
 

STRUCTURAL ENZYMOLOGY OF SOLUBLE METHANE MONOOXYGENASE 

PROTEIN INTERACTIONS 

 

 

A DISSERTATION 

SUBMITTED TO THE FACULTY OF 

UNIVERSITY OF MINNESOTA 

BY 

 

 

JASON CHRISTOPHER JONES 

 

 

IN PARTIAL FULLFILLMENT OF THE REQUIREMENTS 

FOR THE DEGREE OF  

DOCTOR OF PHILOSOPHY 

 

 

ADVISOR: JOHN D. LIPSCOMB 

 

 

MAY 2021 

  



 

© JASON CHRISTOPHER JONES 2021 

  



 i 

Acknowledgements 
I’d like to thank: 

 Dr. John D. Lipscomb for accepting me as a student in his laboratory when others wouldn’t.  

Dr. Rahul Banerjee for being a great lab mentor 

Dr Ke Shi for being an awesome crystallographer 

Dr. William Pomerantz for letting me pick his brain and ask questions about 19F-NMR 

Dr Ian Armitage for his expertise in NMR 

Manny Semonis for all of his hard work and dedication. 

Jason Jones Jr. for being the best son in the world 

  



 ii 

Abstract 
 

Soluble methane monooxygenase (sMMO) is a multicomponent metalloenzyme that activates 

molecular oxygen, breaks the 105 kcal/mol C-H bond of CH4, and inserts one atom of O to create 

methanol at ambient temperature and pressure. This feat of catalytic prowess requires all three 

protein components of sMMO for efficient multiple turnover catalysis: the hydroxylase (sMMOH), 

the reductase (MMOR), and the regulatory protein (MMOB). The structural mechanism of how 

these sMMO components interact to regulate the formation and decay of the chemical intermediates 

of the reaction cycle is not well understood. Our recent advances in sMMOH expression and 

purification have allowed us to obtain protein crystals of the sMMOH:MMOB complex. Using X-

rays generated by either an X-ray free electron laser at room temperature or a synchrotron at 100 

K, we obtained high resolution structures of the Methylosinus trichosporium OB3b 

sMMOH:MMOB complex for the first time. Analysis of the data shows in great detail how MMOB 

modulates the structure of sMMOH during the steps leading up to O2 binding. New insight is gained 

about the path O2 and methane take into the sMMOH active site, and how the selectivity and timing 

of this entry is controlled by MMOB in the sMMOH:MMOB complex.  Additionally, biosynthetic 

incorporation of 5-fluorotryptophan into MMOB and MMOR, as well as post-translational 

modification of an MMOB variant with a trifluoroacetone probe, allowed us to use 1D-19F-NMR 

to investigate the complex series of sMMO protein interactions that regulate the beginning of the 

sMMO catalytic cycle. A new model emerges describing how sMMO protein component affinities 

and exchange from protein-protein complexes control the dynamics of reaction cycle intermediates 

to drive catalysis. 
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1.1 Biological Oxygen Activation 

Molecular oxygen (O2) is the second most abundant gas in Earth’s atmosphere today (~21%), but 

this was not always the case. Earth’s earliest atmosphere was nearly devoid of O2 and anaerobic 

organisms ruled the planet. About 2.5-2.2 billion years ago, the “Great Oxidation Event” occurred 

causing the Earth’s atmosphere to shift from anoxic to oxygenic.1-5 This shift resulted in the demise 

of anaerobic organisms living on Earth’s surface, because they were unable to cope with the toxic 

waste product (O2) produced by photosynthesis.4 On the other hand, organisms capable of tolerating 

O2 flourished, because they had the biochemical toolkit needed to transport and activate O2 as well 

as protect themselves from the harmful effects of reactive oxygen species.6 Most of the O2 

consumed by aerobic organisms is used to fuel their cellular respiration, the biochemical process 

of aerobically converting glucose into energy.7 The remainder of consumed O2 is used in making 

biomolecules that are important in various biological processes such as cell growth, development, 

and reproduction.8 In order to perform this aerobic biochemistry, enzymes evolved that catalyze 

the activation of O2 and subsequent reaction with organic substrates.  

In the absence of a catalyst, reaction of O2 with organic substrates is thermodynamically 

favored, yet kinetically sluggish. This phenomenon arises because O2 has 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 triplet O2 and singlet 

organic substrates results in a large activation energy barrier which restricts the reaction from 

occurring under normal conditions (i.e. it is spin forbidden), hence the kinetic sluggishness. 

Uncatalyzed reactions between triplet O2 and singlet organic substrates are possible via a free 

radical autooxidation process. In this process an initiator is required to generate a radical organic 

substrate which can then react with triplet O2. This particular pathway of O2 activation is not ideal 

for a biological system to rely on because there is no control over substrate specificity and product 

yield. Unsurprisingly, Nature evolved a way catalyze the spin forbidden reaction between triplet 

O2 and singlet organic substrates by employing metalloenzymes.  
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Metalloenzymes contain transition metals such as copper, manganese, or iron in the active 

site. The transition metals, depending on their oxidation state, can bind O2 and then reductively 

activate O2 through a series of electron transfer steps which results in the formation and stabilization 

of the following biological oxidants: i.) a superoxo (O2
-) radical species capable of reacting directly 

with a radical organic substrate as seen in myo-inositol oxygenase,9 ii) a (hydro)peroxo (O2
2-/HO2

-

) species with a singlet electronic state which can react with singlet organic substrates as seen in 

deoxyhypusine hydroxylase,10, 11 or iii) a high valent-oxo, highly reactive species capable of 

oxidizing strong C-H bonds as seen in soluble methane monooxygenase.5  The family 

metalloenzymes that catalyze the insertion of either one or two atoms of O from O2 into an organic 

substrate are called monooxygenases or dioxygenases, respectively.12, 13 The studies described in 

this dissertation deal with the metalloenzyme soluble methane monooxygenase (sMMO), which 

utilizes a dinuclear iron cluster in the active site to reductively activate O2 and generate a high 

valent Fe2
4+ chemical intermediate.5, 14, 15 Stabilization of this powerful, highly oxidizing, highly 

electrophilic, high valent metal-oxo species requires precise regulatory strategies needed to prevent 

non-specific reactions. Understanding the means by which sMMO controls the reactivity of oxygen 

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

1.2 Methane, a Powerful Greenhouse Gas. 

Methane (CH4) is a potent greenhouse gas that it is 28 - 36 times more effective than CO2, another 

greenhouse gas, at warming the Earth’s lower atmosphere over a 100-year period.16 The small 

percentage of CH4  along with other greenhouse gases in the atmosphere make up the “blanket” 

which warms our planet. Over the last few decades, atmospheric levels of CH4 have increased at 

an alarming rate and continue to accelerate, causing the average global temperature to rise.17 This 

increase in atmospheric CH4 is largely attributed to the following anthropogenic activities: 

agriculture, landfills, and natural gas flaring.16, 18Although agriculture and landfill sources are small 

producers of CH4 individually, the combined total of global agriculture- and landfill-generated CH4 

is considered to be the main cause of rising CH4 concentrations in Earth’s atmosphere.16, 17 
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Currently, no economically viable way to capture, transport, and store gaseous CH4 from remote 

sources exists.18, 19 Until this problem is solved, anthropogenic CH4 emissions will continue to 

present environmental issues. One 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 transport.18 The bioconversion of methane to methanol is accomplished in 

Nature by bacteria that express the metalloenzymes called methane monooxygenases (MMOs). It 

is a long-term goal of the research described in this dissertation to learn how to harness the catalytic 

power of MMOs to address the environmental toxicity of methane.  

1.3 Methanotrophic Bacteria 

Natural sources of atmospheric CH4 include: methanogens, termites, lakes, rivers, wildfires, wild 

animals, geological sources (e.g. gas seepage, hydrates), and wetlands. Amongst all of the different 

natural sources, wetlands are the largest source of natural CH4, producing between 177 and 284 

million tons of CH4 a year.16 Microbes called methanogens, which live in the O2 depleted zones of 

wetlands as well as other ecological niches, are the main biological source of CH4 in wetlands. As 

CH4 transitions from the anoxic zone into the oxic zone of wetlands, microbes called methanotrophs 

metabolize the CH4 rising from below, preventing a large amount of CH4 created in wetlands from 

entering the atmosphere. Most known aerobic methanotrophic bacteria use CH4 as their sole source 

of carbon and energy.20-22 There are three known types of methanotrophs; Gammaproteobacterial 

(Type I) and Alphaproteobacterial (Type II), which both belong to the Proteobacterial phylum, 

and methanotrophs that belong to the Verrucomicrobia phylum.23, 24 Regardless of the type of 

methanotroph, the first step in an aerobic obligate methanotrophs metabolic pathway (Scheme 1-1) 

is the oxidation of CH4 to methanol (CH3OH). This remarkable ability of methanotrophs to break 

the strong 105 kcal/mol C-H bond of CH4 as well as activate O2 at ambient temperature and pressure 

is due to MMOs. Two types of MMOs are expressed in methanotrophs: i.) a copper dependent, 

membrane-bound form, called particulate methane monooxygenase (pMMO),25 and ii.) an iron 

dependent, soluble form, called soluble methane monooxygenase (sMMO). Due to the inherent 
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technical difficulties associated with studying membrane bound proteins, characterization of the 

active site of pMMO and its mechanism has been challenging. In contrast, sMMO has proven to be 

much more approachable and a great deal of  chemical, spectroscopic, and structural data have been 

obtained over the past 4 decades.5  

 

 

1.4 Particulate Methane Monooxygenase (pMMO) 

Particulate methane monooxygenase is a 300 kDa copper-dependent integral membrane 

metalloenzyme. The quaternary structure of pMMO is homotrimeric and each protomer is 

composed of an alpha (PmoA, 24 kDa), beta (PmoB, 42 kDa), and gamma (PmoC, 22 kDa) subunit 

(Figure 1-1).26-30 The pmoA and pmoC subunits are predominantly embedded in the lipid bilayer 

(7 and 5 transmembrane helices respectively), whereas PmoB has two transmembrane helices 

linked to a large periplasmic domain. Three copper binding sites have been identified in pMMO: 

i.) the putative bis-His copper binding site is located in the soluble domain of PmoB, ii.) the CuB 

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

Scheme 1-1 The Different Methanotrophic Metabolic Pathways. 

RuMP = Ribulose monophosphate cycle.  

CBB = Calvin-Benson-Bassham cycle 
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with square pyramidal geometry coordinated by three conserved histidines, and iii.) the CuC site is 

located in the transmembrane domain of PmoC and contains a mononuclear copper coordinated by 

two histidines and an aspartic acid.30-32  

 

Since the first x-ray crystal structure of pMMO was obtained in 2005, a general consensus 

on which copper binding site catalyzes methane oxidation has not been reached (Table 1-1). Recent 

experimental evidence has been obtained using native top-down mass spectrometry (nTDMS) on 

nanodisc-reconstituted pMMO to elucidate which copper binding site is the site of CH4 oxidation.31 

In this study, the effects of exogenous copper (CuSO4) on nanodisc reconstituted pMMO was found 

to increase methane oxidation activity 6-fold compared to samples having no exogenous copper 

added. Inductively coupled plasma-mass spectrometry (ICP-MS) of nanodisc reconstituted pMMO 

provided evidence that the CuSO4 supplemented samples contained two coppers per protomer, 

compared to non-supplemented samples which contained one copper per protomer. nTDMS was 

then used to determine which pMMO subunits have copper bound. It was determined that pmoB 

Figure 1-1 Overall structure of particulate methane monooxygenase. 

The left image is a van der Waals surface representation of homotrimeric 

pMMO, each protomer is colored a different shade of gray. The right image 

is a cartoon representation of one pMMO protomer and the subunits are 

colored red (pmoA), blue (pmoB), and yellow (pmoC). The PDB code: 6CXH 

was used to make this figure. 
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and pmoC are the copper binding sites. A correlation between the increased methane activity and 

occupancy of copper in the pmoC subunit, indicated that the site is important for methane oxidation. 

 

Table 1-1 Particulate Methane Monooxygenase X-ray Crystal Structures 

PDB 

code 
Methanotroph 

Resolution 

(Å) 
Year 

1YW Methylococcus capsulatus (Bath) 2.8 2005 

3CHX Methylosinus trichosporium (OB3b) 3.9 2008 

3RGB Methylococcus capsulatus (Bath) Reprocessed 2005 

data 

2.8 2011 

3RFR Methylocystis sp. strain M 2.68 2011 

4PHZ Methylocystis sp. ATCC49242 Rockwell 2.59 2014 

4PI0 Methylocystis sp. ATCC49242 Rockwell (soaked in 

copper) 

3.15 2014 

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 of soluble methane monooxygenase (sMMO) have been principally focused on 

enzymes from two bacterial sources over the last four decades, Methylosinus trichosporium OB3b 

(Mt OB3b)15, 33, 34 and Methylococcus capsulatus Bath (Mc Bath).14, 35, 36 These bacteria represent 

two major genera that differ in internal membrane structure and pathway for carbon assimilation, 

but their sMMOs have proven to be similar in structure and function. As stated above, sMMO is a 

multicomponent metalloenzyme and requires three proteins for biologically relevant multiple 

turnover catalysis of CH4 to CH3OH at ambient temperature and pressure: i.) a 245 kDa hydroxylase 

(sMMOH), ii) a 38 kDa electron transfer reductase (MMOR), and iii.) a 15 kDa regulatory protein 

(MMOB) (Scheme 1-2). 33, 35, 37-50 
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The sMMO gene cluster includes six genes: mmoX, mmoY, mmoB, mmoZ, mmoD, and 

mmoC.51 The mmoX, mmoY, and mmoZ genes express the protein subunits required for the 

catalytically active  sMMOH. The mmoB and mmoC genes express MMOB and MMOR, 

respectfully. The mmoD gene expresses a protein of unknown function called MMOD.52 MMOB 

and MMOR interact with sMMOH in an intricate way that precisely regulates the transport of 

substrates (two electrons, molecular oxygen, two protons, and methane) to achieve the desired 

products (methanol and water). 

𝐶𝐻4 +𝑂2 + 2𝑒
− + 2𝐻+

𝑠𝑀𝑀𝑂
→    𝐶𝐻3𝑂𝐻 +𝐻2𝑂 

1.6 Methane Monooxygenase Hydroxylase (sMMOH) 

The overall quaternary structure of the hydroxylase (sMMOH) is homodimeric and each protomer 

is composed of an alpha, beta, and gamma protein subunit (Figure 1-2).37, 40 A dinuclear iron cluster 

is present in the active site.  The cluster is buried in the alpha subunit and supported by ligands 

from a 4-helix bundle. In the diferric state, the cluster is coordinated by 4 glutamates, 2 histidines, 

and 3 hydroxo/aquo ligands (Figure 1-3). 

Scheme 1-2 Soluble Methane Monooxygenase 
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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 

conformational change in the side chain of active site residue Glutamate 243 (E243) and 

simultaneous displacement of a hydroxo ligand from the diiron cluster (Figure 1-3). In the diferrous 

state, the nonheme diiron active site has the chemical potential to activate molecular oxygen. 

Although diferrous sMMOH can react with O2 alone, the catalytic ability of sMMOH is truly 

unlocked upon formation of a protein complex with MMOB. 

  

Figure 1-2 The quaternary structure of sMMOH 

sMMOH is represented as a cartoon and the alpha subunit 
is red, the beta subunit is blue, and the gamma subunit is 

yellow. 



 10 

 

 

 

 

 

  

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

The top image is of the diferric cluster active site environment and the bottom image 

is of the diferrous active site environment. Amino acid side chains are represented 

as sticks where red is oxygen, blue is nitrogen, and white is carbon. The diiron 

cluster is shown as bright orange spheres and the hydroxo/aquo ligands are 

represented as red spheres. Black lines represent the bonds from the coordinating 
ligands. The major difference between the two oxidation states is the rotomeric 

conformation of E243 and the displacement of HOH2 from the active site. PDB 

codes 1MHY 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 of sMMOH, the diiron cluster appeared to be completely inaccessible 

to substrates.37, 40 However, subsequent studies and comparison with other members of the large 

bacterial multicomponent monooxygenase (BMM) family have revealed potential access routes. 

One route is via a conserved BMM structural feature known as the pore region (Figure 1-4).53-55 

The 12 Å long pore in sMMOH extends from the active site pocket directly to the protein surface 

through two of the α-helices housing the diiron cluster and is the shortest path from bulk solvent to 

the active site. The sMMOH pore region, like those of BMM family counter parts; phenylalanine 

hydroxylase (PHH), toluene/o-xylene monooxygenase (ToMO), and toluene 4 monooxygenase 

(T4MO), is lined with conserved threonine (sMMOH T213), asparagine (sMMOH N214), and 

glutamate/glutamine (sMMOH E240) residues. In diferric sMMOH, E240 and N214 side chains 

are solvent exposed, whereas T213 side chain faces the active site. On the basis of mutagenesis 

studies of ToMO and structural 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 hydroxylase components of many BMM 

enzymes is a series of three cavities that trace a long 35–40 Å path from the active site to bulk 

solvent. In sMMOH, the three cavities are located in the α-subunit, and cavity 1 contains the diiron 

cluster and active site (Figure 1-4).37, 39, 53-56 It differs from the other BMM enzymes in that the 

path between cavities 1 and 2 is blocked by residue phenylalanine 188 (F188). The sMMOH 

cavities were characterized by soaking oxidized sMMOH crystals with very high concentrations of 

various halogenated substrate and product analogs and by xenon pressurization experiments. 43, 50 

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 cavities were 

proposed to serve the dual functions of substrate ingress (CH4 and O2) and product egress. 
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1.8 Methane Monooxygenase Reductase (MMOR) 

The reductase (MMOR) is a 38 kDa protein that contains two cofactors, a flavin adenine 

dinucleotide (FAD) molecule in the N-terminal domain and a [2Fe-2S] cluster in the C-terminal 

domain.57-60 In the resting state, each of the irons in the [2Fe-2S] cluster is ferric, and they are 

antiferromagnetically coupled.61 The first step in the electron transfer process is the binding of 

NADH to MMOR (Kd = 3.8 µM) followed by the transfer of two electrons in the form of a hydride 

ion to FAD.57, 62 Redox potentials for transfer of electrons out of the FAD are; E1°’= -176 ± 7 mV 

and E2°’= -266 ± 15 mV.62 One electron from reduced FAD is transferred to the diferric [2Fe-2S] 

cluster, which has a redox potential of -209 ± 14 mV, at a rate of 130 ± 17 s-1.62 At this point of the 

Figure 1-4 Proposed substrate access route in the sMMOH alpha subunit. 

In both the top and bottom a cartoon representation of the sMMOH alpha subunit 

(cyan and gray) is shown. The diiron cluster is represented as orange spheres, the 

pore is colored purple and, the chain of cavities is colored red. The bottom image 

is a zoomed in view of the pore region and pore residues (Thr213, Asp214, and 

Glu240) are shown as sticks; carbon is cyan, oxygen is red, and nitrogen is blue. 
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electron transfer process, if MMOR is bound to sMMOH, then two electrons total will transfer one 

at a time from the [2Fe-2S] cluster to the sMMOH diferric cluster. The FAD semiquinone transfers 

the second electron to the [2Fe-2S] cluster as an intermediate step. Neither an X-ray crystal or cryo-

EM structure of the sMMOH:MMOR complex has been obtained to date, but chemical 

crosslinking, NMR, hydrogen−deuterium exchange coupled to mass spectrometry (HDX-MS), and 

molecular docking studies have provided some details about the interaction. Chemical cross-linking 

studies using full-length MMOR determined that the reductase binds to the beta subunit of 

sMMOH.63 NMR studies using a truncated form of Mc Bath MMOR containing the [2Fe-2S] 

cluster (MMOR-Fd, Residues 99-348), provided information about MMOR residues involved in 

the molecular interactions of the sMMOH:MMOR complex.59 Additionally, hydrogen−deuterium 

exchange coupled to mass spectrometry (HDX-MS) and molecular docking studies of MMOR-Fd 

provided evidence that the [2Fe-2S] domain of MMOR binds to the alpha subunit of sMMOH.64 

1.9 Methane Monooxygenase Regulatory Protein (MMOB) 

Nuclear magnetic resonance (NMR) solution structures of heterologously expressed MMOB using 

protein sequences of two different types of methanotrophs, Mt OB3b and Mc Bath have been 

obtained.44, 45 Both NMR structures show that the 15 kDa regulatory protein has a dynamic N-

terminal tail, a folded core region, and a dynamic C-terminal tail in solution (Figure 1-5). 

Additional NMR studies aimed at characterizing the Mt OB3b sMMOH:MMOB protein complex 

provided details about which MMOB amino acids are involved in the electrostatic interactions 

stabilizing the sMMOH:MMOB complex.46 MMOB variants were created to determine if changes 

to the amino acids identified by NMR had a regulatory role in sMMO catalysis.46, 65-67 Kinetic 

studies showed that mutations in both the core region and N-terminal tail of MMOB effect the 

formation and decay rate constants of various sMMO chemical intermediates. A 2.9 Å X-ray crystal 

structure of the Mc Bath sMMOH:MMOB complex showed that both the core region and N-

terminal tail of MMOB form polar contacts with sMMOH. As noted above, the N-terminal tail is 

dynamic in solution, yet in the X-ray crystal structure of the Mc Bath sMMOH:MMOB complex 
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the tail adopts a ring-like structure on the surface of sMMOH. Additionally, sections of the N-

terminal tail transform from having a loop secondary structure to a helical secondary structure. 

 

 

1.10 Conformational Changes in sMMOH when MMOB is Bound 

While sMMOH is capable of oxidizing methane slowly in isolation,33 the catalytic ability of 

sMMOH is truly unlocked upon formation of a protein complex with MMOB. Kinetic studies have 

shown that the turnover number increases by 150 fold, the rate constant for reaction with O2 

increases 1000-fold, and the product yield doubles.33, 68, 69 The 2.9 Å crystal structure of the protein 

complex of sMMOH with MMOB has provided many insights into how MMOB regulates the 

catalytic cycle.70 Many structural changes in the α-subunit of sMMOH occur, including large-scale 

movement of secondary structures and rotation of amino acid side chains. Fifteen out of nineteen 

α-helices and eight out of twenty-four loop regions undergo conformational changes while the beta 

and gamma subunits remain rigid. The diiron coordinating ligands shift and rotate, but the distance 

between the irons and the coordinating ligands is conserved. One exception is E243 where the side-

chain carboxylate rotates to coordinate with one iron in a bidentate manner and bridges to bind in 

Figure 1-5 Nuclear magnetic resonance solution structure of MMOB. 

Four of the fourteen ensemble structures of Mc Bath MMOB (PDB: 1CKV) 

are shown superimposed on one another.  The N-terminal tail is colored red, 
the C-terminal tail is colored green, and the core region is colored gray. The 

N- and C-terminal tails are more dynamic in solution compared to the core 

region.  
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a monodentate manner to the other iron. The latter change also occurs in sMMOH alone upon 

reduction (Figure 1-3),38, 39 so the observation in the complex may be due to reduction of sMMOH 

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 binding site for O2 between the irons.  

1.11 Overview of Catalytic Cycle 

 

 

The single turnover catalytic cycle of sMMO illustrated in Figure 1-6 has been studied in detail 

for the case in which MMOB and sMMOH are present and reduction of the diferric sMMOH diiron 

Figure 1-6 Single turnover catalytic cycle of soluble methane monooxygenase. 

Only the diiron cluster of sMMOH is illustrated. MMOB must be present in equal 

concentration to the diiron cluster to detect the intermediates in full yield. All of the 

lettered intermediates except R have been directly detected. Abbreviations: MMOB, 

regulatory component of sMMO; sMMOH, hydroxylase component of sMMO; 

sMMO, soluble methane monooxygenase. Hred, Hox, P, P*, Q, R, and T are 

intermediates of the sMMO reaction cycle in which the sMMOH diiron clusters are 

proposed to have the structures indicated in the figure.  
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cluster (Hox) is carried out using chemical reductants rather than MMOR and NADH.14, 68, 71-76 The 

resulting MMOHred:MMOB complex reacts rapidly with O2 to form intermediate O.69 The diiron 

clusters of Hred and O exhibit identical optical and EPR spectra. The EPR spectra are characterized 

by a signal at g = 16 arising from ferromagnetic coupling of the two high spin S = 2 irons to yield 

an S = 4 species. 33, 77 This unique signal proved useful in tracking the kinetics of intermediate O 

conversion through the application of rapid freeze quench (RFQ) techniques.68, 72 The occurrence 

of O was established by the finding that the formation rate constants for all subsequent 

intermediates in the catalytic cycle are independent of O2 concentration,69 thereby requiring the 

irreversible formation of an intermediate between Hred and the downstream intermediates. The lack 

of spectroscopic change suggests that O has O2 bound in the active site but not to the diiron cluster. 

In general, the binding and activation of O2 by the iron atoms occurs through a metal-to-ligand 

transfer of electrons. Two chromophorically and electronically distinct intermediates (P* and P) 

have been characterized in this process that culminates in the cleavage of the O-O bond to generate 

the reactive intermediate termed Q.68, 73, 75, 76 Q can react directly with methane to insert an oxygen 

atom into one of the C-H bonds. Our proposal for the mechanism envisioned a hydrogen atom 

abstraction reaction to yield a cluster-bound hydroxyl radical and a methyl radical species termed 

R.68, 78-80 Subsequent recombination of the radicals would yield the bound methanol product 

complex T.68 Finally, release of methanol from T would reform Hox in the rate-limiting step of the 

overall reaction 68. It is interesting to note that in the absence of MMOB, the reaction with O2 to 

form either O or P* becomes the rate-limiting step.69 Thus, the dramatic influence of MMOB on 

the progress of the 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 such that Q decays over 

several seconds in the absence of methane.68 This favorable kinetic scenario enabled the 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 and will oxidize a large range of alternative non-polar aliphatic 

and aromatic compounds.15, 35, 74 This catalytic versatility allowed many types of studies to probe 

the mechanism. The following sections describe the current understanding of the nature of the key 

reaction cycle intermediates.  

1.12 Intermediate P* 

Intermediates O and P* have similar broad, weak absorption spectra in the visible region, with that 

of P* being very slightly more intense between 325 and 700 nm.76 The discovery of P* was based 

on two indirect observations: (i) The rate constant for O decay monitored at 350 nm or via the 

decay of its g = 16 EPR spectrum68 is significantly faster than the formation rate constant for 

intermediate P followed at 700 nm, and (ii) The rate constant for O decay is pH independent while 

that for P formation is strongly pH dependent.73, 76 The direct spectroscopic characterization of 

intermediate P* was facilitated by the use of the MMOB mutant H33A (see below) that enhanced 

the yield of P* by decreasing its decay rate constant while leaving its formation rate constant 

unaffected.71 The observed loss of the g = 16 EPR signal during P* formation led to the assumption 

that P* would have one or both irons in the ferric state.73, 75 However, RFQ EPR and Mössbauer 

studies of P* showed that it is a diferrous species that does not possess the g = 16 signal.76 We 

proposed that subtle electronic changes in P* as O2 begins the metal binding process cause the loss 

of the g = 16 signal without net oxidation of the diiron cluster. An intermediate between O and P 

is also observed in the Mc Bath sMMOH catalytic cycle,75 but it appears to be a diferric peroxo 

species similar to P. 

1.13 Intermediate P 

Intermediate P (Hperoxo in Mc Bath sMMOH) has a broad electronic absorption spectrum with a 

band at 700 nm (700 = 2500 M-1 cm-1) that is characteristic of a peroxo species.73, 75, 76 The 

Mössbauer spectrum of P ( = 0.66 mm/s, EQ = 1.53 mm/s) indicates that the iron atoms are 

present in the ferric oxidation state. Thus, P is designated as a diiron (III)-peroxo species. In the 
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absence of a resonance Raman characterization of P, the binding mode of the peroxo moiety is an 

open question. However, a comparison with vibrationally characterized peroxo intermediates in 

related diiron systems and synthetic model compounds possessing similar spectroscopic features 

suggests either a cis- or trans--1,2 binding mode.14, 81 A comparison of the Mössbauer isomer shift 

with those of protonated and deprotonated peroxo intermediates in synthetic model compounds of 

mononuclear FeIII-peroxo complexes suggests that a deprotonated peroxo ligand is present in P.76 

However, no model complexes for protonated diiron complexes have yet been synthesized. There 

is no observed reaction of P with hydrocarbon substrates,68 although reaction with easily oxidized 

substrates has been described.82, 83 

The rate constants for both formation and decay of P were found to increase with a decrease 

in pH from 8.5 to 6.5.73, 75 Proton inventory studies in which H2O is progressively replaced with 

D2O in the buffer showed that a single proton is involved in each step in a “one-hop” process from 

a donor group with a fractionation factor near 1 and a pKa value of 7.6.73 A water molecule bound 

to one of the iron atoms, as seen consistently in crystal structures, is believed to be the most likely 

source of the proton.73 If the peroxo-bridge in P is unprotonated, it is possible that the proton 

transfer is to the carboxylate function of one of the Glu ligands to the diiron cluster. Such a transfer 

is supported by studies with synthetic diiron model compound mimics of P.84 

1.14 Intermediates Q and T 

The rate constant for formation of Q is independent of substrate concentration, but the decay rate 

constant exhibits a linear dependence for most substrates.68 In contrast to the preceding 

intermediates in the reaction cycle, Q possesses an intense electronic absorption spectrum with 

bands at 330 and 430 nm (330 = 9800 M-1 cm-1
, 430 = 7500 M-1 cm-1) (Figure 1-7A).68, 85 The 

Mössbauer spectrum of Q in Mt OB3b sMMOH indicates the presence of two anti-

ferromagnetically coupled high-spin FeIV atoms in similar electronic environments (  = 0.17 mm/s, 

EQ = 0.53 mm/s) (Figure 1-7B).86 To date, this is the only characterized biological example of a 
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dinuclear FeIV cluster. The irons in Mc Bath sMMO Q are also both FeIV, but Mössbauer shows 

they reside in slightly dissimilar electronic environments.72, 87 

The time-resolved resonance Raman spectrum of Q (Figure 1-7C) exhibits an Fe-O 

vibrational mode at 690 cm-1 when generated with 16O2 that downshifts to 654 cm-1 when made 

with 18O2.
85 Upon the formation of Q with the mixed-label O2 isotope 16O18O, an intermediate 

vibrational mode is observed at 673 cm-1. Based upon a comparison with the vibrational spectra of 

model complexes, the frequencies and isotopic shifts for Q match those of the tetra-atomic vibration 

of a Fe2-(-O)2 ‘diamond core’ structure (illustrated in Figure 1-7).88 The 16O18O labeling pattern 

also indicates that both oxygen atoms from O2 are retained in the diamond core upon conversion 

from intermediate P to Q, an observation that lends support to a homolytic cleavage model of the 

O-O bond. Upon reaction of Q with methane, one of the oxygen atoms is transferred to the methanol 

product.89 A new vibrational mode at 556 cm-1 that down shifts to 533 cm-1 for samples prepared 

with 18O2 was observed,85 showing that the second atom of oxygen from O2 is retained in the mono-

-oxo bridged diferric cluster of the product complex T. 
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An early Mössbauer and EXAFS investigation of Q provided the first indication that it 

might have a diamond core structure. The two FeIV atoms were found to be 2.46 Å apart and each 

iron was found to have Fe-O bonds of 1.77 Å and 2.05 Å that could not be assigned to protein 

ligands.90 The Fe-O bonds are too long to be assigned as an FeIV=O moiety based on model 

compounds.91 The most reasonable structure to account for these characteristics is the diamond 

core. In the last two decades since the EXAFS study of Q, a large range of synthetic model 

compound mimics of Q have been generated.81 Improvements to the XAS technique, such as Fe 

K high-energy-resolution fluorescence-detected XAS (HERFD XAS) have also enhanced the 

resolution of the pre-edge XAS features. A recent study employed both of these advances along 

with time-dependent density functional theory calculations to study the pre-edge XAS spectrum of 

Q (Figure 1-7).92 The pre-edge intensity of Q was observed to be three times higher than those of 

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

 (a) UV-Vis features at 330, 430, and 800 nm with high-extinction coefficients characteristic 

of diamond core model complexes; (b) a single Mössbauer quadrupole double showing that 
the irons are in similar environments, which is inconsistent with the single FeIV = O of the 

open core structure; and (c) a resonance Raman feature at 690 cm-1 with the isotopic shifts 

characteristic of diamond core tetra-atomic vibration. Experimental evidence favoring an 

open core Q includes (d) pre-edge XAS intensity and EXAFS spectra similar to those of an 

open core model.  
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a diamond core model complex, but comparable to that of an open-core model complex containing 

a terminal FeIV=O and a mono--oxo bridging moiety (illustrated in Figure 1-7). 

