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Abstract: Soluble methane monooxygenase (sSMMO) 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 O,
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 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
035 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 A resolution crystal structures for the fully
oxidized and fully reduced states of the sSMMOH: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.



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.'

CH, + O, + NADH + H* = CH;0H + H,0 + 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 umol/g
protein, prevent the atmospheric egress of a large fraction of the global production of biogenic
methane.” 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.*” 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.®”’

The sSMMO enzyme consists of three protein components: a 245 kDa (afy), hydroxylase
(MMOH), a 37 kDa FAD and Fe,S, cluster-containing reductase (MMOR), and a 15 kDa
regulatory protein (MMOB)."*!" The active site is buried deep within SMMOH and contains an

oxygen-bridged dinuclear Fe'

cluster in which the irons are bridged by two hydroxo moieties
and a carboxylate from Glu144.'>'> After reduction, the diiron cluster functions to activate O,
and insert an oxygen atom into a highly stable (105 kcal/mol bond dissociation energy) C-H
bond of methane.® '

Although chemically reduced SMMOH can carry out the oxygenation chemistry alone,'’

the reaction only proceeds at a physiologically relevant rate when sMMOH is complexed with
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MMOB. * * Many regulatory functions of MMOB have been discovered (Scheme 1),% but its
most important effects are to decrease the redox potential of the diiron cluster by 132 mV,
accelerate O, binding by 1000-fold, increase the turnover number 150-fold, and tune sMMOH to
selectively bind and oxygenate methane over other more easily oxidized hydrocarbons. ' '%-1%-2!
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.

Scheme 1. MMOB Serves Many Roles that Affect sSMMO Catalysis when Complexed with sMMOH.
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The complex between MMOB and SsSMMOH has been structurally characterized by both
spectroscopic and crystallographic approaches in order to understand the mechanism of
regulation by MMOB.* ?2® The core structural region of MMOB binds to the surface of
sMMOH approximately 12 A 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).?* %2 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.'® %!
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 with O,. 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. '3

Scheme 2. Carboxylate Shift in the Diiron Cluster of sSMMOH Upon Reduction
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In the shifted position, Glu243 bridges Fel 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 O, to begin the oxygen activation
process. Surprisingly, in the 2.9 A resolution X-ray crystal structure of the diferric state of the
Mc Bath sSMMOH:MMOB complex, the position of Glu243 relative to Fe2 was also found to be
shifted to the bridging position.?® 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.”® 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.***’ 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).** The instrumentation
records a zero-rotation (“still””) diffraction pattern for each micro-crystal exposed to the beam, on
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.**>* In addition,
concomitant collection of transition metal X-ray emission spectra (XES) has been recently
demonstrated for different metalloenzymes at XFELSs, enabling a parallel measurement of the
metal oxidation state during the crystallographic experiment.*-3*

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 A resolution. The structures are used to define the changes

effected in sSMMOH upon binding of MMOB and to characterize the geometric state of the diiron

cluster prepared to bind and activate O,.



EXPERIMENTAL PROCEDURES

Protein Isolation, Crystallization, and Crystal Reduction. The
sSMMOH protein was isolated from frozen cell pellets of the native Mt OB3b cultured using
methane as the sole carbon source as previously described.” The MMOB protein was
heterologously expressed in E. coli BL21(DE3) cells as previously described.”* sSMMOH and
MMOB were purified as previously described.’*” A protein solution of 53 uM sMMOH and 106
uM 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 ul and drop volume of 400 nl. Rhombohedral crystals were observed in
B7 condition of the Morpheus crystal screen (Molecular Dimensions). The microcrystals were
further optimized using the additive screen (Hampton Research), with condition A11 producing
20-30 um 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 ul drop volume (22.5 ul
protein solution plus 7.5 ul reservoir solution) against a reservoir volume of 500 ul. The final
crystallization condition is as follows: 100 mM HEPES/MOPS pH 7.5, 30 mM Nal, 30 mM
NaBr, 30 mM NaF, 20 % (v/v) glycerol, 10 % (w/v) PEG 4000, and 10 mM FeCl; 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, FeCls-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.

