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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). We describe here the biochemical characterization of
a stable and active purified pMMO hydroxylase (pMMO-H) and report a three-dimensional (3D) structure,
determined by electron microscopy and single-particle analysis at 23 A resolution. Both biochemical and
structural data indicate that pMMO hydroxylase is trimeric, with each monomer unit comprised of three
polypeptides of 47, 26, and 23 kDa. Comparison of the recent crystal structure [Lieberman, R. L., and
Rosenzweig, A. C. (2009)ature 434 177] of an uncharacterized pMMO-H complex with the three-
dimensional (3D) structure determined here yielded a good match between the principal features and the
organization of the enzyme monomers into trimers. The data presented here advance our current
understanding of particulate methane monooxygenase function by the characterization of an active form
of the enzyme and the corresponding 3D structure.

Methane monooxygenases (MMOshtalyze the oxygen-  hydroxylase [isolated frorivlethylococcus capsulatiBath)]

ation of methane to methanol and are essential componentseing reported more than 12 years a§o 10). However,

of the methane oxidation pathway in methanotrophs. Metha- the presence of the soluble MMO is restricted to a limited
notrophic bacteria are capable of converting methane tonumber of methanotrophic strainklj. Many environments
carbon dioxide and therefore serve as an important methaneare able to sustain sufficient levels of copper for expression
sink (1) with a potential role for combating global warming of functional pMMO, and as such, pMMO is present in
(2). Methane monooxygenases also possess the unique abilityirtually all known methanotrophsl?, 13). However, due

to oxidize a broad range of hydrocarbons in addition to to a number of factors such as instability upon removal from
methane), and as such, they have a varied role in biological the membrane, this form of the enzyme is less well

and ecological systemg-{7). characterized in comparison with SMMO in terms of both
There are two different forms of MMO that are expressed its quaternary organization and its mechanism of methane
in response to the copper-to-biomass rai®). (At low oxidation.

concentrations of copper, the soluble form of the enzyme In accordance with published results for pMMO purified
(SMMO) is presented in a small subset of bacteria, while from M. capsulatus(Bath) (14—17) and Methylosinus
with a high copper content>0.2 mg/L), networks of the  trichosporiumOB3b (18, 19), it is generally accepted that
intracytoplasmic membrane are developed and MMO is the enzyme consists of at least the hydroxylase (which we
expressed as a membrane-associated form of the enzymeall pMMO-H in this paper) formed by three polypeptides
(PMMO). sSMMO has been extensively studied and is well- with molecular masses of approximately 47 k[Fa gmoB
characterized, with the X-ray crystal structure of the SMMO  subunit), 26 kDad, pmoA subunit), and 23 kDa/( pmoC
subunit), encoded by themoA pmoB and pmoC genes,

T This work was funded through grants to H.D. from the Biotech- respectively 20). Radiolabeling experiments with the,SUiCiqe .
nology and Biological Sciences Research Council (B13749 and Substrate acetylene have suggested that the active site is
C00194X) and INTAS 03-51-3945. localized to thex subunit and may also involve tifissubunit
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ashraf kitmitto@manchester.ac.uk. Telephose4 (0) 161 2004186. (21, 22). Recently, a structural model based on gene sequence

Fax: +44 (0) 161 2360409. analysis of the 26 kDa subunit o_f the hydroxylase frivin
# University of Manchester. _ capsulatus(Bath) proposed that it comprised seven trans-
S These authors contributed equally to this report. membrane helice®2@). It was suggested that four of these

'University of Warwick. . . e . .
1 Abbreviations: MMO, methane monooxygenase: pMMO, particu- helices and one loop region participated in the formation of

late methane monooxygenase; MDH, methanol dehydrogenase; ICM, the active center and that substrate access occurred only from
intracytoplasmic membrane; DDM, dodegiyb-maltoside; PIPES, 1,4-  the periplasmic side of the enzyme. Any sensible structural

piperazine bis(ethanesulfonic acid, sodium salt); BN-PAGE, blue native ; i
polyacrylamide gel electrophoresis; SBBAGE, sodium dodecyl model of hydroxylase components will require knowledge

sulfate-polyacrylamide gel electrophoresis; SPA, single-particle analy- of its subunit arrangement. To that .effec.t, S_eVera| studies
sis. have attempted to determine subunit stoichiometry by gel

10.1021/bi050820u CCC: $30.25 © 2005 American Chemical Society
Published on Web 07/26/2005



3D Structure of pMMO Hydroxylase

filtration and PAGE techniques. An overall mass of 326 kDa
was reported foM. trichosporiumOB3b pMMO prepara-
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in a 100 L fermenter as described in réd. Cells were
harvested and washed with 25 mM PIPES (pH 7.2) and

tions comprising two subunits with molecular masses of 25 resuspended in the same buffer. Concentrated cells were

and 41 kDa and a trace of the 26 kDa componé&8} {vith
no indication of oligomeric structure. The hydroxylase from

frozen and stored at80 °C.

M. capsulatugBath) was estimated to have an overall mass Membrane Isolation, Solubilization, and Purification of

of 200 kDa by BN-PAGE with a proposed dimenigSzy2

arrangement1(6). These authors also observed a 440 kDa

pPMMO

band which they suggested was the tetramer, although a 1hawed cells were washed with 25 mM PIPES (pH 7.2),

similar value of 220 kDa was reported by Chan and
co-workers 24), and these gel filtration data were interpreted
as a monomeric structure of pMMO surrounded by 240

centrifuged at 120apfor 15 min at 4°C, and resuspended
in the same buffer supplemented with DNase | (a few
crystals), 1 mM benzamidine, 40M CuSQ, and 1% (w/v)

detergent molecules. It is clear from these reports that someCHAPS  (final concentration). The cells were broken as

ambiguity exists in establishing the structure of the quater-

nary organization of the fully functional protein. In this study,
we have used a combination of PAGE with MALDI mass

follows. Suspended cells were passed through a Constant
Cell Disrupter (Constant Systems, Warwick, U.K.) three
times at 25 MPa and 24C. Unbroken cells and debris were

spectrometric analysis and sedimentation equilibrium to "€moved by centrifugation at 120§@or 25 min at 4°C.

estimate the molecular mass of the holoenzyme.
In addition to the instability of the pMMO compleix

