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Ethylene is important in industry and biological signaling. In
plants, ethylene is produced by oxidation of 1-aminocyclopropane-
1-carboxylic acid, as catalyzed by 1-aminocyclopropane-1-carboxylic
acid oxidase. Bacteria catalyze ethylene production, but via the four-
electron oxidation of 2-oxoglutarate to give ethylene in an arginine-
dependent reaction. Crystallographic and biochemical studies on the
Pseudomonas syringae ethylene-forming enzyme reveal a branched
mechanism. In one branch, an apparently typical 2-oxoglutarate oxy-
genase reaction to give succinate, carbon dioxide, and sometimes
pyrroline-5-carboxylate occurs. Alternatively, Grob-type oxidative
fragmentation of a 2-oxoglutarate–derived intermediate occurs to
give ethylene and carbon dioxide. Crystallographic and quantum
chemical studies reveal that fragmentation to give ethylene is pro-
moted by binding of L-arginine in a nonoxidized conformation and
of 2-oxoglutarate in an unprecedented high-energy conformation
that favors ethylene, relative to succinate formation.
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Ethylene is of industrial importance and is a vital signaling
molecule in plants, where it has roles in germination, senes-

cence, and stress responses (1). Commercial manipulation of the
natural ethylene response is agriculturally important in controlling
fruit ripening (2). In higher plants, ethylene is produced from me-
thionine, via oxidation of 1-aminocyclopropane-1-carboxylic acid
(ACC) in an unusual reaction catalyzed by the Fe(II)-dependent
ACC oxidase (ACCO) (3, 4), which is part of the 2-oxoglutarate
(2OG)-dependent oxygenase superfamily, although it does not use a
2OG cosubstrate (Fig. 1A) (5–7). Ethylene is also produced in some
microorganisms by oxidation of 2-oxo-4-methylthiobutyric acid in a
reaction not directly enzyme catalyzed (8, 9).
In work aimed at producing industrial ethylene by biocatalysis,

Pseudomonas strains, including plant pathogens, were shown to
produce large amounts of ethylene (10–14). Bacteria engineered
to produce ethylene using the Pseudomonas syringae pv. phaseo-
licola ethylene-forming enzyme (PsEFE) have been developed to
ripen fruit as an alternative to the use of synthetic ethylene (15,
16). Ethylene-forming enzymes are being explored for biocatalysis
in cyanobacteria (17–19). PsEFE-catalyzed ethylene production is
2OG-dependent and is stimulated by the addition of L-arginine
(L-Arg), which is also converted by PsEFE into pyrroline-
5-carboxylate (P5C; Fig. 1B) (13, 20). In contrast to the consen-
sus 2OG oxygenase mechanism, which involves sequential binding
of 2OG, substrate, and then oxygen, an unprecedented “dual
circuit” mechanism is proposed for PsEFE (13).
We describe biochemical, structural, and modeling studies

supporting a branched mechanistic pathway for PsEFE that can
lead either to ethylene via oxidative fragmentation of 2OG or to
succinate via a more typical 2OG oxygenase reaction, which
sometimes results in P5C formation (Fig. 1B). The unusual Grob-
type fragmentation of 2OG to give ethylene is reliant on L-Arg
binding in a conformation unsuited for oxidation and on the 2OG

C-5 carboxylate binding in an unprecedented high-energy con-
formation that promotes ethylene formation. The results will en-
able protein engineering efforts to optimize biocatalytic ethylene
production by optimizing the branch of the bifurcating mechanism
for ethylene and have implications for the evolution of ethylene-
forming enzymes.

