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ABSTRACT

In the first chapter, the determination of the correct sequence of the hydroxylase
genes from the M. capsulatus soluble methane monooxygenase (SMMO) system is
reported. This data was used in a comparison of all the sequenced members of
the sMMO system family of proteins. Sequence alignments of the o subunits
reveal absolutely conserved residues in the active site region that act as iron
ligands, participate in a hydrogen bonding network and provide a source of
protons in the largely hydrophobic substrate binding region. Further
examination of the rest of the conserved residues in the a and  subunits reveal a
possible binding site for protein B, two possible binding sites for the reductase
and several regions of intersubunit contact. Possible models for the effects of
interaction between all the sMMO proteins are suggested based on the alignment
data.

The second chapter describes methodologies used in attempting to express the
sMMO hydroxylase. This protein forms insoluble, intractable inclusion bodies
upon expression in E. coli . The insoluble material was collected and subjected to
refolding procedures while varying temperature, reduction potential, thiol
concentration, protein concentration, and the identity of the denaturant.
Production of the inclusion bodies could not be averted via changing the nature
of the expression system by changing media conditions, E. coli strains, and
expression vector. Conclusions about the folding pathway of the sMMO
hydroxylase are drawn from the data collected. Possible future courses of action
to express the sMMO hydroxylase are suggested.

The third and final chapter describes the reaction of nitric oxide (NO) with the
reduced iron center in the sMMO hydroxylase. The majority of the iron centers
react with NO to form a dinitrosyl adduct, termed H; s, that models the H
intermediate in the reaction of O, with the reduced sMMO hydroxylase. This
reaction is characterized by Mossbauer, EPR and optical spectroscopies using
both continuous and discontinuous kinetic techniques. The H ;05,1 intermediate

peroxo



forms whether protein B is present or not, in contrast to the H,e000 intermediate
which forms in detectable amounts only in the presence of protein B. This is
interpreted in terms of changes in the open coordination sites in the reduced
sMMO diiron site upon protein B binding. The H y,ys,1 Species decays to form a
complex mixture of products, including further reaction with NO to form
Fe(NO), units and reductive coupling of bound NO molecules to form N,O and
oxidixed sMMO hydroxylase. The effects of protein B, methane and fluoride ion
on these reactions are investigated. In addition to formation of Hos, NO
reacts with a small percentage of sSMMO hydroxylase sites that are depleted in
one iron to form an S=3/2 mononuclear iron-nitrosyl species.
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Title: Arthur Amos Noyes Professor of Chemistry



Acknowledgements

It has been a great privilege to work with many talented and helpful individuals without
whom this thesis wouldn't exist. I must first thank Stephen Lippard for his advice and support
during my stay in his laboratory. His enthusiasm for science and dedication to his laboratory are
remarkable, and I was grateful to be a part of his group.

Thanks also to the many members of the Lippard Lab that I've had the opportunity to
interact with over my stay. My two UROPs, Holly Imlach and Carisa Elise, were terrific. I
appreciate the hard work both of them invested in the lab and in their projects. In my early days
in the Bio Bay, the Joyce Whitehead / Megan McA’Nulty / Laura Pence triumvirate provided
indispensable help and support. The lab’s color-level dropped by an order of magnitude after
they left. The MMO subgroup was always a great source of inspiration and fun. In particular,
Sonja Komar-Panicucci, George Gassner, Ann Valentine, Jessica Blazyk and Young Douglas
Whittington were a big help. Andrew Feig suggested that we look into the reactions of NO with
the sMMO system; I have him to blame/thank for chapter three. The entire platinum family was
valued for their biochemistry expertise. I especially thank Deb Zamble, Drew Gelasco, Uta
Ohndorf, Karen Sandman and Betsy Redding for their help. I must also express my appreciation
to the Martini Crew: Jon Wilker, Maria Bautista, Dan LeCloux and Tricia Takahara. It was both
pleasure and privilege to raise one to Dean, Frank and Sammy with you folks.

