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Heterologous expression of nitrogenase has been actively pursued
because of the far-reaching impact of this enzyme on agriculture, energy

and the environment. However, isolation of an active two-component,
metallocentre-containing nitrogenase from a non-diazotrophic host has
yet to be accomplished. Here we report the heterologous synthesis of an
active molybdenum-nitrogenase by combining genes from Azotobacter
vinelandii and Methanosarcina acetivoransin Escherichia coli. Metal,
activity and electron paramagnetic resonance analyses demonstrate the

integrity of the metallocentres in the purified nitrogenase enzyme; whereas
growth, nanoscale secondary ion mass spectrometry and nuclear magnetic
resonance experiments illustrate diazotrophic growth and ®N enrichment
by the E. coli expression strain, and accumulation of extracellular ammonia

upondeletion of the ammonia transporter that permits incorporation
of thus-generated nitrogen into the cellular mass of a non-diazotrophic
E. colistrain. As such, this study provides a crucial prototype system that
could be optimized/modified to enable future transgenic expression and
biotechnological adaptations of nitrogenase.

Nitrogenase plays a key role in the nitrogen cycle on Earth, catalysing
the remarkable conversion of N, to NH; in an ambient process called
biological nitrogen fixation'. Additionally, nitrogenase can reduce
avariety of small molecules, including CO, C,H,, CN”and N;~, under
ambient conditions®*. Notably, the reduction of CO to hydrocarbons
(for example, C,H,, C,H,, C;H,, C;Hy) by nitrogenase®® is analogous to
thereduction of N, to NH; by the same enzyme'; both of these processes
utilize ATP as the energy source and H'/e™ as the reducing equivalent
to drive the reaction. Moreover, the enzymatic CO and N, reduction
by nitrogenase mirror the industrial Fischer-Tropsch’® and Haber-
Bosch®'® processes for the large-scale production of liquid carbon fuels
and ammonia, respectively; yet, unlike their industrial counterparts,
the nitrogenase-catalysed reactions occur under ambient conditions
and do not consume the expensive H, gas"¢. The distinct features of the
nitrogenase-based reactions make this enzyme alogical candidate for

heterologous expressionin geneticallyamenable hosts, such as Escheri-
chia coli, for the future development of bioreactors to harness the
reducing prowess of nitrogenase. Coupled with efforts to seek cheaper,
renewable feedstocks to supply energy for the nitrogenase reactions,
and taking advantage of H, being generated as an abundant by-product
instead of being consumed as asubstrate, the successful development
of such nitrogenase-based bioreactors could potentially offer energy-
and cost-efficient alternatives that complement traditional approaches
for the production of high-value chemical commodities.

Encoded by nif genes, the conventional molybdenum
(Mo)-nitrogenase has remained a focal point of efforts to heterolo-
gously synthesize nitrogenase in non-diazotrophic organisms. The
best-characterized Mo-nitrogenase from Azotobacter vinelandii
(Supplementary Fig. 1) consists of areductase component and a cata-
lyticcomponent™'%. The reductase component, termed the Fe protein
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(or NifH), is a y,-homodimer that has a [Fe,S,] cluster bridged at the
subunitinterface and aMgATP-binding site located within each subu-
nit; the catalytic component, termed the MoFe protein (or NifDK), is an
o,B,-tetramer that has a P-cluster ([FegS,]) bridged at each o/3-subunit
interface and an M-cluster (also known as FeMoco or cofactor;
[(R-homocitrate)MoFe,S,C]) located within each a-subunit™". Cataly-
sisby Mo-nitrogenase involves repeated association and dissociation
of its two components, which facilitates the formation of an electron
transport chain within the NifH/NifDK complex that extends from the
[Fe,S,] cluster of NifH, through the P-cluster, to the M-cluster of NifDK,
where substrate reduction takes place (Supplementary Fig. 1),

Biosynthesis of Mo-nitrogenase (Supplementary Fig. 2)*'*%is
a highly involved process that centres on the formation of its P- and
M-clusters, arguably two of the most complex, high-nuclearity met-
alloclusters found in biological systems. The assembly processes of
both the P- and M-clusters begin with the synthesis of small [Fe,S,]
building blocks by NifS (a cysteine desulfurase) and NifU (an FeS
assembly scaffold); however, the two pathways branch at this point,
with a pair of [Fe,S,] clusters delivered to NifDK (the catalytic com-
ponent) and NifB (a cofactor assembly protein), respectively, for
the assembly of P- and M-clusters (Supplementary Fig. 2a,b). The
assembly of the P-cluster (Supplementary Fig. 2a) continues in situ
(on-site) at its target location, where the [Fe,S,] cluster pair (desig-
nated the P*-cluster) are coupled into a [FegS,] cluster (that is, the
P-cluster) at the a/B-subunit interface of NifDK? ., Such a process
resultsinaP-cluster-replete, yet M-cluster depleted apo NifDK, ready
to receive the externally synthesized M-cluster. The assembly of the
M-cluster (Supplementary Fig. 2b), on the other hand, occurs ex situ
(off-site) outside its target location, where the [Fe,S,] cluster pair
(designated the K-cluster) are coupled/rearranged into a [FegS,C]
cluster (designated the L-cluster) via radical chemistry on NifB
(aradical SAM enzyme) concomitant with the incorporation of a
sulfite-derived ninth belt-sulfur?~**, The L-cluster is then transferred
to NifEN (a cofactor assembly protein), where it undergoes transfor-
mation into a mature M-cluster upon NifH-mediated substitution of
one terminal Fe of the L-cluster with Mo/homocitrate> . This event
isfollowed by transfer of the M-cluster to its target binding site within
the a-subunit of apo NifDK***¢, resulting in a P- and M-cluster-replete,
holo NifDK (Supplementary Fig. 2c).

The intricacy of the biosynthetic processes of both P- and
M-clusters poses a serious challenge for the successful heterologous
expression of Mo-nitrogenase in a non-diazotrophic host, such as
E. coli. To circumvent this problem, we dedicated our efforts towards
narrowing down the essential nif gene products through studies of
purified assembly components from A. vinelandii, which led to the
unambiguousidentification of nifS,U,H,M,Z,D,K,E,N,B,V as the minimum
set of essential genes that are required alongside the gene encodingan
appropriate electron donor (for example, fdxN) for the expression of
anactive Mo-nitrogenase in this native diazotrophic host. Building on
this knowledge, we then mixed and matched nifand related genes from
A.vinelandiiand those from amethanogenic organism, Methanosarcina
acetivorans, for the heterologous expression and functional studies of
key components of nitrogenase in E. coli** *****', Most importantly, our
recent efforts led to the successful heterologous synthesis of three
proteins: (1) a [Fe,S,] cluster-replete NifH (Fig. 1, coloured dark blue)
derived from coexpression of nifH,Mwith iscS,Uof A. vinelandiiin E. coli,
whichis fully active in catalysis and assembly**; (2) aP-cluster-replete,
but M-cluster-depleted apo NifDK (designated NifDK*°; Fig. 1, col-
ouredgreen)* derived from coexpression of nifH,M,Z,D,K with iscS,U of
A.vinelandiiinE. coli,which can be activated upon cofactor incorpora-
tion; (3) an L-cluster-containing NifB protein (Fig. 1, coloured yellow)*
derived from coexpression of nifS3,U3,B of M. acetivorans with fdxN
of A.vinelandiiin E. coli, which can serve as a cofactor source upon the
L- to M-cluster conversion on NifEN. More importantly, we purified
these heterologously expressed nitrogenase proteins and verified the
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Fig.1| Abottom-up metallocentric approach to heterologously express
nitrogenase. Biosynthesis of Mo-nitrogenase consists of two components:

