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SmoXYB1C1Z of Mycobacterium sp. Strain NBB4: a Soluble Methane
Monooxygenase (sMMO)-Like Enzyme, Active on C, to C, Alkanes

and Alkenes

Kiri E. Martin, Jazmin Ozsvar, Nicholas V. Coleman
School of Molecular Bioscience, University of Sydney, Sydney, NSW, Australia

Monooxygenase (MO) enzymes initiate the aerobic oxidation of alkanes and alkenes in bacteria. A cluster of MO genes
(smoXYBIC1Z) of thus-far-unknown function was found previously in the genomes of two Mycobacterium strains (NBB3 and
NBB4) which grow on hydrocarbons. The predicted Smo enzymes have only moderate amino acid identity (30 to 60%) to their
closest homologs, the soluble methane and butane MOs (sMMO and sBMO), and the smo gene cluster has a different organiza-
tion from those of sMMO and sBMO. The smoXYBIC1Z genes of NBB4 were cloned into pMycoFos to make pSmo, which was
transformed into Mycobacterium smegmatis mc>-155. Cells of mc®-155(pSmo) metabolized C, to C, alkanes, alkenes, and chlori-
nated hydrocarbons. The activities of mc®-155(pSmo) cells were 0.94, 0.57, 0.12, and 0.04 nmol/min/mg of protein with ethene,
ethane, propane, and butane as substrates, respectively. The mc>-155(pSmo) cells made epoxides from ethene, propene, and
1-butene, confirming that Smo was an oxygenase. Epoxides were not produced from larger alkenes (1-octene and styrene). Vinyl
chloride and 1,2-dichloroethane were biodegraded by cells expressing Smo, with production of inorganic chloride. This study
shows that Smo is a functional oxygenase which is active against small hydrocarbons. M. smegmatis mc*-155(pSmo) provides a

new model for studying sMMO-like monooxygenases.

,VI onooxygenases (MOs) are involved in biodegradation, bio-
synthesis, and detoxification, and they catalyze key steps in
both the carbon and nitrogen cycles (1-4). The MO enzymes are
valuable for biotechnology because they can functionalize inert
substrates, they have a broad substrate range, and they are some-
times highly enantioselective (5-7). The major types of MOs seen
in bacteria can be categorized as soluble flavin (FMO) (8), soluble
heme containing (p450) (9), soluble di-iron (SDIMO) (1), soluble
pterin (10), soluble cofactor independent (11), membrane di-iron
(AlkB) (12), and membrane copper (CuMMO) (13).

Mpycobacterium sp. strains NBB3 and NBB4 were isolated on
ethene (14), and they can also grow on gaseous alkanes (C, to C,)
but not on methane (15). A novel type of SDIMO gene cluster
(smoXYBIC1Z) exists in the genomes of NBB3 and NBB4 (15),
and the inferred Smo proteins have 30 to 60% amino acid identity
to their closest homologs, which are the soluble methane MO
(sMMO) (16, 17), and the soluble butane MO (sBMO) (18, 19)
(Fig. 1; also see Table S1 in the supplemental material). Together,
these three MO types make up a distinctive clade that has been
designated the group 3 SDIMOs (14, 20). Although Smo is clearly
a homolog of sMMO and sBMO, the smo genes have a peculiar
arrangement relative to the other group 3 SDIMOs; the positions
of the reductase (smoCI) and gamma subunit (smoZ) genes are
reversed, and there is no orfY/bmoD homolog (21).

The smo genes are located 7 kb from the hmoCAB genes, which
encode a CuMMO involved in oxidation of C, to C, alkanes (15).
The smo and hmo genes in NBB4 are found on the 615-kb plasmid
PMYCCH.01 (GenBank accession number CP003054), in a cata-
bolic gene region that also contains genes for alcohol and aldehyde
dehydrogenases, coenzyme A (CoA) synthetases, and CoA trans-
ferases. In strain NBB3, a very similar catabolic gene region exists,
but this is chromosomal (GenBank accession number CP003169).
A close homolog of hmoCAB (bmoCAB) is found in Nocardioides
strain CF8 (22), but it is not clear yet from the draft genome

September 2014 Volume 80 Number 18

Applied and Environmental Microbiology p. 5801-5806

(GenBank accession number CM001852) whether smo genes are
also present in CF8. The gene sequence comparisons and genomic
context both suggest that Smo is involved in alkane oxidation, but
to date, no experiments have been able to confirm this.

