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1.1.7) The substrate range of soluble methane monooxygenase

As well as oxidizing methane, sMMO has been shown to co-oxidize a range of
adventitious substrates; however the resultant oxidation products are unable to
provide a nutrient source for the methanotrophic bacteria (Colby et al. 1977; Burrows
et al. 1984; Green and Dalton, 1989). As well as aliphatic hydrocarbons such as
alkanes and alkenes, sMMO has also been shown to co-oxidize a wide range of
monoaromatic, diaromatic and halogenated compounds leading to much interest in
the use of soluble methane monooxygenase for biocatalysis and bioremediation
applications. In the majority of reactions between sMMO and multi-carbon substrates,
where a number of sites can be oxidised, a mixture of products is observed. Many
halogenated compounds such as trichloroethylene and chloroform are considered to
be major groundwater pollutants. These halogenated compounds do not seem to act
as carbon and energy sources for bacteria and persist as pollutants for many years
(Hanson and Hanson, 1996). Research has been carried out by a number of groups
into the oxidation of trichloroethylene by soluble methane monooxygenase and the
use of methanotrophs within consortia of bacteria able to metabolize the oxidation
products of trichloroethylene have been shown to completely degrade
trichloroethylene (Little ef al. 1988; Tsien ef al. 1989; Fox et al. 1990; Jahng ef al.
1996; Lee ef al. 2006; Hazen ef al. 2009) To investigate the affect of specific amino
acid changes on the substrate range and product distribution of sMMO has been one

of the principal areas of research pursued.
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1.7.3) Site directed mutagenesis of amino acid residues conserved among

deoxyhypusine hydroxylase

A study of 36 amino acid sites that were highly conserved among eukaryotic
deoxyhypusine hydroxylases was carried out including those of His-Glu motifs
mentioned above and alanine substitutions at each site were created using the same
expression system described above (Kang et al. 2007). Affinity chromotography with
GSH-sepharose beads was used to study substrate binding of these mutants. It was
shown that four mutants E57A, E208A, E90A and E241A all exhibited significantly
less substrate binding than the wild type enzyme. As described previously these
mutants showed no enzyme activity but E57A and E208A showed a iron content
comparable to the wild type enzyme highlighting the role of these residues in
substrate binding. The poor binding efficiency of EQOA and E241A indicated that
these residues were involved in both iron coordination and substrate binding. The
histidine to alanine substitutions within the His-Glu motifs all showed substrate
binding activity comparable to the wild type enzyme. As these mutants were shown
to have very little iron content, this shows that the substrate binding of the enzyme is
not dependant on the presence of iron although it is necessary for activity. The
remaining alanine substituted mutants all retained activity but less than that of the
wild type enzyme. Of these mutants G63A and G214A showed reduced substrate
binding which possibly accounts for the reduction in activity. Another mutant Met237
also showed a weak holoenzyme band on a non-denaturing native gel, leading the
authors to suggest that this too may be involved in iron binding. Further site directed
mutagenesis to create substitutions of alanine, asparagine and glutamine at E57 and
E208 sites showed that only asparagine substitutions at these sites retained any
enzyme or substrate binding activity. This provided strong evidence that it was the
interaction of the carboxylate side chain that was required for activity. The M237A
mutant showed a faint band on a native gel corresponding to the holoenzyme,
leading the author to suggest this too may be involved in iron binding. However there
is insufficient evidence to confirm this as it is possible that the reduced iron centre

may be due to instability of the enzyme and not due to altered iron binding.
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coli and purified before being assayed for desaturase activity using radiolabled
substrate and analysis by thin layer chromatography. The reduced (diferrous) form of
the enzyme has been shown to have a slow rate of autooxidation in the absence of
substrate compared to that of other diiron enzymes. Therefore the peroxide-
dependent reoxidation of the reduced form of the enzyme was used as a basis for
assaying peroxidase activity. Both enzymes had reduced desaturase activity
compared to the wild type enzyme but the T199D had a >31-fold increase in

peroxidase activity compared to the wild type enzyme.

1.9.3) Creation of chimeric desaturase proteins

Shanklin and coworkers have used the structures of a number of different ACP-
desaturase enzymes as a basis for site directed mutagenesis experiments in order to
study the product specificity of these enzymes. By creating chimeric proteins of the
A®-16:0-ACP desaturase and the A%-18:0-ACP desaturase; a A®-16:0-ACP chimeric
mutant was created which displayed A® and A® desaturase activities towards both
16:0-ACP and 18:0-ACP (Cahoon et al. 1997). This led to the identification of a
group of 29 amino acids (residues 178 - 207 in stearyl acp desaturase corresponding
to residues 226 - 256 in MmoX) which contained determinants of both chain length
and double bond position specificity. The authors then used this knowledge as the
basis for the rational design of a L118F/P1791 A®-18:0-ACP desaturase double
mutant with a 15-fold increase in specific activity towards 16:0-ACP. The creation of
a triple mutant of A%-18:0-ACP desaturase designed to study the determination of
regioselectivity of a A*16:0-ACP desaturase produced a mutant which retained
activity towards A%-18:0-ACP desaturation activity however the products were further
metabolized to the corresponding trans-allylic alcohol and a conjugated linolenic acid
isomer (Whittle ef al. 2008). In both these studies, the alteration of the substrate
binding site and in particular of a bend in the active site has led to the greatest
change in regioselectivity suggesting that this structural feature is key in the

regioselectivity of this enzyme.
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2.3 Template preparation and amplification conditions for PCR

2.3.1) Culture template preparation

This is a method of extracting DNA from a culture of bacterial cells for use as a
template for PCR amplification. An Eppendorf tube containing 1 - 1.5 ml liquid culture
was centrifuged for 1 min at maximum speed in a benchtop centrifuge to pellet the
cells. The pellet was washed once with 50 pl sdH,0, centrifuged for 1 min and
resuspended in 30 pl sdH,0. The cell suspension was boiled at 100 °C for 10 min
then centrifuged for 10 min at maximum speed and 1 - 5 ul of the resulting

supernatant was used as the DNA-containing template for PCR.
2.3.2) Colony template preparation

A small amount of cell biomass was removed from a colony of E. coli using a sterile

toothpick, resuspended in 20 pl sdH,0 and used as DNA template for PCR.

2.3.3) Genomic DNA isolation using Qiagen genomic tip kit

An Eppendorf tube containing 1 ml liquid culture (ODggo: 0.5 - 1) was centrifuged at
5000 x g for 5 min to pellet cells. The pellet was resuspended in 1 ml buffer B1 by
vortexing and 20 pl lysozyme (100 mg ml™") and 45 pl Proteinase K (20 mg mI™)
added. The reaction mix was incubated at 37 °C for 30 min, 0.35 ml buffer B2 added
and the mixture was incubated at 50 °C for 30 min. A genomic tip 20 column was
equilibrated with 2 ml QBT buffer and allowed to flow through by gravity. The lysed
cell-containing sample was added to the column and washed with 3 x 1 ml Qiagen
QC buffer. The genomic DNA was eluted using 2 x 1 ml Qiagen QF buffer and
precipitated by adding 1.4 ml isopropanol at room temperature and centrifuged at
8000 x g for 20 min at 4 °C to pellet the DNA. The pellet was washed with 70 %
Ethanol, centrifuged at 8000 x g for 10 min at 4 °C and allowed to air dry for 10 min.
The pellet was resuspended in 50 — 100 pl 10 mM Tris-Cl, pH 8.5 and placed in
shaker at 30 °C overnight to dissolve (or 55 °C for 1 - 2 h). Buffers B1, B2, QBT, QC
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toluene oxidation was recorded but no change in regioselectivity (Tao ef al. 2004). A
further site directed mutagenesis study of this residue has highlighted a number of
mutants with both altered rates of oxidation and enantioselectivity with aromatic
sulphides as the substrate. The 1100G mutant showed a 1.7 fold increase in the rate
of oxidation of methylphenylsulfide and enantiomeric excess increased from 86% to
98% (pro S). Similarly the rate of oxidation of methyl para-tolyl sulphide by this
mutant rose 11-fold compared to the wild type and an increase in enantiomeric
excess from 41% pro-R to 77% pro-S was observed. These results coupled with in-
silico homolology modelling of T4AMO and toluene ortho-monooxygenase have led to
the 1100 residue in T4MO being implicated not only in controlling access to the active
site but also influencing the orientation of substrate within the active site (Feingersch
et al. 2008).

