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Abstract: Nitrogenase catalyzes substrate reduction at its
cofactor center ([(Cit)MoFe,S,C]""; designated M-cluster).
Here, we report the formation of an artificial, nitrogenase-
mimicking enzyme upon insertion of a synthetic model
complex ([FegSo(SEt),]*; designated Fe,*"™) into the catalytic
component of nitrogenase (designated NifDK°). Two Fes"™
clusters were inserted into NifDK™°, rendering the conforma-
tion of the resultant protein (designated NifDK™) similar to the
one upon insertion of native M-clusters. NifDK™ can work
together with the reductase component of nitrogenase to reduce
C,H, in an ATP-dependent reaction. It can also act as an
enzyme on its own in the presence of Eu"DTPA, displaying
a strong activity in C,H, reduction while demonstrating an
ability to reduce CN~ to C,—C; hydrocarbons in an ATP-
independent manner. The successful outcome of this work
provides the proof of concept and underlying principles for
continued search of novel enzymatic activities based on this
approach.

N itrogenase is a structurally complex and functionally
versatile metalloenzyme that catalyzes the reduction of
a variety of substrates, including dinitrogen (N,), acetylene
(GH,), cyanide ions (CN7), carbon monoxide (CO), and
carbon dioxide (CO,), under ambient conditions.'””? Among
these reactions, the reduction of N, to ammonia (NH;)
represents a key step in the global nitrogen cycle, whereas the
conversion of CN~, CO, and CO, to hydrocarbons provides an
important template for future development of strategies to
recycle carbon wastes into useful carbon fuels®” The
“conventional” molybdenum (Mo)-nitrogenase consists of
two component proteins: a y,-dimeric reductase (designated
NifH), which houses a subunit-bridging [Fe,S,] cluster and an
ATP-binding site within each subunit; and a o,f3,-tetrameric
catalytic component (designated NifDK), which contains a P-
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cluster ([FegS;]) at the o/f-subunit interface and an M-cluster
([(Cit)MoFe,S,C]; Cit, homocitrate) within each o-subunit
(Figure S1 A, Supporting Information). Catalysis by Mo-
nitrogenase is enabled by the formation of a functional
complex between NifH and NifDK,!'”! and the subsequent
ATP-dependent transfer of electrons from the [Fe,S,] cluster
of NifH, via the P-cluster, to the M-cluster of NifDK, where
substrate reduction occurs (see Figure ST A).

The M-cluster ([(Cit)MoFe,S,C]"") can be viewed as
[MoFe;S;] and [Fe,S;] subclusters bridged by three p,-“belt”
sulfur (S) atoms and a pg-interstitial carbide (C*7) atom; in
addition, it is coordinated by an organic compound, homo-
citrate, at its Mo end (Figure 1A).l"" This unique metal-
locluster has attracted the attention of synthetic chemists and
chemical biologists alike and prompted a joint search between

A M-cluster

NifDKholo NifDKare

Figure 1. Nitrogenase cofactor, synthetic compound, and protein scaf-
fold. Structural models of A) the M-cluster and B) the Fe,*™" com-
pound, and C) the overlay of the two structures in top (left) and side
(right) views. PDB entry 3U7Q"? and data from Ref. [15] were used to
generate these models. Fe, orange; S, yellow; Mo, cyan; O, red; C (M-
cluster), light gray; C (Fe;"""), green; H (Fes"""), gray. D) Comparison
of the a-subunits of the wild-type NifDK (NifDK"™"°) and the cofactor-
deficient NifDK (NifDK*°), which reveals the presence of a positively
charged cofactor-insertion path in NifDK**° (right) that is closed up in
NifDK"" upon insertion of the cofactor (left).
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them for a synthetic mimic of the M-cluster that could be
combined with an appropriate protein scaffold into a func-
tional enzyme. One synthetic compound has come into sight
as a potential candidate for this line of investigation. First
reported by the Holm group in 1981, this [FesSo(SEt),]*"
cluster (designated Fe,*™) is a hexanuclear, dithiolate Fe-S
cluster with non-cuboidal geometry and rhomb faces.'*!
Compared to the M-cluster (Figure 1 A; also see Figure S2),
Fe R has a Fe atom substituting for the Mo atom and the
homocitrate moiety at one end of the cluster; moreover, it
“misses” two p,-Fe atoms and has a p,-bridging S atom
instead of the pg-interstitial C atom in the “center” of the
cluster (Figure 1B; also see Figure S2). Strikingly, despite
these differences, Fe,R™ bears a remarkable resemblance to
the M-cluster in the overall geometry, overlaying well with the
structure of the M-cluster except for the absence of one of the
three “Fe faces” of the cofactor (Figure 1 C). Additionally, the
anionic nature of Fe,*"™ mimics that of the M-cluster, which is
believed to be crucial for incorporation of the cofactor along
a positively charged insertion path into NifDK (Fig-
ure 1 D). Finally, Fes*"" is known to undergo facile ligand
substitutions,"*) which could facilitate exchange of the
ethanethiol ligand of Fe*™ with the M-cluster ligands,
Cys™” and His“*?, at the cofactor-binding site of NifDK.

