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Introduction

The Haber-Bosch process is the most common process of ammonia production.
However, it consumes large amounts of oil and natural gas for the steam reforming
process, progresses nitrogen fixation, and emits carbon dioxide. Depending on the
consumption of fossil fuels, the current ammonia production process raises concerns on
sustainability and carbon neutrality. In recent years, ammonia production by
microorganisms has attracted attention as an alternative process. For example, microbial
catabolism of amino acids can efficiently produce ammonia from unused biomass. In
addition, the development of a biological nitrogen fixation process via heterologous
expression of genes derived from nitrogen-fixing bacteria has been reported [1]. While
these biological ammonia production processes are expected to reduce the use of fossil
fuels, their production efficiency is still insufficient. In producing ammonia from unused
biomass via the catabolism of amino acids, a wide range of issues should be addressed,
including the selection of biomass feedstock, pretreatment methods, optimum conditions
for efficient amino acid catabolism, and extraction and purification of ammonia from the
reaction solution. In the biological nitrogen fixation process, several issues are observed,
such as the oxygen-mediated irreversible inactivation of nitrogenase, which proceeds
nitrogen fixation, the low efficiency of nitrogen fixation, and low yield due to ammonia

assimilation.

Importance of ammonia and concerns regarding fossil fuels consumption

Ammonia is a colorless gas at normal temperature and pressure and is mainly
used as a raw material in fertilizers and chemical products. As the global population
increases, the importance of ammonia as a fertilizer for agricultural products does not
change due to food security. Ammonia is also a promising carrier of hydrogen, which is
a next-generation energy source and is an alternative to fossil fuels. Particularly, ammonia
is attracting attention as a “carbon-free” substance, since it does not emit CO> when
burned; moreover, mixing ammonia with coal-fired power generation (co-firing) can
reduce CO; emissions [2-4].

Ammonia is synthesized very efficiently via the Haber-Bosch process; however,
the energy and environmental impacts of this process are often a concern. This process
requires a high pressure (2040 MPa) and temperature (400—600 °C), causing a heavy
consumption of energy. Substantial energy consumption in Haber-Bosch process, coupled
with the high consumption of ammonia due to economic development and population

growth, accounts for 1% of the global energy consumption [5]. Efficient catalysts and
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improved ammonia synthesis processes have been developed to overcome the high energy
consumption of the Haber-Bosch process; ammonia production at low temperatures and
pressures are now partially possible [6-10]. However, issues are still present, such as the
low efficiency of ammonia production, difficulty of large-scale production, and difficulty

in acquiring and high cost of rare metals needed as new catalysts.

Ammonia production from food by-products

Biomass, an organic resource derived from plants and animals, is currently
attracting attention as a renewable energy source. Food by-products are rich in protein
and fiber, and some are used in health foods due to their properties. However, most
biomass are feed or waste products [11]. The efficient use of protein-rich food by-
products as raw materials for ammonia production would enable the effective utilization
of unused resources and reduce their environmental burden of the Haber-Bosch process.
Okara is the residue produced during soymilk and tofu production; 1.1 kg of wet okara is
produced from 1 kg of soybeans [12]. Despite having high protein concentrations (27—
38%), most of the okara produced is either used as animal feed or discarded [13]. These
proteins found in the water extract of okara are insoluble and difficult to handle, but they
can be efficiently extracted via hydrolysis of the cell wall using cellulase [14]. Specifically,
the biotechnological processes involved in decomposing amino acids into ammonia do
not require hydrogen generation and nitrogen triple bond dissociation, although both are
essential in the Haber-Bosch process. Therefore, the biotechnological production of
ammonia from food by-products is expected to be an alternative to the Haber-Bosch
process in terms of energy consumption.

Biomass utilization has environmental advantages; however, several issues in
industrial applications should be addressed. Several studies have constructed genetically
modified Escherichia coli or Bacillus subtilis with activated amino acid metabolism,
specifically the expression of aminotransferase, to produce ammonia and biofuel from
amino acids in biomass; however, the production efficiency is still insufficient [15, 16].
The low yield could be due to the impurities in the biomass. However, since inhibitors
associated with impurities vary greatly depending on the types of biomass and
microorganisms, it is necessary to identify inhibitors in each production process, which
requires considerable effort. Therefore, efficient biotechnological production of ammonia
from food by-products requires identification of impurities and establishment of inhibitor-

resistant strains. An efficient process is yet to be demonstrated.



Identification of key components using metabolic profiling and partial least squares
(PLS) regression analysis

In recent years, metabolomics has been developed as a tool for understanding
life phenomena and are used to study microbes [17], plants [18], and mammals [19]. In
metabolomics, primary and secondary metabolites are comprehensively quantified using
liquid chromatography (LC)-mass spectrometry (MS), capillary electrophoresis (CE)-MS,
and gas chromatography (GC)-MS analysis with derivatization. Metabolic profiling,
which was developed based on metabolomics technology and expanded more compounds
other than metabolites, can identify important components at the same low cost and high
throughput as metabolomics [20] and facilitate enhanced comprehension of the
relationship between product quality and the chemical components in the product [21,
22]. Using metabolic profiling, it is possible to predict the production volume from raw
materials and search for components that have significant impact on production.

In recent years, PLS regression analysis is a statistical analysis method often
used to screen for key components from metabolic profiling data in recent years. PLS
regression combines the features of principal component analysis (PCA) and multiple
regression. PCA is a multivariate analysis method used to reduce the dimensionality of
data by synthesizing a small number of uncorrelated variables from a large number of
correlated variables, called principal components, which best represent the overall
variability. PLS enables the analysis or prediction of a set of dependent variables from a
set of independent or predictor variables. This prediction is accomplished by extracting
from the predictors a set of orthogonal factors, called latent variables, that have the
highest predictive probability. Variable importance in projection (VIP) values obtained
using PLS regression analysis can be used to predict important factors in different fields,
including epidemiology [23, 24], food science [22, 25], and biotechnology [26, 27].The
rapid and comprehensive acquisition of component data using metabolic profiling and the
selection of variables using PLS regression analysis and VIP can provide more efficient

and faster screening of important factors than conventional methods.