In previous work (23), we showed that smoX in NBB4 was
transcribed under all growth conditions tested but that none of
the Smo proteins could be detected by two-dimensional (2D)
SDS-PAGE. Neither of these results match the predictions from
sequence analysis, i.e., that the Smo mRNA and protein would be
specifically detected in alkane-grown cells. A different approach is
needed to clarify the function of Smo, such as gene knockout or
heterologous expression. Knockout experiments with smo or
other MO genes in NBB4 have been unsuccessful to date (unpub-
lished data), leaving heterologous expression as the most useful
approach to attempt to confirm the activity of Smo.

Neither sMMO or sBMO has been functionally expressed in
Escherichia coli. sSMMO can be expressed in methanotrophs that
normally lack sMMO (24, 25), which has allowed site-directed
mutagenesis (26), but the system has limitations; e.g., the partic-
ulate methane MO (pMMO) is also present, and the system is
under complex regulatory control (27). sMMO can also be ex-
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FIG 1 Comparison of arrangement of the smo, mmo, and bmo genes. The predicted monooxygenase subunits of Smo are as follows: SmoX, a-hydroxylase;
SmoY, B-hydroxylase; SmoB1, coupling/effector protein; SmoCl, y-hydroxylase; and SmoZ, reductase. The level of predicted amino acid identity between three
of the hydroxylase subunits is indicated in the boxes between the open reading frames.

pressed, albeit with very low activity, in Pseudomonas (28) and
Rhizobium (29). In the case of sSBMO, genetic work has been en-
abled via homologous recombination in the natural host (Thauera
butanivorans) (22), but this approach has some limitations similar
to those of the homologous sSMMO expression systems; e.g., it
requires a gaseous inducer.

In this study, we tested expression of the soXYB1CIZ genes in
Mycobacterium smegmatis mc>-155 (30) under the control of the
acetamidase regulatory system (31, 32). Our aims were to confirm
that Smo was a functional oxygenase, to test its substrate range,
and to gain insights into its physiological role and possible appli-
cations.

MATERIALS AND METHODS

Media, strains, and culture conditions. E. coli EPI300 [Epicentre Bio-
technologies; F~ mcrA A(mrr-hsdRMS-mcrBC) ®80dlacZAM15 AlacX74
recAl endAl araD139 A(ara, leu)7697 galU galK N~ rpsL (Str") nupG trfA
dhfr] was grown at 37°C in LB medium. M. smegmatis mc>-155 (30) was
grown at 30°C, either in 1/10-strength Trypticase soy glucose medium
(1/10-TSG) (14) for routine growth or in minimal salts medium (MSM)
(33) containing 20 mM glucose and 2% (wt/vol) acetamide for MO ex-
pression (15). Tween 80 (0.05% [vol/vol]) was added to all broths of
mc?-155 to minimize clumping. Kanamycin (Km) was added to EPI300
cultures at 50 wg/ml and to mc*-155 cultures at 20 pg/ml where required,
to select pMycoFos and pSmo. Both E. coli and Mycobacterium broths
were incubated aerobically with shaking at 200 rpm.

Construction of pSmo plasmid. The smoXYBICIZ gene cluster was
amplified from genomic DNA of Mycobacterium NBB4 using Phusion
polymerase (Finnzymes), with the primers JO1F (AAAGCTAGCGCCAC
CGTTTATGAAGTTG) and JO2R (AAAGCTAGCGGCCTACCGTTCC
ATTG). Thermocycling conditions for this and other PCRs are available
on request. The primers JO1F and JO2R introduced Nhel restriction sites
at the ends of the PCR product. The PCR product was purified with the
SureClean Plus kit (Bioline, United Kingdom), digested with Nhel, and
purified again. The vector pMycoFos was digested with Nhel, dephospho-
rylated with Antarctic phosphatase, and purified with the same kit. The
smo PCR product was ligated to pMycoFos using T4 DNA ligase at a 3:1
molar ratio of insert to vector DNA. The ligation mixture was transformed
by heat shock into chemically competent EPI300 cells, and the mixture
was plated on LB-Km agar (50 pg/ml of kanamycin).

