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Abstract

could guide future research directions.

Worldwide, ethylene is the most produced organic compound. It serves as a building block for a wide variety of
plastics, textiles, and chemicals, and a process has been developed for its conversion into liquid transportation fuels.
Currently, commercial ethylene production involves steam cracking of fossil fuels, and is the highest CO,-emitting
process in the chemical industry. Therefore, there is great interest in developing technology for ethylene production
from renewable resources including CO, and biomass. Ethylene is produced naturally by plants and some microbes
that live with plants. One of the metabolic pathways used by microbes is via an ethylene-forming enzyme (EFE), which
uses a-ketoglutarate and arginine as substrates. EFE is a promising biotechnology target because the expression of a
single gene is sufficient for ethylene production in the absence of toxic intermediates. Here we present the first
comprehensive review and analysis of EFE, including its discovery, sequence diversity, reaction mechanism, predicted
involvement in diverse metabolic modes, heterologous expression, and requirements for harvesting of bioethylene.
A number of knowledge gaps and factors that limit ethylene productivity are identified, as well as strategies that

Keywords: Ethylene-forming enzyme, Bioethylene, Diversity, Mechanism, Heterologous expression

Introduction

The rising global demand for petroleum, its restricted
supply base, and its deleterious effects on the environ-
ment has prompted the development of infrastructure-
compatible renewable fuels and chemicals. One potentially
renewable feedstock that could have an impact is ethylene.
In 2011, the global production capacity of ethylene was
142 million metric tonnes and is forecast to reach 165 mil-
lion metric tonnes, with an economic impact of US$200
billion per year, by 2015 [1]. Ethylene is the most widely
used feedstock in several industries including plastics,
textiles, and solvents. In addition, ethylene can also be
catalytically polymerized to gasoline-rich hydrocarbons
in the C5-C10 range [2,3]. Ethylene is currently pro-
duced from steam cracking of fossil fuels or from de-
hydrogenation of ethane, representing the largest CO,-
emitting process in the chemical industry. By current state
of the art technology, 2 M] of energy are invested per
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pound of ethylene made; given the ethylene industry’s
massive size, this product alone accounts for 1.5% of
United States’ carbon footprint [4]. A renewable route to
ethylene production would therefore fulfill an enormous
energy and chemical market while helping to preserve
the environment.

Ethylene can also be produced biologically. It is a plant
hormone that modulates growth and development, and
functions in the defense response to abiotic or biotic
stress including pathogen attack [5,6]. In plants, ethylene
is produced in a two-step reaction from methionine via
S-adenosyl-methionine (SAM). SAM is first converted
tol-aminocyclopropane-1-carboxylic acid (ACC) by
ACC synthase. ACC oxidase then catalyzes the oxidative
release of ethylene and cyanide (CN). Although CN is
converted to P-cyanoalanine to avoid toxicity in plants,
utilization of this pathway for biotechnological ethylene
production by other organisms is limited by the need for
CN mitigation.

In addition to plants, a variety of microbes including
bacteria and fungi also produce ethylene, probably as a
causal agent in plant diseases [7]. In Escherichia coli,
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Cryptococcus albidus, and a variety of other bacteria,
ethylene is spontaneously produced at trace amounts via
oxidation of 2-keto-4-methylthiobutyric acid (KMBA), a
transaminated derivative of methionine produced in an
NADH:Fe(III)EDTA oxidoreductase-mediated reaction
that is enhanced under ammonia limitation (C/N = 20)
[8,9]. Formation of KMBA is proposed as a means to
recover amino nitrogen from methionine, resulting in
the spontaneous production of ethylene from KMBA. A
third type of ethylene pathway found in Pseudomonas
syringae and Penicillium digitatum utilizes a-ketoglutarate
(AKQG) and arginine as substrates in a reaction catalyzed
by an ethylene-forming enzyme (EFE) [10-14], which
will be the focus of this review.

Heterologous expression of a single efe gene from P.
syringae resulted in ethylene production in a number of
hosts including E. coli [15,16], Saccharomyces cerevisiae
[17], Pseudomonas putida [18), Trichoderma viride [19],
Trichoderma reesei [20], tobacco [21], and cyanobacteria
[22-26]. These hosts utilize a variety of carbon sources
including lignocellulose and CO,, highlighting the various
feedstocks that could potentially be used for bioethylene
production. In addition, ethylene is not toxic to these
organisms, and as a gas it separates easily from cultures.
These features compare favorably with other biofuel prod-
ucts such as alcohols or lipids, which tend to be toxic
and/or are costly to separate. However, further funda-
mental and applied studies are needed to bring bioethy-
lene technology to commercial scales. Emerging research
topics include a more in-depth understanding of EFE
structure and reaction mechanisms, metabolic engineering
strategies to improve productivity, and ethylene harvesting
technologies. This review aims to provide a summary of
the existing literature and to present our own analysis
of enzymes and pathways, which together outline a
strategy for future research and development of bioethy-
lene production.