(1) the in situ assembly of the P-cluster, which involves fusion of a[Fe,S,] cluster
pairinto a P-cluster ([FegS,]) on NifDK that results in a P-cluster-containing, yet
M-cluster-deficient NifDK*° (red arrows); and (2) the ex situ assembly of the
M-cluster, which involves coupling/rearrangement of a [Fe,S,] cluster pair into an
L-cluster ([FesS,C]) on NifB concomitant with insertion of an interstitial carbon
and a ninth sulfur, maturation of the L-cluster into an M-cluster ([(R-homocitrate)
MoFe,S,C]) on NifEN via NifH-mediated Mo/homocitrate (hc) insertion, and
delivery of the M-cluster to NifDK*™ that results in a P- and M-cluster containing
NifDK™"° (blue arrows). Our recent success with the heterologous expression and
biochemical/spectroscopic characterization of a P-cluster containing NifDK*°
(green), an L-cluster containing NifB (yellow) and an [Fe,S,] cluster containing
NifH (dark blue) in £. colihave implemented critical checkpoints along the
biosynthetic pathway (indicated by V) to verify the heterologous synthesis of the
complex metallocentres of nitrogenase. Building on these results, an M-cluster
containing NifEN (dark brown) can be implemented as the final checkpoint

prior to combining all essential biosynthetic components for the heterologous
expression of acomplete Mo-nitrogenase. Such ametallocentric, divide-and-
conquer approach allows for a bottom-up construction of abiosynthetic
pathway of nitrogenase in any foreign host and highlights the necessity to
demonstrate the heterologous expression of nitrogenase via analysis of the
metallocluster content and functional competence of the purifiable nitrogenase
components.

formation of the metallocentres and, in particular, the P-and L-clusters,
onthese proteins through metalloprotein-specific biochemical (metal,
activity) and spectroscopic (electron paramagnetic resonance (EPR),
X-ray absorption spectroscopy/extended X-ray absorption fine struc-
ture) analyses, thereby validating our model of nitrogenase assembly
while providing conclusive evidence for the feasibility of synthesizing
the complex metallocentres of nitrogenase inanon-diazotrophic host,
such asE. coli***.

The successful expression of the P-cluster-containing apo NifDK
and the L-cluster-containing NifBin £. coliillustrates the effectiveness
of individually addressing the biosynthetic competence of the key
intermediates of nitrogenase assembly before combining these events
for the heterologous expression of a complete nitrogenase. Such a
metallocentric, divide-and-conquer approach allows for a strategic
implementation of two crucial checkpoints along the biosynthetic
pathway of nitrogenase and a conclusive demonstration of cluster
formation via analyses of purified proteins, a concept that has not
been considered in previous efforts**~*® that centred on a one-shot,
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Fig.2|Biochemical and spectroscopic analyses of AvNifEN®. a, SDS-PAGE of
the as-isolated AUNIifEN®. Shown is a representative image of three independent
experiments with reproducible results. Heterologously expressed in E. coli strain
YMS577EE (Supplementary Table 2), AvNifEN* is a heterotetramer composed of
a-and B-subunits of -50 kDa and -49 kDa, respectively. Standard, Precision Plus
Protein Kaleidoscope prestained protein standards (Bio-Rad). b, Perpendicular
mode EPR spectra of the IDS-oxidized AvNifEN and AvNifEN®., Also shown is

the L-cluster specific EPR signal of AvNifEN at g = 1.94, with its signal intensity
normalized based on the L-cluster content (red dashed line). ¢, Fe analyses

of AUNIifEN and AuNifEN. The L-cluster content of AUNIifEN or AUNIfEN* was

Specific activity (%)

calculated by subtracting eight Fe atoms in the two permanent [Fe,S,] clusters
from the total amount of Fe atoms per NifEN tetramer. The relative L-cluster
content of AUNIfEN® (expressed as a percentage) as compared to that of AvNifEN
(setas100%) is indicated in red font. d, Activity analyses of AUNifEN and AvNifEN®
in catalysis (Catal.) and M-cluster assembly (Assem.). The relative activities of
AvNIfENE (expressed as percentages) compared with those of AUNifEN (set as
100%) are indicated in red font. See Supplementary Table 3 for details on Fe
contents and specific activities. The error bars represent the standard deviation
from the mean, originating from three independent Fe analyses (c) and three
independent activity analyses (d) of each of AUNifEN* and AvNifEN.

whole-gene-set transfer for the heterologous expression of nitroge-
nase, followed by whole-cell analysis of the functionality of this enzyme.
With the heterologous synthesis of the high-nuclearity, homome-
tallic cores of P- and L-clusters accomplished in the heterologously
expressed NifDK and NifB proteins*, respectively, we have overcome
two major hurdles for the heterologous expression of nitrogenase
and are poised to extend the cofactor assembly pathway for the het-
erologous expression of aholo NifDK speciesin £. coli. Specifically, by
addingthe biosynthetic components required for cofactor maturation
(that is, nifE,N,V) to those for the expression of NifB and apo NifDK
(that s, nifS,U,B,fdxN and nifH,M,Z,D,K), we should be able to gener-
ate a system wherein the L-cluster is transferred from NifB to NifEN
and matured into an M-cluster prior to the delivery of the M-cluster to
apo NifDK.

Here we report the heterologous formation of an active
Mo-nitrogenase of A. vinelandiiin E. coliupon coexpression of A. vine-
landii nifH,M,Z,D,K,E,N,V and fdxN genes along with M. acetivorans
nifS3,U3,B genes (see Supplementary Table 1 for alternative designa-
tions of Ma nifS3 (gene symbol/ID: MA0808/638175558) and Ma nifU3
(gene symbol/ID: MA0807/638175557))*. Combined metal, activity
and EPR analyses of the two purified components of the heterolo-
gously expressed Mo-nitrogenase reveal the presence of 90% and 34%,
respectively, of the as-isolated NifH and NifDK in a cluster-replete,
holo conformation. Moreover, cell growth and nanoscale secondary
ion mass spectrometry (nanoSIMS) experiments demonstrate the
ability of the nitrogenase-expressing E. coli strain to sustain diazo-
trophic growth and incorporate ®N,-derived, fixed nitrogen into the
cell mass upon exhaustion of a limited amount of ammonia in the
growth medium. Finally, frequency-selective nuclear magnetic reso-
nance (NMR) analysis shows accumulation of extracellular ammonia
upon deletion of amtB, the gene encoding the ammonia transporter
protein AmtB, in the genome of the nitrogenase-expressing E. coli
strain; and nanoSIMS analysis illustrates a 4.3-fold ®N enrichment in
anitrogenase-free E. colistrainuponincubation with the supernatant
of the AamtB nitrogenase-expressing E. coli strain prepared with ®N,.
Together, these observations not only establish our diazotrophic
E. coli strain as a prototype for further optimization of nitrogenase
expression, butalso point to the utility of this heterologous expression

systemas a potential template for future biotechnological adaptations
of nitrogenase-based applications.