The supernatant was centrifuged at 1449f20 90 min, and
the pellet was resuspended in the 25 mM PIPES (pH 7.2)

itro, structural analyses of membrane proteins are generallycontaining 0.5 M NaCl and 1 mM benzamidine. This process
less well developed than for soluble proteins due, for Was repeated at least twice to remove soluble proteins.

example, to difficulties in overexpression and purification
and the requirement for detergents and lipids for stability.
A significant step forward toward understanding the qua-
ternary organization of pMMO-H has been the recent
publication of a crystal structure of the purified enzyme (2.8
A resolution) @5). pMMO-H was shown to be trimeric,

~105 A in height, and 90 A in diameter, roughly resembling

Finally, the pellet containing membrane-embedded pMMO
(PMMO™) was resuspended in the same buffer at a protein
concentration of 2530 mg/mL. Solubilization of pMM®

and purification using gel-filtration chromatography were
performed as described in r&#. Further purification of
pMMO was carried out on the anion-exchange MonoQ-10
column. Concentrated fractions after the Superdex S200

a cylinder. However, no assessment of the activity of the clumn, mainly containing pMMO-H (hydroxylase) with a

crystals or biochemical analysis of the oligomeric form was

small trace of the methanol dehydrogenase (MDH), were

undertaken, and it is quite probable, from their description @PPliéd to anion-exchange MonoQ-10 column which was

of the enzyme preparation, that the crystals were inactive. €quilibrated in p.recooleg (aC) 25 mM PIPES (pH 7.2)
We have independently, and in parallel, characterized the SUPPlemented with 0.01% (w/v) dodegiib-maltoside and

oligomeric form and structure of an active form of pMMO-
H. Using electron microscopy coupled with single-particle

1 mM benzamidine. An increasing{d M) NaCl gradient
was used to elute the pure pMMO hydroxylase, which was

analysis (SPA), we have also determined the three- cOncentrated using an Amicon stirred cell with a PM10

dimensional (3D) structure of pMMO-H and shown it to be

trimeric. Over the past 10 years, SPA has proven to be
extremely successfully used in studying the quaternary

organization of multimeric polytopic proteins at medium
resolutions 26—28) that are not readily amenable to

technigues such as X-ray crystallography and NMR. SPA

ultrafiltration membrane.

Protein Concentration

Protein concentrations were determined according to a
modified Lowry protocol 83) with BSA as the standard.

has been proven to be suitable for relatively small proteins g Electrophoresis

(29, 30) as well as large macromolecular complexes such as

the ribosome (for a review, see r8f). We report here the
3D structure of a highly active form of the pMMO-H enzyme
at a final resolution of 23 A. We have identified side “holes”

BN-PAGE was carried out with a417% polyacrylamide
gradient gel, prepared by the method of Syder and von
Jagow B4, 35). Samples (56100 ug of protein per lane)

in the periplasmically exposed region of the protein. These were mixed with 0.5 M aminocaprionic acid and loaded on

areas are not initially apparent from the crystal structure,

the top of a 4% stacking gel. The gel was run &CBat a

although a more detailed comparison of the two independent15 mA constant current and 7020 V. When the samples
structures indicates their presence. We propose that theséiad completely passed through the stacking gel, the voltage

areas show potential as the substrate entry site.
EXPERIMENTAL PROCEDURES

Cultivation of M. capsulatus (Bath)

All experiments described here employ tecapsulatus
(Bath) from the University of Warwick culture collection.
Methanotrophs were grown in nitrate minimal salts medium
(32). A final CuSQ, concentration of 4«M was used in
medium when pMMO-expressing cells were grown. Large-
scale fermentation ofl. capsulatugBath) was performed

was gradually increased to 300 V. The running time was
~6 h. The cathode buffer [50 mM Tricine and 7.5 mM
imidazole (pH 7.0)] first contained 0.02% Coomassie blue
dye G-250. It was replaced with a buffer containing 0.002%
Coomassie blue dye G-250 after one-third of the run. After
electrophoresis, gels were further destained in 25% methanol
and 10% acetic acid. To determine the molecular mass of
pMMO-H, several standard proteins with known molecular
masses were used: thyroglobulin (669 kDa), ferritin (440
kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa),
and albumin (bovine serum) (66 kDa).
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SDS-PAGE (12%) was performed according to the runs were carried out at rotor speeds of 10 000, 12 000, and
method of Laemmli 6) at room temperature and 200 V. 15000 rpm until equilibrium was achieved at each speed.
Protein bands on the SB®AGE gels were visualized with  Samples were prespeeded at 45000 rpm to obtain the
Coomassie blue R-250 (0.1%, w/v) in 10% (v/v) methanol baseline absorbance for each sample. Scanning absorbance
and 10% (v/v) glacial acetic acid. The gel was then destained optics were used at wavelengths of 280 nm. Data from one
by incubation in a solution of methanol, glacial acetic acid, speed only (10 000 rpm) were used for analysis as this proved
and water (4:1:5, v/v). The SBDSPAGE gels were calibrated  to be the best condition. Molecular masses for the protein at

using Dalton Mark VII-L markers (Sigma). each DO:H0 ratio were obtained using the manufacturer’s
) software package (Beckman Instruments, Inc., Fullerton,
Enzyme Aciiity Assay CA). The contribution of detergent to the molecular mass

The activity of pMMO at each stage of membrane isolation °f PMMO-H was calculated according to the method of

