
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ja

nu
ar

y 
20

21
. D

ow
nl

oa
de

d 
on

 7
/5

/2
02

4 
5:

22
:1

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The nickel-sirohy
Department of Biochemistry and Molecular

Engineering, Saitama University, Shimo-O

Japan. E-mail: tfujishiro@mail.saitama-u.ac

† Electronic supplementary informa
10.1039/d0sc05439a

Cite this: Chem. Sci., 2021, 12, 2172

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 1st October 2020
Accepted 16th December 2020

DOI: 10.1039/d0sc05439a

rsc.li/chemical-science

2172 | Chem. Sci., 2021, 12, 2172–2180
drochlorin formation mechanism
of the ancestral class II chelatase CfbA in coenzyme
F430 biosynthesis†

Takashi Fujishiro * and Shoko Ogawa

The class II chelatase CfbA catalyzes Ni2+ insertion into sirohydrochlorin (SHC) to yield the product nickel-

sirohydrochlorin (Ni-SHC) during coenzyme F430 biosynthesis. CfbA is an important ancestor of all the

class II chelatase family of enzymes, including SirB and CbiK/CbiX, functioning not only as a nickel-

chelatase, but also as a cobalt-chelatase in vitro. Thus, CfbA is a key enzyme in terms of diversity and

evolution of the chelatases catalyzing formation of metal-SHC-type of cofactors. However, the reaction

mechanism of CfbA with Ni2+ and Co2+ remains elusive. To understand the structural basis of the

underlying mechanisms and evolutionary aspects of the class II chelatases, X-ray crystal structures of

Methanocaldococcus jannaschii wild-type CfbA with various ligands, including SHC, Ni2+, Ni-SHC, and

Co2+ were determined. Further, X-ray crystallographic snapshot analysis captured a unique Ni2+-SHC-

His intermediate complex and Co-SHC-bound CfbA, which resulted from a more rapid chelatase

reaction for Co2+ than Ni2+. Meanwhile, an in vitro activity assay confirmed the different reaction rates

for Ni2+ and Co2+ by CfbA. Based on these structural and functional analyses, the following substrate-

SHC-assisted Ni2+ insertion catalytic mechanism was proposed: Ni2+ insertion to SHC is promoted by

the support of an acetate side chain of SHC.
Introduction

Class II chelatases are a family of enzymes catalyzing insertion
of a divalent metal ion into modied tetrapyrroles to yield
cobalamin, heme, siroheme, and coenzyme F430 (Fig. 1).1 Five
different class II chelatases, CbiX, CbiK, SirB, HemH, and
CbiXS, have been identied and characterized over the past
decades (Fig. S1 and S2†).2–9 CbiX and CbiK are cobalt-
chelatases (Co-chelatases) catalyzing Co2+ insertion into siro-
hydrochlorin (SHC) to yield cobalt-sirohydrochlorin (Co-SHC).
SirB plays a physiological role in the ferrochelatase reaction
involved in siroheme biosynthesis using Fe2+ and SHC as
substrates. In addition, SirB also acts as a cobalt-chelatase
similar to CbiX and CbiK. Hence, SirB and CbiX/CbiK are
evolutionarily closely related. HemH is responsible for heme
biosynthesis and thus utilizes Fe2+ and protoporphyrin IX
rather than SHC. Meanwhile, Bacillus subtilis ferrochelatase
HemH, encoded by hemH, binds Co2+ (PDB ID: 3M4Z)10 in
a similar way to SirB and CbiK, although HemH and SirB/CbiK
use different modied tetrapyrroles as substrates. These four
chelatases, CbiX, CbiK, SirB, and HemH, are all monomeric
Biology, Graduate School of Science and
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tion (ESI) available. See DOI:
with one active site at the central part. Furthermore, the metal
binding sites for CbiK, SirB, and HemH have been characterized
by X-ray crystallography: one metal-binding site composed of
one or two conserved His and one Glu exist at the C-terminal
region of CbiK and HemH, and the N-terminal region of SirB,
whereas themetal-binding site of CbiX has not been structurally
conrmed yet. In contrast, CbiXS exhibits a distinct architecture
that is different from these monomeric chelatases. CbiXS is
a cobalt-chelatase catalyzing Co2+ insertion into SHC, and it is
symmetrically structured giving rise to a homodimeric archi-
tecture, resulting in its active site being located at the central
part of the homodimer. Based on previous studies,2,3 CbiXS is
regarded as an ancestral chelatase, because some structural and
functional features of CbiXS are also observed in SirB, CbiX,
CbiK, and HemH. Interestingly, it has been clearly demon-
strated that the domains of the ancestral chelatase have been
duplicated in the large classes of chelatases, resulting in the
unique symmetrical molecular organization of the ancestral
chelatase.11 For example, the overall homodimeric architecture
of CbiXS resembles the overall folds of SirB, CbiX, CbiK, and
HemH. However, the putative metal-binding sites of CbiXS are
located in each monomer subunit based on the amino acid
sequence alignment, which indicates that the CbiXS homo-
dimer is expected to contain two metal-binding sites, whereas
CbiK, SirB, and HemH chelatases have only one, although its
metal-bound structure has not been determined.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Overall structures of M. jannaschii CfbA. The two subunits of
CfbA homodimeric architecture are shown in green and cyan,
respectively. The His-rich region is indicated by red dashed lines.