3.2.3) Mutagenesis studies of lie 100 from toluene/o-xylene

monooxygenase

Mutation studies of the equivalent residue in toluene/o-xylene monooxygenase of
Pseudomonas sp strain OX1 (ToMO) have shown that the lle 100 residue of this
enzyme has an important role in both rate and regioselectivity of aromatic substrate
oxidation. The oxidation of toluene and naphthalene by an 1100A mutant of ToMO
showed reduced oxidation rates and relaxed regioselectivity with both these
substrates (Notomista ef al. 2009). A change in the predominant product of phenol
hydroxylation from catechol to hydroquinone (i.e. a shift in regioselectivity from the 2-
to 4-position) in the 1100Q mutant of TOMO also indicates that the equivalent site to
Leu 110 may have a role in determining regioselectivity as well as substrate access
(Vardar and Wood, 2004).
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3.2.4) Comparison to butane monooxygenase

The equivalent residue to Leu 110 of sMMO is also a Leucine, Leu 107 in BMO of
Thauera butanivorans (formerly Pseudomonas butanovora). Results from
mutagenesis studies of the nearby Gly 113 have shown an important role for this
residue in determining regioselectivity of this enzyme in the oxidation of short chain
alkanes and chloroethylene derivatives which could be explained by a

conformational change within the active site (Halsey et al. 2006).

mmoX 97 PRWGETMKVISNFLEVGEYNAIAASAMLWDSATAAEQKNGYLAQVLDEIR 146
touA 87 PGWVSTMQLHFGAIALEEYAASTAEARMARFAKAPGNRNMATFGMMDENR 136
tmoA 87 PGWISTLKSHYGAIAVGEYAAVTGEGRMARFSKAPGNRNMATFGMMDELR 136

Fig. 3.2) Partial protein sequence alignment of hydroxylase a-subunit of sSMMO (mmoX),
toluene/o-xylene monooxygenase (touA), toulene 4-monooxygenase (tmoA), butane
monooxygenase (bmoX) and toluene ortho-monooxygenase (tomA3). Leu 110 (mmoX) and
analogous residues are highlighted vellow.
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3.3 Site directed mutagenesis studies of Leu 110 in sMMO

In order to probe the role of Leu 110 in sMMO, a number of mutants with varying
sized side chains were created by Dr Elena Borodina (University of Warwick) to
study the effects this has on entry of larger substrates into the active site. Several
mutants at position 110 in the a-subunit of the hydroxylase have been analysed
using bulky aromatic substrates in order to evaluate the role of this residue in the
sMMO system and to compare its function to that of the equivalent residues in the
aromatic monooxygenases. These mutants have also been screened for triaromatic
oxidation activity using the triaromatic compounds phenanthrene and anthracene,
which are not oxidized by the wild type enzyme (Jenkins ef al. 1994). Since wild type
sMMO can accommodate the large diaromatic compound naphthalene, it was
hypothesised that the mutations of Leu 110 to smaller residues Cys and Gly may
allow access of these larger substrates to the active site. Conversely mutations to

arginine and tyrosine at this position might reduce the substrate range of the enzyme.

3.3.1) Mutagenesis of leucine gate residue produced mutants that gave an

unusual naphthalene oxidation test result

A number of mutants of the proposed gating residue Leu 110 were created with
varying sized side chains, in order to probe how the size of the amino acid at this
position affected the functionality of the enzyme. Four mutants L110G, L110C,
L110R and L110Y were created, confirmed by DNA sequencing and expressed in
the Ms. trichosporium SMDM homologous expression system as described in the
Materials and Methods chapter using pTJS175 as the expression vector. When the
four mutant strains were grown in liquid culture at a low copper-to-biomass ratio to
induce expression of sMMO, all four gave positive naphthalene tests. This confirmed
that all the mutant clones produced mutant enzymes that were active with
naphthalene as the substrate. Observations of the purple diazo dye product formed
with a positive naphthalene test differed between the four mutants. The L110G and
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3.3.3) The L110 mutants showed a relaxed regioselectivity and generated
novel products with substituted monoaromatic substrates and biphenyl

Oxidation assays with a number of aromatic substrates were carried out over a 48 h
period and analysed using GC and GC-MS as described in the Materials and
Methods chapter. With the monoaromatic substrate toluene, the wild-type sMMO
exhibits a mixture of side-chain hydroxylation and ring hydroxylation at the p-position,
with ring hydroxylation predominating. When Leu 110 was mutated to the larger
arginine and tyrosine residues, ring hydroxylation at the p-position predominated (as
with wild type sMMO) with p-cresol being detected as the major oxidation product.
However when Leu 110 was replaced by the smaller glycine and cysteine residues a
shift in regioselectivity towards side-chain oxidation was observed with benzyl
alcohol being detected as the major oxidation product. All the mutants at position
110 showed relaxed regioselectivity (Table 3.1), with the appearance of significant
amounts of m-cresol, which is not seen with the wild-type. The activity of all the

mutants was less than that of the wild type enzyme.

Enzyme Products (molar %) Molar ratio Relative
aromatic: total
Benzyl m-cresol p-cresol benzylic activity
alcohol hydroxylation  (%)?
CH,OH S :
OH OH
Wild-type 36.5+8.7° 0.0 63.5+8.7 1.7 100
L110G 53.7+125 146+ 6.7 31.7+£97 0.86 12
L110C 59.4 + 12.1 11.2+£7.7 294+54 0.68 7.4
L110Y 34.9+8.2 178174 47.3+0.8 1.9 2.8
L110R 28.0+6.5 14.0 £ 3.1 58.0+9.7 26 25

Table 3.1: Products of toluene oxidation by Leu 110 mutants showing percentage product distribution,
relative total activity and ring:side chain hydroxylation ratio.  Relative total activities with toluene as
the substrate, which were corrected for differences in culture ODgq, are given as percentages of the
increase in total product concentration with wild-type Ms. trichosporium OB3b, which was 12 pM h™'.°
Data are derived from three separate experiments from a single batch of drop frozen cells for each

mutant and are shown in the form mean + SD
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When ethylbenzene was the substrate, the wild type enzyme showed predominantly
side chain hydroxylation with 1-phenylethanol being the major oxidation product. All
the mutants showed a very large shift from sidechain to ring hydroxylation and at
least one new product (2-ethylphenol) was observed with each mutant (Table 3.2,
Fig. 3.6). In these experiments 3-ethylphenol and 4-ethylphenol were not resolved
and so it is not clear whether the product 3-ethylphenol was produced. However the
use of single ion recognition to scan for the mass ion 122 (the mass of hydroxylated
ethyl benzene) showed a shoulder peak with the arginine mutant which correlated to
the retention time of a standard of 3-ethylphenol suggesting this as another possible
novel oxidation product. No 2-phenylethanol or dihydroxylated products were

detected with either the wild type enzyme or any of the mutants.

Enzyme Products (molar %) Molar ratio Relative
aromatic: total
1-phenyl- 2-ethyl- 3-ethyl- 4-ethyl-  sidechain activity
ethanol phenol phenol phenol (%)®
hydroxylation
HO
OH OH
Wild- 954+14 0.0 46+14° 0.048 100
type b
L110G 92+31 | 8.8+04 82.1+27 9.9 32
L110C 236+6.2 | 3.1+2.1 73.3%4.4 3.2 48
L110Y 40.2 + 3.1%£0.6 56.8 + 10.0 1.5 8.7
10.5
L110R 221+16 | 1.3+0.1 766+ 1.5 3.5 63

Table 3.2: Products of ethyl benzene oxidation by Leu 110 mutants showing percentage product
distribution, relative total activity and ring : side chain hydroxylation ratio.? 3- and 4-ethyl phenol were
not resolved in these experiments and so the mol fractions stated are the sum of both.” Data are
derived from three separate experiments from a single batch of drop frozen cells for each mutant and
are shown in the form mean + SD.° Relative total activities with ethyl benzene as the substrate, which
were corrected for differences in culture ODgqq, are given as percentages of the rate of increase in
total product concentrations obtained with wild-type Ms. trichosporium OB3b, which was 0.52 pM h™.
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4.3 Oxidation of butane and naphthalene by the mutants showed no

change in reqgioselectivity or activity compared to wild type sMMO

4.3.1) Oxidation of butane by BMO inspired site directed mutants

Butane oxidation assays were carried out using soluble extract to ensure that no
particulate MMO was acting on the butane. Assays were carried out for 1 min, 5 min
and 10 min for both wild-type OB3b and the C151T mutant. Analysis of M184V with
the substrate butane was not possible due to the instability of the M184V mutant in
soluble extract preparations. The primary products of butane oxidation are 1-butanol
and 2-butanol, with butyraldehyde and 2-butanone as other possible products. The
specific activities were quantified by using 1-propanol (2 pmol) as an internal
standard. As products were detectable after 1 min this was the time chosen to
ensure the specific activity was measured when the enzyme was at it most active.
For both the wild type sMMO and the C151T mutant, hydroxylation of butane was
observed only at the terminal carbon since 1-butanol was the only product detected.
An extra peak was observed at ~10.6 min that was not seen in either the soluble
extract with no substrate negative control or the control with only substrate and
MOPS buffer (Fig. 4.7). This extra peak is possibly due to impurities in the butane
that can be oxidized by sMMO. The specific activity of C151T against butane was 6

times less than wild type OB3b (Table 4.1).
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1-napthol (%) | 2-napthol (%) | specific activity
(nmoles/min/mg)
Wild-type |46.49+165 |53.51+165 |33.89+2.36
C151T 48.00+ 084 |52.00+0.84 |21.75+0.48
M184V 46.22 £1.77 |53.78+£1.77 |21.26+6.27

Table 4.2: Product distribution and specific activity with naphthalene as substrate. Specific activity is
expressed as nmoles per minute per mg soluble protein. Data are derived from three separate
experiments from a single batch of drop frozen cells for each mutant and are shown in the form
mean £ SD

The assays were carried out at 30 °C for 30 min using whole cells with 5 mM

formate to provide an excess of reducing equivalents for the reaction. The reaction
was started by adding two naphthalene crystals (~5 mg total) to each assay and was
stopped by plunging the tube into ice. The rate of oxidation of naphthalene was
calculated using the colorimetric method described by the Wood group (Canada et al.
2002). Upon addition of the TOD reagent in the presence of naphthol oxidation
products a diazo dye is formed (Wackett and Gibson 1982) which is measured by
detecting an increase in absorbance at 540nm using a Jenway 6715 UV/Vis
spectrophotometer and quantified by comparing against a standard curve of known
standards for 1 and 2 naphthol. The specific activity of the C151T and M184V
mutants expressed as nmole product per min per mg soluble protein (Table 4.2) are
64.1% and 62.7% that of the wild type OB3b respectively. It should be noted that
these specific activities are with respect to the formation of 1-naphthol only, because
the 1-naphthol-dye complex forms more quickly and the absorbance at 540 nm of

the diazo dye formed from this isomer is much greater than that from 2-naphthol (Fig.

