% MONASH University

Bacterial Methane Monooxygenase:
from Molecular Evolution to
Biotechnology

Craig David Osborne
B. Eng. (Chemical) (Hons) / B.Sci. (Chemistry, Biochemistry)

A thesis submitted for the degree of Doctor of Philosophy
Department of Chemical Engineering
Monash University, Clayton

Australia

December 2018



This page is intentionally blank



Copyright notice

Notice 1
© Craig David Osborne (2018).

| certify that | have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work
without the owner’s permission.



This page is intentionally blank



Table of contents

(@00 o)V AT | 01 8 o | (ot RSP P i
L= Lo (30 0T ] (=] 3SR iii
[ 0] i 10U =SSOSR vii
ST OF TADIES ...t h ettt Xi
F AN o] o] (= - [0SR xiii
F AN ] 1 - Uod SRS XV
I A o) il o0 o] FTo= U [0 SRR XVii
Thesis including published WOrks decClaration .............cccooeviiiiiiiener e xviii
ACKNOWIBAGEIMENTS ...ttt bbbttt bbbttt b et XiX
D70 [ Tor= L1 o] O TTRPPSORSRRPR XXi
CHAPTER 1: INtFOGUCLION ...ttt sttt sttt sttt nn e 1
IO O = - Tod (o (o1 oo RSOOSR 3
1.2, SCOPE OF FESEAICH ...ttt bbbttt nn e 4
1.3, RESEAICN ODJECTIVES......uiiiiitiieiie bbb 5
L4, OULIING OF TNESIS ..vevieiiciisiesie ettt ettt sae e e 6
LD, RETEIBNCES. ...ttt ettt ettt be b n e 9
CHAPTER 2: ReVIEW OF lIEErAIUIE .....oveveieieeec e 11
2.1, The methanotrophiC DACIEITA. .........c.ccviiiiiiie e 13
2.2.  Methanotroph ClassSIfICALION ..ot 15
2.3. Particulate methane MONOOXYJENASE .......cveiveireeieiieeeesteeee e te e sre e e stesaeeresteesresresreesresres 19
2.4.  Soluble Methane MONOOXYJENASE .........cuertirieriiieieiei ettt 21
24.1. OVBIVIBW ...ttt ettt et e st et e st e sae st e e s e s be et e e tesne e eesbeeneeseeaneeneenne s 21
2.4.2.  Theactive centre and reaction CYCIE ........ccciii i 25
2.4.3. MMOB and its role in hydroxylase regulation .............c.ccoovereriiiieinne e 27

2.5.  Expression of SMMO and the role of MMOD ...t 31
2.6. GroEL and its potential role in SMMO EXPreSSION ........ccviiririerierieieieeeesese e 34
B o (-] {111 o= PSSP 37

CHAPTER 3: The role of sMMO in methanotroph evolution and the implications for

CONEMPOTAry ENZYME ACTIVITIES. ... .iuiitiitiitiiieieieee bbb nb e e e 51
(3.1.) Horizontal gene transfer of three co-inherited methane monooxygenase systems

gave rise to methanotrophy in the Proteobacteria............ccooevoviieiiiiieniie e 53

S0 O 1€ oo [1 T [ o USSR 53

(3.1.)2.  Materials and MELNOGS .........ecoveiiiiee st sre s 54



(B.1.)3. RESUIS...eeeieticee ettt ettt h e e be e e r e e re et nreeraenrenre s 56

(B.1.)4.  DUSCUSSION ...tttk sttt b ettt ettt b e nnenn e 59
L0 L T o (o] 0] o o ISR 61
(B:1.)3.  RETEIBINCES ...ttt b e 62
3.2, INEFOTUCTION ...ttt ettt bbbttt sttt nn e 64
3.2.1.  The mixed gasses of methanotrophic biomes ..o 64
3.2.2.  Genes as a proxy for FUNCHION ..o 64
B.3. MIBLNOM ...ttt r e 65
B (=111 | | J PRSP SST 66
TR T B 1o 11 T o PSSP SS 73
3.5.1.  Genomics from methane to formaldehyde..........c.cccoveiiiiiiici e 73
3.5.2. Methanotroph metabolic capability towards reduced gasses extrapolated from
[0 L=TaT=] (T or R UTPSUROSR 73
3.5.3. Implications for methanotroph metaboliSm ..........cccooiiiiiiiiii e 76
K TG T O3 Tod [1 1] o] 4 ISP PSSR URRPRTRPRN 77
BT, RETBIBINCES ...ttt ettt b n e 78

CHAPTER 4: Linking enzyme function to evolution in protein sequences, cofactor presence

and active site modifications in the BMM family..........cccociiiiiiic e 83
A1, INEFOUUCTION ...ttt bbbttt bbb bbbttt ettt nn e 85
4.2, Materials and MENOAS ..........ooiiiiiieiee e 87

4.2.1.  Construction of the BMM protein sequence phylogeny ..........ccccvvevevevieeneseeveesienn 87
4.2.2. Identification of BMM 0peron-associated geNES .........ccovivririrerienieiieiesesesie e 88
4.2.3. Retrieval, alignment and phylogenetic analysis of bacterial GroEL proteins............... 89
A28, OUNBE et bbbttt 89
A3, RESUITS ...ttt ettt ettt n et r et e n e e 89
4.3.1. Updated phylogeny of the BMM family ..o 89
4.3.2. Evolution of the BMM and hydrocarbon bond cleavage activity ............c.ccocvverennennee 91
4.3.3.  Two distinct gamma subunits exist within the BMMS...........ccooiiiiiiiiiieee 94
4.3.4.  Additional proteins associated With BMM ...........cccooiiiiiiiin s 96
4.3.5.  An additional negative charge occurs in the active site secondary sphere of
MEthane aCtIVE MO ..ot nre e 99
O I T 11011 1] o] PSSR 100
4.4.1. Evolution of BMM reactivity towards saturated hydrocarbons and ultimately,
MELNANE ... et nre e nreenes 100
4.4.2.  Gamma subunit in the hydroxylase complex has evolved twice ..........cccccooevrvennene. 103
44.3. Divergent GroEL proteins have evolved for folding BMM subunits ..............c.......... 103
4.4.4.  Convergent evolution of putative folding Proteins ..........ccocevvviieininininsesees 105
4.45.  Operon strucuture and Last Common Ancestor (LCA) of the BMM family.............. 106



4.4.6.  Active site residue changes correlate with development of methane activity in

SIMMIO ...ttt R ettt n et reere bt e e e

4.4.7. Piecing together the whole picture — a proposal for the appearance of methane
activity inthe BMM family ...
T (- =] 1= =SSR

CHAPTER 5: Heterologous SMMO expression: combining components that evolved to

deVelop MELANE ACLIVITY .......oviiiiiiiie et
5.1 INEFOTUCTION ...ttt et sttt ettt bbb sb e e
5.2 EXPEIIMENTAL......c..coiiiiiiiecc et sttt e et re et enes
52.1. SMMO gene and Protein SEQUENCES .......cc.erverreieieiriesresiesteseessereeeseese s seesnenneeas
5.2.2.  Cloning and sub-cloning protoCol............ccccceiiiiiiiiiiiie e
5.2.3. Preparation of chemically competent Cells ...
5.2.4. PrOtEIN EXPIESSION .....vivieiie e et ettt ettt ste et s re et sre et e s be et esbeete e besaeeseesbesneesreeres
5.2.5.  SDS-PAGE @NalYSIS.....cciiiiiiieiieiiiiiii sttt
5.2.6.  Growth of native methanotroph CUITUIES............cceiiiiiiiiiiicee e
5.2.7. Naphthalene assay for the detection of SMMO activity ..........ccccoovviiiiiiiiciicicieis

TR T o (=11 | | SR
5.3.1. Expression of components in individual and dual constructs ..........cccccceeveveiviiienneane.
5.3.2. Expression trials using triple transormant Strains ............ccoceeevereieinenesesesesee s
5.3.3. Naphthalene assay OptiMISALION..........ccciiiiiieiiiiie e
5.3.4.  Assessing heterologous SMMO expression via naphthalene assay............c.ccoccoenenes

oI S B 1 1T ¥ (1S [ o OSSP
5.4.1.  Simultaneous heterologous expression of SMMO COMPONENLS .......ccevvvevevrereerennnn,
5.4.2. Indicators of activity and critical limitations of the naphthalene assay .....................
5.4.3.  Combination of hydroxylase units resulting in CytotoXiCity ..........ccccevvvevveiieiincinennnnn,
54.4. Impact of initial design ParamMeters ..........cooeiiiiiire e

ST TR O3 Tod 1113 o] 4 [OOSR
5.8, RETBIBINCES .. vttt e e
CHAPTER 6: Conclusion and fULUIE WOTK ...........ccoiiiiiiiiiee e
G T8 I o o Tod 111 Lo o OSSR
T S V(U (.Y o] USSR

F N o o = AN 1 G APPSO PSPPSR
AT7.1. SUPPIEMENTANY TIGUIES ...ttt seeeneeneenneas
A7.1.1. Supplementary figures for SECHION 3.1. .....coiiiiiiiee e
A7.1.2. Supplementary phylogenetiC tre€S .......cviviiieiiiiecie e

155



A7.1.3.  Other supplementary fIgUIES ..o i 176
AT.2. SUPPIEMENTArY tADIES ......eiiiiieee e 179
AT7.3. Other suppleEMENTArY ata .........cccviiiiieiiiiie e e sre e 182

AT7.3.1.  SYNtheSiSEd GENE SEQUENCES.......ecvveierteereetesieestesteeeesresteestesreessesresseestesteessesresseessesses 182

A7.3.2. Standard media and DUFFEr FECIPES.......ccorviiiiieiiii e 187

A7.3.3.  Methanotroph growth MEdIa........c.cccevviiiiiiieie e 189

AT7.3.4. Protein mass SPECtrOMELIY MESUILS ........ccerviiriieieieise e 190

Vi



List of figures

Figure 2.1: Metabolic pathway of Methanotrophs ... 17
Figure 2.2: Ribbon diagram of MMOH demonstrating dyad Symmetry..........cccccvvvevenieiinenesnesesnenn 22
Figure 2.3: Proposed regulation pathway for SMIMO eXPreSSion .........ccccvveveeeeieseeieeseseeseseesie e 23
Figure 2.4: SMMO hydroxylase active Site SITUCLUIES ...........cccerverveiiininine e 26
Figure 2.5: Soluble methane monooxygenase reaction cycle including proposed structure of

ACHIVE SITE INTEIMEUIALES ... vttt bbbttt nb e enes 27
Figure 2.6: Identification of all subunits involved in sSMMO catalytic cycle, with space filling

model of active intermediate including regulatory UNit...........ccooeiiieiiiicic i 28
Figure 2.7: Proposed role of ‘hinge region’ in regulatory unit function, facilitating moderation

of reductase acCess t0 DINAING CAVILY .......c.oiverieieiiiiiiise e 29
Figure 2.8: Internal cavity network represented in multiple members of the bacterial

multicomponent MonooXygenase famMilY ... e 30
Figure 2.9: Gene organization of SMMO gene cluster in methanotrophs...........ccccoevviiniicicieiens 32
Figure 2.10: Space filling model of GroES bound GroEL...........cccooviiiiiiiiiineiccscse e 35

Figure (3.)1: Truncated gammaproteobacterial phylogeny featuring all methanotrophic species
in the class and ClOSElY FEIALEA tAXA ..........eveieiririiriisie e 65

Figure (3.)2: Truncated alphaproteobacterial phylogeny based on 16S snalysis featuring all
methanotrophic species in the class and closely related taxa..........cccccvvvivieiiieeie i 66

Figure (3.)3: Bayesian phylogenetic topology of translated CuMMO pmoB sequences from
0 (o1 (=T 4 T DTSR STORSPRN 67

Figure (3.)4: Phylogenetic comparison of the pmo-like and pxm-like CuMMO and the SMMO
related BMM Protein SEQUENCE TrBE ......c.viiuiiieeieitecieste et teste ettt s te e sresbe e st e ta e e sbeere e besae e e e stesneesreares 68

Figure (3.)5: Proposed evolutionary pathways and inheritance of CuUMMO and BMM genes
that explain the range of gene combinations found in extant methanotrophs and related species........ 70

Figure 4.1: Catalytic mechanisms for both Hyeroxo and Q state in SMMO as proposed by Tinberg

AN LIPPAIT (2010) ...tttk bbbt b s 86
Figure 4.2: Phylogeny of the BMM family based on hydroxylase a units including putative
assignments of functional regions based on characterised MeMbErS .........c.cccvvvveveiiveievieecese e, 90

Figure 4.3: Evolutionary pathway of BMM family including transition regions from unsaturated
10 SALUIAEA SUDSIIALES .....eveeieeieiieeic ettt 92

Figure 4.4: Alkane active region of BMM phylogeny indicating primary substrates, substrate
bond energies, and proposed active intermediate involved in bond cleavage ...........cccccoevevviviiennnnne. 93

Figure 4.5: Distribution of additional putative assembly and folding factors in the BMM
910172 0T =] V2SS 95

Figure 4.6: Crystal structures of sMMO and phenol hydroxylase highlighting position of y unit ....... 96

Figure 4.7: Presence of BMM associated members in phylogenetic diversity of GroEL
hOMOIOQUES 1N DACKEITA ......vevieiecieee et te et et s e e besre e e sreeres 97

vii



Figure 4.8: Phylogenetic and sequence based location of conserved glutamine change to

conserved glutamate residue in the BMIM ..........cooo i 99
Figure 4.9: Interactions of different di-iron core reaction intermediates in BMM family.................. 101
Figure 4.10: Current proposals for location of common ancestor for BMM phylogeny .................... 107
Figure 4.11: Ribbon diagram depctions of di-iron core of BMM members in different stages

OF the CALAIYIC CYCIE ...t e et et e e b e te e e e sreates 109
Figure 5.1: SDS-PAGE demonstrating comparison of MMOG expression methods............c.ccccue.ee. 128
Figure 5.2: SDS-PAGE demonstrating soluble and insoluble expression of both MMOG and

(0] S TSRS 129

Figure 5.3: SDS-PAGE showing expression profiles of combinations of different constructs
containing heterologous sSMMO genes required for hydroxlase formation and assembly in E. coli..131

Figure 5.4: SDS-PAGE showing reduced temperature expression profiles of combinations of
different constructs containing heterologous SMMO genes in E. COli..........cooeiiiiiiiiiiiiiiniicncens 132

Figure 5.5: M. trichosporium after naphthalene assay at different cell concentrations and time
11 (=] Y7 SRRSO 134

Figure 5.6: Cell pellets from M. trichosporium after naphthalene assay and cell free trials of
naphthalene assay at Varying PH........cooiiiiiieiiieiisee et 135

Figure 5.7: SDS-PAGE showing expression profiles of combinations of three different constructs
containing heterologous SMMO genes including those for the reductase and regulatory units.......... 136

Figure 5.8: Naphthalene assays on E. coli transformants containing all genes required for active
SIMIMIO EXPIESSION ...ttt iteete et ste et et e st e st e st e e e s beate e st e s beese e besheebesbeenbesteeteenbesbeessebesaeestestesneesrentes 137

Figure (A7.)1: 16S based phylogeny of region surrounding gammaproteobacterial methanotrophs . 155
Figure (A7.)2: 16S based phylogeny of region surrounding alphaproteobacterial methanotrophs ....159

Figure (A7.)3: Phylogenetic relationship of the CuMMO family based on pmoB and homologous
SEUUEBIICES ...ttt tteeetee ettt e sttt e e stbeeesbeeebe e e sabe e e sbe e e bt e e 4a bt e e 4R bt e eab e e ek e a4 eREe a4k e e e eR Rt e e AR e e e eR b e e eaRe e e be e e nnbeeennneennes 161

Figure (A7.)4: Subsection of BMM phylogeny displaying relationship of sMMO sequences and
tNEIT COSESE FRIATIVES. ... vttt ettt sttt et r et se et e enes 163

Figure A7.5: Phylogenetic analysis of methanotrophic species based on conventional GroEL
SEUUEBIICES ..ttt sttt e tee ettt e sttt e e st ke e ssbe e et e e e sabe e ekt e e sbte e ea ket e 4R b e e eR ke e oAb e e e eR R et ek e e e R bt e e R e e e eR b e e e be e e be e e nnbeeennneennes 164

Figure A7.6: Detailed phylogenetic analysis of inferred CuMMO sequences in methanotrophs....... 165

Figure A7.7: Detailed phylogenetic analysis of inferred PQQ containing alcohol dehydrogenase
Sequences iN MELhANOIIOPNS ........ooiii ettt saeeee e enes 167

Figure A7.8: Detailed phylogenetic analysis of inferred NiFe hydrogenase sequences in
METNANOTIOPNS. ...ttt b bbb et e bbb bbb e 169

Figure A7.9: Detailed phylogenetic analysis of inferred sulphide reductase sequences in
METNANOTIOPNS .. ...ttt ettt e et e bt et esbeeneenbesne e eesneeneeseeeneentenneas 171

Figure A7.10: Detailed phylogenetic analysis of inferred RuBisCO and RuBisCO-like sequences
IN MENANOIIOPNS. ... bbbttt sttt 173

viii



Figure A7.11: Bayesian analysis of BMM phylogeny using reduced dataset and including ...................

Va0t (= LN (0T | OO POPSTPR PSPPI PPN 174
Figure A7.12: Phylum and class level differentiation of BMM host organisms............c.ccoceevevennennee 175
Figure A7.13: SDS-PAGE profile of X/Y/Z/DIG Lemo21 transformants using both moderate and

high level rhamnoSe tUMN-AOWN..........ccciiiiii ettt sre st e sbenre s 176

Figure A7.14: SDS-PAGE showing low temperature expression profiles of combinations of three
different constructs containing heterologous sSMMO genes including those for the reductase and
TEGUIALOTY UNIES ..ttt a bbbt n e r e n e 177

Figure A7.15: Demonstration of false positive in the naphthalene assay occurring in control
samples lacking added naphthalene, with comparison to those under standard trial conditions ........ 178



This page is intentionally blank



List of tables

Table 3.1: Genetic analysis of aerobic methanotrophs for reduced gas handling systems.................... 68
Table 5.1: Summary of genetic constructs as synthesised by GenScript..........ccocevvvivieviiiecesiene 122
Table 5.2: Ribosomal binding site predictions for both initial constructs and final design................ 123
Table 5.3: Sub-cloning conducted to produce final plasmid cONStrUCtS ..........ccccoeveieiiiieiiiicce e 124
Table 5.4: Table of genes used in this STUAY .........ccciiiieiiiicc e 127

Table A7.1: Sequence identity of divergent GroEL associated with BMM groups and

conventional GroEL sequences contained in reSPective SPECIES .......ccvvverveieiiesecie e se e 179
Table A7.2: Bacterial strais and plasmids used in heterologous SMMO trials ..........c.ccocoivvnenennne. 180
Table A7.3: Standard antibiotic concentrations used during growth of E. coli strains....................... 181

Xi



This page is intentionally blank

xii



Abbreviations

ATP Adenosine triphosphate

AMO Ammonia monooxygenase

AOB Ammonia oxidising bacteria

BLASTp Protein version of basic local alignment search tool
BMM Bacterial multicomponent monooxygenase
bpd Barrels per day

CuMMO Copper membrane monooxygeanse

DME Dimethyl ether

FAD Flavin adenine dinucleotide

FCSR Flavocytochrome c: sulphide dehydrogenase
GHG Greenhouse gas

H4F Tetrahydrofolate

HsMPT Tetrahydromethanopterin

HAO Hydroxylamine oxidase

HCP Hybrid cluster protein

HGT Horizontal gene transfer

ICM Intracytoplasmic membrane

IPTG Isopropyl p-D-1-thiogalactopyranoside

kDa Kilodaltons

MMO Methane monooxygenase

MO Monooxygenase

NADH Nicotinamide adenine dinucleotide

NADPH Nicotinamide adenine dinucleotide phosphate
PBS Phosphate buffered saline

pMMO Particulate methane monooxygenase
pMMQO?2 Divergent particulate methane monooxygenase associated with low methane

concentrations

ppm Parts per million
PQQ Pyrroloquinoline quinone
PQQH; Pyrroloquinoline quinol

Xiii



pXMO
RBS

RLP

rpm
RuBisCO
RuMP
SDS-PAGE
sMMO
SQR

TIR

Uncharacterised membrane monooxygenase

Ribosomal binding site

RuBisCO like proteins

Revolutions per minute

Ribulose-1,5-bisphosphate carboxylase/oxygenase

Ribulose monophosphate

Sodium dodecyl sulphate — polyacrylamide gel electrophoresis
Soluble methane monooxygenase.

Sulphur quinone reductase

Translation initiation region

Xiv



Abstract

Gas-to-liquid technologies involve the conversion of light hydrocarbon molecules such as methane to
liquid alternatives, and has the potential to dramatically change the energy landscape, providing low or
zero net-carbon fuels without requiring significant modifications to automotive and energy generation
systems and infrastructure. A forerunner in this field involves methanol synthesis from methane,
however, current cost and technology limitations restrict the viability of implementing this at small to

medium scale which is required to utilise the majority of renewable and waste methane streams.

A potential solution to current production limitations is the use of alternative bioprocess technologies
based on the soluble methane monooxygenase enzyme system from methanotrophs. Previous attempts
at biotechnological application of this enzyme system faced major barriers either through native
organism utilisation or heterologous expression; the former has been limited by difficulties with the use
of the sSMMO enzyme compromising the organism’s primary metabolic pathway, and maintaining
sufficient SMMO levels. The latter route has been hitherto unsuccessful in achieving biotechnologically

relevant expression levels in highly tractable organisms.

In order to facilitate further development in this field, this thesis aimed to establish a deeper
understanding of the soluble methane monooxygenase (SMMO) enzyme system, then use this
knowledge to inform biotechnological applications. More specifically, it used bioinformatic approaches
to probe the functional and evolutionary history of SMMO at the sequence, catalytic, (sub-)unit,
substrate and organism level. This information was then used to further develop sMMO for

biotechnological applications with either the native organism or purified enzyme complex.

Through combining molecular and taxonomic phylogenetic analysis, the first of three experimental
chapters in this thesis demonstrated that the proteobacterial methanotrophs arose from the simultaneous
horizontal gene transfer of three different methane oxidising systems, and that the ancestors to these
enzyme systems were associated before they developed activity toward methane. Further, the
evolutionary links between the methanotrophs to chemolithotrophic bacteria prompted a gene survey

among methanotrophs for potential activity towards reduced gases, and revealed a previously unknown

XV



capacity (at the genomic level). This has implications around methanotroph ecology, as well as
biotechnological applications using non-pure methane feeds. The evolution of the SMMO enzyme
system from the larger Bacterial Multicomponent Monooxygenase (BMM) family was investigated via
bioinformatics in the second research chapter. This analysis revealed the primary evolutionary driver
for methane activity in this family was an increase in oxidative power of the active centre with SMMO
being the culmination of activity that developed stepwise from alkenes and longer chain alkanes. Such
active site development had a destabilising effect on the catalytic centre, however, and methane activity
evolved at the time of appearance of structural and assembly proteins which we postulate are present to
counteract such destabilisation. The knowledge revealed by the bioinformatics analysis of SMMO was
employed to design a targeted heterologous expression approach for the SMMO system. This resulted
in high level expression of all required components of sSMMO in E. coli, with tentative evidence of in

vivo activity of the reconstituted system.

In summary, this PhD took a holistic approach to the development of sSMMO for biotechnological
applications. By gaining a deeper understanding of the evolutionary history of both sMMO and the
methanotrophs themselves, it was able to provide significant insights into important prerequisites both
of the organism and the protein complex that enabled methane activity. These insights then informed
efforts towards heterologous expression attempts with sMMO, producing tentative positive results for

reconstituted enzyme activity in E. coli.
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1.1. Background
Despite the majority of debate around climate change focusing on the reduction of carbon dioxide
emissions, alternative terminology such as zero carbon emissions or climate neutrality are increasingly
being used to acknowledge that mitigation of global warming will also require action around non-carbon
dioxide greenhouse gasses (Rogelj et al. 2015). Of these, methane is the most significant, accounting
for 17% of the current increase to global warming potential, with the major anthropogenic sources being

landfills, manure management, livestock, and the extraction and processing of fossil fuels (Allen 2016).

Although methane is a major contributor to global warming, it also has the potential to play a major
role in climate change mitigation. The high energy content of methane results in its utilisation as an
energy commodity in the current fossil fuel economy. Unlike the other fossil fuels however,
biologically-derived methane can also be readily produced with near zero net carbon dioxide emissions
(Budzianowski and Postawa 2017). This is currently performed using anaerobic digesters which are
capable of utilising diverse biomass materials: the ability to readily digest cellulose with minimal pre-
treatment providing a marked advantage to cellulosic bioethanol (Golkowska and Greger 2013). In
addition to this, technologies are already being commercialised for methane production from surplus
power generation and atmospheric carbon dioxide, therefore facilitating the integration of fluctuating

renewable electricity into present power grids (www.electrochaea.com).

Although methane is usable for many applications in its immediate form, its versatility is dramatically
increased through chemical conversion to methanol. Examples include compatibility with present day
flexi-fuel cars (Zhen and Wang 2015) and use as a diesel substitute through dehydration to dimethyl
ether (DME), the latter already commercially viable with growing markets in China and India
(Arcoumanis et al. 2008; Yang and Jackson 2012). The potential utility of methanol is so great that it
has been proposed as the primary future universal energy commodity and industrial feedstock (Olah
2009). Current production technology that employs multi-stage reactors at high temperatures and
pressures (Khoshtinat et al. 2010), however, have resulted in its economic viability only on large scales,
with typical new gas-to-liquid processes targeting in excess of 50,000 bpd and priced at around $20

billion dollars (Haynes and Gonzalez 2014). This barrier means that a scalable and efficient method of



methanol production with low complexity as a ‘Holy Grail’ for the chemical industry (Van Beilen and

Funhoff 2005; Horn and Schlogl 2014).

A possible solution to this problem exists in the form of the methanotrophs, a group of microorganisms
that metabolise methane; or more specifically the systems that performs the first step in their primary
metabolic pathway. This is performed by one of several enzymes, all of which are capable of converting
methane to methanol with high specificity. Of these, soluble methane monooxygenase (SMMO) remains
the most promising candidate for application in an industrial bioprocess, especially when using cell-
free technology. Adaptation of this enzyme for use in an industrial process would therefore lead to a far
more scalable system, enabling methanol to be produced not only on large scales, but also the critical

small and medium scales (Park and Lee 2013).

Although significant effort has been invested in bioprocesses utilising native methanotrophic organisms
in industrial and environmental applications, with examples of commercial scale production
(calysta.com), progress remains limited and severely constrained by the nature of the native organisms
(Strong et al. 2015). Alternative approaches such as heterologous expression in host cells or purified
enzyme-based systems are potentially more amenable to many biotechnological applications, however,
development in these areas has been stymied due to a lack of recombinant protein expression in tractable
hosts. Both approaches would benefit significantly from resolution of numerous outstanding questions
surrounding methanotrophs, methanotrophy and the methane monooxygenases and open the field of

applications including bioremediation, fine chemical production and reduction in GHG emissions.

1.2. Scope of research
This research mainly involved an evolutionarily-informed approach to heterologous production of
functional soluble methane monooxygenase; the thesis consists of major components of both
bioinformatic analysis and recombinant protein expression design and experimentation. Research
involving native methanotroph bacteria was limited to sourcing genes via open source databases and to
facilitate development of an assay for detection of SMMO activity. Environmental sampling and growth

experiments of methanotrophs were beyond the remit of this work.



The bioinformatic components of the thesis that examined the evolution of methanotrophy involved
both the soluble and particulate monooxygenases, as well as the aerobic methanotrophic organisms
themselves. Morphological and biochemical characteristics of these organisms such as intracytoplasmic
membranes and other metabolic enzymes were also covered, however, only to an extent that they
informed the evolution of methanotrophy in bacteria, and not as an independent analysis in themselves.
Bioinformatic investigation of methanotroph genomes focussed on genes potentially involved in the
metabolism of major gasses and did not cover all potential gasses, such as methylamine and carbon
monoxide. The presence of both forms of the immediate metabolically downstream enzyme of the
methane monooxygenases, methanol dehydrogenase, was also evaluated in these genomes, however the
remainder of the genes involved in metabolic pathways for carbon assimilation and/or energy

generation were beyond the scope of this thesis.

Heterologous expression experiments were targeted to the production of active sSMMO in E. coli, with
all genes selected based on bioinformatic analysis (as above) which provided insight into their proposed
role in facilitating functional expression. Genes assessed for heterologous expression were sourced from
Methylococcus capsulatus (Bath) solely. Numerous strategies were explored during the design, gene
synthesis and expression stage in order to increase the likelihood of successful heterologous expression.
This included trials with varying combinations of recombinant genes and expression
conditions/methodology. During activity assays, only indirect methods of activity measurement were
investigated, vis a vis the naphthalene assay, with direct assessment of methane to methanol conversion

outside the present scope.

1.3. Research Objectives
The soluble methane monooxygenases present an excellent opportunity for biotechnology but have
resisted prior attempts of functional expression in more tractable organisms. This project aimed to
achieve heterologous expression and assembly of the multiple subunits of the enzyme in Escherichia
coli, taking a distinctive approach that was informed by an evolutionary perspective on the development

of this enzyme system. Specifically, the project aimed to:



e Understand the evolutionary origin of aerobic methane metabolising ability in bacteria through
investigation of inheritance of the gene/protein systems

e Recapitulate the development of methane oxidation capability in the BMM family of
monooxygenases via phylogenetic and sequence-structure-function analysis.

o Devise and employ a strategy for sSMMO heterologous expression and assembly informed by

both evolutionary and functional understanding.

1.4. Outline of thesis

Chapter 1: Introduction

It is intended to provide both the background and an overview of the drivers of the project. It clearly
outlines the problem statement as well as project rationale and objectives. Further, the section considers
biotechnological applications of methanotrophs and specifically SMMO in regards to greenhouse gas

mitigation and production of bio-methanol.

Chapter 2: Review of Literature

The chapter provides a critical review of methanotrophy with a focus on soluble methane
monooxygenase (SMMO). It begins by providing a broad introduction to the methanotrophs, including
environmental and taxonomic distribution, metabolic pathways, and the important role they play in
regulating atmospheric methane concentrations. It then progresses to a general overview of particulate
methane monooxygenase and regulation of methane monooxygenase systems, before providing a
detailed review on sSMMO. The latter section makes up the majority of the report and it details the
catalytic activity of SMMO from multiple perspectives including enzyme substrate promiscuity and the
larger bacterial multicomponent monooxygenase family in which it resides. The review concludes with
a summary of prior attempts at SMMO recombinant expression, highlighting the potential importance

of operon associated non-catalytic components with particular reference to chaperonin analogues.



Chapter 3: The role of sMMO in methanotroph evolution and the implications
for contemporary enzyme activities

In this chapter a bioinformatic investigation centred on molecular and taxonomic phylogenetic analysis
showed for the first time that particulate and soluble monooxygenases entered ancestral species by
multiple instances of simultaneous horizontal gene transfer. Common pre-existing physiological and
metabolic attributes that likely supported conversion to methanotrophy are also identified. It provides
evidence that prior to these enzyme systems developing methane oxidation capabilities, the membrane-
bound and cytoplasmic monooxygenases were already both functionally and phylogenetically
associated. The identification of an evolutionary association with species that were active towards
hydrogen sulphide, short chain alkanes and ammonia also led to a genetic inventory being taken of
reduced gas enzyme capability in methanotrophs and revealed the previously unknown extent of

processing capability in some representatives towards all major reduced gasses.

Chapter 4: Linking enzyme function to evolution in protein sequence, cofactor
presence and active site modifications in the BMM family

This chapter investigated the evolution of the BMM family, which includes SMMO, at three different
bioinformatic levels: phylogenetic, component and sequence. The work reveals a progressive increase
in oxidative potential in multiple branches of the evolutionary history of the BMM family, correlating
with activity on progressively higher energy bonds. A strong correlation between C-H bond breaking
reactivity and presence of assembly and stabilisation factors in the operon/genome was also found, with
the development path towards methane coinciding with the presence of the highest number of these
factors. It is hypothesised that these assembly and stabilisation factors are required to support an
increasingly strained protein structure that is required to catalyse the most energetically demanding
oxidations. Finally, a highly conserved sequence level change that occurred simultaneously with
appearance of methane oxidation capability is identified, directly impacting the enzyme’s active site
and is postulated to be the primary evolutionary step through which the family has developed methane

reactivity.



Chapter 5: Heterologous sMMO expression: combining components that
evolved to develop methane activity

This chapter builds on the previous chapter’s learnings to formulate a highly targeted approach for
heterologous expression of the SMMO system in E. coli. This chapter presents the first known high
level heterologous expression of all components required for the synthesis of an active methane
monooxygenase system, as well as expression of the additional putative folding enzymes identified in
chapter 4. It also achieved soluble expression of all units related to either folding or activity of the
hydroxylase, as well as two out of the three subunits of the hydroxylase itself, all simultaneously.
Naphthalene assay trials, though inconclusive due to repeatability issues, demonstrated results most
parsimoniously explained through heterologous sSMMO activity in vivo. Issues remain in the soluble
expression of the final hydroxylase subunit, however, this work provides many promising directions for

future research towards this goal.

Chapter 6: Conclusion and Future work

The chapter provides a concise summary of the work presented in the thesis, as well as providing a
perspective into its significance in a wider research context. Further, the potential future direction of
research aimed towards the achievement of the explicit goals of this project, as well as additional areas

of high significance which this work has provided new insights to is elaborated.
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2.1. The methanotrophic bacteria
The methanotrophs are a diverse grouping of microorganisms that have evolved to occupy a unigue and
highly specific position in the biosphere: utilising methane as both a carbon and energy source
(Kalyuzhnaya et al. 2015). Members displaying this lifestyle appear in both the bacterial and archaeal
kingdoms, with specific members capable of coupling methane oxidation not only to oxygen, but
sulphate, iron, manganese, nitrate and nitrite reduction (Bhattarai et al. 2017). Methanotrophy has
classically been differentiated based on its location in either oxic or anoxic environments, with the
former and latter allocated to bacterial and archaeal methanotrophs respectively. This differentiation
was supported by the requirement of diatomic oxygen by the methane oxidising systems of the bacterial
methanotrophs (Ross and Rosenzweig 2017), and the highly oxygen sensitive nature of the methane
activation system utilised by archaeal methanotrophs (Cedervall et al. 2010). The recent discovery of
Methylomirabilis bacterial methanotrophs of the NC10 phylum do not strictly obey this rule however
(Wu et al. 2011), as they use nitrate reduction to generate oxygen ‘intra-aerobically’ for their methane
monooxygenase system in anaerobic environments. Currently this appears to be only a single instance
of an exception to this rule though, and thus does not yet necessitate a change in the fundamental

paradigm.

The majority of bacterial methanotrophs are known to typically reside in terrestrial, aquatic and marine
habitats on the border between oxic and anoxic environments where both oxygen and methane can be
readily accessed (Knief 2015). It was previously believed that all were obligate methanotrophs,
incapable of metabolising carbon sources containing C-C bonds (Smith and Murrell 2009). Recent
discoveries however, in the form of several facultative bacterial methanotrophs capable of growing on
varied substrates including acetate and ethanol (Dedysh et al. 2005; Theisen et al. 2005), have also
provided exceptions to a former methanotrophy rule, though once again these are currently the only

known exceptions.

Amongst the aerobic methanotrophs, thermophilic (growth over 40°C), psychrophilic (growth below
15°C), acidophilic (growth below pH 5), alkaliphilic (growth above pH 9) and halophilic (NaCl

concentrations greater than 0.2M) traits are frequent (Smith and Murrell 2009; Semrau et al. 2010), with
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extremes including growth at a pH of 0.5 (van Teeseling et al. 2014) as well as 15% NaCl (Heyer et al.
2005) identified. Such environmental flexibility enables aerobic methanotrophs to grow in virtually all
biomes known to be methanogenic including swamps and fens, rice paddies, oceans, hydrothermal vents,
permafrost and arctic saline lakes (Hanson and Hanson 1996; Bowman et al. 1997; Hirayama et al. 2013;
Park and Lee 2013; Singleton et al. 2018). There is even demonstration of them forming endosymbiotic
relationships with both plant and animal species (Raghoebarsing et al. 2005; Petersen and Dubilier

2009).

By consuming the methane generated in these environments, they have been noted to play a vital role
in moderating atmospheric levels of methane (Semrau et al. 2011), with typical estimates indicating
prevention of 80% or more of methane generated in many high emission biomes from reaching the
atmosphere (Conrad and Rothfuss 1991; Hinrichs and Boetius 2003; W S Reeburgh 2007). This equates
to the overall mitigation of aerobic and aerobic methanotrophs in the order of 0.7 billion tonnes per
annum (William S Reeburgh 2007) of a greenhouse gas 25 times more potent than CO, (Dalton 2005).
These values could even be a significant underestimate, with recent discoveries having identified
methanogenesis occurring in oxic conditions, countering the former paradigm that methanogenesis only
occurred under anoxia and also resolving the ‘methane paradox’ (Repeta et al. 2016). The primary
mechanisms identified enabling methanogenesis in oxic environments is breakdown of
methylphosphonate in marine environments (Karl et al. 2008) and acetoclastic activity in oxic soils
(Angle et al. 2017). These have both been shown to significantly contribute to methane flux in these
environments, the latter estimated to contribute up to 80% of the methane flux in wetland soils (Angle

etal. 2017).

Further to this role mitigating initial methane release into the atmosphere, methanotrophic oxidation of
atmospheric methane has also been identified, typically in upland soil locations (Bull et al. 2000). While
the dominant methanotrophs in these biomes largely remain uncultured (Knief et al. 2003), their
existence significantly expands the global methanotroph distribution into regions which are not net
methane emitting. Estimates indicate the consumption of 5-10% of atmospheric methane through this

process (Le Mer and Roger 2001), thus making methanotrophs not only indispensable in mitigating

14



methane emissions from terrestrial and marine biomes, but also a major player in its elimination once

it has reached the atmosphere.

2.2. Methanotroph classification
From its earliest implementation almost half a century ago, the primary groupings for methanotroph
classification system has remained largely unchanged despite the method for defining these categories
undergoing successive iterations. This identifies two fundamental ‘types’, designated type | and type II:
these initially differentiated based on intracytoplasmic membrane structure (Davies and Whittenbury
1970). The subsequent decades saw this classification system expanded to also incorporate fatty acid
composition and C1 assimilation pathways, increasing the robustness of the original classification
(though the latter did briefly result in the addition of a type X before its reassimilation into the type |
(Hanson and Hanson 1996)). The advent and subsequent development of 16S taxonomy has now
resulted in it becoming the dominant method for methanotroph classification, with type | and type 1l
now clearly defined as the gammaproteobacterial and alphaproteobacterial methanotrophs respectively.
Recent discoveries of non-proteobacterial methanotrophic species have necessitated the only major
changes to this system to date, with the addition of a type Il group to accommodate Methylacidiphilum
species from the Verrucomicrobia phylum (Knief 2015). This may soon be further revised however to
also accommodate ‘intra-acrobic’ members of the NC10 phylum (Ettwig et al. 2010) not yet
incorporated into the current system. Secondary classification systems have also been recently proposed
to further subdivide the type | and type Il methanotrophs. No definitive conclusion has been reached
however as to where and how such further subdivision should be made, with multiple proposals existing

in the literature.

Biological methane metabolism for both biomass and energy can be divided into two components: the
oxidation of methane to methanol; and the subsequent incorporation of methanol into the biological
metabolic pathways. Whilst the former of these is unique to the methanotrophs and is the focus of much
of this review, the latter not just occurs in methanotrophs but is also performed by many members of a

much larger family of organisms known as the methylotrophs. Whilst the methylotroph family includes
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methanotrophs under its strict definition of the ability to use reduced carbon substrates lacking the
presence of carbon-carbon bonds as its sole source of carbon and energy (Chistoserdova et al. 2009), it
also includes other members including those specialised towards growth on environmental
concentrations of methanol whilst being unreactive to methane (Anthony 1982). As the majority of
environmental methanol occurs as a by-product of plant and algal metabolism, predominantly the
breakdown of pectin (Kist and Tate 2013), the majority of these specialised methanol oxidisers have
developed close associations with these members (Sy et al. 2005). Some have been noted to have further
developed this relationship with plants to the extent of true mutualistic symbiosis (Trotsenko et al. 2001),
even to the extent of symbiotic incorporation into plant root tissue in a similar manner to root nodule

symbioses by nitrogen fixing rhizobia (Sy et al. 2001).

