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ABSTRACT: The particulate methane monooxygenase (pMMOMethylococcus capsulatyBath) is an

integral membrane protein that catalyzes the conversion of methane to methanol. To gain some insight
into the structurereactivity pattern of this protein, we have applied attenuated total reflection Fourier
transform infrared (ATR-FTIR) spectroscopy to investigate the secondary structure of the pMMO. The
results showed that ca. 60% of the amino acid residues were structuceteises. About 80% of the
peptide residues were estimated to be protected from the diiigld exchange during a 21 h exposure

to 2H,0. In addition, a significant portion of the protein was shown to be sequestered within the bilayer
membrane, protected from trypsin proteolysis. The ATR-FTIR difference spectrum between the intact
and the proteolyzed pMMO-enriched membranes revealed absorption peaks only in the spectral regions
characteristic for unordered afiestructures. These observations were corroborated by amino acid sequence
analysis of the pMMO subunits using the program TransMembrane topology with a Hidden Markov
Model: 15 putative transmembranehelices were predicted. Finally, an attempt was also made to model
the three-dimensional folding of the protein subunits from the sequence using the Protein Fold Recognition
Server based on the 3D Position Specific Scoring Matrix Method. The C-terminal solvent-exposed sequence
(N255-M414) of the pMMO 45 kDa subunit was shown to match/iteheet structure of the multidomain
cupredoxins. We conclude on the basis of this ATR-FTIR study that pMMO s-helical bundle with

ca. 15 transmembranehelices embedded in the bilayer membrane, together with a water-exposed domain
comprised mostly ofi-sheet structures similar to the cupredoxins.

Methanotrophic bacteria consume methane produced in Two distinct forms of MMOs are known to exist at
anaerobic sediments and thus limit its flux to the atmosphere, different cellular locations in methanotrophs, a cytoplasmic
where it acts as a greenhouse gg®). The enzyme methane soluble form (sSMMO) and a membrane-bound particulate
monooxygenase (MMQ)resent in these bacteria catalyzes form (pMMO) (6). Apart from their biological functions and
the conversion of methane to methanol using dioxygen as aecological importance, the unique ability of MMOs to oxidize
cosubstrate at ambient pressures and temperafjrés At a broad range of hydrocarbons in addition to methane has
present, methane is underutilized as an energy source becausgarnered increased attentioh-(10). Several research groups
of the lack of efficient processes for its conversion to the have studied the SMMO extensivel§1~13). The X-ray
liquid form. The MMO system would provide an ideal crystal structures of the sSMMO hydroxylase isolated from
natural model to study methane activation and functional- Methylococcus capsulaty8ath) andMethylosinus tricho-
ization, a subject of significant current intere§}. ( sporiumOB3b have been solved4, 15). The hydroxylase
active site of SMMO contains a nonheme binuclear iron
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1 Abbreviations: MMO, methane monooxygenase; pMMO, particu- f0lding of the polypeptides in the lipid bilayer.
late methane monooxygenase; SMMO, soluble methane monooxyge- |t js well-known that numerous experimental obstacles are

nase; ATR-FTIR, attenuated total reflection Fourier transform infrared; . . . . .
IRE, internal reflection element; DTGS, deuterated triglycine sulfate; encountered in the determination of the three-dimensional

MCT, mercury-cadmium-tellurium; ESI-TOF-MS, electrospray ion-  Structures of membrane proteins, whether by NMR or
ization time-of-flight mass spectrometry; EPR, electron paramagnetic diffraction methods. Considering the paucity of structural

resonance; SDSPAGE, sodium dodecyl sulfatepolyacrylamide gel inai ; ; ;
electrophoresis; PIPES, 1,4-piperazine bis(ethane-sulfonic acid, sodiumdata’ any structural insight gained from other biophysical

salt); fwhh, full width at half-height; DMPC, dimyristoylphospha- methgds is therefore particularly User|_ for mgmbrane
tidylcholine. proteins. Polarized attenuated total reflection Fourier trans-
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form infrared spectroscopy (ATR-FTIR) is currently one of methane- and air-feeding rate (6.%.3 L/min) to maintain
such techniques widely used in membrane protein structuralthe dissolved oxygen content to 2.5% of saturation.
analysis 21—27). This method yields information about the After the cells had been cultured at 3tM copper
polypeptide secondary structure as well as its orientation in concentration for 1224 h and were ready for harvest, about
the membrane. The infrared vibrational frequencies can be4 L of the medium was removed with the assistance of the
used to determine the protein secondary structure, while thepreequipped hollow fiber filter. Three-quarters of the result-
orientation is obtained from the observed dichroism. ing concentrated cell suspension were drained out and

An additional strength of this spectroscopy is that it allows centrifuged, and the harvested pellet was retained for further
simultaneous Study of the structure of ||p|ds and proteins in characterization. The remainder of the concentrated cell
intact biological membranes. Taking advantage of this unique suspension was then filtered to almost dryness. These cells
property, we have applied this technique to generate distinctwere resuspended in the fermentortwi L of fresh NMS
IR Spectra of the membrane-embedded pMMO We report medium injected through the inlet tube into the hollow fiber
here how the use of this method in combination with filter for the next round of culturing. Typically, about 35
proteolysis andH/?H exchange has enabled us to gain the 40 g of cells were harvested during the above medium
first experimental glimpse of the structure and dynamics of renewal process.