The open core model for Q finds support from the observation that open-core and diamond 

core model compounds with the same ligand environment exhibit vastly different oxidizing 

reactivity.93 The open-core 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 high-spin iron (S = 2) atoms like those of Q has not yet 

been generated.81 Nonetheless, both the XAS and model studies suggest a role for a terminal FeIV=O 

moiety in the reaction with methane. One possibility is that Q may exist in an equilibrium between 

open-core and diamond core structures in which the more potent open-core structure 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 mechanism. The computational studies 

have all been based on the same X-ray crystal structures of Hox and Hred 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, QM/MM approaches) have resulted in significantly different proposed 

mechanisms. Generally, the mechanisms for the C-H bond breaking and oxygen insertion reactions 

fall into the traditional concerted or non-concerted classes.94-99 The experimental results are readily 

accounted for by the non-concerted models. However, it has been shown that the concerted 

mechanisms can also account for the experimental observations under special conditions (e.g. 

formation of an Fe-C bond that causes distortion of the tetrahedral symmetry of the substrate 

carbon,100, 101 asynchrony of vibrational modes in the bond breaking and bond forming reactions in 

the transition state,102 or coordinated electrophilic and nucleophilic attack by two FeIV=O moieties 
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leading to the formation of a pentavalent carbon species).103 It is unclear whether these special 

conditions are possible in a biological system. The most recent computations have utilized a large 

model and employed molecular mechanic methods to assess the role of the protein beyond the first 

sphere of the metals.104 These models favor a hydrogen atom abstraction reaction. 

1.16 Key Insights into Mechanism from Chiral Substrate Reactions  

The chemical mechanism of cytochrome P450 oxygenase was proposed by our group and others 

as a model for sMMO catalysis.33, 35, 105 This mechanism involves abstraction of a hydrogen atom 

from the substrate by the heme FeIV=O  cation radical reactive species to give a substrate radical 

and heme FeIV-OH.106, 107 Rebound of the hydroxyl radical to the substrate radical completes the 

hydroxylation reaction. The Q intermediate of sMMO is electronically equivalent to the heme 

FeIV=O  cation radical and might be expected to carry out similar chemistry. The direct detection 

of a transient substrate radical intermediate is almost impossible considering the ultrashort lifetimes 

expected for such species when the reactive hydroxyl radical associated with the diiron cluster is 

nearby in the active site. One type of indirect detection employed the use of chiral hydrocarbon 

substrates (Figure 1-8A). The Mt OB3b sMMO catalyzed oxidation of chiral, carrier free (R) and 

(S) 1-[2H1,
3H1] ethane to ethanol proceeded with 34% inversion of stereochemistry.78 Likewise, the 

chiral ethane and chiral butane hydroxylation reactions with Mc Bath sMMO displayed a 28% and 

23% inversion of stereochemistry, respectively.108 These results are consistent with formation of a 

radical or cation intermediate, but the lack of complete racemization suggests a very short lifetime 

on the order of a C-C bond rotation (k = 1012 to 1013 s-1). This rate constant is too fast for a physical 

motion of the hydroxyl group as it rebounds onto the substrate radical, indicating that hydroxylation 

in sMMO is subtly different from a classical two-step radical mechanism attributed to P450. A 

computational model assuming a "caged" structure that locks the radical species in close proximity 

provides a reasonable explanation for these observations.104, 109, 110 
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Figure 1-8 Examples of experimental evidence for radical or cation intermediates. 

(a) Chiral ethane is converted to chiral ethanol with 34% inversion of stereochemistry by 

soluble methane monooxygenase (sMMO), implying an intermediate with a lifetime <1 

ps. (b) Products from the norcarane reaction with sMMO show primarily radical (lifetime 

<20 ps) but also cation intermediates. 
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1.17 Radical Clock Reactions 

A large variety of radical clock compounds have been used as sMMO substrates to assess the 

presence of transient radical intermediates (one example in Figure 1-8B).79, 80, 111-113 In summary, 

rearranged products derived from both radical and cation substrate intermediates have been 

observed for several radical clock compounds. However, the lack of correlation between rearranged 

product yield and rearrangement rates for the radical clocks suggests that steric factors in the active 

site alter how radical clock substrates are presented to Q. The role of steric factors in the oxidation 

reaction agrees with earlier experiments probing the stereochemistry of isopentane oxidation, 

where it was observed that the least sterically hindered carbon atom of isopentane was 

preferentially hydroxylated despite its stronger C-H bonds.114 While radical clock sMMO substrates 

can only be used qualitatively, they do indicate in all cases that the radical lifetimes are very short 

(krebound > 1010 s-1), consistent with the results of the chiral substrate experiments. 

1.18 Isotope Effect Studies 

The chromophore of Q allows the reaction with substrates to be directly observed. 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 the intermolecular deuterium kinetic isotope effect (KIE) on the rate constant of 

the Q reaction with methane (Figure 1-9). The KIE value of 50 for this reaction is one of the largest 

for any biological system.66, 89, 115 A KIE value of this order unequivocally indicates the C-H bond-

breaking step is the primary determinant in the reaction coordinate of methane oxidation by Q. 

Remarkably, hydrocarbon substrates with a molecular size larger than methane failed to display a 

KIE.66 As in the case of the chiral substrate and radical clock experiments, the observation of a 

large KIE is clearly supportive of a non-concerted mechanism.   
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1.19 Quantum Tunneling in the sMMO Reaction 

The much larger than classical limiting value (< 7) for the primary intermolecular deuterium KIE 

for methane reaction with Q suggests the presence of a hydrogen atom tunneling contribution in 

the C-H bond breaking reaction of methane by Q. A definitive proof of hydrogen tunneling requires 

kinetic studies over a much larger temperature range than is possible with sMMO.116 However, a 

plot of ln KIE versus 1/T in the temperature range where C-H bond breaking is rate-limiting 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 bond-dissociation energy for the isotopes.67 This value is similar to those obtained 

from other enzymes demonstrated to exhibit tunneling,117 supporting a role for tunneling in the 

reaction of Q with methane.118 

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 monooxygenases is the requirement to couple reducing equivalents 

Figure 1-9 Arrhenius plots for intermediate Q reaction with substrates. 

The large KIE for methane reaction with Q and the lack of a KIE for the reaction with ethane 

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

change in the rate-limiting step in the accessible temperature range. Substrate concentration 

= 400 µM 
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utilized to initiate O2 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 

many other strategies have been described.119-126 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 through Q formation are affected 

by the presence of hydrocarbon substrates.68 sMMO must be capable of overcoming two major 

regulatory hurdles. 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 MMOR from reducing Q 

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 O2 Binding to the Diiron Cluster 

MMOB greatly accelerates the first steps of the reaction cycle leading ultimately to Q 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 calculations.127, 128 These studies 

showed that the binding of MMOB caused two types of structural changes in Hred. 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, MMOB variants that did 

not accelerate the O2 binding steps caused only the MCD and VTVH MCD changes, showing that 

global change in sMMOH structure detected by CD is also required for full activity. The possible 

significance of this global structural change is discussed in section 1.22.  

1.22 Role of MMOB in Gating Methane Substrate into sMMOH 

The unexpected linear change in the rate constant of Q decay with substrate concentration has at 

least two reasonable explanations.68, 115 Either the reaction is truly second order in which collision 

of activated sMMOH 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 with Q. Experimental evidence has 

been collected favoring the second option. One approach was to determine the rate constant of Q 

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 substrates other than 

methane (Figure 1-9). In contrast, the use of methane as the substrate causes the plot to display a 

discrete breakpoint.74 It was proposed that the non-linear Arrhenius plots indicated the presence of 

two chemical steps in the decay of Q with methane, nominally substrate binding followed by 

reaction with Q. If the activation parameters for these two steps are different, then the rate-limiting 

step might change in the temperature range of the experiment. Fully deuterated methane has a much 

slower reaction with Q,89 so its reaction might be rate-limiting throughout the observable 

temperature range. On the other hand, if substrates larger than methane bind slowly, binding might 

be rate-limiting 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 indicated that the substrate-

binding step is rate-limiting for all substrates larger in size than methane. The combination of size-

restricted binding and very fast reaction with Q due to weaker C-H bonds means that the observed 

rate constants for all substrates other than methane 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" effect of sMMOH to suggest that something in its structure 

is size selective for molecules the size of methane.71 

The molecular sieve effect was investigated further using MMOB variants. The interface 

between MMOB and sMMOH was first identified by cross-linking and spectroscopic studies 44-46, 

63, 129-132 and then confirmed by the X-ray crystal structure of the sMMOH:MMOB complex.70 The 

biophysical studies allowed the selection of four key MMOB residues in the center of the interface. 

These residues were changed to smaller residues in MMOB from Mt OB3b to form the ‘Quad’ 

variant (N107G/S109A/S110A/T111A). Analysis of the reaction cycle kinetics in the presence of 

this variant showed the following perturbations: (i) a substantial increase in the rate constant of 
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reaction of Q 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 constant of Q reaction with 

methane (Figure 1-10A).65, 71 The enhancement in the decay rate constant of Q and accelerated 

product release observed for large substrates was interpreted to suggest that the smaller residues in 

the sMMOH: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 make C-H bond cleavage rate limiting and allow a KIE to 

be detected. Accordingly, a KIE of 2.0 was observed for ethane.66 The location of the putative 

molecular sieve pore is unknown. However, the well characterized sMMOH pore region 

immediately over the active site where the Quad variant binds would be a possible candidate. In 

the studies described in this thesis, we show that there is a better candidate for the molecular sieve. 
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A competing proposal for a route of methane (and perhaps O2) entry into the sMMOH active 

site invokes the series of interconnected hydrophobic cavities in sMMOH described above (Figure 

1-4).133 In support of this proposal, mutagenesis and kinetic studies with the related ToMO enzyme 

suggested that O2 enters the active site using an analogous route.134 However, the series of cavities 

in sMMOH is 35 – 40 Å long and would likely fill with methane as it does with halogenated alkanes 

and xenon in the crystallographic experiments that were used to demonstrate its existence. If this 

is the case, methane would be delivered to Q from 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 

Figure 1-10 Regulatory effects of MMOB revealed by variants. 

(a) Linear substrate concentration dependence of the Q decay rate constant. The quad 

variant of Mt OB3b MMOB increases the second-order rate constant for larger substrates 

by opening the molecular sieve and decreases that for the methane reaction owing to loss 

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

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

ethane reaction with Q reflect the C-H BDE of the molecules. 
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concentration. The reaction would also not be likely to become rate-limited 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 must occur as Q 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) 

sMMOH:MMOB complex is in accord with the kinetic data. The competing models for regulation 

of substrate binding could, in principle, be tested by making sMMOH variants. Unfortunately, 

heterologous expression of sMMOH has not been successful despite the sustained efforts of many 

research groups. Promising approaches using homologous expression have been reported.135-137 

1.23 Role of MMOB in Regulating Quantum Tunneling in Methane Oxidation 

Quantum tunneling plays a major role in methane but possibly 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 from the tunneling 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 in the sMMOH:MMOB complex not only 

open the active site for methane, but they also direct the approach of methane to the diiron cluster 

to optimize orbital overlap required for tunneling.138 The same precise sMMOH active site 

structural changes apparently do not occur when the sMMOH:MMOB interface 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 tunneling. Together these effects account for the ~4000-fold 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 that the T111Y variant of MMOB appeared to interact with sMMOH in a way that opened 

the active site completely, thereby removing both the sizing and tunneling advantages given to 

methane.65 The ln kobs vs BDE plot shown in Figure 1-10B for normal and deuterated methane and 



 31 

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 well-folded core of MMOB where mutations alter the rate constants 

of chemical steps at the sMMOH diiron cluster. For example, deletion of the first 29-35 residues 

of the N-terminal region of MMOB abolishes steady state activity.46, 70, 139 Among the substitution 

mutants, the H33A and H5A MMOB variants decrease the rate constant of conversion of P* to P 

and P to Q, respectively.71 This effect might be attributed to a role for histidine in providing the 

protons required for these steps. However, the 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 formation of P and Q. 

The C-terminal 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 intermediate P and 

lowered the steady-state turnover number associated with T decay.140 Moreover, these variants 

resulted in a large uncoupling of the reaction owing to a dissociation of peroxide from P. Thus, the 

regulatory role of MMOB extends to ensuring a properly coupled turnover system to maximize 

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 each step in the catalytic cycle.65, 71 One application of these variants 

has been to test whether MMOB dissociates from sMMOH 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 reaction could only be simulated under the assumption that 

no MMOB dissociation of either variant occurred between O2 binding and product release.71 
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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 present.141 This observation suggests that MMOB plays a role in preventing 

the transfer of electrons to Q from MMOR. One way in which this might be implemented is if the 

sMMOH:MMOB complex at the Q stage of the reaction cycle blocks formation of the 

sMMOH:MMORred complex. Conflicting results remain over whether MMOB and MMOR 

compete with each other for binding sMMOH at any stage of the cycle.64, 142 However, early 

chemical cross-linking studies showed that a MMOR cross-links to the beta subunit of sMMOH.63 

Recent hydrogen-deuterium exchange coupled to mass-spectrometry experiments showed that 

sMMOH:MMOR interface in the Mc Bath sMMO system overlaps with the sMMOH:MMOB 

binding surface.64 Taking all of these findings into account, a model has emerged where reduced 

MMOR binds diferric sMMOH and reduces the diiron cluster. MMOB then displaces MMOR from 

the pore region of sMMOH, whereupon the catalytic cycle starts with O2 binding.64 The finding 

described above that MMOB remains bound throughout the remainder of the cycle explains why 

MMOR does not rebind to quench Q by electron transfer. One potential problem with this scenario 

is that the affinity of MMOB for Mt OB3b sMMOH in the diferric state is very high (68 nM) and 

decreases at least 3 orders of magnitude when sMMOH is reduced.129 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 potential of sMMOH when the complex with MMOB is 

formed.143 The high affinity of MMOB for Mc Bath sMMOH was not observed,144 but a similar 

shift in redox potential was reported,145 which requires a large decrease in affinity. Consequently, 

for regulation by component displacement proposal to be correct, the affinity of MMORred to 

MMOHox must be even higher than that of MMOB, and the opposite must be true for MMORox 

binding to MMOHred. The observed shift in redox potential coupled to binding for formation of the 

sMMOH:MMOR complex does not support this model for MMOR binding.141 However, the 
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hysteretic effects of MMOR on sMMOH make the shift difficult to measure.141, 146 Many of the 

questions raised in these past studies are directly addressed in this dissertation. 

1.27 Scope of Present Work 

Four decades of soluble methane monooxygenase (sMMO) research have provided much detail 

about how Nature catalyzes the activation of molecular oxygen and subsequent hydroxylation of 

methane to methanol at ambient temperature and pressure. Although much has been discovered, 

the most difficult questions regarding the molecular details of sMMO regulation remain 

unanswered. As explained above, the exact structure of the active site when intermediate Q is 

formed remains 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 provides experimental evidence furthering our understanding in the 

three areas just mentioned. Chapter 2 describes how high-resolution X-ray crystal structures of the 

sMMOH:MMOB complex were obtained using a methodology termed serial femtosecond X-ray 

crystallography. Subsequent analysis of the structural data provides molecular details of the effects 

MMOB has on sMMOH structure. Chapter 3 further explores how the molecular structure of the 

sMMOH:MMOB complex regulates the transport of substrates. Structural data coupled with 

transient kinetics of MMOB variants provides evidence of a transient molecular tunnel sized 

uniquely to transport molecular oxygen and methane into the active site. Chapter four investigates 

the protein interactions between sMMOH, MMOB, and MMOR in solution using 19F-NMR. Based 

on these studies, a new model is proposed describing how MMOR and MMOB interact with 

sMMOH so that catalysis is driven forward. 
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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 from: Vivek Srinivas, Rahul 

Banerjee, Hugo Lebrette, Jason C. Jones, Oskar Aurelius, In-Sik Kim, Cindy C. Pham, Sheraz 

Gul,Kyle D. Sutherlin, Asmit Bhowmick, Juliane John, Esra Bozkurt, Thomas Fransson, Pierre 

Aller, Agata Butryn, Isabel Bogacz, Philipp Simon, Stephen Keable, Alexander Britz, Kensuke 

Tono, Kyung Sook Kim, Sang-Youn Park, Sang Jae Lee, Jaehyun Park, Roberto Alonso-Mori,¶ 

Franklin D. Fuller, Alexander Batyuk, Aaron S. Brewster, Uwe Bergmann, Nicholas K. Sauter, 

Allen M. Orville, Vittal K. Yachandra, Junko Yano,* John D. Lipscomb,* Jan Kern,* and Martin 

Högbom* J. Am. Chem. Soc., 2020, 142, 14249-14266. © 2020 American Chemical Society 

 

 

My contributions to this project were: conceiving and planning the experiments, sample 

preparation, participate in onsite experiments at LCLS (California) and SACLA (Japan) XFEL 

facilities, trouble shoot the experimental setup, analyzed the results, draft manuscript preparation, 

and review/approve the final manuscript. 
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2.1 Synopsis 

Soluble methane monooxygenase (sMMO) is a multicomponent metalloenzyme that catalyzes the 

conversion of methane to methanol at ambient temperature using a nonheme, oxygen-bridged 

dinuclear iron cluster in the active site. Structural changes in the hydroxylase component (sMMOH) 

containing the diiron cluster caused by complex formation with a regulatory component (MMOB) 

and by iron reduction are important for the regulation of O2 activation and substrate hydroxylation. 

Structural studies of metalloenzymes using traditional synchrotron-based X-ray crystallography are 

often complicated by partial X-ray-induced photoreduction of the metal center, thereby obviating 

determination of the structure of the enzyme in pure oxidation states. Here microcrystals of the 

sMMOH:MMOB complex from Methylosinus trichosporium OB3b were serially exposed to X-ray 

free electron laser (XFEL) pulses, where the 35 fs duration of exposure of an individual crystal 

yields diffraction data before photoreduction-induced structural changes can manifest. Merging 

diffraction patterns obtained from thousands of crystals generates radiation damage free, 1.95 Å 

resolution crystal structures for the fully oxidized and fully reduced states of the sMMOH: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 component in order 

to enhance the steps of oxygen activation and methane oxidation. This study also emphasizes the 

value of XFEL and serial femtosecond crystallography (SFX) methods for 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 without over oxidation.5 

CH4 + O2 + NADH + H+ → CH3OH + H2O + NAD+ 

This enzyme, and a structurally unrelated membrane-bound methane monooxygenase (pMMO) 

produced by methanotrophs when the solution copper to biomass ratio exceeds ~ 5.7 mol/g 

protein, prevent the atmospheric egress of a large fraction of the global production of biogenic 

methane.147, 148 The significant contribution of 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 policies.16, 17 The remarkable catalytic prowess of these enzymes also stimulates 

research into the generation of biomimetic synthetic catalysts for gas-to-liquid conversion, as well 

as the bioengineering of novel pathways into organisms to make value-added products from 

methane.18, 149 

The sMMO enzyme consists of three protein components: a 245 kDa ()2 hydroxylase 

(sMMOH), a 37 kDa FAD and Fe2S2 cluster-containing reductase (MMOR), and a 15 kDa 

regulatory protein (MMOB).5, 14, 33, 35, 71  The active site is buried deep within sMMOH and contains 

an oxygen-bridged dinuclear FeIII cluster in which the irons are bridged by two hydroxo moieties 

and a carboxylate from Glu144.37, 38, 40, 150 After reduction, the diiron cluster functions to activate 

O2 and insert an oxygen atom into a highly stable (105 kcal/mol bond dissociation energy) C-H 

bond of methane.33, 151 

 Although chemically reduced sMMOH can carry out the oxygenation chemistry alone,114 

the reaction only proceeds at a physiologically relevant rate when sMMOH is complexed with 

MMOB. 33, 63, 69 Many regulatory functions of MMOB have been discovered (Scheme 2-1),15 but 

its most important effects are to decrease the redox potential of the diiron cluster by 132 mV, 

accelerate O2 binding by 1000-fold, increase the turnover number 150-fold, and tune sMMOH to 
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selectively bind and oxygenate methane over other more easily oxidized hydrocarbons. 5, 69, 71, 143 

Indeed, the interaction of sMMOH with MMOB is so central to sMMO catalysis that the chemistry 

catalyzed by this remarkable enzyme cannot be fully appreciated without also elucidating all of the 

regulatory functions of MMOB. 

 

 

The complex between MMOB and sMMOH has been structurally characterized by both 

spectroscopic and crystallographic approaches in order to understand the mechanism of regulation 

by MMOB.33, 44-46, 70, 77, 131, 144 The core structural region of MMOB binds to the surface of sMMOH 

approximately 12 Å above the diiron cluster. An extended 30-residue N-terminal tail region of 

MMOB is disordered in solution, but it was observed to bind to the sMMOH surface in the structure 

of the oxidized sMMOH:MMOB complex of sMMO isolated from Methylococcus capsulatus Bath 

(Mc Bath).44, 45, 70 These structural observations have been supported by transient kinetic and 

mutagenic studies, which have shown that the core region and both the N- and C-terminal regions 

of MMOB affect the rate constants of steps throughout the reaction cycle.65, 67, 71, 140  

Despite the clues provided by the structural and biochemical studies, the mechanisms by 

which MMOB exerts its many 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 is primed to react 

Scheme 2-1 The regulatory functions of MMOB on sMMO catalysis 
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with O2. Structural studies of uncomplexed sMMOH 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 in Scheme 2-2. 38 

 

 

In the shifted position, Glu243 bridges Fe1 and Fe2 via one of its carboxylate oxygens, 

thereby directly displacing one of the bridging solvents. The second bridging solvent bond is 

weakened, which presumably allows facile displacement by O2 to begin the oxygen activation 

process. Surprisingly, in the 2.9 Å resolution X-ray crystal structure of the diferric state of the Mc 

Bath sMMOH:MMOB complex, the position of Glu243 relative to Fe2 was also found to be shifted 

to the bridging position.70 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 structure.70 However, a significant problem often 

encountered in determining the X-ray crystal structure of metalloenzymes is the ease with which 

the metal is reduced by hydrated electrons generated by the synchrotron X-ray beam.152-157 Partial 

reduction of the clusters might explain the observed shift in Glu243 without invoking a role for 

MMOB.  

Recently, it has become possible to solve protein crystal structures by injecting a slurry of 

microcrystals into the beam of an X-ray free electron laser (XFEL).158-165 The instrumentation 

records a zero-rotation (“still”) diffraction pattern for each micro-crystal exposed to the beam, on 

Scheme 2-2 Carboxylate Shift in the Diiron Cluster of sMMOH Upon Reduction 
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the femtosecond time scale (between 10 and 35 fs in this study). The approach has three significant 

advantages: (a) the diffraction data are generated faster than the rate of reaction with beam-

generated solvated electrons, (b) the diffraction data are obtained at physiologically relevant 

temperature rather than at 100 K as in typical synchrotron protein crystallography experiments, and 

(c) the potential exists to observe structures of reaction cycle intermediates if the enzyme reaction 

can be initiated in-crystallo at room temperature.166-171 In addition, concomitant collection of 

transition metal X-ray emission spectra (XES) has been recently demonstrated for different 

metalloenzymes at XFELs, enabling a parallel measurement of the metal oxidation state during the 

crystallographic experiment.161, 172, 173 

Here, we report new sMMOH:MMOB crystal structures of the highly active sMMO 

components isolated from Methylosinus trichosporium OB3b (Mt OB3b). Using XFEL data, room 

temperature structures of the homogeneous diferric and diferrous states of sMMOH:MMOB are 

reported at 1.95 Å 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 O2. 

2.3 Experimental Procedures 

2.3.1 Protein Isolation, Crystallization, and Crystal Reduction.  

The sMMOH protein was isolated from frozen cell pellets of the native Mt OB3b cultured using 

methane as the sole carbon source as previously described.174 The MMOB protein was 

heterologously expressed in E. coli BL21(DE3) cells as previously described.44 sMMOH and 

MMOB were purified as previously described.34, 76 A protein solution of 53 M sMMOH and 106 

M MMOB in 25 mM MOPS pH 7 was used to screen for suitable crystallization conditions. 

Swissci MRC-2-drop plates (Molecular Dimensions) were used to setup crystallization experiments 

using the TTP mosquito nanoliter pipetting robot. The plates were setup with a reservoir volume 

of 50 l 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 optimized using 

the additive screen (Hampton Research), with condition A11 producing 20-30 m long bipyramidal 

shaped crystals within 3 days of incubation at room temperature. Larger volume sMMOH:MMOB 

complex crystals were aerobically grown in Cryschem M sitting drop vapor diffusion plates 

(Hampton Research), with a 30 l drop volume (22.5 l protein solution plus 7.5 l reservoir 

solution) against a reservoir volume of 500 l. The final crystallization condition is as follows: 100 

mM HEPES/MOPS pH 7.5, 30 mM NaI, 30 mM NaBr, 30 mM NaF, 20 % (v/v) glycerol, 10 % 

(w/v) PEG 4000, and 10 mM FeCl3. The crystals were harvested by individually pooling the drops 

with bipyramidal crystals 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 primed for in-crystallo 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 slurry in a benchtop centrifuge followed 

by removal of the chemical reductant-containing supernatant solution. The loosely packed crystal 

pellet was subsequently resuspended in fresh, anaerobic, FeCl3-free reservoir solution. This step 

was repeated 5 times to dilute the resulting concentration of chemical reductants in the crystal slurry 

solution used for re-oxidation experiments. 

2.3.2 Data Collection and Model Refinement.  

The crystals of oxidized sMMOH:MMOB were first tested for XFEL compatibility at SACLA, 

Japan, using the grease matrix extruder setup.175, 176 Crystals of sMMOH:MMOB were mixed with 

synthetic grease and injected using a 150 m diameter nozzle and a flow rate of 20-80 l/min using 

an HPLC pump. X-ray diffraction was generated by <10 fs long X-ray pulses at 10.9 keV with a 

pulse energy of around 0.32 mJ, 30 Hz repetition rate and a beam size of 2x2 m (FWHM). The 

forward scattering was recorded on a Octal MPCCD detector located 100 mm downstream of the 
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X-ray interaction point. Diffraction images from 7469 crystals were merged to achieve a resolution 

of 2.24 Å.  

Data sets were then collected at the macromolecular femtosecond crystallography (MFX) 

experimental hutch at LCLS.177 The drop on tape (DOT) method was used to deliver 

sMMOH:MMOB crystals into the XFEL X-ray interaction region.172 In short, micro-crystal 

suspensions were loaded in gas-tight 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 suspension was dispensed at a flow rate of 8 l/min 

using a syringe pump (KD Scientific). The sample was pushed into a 6 l well underneath and at 

the focal point of an acoustic transducer, forming droplets of 2.5 - 4 nl volume. The droplets were 

deposited onto a Kapton tape belt running at a speed of 300 mm/s that transported the droplets into 

the X-ray interaction region.172 The He-enclosure around the setup ensured anaerobic conditions 

and limited air scattering of X-rays. The residence time of the droplets inside the He atmosphere 

(O2 level below 0.1%) was around 0.8 s.  

For in-crystallo O2 incubation experiments, an in-situ gas incubation setup was used as 

previously described.172 In this case, the gas reaction chamber was continuously filled with pure O2 

gas at a flow rate of 0.5 - 0.75 liter/min and monitored by an oxygen sensor in the chamber during 

the experiment. The travel speed of the Kapton belt transporting the sample droplets was reduced 

to 15 mm/s, thus resulting in a 4 s travel time of individual sample droplets through the O2 reaction 

chamber and an additional incubation time of 6 s before reaching the X-ray interaction region. To 

avoid dehydration of the sample droplets, the O2 gas and He gas in the direct environment of the 

incubation region was first routed through water-filled gas wash bottles, leading to a relative 

humidity of 35% around the sample.  