Results

Heterologous expression of an L-cluster-bound NifEN

We began our effort towards the heterologous expression of acom-
plete Mo-nitrogenase in E. coli by expressing an L-cluster-containing
NifEN as the last checkpoint along the biosynthetic pathway of NifDK
(seeFig.1,dark brown). This objective was necessary because the fea-
sibility of an in vivo transfer of L-clusters from NifB to NifEN had not
been established in this foreign host. As shown in Fig. 2, coexpres-
sion of the nifE(his-tagged),N and fdxN genes from A. vinelandii (Av)
and the nifS3,U3,B genes from M. acetivorans (Ma) in E. coli strain
MY21, a BL21(DE3)-derived AiscR strain, resulted in the heterologous
synthesis of a soluble, brown His-tagged NifEN species (designated
AVNIfEN). Isolated at ayield of 600 mg per100 g wet cells, AUNIifEN® is
ano,f3,-tetramer comprising - and B-subunits of ~50 kDaand ~49 kDa,
respectively (Fig. 2a). Moreover, like the native AUNifEN, AUNIifEN®
displays a g=1.94 EPR signal that is characteristic of the L-cluster
in the oxidized state®*, although the signal intensity of AUNIfEN* is
~38% of that of its native counterpart (Fig. 2b). Consistent with this
observation, AUNifEN® shows an L-cluster-specific Fe content 0of 41.9%
(Fig. 2¢), a C,H,-reducing activity of 45.2% (Fig. 2d, Catal.) and an L- to
M-cluster maturation activity of 37.3% (Fig. 2d, Assem.), relative to
those of the native AUNIfEN, all of which point to an L-cluster content of
AvNIfEN® that is -40% of that of its native counterpart. Such an L-cluster
occupancy of AUNifEN®indicates agood efficiency of in vivo L-cluster
transfer between MaNifB and AuNifEN, which s particularly encourag-
ing given the cross-species interaction between the two proteins and
the necessity to express MaNifB instead of its homologous AvNifB
counterpart due to the challenge of expressing the latter in £. coli.

Heterologous synthesis of acomplete Mo-nitrogenase

Having established the feasibility of cluster transfer between NifB
and NifEN, we then set out to piece together a complete pathway in
E. colifor the heterologous expression of Mo-nitrogenase by coex-
pressing the nifH,M,Z,D,K,E,N,V and fdxN genes from A. vinelandii
and the nifS3,U3,B genes from M. acetivorans in E. coli strain MY21.
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Fig.3 | Biochemical and spectroscopic analyses of AvNifH . a, SDS-PAGE of
the as-isolated AvNifH™. Shown is a representative image of three independent
experiments with reproducible results. Heterologously expressed in E. coli strain
YMSS7EE (Supplementary Table 2), AvNifH* is a homodimer composed of

two ~30 kDa subunits. Standard, Precision Plus Protein Kaleidoscope prestained
protein standards (Bio-Rad). b,c, Perpendicular (b) and parallel (c) mode EPR
spectra of oxidized (Ox), reduced (Red), and super-reduced (SR) states of
AvNifH* (red) compared with those of its native AvNifH counterpart (black). The
three oxidation states of AUNifH® or AUNifH were generated upon treatment of
the protein with IDS (Ox), dithionite (Red) and Eu"-EGTA (SR). The S = 3/2 signals
observed in the spectra of both reduced AvNifH and AuNifH* are also shown at

Magnetic field (G) Specific activity (%)

5-fold enhanced intensities. d, Fe analyses of AvNifH and AuNifH . The relative
Fe content of AUNifH* (expressed as a percentage) compared with that of AvNifH
(setas100%) isindicated inred font. e, Activity analyses of AUNifH and AuNifHE
in catalysis (Catal.) and M-cluster assembly (Assem.). The relative activities of
AvNifH® (expressed as percentages) compared with those of AUNifH (set as100%)
areindicated in red font. See Supplementary Table 4 for details on Fe contents
and specific activities. The error bars represent the standard deviation from the
mean, originating from four independent Fe analyses (d) and four independent
M-cluster assembly activity analyses (e) of each of AvNifH® and AvNifH, and

four and six independent catalytic activity analyses, respectively, of AUNifH
and AvNifH (e).

As shown in previous studies, such a system has the gene products
required for the successful expression of both components of the
A.vinelandii Mo-nitrogenase; specifically, this system contains the
following components: (1) Av nifH,M gene products for the expression
of a fully complemented NifH*; (2) Av nifH,M,Z,D,K gene products
for the expression of a P-cluster-replete, yet cofactor-depleted apo
NifDK*; (3) Ma nifS3,U3,B and Av nifE,N,V and fdxN gene products
for the expression of an L-cluster-bound NifEN*’; (4) Av nifV gene
product (that is, the homocitrate synthase) for the in vivo synthesis
of homocitrate', which, along with an in vitro source of molybdenum
(thatis, molybdate supplemented in the growth medium), should be
sufficient to support the maturation of L-cluster on NifEN (the third
component above) into an M-cluster via insertion of Mo/homoci-
trate by NifH (the first component above), followed by transfer of the
M-cluster from NifEN to apo NifDK (the second component above) to
yield a P-cluster- and M-cluster-replete, holo form of NifDK.

Indeed, when expressed anaerobically in the presence of molyb-
date, both components of the A. vinelandii Mo-nitrogenase could be
isolated from the E. coli expression strain as soluble, brown proteins.
Designated YMS87EE and YMS38EE, respectively, two E. coli expression
strains carrying identical biosynthetic components for the expres-
sion of a complete, two-component Mo-nitrogenase except for the
attachment of a polyhistidine tag to either the reductase component
(designated AvNifH®; YM587EE) or the catalytic component (desig-
nated AvNifDK; YMS38EE) yielded ~60 mg of AvNifH* and ~30 mg
of AUNifDK, respectively, per 100 g wet cells. As expected, AvNifH  is
ay,-homodimer composed of two ~30 kDa subunits (Fig. 3a). Moreo-
ver, AvNifH® behaves the same way as the native AvNifH upon redox
conversion, being EPR-silent in the oxidized, [Fe,S,]* state (Fig. 3b,
Ox) while displaying mixed S=3/2(g=5.9,4.3) and S=1/2 (g=2.04,
1.94,1.86) EPR signals in the reduced, [Fe,S,]" state (Fig. 3b, Red)' and
acharacteristicg=16.4 EPRssignal in the super-reduced, [Fe,S,]° state
(Fig. 3¢, SR)*®. Consistent with a cluster content that is 90% of that of
the native AvNifH (Fig. 3d), AvNifH* displays activities in substrate
reduction and cluster maturation thatare 90% and 107%, respectively,
of those of its native counterpart (Fig. 3e).

Likewise, AuNifDK* closely resembles the native AvNifDK in bio-
chemical, spectroscopic and catalytic behaviours. An o,3,-tetramer,
AvNifDK® consists of a- and B-subunits of ~56 kDa and ~59 kDa,
respectively (Fig. 4a). Most excitingly, AvNifDK* exhibits the same
M-cluster specific, S = 3/2 perpendicular-mode EPR signal at g=4.31,
3.67 and 2.01in the dithionite-reduced state (Fig. 4b, red trace)’, as
well as the P-cluster (P°*) specific, g = 11.8 parallel-mode EPR signal in
the indigo disulfonate (IDS)-oxidized state (Fig. 4c, red trace)*’, as its
native AvNifDK counterpart (Fig. 4b,c, black traces). A comparison
of the intensities of the S = 3/2 features indicates a 34% occupancy
of the M-cluster in AuNifDK* relative to that in the native AvNifDK
(Fig. 4b). This assignment aligns well with the activities of N,-, H'-
and C,H,-reduction (38-48%; Fig. 4d) and the molybdenum content
(36%; Fig. 5a) of AUNifDK® relative to those of its native counterpart.
Such an alignment of the molybdenum contents, S = 3/2 signals
and catalytic activities strongly points to the presence of an intact,
homocitrate-containing M-cluster in AvNifDK*like that of its counter-
partinthe native AuNifDK, a suggestion verified by gas chromatogra-
phy (GC)/gas chromatography-mass spectrometry (GC-MS) analysis
of the M-cluster extracted from AvNifDK* (Fig. 5b,c). Together, these
observations firmly establish a content of at least 34% fully active, holo
conformation in the as-isolated AvNifDK*.