and purification was assayed by following oxidation of Kleinekofort et al. 87).
propylene to propylene oxide using a Pye Unicam model
GCV gas chromatograph (Pye Unicam, Cambridge, U.K.)
fitted with Porapak Q column. The samples (5 mg/mL) were  protein bands from BN-PAGE gels were excised, destained,
placed n a 2 mLvial and sealed, and 1 mL of air was reduced, alkylated, and digested with trypsin, and the
replaced with 1 mL of propylene. To give optimal activity, resulting peptides were extracted using the Micromass Mass
the reaction mixtures were supplemented with an appropriateprep Station running the standard digestion protocol supplied
addition of copper sulfate (520 uM). After incubation for by the manufacturer. The tryptic peptides were transferred
1 min, 5 mM NADH (natural electron donor) was added to to a cooled second 96-well microtiter plate and, if necessary,
membrane-embedded pMMO sample. For solubilized and stored at—80 °C. A 2 uL aliquot of the tryptic extract was
purified pMMO, the assay was carried out with 10 mM  mixed with 2.0uL of a 50% acetonitrile, 0.05% trifluoro-
duroquinol (artificial electron dOﬂOf) dried on the bottom of acetic acid, 49.5% water solution Containing 4 mg/mL
the vial. The final volume of the assayed sample was always a-cyano-z]_-hydroxycinnamic acid (ma‘[rix), andlu]_ was
100uL. The samples were incubated at45in a shaking  spotted onto the MALDI target plate. The lock mass wells
water bath. After incubation for 3 min, azﬂ_ |ICIUId sample on the target p|ate were Spotted Wlth//t]_ of a 0.2 #M
was injected into the gas chromatograph, calibrated with 2 splution of four peptides [human adrenocorticotropic hor-
mM propylene oxide (PO). mone (ACTH), rennin, GLU fibrinopeptide B, and angio-
tensin I] as a standard. The tryptic peptides were analyzed
using reflectron mode on a Waters MS Technologies MALDI
Calibration of preparative grade Superdex S200 (Amer- micro MX mass spectrometer controlled by Mass Lynx 4.0
sham Pharmacia Biotech) (15 crn 98 Cm) for molecular software, fitted with a nitrogen UV laser (337 nm) incor-
mass estimation was carried out by equilibrating the column porating a time-of-flight (TOF) mass analyzer. Data were
with 10 mM PIPES (pH 7.2) containing 0.01% (w/v) collected over the mass/charge/%) range of 10063000,
n-dodecyl 8-p-maltoside at a flow rate of 2 mL/min. The and mass drift was corrected against the fVH]* ion of
molecular mass determination of pMMO was made by ACTH occurring atm/z 2465.199. The data were processed
comparing thé/e/V, ratio of pMMO with theV4/V, ratio of using the Micromass Global Server 2.1 search engine. Search
four proteins with known molecular masses [Bio-Rad Parameters specify up to one missed cleavage site, a 100
calibration kit, aldolase (158 kDa), catalase (232 kDa), PPm tolerance against the database-generated theoretical
ferritin (440 kDa), and thyroglobulin (669 kDa)], whevé masses, and a minimum of one matched peptide with a list
is the elution volume and/, is the void volume of the  of the 20 highest-scoring entries produced. Each suggested
column, which was taken as the elution volume required for protein identification was confirmed or rejected by a
the elution of blue dextran (2000 kDa) from the column. comparison of the theoretical and observed data.
The calibration curve was prepared by plotting the logarithms ,
of the known molecular masses of protein standards against=/ectron Microscopy
their VeV, values. The corresponding molecular masses could  \jembrane-Embedded pMMQntracytoplasmic mem-

then l_)e deduced fron_1 the calibration curve by using the p4nes (PMM®) extracted from whole cells were resus-
experimentally determinetls/V, value of pMMO. pended in 25 mM PIPES buffer (pH 7.25) containing 1 mM
benzamidine and 100 mM NaCl. Membranes were also
washed with 25 mM PIPES buffer (pH 7.25), 10 mM EDTA,
Sedimentatiorequilibrium experiments were performed and 1 M NaCl and then diluted for a protein concentration
in a Beckman Optima XL-A analytical ultracentrifuge at 4 suitable for EM studies (e.g~v100ug/mL). Samples were
°C. The pMMO hydroxylase was analyzed at a concentration mounted onto carbon-coated 400 mesh copper grids after
5 mg/mL in 20 mM PIPES (pH 7.2). Buffers containing@ glow discharging, and excess protein was blotted with filter
H,O ratios between 0 and 50% were prepared; the proteinpaper (Whatman 50), washed twice with detergent-free buffer
was added to the appropriate buffer, and samples were[25 mM PIPES (pH 7.25) and 100 mM NacCl], negatively
concentrated to give a final volume of 2@0. Buffer and stained using 4% (w/v) uranyl acetate as described in ref
detergent densities were measured &t4ising a Precision 38, and examined in a Tecnai 10 transmission electron
density meter (model 02C, Anton Paar, Graz, Austria). microscope operated at an accelerating voltage of 100 kV.
Samples and their appropriate buffers were loaded into their Electron micrographs were recorded at a calibrated magni-
respective channels in 12 mm multichannel cells. Equilibrium fication of 44500« on Kodak Electron Image film SO-163.

Mass Spectrometric Analysis of pMMO-H

Analytical Gel Filtration

Analytical Ultracentrifugation
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Electron micrographs were digitized (UMAX PowerLook Symmetry Analysis of pMMO-H

3000 Scanner) at a scan step of 6 (3.6 A/pixel at the ) i

specimen level). Two different n_1ethods pf analysis were emplqyed for
Electron CrystallographyCrystalline areas were treated symmetry analysis. Rotguonal symmetry analysis of.the

separately; the contrast transfer function (CTF) was correctedindividual pMMO-H particles was initially performed in

using the CRISP Image processing software s@g} énd EMAN using “startcsym .The_startcsym qommand searches

subjected to three rounds of lattice unbending to correct for (€ raw images for particles witifold rotational symmetry,

lattice distortions using programs within the Medical Re- COrrésponding to the *top” view, with “side views” having

search Council crystallographic softwarg), Average cell ~ 900d mirror symmetry but poar-fold rotational symmetry.
dimensions, p1, for the two-dimensional (2D) arrags<( Class averages are then generated for each of these two

4) were as follows:a = 116.0+ 9.2 A, b = 113.6+ 9.7 A views. The unsymmetrized top view can then be compared
andy = 122.9+ 25 Usiﬁg the CRISP software. a ral,”nge with the symmetrized view. A range of possible symmetries
of plane groups were tested for each crystal vaghp312, (C2—C8) was tested. In a different approach, SPIDER

andp321 giving the lowest phase residuals, 8.5, 21.3, and Programs 44) were implemented to examine the symmetry
12.5, respectively. of the final C1 3D volume by a rotational self-orientation

Purified pMMO Hydroxylase (pMMO-H)pMMO-H search. A back projection of thél volume in Figure 4A
was resuspended in 25 mM PIPES buffer (bH 7.25) con- projected along the longitudinal axis of rotational symmetry

taining 100 mM NaCl and 0.01% (w/vii-dodecyl B-b- was generated to determine the rotational symmetry (using

maltoside for a concentration 100 g/mL as described "€ SPIDER command OR 2M).
E\gg;/.e. Micrographs were recorded under low-dose Cond"RESULTS