the transmembrane domain of pMMO. Isolation of pMMO-Enriched Membrane$he harvested
cell paste was suspended in 25 mM 1,4-piperazine bis(ethane-
MATERIALS AND METHODS sulfonic acid, sodium salt) (PIPES) buffer at pH 7.0 (1.2

mL of buffer/g of cell paste) containing 0.01 mg/mL of

Sample PreparatioriThe growth of methanotrophs, isola-  DNase I. Cell suspensions were passed three times through
tion of pMMO-enriched membranes, and pMMO activity a French pressure cell at 20000 psi in order to separate the
assays were essentially the same as described else@Bere ( cytosolic and membrane fractions from the cell wall. Unlysed
In our laboratory, we have devised a reproducible procedurecells and cell debris were removed by centrifugation at
for the preparation of high quality pMMO fromil. capsu- 2700y for 20 min. The supernatant was then ultracentrifuged
latus (Bath) in high yields in a Bioflo 3000 fermentor that  at 22000@ for 40 min to pellet the membrane fraction. The
is adapted with a hollow fiber membrane bioreactor. Under clear supernatant obtained after ultracentrifigation was used
the standardized growth conditions, pMMO comprises more as the cytosolic fraction. The pelleted membranes often
than 80% of the total membrane proteins. pMMO-enriched showed distinct layers. The minor bluish-black bottom layer
membranes as isolated were used during all of the spectraland the thin white top layer were discarded. Only the middle
measurements without further purification, except where cut, or the translucent intracytoplasmic membrane fraction,
noted otherwise. As the pMMO in these membranes has beenyhich constituted the bulk of the membrane proteins, was
exposed to air for prolonged periods without turnover in the collected. The translucent membranes were washed by
presence of methane or other hydrocarbon substrates, th&uspending them in washing buffer containing 25 mM PIPES,
pMMO-enriched membranes thus isolated have been referreds mm ascorbate, and 289/mL of catalase (pH 7.0) using a
to as “as-isolated” pMMO membranes9j. Under these  Dounce homogenizer, repelleted by ultracentrifugation, and
conditions, the copper ions in the pMMO in these membranes resuspended in washing buffer of-3 times the volume of
have become oxidized to the fullest extent possible underthe original cell suspension. This process was repeated two
these conditions (vide infra). or three times until the supernatant was virtually free of

Growth of Methanotrophs. M. capsulat(®ath) (ATCC soluble proteins. The membranes contained0 mg/mL
33009) were maintained on Petri plates containing the NMS pMMO as determined by the Lowry method, and the protein-
medium (ATCC: 1306 nitrate mineral salts medium) and to-lipid ratio was found to be ca. 4:1 (w:w). Membrane lipid
solidified with 1.7% agar. Cell cultures were maintained isolation, protein purification, and reconstitution were carried
under an atmosphere of 20% methane in air and streakedout as described elsewherg (8, 19).
onto fresh plates every-4%6 weeks. The organisms were first Proteolysis of pMMO in the pMMO-Enriched Membranes.
transferred from Petri plates to 250 mL flasks and subse- pMMO-enriched membranes were subjected to trypsin diges-
quently b 2 L Erlenmeyer flasks containing, respectively, tion in order to separate the solvent-exposed and membrane-
30 and 300 mL of NMS medium in 20% methane in air bound domains of the polypeptideldj. A solution mixture
atmosphere. After 48 h of incubation with continual shaking, of pMMO-enriched membranes and trypsin (100:1) in 25
the resulting cell suspension was used to seed a Bioflo 3000mM ammonium bicarbonate buffer (pH 8) was incubated in
fermentor wih a 5 Lvessel containig 3 L of NMS medium. a temperature-controlled water bath at°& for 3 h. After
When the turbidity of the culturing medium had reached incubation, the solution was centrifuged at 109@6r 15
ODsgs 1.2—1.6, typically after a period of 24 h of incubation, min to separate the soluble and membrane fractions. The
additional NMS medium was added to increase the total membrane fraction was washed-2 times by deionized
culture volumed 5 L for further semicontinuous growth. It  water prior to the ATR-FTIR measurements.
was usually required to replenish the cell-enriched medium The lyophilized soluble fraction containing the tryptic
with fresh NMS buffer by draining away the used medium peptides of the pMMO was dissolved in deionized water and
in the bioreactor 23 times every 1224 h. This media  treated with C18 ZipTip. The tryptic peptides were then
replenishment would keep the cell cycle in the middle-log analyzed by peptide mass fingerprinting by using liquid
phase to late-log phase over the said period. With chromatography nano-flow electronspray ionization (ESI)
capsulatugBath), it was possible to keep the cells growing equipped with tandem mass (MS/MS) in a QSTAR pulsar
at pH 6.8-7.4 for 12-24 h by agitating the cellular  quadrupole time-of-flight (TOF) mass spectrometer. Monoiso-
suspension in the range of 26800 rpm and controlling the  topic mass values were used to search the possible amino
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acid composition of the peptides based on the NCBI databasel690-1650 cn1?, y-turns; 1645-1638 cnt?, random coil;
using the MS-Fit search engine (http://prospector.ucsf.edu).and 1618-1605 cnt?, amide or aromatic side chains.
The tolerance for the input mass was set at 100 ppm, and 1H/2H ExchangeAfter the ATR-FTIR spectrum of the thin
the number of missed cleavages was set from 0 to 1. pMMO film was recorded, the IRE was kept in an evacuated
Preparation of Fully Reduced and Fully Oxidized pMMO desiccator with FOs for dehydration of the protein film. The
in pMMO-Enriched Membraned=ully reduced and fully  spectrum for the dehydrated (21 h) pMMO membrane film
oxidized pMMO from the as-isolated pMMO membranes was recorded. This dehydrated pMMO membrane film was
were prepared according to procedures established in thisthen rehydrated withH,O by addingH,O over the surface
laboratory £8). The as-isolated pMMO membranes were first to wet the film. The IRE with this deuterated sample film
purged with dioxygen-free argon. The membrane solution was kept in a sealed desiccator With,O-saturated KSO,
was then mixed with 40 mM sodium dithionite solution to for 21 h. The spectrum for th#,0-saturated pMMO film
obtain fully reduced protein. The amount of reductant was recorded to monitor théi/°H exchange.
required to fully reduce the protein was judged from the  Secondary Structure Orientation from Polarized ATR-
“null” electron paramagnetic resonance (EPR) signal. To FTIR.For a molecule fluctuating axially symmetrically about
obtain fully oxidized protein, the fully reduced protein was the membrane normal, a molecular order parameter can be
titrated with 100 mM potassium ferricyanide solution. The defined, which is a function of the amplitude of the time-
extent of oxidation of the protein was determined from the and spatial-averaged fluctuations around the membrane
copper EPR signal of the ferrocyanitpMMO adduct ¢, normal. The order parameter of ashelical peptide in a
28), and the enzyme was judged to be fully oxidized when supported lipid bilayer can be derived from the measured
there was no further increase in the EPR intensity. Prior to dichroic ratio RA™R) in the spectral region 16621645 cnt!
reduction or oxidation of the pMMO-enriched membranes, (36—38). The dichroic ratio is defined as the ratio between
the PIPES buffer (25 mM, pH 7.4), the reductant sodium the absorption of light polarized parallel and perpendicular
dithionite, and the oxidant potassium ferricyanide were to the surface of the IRE.
deoxygenated by successive freezing/vacuum/dioxygen-free For the a-helices of pMMO, theRATR was determined
argon cycles for 10 min. using the integrated peak areas of the amide | band in the
ATR-FTIR MeasurementdTR-FTIR spectra were re-  region 1662-1645 cn1l. Before the area calculations, a
corded at room temperature on a BOMEM-DA8-FTIR straight baseline passing through the ordinates at 1700 and
spectrophotometer equipped with a deuterated triglycine 1600 cnr? was subtracted. This method of correcting for
sulfate (DTGS) or a mercurycadmium-tellurium (MCT) the contribution of the baseline to the amide | integrated peak
detector at a resolution of 1 crh A total of 100 scans were  greas seems reasonable since no significant protein absorption
averaged for each spectral measurement. The internal reflecoccurs at these designated wavelengths. This ratio was then