The methanol incorporation pathway used by these methylotrophs as well as methanotrophs can be
divided into two stages: oxidation of methanol to formaldehyde; then subsequent metabolic processes
for attainment of energy from formaldehyde and its incorporation into biomass (figure 1). It has been
noted previously that the process of methanol metabolism is ‘modularised’, with certain species
containing different combinations of these modules to perform the same primary biological outcome
(Chistoserdova 2011). For the methanol to formaldehyde conversion, the two known primary modules
are the MxaF and XoxF enzymes, both of which are located periplasmically (Chu et al. 2016). Most
species that oxidise methanol contain both of these modules, with MxaF previously believed to be the
primary oxidant used by both methanotrophs and methylotrophs (Skovran et al. 2011). Relatively
recently however it has been identified that XoxF contains a lanthanide catalytic centre (Pol et al. 2014),
and supplementation of growth media with either lanthanum or cerium in some species results in XoxF
becoming the primary methanol oxidant (Chu and Lidstrom 2016). Furthermore, there is also building
evidence for XoxF being the primary environmental oxidant of methanol in key biomes (Vorobev et al.
2013; Chu and Lidstrom 2016). The implications of these findings is still being resolved, and it is
uncertain how much this interchange effects the remainder of the C1 processing pathway that to date

has almost solely been resolved with MxaF as the methanol oxidiser.
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The remainder of the C1 metabolising pathway is much more diverse and complex, however can be
divided into three main groups: those pathways that oxidise formaldehyde all the way down to carbon
dioxide before reincorporation, those that oxidise down to formic acid, and those that directly
incorporate formaldehyde (Chistoserdova et al. 2005). Members selecting the first option are the least
common of the methanotrophs, with only non-proteobacterial members proposed to use this alternative
(Khadem et al. 2011; Wu et al. 2011). Two different pathways have been implicated for the initial
oxidation of formaldehyde using this alternative, both of which utilise C1 carriers (Chistoserdova et al.
2005). The first of these is the tetrahydrofolate (HiF) pathway, components of which are widely
distributed in biology and also crucial for many key biosynthetic pathways (Hitchings 1983). The
alternative is the tetrahydromethanopterin (H4MPT) pathway, also being central in methanogenesis and
archaeal methanotrophy (Ferry 1999; McGlynn 2017). Both carriers then release the C1 unit as formic
acid, with final oxidation to carbon dioxide by one of multiple formate dehydrogenases (Hou et al. 2008;

Versantvoort et al. 2018). Energy can then be generated through transfer of generated reducing
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Figure 2.1: Metabolic pathway of methanotrophs. Identified methanotrophic pathways found in
aerobic bacteria. Carbon assimilation occurs through one of the three cycles denoted in circles. Dashed
lines indicate secondary or non-dominant pathways. HiF, tetrahydrofolate; HsMPT
tetrahydromethanopterin; CBB cycle, Calvin-Benson-Bassham carbon fixation cycle; RuMP cycle,
ribulose monophosphate formaldehyde assimilation cycle; MDH, methanol dehydrogenase; s'/pMMO,
either soluble or particulate methane monooxygenase.
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equivalents to the electron transport chain, and carbon reincorporated through the CBB cycle (Khadem

et al. 2011; Rasigraf et al. 2014).

Whilst this first option does not involve a unique method for the generation of C-C bonds using the
formaldehyde derived C1 unit, such activity is central to the alternative two major pathways: the serine
and RuMP cycle. For the serine cycle, this incorporation uses serine hydroxylmethyltransferase to
synthesise its namesake from glycine and methylene-HsF (Miyata et al. 1993). For each formaldehyde
derived C1 unit incorporated in the cycle, a CO; unit is also incorporated using phosphoenolpyruvate
carboxylase (Chistoserdova and Lidstrom 2013). Two carbon units are therefore incorporated during
each turn of the cycle, these subsequently being spun off as acetyl-CoA (Korotkova et al. 2002). Though
it was originally believed that methylene-HsF was produced directly through interaction of
formaldehyde and H4F, it has recently been revealed that the C1 unit is actually bound to H4F at the
formic acid level, with subsequent reduction to generate the required methylene-HsF (Crowther et al.
2008). The formic acid itself is generated through oxidation in the HiMPT pathway, thus also placing
this pathway of central importance to the serine cycle (Chistoserdova et al. 2009). This finding therefore
means that the serine cycle is now placed in the category involving oxidation down to the formic acid

level before subsequent incorporation.

The last C1 incorporation pathway, the RUMP cycle, is the only member to directly incorporate the C1
unit at the formaldehyde level. This is performed through its direct addition to ribolose-5-
monophosphate (RUMP) using hexulosephosphate synthase, producing a C6 sugar (Kato et al. 1978).
This is very closely analogous to the action of RuBisCO in the CBB pathway (Michelet et al. 2013),
and indeed the two pathways share most of the regeneration enzymes in common. Furthermore, the
regeneration enzymes are also shared with the pentose-phosphate pathway (Orita et al. 2006), with only
the requirement of two additional enzymes, hexulosephosphate isomerase and the formerly mentioned
hexulosephosphate synthase, to integrate the two. This enzymatic simplicity has resulted in the use of
this pathway in, to the authors knowledge, all known attempts to create de novo methylotrophs (He et

al. 2018; Meyer et al. 2018).
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It has been noted that for the two bacterial classes in which both methanotrophs and non-methanotrophic
methylotrophs appear, the primary C1 incorporation pathway is consistent within the class
(Chistoserdova and Lidstrom 2013): the ribulose monophosphate (RuMP) pathway is dominant for both
methane oxidising and non-methane oxidising gammaproteobacterial methylotrophs alike (exemplified
by Methylophaga (Janvier et al. 1985; Villeneuve et al. 2013) and type | methanotrophs); whilst the
same can be said for the serine pathway in the alphaproteobacterial methylotrophs (exemplified by
Methylobacterium (Vuilleumier et al. 2009) and type 1l methanotrophs). Interestingly, this correlation
of dominant C1 pathways with bacterial classes does not extend to the betaproteobacteria, which
demonstrates both RuMP and serine pathway dominance in different members (Chistoserdova &

Lidstrom 2013).

Despite these differences between carbon assimilation pathways, all bacterial methanotrophs utilise a
common methane activation pathway involving initial oxidation to methanol via a member of the
methane monooxygenase (MMO) family (Park and Lee 2013). Furthermore, the MMO can be split into
two subcategories: membrane bound particulate methane monooxygenase (pPMMO), and cytoplasmic

soluble methane monooxygenase (SMMO) (Sazinsky and Lippard 2015).

2.3. Particulate methane monooxygenase
By far the more prevalent of the two different types of methane monooxygenase is pMMO, with
numerous methanotrophic species capable of expressing only this form (Smith and Murrell 2009). For
a long time it was believed that this enzyme was universal within methanotrophs (Holmes et al. 1995),
and while this was dispelled upon the finding of several methanotrophic Beijerinckiaceae strains only
containing SMMO (Theisen et al. 2005; Vorobev et al. 2011), these currently remains the only known
exception to this rule. Whilst numerous strains contain both types of monooxygenase, in these there
appears to be a strong preference towards pMMO being the dominant monooxygenase under the

majority of conditions tested (Semrau et al. 2013)

The membrane bound nature of pMMO and its instability during purification has hampered attempts to

characterise this enzyme, and it has only been relatively recently that the structure was resolved as a
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membrane bound asf3ys trimer (Lieberman and Rosenzweig 2005; Smith et al. 2011). Much uncertainty
remains about the active site of this systems, including the nature of its catalytic core. Though this is
known to be copper based, debate still exist as to its location and fundamental structure, with mono-,
di- and tri-copper active centres proposed (Smith et al. 2011; Culpepper et al. 2014; Cao et al. 2018).
The enzyme relies on molecular oxygen and an electron donor to facilitate methane oxidation, and
though the biologically active reductant remains officially undetermined, strong support exists for it to

be a quinol derivative (Smith and Dalton 2004).

The purification and crystallisation of a stable pMMO — methanol dehydrogenase complex has also
raised the intriguing possibility that the reduced pyrrolopuinoline quinone (PQQH>) generated during
the oxidation of methanol to formaldehyde may be the in vivo electron donor (Myronova et al. 2006).
This would therefore enable localised transfer of both methanol and reduction equivalents, resulting in
an enzymatic complex converting methane directly to formaldehyde. This, in conjunction with the
lower reduction potential of PQQHS- that produces an energetic advantage in comparison to the NADH
required by sSMMO (Leak and Dalton 1986), may provide the biological basis for the preference. These
advantages need to overcome pMMO’s almost 10 fold lower reaction rate comparative to sSMMO (Lee
et al. 2006), which necessitates pMMO at levels up to 20% of a methanotrophs cellular protein

(Sazinsky and Lippard 2015).

PMMO is just one member of a small family of enzymes known as the copper membrane
monooxygenases (CuMMO) (Tavormina et al. 2011). The family also contains characterised members
specialised towards ammonia (Norton et al. 2002) and members implicated in short chain hydrocarbon
oxidation (Redmond et al. 2010; Rubin-Blum et al. 2017). Despite clear evidence of specialisation, the
family is known to have poor selectivity for their primary substrate, with limited differentiation between
ammonia and methane by members specialised to both the former and latter well documented (Stein et
al. 2012; Zheng et al. 2014). The products of methane and especially ammonia oxidation are highly
toxic to organisms (Stein and Klotz 2011), with evidence that many species containing CuMMO
members have been required to incorporate systems to detoxify any co-oxidised products in addition to

the metabolic process for their primary substrate (Jones and Morita 1983; Stein and Klotz 2011).
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Interestingly, pMMO is not the only member from this CUMMO family that appears in methanotrophs.
A largely uncharacterised member known as pXMO has been identified in select members of both the
alphaproteobacterial and gammaproteobacterial methanotrophs (Tavormina et al. 2011). Though the
primary substrate of this system has not yet been demonstrated due to isolation and purification
difficulties, indicators point towards likely methane activity (Tavormina et al. 2011; Hainbuch 2015;
Kits et al. 2015). What is known about the system is that expression is upregulated during times of
extremely low oxygen concentrations (Hernandez et al. 2015; Kits et al. 2015), thus providing a

tentative connection between the system and substrate availability.

2.4, Soluble methane monooxygenase

2.4.1. Overview
Originally identified as an independent monooxygenase through the analysis of methane oxidation in
the soluble fraction of methanotroph cellular extract (Colby et al. 1977), sSMMO has proved to be a far
more tractable methane monooxygenase enzyme to study. Early analysis indicated that the principal
components for active hydroxylase activity were the multimeric hydroxylase unit (MMOH) and
associated reductase (MMOR) and regulatory (MMOB) components (Dalton and Leak 1985). Though
low level oxidation activity can be induced in the hydroxylase unit alone through the use of hydrogen
peroxide as a proxy for both O; and reducing equivalents (Andersson et al. 1991), the addition of
regulatory and the reductase components facilitates a 150 fold increase in kinetics for methane oxidation
(Liu, J. C. Nesheim, et al. 1995) and enables the use of the in vivo electron donor NAD(P)H (Dalton

and Leak 1985).

MMOH itself consists of a 251kDa o2p2y. heterodimer (Rosenzweig et al. 1997), with a carboxylate
bridged di-iron active site residing in an alpha helix bundle; a characteristic typical of the di-iron centre
protein family (Nordlund and Eklund 1995). This active site is enveloped inside the a unit, and substrate
ingress/egress is tightly controlled through a highly regulated series of channels and pores (Lee et al.
2013). Despite this extensive regulation of substrate access, oxygenase activity has been observed on

an extensive range of organic substrates including alkanes, alkenes, ethers and ketones, as well as
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alicyclic, heterocyclic and aromatic compounds (Colby et al. 1977; Jiang et al. 2010). There has also
been identified activity towards halogenated organics (Fox et al. 1990) and the inorganic substrates
ammonia and carbon monoxide (Colby et al. 1977; Dalton 1977). The capacity for sSMMO to degrade
many industrially and environmentally relevant chemicals has been frequently noted (Sullivan et al.
1998; Smith and Dalton 2004; Van Beilen and Funhoff 2005; Jiang et al. 2010; Torres Pazmifio et al.
2010), with specific investigations towards the capacity for trichloroethylene and N-
nitrosodimethylamine degradation for bioremediation already conducted (Tsien et al. 1989; Sharp et al.
2005). These studies however used sSMMO in the native organism, and encountered issues maintaining

SMMO expression over the alternative pMMO.

The interchange between pMMO and sSMMO in methanotrophs has been observed to occur due to
environmental copper concentrations, with sMMO expression in M. trichosporium found to only occur
at copper concentrations below 0.25uM (Murrell et al. 2000). Though the full mechanism for copper
regulation in these systems has not yet been elucidated, extensive investigation has demonstrated a

regulation at the transcription level by a ¢® promoter (Nielsen et al. 1997), in turn controlled by a

Figure 2.2: Ribbon diagram of MMOH demonstrating dyad symmetry. Structure coloured
according to peptide chain: a-, B-, and y- subunits depicted in green, blue and purple respectively, with
Fe centres in grey. Symmetric unit rendered in lighter and darker shades respectively. Image produced
on PyMol (PDB entry 4GAM).
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regulatory ¢ factor transcribed by the mmoR gene located adjacent to the SMMO operon (Stafford et
al. 2003). Furthermore, the mmoD gene inside the SMMO operon (Semrau et al. 2013), SMMO
associated groEL homologue MMOG (Stafford et al. 2003; Scanlan et al. 2009), and copper sensitive
chalkophore methanobactin (Semrau et al. 2013) have also been implicated in regulation at the

transcription level.

M. silvestris is the only known exception to copper regulation of SMMO in methanotrophs, with active
SMMO expression at copper concentrations as high as 1uM demonstrated (Theisen et al. 2005). This

result is unsurprising however as M. silvestris is also the only currently known methanotroph lacking
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mmoR mmoG mmoY mmoB mmoZ mmoC
A
sMMO translation
Assembly of
functional
sMMO complex
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Addition of copper sMMO
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-
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Figure 2.3: Proposed regulation pathway for SMMO expression. Model highlights differential
expression under the absence (top) and presence (bottom) of copper. Model also depicts proposed role
of MmoR and MmoG in facilitating SMMO operon (mmoX - mmoC) expression (reproduced with
permission from Stafford et al. 2003).
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the ability to produce pMMO (Theisen et al. 2005), therefore requiring constitutive expression of
SMMO. It does however demonstrate that high copper concentration is not a limiting factor to SMMO

activity per se.

SMMO exists in a much larger family of bacterial multicomponent monooxygenases (BMMs) including:
ethane (Martin et al. 2014); butane (Dubbels et al. 2007); propane (Kotani et al. 2003); phenol (Sazinsky
et al. 2006); toluene-2, toluene-3, toluene-4 and toluene/o-xylene (Whited and Gibson 1991; Olsen et
al. 1994; Johnson and Olsen 1995; Cafaro et al. 2002); ethene and propene (Coleman and Spain 2003;
Chan et al. 2005); as well as tetrahydrofuran (Thiemer et al. 2003) monooxygenases. Work into the
evolutionary relationship of the BMM family has demonstrated that substrate specificity is strongly
correlated with both its level of evolutionary divergence and the operonic gene order (Leahy et al. 2003;
Notomista et al. 2003). Although neither the operonic gene rearrangement nor phylogenetic analysis of
the genes themselves provide a clear evolutionary pathway of the BMM family, indications that both
the o and P unit originally diverged from a common ancestor (Lundin et al. 2012) allow for putative
modelling of evolutionary interrelation (Leahy et al. 2003). Such analysis places the phenol and toluene
hydroxylases as closest members to the common ancestor, whilst confirming alternate lines of

investigation that indicate sSMMO to be evolutionarily the most diverged (Leahy et al. 2003).

Each BMM member utilises a heterodimeric hydroxylase with di-iron centred active site, and also
requires multiple cofactors including a reductase and regulatory unit for physiological enzymatic
function (Leahy et al. 2003; Notomista et al. 2003). Like SMMO, all BMM members utilise their
corresponding reductase cofactor to transfer reducing equivalents from NAD(P)H to an oxidised di-iron
centre of the hydroxylase; this transfer performed upon binding of the reduced reductase unit into a
‘binding canyon’ on the hydroxylase (Sazinsky and Lippard 2006; Wang et al. 2014). In most members
this is believed to place the [2Fe-2S] cluster of the reductase in close enough proximity of the di-iron
centre to directly transfer two electrons, resulting in the formation of the reduced Fe(ll)-Fe(ll) state at
the active site of the hydroxylase (Wang et al. 2014). This process is less certain for the 4-component
hydroxylases however as the Rieske-type fourth component was found to mediate electron transfer

between the reductase and hydroxylase units (Pikus et al. 1996).
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Once the hydroxylase active site has reached its reduced state, the binding canyon undergoes a change
in specificity which promotes release of the reductase and binding of the regulatory unit (Liu et al. 1997;
Zhang et al. 2006). Binding of the regulatory unit then modifies the orientation of residues in the vicinity
of the active site (Lee et al. 2013; Acheson et al. 2014), facilitating subsequent monooxygenase activity
of the hydroxylase unit (Liu, Jeremy C. Nesheim, et al. 1995), and also prevents further oxidation of
the active site by additional binding of a reductase unit (Wang et al. 2014). The level of similarity of
these systems in catalytic cycle and active site structure have been used to draw extensive parallels
between these related enzymes in an attempt to elucidate broad structural and mechanistic functionality

(Cafaro et al. 2004; Bochevarov et al. 2011; McCormick and Lippard 2011).

2.4.2. The active centre and reaction cycle
The 105kcal mol* C-H bond energy of methane means that its conversion to methanol is one of the
most difficult reactions performed in nature (Sazinsky and Lippard 2015). sMMO and butane
monooxygenase are unique in the BMM family as the only enzymes capable of oxidising methane
(Sazinsky and Lippard 2006; Cooley et al. 2009), yet sMMO is also capable of (under non-physiological
conditions) oxidising the majority of primary substrates of the other BMMs (Colby et al. 1977). It
performs this reaction through one of the hallmarks of the BMM family, a di-iron catalytic centre (Leahy

et al. 2003).

The di-iron centre resides in a ferritin-like four helix bundle (Lundin et al. 2012), with each helix
contributing ligating residues to stabilise the active centre. Both irons are bound by ExxH motifs, these
being derived from helix 2 and 4 of the helix bundle for Fel and Fe2 respectively. These, in conjunction
with a further two glutamic acids from helix 1 and 3 comprise all amino acid components of the binding
sphere (figure 4). In the resting (MMOHo,y) state of the enzyme, the remaining occupied co-ordinate
sites of the oxidised Fe'""Fe'"" active centre are occupied by either bridging hydroxide ligands or, in the
case of Fel, a single water molecule (Sirajuddin and Rosenzweig 2015). These sites however undergo

dramatic change as the active sites progresses through its reaction cycle.
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MMOH is initially activated via electron donation by MMOR, reducing the active site to its Fe''Fe"
state (Sazinsky and Lippard 2015). Though extensive debate still remains regarding the subsequent
oxygen binding and activation process, there is general consensus for a multi-stage activation pathway
involving at least one peroxo intermediate (Tinberg and Lippard 2011). This pathway is typically
resolved into an initial oxygen binding stage, designated O (Banerjee et al. 2015), before the transition
through at least one of several proposed peroxo intermediates including cis-u-1,2 peroxo, trans-p-1,2
peroxo and p-n?n? conformations (Rinaldo et al. 2007; Han and Noodleman 2008; Bochevarov et al.
2011). Spectroscopic and kinetic studies have indicated that the reaction cycle is likely to involve at
least two of these peroxo intermediates, which have subsequently been designated P* and P (Tinberg
and Lippard 2009). Cleavage of the characteristic peroxide O-O bond then produces the enzymatically
active di(n-oxo) ‘diamond core’ known as Q (Gherman et al. 2001). This state has been noted to be the
most powerful oxidant in biology (Rosenzweig 2015), and the only intermediate in the reaction cycle

capable of oxidising methane (Ambundo et al. 2002; Beauvais and Lippard 2005a).

It has been noted however that though the Q state is the only reaction cycle intermediate capable of
oxidising methane, at least one other reaction intermediate is capable of C-H bond cleavage in other
substrates, and in some instances is more reactive towards select substrates than the Q state (Beauvais

and Lippard 2005b; Tinberg and Lippard 2010). Active site modelling (Bochevarov et al. 2011), in
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Figure 2.4: sSMMO hydroxylase active site structures. (A) Oxidised di-iron active site (MMOHoy)
of M. capsulatus (PDB accession number IMTY) and (B) Reduced di-iron active site (MMOHgeq) of
M. capsulatus (PDB accession number 1FYZ). Images produced on PyMol.
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conjunction with the lack of observed high valence intermediates (Tinberg et al. 2011), has indicated
most BMMs inability to cleave the peroxo O-O bond, strongly indicating the locus of functional

divergence at a catalytic level characterising SMMO and its respective activity towards methane.

2.4.3. MMOB and its role in hydroxylase regulation
Of primary importance to this reaction cycle is the presence of MMOB, which has been demonstrated
to moderate the kinetics of individual reaction stages: the most noteworthy being an increase in oxygen
association and P state formation of ~1000 fold (Liu, J. C. Nesheim, et al. 1995). The 15.9kDa MMOB
unit binds in a 2:1 ratio to the ‘canyon’ regions of MMOH produced at the interface between the two
protomers, with the binding pocket lying in the region of closest approach to the active site (Figure 2.6)
(Lee et al. 2013). Though this binding site is in agreement with the findings of regulatory units for other
BMMs, a unique and indispensable N-terminal sequence has been identified in MMOB, that when
bound to MMOH forms a highly stable loop conformation, suggesting additional functionality in

SMMO (Lee et al. 2013).

NADH + H* NAD*
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Fe'”\o/Fe”' Fe!l Fe! 0
H
CHs4
PASIN
FelV FelV Fell Fell
~N o/ \O?/
\ /0 /
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Figure 2.5: Soluble methane monooxygenase reaction cycle including proposed structure of active
site intermediates. Names for proposed intermediates are in coloured text.
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Site directed mutagenesis and double electron-electron resonance studies have implicated this N-
terminal region as a potential tether or hinge (Lee et al. 2013; Wang and Lippard 2014), which would
maintain MMOB’s proximity during the low affinity oxidised stage of the MMOH catalytic cycle
(Kazlauskaite et al. 1996). There is strong evidence for the binding of MMOR to the same region (Figure
2.7) (Wang et al. 2014), which would necessitate the transient nature of this binding and also indicate a
possible mechanistic role in preventing further electron donation from MMOR during the reduced
catalytic cycle stage through competitive binding (Lee et al. 2013). Such donation would result in the
further reduction of the active centre peroxo intermediate and the formation of a futile cycle (Wang et
al. 2014). The proposed mechanism would also resolve earlier findings that indicated non-competitive
MMOB and MMOR binding, from which separate binding sites was initially inferred (Gassner and

Lippard 1999).

The lack of gross structural changes in MMOH upon MMOB binding belies the crucial conformational
changes that it induces in the hydroxylase unit. Though alterations to the redox potential (Fox et al.
1991) and structural stability (Pulver et al. 1994; DeWitt et al. 1995; Davydov et al. 1999) in the di-iron
centre upon regulatory unit binding have been repeatedly demonstrated, the precise mechanism for such
modifications remains elusive. There is greater clarity around the mechanism through which MMOB

alters the availability of a 2.0A wide hydrophilic ‘pore’ that provides the most direct access pathway to

sMMO subunits involved in catalytic cycle

Depicted

Name Designation
colour

MMOH - o Hydroxylase subunit ~ Green
-B Hydroxylase subunit  Cyan
-y Hydroxylase subunit ~ Magenta

MMOB Regulatory unit Yellow

MMOR Reductase unit Not shown

Figure 2.6: Identification of all subunits involved in SMMO catalytic cycle, with space filling
model of active intermediate including regulatory unit. Unit designation in space filling model
described in table. Note that MMOB unit represented as cartoon structure.
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the active site (Sazinsky and Lippard 2005). This channel is produced by the movement of a 7 loop in
helix E of the active site, and has analogous motifs in numerous members of the di-iron centre family
(Sazinsky et al. 2006; Sazinsky and Lippard 2006; Murray and Lippard 2007) despite the closest

members in the BMM family typically having much larger pore diameters (Sazinsky et al. 2006).

Crystal structures of oxidised MMOH (MMOHq) indicate that this state favours an open conformation
for this pore region, facilitating access to the active site (Lee et al. 2013). Comparatively, the binding
of MMOB to the hydroxylase induces conformational change, involving the hydrophilic interaction of
Thr111 in MMOB and Asn214 in MMOH, drawing a 7 helix loop adjacent to the active centre outwards
and thus occluding this access pathway (Brazeau and Lipscomb 2003; Lee et al. 2013). Furthermore,
the binding position of MMOB also physically encapsulates the pore, which also is believed to

contribute to the restriction in molecular access (Whittington and Lippard 2001; Lee et al. 2013).

MMOB has also been implicated in the regulation of a large internal cavity network, hypothesised to
be the access pathway for methane and oxygen (Rosenzweig et al. 1997; Song et al. 2011). The first
observation of such a pathway in the BMM family was a 40A long tunnel leading from the active site
to the enzyme surface in phenol hydroxylase (Figure 2.8) (Sazinsky and Lippard 2005). Similar motifs

have since also been elucidated in the additional BMM members toluene/o-xylene monooxygenase

ﬁé&\%—»

Figure 2.7: Proposed role of ‘hinge region’ in regulatory unit function, facilitating moderation of
reductase access to binding cavity. MMOB (purple) and MMOR (red) depicted interacting with
hydroxylase unit (grey), demonstrating both binding (left) and tethering (right) abilities of regulatory
unit (reproduced with permission from (Wang et al. 2014)).
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(ToMO) and sMMO (McCormick and Lippard 2011), hence exhibiting conserved structural

morphology in all crystallised BMMs to date.

The BMM regulatory unit, including the methane monooxygenase associated MMOB, has been
demonstrated to play a vital role in the regulation of these cavities through gating effects at cavity
interfaces. Control for this regulatory system has been predominantly observed in the region adjacent
to the active site, and has been referred to as the ‘leucine gate’ in MMO due to the predominant role of
Leul110 in regulation through steric hindrance (Borodina et al. 2007). Comparative crystal structures of
the oxidised and MMOB bound hydroxylase unit has demonstrated a repositioning of this residue, along
with Phe188, upon MMOB binding to facilitate access through the hydrophobic network to the active
site. This gateway has demonstrated inverse concomitant regulation of the hydrophilic pore, with

accessibility being induced by MMOB binding (Lee et al. 2013).

A surprising observation arising from in vitro studies was that the presence of MMOB eliminated

hydrogen peroxide induced activity in the hydroxylase unit: this is despite catalytic activity being

Figure 2.8: Internal cavity network represented in multiple members of the bacterial multicomponent
monooxygenase family. Stylised primary cavity network (purple), pore region (orange), and alternative access
cavity (charcoal) depicted for MMOH (a), ToMOH (b), PHH (c) and regulator unit bound PHH (d) (reproduced
with permission from McCormick & Lippard 2011).
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observed on methane in isolated assays (Jiang et al. 1993). Hydrogen peroxide has been proposed as an
expedient method for the activation of the di-iron centre to facilitate methane conversion, especially on
an industrial scale (Park and Lee 2013), yet the catalytic rate of the native enzyme under such conditions
is insufficient to facilitate an economically viable industrial process. Despite numerous proposals for
alternative electron donors and efficient NADH regeneration methods, none have yet achieved
commercial viability (Torres Pazmifio et al. 2010). The future use of SMMO in methanol production is
therefore envisioned to either require maturation of one of these alternative reduction methods,
extensive metabolic engineering of the wild type organism, or the development of SMMO variants with

high hydrogen peroxide activity (Park and Lee 2013).

2.5. Expression of sSMMO and the role of MMOD
Progress in the detailed characterisation and rational design of high activity SMMO mutants has to date
been hindered by the lack of expedient systems for enzyme production. Among the few reported
expressions of active hydroxylase in heterologous host organisms (Jahng and Wood 1994; Jahng et al.
1996; Lloyd et al. 1999), none have been achieved in highly tractable organisms (West et al. 1992;
Murrell et al. 2000) and expression at levels greater than in wild type has only been observed when
using genetically modified methanotrophic organisms as hosts (Lloyd et al. 1999). Furthermore, to date
M. trichosporium has been the only host in which mutant SMMO has been successfully produced (Smith
et al. 2002; Borodina et al. 2007), and never in sufficient quantities for kinetic characterisation (Song
etal. 2011). These issues have been due to the inability to produce sufficient levels of active hydroxylase
unit, as high level expression of the reductase and regulatory unit in E. coli was first achieved over 25
years ago (West et al. 1992). Though new techniques for methanotroph culturing to high densities have
recently been developed (Yu et al. 2009), a method for expedient production of both wild type and
mutant SMMO still remains elusive, and remains of vital importance for the further development of the

field.

In contrast to the issues encountered during attempted SMMO expression in E. coli, numerous other

members of the BMM family have been successfully expressed using comparable systems. Early
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success expressing toluene/o-xylene monooxygenase (Cafaro et al. 2002) was quickly followed by
phenol monooxygenase (Cafaro et al. 2004) and alkene monooxygenase (Champreda et al. 2004). More
recently, the successful expression of propane monooxygenase (Furuya, Hayashi, and Kino 2013) has
resulted in sSMMO being the only major phylogenetic radiation in the BMM family to not have a member
successfully expressed in E. coli. The expression of both toluene/o-xylene and alkene monooxygenase
was found to only require the genes explicitly involved in catalysis for active heterologous production
(Cafaro et al. 2002; Champreda et al. 2004), demonstrating that the BMM family as a whole has not
developed, nor does it require, additional factors for folding or active site assembly. Furthermore, the
additional factors required for heterologous expression of phenol hydroxylase and propane
monooxygenase were both present either in the BMM operon itself or immediately adjacent to it. These
were found to be a small (~10kDa) cofactor-less accessory protein and a GroEL analogue for phenol
hydroxylase and propane monooxygenase respectively (Powlowski et al. 1997; Furuya, Hayashi, Semba,

etal. 2013).

The sMMO operon consists of six open reading frames. Half of these (mmoX, mmoY and mmoZ)
produce the constituent a, B and y units of MMOH, whilst mmoB and mmoC encode the regulatory
X Y B Z D C mmo(G mmoR

) maan) m) mn) ) m——)p )

Methylomonas methanica

> <

Methylococcus capsulatus

) ) =) mm) ) ) T S>>
Type I Methylomicrobium buryatense

Type II _w________“d_____>_

Methylocella silvestris

S ) e e e st

Methylosinus trichosporium

Figure 2.9: Gene organization of SMMO gene cluster in methanotrophs. SMMO operon represented
in black, with associated mmoG and mmoR genes in light and dark grey respectively. Additional genes
not conserved in vicinity of SMMO operon in white. Selected representative methanotrophs containing
respective gene order specified below each sequence, with demarcation between clusters found in the
type I and type 1l methanotrophs shown.
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MMOB and reductase MMOR units, respectively (Figure 2.9) (Merkx et al. 2001). The additional gene
in the operon, designated mmoD, is positioned between mmoZ and mmoC and has been demonstrated
to contain an actively expressed protein, designated as both MMOD (sometimes MmoD) and OrfY in
the literature. Despite only a low level of protein sequence conservation in MMOD being observed
across methanotrophic species, a central region exhibiting around 45% conservation has been identified

(Merkx and Lippard 2002).

Investigations of MMOD have revealed a 12kDa protein (Merkx and Lippard 2002) expressed to a level
of around 1-2% of that for MMOH (Merkx et al. 2001). Though not directly required for sMMO activity,
and indeed demonstrating inhibitory affects to MMOH activity (Merkx and Lippard 2002), gene
knockouts have indicated that this protein is required for production of the active enzyme system
(Semrau et al. 2013). The protein has been shown to bind to MMOH, with a higher affinity for the apo-
protein (Sazinsky et al. 2004). Demonstrations of competitive binding with MMOB has also indicated

the possibility of an overlapping binding region for both proteins (Merkx and Lippard 2002).

Despite these findings, a tentative assignment of the role of MMOD has been made as a transcriptional
regulator (Semrau et al. 2013). This has been due to findings in marker exchange mutagenesis
experiments, in which dramatically lower SMMO operon expression levels were observed after the
substitution of all operonic genes with an expression marker (genes X — C in Figure 2.9) (Semrau et al.
2013). This, in conjunction with the lack of assigned physiological function of MMOD as compared to
all other genes contained in the operon, has resulted in the subsequent transcriptional activator
designation, though such assignment has often not been considered conclusive (Sazinsky and Lippard

2015).

Despite low sequence similarities, the question still remains of whether the DmpK accessory protein
found to be required for heterologous phenol hydroxylase expression is an analogue to MMOD
(Powlowski et al. 1997). These have demonstrated morphological similarities such as size and absence
of cofactors, as well as parallel physiological characteristics: that is, binding to the hydroxylase unit in

a competitive fashion relative to the regulatory component, relative low level expression comparative

33



to the hydroxylase unit, decrease in hydroxylase activity when present in high levels, and an
indispensable role in the production of active enzyme (Powlowski et al. 1997; 1zzo et al. 2011). In
contrast to MMOD however, DmpK has been demonstrated not to be required for transcription of the
hydroxylase unit (Semrau et al. 2013), and there is evidence of its direct requirement in the formation
of the active hydroxylase unit (1zzo et al. 2011); the latter having been difficult to assess in MMOD to

date.

Of particular relevance to SMMO formation was the finding that DmpK bound to the phenol
hydroxylase increased the stability of the monomeric o/B/y unit, as opposed to the catalytically active
dimeric form (lzzo et al. 2011). In conjunction with the increased binding ability for the iron co-factor
in this form, the primary role of DmpK was therefore hypothesised to be involved in both the formation
and reformation of active di-iron centres. Though comparative experiments using MMOD bound
methane monooxygenase indicated decreased iron retention in the active site (Sazinsky et al. 2004), the
precise nature of MMOD’s role regarding both transcription and protein assembly still remains

unresolved.

2.6. GroEL and its potential role in SMMO expression
An interesting observation has been noted for several members of the BMM family: a GroEL analogue
divergent from classical members of the family has been observed to be retained in close proximity to
the respective monooxygenase operon. The characterised members that exhibit this phenomenon are
the propane (Kotani et al. 2003; Sharp et al. 2007), butane (Kurth et al. 2008) and methane
monooxygenases (Csaki et al. 2003; Stafford et al. 2003; Theisen et al. 2005); for each group this GroEL
analogue has been demonstrated to be required for the successful expression of the active hydroxylase
in the native organism (Stafford et al. 2003; Kurth et al. 2008; Furuya, Hayashi, Semba, et al. 2013).
Recent success expressing propane monooxygenase in heterologous organisms including E. coli has
also demonstrated that this GroEL analogue was required for the successful expression of the active
hydroxylase at the translational level (Furuya, Hayashi, Semba, et al. 2013; Furuya, Hayashi, and Kino

2013).
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The archetype GroEL, otherwise known as chaperonin, belongs to a wider family of chaperone proteins
that facilitate proteostasis through assisting partially folded and mis-folded proteins in attaining their
native conformation (Ellis 2006). The potential specialisation of the BMM associated GroEL analogues,
and inability to replace with conventional GroEL analogues, is surprising due to the conventionally
promiscuous nature of these protein folding enzymes. The single copy found in E. coli has been found
to associate with up to 50% of mis-folded E. coli proteins (Viitanen et al. 1992), ~250-300 of which
have been identified as binding in a stable and highly reproducible fashion (Houry et al. 1999; Kerner
et al. 2005). Though debate continues regarding the detailed mechanism for GroEL chaperone activity
(Lin and Rye 2006), general consensus exists regarding its role in sequestering unfolded and mis-folded
proteins and providing a conducive environment for correct folding, termed the ‘Anfinsen cage’ (Ellis
2003). This facilitates attainment of native structure and destabilises erroneous conformations resultant

from kinetic folding traps in proteins (Dahiya and Chaudhuri 2014).

Although for the majority of substrates folding will occur intrinsically in typical in vitro conditions,
between 20-30% of the cellular cytoplasm is typically constituted by macromolecules, and the

subsequent high level of steric crowding can result in protein agglomeration before the native state is

Figure 2.10: Space filling model of GroES bound GroEL. Surface structural (right) and internal cut-
away (left) representations. Unbound ‘trans’ cavity (blue), bound ‘cis’ cavity (pink) and GroES cap
(orange) depicted, with individual monomers for each region shown in cyan, It. pink and yellow
respectively.
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attained (Ellis 2001). Furthermore, a small subset of proteins have an obligatory dependency on GroEL
for attainment of native conformation, providing direct necessitation of such chaperones (Kerner et al.

2005).

GroEL’s tertiary and quaternary structure is crucial for its function. Each 60kDa GroEL unit consists
of three domains: an equatorial base that contains an ATP binding region, intermediate hinge domain,
and an apical domain including the substrate and GroES binding components (Figure 2.10) (Wang et
al. 2002). In GroEL’s functional form, these units are oligomerised to the native tetradecameric structure,
with dual heptameric rings producing two adjoining hollow cavities located in the protein mesostructure,
both facing the external environment. The heptameric GroES cofactor is designed to cap these cavities,
producing an encapsulated space of slightly under 200,000A3 (Figure 2.10) (Clare et al. 2006), the so
called ‘Anfinsen cage’, capable of accommodating proteins of up to 60kDa, dependant on
morphological characteristics (Saibil 2013). Though no specific binding sequences have been identified
for any member of the chaperonin family (Houry et al. 1999), a propensity to bind exposed hydrophobic
regions has been observed and is believed to be their primary mechanism for identifying misfolded

proteins (Saibil 2013).

Whilst the presence of a single copy of the GroEL gene is most prevalent in bacterial species, nearly
30% exhibit at least two copies (Lund 2009), with high levels of proliferation being observed in
numerous species including Bradyrhizobium japonicum, with the highest recorded number of seven
variants (Kumar et al. 2015). Whilst the importance of GroEL gene multiplication in facilitating tight
regulation expression has been clearly demonstrated (Kondrashov and Kondrashov 2006; Lund 2009),
a significant body of evidence is also pointing towards the existence of divergent GroEL members
facilitating folding of a wider array of substrates, with clear examples in Mycobacterium smegmatis
(Kim et al. 2003; Ojha et al. 2005), Mycobacterium tuberculosis (Hu et al. 2008), Corynebacterium
glutamicum (Barreiro et al. 2005) and Streptomyces albus (Servant et al. 1994) all demonstrating non-

synonymous function across GroEL variants in the organism.
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ARTICLE INFO ABSTRACT

Keywords: The critical role that bacterial methanotrophs have in regulating the environmental concentrations of the potent
pMMO greenhouse gas, methane, under aerobic conditions is dependent on monooxygenase enzymes which oxidise the
sMMO substrate as both a carbon and energy source. Despite the importance of these organisms, the evolutionary

SUMM? ) origins of aerobic methane oxidation capability and its relationship to proteobacterial evolution is not well
0-evolution understood. Here we investigated the phylogenetic relationship of proteobacterial methanotrophs with related,
Chemolithoautotroph

non-methanotrophic bacteria using 16S rRNA and the evolution of two forms of methane monooxygenase:
membrane bound (pMMO and pXMO) and cytoplasmic (sMMO). Through analysis we have concluded that
extant proteobacterial methanotrophs evolved from up to five ancestral species, and that all three methane
monooxygenase systems, pMMO, pXMO and sMMO, were likely present in the ancestral species (although pXMO
and sMMO are not present in most of the present day methanotrophs). Here we propose that the three mono-
oxygenase systems entered the ancestral species by horizontal gene transfer, with these likely to have pre-
existing physiological and metabolic attributes that supported conversion to methanotrophy. Further, we suggest
that prior to these enzyme systems developing methane oxidation capabilities, the membrane-bound and cy-
toplasmic monooxygenases were already both functionally and phylogenetically associated. These results not
only suggest that sMMO and pXMO have a far greater role in methanotrophic evolution than previously un-
derstood but also implies that the co-inheritance of membrane bound and cytoplasmic monooxygenases have
roles additional to that of supporting methanotrophy.

Greenhouse gas

1. Introduction methane as a sole energy source correlates with their identification in
environments as diverse as swamps, rice paddies, oceans, deciduous
woods and arctic saline lakes (Bowman et al., 1997; Hanson and

Hanson, 1996; Park and Lee, 2013).

Since 1750, atmospheric methane levels have increased by 2.5 fold,
now making it the second most significant greenhouse gas after CO,,

accounting for 17% of the current increase to global warming potential
(Allen, 2016). The methanotrophs, organisms capable of consuming
methane as their carbon and energy source, have been identified as one
of the key natural mechanisms for regulating these atmospheric me-
thane concentrations (Semrau et al., 2011), with estimates that these
organisms consume around 30 million tonnes per annum of atmo-
spheric methane (Kolb, 2009; Smith et al., 2000). More importantly is
the role of methanotrophs in preventing the initial release of methane
to the atmosphere, in which it is believed that they can attenuate me-
thane emissions by over 80% in some high generation biomes (Conrad
and Rothfuss, 1991; Frenzel et al., 1992). Their ability to utilize

The methanotrophs form an important subsection of the much
larger methylotrophic group, which grow on reduced carbon substrates
lacking carbon-carbon bonds (Chistoserdova, 2011). Specific members
of these methanotrophs can couple methane oxidation to the reduction
of sulfate, iron, manganese, nitrate and nitrite, as well as the more ty-
pical oxygen (Bhattarai et al., 2017). Those that use anoxic methods for
methane oxidation remain poorly characterised, with strains specific to
the majority of these oxidants yet to be isolated in pure culture
(Chistoserdova et al., 2005). This is contrasted by the enormous body of
literature detailing the biochemistry, metabolic pathways, physiology
and ecology of the aerobic methanotrophs.
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Ever since detailed characterisation of methanotrophs began over
60 years ago (Dworkin and Foster, 1956), the classification scheme
constantly evolved to accommodate new findings in the field. Early
classification primarily used intracytoplasmic membrane morphology,
fatty acid composition and methane assimilation pathway to differ-
entiate three different methanotrophic ‘types’ (Hanson and Hanson,
1996): I, II, and X. Subsequent revisions to this system have typically
incorporated the type X into type I (usually as type Ib) (Danilova et al.,
2016). The classification into either type I or type II delineates me-
thanotrophs at the taxonomic class level, that is, derived from either the
Gammaproteobacteria or Alphaproteobacteria (Stein et al., 2012). More
recent findings have also revealed methanotrophs outside the Proteo-
bacteria including Verrucomicrobia, for which an additional type III has
been ascribed, and members of the only known bacterial intra-aerobic
methanotrophs of the NC10 phylum (typified by the Methylomirabilis
genus), which have yet to be incorporated into the classification system
(Knief, 2015).

