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ARTICLE INFO ABSTRACT

Keywords: Methyl-Coenzyme M Reductase (MCR) catalyzes the biosynthesis of methane in methanogenic archaea, using a
Methanogens catalytic Ni-centered Cofactor F430 in its active site. It also catalyzes the reverse reaction, that is, the anaerobic
Nickel

activation and oxidation, including the cleavage of the C—H bond in methane. Because methanogenesis is the

X major source of methane on earth, understanding the reaction mechanism of this enzyme can have massive
Serial femtosecond crystallography (SFX) . .. . . .. . .
X-ray Diffraction (XRD) implications in global energy balances. While recent publications have proposed a radical-based catalytic
X-ray Emission Spectroscopy (XES) mechanism as well as novel sulfonate-based binding modes of MCR for its native substrates, the structure of the
active state of MCR, as well as a complete characterization of the reaction, remain elusive. Previous attempts to
structurally characterize the active MCR-Ni(I) state have been unsuccessful due to oxidation of the redox- sen-
sitive catalytic Ni center. Further, while many cryo structures of the inactive Ni(I)-enzyme in various substrates-
bound forms have been published, no room temperature structures have been reported, and the structure and
mechanism of MCR under physiologically relevant conditions is not known. In this study, we report the first room
temperature structure of the MCRred1-silent Ni(II) form using an X-ray Free-Electron Laser (XFEL), with
simultaneous X-ray Emission Spectroscopy (XES) and X-ray Diffraction (XRD) data collection. In celebration of
the seminal contributions of inorganic chemist Dick Holm to our understanding of nickel-based catalysis, we are
honored to announce our findings in this special issue dedicated to this remarkable pioneer of bioinorganic
chemistry.

X-ray Free-Electron Laser (XFEL)

Abbreviations: MCR, Methyl-Coenzyme M Reductase; CH3-SCoM, Methyl-Coenzyme M; DOT, Drop-On-Tape; ECR, Ethyl-coenzyme M Reductase; HSCoB, Coen-
zyme B; LCLS, Linac Coherent Light Source; RT, Room Temperature; XES, X-ray Emission Spectroscopy; XFEL, X-ray Free Electron Laser; XRD, X-ray Diffraction.
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1. Introduction

Methane is ~25 times more potent as a greenhouse gas compared to
carbon dioxide, and it has been estimated that it has contributed to
about 20% of earth’s warming since the industrial revolution [1].
Methanogenic microbes are responsible for producing about 100 billion
tons of methane per year [2]. Although methanogenesis is the primary
source of methane in the atmosphere, anaerobic methane oxidizing
archaea found in marine ecosystems and aerated and dry soils use
methane as an energy source [3]. Additionally, methane oxidation via
hydroxyl radicals is the primary sink for atmospheric methane [4]. This
generation and depletion of methane is a major contributor to the global
carbon cycle and is critical for maintaining the earth’s temperatures.
Within the last 200 years, the concentration of methane in the atmo-
sphere has more than doubled due to increased agricultural ruminants,
mining of natural gases, and landfill seeps [5,6]. The global carbon cycle
has been thrown out of sustainable equilibrium causing extreme
droughts throughout Africa and the Mediterranean, heat, and precipi-
tation [7]. Despite its global warming effect, methane, having the
highest energy content of any carbon-based fuel, is very important for
energy production, and accounts for 22% of U.S. energy consumption,
with half of homes using natural gas as their heating fuel. Therefore,
understanding the mechanism and energetics of methane formation will
enable more efficient biofuel production, providing us with a more
sustainable source of energy while decreasing our dependence on fossil
fuels and natural gas.

The nickel enzyme Methyl Coenzyme M Reductase (MCR) is
responsible for the synthesis of methane in methanogens. MCR catalyzes
the conversion of methyl-coenzyme M (CH3-SCoM) and coenzyme B
(HSCoB) to the heterodisulfide CoMSSCoB and methane [8]. Interest-
ingly, MCR can also catalyze the reverse reaction, that is, the anaerobic
oxidation of methane in a syntrophic process coupled to sulfate reduc-
tion [9]. This activation and subsequent cleavage of the very strong
alkane C—H bond in methane occurs at its active site Ni(I)-F430 cofactor
without utilizing any reactive oxygen species. Moreover, the reverse
reaction of methane oxidation catalyzed by MCR in anaerobic methane
oxidizing archaea (ANME) is one of the major biological sinks for
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atmospheric methane [10]. The specifics of the mechanism of MCR
catalysis, however, still remain elusive.

Thus, a complete understanding of the structure and any potential
physiologically relevant conformational dynamics in MCR is important.
A variety of catalytic intermediates, including the formation of a Ni-
alkyl intermediate shown in Fig. 1A, have been proposed over the
years based on various biochemical investigations and computational
studies [11]. On the other hand, computational work proposed that the
Ni-alkyl mechanism is too high in energy and provided evidence for a
methyl radical-based mechanism of methane formation [12]. In 2016,
based on computational, spectroscopic, and rapid kinetic studies,
Wongnate et al. provided evidence supporting the formation of a methyl
radical and disfavoring the Ni-alkyl mechanism [13].

The binding mode of substrates in all proposed mechanisms has been
mostly based on their orientations within a 50 A substrate channel as
observed in the Ni(II) crystal structures [14-18]. As described in the
canonical mechanism of Fig. 1B, it is proposed that CH3-SCoM binds to
Ni(I) through a Ni—S interaction with HSCoB tethered above the F430
catalytic center. In Step 1, homolytic cleavage of the S—C bond of CHs-
SCoM results in a methyl radical. The methyl radical then abstracts a
hydrogen atom from HSCoB, forming methane and a CoBS radical. In
Step 3, the CoBS radical then reacts with the Ni thiolate complex
forming a heterodisulfide anion radical intermediate, which transfers an
electron into the Ni(II) to form CoBSSCoM and regenerate the active-Ni
(I) state. In these mechanistic proposals, the CoBS radical must over-
come an apparent 6.4 A gap, as seen in various crystal structures of the
Ni(II)-MCR-substrate-complex, to form the S—S bond of CoMSSCoB.
Recent studies by our group have challenged the canonical binding
mode of MCR [19]. Near-infrared, X-ray absorption spectroscopy, and
electron paramagnetic resonance (EPR) studies have described a Ni-
sulfonate coordination of the sulfonate group of CH3-SCoM, shown in
Fig. 1, rather than the thiolate as previously suggested [15]. This
binding mode places the two sulfurs (of SCoB and SCoM) within bonding
distance. However, it implies a long-distance electron transfer mecha-
nism from Ni(I) to cleave the C—S bond of CH3-SCoM.

