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Abstract

Soluble methane monooxygena@IMOQO) is a multicomponent metalloenzyme that activates
molecular oxygen, breaks the 105 kcal/meH®ond of CH, and inserts one atom of O to create
methanol at ambient temperature and pressure. This feat of catalytic prowess adhtlires
protein componets of SMMOfor efficient multiple turnover catalysithe hydroxylaseMMOH),

the reductase (MMOR), and the regulatory protein (MMOBJ)e structural mechanism of how
thesesMMO componentiteractto regulate the formation and deaafythechemical intemediates

of the reaction cyclés not well understoadOur recent advances BMMOH expression and
purification hae allowed us to obtain protein crystals of #dMOH:MMOB complex UsingX-
rays generated by eithen X-ray free electron laser at room teenature oma synchrotron at.00

K, we obtained high resolution structures of tiethylosinus trichosporiumOB3b
sMMOH:MMOB complexfor the first time Analysis of the datshows ingreat detail how MMOB
modulateghe structure sdMMOH during thesteps leading up toADinding.New insight is gained
about the patf, and methantake into thesMMOH active siteand how the selectivity and timing
of this entry is controlled by MMOB thesMMOH:MMOB complex Additionally, biosynthetic
incorporation of 5-fluorotryptophaninto MMOB and MMOR as well as postranslational
modification ofanMMOB variantwith a trifluoroacetone proballowed us tause1D-1°F-NMR

to investigate the complex series of SMMO protein interactibasregulate the beginnirg the
sMMO catalytic cycleA new model emerges describing how sMMO prot@mponent affinities
and exchangfrom proteinprotein complexes control the dynamicsedction cycléntermediates

to drive catalysis
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Chapter 1 Introduction

Portions of this chapter are reprinted and adapted with permission from: Rahul Banerjee, Jason C.
Jones, and John D. LipscoimAnnual Review of Biochemisti3019 88, 409431. © 2019 Annual
Reviews.



1.1 Biological Oxygen Activation
Molecularoxygen (@ i s the second most abtodagd-&@®P4bugas i n
this was not always thease E a r tedrli@statmosphere wasearlydevoid of Q and anaerobic
organisms ruled the planétbout 2.52.2 bilionyearsagdt he A Gr eat Oxi dati on
causing the Earthos atoormeniglhl Ehis ghift tesulted in thderhisef r o m
of anaerobiorganismd i vi ng on Bacauseithieywere unalfleaaccepe with the toxic
waste produdtO,) produced by photosynthegi€n the other handrganismsapable of tolerating
O flourished because they had the biochemical toolkit needed to traresmbectivate @as well
as protect themselves from the harmful effects of reactiveyexyspecie$.Most of the O
consumedy aerobic organisms is usefuel their cellular respirationthe biochemical process
of aerobically converting glucose into energihe remainder of consumed & usedin making
biomoleculeghat aré@mportant in various biological processsuch as cell growth, development,
and reproductiof.In order to perform this aerobic biochemistry, enzymes evolved that catalyze
theactivation ofO, andsubsequent reaction witdrganic substrates

In the absence of a catalyst, ¢gan of & with organic substrates is thermodynamically
favored, yet kinetically sluggisfthis phenomenon arises becausé&s a triplet electronic ground
state (two unpaired electrons; S = 1) and most organic substrates have a singlet electronic ground
state (no unpaired electrons; S = 0). The difference in spin state between tripled €inglet
organic substrates results in a large activation energy barrier which restricts the reaction from
occurring under normal condition&e. it is spin forbidde), hence the kinetic sluggishness.
Uncatalyzedreactions between triplet@nd singlet organic substrates are possiidea free
radical autooxidation process. In this process an initiator is required to generate a radical organic
substrate which canéh react with triplet @ Thisparticularpathway of Qactivation is not ideal
for a biological system to rely on because there is no control over substrate specifipitgduct
yield. Unsurprisingly, Nature evolved a way catalyhe spin forbidden reactiorbetween triplet

O, and singlet organic substrategemploying metalloenzymes



Metalloenzymegontaintransition metals such as copperanganesayr ironin the active
site The transition metals, depending on their oxidation stateboad Q and therreductively
activate Qthrough a series of electron transfer steps widshlsin the formation and stabilization
of the followingbiologicaloxidants: i.) a superoxo ¢Qradical species capable of reacting directly
with aradicalorganic substratas seen imyainositol oxygenasgii) a (hydro)peroxo (& /HO,

) specieswith a singlet electronic statghich can react with singlet organic substraassseen in
deoxyhypusine hydroxylage ** or iii) a high valentoxo, highly reactive species capable of
oxidizing strong @H bonds as seen in soluble methane monooxygepas@he family
metalloenzymes that catalyze the insertion of either one or two atoms of O fiato &n organic
substrate are called monooxygenases or dioxygenases, respéétivdlge studies described in
this dissertationdeal with the metalloenzynmsoluble methane monooxygenassMMO), which
utilizes a dinuclear iron cluster in the active site@ductivelyactivate O, and generata high
valent Fe** chemical intermediate * 1°Stabilization of thigpowerful, highly oxidizing highly
electrophilic high valent metabxo species requirgseciseregulatory strategiaseeded t@reven
non-specific reactiondJnderstandinghemeans by WichsMMO controls the reactivity of oxygen

once it is activate@ a major goal of the research described here.

1.2 Methane, a Powerful Greenhouse Gas.

Methane (CH) is apotentgreenhouse gas thiais 28- 36 times more effective than GCanother

greenhouse gagtwar mi ng t he athhespheriersalloyesar period® The small

percentage of CHalong with other greenhouse gases in the atmospher&k e up t he T#dAbl a
which warms our planet. Over the last few decades, atmospheric levels, bh@increased at

an alarming rate and continue to accelemrdesing the average global temperature to'fiséis

increasein atmospheric Cllis largely attributed to the following anthropogenic activigs:

agriculture, landfills, and natural gas flarifg'®Although agriculture and landfill sources araall

producers of Cklindividually, the combined total of global agricukuandlandfill-generated CiH

is considered to behe main cause of risihng CHc oncentrations i Eartho
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Currently, no economically viable way to capture, transport, and gés®ousH, from remote
sources exist® 1° Until this problem is solvedanthropogenicCH4 emissionswill continue to

present environmental issu€@ne way to deal with this problem is to develop a rapidly deployable
mobile platform that is capable of biologically converting methane gas into liquid methanol, which

is easier to store and transpBrThe bioconversion of methane to methanol is accomplished in
Nature by bacteria that express the metalloenzymes called methane monooxygenases (MMOs). It
is a longterm goal of the resezh described in this dissertation to learn how to harness the catalytic

power of MMQsto address the environmental toxicity of methane.

1.3 Methanotrophic Bacteria

Natural sources of atmospheric £iHclude methanogengermites, lakegrivers, wildfires, wild
animals, geological sourcés.g. gas seepage, hydrates)d wetlandsAmongst all of the different
natural sourcesyetlandsare the largest source of natural £ZHroducing between 177 and 284
million tonsof CH, a year'® Microbes called methanogens, which livelie O, depleted zones of
wetlandsas well as other ecological nichese themainbiological source of CHin wetlandsAs
CHatransitions from the anoxic zone into the oxic zone of wetlands, microbes called methanotrophs
metabolizethe CH; rising from belowprevening a large amourf CH,4 created in wetlandsom
entering the atmosphemdostknownaerobic methanotrophic bacteuseCHj, as their sole source
of carbon and energ{t?2 There are three knawtypes of methanotroph§ammaproteobacterial
(Type 1) andAlphaproteobacteria(Type II), which both belong to th€roteobacterialphylum,
and methanotrophs that belong to ¥errucomicrobiaphylum?* 24 Regardless of the type of
methanotroph hefirst step inan aerobiobligatemethanotrophmetabolic pathwaySchemel-1)

is theoxidation of CH. to methanol (CHOH). This remarkable ability of methanotrophs to break
the strong 105 kcal/mol-& bond of CH as well as activate fat ambient temperature and pressure
is due toMMOs. Two types of MMOs are expressed in methanotropha copper dependent,
membranebound form,called particulatanethane monooxygenase (pMM®)and ii.) an iron
dependent, soluble form, callesbluble methane monooxygenase (sMMDJ)e to theinherent

4



technical difficulties associated with studying membrane bound proteins, characterizdtien of
active site opMMO andits mechanism has been challergilm contrastsMMO has proven to be
much more approachable and a great deahefmical, spectroscopic, and structural dateebeen

obtainedover the pas# decades

Methane

|

Methanol

1

Formaldehyde

< | N\

RuMP Serine
/ Cycle Cycle \

Biomass Biomass
Group | methanotrophs CBB Group Il methanotrophs
(gammaproteobacteria) Cycle (alphaproteobacteria)

Biomass

Group lll methanotrophs
(Verrucomicrobia)

Schemel-1 The Different M ethanotrophic M etabolic Pathways
RuMP = Ribulose monophosphatgcle.
CBB = CalvinBensonBassham cycle

1.4 Particulate Methane Monooxygenase (pMMO)

Particulate methane monooxygenase ais300 kDa copperdependent integral membrane
metalloenzyme The quaternary structure of pMMO tomotrimerc and each protomeis
composeaf an alphgdPmoA, 24 kD3, beta(PmoB 42 kD3, and gamm&moGC 22 kD3 subunt
(Figure 1-1).253° The pmoA andpmoC subunits are predomintly embeddedn thelipid bilayer

(7 and 5 transmembrane helices respectiyelfjereas PmoB has two transmembrane helices
linked to alarge periplasmic domaifhree copper binding sites have been identified in M

i.) the putativebis-His copper bindig site is located in the soluble domain of PmiaBthe CuB

site is also located in the soluble domain of PmoB is considered to be a mononuclear Cu(ll) site

5



with square pyramidal geometry coordinated by three conserved histivteis.)the CuC sites
located in the transmembrane domain of PmoC and contains a mononuclear copper coordinated by

two histidines and an aspartic aéfd?

Figure 1-1 Overall structure of particulate methane monooxygenase.
The left image is a van der Waals surface representation of homot
pMMO, each protomer is colored a different shade of gray. The right
is a cartoon representation of one pMMO protomer #ued subunits a
colored red (pmoA), blue (pmoB), and yellow (pmoC). The PDB code: ¢
was used to make this figure.

Since the first xay crystal structure of pMMO was obtained in 2005, a general consensus
on which copper binding site catalyzes methaxidation has not bee@acheqTable 1-1). Recent
experimentakvidence has been obtained using natiypedown mass spectrometin TDMS) on
nanodisereconstitute¢gpMMO to elucidate which copper binding site is the site of Gkidaion 3!

In this study, the effects of exogenous copper (GliSnanodisc reconstituted pMMO was found

to increase methane oxidation activitfddd compared to samples having no exogenous copper
added. Inductively agpled plasmanass spectrometry (IGKS) of nanodisc reconstituted pMMO
provided evidence that theuSQ supplemented samples contained two coppers per protomer,
compared to nosupplemented samples which contained one copper per protomer. NnTDMS was
then ugd to determine which pMMO subunits have copper bound. It was determined that pmoB

6



and pmoC are the copper binding sites. A correlation between the increased methane activity and

occupancy of copper in the pmoC subunit, indicated thaitdes importantor methane oxidatian

Table 1-1 Particulate M ethaneM onooxygenaseX-ray Crystal Structures

PDB Resolution
Methanotroph Year

code A)

1Yw Methylococcus capsulatus (Bath) 2.8 2005

3CHX Methylosinus trichosporium (OB3b) 3.9 2008

3RGB Methylococcus capsulatus (Bath) Reprocessed 2005 2.8 2011

data

3RFR Methylocystis sp. strain M 2.68 2011

4PHZ Methylocystis sp. ATCC49242 Rockwell 2.59 2014

4PI0 Methylocystis sp. ATCC49242 Rockwell (soaked in 3.15 2014

copper)
4PI2 Methylocystis sp. ATCC49242 Rockwell (soaked in zinc) 3.33 2014
6CXH Methylomicrobium alcaliphilum 20Z 2.70 2018

1.5 Soluble Methane Monooxygenase (SMMO)

The studies ofsoluble methane monooxygena@MO) have been principally focused on
enzymes from two bacterial souraaeer the last four decadedethylosinus trichosporiur@B3b

(Mt OB3b)'> 33 34andMethylococcus capsulatiath (Mc Bath)'* 3% %¢These bacteria represent
two major genera that differ in internal membranecditme and pathway for carbon assimilation,
but their sMMOs have proven to be similarstructureand functionAs stated abovesMMO is a
multicomponent metalloenzymand requires three proteins for biologically relevant multiple
turnover catalysis of CHo CH;OH at ambient temperature and pressure: i.) a 245 kDa hydroxylase
(sMMORH), ii) a 38 kDa electron transfer reductase (MMOR), and iii. b&Da regulatory protein

(MMOB) (Schemel-2). 3835 370



Schemel-2 Soluble M ethaneM onooxygenase

MMOB

The sMMO gene clustetincludessix genes mmoX, mmoYmmoB mmoZ,mmoD and
mmoC® The mmoX, mmoYand mmoZ genes express the protein subunits required for the
catalytically active sMMOH. The mmoB and mmoC genes expres$iMOB and MMOR,
respectfully.The mmoDgene expressespaoteinof unknown functiorcalled MMOD.>?2 MMOB
and MMOR interact withsMMOH in an intricate way thatpreciselyregulateste transport of
substrates (two electrons, molecular oxygen, two protons, and methane) to achieve the desired
products (methanol and water).

600 0 ¢ O u 6@Q 0 00U
1.6 Methane Monooxygenase Hydroxylase (sSMMOH)
The overall quaternary structuof the hydroxylasesfIMOH) is homodimeric and each protomer
is composef analpha beta, and gamnuroteinsubunit Figure 1-2).37-4°A dinucleariron cluster
is present in the active site. The cluster igibd in the alpha subunit asdipported by ligands
from a 4-helix bundle In the diferric statethe clusteris coordinated by 4 glutamates, 2 histidines,

and 3hydroxo/aquo ligands=gure 1-3).



Figure 1-2 The quaternary structure of SMMOH
SMMOH is represented as a cartoon and the alpha s
is red, the beta subunit is blue, and the gamma sub
yellow.

Upon the addition of two electrons, either from MMOR or chemical reductants, the diiron
cluster is reduced to the diferrous state. Reduction of the diiron cluster causes a rotomeric
conformatonal change in the side chain of active site residue Glutamate 243 (E243) and
simultaneous displacement of a hydroxo ligand from the diiron cléstarre 1-3). In the diferrous
state, the nonheme diiron active site has the chemical potential to activate molecular oxygen.

Although diferroussMMOH can react with @alone, the catalytic ability cSMMOH is truly

unlocked upon formation of a protein complex with MMOB.



Diferric MMOH

E209
H147 E144
Diferrous MMOH
HOH3 E243
HOH1 ‘ E114
E209
H246

H147 E144

Figure 1-3 Diferric and diferrous sMMOH active site structures.

The top image is of the diferric cluster active site environment and the botton
is of the diferrous active site environment. Amino acid side chains are repr:
as sticks where red is oxygen, blue is nitrogen, and white is carbon. The
cluser is shown as bright orange spheres and the hydroxo/aquo ligai
represented as red sphem@kck lines represent the bonftem the coordinatin
ligands. The major difference between the two oxidation states is the rof
conformation of E24&nd the displacement of HOH2 from the active $#OB
codes 1IMHY and 1FYZ were used to make this figure.
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1.7 Proposed Substrate Transport Routes to the Active Site

In the initial crystal structures eMMOH, the diiron cluster appeared to be completehccessible

to substrated’ “°However, subsequent studies and comparison with other membess lafgh
bacterial multicomponent monooxygenase (BMM) family have revealed potential access routes.
One route is via a conserved BMM structural feature known as thergmios (Figure 1-4).5%5°

The 12A long pore insMMOH extends from the active site pocket directly to the protein surface
t hr ough thelioeshousingtthle diirotcluster and is the shortest path from bulk solvent to
the active site. TheMMOH pore region, like those MM family counterparts phenylalanine
hydroxylase (PHH), toluenefoylene monooxygenase (ToMOand toluene 4 monooxygenase
(T4MO), is lined with conserved threonifeMMOH T213), asparaginéMMOH N214), and
glutamate/glutaminesMOH E240) residues. In diferrisMMOH, E240 and N214 side chains
are solvent exposed, whereas T213 side chain faces the active site. On the rhaségenesis
studies ofToMO andstructural comparisons in T4MO, it has been proposed that one role for the
pore residues is to mediate the transfer of protons from bulk solvent to the diiron center.

A second type of potential access route in the hydrogytamsnponents of many BMM
enzymes is a series of three cavities that trace a loihg03%5 path from the active site to bulk
solvent. IsSMMOH, t he t hr ee c awvsubduniteasd cavityd cohtans the dirdn i n
cluster and active sitérigure 1-4).37 3% 5%6 |t differs from the other BMM enzymes in that the
path between cavities 1 ardis blocked by residue phenylalanine 188 (F188). 3SMiMOH
cavities were characterized by soaking oxidigd®1OH crystals with very high concentrations of
various halogenated substrate and product analogs and by xenon pressurization exp&rithents.
Under these conditions, the product analogs were found bound in all three cavities, whereas Xe
atoms and substrate analogs were found bound to cavities 2 and 3. Accordingly, the cangties w

proposed to serve the dual functions of substrate ingressaf@HQ) and product egress.
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Figure 1-4 Proposed substrate access route in tleMMOH alpha subunit.

In both the top and bottom a cartoopnesentation of the SsMMOH alpha sub
(cyan and gray) is shown. The diiron cluster is represented as orange sph
pore is colored purple and, the chain of cavities is colored red. The botton
is a zoomed in view of the pore region and posadiges (Thr213, Asp214, a
Glu240) are shown as sticks; carbon is cyan, oxygen is red, and nitrogen

1.8 Methane Monooxygenase Reductase (MMOR)

The reductase (MMOR) is a 38 kDa protein that contains two cofactors, a flavin adenine
dinucleotide (FAD) moleculin the Nterminal domairand a [2Fe2S] clusterin the Gterminal
domain®®° In the resting state, each of the irons in the 2] cluste is ferric, andthey are
antiferromagnetically coupleld.The first step irthe electrontransfer process the binding of
NADH to MMOR (Kq = 3.8uM) followed by the transfer of two electroimsthe form of a hydride

ion to FAD.®" ®2Redox potentials faransfer of electrons out of the FAde; E°0 =176+ 7 mV

and B°0 =266+ 15mV.%2 One electron fronteducedFAD is transferred to the diferric [2F2S]

cluger, which has a redox potential 09+ 14 mV, at a rate of 13017 s'.52 At this point of the
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electron transfer process, if MMOR is boundMMOH, thentwo electrondotal will transfer one

at a time from the [2F8S] cluster to theMMOH diferric cluster The FAD semiquinone transfers

the second electron to the [2B8] cluster as an intermediate st&either a X-ray crystal or crye

EM structure of thesMMOH:MMOR complex has been obtained to date, but chemical
crosslinking, NMRhydr ogeni deuterium exchange -MSaangl ed t o
molecular docking studghave provided some details about the interad@ibamical crosdinking

studies using fullength MMOR determined that the reductase binds to the beta subunit of
sSMMOH.% NMR studies using a truncated form Wic Bath MMOR containing the [2F2S]

cluster (MMORFd, Residues 9848), provided information about MMOR residues involved in

the molecular interactions of tsMIMOH:MMOR complex®® Additionally,hy dr ogeni deut er
exchange coupled to mageestrometry (HDXMS) and molecular docking studies of MMGRI

provided evidence that the [2R2&] domain of MMOR binds to the alpha subunisidMOH.%*

1.9 Methane Monooxygenase Regulatory Protein (MMOB)

Nuclear magnetic resonance (NMR) solution structurégtErologoushexpressed MMORBIsing
protein sequencesf two different types of methanotrop, Mt OB3b and Mc Bath have been
obtained* 4 Both NMR structureshowthat he 15 kDa regulatory protein has a dynamie N
terminal tail a folded core region and a dynamic @erminal tail in solution (Figure 1-5).
Additional NMR studies aimed at characterizing lieOB3b sMMOH:MMOB proteincomplex
provided details aboutwhich MMOB amino acidsare involved in the electrostatic interact®n
stabilizing thesMMOH:MMOB complex*® MMOB variants vere created to determine if changes
to the amino acids identified by NMR had a regulatory role in sMMO cas#/$%7 Kinetic
studies showed that mutations in both the core region atatnNnal tail of MMOB effectthe
formation and decay rate congtsof varioussMMO chemical intermediates 2.9 A X-ray crystal
structure of theMc Bath sSMMOH:MMOB complex showed that both the core region and N
terminal tail of MMOBform polar contactsvith SMMOH. As noted above, the-kerminal tail is
dynamic in solution, yet in th¥-ray crystal structure of thiglc BathsMMOH:MMOB complex
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the tail adopts aing-like structure on the surface efIMOH. Additionally, sections of the N

terminal tail transform from hang aloop secondarstructure to a helical secondary structure.

/' N-terminal tail

>\‘\
S— ‘\‘ \ \ P>
Crterminal tail Do
N7 Core region
Figure 1-5 Nuclear magnetic resonance solution structure of MMOB.
Four of the fourteen ensemble structureslofBath MMOB (PDB: 1CKV
are shown superimposed on one another. Teriinal tail is colored re
the Gterminal tail is colored green, and the core region is colored gra
N- and Gterminal tails are mordynamic in solution compared to the ¢
region.
1.10 Conformational Changes in sMMOH when MMOB is Bound
While sSMMOH is capable of oxidizing methane slowly in isolatfBrthe catalytic ability of
SMMOMH is truly unlocked upon formation of a protein complex with MMOB. Kinetic studies have
shownthat the turnover number increases by 150 fold, the rate constant for reaction,with O
increases 100€bld, and the product yield doubl&s®: The 2.9 A crystal structure of the protein
complex ofsMMOH with MMOB has provided many insights into how MMOB regulates the
catalyic cycle’™ Many structural changésn  tstibenitolsMMOH occur, including largescale
movement of secondary structures and rotation of amino acid side chains. Fifteen out of nineteen
Uhelices and eight out of twenfgur loop regions undergo conformational changes while the beta
and gamma subunits remain rigid. The diironrdawating ligands shift and rotateut the distance

between the irons and the coordinating ligands is consedremxcepton isE243where theside

chain carboxylateotates tacoordinate with one iron in a bidentate manner lanayes to bind in
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a nonodentate manner to the other irdime latter change also occursSMMOH alone upon
reduction Figure 1-3),%® ¥so the observation in t@mplex may be due to reductionsMMOH

in the synchrotron beam rather than a direct effect of MMOB binding. The carboxylate shift is
important because it is accompanied by the dissociation of one or both solvent bridges between the

irons, creating a biting site for Q between the irons.

1.11 Overview of Catalytic Cycle

H,0 02 o)
O~ le'Lajé/)/O Hzf 'B\z o
N/Fl O/E\” OpelCg /7
2 e/oj/ N
H20
l ||"Q‘~ /O
:?T TN

CH;OH
cnaorj,o/<\
it
g\
X
0"7:‘:_._“‘0|V---‘0\F i

Figure 1-6 Single turnover catalytic cycle of soluble methane monooxygena:s
Only the diiron cluster oSMMOH is illustrated. MMOB must bg@resent in equ
concentration to the diiron cluster to detect the intermediafed yield. All of the
lettered intermediates except R have been directly detected. Abbreviations: |
regulatory component of SMMGsMMOH, hydroxylase component of sMM
sMMO, soluble methane monooxygenasés HH>*, P, P*, Q, R, and T a
intermediates of the SMMO reaction cycle in whichdh®OH diiron clusters al
proposed to have the structures indicated in the figure.

The single turnover catalytic cycle of sMM{ustrated inFigure 1-6 has been studied in detail

for the case in which MMOB aralliMOH are present and reduction of the difedMOH diiron
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cluster @) is carried out using chemical reductants rather than MMOR and NADPAH Y6 The
resultingMMOH"™*MMOB complex reacts rapidly with Qo form intermediaté.®® The diiron
clusters oH™® andO exhibit identical optical and EPR spectra. The EPR spectra are characterized
by asignal atg = 16 arising from ferromagnetic coupling of the two high spin2 irons to yield
anS= 4 species®* "' This unique signal proved useful in tracking the kinetics of interme@ate
conversion through the application of rapid freeze quench (RFQ) techfigif@$e occurrence

of O was established by the finding that the formation ratestamts for all subsequent
intermediates in the catalytic cycle are independent.afdDdcentratiolf® thereby requiring the
irreversible formation of an intermediate betwet# and the downstream intermediateseTack

of spectroscopic change suggests @aas Q bound in the active site but not to the diiron cluster.

In general, the binding and activation of 6y the iron atoms occurs through a metaligand
transfer of electrons. Two chromophorically adelcgonically distinct intermediate®t and P)

have been characterized in this process that culminates in the cleavage-@ then@ to generate

the reactive intermediate term@&d® 73 75 76 can react directly with methane to insert an oxygen
atom into me of the GH bonds. Our proposal for the mechanism envisioned a hydrogen atom
abstraction reaction to yield a clustesund hydroxyl radical and a methyl radical species termed
R.%8 7880 gybsequent recombination of the radicals would yield the bound methanol product
complexT . Finally, release of methanol frofmwould reformH* in the ratelimiting step of the
overall reactiorf. It is interesting to note that in the absence of MMOB, the reaction with O
form eitherO or P* becomes the ratimiting step® Thus, the dramatic influence of MMOB on

the progressfahe reaction was immediately clear from early experiments.

It is important to mention at this point that, unlike most enzyme systems, the rate constants
for the steps in the SMMO catalytic cycle decrease as the cycle progresses SQatettets over
several seconds in the absence of metfamais favorable kinetic scenario enabld® RFQ
trapping of the intermediates as they occurred in the single turnover cycle for detailed spectroscopic
characterization. Also, even though methane is the only metabolically relevant substrate for sMMO,
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the enzyme is promiscuous in nature andaxitlize a large range of alternative Apolar aliphatic
and aromatic compound3® “This catalytic versatility allowed many types of studies twbpr
the mechanism. The following sections describe the current understanding of the nature of the key

reaction cycle intermediates.

1.12 Intermediate P*

Intermediate®© andP* have similar broad, weak absorption spectra in the visible region, with that
of P* being very slightly more intense between 325 and 700°1e discovery oP* was based

on two indirect observations: (i) The rate constantQodecay monitored at 350 nm or via the
decay of itsy = 16 EPR spectruthis significantly faster than the formation rate constant for
intermediateP followed at 700 nmand (ii) The rate constant fGrdecay is pH independent while
that for P formation is strongly pH dependefit’® The direct spectroscopic characterization of
intermediatdP* was facilitated by the use of the MMOB mutant H33A (see below) that enhanced
the yield of P* by decreasig its decay rate constant while leaving its formation rate constant
unaffected’* The observed loss of tlye= 16 EPRsignal during®* formation led to the assumption
that P* would have one or both irons in the ferric st&té&However, RFQ EPR and Mdssbauer
studies ofP* showed that it is a diferrous species that does not possegs-ttié signafl® We
proposed that subtle electronic changd®*ims Q begins the metal binding process cause the loss
of theg = 16 signal without net oxidation of the diiron cluster. An intermediate bet@esmd P

is also observed in thec Bath SMMOH catalytic cyde,” but it appears to be diferric peroxo
species similar t@.

1.13 Intermediate P

IntermediateP (Hperoxo in Mc BathsSMMOH) has a broad electronic absorption spectrum with a
band at 700 nnfereo = 2500 M! cml) that is characteristic of a peroxo specieg®> ®The
Mossbauer spectrum &f (d= 0.66 mm/sDEg = 1.53 mm/s) indicates that the iron atoms are

present in the ferric oxidation state. ThRds designated as a diirdhl) -peroxo species. In the
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absence of a resonance Raman characterizatiBntbé binding mode of the peroxo moiety is an
open question. However, a comparison with vibrationally characterized peroxo intermediates in
related diron systems and synthetic model compounds possessing similar spectroscopic features
suggests either@s- or trans-/771,2 binding modé* 8 A comparison of the Mdssbauer isomer shift
with those of protonated and deprotonated peroxo intermediatgstireic model compounds of
mononuclear F&-peroxo complexes suggests thateprotonated peroxo ligand is presenPiff
However, no model complexes for protonated diiron complexes have yet been synthesized. There
is no observed reaction Bfwith hydrocarbon substrat@®although reaction with easily oxidized
substrates has been descrifetf

The rate constants for both formation and decdwére found to increase with a decrease
in pH from 8.5 to 6.8% ®Proton inventory studies in which.8 is progressively replaced with
DO in the buffer showed that a s-hapbeppooéss
a donor group with a fractionation factor near 1 an&avalue of 7.6’ A water molecule bound
to ore of the iron atoms, as seen consistently in crystal structures, is believed to be the most likely
source of the protof? If the peroxebridge inP is unprotonated, it is possible that the proton
transfer is to the carboxylate function of one of the Glu ligands to the diirorrcl8sich a transfer
is supported by studies with synthetic diiron model compound mimies$‘f
1.14 Intermediates Qand T
The rate constant for formation @fis independent of substrate concentration, but the decay rate
constant exhibits a linear dependence for most substfataescontrast to the preceding
intermediates in the reaction cyclg, possesses an intense electronic absorption spectrum with
bands at 330 and 430 nmsg%= 9800 M! cnmit e430 = 7500 M! cm?) (Figure 1-7A).%8 8 The
Mossbauer spectrum o in Mt OB3b sMMOH indicates the presence of two anti
ferromagnetically coupled higbpin F&’ atoms in similar electronic environmenis=£ 0.17 mm/s,

DEq = 0.53 mm/s) Figure 1-7B).8¢ To date, this is the only characterized biolob@eample of a
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dinuclear F¥ cluster. The irons itMc Bath sSMMOQ are also both F¢ but Mossbauer shows
they reside in slightly dissimilar electronic environmeat¥’

The timeresolved resonance Raman spectrunQofFigure 1-7C) exhibits an Fe&D
vibrational mode at 690 ckwhen generated wittfO, that downshifts to 654 ctnwhen made
with 80,8 Upon the formation of) with the mixedlabel G isotope!®00O, an intermediate
vibrationd mode is observed at 673 ¢nBased upon a comparison with the vibrational spectra of
model complexes, the frequencies and isotopic shiftd foatch those of the teti@omic vibration
ofaFe-(mO&di amond cor ed s tRgurelt7ustTae®QWOllabaling pattexrt e d
also indicates that botbxygen atoms from ©are retained in the diamond core upon conversion
from intermediatdP to Q, an observation that lends support to a homolytic cleavage model of the
O-0 bond. Upon reaction @ with methane, one of the oxygen atoms is transferred tadiiganol
product®® A new vibrational mode at 556 chthat down shifts to 533 cifor samples mpared
with 180, was observe# showing that the second atom of oxygen fropisQetainedn the mone

moxo bridged diferric cluster of the product complex

19



__120004 B
e Diamond Core Q 0
5100004 ,* o
£ | = < | Méssbauer
= 8000 330 _@ o/<\ ):m S i
‘G 000 Ett4 o / ? o 0 s
5 9'“"\; - i —Qiit
8 . "‘.— e a '
S 4000 ) 700 800 ) i
5 UV-Vis * Wavelength tnm] W47 7 } \ § s §=017mms’
T 2000 * . / T2 < A=0.53mm s
5 0 Difference spectrum = Q - H’.“" ot Fls < ’(
300 350 400 450 500 550 600 650 700 H L L "
Wavelength (nm) 2 0
0 Velocity (mmy/s)
— Diamond Core Model D C P
— Open Core Model 654 15 ,6
z—aq Open Core Q : r.‘g:}. <.
=4
2 Ezu 0O, source
z Pre-edge XAS _E ,LEM ! -, A Tigng &
= ' =
E Ef14 o |e|/ (0 _4_ "0, ‘g
] "“-T/F ' S NN =t
g H14T O ! : ‘ . 1 l 002 1302 8
51“ H248 i . 150, - ¥0"0 %
. " R " —+TA— H0410)) £
7110 7112 7114 7116 7118 -*0"0
Energy (eV) Raman shlft (cm-1) w

Figure 1-7 Experimental evidence favoring a diamond core @ver an open core Q.

(a) UV-Vis features at 330, 430, and 800 nm vhiiph-extinction coefficients characteris
of diamond core model complexes; éb$ingle Méssbauer quadrupole double showing
the irons are in similar environmentshich is inconsistent with thgingle F& = O of the
open core structure; and (c)esonancékaman feature at 690 crwith the isotopic shiff
characteristic of diamond core tewomic vibration. Experimental evidence favoring

open cord) includes(d) pre-edge XAS intensity and EXAFS spectra similar to those
open core model.

An early Méssbauer and EXAFS investigation®@fprovided the first indication that it
might have a diamond core structure. The tw¥ Boms were found to be 2.46 A apart and each
iron was found to have F@ bonds of 1.77 A and 2.05 A that could notassigned to protein
ligands® The FeO bonds are too long to be assigned as d=Bemoiety based on model
compounds$! The most reasonable structure to account for these characteristics isntoadlia
core. In the last two decades since the EXAFS stud®,oh large range of synthetic model
compound mimics of have been generatédimprovements to the XAS technique, such as Fe
Ka high-energyresolution fluorescenedetected XAS (HERFD XAS) have also enhanced the
resolution of the predge XAS features. A recent study employed both of these advances along
with time-dependent dengifunctional theory calculations to study the-eage XAS spectrum of

Q (Figure 1-7).°2 The preedge intensity of) was observed to be three times higher than those of
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a diamond core model complex, but comparable to that of anagrermodel complex contairgn
a terminal F&=0 and a monanroxo bridging moiety (illustrated iRigure 1-7).

The open core model f@ finds support from the observation that omeme and diamond
core model compounds with the same ligand environment exhibit vastly different oxidizing
reactivity.®®> The opercore species with a terminal oxo moiety was found to be 1000 times more
reactive than the diamond core model (after spin state compensation). It is important to add a caveat
that a diamond core model complex with higgin iron §= 2) atoms like those @ has not yet
been generatéd Nonetheless, both the XAS and model studies suggest a role for a teriffin@l Fe
moiety in the reaction ith methane. One possibility is th@tmay exist in an equilibrium between
opencore and diamond core structures in which the more potentanerstructure can react with

methane.

1.15 Chemical Mechanism of sMMO

The remarkable ability of SMMO to catalyze one of the most difficult oxidation reactions in organic
chemistry at room temperature and halt after a single oxygen transfer has encouraged many
experimental and computational attempts to understand the menh@his computational studies

have all been based on the saXamy crystal structures 1 andH"™ but differences in the size

of the adopted active site model and the specific method employed (e.g. choice of density function
theory (DFT) functional, QMMM approaches) have resulted in significantly different proposed
mechanisms. Generally, the mechanisms for th€kond breaking and oxygen insertion reactions

fall into the traditional concerted or n@oncerted class&$* The experimental results are readily
accounted for by the neroncerted models. Hawer, it has been shown that the concerted
mechanisms can also account for the experimental observations under special conditions (e.g.
formation of an F&C bond that causes distortion of the tetrahedral symmetry of the substrate
carbon!®: asynchrony of vibrational modes in the bond breaking and bond forming reactions in

the transition stat®? or coordinated electrophilic and nucleophilic attack by tw=f2 moieties
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leading to the formation of a pentavalent carbon spetfiekt is unclear whether these special
conditions are possible in a biological system. The most recent computations have utilized a large
model and employed mole@aulmechanic methods to assess the role of the protein beyond the first

sphere of the metal8* These models favor a hydrogen atom abstraction reaction.