Biological nitrogen fixation by diazotrophic bacteria

Biological nitrogen fixation is usually performed at moderate temperatures by
the activity of molybdenum (Mo) nitrogenase in diazotrophic bacteria, which are widely
distributed in nature [28, 29]. The Mo nitrogenase enzyme is composed of two interacting
metalloproteins (MoFe and Fe proteins) and three cofactors (FeMo-co, P-cluster, and
[4Fe-4S] cluster) that catalyze the reduction of N> to NH3 using energy from intra- and

intermolecular electron transfer and ATP hydrolysis [30]. In addition, some diazotrophic
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microorganisms harbor alternative vanadium and/or iron-only nitrogenases [31].
Klebsiella oxytoca, the most studied diazotrophic bacterium, fixes nitrogen
under anaerobic conditions using Mo nitrogenase. Twenty nitrogen fixation (nif)-related
genes consisting of multiple transcription units, nif/JHDKTYENXUSVWZMFLABQ, are
clustered in a 23-kb region on the chromosome of K. oxytoca (Fig. 1) [32]. This nif gene
cluster of K. oxytoca can be cloned and has been frequently used as a gene source for
heterologous expression of nitrogenase. In contrast to other anaerobic nitrogen-fixing
diazotrophic bacteria, Azotobacter vinelandii can fix nitrogen under aerobic conditions.
The nif genes of A. vinelandii exist as major and minor clusters in the chromosomes,
namely nifHDKTYENXUSVWZMF and nifLABOQ, respectively. Other important nif-

related genes were also included in each cluster (Fig. 1).

K. oxytoca

J H D K TY E N XU S V WZMF L A B Q
A. vinelandii
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Fig. 1 The nif cluster of K. oxytoca and A. vinelandii. In K. oxytoca, the nif genes (grey)
are clustered together (top). In A. vinelandii, the nif genes are separated into major
(middle) and minor clusters (bottom), and other nif-related or genes with unknown

function (white) are present between the nif genes.

The nifHDK gene encodes a structural member of the nitrogenase enzyme
complex and is essential for nitrogen fixation (Fig. 2). The biosynthesis of cofactors and
maturation of NifDK require complex biosynthetic pathways, and the products of nif
genes are involved in the biosynthesis of Mo nitrogenase [33]. NifEN and NifB are
involved in the FeMo-co synthesis from iron, sulfur, molybdenum, and homocitrate [34].
The activator and inactivator proteins, NifA and NifL, respectively, form a pair and
regulate the expression of nif genes in response to environmental signals, such as the rate
of nitrogen assimilation, presence of oxygen, redox state of the cell, and ATP levels [35].

Typically, under nitrogen starvation conditions, NifA deviates from NifL and promotes
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transcription of nitrogenase genes such as nifH. Flavodoxin (NifF), which is required to
supply electrons to nitrogenase, is not essential for the nitrogen-fixing activity of A.
vinelandii but is known to be highly transcribed during nitrogen fixation [36]. NifU and
NifS, homologs of IscU and IscS proteins, respectively, are commonly involved in the
formation of [Fe-S] clusters in various organisms and in the synthesis of [Fe-S] clusters,

which are cofactors of nitrogenase [37].

Transcriptional control Mo- nitrogenase

Chaperone
Electron supply & maturases

(G N 7 2 (1) 2
ROy — BEN « K

Supply of Fe, S and FeMo-co FeMo-co
Mo required for biosynthesis precursors carrier
coenzyme assembly

Fig. 2 The process of Mo-nitrogenase biosynthesis in A. vinelandii. The functions of
the nif genes are classified into nifHDK, which constitutes Mo-nitrogenase, and
nifLAFUSQOVBENWZMYX, which are involved in the maturation of Mo-nitrogenase and
coenzyme synthesis. NifQ, NifO, and NifV contribute to the biosynthesis of the FeMo
cofactor and its insertion into the MoFe protein. In addition, NifZ plays an important role
in the synthesis of metalloclusters, and NifM and NifW are required for the proper folding
of the Fe protein in nitrogenase [32]. Both NifY and NifX have chaperone-like functions,
with NifY and NifX binding to Mo nitrogenase and the NifEN complex, respectively [38].

Heterologous expression of nif-related genes

To further understand the biological nitrogen fixation reactions by nitrogenases
and explore their industrial applications, heterologous expression of nitrogenase and
related proteins has been studied using K. oxytoca or Paenibacillus sp. [1, 39-43].
Although these studies have revealed the chemical characteristics of nitrogenase and the
factors essential for its maturation, nitrogenase activity and productivity still need to be
improved for industrial applications.

Unlike K. oxytoca, A. vinelandii can fix nitrogen even in the presence of oxygen
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owing to its unique tolerance to oxygen, which has not been fully elucidated [44]. By
understanding the mechanism and introducing genes that improve oxygen tolerance into
microorganisms with heterologous expression of nif-related genes, it may be possible to
establish microorganisms that can fix nitrogen in the presence of oxygen. However, unlike
K. oxytoca that has a continuous nif-related gene cluster, the nif and related genes of A.
vinelandii are scattered in large and small clusters on the genomic DNA, making them
difficult to clone and express.

To establish a sustainable ammonia production process, two approaches were
explored. The first approach was to improve the efficiency of ammonia production from
food by-products. Inhibitors of ammonia production by E. coli were identified in food by-
products, and the ammonia production efficiency of metabolically engineered E. coli was
improved. Next, we established recombinant E. coli expressing nif genes derived from A.
vinelandii. Nitrogenase activity was detected in the recombinant E. coli and was further

enhanced by selecting and additionally expressing useful genes from A. vinelandii.
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Chapter I

Efficient Ammonia Production from Food By-products by Engineered
Escherichia coli

In this chapter, I demonstrated ammonia production from food by-products using
metabolic profiling and metabolic engineering to prevent the action of inhibitors. E. coli
was selected as the host strain for ammonia production due to its potential for efficient
ammonia production [1] and ease of genetic modification. Since our experiments of
ammonia production from various food by-products suggested the presence of ammonia
production inhibitors, I attempted to utilize metabolic profiling to clarify the relationship
between the components of food by-products and ammonia production. This approach
revealed that glucose in food by-products negatively affected ammonia production. This
finding prompted us to engineer E. coli to prevent the action of ammonia production
inhibitors by disrupting ptsG and ginA, thereby achieving efficient ammonia production

from food by-products.