E. coli clones carrying the correct construct were identified by PCR
using primer pairs that spanned the left-hand and right-hand ligation
junctions; these were JO7-JO8 (GGCTCTACCTGTTCGGCTTCACC
and GTCGTCCTTCTCCCCTTCCATCC) and JO9-JO10 (GCCAATCT
CTTTCTGCCCACCG and GCCAGCGCATCAACAATATTTTCACC).
One clone yielding the expected-size products in both PCRs was retained
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for further analysis. Plasmid DNA extracted from this clone was subjected
to restriction digestion with Ndel, and the insert DNA region was com-
pletely sequenced using Sanger dye terminator sequencing (Australian
Genome Research Facility). This plasmid was named pSmo.

Expression of Smo in mc?-155. Electrocompetent mc?-155 cells were
prepared and transformed with plasmids pSmo and pMycoFos by meth-
ods described in an earlier work (15). Transformed cells were plated on
1/10-TSG-Km plates and incubated for 7 days, and then Km" colonies
from one plate were pooled, inoculated into 500 ml of 1/10-TSG-Km
broth, and grown to an optical density at 600 nm (ODy,) of 1.0. Cells
were washed twice in KP-Tween buffer (20 mM K,HPO,, 0.05% Tween
80 [pH 7.0]) by centrifugation and resuspension, divided into single-use
100-pl aliquots (ODy, approximately 30) in the same buffer, and stored
at —80°C. Freezer stocks of mc?-155(pMycoFos) or mc2-155(pSmo) were
inoculated into MSM-glucose-acetamide-Km broths (300 ml) at an initial
0Dy, 0f 0.05 and grown to an ODy, of 1.0 * 0.2, corresponding to late
exponential phase. Cells were washed twice in KP-Tween buffer and then
used immediately for activity assays, as described below.

Alkane and alkene metabolism assays using GC. Gaseous substrates
(0.5 pmol = 200 pl of a 6.25% [vol/vol] gas mixture in air) were added to
16-ml crimp-sealed bottles containing 3.8 ml of KP-Tween containing 20
mM glucose. The bottles were laid flat (horizontally) in the shaker to
facilitate gas transfer and were equilibrated with shaking (200 rpm) for 30
min at 30°C; then reactions were initiated by addition of washed cells (200
pl) to give ODy, values of 10 to 15. The bottles were shaken vigorously by
hand for 10 s, a zero time headspace sample (250 p.l) was taken immedi-
ately, and the bottles were returned to the shaker. Further headspace sam-
ples were taken at intervals for gas chromatography (GC) analysis by an
HP series Plus 5890 II gas chromatograph with an HP-PLOT/Q column
(15-mlength, 0.53-mm diameter, 40-pm film) using helium as the carrier
gas and flame ionization detection. The injector temperature was set at
200°C, the detector temperature was 250°C, and the oven temperature
was 200°C. The machine was run in splitless mode. Apparent specific
activities were calculated for ethane, propane, butane, and ethene from
the initial linear portion of the substrate depletion curves. The substrate
depletion rate was calculated by correcting for physical losses incurred by
headspace sampling (2.08% volume at each sample point), and then the
substrate depletion rate was converted to an apparent specific activity
(nmol/min/mg of protein). Protein content was calculated from the
ODy0, using a previously determined standard curve for M. smegmatis
(15).