Lots of other folks at MIT have been of great help. Prof. Lawrence Stern, Prof. Jonathan
King, Prof. JoAnne Stubbe and Prof. William Orme-Johnson all provided useful advice and
guidance along the way. Pam Riggs-Gelasco was invaluable in teaching me how to use the
Stubbe Lab RFQ apparatus. I'd like to thank members of the basement crew ‘92-°93, especially
Subhendu Joardar, Normand Cloutier, Jeremy Selengut, Patti Christie and Sherri Oslick. They
were supportive of me during a difficult period in my graduate career. I've been a giant thorn in
Susan Brighton's side, so I thank her for her infinite patience with my lack of competence with
the MIT registration process. Mike Drooker was a great help in setting up and maintaining our
SGI cluster in the early days. Colette Laurentcét’s competence and sense of humor have saved
many a day from being a total loss for me.

Many folks outside MIT (I'm pretty sure such a place exists) were crucial as well. Prof.
Brian Hoffman and Dave Tierney at Northwestern were helpful with EPR advice. Prof. Keith
Hodgson, Dr. Britt Hedman, Matthew “Mortimer” Latimer and Jennifer DuBois at Stanford and
SSRL were helpful in running EXAFS samples for us. Prof. Vincent Huynh, Prof. Dale
Edmundson, Carsten Krebs, Pedro Tavares and Alice Periera at Emory University provided
indispensable Mdssbauer spectroscopy and rapid freeze quench kinetics help.

I'd thank my cat Friday, but she’d probably like one of those little jangly mice toys better.

My cousin Ronnie Graham read the first books in C.S. Lewis’s Narnia series aloud to me
when I was young, and gave me a copy of the septology to finish myself. This, along with a copy
of “The Hobbit” by J.R.R. Tolkien from my aunt Rose Boyle, was the beginning of a lifelong love
of reading and learning. My aunt Sharon Estes encouraged my grade school interest in science
and technology with subscriptions to astronomy magazines and frequent loans of Apple ][
computers for me to fool around with. I thank all three of them for their support during my
childhood.

Finally, my dad Gerry, mother Shirley and sister Kim are the greatest family one could
have hoped for. Ilove them all very much.



Dedicated to my family,
and to the memory of my grandfather
Earl Graham
and my grandmother
Rachel Coufal.



Table of Contents

ADSETACE ... 3
Acknowledgments ..o 5
Dedication ..o 6
Table of Contents.........c.ccoiiiiiiiiiiiiiiii 7
List of Tables......cccccviiiiiiiiiiiiiii 10
List Of FIZUIS .....vvoviiiiiiiic 11
Overview of the Soluble Methane Monooxygenase System .............cccccccceeeevennnee. 15

Chapter One: Sequencing and Analysis of the Methylococcus capsulatus (Bath)

Soluble Methane Monooxygenase GEnes.............cccceuiirinireririnieucucueiecccccseseen. 19
INtroduction ..........ccovuiiiiiiiiiiii 19
Materials and Methods ...........ccccoiiiiiiiiiiiiiicccce, 23

DINA SeqUeNCING.......cccooviiiiitiiiiiiiicieciieciee e 23
Sequence ANalysis........cccoiviiiiiiiiiiii 24
ReSULILS ..o 25
Corrections to the sSMMO Gene Sequences............ccccccceuverururueueunee 25
Roles for Genes from the sSMMO Family Operons...........c.cccccueeeee. 27
Comparisons between the sMMO Family Protein Sequences ........ 28
Search for OrfY Analogues...........ccoovuriiiiiiiiiiiiiicnrscccees 29
The SMMOHO ANAlOGUES .......ccviiiiiicicicicicicicccceseeeeee s 29
The SMMOH ANalOUES........cccovriririririiiciiicicicicicceceeesesseeee s 32
The Coupling Protein Analogues ............ccccccuciuiiiininininnciccenens 32
The Reductase ANalogues ............couvuvuiuiiciiuciciciiiiiinrsceeees 33
DISCUSSION ...ttt 33
Implications of the Corrected M. capsulatus (Bath) DNA Sequence33
Sequence Alignment of SMMO Family Proteins............ccccocooie.. 34
Active Site of the Hydroxylase..........ccccccocciiiiiiiiniinnnnccee 34
Understanding Protein-Protein Interactions in sMMO ................... 35
RefereNCeS. ....vovvieiiiiiiiicicc s 37