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

of around 4.0 mJ, 20 Hz repetition rate and a beam size of 4 m (FWHM). The forward scattering 
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was recorded on a Rayonix MX340 detector at 194 mm downstream of the X-ray interaction point. 

In addition, diffraction data was collected with the same DOT setup installed at the NCI beam line 

of the PAL-XFEL facility.178 Here ~35 fs long X-ray pulses at 9.4 keV with a pulse energy of 0.8 

mJ, a beam size of 2.5 m (FWHM) at 15 Hz repetition rate were used and diffraction was measured 

on a Rayonix MX200 detector located 130 mm downstream of the sample. 

X-ray emission data was collected concomitant with diffraction data using a multi-crystal 

wavelength-dispersive hard X-ray spectrometer based on the von Hamos geometry.172, 179 Four Ge 

(440) crystals were placed 250 mm from the interaction point, with the center of the crystals at 

75.41° with respect to the interaction point covering both Fe K lines. The focused X-ray emission 

signal was collected on an ePIX-100 detector (LCLS) or on a 500k Jungfrau detector (PAL-XFEL). 

Calibration was performed using aqueous solutions of 10 mM Fe(III)(NO3)3 and Fe(II)Cl2 as 

reference. 

Diffraction images were processed with cctbx.xfel180 and DIALS.181 The sMMOH:MMOB 

structure was solved using molecular replacement by PHASER,182 with truncated coordinates from 

the Mc Bath sMMOH:MMOB complex crystal structure PDB: 4GAM used as the starting model. 

The structure was initially modeled in space group P41 with two complexes (eight polypeptide 

chains) per asymmetric unit; however, after running the program labelit.check_pdb_symmetry,183 

it was realized that the model was consistent with space group P41212 with one complex (four 

polypeptide chains) per asymmetric unit. Therefore, we used cctbx to merge the P41 reflection file 

into the higher symmetry, and thus proceeded to refinement in P41212.  Refinement of the structure 

was performed using PHENIX.refine184, 185 and model building was done in COOT.186 Individual 

atomic coordinates, isotropic B factor and TLS parameters were used during refinement. Solvent 

molecules were added using PHENIX.refine,184, 185 followed by manual addition. Table 2-1 was 

generated using PHENIX.table_one.184, 185  
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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.187 Heteroatoms were ignored in the calculation. A probe radius of 3.0 Å, interior threshold 

of 1.59 Å, and minimum depth of 5.0 Å were used to assess the cavity.  
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Table 2-1 X-ray Data Collection and Refinement Statistics for sMMOH:MMOB Complex in 

the Diferric, Diferrous, Reoxidized States, and the t = 0 Diferrous State Before O2 Exposure. 
Dataset  

(PDB Code) 

Diferric 

sMMOH:MMOB 

(PDB 6YD0) 

Diferrous 

sMMOH:MMOB 

(PDB 6YDI) 

Reoxidized 

sMMOH:MMOB 

(PDB 6YDU) 

t = 0 Diferrous 

sMMOH:MMOB 

(PDB 6YY3) 

Wavelength  1.30644 1.30448 1.30396 1.318066 

XFEL source LCLS MFX LCLS MFX LCLS MFX PAL-XFEL NCI 

Spacegroup P41212 P41212 P41212 P41212 

Cell dimensions (Å) 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 rangea (Å) 

33.00-1.95 (2.02-1.95) 33.71-1.95 (2.02-1.95) 33.96-1.95 (2.02-1.95) 

24.66-2.0 (2.07- 

2.0) 

Merged lattices 25274 14980 15629 13596 

Reflections observed 

(unique)b 
16675375 (128780) 10382513 (128981) 9590816   (128969) 9549089   (116482) 

Mean I/I a,b,c 34.3 (0.8) 27.5 (0.6) 25.2 (0.6) 1.78 (0.32) 

CC1/2 a,b 0.944 (0.282) 0.949 (0.175) 0.945 (0.077) 0.933 (0.25) 

Completeness (%) a.b 99.93 (99.90) 99.91 (99.70) 99.84 (99.16) 99.06 (92.35) 

R, Rfree, test (%)d  16.24, 18.96, 1.55 17.54, 19.54, 1.55 16.77, 19.64, 1.55 20.36, 23.50, 1.71 

Rsplit (%) 20.8 (100.6) 20.6 (110.8) 21.6 (119.8) 24.1 (90.8) 

RMSD e bond length 

(Å) 
0.017 0.004 0.010 0.007 

RMSD e angles (deg) 1.33 0.72 0.99 0.81 

Average B-factor 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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a Values for the highest resolution shell are given in parentheses. bThese statistics are for merging the data in P41. The data were 

subsequently merged into P41212, essentially halving the number of unique reflections and improving the completeness, I/I, and 

CC1/2 beyond what is reported here. cColumns 1-3:  was computed using the Ha14 error model as described in Hattne, et al.180 and 

Brewster et al. 2018.188  Column 4:  was computed using the Ev11 error model (see Brewster et al. 2018188 and 2019189).  The 

difference in error models accounts for the large difference in I/I values when comparing columns 1-3 with column 4; see 

Brewster et al.189 for more information. d R = (Fobs–kFcalc)/Fobs, where k is a scale factor. The Rfree value was calculated with 

the indicated percentage of reflections not used in the refinement. e Root-mean-square deviation (RMSD) from ideal geometry in the 

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 the Mt OB3b sMMOH:MMOB complex in the resting diferric oxidation state were 

prepared as described in Experimental Procedures and found to diffract to 2.45 Å at the ID30B 

beamline, European Synchrotron Radiation Facility (data not shown). Microcrystals were then 

prepared as described in Experimental Procedures and analyzed by XFEL at room temperature. 

Microcrystals of the diferrous state of the sMMOH:MMOB complex were obtained by chemical 

reduction of the oxidized sMMOH:MMOB complex crystal slurry under anaerobic conditions. No 

notable decrease in the diffraction quality of these crystals was observed despite the rigorous 

reduction procedure. In order to test whether O2 is capable of initiating enzymatic turnover with 

the reduced sMMOH:MMOB protein complex in crystals, a microcrystal slurry of chemically 

reduced crystals was washed of excess reductant and then passed through a chamber filled with 

pure O2 for 4 s before injection into the XFEL beam. The total time from exposure to O2 to 

diffraction in the beam was 10 s. This sample behaved similarly to the diferric and diferrous crystal 

slurry. All three structures were refined to a resolution of 1.95 Å (Table 2-1). As a control, 

diffraction data were collected from a washed slurry of chemically reduced crystals prior to O2 

incubation, and a structure was refined to a resolution of 2.0 Å (Table 2-1, “t=0 Diferrous”). In 

parallel, Fe K XES was collected for the diferric, diferrous and reoxidized samples.  

The overall structure of the Mt OB3b sMMOH:MMOB complex is shown in Figure 2-1A 

for the diferric state (PDB: 6YD0). The asymmetric unit contains one molecule of MMOB bound 

to one  protomer of the ()2 sMMOH protein. The quaternary structure of the protein 

complex is unaltered upon reduction of the diiron cluster (PDB: 6YDI) or following reaction of the 

diferrous complex with O2 (PDB: 6YDU). MMOB binds primarily to the -subunit of sMMOH in 
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the ‘canyon’ region at the interface of the sMMOH protomers (Figure 2-1A). This binding site is 

immediately above the buried active site diiron cluster (Figure 2-1A and B). 

 

 

 

 

 

 

  

Figure 2-1 The diferric Mt OB3b sMMOH:MMOB complex (PDB: 6YD0). 

(A) Two perspectives of the overall complex. The , , and  subunits of the sMMOH 

protein are shown in different shades of green while MMOB is colored purple. The 

iron atoms in the sMMOH active site are represented as orange spheres. The dimeric 

sMMOH:MMOB is shown by generating the symmetry related monomer in PyMOL 

(B) 2Fo-Fc map of the oxidized diiron cluster contoured to 2 . (C) Cartoon of the 

-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 sMMOH Interface.  

The availability of a room temperature, high resolution, fully oxidized structure of the Mt OB3b 

sMMOH: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 structure with the NMR 

structure of Mt OB3b MMOB in isolation (PDB:2MOB)44 shows that there is a significant 

conformational reorganization of MMOB upon complex formation. These changes are present not 

only in the well-ordered core region (residues 35 – 125) but also in the N-terminal tail (residues 1 

– 35) and C-terminal tail (residues 127 -138) (Figure 2-2). The reorganization is significant as 

suggested by the r.m.s.d value of 3.5 Å 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 36 – 81) contains a  motif and domain 2 (residues 82 –126) contains a 

 motif.44 Upon binding to sMMOH, the -helices on the two domains move closer to each 

other (Figure 2-2). In addition, a long helix in domain 2 of MMOB is restructured into a short 

helix, while an unstructured loop is converted into a -sheet (Figure 2-2). This newly formed -

sheet is involved in hydrogen-bonding interactions with the -sheets of domain 1. The extent of 

reorganization of the MMOB core seen in this structure is not observed in the Mc Bath 

sMMOH:MMOB complex crystal structure. 
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Figure 2-2 The structure of MMOB changes conformation when bound to sMMOH 

An alignment of the MMOB protein structure in the uncomplexed state (PDB: 2MOB; 

brown cartoon) and sMMOH bound complex (PDB: 6YD0; magenta cartoon).  

Both the N-terminal and C-terminal tails of MMOB are ordered in the protein complex 

with additional secondary structure being generated in the N-terminal tail. The MMOB 

core also becomes reorganized in the complex as highlighted by the region in focus 

(opaque cartoon). MMOB domains 1 and 2 reorient closer together upon complex 

formation with sMMOH. 
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The residues present on the new -sheet include Ser109, Ser110, Thr111 and Val112. This 

sequence of MMOB, termed the “Quad region” is important because three of these residues 

specifically interact with residues on sMMOH and affect catalysis (vide infra).65-67, 71 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 a ring-like fashion on the 

surface of sMMOH (Figure 2-1 and Figure 2-3), as observed previously with the 2.9 Å cryo-

temperature Mc Bath sMMOH:MMOB complex structure.70 A short -helix is formed in this N-

terminal tail (residues 18 – 25) upon complex formation with sMMOH, which is in agreement with 

previous solution NMR studies.46 In addition, there are two short regions where a partial helix is 

formed, which can be seen only in the higher resolution Mt OB3b protein complex structure 

(Figure 2-2). These helices appear to form as a result of the insertion of multiple conserved non-

polar MMOB residues (Ile12, Met13, Phe20, Phe24, Phe25 and Gln30, Figure 2-3B and Figure 

2-4) into a predominantly polar region (Helices H and 4, see Figure 2-1C for helix nomenclature) 

on the sMMOH surface. Steric clashes, hydrophobic interactions and avoiding non-favorable 

contacts with the polar residues lead to the stabilization of an -helix in MMOB. Finally, the C-

terminal tail of MMOB, which is disordered in the isolated NMR solution structure, is ordered in 

the protein complex, although it does not acquire any secondary structure (Figure 2-2). The higher 

resolution of the Mt OB3b sMMOH:MMOB crystal structure compared to the Mc Bath structure 

enables this observation, as the C-terminal tail cannot be observed in the latter structure. 
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Figure 2-3 Conformational changes in the alpha subunit of sMMOH upon MMOB 

binding. 

An alignment of the -subunit of sMMOH in unbound (1MHY) and MMOB-bound 

(6YD0) states shows that specific regions in sMMOH undergo a large reorganization as 

depicted by the C- r.m.s.d. values (panel C). These regions (Helix E – residue 213 – 223 

; Helix F – residue 237 – 252; Helix H and 4 – residue 302 – 341) are shown in more 

detail in the square boxes (Panel A: Helices E and F; Panel B: Helices H and 4). MMOB 

residues responsible for the reorganization are shown in the boxes as magenta sticks. 

sMMOH in isolation is shown as the cyan cartoon; sMMOHox:MMOB is shown as the 

green cartoon. Hydrogen bonds are depicted as black lines. 
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Localized structural reorganization also occurs in the sMMOH protein upon MMOB 

binding. A comparison of the superposed structures of oxidized sMMOH from Mt OB3b 

(PDB:1MHY, also solved using data collected at room temperature) 40 and the Mt OB3b 

sMMOH:MMOB complex provides a clear picture of these changes. The reorganization involves 

two of the four helices of the 4-helix bundle (E and F) and two additional helices on the sMMOH 

surface (H and 4) (Figure 2-3 and Figure 2-1). All of these regions are located on the sMMOH 

interface with MMOB. 

A comprehensive list of structural changes in Mt OB3b sMMOH due to MMOB binding 

is given in Table 2-2. A long section of sMMOH residues (213 – 223; -subunit; Helix E) 

reorganize (Figure 2-3 and Figure 2-5) as a result of the formation of a hydrogen bond between 

Asn214 (sMMOH) and Ser110 (MMOB) and steric clashes of Val218 (sMMOH) with Phe75 

(MMOB). It is important to note that Helix E contains sections that possess the relatively rare -

helical secondary structure. −helices are evolutionarily conserved features in proteins and their 

presence is strongly associated with active site residues involved in catalysis.190 The −helices in 

the ferritin-like superfamily, of which sMMO is a member along with other bacterial 

multicomponent monooxygenases (BMM), ribonucleotide reductases (RNR), acyl-ACP 

desaturases, ferritins and bacterioferritins, are important because they provide some of the ligands 

to the carboxylate-bridged di-metal cofactors (Glu209 in sMMOH).190 In unbound sMMOH, Helix 

E contains two small -helical sections from residues 202 – 205 and 208 – 209 along with residues 

bereft of intra-main chain hydrogen bonds (206, 210 – 211, 214). MMOB binding reorganizes the 

second -helix to 207 – 208 and induces the formation of an additional -helical section from 

residues 213 – 215 (Figure 2-5). The Helix E residues lacking intra-main chain hydrogen bonds in 

the complex are 206, 209 – 211 and 216 – 217. Such a dramatic reorganization is possible due to a 

kink in Helix E at Pro215. Prolines in the middle of -helices are conserved for their structural and 

functional significance and have also been found to be present at the point of transition from a -
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helix to an -helix.190, 191 Upon MMOB binding, Pro215 undergoes the largest r.m.s.d shift of 3.6 

Å from its position in the sMMOH alone structure (Figure 2-3C). Pro215 is a strictly conserved 

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

 

 

 

Figure 2-5 Multiple sequence alignment of MMOB in sMMO enzymes. 
The strictly conserved residues on the N-terminal MMOB tail that interact with Helices H and 4 of 

sMMOH are highlighted in yellow. The strictly conserved residues in the core of MMOB that 

interact with sMMOH Helices E and F are highlighted in cyan. Sequences compared include - 

BAE86877.1 - Methylomicrobium japanense; WP_017840377.1 Methylomicrobium buryatense; 

WP_013818323.1 Methylomonas methanica; AAF04158.2 Methylococcus capsulatus Bath; 

pdb|2MOB| Methylosinus trichosporium OB3b; AAC45291.1 Methylocystis sp. M; 

WP_102844999.1 Methylocella silvestris; VFU08594.1 Methylocella tundra; WP_020174571.1 

Methyloferula stellate; KJB91174.1 Skermanella aerolata KACC 11604. 

Figure 2-4 sMMOH  -helicies. 

The -helical portion (red) in Helix E of sMMOH is extended in the sMMOHox:MMOB 

complex (6YD0, green helix) as opposed to sMMOH in isolation (1MHY, cyan helix). The 

reorganization is caused primarily by the hydrogen-bond interaction between Ser110 

(MMOB) and Asn214 (sMMOH) and a steric clash between Val218 (sMMOH) and Phe75 

(MMOB). This leads to the large movement of Pro215. -Helix assignment was performed 

using DSSP with the DSSP & Stride plugin for PyMOL (The PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC). 
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Table 2-2 List of sMMOH (-Subunit) Residues that Undergo a Large 

Structural Rearrangement upon MMOB Binding.a 

a The 1MHY and the 6YD0 structure have been compared in order to generate this table. The specific 
interactions between sMMOH and MMOB residues are listed in the right-most column. Some 

sMMOH residues interact with the main-chain atoms in MMOB and these have been indicated with 

the (b) symbol. Some sMMOH residues reorganize as an indirect effect of MMOB binding for they 

interact with sMMOH residues that rearrange as a result of direct interaction with MMOB. 
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Figure 2-6 Multiple sequence alignment of a portion of the -subunit of sMMOH 

The strictly conserved residues of the hydrogen bonding network distal to the histidine 

ligands are highlighted in yellow. The strictly conserved Pro215 residue in Helix E is 

highlighted in cyan. Sequences compared include the -subunit of hydroxylase proteins 

for a butane monooxygenase - AAR98534.1 Brachymonas petroleovorans. The remaining 

sequences are for the -subunit of hydroxylase proteins for methane monooxygenases - 

WP_068635403.1 Thauera butanivorans; WP_104955546.1 Sphingobium sp. SCG-1; 

WP_010960482.1 Methylococcus capsulatus Bath; WP_153249048.1 Candidatus 
Methylospira mobilis; BAE86875.1 Methylomicrobium japanense; WP_013818321.1 

Methylomonas methanica; WP_087143657.1 Crenothrix polyspora; BAJ17645.1 

Methylovulum miyakonense HT12; PKO92487.1 Betaproteobacteria bacterium HGW-

Betaproteobacteria-1; PCJ58204.1 Rhodospirillaceae bacterium; WP_046753692.1 

Mycolicibacterium elephantis; WP_014211362.1 Mycolicibacterium rhodesiae; 

ACZ56334.1 Mycolicibacterium chubuense NBB4. 
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Another long chain of residues (236 – 252; -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 order to avoid 

a steric clash with Ser109 of MMOB. In this new position, Glu240 forms a hydrogen bond with 

Thr213, which has undergone a 180° rotation 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.70 The stretch of residues from 237 – 252 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 Ser109, Ser110 and Thr111 of MMOB (Figure 2-2 and 

Figure 2-4 and Table 2-2).  

A combination of hydrogen bond interactions and steric clashes (Table 2-3) cause the 

reorganization of a stretch of 40 residues in sMMOH (302 – 341; -subunit; Helices H and 4 along 

with intervening loop) (Figure 2-3B). Helix H also contains a section with the rare -helical 

secondary structure, but unlike Helix E, does not contain either ligands to the diiron cluster or 

residues in the active site cavity. The -helical portion of Helix H (residue 306 – 313) is rearranged 

in the MMOB-bound complex (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 (331 – 356) in the 

sMMOH:MMOB protein complex. The extension of this helix in turn rearranges an adjacent 

unstructured loop region (428 – 435; -subunit) (Figure 2-3C). Most of the sMMOH:MMOB 

interactions leading to the reorganization of Helices H and 4 arise from the N-terminal tail of 

MMOB (Figure 2-3B).  



 57 

Table 2-3 List of Hydrogen Bond Donor-Acceptor Distances (in Angstroms) in sMMOH 

Alone (1MHY) and the Diferric (6YD0) and Diferrous Forms (6YDI) of the sMMOH:MMOB 

Complex. 

Donor 

Acceptor 

pair 

1MHY 6YD0 6YDI 

D242-H147 2.67 2.60 2.66 

D242-R146 2.92 2.86 2.81 

D242-E71 2.80 2.60 2.66 

D242-K74 2.78 2.71 2.69 

D143-H246 2.76 2.75 2.83 

D143-R245 2.95 2.76 2.81 

D143-Y67 2.68 2.62 2.61 

 

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 sMMOH (Table 2-2). These discrete 

interactions of MMOB residues with their counterparts on sMMOH result in very ordered regions 

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

 

 

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

The B-factors of the MMOB protein in the diferric sMMOH:MMOB structure are represented 

as a putty cartoon figure in magenta. The sMMOH surface is represented in green. Thicker 

secondary structure elements indicate high B-factor while thin regions indicate low B-factors. 
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2.4.3 MMOB Reorganizes the Active Site Cavity in sMMOH.  

The active site cavity of sMMOH lies along one face of the diiron cluster (Figure 2-8). It is 

predominantly lined with non-polar residues on the surface facing the iron atoms (Leu110, Gly113, 

Ala117, Phe188, Phe192, Leu204, Thr213, Leu216, Ile217) along with the iron ligands Glu209, 

Glu243, and Glu114. This sMMOH active site cavity is reduced in volume upon MMOB binding 

(198 Å3 to 156 Å3) primarily due to the projection of the side chains of Leu110, Leu216 and Ile217 

further into the cavity (Figure 2-8) The movement of the latter two residues is 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 chains that 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 

hydroxyl moiety. In the unbound sMMOH resting state structure, the side chain hydroxyl group of 

Thr213 is in hydrogen bonding distance of two water molecules (Figure 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 Leu110 and the side-chain 

carboxylate of Glu114 is also lost. The loss of three crystallographically ordered water molecules 

and the side-chain hydroxyl group of Thr213 results in a more non-polar active site cavity in the 

sMMOH:MMOB protein complex. The loss of ordered solvents from the active site cavity not only 

opens up room for substrates to bind, it also increases the affinity for hydrophobic molecules such 

as oxygen and methane. The change in hydrophobicity and volume of the active site cavity is a 

direct result of MMOB binding that induces the extension of the −helix in Helix E of sMMOH.  
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Figure 2-9 Active site water molecules  

Comparison of active site water molecules between the sMMOH (A) and 

sMMOH:MMOB complex (B) structures. Color scheme – 1MHY (cyan carbon 

atoms); 6YDU (purple carbon atoms); water molecules and bridging -hydroxo 

groups (red spheres). Hydrogen bonds between residues and water molecules are 

shown by black lines. The rotamer shift of T213 and L110 leads to the loss of three 

active site water molecules upon MMOB binding.   

 

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

The sMMOH active site cavity (colored surface representation) reduces in size upon 

MMOB binding, as calculated using HOLLOW.77 Diferric sMMOH in isolation 

(A) is represented as a cyan cartoon while the diferric sMMOH:MMOB complex 

(B) is shown as a green cartoon. MMOB is shown as a magenta cartoon. The iron 

atoms are shown as orange spheres. The active site cavity is indicated by cyan and 

green surfaces, respectively. 
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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 cluster-coordinating -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 superposition of the secondary structure of the -

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

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

superposition of only the metals and ligating residues (r.m.s.d = 0.14 Å) (Figure 2-10A). Most of 

the minor reorganization is localized on Fe2 because the E and F helices donating ligands to this 

iron atom also interact 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 and non-bridging. The two 

bridging hydroxo/aquo ligands to the diiron cluster characteristic of oxidized sMMOH are retained. 
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2.4.5 The ‘Carboxylate Shift’ of Glu243 Occurs Upon Reduction of the Dinuclear 

Iron Cluster.  

The canonical carboxylate shift of Glu243 to replace one of the bridging hydroxo/aquo ligands 

(HOH2) is observed upon a chemical reduction of the diiron cluster in the Mt OB3b 

sMMOH:MMOB complex crystals (Figure 2-10D). Reduction of the diiron cluster is also evident 

from the concomitantly measured Fe K XES spectra of the microcrystals (Figure 2-11K XES 

chemical sensitivity has been reported for some transition metal systems.192, 193 Subtle changes in 

the peak positions and shapes, as well as the ratios between the K1  and K2  peak height, have 

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) Alignment of the oxidized 

diiron clusters of unbound sMMOH with the sMMOHox:MMOB complex based on just the first-

sphere ligands and iron atoms. Cyan – sMMOH alone (1MHY); Green – diferric sMMOH:MMOB 

complex (6YD0). (B) Ligand to Fe distances for isolated diferric sMMOH (1MHY). (C) Ligand to 

Fe distances for diferric sMMOH:MMOB (6YD0). (D) Ligand to Fe distances for anaerobic diferrous 

sMMOH:MMOB (6YDI). The Fe-Fe distance is labeled in orange text. 
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been described to be correlated with the number of unpaired d-electrons and hence with the 

transition metal oxidation state.194-197 The reduced - oxidized difference spectrum (Figure 2-11blue 

line) shows an asymmetric shift in the K1 peak as well as a decrease in intensity and a shift in 

position for the K2 peak. This trend is similar to the difference observed between Fe2+ and Fe3+ 

standards in aqueous buffers collected 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 systems, the observation of similar trends in both difference spectra is indicative of a 

predominant change from Fe3+ to Fe2+ in the sMMOH:MMOB samples. Similar features were also 

found previously for the Fe/Mn containing ribonucleotide reductase (RNR) R2c, where a transition 

between Fe oxidation states (orange trace in Figure 2-11, taken from ref.172) was observed. The 

observed oxidation is also supported by a change in the full width at half maximum (FWHM) of 

the K1 peak and a change of the intensity ratio of the K1 vs. the K2 peak, as both have previously 

been reported as an indicator for the oxidation state.194, 195 An increase of the FWHM by 0.17 eV 

was observed when comparing the diferric with the diferrous sMMOH:MMOB samples. In 

comparison, an increase of the FWHM by 0.29 eV was observed between the Fe2+ and Fe3+ 

standards and by 0.1 eV for these states of RNR R2c;53 These numbers are in line with previously 

reported values for transition metal K spectra.194-197  
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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 data. In the diferrous state, reorientation of Glu243 is 

Figure 2-11 The Fe-K XES spectra diferric and diferrous sMMOH. 

Area-normalized Fe-K XES of microcrystals of chemically reduced (red) 

and oxidized (black) sMMOH:MMOB, and a subtraction (blue, 2× 

magnification) of the reduced minus oxidized spectra showing a clear 

asymmetric shift in the K1 peak as well as a weakening in intensity and a 

slight shift in position for the K2 peak. For comparison the difference 

spectra for aqueous Fe2+ - Fe3+ (green, 2× magnification), collected in the 

same experiment, and for solutions of reduced and oxidized ribonucleotide 

reductase (RNR) R2c (yellow, smoothed by wavelet denoising and 2× 

magnification), collected previously at LCLS are shown.   
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achieved by a rotameric shift at the -carbon position. The iron-iron distance increases from 3.04 

Å in the oxidized state to 3.29 Å in the reduced state, which is in close agreement to previous 

EXAFS studies (3.056 Å to 3.270 Å).198 In concert, the ligand-to-iron distances increase, especially 

for HOH3 – Fe1 (2.08 Å to 2.21 Å), Glu144 – Fe1 (1.95 Å to 2.09 Å) and Glu243 – Fe2 (1.96 Å 

to 2.18 Å). The bridging aquo ligand that faces the active site cavity (HOH1) moves away 

significantly (~ 0.3 Å) from the iron atoms upon the change of oxidation state. The B-factors for 

the iron atoms are higher in the reduced state as compared to the resting diferric state (Figure 2-12). 

Furthermore, Fe2 specifically has a higher B-factor than Fe1, which is not surprising considering 

that it is ligated by residues from Helices E and F. The ligands coordinating Fe2 also appear to have 

higher B-factors, as opposed to the ligands of Fe1. Apart 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 reduction. Structural alignments of the sMMOH -subunits 

and their respective MMOBs before and after reduction provide r.m.s.d values of 0.08 Å (sMMOH) 

and 0.13 Å (MMOB). This means that the myriad of the structural changes identified above that 

occur in oxidized sMMOH upon MMOB binding also pertain in the fully reduced, O2 reactive 

complex. In the active site, these changes include (i) compression of the active site cavity by shifts 

in Leu110, Leu216 and Ile217, (ii) closure of an access route from bulk solvent into the active site 

by reorganization of Glu240 and Thr213, (iii) generation of a more non-polar active site cavity with 

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

ligands, especially those of Fe2. 
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2.4.6 Reduced sMMOH:MMOB Complex Reacts Rapidly with O2 in the 

Microcrystals.  

The sMMO catalytic cycle is initiated by the reaction of dioxygen with the diferrous 

sMMOH:MMOB complex and continues through a well-established series of intermediates to 

restore the diferric resting state.5, 14, 68, 75, 76 While this process occurs readily in solution, it is 

important to test whether O2 can access and react with the diiron cluster in crystals. This can 

uniquely be accomplished during the XFEL experiment because the reduced crystals on the tape of 

the DOT system can be briefly exposed to O2 before being transported into the XFEL interaction 

region. Moreover, the experiment is conducted at room temperature with very fast XFEL pulses, 

so structural changes occurring during the reaction can be observed. The crystal structure of the 

sample after a 4 s exposure to pure O2 atmosphere plus a 6 s travel to the XFEL interaction region 

(PDB: 6YDU) indicates that the diiron cluster rapidly reacts with O2 to regenerate the diferric 

complex. The Fe K XES difference spectrum for the reduced (t=0) minus 10s O2 incubated 

sMMOH:MMOB samples, albeit limited due to a higher noise level, is very similar to that for the 

reduced minus oxidized sMMOH:MMOB samples. This is consistent with the observation from 

the diffraction data for the in-situ re-oxidized sample, where Glu243 shifts back to the monodentate 

Figure 2-12 The diiron clusters of the sMMOH:MMOB complex. 

(6YD0, panel A) and diferrous sMMOH:MMOB complex (6YDI, panel 

B) are colored according to the atomic B-factors. A color spectrum from 

red to white to blue represent the B-factors, where red = 45, white = 35 

and blue = 25.   
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coordination mode to Fe2 that is characteristic of the diferric cluster (Figure 2-13). Also, the Fe-

Fe distance of the diiron cluster is restored to 3.02 Å and the bridging hydroxo ligand that is lost 

upon reduction is reacquired. The ligand-to-iron distances are similar to those of the oxidized diiron 

cluster. Passage of similarly reduced and washed crystals through a chamber filled with helium 

rather than O2 retained all the structural features of diferrous sMMOH:MMOB (PDB: 6YY3) 

(Figure 2-13A and Figure 2-13B), showing that the diferrous state is preserved under these 

conditions in the absence of O2. The 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 turnover in-crystallo on a similar time scale to that observed in solution.15, 68 

  



 67 

 

 

During the single turnover in-crystallo reaction, a region of unmodeled electron density 

disappears from the active site cavity (Figure 2-14). This density is present in both diferric and 

diferrous structures and is close to the expected binding location of hydrocarbon substrates. The 

unmodeled density is too large to be accounted for by methane or methanol, but the sMMO system 

is known to oxidize a remarkably wide range of other small hydrocarbons and similar molecules.35 

One explanation for this density and its loss after O2 incubation is that it may represent an 

Figure 2-13 In crystallo reoxidation of diferrous sMMOH:MMOB microcrystals. 