Notably, the P-cluster occupancy in AvNifDK?, assigned as 58%
of thatin the native AuNifDK based on a comparison of the intensities
of the P%*-specific, g =11.8 features of the two proteins (Fig. 4c), is
much higher than the 34% M-cluster occupancy in AvNifDK®. Such a
discrepancy in P-and M-cluster occupancies suggests the presence of
a portion of AvNifDK® in a P-cluster-replete, but M-cluster-depleted
apo conformation, which could be reconstituted and activated by
the solvent-extracted M-clusters. In support of this suggestion, upon
reconstitution with solvent-extracted M-clusters, AUNifDK* shows
anincrease in its C,H,-reducing activity to 56% relative to that of its
native counterpart (Fig. 4d), which aligns well with the assignment
of a 58% P-cluster content in this protein (Fig. 4c). Other than the
portion of apo AvNifDK* that contains the mature P-cluster, there is
also a portion of apo AvNifDK® that contains the P-cluster precursor
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Fig. 4| Biochemical and spectroscopic analyses of AvNifDK*. a, SDS-PAGE of
the as-isolated AuNifDK®. Shown is a representative image of three independent
experiments with reproducible results. Heterologously expressed in E. coli strain
YMS538EE (Supplementary Table 2), AvNifDK is a heterotetramer composed of
o-and B-subunits of -56 kDa and ~-59 kDa, respectively. Standard, Precision Plus
Protein Kaleidoscope prestained protein standards (Bio-Rad). b, Perpendicular
mode EPR spectra of dithionite-reduced AvNifDK, AvNifDK and AvNifDK**",
AvNifDK* displays an M-cluster specific S = 3/2 signal (g =4.31, 3.67,2.01)
identical to that displayed by AvNifDK, which integrates to 34% signal intensity
of the latter (set as100%). Additionally, AuNifDK* displays a P*-cluster (thatis,
P-cluster precursor) specific S =1/2 signal that is indistinguishable from that
displayed by the P*-containing, yet M-cluster-deficient AvNifDK® ™", ¢, Parallel

mode EPR spectra of IDS-oxidized AvNifDK and AuNifDK®. AvNifDK* displays
aP-cluster (P°) specific signal (g = 11.8) identical to that displayed by AvNifDK,
whichintegrates to 58% signal intensity of the latter (set as 100%). d, Activity
analyses of AvNifH and AvNifH®, The relative activities of AUNifDK* (expressed
as percentages) compared with those of AUNifDK (set as 100%) are indicated in
red font. +M-cluster, AvNifDK® reconstituted with extracted M-clusters. See
Supplementary Table 5 for details on specific activities. The error bars represent
the standard deviation from the mean, originating from three independent
activity analyses of each of AvNifDK* and AvNifDK, except for the C,H,-reduction
activity analysis of AvNifDK that originated from sixindependent activity
analyses (d).

(designated P*-cluster), a [Fe,S,]-like cluster pair that displays an S=1/2
signalatg=2.06and 1.93 (Fig.4b, red) identical to that displayed by the
P*-cluster-containing, yet cofactor-deficient apo AvNifDK**" (Fig. 4b,
green)*. The presence of such a species would account for a higher
relative Fe content derived from metal analysis (Fig. 5a, Fe (P-site),
68%) than that derived from EPR analysis (Fig. 4c, 58%). Moreover, it
could explainthe absence of ~44% activity even after reconstitution of
AvNIfDK* with the extracted M-clusters (Fig. 4d, +M-cluster).

The presence of cofactor-deficient apo conformations in the
as-isolated AvNifDK® protein is not surprising considering the com-
plexity of nitrogenase assembly and the non-diazotrophic nature of the
E. colihost thatis not optimized for nitrogenase expression. However,
despite the coexistence of apo species, the fact that a P-cluster and
M-cluster-replete, holo conformation of AuNifDK® can be isolated
atagood yield from E. coli and verified for its structural integrity and
functional competence s highly important. Given the cluster content
and catalytic activity of the holo AvNifDK* species, the E. coli strain
YMS38EE wherein this AuNifDK species is heterologously expressed
along with AvNifH as acomplete nitrogenase should be able to perform
in vivo reduction of N, to NH; and thereby sustain cell growth upon
depletion of externally supplied NH," in the growth medium, afeature
thatisyettobeconclusivelyillustrated through a direct measurement
of cellmass accumulation and ®Nincorporation under nitrogen-fixing
conditions.

N, reduction by E. coli expressing an active Mo-nitrogenase

Toexamine thein vivoN,-reducingactivity of the E. coli strain YM538EE,
we initiated cell growth under 100% N, or Ar with a limited amount of
externally supplied NH,* (2 mM) and monitored the increase of cell
density along with the consumption of NH,". Subsequently, we added
isopropyl B-D-1-thiogalactopyranoside (IPTG, 0.5 mM) to induce the
expression of nitrogenase at ~50% of the maximum cell growth (that
is, when ~50% externally supplied NH,* was consumed) and continued
to monitor the increase of cell density under 100% N, or Ar (Fig. 6a).
The strategy of using a limited fixed nitrogen source (that is, NH,") in

the starting culture of . coli mimics the so-called de-repression of
nitrogenase expressionin the native A. vinelandii host', which permits
aninitialaccumulation of the cell mass of E. coli prior to induction while
supporting the post-induction synthesis of nitrogenase with the push
from the remaining NH," in the growth medium. As such, upon exhaus-
tion of the remaining NH,’, a differentiation of cell growth between
cultures grown with (under N,) and without (under Ar) the substrate of
nitrogenase could be accomplished, with the former showing a contin-
ued cell growth through nitrogen fixation and the latter incapable of
suchafeatduetoalack of fixed nitrogen. As predicted, the cell growth
of E. colistrain YM538EE under N, clearly outpaced that under Arupon
addition of IPTG, showing a26.2% gainin cell density post-induction of
nitrogenase expression (Fig. 6b). Given the low energy state of the cells
grown under anaerobic conditions, such a post-induction increase in
cell density (26%) is not trivial and reflects the diazotrophic contribu-
tion from the fraction of holo AvNifDK® (34%) expressed in the same
strain (Figs. 4b-d and 5a).