EFE discovery
Ethylene is a hormone that regulates multiple aspects of
growth and stress response in plants, and is also a
common metabolic product of many fungi and bacteria
that live with plants. The common green mold on citrus
fruits, P. digitatum, was one of the first identified
ethylene-producing microbes [10-13]. A cell-free system
was prepared from P. digitatum [27], and EFE was
subsequently purified as a 42-kD protein that required
ferrous iron, oxygen, AKG, and arginine for ethylene
production [28]. This reaction is in contrast to that in
higher plants, which utilize methionine as a precursor in
a two-enzyme reaction.

Bacterial production of ethylene was first reported in
Pseudomonas solanacearum strains, which are involved
in early ripening of banana fruits or in wilting of tobacco
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and tomato [29]. The most efficient microbial ethylene
producers include certain pathovars of P. syringae. Two
of the most studied strains include P. syringae pv.
phaseolicola PK2 (Kudzu strain) and P. syringae pv.
glycinea, which cause halo blight of the vine weed
Kudzu and soybean, respectively [7]. Using a cell-free
system prepared from the Kudzu strain, it was determined
that a 42-kD EFE monomer was required for a reaction
utilizing ferrous iron, oxygen, AKG, and arginine, in
agreement with EFE studies in the mold P. digitatum
[14]. Despite the variance of the P. digitatum and
Kudzu N-terminal sequences [14], the two proteins
share overall sequence similarity (see below). The Kudzu
efe gene was localized to an indigenous plasmid, and when
this gene was cloned and expressed in E. coli, ethylene
production was detected, verifying that expression of a
single gene is sufficient for ethylene production in
heterologous hosts [15].

EFE sequence diversity and features

To date, sequence diversity of EFEs has not been
reviewed, despite the enormous body of available se-
quencing data. We therefore constructed a phylogenetic
tree of EFE based on sequences from the NCBI database
with more than 40% identity to that of Kudzu (Figure 1).
These sequences can be divided into two major groups
and a minor group, with pairwise sequence alignments
revealing approximately 25% identity and 65% similarity
overall, with the central regions exhibiting the highest
conservation (Wu Xu, unpublished data). The identified
sequences were annotated as ethylene (succinate)-forming
enzyme, 2-oxoglutarate (20G)-Fe(II) oxygenase, hypo-
thetical protein, 1-aminocyclopropane-1-carboxylic acide
oxidase (ACCO), ACC deaminase, and oxidoreductase,
suggesting that more functional studies are needed to
accurately classify the EFE and EFE-related sequences. As
EFEs and ACCOs both catalyze an ethylene formation
reaction and belong to the superfamily of 20G/Fe(II)-
dependent hydroxylase enzymes [30], they may share
common structural features. To identify conserved amino
acids, representative ACCO sequences from the Protein
Data Bank (PDB) were compared with Kudzu EFE. The
top two enzymes identified are an ACCO from petunia,
the only ACCO whose structure has been experimentally
determined (PDB ID: 1W9Y; 29.7% similarity and 18.1%
identity) [31], and a putative 20G-Fe(Il) oxygenase from
Caulobacter crescentus (PDB ID: 300X; 26.1% similarity
and 17.1% identity). ACCOs from Arabidopsis thaliana
and Zea mays, and 20G-Fe(Il) oxygenases from the cyano-
bacteria Anabaena variabilis and Nostoc punctiforme were
also selected for comparison (Figure 2). The cyanobacterial
sequences are of particular interest because of the pos-
sibility that their 20G-Fe(II) oxygenases function as
EFE; these cyanobacteria are symbiotic nitrogen-fixing
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Figure 1 Phylogenetic study of ethylene-forming enzyme (EFE) and EFE-homologous sequences using MEGA 5.2. The tree could be
divided into two large groups and one small group. Pseudomonas syringae is the Kudzu strain. EFEs that are heterologously expressed are marked

partners with plants, and ethylene production could
facilitate the establishment of symbiosis. We found 17
amino acids conserved between Kudzu EFE, ACCOs,
and 20G-Fe(II) oxygenases (Figure 2, highlighted in yel-
low), suggesting that these residues may play important
roles in enzyme structure/function. It has been reported
that a majority of the active sites of 20G/Fe(Il)-dependent
hydroxylase enzymes contain a single ferrous ion bound
in a tridentate ligand arrangement, which is referred to as
“a triad of His-Asp/Glu-His.” In the petunia ACCO,
His177, Asp179, and His234 form this triad [31]. Based on
our sequence alignment, a putative ferrous ion binding
site of the Kudzu EFE may consist of three conserved
amino acids out of the total of seventeen identified:
His189, Asp191, and His268. These three amino acids are
physically close in our putative 3D EFE model (Wu Xu,
unpublished data). The Kudzu EFE contains 10 His resi-
dues, and when site-directed mutagenesis of His to Gln of

each was carried out, this resulted in 0 to 60% of activity
compared with wild type [32]. Interestingly, mutation of
His268 and His189, identified here as possible triad resi-
dues, showed enzyme activity of 0% and 1.8%, respectively.
Thus, H189, D191, and H268 are the most likely residues

for the triad moiety of EFE in the Kudzu strain. Further
studies are needed to test this hypothesis.

