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By catalysing the microbial formation of methane, methyl-coenzyme M reductase has
acentralrolein the global levels of this greenhouse gas*2. The activity

of methyl-coenzyme Mreductase is profoundly affected by several unique
post-translational modifications®®, such as a unique C-methylation reaction
catalysed by methanogenesis marker protein 10 (Mmp10), a radical
S-adenosyl-L-methionine (SAM) enzyme’®. Here we report the spectroscopic
investigation and atomic resolution structure of Mmp10 from Methanosarcina
acetivorans, a unique B, (cobalamin)-dependent radical SAM enzyme®. The structure
of Mmpl0 reveals a unique enzyme architecture with four metallic centres and critical
structural features involved in the control of catalysis. In addition, the structure of the
enzyme-substrate complex offers a glimpse into a B,-dependent radical SAM enzyme
inaprecatalytic state. By combining electron paramagnetic resonance spectroscopy,
structural biology and biochemistry, our study illuminates the mechanism by which
the emerging superfamily of B,,-dependent radical SAM enzymes catalyse chemically
challenging alkylation reactions and identifies distinctive active site rearrangements

to provide astructural rationale for the dual use of the SAM cofactor for radical
and nucleophilic chemistry.

Methane production by anaerobic methane-oxidizing archaea is
responsible for two-thirds of global methane emissions’, a large
part of which originates from marine sediments’ and the mam-
malian microbiome?'. In this process, methyl-coenzyme M
reductase (MCR) has a central role by catalysing the reversible
interconversion of 2-methylmercaptoethanesulfonate (CoM) and
7-thioheptanoylthreoninephosphate (CoB) to a CoB-CoM hetero-
disulfide and methane (Fig. 1a). The structure of MCR? has revealed
several distinct features for this 300-kDa («fy), protein complex, such
as a unique F,;, cofactor” and unusual post-translational modifica-
tions®, including 5-C-(S)-methylarginine**, which tunes the reactivity
of its active site®”2. Mmp10, which has been shown to catalyse this key
post-translational modification’®, belongs to an emerging superfam-
ily of B,,-dependent radical SAM enzymes® 2 that encompasses more
than200,000 proteins (http://radicalsam.org/)*. These enzymes are
involvedin the biosynthesis of myriad natural productsincluding bac-
teriochlorophyll and antibiotics®*'*'®? and catalyse various reactions
such as methyl transfer to sp> and sp>-hybridized carbon atoms™*#152,
P-methylation®, ring contraction and cyclization reactions®*%, How-
ever, despite the numerous biochemical and spectroscopic studies
available in the literature™®?, knowledge of these biological catalysts
remains limited. Notably, only two structures of B,,-dependent radi-
cal SAM enzymes have been solved thus far; however, these studies
present some limitations precluding a deep understanding of their

catalysis®*?. In addition, no structure of a B,,-dependent radical SAM
enzyme catalysing methyl transfer to an sp*>-hybridized carbon atom
hasbeenreportedsofar,eventhough these enzymes are the only known
biological catalysts capable of such transformation and this reactionis
by far the most widespread in this enzyme family. Interestingly, these
latter enzymes also have the remarkable property of being able to make
dualuse of SAM toinitiate radical chemistry and to catalyse nucleophilic
displacement, which remains poorly understood.

Mmp10 has aunique architecture

The structure of holo-Mmp10 was solved at an atomic resolution of
1.9 A, and electron density was obtained for the 411 residues of the
protein (Extended Data Table 1). In a unique manner, Mmp10 is com-
posed oftwo domains and anironloop (Fig. 1b, Extended Data Fig. 1a).
The first domain (residues 1-257) has an unusual radical SAM tri-
osephosphate isomerase (TIM) barrel motif (3,a,). The radical SAM
[4Fe-4S] cluster®3'is coordinated by three cysteine residues (C15, C19
and C22) and, in contrast to allknown radical SAM enzymes, by astrictly
conserved tyrosine residue (Y115) located between the third B-strand
and third a-helix of the TIM barrel (Fig. 1c, Extended Data Figs. 1b, 2).
Thus far, FeS cluster coordination by a tyrosine residue has been
reported for only the [FeFe]-hydrogenase maturase HydE*? and one
nitrogenase®. With Y115 coordinating the radical SAM cluster, SAM is
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Fig.1|MCRand Mmp10 activity with overall structure of Mmp10. a, The
activity of MCR producing CoB-CoM heterodisulfide and methaneis enhanced
by the post-translational modification of R285 catalysed by the B,,-dependent
radical SAM enzyme Mmpl10. b, Overall structure of Mmp10 with bound
sodium, [4Fe-4S] cluster, MTA, MeCbl and singleiron atom cofactors (Protein
DataBank (PDB) accession 7QBT). Although Mmpl0 was crystallized with SAM,
only electrondensity for MTA was observed (Extended Data Fig. 1, Extended
Data Table1). ¢, Magnified view of the [4Fe-4S] cluster coordinated by three
cysteineresiduesand Y115alongside the modelled MTA molecule not

not able to bind the ‘unique iron’. However, we observed an electron
density for the adenine moiety of SAM at its expected location near the
top B-barrel sheet (Fig. 1b, Extended Data Fig. 1b) and coordinated by
the protein backbone through hydrogen bonds. Notably, despite the
atomicresolution, we could not resolve the methionine moiety of SAM,
suggesting some flexibility for this cofactor, which was hence modelled
as S-methyl-5’-thioadenosine (MTA) in this structure. This flexibility
probably occurs because SAMis not coordinated to the [4Fe-4S] clus-
ter and no polar interaction occurs with the glycine-rich motif (GGD),
which usually binds the amino group of the methionine moiety of SAM?,
Co-crystallization of Mmp10 with S-adenosyl-L-homocysteine (SAH)
resulted in electron density consistent with the presence of the full
SAH cofactor. However, among the five canonical radical SAM motifs,
only afew contacts were observed, withno directinteraction between
SAH and the GGD and ribose motifs. In these different structures, the
adenine moiety of SAH or MTA is close to the radical SAM cluster (3.8 A
fromthe nearestion of the cluster to the adenine moiety), whereas the
[4Fe-4S] cluster and cobalamin (vitamin B,) are separated by 12 A (from
the nearestion of the cluster to the cobalt atom).

Thesecond unique feature of Mmp10 is the presence of aloop coordi-
natingmononucleariron (Fig.1d, Extended DataFig.1c), whichis similar
to arubredoxin iron loop* although with a distinct orientation. This
mononuclearironis coordinated by a unique and conserved cysteine
motif (C35,C38, C45and C48) within theradical SAM domain (Extended
DataFig.2). Although the presence of additional FeS clustersis common
innon-B,,-dependentradical SAM enzymes, no radical SAM enzyme has
beenshown to containamononuclear centre. Furthermore, auxiliary
FeS clustersare oftenlocatedin the C-terminal region and outside the
TIM barrel domain, with the notable exception of BioB*, which is built
onacomplete TIM barrel.