Results
Biochemical Studies. A recombinant form of the ethylene-forming
enzyme from PsEFE was produced in Escherichia coli and purified
to near homogeneity. Using NMR and GC/MS-based assays, we
found that, as reported (14, 21), PsEFE-catalyzed ethylene pro-
duction is 2OG-dependent, stimulated by the addition of Fe(II)
[some Fe(II) likely copurifies with PsEFE], and is increased by the
addition of ascorbate or DTT (Fig. 1 C and D and SI Appendix,
Fig. S1 A–E). Use of 13C- and 2H-labeled 2OG demonstrates that
ethylene is derived from 2OG and that CO2 is coproduced with
ethylene (SI Appendix, Fig. S1 F and G). Using a synthetic stan-
dard, we validated PsEFE-catalyzed P5C production from L-Arg
(SI Appendix, Fig. S2 A–F). However, by NMR, we only observed
relatively low levels of P5C formation compared with succinate
and ethylene (SI Appendix, Fig. S3A); guanidine formation was
observed in the presence of L-Arg (SI Appendix, Fig. S2 G and H)
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The plant-signaling molecule ethylene is biosynthesized from
1-aminocyclopropane-1-carboxylic acid (ACC), as catalyzed by
ACC oxidase, which is homologous to the 2-oxoglutarate (2OG)
oxygenases, but which does not use a 2OG cosubstrate. Bac-
teria produce ethylene in a highly unusual reaction that in-
volves oxidative 2OG fragmentation. Biophysical studies on a
Pseudomonas ethylene-forming enzyme (EFE) reveal how
structural and stereoelectronic factors enable the EFE to bias
reaction away from normal 2OG oxygenase catalysis involving
two-electron substrate oxidation concomitant with succinate
formation, toward the arginine-dependent four-electron oxi-
dation of 2OG to give ethylene. The results imply that negative
catalysis, with respect to ethylene formation, has operated
during the evolution of 2OG oxygenases and will be useful in
protein engineering aimed at optimizing ethylene production.
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(22). Consistent with the literature (21), ethylene and succinate
production depends on L-Arg, with no activity being observed with
D-Arg (SI Appendix, Fig. S4 E and F). Of the other amino acids
tested for their ability to promote ethylene formation, only close
L-Arg derivatives, including homoarginine and N-methylated/hy-
droxylated guanidino group derivatives, manifested substantial
ethylene production (SI Appendix, Fig. S4 A–D). In all cases, lower
activities were observed compared with L-Arg. Kinetic analyses
imply apparent substrate inhibition for L-Arg and 2OG, with Km
values of 41.31 ± 5.39 and 22.22 ± 3.45 μM, respectively (SI Ap-
pendix, Fig. S1 C and D). Similar conclusions have recently been
made by Martinez and Hausinger in work on the PsEFE from
P. syringae pv. phaseolicola PK2 (21). These results imply a mech-
anism for ethylene production in which binding of arginine plays a key
role. To investigate this, we performed structural studies on PsEFE.

Crystallographic Analyses of PsEFE. We obtained three PsEFE
crystal structures: in complex with manganese and 2OG (to 1.45 Å
resolution, PsEFE:Mn:2OG), in complex with manganese and the
buffer bis-Tris-propane (BTP) (to 1.55 Å resolution, PsEFE:Mn:
BTP), and in complex with iron, L-Arg, and the unreactive 2OG
analog, N-oxalylglycine (NOG; to 1.08 Å resolution, PsEFE:Fe:
NOG:L-Arg; SI Appendix, Table S1). A structure was solved and a
preliminary model of the PsEFE:Mn:BTP structure was built using
single-wavelength anomalous diffraction data obtained from
selenomethionine-derivatized PsEFE:Mn:BTP crystals. The pre-
liminary model was used to obtain initial phases for isomorphous
higher-resolution native data for PsEFE:Mn:BTP crystals, and the
model was fully refined against these data. This structure was used
in molecular replacement to determine the PsEFE:Fe:NOG:L-Arg
structure. The PsEFE:Mn:BTP and PsEFE:Mn:2OG crystals have
the same I222 space group, with one molecule in the asymmetric

unit; eight residues at the termini were not modeled because of
disorder (amino acids 1–2 and 345–350). The PsEFE:Fe:
NOG:L-Arg crystals have a different morphology and crystal form
(space group P1), with four molecules in the asymmetric unit;
disordered regions not modeled (chain A, amino acids 1, 298, and
341–350; chain B, amino acids 299 and 341–350; chain C, amino
acids 1–2 and 343–350; and chain D, amino acids 342–350). There
are small differences in the overall folds between the two crystal
forms, with Cα rmsds ranging from 0.13 to 0.63 Å (SI Appendix,
Table S2). PsEFE is predominantly a monomer in solution, as
shown by gel filtration.

