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Acetylene (HCCH) has a long history as a mechanism-based enzyme inhibitor and is considered an active-site
probe of the particulate methane monooxygenase (pMMO). Here, we report how HCCH inactivates pMMO in
Methylococcus capsulatus (Bath) by using high-resolution mass spectrometry and computational simulation.
High-resolution MALDI-TOF MS of intact pMMO complexes has allowed us to confirm that the enzyme oxidizes
HCCH to the ketene (C2H2O) intermediate, which then forms an acetylation adduct with the transmembrane
PmoC subunit. LC–MS/MS analysis of the peptides derived from in-gel proteolytic digestion of the protein subunit
identifies K196 of PmoC as the site of acetylation. No evidence is obtained for chemical modification of the PmoA
or PmoB subunit. The inactivation of pMMO by a single adduct in the transmembrane PmoC domain is intriguing
given the complexity of the structural fold of this large membrane–protein complex as well as the complicated
roles played by the various metal cofactors in the enzyme catalysis. Computational studies suggest that the
entry of hydrophobic substrates to, and migration of products from, the catalytic site of pMMO are controlled
tightly within the transmembrane domain. Support of these conclusions is provided by parallel experiments
with two related alkynes: propyne (CH3CCH) and trifluoropropyne (CF3CCH). Finally, we discuss the implication
of these findings to the location of the catalytic site in pMMO.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

The pMMO is a fascinating enzyme that can efficiently oxidize
straight-chain hydrocarbons from C1 to C5 with high regio-specificity
and unusual stereo-selectivity [1–4]. As a membrane-bound protein,
pMMO is difficult to isolate and purify to homogeneity. It is a large pro-
tein complex with three subunits, PmoA, PmoB and PmoC, and many
copper ions [1,5]. Highly active protein preparations consisting of the
full complement of 12–15 copper ions per protein monomer have
been reported [6–9]. However, crystal structure studies from different
species [10–12] have appeared showing the trimeric architecture of
the pMMO complexes, each consisting of one copy of the PmoA,
PmoC, and PmoC subunits, but with just 2–3 coppers and one zinc ion
per monomer. This indicates a loss of some copper ions and metal re-
placement during the enzyme purification and crystallization [13].
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Inconsistencies in both the number of coppers occupying the copper
sites aswell as the type ofmetal ion at the zinc site are also apparent [5].

Several models have also been proposed for the active site of pMMO
as well as its overall working mechanism. On the basis of the crystal
structures available, it has been suggested that the active site of the en-
zyme resides at thewater-exposed dicopper site of PmoB (Scheme1) [5,
14]. However, based on other biophysical and biochemical studies, the
site of hydrocarbon hydroxylation has been implicated to be at site D
within the transmembrane domain of the X-ray structure (Scheme 1)
[1,15,16]. In support of site D, a peptide–tricopper complex based on
the hydrophilic peptide domain of PmoA lining this site at the interface
between the PmoA and PmoC subunits has been recently prepared and
shown to mediate efficient methane hydroxylation and propene epoxi-
dation at room temperature [16]. In light of these conflicting results, the
location of the catalytic site and themechanismofmethane oxidation in
pMMO are still under debate [1,14,17].

Acetylene (HCCH) has long been known to be a suicide inhibitor of
pMMO [18]. It has been proposed that the HCCH is oxidized to ketene
(C2H2O) at the catalytic site and the highly reactive ketene intermediate
then covalently modifies an amino acid residue in the vicinity of the hy-
droxylation site of the enzyme [15,18]. For this reason, HCCH is consid-
ered to be amechanism-based probe of the enzyme catalytic site. Earlier
experiments on cell extracts [18], whole cells [8], and the purified
pMMO [8] using [14C]-labeled HCCH as the substrate have shown that
only the “~27 kDa” protein band on SDS-PAGE gels [18] is labeled
with radioactivity, and N-terminal sequencing was used to assign this
protein band to the PmoA subunit [8]. This observation suggests that
the catalytic site of the enzyme resides within the transmembrane do-
main. However, there has never been any direct evidence for the oxida-
tion of HCCH to form C2H2O at the catalytic site of the enzyme. It is also
possible that the reactive intermediate generated by oxidation of HCCH
can migrate far away from the catalytic site where it is produced in
search of an appropriate target(s) for nucleophilic attack to form the
chemical adduct. If so, the simple detection of [14C]-radiolabeling of
the pMMO subunits on a denaturing SDS-PAGE gelmight lack the struc-
tural resolution to address the issue at hand.
Scheme 1. X-ray crystal structure of the Cu3-pMMO ofMethylococcus capsulatus reported by L
with the three subunits: PmoA (magenta); PmoB (yellow); PmoC (green).
Reproduced from Ref. [1].
In this study, we attempt to obtain the necessary structural data to
confirm the ketene chemistry and to identify the site(s) in the protein
that has been chemicallymodified as part of the irreversible inactivation
of the enzyme. To overcome the shortcomings of the [14C]-radiolabeling
method, we use high-resolution mass spectrometry to identify the
site(s) of theHCCH labeling of the subunit at amino-acid residue resolu-
tion. High resolution MALDI-TOF MS of the intact pMMO can be used to
identify the protein subunit(s) modified and to delineate the nature of
the acetylene intermediate that forms the chemical adduct with the
protein. LC–MS/MS analysis of the peptides derived from in-gel proteo-
lytic digestion of the protein subunit(s) should allow identification of
the site(s) of chemical modification. In this manner, it should be possi-
ble to confirm unambiguously whether or not the enzyme oxidizes
HCCH to a C2H2O intermediate at the catalytic site in the same manner
that it hydroxylates CH4 to CH3OH. To assess the generality of these
results, we have also undertaken parallel experiments with two related
alkynes: propyne (CH3CCH) and trifluoropropyne (CF3CCH). Finally,
computational simulation studies have been performed to gain insights
into how chemical modification(s) of the pMMO subunits might inacti-
vate the enzyme. There is presently practically no information on the in-
teractions of small alkanes as well as alkyne substrates and their ketene
derivatives inmembrane proteins, not tomention their pathways ofmi-
gration within the protein scaffold.
2. Materials and methods

2.1. Chemicals and materials

All chemicals for mass spectrometric analysis (dihydroxybenzoic
acid (DHB), formic acid (FA), and acetonitrile (MeCN)) are ultrapure
and obtained from Sigma. HCCHwas obtained from FungMing Industri-
al Co., Ltd. (Taipei, http://www.fmigas.com/). CH3CCH, CF3CCH, n-
dodecyl β-D-maltoside 98% (DDM) and sequencing-grade trypsin and
α-chymotrypsin, were also acquired from Sigma. Blue native (BN) pre-
cast gels and running buffers were purchased from Invitrogen.
ieberman and Rosenzweig [10]. Ribbon diagram of the polypeptide backbones associated

http://www.fmigas.com/
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2.2. Growth of bacteria and purification of pMMO

The growth ofMethylococcus capsulatus (Bath) (M. capsulatus) strain
ATCC 33009 and purification of the pMMO from the bacteria were
adapted from our previous publication [7,19]. Protein samples were
stored at−80 °C until use.