All bacterial methanotrophs rely on one of two forms of the enzy-
matic methane monooxygenase system, in conjunction with molecular
oxygen and a reducing equivalent, to perform the initial oxidation of
methane to methanol (Sirajuddin and Rosenzweig, 2015). The mem-
brane bound form of this enzyme, particulate methane monooxygenase
(pMMO), was long thought to be universal within the bacterial me-
thanotrophs (Holmes et al., 1995). Recent discoveries have demon-
strated this not strictly correct, with the alternative cytoplasmic form of
the methane monooxygenase, soluble methane monooxygenase
(sMMO) being the sole methane oxidising unit in several species
(Dunfield et al., 2003; Vorobev et al., 2011). Despite this, those con-
taining only pMMO are the dominant form of methanotrophs identified
to date, with those that exhibit both enzyme systems typically de-
monstrating a strong functional preference towards pMMO (Semrau
et al., 2013).

It has long been acknowledged that pMMO and the ammonia
monooxygenase (AMO) critical to the metabolic lifestyle of ammonia
oxidising bacteria (AOB) are closely related (Holmes et al., 1995). Both
belong to a larger family of copper membrane monooxygenases
(CuMMO), also containing less characterised members including
pXMO, also known to be present in some methanotrophic species
(Tavormina et al., 2011). sMMO by contrast, exists in a much larger and
more elucidated family of bacterial multicomponent monooxygenases
(BMM) known for its high diversity of substrates (Leahy et al., 2003;
Notomista et al., 2003).

The occurrence of methanotrophy is restricted to relatively few
genera in the Proteobacteria due to the metabolic difficulty for organ-
isms to adopt or diversify from the ‘specialist’ lifestyle and these occur
in mostly methanotroph-specific clades (Tamas et al., 2014). Despite
the extensive effort and revisions of methanotroph classification (Knief,
2015; Semrau et al., 2010; Stein et al., 2012; Tamas et al., 2014;
Trotsenko and Murrell, 2008) key questions of the evolution of me-
thanotrophy and its distribution amongst Proteobacteria remain, such
as, how methanotrophy arose in Proteobacteria, how far did it spread
and what organisms were the likely proto-methanotrophs?

Here we investigated the phylogenetic relationship of proteo-
bacterial methanotrophs with related, non-methanotrophic bacteria
using 16S rRNA and the evolution of two forms of methane mono-
oxygenase: membrane bound (pMMO and pXMO) and cytoplasmic
(sMMO). Through such analysis we have determined the most parsi-
monious explanation for the current taxonomic arrangement of present
day proteobacterial methanotrophs was five separate speciation events,
with each event involving the horizontal transfer of three evolutionary
distinct methane oxidation systems to ancestral species with select
traits. These results place in a new light the physiological importance of
each of the three systems, and point towards a more complex interplay
between them that has both enabled and sustained methanotrophy.
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2. Materials and methods
2.1. 16S phylogenetic analysis of Proteobacteria related to methanotrophs

Proteobacteria Methylomonas methanica (AF304196), Methylococcus
capsulatus  (AJ563935), Methylohalobius crimeensis (AJ581837),
Methylosinus  trichosporium (Y18947) and Methylocella silvestris
(AJ491847) were selected as representatives of methanotrophic sub-
groups la-c and Ila-b, respectively. The subgroup archetypical beha-
viour used as the selection criteria for the first four representatives does
not exist for the IIb subgroup, and therefore this species was selected as
one of the subgroups best characterised members. 16S sequences for
each species were obtained from the SILVA LTP 123 database (Sept
2015 release) (Yarza et al., 2010) using a localised BLASTn search of
the V4 region, guided by positions 488-746 of E. coli as a reference
frame (Yang et al., 2016). The closest 100 representatives for each re-
ference sequence were selected, with the three Gammaproteobacteria
and two Alphaproteobacteria searches then merged to produce the
combined datasets containing 227 and 122 species, respectively. The
two datasets contained all currently identified methanotrophs present
in the SILVA LTP 123 dataset. All 16S sequences from both datasets
were extracted from the SILVA LTP 123 database then aligned with
MAFFT v7 (Katoh and Standley, 2013) using the Q-INS-i method (Katoh
and Toh, 2008).

Phylogenetic analysis of the aligned datasets was initially conducted
using a Bayesian Markov chain Monte Carlo method implemented in
BEAST v1.8 (Drummond et al., 2012; Drummond and Rambaut, 2007)
using a GTR + G + I model and an uncorrelated lognormal relaxed
clock. Datasets were run for 60 million and 20 million generations for
the Gammaproteobacteria and Alphaproteobacteria dataset, respec-
tively, with sampling every 1000th generation. The maximum clade
credibility tree and posterior probabilities was then evaluated using
TreeAnnotator v1.8.2 (Drummond et al., 2012). Phylogenetic con-
fidence for the Bayesian MCMC constructed phylogenies were also as-
sessed using the Maximum Likelihood methodology implemented in
RAXML (Stamatakis, 2014) using 1000 bootstrap replicates and the
GTR + G + I model. Due to low bootstrap stability observed within
both the Ia and Ib group, bootstrap replicates were manually inspected
and the positioning of three species, Methylosphaera hansonii, Methylo-
gaea oryzae and Cycloclasticus pugetii showed lability within and outside
their associated methanotrophic cluster. After excising the three species
from both the Bayesian reference tree and sequence dataset, reanalysis
of bootstrap support resulted in significant improvement in phyloge-
netic stability. All phylogenetic results were visualised using the gra-
phical phylogenetic viewer FigTree (tree.bio.ed.ac.uk/software/
figtree/).

2.2. Phylogenetic analysis of MMO proteins

pmoB from M. capsulatus Bath (G1UBD1) was used in BLASTp ana-
lysis of the Joint Genome Institute IMG/ER database (https://img.jgi.
doe.gov/) to identify CuMMO sequences. The use of complete genomes
in this database enabled confirmation of the presence of all genes
coding for subunits required for enzymatic activity and gene arrange-
ment in the operon, as well as the determination of all monooxygenase
genes of interest in the species.

The sequences were aligned using MAFFT v7 and the L-INS-i
method, after which the dataset was manually curated to remove se-
quences with large indels. To avoid the domination of the dataset by
frequently sequenced species, representative sequences from one strain
per species were randomly selected for analysis. Where sequences were
present from strains identified to genus only and species level, the
former sequence was removed. Finally, any identical copies of the
CuMMO gene contained within a specific genome were removed, with
the resultant dataset reduced to 88 members. Phylogenetic analysis and
post-processing was performed as outlined under 16S unit methodology
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Methylophaga (9)

Cycloclasticus pugetii
Methylosphaera hansonii
Methyloprofundus sedimenti
Methylosoma difficile
Methylovulum miyakonense
Methylobacter psychrophilus
Methylobacter tundripaludum
Methylobacter luteus
Methylobacter marinus
Methylomarinum vadi
Methylomonas lenta
Methylomonas paludis
Methylomonas methanica *
Methylomonas scandinavica
Methylomonas koyamae
Methylomonas aurantiaca
Methylomonas fodinarum
Methylomicrobium pelagicum
Methylomicrobium kenyense
Methylomicrobium buryatense
Methylomicrobium japanense
Methylomicrobium alcaliphilum
Methylosarcina lacus
Methylosarcina fibrata
Methylosarcina quisquiliarum
Methylococcus mobilis
Methylobacter whittenburyi
Methylomicrobium album
Methylomicrobium agile

Piscirickettsiaceae

1.00 (87)

100 |
097

083 [

Methylococcaceae
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————— Methylogaea oryzae
Methylococcus capsulatus *
Methyloparacoccus murrellii
Methylocaldum tepidum
Methylocaldum gracile
Methylocaldum szegediense
Methylocaldum marinum
Thioalkalispira microaerophila ¢
Thioalbus denitrificans ©
Thiohalomonas denitrificans
Thiohalomonas nitratireducens
Nitrosococcus oceani ©
Ectothiorhodospira salini ®
Thiorhodospira sibirica P
Thioalkalivibrio sulfidiphilus ¢
Thioalkalivibrio thiocyanodenitrificans ©
Thioalkalivibrio denitrificans ¢
Natronocella acetinitrilica
Methylohalobius crimeensis *
Methylomarinovum caldicuralii
Methylothermus subterraneus
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Fig. 1. Truncated gammaproteobacterial phylogeny featuring all methanotrophic species in the class and closely related taxa. The extended tree including accession
numbers is given in Suppl Fig. S1. The phylogeny was based on Bayesian Markov chain Monte Carlo 16S phylogenetic analysis of 227 sequences most closely related
to gammaproteobacterial methanotrophs. All methanotrophic species in the dataset were captured within the two phylogenetic subregions displayed.
Methanotrophic species from Types Ia, b and c are coloured red, blue and green respectively, with the common phylogenetic region to methanotrophs of each type
shaded in the respective colour. Posterior probabilities are displayed at all major nodes, with maximum likelihood values for key nodes in brackets. Dashed lines
denote species removed for the maximum likelihood bootstrap analysis, performed on the Bayesian derived phylogenetic topology. The exclusive Methylophaga
branch has been collapsed for clarity, with the number of species shown in parenthesis and main proteobacterial families are indicated adjacent to the phylogenies. *
indicates the species selected as the exemplar of the methanotroph ‘type’ species for BLAST analysis. P and C superscript denote species capable of photoautotrophy

and chemolithoautotrophy respectively.

with the exception of the Bayesian analysis which was conducted to 10
million generations, and the substitution model for both Bayesian and
Maximum likelihood, for which the WAG + G + I model was used. The
genome of randomly selected members of each phylogenetic cluster was
examined, and the presence of all three CuMMO genes required for
catalytic activity confirmed.

Sequence diversity of the catalytic subunit of BMM was obtained
through BLASTp analysis of the IMG/ER database using a translation of
mmoX (active subunit of sSMMO) from M. capsulatus Bath (P22869) at
le-10 cut-off limit. Preliminary alignment and phylogenetic analysis of
the 500 sequences resulting from the search indicated that much of the
larger BMM family was also captured in the search, with characterised
representatives from the phenol hydroxylase, toluene monooxygenase
and alkene monooxygenase-containing strains (Leahy et al., 2003)
identified in the dataset. Examination of the phylogenetic cluster closest
to SMMO (assumed by the inclusion of proteins from characterized
methanotrophs) were two small groups of related BMM having char-
acterized ethane and butane monooxygenase activities; both groups
were highly stable in their location, which was adjacent to the main

BMM phylogeny on the same branch as the sMMO cluster.

The sequences contained within the sMMO radiation and the two
additional clusters as described above were excised from the original
BLAST results. To this dataset, the amoC unit of Gordonia rubripertincta
(formerly Rhodococcus corallinus) (Q53027) was added as the closest
member to the SMMO cluster observed in previous BMM family analysis
(Leahy et al., 2003; Notomista et al., 2003) and bmoX from Thauera
butanivorans as the only fully characterised butane monooxygenase
(Dubbels et al., 2007). For each member, the presence of regulatory and
reductase components, as well as additional hydroxylase subunits were
confirmed in the respective operons, thus confirming all units required
for catalytic activity. The sequences were aligned as previously de-
scribed using MAFFT v7 and the L-INS-i method, with subsequent re-
moval of sequences with large indels and a mmoX gene fragment from
Plasmodium Yyoelii yoelii. Phylogenetic analysis and post-processing was
performed as outlined under 16S unit methodology with the exception
of the Bayesian analysis which was conducted to 10 million genera-
tions, and the substitution model for both Bayesian and Maximum
likelihood, for which the WAG + G + I model was used.
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3. Results

3.1. Proteobacterial 16S analysis reveals five distinct methanotroph
radiations amidst photo- and chemolitho-autotrophs and methylotrophs

For the examination of methanotrophic groupings and identification
of related non-methanotrophic taxa, we used the SILVA LTP database as
a high resolution neutrally curated 16S dataset (Yarza et al., 2010). This
database had the notable absence of representatives of either the Me-
thylomirabilis or Methylacidiphilum methanotrophic genera. These
genera were not inserted into the dataset as it was desired to avoid
manual editing of the database to prevent potential data biasing, and
they were deemed unlikely to provide significant taxonomic clarifica-
tion, nor identify any closely related non-methanotrophic species. This
was based on the fact that they resided in the NC10 phylum and Me-
thyloacidiphilales order respectively, both of which are candidate clas-
sifications and remain to be accurately taxonomically classified (Ettwig
et al.,, 2010; Op den Camp et al., 2009). No additional absence of
bacterial methanotrophic genera beyond these two instances were
identified.

In our phylogenetic analysis of the datasets generated from collation
of BLAST results around known proteobacterial methanotrophic spe-
cies, methanotrophic Proteobacteria were observed to exist in two
narrow phylogenetic lineages consistent with those previously de-
scribed (Bowman, 2005; Tamas et al., 2014). Bayesian analysis con-
ducted on the gammaproteobacterial type I dataset showed complete
support for Ib and Ic sub-groups as monophyletic and exclusively me-
thanotrophic (Fig. 1). Similarly, there was strong support for mono-
phyletic methanotrophy for the Ia sub-group (posterior probability -
0.72), increasing to complete support when the unstable Methylosphaera
hansonii was excluded (Fig. 1). ML bootstrap analysis also supported
this conclusion following removal of several unstable species (Fig. 1).
Although overall tree instability prevented clear elucidation of re-
lationships between all type I gamma methanotrophic subgroups (Fig.
S1), Bayesian analysis resolved the region immediately surrounding
each subgroup. Whilst the phylogenetic relatives of the Ia group were
dominated by the methylotrophic species from Methylophaga, the ana-
lysis supported their closest relative being the hydrocarbon-degrading
Cycloclasticus pugetii (Fig. 1). The taxa surrounding the Ic group in the
phylogenetic tree were almost exclusively species of the Ectothiorho-
dospiraceae, with strong representation of chemolithoautotrophic bac-
teria (Fig. 1) with two exceptions; Thioalkalispira microaerophila, an
alkaliphilic sulphur oxidiser and Nitrosococcus oceani, the closest extant
species to the original Ammonia Oxidising Bacteria (AOB) type strain
(Klotz et al., 2006). There was also moderate support in the Bayesian
analysis (posterior probability > 0.60) for the association of the type
Ib methanotrophic clade with the Ectothiorhodospir-
aceae + Methylococcaceae (Ic) cluster, thus placing them in close
phylogenetic proximity to the Ic methanotrophs (Fig. 1) but did not
support the possibility of a single ancestor to both the Ib and Ic groups.

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ympev.2018.08.010.

For the methanotrophic Alphaproteobacteria, phylogenetic analysis
showed complete Bayesian support for the type Ila but not type IIb
group as monophyletic and exclusively methanotrophic radiations
(Fig. 2). Two non-methanotrophic species, Methylovirgular ligni and
Methylorosula polaris, were present within the IIb radiation (Fig. 2) with
high level support (posterior probability > 0.90), ruling out the pos-
sibility of the methanotrophic species forming an exclusive group
within this cluster. Furthermore, there was complete Bayesian support
for the presence of non-methanotrophic purple non-sulphur Rhodo-
blastus spp. between types Ila and IIb (Fig. 2) extending the lack of
exclusive methanotrophic behaviour to the region between type Ila and
IIb methanotrophs. According to the phylogeny, the closest relatives of
type II methanotrophs were photo- and chemolitho-autotrophs: purple
non-sulphur Rhodoblastus spp. and Rhodoplanes spp., sulphur oxidising
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Fig. 2. Truncated alphaproteobacterial phylogeny based on 16S analysis fea-
turing all methanotrophic species in the class and closely related taxa. The
extended tree including accession numbers is given in Suppl Fig. S2. The phy-
logeny was based on Bayesian Markov chain Monte Carlo 16S phylogenetic
analysis of 122 sequences most closely related to alphaproteobacterial metha-
notrophs. Methanotrophic species from Type Ila and b are coloured red and
blue respectively, with the common phylogenetic region to methanotrophs of
each type shaded in the respective colour. Hatched shading denotes regions
within the common phylogenetic region with non-methanotrophic species
present. Posterior probabilities are displayed at all major nodes. Dashed lines
denote phylogenetic regions removed for ML bootstrap analysis of Bayesian
derived phylogenetic topology, with results for key nodes included in par-
enthesis. Several non-methanotrophic branches exclusive at the genus level
have been collapsed for clarity with the number of species in these branches
denoted in parenthesis. The main proteobacterial families are indicated ad-
jacent to the phylogenies. * indicates the species selected as the exemplar of the
methanotroph ‘type’ species for BLAST analysis. P and C superscript denote
species capable of photoautotrophy and chemolithoautotrophy respectively.

Blastochloris ~ spp., purple non-sulfur Roseiarcus fermentans
(Kulichevskaya et al., 2014) and the chemo-organotrophic Alsobacter
metallidurans (Bao et al., 2014) (Fig. 2).

3.2. Two major radiations of methanotrophic CuMMOs

The IMG/ER database was selected for both CuMMO and BMM
analysis due to the diversity of annotated full genome sequences which
was crucial for the identification of additional members of the CUMMO
or BMM families in the respective genomes. A BLAST analysis of this
database for CuMMO members centred on pmoB from M. capsulatus
Bath identified 312 genes in the database using an E value cut-off limit
of 1e-10; increasing the threshold to 1e-5 resulted in just two additional
sequences, both originating from the Archaeal genus Methanosarcina. As
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Fig. 3. Bayesian phylogenetic topology of translated CuMMO pmoB sequences from bacteria. The protein translation of 88 pmoB or homologous genes spanning the
diversity of CuMMO in bacteria were obtained, aligned using MAFFT, and phylogeny constructed using BEAST v1.8. Several nodes were collapsed based on either
congruence at the genus level or similar metabolic function. The first number at each node corresponds to the posterior probabilities determined from the Bayesian
analysis, the second designates the ML bootstrap scoring for the same Bayesian maximum credibility tree using RaXML (WAG + G + I model). The regions designated
as pMMO-like and pXMO-like are shown in green and blue respectively, with methanotrophs containing the namesake pMMO and pXMO genes identified in
parenthesis. Dashed lines indicate the division between methanotroph-dominant and non-methanotroph functions. Branches where there is direct congruence
between the pMMO-like and pXMO-like are indicated as red lines and the species representing Proteobacteria are shown to the right of the tree.

sequences from the Archaea are the most divergent members of the
CuMMO family (Stein et al., 2012; Tavormina et al., 2011) this in-
dicates the full scope of previously identified bacterial CuMMO species
was captured within the search. However, due to the high level of di-
vergence of the Methanosarcina CuMMO sequences, they were excluded
from analysis to avoid potential long-branch attraction artefacts
(Bergsten, 2005). To prevent any potential biasing of the dataset, all
subsequent curation was performed using objective parameters applied
to the whole dataset.

Phylogenetic analysis of the dataset revealed that the bacterial
CuMMO phylogeny was divided into two branches at an ancestral node
(Fig. 3, Supplementary Fig. 3): the first to diverge was a cluster of
Actinomycetales CuMMO sequences, with the only previously identified
activity being in Mycobacterium chubuense NBB4, with highest activity
towards C, — C,4 alkanes (Coleman et al., 2012). The second CuMMO
branch diverged further into 3: the oldest of these were proteins from
the non-bacterial methanotrophic Verrucomicrobia (Methylacidiphilum
spp.), next was a single representative of the NC10 lineage Methylo-
mirabilis oxyfera, with the most recent branch containing all proteo-
bacterial CuMMO proteins (Fig. 3). All organisms contained the three
conserved CuMMO genes with all but the explicit pXMO cluster in
methanotrophs retaining the canonical ‘C-A-B’ gene order (Baani and
Liesack, 2008).

The proteobacterial CuMMO radiation divided into pMMO- and
pXMO-like sequences as differentiated in Fig. 3. There was a striking
symmetry in tree topology within the pMMO- and pXMO groups; each
was split into two similar subtrees. In each subtree, one contained
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CuMMO proteins from predominantly methanotrophs and the other,
from non-methanotrophs (divided by dotted lines, Fig. 3). The pMMO-
like proteins included the well-characterised type I and II methano-
trophic pMMO and the gammaproteobacterial AMO which clustered
with the type I methanotrophic proteins. Previously unreported is the
CuMMO of Skermanella aerolata, an alphaproteobacterium with no
methanotrophic characteristics yet identified, which also clustered with
the type II pMMO (Fig. 3). Interestingly, Sk. aerolata is not related to the
type II methanotrophs based on 16S and this organism was positioned
outside of our methanotrophic Alphaproteobacteria phylogenetic ana-
lysis (Suppl Fig. 2).

In addition to the many type Ia methanotrophs containing copies of
both pMMO and pXMO, this was also observed in the sole re-
presentatives Methylocaldum sp. 175 and Methylocystis rosea from type
Ib and type IIa methanotrophs, respectively. These findings, therefore,
showed that the majority of methanotrophic proteobacterial types (3
out of 5) contain representatives that possess both pMMO and pXMO
systems. Furthermore, while the overall tree topology of the pXMO
sequences closely resembled that of the pMMO, it differed in
Methyloglobulus morosus, which has a pmo gene and two non-synon-
ymous pxm gene copies from separate origins. One pXMO protein re-
sides within the type Ia (within the collapsed Ia cluster in Fig. 3) whilst
the second protein lies in a single branch adjacent to the main metha-
notroph pXMO. Retaining dual CuMMO (pMMO- and pXMO-like) genes
was not limited to methanotrophic species. CUMMO proteins from three
non-methanotrophs: Hydrogenophaga spp. (Betaproteobacteria), Soli-
monas aquatica (Alphaproteobacteria), and an aromatic hydrocarbon-
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degrading Cycloclasticus spp (Gammaproteobacteria) clustered together
in both the pMMO and pXMO groups despite the host organisms being
taxonomically distinct. The former was poorly taxonomically char-
acterised in the JGI database, however contained a > 98% similarity
of multiple universally conserved protein genes to Hydrogenophaga
taeniospiralis. This, in conjunction with the 100% sequence identity of
the pmo-like gene to that found in Hydrogenophaga sp. T4 resulted in to
our current designation. Also found to cluster with the pXMO from non-
methanotrophs was the CuMMO from the alphaproteobacterium Bra-
dyrhizobium manausense and the betaproteobacterial AOB (Fig. 3).

3.3. Phylogenetic relationship of sMMO and closely related BMM

The evolutionary history of the alternative methane oxidising
module to CuMMO in bacteria, the soluble methane monooxygenase
(sMMO), was also investigated in this study. In examining the phylo-
geny of the larger BMM family in which sMMO resides, we limited the
scope to the region immediately surrounding sMMO. To achieve this,
the ethane monooxygenases from the Actinomycetales: My. rhodesia
NBB3 and chubuense NBB4, were used to delimit the BMM members
from the original BLAST search results of the JGI database that are
closely related but functionally distinct to sMMO. Similarly, the soluble
butane monooxygenase from Thauera butanivorans was added to the
analysis as a well-characterised, short chain hydrocarbon-active BMM
that is closely related to sMMO. The resulting BMM alpha unit protein
sequence phylogenetic tree included sequences from all identified me-
thanotrophs, identified ethane and butane monooxygenases, and un-
characterised members from So. aquatica and Sk. aerolata (Suppl Fig. 4).
Bayesian molecular clock analysis showed the ethane oxidising
Actinomycetales were first to diverge from a putative ancestral species,
followed by a division into two subsequent branches: one represented
by So. aquatica/Th. butanivorans BMMs and the other leading to the
methanotroph radiation (Suppl Fig. 4). The BMM protein from Sk.
aerolata resided inside the larger methanotrophic cluster with low
support for specific location (Suppl Fig. 4). However, there was cer-
tainty for its placement either directly adjacent to or within the al-
phaproteobacterial type IIb methanotrophic group in the cluster.
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3.4. Alignment of phylogenetic trees for methane-oxidizing proteins

The protein sequence phylogenetic trees for CuMMO and BMM were
simplified and aligned as shown in Fig. 4. It was clear that the trees
based on protein sequence relationships did not agree with phylogeny
based on 16S. Here, the methanotrophs grouped in accordance with
their respective Class (Alphaproteobacteria and Gammaproteobacteria)
but the remainder of the organisms were randomly ordered and did not
follow expected evolutionary order (as compared with the inset dia-
gram Fig. 4). This was most apparent with the non-methanotrophic
region of the pXMO radiation, with the occurrence of sequences from
both Betaproteobacteria and Gammaproteobacteria separated by re-
presentatives of a different class.

Aligning the phylogenetic trees for the three monooxygenase se-
quence families results in a complete agreement of topologies (Fig. 4),
that is, where an organism shares either two or three different mono-
oxygenases (pMMO-like, pXMO-like or BMM) the sequences have the
same evolutionary history suggesting they were gained concurrently
and have evolved together. Furthermore, comparison of the BMM and
CuMMO protein sequence trees revealed a striking correlation where
nearly all organisms containing BMM also had CuMMO-coding genes
(Fig. 4). The exceptions were the sMMO-only methanotrophs from type
IIb and Th. butanivorans which relies on its BMM for the short chain
alkane oxidation essential to its metabolism (Dubbels et al., 2009; Sluis
et al., 2002). Although sMMO was present in a minority of methano-
trophs that also possessed CuMMO, four out of the five methanotrophic
types (Ia, Ib, Ila, IIb) were represented by at least one species where
both sMMO and CuMMO are present. Furthermore, organisms from
methanotroph types Ia, Ib, IIa also contained pMMO and pXMO (Fig. 4)
but only Methylocaldum sp. 175 contained all three: sSMMO, pMMO and
pXMO, in the single organism (Suppl Fig. 3 and 4). Among the non-
methanotrophs, So. aquatica also possessed genes coding for the 3 types
of monooxygenase. The Actinomycetales, My. rhodesia NBB3 and My.
chubuense NBB4, have a BMM and a single CuMMO as the latter had
diverged before the proposed duplication of the CuMMO gene in Pro-
teobacteria (Fig. 3) and will be described further below.

: Fig. 4. Phylogenetic comparison of the
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: i : po========= Z MethYIaC|d|Ph|Ium ] sMMO related BMM protein sequence tree.
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: : ! : : ! % A tracted from larger CuMMO analysis based
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a —a ||2 Methanotrophs (1 therefore ];1150 i;lldica;es 1the IOCSS;;VI[I fof tﬁe
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pXMO-like and pMMO-like divergence and

are therefore common to both trees. Representatives of methanotroph types and both classes of AOB have been collapsed based on the functional association of the
CuMMO/BMM member in these groups. Taxonomic names and groups have been shaded based on bacterial class or order from which they belong, with the
corresponding designation located to the far right of the figure. a — Alphaproteobacteria, B — Betaproteobacteria, y — Gammaproteobacteria, Ac. — Actinomycetales.
The inset illustrates the current consensus for evolutionary relationship of the Actinomycetales and proteobacterial classes and orders identified in the main figure
(the location of NC10 and Methylacidiphilum have been excluded due to current taxonomic uncertainty).

176



C.D. Osborne, V.S. Haritos

4. Discussion
4.1. Methanotrophy in the Proteobacteria resides in five separate clades

The recent proliferation of genome information for Proteobacteria
via mass sequencing highlights the limitations of a single level of dif-
ferentiation within these methanotrophic groups, and thus numerous
proposals for subdivisions within the types now exist (reviewed in Knief
(2015)). We sought to resolve the current categorisation ambiguities by
creating a proteobacterial methanotroph 16S phylogenetic distribution
that also contained sequences from neighbouring non-methanotrophic
species.

In our analysis, there was strong statistical support for five clades of
proteobacterial methanotrophs in accordance with some of the most
comprehensive classifications systems in the literature (Dumont et al.,
2014). We have therefore maintained the naming convention (types Ia-
c and IIa, b) used by those authors. 4 out of the 5 of these clades were
found to be exclusively methanotrophic. Additionally, there is strong
support for non-methanotrophs positioned between methanotrophic
clades in the 16S phylogeny. In investigating the Beijerinkiacecae
which include members of the type IIb methanotrophs, Tamas et al.
(2014) also noted this family had both methanotrophic and non-me-
thanotrophic members and proposed that the latter arose through rare
and difficult reversion from that lifestyle. Our analysis provides the first
clear demonstration of phylogenetic results showing the monophyletic
nature of all 5 radiations, as well as the polyphyletic nature of these in
relation to each other. The polyphyletic origin of methanotrophs has
important implications for environmental biology and biotechnology
where each radiation should be considered separately in functional
analysis and in their potential for divergent behaviour.

4.2. The likely proto-methanotrophs

A characteristic almost universal in both the proteobacterial me-
thanotrophs and AOB is the existence of ICM structures (Brantner et al.,
2002; Fiencke and Bock, 2006) which provide sufficient (intra)cyto-
plasmic membrane capacity for the levels of the CuMMO membrane
complex typically observed in these organisms (Sazinsky and Lippard,
2015). ICM with vesicular membrane disk morphology are present in
almost all gammaproteobacterial methanotrophs, gamma AOB (e.g. Ni.
oceanus) (Murray and Watson, 1965) and members of the purple sulfur
bacteria from Ectothiorhodospira (Ramana et al., 2010; Remsen et al.,
1968). These organisms were closely related to methanotrophs in our
16S phylogenetic analysis (Fig. 1), yet the role of the ICM in the me-
tabolic processes for each of these groupings are markedly different.
Similarly, ICM structures in the form of proliferated peripheral mem-
brane layers characteristic of the type II methanotrophs are also ob-
served in related organisms of the non-methanotrophic Rhodoplanes and
Rhodoblastus genera (Hiraishi and Ueda, 1994; Kulichevskaya et al.,
2006). Thus, we propose that methanotrophy arose in organisms that
already contained suitable membrane structures to support the meta-
bolic process such as the organisms that remain close in phylogenetic
relationship to the current methanotrophs. One exception is Cycloclas-
ticus spp., a genus closely related to the 1a methanotrophs. It contains
CuMMO, however the presence of ICM structures has yet to be de-
monstrated. There are, perhaps, additional characteristics in related
organisms that support CuMMO-based metabolic activity beyond
membrane structures.

4.3. Co-inheritance of CuMMO and BMM

The CuMMO family has previously been shown to be dominated by
members of the methane oxidising pMMO group, and ammonia oxi-
dising AMO group. The family also contains numerous less char-
acterised members, these include: pXMO, which is also present in
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methanotrophs and has been implicated, though yet to be directly
shown, to oxidise methane (Hainbuch, 2015; Kits et al., 2015;
Tavormina et al., 2011); highly divergent ammonia oxidising members
present in archaeal species (Stein et al., 2012; Tavormina et al., 2011);
and members optimised for short chain alkane activity (Coleman et al.,
2012). Whilst previous analysis has demonstrated the overall phylo-
genetic topology of these groups (Tavormina et al., 2011), by also in-
cluding uncharacterised members of this family our analysis revealed
previously unidentified features of this family.

In our analysis, the CuMMO proteins from Proteobacteria were
grouped in a single radiation, the most recent to diverge from the
common ancestor, with those of the non-proteobacterial methanotrophs
and ethane oxidising Actinomycetales diverging prior as previously
reported (Stein et al., 2012; Tavormina et al., 2011). The gammapro-
teobacterial AMO were located inside the pMMO cluster of methano-
trophic Proteobacteria whereas pXMO members formed a separate
clade consistent with Tavormina et al. (2011). Newly identified in this
study was the CuMMO of Sk. aerolata located inside the pMMO cluster.
Also identified here, the presence of both pMMO- and pXMO-like pro-
teins in the non-methanotrophs So. aquatica, Hydrogenophaga and Cy-
cloclasticus shows that having dual CuMMO proteins is not exclusive to
methanotrophs but suggests a fundamental characteristic of the
CuMMO system for which having dual divergent copies may impart a
significant physiological advantage.

The formation of two branches of diverged CuMMO complexes
(pMMO and pXMO-like) in Proteobacteria, presumably arising from
gene duplication, would have had to occur around the time of the
transferral of the CuMMO operon into the first proteobacterial ancestor.
Subsequent to duplication, both complexes underwent a common ra-
diation pattern to generate similar pMMO- and pXMO-like subtree
topologies. The most likely explanation for this result is that these two
complexes were co-inherited, with the dual systems providing a greater
evolutionary advantage than one of either complex.

The alternative system for methane oxidation in bacteria involves
the cytoplasmic SMMO. The interchange between these two methane
oxidising systems, pMMO and sMMO, has been observed to occur due to
environmental copper concentrations, with sMMO expression induced
at very low copper concentrations (Murrell et al., 2000; Prior and
Dalton, 1985; Stanley et al., 1983). This equates with the necessity of
copper to form the pMMO active site, compared to that of sMMO which
utilises an iron centre (Wang et al., 2017).

The sMMO enzyme system exists in a much larger and more eluci-
dated family in comparison to CuMMO, known as the bacterial multi-
component monooxygenases (BMM) (Leahy et al., 2003; Notomista
et al., 2003). This family contains a high number of characterised
members, with a demonstrated diverse substrate range including both
saturated and unsaturated short chain hydrocarbons and aromatic
compounds (Dubbels et al., 2007; Kotani et al., 2003; Martin et al.,
2014; Sazinsky and Lippard, 2006). As previous analysis had demon-
strated both the evolutionary origin of this family (Leahy et al., 2003;
Lundin et al., 2012), as well as the phylogenetic interrelationship of
members containing specific enzymatic capabilities (Leahy et al., 2003;
Notomista et al., 2003) here we focussed on BMMs from organisms
included in and adjacent to the sMMO radiation.

Alignment of the BMM phylogenetic tree with those of the two
CuMMO radiations not only revealed a correlated phylogenetic history
for the three monooxygenase systems within the Proteobacteria but also
demonstrated that the ethane-degrading Actinomycetales contained
CuMMO and BMM family proteins in a similar evolutionary relation-
ship. This is significant as it suggests that in the period before the
proposed duplication event giving rise to the pMMO- and pXMO-like
groupings, the ancestral gene was associated with BMM. Also, that the
CuMMO and BMM ancestral operons were co-inherited many times,
with their number expanding to three independent monooxygenase
systems after the CuMMO gene duplication event.



C.D. Osborne, V.S. Haritos

Ancestral CuMMO operon

Ancestral BMM operon

Molecular Phylogenetics and Evolution 129 (2018) 171-181

Actinomycetales

Multiple phyla

—(C I —{IrirTr 33—
Proteobacteria
—CID—armro—
Actinobacteria Mycobacterium
—(C I —{IrirTr3—
—CD-Trs=——
Operon Methylacidiphilum Meth imised N h hi
. H : ethane optimise: on-methanotrophic
Multiple phyla duplication NC10
event
____________ i IR e
—( 11— T—CrTrrT—
Translates Translates
MMO-liki XMO-liki . .
P proteinI ¢ P proreir: ¢ Diversified
Increased substrate
Proteobacteria methane range
activity
, —(C— 117177111 —
—( I TT—CTrrTr— !
1
1
| =y Tsey. ammr oD o aommD
- a» o I Thauera butanivorans Solimonas aquatica
D =g =g |
lamethanotrophs  __ = ez Icmethanotrophs ! =1 D === D oD TS=s
Ib methanotrophs v AOB ! :
llb methanotrophs 1 B AOB Cycloclasticus spp.
lla methanotrophs
Skermanella aerolata 1 B. manuense Hydrogenophaga spp.
1
1

Methane optimised

Non-methanotrophic
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these components, and not the explicit gene order occurring therein.

4.4. HGT accounts for spread of methanotrophy, not vertical descent

Previous investigations of CuMMO phylogeny that focussed on
subsets of pMMO, pXMO and AMO suggested the protein phylogenies
and bacterial evolution were correlated (Knief, 2015; Kolb et al., 2003;
Op den Camp et al., 2009; Stein et al., 2012). This relationship was used
to support the origin of aerobic methanotrophy in a common ancestor
to the Alphaproteobacteria and Gammaproteobacteria (Battistuzzi
et al., 2004). Even assuming an early instance of gene duplication to
produce the pMMO- and pXMO-like subtrees, our analysis, in drawing
from a wider CuUMMO cohort, indicates numerous inconsistencies be-
tween the CuMMO protein sequence tree and proteobacterial species
evolution (Fig. 4). These inconsistencies suggest a significant role of
HGT in the spread of CuMMO and casts doubt on the notion of me-
thanotrophy inherited in the Proteobacteria by vertical descent. HGT
also provides a logical explanation for the presence of dual pXMO
members in Me. morosus from different origins, which is difficult to
explain by vertical descent.

Strong support for the origins of methanotrophy through HGT also
comes from the identification of methanotrophic-related genes in Sk.
aerolata. The genomic co-location of the particulate and soluble
monooxygenase operons, absence of these genes in closely related
species, and evolutionary relatedness of genes/proteins to comparable
systems in the phylogenetically distant methanotrophs, each in-
dependently provides compelling evidence of a simultaneous HGT
event of monooxygenases into this species. The location of the branch
point of both particulate and soluble monooxygenase genes (Fig. 3 and

Supp. Fig. 4) also indicates a divergence time in the vicinity of that for
the proteobacterial methanotrophic speciation events. Collectively, this
provides major support for the existence of a laterally transferrable
element which included both sMMO and pMMO-coding operons that
existed around the origin of proteobacterial methanotrophy. This is true
regardless of whether the pmo and bmm genes present in Sk. aerolata are
demonstrated to be functional and active on methane, the positive
demonstration of which would have significant ramifications for our
understanding of methanotrophy.

The 5 methanotroph types were identified as separate clades in our
16S phylogenetic tree with many cases of non-methanotrophs firmly
located between these. Combining our phylogenetic analysis with the
Tamas et al. (2014) proposition of an expected difficulty for organisms
to revert from a methanotrophic lifestyle, the most logical conclusion is
that methanotrophy in Proteobacteria arose from at least 5 independent
HGT events. This contrasts with previous studies that have either sug-
gested HGT events occurred in limited regions (Notomista et al., 2003;
Tamas et al., 2014), or lacked incongruent evolutionary signals (Knief,
2015; Kolb et al., 2003; Stein et al., 2012). The likelihood of these
methanotrophic clades arising from HGT into different ancestral species
has implications including the importance of examining their func-
tionality and behaviour as separate and raises questions about some
current taxonomic classifications.

4.5. Functional role(s) for CuMMO systems?

Despite the clear differentiation of the pMMO- and pXMO subtrees
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in the CuMMO phylogeny, and indication of their co-inheritance, little
is known of the functional benefit of possessing two systems. While all
AOB contain a single CuMMO complex with high specificity for am-
monia, this can be either the pMMO- or pXMO-like groups depending
on whether it is a gamma- or alphaproteobacterial AOB, respectively.
Thus, gaining new substrate specificity e.g. for ammonia, is not unique
to any one CuMMO type. Similarly, both pMMO and pXMO are found in
obligate methanotrophic bacteria, and although pXMO has yet to be
directly demonstrated to be active towards methane, there are indica-
tions that it has a role in methane oxidation under low oxygen tensions
(Hainbuch, 2015; Hernandez et al., 2015; Kits et al., 2015). While
pPMMO and pXMO have overlapping substrate ranges and the initial
duplication and subsequent divergence of the gene was unlikely to have
been driven by differing substrate specificities, it does raise the possi-
bility that the two systems have undergone a degree of specialisation to
adapt to specific environmental conditions. Possessing versions of both
systems may have supported survival under a more diverse and variable
set of environmental conditions than that of a single CuMMO. The
subsequent lack of monooxygenase diversity in most extant methano-
trophs may therefore be the result of these species inhabiting more
specific or stable ecological niches in the current day.

By contrast, much stronger substrate differentiation is apparent
within the pMMO- and pXMO-like proteins, where one branch contains
all proteobacterial methanotrophs and the other is devoid of them.
Substrates for the non-methane utilizing enzymes include ammonia
(beta AOB), aromatic compounds (Cycloclasticus spp. (Dyksterhouse
et al., 1995)) and possibly hydrocarbons (So. aquatica). Importantly, the
functional split towards methane or non-methane activities developed
soon after the duplication event that gave rise to pMMO- and pXMO-
like branches (Fig. 5).

4.6. Proposed evolutionary path of methanotrophy in Proteobacteria

The butane monooxygenase of T. butanivorans appears in our ana-
lysis as the only characterised member of the closest phylogenetic ra-
diation to the sSMMO cluster (Fig. 4); it is also the only BMM outside of
the sMMO grouping known thus far to have activity towards methane
(Cooley et al., 2009). The close proximity of the only other methane
active BMM to sMMO supports the proposal of Leahy et al. (2003) that
the ability to oxidise methane in the BMM is a relatively recent evo-
lutionary event, occurring late in the branch leading to the sMMO ra-
diation. All BMM sequences with methane oxidation activity reside
within the Proteobacteria and the non-methane forms are mainly from
Actinomycetales (Kotani et al., 2003; Leahy et al., 2003; Notomista
et al.,, 2003). The closest phylogenetic radiation to methanotrophs
containing Actinomycetales in both CuMMO and BMM evolutionary
trees includes several species not only demonstrating the presence of
genes for both systems but these are located tandemly in the genome.
Furthermore, the CuMMO from the Actinomycetales species mimic the
BMM in the organisms in being inactive towards methane (Coleman
et al., 2012). It is therefore plausible that methane-inactive CuMMO
and BMM genes became associated in an ancestral Actinomycetales
with subsequent development of methane oxidation capability in both
the particulate and soluble enzyme systems once the genes were
transferred out of the Order.