Fig. 1 CfbA-catalyzed chelatase reactions with substrate SHC. (a)
Insertion of Ni2+ into SHC in the coenzyme F430 biosynthetic
pathway. (b) Insertion of Co2+ into SHC, which has been characterized
using Methanosarcina barkeri CfbA.3,18
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More recently, CA has been identied and functionally
characterized as a nickel-chelatase (Ni-chelatase) in the
biosynthesis of coenzyme F430, which is a nickel-porphyrinoid
uniquely identied in methanogenic and anaerobic alkane-
oxidizing archaea (Fig. 1a).12–18 CA from Methanosarcina bar-
keri was actually rst discovered as a cobalt-chelatase CbiXS

(Fig. 1b) in 2003.3 CbiXS was then identied, in 2006, as a cobalt-
chelatase in an archaeon Archaeoglobus fulgidus, that lacks
coenzyme F430.19 Later, CA from M. barkeri was re-
investigated and found to exert a nickel-chelatase activity in
2017.18 Independently, CA from Methanosarcina acetivorans
has been characterized as a nickel-chelatase.17 These studies
indicate that CA is physiologically responsible for Ni2+ inser-
tion into SHC to yield nickel-sirohydrochlorin (Ni-SHC) in
coenzyme F430 biosynthesis. Moreover, CA possesses activi-
ties for insertion of both Ni2+ and Co2+ into SHC, which agrees
with the nding that SHC is commonly used as a substrate for
both coenzyme F430 and cobalamin (Fig. S1†). In other words,
the pathway involving CA in coenzyme F430 biosynthesis is
a key branching point for SHC toward Ni-SHC and Co-SHC. It is,
therefore, important to elucidate the mechanism by which CA
utilizes different metals with SHC. Moreover, investigating CA
is an interesting research focus that will help in understanding
the functional and structural diversities and evolution of the
class II chelatases, although themetal-bound forms of CA and
CbiXS are unknown. Based on amino acid sequences of CA
and other chelatases, it is expected that CA is structurally
© 2021 The Author(s). Published by the Royal Society of Chemistry
similar to CbiXS. However, the structure of CA is still unclear.
More importantly, the structural basis for the CA-catalyzed
nickel-chelatase reaction mechanism remains elusive. To
unveil the catalytic mechanism, herein we report the structural
and analysis of the in vitro activity of Methanocaldococcus jan-
naschii CA. The crystal structures of M. jannaschii wild-type
CA with various ligands, including SHC, Ni2+, Ni-SHC, Co2+,
and Co-SHC, revealed the binding of metals, substrates, and
product modied tetrapyrroles to the active site. Furthermore,
the X-ray crystal structure of a reaction intermediate of CA
with Ni2+ and SHC was successfully captured as the rst
example among the chelatases utilizing SHC and metals.
Finally, the structure-based catalytic mechanism of CA was
proposed as follows: a substrate-assisted Ni2+-insertion
mechanism.
Results and discussion
Crystal structures of CA