EFE reaction mechanism and stoichiometry
Studies of the EFE reaction using cell-free extracts of
the fungus P. digitatum [27] and the Kudzu strain [33]

have led to the following equation for EFE-dependent
ethylene production:

AKG + 3 O, + L-arginine — 2 ethylene + succinate + 7

CO; + guanidine + P5C

Based on the substrate ratio of 3:1 for AKG and arginine
and the product ratio of 2:1:1 for ethylene, succinate, and



Eckert et al. Biotechnology for Biofuels 2014, 7:33
http://www.biotechnologyforbiofuels.com/content/7/1/33

Page 4 of 11

()1 2 ©
syingae (1) -
pv. gycnea (1)
BFE Pyeudomonas nyringae pv.psi (1) e
EFE Ralstoni (1)
20G-Fe() Oeyperase vadabds (1) T
20G-Fe (Il o i (5] -— ““NLOWS II‘S
20G Fe(l1) Ox b i)
AQQ0 Petunia (1) -—
A0001 thalana (1)
A2 thalana (1) -—

:l; HFSPSSSHQLISLDYSIICI'-HTTLFSSHAN'-H.S!Wslm'

m

TEVIGCAADISL

ST
A D DWEE FYV DL

[ o a— 20 0 P2

(119) 119 1% 180 17
EFE Preudamanas syringae (75) - Y8 iu( SV VEW
Pseudomanas syringae pv. () - VCKDLSVGDORVKAGH VEW
B Pueudomonas syringae pr.pai (75) - Vexbhr
EFE Ralstonia scanacsarum  (75) = L {3 MDDVRNREGH VP
) Oxygenase Anaba (80) aw TGS ERKDNHP ..'w Tl
206G Fe(l1) Oxygenase N f (87) awmi =¢:‘I (P DEHPLEO: NLF)
20G Fe(ll) Ox (7s) - H] PPGIIR}‘P.AHHADNWIPAEI
A0 Petunia (71) ---SICAL‘E IGILP!SNISE oLozEla-
AOC01 Anabidops's thaliana (78) ----- SHKPTSNICOEPNISEELS-
AQ002 Arabidops's thalana (74) - -- SKGLDNL) RHLPOSNLN! 'SDZMR-
20001 Zea mays (72) ---LEALVDA )L 1 F¥RHDG- - ---CQWPEDPRAT K-
AO02 Zea (7) ---LAARGDE ISPV T a.u:.nswunl» VD) la-
40003 Zea mays (114) -—- LEALVOABRRCEVVADVDBL! 1 PR HDC- - --~CQ!
AG VSV

NLDAWLA:.DDVDDHiRGGSSVOCVSXPSTASI FLPDVDDAHSYPIIPLPLSSVHOIZCCVARPATITITSHSROY
4

TKIGI‘ EL K

) Nokk 20 0 MOk Kk da

n----nz::ra.t.:ra GiiiH
) Oygerase Anabaena vadabis (148) RYTKI
RYTS'

20G-Fe(]
20G Fe(ll) Oxygenase Nostoe punctiforme (155)
20G-Fe(ll) b (140) TVQ

ACCO Petunia (124) £ K&

AQO01 Arabidcpsis thaliana (129)
ACCO2 Arabidopsis thaliana (127
ACOO1 Zea marys (126)
AC002 Zea mays (129) LS8
ACC03 Zea mays (165) LAER
AO004 Zea mays (185

s TKG-FT
¥G RHDPF |
ede
7o RHEPF|
S DG

(385) 26
EFE Preudamanas syringse (247) W11

GEKRNANWLPGESSAGHMFEHDEPHT

0 40 29 LIil
¥PDRITIQRI NREAHLEDLKKYSDTRATGS -

¥PDRITTQSI NR| LHL!DLKK'ISDTRATGS-
¥PORITTIKRI

MI)WHvau#lﬂ)ﬂ F

CER)
B
il
bE
»
113
T
i
n
L]
'
IR
Ve
x
PR
=¥
i
EF]

WRITTRII!E
¥CDYLLKKVSK

2 e
e
&
2
o
-
9

Fa(ll) Oxygenase Nostoc punctiforme (244) £
I%QOI)W ‘Caudcbacter cescentus (226)

AQO0 Petunia (213

ACOO1 Arabidaps s thaliana (219)

ACCD2 Arabidops s thaliana (216)

ACOO1 Zea mays (217)

ACOO2 Zea mays (222)

ACO03 Zea mays (259)

20004 Zea mays (278)

Pseudomonas syringae is the Kudzu strain.