1.16 Key Insights into Mechanism from Chiral Substrate Reactions

The chemical mechanism of cytochrome P450 oxygewaseproposed by our group and others
as a model fosMMO catalysis® 3 1%This mechanism involves abstraction of a hydrogm

from the substrate by the hemeE© p cation radical reactive species to give a substrate radical
and heme F¥%-OH.1%¢ 197"Rebound of the hydroxyl radical to the substrate radical completes the
hydroxylation reaction. Th& intermediate of SMMO is electronically equivalent to tieme
FeéV=0 p cation radical and might be expected to carry out similar chemigteydirect detection

of a transient substrate radical intermediate is almost impossibleledngitheultrashort lifetimes
expected for such speciaden the reactive hydroxyl radical associated with the diiron cluster is
nearby in the active sit®©ne type ofindirect detection employed the use of chimgtlrocarbon
substrategFigure 1-8A). TheMt OB3b sMMO catalyzedxidation of chiral carrier freg(R) and

(S 1-[?H1,3H1] ethane to ethanol proceeded wi#¥Binversion of stereochemistf§Likewise, the
chiral ethane and chiral butane hydroxylation reactions MitlBathsMMO displayed a 28% and
23% inversion oftereochemistryrespectively®® These results are consistent with formatid@a
radical or cation intermediate, but the lack of complete racemization suggests a very short lifetime
on the order of a <€ bond rotationK = 10'?to 10:*s?). This rate constant is too fast for a physical
motion of the hydroxyl group asritbounds onto the substrate radical, indicating that hydroxylation
in SMMO is subtly different from a classical tvebep radical mechanisattributed to P450A
computational model assuming a "caged" structure that locks the radical species in closé/proxim

provides a reasonable explanation for these observatibHs: 110
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Figure 1-8 Examples of experlmental evidence for radical or cation intermediates
(@) Chiral ethane is carerted to chiral ethanol with 34% inversion of stereochemist
soluble methane monooxygenase (sMMO), implying an intermediate with a lifet
ps.(b) Products from the norcarane reaction with sMMO show primarily radical (lif
<20 ps) but also cin intermediates.
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1.17 Radical Clock Reactions

A large variety of radical clock compounds have been used as sSMMO substrates to assess the
presence of transient radical intermedigtese example ifFigure 1-8B).7® 80 11113 |n symmary,
rearranged products derived from both radical and cation substrate intermediates have been
observedor severatadical clock compoundsiowever, the lack of correlation between rearranged
product yield andearrangement rates for the radical closikggests that steric factors in the active

site alter how radical clock substrates are present@d The role of steric factors in the oxidat

reaction agrees witlearlier experiments probing the stereochemistry of isopentane oxidation,
where it was observed that the least sterically hindered carbon atom of isopentane was
preferentially hydroxylatedespite its stronger-8 bonds'**While radical clock sMMO substrates

can only baised qualitatively, #y do indicate in all cases that the radical lifetimes are skewyt

(krebouna™> 10*° s, consistent with the results of the chiral substrate experiments.

1.18 Isotope Effect Studies

The chromophore d allows the reaction with substrates to be directlyeob=d. We are aware

of no other case in which the specific oxygen transfer step can be studied independently of other
steps in the reaction cycle. One application of this experimental advantage was the direct
determination of théntermolecular deuteriumitetic isotope effecfKIE) on the rate constant of

theQ reactionwith methangFigure 1-9). The KIE value of 50 for this reaction is one of ldugest

for anybiological systenf® & 115A KIE value of his order unequivocally indicates theHCbond
breaking step is the primary determinant in the reaction coordinate of methane oxidaflon by
Remarkably, hydrocarbombstrates with a molecular size larger than methanedfildisplay a

KIE.%® As in the case of the chiral substrate and radical clock experiments, the observation of a

large KIE is clearly supportive of a namoncerted mechanism.
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Figure 1-9 Arrhenius plots for intermediate Q reaction with substrates.

The large KIE for methane reaction wihand the lack of a KIE for the reaction with etk

are illustrated. Only the Arrhenius plot for the methane reaction exhibits a break ¢

change in the ratBmiting step in the accessible temperature rangbsfate concentrati

= 400uM
1.19 Quantum Tunneling in the sSMMO Reaction
The muchlarger than classicéimiting value(< 7) for the primary intermolecular deuterium KIE
for methane reaction wit) suggestshe presence of a hydrogen atom tunneling corttdbun
the GH bond breaking reaction of methane(yA definitive proof of hydrogetunnelingrequires
kinetic studies over a much larger temperature range than is possible with $¥INtfvever a
plot of In KIE versus 1/Tn the temperature range whereHbond breaking is ratimiting shows
a positive slope of 3.4, which is larger than an expected value of 1.25 based upon a difference in
the zero point bondissociation energy for the isotog@d his value is similar to those obtained

from other enzymes demonstratedetdibit tunneling'!’ supporting a role fotunneling in the
reaction ofQ with methané*®

1.20 Regulation of sMMO

Oxygenases in general, and sMMO in particular, must employ mechanisms to ensure that the
powerful reactive species they generate react with substrates with high specificity. A second
regulatory consideration for monooxygeesss the requirement to couple reducing equivalents
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utilized to initiate Q activation with substrate oxygenation. The most common form of regulation

in oxygenases involves the initiation of the catalytic cycle solely in the presence of substrate, but
mary other strategies have been descrid&t#® Regulation in SMMO plays out at many different
stages during the catalytic cycle. However, it does not appear that regulation by substrate triggering
of oxygen activation is utilized, because none of the rate constants ti@daghation are affected

by the presence of hydrocarbon substr&teMMO must be capable of overcoming two major
regulatoryhurdles. First, all of the alternative substrates of SMMO are easier to oxidize than
methane but metabolically useless to a methanotroph, so a mechanism to favor methane oxidation
must be present. Second, the enzyme must have a mechanism to prevent MMQ@EdficingQ

before it can react with methane. The effector protein MMOB appears to play a pivotal role in
overcoming these hurdles.

1.21 Role of MMOB in Controlling Oz Binding to the Diiron Cluster

MMOB greatly accelerates the first steps of the reacti@tedgading ultimately t&® formation.

Some insight into the mechanism by which this change occurs has been provided by CD, MCD and
VTVH MCD spectroscopies and ligand field (LF) and DFT calculatidhs?® These studies
showed that t& binding of MMOB caused two types of structural changd4'4th CD indicated

that there is a global change in the diiron cluster environment, while MCD and VTVH MCD
showed that there is also a local change at one of the irons. In contrast, M\Mi@&s that did

not accelerate the Minding steps caused only the MCD and VTVH MCD changes, showing that
global change in sSMMOH structure detected by CD is also required for full activity. The possible
significance of this global structural changeiscdssedn sectionl.22

1.22 Role of MMOB in Gating Methane Substrate into sMMOH

The unexpected linear change in the rate consta@tagcaywith substrate concentrah has at

least two reasonable explanatiéhs'®Either the reactiois truly second order in which collision

of activatedsMMOH with the substrate results in immediate oxygen transfer, or the collision results
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in slow complex formation followed by very rapid reaction w2h Experimental evidence has
been collected favorgthe second option. One approach was to determine the rate con§pant of
decay as a function of temperature. Typically, the Arrhenius plots from such an experiment are
linear, and this is what is observed for fully deuterated methane and all substhatethain
methangFigure 1-9). In contrast, the use of methane as the substrate causes the plot to display a
discrete breakpoirit It was proposed that the ndinear Arrhenius plots indicated the presence of
two chemical steps in the decay @fwith methane, nominally substrate binding followed by
reaction withQ. If the activation parameters for these two steps are different, then thienitite
step might change in the temperature range of the experiment. Fully deuterated methane has a much
slower reaction withQ,®® so its reaction might be ratiniting throughout the observable
temperature range. On the othand, if substrates larger than methane bind slowly, binding might
be ratelimiting at all accessible temperatures. In support of this scenario, the absence of a substrate
KIE in the Q decay reaction with ethane and other larger substrates indicatédetlsatbstrate
binding step is ratémiting for all substrates larger in size than methane. The combination of size
restricted binding and very fast reaction w@idue to weaker ¢4 bonds means that the observed
rate constants for all substrates othenthethane do not reflect the BDE of the bond. Thus, the
comparatively fast rate constant for methane reaction is reflective of its size rather than its stability.
We termed this the "molecular sieve" effecsbMOH to suggest that something in its struetu
is size selective for molecules the size of metHane

The molecular sieve effect was investigated further usingQBMariants. The interface
between MMOB andMMOH was first identified by crosknking and spectroscopic studi¢s®:
63.129132 and then confirmed by the-dy crystal structure of tr@MIMOH:MMOB complex The
biophysical studies allowed the selection of four key MMOB residues in the center of the interface.
These residues werhanged to smaller residues in MMOB framtOB3 b t o f orm t he
variant (N107G/S109A/S110A/T111AMnalysis of the reaction cycle kinetics in the presence of
this variant showed the following perturbations: (i) a substantial increase in the ragntomnst
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reaction ofQ with large substrates like nitrobenzene and furan, (ii) faster release of products from
large substrates from the active site, and (iii) a decrease in the rate con$pargaation with

methane Figure 1-10A).%> "2 The enhancement in the decay rate constaf ahd accelerated

product release observed for large substrates was interpreted to suggest that the smaller residues in
the sSMMOH:MMOB interface effectively increase the pore size of the molecular sieve. Another
method to validate the molecular sieve hypothesis was to show that increasing access to larger
substrates using the Quad variant would malté Iibnd cleavage rate litmg and allow a KIE to

be detected. Accordingly, a KIE of 2.0 was observed for etffaflee location of the putative
molecular sieve pore is unknown. However, the well characterssé@®dOH pore region
immediately over the active site where the Quad variant binds woulgbssiblecandidateIn

the studies described in this thesis,shew that there is a better candidate for the molecular sieve.
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Figure 1-10 Regulatory effects of MMOB revealed by variants.

(a) Linear substrate concentration dependence ofQttdecay rate constant. The g

variant ofMt OB3b MMOB increases the secoendler rate constant for larger substr

by opening the molecular sieve and decreases that for the methane reaction ows

of tunneling.(b) The T111Y variant oMt OB3b appears to open the active site, remc

the molecular sieve effect and tunneling. Accordingly, the rate constants for meth

ethane reaction witl) reflect the GH BDE of the molecules.

A competingproposal for a route of methane (and perhagse@try into thesMMOH active
site invokes the series of interconnected hydrophobic cavits8dsNfOH described above-{gure
1-4).1%n support of this proposal, mutagenesis and kinetic studies with the related ToMO enzyme
suggested that @ntersthe active site using an analogous rdttélowever, the series of cavities
in sSMMOH is 357 40 A long and would likely fill with methane as it does with halogenated alkanes
and xenon in the crystallographic experiments thaewsed to demonstrate its existence. If this

is the case, methane would be delivere@tfsom a bound state in the channel rather than from

solution, so the rate constant for the reaction would not appear to be linear with methane

29



concentration. The reach would also not be likely to become rditeited by methane binding at
low temperature as seen in the Arrhenius plots.

The linear substrate concentration dependence suggests that no matter how substrate binding
is regulated, a structural change mustuncasQ is formed to permit substrate entry from bulk
solvent. In this context, the observation that the pore is closed in the oxidized (and likely reduced)
sSMMOH:MMOB complex is in accord with the kinetic data. The competing models for regulation
of substate binding could, in principle, be tested by mak#WMOH variants. Unfortunately,
heterologous expression sNIMOH has not been successful despite the sustained efforts of many

research groups. Promising approaches using homologous expression haepdted>>13’

1.23 Role of MMOB in Regulating Quantum Tunneling in Methane Oxidation

Quantum tunneling plays a major role in methane fmgsibly not ethane oxygenation, as
evidenced by the ethane KIE in the classical range even when the molecular sieve is opened using
the Quad variant. Importantly, the KIE for methane is decreased feotartheling range of 50 to

the classical range of 6 when this variant is used, suggesting that tunneling has been compromised.
Thus, the conformational changes caused by MMOB irstiidOH:MMOB complex not only

open the active site for methane, but theyp disect the approach of methane to the diiron cluster

to optimize orbital overlap required for tunnelif§ The same preciseMMOH active site
structural changes apparently do not occur whesMidOH:MMOB interfece is perturbed by the

use of MMOB variants as indicated by the lack of CD spectral change noted above. When wild
type MMOB is used, ethane is not granted easy access and once in the active site, its oxygenation
does not occur preferentially by tunnelifipgether these effects account for the ~4f0 rate
advantage given to methane over ethane based on their roughly equal rate constants of reaction
with Q despite a 5 kcal/mole difference in BDE. One way to test this proposal arose from the
finding thatthe T111Y variant of MMOB appeared to interact valthMOH in a way that opened

the active site completely, thereby removing both the sizing and tunneling advantages given to
methane® The Inkossvs BDE plot shown irfFigure 1-10B for normal and deuterated methane and
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ethane was found to be linear and also demonstrated the expected differences in rate constant due

purely to the strength of the hydrocarbon bonds.

1.24 Regulation by the N-terminal and C-terminal Regions of MMOB

There are regions other than the weltled core of MMOB where mutations alter the rate constants
of chemical steps at trIMOH diiron cluster. For example, deletion of the first29 residues

of theN-terminal region of MMOB abolishes steady state actitfty 1> *Among the sustitution
mutants, the H33A and H5A MMOB variants decrease the rate constant of convei3ioto &f

andP to Q, respectively! This effect might be attributed to a role for histidine in providing the
protons required for these steps. Howewbe proton inventory plots for these steps are not
compatible with multistep transfer of the protons, which would be required from surface histidines.
Alternatively, a loss of ability to effect a structural change at the diiron cluster by the H33A and
H5A variants could be responsible for the slow formatioR ahdQ.

The Gterminal region of MMOB is also implicated in the regulation of kinetic steps in the
catalytic cycle. Deletion mutants decreased the rate constant of formation of interrRealiate
lowered the steadgtate turnover number associated witldecay!*® Moreover, these variants
resulted in a large uncoupling of the reaction owing to a dissociation of peroxid.fidms, the
regulatory role of MMOB extends to ensuring a properly coupled turnover system to meximi
product yield and prevent the generation of toxic reactive oxygen species.

1.25 Continuous Binding of MMOB During Catalysis

When all of the MMOB variants tested to date are considered together, at least one can be found
that alters the rate constant for eatdp in the catalytic cyck& "*One applicdbn of these variants

has been to test whether MMOB dissociates feMiMIOH during the reaction cycle. When the
reaction was initiated in the presence of two MMOB variants that affect the rate constants of
different steps, the time course of the reactiomaonly be simulated under the assumption that

no MMOB dissociation of either variant occurred betweehi@ding and product release
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1.26 Role of MMOB in the Regulation of Electron Transfer to the Diiron Cluster

The presence of reduced MMOR during single turnover reactions significantly lowers product yield
unless MMOB is also presefit This observation sugges that MMOB plays a role in preventing

the transfer of electrons @ from MMOR. One way in which this might be implemented is if the
SMMOH:MMOB complex at theQ stage of the reaction cycle blocks formation of the
SMMOH:MMOR™ complex. Conflicting results remain over whether MMOB and MMOR
compete with each other for bindirslylMOH at any stage of the cycté %2 However, early
chemical crosdinking studies showed that a MMOR crdsis to the beta suburof sSMMOH .63
Recent hydrogedeuterium exchange coupled to mapsctrometry experiments showed that
SMMOH:MMOR interface in theMc Bath sSMMO system overlaps with ttsvIMOH:MMOB
binding surface* Taking all of these findings into account, a model has emerged where reduced
MMOR binds diferricsMMOH and reduces the diiron cluster. MMOB then displaces MMOR from
the pore region c§MMOH, whereupon the catalytic cycle starts with ihding® The finding
described above that MMOB remains bound throughout the remainder of the cycle explains why
MMOR does not rebind to quen€hby electron transfer. One potential pierin with this scenario

is that the affinity of MMOB foMt OB3b sMMOH in the diferric state is very high (68 nM) and
decreases at least 3 orders of magnitude 8REBOH is reduced? These values were directly
measured by fluorescence titration of MMOB labeled with a fluorophore, but they are also in accord
with the 132 mV decrease in the redox potenticdMOH when the complex with MMOB is
formed'*® The high affinity of MMOB forMc Bath sMMOH was not observetf* but a similar

shift in redox potential was report&# which requires a large decrease in affinity. Consequently,
for regulation by component displacement proposal to be correct, the affinity of MMVOR
MMOH®* must be even higher than that of MMOB, and the opposite must be true for MMOR
binding toMMOH'4, The observed shift in redox potential coupled to binding for formation of the

SMMOH:MMOR complex does not support this model for MMOR bindifigHowever, the
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hysteretic effects of MMOR osBVIMOH make the shift difficult to measufé: *¢Many of the

guestions raisgin thesepast studies are directly addressed in this dissertation.

1.27 Scope of Present Work

Four decades of soluble methane monooxygenase (sMMO) re$eareprovided much detail
about how Nature catalyzes the activation of molecular oxygen and subsequent hydroxylati
methane to methanol at ambient temperature and pregdimeugh much has been discovered,
the most difficult questions regarding the molecular details of sMMG@ulation remain
unanswered. As explained above, the exact structutikeofctive sitevhen intermediateQ is
formedremains unknown, the structural mechanisms that regulate the transport of substrates are
not well understood, and the precise timing of protein interactions during the catalytic cycle is still
a mystery. This dissertation piides experimental evidence furthering our understanding in the
three areas just mentiondéchapter2 describes howigh-resolutionX-ray crystal structures of the
sMMOH:MMOB complex were obtainedsinga methodology termed serial femtosecofiday
crystalbgraphy Subsequentralyss of the structural data provides molecular details of the affect
MMOB has onsMMOH structure Chapter 3 further explordmw themolecular structure of the
sMMOH:MMOB complex regulates the transport of substratesu@ural data coupled with
transient kineticoof MMOB variantsprovides evidence of a transient molecular tunnel sized
uniquely to transport molecular oxygand methan@to the active site. Chapter foumvestigdes

the protein interactions betwesMOH, MMOB, and MMOR in solution usingF-NMR. Based

on these studies, @mew model is proposed describing how MMOR and MMOB interact with

SMMOH so that catalysis is driven forward.

33



Chapter 2 High-Resolution XFEL Structure of the Soluble Methane
Monooxygenase Hydroxylase Complex with its Regulatory Component at
Ambient Temperature in Two Oxidation States

Portions of this chapter are reprinted and adapted with permission ¥tigek Srinivas, Rahul
Banerjee, Hugd.ebrette, Jason C. Jones, Oskar AurelinsSik Kim, Cindy C. Pham, Sheraz
Gul,Kyle D. Sutherlin, Asmit Bhowmick, Juliane John, EBazkurt, Thomas Fransson, Pierre
Aller, Agata Butryn, Isabel Bogacz, Philipp Simon, Stephen Keable, Alexander Britz, kéensu
Tono, Kyung Sook Kim, Saryoun Park, Sang Jae Lee, Jaehyun Park, Roberto Aldioso"
Franklin D. Fuller Alexander Batyuk, Aaron S. Brewster, Uwe BergmaNicholas K. Sauter,
Allen M. Orville, Vittal K. Yachandra, Junko YarfoJohn D. Lipscomb, JanKern* and Martin
Hogbont J. Am. Chem. S0@2020,142, 1424914266.© 2020 American Chemical Society

My contributions to this project wereconceiving and planning the experimensample
preparation, participatin onsite experimentat LCLS (California) and SACLA (Japan) XFEL
facilities, trouble shoot the experimental setapalyzdthe resultsdraft manuscript preparation,

and review/approve the final manuscript.
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2.1 Synopsis

Soluble methane monooxygenase (sMM©a multicomponent metalloenzyme that catalyzes the
conversion of methane to methanol at ambient temperature asimmgheme, oxygebridged
dinuclear iron cluster in the active site. Structural changes in the hydroxylase component (sSMMOH)
containing tle diiron cluster caused by complex formation with a regulatory component (MMOB)
and by iron reduction are important for the regulation pé€ivation and substrate hydroxylation.
Structural studies of metalloenzymes using traditional synchrtsaisad Xray crystallography are

often complicated by partial-Kay-induced photoreduction of the metal center, thereby obviating
determination of tl structure othe enzyme irpure oxidation states. Here microcrystals of the
sSMMOH:MMOB complex fromMethylosinus trichosporiur®@B3b were serially exposed terdy

free electron laser (XFEL) pulses, where 8B fs duration of exposure of an individuaystal

yields diffraction datebefore photoreductiemduced structural changes can maniféstrging
diffraction patterns obtained from thousands of crygialseratesadiation damage free, 1.95 A
resolution crystal structures for the fully oxidized &mity reducedstates of theMMOH:MMOB
complex for the first time. The results provide new insight into the manner by which the diiron
cluster and the active site environment are reorganized by the regulatory protein componentin order
to enhance the step$ oxygen activation and methane oxidation. This study also emphasizes the
value of XFEL and serial femtosecond crystallograpt§~X) methodsfor investigating the

structures of metalloenzymes with radiation sensitive metal active sites.
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2.2 Introduction
The soluble form of methane monooxygenase (sMMO) isolated from methanotrophic bacteria
catalyzes the oxygenation of methane to methanol at room temperature withcatidagon?

CHs+ O+ NADH + H*'Y  CsBH + HO + NAD*
This enzyme, and a structurally unrelated membianed methane monooxygenase (pMMO)
produced by methanotrophs when the solution copper to biomass ratio exceedsmoBg?
protein, prevent the atmospheric egress of aeldirgction of the global production of biogenic
methaneé?” 148The significant contributiomf methane in the atmosphere to global warming is a
cause of current concern, highlighting the importance of SMMO and pMMO to economic, health,
and societal policie¥: !’ The remarkable catalytic prowess of these enzymes also stimulates
research into the generation of biomimetic synthetic catalysts faodisliid conversion, awell
as the bioengineering of novel pathways into organisms to make-a@dleel products from
methang? 149

The sMMO enzyme consists of three protein components: a 245aldgp bydroxylase
(SMMOH), a 37 kDa FAD and F&; clustercontaining reductase (MMOR), and a 15&D
regulatory protein (MMOBS: 14 3335 "1The active site is buried deep within sMMOH and contains
an oxygerbridged dinuclear Fecluster in which the irons are bridged by two hydroxo riese
and a carboxylate from Glu144 38 40. 150After reduction, the diiron cluster functions to activate
O, and insert an oxygen atom into a highly &ai05 kcal/mol bond dissociation energyHC
bond of methan& 1°!

Although chemically reduced sSsMMOH can carry out the oxygenation chemistry‘atone,
the reaction only proceeds at a physiologically relevant rate when sMMOH is complexed with
MMOB. 32 63 89\Many regulatory functions of MMOB have been discovet®@chéme2-1),'° but
its most important effestare to decrease the redox potential of the diiron cluster by 132 mV,

accelerate ©binding by 100&fold, increase the turnover number ifed, and tune SMMOH to
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selectively bind and oxygenate methane over other more easily oxidized hydrocafdjonisi*
Indeed, the interaction of SMMOH with MMOB is so central to SMMO catalysis that the chemistry
catalyzed by tld remarkable enzyme cannot be fully appreciated withisoelucidatingall of the

regulatory functions of MMOB.

MMOH E®
l HaSzShunt down 132 mV
dg?,f/a: é‘f}g]d A O, reactivity

up 1000-fold

Product \

release €«— MMOH:MMOB —PT yandQ

k :
up 150-fold / \ formation
Q reactivity

Primary carbon 7 Tup 4000-fold
hydroxylation
Substrate access
& size selectivity

Scheme2-1 The regulatory functions of MMOB on sSMMO catalysis

The complex between MMOB drsMMOH has been structurally characterized by both
spectroscopic and crystallographic approaches in order to understand the mechanism of regulation
by MMOB,.33 4446, 70. 77, 131, 14T he corestructuralregion of MMOB binds to the surface of SMMOH
approximatey 12 A above the diiron cluster. An extend@@residueN-terminal tail region of
MMOB is disordered in solution, butwas observed to bind to the SMMOH surface in the structure
of theoxidizedsMMOH:MMOB complex of sMMO isolated fromlethylococcus capsulatiath
(Mc Bath)#+ 45 ™®These structural observations have been supported by transient kinetic and
mutagenic studies, which have shown that the core region and bothahne Bterminal regions
of MMOB affect therate constants of steps throughout the reaction €§¢éle’*: 14°

Despite the clues provided by the structural and biochemical studies, the mechanisms by
which MMOB exerts itamany effects on oxygen activation and other aspects of the reaction are
largely unknown. The absence of a structure of reduced SMMOH in complex with MMOB has held

back our understanding of this regulation, as this is the key enzymatic state that istpniezed
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with O.. Structural studies of uncomplexed sSsMMOH have shown that reduction of the diiron cluster
causes a shift in the position of Glu243, a monodentate ligand to Fe2 in the diferric cluster as

illustrated h Scheme2-2. 38

Scheme2-2 Carboxylate Shift in the Diiron Cluster of SMMOH Upon Reduction

HOH- - - o*‘\/

E114\F\e”"o\ E209 ? E114 ‘ —O\, / E209
/ III

147 HO/\ 2e’, 2H" 147 O‘" /\

07/ 1146 7/ | 146
£ p144

In the shifted position, Glu243 bridges Fel and Fe2 via one of its carboxylate oxygens,
thereby directly displacing one of the bridging solvents. The secdddiny solvent bond is
weakened, which presumably allows facile displacement bjo®egin the oxygen activation
process. Surprisingly, in the 2.9 A resolutionray crystal structure of the diferric state of Me
Bath sMMOH:MMOB complex, the positiaof Glu243 relative to Fe2 was also found to be shifted
to the bridging positio®® The observation of a carboxylate shift in the diferric state of the
SMMOH:MMOB complex led to the proposal that one mechanism by which MMOB acts is to
cause this critical change in the cluster structtirlowever, a significant problem often
encountered in determining ther&y crystal structure of metalloenzymes is the awe which
the metal is reduced by hydrated electrons generated by the synchretgrb&ant>#15” Partial
reduction of the clusters might explain the observed shift in Glu243 without invoking a role for
MMOB.

Recertly, it has become possible to solve protein crystal structures by injecsiugry of
microcrystals into the beam of anrdy free electron laser (XFEE)® The instrumentation

records a zerootation( i s tdiffraction pattern for each microrystal exposed to the beam, on
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the femtosecond time scaleefween 10 an85 fsin this study. The approach has three significant
advantages: (a) the difiction data are generated faster thiae rate ofreaction with beam
generated solvated electrons, (b) thiffraction dataare obtained at physiologically relevant
temperature rather than at 100 K as in typical synchrotron protein crystallography erperand
(c) the potential exists to observe structures of reaction cycle intermediates if the enzyme reaction
can be initiatedn-crystallo at room temperaturé®!’* In addition, concomitant colléion of
transition metal Xray emission spectra (XES) has been recently demonstrated for different
metalloenzymes at XFELenabling a parallel measurement of the metadation state during the
crystallographic experimedtt 172173

Here, we report new sMMOH:MMB crystal structures of the highly active sMMO
components isolated froMethylosinus trichosporiu®B3b (Mt OB3b). Using XFEL data, room
temperature structures of the homogeneous diferric and diferrous states of SMMOH:&idOB
reported at 1.95 A resolution. The structures are used to define the changes effected in SMMOH
upon binding of MMOB and to characterize the geometric state of the diiron cluster prepared to
bind and activate ©
2.3 Experimental Procedures
2.3.1 Protein Isolation, Crystallization, and Crystal Reduction.
The sMMOH protein was isolated from frozen cell pellets of the naiv®B3b cultured using
methane as the sole carbon source as previously destfib€de MMOB protein was
heterologously expressed i coli BL21(DE3) cells as previously describ&#dsMMOH and
MMOB were purified as previously describ&d’®A protein solution of 53Vl SMMOH and 106
nM MMOB in 25 mM MOPS pH 7 was used to screen for suitable crystallization conditions.
Swissci MRG2-drop plates (Molecular Dimensions) were used to setup crystallization experiments
using the TTP mosquild nanoliter pipetting robot. The plates were setup with a reservoir volume

of 50m and drop volume of 400 nl. Rhombohedral crystals were observed in B7 condition of the
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Morpheus crystal screen (Molecular Dimensions). The microcrystals were further eptimsing

the additive screen (Hampton Research), with condition A11 produciB@@® long bipyramidal
shaped crystals within 3 days of incubation at room temperature. Larger volume sMMOH:MMOB
complex crystals weraerobicallygrown in Cryschem M sittinglrop vapor diffusion plates
(Hampton Research), with a 3@ drop volume (22.51 protein solutionplus 7.5m reservoir
solution) against a reservoir volume of 580The final crystallization condition is as follows: 100
mM HEPES/MOPS pH 7.5, 30 mM Nal, 30 mM NaBr, 30 mM NaF, 20 % (v/v) glycerol, 10 %
(w/v) PEG 4000, and 10 mM FefCThe crystals were harvested by individually pooling the drops
with bipyramidal crytals into a microfuge tube. Chemical reduction of the sMMOH:MMOB
crystal slurry was carried out in an anaerobic glove box. The crystal slurry was incubated in
reservoir solution containing 46 mM dithionite, 15 mM methyl viologen, and 1 mM phenosafranine
for 12 h at room temperature. The crystal slurry primedrfarrystallo re-oxidation experiments

was reduced as above before clearing the crystal slurry of any chemical reductants. This was
accomplished by pelleting the chemically reduced crystal slumybenchtop centrifuge followed

by removal of the chemical reductardntaining supernatant solution. The loosely packed crystal
pellet was subsequently resuspended in fresh, anaerobig;fReeCteservoir solution. This step
was repeated 5 times to dilukes resulting concentration of chemical reductants in the crystal slurry
solution used for r@xidation experiments.

2.3.2 Data Collection and Model Refinement.

The crystalsof oxidized sMMOH:MMOBwere first tested for XFEL compatibility at SACLA,
Japan, usinthe grease matrix extruder seftip1’®Crystals of SMMOH:MMOB were mixed with
synthetic grease and injected using a is0diameter nozzle and a flow rate of0m/min using

an HPLC pump. Xay diffraction was generated by <10 fs longa¢ pulses at 10.9 keV with a
pulse energy of around 0.32 mJ, 30 Hz repetition rate and a beam sizeroh ZKRVHM). The

forward scattering was recorded on a Octal MPCCD deteatatdd 100 mm downstream of the
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X-ray interaction pointDiffraction images from 7469 crystals were merged to achieve a resolution
of 2.24 A.

Data sets were then collected at the macromolecular femtosecond crystallography (MFX)
experimental hutch at LCLB’ The drop on tape (DOT) method was used to deliver
SMMOH:MMOB crystak into the XFEL X-ray interaction regiof’? In short, micrecrystal
suspensions were loaded in gight Hamilton syringes under inert gas conditions inside a glove
box. The syringe was then connected via a single silica capillary to the sample reservoir inside the
He-enclosure of the DOT setup. The crystal suspensiondigasnsed at a flow rate ofr@min
using a syringe pump (KD Scientific). The sample was pushed i avell underneattand at
the focal point ofin acoustic transduceigrming droplets 0f2.5- 4 nl volume. The droplets were
deposited onto a Kaptdape belt running at a speed of 300 mm/s that transported the droplets into
the X-ray interaction regioh’? The Heenclosure around the setup ensured anaerobic conditions
and limited air scattering of-Xays. The residence time of the droplets inside the He atmosphere
(O2 level bdow 0.1%) was around 0.8 s.

For in-crystallo O; incubation experiments, an-situ gas incubation setup was used as
previously describe#?In this case, the gas reaction chamber was continuousty it pure Q
gasat a flow rate of 0.50.75 liter/min and monitored by an oxygen sensor in the chamber during
the experimentThe travel speed of the Kapton belt transporting the sample droplets was reduced
to 15mm/s, thus resulting ia4 s travel tme of individual sample dropletisrough the @reaction
chamber and an additional incubation time oft@®re reaching the-xay interaction regionfo
avoid dehydration of the sample droplets, theg@s and He gas in the direct environment of the
incubation region was first routed through wafiled gas wash bottles, leading to a relative
humidity of 35% around the sample.

X-ray diffraction was generated by ~35 fs longa¥ pulses at 9.5 keV with a pulse energy

of around 4.0 mJ, 20 Hz repetitiortgaand a beam size 4fm (FWHM). The forward scattering
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was recorded on a Rayonix MX340 detector at 194 mm downstream ofrtheitderaction point.

In addition, diffraction data was collected with the same DOT setup installed at the NCI beam line
of the PAL-XFEL facility.}’® Here ~35 fs long Xay pulses at 9.4 keV with a pulse energy of 0.8
mJ, a beam size of 2Bn (FWHM) at 15 Hz repetition rate were used and diffraction was measured
on a Rayonix MX200 detsar located 130 mm downstream of the sample.

X-ray emission data was collected concomitant with diffraction wkitey a multicrystal
wavelengthdispersive hard Xay spectrometer based on the von Hamos geortiétt{’Four Ge
(440) crystad were placed 250 mm from the interaction point, with the center ottiistak at
75.41° with respect to the interaction paioveringbothFeKa lines The focused Xay emission
signal was collected on &k1X-100 detecto(LCLS) or on a 500k Jungfrau detector (RXEEL).
Calibrationwas performed using aqueous soluti@isl0 mM Fe(ll)(NOs)s and Fe(l)C} as
reference

Diffraction images were processeith cctbx.xfel®®andDIALS .81 The sSMMOH:MMOB
structure was solved using molecular replacement by PHASE RN truncated coordimtes from
the Mc BathsMMOH:MMOB complex crystal structure PDB: 4GAM used as the starting model.
The structure was initially modeled in space gr&dp with two complexes (eight polypeptide
chains) per asymmetric unit; however, after running the prod¢abaiit.check_pdb_symmeft§?
it was realized that the model was consistent with space dg®%2 with one complex (four
polypeptide chains) per asymmetric unit. Therefore, we ostikto merge thé4, refledion file
into the higher symmetry, and thus proceeded to refinem@dt#2. Refinement of the structure
was performed using PHENIX.refit#é ®and model buildingvas doneén COOT# Individual
atomic coordinat isotropic B factor and TLS parameters were used duefigement. Solvent
molecules were added using PHENIX.reftffe ¥5followed by manual additionTable 2-1 was

generated using PHENIX.table_ot¥ 18
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2.3.3 Probing the Active Site Cavity in Protein Structures.
The interior active site cavity in the protein structures was identified with the MOLE 2.5
program'®” Heteroatoms were ignored in the calculation. A probe radius of 3n@edipr threshold

of 1.59 A, and minimum depth of 5.0 A were used to assess the cavity.
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Table 2-1 X-ray Data Collection and Refinement Statistics fosMMOH:MMOB Complex in
the Diferric, Diferrous, Reoxidized States, and the t = 0 Diferrous State Before {Exposure.