Indeed, Fe,R™ could be inserted into the cofactor-
deficient form of NifDK (designated NifDK*°), resulting in
an artificial catalytic component of nitrogenase with a syn-
thetic cofactor center. Metal analysis revealed an increase of
the Fe content from (15.2+1.4) to (27.2+0.1) mol Fe/mol
protein before and after NifDK*° was incubated with Fe "
(Table S1), suggesting the formation of a Fe,f™"-reconstituted
form of NifDK (designated NifDK™) upon such a treatment.
Subtraction of the Fe content of Nif DK* (each containing
two P-clusters) from that of Nif DK™ (each containing two P-
clusters plus two Fe""™) indicated “acquisition” of approx-
imately 12 mol Fe/mol protein by NifDK™, which would be
consistent with the incorporation of two Fe/R™ (each
containing six Fe atoms) into the two cofactor-binding sites
in NifDK (Figure S1 A). Treatment of Nif DK™ and Nif DK™
(i.e., an M-cluster-reconstituted form of NifDK) by an iron
chelator, bathophenanthroline disulfonate, resulted in chela-
tion of (12.3+0.7) and (12.2+1.1) mol Fe/mol protein,
respectively. These chelation-accessible Fe atoms likely origi-
nated from the unprotected Fe atoms of the P-cluster,
particularly given the relatively exposed location of this
cluster at the a/f-subunit interface of Nif DK (Figure S1A).
More importantly, the nearly identical amounts of accessible
Fe atoms in NifDK™ and NifDK™ implied that the two
proteins had similar flexibility in the protein environments
surrounding the clusters that rendered the accessibility of the
cluster Fe atoms similar to that of the Fe chelator. One reason
for such a similarity could be a similar conformation assumed
by the two proteins upon incorporation of their respective
cofactors. In this scenario, Nif DK™ and NifDKM could form
similar complexes with NifH, which would enable analogous
ATP-dependent electron transfer within the complexes for
the subsequent substrate reduction at their respective cofac-
tor sites (Figure S1A).
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Figure 2. C,H, reduction by NifDK™ in ATP-dependent and independ-
ent reactions. A) Specific activity of C,H, formation by NifDK™ ((D) or
NifDK*° ((2) from C,H, reduction in an assay containing NifH, ATP,
and dithionite; or by NifDK™ in the same assay minus ATP ((3) or
NifH ((4). The inset shows the time course of ATP-dependent C,H,
formation by NifDK". B) Specific activity of C,H, formation by NifDK™
(@), NifDKM (@), Fe™ ((3)), or NifDK*® ((@)) from C,H, reduction
in an assay containing Eu"DTPA. The inset shows the time course of
ATP-independent C,H, formation by NifDK™. Data are shown as mean
+£SD (N=3).