Roles of iron sitesin Mmp10

To investigate the properties of the radical SAM cluster and iron
loop, we generated an A3 mutant lacking the three cysteine residues

2

coordinated to the cluster (Extended DataFig.1b).d, Ironloop withasingle
ironatom coordinated by four cysteine residues (Extended Data Fig. 1c). Light
blue, radical SAM domain; teal, cobalamin-binding domain; purple,ironloop;
green, MTA; magenta, MeCbl. The [4Fe-4S] cluster is shown as yellow and
orange spheres; thesingleironis presented asan orange sphere; and the
sodium atomisshown as aviolet sphere. Omit maps (blue mesh) of the [4Fe-
4S]cluster, its coordinated Y115and the uncoordinated MTA (c) or single iron
atom (d) contoured at 3care depicted.

from the radical SAM cluster and an A4 mutant lacking the four
cysteine residues from the iron loop, along with several mutants
withindividual alanine substitutions. The activity of these mutants
was compared to that of wild-type protein using a synthetic pep-
tide substrate ([M + H]*: 1,496.77) mimicking MCR®and containing
R285 (numbered as in MCR), which is the target of the methylation
reaction. Mmp10 efficiently transferred a methyl group to R285in
the presence of SAM and Ti(lll) citrate (Extended Data Fig. 3a-c),
as shown by a mass shift of Am = +14 Da ([M + H]*: 1,510.79). One
molecule each of 5’-deoxyadenosine (5’-dA) and SAH were pro-
duced per methylation reaction (Extended Data Fig. 3b), whereas
no SAM cleavage was noted in the absence of peptide, regardless
ofthereductant used. As expected, the A3 mutant was inactive and
unable to cleave SAM (Extended Data Fig. 3d). Mutants of the iron
loop (A4 and C38A mutants) produced small amounts of 5’-dA but
were unable to transfer a methyl group to the substrate (Extended
Data Fig. 3e, f). Finally, when we abrogated the coordination of
Y115 to the [4Fe-4S] cluster (Y115A mutant), the cleavage activity
towards SAM was severely impaired and the methyltransferase activ-
ity was abolished (Extended Data Fig. 3g). Substitution of Y115 with
phenylalanine only marginally restored enzyme activity (<1% of
wild-type activity), which demonstrates the critical involvement of
the hydroxylgroup of Y115in polar interactions following substrate
binding (Extended Data Fig. 3h).

Electron paramagnetic resonance (EPR) analysis of Mmp10
revealed unique spectroscopic signatures (Extended Data Fig. 3i).
First, oxidized Mmp10 exhibited a strong high-spin signal (S =%/,)
atg=4.30, 4.14 and 9.4, which is characteristic of a mononuclear
Fe* ion, and showed a signal for [3Fe-4S]* at g =2.0. The latter
signal corresponds to the oxidized radical SAM cluster, whereas
the high-spin S =5/, signal is unusual and mirrors those reported
in oxidized rubredoxin. After FeS reconstitution and reduction,
signals atg=2.03,1.93 and 1.88 were noted, which correspond to
the radical SAM [4Fe-4S]" cluster (Extended Data Fig. 3i). In the
low-field region, signals at g = 5.4 and 3.1 are characteristic of spin
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systems of S =3/, and are fully consistent with a [4Fe-4S] cluster
coordinated by three cysteine residues and a non-cysteine liga-
tion®. The reduced A4 mutant exhibited an EPR spectrum similar
to that of the wild-type enzyme although with an altered signal of
S=2/,,leading to the appearance of a signal at g = 1.15 (Extended
Data Fig. 3e). By contrast, mutation of the three cysteine residues
from the radical SAM motif abrogated signal for the S =3/, species
(Extended Data Fig. 3d). Finally, the addition of SAM to reduced
Mmpl0ledtoachangeinthe EPR spectrum, with the development
of additional signals atg=1.89 and 1.80. This resultis consistent with
directinteraction between SAM and the [4Fe-4S] cluster® (Extended
DataFig. 3i). Collectively, these data support theideathat both the
S=1,and S =3/,spinsystems originate from the radical SAM [4Fe-4S]
cluster and are consistent with the existence in solution of free and
Y115-bound forms.

Adistinct B,,-binding domain

The B,-binding domain (158 residues) is formed by four 3-strands
and seven a-helices (Figs. 1, 2). This domain comprises most of the
polar bonds that hold the cobalamin dimethylbenzimidazole (DMB)
tailin place. By contrast, a network of interactions from mainly the
iron loop (Y23, F24 and Y47) and the penultimate loop of the radi-
cal SAM domain (R210, N217, 1220, L221 and N223) coordinate the
side chains of the tetrapyrrole ring. Owing to the low number of
B-strands and a-helices and an absence of the polar a-helix involved
in phosphate binding, this domain is only marginally related to a
Rossmann fold. Furthermore, none of the canonical B;,-binding
motifs such as the His-on (DXHXXG) and SXL motifs* were identi-
fied. A molecule of SAM (or SAH) and Y23 are found between the
[4Fe-4S] cluster and cobalamin (Fig. 2a, Extended Data Fig. 4a-e).
Y23 interacts with the tetrapyrrole C8 side chain and F24 through
am-minteraction (Fig. 2a), and its hydroxyl group is 4.8 A from the
cobalt atom (upper axial coordination), suggesting a role for Y23
in tuning cobalt reactivity. Although several charged residues have
beenreportedtoserve asalower axial ligand in B,-binding enzymes
either directly or through water contact, Mmp10 has a hydrophobic
residue (L322) in the lower axial position of cobalamin (Fig. 2a).
Becauseitlacksalone pair, this residue cannot coordinate the cobalt
atom.Itsroleis hence probably to maintain the pentacoordination
of the cobalt centre and to prevent water molecules from interact-
ing with the cobalt atom. In support of this conclusion, despite the
high resolution of the structure, we observed no water molecules
beneath the cobalamin cofactor, which is shielded by a hydrophobic
pocket (Extended Data Fig. 4g, h). This novel binding mode is prob-
ably responsible for the atypical planar geometry of the tetrapyrrole
ring (Extended Data Fig. 4f).

Motion of SAM in the active site

No notable overall structural change was observed when Mmp10 was
co-crystallized with the demethylated SAM product, witharoot mean
squared deviation (r.m.s.d.) of 0.37 A over 408 residues; SAM adenine
binding remained mostly unaffected. However, the distance between
the sulfur atom of SAM (MTA) and the cobalt atom of cobalamin was
shortened from 8.9 Ato 5.6 Ainanalternative SAM orientation (Fig. 2b,
Extended Data Fig. 4). The methionine moiety is hence free to move
and rotate to a distance compatible with direct methyl transfer from
SAM to the cobalt atom. Following substrate binding, marked changes
occurred, with displacement of Y115 coordination from the [4Fe-4S]
cluster by the carboxylate and amino groups of SAM (Fig. 2b). The dis-
tance between the sulfur atom of SAM and the cobalt atomincreased to
9.4 A, whereas that between the sulfur of SAM and the [4Fe-4S] cluster
shortened to 3.4 A. These results demonstrate that SAM can adopt vari-
ous conformations within the active site. Unexpectedly, coordination
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Fig.2|Binding of vitamin B,, and S-adenosyl ligands by Mmp10. a, The C8
side chainof MeCblisshownininteractionwith Y23,1220,L221and N223 within
theradical SAM domain, resulting ina planar tetrapyrrole ring. MeCbl has no
lower axial ligand because itis pentacoordinated; however, L322, which resides
at3.9 Afromthe cobalt atom, is part of aloop of residues forming a
hydrophobic environment for the cobaltion. Y23 appears at 4.8 A from the
cobaltion. b,Snapshots of S-adenosyl cofactors within distinct Mmp10
structures. The distances between the sulfur atom of SAHand MTA or SAM and
the cobaltionareindicated by dashed lines. Top left, MmplO crystallized with
SAHinthe absence of peptide substrate (1: Mmp10 SAH structure; PDB 7QBV).
Bottom leftand top right, Mmpl1O crystallized in the absence of substrate with
SAM. Only the density of MTA was observed, whichis labelled accordingly
(2:MmplOMTA_1; PDB 7QBT; 3: MmplO MTA_2; PDB 7QBU). Bottomright,
Mmp10 crystallized with SAM and its peptide substrate (4: Mmpl0-SAM-
peptidestructure; PDB 7QBS). Light blue and purple, radical SAM domain
residues; teal, cobalamin domain; green, SAM, MTA and SAH; magenta, MeCbl.
The [4Fe-4S] cluster is shown as orange and yellow spheres. Omit maps

(blue mesh) of ligands contoured at 3 are depicted. See Extended Data Table 1
and Extended DataFig. 4 for additional information.

of the [4Fe-4S] cluster by Y115 enables the enzyme to discriminate
between radical and nucleophilic uses of SAM, without requiring two
SAM-binding sites.