The most parsimonious interpretations of our results is that once
outside of the Actinomycetales, the CuMMO/BMM units evolved me-
thane oxidation capability and this was transferred into the NC10
phylum and Methylacidiphilum sp., conferring methanotrophy (as pro-
posed in Fig. 5). Following this, there was a duplication of the CuMMO
operon resulting in the pMMO- and pXMO-like branches at a timepoint
close to the appearance of these genes in Proteobacteria (Fig. 5). Di-
vergence within each of the three monooxygenase systems resulted in
one branch becoming more specialised to methane, with insertion of all
three monooxygenase systems (pMMO, pXMO and sMMO) into at least
five pre-methanotrophic ancestors resulting in methanotrophy in the
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Proteobacteria from which all currently identified forms descended
from. Each ancestor must have either already contained, or inherited
simultaneously, the metabolic systems to process the methanol product
to avoid cytotoxicity issues and provide an evolutionary benefit. These
systems could easily have been co-opted from pre-existing methylo-
trophs, with some instances of HGT already being demonstrated
(Kalyuzhnaya et al., 2005). The alternative branch, whose proteo-
bacterial members adopted or maintained more generalised mono-
oxygenase activity, arose from multiple instances of CuMMO/BMM
transfer resulting in the current diversity seen in the non-methano-
trophs today (Fig. 5).

Key to this proposed evolutionary path is the concurrent inheritance
of CuMMO and BMM-coding operons, with the later CuMMO diversi-
fication towards pMMO- and pXMO-like systems extending this co-in-
heritance to three functional monooxygenase systems, as described in
Fig. 5. Although previous studies have investigated either the phylo-
geny of the BMM or subsections of the CuMMO family independently, it
is by our undertaking a comprehensive study of these two systems that
the previously undetected evolutionary connection between the two
systems was revealed.

The combined size of the three complete operons is in excess of
10kb, compared to the typical HGT event composed of short DNA
segments of one to several genes (Wiedenbeck and Cohan, 2011),
suggesting an exceptionally strong evolutionary driving force for the
coinheritance of these systems. Furthermore, such event may not have
been limited to genes for methane oxidation but may include pathways
for processing the methanol produced. For example, type Ib gamma-
proteobacterial methanotrophs contain the required elements for the
RuMP C1 processing pathway and the serine pathway, where the latter
is more commonly associated with the Alphaproteobacteria (Hanson
and Hanson, 1996). Large scale HGT events, although only constituting
a small portion of overall HGT events, have still been noted to occur at
appreciable rates in bacteria (Dougherty et al., 2014).

As the reconstructed evolutionary pathway in Fig. 5 shows, HGT of
methane monooxygenase genes into non-methanotrophic but metabo-
lically suitable pre-methanotrophs can explain the existence of all
known types of methanotrophic Proteobacteria. It appears that some, if
not all, of these methanotrophic HGT events involved the transfer of
genes for three methane monooxygenase systems. However, there re-
mains unsolved questions. Why were all three monooxygenase operons
present in so many of the speciation events and what triggered both
enzyme system’s specialisation into methane oxidation? This is espe-
cially significant considering the low incidence of pXMO and sMMO
operons and the dominance of pMMO in extant methanotrophs. Here
we raise questions about the relationship between the membrane and
soluble methane monooxygenases and about the main evolutionary
drivers of the three methane monooxygenase systems, yet it does re-
concile the apparent importance of all three in early methanotroph
speciation in the Proteobacteria.

5. Conclusion

Based on several lines of analysis we have concluded that all cur-
rently known methanotrophs reside in one of five distinct radiations
located in a narrow phylogenetic region of either the
Alphaproteobacteria or Gammaproteobacteria, each of which we pro-
pose to have arisen from independent horizontal gene transfer events.
Prior to these HGT events, the likely pre-methanotrophic ancestors
were photo- and chemolithoautotrophic bacteria, for which the current
day descendants remain closely phylogenetically related. Traits such as
the morphology of ICMs appear to correlate more closely with these
phytogenic relatives than with metabolic function.

The three different methane monooxygenases responsible for me-
thane oxidation: membrane bound pMMO and pXMO and the cyto-
plasmic SMMO were likely present in most, if not all, of the ancestral
species. This is surprising considering the low level of retention of both
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the pXMO and sMMO systems in extant methanotrophs. Significantly,
prior to the development of methane oxidation activity in these
monooxygenases, the membrane bound and -cytoplasmic mono-
oxygenase systems were already both functionally and phylogenetically
associated, suggesting their functional association plays a far more
fundamental role beyond methanotrophy.
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3.2. Introduction

3.2.1. The mixed gasses of methanotrophic biomes
The natural biomes in which methane is generated, either by biological or thermogenic means, also
generates a range of additional reduced gasses including Hz, H.S, NHs and short chain alkanes in
varying amounts (Khalil 2000). Although these are usually present in trace gas concentrations, higher
levels are not uncommon, with H; and H,S in some locations exceeding 4.5% (45000ppm) and 8.0%
(80000ppm) respectively (Sigvaldason and Elisson 1968; Dando et al. 1995). Anthropogenically
produced biogas, although exhibiting concentrations lower than the extremes found in nature, have been
demonstrated to exceed 5000ppm both in hydrogen sulphide and ammonia concentration in some

systems (Pagans et al. 2006; Chen et al. 2015).

Such concentrations can have major impact on methanotroph growth and viability: a reduction of
methane oxidation rate of over 65% has been shown for both hydrogen sulphide and ammonia
concentrations as low as 1000ppm in some strains (Caceres et al. 2014), with complete inhibition by
hydrogen sulphide at 3000ppm (Zhang et al. 2016). Although strains exist with significantly higher
tolerance, these have typically been identified through random screening (Nyerges and Stein 2009) or
isolation from selected locations (Zhang et al. 2016). As the key gene/enzyme systems facilitating these
metabolic pathways are known, an alternative approach to identifying organisms able to withstand the

conditions using genetic analysis is also possible.

3.2.2. Genes as a proxy for function
Bacteria are known to exhibit a strong genomic deletional bias (Mira et al. 2001), creating a driver
towards small, highly functional genomes whilst minimising the presence of pseudogenes and non-
coding regions (Andersson and Andersson 2001). In light of this, whilst the presence of a particular
gene does not explicitly demonstrate its activity in the host organism, it does indicate that the most
likely reason for the retention of particular genetic material is that it provides an evolutionary advantage
to the host, most likely through the functional activity of a protein it transcribes. Identification of

candidate genes encoding highly similar sequences to characterised proteins creates a strong likelihood
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that the organism is capable of the same function as that characterised in the protein, a fact regularly
used in metabolic pathways identification from genomes (Kotera and Goto 2016). The likelihood of
misidentification due to pseudogenes or highly functionally divergent genes can further be reduced
through correlation of highly conserved residues, principally those involved in active site formation and
metal binding, between characterised members and the candidate gene. In vivo demonstration of activity
is ultimately required for confirmation of any particular functionality, however is often difficult due to
uncertainty around regulatory mechanisms, and thus expression profiles (Yuan et al. 2007), making

genetic analysis an expedient proxy for identification of enzymatic capabilities.

The proliferation of publicly available methanotroph genomes, especially in the last half decade, has
enabled the identification of genetic capabilities and diversity within the methanotrophs to an extent not
previously possible. This has resulted in the discovery of unexpected metabolic capabilities in some
members of the methanotrophs, including growth of specific members on propane and hydrogen
(Crombie and Murrell 2014; Carere et al. 2017). Recent work by Osborne and Haritos (2018) has
implicated both ancestral and lateral gene transfer links between the methanotrophs and organisms that
metabolise reduced gas substrates, especially chemolithotrophs. Therefore, potential metabolic

capability of the methanotrophs towards these gasses was investigated through genomic analysis.

3.3. Method
Candidate methanotroph genomes were identified in the Joint Genome Institute (JGI) IMG/ER database
(https://img.jgi.doe.gov/) based on the presence of either putative PmoB or MmoX sequences. These
were then filtered to remove both the organisms not characterised down to the genus level, as well as
limit the number of genomes from each identified species to one. In addition to this, Skermanella
aerolata KACC 11604 was removed as the only member appearing in the dataset to originate from a

genus not previously identified to be associated with methanotrophy.

Production of the genomic table was, unless otherwise specified, performed using the same generalised
procedure: Firstly, the literature was reviewed to identify characterised enzymes/proteins containing the

function of interest. Where possible, the sequences of interest were derived from literature sources that
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provided multiple phylogenetically diverse characterised enzymes, thus encompassing more of the
evolutionary diversity for the set reactivity than a single representative. Consecutive BLASTp searches
(E value 1le-5) using each of the identified reference sequences were then conducted using the
previously identified methanotroph genomes in the JGI IMG/ER database. The BLASTp results and
reference sequences were aligned in MAFFT v7 using the L-INS-i method (Katoh and Standley 2013).
All fragment sequences were removed unless they came from a draft genome in which a single base
indel resulted in a frameshift of what would otherwise result in a full length transcribed protein. In these
cases the translated sequence was read from the genome after removal of the identified indel.
Preliminary phylogenies were constructed in MEGAG (Tamura et al. 2013), with results that clustered
closer to sequences with an alternative functional activity, or lacking the required residues to form the
catalytic active site also removed. The reduced dataset was then realigned in MAFFT v7 and the final
phylogeny constructed in RaXML using the WAG+G+1 methodology (Stamatakis 2014). The genomic
table was then populated based on phylogenetic clustering relative to the reference sequences derived

from literature.

3.4. Results
Examination of the JGI IMG/ER database revealed 72 genomes containing either a sMMO or pMMO
operon. This included 37 unique methanotrophic species, as well as an additional 12 genomes with
taxonomic classification at genus level. The remaining genomes were either not characterised to the
genus level or were additional strains from an already represented species, and were removed from the
dataset. The remaining genomes were sorted based on the most current methanotrophic classification
system (Knief 2015; Osborne and Haritos 2018) into their respective groups and subgroups. Further
demarcation was then made into clusters within these subgroups based on GroEL phylogeny (see table
1 and Appendix figure A7.5), most of which was shown to be in close agreement with taxonomic

segregation.

For these genomes, analysis of methane oxidation capacity was performed for both the soluble (sSMMO)

and particulate (CuMMO) enzyme systems. For those genomes containing SMMO, none contained
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more than a single copy of the operon. Divergent members were also almost non-existent, the only
exception being in M. silvestris for which the divergent member could be assigned based on analysis
conducted in chapter 4 as a propane monooxygenase (appearing in Table 3.1 under the alkane substrate
heading). For the CUMMO analysis, it was noted that whilst pmoA and pmoB genes only ever occurred
in instances of the full pMMO operon (pmoC-A-B), lone pmoC genes appear frequently, with four or
more instances observed in some type Ib and lla genomes (results not shown). Therefore, to limit the
scope of this study to only the full CUMMO operon in instances of pMMO, PmoB was chosen for the

reference sequence used during BLASTp searches.

CuMMO search results identified that all genomes apart from M. silvestris and M. stellata contained at
least one main group pMMO, with dual copies of nearly identical genes frequently observed, especially
in the type Ib and Illa methanotrophs. Two clusters not constituting main group pMMO sequences that
have been previously identified in the literature also appeared in this analysis: pXMO (Tavormina et al.
2011) and pMMO2 (Baani and Liesack 2008). The former was clearly identified by its high level of
divergence and distinct independent clustering in CUMMO phylogenetic analysis (Tavormina et al.
2011; Osborne and Haritos 2018). In contrast, differentiating pMMO2 sequences required greater
judgement due to a much lower level of differentiation from conventional pMMO sequences. All

pMMO2 members occurred in the type lla methanotrophs, and their phylogenetic cluster appears

Table 3.1: Genetic analysis of aerobic methanotrophs for reduced gas handling systems. Each
methanotrophic species is accompanied by representative strain designation used for genetic analysis.
Species are differentiated into methanotrophic subgroups by heavy boarders, with light line dividers
denoting phylogenetic clusters according to GroEL analysis (figure Al). Genes are categorised based
on a functional hierarchical system, with substrate as the primary classification, followed by functional
group, and lastly phylogenetic clusters as designated in the literature. Crosses denote gene presence,
with multiple crosses in the same column representing multiple evolutionarily similar copies. Forward
slashes represent divergent members closely associated with cluster. pMMO, particulate methane
monooxygenase; pMMO?2, divergent type Il particulate methane monooxygenase; pXMO,
uncharacterised membrane monooxygenase; SMMO, soluble methane monooxygenase; mxaF, calcium
dependant methanol dehydrogenase; xoxF, lanthanide dependant methanol dehydrogenase; HAO,
hydroxylamine oxidase; cytL, cytochrome P460; HCP, hybrid cluster protein; alkB, membrane bound
alkane monooxygenase; BMM, bacterial multicomponent monooxygenase; PMO, propane
monooxygenase; FCSD, favocytochrome C — sulphide dehydrogenase; SQR, sulphide quinone
reductase; RuBisCO, Ribulose-1,5-bisphosphate carboxylase/oxygenase.
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Substrate Methane Methanol Hydroxylamine| Alkane
Group] CuMMO [BMM|MxaF XoxF Oxidase | Red. | alkB | BMM
o 3 o|lo i o = a o
Cluster % % EQ % AR LR A < 59 =
la Methylomonas methanica Mco9 X X X X/
Methylomonas lenta R-45370] X X X X
Methylomonas koyamae JCM 16701} X X X X X
Methylomonas sp. Lwi3l X X X X X
Methylomonas sp. MKY X XX X X X
Methylomonas denitrificans FGIY X X X
Methylomonas sp. 11 X X X X X X
Methyloglobulus morosus KoMy X XXX X X X X
Methylosarcina fibrata AML-C10] X X X X X
Methylosarcina lacus Lwi14 X X X X X X
Methylomicrobium agile ATCC 35068 X X X X X X X
Methylomicrobium album BG8 X X X X X X X
Methylobacter tundripaludum svog X X X X X
Methylovulum miyakonense HT12] X X X X
Methylovulum psychrotolerans Hvio M2| X X X
Methylobacter sp. BBA5.1| X X X X X X X X
Methylobacter luteus IMV-B-3098T] X X X X X X X X
Methylobacter marinus YL X X X X X X X
Methylobacter whittenburyi ~ ACM 3310 X X X X X X X X
Methylomicrobium alcaliphilum 2074 x X X X X
Methylomicrobium kenyense AMOY} X X X X X
Methylomicrobium buryatense 5G] X X X X X X X
Methylomarinum vadi IT-4/GN| X X X XX X
b Methylogaea oryzae JCM 16910] X X X X X X
Methyloterricola oryzae 73a] XX X X X X/ X
Methylomagnum ishizawai 175] XX X X X X
Methylococcus capsulatus Bath] XX X X X X X
Methylocaldum szegediense 0-12] X X X X X X X
Ic Methylohalobius crimeensis 10Ki| XX X X X X
Ila Methylosinus sp. w3l Xx X X | X X X
Methylosinus sp. pwy Xxx X X | x x X
Methylosinus sp. w4 Xx X X | X X X /
Methylosinus sp. R453799 X X X X X X X
Methylocystis sp. Ltws] xx X X X X X
Methylosinus trichosporium OB3bl XX X X X
Methylocystis parvus OBBP| X X X XX X
Methylocystis sp. Rockwell] XX X XX X
Methylocystis sp. sc2l xx X X X X X X
Methylocystis sp. sB2] xx X X X X X
Methylocystis rosea SVO7T] XX X X X X X
Ilb Methylocella silvestris BL2 X X X X X
Methyloferula stellata AR4Y X X XXX X X X
Methylocapsa aurea KYGT X X X X
Methylocapsa palsarum NE2] X X X
Methylocapsa acidiphila B2 X X
11 Methylacidiphilum fumarolicum SolV| XXX X X
Methylacidiphilum kamchatkense Kam1] XXX X X
Methylacidiphilum infernorum V4] Xxx X X
Methylomirabilis oxyfera sp. Australia] X X X X |/
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Substrate Hydrogen Hydrogen sulphide COz
Group| NiFe Hydrogenase | FCSD SQR RuBisCO
- = =% G
Custe] S 4 Z3 2383 £ 8§ g|ls T =
N - -
G]
la Methylomonas methanica Mco9l X X X X X X
Methylomonas lenta  R-45370 X X X X
Methylomonas koyamae JCM 16701 X X X X
Methylomonas sp. Lw13| X X X XX
Methylomonas sp. MKY X X X XX
Methylomonas denitrificans FGI1Y X X X XX
Methylomonas sp. 11b] X X X X XX
Methyloglobulus morosus KoM1] X
Methylosarcina fibrata ~ AML-C10 X X
Methylosarcina lacus LW14 X X
Methylomicrobium agile ATCC 35068 X X X
Methylomicrobium album BGS X X X
Methylobacter tundripaludum svogl X X X X X
Methylovulum miyakonense HT12] X X X X X
Methylovulum psychrotolerans  HV10 M2| X X X X X
Methylobacter sp. BBAS.1| X X X
Methylobacter luteusIMV-B-3098T] X X X X
Methylobacter marinus A4s] X X X
Methylobacter whittenburyi ACM 3310] X X X
Methylomicrobium alcaliphilum 207 X X X X X
Methylomicrobium kenyense AMO1 X X
Methylomicrobium buryatense 5G X X X X
Methylomarinum vadi IT-4/GN X X X
b Methylogaea oryzae JCM 16910] X X X X
Methyloterricola oryzae 733 X / X X X
Methylomagnum ishizawai 175] XX X X X
Methylococcus capsulatus Bath| X X X X
Methylocaldum szegediense 0-12 X XX X X
Ic Methylohalobius crimeensis 10K X XX
Ila Methylosinus sp. Lw3l X X X X X
Methylosinus sp. pwi] X X X
Methylosinus sp. Lw4 x X X X X
Methylosinus sp.  R-45379 X X X X X
Methylocystis sp. Lws| X X X X X
Methylosinus trichosporium 0B3b| X X X X X
Methylocystis parvus OBBP| X X X
Methylocystis sp.  Rockwell] X X X X
Methylocystis sp. sc2| x X X X X
Methylocystis sp. SB2) X X X
Methylocystis rosea SV97T] X X X
Ilb Methylocella silvestris BL2 X X X
Methyloferula stellata AR4Y X X X X
Methylocapsa aurea KYG T} X X X X
Methylocapsa palsarum NE2 X X
Methylocapsa acidiphila B2 X X X
Il Methylacidiphilum fumarolicum SolV| X X X
Methylacidiphilum kamchatkense Kam1f X X X X
Methylacidiphilum infernorum v4] X X X
Methylomirabilis oxyfera sp.  Australia| X
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immediately adjacent to that of conventional pMMO from Ila members (Appendix Figure A7.6). The two
clusters can be differentiated at a phylogenetic level as the pMMO cluster contains representatives from all lla
methanotrophs, whilst the pMMO2 group contained only a smaller subset of Ila. Despite evidence that there are
distinct expression profiles for each of the three copies of pPMMO in Verrucomicrobia, it is not known whether
these have true divergent functions, and therefore have all been tentatively placed as main group pMMO

sequences due to a current lack of evidence to the contrary.

As pyrroloquinoline quinone (PQQ) dehydrogenases are known to be the principle methanol oxidisers in
methanotrophs (Keltjens et al. 2014), the examination into methanol dehydrogenases was limited to this
evolutionarily related family. The classic differentiation between the MxaFJ and XoxF systems in this larger
family has recently been extended to show much more diversity in the XoxF members than previously identified
(Chistoserdova 2011). The updated method for differentiation of this larger family, including differentiation of
XoxF members in clusters 1-5 (Keltjens et al. 2014; Taubert et al. 2015), has been recapitulated in this work.
The only addendum made to the current classification system was the inclusion of XoxF5’ as a sub-group within
in the overall XoxFb5 cluster; it contained sequences from type Ila genomes and was located independently but
immediately adjacent to the main group XoxF5 sequences from type Ila methanotrophs. XoxF5’ could be
readily differentiated due to it containing only a smaller subset of the Ila members, the manner and location

strikingly similar to that found for pMMO2 sequences.

In addition to the propane monooxygenase in M. silvestris identified during sSMMO analysis, the di-iron centred
and membrane bound AlkB was also investigated as a major short chain alkane oxidising alternative (Austin et
al. 2000). Using AIkB from Pseudomonas oleovorans as a reference sequence, a small, related cluster was
identified in the methanotrophs. These contained at least 25% identity to the reference sequence over the central
region of ca. 200 residues, as well as conservation of all 9 histidine residues identified to be indispensable for

catalytic function in P. oleovorans (Shanklin and Whittle 2003).

Methanotrophs oxidise ammonia through the lack of specificity of their CUMMO (and potentially SMMO)
enzymes and they have been shown repeatedly to produce hydroxylamine in vivo (Dalton 1977; Nyerges and

Stein 2009; Stein et al. 2012; Mohammadi et al. 2017). The hydroxylamine formed can either be reduced back
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to ammonia or further oxidised to either nitrite or nitric oxide depending on the system used (Campbell et al.
2011). Catalysing the former are the hydroxylamine reductases (also known as hybrid cluster protein), and these
were identified in methanotrophs using reference sequences for each of the three different HCP types previously
identified (Van Den Berg et al. 2000). Sequences which lacked the required binding residues for the hybrid

cluster were removed.

Hydroxylamine oxidation in ammonia oxidising bacteria is primarily conducted by the HAO system, the HaoA
of which contains seven c-type haem groups and one P460 centre (Lipscomb et al. 1982). An alternative and
structurally unrelated oxidase system known as CytL (also cyr, Cytochrome P460) also uses a P460 centre,
however lacks any additional c-type haem (Elmore et al. 2007). All identified HaoA sequences contained eight
CxxCH binding motifs required for haem binding, with close sequence agreement to the reference Nitrosomonas
europaea sequence (Q50925) (Lipscomb et al. 1982) in all but Methylomirabilis oxyfera. CytL identification
was complicated by its similarity to nitric oxide reducing CytS, which does not contain a P460 centre, nor is it
known to oxidise hydroxylamine (Elmore et al. 2007). Reference sequences of both CytL and CytS were
selected from M. capsulatus (AAU93287 and AAU91546 identified in (Stein and Klotz 2011)), the former of
which has been demonstrated to exhibit hydroxylamine oxidase activity (Zahn et al. 1994; Bergmann et al.
1998). An additional characterised CytL reference sequence from Nitrosomonas europeae (Q50927) (Pearson

et al. 2007) was also included.

Phylogenetic analysis of extracted sequences showed a clearly identifiable cluster of genomes containing
putative CytS sequences, all of which were also found to also contain CytL. Most of the genes identified as
CytL were closely related to the characterised CytL in M. capsulatus, although it was noted that two subgroups
did occur, with only M. vadi containing a member in both. Of the four sequences outside these groups, M.
methanica demonstrated high similarity to CytL from N. europaea, whilst the underrepresented type Il

methanotrophs also contained a single non-clustered sequence.

Of the three different types of hydrogenases: [NiFe], [FeFe] and [Fe], only members from the [NiFe] family
could be identified in the methanotroph genomes. Preliminary search results based on reference [NiFe]

sequences derived from Greening et al. (2016) yielded a high frequency of hydrogenase candidate genes, as
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well as sequences showing closer relationships to alternative families, especially NADH dehydrogenases. By
removing all sequences not displaying the universally conserved CxxC sequence for [NiFe]-hydrogenases at
both the L1 and L2 motif (Greening et al. 2016), the dataset was reduced to those members closely clustered
with the reference sequences of one of the [NiFE]-hydrogenase groups (Appendix Figure A7.8). Of the resulting
seven hydrogenase groups existing in methanotroph genomes, nearly all were across at least two taxonomic
classes, with the exceptions being the 1E and 2B cluster. Whilst the latter was well represented in the type lla
methanotrophs, the 1E members were only represented by two strains: of these two, the sequence that appears
in M. sp. 11b is the closest to the reference 1E sequence and shares a higher level of sequence identity with it
than any other reference sequence. It does not however contain the gene order that is characteristic of a 1E
member (results not shown). The correlation of these two members with the assigned 1E hydrogenases should

therefore be considered more tentative than the other hydrogenase assignments.

Sulphur guinone reductase (SQR) reference sequences were derived from Marcia et al. (2010) and Gregersen
et al. (2011), which differentiated five different groups of SQR, along with the related ferricytochrome-C
sulphide reductases (FCSR). Identified sequences correlated well as a type I, 11, or 111 SQR or FCSD, with the
exception of several highly divergent members that were implicated in nitrite reduction and removed prior to
final phylogenetic analysis. Whilst FCSD was only ever found in the type | methanotrophs, all SQR members
occurred in at least some of the type | and type 1l members, though none were found in all genomes of any

methanotrophic group or subgroup.

Multiple literature sources (Tabita et al. 2007; Badger and Bek 2008; Tabita et al. 2008; Khadem et al. 2011,
Hauser et al. 2015) were drawn on for RuBisCO gene analysis in order to obtain sufficient reference genes to
confidently assign all previously reported groups and sub-groups. Despite the low prevalence of RuBisCO genes
found in the methanotroph genomes, four different RuBisCO forms were identified, along with RuBisCO like
proteins (RBP) (Appendix Figure A7.10). These were mostly of the hexadecameric form I type, with both green
(IA) and red (IC) identified, along with divergent verrucomicrobial sequences designated by Khadem et al.

(2011) as type IE. The dimeric type Il form was also identified in some of the IB methanotrophs.
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3.5. Discussion

3.5.1. Genetics from methane to formaldehyde
While much has already been written on the diversity and distribution of methane oxidising systems in the
methanotrophs (Tavormina et al. 2011; Liebner and Svenning 2013; Knief 2015; Osborne and Haritos 2018),
the level of resolution of this gene analysis does provide an important new observation: the presence of any of
the methane handling systems is not mutually exclusive of any other. This is exemplified, quite astonishingly,
in Methylosinus sp. R-45379 which contains all four of the divergent methane handling systems. This is
significant as it negates the possibility of mutual exclusivity as a driver for present day methane monooxygenase
system distribution. Furthermore, it indicates that the capacity for regulation of more than two independent
membrane bound methane monooxygenases exists, and provides a pathway for characterisation of pXMO not

previously possible.

The pMMO2 members in methanotrophs were also noted to share a highly similar distribution to that of the
XoxF5’. Furthermore, the phylogenetic location of each divergent group relative to the dominant radiation
(PMMO and XoxF5 respectively) was almost identical for both groups. This suggests that a previously
unconnected functional correlation exists between these two groups, which would have implications for
atmospheric methane oxidation (Baani and Liesack 2008). The sporadic nature of XoxF1 and XoxF3 gene
distribution also flags these as of interest, especially XoxF1 due to its exclusive appearance in the evolutionarily

distant and highly unorthodox SMMO-only and ‘intra-aerobic’ methanotrophs.

3.5.2. Methanotroph metabolic capability towards reduced gasses extrapolated from
genomics

Aside from the primary substrate of methane, this study suggests that metabolic capability to oxidise other
reduced gasses exists in the majority of methanotrophs. Further, these genes do not occur as single systems
distributed amongst the methanotrophs for each respective substrate, but in every case involves multiple
divergent gene/enzyme systems, usually with clearly differentiated capabilities. These systems tend to be

distributed sporadically throughout the extant members, showing poor correlation to species taxonomy.
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Some level of metabolic capability towards hydrogen appears in genomes of almost all methanotrophs, with the
majority of species containing multiple systems drawn from one of seven hydrogenase sub-groups for handling
this reduced gas. These systems can be differentiated into the membrane bound H-uptake (group 1), cytosolic
H»-uptake (group 2) and cytosolic bidirectional (group 3) [NiFe]-hydrogenases (Greening et al. 2016), the only
[NiFe]-hydrogenase group not represented in the methanotrophs being specific for H, generation. Of the seven
sub-groups identified, three have been linked with aerobic respiration (ID, IH and 2A), whilst all but the 2B
sub-group have been shown to be oxygen tolerant. The prevalence of these genes means that over 80% of the

methanotrophs examined contain hydrogenase genes associated with aerobic respiration of Ha.

The metabolic capability for hydrogen sulphide oxidation is also highly prevalent in the methanotroph genomes.
Whilst functionally the hydrogen sulphide oxidising systems can be divided based on the electron acceptor as
either ferricytochrome C sulphide dehydrogenases (FCSD) or sulphur: quinone reductases (SQR), both are
evolutionarily related group | flavoprotein disulphide reductases with only the C terminal electron transfer
region being non-homologous between the two types (Marcia et al. 2010). The SQR can then be further divided
into six types, three of which appear in the methanotrophs. The physiological role of only one of these three
groups (type 1) has been characterised, which was demonstrated to involve both detoxification and sulphide-
dependant respiration in certain species (Marcia et al. 2010). Such classification is further complicated by the
demonstration of type | sequences in the methanotroph M. capsulatus oxidising formaldehyde (Zahn et al. 2001).
This formaldehyde dehydrogenase had a 64% sequence identity to the characterised SQR of Rhodobacter
capsulatus, which is far higher than the relationship of R. capsulatus to some other characterised type | SQR
members which can be as low as 40% (results not shown). Even excluding these type | SQR members, over 65%
of the methanotrophs investigated contained genes for sulphide oxidising systems. The presence of the type 11
SQR was of particular note as it appears in proteobacterial methanotrophs from both the alpha- and gamma-
class as well as the verrucomicrobial strains, yet the type Il SQRs ‘belong’ to the green sulphur bacteria

(Chlorobiaceae) and Archaea (Sulfulobales) (Marcia et al. 2010).

Short chain alkane (C,-C4) oxidation is mediated in bacteria through members of either the BMM or CuUMMO
family (Van Beilen and Funhoff 2007). Although each of the methane monooxygenase systems belong to one

of these two respective families, and poor substrate selectivity does result in short chain oxidation in vivo
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(Leadbetter and Foster 1960), no growth on these substrates has ever been identified with methane
monooxygenase as the primary oxidant: the only methanotroph to date shown to grow on a short chain alkanes
was found to contain an additional BMM member specialised towards this substrate (Crombie and Murrell
2014). With low activity recorded towards short chain alkanes, it was therefore surprising to find the presence
of AIKB genes, which are active towards medium and long chain hydrocarbons (Austin et al. 2000), in some
methanotrophs. While medium and long chain hydrocarbons are not present in most of the methanotrophic
biomes which contain biologically-generated methane, methanotrophs are known to inhabit biomes such as
hydrocarbon seeps which are ready sources of such substrates (Yan et al. 2006). Specific cytochrome P450
systems have also been shown to be active towards alkanes (Van Beilen et al. 2006) and potentially provide
another mechanism for alkane oxidation in methanotrophs. Numerous putative P450 genes were identified in
methanotroph genomes (results not shown), but at this stage there is no sequence-function relationship known

for differentiating alkane oxidising P450 genes from those P450 members oxidising alternative substrates.

The presence of hydroxylamine oxidase genes in methanotrophs is unsurprising, as both methane
monooxygenase systems are known to co-oxidise ammonia due to their low level of specificity towards the
primary substrate (Stein et al. 2012), and the subsequently formed hydroxylamine is highly toxic (Vajrala et al.
2013). The interaction between HAO and CytL in vivo for hydroxylamine oxidation is yet to be fully resolved,
as even though both have been shown to oxidise hydroxylamine to nitrite (Stein and Klotz 2011), proposals
exist for the primary role of CytL being the detoxification of NO produced as a by-product of HAO oxidation
(Elmore et al. 2007). As the number of methanotrophs containing both CytL and HAO concurrently is less than
the number containing only one of these two genes, this proposal is difficult to reconcile with extant distribution.
Alternative roles for CytL in hydroxylamine respiration as opposed to NO detoxification has also been proposed
(Bergmann et al. 2000), and would appear to better reconcile the present distribution of these genes in extant
methanotroph genomes. The appearance of hydroxylamine reductase genes (HCP) in the methanotrophs is more
surprising, as when combined with CuMMO would theoretically form a futile and energy consuming cycle. The
existence of this cycle would result in energy expenditure to return hydroxylamine to the available ammonia
pool and may be of particular significance in ammonia deficient environments, including those in which

methanotrophic nitrogen fixation occurs.

75



3.5.3. Implications for methanotroph metabolism
The majority of methanotrophs live at the interface between oxic and anoxic zones (Reim et al. 2012): locations
with complex gas mixtures typically involving air, multiple reduced gasses, and significant carbon dioxide
levels. As both ammonia and hydrogen sulphide have been shown to be competitive inhibitors of methane
oxidation in some methanotrophs (Lee et al. 2015), they have important implications for these organisms in
locations where these rise above trace gas levels (Dando et al. 1995). This competitive inhibition has been shown
in the case of ammonia to involve redox cycling of methane monooxygenase systems, therefore consuming
reducing equivalents and producing hydroxylamine with implications for methanotrophic growth (Nyerges and
Stein 2009). Especially if reducing equivalents are also consumed during methane monooxygenase inhibition
by other reduced gasses, the most significant of these being hydrogen sulphide and hydrogen, then it would

place gas composition as an important factor driving methanotroph community distribution and diversity.

One mechanism to reduce the impact of reduced gasses on methane metabolism would be to improve the
selectivity of the methane monooxygenase system, and indeed this may well prove to be the basis for some of
the diversity that occurs within this system in bacteria (Osborne and Haritos 2018). Considering that increased
enzyme selectivity, where evolved, often comes with significant trade-offs such as lower enzyme velocity (Erb
and Zarzycki 2018), balancing mechanisms may also be required for survival. Incorporation of gene/enzyme
systems that consume these competing gasses is an alternative means to reduce concentrations reaching the
monooxygenase systems, and it is striking the proliferation of these systems that exists in the methanotrophs.
Whilst some of the reduced gas-metabolising systems have a primary role in detoxification, there is the presence
of at least one system known to be involved in respiration for each of these gasses in at least some of the

methanotrophs.

The presence of these genes provides the intriguing possibility that methanotrophs not only reduce the impact
of these gasses on the methane monooxygenase system, but have also incorporated the capability of extracting
energy from these substrates. The extreme of such behaviour would be the ability to transition to a
chemolithotrophic lifestyle, and indeed this has been observed in the verrucomicrobial methanotrophs (Carere
et al. 2017). For the proteobacterial methanotrophs though, facultative methanotrophy has only ever been

observed towards organic compounds (Semrau et al. 2011). A major limiting factor to this would be the method
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for carbon assimilation, which in proteobacterial methanotrophs has always been shown to involve partially
reduced C1 intermediates (Hanson and Hanson 1996). It is highly surprising therefore that RuBisCO genes were
found in all Ib and I1b methanotrophs, which is not required in the dominant methanotrophic carbon assimilation
pathways (Hanson and Hanson 1996). Even more surprising is that the RuBisCO genes in the type Ib are not
monophyletic, but encode two highly divergent RuBisCO systems. The existence of two separate systems, yet
the conservation of at least one of these systems in all known type Ib methanotrophs, implies a strong
evolutionary driving factor to retain such a capability. This suggests a link between these organisms and
autotrophic growth, and raises the question that if autotrophic growth occurs whether it is indeed
chemolithoautotrophic, which from this gene analysis, multiple methanotrophs appear to have the capability for.
Even in those that don’t contain genes that would support autotrophy, the question arises as to whether some
methanotrophs extract energy from reduced gasses and obtain a competitive advantage in the typical
environmental conditions that they occur in. Indeed, indications of such behaviour may have already been
observed (King and Schnell 1994; Caceres et al. 2014), the behaviour of which can readily be explained from

the gene inventory undertaken here.

3.6. Conclusion
Methane is not generated in isolation in natural environments, with biological and/or abiotic reactions typically
resulting in the release of gas mixtures containing at least trace concentrations of additional reducing gasses.
This analysis of methanotroph genomes indicates they have the gene/enzyme capability to not only limit the
impact of reduced gasses on methane monooxygenase activity, but actively extract energy from them though
aerobic pathways. Some even contain RuBisCO genes which points toward chemolithotrophic growth in these
members. The diversity and sporadic distribution of genes metabolising reduced gasses complicates any
correlations being made between genus and capability, and thus methanotrophic strains must be examined on a
case by case basis. In vivo demonstration of mixed gas metabolism and growth would have major implications

in multiple fields including biotechnology, environmental microbiology and agricultural science.
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CHAPTER 4

LINKING ENZYME FUNCTION TO
EVOLUTION IN PROTEIN
SEQUENCE, COFACTOR PRESENCE
AND ACTIVE SITE
MODIFICATIONS IN THE BMM
FAMILY
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4.1. Introduction
The bacterial multicomponent monooxygenase (BMM) enzyme family are capable of the selective
oxidation of a vast array of industrially and environmentally important alkanes, alkenes, arenes, ethers
and ketones, as well as halogenated versions of these substrates (Nordlund et al. 1990; Whited and
Gibson 1991a; Small and Ensign 1997; Kotani et al. 2003; Jiang et al. 2010; Coleman et al. 2011).
Although the substrate range of growth-linked metabolites in each specific enzyme system is quite
narrow, the number of cometabolites is typically quite expansive: a property exemplified by soluble
methane monooxygenase (SMMO), for which over 50 active substrates, including those identified as
primary substrates for all other BMM members, have been identified (Colby et al. 1977; Jiang et al.
2010). Individual enzyme members also display high regiospecificity in oxidation such as towards
primary or secondary C-H bonds (Arp 1999; Furuya et al. 2011), and in the ortho, meta and para
positions of substituted aromatic compounds (Whited and Gibson 1991a; Olsen et al. 1994; Newman
and Wackett 1995). Such enzyme specificities have drawn biotechnological interest from the energy,
food, bioremediation and speciality chemicals sectors (Jahng et al. 1996; Xin et al. 2004; Torres
Pazmifio et al. 2010; Strong et al. 2015; Matassa et al. 2016). Amongst its members, the BMM enzyme
that has, to date, generated the most research and application interest is SMMO, which generates the

most powerful oxidant in nature in its methane oxidising active site (Rosenzweig 2015).

The BMM family, as well as closely related archaeal multicomponent monooxygenases, are di-iron
enzymes constituting a minimum of hydroxylase, reductase and regulatory units (Tinberg et al. 2011).
The hydroxylase has a dimeric structure with each monomer consisting of active site containing a sub-
units, as well as a B and in some instances y subunits (Sazinsky and Lippard 2006; Furuya, Hayashi,
and Kino 2013). Both the o and B units contain a ferritin-like structure (Lundin et al. 2012) with a
common evolutionary origin (Leahy et al. 2003). Whilst some members of the BMM enzyme family
remain either poorly or, as yet, biochemically uncharacterised (Coleman et al. 2011), the opposite is
true for SMMO (Sazinsky and Lippard 2015) which has been heavily investigated due to its ability to

break the C-H bond of methane (Dalton 2005).
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To achieve C-H bond breakage in methane, a Q state constituting a ‘diamond core’ active centre
configuration is known to be required (Whittington and Lippard 2001; Beauvais and Lippard 2005g;
Tinberg and Lippard 2009), and proton tunnelling has also been implicated (Beauvais and Lippard
2005a; Zheng and Lipscomb 2006). This Q state is generated from a Hperoxo intermediate through
cleavage of the O-O bond, with the conversion indicated to be proton transfer dependant (Tinberg and
Lippard 2009). The repositioning of the E240 residue in the hydroxylase alpha-subunit during the
catalytic cycle from externally facing to the secondary catalytic sphere has resulted in it being
implicated in this proton transfer process (Lee et al. 2013), however its involvement in this proton
transfer has never been directly shown. In the other two well characterised BMM members, toluene
monooxygenase and phenol hydroxylase, this glutamate is substituted by a glutamine (McCormick and
Lippard 2011), and neither enzyme requires formation of a Q state for catalytic activity. Catalysis in
these members occurs while the enzyme is in the Hperoxo State (Murray et al. 2007), an analogue to the
intermediate formed in sSMMO which is also catalytically active and proceeds via a distinct mechanism

to that for the Q state (Figure 4.1) (Tinberg and Lippard 2010).

In addition to the genes coding for the four canonical (sub-)units, BMMs harbour additional genes in
their operons (Merkx and Lippard 2002) including those that produce an additional y sub-unit for the
hydroxylase (Sluis et al. 2002), those involved in electron transfer (Mitchell et al. 2002), and the

remainder which are loosely defined as accessory proteins (1zzo et al. 2011). Only those possessing the
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Figure 4.1: Catalytic mechanisms for both Hperoxo and Q state in SMMO as proposed by Tinberg
and Lippard (2010). Hperoxo mechanism is shown in a), and Q state mechanism in b)

86



electron transfer group are widely used for BMM differentiation, with the members containing this extra
group defined as ‘4-component” monooxygenases (Pikus et al. 1996; Tinberg et al. 2011). In addition
to the genes described above, others are commonly found in regions adjacent to the BMM operon such
as analogues of GroEL, which have been identified in association with sMMO and propane MO
(Stafford et al. 2003; Furuya, Hayashi, Semba, et al. 2013): GroEL being a component of a universally

identified set of protein folding machinery (Bukau and Horwich 1998; Saibil 2013).

Here, we have applied bioinformatics approaches to investigate the evolutionary development of the
BMM family enzymes in relation to known catalytic activities and noted presence or absence of
associated gene/proteins. By combining three levels of analysis: phylogenetic, operon and sequence-
function based across the entirety of the BMM phylogeny, we have been able to link much of the current
understanding of monooxygenase activities to two changes in active site intermediate formation, each
relieving constraints on the maximal C-H bond dissociation energy for oxidation. Further, we propose
that enzyme assembly and stabilisation factors have independently-evolved multiple times in the BMM
family to support enzymes that oxidise increasingly difficult substrates. Finally, we find that evolution
of activity toward methane in the BMM occurs simultaneously with changes in active site residues of

the hydroxylase units, implicated in enabling Q state formation.