Dataset Diferric Diferrous Reoxidized t = 0 Diferrous
(PDB Code) sMMOH:MMOB sMMOH:MMOB SMMOH:MMOB SMMOH:MMOB
(PDB 6YDO) (PDB 6YDI) (PDB 6YDU) (PDB 6YY3)
Wavelength 1.30644 1.30448 1.30396 1.318066
XFEL source LCLS MEX LCLS MEX LCLS MFX PAL-XFEL NCI
Spacegroup P42,2 P42,2 P42,2 P42,2

Cell dimensions (A)

106.9, 106.9, 303.9

106.9, 106.9, 303.9

106.9, 106.9, 304.1

106.0, 106.0, 301.0

Cell angles (deg)

90, 90, 90

90, 90, 90

90, 90, 90

90, 90, 90

Resolution rangeg(A)

33.001.95 (2.021.95)

33.711.95 (2.021.95)

33.961.95 (2.021.95)

24.662.0 (2.07

2.0)
Merged lattices 25274 14980 15629 13596
Reflections observeq
16675375128780 1038251312898) 9590816 (128969 9549089 116483
(unique¥
Meanddsa s > 34.3(0.8) 27.5(0.6) 25.2 (0.6) 1.78 (0.32)
CC1/2*® 0.944 (0.282) 0.949 (0.175) 0.945 (0.077) 0.933 (0.25)

Completeness (98

99.93 (99.90)

99.91 (99.70)

99.84 (99.16)

99.06 (92.35)

R, Rree, teSt (%)

16.24, 18.96, 1.55

17.54, 19.54, 1.55

16.77, 19.64, 1.55

20.36, 23.50, 1.71

Repit (%) 20.8 (100.6) 20.6 (110.8) 21.6 (119.8) 24.1 (90.8)
RMSD € bond length

0.017 0.004 0.010 0.007
)
RMSDe€ angles (deg) 1.33 0.72 0.99 0.81
Average Bfactor 45.40 46.07 46.51 45.36

Ramachandran
favored, allowed and

outlier regions (%)

96.50, 3.33, 0.17

97.42, 2.58, 0.00

97.09, 2.91, 0.00

97.17, 2.83, 0.00
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2Values for the highest resolution shell are given in parenth&Hesse statistics are for merging the data in Phe data werg
subsequently merged into 24, essentially halving the number of unique reflections and improving the completbiieds) and
CC1/2 beyond what is reported he&i@olumns 13: s was computed using the Hal4 error model as described in Hattn& einal.
Brewster et al. 20188 Column 4:s was computed using the Ev11 error model (see Brewster et al®2648 201%°. The
difference in error models accounts for the large differencikdisddvalues when comparing colusri-3 with column 4; seq
Brewster et at®® for more information?R = (41 Fond kFcad )/41Fond , where k is a scale factor. TRge value was calculated with

the indicated percentage of reflections not used in the refinetiRadtmeansquare deviation (RMSD) from ideal geometry in {

final models.
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2.4 Results

2.4.1 High Resolution Crystal Structures of the sMMOH:MMOB Complex in Diferric

and Diferrous Oxidation States.
Crystals of theMt OB3b sMMOH:MMOB complex in the resting diferric oxidation state were
prepared as described in Experimental Procedures and found to diffract to 2.46eAIRB0B
beamline, European Synchrotron Radiatkatility (data not shown). Microcrystals were then
prepared as degbed in Experimental Procedures and analyzed by XFEL at room temperature.
Microcrystals of the diferrous state of the sSMMOH:MMOB complex were obtained by chemical
reduction of the oxidized sSMMOH:MMOB complex crystal sluaryder anaerobic conditionso
notable decrease in the diffraction quality of these crystals was observed despite the rigorous
reduction procedure. In order to test whethelisGcapable of initiating enzymatic turnover with
the reduced sMMOH:MMOB protein complex in crystals, a micrdefyslurry of chemically
reduced crystals wasashed of excess reductant and then passed through a chamber filled with
pure Q for 4 sbefore injection into the XFEL bearithe total time from exposure to,@
diffraction in the beam was 10&his sampldoehaved similarly to the diferric and diferrous crystal
slurry. All three structures were refined to a resolution of 1.96Tdble 2-1). As a control,
diffraction data vere collected from a washed slurry of chemically reduced crystals prior to O
incubation, and a structure was refined to a resolufch0 A (Table 2-1, ARi=f0er r ous o) .
parallel, Fe K& XES was collected for the diferric, diferrous and reoxidized samples.

The overall structure of thdt OB3b sMMOH:MMOB complex is shown iRigure 2-1A
for thediferric state (PDB: 6YDO0)The asymmetric unit contains one molecule of MMOB bound
to oneabg protomer of the dbg), SMMOH protein. The quaternary structure of the protein
complex is unaltered upon reduction of the diiron clusteiB{F6YDI) or following reaction of the

diferrous complex with @PDB: 6YDU).MMOB binds primarily to thex-subunit of SMMOH in
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the O6canyond region at t heFigure21Aa)r Thigbinding sittist h e

immediately above the buried active site diiron cludtggyre 2-1A and B.

Y Glut44
Figure 2-1 The diferric Mt OB3b sMMOH:MMOB complex (PDB: 6YDO0).

(A) Two perspectives of the overall complex. Ehd, andgsubunits of the SMMO
protein are shown in different shades of green while MMOB is colored purpl
iron atoms in the SMMOH active site are represented as orange sfnerelmeris
sMMOH:MMOB is shown by generating the symmetry related monomer indRy
(B) 2FoFc map of the oxidized diiron cluster contoured ®.ZC) Cartoon of tr
a-subunit with the helix nomenclature illustrated.
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2.4.2 Complex Formation Leads to Localized Structural Reorganization of MMOB

as well as the sSsMMOH Interface.
The avaiability of a room temperature, high resolution, fully oxidized structure oMh®B3b
sSMMOH:MMOB complex allows a critical evaluation of the changes in both diferric SMMOH and
MMOB upon complex formation. A comparison of MMOB in this crystal structutk thie NMR
structure ofMt OB3b MMOB in isolation (PDB:2MOBY} shows that there is a significant
conformational reorganization of MMOB upon complex formation. These changeieaent not
only in the wellordered core region (residuesi3®25) but also in the fterminal tail (residues 1
T 35) and Gterminal tail (residues 127138) (igure 2-2). The reorganization is significant as
suggested by the r.m.s.d value of 3.5 A between isolated MMOB and MMOB in complex with
SMMOH. In the absence of SMMOH, the MMOB core region is composed of two domains, where
domain 1 (residues 3681) contains d&abb motif and domain 2 (residues 8226) contains a
baabb motif.** Upon binding to SMMOH, tha-helices on the two domains move closer to each
other Figure 2-2). In addition, a long helix in domain 2 of MMOB s restructured into a short
helix, while an unstructured loop is converted into-sheet Figure 2-2). This newly formedb-
sheet is involved in hydrogdmonding interactions with thie-sheets of domain 1. The extent of
reorganization of the MMOB core seen in this structure is not observed iMc¢hBath

sMMOH:MMOB complex crystal structure
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Domain 1

Core region Domain 2

Partial a-helices

™

12-13
18 ' N-terminus

25

“Quad” residues C-terminus
109 - 112

Figure 2-2 The structure of MMOB changes conformation when bound taMMOH
An alignment of the MMOB protein structure in the uncomplestde(PDB: 2MOB,;
brown cartoon) and sMMOH bound complex (PDB: 6YB@genta cartoon).

Both the Nterminal and @erminal tails of MMOB are ordered in the protein com
with additional secondary structure being generated in tterminal tail. The MMOI
core also becomes reorganized in the complex as highlighted bydfm rin focu
(opaque cartoon). MMOB domains 1 and 2 reorient closer together upon ¢
formation withsMMOH.
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The residues present on the naswheet include Ser109, Ser110, Thrl1ll and Vall12. This
sequence of MMOB, t e r me atant becusei tyeeaotl theseeresidug 0
specifically interact with residues on SMMOH and affect catalygide(infrg).®>%" " The N
terminal tail of isolated MMOB is disordered, as it cannot be observed in the NMR structures.
However, upon complex formation, this region on MMOB is arranged in dik@dashion on the
surface of SMMOH Figure 2-1 and Figure 2-3), as observed previously with the 2.9 A cryo
temperatureMc Bath sMMOH:MMOB complex structur@.A shorta-helix is formed in this N
terminal tail (residues 1825) upon comiex formation with sSMMOH, which is in agreement with
previous solution NMR studie®§.In addition, there are two short regions weha partial helix is
formed, which can be seen only in the higher resolutitnrOB3b protein complex structure
(Figure 2-2). These helices appear to form as a result of the insertion of multiple conserved non
polar MMOB residues (lle12, Metl13, Phe20, Phe24, Phe25 and Gligdde 2-3B andFigure
2-4) into a predominantly polar region (Helices H and 4,gare 2-1C for helix nomenclature)
on the sMMOH surface. Steric clashes, hydrophobic interactions and avoidiffgvooable
contacts with the polar residues lead to the stabilization aef-laelix in MMOB. Finally, the G
terminal tail of MMOB, which is disordered ihe isolated NMR solution structure, is ordered in
the protein complex, although it does not acquire any secondary strigguee(2-2). The higher
resolution of theMit OB3b sMMOH:MMOB crystal structureompared tahe Mc Bath structure

enables this observation, as thée@minal tail cannot be observed in the latter structure.
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Figure 2-3 Conformational changes in the alpha subunit of SMMOH upon MMOE
binding.

An alignment of thea-subunit of SMMOH in unbound1lMHY) and MMOB-bounc
(6YDO) states shows that specific regions in sMMOH undergo a large reorgamiat
depicted by the €& r.m.s.d values (panel C). These regions (Helik Eesidue 213 22:
; Helix F1 residue 237 252; Helix H and 4 residue 302 341) are shown in mc
detail in the square boxeBanel A Helices E and fPanel B:Helices H andl). MMOB
residues responsible for the reorganization are shown in the boxes as magen
sMMOH in isolation is shown as the cyan cartoon; sSMMGWMOB is shown as tt
green cartoon. Hydrogen bonds are depicted as black lines.
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Localized structural reorganization also occurs in the sMMOH protein Mid®B
binding. A comparison of the superposed structures of oxidized SMMOH dn©B3b
(PDB:1MHY, also solved using data collected at room tempenattirand the Mt OB3b
sMMOH:MMOB complex provides a clear picture of theseanges. Theeorganization involves
two of the four helices of the-Helix bundle (E and F) and two additional helices on the sMMOH
surface (H and 4)Higure 2-3 andFigure 2-1). All of these regions are located on the SsMMOH
interface with MMOB.

A comprehensive list of structural changehOB3b sMMOH due to MMOB binding
is given inTable 2-2. A long section of SMMOH residues (213223; a-subunit; Helix E)
reorganize Figure 2-3 andFigure 2-5) as a result of the formation of a hydrogen bond between
Asn214 6MMOH) and Serl110 (MMOB) ah steric clashes of Val21&\MOH) with Phe75
(MMOB). It is important to note that Helix E contains sections that possess the relativgly rare
helical secondary structurp- helices are evolutionarily conserved features in proteins and their
presence is strongly associated with active site residues involved in catdiysisp- helices in
the ferriin-like superfamily, of which sMMO is a member along with other bacterial
multicomponent monooxygenases (BMM), ribonucleotide reductases (RNR);A@EyI
desaturases, ferritins and bacterioferritins, are important because they provide some of the ligands
to the carboxylatdridged dimetal cofactors (Glu209 in sSMMOHY°In unbound sSMMOH, Helix
E contains two smhbp-helical sections from residues 20205 and 208 209 along with residues
bereft of intramain chain hydrogen bonds (206, 21P11, 214). MMOB binding reorganizes the
secondp-helix to 2077 208 and induces the formation of an additiopdielical setion from
residues 218 215 Figure 2-5). The Helix E residues lacking intraain chain hydrogen bonds in
the complex are 206, 209211 and 216 217. Such a dramatreorganization is possible due to a
kink in Helix E at Pro215. Prolines in the middlessohelices are conserved for their structural and

functional significance and have also been found to be present at the point of transitioppfrom a
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helix to ana-helix.'® **Upon MMOB binding, Pro215 undergoes the largest r.m.s.d sh¥t6of
A from its position in the sSMIOH alone structureRigure 2-3C). Pro215 is a strictly conserved

residue in sSMMOH Figure 2-6), but not in other BMM enzyme

10A ’Ul— 100 Jll)l. ‘0\ (|.0(i (\‘)\"
BAES6877.1 \lbL\b\\\(;l\(,l\lf\kakl FADEYFAEENOVVHESNEVVLVLKKSDEINIIVDEILLGDRKD-ENPTLVVE
WP_017840377.1 MSL NAYGAG IMAKSGKE | \Dl\‘z\llf\“\" ESNEVVLVLKKSDEINIVVDEILLGERKD-ENPTLVVE
WP_013818323.1 MSK NAYNAGIMQKNGKAFADEYFSEDNQ SIHV\rl\rlKl\Sl)ll\1V ILLGSHKA-DNPTL

E
AAF4158.2 M SNAYDAGIMGLKGKDFADQFFADENQVY IL LTl)\ KKNVNPTVNVE

pdbl2MOBI MSSAHNAYNAG ! \(OKTGK;\- A

AAC45291.1 MSSAHNAYNAGIMQKTG F

WP_102844999.1 ~MTAKNAYNAGIMKKSG - E
VFU08594.1 ~MTAKNAYNAGIMKKSGEAT ‘—R\P‘Il\\l

WP_020174571.1 ~MTARNAYNAGIMKKNGEAFAKEF M\I I NOVVHE SNT \t\l \rl\iKhl)I IDAI -RNPTLVVE

KIB91174.1 ~MMSKNSYGAGIMAKTGEAFAREFFAEENOVVKEANKVVLVLMKSDEVDAI ~-RNPTMTVE
79K 89A ‘?‘)F 1095 119G I")\i +1
BAES6877.1 DRAGYWWLKATGKIEVDCEEVSELLGRTFSVYDFLVDVSSTIGRAFTLGEKFTITSELMGLDRKLEDLKAA
WP_017840377.1 DRAGYWWLKATGKIEVDCE ELLGRTFSVYDFLVDVSSTIGRAYTLGEKFTITSELMGLDRDLEDLKAA
WP_013818323.1 DRAGFWWLKATGKIEIDCVE ELLGKHYSVYDLLVDVSSTIGRAYTLGETFTITSELMGLDVKLKDLAAA
AAFD4158.2 DRAGYWWIKANGKIEVDCDEISELLGRQFNVYDFLVDVSSTIGRAYTLGNKFTITSELMGLDRKLEDYHA -
pdbl2MOBI DKAGFWWIKADGATEIDAAEAGELLGKPFSVYDLLINVSSTVGRAYTLGTKFTITSELMGLDRALTDI - - -
AAC45291.1 DKAGFWWIKADGATEIDAAEAADLLGKPFSVYDLLVNVSSTVGRAYTLGTKFTITSELMGLDRALTDI -
WP_102844999.1 DRGGFWWIKADGKIQIDTEKASDLLGKTYSIYDFLVNVSSTIGRAYTLGNTFTITSELMGLDRKLTDA- - -
VFU08594.1 DRGGFWWIKADGKIQIDTEKASDLLGKTYSIYDFLVNVSSTIGRAYTLGNTFTITSELMGLDRKLTDV - - -
WP_020174571.1 DRAGFWWIKADGKIEVDTEKAADLLGKTYSIYDFLVNVSSTIGRAYTLGNTFTITSELMGLDRKLTDI - - -
KJIB91174.1 DRISFWWIKADGKIEVDADEASAILGKTYSIFDFLVNVSSTVGRAYTLGNTFTITAELMGLERKLTDI - - -

Figure 2-5 Multiple sequence alignment of MMOB in sSsMMO enzymes.

The strictly conserved residues the Nterminal MMOB tail that interact with Helices H and .
sMMOH are highlighted in yellow. The strictly conserved residues in the core of MMO
interact withsMMOH Helices E and F are highlighted in cyan. Sequences compared in
BAEB68771 - Methylomicrobium japanens&VP_017840377.Methylomicrobium buryatens
WP_013818323.1Methylomonas methanicaAAF04158.2 Methylococcus capsulatusath
pdb|2MOB| Methylosinus trichosporium OB3b; AAC45291.1 Methylocystis sp. M;
WP_102844999. Methylocdla silvestris VFU08594.1Methylocella tundra WP_020174571
Methyloferula stellateKJB91174.1Skermanella aerolat{ ACC 11604.

Asn214

Figure 2-4 sSMMOH p-helicies.

The p-helical portion (red) in Helix E of SMMOH is extended in the sMMAQMMOB
complex (6YDO, green helix) as opposed to SMMOH in isolation (IMHY, cyan helix
reorganization is caused primarily by the hydregend interaction between Ser:
(MMOB) and Asn214 MMOH) and a steric clash between Val2E8MOH) and Phe?7
(MMOB). This leads to the large movement of Pro2dBielix assignment was perforn
using DSSRwith the DSSP & Stride plugin for PyMOL (The PyMOL Molecular Grag
System, Version 2.0 Schrédinger, LLC).
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Table 2-2 List of SMMOH (‘a-Subunit) Residues that Undergo a Larg
Structural Rearrangement upon MMOB Binding.?

Position Residues reorganized Specific interaction with MMOB

K57 hydrogen bond to D137

AS53,N54, E55, T56, K57, E58,

Loop 2 Q359 steric clash with A115
Q39, F60, K61, V62 K61 hydrogen bond to T136
Helix A R69 R69 hydrogen bond to D103
Helix A R77 R77 hydrogen bond to E47
Helix B L110 L110 steric clash with L216 (MMOH)
Helix C H156
. i K160 hydrogen bond to D46 (of other
Helix C K160 MMOB)
Helix D F188, F192
L204, Q205, L.206, V207, G208, N214 hydrogen-bond to S110
Helix E E209, A210, C211, F212, T213, V218 sors elach with B75
. N214, P215, L216, 1217, V218, £92 storie olach with F74
A219, V220, T221, E222, W223 << steric clash with
Helix F E230, 1231
1237, 8238, V239, E240, T241, » .
Helixp | D242 E243, 244, R245, H2d, 1244 snin clochwith T111
¢ M247, A248, N249, G250, Y251, steric cfash wi
Y251 steric clash with L128
Q252
$256, 1257, A258, N259, D260,
Loop 9

P261, A262, S263
Helix G W276, F282, T283, L286, F290

Loop 10 V298, E299 E299 hydrogen bond to Y8

K303 hydrogen bond to backbone L15
N306 steric clash with F24
R307 steric clash with Y8
W308 steric clash with P215 (MMOH)

V302, K303, T304, W305, N306, Y310 steric clash with N29

R307, W308, V309, Y310, E311, Y310 hydrogen bond to V31(b)
D312, W313, G314, G315, 1316, D312 hydrogen bond to K79

Helix H, W317, 1318, G319, R320, L321, 1316 steric clash with S35

Loop 11 and| G322, K323, Y324, G325, V326, R320 steric clash with R114
Helix 4 E327, S328, P329, A330, S331, K323 steric clash with L128
1332, R333, D334, A335, K336, K323 hydrogen bond to E34
R337, D338, A339, Y340, W341, Y324 steric clash with L131

A342, H343 Y324 hydrogen bond to D132

R333 steric clash with Q30
R333 hydrogen bond with E27
K336 hydrogen bond to F24(b) and N29(b)
Y340 steric clash with F24 and F25

2The 1IMHY and the 6YDO structure have been compared in order to generate this table. Th:
interactions betweesMMOH and MMOB residues are listed in the righbst column. Son
SMMOH residues interact with the maghain atoms in MMOB and these have been indicatec
the (b) symbol. SomseMMOH residues reorganize as an indirect effect of MMOB binding for
interact withsMMOH residues that rearrange as a result of directant®n with MMOB.
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PCISS04.1
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Figure 2-6 Multiple sequence alignment of a portion of thea-subunit of SMMOH

The strictly conserved residues of the hydrogen bonding network distal to the
ligands are Ighlighted in yellow. The strictly conserved Pro215 residue in Helix
highlighted in cyan. Sequences compared includetbebunit of hydroxylase protei
for a butane monooxygenas&AR98534.1Brachymonas petroleovorariEhe remainin
sequences are for tleesubunit of hydroxylase proteins for methane monooxyger
WP_068635403.IThauera butanivoransWP_104955546.Sphingobium spSCG1;
WP_010960482.1Methylococcus capsulatuBath; WP_153249048.1Candidatu
Methylospia mobilis BAE86875.1 Methylomicrobium japanenseNP_013818321
Methylomonas methanicaWP_087143657.1Crenothrix polyspora BAJ17645..
Methylovulum miyakonend8T12; PKO92487.1Betaproteobacteria bacteriurdGW-
Betaproteobacterid; PCJ58204.1Rhodospiliaceae bacterium WP_046753692
Mycolicibacterium elephantis WP_014211362.1 Mycolicibacterium rhodesia
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Another long chain of residues @8 252; a-subunit; Helix F) reorganize upon MMOB
binding Figure 2-3A) with the largest change occurring at Glu240. The side chain of Glu240
swings away from being solvent exposed to project into the interior of the protein in cagtleido
a steric clash with Ser109 of MMOB. In this new position, Glu240 forms a hydrogen bond with
Thr213, which has undergone a 186tation of the side chain residue. This hydrogen bond
formation, and MMOB coverage of the surrounding SMMOH surface, block access to the active
site in the diferric sMMOH:MMOB complex. A similar structural change was also observed in the
Mc Bath sMMOH:MMOB protein compleX’ The stretch of residues from 28252 is additionally
important, because it contains two coordinating ligands, Glu243 and His246 to the Fe2 iron atom.
The reorganization of both Helices E and F arise as a result of hydrogen bond interactions and steric
clashes with strictly conserved residues Serl109, Semdd0hrl111l of MMOB Figure 2-2 and
Figure 2-4 andTable 2-2).

A combination of hydrogen bond interactions and steric clashelslg 2-3) cause the
reorganization of a stretch of 40 residues in SMMOH ({3821;a-subunit; Helices H and 4 along
with intervening loop) Figure 2-3B). Helix H also containg section with the rarp-helical
secondary structure, but unlike Helix E, does not contain either ligands to the diiron cluster or
residues in the active site cavity. Tirdaelical portion of Helix H (residue 306313) is rearranged
in the MMOB-bound conplex (residues 306 309 and 314 315). Helix 4 is a short helix in
unbound sMMOH (332 338) that becomes part of a longer bent helix (83356) in the
sMMOH:MMOB protein complex. The extension of this helix in turn rearranges an adjacent
unstructuredoop region (428 435; a-subunit) Figure 2-3C). Most of the sSMMOH:MMOB
interactions leading to the reorganization of Helices H and 4 arise from-thamihal tail of

MMOB (Figure 2-3B).
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Table 2-3 List of Hydrogen Bond Donor-Acceptor Distances (in Angstroms) irsMMOH
Alone (1MHY) and theDiferric (6YDO) and Diferrous Forms (6YDI) of the sSMMOH:MMOB
Complex.

Donor
Acceptor IMHY 6YDO 6YDI
pair
D242-H147 2.67 260 2.66
D242-R146 2.92 2.86 2.81
D242-E71 2.8 260 2.66
D242-K74 2.78 2.71 2.69
D143H246 2.76 2.7 283
D143 R245 2.95 2.76 281
D143 Y67 2.68 2.62 261

It is pertinent to note that specific interactions can be found between all the three regions
of MMOB (N-terminal tail, C-terminal tail and core) with SMMOHT@ble 2-2). These discrete
interactions of MMOB residues with their counterparts on sSMMOH result in very ordered regions

of the MMOB protein as indicated tbgwer B-factors(Figure 2-7).

“Quad” residues B-sheet (109 - 112)

N-terminal tail

Figure 2-7 B-factor representation of MMOB in complex with sMMOH

The Bfactors of the MMOB proteiim the diferric SMMOH:MMOB structurare represent
as a putty cartoon figure in magenta. BMMOH surface is represented in green. Thi
secondary structure elements indicate higla&or while thin regions indicate low-ctors
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2.4.3 MMOB Reorganizes the Active Site Cavity in sSMMOH.

The active site cavity of SMMOH lies along one face of the diiron cluSiguie 2-8). It is
predominantly lined with nepolar residues on the surface facing the iron atoms (Leul110, Gly113,
Alall7, Phel88, Phel92, Leu204, Thr213, Leu216, lle217) along with the iron ligands Glu209,
Glu243, and Glull4. This sMMOH active site cavity is reduced in volume upon MMOB binding
(198A3to 15 A3) primarily due to the projection of the side chains of Leu110, Leu216 and lle217
further into the cavity Kigure 2-8) The movement of the latter two resgtuis due to the
reorganization of Helix E upon complex formation with MMOB. The side chain of Leu110 rotates
in order to avoid a steric clash with the altered position of Leu216. In addition to size changes, the
overall polarity of amino acid side chaitmt line the cavity is also altered upon MMOB binding.
The hydrophobic character is further increased as a result of the rotamer shift of Thr213, which
leads to the projection of the methyl group of Thr213 into the active site cavity in place of the
hydraxyl moiety. In the unbound sMMOH resting state structure, the side chain hydroxyl group of
Thr213 is in hydrogen bonding distance of two water molecuiggu e 2-9). These water
molecules are not found in the active site cavity after MMOB binds sMMOH. Another water
molecule that is hydrogen bonded to the backbone carbonyl group of Leul110 and-tfeaside
carboxylate of Glul114 is also lost. The loss of thegestallogaphically orderedvater molecules

and the sidehain hydroxyl group of Thr213 results in a more 4patar active sitecavity in the
SMMOH:MMOB protein complex. The loss ofderedsolvents from the active site cavity not only
opens up room for substratieshind, it also increases the affinity for hydrophobic molecules such
as oxygen and methanghe change in hydrophobicity and volume of the active site cavity is a

direct result of MMOB binding that induces the extension optheelix in Helix E of SMMOH.
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Thr213

Leu110

g ".'-
R

Figure 2-8 Reduction in size of the active site cavity.

The sMMOH active site cavity (colored surface representation) reduces in si.
MMOB binding, as calculated using HOOW.77 Diferric SMMOH in isolatio
(A) is represented as a cyan cartoon while the diferric SMMOH:MMOB cot
(B) is shown as a green cartoon. MMOB is shown as a magenta cartoon. -
atoms are shown as orange spheres. The active site cavity is iddigatgan an
green surfaces, respectively.

A B
Thr213‘§‘ Thr213L
.
Leu11ol/ ‘7\ Leu110

Figure 2-9 Active site water molecules

Comparison of active site water molecules between d®OH (A) anc
sMMOH:MMOB complex (B) structures. Color scherhelMHY (cyan carbo
atoms);6YDU (purple carbon atoms); water molecules and bridgitydroxc
groups (red spheres). Hydrogen bonds between residues and water mole
shown by black lines. The rotamer shift of T213 and L110 leads to the loss
actve site water molecules upon MMOB binding.
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2.4.4 The Binding of MMOB Causes Subtle Changes in the Structure of the
Oxidized Dinuclear Iron Cluster.

Considering that two of the four diiron clustarordinatinga-helices (E and F) undergo structural

reorganization upon MMOB binding, it is essential to critically evaluate any changes in the metal

coordinating environment. Viewed from the superpositibrihe secondary structure of tlae

subunit, MMOB binding leads to a shift of the entire diiron cluster by ~ 0.6 A. However, the relative

arrangement of the ligands with respect to the iron atoms is roughly maintained based upon a

superposition of only the atals and ligating residues (r.m.s.d = 0.14 Byy(re 2-10A). Most of

the minor reorganization is localized on Fe2 because the E and F lialiwmgligands to this

iron atomalsointeract directly with MMOB. There is a small rotameric shift of Glu243 away from

the plane of the iron atoms, but the binding mode stays monodentate ahddgimg. The two

bridging hydroxo/aquo ligands to the diiron cluster characken$bxidized SMMOH are retained.
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Glu209
Glu243
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Figure 2-10 Changes in the diferric SMMOH diiron cluster induced by MMOB and reduction
The ligands and iron atoms are identified as per the labels in panel A. (A) Alignmenbgidizec
diiron clusters of unbound sMMOH with the sSMMO@HMMOB complex based on just the fi
sphere ligands and iron atoms. CyasMMOH alone(1MHY); Greeni diferric sSMMOH:MMOB
complex(6YDO0). (B) Ligand to Fe distances for isolatdiferric SMMOH (1MHY). (C) Ligand ti
Fe distances fatiferric sMMOH:MMOB (6YDO). (D) Ligand to Fe distances fanaerobialiferrou
sMMOH:MMOB (6YDI). The FeFe distance is labelad orange text.

245 The 6Carboxylate Shifté of Glu243 Occu
Iron Cluster.

The canonical carboxylate shift of Glu243 replaceone of the bridging hydroxo/aquo ligands

(HOH2) is observed upon a chemical reduction of the diiron cluster in MheOB3b

sMMOH:MMOB complex crystal¢Figure 2-10D). Reduction of the diiron cluster édsoevident

from theconcomitantly measurelge Ka XES spectraof the microcrystal¢Figure 2-11Ka XES

chemical sensitivity has been reported for some transition metah®/Ste'*3Subtle changes in

the peak positions and shapas well as the ratios between tha:Kand Ka, peak heighthave
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been described to be correlated with the number of unpaiedcttons and hence with the
transition metal oxidation stat&'°’ The reduced oxidized difference spectrurfigure 2-11blue

line) shows an asymmetric shift in th@Kpeak as well as a decrease in intensity and a shift in
position for the K, peak. This trend is similar to the difference observed betwetrafe F&"
standardsn aqueous buffers delcted under the same conditions as the SMMOH:MMOB samples
(Figure 2-11, green line). While ligation environment of the Fe centers are not identical between
the two sygems, the observation of similar trends in both difference spectra is indicative of a
predominant change from ¥édo F&* in the SMMOH:MMOBsamples. Similar features were also
found previously for the Fe/Mn containing ribonucleotide reductase (RNR) R2c, where a transition
between Fexidationstates (orange trace ifrigure 2-11, taken from ret’? wasobserved. The
observed oxidation is also supported by a change in the full width at half maximum (FWHM) of
the Ka; peak and a change of the intensity ratio of the ¥s. the Ka; peak, as both have previously
been reported as an indioafor the oxidation stat€* 1®An increase of the FWHM by 0.17 eV
was observed when comparing the difeiwith the diferrous sMMOH:MMOB samples. In
comparisop an increase of the FWHM by 0.29 eV was observed between fheafa F&*
standardsind by 0.1 eV for these states of RNR RZEhesenumbers are in line with previously

reported values for transition metah§pectra-®+1%’
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Figure 2-11The Fe-Ka XES spectradiferric and diferrous SMMOH .
AreanormalizedFe-Ka XES of microcrystals of chemically reducaeéd
and oxidized (black)sMMOH:MMOB, and a subtraction (blue,
magnification) of the reduced minus oxidized spectra showing a
asymmetric shift in th&a; peak as well as a weakening in intensity &
slight shift in position for theKa, peak. For comparison the differe
spectra for aqueous ¥e Fe** (green, 2x magnification), collected in
same experiment, and for solutions of reduced and oxidized ribonuc
reductase (RNR) R2c (yellow, smoothed by wavelet denoising a
maghnification), collected previously BELS are shown.

The magnitudes of these changes are consistent with the full reduction indicated by the
occupancy of the shifted Glu243 in the crystal structure, but the extent of reduction cannot be

unequivocally determined from the XES datathe diferrous stategorientation of Glu243 is
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achieved by a rotameric shift at thecarbon positionThe irorriron distance increases from 3.04

A in the oxidized state to 3.29 A in the reduced state, which is in close agreement to previous
EXAFS studie$3.056 A to 3.270 A} In concert, the ligantb-iron distances increase, especially

for HOH31 Fel (2.08 A to 2.21 A), Glul4i4Fel (1.95 A to 2.09 A) and Glu243Fe2 (1.96 A

to 2.18 A). The bridging aquo ligand that fadke active site cavity (HOH1) moves away
significantly (~ 0.3 A) from the iron atoms upon the change of oxidation ta¢éeBfactors for

the iron atoms are higher in the reduced state as compared to the resting dife(Rigstiaa-12).
Furthermore, Fe2 specifically has a highefaBtor than Fel, which is not surprising considering
that it is ligated by residues from Helices E and F. The ligands coordinatingsBeppkar to have
higher Bfactors, as opposed to the ligands of Fgdart from the carboxylate shift of Glu243 and

the lengthening of ligand to iron bond distances, there is no structural reorganization of either
SMMOH or MMOB upon diiron cluster reduota. Structural alignments of the SMMGHsubunits

and their respective MMOBSs before and after reduction provide r.m.s.d values of 0.08 A (sMMOH)
and 013 A (MMOB). This means that the myriad of the structural changes identified above that
occur in oxidizedsMMOH upon MMOB binding also pertain in the fully reduced, r€active
complex. In the active site, these changes include (i) compression of the active site cavity by shifts
in Leull10, Leu216 and lle217, (ii) closure of an access route fronsblvi&nt into the active site

by reorganization of Glu240 and Thr213, (iii) generation of a morepotar active site cavity with

the loss of water molecules and rotamer shift of Thr213, and (iv) realignment of several of the iron

ligands, especially thosd Fe2.
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Figure 2-12 The diiron clusters of the SMMOH:MMOB complex.
(6YDO, panel A) and diferrous SMMOH:MMOB complex (6YDI, pe
B) are colored according to the atomiddgtors. A color spectrum frc
red to white to blue represent thd&tors, where red = 45, white =
and blue = 25.

2.4.6 Reduced sMMOH:MMOB Complex Reacts Rapidly with O in the
Microcrystals.
The sMMO catalytic cycleis initiated by the reaction of dioxygen with the diferrous
SMMOH:MMOB complex and continues through a weditablished series of intermediates to
restore the diferric resting state® 8 75 "®While this process occurs readily in solution, it is
important to test whether zan access and react with the diiron cluster in crystdlis can
uniquely be accomplished during the XFEL experiment because the reduced crystals on the tape of
the DOT sgtem can be briefly exposed ta kefore beingransportednto the XFELinteraction
region Moreover, the experiment is conducted at room temperaiitinevery fast XFEL pulses,
so structural changes occurring during the reaction can be observed. Tthestrysture of the
sample after @ sexposure to pure £atmosphere plus a 6 s travel to the XFEL interaction region
(PDB: 6YDU) indicates that the diiron cluster rapidly reacts witht@regenerate the diferric
complex.The Fe Ka XES difference speatm for the reduced (t=0) minu0s Q incubated
SMMOH:MMOB samples, albeit limited due to a higher noise level, is very similar to that for the
reduced minus oxidizeeMMOH:MMOB samples. This i€onsistenwith the observation from

the diffraction data fothein-siture-oxidized sample, where Glu243 shifts back to the monodentate
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coordination mode to Fe2 that is characteristic of the diferric clusigure 2-13). Also, the Fe

Fe distance of the diiron cluster is restore@.@2A and the bridging hydroxo ligand that is lost
upon reduction is reacquired. The ligaodron distances are similar to those of the oxidized diiron
cluster. Passage sfmilarly reducedand washed crystathrough a chamber filled withelium
rather than @retained all the structural features diferrous SsMMOH:MMOB (PDB: 6YY3)
(Figure 2-13A and Figure 2-13B), showing that the diferrous state is preserved under these
conditions in the absence of.Orhe 10 s oxidized crystal structure suggests that the reduced
sMMOH:MMOB protein complex is indeed capable of binding oxygen, activating it, and

completing a single turnovar-crystalloon a similar time scale to that observed in soluttof¥
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Figure 2-13 In crystallo reoxidation of diferrous SMMOH:MMOB microcrystals .
Diferrous SsMMOH:MMOB crystals washed of reductant undergo reoxidation
exposure to @in the reaction region of the DOT (drop on tape) system while st
reduced if exposed to helium under identical conditions. Panel AF2Foap of th
diiron cluster of SMMOK“MMOB immediately prior to @exposure (6YY3, top) al
after postd s O, exposure, 6 s aging (6YDU, bottom) contoured ®. Panel B: Al
alignment of the diiron cluster of 6YY3 (grey atoms) with that of the difer
sSMMOH:MMOB complex (6YDI; yellow atoms) indicates that the SMMOH:MM
crystals stay reduced in the absence gift@r removal of the dithionite reductant. P
C: An alignment of 6¥DU (purple atoms) with that of the diferric SMMOH:MM(
complex (6YDO; green atoms) indicates that the reduced sSsMMOH:MMOB ci
oxidize completely to the resting diferric state in this timeframe.