The X-ray crystal structure of M. jannaschii wild-type CA was
determined, and its homodimeric structure was conrmed
(Fig. 2). The symmetrical homodimer of CA had an active site
cavity at its interface, and two conserved His9 and His75 were
present at the homodimeric interface. In addition, Glu42 was
also located near His9 and His75 as a possible metal-
coordinating ligand (Fig. S2 and S3†). By structural compar-
ison of CA to other class II chelatases, the overall structure of
CA was found to be quite similar to that of “ancestral” cobalt-
chelatase CbiXS from A. fulgidus (PDB ID: 2XWS),2 which also
forms a homodimer (Fig. S3†). This suggests that CA is also an
ancestral class II chelatase. However, there is a structural
difference between CA and CbiXS: His-rich region of CA. In
the crystal structure, the His-rich region of CA lacked electron
density, indicating that this region can exhibit exibly in
different conformations (Fig. 2). To further study the structural
exibility of the His-rich region, we prepared a chimeric CA,
containing a non-His-rich region derived from M. barkeri CA
in place of the His-rich region. The X-ray crystal structure of the
chimeric CA showed that the non-His-rich region was
modeled in a structured form (Fig. S3, Table S1†) and was
Chem. Sci., 2021, 12, 2172–2180 | 2173
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positioned as in the A. fulgidus CbiXS, which is also a non-His-
rich ancestral chelatase. Therefore, the resulting structures of
wild-type and chimeric CA demonstrate not only that the His-
rich region is intrinsically exible, but also that the non-His-
rich CA is structurally similar to CbiXS from archaea with
no coenzyme F430, rather than the His-rich CA (Fig. S3†).
Amino acid sequences and phylogenetic tree analyses (Fig. S4
and S5†) also demonstrated that CA containing a non-His-rich
region, designated as type II CA, is closely related to CbiXS

from A. fulgidus, compared to His-rich CA (designated as type I
CA).
Fig. 4 Overall and active site structures of wild-type CfbAwith ligands.
(a, b) CfbA in complex with substrate SHC. (c, d) CfbA in complex with
product Ni-SHC. The 2Fo � Fc electron density map contoured at 1s is
shown in blue. Anomalous difference map of Ni2+ contoured at 3s is
shown in magenta. The two monomer side chains are represented by
different colors, and polar interactions (within 2.2–3.5�A distances) and
coordination bonds (ca. 2.0 �A distance) are indicated using dashed
lines. The His-rich region was omitted.
Structures of CA with Ni2+, SHC and Ni-SHC

We then pursued the structural elucidation of wild-type CA in
complex with Ni2+ (Fig. 3). Two metal-binding sites in both Ni2+-
bound forms were found as expected by amino acid sequence
alignments (Fig. S4†). The metal-binding sites were composed
of three residues; strictly conserved His9 and His75, and well-
conserved Glu42. The coordination structure of Ni2+-binding
site of CA is similar to the metal-binding sites of SirB and
CbiK (Fig. S2†), which provided evidence of the structural and
evolutionary relationships between ancestral CA to other
monomeric class II chelatases. In the Ni2+-bound form of CA,
we had expected that Ni2+ ions would also bind to the His-rich
region. However, no electron density of Ni2+-bound was
observed in the His-rich region, suggesting that the His-rich
region may not be transformed to its structured form upon
binding of Ni2+ and the His-rich region may bind Ni2+ ions
randomly with various coordination structures.

In addition, we solved the crystal structures of wild-type CA
in complex with its substrate SHC and the product Ni-SHC at
a resolution of 2.4 and 2.6 Å, respectively (Fig. 4). SHC and Ni-
SHC were bound to the active site of CA through several
Fig. 3 Structures ofM. jannaschii CfbA with Ni2+. (a) Overall structure.
(b) Active site structure. Ni2+ ions are depicted as green spheres. The
anomalous difference map of Ni2+ contoured at 3s is shown in
magenta. The coordination bonds between His/Glu and Ni2+ are
shown with black dotted lines. The His-rich region is omitted.