2.3. Kinetics of the inhibition of pMMO by HCCH, CH3CCH, and CF3CCH

Thekinetics of the inhibition of pMMObyHCCH, CH3CCH, andCF3CCH
were based on the whole cell assay. The propene epoxidation activity of
the pMMO in the pMMO-enriched membranes of cells of M. capsulatus
was measured at various times by GC–MS after treatment of the cells
with the three different alkynes at 26 °C (a temperature lower than
the optimal working temperature of the pMMO (45 °C) to reduce the
rate of the inhibition reactions for easier measurements) inside a
temperature-controlled incubator. In detail,M. capsulatus cells were pre-
pared in 25mM PIPES, pH 7.0, at the concentration of 0.05 g/ml. For gen-
eration of the electron donor in the cells, sodium formate was added to a
final concentration of 5 mM. A slightly positive pressure in the reaction
bottles was established to increase the solubility of the alkyne gas in
the cell suspension by injecting 20 ml of the cell solution into a 30 ml-
sealed bottle containing 15 ml of the alkyne gas and 20 ml dioxygen. In-
hibition of the bacterial cells was carried out in three separate reaction
bottles, one for each alkyne. The gas and the cell solution in each of
these bottles were vortexed vigorously before incubation at 26 °C inside
the temperature-controlled incubator. A timerwas set tomeasure the re-
action at various times: 5, 10, 20, 30, 60, and 120min. At each designated
time point, 1 ml of the cell solution was withdrawn by a syringe and
added to a new sealed tube for fast vacuum removal of the suicide sub-
strate gas before performing the propene epoxidation activity.

Assay of the epoxidation of propene was conducted in a 12 ml-
sealed bottle, into which 8 ml of propene and 8 ml of dioxygen were
injected by a gas syringe. The epoxidation reaction was allowed to pro-
ceed for 10 min at 45 °C. Finally, dichloromethane was added to extract
the propylene oxide produced. A Hewlett-Packard HP6890 plus system
equipped with a HP5873 EI–MS detector was used to measure the
amounts of propyleneoxide byGC–MS. Nitrobenzenewas used as an in-
ternal standard.

2.4. MALDI-TOF MS

Cells treated with alkynes as described above were collected for
pMMOpurification. Control samples or untreated sampleswere also ex-
amined according to the same procedures, except that the alkyne was
replaced by methane.

For the MALDI-MS of the intact pMMO complexes of the alkyne-
treated samples and untreated samples, the purified pMMO protein so-
lutions in 2% DDMwere diluted to a final concentration of 0.01 μg pro-
tein/μl and 0.002% DDM by deionized H2O, and an aliquot of the
matrix solution consisting of 50 mg DHB in 70% MeCN/0.1% FA was
added. Typically, 1 μl of the matrix solution was added and mixed thor-
oughlywith the 1 μl of protein sample before application to the stainless
steel plate of the mass spectrometer. MALDI-TOF-MS analysis was per-
formed on the vacuum-dried protein crystals.

In another experiment, MALDI-MS was used in conjunction with
peptide mass fingerprinting to determine the order of the PmoC and
PmoA subunits in the SDS-PAGE gel of pMMO. Briefly, the two protein
bands corresponding to “~27 kDa” and “~23 kDa” were first excised
out of the gel of the SDS-PAGE of an untreated pMMO. In-gel digestions
were performed on each of the excised protein bands with both trypsin
and chymotrypsin as described in an earlier publication [20]. Sample
preparation for MALDI-MS analysis of the peptides recovered from the
tryptic digestion was similar to the analysis of intact pMMO.

TheMALDI-TOFMS analysis of the trypsin-digested peptides and the
intact protein samples were analyzed on a reflectron TOF mass
spectrometer (Microflex, Bruker-Daltonics). The machine was operated
in the positive ion and linear mode at an acceleration voltage of 20 kV.
The laser power was adjusted to a value slightly above the desorption/
ionization threshold, and the mass spectrum was obtained averaging
200 laser shots for analysis of the intact protein samples scanned across
the sample surface and 100 laser shots for the digested peptides. The re-
corded spectrum was processed with the FlexAnalysis software (Bruker
Daltonics).

2.5. LC–MS/MS

First, in order to confirm the assignment of the two lowermolecular-
weight bands to PmoC and PmoA in the SDS-PAGE gel by theMALDI-MS
peptide mass fingerprinting described earlier, chymotryptic digests of
the “~27 kDa” and “~23 kDa” protein bands in the SDS-PAGE were sub-
jected to LC–MS/MS analysis. The use of chymotrypsin extends the se-
quence coverage of the mass spec analysis.

Second, LC–MS/MS analysiswasused to identify the site(s) of forma-
tion of the chemical adduct(s) in the alkyne-treated samples. For the
proteomic mapping of the chemical adduct(s), digested peptides were
generated from both the alkyne-treated and untreated pMMO samples
by the in-gel digestion method [20]. In order to obtain high protein se-
quence coverage, we have performed both tryptic and chymotryptic di-
gestions of the subunits of the pMMO complex separated by BN-PAGE
as well as on the three protein bands separated by SDS-PAGE. The
high-resolution and high-mass-accuracy nanoflow LC–MS/MS experi-
ments were done on a LTQFT Ultra (linear ion trap Fourier transform
ion cyclotron resonance) mass spectrometer (Thermo Electron, San
Jose, CA) equippedwith a nano-electrospray ion source (NewObjective,
Inc.), anAgilent 1100 Series binary high-performance liquid chromatog-
raphy pump (Agilent Technologies, Palo Alto, CA), and a Famos
autosampler (LC Packings, San Francisco, CA). The digestion solution
was injected (6 μl) at 10 μl/min flow rate on to a self-packed pre-
column (150 μm I.D. × 20 mm, 5 μm, 100 Å), and chromatographic sep-
aration was performed on a self-packed reversed phase C18 nano-
column (75 μm I.D. × 300 mm, 5 μm, 100 Å) using 0.1% FA in water as
mobile phase A and 0.1% FA in 80% MeCN as mobile phase B operated
at a 300 nl/min flow rate. Survey full-scan MS condition: mass range
m/z 320–2000, resolution 100,000 at m/z 400. The ten most intense
ions were sequentially isolated for MS2 by LTQ. Electrospray voltage
was maintained at 1.8 kV and capillary temperature was set at 200 °C.

The raw data files acquired from the LTQFT Ultra were processed by
Raw2msm (v1.10) to generate the peak lists using default parameters.
The peak lists were analyzed by Mascot (v2.2.06). The search options
used in this study were the user-defined database (pMMO protein se-
quences only), digestion enzyme trypsin or chymotrypsin, up to two
or four missed cleavages, fragment ion mass tolerance of 0.6 Da and a
parent ion tolerance of 10 ppm. Variable modifications were set to oxi-
dation (M), deamidated (NQ), and carbamidomethyl (C) for control
sample, C2H2O (HKSRC) for HCCH-treated sample, C3H4O (HKSRC) for
the CH3CCH-treated sample, and F3C3H (HKSRC) for the CF3CCH-
treated sample. Peptide ions were filtered using the cut-off score 15.