The in vivo N,-reducing activity of E. coli strain YM538EE was
further verified by nanoSIMS experiments, wherein YM538EE was
cultivated with alimited amount of NH," and induced for nitrogenase
expression with IPTG under100% N, or Ar using a similar protocol to
thatused for the growthstudies. Subsequently, the ®°N,-and Ar-treated
YMS538EE cells were fixed, dried and analysed by a CAMECA nanoSIMS
50L instrument’. Excitingly, statistical analyses of secondary ion
images derived from nanoSIMS experiments demonstrated a clear
difference in N isotope enrichment of different samples/controls
(Fig. 7a-d; see also Supplementary Figs. 3 and 4). Based on data col-
lected in six different regions of interest (ROIs) of each secondaryion
image, the ®N,-treated YM538EE (Fig. 7a, 1; Fig. 7b) showed an average
SN/MN ratio of 3.1% + 0.1% that was 8.4-fold higher than the natural
abundance ®N/*Nratio of 0.37%; in contrast, the Ar-treated YM538EE
(Fig.7a, 2; Fig.7c) or the ®N,-treated, nitrogenase-free E. colistrain MY21
(Fig. 7a, 3; Fig. 7d) showed average "N/*N ratios of 0.38% + 0.01% and
0.41% + 0.01%, respectively, that were nearly indistinguishable from
the naturalabundance ®N background. Equivalent to an atom percent
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Fig. 5| Analytical analyses of the metallocentres in AvNifDK®. a, Mo and Fe
analyses of AvNifDK and AuNifDK. The P-cluster content was calculated by
subtracting the number of Fe atoms associated with the M-cluster (seven Fe

per Mo) from the total number of Fe atoms per NifDK tetramer. Note that the
P-cluster site of AuNifDK* (labelled Fe (P-site)) contains Fe atoms from both

P- and P*-clusters. The relative Mo and Fe contents of AUNifDK* (expressed as
percentages) compared with those of AUNifDK (set as100%) are indicated in red
font. See Supplementary Table 5 for details on the Fe and Mo contents. The error

bars represent the standard deviation from the mean, originating from three
independent Fe analyses and three independent Mo analyses of each of AUNifDK®
and AvNifDK (a). b,¢, GC (b) and GC-MS (c) chromatography of the homocitrate
standard and the homocitrate component in the M-clusters extracted from
AvNifDK and AvNifDK®. The m/z ratios of the derivatized homocitrate fragments
used for identifying this organic compound are indicated in the GC-MS
fragmentation patterns (c).
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Fig. 6 | Diazotrophic cell growth of the nitrogenase-expressing E. colistrain.
a, Anaerobic cell growth of E. coli strain YM538EE in amedium containing a
limited amount of ammonia (2 mM) under 100% N, (solid circles) or Ar (open
circles). Nitrogenase expression was induced at 5 h after inoculation, when

the cell growth reached -50% of the maximum cell density (red arrow), and

cell growth was allowed to continue until 12 h after inoculation (blue arrow).
The error bars represent the s.e.m., originating from six independent cell
growth experiments. b, Diazotrophic contribution to the cell growth of
YMS538EE, showing a26.2% + 5.1% gain of cell density 7 h post-induction.
Diazotrophic contribution (expressed as a percentage) at the beginning (at5h
afterinoculation) or the end (at 12 h after inoculation) of IPTG induction was
calculated by dividing the difference between cell densities under N, (a, solid
circle,at50r12 h) and Ar (a, opencircle, at 5or 12 h) by the cell density under Ar
(a, opencircle,at5or12 h). The error bars represent the standard deviation from
the mean, originating from six independent experiments.

enrichment of 3% and a net fixation (Fx,,) of 5.7% (ref. 51), the 8.4-fold
enrichment of ®Nin the ®N,-grown, YM538EE sample is in stark contrast
with the absence of ®N enrichment in the Ar-grown, YM538EE control,
which provides conclusive evidence for the in vivo reduction of ®N, by
YMS538EE and the subsequent incorporation of ®NH, " into its cellular

components. Moreover, the lack of ®N assimilation by the ®N,-grown
MY21, the nitrogenase-free parent strain of YM538EE, under the same
experimental conditions excludes the possibility that the N assimi-
lation by YM538EE was caused by ®N contaminants (for example,
BNH,*, ®NO5") in any component of the nanoSIMS experiments.

The origin of ®N enrichment by YM538EE under nitrogen-fixing
conditions can be further correlated with the expression of the
oxygen-labile nitrogenase because a stepwise increase in O, concentra-
tionto 0.1%and 0.2% resulted in a stepwise decrease in N enrichment
by 29% and 46% (Supplementary Fig. 5). The sensitivity of nitrogenase
to 0,, which prevents the nitrogenase-expressing E. coli strain YM538EE
from being cultivated aerobically, does not present a challenge to
A.vinelandii. An obligate aerobe, A. vinelandii mitigates the problem
of O, damage of nitrogenase by a number of mechanisms, such as
maintaining a highrespiration rate during cellgrowth, forming aslime
layer around the cell, and generating an oxygen-protecting complex
between Shetna ll protein and nitrogenase™. The wild-type A. vinelandii
strain DJ1141 grown aerobically with ®N, displayed an N/*N ratio of
25.4% +1.2%, or a69-fold *N enrichment (Fig. 7a,e), approximately eight
times higher thanthat by the E. coli strain YM538EE grown anaerobically
with®N, (Fig.7a,b). Suchadiscrepancy in®N assimilation highlights the
characteristic of A. vinelandii as one of the most robust nitrogen fixers in
nature while pointing to the necessity toimprove the diazotrophic effi-
ciency of the nitrogenase-expressing E. coli strain. Interestingly, under
our experimental conditions, the difference betweenthe energy yields of
A. vinelandii strain DJ1141 (aerobic respiration, 38 ATP/glucose) and
E. coli strain YM538EE (alcoholic fermentation, 2 ATP/glucose) aligns
well with their difference in N enrichment, both of which are approxi-
mately one order of magnitude. This observationimplies that the hetero-
logously expressed nitrogenase could have achieved a much higher
diazotrophic efficiency that is comparable to that of its A. vinelandii
counterparthaditbeen possible to cultivate the E. coli expression strain
under aerobic conditions for an enhanced energy yield. As such, the
development of strategies that address the oxygen sensitivity of nitro-
genase concomitant with enhanced cellular energetics appears to be
thelogical next step toimprove our prototypeE. coliexpression system.

Although our prototype E. coli expression system is much less
efficient thanits A. vinelandii counterpartin performing diazotrophy,
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Fig.7|Diazotrophic nitrogen assimilation by the nitrogenase-expressing
E. colistrain. a, Statistical analysis of secondary ionimages derived from
nanoSIMS experiments (b-e): (1) E. coli strain YM538EE expressing nitrogenase
in the presence 0of100% N, (b); (2) E. coli strain YM538EE expressing
nitrogenase in the presence of 100% Ar (c); (3) E. coli strain MY21 grown in

the presence of 100% N, (d); and (4) A. vinelandii strain DJ1141 grown in the
presence 0of 100% N, (e). The A. vinelandii strain DJ1141 was grown aerobically
with alimited amount of ammonia in the medium, followed by derepression, or
up-regulation of nitrogenase expression, for 3 h upon exhaustion of ammonia.
The N abundance of each sample or control (a) was calculated based on data
collected in six different ROls of the corresponding nanoSIMS image (b-e). The
average values of N abundance (or *N/*N), expressed as the standard deviation
of the mean of six different ROIs of each sample or control, are as follows: (1)
3.1% + 0.1%, (2) 0.38% + 0.01%, (3) 0.41% + 0.01% and (4) 25.4% + 1.2%. Given the
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natural ®N abundance, or ®N/*N of 0.37% (indicated by ablue line in a), the level
of ®N enrichment for each sample can be calculated as follows: (1) 8.4-fold,
(2)1.03-fold, (3) 1.11-fold and (4) 69-fold. For (1), the ®*N enrichment can also

be expressed as an atom percent enrichment of 3% and a net fixation (Fx,,,) of
5.7% (ref. 51); additionally, a normalized ®N abundance of 11.8% + 0.4% can be
calculated solely based on the post-induction gain of cell density by 26%