Chapter Two: Heterologous Expression of the Methylococcus capsulatus (Bath)

Soluble Methane Monooxygenase Hydroxylase............cccccoovriiccciiinincnnnne. 100
INErOdUCHON ..ot 100
Materials and Methods ...........ccccciiiiiinininniniiicccccccee 108

Low Pressure Chromatography sMMOH Purification Procedure108
Production of MMOH Polyclonal Antibodies..............cccoevenenee. 108
ELISA ASSAYS ..ccveovieiiiiiiictietiecie e 109
Western BIOts.........ccooviiiiiiiiiiii 110
Genomic DNA Sample Preparation ...........ccccoeeeieiiiniiiiiicncnnne. 111
Purification of PCR Primers for pDEC002 ..........cccccoovvviviiininnnnnne. 112



PCR Conditions for pDECO02.........ccccoevieiiiiiiiiiiiiicieicciee 113

Construction of pPDECO02..........ccooviiiiiiiiiiiieieiccce 113
Sequencing of pPDECO02 ........c.ccoviiiiiiiiiniiiicieecc 115
Expression of MMOH by using the pDEC002 System................... 116
MMOH Inclusion Purification ...........cccccceviviiiiiiininiiiiiiicne, 116
Post-Expression Refolding Procedures ............ccccocoviiiiiininnnne. 117
Dialysis Reconstitution of Native MMO Hydroxylase
Isolated from M. capsulatus (Bath)..........cccccoveveieinerecnnnnnn 117
Dialysis Reconstitution of Insoluble Expressed Hydroxylase
Isolated from E. cOli .......ccccoiviiiiiiniiniiiiiiiiciicce 117
Anaerobic Fe(Il) Dialysis Reconstitution of Insoluble
Expressed Hydroxylase Isolated from E. coli ...................... 118
Sarcosyl Lysis Growth..........ccccocuiiiiiiiiiiiniccce 118
Detergent Lysis Screening ..........c.cocoeeevevienieniiieienicnneenene, 119
Sarcosyl Pellet Solublization.............ccooeviiiiiiiiiiiiins 119
Alteration of Expression Conditions ...........ccccoeveveininiiiiiininnnnnn. 120
Low Temperature Induction Growth ..........ccooviiinnne 120
E. coli Strain SCreening ..........cccocoeeevvevveieininicnieieeeccnee, 120
Variation of Media Content...........cccccoecviiiiiiiiniiinnnnnn. 120
Expression System Screening (pDECO010)...........cccceueurunee. 120
Individual Subunit EXpression ..o, 121
Construction of pPDECO5X ......c.ccvviiiiiiiiiiiiiiiciciice, 121
Construction of pPDECO60 .........c.cccovvviieiiiiiiiiicieiecn, 121
Construction of pPDECO70 .........cocoiiiiiiiiiiiiiiiic, 122
Simple MMOH Subunit Expression — pDEC05x ................ 122
Periplasmic Expression of sSMMOHoa. - pDEC060............... 123
Thioredoxin-sMMOHa Subunit Expression....................... 123
Purification of SMMOHGOL........ccccciviiiiiiiiiiiiiiiice 124
EPR Mixed-Valent Sample Preparation............ccccoeeveuennnnnn 124
EPR Reduced Sample Preparation..........ccccocceeviiiiiiicnnnnnns 125
ReSULILS....uviiiiiiiiiiiii 125
Discussion and Conclusions ............cocviiiiiiiiiiiniiice 129
References.........cccuiiiiiiiiiiiiiiiiiic 132