Materials and methods

Strains, plasmids, and media

E. coli and plasmids used in this study are described in Table 1. Food by-products
of soy sauce cake, mirin cake, and tomato peel were provided by Kikkoman (Noda, Japan),
and okara was purchased from Nippon beans (Isesaki, Japan). The enzymes described
below were purchased from Amano-enzyme (Nagoya, Japan). The enzyme mixture was
prepared by mixing 20 mg/mL of peptidase ‘ProteAX’, peptidase ‘Peptidase R’, protease
‘Protin SD-AY10’, protease ‘Protease M Amano SD’, protease ‘Protin SD-NY10’,
protease ‘Thermoase PCI10F’, protease ‘Protease A Amano SD’, hemicellulase
‘Hemicellulase Amano 90°, cellulase ‘Cellulase A Amano 3’°, cellulase ‘Cellulase T
Amano 4’, mannanase ‘Mannanase BGM Amano 10’ and pectinase ‘Pectinase G Amano’
in 50 mM MES (pH 5.5). To provide an equal amount of the food by-products by dry
weight to the pretreatment reaction, a total of 70 g were selected from the following: 3 g
soy sauce cake, 3 g mirin cake, 9.2 g tomato peel, or 10 g okara (each wet weight) were
suspended in MES (pH 5.5) and reacted with 30 mL enzyme mixture at 55 °C for 72 h.
The mixture was incubated at 80 °C for 30 min and filtered using ADVANTEC2,
AVDANTECI131 (Toyo Roshi Kaisha, Tokyo, Japan), and Millex-HV Syringe Filter Unit,
0.45 pm, PVDF, 33 mm (Merck Millipore, MA, USA). LB broth, YPD broth, M9-yeast
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extract, M9-tryptone, M9-peptone, and M9-casamino acids were prepared per previous
studies [1, 2]. Ampicillin (100 pg/ mL) (Meiji Seika Pharma, Tokyo, Japan) and
kanamycin (25 pg/ mL) (Nacalai Tesque, Kyoto, Japan) were added as appropriate.

Table 1 E.coli strains and plasmids used in this study

Strains/plasmids Description Source
E. coli stramns
DHI0B g-(:;j‘fg igné;r?—fz:ﬁﬁ;zir{? sfig; éacZAMlj AlacX74 recdl enddl] araD139 Thermo fisher
DHI10B(pKD46) DH10B harboring pKD46 1]
Aglnd DH10B, Aglnd: FRT-km™FRT 1]
AptsG DH10B, AptsG- FRT-km™FRT This study
AptsG-kan DHI10B, AptsG-:FRT This study
AptsGAgind DHI10B, AptsG-FRT Aglnd: FRT-km™FRT This study
Plasmids
pKD46 Red recombinase expression plasmid [31
pKD13 Km® template plasmid [3]
pCP20 Temperature-sensitive replication and thermal induction of FLP synthesis [36]

Construction of E. coli strains

Gene deletion mutants were constructed using the previously reported method
[3]. A ptsG-Km-resistant fragment was amplified from pKD13 [3] through polymerase
chain reaction (PCR) with primers ptsGF and ptsGR containing homologous sequences
upstream and downstream of the pzsG coding region and flippase recognition target (FRT)
sequence. E. coli DH10B (pKD46) was electroporated with the ptsG-Km resistant
fragment and plated on LB agar containing ampicillin and kanamycin at 30 °C. After
incubation at 37 °C to eliminate the temperature-sensitive plasmid pKD46, the resulting
ampicillin-sensitive strain (ptsG: FRT-kan-FRT) was designated AptsG. AptsG-kan strain
was constructed from AptsG using flippase (FLP) helper plasmid pCP20 [3]. A g/n4A-Km
resistant fragment was amplified from pKD13 using PCR with primers gInAF and glnAR
containing homologous sequences upstream and downstream of the g/n4 coding region
and FRT sequence (Table 2). Strains, Agind and AptsGAginA, were constructed from
DHI0B and AptsG respectively, using the gln4A-Km resistant fragment. To confirm the
desired genome insertion of the resistance fragments, the insertion region was amplified

by PCR and sequenced using insertion-checking primers.
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Table 2 Primers used in this study

Primer Sequence (3'-37) Note
GCCAGAGACAGGCGAAAAGTTTCCACGGCA-

glnAF ACTAAAACACGTGTAGGCTGGAGCTGCTTC Construction for glnd-Km cassette
GTTACCACGACGACCATGACCAATCCAGGAG- i
glnAR AGTTAAAGTCTGTCAAACATGAGAATTAA Construction for glnd-Km cassette
AACGTAAAAAAAGCACCCATACTCAGGAGC- i
ptsGF ACTCTCAATTCTGTC CATGAGAATTAA Construction for ptsG-Km cassette
CAGCCATCTGGCTGCCTTAGTCTCCCCAACG- i
ptsGR TCTTACGGAGTGTAGGCTGGAGCTGCTTC Construction for ptsG-Km cassette
c eqF AGCTGAC CTTCACGTTG Check the genome insertion of glid-
Km cassette
glnAsegR GCAACATTCACATCGTGGTG gﬁf“k the genome insertion of glnd-
cassette
ptsGseqE GTCAAACAAATTGGCACTG El;;:ck the genome insertion of pisG-
cassette
ptsGseqR CAATAGCAGCCAGTCCCTTC Check the genome insertion of pisG-

Km cassette

Evaluation of ammonia production and glucose uptake

Ammonia production experiments were conducted as previously described [1].
E. coli strains were initially grown overnight in M9-yeast extract, then the cells were
washed with sterile water and inoculated into 2 mL of pretreated food by-products or
semisynthesized medium to a final ODsoo of 0.5. After incubation at 37 °C for 26.5 h with
shaking, the concentrations of ammonia in the supernatants were measured by F-kit
ammonia (J.K. International, Tokyo, Japan). To evaluate the glucose uptake, each of the
strains cultured overnight in M9-yeast extract was added to 50 mM glucose with ODsoo
of 0.5 and incubated for 2 h. After centrifugation at 5,000 g, 4 °C for five min, the
supernatant was collected and diluted with water five times. The amount of residual
glucose was measured using the glucose ClI-test-Wako (Wako, Osaka, Japan) to evaluate

glucose uptake.

Quantification of ammonia, amino acids, organic acids, and sugars in medium and
culture supernatant

The medium and culture supernatants were filtered using a 0.45 um DISMIC
filter (Advantec Toyo, Tokyo, Japan). The amino acid analysis was conducted on an L-
8900 amino acid analyzer (Hitachi, Tokyo, Japan). Organic acids were quantified with an
ST-3 (Showa Denko, Tokyo, Japan) post-column reaction system [4, 5] using prominence
high-performance liquid chromatography (HPLC) (Shimadzu, Kyoto, Japan) equipped
with an RSpak KC-811 column (30 mm X 8.0 mm, 6 um; Showa Denko, Tokyo, Japan).
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Analysis of sugars was conducted using the phenylhydrazine post-column method [6] by
employing a chromstar 5510 (Hitachi, Tokyo, Japan) equipped with an Asahipak NH2P-
50 4E column (4.6 mm X 250 mm) (Showa Denko, Tokyo, Japan).