3D Image Processing of pMMO-Hhe 3D structures of  Ejectron Micrographs of Intracytoplasmic Membrane
PMMO-H were generated using the common line projection preparations
matching methods employed in EMAMY). No correction
for the contrast transfer function was made since the Intracytoplasmic membranes (ICMs) fravh capsulatus
micrographs used had the first minimum of the power (Bath) were isolated as described previously) (with an
spectrum in the range of ¥20 A; 2482 pMMO-H com- average specific activity of 230 nmol of propylene oxide per
plexes were selected interactively using the graphical inter- minute per milligram of protein using 5 mM NADH as a
face boxer (EMAN processing software) from digitized reductant. Presented in Figure 1A is an electron micrograph
micrographs (3.6 A/pixel at the specimen level) into a box of negatively stained ICMs, prepared as described in
of 56 x 56 pixels. A preliminary 3D model was calculated Experimental Procedures, after washing with 10 mM EDTA
from a set of reference-free class averages that representeénd 1 M NaCl. The micrograph shows a large membrane
distinct views of the complex, generated after band-pass sheet containing closely packed white stain-excluding protein
filtering and centering of the particles. The preliminary 3D complexes characterized by a central stain cavity (examples
model was iteratively refined using a projection matching indicated by black arrowheads). Close examination of the
routine, whereby projections with uniformly distributed ICMs found several small areas where the membrane-
orientations of the preliminary 3D model were used as embedded complexes had formed partially ordered two-
references for classification of the raw data set, with the classdimensional (2D) crystals; an example of such an area is
averages from this step used to construct a new 3D model.highlighted in the figure with dashed lines. The Fourier
Convergence, i.e., stabilization of the 3D structure, was transform of the crystalline area after three rounds of lattice
monitored by examining the Fourier shell correlation (FSC) unbending to correct for lattice distortions, using the Medical
of the 3D models generated from each iteration. Volumes Research Council crystallographic program su#é)(is
were separately calculated with eith€1, C2, or C3 shown in panel B. Refinement of the lattice found the lowest
symmetry applied. For th€1 andC2 volumes, the class phase residual for @3 symmetry suggesting a trimeric
averages used to generate the preliminary model wereorganization, with the corresponding projection map in Figure
selected by the user. In each reconstruction, the final 3D 1C. The projection map shows a complex approximately 90
volume was derived from eight rounds of iterative refine- A across (edge to edge) with three protein densities sur-
ment. To test the robustness of the final volumes, severalrounding a central cavity approximately 25 A in diameter.
different starting models were employed; all produced a Prior to the ICMs being washed with EDTA and NaCl,
similar convergence. In addition, to further examine the extensive aggregation of the membranes was observed.
effects of employing a different start model upon the Subsequent washing resulted in well-separated membranes,
reconstructions inC1 and C3, the crystal structure of a though some association was still observed as indicated by
trimeric pMMO-H (25) (PDB entry 1YEW) after a Gaussian the black arrow Figure 1A. SDSPAGE (Figure 1D) of
low pass filter to 15 A had been applied was used as the washed ICMs showed the presence of protein bands with
start model (threed.Oa.mrc). The resulting structures weremolecular masses corresponding to those associated with
consistent with those presented in this report. PMMO, i.e., 47, 26, and 23 kDa. Several other less abundant

The resolution of each reconstruction was assessed fol-polypeptides, e.g., 37 and 35/32 kDa, a doublet at 21/23 kDa,
lowing established procedure$( 43). In brief, the dataset 16 kDa, and 7 and 6 kDa, were also detected. The
was divided into two, with volumes calculated for the two polypeptides giving rise to these bands were found to be
subsets, and the resolution estimated by the Fourier shellmore abundant in the sample prior to washing, suggesting
correlation coefficient (FSC) with the resolution limit taken that they are not embedded in the lipid bilayer and may be
to be where the FSC value fell below 0.5. proteins loosely associated with the pMMO complex (data



10958 Biochemistry, Vol. 44, No. 33, 2005 Kitmitto et al.

kDa
<+ 200
<+ 116

<+ 66
45 kDa— < 45

26 kﬂa} = <+ 31
23 kDa < 21

* 145

Ficure 1: Characterization of membrane-embedded pMMO complexes. (A) Electron micrograph of negatively stained intracytoplasmic
membranes (ICMs) isolated froM. capsulatugBath) after washing with 25 mM PIPES buffer (pH 7.25), 10 mM EDTAJ 4nM NaCl.

Protein is visualized as white stain, excluding densities with examples indicated by black arrowheads. The large black arrow indicates
associated membrane sheets. (B) Plot of the signal:noise ratios of peaks in the Fourier transform of the crystalline area enclosed by the
dashed lines in panel A after lattice correction. The larger boxes and lower number correspond to a greater signal:noisep&tio. (C)
projection map of the crystalline area. Unit cell dimensions (indicated by parallelogram) are as falews= 107 A andy = 12¢°. (D)
SDS-PAGE (12%) of EDTA/salt-washed membrane-embedded particulate methane monooxygenaéecapsulatugBath) with protein

bands visualized by Coomassie brilliant blue R-250 staining.

not shown). Previous work by Zahn and DiSpirigb) had Table 1: Specific Activity of pMMO at Various Stages of
assigned the 37 and 21 kDa proteins as cytochropggs  Membrane Isolation and Purification

andbseg, respectively, with the 35/32 kDa protein suggested specific activity

by Nguyen and co-workersl{) being a product of pro- (nmol of PO produced mirt mg™)
teolysis of the 47 kDa subunit of pMMO. There was also a 5 mM NADH 10 mM duroquinol
relatively weak band at-63 kDa that was observed to be sample (natural reductant)  (artificial reductant)
significantly reduced in intensity after salt washing. This band membrane-bound 230 114

was identified by means of tryptic digestion and MALDI  solubilized no activity 96
peptide mass fingerprinting as large subunits of methanol partm%g‘j:'f\'ﬂegm no activity 64
dehydrogenase (MDH) fromdl. capsulatugBath) with 66% puﬁfied no activity 34

sequence coverage.
q 9 aThe SDS-PAGE gel of partially purified pMMO and MDH has

Purification of pMMO-H been published in Figure 1 of ra#.