2174 | Chem. Sci., 2021, 12, 2172–2180
polar interactions (Fig. 4b and d). The two propionates side
chains of ring C and ring D of SHC interacted with the main
chain NH group of Leu70 and Ala71. The acetate side chains of
ring C and D formed polar bonds with the main chain NH group
of Ile74 and His75 of one monomer and the side chain hydroxyl
group of Ser11 of the other monomer. With these polar inter-
actions, the aromatic and planar regions of the C and D rings of
SHC appeared to be docked deeply into the active site. In
contrast, the ring A and ring B of SHC were positioned at the
entry of the active site with polar interactions between the
guanidium side chain of Arg12 and the propionate or acetate
side chain of these rings. The polar interactions between SHC
and Ni-SHC to CA were homologous to those found in SHC-
bound CbiXS from A. fulgidus.2
X-ray crystallographic snapshot of Ni2+-SHC-His catalytic
intermediate of CA

We next attempted to trap a catalytic reaction intermediate
using X-ray crystallography. For this, we further soaked the
SHC-bound CA crystals with Ni2+ for varying times and
successfully obtained a catalytic intermediate when the crystals
were soaked for 6.5 h. The crystal structure of CA bound to
two Ni2+ and SHC was solved at 3.1 Å resolution (Fig. 5). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Snapshot of a Ni2+-SHC-His intermediate complex. (a) Overall
structure. (b) Active site structure. The Ni2+ of the intermediate is
coordinated by His9, His75 and an acetate side chain of SHC. The two
monomer side chains are represented by different colors, and polar
interactions (within 2.2–3.5 �A distances) and coordination bonds (ca.
2.0 �A distance) are indicated by dashed lines. The 2Fo � Fc electron
density map contoured at 0.5s is shown in blue. Anomalous difference
map of Ni2+ contoured at 3s is shown in magenta. The His-rich region
was omitted.

Fig. 6 Structures of M. jannaschii CfbA with Co2+ and formate, which
acts as a bridging ligand been two Co2+ ions. (a) Overall structure. (b)
Active site structure. Co2+ ions are depicted as pink spheres and
formate as a stick model. The 2Fo� Fc electron density map of formate
contoured at 1s is shown in blue. The anomalous difference map of
Co2+ contoured at 3s is shown in orange. The coordination bonds
between His andmetal ions and between formate and Co2+ are shown
in black and blue dotted lines, respectively. The distances between
Glu42 and Co2+ (4.0 and 4.6 �A, respectively) were also depicted by
dotted lines, which were too large to allow for the generation of
coordination bonds although electrostatic interaction may occur. The
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overall protein structure of the intermediate was also identical
to that of ligand-free, Ni2+-, SHC- and Ni-SHC-bound CA
structures. Two Ni2+ ions and the SHC moiety of the interme-
diate (Fig. 5) were also found to be located at positions equiv-
alent to those in Ni2+-bound and SHC-bound CA structures,
respectively (Fig. 3b and 4b). The SHC moiety in the interme-
diate structure was successfully modeled, as SHC in SHC-bound
CA (Fig. 4b). Also, the two Ni2+ ions were modeled at both of
the metal-binding sites using a nickel-anomalous difference
density map (Fig. 5b), as Ni2+-bound CA (Fig. 3b). Compared
to the electron density of SHC moiety (2Fo � Fc ¼ 1s) in the
crystal structure of the SHC-bound CA, the electron density of
the SHC moiety in the intermediate was less clear, which re-
ected the transient nature of the substrate undergoing cata-
lytic reaction in the crystal.

The most interesting structural difference between the
intermediate and CA in complex with ligands was found in
© 2021 The Author(s). Published by the Royal Society of Chemistry
the Ni2+-coordination. In one Ni2+ binding site, the acetate side
chain of the SHC B ring was in coordination with the Ni2+, in
addition to His9 and His75 bound to Ni2+ (Fig. 5b). The
conformation of this acetate moiety bound to Ni2+ was distin-
guishable from that of the corresponding acetate exposed to the
solvent in the SHC-bound form of CA (Fig. 4b). The position of
the Glu42 side chain also differed between SHC-bound CA
and the intermediate. In the intermediate, Glu42 was free from
Ni2+-binding and positioned toward the solvent area, instead of
the acetate; whereas Glu42 in SHC-bound CA was bound to
Ni2+. In other words, the ligand exchange reaction fromGlu42 to
the acetate occurred in Ni2+-binding to SHC-bound CA.

The acetate side chain of SHC in the intermediate appeared
to rigidly position Ni2+ above the center of the tetrapyrrole
moiety and to slightly induce the uctuation of the SHC ring,
resulting in making NH groups of SHC exposed to the other side
of His9 and His75. This structural change may be favorable for
deprotonation of the NH groups by His9 or His75 in the oppo-
site site to the Ni2+-SHC-His coordination. Consequently, the
formation of Ni2+-SHC-His intermediate via ligand exchange
fromGlu42 to the acetate of SHC could play an important role in
the Ni-insertion into the substrate SHC in a “substrate-assisted”
manner.
Structures of CA with Co2+ and Co-SHC

CA is also known to function as a cobalt-chelatase, as
demonstrated inM. barkeri CA.3 However, the structural basis
for the utilization of Co2+ by CA is unclear. Thus, we
His-rich region is omitted.