Detection of epoxides using NBP reagent. Washed cells (200 pl) were
added to 2-ml vials, which were crimp sealed. Alkenes were added as 200
pl of neat gas or 1 pl of neat liquid, and then the cell suspensions were
incubated with shaking for 6 h (vials laid horizontally, as described
above). The 4-(4-nitrobenzyl) pyridine (NBP) reagent [500 pl of 100 mM
4-(4-nitrobenzyl) pyridine in ethylene glycol] was added directly to the
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FIG 2 SDS-PAGE analysis of Smo proteins. Cell extract from mc*-155(pSmo)
is indicated with a plus sign, while cell extract from the vector-only control is
indicated with a minus sign. The arrows indicate four bands in mc’-
155(pSmo) which are notably increased in expression compared to mc’-
155(pMycoFos). The predicted sizes of the Smo proteins (in kDa) are as fol-
lows: SmoX, 58; SmoY, 44; SmoCl, 19; SmoB1, 38; and SmoZ, 20. Note that
SmoZ and SmoCl1 would be expected to appear as a single band due to their
very similar sizes.

cell suspensions, and the mixtures were heated for 1 h at 95°C and then
centrifuged (5 min at 13,000 X g). The supernatants (500 pl) were re-
moved and mixed with 1:1 triethylamine-acetone (500 pl), and the absor-
bances were measured immediately at 600 nm. Absorbance values were
converted to epoxide concentrations using the Beer-Lambert law (A =
ecl), with extinction coefficients determined as described below.
Calculation of extinction coefficients for NBP-epoxide conjugates.
An acetone stock solution of epoxyethane (0.64 M) was used to prepare
standard solutions (0.5, 5, 10, and 20 mM) in KP buffer. Standard solu-
tions of 1,2-epoxybutane were prepared similarly, except that neat epoxy-
butane was used as the source, and standards were made at 0.1, 1, 5,and 10
mM. A sample (200 pl) of each epoxide standard was added to separate
2-ml crimp-sealed vials. Subsequent processing of the samples with heat,
NBP, and triethylamine was done as described above. The absorbances at
600 nm for each epoxide standard were plotted against the concentra-
tions, and the extinction coefficients (M~ 'cm™!) were obtained from the
gradient of this plot. In the case of epoxypropane, an extinction coefficient
was estimated based on the value obtained experimentally in this study for
1,2-epoxybutane, multiplied by the ratio of the extinction coefficients for
epoxypropane and 1,2-epoxybutane seen in a previous study (34) (the
1,2-epoxypropane coefficient from the prior study could not be used di-
rectly in this work due to different experimental methodologies).
Analysis of metabolism of organochlorines by gas chromatography
and chloride assay. Chlorinated substrates (6 to 8 pmol) were added to
16-ml crimp-sealed vials containing 3.68 ml or 3.8 ml of KP-Tween-glu-
cose (for dichloroacetate [DCA] and vinyl chloride [VC], respectively).
For each combination of substrate and cell type, duplicate vials were pre-
pared. Substrates were added as 200 pl of neat gas (VC) or 320 wl of a 25
mM aqueous solution (DCA). The vials were allowed to equilibrate for 30
min at 30°C with shaking (200 rpm), and then washed cells (200 pl) were
added to give final OD, values of 10 to 15. Headspace sampling for GC
was done immediately (as described above) to determine the initial
amount of organochlorine present, and one vial from each pair was sac-
rificed immediately to determine the initial chloride concentration. The
chloride assay was done by the colorimetric method of Bergman and
Sanik, as described previously (35). The remaining vial from each exper-
imental condition was incubated at 30°C with shaking for 6 h and then
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FIG 3 Metabolism of hydrocarbons by cells of mc?-155 (pSmo) and mc?-
155(pMycoFos). A plus sign indicates cells containing Smo, while a minus sign
indicates cells containing vector only. Data are shown as the means of three
independent experiments, with error bars indicating SEMs. **, P < 0.005; ***,
P < 0.0005 (f test).

again sampled for organochlorines by headspace analysis and for chloride
by colorimetric assay.