4.2. Materials and Methods

4.2.1. Construction of the BMM protein sequence phylogeny
The BMM phylogeny was constructed using the translated nucleic acid sequences of the a-hydroxylase
subunits of sSMMO obtained from the Joint Genome Institute IMG/ER database
(https://img.jgi.doe.gov/). The sequences were initially identified through sequential iterative
searches using BLASTp, based on the Methanococcus capsulatus (Bath) a-hydroxylase unit (P22869)
query sequence. The BLAST searches were conducted with an E value cut-off of 1e-3 and were ceased
when multiple non-BMM proteins appeared in the search. BMM were identified by inspection of the
operon associated with the a-hydroxylase unit and whether this contained the prerequisite components

of hydroxylase o and B-subunits, reductase and regulatory units (Notomista et al. 2003).
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In total, 1728 sequences were identified using this method, and were subsequently aligned using
MAFFT v7 with the L-INS-i method (Katoh and Standley 2013). Sequence fragments obtained from
consecutive reading frames which when combined gave a full length gene sequences, were recombined
in silico. The sequence dataset was then manually curated and any incomplete sequences or those not
containing the dual DEXRH iron binding motifs were removed. A preliminary phylogeny was
constructed using MEGA (version 6) (Tamura et al. 2013) and used to guide the reduction of redundant
sequences in the dataset. Phylogenetic clusters consisting of multiple representatives from the same
genus were reduced to a single representative. The final dataset of 342 sequences was realigned using
the L-INS-i method in MAFFT v7. Phylogenetic analysis was performed in RAXML (Stamatakis 2014)
using the WAG+G+I model, with 1000 bootstrap replicates obtained using the fast bootstrap algorithm
(Stamatakis et al. 2008). The resultant phylogenies were then visualised in FigTree

(tree.bio.ed.ac.uk/software/figtree/).

4.2.2. Identification of BMM operon-associated genes

Operon structure and presence of BMM components were visually inspected for monooxygenase
representatives in each phylogenetic radiation (e.g. toluene-, aromatic-, alkene-) in the a-hydroxylase
unit phylogenetic analysis (described above). Operons were viewed using the Joint Genome Institute
IMG/ER viewer (https://img.jgi.doe.gov/), with gene function inferred based on pfam and/or KEGG
orthology assignment: o and B subunits being associated with ferritin-like superfamily (a always the
larger of the two); reductase units containing 2Fe-2S and FAD domains; and regulatory units belonging
to the monooxygenase component MmoB/DmpM superfamily (SSF56029). For the remaining units, if
not explicitly associated with a BMM component in Pfam or KEGG orthology, nor containing any
alternative associations, BLASTp searches were used to determine the frequency of gene occurrence in

BMM operons, and identify similar sequences with clearer characterisation.
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4.2.3. Retrieval, alignment and phylogenetic analysis of bacterial GroEL proteins

BLASTp analysis was conducted with the curated UniProtkKB/SwissProt database
(http://www.uniprot.org/) based on the archetypical GroEL sequence from E. coli (POA6F5) and an E
cutoff value of 1e0. The initial 1198 sequences returned were reduced to 989 by elimination of
fragmented sequences, non-bacterial chaperonin units, and members not associated with the
Cpn60_TCP1 Pfam. To these, 14 additional sequences identified during BMM operon analysis as
GroEL analogues and selected to represent the diversity identified therein were added: 6 associated with
propane MO; 4 associated with methane MO and 2 from each of butane MO and propane/dioxane MO
BMM group. GroEL sequences were aligned using the L-INS-i method in MAFFT v7. Phylogenetic
analysis was conducted using the WAG+G model in RAXML, with 100 bootstrap replicates generated
using the fast bootstrap algorithm. Phylogenetic relationships were visualised and BMM-associated
GroEL proteins located using FigTree. Subsequently, methane and propane associated-GroEL were

identified among proteins obtained in the original UniProtKB/SwissProt database search.

4.2.4. Other

Protein crystal structures obtained from the Protein Databank (www.rsch.org) were visualised using
PyMol, with molecular distances determined using the built-in measurement tool. Conservation of
residues at specific locations in protein sequences was determined by manual inspection of aligned
sequences using the sequence viewer in MEGA v7, with subsequent representation undertaken using

WebLogo (https://weblogo.berkeley.edu/).

4.3. Results

4.3.1. Updated phylogeny of the BMM family

Phylogenetic analysis of the BMM based on the a-hydroxylase translated protein sequences was
dominated by three distinct clusters (Figure 4.2). The in vivo activity of multiple members from each
cluster have been characterised (Bertoni et al. 1996; Arai et al. 1998; Kotani et al. 2003), which accords

with their designation as the toluene monooxygenase, phenol hydroxylase and propane monooxygenase
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cluster respectively (Leahy et al. 2003; Sazinsky and Lippard 2006). Whilst this classical naming system
will be used throughout this paper, it is important to note that it contains a degree of oversimplification,
with members of each of these clusters displaying at least some degree of substrate promiscuity, and at
least one additional substrate per cluster supports growth in the host organisms. Beyond the three
dominant clusters, there are BMM clusters with activities toward substrates including methane, ethane,
butane, ethene, propene, and tetrahydrofuran as per reports (Colby and Dalton 1976; Coleman and Spain
2003; Thiemer et al. 2003; Chan et al. 2005; Cooley et al. 2009; Martin et al. 2014). There is also a

growing body of evidence that the previously uncharacterised ‘group 6° BMM members have growth

Toluene MO
(4 component)

Methane MO

Butane MO
Ethane MO

Propane / Dioxane MO

Alkene MO
Group 12

Tetrahydrofuran MO

Propane MO

Phenol
hydroxylase

Figure 4.2: Phylogeny of the BMM family based on hydroxylase a units including putative
assignments of functional regions based on characterised members. The full scope of BMM
divergence in the JGI database was captured in 342 o unit sequences of BMM members. Subsequent
alignment was conducted using MAFFT, with phylogenetic analysis including 1000 bootstrap
replicates performed in RAXML. Nodes with >90% support have been indicated in black circles. Major
clusters have been assigned based on functionally characterised members therein, with the sole cluster
lacking any characterised member designated as group 12 in accordance with the standard naming
conventions used in literature for formerly uncharacterised BMM clusters.
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linked activity towards propane, dioxane and tetrahydrofuran (Kawashima et al. 2006; He et al. 2017;
Deng et al. 2018). BMMs represented by one small cluster in the tree lack any characterisation to date;
as this cluster lacks any previous designation in the literature, it is herein referred to as ‘group 12’
(Figure 4.2). Of the members not appearing as part of larger radiations, a representative from the
gammaproteobacterial species Solimonas soli is of note as it appears in the central evolutionary region
located between the two major phylogenetic radiations: those dominated the aromatic and saturated
substrates. As there is only a single representative in this location, and there is to date no evidence of
the system being active, further investigation of the BMM member in this species was not conducted
as part of this study. It does however provide an interesting opportunity for future study and

characterisation.

The larger toluene monooxygenase branch, containing the toluene cluster, also contains an outlier group
which is active on both aromatics and short chain alkenes; the microorganisms represented in this outlier
are capable of further metabolism of both substrate groups (Small and Ensign 1997; Zhou et al. 1999)
(Figure 4.2). Interestingly, short chain alkene-acting monooxygenases appear in two distinct branches
of the phylogenetic tree (Figure 4.2). This is underscored by the cluster in the alkane/alkene branch
being a conventional three component monooxygenase (Chan et al. 2005), whilst the alternative from
within the toluene monooxygenase branch contains an additional rieske-like protein characteristic of
the 4-component monooxygenase (Small and Ensign 1997), thus also differentiating them at a

physiological level.

4.3.2. Evolution of the BMM and hydrocarbon bond cleavage activity

From the ancestral node of the phylogenetic tree, three distinct evolutionary trajectories are observed
(Figure 4.3): one that resulted in the phenol hydroxylase branch, another with activity towards toluene
and short chain alkenes (4-component), and the final direction of the alkane/alkene monooxygenase
branch for which the short chain alkene monooxygenases (3-component) are the first contemporary
representatives. In all of the three evolutionary directions from the trifurcation point observed in Figure

4.2, the primary activity was initially toward unsaturated substrates. In one of the three directions
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however, a major transition occurred enabling hydroxylation of saturated substrates for the first time

(Figure 4.2 & 4.3).

Activity towards saturated compounds appeared around a similar time-point to when the alkene/alkane
branch diverged in two distinct directions (Figure 4.2). One sub-branch contains members able to utilise
tetrahydrofuran and propane (the propane sub-branch), whilst the second branch contains members that
evolved to have activity toward a range of short chain alkanes and cyclic ethers, with the most distant

members of the branch having methane activity (the methane sub-branch) (Figure 4.2 & 4.3).

Aromatics and alkenes Short chain hydrocarbons
- Epoxide formation - Alcohol formation through
C-H bond cleavage
(also epoxides)

Methane

Toluene

Phenol

Alkenes

Propane

Figure 4.3: Evolutionary pathway of BMM family including transition regions from unsaturated
to saturated substrates. The proposed evolutionary trajectories of the BMM family has been
overlayed on the phylogeny contained in figure 1. The green circle denotes the approximate location
of the common ancestor to the BMM family, with each of the three subsequent evolutionary directions
labelled according to the major unsaturated substrate of this branch. Further elucidation is also given
for the subsequent evolutionary directions of the alkenes branch, with the major bifurcation point
highlighted and transition from unsaturated to saturated substrate capabilities indicated through the
colour transition from green to orange.
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At a superficial level the two sub-branches in the alkene/alkane branch appear to oxidise similar
saturated hydrocarbon substrates, however, an examination of bond dissociation energies required for
the oxidation steps demonstrates the difference in reactivities between members of the two branches. In
Figure 4.4, bond energy values have been overlaid on the sub-branches of the phylogenetic tree that
represent different intervening substrate activities. Here, propane and methane monooxygenase

activities represent two extremes of this region of the phylogenetic tree and the C-H bond energies differ

r 3
Q 1 431 ki/mol ! Methane
409 kJ/mol ? Butane (primary)
*431kJ/mol 1
. 414 kJ/mol 2 Ethane
: 410 kJ/mol 2 Propane (primary)
....... N R
Epoxide Ethene/Propene
v
HY sy eeeeeee )
385 kJ/mol? Tetrahydrofuran
H*peroxo 395 kJ/mol * Propane (secondary)
VY “304ki/mol 3

Figure 4.4: Alkane active region of BMM phylogeny indicating primary substrates, substrate
bond energies, and proposed active intermediate involved in bond cleavage. Bond dissociation
energy of the primary substrate (hydroxylation location in parenthesis if required) indicated, with
additional BDE values denoted with * being alternative substrates for preceding BMM member with
equivalent or higher BDE than primary substrate (methane and acetone for butane and propane MO
respectively). Coloured arrows indicate proposed catalytic site configurations active in each group,
specifying major transitions that enabled activity towards additional substrates. Colours correspond to
those used in active site intermediate diagram (Figure 4.9). ! Lange 1999, 2 Gribov et al. 2003, 3
Bordwell et al. 1988
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by 36 kJ mol*. Importantly, in the propane branch the oxidation of propane has been shown to occur at
the secondary carbon (Kotani et al. 2003). While tentative evidence for certain propane monooxygenase
also oxidising propane at the primary position has been reported, to date this has only been demonstrated
at the organism level (Kawashima et al. 2006). Activity towards ethane was also demonstrated in these
organisms (Kawashima et al. 2006), and this alkane is not considered a propane monooxygenase
substrate (Kotani et al. 2003). As it is possible that a separate alkane monooxygenase is present in the
microorganism, this could also be responsible for the primary propane monooxygenase activity.
Assuming that earlier findings of propane monooxygenase being only active towards the secondary
propane positions is correct for all propane monooxygenase members (Kotani et al. 2003), this would
suggest that enzymes of this branch reach a maximum bond energy cleavage under 400 kJ/mol. By
comparison, all characterised members of the methane sub-branch are able to oxidise substrates of at
least 410 kJ/mol, with the requirement for methane oxidation climbing to 431 kJ/mol. The difference
between C-H of ethane and methane bond energy alone has previously been noted to equate to a

predicted decrease in kinetic reaction rate of three orders of magnitude (Zheng and Lipscomb 2006).

4.3.3. Two distinct gamma subunits exist within the BMMs

The y subunit was observed as a third component of the hydroxylase unit in two distinct regions of the
BMM family (Figure 4.5a). The first region includes all toluene monooxygenases, phenol hydroxylases,
and representatives in between these two groups; this region designated as ‘aromatic y units’. The
second region, described as ‘alkane 7y units’ encompasses the methane, ethane and butane

monooxygenase clusters.

There is very low to non-existent identity (< 15%) between protein sequences of the alkane and aromatic
v subunits (data not shown). Furthermore, the alkane vy unit has ca. 1.5-fold longer sequence than the
aromatic subunit and a comparison of their crystal structures also demonstrates no correspondence at
any of the higher protein structure levels (Figure 4.6). In terms of secondary structure, the two types
have different protein fold classes, with the aromatic y units composed of an a+f fold, whilst the alkane

v unit exhibits an all-a structure. At the quaternary level, both phenol and toluene monooxygenase
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crystal structures contain the aromatic y unit mounted in almost identical locations in a pseudo-axial

position on the a unit, whilst the corresponding alkane y unit from methane monooxygenase resides at

a)

? (group 6)

b)

N

? (group 6)

Figure 4.5: Distribution of additional putative assembly and folding factors in the BMM
phylogeny. a) Locations in the BMM phylogeny in which additional gamma unit appears in BMM
operon. Locations in blue share sequence homology with gamma units appearing in phenol
hydroxylase and toluene monooxygenase, whilst locations in green contain greater likeness to SMMO
gamma unit. b) Appearance of GroEL homologue appearing in association with BMM operon.
Distinct clusters have been emphasised using different colours, with hatched region denoting only
partial presence in those regions. c) Presence of additional unit in the BMM operon displaying
inhibitory binding to hydroxylase. Distribution separated into locations displaying conformational
likeness to PhK (blue) and MMOD (green), with hatched region indicating partial presence of
additional unit in these members.
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the interface between o and B subunits (Figure 4.6). A comparison of the binding sites of the core of the
respective vy units to the larger a/f3 component shows no overlap, with only the tail regions exhibiting

similarity in binding locations.

4.3.4. Additional proteins associated with BMM

4.3.4.1. Divergent GroEL proteins
Although not located within the operon, several members of the BMM phylogeny contain a conserved
gene encoding a GroEL analogue in close association with the operon. The appearance of GroEL

analogues occurs in three distinct locations within the BMM phylogeny (Figure 4.5b): the first group

Figure 4.6: Crystal structures of SMMO and phenol hydroxylase highlighting position of gamma
unit. Front (left) and side (right) views using ribbon diagram representations of a) SMMO hydroxylase
unit (PDB accession 4GAM) depicting the gamma unit in green and remaining structure in grey. b)
Phenol hydroxylase (PDB accession 2INP) depicting the gamma unit in blue with remaining structure

in grey.
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of GroEL analogues is specifically found in association with the propane monooxygenase cluster, the
second for a small subsection of propane/dioxane monooxygenases, and the last is associated with all
members of the methane and butane monooxygenases. All bacterial species identified to contain BMM
with associated GroEL analogues were also found to also contain conventional GroEL genes in their

genome (Figure 4.7).

The BMM family-associated GroEL analogues were further investigated to determine their relationship
to conventional GroEL sequences via a phylogenetic examination of an extensive dataset (ca. 1000
sequences) encompassing the diversity of bacterial GroEL. Divergent GroEL proteins were located in

four distinct phylogenetic clusters: the methane, ethane and butane MO-associated members; the

Figure 4.7: Presence of BMM associated members in phylogenetic diversity of GroEL
homologues in bacteria. Unrooted phylogeny based on full diversity of the Cpn60_TCP1 pfam in
bacteria. ~1000 sequences were aligned using MAFFT v7 with subsequent phylogenies constructed in
RAXML. Green, blue and red designate members found to be in association with BMM of the
methane/butane, propane and propane/dioxane MO clusters respectively. Purple arrow indicates
location of E. coli GroEL, with remaining arrows indicate conventional GroELs present in
representatives of BMM-associated GroEL (colours correspond with respective BMM group). Insert
shows location in BMM phylogeny of respective members having associated GroEL homologue.
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propane/dioxane MO-associated members; and two clusters containing the propane MO-associated
members (Figure 4.7), the latter differentiated in accordance with the phylum of the host organism
(results not shown). Between each of these clusters was a substantial region of conventional GroEL
sequences, suggesting that GroEL specialisation towards the BMM family arose multiple times and
these were likely derived from conventional GroEL sequences. The derived nature is also reflected in
the non-contiguous nature of GroEL presence in BMM phylogeny, with the discrete clustering seen in
the GroEL phylogeny reflecting that observed in the BMM phylogeny (Figure 4.7 and insert), the only

exception being the contiguous nature of the two propane monooxygenase-associated GroEL groups.

In the methane, ethane and butane monooxygenase group, the BMM-associated GroEL were found to
have <40% protein sequence identity to the conventional orthologue in their respective species, with
this value being around 50% for propane/dioxane and propane monooxygenase members. By
comparison, the relationship of conventional GroEL sequences across alpha and gammaproteobacterial
methanotroph representatives was >65% identity, and between the actinomycetales and proteobacterial

representatives were >50% (Appendix Table A7.1).

4.3.4.2. Multiple, unrelated subunit assembly proteins
The proteins PhK, DmpK, PO and Fp (Nordlund et al. 1990; Notomista et al. 2003; Izzo et al. 2011)
refer to closely related orthologues that are associated with phenol hydroxylases in a narrow
phylogenetic region of the BMM (Figure 4.5¢). This potential assembly protein is absent in
microorganisms whose BMM diverged earliest from the common ancestor, as well as the entire toluene
monooxygenase branch, but appears in some members of the phenol hydroxylase branch, with increased
occurrence in those members diverging later from the common ancestor (Figure 4.5c). There is another
small uncharacterised protein comparable to the PhK-type that appears in the operon of the methane,
butane, and some ethane monooxygenases: all of these sequences occur in BMM operons forming a
single cluster located on the methane sub-branch of the BMM phylogeny (green shading in Figure 4.5c).
While these encoded proteins are analogous in terms of being low molecular weight and found within

operons of the BMM, there is no correlation (<10% identity) between the two proteins at the sequence
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level. This, in conjunction with their occurrence with BMM from separate regions of the phylogeny

(Figure 4.5¢), suggests these putative assembly protein groups have separate evolutionary origins.

4.3.5. An additional negative charge occurs in the active site secondary sphere of

methane active MO
Examination of aligned hydroxylase sequences from the short chain alkane-metabolising BMM
members was used to reveal key residues/regions responsible for different activities of BMM members.
By focussing on the evolutionary region where methane activity appeared, and restricting the analysis
to residues that are both conserved in all methane-active BMM members, and conserved as a different

residue for all members with other activities, a single site within close proximity to the active site was
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Figure 4.8: Phylogenetic and sequence based location of conserved glutamine change to
conserved glutamate residue in the BMM. a) Location in the BMM phylogeny of transition to
strictly conserved glutamate residue in MMOH a-subunit, designated E240 in M. capsulatus, from
otherwise fully conserved glutamine in all other BMM members. Red shading denotes location of
glutamate residue. b) Sequence logos of BMM hydroxylase a-subunits differentiated into members
demonstrating methane reactivity to those inactive towards this substrate. Selected display region
includes location of conserved glutamine / glutamate residue and several universally conserved
residues involved with catalytic function: these are emphasised using red and blue arrows respectively.
Numbering of residues based on that for M. capsulatus MMOX.
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identified. This location, corresponding to MMOX residue E240 in M. capsulatus, demonstrated
complete conservation as glutamate in methane oxidising members and glutamine in all other BMM
members (Figure 4.8 and 4.11). Through comparison of sequence alignments together with sSMMO
hydroxylase crystal structures containing both outwards and catalytic core facing E240 geometries, we
could rule out the complementary introduction of a positively charged residue in either the catalytic
core, or in the vicinity of E240 occurring at the same evolutionary point as the appearance of the

glutamate residue.

4.4, Discussion
4.4.1. Evolution of BMM reactivity towards saturated hydrocarbons and ultimately,
methane

A significant number of the BMM enzymes have primary activity towards unsaturated substrates in the
form of either aromatics or alkenes; these initially react to form epoxides (Saeki and Furuhashi 1994),
although for aromatics there is typically a rearrangement process from the epoxide (arene oxide) to form
hydroxylated products (Dalton and Leak 1985; Whited and Gibson 1991b). BMM activity towards
unsaturated substrates involves reaction initiation via electron withdrawal from a & orbital (Beauvais
and Lippard 2005b) but reactivity towards saturated compounds necessitates a direct attack on more
recalcitrant C-H bonds (Tinberg and Lippard 2010). Following the evolutionary pathway shown in Fig
4.2 it is clear that significant changes occurred in the evolution of BMM genes/enzymes to enable
activity firstly towards saturated hydrocarbons, and then further modifications allowed activity towards

the most difficult bond oxidised in biology, the C-H bond of methane (Rosenzweig 2015).

BMM activity towards saturated substrates appears in both sub-branches of the larger alkane/alkene
branch, evolving from an ancestral alkene-active systems (Figure 4.3). The chain length of the saturated
hydrocarbon substrates differ between the two sub-branches, whereby one is limited to propane and the
other can act on the smallest alkane substrate (methane) as well as longer chain hydrocarbons. Other
than a small ethane monooxygenase group, the butane monooxygenases and SMMO, no other BMM
has been clearly shown to oxidise ethane (Pilkington and Dalton 1990; Cooley et al. 2009; Martin et al.

2014) whereas a broad range of BMM can metabolise ethene (Pilkington and Dalton 1990; Small and
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Ensign 1997; Dubbels et al. 2007; Coleman et al. 2011). As ethene and ethane have almost identical
size and are both non-polar, it is unlikely that the activity differentiation is due to substrate access to
active sites, but indicates significant changes to the active site catalysis over the evolutionary history of
the BMM family. As BMM that are capable of oxidising saturated substrates are also reactive towards
unsaturated compounds (Furuya et al. 2011) we can conclude that it is an increase in reactivity during
evolution and not a change in substrate accessibility per se that enabled BMM reactivity towards

saturated substrates.

To date, only the methane and butane monooxygenases have been shown capable of oxidising the C-H
bond of methane (Cooley et al. 2009) which requires formation of the Q state in the di-iron core (Kopp
and Lippard 2002) whereas an alternative transition state, Hperoxo, Nas been demonstrated to be active
towards numerous substrates (Beauvais and Lippard 2005b). Two different Hpeoxo States are
differentiated, neither of which are an intermediate towards the formation of the other (Song et al. 2009)
(Figure 4.9): One which is capable of oxidising unsaturated substrates via an epoxide intermediate
(designated here HYperoxo); the other able to directly oxidise C-H bonds (designated here HSperox0), and is
a transition intermediate to the methane active Q state (Han and Noodleman 2008; Song et al. 2009).
The two enzyme states capable of directly oxidising C-H bonds, H%eroxo and Q, likely proceed by distinct
reaction mechanisms, with HSeroxo Using hydride abstraction compared to radical formation by the Q

state (Tinberg and Lippard 2010) (Figure 4.9).

HU

peroxo

Hred

Hsperoxo —_— Q

Figure 4.9: Interactions of different di-iron core reaction intermediates in BMM family. Hyeq
denotes the activated reduced but not oxygen-bound state of the di-iron core. The mutually exclusive
nature of the peroxide states HYperoxo and Hperoxo after oxygen addition are shown, with only the latter
capable of oxidising saturated compounds. The Q state capable of methane oxidation is also illustrated,
emphasising the prerequisite transition from the saturated substrate active peroxo state.
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An apparent anomaly in the evolutionary trajectory of the methane branch is the butane-
monooxygenases, which are also capable of oxidising methane and therefore must form the active site
Q state. Based on bond energies for oxidation of the primary carbon of butane, these monooxygenases
have a lower requirement compared with ethane and propane oxidation, yet the monooxygenases for
these substrates evolved earlier (Figure 4.3), and without requiring comparative methane reactivity
(Martin et al. 2014). Perhaps the answer to what seems like an anomaly lies in the limited distribution
of BMM genes amongst the proteobacteria. Regarding alkane oxidation, only the methane, butane and
propane monooxygenases appear in proteobacteria, with the remainder strictly appearing in gram
positive members (figure A7.12). Given the infrequency of transfer of these genes across the gram
positive / gram negative barrier, it may have been most evolutionarily expedient to obtain butane
oxidation capabilities through the repurposing of an ancestral methane monooxygenase member.
Although propane monooxygenases present in the proteobacteria could also fulfil this role, its
specificity towards the secondary position may have been unfavourable due to the alternate metabolic

pathways required for complete metabolism (Arp 1999).

The current proposal suggests that no member of the BMM family aside from the methane and butane
monooxygenases to be capable of forming the Q state, and furthermore, that the HSyeroxo State is capable
of oxidising C-H bonds up to the bond energy level occurring in ethane: this point has yet to be
demonstrated (Tinberg and Lippard 2010). However, it has been shown that the HSxeroxo State is active
towards ethers and is also capable of oxidising methanol (Beauvais and Lippard 2005b; Tinberg and
Lippard 2010), the latter bond possessing a higher dissociation energy than propane (Ruscic 2015). This
demonstrates that based on bond energies, the propane evolutionary sub-branch of the BMM family is
capable of oxidising all substrates occurring in this sub-branch with the HSrxo State. We therefore
propose the Q state developed only on the methane evolutionary sub-branch, with the location and
nature of the butane monooxygenase supporting this occurring after the separation of the ethane
monooxygenases from the common ancestor (Figure 4.4). Furthermore, we propose that the distinct

transition in the BMM family from reactivity toward unsaturated to saturated substrates resulted from
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the development of the HSperoxo active site development from the earlier HYperox0 form, and that this

transition was crucial in enabling the eventual development of the Q state.

4.4.2. Gamma subunit in the hydroxylase complex has evolved twice

The presence of y subunit genes in operons of BMM members was overlaid on the hydroxylase subunit
phylogenetic tree and these were found in two locations — an aromatic substrate-associated unit and the
other restricted to operons of the ethane/butane/methane monooxygenases. The two types of y units
have no significant sequence identities, a point previously noted by Notomista et al. (2003), who
furthermore proposed that the aromatic y unit was inherited together with the common a and
hydroxylase ancestor to all BMM. This suggestion, in conjunction with our findings, indicates that the
appearance of the aromatic y unit in extant BMM members is due to common decent, with its absence
in the alkane/alkene branch being due to an early loss of the gene. The genetic origin of the alkane y
unit is more obscure, it was unlikely to have been evolved from the aromatic y unit, yet no other sources

were identified in our analysis.

4.4.3. Divergent GroEL proteins have evolved for folding BMM subunits

The level of divergence in GroEL protein sequences associated with monooxygenases of the
alkane/alkene branch (Figure 4.5c and 4.6), and especially with the methane, ethane and butane
monooxygenases, is amongst the highest observed in bacteria (results not shown). Divergent members
of the GroEL family often have different substrate specificities compared with conventional GroEL,
can be regulated with the expression of specific proteins (Fischer et al. 1993) and develop specialisation
at the loss of normal substrate activity (Wang et al. 2002). The substrate range of conserved GroEL
almost solely consists of proteins with an alpha-beta structural motif (Houry et al. 1999), a fold absent
from the all-alpha helix o and B subunits of all BMM hydroxylases. Rare examples of non-BMM all-
alpha helical structures do exist as substrates for GroEL however, principally consisting of members of
the ferritin-like superfamily (Houry et al. 1999) to which the o and B hydroxylase subunits belong. This

indicates that GroEL has been important in the broader evolutionary history of this fold: an occurrence
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highly unorthodox for all-alpha helical folds. In the case of propane monooxygenase at least one of the
hydroxylase subunits have been shown to be a substrate for a divergent GroEL, further supporting the
argument that the multiple instances of divergent GroEL evolved in BMM-containing microorganisms

to assist folding of these proteins.

Prior attempts to demonstrate that a divergent GroEL associated with the SMMO operon was required
for correct folding of the a and B subunits were unsuccessful due to the GroEL-deletion mutant
organisms not transcribing the hydroxylase genes (Stafford et al. 2003). From these findings, the
divergent GroEL gene in SMMO was assumed to be primarily a transcription regulator (Scanlan et al.
2009). However, we maintain that the primary role of the divergent GroEL in SMMO is indeed folding
of either the a and/or B subunits, and this assertion has support from other studies. The closest
evolutionary relative of SMMO in both the hydroxylase units and divergent GroEL proteins, butane
monooxygenase, has not shown a similar transcription regulation role for its GroEL gene (Kurth et al.
2008), and the GroEL from propane monooxygenase has been shown to be required at the
translation/folding stage of its BMM production (Furuya, Hayashi, Semba, et al. 2013). Furthermore,
having a regulatory role in transcription does not preclude a concomitant protein folding function, and
has precedents in which regulatory factors require GroEL-mediated folding (Govezensky et al. 1991),
thus ensuring upregulation only occurs in the presence of sufficient GroEL to conduct its primary

folding role (Kumar et al. 2015).

We propose that initial GroEL duplication and association with BMM was to facilitate
contemporaneous regulation of GroEL with its respective BMM member, with precedence for such an
event occurring in other GroEL substrates (Lund 2009). This is likely to have occurred at least three
times, resulting in non-contiguous clusters for the propane/dioxane monooxygenases, propane
monooxygenase and the methane/butane/ethane monooxygenase for both the BMM and GroEL
phylogenies. A potential fourth instance of GroEL gene duplication resulting in two separate propane
monooxygenases groups is also possible, though contains weaker support. The co-expression of the
GroEL analogue with the BMM member then allowed specialisation towards the o and/or  units of the

hydroxylase, occurring to a greater extent in BMM clusters that are clearly defined to be alkane active
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rather than for the propane/dioxane monooxygenase lineage. In the alkane-active specialised GroEL
members, this occurred to such an extent that this protein can no longer be substituted with the
conventional housekeeping GroEL (Furuya, Hayashi, Semba, et al. 2013). Taken together, this analysis
indicates the development of specialist GroEL enabled BMM activity on alkanes; the majority of
alkane-active BMM members, and all of those most recently evolved, requiring a divergent GroEL for
function. This proposal is not definitive though, due to the lack of divergent GroEL associated with the
ethane monooxygenases, but in this group other specialised folding/stability proteins also appeared and
were associated with this branch (Figure 4.5). In summary, we propose that the need for folding
assistance or stabilising proteins developed together with the ability of the hydroxylases to act on
alkanes and these were included in a cumulative fashion, with Q-state BMM members (butane and
methane monooxygenase) requiring all three stabilising components, whilst those active on alkanes but

not forming the Q state (ethane and propane) only required one.

4.4.4. Convergent evolution of putative folding proteins

Two disparate types of assembly proteins were identified in our analysis as associated with hydroxylase
subunits from different sections of the phylogenetic tree. While PhK is not explicitly required for
expression of the active hydroxylase, its presence has been shown to significantly increase the
production of active hydroxylase and facilitate iron insertion into the hydroxylase active site
(Powlowski et al. 1997; I1zzo et al. 2011). Characterisation studies have revealed MMOD interacts with
the sSMMO hydroxylase unit, demonstrating binding in a 2:1 ratio, inhibition of monooxygenase
activity, competition with the regulatory protein and preferential binding to the apo-hydroxylase (Merkx
and Lippard 2002). Such behaviour mirrors that previously observed for PhK, along with more general
similarities such as unit size and comparative expression level to the hydroxylase (Powlowski et al.

1997; 1zzo et al. 2011).

Due to changes in gene regulation following deletion of the SMMO operon (Semrau et al. 2013), and
being the only gene in the SMMO operon without a clearly defined role (Sazinsky and Lippard 2015),

MMOD has been tentatively assigned in the literature as a regulatory factor (DiSpirito et al. 2016).
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Conversely, the similarity between PhK and MMOD of the SMMO operon were previously noted in
interactions with their respective hydroxylase units (Merkx and Lippard 2002; 1zzo et al. 2011),
providing support for evolutionary functional convergence. Hence, although the MMOD unit may have
been co-opted for a regulatory role, due to the majority of its functional characteristics to date mirroring
that of PhK, as well as the evolutionary implications of this work, in-principle support remains for a

primary role associated with the sMMO hydroxylase unit.

4.4.5. Operon structure and Last Common Ancestor (LCA) of the BMM family

In identifying the last common ancestor (LCA) of the BMM, our interpretation of the analysis differs
from that of Notomista et al. (2003) whose conclusions were based on the nucleic acid-level similarities
between the phenol-cresol hydroxylase operon from Pseudomonas. pickettii (PKO1) and that of toluene
benzene 2-monooxygenase (phenol hydroxylase) in Pseudomonas. putida (JS150). They noted that
there was a minimum 72% nucleic acid sequence agreement between the phenol-cresol hydroxylase
operon and the toluene benzene 2-monooxygenase, which rose to 98.8% for a region not translated in
P. pickettii. The region that was translated produced a single phenol-cresol hydroxylase unit in P.
pickettii and corresponds to the tail end of the a, y and reductase units of the BMM in P. putida. Despite
the high level of nucleic acid similarity between operons, at the protein level this correlation was
negligible, reaching a maximum of 28% for a short stretch corresponding to the y unit in the toluene

benzene 2-monooxygenase.

Based on their findings Notomista et al. (2003) proposed that the ancestral BMM formed from the
recombination of a pre-BMM sequence with an ancestral phenol-cresol hydroxylase. The former
contributed an assembly, [, regulatory and partial o component, whilst the latter contributed the
remaining a tail, y, and reductase units. The inclusion of the assembly unit in their proposal is
significant, as our research demonstrates that the only present-day members containing this unit lie
within the phenol hydroxylase cluster. This would imply a common ancestor in the phenol hydroxylase
cluster (Figure 4.10a), and thus contradict the findings by Leahy et al. (2003) derived from phylogenetic

analysis (Figure 4.10b).
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Our review of the data provided by Notomista et al. (2003) notes that the proposal does not strictly
require the presence of the assembly unit in the common ancestor, allowing it to appear later in evolution
whilst retaining the overall intent. Removal of this strict criteria opens up greater possibilities for the
location of the common ancestor. Based on the common ancestor containing a, y and reductase genes
in that order (contributed from the phenol-cresol hydroxylase ancestor), all but the toluene and phenol
hydroxylase region of Figure 4.2 can be eliminated due to a lack of phenol hydroxylase-like y unit, and
the toluene monooxygenase cluster can further be removed due to their different gene order. This
revised proposal for the last common ancestor (Figure 4.10c¢) now includes an overlap of the region also
proposed by Leahy et al. (2003) and enables the reconciliation of the two findings: the most likely
location of the common ancestor is in close vicinity of the trifurcation point highlighted in Figure

4.34.10d. This location was further supported by molecular clock analysis of the BMM phylogeny

. ?{ b ?L{

) i d) ?_%
Figure 4.10: Various proposals for location of common ancestor for BMM phylogeny. Grey
shading denotes identified region for ancestral node in each proposal. a) Possible region based on strict
proposal by Notomista et al. (2003) requiring a common ancestor that possesses an aromatic vy
hydroxylase sub-unit. b) Proposal by Leahy et al. (2003) based on phylogenetic analysis of both o and
v hydroxylase subunits. c) revision of Notomista et al. (2003) removing strict requirement of vy

hydroxylase sub-unit. d) Current proposal for last common ancestor which is supported by the analysis
and harmonises Leahy et al. and revised Notomista et al. findings.

107



(Appendix figure A7.11), which again placed the ancestral node adjacent to this trifurcation point.
Based on this analysis, we deduce that the last common ancestor of the BMM was likely active on short

chain alkenes or aromatics, with a high likelihood that it had a degree of promiscuity towards both.

4.4.6. Active site residue changes correlate with development of methane activity
in sSMMO

A change in amino acid from glutamine to glutamate in a protein results in increased Lewis Acidity of
otherwise largely comparable amino acids. While glutamate residues are often involved in protein
stabilisation through the formation of salt bridges with complementary positively charged amino acids
in their local vicinity (Bosshard et al. 2004), our investigation found no such complementary residues
in the case of E240 of the a-hydroxylase subunit of SMMO. The glutamine to glutamate conversion
would be expected to have negligible impact during much of the catalytic cycle when the side chain of
this residue has been shown to be externally facing (Bochevarov et al. 2011), however its entry into the
active site secondary sphere upon regulatory unit binding places it in a position to directly affect the
environment of the di-iron core (Figure 4.11). Regulatory unit binding has been previously noted to
also coincide with a significant change the redox potential of the active site, reinforcing the idea that a

significant change in environment occurs at this point (Fox et al. 1991).

Depending on the protonated state of the E240 sidechain when it rearranges to its inward-facing
configuration, this residue would either introduce a negative charge or a highly acidic proton into the
active site secondary sphere. The knowledge that the transition to the Q state is proton dependant
(Tinberg and Lippard 2009) strongly implicates the latter, contingent on the appearance of the Q state
at this point in evolution of this BMM sub-branch. The proton transfer required for Q state formation
has been proposed to occur on the OH/H.O ligand bound to Fe2 of the di-iron core (Tinberg and
Lippard 2009). Although crystal structures of SMMO indicate that E240 is too far away from this ligand
for direct proton transfer, an additional water molecule providing a direct hydrogen bond network from
the comparative glutamine residue (Q228) to this ligand has been identified in toluene monooxygenase

(Figure 4.11) (Bailey et al. 2008). The additional water molecule was identified when the toluene
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monooxygenase was crystallised under the physiologically-active reduced and regulatory-bound state,
a state that SMMO hydroxylase is yet to be crystallised in. The presence of an additional water molecule
in the equivalent position in sSMMO could then indirectly transfer the required proton to the OH/H,0

ligand through a Grotthuss (proton hopping) mechanism (Rich and Maréchal 2013).

The transition of E240 from external- to core-facing in a deprotonated state cannot be fully ruled out
but this is deemed less likely due to the destabilising effects of the introduction of an unbalanced
negative charge into the catalytic core. However, many observations around the Q state and BMM
evolution could be explained in light of this mechanism, such as altered redox values including the
dissimilarity between iron cores upon Q state formation, and the requirement of multiple stabilising

factors in BMM members that produce this intermediate.

Figure 4.11: Ribbon diagram depictions of di-iron core of BMM members in different stages of
the catalytic cycle. Grey and green ribbon diagram components represent the hydroxylase o sub-unit
and regulatory component respectively. Iron atoms are rendered orange, with key binding residues in
black, and universally conserved threonine and asparagine in beige stick figure representation. Left -
Structure of oxidised and unbound SMMO active site (1FZ1). E240 residue depicted in red emphasising
its side chain being externally facing in this configuration. Centre — Structure of oxidised and bound
SMMO active site (4GAM). Transition of E240 residue in red to its catalytic core facing configuration
is shown. Right — Structure of reduced and bound toluene monooxygenase active site (3DHI). The
Q228 residue is depicted in magenta, the analogue of E240 in SMMO. Water molecules are shown as
blue spheres, with proposed hydrogen bonding network depicted as blue dashed lines.
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4.4.7. Piecing together the whole picture — a proposal for the appearance of
methane activity in the BMM family.

In this analysis we have shown that initial evolution of the BMM family proceeded in three directions
from an alkene/aromatic active ancestor, a proposal which also reconciles two former but contradictory
suggestions for the ancestral root of the BMM family. During a relatively short evolutionary period, we
propose one of these branches underwent both a split and development of a more reactive catalytic
intermediate (H:roxo), resulting in the creation of the subsequent methane and propane sub-branches.
Further evolution, including a critical mutation of a glutamine to glutamate residue in the methane sub-
branch then enabled formation of the Q state; this state being active towards methane and appearing at

the same time that methane activity appeared in this sub-branch.

The increase in reactivity of the active site had a destabilising effect on the overall hydroxylase
structure, requiring first the capture and then specialisation of stability factors involved in structural,
folding and assembly functions to offset this in the hydroxylase unit. These additional elements did not
facilitate specific modifications that occurred in the hydroxylase unit, as is evidenced by the multiple
instances of convergent evolution of factors in disparate regions of the BMM tree, but were required
for a stabilising role. Only in the late evolutionary stages of the methane sub-branch did all three of
these elements coalesce in one location of the tree, providing sufficient stability to offset the
destabilising effect of the generation of the Q state, and thus enabling the appearance of methane activity

in the BMM family.
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CHAPTER 5

HETEROLOGOUS SMMO
EXPRESSION: COMBINING
COMPONENTS THAT EVOLVED TO
DEVELOP METHANE ACTIVITY
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5.1. Introduction
While heterologous protein expression has become commonplace for numerous applications in
biotechnology, methods for consistent and high level expression of many proteins and protein families
remains elusive (Rosano and Ceccarelli 2014). A highly desirable target for heterologous protein
expression is soluble methane monooxygenase (SMMO) due to its potential utility in biotechnological
applications and drawbacks of working in the native organisms. Yet despite over two decades of
attempts, this remains an example of a system for which high level expression in a tractable organism

is yet to be achieved (Jahng and Wood 1994; Jahng et al. 1996; Smith et al. 2002; Borodina et al. 2007).

Functional SMMO heterologous expression has been achieved in three non-methanotrophic species to
date: Pseudomonas putida, Agrobacterium tumefaciens and Rhizobium meliloti, with low level
expression and difficulty isolating active hydroxylase reported in all instances (Jahng and Wood 1994;
Jahng et al. 1996). Higher levels of expression have been achieved in methanotrophic species using a
large genetic insert including the entire SMMO operon, mmoG and the > regulatory factor (Lloyd et
al. 1999); as the methanotrophic host only originally contained methane monooxygenase of the pMMO
type this does constitute heterologous expression, however they did not succeed in improving

tractability of the host organism.