Further studies are required to discriminate between the various
proposed mechanisms and gain insight into how the C—H bond of
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Fig. 1. Proposed organometallic versus radical mechanisms MCR-catalyzed methane formation. (A) Organometallic mechanism involving nucleophilic attack on
methyl-CoM to form a Ni(III)-methyl intermediate (B) Ni(I) promoted homolysis of the methyl-S bond of methyl-CoM to form a methyl radical and Ni(II)-thiolate of
CoM. (C) Ni(I) promoted homolysis of the methyl-thioether bond of methyl-SCoM bound through long-range electron transfer from a Ni-sulfonate bond to generate a

methyl radical and Ni(II)-sulfonate (as proposed by Patwardhan et al. [19]).
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methane is enzymatically formed and activated. A critical limitation to
that is the challenge of crystallizing MCR in its active reduced Ni(I) form.
Due to the extremely low Ni(II)/(I) redox potential, the Ni(I) form is
highly sensitive to oxidation during handling [17], even under highly
anoxic conditions; These are significant challenges to structural eluci-
dation of the active form of MCR. Thus, all structures of MCR so far have
captured the inactive Ni(II) forms, MCRred1-silent and MCRox1-silent,
formed upon air exposure from MCRredl and MCRox1, respectively
[16]. Even dark green MCRred1 crystals grown and harvested within an
anaerobic chamber at <1 ppm Oy undergo oxidation to the yellow
MCRred1-silent state by exposure to even small amounts of ambient
oxygen present during X-ray data collection [17]. Moreover, no room-
temperature structure currently exists for any state of MCR. Cryo-
crystallography has yielded many MCR structures but it has some limi-
tations. Damage to the crystals from rapid freezing, the need for opti-
mization of cryoprotectants, and ice ring interference are all problems
that must be overcome with cryo structures [20]. Most importantly,
cryo-crystallography provides limited insight into physiologically rele-
vant protein dynamics. Room temperature (RT) crystallography gives us
the opportunity to overcome this issue and study MCR conformational
dynamics at more physiologically relevant conditions [21].

This present study provides a glimpse of the first room-temperature
crystal structure of MCR. This structure was obtained using the X-ray
Free Electron Laser (XFEL) at Linac Coherent Light Source (LCLS) and
describes the Ni(II)-MCRred1-silent state of the well-studied MCR from
Methanothermobacter marburgensis. The rationale for pursuing XFEL
rather than synchrotron measurements for this room-temperature
structure of MCR is based on the limitations of cryo structures
described above. For example, the S—C bond in CH3-SCoM has been
suggested to break due to radiation-induced damage during data
collection [16]. This may explain why CH3-SCoM has not been observed
in any synchrotron-based crystal structures [14-18]. In this report of the
room-temperature crystal structure of MCR, we aim to provide a snap-
shot into its active site architecture and reveal potentially functionally
relevant conformational dynamics. We also present a structure of MCR
Ni(II) pressurized with xenon gas in an attempt to map gas channels
within this fascinating enzyme, with the continuing goal of using these
methods to map potentially important gas channels in the active Ni(I)
MCR enzyme undergoing catalysis.

2. Materials and methods
2.1. Purification and crystallization of MCRred1-silent

MCRred1 from M. marburgensis (catalog OCM82) was purified and
handled in an anaerobic chamber (Vacuum Atmospheres, Inc. or
MBRAUN) containing <1 ppm of O, as previously described [17,19].
We removed the Ni(I)-enzyme from the chamber to convert the enzyme
to the inactive Ni(II)-state, also known as MCRred1-silent. To be noted,
this is different from the MCRox1-silent state where MCRox1 is air
exposed [16]. UV-Vis spectroscopy following purification and oxidation
of the MCR protein shows the catalytic Ni to be in the +2 oxidation state
(SI Fig. 1), indicating conversion to the MCRred1-silent form.

The concentration of MCRred1-silent used for crystallization was
quantified using UV-Vis spectrophotometry with extinction coefficients
of 22.0 and 12.7 mM ! em ™! at 420 and 385 nm, respectively, using a
multi-wavelength calculation as previously described [22]. All crystal-
lization of MCRred1-silent was carried out at a concentration of 150 mM
(40 mg/mL) in 50 mM Tris, pH 7.6. The crystallization buffer used in
both crystal drops and the well reservoir is composed of 18% PEG 400,
150 mM magnesium acetate hexahydrate, and 100 mM HEPES Sodium,
pH 7.5. Hanging drop vapor diffusion was used with 1:1 ratios of protein
solution and crystallization buffer, respectively, to produce crystalliza-
tion solutions ranging from 2 to 10 pL with a well solution containing
0.5 mL crystallization buffer. Crystals of MCRred1-silent grew over-
night, but the crystals were too large (~100-200 pm sized) to be
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appropriate for XFEL analysis. Crushing big MCR crystals by vortexing
for 5 min with a Teflon bead (0.5 mm) fragmented the crystals but
damaged diffraction quality which was demonstrated during screening
at the Advanced Light Source (ALS, beamline 8.2.1), Berkeley. We grew
slightly smaller MCRred1-silent crystals (40-80 pm) by adjusting the
seed stock concentration in our hanging drop trials and used these mi-
crocrystals for our RT XFEL measurements. They belong to space group
P21 (a = 83.08 + 0.09 A, b =119.78 + 0.16 A, ¢ = 123.21 £ 0.15 A, «
=90°, f =91.7°, y = 90°) with two MCR dimers per asymmetric unit as
reported previously [17] (Fig. 2).