RESULTS

Heterologous expression of Smo in mc?-155. The smoXYBICIZ
gene cluster (5.4 kb) was amplified by PCR and cloned into the
shuttle vector pMycoFos (36) to yield the plasmid pSmo. The
correct structure of pSmo was confirmed by complete sequencing
of the insert DNA (see Fig. S1 and S2 in the supplemental mate-
rial). The plasmid pSmo contained a single copy of the
smoXYBICI1Z genes, cloned in pMycoFos in the correct orienta-
tion with respect to the acetamide-inducible promoter, and there
were no mutations detected relative to the expected sequence.
SDS-PAGE (Fig. 2) showed that proteins corresponding to the
sizes of the predicted Smo proteins were overexpressed in cell
extracts of mc-155(pSmo) compared to mc2—155(pMyc0Fos).

Smo acts on C, to C, hydrocarbons. Resting cells of acet-
amide-induced mc*-155(pSmo) could metabolize a range of small
hydrocarbons, but suspensions of mc-155(pMycoFos) cells did
not display this ability. The initial rates of substrate loss were used
to calculate apparent specific activities. Comparison of these ac-
tivities revealed a clear correlation with the substrate size, with the
highest activities (0.5 to 0.9 nmol/min/mg protein) seen with eth-
ane and ethene, lower activity with propane (0.1 nmol/min/mg
protein), and very low activity with butane (0.04 nmol/min/mg of
protein) (Fig. 3; see also Fig. S3 and S4 in the supplemental mate-
rial). Methane was not metabolized at detectable levels (see Fig. S5
in the supplemental material). Based on results from C, com-
pounds, it could be inferred that Smo has higher activity on alk-
enes than alkanes, but this difference was significant only at a P
value of <0.1.

It is worth pointing out that the mc>-155 host cells did not
significantly metabolize the test alkanes or alkenes under the stan-
dard assay conditions used in this work, despite the fact that mc>-
155 possesses a group 5 SDIMO (MimABCD), which can oxidize
propane and other substrates (37) and which enables weak growth
on propane. Prolonged incubation did reveal some metabolism of
butane in cell suspensions of mc*-155(pMycoFos), but this did
not manifest until 8 to 12 h after butane addition (data not
shown). In contrast, activity arising from pSmo was apparent im-
mediately.

Smo can biodegrade organochlorines. The potential of Smo
for bioremediation was examined by testing activity against two
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FIG 4 Biodegradation of organochlorines by cells of mc*-155(pSmo). (A)
DCA as the substrate. (B) VC as the substrate. Data are shown as the means of
three independent experiments, with error bars indicating SEMs. **, P <
0.005; ***, P < 0.0001 (¢ test).

common groundwater contaminants, 1,2-dichloroethane (DCA)
and vinyl chloride (VC). Significantly greater biodegradation of
both organochlorines and significantly greater production of in-
organic chloride were seen in cell suspensions of mc*-155(pSmo)
compared to mc2—155(pMycoFos) (Fig. 4). Biodegradation of
DCA was 2-fold more extensive than biodegradation of VC. The
reaction stoichiometries were 1.34 = 0.27 and 1.38 % 0.19 mol of
chloride produced per mole of pollutant degraded for DCA and
VG, respectively. While there is a fairly large error in these mea-
surements, these data suggest removal of one chlorine per mole-
cule for both VC and DCA, which is consistent with oxidation by
MOs (38, 39).

Smo makes epoxides from small alkenes. The biocatalytic po-
tential of Smo was examined by testing epoxidation of a range of
alkenes (Table 1). Cells of mc*-155(pSmo) made epoxides from
ethene, propene, and 1-butene but not from 1-octene or styrene.
Ethene was the preferred substrate, yielding approximately 10-
fold more epoxide than propene and 40-fold more epoxide than
butene. No epoxide was detected in cell suspensions of mc’-
155(pMycoFos) (data not shown). The mc*-155(pSmo) cells did
not react visibly with indole; this gives indigoid pigments in the
case of many oxygenases (40—42).