tion element (IRE) was a germanium prism plate with an ysed to calculate the molecular order paramed@siduid Of
aperture angle of 45 Two sample films of oriented  the proteins as follows:

multilayers were obtained by slowly evaporating 30

dis?ersi?Es Iff Ith()a] membraneb[l mg%/mL (thin film) ;Jr 40 Sholecule=

mg/mL (thick film)] in PIPES buffer (25 mM, pH 7.2) on

one side of the IRE under a stream of dry nitrog2€)(In (Ex2 — R Ey2 + Ezz)/(Ex2 - R Ey2 N ZEZZ) 1)

this manner, thin and thick films of the multilayer sample

corresponding to thicknesses of0.08 and ~4.3 um, where E;, Ey, and E; denote the normalized electric field

respectively, were obtained. The thickness of the sample film components when the IR beam is polarized in the respective

was estimated from the amount of membranes deposited ovegimensions.

the Ge IRE and the surface area (3.4&)caf the IRE. The The values ofE,, E;, and E, depend on whether the

IRE was kept under vacuum in a universal sample holder thickness of the deposited film is greater or smaller as

during the measurements. The spectrophotometer was purgedompared with the penetration length of the evanescent wave

with dry air except during oxidationreduction experiments  in the ATR-FTIR experiment. The decay depth of the

where dry nitrogen was used. evanescent wave is typically of the order of @/. At the
Secondary Structure Determinatiorhe spectral window  wavelength of the amide | absorption, the penetration depth

that exists between 1700 and 1500¢éns the fingerprint is 0.4 um, which extends far beyond the thickness of our

region for the protein secondary structure. The most intensethin deposited film £0.08um), andEx = 1.403,E, = 1.5,

absorption band observed in the region 172600 cnT? is and E;, = 1.375 for the sample configuration used in our
the amide | band due to(C=0) and some in-plane NH measurements: angle of incidence of (R 45°); refractive
bending. The amide Il peak occurs in the 158510 cnt? indices of the IRE 1§ = 4 for Ge); refractive index of the

region, mainly arising from the in-plane-NH bending and sample § = 1.45 for protein; 1.43 for lipid bilayer; and 1.33
v(C—N). Secondary structure determination is based on thefor water) 7). If the sample is much thicker than the
conformation sensitive shape of the amide | baB@H33). penetration depth of the evanescent wave (the thickness of
The frequency limits for different types of secondary our thick sample film is~4.3 um), then the electric field
structures in proteins in 4 environment, contributing to  components are independent of the refractive index of the
the amide | band, are well-document&¥,(34, 35) and are medium beyond the surface film, ari§f = 1.398,E, =
assigned as follows: 1658650 cnt?, oy-helix; 1666-1658 1.516, andg;, = 1.625 @9).

cm, ay-helix; 1670-1660 cm?, 3;5-helix; 1638-1632 The molecular order parameters for the proteins and lipids
cml; 1695-1675 cmt, antiparallel3-sheet; 16251615 could be determined for both the thin or the thick samples
cm!, intermoleculars-sheet; 16851655 cm?, S-turns; from the measured ATR dichroic ratios by using eq 1. For
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a set of axially symmetric distributions of protein molecules,
the order paramete5| can be written as

Sproteins: Sﬂelix ‘ Sdipole (2)

whereS.ix is the order parameter describing the orientations
of the helices within the membrane plane about the mem-
brane normal an&iiyee is the order parameter describing
the distribution of dipole orientations sampled in the polar-
ized spectrum with respect to the transmembrane helix axis
(molecular director)S.eix andSuipole are calculated using the
following equations.