Diferrous sMMOH:MMOB crystals washed of reductant undergo reoxidation upon 

exposure to O2 in the reaction region of the DOT (drop on tape) system while staying 

reduced if exposed to helium under identical conditions. Panel A: 2Fo-Fc map of the 

diiron cluster of sMMOHred:MMOB immediately prior to O2 exposure (6YY3, top) and 

after post-4 s O2 exposure, 6 s aging (6YDU, bottom) contoured to 2 . Panel B: An 

alignment of the diiron cluster of 6YY3 (grey atoms) with that of the diferrous 

sMMOH:MMOB complex (6YDI; yellow atoms) indicates that the sMMOH:MMOB 

crystals stay reduced in the absence of O2 after removal of the dithionite reductant. Panel 

C: An alignment of 6YDU (purple atoms) with that of the diferric sMMOH:MMOB 

complex (6YD0; green atoms) indicates that the reduced sMMOH:MMOB crystals 

oxidize completely to the resting diferric state in this timeframe. 
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adventitious substrate from the crystallization media, which is oxidized during turnover and 

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

 

 

2.5 Discussion 

This report describes for the first time the crystal structures of the sMMOH:MMOB protein 

complex in the fully diferric and O2-reactive diferrous oxidation states. The resolutions of the 

crystal structures of these complexes offer a significant improvement over the previously reported 

Mc Bath protein complex structure.70 A comparison of the diferric protein complex crystal 

structures for Mc Bath and Mt 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 reorganization in sMMOH upon binding MMOB not possible in the Mc Bath 

sMMOH:MMOB crystal structure. These include (i) alteration in the -helical 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 binding-induced 

modulation of the hydrogen bonding network to the histidine ligands to the diiron cluster (vide 

infra). A clearer view of the structural reorganization in sMMOH caused 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 

Figure 2-14 Loss of unassigned electron density upon reoxidation of microcrystals. 

(Fo-Fc electron density map (green mesh) contoured at 3 Fo-Fc Fo-Fc electron density 

map (blue mesh) contoured at 2) from the active site post in-crystallo single turnover. 

Panel A: Diferric sMMOH:MMOB complex (6YD0),  Panel B:  Reduced sMMOH:MMOB 

complex (6YDI) and Panel C: Re-oxidized sMMOH:MMOB complex (6YDU). 
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activates O2 in-crystallo to complete a single turnover cycle. This ability, in conjunction with high 

resolution diffraction and concomitant measurements at 298 K of both crystallographic and Fe K 

XES data, bodes well for future experiments designed to structurally characterize reaction cycle 

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 diferric Mc Bath sMMOH (PDB: 1MTY) 

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

MMOB binding is sufficient to cause the characteristic ‘carboxylate shift’ of Glu243 in sMMOH 

without requiring reduction of the diiron cluster.70 In the Mt OB3b sMMOH:MMOB complex 

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

state of sMMOH (Figure 2-10). There are several possible explanations for this discrepancy 

including: (i) slight protein differences, (ii) crystal structure resolution and space group, (iii) 

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 redox-active metal centers in many different types of proteins.152, 

153, 199-201 This dose-dependent radiation induced effect arises from solvated electrons generated in 

situ by the X-ray beam. The serial-femtosecond crystallographic (SFX) approach at XFELs 

addresses this issue by using significantly shorter and more intense X-ray pulses than produced by 

synchrotrons. XFEL pulses yield diffraction images from crystals on time scales of 10 - 35 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 measured Fe K XES spectra 

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

noticeable photo-induced changes taking place under our experimental conditions. This is in line 



 70 

with previous reports on several proteins and model compounds under conditions similar to the 

ones used in this study.161, 166, 172, 173, 202 

Some evidence for radiation-mediated partial reduction of the diiron clusters in the Mc 

Bath sMMOH:MMOB crystal comes from the wide range of Fe-Fe distances observed in four 

protomers within the asymmetric unit (2.9 – 3.2 Å).70 The largest of these values are close to that 

observed for diferrous clusters in the structure of reduced sMMOH.38 In contrast, different distances 

are observed for the diferric and diferrous Mt OB3b sMMOH:MMOB crystals, and these distances 

correlate well with those from the more accurate solution EXAFS measurements.198 

Another line of evidence suggesting a mixed oxidation state in the Mc Bath 

sMMOH: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 and two bridging hydroxo ligands.73 

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 non-polar environment of the sMMOH active site. 

This charge-maintenance principle can even be extended to the high-valent intermediates generated 

during catalysis, wherein the increasing oxidation state of the iron atoms is balanced by the negative 

charges of the bridging peroxo and bis--oxo (or equivalent) ligands.73, 76 The diiron cluster in the 

crystal structure of diferric Mc 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 structures of the Mt 

OB3b sMMOH:MMOB complexes show that the dinuclear iron cluster remains charge-neutral 

during the redox change, as expected. Thus, based upon the range of Fe-Fe distances, the charged 

active site, and comparison to the Mt OB3b protein complex structures, it is likely that the Mc 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 sMMOH:MMOB is especially important towards the future goal of 

capturing structures of enzymatic reaction cycle intermediates. The reduction potential of the key 

methane-reactive intermediate Q (dinuclear FeIV) 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 I 

intermediate of heme oxygenases, which is incapable of breaking the strong C-H bond of methane 

except in the presence of strong chemical oxidants.203, 204 The high positive redox potential of Q 

makes reduction in the X-ray beam very likely, as observed for highly oxidizing intermediates 

studied in other proteins using synchrotron light sources.152, 153, 201  One solution to this problem has 

been to merge low X-ray radiation dose diffraction data from multiple crystals or multiple positions 

on one crystal to yield a complete dataset.153, 205 The XFEL-based SFX methodology avoids X-ray 

induced reduction, 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 the Mn4CaO5 cluster of photosystem II,161, 166 as well as 

numerous other types of biological molecules.162-165, 167-171 

2.5.2 Rationalizing the Regulatory Roles of MMOB.  

MMOB exhibits regulatory effects throughout the catalytic cycle of sMMOH Scheme 2-1.5, 71 The 

high-resolution structure of the Mt OB3b sMMOH:MMOB complex allows the basis for some of 

these effects to be examined. One dramatic effect of MMOB is to control the interaction of 

substrates with the activated oxygen of the diiron cluster in intermediate Q during the reaction 

cycle. The most important of these effects is to selectively increase the quantum tunneling 

component of the reaction with methane, which gives a large kinetic advantage to methane over 

undesirable substrates such as ethane.66, 67, 89 Reactions of larger adventitious substrates in vitro are 

also affected. For example in the case of isopentane, the regiospecificity of hydroxylation shifts 

from the tertiary to the primary carbon upon formation of the sMMOH:MMOB complex.114 Both 
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of these results suggest that MMOB binding must reorganize the sMMOH active site cavity to 

ensure optimal positioning of methane with respect to the activated oxygen of compound Q in order 

to enhance tunneling.206 Indeed, the structure of the sMMOH:MMOB complex shows that the 

volume of the sMMOH active site cavity is decreased by 21 % in the sMMOH:MMOB complex 

(Figure 2-8), which would presumably position methane in the site closer to the reactive oxygen 

species. The same restricted active site architecture may constrain the motion of isopentane so that 

the primary carbon with the strongest C-H bond, but in the least sterically hindered position, is 

brought closest to the reactive oxygen of 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 methane 2H-KIE for the reaction of compound Q with methane (50 

decreased to 6), indicating a loss of the quantum tunneling contribution to the reaction coordinate.66, 

67 The Mt OB3b sMMOH:MMOB structure shows that three of the four residues 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 cavity (Figure 2-3,  Figure 2-8 

and Table 2-2). A mutation to smaller residues in positions Ser109 and Thr111, which make steric 

clashes with sMMOH residues, and a removal of the hydrogen-bond interaction of Ser110 with 

N214 of sMMOH would impair the structural reorganization of sMMOH Leu216, Ile217 and 

Leu110 (Figure 2-3A and Figure 2-8). This would lead to an expanded sMMOH active site cavity, 

which would be expected to perturb the optimal positioning of methane with respect to Q.  

Another effect of MMOB binding to sMMOH is to lower the mid-point reduction potential 

of the diiron cluster by 132 mV (cf. +48 mV to -84 mV),143 thereby increasing the thermodynamic 

driving force for the step of O2 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 changes in hydrophobicity of the metal environment and charge donation by the 

first sphere ligands.207-210 It is shown above that the structural changes evoked by MMOB binding 

result in a more constricted active site with increased hydrophobicity due to excluding water and 
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introducing more aliphatic residues into the boundary of the substrate binding cavity (Figure 2-8, 

Figure 2-9 and Figure 2-15). An increase in hydrophobicity would be expected to increase the 

redox potential of the diiron cluster and decrease its affinity for O2.
207, 211 This outcome is opposite 

to that experimentally observed in solution. However, the increase in hydrophobicity would lead to 

an increase in the affinity for O2 binding in the active site prior to forming a complex with the diiron 

cluster. The appropriate balance between binding substrates and activating O2 on the diiron cluster 

may be achieved through other structural changes revealed by the high resolution structure of Mt 

OB3b sMMOH:MMOB complex. For example, an increased negative charge density on first 

sphere ligands that stabilizes the FeIII state over the FeII state will decrease the redox potential. A 

comparison of the coordination environment of the diferric 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 ligand (HOH3) on 

Fe1. However, this change and several additional small second sphere changes cause some of the 

ligand-to-iron distances to shorten upon complex formation with MMOB, namely HOH3-Fe1, 

Glu144-Fe1 and Glu144-Fe2 (Figure 2-10B and C). These shorter bonds reflect a greater charge 

donation by the ligands to the iron atoms, thereby lowering the reduction potential.  
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The charge donation by the 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 Glu114 (Figure 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 second-sphere amino acid residues near the diiron cluster histidine 

ligands has been observed to be present in sMMOH and the entire family of bacterial 

multicomponent monooxygenases (BMMs) and structurally related enzymes (Figure 2-6 and 

Figure 2-16).212 In these enzyme systems, the second sphere aspartate to histidine hydrogen bonds 

are strictly conserved such that the typical diiron cluster binding motif [E/D-X~30-E-X2-H] is better 

described as [E/D-X~29-DE-X-(R)H].213  In the BMM enzyme sub-family, the penultimate Arg is 

completely conserved [E/D-X~29-DE-X-RH] and the hydrogen bond network is extended further 

Figure 2-15 Change in active site polarity when MMOB binds to sMMOH. 

Surface representation of the sMMOH active site cavity depicts the difference in polarity in 

diferric sMMOH (panel A) and the diferric sMMOH:MMOB complex (panel B) as a result 

of the reorganization of Thr213.The side-chain of residues that project into the active site 

cavity are colored according to the following scheme; carbon atoms = cyan in sMMOH, 

green in sMMOH:MMOB; oxygen atoms = red; nitrogen atoms = blue. The iron atoms are 

shown as orange spheres. 
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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 structure of Mt OB3b 

sMMOH:MMOB allows the network of hydrogen bonds to be described in detail for the first time 

(Figure 2-15 and Figure 2-16). 

 

 

One role that has been suggested for the hydrogen bonding network is electron transfer to 

the diiron cluster from the reductase MMOR.212 However, 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 occluded 

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 position of the histidine ligands (Figure 2-16 

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

network have the lowest B-factors in the entire sMMOH protein structure (Figure 2-17) 

Figure 2-16 Strictly conserved hydrogen bond network extending from diiron cluster. 

The iron atoms are represented as orange spheres while the bridging -hydroxo groups are 

shown as red spheres. The active site cavity is shown as a grey surface. Black dashed lines 

depict the trans positioning of the histidine ligands with respect to the -hydroxo moiety 

facing the active site. Red and blue dashed lines show the hydrogen bond network to each of 

the two histidine residues (His147 – blue, His246 – red). 
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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 diferric Mt OB3b sMMOH alone 

(PDB:1MHY) to that in sMMOH:MMOB shows an overall shortening of the hydrogen bonds 

(Table 2-3). In particular, the two aspartate-to-histidine ligand hydrogen bonds are relatively short 

as measured in the oxidized Mt OB3b sMMOH:MMOB complex (average donor acceptor distance 

= 2.7 Å) (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. 

 

Figure 2-17 Alternative view of the hydrogen-bonding network.  

The residues are colored according to its B-factor where blue indicates the lowest 

B-factor (25), red the highest (45) and white an intermediate value (35). The iron 

atoms are represented as larger spheres while the bridging -hydroxo groups are 

shown as smaller spheres. The active site cavity is shown as a grey surface. Black 

dashed lines depict the trans-positioning of the histidine ligands with respect to the 

-hydroxo moiety facing the active site. Red and blue dashed lines show the 

hydrogen bond network. 
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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 Asp-His motif plays a vital role in increasing the 

basicity of the active-site histidine residue in both serine proteases and in heme-containing 

oxygenases and peroxidases.214, 215 In the latter enzyme systems, greater charge donation from the 

axial histidine/cysteine ligand is positively correlated with increased reactivity towards C-H bond 

activation.122, 216, 217 This effect has been rationalized as arising from an increase in the pKa of the 

FeIV-OH compound II species, resulting in a stronger FeIV-O-H bond in compound II after hydrogen 

atom abstraction from the substrate C-H bond. This increases the driving force for the compound I 

mediated hydrogen atom abstraction step and reduces the activation energy barrier.  

Similar considerations may apply to sMMO, which must generate an even more potent 

reactive species to effect the oxygenation of methane. The histidine ligands are positioned opposite 

to the active site cavity (Figure 2-16 and Figure 2-17). In the compound Q species of sMMO, the 

reactive iron-oxygen moiety is expected to be either a FeIV-O-FeIV group or a terminal FeIV=O 

group that projects into the active site cavity.85, 92, 198 One or both of the histidine ligands are trans 

to the reactive oxygen species. Thus, modulation in the electron donating capacity of the histidine 

ligands can have very important effects on the reactivity of Q towards methane oxidation. This 

modulation is linked in part to the conformational changes induced by MMOB as it binds (Table 

2-3), which may contribute to the dramatic effects MMOB has on the reactivity of Q.71 

Unfortunately, it is not currently possible to experimentally examine the role of the conserved 

hydrogen bonding network by creating variants because efforts to heterologously express sMMOH 

in numerous laboratories have not been successful. 

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

Spectroscopic Studies.  

The high resolution crystal structures of the sMMOH:MMOB complex also enable a correlation 

between MMOB binding-induced changes in structure and electronic environment of the diiron 
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cluster. EPR spectroscopic studies of the S = ½ mixed-valent state of sMMOH and the diferric state 

radiolytically one-electron-reduced 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.63, 

218 The antiferromagnetic coupling constant J for the spin-exchanged mixed-valent diiron cluster is 

reduced from ~30 cm-1 to ~5 cm-1 in the presence of MMOB. Accordingly, the structure of the 

sMMOH:MMOB complex shows that the bridging Fe-O bonds (Fe1-HOH2, Fe2-HOH2) are 

lengthened (Figure 2-10B and C), which would be expected to moderate the spin-exchange 

coupling between the iron atoms.  

The electronic environment of the reduced diiron cluster of sMMOH has also been probed 

in the presence and absence of MMOB with circular dichroism (CD) and magnetic circular 

dichroism (MCD) spectroscopies.219, 220 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 of the protein complex clearly shows that this insight is correct and identifies the 

affected iron atom as Fe2 (Figure 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.127 A predicted Fe1-Fe2-Glu209 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 for O2 binding to Fe2 in the 

absence of a bridging aquo-ligand (Figure 2-18). The MCD spectra show that both irons are 5-

coordinate in solution, and thus the weak bridging water (HOH1) seen in the crystal structure is 

lost. In accord with the spectroscopic and computational results, the Fe1-Fe2-Glu209 angle in the 

reduced sMMOH:MMOB complex is observed to be 143°. It is pertinent to note here that the 

Glu209 backbone is not anchored by an intra main-chain hydrogen bond upon MMOB binding. 

Moreover, the B-factors of the first and second sphere residues of Fe2 are large compared to those 

of Fe1, suggesting that flexibility in this region may be associated with preparing the diiron cluster 

to bind O2 (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 for a rapid reaction with O2.
127 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. 

 

 

  

Figure 2-18 Angle change of E209 enhances O2 reactivity  

Reduced sMMOHred:MMOB complex (PDB: 6YDI, panel A) and reduced 

sMMOH from M. capsulatus Bath (PDB: 1FYZ, panel B) shows reorganization 

prior to O2 binding and activation. The iron atoms are shown as orange spheres 

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 of the Mt OB3b 

sMMOH:MMOB complex have significantly advanced structural studies of the sMMO 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 the O2-reactive diferrous state. 

The SFX methodology is shown here to circumvent the most common problem in determining the 

crystal structure of oxidized metalloenzymes, which is reduction during the long duration 

synchrotron experiment. This conclusion is further supported by the concomitantly collected XES 

data that indicate a clear change in oxidation state of the Fe site between the oxidized resting state 

and the diferrous state. The high-resolution crystal structures presented here illustrate in detail the 

extensive structural reorganization of both sMMOH and MMOB upon complexation. 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 which the active site cavity is altered in the protein complex, 

which is vital for enhancing the reaction with O2 and ultimately methane. Finally, the rapid 

reoxidation of the diiron cluster in the crystal of reduced sMMOH:MMOB upon exposure to O2 

without loss of diffraction quality is very promising for ongoing XFEL SFX experiments designed 

to capture crystal structures of reaction cycle intermediates such as Q. 
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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 from: Jason C. Jones, Rahul 

Banerjee, Ke Shi, Hideki Aihara, and John D. Lipscomb* Biochemistry, 2020, 59, 2946-2961. © 

2020 American Chemical Society 
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3.1 Synopsis 

The metalloenzyme soluble methane monooxygenase (sMMO) consists of hydroxylase (sMMOH), 

regulatory (MMOB), and reductase components. When sMMOH forms a complex with MMOB, 

the rate constants are greatly increased for the sequential access of O2, protons, and CH4 to an 

oxygen-bridged diferrous metal cluster located in the buried active site. Here, we report high 

resolution X-ray crystal structures of the diferric and diferrous states of both sMMOH and the 

sMMOH:MMOB complex using the components from Methylosinus trichosporium OB3b. These 

structures are analyzed for O2 access routes enhanced when the complex forms. Previously 

reported, lower resolution structures of the sMMOH:MMOB complex from the sMMO of 

Methylococcus capsulatus Bath revealed a series of cavities through sMMOH postulated to serve 

as the O2 conduit. This potential role is evaluated in greater detail using the current structures. 

Additionally, a search for other potential O2 conduits in Methylosinus trichosporium OB3b 

sMMOH:MMOB revealed a narrow molecular tunnel, termed the W308-Tunnel. This tunnel is 

sized appropriately for O2 and traverses the sMMOH-MMOB interface before accessing the active 

site. Kinetics of O2 reaction with diferrous sMMOH:MMOB in solution show that use of the 

MMOB V41R variant decreases the rate constant for O2 binding >25,000-fold without altering 

component affinity. The location of Val41 near the entrance to the W308-Tunnel is consistent with 

the tunnel serving as the primary route for O2 transfer into the active site. Accordingly, the crystal 

structures show that formation of the diferrous sMMOH:MMOB complex restricts access through 

the chain of cavities while opening the W308-Tunnel. 

 

3.2 Introduction 

Methane monooxygenase (MMO) catalyzes the conversion of methane to methanol with the 

incorporation of one atom of oxygen from O2.
5  

CH4 + O2 + NADH + H+ → CH3OH + H2O + NAD+ 
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Two forms of the enzyme have been identified in methanotrophic bacteria. A copper-containing 

particulate form (pMMO) is present when the soluble copper:biomass ratio is > 5.7 mol/g protein, 

while an iron-containing soluble form (sMMO) is present in some methanotrophs at lower copper 

concentrations.221 Together, the MMOs prevent a significant fraction of the 10 billion tons of 

biogenic methane produced annually from entering the atmosphere.16, 222   

The sMMOs from Methylosinus trichosporium (Mt) OB3b and Methylococcus capsulatus 

(Mc) Bath are very similar multicomponent metalloenzymes despite significant differences in the 

cellular structure and metabolism of the two host organisms.5, 14, 15, 35, 174 Both sMMOs consist of 

the following protein components: i) a 40 kDa FAD and Fe2S2 cluster-containing reductase 

(MMOR), ii) a 245 kDa ()2 hydroxylase (sMMOH) containing an oxygen-bridged, nonheme 

diiron cluster, and iii) a 16 kDa regulatory protein termed MMOB.5, 14, 15, 33, 35, 37, 38, 40 The catalytic 

cycle begins with the transfer of two electrons from MMOR to the sMMOH diiron cluster, priming 

it to react with O2. In the presence of MMOB, a series of intermediates is generated at the diiron 

cluster during the oxygen activation process (termed O, P*, and P) that culminates in the formation 

of a diiron(IV) intermediate termed compound Q.5, 14, 33, 68, 75, 76, 85, 86, 90, 92, 198, 223 Q is observed to 

react directly with methane by a hydrogen atom abstraction and hydroxyl radical rebound 

mechanism.78, 80, 89, 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 the reaction of O2 with the diiron cluster to form P* by at least 1000-

fold over that for reduced sMMOH alone.68, 69 Formation of the sMMOH:MMOB complex is also 

key for maintaining the specificity of sMMO for methane in an environment that may contain 

numerous alternative substrates, almost all of which have much weaker C-H bond strengths than 

methane (bond dissociation energy of 105 kcal/mol).35, 224, 225 MMOB apparently alters the 

reactivity and specificity of Q by two mechanisms.66, 67, 71, 74, 75, 89, 104 In the first mechanism, the 
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formation of the sMMOH:MMOB complex opens a route into the active site which is size selective 

for methane. In the second mechanism, the hydrogen atom abstraction reaction between Q and 

methane in the sMMOH:MMOB complex is accelerated by quantum tunneling; this mechanism of 

acceleration is not observed for larger substrates or when MMOB variants are utilized. The 

structural aspects of the sMMOH:MMOB complex that enforce regulation of O2 and CH4 binding 

and reaction are poorly understood, but they are essential, because methane is the only growth 

substrate for the methanotrophs. 

A general theme of all of these regulatory events in sMMO is a strict control of the entry 

and exit of substrates and products, respectively, during the catalytic cycle.14, 15, 66, 70, 71, 131 X-ray 

crystal structures of sMMOH have provided evidence for two putative routes of substrate entry 

(Scheme 3-1). First, a set of three large, internal voids termed cavities have been identified in the 

-subunit of sMMOH, one of which (Cavity 1, Cav 1 in Scheme 3-1) is the active site containing 

the diiron cluster.37, 38, 40, 43 It has been proposed that O2 and methane could traverse from solvent 

to the buried nonheme diiron active site by filling these cavities.70, 134 However, the passage between 

Cavities 2 and 1 is greatly restricted in the structure of sMMOH alone.43, 50 The 2.9 Å X-ray crystal 

structure of the oxidized sMMOH:MMOB complex from Mc Bath showed that a structural change 

occurs which widens the bottleneck between Cavities 2 and 1.70 This observation could provide an 

explanation for the dramatic effects of MMOB on O2 and 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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Another potential route for O2 and methane entry was identified as a short, narrow path 

termed the Pore, which extends from the sMMOH surface directly into the active site.39, 212, 226 

However, this route is made less likely by the observation that, in the oxidized Mc Bath 

sMMOH:MMOB crystal structure, the Pore is blocked by shifts of sMMOH residues and by the 

fact that MMOB covers the Pore.70 

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 

O2. Structural changes 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 resolution crystal 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 potential category 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 sMMOH-MMOB interface is identified in the complex. 

Scheme 3-1 Proposed Substrate Access Routes in the sMMOH -Subunit 
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Mutagenesis of key MMOB residues lining this tunnel are shown to affect O2 entry 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 Millipore Super-Q system. Standard reagents 

used in this study were purchased from Fisher Scientific. Chemicals for crystallization of proteins 

including PEG/Ion Screen Reagents 18 and 40, Tacsimate®, PEG6000, and PEG3350 were 

purchased from Hampton Research unless otherwise stated. Glass rods for crushing crystals and 

crystal seed bead tubes were also supplied by Hampton Research. Ultra-high purity grades of 3-

(N-morpholino)propanesulfonic acid (MOPS) buffer, PEG3350 (alternative source) and sodium 

phosphate dibasic were obtained from Sigma-Millipore. sMMOH, MMOR, MMOB, and variants 

of MMOB were produced and purified as previously described. 34, 76 

3.3.2 Protein Mutagenesis.  

A Thermo ScientificTM Phusion Site-Directed Mutagenesis Kit was used to introduce point 

mutations at residues 39 and 41 of the pT7-7 derived plasmid pBWJ400 containing the wild type 

M. trichosporium OB3b MMOB gene.44 The primers shown in Table 3-1 were synthesized at the 

University of Minnesota Genomics Center. 

 

Table 3-1 MMOB Variant Primers 
MMOB Mutant Mutagenesis Forward Primer 5'-3' Mutagenesis Reverse Primer 5'-3' 

V41(WT) GTGGTTCTGGTGCTGATGAAGAG GGCGTTGGACTCGTGGAC  

V41F GTGGTTCTGTTCCTGATGAAGAG GGCGTTGGACTCGTGGAC 

V41R GTGGTTCTGCGTCTGATGAAGAG GGCGTTGGACTCGTGGAC 

V41E GTGGTTCTGGAGCTGATGAAGAG GGCGTTGGACTCGTGGAC 

V39F AACGCCGTGTTTCTGGTGCT GGACTCGTGGACGACCTG 

V39R AACGCCGTGCGTCTGGTGCT GGACTCGTGGACGACCTG 
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3.3.3 Crystallization of sMMOH.  

All crystallization was performed at room temperature. Mt sMMOH was crystallized using the 

hanging drop vapor diffusion method by first mixing 1.5 l of protein solution containing 45 M 

sMMOH (90 M active sites) and 90 M MMOB in 25 mM MOPS, pH 7 with 1.5 l of 

crystallization solution containing 5% (w/v) PEG6000 in the same buffer. Whisker-like long thin 

crystals appeared within 2 days. The crystals were pulverized and added to a seed bead tube, 

brought up to a total volume of 50 l with mother liquor and vortexed for 3 min in 30 s intervals. 

The seed stock was used to set up a second hanging drop experiment by first mixing 1.0 l of 

protein solution containing 45 M sMMOH (90 M active sites) and 90 M MMOB in 25 mM 

MOPS, pH 7 with 2.0 l of crystallization solution containing 0.2 M Na2HPO4 · 2H2O and 20% 

(w/v) PEG3350. Subsequently, 0.5 l of seed stock suspension was added to this drop. Over-

nucleated crystals formed within a few days. Crystals were pulverized with a glass rod and added 

to a seed bead tube. They were then brought to a total volume of 50 l and vortexed for 3 min in 

30 s intervals. The seed stock was used to conduct a third hanging drop experiment by first mixing 

1.0 l of protein solution containing 45 M sMMOH (90 M active sites) and 90 M MMOB in 

25 mM MOPS, pH 7 with 2.0 l of crystallization solution containing 8% Tacsimate® and 20% 

(w/v) PEG3350.  Then 0.5 l of seed stock solution was added to this drop. Disc-shaped crystals 

formed after 1 week. Diferric sMMOH crystals were cryo-protected with 10% ethylene glycol and 

frozen in liquid nitrogen. sMMOH crystals were chemically reduced in an anaerobic chamber 

(Belle Technology) by soaking in a solution containing 8% Tacsimate®, 20% PEG3350 (w/v), 5 

mM sodium dithionite and 200 M methyl viologen for 30 min, cryo-protected with mineral oil, 

and then frozen in liquid nitrogen. Despite the absence of MMOB in these crystals, the presence of 

MMOB 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 enzyme.40 
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The diferric sMMOH structure obtained is nominally the same as that from the Form 1 crystals 

obtained in the absence of MMOB, albeit with higher resolution. 

3.3.4 Crystallization of sMMOH-MMOB Complex.  

A Rigaku CrystalMation fully integrated platform for protein crystallization was used to screen for 

conditions that would produce sMMOH:MMOB crystals. PEG/Ion Screen Reagent 18 (8% v/v 

Tacsimate® pH 8.0, 20% w/v PEG3350) and Reagent 40 (0.2 M Sodium phosphate dibasic 

dihydrate, 20% w/v PEG3350) each produced bipyramidal crystals and harvesting trays were 

made by repeating each condition 96 times using the Rigaku CrystalMation instrument.  

Oxidized crystals were looped directly from the 96-well plate and transferred to a cryo-solution 

containing 8% Tacsimate®, 20% (w/v) PEG3350 and 10% (v/v) ethylene glycol, and then they were 

plunged into liquid nitrogen. Crystals were chemically reduced in an anaerobic chamber by soaking 

in a solution containing 8% (v/v) Tacsimate®, 20% (w/v) PEG3350, 5 mM sodium dithionite and 

200 M methyl viologen. sMMOH:MMOB crystals were soaked for 2 h, cryo-protected in mineral 

oil and then frozen in liquid nitrogen. 

Crystal growth was scaled up using the sitting-drop vapor diffusion method in 24-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 96-well plate created by the Rigaku robot. 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 50 l and vortexed for 3 min in 30 s intervals. Sitting-drop experiments were set 

up by mixing 1.5 l of protein with 1.5 l of the well solution and then adding of the 0.5 l seed 

stock suspension. The well solution contained 500 l of 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 were exposed to X-ray radiation at the Advanced Photon Source (Argonne National 

Laboratory, Lemont, IL) on Beamline 24-ID-C and 24-ID-E at 0.979 Å wavelength at 100 K. A 

total of 675 frames were collected with an oscillation step of 0.2º. Datasets were subsequently 

processed using XDS 227 and merged using PHENIX184. Molecular replacement calculation were 

done with PHASER182 using the X-ray crystal structure of Mt OB3b sMMOH and the NMR 

structure of Mt OB3b MMOB 40, 44 (PDBID: 1MHZ and 2MOB) as initial search models. The 2Fo-

Fc map after the first round of refinement revealed significant structural differences between the 

sMMOH and the sMMOH:MMOB complex. A structural model was built using COOT186 and 

refinement was carried out using PHENIX.184 

3.3.6 PyMol Analysis. 

PyMol version 2.3.3 (Schrödinger) was used to visualize, analyze, and design figures of Mt OB3b 

sMMO crystal structures. Structural 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, Surface = 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 Å instead of the default value of 1.4 Å. The calculated 

cavities were then manually inspected to determine the amino acids lining the surface of cavities.  