During the single turnoven-crystallo reaction, a regin of unmodeled electron density
disappears from the active site caviligure 2-14). This density is present in both diferric and
diferrous structures and is close to the expected binding location of hydrocatigirates. The
unmodeled density is too large to be accoufdetdy methane or methanol, but the sSMMO system
is known to oxidize a remarkably wide range of other small hydrocarbons and similar motecules.
One explanation for this density and its loss after i@cubation is that it may represent an
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adventitious substrattom the crystallization medjawhich is oxidized during turnover and

diffuses out of the active site. This possibility Maé further explored in ongoing studies.

Figure 2-14 Loss of unassigned electron densitypon reoxidation of microcrystals
(Fo-Fc electron density map (green mesh) contoured @F-Fc Fo-Fc electron densit
map (blue mesh) contoured a)2from the active site post-crystallo single turnove
Panel A: DiferricsMMOH:MMOB complex (6YDO0), Panel B: ReducegdMOH:MMOB
complex (6YDI) and Panel C: RexidizedsMMOH:MMOB complex (6YDU).

2.5 Discussion

This report describes for the first time the crystal structures of the sMMOH:MMOB protein
complex in the fully diferric and £reactive diferrous oxidation states. The resolutions of the
crystal structures of these complexes offer a significant ingonent over the previously reported

Mc Bath protein complex structufé.A comparison of the diferric protein complex crystal
structures foMc Bath andMt OB3b shows that the overall structure of the protein complex is
similar. However, the enhanced resolution of the current structures enables detection of important
structural reaganization in sSsMMOH upon binding MMOB not possible in thMc Bath
sSMMOH:MMOB crystal structure. These include (i) alteration in frelical character of
sMMOH Helices E and H, (ii) compression of the active site cavity, (iii) increase in hydrophobicity
of the active site cavity due to loss of discrete water molecules, and (iv) MMOB biindinged
modulation of the hydrogen bonding network to the histidine ligandsetaliiron cluster\{ide

infra). A clearer view of the structural reorganization in sMM@adised by MMOB binding results

from these structures and this lies at the heart of the many regulatory roles played by MMOB during

catalysis. Furthermore, it is shown that the reduced SMMOH:MMOB protein complex binds and
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activates @in-crystalloto compete a single turnover cycle. This ability, in conjunction with high

resolutiondiffraction and concomitamheasurements at 298df both crystallographic and FeaK

XES data bodes well for future experiments designed to structurally characterize reaatien c

intermediates. Here, the structural changes induced by MMOB binding are discussed in the context

of the current understanding of the roles played by MMOB in regulating catalysis.

2.5.1 Structures of sMMOH:MMOB Complexes without Radiation Induced
Alterations.

The previously reported comparison of the structures of difstciBath SMMOH (PDB: 1IMTY)

and theMc Bath sMMOH:MMOB protein complex (PDB: 4GAM) led to the conclusion that

MMOB binding is sufficient tboitadseftBeulhadr aan

without requiring reduction of the diiron clust@rin the Mt OB3b sMMOH:MMOB complex

structures reported here, this reorientation of Glu243 is only observed in the diferrous oxidation

state of SMMOH [igure 2-10). Thee are several possible explanations for this discrepancy

including: (i) slight protein differences, (ii) crystal structure resolutiond space groyiii)

temperature (93 K versus 298 K), and (iv) light sources (synchrotron versus XFEL). Of these, the

light source is the most likely factor because synchrotron radiation has been demonstrated to cause

partial or complete reduction of redaxtive metal centers in many different types of prot€ihs.

153, 199201 This dosedependent radiatioimduced effectirises from swated electrons generated

situ by the Xray beam.The serialfemtosecond crystallographic (SFX) approach at XFELs

addresses this issue by using significantly shorter and more interagepdises than produced by

synchrotrons. XFEL pulses yield diffiéan images from crystals on time scales of-18b fs,

which is much less than the time required for radiation damage to occur by diffusion of solvated

electrons or radicals even at room temperature. The concomitantly measuradXiESkpectra

in this sudy showed a clear difference between the oxidized and reduced species, indicating no

noticeable photanduced changes taking place under our experimental conditions. This is in line
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with previous reports on several proteins and model compounds undetia@ondimilar to the
ones used in this stud§* 166. 172,173,202

Some evidencéor radiationmediated partial reduction of the diiron clusters in Mhe
Bath sMMOH:MMOB crystal comes from the wide range ofAeedistances observed in four
protomers within the asymmetric unit (2.8.2 A)° Thelargestof these values are close to that
observed for diferrous clusters in the structure of reduced sMRft@ttontrast, dferent distances
are observed for the difécrand diferrousMt OB3b sMMOH:MMOB crystals, and these distances
correlate well with those from the more accurate solution EXAFS measureiifents.

Another line of evidence suggesting a mixed oxidation state in Mige Bath
sSMMOH:MMOB crystal derives from the predicted overall charge of the diiron cluster. It has been
observed in structures of diferric SMMOH that the six positive charges of the iron atoms are
balanced by the negative charges of the four glutamate residues amiyirmgthydroxo ligand$?

This neutral net charge is maintained after reduction of the iron atoms to the diferrous state by
either the loss or protonation of the bridging hydroxo ligands, thereby avoiding the thermodynamic
penalty of having a charged moiety inside the-pofar ervironment of the SMMOH active site.

This chargemaintenance principle can even be extended to thevailgint intermediates generated
during catalysis, wherein the increasing oxidation state of the iron atoms is balanced by the negative
charges of the briging peroxo and bisroxo (or equivalent) ligands: ®The diiron cluster in the
crystal structure of diferritdc Bath sMMOH:MMOB would have a net 1+ charge due to the loss

of a hydroxo ligand without a change in iron oxidation state. In contrast, the structuresvitf the
OB3b sSMMOH:MMOB complexes show that the dinuclear iron cluster remains cimenggeal

during the redox change, as expected. Thus, based upon the rangeeddiBnceghe charged

active site, and comparison to tkieé OB3b protein complex structures, it isdiig that theMc Bath

diferric SMMOH:MMOB protein complex was partially reduced as a result of radiation damage

during data collection.
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The success of the SFX technique in obtaining accurate representations of the oxidized and
reduced diiron cluster in sSsM®H:MMOB is especially important towards the future goal of
capturing structures of enzymatic reaction cycle intermediates. The reduction potential of the key
methanereactive intermediat® (dinuclear F&) has not been measured, but it is expected to be
significantly higher than that of the diferric resting state. A reasonable estimate of ~ +1.4 to +1.6
V can be made based on the measured value of +1.0 V for the isoelectronic Compound |
intermediate of heme oxygenases, which is incapable of breakingdhg €H bond of methane
except in the presence of strong chemical oxid&At€4The high positive redox potential Gf
makes reduction in the-Kay beam very likely, as observed for highly oxidizing intermediates
studied in other proteins using synchrotromiigources®* 153 201Qne solution to this problem has
been to merge low Xay radiation dos diffraction data from multiple crystals or multiple positions
on one crystal to yield a complete datd8&£®The XFEL-based SFX methodology avoidsrxXy
induced reduabn, and thus it does not have to be tailored to each new protein and unique reaction
intermediate. The promise of this technique was recently demonstrated by a study that revealed
structures for several intermediate states of thgQd0 cluster of photogstem 11161 1%6as well as

numerous other types of biological molecufgs®> 167171

2.5.2 Rationalizing the Regulatory Roles of MMOB.

MMOB exhibits regulatory effects throughout the catalytic cycle of sMM&Heme2-1.> "1 The
high-resolution structure of thelt OB3b sMMOH:MMOB complex allows the basis for some of
these effects tdbe examined. One dramatic effect of MMOB is to control the interaction of
substrates with the activated oxygen of the diiron cluster in intermediaigring the reaction

cycle. The most important of these effects is to selectively increase the quantnefintgun
component of the reaction with methane, which gives a large kinetic advantage to methane over
undesirable substrates such as eti&fé°Reactions of larger adventitious substramestro are

also affected. For example in the casasopentane, the regiospecificity of hydroxylation shifts
from the tertiary to the primary carbon upon formation of the SMMOH:MMOB coniptBoth
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of these results suggest that MMOB binding must reorganize the sSMMOH active site cavity to
ensure optimal positioning of methane with respect to the activated oxygenmdwadQ in order
to enhance tunneling® Indeed, the structure of the SMMOH:MMOB complex showst tine
volume of the SMMOH active site cavity is decreased by@in the sSsMMOH:MMOB complex
(Figure 2-8), which would presumably position methane in the site clostretoeactive oxygen
species. The same restricted active site architecture may constrain the motion of isopentane so that
the primary carbon with the strongestHCbond, but in the least sterically hindered position, is
brought closest to the reactive oxygef Q and thus is preferentially oxidized. It is interesting to
note that a variant of MMOB termed the Quad mutant (N107G/S109A/S110A/T111A) leads to a
significant decrease in the methaheKIE for the reaction of compoun@ with methane (50
decreasedit6), indicating a loss of the quantum tunneling contribution to the reaction cooflinate.
7 The Mt OB3b sMMOH:MMOB structure shows that three of the fresidues of this MMOB
variant, Ser109, Ser110 and Thr111, directly interact with residues on Helices E and F of SMMOH;
this interaction causes the reduction in volume of the active site c&igiyré 2-3, Figure 2-8
andTable 2-2). A mutation to smaller residues in positiddesr109 and Thrllivhichmake steric
clasheswith sMMOH residuesand a removal of the hydrogdsond interaction of Ser110 with
N214 of sMMOH would impair the structural reorganizationsMMOH Leu216, lle217 and
Leull0 Figure 2-3A andFigure 2-8). This would lead to an expandgdMOH active site cavity,
which would be expected to perturb the optimal positioning of methaheegpect t@.

Another effect of MMOB binding to SMMOH is to lower the rpoint reduction potential
of the diiron cluster by 132 mV (cf. +48 mV 184 mV)*3thereby increasing the thermodynamic
driving force for the step of £binding and activation at the reduced diiron cluster. There are many
mechanisms by which structure can affect the redox potential of a metalloprotein, and these
primarily involve change in hydrophobicity of the metal environment and charge donation by the
first sphere ligand€*21°It is shown above that the structural changes evoked by MMOB binding
result in a more constricted active site with increasgttophobicity due to excluding water and
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introducing more aliphatic residues into the boundary of the substrate binding Eayitse (2-8,

Figure 2-9 andFigure 2-15). An increase in hydrophobicity would be expected to increase the
redox potentibof the diiron cluster and decrease its affinity for?6¥ 211 This outcome is opposite

to that experimentally observed in solution. However, the increase in hydrophobicity would lead to
an increase in the affinity f@®- binding in the active site prior to forming a complex with the diiron
cluster. The appropriate balance between binding substrates and activaimth® diiron cluster

may be achieved through other structural changes revealed by the high restiutiture oMt

OB3b sMMOH:MMOB complex. For example, an increased negative charge density on first
sphere ligands that stabilizes theé"Fstate over the Hestate will decrease the redox potential. A
comparison of the coordination environment of thierdic cluster in SMMOH to that in the
SMMOH:MMOB complex shows that the first sphere ligands do not rearrange significantly upon
MMOB binding (Figure 2-10A, B and C).The only reorganization of note is the small change in
the rotamer configuration of Glu243 with respect to the diiron cluster, which moves the distal
oxygen of the carboxylate function out of hydrogen bonding range of the water (lg@htB) on
Fel.Howevae, this change and several additional small second sphere changes cause some of the
ligandto-iron distances to shorten upon complex formation with MMOB, namely HE¢13
Glul44Fel and Glul44e?2 Figure 2-10B and §. These shorter bonds reflect a greater charge

donation by the ligands to the iron atoms, thereby lowering the reduction potential.
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Thr213

Figure 2-15 Change in active site polaritywhen MMOB binds to SMMOH.

Surface representation of the SMMOH active site cavity depicts the difference in po
diferric SMMOH (panel A) and the diferrisMMOH:MMOB complex (panel B) as a res
of the reorganization of Thr213.The sideain of reglues that project into the active -
cavity are colored according to the following scheme; carbon atoms = cyMMOH,
green insMMOH:MMOB; oxygen atoms = red; nitrogen atoms = blue. The iron aton
shown as orange spheres.

The charge donation lie first sphere ligands may also be affected by hydrogen bonding
networks involving second sphere residues. As one example, MMOB binding causes displacement
of an active site water that hydrogen bonds to Glu114 in uncomplexed sMMOH, thereby increasing
charge density on Glull4igure 2-9). A potentially much more important example is described

in the following section.

2.5.3 Role of Hydrogen Bonding in Second Sphere Active Site Residues.

A set of strictly conserved secogghere amino acid residues near the diiron cluster histidine
ligands has been observed to be present in sSMMOH and the entire family of bacterial
multicomponent monooxygenases (BMMs) and structunalgted enzymesk{gure 2-6 and
Figure 2-16).212In these enzyme systems, the second sphere aspahatdioe hydrogen bonds

are strictly conserved such that the typical diiron cluster binding motif )49 E-X2-H] is better
described as [E/X-2o-DE-X-(R)H].?*® In the BMM enzyme sufiamily, the penultimate Arg is

compleely conserved [E/EX-2¢DE-X-RH] and the hydrogen bond network is extended further

74



beyond the aspartate residues to the surface of the protein. The function of this network remains
undefined in the BMM enzymes. However, the current high resolution steuctiMt OB3b
SMMOH:MMOB allows the network of hydrogen bonds to be described in detail for the first time

(Figure 2-15andFigure 2-16).

Figure 2-16 Strictly conserved hydrogen bond networkextending from diiron cluster.
The iron atoms are represented as orange spheres while the briggydgoxo groups a
shown as red spheres. The active site cavity is shown as a grey surface. Black da:
depict thetrans positioning of the histidine ligands with respect to thydroxo moiet
facing the active site. Red and blue dashed lines show the hydrogen bond network t
the two histidine residues (Hisl4blue, His246 red).

One role that has been suggested for the hydrogen bonding network is electron transfer to
the diiron cluster from the reductase MM®&RHowever, this role is unlikely because the exterior
SMMOH protein surface from which the hydrogen bond network starts, lies at the dimerization
interface between the two SMMOH monomers. As a result, this surface of SMMOH is atcclude
and cannot be involved in binding MMOR or in electron transfer. A more likely role for this
network appears to be a structural stabilization of the diiron cluster, as the hydrogen bonds are
arranged in a crisscross manner that would brace the positioa bistidine ligandsHigure 2-16

andFigure 2-17)Accordingly, the helices containing the residues involved in the hydrogen bond

network have the lowest-Bctors in the entire SMMOH protein structFégure 2-17)
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Figure 2-17 Alternative view of the hydrogenbonding network.

The residues are colored according to ia&tor where blue indicates thmves
B-factor(25), red the higheq45) and white an intermediate value (3bhe irol
atoms are representedlaggerspheres while the bridgingghydroxo groups a
shown asmallerspheres. The active site cavity is shown as a grey surface
dased lines depict the tramositioning of the histidine ligands with respect tc
mhydroxo moiety facing the active site. Red and blue dashed lines sh
hydrogen bond network

Another potential role of the hydrogen bond network might be to tune the electronic
properties of the diiron cluster by modulating charge donation from the diiron cluster histidine
ligands. A comparison of the hydrogen bonding network in diféticOB3b MMOH alone
(PDB:1MHY) to that in sMMOH:MMOB shows an overall shortening of the hydrogen bonds
(Table 2-3). In particular, the two aspartatie-histidine ligand hydrogehbonds are relatively short
as measured in the oxidizétt OB3b sMMOH:MMOB complex (average donor acceptor distance
= 2.7 A) Figure 2-16 and Figure 2-17 and Table 2-3). A strong hydrogen bond between the
aspartate and histidine residues would partially deprotonate the histidine ligand, thereby increasing
its imidazolate character and thus increasing electron donation to the iron atoms and decreasing the

redox potential.
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2.5.4 Implications of the sMMOH:MMOB Hydrogen Bonding Network for

Reactivity.

It is well established that a hydrogen bonding #ke motif plays a vital role in increasing the
basicity of the activesite histidine residue in both serine protsased in hemeontaining
oxygenases and peroxidag&s?'®In the latter enzyme systems, greater charge donation from the
axial histidine/cysteine ligand is positively correlated with increased reactivity towardsdadd
activation!?? 216. 217Thjs effect has been rationalized as arising from an increase iK¢hefghe
FeV-OH compound i speciestesultingin a stronger Fé-O-H bond in compound Il after hydrogen
atom dstraction from the substratelCbond. This increases the driving force for teenpound |
mediatechydrogen atom abstraction step and reduces the activation energy barrier.

Similar considerations may apply to sMMO, which must generate an even moré poten
reactive species to effect the oxygenation of methane. The histidine ligands are positioned opposite
to the active site cavityF{gure 2-16 andFigure 2-17). In the compound species of SMMO, the
reactive irornoxygen moiety is expected to be either & f&F€eV group or a terminal F&=0
group that projects into the actigée cavity® °2 1%0ne or both of the histidine ligands drans
to the reactive oxygen species. Thus, modulation in the electron donating capacity of the histidine
ligands can have very important effects on the reactivit§) ddwards methane @ation. This
modulation is linked in part to the conformational changes induced by MMOB as it hiole (

2-3), which may contribute to the dramatic effects MMOB s the reactivity ofQ.”
Unfortunately, it is not currently possible to experimentally examine the role of the wemser
hydrogen bonding network by creating variants because efforts to heterologously express sMMOH
in numerous laboratories have not been successful.

255 Correlation of Mt OB3b sMMOH:MMOB Complex Structures with Past

Spectroscopic Studies.

The high resolutiorerystal structures of the SMMOH:MMOB complex also enable a correlation

between MMOB bindingnduced changes in structure and electronic environment of the diiron
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cluster. EPR spectroscopic studies of$e!2 mixedvalent state of SMMOH and the diferri@ate
radiolytically oneelectronreduced at 79K (a probe of the diferric state) have provided evidence
for a weakening of the antiferromagnetic coupling between the iron atoms upon MMOB Binding.
218The antiferromagnetic coupling constdrfor the spirexchanged mixedalent diiron cluster is
reduced from ~30 cthto ~5 cmt in the presence of MMOBAccordingly, the structure of the
SMMOH:MMOB complex shows that the bridging -Be bonds(Fe1:HOH2, Fe2HOH?2) are
lengthened Kigure 2-10B and §, which would be expected to moderate the gpichange
coupling between the iron atoms.

The electronic environment of the reddadiiron cluster of SMMOH has also been probed
in the presence and absence of MMOB with circular dichroism (CD) and magnetic circular
dichroism (MCD) spectroscopié¥®: ?2°These studies showed that the ligand field environment of
only one of the two iron atoms of the diiron cluster changes upon MMOB binding to SMMOH. The
crystal structure athe protein complex clearly shows that this insight is correct and identifies the
affected iron atom as FeEiQure 2-18). The ligand field of each iron atom of the reduced diiron
cluster was additionally calculated in order to match the experimental ligand field transitions of the
SMMOH:MMOB complex!?’ A predicted FeFFe2Glu209 angle of 135° was shown to best match
the experimental ligand field transitions. This angle would represent an increase from 120°
observed for the diferrous SMMOH alone and would expose a site.foin@ng toFe2 in the
absence of a bridging aqligand Figure 2-18). The MCD spectra show that both irons are 5
coordinate in solution, and thus the weak bridging wi€H1) seen in the crystal structure is
lost. In accord with the spectroscopic and computational results, thee263lu209 angle in the
reduced SMMOH:MMOB complexs observed to bd43° It is pertinent to note here thtie
Glu209 backbone is not anchored byiaima mainchain hydrogen bond upon MMOB binding.
Moreover, the Bactors of the first and second sphere residues of Fe2 are large compared to those
of Fel, suggesting that flexibility in this region may be associated with preparing the diiron cluster
to bind & (Figure 2-12). Finally, analysis of the CD spectra showed that changes in protein
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structure occur in the active site away from the diiron cluster upon MMOB binding to diferrous
SMMOH that are essential far rapid reaction with £’ The crystal structure of the diferrous
complex demonstrates numerous changes in second sphere residue positions and solvent occupancy
(Figure 2-18) that will affect the accessibility to the active site and the geometry of small molecule

binding.

A Leu216 B rEelu216
" lle217
Thr213 Thr213_
a ’,I | .:-‘ /ﬁ
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Gluta4 Glu144

Figure 2-18 Angle change of E209 enhances,@activity

Reduced sMMOK*MMOB complex (PDB: 6YDI, panel A) and reduc
sMMOH from M. capsulatusBath (PDB: 1FYZ, panel B) shows reorganiza
prior to G binding and activation. The inoatoms are shown as orange spt
while red spheres represent water molecules.
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2.6 Conclusion

The use of the XFEL SFX technique in combination with highly diffracting crystals dMtt@83b
sMMOH:MMOB complex have significantly advanced structural gsdif the sSMMO enzyme
system. This new approach has resulted in a high resolution crystal structure of the fully oxidized
resting state of SMMOH:MMOB and the first crystal structure of theeQctive diferrous state.

The SFX methodology is shown here i@emvent the most common problem in determining the
crystal structure of oxidized metalloenzymes, which is reduction during the long duration
synchrotron experimenthis conclusion is further supported by the concomitantly collected XES
data that indica&t a clear change in oxidation state of the Fe site between the oxidized resting state
and the diferrous stat&he high-resolutioncrystal structures presented here illustrate in detail the
extensive structural reorganization of both sMMOH and MMOB upampbexation. Some of these
conformational changes shed light on the MMOB mediated regulation of catalysis by providing
structural explanations for previous mutation and spectroscopic results. Most importantly, the
crystal structures show the manner in whioh active site cavity is altered in the protein complex,
which is vital for enhancing the reaction with, @nd ultimately methane. Finally, the rapid
reoxidation of the diiron cluster in the crystal of reduced SMMOH:MMOB upon exposurg to O
without lossof diffraction quality is very promising for ongoing XFEL SFX experiments designed

to capture crystal structures of reaction cycle intermediates sgh as
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Chapter 3 Structural Studies of Methylosinus trichosporium OB3b Soluble
Methane Monooxygenase Hydroxylase and Regulatory Component Complex
Reveal a Transient Substrate Tunnel

Portions of this chapter are reprinted and adapted with permission Jemon C. JoneRahul
Banerjee, Ke ShiHideki Aihara, and John D. Lipscdm Biochemistry 202Q 59, 29462961. ©

2020 American Chemical Society

My contributions to this project wereconceiving and planning the experimensample

preparation,perform the experiment@nalyz the results,draft manuscript preparation, and

review/approve the final manuscript.
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3.1 Synopsis

The metalloenzyme solubteethane monooxygenase (sMM&nsistof hydroxylase (SMMOH),
regulatory (MMOB) andreductase component/hen sMMOH forms a complex with MMOB,
the rate constants are greatly increased forstgpiential access of;Qprotons, and CHto an
oxygenbridged diferrous metalklusterlocated in the buried active sitelere, we report high
resolution Xray crystal structures of the diferric and diferrous statelsoti SMMOH and the
sMMOH:MMOB complex using the components fraviethylosinus trichosporiur®@B3b. These
structures are analgd for Q access routegnhanced when the complex fornRreviously
reported lower resolution structures of the sMMOH:MMOB complex from the sMMO of
Methylococcus capsulatiath revealed a series of cavities through sMMg@dtulated to serve
as the @ corduit. This potential role is evaluated in greater detail usingctimeentstructures.
Additionally, a search for other potential, @onduits in Methylosinus trichosporiun©B3b
sMMOH:MMOB revealeda narrow molecular tunnel, termed the W3R&nel. This tumel is
sized appropriately for £and traverses treMMOH-MMOB interfacebefore accessing the active
site. Kinetics of Q reaction with diferrous SsMMOH:MMOB in solution show thage of the
MMOB V41R variantdecreases the rate constant @rbinding >25,00-fold without altering
component affinity The location of Val41 near the entrance to the WB0O8nel isconsistentvith

the tunnekerving as the primary route f@% transferinto the active siteAccordingly, the crystal
structures show that formatiarf the diferrous SMMOH:MMOB complex restricts access through

the chain of cavities while opening the W30D8nnel.

3.2 Introduction
Methane monooxygenase (MMOQO) catalyzes the conversion of methane to methanol with the
incorporation of one atom of oxygen from.©

CHs+ O+ NADH + H'Y CsBH + HO + NAD*
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Two forms of the enzyme have been identified in methanotrophic bacteria. A @appaming
particulate form (pMMO) is present when the sodubbpper:biomass ratio is > Brhol/g protein,
while an ironcontaining soluble form (sMMO) is present in some methanotrophs at lower copper
concentration$?! Together, the MMOs prevent a significant fraction of the 10 billion tons of
biogenic methane produced annually from entering the atmospyhé&fe.

The sMMGs from Methylosinus trichosporiurgMt) OB3b andMethybcoccus capsulat
(Mc) Bath are very similar multicomponent metalloenzymes despite significant differences in the
cellular structure and metabolism of the two host organisthg® 3% 1"Both sSMMOs consist of
the following protein components: i) a 40 kDa FAD and3relustercontaining reductase
(MMOR), ii) a 245 kDa &bg). hydroxylase (sMMOH) containing an oxygernidged, nonheme
diiron cluster, and iii) a 16 kDa regulatory protein termed MMOB 15 33. 35 37, 38, 4Phe catalytic
cycle begins with the transfer of two electrons from MMOR to the SMMOH diiron clusteingr
it to react with Q. In the presence of MMOB, a series of intermediates is generated at the diiron
cluster during the oxygen activation process (ter@ge*, andP) that culminates in the formation
of a diiron(IV) intermediate termed compouf@cP: 14 33, 68, 75, 76, 85, 86, 90, 92, 198, B |5 opserved to
react directly with methane by a hydrogen atom abstraction and hydroxyl radical rebound
mechanisni® 80. 8. 104

Regulation of the catalytic cycle by MMOB is a critical aspect of SMMO catalysis. At the
beginning of the catalytic cycle, complex formation between reduced sMMOH and MMOB
increases the rate constant for baction of Qwith the diiron cluster to forr®* by at least 1000
fold over that for reduced SMMOH aloffe° Formation of the SMMOH:MMOB complex &lso
key for maintaining the specificity of sMMO for methane in an environment that may contain
numerous alternative substrates, almost all of which have much wedakdro@d strengths than
methane (bond dissociation energy of 105 kcal/fof?* 22> MMOB apparently alters the

reactivity and specificity o by two mechanism®: 67: 71. 74. 75, 89, 10fn the first mechanism, the
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formation of the sMMOH:MMOB complex opens a routt the actie site which is size selective
for methaneln the second mechanism, the hydrogen atom abstraction reaction b&veseh
methane in the SMMOH:MMOB complex is accelerated by quantum tunneling; this mechanism of
acceleration is not observed for larger stdies or when MMOB variants are utilized. The
structural aspects of the sMMOH:MMOB complex that enforce regulatior ah® CH binding
and reaction are poorly understood, but they are essential, because methane is the only growth
substrate for the methamophs.

A general theme of all of these regulatory events in sSMMO is a strict control of the entry
and exit of substrates and products, respectively, during the catalyticdtyele: 7971 131X -ray
crystal structures of SMMOH have provided evidence for two putative routes of substrate entry
(Scheme3-1). First, a set of threerge, internal voids termed cavities have been identified in the
a-subunit of SMMOH, one of which (Cavity 1, Cav 1S9cheme3-1) is the active site containing
the diirm clusterd”: 38 4043t has been proposed that &nd methane could traverse from swiv
to the buried nonheme diiron active site by filling these caviti€¥However, the passage between
Cavities 2 and 1 is greatly restricted in the structure of SMM@He?> *°The 2.9 A Xray crystal
structure of the oxidized sMMOH:MMOB compléom Mc Bath showed that a structural change
occurs which widens the bottleneck between Cavities 2 @&h@iHis observation could provide an
explanation for the dramatic effects of MMOB on &d methane binding and reactivity if it can
be shown to extend to the reduced sMMOH:MMOB complex and intermediates in the reaction

cycle.
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Scheme3-1 Proposed Substrate Access Routes in the SMMG&tSubunit

Another potential route for £and methane entry was identified as a short, narrow path
termed the Pore, which extends from the sMMOH surface directly into the activé Z#e2°
However, this route is made less likely by the observation that, in the oxitizeBath
sMMOH:MMOB crystal structure, the Pore is blocked by shifts of sSMMOH residues and by the
fact that MMOB covers the Poré.

In order to critically examine the potential substrate entry routes, it is vital to obtain a
crystal structure of the diferrous sMMOH:MMOB complex, which is the state primed to react with
O,. Structural chages in sMMOH and MMOB must also be analyzed in reference to solution
transient kinetic studies that depict the influence of MMOB and its variants on substrate regulation
at defined points within the catalytic cycle. In the current study, higher resaduistal structures
of Mt OB3b sMMOH alone and in complex with MMOB in both the oxidized and reduced states
are used to evaluate the effects of MMOB binding and sMMOH reduction on the proposed substrate
entry routes. We also introduce a third potentialgate of substrate entry route termed a tunnel,
which is defined as a narrow, convoluted path that only allows one dimensional substrate migration.

One such tunnel that involves the sMMOHMMOB interface is identified in the complex.
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Mutagenesis of key MMOBesidues lining this tunnel are shown to affegte@try in a manner

consistent with the kinetics and selectivity of the process.
3.3 Experimental procedures

3.3.1 Reagents, Protein Expression and Purification.

Water used in all experiments was purified with a iglife SupetQ system.Standard reagents
used in this study were purchased from FisSmentific. Chemicals for crystallization of proteins
including PEG/lon Screen Reagents 18 and 40, TacSim&€G6000, and PEG3350 were
purchased from Hampton Researctiess otherwise stateGlass rods for crushing crystals and
crystal seed bead tubes were also supplied by Hampton Redghirathigh purity grades o8-
(N-morpholino)propanesulfonic acidMOPS) buffer, PEG3350 (alternative source) and sodium
phosphate dibasic were obtained from Sigvliipore. sSMMOH, MMOR, MMOB, and variants

of MMOB were produced and purified peeviously described* 7

3.3.2 Protein Mutagenesis.

A Thermo Scientifi€™ Phusion SiteDirected Mutagenesis Kit was used to introduce point
mutatiors at residues 39 @41 ofthe pT7-7 derived plasmid pBWJ40€ontaining the wWd type

M. trichosporiumOB3b MMOB gené*! The pimersshown inTable 3-1 were synthesized at the

University of Minnesota Genomics Center.

Table 3-1 MMOB Variant Primers
MMOB Mutant Mutagenesis Forward Primer-8° Mutagenesis Reverse Primer3'

V4WT) GTGGTTCTGGTGCTGATGAAC GGCGTTGGACTCGTGGAC
VA1F GTGGTTCTGTTCCTGATGAAG GGCGTTGGACTCGTGGAC
V41R GTGGTTCTGCGTCTGATGAAC GGCGTTGGACTCGTGGAC
V41E GTGGTTCTGGAGCTGATGAAC GGCGTTGGACTCGTGGAC
V39F AACGCCGTGTTTCTGGTGCT GGACTCGTGGACGACCTG

V39R AACGCCGTGCGTCTGGTGCT GGACTCGTGGACGACCTG
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3.3.3 Crystallization of sSMMOH.

All crystallization was performed at room temperativik.sMMOH was crystallized using the
hanging droprapor diffusionmethod by first mixing 1.%1 of protein solutiorcontaining 457
sMMOH (90 mM active sites) and 9@M MMOB in 25 mM MOPS pH 7 with 1.5m of
crystallization solution containing 5%w/v) PEG60® in the same buffeMVhiskerlike long thin
crystals appeared withi days. The crystals wengulverizedand added to a seed bead tube,
broughtup to a total volume of 5&1 with mother liquorand vortexed for 3 min in 30 s intervals.
The seed stock wassed to set up aecondhanging drop experiment by first mixing 1n® of
protein solutioncontaining 451 sMMOH (90 nM active sites) and 96M MMOB in 25 mM
MOPS pH 7 with 2.0m of crystallization solution containing 0.2 Ma,HPO, - 2H,0O and 20%

(w/v) PEG3350 Subsequently0.5 m of seed stoclsuspensiorwas addedo this drop Over
nucleated crystals formed within a few days. Crystals were pulverized with a glass rod and added
to a seed bead tub&hey werethen brought to a total volume of Bdandvortexed for 3 min in

30 s intervals. The seed stock was usambtwlucta third hanging drop experiment by first mixing
1.0m of protein solutioncontaining 45nMM sMMOH (90 mM active sites) and 96M MMOB in

25 mM MOPS pH 7 with 2.0n of crystallization solution containing 8% Tacsim&tand20%

(w/v) PEG3350 Then 0.5m1 of seed stock solution was adddthis drop Disc-shaped orstals
formed after 1 weelDiferric SMMOH crystals were crygrotected with 10%thylene glycoand
frozen in liquid nitrgen. sMMOH crystals were chemically reduced in an anaerobic chamber
(Belle Technology)y soaking in a solution containing 8% Tacsifia®0% PEG335@w/v), 5

mM sodiumdithionite and 200mM methyl viologen for 30 min, cryprotected with mineral qil
andthen frozen in liquid nitrogerbespite the absence of MMOB in these crystals, the presence of
MMORB is vital in the crystallization solution. This crystal form is the same as the Form 2 diferric

Mt SMMOH crystals that were described in the original crystallography study for this effzyme.
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The diferric SMMOH structure obtained is hominally the same as that from the Form 1 crystals
obtained in the absence of MMOB, albeit with higher resolution.
3.3.4 Crystallization of sSsMMOH-MMOB Complex.
A Rigaku CrystalMation fully integrated platform for protein crystallization was used to screen for
conditions that would producsMMOH:MMOB crystals.PEG/lon ScreerfReagent 1§8% v/v
Tacsimat& pH 8.0, 20% w/v PEG3350) and Reagent (8® M Sodium phosphate dibic
dihydrate, 20% w/v PEG3350) eaphoduced bipyramidal crystaEndharvesting trays were
made by repeating each condition 96 times using the Rigaku CrystalMation instrument.
Oxidized crystals were looped directly from the\8éll plate and transferreid a cryesolution
containing 8% Tacsimate20% (w/v) PEG3350 and 10% (v/v) ethylene glycol, and then they were
plunged into liquid nitrogen. I@stals were chemically reduced in an anaerobic chamber by soaking
in a solution containing 8%w/v) Tacsimat&, 20% (w/v) PEG3350, 5 mMsodiumdithionite and
200mM methyl viologensMMOH:MMOB crystals were soaked for 2 h, crgootected in mineral
oil andthen frozen in liquid nitrogen.