Chem. Sci., 2021, 12, 2172–2180 | 2175
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Fig. 7 Overall structure and active site of Co-SHC-bound CfbA that
resulted from soaking of Co2+ into the SHC-bound CfbA crystal. (a)
Overall structure. (b) Active site structure. The Co-SHC was formed by
soaking SHC-bound CfbA crystal with Co2+. The 2Fo � Fc electron
density map contoured at 1s is shown in blue. Anomalous difference
map of Co2+ contoured at 3s is shown in orange.
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determined the structure of CA with Co2+ (Fig. 6) in the same
crystallization condition of CA with Ni2+. Interestingly, extra
electron density was found between two Co2+ coordinated by
His9 and His75. This was modeled as formate, which was
included in a crystallization solution (Table S3†) and bound to
two Co2+ as a bridging ligand. In the formate-free crystallization
condition (Table S3†), the formate-bridging ligand was not
observed in the crystal structure of Co2+-bound CA (Fig. S2†).

Furthermore, the structures of CA in complex with Co2+

and Ni2+ were compared in detail (Fig. 3 and 6). Curiously, the
coordination structures of Co2+ and Ni2+ were different in terms
of not only the presence of formate-bridging ligand, but also
amino acid ligands to metals. In both cases of Co2+-bound CA
with and without formate, the Co2+-coordination structures
were established by only His9 and His75, and not Glu42 with
the long distance of 4.0 or 4.6 Å (Fig. 6b). By contrast, the Ni2+

was certainly coordinated by His9, His75 and weakly by Glu42
with the distance of 2.9 Å (Fig. 3b). The difference of use of
Glu42 to bind to metals might be another key structural feature
for nickel- and cobalt-chelatase reactions of CA, which may
reect the fact that the coordination manners for Co2+ and Ni2+

are different, e.g. their favorable coordination number and
geometries.

To further investigate CA with Co2+, we performed soaking
of Co2+ into SHC-bound CA (Fig. 7), in a similar way to Ni2+-
soaking into SHC-bound CA. As a result, an intermediate of
Co2+-insertion to SHC in CA was not captured in this case.
Instead, the Co-SHC was observed at the active site of CA,
where this Co-SHC was formed as a product by a Co2+-insertion
reaction in crystal. The presence of Co2+ in the structure of Co-
SHC-bound ancestral chelatase M. jannaschii CA was
conrmed by X-ray anomalous difference density map (Fig. 7b),
accounting for the rst successful precise determination of the
presence of Co2+ at the Co-SHC among ancestral
chelatases, although the structure of Co-SHC-bound ancestral
chelatase A. fulgidus CbiXS was previously reported without
cobalt-anomalous analysis.2 By comparison of Co-SHC and Ni-
SHC in CA (Fig. 4, 7), the bindings of both Co-SHC and Ni-
SHC moieties to CA with polar interactions were quite
similar, unlike the Glu-coordination structures between Co2+-
and Ni2+-bound forms (Fig. 3b and 6b). Thus, the activity
difference in use of Co2+ and Ni2+ by CA, as demonstrated
previously,18 might be related to the metal-bound structures
rather than the product-bound structures.

Since metal-bound forms of CA was determined to be
presumably important for the activity difference, the metal-
coordinated structures of Ni2+- and Co2+-bound CA were
further compared with Co2+-bound structures of other class II
monomeric chelatases SirB6 and CbiK,2 each with one metal-
binding site at the N-terminal and C-terminal regions, respec-
tively (Fig. S2†). Both SirB and CbiK used two His and one Glu
for their Co2+-bindings, which was similar to Ni2+-binding
rather than Co2+-binding of CA. However, SirB and CbiK did
not function as nickel-chelatases. Thus, a structural key feature
for utilizing Ni2+ was not just based on metal-binding sites of
class II chelatases. It was also noted that Glu was not found in
2176 | Chem. Sci., 2021, 12, 2172–2180
all the CA enzymes (Fig. S4†), meaning the nickel-selectivity
was not directly derived from the triad of two His and Glu.