4.8)
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6.2 Construction of new expression vector: pT2ML

6.2.1) Modification of pTJS140 to remove BamHI and Ndel sites

As mentioned above the pTJS175 expression system required a subcloning step into

the plasmid pTJS176. For every mutant created using the pTJS175 expression

system two cloning steps were required. By removing the BamHI and Ndel sites from

pTJS140, a new expression vector was created that allowed direct cloning into the

sMMO operon via a BamHI/Ndel cassette.

Primer Sequence 5'-3’ Description

TN140p1 | CAC GCG AGG AAC TAT GAC GAC CAA GAA GC Upstream external primer

TN140p2 | GTACTT CTC CCA GAT GAATTITCGT GTAG Reverse/complement of
primer 3 below.

TN140p3 | TAC ACG AAATTC ATC TGG GAG AAG TAC Mutagenic primer to
remove Ndel, remnant of
Ndel site underlined;
mutation double underlined

TN140p4 | G TCG ACT CTA GAG GAC CCC CGG GTA CCG AG | Xbal site underlined;

mutation double
underlined. Asp codon
shown in bold '

Table 6.1: Sequences of primers used for removal of an Ndel restriction site and one BamHI restriction site

by 4 primer overlap PCR from plasmid pTJS140

6.2.2) Removal of Ndel and first BamH| site from pTJS175

The first stage in the creation of the new expression vector is to modify the broad

host range expression vector pTJS140 by removing the Ndel site and the nearby

BamHl site to create plasmid pTN1. A four primer overlap extension PCR method as

described in the Materials and Methods chapter (see section 2.3.5) was used to

remove the Ndel and one of the BamHI| sites using the primers in Table 6.1. The
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removal of the Ndel site was done by making a silent change with respect to the
encoded amino acids and the alternative lle codon is the most abundant in both E.
coli and Ms. trichosporium genes. The removal of the BamHI site is also a silent
change and the Asp codon the most abundant in both E. coli and Ms. trichosporium
(Table 6.1). These sites are contained within the lacZ and {rfA essential replication
protein and by making silent changes a stable working plasmid vector with a
functional lacZ gene for blue/white selection was maintained (Fig. 6.1, Table 6.1).
The two primary PCR products were 649 bp (TN140p1/TN140p2 upstream fragment)
and 913 bp (TN140p3/TN140p4 downstream fragment) and these upstream and
downstream fragments were used to create-the 1534 bp combinatorial PCR product
using primers TN140p1 and TN140p4 (Fig. 6.2). The 1534 bp fragment was digested
with Sfil and Xbal, to give a 1447 bp fragment that was purified from a 1% agarose
gel using the Qiagen gel extraction kit. In parallel, the pTJS140 vector was also
digested with Sfil and Xbal and the larger fragment was purified from a 1% agarose
gel before being treated with alkaline phosphatase. The 1447 bp insert and
phosphatase treated vector were ligated using T4 DNA ligase and transformed into
chemically competent E. coli XL.1 and grown on LB agar plates containing 100 ug/ml
ampicillin. Transformant colonies containing the putative progeny plasmid were
grown overnight in LB containing ampicillin and the plasmid isolated using the

Qiagen miniprep Kkit.

The new plasmid (pTN1) was identified on the basis that it only cut once when
digested with BamHI (confirming removal of 1 x BamHl| site) and by no cutting when

digested with Ndel. The plasmid was also double digested with Sfil and Xbal to
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6.3 Assessing the efficiency of pT2NML

6.3.1) Expression of recombinant wild-type sMMO in pT2ML

To assess the efficiency of the new expression system, a recombinant "wild type"
was created that would restore wild type activity to the sMMO negative expression
host using the new expression system. This plasmid designated pT2ML.WT1A was
compared against wild type Ms. frichosporium OB3b to analyse the efficiency of the
expression system. The WT1A plasmid was created by amplification of a 1.6 kb
fragment from the sMMO operon by PCR using pTJS176 as the template and

primers P1 and P4 which flank the BamHI/Ndel exchangeable cassette (Table 6.2).

Primer Sequence 5°-3° Location

primer P1 ATTCGAGCTCAAACGTTCGAAC upstream of Ndel site

primer P4 GGGCTCTCGACGCCATATTITG downstream of BamHI site

Table 6.2) Sequence of primers used for screening of transformant colonies by colony
template PCR

The PCR product was purified, digested with BamHI and Ndel and ligated into the
pT2ML expression vector using the same enzymes. The ligation reaction mixture
was transformed into chemical competent E. coli XL1 and transformant colonies
were screened using colony PCR with the P1and P4 primers as described in the
Materials and Methods chapter. Potential successful transformations were identified
by a ~1.6 kb PCR product (Fig. 6.6). Any colonies containing pT2ML plasmid without
insert were identified by a ~1.1 kb PCR product and were discarded as were any
colonies failing to give a PCR product. Potential pT2ML.WT1 containing colonies
were incubated overnight in liquid LB broth containing ampicillin and plasmids were
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Methanol dehydrogenase is not the only enzyme in the metabolic pathway that could
alter the product distribution in reactions initiated by the action of sMMO. A general
aldehyde dehydrogenase has been described in Ms. frichosporium OB3b capable of
further oxidizing the primary oxidation products (Patel ef al. 1980). A secondary
alcohol specific dehydrogenase has also been described within Ms. trichosporium
which may also act upon the oxidation products of various substrates tested in this
work (Hou et al. 1979, 1981). In particular this secondary alcohol dehydrogenase
has been shown to have a high activity towards 2-butanol which may be one of the
factors why this oxidation product was not detected by either the wild type or any of
the mutants. These enzymes are soluble and therefore are also expected to be
present within the soluble extract used for the assays; hence, the only way

completely to exclude their action would be to use purified sMMO protein.

In light of the presence other enzymes, every effort was taken to make assay times
as short as possible to get the most accurate data and to minimize the effects of
other enzymes upon the assays. Since a large concentration of NADH or formate is
added at the start of the reaction, during the initial phase of the reaction there is an
excess of reducing equivalents which presumably favour the action of the
monooxygenase (which require reducing equivalents). However as the reducing
equivalents get used up there will be an increase in oxidized cofactors required by
the other enzymes such as methanol dehydrogenase. The data from the longer
assay times are still valid as long as comparison of mutants and wild type enzymes

are carried out over the same time period and the possibility of further oxidation of
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Mutagenesis of the “Leucine Gate”

To Explore the Basis of Catalytic

Versatility in Soluble Methane Monooxygenase”
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Soluble methane monooxygenase (sMMO) from methane-oxidizing bacteria is a multicomponent nonheme
oxygenase that naturally oxidizes methane to methanol and can also cooxidize a wide range of adventitious
substrates, including mono- and diaromatic hydrocarbons. Leucine 110, at the mouth of the active site in the
« subunit of the hydroxylase component of sMMO, has been suggested to act as a gate to control the access
of substrates to the active site. Previous crystallography of the wild-type sMMO has indicated at least two
conformations of the enzyme that have the “leucine gate” open to different extents, and mutagenesis of
homologous enzymes has indicated a role for this residue in the control of substrate range and regioselectivity
with aromatic substrates. By further refinement of the system for homologous expression of sMMO that we
developed previously, we have been able to prepare a range of site-directed mutations at position 110 in the «
subunit of sSMMO. All the mutants (with Gly, Cys, Arg, and Tyr, respectively, at this position) showed
relaxations of regioselectivity compared to the wild type with monoaromatic substrates and biphenyl, including
the appearance of new products arising from hydroxylation at the 2- and 3- positions on the benzene ring.
Mutants with the larger Arg and Trp residues at position 110 also showed shifts in regioselectivity during
naphthalene hydroxylation from the 2- to the 1- position. No evidence that mutagenesis of Leu 110 could allow
very large substrates to enter the active site was found, however, since the mutants (like the wild type) were
inactive toward the triaromatic hydrocarbons anthracene and phenanthrene. Thus, our results indicate that
the “leucine gate” in sMMO is more important in controlling the precision of regioselcctivity than the sizes of

substrates that can enter the active site.

