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ABSTRACT

Ethylene is an established signaling molecule in plants and other organisms; however, the biosynthesis and biological roles
of gaseous alkenes other than ethylene are less well defined. The Pseudomonas savastanoi ethylene/succinate-forming enzyme
(PsEFE) catalyzes ethylene production from 2-oxoglutarate (20G), though does not catalyze formation of alkenes from C4 alkyl-
or hydroxyl-substituted 20G derivatives. Here we report studies on the reactivity of L206 PSEFE variants with C4-substituted
20G derivatives. Spectroscopic evidence reveals that L206V and L206A PsEFE react with C4-substituted 20G derivatives to give
diacid and alcohol products, similarly to wildtype (wt) PSEFE. Importantly, L206V PsEFE, but not L206A and L206G PSEFE,
catalyzed production of low levels of acetaldehyde and propylene from the natural metabolites 4-hydroxy-20G and 4-methyl-20G,
respectively. By contrast, L206A PsEFE, but not L206V and L206G PsEFE, catalyzed formation of low levels of 1-butylene from
4-ethyl-20G. Together with studies from others, the combined results indicate the potential of bump-and-hole studies to modify
the substrate and product selectivities of PSEFE reactions, provided that the PSEFE variant:20G derivative pairs are matched.
The results suggest that wildtype 20G oxygenases other than PSEFE may catalyze production of gaseous alkenes other than

ethylene.

1 | Introduction

2-Oxoglutarate (20G) and Fe(II)-dependent oxygenases catalyze
two-electron oxidations of their substrates, a process typically
coupled to 20G oxidation, producing succinic acid and CO, [1].
20G oxygenases share a characteristic distorted double-stranded
B-helix (DSBH) core fold which, together with other conserved
secondary structure elements, they use to form Fe(II) and 20G
binding sites; there is more variation in the modes of prime
substrate binding [2, 3]. Oxygenases with the distorted DSBH fold
have important functions inter alia in plant, fungal, and bacterial
ethylene production [4, 5].

Ethylene has validated signaling roles in plant development
[6-9], whereas its functions in bacteria and fungi are less
well defined [10-15]. In seeding plants, 1-aminocyclopropane-1-
carboxylate (ACC) oxidase (ACCO) catalyzes oxidation of ACC
giving ethylene, along with hydrogen cyanide and CO, [5, 16,
17]. Although ACCO has a DSBH fold and belongs to the 20G
oxygenase superfamily, it does not use 20G as a cosubstrate for
productive ACC turnover giving ethylene [4, 5, 18].

Bacteria and fungi employ enzymes other than ACCOs to catalyze
ethylene production [4, 19-27], including ethylene/succinate-
forming enzymes (EFEs) which catalyze oxidative fragmentation
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of 20G to give ethylene and CO, [28-35]. The EFE of Pseu-
domonas savastanoi (previously: P. syringae) pv. phaseolicola
PK2 (i.e., PSEFE) [33, 34] not only catalyzes fragmentation of
20G to give ethylene [33, 36], but also catalyzes low levels of
20G fragmentation to give 3-hydroxypropionic acid and CO,
[29, 32, 37]. Both of these PSEFE reactions require L-arginine to
proceed efficiently [37-39]. PSEFE additionally employs 20G as a
cosubstrate in a more typical 20G oxygenase reaction involving
C5 hydroxylation of L-arginine to give succinic acid, CO,, H,O,
guanidine, and L-A!-pyrroline-5-carboxylic acid (P5C), the latter
likely produced from L-glutamate-5-semialdehyde, formed via
dehydration of nascent 5-hydroxyarginine (Figure 1a) [36, 38].
PsEFE also catalyzes oxidation of 20G to give succinic acid and
CO, uncoupled from L-arginine substrate oxidation, though not
efficiently [29, 32].