The intra-chain hydrogen bonding network of all helices in the -subunit was determined 

by the following steps: i) The -subunit was colored by secondary structure, ii) Each helix was 

made a separate object, iii) The find polar contacts within selection command was applied to all 

helices, and iv) Every helix was manually inspected to determine the i and i+x hydrogen bonding 

pattern for 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 and pores.187 The 

diiron cluster was chosen as the starting point for all sMMOH MOLE 2.5 calculations presented 

here. The default parameters yielded no tunnels for substrate entry when the diiron cluster is chosen 

as the starting point. The interior threshold and bottleneck radius had to be then adjusted to discover 

biologically relevant tunnels. The Interior Threshold (IT) parameter allows the user to identify all 

voids wider than double the chosen IT value. 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 similar. The parameter values 

were used to identify the tunnels in the crystal structure were IT = 0.9 Å, BNR = 0.8 Å and cutoff 

ratio = 0.5.  

3.3.8 Steady-State Experiments.  

A Hansatech Instruments Oxytherm+ system equipped with an S1 Clark-type oxygen electrode was 

used to measure O2 consumption over time. The total volume of the reactions was 1 ml. The reaction 

components were: 0.2 M sMMOH (0.4 M active sites), 0.4 M wild-type MMOB (WT-

MMOB), 1.2 M MMOR, 200 M methane, 250 M O2, 400 M NADH, 25 mM MOPS pH 7.5, 

23 °C and varying concentrations of the MMOB variant. NADH was used to initiate the reaction. 

The O2view software package was used to calculate the initial rate of O2 consumption. 

3.3.9 Stopped-Flow Experiments.  

The Applied Photophysics stopped-flow spectrophotometer model SX.18MV was used to rapidly 

mix reaction components and observe single wavelength absorbance over time. sMMOH was 

reduced as previously described.34, 85 One syringe contained 55 M sMMOHred (110 M active 

sites) and 110 M V41R-MMOB in anaerobic 50 mM MOPS buffer, pH 7.0. The second syringe 

contained dissolved gaseous O2 in buffer at varying concentrations that were all high enough to 

establish pseudo first order conditions in the reaction. Solutions from the two syringes were rapidly 
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mixed and single wavelength time-dependent absorbance data at 330 nm were collected. At 330 

nm, oxidized sMMOH absorbs more strongly than reduced sMMOH. For other experiments of this 

type in which a saturated O2 solution was used, the reaction was also monitored at 430 and 700 nm 

where reaction cycle intermediates Q and P, respectively, absorb.5 All stopped-flow experiments 

were performed at 4.5 °C. The multi-step first order or pseudo-first order reaction time courses 

were fit to a multiple summed-exponential expression using the nonlinear regression fitting 

package in Applied Photophysics Pro-Data Viewer software as previously described.74, 76, 228 The 

analysis yields the number of phases required to fit the time course as well as the amplitude and 

reciprocal relaxation time (1/) 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 pseudo-first 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 times (1/) give the rate 

constants for individual steps, although it is not possible to 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 coupled, so that they do not correlate with a 

specific rate constant. In some cases, the rate constants can be determined from the ligand 

concentration dependence of the reciprocal relaxation times.229 

𝐴𝑏𝑠𝑡  = (∑  𝑛
𝑖=1 𝐴𝑚𝑝𝑖 𝑒

−
𝑡

𝜏𝑖) + 𝐴𝑏𝑠𝑖𝑛𝑓         (Eq. 3.1) 

The kinetic data were fit to Eq. 3.1 using the nonlinear regression function of the Applied 

Photophysics ProData Viewer program. In this equation, Abst is the observed absorbance at time t, 

Ampi is the observed amplitude for exponential phase i, τi is the relaxation time for phase i, and 

Absinf is 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 repeated multiple times to determine the average fitting parameters 

and errors. 

For a single step reaction (Eq. 3.2) only one exponential phase is observed under pseudo-first 

order conditions in ligand, allowing Eq. 3.3 to be used to determine the forward (kr) and reverse 

(kr) rate constants as well as the KD from their ratio. 

E + ligand

𝑘𝑓
⇄
𝑘𝑟

E∙ligand  (Eq. 3.2) 

1

𝜏𝑜𝑏𝑠
= 𝑘𝑓[ligand] + 𝑘𝑟    (Eq. 3.3) 

 

  For a two-step reaction where the first step is fast, reversible ligand binding (Eq. 3.4), only 

one exponential phase may be observed. A plot of 1/obs versus the concentration of the binding 

ligand will be hyperbolic if the rate constant kr1 is at least 3 fold greater than kf2 (Eq. 3.5).230 The 

KD1 for the first step, kf2, and kr2 are given by a non-linear regression fit to the hyperbolic plot. 

E + ligand

𝑘𝑓1
⇄
𝑘𝑟1

E∙ligand

𝑘𝑓2
⇄
𝑘𝑟2

E-ligand'  (Eq. 3.4) 

 

      
1

𝜏𝑜𝑏𝑠
=

𝑘𝑓2[ligand]

(
𝑘𝑟1
𝑘𝑓1
)+[ligand]

+ 𝑘𝑟2                 (Eq. 3.5) 

 

3.3.11 EPR Measurements.  

Electron paramagnetic resonance (EPR) spectra were recorded using a Bruker Elexsys E-500 

spectrometer equipped with a Bruker dual mode cavity and an Oxford ESR 910 liquid 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 sMMOH from Mc Bath and Mt OB3b contained a sizable 

fraction of unreactive enzyme without evidence for misfolding or aberrant diiron cluster 

structure.75, 76 Although never successfully characterized, it is likely that the unreactive fraction 

resulted from small sMMOH surface modifications that interfered with the precise interaction 

between sMMOH and MMOB required for full activity.71 Recently, advances have been made in 

the Mt OB3b sMMOH purification protocol that double the active fraction.34 We find that the new 

preparation allows for the development of tractable methods to form a co-crystal of sMMOH and 

MMOB that diffracts to high resolution. Here, we evaluate the structures of oxidized, diferric Mt 

sMMOH (sMMOHox, PDB:6VK6, 1.52 Å), chemically reduced diferrous Mt sMMOH (sMMOHred, 

PDB:6VK7, 2.12 Å), Mt sMMOHox:MMOB (Form 1, PDB:6VK5, 1.86 Å and Form 2, PDB:6VK8, 

2.03 Å), and Mt sMMOHred:MMOB (PDB:6VK4, 2.35 Å) (Table 3-2). These structures are also 

evaluated in the context of structures of oxidized and reduced Mt sMMOH:MMOB determined 

using room temperature X-ray free electron laser (RT-XFEL) technology published recently by 

some of us. 
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Table 3-2 Data Collection and Refinement Statistics 
  sMMOHox sMMOHred sMMOHox:MMOB  

Form 1 
sMMOHox:MMOB  
Form 2 

sMMOHred:MMOB 

Data collection           

PDB Code 6VK6 6VK7 6VK5 6VK8 6VK4 

  Resolution range (Å) 63.8-1.52 (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) 52.6-2.35 (2.43 - 2.35) 

  Space group C2221 C2221 P212121 P212121 P212121 

  Unit cell (Å) 63.07 292.63 141.79  62.46 290.45 139.2  102.62 105.46 299.42  101.87 105.35 297.72 102.86 105.21 300.88  

  Total reflections 628962 (60913) 363811 (33807) 1365173 (131835) 858293 (87118) 576343 (57098) 

  Unique reflections 197515 (19628) 71995 (7050) 271076 (26707) 203936 (19538) 133740 (11725) 

  Multiplicity 3.2 (3.1) 5.1 (4.8) 5.0 (4.9) 4.2 (4.3) 4.3 (4.3) 

  Completeness (%) 98.25 (98.37) 99.37 (98.84) 99.65 (99.26) 97.85 (95.35) 96.27 (86.80) 

  I/σI 11.58 (1.14) 6.69 (1.08) 8.21 (0.97) 8.09 (0.95) 5.71 (0.65) 

  R-merge 0.06956 (1.023) 0.1599 (1.366) 0.131 (1.511) 0.137 (2.025) 0.1447 (2.263) 

  R-meas 0.08342 (1.234) 0.1784 (1.534) 0.1463 (1.691) 0.152 (2.316) 0.1641 (2.574) 

  R-pim 0.04492 (0.6755) 0.07791 (0.6875) 0.06397 (0.7467) 0.096 (1.105) 0.07547 (1.195) 

  CC1/2 0.998 (0.532) 0.994 (0.442) 0.996 (0.39) 0.992 (0.387) 0.993 (0.392) 

Refinement           

  Reflections 197477 (19613) 71994 (7048) 270965 (26698) 202459 (19516) 131580 (11717) 

  # used for R-free 9858 (1002) 3609 (398) 13530 (1336) 10347 (1019) 6689 (597) 

  R-work 0.1392 (0.3111) 0.1600 (0.2659) 0.1721 (0.2965) 0.1664 (0.3154) 0.2088 (0.3991) 

  R-free 0.1585 (0.3048) 0.2027 (0.3213) 0.1933 (0.3108) 0.2073 (0.3445) 0.2379 (0.4275) 

  # of non-H atoms 10110 9437 21007 20999 19851 

    Macromolecules 8814 8697 19498 19498 19475 

    Ligands 201 2 123 116 78 

    Solvent 1095 738 1386 1385 298 

  RMS deviation           

    Bond lengths (Å) 0.011 0.010 0.005 0.007 0.003 

    Bond angles (º) 1.03 1.00 0.86 0.85 0.57 

  Ramachandran plot           

    Favored (%) 97.18 97.37 96.96 97.13 96.51 

    Allowed (%) 2.82 2.63 2.95 2.87 3.37 

    Outliers (%) 0.00 0.00 0.08 0.00 0.12 

  Average B-factor 22.14 36.94 28.46 36.59 63.63 

    Macromolecules 20.29 36.44 28.28 36.15 63.57 

    Ligands 46.47 34.96 34.43 51.86 102.92 

    Solvent 32.52 42.89 30.50 41.52 57.03 
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The 1.52 Å Mt sMMOHox structure (PDB:6VK6) is the highest resolution sMMOH 

structure reported to date.39, 40 The two  protomers of sMMOH protein in the crystal are related 

by 2-fold crystallographic symmetry. The experimental data allowed for accurate modeling of the 

amino acids and aquo/hydroxo ligands coordinated to the diiron cluster (Figure 3-1A). Interatomic 

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

nomenclature for the secondary structural elements of the -subunit is used (Figure 3-1B).37  

 

 

Chemical reduction of the Mt sMMOH crystals caused in crystallo structural 

rearrangements to occur in the -subunit. Figure 3-2 highlights all the pertinent amino acid side 

chains that change rotometric conformation and/or move ≥1.0 Å in the 2.12 Å structure 

(PDB:6VK7). For example, the Pore residues N214 and E240 located on Helices E and F change 

rotameric conformation as well as shift a notable 2.0-2.2 Å upon chemical reduction (Figure 3-2, 

Helices E and F, see below). The other regions of the -subunit and the  and  subunits 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 

Figure 3-1 The 1.52 Å sMMOH active site and helix nomenclature. 

(A) Image of the active site diiron cluster along with the electron density 

map (1.9  contour). Electron density (2Fo-Fc) is colored gray, the irons 

are shown as orange spheres, amino acids are represented as sticks (white 

= carbon, red = oxygen, blue = nitrogen), bridging and terminal 

aquo/hydroxo ligands are shown as red spheres. In this structure 

(sMMOHox, PDB:6VK6), the second bridging hydroxo ligand is replaced 

by a hydroxyl group of ethylene glycol (green = carbon) from the cryo-

stabilization solution.  B) The -subunit of sMMOH is shown as a black 

and white cartoon. The principal helices are labeled A-H and 4, and the 

diiron cluster is shown as orange spheres. The four helices providing 

ligands to the diiron cluster are B, C, E and F. 
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and a bidentate coordination to Fe2. The same “carboxylate shift” has been reported for Mc 

sMMOHred. 38 

 

 

The Mt sMMOH:MMOB complex crystallizes with the complete ()2 sMMOH and 2 

bound MMOBs in the asymmetric unit. Form 1 (PDB:6VK5) and Form 2 (PDB:6VK8) Mt 

sMMOHox:MMOB complex crystal structures (1.86 and 2.03 Å, 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 upon complex formation between Mt sMMOH 

and MMOB. These changes have been detailed in a parallel room temperature XFEL (RT-XFEL) 

structure study, so they are not described further here.  

Figure 3-2 Structural rearrangements in Mt sMMOH -subunit upon reduction. 

Top: Diferric sMMOH (6VK6) is colored green and chemically reduced diferrous 

sMMOH (6VK7) is colored orange. Helices E, F, G, and H are labeled and are represented 

as cartoons. Amino acid side chains that move at least 1 Å upon chemical reduction are 

represented as sticks (green/orange = carbon, red = oxygen, blue = nitrogen). Bottom: 

Main chain C RMSD of the -subunit residues upon alignment between the oxidized 

and reduced states using the CCP4 analysis package.  



 98 

Chemical reduction of Form 1 crystals resulted in a structure (2.35 Å) that has one 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 in an X-ray 

crystallographic study of chemically reduced Mc sMMOH crystals.38 The presence of two oxidation 

states in different protomers facilitates identification of structural changes under otherwise identical 

conditions and resolution.  
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Table 3-3 Interatomic Distances for sMMOH 

Ligand-Fe  

sMMOHox 

(6VK6) 

sMMOHred 

(6VK7) 

Resolution 1.52 Å  2.12 Å 

Fe1-Fe2 3.1 3.3 

Fe1-E114 OE1 2.0 2.1 

Fe1-E144 OE1 2.1 2.3 

Fe1-E243 OE2 3.9 2.2 

Fe1-H147 ND1 2.2 2.2 

Fe1-HOH 1 2.2 2.4 

Fe1-HO(H) 2a 2.1 2.5 

Fe1-EDO O2a 2.1 N/A 

Fe2-E209 OE2 1.9 2.0 

Fe2-E243 OE2 3.4 2.4 

Fe2-E243 OE1 2.2 2.2 

Fe2-E144 OE2 2.2 2.2 

Fe2-H246 ND1 2.2 2.2 

Fe2-EDO O2a 2.4 N/A 

Fe2-HO(H) 2a 1.9 2.3 

aBridging 
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Many of the sMMOH -subunit helices contain regions of -helix and/or 310-helix which 

increase or decrease flexibility, respectively. Close inspection of the Mt sMMOH and Mt 

sMMOH:MMOB crystal structures obtained in this study provided detailed information about the 

helical composition of the sMMOH -subunit. Principal helices A, D, E, H, and a helix formed by 

residues W379 to L393 contain -helices, where the backbone carbonyl of residue i hydrogen bonds 

to the backbone NH moiety of the i+5 residue in at least 2 consecutive residues (Figure 3-3). Two 

of these -helices (in Helices E and H) have been described previously in limited detail.37, 40, 50 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 trifurcated acceptor hydrogen bond, which 

initiates the -helix. Because this -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 residues N214 and P215 as well as Helix H residues G314 and G315 form additional 

-helices (Figure 3-3). The -helix in Helix D, composed of residues K185 and R186, becomes a 

coiled 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 stabilize the -helices throughout the 

-subunit also form hydrogen bonds to the i + 3 residue a 310 helix. Typically, 310 helices are located 

at the ends of -helices, but this is not universally the case in sMMOH. The partial 310 helix 

character causes the -helices to be tightly wound, further highlighting the flexibility of the 

interspersed -helical segments. 
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3.4.2 Exogenous Ligands Bound to the Diiron Cluster of the sMMOH:MMOB 

Complex Induce Conformational Changes.  

Typically, only aquo/hydroxo exogenous molecules are found coordinated to the diiron cluster of 

sMMOH in crystal structures.37, 38, 40 In contrast, the large exogenous ligands benzoate and succinate 

are found bound to the diiron cluster of the Form 1 and Form 2 Mt sMMOHox: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 

Fe1 and weakly to Fe2 in Form 2 (interatomic distances shown in Table 3-4). The Fe-Fe distance 

in both structures is an atypically long 3.5 Å, 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 liquor. Changing the supplier of the PEG eliminated 

the benzoate in sMMOHox:MMOB Form 2, but it was replaced by succinate from the Tacsimate® 

mixture of organic acids. We attempted to crystallize the sMMOHox:MMOB complex without 

succinic acid bound to the diiron cluster by lowering the concentration of Tacsimate® to 2% (v/v), 

Figure 3-3 sMMOH -helices altered by MMOB 

The -helices of Mt sMMOHox (6VK6) and Mt sMMOHox:MMOB (6VK5) crystal 

structures. sMMOH and sMMOH:MMOB Helices A, D, E, and H  are represented as 

grey and white cartoons, respectively. The -helices are colored red and sections of the 

protein that do not form intra-main chain hydrogen bonds are colored yellow. 



 102 

but the structure was unchanged. It is known that larger molecules such as single and double ring 

aromatic compounds are adventitious substrates of sMMO,35, 114 and thus they can at least slowly 

access the active site.  

 

 

  

Figure 3-4 Exogenous ligands bound to the active site. 

Active site structures of (A) Form 1 (6VK5) and (B) Form 2 

(6VK8). Stick colors: green/white = carbon, red = oxygen, blue = 

nitrogen. Fe atoms shown as orange spheres and aquo/hydroxo 

are shown as smaller red spheres. Where shown, the 2Fo-Fc 

electron density is modeled at 1 . Interatomic distances can be 

found in Table 3-4. 
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Table 3-4 Interatomic Distances sMMOH:MMOB 

Complex sMMOHox:MMOB    sMMOHred:MMOB 

Type Form 1 (6VK5) Form 2 (6VK8)             (6VK4) 

 Protomer 1 Protomer 2 Protomer 1 Protomer 2 Protomer 1 Protomer 2 

Resolution 1.86 Å 1.86 Å 2.03 Å 2.03 Å 2.35 Å  2.35 Å  

Fe1-Fe2 3.5 3.5 3.4 3.5 3.5 3.2 

Fe1-E114 OE1 2.1 1.9 2.0 1.9 1.9 2.0 

Fe1-E144 OE1 2.1 2 2.1 2.1 2.1 2.0 

Fe1-E243 OE2 3.7 3.8 3.9 3.9 3.4 2.2 

Fe1-H147 ND1 2.3 2.2 2.2 2.2 2.1 2.3 

Fe1-HOH 1 2.2 2.0 2.2 2.2 2.1 2.1 

Fe1-HOH 2a 2.0 2.0 2.0 1.9 1.9 N/A 

Fe1-BEZ/SIN O1 2.1 2.1 1.9 1.9 2.0 1.9 

Fe2-E209 OE2 2.1 2.2 2.3 2.1 2.1 2.1 

Fe2-E243 OE2 3.2 3.4 3.5 3.6 3.3 2.2 

Fe2-E243 OE1 2.3 2.2 2.2 2.2 2.0 2.1 

Fe2-E144 OE2 2.2 2.1 2.3 2.2 2.0 2 

Fe2-H246 ND1 2.3 2.2 2.3 2.2 2.2 2.1 

Fe2-BEZ /SIN O2 2.2 2.2 2.5 2.3 2.1 2.2 

Fe2-HOH 2a 2.0 1.9 1.8 2.0 1.9 N/A 

abridging       

 

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 the active site cavity, causing the side 

chain of F188 to change rotameric conformation (Figure 3-5A and B). This conformational change 

is not observed in the RT-XFEL structures of Mt sMMOHox:MMOB (PDB:6YD0), which have 
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only solvent and possibly a small exogenous molecule near the diiron cluster (Figure 3-5C). A 

notable observation is that F188 is located adjacent to a -helix. In both the Mt sMMOHox and Mt 

sMMOHred crystal structures, K185 and R186 of Helix D form i, i+5 hydrogen bonds while V187 

and F188 do not have intra-main chain hydrogen bonds. This region remains unchanged upon 

MMOB binding in the RT- XFEL structures, but it is converted to a coil in the 100 K Mt 

sMMOHox:MMOB crystal structures reported here (Figure 3-3 Helix D). A structural alignment of 

the substrate-free RT-XFEL sMMOHox:MMOB with the Form 1 sMMOHox:MMOB structure 

depicts the regions where the -subunit of sMMOH is reorganized by the presence of a large 

exogenous substrate in the active site (Figure 3-6). Apart from the conformational change of F188 

and the adjoining residues on Helix D as described above, three of the four helices of the 4-helix 

bundle (C, E and F) reorganize. This change leads to an alteration in the structure of Helix H along 

with an unstructured coiled region that interacts with Helices C, E and F. Overall, the structures of 

sMMOH:MMOB from data at 100 K and at room temperature are very similar, with differences 

confined to the -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 cluster alter the conformation of F188. 

In all panels, 2Fo-Fc electron density is shown as mesh contoured at 1 , F188 and ligands bound 

to the diiron cluster are shown as sticks and spheres (Green = carbon, Blue = nitrogen, Red = 

oxygen). A) Benzoate bound to the diiron cluster of the Mt sMMOHox:MMOB Form 1 (6VK5) 

structure. B) Succinate bound to the diiron cluster of the Mt sMMOHox:MMOB Form 2 structure 

(6VK8). C) Active site of RT-XFEL Mt sMMOHox:MMOB structure (6YD0). D) Mc 

sMMOH:MMOB structure from PDB:4GAM. The 2Fo-Fc electron density in the active site 

extends to the outer edge of Cavity 1, causing a shift in F188 as seen in panels A and B. Two 

waters were modeled into the density at the active site in the 4GAM structure, but a larger 

exogenous ligand is possible on the basis of additional unassigned density (see text and Figure 

3-7). 
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Figure 3-6 Main chain C RMSD comparison of the structures of the -subunits of Form 

1 sMMOHox:MMOB (6VK5) with RT-XFEL sMMOHox:MMOB (6YD0). 

These structural changes occur as a result of binding of an exogenous molecule (benzoate) in the 

active site of sMMOH. The majority of the changes occur in three out of four helices of the four-

helix bundle housing the diiron cluster (C, E and F) and Helix D that forms the outer border of 

the active site cavity. This reorganization in turn rearranges an extended coil region in contact 

with Helices C, E and F and Helix H that is in contact with Helix E. Inset: Cartoon of the -

subunit with color coding to showing the regions that change in structure. The diiron cluster is 

shown as gold spheres. 
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3.4.3 Bottlenecks Between Cavities are Regulated by Flexible Residues.  

As noted in the introduction, the current model of substrate binding proposed by Cho and 

colleagues suggests that O2 and CH4 diffuse from solvent to the active site via a chain of three 

internal cavities located in the sMMOH -subunit. 43, 50, 70 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 detection radii and cutoff values. These parameters are varied in 

units of a separately entered solvent radius (See Experimental Procedures). The program default 

values are set for a solvent radius of 1.4 Å (water), and cavity detection radii and cutoff values of 

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 sMMOHred, we are seeking a 

highly restricted substrate access route such that it slows O2 access (see kinetic evaluation below) 

and can differentiate between the size of methane and ethane.74 Setting the solvent radius to 1.1 Å 

with concomitant decrease in the cavity detection parameters (estimates for the effective radius of 

Figure 3-7 Unassigned electron density in the active site of Mc sMMOHox 

(PDB:4GAM, Chain A). 

The 2Fo-Fc map (1.2 ) is represented as purple isomesh and the Fo-Fc map (+3 

) is represented as green isomesh. The green Fo-Fc isomesh indicates that the 

two waters (red spheres) modeled into the active site do not account for all of the 

experimental density. Three of the four subunits in the asymmetric unit of the 

4GAM model have positive sigma density altering the position of F188 and 

enlarging the connection between Cavities 2 and 1 
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O2 range from 1.17 to 1.7 Å)231-235 allows a more relevant detection of the cavities and the 

bottlenecks between them (Figure 3-8).  

 

 

This analysis shows that a bottleneck regulated by residues V105, F109, V285, and L289 

is located between Cavities 3 and 2. Cavity 2 is separated 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 the Mt sMMOH and sMMOH:MMOB crystal structures (Figure 3-8A-D). 

However, Cavities 2 and 1 are only connected in the sMMOHox and Form 1 and 2 

sMMOHox:MMOB structures (Figure 3-8A, C-D). These cavities are disconnected in sMMOHred 

Figure 3-8 Cavity gating residues of Mt sMMOH and sMMOH:MMOB. 

The internal cavities of A) sMMOHox (6VK6), B) sMMOHred (6VK7), C) 

sMMOHox:MMOB Form 1 (6VK5), D) sMMOHox:MMOB, Form 2 (6VK8), E) 

RT-XFEL sMMOHox:MMOB (6YD0), and F) RT-XFEL sMMOHred:MMOB 

(6YDI), are shown as a grey colored surface. Amino acids involved in determining 

the connectivity of the cavities are shown as green sticks. The diiron cluster atoms 
are represented as orange spheres. Benzoate and succinate are shown bound to the 

diiron cluster in Forms 1 and 2, respectively. 
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(Figure 3-8B) along the route used in sMMOHox due to shifts in the gating residues. Importantly, 

Cavities 1 and 2 are not connected in the RT-XFEL sMMOHox:MMOB and sMMOHred:MMOB 

crystal structures (PDB:6YD0 and 6YDI) (Figure 3-8E and F). The MMOB binding-induced 

reorganization of the bottleneck residues L216 and L110 in sMMOH serves to isolate Cavity 1 

from Cavity 2 in the complex. While the reorganization of L216 and L110 is also observed in the 

sMMOHox: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 between Helices E and F and has been proposed to be involved in regulating 

the access of substrates (e- and H+) and release of products (CH3OH) to and from the active site, 

respectively.226 The strictly conserved amino acids T213, N214, and E240 are considered the Pore 

gating residues that regulate these processes (Figure 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 the Mt sMMOHox crystal structure, the side chains of N214 and E240 

are solvent exposed, ~4.0 Å apart, 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 causes the middle of Helix E to twist, resulting in T213 and N214 to shift 2.2 

Å and 3.2 Å, respectively. The rotameric conformation of E240 is altered and the distance between 

this residue and N214 becomes 3.0 Å. The rotameric conformations of the hydrophobic residues 

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 Pore into the active site cavity. 

The side chain of T213 is shifted 2.2 Å compared to its position in Mt sMMOHox and rotated ~180° 
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compared to its position in Mt sMMOHred. This new conformation positions the side chain hydroxyl 

moiety of T213 to face away from the diiron 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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Figure 3-9 Views of the Pore region in Mt sMMOH in 

various states and in complex with MMOB. 

Hox = sMMOHox (6VK6), Hred = MMOHred (6VK7), HredB 

= RT-XFEL sMMOHredMMOB (6YDI). Diiron cluster 

reduction partially closes the Pore while complex 

formation with MMOB completely seals off the Pore. 

Electron density is shown as 2Fo-Fc and modeled at 1 . 
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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 provided a wealth of experimental evidence suggesting that the access of 

O2 and methane to the active site is precisely regulated by the binding of MMOB.5, 14, 68, 71, 75 The 

high resolution Mt sMMOH:MMOB crystal structures, especially that of the particularly relevant 

sMMOHred:MMOB state, afford the opportunity to search for alternative substrate entry routes 

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

W308-Tunnel named for the gating tryptophan residue 308, see below) was identified in the Form 

1 and Form 2 Mt sMMOHox:MMOB, Mt sMMOHred:MMOB and RT-XFEL Mt 

sMMOHox/red:MMOB crystal structures (Figure 3-10 and Figure 3-11A and B). The W308-Tunnel 

is primarily lined by hydrophobic residues, which are well-suited to the non-polar nature of sMMO 

substrates. See  

Table 3-5 for a list of the residues lining the W308-Tunnel. 

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

allows detection of internal voids along the W308-Tunnel route, which correlates very well with 

the Mole 2.5 prediction (Figure 3-11B).  All the amino acids lining the W308-Tunnel in sMMOH 

and MMOB are highly conserved in the small hydrocarbon-oxidizing, diiron enzyme family ( 

Table 3-5). 
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Variations of the W308-Tunnel can also be identified by MOLE 2.5 in the Mt sMMOHox 

and sMMOHred (Figure 3-11A) structures. In the sMMOHox structure (Figure 3-12, top), the 

entrance into the sMMOH interior is severely constricted by sMMOH residues W308 and P215. 

Reduction of the diiron cluster leads to structural reorganization of Helix E and H in the sMMOHred 

structure that partially alleviates this bottleneck (Figure 3-2 and Figure 3-12, bottom). However, 

another significant bottleneck in this tunnel remains within sMMOHred at F282 and F212 (Figure 

3-11A). MMOB binding to sMMOHred removes this constriction, as is apparent in a comparison of 

the W308-Tunnel in the Mt sMMOHred and RT-XFEL sMMOHred:MMOB structures (Figure 

3-11A and B). Mole 2.5 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 sMMOHred structure (Figure 3-11A). However, in the RT-XFEL sMMOHred: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 W308-Tunnel found in the 100K 

sMMOHred:MMOB structure reported here, but the alteration of the active site structure caused by 

Figure 3-10 The W308-Tunnel. 

Starting from bulk solvent, the W308-Tunnel traverses the sMMOH:MMOB interface 

before reaching the entrance into the sMMOH α-subunit. The α-subunit entrance is gated 

by sMMOH residues W308 and P215 on Helices H and E respectively. After traveling 

between Helices H and E the W308-Tunnel curves away from Helix G and turns a corner 

around Helix E. Finally, the W308-Tunnel goes between Helices E and B into the active 

site. Colors: sMMOH α-subunit, cyan; W308-Tunnel, black; sMMOH gating residues, 

red; MMOB, yellow; MMOB “Quad” regulatory residues, green; MMOB W308-Tunnel 

interface mutated residues, purple; active site diiron cluster, orange. PDB code: 6YDI 
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the presence of the large exogenous ligand prevents the complete closure of the Cavity 2 to 1 

passageway.  