Soluble methane monooxygenase (SMMO) is one of two
enzyme systems via which methane-oxidizing bacteria catalyze
the oxygenation of methane to methanol, which is the partic-
ularly challenging first step in the metabolism of the kinetically
unreactive methane molecule (28). sMMO is a multicompo-
nent enzyme encoded by the six-gene operon mmoXYBZDC,
in which the active binuclear iron center (8, 45) that is the site
of methane oxidation resides within the o« subunit of the hy-
droxylase component, encoded by mmoX (5). It may be be-
cause methane is a small and unfunctionalized substrate that
the hydrophobic pocket on the hydroxylase component of
sMMO that has evolved to bind methane is also able to ac-
commodate a very wide range of hydrocarbons and other mol-
ecules. Indeed, sMMO, whose known substrates number over
100, range in size from methane to naphthalene (2) and biphe-
nyl (23), and also include carbon monoxide and ammonia (37),
must surely be among the most catalytically versatile of all
known enzymes.

The unusual catalytic versatility of sMMO has led to interest
in its potential as a biocatalyst for bioremediation and synthetic
chemistry as well as an interest in how the structure of the
enzyme facilitates so wide a substrate range. The hydrophobic
substrate binding site of SMMO, which is believed to be re-

* Corresponding author. Mailing address: Biomedical Research
Centre, Sheflield Hallam University, Howard Strect, Sheffield S1 1WB,
United Kingdom. Phone: 44 114 225 3042. Fax: 44 114 225 3066.
E-mail: t.jsmith@shu.ac.uk.
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sponsible for binding its wide range of substrates, is adjacent to
the active binuclear iron center and is deeply buried in the
250-kDa (apy), hydroxylase component (9, 12, 31), presum-
ably to prevent the solvent from quenching the highly oxidizing
diferryl intermediate Q (22, 33, 35) that is needed to oxygenate
methane and other recalcitrant substrates. Access to the active
site is likely to be via another hydrophobic pocket, cavity two,
which is part of a chain of buried cavities that communicate
between the active site and the solvent. Between cavity two and
the active site lies the “leucine gate,” residue Leu 110. Differ-
ent crystal forms of the hydroxylase differ in the conformation
of Leu 110, such that in the crystal state it can either block the
pathway between cavity two and the active site or (in the
alternative conformation) open a 2.6-A-diameter channel be-
tween the two cavities. A larger conformational change, such
as may be caused by interaction with the other components of
the sMMO complex, could open this “leucine gate” further to
allow passage of substrates and products (30), reasonably act-
ing to control the access of substrates to the active site.

Other monooxygenases homologous to sSMMO, which natu-
rally oxidize molecules considerably larger than methane, have
narrower substrate ranges than sMMO (21). There is an X-ray
crystal structure for one of these enzymes, toluene o-xylene
monooxygenase, in which the opening to the active site is wider
than that observed in sSMMO (33). While a more open active
site is consistent with the larger natural substrate of this en-
zyme, it is clear that the active site of sSMMO can open suffi-
ciently to allow entry of aromatic substrates.

Mutagenesis studies of homologous monooxygenases whose
natural substrates are monoaromatic hydrocarbons have indi-
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TABLE 1. Plasmids and M. trichosporium strains

Plasmid or strain Description Source or reference
Plasmids

p34S-Gm Broad-host-range TnMod-derived plasposon, 3.6 kb; Ap" Gm" 7

pBBRIMCSS Broad-host-range cloning vector, 4.8 kb; Gm" Mob™* lacZ’ 20

pBBRIMCS5b Broad-host-range cloning vector, 4.3 kb; Gm™ Mob™ lacZ' This study

pK18mobsacB Mobilizable plasmid with narrow-host-range (pUC18-derived) replicon, 3.8 kb; 34
oriT Km* lacZ' sacB

pUC19 Cloning vector, 2.7 kb; Ap® lacZ’ 43

pMD2 10-kb Kpnl insert of pTIS176, containing mmoRGXYBZDC, cloned into This study
pBBRIMCSS5b; Gm*

pMD-Mdell pUCI19 containing a 2.2-kb fragment spanning mmoG of M. trichosporium and a This study
1.2-kb fragment containing 'mmoC; Ap*

pMD-Mdel2 pMD-Mdellwith the 0.87-kb Gm" cassette of p34S-Gm cloned into the BamHI site This study
between mmoG and ‘mmoC; Gm™ Ap”

pMD-Mdel3 pK18mobsacB containing the 4.3-kb mmoG-Gm'-'mmoC fragment from This study
pMD-Mdel2; Gm" Kn*

pNPB101 PUCI1S8 carrying the 1.0-kb Xbal-Ndel fragment of pSIH1a, including mmoX’ This study

pTiS140 Broad host-range cloning vector, 7.5 kb; Mob™ Ap® Sp* Sm' lacZ’ 38

pTIS175 10-kb Kpnl insert of pTJS173 cloned into pTJIS140 in the same direction as lacZ'; 38
Ap" Sp' Sm*

pTIS176 10-kb Kpnl inscrt of pTJS173 cloned into pMTL24; Ap* 38

M. trichosporium strains

OB3b Wild-type, sMMO-positive strain Laboratory stock
Mutant F Kn"; sMMO-minus double crossover mutant of OB3b partially deleted in mmoX 26
SMDM Gm’; sSMMO-minus double crossover mutant of OB3b deleted in mmoXYBZD and This study
the first 3 codons of mmoC
SMDM-sMMO SMDM into which pTJS175 had been introduced by means of conjugation This study

cated that the position equivalent to Leu 110 is indeed im-
portant in the interaction between these enzymes and their
substrates. In a directed evolution study of toluene 2-mono-
oxygenase of Burkholderia cepacia G4 (4), a Val-to-Ala muta-
tion at position 106, equivalent to Leu 110 in SMMO, gave
increased naphthalene and phenanthrene oxidation but no
change in regioselectivity with naphthalene. Both the mutant
and the wild type gave 1-naphthol as the predominant product.
This was consistent with the proposed gating role of this resi-
due, i.e., the mutation affected the rates of oxidation of large
substrates but did not greatly affect regioselectivity. Similar
results were found in a saturation mutagenesis study of toluene
4-monooxygenase, where the V100L mutant showed a twofold
increase in the rate of oxidation of 2-methoxyphenol; here, a
modest loss of regiospecificity was observed, but the mutant
(like the wild type) gave 3-methoxyresorcinol as the major
product (41). A reduction in the rate of oxindole formation
from indole by the Ala, Cys, and Val mutations of the equiv-
alent Ile 100 residue in toluene 4-monooxygenase (40) was also
consistent with such a function, although a change in the pre-
dominant product of phenol hydroxylation from catechol to
hydroquinone (i.e., a shift in regioselectivity from the 2- to the
4- position) in the 1100Q mutant of toluene o-xylene monoox-
ygenase (42) indicates that the site equivalent to Leu 110 may
have a role in determining regioselectivity as well as substrate
access. Results from mutagenesis of the nearby site Gly 113 in
soluble butane monooxygenase have also suggested that a con-
formational change involving the “leucine gate” (Leu 109 in
this enzyme) may be necessary for product release from the
active site, since the G113N mutant showed a reduced inhibi-
tion by nascent methano! produced by oxidation of methane

(13).

In order to probe the role of Leu 110 in sMMO, we here
report further refinements in the homologous expression sys-
tem for sSMMO that we previously developed (25, 38) in order
to overcome problems associated with expression of the en-
zyme in Escherichia coli. Several mutations at position 110 in
the o subunit of the hydroxylase have been analyzed using
bulky aromatic substrates in order to evaluate the role of
this residue in the sMMO system and to compare its func-
tion to that of the equivalent residues in the aromatic mo-
nooxygenases.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Details of plasmids and
methanotroph strains used during this study are given in Table 1. Plasmid
construction and site-directed mutagencsis were accomplished using E. coli
strains INVoF', TOP10 (Invitrogen), and XL-10 GOLD (Stratagene). The donor
strain for conjugation of plasmids into Methylosinus trichosporium was E. coli
$17-1 (36). E. coli strains were cultivated at 37°C in LB medium or on LB agar
plates. Strains of M. trichosporium were cultivated at 30°C on nitrate mineral salts
(NMS) agar plates and in NMS medium in flask and fermentor culture, using
methane as the carbon and energy source, as described previously (38). As
previously described, cells were cultivated in a fermentor in NMS medium
containing 0.1 mg liter™! (0.4 M) of CuSO, - SH,0 and induction of sSMMO
occurred when the culture optical density at 600 nm (ODyy) exceeded about 5.0,
when the copper-to-biomass ratio became low enough to induce SMMO genes.
Where necessary, antibiotics were added to culture media at the following work-
ing concentrations: ampicillin, 50 to 100 g ml™"; gentamicin, § pg ml~}; kana-
myein, 50 pg ml™!.

General DNA methods. General methods for DNA purification and analysis
and cloning with E. coli were performed according to Sambrook ct al. (32).
Where necessary, to facilitate difficult plasmid manipulations, commercially pre-
pared competent E. coli cells (TOP10 [Iavitrogen] or Solo Pack GOLD [Strat-
agene]) were used. DNA probes were labeled by random priming (10, 11) using
hexanucleotide primers and deoxynucleoside triphosphates from Roche accord-
ing to the manufacturer’s instructions. An agarosc gel-purificd DNA fragment
(25 to 50 ng) was labeled with [a-**P]JdGTP (50 wCi) for 1 h at 37°C with Klenow
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polymerase (Invitrogen). The unincorporated label was removed using Micro-
Spin columns (Amersham Pharmacia Biotech), The probes were denatured by
the addition of NaOH to a final concentration of 0.4 M and incubated for 2 min
at room temperature before being added to the hybridization solution.