Overall Structure. The overall PsEFE fold comprises 10 α-helices
and 14 β-strands, of which eight β-strands (I–VIII) form the “major”
and “minor” β-sheets of the conserved distorted double-stranded
beta helix (DSBH): the 2OG oxygenase characteristic fold (Fig.
2A and SI Appendix, Figs. S5 and S6) (23–25). β-Strands β1 and β2 at
the N-terminus extend the major β-sheet at the end of the DSBH
away from the active site; β-strands β3 and β6 extend the other end
of the major β-sheet close to the active site. α-Helices α2 and α5 bind
across the surface of the major β-sheet and likely stabilize it. A loop
region (residues 80–93), located between β3 and β6, which harbors
β4 and β5, acts as a lid partially covering the active site and provides
residues that bind the L-Arg cofactor/substrate. Three α-helices (α8,
α9, α10) at the C terminus also contribute to the active site.
The C-terminal α-helices α8, α9, α10; the β4–β5 loop; and the

(β10–β11) DSBH IV–V “insert” loop directly interact with L-Arg
(e.g., Arg316 in α8 with the L-Arg carboxylate; SI Appendix, Fig.
S7 I–K). The role of these regions in PsEFE substrate binding is
notable, because substrate binding by similar structural elements
is a 2OG oxygenase subfamily characteristic (24, 26). The in-
volvement of all these substrate recognition elements is very rare
in other 2OG oxygenases. Thus, PsEFE should be regarded as a
hybrid of subgroups I and II, in terms of its classification (25).

Active Site Geometry. The overall metal-binding mode of PsEFE is
relatively typical for 2OG oxygenases (Fig. 2), with the metal co-
ordinated by His189 (C terminus of DSBH II), Asp191 (loop
linking DSBH II and III), and His268 (N-terminus of DSBH VII),
consistent with mutagenesis studies (27). However, in the high-
resolution PsEFE:Fe:NOG:L-Arg structure, Asp191 adopts two
conformations (see following). In the PsEFE:Mn:2OG and PsEFE:
Fe:NOG:L-Arg structures, the metal is coordinated by 2OG/NOG
in a bidentate manner: a single 2OG/NOG C-1 carboxylate oxygen
ligates trans to His268, and the 2OG/NOG C-2 carbonyl ligates
trans to Asp191 (SI Appendix, Fig. S8). The implied typical mode
of Fe-chelation by 2OG is supported by spectroscopic studies (21).
A water occupies the site trans to His189, likely where dioxygen
binds. This arrangement suggests rearrangement to position the
Fe(IV)=O intermediate, likely responsible for L-Arg oxidation
(giving P5C), proximal to C-5 of the L-Arg; such rearrangement
may be unnecessary for ethylene formation (see following) (28–
30). In the PsEFE:Mn:BTP structure, two BTP hydroxyls and an
amino group form tridentate metal coordination: the two hydroxyl
groups ligate trans to His268 and Asp191, and the BTP amino
group trans to His189.

Evidence for Induced Fit. Despite the low overall rmsd for Cα
atoms, comparison of structures with and without L-Arg reveals
striking local differences in the backbone conformations (SI Ap-
pendix, Fig. S7 I and J), with regions surrounding the active site
appearing to move to clamp L-Arg. In the PsEFE:Fe:NOG:L-Arg
structure, the sidechain of Arg171 (located on DSBH I) is posi-
tioned to “π-π stack” with the L-Arg guanidine and form hydrogen
bond and electrostatic interactions with the NOG C-1 carboxylate
and Glu84 sidechain (an arginine at a similar position is involved
in substrate/cofactor binding in some other 2OG oxygenases; Fig.
2 and SI Appendix, Fig. S9 C–E) (25). Glu84 (on the β4–β5 loop)

Fig. 1. Ferrous iron-dependent oxygenase catalyzed ethylene formation.
(A) ACCO, which catalyzes ethylene formation in plants and fungi, does not
use 2OG, but belongs to the 2OG oxygenase superfamily. ACCO catalysis is
stimulated by CO2, which is a coproduct; ascorbate is a proposed cosubstrate.
(B) PsEFE catalyzes ethylene production in a manner stimulated by L-Arg; P5C
is a coproduct. (C) 1H NMR showing the dependence of PsEFE on L-Arg for
ethylene and succinate formation from 2OG (30 min). (D) Partial 1H NMR
spectra (700 MHz) showing time-dependent formation of P5C, ethylene, and
succinate by PsEFE. Note the relatively low P5C levels compared with succi-
nate/ethylene.
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rotates ∼90° about its Cα–Cβ bond (relative to the structure without
L-Arg) into the active site to interact with the Arg171 guanidino
group and both α-amino and guanidino groups of Conformation A
(see following) of L-Arg (SI Appendix, Fig. S7K). Consistent
with the proposed catalytic importance of these residues, the
R171K, R171A, E84Q, and E84D variants do not produce ethylene
(SI Appendix, Table S3). NMR assays indicate that neither succinate
nor P5C is produced by the R171K and E84Q variants. Compared
with its position in the absence of L-Arg, the sidechain of Tyr192 (on
the DSBH II–III loop immediately after the HXD motif) rotates
∼90° about its Cα–Cβ bond into the active site to form a hydrogen
bonding interaction with the L-Arg carboxylate and offset π-π stack
with the L-Arg guanidino group (SI Appendix, Fig. S7J); consistent
with a role for Tyr192 in catalysis, the Y192F variant manifests
substantially reduced ethylene production (∼5% of wild type) (SI
Appendix, Table S3).
The α8, α9, and α10 C-terminal helical region shows the largest