Sheix = O(Bco$p — 1)/210 (3)

(4)

wheref is the angle between the transmembrane helix axis
and the membrane normal andis the angle between the
principal transition dipole moment and the molecular director.
Accordingly, for a transmembrane helix

Seix=[2(ES — R E + EA)
[(Bcosa — 1)[ES — R ES — 2E.%)] (5)

Stipole = (3c0Sa — 1)/20

In the case of the amide | band for thehelix, oo = 39°.
The helix order paramete&.ix, can then be obtained for
the angles, the membraneprotein helix tilt angle vis a vis
the membrane normal.

Similarly, for the lipid chains

Sipids = Sacylchain° Sjipole (6)

whereS,yi cnaindenotes the order parameter associated with
acyl chains of the lipid molecules about the membrane
normal. Sipigs could be determined from the dichroic ratio
RATR measured for the bilayer lipids from the parallel and
perpendicular intensities of thgs (CH,) band at 2920 c,

for which a. = 90°. Sy¢yi chaincould then be determined from
the measure&pigs and eq 6.

RESULTS

Isolation of pMMO. Under the standardized bacterial
growth conditions developed in this laboratory, it is possible
to obtain overproduction of highly enriched pMMO-contain-
ing membranes1@, 19). It has recently been shown that
pMMO is a multicopper-containingy-protein monomer
(19). The sodium dodecy! sulfate-polyacrylamide gel elec-
trophoresis (SDSPAGE) analysis of the as-isolated pMMO
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Ficure 1: SDS-PAGE protein gels. Lane 1, standards; lane 2,
pMMO-enriched membranes isolated frdvh capsulatugBath);
lane 3, purified pMMO (0.5 mg/mL) from detergent-solubilized
pMMO-enriched membranes (detergentodecyl3-p-maltoside).

proteins limits this approach. Purification and reconstitution
of the membrane protein require its solubilization, which
could alter its native state. pMMO requires a lipid environ-
ment to support its function. Previous attempts at isolating
the protein indicated that once it is removed from the lipid
bilayer, the enzyme deactivates quicks). Although the
Chan laboratory has recently obtained a purified preparation
of the enzyme by solubilizing the pMMO-enriched mem-
branes in dodecyls-p-maltoside and fractionating the
protein—detergent micelles by size exclusion chromatography
(19), efforts to reconstitute the protein with the full comple-
ment of copper ions and high specific activity in lipid
membranes have still not met with complete success. Thus,
at this juncture, the isolation of pMMO-enriched or over-
produced membranes offers the only, if not unique, op-
portunity to study the membrane protein in its native
environment. Accordingly, we have resorted to pMMO-
enriched membranes for the bulk of the structural analysis
described here.

ATR-FTIR Spectrum of pMM@&nriched Membranedhe
unpolarized ATR-FTIR spectra recorded for thin films of
the pMMO-enriched membranes in,® buffer and the
isolated membrane lipids are compared in Figure 2. The
spectrum of the pMMO-enriched membranes showed con-
tributions from the proteins along with the membrane lipids.
The two distinct protein-associated peaks observed were at
1656 (amide 1) and 1542 (amide Il) ch The peak centered
at 1656 cm? is indicative of thea-helix; however, this amide
| feature is accompanied by shoulders appearing around 1641

membranes (Figure 1, lane 2) confirms the presence of theand 1680 cm* suggesting substantive contributions also from

three subunits of the pMMO hydroxylase, 4&)( 27 (5),
23 (y) kDa, as the major fractions. In earlier work§j, it
was suggested that the35 kDa polypeptide might cor-

random coils ang3-sheets, respectively. The ATR-FTIR
spectrum of the purified pMMO in a dodeg§ip-maltoside
detergent micelle was found to be identical to that of the

respond to a proteolytic fragment or a posttranslational as-isolated membranes in this region (inset of Figure 2),

modification of the 45 kDa subunit of pMMO. As evident indicating that the spectral contributions from other mem-

from Figure 1, in the as-isolated membranes, pMMO brane proteins to the amide | and Il regions were negligible

accounts for more than 80% of the total membrane proteinsin the pMMO-enriched membranes.