Peptide binding and recognition

Co-crystallization of Mmp10 with its substrate revealed clear electron
density for eight residues, including R285, the target of the modifica-
tion (Fig.3a). Following substrate binding, Mmp10 adopted a closed
conformationinvolving displacement of the ala-helix by 11.6 Aand
the al- to a4-helices of the radical SAM TIM barrel by as much as
3.4 A (Extended Data Fig. 5a, b). In addition to coordination of the
methionine moiety of SAM to the cluster, numerous polar contacts
were established involving the ribose and GGD motifs and additional
interaction between Mmp10 and cobalamin. Unexpectedly, the C2,
C7 and C18side chains of cobalamin established multiple polarinter-
actions with the peptide backbone (Extended Data Fig. 5¢). At the
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Fig.3|Structure of Mmp10in complex withits peptide substrate.
a, Overview of Mmpl10 in complex with peptide substrate, shownin orange
(PDB code 7QBS). b, Close-up of the Mmp10 active site showing SAMingreen,
peptide substrateinorange and cobalaminin magenta. The distance between
the C5’ atom of SAM and the C6 atom of the arginine peptide substrate R285
(3.7 A) and that between R285 and the methyl group of MeCbl (4.1A) are
indicated by dashed lines. The omit map (blue mesh) of peptideis contoured at

entrance of the active site, the peptide backbone formed a sharp
twist assisted by two conserved proline residues and acomplex net-
work of polar interactions between charged amino acid side chains
and the enzyme backbone (D6, Y56, E54 and G87) (Extended Data
Fig. 5¢). R285 exhibited an extended side chain that protruded into
the enzyme active site, and its C6 atom is at the perfect distance
(3.7 A) and orientation with respect to the C5’ atom of SAM, for direct
hydrogen atom abstraction (Fig. 3b). The 4.2-A distance between the
C&atom and the methyl group of cobalamin is also perfectly compat-
ible with direct transfer of the methyl group from methylcobalamin
(MeCbl) to the C6 atom. Notably, the guanidinium moiety of R285
was coordinated not only by polarinteraction with the protein (E378)
and water contacts but also by the SAM cofactor itself through the
adenine and ribose moieties (Extended Data Fig. 5d, e). Finally, Y115
became coordinated viahydrogen bonding to E378, enabling SAM to
interact with the fourth iron atom of the [4Fe-4S] cluster and radical
chemistry to take place.

Enzyme specificity

MmplOintroduces only asingle modificationin MCR, which suggests
astrict specificity contrary to that exhibited by enzymes installing
multiple post-translational modifications in ribosomally synthesized
and post-translationally modified proteins®*3°~*, To investigate the
substrate promiscuity of Mmp10, we substituted R285 with hydropho-
bic residues (isoleucine or leucine) or structural analogues (Fig. 3c).
None of these peptides were modified by Mmp10 despite havinga Cd
atominthe target side chain (Fig. 3c, Extended Data Fig. 6a, Extended
Data Table 2), including a citrulline derivative that differed from the

B

HArg
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300 400 500 600
Wavelength (nm)

30.c,Sequences of the peptides used as potential substrates with the
substitution of arginine (R285) withisoleucine (lle), leucine (Leu),

ornithine (Orn), lysine (Lys), citrulline (Cit) or homoarginine (HArg).d, UV-
visible light analysis of Mmp10 pre-incubated with OHCbI. Green line, OHCbI-
Mmp10; blue line, OHCbl-Mmp10 after incubation with Ti(lll) citrate; red line,
reduced OHCbI-Mmpl0 exposed to air. See Extended Data Figs. 4-6 for
additionalinformation.

wild-type peptide by only one atom. Competition experiments pro-
vided additional support that this analogue does not interact with
Mmpl10 (Extended Data Fig. 6b), which is consistent with the impor-
tance of the guanidinium moiety for interaction with E378 (Extended
DataFig.5).Inaddition, E378 coordinated with Y115, which supports the
ideathat substrate binding acts asaswitch for cluster availability. Col-
lectively,acomplex network of interactions involving water molecules
and SAM, along with protein dynamics, controls the strict specificity
ofthis enzyme. Finally, UV-visible light analysis of the hydroxycobala-
min (OHCbI)-enzyme complex showed that, following Ti(lll) citrate
treatment, a Co(l) intermediate is formed (Fig. 3d), providing aroute
for MeCbl regeneration.

Proposed mechanism for Mmp10 catalysis

Interaction with the substrate, likely assisted by reduction of the
[4Fe-4S] cluster, has a major role in displacement of Y115 from the
radical SAM [4Fe-4S] cluster, which enables direct coordination of SAM
(Fig.4). After SAM cleavage, the formed 5’-dA radical abstracts the C
hydrogen atom of R285, whichis at a perfect distance for direct interac-
tion with the methyl group of MeCbl, and induces methyl transfer to
R285. Then, Y115 reverts to coordination of the radical SAM [4Fe-4S]
cluster, which prevents binding of a novel SAM molecule. The Co(ll)
intermediate generated during catalysis must be further reduced to
produce the super-nucleophile Co(l) for reaction with a second mol-
ecule of SAM and to regenerate MeCbl. Interestingly, in the absence
of astrong reductant, Mmp10 can convert OHCbl into MeCbl, simi-
lar to what has been observed for TsrM®, albeit with lower efficiency
(Extended Data Fig. 6c). Although the iron loop is ideally located and
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Fig.4 |Proposed mechanism for Mmp10. Nucleophilic and radical catalysis are highlighted in blue and orange, respectively.

exposedtosolvent, itisunlikely to have aredox potential in the range of
thebase-off Co(I)-Co(ll) redox couple**, even though the potential of
cobalamin can largely be influenced by the protein matrix* (Extended
Data Fig. 7a). At present, we favour the involvement of a ferredoxin in
the reduction of Co(ll).

A cation modelled as sodium is present and interacts with the
residues holding Y115 in place. Its presence appears to be essen-
tial for preventing major backbone reorganization during Y115
motion, as mutation of D156, which makes key interactions in the
cation-binding site, severely impairs enzyme activity (Extended
Data Fig. 7b, c). The presence of a cation is reminiscent of PFL-AE*®
and QueE". However, in Mmp10, the cation is not located in the
active site. Finally, four cis peptide bonds are present in the struc-
ture, including arare non-proline cis peptide bond (Extended Data
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Fig.8). Thesebondsare critical for the interface between the radical
SAM and cobalamin-binding domains and are necessary for strict
control of catalysis.