Construction of plasmids. In order to allow subsequent manipulations of the
sMMO operon by using BamHI, the BamHI site was deleted from the vector
pBBRIMCS-5 (20) by removing the fragment of the multiple cloning site that
contained it with Clal and BstBI and religating the plasmid backbone via the
compatible cohesive ends thus produced, giving the vector pBBRIMCS-5b. The
10-kb fragment containing the mmoXYBZDC operon from M. trichosporiun
OB3b and flanking scquences was cxcised from pTIS176 (38) with Kpnl and
cloned into the unique Kpnl site of pBBRIMCS-5b, giving plasmid pMD2. To
direct deletion of the chromosomal copy of the sSMMO-encoding operon, the
plasmid pMD-Mdecl3 was then constructed as detailed in Fig. 1.

Site-directed mutagenesis and preparation of cells expressing the mutant
enzymes. Sitc-directed mutagenesis of the nnmoX gene, encoding the « subunit of
the sSMMO hydroxylase, was performed via the four-primer overlap extension
method (15) as described previously (38). Primers used for mutagencsis are given
in Table 2. Dyc termination scquencing was used to confirm the absence of
unwantcd mutations from PCR-derived portions of the cloned mutant sSMMO
genes. The mutant mmoX gencs, assembled into an intact mmoXYBZDC operon
in the sMMO cxpression plasmid pTJS175 (38), were introduced into M. tricho-
sporium SMDM by conjugation (25, 38). The recombinant sSMMO strains were
initially grown on NMS plates containing antibiotics (gentamicin and kanamycin)
and screened for sMMO activity by using the naphthalene oxidation test (1, 2).
Cells for more-detailed analysis were prepared by growing the recombinant M.
trichosporium cells in a fermentor (o an ODyqp greater than 5 in order to induce
mutant enzyme expression from the native SMMO promoter in pTIS175, which
is induced by low copper-to-biomass ratio in the culture.

sMMO assays. sSMMO is the only enzyme system expressed in M. trichospo-
rium that is able to oxygenate aromatic hydrocarbon substrates. As a result,
assays with these substrates can be performed using whole-sMMO-cxpressing
cells. The semiquantitative naphthalenc oxidation test, which is based on the
derivatization of the naphthol products of naphthalenc oxidation to pink/purple
diazo dyes, was performed on cultures in liquid medium and on agar plates as
described previously (1, 2). After oxidation of aromatic hydrocarbons by cells
expressing mutant or wild-type sSMMO, product analysis was performed as fol-
lows. Methanotroph cells were resuspended in 25 mM MOPS (morpholinepro-
panesulfonic acid) buffer (pH 7.0) to an OD,y, of greater than 5. Each assay was
conducted with 5 ml of cell suspension or 10 ml where biphenyl was the substrate,
Oxidation substratc was addcd, together with sodium formate (10 mM), to
cnsure a plentiful supply of the reducing equivalents requircd by sMMO. The
amounts of oxidation substrate used were 50 ul for liquid substrates (toluenc or
ethylbenzene) and 1 mg for solid substrates (naphthalene, biphenyl, phenan-
threne, or anthracenc). The reaction mixture was incubated acrobically at 30°C
for 48 h with shaking (250 rpm) in a closcd 30-ml glass vial held in a horizontal
position. The hydroxylated products were extracted into 1.0 ml of dicthyl ether,
which was then evaporated to a volume of 50 pi before analysis. The products of
toluene and bipheny! oxidation were characterized by means of gas chromatog-
raphy (GC), using a 6890 GC apparatus (Hewlett-Packard) fitted with a Stabil-
wax capillary column with a Carbowax polycthylene glycol coating (50 m by 0.32
mm; coating thickness, 1 um) and coupled to a flame ionization detector. The
column temperature at the beginning of the separation was held at 100°C for 5
min, after which it was ramped to 180°C at 2°C min~! and held for 15 min at
180°C. The flow rate of carrier gas (nitrogen) was 1.5 ml min™!, and the split
ratio was 10:1. When the substrate was naphthalene or cthylbenzene, products
were analyzed via GC-mass spectrometry (MS) using a 5890 GC (Hewlett-
Packard) coupled to a Trio-1 MS. Here, the GC was fitted with a Hewlctt-
Packard HP-5 column with a (5% phenyl) methyl polysiloxane coating (50 m by
0.32 mm,; coating thickness, 0.25 pm) and opcrated with a carrier gas (nitrogen)
flow rate of 1.5 m! min™". With ethyl benzene as the substrate, the split ratio was
3011 and the column temperature was ramped from 80°C to 250°C at 4°C min™!
and held for 1 min at 250°C. When naphthalenc was the substrate, the separa-
tions were carried out without a split and the column temperature was ramped
from 80°C to 126°C at 10°C min~", from 126°C to 129°C at 0.1°C min~!, and then
from 129°C to 250°C at 10°C min~!, When biphenyl was the substrate, the
products were separated via a PerkinElmer autosystem GC using the Hewlett-
Packard HP-5 column (details described above) coupled to a flame ionization
detector. The separations were carricd out without a split. The carrier gas
(nitrogen) flow rate was 1 ml min™!, and the column temperature was ramped
from 90°C to 190°C at 5°C min™', held at 190°C for | min, and then ramped to
280°C at 10°C min™". Products were identified by comparison of retention times
and mass spectra to authentic standards.
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RESULTS

Construction of a new sMMO-deleted methanotroph ex-
pression host for recombinant SMMO enzymes. Previous mu-
tants of the hydroxylase component of sSMMO were expressed
in the sSMMO-negative mutant of M. trichosporium known as
mutant F (38). The chromosomal copy of the sMMO operon in
mutant F (26) has a deletion of a 1.2-kb fragment that encom-
passes the portion of mmoX coding for amino acids Val 112-
Thr 508. This limits the region of the sMMO operon that can
be mutated to the portion of mmoX (encoding the « subunit of
the hydroxylase) that is deleted from mutant F, because mu-
tations outside this region could be repaired by homologous
recombination between the plasmid carrying the mutant
sMMO operon and the remainder of the chromosomal copy.
The mutagenesis target during this study, the portion encoding
Leu 110, lies just outside this region, so it was in principle
possible that mutations could be repaired by homologous re-
combination with the chromosome. Furthermore, for future
studies we wished to produce an expression host for recombi-
nant SMMO that would allow mutagenesis anywhere within the
hydroxylase component (encoded by mmoX, -Y, and -Z). The
new expression host, M. trichosporium SMDM (for soluble-
methane-monooxygenase-deleted mutant), in which the first
five genes of the sMMO operon (rmmoXYBZD, including all
the structural genes for the hydroxylase and protein B) had
been fully deleted by marker exchange mutagenesis, was there-
fore constructed (Fig. 1). The deletion of the intended portion
of the sSMMO-encoding operon and double recombination into
the chromosome were confirmed by restriction digestion of
chromosomal DNA and digestion with Clal and Sphl, followed
by Southern blotting and probing with probes specific to
mmoR, mmoX, and mmoY (data not shown). Strain SMDM
exhibited the expected sSMMO-negative phenotype, as judged
by a negative naphthalene oxidation test result under low-
copper conditions, which induced sMMO expression and un-
der which a parallel control with wild-type M. trichosporium
OB3b showed strong naphthalene oxidation activity.

The suitability of strain SMDM as a host for expression of
recombinant sMMOs was established by introducing pTIS175,
containing the wild-type sMMO operon, into SMDM to give
strain SMDM-sMMO (Table 1). Growth on NMS agar me-
dium containing a low level of copper(IT) (0.4 uM) to induce
sMMO yielded colonies that gave strong positive results in the
naphthalene oxidation test, confirming the expression of the
recombinant sSMMO.