local movement toward the active site (up to 3.0 Å), as observed in
all molecules in the asymmetric unit (SI Appendix, Fig. S7 H and
I). The observed movements involve Arg316 (on α8), the sidechain
of which rotates ∼180° about its Cα–Cβ bond to form a salt bridge
with the L-Arg carboxylate and hydrogen bond to the sidechain of
Asn220 located on the DSBH IV–V loop (SI Appendix, Fig. S7K).
The R316K and R316A variants are less active (∼13 and 4% of
wild-type ethylene-forming activity) (SI Appendix, Table S3). The
sidechain of Phe283 (on DSBH VIII) rotates ∼17° about its Cα–
Cβ bond and ∼45° about its Cβ–Cγ bond to form part of the
binding pocket for the L-Arg guanidino group (SI Appendix, Fig.
S7J). Collectively, these results imply substantial induced fit on
L-Arg binding and, as L-Arg is required for ethylene production,

suggest that evolution of loop residues was important in the de-
velopment of the ethylene-forming activity.

Alternative Substrate Conformations. In all four molecules in the
asymmetric unit of the high-resolution PsEFE:Fe:NOG:L-Arg
structure, L-Arg and NOG are observed in two conformations
(L-ArgA and L-ArgB, NOGA and NOGB), which correlate with two
sidechain conformations of the metal-ligating Asp191 (each con-
formation was assigned an occupancy of 50%; Fig. 2 B–E and SI
Appendix, Fig. S8). Analysis of the structures reveals L-ArgA/
NOGA/Asp191A and L-ArgB/NOGB/Asp191B correlate, as the al-
ternative combinations are not possible because of steric clashes.
In both cases, monodentate metal coordination by Asp191 is ob-
served and the shift in its carboxylate oxygen determines its in-
teraction with the L-Arg guanidino group. Metal coordination of
Asp191 in the two structures without L-Arg bound is most like
conformation B in the L-Arg bound structure.
Both the α-amino acid and guanidino groups of L-Arg appear

precisely bound in L-ArgA and L-ArgB. Key residues involved in
L-Arg binding include Tyr192 and Arg316 (to its carboxylate), as
well as Cys317 and Thr86 (to its α-amino group). Glu84 (L-ArgA
only), Tyr192, Tyr318, Arg171, and Asp191 are important for
interactions with the L-Arg guanidine (SI Appendix, Fig. S7K).
Substitutions of these residues manifest substantially decreased
ethylene production activity, except for the semiconserved
Y318F variant (∼65% of wild type) (SI Appendix, Table S3).
The positions of the L-Arg α-amino acid group (up to the C-3/

C-4 methylenes) are very similar in L-ArgA and L-ArgB, but the
positions of their C-5 methylene and guanidino groups clearly
differ (Fig. 2 B–E). In Conformation B, the C-5 methylene of