Discussion

The structure of Mmp10, the first, to our knowledge, B,,-dependent
radical SAM enzyme catalysing protein post-translational modifica-
tion, reveals the mechanism of action of these enzymes in transferring
methyl groups to sp*-hybridized carbon atoms. Structural and spectro-
scopicanalyses showed that Mmp10 contains four metallic centres at
interaction distances (12-16 A) (Extended Data Fig. 8c). We establish
that Mmp10 has a C-terminal B;,-binding domain, although residues
from the whole protein are involved in binding of the B,, cofactor.



In addition, this study reports the structure of a B,,-dependent radi-
cal SAM enzyme in complex with its substrate properly positioned in
the active site. This structure provides critical information about the
structural and functional diversity of radical SAM enzymes as well as
the mechanism of these complex biocatalysts that use both aradical
and anSy2 mechanism. Major and unprecedented active site reorgani-
zation occurred following substrate binding. EPR spectroscopy and
crystallographic snapshots establish that the radical SAM cluster can
be transiently coordinated by a tyrosine residue, which enables the
enzymeto perform either radical or nucleophilic chemistry. Recently,
the structure of the B,,-dependent methyltransferase TsrM"**?* was
solved and shown to contain a [4Fe-4S] cluster coordinated by three
cysteines and one glutamate residue?, a coordination encounteredin
several FeS proteins*®**° and proposed to preclude radical catalysis. Our
study demonstrates that such coordinationin Mmp10is anintermedi-
ate state enabling dual use of the SAM cofactor.

Mmp10 contains auniqueironloop positioned beneath the B,, cofac-
torthatis probablyinvolvedinshuttling electrons fromthe cobalt atom.
Inaddition, a hydrophobic pocket prevents water from converting the
pentacoordinated MeCbl into its more stabilized hexacoordinated
counterpart, which is a strategy conserved in other B,,-dependent
radical SAM enzymes. These enzymes thus appear to have evolved
unique structures and mechanisms to alkylate sp*- and sp*-hybridized
carbon atoms using the twin catalytic power of the cobalamin and
SAM cofactors®#16-19213051 n contrast to catalysis by known radical
SAM enzymes, catalysis by Mmp10 requires active site reorganiza-
tion and SAM flexibility within the active site. Although Mmp10 has a
unique architecture among known enzymes, the role of such structural
rearrangements has probably been underestimated in radical SAM
enzymes, with the current work thereby delineating novel catalytic
territories.
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Methods

Protein purification

The gene for Mmp10 was commercially synthesized with codon opti-
mization for Escherichia coli expression. The Mmp10 gene was cloned
into pET28-aand was transformed into £. coli BL21 Star (DE3) cells (Life
Technologies) alongside a pRSF plasmid expressing the ISC system.
Mutants were generated by gene synthesis or site-directed mutagen-
esis. Cells were cultured in LB with ampicillin (0.1 mg ml™) and kana-
mycin (0.05 mg ml™). Cultures were incubated at 310 K until the ODyq,
reached 0.7, at which point (NH,),Fe(SO,),and 0.5 mM isopropyl-3-D-
1-thiogalactopyranoside (IPTG) were added to the medium. The cul-
tures were then cooled to 291 K and were incubated for 16 h. Mmp10
was purified by affinity chromatography in 50 mM Tris (pH 8),400 mM
NaCland 3 mM DTT and was concentrated to ~10 mg ml™.

Reconstitution of Mmp10 and mutants

Reconstitution and all further sample preparation and experiments
were performed in a glovebox in the absence of oxygen. The sam-
ples were reconstituted overnight with eightfold molar excess of
(NH,),Fe(SO,),and Na,Swith3 mMDTT for all experiments unless stated
otherwise. Once reconstituted, the samples were buffer-exchanged
using PD-10 columns into 50 mM Tris (pH 8),400 mM NaCland 1 mM
DTT. For crystallography, EPR and UV-visible light analyses, Mmp10
was purified by size exclusion chromatography on a Superdex 200
Increase 10/300GL column using an AKTA Pure system. Samples recon-
stituted with hydroxocobalamin had tenfold molar excessadded to the
Mmp10 and were incubated overnight before being passed through a
PD-10 column.

Crystallization

The crystallization conditions for holo-native Mmp10 were identified
anaerobically at 294 K. Initial crystals appeared after 24 h by using sit-
ting drop diffusion and a 1:1 mixing of protein (10 mg mI™ with 2 mM
SAMand 200 uM MeCbl) and precipitant solutions (100 mM TrispH 8,
20% polyethylene glycol (PEG) 8000). Holo-native Mmp10 crystals
(SAH binding and alternate SAM conformation) were obtained under
similar conditions. Holo-native Mmp10 peptide substrate-binding
crystals were optimized using sitting drop vapour diffusion witha1:1:1
ratio of holo-protein solution with 2 mM substrate peptide (EMLPAR-
RARGPNE) to precipitant solution. The crystals were cryoprotected
using 10% PEG 400. All were harvested anaerobically and cryocooled
inliquid nitrogen.

Crystallographic structure determination

Diffraction data were collected on the PROXIMA-1 beamline at the
synchrotron SOLEIL (Saint-Aubin, France)®?. A crystal of holo-native
Mmp10 with peptide substrate (Mmpl0-SAM-peptide structure)
belonging to the space group P6;was detected, and diffraction data
were collected to 2.4 A with phases obtained through multiwave-
length anomalous diffraction (MAD). High-energy remote datawere
collected using an X-ray wavelength of 0.97857 A and were scaled
with a dataset collected at the iron absorption peak at 1.72200 A.
Diffraction images were recorded using an EIGER-X 16M detector,
processed with XDS using the XDSME package®*** and corrected for
anisotropy using STARANISO*. The experimental phasing searched
for one FeS cluster site, treated as a super-atom, and one cobalt site
using SHARP/AutoSHARP®. At this stage, another unexpected sepa-
rate iron site was found and was included in the phasing. Substruc-
ture determination was performed in SHELXC/D> with heavy atom
refinement, phasing and completion performed using SHARP*® and
density modification using SOLOMON®, The model was built using
several rounds of automated building with Buccaneer®. The final
round of model building used ARP/WARP®, and manual building was

performed within Coot® with refinement by Refmac5 %> and BUSTER®*.
The finalmodelincluded the full-length sequence of the protein with
one molecule per asymmetric unit. Subsequent data were phased
by molecular replacement using PHASER® with this model and with
subsequent manual rebuilding and refinement as described above.
A holo-native Mmp10 crystal (crystallized with SAM) with the space
group P2,2,2 diffracted to a resolution of 1.9 A with four molecules
perasymmetric unit (Mmpl0 MTA_1structure). Another crystal (alter-
nate MTA conformation) with the space group P2,2,2, diffracting to
aresolution of 2.3 A with two molecules per asymmetric unit was
also solved (Mmp10 MTA_2 structure). Finally, a further holo-native
Mmp10 crystal (crystallized with SAH) with the space group P2,2,2
diffracted to a resolution of 2.7 A and had four molecules per asym-
metric unit (Mmp10 SAH structure). Data collection and refinement
information can be found in Extended Data Table 1. PyMOL (version
2.0) was used in data analysis and figure generation.

Enzymatic assay with purified enzyme

Allreactions were performed anaerobically in the dark. Mmp10 reac-
tions (100-150 pM Mmp10, 3 mM DTT, 200 uM MeCbl, 2 mM SAM,
1mM peptide substrate, 2 mM Ti(lll) citrate) were incubated at 298 K
forupto2 hand were analysed by liquid chromatography-mass spec-
trometry (LC-MS).