 

 

 

  

Figure 3-11 Correlation of voids in the protein identified using PyMol and tunnels 

computed by MOLE 2.5. 

A) Tunnels (red and yellow solid spheres) calculated by Mole 2.5 into the active site of 

sMMOH in the Mt sMMOHred (6VK7) are show superimposed on the cavities computed 

by PyMol (transparent gray). The diameter of the spheres representing the tunnel depicts 

the computed width. The significant restriction in the W308-Tunnel is marked with an 

arrow. The restriction in the computed tunnel between Cavities 2 and 1 is less than in 

sMMOH:MMOB (see panel B), but rotation around the vertical axis of the view shown 

reveals that the cavities remain distinct. B) Analogous computations for the Mt 

sMMOHred:MMOB complex (6YDI). Tunnels are found through the chain of cavities 

(yellow, severely restricted where marked) and through the W308-Tunnel (red). 
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Table 3-5 The W308 Tunnel Residues are Conserved Amongst 15 Small Hydrocarbon 

Oxidizing Strainsa 
 Subb

 110 188 192 212 213 215 216 217 219 222 223 282 286 290 299 301 304 305 308 309 

Methylosinus trichosporium OB3b CH4 L F F F T P L I A E W F L F E W T W W V 

Methylococcus capsulatus Bath CH4 L F F F T P L I A E W F L F E W T W W V 

Sphingobium sp.  

SCG-1 

CH4 L F F F T P L I A E W F L F E W T W W V 

Methylospira 

mobilis 

CH4 L F F F T P L I A E W F L F E W T W W V 

Methylomicrobium japanense CH4 L F F F T P L I A E W F L F E W T W W V 

Methylomonas  

methanica 

CH4 L F F F T P L I A E W F L F E W T W W V 

Crenothrix  

polyspora 

CH4 L F F F T P L I A E W F L F E W T W W V 

Methylovulum miyakonense HT12 CH4 L F F F T P L I A E W F L F E W T W W V 

Betaproteobacteria bacterium  CH4 L F F F T P L I G E W F L F E W T W W V 

Rhodospirillaceae bacterium CH4 L L F F T P L I A E W I V L E W T W W V 

Mycolicibacterium elephantis CH4 L A F F T P L V A E W L V F E W T W W V 

Mycolicibacterium rhodesiae CH4 L F F F T P L I A E W A V F E W V W W V 

Mycobacterium chubuense NBB4 C3H8 L F F F T P L I A E W A V F E W V W W V 

Thauera  

butanivorans 

CH4 L F F F T P L I S E W L V L E W S W W V 

Brachymonas petroleovorans C4H10 L F F F T P L I A E W L V L D W M W W V 

aBLAST alignment of -subunit W308-tunnel residues, Methylosinus trichosporium OB3b numbering. NCBI GenBank 

sequence ID: Methylosinus trichosporium OB3b - CAA39068.2, Methylococcus capsulatus Bath - WP_010960482.1, 

Sphingobium sp. SCG-1 - WP_104955546.1, Methylospira mobilis - WP_153249048.1, Methylomicrobium japanense - 

BAE86875.1, Methylomonas methanica - WP_013818321.1, Crenothrix polyspora - WP_087143657.1, Methylovulum 

miyakonense HT12 - BAJ17645.1, Betaproteobacteria bacterium  - PKO92487.1, Rhodospirillaceae bacterium - PCJ58204.1, 

Mycolicibacterium elephantis - WP_046753692.1, Mycolicibacterium rhodesiae - WP_014211362.1, Mycobacterium 

chubuense NBB4 - ACZ56334.1, Thauera butanivorans - WP_068635403.1, Brachymonas petroleovorans - AAR98534.1. 

bSubstrate for the diiron monooxygenase 
 

  



 116 

 

  

Figure 3-12 Effect of diiron cluster reduction on the Pore and the W308-Tunnel. 

Reduction of sMMOH causes the Pore (left) to partially close and opens the entrance into 

the W308-Tunnel (right).  However, a bottleneck remains at sMMOH F282 and F212 that 
is not relieved until a complex is formed with MMOB The Pore is fully closed in the 

sMMOH:MMOB complex (see Figure 3-10).   sMMOHox = PDB:6KV6; sMMOHred = 

PDB:6VK7. 
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3.4.6 Kinetic Analysis of V41R-MMOB.  

Past 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 efficiency of transit.236 Accordingly, the importance of the W308-Tunnel 

was evaluated by altering access to the tunnel through mutagenesis. Variants of MMOB are easily 

generated,71 whereas this is not the case for sMMOH. MMOB residue V41 was chosen as a target 

for mutagenesis to determine if the W308-Tunnel is involved in trafficking substrates to the active 

site. It is positioned near the W308-Tunnel entrance into the -subunit (Figure 3-13A), and it is a 

part of a -sheet involved in the sMMOH-MMOB interaction interface. The only 

intra/intermolecular polar contacts V41 makes are between its backbone NH and carbonyl oxygen 

and the backbone atoms of S109 and S110 located on an adjacent -sheet of MMOB. Residues 

S109 and S110 have been experimentally shown to strongly influence hydrocarbon substrate 

selectivity and reactivity.65, 67, 71 Residues with larger side chains were introduced at MMOB 

position 41 in an attempt to block access into the W308-Tunnel (Figure 3-13B). The following 

V41 MMOB mutations were created and biochemically assessed: V41R, V41E, and V41F. In 

addition, the nearby V39 residue was evaluated by generating the V39R and V39F variants. Each 

variant nearly halted the reaction of the reconstituted sMMO system (Table 3-6), but V41R-

MMOB exhibited the most dramatic effects, so its reaction will be described in more detail here.  
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Figure 3-13 V41R-MMOB mutation theoretical representation. 

Panel A depicts the orientation of V39 and V41 in the Form 1 Mt 

sMMOH:MMOB complex (6VK5) crystal structure. Panel B is the 

result of using the mutagenesis feature in PyMol to mutate V39 and V41 

to R39 and R41, respectively. The new Arg residues have no obvious 

side chain electrostatic interactions and so a number of rotomeric 

conformations are possible, of which only one is illustrated. The W308-

Tunnel is represented as a tube (black), MMOB (yellow) and sMMOH 

-subunit (cyan) are shown as cartoons, and amino acid side chains are 

represented as sticks (purple = carbon, blue = nitrogen). The nearby 

“Quad” residues of MMOB are shown in green. 
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Table 3-6 Steady State O2 Uptake in the Reconstituted sMMO System 

with MMOB Variant 
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In the absence of MMOB, steady state O2 utilization during CH4 turnover by the 

reconstituted sMMO system is very slow, but it increases 150-fold when MMOB is added in a 1:1 

ratio with the sMMOH diiron sites.33 In contrast, this concentration of V41R-MMOB caused almost 

no increase in the rate of O2 uptake (Figure 3-14) The loss of reactivity when using V41R-MMOB 

could derive either from blocked O2 (or CH4) binding or failure to form a complex with sMMOH. 

In order to determine if V41R-MMOB can bind to sMMOH, a competitive steady-state experiment 

was performed in which both MMOB and V41R-MMOB were present. If V41R-MMOB binds to 

sMMOH with a similar binding affinity as MMOB, then the steady state initial velocity will 

decrease as V41R-MMOB is added. It was found that the initial velocity of O2 consumption 

decreased nearly 50% in the presence of equal molar concentrations of V41R-MMOB 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 not significantly alter MMOB affinity for 

sMMOH. The same experiment using V39R-MMOB showed a similar competitive effect, but the 

affinity of this variant appears to be less than that of WT-MMOB (Figure 3-15). The other variants 

tested showed even lower affinity relative to that of WT-MMOB, but perturbation of the integer 

spin EPR signal of sMMOHred demonstrated that each forms a protein-protein complex (Figure 

3-16). 
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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. When WT-

MMOB or V41R-MMOB was added alone, it was present at the same concentration as 

sMMOH (active sites). For experiments in which WT-MMOB and V41R were added 

together in the ratios shown, WT-MMOB was present at the same concentration as 

sMMOH (active sites). Other conditions for the experiment are given in Experimental 
Procedures. 

Figure 3-15 Competition between WT-MMOB and V39R-MMOB during steady state 

turnover. 

Mt sMMOH is present at the same concentration in all experiments. When WT-MMOB or 

V39R-MMOB was added alone, it was present at the same concentration as sMMOH (active 

sites). For experiments in which WT-MMOB and V39R are added together in the ratios 

shown, WT-MMOB is present at the same concentration as sMMOH (active sites). Other 

conditions for the experiment are given in Experimental Procedures. 
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Figure 3-16 Parallel mode EPR spectra of sMMOHred with MMOB and 

MMOB variants. 
sMMOHred exhibits a characteristic EPR spectrum at g = 16 due to ferromagnetic 

coupling of the two high-spin Fe(II) ions of the diiron cluster The resulting integer 

spin system gives an enhanced EPR signal when recorded with the microwave field 

aligned parallel with the magnetic field. The signal is perturbed when MMOB is 

present due to the formation of a protein-protein complex (compare the black and red 

spectra in the top trace). Each of the MMOB variants used in this study gives a similar 

perturbation, albeit with distinct intensities, showing that each forms a complex with 

MMOHred (red trace from sMMOH:MMOB show for comparison in each case). 

Moreover, each perturbs the diiron cluster environment slightly differently. 

Conditions: sMMOHred, 300 M (active sites); MMOB (or variant), 300 M, 25 mM 

MOPS, pH 7.5. EPR conditions: frequency, 9.400 GHz; time constant, 2.56 ms; 

microwave power, 2 mW, temperature, 2.0 K, cavity tuned for parallel mode detection. 
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Single turnover stopped-flow experiments were performed in which a 1:1 mixture of 

anaerobic sMMOHred and V41R-MMOB was rapidly mixed with a large excess of O2 in order to 

determine whether this MMOB variant affects the formation and decay of chemical intermediates 

in the sMMOH catalytic cycle. MMOB is required to accelerate the start of the reaction cycle so 

that reaction cycle intermediates P*, P, and Q build up and can be detected.68 In the presence of 

V41R-MMOB, none of these intermediates were seen. Instead, the diferrous sMMOH decayed 

slowly to the diferric state.  

As sMMOHred oxidizes, a weak chromophore in the near-UV region develops, allowing 

the kinetics of reoxidation to be monitored. In the case of the Mt sMMOHred:MMOB complex, the 

initial reaction with O2 is apparently too fast to follow with stopped-flow, because no O2-dependent 

phase is observed in multi-exponential fits of the time course.68, 69  The lack of O2 concentration 

dependence in the reciprocal relaxation times of the observed phases implies that the (unobserved) 

O2 binding is effectively irreversible.69 The reaction following O2 binding in the 

sMMOHred:MMOB active site, which results in a complex with the diferrous cluster (intermediate 

P*), occurs with a rate constant of 26 s-1 at 4 °C as monitored by rapid freeze quench EPR and 

Mössbauer spectroscopies.33, 68, 69, 77  P* then decays at 9 s-1 to the diferric peroxo intermediate P 

with the resulting chromophoric change.68, 76 The rate constant of 26 s-1 is 1-2 orders of magnitude 

slower than typically observed for O2 reaction with a metalloenzyme, 124, 237, 238 but it is much faster 

than that observed for O2 reaction with sMMOHred in the absence of MMOB (Figure 3-17A). The 

observed reciprocal relaxation time for the latter reaction exhibits a hyperbolic dependence on O2 

concentration, suggesting that it occurs in two steps (Figure 3-17B, inset). Nominally, these steps 

are reversible binding (KD1 = 0.44 mM ± 0.02 mM) followed by a slower irreversible oxidation step 

(k = 0.019 ± 0.001 s-1). Interestingly, the reaction of Mt sMMOHred:V41R-MMOB with O2 occurs 

even slower with a O2-dependent second order rate constant of 1.5 ± 0.2 M-1 s-1 at 4 °C (pseudo 

first order k ≈ 0.001 s-1 at 720 M O2) (Figure 3-17A and B). The linear O2-concentration 

dependence suggests that this reaction is rate-limited by the initial O2 binding reaction. Thus, the 
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initial O2 binding reaction occurs at least 25,000-fold slower when V41R-MMOB is used in place 

of WT-MMOB (>26 s-1/0.001 s-1). The fundamentally different reactions with O2 indicated in 

Figure 3-17B for sMMOHred:V41R-MMOB versus sMMOHred alone have implications for the 

mechanism of O2 access as discussed below. 
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Figure 3-17 Stopped-flow experiments using the V41R-MMOB variant. 

Reaction after stopped-flow mixing of 28.5 M sMMOHred (57 M active sites) 

with O2 in the presence (red) and absence (blue) of 57 M V41R-MMOB (after 

mixing). (A) Time course of the oxidation reaction monitored at 330 nm at the 

concentration (after mixing) of O2 shown. Three-summed exponential fits to the 

data are shown superimposed in white on the time courses. All time courses have 

the same endpoint at infinite time. The faster two, very low amplitude phases are 

seen in all reactions in the presence or absence of V41R-MMOB and are apparently 

an artifact of mixing. In the presence of WT-MMOB, the time course would be 

coincident with the y-axis for the time scale shown. Conditions: 50 mM MOPS 

buffer pH 7, 4 °C. (B) Plot of observed reciprocal relaxation times of the large 

amplitude, slowest phase from fits of data like those in panel A for reactions using 

V41R-MMOB versus O2 concentration.  Inset: The same plot from fits of reactions 

containing MMOHred alone. Data analysis is described in the methods section. 



 126 

 

3.5 Discussion 

Presented here and in another recent study are the first X-ray crystallographic structures of the 

sMMOHox:MMOB and sMMOHred:MMOB complexes using protein components isolated from the 

Type II methanotroph Methylosinus trichosporium OB3b. These structures complement those 

previously published of the complex of the oxidized sMMO components from the Type Ia 

methanotroph239 Methylococcus capsulatus strain Bath.70 While the structures are clearly similar, 

the much higher current resolution of the Mt OB3b complex structures now allows the effects of 

complexation and reduction to be evaluated in detail. We also report the highest resolution structure 

of sMMOHox to date, as well as the first structure of reduced Mt sMMOH. These studies are used 

in the following discussion to evaluate the changes in the sMMOH structure caused by MMOB that 

specifically influence O2 (and potentially methane) access to the active site during the catalytic 

cycle. 

3.5.1 Effect of Molecules in the Active Site.  

The Mt sMMOHox:MMOB Form 1 (6VK5) and Form 2 (6VK8) structures reported here show 

benzoate and succinate, respectively, bound in the active site to the diiron cluster (Figure 3-4). The 

presence of these molecules is particularly revealing because the structures demonstrate the 

flexibility of the active site and its potential influence on substrate access. While sMMOH is clearly 

tailored to facilitate methane oxidation, the enzyme will oxidize hundreds of larger adventitious 

substrates.35, 114 These 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 from those of the substrate-free enzyme with the 

exception of the Fe-Fe distance, which is lengthened by approximately 0.4 Å. In contrast, the active 

site cavity is significantly altered, which can be seen by comparing the benzoate-bound Mt 

sMMOHox:MMOB Form 1 structure to the RT-XFEL Mt sMMOHox:MMOB structure, in which 
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water is modeled as a ligand to the diiron cluster in place of benzoate (Figure 3-5A vs C and Figure 

3-8C vs E). Changes occur in three of the four helices (C, E, and F) that house the nonheme diiron 

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 of the six ligands that coordinate the diiron 

cluster. The flexibility of these helices permit Fe2 to change its distance from Fe1 during the 

catalytic cycle, which allows formation of structurally diverse intermediates.92, 198 It is likely that 

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

 The mechanistic significance of large substrates in the active site of the Mt 

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 in Mc sMMOHox crystals in soaking experiments (see for example PDB:1XVG).42, 50 

In contrast, no large molecules that perturb the active site are observed in the structures of Mt 

sMMOHox, Mt sMMOHred, and only a small molecule that causes no change in structure was 

observed in RT-XFEL Mt sMMOH:MMOB experiments. Thus, 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 crystallization conditions. Past single turnover kinetic 

experiments have shown that molecules larger than methane such as C2 to C8 hydrocarbons bind 

slowly to the enzyme after Q is formed in the reaction cycle and are hydroxylated.5, 68, 74, 86 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 active site 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 coordinated changes in the -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 shift.70 The latter conclusion was based on the observation of the shift in F188 
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in a structure of Mc 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 site (Figure 3-5D and Figure 3-7) in the position where we model 

large molecules in Form 1 and Form 2 Mt sMMOH:MMOB. This observation suggests the likely 

possibility that there is also a substrate-like molecule present in the Mc sMMOH:MMOB crystal, 

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

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

3-8C with Figure 3-8E, Table 3-7). The observation of this pathway opening as an effect of 

MMOB binding in the Mc Bath sMMOH:MMOB complex was proposed as explanation for the 

regulatory effect of MMOB on O2 and CH4 binding,70 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 access to the active site 

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 

 
sMMOHox 

6VK6 

sMMOHred 

6VK7 

sMMOHox:MMOB 

Form 1 6VK5 

sMMOHred:MMOB 

6VK4 

sMMOHox:MMOB 

RT-XFEL 6YD0 

sMMOHred:MMOB 

RT-XFEL 6YDI 

 

Chain of 

Cavities 

Cavities 3 to 2 

Connected 

Cavities 3 to 2 

Connected 

Cavities 3 to 2 

Connected 

Cavities 3 to 2 

Connected 

Cavities 3 to 2 

Connected 

Cavities 3 to 2 

Connected 

Cavities 2 to 1 

Connected 

Cavities 2 to 1 

Disconnecteda 

Cavities 2 to 1 

Connectedb 

Cavities 2 to 1 

Connectedb 

Cavities 2 to 1 

Disconnected 

Cavities 2 to 1 

Disconnected 

W308-

Tunnel 
Closed Closed Open Open Open Open 

Pore Open 
Partially 

closed 
Closed Closed Closed Closed 
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3.5.2 The W308-Tunnel as an Alternative Route for O2 Access.  

The structures currently available are those of the states leading directly to formation of the O2 

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 of the Mc Bath 

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 access.70 Access 

through the chain of cavities remains a possibility, but it is made less likely by the structural, kinetic, 

and mutagenic studies presented here and in our previous studies.65, 68, 69, 71 We suggest here that 

passage of O2 through the W308-Tunnel is a third possible transit route, which is consistent with 

all of the available studies. Several observations favor the W308-Tunnel over the chain of cavities. 

First, the residues that define the W308-Tunnel, are highly conserved in the known sMMOH 

enzymes as well as in similar diiron cluster-containing enzymes that catalyze oxidation of small 

hydrocarbons ( 

Table 3-5). This conservation is not observed for enzymes structurally related to sMMOH that 

oxidize larger substrates such as the toluene 4-monooxygenase (T4MO), toluene/o-xylene 

monooxygenase (ToMOH), and phenol hydroxylase (PHH). In the latter enzymes, a relatively large 

tunnel in the vicinity of the sMMOH W308-Tunnel has been detected.212  However, these tunnels 

follow a different path to the active site, and close rather than open when complexes are formed 

with the cognate regulatory proteins.55 Second, the proposed route for O2 through the W308-Tunnel 

in the sMMOH:MMOB complex would take it past V41 shown here to profoundly affect the rate 

of diiron cluster oxidation when mutated to a larger residue (Figure 3-17). Third, the tunnel also 

passes the sMMOH-MMOB interface region that includes the MMOB “Quad-residues” (N107, 

S109, S110, T111)71 that control many aspects of the size selectivity of hydrocarbon substrates 

(Figure 3-10 and Figure 3-13). Fourth, the binding of MMOB causes many structural changes in 
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the W308-Tunnel that are likely to affect O2 binding. Specifically, a dome of conserved, 

hydrophobic residues is organized above the entry to the W308-Tunnel by MMOB (Figure 3-18).  

 

 

 

 

 

  

Figure 3-18 The hydrophobic entrance to the W308-Tunnel. 

Hydrophobic entry into the W308-Tunnel results from the formation 

of the sMMOHred:MMOB complex (6YDI). Colors: sMMOH -

subunit, teal; MMOB, yellow; residues forming the hydrophobic 

dome, red. The red colored surface representation of the hydrophobic 

dome at the protein complex interface is visualized more clearly by 

making one of the two proteins transparent in the structures to the right. 
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This structural feature would enhance the binding of O2 because the W308-Tunnel entrance 

is otherwise exposed to solvent and surrounded by polar residues in the sMMOHred structure. Fifth, 

the bottlenecks in the W308-Tunnel widen in the sMMOH:MMOB complex sufficiently to permit 

O2 to pass at the critical choke points, whereas the passage through the chain of cavities effectively 

closes (Figure 3-11 and Figure 3-19).  

 

 

 

 

  

Figure 3-19 Structural changes in constriction points in access routes for O2 into the 

actives site resulting from MMOB binding. 

Structures for sMMOHred (6VK7, white) and RT-XFEL sMMOHred:MMOB (6YDI, green) 

are shown at constriction points in (A) the W308-Tunnel and (B) the passage from Cavity 2 

to Cavity 1. The large shift in the position of F282 opens the W308-Tunnel, while the shifts 

in the Cavity 2 to 1 passage greatly restrict that route of entry. 
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The state of the potential passageways into the active site as seen in the crystal structures 

are summarized in Table 3-7. Sixth, the W308-Tunnel entrance is positioned in a structural region 

in sMMOH between two -helical sections of adjacent Helices E and H (Figure 3-20). Often -

helices are evolutionary conserved for their functional roles in enzyme activity.190, 240-242 Finally, 

all structures of the sMMOH:MMOB complex show that the 30-residue unstructured N-terminal 

region of isolated MMOB becomes ordered as it binds to sMMOH.45, 46, 70, 243  Truncation of this 

region shifts the rate-limiting step of the catalytic cycle to O2 binding.46 The RT-XFEL study of the 

sMMOH:MMOB complex showed that the MMOB N-terminal residues selectively reorganize 

sMMOH Helices H and 4. Helix H provides many of the residues for the W308-Tunnel once it 

enters sMMOH. Indeed, both the N-terminal tail of MMOB and the distinctive tryptophan-rich 

sequence of Helix H in sMMOH are uniquely conserved in sMMO enzymes within the larger 

family of bacterial multicomponent monooxygenases (Figure 3-21). The novelty of the W308-

Tunnel entrance is further highlighted by the observation that the MMOB induced reorganization 

of Helices E, F and H closes the Pore and opens the W308-tunnel. It is perhaps not coincidental 

that this conformational change opens up a non-polar route into sMMOH at the expense of a polar 

route in preparation for the start of the catalytic cycle. 
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Figure 3-20 The W308-Tunnel molecular gate. 

sMMOH amino acids P215 (Helix E) and W308 (Helix H) shift dramatically upon 

formation of the MMOB complex, acting as a molecular gate. The gate movement 

is possible because of the -helices (red) and sections of the helix that do not form 

intra-main chain hydrogen bonds (yellow). As a result, the helices are more 

flexible allowing the molecular gate to open and close. sMMOHox = PDB:6VK6; 

sMMOHox:MMOB = PDB:6YD0. 
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Figure 3-21 Sequence alignments of key regions of hydroxylase and regulatory proteins. 

Portions of the -subunit of the hydroxylase components (panel A) and the regulatory protein 

components (panel B) of the bacterial multicomponent monooxygenase family are illustrated. 

Enzyme sub-families are identified by colored boxes; methane monooxygenase – red, butane 

monooxygenase – purple, propane monooxygenase – yellow, phenol hydroxylase – orange, toluene 

monooxygenase – cyan. The unique extended N-terminal tail of the regulatory component and the 

tryptophan-rich Helix H of the -subunit in 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 of bacterial multicomponent monooxygenases suggests that sMMO 

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

substrates.51 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 W308-Tunnel to provide 

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

that regulates the W308-Tunnel region in the sMMOH:MMOB complex is missing or truncated in 

the monooxygenases that oxidize larger substrates (Figure 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 importance of the W308-Tunnel derives from an examination of the 

kinetics of sMMOHred diiron cluster reoxidation under various conditions (Figure 3-17). Overall, 

the rate constant for O2 access into the active site is at least 25,000-fold larger when sMMOHred is 

complexed with WT-MMOB rather than V41R-MMOB. However, the comparison of the reaction 

without MMOB versus that with V41R-MMOB present also provides insight. The reaction using 

V41R-MMOB is much slower, and the rate constant for the reaction displays a first order 

dependence on O2 concentration rather than the hyperbolic dependence seen for that of the isolated 

sMMOHred reaction (Figure 3-17B). A possible scenario to account for these observations is based 

on a change in the rate-limiting step from: (i) O2 gaining access to the protein at a location remote 

from the diiron cluster in the V41R-MMOB sMMOHred reaction, to (ii) O2 binding to the diiron 

cluster in the isolated sMMOHred reaction. If V41R-MMOB restricts the W308-Tunnel, the slow 

step becomes O2 binding from solution, the rate constant for which would exhibit the observed first 
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order dependence on O2 concentration. In the absence of MMOB, the hyperbolic O2 concentration 

dependence of the observed rate constant suggests that another step following reversible O2 binding 

is rate-limiting. Our previous magnetic circular dichroism/circular dichroism127 and RT-XFEL 

studies of the Mt sMMOH:MMOB complex show that discrete changes occur in the diiron cluster 

environment as MMOB binds that are predicted to enhance its ability to bind and activate O2. In 

the absence of these changes, the binding of O2 to the cluster may be slower than the O2 transit to 

a position where it would be poised to react with the cluster. This condition would be satisfied if 

the transit time through the W308-Tunnel is faster than binding to the diiron cluster. However, the 

severe constriction in the W308-Tunnel and polar residues at its entry into sMMOHred in the 

absence of MMOB may greatly slow or even block O2 entry via this route (Figure 3-11). 

Alternatively, in the absence of MMOB or its V41R variant, O2 might still slowly enter the active 

site through the constriction in the channel between Cavities 1 and 2 in the chain of cavities. 

Accumulation of O2 in the chain of cavities prior to binding to the diiron cluster would result in the 

observed hyperbolic dependence 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 implies two separate roles for 

MMOB. The structural changes it engenders both activate the cluster to react with O2, while also 

opening the W308-Tunnel for size-selective, bottleneck free, one-dimensional rapid transit of O2 

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 intermediate Q in the sMMOH catalytic cycle.86 These substrates do not affect the kinetics of 

earlier cycle steps, but their reaction with Q is first order in substrate in the accessible concentration 

range. Our previous transient kinetic studies demonstrate that MMOB is bound to sMMOH when 

substrates react with Q.71 MMOB variants with smaller residues in the Quad region (Green -sheet 
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in Figure 3-10 and Figure 3-13) adjacent to the W308-Tunnel allow larger substrates to react more 

rapidly, consistent with easier passage into the active site.71 Accordingly, larger substrates exhibit 

no deuterium KIE when reacting with Q unless the MMOB variants with smaller residues in the 

Quad region are used in place of WT-MMOB.66 In contrast, a deuterium KIE of 50 is observed for 

the methane reaction when WT-MMOB is utilized.65, 74, 89 These results are consistent with the 

W308-Tunnel also serving as an access route for hydrocarbon substrates. When the substrate is 

larger than methane, the constraints of the tunnel cause binding to the protein to be rate-limiting 

rather than C-H bond cleavage, hence giving first order kinetics in substrate concentration with no 

deuterium KIE. Methane may give both first order kinetics and a KIE because it is small enough to 

pass efficiently through the MMOB-modified tunnel. The transit of methane might be faster than 

expected through the narrow tunnel because it can only move in one- rather than three-dimensions. 

A parallel can be drawn to the accelerated localization of DNA binding factors to consensus sites 

due to one-dimensional transit on the DNA polymer.244 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 the highly reactive Q intermediate state. The cleavage of the strong bond of methane 

would then be rate-limiting to give the detectable KIE. The passage of methane through the chain 

of cavities is also possible, but the cavities are large enough to accumulate many methane 

molecules. Indeed, we find multiple solvent molecules in the cavities (Figure 3-22 )and the binding 

of Xe and small hydrophobic molecules have been reported in the cavities of the Mc Bath 

sMMOH.43  This accumulation of substrates in the cavities would mean that the substrate would 

react with Q from within the protein rather than from solution, thereby yielding hyperbolic or 

concentration independent response of the rate constants.  

An important caveat is that the asynchronous binding of O2 and 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 O2 at the Q stage of the reaction cycle would account for the existing kinetic data. 
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Figure 3-22 Exogenous molecules bound inside the cavities. 

The chain of Mt sMMOH internal cavities is represented as transparent gray surface. Water 

molecules are represented as red spheres. Alternative substrate molecules are shown as sticks 

where green is carbon and red is oxygen. A.) Mt sMMOHox (6VK6), B.) Mt sMMOHred 

(6VK7), C.) Mt sMMOHox:MMOB, Form 1, protomer 1 (6VK5), D.) Mt sMMOHox:MMOB, 

Form 2, protomer 1 (6VK8), E.) RT-XFEL Mt sMMOHox:MMOB (6YD0), F.) RT-XFEL Mt 

sMMOHred:MMOB (6YDI). 
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Chapter 4 Soluble Methane Monooxygenase Component Interactions 

Monitored by 19F-NMR 
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4.1 Synopsis 

Soluble methane monooxygenase is a multi-component metalloenzyme capable of catalyzing the 

fissure of the C-H bond of methane and insertion one atom of oxygen from O2 to yield methanol.  

Efficient multiple-turnover catalysis occurs only in the presence of all three sMMO protein 

components; the hydroxylase (sMMOH), 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. Here, the two tryptophan 

residues in MMOB and the single Trp residue in MMOR are converted to 5-fluorotryptophan 

(5FW) by expression in media containing 5-fluoroindole. In addition, the mechanistically 

significant N-terminal region of MMOB is 19F-labeled by reaction of the K15C variant with 3-

bromo-1,1,1-trifluoroacetone (BTFA). The 5FW and BTFA modifications cause minimal structural 

perturbation, allowing detailed studies of the interactions with sMMOH using 19F-NMR. 