Recent work on the (co)substrate scope of wildtype (wt) PSEFE
has shown that it can employ certain C3- and/or C4-substituted
20G derivatives to catalyze L-arginine oxidation in the absence
of 20G to give diacid products (Figure 1b) [40, 41]. This property
is reminiscent of the cosubstrate flexibility manifested by, at
least, some other 20G oxygenases [43-48]. wt PSEFE has also
been observed to catalyze formation of an alcohol product with
some, but not all, of the tested 20G derivatives, with the 20G
substitution pattern regulating the observed reaction outcomes
(Figure 1b) [40, 41]. By contrast, wt PSEFE did not catalyze
formation of alkene products from any of the tested C3- and/or
C4-substituted 20G diacid derivatives with the exception of
fluoroethylene from 4-fluoro-20G [40].

Analysis of PSEFE:20G complex crystal structures reveals that
side chains of hydrophobic amino acid residues (e.g., L173,
F175, L206, V270, A279) help shape the 20G binding site,
likely stabilizing 20G binding via hydrophobic interactions with
the 20G C3 and C4 methylene groups (Figures 1 and SI)
[42, 49-51], with the L206 side chain methyl groups being
proximate with the 20G C4 carbon (distances: 4.1 and 4.8 A)
(Figure 1). Altering enzyme active site geometries using site-
directed mutagenesis to reduce/increase steric bulk proximate
to the substrate is an established approach to modify reaction
outcomes of wt enzymes with (co)substrate derivatives (the
bump-and-hole strategy) [52], including for 20G oxygenases [53].
Recent studies with L206V PsEFE have revealed its potential
to catalyze propylene formation from 4-methyl-20G [37]. How-
ever, the reactivity of L206V PSEFE with C4-substituted 20G
derivatives other than 4-methyl-20G was not investigated in this
work [37].

Here, we report on the reactivity of L206V, L206A, and L206G
PSEFE with five C4-substituted 20G derivatives [45]. The results
reveal that, in addition to the reported propylene formation
from 4-methyl-20G [37], L206V PSEFE catalyzes formation of
acetaldehyde from the natural metabolite [54] 4-hydroxy-20G.
Notably, L206A PsEFE, but not L206V or L206G PsEFE, cat-
alyze 1-butylene formation from 4-ethyl-20G. The combined
results indicate that active site mutation studies with PSEFE
have potential to enable formation of products not produced
by wildtype PSEFE, including 1-butylene, from non-native sub-
strates, provided that the 20G derivative:PsEFE variant pairs are
matched.

2 | Results

Reactivity of L206 PsEFE variants with 20G. The L206V,
L206A, and L206G PsEFE variants (UNIPROT ID: P32021;
EC:1.13.12.19) [33, 34] were produced in >90% purity, as judged
by SDS-PAGE and MS analyses (Figure S2), to investigate
whether altering the steric bulk at residue-206 can affect reaction
outcomes with C4-substituted 20G derivatives. Initially, the
reactivities of the three isolated recombinant L.206 PSEFE variants
were investigated using 20G as a (co)substrate together with
L-arginine using a reported 'H NMR-based assay [41]. This
assay enables quantification of 20G/20G derivative consump-
tion and 20G/20G-derived (co)product formation by comparing
signals with an internal standard (i.e., 3-(trimethylsilyl)-2,2,3,3-
tetradeuteropropionic acid [55], TMSP-d,); the assay also enables
qualitative product identification by comparison with authentic
standards.

'H NMR analysis (700 MHz) of reactions of L206V, L206A,
and L206G PsEFE with 20G and L-arginine reveals that all of
these variants were less active than wt PSEFE: the efficiency of
PsEFE-variants, as measured by depletion of the characteristic
20G methylene triplet peaks, decreased with decreasing steric
bulk at residue-206 in the order: L206 (wt) >V206>A206>G206,
with L206G PsEFE being inactive under the tested conditions
(Figure 2). Analysis of wt, L206V, L206A, and L206G PSEFE by
circular dichroism (CD) spectroscopy indicates that substituting
L206 did not affect the overall PSEFE fold (Figure S3). There
was no evidence accrued for formation of substantial amounts
of any 20G-derived products other than ethylene and succinic
acid (Figure S4), including a lack of 3-hydroxypropionic acid,
that is, the low level alcohol product of the wt PSEFE reaction
with 20G [29, 40]. This observation contrasts with the reported
detection of 3-hydroxypropionic acid from reactions of L206V
PsEFE with 20G by infrared spectroscopy and LCMS assays,
possibly reflecting differences in assay method sensitivity and/or
assay conditions [37].