(analysis not shown; sek9). Minor absorption bands observed at 2920 and 2852 cm
To study the structure and dynamics of a membrane were lipid-associated, arising from thg(CH,) andv{CH,),

protein in its native form, the ideal way would be to examine respectively. The lipid ester peak at 1739 ¢rdue tov(C=

the protein in question embedded in the intact biological O) appeared with a very low intensity in the pMMO-enriched

membrane. However, the presence of other membranemembranes.
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Ficure 2: ATR-FTIR spectra of a thin film of the pMMO-enriched -
membranes in bO buffer (—) and isolated pMMO membrane lipid  frequency of amide-1  secondary structure peak fraction

Table 1: Secondary Structure Characterization of pMMO

multilayers ¢-+) spread over germanium surface. Inset: Amide  component (cmt) assignment (%) (%P (%)
region in the corresponding spectra for a thin pMMO-enriched

membrane film+) and purified pMMO in a dodecyl-p-maltoside 1690.4 ﬁ ﬁ-sﬂeet 19 18 27
detergent micelle-¢-) in H,O buffer. Note that the Ciwagging iggg% ﬁsl eet 589'22 608'17 5183bz
region around 1200 cni includes interference from a number of 1641-4 (?:am%g(m coil 2'0 0 1'9 3 1'1 0
sharp features from the PIPES buffer, in addition to the contributions 16322 p-sheet 57 54 82
from the membrane lipids. 1620.5 side chains or 50 48 72

intermoleculap-sheet

Secondary Structure of pMMQhe secondary structure ; - —
. aValues obtained using molar absorptivities reported by de Jongh

elements of pMMO were obtained from the shape of the ¢ 5 g1y ©values obtained using molar absorptivities reported by
amide | peak. Fourier self-deconvolution (GRAMS/386 Kabsch and Sande#®). ¢ Values obtained without correcting for the
software) was applied using a Lorentzian line shape [full different molar absorptivities.
width at half-height (fwhh)= 25 cm] to narrow the
different components of the amide | region. Prior to the secondary structures without correcting for the different
nonlinear curve fitting, a straight baseline passing through molar absorptivities associated with the different structural
the ordinates at 1700 and 1600 Trwas subtracted, as noted components (column ¢ in Table 1).
earlier. The peak positions, obtained from the second Another conclusion from this analysis of the amide | band
derivative of the spectrum, were used as the input parametersvas that s-sheets accounted for 16% of the secondary
for the curve fitting. A nonlinear least squares iterative curve structure and random coil as much as 20%. On the other
fitting (Origin 7.0 software) was then performed with hand, the amino acid side chain contributid8)(to the amide
Gaussian line shapes. The best fit was judged by#(#0~°) | peak was negligible, as expected. The asparagine, glutamine,
value obtained between the simulated and the experimentalrginine, and lysine contents totale% from the amino
spectra. To avoid artifacts due to the self-deconvolution acid composition of pMMO. Finally, although these results
procedure, the fitting was also performed on the original were obtained from analysis of the amide | band for the thin
amide | peak (Figure 3). sample film, the same conclusions were derived for the thick

After the curve fitting, each band was assigned to a sample film.
secondary structure according to its frequency maximum. To accommodate hydrogen bonding of the peptide back-
The area of each band assigned to a given secondary structureone in a hydrophobic environment, integral membrane
was divided by the molar absorptivity expected for the proteins generally span lipid bilayers in regular secondary
secondary structure, and the resulting area was then dividedstructures. The transmembraméelix is generally the main
by the total area to derive the proportion of the particular motif in many membrane proteins, where the interactions
secondary structuredQ, 40). From this analysis, the contri-  between the helices serve to stabilize the protein tertiary
butions of the various structural components in the pMMO structure. As a membrane protein, pMMO is expected to
were obtained. These results are summarized in Table 1. comprise mainly transmembrane helices in the membrane

The principal conclusion to emerge from this analysis is domain. In fact, amino acid sequence analysis of the pMMO
that a-helices account for 53 1% of the structural  subunits using the program TMHMM (TransMembrane
components (ca. 552 amino acid residues), depending on théopology with a Hidden Markov Model)44) predicted 15
set of molar absorptivities used to derive the contributions putative transmembranehelices. These secondary structure
from the various secondary structural elements, @42) predictions are consistent with thehelical content estimated
(compare columns a and b in Table 1). Essentially the samefrom the analysis of the amide | band. Thus, it is evident
o-helix content (58%) was obtained had the peak areas beerthat pMMO is indeed am-helical bundle embedded in the
used to estimate the relative contributions of the various membrane.
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. . . Ficure 5: Amide | peak region in the ATR-FTIR spectra of the
FiGURE 4: ATR-FTIR spectra of a thick pMMO-enriched mem- 5t ) and proteolyzed-(-) pMMO in H,O buffer along with
brane film before {) and after () 21 h of deuteration. Inset:  ihqir difference spectrum (- - -).

Amide region in the corresponding spectrum for a thin pMMO-
enriched membrane film.
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before and aftetH/?H exchange, about 80% of the peptide

ATR-FTIR Spectrum of pMMO-Enriched Membranes after residues of pMMO (ca. 740 agﬁno acids) were _estimated to
1H/2H Exchangeln Figure 4, the spectra recorded before P& Protected from the amidéi/?H exchange during a 21 h
and after deuteration of both the thin and the thick pMMO €XPosure to 98%H0 relative humidity (for both the thin
membrane films are compared. The measurements on thé\nd_the thick fllms).. Th|s reg,ult llndlcates that a sllgnllflcant
thick film were taken here as the primary data as the S/N portion of the protein is buried in the hydrophoblc bilayer
ratio of the ATR-FTIR spectrum was significantly better than and that much of the aqueous exposed domains of the pMMO
that obtained for the thin membrane film as expected (see@'€ ls0 protected from amidel/?H exchange. This result
the inset of Figure 4 for data on the thin film). Upon IS corrobor{ited by 'Fhe solvent accessibility cqmp05|t|on (core/
deuteration, a shift in the amide | region from 1656 to 1652 Surface ratio) predicted for the pMMO by using the software
cm ! along with a decrease of the amide Il intensity near PROF (PROFile network prediction HeiDelberg). In this