All sMMO heterologous expression attempts contained in the literature to date have also relied on
polycistronic systems for insertion and expression of the required genes. Subsequent developments in
the field of recombinant technology now provide alternative highly expedient systems in which multiple
genes can all be simultaneously expressed on monocistronic constructs, an example of which is the
Novagen Duet vector system that can facilitate simultaneous expression of up to eight candidate genes
in an E. coli host (Rosano and Ceccarelli 2014). This system has the benefits over most traditional
polycistronic systems in that the use of multiple vectors facilitate the ability to readily add and remove
selected genes to produce desired expression combinations without requiring extensive subsequent
cloning procedures, and eliminating the varying expression levels that occur in long operons due to

relative position from start of MRNA constructs (Lim et al. 2011).
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To the authors knowledge, all heterologous SMMO expression attempts to date have used genetic
material derived from either Methylosinus trichosporium OB3b or Methylococcus capsulatus (Bath)
(West et al. 1992; Jahng and Wood 1994; Jahng et al. 1996; Lloyd et al. 1999; Dumont 2004), these
being alphaproteobacterial and gammaproteobacterial methanotrophic type strains respectively
(Whittenbury et al. 1970). For both, the SMMO has been extensively characterised, including resolved
hydroxylase crystal structures (Elango et al. 1997; Rosenzweig et al. 1997). Key functional differentia
between these two strains include the methane assimilation pathway, intracytoplasmic membrane
morphology and optimal growth temperatures: the latter being mesophilic for Methylosinus and

thermophilic for Methylococcus (Jiang et al. 2010).

The most common method for the detection of SMMO activity in native methanotrophs is the
naphthalene assay (Brusseau et al. 1990; Graham et al. 1992; Pacheco-Oliver et al. 2002; Kalidass et al.
2015), the method also applied to heterologous expression (Lloyd et al. 1999). This method relies on
the co-oxidation of naphthalene by the SMMO system to naphthol, then the subsequent detection of this
product through its reaction with a diazonium species to form an azo dye (Brusseau et al. 1990). While
this method has been used, via spectroscopic detection of the azo dye, as a quantitative method (Yu et
al. 2009; Kalidass et al. 2015), its predominant application in the SMMO literature is as a qualitative
measure of activity (Dedysh et al. 2002; Pacheco-Oliver et al. 2002; Dunfield et al. 2003; Larsen and

Karlsen 2016).

Proteins that have had difficulty in heterologous expression often exhibit characteristics such as specific
active centre types or requirement for membrane solubility (Wagner et al. 2008) but these are not the
issue for sSMMO. Indeed, the majority of sSMMO’s larger protein family, the Bacterial Multicomponent
Monooxygenases (BMM), have been successfully expressed using standard heterologous expression
methods in E. coli (Cafaro et al. 2002; Cafaro et al. 2004; Champreda et al. 2004; Furuya, Hayashi, and
Kino 2013). Of particular note in expression of some BMM members-was the requirement for specialist
chaperone factor genes to achieve functional protein expression (Izzo et al. 2011; Furuya, Hayashi,
Semba, et al. 2013). The genes for chaperone proteins were identified as residing either within the BMM

operon or directly adjacent to it. Furthermore, in the case of propane monooxygenase, though one of
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these genes clearly exhibited orthology to the chaperonin GroEL, native GroEL from E. coli could not
supplement its function in a heterologous system, indicating divergent function (Furuya, Hayashi, and

Kino 2013).

Two putative chaperone proteins, MMOG and MMOD, previously identified as associated with the
SMMO operon, exhibit similar characteristics to their analogues found in other members of the BMM
family (Merkx and Lippard 2002; Stafford et al. 2003). Both have been determined not to play a
functional role in the catalytic cycle of SMMO, and in vivo experiments have indicated that MMOD,
when bound to the hydroxylase, inhibits activity (Merkx and Lippard 2002) and is present in a ratio of
approximately 1:50 to that of the MMOX subunit of sSMMO hydroxylase (Merkx et al. 2001). Control
of such unbalanced expression ratios can now be achieved in heterologous expression due to recent
developments in understanding of ribosomal binding site (RBS) affinities (Espah Borujeni et al. 2014),
with the resulting creation of the RBS calculator (Salis 2011). This tool provides general approximation
as to the relative strength of a RBS in the form of a translation initiation rate (TIR), and systems for

producing RBS activity to within a desired target range (https://salislab.net/software).

The heterologous expression strategies described here draw on an extensive examination of the
evolution of the sMMO system (Chapter 4) and review of the heterologous expression literature for the
BMM family, and extends these learnings to heterologous expression of SMMO in E. coli. Detailed
expression system design enabled the testing of multiple hypotheses relating to requirements for
successful SMMO expression, principle amongst these that a full contingent of eight genes, including
two assembly factors, are required for active SMMO expression in a heterologous organism. This work
also improves on the classical SMMO naphthalene assay, increasing sensitivity to provide detection

below levels previously possible.

5.2. Experimental

5.2.1. sSMMO gene and protein sequences
All genes used were initially obtained from the Methylococcus capsulatus (Bath) genome contained in

the JGI Integrated Microbial Genome database (img.jgi.doe.gov). Potential sequencing errors were
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checked through cross-referencing of two additional M. capsulatus genomes present in the JGI database
(Texas and ATCC 19069), to ensure the fidelity of the translated proteins. Untagged protein constructs
were selected for initial expression trials, however due to the inherent benefits of protein tagging, in-
frame His tags were included on MMOX and MMOY constructs subsequent to the C-terminal stop
codon. Use of this method allows a single point mutation in the stop codons to result in the inclusion of
the tag. Synthesis of all nine constructs (Table 5.1) were performed by GenScript, with application of

their proprietary codon optimisation algorithm for each gene.

MMOX and MMOD constructs were both inserted into the pETDuet-1 plasmid to facilitate fixed ratio
expression between the pair. Due to the functional connection between the MMOY-MMOZ pair and
MMOG-GroES pair, they were also linked on their own respective plasmids: pCDFDuet-1 and
pCOLADuet-1 (Figure 5.2). Though the initial design enabled the co-factors MMOR and MMOB to be
placed on the separate pACYCDuet-1 plasmid, the later use of the Lemo21 cell line prevented this

additional Duet plasmids from being used. The system was therefore modified with partnering of genes

Table 5.1: Summary of genetic constructs as synthesised by GenScript. Table includes the nature
of the ribosomal binding site (RBS) if present, all restriction sites explicitly specified for the project

and the presence of any purification tags.

Construct  Preceding RBS Gene  Tag Succeeding Initial

name restriction sites restriction sites  plasmid
MMOG BamHI/Nhel/Ncol Yes mmoG *Flag Hindlll pUC57
GroES Hindlll Yes groES Notl pRSFDuet-1
GroES- Ndel No groES  His Nhel/BamHI pET21a

His

MMOX  Ndel Designed mmoX - Avrll pETDuet-1
MMOY  Ndel Designed mmoY - Avrll pCDFDuet-1
MMOZ BamHI/Ncol No mmoZ - HindlIl1l pUC57
MMOD  Xbal/Ncol Designed mmoD - Hindlll pUCS57
MMOB HindlIlI Yes mmoB - Avrll/Xhol pUC57
MMOR BamHI/Ndel No mmoC - HindlIlI/Avrll pET21a

* Asterix denotes stop codon before tag
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that had a close functional association in bicistronic constructs: MMOG with GroES and MMOR with

MMOB.

To further facilitate achieving a fixed ratio in expression, ribosomal Binding Site (RBS) design was
also used. The primary consideration was to ensure a significant excess of MMOX relative to MMOD,
however an idealised target wused for the design was a 1:50:50:50 ratio of
MMOD:MMOX:MMOY:MMOZ: the level of the latter three determined from stoichiometric assembly
ratios. Though, practical constraints limited the attainment of the ideal values, the final in silico design
ratio achieved, based on TIR values, was 2:50:25:25 for the MMOD:MMOX:MMOY:MMOZ genes
respectively. Further refinement was not pursued, as the current limit of the RBS predictive technology

as well as other unquantified system variables indicated negligible benefits from such efforts.

5.2.2. Cloning and sub-cloning protocol
All GenScript synthesised plasmids and blank vectors were transformed in New England Biolabs Inc
(NEB) Turbo Competent E. coli (High Efficiency) using their recommended High Efficiency
Transformation Protocol (www.neb.com). Cells were then grown using SOC media with corresponding
antibiotic overnight in an orbital shaker at 37°C, 250rpm. Plasmids were harvested using Invitrogen
ChargeSwitch-Pro Plasmid Miniprep Kits. Plasmid extract concentration was quantified using a

Thermo Scientific NanoDrop Lite Spectrophotometer, however these measurements were often found

Table 5.2: Ribosomal binding site predictions for both initial constructs and final designs. TIR
values for both the gene inserts prior to design process, and final predicted values. Ratios of both the

theoretical ‘optimum ratio’ as well as final values are also included.

Initial expression  Optimum Final design Final design
Plasmid Gene predictioFr)1 (TIR) pratio Expression prediction ratio
(TIR) (approx.)
mmoD 12493 1 2065 2
pPETDuet-1
mmoX 4948 50 46327 50
mmoY 6689 50 26995 25
PCDFDuet-1 o7 27709 50 27709 25
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to overestimate actual plasmid concentrations. When alternative analysis of plasmid concentration such
as visual interpretation of stained agarose gel bands against reference samples was also available, these

alternative values were used instead.

For those plasmids that required subsequent sub-cloning to produce the functional vectors, a restriction
based ligation procedure using dual unique restriction sites was used to ensure the correct orientation
of the subsequent insert. The initial backbone and insert plasmids were double digested using NEB high
fidelity restriction enzymes and recommended protocol according to Table 5.3. Digests were then
separated using a pre-stained (SYBR Safe DNA gel stain) agarose gel (typically 1%) run at 70V using
TAE buffer. Identified bands were then excised and DNA extracted using a Zymoclean Gel DNA
Recovery Kit. Ligation was conducted using NEB T4 DNA ligase and recommended protocol, with

insert to backbone molar ratio of either 2:1 or 3:1.

The ligated products were then transformed into NEB Turbo Competent E. coli (High Efficiency) as
per transformation procedure above. To confirm correct ligation, colonies were then selected and grown
using SOC media with corresponding antibiotic overnight in an orbital shaker at 37°C 250rpm, with
subsequent plasmid harvesting using an Invitrogen ChargeSwitch-Pro Plasmid Miniprep Kit. Single
and double digests were conducted according to the restriction enzymes specified in Table 5.3, then run
on an agarose gel, all as per above protocol. Only those colonies demonstrating correct plasmid size on
the single digest and correct corresponding dual bands on the double digests were selected for

subsequent use.

Table 5.3: Sub-cloning conducted to produce final plasmid constructs. Restriction sites used in
dual restriction based ligation are specified, along with insert and backbone plasmids used.

Restriction sites /

Insert Backbone digests Ligated product

MMOG pRSF-1b Ncol / HindllI pPRSF-mmoG

MMOZ pCDFD- Ncol / HindllI pCDFD-Y/Z
mmoY

MMOD PETD-mmoX  Ncol / HindllI pETD-X/D

MMOB/MMOR pRSFD-G/S Ndel / Avrll pRSFD-B/R//G/S
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5.2.3. Preparation of chemically competent cells
Cell line to be made chemically competent was grown in SOB media with antibiotics, as per
requirements of plasmids already present in cell line, until reaching an ODeoy ~0.40 as measured on a
Hach DR 5000 UV-Vis Spectrophotometer. Cells were then cooled on iced for 30 min and centrifuged
at 3000xg and 4°C for 15 min. The supernatant was decanted, and the cell pellet resuspended in ice cold
100 mM MgCl.. The resulting suspension was then centrifuged at 3000xg and 4°C for 15 min, decanted,
and the pellet resuspended in ice cold 100 mM CaCl,. After holding on ice for 30 min, centrifugation
was conducted at a reduced speed of 2000xg (at 4°C and 15 min), with subsequent decanting and
resuspension in an ice cold 85 mM CaCl,, 15% glycerol solution. A final centrifugation was performed
at 1000xg, 4°C for 15 min, with decanting and resuspension in further CaCl,/Glycerol solution. The
final product was then aliquoted into cryo-tubes and snap frozen in a dry ice / acetone bath for storage

at -80°C.

5.2.4. Protein expression
To produce protein expression cell strains, either NEB BL21(DE3) or Lemo021(DE3) competent E. coli
were transformed using their recommended High Efficiency Transformation Protocols (www.neb.com).
This procedure was conducted directly when either one or two plasmids were required in the host strain.
When triple transformants were required, dual transformants were returned to a competent state
according to the procedure outlined in section 5.15.2.3, then the additional plasmid was inserted

according to the High Efficiency Transformation Protocol used for the original cell lines.

A single colony from transformant agar plates was then selected and transferred to SOC outgrowth
media, with subsequent growth at 37°C 250 rpm. Optical density was measured during growth until
mid-log phase (ODggo ~0.5) was reached, as measured on a Hach DR 5000 UV-Vis Spectrophotometer.
This was then used for starter culture in subsequent cell expression media, with transfer size varied to
standardise initial culture amount. For auto-induction, the cell lines were transferred directly to auto-
induction media, and grown at the respective trial temperature (using orbital shaker incubator at 250

rpm) for the allocated time, typically overnight. For IPTG induction, starter culture was transferred to

125



TB media, and grown at 37°C 250 rpm until an ODeqo 0.4 - 0.6 was reached. IPTG, as well as rhamnose
if Lemo21 turn-down was being used, was then added to specified concentration. The resulting media
was then placed at the respective trial temperature (using orbital shaker incubator at 250 rpm) for the

required time.

5.2.5. SDS-PAGE analysis
Cell samples were centrifuged at 16000xg for 5 min and the supernatant decanted. The cell pellets were
then resuspended in phosphate buffer solution to an ODeg Of 10, from which 500 pL samples were
extracted and transferred to an ice bath. Samples were then sonicated (125 W Qsonica) whilst on ice at
90% for four cycles of 15 s with 45 s rest between. Samples were then spun again at 16000xg for 10
min and the supernatant decanted: the first 50 pL of this supernatant being collected as the soluble
fraction. The pellet was resuspended in 500 uL phosphate buffer, with 50 pL extracted as the insoluble
fraction. To all 50 puL samples, 17.5 puL of x4 SDS loading dye was added, then each was heated to
95°C for 5 min. SDS-PAGE was conducted on pre-cast Bolt 4-12% Bis-Tris Plus Gels, run in MES
buffer, initially at 90 V then increased to 120 V after 10 min. Gels were stained using SimplyBlue

SafeStain according to recommended microwave procedure (www.thermofisher.com).

Alternative lysis methods involved replacement of phosphate buffer with either Triton-X 100 lysis
buffer or BugBuster Protein Extraction Reagent, the latter also replacing sonication steps with

incubation at 37°C and 250 rpm.

5.2.6. Growth of native methanotroph cultures
To grow Methylosinus trichosporium (OB3b) cultures, autoclaved 125 ml serum bottles were filled with
10 ml NMS growth media either lacking copper (Cu-) or with 1 uM copper sulphate added (Cu+). 500
uL of previous M. trichosporium (OB3b) culture was then added and the serum bottles sealed with a
crimp top airtight septum. Methane was then injected through the septa until headspace concentration
reached 20%. Cultures were then grown at 30°C 120 rpm until an ODggo 0of 0.1-0.3 was reached, with

sampling conducted via syringe through the septa.
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5.2.7. Naphthalene assay for the detection of SMMO activity
Naphthalene assays were conducted using a modified method based on that outlined by Yu et al. (2009).
Cell samples were centrifuged at 16000xg for 5 min and the supernatant decanted. The cell pellet was
then redissolved in nitrate mineral salts (NMS) methanotroph growth media to an ODeo 0f 0.5 unless
otherwise specified. 1 ml was then transferred to a fresh 1.7 ml microtube, and ~10 mg of ground
naphthalene crystals was added at a medium-fine sand consistency. Samples were then incubated at
30°C and 250 rpm for between 0.5 — 2 h for M. trichosporium cultures, or 4 — 16 h for E. coli cultures.
After incubation, the samples were vigorously shaken for several seconds; then after standing for 30 s,
800 pL was extracted and transferred to a 1 ml cuvette, avoiding any settled material. 200 uL of freshly
prepared Fast Blue B solution (0.2% Fast Blue B dye in deionised water) was added to each 800 uL
sample and the preparation mixed. Absorbance of the samples was measured immediately before and
after addition of Fast Blue B solution at 525 nm on a Hach DR 5000 UV-Vis Spectrophotometer, with

the difference in absorbance values determined.

Table 5.4: Table of genes used in this study: List of all putative sSMMO associated genes, as well as
the implicitly linked groES. Translated protein size has also been included with theoretical values where

no literature values exist.

Translated protein

Gene Function Protein name size (kDa)
mmoX  Hydroxylase unit (o) MMOX 60.61
mmoY  Hydroxylase unit (B) MMOY 45.01
mmoZ  Hydroxylase unit (y) MMOZ 19.81
mmoB  Regulatory unit MMOB 15.92
mmoC  Reductase unit MMOR 385°
mmoD  Putative assembly unit MMOD 124
mmoG  Putative specialised chaperonin MMOG 59.5*
groES GroEL accessory protein GroES 10.5*

Corresponding gene function and protein weight for components used in study from M. capsulatus: * -
(Merkx et al. 2001), 2 - (Walters et al. 1999), 3 - (Gassner and Lippard 1999), * - (Merkx and Lippard
2002), * - Theoretical
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5.3. Results

53.1 Expression of components in individual and dual constructs
As an initial step towards the expression of the entire SMMO construct, the heterologous expression of
putative specialised chaperonin MMOG using pRSF-MMOG transformants in T7 promoter containing
BL21(DE3) was undertaken. IPTG and autoinduction based expression were trialled, with both methods
successfully expressing MMOG at significant levels, as indicated by SDS-PAGE analysis (Figure 5.1).
Autoinduction at 25°C demonstrated the highest soluble expression amongst the conditions tested, with
the lower levels during IPTG induction found to largely independent of IPTG concentration used
(between the range 1 mM to 0.1 mM) (Figure 5.1). The demonstration of soluble MMOG in SDS-PAGE
fractions was found to be highly dependent on cellular lysing protocol, with only sonication in

phosphate buffer solution providing soluble MMOG in significant quantities. Alternative methods
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Figure 5.1: SDS-PAGE demonstrating comparison of MMOG expression methods. Soluble
fractions of BL21(DE3) strains with pRSF-MMOG plasmid shown using either overnight
autoinduction (Auto.) or IPTG induction (concentrations referenced) at 25°C. MMOG protein
expression band emphasised with dots. Blank pRSF plasmid in BL21(DE3) used as control (Cont.).
Protein ladder with adjacent molecular weights also included in right hand lane.
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including sonication using Triton-based lysis buffer and chemical lysis methods proved to trigger

protein aggregation of the formerly soluble MMOG component (results not shown).

GroES expression was also tested using a BL21(DE3) pET21-GroES transformant under corresponding
conditions and found to express high levels of both soluble and insoluble protein. Further trials were
also conducted to examine simultaneous MMOG/GroES expression. Dual transformant strains of
BL21(DE3) were produced, either using pCOLA — MMOG/GroES plasmid, or pRSF-MMOG and
PET21-GroES (or pET21-GroES(His)) as a dual transformant. Overnight autoinduction trials at 25°C
showed reduced but still significant levels of soluble expression of both the MMOG and GroES
components in all systems as compared with single component expression systems (Figure 5.2 & Figure

5.).
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Figure 5.2: SDS-PAGE demonstrating soluble and insoluble expression of both MMOG and
GroES. Soluble (S) and insoluble (I) fractions shown for BL21(DE3) strains with pRSF-mmoG/pET-
groES (G+S), pRSF-mmoG/pET-groES(His) (G+(S)) or pRSF-mmoG (G). Overnight autoinduction
at 25°C were used for all samples. Dots indicate molecular weight of proteins corresponding to inserted
genes in respective strain. Blank pRSF plasmid in BL21(DE3) used as control (Cont.). Protein ladder
with adjacent molecular weights also included in right hand lane.
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Heterologous protein expression was demonstrated for all three MMOH subunits (a,  and y) and
MMOD using the pETD-X/D and pCDFD-Y/Z plasmids transformed into BL21(DE3) strains.
Autoinduction at 37°C demonstrated high levels of gene expression with SDS-PAGE analysis
indicating the four respective proteins dominating their expression profiles (Figure 5.). Comparable
results was also observed during IPTG induction (0.2 mM at 37°C). Reducing autoinduction
temperature to 25°C resulted in the MMOY MMOZ and MMOD component appearing predominantly
in the soluble fraction, however MMOX did not undergo a comparable shift. The identity of SDS-PAGE
expression bands for all proteins of interest were confirmed by mass spectrometry at least once for each
gene construct, with the protein coverage indicating the bands contained undigested, full sequence
SMMO components (See Appendix A7.3.4). The expression bands in subsequent trials were confirmed

through comparison to these known reference bands.

5.3.2. Expression trials using triple transformant strains
Multiple attempts at transformation of BL21(DE3) strains with both pETD-X/D and pCDFD-Y/Z
simultaneously by conventional heat shock methodology proved unsuccessful. Both plasmids were
successfully transformed in this system as individuals, as well as the simultaneous transformant of
pPETD-X/D and pCDF-1b (blank). Furthermore, transformation efficiency was comparable between
pCDF-1b (blank) and pCDFD-Y/Z at the plasmid concentrations used, indicating an expected
correlation also between the transformation efficiency of the double transformants pETD-X/D +
pCDFD-Y/Z and pETD-X/D + pCDF-1b (blank). Despite this, whilst 1 ml of transformation culture
yielded 19 colonies using the pETD-X/D + pCDF-1b (blank) combination, no colonies were observed
even after multiple independent attempts for the equivalent pETD-X/D + pCDFD-Y/Z transformation.
Alternative transformations using the Lemo2l strain with pETD-X/D + pCDFD-Y/Z did prove
successful, yielding ten transformant colonies per ml of transformation culture. To further confirm
results in BL21(DE3) strains, a comparative trial using BL21(DE3) transformants under identical
conditions to those found successful for Lemo21 transformation was performed and again found

unsuccessful.
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Simultaneous pETD-X/D + pCDFD-Y/Z + pCOLAD-ES/G triple transformants were attempted but
proved unsuccessful, likely due to low transformation efficiency. Double transformant pETD-X/D +
pCDFD-Y/Z cultures were therefore returned to a competent state, and transformed with either
pCOLAD-ES/G or pRSF-MMOG: this achieving stable triple transformants containing the

MMOX/MMOY/MMOZ/MMOD/MMOG * GroES genetic inserts.

Initial expression attempts with X/D — Y/Z, X/D - Y/Z — G and X/D - Y/Z — G/S strains were conducted

using overnight autoinduction expression to 37°C (Figure 5.). Translated proteins from all inserted
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Figure 5.3: SDS-PAGE showing expression profiles of combinations of different constructs
containing heterologous SMMO genes required for hydroxylase formation and assembly in E.
coli. Soluble (S) and insoluble (1) fractions shown for various strains of Lemo21 E. coli. mmoXD
denotes the pETD-X/D plasmid, mmoYZ denotes the pCDFD-Y/Z plasmid, mmoG denotes the
pRSF-MMOG plasmid and mmoGS denotes the pCOLAD-S/G plasmid. Dots indicate molecular
weight of proteins corresponding to inserted genes in respective strain, with corresponding identity
of each dot at far left. Overnight autoinduction at 37°C were used for all samples without rhamnose
supplimentation. Blank pCOLADuet-1 plasmid under identical expression conditions was used as
control (Cont.). Protein ladder with adjacent molecular weights also included in left hand lane.
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genes could be visualised on SDS-PAGE in at least one of the soluble or insoluble fractions,
demonstrating both the stability of the plasmids in the transformants, and the ability to express from all
plasmids simultaneously. In all strains however, MMOZ dominated the expression profile, with very
low levels of MMOX expression. Reducing autoinduction temperatures to 25°C or 20°C resulted in
much lower overall heterologous protein expression levels, and an increase in protein solubility as was
seen to the individual plasmid trials, however this action also reduced MMOX and MMOD expression
to levels below that which could be clearly visualised on SDS-PAGE gels (Figure 5.4). IPTG induction
was also trialled, using varying concentrations of IPTG (1 mM, 0.5 mM, 0.2 mM and 0.05 mM) at both
mmoXD mmoXD
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Figure 5.4: SDS-PAGE showing reduced temperature expression profiles of combinations of
different constructs containing heterologous SMMO genes in E. coli. Soluble (S) and insoluble (I)
fractions shown for various strains of Lemo21 E. coli. mmoXD denotes the pETD-X/D plasmid,
mmoYZ denotes the pCDFD-Y/Z plasmid, mmoG denotes the pRSF-MMOG plasmid and mmoGS
denotes the pCOLAD-S/G plasmid. Dots indicate molecular weight of proteins corresponding to
inserted genes in respective strain, with corresponding identity of each dot at far right. Overnight
autoinduction at 25°C were used for all samples without rhamnose supplimentation. Blank
pCOLADuet-1 plasmid under identical expression conditions was used as control (Cont.). Protein
ladder with adjacent molecular weights also included in left hand lane.
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30°C and 37°C. Samples were extracted for SDS-PAGE analysis at 3 h, 5 h and 19 h after induction
with IPTG, however did not show any significant improvement in protein expression compared to

autoinduction trials.

Further to these efforts, several more advanced strategies were trialled to achieve solubilisation of all
hydroxylase components: growth media supplemented with either iron sulphate (Fe?*) or ferric citrate
(Fe**) (both at 200 uM) was used to facilitate formation of the di-iron active centre of the hydroxylase;
turn-down compatibility of the Lemo21 strains trialled (at both 25°C and 37°C) to decrease strain on
the host organism; and heat shock at 42°C at various points either prior or during expression was also
conducted to induce increased levels of native chaperone systems in the E. coli host. None of these

methods resulted in clear soluble expression of all hydroxylase components (results not shown).

5.3.3. Naphthalene assay optimisation
Using Methylosinus trichosporium OB3B cultures grown in low copper NMS, the standard naphthalene
assay was reproduced, with confirmation of the presence of active SMMO via red-pink colour formation
(Figure 5.A). This result was only able to be reproduced in whole cells, with lysed cells from the same
system unresponsive to the assay. Spectroscopic analysis of the solution gave an absorption peak for
the conjugated dye at ca. 530 nm, in accordance with prior reports (Brusseau et al. 1990). Over the
period of around 30 min, it was noted that the dye transitioned from the former red-pink hue towards
an orange tint (Figure 5.a & 5.5b); this occurred concurrently with the control samples (methanotrophic
cultures of Methylocystis SC2 lacking the sSMMO operon) adopting a yellow tint from its former
clear/white solution typical of moderate cell densities. Spectroscopically this transition could be
identified in both experimental and control samples as a gradual increase of absorption at 540 nm. This
transition could be halted via the acidification of the solution with glacial acetic acid, producing a stable,

vivid pink product (Figure 5.c).

To examine the spectroscopic sensitivity of the standard assay methodology, serial dilutions of the M.
trichosporium culture were performed to produce ODego concentrations between 1 — 0.001, with

subsequent standard assay methodology performed. Clear spectroscopic differentiation between SMMO
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containing and control samples was only possible down to an ODego Of around 0.1, with differentiation
below this primarily prevented by interference from cell induced light scattering. This issue was found

to be persistent despite attempts to control for such variations.

Visual identification of the presence of the azo dye proved more effective than spectroscopic methods
at identifying weak signals, with sensitivity of visual identification further increased by centrifugation
of the sample and characterisation based on cell pellet colour. Cellular lysis methods were performed
on samples immediately prior to staining, but did not result in the partitioning the azo dye into the
supernatant fraction. Solvent extraction of the cell pellet was found to be effective, with the stain
preferentially partitioning into hydrophaobic solvents. Of the solvents tested, ethyl acetate was found to
most efficient to extract the stain, and provides a potential pathway for improvement of spectroscopic

detection of dye formation. Due to identification of false negative results, cell free experiments were

Figure 5.5: M. trichosporium after naphthalene assay at different cell concentrations and time
intervals. Preparations of M. trichosporium OB3b grown in copper deficient NMS media after 2 hour
naphthalene assay. Value indicate ODggo concentrations for each tube both A) immediately after addition
of Fast blue B dye and B) 30 minutes after addition of dye. Control samples are M. trichosporium at 0.5
ODsoo grown in copper rich media. C) Dye was also stabilised through addition of glacial acetic acid
(right) showing transition to pink hue. Sample (left) is compared to control (right)
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conducted under various conditions to identify the limitations of the assay methodology. The strongest
response occurred under basification of the solutions (pH of 9.5), producing an orange hue similar to
that formed in native samples over time (Figure 5.b), however additional parameters were also identified

that affected the level of dye formation (results not shown).

5.3.4. Assessing heterologous SMMO expression via naphthalene assay
As the naphthalene assay for SMMO activity was restricted to whole cells, its application to
heterologous expression required the simultaneous expression of all components involved in active
turnover within the same cell. Towards this aim, MMOB and MMOR constructs were produced de novo
from codon optimised genes whose sequence was obtained from M. capsulatus. Individual expression
of each gene was successful with both showing almost complete soluble expression after autoinduction

at 25°C (Appendix figure A7.14).

Figure 5.6: Cell pellets from M. trichosporium after naphthalene assay and cell free trials of
naphthalene assay at varying pH. A) M. trichosporium samples grown in either Cu” (left) or Cu*

(right) media after naphthalene assay. In both cases ODego 0f 1 was used during the assay. B) Cell free
NMS media otherwise prepared as per standard cell preparations for naphthalene assay. High pH (9.5)
sample due to potassium hydroxide addition (left) compared to control (right).
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Due to the use of Lemo21 cell lines, only three of the four mutually compatible Duet plasmids could be
simultaneously added due to antibiotic and replicon overlap with the pLemo plasmid (utilising pACYC
backbone). To enable insertion of all eight genes into a single Lemo21 cell line, bicistronic constructs
were produced of both MMOB/MMOR and MMOG/GroES, with insertion into the pRSFDuet-1 vector

creating the pRSFD-B/R//G/S plasmid. Autoinduction using this plasmid in Lemo21 cell lines
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Figure 5.7: SDS-PAGE showing expression profiles of combinations of three different constructs
containing heterologous sSMMO genes including those for the reductase and regulatory units.
Soluble (S) and insoluble (I) fractions shown for various strains in Lemo21 E. coli strains, or
BL21(DE3) for strains with asterisks. Soluble and insoluble components are from same isolation and
are matched around a vertical symmetry. YZ denotes the pCDFD-Y/Z plasmid, XD denotes the pETD-
X/D plasmid and BRGS denotes the pRSFD-B/R//G/S plasmid. Dots indicate molecular weight of
proteins corresponding to inserted genes in respective strain, with corresponding identity of each dot
at far right. Overnight autoinduction at 30°C were used for all samples. Blank pCOLADuet-1 plasmid
under identical expression conditions was used as control (Cont.). Protein ladder with superimposed
molecular weights also included in centre lane.
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demonstrated high level expression of all four genes, with trials at 30°C demonstrating all four

components expressed in the soluble fraction (Figure 5.).

For naphthalene trials, the triple transformant capable of expressing all eight genes simultaneously was
created using the pETD-X/D, pCDFD-Y/Z and pRSFD-B/R//G/S plasmids. Autoinduction trials
showed lower expression levels of all components compared with the cell lines containing individual
plasmids, with the highest reduction observed for the pRDFD-B/R//G/S plasmid. For those components
that could still clearly be identified on SDS-PAGE, a reduction in the relative level of expressed protein

in the soluble fraction was also observed (Figure 5.).

Results in line with successful active expression were obtained when these triple transformants
underwent the naphthalene assay, with red cell pellet staining indicating active SMMO had been
assembled. This result was strongest under 1.0 mM IPTG expression at 30°C in a 7 h incubation (Figure
5.), but also identified during IPTG induction at 25°C and autoinduction at both temperatures. The result
was found to be IPTG concentration dependant, with strongest colour generation in the naphthalene
assay occurring at higher IPTG concentrations (Figure 5.). While this result was observed in multiple
instances, a positive assay result indicated by red pellet staining was not observed consistently, with

some trials conducted under seemingly similar conditions lacking positive results. The inconsistency

Figure 5.8: Naphthalene assays on E. coli transformants containing all genes required for active
sSMMO expression. Lemo21 strains containing the pETD-X/D, pCDFD-Y/Z and pRSFD-B/R//G/S
plasmids after IPTG induction at 30°C and overnight naphthalene assaying. Positive results identified
by red staining in cell pellet. Values indicate IPTG concentration in mM. Controls are Lemo21 strains
either containing the pRSFD-B/R//G/S (BRGS) or both pETD-X/D and pCDFD-Y/Z (XYZD) plasmids.
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was further complicated by a pink/red colour change observed in some trials from control samples
lacking naphthalene, however standard control samples containing naphthalene as per naphthalene
assay protocol did not exhibit comparable false positives. Positive results in naphthalene deficient
samples were even seen to occur in trials where all naphthalene added samples, including those
indicated to contain SMMO activity through prior positive assay results, yielded negative results

(Appendix figure A7.15).

5.4. Discussion
This work provides a major step forward towards heterologous expression of SMMO in a highly
tractable organism, not only demonstrating high level expression of all eight proteins that we consider
necessary to achieve production of active SMMO, with seven of these produced in soluble form.
Furthermore, though naphthalene assay results remain inconclusive, findings including an IPTG
concentration dependant response can be most parsimoniously explained through in vivo sMMO

activity in the E. coli host.

54.1. Simultaneous heterologous expression of SMMO components
Although this work is not the first to attempt simultaneous expression of all eight required genes
associated with sMMO in E. coli (Dumont 2004), it is the first to achieve sufficient levels of all
heterologous proteins for clear identification. This advance was most likely due to the use of de novo
synthesised genes including codon optimisation, compared with previous attempts that utilised the
operon directly from the native methanotroph host (Dumont 2004). The use of RBS to achieve required
expression ratios of set proteins was partially successful, with reduced temperature of incubation and
autoinduction mode consistently producing higher ratio of MMOX relative to MMOD, a critical issue
for proper assembly and activity. The preferred ratio of expression was not observed for higher
temperature induction experiments. However, it should be stated that protein subunit concentrations

were not quantitatively analysed to definitively confirm that MMOX was in excess on a molar basis.
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Despite extensive effort to design the expression system to balance gene expression between plasmids,
especially for correlating production ratios between hydroxylase units, genes on pCDFD-Y/Z always
expressed at significantly higher levels than pETD-X/D. While the Duet plasmid system is meant to
provide that balance, in practice plasmid balancing was a major limitation for our genes during these
experiments. This issue may be circumvented in future work through combining MMOX, MMOY and
MMOZ into a polycistronic construct, linked on a duet plasmid to MMOD, MMOG or both. This
arrangement should retain the majority of the Duet system interchangeability benefits whilst limiting
imbalance issues, and would provide spatial proximity of the hydroxylase subunits both to each other

and to their putative folding factors.

Attainment of soluble expression of all but the MMOX component (as demonstrated by SDS-PAGE
analysis of the soluble fraction from E. coli) pointed to the most likely limitation to achieving high level
heterologous activity of SMMO. MMOX, the o subunit of the hydroxylase, was detected in the insoluble
fraction, most probably as a result of aggregation of the mis-folded nascent protein, or lack of
incorporation of a correctly folded intermediate, into the supramolecular assembly; these factors not

being mutually exclusive.

One of the proposed assembly proteins, MMOG, is an analogues of chaperonin (GroEL), a universal
protein required for the correct folding of many cellular proteins. Although previous research into the
MMOG component implicated the gene/protein in a transcriptional role during SMMO expression in
the native organism, this does not preclude it from also having a role during SMMO translation. Indeed,
its analogue in the closest evolutionary relative to SMMO in the BMM family has been explicitly shown
to only be required during the translational stage of hydroxylase expression. This, in conjunction with
the soluble expression of all other components in the SMMO operon, is strongly indicative of the
primary role of MMOG being in folding of the MMOX component. Though a role for MMOG in
hydroxylase assembly cannot be ruled out, the internal cavity for conventional GroEL in which folding
occurs is limited to ca. 60 kDa, matching the size of the MMOX component alone. Therefore, if the
mechanism of folding assistance is conserved between GroEL and the divergent MMOG homologue,

then the larger supramolecular sMMO complex, even if only partially assembled, would be too large
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for internalisation in the protein. Clearly, a deeper understanding of the nature of any interaction of
MMOX with MMOG is needed and could improve outcomes in future heterologous expression and

assembly of sSMMO.

54.2. Indicators of activity and critical limitations of the naphthalene assay
A clear confirmation of successful assembly of active recombinant SMMO was prevented by
inconsistent results of the naphthalene assay; improvement of the assay and resolution of the reasons
for inconsistency is central to further progress of this research. A major limitation of the naphthalene
assay was the lack of robustness of the method, in particular, its tendency to show high sensitivity to
assay media components. Control samples using native M. trichosporium OB3b in either NMS or 1181
media produced expected positive results, however, the use of PBS or nitrogen-free mineral salts media
with these microorganisms appeared to prevent dye formation. Not only false negatives but also false
positives were observed using this methodology; several instances of the appearance of pink/red
staining were identified in control samples, however were only seen to occur when the naphthalene
substrate was omitted. While this colouration was more distinctly an orange shade, corresponding to
the colour also identified to occur as positive samples were left over time, this colouration was difficult

to differentiate from the pink-red staining of true positives especially when the response was weak.

5.4.3. Combination of hydroxylase units resulting in cytotoxicity
An unexpected result of this work was the identification of likely cytotoxicity issues upon combination
of all three hydroxylase units and MMOD, even without the additional units required for sSMMO activity.
Individual transformation of the gene pairs in their respective plasmids were consistently successful,
however, simultaneous transformation of the plasmids for the three hydroxylase units in standard BL21
(DE3) strains never produced viable colonies. Control trials were able to rule out common
transformation issues such as plasmid stability, dual plasmid incompatibility and individual plasmid

transformation efficiency.
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Excluding the aforementioned possibilities, protein cytotoxicity is one of the most common factors
preventing successful transformation, with low levels of constitutive expression of the cytotoxic protein
resulting from a standard lactose-induced promotor causing cell death (Dumon-Seignovert et al. 2004).
Successful transformation of genes for ‘toxic’ proteins can be achieved by eliminating ‘leaky’
constitutive expression, typically through the use of E. coli cell lines containing the T7 lysozyme
capable of inhibiting the T7 polymerase under non-promoted conditions, such as Lemo21 (Studier 1991;
Wagner et al. 2008). The trials using such a cell line described here were successful, even under
identical conditions to those in which BL21 (DE3) expression were not, indicating that a protein-protein
interaction is occurring on combining the pETD-X/D and pCDFD-Y/Z plasmids, resulting in cytotoxic

effects.

54.4. Impact of initial design parameters
A key decision during the design stage was the selection of untagged proteins for expression. Although
the addition of protein tags typically has negligible effects in protein expression, and can often provide
additional benefits such as increased protein expression and solubility (Walls and Loughran 2011), the
additional sequence may also destabilise the protein native state or interfere with the correct protein-

protein interactions (Kapil et al. 2016). Both of these are significant possibilities for the SMMO system.

The lack of affinity tags for recombinant proteins limited the means of their identification to standard
SDS-PAGE, and this was an issue for determining presence of these proteins in soluble protein fractions,
especially under lower temperature incubation conditions which reduced recombinant protein
expression. However, as formation of active SMMO was probably limited by either incorrect folding of
the o sub-unit or hydroxylase assembly, selecting untagged proteins for expression was the correct
decision. Furthermore, we hypothesised that the MMOX — MMOG interactions are particularly
significant for this system and therefore inclusion of tags had the potential to impact the interaction
between MMOX and MMOG, as well as increase the size of MMOX beyond that accessible to the

MMOG internal folding cavity.
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Another important consideration during the design phase was the selection of source organism for the
SMMO genetic material. While M. trichosporium OB3b was a strong candidate for SMMO genes due
to its prevalent use in the literature and high level of characterisation, M. capsulatus (Bath) was
ultimately selected on the basis that M. trichosporium is not viable at 37°C, the standard expression
conditions for E. coli: this suggested that proteins derived from M. trichosporium may not be stable at
such temperatures. The highest levels of soluble heterologous protein expression however occurred at
25°C, the optimum growth temperature for M. trichosporium, thus indicating this species as a possible

alternative for future trials.

5.5. Conclusion
This chapter presents the first known high level heterologous expression of all components required for
the synthesis of an active methane monooxygenase system, as well as expression of the additional
putative folding enzymes identified in Chapter 4. The investigation verified soluble expression of all
units related to either folding or activity of the hydroxylase, as well as two out of the three subunits of
the hydroxylase itself, all simultaneously. Subsequent naphthalene assay trials, though inconclusive due
to repeatability issues, demonstrated results most parsimoniously explained through heterologous
sSMMO activity in vivo. This work provides significant progress towards the achievement of
heterologous expression of active SMMO in a highly tractable organism, and will help to direct future

research towards this goal.
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6.1. Conclusion
The research presented in this thesis marks a significant development in our understanding of the nature
and evolutionary history of the bacterial methanotrophs, drawing together previously unknown aspects
of their evolutionary history that inform our understanding of the critical enzyme systems that facilitate
methanotrophy: the methane monooxygenases. Then, by leveraging this knowledge towards SMMO
heterologous expression, major progress was also achieved towards attainment of an active recombinant

SMMO system in a highly tractable organism.

Critical to the elucidation of many of the conclusions around the evolutionary history of both
methanotrophy and the methane monooxygenases has been the amalgamation of results obtained using
methodology developed across different disciplines, each independently insufficient to reveal the
underlying factor/behaviour. This has included the use of phylogenetic taxonomy, catalytic mechanisms,
molecular evolution, protein-sequence-structure analysis, operon based analysis, protein-protein
interactions and molecular biology. By drawing together results from these different areas of
investigation, this work has brought new knowledge to several areas of our current understanding of

methanotrophy.