Figure 2 Sequence alignment of the representative ethylene-forming enzymes (EFEs), 2-oxoglutarate (20G)-Fe(ll) oxygenases and
1-aminocyclopropane-1-carboxylic acid oxidase (ACCO) by ClustalW algorithm. The red stars show the conserved amino acids.

KILONCVTAEN- D
PlLVlR!I-—-EtN!MPKEV
SPAPKLLY PSG- L}

PM.VGIIIRA KKATT

0 g ve 2 0
y

AVOA! -
DM.VCISIRA‘- KKATTYPR VI

L-delta 1-pyrroline-5-carboxylate (P5C), Fukuda et al.
proposed a unique dual-circuit mechanism in which EFE
catalyzes two different reactions in a 2:1 ratio [33]. In the
first (main) reaction (two cycles), arginine remains bound
as a cofactor while two AKG are converted to six CO, and
two ethylene. In the second (sub-)reaction (one cycle),
both AKG and arginine are consumed to yield P5C,
guanidine, succinate, and CO,. Despite accounting for
all of the components added/detected in these in vitro
studies, the proposed reaction scheme only partially fits
the mechanism determined for other related and well-
studied enzymes in the superfamily of 20G/Fe(Il)-
dependent hydroxylases. The reactions of the latter
involve the oxidative decomposition of AKG to CO,
and succinate while coupling to the hydroxylation of a
co-substrate such as arginine to hydroxyarginine [30].
To address inconsistencies in the EFE reaction mechan-
ism, studies utilizing modern analytical techniques are
needed. If the dual-circuit mechanism is correct, is the
ethylene-producing catalytic cycle necessarily coupled
to the succinate-producing catalytic cycle, or is EFE a

promiscuous enzyme capable of catalyzing two distinct
reactions, with one being the hydroxylation of arginine
and the second the degradation of AKG into CO, and
ethylene? If the two reactions are separable, then it may
be possible to engineer EFE to produce ethylene with-
out the wasteful generation of side products.

EFE reaction and cellular carbon flux

Although EFE reaction stoichiometry and the proposed
dual-circuit mechanism need further verification, they
provide a starting point to analyze the EFE reaction
within metabolic networks, providing a systematic over-
view to enhance understanding and guide engineering
approaches.

Efficient ethylene biosynthesis should involve metabolic
pathways for which the molar yield (product:substrate
molar ratio) is maximal for ethylene and minimal for
byproducts and energy/cofactor consumption. Elementary
node analysis [34,35] was applied in this study, and
Figure 3 shows theoretical yields and cofactor costs for
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Figure 3 Various metabolic pathways towards ethylene production. De novo synthesis of ethylene by biological systems can be realized by
using either organic or inorganic substrates (for example, glucose, xylose and CO,) in a global metabolic network (top right). Detailed in panels
are the metabolic routes applying various combinations of substrates: (A) CO, only (autotrophic), (B) Glucose only (heterotrophic), (C) xylose only
(heterotrophic), (D) glucose + xylose (heterotrophic), (E) glucose + CO, (mixotrophic), and (F) xylose + CO, (mixotrophic). Corresponding carbon
efficiency or yield (carbon stored in ethylene/carbon uptake), CO, release/uptake, and cofactor balances in each panel are normalized to the
formation of 1 mole of ethylene, and presented in the table (bottom right). Note that positive cofactor balances represent net production, while
negative ATP or NADPH balances require cofactor supply from elsewhere (for example photosynthetic light reactions). The stoichiometries are
calculated with computational analysis through determination of elementary modes for a given reaction system [34,35]. For computational analysis, all
possible routes for conversion of organic/inorganic carbons to ethylene were considered. The reaction for ethylene production in panels (A-F) is defined
as: a-ketoglutarate = ethylene + 3 CO,. Side reaction of ELE is not taken into account, because of the controversial and uncertain stoichiometry. CO,,
carbon dioxide; DHAP, dihydroxyacetone phosphate; E4P, erythrose-4-phosphate; FBP, Fructose 1,6-bisphosphate; GAP, glyceraldehyde-3-phosphate;
Hexose-P, hexose 6-phosphate; Pentose-P, pentose 5-phosphate; PGA, phosphoglycerate; RuBP, ribulose 1,5-bisphosphate; S7P, sedoheptulose-7-
phosphate; SBP, sedoheptulose 1,7-bisphosphate.