Fig. 2. The overall fold of PsEFE and the two conformations observed for L-Arg and NOG. (A) The eight β-strands of the core DSBH are in red and labeled
I–VIII. Non-DSBH β-strands are yellow, helices in marine blue, and loops in gray. The iron-ligating residues and substrates are sticks. (B) 2mFo-DFc electron
density map contoured to 1σ, showing the two refined conformations of L-Arg and NOG. (C) Residues ligating to the iron (magenta) and involved in substrate
binding. Two waters are present in the 2OG binding pocket with one coordinating to the metal. Conformations A (yellow) and B (cyan) are shown. (D and E)
Conformations A and B of NOG and L-Arg. Conformation A, in which an L-Arg C-5 methylene hydrogen projects toward the metal, enables hydroxylation
(leading to P5C); conformation B leads to ethylene. Note that Asp191 conformations A and B also interact differently with the metal.
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L-ArgB is directed away from the metal; that is, it is not positioned
for hydroxylation (Fig. 2E and SI Appendix, Figs. S8 A–D and 9B).
Thus, L-ArgB likely correlates with ethylene formation (Fig. 3). In
contrast, L-ArgA projects its C-5 hydrogens toward the metal (Fe
to L-Arg C5 distance 4.5 Å; Fig. 2D and SI Appendix, Fig. S9A).
L-ArgA is thus predicted to be the conformation yielding C-5 hy-
droxylation of L-Arg leading to P5C (Fig. 3).
The distance and geometry between the L-ArgA and metal

(4.3–4.5 Å) are similar to that in substrate structures of other
2OG oxygenases catalyzing hydroxylation, including L-Arg (de-
rivative) hydroxylases VioC [PDB code 2WBO (31)] and clav-
aminic acid synthase [CAS; PDB code 1DRY (28); SI Appendix,
Fig. S9 D and E]. However, VioC and CAS both catalyze hy-
droxylation at C-3, and their substrates are bound flipped ∼180°
relative to the PsEFE binding mode. Most residues involved in
L-Arg binding in PsEFE are not conserved in VioC/CAS, with
the exception of the Arg171 equivalents, which bind the α-amino
acid group as opposed to the guanidine group in PsEFE.
PsEFE-catalyzed C-5 L-Arg hydroxylation gives an unstable

C-5 hydroxylated product, equivalent to the hemiaminal intermediate
in histone demethylase catalysis (32). This PsEFE intermediate, as
yet not observed by NMR, can fragment to give guanidine and
glutamate semialdehyde, which is in equilibrium with 5-hydrox-
yproline and P5C, with the latter being preferred at neutral pH (33).
Fragmentation of the nascent C-5 hydroxylated product could occur
in solution or at the active site; in the latter regard, the apparently
constrained bent conformation adopted by the arginine sidechain
(in both L-ArgA and L-ArgB; Fig. 2B) is notable, suggesting alde-
hyde formation and cyclization at the active site (22, 33).

2-Oxoglutarate Binding.There are striking differences between the
PsEFE 2OG pocket and those of other 2OG oxygenases (SI
Appendix, Fig. S11) (25). The PsEFE 2OG binding pocket is
highly and unusually hydrophobic, being lined by the sidechains
of Leu173, Phe175, Ile186, Ala199, Leu206, Val270, Ala279,
Ala281, and Phe283 (SI Appendix, Fig. S10). A single, polar
residue, Arg277, is positioned at the base of the pocket, the
guanidino group that interacts with the 2OG/NOG C-5 carbox-
ylate. For NOGA this interaction is bidentate, whereas for 2OG
and NOGB, it is monodentate. Other 2OG oxygenases have a
similarly positioned Arg or Lys, but have additional polar

residues (Tyr/Ser/Thr) involved in 2OG binding, via hydrogen
bonds, as exemplified in the 2OG C-5 carboxylate binding “RXS
motif” in the CAS subfamily (SI Appendix, Fig. S11) (23).
There are several waters in the 2OG pocket (Fig. 2 B–E and SI

Appendix, Fig. S11). In the NOG structure, a water hydrogen bonds
with the NOG C-5 carboxylate; in the PsEFE:Mn:2OG structure,
two waters hydrogen bond with the C-5 carboxylate (SI Appendix,
Fig. S7D). A water-filled channel leads from the exterior to the 2OG
C-5 carboxylate, possibly reflecting an oxygen entry/CO2 exit route
(SI Appendix, Fig. S8E). Another water in the NOG/2OG pocket
bridges between the metal ligated water and the C-5 carboxylate in
2OG/NOGB (2.8 Å) (Fig. 2 B–D); the combined binding of the
C-5 bound water and that ligating the metal may in part reflect a
dioxygen binding pocket. During 2OG oxygenase catalysis, after li-
gating to Fe(II), the dioxygen reacts with the 2OG ketone to give a
cyclic peroxide, which then collapses to give the well-characterized
Fe(IV)=O intermediate effecting substrate hydroxylation (Fig. 3).
With PsEFE, the results imply that the Fe(IV)=O intermediate (or
possibly, but less likely, a cyclic peroxide) undergoes Grob-type
fragmentation to give ethylene and three CO2 molecules (Fig. 3).
The question arises as to why ethylene formation occurs in PsEFE
and not other 2OG oxygenases, where it has not been reported.
With PsEFE the methylenes of 2OG and NOG adopt an ex-