Consistent with this suggestion, NifDK" was capable of
reducing acetylene (C,H,) to ethylene (C,H,) when it was
combined with NifH, ATP and dithionite (Figure2A, D),
forming 164 nmol C,H,/mg protein (equivalent to 36 turn-
overs) over a time period of 30 min (Figure 2 A, inset). This
activity originated from Fe,f™, as no activity was observed
prior to insertion of Fe,R™ into NifDK™° (Figure 2 A, ().
Furthermore, NifDK™ was inactive in the C,H, reduction
when ATP (Figure 2A, ®) or NifH (Figure 2A, @) was
omitted. The specific activity of ATP-dependent C,H, reduc-
tion by Nif DK™ ((23.7 4 0.4) nmol C,H,/mg protein/min) was
only 2% of the activity upon reduction by NifDKM ((1057 +
55) nmol C,H,/mg protein/min), reflecting a structural/redox
difference between Fe,f"™ and the M-cluster (Figure 1) and/
or an “imperfect” alignment of Fe,*™ with other components
along the electron transfer pathway upon docking of NifH on
NifDK™ (Figure S1 A). Nevertheless, the observed ATP- and
reductase-dependence, as well as the ability to reduce C,H,,
established NifH/NifDK™ as a two-component enzymatic
system analogous to the native nitrogenase (i.e., NifH/
NifDKM). Interestingly, when combined with Eu’DTPA
(DTPA = diethylene triamine pentaacetic acid) (E"=
—1.14 V at pH 8) in an aqueous buffer, NifDK™ was able to
catalyze the reduction of C,H, to C,H, much more efficiently
in the absence of ATP and NifH (Figure 2B, (D), forming
4758 nmol C,H,/mg protein within the first 2 min and reach-
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ing a maximum product formation of 5460 nmol C,H,/mg
protein (equivalent to 1213 turnovers) over a time period of
10 min (Figure 2B, inset). Neither Fe,*™ (Figure 2B, 3)) nor
NifDK*° (Figure 2B, @) alone showed C,H, reduction in the
Eu"DTPA-driven reaction, suggesting that the activity was
achieved only upon incorporation of Fe*™ into NifDK.
Moreover, Nif DK™ was twice as active as NifDKM in ATP-
independent C,H, reduction (Figure 2B, (), showing an
activity normally achieved by the wild-type NifDK in ATP-
dependent C,H, reduction.'”! Together, these observations
demonstrated the ability of NifDK™ to function as an
efficient, artificial C,H, reductase on its own (Figure S1B).

The observation of strong reactivity of NifDK™ toward
C,H, compelled us to further explore the reactivity of this
artificial enzyme toward other carbon-containing compounds,
such as cyanide ions (CN7), in ATP-independent reactions.
Driven by Eu"DTPA, NifDK™ was capable of reducing CN~
to C,—C; hydrocarbons at a total of 168 nmol reduced C/mg
protein (equivalent to 37 turnovers) over a time period of
90 min (Figure 3A, @); in contrast, no hydrocarbon product
was generated by NifDK*® in the same, Eu"DTPA-driven
reaction (Figure 3 A, 0), suggesting that the activity of CN~
reduction was associated with the NifDK-bound Fe 8, GC-
MS analysis further confirmed CN™ as the source of carbon in
the hydrocarbon products, showing expected mass shifts of
+1, 42, and + 3, respectively, of C, (CH,), C, (C,H,, C,Hy),
and C; (C;Hg, C;Hg) products upon substitution of *CN~ for
2CN~ (Figure 3B, top vs. bottom). It is interesting to note that
reduction of CN~ to hydrocarbons by Nif DK™ was accom-
panied by simultaneous formation of NH,"; however, the
amount of N in NH," ((8.1 +1.1) nmol N/mg protein/min)
was 1.8-fold in excess (as opposed to being equivalent) to the
total amount of C in hydrocarbon products that were detected
in this reaction ((4.4 +0.6) nmol reduced C/mg protein/min).
IC-MS analysis indicated that all detected NH," was gen-
erated from the reduction of CN™~ (Figure S3), suggesting the

CH, C,H, C.Hg
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formation of other carbon-containing products (up to 44 %)
that remained to be identified to complete the total C count
of CN -reduction.

The results of this study provide the first proof of concept
for combining a nitrogenase protein scaffold with a complex,
synthetic metal-sulfur cofactor into an artificial enzyme.
While this case deals specifically with a “nitrogenase mimic”,
several “compatibility parameters”—such as the electrostatic
interaction that facilitates insertion of Fe,"™ along the
cofactor-insertion path, the suitable geometry that permits
occupancy of FeR™ at the cofactor-binding site, and the
appropriate ligands that undergo facile exchange and con-
sequently enable coordination of Fe,*™ by protein ligands—
represent some general principles that are most important for
the success of this line of work. With regard to the Nif DK**
scaffold, it not only protects and stabilizes Fe,*™ in aqueous
solutions, but also gives the protein-bound Fe,f™ a certain
substrate selectivity that is characteristic of enzymatic sys-
tems. As far as Fe,""™ is concerned, it was shown to undergo
a reversible one-electron transfer at —0.38 V vs. SHE and an
irreversible one-electron transfer at —1.42V vs. SHE in
DMSO:"*! the oxidation states of its Fe atoms were
described as 4Fe™ and 2Fe", with electrons delocalized
among these atoms."*'! Interestingly, these parameters are
loosely analogous to those of the solvent-extracted M-
cluster,”?!J further highlighting an inherent structural-func-
tional analogy between the two clusters.