Mutagenesis of the leucine gate residue produced mutants
that gave unusual naphthalene oxidation test results. Four
mutants of the proposed gating residue Leu 110 that gave a
range of amino acid bulk and functionality results at this po-
sition were constructed. Mutations to Gly (less bulky; more
flexible), Cys (less bulky), Arg (slightly more bulky; positively
charged), and Tyr (more bulky; hydroxylated) were con-
structed, confirmed by DNA scquencing, and expressed in the
M. trichosporium SMDM homologous expression system, as
described in Materials and Methods. When the four mutant
strains were grown in liquid culture at a low copper-to-biomass
ratio, which induces expression of SMMO, all four gave posi-
tive naphthalene test results, confirming that all the mutant
clones produced mutant enzymes that were active with naph-



x
I | [ ] |

—1 el S e—-
mmoR mmoG wmmoX Y B Z D mmoC PMD?2 (vector
/ N/ pBBRIMCS5b)
Excision of mmoG with Anmplification of ‘mmoC and
Xbal and BamHI addition of BamHI site via
5’ primer
S, .
N S S
W & 3
¥ %/ &
—— p—-
mmoG ‘mmoC

Three-way ligation into pUC19

¢ &

Al
. pMD-Mdell
( mmoG. * mmoC J {vector pUC19)

l Inward cloning of 0.87-kb GmR casscite

from p34S-Gm, using BamHI

pMD-Mdel2 (vector pUC19)

Transfer of resulting insett into
pK18mobsacB using Xbal and Kpnl

pMD-Mdel3
(vector pK18mobsacB)

> 8 A 3 S
& PN P ¥
ll [~ : [ — — Fl __ Chromosomal

copy of operon
mmoR mmoG mmoX Y B Z D mmoC

Double cross-over between pMD-Mdel3
and chromosome of M. rrichosporium;
desired Gm® KnS exconjugant identified

Y
& ¢ & ¢
I | |

|
! -

mmoR mmoG Gm® ‘mmoC

Chromosome of Ms. trichosporium SMDM with mmoXYBZD deleted
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TABLE 2. Primers uscd for site-dirccted mutagenesis

Mutation Oligonucleotide sequence (5'-3')7 an!:‘i]r:(c)r:cx(clid
L110G GTG ATC TCG AAC TTC GGC Gly 110
GAG GTC GGC GAA TAT A
L110C GTG ATC TCG AAC TTC TGC Cys 110
GAG GTC GGC GAA TAT A
LI10R GTG ATC TCG AAC TTC CGC Arg 110
GAG GTC GGC GAA TAT A
L110Y GTG ATC TCG AAC TTC TAT Tyr 110

GAG GTC GGC GAATAT A

“ Mutations are shown in bold type. Codons encoding altered amino acids are
underlined. The pairs of mutagenic primers used to create each mutation were
complementary, so only the forward primer is shown.

thalene as the substrate. The L110G and L110C mutants gave
positive naphthalene test results where the purple diazo dye
product was, like that from the wild type, stable for more than
10 min. The colors produced by the L110R and L110Y mu-
tants, however, were stable for less than 1 min and appeared
pink compared to the purple seen with the wild type (data not
shown). Although we had previously observed mutants of
sMMO where the naphthalene test gave a very weak color
change, indicating a low-activity or unstable enzyme (38), this
was the first time that we had observed a mutant where the
stability (and color) of the naphthalene test result was mark-
edly changed.

The L110R and L110Y mutants of sMMO show inverted
regioselectivity with naphthalene compared to the wild type, It
was reasoned that the qualitative difference in the stabilities of
the naphthalene test colors of the mutant and wild-type en-
zymes was most likely due to an alteration in the position(s) of
oxygenation in the products of naphthalene oxidation by the
L110R and L110Y mutants. GC-MS analysis (Table 3) con-
firmed that there were significant alterations in the distribution
of monohydroxylated products from the mutant enzymes.
Whereas the wild-type enzyme and the L110C mutant gave a
slight excess of 2-naphthol over 1-naphthol, this regioselectivity
was reversed in the other three mutants, and the two mutants
that gave the unstable naphthalene test color (L110R and
L110Y) yielded the smallest relative amounts of 2-naphthol.
Other possible products, such as dihydroxylated moieties, were
not detected. A separate experiment using 10 uM solutions of

TABLE 3. Products of naphthalene oxidation by the mutants

Amt (mol%) of indicated product?

1-Naphthol 2-Naphthol
OH
Enzyme wOH

Wild type 43.0+0.4 5710+ 04
L110G 64.0 £ 0.5 36005
L110C 462 * 6.3 53.8 6.3
L110Y 748 £ 0.7 252 %07
L110R 70.6 * 6.6 294 * 6.6

“ Data are derived from three independent experiments and arc shown in the
form of means = standard deviations.
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FIG. 2. Stabilitics of the colored diazo compounds formed by re-
action of tetrazotised o-dianisidine with 1-naphthol (solid line) or
2-naphthol (dotted line).

the two isomers of naphthol and the same concentration of
tetrazotised o-dianisidine as used in the naphthalene test for
sMMO activity revealed that the diazo dye produced by
1-naphthol forms more quickly and decays more quickly than
that produced by 2-naphthol (Fig. 2). Thus, the difference in
the regioselectivity of the mutants accounts for the visual dif-
ferences in the results of their naphthalene tests.

The L110 mutants showed a relaxed regioselectivity and
generated novel products with substituted monoaromatic sub-
strates and biphenyl. With the substituted monoaromatic sub-
strates toluene and ethylbenzene, the wild-type sMMO exhibits
a mixture of side chain hydroxylation and ring hydroxylation at
the p position, with ring hydroxylation predominating with
toluene and side chain hydroxylation with ethyl benzene. With
tolucne as the substrate, all the mutations at position 110
showed relaxed regioselectivity (Table 4), with the appearance
of significant amounts of m-cresol, which is not seen with the
wild type. Interestingly, when Leu 110 was replaced by the
smaller glycyl and cysteiny! residues, with toluene as the sub-
strate, more benzyl alcohol was produced than p-cresol. When
ethylbenzene was the substrate, all the mutants showed very
large shifts from side chain to ring hydroxylation and at least

TABLE 4. Products of tolucne oxidation by the mutants

Amt (mol%) of indicated product®

Benzyl

alcohol m-Cresol p-Cresol Molar ratio  Relative
for aromatic/  total
Enzyme CH;OH benzylic  activity
hydroxylation ~ (%)"
OH OH
Wild type 36.5 = 8.7° 0.0 63.5 =87 1.7 100
L110G 53.7+125 146*67 31.7+97 0.86 12
L110C 594121 11277 29454 0.68 7.4
LI10Y 349+82 178*x74 473%08 1.9 2.8
L110R 280*65 140=x31 580%x97 2.6 2.5

“ Data arc derived from three independent experiments and are shown in the
form of means % standard deviations,

# Relative total activitics with toluenc as the substrate, which were cor-
rected for differences in culture ODg,, are given as percentages of the
increase in total product concentration with wild-type M. trichosporium
OB3b, which was 12 pM h~',
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TABLE 5. Products of cthyl benzene oxidation by the mutants
Amt (mol%) of indicated product”
1-Phenylethanol 2-Ethylphenol 3-Ethylphenol” 4-Ethylphenol” Molar ratio
Enzyme HO for aromatic/ Relative total
= OH side chain activity (%)°
hydroxylation
OH OH
Wild type 954 + 1.4 0.0 46=* 14 46+ 14 0.048 100
L110G 92 *31 88 *+04 82127 82127 9.9 32
L110C 23.6 £ 6.2 3121 733 %44 733 x44 32 48
L110Y 40.2 £ 105 3.1x06 56.8 = 10.0 56.8 = 10.0 1.5 8.7
L1I10R 221 x1.6 1301 76.6 £ 1.5 76.6 £ 1.5 3.5 63

“ Data arc derived from three independent experiments and are shown in the form of means * standard deviations.

? 3- and 4-cthylphenol were not resolved in these experiments, so the molar fractions stated are the sums of both.

 Relative total activitics with cthyl benzene as the substrate, which were corrected for differences in culture ODygy,, are given as percentages of the rate of increase
in total product concentrations obtained with wild-type M. trichosporium OB3b, which was 0.52 pM h~1,

one new product (2-ethylphenol) was observed with each mu-
tant (Table 5). 3- and 4-ethylphenol were not resolved in these
experiments, so it is not clear whether the product 3-ethylphe-
nol was produced. With biphenyl as the substrate, the wild type
produced predominantly 4-hydroxybiphenyl. Mutants with the
larger tyrosine or arginine residue at position 110 produced
substantially more 2-hydroxybiphenyl than the wild type. The
mutants with the smaller residues (glycine and cysteine) at this
position yielded the new product 3-hydroxybiphenyl (Table 6).

Neither the mutants nor the wild type oxidized triaromatic
hydrocarbons. Cells expressing wild-type sMMO and all four
mutations at position 110 were initially screened for oxidation
of the triaromatic compounds phenanthrene and anthracene in
the same manner used for the semiquantitative naphthalene
assay, by addition of tetrazotised o-dianisidine, which gave
colored diazo dyes after reaction with the hydroxylated prod-
ucts. No visible color changes were seen from the mutants or
the wild type, although a 9-phenanthrol control gave a colored
product with a detection threshold of 5 uM. GC-MS was used
to analyze the assay reaction mixtures that had been incubated
for 30°C for 48 h, as described in Materials and Methods, but
no hydroxylated products could be found from either of the
triaromatic substrates with wild-type M. trichosporium OB3b or
any of the mutant strains. Presuming that phenanthrene and
anthracene are able to diffuse into the cells, these results
strongly suggest that neither wild-type sMMO nor the mutants
are able to oxidize these bulky aromatic substrates.