LC-MS analysis

LC-MS analysis was performed using an ultra-high-performance
liquid chromatography (UHPLC) instrument (Vanquish Flex,
Thermo Scientific) connected by an HESI2 ion source to the MS
instrument (Q-Exactive Focus, Thermo Scientific). Samples were
diluted 50-fold in buffer A with 2 pl injected onto the column.
Areverse-phase column (2.1 mm x 50 mm, 1.7 pm; Eclipse Plus C18,
Agilent Technologies) was used for separation. To enhance the reten-
tionand resolution of the column, we used heptafluorobutyric acid
(HBFA) as an ion-pairing agent with acetonitrile used for buffer B.
All compounds eluted between 0% and 50% buffer B during 20 min
ataflowrate of 0.3 ml min™. Buffer A contained 0.2% HBFA in milliQ
water; buffer B contained 0.2% HBFA in acetonitrile/MilliQ water at
aratio of 80/20.

EPR spectroscopy

EPRspectrawere recorded on a Bruker ElexSys-500 X-band spectrom-
eterequipped with astandard rectangular cavity (ST4102) fitted toan
Oxford Instruments liquid helium cryostat (ESR900) and temperature
control system. Measurements were conducted at 6 Kusinga 600-mT
or 800-mT field sweep range or at 15K using a 200-mT field sweep
range to focus on the g=2.0 species with a field modulation ampli-
tude of 1mT at 100 kHz, microwave power of 10 mW and microwave
frequency of ~9.48 GHz.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Atomic coordinates and structure factors for the crystal structures
reported in this work have been deposited to the Protein Data Bank
under the following accession numbers: 7QBS (Mmp10-SAM-peptide
structure), 7QBT (Mmp10 MTA 1 structure), 7QBU (Mmp10 MTA_2
structure) and 7QBV (Mmp10-SAH structure).
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Extended DataFig.1| Topology diagram of Mmp10 depicting domains

(a) and 2Fo-Fc and Fo-Fc maps of (b) SAM modeled as MTA, [4Fe-4S] cluster,
Tyrosinell5and (c) thesingle Feionin Mmp10 structure (Mmpl0 MTA_1
structure). Three yellow circles surrounding the [4Fe-4S] cluster represent
cysteine residues that coordinate the radical SAM cluster. Purple circle
represents Tyrosine 115 that coordinates the fourthiron of the [4Fe-4S] cluster.
Fouryellow circles within the Fe-loop represent cysteine residues that

