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Although the mass differences of S3 and S5 among KT2440,
JCM 6156, NBRC 100988, and NBRC 101019 were proposed as
key biomarkers to distinguish the strains,25 MALDI mass spectra
of S3 and S5 were often misassigned because of their low
sensitivity of detection. Our results revealed that the theoretical
masses of S3 and S5 calculated based on S10-spc-alpha
operon sequences of these 4 strains have identical masses, with
m/z 25594.7 and m/z 17578.3, respectively. Therefore, the
selection of 14 ribosomal subunit proteins was significantly
important to prevent misidentification by MALDI-TOF MS
analysis. In particular, four typical strains of P. putida revealed
different masses of ribosomal subunit proteins, respectively:
the masses of S14, 11259.3, 11273.3 and 11289.3, the masses of
L24, 11315.2, and 11330.2, and the masses of S13, 13096.3,
13112.3, and 13126.3 (Figure 3).

The basic topologies of these phylogenetic trees of P. putida
based on gyrB sequences (872 bp), amino acid sequences of
14 selected ribosomal subunit proteins in S10-spc-alpha
operon, and 14 ribosomal subunit protein profile matching
using ribosomal protein of P. putida KT2440 as a reference
strain were similar, but were slightly different in their details
(Figure 4).

The most conspicuous difference was the phylogenetic
position between P. putida NBRC14671 and P. putida GB-1,
and between P. putida NBRC 15366 and P. putida W619. In
these results, phylogenetic trees based on the 14 selected
ribosomal subunit proteins profile matching using ribosomal
protein of P. putida KT2440 as a reference strain gave almost
the same results as the phylogenetic trees based on gyrB
sequences and on the amino acid sequences of 14 selected
ribosomal subunit proteins. Moreover, the ribosomal protein
database for bacterial identification doubled by sequencing the
S10-spc-alpha operon of 18 strains including 10 type strains
of genus Pseudomonas during this research since it is easy to
construct an in-house database using S10-spc-alpha operon.

Taken together, the phylogenetic tree based on the 14
ribosomal subunit proteins profile matching using ribosomal
protein of a reference strain are easy to construct using only
the database of type strains and phylogenetic analysis based
on amino acid sequences of 14 selected ribosomal subunit
proteins in S10-spc-alpha operon will be applied for accurate
phylogenetic distance at the species and strain levels with
accumulation of advanced database of ribosomal subunit
proteins coded in S10-spc-alpha operon.

Recently, the Biotyper software program or SARAMIS data-
base application has been used for species identification by
MALDI-TOF MS. Since those biomarker peaks are uncertain,
it is hard to correct the observed results in the phylogenetic
analysis by those methods. In contrast, our proposed method
using 14 selected ribosomal subunit proteins as theoretical
biomarkers in MALDI-TOF MS analysis was developed as a
highly reliable and reproducible bacterial classification at the
strain level capable of validating the obtained results based on
theoretical masses.

Conclusions
Our proposed bacterial identification method is performed

by three processes: (1) Bacteria are identified by MALDI-TOF
MS spectral fingerprints based on the ribosomal protein
database. (2) MALDI-TOF MS spectrum is converted to amino
acid sequences based on the ribosomal protein database. (3)
The conversion was verified by independently constructed
database based on the results obtained by sequence analysis

of S10-spc-alpha operon. Bacteria are classified by phyloge-
netic analysis based on amino acid sequences assigned reliable
and reproducible ribosomal subunit proteins encoded in
S10-spc-alpha operon (Figure 5). Therefore, our proposed
method could avoid the accidental coincidence of MALDI mass
spectra. Moreover, analysts can construct their own database
based on the sequences of S10-spc-alpha operon for this
improved high-throughput method. This is the first report
on detailed phylogenetic analysis at the strain level using
MALDI-TOF MS with the validation procedure of the ob-
tained results. Our proposed method has a merit to establish
more reliable phylogenetic classification by application for
various bacteria. In the future, the rapid identification of
bacteria by MALDI-TOF MS will develop as an advanced