Activity assays of CA

Based on the structures of CA, associated activity assays were
conducted using Ni2+ and Co2+ to further investigate its
structure-based catalytic mechanism, as well as to conrm the
observed slow Ni2+- and fast Co2+-insertion reactions observed
via X-ray crystallographic snapshot analysis. We assayed the
chelatase activities of wild-type and chimeric CA in the pres-
ence of both Ni2+ and Co2+ with SHC18 using UV-visible spec-
troscopy (Fig. S6 and S7†).

As a result, in vitro specic activities of Ni2+- and Co2+-
insertion reactions into SHC by CA were summarized in Table
1. Turnover rates for Ni-chelatase reaction were smaller than
those for Co-chelatase reaction in both wild-type and chimeric
CA, which showed a 10-fold higher chelating activity for Co2+
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Specific activity of Ni2+- and Co2+-insertion into SHC by CfbA wild-type and chimeric variant

Protein

Metal ion used in the assay

Ni2+ Co2+

M. jannaschii wild-type CA 0.33 � 0.05 min�1 3.59 � 1.00 min�1

Chimeric CA 0.42 � 0.02 min�1 3.29 � 0.64 min�1

M. barkeri CAa 0.055 min�1 (3.4 nmol min�1 mg�1)a 1.97 min�1 (122 nmol min�1 mg�1)a

a Reported by Moore, et al.17 in nmol min�1 mg�1. Converted to min�1 for data comparison.
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than for Ni2+ (Table 1). Similar observations were also reported
previously for M. barkeri CA,18 which showed a 35-fold higher
activity for Co2+ than for Ni2+. The chimeric CA, which lacks
a His-rich region, was also used for analysis. It was found that
substitution of the His-rich region for the non-His-rich region
only induced a minimal effect on the activities, indicating that
the His-rich region was not critical for CA function (Table 1).
This result agreed with the notion that not all CA enzymes
required the His-rich regions to function (Fig. S4†). However,
the tendency of the effects induced by substitution of the His-
rich region differed between cases of Ni2+ and Co2+ use by
CA. Specically, the substitution of the His-rich region
resulted in slight increase in activity, showing that the chimeric
CA showed 1.2-fold higher activity than wild-type in Ni2+-
insertion. This observation might be explained by the fact that
the in vitro reaction condition included excess Ni2+ ions, which
is non-physiological in the cells. For instance, it could be
considered that the excess Ni2+ ions might induce the associa-
tion of many CA molecules via Ni2+-coordination by their His-
rich regions, to make CA oligomerization. If this kind of
oligomerization of CA via His-rich motif with Ni2+ happens,
a reaction might be prevented, and thus chimeric CA without
the His-rich region could work more efficiently than wild-type
CA. By contrast, the substitution made little impact on the
Co2+-insertion activity. These in vitro assay results imply that the
His-rich region may interact with metals, and favorably bind to
Ni2+ rather than Co2+, resulting in a larger effect on the activity
difference between wild-type CA and the chimeric CA,
though the His-rich region is not critical for functioning.
Indeed, some chelatases (e.g. cobalt-chelatase CbiXL from
Bacillus megaterium20) have been reported to contain His-rich
regions in their polypeptides. For instance, CbiXL from B.
megaterium contains a C-terminal His-rich region. The His-rich
region of CbiXL has been proposed as a metal-storage or metal-
delivery,9 though the physiological function of this region has
not yet been conrmed. Thus, it cannot be also concluded
whether, or how, the His-rich region of CA may function. A
further study on the physiological role of the His-rich region of
CA may be possible using methanogenic archaea that can be
genetically manipulated (e.g., M. acetivorans and Methanococcus
maripaludis).21
Catalytic mechanism of CA