2.6. Simulation of the mass peaks in the MALDI-TOF MS

In order to quantify the level of chemical modification of the PmoC
subunit in the alkyne-treated pMMO, we have de-convoluted the ob-
served MALDI-TOF MS peak into two components corresponding to
the parent and chemically modified PmoC subunits by using the peak-
fitting algorithm with Gaussian function provided in the Origin 8.5
(OriginLab Corporation, USA). The Gaussian mixture decomposition of
MALDI-TOFMS spectra is awidely used approach to dissect overlapping
signals [21–23]. The fitting was first performed on the mass peak of the
PmoC subunit derived from the untreated sample (control) in order to
establish the criteria for the best fitting model, namely, the minimum
number of Gaussians required to obtain optimal statistics. We found



Fig. 1. Kinetics of inhibition of pMMO by HCCH based on whole cell assays. Cells of
M. capsulatus cultured under 30 μM Cu2+ were treated with HCCH (C2H2 treated cells)
at various times in comparison with the natural death of the cells. The activity of the
pMMO in the cells was assayed by propene oxidation and measured by GC–MS.
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that two Gaussian functionswere sufficient to simulate the shape of the
MALDI-TOF MS peak of PmoC in the pMMO of the untreated bacterial
cells with a R2 ≥ 0.95. More importantly, the two functions have their
own physical meanings, one corresponding to the parent PmoC ion
(center (xc1) at m/z = 29 696, peak width at half height (w1) = 60,
and curve area (A1) = 12 095) and another for the distribution of ad-
duct ions of the PmoCwithMeCN from theMALDImatrix solution (cen-
ter (xc2) at m/z = 29 785, peak width at half height (w2) = 152, and
curve area (A2)= 17 892). For a relative mass difference of ~90 Da be-
tween the mass peaks of PmoC and the MeCN adduct, the adduct is al-
most certainly the PmoC.(MeCN)2 species ([M + 2MeCN + H] or
[M+ 83 Da]). Based on the ratio of the curve areas, the relative contri-
bution of the two PmoC species is 1.48 in favor of the MeCN adduct.

For the HCCH- and CF3CCH-treated samples, we have fitted the
recorded MALDI-TOF MS peak of the PmoC subunit by four Gaussian
functions: y = Gaussian 1 (xc1, w1, A1) + Gaussian 2 (xc2, w2, A2) +
Gaussian 3 (xc3, w3, A3) + Gaussian 4 (xc4, w4, A4), where Gaussian
1 and Gaussian 2 correspond to the contributions of the unmodified
PmoC and its 2:1 MeCN adduct, respectively; and Gaussian 3 and Gauss-
ian 4 denote the contributions from the corresponding chemically mod-
ified PmoC subunit (acetylation and trifluoro-acetylenation for HCCH
and CF3CCH, respectively) and its 2:1 MeCN adduct, respectively. We as-
sume that Gaussians 1 and 3 have the same shape, except that the latter
is displaced 42 and 94 toward higher mass for the PmoCmass peaks ob-
tained for the HCCH-treated and CF3CCH-treated samples, respectively.
The same is assumed for Gaussians 2 and 4. In other words, the mass
shifts (xc3 − xc1 = xc4 − xc2) are set at 42 Da (C2H2O, ketene), and
94Da (trifluoropropyne) for theHCCH- and CF3CCH-treated samples, re-
spectively. In addition, we used the PmoA peak as the internal standard
to normalize the fitting parameters because this protein subunit does
not change between samples. To obtain the best fits to the recorded
PmoC mass peaks, we then vary the relative ratio between the curve
areas of the chemicallymodified and unmodified PmoC, butmaintaining
the ratio of MeCN adducts A4/(A3 + A4) = A2/(A1 + A2) within the
limits ~0.55–0.6. In addition, we have adjusted the width at half-height
for the unmodified and chemically modified PmoC species between
~60 and ~200, namely, while keeping w1=w3 and w2=w4. The per-
centage of PmoC chemically modified during alkyne treatment of the
bacterial cells is then estimated by A3/(A1 + A3) ≃ A4/(A2 + A4). For
the fitting of the CH3CCH-treated PmoC after 10 min of inhibition, two
more Gaussian functions are added to the four functions to reflect the
contribution of a second chemical modification of this protein subunit,
and the mass shift between Gaussians 1 and 3, and between 3 and 5
(also between Gaussians 2 and 4, and between 4 and 6), is 56 Da
(C3H4O, ketene product of propyne). The percentages of PmoC
with one and two sites chemically modified are estimated by A3/
(A1 + A3 + A5) ≃ A4/(A2 + A4 + A6) and A5/(A1 + A3 + A5) ≃ A6/
(A2 + A4 + A6), respectively.

2.7. Docking experiments

We have used docking methods to study the interaction of O2, the
suicide substrates (HCCH and CH3CCH) and their ketene products
(C2H2O, C3H4O), CF3CCH, as well as n-alkane substrates (C1–C5) and
their corresponding alcohols, with the protein fold of pMMO. Crystal
structures of pMMO (1YEW) [10] and (3RGB) [12] obtained from the
RSCB Protein Data Bank were used for this purpose. Ions were removed
and hydrogen atoms were added to the protein by the TLEAP package
[24]. We used AutodockTools 1.5.4 to prepare the PDBQT file for the
pMMO and ligand structures [25]. The PDBQT files were used as the
input for the Autodock Vina version 1.1, which is more efficient and ac-
curate than Autodock 4 to dock the various ligands to pMMO [26]. In
Autodock Vina, the Iterated Local Search global optimizer algorithm
was employed with the Shanno method [27] for local optimization. To
obtain accurate results, we set the exhaustiveness equal to 1000. The
maximum energy difference between the worst and best binding
modes was chosen to be 7 kcal/mol. The initial positions of the ligands
with fully flexible torsion degrees of freedomwere generated randomly.
The center of grids was placed at the center of the protein receptor. Grid
dimensions were 120 × 90 × 70, which are large enough to cover the
whole receptor.
3. Results

3.1. Kinetic studies of inhibition of pMMO in bacterial cells by HCCH

In principle, the inhibition experiments can be done with purified
pMMO. However, it is well known that the activities of pMMO in prepa-
rations vary in the order cells N purified membrane N reconstituted
protein in the detergentmicelles. Moreover, earlier studies on the inhibi-
tion of pMMO by [14C]-acetylene conducted on cell extracts [18], whole
cells [8] or purified pMMO with good specific activity [8] gave the same
labeling pattern of pMMO. For inactivation of an enzyme by a
mechanism-based inhibitor, it is not possible to derive any information
unless substantial portions of the proteins are active to begin with. This
criterion is particularly challenging for pMMO, since not all of the proteins
in pMMO-enriched membranes are active even when the bacterial cells
are cultured under high copper/biomass conditions [7]. A fraction of the
pMMO proteins do not contain the full complement of 12–15 copper
ions to turn over hydrocarbon substrates. On the other hand, no other
proteins of the cells are labeled byHCCH. For these reasons, in the present
study we perform the inhibition assay with whole cells ofM. capsulatus,
in which the pMMO is overproduced up to greater than 90% of the pro-
teins in the intracytoplasmicmembranes and at least 50% of the enzymes
are functional without question [7].