Crystal growth was scaled up using the sittitigp vapor diffusion method i84-well
plates (Cryschem M). Both Reagent 18 and 40 solutions were made in lab so that the crystallization
conditions could be optimized. A seed stock suspension of the SMMOH:MMOB complex was
made from crystals grown in a-9¢ll plate created by the Rigarobot.A glass rod crystal crusher
was used to pulverize the crystals. The crushed crystals were added to a seed bead tube, brought to
a total volume of 5@d and vortexed for 3 min in 30 s interva&itting-dropexperimens were set
up bymixing 15 mi of proteinwith 1.5m of the wellsolutionand then adding of the OrB seed
stock suspension. The well solution containedr@d precipitant (Reagent 18 or 40). Bipyramidal

crystals started to grow in 2 days at room temperature.
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3.3.5 Crystal Data Collection, Structure Solution and Refinement.
The crystals werexposed to Xay radiationat the Advanced Photon Source (Argonne National
Laboratory, Lemont, IL) on Beamline 2B-C and 24D-E at 0. 97 9 atl00wWaAvel engt
total of 675 frame were collected with an oscillation step of 0.2°. Datasets were subsequently
processed using XD%’ and merged usg PHENIX®% Molecular replacement calculation were
done with PHASER? using the X-ray crystal structure ofit OB3b sMMOH and the NMR
structure oMt OB3bMMOB “% 44(PDBID: 1MHZ and2MOB) as initial search model§he 2Fo-
Fc mapafter thefirst round of refinement revead significant structural differences between the
SMMOH andthe SMMOH:MMOB complex.A structuralmodel was builtusing COOT® and
refinementwas carried outising PHENIX!#*
3.3.6 PyMol Analysis.
PyMol version 2.3 (Schiédinger) was used to visualizanalyze and design figures &fit OB3b
sMMO crystalstructuresStructural alignments were calculated using the align command available
via the user interface. In order to find internal cavities in protein structures, the following PyMol
settings were used: Display quality = maximum, Seafa cavities and pockets (culled), Cavity
detection radius = 3 solvent radii, Cavity detection cutoff = 5 solvent radii, Ignore HETATMs. The
solvent radius was additionally set to 1.1 A instead of the default value &f THe calculated
cavities weretten manually inspected to determine the amino acids lining the surface of cavities.
Theintra-chainhydrogen bondingetworkof all helices in the-subunit was determined
by the following stepsi) The a-subunit was colored by secondary structiifefzach helix was
made a separate objeiit) The find polar contacts within selection command vaaglied toall
helices, andv) Every helix was manually inspected to determineithied i+x hydrogen bonding

patternfor each amino acid.
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3.3.7 MOLE Tunnel Calculations.

MOLE 2.5 is an advanced software tool designed to analyze molecular channels adtl phees.
diiron clusterwas chosen athe starting point for abMMOH MOLE 2.5 calculations presented
here The default parameters yieldno tunneldor substrate entryvhen the diiron alster is chosen

as the starting point. The interior threshold and bottleneck radiite bathenadjusted to discover
biologically relevant tunnels. The Interior Threshold (IT) parameter allows the user to identify all
voids wider than double the chod@nvalue. The Bottleneck Radius (BNR) parameter defines the
minimum radius of the tunnel at any point along its length. In order to minimize redundancy, the
parameter Cutoff Ratio is adjusted to filter out tunnels that are too siffiilaparameter values
were used to identify the tunnels in the crystal structure were IT = 0.9 A, BNR = 0.8 A and cutoff
ratio = 0.5.

3.3.8 Steady-State Experiments.

A Hansatech Instruments Oxytherm+ system equipped with an Sti@erkxygen electrode was
used to measure;@©orsumption over time. The total volume of the reactions was 1 ml. The reaction
components were: .nM sMMOH (0.4 nM active sites) 0.4 mM wild-type MMOB (WT-
MMOB), 1.2nmiM MMOR, 200nmM methane250nM O,, 400niM NADH, 25 mM MOPS pH 7.5,

23 °Cand varying concentrations tife MMOB variant NADH was used to initiate the reaction.
The O2viewsoftware package was used to calculate the initial rate cd@sumption.

3.3.9 Stopped-Flow Experiments.

The Applied Photolysics stoppe¢flow spectrghotaneter modeB5X.18MV was used to rapidly

mix reaction components and observe single wavelength absorbance ovesMiM@H was
reduced as previously describ&d® One syringe containeds v sMMOH™? (110 nM active
sites)and 110mM V41R-MMOB in anaerobic 5enM MOPS buffer, pH 7.0. The second syringe
contained dissolved gaseous i@ buffer at varying concentrationthat were all high enough to

establish pseudo first order conditions in the reac8atutions from the two syringes were rapidly
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mixed andsingle wavelengtlime-dependent absorbance data at 330 rerewollected.At 330

nm, oxidized SMMOH absorbs more strongly than reduced sMM&@Hother experiments of this
type in which a saturated:®olution was used, the reaction was also monitored at 430 and 700 nm
wherereaction cycle intermediat€d andP, respectively, absorbAll stoppedflow experiments

were performed at 4.5 °C. The mdtep first order or pseudast order reaction time courses
were fit to a multiple summeexponential expression using the nonlinear regression fitting
package in Applied Photophysics Fbata Viewer software as previously describbed 226The
analysis yields the number of phases required to fit the time course as well as lthedarapd
reciprocal relaxation time (tly for each exponential phase. Data analysis is described in Supporting

Information.

3.3.10 Analysis of Stopped-Flow Data.

For a linear series of first order or psetfitet order reactions, the time course can be fit by
summing exponential expressions where the number of exponentials is equal to the number of steps,
n (Eq. 3.1). If the steps are irreversible, then the reciprocal relaxation timgsdite the rate
constants for individual steps, although it is not pdedib assign a specific reciprocal relaxation

time to the rate constant for a specific step without additional information. When the steps are
reversible, the reciprocal relaxation times become coupledhat they do not correlate with a
specific rate costant. In some cases, the rate constants can be determined from the ligand

concentration dependence of the reciprocal relaxation fithes.

bwi B d4anQ” b8 i (Eq.3.1)
The kinetic data were fit to E®.1 using the nonlinear regression function of the Applied
Photophysics ProData Viewer program. In this equatids,is the observed absorbance at time t,
Amp is the observed amplitude for exponential phaggis therelaxation time for phasie and

Absyis the final absorbance at the end of the reaction. Fitting statistics were reported by the fitting
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program, and each reaction was repeataliiple timego determine the average fitting parameters
and errors.

For a single step reaction (Ej2) only one exponential phase is observed under pgéstio
order conditions in ligand, allowing Eq.3%0 be used to determine the forwakg @nd reverse

(k) rate constants as well as kg from their ratio.

0
E +amdEQl i ga &y 3.2
0

— Q1 ECATW (Eq.33)

For a twestep reaction where the first step is fasversibldigandbinding (Eq.3.4), only
one exponential phase may be observed. A plottgfsdersus the concentration of the binding
ligand will be hyperbolic if the rate constdat is at least 3 fold greater th&n (Eq. 3.5).2°° The

Kpa for the first stepks., andk;; are given by a naefinear regression fit to the hyperbolic plot.

Q Q
E + IfiAlnidgE&lnidg a(lbqd34)
o) ko)
. ligandy (Eq.35)
— ligand

3.3.11 EPR Measurements.
Electron paramagnetic sonance (EPR) spectra were recorded usiiByuker Elexsys E500
spectrometer equipped with a Bruker dual mode cavity and an Oxford9ESRquid helium

cryostat. Experimental conditions are given in the figure legend.
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3.4 Results

3.4.1 Crystal Forms of Mt OB3b sMMOH and sMMOH:MMOB Complex.

In past studies, most preparations of sSMMOH friblm Bath andMt OB3b contained a sizable
fraction of unreactive enzyme without evidence for misfolding or aberrant diiron cluster
structure”™ "¢ Although never successfully characterized, it is likely that the unreactive fraction
resulted from small sMMOH surface modifications that interfered with irecise interaction
between sMMOH and MMOB required for full activityRecently, advances have been made in
the Mt OB3b sMMOH purification protocol that double the active fracbwe find that the new
preparation allows for the development of tractable methods to forrceystal of SMMOH and
MMOB that diffracts to high resolution. Here, we evaluate the structures of oxidized, dif¢rric
SMMOH (sMMOH*, PDB:6VK®6, 1.52 A), chemically reduced diferrddssMMOH (sMMOH®¢,
PDB:6VK7, 2.12 A) Mt sSMMOH**:MMOB (Form 1, PDB:6VKS5, 1.86 A and Form 2, PDB:6VKS,
2.03 A), andVit SMMOH"*“MMOB (PDB:6VK4, 2.35 A)(Table 3-2). These structures are also
evaluated in the context of structures of oxidized and reditesMMOH:MMOB determined
using room temperature-pay free electron laser (RXFEL) technologypublished recently by

some of us.
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Table 3-2 Data Collection and Refinement Statistics

Data collection

PDB Code
Resolution range (A)
Space group

Unit cell (&)

Total reflections

Unique reflections

Multiplicity

Completeness (%)

Lk L

Rmerge

Rmeas

Rpim

CGe

Refinement

Reflections

# used for Rree

Rwork

Rfree

# of nonH atoms
Macromolecules
Ligands
Solvent

RMS deviation
Bond lengths (A)
Bond angles (°)

Ramachandran plot
Favored (%)
Allowed (%)
Outliers (%)

Average Hactor
Macromolecules
Ligands

Solvent

SMMOHX

6VK6

SMMOHe

6VK7

SMMOH*MMOB ~ SMMOH*MMOB  sMMOH:MMOB
Form1 Form 2
BVK5 6VKS 6VK4

63.81.52 (1.57 1.52)49.1-:2.12 (2.20- 2.12) 73.5-1.86 (1.93 1.86) 86.0-2.03 (2.10- 2.03)52.62.35 (2.43 2.35)

C222

63.07 292.63 141.7962.46 290.45 139.2

628962 (60913)
197515 (19628)
3.2 (3.1)

98.25 (98.37)
11.58 (1.14)
0.06956 (1.023)
0.08342 (1.234)
0.04492 (0.6755)
0.998 (0.532)

197477 (19613)
9858 (1002)
0.1392 (0.3111)
0.1585 (0.3048)
10110

8814

201

1095

0.011
1.03

97.18
2.82

0.00

22.14
20.29
46.47
32.52

C222

363811 (33807)
71995 (7050)
5.1 (4.8)

99.37 (98.84)
6.69 (1.08)
0.1599 (1.366)
0.1784 (1.534)
0.07791 (0.6875)
0.994 (0.442)

71994 (7048)
3609(398)
0.1600 (0.2659)
0.2027 (0.3213)
9437

8697

2

738

0.010
1.00

97.37
2.63

0.00

36.94
36.44
34.96
42.89

P212:121

P21212;

P22:2;

102.62 105.46 299.4 101.87 105.35 297.7102.86 105.21 300.8

1365173 (131835)

271076 (26707)
5.0 (4.9)

99.65 (99.26)
8.21 (0.97)
0.131 (1.511)
0.1463 (1.691)
0.06397 (0.7467)
0.996 (0.39)

270965 (26698)
13530 (1336)
0.1721 (0.2965)
0.1933 (0.3108)
21007

19498

123

1386

0.005
0.86

96.96
2.95

0.08

28.46
28.28
34.43
30.50

858293 (87118)
203936 (19538)
4.2 (4.3)

97.85 (95.35)
8.09 (0.95)
0.137 (2.025)
0.152 (2.316)
0.096(1.105)
0.992 (0.387)

202459 (19516)
10347 (1019)
0.1664 (0.3154)
0.2073 (0.3445)
20999

19498

116

1385

0.007
0.85

97.13
2.87

0.00

36.59
36.15
51.86
41.52

576343 (57098)
133740 (11725)
4.3 (4.3)

96.27 (86.80)
5.71(0.65)
0.1447 (2.263)
0.1641 (2.574)
0.07547 (1.195)
0.993 (0.392)

131580 (11717)
6689 (597)
0.2088 (0.3991)
0.2379 (0.4275)
19851

19475

78

298

0.003
0.57

96.51
3.37
0.12
63.63
63.57
102.92
57.03

94



The 1.52 AMt sMMOH* structure (PDB:6VKG) is the highest resolution sSMMOH
structure reported to dat&°The twoabg protomers of SMMOH protein in the crystal are related
by 2-fold crystallographic symmetry. Thexperimental data allowed for accurate modeling of the
amino acids and aquo/hydroxo ligands coordinated to the diiron clEg&erd 3-1A). Interatomic

distances are summarized in
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Table 3-3. Throughout this report, when referring to sMMOH,e tlestablished

nomenclature for the secondary structural elements @f-theounit is usedRigure 3-1B).%’

Figure 3-1 The 1.52A SMMOH active site and helixnomenclature.
(A) Image oftheactive sitediiron cluster along with thelectron densi
map(1.9s contour). Electron densi2Fo-Fc) is coloredgray, the iron:
are shown as orange sphegsjno acids are represented as stieksté
= carbon, red= oxygen, blue= nitrogen), bridging and termin
aquo/hydroxo ligands are shown as red spheres. In this st
(sMMOH®*, PDB:6VK®), the second bridging hydroxo ligand is repl.
by a hydroxyl group of ethylene glycol (green = carbon) from the-
stabilization solution.B) Thea-subunit ofsMMOH is shown as a bla
and white cartoon. The prin@phelices are labeled-N and 4,and th
diiron cluster is shown asrangespheresThe four helices providir
ligands to the diiron cluster are B, C, E and F.

Chemical reduction of theMt sMMOH crystals causedn crystallo structural
rearrangements to occur in thesubunit.Figure 3-2 highlights all the pertinent amino acid side
chains that change rotometric conformation and/or mode0 A in the 2.12 A structure
(PDB:6VKY). For example, the Pore residues N214 and E240 located on Helices E andd- cha
rotameric conformation as well as shift a notable22A upon chemical reductiofigure 3-2,
Helices E and F, see below). The other regions @ thgbunit andheb andgsubunits of sMMOH

remain relatively unchanged. One important change at the diiron cluster is a shift of E243 from a

monodentate ligand of Fe2 to a position where it forms a monodentate bridge between the irons
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and a bidentate

SMMOH=, 38

coordination to Fe2. The séimear boxyl ate shi ftMc has

E » F : G ”
Ué‘ x
6 § S

V285

{ ; e\% > N308
Cs Jg%fzxe g 286 @ W30TS XV 308
7283

; M247 ¢
L216, 1217 ‘z, 2@ "Oju
& A 4 g‘r?“r/h/
. h A
1213 G ¢ < AR
213 B N214 5243 :
% ¢ 1318,
f E?.m - R320
F236 § ( %
& ”, ? ¢
{ L321

2 / J
f K323

100 200 300 400 500
Residue

Figure 3-2 Structural rearrangements in Mt sSMMOH g-subunit upon reduction.
Top: Diferric SMMOH (6VK®6) is colored greenand chemically reducediferrous
SMMOH (6VK?7) is coloredorange Helices E, F, G, and &fre labele@dnd are represent
as cartoosa Amino acid side chains that move at least 1 A upon chemical reduct
represented as sticks (gremmahge= carbon, red= oxygen, blue= nitrogen) Bottom
Main chain @ RMSD of thea-subunit residues upon alignment between the oxi
and reducedtatesusing the CCP4 analysis package.

The Mt sMMOH:MMOB complex crystallizes with the completebg). sMMOH and 2

bound MMOBs in the asymmetric unit. Form 1 (PDB:6VK5) and Form 2 (BWR8) Mt

sSMMOH>*:MMOB complex crystal structures (1.86 and 2.03 A, respectively) are nearly identical

except for the exogenous ligands bound to the diiron cluster, as discussed in detail below. The

crystal structures exhibit the same overall changes upmiplex formation betweeklt SMMOH

and MMOB. These changes have been detailed in a parallel room temperature XFEEERT

structure study, so they are not described further here.
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Chemical reduction of Form 1 crystals resulted in a structure (2.35 Ajabane protomer
reduced (diferrous) and the other protomer oxidized (diferric, PDB: 6VK4). The phenomenon of
two different oxidation states in the SMMOH homodimer has been observed before iragn X
crystallographic study of chemically reduddd SMMOH crystals®® The presence of two oxidation
statesm different protomers facilitates identification of structural changes under otherwise identical

conditions and resolution.
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Ligand-Fe
Resolution
FelFe2
FelE114 OE1
FelE144 OE1l
FelE243 OE2
FelH147 ND1
FelHOH 1
Fel:HO(H) 22
FelEDO O2
Fe2E209 OE2
Fe2E243 OE2
Fe2E243 OE1l
Fe2E144 OE2
Fe2H246 ND1
Fe2EDO OZ2

Fe2HO(H) 22

Table 3-3 Interatomic Distances forsMMOH

SMMOH **

(6VK®6)

1.52 A
3.1
2.0
2.1
3.9
2.2
2.2
2.1
2.1
1.9
3.4
2.2
2.2
2.2
2.4

1.9

SMMOH e

(6VK7)

212 A
3.3
2.1
2.3
2.2
2.2
2.4
2.5
N/A
2.0
24
2.2
2.2
2.2
N/A

2.3

aBridging
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Many of the sSMMOHa-subunit helices contain regionswhelix and/or 3r-helix which
increase or decreadiexibility, respectively Close inspection of théit SMMOH and Mt
sMMOH:MMOB crystal structures obtained in this study provided detailed information about the
helical composition of the sSMMOH-subunit Principal helices A, D, E, H, and a helix formed by
residues W379 to L393 contgirhelices, where the backbone carbonyl of nesichydrogen bonds
to the backbone NH moiety of the i+5 residue in at least 2 consecutive resigues (¢-3). Two
of thesep-helices (in Helices E and H) have batascribed previously in limited detdil.*% *°The
helix composed of residues W379 to L393 is involved in making crystal contacts, and the backbone
carbonyl group of residue W379 is engaged in a rare triiedcacceptor hydrogen bond, which
initiates thep-helix. Because thig-helix is involved in crystal contacts, we assume it an artifact of
protein crystallization, and therefore not functionally important. When the complex with MMOB
forms, Helix E residueN214 and P215 as well as Helix H residues G314 and G315 form additional
p-helices Figure 3-3). Thep-helix in Helix D, composed of residues K185 and R186, becomes a
colled region as a result of large exogenous molecules present in the active site in Forms 1 and 2
crystals. It is interesting to note that many of the residues that stabilaeh#leees throughout the
a-subunit also form hydrogen bonds to the i + 3 residyele8x. Typically, 3o helices are located
at the ends o&-helices, but this is not universally the case in SMMOH. The pariaheix
character causes tlehelices to be tightly wound, furthéhighlighting the flexibility of the

intersperseg-helical segments.
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Helix A Helix D‘ Helix E Helix H

55 &5 857
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<
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N

sMMOH®*  sMMOH®*:MMOB
Figure 3-3sMMOH p-helices altered by MMOB

The p-helices ofMt sSMMOH** (6VK6) and Mt SMMOH*:MMOB (6VK5) crysta

structures. SMMOH and sMMOH:MMOB Helices A, D, E, and H are represer

grey and white cartoons, respectively. Thielices are colored red and sections ¢

protein that do not form intrenain chain hydrogen bonds are coloretiow.
3.4.2 Exogenous Ligands Bound to the Diiron Cluster of the sSMMOH:MMOB

Complex Induce Conformational Changes.

Typically, only aquo/hydroxo exogenous molecules are found coordinated to the diiron cluster of
sMMOH in crystal structure¥.84%In conrast, the large exogenous ligands benzoate and succinate
are found bound to the diiron cluster of the Form 1 and Fokfh SMMOH**:MMOB structures,
respectively Figure 3-4A and B. The benzoate carboxylate oxygens bridge between the irons of
the cluster of Form 1 symmetrically, whereas the succinate carboxylate oxygens bind strongly to
Fel and weakly to Fe2 imoFm 2(interatomic distances shownTable 3-4). The FeFe distance
in both structures is an atypically long 3.5 A, presumably due to the presence of the exogenous
ligand carboxylate group. The source of the benzoate in Form 1 was identified as a contaminant in
the PEG3350 precipitant present in the mother liguor. Changing the supplier of the PEG eliminated
the benzoate iBMMOH*:MMOB Form 2, but it was replaced by sirate from the Tacsimdte

mixture of organic acids. We attempted to crystallize the sMMO®HIOB complex without

succinic acid bound to the diiron cluster by lowering the concentration of Tackima&& (v/v),
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but the structure was unchanged. It is kndhat larger molecules such as single and double ring
aromatic compounds are adventitious substrates of sMM8and thus they can at least slowly

access the active site.

Figure 3-4 Exogenous ligands bound to the active site.
Active site $ructures of (A) Form 1(6VKS5) and (B) Form
(6VK8). Stick colorsgreenivhite = carbon, red= oxygen, blue=
nitrogen Fe atoms shown as orange spheres and aquo/h
are shown as smaller redhgpes. Where shown, the 2Fc
electron density is modeled afs1 Interatomic distances can
found in Table 3.
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Table 3-4 Interatomic Distances SMMOH:MMOB

Complex SMMOH>*MMOB SMMOH"*¢MMOB
Type Form 1 (6VK5) Form 2 (6VK8) (6VK4)

Protomer1 Protomer?2 Protomer1l Protomer?2 Protomer1 Protomer 2

Resolution 1.86 1.86 2.03 2.03 2.35 2.35
FelFe2 3.5 3.5 34 3.5 35 3.2
FelE114 OE1 2.1 1.9 2.0 1.9 1.9 2.0
FelE144 OE1 2.1 2 2.1 21 2.1 2.0
FelE243 OE2 3.7 3.8 3.9 3.9 34 2.2
FelH147 ND1 2.3 2.2 2.2 2.2 2.1 2.3
Fel:HOH 1 2.2 2.0 2.2 2.2 2.1 21
Fel:HOH 2 2.0 2.0 2.0 1.9 1.9 N/A
FelBEZ/SIN O1 21 21 19 1.9 2.0 19
Fe2E209 OE2 21 2.2 2.3 21 2.1 21
Fe2E243 OE2 3.2 3.4 35 3.6 3.3 2.2
Fe2E243 OE1 2.3 2.2 2.2 2.2 2.0 21
Fe2E144 OE2 2.2 21 2.3 2.2 2.0 2
Fe2H246 ND1 2.3 2.2 2.3 2.2 2.2 21
Fe2BEZ /SIN O2 2.2 2.2 25 2.3 2.1 2.2
Fe2HOH 2 2.0 1.9 1.8 2.0 1.9 N/A
apridging

The exogenous ligands bound to the diiron cluster in Form 1 and 2 crystal structures have
an effect on the sMMOH-subunit structure. Inspection of the electron density maps shows that
both benzoate and succinate extend to the outer boundary of theséetsatvity, causing the side
chain of F188 to change rotameric conformatiigre 3-5A and B. This conformational change

is not observed in the RXFEL structures oMt sSMMOH**MMOB (PDB:6YDO0), which have
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only solvent and possibly a small exogenous molecule near the diistercfeigure 3-5C). A
notable observation is that F188 is located adjacenptbedix. In both theMit SMMOH®*andMt
sMMOH™crystalstructures, K185 and R186 of Hel form i, i+5 hydrogen bonds while V187
and F188 do not have intraain chain hydrogen bonds. This region remains unchanged upon
MMOB binding in the RT XFEL structures, but it is converted to a coil in the 10QMK
sMMOH**:MMOB crystal structures reported heFégure 3-3 Helix D). A structural alignment of

the substratéree RFXFEL sSMMOH>*:MMOB with the Form 1 sMMOIMMOB structure
depictsthe regions where tha-subunit of SMMOH is reorganized by the presence of a large
exogenous substrate in the active dtigre 3-6). Apart from the conformational ahge of F188

and the adjoiningesidues on Helix D adescribed above, three of the four helices of thelik
bundle (C, E and F) reorganize. This change leads to an alteration in the strukleiie Bfalong

with an unstructured coiled region thateracs with Helices C, E and FOverall, the structures of
sMMOH:MMOB from data at 100 K and at room temperature are very similar, with differences

confined to thea-subunits due to the effects of the exogenous ligands in the 100 K structure
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Figure 3-5 Exogenous ligands bound to the diiron clustealter the conformation of F188.
In all panels, 2Fd-c electron density is shown as mesh contouredaF188 and ligands bou
to the diiron clusteare shown as sticks and spheres (Green = carbon, Blue = nitrogen
oxygen). A) Benzoate bound to the diiron cluster ofMiessMMOH>*:MMOB Form 1 (6VKS5
structure. B) Succinate bound to the diiron cluster oMheMMOH*:MMOB Form 2 structur
(6VK8). C) Active site of RIXFEL Mt sMMOH°*:MMOB structure (6YDO0). D)Mc
sMMOH:MMOB structure from PDB:4GAM. The 2Hec electron density in the active :
extends to the outer edge of Cavity 1, causing a shift in F188 as seen in panels A an
waters weremodeled into the density at the active site in the 4GAM structure, but a
exogenous ligand is possible on the basis of additional unassigned density (see Fégtiz
3-7).
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Figure 3-6 Main chain Ca RMSD comparison of the structures of thea-subunits of Form
1 sMMOH®*:MMOB (6VK5) with RT -XFEL sMMOH °*:MMOB (6YDO).

These structural changes occur as a result of binding of an exogenous molecule (benza
active site of sSMMOHThe majority of the changes occur in three out of four helices of th¢
helix bundle housing the diiron cluster (C, E and F) and Hzlikat forms the outer border
the active site cavity. This reorganization in turn rearranges an extended coil region ir
with Helices C, E and F and Helix H that is in contact with HelixnSet Cartoon of thea-
subunit with color coding to slwing the regions that change in structure. The diiron clus
shown as gold spheres.
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Figure 3-7 Unassigned electron density in the active site &aic SMMOH ©*
(PDB:4GAM, Chain A).

The 2FeFc map (1.3) is represented as purple isomesh and thEd=map (+
s) is represented as green isomesh. The gredfchsomeshindicates that tt
two waters (red spheres) modeled into the active site do not account for &
experimental desity. Three of the four subunits in the asymmetric wdfithe
4GAM model have positive sigma densitgltering the position of F188 a
enlargingthe connection between Cavities 2 and 1

3.4.3 Bottlenecks Between Cavities are Regulated by Flexible Residues.

As noted in the introductionthe current model of substrate binding proposed by Cho and
colleagues suggests that &nd CH diffuse from solvent to the active sita a chain of three
internal cavities located in the sMMQa4tsubunit.** %% °The detection of the cavities in the most
recent of these studies was conducted using PyMol. The ability to identify cavities is based on
PyMol parameters termed cavity detentradii and cutoff values. These parameters are varied in
units of a separately entered solvent radius (See Experinknotzédures). The program default
values are set for a solvent radius of 1.4 A (water), and cavity detection radii and cutoff ¥alues o
5 and 3 solvent radii, respectively. These parameter values provide a useful, albeit conservative,
evaluation of the internal void geometry. However, in the case of sSMRQi#® are seeking a
highly restricted substrate access route such that it slevesd@ss (see kinetic evaluation below)

and can differentiate between the size of methane and €ft@eiting the solvent radius tol1A

with concomitant decrease in the cavity detection parameters (estimates for the effective radius of
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O, range from 1.17 to 1.7 A}*> allows a more relevant detection of the cavities and the

bottlenecks between therRigure 3-8).

Figure 3-8 Cavity gating residues oMt SMMOH and SMMOH:MMOB.

The internal cavities of A) SMMOH# (6VK6), B) sMMOH®® (6VK7), C)
SMMOH*:MMOB Form 1 (6VK5), D) sMMOH*MMOB, Form 2 (6VK8), E
RT-XFEL sMMOH>*:MMOB (6YDO0), and F) RTXFEL sMMOH®:MMOB
(6YDI), are shown as a grey colored surface. Amino acids involved in deter
the connectivity of the cavities are shown as green sticks. The diiron cluste
are representkas orange spheres. Benzoate and succinate are shown bou
diiron cluster in Forms 1 and 2, respectively.

This analysis shows that a bottleneegulated by residues V105, F109, V285, and L289
is located between Cavities 3 and 2. Cavity 2 isrsgpd from the active site Cavity 1 by another
bottleneck controlled by residues L110, F188, L216, F282 and F286. Cavities 3 and 2 are
connected in all of thtit sMMOH and sMMOH:MMOB crystal structurg$igure 3-8A-D).
However, Cavities 2 and 1 are only connected in the sMRMO&dhd Form 1 and 2

SMMOH®:MMOB structures Figure 3-8A, C-D). These cavities are disconnected in SMM®H
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(Figure 3-8B) along the route used in sSMMCGHlIue to shifts in the gating residues. Importantly,
Caviies 1 and 2 are not connected in the RAEL SMMOH>*:MMOB and sSMMOH**MMOB

crystal structures (PDB:6YDO and 6YDIigure 3-8E and . The MMOB bindinginduced
reorganization of the bottleneck residues L216 and L110 in SMMOH serves to isolate Cavity 1
from Cavity 2in the complex. While the reorganization of L216 &id0 is also observed in the
sSMMOH***MMOB Form 1 and Form 2 crystal structures, the altered position of bottleneck residue
F188 due to benzoate or succinate binding in Cavity 1 enables a larger connection with Cavity 2

(Figure 3-5A and B Figure 3-8C and D.

3.4.4 The Pore is Blocked upon Reduction and MMOB Binding.
The Pore is located he¢en Helices E and F and has been proposed to be involved in regulating
the access of substratesdad H) and release of products (gBH) to and from the active site,
respectivel\??® The strictly conserved amino acids T213, N214, and E240 are considered the Pore
gating residues that regulate these proceg$sgare 3-9). The Pore is a uniquely polar region on
the sMMOH surface as it is flanked by hydrophobic amino acids A210, V218, L237, L244, and
M247 on Helices E and F. In thé& sMMOH® crystal structurethe side chains of N214 and E240
are solvent exposed, ~4/§Oapart, and coordinate 5 water molecules. The side chain of T213 lines
the active site cavity and the hydroxyl moiety points towards the diiron cluster. Chemical reduction
of the diiron cluster @uses the middle of Helix E to twist, resulting in T213 and N214 to shift 2.2
A and 3.2A, respectively. The rotameric conformation of E240 is altered and the distance between
this residue and N214 becomes B.0The rotameric conformations of the hydroptworesidues
V218, L244, and M247 are altered as well, helping to create a chemical environment that does not
favor stable binding of water molecules to the region around the Pore.

MMOB binding to SMMOH causes structural rearrangement of the Pore residues as well.
The side chain of E240 is no longer solvent exposed, and instead, traverses the width of the Pore.
This new conformation blocks the access of substrates through the tBdresiactive site cavity.
The side chain of T213 is shifted AZompared to its position Mt SMMOH® and rotated ~180°
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compared to its position Mt SMMOH™, This new conformation positions the side chain hydroxy!
moiety of T213 to face away fromdldiiron cluster and form a hydrogen bond with E240. It is
important to note that MMOB covers the Pore while in complex with SMMOH, further limiting

access to the active site by this route.
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Side view Top-down view

Figure 3-9 Views of the Pore region inMit SMMOH in
various states and in complex with MMOB.

Ho* = sSMMOH> (6VK6), H® = MMOH'"™ (6VK7), H*B
= RT-XFEL sMMOH®MMOB (6YDI). Diiron cluste
reduction partially closes the Pore while com
formation with MMOB completely seals off the Pt
Electron density is shown as 2Fo and modeled atsl
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3.4.5 Binding of MMOB Results in the Optimization of a New Transient Molecular
Tunnel into the Active Site.

Past kinetic studies have providadvealth ofexperimentagvidence suggesting that the access of

O, and methane to the active site is precisely regulated by the binding of MMO®B "t "SThe

high resolutionMit SMMOH:MMOB crystal structurs, especially that of the particularly relevant

sMMOH"®*MMOB state,afford the opportunity tosearch for alternative substrate entry routes

involving the sSMMOH-MMOB interface.Using the program MOLE 2.5, a narrow tunnel (the

W308-Tunnelnamed for the gatg tryptophan residue 308, see below) was identified in the Form

1 and Form 2 Mt sSMMOH*:MMOB, Mt sMMOH®*MMOB and RTFXFEL Mt

SMMOH>"¢MMOB crystalstructuregFigure 3-10andFigure 3-11A and B. The W308Tunnel

is primarily lined by hydrophobic residues, which are vgeited to the nopolar nature of SMMO

substratesSee

Table 3-5 for a list of the residues lining the W3d&innel.

Cavity analysis using PyMol with the lower solvent radius parameters described above

allows detection of internal voids along the W3Dénel route, which corrates very well with

the Mole 2.5 predictionHjgure 3-11B). All the amino acids lining the W36Bunnelin sMMOH

and MMOBarehighly conserved in the small hydrocarbmxidizing, diiron enzymdamily (

Table 3-5).
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Figure 3-10 The W308Tunnel.

Starting from bulk solvent, the W30Bunnel traverses the SMMOH:MMOB interf:

before reaching the entrancet o t h e -suldMt® H eduluinit entrance is ga

by sSMMOH residues W308 and P215 on Helices H and E respectively. After tr

between Helices H and E the W308nnel curves away from Helix G and turns a cc

around Helix E. Finally, the W30Bunnel goes between Helices E and B into the &

site. C o | o-subunit, cyavijW\36H urwhel, black; sSMMOH gating residu

red:; MMOB, yel |l ow; MMOB fiQuado r elTgnnd

interface mutated residues, purple; active diiten cluster, orange. PDB code: 6YL

Variations of he W308Tunnel can also be identifidy MOLE 2.5in the Mt SMMOH®*

and sMMOH® (Figure 3-11A) structuresIn the SMMOH® structure Figure 3-12, top), the
entrance into the SMMOH interior is segBr constricted by sSMMOH residues W308 and P215.
Reduction of the diiron cluster leads to structural reorganization of Helix E and H in the sK#VIOH
structure that partially alleviates this bottleneElg(re 3-2 andFigure 3-12, bottom). However,
another significant bottleneck in this tunnel remains within sMNf&ad F282 and F212{gure
3-11A). MMOB binding to SMMOHF? removes this constriction, as is apparent in a comparison of
the W308Tunnel in theMt sSMMOH™® and RFXFEL sMMOH®**MMOB structures(Figure
3-11A and B). Mole2.5 also allows detection of a route through the chain of cavities to the active
site in both of these structures. A constriction between Cavities 2 and 1 is detected by analysis of
the SMMOH® structure Figure 3-11A). However, in the RIXFEL sSMMOH™®*MMOB structure,
the changes caused by complex formation result in closure of the Mole 2.5 tunnel between Cavity

2 and 1 Figure 3-11B). The same changes occur in the W3@sinel found in the 100K

sMMOH"™*MMOB structurereported here, but the alteration of the active site structure caused by
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the presence of the large exogenous ligarevgnts the complete closure of the Cavity 2 to 1

passageway.

W308 Tunnel

Figure 3-11 Correlation of voids in the protein identified using PyMol andtunnels
computed by MOLE 2.5.

A) Tunnels (red and yellow solid spheres) calculated by Mole 2.5 into the active
SMMOH in theMt SMMOH™® (6VK7) are show superimposed on the cavities com|
by PyMol (transparent gray). The diameter of the spheres representing the tunne
the computed width. The significant restriction in the W-3@hnel is marked with ¢
arrow. The restriction in the computed tunnel between Cavities 2 and 1 is less
sMMOH:MMOB (see panel B), but rotation around the vertical axis of the view ¢
reveals that the cavities remain distinct. B) Analogous computations foiMt
SMMOH™®*MMOB complex (6YDI). Tunnels are found through the chain of ca
(yellow, severely restricted where marked) and through the YW808el (red).
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Table 3-5 The W308 Tunnel Residues are Conserved Amongst 15 Small Hydrocarbon
Oxidizing Strains®

SubP |110 |188 (192212 (213|215 216|217 | 219|222 |223 [282[286| 290 | 299 (301|304 (305|308 [309
Methylosinus trichosporiu®B3b | CH, | L |F|F|F|T|P|L|I | A|E |[W|F|L| F E |WT|wW| WV
Methylococcus capsulatus Bath | CH, | L |F|F|F|T|P|L|I | A|E |W|F|L| F E |W T|W| WV
Sphingobiunsp.