The specific activities of pMMO at the various stages of Purified pMMO was shown to be composed of three proteins
isolation and purification are presented in Table 1. The with molecular masses of 47, 26, and 23 kDa, therefore
specific activity of our purified pMMO was 34 nmol of corresponding to pMMO hydroxylase (pMMO-H) as shown
propylene oxide per minute per milligram of protein with in Figure 2 (inset, top left corner). A feint band-a82 kDa
10 mM duroquinol as an artificial reductartg), a value was also discernible. Figure 2 presents an electron micro-
that is still higher than most of the published resu#t3)( graph of the purified pMMO-H after negative staining as



3D Structure of pMMO Hydroxylase

kDa O *®
45 |-
O
261‘ O O OO
23‘r O 6 O
== o ¥
O
@ 8
- Qo
¥ @
O O
(@)
O &) ¥ O @) O O 504

FicurRe 2: Characterization of purified pMMO hydroxylase (pMMO-
H). A field of negatively stained purified pMMO-H illustrating a
homogeneous population of protein complexes. Examples of
pMMO-H complexes are ringed by black circles. The black arrows
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with detergent (DDM). Since the partial specific volume of
the pMMO-DDM complex is unknown, the molar mass of
the protein moiety cannot directly be derived from the
effective molar mass of the compleM| = Mywmo-pom(1

~ Ppmmo-oomP) = Mpmmo—+(1 — @pvmo-+e) + Moom(1 —
¢opmpP)]- However, via determination of thévl, as a
function of solvent densities by varying the ratio of(H
and DO, the molar mass of the protein moiety can be
evaluated by extrapolation to the density of dodecyl maltoside
(DDM) (37).

Following the procedure as described in3&fthis method
gave a calculated molecular mass for pMMO-H of 3#&3
25 kDa.

Electrophoresis.Blue native gel electrophoresis (BN-
PAGE) established by Schger @5 was also used to
determine the molecular mass and oligomeric state of
membrane proteins. Analysis of purified pMMO-H using
BN-PAGE resulted in a single band (Figure 3B, lane 1) with
an estimated mass of 38@10 kDa. To be sure that the
observed protein band consisted of pMMO-H only, the band
was excised from the gel, soaked in a solution of 10% SDS

indicate areas of protein aggregation, though from the sample and -mercaptoethanol for 2 h, and subjected to SDS

micrograph it is clear that well-defined single complexes suitable
for SPA predominate. The inset is a 12% SEFSAGE gel of the
purified pMMO-H, stained with Coomassie brilliant blue R-250.

described in Experimental Procedures showing a homoge-

neous field of protein complexes (examples ringed by black

circles). Some aggregation of the sample was also apparenp

(indicated by black arrows in Figure 2) under the negative
staining conditions; however, well-defined single complexes
were abundant with a final data set comprised~&500
particles.

Molecular Mass Estimation of pMMO-H

We applied several different approaches for the determi-
nation of the molecular mass of pMMO-H.
Analytical Gel Filtration. Presented in Figure 3A is a

calibration curve of a Superdex S200 (Pharmacia) size-

exclusion column determined by eluting four proteins with

known molecular masses. When this method was applied,

the molecular mass of purified pMMO was estimated to be
390 kDa. The molecular mass is close to that-@26 kDa
for purified pMMO from M. trichosporiumOB3b (18). This

PAGE. The size and composition of subunits of the protein
corresponded to those of pMMO-H (data not shown).
Furthermore, the excised protein band (Figure 3B, lane 1)
was characterized by tryptic digestion and MALDI peptide
mass fingerprinting and identified as the pmoB subunit of
articulate methane monooxygenase with 45% sequence
coverage. The presence of pmoA and pmoC was confirmed
by limited (6 and 3.7%, respectively) sequence coverage of
digested peptides.

3D Structure of pMMO-H and Symmetry Analysis

Eight rounds of angular refinement were applied to 2500
pMMO-H protein complexes to determine the final three-
dimensional structure without imposing any symmetry
constraints, i.e C1, implementing established procedures in
the EMAN image processing software suitél), The
surface-rendered volume (displayed at @&ove the mean
density) in Figure 4A shows a view of the complex with
three defined protein densities (labeled3) surrounding a
central cleft or canyon-25—30 A in diameter. Figure 4B
displays a putative side view (i.e., perpendicular to the

technique gives an approximate molecular mass value, whichmembrane normal) of the comple, illustrating that pMMO-H
included the mass of the protein and mass of the boundis roughly shaped like a truncated cone, being wider at one

detergent 48).
Sedimentation Equilibriunf-or a more accurate determi-
nation of the molecular mass of pMMO-H that takes into

end termed the “base’-135 A in diameter, and tapering
upward toward three protein densities forming a domain we
have called the “neck’»-95 A across. Overall, the pMMO-H

consideration any bound detergent, we employed sedimentacomplex is~125 A tall. The complex is characterized by a

tion equilibrium analysis. The molecular magd)(is the
molecular mass of the pure protein, excluding bound

central cavity that penetrates the complex-§0 A. The
resolution of the reconstructetil volume was determined

detergent and other solvent compounds, and is related to thdo be~30 A (data not shown).

experimentally determined protein concentratiah &s a
function of the radial positionr] by the relation

(2RTw3(In c/r®) = M(1 — ¢'p)

whereR is the gas constant, is the absolute temperature,
w is the angular velocityp is the density of the solvent,
andg' is the effective partial specific volume, which includes
the true partial specific volume and the effects of integration

To further examine the oligomeric form of the purified
pMMO-H, we also tested the symmetry of tGd complex
using two different methods: (i) applying startcsym in
EMAN (41) and (ii) a self-orientation search using SPIDER
(44). The startcsym command searches the raw images for
particles withn-fold rotational symmetry, corresponding to
the top view, with side views having good mirror symmetry
but poorn-fold rotational symmetry. A range of possible
symmetries C2—C8) was tested (data not shown), finding
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Ficure 3: Molecular mass estimation of pMMO-H. (A) Gel filtration chromatography S200 (Pharmacia) size-exclusion column. Molecular
mass standards used to calibrate the column are (A) aldolase (158 kDa), (B) catalase (232 kDa), (C) ferritin (440 kDa), and (D) thyroglobulin
(669 kDa). The approximate molecular mass of the detergent-bounded pMMO-H was estimated to be 390 kDa. (B) Blue native PAGE
(BN-PAGE), with a 4 to 17%gradient of pMMG-H. In lane 1, BN-PAGE with 0.5 M 6-aminocaprionic acid in sample buffer reveals the
pMMO-H band at~380-410 kDa (pMMO-H, confirmed by MS). In lane 2 are molecular mass standards: thyroglobulin (669 kDa),
ferritin (440 kDa), catalase (232 kDa), lactate dehydrogenase (140 kDa), and albumin (bovine serum) (66 kDa).