Statistics

The statistical screening was conducted by metabolic profiling [7] with
modifications as described briefly below. Partial least squares (PLS) regression analysis
was carried out with SIMCA-P software (version 12.0, Umetrics, Umea, Sweden). The
data of ammonia production and its medium components were analyzed using Pareto
scaling and PLS regression analysis model. The variable importance in the projection
(VIP) [8] and regression coefficient were calculated to select candidate inhibitors of
ammonia production. The VIPak value of the kn explanatory variable in K variables of

PLS with the As component was calculated using the following equation:

A
VIP= z (W2 X (SSY,1-SSY,)) X

(SSY,-SSY,)
a=1

A is the total of the latent variable, wak is the PLS weight of the ke variable in
the an latent variable, and SSY indicates the variance of the predicted residuals by each
PLS component. The VIP value indicates the contribution of each explanatory variable to
the model [8]. The “VIP scores >1" rule is generally used as the criterion for important
variable selection [9]. The variable, Y, the variable, X, the coefficients, B, and error matrix,
F* are represented by the internal relationship Y = XB + F* [10]. For interpreting the
influence of the variables X on Y, the coefficients are calculated as coeffCS in SIMCA-P
[8]. Dunnett’s and Tukey’s tests were performed using the JMP software version 14 (SAS,

North Carolina, U.S.) for multiple comparisons.
Results

Screening for inhibitors of ammonia production from pretreated food by-products
The amount of ammonia produced from food by-products should correlate with
the available amino acids, a major nitrogen source in food by-products, because the amino
acid concentration in the medium affects E. col/i ammonia production. [1, 11]. However,
ammonia production could be inhibited by other components present in food by-products.
To examine whether inhibitory components of ammonia production are present in food

by-products, ammonia was produced by an E. coli wild-type strain (DH10B) from four

15



pretreated food by-products and six media containing rich amino acids. Ammonia
production was not correlated with the concentration of total amino acids in the media
(R? = 0.05, Fig. 1), suggesting that the pretreated food by-products contain potent

ammonia production inhibitors.
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Figure 1 Relationship between ammonia production and total amino acids. Ammonia
was produced by E. coli DH10B from four food by-products and six amino acid-
containing media. E. coli strains were initially grown overnight in M9-yeast extract, then
the cells were washed with sterile water and inoculated into 2 mL of pretreated food by-
products or semisynthesized medium to a final ODsoo of 0.5. After incubation at 37 °C for
26.5 h with shaking, the concentrations of ammonia in the supernatants were measured.
The data of ammonia concentration are represented as the mean values (n = 3), and total

amino acid concentration in the medium was determined at n = 1.

Metabolic profiling by PLS regression analysis was then performed to identify
the inhibitors. VIP values obtained by PLS regression analysis can be used to predict
important factors in a wide range of fields, including epidemiological studies [12, 13],
food science [7, 14], and biotechnology [15, 16]. To clarify the relationship between
metabolite data and ammonia production, PLS regression and VIP analysis were
performed using analytical data for amino acids, sugars, and organic acids as explanatory
variables and ammonia production as response variables. Fig. 2 shows the predicted value
and the measured value of ammonia production. The correlation of the measured amount

of ammonia production with the amount predicted by PLS regression (R? = 0.69) was
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better than that with the amount of total amino acids (R? = 0.05).
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Figure 2 Relationship between actual and predicted ammonia production using the
PLS model. The concentration of ammonia produced by E. coli DH10B from four food
by-products and six amino acid-containing media was plotted against the concentration
of ammonia predicted by PLS regression. The data of ammonia concentration are
expressed as the mean values (n = 3), and the predicted ammonia production was
calculated by PLS regression analysis using the data (n=1) of the concentration of amino

acids, sugars, and organic acids in the medium.

The VIP and regression coefficient were used to detect the inhibitor. VIP is an
indicator of the effect of explanatory variables on model response variables and is used
to select important metabolites in metabolomics [17]. The regression coefficient
determines whether an explanatory variable has a positive or negative effect on a response
variable. Glucose showed the highest VIP with a negative regression coefficient,
indicating that glucose is the most probable ammonia production inhibitor (Table 3). In
bioethanol production, glucose concentrations up to 2.78 M are produced from food by-
product digests [18]. In contrast, pretreated food by-products, which are mainly composed
of amino acids, have a lower glucose concentration than biomass digests (74 mM to 123
mM) (Table 3 and 4).
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Table 3 Concentration of glucose in various medium

Medium Type Glucose Fructose Toltal amino
(mM) (mM) acids (mM)
Soy sauce cake Food by-product 88.6 31 394
Mirin cake Food by-product 1233 23 583
Tomato peel Food by-product 95.7 4.0 26.8
Olkara Food by-product 74.4 12.9 58.5
MO-yeast extract Semisynthesized medium n.d. n.d. 20.5
MO-tryptone Semisynthesized medium n.d. n.d. 17.4
MO9-peptone Semisynthesized medium n.d. nd. l1.6
MO9-casamino acids  Semisynthesized medium n.d. n.d. 41.7
1B Semisynthesized medium n.d. nd. 32.6
YPD Semisynthesized medium 108.6 n.d. 59.2

n.d.: not detected

Table 4 Concentration of amino acids in various medium (expressed as mM)

MB-
Soy sauce Mirin cake Tomato Olkara MO9-yeast M2- M9- casamino 1B YED
cake peel extract tryptone  peptone acids

Aspartic acid 191 271 1.83 283 1.17 0.42 0.29 374 1.19 2.36
Threonine 2.50 3.46 1.80 3.61 1.05 1.02 0.39 245 1.62 2.86
Serine 2.86 4.40 1.98 4.62 1.40 0.87 0.46 3.37 1.80 3.16
Glutamic acid 294 4.40 2.70 6.08 3.64 0.95 0.73 10.38 3.46 731
Glycine 210 354 1.40 334 1.23 0.36 128 1.76 1.18 3.09
Alanine 373 5.53 243 495 343 1.01 130 2.67 3.36 3.84
Cysteine 0.41 0.98 0.39 0.80 n.d. n.d. n.d. nd. nd. n.d.
Valine 311 5.18 2.08 4.64 1.69 139 0.83 3.63 2.85 473
Methionine 0.40 1.20 0.33 071 0.40 0.33 0.13 0.76 0.89 0.17
Isoleucine 218 3.26 1.34 321 1.20 0.87 043 1.88 1.73 2.89
Leucine 316 531 217 497 2m 3.29 1.11 3.15 4.96 5.97
Tyrosine 548 292 1.33 230 0.39 0.25 0.26 0.22 0.31 117
Phenylalanine 2.04 1.80 111 2359 0.96 1.49 0.54 134 224 2.86
Lysine 1.68 1.84 1.61 314 0.06 0.03 nd. 0.02 0.06 0.22
Histidine 0.48 0.72 0.39 0.96 0.09 nd. 0.03 nd. 0.13 0.16
Arginine 115 144 1.08 2.69 0.67 2.54 0.95 31 334 332
Proline 1.46 267 0.93 2.85 0.19 0.31 0.11 047 0.39 036
Asparagine 1.30 152 1.21 283 0.20 0.24 0.13 0.97 0.49 0.34
Glutamine 0.48 242 0.61 1.41 0.70 1.78 2.64 1.68 2.45 7.01
Total 304 583 26.8 383 205 17.4 11.6 41.7 326 392