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.’®>? Crystals of SMMOH:MMOB were mixed with synthetic grease and
injected using a 150 wm diameter nozzle and a flow rate of 20-80 wl/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 um (FWHM). The forward
scattering was recorded on a Octal MPCCD detector located 100 mm downstream of the X-ray
interaction point. Diffraction images from 7469 crystals were merged to achieve a resolution of
224 A,

Data sets were then collected at the macromolecular femtosecond crystallography (MFX)
experimental hutch at LCLS.® The drop on tape (DOT) method was used to deliver
sMMOH:MMOB crystals into the XFEL X-ray interaction region.” 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 ul/



min using a syringe pump (KD Scientific). The sample was pushed into a 6 ul 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.’® 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 (O, level below 0.1%) was around 0.8 s.

For in-crystallo O, incubation experiments, an in-situ gas incubation setup was used as
previously described.” In this case, the gas reaction chamber was continuously filled with pure
O, 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 4 s travel time of individual sample droplets through the O,
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 O, 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 um (FWHM). The forward
scattering 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.®' 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 um (FWHM) at 15 Hz repetition rate were used and
diffraction was measured on a Rayonix MX200 detector located 130 mm downstream of the

sample.
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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.”* ® 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 Ka 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)(NO;); and
Fe(I1)Cl, as reference.

Diffraction images were processed with cctbx.xfel” and DIALS.* The MMOH:MMOB
structure was solved using molecular replacement by PHASER,* with truncated coordinates
from the Mc Bath MMOH:MMOB complex crystal structure PDB: 4GAM used as the starting
model. The structure was initially modeled in space group P4, with two complexes (eight
polypeptide chains) per asymmetric unit; however, after running the program
labelit.check_pdb_symmetry labelit.check_pdb_symmetry,® it was realized that the model was
consistent with space group P4,2,2 with one complex (four polypeptide chains) per asymmetric
unit. Therefore, we used cctbx to merge the P4, reflection file into the higher symmetry, and thus
proceeded to refinement in P4,2,2. Refinement of the structure was performed using
PHENIX .refine®®® and model building was done in COOT.® Individual atomic coordinates,
isotropic B factor and TLS parameters were used during refinement. Solvent molecules were
added using PHENIX .refine,®”% followed by manual addition. Table S1 was generated using

PHENIX.table_one.®”

Probing the Active Site Cavity in Protein Structures. The interior active

site cavity in the protein structures was identified with the MOLE 2.5 program.” Heteroatoms

11



were ignored in the calculation. A probe radius of 3.0 A, interior threshold of 1.59 A, and

minimum depth of 5.0 A were used to assess the cavity.

12



RESULTS

High Resolution Crystal Structures of the sMMOH:MMOB
Complex in Diferric and Diferrous Oxidation States. Crystals of the Mr OB3b
sMMOH:MMOB complex in the resting diferric oxidation state were prepared as described in
Experimental Procedures and found to diffract to 2.45 A 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 sSMMOH: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 O, is capable of initiating enzymatic turnover with the
reduced sSMMOH: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 O, for 4 s before injection into the XFEL beam. The total time from exposure to O, 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 A (Table S1). As a control,
diffraction data were collected from a washed slurry of chemically reduced crystals prior to O,
incubation, and a structure was refined to a resolution of 2.0 A (Table S1, “t=0 Diferrous™). In
parallel, Fe Ka XES was collected for the diferric, diferrous and reoxidized samples.

The overall structure of the Mt OB3b sMMOH:MMOB complex is shown in Figure 1A
for the diferric state (PDB: 6YDO0). The asymmetric unit contains one molecule of MMOB bound

to one oy protomer of the (affy), SMMOH protein. The quaternary structure of the protein
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complex is unaltered upon reduction of the diiron cluster (PDB: 6 YDI) or following reaction of
the diferrous complex with O, (PDB: 6YDU). MMOB binds primarily to the c-subunit of

sMMOH in the ‘canyon’ region at the interface of the SMMOH protomers (Figure 1A). This

Glu144

binding site is immediately above the buried active site diiron cluster (Figures 1A and B).