projection of theCl volume (orientated as in Figure 4A)

B ]"eck projected along the putative axis of rotational symmetry.
U Rotational symmetry (SPIDER) by self-orientation analysis
? found peaks that corresponded @2, C3, and C6 sym-
90 metries. However, upon separate examination of the neck

base and base domains, i.e., by slabbing away of the neck or base

region, rotational symmetry analysis of the corresponding

back projections found that the neck and base each exhibited
50A a peak corresponding to only 3-fol€€3) rotational sym-
metry. Presented in Figure 4C are slices through the 3D
volume as oriented in panel A (slice direction, from base to
neck). Black circles on the Figure (panels 5 and 35) highlight
slices in which the trimeric arrangement of protein domains
is clear. However, it can be seen that the organization of
these densities forming a triangular motif in both the base
(panel 5) and neck (panel 35) regions are skewed with respect
to each other. This may explain the observation of symmetry
peaks corresponding t€6 but with the true symmetry
actually beingC3.

Ficure 4: 3D structure of purified pMMO-H refined i€1. (A)
Putative periplasmic face of the complex characterized by three
protein densities (labeled-13) surrounding a central cleft. Surface

rendered (2 above the mean density calculated to encompass a |, agreement with the biochemical data, and symmetry

protein mass of-300 kDa). (B) Putative side view (i.e., perpen- - .
dicular to the membrane normal) of t& volume illustrating two ~ @nalysis of the 30C1 pMMO-H volume, 3-fold rotational

distinct regions of pMMO-H termed the neck and base domains. Symmetry C3) was applied in calculating a 3D structure of
(C) SectionsX—y plane) throuzh the pMMO-H complex as oriented pMMO-H. Ten representative class averages displaying

in panel A with slices at 3.6 A intervals taken from the base up to different orientations of PMMO-H are shown in panel | of

the neck (left to right). Black circles in panel C highlight examples ; ; _
of slices in which the organization of the protein domains forming Figure 5 (column a presenting class averages with corre

a trimeric arrangement is clear. However, it can be seen that theSPONding back projections of the fin&3 3D volume
organizations of these densities forming a triangular motif (circled) alongside in column b). The class averages show good
in both the base and neck regions are skewed with respect to eaclkagreement with the back projections of tG8 structure,
other. demonstrating consistency with the final 3D volume. A

) — . vector plot of the distribution of particle orientations forming
only C2,C3, aquG symmetries as pOSS|b|I|t|es. Onthe basis (|ass averages used in the reconstruction showed good
of this analysis, we also determined a 3D volume for a sampling of the 3D space required for projection matching
dimeric pMMO-H. The final volume with 2-fold rotational (data not shown).
symme_try applied (data not shown) showed distinct differ-  The 3D volume of the trimeric pMMO-H is displayed in
ences in terms of gross structural features compared to thepane| Il of Figure 5A-D using surface rendering (displayed
C1 structure and was visually very dissimilar. In addition, 24 above the mean density calculated to encompeads4
the central cleft clearly present in both membrane-bound kDa). Presented in panel A is the putative “face-on” view
pMMO and theC1 3D volume of purified pMMO-H was (i.e., extending into the periplasm; see Discussion) character-
absent. Furthermore, the resolution of the reconstruction afterized by three protein densities (labeled3) surrounding a
applyingC2 symmetry did not improve significantly at29 central canyon or cleft20—25 A in diameter. The opposing
A. The second approach involved calculation of a back face (panel B) is much flatter in comparison, sealed off from

3D Structure of a Trimeric pMMO-H Complex
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Ficure 5: Image processing data and 3D structure of purified pMMQEB $ymmetry applied). In panel |, examples of class averages
presenting different orientations of the pMMO-H complex used in the reconstruction are shown in column a. Comparison with the

corresponding back projections of the final 3D volume (column b) finds good agreement and consistency between the class averages and

the final 3D structure. Box size of 202 & 202 A. In panel Il is the surface-rendered 3D structure of pMMO-H-a8 A resolution
(displayed 2z above the mean density) witB3 symmetry applied. (A) Putative periplasmic face of the complex characterized by three
protein densities (labeled—13) surrounding a central cleft. (B) As viewed from the putative intracellular side showing a relatively flat
complex approximately hexagonal in shape artB5 A across. (C) Rotation of the view in panel A by°ffesenting the putative side
view. The black arrows indicate perforations holes in the outer surface. (D) Volume as oriented in panel C with the foremost half of the
complex cut away to reveal the central cleft. TM denotes the transmembrane region, p the periplasm, and c the cytosol.

parison with the recent crystal structure reported by Lieber-
man and Rosenzwei@%) (see Discussion and Figure 7 for
comparison of the electron microscopy 3D volume and
crystal structure, PDB entry 1YEW). Presented in Figure 6
is a Fourier shell correlation (FSC) plot indicating that the
final 3D C3 volume is at a resolution 6£23 A, the point at
which the FSC is 0.5.

DISCUSSION

D Yy Ve TR TRy . OI|gomer|c Forr_n of pMMO_—H?I’he lack of the structgral
information of active pMMO impedes the understanding of
Resolution (1/A) its molecular mechanism. The information on the quaternary
structure contributes significantly toward defining the mo-
lecular organization of the functional unit. To obtain this
information, pMMO was solubilized using dodecyl maltoside
the external milieu, and appears almost hexagonal inand purified. The substrate assay indicated that the protein
presentation~135 A across. Rotation of the volume as was stable and functional (Table 1). Although the specific
oriented in panel A by 90provides a putative side view as  activity of the purified pMMO-H is higher than that published
shown in panel C. In this orientation, the complex can be recently (L6, 24, 47), this activity is lower than that in
seen to have a height 0§110 A, and as described for the membrane samples. It should be noted that in all published
C1 pMMO-H volume, theC3 structure is also resolved into  data, with only one exception, the activity of the purified
two principal domains, the base and the neck. The complexpMMO is far lower than in the corresponding membrane
narrows at the neck with a diameter 605 A. Panel D preparations (see Table 1 in #T). There are several well-
shows the complex oriented as in panel C with the foremost established reasons for the loss of activity by integral
half cut away to display the interior of the complex, revealing proteins; most are due to changing the natural environment
a canyon extending from the periplasmic side with a depth of the protein after solubilization and purificatiodq).
of ~55 A and a diameter of 2625 A. The putative location  Furthermore, the high specific activity of the hydroxylase
of the lipid bilayer is indicated on in panel C. This inits membrane-embedded form is due to its close associa-
assignment is based on topological analysis and by com-tion with their natural electron-donating partners, type 2