tended conformation, as observed in other 2OG oxygenases (SI
Appendix, Fig. S11) (25). Strikingly, however, in contrast to other
2OG oxygenase structures, in which the C-5 carboxylate plane
(C-5/O-3/O-4) of 2OG/NOG is coplanar with the C-5/C-4/C-3
carbon plane (SI Appendix, Fig. S11), with both 2OG and NOG,
the C-5 carboxylate is not coplanar with the 2OG/NOG C-5/C-4/C-3
carbons. In the refined conformations of NOG, in the four chains
(A–D) in the asymmetric unit of PsEFE:Fe:NOG:L-Arg structure,
the torsion angles between the carboxylate O/C-5 and C-4/C-3 bonds
are consistently close to 45°; in chain A: NOGA: 39.7°, 38.5° and
NOGB: 45.3°, 43.7°; chain B: NOGA: 40.8°, 41.2° and NOGB: 46.0°,
44.5°; chain C: NOGA: 44.7°, 43.8° and NOGB: 46.0°, 45.0°; and
chain D, NOGA: 47.6°, 46.8° and NOGB: 40.5°, 42.0°. In the PsEFE:
Mn:2OG complex, the corresponding torsion angles for 2OG
are 71.0°.

Molecular Dynamics Simulations and QM. We investigated the sta-
bility of the unusual “strained” 2OG conformation observed in

Fig. 3. Proposed outline mechanism. Ethylene and succinate formation occur in the presence of L-Arg (Fig. 1). Variations are possible [e.g., fragmentation of
the cyclic peroxide intermediate II to give ethylene (21)], but are less likely, given the prevalence of intermediates of type III in 2OG oxygenase catalysis. NOG
(and by implication 2OG) and L-Arg were observed in two conformations correlating with different Asp191 binding modes (Fig. 2). Formation of the bidentate
2OG intermediate complex I is supported by spectroscopic work (21). Turnover of 2OG to succinate also occurs (Fig. 1); succinate can be released from III,
possibly with subsequent formation of H2O2. Formation of P5C occurs at a lower level than ethylene/succinate formation, via reaction of an Fe(IV)=O species
(III), with L-Arg C-5. The hydroxylated product (IV) fragments and condenses to form P5C (21).
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the PsEFE structures by molecular dynamics simulations using a
PsEFE:Fe:2OG:L-Arg model based on the high-resolution
PsEFE:Fe:NOG:L-Arg structure (SI Appendix, Fig. S12). 2OG
maintained the strained conformation and its interactions with
Arg277 for 94% of the simulation time (assuming an O-H hy-
drogen bond distance limit of 2.2 Å; SI Appendix, Table S4 and
Fig. S12), suggesting the crystallographically observed confor-
mation is catalytically relevant.
Surprisingly, the conformational preference for Grob-type

fragmentation (34), involving entropically favored decarboxyl-
ation to give alkenes, has not been investigated in detail, even for
small molecules. To compare the reactivity of the coplanar and
strained conformations, we carried out quantum calculations of
propionate derivatives with chloro, bromo, and trimethylamino
groups with appropriate torsion angles 0°, 45°, and 90° (SI Ap-
pendix, Table S4 and Fig. S13). We also studied analogous reac-
tions with (tert-butyl)-cyclohexanecarboxylate derivatives with the
carboxylate and leaving group locked in a trans diaxial arrange-
ment. The differences in the ΔG‡ (transition state free energy
difference) values for fragmentation were consistently in favor of a
torsion angle of 90°, with differences in ΔG‡ between the two
conformations ranging from −2.7 to −4 kcal·mol−1 (mean, −3.6)
(SI Appendix, Table S4). A similar, although smaller, trend was
observed for the 45° torsion angle (SI Appendix, Table S4). These
results support the potential for fragmentation of the crystallo-
graphically implied strained 2OG cosubstrate conformation to
give ethylene.