Resonances from the 275 kDa complexes of sMMOH with 5FW-MMOB and BTFA-K15C-5FW-

MMOB complex are readily detected at 5 M labeled protein concentration. This approach shows 

directly that MMOR and MMOB competitively bind to sMMOH with similar KD values, 

independent of the oxidation state of the diiron cluster of sMMOH. These findings suggest a new 

model for regulation in which dynamic equilibration 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 sMMOH:MMOB complex is proposed to prevent 

MMOR-mediated reductive quenching of the high-valent reaction cycle intermediate Q before it 

can react with methane. 

  



 142 

 

4.2 Introduction 

Soluble methane monooxygenase (sMMO) is a multicomponent metalloenzyme capable of 

catalyzing the conversion of methane to methanol at ambient temperature and pressure.5, 14 The 

enzyme consists of three protein components: a 245 kDa () hydroxylase (sMMOH), a 38 kDa 

FAD and 2Fe-2S cluster-containing reductase (MMOR), and a 15 kDa cofactorless regulatory 

component (MMOB).15, 33, 35 As shown in Scheme 4-1, the sMMOH active site contains a dinuclear 

iron cluster which serves to activate molecular oxygen for insertion into the C-H bond of methane 

(bond dissociation energy = 105 kcal/mol).37, 40, 68, 151 

 

 

The resting state of sMMOH contains a diferric cluster (Fe3+Fe3+
, sMMOHox) in which the  

irons are bridged by two solvent (OH- or H2O) molecules in addition to the carboxylate of Glu144. 

sMMOHox can form a complex with MMOR and receive two electrons to form the diferrous cluster 

Scheme 4-1 Reaction Cycle of sMMO and Structure of the sMMOH:MMOB 

Complex. 



 143 

(Fe2+Fe2+, sMMOHred) in which Glu243 shifts to bridge the irons via one carboxylate oxygen, one 

bridging solvent is lost, and the bond to the second solvent is weakened. In this new configuration, 

the diiron cluster can bind O2 between the irons upon dissociation of the weakly bound solvent.  

However, O2 binding is observed to be very slow in the absence of the regulatory component 

MMOB (Structure of the complex shown in Scheme 4-1).69, 245 Binding of MMOB effects a 1,000-

fold increase in the rate constant for the O2 binding to the diiron cluster to form the first 

spectroscopically distinct intermediate of the reaction cycle, termed P*. 68, 69, 75, 76, 245. Recent 

structural studies indicate that one cause of the decreased rate of O2 binding in the sMMOH active 

site in the absence of MMOB is the near closure of the molecular tunnel that mediates the transit 

of O2 from the solvent.245 This bottleneck is relieved by conformational changes in both MMOB 

and sMMOHred when the sMMOHred:MMOB complex forms.245 A second cause of the low 

reactivity of O2 with sMMOHred is the position of the Glu209 ligand to the diiron cluster which 

blocks the approach to the open iron coordination site.246 An angle change of this residue in the 

sMMOHred:MMOB complex exposes the site for O2 binding. The formation of intermediate P* is 

followed by spontaneous formation of a peroxo-intermediate P, and finally, O-O bond cleavage to 

yield the reactive dinuclear FeIV intermediate Q.68, 86 Q can react directly with methane to form 

methanol with incorporation of one atom of oxygen sourced from O2.  

Intermediate Q is generated and stabilized by precisely coordinated sMMO protein 

component interactions.64, 66, 70, 71, 131, 144, 245 Although two electrons are required to generate Q, 

subsequent stabilization of this intermediate requires that further transfer of electrons from MMOR 

be blocked in order to prevent quenching of the highly electrophilic dinuclear FeIV cluster. Early 

chemical cross-linking studies of the sMMO components from Methylosinus trichosporium OB3b 

showed that complexes between sMMOH and MMOB or MMOR can readily form.63 Fluorescence 

quenching experiments utilizing either endogenous sMMOH tryptophan fluorescence or MMOB 

labeled with fluorophores demonstrated the formation of a sMMOHox:MMOB complex with a KD 

value of 68 nM.63, 131 However, measurement of 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 sMMOH.69, 143, 145 While this finding might favor dissociation of MMOB 

upon reduction of sMMOH, subsequent studies based on site directed mutations in MMOB showed 

that this was not the case.71  Remarkably, mutations in different regions of MMOB caused the rate 

constants for different individual steps in the reaction cycle to significantly change. When two 

different MMOB variants were added in succession in a single turnover reaction of sMMOHred, 

only the step affected by the first MMOB variant added was observed to change. Thus, the first 

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 to Q provided MMOB and MMOR share a binding spot on 

sMMOH. One conflict with this scenario is that MMOR must have access to resting sMMOH 

(sMMOHox) 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. Dissociation of MMOB from sMMOHox promoted 

by MMOR would resolve this problem, but this suggestion seems at odds with the high affinity of 

MMOB for sMMOHox. 

Two current models for the regulation of electron transfer in the sMMO system are 

illustrated in Scheme 4-2. Model A was motivated by the observation in the chemical cross-linking 

study referenced above that MMOB and MMOR cross-link to different subunits of sMMOH.63  In 

this model sMMOH and MMOB have independent binding sites and electron transfer at the Q stage 

of the reaction cycle might be blocked by a conformational change at either the MMOR-MMOB 

or sMMOH alpha-beta subunit interface. Model B is based on studies of the protein components 

isolated from Methylococcus capsulatus (Mc) Bath.64, 144 An MMOR construct composed of just 

the domain containing the 2Fe-2S cluster, termed the Fd domain, was utilized to simplify the 

experiments. Results from hydrogen−deuterium exchange coupled to mass spectrometry (HDX-

MS) and fluorescence anisotropy titration experiments using a 5-((((2-iodoacetyl) amino) ethyl) 

amino) naphthalene-1-sulfonic Acid (IAEDANS)-labeled MMOB D36C variant suggested that the 



 145 

MMOB and Fd-MMOR binding sites overlap on sMMOH. The HDX-MS data showed that the Fd 

domain interacts with sMMOH surface residues located in the canyon region of the alpha subunit. 

This is the same location that X-ray crystal structures of the sMMOH:MMOB complex revealed to 

be the binding site for MMOB for both Mc Bath and Mt OB3b components.70, 245 Fluorescence 

anisotropy titration in Mc Bath sMMO experiments showed that Fd-MMOR can displace MMOB 

from sMMOH. Furthermore, the Fd-MMOR was more effective at displacing a ∆ (2-23) MMOB 

variant than full length MMOB. 64, 144 The researchers hypothesized that the N-terminal region 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, the affinity 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. 

 

 

 

Scheme 4-2 Models for Regulation of Electron Transfer to sMMOH.  

Hox = diferric sMMOHox, Hred = diferrous sMMOHred, B = MMOB, Rox = 

fully oxidized MMOR, Rred = two electron reduced MMORred, HQ = 

Intermediate Q of the reaction cycle. 
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  The studies of the interaction of sMMO components from Mc Bath and Mt OB3b differ 

primarily in the reported affinity of sMMOHox:MMOB (KD
Mc = 550 nM;144 KD

Mt = 68 nM.63, 131) 

and sMMOHox:MMOR (KD
Mc = 900 nM;142 KD

Mt = 10 nM129) complexes and the change in affinities 

for MMOB upon sMMOH reduction (KD
Mc = 170 nM; 144  KD

Mt = 2.2 M131). It is possible that part 

of the disparity in these measurements stems from techniques used to measure the affinities, which 

often involved major structural modifications in the protein components from attaching large 

fluorophores. In this study, we have prepared Mt OB3b MMOB and MMOR in which the native 

tryptophan residues are conservatively changed to 5-fluorotryptophan (5FW).247-249 Also, an 

MMOB variant in the N-terminal region is modified with a small 19F-containing label such that the 

modified residue mimics the size of the original lysine.250 These changes are found not to alter the 

overall structure or regulatory functions of MMOB or MMOR.  They permit the use of 19F-NMR 

to study labeled-MMOB complex formation with sMMOH in the presence or absence of MMOR.  

The sensitivity 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 component variants. 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 was purified from Methylosinus trichosporium OB3b according to purification protocols 

described previously.34 A modification in previous methods for MMOR purification and 

purification was utilized. A gBLOCKs® gene fragment with the MMOR E. coli codon optimized 

sequence was purchased from Integrated DNA Technologies. The MMOR gene sequence used is 

from the PacBio single-molecule real-time complete genome sequence of M. trichosporium 
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OB3b.251 The MMOR gBLOCKs® was inserted into a pET100/D-TOPO® vector using Ndel and 

Xhol restriction enzymes following the protocol for the In-Fusion® HD Cloning Kit. The following 

two vectors were transformed into BL21(DE3) E. coli cells: i.) an MMOR vector with an ampicillin 

resistance cassette, and ii.) a pACYC-isc vector with a chloramphenicol resistance cassette. The 

pACYC-isc vector contains genes involved in the assembly of iron-sulfur clusters in E. coli.252The 

transformed BL21(DE3) E. coli cells were spread onto Luria Broth plates supplemented with the 

100 g/ml carbenicillin and 100 g/ml chloramphenicol and allowed to incubate overnight at 37 

°C. Colonies that grew over night were used to inoculate 3 x 50 ml flasks of LB supplemented with 

carbenicillin and chloramphenicol then grown overnight at 37 °C. On the next day, 10 ml of the 

overnight liquid culture was added to 12 x 800 ml LB liquid media flasks supplemented with 100 

g/ml carbenicillin and 100 g/ml chloramphenicol. The liquid cultures were grown to an OD600 

of 1.0, and then overexpression was induced by adding ITPG to a final concentration of 1 mM. The 

transformed BL21(DE3) cells overexpressed for 22 hours at 20 °C. Cell paste was resuspended in 

25 mM Trizma pH 8 (5 ml/g of cell paste) followed by sonication to rupture the cells (1/2 inch 

disrupter horn, 80% power output, 80% duty cycle). The sonicated cell solution was centrifuged at 

43,000 x g for 30 minutes at 4 °C. The supernatant was loaded onto a Q-sepharose fast flow column 

equilibrated with 25 mM Trizma buffer pH 8 containing 5 mM thioglycolic acid and 0.2 M NaCl 

at 4 °C. The Q-Sepharose fast flow column was washed with 25 mM Trizma buffer pH 8 containing 

5 mM thioglycolic acid and 0.2 M NaCl at 4 °C. MMOR was eluted from the column with a 900-

ml gradient from 0.2 M to 0.4 M NaCl in 25 mM Trizma pH 8 containing 5 mM thioglycolic 

acid. The MMOR protein elutes at a salt concentration of 0.27 M NaCl. Fractions containing 

MMOR were pooled together then concentrated to 25 ml using an Amicon stirred cell equipped 

with a 10 kDa filter. Next, a Sephadex G-75 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 G-75 column and a peristaltic pump was used to deliver the elution buffer 
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(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 200 µl using a 10 MWCO centrifugal filter. Purity of the final protein solution was 

assessed by SDS-PAGE. The extinction coefficients for MMOR and sMMOH are 18.6 mM-1cm-1 

at 458 nm and 539 mM-1cm-1 at 280 nm, respectively. 

4.3.2 Mutation of the MMOB Gene. 

A Thermo Scientific Phusion Site Directed Mutagenesis Kit was used to introduce the point 

mutation W77F in the pT7-7-derived plasmid pBWJ400 containing the wild type M. trichosporium 

OB3b MMOB gene.71 Additionally, a variant of pBWJ400 containing a K15C point mutation was 

used in this study.131 Primers listed in Table 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 

PBWJ400 K15C 

5’-GCCGGCATCATGCAGTGCACCGGCAAGGCCTTC- 3’ 

5’-GAAGGCCTTGCCGGTGCACTGCATGATGCCGGC- 3’ 

PBWJ400 W77F 

5’-GGCTTCTGGTTTATCAAGGCCG-3’ 

5’-CGCCTTGTCCTCGACGAC-3’ 

 

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 coli BL21(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 defined medium which 

included 5-fluoroindole.253, 254 In the absence of the amino acid tryptophan, 5-fluoroindole is 

biosynthetically transformed into 5-fluorotryptophan by E. coli. IPTG (1 mM final concentration) 

was added to the defined medium and the BL21(DE3) E. coli cells were allowed to overexpress for 

20 hours at 20 ºC. The cells were then centrifuged at 3800 rpm for 25 minutes and the supernatant 

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 buffer per gram of cell paste was added to resuspend 

the cells. The resuspended cells where then sonicated for 5 minutes in 1-minute intervals. The 

sonicated solution was centrifuged for 30 minutes at 19,000 rpm. While the heterologous 

expression of unlabeled MMOB in Luria Broth media leads to the predominant presence of MMOB 

in inclusion bodies, the expression of 19F-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 equilibrated with 25 mM Tris pH 8 at 4 ºC. 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 by SDS-PAGE gel to verify the presence of MMOB. 

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 ºC. The concentrated solution was loaded 

onto a G75 Sephadex size exclusion column equilibrated with 25 mM MOPS pH 7 at 4 ºC. Fractions 

were assessed by UV/Vis spectroscopy and SDS-PAGE 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 200 µl using a 10 MWCO centrifugal filter. Purity of the final protein solution was 

assessed by SDS-PAGE. The extinction coefficient used to determine the final concentration of the 

5FW-MMOB is 23.2 mM-1cm-1 at 280 nm.  Unmodified MMOB has an extinction of 20.8 mM-1cm-

1 at 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 pACYC-isc vector with a chloramphenicol 

resistance cassette. 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 included 5-fluoroindole.253 IPTG (1 mM final 

concentration) was added to the defined medium and the BL21(DE3) E. coli cells were allowed to 

overexpress for 20 hours at 20 ºC. Cell paste was resuspended in 25 mM Trizma pH 8 (5 ml/g of 

cell paste) followed by sonication to rupture the cells (1/2 inch disrupter horn, 80% power output, 

80% duty cycle). The sonicated cell solution was centrifuged at 43,000 x g for 30 minutes at 4 °C. 

The supernatant was loaded onto a Q-Sepharose fast flow column equilibrated with 25 mM Trizma 

buffer pH 8 containing 5 mM thioglycolic acid at 4 °C. The Q-Sepharose fast flow column was 

washed with 25 mM Trizma buffer pH 8 containing 5 mM thioglycolic acid and 0.2 M NaCl at 4 

°C. Fractions containing MMOR were pooled and then concentrated to 25 ml using an Amicon 

stirred cell equipped with a 10 kDa filter. Next, a Sephadex G-75 size 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 Sephadex G-75 column 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 stirred cell equipped with a 10 

kDa filter then further concentrated to 200 µl using a 10 MWCO centrifugal filter. Purity of the 

final protein solution was assessed by SDS-PAGE.  Wild type MMOB containing both Trp residues 

converted to 5FW is termed 5FW-MMOB. The labeled MMOB from the W77F variant is termed 

W77F-5FW-MMOB. The K15C-5FW-MMOB variant containing two 5FW residues is additionally 

labeled by modifying the new Cys residue as described below.  

4.3.5 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 protocols.250, 255, 

256 100 µM of purified K15C-5FW-MMOB, 1 mM TCEP, and 400 µM 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 ºC. The solution was then passed through a PD-10 column to remove excess TCEP and 

BTFA. The PD-10 eluent containing BTFA-K15C-5FW-MMOB or MMOR was added to an 

Amicon Ultra-15 10K MWCO centrifugal filter and centrifuged for 15 minutes at 4700 rpm. 

Quantification of free sulfhydryl groups after BTFA modification using Ellman's reagent (5,5'-

dithio-bis-[2-nitrobenzoic acid]) showed that >90% of the Cys was labeled.  

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 crystallize the sMMOH:5FW-MMOB 

complex. 1.5 µl of protein solution (60 µM sMMOH, 120 µM 5FW-MMOB in 100 mM MOPS pH 

7 was mixed with 1.5 µl of the well solution (20% PEG3350 and 0.2 M sodium phosphate dibasic 

pH 8). The well solution volume was 500 µl. Bipyramidal crystals started to grow within two days 

and had an average size of about 100 µm. 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 nitrogen. The structure was solved using diffraction data collected at 

the Advanced Photon Source (Argonne National Laboratory, Lemont, IL) on Beamline 24-ID-C 

and 24-ID-E using a wavelength of 0.979 Å at 100 K. A total of 675 frames were collected with an 

oscillation step of 0.2º.  The data was processed and structure refined as previously described.245 

The sitting-drop vapor diffusion method was used to crystallize the sMMOH:BTFA-K15C-

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

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

crushed with a glass rod and then transferred to a seed bead tube containing 30 µl of well 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, 1.5 µl of protein solution (60 µM sMMOH, 120 µM BTFA-K15C-5FW-

MMOB in 100 mM MOPS pH 7.0 was mixed with 1.5 µl of the well solution (21% PEG3350 and 

0.2 M sodium phosphate dibasic pH 6.8). The well solution volume was 500 µl.  Bipyramidal 

crystals started to grow within four days. The crystal harvesting, data collection and structure 

determination were done as described above for the sMMOH:5FW-MMOB complex.   

4.3.7 Preparation of NMR samples. 

All NMR experiments were performed in 100 mM MOPS buffer, pH 7, containing 10% D2O and 

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 sMMOH reduction experiments were made anaerobic on a Schlenk line using argon gas. The 

procedure for reducing sMMOH is described elsewhere.34 The NMR tubes were capped with a 

rubber septa and parafilm was applied around the rubber septa and NMR tube to prevent O2 from 

entering.  

The binding constants for MMOB binding to diferric and diferrous sMMOH were 

determined by direct 19F-NMR monitored titration. Aliquots of diferric or diferrous (anaerobic) 
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sMMOH were added to a constant concentration (5 M) 19F-labeled MMOB in 100 mM MOPS 

buffer pH 7 at 25 °C while maintaining a constant overall volume in an NMR tube. The intensities 

of resonances from free 19F-labeled MMOB decrease as sMMOH is added. The change in intensity 

was divided by the overall change in intensity at saturation to determine a fraction for the complex 

formed.  The sMMOH added contains a fraction (~30%) that cannot bind MMOB,76 but remains as 

a contribution to the free sMMOH during the titration. This fraction complicates the direct fitting 

of the data to a binding isotherm. Also, the low KD in the case of diferric sMMOH (~80 nM, see 

Results) is 60-fold below the accessible concentration for NMR detection (~5 M), further limiting 

the ability to directly fit the data. As a result, the observed titration is compared to computed curves 

for given KD values using Equations 4.1, 4.2, and 4.3 where free [H] is the total concentration of 

sMMOH sites not bound to MMOB, H’Tot is the total concentration of sMMOH sites added that 

can potentially bind MMOB (~70% of the total sMMOH), HInactive is the total concentration of 

sMMOH that cannot bind MMOB, BTot is the total concentration of MMOB, [H’B] is the 

concentration of the sMMOH:MMOB complex and KD is the trial dissociation constant for the 

sMMOH:MMOB complex. The equivalent formulas were used to simulate the titration of labeled 

MMOR with sMMOH.  

[H′B] =
HTot
′ + BTot + 𝐾D−√(HTot

′ + BTot + 𝐾D)
2−4(HTot

′ • BTot)

2
     Eq.4.1 

            Free [H] = (HTot
′ − [H′B]) + HInactive

     Eq.4.2 

             Fraction bound =  
[H′B]

BTot
     Eq.4.3 

 

The fraction of active sMMOH that can bind MMOB was determined for each experiment 

based on the amount of intermediate Q formed in a single turnover stopped-flow experiment. The 

intermediate Q to bound MMOB ratio has been established by Mössbauer spectroscopy.76, 198 
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The KD value for MMOR binding to sMMOH was determined by competition with 

MMOB. The approximately stoichiometric 19F-labeled MMOB (12 M) complex with sMMOH 

(18 M sites of which ~ 12.6 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 intensity of the starting 

complex and free MMOB. The resulting curve was fit by non-linear regression to a regular 

hyperbola. The half saturation MMOR concentration value and the KD values for the diferric or 

diferrous sMMOH:labeled-MMOB complexes were used with the online calculator BotDB to 

determine the KD for MMOR binding to sMMOH.257, 258   

4.3.8 19F-NMR spectroscopy. 

Acquisition of spectra was performed using a Bruker 600-MHz Avance NEO equipped with a 5-

mm triple resonance cryoprobe. Routine 1D-19F-NMR spectrum were acquired utilizing the zg 

pulse program (Bruker TOPSPIN Version 4.0.3). Acquisition parameters for most of the NMR 

experiments were: spectrometer 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. Processing consisted of the 

following steps: i.) import data, ii.) automatic phase correction followed by manual 0 and 1st order 

corrections, iii.) baseline correction along f1 using either polynomial fit or splines methodology, 

and iv.) line broadening of 30 to 90 Hz using an exponential function. 

Chemical exchange saturation transfer (CEST) experiments were acquired by first 

obtaining a 1D 19F-NMR spectrum of the sample. Next, the frequency values to be irradiated in the 

CEST experiment were chosen using the acquired 1D spectrum and saved as separate irradiation 

frequency lists containing three frequencies each. All irradiation frequency lists created contained 

at least one off-resonance frequency as a control. The stddiff pulse program was used to collect 
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CEST data and the acquisition 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 channel- shaped 

pulse for saturation = 50 dB, File name for SP9 = Gaus1.1000, number of irradiation frequencies = 

3, and number of FIDs = 3.  

4.3.9 Stopped-Flow Experiments. 

An Applied Photophysics stopped-flow spectrophotometer model SX.18MV with a SX Pro-data 

upgrade was used to rapidly mix anaerobic 110 M (active sites), stoichiometrically-reduced 

sMMOH in 50 mM MOPS buffer, pH 6.9 with a stoichiometric (vs active sites) concentration of 

either 5FW-MMOB or BTFA-K15C-5FW-MMOB in the same buffer containing 1.8 mM O2. 

Procedures for stoichiometric sMMOH reduction sMMOH have been previously described.34, 76 

The reaction was monitored using a diode array detector at 16 wavelengths between 330 and 700 

nm. The entire data set was fit by global analysis using Applied Photophysics Pro-K software to a 

three irreversible step model: intermediates P* → P → Q → Diferric sMMOH as previously 

described.76 The pseudo-first order conditions and first order irreversible steps allow use of a global 

multiple summed-exponential fitting equation where the reciprocal relaxation times give the rate 

constants of the individual steps. While the intermediates absorb throughout the spectral region 

monitored, absorbance at 700 nm and 430 nm are most definitive for intermediates P and Q, 

respectively. 

4.4  Results 

4.4.1 19F-Labeling of MMOB. 

Past studies designed to characterize the sMMOH:MMOB 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 MMOB.63, 64, 129, 131, 142, 144 However, the sensitivity and 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 essential.65, 71 Inspection 

of the X-ray crystal structure of the Mt 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 interface.70, 245 Replacement of these two Trp residues with 5-

fluorotryptophan by growth of the MMOB overexpression strain on media containing 5-

fluoroindole provides a sensitive 19F-NMR probe that results in two well dispersed resonances 

which is consistent with a folded protein (Figure 4-1,inset).247 The 5FW resonances were assigned 

to specific Trp residues by mutating W77 to Phe as shown in Figure 4-2. 
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Figure 4-1 One dimensional 19F-NMR spectra of 19F-labeled MMOB.  

Main panel: Spectrum of BTFA-K15C-5FW-MMOB. The spectral 

regions for the resonances from the BTFA and 5FW labels are 

marked. Inset:  Spectrum of 5FW-MMOB not containing the K15C 

mutation. 100 mM MOPS, pH 7, 25 °C 

Figure 4-2 5-Fluorotryptophan resonance assignment.  

Protein mutagenesis and overexpression of 5FW-W77F-MMOB 

allowed a definitive assignment of the 5FW resonances. 100 mM 

MOPS, pH 7, 25 °C. Spectrometer acquisition settings were: 

number of scans = 1520, acquisition = 0.05 s, and relaxation delay 

= 0.9 s. 
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A second objective of this study was to determine whether the core region of MMOB, 

which includes W76 and W77, responds differently than the N-terminal tail region to changes in 

sMMOH diiron cluster redox state or to the binding of MMOR to the complex. To address these 

questions, a BTFA fluorine probe was introduced in the N-terminal region by 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 labeling.131, 245 Post translational modification of the K15C-5FW-MMOB with 

BTFA was confirmed by 1D-19F-NMR (Figure 4-1 One dimensional 19F-NMR spectra of 19F-labeled 

MMOB.  

Main panel: Spectrum of BTFA-K15C-5FW-MMOB. The spectral regions for the 

resonances from the BTFA and 5FW labels are marked. Inset:  Spectrum of 5FW-MMOB not 

containing the K15C mutation. 100 mM MOPS, pH 7, 25 °C). The BTFA resonance at -85.4 ppm 

is more intense than the resonances from the labeled Trp residues because of the three 19F atoms in 

the probe and its increased mobility, leading to a narrow linewidth. It is important to note that the 

5FW resonances upfield of the K15C-BTFA resonance are unchanged (compare Figure 4-1 and 

Figure 4-1, inset and 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 BTFA-K15C-5FW-MMOB allowed efficient turnover of methane by the 

reconstituted sMMO system (Figure 4-3 Steady state kinetics of the 19F labeled MMOB variants 

An oxygen electrode was used to monitor the velocity of O2 consumption for the reaction of 0.4 

M sMMOH (active sites), 1.2 M MMOR and the indicated concentration of either MMOB (black 

squares) or 5FW-MMOB (red circles) or 5FW-BTFA-K15C-MMOB (green triangles). The other 

reaction components were 200 M methane, 250 M O2, 400 M NADH in 25 mM MOPS buffer 

pH 7.5 at 23 °C. Past studies have shown that the velocity maximizes at approximately 

stoichiometric sMMOH-MMOB complex formation and then declines.). Past observations have 

shown that the initial velocity 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.33 This result was interpreted to indicate that a complex of one MMOB with each -

subunit of sMMOH is necessary for rapid turnover. Moreover, this complex apparently forms 

nearly stoichiometrically, even at sub-micromolar concentrations of the components used in the 
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experiment. The same concentration dependence is observed when 5FW-MMOB is used in place 

of wild-type MMOB (Figure 4-3 Steady state kinetics of the 19F labeled MMOB variants 

An oxygen electrode was used to monitor the velocity of O2 consumption for the reaction of 0.4 

M sMMOH (active sites), 1.2 M MMOR and the indicated concentration of either MMOB (black 

squares) or 5FW-MMOB (red circles) or 5FW-BTFA-K15C-MMOB (green triangles). The other 

reaction components were 200 M methane, 250 M O2, 400 M NADH in 25 mM MOPS buffer 

pH 7.5 at 23 °C. Past studies have shown that the velocity maximizes at approximately 

stoichiometric sMMOH-MMOB complex formation and then declines.). However, when BTFA-

K15C-5FW-MMOB is used, an approximate 2-fold 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 MMOBs, suggesting that the fluorine labeling does not 

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

 

 

Figure 4-3 Steady state kinetics of the 19F labeled MMOB variants 

An oxygen electrode was used to monitor the velocity of O2 consumption for 

the reaction of 0.4 M sMMOH (active sites), 1.2 M MMOR and the indicated 

concentration of either MMOB (black squares) or 5FW-MMOB (red circles) 

or 5FW-BTFA-K15C-MMOB (green triangles). The other reaction 

components were 200 M methane, 250 M O2, 400 M NADH in 25 mM 

MOPS buffer pH 7.5 at 23 °C. Past studies have shown that the velocity 

maximizes at approximately stoichiometric sMMOH-MMOB complex 
formation and then declines. 
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The potential for perturbation of the individual steps in the sMMO reaction cycle kinetics was 

evaluated by conducting single-turnover transient kinetics studies. Anaerobic, stoichiometrically 

reduced sMMOH was rapidly mixed with either MMOB, 5FW-MMOB, or BTFA-K15C-5FW-

MMOB in a buffer containing a large excess of O2 using a stopped-flow device (see Experimental 

Procedures). These pseudo-first order conditions allowed the rate constants for formation and decay 

of the intermediates to be obtained by multiple-summed exponential fitting of the time courses 

(Figure 4-4 Transient kinetics of the sMMO reaction cycle using 19F-labeled MMOB. 

Anaerobic stoichiometrically reduced sMMOH (110 M sites) was mixed in a 1:1 active 

site ratio with 19F-labeled MMOB in O2 saturated (~1.8 mM) 50 mM MOPS buffer, pH 6.9 at 4 °C 

using a stopped-flow device. The time courses at 430 nm (blue, where intermediate Q absorbs 

strongly) and 700 nm (red, where intermediate P and Q both absorb weakly) were fit using 

nonlinear regression to a 3-summed exponential equation (white dashed lines). A: 5FW-MMOB. 

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

Table 4-2).68, 74, 76 The rate constants for P* to P, P to Q and Q decay steps in the reaction 

cycles when using wild type MMOB and 5FW-MMOB showed either no or minor perturbation. 

Use of the BTFA-K15C-5FW-MMOB caused decreases in the rate constants for the P* to P and P 

to Q steps, while leaving the Q decay step unchanged. However, this 19F-labeled MMOB remained 

highly functional as a reaction cycle regulator. 

 

Figure 4-4 Transient kinetics of the sMMO reaction cycle using 19F-labeled MMOB. 

Anaerobic stoichiometrically reduced sMMOH (110 M sites) was mixed in a 1:1 active 

site ratio with 19F-labeled MMOB in O2 saturated (~1.8 mM) 50 mM MOPS buffer, pH 6.9 

at 4 °C using a stopped-flow device. The time courses at 430 nm (blue, where intermediate 

Q absorbs strongly) and 700 nm (red, where intermediate P and Q both absorb weakly) 

were fit using nonlinear regression to a 3-summed exponential equation (white dashed 

lines). A: 5FW-MMOB. B: BTFA-K15C-5FW-MMOB. The rate constants derived from 

the fits are reported in Table 4-2. 
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Table 4-2 Rate Constants or Single Turnover Reactions 

 MMOB species utilized in reaction 

Rate constants (s-1) MMOB 5FW-MMOB BTFA-K15C-5FW-MMOB 

kP formation 6.6  ± 0.6 5.9 ± 0.6 2.6 ± 0.8 

kP decay/Q formation 2.4 ± 0.3 1.4 ± 0.3 0.5 ± 0.1 

kQ decay 0.04 ± 0.01 0.04 ± 0.01   0.04 ± 0.01 

 

4.4.3 Molecular Structures of the sMMOH:5FW-MMOB and sMMOH:BTFA-K15C-

5FW-MMOB Complexes. 