2.2. Sample delivery, X-ray Diffraction (XRD) and X-ray Emission
Spectroscopy (XES) data collection at LCLS

XFEL diffraction data were collected at the Macromolecular Femto-
second Crystallography (MFX) instrument of LCLS, (SLAC National
Accelerator Lab, Menlo Park, CA) [23] at 300 K on a RAYONIX MX340-
HS CCD detector, using the previously established Drop-On-Tape (DOT)
[24] approach (SI Fig. 2). The X-ray beam photon energy was 9.5 keV
with a pulse energy of 1 mJ, a pulse length of 35 fs and a beam size on
the sample of 4 pm x 4 pm (Full Width Half Max, FWHM). Data
collection statistics are available in SI Table 1. X-ray emission data were
collected in tandem with diffraction data using a multicrystal
wavelength-dispersive hard X-ray spectrometer based on the von Hamos
geometry [25]. Due to the change of polarization direction of the hard X-
ray undulator of LCLS our previously used setup [24,25] was modified to
place the analyzer crystals above the X-ray interaction point and the
position sensitive detector at 90 degrees from the beam direction in the
horizontal plane. An array of three Si(620) analyzer crystals was placed
250 mm above the interaction point with the center of the crystals at
74.80 degrees respect to the interaction point, collecting both Ni Ka lines
on an ePix 100 detector with its center located 136 mm side wise of the
X-ray interaction point (SI Fig. 2). To calibrate the spectrometer geom-
etry, spectra from [Ni(H20)6]%>" were collected and compared to a
synchrotron reference. The XES data was also pedestal corrected to ac-
count for differences in noise of the detector pixels.

2.3. XRD data reduction, processing, and refinement

The collected dataset was reduced and processed using cctbx.xfel and
DIALS [26,27]. We performed joint refinement of the crystal models
against the detector position for each batch to account for small time-
dependent variations in detector position [27]. We also corrected for
the Kapton tape shadow as in [24]. Data were scaled and merged to 1.9
A based on previously established resolution cutoff criteria (~10x
multiplicity, where the values of I/6(I) do not uniformly decrease any
more [24], and where cc1/2 values stop decreasing monotonically [28],
indicating no useful information is contained in resolution shells beyond
that point), using cctbx.xfel. merge with errors determined by the evl1l
method [29]. Data statistics are available in SI Table 1. Structure
determination was done using Phenix [30] starting with molecular
replacement using the model PDB ID: 3M1V [17] as the reference model
[31]. For all subsequent refinements with Phenix, we turned off auto-
matic linking within the chain, as well as NCS restraints, and instead
defined the interactions between the Ni-OE1(Q147) and Ni-S1(CoM) by
supplying custom coordination restraints as parameter (phil) files. We
used Coot [32] for model building with multiple iterations of refinement
using phenix.refine [30,33,34] with the aforementioned settings. Com-
parisons of the cryogenic MCRred1 models with the room temperature
model were performed using the SSM function in Coot [35]. All figures
for this paper were generated using Chimera [36] and Chimera-X [37].

2.4. Xe-pressurized cryo-crystallography

MCR was crystallized using the sitting drop crystallization method in
an In Situ-1 Crystallization Plate (MiTeGen) under aerobic conditions in
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Fig. 2. A. Room Temperature structure of MCRredl-silent
(Top): The global structure of MCRred1-silent at room tem-
perature shows two trimers per asymmetric unit; trimer 1 is
comprised of chains A (Purple), B (Salmon), C (Green) and
trimer 2 is comprised of chains a (Tan), b (Blue), ¢ (Grey).
CoM (red with green outline), CoB (Black) and Ni—F430
(Magenta) are shown as sphere representations and are
labeled. (Bottom) shows the 12 contacts between the 6 chains.
(B) B factor analysis across the entire structure of MCRred1-
silent shows overall similar B factors across both trimers
(low B factors towards the core of the protein and higher B
factors towards the surfaces, as expected). Figure made with
Chimera-X(1.3). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version
of this article.)

an MBraun Chamber at room temperature. 1 pL of 24 mg/mL MCR was
mixed with 1 pL of well solution (27% (w/v) PEG400, 0.18 M magne-
sium acetate, 0.25 M sodium chloride, and 0.10 M HEPES pH 7.5) to
make a 2-pL sitting drop in a sealed well with 30 pL well solution.
Yellowish green rod MCR crystals grew in two to four hrs. The entire
crystallization plate was shipped to Advanced Light Source Beamline
8.2.2 for Xe- pressurization and data collection. The crystals used to
determine Xe-derivatized structure were transferred from the sitting
drop into 2-5 pL of paraffin oil briefly and then sealed in a steel chamber
pressurized with xenon at 180 psi for 10 mins. The Xe-derivatized
crystals were flash-cooled in liquid nitrogen for data collection imme-
diately. Data were collected at ALS 8.2.2 on an ADSC Q315R CCD de-
tector using the inverse beam method with wavelength at 1.5498 A. The
dataset was indexed and scaled in HKL2000 [38] with Bijvoet pairs
treated independently. ccl/2 ~ 0.75 was used as the high-solution
cutoff criteria. Data statistics are listed in SI Table 2. The structure of
Xe-derivatized MCR was determined to 2.5-A resolution by rigid body
refinement from previously published MCR structure (PDB ID: 3M1V)
using Phenix.refine [33]. The model contains a dimer of heterotrimers in
the asymmetric unit (Fig. 2). The atomic coordinates and B-factors were
iteratively refined in Phenix Refine with manual adjustment of the

model in Coot [32,33,35]. Two-fold non-crystallographic symmetry
(NCS) restraints were used throughout refinement. Water molecules
were added manually using Fo-Fc density contoured to 3.0c as criteria.
Xenon sites were assigned using anomalous difference density contoured
to 5.00 as criteria. Occupancies of xenon atoms were adjusted such that
the B factors of xenon atoms are similar to atoms nearby. Restraints for
cofactors and modified amino acids were generated with Phenix.eLBOW
[33]. A composite-omit electron density map was calculated using
Phenix to verify the model. The refinement statistics are listed in SI
Table 2. Software used to process Xe- derivatized MCR dataset was
provided by SBGrid [39].