CH, |L |F|F|F|T|P|L|I |A|E]|W|F|L| F E |W| T |wW| WV
SCG1
Methylospira

CH, |L|F|F|F|T|P|L|I|A|E]|W|F|L| F E |W| T |w wlV
mobilis
Methylomicrobium japanense CHy |L|F|F|F|T|P|L|I |A|E|W|F|L|F E |WT|W| WV
Methylomonas

CH, |L |F|F|F|T|P|L|I |A|E]|W|F|L| F E |W| T |w| wlV
methanica
Crenothrix

CH, |L |F|F|F|T|P|L|I |A|E]|W|F|L| F E |W| T |wW| WV
polyspora
Methylovulum miyakonen$€T 12 CHy |[L|F|F|F|T|P|L|I |A|E|W|F|L| F E |W| T |Wlw|V
Betaproteobacteria bacterium CHy |L|F|F|F|T|P|L|I |G| E|W|F|L|F E |W|T|W| WV
Rhodospirillaceadacterium CHy |L|L|F|F[T|P|L|I |A]|E]|W|I|V|L E |WT|W| WV
Mycolicibacterium elephantis CH, |L |A|F|F|T|P|L|V|A|E|W|L|V|F E |W T |wWlw|lV
Mycolicibacterium rhodesiae CHy |L|F|F|F|[T|P|L|I |A|E]|W|A|V|F E |W|lV|Wl WV
Mycobacterium chubuen$BB4 CHg| L |F|F|F|[T|{P|L|I |A|E|W|A|V|F E |W| V|Wlw|V
Thauera

CH, |L|F|F|F|T|P|L|I|S|E]|W|L|V|L E |W|S|w|wlV
butanivorans
Brachymonas petroleovorans CHyp| L |F|F|F|T|P|L|I |A]E |W[L|V]|L D |W| M|W|W|V

3BLAST alignment ofa-subunit W30&unnel residuesMethylosinus trichosporiun©B3b numbering. NCBI GenBank
sequence ID:Methylosinus trichosporiunOB3b - CAA39068.2, Methylococcus capsulatus BathWP_010960482.1,
Sphingobiumsp. SCG1 - WP_104955546.1Methylospira mobiliss WP_153249048.1Methylomicrobium japanense
BAE86875.1, Methylomonas methanica WP_013818321.1Crenothrix polyspora- WP_087143657.1Methylosulum
miyakonenséiT12- BAJ17645.1Betaproteobacteria bacteriunPK092487.1Rhodospirillaceadacterium- PCJ58204.1,
Mycolicibacterium elephantis WP_046753692.1 Mycolicibacterium rhodesiae WP_014211362.1 Mycobacterium
chubuens&BB4 - ACZ563341, Thauera butanivoransWP_068635403.1Brachymonas petroleovorarAAR98534.1.

bSubstrate for the diiron monooxygenase
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Oxidized

Chemically reduced

MMOH

MMOH

Side View Topdown view

TProlein T213
interior 4]

Protein
interior

W308-Tunnel

Pore T213 . ' [ W308
E ? 2 Protein l
. - exterior

Figure 3-12 Effect of diiron cluster reduction on the Pore and the W308 unnel.
Reduction o6MMOH causeghe Pore (left) to partially close angerstheentrancento
the W308Tunnel(right). However, a bottleneck remains at SMMOH F282 and F21
is not relieve until a complexs formed with MMOB The Pore is fully closed in t
SMMOH:MMOB complex (seéigure 3-10). sSMMOH* = PDB:6KV6; SMMOH®! =
PDB:6VKY.
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3.4.6 Kinetic Analysis of V41R-MMOB.

Pag studies of enzymes such as NiFe hydrogenase that allow selective passage of gases to the
active site have shown that small changes in the diameter of the putative gas tunnel via mutagenesis
cause large changes in the efficienéyransit?*® Accordingly, he importance of th&/308 Tunnel
wasevaluated by altering access to the tunnel through mutagenesis. Variants of MMOB are easily
generated! whereas thiss not the case for sSMMOHJMOB residue V41 was chosen as a target

for mutagenesi® determine ithe W308Tunnelis involved in trafficking substrates to the active

site. It is positionechearthe W308 Tunnelentrancdnto thea-subunit Figure 3-13A), and itis a

part of a b-sheet involved in thesMMOH-MMOB interaction interface. The only
intra/intermolecular polar contacts V41 makes betweeits backbondNH and carbonyl oxygen

and thebackbone atomef S109and S110 located on an adjacdnsheet of MMOB.Residues

S109 and S110 have been experimigntshown to strongly influence hydrocarbon substrate
selectivity and reactivit§®> ¢ "* Residues with larger side chains were introduaedMOB

position 41lin an attempt to block access inte W308 Tunnel Figure 3-13B). The following

V41 MMOB mutations were created and biochemically assessed: V41R, V41E, and IN41F.
addition, the nearby V39 residue was evaluated by generating the V39R and V39F variants. Each
variant nearly halted the reaction of the reconstituted sMM&em {Table 3-6), but V41R-

MMOB exhibited the most dramateffects so its reaction will be described in more detail here.



Tunnel

Figure 3-13V41R-MMOB mutat ion theoretical representation.

Panel Adepictsthe orientation ofV39 andV41 in the Form 1 Mt
sSMMOH:MMOB complex (6VK5) crystal structure. Panel B is
result of usinghemutagenesiteature inPyMol to mutaté/39 andv41
to R39 andR41, respectively. The new Arg residues have no ob
side chain electrostatic interactions and so a numbentomeric
conformatiors are possible, of which only one is illustrat€de W308
Tunnel is represented asudbe (black) MMOB (yellow) and sSMMO}
a-subunit (cyan) arehown as carto@and amino acid side chains
represented as stickpurple = carbon,blue = nitrogen).The nearb
AQuado residues of MMOB are s
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Table 3-6 Steady State @ Uptake in the Reconstituted sMMO Syster
with MMOB Variant

MMOB Variant Variant Alone Variant 1:1 with MMOB Variant 5:1 with MMOB
Y Activity Y Activity % Activity
None (MMOH alone) 0 N/A N/A
WT-MMOB 100 100 100
V39F <0.1 100 86
V39R <0.1 84 42
V41E” <0.1 100 100
V41F? <0.1 100 100
V4IR <0.1 53 4

“Conditions: 0.2 uM sSMMOH (0.4 uM active sites), 0.4 uM MMOB, 0.4 uM or 2.0 uM MMOB variant when present
1.2 uM MMOR, 200 uM CHy, 250 uM O3, 400 uM NADH, 25 mM MOPS pH 7.5, 23 °C

’Steady state data alone do not demonstrate binding for these variants. However, a perturbation
in the EPR spectrum of reduced sSMMOH shows that these variants do form a complex (see below).
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In the absence of MMOB, steady state @ilization during CH turnover by the
reconstituted sSMMO system is very slow, but it increasesfasiowhen MMOB is added ina 1:1
ratio with the sMMOH diiron site® In contrast, this concentration of VAIRMOB caused almost
no increase in the rate ok Optake Figure 3-14) The loss of reactivity when using V41RMOB
could deriveeither from blocked @(or CHs) binding or failure to form a complex with SMMOH.
In order to determine if V41RIMOB can bind to IMOH, a competitive steadstate experiment
was performed in which both MMOB and V4NRMOB were presentfV41R-MMOB binds to
sMMOH with a similar binding affinity as MMOB, thethe steady state initial velocity will
decrease as V41IRIMOB is added It was found thathe initial velocity of O, consumption
decreasg nearly50% in the presence of equal molar concentrations of \VMIMOB and MMOB
(Figure 3-14). The initial velocity continued to decrease upon subsequent additions of the MMOB
variant. This finding suggests that the mutation does igatfisantly alter MMOB affinity for
SMMOH. The same experiment using V39RMOB showed a similar competitive effect, but the
affinity of this variant appears to be less than that ofMMOB (Figure 3-15). The other variants
tested showed even lower affinity relative to that of WIMOB, but perturbation of the integer
spin EPR signal of sSMMO® demonstrated that each forms a profaiotein ®mplex (Figure

3-16).
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MMOB V41R MMOB:V41R

Figure 3-14 Competition between WT-MMOB and V41R-MMOB during steady
state turnover.

Mt sMMOH was present at the same concentration in all experiments. Whg
MMOB or V41R-MMOB was added alone, it was present at the same concentr:
SMMOH (active sites). For experiments in which WIMOB and V41R were add
together in the ratios showldyT-MMOB was present at the same concentratic
SMMOH (active sites). Othazonditionsfor the experiment are given in Experime
Procedures.

100

100

O,
o
1

Relative Activity (%)

1:1 1:2 1:3 1:5
WT-MMOB WT-MMOB:V39R sMMOH™ V39R

Figure 3-15 Competition between WT-MMOB and V39R-MMOB dur ing steady stat
turnover.

Mt sMMOH is present at the same concentration in all experiments. WheldMOB or
V39R-MMOB was added alone, it was present at the same concentrasMM&H (active
sites). For experiments in which WMIMOB and V39R are added tgether in the ratic
shown, WFMMOB is present at the same concentration as SMMOH (active sites)
conditions for the experiment are given in ExperimeRtatedures.

121



g-value

22171412 109 8 7 6 5
T T T T T T 1 T T

sMMOH™*:MMOB

sMMOH"™¢

sMMOH™®:V39F-MMOB

o v o

sMMOH™“:V39R-MMOB

sMMOH™:V41E-MMOB

sMMOH":V41F-MMOB

sMMOH™%:V41R-MMOB

1 1
0 500 1000 1500

Magnetic Field (Gauss)

Figure 3-16 Parallel mode EPR spectra of SMMOH with MMOB and
MMOB variants.

sMMOH'? exhibits a characteristic EPR spectrungat 16 due to ferromagne
coupling of the two higtspin Fe(ll) ions of the diiron clust&he resulting integ
spin system gives an enhanced EPR signal when recorded with the microwe
aligned parallel with the magnetic field. The signal is peedrivhen MMOB i
present due to the formation of a protpiotein complex (compare the black anc
spectra in the top trace). Each of the MMOB variants used in this study gives ¢
perturbation, albeit with distinct intensities, showing that eaomd$ a complex wi
MMOH"™ (red trace from sMMOH:MMOB show for comparison in each c
Moreover, each perturbs the diiron cluster environment slightly differ
Conditions: SMMOFY, 300mM (active sites); MMOB (or variant), 308M, 25 mV
MOPS, pH 7. EPR conditions: frequency, 9.400 GHz; time constant, 2.5
microwave power, 2 m\W, temperature, 2.0 K, cavity tuned for parallel mode de
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Single turnoverstoppeeflow experimentswere performed in which a 1:1 mixture of
anaerobic SMMOHK? andV41R-MMOB was rapidly mixed with a large excess of i® orderto
determinewhetherthis MMOB variantaffects the formation and decay of chemical intermediates
in the sMMCH catalytic cycle MMOB is required to accelerate the start of the reaction cycle so
that reaction cycléntermediated®”, P, andQ build up and can be detect&dn the presence of
V41R-MMOB, none of these intermediategere seen. Instead, the diferroaMMOH decayed
slowly tothe diferric state.

As sMMOH® oxidizes, a weak chromophore in the REAf region develops, allowing
the kinetics of reoxidation to be monitoréwal the case of th1t SMMOH™®*MMOB complex, the
initial reaction with Qis apparentlytoo fast to follow with stoppetlow, because no £2dependent
phase is observed in muttkponential fits of the time cour8&%® The lack of Q concentration
dependence in the reciprocal relaxation times of the observed phases implies that the (unobserved)
0. binding is effectively irreversibl®. The reaction following © binding in the
sMMOH™®*MMOB active site, which results in a complex with the diferrous cluster (intermediate
P*), occurs with a rate constant of 26 & 4 °Casmonitored byrapid freeze quencEPRand
Mossbauer spectroscopi&s®® %9 77 p* then decays at 9'¢o the diferric peroxo intermediafe
with the resulting chromophoric chantfe’® The rate constant @6 s is 1-2 orders of magnitude
slower than typically observed for@action witha metalloenzymé?* 237 2%t it is much faster
than that observed for,@eaction with sMMOF?in the absence of MMOBF(gure 3-17A). The
observed reciprocal relaxation time for the latter reaction exhibits a hyperbolic dependence on O
concentration, suggesting that it occurs in two stefgu¢e 3-17B, inset).Nominally, these steps
are reversible bindind<: = 0.44 mM = 0.02 mM) followed by a slower irreversible oxidation step
(k=0.019 + 0.001°Y. Interestingly, the reaction &t SMMOH™*V41R-MMOB with O, occurs
even slower with a @dependent second order rate constant of 1.5 + ¢.2Mat 4 °C (pseudo
first orderk & 0. ©® & 20M O,) (Figure 3-17A and B. The linear @concentration
dependence suggests that this reaction islirteed by the initial Q binding reaction. Thus, the
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initial Oz binding reaction occurs at le&,000fold slower when V41RMMOB is used in place
of WT-MMOB (>26 s%/0.001 ). The fundamentally different reactions withy ddicated in
Figure 3-17B for SMMOH"®*V41R-MMOB versus sMMOF¢ alone have implications fahe

mechanism of @access as discussed below.
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Figure 3-17 Stoppedflow experiments usingthe V41R-MMOB variant.

Reactionafter stoppediow mixing of 28.5nM sMMOH™? (57 mM active sites
with O in the presence (red) and absence (blu&7afM V41R-MMOB (aftel
mixing). (A) Time course of the oxidation reaction monitored at 330 nm .
concentration(after mixing) of O, shown.Threesummed exponential §itto the
dataareshown superimposed iwhite on the time courseAll time courses hay
the same endpoint at infinite timéhe faster twpverylow amplitude phases ¢
seen in all reactions in the presence or absence of WANIRB and are apparen
an artifactof mixing. In the presence of WMMOB, the time course woulbe
coincident with they-axis for the time scale shown. Conditions: 50 mM M
buffer pH 7, 4 °C. (B) Plobf observed reciprocal relaxation timef the larg
amplitude, slowegphasdrom fits of data like thosén panel Afor reactions usir
V41R-MMOB versus QconcentrationInset: The same plot from fits of reacti
containingMMOH™d alone.Data analysis is described in the methods sectiol
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3.5 Discussion

Presented here and in another recgutly are the first Xay crystallographic structures of the
SMMOH>*:MMOB and sMMOH®**:MMOB complexes using protein components isolated from the
Type 1l methanotrophiMethylosinus trichosporiun®B3b. These structures complement those
previously published fothe complex of the oxidized sMMO components from the Type la
methanotropf® Methylococcus capsulatssrain Bath’® While the structures are clearly similar,

the much higher current resolution of thié OB3b complex structures now allows the effects of
complexation and reduction to be evaluated in detail. We also report the highest resolution structure
of SMMOH* to date, as well as the first structure of redugk@d@MMOH. These studies are used

in the following discussion to evaluate the changes isMMOH structure caused by MMOB that
specifically influence @(and potentially methane) access to the active site during the catalytic
cycle.

3.5.1 Effect of Molecules in the Active Site.

The Mt SMMOH**MMOB Form 1 (6VK5) and Form 2 (6VK83tructuresreported here show
benzoate and succinate, respectively, bound in the active site to the diiron Eligster 3-4). The
preence of these molecules is particularly revealing because the structures demonstrate the
flexibility of the active site and its potential influence on substrate access. While sSMMOH is clearly
tailored to facilitate methane oxidation, the enzyme will oxdimndreds of larger adventitious
substrate$® *4These reactions are not beneficial to the methanotroph, but they do indicate that the
active site can expand to accommodate larger molecules. The metrics of the diiron cluster itself
with benzoate bound are essentially unchanged frmse of the substrafeee enzyme with the
exception of the F&e distance, which is lengthened by approximalehd. In contrast, the active

site cavity is significantly altered, which can be seen by compdhagbenzoatéound Mt

SMMOH>*:MMOB Form 1structure to the RXFEL Mt sSMMOH>*:MMOB structure, in which

12¢



water is modeled as a ligand to the diiron cluster in place of ber(Eeguiee 3-5A vs C andrigure

3-8C vs E).Changes occur in three of the four helices (C, E, and F) that house tlesmaodiiron
cluster Figure 3-6). The ability of Helices E and F to shift is important because they carry with
them residues E209, E243, and H246, which are three sfttigandsthat coordinate the diiron
cluster. The flexibility of these helices permit Fe2 to change its distance from Fel during the
catalytic cycle, which allows formation of structurally diverse intermedfété¥lt is likely that

part of this flexibility derives from thp-helical segment in Helix E adjacent to the cluster.

The mechanistic significance of large substrates in the active site ofMithe
SMMOH:MMOB complex remains unknown In addition to the benzoate and succinate
demonstrated here, relatively large alcohols have been structurally characterized as ligands to the
diiron cluster inMic SMMOH® crystals in soaking experimer(tsee for example PDB:1XVG¥ *°
In contrast, no large molecules that perturb the activeas#teobserved in the structuresMt
SMMOH%, Mt SsMMOH™% and only a small molecule that causes change in structure was
observed iRT-XFEL Mt sSMMOH:MMOB experimentsThus, the presence of larger exogenous
molecules in the active site of crystallized enzyme appears to be dependent on both the sMMO
protein components present and the crystallizatonditions. Past single turnover Kkinetic
experiments have shown that molecules larger than methane such as C2 to C8 hydrocarbons bind
slowly to the enzyme afte is formed in the reaction cycle and are hydroxyl&t€d.* The
route of entry of these large molecules into the active site is unclear, but the current results suggest
that the variable volume of the adigite is likely to be an important factor in the ability of SMMO
to oxidize such a large range of substrates.

It is proposed here that the binding of large molecules in the active site is the direct cause
of the shift in the position of F188 and coordatichanges in thp-helical region of Helix D
(Figure 3-5A and B). This observation contradicts the conclusion of Lee, et al. that MMOB binding

is the cause of this $hf° The latter conclusion was based on the observation of the shift in F188



in a structure oMc sMMOH:MMOB (4GAM) thought to be devoid of a substrate. However, close
inspection of the 4GAM electron density map shows that there is additional positive density in the
Fo-Fc omit map of the active sit€ifure 3-5D andFigure 3-7) in the position where we model

large molecules in Form 1 and FornM2 sMMOH:MMOB. This observation suggests the likely
possibility that there is also a substrhite molecule present in thdc SMMOH:MMOB crystal,

and that this molecule is the cause of the F188 dHift. new insight is important because the shift

in the position of F188 completely removes the barrier between Cavities 2 and 1 (cbigpeee

3-8C with Figure 3-8E, Table 3-7). The observation of this pathway opening as an effect of
MMOB binding in theMc Bath sMMOH:MMOB complex was proposed as explanation for the
regulatory effect of MMOB on ©and CH binding,° which we believe should be reevaluated.
Indeed, the results presented here indicate that MMOB binding constricts the bottleneck between
Cavities 1 and 2 due to the reorganization of L110 and L216 and blocks accesadtivihsite
through the chain of cavities. This change is only visualized in the absence of adventitious substrate

binding in the active site cavity.
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Table 3-7 Potential Passages into the SMMOH Active Site

SMMOH> sSMMOHed sSMMOH>*;MMOB SMMOH™®*MMOB SMMOH>*;MMOB SMMOH*®*MMOB
6VK6 6VK7 Form 16VK5 6VK4 RT-XFEL 6YDO RT-XFEL 6YDI
Cavities 3to 2 | Cavities 3to 2 Cavities 3to 2 Cavities 3to 2 Cavities 3to 2 Cavities 3to 2
Connected Connected Connected Connected Connected Connected
Chain of
Cavities | Cavities2to 1| Cavities2to 1 Cavities2to 1 Cavities2to 1 Cavities2to 1 Cavities2to 1
Connected Disconnected| Connectedl Connectedl Disconnected Disconnected
W308
Tunnel Closed Closed Open Open Open Open
Partially
Pore Open Closed Closed Closed Closed
closed




3.5.2 The W308-Tunnel as an Alternative Route for O, Access.

The structures currently available are those of the sedeting directly to formation of the O
complex. As described in the introduction, two routes for the entry of substrates into the active site
have been proposed: (i) direct entry through the Pore region, and (ii) transit through a long assembly
of three cavities. The structures presented here and in previous studies dficthgath
sMMOH:MMOB suggest that the route through the Pore is unlikely because MMOB physically
covers the Pore and residues shift within the Pore upon MMOB binding to block &o&essss
through the chain of cavities remains a possibility, but it is madélelsby the structural, kinetic,

and mutagenic studies presented here and in our previous $tuthied.”"We suggest here that
passage of &through the W30& unnel is a third possible transit route, which is consistent with

all of the available studies. Several observations favor the YWW8608el over the chain of cavities.

First, the residues that define the W3Dénel, are highly conserved in the known sMMOH
enzymes as well as in similar diiron clustemtaining enzymedhat catalyze oxidation of small
hydrocarbong

Table 3-5). This conservation is not observed for enzymes structurally related to SMMOH that
oxidize larger substrates such as the toluemmodooxygenase (T4MO), toluenetglene
monooxygenase (ToMOH), and phenol hydroxylase (PHH). In the latter enzymes, a relatieely lar
tunnel in the vicinity of the SMMOH W308unnel has been detect&éd.However, these tunnels
follow a different path to the active site, and close rather than open when complexes are formed
with the cognate regulatory proteit¥sSecond, the proposed route fartirough the W308 unnel

in the sSMMOH:MMOB complex wold take it past V41 shown here to profoundly affect the rate

of diiron cluster oxidation when mutated to a largesidue Figure 3-17). Third, the tunnel also
passeshe SMMOHMMOB i nterface regi on t hrads iidWdsuod e(s
S109 S11Q T111)* that control many a®cts of the size selectivity of hydrocarbsubstrates

(Figure 3-10andFigure 3-13). Fourth the binding of MMOB causes many structural changes in
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the W308Tunnel that arelikely to affect Q binding. Specifically a dome of conserved,

hydrophobic residues is organized above the entry to the WW308el byMMOB (Figure 3-18).

MMOB_4% _ Entrance to the
hydrophobic dome

{

MMOH a-Subunit

: 7
View through ' " | !
the a-subunit ¥

« ol

MMOB

<€) “& A37,V38,V39,

b @ ) V41,L42,F75,

< Y W7e,W77,178,

- K79,A80,5109,

$110,T111,V112
Figure 3-18 The hydrophobic entranceto the W308 Tunnel.
Hydrophobic entry into the W3@8unnel results from the formati

of the SMMOH**MMOB complex (6YDI). Colors: sMMOH a-
subunit, teal; MMOB, yellow;residues forming the hydropho
dome, red. The red colored surface representation of the hydrc
dome at the protein complex interface is visualized more clea
making one of the two proteins transparent in the structures to th
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Thisstructural featurgvould enhanethe binding ofO, becaus¢he W308Tunnel entrance
is otherwise exposed to solvent and surrounded by polar residuesimMi@H " structure Fifth,
the bottlenecks in the W30Bunnel widen in the sSsMMOH:MMOB complex sidfently to permit
O, to pass at the critical choke points, whereas the passage through the chain of cavities effectively

closes Figure 3-11 andFigure 3-19).

Figure 3-19 Structural changes in constriction points in access routes for £nto the
actives site resulting from MMOB binding.

Structures for sMMOH¢ (6VK7, white) and RTXFEL sMMOH®*MMOB (6YDI, green
are shown at constriction points in (A) the W3D&1nel and (B) the passage from Cav
to Cavity 1. The large shift in the position of F282 opens the \WI20the| while the shift:
in the Cavity 2 to 1 passage greatly restrict that route of entry.



The stateof the potential passageways into the active site as seen in the crystal structures
are summarized ifmable 3-7. Sixth, the W308Tunnel entrance is positioned in a stural region
in sMMOH between tw@-helical sections of adjacent Helices E ahdFigure 3-20). Often p-
helices are evolutionary conserved for their functional rolesnizyme activity'* 24%242 Finally,
all structures of the sSsMMOH:MMOB complex show that ther88idue unstructed N-terminal
region of isolated MMOB becomes ordered as it binds to SMMOH.7 243 Truncation of this
region shifts the ratémiting step of the catalytic cycle to,®inding® The RTFXFEL study of the
SMMOH:MMOB complex showed that the MMOB-f¢rminal residues selectively reorganize
sMMOH Helices H and 4. Helix H providesany of the residues for the W308nnel once it
enters SMMOH. Indeed, both thetBrminal tail of MMOB and the distinctive tryptophaich
sequence of Helix H in sSMMOH are uniquely conserved in sSMMO enzymes within the larger
family of bacterial multicompnentmonooxygenased-igure 3-21). The novelty of the W308
Tunnel entrance is further highlighted by the observation that the MMOB induced reorganization
of Helices EJF and H closes the Pore and opens the \W@ABel. It is perhaps not coincidental
that this conformational change opens up apalar route into SMMOH at the expense of a polar

route in preparation for the start of the catalytic cycle.
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sMMOH™ 'SMMOH":MMOB

é :

¢

£,
R
H >

W308

Figure 3-20 The W308 Tunnel molecular gate.

SMMOH amino acids P215 (Helix E) and W308 (Helix H) shift dramatically
formation of the MMOB complex, acting as a molecular gate. The gate mo»
is possible because tifea-helices (red) and sections of the helix that do not
intramain chain hydrogen bonds (yellow). As a restile helices are mc
flexible allowing the molecular gate to open and close. sSMMGHPDB:6VKG6:;
sMMOH*:MMOB = PDB:6YDO.

<
: ‘P215 )
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AAYRNT4N ) = «MTSLVYIAFQDNDAARY IVEAL - - - VODNPHAEV - -QHRPAMIRVOQAEG

Figure 3-21 Sequence alignments of key regions of hydroxylase and regulaygproteins.

Portions of thea-subunit of the hydroxylase components (panel A) and the regulatory protein
components (panel B) of the bacterial multicomponent monooxygenase family are illustrated.
Enzyme sulfamilies are identified by colored boxes; methanenooxygenasé red, butane
monooxygenase purple, propane monooxygendsgellow, phenol hydroxylaseorange, toluene
monooxygenase cyan. The unique extendedtBrminal tail of the regulatory component and the
tryptophanrich Helix H of thea-subunitin sMMOH have been highlighted by black boxes.
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3.5.3 Insight from Studies of the Evolution of Bacterial Multicomponent
Monooxygenases.

A recent study of the evolution bacterial multicomponent monooxygensaseggests that SMMO

was the last temerge and is significantly diverged from the monooxygenases that oxidized larger

substrates! It is interesting to speculate that the chain of cavities in SMMOH has been carried over

from an earlier ancestor, but has been functionally replaced by the narrow 808! to provide

selectivity for small substrates. Also, it is noteworthy that thieal N-terminal region of MMOB

that regulates the W30Bunnel region in the SMMOH:MMOB complex is missing or truncated in

the monooxygenases that oxidize larger substriigare 3-21). Thus, caution must be exercised

when using the structures of these enzymes to draw conclusions regarding substrate access into the

active site of SMMOH.

3.5.4 Insight from Diiron Cluster Oxidation Kinetics.

Additional support for the importae of the W308Tunnel derives from an examination of the
kinetics of SMMOHrd diiron cluster reoxidation under varioasnditions Figure 3-17). Overall

the rate constd for O, access into the active site is at least 250 larger when SMMOH¢is
complexed with WIMMOB rather than V41RMMOB. However, the comparison of the reaction
without MMOB versus that with V41#RMMOB present also provides insight. The reactiming
V41R-MMOB is much slower, and the rate constant for the reaction displays a first order
dependence onfaoncentration rather than the hyperbolic dependence seen for that of the isolated
sMMOH™dreaction Figure 3-17B). A possible scenario to account for these observations is based
on a change in the ralieniting step from: (i) Q gaining access to the protein at a location remote
from the diiron cluster in the V4XRIMOB sMMOH™ reaction, to (ii) @ binding to the diiron
cluster in the isolated SMMO® reaction. If V4A1RMMOB restricts the W308unnel, the slow

step becomes Minding from solution, the rate constant for which would exhibit the observed first
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order dependence orp ©oncentration. In the absence of MMOB, the hyperbolic@centration
dependence of the observed rate constant suggests that another step foll@ssitgee® binding

is ratelimiting. Our previous magnetic circular dichroism/circular dichrdénand RTXFEL
studies of théit sMMOH:MMOB complex show that discretdianges occur in the diiron cluster
environment as MMOB binds that are predicted to enhance its ability to bind and activate O

the absence of these changes, the binding ¢ @e cluster may be slower than thgt@nsit to

a position where it wodl be poised to react with the cluster. This condition would be satisfied if
the transit time through the W30&innel is faster than binding to the diiron cluster. However, the
severe constriction in the W3d&innel and polar residues at its entry into sSMM® in the
absence of MMOB may greatly slow or even block éntry via this route Kigure 3-11).
Alternatively, in the absence of MMOB or its V41R variant,nght still slowly enter the active

site through the constriction in the channel between Cavities 1 and 2 in the chain of cavities.
Accumulation of Qin the chain of cavities prior to binding to the diiron cluster would result in the
observed hyperbolidependence of the rate constant. In this scenario, the route through the cavities
is responsible for the slow background rate of cluster reoxidation in the absence of MMOB, which
is shut off when MMOB binds. It should be noted that this analysis impliesdparate roles for
MMOB. The structural changes it engenders both activate the cluster to reactwithil® also
opening the W30d unnel for sizeselective, bottleneck free, ciémensional rapid transit of O

to the cluster.

3.5.5 Relevance to Methane Binding.

Past studies have shown that methane and most adventitious substrates of SMMO react directly
with intermediateQ in the SMMOH catalytic cycl& These substrates do not affect the kinetics of
earlier cycle steps, but their reaction wilis first order in substrate in the accessible concentration
range. Our previous transient kinetic studies demonstrate that MMOB is bound to SMMOH when

substrates gt withQ.”* MMOB variants with smaller residues in the Quad region (Gbegineet



in Figure 3-10andFigure 3-13) adjacent to the W308unnel allow larger substrates to react more
rapidly, consistent with easier passage into the active'skecordingly, larger substrates exhibit
no deuterium KIE when eting withQ unless the MMOB variants with smaller residues in the
Quad region are used in place of WIMOB.®® In contrast, a deuterium KIE of 50 is observed for
the methane reaction when WWMOB is utilized® "+ 8These results are consistent with the
W308-Tunnel also erving as an access route for hydrocarbon substrates. When the substrate is
larger than methane, the constraints of the tunnel cause binding to the protein telibétirade
rather than €H bond cleavage, hence giving first order kinetics in substraieeadration with no
deuterium KIE. Methane may give both first order kinetics and a KIE because it is small enough to
pass efficiently through the MMOBodified tunnel. The transit of methane might be faster than
expected through the narrow tunnel becausan only move in ongather than thredimensions.
A parallel can be drawn to the accelerated localization of DNA binding factors to consensus sites
due to onedimensional transit on the DNA polym&f.In essence, methane behaves kinetically as
if it does not accumulate in the tunnel but rather collides directly from solution with the diiron
cluster in tke highly reactiveQ intermediate state. The cleavage of the strong bond of methane
would then be ratémiting to give the detectable KIE. The passage of methane through the chain
of cavities is also possible, but the cavities are large enough to acaimadaty methane
molecules. Indeed, we find multiple solvent molecules in the caviigsre 3-22)and the binding
of Xe and small hydrophobic molecules have been tegoin the cavities of théic Bath
sMMOH.*® This accumulation of substrates in the cavities would mean that the substrate would
react withQ from within the protein rather than from solution, thereby yielding hyperbolic or
concentration independergsponse of the rate constants.

An important caveat is that the asynchronous binding.@fn@ hydrocarbon substrates during
the catalytic cycle implies a significant structural change that cannot be investigated using the
available crystal structures. In particular, a change that allows the binding of molecules slightly
larger than @at theQ stage of the reaction cycle would account for the existing kinetic data.
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Chapter 4 Soluble Methane Monooxygenase Component Interactions
Monitored by *F-NMR

Portions of this chapter are adapted frarmanuscripturrently under revievauthored bylason
C. JonesRahul BanerjeeManny Semoniske Shi,Hideki Aihara,William C. K. Pomerantand

John D. Lipscorb*

My contributions to this project wereconceiving and planning the experimensample

preparation,perform the experimentgnalyz the results,draft manuscript preparation, and

review/approve the final manuscript.
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4.1 Synopsis

Soluble methane monooxygenase is a rudthponent metalloenzyme capable of catalyzing the
fissure of the €H bond of methane and insertion one atom of oxygen freito @ield methanol
Efficient multiple-turnover catalysis occurs only in the presence of all three sMMO protein
components; the hydroxylaseMMOH), the reductase (MMOR), and the regulatory protein
(MMOB). The complex series of SMMO protein component interactions that regulate the formation
and decay of SMMO reaction cycle intermediates is not fully understood.tHet®;o tryptophan
residues in MMOB and the single Trp residue in MMOR are conveaesgfluorotryptophan
(5FW) by expression in media containingfl@oroindole. In addition, the mechanistically
significant Nterminal region of MMOB is'%F-labeled by reaction of the K15C variant wih
bromo-1,1, - trifluoroacetonédBTFA). The 5SFW and BTFAnodifications cause minimal structural
perturbation, allowing detailed studies of the interactions with sMM@ihg °F-NMR.
Resonances from the 275 kbamplexes of IMOH with 5SFW-MMOB andBTFA-K15C-5FW-
MMOB complex are readily detected ab®l labeledprotein concentration. This approasitiows
directly that MMOR and MMOB competitively bind to sMMOHRvith similar Kp values,
independent of the oxidation state of the diiron cluster of sMMUHése findings suggest a new
model for regulation in which dynamaquilibration of the MMOR and MMOB with sMMOH
allows transient formation of key reactive complexes that irreversibly pull the reaction cycle
forward. The slow kinetics of exchange of the sSMMOH:MMOB complex is proposed to prevent
MMOR-mediated reductive quehing of the higkvalent reaction cycle intermediafg before it

can react with methane.
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4.2 Introduction

Soluble methane monooxygenase (sMMO) is a multicomponent metalloenzyme capable of
catalyzing the conversion of methane to methanol at ambient tenmeesaaid pressufel* The
enzyme consists of three protein components: a 245 &b@g.(hydroxylase (MOH), a38kDa

FAD and 2Fe2S clustercontaining reductase (MMOR), and & kDa cofactorless regulatory
component (MMOB)-> 33 35As shown inScheme4-1, the SMMOH active site contains a dinuclear

iron cluster which serves to activate molecular oxygen for insertion into-thé@hd of methane

(bonddissociation energy = 105 kcal/m@f)©. 68 151

Scheme4-1 Reaction Cycle of sSMMO and Structure of the SMMOH:MMOB
Complex.
SMMOH®*:MMOB sMMOH™*:MMOB
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The resting state of SMMOH contains a diferric cluste?’ff&* sSMMOH®) in which the
irons are bridged by two solvent (Obt H:O) molecules in addition to the carboxylate of Glu144.