Chapter Three: Reactions of Nitric Oxide with the Reduced Non-Heme Iron

Center of the Soluble Methane Monooxygenase Hydroxylase..........c.cccccceuueeee. 180
INETOAUCHION ...t e e e e e e aaa e e e e e e e e e eeeanes 180
Materials and MethodsS ........cc.ooeviiiiiiiiiceeceececeeeeeeeeee e 183

Preparation and Purification of sMMO Hydroxylase (H) and

Protein B... ... e 183
Preparation of Diiron(II) sMMO Hydroxylase (H,.q) ...ccvevervevenennee 183
Addition Of NO GaS....uuueeeeeiiieeeiiiieieee ettt eeeeeaaee e e e e e e 183
Addition of NO via NONQOAQALES .....ceeeeeeeeeeciiiiiiieeeeeeeeccrreeeeee e 184
Stopped Flow Spectrophotometry ............ccccccociiiininnninnnccnee 184
Rapid Freeze Quench Mossbauer Sample Preparation ................. 185



Rapid Freeze Quench EPR Sample Preparation...........c.ccccceueueeeee. 186

EPR Measurements .........cccueeeieriiieieiniiiiee et e et e e eieeee e 186
Mossbauer Measurements.............cooveereerieenieenieenieenieenieeseeneeens 186
Nitrous Oxide Detection via Gas Chromatography....................... 187
RESUILS. ...ttt e st e e ea 187
Preparation of NO Complexes of H, 4 and H, 4+2B........................ 187
Optical Absorption Spectra..........ccccoceveiiiiiiiiiiiiiniiice 188
Méossbauer Analysis of H,.,+NO and H,.;+2B+NO Samples ........ 188
EPR Analysis of H,4+NO and H,.;+2B+NO Samples.................... 189
Stopped Flow Analysis of the H, 4+NO and H, 4+2B+NO Reaction
............................................................................................................ 189
Rapid Freeze-Quench EPR Characterization of H,.,+NO Reaction
SPECIES ...ttt 191
Mossbauer Characterization of H, 4+NO Reaction Species........... 191
Decay of Hginitrosyt T0 N O ceiiiiiiiiiiiiiiie 192
DISCUSSION ...ttt ettt e e ettt e e ettt e e st e e e eeaneeeees 193
Reaction of Reduced Hydroxylase with NO to form a Diiron
Dinitrosyl Species............ I 193
A Mononuclear {Fe(NO)}' Minority Species in the H,.,+NO
REACHON. ...ttt et e e 194
Effects of Protein B on Mononuclear {Fe(NO)}7 .............................. 195
Comparison of the Reactions of the sMMO Hydroxylase with O,
VETSUS INO ..ttt e e et ee e e 195
BUildup Of Hginirosyt +seseresererererenmnmnininininieinieieeiies 197
Decay Of Hipitrosyleeseseseseresereemnmnmsmnisininisieieieieieiessssisiese s 200
Comparison with the NO Reactions of the Reduced Ribonucleotide
Reductase R2 Subunit and Hemerythrin ...........ccooniinnnnnnee. 201
REFEIEINCES. ....eiieiiiieeiieeeee ettt e st e st e e eneeeens 203
Biographical NOte..........c.ciuiiiiiiiiiiii e 232



List of Tables

Chapter One
Table 1-1: sMMO Hydroxylase Sequencing Primer Names and Binding
LOCAtIONS...c.viiiiiiiiiiiicccc 41
Table 1-2: Electrospray-lonization Mass Spectrometric Results from Buzy
et Al i 43
Chapter Three
Table 1: Spectroscopic Properties of Non-Heme Carboxylate-Bridges
Diiron Nitrosyl Complexes..........ccooueiiiiiiiininiiiiiic 206
Table 2: Mossbauer Properties of Species Observed in Reactions of the
Reduced sMMO Hydroxylase with Nitric Oxide .........ccccovvrnnncunnnne 207

Table 3: Time-Dependant Changes in the Mgssbauer Spectra of Rapid
Freeze Quench Time Points of the Reaction of Nitric Oxide with Reduced