ethylene conversion from common substrates, including ethylene via the Calvin Benson Bassham cycle, and
CO, (via photosynthesis), glucose, and xylose, all possible  shows net carbon uptake and consumption of ATP and
feedstocks for the heterologous EFE-expressing hosts out-  reductant (generated by photosynthetic light reactions).
lined in the next section. Figure 3A represents the classic ~ Figure 3B represents glycolysis from hexose to ethylene,
photoautotrophic pathway for the conversion of CO, to  resulting in 33.33% carbon yield and net reducing
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equivalents via the NAD(P)"-dependent activities of
glyceraldehyde 3-phosphate dehydrogenase, pyruvate
dehydrogenase, and isocitrate dehydrogenase (ICD). To
reach the maximum theoretical yield, six carbons of a
glucose molecule are split into two three-carbon units
via glycolysis, one carbon is gained from the C4 route,
and a total of five carbons are lost via pyruvate de-
hydrogenase (one carbon), ICD (one carbon), and
EFE (three carbons), respectively. Utilization of xylose
(Figure 3C) or mixed sugars (xylose plus glucose,
Figure 3D) bypasses glycolytic flux via the pentose-
phosphate pathway, resulting in a similar ratio of
reductant production and carbon yield as seen for
glycolysis (Figure 3B). The routes outlined in Figure 3E
and Figure 3F utilize the CO,-fixing enzyme ribulose-
1,5-bisphosphate carboxylase/oxygenase (Rubisco) as a
non-oxidative shunt, reducing total carbon release in
xylose-feeding or glucose-feeding systems, respectively.
The additional one-pass flux through Rubisco increases
carbon yield to 50%, but there is a trade-off at the cost
of increased cofactor requirements. Comparison of these
metabolic routes reveals that photobiological conversion
of CO, to ethylene represents a carbon-negative process
with a high demand for photosynthetically derived ATP
and reducing equivalents, while heterotrophic ethylene
production from hexose/pentose has no net cofactor input
but still results in carbon loss. Therefore, strategies to
recycle/avoid lost carbon must be considered. Recruiting
both photosynthetic (could be more than one pass) and
sugar-utilizing pathways in a mixotrophic mode should
result in a higher theoretical yield and lower cofactor
requirement simultaneously. In addition, carbon yield may
be improved with pathways that bypass pyruvate dehydro-
genase, or with a more efficient EFE (previous section).
Besides identifying the optimal pathways, metabolic
bottlenecks and competing pathways can be revealed by
systems biology approaches such as flux balance analysis
(FBA) and metabolic flux analysis (MFA). MFA can help
identify rate-limiting factors that control flux through
EFE, and can be used to measure EFE and competing
fluxes in vivo. An analysis of metabolism towards ethyl-
ene formation was performed in genetically engineered
S. cerevisiae using FBA [36], which used linear optimization
to determine the steady-state reaction flux distribution
in a mathematic network by maximizing ethylene pro-
duction as an objective function [37]. In that study,
either S-adenosylmethionine-dependent (via ACC) or
AKG-dependent EFE were added into the reaction net-
work, and optimized for maximal ethylene formation.
The optimal ethylene yields calculated for the two sys-
tems were both in the range of 7-8 moles of ethylene/
10 moles of glucose, or a carbon yield of 23.33 to 26.67%
[36]; the maximal theoretical yield would be 33.33% when
only minimal enzyme sets for ethylene production are
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considered (see above). Potential strategies to increase
ethylene formation were also analyzed. The authors sug-
gested that supplementation of exogenous proline, using a
solely NAD-coupled glutamate dehydrogenase (catalyzes
glutamate to AKG), and use of glutamate as the nitrogen
source could increase ethylene formation. The study also
indicated that computational results are close to experi-
mentally observed values when additional constraints such
as a constraint on respiratory capacity (for example, limit-
ing O, or not) are defined. Future work to identify the
most efficient routes to ethylene production should in-
clude isotope labeling such as *C MFA [38,39] to allow
for profiling of actual flux maps to complement the
in silico modeling approaches.

Heterologous expression of EFE and ethylene production

Metabolic engineering to improve ethylene production
and better understanding of metabolic flux to ethylene
are necessary to realize bioethylene production on an
industrial scale. As only one gene (efe) is necessary for
ethylene production from common metabolites, it is of
great interest to study the heterologous expression of
EFE in organisms that can utilize a variety of feedstocks.
Collectively, ethylene production has been successfully
demonstrated in engineered microbes utilizing diverse
renewable resources such as sunlight, cellulose, or
biomass-derived glucose.