n.d.: not detected

To confirm whether glucose is a true inhibitor of ammonia production from food
by-products, the effect of glucose addition on ammonia production was examined in an
MO-yeast extract medium. Ammonia production was inhibited in a glucose concentration-
dependent manner and decreased to 31% of that before glucose was added (Fig. 3).
Furthermore, the quantification of the remaining amino acids in the supernatant indicated

that the consumption of eight amino acids decreased in a glucose concentration-
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dependent manner. These results suggest that glucose inhibits ammonia production from

pretreated food by-products by inhibiting amino acid cellular metabolism.
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Figure 3 Inhibitory effect of glucose on ammonia production by E. coli DH10B. E.
coli DH10B was incubated in M9-yeast extract with or without glucose (10 or 100 mM)
for 26.5 h to produce ammonia. Values are expressed as the mean + SD (n=3). * Statistical

significance was determined by Dunnett’s test (P < 0.001).

Gene deletion of E. coli to improve ammonia production

Based on the above experimental results, I attempted to develop E. coli for more
efficient ammonia production from pretreated food by-products. To avoid the negative
effects of glucose, I suppressed the glucose uptake function in E. coli by impairing the
phosphoenolpyruvate sugar phosphotransferase system (PTS) that transports major
sugars, such as glucose. PTS plays an important role in favoring glucose uptake over other
carbon sources [19]. PTS consists of a phosphohistidine carrier protein, an enzyme I
component, and enzymes EIIA, EIIB, and EIIC, which are single polypeptide chains
encoded by ptsG [20]. It was reported that the inactivation of ptsG reduces glucose uptake
efficiency [21]. Therefore, I disrupted ptsG to impair the PTS in E. coli. An additional
gene, g/nA encoding glutamine synthetase, was also disrupted to promote the conversion
of amino acids to ammonia because a previous study [ 1] showed that ammonia production
during incubation in M9-yeast extract is greatly increased by disrupting g/nA in E. coli.

To investigate whether suppression of glucose uptake and synthesis of glutamine
by glutamine synthetase improves ammonia production from glucose-containing media,
I performed ammonia production by AptsG, AginA, and AptsGAginA strains. In an M9-
yeast extract medium containing 50 mM glucose, AptsG and AptsGAginA strains showed
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lower glucose uptake rates than the wild-type and Ag/nA strains (Fig. 4A). Furthermore,
these strains showed higher ammonia productivity than the wild-type strain (Fig. 4B). In
particular, AptsGAginA strain produced about 3.2 fold more ammonia than the wild-type
strain. These results suggest that the disruptions of ptsG and g/nA4 can improve ammonia

production even in the medium containing high concentrations of glucose, such as food

by-products.
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Figure 4 Effects of ptsG and ginA disruption on glucose uptake (A) and ammonia
production (B) in the M9-yeast extract medium with S0 mM glucose. Glucose uptake
and ammonia production was measured 2 h and 26.5 h after the start of incubation at 37
°C in the M9-yeast extract medium, respectively. Values are expressed as the mean + SD
(n=3). Statistical significance was determined by Tukey’s test (*P < 0.05, **P<0.01).
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Ammonia production from pretreated food by-products by engineered E. coli

To evaluate the ammonia productivity of the engineered E. coli strains (AptsG,
AginA, and AptsGAginA), these strains were utilized to produce ammonia from okara, a
model of food by-products. Okara is the residue produced in soy milk and tofu production;
1.1 kg of wet okara is produced from 1 kg of soybeans and water [22]. Due to high protein
concentrations (27% to 38%), most of the produced okara is used as animal feed or
discarded [23]. The proteins included in okara are water-insoluble and cumbersome but
can be efficiently extracted by hydrolyzing the cell wall with cellulase [24]. Accordingly,
the extracted proteins were treated with protease to produce amino acids, which can be a
nitrogen source for ammonia production. I obtained 58.5 mM free amino acids by
solubilizing okara with cellulase and protease (Table 3).

The pretreated okara was then incubated with the engineered E. coli for ammonia
production. The AptsG and AginA strains slightly increased ammonia production
compared with the wild-type strain, suggesting that the strategies for disruption of glucose
transporters and the promotion of amino acid catabolism are also effective for ammonia

production from the pretreated okara (Fig. 5).
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Figure S Ammonia production from pretreated okara by engineered E. coli strains.
Ammonia was produced by incubating cells in the pretreated okara solution at 37 °C for
26.5 h. Values are expressed as the mean £ SD (n=3). Statistical significance was
determined by Tukey’s test (*P < 0.0001).

Furthermore, the AptsGAginA strain, which had the highest ammonia production
efficiency in the M9-yeast extract containing 50 mM glucose, also exhibited the highest
ammonia production efficiency in the pretreated okara. This represents a 2.1-fold

improvement over the wild type, with a conversion efficiency from amino acids of about
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47%. These results indicate that the combination of reducing glucose uptake and
promoting amino acid catabolism is an effective strategy of efficient ammonia production

from pretreated food by-products.

Discussion

The effective use of food by-products is expected to become increasingly
important, considering the extensive efforts required for the realization of a sustainable
society [25]. In this study, I attempted to screen ammonia production inhibitors included
in pretreated food by-products using metabolic profiling. The biomarker screen using VIP
and coefficients calculated from PLS regression analysis has been widely used [7, 12-16],
and it was also effective in our screening method for inhibitors from food by-products.
Glucose has been known to exert important effects on amino acid metabolism, but this is
the first study to highlight the negative effects of glucose on ammonia production from
food by-products. Based on this finding, the recombinant E. coli with high ammonia
productivity was successfully constructed.

Our experiments showed that glucose in food by-products suppressed ammonia
production by inhibiting the metabolism of several amino acids (Fig. 2). Ammonia
metabolism is tightly regulated in E. coli, with the major operon glnALG encoding the
glutamine synthetases, nitrogen regulatory protein B (NtrB), and nitrogen regulatory
protein C (NtrC) [26]. Transcription of the g/nALG operon is regulated by tandem
promoters glnApl and ginAp2. ginApl is a 670 dependent promoter that is activated by
the cyclic AMP receptor protein (CRP) under high glucose conditions and repressed by
NtrC-phosphate under nitrogen-deficient conditions. g/nAp2 is a 654 dependent promoter
that is strongly activated by NtrC-phosphate and repressed by CRP [27]. Glutamine
synthetase is regulated by the g/nAp1 promoter and activated through CRP when glucose
i1s added to M9-yeast extract. This may promote ammonia assimilation and lead to a
decrease in free ammonia.