Figure 1. The diferric Mt OB3b sMMOH:MMOB complex (PDB: 6YDO0). (A) Two perspectives of the overall
complex. The a, §, and y 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 PyYMOL (B) 2Fo-Fc map of the

oxidized diiron cluster contoured to 2 o. (C) Cartoon of the a-subunit with the helix nomenclature illustrated.

Complex Formation Leads to Localized Structural
Reorganization of MMOB as well as the sSMMOH 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 sSMMOH
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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)* 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). The reorganization is
significant as suggested by the r.m.s.d value of 3.5 A between isolated MMOB and MMOB in
complex with sSMMOH. In the absence of SMMOH, the MMOB core region is composed of two
domains, where domain 1 (residues 36 — 81) contains a o33 motif and domain 2 (residues 82 —
126) contains a fac3p motif.** Upon binding to sSMMOH, the a-helices on the two domains
move closer to each other (Figure 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 3-sheet (Figure 2).
This newly-formed f3-sheet is involved in hydrogen-bonding interactions with the (3-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.

Domain 1 )
Core region \ Domain 2

Partial a-helices

>

12-13
18 © N-terminus

25

*Quad” residues C-terminus
109 - 112

Figure 2. An alignment of the MMOB protein structure in the uncomplexed state (PDB: 2MOB; brown cartoon) and
sMMOH bound complex (PDB: 6YDO; 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
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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 MMOH.

The residues present on the new [-sheet include Ser109, Ser110, Thr111 and Vall12.
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).'” =" 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 (Figures 1A and 3), as observed previously with the 2.9 A cryo-
temperature Mc Bath sMMOH:MMOB complex structure.” A short a-helix is formed in this N-
terminal tail (residues 18 — 25) upon complex formation with sSMMOH, which is in agreement
with previous solution NMR studies. 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). These helices appear to form as a result of the insertion of multiple
conserved non-polar MMOB residues (Ile12, Met13, Phe20, Phe24, Phe25 and GIn30, Figures
3B and S1) into a predominantly polar region (Helices H and 4, see Figure 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 a-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). 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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Localized structural reorganization also occurs in the sMMOH protein upon MMOB

binding. A comparison of the superposed structures of oxidized sMMOH from Mt OB3b
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(PDB:1MHY, also solved using data collected at room temperature)'* 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) (Figures 3C and 1C). All of these regions are located on the sSMMOH interface

with MMOB.

Figure 3. An alignment of the a-subunit of sSMMOH in unbound (IMHY) and MMOB-bound (6YDO) states shows
that specific regions in SMMOH undergo a large reorganization as depicted by the C-a 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
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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; SMMOH®:MMOB is shown as the green cartoon. Hydrogen bonds are depicted as black lines.

While a comprehensive list of structural changes in Mt OB3b sMMOH due to MMOB
binding is given in Table S2, the most dramatic of these modifications are described here. A long
section of SMMOH residues (213 — 223; a-subunit; Helix E) reorganize (Figures 3A and 4) as a
result of the formation of a hydrogen bond between Asn214 (MMOH) and Ser110 (MMOB) and
steric clashes of Val218 (MMOH) with Phe75 (MMOB). It is important to note that Helix E
contains sections that possess the relatively rare w-helical secondary structure. m-helices are
evolutionarily conserved features in proteins and their presence is strongly associated with active
site residues involved in catalysis.”? The mt-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).” In unbound sMMOH, Helix E contains two small ri-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 m-helix to 207 — 208 and induces
the formation of an additional st-helical section from residues 213 — 215 (Figure 4). 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 a-helices are conserved for their structural and functional significance and have
also been found to be present at the point of transition from a mt-helix to an a--helix.”*” Upon

MMOB binding, Pro215 undergoes the largest r.m.s.d shift of 3.6 A from its position in the
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sMMOH alone structure (Figure 3C). Pro215 is a strictly conserved residue in sSMMOH (Figure

S2), but not in other BMM enzymes.