Whilst the pMMO enzyme system has classically been the focal point for understanding bacterial
methanotrophy, in this study the finding that methanotrophy arose in the Proteobacteria from horizontal
gene transfer of three different methane monooxygenase systems places a renewed emphasis on the
roles played by the two other methane monooxygenases: SMMO and pXMO. Furthermore, by revealing
that the ancestral families of these methane monooxygenase enzyme systems were already linked prior
to each developing activity on methane, and have remained linked in evolutionary branches active
towards other substrates, suggests mechanisms for association that are more fundamental than explicit
methane reactivity. Also in this analysis it was shown that horizontal gene transfer giving rise to the
bacterial methanotrophs was an infrequent event. This was proposed to be due to characteristics of pre-

methanotrophic ancestors such as extensive intracytoplasmic membranes, some of which are still
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identifiable both in the present day methanotrophic and non-methanotrophic descendants from this

ancestral event.

sSMMO itself was shown in this research to be at the end of an evolutionary branch which has
progressively become more reactive towards higher energy C-H bonds. The progressive increase in
reactivity of the active centre appears to have developed at the cost of reduced stability of the
hydroxylase unit, and required the simultaneous development of additional specialised auxiliary
proteins to support the catalytic unit. These factors facilitate folding, assembly and stability of the
hydroxylase unit, and demonstrate convergent evolution with accessory proteins appearing elsewhere
in the BMM family. Through protein sequence- structure analysis of active site residue changes that are
concurrent with development of methane reactivity, this research developed an evolutionarily-informed

hypothesis of active site intermediate formation that enabled catalytic activity towards methane.

The updated analysis of the evolutionary development of SMMO undertaken in this thesis which
highlighted the importance of specialised auxiliary proteins, was then employed in the design strategy
for heterologous expression of this enzyme system. The strategy not only included the co-expression of
these factors but also addressed the balance of expression ratios of specific auxiliary factor to catalytic
unit to prevent inhibition, and implementation of heat shock during expression to increase native
production of elements of the chaperone pathway. This advanced heterologous expression strategy for
sSMMO in E. coli delivered all the required components and subunits at high level and gave soluble
expression of all but one of these units, also producing tentative evidence of in vivo hydroxylase activity

via the naphthalene assay.

6.2. Future work
The most immediate unresolved question arising from this work is to whether successful heterologous
expression of the SMMO system was achieved in E. coli. Though high level expression of all
components, and tentative positive activity assay results were achieved, confirmation of these results is

of central importance. As the use of an azo dye in the reporting system was determined to be the most
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likely cause of the ambiguities during activity trials, use of an alternative method for evaluating
naphthol production would likely resolve the current method limitations. Contingent on the
confirmation of earlier positive results, direct demonstration of methane oxidation would then be
required to conclusively demonstrate SMMO activity. This system could also be used to test whether
both MMOD and MMOG are required for the production of active SMMO hydroxylase, one of the

central hypothesis in the thesis.

Neither the biomes in which methanotrophs inhabit, nor potential feedstocks for future biotechnological
applications, consist of pure methane: the gasses that methanotrophs are exposed to are complex
mixtures with at least trace levels of additional reduced gasses. This work revealed a link between
methanotrophs and these reduced gasses at both at an evolutionary and genetic inventory level. Though
the literature contains studies examining the growth of specific methanotroph strains in the presence of
either ammonia, hydrogen sulphide or hydrogen, there has been no continuity of strains used, nor
comparison of these results to the comparative genetic inventory of the specific strain. A guided
investigation of co-metabolism of reduced gasses in the methanotrophs is therefore important to
determine the true capacity in this area, with specific selection of trial strains based on genetic
inventories such as is found in this work. This will facilitate a better understanding of the interaction of

methanotrophs with complex gasses that are more environmentally and technologically relevant.

Testable hypothesis were also generated during BMM research towards substrate ranges of specific
active site intermediates, and active site modifications that enabled activity towards methane.
Comparison of BMM substrate ranges with spectroscopic determination of active site intermediates, in
particular on the ethane monooxygenases and three component alkene monooxygenases, would be able
to directly test the former proposal. Evaluation of the latter could be tested through reversion of either
the SMMO or BMO hydroxylase to the active site residues contained in the remainder of the family. If
methane activity was lost without complete loss of activity of the active site, this would confirm this

hypothesis.
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In addition to this work opening up multiple immediate directions for future research, through
challenging our current understanding of methanotrophy and the methane monooxygenases it also
generates more fundamental questions, the answer of which will be of major importance to multiple
current research fields. The evidence presented in this work demonstrating horizontal gene transfer of
methane monooxygenase genes as the origin of methanotrophy in bacteria contrasts previous proposals
of vertical genetic descent and necessitates specific methanotrophic transition events for each current
radiation. Considering the significance of the methanotrophs in the biogeosphere, the question of when
each specific radiation arose, and the fate of the methane that these radiations subsequently consumed
prior to their appearance is currently unresolved. The limited number of these HGT events also
implicates a specific set of characteristics in these pre-methanotrophic ancestors that enabled this
transition. Understanding the nature of these pre-methanotrophic organisms, and why methanotrophy
specifically arose in these species, could not only shed light on current methanotroph characteristics
including the nature of obligate methanotrophy, but also facilitate current biotechnological efforts to

generate de novo methanotrophic species.

The lateral movement of a conserved group of three distinct monooxygenase systems through the
proteobacteria, giving rise to not only methanotrophic but ammonia and short chain alkane oxidising
bacteria, also points towards a currently uncharacterised degree of mutualism between these
monooxygenase systems. A deeper understanding of these systems will not only require the
identification of the functional characteristics causing three enzyme systems with primary activity on
the same substrate displaying mutualistic behaviour, but also why such interaction is no longer
necessary in the majority of extant methanotrophic species. As methane monooxygenase systems
divergent from the (almost) universal pMMO system in methanotrophs have been implicated in several
important areas of methanotrophy under current investigation including atmospheric and intra-aerobic
methane oxidation, understanding the interaction between pMMO and these alternative systems has the

potential to facilitate major progress in these areas.
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A7.1. Supplementary figures
A7.1.1.  Supplementary figures for section 3.1.

Supplementary  Figure (A7.)1: 16S based phylogeny of region surrounding
gammaproteobacterial methanotrophs. Taxa were obtained using sequential BLAST analyses of the
SILVA LTP database centred on 16S ribosome units of three selected methanotrophs characterising
each of the major gammaproteobacterial subgroups. The 100 closest results from each BLAST analysis
were then merged to a single dataset and aligned using the Q-INS-i methodology in MAFFT. Phylogeny
of the resulting 227 sequences was inferred using Bayesian Markov chain Monte Carlo analysis using
the GTR+G+I model and an uncorrelated relaxed molecular clock in BEAST. Posterior probabilities
have been included for all nodes (as percentage values), as well as accession numbers prior to species
name.
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Supplementary Figure (A7.)2: 16S based phylogeny of region surrounding alphaproteobacterial
methanotrophs. Taxa were obtained using sequential BLAST analyses of the SILVA LTP database
centred on 16S ribosome units of two selected methanotrophs characterising each of the major
alphaproteobacterial subgroups. The 100 closest results from each BLAST analysis were then merged
to a single dataset and aligned using the Q-INS-i methodology in MAFFT. Phylogeny of the resulting
122 sequences was inferred using Bayesian Markov chain Monte Carlo analysis using the GTR+G+I
model and an uncorrelated relaxed molecular clock in BEAST. Posterior probabilities have been
included for all nodes (as percentage values), as well as accession humbers prior to species name.

100 — AM712913 1398bp Rhodoplanespiscinae

40 AB087717 1482bp Rhodoplanesserenus
41 D253111407bp Rhodoplaneselegans
100 D253131413bp Rhodoplanesroseus
99 99 HG531388 1375bp Rhodoplanesoryzae
FM202448 1404bp Rhodoplanespokkaliisoli

D86514 1408bp Blastochlorissulfoviridis
AMS502287 1420bp Blastochlorisgulmargensis
98 AF084495 1467bp Blastochlorisviridis
KJ406703 1399bp Roseiarcusfermentans
AB231946 1467bp Alsobactermetallidurans
99 — Y18945 1408bp Methylocystisparvus
97 100 AJ458473 1407bp Methylocystisechinoides
Y18947 1410bp Methylosinustrichosporium

97 100

L 100] | 5o — Y18946 1408bp Methylosinussporium
54 : -
FN422003 1427bp Methylocystisbryophila
AM283543 1425bp Methylocystisheyeri
98 e AJ414656 1438bp Methylocystisrosea
100 100 — DQ364433 1450bp Methylocystishirsuta
100 FR733696 1477bp Rhodoblastusacidophilus
— AMO040096 1418bp Rhodoblastussphagnicola
65 —— AJ278726 1415bp Methylocapsaacidiphila

100 L FM252034 1402bp Methylovirgulaligni
FN433469 1409bp Methylocapsaaurea
Y17144 1393bp Methylocellapalustris
EU586035 1413bp Methylorosulapolaris
AJ491847 1409bp Methylocellasilvestris
AJ555244 1416bp Methylocellatundrae
FR686343 1408bp Methyloferulastellata
EU401905 1453bp Beijerinckiadoebereinerae
AJ563932 1431bp Beijerinckiamobilis
AJ563933 1428bp Beijerinckiaderxiisubspderxii
AJ563934 1429bp Beijerinckiaderxiisubspvenezuelae
AJ563931 1432bp Beijerinckiaindicasubsplacticogenes
CP001016 1480bp Beijerinckiaindicasubspindica
FR733694 1476bp Albibactermethylovorans
DQ404188 14 16bp Hansschlegeliaplantiphila
JQ034346 1459bp Hansschlegeliabeijingensis
55 AF004844 1331bp Methylopilacapsulata
97 KC243676 1447bp Methylopilacligotropha
100 — FJ502233 1451bp Methylopilajiangsuensis
100 — JQ173144 1307bp Methylopilamusalis
L———— HM447243 1405bp Methylopilahenanensis
100 D85836 1362bp Roseibiumhamelinense
58 D85832 1394bp Roseibiumdenhamense
100 AF513441 1384bp Nesiotobacterexalbescens
100 KC762314 1444bp Roseibiumaquae
100 AY628423 1355bp Labrenziamarina
100 AJ8788751477bp Labrenziaalba
AAUWO01000023 1610bp Labrenziaaggregata
31 100 I: EF608175 1405bp Pannonibacterindicus
100 AJ400704 1475bp Pannonibacterphragmitetus
IﬂE FR828537 1351bp Stappiataiwanensis
L

100

D88525 1407bp Stappiastellulata
EU726271 1448bp Stappiaindica

100 — EU723082 1371bp Kaistiaterrae
42 AM409365 1456bp Kaistiadefluvii

100

s B AB244762 1429bp Kaistiagranuli
L] AY039817 1413bp Kaistiaadipata
23 100 AM409364 1449bp Kaistiadalseonensis
100 AM409363 1449bp Kaistiageumhonensis
99 _r_: KC254734 1308bp Kaistiahirudinis
| 100 EF592609 1391bp Kaistiasoli
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62 AB166877 1406bp Starkeyakoreensis
FJ998414 1385bp Amorphusorientalis

4100: EF433460 1345bp Devosiaalbogilva
100 FJ560749 1421bp Vasilyevaeamishustinii

96 b DQ883810 1360bp Aureimonasureilytica
100 DQ372921 1366bp Aureimonasaltamirensis

88 79 —: KF683074 1367bp Methylobrevispamukkalensis
100 KC567245 1426bp Hartmannibacterdiazotrophicus

— EF465533 1436bp Pseudoxanthobactersoli

100 — JQ348904 1455bp Pseudoxanthobacterliyangensis

GQ2723281481bp Breoghaniacorrubedonensis

27 100 — Y14305 1438bp Hyphomicrobiumzavarzinii
75 E JX131369 1450bp Hyphomicrobiumnitrativorans
23 |: AM180706 1415bp Rhodobiumgokarnense
— 100 D30792 1408bp Rhodobiumorientis
97 I: GQ221764 1443bp Bauldialitoralis
100 FJ560750 1442bp Bauldiaconsociata
—100: EU564843 1480bp Chelativoransintermedius
AB563785 1402bp Chelativoranscomposti
51 98 ; AJ011760 1467bp Aminobacteraganoensis
4100[[ AJ011761 1466bp Aminobacterniigataensis
AF034798 1407bp Aminobacterciceronei
100 - DQ411930 1461bp Ensifermexicanus
100 'l x68388 1437bp Ensiferterangae
100 99 | L X683901437bp Ensifersaheli
100 X672311437bp Ensiferfredii
00! AF506513 1437bp Ensiferamericanus
AM181747 1426bp Ensiferkostiensis
AM263420 1387bp Pseudochrobactrumkiredjianiae
AJ968695 1438bp Phyllobacteriumleguminum
AY636000 1412bp Phyllobacteriumcatacumbae
AY785325 1401bp Phyllobacteriumifrigiyense
AY786080 1478bp Phyllobacteriumtrifolii
g3 - KC577468 1562bp Phyllobacteriumloti
JN848778 1483bp Phyllobacteriumendophyticum
AY785315 1401bp Phyllobacteriummyrsinacearum
AJB64462 1354bp Mesorhizobiumthiogangeticum
GU447302 1448bp Nitratireductorindicus
EU514525 1356bp Mesorhizobiumsangaii
AF508207 1415bp Mesorhizobiumseptentrionale
75 (GQ847899 1449bp Mesorhizobiumhawassense
100 Y14158 1437bp Mesorhizobiumplurifarium

100

GQ847890 1469bp Mesorhizobiumshonense
AF041442 1473bp Mesorhizobiumamorphae
GQ847896 1468bp Mesorhizobiumabyssinicae
D13431 1443bp Mesorhizobiumhuakuii

3- AY601515 1441bp Mesorhizobiumopportunistum
AM491621 1477bp Mesorhizobiumtamadayense
1- AF508208 1403bp Mesorhizobiumtemperatum
AM1817451426bp Mesorhizobiummediterraneum
EU849582 1356bp Mesorhizobiumrobiniae
HQ316710 1474bp Mesorhizobiummuleiense
EF035058 1377bp Mesorhizobiumtarimense
AF041447 1476bp Mesorhizobiumtianshanense
EF149003 1365bp Mesorhizobiumcaraganae

7 AMI30381 1399bp Mesorhizobiummetallidurans
gp ' EF035064 1353bp Mesorhizobiumgobiense
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Supplementary Figure (A7.)3: Phylogenetic relationship of the CuMMO family based on pmoB
and homologous sequences. A curated dataset of 88 translated gene sequences were selected to
represent the full range of diversity of bacterial pmoB genes and their homologues identified in the Joint
Genome Institute IMG/ER database. Alignment was conducted in MAFFT using the L-INS-i method,
with subsequent Bayesian Markov chain Monte Carlo analysis using the WAG+G+l model and
uncorrelated relaxed molecular clock in BEAST. The consensus tree with nodal posterior probabilities
from this analysis is shown, as well as accession humbers from the JGI database for each gene.

100 2509042926 Mycobacterium rhodesiae NBB3
oo—1  >coesrs098 Mycobacterium chubuense NBB4
99 ' 2519831319 Smaragdicoccus niigatensis DSM 44881
— 2655798767 Nocardioides luteus BAFB
100 ——— 2666605675 Streptomyces thermoautotrophicus H1
100 [ 2630033917 Methylacidiphilum kamchatkense Kam1
100 Il 2632639719 Methylacidiphilum fumariolicum SolV
100 642665736 Methylacidiphilum infernorum V4
642665739 Methylacidiphilum infernorum V4
100 100 2630033914 Methylacidiphilum kamchatkense Kam1
100 - 2632639722 Methylacidiphilum fumariolicum SolV
100 I: 2518029441 Verrucomicrobium sp. 3C
100 2541015334 Verrucomicrobium sp. LP2A
] — 642665820 Methylacidiphilum infernorum V4
100 I_E 2632639551 Methylacidiphilum fumariolicum SolV
100 — 2630034063 Methylacidiphilum kamchatkense Kam1
2517504424 Candidatus Methylomirabilis oxyfera sp. Australia
100 2616680404 Solimonas aquatica DSM 25927
—|:‘ 2712706065 (Hydrogenophaga sp.) RIFCSPLOWO?2 02 FULL 67 64
100 ' 2579262350 Hydrogenophaga sp. T4
100 100 2652069480 Cycloclasticus sp. sponge specimen L
o7 2638953185 Cycloclasticus sp. sponge specimen M
2652070228 Cycloclasticus sp. Bathymodiolus heckerae specimen B
100|100 2599863983 Cycloclasticus sp. SCGC AC281-103
66 2599869473 Cycloclasticus sp. SCGC AC281-A15
100 - 2731414569 Methylomonas koyamae JCM 16701
100 "L 2504962876 Methylomonas mecanica MC09
100 2574470469 Methylomarinum vadi[T-4
86 - 2517030416 Methylomicrobium buryatense 5G
82 2590635705 Methylomicrobium kenyense AMO1
100 L 2540614435 Methylomicrobium alcaliphilum 20Z
100, 2517430425 Methylobacterium marinus A45
97 2585414345 Methylobacter whittenburyi ACM 3310
96 100 L 2517427419 Methylobacter luteus IMV-B-3098T
Bl 648845696 Methylobacter tundripaludum SV96
93 2516959754 Methylovulum miyakonense HT12
2517249089 Methylosarcina lacus LW14
100 2508549938 Methylomicrobium album BG8
100 ' 2574332476 Methylomicrobium agile ATCC 35068
2528840071 Methyloglobulus morosus KoM1
2677970636 Methylogaea oryzae JCM 16910
100 637171982 Methylococcus capsulatus str. Bath
2595105665 Methylocaldum sp. 175
100 2508831464 Methylocaldum szegediense O-12
2525296254 Methylohalobius crimeensis 10Ki
646691323 Nitrosococcus halophilus Nc4
100 2612170928 Nitrosococcus oceani C-27
100 — 648071295 Nitrosococcus watsoni C-113
100 2629467209 Skermanella aerolata KACC 11604
100 2517403996 Methylocystis rosea SV97T
ﬂli‘i: 2549985425 Methylocystis parvus OBBP
100 2507408858 Methylosinus trichosporium OB3b
2549984842 Methylocystis parvus OBBP
100 100 2676341042 Methylocapsa palsarum NE2
WE 2510257049 Methylocapsa acidiphila B2
- 100 2576794747 Methylocapsa aurea KYG T

2616682011 Solimonas aquatica DSM 25927
ﬂ|—|: 2712705636 (Hydrogenophaga sp.) RIFCSPLOWO?2 02 FULL 67 64
58 2647450447 Bradyrhizobium manausense BR3351
2599848633 Cycloclasticus sp. SCGC AC281-P21
100 —— 2652069943 Cycloclasticus sp. Bathymodiolus heckerae specimen B
98 88 2691601622 Candidatus Nitrospira nitrificans COMA2
—WE 2691454933 Candidatus Nitrospira nitrosa COMA1
2686679859 Candidatus Nitrospira inopinata ENR4
100 — 2671467725 Nitrosomonas eutropha Nm38
2671677122 Nitrosomonas europaea Nm50
2676390258 Nitrosomonas halophila Nm1
2737604920 Nitrosomonas nitrosa Nm90
101 2676397763 Nitrosomonas communis Nm44
100 — 2737467577 Nitrosospira multiformis NI2
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100 | 2671436083 Nitrosovibriotenuis Nv1
99 - 2671433195 Nitrosospira briensis Nsp10
100 100 — 2671683710 Nitrosomonas aestuarii Nm69
2671469722 Nitrosomonas marina Nm22
100 2588255930 Nitrosomonas cryotolerans ATCC 49181
95 2671668619 Nitrosomonas oligotropha Nm75
100 — 2737563614 Nitrosomonas ureae Nm5
2528841590 Methyloglobulus morosus KoM1
2528841037 Methyloglobulus morosus KoM1

100 648845564 Methylobacter tundripaludum SV96
100 | 2508547781 Methylomicrobium album BG8
88 2574334326 Methylomicrobium agile ATCC 35068
400 55 a8 2731415211 Methylomonas koyamae JCM 16701

100 2517425595 Methylobacter luteus IMV-B-3098T
100 | 2585412028 Methylobacter whittenburyi ACM 3310
100 - 2517431818 Methylobacterium marinus A45

2595101439 Methylocaldum sp. 175

2517404866 Methylocystis rosea SV97T

100
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Supplementary Figure (A7.)4: Subsection of BMM phylogeny displaying relationship of sSMMO
sequences and their closest relatives. Analysis was conducted using sequences identified through
pPBLAST of the Joint Genome Institute IMG/ER database, centred on the protein translation of mmoX.
Sequences were aligned with MAFFT using the L-INS-I method, with initial larger phylogenetic
analysis pruned to the region including and immediately adjacent to SMMO. Detailed phylogeny was
constructed using Bayesian Markov chain Monte Carlo methodology, WAG+G+I model and an
uncorrelated relaxed molecular clock implemented in BEAST. The consensus tree with nodal posterior
probabilities from this analysis is shown, as well as accession numbers from the JGI database for each
gene.

Q53027 Gordonia rubripertincta
100 2509042933 Mycobacterium rhodesiae NBB3
100 2506875030 Mycobacterium chubuense NBB4
— 2654693146 Mycobacterium elephantis Lipa
100 — 2616681208 Solimonas aquatica DSM 25927
2732534206 ThauerabutanivoransNBRC 103042
0, 2522499919 Methylomonas sp. MK1
99 1001 2516191644 Methylomonas sp. 11b
100 7561705453 Methylomonas sp. LW13
2504961502 Methylomonas mecanica MC09
2516960583 Methylovulum miyakonense HT12
2706253057 Methylobacter tundripaludum OWC-G53F
2517028658 Methylomicrobium buryatense 5G
2595105519 Methylocaldum sp. 175
637170374 Methylococcus capsulatus str. Bath
2547692371 Methylococcus capsulatus Texas
2525744142 Methylococcus capsulatus ATCC 19069
643464603 Methylocella silvestris BL2
2516989914 Methyloferula stellata AR4
2629467196 Skermanella aerolata KACC 11604
2507408410 Methylosinus trichosporium OB3b
2517138743 Methylosinus sp. LW3
2563379285 Methylocystis sp. LW5
100 [ 2585031364 Methylosinus sp. PW1
83! 2516604103 Methylosinus sp. LW4

100
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A7.1.2.  Supplementary phylogenetic trees
2599350679 Methylomonas sp. FJG1

2516190903 Methylomonas sp. 11b
2522500661 Methylomonas sp. MK1
2561703933 Methylomonas sp. LW13
2731413886 Methylomonas koyamae JCM 16701
2504962357 Methylomonas mecanica MC09
2745458602 Methylomonas lenta R-45370
100 , 2574332468 Methylomicrobium agile ATCC 35068
65| ©3[12508549931 Methylomicrobium album BG8
6 :7 2517249083 Methylosarcina lacus LW14
57 2517556295 Methylosarcina fibrata AML-C10
2528840555 Methyloglobulus morosus KoM1 Type la
648843939 Methylobacter tundripaludum SV96
>31100| ~ 2516960961 Methylovulum miyakonense HT12
98 — 2758523021 Methylovulum psychrotolerans HV10 M2
95 2517028105 Methylomicrobium buryatense 5G
D0 [L 2540615227 Methylomicrobium alcaliphilum 20Z
100 2590636809 Methylomicrobium kenyense AMO1
43 2517428043 Methylobacter luteus IMV-B-3098T
2582538229 Methylobacter sp. BBAS5.1
2585411589 Methylobacter whittenburyi ACM 3310
50" 2517431445 Methylobacterium marinus A45
L— 2574470432 MethylomarinumvadilT-4
2677966579 Methylogaea oryzae JCM 16910
2595103307 Methylocaldum sp. 175
2585138418 Methylococaceae sp. 73a Type b
2508830036 Methylocaldum szegediense O-12
36 637169917 Methylococcus capsulatus str. Bath
2525296499 Methylohalobius crimeensis 10Ki | Type Ic
2563382123 Methylocystis sp. LW5S
2517141217 Methylosinus sp. LW3
100 89 |1 2745473773 Methylosinus sp. R-45379
] 100 2585029929 Methylosinus sp. PW1
1do - 2516607740 Methylosinus sp. LW4
2507407121 Methylosinus trichosporium OB3b
2517404647 Methylocystis rosea SVO7T Typella
2517404873 Methylocystis rosea SVI97T
2518135281 Methylocystis sp. Rockwell
2549983287 Methylocystis parvus OBBP
100l 77 2517637445 Methylocystis sp. strain SB2
2517401432 Methylocystis rosea SVO97T
95! 2540712910 Methylocystis sp. SC2
2510256760 Methylocapsa acidiphila B2
2576793407 Methylocapsa aurea KYG T
2516992238 Methyloferula stellata AR4 Typellb
643464132 Methylocella silvestris BL2
100 — 2676339772 Methylocapsa palsarum NE2
2517504432 Methylomirabilis oxyfera sp. Australia I NC10
642666416 Methylacidiphilum infernorum V4
2539613786 Methylacidiphilum fumariolicum SolV Typellll
g9 ! 2630034177 Methylacidiphilum kamchatkense Kam1
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100

1=

100

57

95

100
100

Figure A7.5: Phylogenetic analysis of methanotrophic species based on conventional GroEL
sequences. Sequences of each methanotrophic strain used in genome analysis are included, with JGI
unique gene identifier for GroEL gene preceding species name. Methanotrophic subgroups are
designated on the right. Sequences were aligned in MAFFT v7, with phylogeny constructed in RAXML
using WAG+G+1 methodology. Bootstrap values are present at each node.
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61, 2599352124 Methylomonas sp. FJG1

74| 2522499742 Methylomonas sp. MK1
2516191818 Methylomonas sp. 11b

2561707356 Methylomonas sp. LW13
2731414569 Methylomonas koyamae JCM 16701
2504962876 Methylomonas mecanica MC09
2745460344 Methylomonas lenta R-45370
2574470469 Methylomarinum vadiIT-4

2540614435 Methylomicrobium alcaliphilum 20Z
2517030416 Methylomicrobium buryatense 5G
2590635705 Methylomicrobium kenyense AMO1
9817427419 Methylobacter luteus IMV-B-3098T Type la
2585414345 Methylobacter whittenburyi ACM 3310
2582535554 Methylobacter sp. BBA5.1

648845696 Methylobacter tundripaludum SV96
2516959754 Methylovulum miyakonense HT12
00 — 2758521634 Methylovulum psychrotolerans HV10 M2
2517556292 Methylosarcina fibrata AML-C10
2517249089 Methylosarcina lacus LW14
2508549938 Methylomicrobium album BG8
2574332476 Methylomicrobium agile ATCC 35068
2528840071 Methyloglobulus morosus KoM1
2677970636 Methylogaea oryzae JCM 16910
2508831464 Methylocaldum szegediense O-12
2595104085 Methylocaldum sp. 175
0% 2595105665 Methylocaldum sp. 175
100 , 2585140289 Methylococaceae sp. 73a Type Ib
2585140453 Methylococaceae sp. 73a
637170956 Methylococcus capsulatus str. Bath
637171982 Methylococcus capsulatus str. Bath
2525296254 Methylohalobius crimeensis 10Ki

100 ' 2525294270 Methylohalobius crimeensis 10Ki

2585028651 Methylosinus sp. PW1
93| 2585029726 Methylosinus sp. PW1
2516605018 Methylosinus sp. LW4
2516606471 Methylosinus sp. LW4
2563381930 Methylocystis sp. LWS
2745471218 Methylosinus sp. R-45379
2563380978 Methylocystis sp. LW5
2517140152 Methylosinus sp. LW3
2517141024 Methylosinus sp. LW3
2507406430 Methylosinus trichosporium OB3b
00 ' 2507408858 Methylosinus trichosporium OB3b
97 — 2549985425 Methylocystis parvus OBBP
2518134930 Methylocystis sp. Rockwell
2518133506 Methylocystis sp. Rockwell Typella
2540715142 Methylocystis sp. SC2
2540714426 Methylocystis sp. SC2
2517638332 Methylocystis sp. strain SB2
100 || 2517637109 Methylocystis sp. strain SB2
100| 2517403996 Methylocystis rosea SVO7T
2517402630 Methylocystis rosea SVO7T
1 9lr 2549984842 Methylocystis parvus OBBP

2540711775 Methylocystis sp. SC2
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100

60

PMO

| Typelc

99

100

100

2585028216 Methylosinus sp. PW1
100 100 75 2563379910 Methylocystis sp. LW5
100 |- 2516605854 Methylosinus sp. LW4
6712517139457 Methylosinus sp. LW3
o 2745473418 Methylosinus sp. R-45379
2676341042 Methylocapsa palsarum NE2
W’Emzsmm Methylocapsa acidiphila B2 Type llb
2576794747 Methylocapsa aurea KYG T
2528841590 Methyloglobulus morosus KoM1
2522497718 Methylomonas sp. MK1
94 40 2595101439 Methylocaldum sp. 175 I Type b

2585139751 Methylococaceae sp. 73a
2745472123 Methylosinus sp. R-45379
2517637712 Methylocystis sp. strain SB2 Type lla
2517404866 Methylocystis rosea SV97T
96 09528841037 Methyloglobulus morosus KoM1
648845564 Methylobacter tundripaludum SV96

100, 2574334326 Methylomicrobium agile ATCC 35068
100 1 2508547781 Methylomicrobium album BG8
2517554794 Methylosarcina fibrata AML-C10
592522499956 Methylomonas sp. MK1
10091 2516191606 Methylomonas sp. 11b Type la

2731415211 Methylomonas koyamae JCM 16701
2561705505 Methylomonas sp. LW13

96

100

PXM

56
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Figure A7.6: Detailed phylogenetic analysis of inferred CuMMO sequences in methanotrophs.
Analysis based on the PmoB component of CUMMO and its homologues. In all cases, JGI unique gene
identifier is listed prior to the species from which it was obtained. Methanotrophic subgroups to which
the species containing the respective gene belongs is indicated on far right, with the designation of the
respective gene as either PMO (particulate methane monooxygenase) or PXM (uncharacterised copper
membrane monooxygenase) preceding where relevant. Sequences were aligned in MAFFT v7, with
phylogeny constructed in RAXML using WAG+G+I methodology. Bootstrap values are present at each
node.

100 2517425595 Methylobacter luteus IMV-B-3098T
2517431818 Methylobacterium marinus A45
1?80 2582539085 Methylobacter sp. BBAS5.1
9' 2585412028 Methylobacter whittenburyi ACM 3310
2517504424 Candidatus Methylomirabilis oxyfera sp. Australia

100 — 642665820 Methylacidiphilum infernorum V4

100

2630034063 Methylacidiphilum kamchatkense Kam1

96 — 2539612854 Methylacidiphilum fumariolicum SolV

642665736 Methylacidiphilum infernorum V4

2630033917 Methylacidiphilum kamchatkense Kam1

99 ' 2539613421 Methylacidiphilum fumariolicum SolV

642665739 Methylacidiphilum infernorum V4

82 2630033914 Methylacidiphilum kamchatkense Kam1
100 - 2539613423 Methylacidiphilum fumariolicum SolV

99

166

I NC10
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2517430322 Methylobacterium marinus A45
2585414428 Methylobacter whittenburyi ACM 3310
2582538519 Methylobacter sp. BBAS5.1
2517426653 Methylobacter luteus IMV-B-3098T
2517030652 Methylomicrobium buryatense 5G
2540617384 Methylomicrobium alcaliphilum 20Z
2590634458 Methylomicrobium kenyense AMO1
2574469073 Methylomarinum vadiIT-4
2528838472 Methyloglobulus morosus KoM1
2758520611 Methylovulum psychrotolerans HV10 M2
2516960807 Methylovulum miyakonense HT12
2745457400 Methylomonas lenta R-45370
2504963471 Methylomonas mecanica MC09
2731414952 Methylomonas koyamae JCM 16701
2516189055 Methylomonas sp. 11b
2522497092 Methylomonas sp. MK1
2561704090 Methylomonas sp. LW13
2517246851 Methylosarcina lacus LW14
2508548816 Methylomicrobium album BG8
2574335385 Methylomicrobium agile ATCC 35068
648843491 Methylobacter tundripaludum SV96
4 2517556682 Methylosarcina fibrata AML-C10
2508832546 Methylocaldum szegediense O-12
2595105005 Methylocaldum sp. 175
7 2585139491 Methylococaceae sp. 73a
g7 — 637169987 Methylococcus capsulatus str. Bath
81 — 2576792736 Methylocapsa aurea KYG T
643463801 Methylocella silvestris BL2
58, 2516607567 Methylosinus sp. LW4
81|14 2585030104 Methylosinus sp. PW1
012517141394 Methylosinus sp. LW3
2745472053 Methylosinus sp. R-45379
2563382300 Methylocystis sp. LW5
3 2549984483 Methylocystis parvus OBBP
2518136069 Methylocystis sp. Rockwell
00 2507408026 Methylosinus trichosporium OB3b
100 2676341710 Methylocapsa palsarum NE2
40l 2540714167 Methylocystis sp. SC2
100 1%30 2517402041 Methylocystis rosea SVO7T

D
~

83

77 2517635397 Methylocystis sp. strain SB2

_E 2510253721 Methylocapsa acidiphila B2
2516991551 Methyloferula stellata AR4

— 2525294493 Methylohalobius crimeensis 10Ki

68~ 2522499177 Methylomonas sp. MK1
959 2599350338 Methylomonas sp. FJG1
2516192404 Methylomonas sp. 11b

82|l 2561706408 Methylomonas sp. LW13
100 |- 2731415123 Methylomonas koyamae JCM 16701
2504961632 Methylomonas mecanica MC09
2745457963 Methylomonas lenta R-45370
2528841358 Methyloglobulus morosus KoM1
2758521763 Methylovulum psychrotolerans HV10 M2

648841408 Methylobacter tundripaludum SV96
2517247151 Methylosarcina lacus LW14
2517555720 Methylosarcina fibrata AML-C10
2574334287 Methylomicrobium agile ATCC 35068
2508547743 Methylomicrobium album BG8
2517424835 Methylobacter luteus IMV-B-3098T
2582536128 Methylobacter sp. BBAS5.1
2585414654 Methylobacter whittenburyi ACM 3310
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35 2517502127 Candidatus Methylomirabilis oxyfera sp. Australia
— 4&251 6991539 Methyloferula stellata AR4 XoxF1
643466459 Methylocella silvestris BL2
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2517502136 Candidatus Methylomirabilis oxyfera sp. Australia

2539612304 Methylacidiphilum fumariolicum SolV xoxF2

100 642665213 Methylacidiphilum infernorum V4
69+ 2630035156 Methylacidiphilum kamchatkense Kam1

100 100 758522320 Methylovulum psychrotolerans HV10 M2
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— 2507408395 Methylosinus trichosporium OB3b
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Figure A7.7: Detailed phylogenetic analysis of inferred PQQ containing alcohol dehydrogenase
sequences in methanotrophs. In all cases, JGI unique gene identifier is listed prior to the species from
which it was obtained. PQQ grouping as designated by Keltjens et al. (2014) appear on far right.
Sequences were aligned in MAFFT v7, with phylogeny constructed in RAXML using WAG+G+I
methodology. Bootstrap values are present at each node.
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Figure A7.8: Detailed phylogenetic analysis of inferred NiFe hydrogenase sequences in
methanotrophs. For all methanotrophic entries, JGI unique gene identifier is listed prior to the species
from which it was obtained. For non-methanotrophic references sequences highlighted in red,
hydrogenase group designation and accession numbers precede each entry. Hydrogenase group
designation of methanotrophic genes appears on far right where appropriate. Sequences were aligned

in MAFFT v7, with phylogeny constructed in RAXML using WAG+G+1 methodology. Bootstrap
values are present at each node.
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Typelll 637772625 Chlorobium chlorochromatii CaD3
Typelll CT1025 Q8KDM1 Chlorobaculum tepidum ATCC 49652
Typelll 642716529 Chloroherpeton thalassium ATCC 35110
Typelll 638171663 Pyrobaculum aerophilum strain IM2
2630035749 Methylacidiphilum kamchatkense Kam1
Typelll AOAON9ZXH9 Pseudomonas aeruginosa OX 287
2563382704 Methylocystis sp. LW5S
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Figure A7.9: Detailed phylogenetic analysis of inferred sulphide reductase sequences in
methanotrophs. For all methanotrophic entries, JGI unique gene identifier is listed prior to the species
from which it was obtained. For non-methanotrophic references sequences highlighted in red, the first
entry in each tag denotes the sulphur quinone reductases functional group from which the member
belongs to, or designates the member as a flavocytochrome C — quinone dehydrogenase (FCSD). The
second entry is either the protein accession number for alphanumeric entries, or JGI unique gene
identifier for numeric only entries. Sulphide reductase group designation of methanotrophic genes
appears on far right where appropriate. Sequences were aligned in MAFFT v7, with phylogeny
constructed in RAXML using WAG+G+I methodology. Bootstrap values are present at each node.
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Figure A7.10: Detailed phylogenetic analysis of inferred RuBisCO and RuBisCO-like sequences
in methanotrophs. For all methanotrophic entries, JGI unique gene identifier is listed prior to the
species from which it was obtained. For non-methanotrophic references sequences highlighted in red,
RuBisCO group designation and accession numbers precede each entry. RuBisCO group designation
of methanotrophic genes appears on far right where appropriate, with broken line representing the
appearance of Form ID RuBisCO genes inside the IC cluster. Sequences were aligned in MAFFT v7,
with phylogeny constructed in RAXML using WAG+G+1 methodology. Bootstrap values are present at
each node.
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Figure A7.11: Bayesian analysis of BMM phylogeny using reduced dataset and including
ancestral root. Reduced dataset was constructed from alpha hydroxylase subunit representatives of
each functional radiation identified in Figure 4.2, with preference towards characterised members.
Protein sequences were aligned in MAFFT v7, and phylogenetic analysis performed in BEAST v1.8.2
using relaxed clock methodology for 10 million states. Accession identifiers are included prior to the
corresponding names of host species for each BMM member, with alpha-numeric and numeric
accession values corresponding to the UniProt and JGI database respectively. Posterior probabilities are
represented at each node, and functional group of BMM members as per Figure 4.2 is included at far

right.

174



a+y

FCB group

Figure A7.12: Phylum and class level differentiation of BMM host organisms. Differentiation has
been overlayed on alpha unit BMM phylogeny as represented in figure 4.2. Blue magenta and green
denote Actinobacteria, Firmicute and Proteobacteria clusters respectively. Proteobactera clusters are
further differentiated based on class level representatives contained therein. A single representative of
the Fibrobacteres, Chlorobi and bacteroidetes (FCB group) was also identified.
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A7.1.3.

Other supplementary figures
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Figure A7.13: SDS-PAGE profile of X/Y/Z/D/G Lemo21 transformants using both moderate and
high level rhamnose turn-down. The presence of the pPCOLAD-MMOG (G), pETD-X/D (X/D) and
pCDFD-Y/Z (Y/Z) plasmid in each strain is specified, along with the use of either BL21(DE3) (BL21)
or Lemo21 (L21) cell lines. Expression conditions were either overnight autoinduction at 37°C (Auto)
or IPTG induction with or without rhamnose (IPTG concentration in mM, rhamnose in uM) at 25°C
with sampling after 24h. Multiple protein expression bands have been highlighted for emphasis, protein

ladder is also included in central lane.
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Figure A7.14: SDS-PAGE showing low temperature expression profiles of combinations of three
different constructs containing heterologous SMMO genes including those for the reductase and
regulatory units. Soluble (S) and insoluble (1) fractions shown for various strains of Lemo21 E. coli.
mmoXD denotes the pETD-X/D plasmid, mmoY Z denotes the pCDFD-Y/Z plasmid, mmoG+S denotes
the pCOLAD-S/G plasmid and mmoBRG+S denotes the pRSFD-B/R//G/S plasmid. Dots indicate
molecular weight of proteins corresponding to inserted genes in respective strain, with corresponding
identity of each dot at far right. Overnight autoinduction at 25°C were used for all samples. Blank
pCOLADuet-1 plasmid under identical expression conditions was used as control (Cont.). Protein
ladder with adjacent molecular weights also included in right hand lane.
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Figure A7.15: Demonstration of false positive in the naphthalene assay occurring in control
samples lacking added naphthalene, with comparison to those under standard trial conditions.
Samples were used from IPTG expression trials at 30°C using E.coli containing all eight heterologous
SMMO genes. Samples from five trial runs induced at different IPTG concentrations were used, each
trial run being used under both assay (naphthalene +) and control (naphthalene -) conditions. No assay
conditions apart from the presence / absence of naphthalene were changed between samples.
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A7.2. Supplementary tables

Table A7.1: Sequence identity of divergent GroEL associated with BMM groups and conventional GroEL sequences contained in respective species.
All identity values are quotes as percentages. Sequences are either denoted as conventional (Conv.), or with the respective substrate of the BMM group. All
sequences were obtained from the JGI IMG/ER database.