To assess whether incorporation of 5FW or BTFA into MMOB perturbs the structure of the 

sMMOH:MMOB complex, we crystallized both the sMMOH:5FW-MMOB and sMMOH:BTFA-

K15C-5FW-MMOB complexes and obtained crystals structures solved at 2.08 Å (PDBID:7M8Q)  

and 2.22 Å (PDBID:7M8R), respectively (Table 4-3). In both crystals, the native (αβγ)2 sMMOH 

and two bound MMOBs occupy the asymmetric unit. The structures show that the sidechain of 

5FW77 points towards the sMMOH interface while the sidechain of 5FW76 points away (Figure 

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 sMMOH complex with unlabeled MMOB. Structural 

alignment of the protein backbones of 7M8Q or 7M8R with that of the sMMOH:MMOB complex 

(PDBID: 6VK5) yields RMSD values of 0.097 Å and 0.149 Å, 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 here.245 It is important to note that conservation of structure upon 

substitution of 5FW for tryptophan has been commonly observed in other proteins.249, 259-261 

To the best of our knowledge, the X-ray crystal structure of sMMOH:BTFA-K15C-5FW-

MMOB is the first to show BTFA in a protein-protein complex. The K15C-BTFA probe is located 
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on the N-terminal tail of MMOB and is solvent exposed (Figure 4-6A and B) A polar contact 

between MMOB residues K15 and E23 is lost as a result of the mutation to cysteine and addition 

of the BTFA probe. Comparison of the two MMOBs in the asymmetric unit reveals different 

rotomeric conformations of the BTFA probe (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. 

 

 

 

Figure 4-5 Structure of fluorine-labeled positions in sMMOH:5FW-MMOB 

and sMMOH:BTFA-K15C-5FW-MMOB. 

 A: Structure of the sMMOH:5FW-MMOB complex (PDB: 7M8Q) showing the 

interface region containing 5FW76 and 5FW77. 5FW77 is buried in the interface 

whereas 5FW76 is partially solvent exposed. B: Detailed view of the interface 

region with 2Fo-2Fc electron density contoured at 1. Overlaid on the atomic 

model 



 163 

 

 

 

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 5FW 19F-labels. B: Detailed 

view of the BTFA probe with 2Fo-2Fc electron density contoured at 1 overlaid on the atomic 

model C: Superimposed views of the BTFA probe in the two labeled MMOBs present in the 

asymmetric unit (Chains D and H) revealing different rotomeric conformations. D: Superposition 

of structures of sMMOH: MMOB (PDB:6VK5) and sMMOH:BTFA-K15C-5FW-MMOB 

showing relative size of BTFA-K15C and the native 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 P212121 P212121 

Unit cell (a,b,c in Å) 102.493 105.623 

299.704  

102.39 105.47 298.18  

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/σI 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) 

CC1/2 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 non-H atoms 21830 21601 

  macromolecules 19477 19556 

  ligands 71 189 

  solvent 2282 1856 

Protein residues 2418 2416 

RMS(bonds in Å) 0.005 0.005 

RMS(angles in ˚) 0.5 0.63 

Ramachandran favored (%) 97.57 97.24 

Ramachandran allowed (%) 2.34 2.72 

Ramachandran outliers (%) 0.08 0.00 

Average B-factor 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 19F-Labeled MMOB with Diferric or Diferrous sMMOH. 

One-dimensional 19F-NMR experiments were performed to investigate the interaction between 

oxidized or reduced sMMOH and 19F-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 reduced sMMOH. Additionally, new resonances emerge in the 19F-spectra. 

Specifically, when diferric sMMOH is added two sharp resonances emerge downfield of the 

resonance from unbound BTFA-K15C and one broad resonance emerges downfield of the 

resonances from unbound 5FW (Figure 4-7A). Addition of diferrous sMMOH also elicits two 

sharp resonances downfield of the resonance from unbound BTFA-K15C, but they occur at 

different frequencies than observed after addition of diferric sMMOH (Figure 4-7B) 

 

Figure 4-7 One dimensional 19F NMR spectra of sMMOH 

complexed with BTFA-K15C-5FW MMOB. 

Panel A: On the left is the spectral region where the BTFA signals 

are located and on the right is where the 5FW signals are located. 

New resonances at -84.5 ppm, -85.1 ppm and -121.5 ppm are 

labeled in addition to the resonances from a small fraction of 

residual unbound MMOB. Panel B: Effect of the oxidation state 

of sMMOH on the spectrum of the BTFA-labeled MMOB in the 

sMMOH:BTFA-K15C-5FW MMOB complex. 100 mM MOPS, pH 

7, 25 °C 
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4.4.5 Resonance Assignment of the 275 kDa sMMOH:MMOB Complex. 

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

using 19F-Chemical Exchange Saturation Transfer (19F-CEST).262-265 In this experiment, weak 

selective Gaussian pulses are applied in small steps across the regions of interest in the 19F-NMR 

spectra of a sample containing sMMOH and BTFA-K15C-5FW-MMOB. This pulse is then 

followed by a hard non-selective 90° pulse. If the weak Gaussian pulse is applied 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 directly on 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 in Figure 4-8A, when the weak Gaussian pulses are applied to the spectral region 

downfield of the resonance at -85.4 ppm from BTFA on the unbound MMOB N-terminal tail, the 

intensities decrease for the -85.4 ppm resonance and both of the downfield resonances. A 

complementary result is found when monitoring the intensity of the downfield resonances after the 

weak pulse is applied to the -85.4 ppm resonance (Figure 4-8B and C).  These results shows that -

85.4 ppm and downfield resonances are due to bound and free 19F-labeled MMOB in chemical 

exchange and supports the conclusion that the downfield resonances arise from the 

sMMOH:BTFA-K15C-5FW MMOB complex. Moreover, because both downfield resonances 

decrease upon irradiation at -85.4 ppm or when the weak pulse is applied to 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 MMOB core region was similarly 

probed (Figure 4-8, right). The results support the assignment of the broad -121.5 ppm resonance 

as arising from the sMMOH:BTFA-K15C-5FW MMOB complex. However, when the weak pulse 
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was applied at -121.5 ppm, only the 5FW77 signal intensity at -126.6 ppm was observed to decrease 

(Figure 4-8D and E). The complementary result was observed when the -126.6 ppm resonance was 

irradiated (Figure 4-8F). Thus, it appears that the -121.6 ppm resonance reports on the chemical 

environment of 5FW77 while bound to sMMOH, in accord with its placement in the sMMOH-

MMOB interface revealed by the structure (Figure 4-5A and B). This result is confirmed by the 

lack of a resonance at -121.5 ppm from the sMMOH:5FW-W77F-MMOB complex. 
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Figure 4-8. 19F-NMR Chemical exchange saturation transfer (19F-NMR CEST) 

of sMMOH:BTFA-K15C-5FW MMOB complex. 

A selective Gaussian pulse was applied to the 19F spectra at locations indicated by 

purple boxes. The black line indicates the loss of intensity of the resonances indicated 

by the labeled frequency and red arrow. If slow exchange is occurring between bound 

and free states, the black line should mirror the spectrum shown in red. A-C: BTFA 

spectral region. D-F: 5FW spectral region. 
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4.4.6 5FW-Labeled MMOR. 

The primary structure of OB3b MMOR contains one tryptophan residue. MMOR was labeled with 

5FW in the same manner as MMOB. The 1D 19F-NMR spectrum of heterologously expressed 5FW-

MMOR is shown in Figure 4-9A. Two resonances of quite different intensity, 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 that there is a single form of the enzyme, but two conformations 

exist in slow exchange. To test this hypothesis, a CEST experiment was performed (Figure 4-10). 

It was observed 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 19F-labeled MMOB shown in Figure 4-8. Consequently, it seems likely that there are major 

and minor forms of the enzyme that do not interconvert on the NMR timescale. 

Addition of stoichiometric sMMOH (active sites) resulted in elimination 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 formation of a tight sMMOH:MMOR complex. Titration 

of 5FW-MMOR with sMMOH gives a linear decrease in the -125.1 ppm resonance demonstrating 

high affinity. The concentration of 5FW-MMOR required for reasonable S/N ( 20 M) is too high 

for accurate determination of the KD value for this tight complex. Another approach to 

determination of this KD 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 labels and a 19F-

NMR spectrum that was too complex to allow definitive studies. 
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Figure 4-10 5FW-MMOR CEST 

 Panel A shows the 1D 19F NMR 

CEST spectrum when a Gaussian 

pulse is applied to a region of the 

spectrum away from the 5FW-

MMOR resonances. Panel B shows 

the effects when irradiated at -125.1 

ppm. Panel C shows the effects 

when irradiated at -126.1 ppm. The 

arrow indicates the frequency of the 

Gaussian pulse used. 

Figure 4-9 19F-NMR spectra of 

5FW-MMOR 

A: Spectrum of 20 M 5FW-

MMOR in the absence of sMMOH 

(5000 scans). B: Spectrum of 20 

M 5FW-MMOR (red, 512 scans) 

after adding the ratio of sMMOH 

(active sites) shown. The minor -

126.1 ppm feature is not resolved 

due to the decreased number of 

scans, but in other experiments was 

found to also disappear after 

addition of stoichiometric 

sMMOH.  



 171 

 

4.4.7 Binding Affinity of sMMOH for 19F-Labeled MMOB  

The relatively sharp and intense resonances from the relative low molecular weight 5FW-

MMOB and BTFA-K15C-5FW MMOB allows quantification of a titration with sMMOH (an 

example is shown in Figure 4-11. The affinity for sMMOH is very high, and thus, the minimum 

concentration of 19F-labeled MMOB with acceptable S/N is higher than optimal for a precise KD 

determination. Nevertheless, the titration plots allow boundaries to be set for KD values for both 

diferric and diferrous sMMOH as shown in Figure 4-12. The dashed curves shown in Figure 4-12 

are not fits of the data, but rather computed binding isotherms under the assumption that 70 % of 

the sMMOH is capable of binding to the 19F-labeled MMOB (see below and Experimental 

Procedures). The good match between the computed curve and the titration of 5FW-MMOB 

suggests a KD value of roughly 80 nM for both diferric and diferrous sMMOH (Figure 4-12A). The 

relatively intense -85.4 ppm resonance of BTFA allows a more accurate titration of BTFA-K15C-

5FW MMOB by sMMOH.  BTFA-K15C-5FW MMOB show a high affinity (KD ~ 80 nM) for 

diferric sMMOH, but a 10-fold lower (KD ~ 800 nM) affinity for diferrous sMMOH (Figure 4-12 

B). Similar values are obtained from analysis of the titrations monitored using the resonances from 

the 5FW labels in BTFA-K15C-5FW MMOB. 

The high affinity of diferric sMMOH for BTFA-K15C-5FW MMOB allows a check on the 

proposal that there is a fraction of sMMOH that cannot bind MMOB. As shown in Figure 4-13) 

the titration of 19F-labeled MMOB with sMMOH at an MMOB concentration over 1000-fold above 

the 80 nM KD value results in the expected linear dependence on total sMMOH. However, complete 

saturation of the complex requires an excess of sMMOH consistent with the presence of a 30-40 % 

fraction that cannot bind the regulatory protein. 
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Figure 4-11 Typical titration of BTFA-K15C-5FW MMOB with sMMOH. 

 BTFA-K15C-5FW MMOB (5 M, red spectrum) was progressively titrated 

with sMMOH (gray spectra) to a final concentration of 50 M (active site 

concentration, blue spectrum). The BTFA spectral region is shown. A: diferric 

sMMOH, B: diferrous sMMOH. 
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Figure 4-12 Plot of fraction of sMMOH 

bound versus concentration of free 

sMMOH. 

Data such as that shown in Figure 4-11 

were normalized using an internal TFA 

standard and a fraction bound determined 

using the spectra of free 19F-labeled 

MMOB and that of nearly fully bound 19F-

labeled MMOB after additon of 50 M 

sMMOH (sites). The fraction bound times 

the concentration of 19F-labeled MMOB 

present subtracted from the sMMOH 

added yields the concentration of free 

sMMOH. The free concentration shown 

includes the portion of sMMOH which 

cannot bind MMOB. The dashed curves 

are computed assuming that 70% of the 

sMMOH can bind MMOB and for the KD 

values shown for 100 mM MOPS, pH 7, 25 

°C. 
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Figure 4-13 19F-NMR titration of 5FW-MMOB with sMMOHox at high concentrations. 

5FW-MMOB (100 M) was titrated with sMMOH at the concentrations shown (◼, active 

sites). The fraction bound represents the change in the sum of the intensities for the two 19F-

NMR resonances in the 5FW spectral region divided by the sum of the intensities of these 

resonances from unbound 100 M MMOB. The characterization of the sMMOH via stopped-

flow (Q formation) and Mössbauer techniques predicted that 35% of this batch sMMOH would 

not bind MMOB. The observed linear dependence is consistent with the KD value of 80 nM for 

the sMMOH:MMOB complex reported here. However, the dashed line is the computed 

dependence for these conditions. The difference in X-axis intercept reflects the inactive fraction 

of sMMOH (~39%). 100 mM MOPS buffer pH 7, 25 °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 of 5FW-MMOB for diferric and diferrous sMMOH allow 

a nearly complete complex formation when 10 M of each (sites) are mixed in an NMR tube. 

Under these conditions, the -125.5 and -126.6 ppm resonances from the 5FW label of 5FW-MMOB 

are nearly extinguished. Incremental addition of MMOR is found to restore these resonances 

showing that the 5FW-MMOB is displaced by MMOR (Figure 4-14A). As shown in Figure 4-14B, 

a plot of the fraction of the original sMMOH:5FW-MMOB complex dissociated versus MMOR 

added is hyperbolic for both the diferric and diferrous forms of sMMOH:5FW-MMOB. In each 

case, the half dissociation values of 9.1 ± 2.3 and 13.7 ± 3.5 M for the diferric and diferrous forms, 

respectively, are similar to the concentration of MMOB present (12 M total). Computation257, 258 

of the KD values for the diferric and diferrous sMMOH:MMOR complex from this competitive 

titration gives values of KD = 60 ± 16 nM and 90 ± 23 nM, respectively. Thus, MMOR and MMOB 

appear to have a similar KD values for sMMOH in each oxidation state. It is interesting to note that 

for both diferric and diferrous sMMOH: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 added.  Simple addition of MMOR to 5FW-MMOB in the absence of 

sMMOH does not decrease the resonance intensity. 
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Figure 4-14 Titration of the sMMOH:5FW-

MMOB complex with MMOR.  

A: The 19F-NMR resonances of unbound 5FW-
MMOB (green spectrum) appear as MMOR is 

added (grey spectra) to diferric sMMOH:5FW-

MMOB (red spectrum, represents residual 

unbound labeled MMOB under the starting 

conditions). Saturation (blue spectrum) occurs 

without full restoration of the spectrum of unbound 

5FW-MMOB. B: Plot of the fraction of 5FW-

MMOB released from the complex with sMMOH 

versus concentration of MMOR added. The 

fraction of dissociated sMMOH:5FW-MMOB 

complex was determined as the change in intensity 

of the resonance at -126.6 ppm relative to 

maximum possible change in the intensity of this 
resonance. The starting concentration of the 

sMMOH:5FW-MMOB complex was 

approximately 12 M (18 M total sMMOH, 70% 

active).  The dashed lines are hyperbolic fits to the 

data. The half dissociation value is the amount of 

MMOR required for half of the observed 

dissociation reaction to be complete. 100 mM 

MOPS buffer pH 7, 25 °C. 
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4.4.9 MMOR Causes Both the N-terminal Tail and the Core Region of MMOB to 

Dissociate from sMMOH. 

The presence of fluorine 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 in Figure 4-15A and B show that the resonances characteristic of free, 19F-labeled MMOB 

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

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

core (5FW) and N-terminal (BTFA) regions of MMOB from sMMOH. 

 

Figure 4-15 19F-NMR monitored addition of MMOR to 

diferric sMMOH:BTFA-K15C-5FW-MMOB complex. 

Aliquots of MMOR were added to sMMOH:BTFA-K15C-

5FW-MMOB complex (12 M labeled MMOB, 18 M of 70% 

active sMMOH sites) leading to progressive release of labeled 

MMOB. A: BTFA spectral region. B: 5FW spectral region. Red 

spectra: Spectrum under starting conditions listed above 

(mixture of residual unbound labeled MMOB and sMMOH-

labeled MMOB complex, Green spectra: 12 M MMOB alone, 

Blue spectra: after addition of 65 M MMOR. 100 mM MOPS 

buffer pH 7, 25 °C. 
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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 interactions via 19F-NMR. These modifications cause 

minimal steric disruption, making them ideal as probes of protein-protein 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 NMR investigation. Nevertheless, this large particle gives easily 

distinguishable, well-resolved 19F-resonances, particularly in the case of BTFA labeling, that can 

be used for structural interrogation and quantification in the 5 M protein concentration range. 

Large changes in the NMR spectra show that complex formation between sMMOH and 19F-labeled 

MMOB causes structural changes in both the compactly folded core region of MMOB and the N-

terminal region as it transitions from disordered to ordered upon binding. Titration studies show 

that MMOB and MMOR both form tight complexes with sMMOH, but they are competitive with 

each other for a binding site. The approximate component affinities that emerge from these studies 

suggest a new model for electron transfer and regulation in the sMMO system which is discussed 

here. 

4.5.1 Structural Changes that Occur as MMOB binds to sMMOH.  

The appearance of a new resonance at -121.5 ppm upon formation of the sMMOH:19F-labeled-

MMOB complex is shown by mutagenesis 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 environment.266, 267  No new 

resonance is observed from W76 as the complex forms. However, a slight broadening of the 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 the 19F-NMR in probing these types of interactions, and they also 
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correlate with the crystal structures of the complex reported here (Figure 4-5) and in other recent 

studies.245, 268 Importantly, the 5FW-MMOB is found to be comparable to wild type MMOB both 

in steady state and single turnover kinetic studies, so 5FW substitution does not appear to alter 

either the structural or functional aspects of the interaction of sMMOH and MMOB.  

 When both 5FW and BTFA labels are incorporated into MMOB, the same shift in the 

resonance from W77 is observed, so the change in the N-terminal 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 W308-tunnel that we propose is used in the 

transit of O2 and probably also CH4 to the active site of sMMOH.245  Accordingly, O2 binding 

remains fast and non-rate-limiting, and the rate constant for Q decay is not greatly affected by the 

BTFA modification in the N-terminal region. However, the new resonances that appear in the 19F-

NMR spectrum of the sMMOH:5FW-BTFA-K15C-MMOB complex show that 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 solvent exposed and occupies a single orientation, presumably due 

to the K15-E23 hydrogen bond which is lost upon mutation and BTFA labeling. The steady state 

kinetics using the doubly 19F-labeled MMOB are largely unchanged in rate limiting step (likely 

product release), but the single turnover kinetics for the P* to P and P 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 N-terminal region.71 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 MMOB components that 

regulate every aspect of the sMMO reaction cycle. 
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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 components of the sMMO system. These reports are 

summarized in Table 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 components from Mc. 

Bath or Mt. OB3b because many studies have shown that these enzymes are remarkably similar 

structurally and functionally.5, 14, 70, 75, 221, 245, 268 The titration monitored by 19F-NMR described here 

combines the advantages of a sensitive, easily quantified readout of the incorporation of labeled-

MMOB as the complex forms with minimal perturbation of the protein structure.  The latter 

advantage allows the probe to be placed in or near the protein-protein interface where the most 

perturbation in the environment of the probe is likely to occur, particularly in the case of the 5FW 

probes. The results show that the 5FW-MMOB and 5FW-BTFA-K15C-MMOB complexes with 

sMMOH are both very strong, in near perfect agreement with previous measurements made using 

fluorescence techniques and the Mt. OB3b components (Table 4-4).  In contrast, the results show 

the same strong affinity of 5FW-MMOB for diferrous sMMOH, whereas previous results using 

fluorescent probes showed a 30-65 fold decrease in affinity (or a 3-fold increase in affinity in the 

case of the Mc. Bath components144). The similarity of the steady state and transient kinetic 

behavior of 5FW-MMOB and wild type MMOB suggests that the latter would also show little 

change in affinity for diferrous sMMOH. The 5FW-BTFA-K15C-MMOB exhibits 10-fold weaker 

affinity for diferrous sMMOH. The higher apparent KD 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 the studies reporting KD 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 reported KD values may reflect changes in binding 
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affinity and/or alterations in the protein-protein interface similar to those reported here for the 

MMOB-K15C-BTFA probe. 
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Table 4-4 Reported KD Values for sMMO Component Complexes at pH 7  

Method Organism sMMOHox-

MMOB 

sMMOHred- 

MMOB 

sMMOHox- 

MMOR 

sMMOHred- 

MMOR 

Reference 

  nM  

ITC Mc. Bath 3000  900  142 

Fluorescence 

Anisotropy 

IEDANSb 

Mc. Bath 550 170 8000c  64, 144 

Fluorescence 

Tryptophan  

Mt. OB3b 67a  10  63 

Fluorescence 

BADANd  

Mt. OB3b 68e 4500e   129 

Fluorescence 

BADANd  

Mt. OB3b 68 

159e 

2200 

4500e 

  131 

19F-NMR Mt. OB3b 80f 

80g 

80f 

800g 

60c,f 90c,f This work 

 
aFit to a thermodynamic cycle 

bIEDANS label on D35C-MMOB from Mc. Bath 

cMMOB present in solution but displaced by MMOR 

dBADAN label on A62C-MMOB from Mt. OB3b 

epH 7.4 

f5FW-MMOB 

g5FW-BTFA-K15C-MMOB 
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One conflict between the past and current results is the observation that the redox potential 

of sMMOH decreases substantially when complexed with MMOB.143, 145  If the free energy of 

binding is coupled with the redox potential shift, as it should be for thermodynamic states, the 

observed decrease of 132 mV in potential of a two electron reduction would indicate an increase in 

KD 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 under the conditions 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 reductants, co-crystals of sMMOH:MMOB require up to 12 hours 

of incubation. 245, 268  Consequently, the 1-1.5 hour time at 4 °C allowed for equilibration in 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 electron transfer occurs from MMOR (see 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:5FW-MMOB complex results in 

the release of MMOB as observed by the return of the 19F-NMR spectrum of unbound labeled-

MMOB. The amount of MMOR required to cause half of the 5FW-MMOB to dissociate in both 

titrations is approximately equal to the amount of 5FW-MMOB present, showing that 5FW-

MMOB and MMOR have similar KD values for formation of the complex with sMMOH. The 

similar kinetic behavior of 5FW-MMOB and MMOB itself imply that MMOB and MMOR also 

have similar KD 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 once sMMOH is reduced and binds O2 in 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 intermediate Q during turnover, which would 

diminish or eliminate product yield. The previously proposed models for regulation, product 

release, and electron transfer shown in Scheme 4-2 invoke transit through discrete fully occupied 

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 the N-terminal region bound.  Both 

of these models are made less likely by the current results which show that: (i) both the core and 

N-terminal regions of 19F-labeled MMOB are completely displaced by a large excess of MMOR, 

(ii) labeled-MMOB and MMOR have similar KD values for sMMOH implying an equilibrium state, 

and (iii) the KD values for labeled MMOB and MMOR do not change appreciably with the oxidation 

state of sMMOH. The results support the new model shown in Scheme 4-3 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 in the cell, which favors MMOB by 20-fold.33 Nevertheless, in the new model 

the reaction is pulled forward by effectively irreversible reactions that occur when a specific 

complex is formed (bold red arrows in Scheme 4-3). Dissociation of a small fraction of the 

sMMOHox:MMOB complex at the end of turnover would allow product release through the pore 

normally covered by bound MMOB. Subsequent binding of reduced MMOR would lead to rapid 

reduction (96 s-1 in the equivalent Mc Bath complex142) and formation of sMMOHred: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 

sMMOHred:MMOR complex, allowing MMOB to bind. The diferrous sMMOH:MMOB complex 

would very rapidly bind O2 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 reaction cycle after O2 binds. 

However, only the sMMOHred:MMOB complex can bind O2 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(III) and (IV) intermediates P, Q, and R. Alternatively, the 

kinetics of flux through the reaction cycle may not allow significant dissociation of MMOB from 

the intermediates. Transient kinetic measurements of 5 M BADAN-A62C-MMOB binding to 

sMMOH revealed a pseudo first order association rate constant at 4 °C of 400 s-1 and a dissociation 

rate constant of 2.4 s-1.131 These values are in reasonable accord with the 19F-NMR spectrum 

presented here which shows a 5 ppm shift of the resonance from 5FW-MMOB as the complex with 

sMMOH forms.  For a Larmor frequency of 565 MHz for 19F, these values, and the lack of 

resonance broadening during titration, require that the exchange rate constant of 5FW-MMOB in 

and out of the sMMOH:5FW-MMOB complex (kon + koff) be very slow relative to 17,750 s-1 (5 

ppm x 2 x 565 MHz).  In a single turnover with a typical assay concentration of 100 M CH4 

present, the reaction cycle prior to product release is rate-limited by Q formation at 2.4 s-1 (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 protect Q 

from reduction by MMOR. 
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4.6 Conclusion 

A pervasive theme in oxygenase mechanistic studies is the requirement to carefully control the 

hyper-reactive intermediates that are generated to enable transfer of an oxygen atom into a stable 

substrate bond.  The ultimate test of this principle is the reaction of the diiron(IV) intermediate Q 

of sMMO with the stable C-H bond of methane. The process of Q formation requires initial input 

of two electron to activate O2, but 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 remarkable machine 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 5FW 

allows the investigation of the MMOB interaction with sMMOH using 19F-NMR in a manner that 

does not require perturbation of the interface. The frequent placement of Trp residues in 

Scheme 4-3 New Model for Regulation of Electron Transfer and Substrate Binding. 

The cycle begins (upper left) and ends (lower right in the product complex (intermediate T 

in Scheme 4-1). Bold red arrows represent irreversible steps that pull the reaction cycle 
forward. Hox = diferric  sMMOH, Hred = diferrous sMMOHred, B = MMOB, Rox = fully 

oxidized MMOR, Rred = two electron reduced MMORred, HQ = Intermediate Q of the 

reaction cycle. 



 187 

hydrophobic protein-protein 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 MMOB-sMMOH interface is highlighted by the effects of 

replacing a lysine with the structurally conservative BTFA label in the N-terminal of the regulatory 

protein (Figure 4-6B). Even this small change decreases the binding affinity ten-fold and alters the 

rate constants of several steps in the catalytic cycle. Nevertheless, the BTFA and 5FW probes 

together very effectively demonstrate the regulatory importance of both the core and N-terminal 

structural regions of MMOB. It is often convenient to think of enzymatic reactions as occurring in 

a linear fashion with one step completing before the next initiates. However, it is increasingly 

apparent that many biological processes instead occur by shifts in equilibrium of the relevant 

complexes.269-271 The current results suggest that a form of this dynamic equilibrium concept is at 

the heart of sMMO regulation. Nature forms and protects the key oxidative intermediate by 

controlling the concentrations, lifetimes, and irreversibility of reactions of specific protein-protein 

complexes. 
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Chapter 5 Future Directions 
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Collaboration is the hero of this dissertation, without it none of the work described above would 

have been possible. A team composed of biochemists, chemists, physicists, computer scientists, 

and engineers came together to obtain radiation-damage free high resolution X-ray crystal 

structures of the 275 kDa OB3b sMMOH:MMOB protein complex. The results provided 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 oxygen activation and methane 

oxidation. A different collaboration between experts in biochemistry, X-ray crystallography, and 

19F-NMR at the University of Minnesota resulted in the discovery of the structural mechanism that 

regulates O2 transport to the active site and also how sMMO protein interactions regulate catalysis. 

Because of these multidisciplinary teams, we have furthered our understanding of how Nature 

regulates enzymatic catalysis through protein-protein interactions. If we are to leverage the 

enzymatic activity of sMMO to prevent the escape of CH4 into the atmosphere, then the 

collaborations that made this dissertation possible must continue to thrive and grow. The next 

paragraphs briefly describe a few experiments that may help answer questions that emerged from 

the research presented in this dissertation.  

As shown in Chapter 2, in crystallo turnover without loss of diffraction quality is possible 

using sMMOH:MMOB microcrystal slurries. More SFX-XFEL experiments are needed to find the 

correct time in which chemically reduced sMMOH:MMOB microcrystals are exposed to O2 using 

the drop-on-tape methodology if we are to obtain structures of sMMO chemical intermediates. 

Once we have the timing determined, the structure of radiation-damage-free chemical intermediates 

can potentially be obtained.  

 High-resolution structural data coupled with transient-kinetics data led to the discovery of 

the W308-Tunnel. The W308-Tunnel, pore, and chain of cavities are difficult to characterize 

because it is not possible to make and express sMMOH mutants. A high-throughput methodology 

to mutate and express sMMOH variants is needed to further investigate the proposed substrate 
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pathways. Until then, our understanding of how sMMO regulates the entry of CH4, O2, e
-, and H+ 

will remain limited.  

 Quality sMMO protein preparations have propelled our structural biology research efforts. 

The ease at which we can crystallize 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 first reducing 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 prevented the study of the 

interaction between reduced MMOR and sMMOHox. The only data available are of the interactions 

between oxidized MMOR and sMMOHox. Stopped-flow 19F-NMR is a method that can be used to 

rapidly mix reduced MMOR with sMMOHox and obtain time resolved information. Furthermore, 

we could rapidly mix reduced MMOR with a preformed sMMOHox:MMOB complex to learn if 

reduced MMOR is more effective at dissociating MMOB from sMMOHox.  

 Efforts to obtain the structure of the sMMOH:MMOR complex are necessary. One 

approach is to crystallize the protein complex, but our efforts thus far have not met with any 

success. An alternative and more promising methodology is to make cryo-EM samples containing 

sMMOH and MMOR. This method will likely be the methodology that first obtains the structure 

of the sMMOH:MMOR complex. Also, it may be possible to determine if a ternary complex 

between sMMOH, MMOB, and MMOR exists using cryo-EM.  
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