Additionally, the metabolism of amino acids, especially Gly, was inhibited by
the M9-yeast extract containing 50 mM glucose. This was possibly due to the inhibition
of purine nucleotide synthesis repressor gene (purR) translation by small regulatory RNA
(sgrS) in response to glucose stress [28, 29]. Since purR inhibits the expression of glycine
cleavage system proteins encoded by gcvTHP that induces Gly degradation [30], there is
a possibility that ammonia production by Gly degradation was inhibited under glucose-

added conditions.
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To suppress ammonia assimilation and promote amino acid metabolism, two
strategies were developed to reduce glucose uptake and inhibit glutamine synthetase. To
reduce glucose uptake, I disrupted pzsG, which encodes a major component of the glucose
transporter. However, glucose is also taken up into E. coli cells though other transporters
such as the galactose transporter (encoded by mg/BAC), galactose permease (encoded by
galP), and maltose transporter (encoded by malEFG) [31, 32]. In fact, the ammonia
production efficiency from mirin cake containing excess glucose (123.3 mM) by the
AptsGAgInA strain was 23%, which was lower than that from okara (47%). By disrupting
these transporters simultaneously, glucose uptake efficiency could be further reduced, and
ammonia production efficiency could be further improved.

A single disruption of g/ln4 improved ammonia production from glucose-added
M09-yeast extract, while dual disruption of ptsG and g/ln4 markedly improved ammonia
production efficiency (Fig. 4B). In AptsG, inhibition of glucose uptake might lead to a
decrease in CRP and activation of glnAp2. This activates NtrC and nitrogen assimilation
control (Nac) proteins, which control approximately 2% of the genes involved in nitrogen
catabolism [33], resulting in the increased production of free ammonia. However, the
produced ammonia can be assimilated by glutamine synthetase into amino acids in the
cells. Additional disruption of g/n4, which encodes glutamine synthetase, would increase
the free ammonia concentration by inhibiting the assimilation of ammonia to glutamine
in the AptsG strain, resulting in a synergistic improvement in ammonia productivity.
Disrupting genes involved in ammonia assimilation, such as gdhA and gltBD, is expected
to further improve ammonia productivity, but there are concerns about growth retardation
and lethality issues. In fact, growth delays have been observed in 4ginA4 and AglnAAptsG,
but knockdown of the ammonia assimilation genes by CRISPRi [34, 35] or other methods
could solve these problems.

The AptsGAginA strain produced 35.4 mM ammonia from 58.5 mM amino acids
in the pretreated okara (Fig. 5). At the end of incubation, the ammonia production rate
was 1.34 mM/h and the conversion efficiency from amino acids to ammonia was
approximately 47%, and further improvement of the efficiency is required for industrial
use. This result was lower than the conversion efficiency of approximately 73% in the
M09-yeast extract containing 50 mM glucose (Fig. 4B), suggesting that other ammonia
production inhibitors were present in the pretreated okara to suppress amino acid
metabolism or promote ammonia assimilation. To improve ammonia productivity,
monitoring of amino acid metabolism by amino acid flux analysis, large-scale analysis
by LC-MS and GC-MS, identification of novel inhibitors, and subsequent genetic

modification are needed.
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In this study, I identified glucose as the cause of inhibitory effects on ammonia
production from food by-products using an efficient screening strategy. I improved
ammonia production by E. coli through the reduction of glucose uptake and the promotion
of amino acid catabolism by gene disruptions. These findings provide important insights
into ammonia production in E. coli as well as an industrially available strain (e.g., B.
subtilis and S. cerevisiae) and would contribute to the study of ammonia production from
various biomasses or other unused resources, potentially expanding the application of

ammonia bioproduction.
Summary

Using metabolic profiling, glucose was identified as a potential inhibitor of
ammonia production from impure food by-products. I constructed the recombinant
Escherichia coli, in which glucose uptake was reduced by ptsG gene disruption and amino
acid catabolism was promoted by g/nA gene disruption. Ammonia production efficiency
from okara, a food by-product, was improved in this strain; 35.4 mM ammonia was
produced (47% yield). This study might provide a strategy for efficient ammonia

production from food by-products.
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Chapter 11

Construction of recombinant Escherichia coli producing nitrogenase-
related proteins from Azotobacter vinelandii

In this chapter, I constructed an expression plasmid containing the minimum
number of A. vinelandii genes required for nitrogen fixation for heterologous expression
in E. coli. E. coli is a gram-negative bacterium commonly studied in nitrogen fixation and
metabolic engineering [1, 2]. Moreover, E. coli can be further modified to produce useful
substances such as ammonia with relative ease, because an extensive genetic toolbox is
available in E. coli, unlike A. vinelandii. The assembly of the scattered nif-related genes
into a synthetic cluster was achieved by a multi-step seamless cloning method, and the
expression of each gene in E. coli was quantified at the transcription and protein levels.
The nitrogenase-producing E. coli constructed in this study successfully showed
nitrogenase activity. The constructed E. coli would be useful as a platform microorganism
for studying the expression of additional A. vinelandii genes and identifying potential

factors that may improve nitrogenase activity.
Materials and methods

Strains and media

The A. vinelandii and E. coli strains and plasmids used in this study are described
in Table 1. 4. vinelandii was aerobically grown at 30°C in modified Burk’s (MB) medium
[3] consisting of 20 g/L sucrose, 0.2 g/L NaCl, 0.05 g/L CaSO4:2H,O, 0.2 g/L.
MgSO4-7H>0, 2.9 mg/L NaxMoO4-2H>0, 27 mg/L FeSO4-7H>0, 0.66 g/L KoHPO4, and
0.16 g/L KH2POas. E. coli strains were aerobically grown at 37°C in LB broth (BD Difco,
NJ, USA). For measurements of transcript levels, protein levels, and nitrogenase activity
in E. coli strain, cells were grown in the previously reported medium [4] modified as
follows (10.4 g/ Na,HPOg4, 3.4 g/L KH2PO4, 26 mg/L CaCl>-2H>0, 30 mg/L MgSOs4,
0.3 mg/L MnSO4, 41 mg/L FeSO4-7H20, 10 mg/L para-aminobenzoic acid, 5 pg/L biotin,
337 mg/L vitamin B1, 10 mM glutamate, 4 g/L glucose, and 7.6 mg/LL. NaxMoQs).
Ampicillin (100 pg/mL), kanamycin (25 pg/mL), and chloramphenicol (10 pg/mL)

(Fujifilm Wako Pure Chemical, Osaka, Japan) were added to the medium as appropriate.