The results of the kinetic studies are presented in Fig. 1, where the
propene epoxidation activity of whole cells is plotted as a function of
the incubation time of the cells with HCCH. The propene epoxidation
assay is the standard assay for determination of the pMMO activity [7,
15]. The results show that HCCH inhibits the pMMO activity totally
within five to tenminutes and the inhibition is irreversible. For compar-
ison, under similar conditions, it takesmore than 2 h for the cells to con-
sume all the reducing equivalents added to drive the turnover of the
enzymes at the outset (see the line denoted “natural death” in Fig. 1).
Since the activity of the whole cells remains close to 50% up to 2 h and
beyond under normal circumstances, evidently the cells are still func-
tioning until all the active pMMO enzymes within the cytoplasmic
membranes have become inhibited by the HCCH. Thus the inhibition
we observe with HCCH arises predominantly from chemical modifica-
tion of the pMMO.
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Earlier studies on HCCH inhibition of pMMO have proposed that the
HCCHmolecule is converted to ketene at the catalytic site of the enzyme
[18]. The ketene product is a very reactive intermediate, and it is thought
that it readily reacts with a nucleophilic amino acid residue(s) near the
active site to form a chemical adduct(s). The rate of inhibition by HCCH
will depend on its rate of the penetration into the cell body to reach
the intracytoplasmicmembranes, the rate of diffusion of the HCCHwith-
in the cell membrane and subsequent encapsulation by a pMMO mole-
cule, its rate of conversion into the ketene intermediate at the catalytic
site of the enzyme (as it is a suicide substrate), and the rate of diffusion
of the ketene intermediate within the protein to the site where the irre-
versible acetylation ultimately takes place. In the next section, we will
address two related questions: (i) Is the HCCH indeed oxidized to the re-
active ketene intermediate at the catalytic site? (ii)Where does the acet-
ylation of the protein occur and how many turnovers are required or
sufficient to inactivate the enzyme?

3.2. Identification of the pMMO subunits chemically modified by HCCH

Since there has never been any direct evidence for the oxidation of
HCCH to form ketene at the catalytic site of the enzyme, we have
attempted to obtain the necessary structural data to confirm the ketene
chemistry and to identify the site(s) in the protein that has been chemi-
cally modified as part of the irreversible inhibition of the enzyme. To
begin, we look for mass shifts (if any) in each of the three subunits after
treatment with the HCCH by MALDI-TOF MS analysis of the intact
pMMO complexes. The advantages of using MALDI-TOF MS are: (1) all
three protein subunits in pMMO can be simultaneously analyzed in
one-shot; (2) the mild conditions used to prepare the protein samples
do not cause any undesired chemical-modifications of the protein; and
(3) anymodification(s) of the protein subunits by the acetylene inhibitor
can be quantitatively analyzedwith ease and good accuracy. The extreme
hydrophobicity of the pMMOmembrane–protein complex precludes the
use of LC separation of the protein subunits for direct LC–MS analysis.

For MALDI-MS analysis, the experiment was performed at different
time points in the inhibition of the bacterial cells. The results obtained
for 10 min and 1 h treatments with HCCH are shown in Fig. 2
(left panel). (For comparison, the results for pMMO treated with
CH3CCH are depicted on the right panel (vide infra)). With the high reso-
lutionMALDI-TOFMS signals, amass shift of 42Da is observed clearly for
Fig. 2.MALDI-TOFMS analysis of intact pMMO treated with two suicide substrates (HCCH and
were treated with and without HCCH (C2H2-treated pMMO) (left panel) and CH3CCH (C3H4-tre
study (Fig. 1 and Fig. S4). Cells were then broken and the pMMOwas purified. The MALDI-MS
the subunit with m/z 29 690 Da in the HCCH-treated pMMO sample,
and the mass increment corresponds to the addition of a ketene
(C2H2O, +42 Da) to this protein subunit. Red arrows are used to denote
the development of the chemicallymodified specieswith treatment time
as well as the attenuation of the signal from the unmodified spices. To
confirm the mass shift, both peak fitting of the MALDI-TOF MS signal
and LC–MS/MS analysis of the proteolytic peptides derived from the pro-
tein subunit were performed, as described in the following sections. The
observations for HCCH-treated pMMO thus provide the first direct evi-
dence of chemical modification of the enzyme by a ketene product.

According to the predicted masses of the three subunits of pMMO
[28,29], the 29 690 Da (or 30 kDa) subunit corresponds to the PmoC
subunit. Earlier suicide substrate experiments using radioactive HCCH
to label the subunits, followed by SDS-PAGE, and N-terminal amino
acid sequencing [8] have implicated PmoA (earlier (vide infra) assign-
ment of the “~27 kDa” protein band in the SDS-PAGE gel) as the subunit
labeled. Thus, our identification of PmoC as the subunit modified by
HCCH is at odds with the earlier conclusion. In this study, the 30 kDa
subunit has been assigned to PmoC by “high resolution” MALDI-TOF
MS analysis of the intact pMMO complex without resorting to chroma-
tography. With this method, we are able to examine the intact pMMO
with the three subunits simultaneously in one direct step (Fig. S1).
The observed m/z values of the three subunits are, in fact, excellently
matched to their predicted masses (Table S1). Given that the PmoA
and PmoC subunits are very similar in molecular mass and are not
well resolved on SDS-PAGE gels, it is very likely that there is ambiguity
in the assignment of the radioactivity to PmoA and PmoC. In any case,
the order of the two protein subunits in the SDS-PAGE gel has been con-
firmed in the present study by MALDI-MS peptide mass fingerprinting
of the two protein subunits (Fig. 3) as well as LC–MS/MS analysis of
the in-gel proteolytic digests of the “~27 kDa” and “~23 kDa” bands ex-
cised from the SDS-PAGE gel of the pMMO complex (Fig. S2). We find
that the “~27 kDa” and “~23 kDa” protein bands on the SDS-PAGE gels
are PmoC and PmoA, respectively.

3.3. Quantitation of the PmoC mass shift data and correlation with the
extent of inhibition of the pMMO activity

The PmoC mass signal in the MALDI-TOF MS of the pMMO protein
complex is a superposition of contributions from the parent PmoC
CH3CCH) in comparison with untreated samples in a time-course experiment. Whole cells
ated pMMO) (right panel) at two time points (10 and 60 min), as described in the kinetic
was performed directly on the intact purified pMMO proteins (see Section 2 for details).