Fourier Shell Correlation

Ficure 6: FSC plot showing the 3003) reconstruction of purified
PMMO-H at a resolution of~ 23 A.
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hole

hole

shoulder

Ficure 7: 3D EM structure (C3) of the purified, active, pMMO-H that accommodates the X-ray structure of pMMO-H describe5n ref

(A) Putative side view of the 3D EM map (surface rendered in green with transparency factor set to 0.6, displapes#e2the mean
density) matched with the crystal structure, 1YEW (helices in red/eHteets in purple) and four molecules of dodegyd-maltoside
(magenta, extracted from PDB entry 1qgla). The inset shows the pMMO-H surface-rendered view, oriented as in panel A but with no
transparency of the EM volume, illustrating that a region of low density (a hole) is present in both the EM and crystal structures, allowing
access to a central cavity, a feature also common to both. (B) View in panel A rotated around the vertical axiSitastré@ing a good

match between the orientation of the neck domains and fitting of a shoulder domain with alignment of holes in both structures.

NADH dehydrogenaseb() and the elusive quinol. Removal subsequently analyzed by electron microscopy and SPA,
of pMMO-H from membrane necessitates the use of an were not exposed to EDTA treatment and were active (see
artificial electron donor, duroquinol, to drive the reaction. Table 1).
According to Shiemke and co-worker6( 50), duroquinol The amino acid sequence indicates that monomeric
supported~90% of the pMMO activity in solubilized @ pMMO-H has a calculated molecular mass of 102.4 kDa,
samples compared with membrane-embedded samples. Avhich agrees with that experimentally determined by SDS
decrease in pMMO activity after purification might be PAGE, 96 kDa. The molecular mass of the purified pMMO
expected if one considers that duroquinol, which functions oligomer described here is between 313 and 410 kDa,
best in a lipid environment, has a low solubility in aqueous depending on the method used. It is known that the amount
solution where it functions suboptimally. It is also possible of detergent associated with purified intrinsic membrane
that the other, as-yet-unknown, redox proteins may well be proteins increases the mass of the protein, depending on the
involved 60). Thus, in the absence of a full established detergent, by a factor of 0:3L.5 61). The experiments with
electron transport chain for reduction of the pMMO in vivo, pMMO-H were carried out with dodecyl maltoside. Using
we believe that the close interaction between pMMO-H and the same detergent, the amount associated with mammalian
its natural electron donor is tightly coupled and gives higher cytochromec oxidase was determined to be 35% of the
activities than the uncoupled, dissociated system such asmolecular protein mas$®). Our data from BN-PAGE and
purified membrane protein pMMO and artificial electron gel filtration experiments have included some detergent.
donor duroquinol. Assuming that the amount of detergent binding to the protein
According to SDS-PAGE of purified pMMO-H, the in our case is alse-35%, its real molecular mass should be
polypeptide bands have molecular masses corresponding taround 306-310 kDa. This value is very close to the value
pMMO proteins at 47, 26, and 23 kDa. The doublet at 33/ of 313+ 25 kDa calculated from equilibrium sedimentation
35 kDa is noticeably less intense in comparison. The result, which excluded detergent. From these data, we can
principal difference noted between the polypeptide profiles confidently say that pMMO-H exists as a trimer in its
before and after exposure of membrane-embedded pMMOoligomeric form. This conclusion is further reinforced by
to EDTA and NaCl was the significant reduction in intensity the application of two different methods of symmetry
of a 21 kDa band and a band a63 kDa after washing,  analysis of the structural data: one in which the symmetry
with the identity of the 21 kDa polypeptide unknown. of the individual raw particles was examined and the other
However, these data clearly demonstrate that the polypeptidesising rotational symmetry analysis of back projections of
comprising pMMO are not removed by EDTA/salt washing the unsymmetrizedC1 3D volume. Together, these data
and as such are likely to be embedded and/or anchored withinsupport the biochemical findings that the oligomeric form
the lipid bilayer. Our experiments have shown that washing of the purified pMMO-H described here is trimeric.
with 10 mM EDTA inhibits ~50% of the specific activity This conclusion is distinct from the earlier results obtained
of the partially purified pMMO (data not shown). However, by Lieberman et al.16) and Yu et al. 24), which presented
washing has led to the removal of the extrinsic proteins with pMMO-H as a dimer and monomer, respectively, but is in
the advantage that the membrane-embedded pMMO-Hagreement with the recent crystal structure described this year
complex has been exposed. This has permitted tentative(25). The protocols used in the earlier work of Lieberman
analysis of the quaternary organization of pMMO-H invivo et al. and Yu et al. to purify pMMO-H did not include any
(Figure 1). It should be noted that membranes employed for protease inhibitors. We include benzamidine in our prepara-
the solubilization and purification of pMMO-H, which were tions to preserve the oligomeric nature of the enzyme.
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Therefore, we suggest that the smaller oligomeric structures~45 A away from membrane. Presented in Figure 7 is the
proposed 16, 24) were due to nonspecific protein degrada- 3D structure of pMMO-H determined by electron microscopy
tion. Also, the higher specific activities of our preparations and SPA matched with the crystal structure (PDB entry
confirmed that pMMO-H in our hands was less damaged 1YEW) using Chimerag7). The height of the complex fits
during purification than those reported elsewhere. exactly into the 3D EM envelope with the three prominent
The crystal structure of solubilized pMMO was published domains (we labeled them-B, Figure 5A) forming the neck
recently and thus gives us important information about a of the complex matching precisely the crystal structure in
possible structural organizatio2d). However, activity assays  terms of both orientation and domain dimensions as shown
were not attempted on the crystals, and as describedin Figure 7A. Moreover, by rotation of the volume in panel
previously, most purified samples from this laboratory were A by 60° (counterclockwise around the vertical axis), a
not active. Furthermore, no biochemical characterization of feature we have termed the “shoulder” is also matched in
the oligomeric form was undertaken. These authors hadthe crystal structure. The putative transmembrane domain
previously indicated that pMMO was a dimer on the basis (comprised of pmoA and pmoC) can be easily accommodated
of molecular mass estimation by BN-PAGHGS6( 47); into the base domain. However, the base region of the EM