E. coli and S. cerevisiae

The earliest efforts at heterologous expression of EFE
involved cloning of the Kudzu efe gene (with its native
promoter) into a high-copy pUC19 vector and express-
ing it in E. coli, resulting in measurable ethylene produc-
tion (Table 1) [15], and revealing that efe is sufficient for
ethylene production in a foreign host. In a follow-up
study, increased EFE expression from a lac promoter on
a high-copy pUC18 vector, or from a tac promoter on a
medium-copy pBR322 vector, led to much higher activ-
ities when cultures were grown at 25°C (Table 1, [16]).
Alternatively, when cultures were grown at 37°C, very
low activities were detected at all stages, in agreement
with the short half-life (3.3 minutes) of the EFE protein
at 37°C. Furthermore, raising the temperature from 25°C
to 37°C led to increased localization of the protein in
inclusion bodies. Interestingly, a short peptide (15 amino
acids) from LacZ at the N-terminus in the strain overex-
pressing EFE (from the /ac promoter) led to decreased
localization of EFE in inclusion bodies, but activity at
37°C remained low [16], suggesting that other factors
probably also affect EFE activity and stability.

In addition to levels of active EFE, substrate availability
may also limit ethylene production in heterologous
expression systems. When Kudzu EFE was expressed
under the constitutive npt promoter from a low-copy



Table 1 Ethylene productivities in EFE-expressing microbes

Host Native, vector, or Promoter Temperature, °C Feedstock Rate of ethylene Ref.
integrated EFE expression production. (umol/gCDW/h)
Pseudomonas syringae (Kudzu)  Native Kudzu 30 LB +0.5% glucose 39.0 18
P. syringae (Kudzu) Native + vector (RS1010) Kudzu, npt 30 LB +0.5% glucose 3120 18
Escherichia coli (JM109) Vector (pUC19) Kudzu 37 Modified LB 109 15
E. coli (DH5q) Vector (pUC18) lac 25 LB 625.0 16
E. coli UM109) Vector (pBR322) tac 25 LB 4129 16
E. coli UM109) Vector (RS1010) npt 30 LB +0.5% glucose 55.2 18
E. coli (DH5q) Vector (RS1010) lac/trc 30 LB 228 26
E. coli (MG155) Vector (pBR322) psbA 30 M9 + 1% glucose 300 upP
Saccharomyces cerevisiae (batch) Vector (pYX212) tpi 30 YNB + 1% glucose + glutamate 214 17
S. cerevisiae (chemostat) Vector (pYX212) tpi 30 CBS + 1% glucose + (NH,4),S0,4 1083.8 42
S. cerevisiae (chemostat) Vector (pYX212) tpi 30 CBS + 1% glucose + glutamate 1151.5 41
S. cerevisiae (chemostat) Vector (pYX212) tpi 30 CBS + 1% glucose + glutamate + arginine  492.0 42
Synechococcus 7942 Vector (pUC303) psbA1 25 BG11 84.8 23
Synechococcus 7942 Integrated (psbAl) psbA1 28 BG11 80.5 24
Synechocystis 6803 Vector (RS1010) lac/trc 30 BG11 26.0 26
Synechocystis 6803 Integrated (sIr0168) psbA 30 BG11 1116 up
Trichoderma viride Integrated (random) cbhl 30 MM + 2% cellulose +0.2% peptone 0.093 19
Trichoderma reesei Integrated (random) pgk 30 MM + 2% wheat straw 0716 20
Pseudomonas putida Vector (RS1010) npt 30 LB+ 0.5% glucose 1050.0 18
P. putida Integrated (five 16S rDNA sites) + vector (pBBRTMCS2) rm 28 LB 28592 48

For comparison, reported rates have been converted to pmol/gCDW/h.
CDW, cell dry weight; EFE, ethylene-forming enzyme.
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plasmid (RS1010) in E. coli, P. putida, and P. syringae
(containing native gene + plasmid-based overexpression),
P. putida exhibited the highest maximal rates of ethylene
production (Table 1) [18]. Maximal activity in all three
overexpression systems occurred early in growth and fell
off rapidly, consistent with previous observations in E.
coli [16]. Additionally, in vivo EFE activities (intracellular
substrates only) of cultures sampled at time points with
maximal production rates were compared with those
in vitro (exogenously added substrates at saturating
levels). These comparisons revealed that although WT
P. syringae had similar EFE activities in vivo and in vitro,
the in vitro activities from the E. coli, P. putida, and the
P. syringae overexpressing strain, were, respectively 5-
fold, 20-fold, and 40-fold higher than those seen in vivo
suggesting that substrate availability limits in vivo activ-
ity [18]. Zhang et al. recently reported that intracellular
levels of AKG reached their highest levels in early
growth [40], consistent with the above observation that
AKG levels may be limiting.