Fig. 3. The MALDI-MS peptide mass fingerprinting identification of the “~27 kDa” and “~23 kDa” protein bands excised from the SDS-PAGE gel of pMMO. Experimentally, the two bands
were excised from the gel (panel A), and MALDI-MS analysis (panel B) was performed on the peptides derived from in-gel tryptic digestion as described in Section 2.
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subunit plus MeCN adduct(s) of the subunit. A simulation consisting of
the parent subunit (40%) and the MeCN adduct (+82 Da) (60%) is
shown in Fig. 3. Upon chemical modification of PmoC by the ketene de-
rived from HCCH, these component peaks are shifted by 42 Da toward
higher masses.

Simulations of the PmoC mass peak are shown for the mass spec-
trum recorded after 10 min and 60 min treatment of the bacterial cells
with HCCH (Fig. 4). The extent of chemical modification of the PmoC
subunit (modified PmoC) upon treatment with HCCH at various time
intervals could be inferred from the contribution of the remaining par-
ent PmoC (un-modified PmoC) to the intensity at the leading edge of
the composite mass signal. These results showed that about half of all
the PmoC polypeptides become chemically modified by ketene in both
the 10-min and 60-min HCCH-treated samples. Since the inactivation
of pMMOarises prominently fromHCCH treatment, this result thus sug-
gests that only ~50% of pMMO proteins in the bacterial cells are capable
of turning over and mediating oxidation of the HCCH suicide substrate
to form the reactive ketene. At the level of overproduction of the
pMMO protein in these bacterial cells, it would not be expected that
all the pMMO residing in the membranes are active. In fact, it is
known that many of these protein molecules do not contain the full
complement of copper ions and the catalytic site might not even be
properly assembled [7]. So, there is reasonable correspondence be-
tween the level of chemical modification of the PmoC subunit deduced
Fig. 4.Quantitation of the PmoCmass shift data. Fitting of themass signals of the PmoC subunit f
chemically modified and unmodified species. The percentage of chemically modified PmoC su
PmoCmass signal in each case: panelA, untreated pMMO; panel B, C2H2-treated pMMO (10min
functions were used to fit the unmodified PmoC subunit and HCCH-modified PmoC subunit, re
from analysis of the mass signal and the extent of inhibition of the
pMMO enzyme in the bacterial cells. Both sets of data showed that the
inhibition of the cells by HCCH is complete within 10 min.

Analysis of the PmoC mass signal also indicates that the acetylated
subunit arises from the reaction of PmoC with only one ketene mole-
cule. As there is no significant change in the mass peak between 10
and 60 min, we surmise that it takes the modification of one site to in-
activate the enzyme, and the rate of chemical modification is very
rapid. The rapid acetylation suggests that the ketene has reacted with
an amino acid residue at or close to the catalytic site where the HCCH
is oxidized, or the ketene has migrated rapidly within the product exit
channel away from the catalytic site to the location where the chemical
modification has finally taken place. To distinguish between the two
possibilities, we will identify the site of formation of the chemical ad-
duct by bottom-up proteomics as described in the next section.

Thus, on the basis of the MALDI-TOF MS analysis, we have obtained
direct evidence that HCCH is first converted into ketene by the catalytic
site of pMMO and the reactive intermediate then chemically modifies
one amino acid residue of PmoC subunit, but not PmoA, leading to the en-
zymatic inactivation. Due to lower resolution ofMALDI-TOFMS at higher
masses, we could not determine a clearmass shift of PmoB, the largest of
the three subunits (Fig. S1, right panel). In any case, [14C]-acetylene label-
ing experiments reveal no chemical modification of the PmoB subunit
[18].
rom untreated and HCCH-treated pMMO (C2H2-treatment) to a sumof contributions from
bunit was determined from the relative contribution of the two species to the composite
); and (panel C), C2H2-treated pMMO (60min). Two Gaussian functions and four Gaussian
spectively. For details of the fitting, see Section 2.
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3.4. Identification of the site(s) of chemical modification leading to the
irreversible inactivation

To obtain structural data on the site of chemical modification by
HCCHat higher spatial resolution,we have analyzed the peptides gener-
ated by in-gel proteolytic digestions of the chemically modified subunit
of the HCCH-treated pMMO samples by LC–MS/MS. First, the results of
this “bottom-up” proteomics study on the pMMO subunits offer confir-
mation of the conclusions derived earlier from theMALDI-TOFMS anal-
ysis. The MS/MS analysis identifies one peptide (YAKTRLPFF) that has
been modified by the oxidation product of HCCH based on mass shifts:
ketene (C2H2O), a mass shift of +42.0106 Da. In addition, the ketene
has formed a chemical adduct with residue K196 in the PmoC subunit.
So, the present proteomics analysis confirms our earlier deduction
from the MALDI-MS experiments that the pMMO activity is totally
inhibited by chemical modification at a single site (K196) in the PmoC
subunit by ketene. Evidently, it takes only one turnover of the enzyme
and the acetylation of one site in the protein to inhibit the activity. Inter-
estingly, the residue modified is quite far away from either the PmoB
dicopper site in the water-exposed domain or the putative tricopper
site embedded within the membrane. Thus, the ketene produced at
the catalytic site upon oxidation of HCCH must have migrated away
from the catalytic site to form a chemical adduct with an amino acid
along some specific substrate-product channel(s).

With the peptide sequencing of the inhibited pMMO samples by
multiple LC–MS/MS runs, only 70% sequence coverage is obtained
with the peptide sequencing of PmoA and PmoC (Fig. S3). However,
all potential amino acid residues (lysines, histidines) in the vicinity of
the putative tricopper site available for chemicalmodification by ketene
have been identified by the peptide sequencingmethod. The sequences
of PmoA and PmoC that are not covered in the peptide sequencing are
associated with the hydrophobic α-helices that line the peripheral
boundary of the three-dimensional structure. In any case, our peptide
sequencing data are consistent with the MALDI-MS results. For the
PmoB subunit, we have obtained more than 90% sequence coverage
(Fig. S3). This extensive coverage has allowed us to examine almost
the entire PmoB subunit for amino acid residues that might be chemi-
cally modified (if any). Importantly, all amino acid residues residing
within the vicinity of the dicopper site have been covered in the present
study.

3.5. Inhibition of pMMO by CH3CCH and CF3CCH

The pMMO is also inhibited by CH3CCH and CF3CCH. As expected,
CH3CCHbehaves likeHCCH, namely, it is first oxidized tomethyl ketene,
which then acetylates the PmoC subunit. However, the kinetics of inhi-
bition is significantly slower, and we observe multiple acetylations of
the protein subunitswith time. The inhibition by CF3CCH is even slower.
With this inhibitor, there is no evidence that oxidation is involved, so it
is evidently not a suicide substrate.