Asn214

Figure 4. The n-helical portion (red) in Helix E of sMMOH is extended in the sMMOH*:MMOB complex (6YDO,
green helix) as opposed to sMMOH in isolation (IMHY, cyan helix). The reorganization is caused primarily by the
hydrogen-bond interaction between Ser1 10 (MMOB) and Asn214 (MMOH) and a steric clash between Val218
(MMOH) and Phe75 (MMOB). This leads to the large movement of Pro215. n-Helix assignment was performed
using DSSP 7#7° with the DSSP & Stride plugin for PyMOL’® (The PyMOL Molecular Graphics System, Version
2.0 Schrédinger, LLC).

Another long chain of residues (236 — 252; a.-subunit; Helix F) reorganize upon MMOB
binding (Figure 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 sSMMOH:MMOB protein complex.? 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
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interactions and steric clashes with strictly conserved residues Ser109, Ser110 and Thr111 of
MMOB (Figures 2 and S1 and Table S2).

A combination of hydrogen bond interactions and steric clashes (Table S2) cause the
reorganization of a stretch of 40 residues in sMMOH (302 — 341; a-subunit; Helices H and 4
along with intervening loop) (Figure 3B). Helix H also contains a section with the rare mt-helical
secondary structure, but unlike Helix E, does not contain either ligands to the diiron cluster or
residues in the active site cavity. The m-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 sSMMOH:MMOB protein complex. The extension of this helix in turn rearranges an adjacent
unstructured loop region (428 — 435; a-subunit) (Figure 3C). Most of the sMMOH:MMOB
interactions leading to the reorganization of Helices H and 4 arise from the N-terminal tail of
MMOB (Figures 3B).

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 sSMMOH (Table S2). 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 S3).

MMOB Reorganizes the Active Site Cavity in SMMOH. The active site
cavity of SMMOH lies along one face of the diiron cluster (Figure 5). It is predominantly lined
with non-polar residues on the surface facing the iron atoms (Leul10, Gly113, Alal17, Phe188,
Phe192, Leu204, Thr213, Leu216, Ile217) along with the iron ligands Glu209, Glu243, and

Glul14. This sMMOH active site cavity is reduced in volume upon MMOB binding (198 A’to
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156 A%) primarily due to the projection of the side chains of Leu110, Leu216 and Ile217 further
into the cavity (Figure 5). The movement of the latter two residues is due to the reorganization of
Helix E upon complex formation with MMOB. The side chain of Leul10 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
(Figure S4). 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 sSMMOH resting state structure, the side chain
hydroxyl group of Thr213 is in hydrogen bonding distance of two water molecules (Figure 6).
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 Leul10 and
the side-chain carboxylate of Glul14 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

mti-helix in Helix E of sMMOH.
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Figure 5. The sSMMOH active site cavity (colored surface representation) reduces in size upon MMOB binding, as

calculated using HOLLOW."” Diferric sSMMOH in isolation (A) is represented as a cyan colored cartoon while the
diferric SMMOH:MMOB complex (B) is shown as a green colored cartoon. MMOB is shown as a magenta colored
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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Figure 6. Comparison of active site water molecules between the MMOH (A) and sSMMOH:MMOB complex (B)

structures. Color scheme — IMHY (cyan carbon atoms); 6YDU (purple carbon atoms); water molecules and
bridging u-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.

The Binding of MMOB Causes Subtle Changes in the Structure

of the Oxidized Dinuclear Iron Cluster. Considering that two of the four diiron
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cluster-coordinating a-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 a-subunit, MMOB binding leads to a
shift of the entire diiron cluster by ~ 0.6 A. However, the relative arrangement of the ligands
with respect to the iron atoms is roughly maintained based upon a superposition of only the
metals and ligating residues (r.m.s.d = 0.14 A) (Figure 7A). 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

Glu243 Glu209
HOH3
! HOH1

Glu114

Fe1 HOH2 Fe?
His246 /ﬁ
H|s147
Glu144

04

hydroxo/aquo ligands to the diiron cluster characteristic of oxidized SMMOH are retained.