TABLE 6. Products of biphenyl oxidation by the mutants

Amt (mol%) of indicated product

2-Hydroxybipheny!  3-Hydroxybiphenyl  4-Hydroxybiphenyl

Enzymc
OH
OH OH
Wild type 122 £ 3.6 0.0 87.8 £3.6
L110G 8438 130+ 1.8 78.6 2.0
L110C 11.3 4.2 203+ 35 68.3 £ 0.7
L110Y 47.2 + 0.01 0.0 52.7x0.01
L110R 59.2 £3.2 0.0 40.8 = 3.2

DISCUSSION

Further development of the expression and mutagenesis
system. Mutagenesis of the hydroxylase component of sSMMO
requires the use of an especially developed expression system
because attempts to date to obtain expression of active hydrox-
ylase in E. coli have been unsuccessful (44). Expression of
active SMMO has been reported to occur in various heterolo-
gous systems (16, 17, 24) as well as the homologous system
used here. The previous work that we performed using the
homologous expression system for sMMO, which enabled the
first mutagenesis of the active site of the enzyme (38), utilized
a homologous expression host (M. trichosporium mutant F
[26]) from which only part of the mmoX gene was deleted, thus
limiting the region of the hydroxylase that could be mu-
tagenized. The new strain developed here, M. trichosporium
SMDM, like mutant F, is a homologous expression host that
gives expression of recombinant wild-type sSMMO comparable
to that from the parental strain M. trichosporium OB3b. More-
over, strain SMDM not only allows mutagenesis anywhere
within the active site-containing « subunit, including Leu 110,
but also allows mutagenesis of all components of the sMMO-
encoding operon except the mmoC reductase, i.e., the hydrox-
ylase (mmoXYZ), protein B (mmoB), and mmoD genes, whose
product may have a role in sMMO complex assembly (27).

Regioselectivity of the wild-type sSMMO with aromatic sub-
strates. Our results with M. trichosporium expressing recombi-
nant wild-type sMMO confirmed previous results concerning
the regioselectivity of sMMO with aromatic substrates. If the
substrates are considered to be roughly rectangular, the wild-
type enzyme shows a strong preference for hydroxylation near-
est to the two short sides of the rectangle. Thus, naphthalene
gives primarily 2-naphthol, biphenyl gives predominantly 4-hy-
droxybiphenyl, and toluene and ethyl benzene undergo a mix-
ture of side chain and 4-position hydroxylation on the benzene
ring (2, 3, 14).

Mutations at Leu 110 in sMMO relax regioselectivity but do
not extend activity to triaromatic hydrocarbons. The mutant
strains showed lower rates of total product accumulation than
the wild type, ranging from 2.5 to 63% of the wild-type activ-
ities (Tables 4 and 5). Examining the data from cthyl benzene
and toluene as substrates, we did not find a clear correlation
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between the property of the amino acid and the reduction in
activity, and thesc results may also reflect differences in ex-
pression and stability between the mutants. Analysis of the
proportions of products formed from the aromatic substrates,
however, yielded information that is not biased by the level of
expression,

As detailed in the introduction, previous work on homolo-
gous monooxygenases that naturally oxidize aromatic sub-
strates has variously indicated effects of mutations at the po-
sition equivalent to Leu 110 of the hydroxylase o subunit of
sMMO on regioselectivity and substrate range. In the case of
sMMO, none of the mutants, including those with substantially
smaller residues at position 110, had measurable activity to-
ward the triaromatic substrates phenanthrene and anthracene.
However, all had substantial changes in regioselectivity, show-
ing a shift away from “terminal” oxidation of aromatic sub-
strates, with increasing proportions of 1-naphthol from naph-
thalene and 2- and 3-hydroxy products from substituted
monoaromatics and biphenyl. This result was to some extent
unexpected, since a “gating role” for Leu 110 suggested that
mutations to smaller residues would be likely to let larger
substrates into the active site. There was some correlation
between the changes in product distribution and the size of the
residue at position 110. The shift in regioselectivity of naph-
thalene oxidation was greatest in the mutants with the largest
residues (Tyr and Arg) at position 110. Conversely, the novel
product from biphenyl oxidation, 3-hydroxybiphenyl, is seen
only in the mutants with the smaller residues (Gly and Cys) at
this position. The shift from side chain to ring hydroxylation of
toluene was greatest in the mutants with smaller residues (Gly
and Cys) at position 110, and the corresponding shift in regio-
selectivity in oxygenation of ethyl benzene was almost 2 orders
of magnitude greater than that seen with any of the other
mutants. In the homologous soluble butane monooxygenase,
the mutation G113N, which is near the “leucine gate” (Leu 109
in butane monooxygenase), also led to a shift in regioselectivity
away from the ends of the substrate molecules, in this case
giving rise in the regiospecificities of oxygenation of butane
and propane from predominantly terminal to predominantly
subterminal (13).

In monooxygenases of the naphthalene dioxygenase family,
a residue at the narrowest part of the active-site pocket (Phe
352 in naphthalene dioxygenase from Pseudomonas sp. NCIB
9816-4) (18) has also been shown, via mutagenesis studies (19,
29), to influence substrate range and regiosclectivity. X-ray
crystallography of an enzyme-product complex indicated that
the product (and presumably also the substrate) contacts Phe
352 when bound in the active site (6). Unfortunately, there are
currently to our knowledge no structural data for sMMO or its
homologues complexed with aromatic substrates, but the situ-
ation with Leu 110 in these enzymes seems likely to be differ-
ent, since this residue is on the edge of the active site and less
likely to contact the substrate at the moment of oxygenation.

Our data indicate that Leu 110 is an important residue in
determining the precision of regioselectivity of sMMO with
aromatic substrates. The various mutations that we have made
at this position relax the regioselectivity for aromatic sub-
strates, which could be advantageous in activating polyaro-
matic pollutants for biological breakdown by consortia of mi-
croorganisms. While our results do not allow us to judge
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whether Leu 110 functions as a substrate gate, they strongly
suggest that Leu 110 is not the limiting factor for the size of an
aromatic substrate that can enter the active site. It may be that
the important role that Leu 110 has in determining the cata-
lytic specificity of the enzyme may be mediated via conforma-
tional changes of the type already shown to affect this residue
in various crystal forms of the enzyme (30). In the future, we
propose to undertake detailed kinetic and structural analysis of
the mutants to determine how their effect on the regioselec-
tivity of the enzyme is mediated.

ACKNOWLEDGMENTS

We are grateful to Joan Hague and Keith Richards (Sheffield Hallam
University) for advice and technical assistance with GC and GC-MS. We
thank Julic Scanlan (Warwick) for technical support.

This work was supported by the Biotechnology and Biological Sci-
ences Research Council through a research grant (reference no. BB/
C003276/1 and BB/C00339X/1) to J.CM. and T.J.S.

REFERENCES

. Bodrossy, L., J. C. Murrell, I. Dalton, M. Kalman, L. G. Puskas, and K. L.
Kovacs. 1995. Heat-tolerant methanotrophic bacteria from the hot-water
cffluent of a natural-gas field. Appl. Environ. Microbiol. 61:3549-3555.

. Brusseau, G. A, H.-C. Tsien, R. S, Hanson, and L. P. Wackett. 1990. Opti-
mization of trichlorocthylene oxidation by methanotrophs and the use of a
colorimetric assay to detect soluble methane mono-oxygenase activity. Bio-
degradation 1:19-29.

3. Burrows, K. J., A, Cornish, D. Scott, and I, J. Higgins. 1984. Substratc
specificity of the soluble and particulate methane mono-oxygenasc of Meth-
ylosinus trichosporium OB3b. J. Gen, Microbiol. 130:3327-3333.

4. Canada, K. A,, S. Iwashita, H. Shim, and T. K. Wood. 2002. Directed
evolution of toluene ortho-monooxygenase for enhanced naphthol synthesis
and chlorinated cthene degradation. J. Bacteriol. 184:344-349.

. Cardy, D. L. N,, V. Laidler, G. P. C. Salmond, and J. C. Murrell. 1991.
Molecular analysis of the methane monooxygenase (MMO) gene-cluster of
Methylosinus trichosporium OB3b. Mol. Microbiol. 5:335-342.

. Carredano, E., A. Karlsson, B. Kauppi, D. Choudhury, R. E. Parales, J. V.
Parales, K. Lee, D. T, Gibson, H. Eklund, and S. Ramaswamy. 2000, Sub-
strate binding site of naphthalene 1,2-dioxygenase: functional implications of
indole binding. J. Mol. Biol. 296:701-712.

. Dennis, J. J., and G. J. Zylstra. 1998. Plasposons: modular self-cloning
minitransposon derivatives for rapid genetic analysis of gram-negative bac-
terial genomes. Appl. Environ. Microbiol. 64:2710-2715.

8. DeWitt, J. G, J. G. Bentsen, A, C, Rosenzweig, B. Hedman, J. Green, S.
Pilkington, G. C. Papaefthymion, H. Dalton, K. O, Hodgson, and S. J.
Lippard. 1991. X-ray absorption, Mossbauer, and EPR studies of the
dinuclear iron center in the hydroxylase component of methanc monooxy-
genase. J. Am. Chem. Soc. 113:9219-9235.

9. Elango, N., R. Radmakrishnan, W. A. Froland, B. J. Wallar, C. A, Earhart,
J. D. Lipscomb, and D, H. Ohlendorf. 1997. Crystal structure of the hydrox-
ylase component of methanc monooxygenase from Methylosinus trichospo-
rium OB3b. Protein Sci. 6:556-568.

10. Feinberg, A. P., and B. Vogelstein. 1983. A technique for radiolabeling DNA
restriction endonuclease fragments to high specific activity. Anal. Biochem.
132:6-13.