2.5. Identification of potential “gas tunnels” in MCRred1-silent and its
ethane-oxidizing homolog ethyl-coenzyme M reductase (ECR)

Caver [40] was used to identify potential tunnels in our RT
MCRred1-silent structure. Key amino acid residues were identified in
our structure by a sequence alignment with identified ECR (7B1S) res-
idues around the gas tunnel via Clustal-W [41].
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3. Results

3.1. Comparison of the first XFEL structure of MCRred1-silent at 1.9 A
resolution with cryogenic structures

We collected a 1.9 A resolution X-ray Diffraction dataset for the (Ni-
II) MCRred1-silent state using microcrystals at the X-ray Free-Electron
Laser (XFEL) source at LCLS. Although several cryo structures of
MCRred1-silent currently exist, this new structure is important as it
provides us with the exciting opportunity to study physiologically
relevant MCR dynamics and/or any functionally significant conforma-
tional shifts that are permitted only at temperatures above freezing. In
our presented structure, MCRred1-silent exists as a dimer of trimers
(Chains A, B, C and a, b, and c) with 12 contacts across the six chains
(Fig. 2), forming the 50 A long substrate tunnel leading to the catalytic
Ni—F430 (SI Fig. 3B). Both trimers exhibit similar overall B- factors
(Fig. 2B), as observed in previously published cryo models of MCRred1-
silent (SI Fig. 3A).

3.1.1. Modified amino acids

We have identified the six previously reported modified amino acids
in 5AYO0 [15], namely, 2-Methyl-glutamine (MGN), S-Methyl-cysteine
(SMC), 5-Methyl-arginine (AGM), Di-dehydro-aspartic Acid (DYA),
Thioglycine (TG) and N1-Methyl-histidine (MHS) (Fig. 3) in the chain A/
a of our new XFEL MCRredl-silent structure as well. Difficulties in
purifying active MCR from organisms where a genetic system has been
developed have hindered the understanding of the structural or catalytic
role(s) of these modified amino acid residues. Thus, we are only able to
assign the function of any substituted amino acid based on comparisons
of growth rates, which are limited by biosynthesis, not by methano-
genesis [42]. Substitution of the thioglycine with a glycine residue in
Methanosarcina acetivorans did not reveal any growth defects except at
elevated temperatures and with substrates that have low free energy
yields [43]. It was proposed that the thioglycine residue is not involved
directly in catalysis, but in stabilizing the protein secondary structure;
however, as just mentioned, the growth rate would not be limited by
enzymatic activity of the variant(s), unless it is severely reduced. It is
important to complement such studies with activity measurements of
the wild-type versus variant proteins. Therefore, we used structural
analysis of the M. marburgensis enzyme to see if these residues are dy-
namic in room temperature crystallography. In this study, we find no
evidence of dynamics in these six modified amino acids at room
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temperature. A structural comparison with previously published cryo-
genic MCRred1-silent models 3M1V and 5A0QY, reveal that the modified
amino acids do not exhibit any significant changes in structure or in B-
factors across these three models (Table 1, SI Fig. 4). However, out of all
the modified amino acids, N1-Methylated Histidine (MHS) shows
highest mobility across all three models tested, and among all the re-
ported modified amino acids. However, we require more studies with
the active Ni(I) MCR structure to understand the physiological functions
of these unique modifications.

3.1.2. Active site

Superimposition of the cryogenic MCRred1-silent structures (3M1V
and 5AY0) with our room temperature structure reveals most of the
active site architecture to be conserved structurally (Fig. 4, SI Table 2).
However, the distance between the oxygen atom of Glutamine 147 and
the catalytic Ni in our RT XFEL MCRred1 structure is observed to be
2.27 A £ 0.05 and 2.28 A & 0.04 in protomers 1 and 2, respectively
(Fig. 4B). This indicates a 0.07 + 0.05 A and 0.03 A + 0.04 A decrease in
the Ni/F430-OE1-(Q147) bond in protomer 1 and 2 respectively of the
XFEL structure, compared to the cryogenic model 3M1V (SI Table 2).
The accuracy of these positional assignments was determined by
perturbation of the structure factors (+[Fops-Fmodel]) of the model using
the END RAPID method [44] which allows us to assign coordinate errors
to individual atoms. We randomly perturbed the structure factors in the
target model in 100 trials, followed by re-refinement of each of the
perturbed datasets using Phenix. This generated the standard deviations

Table 1

B factors of modified amino acids in RT vs. Cryo MCRred1-silent structures. The
B factors for each atom are extracted from the PDB file and added for each
specific modified amino acid residue. Here we display average calculated B
factors for both MCRred1-silent monomers, separated by commas.

RT XFEL CRYO 3M1V CRYO 5A0Y

¢S] ¢S] ¢S]
2-Methyl Glutamine (MGN400) 22.4,22.3 7.2,6.9 8.0,7.2
5-Methyl Arginine (AGM271) 22.5,21.7 6.8, 6.5 6.6, 6.6
1-Methylated Histidine 35.1, 32.0 18.0, 15.2 12.8,11.9

(MHS257)

S-Methyl Cysteine (SMC452) 23.7, 24.4 7.8, 8.0 8.5, 8.5
ThioGlycine (TG445) 23.0, 22.9 6.8, 6.5 7.6, 6.7
DI-Dehydro Aspartic Acid 23.4,22.6 7.9,8.2 8.4,8.3

(DYA450)

Fig. 3. Modified amino acids in the active site of MCR. In
this room temperature structure, these modified residues,
namely 2-Methyl-glutamine (MGN), S-Methyl-cysteine
(SMC), 5-Methyl-arginine (AGM), Di-dehydro-aspartic
Acid (DYA), Thioglycine (TG) and N1-Methyl-histidine
(MHS), in MCRred1-silent (yellow) compared with previ-
ously collected cryo MCRredl-silent structures (cyan
3M1V, pink 5AY0) show no major structural variations
nor fluctuations in B factors across all three structures
(Inset & Table 1). B factors normalized according to
equation one in a study published by Johnson et al. [51].
Figures made with COOT, Chimera and Chimera-X
[32,36,37]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the
web version of this article.)