Figure 7. Changes in the diferric sSMMOH diiron cluster occur upon MMOB binding 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 SMMOH*:MMOB complex based on just the first-sphere ligands and iron atoms. Cyan —
sMMOH alone (IMHY); Green — diferric SMMOH:MMOB complex (6YDO). (B) Ligand to Fe distances for
isolated diferric sMMOH (IMHY). (C) Ligand to Fe distances for diferric SMMOH:MMOB (6YDO). (D) Ligand to
Fe distances for anaerobic diferrous sSMMOH:MMOB (6 YDI). The Fe-Fe distance is labeled in orange text.
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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 7D). Reduction of the diiron
cluster is also evident from the concomitantly measured Fe Ko XES spectra of the microcrystals
(Figure 8). Ko XES chemical sensitivity has been reported for some transition metal systems.”"
Subtle changes in the peak positions and shapes, as well as the ratios between the Ko, and Ko,
peak height, have been described to be correlated with the number of unpaired d-electrons and
hence with the transition metal oxidation state.**** The reduced - oxidized difference spectrum
(Figure 8, blue line) shows an asymmetric shift in the Ko, peak as well as a decrease in intensity
and a shift in position for the Ka, peak. This trend is similar to the difference observed between
Fe?* and Fe** standards in aqueous buffers collected under the same conditions as the
sMMOH:MMOB samples (Figure 8, 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 Fe** to Fe?* 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 8, taken from
ref.**) was observed. The observed oxidation is also supported by a change in the full width at
half maximum (FWHM) of the Ko, peak and a change of the intensity ratio of the Ka; vs. the
Ka, peak, as both have previously been reported as an indicator for the oxidation state.®*' An

increase of the FWHM by 0.17 eV was observed when comparing the diferric with the diferrous
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sMMOH:MMOB samples. In comparison, an increase of the FWHM by 0.29 eV was observed
between the Fe** and Fe** standards and by 0.1 eV for these states of RNR R2¢; These numbers

are in line with previously reported values for transition metal Ko spectra.®*®

——MMOH"™%:MMOB
——MMOH%*:MMOB
Reduced - Oxidized

Intensity (a.u.)

Difference Intensity (a.u.)

RNR™4 . RNR%*

6380 6385 6390 6395 6400 6405 6410
Energy (eV)

Figure 8. Area-normalized Fe-Ka XES of microcrystals of chemically reduced (red) and oxidized (black)
sMMOH:MMOB, and a subtraction (blue, 2x magnification) of the reduced minus oxidized spectra showing a clear
asymmetric shift in the Ko, peak as well as a weakening in intensity and a slight shift in position for the Ko, peak.
For comparison the difference spectra for aqueous Fe?* - Fe** (green, 2x magnification), collected in the same
experiment, and for solutions of reduced and oxidized ribonucleotide reductase (RNR) R2c (yellow, smoothed by