SMMO HydroxXylase ..........ccooeiiiiiiiiiiiniiiiiiiicccc e, 208
Table 4: Activation Parameters from Eyring Plots of the Reaction of the
Reduced Hydroxylase with Nitric Oxide .........ccccccuiiiiinininnnniiccnee 209

10



List of Figures

Overview
The MMO Diiron Center in its Fe(II) Fe(II) Oxidation State....................... 15
The Catalytic Cycle of the SMMO System .........ccccccvuviviriririciciccciiiieene, 17

Chapter One
Figure 1-1: Structure of the Methylococcus capsulatus (Bath) sMMO
HydroxXylase ..........ccooiiiiiiiiiiii 45
Figure 1-2: Organization of the sSMMO Operons from Three Different
OIganiSImS ......oveiiiiiiiiciee e 47
Figure 1-3: Organization of other sMMO Family Multicomponent
Monooxygenase OPEerONS ...........ceeveieriiiiieiieiiieie e 49
Figure 1-4: Binding Locations of Primers Used in Sequcing the M.
capsulatus SMMO Hydroxylase Genes ............cccccoceviviiiiinininininiiicicnns 51
Figure 1-5 DNA Sequences and Deduced Peptide Sequences of the M.
capsulatus SMMO Genes ...........ccccoviiiiiiiiiiiiiii 53
Figure 1-6: Mistakes in the Published Hydroxylase Gene Sequences and
Their COTrECtONS ......cveueirieveiiirietcitrieietceree ettt 68
Figure 1-7: Mistakes in the Published DNA Sequence for the sMMO Genes
mmoB and mmoC ..........ccccoviiiiiiiiiiiii 70
Figure 1-8: Relationships between the Genes and Proteins of the sMMO
Multicomponent Monooxygenase Family...........cccocooviiiininiiiinninn. 72
Figure 1-9: Identity Statistics between the Closely Related Proteins of the
sMMO Multicomponent Monooxygenase Family.............ccccoooovviiiininnnns 76
Figure 1-10: Sequence Alignments of the Peptides Corresponding to the a
Subunit of the Hydroxylase...........cccocoeeiiiiiiiniiininiiicccccccccce, 72
Figure 1-11: Sequence Alignments of the Peptides Corresponding to the f3
Subunit of the Hydroxylase..........cccocovueiiiiiiiiiiiniiicccccccccee, 76
Figure 1-12: Sequence Alignments of the Peptides Corresponding to
Protein B .......ooiiiiii 83
Figure 1-13: Sequence Alignments of the Peptides Corresponding to the
RedUCLASE ...oviiiiiiiiiiicicic 85
Figure 1-14: View of the Absolutely Conserved a Subunit Residues Near
the Active Site of the M. capsulatus (Bath) sMMO Hydroxylase................. 88
Figure 1-15: Schematic of the Hydrogen Bonding Network in the
Absolutely Conserved Residues Near the Active Site........cccccovueueerenneneeee. 90
Figure 1-16: View of the Absolutely Conserved a Subunit Residues Not
Near the ACtVE SIte....c.ccvueueiririiieiririecireccrece ettt 92
Figure 1-17: View of the Absolutely Conserved f Subunit Residues in the
M. capsulatus (Bath) sMMO Hydroxylase...........ccccocoeieinininnnininccicccnaae, 94