The estimated succinic acid:ethylene ratios following reaction of
L206V and L206A PsEFE with 20G were similar to that reported
for wt PSEFE (~1:1) (Figure 2) [41]. P5C formation was not
quantified, because the abundance of its characteristic singlet
(8 ~ 7.70 ppm) apparently varied over time [41]. Experiments
in the absence of L-arginine indicated that L206V and L206A
PsEFE, like wt PSEFE, require L-arginine for, at least, efficient
20G oxidation (Figure S5).

L206 PsEFE variants catalyze oxidation of C4-substituted
20G derivatives. Having validated that L206V and L206A PSEFE
catalyze 20G oxidation, we next investigated the ability of five
representative C4-substituted 20G derivatives (all as racemates)
to sustain catalysis by L206V, L206A, and L.206G PSEFE. 'H NMR
analysis (700 MHz) reveals that L206V and L206A PSEFE react
with 4-methyl-20G (1), 4,4-dimethyl-20G (2), 4-hydroxy-20G
(3), 4-ethyl-20G (4), and 4-propyl-20G (5) to give both the cor-
responding diacid and alcohol products (Figures 3 and S6-S10),
as reported for wt PSEFE [40, 41]. Note that the stereochemistry
of the products was not assigned. By contrast, L206G PsEFE did
not catalyze conversion of any of the 20G derivatives 1-5 within
2 h (Figures 3 and S6-S10). Experiments in the absence of L-
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FIGURE 1 | The wildtype PsEFE substrate scope. (a) Wildtype (wt) PSEFE reacts with 20G to give ethylene and succinic acid as major products,

with formation of succinic acid being coupled to C5 oxidation of L-arginine to give guanidine and P5C [33, 36]; note that low levels of an alcohol product
(3-hydroxypropionic acid) have also been observed [29, 32, 37]. (b) wt PSEFE reacts with C3/C4-alkyl/hydroxy-substituted 20G derivatives to give diacid

(coupled to P5C formation) and alcohol, but not alkene, products [40,

41]. (c) View from a wt PSEFE:Mn:20G:arginine crystal structure (with Mn

substituting for catalytically active Fe(II); PDB ID: 5V2Y [42]) showing that the side-chain methyl groups of L206 are close to the 20G C4 methylene
group (dotted red lines), suggesting that reducing the steric bulk at residue-206 may affect the conformation of C4-substituted 20G derivatives at the

active site. Dotted black lines indicate polar interactions of PSEFE residues with 20G and Mn.

arginine indicated that the three L206 PSEFE variants require
L-arginine for, at least, efficient oxidation of the C4-substituted
20G derivatives (Figures S13-S15).

The results indicate that, in general, L206V and L206A PSEFE
reacted less efficiently with the five tested C4-substituted 20G
derivatives 1-5 than wt PSEFE (Figure 3) [41]. Notable exceptions
were the reactions of L206V PSsEFE with racemic 4-methyl-20G

(1) and 4-propyl-20G (5), which were equally or more efficient
than those reported with wt PSEFE [41], giving 2-methylsuccinic
acid (1a)/B-hydroxyisobutyric acid (1b) and 2-propylsuccinic acid
(5a)/2-(hydroxymethyl)pentanoic acid (5b), respectively.

Analysis of the diacid:alcohol ratios for the reactions of L206V
and L206A PSEFE with 20G derivatives 1-5 reveals that the nature
of the 1206 variant did not substantially affect the diacid:alcohol
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FIGURE 2 | Substitutions at PSEFE residue-206 influence reactivity with 20G. Reactions of (a) L206V PsEFE, (b) L206A PsEFE, and (c) L206G
PsEFE with 20G. (d) Outcomes of L206 PSEFE variant reactions with 20G compared to that reported for wt PSEFE [41]. Ethylene formation was estimated
by subtracting the integral of the succinic acid (normalized to TMSP-d,) from the starting concentration of 20G. The time-scales were calibrated to the
end of the acquisition of the first 'H NMR experiment following PSEFE addition to the reaction mixture (¢ = 0 min), by which time low levels of 20G
conversion were manifest. Results are means of independent triplicates (n = 3; mean + standard deviation, SD). Conditions: 400 uM 20G, 500 uM L-
arginine, 500 uM L-ascorbic acid, 50 uM Fe(II), 800 uM TMSP-d,, and L206 PsEFE variant (10 uM) or wt PSEFE (2 uM) [41] in buffer (50 mM sodium

phosphate, pH 7.4,10% v/v D,0).