SMMOH®* can form a complex with MMOR and receive two electrons to form the diferrous cluster
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(FE*Fe*, sSMMOH™®Y) in which Glu243 shifts to bridge the irons via one carboxylate oxygen, one
bridging solvent is lost, and the bond to the second solvergakened. In this new configuration,

the diiron cluster can bind between the irons upon dissociation of the weakly bound solvent.
However, Q binding is observed to be very slow in the absence of the regulatory component
MMOB (Structure of the compleshown inSchemes-1).%° 24°Binding of MMOB effects d,006

fold increasein the rate constant for the,inding to the diiron cluster to form the first
spectroscopically distinct intermediate of the reaction cycle, tefied® % 75 76 245 Recet
structural studies indicate that one cause of the decreased ratbinfii@g in the SMMOH active

site in the absence of MMOB is the near closure of the molecular tunnel that mediates the transit
of O, from the solvent’ This bottleneck is relieved by conformational changes in both MMOB
and sMMOH when the sMMOK*MMOB complex forms*> A second cause of the low
reactivity of Q with SMMOH™ is the position of the Glu209 ligand to the diiron cluster which
blocks the approach to the open iron coordination?$it&n angle change of this ridsie in the
SMMOH"®*MMOB complex exposes the site fop Binding. The formation of intermediaR¥ is
followed by spontaneous formation of a peramtermediateP, and finally, QO bond cleavage to

yield the reactive dinuclear FeintermediateQ.%® 8 Q can react directly with methane to form
methanol with incorporation of one atom of oxgg®urced from @

IntermediateQ is generated and stabilized by precisely coordinated sMMO protein
component interactiorfg. 66 7071 131, 144, 248 |though two electrons are required to geneqte
subsequent stabilization of this intermedi&tguires that further transfer of electrons from MMOR
be blocked in order to prevent quenching of the highly electrophilic dinucléacl&ster.Early
chemical crosginking studies of the SMMO components frdethylosinus trichosporiur®@B3b
showed that complexes between sMMOH and MMOB or MMOR can readily*fdfnorescence
guenching experiments utilizing either endogensM810H tryptophan fluorescence or MMOB
labeled with fluorophores demonstrated the formation of a SMMOWOB complex with akp
value of 681M.5% 131 However, measuremeat the redox potential of SMMOH showed that a shift
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of -132 mV occurred upon complex formation with MMOB, indicating that MMOB binds much
more weakly to diferrous SMMOFY: 143 143While this finding might favor dissociation of MMOB
upon reduction of SMMOH, subsequent studies based on site directed mutations in MMOB showed
that his was not the cagé.Remarkably, mutations in different regions of MMOB caused the rate
constants for different dividual steps in the reaction cycle to significantly change. When two
different MMOB variants were added in succession in a single turnover reaction of siHVIOH
only the step affected by the first MMOB variant added was observed to change. Thust the firs
MMOB variant cannot equilibrate with the second in the sMMOH complex during the time
required for a single turnover. A nondissociating MMOB might serve to physically block the ability
of MMOR to transfer electrons tQ provided MMOB and MMOR share a biing spot o
SMMOH. One conflict with this scenario is that MMOR must have access to resting SMMOH
(sMMOH®) in order to transfer electrons at the start of the cycle, so MMOB cannot entirely block
the reaction at this stage of the reaction cycle. Dissoaiati MMOB from sMMOH* promoted
by MMOR would resolve this problem, but this suggestion seems at odds with the high affinity of
MMOB for SMMOH®,

Two current models for the regulation of electron transfer in the sMMO system are
illustrated inScheme4-2. Model A was motivated by the observation in the chemical ditgag
study referenced above that MMOB and MMOR c#liss to different subunits of SMMOKE In
this modesMMOH and MMOB have independent binding sites and electron transfer@Qtsiage
of the reaction cycle might be blocked by a conformational change at either the NN
or sMMOH alphabeta subunit interface. Model B is based on studies of the protein components
isolated fromMethylococcus capsulaty#c) Bath®* %4An MMOR construct composed @ist
the domain containing the 22S cluster, termed the Fd domain, was utilized to simplify the
experiments. Results fronyhdr ogeni deut eri um exchang@DXxoupl ed
MS) and fuorescenceanisotropytitration experiments using &-((((2-iodoacetyl)amino) ethyl)
amino)naphthalenel-sulfonic Acid (IAEDANS)-labeled MMOB D36C variant suggested that the
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MMOB and FAMMOR binding sites overlap on sMMOH. The HEMS data showed that the Fd
domain interacts with SMMOH surface residues locatétl@arcanyon region of the alpha subunit.

This is the same location thatrdy crystal structures of the SMMOH:MMOB complex revealed to

be the binding site for MMOB for botkic Bath andMt OB3b component¥: 2> Fluorescence
anisotropy titration irMc Bath sMMO experiments showed thatMOR can displace MMOB

from sMMOH. Furthermorehe FAMMOR was mor e ef f ec t23)WiMORt di s p
variant than full length MMOB® #4The researchers hypothesized that theemhinalregion of

MMOB serves as an anchor which prevents MMOB from fully dissociating from sMMOH while
MMOR is interacting with sMMOH. However, the shift in the MMOB position opens the binding

site necessary for MMOR to transfer electrons to SMMOH. Finally, theitg of MMOB for

sMMOH was found to increase rather than decrease upon reduction of the diiron center, suggesting
that MMOB might remain bound and block reduced MMOR from rebinding at later points in the

reaction cycle.

conformational
change

e transfer

H red

Strong MMOB
Affinity

Schemed-2 Models for Regulation of Electron Transfer to SMMOH
Ho* = diferric SMMOH*, H®d = diferrous SMMOI B = MMOB, R*
fully oxidized MMOR, R® = two electron reduced MMOR H®
Intermediate of the reaction cycle.
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The studies of the interaction of SMMO components fiMdmBath andvit OB3b differ
primarily in the reported affinity of SMMOP:MMOB (KoM = 550 nM 44 KpMt = 68 nM® 13}
and SMMOH*MMOR (KpM¢ = 900 nMi*2KpMt = 10 nM*% complexes and the change in affinities
for MMOB upon sMMOH reductionpM® = 170 nM;1#* KpMt = 2.2nM 3, It is possible that part
of the disparity in these measurements stems from techniques used to measure the affinities, which
often involved major struaral modifications in the protein components from attaching large
fluorophores. In this study, we have prepak&tdOB3b MMOB and MMOR in which the native
tryptophan residues are conservatively changed-fiooBotryptophan (5FW§4724° Also, an
MMOB variant in the Nterminal region is modified with a smatF-containing label such that the
modified residue mimics the size of the original lysitfelhese changes are found not to alter the
overall structure or regulatory functions of MMOB or MMOR. They permit the usd&=diMR
to study labeledMMOB complex formation with sSsMMOH in the presence or absence of MMOR.
The sengivity of the NMR spectrum to changes in the environment and mobility of the tryptophans
allows insight into the effects of component concentration and SMMOH oxidation state on complex
formation in the absence of large external labels or truncated contpaar@anmts. The studies
support a new model for regulation in which progress through the reaction cycle is promoted by
sMMO component exchange that is kinetically coupled to effectively irreversible downstream
reactions.
4.3 Experimental procedures
4.3.1 Hydroxylase and Reductase Preparation.
sMMOH waspurified fromMethylosinus trichosporiur®B3b according to purification protocols
described previousR: A modification in previous methods for MMOR purificatioand
purificationwas utilized. A gBLOCKs® gene fragment with the MMOR. coli codonoptimized
sequence was purchased from Integrated DNA Technologies. The MMOR gene sequence used is

from the PacBio singleolecule reatime complete genome sequence Mf trichosporium
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OB3b?!* The MMOR gBLOCKSE was inserted into a pET100/DOPC® vector using Ndel and
Xhol restriction enzymes following the protocol for theAuasior? HD Cloning Kit. The following

two vectors were transformed into BL21(DE3)colicells: i.) an MMQR vector with an ampicillin
resistance cassette, and ii.) a pAGMC vector with a chloramphenicol resistance cassette. The
pACYC-isc vector contains genes involved in the assembly ofdudfur clusters irE. coli?*?The
transformed BL21(DE3I. coli cells were spread onto Luria Broth plates supplemented with the
100 mg/ml carbenicillin andL00 ng/ml chloramphenicol and allowed to incubate overnight7at 3
°C. Colonies tht grew over night were used to inoculate 3 x 50 ml flasks of LB supplemented with
carbenicillin and chloramphenicol then grown overnight at@70n the next day, 10 ml of the
overnight liquid culture was added to 12 x 800 mllicRiid mediaflaskssuppemented with 100
ng/ml carbenicillin and 100rg/ml chloramphenicol. The liquid cultures were grown to ars§D

of 1.0, andthenoverexpression was induced by adding ITPG to a final concentratiomif. The
transformed BL21(DE3}ells overexpresadfor 22 hours at 20C. Cell paste was resuspended in
25 mM Trizma pH8 (5 ni/g of cell paste) followed by sonication to rupture the cells (1/2 inch
disrupter horn, 80% power output, 80% duty cycle). The sonicatesiotaionwascentrifugedat
43,000 xg for 30 minutest4 °C. The supernatant was loaded onto-sePharose fast flow column
equilibrated with 25 mM Trizma buffgyH 8 containing 5 mMhioglycolic acid and 0.2 M NaCl

at 4°C. The QSepharose fast flow column was washed with 28 Trizma bufferpH 8 containing

5 mM thioglycolic acid and 0.2 M NaCl at€. MMOR was elutedrom the column with a 960

ml gradient from 0.2 M to 0.4 M NaCl in 25 mM Triznpdd 8 containing 5 mM thioglycolic
acid. The MMOR protein elutes at a salt condgextion of 027 M Nad. Fractions containing
MMOR were pooled together then concentrated to 25 ml using an Arsitoed cell equipped
with a 10 kDa filter. Next, a Sephadex?®5 size exclusion column was equilibrated with 25 mm
MOPS pH 7 buffer containing 5 mM thioglycolic acid. The concentrated MMOR was loaded onto

the equilibrated Sephadex™ column and a petatic pump was used to deliver the elution buffer



(25 mM MOPS pH 7 containing 5 mM thioglycolic acid). Chosen fractions were pooled and
concentrated to 25 ml using an Amicon stirred cell equipped with a 10 kDa filter then further
concentrated to 20@ usng a 10 MWCO centrifugal filter. Purity of the final protein solution was
assessed by SDBAGE. The extinction coefficients for MMOR and SMMOH are 18.6 tav?

at 458 nm and 539 mi¢nr! at 280 nm, respectively.

4.3.2 Mutation of the MMOB Gene.

A Thermo Scienfic Phusion Site Directed Mutagenesis Kit was used to introduce the point
mutation W77F in the pT7-derived plasmid pBWJ400 containing the wild tyjgetrichosporium

OB3b MMOB gen€'l Additionally, a variant of pBWJ400 containing a K15C point mutation was
used in this stud{?! Primers listed irTable 4-1were synthesized at the University of Minnesota

Genomics Center.
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Table 4-1 Primers Used in This Study
Plasmid | Mutation Primers

5 &CCGGCATCATGCAGTGCACCGGCAAGGCCTTA

(@}

PBWJ400| K15C
5 BAAGGCCTTGCCGGTGCACTGCATGATGCCGGR

o»

5 &GCTTCTGGTTTATCAAGGCCE3 6
PBWJ400| WT77F
5 &£GCCTTGTCCTCGACGAES 6

4.3.3 MMOB Preparation and Biosynthetic Incorporation of 5-Fluorotryptophan.

Plasmids for wild type MMOB and the two variants described above were transformed into
Escherichia coliBL21(DE3) chemically competent cells. The cells were grown to an optical
density of 1.0 (600 nm) and then transferred from Luria Broth media to a diefiedium which
included 5fluoroindole?s® 254 In the absence of the amino acid tryptophadfiuéroindole is
biosyntheticallytransformed into Bluorotryptophan bye. coli. IPTG (1 mM final concentration)

was added to the defined medium and the BL21([BEE8plicells were allowed to overexpress for

20 hours at 20 °C. The cells were then centrifuged at 3800 rpm for 25 mindtéeaupernatant

was removed. Centrifuged cells were washed with 25 mM MOPS pH 7 buffer. The cells were then
pooled together and centrifuged for 30 minutes at 19,000 rpm. After centrifugation the supernatant
was discarded and 5 ml of 25 mM MOPS pH 7 éuffer gram of cell paste was added to resuspend
the cells. The resuspended cells where then sonicated for 5 minutesimut® intervals. The
sonicated solution was centrifuged for 30 minutes at 19,000 rpm. While the heterologous
expression of unlabel@dMOB in Luria Broth media leads to the predominant presence of MMOB

in inclusion bodies, the expression ¥f-labeled MMOB in a defined media leads to the
predominant expression of MMOB in the soluble fraction. Hence, the purification protocol for
MMOB was altered. The supernatant was collected and loaded onto a DEAE Q sepharose fast flow

ion exchange column eiljbrated with 25 mMTris pH 8 at 4 °C. The column was developed using
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a 900 ml gradient from 0.15 M NaCl to 0.35 M NaCl. Fractions containing protein were identified
using UV/Vis spectroscopy and then assessed byBASE gel to verify the presence of MNBO

The fractions of interest were pooled and then concentrated to ~25 ml using an Amicon stirred cell
equipped with a 10 kDa filter under argon pressure at 4 °C. The concentrated solution was loaded
onto a G75 Sephadex size exclusion column equilibratéd&imM MOPS pH 7 at 4 °C. Fractions

were assessed by UV/Vis spectroscopy and-BBSE analysis. Chosen fractions were pooled

and concentrated to 25 ml using an Amicon stirred cell equipped with a 10 kDa filter then further
concentrated to 20a@ using al0 MWCO centrifugal filter. Purity of the final protein solution was
assessed by SBBAGE. The extinction coefficient used to determine the final concentration of the
5FW-MMOB is 23.2 mM'cm* at 280 nm. Unmodified MMOB has an extinction of 20.8 ki

1at 280 nm.

4.3.4 Biosynthetic Incorporation of 5FW into MMOR.

The following two vectors were transformed into BL21 (DE3) E. coli cells: i.) an MMOR vector
with an ampicillin resistance cassette, and ii.) a pAg3¥cCvectorwith a chloramphenicol
resistance cagtte.The cells were grown to an optical density of 1.0 (600 nm) and then transferred
from Luria Broth media to a defined medium which includeftlbroindole®** IPTG (1 mM final
concentration) was added to the defined medium and the BL21@RE)i cells were allowed to
overexpress for 20 hours at 20 °@lI(paste was resuspended in 25 mM TiazpH 8 (5 /g of

cell paste) followed by sonication to rupture the cells (1/2 inch disrupter horn, 80% power output,
80% duty cycle). The sonicated cedllutionwascentrifuged at 43,000 g for 30 minutesat4 °C.

The supernatant was loaded onto-&&pharose fast flow column equilibrated with 25 mM Trizma
buffer pH 8 containing 5 mMhioglycolic acid at 4C. The QSepharose fast flow column was
washed with 25 mM Trizma buffgaH 8 containing 5 mMhioglycolic acid and 0.2 M NaCl at 4

°C. Fractions corgining MMOR were pooled and then concentrated to 25 ml using an Amicon
stirred cell equipped with a 10 kDa filter. Next, a SephadexGize exclusion column was

equilibrated with 25 mM MOPS pH 7 buffer containing 5 mM thioglycolic acid. The concentrated
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MMOR was loaded onto the equilibrated Sephadezb@olumn and a peristaltic pump was used
to deliver the elution buffer (25 mM MOPS pH 7 containing 5 mM thioglycolic acid). Chosen
fractions were pooled and concentrated to 25 ml using an Amicon stirtextjoglped with a 10
kDa filter then further concentrated to 200using a 10 MWCO centrifugal filter. Purity of the
final protein solution was assessed by SEXSGE. Wild type MMOB containing both Trp residues
converted to 5FW is termed 5SFWMOB. The lakeled MMOB from the W77F variant is termed
W77FR5FW-MMOB. The K15G5FW-MMOB variant containing two 5FW residues is additionally
labeled by modifying the new Cys residue as described below.
435 3-Bromo-1,1,1-trifluoroacetone (BTFA) Labeling of K15C-5FW-MMOB and
MMOR.
BTFA was used to introduce fluorine into a cysteine residue based on established ptStécols.
256100 uM of purified K1I5G5FW-MMOB, 1 mM TCEP, and 400 uM BTFA were added to 100
mM MOPS buffer pH 7, to a final volume of 2.5 ml. The solution was allowed to stir for at least 1
hour at 4 °CThe solution was then passedatigha PD10 column to remove excess TCEP and
BTFA. The PD10 eluent containin@TFA-K15C-5FW-MMOB or MMOR was added t@n
Amicon Ultra15 10K MWCO centrifugal filter and centrifuged for 15 minutes at 4700 rpm.
Quartification of free sulfhydryl groups after BTFA modification usiBfjman'sreagent (5,5'
dithio-bis-[2-nitrobenzoic acid]showed that >90% of the Cys was ladukl
4.3.6 Crystallization of the sMMOH:5FW-MMOB and sMMOH:BTFA-K15C-5FW-
MMOB Complexes.
The sitting-drop vapor diffusion method was used to crystal the sSMMOH:5FW-MMOB
complex. 1.5ul of protein solution (6QuM sMMOH, 120uM 5FW-MMOB in 100 mM MOPSH
7 was mixed with 1.5 of the well solution (20% PEG3350 and 0.2 M sodium phosphate dibasic
pH 8). The well solution volume was 5Q0. Bipyramidal crystals started to grow within two days

and had an average size of about i60 The crystals were cryoprotected in 20% PEG3350, 0.2
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M sodium phosphate dibasic pH 8, and 10% ethylene glycol, mounted in nylon loops, and flash

cooled by plunging in liquid nitrogeithe structure was solved using diffraction data collected at

the Advanced Photon Source (Argonne National Laboratory, Lemont, IL) on Beamlii2-24

and 24ID-E using a wavelength & . 9 7a8100 K.A total of 675frames were collected with an

oscillation step of 0.2°The data was processed and structure refined a®psty described?*
Thesitting-drop vapor diffusion method was used to cryathesMMOH:BTFA-K15C-

5FW-MMOB complex. First, a seed stock solution was created from a sittyy containing

sMMOH:5FW-MMOB crystals by adding 5Iof the well solution to the drop. The crystals were

crushed with a glass rod and then transferred to a seed bead tube coB@jmiafywell solution.

The seed bead tube was vortexed on high for 6 min in 30 s intervals. The tube was placed on ice in

between vortexes. Next,5 ul of protein solution (6QuM sMMOH, 120uM BTFA-K15C-5FW-

MMOB in 100 mM MOPSoH 7.0was mixed with 1.5l of the well solution (2% PEG3350 and

0.2 M sodium phosphate dibagiti 6.8. The well solution volume was 504l. Bipyramidal

crystals started to grow withifour days The crystal harvestinglata collectionand structure

determination were done dsscriledabove for the SMMOH:5FWMOB complex

4.3.7 Preparation of NMR samples.
All NMR experiments were performed in 100 mM MOPS buffer, pH 7, containing 1806aDd
less than 0.01% TFA. TFA was used to calibrate the chemical shifts, setting the value of-TFA to
76.55 ppm. Samples were first prepared in microfuge tubes and then transferred to an NMR tube.
Reduced sMMOH samples were prepared in a Coy vinyl anaerobic chamber. The solutions needed
for sSMMOH reduction experiments were made anaerobic on a Schlenksimgargon gas. The
procedure for reducing SMMOH is described elsewffeitne NMR tubes wre capped with a
rubber septa and parafilm was applied around the rubber septa and NMR tube to prénaent O
entering.

The binding constants for MMOB binding to diferric and diferrous SMMOH were
determined by direct®--NMR monitored titration. Aliquat of diferric or diferrous (anaerobic)
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sMMOH were added to a constant concentrationg '°F-labeled MMOB in 100 mM MOPS

buffer pH 7 at 25 °C while maintaining a constant overall volume in an NMR Tieentensities

of resonances from fréélabeledVIMOB decrease as SMMOI4 added. The change in intensity

was divided by the overall change in intensity at saturation to determine a fraction for the complex
formed. The sSMMOH added contains a fraction (~30%) that cannot bind M§IQB remains as

a catribution to the free SMMOH during the titration. This fraction complicates the direct fitting

of the data to a binding isotherm. Also, the IKwin the case of diferric SMMOH (~80 nM, see
Results) is 6dold below the accessible concentration for NMRed&on (~51M), further limiting

the ability to directly fit the data. As a result, the observed titration is compared to computed curves
for givenKp values using Equations1, 4.2, and 4.%here free [H] is the total concentration of
SMMOH sitesnotbond t o MMi®tBe totaHddncentration of SMMOH sites added that
can potentially bind MMOB (~70% of the total SMMOH),n4dive is the total concentration of
SMMOH that cannot bind MMOB, Bti s t he tot al concentration
concentation of the sMMOH:MMOB complex anl{p is the trial dissociation constant for the
sMMOH:MMOB complex. The equivalent formulas were used to simulate the titration of labeled

MMOR with SMMOH.

(" Eq4.1
&OAA | (" ( Eq4.2

&OAAREDOT A— Eq4.3

The fraction of active SMMOH that can bind MMOB was determined for each experiment
based on the amount of intermedi@dormed in asingle turnover stoppefow experiment. The

intermediateQ to bound MMOB ratio has been established by Mdssbauer spectrdécdpy.
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The Kp value for MMOR binding to sMMOH was determined by competition with
MMOB. The approximately stoichiometriéF-labeled MMOB (12nM) complex with SMMOH
(18 mM sites of which ~ 12.&M can form the MMOB complex) was formed using either diferric
or diferrous (anaerobic) SMMOH. Aliquots of MMOR were added and the increase in the NMR
resonances from free MMOB quantified. The fraction of MMOB released was determined as the
ratio of the increase in intensity divided by the difference between the intefghg starting
complex and free MMOB. The resulting curve was fit by -tioear regression to a regular
hyperbola. The half saturation MMOR concentration value andghealues for the diferric or
diferrous sMMOH:labeledMMOB complexes were used withehonline calculator BotDB to

determine th&p for MMOR binding to SMMOH®": 258

4.3.8 '°F-NMR spectroscopy.

Acquisition of spectra was performed using a Bru@-MHz Avance NEO equipped with a 5

mm triple resonance cryoprobe. Routine-fB-NMR spectrum were acquired utilizing tlzg

pulse program (Bruker TOPSPIN Version 4.0.3). Acquisition parameters for most of the NMR
experiments werespectrometer frequency = 565.1 MHz, temperature = 298.0 K, number of scans
=512, acquisition = 0.2 s, relaxation delay = 2.0 s, and receiver gain = 101.0. The raw data was
processed using MestReNova version 14.1.2, released 03/23/2020. Processingdcohsist
following steps: i.) import data, ii.) automatic phase correction followed by manual 0'andet
corrections, iii.) baseline correction along f1 using either polynomial fit or splines methodology,
and iv.) line broadening &0 to 90 Hz usingn exponential function.

Chemical exchange saturation transfer (CEST) experiments were acquired by first
obtaining a 10°F-NMR spectrum of the sample. Next, the frequency values to be irradiated in the
CEST experiment were chosen using the acquired &btrgpn and saved as separate irradiation
frequency lists containing three frequencies each. All irradiation frequency lists created contained

at least one offesonance frequency as a control. The stddiff pulse program was used to collect
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CEST data and thacquisition settings were: number of scans = 512, acquisition time = 0.2 s,
Relaxation time = 4 s, saturation time = 4 s, Gaussian pulse width = 50 ms, F2 cbBhapet
pulse for saturation = 50 dB, File name for SP9 = Gaus1.1000, number of irrafieqioencies =

3, and number of FIDs = 3.

4.3.9 Stopped-Flow Experiments.

An Applied Photophysics stoppdlbw spectrophtometer model SX.18MWvith a SX Predata
upgradewas used to rapidlynix anaerobic 110vM (active sites), stoichiometricalyeduced
sMMOH in 50 mM MOFS buffer, pH 6.9with a stoichiometric (vs active sites) concentration of
either SFWMMOB or BTFA-K15C-5FW-MMOB in the same buffer containing 1.8 mM..O
Procedures for stoichiometric SMMOH retion SMMOH have beerpreviously describetf: ©

The reaction was monitored using a di@aleay detector at 16 wavelengths between 330 and 700
nm. The entire data set was fit by global analysis using Applied Photophysiksseftware to a
three irreversible step model: intermedial®s- P - Q - Diferric SMMOH as previously
described® The pseuddirst order conditions and first order irreversible steps allow use of a global
multiple summeekexponential fitting equation where the reciprocal relaxation times give the rate
constants of the indivighl steps. While the intermediates absorb throughout the spectral region
monitored,absorbance at 700 nm and 430 are most definitive forintermediate P and Q,
respectively.

4.4 Results

4.4.1 '°F-Labeling of MMOB.

Past studies designed to characterize the sMNMDAHDB complex in response to SMMOH
oxidation state or the presence of MMOR have relied on changes in endogenous tryptophan
fluorescence or spectral response from fluorescent or spin probes chemically added to cysteine
residues introduced into MMO®:. 64 129 3L 142 144 Hgwever, the sensitivittand size of the

introduced probes have limited their utility, especially when placed in the sMMOH:MMOB
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interface, where mutagenesis studies have shown precise interaction to be &s<géimisgplection

of the X-ray crystal structure of theét OB3b sMMOH:MMOB complex suggested an alternative
approach, because the only two Trp residues of MMOB (W76 and W77) were found to be in or
near the sMMOH:MMOB interfac®: 24> Replacement of these two Trp residues with 5
fluorotryptophan by growth of the MMOB overexpression strain on media containing 5
fluoroindole provides a sensitiV8F-NMR probe that results in two well dispersed reswes
which is consistent with a folded protdifigure 4-1,inse).?*’ The 5FW resonances were assigned

to speciic Trp residues by mutating W77 to Phe as showkigare 4-2.
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Figure 4-1 One dimensional**F-NMR spectra of °F-labeled MMOB.
Main panel: Spectrum d@TFA-K15C-5FW-MMOB. The spectri
regions for theresonances from the BTFA and 5FW labels
marked. Inset: Spectrum of 5SFMWMOB not containing the K15
mutation.100 mM MOPS, pH 7, 25 °C

5FW-MMOB
SFW76
-125.4
WT7F-5FW-MMOB
124 125 -126 27 428 129

Chemical Shift (ppm)

Figure 4-2 5-Fluorotryptophan resonance assignment.
Protein mutagenesis and overexpression of 8#WFMMOB
allowed a definitive assignment of the 5FW resonanb@g.mlv
MOPS, pH 7, 25 °C Spectrometer acquisition settings w
number of scans = 1520, acquisit®.05 s, and relaxation de
=09s.



A second objective of this study was to determine whether the core region of MMOB,
which includes W76 and W77, responds differently than therhiinal tail region to changes in
sMMOH diiron cluster redox statar to the binding of MMOR to the complex. To address these
guestions, a BTFA fluorine probe was introduced in titeixinal regiorby chemically modifying

the K15C MMOB variant, which has been shown in previous studies to not interact significantly
with other residues in the sMMOH:MMOB complex and to not cause large changes in sMMO
catalysis upon labelin§l 2% Post translational modification of the K1HBFW-MMOB with

BTFA wasconfirmedby 1D-*F-NMR (Figure 4-1 One dimensionalF-NMR spectra of 1%F-labeled
MMOB.

Main panel: Spectrum oBTFA-K15C-5FW-MMOB. The spectral regions for the
resonances from the BTFA and 5FW labels are marked. Inset: Spectrum e¥IBFYB not
containing the K15C mutatiod00 mM MOPS, pH 7, 25 9CThe BTFA resonance a85.4 ppm
is more intense than the resonances from the labeled Trp residues because offfreatums in
the probe and its incread mobility, leading to a narrow linewidth. It is important to note that the
5FW resonances upfield of the KIBIFA resonance are unchanged (comgagare 4-1 and

Figure 4-1, insetand see other examples below)

4.4.2 Impact of Incorporation of 5-Fluorotryptophan and BTFA on sMMO Steady
State and Single-Turnover Kinetics.

Both 5FW-MMOB and BTFAK15C-5FW-MMOB allowed efficient turnover of methane by the
reconstituted SMMO systerfigure 4-3 Steady state kinetics bthe '°F labeled MMOB variants

An oxygen electrode was used to monitor the velocity pE@sumption for the reaction of 0.4

nmM sMMOH (active sites), 1.8M MMOR and the indicated concentration of either MMOB (black
squareyor 5SFWMMOB (red circleg or 5FWBTFA-K15C-MMOB (greentriangles. The other
reaction components were 260 methane, 25&M O, 400nM NADH in 25 mM MOPS buffer

pH 7.5 at 23 °C. Past studies have shown that the velocity maximizes at approximately
stoichiometric SMMOHMMOB complex formation and then declingsPast observati@have
shown that the initial velotsi of oxygen uptake or NADH utilization increases to a maximum when
the MMOB and sMMOH active sites concentrations are approximately equal, followed by a decline
in velocity 23 This result was interpreted to indicate that a complex of one MMOB with aach
subunit of SMMOH is necessary for rapid turnover. Moreover, this complex apparently forms
nearly stoichiometricallyeven at sb-micromolar concentrations of the components used in the
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experiment. The same concentration dependence is observed whel8BB is used in place

of wild-type MMOB (Figure 4-3 Steady state kinetics bthe °F labeled MMOB variants

An oxygen electrode was used to monitor the velocity o€@sumption for the reaction of 0.4

nmM sMMOH (active sites), 1.8M MMOR and the indicated concentration of either MMOB (black
squarekor 5SFW-MMOB (redcircleg or 5SFW-BTFA-K15C-MMOB (greentriangleg. The other
reaction components were 260 methane, 25aM O, 400nM NADH in 25 mM MOPS buffer

pH 7.5 at 23 °C. Past studies have shown that the velocity maximizes at approximately
stoichiometric SMMOHMMOB complex formation and then declinedHowever, when BTFA
K15C-5FW-MMOB is used, an approximatef@ld excess over SMMOH active sites is required to
maximize the initial velocity, suggesting a somewhat lower affinity. The same maximum initial

velocity is reached using each of the @Hs, suggesting that the fluorine labeling does not

interfere with function or the rate limiting step in the reaction cycle.

30 5

25

20 A

15 4

10 4 —=— WT-MMOB
—e&— 5FW-MMOB
—&— BTFA-K15C-5FW-MMOB

Initial velocity of O consumption (nmol/mli/min)

w T ® T ¥ T o T b T
0.0 0.5 1.0 15 20 25
Ratio MMOB:sMMOH active sites

Figure 4-3 Steady state kinetics bthe '°F labeled MMOB variants

An oxygen electrode was used to monitor the velocity nf@sumption fc
the reaction of 0.AM sMMOH (active sites), 1.8M MMOR and the indicate
concentration of either MMOB (bladquareys or 5FW-MMOB (red circles
or 5FWBTFA-K15C-MMOB (green triangleg. The other reactic
components were 208M methane, 250iM O, 400 NADH in 25 mM
MOPS buffer pH 7.5 at 23 °C. Past studies have shown that the \
maximizes at approximately stoichiometric sMM®HIOB comple)
formation and then declines



The poential for perturbation of the individual steps in the sMMO reaction cycle kinetics was
evaluated by conducting singlernover transient kinetics studies. Anaerobic, stoichiometrically
reduced sMMOH was rapidly mixed with either MMOB, 5HFMMOB, or BTFA-K15C-5FW-
MMOB in a buffer containing a large excess ofu3ing a stoppeflow device (see Experimental
Procedures). These psetfilst order conditions allowed the rate constants for formation and decay
of the intermediates to be obtained by multiplanmedexponential fitting of the time courses
(Figure 4-4 Transient kinetics of the sSMMO reaction cycle using®F-labeled MMOB.

Anaerobic stoichiometrically reduced sMMOH (14® sites) was mixed in a 1:1 active
site ratio with'*F-labeled MMOB in Q saturated (~1.8 mM) 50 mM MOPS buffer, pH 6.9 at 4 °C
using a stoppeflow device. The time courses at 430 nm (blue, where intermeQiatbsorbs
strongly) and 700 nm (red, where intediateP and Q both absorb weakly) were fit using
nonlinear regression to aseimmed exponential equation (white dashed lines). A:-BHWOB.

B: BTFA-K15C-5FW-MMOB. The rate constants derived from the fits are reportdalite 4-2.,

Table 4-2).58 74 75The rate constants f&* to P, P to Q andQ decay steps in the reaction
cycles when using wild type MMOB and 5FMIMOB showed either norominor perturbation.

Use of the BTFAK15C-5FW-MMOB caused decreases in the rate constants fd?*the P andP
to Q steps, while leaving th® decay step unchanged. However, tfiislabeled MMOB remained

highly functional as reaction cycle regulator.