3.5.1. CH3CCH
The kinetics of inhibition of the pMMO activity of whole cells by

CH3CCH is presented in Fig. S4. Whereas HCCH inhibits the propene ep-
oxidation totally within five minutes, it takes 30 min in the case of
CH3CCH to completely inhibit the same amount of cells under otherwise
identical conditions. MALDI-TOF MS analysis of the intact pMMO com-
plexes at time points of 10 min and 1 h of inhibition of the bacterial
cells are shown in Fig. 2 (right panel). Again, a mass shift is observed
only for the PmoC subunit. Simulation of the PmoCmass peak recorded
at 10 min yields an increment of 56 Da for the CH3CCH-treated cells
(Fig. 2 and Fig. S5). This mass increment corresponds to the addition
of methyl ketene, CH3CCHO (+56 Da) to this protein subunit. Interest-
ingly, the width of the observed PmoC mass spectrum increases with
time (Fig. 2 and Fig. S5), indicating that there is multiple modifications
of this protein subunit with this inhibitor. More than one protein sites
can be acetylated if additional propyne substrates can be oxidized by a
given pMMO enzyme before it is eventually inhibited by a methyl ke-
tene. Such a scenario is possible with a bulkier suicide substrate like
propyne. The methyl ketene is expected to migrate more slowly away
from the catalytic site where it is formed. This ketene derivative is also
intrinsically less reactive compared with ketene [28,29]. Consistent
with the results noted earlier for HCCH-treatment, simulation of the
PmoC mass peak of the CH3CCH-treated pMMO after the 1-h reaction
shows that ~50% of the PmoC subunits in the sample are chemically
modified when the pMMO activity has become completely inhibited
(Fig. S5). Thus this result also indicates that ca. 50% of the pMMO in
the membranes of the bacterial cells are sufficiently active to convert
CH3CCH into its ketene intermediate.

LC–MS/MS analysis identifies peptides that have been modified by
methyl ketene based on the mass shift of +56.0262 Da (Table S2).
The acetylation occurs primarily at residue K196 (PmoC), the same ly-
sine that is acetylated by ketene for inhibition by HCCH. The methyl ke-
tene also modifies K48/K49 and S277 (PmoC), supporting the multi-
modifications of the PmoC subunit with this inhibitor.

3.5.2. CF3CCH
It takes almost an hour for CF3CCH to completely inhibit the pMMO

activity of the bacterial cells under otherwise identical conditions
(Fig. S4). MALDI-TOF MS analysis of the intact pMMO complexes at
time points of 10 min and 1 h into the inhibition of the bacterial cells
are shown in Fig. S6. Again, a mass shift is observed only for the PmoC
subunit. Simulation of the PmoC mass peak recorded at 10 min yields
an increment of 94 Da for the CF3CCH-treated cells (Fig. S7). This mass
increment corresponds to the addition of CF3CCH (+94 Da) to this pro-
tein subunit. Apparently, CF3CCH reacts with pMMO by direct addition
to an amino acid residue rather than a mechanism that involves a ke-
tene product of the trifluoropropyne substrate. As in the case of HCCH,
it takes the modification of one site on the PmoC subunit to inactivate
the enzyme, although the rate of inhibition is significantly slower. LC–
MS/MS analysis identifies one peptide from the PmoC subunit with a
mass shift +94.003 Da, and it is C279 (PmoC) that is trifluoro-
acetylenated (Table S2). Since CF3CCH directly forms a chemical adduct
with an amino acid and inactivates the enzymewithout prior oxidation
at the catalytic site, it is not a substrate-based inhibitor butmerely an ir-
reversible inhibitor. Analysis of the PmoC mass signal reveals that only
36% of the pMMO proteins are irreversibly modified after 60 min of
the treatment. CF3CCH not being a suicide substrate, we would have ex-
pected the PmoC subunits in the bulk of the pMMO in the cells to be
chemically modified.

3.6. Docking acetylene, n-alkane substrates and their oxidation products,
and dioxygen to the three-dimensional structure of pMMO

Crystal structures of pMMO, so far, have not provided any direct
evidence for substrate or product binding site(s) and migration
pathway(s) of substrates/products within the protein fold. This is hardly
surprising, as substrate and product channel(s) are dynamic, not static,
and aremore likely created by interactions of the substrate/product dur-
ing migration to and from the catalytic site. Information of this kind has
been obtained for some enzymes by growing protein crystals in the
presence of xenon gas to mimic the trapping of substrates or products
formed at the catalytic site [30–32]. A xenon atom, despite its size and
polarizability, is hardly representative of a hydrocarbon substrate, except
perhaps for methane, but certainly not propene and HCCH, not to men-
tion methanol, ketene, and propylene oxide. To move forward, we use
computer simulations to dock various substrates and products relevant
to the present study, including HCCH, CH3CCH, n-alkane substrates and
their oxidation products, to pMMO using the protein folds offered by
the crystal structures of the enzyme as a point of departure. The identifi-
cation of K196 in PmoC provides at least one data point for us to check
the validity of the approach. There must be a binding pocket for the
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product ketene and methyl ketene in this region of the transmembrane
domain to allow it to covalently modify this lysine side chain during
the formation of acetylated adduct. Elsewhere in the protein, there
must be also binding sites for methanol, the product of the methane ox-
idation, near the membrane-aqueous interface on the cytosolic surface,
since methanol dehydrogenase, the next enzyme in the C1 metabolic
pathway of the organism, is known to bind to pMMO in this region
[33]. Thus, although the X-ray crystal structures of pMMOdo not contain
the full complement of metal cofactors as in the active enzyme embed-
ded within the lipid bilayer, the availability of these structures can still
offer the opportunity to identify potential substrate-binding sites in the
transmembrane domain by computer docking experiments [34,35].
However, it is important to point out here that while the docking exper-
iments are sufficiently accurate to locate the binding sites of small mole-
cules in the protein fold as determined by the X-ray structure, the results
pertain only to the “static” fold of the enzyme in its “native” structure.
The docking method does not, and cannot, address the dynamics of the
protein system. We need to simulate these protein fluctuations before
the details of the transport or migration of a given substrate or product
molecule from one binding site to another within the protein fold can
be captured. Computational simulations of protein dynamics are beyond
the scope of this study.

The predicted binding positions for HCCH and its ketene intermediate
are shown in Fig. 5. It is noted that K196 of PmoC is in close proximity
with three affinity positions (P1, P2, and P3), all within the same region
of the alpha-helix bundle of PmoC and at the interface between the PmoC
and PmoA subunits near the periplasmic face of the transmembrane do-
main. A ketene residing at P1 would be only several angströms away
from this lysine. Interestingly, the P1 position also has the highest affinity
for ketene compared to the other binding sites in the enzyme. Another
position (P2), which is closest to the K196 residue, shows the second
highest binding affinity toward ketene. There is only one other HCCH or
ketene binding site (P4) predicted in the transmembrane region, and
two others (P5 and P6) in the water-exposed domain of the PmoB sub-
unit, but these sites are far removed from potential lysine residues to fa-
cilitate nucleophilic attack by the reactive ketene. Thus, it seems that the
formation of the chemical adduct at K196 is perhaps not an accident, as
Fig. 5.Molecular docking of ketene andHCCH to pMMO. The representativemolecule in red is ke
(kcal/mol) of ketene to each position is provided in parentheses showing the highest binding af
affinity for P5 (the corresponding binding energies are provided in Fig S9). The surrounding resi
in the right. K196 is underscored in (P1) showing its proximity to the affinity binding site num
tricopper cluster (D site) is highlighted in brown spheres. Crystal structure of pMMO from M.
results are also obtained for molecular dockings performed on the revised crystal structure of p
there is a thermodynamic driving force for a ketene formed at the catalyt-
ic site to find its way to this region of the protein for the acetylation reac-
tion.We have compared the results of docking experiments between the
two crystal structures of pMMO available [10,12] and the same outcomes
are obtained (Fig. 5 and Fig. S8).