1542 cn! and the appearance of amidegéak in the region analysis, 70% of the polypeptide residues were judged to be
1500-1450 cnr (Figure 4) were noted. totally buried, while the remaining 30% were considered to

While the amide | peak at 1656 ctnis typically be exposed with greater than 16% of their surfaces accessible

characteristic of am-helix, peptides in a solvent-exposed (© the solvent.
“random coil” conformation could also contribute to the ATR-FTIR Spectra of Proteolyzed pMMO-Enriched Mem-
region around 1656 cm in *H,O. However, the extent of ~ branes.The extent of the amide hydrogen exchange by
the amide | shift toward smaller wavenumbers upiffH deuterium is related to the stability of the secondary structures
exchange is characteristic of the type of secondary structure.and the solvent accessibility to the amide groups. Amide
The random coil peptides normally show much higher shifts protonH/?H exchange occurs slowly within the membrane
(~12 cnrl) as compared to the shifts<b cnmt) observed bilayer since this process would require disruption of the
for helical structures45—47). The absorption feature at 1656 backbone hydrogen-bonding pattern and exposure of the
cm ! observed for pMMO irtH,O shifted to 1652 cm! upon highly polar peptide bonds in the extremely hydrophobic
1H/?H exchange, confirming that it arises from thehelical environment §0, 51). To confirm that the transmembrane
secondary structure. domains of pMMO form aru-helical bundle embedded in
The amide Il peak intensity near 1542 chis reduced a bilayer, we carried out proteolysis of the protein with
upon!H/?H exchange as the in-plane-RH bending vibra- trypsin. With this procedure, we have potentially isolated
tions appear in the 104840 cn1? region while they(C— and removed the cytoplasmic domain of the pMMO, leaving
N) vibration moved to the 14991450 cnT? region mixing intact only the membrane domains. Figure 5 depicts the
with other modes to yield a new band designated as amideamide | peak region of the ATR-FTIR spectra of the intact
II'. Accordingly, reduction in the amide Il absorption and proteolyzed (in situ membrane trypsin proteolysis carried
intensity can be used to measure the extent of arid out prior to film formation) protein along with the difference
exchange. This provides a reliable indication of the extent spectrum. The spectral feature correspondingtioelical
of protection of the protein toward amidel/’H exchange structure in the amide | region for the membrane fraction
due to tertiary folding, including the penetration of the after proteolysis was observed to be essentially the same as
polypeptides into the membrand§g]. If the amide Il peak  for the intact protein. The amide | difference spectrum
area between 1596 and 1502 ¢nbefore deuteration was showed a peak at 1642 cfwith shoulders around 1680
taken as 100% unexchanged protein, total deuteration of theand 1616 cm?, but essentially a “null” was observed at 1656
protein would yield zero absorption intensity in this region. cm™!, where the amide | band is expected to peak for
From a comparison of the spectral intensity in this region o-helices.
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Table 2: Amino Acid Sequence of the 45 kDa Subunit (PmoB) of pMMO fidncapsulatugBath) with the Transmembrane Helices
Predicted by TMHMM Depicted in Red and the Regions Predicted to Be External to the Lipid Membrane Shown in Bold Letters

MKTIKDRIAK”  WSAIGLLSAV®  AATAFYAPSA®  SAHGEKSQAA® FMRMRTIHWY”
DLSWSKEKVK” INETVEIKGK” FHVFEGWPET® VDEPDVAFLN” VGMPGPVFIR"™
KESYIGGQLV" PRSVRLEIGK™ TYDFRVVLKA™ RRPGDWHVHTY MMNVQGGGPI™
IGPGKWITVE® GSMSEFRNPV™” TTLTGQTVDL'™ ENYNEGNTYF®  WHAFWFAIGV™
AWIGYWSRRP"  IFIPRLLMVD™ AGRADELVSA™ TDRKVAMGFL™  AATILIVVMA®™

MSSANSKYPI’® TIPLQAGTMR™ GMKPLELPAP™ TVSVKVEDAT*” YRVPGRAMRM™
KLTITNHGNS™ PIRLGEFYTA™ SVRFLDSDVY™ KDTTGYPEDL™ LAEDGLSVSD™
NSPLAPGETR™® TVDVTASDAA™ WEVYRLSDII™ YDPDSRFAGL” LFFFDATGNR"™
QVVQIDAPLI™ PSFM™

aThe tryptic peptides identified by mass spectroscopy are highlighted in yellow.

It has been proposed earlier that among the three subunits
[45 (o), 27 (B), and 23 §) kDa] of the pMMO hydroxylase,
part of the 45 kDa subunit is solvent exposed, hydrophilic,
and contains the E-cluster&?® 18). Peptide mass finger-
printing and the amino acid sequence coverage of the tryptic
peptides showed that they all originated from the 45 kDa
subunit of the pMMO hydroxylase.

According to TMHMM topology predictions4d), the
identified tryptic peptides are located in the region of the
polypeptide external to the lipid membrane (Table 2).
TMHMM and PROF secondary structure predictions for this
subunit yielded three transmembrane helices while the parts
associated with the cytoplasmic/periplasmic domains were
predicted to be mostlys-sheet. Consistent with these
predictions, the difference spectrum of the intact and the
proteolyzed pMMO membranes showed absorption peaks ) )
only in the spectral regions characteristic for unordered and EII%UrR:c%r dﬁgmg'iﬁcsiggﬁttrﬁgﬂtapg]Qigwggﬁréi?%? g‘;g‘gﬁ“e
[-structures (Flgur(_a 5). It is evident from this experiment i ¢++) to the plane of incidence.
that the protein helices are indeed membrane-embedded.