M.cap M.tri S.aqu M.sme M.chu M.cap M.tri S.aqu M.sme M.chu
Conv. Conv. Conv. Conv. Conv. Meth. Meth. But. Pro. Grp6

M. capsulatus (Bath) Conv. X 67 79 54 54 39 42 31 49 51
M. trichosporium (OB3b) Conv. X 65 51 50 39 41 31 46 47
S. aquatica Conv. X 52 53 39 41 31 48 50
M. smegmatis (MC2 155) Conv. X 89 39 38 30 48 52
M. chubuense (NBB4) Conv. X 38 37 30 49 51
M. capsulatus (Bath) Methane X 43 32 35 37
M. trichosporium (OB3b)  Methane X 32 35 36
S. aquatica Butane X 28 29
M. smegmatis (MC2 155) Propane X 47
M. chubuense (NBB4) Grp 6 X
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Table A7.2: Bacterial strains and plasmids used in heterologous SMMO trials

Strain or plasmid Description Source
Strain
E. coli Turbo Cloning host NEB
E. coli BL21 Expression host NEB
(DE3)
E. coli Lemo 21 Expression host with Lemo 21 plasmid NEB
Plasmid
pCDF-1b Vector used for cloning Merck
pRSF-1b Vector used for cloning Merck
pCOLADuet-1 Vector used for cloning Merck
pUC57-MMOG pUC57 containing synthesised MMOG construct for cloning  GenScript
pUC57-MMOR pUC57 containing synthesised MMOR construct for cloning  GenScript
pUC57-MMOB pUC57 containing synthesised MMOB construct for cloning  GenScript
pUC57-MMOZ pUC57 containing synthesised MMOZ construct for cloning  GenScript
pUC57-MMOD pUC57 containing synthesised MMOD construct for cloning  GenScript
pET21-GroES pET21-1a containing synthesised GroES construct GenScript
pET21- pET21-1a containing synthesised His tagged GroES GenScript
GroES(His) construct
pET21-MMOR pET21a containing MMOR construct subcloned from Genscript
pUC57-MMOR
pCDFD-MMOY pCDFDuet-1 containing synthesised MMQOY construct in  Genscript
MCS-1
pETD-MMOX pETDuet-1 containing synthesised MMOX construct in  Genscript
MCS-1
pRSFD-MMOG pRSFDuet-1 containing synthesised MMOG construct in  Genscript
MCS-2
pCOLAD-GroES  pCOLADuet-1 containing synthesised GroES construct in  Genscript
MCS-1
pCOLAD-S/G pCOLADuet-1 containing synthesised GroES and mmoG Genscript
construct in MCS-1 and MCS-2 respectively
pRSFD-G/S pRSFD-mmoG containing GroES construct subcloned from  Genscript
pUC57-GroES including preceding RBS sequence
pET21-B/R pET21-MMOR containing MMOB construct subcloned Genscript
from pUC57-MMOB including preceding RBS sequence
pRSF-MMOG pRSF-1b containing MMOG construct subcloned from This study
pUC57-MMOG
pRSFD-B/R//G/S ~ pRSFD-G/S containing MMOB and MMOR including RBS  This study
situated between from pET21-B/R in MCS-1
pETD-X/D pPETD-MMOX containing MMOD construct subcloned from  This study
pUC57-MMOD in MCS-2
pCDFD-Y/Z pCDFD-MMOQY containing MMOZ construct subcloned This study

from pUC57-MMOZ in MCS-2
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Table A7.3: Standard antibiotic concentrations used during growth of E. coli strains

Antibiotic Concentration*  Corresponding plasmids
Ampicillin 100pg/ml pET21-1b, pETDuet-1, puUC57
Chloramphenicol 33pg/ml (Lemo21)

Kanamycin 30pg/ml pRSF-1b, pCOLADuet-1
Streptomycin 25pug/ml pCDF-1b, pCDFDuet-1

* As per recommendation for E. coli Turbo, BL21(DE3) and Lemo21 cell lines
(www.neb.com)
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A7.3. Other supplementary data

A7.3.1.  Synthesised gene sequences

Gene name: MMOX
Key features: RBS(designed)/Ndel/mmoX/Avrli
Sequence:

AAGCTTGCGGCCGCATAATGCTTAAGTCGAACAGAAAGTAATCGTATTGTACACGGCCG
CATAATCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCAT
CTCGCAGAACGAGGGAATAGGGAGGACTACATATGGCGCTGAGCACCGCGACCAAAGC
GGCGACCGATGCGCTGGCGGCGAACCGTGCGCCGACCAGCGTGAACGCGCAGGAAGTTC
ACCGTTGGTTGCAGAGCTTCAACTGGGACTTTAAAAACAACCGTACCAAGTACGCGACC
AAGTATAAAATGGCGAACGAGACCAAGGAACAGTTCAAACTGATCGCGAAGGAGTACG
CGCGTATGGAAGCGGTGAAGGACGAGCGTCAGTTTGGCAGCCTGCAAGATGCGCTGACC
CGTCTGAACGCGGGTGTGCGTGTTCACCCGAAATGGAACGAGACCATGAAGGTGGTTAG
CAACTTCCTGGAAGTGGGCGAATACAACGCGATCGCGGCGACCGGTATGCTGTGGGATA
GCGCGCAGGCGGCGGAACAGAAGAACGGTTACCTGGCGCAGGTGCTGGACGAGATTCGT
CACACCCACCAATGCGCGTATGTTAACTACTATTTTGCGAAAAACGGTCAGGACCCGGCG
GGTCACAACGATGCGCGTCGTACCCGTACCATTGGTCCGCTGTGGAAGGGTATGAAACG
TGTGTTCAGCGACGGCTTTATTAGCGGTGATGCGGTGGAATGCAGCCTGAACCTGCAACT
GGTTGGCGAGGCGTGCTTCACCAACCCGCTGATCGTGGCGGTTACCGAATGGGCTGCGG
CGAACGGTGACGAGATCACCCCGACCGTTTTTCTGAGCATTGAGACCGATGAACTGCGTC
ACATGGCGAACGGTTACCAGACCGTGGTTAGCATTGCGAACGACCCGGCGAGCGCGAAA
TATCTGAACACCGATCTGAACAACGCGTTCTGGACCCAGCAAAAGTACTTTACCCCGGTG
CTGGGCATGCTGTTCGAATATGGTAGCAAGTTTAAAGTGGAGCCGTGGGTTAAAACCTG
GAACCGTTGGGTGTACGAAGATTGGGGTGGCATCTGGATTGGTCGTCTGGGCAAGTATG
GTGTTGAGAGCCCGCGTAGCCTGAAGGACGCGAAACAGGATGCGTACTGGGCGCACCAC
GACCTGTACCTGCTGGCGTATGCGCTGTGGCCGACCGGCTTCTTTCGTCTGGCGCTGCCG
GACCAAGAGGAAATGGAGTGGTTCGAAGCGAACTATCCGGGTTGGTACGATCACTATGG
TAAAATCTATGAGGAATGGCGTGCGCGTGGCTGCGAAGACCCGAGCAGCGGTTTCATCC
CGCTGATGTGGTTTATTGAGAACAACCACCCGATCTACATTGATCGTGTGAGCCAGGTTC
CGTTTTGCCCGAGCCTGGCGAAGGGTGCGAGCACCCTGCGTGTTCACGAATATAACGGCC
AGATGCACACCTTCAGCGACCAATGGGGTGAACGTATGTGGCTGGCGGAGCCGGAACGT
TACGAGTGCCAGAACATCTTTGAGCAATATGAAGGCCGTGAGCTGAGCGAAGTGATTGC
GGAGCTGCACGGCCTGCGTAGCGACGGTAAAACCCTGATCGCGCAACCGCACGTTCGTG
GTGATAAACTGTGGACCCTGGACGATATTAAGCGTCTGAACTGCGTGTTCAAAAACCCG
GTTAAGGCGTTTAACTAACCTAGG

Translated protein sequence:

MALSTATKAATDALAANRAPTSVNAQEVHRWLQSFNWDFKNNRTKYATKYKMANETKEQ
FKLIAKEYARMEAZKDERQFGSLQDALTRLNAGVRVHPKWNETMKVVSNFLEVGEYNAIA
ATGMLWDSAQAAEQKNGYLAQVLDEIRHTHQCAYVNYYFAKNGQDPAGHNDARRTRTIGP
LWKGMKRVFSDGFISGDAVECSLNLQLVGEACFTNPLIVAVTEWAAANGDEITPTVFLSIETD
ELRHMANGYQTVVSIANDPASAKYLNTDLNNAFWTQQKYFTPVLGMLFEYGSKFKVEPWV
KTWNRWVYEDWGGIWIGRLGKYGVESPRSLKDAKQDAYWAHHDLYLLAYALWPTGFFRL
ALPDQEEMEWFEANYPGWYDHYGKIYEEWRARGCEDPSSGFIPLMWFIENNHPIYIDRVSQV
PFCPSLAKGASTLRVHEYNGQMHTFSDQWGERMWLAEPERYECQNIFEQYEGRELSEVIAEL
HGLRSDGKTLIAQPHVRGDKLWTLDDIKRLNCVFKNPVKAFN

Gene name: MMOY
Key features: RBS(designed)/Ndel/mmoY/Avrll
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Sequence:

AAGCTTGCGGCCGCATAATGCTTAAGTCGAACAGAAAGTAATCGTATTGTACACGGCCG
CATAATCGAAATTAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAATTCCCCAT
CTGTACAAGTAGACTAGGAAGGAGGTATACATATGAGCATGCTGGGCGAGCGTCGTCGT
GGTCTGACCGATCCGGAAATGGCGGCGGTGATCCTGAAGGCGCTGCCGGAAGCGCCGCT
GGACGGTAACAACAAGATGGGCTACTTCGTGACCCCGCGTTGGAAACGTCTGACCGAGT
ACGAAGCGCTGACCGTTTATGCGCAGCCGAACGCGGACTGGATTGCGGGTGGCCTGGAC
TGGGGCGATTGGACCCAAAAGTTCCACGGTGGCCGTCCGAGCTGGGGTAACGAGACCAC
CGAACTGCGTACCGTGGACTGGTTTAAACATCGTGATCCGCTGCGTCGTTGGCATGCGCC
GTACGTTAAGGACAAAGCGGAGGAATGGCGTTACACCGATCGTTTCCTGCAAGGTTATA
GCGCGGACGGCCAAATCCGTGCGATGAACCCGACCTGGCGTGATGAGTTCATTAACCGT
TACTGGGGTGCGTTCCTGTTTAACGAATATGGCCTGTTTAACGCGCACAGCCAAGGTGCG
CGTGAGGCGCTGAGCGATGTGACCCGTGTTAGCCTGGCGTTCTGGGGTTTTGACAAGATC
GATATTGCGCAGATGATCCAACTGGAACGTGGCTTCCTGGCGAAAATTGTGCCGGGTTTT
GATGAGAGCACCGCGGTTCCGAAGGCGGAGTGGACCAACGGCGAAGTGTACAAAAGCG
CGCGTCTGGCGGTGGAGGGTCTGTGGCAGGAAGTTTTCGATTGGAACGAAAGCGCGTTT
AGCGTGCACGCGGTTTATGACGCGCTGTTCGGCCAGTTTGTTCGTCGTGAGTTCTTTCAAC
GTCTGGCGCCGCGTTTCGGTGACAACCTGACCCCGTTCTTTATCAACCAGGCGCAAACCT
ACTTTCAAATTGCGAAGCAGGGCGTGCAGGACCTGTACTATAACTGCCTGGGTGACGATC
CGGAGTTCAGCGACTATAACCGTACCGTTATGCGTAACTGGACCGGCAAATGGCTGGAG
CCGACCATTGCGGCGCTGCGTGATTTCATGGGTCTGTTTGCGAAGCTGCCGGCGGGCACC
ACCGACAAAGAGGAAATTACCGCGAGCCTGTACCGTGTGGTTGACGATTGGATCGAGGA
CTATGCGAGCCGTATTGATTTTAAAGCGGACCGTGATCAGATCGTGAAGGCGGTTCTGGC
GGGTCTGAAATAACCTAGG

Translated protein sequence:

MSMLGERRRGLTDPEMAAVILKALPEAPLDGNNKMGYFVTPRWKRLTEYEALTVYAQPNA
DWIAGGLDWGDWTQKFHGGRPSWGNETTELRTVDWFKHRDPLRRWHAPYVKDKAEEWR
YTDRFLQGYSADGQIRAMNPTWRDEFINRYWGAFLFNEYGLFNAHSQGAREALSDVTRVSL
AFWGFDKIDIAQMIQLERGFLAKIVPGFDESTAVPKAEWTNGEVYKSARLAVEGLWQEVFD
WNESAFSVHAVYDALFGQFVRREFFQRLAPRFGDNLTPFFINQAQTYFQIAKQGVQDLYYNC
LGDDPEFSDYNRTVMRNWTGKWLEPTIAALRDFMGLFAKLPAGTTDKEEITASLYRVVDDW
IEDYASRIDFKADRDQIVKAVLAGLK

Gene name: MMOZ
Key features: BamHI/Ncol/mmoZ/HindlIlI
Sequence:

GGATCCCATGGCGAAGCTGGGTATCCACAGCAACGACACCCGTGATGCGTGGGTGAACA
AAATTGCGCAGCTGAACACCCTGGAGAAGGCGGCGGAAATGCTGAAACAATTCCGTATG
GACCACACCACCCCGTTTCGTAACAGCTACGAGCTGGACAACGATTATCTGTGGATCGAA
GCGAAGCTGGAGGAAAAAGTGGCGGTTCTGAAGGCGCGTGCGTTCAACGAGGTTGACTT
TCGTCACAAGACCGCGTTCGGTGAAGACGCGAAAAGCGTGCTGGATGGCACCGTTGCGA
AAATGAACGCGGCGAAGGATAAATGGGAGGCGGAAAAGATCCACATTGGTTTCCGTCAG
GCGTACAAACCGCCGATTATGCCGGTGAACTATTTTCTGGACGGCGAGCGTCAACTGGGC
ACCCGTCTGATGGAACTGCGTAACCTGAACTACTATGATACCCCGCTGGAGGAACTGCGT
AAGCAGCGTGGCGTTCGTGTGGTTCACCTGCAAAGCCCGCACTAAAAGCTT

Translated protein sequence:

MAKLGIHSNDTRDAWVNKIAQLNTLEKAAEMLKQFRMDHTTPFRNSYELDNDYLWIEAKL
EEKVAVLKARAFNEVDFRHKTAFGEDAKSVLDGTVAKMNAAKDKWEAEKIHIGFRQAYKP
PIMPVNYFLDGERQLGTRLMELRNLNYYDTPLEELRKQRGVRVVHLQSPH
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Gene name: MMOD
Key features:  Xbal/RBS(designed)/Ncol/mmoD/HindlII
Sequence:

TCTAGAGCAACCCCTAGAATAATAACAGGGCAAACCATGGTGGAGAGCGCGTTCCAGCC
GTTTAGCGGTGACGCGGATGAATGGTTCGAGGAACCGCGTCCGCAAGCGGGCTTCTTTCC
GAGCGCGGACTGGCACCTGCTGAAGCGTGATGAGACCTACGCGGCGTATGCGAAAGACC
TGGATTTTATGTGGCGTTGGGTGATCGTTCGTGAGGAACGTATTGTGCAGGAAGGTTGCA
GCATCAGCCTGGAGAGCAGCATTCGTGCGGTGACCCACGTTCTGAACTACTTTGGTATGA
CCGAGCAGCGTGCGCCGGCGGAAGACCGTACCGGTGGCGTTCAACACTAAAAGCTT

Translated protein sequence:

MVESAFQPFSGDADEWFEEPRPQAGFFPSADWHLLKRDETYAAYAKDLDFMWRWVIVREE
RIVQEGCSISLESSIRAVTHVLNYFGMTEQRAPAEDRTGGVQH

Construct name: MMOB
Key features: HindI1I/RBS/mmoB/Avrll/Xhol
Sequence:

AAGCTTTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGAGCGTGAAC
AGCAACGCGTACGATGCGGGTATCATGGGCCTGAAGGGTAAAGACTTCGCGGATCAGTT
CTTTGCGGACGAGAACCAAGTGGTTCACGAAAGCGATACCGTGGTTCTGGTGCTGAAGA
AAAGCGACGAGATTAACACCTTTATCGAGGAAATTCTGCTGACCGATTACAAGAAAAAC
GTTAACCCGACCGTGAACGTTGAGGACCGTGCGGGCTATTGGTGGATCAAGGCGAACGG
TAAAATTGAAGTGGACTGCGATGAGATCAGCGAACTGCTGGGCCGTCAGTTCAACGTTT
ACGACTTTCTGGTGGATGTTAGCAGCACCATCGGCCGTGCGTATACCCTGGGTAACAAGT
TCACCATTACCAGCGAGCTGATGGGTCTGGACCGTAAACTGGAAGATTATCACGCGTAA
CCTAGGCTCGAG

Translated protein sequence:

MSVNSNAYDAGIMGLKGKDFADQFFADENQVVHESDTVVLVLKKSDEINTFIEEILLTDYKK
NVNPTVNVEDRAGYWWIKANGKIEVDCDEISELLGRQFNVYDFLVDVSSTIGRAYTLGNKFT
ITSELMGLDRKLEDYHA

Construct name: MMOR
Key features: BamHI/Ndel/mmoC/HindlI1/Avrll
Sequence:

GGATCCCATATGCAGCGTGTTCACACCATCACCGCGGTGACCGAAGACGGCGAGAGCCT
GCGTTTCGAATGCCGTAGCGACGAGGATGTTATCACCGCGGCGCTGCGTCAAAACATTTT
TCTGATGAGCAGCTGCCGTGAAGGTGGCTGCGCGACCTGCAAGGCGCTGTGCAGCGAGG
GCGACTACGATCTGAAAGGTTGCAGCGTTCAGGCGCTGCCGCCGGAGGAAGAGGAAGAG
GGCCTGGTGCTGCTGTGCCGTACCTACCCGAAGACCGACCTGGAAATCGAGCTGCCGTAT
ACCCACTGCCGTATTAGCTTCGGTGAAGTGGGCAGCTTTGAAGCGGAAGTGGTTGGTCTG
AACTGGGTTAGCAGCAACACCGTGCAGTTCCTGCTGCAAAAGCGTCCGGATGAATGCGG
TAACCGTGGCGTTAAATTCGAGCCGGGTCAATTTATGGACCTGACCATTCCGGGCACCGA
TGTGAGCCGTAGCTATAGCCCGGCGAACCTGCCGAACCCGGAGGGCCGTCTGGAGTTCC
TGATTCGTGTTCTGCCGGAAGGTCGTTTTAGCGACTATCTGCGTAACGATGCGCGTGTGG
GCCAAGTTCTGAGCGTGAAGGGTCCGCTGGGCGTGTTCGGTCTGAAAGAGCGTGGCATG
GCGCCGCGTTACTTTGTGGCGGGTGGCACCGGTCTGGCGCCGGTGGTTAGCATGGTGCGT
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CAGATGCAAGAATGGACCGCGCCGAACGAGACCCGTATCTACTTCGGCGTTAACACCGA
ACCGGAGCTGTTTTATATTGACGAACTGAAGAGCCTGGAGCGTAGCATGCGTAACCTGA
CCGTTAAAGCGTGCGTGTGGCACCCGAGCGGTGATTGGGAAGGTGAACAGGGTAGCCCG
ATTGATGCGCTGCGTGAGGACCTGGAGAGCAGCGACGCGAACCCGGACATCTATCTGTG
CGGCCCGCCGGGTATGATTGATGCGGCGTGCGAGCTGGTTCGTAGCCGTGGCATTCCGGG
TGAACAAGTGTTCTTTGAGAAATTTCTGCCGAGCGGTGCGGCGTAAAAGCTTCCTAGG

Translated protein sequence:

MQRVHTITAVTEDGESLRFECRSDEDVITAALRQNIFLMSSCREGGCATCKALCSEGDYDLK
GCSVQALPPEEEEEGLVLLCRTYPKTDLEIELPYTHCRISFGEVGSFEAEVVGLNWVSSNTVQ
FLLQKRPDECGNRGVKFEPGQFMDLTIPGTDVSRSYSPANLPNPEGRLEFLIRVLPEGRFSDYL
RNDARVGQVLSVKGPLGVFGLKERGMAPRYFVAGGTGLAPVVSMVRQMQEWTAPNETRIY
FGVNTEPELFYIDELKSLERSMRNLTVKACVWHPSGDWEGEQGSPIDALREDLESSDANPDIY
LCGPPGMIDAACELVRSRGIPGEQVFFEKFLPSGAA

Construct name: MMOG
Key features: BamHI/Nhel/RBS/Ncol/mmoG/(Flag-tag)/Avrll/Hindlll
Seguence:

GGATCCGCTAGCGAAGGAGATATACCATGGCGAAAGAGGTGGTTTACCGTGGCAGCGCG
CGTCAGCGTATGATGCAGGGCATTGAGATTCTGGCGCGTGCGGCGATTCCGACCCTGGGC
GCGACCGGTCCGAGCGTGATGATCCAGCACCGTGCGGACGGTCTGCCGCCGATTAGCAC
CCGTGATGGTGTGACCGTTGCGAACAGCATCGTGCTGAAGGACCGTGTTGCGAACCTGG
GCGCGCGTCTGCTGCGTGACGTTGCGGGCACCATGAGCCGTGAGGCGGGTGATGGCACC
ACCACCGCGATCGTGCTGGCGCGTCACATTGCGCGTGAAATGTTCAAGAGCCTGGCGGTT
GGTGCGGACCCGATCGCGCTGAAACGTGGTATTGATCGTGCGGTGGCGCGTGTTAGCGA
AGACATCGGCGCGCGTGCGTGGCGTGGTGATAAGGAGAGCGTGATTCTGGGCGTGGCGG
CGGTTGCGACCAAAGGTGAACCGGGCGTTGGTCGTCTGCTGCTGGAGGCGCTGGACGCG
GTGGGCGTTCACGGTGCTGTGAGCATCGAGCTGGGTCAGCGTCGTGAAGACCTGCTGGA
TGTGGTTGACGGCTACCGTTGGGAAAAGGGTTACCTGAGCCCGTATTTCGTGACCGATCG
TGCGCGTGAGCTGGCGGAGCTGGAAGATGTTTATCTGCTGATGACCGACCGTGAAGTGG
TTGATTTTATCGACCTGGTGCCGCTGCTGGAGGCGGTTACCGAAGCGGGTGGCAGCCTGC
TGATTGCGGCGGACCGTGTGCACGAGAAAGCGCTGGCGGGTCTGCTGCTGAACCACGTG
CGTGGTGTTTTCAAGGCGGTGGCGGTTACCGCGCCGGGTTTTGGTGATAAACGTCCGAAC
CGTCTGCTGGACCTGGCGGCGCTGACCGGTGGCCGTGCGGTTCTGGAAGCGCAAGGCGA
TCGTCTGGACCGTGTGACCCTGGCGGATCTGGGTCGTGTTCGTCGTGCGGTGGTTAGCGC
GGACGATACCGCGCTGCTGGGTATTCCGGGCACCGAGGCGAGCCGTGCGCGTCTGGAAG
GTCTGCGTCTGGAGGCGGAACAGTACCGTGCGCTGAAGCCGGGTCAAGGTAGCGCGACC
GGTCGTCTGCACGAGCTGGAGGAAATCGAAGCGCGTATTGTGGGCCTGAGCGGCAAGAG
CGCGGTGTACCGTGTTGGTGGCGTGACCGACGTTGAGATGAAAGAACGTATGGTTCGTAT
TGAGAACGCGTATCGTAGCGTGGTTAGCGCGCTGGAGGAAGGTGTGCTGCCGGGTGGCG
GTGTTGGCTTTCTGGGTAGCATGCCGGTGCTGGCGGAGCTGGAAGCGCGTGACGCGGAT
GAAGCGCGTGGCATCGGTATTGTTCGTAGCGCGCTGACCGAGCCGCTGCGTATCATTGGT
GAAAACAGCGGTCTGAGCGGCGAGGCGGTGGTTGCGAAAGTTATGGATCACGCGAATCC
GGGTTGGGGTTATGATCAAGAGAGCGGCAGCTTCTGCGACCTGCACGCGCGTGGTATCT
GGGATGCGGCGAAGGTGCTGCGTCTGGCGCTGGAAAAAGCGGCGAGCGTTGCGGGCACC
TTCCTGACCACCGAGGCGGTGGTTCTGGAAATTCCGGACACCGATGCGTTTGCGGGCTTT
AGCGCGGAGTGGGCGGCGGCGACCCGTGAAGACCCGCGTGTTTAAGGATCCGACTACAA
GGACGACGATGACAAGTAACCTAGCAAGCTT

Translated protein sequence:

185



MAKEVVYRGSARQRMMQGIEILARAAIPTLGATGPSVMIQHRADGLPPISTRDGVTVANSIV
LKDRVANLGARLLRDVAGTMSREAGDGTTTAIVLARHIAREMFKSLAVGADPIALKRGIDRA
VARVSEDIGARAWRGDKESVILGVAAVATKGEPGVGRLLLEALDAVGVHGAVSIELGQRRE
DLLDVVDGYRWEKGYLSPYFVTDRARELAELEDVYLLMTDREVVDFIDLVPLLEAVTEAGG
SLLIAADRVHEKALAGLLLNHVRGVFKAVAVTAPGFGDKRPNRLLDLAALTGGRAVLEAQG
DRLDRVTLADLGRVRRAVVSADDTALLGIPGTEASRARLEGLRLEAEQYRALKPGQGSATG
RLHELEEIEARIVGLSGKSAVYRVGGVTDVEMKERMVRIENAYRSVVSALEEGVLPGGGVGF
LGSMPVLAELEARDADEARGIGIVRSALTEPLRIIGENSGLSGEAVVAKVMDHANPGWGYDQ
ESGSFCDLHARGIWDAAKVLRLALEKAASVAGTFLTTEAVVLEIPDTDAFAGFSAEWAAATR
EDPRV

Construct name: GroES
Key features: Hindl11/RBS/groES/Notl
Seguence:

AAGCTTTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAGATATACAAATGAAGATTCGC
CCGCTGCATGACCGTGTTGTTGTGATTCGTCGTGAAGAGGAGAAAACCAGCCCGGGTGG
CATTGTGATTCCGGACACCGCGAAGGAGAAACCGATCAAGGGTGAAATTGTGGCGGTTG
GCACCGGCAAAGTGCTGGACAACGGTCAAGTGCGTCCGCTGGCGGTTAAGGCGGGTGAT
ACCGTTCTGTTCGGCAAGTACAGCGGCACCGAGATCAAAATTGACGGCACCGAGTATCT
GATGCTGCGCGAAGACGACATTATGGGCGTTATTGAAAGCTAAGCGGCCGC

Translated protein sequence:

MKIRPLHDRVVVIRREEEKTSPGGIVIPDTAKEKPIKGEIVAVGTGKVLDNGQVRPLAVKAGD
TVLFGKYSGTEIKIDGTEYLMLREDDIMGVIES

Construct name: GroES-His
Key features: Ndel/groES/His-tag/Nhel/BamHI
Sequence:

CATATGAAGATTCGCCCGCTGCATGACCGTGTTGTTGTGATTCGTCGTGAAGAGGAGAAA
ACCAGCCCGGGTGGCATTGTGATTCCGGACACCGCGAAGGAGAAACCGATCAAGGGTGA
AATTGTGGCGGTTGGCACCGGCAAAGTGCTGGACAACGGTCAAGTGCGTCCGCTGGCGG
TTAAGGCGGGTGATACCGTTCTGTTCGGCAAGTACAGCGGCACCGAGATCAAAATTGAC
GGCACCGAGTATCTGATGCTGCGCGAAGACGACATTATGGGCGTTATTGAAAGCAGCCA
CCATCACCATCACCATTAAGCTAGCGGATCC

Translated protein sequence:

MKIRPLHDRVVVIRREEEKTSPGGIVIPDTAKEKPIKGEIVAVGTGKVLDNGQVRPLAVKAGD
TVLFGKYSGTEIKIDGTEYLMLREDDIMGVIESSHHHHHH
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A7.3.2.  Standard media and buffer recipes
SOB Media
Tryptone 2% (w/v)
Yeast extract 0.5% (w/v)
NaCl 10mM
KCI 2.5mM
MgCl; 10mM
MgSO, 10mM
Phosphate buffer (7.5 pH)
KH2PO4 8mM
Na;HPO, 42mM
Glycerol 10%(v/v)

- pHbalanceto 7.5

Triton-X 100 lysis buffer

Tris-HCI
NaCl
Triton-X 100
EDTA

50mM
150mM
1%
5mM

- pHbalance to 7.4

SOC Media

Tryptone
Yeast extract
NaCl

KCI

MgCl,
MgSO.
Glucose

TB Media

Tryptone
Yeast extract
Glycerol
KH2PO4
NaHPO4

Autoinduction media

Tryptone
Yeast extract
NaCl
Glycerol
Lactose
Glucose
KH2PO4
Na,HPO4

2% (wiv)
0.5% (w/v)
10mM
2.5mM
10mM
10mM

20mM

1.2% (w/v)
2.4% (wiv)
0.4% (v/v)

17mM
72mM

2% (w/v)

0.5% (w/v)

170mM

0.6% (v/v)

0.2% (w/v)
10mM
42mM

22mM
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TAE running buffer

Tris-base 40mM
Acetic acid 20mM
EDTA 1mM

LB agar

Tryptone 1% (w/v)
Yeast extract 0.5% (w/v)
NaCl 170mM
Agar 1.5% (w/v)
TBS

Tris 50mM
NaCl 150mM

- pHbalanced to 7.6

MES running buffer (x20)

MES 50mM
Tris 50mM
EDTA 1ImM

SDS 0.1% (w/v)

- pHbalanced to 7.3

SDS loading dye (x4)

Tris-buffer 250mM (pH - 6.8)
SDS 10% (w/v)
Glycerol 40% (viv)
B-mecaptoethanol 5% (VIv)

Bromophenol blue 0.01% (w/v)
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A7.3.3.  Methanotroph growth media

Component Mineral salts 1181
Major (mM)

MgSO4 4.0 0.8
KH2PO4 2.0 2.0
Na:HPO4 2.0 2.0
NaH2PO4 0.9
NH.CI 10 (for AMS)

KNO3 10 (for NMS) 10
Intermediate (uM)

FeNH;-EDTA 11
CacCl» 900 17
Trace (nM)

FeSO4 720
FeNH4-EDTA 620

ZnS04 17 17
MnCl, 7.6 7.6
HsBO3 240 240
NaMoO4 6.2 6.2
CoCl; 42

NiCl, 4.2

CuCls 1000 (for +Cu) 3.0
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A7.3.4.  Protein mass spectrometry results
All proteomic analysis was conducted at the Monash Biomedical Proteomics Facility.

Instrumentation:

Dionex Ultimate 3000 RSLCnano — Thermo Scientific

QExtractive Plus 1 — Thermo Scientific

Acclaim PepMap RSLS — 75um x 50cm, nanoViper, C18, 2um, 100A — Thermo Scientific
Acclaim PepMap 100 — 100um x 2cm, nanoViper, C18, 5um, 1004 — Thermo Scientific

Fragment analysis:

Search engine: Mascot V2.4
Max missed cleavages: 2
Database: Uniprot E. coli reference strain K12

Uniprot Methylococcus capsulatus (strain ATCC 33009 / NCIMB 11132)

Analysis parameters:

Digest: Trypsin
Peptide tolerance: 15 ppm
Fragment tolerance: 20 mmu
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Individual results for analysis of putative MMOX gel band

Top 10 hits:

P22869 Methane monooxygenase component A alpha chain OS=Methylococcus capsulatus
(strain ATCC 33009 / NCIMB 11132 / Bath) 0X=243233

POABBO ATP synthase subunit alpha OS=Escherichia coli (strain K12) GN=atpA PE=1 SV=1

P13035 Aerobic glycerol-3-phosphate dehydrogenase OS=Escherichia coli (strain K12)
GN=glpD PE=1 SV=3

P18798 Methane monooxygenase component A beta chain OS=Methylococcus capsulatus
(strain ATCC 33009 / NCIMB 11132 / Bath) OX=243233

P25714 Membrane protein insertase YidC OS=Escherichia coli (strain K12) GN=yidC PE=1
SvV=2

POA9SPO Dihydrolipoyl dehydrogenase OS=Escherichia coli (strain K12) GN=IpdA PE=1 S\VV=2

POCB39 Phosphoethanolamine transferase EptC OS=Escherichia coli (strain K12) GN=eptC
PE=1Sv=1

POAGYS8 Chaperone protein DnaK OS=Escherichia coli (strain K12) GN=dnaK PE=1 SV=2

POAGF3 Glycerol kinase OS=Escherichia coli (strain K12) GN=glpK PE=1 SV=2

POADG7 Inosine-5'-monophosphate dehydrogenase OS=Escherichia coli (strain K12) GN=guaB
PE=1SV=1

Sequence results for P22869:
Mass: 61007  Score: 52325 Matches: 1817(1187)  Sequences: 223(146) emPAl: 10179979.45
Sequence coverage : 96% (506/527)

MALSTATKAATDALAANRAPTSVNAQEVHRWLQSFNWDFKNNRTKYATKYKMANETKEQ
FKLIAKEYARMEAVKDERQFGSLQDALTRLNAGVRVHPKWNETMKVVSNFLEVGEYNAIA
ATGMLWDSAQAAEQKNGYLAQVLDEIRHTHQCAYVNYYFAKNGQDPAGHNDARRTRTIGP
LWKGMKRVFSDGFISGDAVECSLNLQLVGEACFTNPLIVAVTEWAAANGDEITPTVFLSIETD
ELRHMANGYQTVVSIANDPASAKYLNTDLNNAFWTQQKYFTPVLGMLFEY GSKFKVEPWV
KTWNRWVYEDWGGIWIGRLGKYGVESPRSLKDAKQDAYWAHHDLYLLAYALWPTGFFRL
ALPDQEEMEWFEANYPGWYDHYGKIYEEWRARGCEDPSSGFIPLMWFIENNHPIYIDRVSQV
PFCPSLAKGASTLRVHEYNGQMHTFSDQWGERMWLAEPERYECQNIFEQYEGRELSEVIAEL
HGLRSDGKTLIAQPHVRGDKLWTLDDIKRLNCVFKNPVKAFN
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Individual results for analysis of putative MMOY gel band

Top 10 hits:

P18798 Methane monooxygenase component A beta chain OS=Methylococcus capsulatus
(strain ATCC 33009 / NCIMB 11132 / Bath) 0X=243233

POCE47 Elongation factor Tu 1 OS=Escherichia coli (strain K12) GN=tufA PE=1 SV=1

P0OC8J8 D-tagatose-1,6-bisphosphate aldolase subunit GatZ OS=Escherichia coli (strain K12)
GN=gatZ PE=1 SV=1

POAGB7 Cysteine desulfurase IscS OS=Escherichia coli (strain K12) GN=iscS PE=1 SV=1

POA799 Phosphoglycerate kinase OS=Escherichia coli (strain K12) GN=pgk PE=1 S\V=2

POABH7 Citrate synthase OS=Escherichia coli (strain K12) GN=gItA PE=1 SV=1

POAEO6 Multidrug efflux pump subunit AcrA OS=Escherichia coli (strain K12) GN=acrA
PE=1Sv=1

POABU2 Ribosome-binding ATPase YchF OS=Escherichia coli (strain K12) GN=ychF PE=1
SvV=2

POA953 3-oxoacyl-[acyl-carrier-protein] synthase 1 OS=Escherichia coli (strain K12)
GN=fabB PE=1 SV=1

POAAI5 3-oxoacyl-[acyl-carrier-protein] synthase 2 OS=Escherichia coli (strain K12)

GN=fabF PE=1 SV=2

Sequence results for P18798:
Mass: 45161  Score: 45414 Matches: 1702(1067)  Sequences: 212(139) emPAl: 44986774.42
Sequence coverage: 94% (366/389)

MSMLGERRRGLTDPEMAAVILKALPEAPLDGNNKMGYFVTPRWKRLTEYEALTVYAQPNA
DWIAGGLDWGDWTQKFHGGRPSWGNETTELRTVDWFKHRDPLRRWHAPYVKDKAEEWR
YTDRFLQGYSADGQIRAMNPTWRDEFINRYWGAFLFNEYGLFNAHSQGAREALSDVTRVSL
AFWGFDKIDIAQMIQLERGFLAKIVPGFDESTAVPKAEWTNGEVYKSARLAVEGLWQEVFD
WNESAFSVHAVYDALFGQFVRREFFQRLAPRFGDNLTPFFINQAQTYFQIAKQGVQDLYYNC
LGDDPEFSDYNRTVMRNWTGKWLEPTIAALRDFMGLFAKLPAGTTDKEEITASLYRVVDDW
IEDYASRIDFKADRDQIVKAVLAGLK
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Individual results for analysis of putative MMOZ gel band

Top 10 hits:
P11987

POAGD3
P62399
POAEOQS

POA6G7

P63224

POAG55
POATA9
POA7B8

P69783

Methane monooxygenase component A gamma chain OS=Methylococcus capsulatus
(strain ATCC 33009 / NCIMB 11132 / Bath) 0X=243233

Superoxide dismutase [Fe] OS=Escherichia coli (strain K12) GN=sodB PE=1 SV=2
50S ribosomal protein L5 OS=Escherichia coli (strain K12) GN=rplE PE=1 SV=2

Alkyl hydroperoxide reductase subunit C OS=Escherichia coli (strain K12) GN=ahpC
PE=1 SV=2

ATP-dependent Clp protease proteolytic subunit OS=Escherichia coli (strain K12)
GN=clpP PE=1 SV=1

Phosphoheptose isomerase OS=Escherichia coli (strain K12) GN=gmhA PE=1 SV=1
50S ribosomal protein L6 OS=Escherichia coli (strain K12) GN=rplF PE=1 SV=2
Inorganic pyrophosphatase OS=Escherichia coli (strain K12) GN=ppa PE=1 SV=2

ATP-dependent protease subunit HslV OS=Escherichia coli (strain K12) GN=hslV
PE=1 SV=2

Glucose-specific phosphotransferase enzyme IIA component OS=Escherichia coli
(strain K12) GN=crr PE=1 SV=2

Sequence results for P11987:

Mass: 19834

Score: 17213  Matches: 695(471) Sequences: 57(41) emPAl: 74067.35

Sequence coverage: 89% (151 / 170)

MAKLGIHSNDTRDAWVNKIAQLNTLEKAAEMLKQFRMDHTTPFRNSYELDNDYLWIEAKL
EEKVAVLKARAFNEVDFRHKTAFGEDAKSVLDGTVAKMNAAKDKWEAEKIHIGFRQAYKP
PIMPVNYFLDGERQLGTRLMELRNLNYYDTPLEELRKQRGVRVVHLQSPH
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Individual results for analysis of putative MMOD gel band

Top 10 hits:
P22867

P22869

POA7K2
POAGX3
POCO018

POADZ7

POA7R5
POAG48
POA7K6
P69776

Methane monooxygenase component D OS=Methylococcus capsulatus (strain ATCC
33009 / NCIMB 11132 / Bath) OX=243233 GN=mmoD PE=

Methane monooxygenase component A alpha chain OS=Methylococcus capsulatus
(strain ATCC 33009 / NCIMB 11132 / Bath) 0X=243233

50S ribosomal protein L7/L12 OS=Escherichia coli (strain K12) GN=rplL PE=1 SV=2
RNA-binding protein Hfg OS=Escherichia coli (strain K12) GN=hfq PE=1 SV=2
50S ribosomal protein L18 OS=Escherichia coli (strain K12) GN=rpIR PE=1 SV=1

UPF0092 membrane protein YajC OS=Escherichia coli (strain K12) GN=yajC PE=1
Sv=1

30S ribosomal protein S10 OS=Escherichia coli (strain K12) GN=rpsJ PE=1 SV=1
50S ribosomal protein L21 OS=Escherichia coli (strain K12) GN=rplU PE=1 SV=1
50S ribosomal protein L19 OS=Escherichia coli (strain K12) GN=rplS PE=1 SV=2

Major outer membrane lipoprotein Lpp OS=Escherichia coli (strain K12) GN=Ipp
PE=1SV=1

Sequence results for P22867:

Mass:11992

Score:19874  Matches:911(444) Sequences:78(49)
emPAl:11932857087216.55

Sequence coverage : 97% (100 / 103)

MVESAFQPFSGDADEWFEEPRPQAGFFPSADWHLLKRDETYAAYAKDLDFMWRWVIVREE
RIVQEGCSISLESSIRAVTHVLNYFGMTEQRAPAEDRTGGVQH
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Individual results for analysis of putative MMOG gel band

Note: Results were obtained on Ultimate 3000 nanao HPLC / MicroTOFq quadrupole TOF

Sequence results:
Sequence coverage: 59% (330 / 559)

MAKEVVYRGSARQRMMQGIEILARAAIPTLGATGPSVMIQHRADGLPPISTRDGVTVANSIV
LKDRVANLGARLLRDVAGTMSREAGDGTTTAIVLARHIAREMFKSLAVGADPIALKRGIDRA
VARVSEDIGARAWRGDKESVILGVAAVATKGEPGVGRLLLEALDAVGVHGAVSIELGQRRE
DLLDVVDGYRWEKGYLSPYFVTDRARELAELEDVYLLMTDREVVDFIDLVPLLEAVTEAGG
SLLIAADRVHEKALAGLLLNHVRGVFKAVAVTAPGFGDKRPNRLLDLAALTGGRAVLEAQG
DRLDRVTLADLGRVRRAVVSADDTALLGIPGTEASRARLEGLRLEAEQYRALKPGQGSATG
RLHELEEIEARIVGLSGKSAVYRVGGVTDVEMKERMVRIENAYRSVVSALEEGVLPGGGVGF
LGSMPVLAELEARDADEARGIGIVRSALTEPLRIIGENSGLSGEAVVAKVMDHANPGWGYDQ

ESGSFCDLHARGIWDAAKVLRLALEKAASVAGTFLTTEAVVLEIPDTDAFAGFSAEWAAATR
EDPRV
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