coordinateasingleironatomshown as anorangecircle. Red dot represents
Leucine 322 that provides a hydrophobic pocket at the lower axial position of
the cobalamin cofactor. Purple sticks represent cobalamin. Pink dot depicts
Glutamate 378 involved in substrate binding. Blue dot shows the sodiumion.
The2mFo-DFcmapis colored inblue and contoured at1.0 0. The mFo-DFc map
iscoloredgreen (3.0 0)andred (-3.0 0).
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Uniprot Sequence Percentage
code identity
Q8THG6 KKVKDI----QPLGCKYCLPFKKGCD) 56 100%
Q8PXH3 YFKKVKDV———--QPLGCKYCLPFKKGCD 56 91.24%
AOAOE3NTMS YFKKVKEV-——--PPLGCKHCLPFKKGCD 56 82.00%
AOA1IOBFP7 YFKKVKDV———-PAFGCKHCFPFSKGCD 56 70.98% AFeds interaction residues
A0A2V3JJ38 YFKGVGEI-—-—--EPFGCKNCFPFQKGCE 56 59.99%
AOA3N9VC73 YFKGVDKV————EPMGCRLCSPLKKGCD 56 50.37%
AOA1V4YPQ5 FYKNVDFNRLKSLKIGCADCPPHQIGCE] 60 40.25% Single Fe interaction residues
AOA3A5HDR2 FYKNVDFNNLKP-—-TGCINCPPYEVGCD| 58 37.50%
. * %k * *
Q8THG6 SGFKSLOMVLEETANKLYFTS————— GEVKKFTVSGGGDLSCYPELKSLITFLSQFNTP I 111 100% . Cobalamin interastion residues
Q8PXH3 SGFKPLOMVLEETANKLYFAT-----GEVKKFTVSGGGDLSCYPELKNLITFLSQFNTP T 111 91.24%
AOAOE3NTMS SGFKPLOMVLEDTAQKLCFAN— EEVKKFTISGGGDVSCYPELKNLVAFLSQFKTP I 111 82.00%
AOA1IOBFP7 SGFKPAQYVMGEVSQALHFGS——---GEADKFTISGGGDISCYPELKELVSFLSQFKKPT 111 70.98% o . .
AOA2V3JJ38 AGFKPFRLVMSEVNRS IQFAN-————QEVDRITISGGGDLSCYPDLHELVDAMSFYNVP I 111 59.99% . Peptide interaction residues
AOA3N9IVC73 PGFKPLDMLLFEVSRQR—-AS—----FEPDVISLWANADLSCYPQLLELVSKISGGKVPV 109 50.37%
AOA1V4YPQ5 NDFKPLPRVFMDLENKLMONSWDALNR-NLKVVIGAGADIFYYPHLKELVSVIKASYLPL 119 40.25%
AOA3ASHDR2 ONYKPLYQVLEDLVKKFSQINWSMLRPEDLQILVIGGADILNYPELQELVLKIKELPFSL 118 37.50% . Na interaction residues
. A
Q8THG6 HLGYTS| SKPDDALFYIDNGVTEVSFTVFATDPALRAEY! IQVLRDFCT 171 100%
Q8PXH3 HLGYTS SKPDDALFYINNG FTVFATDPSLRAEY IQVLRDFCA 171 91.24% Cis interaction residues
AOAOE3NTMS HLGYTS| SKPDDALFYIDRGVSEVSFTVFATDPALRGEY QVLKDFCA 171 82.00%
AOA1IOBFP7 HLGYTS TSEDDAAFF IENG FTVFATDPEIRGK AVLRDFCA 171 70.98%
A0A2V3JJ38 NLGYTS QPDDADYFIDRGVDEVSFTVFSTDPALRKKYM SMLRRFAE 171 59.99% . . .
AOA3N9VC73 FLDYTS| GDEAGALIKAGVRKLSFSVFSTNPALRRKYV SNLRTFCE 169 50.37% SAM interaction residues
AOA1V4YPQ5 HLGYTS ESFARELISLGLDELSFSVFSTDPELRRI SLKLFCE 179 40.25%
AOA3A5HDR2 HLGYTS IMAEKLISWGVDEISFSVFSTNPEKRRKWM! IQACEMFGE 178 37.50%
L * % .. * .
Q8THG6 HCEVYGAIVLLPGINDGEVLEKTLCDLENMGAKGAIL SPIIPGI 230 100%
Q8PXH3 HCEVYGAIVLLPGINDGEVLEKTLSDLESMGAKGAIF IIPGI 230 91.24%
AOAOE3NTMS8 HCEVYGAIVPIPGVNDGIVLEKTLSDLETMGAKGAIL] IMPGV 230 82.00%
AOA1IOBFP7 HCEVYAAIVIIPGANDGEVLENTLTDLEAMGASGAIL] IMDGI 230 70.98%
A0A2V3JJ38 CCTVYAAIVLISGVNDGDELEKTLSDIEEMGVTGVLL IMD-V 229 59.99%
AOA3N9IVC73 NCDVYAMVVLIPGINDGEELEKTCRDLEEMGAKGLMLI VIPGV 228 50.37%
AOA1V4YPQ5 NIEVNASVVVIPGVNDGKRLFQTGSDLEEWGVKTEFVL! ILEGI 239 40.25%
AOA3A5HDR2 SIDLNASAVIIPGVNDGYDLWETCDQLEKWGVKSFAL LIKGI 237 37.50%
Q8THG6 TPHTVSEFTEIVRSSAEKHPSIRITGTPLEDPLIGSPFAIRN--VPEALLKLPRVSKKAT 288 100%
Q8PXH3 IPHTVSEFTEIVRSSAAKHPSMRITGTPLEDPLIGSPFAIRN--VPEALSKLPGVTKKAT 288 91.24%
AOAOE3NTMS TPHTVDEFTELVRSSAAKHPSIRITGTPLEDPLIGSPFAIRN--VPEALEKLPPITRSAT 288 82.00%
AOA1IOBFP7 ESHTVEEFTQIVRDAA-KNHSFRVTGTPLEDPLFGSPFAIRL-—-HEDLLEKLPEVTKEAT 287 70.98%
AOA2V3JJ38 PTHTTEEFLSIVRRAA-DDHSFRVTGTPLEDPLIGSPFAVRN--DRDALSQLPEIIKGAT 286 59.99%
AOA3N9VC73 VPHGVEELKNLSTDIN-KRYKMRVIGTPFWDPETGAPFALAH-—-HKSEMKRLPAIEKSAT 285 50.37%
AOAL1V4YPQ5 KPHTYEEFQELVREVS-DEFSFRVLAFPFYDPEKDFPFVI LKEKNRGFLEELPPVKREAT 298 40.25%
AOA3A5HDR2 IPHTYEEFQSLVGKVQ-NEFSFKVISFPYHDPKINFPFALLKGKNQELI EKMPEIKSEAS 296 37.50%
. . W -
Q8THG6 QVAASRLTEIFEALG TIDDFKALDLSEVTETVE IP! 346 100%
Q8PXH3 QVAAPRLTEIFDALG TIDDFRNLDLSEVTETVE IP! 346 91.24%
AOAOE3NTMS SRVAAPRLKEIFDSLG TIEDFGNLDLSEVKETVELP! 346 82.00%
AOA1IOBFP7 SKVAEDRLSGIFGKLG TIDDFRDLDLSNVKETVIIP! 345 70.98%
A0A2V3JJ38 SSVAKPRLEKVLQFKN TIEDIKALDLSTIKETVE IP! 344 59.99%
AO0A3N9IVC73 SSLAYPLLSS IFRDLG-—DSVNVLP. TOKDFWEMD IADMKERVT IP! 343 50.37%
AOAL1V4YPQ5 SKLSSPFLKRFFELVDESDLVNVIGVD THEDLESIDLAEVRKNVVLPS| 358 40.25%
AOA3ASHDR2 SSLAATFLEKFFQSVDDSQQVNVIALD TAVDLEKIDLSKVKPNVIIP! 356 37.50%
A . . i *
Q8THG6 FVHDME IKEALRRDGVDRIVRRGPE SIGMTREEVLELEVENFTELIGQINSL 406 100%
Q8PXH3 FVHDMEVREALKKDGVDRIVRRGPE SIGMTREEVLELE IEGFTELINQINSL 406 91.24%
AOAOE3NTMS FVHDREVKETLTRDGVDRIVRRGPE SIGMSREEVLKLE IENFTELIEQINSL 406 82.00%
AOA1IOBFP7 FVHDPEVKGLLCSDGVDRLVRRGPD SIGMSEEDVLELE IKMFTELIQQINAT 405 70.98%
A0A2V3JJ38 FVHDTELTEVLSRDGVGRLVRRGPD SISMTREEVIQFEISAFGELIDHINAT 404 59.99%
AOA3N9IVC73 LAHDREIMQALRRDGKPRLVFRGPE. SELSIYMTRRQVLDREVAAFTSLIEQINEV 403 50.37%
AOA1V4YPQ5 LVHDEQAQE IF SKDGVRRRIKRGP YYESVDFNTEELIEHELKSFKALIDKVNLP 418 40.25%
AOA3ASHDR2 LVHNQKVKQILCKDGVQRRISRGPL DYEEKDLSEFELIKSEMESFKKLINIINSF 416 37.50%
* * - : %
Q8THG6 GLPLE--—— 411 100%
Q8PXH3 GLPVD—-—— 411 91.24%
AOAOE3NTMS GLPVE-——— 411 82.00%
AOA1IOBFP7 GMPVQ-——— 410 70.98%
A0A2V3JJ38 GLPPEQPKT 413 59.99%
AOA3N9IVC73 405 50.37%
AOA1V4YPQ5 419 40.25%
AOA3A5HDR2 421 37.50%
Extended DataFig.2|Sequence alignment of Mmp10 homologs. 258 (indicatedin the right column) are shown. The three cysteine residues

sequences from the megacluster1-7 (radicalsam.org), were aligned, and strictly ~ coordinating the radical SAM cluster, the four cysteine residues coordinating

conserved residues are highlighted in colors. For clarity, only eight

theFe-loopandYll5arestrictly conserved. Similarly, the residuesinvolvedin

representative sequences with various degree of similarity from100 to 37% the B,,-binding motif are highly conserved, notably the key L322.
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Extended DataFig. 3 | EPR analysis and activity of Mmp10 and mutants.

a, LC-MS analysis of the reaction catalyzed by Mmp10.SAM [M]"'=399.14, 5-dA
[M+H]*=252.11and SAH [M+H]*=385.13 areindicated. The peptide substrate
[M+H]'=1496.77 is converted into amethylated species [M+H] *=1510.79 (see
panel cfor full assignment). b, Time course analysis of the reaction catalyzed by
Mmp10. ¢, LC-MS/MS analysis of the 13-mer peptide before (upper panel) and
after (lower panel) incubation with Mmp10. See Extended Data Table 2 for full
assignment. d, Schematic representation of the A3-mutant, biochemical
characterization and EPR analysis. Right upper panel: LC-MS analysis of the
reaction before (blue trace) and after (red trace) 1 hrincubation. Right lower
panel: Time course analysis of the reaction. Left lower panel: CW EPR analysis.
The weak signal measured at g - 2.0 represents adventitious FeS cluster.

e, Schematicrepresentation, EPR analysis and activity assay of the A4-mutant
lacking C35, C38,C45and C48involvedin the Fe-loop coordination. Upper
right panel: CW EPR analysis. Lower panel: LC-MS analysis of the reaction
catalyzed by the A4-mutantbefore (blue trace) and after (red trace) Lhrincubation.
SAM[M]'=399.14, 5-dA [M+H]*=252.11and SAH [M+H]*=385.13 are indicated.
f,Schematicrepresentation ofthe C38A-mutant and biochemical characterization.
Middle panels: LC-MS analysis of the reaction before (blue trace) and after

(red trace) 60 minincubation. SAM [M]=399.14, 5-dA [M+H]*=252.11
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and SAH [M+H]*'=385.13 are indicated. Right panel: Time course analysis of the
reaction.g, Schematicrepresentation of the Y115A-mutant and biochemical
characterization. Right and middle panels: LC-MS analysis of the reaction
before (blue trace) and after (red trace) L hr incubation. SAM [M]'=
399.14,5-dA [M+H]'=252.11and SAH [M+H]'=385.13 are indicated.