5-Methyl -
Arginine
AGM (271)

N1-Methyl-
Histidine
MHS (257)
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P\ v

Y333.A ” Y367.B

Fig. 4. A: Active site of MCRred1-silent shows conserved water (shown as red sphere) located halfway between CoM and CoB substrates. (B-E): Different views of key
active site residues in previously collected cryo MCRred1-silent structures (cyan 3M1V, salmon 5AY0) superimposed on our RT structure (yellow) show that these
structures have similar active site organization. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

of the reported positions. Although this distance shrinking in the RT
MCR model is exciting, it must be noted that at his current data reso-
lution this observation is within the error limits and hence it is not
possible to draw further conclusions from this observation

Another distinction between the structures is a 0.24 A + 0.09
expansion in the distance between the two thiolates of CoM and CoB in
protomer 1 (negligible change in protomer 2) with respect to the cryo-
genic model 3M1V.

3.1.3. Substrate analog CoM (Coenzyme M) & native substrate HSCoB

We see the substrate analog CoM (100% occupancy) as well as the
native substrate HSCoB (~ 90% occupancy) bound to the active site of
our room temperature XFEL MCRred1-silent structure, with visible 2Fo-
fc electron density at 1.5 sigma (SI Fig. 5B). CoM and HSCoB thiolates
are at about 2.4 A and 8.8 A distances respectively from the catalytic Ni
(SI Table 3). Retention of CoM and CoB is a little surprising, given that
the purified protein had been subjected to seven rounds of buffer ex-
change; however, CoM and HSCoB are also found in the cryogenic
structures of this form of MCR [15,17]. The thiol of HSCoB is only co-
ordinated by a nearby (~2.6 A away) N481 (chain A/a) and a water (~3
A away); however, CoB interacts strongly with several nearby residues
via its threonine phosphate end (SI Fig. 6). This CoB-phosphate coor-
dination is also intact in the cryogenic MCRred1-silent structures (3M1V
and 5A0Y), which makes the retention of CoB following oxidation and
several rounds of buffer exchange in our study, quite logical. The
retention of CoM within the crystal active site can be potentially
explained owing to its coordination via its thiolate group to the Ni atom
and three other active site residues, namely Y333-OH, Y367-OH, Ni, and
a water (SI fig. 7)

These observations point to a potential mechanistic feature of MCR
wherein it assumes a “locked-in” state as soon as the catalytic Ni is
oxidized. This hypothesis is further bolstered by the overall similarities
observed in the active site architecture of the RT XFEL structure
compared to previously published cryogenic structures of MCRredl,
although this requires further exploration. Furthermore, CoM is posi-
tioned as in the cryo structures, with the sulfur of CoM located near the

Ni center (SI Fig. 7). It should be noted that CH3-CoM is not present in
our structure, as it was not present in our crystallization solution.
However, previous attempts in the field to crystallize MCR with CHs-
SCoM have yielded several synchrotron cryo structures that lack the
methyl group of CH3-SCoM [17]. Grabarse et al. suggest radiation
damage-induced conversion of the CH3-SCoM to CoM at synchrotron
sources [16]. This observation highlights the need to use XFEL to record
damage-free structures of MCR co-crystallized with CH3-SCoM and track
its fate within the active site.

Interestingly, we notice significant 2Fo-Fc electron density roughly
halfway between the thiol groups of CoM and CoB (SI Fig. 5), at about
1.7 sigma in protomer 1 and 1.4 sigma in protomer 2. This “mystery”
2Fo-Fc electron density has also been reported previously in cryogenic
structures of both MCR and ECR, wherein a water molecule was fit in to
explain the density in MCR. However, there is debate about the identity
of this molecule. While some favor water, others suggest the density
might be explained best by a molecule having one or two heavier atoms
in MCR and ECR, respectively [45]. We placed a water molecule be-
tween the two substrate thiol groups in both protomers of MCRred1-
silent (Fig. 4C). This water has an average B factor of ~32 A2 in our
room-temperature structure. Furthermore, there is no significant B fac-
tor elevation within a radius of ~20 A centered on this active site water
in both protomers in our room-temperature structure or in the cryo
structures of 3M1V or 5A0Y [15,17]. These factors support the assign-
ment of this density to a “conserved” and well-ordered water molecule
that remains coordinated to the active site of MCRred1-silent (SI Fig. 5).
While this water molecule appears to be well conserved in the Ni(II)
state of the MCR enzyme, it is unlikely to be present during catalysis
[14]. We suggest that the water molecule in this “locked-in” Ni(II) MCR
structure acts as a placeholder for the methyl radical during the transi-
tion state.

There is one major difference between the coordination environment
of the assigned water molecule in our structure versus those of the
cryogenic structures (SI Fig. 6). In protomer 1 of the RT structure, the
water molecule is not coordinated to the CoB thiol but instead only
weakly coordinated to the thiolate of CoM (3.05 A away) unlike in the
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cryogenic structures (3M1V and 5A0Y) where it associates with the CoB
thiol, 2.8 A and 2.96 A away, respectively. The distance between the
water and the CoM thiolate in the cryogenic models 3M1V and 5A0Y are
expanded to 3.5 A and 3.3 A compared to the 3.05 A in the RT structure.
This distance elongation in the cryogenic structures could potentially
indicate evidence of radiation damage or partial motion of the water
molecule at room temperature. However, in protomer 2 of the RT
structure, this water-CoB sulfur thiolate coordination is intact (distance
between the water and sulfur of CoB is 2.99 A), like in the cryogenic
models. Moreover, this water molecule is close to two active site tyro-
sines nearby, namely Y333 and Y367 (~3.0 A away from both hydroxyl
groups of the tyrosines), which might coordinate it by weakly by
donating H bonds via their OH groups (SI Fig. 5A) during catalysis. It
will be interesting to further explore the active site water coordination
environment as shown in SI Fig. 5, and its dependence on data collection
temperatures to see whether this has a significant impact on the en-
zyme’s catalysis.