Based on the detailed structural and functional analyses on
CA, we proposed a molecular mechanism CA chelatase, as
© 2021 The Author(s). Published by the Royal Society of Chemistry
described below (Fig. 8). To initiate the catalytic reaction, SHC
binds to the active site of CA. This creates a favorable envi-
ronment for the coordination of Ni2+. This sequence of
substrate-metal binding is plausible as the metal ion bound to
the active site may create a stearic hindrance for the entry of
SHC into the active site cavity. Following SHC-binding, at least
one Ni2+ ion, as a substrate, is bound to His9, His75 and Glu42
at the active site. Hence, it should be discussed whether, and
how, the second Ni2+, which was observed in the Ni2+-bound
CA and the intermediate, has a physiologically important role.
In general, Ni2+ is not commonly found as an abundant metal in
natural environments or cellular conditions; therefore, the Ni2+

present on the other side of the Ni2+-SHC-His coordination
complex may be an experimentally induced Ni2+ ion as the
crystals were soaked in high concentrations of Ni2+ and may
have led to the binding of two Ni2+ ions in the active site. CA
would not encounter such excess concentrations of the Ni2+ in
the cellular environment and therefore, the second Ni2+ would
probably not exist physiologically.

To understand the possible mechanism of low Ni2+

concentrations in physiological conditions, it is meaningful to
consider whether, and how, the two Ni2+-binding sites exhibit
varying affinity. In substrate-free CA, two metal-binding sites
are symmetric, and thus, seemingly exhibit minimal differences
in metal-affinity. By contrast, differences may exist between two
metal-sites in the SHC-bound CA, as SHC displays chiral
centers containing methyl, acetate, and propionate groups.
These moieties can be headed to one of two His9/His75 sites,
and thus result in providing the asymmetric environments for
the two His9/His75 sites in SHC-bound CA: one His9/His75
site is close to the acetate and the other is not. In this case,
the His9/His75 site close to the key acetate moiety of SHC could
hypothetically bind to Ni2+ as the rst Ni2+-binding site, since
subsequent His-acetate-Ni2+ intermediate formation can readily
occur (Fig. 8), whereas the other site not. Of course, it cannot be
excluded that the second Ni2+ may have an important role in
CA catalysis in the case of increased local Ni2+ concentration
around CA by unknown Ni-chaperons or Ni-recruiting
systems. In this hypothetical case, the second Ni2+ ion, as
a Lewis acid, may alter the acidity of the nitrogen atom of the
tetrapyrrole NH groups, which could facilitate the deprotona-
tion of the NH groups. In fact, the distance between the second
Ni2+ and the four NH groups of the tetrapyrrole are 2.8, 3.3, 3.7
and 4.3 �A. This suggests that at least two NH groups, with
distances of 2.8 and 3.3�A, may not be involved in coordination
bonds, but may rather interact with the second Ni2+. However,
Chem. Sci., 2021, 12, 2172–2180 | 2177
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Fig. 8 Proposed mechanism of CfbA-catalyzed Ni2+-insertion into sirohydrochlorin (SHC), yielding nickel-sirohydrochlorin (Ni-SHC). The
homodimers of CfbA are depicted by green and cyan cartoons. Chemical structures of possible intermediates are shown; one indicates the
binding of one Ni2+ as a substrate to His9/His75 Glu42 close to the acetate moiety of SHC in SHC-bound CfbA. The other indicates an inter-
mediate of His-acetate-Ni2+, whichmay induce a fluctuation of the SHC ring, causing NH groups to open toward the His residues at the opposite
side of the substrate Ni2+. This allows the His residues to facially deprotonation of the SHC NH groups. Subsequently, two His residues and the
acetate group of SHC push the Ni2+ toward SHC, designated as a “substrate-assisted”Ni2+-insertion to SHC. To enhance clarity of the figure, only
one acetate of SHC or Ni-SHC was depicted, while the other substituents were omitted.
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in this case, deprotonation of the NH groups by His should
occur aer the second Ni2+ is released and at least one His is
free to function as a base. Hence, the catalytic reaction may not
be straightforward or well-concerted. Further studies using
theoretical analysis22,23 based on the present structures may be
helpful to provide more detailed mechanistic insights. In fact,
distortion of the porphyrin ring was proposed as an important
event for ferrochelatase, in the previous theoretical study,22

which may be considerable for a possible uctuation of the SHC
ring during CA-catalyzed Ni2+-insertion reaction.