however, their newly presented structure of pMMO is a volume was found to be wider with an approximately 20 A
trimer. Trimeric forms of functional proteins are well- belt of extra density surrounding the crystal trimer. Further-
documented, e.g., ammonium transporter inEheoli (53) more, the central cavity is sealed at the base in the EM
and ion-selective receptor§4). A more pertinent example  volume, whereas in the crystal structure, it is continuous
is light-harvesting complexes froMarchantia polymorpha  through the complex. One possible explanation that may
L. (55 and multidrug resistance proteinsg|. account for both of these variations between the structures
We have now substantially advanced this field of researchis the presence of detergent in the EM volume. The
with the data presented here reporting a functionally active association of detergent with membrane proteins has been
pMMO-H trimer, with data to tentatively suggest that this studied using neutron crystallography since due to the
form is also foundn vivo. Partially formed crystalline areas  disordered character of the bulk detergent phase is not seen
were observed in the ICMs isolated here, and though notin crystal structures. Examples defining the detergent micelle
well-ordered, refinement of the Fourier transform (after lattice include refss8 and59in which the detergent was shown to
unbending) found a trimeric organization as shown in Figure form a belt around the membrane protein. The detergent was
1C. Though we cannot draw firm conclusions from the data also found to occupy the central cavity formed by the
extracted from the 2D crystals due to the lattice distortions, nonameric arrangement of light-harvesting LH2 monomers
and the relatively small areas forming arrays, these results(58) with the height of the central detergent cylinder being
do lend further support to the concept of a trimeric organiza- ~40 A (detergent3-octyl glucoside). Therefore, the ap-
tion of the pMMO-H complex in vivo. proximate dimensions and association of the detergent
Comparison of the Crystal and EM Structure of a Trimeric micelles previously described are consistent with the inter-
pMMO-H. Though the resolution of the 3D structure of pretation whereby a “life-belt” of detergent surrounds the
pMMO-H presented in Figure 5 (panel 1) does not allow PMMO-H transmembrane domain and forms a “plug” in the
confident delineation of the subunit boundaries, based on cavity from the base end. We extracted the coordinates of
hydropathy plots, we suggest that each of the “arm: regionsdodecyl 5-pD-maltoside (http://xray.bmc.uu.se/hicup/; PDB
comprising the neck domain is formed by a pmoB (47 kDa) entry 1gla) and using Chimer&{) modeled four molecules
subunit. The view shown in Figure 5A (panel Il) is likely to  of the detergent as shown in Figure 7 (DDM is magenta)
represent a face-on view of the complex since it is similar for illustration and scale purposes. From these figures, it can
in terms of structural features to the membrane-embeddedbe seem that it is conceivable that the extra density belt is
complexes shown in Figure 1A. On the basis of this formed by DDM micelles associating with the TM region
interpretation, we propose that the complex-i$10 A in of the complex. If this is indeed the case, then this has the
height (i.e., as viewed perpendicular to the membrane advantage in that the region of the pMMO-H trimer residing
normal). Working on the assumption that the bilayer is-40  within the lipid bilayer is delineated in the EM structure and
50 A thick, we have oriented the complex as shown in Figure can be correlated to the crystal structure. Some variations
5C, which places the bulk of the protein within the bilayer, between the two structures (not withstanding differences in
also in agreement with hydropathy studies, and matches theresolution) may also be expected since in this study single
interpretation of the crystal structur@g) as shown in Figure  particles were examined as opposed to complexes locked
7. into a defined conformation in a crystal lattice. Interestingly,
It should be noted that negative staining techniques canthe soluble domain identified in the crystal structure is
lead to flattening of the structure, preferred orientations, or skewed with respect to the transmembrane cylinder as also
uneven staining. However, these effects and the extent oridentified in the 3D EM volumes presented here. However,
occurrence are very much sample-dependent. By comparisora further intriguing commonality between the crystal and EM
of the crystal structure26) of pMMO-H and the medium-  structures is the identification of low-density regions within
resolution 3D structure reported here, it is apparent that anythe neck domain. These “holes” in the soluble region of the
artifacts of the negative staining preparation have not had pPMMO-H trimer are not obviously apparent from inspection
any significant bearing. The recently published crystal of the crystal structure; however, on comparison with the
structure, at 2.8 A resolution, was shown to be cylindrical, EM volume as shown in Figure 7, it can be seen that regions
with three monomers of pMMO-H forming a trimeric of low density can be matched in both structures.
organization,~105 A in height and 90 A in diameter. The A possible interpretation of the pMMO-H 3D volume is
soluble region was identified as extending and twisting up one whereby substrate entry into pMMO may involve entry
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through the mouth or top of the canyon to reach the active 9.
site with products emitted through the holes at the neck and
base intersection. This canyon was also identified in the
crystal structureZ5) as being 11 A in a diameter at the top,
widening to 22 A where it extends into the membrane,
although no role for this canyon in the structure was
advanced. Another possible mode of action may be where
the hydrophobic substrates diffuse into the upper leaflet of
the membrane wherein they enter the pMMO-H complex
through the side holes that lead into the central canyon; the
hydrophilic products are then expelled through the aqueous
filed canyon through the top of the structure into the
extracellular medium. This second proposal would be similar
to the “hydrophobic vacuum cleaner model” proposed for
multidrug resistance transporter§6]. However, as to
whether the cavity is exposed to the exterior upon association
of extrinsic polypeptides such as methanol dehydrogenase
(MDH), the next enzyme in the methane pathway in
methanotrophs, remains to be established.

In conclusion, we provide here data that present a model
of a functional trimeric pMMO-H demonstrating an impor-
tant link between structure and biological activity. Clearly,
a priority for future work will be to explore pMMO at its
different stages of purification to help understand the roles
of extrinsic proteins such as methanol dehydrogenase.
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