Comparison of the ATR-FTIR Spectra of As-Isolated, Fully the pMMO-enriched membranes. However, only a small shift
Reduced, and Fully Oxidized pMMO in pMMO-Enriched in the absorption maxima of the amide | peak was noticed
Membranes.Up to this point, all of the spectroscopic between the different redox states of the enzyme (data not
observations have been made on pMMO-enriched mem-shown).
branes as isolated from the harvested cells. Under these Orientation of the pMMO Secondary StructuBetermi-
conditions, the C-cluster copper ions, which participate nation of the orientation of an-helix in a membrane protein
directly in the dioxygen and hydroxylation chemistry of the with respect to the lipid bilayer, or the so-calleehelix tilt
enzyme, are oxidized, while the E-cluster copper ions remain angle, requires the evaluation of the dichroic rafgR for
fully reduced ¢, 20). Earlier studiesX7, 18) have predicted  a vibrational band associated with the helix, which is obtained
that the pMMO catalytic sites containing the metallic core from the polarized spectra recorded with the electric field
(C-clusters) are embedded in the membrane. As the dioxygernvector of the IR radiation polarized parallel or perpendicular
is activated at the metal cofactor(s) for transfer of one of to the incidence planeg, 52). Similarly, the dichroic ratio
the oxygen atoms to the substrate, the substrate-binding siteRA™R for a vibrational band associated with the acyl chain
must also be close to the cofactor. Protein breathing andof a lipid molecule allows the determination of the mean or
collective motions should also be activated upon binding of most probable tilt angle of the lipid acyl chains with respect
the dioxygen and lead to conformational changes in the to the membrane normal.
protein. These changes should be reflected in the conforma- Polarized spectra recorded for the proteins in the pMMO-
tion sensitive amide | band. Toward this end, we have enriched membranes in,8 buffer are shown in Figure 6.
compared the ATR-FTIR spectrum of the as-isolated pMMO To determine the orientation of the hydrocarbon chains in
with the spectra of the fully reduced and oxidized states in the bilayer alone, the polarized spectra for the lipids isolated

Absorbance

1400 1200 1000

(1/2) cm’

1600
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from pMMO membranes were also recorded. Strong positive - §*

dichroism was observed for both the proteins and the lipids
in the pMMO-enriched membranes (Figure 6) as well as for
the isolated lipids (spectra not shown). The dichroic ratio
RATR observed fow,{ CH,) at 2920 cm? of the bilayer lipids

in the pMMO-enriched membranes or for the bacterial lipids
isolated from the membranes was £%.04. This outcome

is significant, as we have obtained the same dynamic
structure for the bilayer lipids in the pMMO-enriched

Vinchurkar et al.

membranes as well as for the bilayer membranes formed., .

from bacteria lipids isolated from the cell membranes of the
organism.

The dichroic ratio measured for the lipid molecule
represents the averagé™® for all of the CH segments along
the two hydrocarbon chains. When tH&™R value was
substituted into eq 6, a value of (#20.03 was obtained for
the order paramet&cyichain if it is assumed that the bulk of
hydrocarbon chains is in the all-trans configuration, for which
o = 90°. The averager for a typical CH segment is
necessarily less than 9€ue to gauchetrans isomerization
along the chain, so the deduced value3y chainis clearly
a lower limit. For a bilayer of saturated lipids above the
thermal phase transitiorG.cy chain is typically of the order
of 0.4—0.5, as determined by NMR methods3].

The fully reduced, as-isolated, and fully oxidized pMMOs

FiGurRe 7: Three-dimensional PSSM results for the pMMO
subunits. (a) Superimposition of the pMM@subunit model (red)
over the template (green). (b) Superimposition of the pMMO
a-subunit (N255-M414) model (red) over the template (blue).

fully reduced pMMO, implicating a sizable domain spread
of the membrane normals in the thick membrane. Our thick
film is a multilayer of some 200 bilayer membranes, and
accordingly, not all of the cooperative domains can be
expected to be perfectly aligned. In other words, there is a
distribution of membrane normals relative to the IRE for the
individual cooperative membrane domains. In contrast, our
thin pMMO-enriched membrane film consists of a stack of

correspond to three states of the enzyme with increasingonly four or five bilayers.

oxidizing equivalents. As noted earlier, in the as-isolated
enzyme, only the catalytic copper clusters are oxidized (C-

Three-Dimensional Fold Recognition of pMMBinally,
we summarize some preliminary results of attempts to probe

clusters) while the copper ions that mediate electron transferthe three-dimensional folding pattern of the pMMO subunits

from NADH (E-clusters) remain reducedq, 18). The

by computational methods. For this analysis, we have used

average order parameter of the protein helices was deterthe on line fold recognition server 3D PSSM (http:/

mined from the dichroic ratio measured for the amide |
vibration in the region 16621645 cn1* for each of the three

www.sbg.bio.ic.ac.uk/3dpssm). Three-dimensional PSSM
uses a three-dimensional position specific scoring matrix to

redox states of the enzyme. For the fully reduced enzyme inrecognize remote protein sequence homologidy (The

the pMMO-enriched membrane®}\™ = 2.21 4 0.02, and
using eq 5, we obtained a value of 0.420.02 for the
average helix order paramet&sqixJin the fully reduced