h, Schematicrepresentation of the Y115F-mutant and biochemical
characterization. Activity of the YI15F mutantin the absence (Left panel) or the
presence (middle panel) of the peptide substrate. Right panel: LC-MS analysis
ofthereactionafter1hr. All reactions were performed under anaerobic and
reducing conditions with reconstituted enzymes and analyzed by LC-MS.
Methylated peptide [M+H]'=1510.79 (®@,0), 5-dA[M+H]*=252.11 (M, 0) and
SAH[M+H]*=385.13 (A, A) areindicated. Experiments were performed in
duplicate.i, Schematicrepresentation and EPR analysis of Mmp10. Ox:
Oxidized enzyme as purified, Red: Reduced enzyme after anaerobic
reconstitution and incubation with sodium dithionite. SAM: Reduced enzyme
afterincubation with SAM. g-values are indicated on the panels. In all panels,
theradical SAM cluster ligated by Tyr-115, Cys-15, Cys-19 & Cys-22, theiron-loop
coordinated by Cys-35, Cys-38, Cys-45 and Cys-48 and the cobalamin cofactor
areindicated.



Article

Extended DataFig.4|Methylcobalamin, MTA, SAH and SAM in Mmp10
structures. 2Fo-Fc and Fo-Fc maps of Mmp10 crystallized with SAH in the
absence of peptide substrate (a: Mmp10 SAH structure). Mmp10 crystallized
inthe absence of substrate with SAM. Only the density of MTA was observed
and labeled accordingly (b & c: Mmpl0 MTA_1and d: Mmpl0 MTA _2structures).
Mmp10 crystallized with SAM and its peptide substrate (e: Mmpl0 SAM peptide
structure). The2mFo-DFc mapis colored blue and contoured at1.0 o.

The mFo-DFcmapis coloredgreen (3.0 o) andred (-3.0 0). See Extended

Data Table1&Fig.2 for additional information. f, Cobalamin bound within

Mmp10 (left; PDB7QBT) and TsrM (right: PDB 6WTF). Cobalamin from TsrM
shownin green and methylcobalamin from Mmp10 shown in magenta.

The corrinring and the sidechain C8 exhibit distinct conformations.

g &h, Hydrophobic pocket of Mmp10 binding methylcobalamin (Mmpl0
MTA _1structure). The pocket directly beneath the cobalt of methylcobalamin
hasnowater molecules and no charged sidechains, resulting in ahydrophobic
environment. The distance between L322 and the cobaltionis of 4 A. Surface
charge generated using APBS®® surface charge within PyMOL (Schrodinger).



Extended DataFig.5|MmplOinteraction withitssubstrate.a,Structure
superimposition of substrate-free with SAH and peptide-bound with SAM
structures of Mmpl0. b, Enlargement showing the major structural movements
including the alahelixand the alto a4 helices of the TIMbarrel. Mmp10 with
peptideboundisshowningrey and without peptidein teal. Structures were
aligned according to the B12binding domain. Alignment of the peptide-bound
and substrate-free SAH structures using alldomains (403 residues) has a
r.m.s.d.of 0.963 A. ¢, Polar interactions between Mmp10, its cofactors
(methylcobalamin & SAM) and peptide substrate. Omit map of peptide

Y é/[i*\:%YQ - ‘/‘Z&/{

substrate contoured at3 o level (inblue). SAMisshowningreen,
methylcobalaminis depicted inmagenta, bound peptideis showninorange,
polar contactsare shown as grey dotted lines, water is shown asared sphere.

d, Omitmap of the peptide substratein Mmp10 active site contoured at 3 g level
(inlightblue). e, The2mFo-DFc map of the peptide substrate in Mmpl0 active
siteiscolored blueand contoured at1.0 0. The mFo-DFc mapiscolored green
(3.00)and red (-3.0 0). SAM shownin green, methylcobalamin depictedin
magenta, peptide substratein orange.
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Extended DataFig. 6 | Activity of Mmp10 on peptide substrate. a, Influence
ofthecritical R285 residue. Reactions were analyzed by LC-MS. Only for the
wild-type peptide amethyl transfer reaction was observed (mass shift of
Am=+14 Da).See Extended Data Table 2 for peptide masses and Extended
methods for reaction conditions. b, Activity of Mmpl0 incubated with the
wild-type peptide alone (left panel) or the wild-type and citrulline-containing
peptides (right panel). Reactions were analyzed by LC-MS. Methylated peptide
[M+H]"=1510.79 (circles), 5-dA [M+H] '=252.11 (squares) and SAH [M+H] "=

385.13 (triangles). Experiments were performed in duplicate. ¢, Formation of
MeCblby Mmpl0inthe absence or the presence of Ti(lll)citrate. Mmp10 was
incubated under anaerobic and reducing conditions with SAM (1mM), OHCbl
(100 uM) and DTT (6 mM). Diamonds: Reaction withImM Ti(lll)citrate.
Squares: Reaction without Ti(Ill)citrate. Circles: Control reaction without
enzymeand Ti(lll)citrate. Experiments were performed in duplicate. MeCbl
was detected by LC-MS analysis [M+H]*": 672.80 and comparison withiits
retention time with authentic standard.



Extended DataFig.7|Feloop and cationsitein Mmpl0. a, Fe loop in Mmp10
(MmplOMTA _1structure). Cobalamin colored magenta, residues from Fe loop
colored purple and residue from cobalamin binding domain colored teal.

b, Cationsitein Mmp10 (MmplO MTA _1structure).Naion (purple sphere)
modelledin cationsite with an average distance of 2.4 Ain octahedral
conformation (grey dotted lines) from coordinating sidechains and water.
Distance between Naion and 4Fe4S clusteris 11 A (yellow dotted line). Omit
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map of Naioncontoured at 3 o level. 4Fe4S cluster shown as orange and yellow
spheres nextto SAM molecule depictedin green. ¢, Activity of the D156A
mutant (upper panel) compared tothe WT enzyme (lower panel). Reactions
were analyzed by LC-MS. Methylated peptide [M+H] *=1510.79 (circles), 5-dA
[M+H]*=252.11 (squares) and SAH [M+H] *=385.13 (triangles). Experiments
were performedinduplicate.
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Extended DataFig. 8| Cis-peptide bond and metallic centers in Mmp10.

a, Cis-peptidebonds at theinterface between the radical SAM and the
cobalamin binding domains in the substrate free (Mmp10 MTA _1structure) and
b, peptide-bound Mmp10 structures. Peptide substrate shownin orange with
theradical SAM domain coloured in light blue and cobalamin binding domain
inteal. Polarinteractions shown as yellow staggered lines. Cis-peptide bond

between T257 and P258 are coordinating a water molecule whichis also
involvedinsubstrate binding. The rare non-proline cis-peptide bond found
betweenL259and E260is heldin place throughinteractions betweenthe
sidechain nitrogens of R243 and R298 and the side chain oxygens of E260.

¢, Metallic centresin Mmpl0. Mmpl0 SAM peptide structure. Peptide substrate
showninorange.