Aer Ni2+ is recruited to the active site of CA, a Ni2+-SHC-
His intermediate complex is formed where His9 and His75, as
well as the acetate side chain of the SHC B ring coordinate with
the metal ion. The acetate-His-Ni2+-coordination in the active
site of CA, described in this study (Fig. 8), may induce uc-
tuation of the tetrapyrrole ring of SHC during the metal-
insertion reaction. Indeed, the CbiXS from A. fulgidus has very
recently been studied with several porphyrinoids, such as uro-
porphyrin I and uroporphyrin III, that are non-natural
substrates for CbiXS and CA, suggesting the importance of
the “ruffled” states of the tetrapyrrole rings for the chelatase
reaction.24 Although it was not concluded that both the natural
substrate SHC and non-natural substrates could behave in
a similar manner, the plasticity of the tetrapyrrole substrates
may be important for CA (or CbiXS)-catalyzed reactions. If the
2178 | Chem. Sci., 2021, 12, 2172–2180
ring uctuation occurs aer the intermediate formation, NH
moieties will be positioned near the two His at the opposite site
to Ni2+, which allows for facile deprotonation of the NH moie-
ties. A similar deprotonation role of His has been demonstrated
in catalytic mechanism of HemH.25 Subsequently, the acetate
side chain of SHC pushes the coordinated Ni2+ into the
substrate, resembling the chelatase reaction mechanism cata-
lyzed by HemH with its conserved His and Glu residues as
ligands to a metal ion.26 The scheme involving the acetate of
SHC for catalysis indicates that the catalytic reaction by CA
with SHC proceeding in a “substrate-assisted” manner.

The catalytic mechanism of Co2+ insertion by CA is likely
similar to that of Ni2+ insertion. However, the rate of Co2+-
insertion was much faster than that of Ni2+-insertion as
observed via activity assays (Table 1), as well as X-ray crystallo-
graphic snapshot analysis with SHC-bound CA and Co2+ or
Ni2+ (Fig. 5b and 7b). Also, the differences in the reaction rates
for Co2+ and Ni2+ were not only in the cases of His-rich CA
(e.g. M. jannaschii CA in this study), but also non-His-rich
CA (e.g. M. barkeri CA).18 Namely, in both types of CA
enzymes, the chelatase reaction rate for Co2+ was faster than
that for Ni2+, which may be shared in ancestral class II chela-
tases CA and CbiX S based on their shared structural
features.24 Considering the structures of Ni2+, Co2+, Ni-SHC, and
Co-SHC-bound forms of CA, the difference in the metal-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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coordination structures of Ni2+- and Co2+-bound forms is
recognized as one of the key features related to the different
reaction rates. Although it remains unclear whether a mecha-
nism to distinguish Ni2+ and Co2+ exists in CA, it will be
fruitful to consider the different coordination chemistry types of
Co2+ and Ni2+ as found in formate- and Glu42-bindings to
metals. For example, Ni2+ coordination complexes usually
prefer to the low coordination number than Co2+ ones in
coordination chemistry. Thus, the energy calculations for each
of ligand-binding or transition states, e.g. Ni2+ or Co2+-bound as
well as Ni-SHC or Co-SHC-bound CA structures may be
helpful for consideration of the difference of the activities for
Ni2+ and Co2+. As in such a manner, the present Co2+ and Ni2+-
bound CA structures can give clues for further studies to
decipher the relationship between the metal specicity or
preference and structures of not only CA but also other class II
chelatases. Notably, a recent study on different types of bacterial
metal sensor proteins could also provide insights into the
mechanism for use of different metals.27 In the genomes of
most methanogenic archaea, two chelatase systems, CA and
CobNST,28 were dened as a nickel-chelatase for coenzyme F430
biosynthesis, and an ATP-dependent cobalt-chelatase system
for vitamin B12 biosynthesis, respectively (e.g. M. jannaschii
CA annotated as MJ0970, and M. jannaschii CobNST as
MJ0908, MJ1438, MJ1598). Thus, these proteins with metal
sensors obtained from methanogenic archaea may be utilized
for investigating the metal specicity of chelatases and their
related metalloproteins.

Conclusions

We resolved the structures of CA with several ligands,
substrate metal ions, SHC, and products. This study presents
a detailed catalytic mechanism of CA, an “ancestral chelatase”
and provides structural insights into the catalytic mechanisms
of other class II chelatases, such as SirB and CbiK, and clues to
design articial chelatases by mutagenesis.29,30 The Ni2+- and
Co2+-bound structures of CA may serve as stepping stones
toward understanding the metal selectivity or preference of
class II chelatases. However, further studies are required to
establish this mechanism, focusing on Ni2+ and Co2+-bound
forms using other approaches, e.g., theoretical studies22,23 based
on the solved structures in this study.
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