method combines the power of multiple sequence profiles
with the knowledge of protein structure to provide enhanced
recognition and thus functional assignment of newly se-

enzyme. From these polarized ATR-FTIR measurements onquenced genomes. The method uses structural alignments

pMMO-enriched membranes, we find that the dichroic ratio
RATR decreases from 2.2% 0.02 in the case of the fully
reduced protein to the value of 1.860.03 for the as-isolated
pMMO. The corresponding dichroic ratio for the fully
oxidized enzyme (2.1& 0.03), however, is only slightly

of homologous proteins of similar three-dimensional structure
in the structural classification of proteins (SCOP) database
to obtain a structural equivalence of residues. These equiva-
lences are used to extend multiply aligned sequences obtained
by standard sequence searches. The resulting large super-

smaller than the value observed for the fully reduced enzyme family-based multiple alignment is converted into a PSSM.
in these same membranes. From these data, we find that thd he reliability of the_ results from this server d(?pends on a
average order parameter for the transmembrane helices ifPSSME-value”, which is the score or expectation value of

the membranes&.ix) decreases from a value of 0.42
0.02 in the fully reduced pMMO to 0.14 0.03 when the

C-cluster copper ions are oxidized, but it returns to the higher

value of 0.34t 0.03 when all of the copper ions are oxidized.

the match representing the “% of certainty” between the
query and the template.

In the case of the pMMO, it was possible to obtain a-80
90% match for the sequences defining hgubunit and part

It is evident that there is a substantial change in the overall of the solvent-exposed region of tlesubunit. Although

orientational order of the transmembranéelices about the

the sequence identity between the query and the template is

membrane normal among the different redox states of theno more than 20%, the three-dimensional fold pattern

enzyme, particularly, when the C-cluster copper ions are
oxidized. In other words, there is a significant adjustment
in the packing of the transmembraaehelices upon dioxy-
gen activation of the enzyme.

between them is very similar. It is interesting that the best
match Epssy = 0.207) for they-subunit is a fold (Figure
7a) coming from the protein cytochrome oxidase in
Paracoccus dentrifican@\1-R273 of PDB entry 1gle). This

We have compared the protein helix order parameters for protein belongs to a membrane allprotein family, while

the pMMO in thin and thick films of the pMMO-enriched

for the C-terminal solvent-exposed sequence (N255-M414)

membranes. Not surprisingly, the measured average helixof the pMMO a-subunit, the best matclitgssy= 0.155) is

order parameter was substantially smaller for the thick
membrane film: [$.aixJ= 0.14 £ 0.01 in the case of the

a fold (Figure 7b) coming from the protein nitrite reductase
in Acromobacter cyloclastg®8-K166 of PDB entry 1nif).
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This protein belongs to a class of #llproteins and comes
from the family of multidomain cupredoxins. Our experi-
mental ATR-FTIR data offer strong support to these second-

ary structure and topology predictions. 3.

DISCUSSION

The principal conclusion to emerge from the present ATR-
FTIR study of pMMO is that the protein is am-helical
bundle with ca. 15 transmembranehelices embedded in
the bilayer membrane, together with a water-exposed domain g
comprised mostly of g-sheet typical of a class of gli-

proteins belonging to the family of multidomain cupredoxins. /-

The C-cluster copper ions are thought to be associated with
the transmembrane domain, and presumably, the E-cluster
copper ions are part of thg-sheet domain. Second, the
protein helices are embedded in the membrane bilayer with
an overall average orientational order parameter for the
helices about the membrane normal®fx[= 0.42+ 0.02

in the case of the fully reduced protein. There is a significant -

change in the packing order of the transmembiaitelices

upon dioxygen activation of the enzyme. Although the above 10,

conclusions were derived from ATR-FTIR measurements on
pMMO-enriched membranes 80% enriched in this protein,
similar results were obtained from measurements on purified
pMMO in a dodecyl|3-p-maltoside detergent micelle recon-
stituted in dimyristoylphosphatidylcholine (DMPC) lipids.

In any case, only a small number of other membrane proteins,
e.g., the oxidases, aside from the pMMO, are expected to
be sensitive to molecular oxygen, and these are present in
minute amounts in our pMMO-enriched membranes.

It has been reporte@() that the packing of the-helices,
or the relative tilt ofo-helices forming the membrane domain
of a protein embedded in a bilayer, is less ordered in cofactor-
binding proteins. This phenomenon may be required by
cavity formation or the splaying of the helices to generate a
pocket to accommodate the cofactor. Such a cavity has been
noted around the iron center in the case of SMM@)(The
two iron atoms and the coordinating ligands are located on
one internal surface of this cavity, while the rest of the cavity
is filled with the hydrophobic side chains. This sort of
splaying of theo-helices may be present in the hydrophobic
membrane-embedded domains of pMMO in order to create
a cavity to accommodate the catalytic site.

The extraordinary chemistry catalyzed by pMMO has no
precedent in known model and biological systems. The ability
to bind and hydroxylate a substrate as small and nonpolar
as methane is one of the most intriguing properties of this
enzyme. Characterizing the structure of the membrane-
embedded domain of pMMO is of major importance for the
understanding of its molecular mechanism. Although the
three-dimensional folding of this enzyme would provide
important insight into the mechanism of biological methane
oxidation, including how these inert gases might diffuse to
and bind near the active site, until the three-dimensional
structure of pMMO is solved, the ATR-FTIR results pre-
sented here must provide a preliminary structural framework
for understanding the structureeactivity pattern of this
important enzyme.
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