-axis away from the plane of the paper reveals of pMMO—C is rotated with respect to the extracellular portion of
the “top” view of the complex revealing that the domains of PMMO—H. (C) Putative side views of the EM volumes of

_ ; pMMO—-C (displayed at 25 above the mean density) and
pMMO—H we have termed the arms, i.e., the extracellular DMMO—H (25) with the X-ray structure of pMMGH fitted so

portion, of the crystal structure do not overlay with the haithe regions of low density in the domain we have previously
corresponding arm domains of pMMEE. This is in contrast  termed the arms are matched in all three structures. TM denotes
to our previous report describing the 3D structure of the transmembrane region, p the periplasm, and c the cytosol. (D)
pMMO—H determined by EM/SPA methods of negatively 3_D volume of pMMGO-C with the c_rystal structure of an MDH _
stained sample6) where the three densities designated as ?ggg\'jgiﬁgg? ;ﬁ&zc)}rga\fv‘i:&et?]Z"gg;"‘é‘(’):ﬁgiisrgggse%a%ﬁrgx'”-
the arms were found to map onto the extracellular domalnsa comparison of the body domains of pMM@ with the EM

of the crystal structure. Panel C shows the 3D volume of \,jme of pMMO-H previously determined by this groug),

pPMMO—C with both the crystal and EM structures of jjlustrating a major conformational rearrangement of the arm
pMMO—H. It was noted previously that the EM volume of densities of pMMG-C for interaction with the MDH trimer.

~160A
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pMMO—H had an extra ring of density around the putative suggested that electrons from the oxidation of methanol were
transmembrane domain that was not observed in the crystalrecycled into the oxidation of methane. Such direct coupling
structure and was ascribed as a ring of detergent micelles.could obviate the need for NADH (which is normally growth

It is interesting to note that, from the comparison of the limiting) and thus resulted in high growth yiel®2). It is
three structures in panel C, it appears that the structure refineinteresting to note that the structure of pMM® also
ment of the purified pMMG-C, embedded in trehalose reveals a possible docking site for the reductase, a negatively
molybdate and images collected under cryo-EM conditions, charged patch on the outer surface of the soluble domains
has not led to definition of the bulk detergent phase, and the of the 5 subunit (3). It is tempting therefore to speculate
dimensions in this region fit very well with the crystal that this is where MDH is bound to pMMO.

structure. However, it is also apparent from panel C that the  In summary, we can conclude that the assembly of two
region of low density “holes” in the arm domains identified enzymes, pMMO and MDH, into a complex contributes to
in both the EM and X-ray structure of pMM&H is also a  their stability and facilitates direct coupling of electron
characteristic of the pMMOC volume as shown in panel transport between them, leading to a more efficient utilization
C. Panel E shows the EM volume of pMM& and of methane into biomass.

pMMO—C with the cap removed, and this figure illustrates
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