Pirkov et al. observed that in S. cerevisiae, ethylene
production nearly tripled when the nitrogen source in
minimal media (1.0% glucose) was changed from ammo-
nium to glutamate in batch cultures when the Kudzu
efe gene was expressed by a strong, constitutive tpi pro-
moter on a multicopy 2 p plasmid (Table 1) [17], in
agreement with an in silico production model (see previ-
ous section) [36]. This model also revealed that experi-
mentally measured ethylene yields were consistent with
the yields predicted under limited respiration (Table 1)
[36], suggesting that O, availability is necessary for max-
imal ethylene production. In a more recent study, ethyl-
ene production was further analyzed in a chemostat with
increased O,, leading to improvement in ethylene pro-
duction by more than 53-fold over that seen in batch
cultures (Table 1) [41]. When the nitrogen source was
changed from ammonium to glutamate, growth was im-
proved, but no change in specific ethylene productivity
was seen, suggesting that the improvement observed
with glutamate addition to batch cultures was due to cell
growth and not increased EFE productivity (Table 1)
[41]. Furthermore, addition of the EFE substrate arginine
actually reduced ethylene productivity by over half
(Table 1) [41]. The authors postulated that addition of
arginine may result in a “push” towards the succinate-
forming sub-reaction proposed by the dual-circuit mech-
anism [41]. Together, these studies highlight that beyond
strategies to improve EFE stability, further analysis of
substrate enrichment and increased O, availability are
necessary to maximize ethylene production.

Cyanobacteria
To link ethylene production to photosynthetic CO, fix-
ation, the efe gene from the Kudzu strain was

Page 8 of 11

heterologously expressed in cyanobacteria in a number of
studies. In Synechococcus elongatus sp. PCC 7942, vector-
based expression of EFE was first explored from a low-
copy pUC303 vector [22,23]. Interestingly, unlike that
seen for heterologous expression in E. coli, the in vivo and
in vitro activities were comparable, suggesting that sub-
strates for the EFE reaction are not limiting in Synechococ-
cus [23]. When plasmid-based expression of EFE was
analyzed using a variety of promoters, a native pshAI pro-
moter exhibited the highest activity (Table 1) [23], al-
though vectors containing more than 100-bp homology to
this native pshAI promoter region were unstable. Plasmid
instability was correlated with slow growth, bleaching, and
a decreased CO, to ethylene partition rate compared with
strains containing vectors with no/low native sequence
(100 bp or fewer), and lower rates of ethylene production
[23]. The authors postulated that decreased fitness could
be a result of plasmid loss (loss of antibiotic resistance in
the presence of antibiotic) and/or metabolic stress linked
to EFE activity, as the addition of ethylene to cultures did
not affect growth [23].

To address such instability issues, the efe gene was
integrated at the psbAI locus in S. elongatus sp. PCC
7942 [24,42,43]. When a kanamycin resistance gene was
additionally integrated behind the efe gene, ethylene pro-
duction was stable over 30 generations [42,43]. A marker-
less insertion of efe at the same locus exhibited rates of
ethylene production that were four times higher than in
strains containing the integrated kanamycin resistance
gene [24], exhibiting rates similar to those in the best
plasmid-based expression strains (Table 1) [23,24]. These
markerless integration strains similarly exhibited defective
growth and metabolic stress when active EFE was expressed
[23,24]. The authors suggested that with increased ethylene
production, levels of AKG become limiting, hence shift-
ing glutamate to AKG instead of to bilin production
[44], leading to cell bleaching and slowed growth rates.
It is unknown whether increased availability of AKG
(as well as arginine) would increase ethylene production
and/or rescue the growth defects in these strains.

Expression of Kudzu EFE from the low-copy RSF1010
plasmid was compared in E. coli and the unicellular
cyanobacterium Synechocystis sp. PCC6803 [26]. Unlike
plasmid-based expression in Synechococcus, expression of
EFE from this vector did not lead to plasmid instability.
The highest rates of production were achieved for both
E. coli and Synechocystis when the trc or lacO-1 pro-
moters were utilized, although expression in Synechocystis
was independent of IPTG addition (Table 1 [26]).

The efe gene from the Kudzu strain has also been
codon-optimized and integrated into the genome of
Synechocystis [25]. Stable expression of the EFE was
achieved and optimized [25] using a constitutive, high-
level pea plant chloroplast psbA promoter (c”°
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consensus [45]) to drive its expression when integrated
at the s/r0168 neutral-site locus [46]. Current work to
increase EFE expression levels has led to even higher
rates of ethylene production (Table 1) (Jianping Yu, un-
published). It is currently unknown whether the EFE se-
questration or stability issues discussed above similarly
affect ethylene production in this cyanobacterium.

Cellulolytic fungi and microbes that utilize diverse
feedstocks

With many fungi exhibiting strong cellulolytic activity,
expression of EFE in fungal hosts provides a promising
route for ethylene production from renewable biomass.
Tao et al. reported the successful heterologous expression
of an integrated P. syringae pv. glycinea efe gene driven by
the strong cbhl promoter in T. viride [19]. Maximal
production rates were observed when 2.0% cellulose
and 0.2% peptone were used as carbon sources, with
the addition of peptone having the most significant
impact on production (Table 1) [19]. Another cellulo-
Iytic fungus, T. reesei, was also analyzed as a host for
expression of efe from P. syringae pv. glycinea [20]. The
efe gene was randomly integrated into the genome and
expressed by a variety of promoters, and resultant
strains were screened for the highest rates of production.
A strain expressing efe from the pgk promoter of 1. reesei
demonstrated the highest activity (Table 1) [20].