wavelet denoising and 2x magnification), collected previously at LCLS>® are shown.
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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
achieved by a rotameric shift at the B-carbon position. The iron-iron distance increases from 3.04
A in the oxidized state to 3.29 A in the reduced state, which is in close agreement to previous
EXAFS studies (3.056 A t03.270 A).g“ In concert, the ligand-to-iron distances increase,
especially for HOH3 — Fel (2.08 A to 2.21 A), Glu144 — Fel (1.95 A to 2.09 A) and Glu243 —
Fe2 (1.96 A to 2.18 A). The bridging aquo ligand that faces the active site cavity (HOHI) moves
away significantly (~ 0.3 A) 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 S5). Furthermore, Fe2 specifically has a higher B-factor than Fel, 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 Fel. Apart from the carboxylate
shift of Glu243 and the lengthening of ligand to iron bond distances, there is no structural
reorganization of either sSMMOH or MMOB upon diiron cluster reduction. Structural alignments
of the SMMOH a-subunits and their respective MMOBs before and after reduction provide
r.m.s.d values of 0.08 A (SMMOH) and 0.13 A (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, O, reactive complex. In the active site, these changes include (i)
compression of the active site cavity by shifts in Leul 10, 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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Reduced sMMOH:MMOB Complex Reacts Rapidly with O; 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.' '-35 While this process occurs readily in
solution, it is important to test whether O, 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 O, 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 O, atmosphere plus a 6 s travel to the XFEL
interaction region (PDB: 6YDU) indicates that the diiron cluster rapidly reacts with O, to
regenerate the diferric complex. The Fe Ko XES difference spectrum for the reduced (t=0)
minus10s O, incubated MMOH:MMOB samples, albeit limited due to a higher noise level, is
very similar to that for the reduced minus oxidized MMOH: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 coordination mode to Fe2 that is characteristic of the diferric
cluster (Figure S6). Also, the Fe-Fe distance of the diiron cluster is restored to 3.02 A 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 O, retained all the structural features of
diferrous SMMOH:MMOB (PDB: 6YY3) (Figure S6A and B), showing that the diferrous state is

preserved under these conditions in the absence of O,. The 10 s oxidized crystal structure
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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.?

During the single turnover in-crystallo reaction, a region of unmodeled electron density
disappears from the active site cavity (Figure S7). 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.” One explanation for this density and its loss after O, incubation is that it may
represent an 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.

28



DISCUSSION

This report describes for the first time the crystal structures of the sSMMOH:MMOB
protein complex in the fully diferric and O,-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.” 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 m-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 activates O, 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 Ko 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.
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Structures of sSMMOH:MMOB Complexes without Radiation
Induced Alterations. The previously reported comparison of the structures of diferric Mc
Bath sMMOH (PDB: IMTY) 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.?® 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 7D). 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.**** %% 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 Ko 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 with previous reports on several proteins and model

compounds under conditions similar to the ones used in this study.*!- 433549
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Some evidence for radiation-mediated partial reduction of the diiron clusters in the Mc
Bath sSMMOH:MMOB crystal comes from the wide range of Fe-Fe distances observed in four
protomers within the asymmetric unit (2.9 — 3.2 A).2 The largest of these values are close to that
observed for diferrous clusters in the structure of reduced sMMOH. " 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.*

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 sSMMOH 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.” 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-u-oxo (or equivalent)
ligands.””*! 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 Mr 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
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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.

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 Fe') 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.”*** 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.”**% 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.”°* 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 Mn,CaOs
cluster of photosystem II,*"* as well as numerous other types of biological molecules.**- 472

Rationalizing the Regulatory Roles of MMOB. MMOB exhibits
regulatory effects throughout the catalytic cycle of sSMMOH (Scheme 1)."'° 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
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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.””""-*° 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.'” Both 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.”® Indeed, the structure of the sSMMOH:MMOB complex shows that
the volume of the sMMOH active site cavity is decreased by 21 % in the sMMOH:MMOB
complex (Figure 5), 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 *H-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.®”" 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 sSMMOH; this interaction causes the reduction in
volume of the active site cavity (Figures 3A and 5 and Table S2). A mutation to smaller residues

in positions Ser109 and Thr111, which make steric clashes with sMMOH residues, and a
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removal of the hydrogen-bond interaction of Ser110 with N214 of sSMMOH would impair the
structural reorganization of SMMOH Leu216, Ile217 and Leul10 (Figures 3A and 5). 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 sSMMOH is to lower the mid-point reduction
potential of the diiron cluster by 132 mV (cf. +48 mV to -84 mV),?! thereby increasing the
thermodynamic driving force for the step of O, 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.””'® 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 introducing more aliphatic residues into the boundary of the substrate
binding cavity (Figures S4, 5 and 6). An increase in hydrophobicity would be expected to
increase the redox potential of the diiron cluster and decrease its affinity for O,.”"'*! This
outcome is opposite to that experimentally observed in solution. However, the increase in
hydrophobicity would lead to an increase in the affinity for O, binding in the active site prior to
forming a complex with the diiron cluster. The appropriate balance between binding substrates
and activating O, 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