DISCUSSION

We have confirmed that the smoXYBICIZ genes encode a func-
tional oxygenase and that this enzyme is active on small alkanes,
alkenes, and their chlorinated derivatives. Smo activity decreased
as substrate size increased from C, to C; to C,. Chlorinated sub-
strates were metabolized more slowly than nonchlorinated hydro-
carbons; the activities on DCA and VC estimated from endpoint
assays are 3-fold and 6-fold lower, respectively, than the activity
on ethene. No activity was seen on methane, 1-octene, styrene, or
indole. Taken together, the data indicate that Smo prefers small
substrates, and C, is optimal. Determination of the affinity con-
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stants (K) is needed to more accurately define the preferred sub-
strate of Smo.

The overall activity of mc®-155(pSmo) cells on hydrocarbons
was low compared to the activity of wild-type NBB4 or mc*-155
cells expressing other MOs from the same promoter. Cells of
NBB4 have 60-fold-higher activity on ethane than do cells of mc*-
155(pSmo), and cells of mc*-155 expressing HmoCAB have
3-fold-higher activity on ethane than mc*-155(pSmo). These ob-
servations may reflect the true enzymology of Smo in NBB4, or
they could be artifacts of the heterologous expression system. For
example, a chaperonin, MmoG, is required for expression of
sMMO genes in the normal host (43, 44); is a chaperonin also
needed for optimal expression of Smo in NBB4 or mc?-155?

Ethene was the best substrate for Smo, and both NBB3 and
NBB4 grow on ethene. However, we believe that Smo does not
play a significant role in growth on ethene in these bacteria, for
the following reasons. First, both NBB3 and NBB4 contain the
etnABCD genes (encoding a group 4 SDIMO), which have been
previously strongly linked to growth on ethene based on reverse
transcription-PCR (RT-PCR) and proteomics experiments with
NBB4 (23) and other bacteria (45). Second, M. smegmatis mc’-
155 cells expressing EtnABCD have much higher activity on
ethene (24 nmol/min/mg of protein; V. McCarl, personal com-
munication) than mc*-155(pSmo) (0.9 nmol/min/mg; this
study). Finally, the genomes of other ethene oxidizers (JS60,
JS614,]S617, and JS623) do not contain smo genes.

The overlapping substrate ranges of Smo and Hmo and their
colocation in the genome suggest that Smo is an alternative gas-
eous alkane MO. By analogy with methanotrophs, NBB3 and
NBB4 may switch the Smo and Hmo enzymes based on copper
availability (21). There are problems with this hypothesis, how-
ever; smoX was transcribed in copper-containing medium (23),
growth of NBB4 on C, to C, alkanes was almost entirely inhibited
in copper-free medium or in the presence of allylthourea (ATU), a
copper chelator (15), and the Smo gene cluster lacks an mmoD
homolog, which is involved in copper regulation (21). Alterna-
tively, Smo/Hmo may be a high-affinity/low-affinity pair. There is
precedent for this also in methanotrophs (46), but this still does
not explain why copper-free medium or allylthourea would so
strongly inhibit growth of NBB4 on C, to C, alkanes: should not
Smo enable growth under these conditions? The relationship be-
tween Smo and Hmo remains unclear at this stage.

sMMO can be expressed at high levels in heterologous metha-
notrophs (24, 25) and at very low levels in a few other hosts (28,
29), but to date, sMMO has not been functionally expressed in E.
coli. This limitation has hindered research on this important en-
zyme. The work reported here provides a new example of func-
tional expression of a group 3 SDIMO in a heterologous host.
Strain mc>-155(pSmo) provides a new model system for studying

TABLE 1 Epoxidation of terminal alkenes by cells of mc?-155(pSmo)®

Epoxide produced
Substrate Predicted product (pmol) % conversion
Ethene Epoxyethane 5.6 £ 0.6 70.6 * 8.0
1-Propene Epoxypropane 0.58 = 0.07 73+0.8
1-Butene 1,2-Epoxybutane 0.14 = 0.03 1.7 0.3
1-Octene 1,2-Epoxyoctane 0 0
Styrene Styrene oxide 0 0

“ Data are the means and SEMs from 3 independent experiments.
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SDIMO biochemistry and identifying factors limiting heterolo-
gous expression of the group 3 SDIMOs in E. coli.
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