11. Feinberg, A. P., and B. Vogelstein. 1984. “A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity”. Adden-
dum. Anal. Biochem. 137:266-267.

12. George, A, R, P. C. Wilkins, and H. Dalton. 1996. A computational inves-
tigation of the possible substrate binding sites in the hydroxylase of soluble
methane monooxygenase. J. Mol. Catal. B 2:103-113.

13. Halsey, K. H., L. A. Sayavedra-Sote, P. J. Bottomley, and D. J. Arp. 2006.
Site-directed amino acid substitutions in the hydroxylase subunit of butane
monooxygenase from Pseudomonas butanovora: implications for substrates
knocking at the gate. J. Bacteriol. 188:4962-4969.

14. Higgins, 1. J., D. J. Best, and R, C. Hammond. 1980. New findings in
methanc-utilizing bacteria highlight their importance in the biesphere and
their commercial potential. Naturc 286:561-564.

15. Ho, S. N., H. D, Hunt, R. M. Horton, J. K. Pullen, and R. L. I’ease, 1989.

Site-directed mutagenesis by overlap extension using the polymerase chain

reaction. Gene 77:51-59.

Jahng, D,, K. S. Kim, R. S. Hanson, and T. K. Wood. 1996. Optimization of

trichloroethylene degradation using soluble methane monooxygenase of

Methylosinus trichosporium OB3b expressed in recombinant bacteria. Bio-

technol. Bioeng. 51:349-359.

17. Jahng, D., and T. K. Wood. 1994. Trichloroctheylenc and chloroform deg-

—

[

w

>N

~

16.



VoL. 73, 2007

19.

=

20

23.

24,

28.

29,

30.

31,

radation by a recombinant pscudomonad cxpressing soluble methane mono-
oxygenase from Methylosinus trichosporium OB3b. Appl. Environ. Microbiol.
60:2473-2482.

. Kauppi, B., K. Lee, E. Carredano, R. E. Parales, D. T. Gibson, H. Eklund,

and S. Ramaswamy. 1998. Structure of an aromatic-ring-hydroxylating di-
oxygenasc-naphthalene 1,2-dioxygenase. Structure 6:571-586.

Keenan, B. G,, T. Leungsakul, B, F. Smets, and T. K. Wood. 2004, Saturation
mutagenesis of Burkholderia cepacia R34 2,4-dinitrotolucne dioxygenasc at
DntAC valine 350 for synthesizing nitrohydroquinone, methylhydroquinone,
and methoxyhydroquinone. Appl. Environ. Microbiol. 70:3222-3231.
Kovach, M. E,, P. H. Elzera, D. S. Hill, G. T. Robertson, M. A, Farrisa, R. M.
Roop, and K. M. Peterson. 1995. Four new derivatives of the broad-host-
range cloning vector pBBRIMCS, carrying different antibiotic-resistance
cassettes. Gene 166:175-176.

. Leahy, J. G,, P. ). Batchelor, and S. M. Morcomb. 2003. Evolution of the

soluble diiron monooxygenases. FEMS Microbiol. Rev. 27:449-479.

2. Lee, S.-K., J. C. Nesheim, and J. D. Lipscomb. 1993. Transicnt intcrmediates

in the methane monooxygenase catalytic cycle. J. Biol. Chem. 268:21569-
21577.

Lindner, A. S., P. Adriaens, and J. D. Semrau. 2000. Transformation of
ortho-substituted biphenyls by Methylosinus trichosporium OB3b: substituent
cffccts on oxidation kinetics and product formation. Arch. Microbiol. 174:
35-41.

Lloyd, J. S., P. De Marco, H, Dalton, and J. C. Murrell. 1999. Heterologous
expression of soluble methane monooxygenase genes in methanotrophs con-
taining only particulate methanc monooxygenase. Arch. Microbiol. 171:364-
370.

. Lloyd, J. S., R. Finch, H. Dalton, and J. C. Murrell. 1999. Homologous

cexpression of soluble methane monooxygenase gences in Methylosinus tricho-
sporium OB3b. Microbiology 145:461-470.

26. Martin, H., and J. C. Murrell. 1995, Methanec monooxygenase mutants from

Methylosinus trichosporium constructed by marker-cxchange mutagencsis.
FEMS Microbiol. Lett. 127:243-248,

. Merkx, M., and S. J. Lippard. 2002. Why OrfY? Characterization of MmoD,

a long overlooked component of the soluble methane monooxygenase from
Methylococeus capsulatus (Bath). J. Biol. Chem. 277:5858-5865.

Murrell, J. C., B. Gilbert, and 1. R, McDonald, 2000. Molecular biology and
regulation of methane monooxygenase. Arch. Microbiol. 173:325-332.
Parales, R. E,, K. Lee, S. M. Resnick, H. Jiang, D. J. Lessner, and D. T.
Gibson. 2000. Substrate specificity of naphthalene dioxygenase: effect of
specific amino acids at the active site of the enzyme. J. Bacteriol. 182:1641-
1649.

Rosenzweig, A. C., H. Brandstetter, D. A. Whittington, P, Nordlund, S. J.
Lippard, and C. A. Frederick. 1997, Crystal structure of the methane mono-
oxygenase hydroxylase from Methylococcus capsulatus (Bath): implications
for substrate gating and component interactions. Proteins 29:141-152.
Rosenzweig, A. C., C. A. Frederick, S. J. Lippard, and P, Nordlund. 1993,
Crystal structurc of a bacterial nonheme iron hydroxylase that catalyzes the
biological oxidation of methane, Nature 366:537-543.

MUTAGENESIS OF METHANE MONOOXYGENASE

32.

33.

35.

36.

37.

38.

39.

40.

41.

42,

43,

44,

45.

6467

Sambrook, J., E. F, Fritch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY.

Sazinsky, M. H,, J. Bard, A. Di Donato, and S. J. Lippard. 2004. Crystal
structure of the toluene/o-xylenc monooxygenase hydroxylasc from Pseudo-
monas stutzeri OX1. J. Biol. Chem. 279:30600-30610.

. Schiifer, A., A. Tauch, W, Jiiger, J. Kalinowski, G. Thierbach, and A. Piihler.

1994. Small mobilizable multi-purpose cloning vectors derived from the
Escherichia coli plasmids pK18 and pK19: sclection of defined deletions in
the chromosome of Corynebacterium glutamicun. Gene 145:69-73.

Shu, L., J. C. Nesheim, K. Kaufimann, E. Miinck, J. D. Lipscomb, and L.
Que. 1997. An Fe'Y,0, diamond core structure for the key intermediate Q
of methanc monooxygenase. Scicnce 275:515-517.

Simon, R., U. Priefer, and A. Piihler, 1983. A broad host range mobilization
system for in vivo genctic engincering—transposon mutagenesis in Gram-
negative bacteria. Bio/Technology 1:784~791.

Smith, T. J., and H. Dalton. 2004. Biocatalysis by mcthane monooxygenase
and its implications for the petroleum industry, p. 177-192. In R. Vazquez-
Duhalt and R. Quintero-Ramirez (ed.), Petroleum biotechnology, develop-
ments and perspectives. Elsevier, Amsterdam, The Netherlands.

Smith, T. J., S. E. Slade, N. P. Burton, J. C. Murrell, and H. Dalton. 2002.
Improved system for protein engineering of the hydroxylase component of
soluble methane monooxygenase. Appl. Environ. Microbiol. 68:5265-5273.
Stafford, G. P., J. Scanlan, 1. R. McDonald, and J. C. Murrell. 2003. rpoN,
mntoR and mmoG, genes involved in regulating the expression of soluble
methane monooxygenase in Methylosinus trichosporium OB3b. Microbiology
149:1771-1784.

Steflan, R. J., and K. R, McClay. December 2000. Preparation of enantio-
specific epoxides. International patent no. WO 00/73425.

Tao, Y., A. Fishman, W, E. Bentley, and T. K. Wood. 2004. Altering toluenc
4-monooxygenase by active-site enginecring for the synthesis of 3-methoxy-
catechol, methoxyhydroquinone, and methylhydroquinone. J. Bacteriol. 186:
4705-4713.

Vardar, G., and T. K. Wood. 2004. Protein engineering of toluenc-o-xylenc
monooxygenase from Pseudomonas stutzeri OX1 for synthesizing 4-mcthyl-
resorcinol, methythydroquinone, and pyrogallol. Appl. Environ. Microbiol.
70:3253-3262.

Vieira, J., and J. Messing. 1982. The pUC plasmids, an M13mp7-derived
system for inscrtion mutagenesis and scquencing with synthetic universal
primers. Gene 19:259-208.

West, C. A., G. P. C. Salmond, H. Dalton, and J. C, Murrell. 1992, Functional
expression in Escherichia coli of protein B and protein C from soluble
methane monooxygenase of Methylococeus capsulatus (Bath). J. Gen. Micro-
biol. 138:1301-1307.

Woodland, M. P,, D. S. Patil, R. Cammack, and H. Dalton. 1986. Elcctron-
spin-resonance studies of protein A of the soluble methane monooxygenase
from Methylococcus capsulatus (Bath). Biochim. Biophys. Acta 873:237-242.