3.2. Simultaneous collection of Ni XES for the MCRred1-silent form

We collected Ni Ka X-ray Emission Spectroscopy (XES) simulta-
neously with XRD data (Fig. 5). These data provide a real-time handle to
monitor both oxidation state and electronic structure during Serial
Femtosecond Crystallography [46,47]. The oxidized MCR data was
compared against those of two water-soluble nickel(Il) standards, [Ni
(H20)6]2+ and [Ni(bpy)f:‘»]zJr (bpy = 2,2'-bipyridine), which were also
collected in solution at room temperature at the XFEL using the DOT
sample delivery system. The XES spectrum of the Ni center in the
oxidized MCR is significantly shifted from both molecular standards.

—— MCR oxidized
Ni(ll)-hexaquo
—— Ni(Il)-trisbipy

—— Ni(ll)-hexaquo - Ni(ll)-trisbipy
—— MCR - Ni(ll)-hexaquo
—— MCR - Ni(ll)-trisbipy

Normalized Intensity (a.u.)

Delta Intensity (a.u.)

7450 7455 7460 7465 7470 7475 7480 7485 7490
Energy (eV)

Fig. 5. Ni Ko XES spectrum of the MCRred1-silent crystals collected simulta-
neously with the XRD data at the XFEL. Spectra of solutions of two molecular
standards, [Ni hexaquo, Ni(H20)6]%>" and [Ni(I)-trisbipy, Ni(bpy)3]%'
collected at the XFEL are also shown. Difference spectra between the MCR and
the molecular standards are presented.
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That such a clear difference is observed between complexes in similar
oxidation state, but with changes only in the coordination environment
implies that XES will be a useful tool to monitor subtle changes to the
electronic structure of the Ni center in MCR during future experiments in
which we will collect simultaneous XRD and XES snapshots of the cat-
alytic cycle by SFX.

3.3. Identification of potential “gas tunnel” residues in MCR-Ni(I)

Recently, the crystal structure of an MCR homolog, ECR, isolated
from the ethane oxidizing organism Candadatus Ethanoperedens ther-
mophilum, was reported by Hahn et al. via xenon pressurized cryo-
crystallography [45], wherein a 33 A long gas tunnel was discovered,
leading from the substrate binding cavity to the surface [45], as shown
in Fig. 6. When the same technique was performed on the MCR purified
from the methane producing M. marburgensis, six Xe atoms were found in
each protomer, all at the surface of the enzyme, leading Hahn et al. to
suggest that the gas tunnel is specific to ethane oxidizers [45]. Our in-
dependent xenon pressurized cryo-crystallographic structure of the
M. marburgensis MCR revealed four xenon binding sites (Fig. 6). Of these
four sites, Xel and Xe2 are found near the surface of the B subunit, Xe3
at the surface of the A subunit, and Xe4 in the B subunit 22 A from the
catalytic Ni (Fig. 6, SI Fig. 8). To validate Hahn et al’s observation of no
methane transport tunnel present in MCR, we superimposed our Xe-
pressurized MCR structure with ECR (PDB 7B1S). We noticed that Xe3 is
~114A away from the ECR gas tunnel (Fig. 6), but found no indication of
a “tunnel” in MCR by computational analysis using Caver [40] or by Xe
pressurized crystallography, as previously shown by Hahn et al, who
proposed that this tunnel exists specifically for ethane oxidizers [45].

To perform a more extensive investigation into the difference be-
tween methane and ethane oxidizers, we performed sequence alignment
of MCR from M. marburgensis with ECR (PDB 7B1S) via Clustal-W [41]
and identified several common residues in both enzymes that line the
putative ECR gas tunnel (SI Fig. 9). Out of these residues, three hydro-
philic residues of M. marburgensis (namely K351, E355, and E487 in
chain A of 3M1V) align to Ca. E. thermophilum hydrophobic residues
(namely A392, M398, and G532 respectively; 7B1S numbering), high-
lighted in red in SI Fig. 9. The first two of these residues in ECR are
located at the opening of this ethane gas tunnel, while the latter is
located in the middle of the tunnel. A comparison of these residues in the
ECR 7B1S structure with the MCR cryogenic 3M1V structure yields no
significant differences in structure or B factors. Moreover, in all the
models (cryo ECR, cryo MCR and RT MCR), the side chains of K351 and
E355 have the highest B factors compared to their surrounding residues
(within ~15 .7\). It will be interesting to use the room temperature DOT
and XFEL methods to further investigate the possibility of a gas tunnel in
MCR by tracking structural differences and B factor changes in these
conserved tunnel residues after adding substrates (and analogs/in-
hibitors like CoM) to MCR.

4. Discussion

While previous crystallography studies have provided the foundation
for understanding the mechanism of MCR catalysis [14-18], capturing
the structure of the enzyme in the active Ni(I) state is still a goal to be
achieved. Therefore, the elucidation of MCR’s active structure and
visualization of conformational dynamics along the reaction cycle will
depend on the evolution of techniques in structural biology. In this study
commemorating Dick Holm and his contribution to the field of Ni
complexes, we demonstrate the feasibility of using our DOT sample
delivery approach to perform simultaneous XRD and XES data collection
on the Ni- dependent MCR protein system. This approach will be critical
in characterizing the structural, as well as electronic state progression of
the catalytic Ni as MCR undergoes catalysis. Herein, we present the first
room temperature structure of MCRred1-silent Ni(Il) state using the X-
ray Free-Electron Laser (XFEL) source at LCLS, SLAC.
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Fig. 6. Using xenon to map gas channels in MCR and ECR. (A) An overall view of the four Xe locations in MCR. Xe 3 is located close to (~11 A away from) the
putative ECR gas tunnel. (Inset) Caver analysis of ECR to visualize the gas tunnel in relation to Xe3 in the MCR pressurized cryo structure (B) Location of Xel, 2 and 4
and the surrounding residues in the MCR Xe pressurized cryo structure (green) superimposed with the corresponding ECR (PDB ID 7B1S) residues (purple). Inset:
Location of MCR Xe 3 and superimposed key surrounding residues in MCR (green) and ECR (purple). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Comparison of the room temperature and cryogenic MCR structures
reveals mostly similarities, but some differences are of note. While we
observed an apparent ~0.07 A shortening of the bond between the lower
axial glutamine (Q147) and the Ni(II) in protomer 2 of our RT structure
relative to the cryogenic MCR structure (3M1V) (0.03 Abond shortening
in protomer 1), high resolution data is needed to confirm if this is sig-
nificant. A second distinction pertains to the loss of coordination of the
water molecule in our RT structure with the thiol of CoB in protomer 1
(this coordination is retained in both cryogenic structures 3M1V and
5A0Y in protomer 1). Third, we notice that the distance between the
thiolate of CoM and the thiol of CoB expands by an average of ~0.24 A in
one of the protomers in the RT structure compared to the cryogenic
structure, 3M1V, with no changes in these distances in the other pro-
tomer. These last two variations observed in the room-temperature
structure represent small changes in the locations of CoM and CoB
relative to those seen in previous cryo structures. While these subtle
differences are interesting and warrant additional investigations, we
require higher quality datasets at RT to better resolve them, which is our
continuing goal.