I state over the Fe!

increased negative charge density on first sphere ligands that stabilizes the Fe
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
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ligands do not rearrange significantly upon MMOB binding (Figures 7A, 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 Fel. 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-Fel, Glu144-Fel and Glul44-Fe2 (Figures 7B and C).
These shorter bonds reflect a greater charge donation by the ligands to the iron atoms, thereby
lowering the reduction potential.

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 Glul14 in uncomplexed sMMOH,
thereby increasing charge density on Glul 14 (Figure 6). A potentially much more important
example is described in the following section.

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 (Figures
S2 and 9).' 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_;-E-X,-H] is
better described as [E/D-X_,-DE-X-(R)H].'” In the BMM enzyme sub-family, the penultimate
Arg is completely conserved [E/D-X_,-DE-X-RH] and the hydrogen bond network is extended

further beyond the aspartate residues to the surface of the protein. The function of this network
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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 (Figures 9 and S8).

Arg245 H|s147

C/

7% Fe1
Asp242 @

JAspld3 o ,,.b HOH1

Lys74” Arg146

Figure 9. Strictly conserved hydrogen bond network on the distal side of the diiron cluster is shown. The iron atoms
are represented as orange spheres while the bridging u-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 u-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).

One role that has been suggested for the hydrogen bonding network is electron transfer to
the diiron cluster from the reductase MMOR.'”> 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
(Figures 9 and S8). Accordingly, the helices containing the residues involved in the hydrogen
bond network have the lowest B-factors in the entire SMMOH protein structure (Figure S8).

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
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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 S3). 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 A) (Figures 9 and S8 and Table S3). 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.

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.'® ' 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.'*'® This effect has been rationalized as arising from an increase in
the pKa of the Fe'Y-OH compound II species, resulting in a stronger Fe'V-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 (Figures 9 and S8). In the compound Q species of SMMO, the

reactive iron-oxygen moiety is expected to be either a Fe'V-O-Fe'" group or a terminal Fe"V=0
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group that projects into the active site cavity.**'*!* 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 S3), which may contribute to the dramatic effects MMOB has on the reactivity of
Q."" 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.

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 cluster. EPR spectroscopic studies of the S =
12 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.'® "' The
antiferromagnetic coupling constant J for the spin-exchanged mixed-valent diiron cluster is
reduced from ~30 cm™ to ~5 cm™ in the presence of MMOB. Accordingly, the structure of the
sMMOH:MMOB complex shows that the bridging Fe-O bonds (Fel-HOH?2, Fe2-HOH?2) are
lengthened (Figures 7B 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 sSMMOH has also been

probed in the presence and absence of MMOB with circular dichroism (CD) and magnetic
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circular dichroism (MCD) spectroscopies.''>!"* 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 10). 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 sSMMOH:MMOB complex.'* A predicted Fel-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
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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
Fe?2 are large compared to those of Fel, suggesting that flexibility in this region may be
associated with preparing the diiron cluster to bind O, (Figure S5). Finally, analysis of the CD
spectra showed that changes in protein 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
0,.""* The crystal structure of the diferrous complex demonstrates numerous changes in second
sphere residue positions and solvent occupancy (Figure 10) that will affect the accessibility to the

active site and the geometry of small molecule binding.
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Figure 10. A comparison of the active site cavity of reduced SMMOH™:MMOB complex (PDB: 6YDI, panel A)
and reduced sMMOH from M. capsulatus Bath (PDB: 1FYZ, panel B) shows reorganization prior to O, binding and

activation. The iron atoms are shown as orange spheres while red spheres represent water molecules.

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 O,-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
O, and ultimately methane. Finally, the rapid reoxidation of the diiron cluster in the crystal of
reduced SMMOH:MMOB upon exposure to O, 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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