Plasmid construction

To construct plasmids for expressing nif-related genes in E. coli, genomic DNA
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of A. vinelandii was extracted using ISOGEN (NIPPON GENE, Tokyo, Japan). Seventeen
nif-related genes were classified into eight clusters (nifHDK, nifB, iscA-nifUSV, nifQ,
nifENX, nifY, nifWZM, and nifF) and amplified by PCR from a genomic DNA template
using KOD-One polymerase (Toyobo, Osaka, Japan) and primers that contained 15-50
bp regions homologous to neighboring vectors sequences or nif-related genes. In the
primer annealing to the 5' region of iscA-nifUSV, the lac promoter sequence was inserted
between the homologous region and the coding region. The PCR amplicons of nifHDK,
nifB, iscA-nifUSV, and nifQ were assembled into a single DNA fragment in this order by
overlap extension (OE)-PCR [5] and fused to PCR-amplified pTrcHis2-TOPO (Thermo
Fisher Scientific, MA, USA) using the In-Fusion HD Cloning Kit (Takara Bio, Shiga,
Japan). The resulting plasmid was named pTrc-nif001 (Fig. 1). Likewise, the PCR
amplicons of nifENX, nifY, nifWZM, and nifF were assembled in this order and fused to
PCR-amplified pMW219 (NIPPON GENE, Tokyo, Japan). The nifWZM cluster was
amplified using a forward primer with a /ac promoter. The resulting plasmid was named
pMW-nif002 (Fig. 1). The sequences of the assembled PCR amplicons in the constructed

plasmids were confirmed by Sanger sequencing using sequencing primers.
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Figure 1. The assembly of 17 nif-related genes into expression plasmids for E. coli was

performed by a combination of OE-PCR and seamless cloning. Expression of nif-related

genes in E. coli was performed using two plasmids with different copy numbers. Artificial

gene clusters of 4 genes (nif, H, D, K, and B) controlled by the trc promoter and 5 genes

(iscA, nifU, S, V, and Q) controlled by the lac promoter were assembled in medium copy
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plasmid pTrcHis2-TOPO/lacZ. Artificial gene clusters of 4 genes (nifE, N, X, and Y)
controlled by the /ac promoter and 4 genes (nifW, Z, M, and F) controlled by the /ac
promoter were assembled in low copy plasmid pMW219.

Measurement of transcription and protein levels from nif-related genes

E. coli JM109 transformants harboring pTrc-nif00land pMW-nif002 were
cultured in LB at 37°C with overnight shaking at 200 rpm. E. coli or pre-cultured A.
vinelandii cells were inoculated into 10 mL nitrogen-deficient medium with or without
0.1 mM IPTG or MB medium, respectively, at a final ODsoo of 0.5. Incubation was
performed at 30°C for 6 h to measure the transcription levels or 24 h for the measurement
of protein levels. The cells were collected by centrifugation at 5,000 x g, washed twice
with saline solution, and stored at -80°C.

To measure the transcription levels of nif-related genes, cells were lysed in
ISOGEN (NIPPON GENE) to extract RNA, which was then used as template for cDNA
synthesis by reverse transcription using PrimeScript RT reagent Kit with gDNA Eraser
(Takara Bio). RT-qPCR was performed using TB Green Premix Ex Taq II (Takara Bio)
on an MX3005 real-time PCR system (Agilent Technologies, CA, USA) with cDNA and
specific primers listed in Table S1. Fold change values of transcription levels were
calculated using a template standard curve and normalized to the transcription level of
ropA that is often regarded as a housekeeping gene in prokaryotes [6, 7].

For the measurement of protein levels from nif-related genes, the cells were
sonicated in 200 pL lysis buffer (2% SDS and 7 M urea) with a bioruptor (Sonic bio,
Kanagawa, Japan), and the supernatant after centrifugation at 15,000 x g at 4°C for 1 min
was transferred to a microtube. The lysate was mixed with 800 pL methanol, 200 pL
chloroform, and 600 pL water and centrifuged at 15,000 x g at 4°C for 1 min. After
removing the aqueous phase, 800 pL methanol was added and the mixture was
centrifuged at 15,000 x g for 2 min at 4°C. The pellet was dried using SpeedVac vacuum
concentrators (Thermo Fisher Scientific) and re-dissolved in 120 pL of 7 M urea/50 mM
Tris-HCI (pH 8.0), and the total protein concentration was measured using a BCA Protein
Assay Kit (Thermo Fisher Scientific). The protein extract (100 pL) was treated with 5
mM dithiothreitol (final concentration) at 37°C for 30 min, followed by treatment with
15 mM 2-iodoacetamide at 37°C for 30 min under light shielding. Trypsin/Lys-C Mix
(Promega, Wisconsin, USA) was then added at a protein : protease ratio of 25 : 1 (w/w).
After incubation at 37°C for 3 h, the reaction solution was diluted with 600 uL of 50 mM
Tris-HCI (pH 8) and incubated at 37°C overnight. Digestion was stopped by adding
trifluoroacetic acid (1% v/v) and desalting with Monospin C18 (GL Sciences, Tokyo,
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Japan) to obtain peptide samples for LC-MS/MS analysis.

LC-MS/MS analysis was performed on an LCMS8050 (Shimadzu, Kyoto,
Japan) connected to a UHPLC Nexera (Shimadzu). Peptides were separated on an
InertSustain AQ-C18 column (150 mm X 2.1 mm, 1.0 pm; GL Sciences) by gradient
elution of mobile phases A (0.1% formic acid/water, v/v) and B (0.1% formic
acid/acetonitrile, v/v). Gradient elution was programmed as follows: isotropic elution
with 5% B for 3 min, linear gradient elution with 5% to 95% B for 12 min, wash with
95% B for 2 min, and finally equilibration with starting conditions for 5 min. The column
temperature was set at 40°C throughout the analysis. The separated peptides were
quantified using multiple reaction monitoring (MRM) mode by triple quadrupole mass
spectrometry equipped with an electrospray ionization source. The MS conditions were
as follows: electrospray voltage, 4.0 kV; capillary temperature, 300°C; and sheath gas,
N2, 10 L/min. Candidate peptides derived from trypsin digestion of nif-related proteins
were identified using Skyline software [8] and narrowed down to peptides with a length
of 5-20 amino acids. Among the candidate peptides, the peptides showing the highest
detection sensitivity in LC-MS/MS analysis were synthesized by Bio-Synthesis (TX,

USA), and the elution time and transitions were determined (Table 2).