Despite the absence of one “Fe face”, Fe,R™ still
“retains” two W,-S atoms that have a similar spatial arrange-
ment to that of the p,-“belt” Satoms of the M-cluster;
moreover, it has a p,-S atom that occupies a similar location
to that of the pg-“central” Catom in the M-cluster (Fig-
ure 1 C). Preservation of these features may be crucial for the
reactivity of Fef™M as a recent crystallographic study
revealed displacement of a “belt” S atom by a CO moiety
upon binding of CO to the M-cluster,” an event requiring the
presence of the inter-
stitial C atom to main-
tain the structural
integrity of the M-
cluster ~when the
S “belt”  undergoes
significant rearrange-
ment during catalysis.
Thus, by analogy, the
equivalents to the
“belt” S and “central”
Catoms in Fe/fMH
may make it capable
of interacting with
substrates in an anal-
ogous manner to that
of the M-cluster; in
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Figure 3. ATP-independent CN™ reduction by NifDK™. A) Time courses of NifDK™-catalyzed hydrocarbon formation by
CN~ reduction in an assay containing Eu"DTPA. B) GC-MS analysis of hydrocarbon products formed by NifDK™ in
the presence of Eu"DTPA when >*CN™ (top) or ?CN~ (bottom) was supplied as a substrate.
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cluster toward CO (an isoelectronic molecule to the CN™ ion),
in reductive C—C coupling.”* On the other hand, the unique
structural features of Fe,R™ result in the distinct catalytic
profile of NifDK'™, such as improved activities of C,H,- and
CN ™ -reduction when it acts on its own as an enzyme. It is
conceivable, therefore, that a continued effort to incorporate
other synthetic cofactor variants into a suitable protein
scaffold will not only advance mechanistic understanding of
nitrogenase from a different viewpoint, but also facilitate
identification of novel enzymatic activities that may be useful
in a practical vein.

The Fe*™ cluster came from a long line of synthetic
compounds that were generated in a quest for synthetic routes
to nitrogenase-based, biomimetic metal clusters.”>?! Such
a quest began even before the structures of the nitrogenase
clusters were known, when a variety of relatively small FeS
clusters, including cubane-type FeS clusters with various
ligands (and, in some cases, heterometals), were synthesized
and characterized.'>*! As chemical and spectroscopic infor-
mation of the nitrogenase clusters became available, much
effort has been focused on the generation of high-nuclearity
metalloclusters. The previously synthesized MoFeS and VFeS
clusters with phosphine ligands were utilized as instrumental
building blocks in a fusion strategy that led to edge-bridged
double-cubane clusters®?! and, subsequently, core conver-
sion and ligand exchange/removal strategies were developed
that resulted in PN- and M-type topologs.”! The successful
synthesis of these clusters not only provides the much-needed
model compounds that mimic the nitrogenase clusters in
structural and redox properties, but also reveals a certain
parallelism between the classic synthetic strategy® ! and the
biosynthetic mechanisms utilized by nitrogenase clusters®®! in
fusing small FeS units into larger FeS cores. A similar concept
was successfully applied to the generation of a functional,
semisynthetic hydrogenase.”*] Interestingly, a different syn-
thetic approach emerged in recent years, which led to
synthesis of a series of FeS clusters, including two 8Fe
mimics of nitrogenase clusters, via spontaneous condensation
of iron and sulfido monomeric units.’) The observation of
two different synthetic strategies leads to the speculation of
whether the “prototype” of nitrogenase clusters originated
from spontaneous reactions in the primordial, abiotic envi-
ronment, which then evolved into a well-organized, protein
scaffold-assisted mechanism that step-by-step fused small FeS
units into high-nuclearity FeS clusters. Regardless of what
evolutionary implications they may have, the chemical
synthetic approaches will continue to evolve and add new
members to the library of synthetic cofactors, assisting in our
pursuit of artificial enzymes while providing relevant insights
into the assembly and catalytic properties of nitrogenase.
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