11



Figure 1-18: View of the Conserved Residues in the P. pudita CF600 Phenol

Hydroxylase P2 Protein ... 92
Figure 1-19: Cartoon of Two Possible sMMO Family Interprotein
INteractioNS......ceeiiiiiiiicec 94
Chapter Two
Figure 2-1: Methylotrophs in the Carbon Cycle.........ccccccovvivininnnicnnnee 136
Figure 2-2: Metabolism of Methane in M. capsulatus (Bath)...................... 138
Figure 2-3: Native SMMOH PAGE..........ccccocooiiiiii 140
Figure 2-4: Sample Western Blot ... 142
Figure 2-5: PCR of the SMMOH Genes...........cccoccucuiuiiiinininininisniceienenes 144
Figure 2-6: Construction of pDECO02...........cccooiiiiiiiiiiiiiiiiicccis 146
Figure 2-7: Structure of pDECO02...........ccooviiiiiiiiiiincc 148
Figure 2-8: Expression of SMMOH Genes in E. coli results in Inclusion
BOI@S.....ooviiiiiiiiii 150
Figure 2-9: Attempted Refolding of Expressed, Insoluble sSMMOH Under a
Variety of Conditions ..........cccooivviiiiiiiiiiii 152
Figure 2-10: Expression of sSMMOH from pDEC002 by using a Sarcosyl
Lysis Procedure...........cooiiiiiiiiiiiiiiiiiic 154
Figure 2-11: Attempted Reconstitution of the Expressed, Insoluble
sMMOH by using Detergents............ccccocoviviiiiiiininiiice, 156
Figure 2-12: Attempted Reconstitution of the Expressed, Insoluble
sMMOH by using Sarcosyl Detergent ............ccccocoviiiiiiiininiie, 158
Figure 2-13: Expression by using the pDEC010 Plasmid in E. coli ........... 160
Figure 2-14: Construction of pDEC050 and pDECO055............ccccvevevinnnns 162
Figure 2-15: Structure of pDEC050 and pDECO055...........cccooviiiiniiiinnns 164
Figure 2-16: Construction of pDEC060 and pDECO070..........c..cccvevivinnnnnns 166
Figure 2-17: Structure of pDEC060 and pDECO070...........ccccoiviiniiinnnnns 168
Figure 2-18: Expression of SMMOH Genes from pDEC050 and pDEC055
........................................................................................................................ 170

Figure 2-19: Periplasmic Expression of the sMMOHoa. from pDEC060....172
Figure 2-20: Expression of the Thioredoxin-sMMOHa Subunit Fusion

Protein from pDECO70 .........ccooooviiiiiiiiiiiiiccecc e 174

Figure 2-21: Purification of the Thioredoxin-sMMOHa. Subunit Fusion

4 0] 111 o VRO U RRRRRTRN 176

Figure 2-22: EPR Spectrum of Putatively Diiron(II) Thioredoxin-sMMOHa.

Subunit Fusion Protein..........ccc.eeeeeiiieiiiiiiiiieee e 178
Chapter Three

Figure 3-1: Optical Spectra of the Nitrosyl Adducts of the Reduced sMMO
Hydroxylase in 25 mM MOPS pH 7.0 and the Dinitrosyl Adduct of [Fe,(u-

XDK)(u-O,CPh)(ImH),(O,CPh)(MeOH)] in THF.......c..ccoveeveieeeieerrereeee 210
Figure 3-2: Mssbauer Spectra of “Fe-Enriched H,.q and H,.4+2B Reacted
With INO £OI 45 INN..c..eiitiiiiciececceecee ettt e eaeeene e 212

12



Figure 3-3: EPR Spectra of H,.,+NO Adducts.........cccceevivinininiiiinnnnnn 214
Figure 3-4: Buildup of Optical Species Associated with Reaction of NO
with H,4 as Observed by using Stopped Flow Spectroscopy................... 216
Figure 3-5: Eyring Plots of the H,..+NO and H,.;+2B+NO Reactions......218
Figure 3-6: Time-Dependent EPR Spectra following the Reaction of NO

with the Reduced SMMO Hydroxylase............cccoccucueuiiininininnnninicnennee 220
Figure 3-7: Time-Dependent Mgssbauer Spectra following the Reaction of
Hoog With NO L 222

Figure 3-8: Simulation of the Hy;,0,,1 Formation and Decay Reactions...224
Figure 3-9: Proposed Reaction Mechanism for the Reactions of NO with
H,.q and Iron-Depleted H,og...ooovvviiiiiiiiiiiiiiiiiiiiiiiiiiciie, 226
Figure 3-10: Active Site Structure of the Reduced sMMO Hydroxylase.. 228
Figure 3-11: Proposal for Ligand Movements in the Active Site of the
Reduced sMMO Hydroxylase Induced by Binding of Protein B ............. 230

13



"Qvid me anxivs svm?"

14