We had hoped that our room temperature structure might reveal
evidence supporting a proposal, based on electron paramagnetic reso-
nance and UV-visible spectroscopic studies of the active Ni(I) enzyme,
that MCR exhibits half-of-sites reactivity. This hypothesis envisions that
the two MCR active sites are structurally connected such that one active
site can undergo catalysis, like the motion of a “dual stroke motor” [45].
However, in our room-temperature Ni(Il) structure, we observe similar
B-factors between the related protomers, even near the active site.
Therefore, if this model is correct, it appears that the dynamical differ-
ences may be observed only in the structure of the Ni(I) form of MCR,

further underlining the need for capturing the structure of the active
state of this enzyme, especially at room temperature. Furthermore, these
overall structural similarities between the RT and cryogenic structures,
as well as the retention of CoBSH in the active site of our RT MCRred1-
silent structure point to a potential “locked-in” state of the Ni(II[) MCR
enzyme’s catalytic cavity.

Due to the lack of movement in the “locked-in” state of Ni(II) MCR, to
observe any important conformational dynamics relevant to its catal-
ysis, we require a complete structural characterization of the active Ni(I)
MCR form as it turns over at physiologically relevant temperatures.
While previous solution XAS studies of MCRred1 have revealed the local
coordination environment of the Ni center in various states [19], the
overall crystal structure of MCR and its catalytic intermediates is a
challenge that we hope can be met by future XFEL studies. This active
MCR structure will provide a clear visual representation of the active
site, substrate binding modes, and methane localization as it lights the
fuse for methane production and oxidation.

Obtaining the structure of the Ni(I) form of MCR is challenging
because the most reliable methods of activation are by sparging cell
cultures with Hy [48] or, as used in this study, CO [49]. Moreover,
oxidative damage irreversibly converts the active enzyme to a Ni(II)
form. We are currently working on resolving some of these obstacles by
batch co-crystallizing MCR with reducing agents and developing pro-
tocols for anaerobic data collection. We will screen these co-
microcrystals for shifts in unit cell parameters from MCR Ni(II), poten-
tially indicating a change in oxidation state. We hope to take advantage
of MCR’s strictly ordered catalytic mechanism [13] to synchronize the
turnover process in all the microcrystals. To maintain this synchronicity
in each crystal, we will co-crystallize the Ni(I) enzyme with the native
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substrate, CH3-SCoM, and use the Drop-On-Drop-On-Tape sample de-
livery system to deliver CoBSH in order to trigger catalysis [50].

In conclusion, this current study serves as a good starting point that
demonstrates i) the feasibility of using our Drop-On-Tape (DOT) sample
delivery technique to capture the electronic state of the catalytic Ni atom
via XES, while simultaneously collecting a complete 1.9 A XRD dataset
in less than one hour. ii) While we do not see large structural differences
between our XFEL and published cryogenic MCRred1-silent structures,
we do see indications that the active site “locks” in place following Ni(I)
oxidation, thereby retaining the CoM analog and native CoB substrates.
In the future, we want to build on this demonstrated simultaneous XRD
and XES technique to trigger and track damage free catalysis in active Ni
(I)-MCR in crystallo using anaerobic sample delivery and data collection
at XFEL sources.
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SI Fig 1: UV-Vis spectrum of purified MCR protein shows the Ni(II) absorption at 420nm. Spectrum was measured in 50 mM

Tris pH7.6 on a Shimadzu UV-2600 UV-Vis spectrophotometer.
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SI Fig 2: A cartoon depiction of our Drop On Tape (DOT) sample delivery setup with simultaneous XRD and XES data
collection at MFX, LCLS (SLAC, Menlo Park, CA) enables us to collect both structural as well as metal oxidation state
information in MCR in-crystallo .Shown in this picture is a two-metal (Ni and Fe) XES setup which permits measurements of
both either simultaneously or only one of them without chaining the entire setup, depending on the enzyme system studied (Fe,

Ni, or Fe+Ni).
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SI Fig 3: (A) Caver [43] cavity analysis shows the substrate channel found in all structures of MCR to date (substrate channel in
our RT structure shown as orange surface) in the active site, with the Ni-F430 and the CoB and CoM coenzymes shown in ball and

stick representation. (B) B factor analysis shows similar flexibilities in both protomers of MCRred1-silent independent of data

collection temperatures.
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SI Fig 4: (A) From Top Left Clockwise: Modified amino acids, N1-Methylated Histidine (MHS), S-MethylCysteine (SMC), 5-
Methyl Arginine (AGM), Di-Dehydro Aspartic Acid (DYA), Thioglycine (TG/GL3), and 2-Methyl Glutamine (MGN), colored by
B factors of the individual atoms in MCRred1-silent structures collected at room temperature at SLAC during LCLS beamtime
proposal LX45, and under cryogenic temperatures (3M1V,5A0Y). The normalized b-factors were subtracted by the lowest
normalized B-factor residue to give normalized B-factors greater than 0 for figure visualization in Chimera and Chimera-X. (B)