(Fig. 6b). The quality check of the N, source is shown in Supplementary

Fig.3. The nanoSIMS experiments were conducted on seven independent
samples of E. coli strain YM538EE expressing nitrogenase under 100% “N,

and four independent controls of E. coli strain MY21 grown under 100% “*N,.
Representative results of the samples and the controls are shown in this figure,
and the statistical analyses of six additional samples and three additional
controls are shown in Supplementary Fig. 4.

the fact thatanon-diazotrophic hostsuch as£. colican clearly acquire
anitrogen-fixing ability strongly points to the feasibility of transgenic
expression of nitrogenase while suggesting the possibility of tweaking
the system towards utility. To test this concept, we deleted amtB, the
gene encoding the ammonia transporter protein AmtB>, in the genome
of YM538EE. Inhibited at higher ammonium concentrations where cells
take up ammonia via passive diffusion, AmtB serves to scavenge low
concentrations of ammonium (<1 mM) from the environment®*. Thus,
the YM538EE-derived, amtB-deletion strain (designated YM559EE)
could still take up externally supplied ammonia (2 mM) via passive
diffusion for the initial cell mass accumulation and post-induction
nitrogenase expression; yet, it would become leaky and permit accu-
mulation of extracellular ammonia due to a lack of AmtB-dependent
reuptake of low concentrations of the new ammonia that is generated
throughnitrogen fixation and subsequently released into the medium.
Indeed, frequency-selective NMR analysis® of the supernatant col-
lected after centrifugation of the YM559EE culture, which was first
grown with limited “NH," and then induced for nitrogenase expres-
sion under ®N,, revealed an accumulation of extracellular "NH," (as
reflected by the doubletat 6.99 and 7.12 ppm) that originated from the
reduction of N, by the heterologously expressed nitrogenase (Fig. 8a).
Incubation of the supernatant of the ®N,-grown YM559EE culture
with the nitrogenase-free E. coli strain MY21 resulted in a 4.3-fold ®N
enrichment (Fig. 8b,c) that was not observed in the control experiment
conducted with the supernatant of the “N,-grown YM559EE culture
(Fig.8b,d). This observation not only provides further verification of the
heterologously expressed nitrogenase as the origin of ®N enrichment

in a non-diazotrophic organism, but also suggests the utility of our
heterologous expression system as a potential template for the
biotechnological adaptation of nitrogenase-based applications.

Conclusions

In this work, we successfully expressed an active A. vinelandii
Mo-nitrogenase in E. coli by transferring an essential minimum set of
nif genes into this non-diazotrophic host. The biochemical and spec-
troscopic analyses conclusively verified the heterologous synthesis of
the crucial metallocentres in the heterologously expressed nitrogenase;
whereas the growth, nanoSIMS and NMR experiments clearly demon-
strated the ability of the developed nitrogenase-expressing E. coli strain
tosustain diazotrophic cell growth upon exhaustion of ammonia as well
asaccumulate extracellularammonia upondeletion of amtB. The pres-
ence ofimmature, apo speciesin the as-isolated AvNifDK component
of the heterologously expressed nitrogenase, and the unfavourable
fermentation conditions that restrict the physiological function of
this enzyme, clearly point to a need to further optimize this system
withrespect to the assembly components and/or the host system. Yet,
theinvitroandinvivo N,-reducingactivities reported herein, coupled
with the conclusive demonstration of the heterologous formation of
complex metallocentres in the purified nitrogenase proteins, provide
anunambiguous read-out for further evolving this systeminto one that
is fully competent in performing diazotrophy without the extra push
provided by any externally supplied ammonia. Given the genetically
amenable characteristic of the £. colihost, itis conceivable that such a
system could be readily modified—as exemplified by the construction
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Fig. 8| Ammonia excretion by E. coli strain expressing a functional
nitrogenase. a, Frequency-selective pulse 'H NMR spectrum of “NH, " excreted
by E. colistrain YM559EE expressing nitrogenase in the presence of 100% N, the
same way as described for E. coli strain YMS538EE in Fig. 6a. See Supplementary
Table 2 for strain construction. Ammonia excretion was quantified as -2.5 mmol
NH," per gramme of cells. The symbol * indicates the *NH,-specific triplet
signal. b, Statistical analysis of secondary ionimages derived from nanoSIMS
experiments (c,d), wherein E. coli strain MY21 was grown with NH," excreted by
E. colistrain YM559EE in the presence of (1) ®N, (¢) and (2) *N, (d). The nanoSIMS
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experiments (c,d) were each conducted on one sample. The *N abundance of
each sample (b) was calculated based on data collected in six different ROIs of the
corresponding nanoSIMS image (c,d). The average values of ®N abundance (or
5N/™N), expressed as the standard deviation of the mean of six different ROIs of
each sample or control, are as follows: (1) 1.6% + 0.3% and (2) 0.42% + 0.02%. Given
the natural ®N abundance, or N/*N of 0.37% (indicated by ablue lineinb), the
level of ®N enrichment for each sample can be calculated as follows: (1) 4.3-fold
and (2) 1.14-fold.

of aleaky strain for the extracellular accumulation of ammonia—for
futurebiotechnological adaptations of nitrogenase-based applications.
Moreover, the E. coli expression system described in this work can be
used as asimple, yet useful model for deducing principles of optimiz-
ingthe efficiency of nitrogen fixation in anon-diazotrophic organism,
which could facilitate future efforts toward generating autonomous
N,-fixing systems in higher organisms, such as plants, via transgenic
expression of nitrogenase.

Methods

Allchemicals were purchased from Sigma-Aldrich and Thermo Fisher
Scientific unless specified otherwise. All experiments were conducted
inaglovebox or onaSchlenk line under an Aratmosphere, withan O,
concentration of <3 ppm. The experimental details are provided below
orinthe Supplementary Information.

Strain construction
For the heterologous synthesis of an L-cluster-bound NifEN, the genes
encoding the A. vinelandii NifE (with an N-terminal polyhistidine
tag), NifN and the M. acetivorans NifS3, NifU3 and NifB proteins were
codon-optimized for E. coli expression, synthesized and cloned into
pCDFDuet-1 (GenScript) as summarized in Supplementary Table 2.
Subsequently, these constructs were transformed into E. coli strain
MY21, which was derived from E. coli strain BL21(DE3) but contained
adeletion of iscR, the gene encoding a transcription repressor for the
iscoperon, in the genome (GenScript). This procedure resulted in an
E.colistrain (strain YM577EE) expressing a His-tagged, L-cluster-bound
AUNIfEN® upon induction with IPTG. The deletion of iscR in E. coli has
been shown to greatly improve the FeS maturation and expression
yield of the heterologously synthesized [FeFe] hydrogenase®*’. This
effect could be attributed to a substantially upregulated expression of
the FeS machineryin the £. coli host, which not only satisfies the need
of the host to synthesize its own FeS proteins, but also benefits the
overexpression of the foreign FeS enzymes by directly supplying FeS
units for their maturation and/or indirectly reducing the competition
for FeS sources from the host FeS-biosynthetic events.