Discussion
The overall fold of PsEFE is relatively typical of 2OG oxygenases
(Fig. 2A); However, it contains highly distinctive features, in-
cluding elements from group I and II 2OG oxygenases (25),
which reveal PsEFE to have a hybrid fold (SI Appendix, Fig. S6).
Notably, the conformation of PsEFE and the inclusion of a
β(IV)–β(V) insert loop involved in substrate recognition is
clearly distinct from that of ACCO, the only other enzyme
known to directly catalyze ethylene production (35). Interest-
ingly, sequence alignments of predicted EFEs (65–50% sequence
identity [ID] to PsEFE), a related EFE-like subfamily (22–20%
ID), and ACCOs (16–17% ID) show conservation in some of the
key L-Arg interacting motifs and differences in the RXS motif
suggesting they may not share a PsEFE 2OG fragmenting mech-
anism, but do share a common ancestor (SI Appendix, Figs.
S14 and S15). The difference in the overall folds of PsEFE and
ACCO (as well as more typical 2OG oxygenases) is mirrored in
specific differences at their active sites, which reflect the differ-
ent reactions they catalyze. The active site differences leading to
oxidative fragmentation of 2OG to give ethylene rather than the
normal succinate formation relate to the enzyme-bound con-
formation of 2OG and subsequently derived intermediates. The
overall shape of the PsEFE active site is similar to that of normal
2OG oxygenases; indeed, PsEFE catalyzes a normal reaction
(i.e., L-Arg hydroxylation). Thus, it appears likely that most 2OG
oxygenases have actively evolved not to catalyze fragmentation
of 2OG to give ethylene. The evolution of such “negative ca-
talysis” (36) may have occurred because succinate is a useful
byproduct, which can be recycled (e.g., by the TCA cycle), whereas
CO2 and gaseous ethylene are not primary metabolites (as far as is
known). In support of this, recent work on cancer metabolism
suggests that, at least in animals, 2OG oxygenase catalysis may be
metabolically linked to the TCA cycle (37).
A standout feature at the PsEFE active site concerns its 2OG/

NOG-binding mode (Fig. 2 B–E and SI Appendix, Figs. S7, S10,
and S11). 2OG/NOG binds in an unusual highly hydrophobic
pocket and adopts a strained conformation that promotes Grob-
type fragmentation of the iron-ligated succinate at the ferryl
intermediate stage in the reaction (Fig. 3) to give two molecules
of CO2 and ethylene. Ethylene formation is promoted by the

presence of L-Arg, which is not oxidized during ethylene for-
mation. Thus, in the ethylene-forming pathway, 2OG undergoes
a four-electron oxidation. This differs from the ACCO reaction,
in which ACC undergoes a two-electron oxidation, with reaction
cycles for ACCO being proposed to be completed by ascorbate
oxidation (38). Four-electron substrate oxidations are rare in
2OG oxygenase superfamily catalysis, but occur in isopenicillin N
synthase-catalyzed oxidation of a dipeptide to isopenicillin-N;
ironically, the isopenicillin N synthase structure is more closely
related to ACCO than PsEFE (39).
Quantum calculations reveal that the crystallographically im-

plied conformation of the 2OG-derived intermediate in PsEFE is
crucial in enabling fragmentation to give ethylene, rather than
substrate hydroxylation and succinate, as in normal 2OG oxy-
genase catalysis (SI Appendix, Fig. S13). There may also be other
features at the iron center that are important in promoting
ethylene formation, as evidenced by the different ligation pre-
dicted for the iron-ligating Asp191 in the ethylene-forming path-
way (Fig. 2 B–E).
In addition to ethylene production, PsEFE also catalyzes a

typical 2OG oxygenase type hydroxylation, albeit one leading to
an interesting cyclization/fragmentation to give P5C and guani-
dine (Fig. 3). However, as shown by NMR analyses (Fig. 1D), the
extent of P5C formation is lower than that of ethylene and
succinate in our current assays. Thus, P5C formation appears
substantially uncoupled from succinate formation.
Most crystallographic analyses of 2OG oxygenases imply that

the 2OG C-5 carboxylate is near coplanar with the C-5/C-4/C-3
plane; that is, there is a near 0° syn-torsion angle (SI Appendix,
Fig. S11). In PsEFE, the corresponding torsion angle has a mean
of 44° in the NOG structure and is 71° in the 2OG structure,
which, although is not the predicted optimum of 90° for ethylene
formation, will promote fragmentation to ethylene (the torsion
angle during solution catalysis by PsEFE is unknown and may be
closer to 90°). The observation of a torsion angle less than the
optimal of 90° for ethylene production is consistent with the
observation of succinate formation and some hydroxylation to
give P5C (Fig. 1). The balance between fragmentation to give
either ethylene or succinate formation thus appears poised.
The structural insights into PsEFE will help in optimizing