2Fo-Fc electron densities for the modified amino acids in our RT MCRred|-silent structure contoured at 1.5 sigma.
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SI Fig 5: 2Fo-Fc density shows up around 1.8 sigma in between MCRred1-silent substrates, CoM and CoB in protomer 1, and
around 1.4 sigma for the second protomer. (Distances between water and substrates, CoM and CoB shown as a straight black
arrow, distances between nearby amino acid residues shown as dotted arrows). (A) We have modeled a water molecule in that
density with 100% occupancy in both protomers (B factor of the water is ~32 A?) in our RT XFEL structure, indicating this is not
a very “mobile” water. These waters seem to be conserved across the MCR cryogenic structures (B, 3M1V and C, 5A0Y),

although there are clear differences in the coordination environment of the waters in the respective models.
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SI Fig 6: Coordination environment of the CoB substrate seems intact in the (A) RT as well as cryogenic (B, 3M1V and C,
5A0Y) MCRredl-silent models, further indicating the “locked” nature of the MCRred1-silent active site, following Nil to Nill

oxidation. 2F0-Fc map is contoured at 1.5 sigma.
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SI Fig 7: Coordination environment of the CoM substrate analog, along with the Ni-F430 cofactor and its coordinating partner,

GIn147, shown in our MCRred1-silent models. 2Fo-Fc map is contoured at 1.5 sigma. Figure made in COOT.
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SI Fig 8: Structure of MCRred1-silent Xe pressurized structure shows the location of 4 xenons per trimer. Xe numbering 1,2,3,4

for Protomer 1 and 1°,2°,3" and 4" for Protomer 2. Chain coloring is the same as in Fig 2A. Figure was made with Chimera.
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SI Fig 9: Pairwise sequence alignment of Ethyl Coenzyme M Reductase (ECR) (PDB: 7BI1S, cryogenic) with our room
temperature MCR structure to highlight the differences and similarities between key residues that form a gas tunnel in ECR.
Alignments were made with the Clustal-Omega tool from EMBL. Residues in red denote changes between hydrophobic and

hydrophilic of aligned structure, while green denotes residues associated with the ECR gas tunnel in Hahn et.



SI Table 1: XFEL X-ray Diffraction Data collection at MFX, LCLS (SLAC) and Refinement statistics

Diffraction Parameters

Serial Measurement

Data Reduction

data collection
date collection temp
Serial
diffraction radiation
protocol
diffraction source
source type
Source details
wavelength
diffraction detector
detector

detector type

sampling frequency
[Hz]

pulse duration [fs]
photon energy [keV]
focal spot size [um2]
pulse rep rate [Hz]
pulse energy [uJ]
collimation
collection time [h]
run numbers
total images
crystal hits

lattices indexed

300K

yes

single wavelength

FEL
LCLS MFX
1.300734

RAYONIX MX340-HS
CCD

30
30
9.5
16
30
2200
compound refractive lenses
0.58
44-53
73742
24589
22706

Collection Statistics

Resolution Shells

Softwares used and
Refinement stats

collection time (mins)
unique reflections
completeness
data redundancy
res high
CC1/2
Rsplit
I/s(1)
hig
low
unique refl
completeness
redundancy
CChalf
Rsplit
Av I/s(1)
data reduction
data scaling
phasing
refinement
Rwork

Rfree

Ramachandran
outliers

41
189345
99.91
41.43
1.9
0.979
0.515
3.356
1.9
1.93
9505
99.82%
9.89
0.379
0.831
0.696
cctbx.xfel
cctbx.xfel.merge
Phenix
Phenix
15%
18%

4 (0.16%)



SI Table 2: Xe X-ray diffraction data collection statistics and Xe refinement statistics.

Xe-derivatived

MCR-Ni(ll)
Beamline ALS 8.2.2
Space group P2,

. . a=82.0, b=115.7,

Cell dimensions (&) 01234, p=92.5
Wavelength (A) 1.5498
Resolution (A) 69.6-2.50 (2.59-2.50)
# unique reflections 151627
Completeness (%) 97.1 (95.4)
Redundancy 3.0 (2.9)
<|fal> 9.8 (2.3)
Rsym 0.086 (0.493)
CCia (0.731)
Resolution (A) 69.6-2.50
# unigue reflections 151575
Riwor (%) / Rie (%0) 17.8/21.8
RMS bond lengths (A) 0.002
BMS bond angles () 0.531
Average B-factor (A7) 39.8
Ramachandran plot
Favored (%) a7.14
Allowed (%) 2.86
Qutliers (%) 0.00
Rotamer outliers (%) 0.30



here only for both protomers, separated by commas).

SI Table 3: Comparing active site distances in the RT XFEL MCRred1-silent with previously collected cryo structures (Reported

aSm = sulfur (S1) atom of the CoM XFEL RT Cryo(3M1V) Cryo (5A0Y)
moiety of methyl-SCoM (A) (A) (A)
bSc = sulfur (S7) atom of the HSCoB
moiety
Ni—-OE1(GIn147/A) 2.27,2.28 2.34, 2.31 2.31,2.30
Ni—aSm 240, 2.46 2.44,2.44 2.44,2.44
Ni-bSc 8.76, 8.77 8.76, 8.57 8.68, 8.66
02S(CoM)-NH1(Arg120/C) 2.89,2.83 2.92,2.88 2.93%, 2.89
OH(Tyr367/B)-aSm 3.03, 3.04 BMIPE3A8 3.1,3.12
O(CoB)-NE(Arg225/A) 3.79, 3.87 3.91, 3.92 3.87, 3.86
OH(Tyr333/A)-aSm 3.0,3.14 3.08, 3.08 3.07, 3.09
O(Arg270/A)-NE2(MHS257/a) 7.34,7.16 7.26,7.21 7.06, 6.97
aSm-bSc 6.4,6.33 6.16, 6.34 6.26, 6.28
Water -aSm 3.05,34 3.53, 3.49 3.32, 3.28
Water -bSc 3.29, 2.99 2.64, 2.69, 2.96, 2.93

* Distance averaged over both conformations (A and B) of R120(C) in PDB 5A0Y.
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