For the heterologous synthesis of acomplete Mo-nitrogenase, the
genes encoding the A. vinelandii NifH (with or without an N-terminal
polyhistidine tag), NifM, NifZ, NifD (with or without an N-terminal

polyhistidine tag or a C-terminal streptavidin tag), NifK, NifE, NifN,
NifV and FdxN proteins and the M. acetivorans NifS3, NifU3 and NifB
proteins were codon-optimized for E. coli expression, synthesized
and cloned into pCDFDuet-1 or pRSFDuet-1 (GenScript) as summa-
rized in Supplementary Table 2. Subsequently, these constructs
were transformed into E. coli strain MY21. This procedure resulted in
E. colistrains expressing the Mo-nitrogenase of A. vinelandii compris-
ing either a non-tagged AvNifH® and a His/Strep-tagged AvNifDK*
(strain YMS38EE) or a His-tagged AvNifH* and a non-tagged AuNifDK*
(strain YMS87EE) uponinduction with IPTG, in the presence of molyb-
date supplied in the medium. In addition, the previously reported
E. colistrain YM387EE*?, which carries genes encoding the A. vinelandii
NifZ, NifD and NifK proteins for the heterologous expression of a
His-tagged, P*-cluster (P*, P-cluster precursor; 2x[Fe,S,]) containing,
yet cofactor-deficient AvNifDK species (designated AvNifDK® "), was
used for the comparative analysis with YM538EE.

For the creation of aleaky strain capable of accumulating extracel-
lularammonia, the plasmids used for the construction of YM538EE (see
above) were transformed into E. coli strain MY23, which was derived
from E. coli strain BL21(DE3) but contained a deletion of iscR along
with a deletion of amtB, the gene encoding the ammonia transporter
protein AmtB, inthe genome (GenScript). This procedureresultedinan
E. coli strain (strain YMS559EE; Supplementary Table 2) expressing the
Mo-nitrogenase of A. vinelandiiuponinduction with IPTG and capable
of accumulatingammonia inthe medium due to the deletion of AmtB.

Cell growth and protein purification

E.colistrains YM538EE, YM577EE, YMS559EE and YM387EE, were grown
in10 I batchesin LB medium (Difco) supplemented with 50 mM MOPS/
NaOH (pH 7.4),25 mMglucose, 2 mM ferricammonium citrate, 19 mg 1
kanamycin and 26 mg I streptomycin in a BIOFLO 415 fermenter (New
Brunswick Scientific) at 37 °C with 200 rpm agitation and 10 I min™
airflow. When OD,, reached 0.5, the airflow was terminated and the
fermenter was purged with N, (ultrahigh purity) at arate of 1.5 min™;
additionally, the temperature was lowered to 24 °C. Once the culture
reached 24 °C,2 mMcysteine was added and the expression of nitroge-
nase was induced by the addition of 250 pM IPTG. Protein expression
was allowed to continue for 16 h prior to harvesting of the cells by
centrifugationusinga Thermo Fisher Scientific Legend XTR centrifuge.
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The heterologously expressed His-tagged AvNifEN, His-tagged
AvNifH®, His/Strep-tagged AvNifDK® and His-tagged AuNifDK®
proteins were purified by immobilized metal affinity chromatogra-
phy using a method adapted from the purification of the His-tagged
nitrogenase proteins from A. vinelandii****. Following immobilized
metal affinity chromatography with Ni Sepharose (Cytiva), the His/
Strep-tagged AvNifDK-containing fraction that eluted at 40 mM
imidazole was further purified by Strep-tag affinity chromatogra-
phy in a glovebox filled with Ar. The protein was loaded on a column
packed with PureCube HiCap Streptactin Agarose XL (Cube Biotech) in
abuffer containing100 mM Tris-HCI (pH 8.0),150 mM NaCland 2 mM
dithiothreitol (DTT), followed by washing of the column with 5 column
volumes of the loading buffer and elution of the protein using the same
buffer that contained an additional 2.5 mM desthiobiotin. The eluted
protein was then concentrated using an Amicon Ultra centrifugal filter
with a molecular weight cut-off of 100 kDa (Sigma) at 7,000 rpm for
25 minat10 °C, followed by addition of sodium dithionite (Na,S,0,) to
the concentrated protein atafinal concentration of 5 mMand storage
ofthe frozen protein sample in liquid N,.

A. vinelandii strains DJ1162, DJ1141, DJ1143 and DJ1041 express-
ing His-tagged AuNifH, AvNifDK and AvNifEN, respectively****, were
grown in 180 | batches in Burke’s minimal medium (supplemented
with2 mMammonium acetate)**ina200 I fermenter (New Brunswick
Scientific) at 30 °C with 100 rpm agitation and 30 I min™ airflow. Cell
growth was monitored at OD,;, using a Spectronic 20 Genesys spec-
trometer (Spectronic Instruments). Upon depletion of ammonia, cells
were de-repressed for 3 h prior to being harvested by a flow-through
centrifugal harvester (Cepa). Published methods were used to purify
His-tagged AvNifH, AvNifDK and AvNifEN****, Note that AvNifDK?" is
cofactor-deficient but contains a P-cluster (AvNifDK”, [FegS,]); whereas
AvNIfEN contains an O-cluster ([Fe,S,]) and an L-cluster ([FegS,C]).

Metal and homocitrate analyses

The metal contents of AUNIfEN, AUNifEN®, AuNifH, AvNifH®, AvNifDK
and AvNifDK® were determined by inductively coupled plasma opti-
cal emission spectroscopy using aniCAP7000 spectrometer (Thermo
Scientific Scientific). Calibration of the equipment was performed by
using standard solutions made via dilution of stock solutions of elemen-
tal iron (1 mg ml™) and molybdenum (0.1 mg ml™), respectively. The
proteinsample was first mixed with 100 pl of concentrated sulfuric acid
(H,S0,) and100 plof concentrated nitric acid (HNO,) and subsequently
heated for 30 min at 250 °C. Such a procedure was repeated until the
solutionbecame colourless, followed by cooling of the solution to room
temperature and dilution of the solution to a total volume of 10 ml with
2%HNO; prior to metal analysis. Homocitrate in the M-cluster extracted
from AvNifDK® was analysed as described previously**°.

Substrate reduction assays

The C,H,- and N,-reduction assays were performed at 30 °C in 9.5 ml
vials fitted with rubber serum stoppers and metal caps (DWK Life Sci-
ence), which contained 0.1 atm C,H,/0.9 atm Ar for the C,H,-reduction
assays involving AvNifDK* and AvNifH®, 0.6 atm C,H,/0.4 atm Ar for
the C,H,-reduction assay involving AvUNifEN®, or 1.0 atm N, for the
N,-reduction assays involving AvNifDK* and AvNifH.

The reaction that tested the activity of AUNifDK® or AuNifH
contained, in a total volume of 1 ml, 25 mM Tris-HCI (pH 8.0), 2.5 mM
ATP, 5.0 mM MgCl1,, 30 mM creatine phosphate, 0.125 mg of creatine
phosphokinase and 20 mM Na,S,0,; whereas the reaction that tested
the activity of AvNIifEN® had the same composition except for alower
concentration of Na,S,0, at 0.5 mM. The assay testing the activity of
AvNifDK®wasiinitiated by the addition of 0.15 mg AvNifDK*and 1.25 mg
of AvNifH; the assay testing the activity of AvNifH* was initiated by
the addition of 2.4 mg of AvNifDK and 0.36 mg of AvNifH®; and the
assay testing the activity of AUNifEN® was initiated by the addition of
0.15 mg of AvNifEN® and 1.75 mg of AvNifH. Subsequently, all assays

wereincubated at 30 °C for 10 min, quenched with EDTA, and analysed
for product formation.