P. putida is a Gram-negative soil bacterium with a
diverse metabolism that has potential for the production
of a variety of compounds using various waste streams
as feedstock. Based on the high ethylene production rates
exhibited by P. putida expressing Kudzu EFE from a plas-
mid (see above), Wang et al. designed a vector to integrate
multiple copies of the efe gene (from P. syringae pv.
glycinea) into the 16S rDNA sites of P. putida [47].
The use of this construct led to the integration of 3-5
copies of the efe gene, with expression driven by the
native rrn promoter. Ethylene production rates increased
with increasing copy number, with the highest rate
achieved in the strain containing five integrated copies
in addition to expression from a medium-copy, broad-
host range plasmid. This strategy ultimately increased
ethylene production and glucose-to-ethylene conversion
to the highest rates by native and recombinant organisms
reported to date (Table 1) [47].

Harvesting of biologically produced ethylene

One important consideration for the biological produc-
tion of ethylene is harvesting. In the petrochemical in-
dustry, ethylene is typically harvested from a gaseous
mixture via cryogenic distillation [48], which is energy-
intensive but is capable of harvesting multiple gaseous
products in the mixture. Other methods include solvent
extraction, pressure swing adsorption using zeolites, and
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membrane separation. Special consideration must be im-
plemented in the harvesting of biologically produced
ethylene, depending on the gas composition in the mix-
ture. It is expected that besides ethylene, there may also
be CO,, water vapor, N,, and O, present in the biologic-
ally derived gaseous stream. When O, is co-produced
with ethylene in a photosynthetic system, there is an
important safety issue regarding the flammability of
ethylene in the presence of O, (2.7 to 36% v/v [49]).
Therefore, engineering designs must be included to
mitigate this risk. Biologically produced ethylene is ex-
pected to be free of metals and other contaminants
commonly found in fossil-derived ethylene stream, and
therefore may become a preferred feedstock for high-
purity chemicals and clean fuels.

Future research directions

The development of bioethylene technologies is in its
infancy. In order to confer a major impact in displacing
fossil-derived feedstocks, advances in many research areas
are needed to improve ethylene production strains,
cultivation systems, and harvesting technologies. Work
is ongoing to conduct a technoeconomic analysis of
bioethylene production in a cyanobacterial system. Its
outcomes will provide parameters to guide future direc-
tions in research and development.

As discussed above, fundamental knowledge of the
structure, function, and reaction mechanism of EFE is
currently lacking. The analysis of EFE and its related
sequences and structures to identify conserved regions
and a putative enzyme active site will aid research to
evaluate these features and the proposed dual-circuit
catalytic mechanism. A crystal structure of EFE will add-
itionally enhance our understanding of this enzyme and
guide protein engineering towards increased carbon
yield and thermal stability. Furthermore, accurate reac-
tion stoichiometry coupled with carbon flux analysis will
guide metabolic pathway engineering to construct more
efficient production route(s).

The advent of synthetic biology will also accelerate
strain development by optimizing the design of pathways
for high-yield ethylene production. To realize the full
potential of a synthetic biology-based engineering ap-
proach, high-throughput screening/selection tools are
needed to monitor levels of ethylene and its precursors.
Currently, genetically encoded, sensor-based screens have
been developed for AKG [40] and arginine [50], and a dir-
ect ethylene sensor could potentially be constructed based
on the ethylene receptor in plants and cyanobacteria [51].

Lastly, for scaled-up production, inexpensive bioreac-
tors must be developed with enhanced O, mass transfer
for non-photosynthetic systems, light delivery for photo-
synthetic systems, and associated harvesting systems
tailored to a biologically derived gas stream.
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Conclusions

During the course of evolution, microbes have developed
multiple ethylene-producing pathways to take advantage
of ethylene-responsive mechanisms in plants and facili-
tate the successful invasion of plant tissue. The outcome
may be beneficial only to the microbes in the case of
pathogenesis, or it may be mutually beneficial in the
possible case of symbiosis. Nevertheless, the underlying
mechanism governing EFE catalysis remains as an emer-
ging research topic for the production of bioethylene.
With the advent of synthetic biology tools and advanced
analytical capabilities, robust ethylene production via EFE
can be exploited in heterologous systems for produc-
tion of this versatile feedstock from diverse renewable
resources such as biomass, sunlight, and CO,. The suc-
cessful outcome will reduce our dependence on fossil
fuels, and provide a viable feedstock for bio-based che-
micals and fuels.
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