Extended Data Table 1| Data collection and refinement statistics

Mmp10 Mmp10 Mmp10 Mmp10 SAM  Mmpl10 SAM
MTA 1 SAH MTA 2 Peptide
Native
Data collection
Spacegroup P2/2/2 P2/2/2 P212121 P63
Cell dimensions
a, b, c(A) 156.06, 155.50, 77.78,79.49, 119.3,119.3, 119.6, 119.6,
163.91,77.80 163.00,77.33 151.66 68.6
o, B,y (®) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 120
Wavelength (A) 0.97857 0.97857 0.97857 0.97857
Resolution (A) 4572 -190 494 -2.70 4484 -230 450 -2.33
(1.95 -1.90) (2.77 -2.70) (236 -2.30) (2.39 -2.33)
Estimated resolution  1.88, 2.37, 2.78, 3.43, 2.17,2.52,
limit (A)* 1.90 2.54 2.40
Ryim 0.031(0.847) 0.070 (1.110)  0.034 (0.907)  0.045 (0.894)
Rinerge 0.112 (3.06) 0.249 (3.66) 0.119 (2.41) 0.202 (3.85)
I/ol 12.4(0.7) 8.8 (0.7) 14.8 (0.8) 11.6 (0.8)
CCip 0.999 (0.512)  0.998 (0.445) 0.999 (0.315) 0.999 (0.283)  0.997 (0.936)
Completeness (%) 99.8 (97.2) 99.9 (99.7) 99.7 (96.1) 99.6 (95.2)
Redundancy 13.8 (13.7) 13.5(11.7) 12.8 (7.8) 20.7 (18.2)
Rineree™ 0.101 (2.01) 0.20 (1.51) 0.110 (1.64)
I/ orl* 14.2 (1.2) 11.3(1.7) 16.7 (1.2)
CCp* 0.999 (0.589)  0.998 (0.721)  0.999 (0.534)
Completeness (%)*  86.9 (50.5) 76.7 (21.5) 88.1(44.1)
Refinement
Resolution (A) 4572 -190 494 -2.70 4484 -230 450 -2.33
(1.95 -1.90) (2.77 -2.70) (2.36 -2.30) (2.39 -2.33)
No. reflections 137077 42049 (841) 37624 (753) 23924 (479)
(2742)
Ruork / Riee 19.9/22.7 21.4/23.5 19.3/22.7 18.2/23.5
No. atoms
Protein 12603 12662 6372 3238
Ligand/ion 488 512 258 129
Water 1305 63 335 210
B-factors
Protein 43.24 61.9 51.04 62.62
Ligand/ion 30.6 44.13 40.68 55.73
Water 50.99 39.49 51.69 64.21
4Fe4S 30.88 47.74 45.22 57.99
Fe 40.11 58.12 45.80 64.31
MTA/SAH/SAM  35.73 53.63 49.01 69.82
Methylcobalamin ~ 29.35 43.70 36.98 51.36
Na 32.39 40.3 42.27 51.39
Peptide - - - 77.38
R.m.s. deviations
Bond lengths (A)  0.008 0.010 0.008 0.012
Bond angles (°) 1.18 1.45 1.18 1.65
PDB ID 7qbt 7qbv 7qbu 7qbs

Values in parentheses are for highest-resolution shell.
Dataset from single crystal used per structure.

*Values calculated after truncation by STARANISO. Estimated resolution limits along the three

crystallographic directions a*, b*, c*.
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Extended Data Table 2 | Mass spectrometry data
a. Peptides used as substrates and their masses

Peptide Sequence [M+H]* [M+2H] [M+3H]3* [M+4H]™
WT EMLPARRARGPNE 1496.7751 748.89121 499.59658 374.94927
lle EMLPARIARGPNE 1453.75805 727.38269 485.25756 364.195
Leu EMLPARLARGPNE 1453.75805 727.38269 485.25756 364.195
Lys EMLPARKARGPNE 1468.76895 734.88814 490.2612 367.94773

HArg EMLPAR(HomoArg)ARGPNE 1510.79075 755.89903 504.26846 378.45318
Orn EMLPAR(Orn)ARGPNE 1454.7533 727.88031 485.58931 364.44382
Cit EMLPAR(Cit)ARGPNE 1497.75911 749.38322 499.92459 375.19527

b. Theoretical mass fragments for the wild-type peptide

Sequence b b* y y*
E 1 130.04991 113.02336 1496.7751 1479.74855 13
M 2 261.0904 244.06385 1367.7325 1350.70595 12
L 3 374.17446 357.14791 1236.69202 1219.66547 11
P 4 471.22723 454.20068 1123.60796 1106.58141 10
A 5 542.26434 525.23779 1026.55519 1009.52864 9
R 6 698.36545 681.3389 955.51808 938.49153 8
R 7 854.46656 837.44001 799.41697 782.39042 7
A 8 925.50368 908.47713 643.31586 626.28931 6
R 9 1081.60479 1064.57824 572.27874 555.25219 5
G 10 1138.62625 1121.5997 416.17763 399.15108 4
P 11 1235.67901 1218.65246 359.15617 342.12962 3
N 12 1349.72194 1332.69539 262.10341 245.07686 2
E 13 1478.76453 1461.73798 148.06048 131.03393 1
*= -NH3 (-17.02655)
c. Theoretical mass fragments for the methylated peptide
Sequence b b* y y*
E 1 130.04991 113.02336 1510.79075 1493.7642 13
2 261.0904 244.06385 1381.74815 1364.7216 12
L 3 374.17446 357.14791 1250.70767 1233.68112 11
P 4 471.22723 454.20068 1137.62361 1120.59706 10
A 5 542.26434 525.23779 1040.57084 1023.54429 9
R 6 698.36545 681.3389 969.53373 952.50718 8
R® 7 868.48221 851.45566 813.43262 796.40607 7
A 939.51933 922.49278 643.31586 626.28931 6
R 9 1095.62044 1078.59389 572.27874 555.25219 5
G 10 1152.6419 1135.61535 416.17763 399.15108 4
P 1 1249.69466 1232.66811 359.15617 342.12962 3
N 12 1363.73759 1346.71104 262.10341 245.07686 2
E 13 1492.78018 1475.75363 148.06048 131.03393 1

*= -NH3 (-17.02655)

a. Peptides used as substrates and their masses. b. Theoretical mass fragments for the wild-type peptide c. Theoretical mass fragments for the methylated peptide.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

X ][]
X X

X X
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A description of all covariates tested

P

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X X X

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  XDS (BUILT=20210205) was used in data collection and processing using an XDSme script.

Data analysis Anisotropy was corrected using STARANISO(2.3.77). Phasing and data analysis and processing was performed using SHARP/AutoSHARP(SHARP
2.8.12 and Sushi 3.10.11), and several programs (SHELXC/D, SOLOMON, ARP/WARP, BUCCANEER, PHASER, Refmac5) that are part of the CCP4
suite (7.1.016). Structural refinement was performed using BUSTER(2.10.4). Coot v0.9.6.1.1 was used for model improvement. PyMOL(Version
2.0) was used in data analysis and figures.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Atomic coordinates and structure factors for the reported crystal structures of Mmp10 have been deposited to the Protein Data Bank (PDB) under the accession
codes: 7QBS, 7QBT, 7QBU and 7QBV
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X] Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size All kinetics experiments were performed as duplicate and independent reactions. Such sample size was sufficient to determine enzyme
activity notably on different substrates.
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Data exclusions  No data were excluded from the analyses.

Replication All attempts at replicating kinetic experiments were successful. Notably, similar conversion rate were measured between independent
experiments.

Randomization  Randomization is not applicable to this study.

Blinding No structure of Mmp10 has been previously reported. Thus, blinding was not necessary for this study.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines X[ ] Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging
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