To detect C,H, as a product of C,H, reduction, 250 ul of the
headspace was injected into a GC flame ionization device (SRI Instru-
ments) equipped with a packed Poropak N column (Restek). Calibra-
tion was achieved by injecting 15 ppm C,H, gas standard under the
same conditions. To detect NH, as the product of N, reduction, 100 pl
of the reaction was added to an o-phthalaldehyde solution that con-
tained, in atotal volume of 1 ml, 10 mM o-phthalaldehyde and 2.5 mM
2-mercaptomethanolina50 mM potassium phosphate buffer (pH 7.8).
The mixture was allowed to sit at room temperature for 3 h, followed
by measurement using a fluorescence spectrophotometer (RF-5301PC,
Shimadzu) with the excitation wavelength set at 361 nm and the
emission wavelength set at 423 nm.

M-cluster maturation assays

Each assay contained, in a total volume of 0.9 ml, 25 mM Tris-HCI
(pH8.0), 0.4 mM homocitrate, 0.4 mM Na,MoO,, 2.4 mMATP, 4.8 mM
MgCl,, 30 mM creatine phosphate, 24 units of creatine phosphokinase,
20 mM Na,S,0,, 0.45 mg of AvNifDKP" (isolated from A. vinelandii
strain DJ1143; ref. 26) and either 1.2 mg of AvNifH® (isolated from
E. coli strain YMS587EE) plus 1.0 mg AvNifEN (isolated from A. vinelandii
strain DJ1041; ref. 34), or 1.2 mg of AvNifH plus 1.0 mg of AUNifEN®
(isolated from E. coli strain YM577EE). The assay was incubated at
30 °C for 60 min and subsequently split into triplicates in three
9.5 mlvials. Each vial contained, in a total volume of 0.7 ml, 25 mM
Tris-HCI (pH 8.0), 2.5 mM ATP, 5.0 mM MgCl,, 30 mM creatine
phosphate, 0.125 mg of creatine phosphokinase, 20 mM Na,S,0,,
1.05 mg of AvNifH and 0.1 atm C,H,/0.9 atm Ar in the headspace.
The mixture was then incubated at 30 °C for 10 min and analysed for
product formation as described above.

M-cluster reconstitution assays

Each assay contained, in a total volume of 0.9 ml, 25 mM Tris-HCI
(pH 8.0), 20 mM Na,S,0,, 0.45 mg of AvNifDK® or AvNifDK®, and 6 ml
of isolated M-clusters®. The assay was incubated at 30 °C for 15 min and
subsequently split into triplicates in three 9.5 ml vials. Each vial con-
tained, inatotal volume of 0.7 ml, 25 mM Tris-HCI (pH 8.0), 2.5 mMATP,
5.0 mM MgCl,, 30 mM creatine phosphate, 0.125 mg of creatine phos-
phokinase,20 mM Na,S,0,,1.05 mg of AvNifHand 0.1 atm C,H,/0.9 atm
Arintheheadspace. The mixture was thenincubated at 30 °Cfor 10 min
and analysed for product formation as described above.

EPR experiments

EPRsamples were prepared in a Vacuum Atmospheres glovebox filled
with Ar and operated at <3 ppm O,, and flash frozen in liquid nitrogen
prior to analysis. The reduced samples contained 25 mM Tris-HCI
(pH 8.0),10% (vol/vol) glycerol,250 mMimidazole and 2 mM Na,S,0,;
the oxidized samples were prepared by incubating the reduced sam-
ples with excess indigo disulfonate (IDS); and the super-reduced
samples were prepared by adding excess europium(ll) ethylene
glycol-bis(B-aminoethyl ether)-N,N,N,N-tetraacetic acid (Eu"-EGTA).
The concentrations of the reduced and oxidized NifH and NifDK sam-
pleswere 15 mg ml™; the concentration of the oxidized NifEN samples
was 15 mg ml™; and the concentrations of the oxidized NifDK and the
super-reduced NifH samples were 8 mg ml™. The NifH, NifDK and NifEN
samplesrefer to those isolated from either A. vinelandii or E. coli.

EPR datawere acquired throughan ESP300E spectrophotometer
(Bruker) interfaced with an ESR-9002 liquid-helium continuous-flow
cryostat (Oxford Instruments) using a microwave power of 5 mW,
again of 5x10* a modulation frequency of 100 kHz and a modula-
tion amplitude of 5 G. Five scans of perpendicular-mode EPR spectra
wererecorded foreachsample at10 K (reduced NifH or NifDK) or 15K
(oxidized NifH or NifEN) using a microwave frequency of 9.62 GHz;
and eight scans of parallel-mode EPR spectra were recorded for each
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sample at 10 K (super-reduced NifH or oxidized NifDK) using a micro-
wave frequency of 9.38 GHz. EasySpin 5.2.27 toolbox was used for EPR
data analysis.

Cell growth experiments

A 10 ml culture of E. coli strain YM538EE was grown in LB medium
(Difco) supplemented with 19 mg I kanamycin and 26 mg | strepto-
mycinina50 mlconical tube at 37 °C with 200 rpm agitation overnight.
Subsequently, 1 mlaliquots of the overnight culture were transferred
to1.5 mImicrotubes and centrifuged at10,000 rpm for 4 min, followed
by careful removal of the supernatant. Each cell pellet was then washed
with double-distilled H,O and subsequently resuspended in 1 ml of sup-
plemented M9 medium containing 0.4% glucose,2 mM MgSO,, 0.1 mM
CaCl,, 12.8 mg mI"*Na,HPO,, 3 mg mI" KH,PO,, 0.5 mg mI”NaCl,2 mM
NH,CI, 0.024 mg ml™Na,Mo0,, 0.054 mg ml™ FeCl,and 1 mM cysteine.
The cells derived from each resuspended pellet were inoculated into
a 250 ml screw-capped flask with a septum-sealed side-arm contain-
ing 100 ml of the supplemented M9 medium, 19 mg 1™ kanamycin
and 26 mg I streptomycin. The gas atmospheres of the flasks were
then exchanged with either 100% Ar or 100% N, by sparging under the
respective gases for 5 min. The flasks were then vented carefully via the
screw cap to remove excess pressure.

The cultures were grown anaerobically at 37 °C with 200 rpm
agitation, with 1 ml of each culture removed at 1 h time intervals via
the side-arm septum with a sterile syringe for the measurement of
cell density at OD,,, and the concurrent determination of ammonia
consumptioninthe medium. After 5 h, the cell growth reached ~50% of
the expected maximum cell density (determined on the basis of control
experiments with uninduced YM538EE), which corresponded toacon-
sumption of ~50% of the externally supplied ammonia. At this point,
the cultures were induced by addition of 0.1 ml of a500 mM IPTG stock
via the side-arm septum using a sterile syringe, followed by removal
of 1mlofeach culture at1 h timeintervals until 12 h post-inoculation.
The 1 mlculture taken at each time point was first determined for cell
density at OD¢,, and then transferred to al.5 ml microtube. Following
centrifugation of the 1 ml culture at 13,000 rpm for 5 min, 0.5 ml of
the supernatant was carefully removed and transferred toanew 1.5 ml
microtube. The supernatants collected throughout the cell growth
(pre- and post-induction) were stored at —20 °C until the ammonia
concentrations for all samples were determined as described above.

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

Data availability
All dataare available fromthe authors upon reasonable request. Source
dataare provided with this paper.
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