Figure 4. Phylogenetic trees of 12 P. putida strains. (a) Phyloge-
netic tree based on gyrB sequences (872 bp). (b) Phylogenetic
tree based on amino acid sequences of 14 selected ribosomal
proteins in S10-spc-alpha operon. (c) Phylogenetic tree based
on 14 ribosomal protein profile matching using ribosomal protein
of P. putida KT2440 as a reference strain.
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ABSTRACT: Ethylene is an industrially important com-
pound, but more sustainable production methods are
desirable. Since cellulosomes increase the ability of cellulolytic
enzymes by physically linking the relevant enzymes via
dockerin−cohesin interactions, in this study, we genetically
engineered a chimeric cellulosome-like complex of two
ethylene-generating enzymes from tomato using cohesin−
dockerins from the bacteria Clostridium thermocellum and
Acetivibrio cellulolyticus. This complex was transformed into
Escherichia coli to analyze kinetic parameters and enzyme
complex formation and into the cyanobacterium Synechococcus
elongatus PCC 7942, which was then grown with and without
0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) in-
duction. Only at minimal protein expression levels (without IPTG), the chimeric complex produced 3.7 times more ethylene in
vivo than did uncomplexed enzymes. Thus, cyanobacteria can be used to sustainably generate ethylene, and the synthetic enzyme
complex greatly enhanced production efficiency. Artificial synthetic enzyme complexes hold great promise for improving the
production efficiency of other industrial compounds.
KEYWORDS: ethylene, cyanobacteria, photosynthesis, cellulosomes, dockerin−cohesin interaction, synthetic enzyme complex

Ethylene is an important chemical commodity; globally, more
than 133 million tons are produced annually. Ethylene is a
critical industrial raw material because it is used to produce
various petrochemical products. Ethylene is currently manufac-
tured mainly from naphtha by thermal cracking, that is, so-
called steam cracking. In the U.S.A., 70% of the total ethylene
production capacity comes from steam cracking of naphtha.1

This steam cracking process is highly energy intensive2 and
produces large quantities of CO2 (1.5−3.0 tons of CO2 per ton
of ethylene),3 which is a greenhouse gas and requires
petroleum, a finite resource. To reduce the rate of global
warming, development of a sustainable and carbon-neutral
bioethylene synthetic process is desired.
Ethylene is naturally produced by some organisms. In higher

plants, such as tomato (Solanum lycopersicum), ethylene is
produced as gaseous hormone, and its synthesis increases
during several stages of plant growth and development,
including seed germination, abscission, leaf and flower
senescence, and fruit ripening.4 In S. lycopersicum, ethylene is
synthesized from S-adenosylmethionine (SAM) in a two-step
reaction catalyzed by two key enzymes, 1-aminocyclopropane-
1-carboxylate (ACC) synthase (ACS, EC 4.4.1.14), and
aminocyclopropane carboxylate oxidase (ACO, EC 1.14.17.4).
SAM is a metabolite in the Yang cycle (methionine cycle),
which recycles sulfur-containing metabolites into the amino
acid methionine.5 The cycle is a universal pathway found in

organisms ranging from unicellular bacteria to plants and
animals.6−10 Some bacteria, such as Pseudomonas syringae, are
reported to produce ethylene-forming enzyme (EFE) that
catalyzes the formation of ethylene from 2-oxoglutarate, which
is a member in tricarboxylic acid (TCA) cycle.11

Cyanobacteria are becoming increasingly attractive as cell
factories for producing renewable chemicals, because they
capture solar energy and CO2 and because their relatively
simple genomes facilitate genetic manipulation.12 Direct
production of valuable chemicals from CO2 by photosynthetic
organisms has been proposed.12,13 Recently, bioethylene has
been photoautotrophically generated by introducing the EFE
gene from P. syringae into a cyanobacterium.3,14 In that system,
however, the recombinant cyanobacteria had a severely
depressed rate of cell growth as well as a yellow-green
phenotype, indicating that ethylene production caused severe
metabolic stress by consuming 2-oxoglutarate and liberating the
cellular carbon as ethylene.15,16