0309 A Diferrous SMMOH:5FW-MMOB + O, 0309 B Diferrous SMMOH:BTFA-K15C-5FW-MMOB + O,

~~~~~~

0.25 0.254
; N
0.20 f S 0.204 430 nm

0.15 1

Absorbance
o
*
Absorbance

©
=)

700 nm 700 nm

0.05 - ﬁ

0.004 0.00 4

o
1=}
@

(') é 1'0 1'5 2‘0 (') é 1'0 1v5 2‘0
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Figure 4-4 Transient kinetics of the SsMMO reaction cycle using®F-labeled MMOB.
Anaerobic stoichiometrically reduced sMMOH (14®! sites) was mixed in a 1:1 act
site ratio with**F-labeled MMOB in Q saturated (~1.8 mM) 50 mM MOPS buffer, pH
at 4 °C using a stopp€ftbw device. The time courses at 430 nm (blue, where interm
Q absorbs strongly) and 700 nm (red, where mgdiateP andQ both absorb weakl
were fit using nonlinear regression to @wWnmed exponential equation (white da:
lines). A: SFWMMOB. B: BTFA-K15C-5FW-MMOB. The rate constants derived fr
the fits are reported ihable 4-2.
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Table 4-2 Rate Constants or Single Turnover Reactions
MMOB species utilized in reaction

Rateconstant{s®) | MMOB 5FW-MMOB | BTFA-K15C-5FW-MMOB

Kp formation 6.6 +0.6 |59+0.6 2.6+0.8

deecaYQ formation 24 + 03 14 * 03 05 * Ol

KQ decay 0.4 +0.01| 0.04+0.01 | 0.04+0.01

4.4.3 Molecular Structures of the sSMMOH:5FW-MMOB and sMMOH:BTFA-K15C-
5FW-MMOB Complexes.
To assess whether incorporation of 5FW or BTFA iMMOB perturbsthe structure of the
sSMMOH:MMOB complex we crystallized both the SMMOH:5FRMMOB and SMMOH:BTFA
K15C-5FW-MMOB complexes and obtained crystals structures solved at 2.08 A (PDBID:7M8Q)
and 2.22A (PDBID:7M8R), respectivelyTable 4-3). In both crystals, the native) (b 2sMMOH
and two bound MMOBs occupy the asymmetric unit. The structures show that the isid#icha
5FW77 points towards the SMMOH interface while the sidechain of 5FW76 points Rigaye(
4-5A and B. Additionally, all of the polar contacts that each 5FW makes are the same as those
made by the respective tryptophans in the sSsMMOH complex with unlabeled MMOB. Structural
alignment ofthe protein backbones of 7M8Q or 7M8R with that of the SMMOH:MMOB complex
(PDBID: 6VK5) yields RMSD values of 0.097 A and 0.149 A, respectively, indicating that the
structures are nearly identical. The overall structure of the SMMOH:MMOB complex and the
conformational changes induced by MMOB have been discussed in detail elsewhere, and thus they
are not described further hefé.lt is important to note that conservation stfucture upon
substitution of 5FW for tryptophan has been commonly observed in other prétéiigt
To the best of our knowledge, tieray crystal structure dMMOH:BTFA-K15C-5FW-

MMOB is the first to show BTFA in a protejprotein complex. The K15@TFA probe is located
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on the Ntermind tail of MMOB and is solvent expode(Figure 4-6A andB) A polar contact
between MMOB residugs 15 andE23 is lost as a result of the mutation to cysteine and addition

of the BTFA probe. Comparison of the two MMOBSs in the asymmetric unit reveals different
rotomeric conformations of the BTHgrobe Figure 4-6C). Also, the electron density of the three

19F atoms on BTFA is somewhat less than those on 5FW76 and 5FW77, likely due to the increased

mobility of BTFA in the complex.

y B FW77 5FW76

-

Figure 4-5 Structure of fluorine -labeled positions in SMMOH:5FW-MMOB
and sSsMMOH:BTFA -K15C-5FW-MMOB.

A: Structure of the SMMOH:5FWMMOB complex (PDB:7M8Q) showing th:
interface region containing 5SFW76 and 5FW77. 5FW77 is buried in the int
whereassFW76 is partially solvent exposed. B: Detailed view of the inte
region with 2Fe2Fc electron density contoured a&. Dverlaid on the atonr
model



BTFA-K15C

=2 \ =

Figure 4-6 Structure of the SMMOH:BTFA -K15C-5FW-MMOB complex (PDB:7M8R)

A: Interface region showing the relative position of the BTFA and 5PRabels. B: Detaile
view of the BTFA probe with 2F@Fc electron density contoured &t dverlaid on the atom
model C: Superimposed views of th@BA probe in the two labeled MMOBSs present in
asymmetric unit (Chains D and H) revealing different rotomeric conformations. D: Super}

of structures of sMMOH: MMOB (PDB:6VK5) andMMOH:BTFA-K15C-5FW-MMOB
showing relative size of BTFA15C and thenative K15.
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Table 4-3 Data Collection and Refinement Statistics

Data Collection

SMMOH:5FW-MMOB

SMMOH:BTFA-K15C-5FW-

MMOB
PDBID 7M8Q 7M8R
Wavelength 0.9791 0.9791

Resolution range

84.6- 2.08 (2.15 2.08)

84.4- 2.22 (2.23 2.22)

Space group

P212:2;

P2,2:2,

Unit cell (a,b,cin A)

102.493
299.704

105.623

102.3 105.47 298.18

Total reflections

991930 (99363)

827515 (81159)

Unique reflections

194439 (19235)

158458 (15645)

Multiplicity 5.1(5.1) 5.2 (5.2)
Completeness (%) 99.08 (99.35) 98.98 (98.78)
I/ Gl 7.65 (1.58) 9.11 (1.51)
R-merge 0.178 (0.989) 0.1473 (1.04)
R-meas 0.199 (1.102) 0.1625 (1.15)
R-pim 0.08755 (0.4804) 0.0668 (0.4778)
CCu 0.986 (0.500) 0.999 (0.881)
Refinement

Refl in refinement

193619 (19225)

158215 (15638)

Refl for R-free

9526 (906)

7771 (795)

R-work 0.1820 (0.3147) 0.1562 (0.2456)
R-free 0.2122 (0.3263) 0.2018 (0.2827)
Number of norH atoms 21830 21601

macromolecules 19477 19556

ligands 71 189

solvent 2282 1856

Protein residues 2418 2416
RMS(bonds in A) 0.0 0.0(6
RMS(angl es i 105 0.63
Ramachandran favored (%) 97.57 9724
Ramachandran allowed (%] 2.34 2.72
Ramachandran outliers (%) 0.08 0.00
Average Bfactor 32.15 39.36

macromolecules 31.01 38.43

ligands 36.05 59.78

solvent 41.71 47.02
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4.4.4 Complex of **F-Labeled MMOB with Diferric or Diferrous sSMMOH.
Onedimensional’®*F-NMR experiments were performed to investigate the interaction between
oxidized or reducedMMOH and!°F-labeled MMOB. Both 5FW and BTFA resonances observed
for unbound labeled MMOB decrease sharply in intensity and do not shift or broaden upon addition
of oxidized or reducedsMMOH. Additionally, new resonances emerge in tHE-spectra.
Specifically, when diferric SMMOH is addedtwo sharpresonances emerge downfield of the
resonancefrom unbound BTFA-K15C and one broad resonance emergesvriield of the
resonancefrom unbound 5FW Figure 4-7A). Addition of diferroussMMOH also elicitstwo
sharpresonances downfield of the resonarican unboundBTFA-K15C, but they occurat

different frequencies than observed after addition of difshi®IOH (Figure 4-7B)

9F-NMR Spectra of Diferric SMMOH:BTFA-K15C-5FW-MMOB
A -85.4 1255

BTFA-K15C-MMOB 5FW-MMOB
spectral region spectral region

8 8 8 4 M R A s b ks s st
Chemical Shift (ppm)

BTFA-K15C-5FW-MMOB
plus
= =« Diferric MMOH

-84.5 . = Differous MMOH

T 1 1 1 1 1 = I ~
-83.0 -835 -840 -845 -850 -855 -86.0 -86.5 -87.0
Chemical Shift (ppm)

Figure 4-7 One dimensional ** NMR spectra of SMMOH
complexed withBTFA -K15C-5FW MMOB.

Panel A: On the left is the spectral region wheeeBfFA signal
are located and on the right is where the 5FW signals are Ic
New resonances aB4.5 ppm,-85.1 ppm and121.5 ppm al
labeled in addition to the resonances from a small fracti
residual unbound MMOB. Panel B: Effect of the oxidatstat
of sSMMOH on the spectrum of the BTFabeled MMOB in th
SMMOH:BTFA-K15C-5FWMMOB complex.100 mM MOPS, pl
7,25°C
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445 Resonance Assignment of the 275 kDa sSMMOH:MMOB Complex.

The origin of the new resonances that arise from sMMOH:MMOB complex fanmaere probed

using ®F-Chemical Exchange Saturation Transf&FCEST)?22%5 |n this experiment, wak
selective Gaussian pulses are applied in small steps across the regions of interé%t-iNNf

spectra of a sample containing sMMOH and BHREGC-5FW-MMOB. This pulse is then
followed by a hard noselective 90pulse. If the weak Gaussian pulsajplied to a region of the
19F-spectrum away from frequencies corresponding to either the bound or unbound state, no change
in intensity will be observed in either set of resonances. However, if the weak Gaussian pulse is
applied to a region near or ditgcon frequencies corresponding to the bound or unbound state, a
decrease in intensity of both resonances will be observed following the strong pulse as a result of
chemical exchange.

As shown irFigure 4-8A, when the weak Gaussian pulses are applied to the spectral region
downfield of the resonance #5.4 ppm from BTFA on the unbound MMOBt§rminal tail, the
intensities decrease for th&5.4 ppm resonance and both of the downfield resonances. A
complemerdry result is found when monitoring the intensity of the downfield resonances after the
weak pulse is applied to th85.4 ppnresonanceHigure 4-8B and C). These redts shows that
85.4 ppm and downfield resonances are duleotond and freé®Flabeled MMOB in chemical
exchange and supports the conclusion that the downfield resonances arisethfom
SMMOH:BTFA-K15C-5FW MMOB complex. Moreover, because both downfieldaances
decrease upon irradiation-85.4 ppm or when the weak pulse is appt@either resonance, there
are two separate interconverting conformational states of the complex in slow exchange.

The spectral region near the resonances from 5FW in the B&&@e region was similarly
probed Figure 4-8, right). The results support the assignment of the bibat.5 ppm resonance

as arising from the SMMOBTFA-K15C-5FW MMOB complex. However, when the weak pulse
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was applied atL21.5 ppm, only the 5FW77 signal intensity 6.6 ppm was observed to decrease
(Figure 4-8D and B. The complementary result was observed whenr1R6.6 ppm resonance was
irradiated(Figure 4-8F). Thus, it appears that th&21.6 ppm resonance reports on the cleami
environment of 5FW77 while bound to sSMMOH, in accord with its placement in the sSsMMOH
MMOB interface revealed by tharucture Figure 4-5A and B).This result isconfirmed by the

lack of a resonance &t21.5 ppm from the SMMOH:5FW77FMMOB complex.
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Figure 4-8. F-NMR Chemical exchange saturation transfer’(F-NMR CEST)
of SMMOH: BTFA-K15C-5FW MMOB complex.

A selective Gaussian pulse was applied to'tRespectra at locations indicated
purpleboxes. Thdlack lineindicates thdoss ofintensity of the resonances indice
by thelabeled frequency améd arrow. If slow exchange is occugibetween bour
and free statesheblack lineshould mirror the spectrushown in redA-C: BTFA
spectral region. BF: 5FW spectral region.
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4.4.6 5FW-Labeled MMOR.
The primary structure d@B3bMMOR contains one tryptophan rdese MMOR was labeled with
5FWin the same mannas MMOB The 1D**F-NMR spectrum of heterologously expressed 5FW
MMOR is shown inFigure 4-9A. Two resonances of quite differeintensity, but similar width
are observed in the spectrum. Treatment with TCEP failed to eliminate either resonance, so
dimerization via a disulfide linkage is not responsible for the two environments observed for a
single Trp. Another possibility is théttere is a single form of the enzyme, but two conformations
exist in slow exchange. To test this hypothesis, a CEST experiment was perfeigued 4-10).
It was obsered that irradiation of either resonance resulted in very little decrease in intensity of
the other resonance. This result contrasts sharply with the CEST experiments involving SMMOH
and*°F-labeled MMOB shown irFigure 4-8. Consequently, it seems likely that there are major
and minor forms of the enzyntieat do not interconvert on the NMR timescale.

Addition of stoichiometric SMMOH (active sites) resulted inretfiation of the spectrum
from MMOR (Figure 4-9B). No new resonances are observed. It is likely that the resonances from
5FW are broadened into the baseline by formatioa tight SMMOH:MMOR complexTitration
of 5BFW-MMOR with sMMOH gives a linear decrease in ti25.1 ppm resonance demonstrating
high affinity. The concentration of 5SFWIMOR required for reasonable S/E20nM) is too high
for accurate determination ohd Kp value for this tight complex. Another approach to
determination of thi&p is described below.

MMOR was also labeled with BTFA in the same manner as described for MMOB.
However, the presence of nine cysteine residues led to incorporation of multiple labef$Fand a

NMR spectrum that was too complex to allow definitive studies.
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Figure 4-9 ®F-NMR spectra of
5FW-MMOR

A: Spectrum of 20nmM 5FW-
MMOR in the absence a@MMOH
(5000 scans). B: Spectrum of
nm 5SFW-MMOR (red, 512 scan
after addingthe ratioof SMMOH
(active sites)shown The minor-
126.1ppm feature is not resolv
due to the decreased numbe
scans, but in other experiments
found to also disappear al
addition of stoichiometr
SMMOH.

Figure 4-105FW-MMOR CEST
Panel A shows the 1B°F NMR
CEST spectrum when a Gaus:
pulse is applied to a region of
spectrum away from the 5F
MMOR resonances. Panel B sh¢
the effects when irradiated di25.]
ppm. Panel C shows the effe
when irradiated at126.1 ppm. Tr
arrow indicates th&equencyof the
Gaussian pulse used.
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4.4.7 Binding Affinity of SMMOH for °F-Labeled MMOB

The relatively sharp and intense resonafficem the relative low molecular weight 5SFW
MMOB and BTFA-K15C-5FW MMOB allows quantification of a titration with sMMOH (an
example is shown ifigure 4-11. The affinity for SMMOH is very high, and thus, the minimum
concentration of°F-labeled MMOB with acceptable S/N is higher than optimal for a pretise
determination. Nevertheless, the titration plots allow boundaries to be $&f ¥aues for both
diferric and diferrous sSMMOH as shownhimgure 4-12. The dashed curves shownRigure 4-12
are not fits of the data, but rather computed binding isotherms under the assumption that 70 % of
the sSMMOH is capable of binding to tH&-labeled MMOB (see below and Experimental
Procedures). The good match between the ctoedpcurve and the titration of 5SFWMOB
suggests Kp value of roughly 80 nM for both diferric and diferraaldMOH (Figure 4-12A). The
relatively intense85.4 ppm ressance of BTFA allows a more accurate titratiorBeFA-K15C-
5FW MMOB by sMMOH. BTFA-K15C-5FW MMOB show a high affinity Ko ~ 80 nM) for
diferric SMMOH, but a 1dold lower (Kp ~ 800 nM) affinity for diferrousMMOH (Figure 4-12
B). Similar values are obtained from analysis of the titrations monitored using the resonances from
the 5FW labels iBTFA-K15C-5FW MMOB.

The high affinityof diferric SMMOH forBTFA-K15C-5FW MMOB allows a check on the
proposal that there is a fraction of SMMOH that cannot bind MMOB. As showigirre 4-13)
the titration of-*F-labeled MMOB with sMMOH at an MMOB concentration over 166l above
the 80 nMKp value results in the expected linear dependence on total SMMOH. However, complete
saturation of the complex requires an excess of SMMOH consistertheiginesence of a 30 %

fraction that cannot bind the regulatory protein.
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BTFA-K15C-5FW-MMOB (5 uM)
-85.4

plus diferric sSMMOH

Chemical Shift (ppm)

Figure 4-11 Typical titration of BTFA -K15C-5FwW MMOB with sSMMOH.
BTFA-K15C-5FW MMOB (5 nM, red spectrum) was progressiveltratec
with sMMOH (gray spectra) to a final concentration of BM (active sit
concentrationblue spectrum). The BTFA spectral region is shown. A: dit
SMMOH, B: diferroussMMOH.
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Figure 4-13'%F-NMR titration of 5FW -MMOB with sMMOH % at high concentrations.
5FW-MMOB (100 nM) was titrated withsMMOH at the concentrations showA ,(active
sites). The fraction bound represents the change in the sum of the intensities for e
NMR resonances in the 5FW spectral region divided by the sum of the intensities
resonances from unbound 188 MMOB. The characterization of treMMOH via stoppee
flow (Q formation) and Mossbauer techniques predicted that 35% of thisddiDH would
not bind MMOB. The observed linear dependence is consistent wiknthaue of 80 nM fa
the sMMOH:MMOB complex reported here. However, the dashed line is the com
dependence for these conditions. The differencedxiX intercept reflects the inactive frac
of SMMOH (~39%).100mM MOPShbufferpH 7, 5 °C.
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4.4.8 Binding Affinity of MMOR for the sMMOH:5FW-MMOB Complex.

As described in the introduction, a key question is whether MMOB and MMOR can form a ternary
complex with sMMOH. The high affinity SFW-MMOB for diferric and diferrous SMMOH allow

a nearly complete complex formation wheh0 miM of each (sitesare mixed in an NMR tube.
Under these conditions, th£25.5 and126.6 ppm resonances from the 5FW lab&RN-MMOB

are nearly extinguished. Incremental addition of MMOR is found to restore these resonances
showing that the 5FYWMOB is displaced by MMORKigure 4-14A). As shown irFigure 4-14B,

a plot of the fraction of the original SMMOH:5FWIMOB complex dissociated versus MMOR
added is hyperbolic for both the diferric and diferrous formsMMOH:5FW-MMOB. In each

case, théalf dissociation values of 9.1 + 2.3 and 13.7 s@/bfor the diferric and diferrous forms,
respectively, arsimilarto the concentration of MMOB present (d®l total). Computatiof?’: 2°8

of the Kp values for the diferric and diferrous sSsMMOH:MMOR complex from this competitive
titration gives values dfp = 60 £ 16 nM and @+ 23 nM, respectively. Thus, MMOR and MMOB
appear to have a simil&p values for sMMOH in each oxidatiotese. It is interesting to note that

for both diferric and diferrousMMOH:5FW-MMOB titrations, ~30% of the starting complex
either does not dissociate or the characteristic resonance is decreased in intensity by an unidentified
interaction when MMOR is atbd. Simple addition of MMOR to 5FMMOB in the absence of

sMMOH does not decrease the resonance intensity.
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4.49 MMOR Causes Both the N-terminal Tail and the Core Region of MMOB to
Dissociate from sMMOH.

The presnce of fuorine labels in two regions of MMOB allows their dissociation from the

SMMOH:BTFA-K15C-5FW-MMOB upon MMOR binding to be independently evaluated. The

spectra irFigure 4-15A and Bshow that the resonances characteristic of tfeédabeled MMOB

in the BTFA and 5FW spectral regions emerge during the titration of dievtMOH:BTFA-

K15C-5FW-MMOB with MMOR. Thus,the binding of MMOR results in dissociation of both the

core (5FW) and Nerminal (BTFA) regions of MMOB from sMMOH.

Diferric sSMMOH:BTFA-K15C-5FW-MMOB (10 pM)
plus MMOR
—— Labeled MMOB alone

—— sMMOH:Labeled MMOB
s abele 85.4

— plus 65 M MMOR
-84.5 -85.1 t

Chemical Shift (ppm)

Figure 4-15 *F-NMR monitored addition of MMOR to
diferric SMMOH:BTFA -K15C-5FW-MMOB complex.
Aliquots of MMOR were added to sSMMOH:BTFX15C-
5FW-MMOB complex (2 niM labeled MMOB, 18vM of 70%
active SMMOH sitesleading to progressive release of lab
MMOB. A: BTFA spectral regionB: 5FW spectral regiorRec
specta: Spectrum understarting conditions listed abc
(mixture of residual unbound labeled MMOB and sMM«
labeled MMOB complexGreenspectral2nmM MMOB alone
Blue spectraafter addition of 65M MMOR. 100mM MOPS
bufferpH 7, 25 °C



4.5 Discussion

This study has shown that the incorporation of fluorine into the protein components of an enzyme
either by replacing the endogenous tryptophans with 5FW or by modifying a cysteine residue with
BTFA allows detailed studies of component interactionsd¥aNMR. These modifications cause
minimal steric disruption, making them ideal as probes of prgtetein interfaces. In the current
case, the combined mass of the dimeric SMMOH with 2 MMOBs bound is 277 kDa, a value often
considered beyond the reach of NMRestigation. Nevertheless, this large particle gives easily
distinguishable, weltesolved'®F-resonancegsparticularly in the case of BTFA labelintpat can

be used for structural interrogation and quantification in tmévi5protein concentration range.
Large changes in the NMR spectra show that complex formation between sMMGiH-taizkled

MMOB causes structural changes in both the compactly folded core region of MMOB and the N
terminal region as it transitions from didered to ordered upon binding. Titration studies show
that MMOB and MMOR both form tight complexes wgkiMOH, but they are competitive with

each other for a binding site. The approximate component affinities that emerge from these studies
suggest a new naiel for electron transfer and regulation in the sMMO system which is discussed

here.

4.5.1 Structural Changes that Occur as MMOB binds to sSMMOH.

The appearance of a new resonancel21.5 ppm upon formation of the sSMMO#E-labeled

MMOB complex is shown by magenesis and CEST measurements to arise from a large change
in the environment of W77. The downfield shift relative to the resonance from W77 in free MMOB

is consistent with movement of this Trp to a more hydrophobic envirorfffieti. No new
resonance is observed from W76 as the complex forms. However, a slight brgaafehm base

of the resonance from W76 is consistently observed (compare Figures 2 and 4A), suggesting that
the resonance is not shifted, and thus, the environment of W76 is largely unchanged. These findings

showcase the sensitivity of tH&~-NMR in proking these types of interactions, and they also
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correlate with the crystal structures of the complex reported Ragar€ 4-5) and in other recent
studies’*> 28Importantly, the 5SFWMMOB is found to be comparable to wild type MMOB both

in steady st and single turnover kinetic studies, so 5FW substitution does not appear to alter
either the structural or functional aspects of the interaction of sSMMOH and MMOB.

When both 5FW and BTFA labels are incorporated into MMOB, the same shift in the
resonane from W77 is observed, so the change in therwinal region does not affect the
environment of the SMMOH interface residue in the compactly folded core region of MMOB. This
finding is important because W77 is adjacent to the \At@88el that we proposs used in the
transit of Q and probably also CHo the active site oSMMOH.2*> Accordingly, Q binding
remains fast and nematelimiting, and the rate constant fQ decay is not greatly affected by the
BTFA modification in the Nterminal region. However, the new resonances that appear’ifirthe
NMR spectrum of the SMMOH:5FYBTFA-K15C-MMOB complex showthat the environment
of the BTFA has shifted to a more hydrophobic environment and that it occupies at least two distinct
positions. Neither outcome is expected based on the crystal structure of the native SMMOH:MMOB
complex where residue K15 is solvenpeged and occupies a single orientation, presumably due
to the K15E23 hydrogen bond which is lost upon mutation and BTFA labeling. The steady state
kinetics using the doubliPF-labeled MMOB are largely unchanged in rate limiting step (likely
product relase), but the single turnover kinetics for Bteto P andP to Q steps are slowed. Past
studies have shown that the rate constants for these steps are individually slowed by two distinct
His to Ala mutations in the ferminal region’? Consequently, it is possible that the more
hydrophobic trifluoromethyl group of BTFA samples the more hydrophobic environment in the
SMMOH-MMOB interface and perturbs this interaction slightly. However, the enzyme remains
functional and all of the intermediates of the reaction cycle are formed in high yield. These
observations highlight the precise interactions between the sMMOH and MM®Eboents that

regulate every aspect of the sMMO reaction cycle.



4.5.2 Binding Affinity of Labeled-MMOB for sMMOH.

Past studies have used techniques such as fluorescence quenching, fluorescence anisotropy, and
ITC to determine the binding affinity between compusef the SMMO system. These reports are
summarized ifmable 4-4 for comparison with the current results. The wide range of values may
derive from the types of probes employed, protein preparations, or the sensitivity of the techniques.
It is unlikely that the differences reflect the bacterial origin of the SMMO coemsrfromMc.

Bath orMt. OB3b because many studies have shown that these enzymes are remarkably similar
structurally and functionall§.14 70 75 221,245, 26fhe titration monitored b¥?F-NMR described here
combines the advantages of a sensitive, easily quantified readout of the incorporation of labeled
MMOB as the comlex forms with minimal perturbation of the protein structure. The latter
advantage allows the probe to be placed in or near the pptaigin interface where the most
perturbation in the environment of the probe is likely to occur, particularly icatbe of the 5SFW
probes. The results show that the 5IMMOB and 5FW-BTFA-K15C-MMOB complexes with
sMMOH are both very strong, in near perfect agreement with previous measurements made using
fluorescence techniques and e OB3b componentsT@ble 4-4). In contrast, the results show

the same strong affinity of SFAMOB for diferrous sSsMMOH, whereas previous results using
fluorescent probes showed a@9 fold decrease iaffinity (or a 3fold increase in affinity in the

case of theMc. Bath component¥). The similarity of the steady state and transient kinetic
behavior of 5FWMMOB and wild type MMOB suggests that the latter would also show little
change in affinity for diferrous SMMOH. THFW-BTFA-K15C-MMOB exhibits 16fold weaker

affinity for diferrous SMMOH. The higher appard€y value of 800 M is consistent with a doubling

of the concentration required to reach full activity in the steady state assay under the assumption
that high sMMO activity requires formation of a 1:1 sMMOH:MMOB complex. It may be
significant that all of thetudies reportingp values for diferrous SMMOH:MMOB complex except

the current application of 5FW probes involve mutations and addition of fluorophores in or near
the N-terminal region. Thus, the wide range of repoKedvalues may reflect changes in thing
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affinity and/or alterations in the proteprotein interface similar to those reported here for the

MMOB-K15C-BTFA probe.
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Table 4-4 Reported Kp Values for sMMO Component Complexes at pH 7

Method Organism SMMOH®- sMMOH™%- sMMOH®- sMMOH -

MMOB MMOB MMOR MMOR
nM

ITC Mc. Bath 3000 900

Fluorescence Mc.Bath 550 170 8000

Anisotropy

IEDANSP

Fluorescence Mt.OB3b 672 10

Tryptophan

Fluorescence Mt.OB3b 68 4500

BADANY

Fluorescence Mt.OB3b 68 2200

BADAN¢ 159 4500

F-NMR Mt. OB3b 80 80 60° 90°f
800 8009

it to a thermodynamic cycle

IEDANS label on D35GMMOB from Mc. Bath
‘MMOB present in solution but displaced by MMOR
YBADAN label on A62GMMOB from Mt. OB3b

°pH 7.4

'5FW-MMOB

95FW-BTFA-K15C-MMOB

Reference

142

64, 144

63

129

131

This work
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One conflict between the past and current results is the observation that theateddial
of SMMOH decreases substantially when complexed with MMBB#® If the free energy of
binding is coupled with the redox potential shift, as it should be for thermodynamic states, the
observediecrease of 132 mV in potential of a two electron reduction would indicate an increase in
Ko from 80 nM to over 2 mM. This value is unreasonably high given the known strong interactions
between sMMOH and its regulatory protein. It is possible that undetdhditions of the redox
potential measurements (multiple redox dyes and mediators) interactions beyond the binding of the
two components occurred. Alternatively, we have observed that, while crystals of SMMOH are
reduced in seconds by chemical reductastgrystals of SMMOH:MMOB require up to 12 hours
of incubation24* 2% Consequently, th&1.5hour timeat 4 °Callowedfor equilibrationin previous
redox titrations may not have been sufficient. Additional studies are required to resolve this
conflict. It is important to point out that one of the conclusions of this study is that MMOB is not
bound to sMMOH when electrorainsfer occurs from MMORsee below)so the redox potential

of the sMMOH:MMOB complex is of decreased relevance.

4.5.3 Displacement of Labeled MMOB from the sMMOH Complex by MMOR.

Addition of MMOR to either the diferric or diferrous SMMOH:5FWMOB complex results in

the release of MMOB as observed by the return oftRé&NMR spectrum of unbound labeled
MMOB. The amount of MMOR required to cause half of the 5SMMOB to dissociateri both
titrations is approximately equal to the amount of 5SMMOB present, showing that 5FW
MMOB and MMOR have similaKp values for formation of the complex with sMMOH. The
similar kinetic behavior of 5F¥WIMOB and MMOB itself imply that MMOB and MMOR ats
have similarKp values. This finding suggests that MMOB and MMOR compete equally for an

sMMOH binding site both before and after electron transfer to initiate the catalytic cycle.
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4.5.4 Mechanistic Significance.

As noted above, past studies indicate that ad®IOH is reduced and binds,@ the catalytic

cycle, MMOB remains bound at least up to the product release step. Another indication that this is
true is the failure of reduced MMOR to reduce intermed@tduring turnover, which would
diminish or eliminde product yield. The previously proposed models for regulation, product
release, and electron transfer show®ameme4-2 invoke transit through discrete fully occegi
states. In Model A, MMOB and MMOR bind fully in independent sites, while in Model B, MMOR
completely dissociates the core region of MMOB while leaving ttierhinal region bound. Both

of these models are made less likely by the current results wimeh that: (i) both the core and
N-terminal regions of°F-labeled MMOB are completely displaced by a large excess of MMOR,
(i) labeledMMOB and MMOR have similakp values fosMMOH implying an equilibrium state,

and (iii) theKp values for labeled MMOB and MMOR do not change appreciably with the oxidation
state of SMMOH. The results support the new model shov@tleme4-3 in which MMOR and
MMOB compete continuously for the same binding site on SMMOH independent of oxidation state.
The fractional occupancy of the binding site on SMMOH is biased by the relative concentrations of
MMOB and MMOR i the cell, which favors MMOB by 2fbld.*3 Nevertheless, in the new model

the reaction is pulled forward by effectively irexgible reactions that occur when a specific
complex is formed (bold red arrows #cheme4-3). Dissociation of a small fraction of the
sSMMOH**MMOB complex at the endf turnover would allow product release through the pore
normally covered by bound MMOB. Subsequent binding of reduced MMOR would lead to rapid
reduction (96 3 in the equivalenMc Bath compleX*) and formation of SMMOHM*MMOR
complex thereby removing it from the equilibrium of diferric SMMOH and its component
complexes. In the next step, a small fraction of MMOR would dissociate from the
SMMOH"®*MMOR complex, allowing MMOB to bind. The diferrous SMMOH:MMOB complex
would veryrapidly bind Q removing this fraction from the equilibrium of diferrous sMMOH and

its complexes, again pulling the reaction forward. The current results do not give information about
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the affinities of MMOB and MMOR for the intermediates in the reactioriecyfter Q binds.
However, only the sSMMOM*MMOB complex can bind ©rapidly, so it is the only complex that

can proceed in the reaction cycle. Subsequent binding of MMOR may be prevented by an increase
in affinity for MMOB by the diiron(lll) and (IV) htermediate$®, Q, andR. Alternatively, the
kinetics of flux through the reaction cycle may not allow significant dissociation of MMOB from
the intermediates. Transient kinetic measurements rafl BADAN -A62C-MMOB binding to
sMMOH revealed a pseudo firstder association rate constant at 4 °C of 408l a dissociation

rate constant of 2.41$3 These values are ireasonable accord with tHéF-NMR spectrum
presented here which shows a 5 ppm shift of the resonance froaVBF®B as the complex with
SsMMOH forms. For a Larmor frequency of 565 MHz fdF, these values, and the lack of
resonance broadening during titos, require that the exchange rate constant of BFVIOB in

and out of the SMMOH:5FWIMOB complex kon + ko) be very slow relative to 17,750 5

ppmx 2p x 565 MHz). In a single turnover with a typical assay concentration of fd0CH,
present, theeaction cycle prior to product release is flatéted by Q formation at 2.4 $(Table

4-2). All of the other intermediate steps are substantially faster, so MMOB would have a limited
time window in which to exchange, and its 20:1 concentration advantage would help to@rotect

from reduction by MMOR.
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Model C

5 FaSt 0

Scheme4-3 New Model for Regulation of Electron Transfer and Substrate Binding.
The cycle begins (upper left) and ends (lower right in the product complex (interme
in Scheme4-1). Bold red arrows represent irreversible steps that pull the reactior
forward. H* = diferric SMMOH, H®? = diferrous SMMOFY, B = MMOB, R = fully
oxidized MMOR, R = two electron reduced MMOR H° = IntermediateQ of the
reaction cycle.

4.6 Conclusion

A pervasive theme in oxygenase mechanistic studies is the requirement to carefully control the
hyperreactive intermediates that are genedatio enable transfer of an oxygen atom into a stable
substrate bond. The ultimate test of this principle is the reaction of the diiron(IV) intern@diate
of SMMO with the stable @& bond of methane. The process®formation requires initial input

of two electron to activate QObut the additional transfer of even a single additional electron after
Q is formed would deactivate it sufficiently to obviate the attack on its only biologically relevant
substrate. In sMMO, Nature has constructed a remarkadatine to control this process in which
even minor changes in the interface between the catalytic SMMOH component the MMOB
regulatory component compromise rate and specificity. It is shown here that labeling with 5SFW
allows the investigation of the MMOB tigraction with sSMMOH using®F-NMR in a manner that

does not require perturbation of the interface. The frequent placement of Trp residues in
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hydrophobic protenprotein interfaces, the relative rarity of this amino acid, and ability to study
micromolar reactant concentrations suggest that this approach will continue to find wide
application. The sensitivity of the MMOBMMOH interface is highlighted by the effects of
replacing a lysine with the structurally conservative BTFA label in theriinal of theregulatory
protein(Figure 4-6B). Even this small change decreases the binding affinitjoldrand alters the

rate constants of several steps in the catalytic cyadeeitheless, the BTFA and 5FW probes
together very effectively demonstrate the regulatory importance of both the coretandinal
structural regions of MMOB. It is often convenient to think of enzymatic reactions as occurring in
a linear fashion with am step completing before the next initiates. However, it is increasingly
apparent that many biological processes instead occur by shifts in equilibrium of the relevant
complexeg®271 The current results suggest that a form of this dynamic equilibrium concept is at
the heart of sSMMO regulation. Nature forms and protects the key oxidative intermediate by
controlling the concentrations, lifetimes, and irreversibility of reactions of specific piuiatiein

complexes.



Chapter 5 Future Directions
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Collaboration is the hero of ithdissertationwithout it none of th work described aboverould

have been possiblé team composed of biochemists, chemists, physicists, computer scientists,
and engineers came together to obtain radiatEmage free high resolution-fdy crystal
structures of the 275 kDa OB3b sMMOH:MMOB protein compldke results providd new

insight into the manner by which the diiron cluster and the active site environment are reorganized
by the regulatory protein component in order to enhance the steps of axyigation and methane
oxidation. A different collaboration betweesxperts in biochemistry, -xay crystallography, and
19F-NMR atthe University of Minnesota resulted in the discovery of the structural mechanism that
regulates @transport to the active site and also how sMMO protein interactgndatecatalysis.
Because of these multidisciplinary teams& have furthered our understanding of how Nature
regulates enzymatic catalysis through profmiotein interactions. If wera to leverage the
enzymatic activity of sMMOto prevent the escape of Chhto the atmospherethen the
collaborations that made this dissertation possible must continue to thrive and grow. The nex
paragraphs briefly describe a few experimentsniayt help answer questions thamergedrom

the research presented in this dissertation.

As shown in Chapter 2y crystalloturnover without loss of diffraction quality is possible
usingsMMOH:MMOB microcrystal slurries. More SEXFEL experiments are needexdfind the
correct time in whiclthemically reducedMMOH:MMOB microcrystals are exposed te Gsing
the droponttape methodology if we are to obtain structures of SMMO chemical intermediates.
Once we have the timing determingétk structure of radiatiedamagefree chemical intermediates
canpotentiallybe obtained.

High-resolution structural data coupled with transikinetics data led to the discovery of
the W308Tunnel. The W308unnel, pore, and chain of cavities are difficult to characterize
becawe it is not possible to make and exp@dMOH mutants. Ahigh-throughput methodology

to mutate and expres#IMOH variantsis needed tdurther investigad the proposed substrate



pathwaysUntil then, our understanding of how sMMO regulates the entry af Okl €, and H
will remain limited.

Quality sMMO protein preparations have propelled our structural biology research efforts.
The ease at which we can cryBg milliliters of SMMOH:MMOB microcrystals warrants
investigation of the potential to use the crystal slurries as catalysts to convert methane to methanol.
A proof of principle study can be performed to determine if SMMOH:MMOB crystal slurries are
capable of catalysis by firgtducing the crystal slurry then mix with a aerobic buffer with substrate.

If turnover occurred, product will be present indicating that the microcrystal slurries are capable of
catalysis.

Limitations of the NMR methodology used in chapter 4 preventedstiy of the
interaction between reduced MMOR and sMM®@H he only data availablreof the interactions
between oxidized MMOR and sMMOHK Stoppedflow *°F-NMR is a method that can be used to
rapidly mix reduced MMOR with sMMOf and obtain time resoldeinformation.Furthermore,
we could rapidly mix reduced MMOR with a preformed sSsMMQMMOB complexto learn if
reduced MMOR is more effective at dissociating MMOB from sSMMOH

Efforts to obtain the structure of theMMOH:MMOR complex are necessary. One
approach is to crydiize the protein complex, but our efforts thus far have not witt any
success. An alternative and more promising methodology is to mak&ktygamples containing
sMMOH and MMOR. This method will likely be the methodology thastfiobtains the structure
of the sSMMOH:MMOR complex. Also, it may be possible tietermineif a ternary complex

betweersMMOH, MMOB, and MMOR exists using cryBM.
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