In order to understand how acetylation of K196 of PmoC can abolish
the activity of a big protein complex like pMMO, we have performed
similar docking studies with hydrocarbon substrates of pMMO (C1 to
C5) and their corresponding product alcohols. The results obtained re-
veal that all the n-alkanes share the same binding locations as HCCH
and CH3CCH (Fig. S9). Thus, there must be some overlap in the
pathway(s) of entry of all these substrates into the protein. In addition,
they all dock into the cavity close to the putative tricopper site (site
D) of the enzyme [34]. Thus, it would seem that the pMMO uses the
same substrate pathway(s) to deliver hydrocarbon substrates including
the suicide substrateHCCH to the active site of the enzyme. Importantly,
all n-alkane substrates of pMMO and their alcohol products as well as
HCCH all have the same affinity binding sites at P1, P2, and P3 as for ke-
tene. Since the ketene adduct of K196 in this domain of the protein to-
tally abolishes the pMMO activity, the chemical modification very
likely has disrupted the substrate/product pathway(s) to the active
site of the enzyme. Interestingly, K196 is embeddedwithin a highly dis-
ordered region of the protein structure in the lipid bilayer nearby C279
(PmoC), where onemodification of CF3CCH also can abolish the enzyme
activity. For comparison, none of the hydrocarbon substrates of pMMO
as well as HCCH shows affinity near the dicopper site (site B) in PmoB,
or the zinc site (site C) in PmoC, of the X-ray structure.

Similar docking of the product alcohols of the pMMO hydrocarbon
substrates reveals six additional binding sites (Fig. S10). The binding af-
finity varies with the product alcohols, and as expected, there are more
binding sites for the alcohols than for the parent hydrocarbons in the
cavity of the putative tricopper site. This latter result underscores the
importance of product release from the active site in controlling the cat-
alytic cycle of the enzyme.

We have also studied the binding of O2 to pMMO. These docking ex-
periments have resulted in some interesting findings (Fig. S11). Gener-
ally speaking, the O2 molecule tends to have very good affinity for the
tene,which has binding affinity to all six positions fromP1 toP6. Predicted binding energy
finity for P1 and P2. HCCH has five affinity-binding sites (P1 to P4 and P6), but no binding
dues of the four ketene affinity siteswithin the transmembrane domain are also presented
ber 1 or P1, which is also within the cluster of the two other sites P2 and P3. The putative
capsulatus used in this study is reproduced from PDB (accession number 1YEW). Similar
MMO (Fig. S8).
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water-exposed “soluble” domain of the protein. Only a few binding sites
are located within the transmembrane domain, but two reside within
the cavity of the putative tricopper cluster (site D). The implication is
that O2 approaches the active site of pMMO from the water-exposed
protein domain on the cytosolic side of the membrane and diffuses to
site D for activation of the tricopper cluster.

4. Discussion

In this work, we have studied the inactivation of pMMO embedded
in the membranes of M. capsulatus by HCCH using high-resolution
mass spectrometry and computational simulations. The results have
allowed us to confirm that HCCH is indeed amechanism-based inhibitor
of the enzyme [18]. It is first oxidized at the catalytic site to ketene,
which then migrates within the product exit/release channel(s) of the
enzyme to form a unique chemical adduct with K196 of PmoC in the
transmembrane domain near the periplasmic surface. Significantly,
this chemical modification alone by ketene can disable the substrate
entry channel(s) and irreversibly inhibit the enzyme.

Earlier workers have used [14C]-labeled HCCH as the mechanism
probe of the catalytic site and have detected the radioactivity primarily
in the “~27 kDa” subunit in denaturing SDS-PAGE gels of the protein [8,
18]. In the latter work [8], the labeling experiment is not clean, leading
to the observation of [14C]-radioactivity in the protein band correspond-
ing to the PmoB subunit as well as other cytoplasmic proteins (Fig. 3 of
ref 18). Subsequently, the “~27 kDa” subunit was assigned to PmoA by
N-terminal sequencing [8]. Accordingly, there has been general consen-
sus that the active site of the enzyme is associated with the PmoA sub-
unit (not PmoB as mentioned in [14]). In the present study, however,
we find only evidence for chemical modification of the PmoC subunit
by ketene in the MALDI-TOF MS and LC–MS/MS experiments. No mass
shift is observed for PmoA. Thus, it appears that these mass spec results
are in conflict with the earlier radiolabeling experiments. However,
since we confirm that the “~27 kDa”, and “~23 kDa” protein bands in
SDS-PAGE gel are PmoC and PmoA, respectively, by MALDI-MS mass-
finger printing (Fig. 3) aswell as LC–MS/MSbased subunit-protein iden-
tification (Fig. S2), the assignment of the PmoC and PmoA bands in the
SDS-PAGE gels appears to have been reversed in the earlier studies. In
light of this, our present MALDI-MS results are actually in agreement
with the radiolabeling experiments. Proteomics analysis of the peptides
derived from in-gel proteolytic digestion of the subunits from the chem-
ically modified pMMO complexes show that it is K196 of the PmoC sub-
unit that is acetylated, providing further evidence that it is PmoC, not
the PmoA subunit, that is being modified.

It is significant that it takes only the acetylation of one site (K196,
PmoC) for HCCH (andCH3CCH aswell) to inactivate the pMMO.Accord-
ing to the crystal structure, the distance from this lysine to the putative
tricopper site is ~42 Å, and the corresponding distance to the PmoB
dicopper site is ~58 Å. This observation suggests that ketene hasmigrat-
ed rapidly within the product exit channel away from the enzyme cata-
lytic site to the location where the acetylation has finally taken place.
With this scenario, the catalytic site should remain intact after acetyla-
tion of PmoC by ketene. Indeed, it can still be activated by O2, and it is
still possible to transfer reducing equivalents from NADH to the site to
turn over dioxygen [15,36]. Evidently, the inactivation of the enzyme in-
hibits only the hydroxylation/epoxidation of hydrocarbons, but not ox-
idase chemistry. Thus, the inactivation of the enzyme upon acetylation
of PmoC probably arises from blockage of a unique gate for entry of
the natural alkane substrates into a channel that leads to the enzyme ac-
tive site. It could be also that this chemical modification inhibits the for-
mation of a substrate channel elsewhere in the transmembrane domain
by suppressing the protein dynamics or conformational fluctuations re-
quired for creation of such a pathway to allow substrates to reach the
catalytic site. Given that the affinity binding sites of HCCH, ketene,
methyl ketene, and hydrocarbon substrates of the enzyme at P1, P2,
and P3 are close to one another, and the binding pockets might even
overlap to some degree according to the docking simulations, the dis-
tinction between the two scenarios on how acetylation of K196
(PmoC) might interfere with the formation of substrate entry pathways
borders on semantics. In any case, these channels are not to be con-
strued as fixed or static channels, and are accordingly not seen in the
X-ray crystal structures of the protein. Rather, they are dynamic chan-
nels, nucleating by penetration of a substrate into the protein structure
or formation of a product molecule, and created by propagation of the
substrate or product molecule throughout the structure by excitation
of the protein dynamics.