Anaerobic cellulolytic bacteria produce an enzyme complex
called a cellulosome that increases the ability of cellulolytic
enzymes to degrade biomass cellulose into soluble sugars.17 A
common feature of cellulosomes is that they consist of a large
number of catalytic components arranged around a noncatalytic
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accommodated with an increase in AR binding activity on AR-LBD,
whereas the yellow areas indicate regions where submolecular bulk
is unfavorable for activity.

The contour map drawn by Eq. 1 was consistent with those in
our previous CoMFA study.17 In addition, by the addition of flav-
ones, a much more comprehensive and precise model was ob-
tained (Fig. 4). The new CoMFA model indicated that yellow
areas around the A ring site of DHT predicted a limited space at
the site in AR-LBD which is similar to the previous result and the
negative electrostatic interaction site near Arg752 in AR-LBD pre-
ferred a stronger hydrogen bond capability of substituents of AR
antagonists. The AR binding site space shown by light blue dots
was superposed on contour maps drawn by Eq. 4 with 5,40-diflu-
oroflavone and important amino acid residues, Arg752 and

Thr877 in Fig. 4. Sterically unfavorable yellow areas enclosed the
binding site while favorable green areas located inside the binding
site. The flavone seems to fit in the binding space.

3. Conclusion

Even though flavones have a different chemical structure from
known AR antagonists such as flutamide, the fact that the smaller
substituent with an electron-withdrawing effect had higher AR
antagonistic activity and the substituents at its 40-position may
face Arg752 in the AR-LBD is completely in agreement with our
knowledge of AR antagonists. In the other words, the hydrogen
bond capability of substituents corresponding to the A ring site
of DHT plays an important role in AR antagonistic activity, suggest-
ing that our working hypothesis, ‘the near 10 Å polar interaction
rule’,14 looks promising to design a novel drug that disrupts AR-
mediated transcription. Taken together, this systematic struc-
ture–activity relationship can predict that flavones bind to human
androgen receptor for their antagonistic activity as isoflavone-type
alignment and provide new insight into the SAR of AR antagonist
and advanced medicinal chemistry knowledge to design a novel
AR antagonist.

4. Experimental

4.1. Reporter gene assay

4.2. Computational methods
The reporter gene assay system elicits an increase in luciferase

activity (RLU) in the presence of an AR agonist, dihydrotestoster-
one (DHT). The assay procedures were described in detail previ-
ously.9,15–17 Briefly, the established MDA-kb2 human breast
cancer cells with endogenous AR and stably expressing AR-respon-
sive luciferase reporter gene, MMTV-neo-luc. were treated with
various concentrations of tested compounds from 10!8 to 10!4 M
to determine AR antagonist activity in the presence of DHT at con-
centrations of 0.2 nM. Data are expressed as induced luciferase

Figure 3. The stereoview of the major steric and electrostatic potential contour
maps drawn according to Eq. 1 in Table 1 with the overlay of 5,40-difluoroflavone as
isoflavone-type pose-1. The red areas indicate regions where negative electrostatic
interactions increased activity, whereas the blue areas show the reverse. The green
areas indicate regions where submolecular bulk increased AR antagonistic activity
in AR-LBD, whereas the yellow areas show regions where submolecular bulk was
unfavorable for AR antagonistic activity.

Figure 4. Orthographic view of the new CoMFA model with flutamide in pink and 5,40-difluoroflavone in mainly white, superposed by the AR binding site space shown by
light blue dots. The yellow areas around the A ring site of DHT predicted limited space at the site in AR-LBD and the red areas, the negative electrostatic interaction site near
Arg752 in AR-LBD, preferred stronger hydrogen bond capability of the substituents of AR antagonists.
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