biocatalytic ethylene production by minimizing succinate for-
mation to promote ethylene formation and by developing PsEFE
variants not requiring arginine for ethylene-forming activity.
Such work is of interest both with respect to industrial bio-
catalytic ethylene production (17) and to produce biological
ethylene for agricultural applications (15).
PsEFE is proposed to produce ethylene to regulate plant

physiology (e.g., ripening) beneficial to the bacteria (16). Some
2OG oxygenases have metabolic (e.g., in fatty acid metabolism) or
sensing (e.g., in hypoxia sensing) roles in eukaryotes (40, 41).
PsEFE has considerable potential for a sensing role, as in addition
to using 2OG and oxygen and producing ethylene, succinate, and
CO2, it requires a redox sensitive metal cofactor and converts
arginine to P5C, a proline/glutamate/glutamine precursor.
The results raise the possibility that other 2OG oxygenases

make ethylene, perhaps in addition to catalyzing more typical
reactions. It is possible that the unusual conformations of 2OG
observed with PsEFE are diagnostic of ethylene formation. In-
terestingly, the PsEFE active-site architecture has similarities with
those of the ten-eleven translocation (TET) 2OG oxygenases (for
PsEFE and the TET fromNeurospora crassa Cα rmsd = 1.2 Å over
185 residues) (42). Arg171 of PsEFE is conserved in the two en-
zymes; in the NcTET structure, the analogous Arg190 interacts
with its nucleosome substrate and with the 2OG C-1 carboxylate
(SI Appendix, Fig. S9C). Substrate binding by NcTET involves
Tyr217/Phe292 in a manner similar to that in which Tyr192/
Phe283 of PsEFE interact with L-Arg (SI Appendix, Fig. S9C).
However, the RXS motif that binds the 2OG C-5 carboxylate in
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many 2OG oxygenases, including the TETs, is not present in
PsEFE, where the serine is replaced by an alanine (SI Appendix,
Figs. S5 and S14). Thus, although it is unlikely that TETs catalyze
ethylene production, other 2OG oxygenases may do so. The
possibility of additional ethylene-forming enzymes is of interest
in plant biology/agriculture, and it cannot be ruled out that
some animals make ethylene. An early report describes ethylene
formation in animal tissues, although the mechanism has yet to
be validated (microbial/nonenzymatic processes are possible)
(43). We are currently exploring the possibility of other 2OG
oxygenase-related ethylene-forming enzymes.

Experimental Section
A synthetic PsEFE DNA sequence optimized for E. coli expression based on
the gene sequence from P. syringae pv. phaseolicola (UNIPROT ID P32021;
GeneArt Thermo Fisher) was subcloned into pCold-1 (Clontech) or pETite
(Lucigen) vectors. Variants were made by mutagenesis using PCR. Vectors were
transformed into E. coli strain BL21(DE3) for protein production. Proteins were
purified by standard nickel affinity and gel filtration chromatography. Crystals

were grown by the sitting drop vapor diffusion method (200–300-nL drops),
and data were collected at the Diamond Light Source (Didcot U.K.). The initial
PsEFE:Mn:BTP structure was determined by single-wavelength anomalous
diffraction and refined in Phenix. Initially, PsEFE activity was assayed using an
optimized version of the reported GC method (20). Purified PsEFE (between
10 and 15 μM) was added to 150 μL of 50 mM Hepes buffer at pH 7.2, con-
taining 5 mM ascorbate or DTT, 5 mM 2-oxoglutarate, 2 mM L-Arg, and
200 μM (NH4)2Fe(SO4)2.

1H-NMR assays (at 298 K) were performed using a
Bruker Avance III 700-MHz machine with a TCI inverse cryoprobe; water sup-
pression used presaturation. Molecular dynamics simulations used the AMBER
program (version 12) and force field parameters of Case et al. (44). The PsEFE:
Fe:NOG:L-Arg crystal structure was used for QM studies; all structures cor-
responding to energy minima and transition states for 3-chloropropanoate
fragmentation were optimized at the B3LYP/6–31+G* level using Gaussian
09 (45). For full experimental details, see SI Appendix.
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