It is interesting that acetylation of one amino acid at a single site as
distant as 40–60 Å away from the catalytic site can efficiently inactivate
the hydrocarbon oxidation activity of the enzyme. Thus, access of sub-
strate molecules to the catalytic site of the enzyme must be controlled
tightlywithin the alpha-helical bundle spanning themembrane. This sin-
gle observation alone has led us to conclude that the catalytic site of the
enzyme must be sequestered within the transmembrane domain of the
protein in a pocket or regionwell protected by surrounding hydrophobic
amino acid residues of the helix bundle. The implication is that the cata-
lytic site of the enzyme must not be located in a water-exposed domain,
such as the PmoBdicopper site. Examinationof theX-ray crystal structure
of the pMMO indicates that the region of the protein containing the PmoB
dicopper site is hydrophilic and solvent-accessible (Fig. 6). In addition,
there is no hydrophobic channel(s) connecting the dicopper site to the
site of acetylationwithin the transmembrane domain. Thus, if the ketene
were indeed formed by oxidation of HCCH at the dicopper site, this reac-
tive intermediatewould rapidly reactwithwater in the aqueous buffer to
give HCOOH, and with O2 to give CO2 and HCHO [29,37].

Within the transmembrane domain, there is one “zinc site” observed
in the crystal structures [10–12] and the putative tricopper site that is
proposed to be located at site D of the protein [1,16]. A dioxo-diiron
cluster has also been suggested to reside in the “zinc site” [17]. We
have proposed that a tricopper cluster located at site D indeed is the cat-
alytic site of pMMO. EPR and other biochemical data have provided
strong evidence for the existence of this putative tricopper site, and
the involvement of this site in the catalytic mechanism of the enzyme
[1,16,38]. A tricopper-peptide complex has recently been prepared
based on the PmoA peptideHIHAMLTMGDWD that lines the empty hy-
drophilic cavity at this site in the protein crystal structure of pMMO
fromM. capsulatus [16]. According tomodel building, the tricopper clus-
ter is sequestered at site D by the ligands in bold in this peptide as well
as an additional Glu from PmoA, together with another Glu from PmoC
[38]. Upon activation of the CuICuICuI–peptide complex by dioxygen in
the presence of propene ormethane, rapid oxidation of these substrates
has been observed at room temperature, with propene converted into
propylene oxide and methane into methanol, respectively [16]. The
same oxidation chemistry has also been demonstrated for amodel inor-
ganic complex consisting of a similar tricopper cluster [16]. So, if the ox-
idation of methane and other hydrocarbons by pMMO is indeed
mediated by the putative tricopper cluster at site D in the enzyme,
then the samemodel inorganic tricopper complex should be able to ox-
idize the suicide substrate HCCH to ketene (Scheme 2). Indeed, we find
that this tricopper complexmediates facile oxidation of HCCH aswell as
CH3CCH to yield highly reactive intermediates. The results of these ex-
periments are presented in Section III of Supporting Information.

Recently, similar findings have been reported for ammonia
monooxygenase (AMO) fromNitrosomonas europaea, the evolutionarily
related ammonia oxidizer [39]. Here, as in pMMO, HCCH is a suicide
substrate and it totally abolishes the AMO activity by forming one single
chemical adduct with the enzyme. Based on MS-based analysis, it has
been confirmed that HCCH is first oxidized to ketene, which then cova-
lently modifies His 191 of the AmoA subunit. Since pMMO and AmoA
are considered paralogs of each other, we concludewith a brief compar-
ison of those features of the two enzymes that might bear on the mech-
anism of the HCCH inactivation. First, AMO also has a tricopper site with
all the ligands at the site D conserved (Fig. S12). Second, the ligands for



Fig. 6. (A) The hydrophobicity of the amino acid residues in pMMO. (B) The variation of the hydrophobicity of the protein surface of a pMMOmonomer. The location of the PmoB dicopper
site is highlighted. The site is clearly water-accessible.
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the dicopper B site are also found in AMO, although they are not con-
served in pMMO (Fig. S12). Third, in both cases, the enzyme is inhibited
by acetylation at a single site, although the site of acetylation is different
in the two enzymes, K196 of PmoC in the case of pMMO and H191 of
AmoA in AMO. Interestingly, sequence alignments of the entire A and C
subunits of the two enzymes (Fig. S13) show that these residues are
not conserved, namely, H191 of AmoA is not found in PmoA and K196
of PmoC is not found in AmoC. Moreover, H191 is not associated with
the putative tricopper cluster that has been designated as the catalytic
Scheme2.A proposedmechanism for the formation of the ketene fromoxidation of HCCH at the
side chain (or acetylation) of a lysine residue.
site of the AMO. Thus, in the inhibition of the AMO, although the ketene
is also formed by oxidation of the HCCH at the active site, it has migrated
from this site to form a chemical adduct with a nucleophilic amino
acid elsewhere as well. Given that the sequence similarities between
the A and C subunits of the two enzymes are only ~40%, (44.6% between
PmoA and AmoA, and 40.5% between PmoC and AmoC), we surmise that
theremust be substantial differences in the details of the protein folds be-
tween the two enzymes and in the ketene migration pathway(s) within
the membranes of the two proteins, notwithstanding the different
putative tricopper site of pMMOand the subsequent addition reaction of the ketene to the
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locations of the nucleophilic amino acids available for acetylation in the
two systems. Even in the case of pMMO, inhibitors with slightly different
chemical structures, (e.g., HCCH vs CH3CCH), behave significantly differ-
ently in their patterns of chemicalmodification(s). In any case, it is hardly
surprising, though intriguing, that the inactivation of AMO and pMMOby
HCCHare so similar, that the reactive ketene is formed by oxidation of the
HCCH by the conserved tricopper cluster site in themembrane, and acet-
ylation of one amino acid within the transmembrane domain can rapidly
abolish enzymatic activity in both cases.

The chemistry observed for the pMMOandAMO is also similar to the
inactivation of keto steroid isomerase by an acetylene inhibitor, in
which the keto steroid isomerase enzymatically converts acetylenic
seco steroids into allenic ketones that alkylate the enzyme near the
mouth of its active site [40].
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