Evaluation of nitrogenase activity

In vivo nitrogenase activity was measured using the acetylene reduction method
as described previously [9]. In advance, a headspace vial was filled with 4.5 mL assay
medium supplemented with antibiotics and inducers, sealed with a butyl rubber septum
and crimp cap, and replaced with argon gas several times. The cells of 4. vinelandii pre-
cultured in MB medium at 30°C and E. coli pre-cultured in LB at 37°C were centrifuged
at 3,000 rpm at room temperature. After discarding the supernatant, the cell pellet was
suspended in the fresh assay medium to an ODggo 0f 0.5, and 0.5 mL of the cell suspension
was added to the above-mentioned vial using a syringe. Acetylene gas was prepared in a
sagittal gas generator with calcium carbide (Sigma-Aldrich, MO, USA) and water in a
vacuum. Acetylene gas (200 mL) and ethane gas (1 mL, internal standard) were mixed in
a sample bag and 1 mL of the mixture was injected into the vials containing the cells using
a gas-tight syringe. After incubation at 30°C for 16 h, the reaction was stopped by
injecting 300 uL of 4 M NaOH into each vial. The produced ethylene (m/z: 26) and the
internal standard ethane (m/z: 30) were detected using GCMS QP2020Ultra (Shimadzu)
connected to a TurboMatrix HS110 headspace autosampler (PerkinElmer, MA, USA)
with the injector temperature, column oven temperature, and detector temperature set at
40°C, 40°C, and 250°C, respectively, and a GS GasPro column (0.32 mm, 30 m) (Agilent,
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CA, USA); the ethylene concentration was determined by the external standard method.

Results

Construction of artificial gene cluster of nif-related genes from A. vinelandii

To reconstitute nitrogenase from A. vinelandii in E. coli, nif-related genes
scattered in the A. vinelandii genome were assembled into a gene cluster by OE-PCR and
inserted into an expression plasmid by seamless cloning. In the case of reconstitution of
nif-related genes from K. oxyfoca in E. coli, 18 or 20 genes
(nifHDKYENJBQFUSVWZMT with or without nifTX) were selected [1, 4]. In this study,
17 genes (nifHDKBUSVQENXYWZMF and iscA) were selected from A. vinelandii based
on transcriptional analysis [10] and phenotypic analysis of nif-related gene deletion
mutants [11]. The expression of nif-related genes in E. coli was controlled by an IPTG-
inducible promoter (Fig. 1). For expression in E. coli, nine nif-related genes (nifHDK,
which constitute nitrogenase; nifBUSVQ and iscA, which are involved in the maturation
of nitrogenase) that are highly transcribed under the nitrogen-fixation culture conditions
in A. vinelandii were incorporated into a medium-copy plasmid to construct pTrc-nif001,
and eight genes (nifENXYWZMF, which are involved in the maturation of nitrogenase)
with relatively low transcript levels compared to nifHDK were integrated into a low-copy
plasmid to construct pMW-ni002 (Fig. 1).

Confirmation of gene expression at transcription and protein levels

Expression of the nif-related genes at the transcription level was analyzed using
RT-gqPCR. IPTG induction resulted in a 2.9- to 8.7-fold increase in the transcription levels
of 17 nif-related genes in recombinant E. coli (Fig. 2). In addition, expression of the 17
nif-related genes was confirmed at the protein level by quantification of their translated
products in total protein extracts of recombinant E. coli after induction, employing 4.
vinelandii extract as a control. The peptides obtained by trypsin digestion of the respective
protein extracts were quantified using LC-MS/MS. The levels of nitrogenase MoFe
protein a-subunit (NifD), B-subunit (NifK), and the Fe protein (NifH) that supplies
electrons to MoFe proteins were higher in recombinant E. coli than those in 4. vinelandii.
The levels of NifS, NifV, NifB, NifQ, NifU, NifE and NifN in recombinant E. coli were
also significantly higher than those in A. vinelandii (Fig. 3).
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Figure 2. Evaluation of the transcription levels of nif-related genes in the E. coli
transformants. Cells harboring pTrc-nif001 and pMW-nif002 were collected 6 h after
IPTG induction, and the transcript levels of nif-related genes were evaluated by RT-qPCR.
Transcript levels of each gene were normalized to rpoA, and are shown as fold change

relative to uninduced control. Data are represented as means + SD of three independent

experiments.
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Figure 3. Evaluation of protein level of the introduced nif-related genes in the E. coli
transformant. Cells harboring pTrc-nif001 and pMW-nif002 were collected 24 h after the
IPTG induction, and subjected to total protein extraction. The protein extracts were
digested with trypsin to obtain peptides with nif-related protein-specific sequences and
quantified by LC-MS/MS. The expression level of each protein was normalized to total

protein content. Data are represented as means £+ SD of three independent experiments.
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In contrast, the protein levels of NifF, iscA, NifX, NifW, NifZ, NifM and NifY
in recombinant E. coli were lower than those in A. vinelandii. Interestingly, more than 10-
fold variability was observed in protein levels (NifH, NifD, and NifK vs. NifQ, NifU, and
IscA), even though the corresponding genes were integrated into the same plasmid in
recombinant E. coli. These results showed that the major nif-related genes exhibited an
expression profile similar to that in A. vinelandii when expressed in E. coli by the

plasmids integrating the scattered nif-related genes from A. vinelandii.

In vivo nitrogenase activity under anaerobic and microaerobic conditions

In vivo nitrogenase activity of the constructed recombinant strains was evaluated
by monitoring the reduction of acetylene to ethylene under anaerobic conditions, in which
the gas phase was completely replaced by argon gas, and under microaerobic conditions,
in which 20% (v/v) of the gas phase was replaced by oxygen gas after argon gas
replacement (Fig. 4). The recombinant E. coli produced 4.96 nmol-ethylene / mL-culture
volume under anaerobic conditions, which was comparable to the production by 4.
vinelandii (5.69 nmol/mL). In contrast, ethylene production by the recombinant E. coli
decreased to 4.13 nmol/mL under microaerobic conditions, which was much lower than
by A. vinelandii under similar conditions (25.8 nmol/mL). Nevertheless, these results
showed that the recombinant E. coli expressing the assembled nif-related genes from A.

vinelandii had sufficient nitrogenase activity under anaerobic conditions.
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Figure 4. Nitrogenase activity of the wild- type A. vinelandii and the E. coli transformant
harboring pTrc-nif001 and pMW-nif002 was determined under anaerobic and

microaerophilic conditions by the acetylene reduction method. The nitrogenase activity
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of each strains was normalized to the culture volume. Data are represented as means +

SD of three independent experiments.

Discussion

In this study, I attempted to introduce nitrogenase activity in E. coli by
assembling 17 nif-related genes scattered in the 4. vinelandii genome into expression
plasmids. The introduction of the expression plasmids constructed by OE-PCR and
seamless cloning drove nif-related gene transcription and translation in E. coli. In
previous studies on nitrogenase reconstruction in heterologous microorganisms, nif-
related genes were partially derived from K. oxytoca or Paenibacillus sp. and contained
extra or missing genes from A. vinelandii [12-16]. These recombinant microorganisms
are not always appropriate for elucidating the function of Azotobacter genes because they
express nitrogenase-related genes derived from other species and more genes than
necessary. This study is the 