product ratios. The diacid:alcohol ratios for the reactions of
L206V and L206A PsEFE with 1-5 matched those reported for
wt PSEFE (i.e., ~1:1 for 2; ~2:1 for 3; ~2:1 for 4; ~3:2 for 5); the
exception was the product ratios obtained with 1, which were ~1:1
for L206V and L206A PsEFE, but ~2:1 for wt PSEFE (Figure 3)
[41].

L206 PsEFE variants catalyze alkene formation from C4-
substituted 20G derivatives. Importantly, 'H NMR analyses of
the L206V and L206A PsEFE reactions with 20G derivatives 1-
5 not only revealed diacid and alcohol formation, but also the
formation of relatively low levels of alkene products from 4-
methyl-20G (1), 4-hydroxy-20G (3) (to give acetaldehyde), and
4-ethyl-20G (4) (Figures S16-S18). In accord with reported work
[37], we observed 1206V PSEFE catalyzed formation of propylene
from 1, as supported by direct comparison with an authentic
sample of propylene (Figure 4). Note that alkene formation
was not directly quantified by 'H NMR, because alkenes may
evaporate from the aqueous reaction mixture [56]; in some cases,
overlapping peaks (e.g., the peaks of the propylene methyl group
and the C4 methylene group of L-arginine; Figure 4) further
complicated quantification of alkene formation. The alkene levels
were thus approximated by subtracting the normalized integral
of the diacid and alcohol products (obtained via comparison
with TMSP-d,) from that of 1 because no substantial amounts

of additional products derived from 1 were detected and because
diacid formation appeared to be mostly coupled to L-arginine
oxidation [40, 41]. By contrast with L206V PsEFE, L206A and
L206G PsEFE (like wt PSEFE [41]) did not catalyze formation of
propylene from 1, possibly reflecting their substantially reduced
reactivity with 1 compared to that of L206V PsEFE.

Like wt PSEFE [41], L206V, L206A, and L206G PsEFE did not
catalyze formation of propylene from 2-oxoadipate (20A) and
3-methyl-20G (6), the regioisomer of 1, within 2 h (Figures 3,
S11 and S12). None of the 1206 PsEFE variants appeared to
catalyze isobutene production from 4,4-dimethyl-20G (2) within
2 h (Figure S6), in accord with the reported reactivity of wt PSEFE
with 2 [41]; note the possibility of formation of low amounts of
isobutylene cannot be excluded due to potential overlap with
peaks from L-arginine (Figure S6).

L206V PsEFE not only catalyzed propylene formation from 4-
methyl-20G (1) but also catalyzed production of relatively low
levels of acetaldehyde from 4-hydroxy-20G (3); note that we
observed no evidence for formation of pyruvate via the potential
retroaldol reaction of 3 (Figure S8). Neither L206A, L206G, nor
wt PSEFE [41] catalyzed acetaldehyde formation from 3 (Figure
S7). By contrast, analysis of the reaction products of L206A
PsEFE, but not of L206V, L206G, or of wt PSEFE [41], showed

40f10
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FIGURE 3 |

L206 PsEFE variants can employ C4-substituted 20G derivatives as (co)substrates. Outcomes of the reaction of L206 PSEFE variants

with: (a) 4-methyl-20G (1), (b) 4,4-dimethyl-20G (2), (c) 4-hydroxy-20G (3), (d) 4-ethyl-20G (4), (e) 4-propyl-20G (5), and (f) 3-methyl-20G (6)
compared to that reported for wt PSEFE [41]. Results are means of independent triplicates (n = 3; mean + SD); 'H NMR spectra are shown in Figures
S6-S11. Conditions: 400 uM 20G derivative, 500 uM L-arginine, 500 uM L-ascorbate, 50 uM Fe(II), 800 uM TMSP-d,, and 10 pM L206 PsEFE variant in
buffer (50 mM sodium phosphate, pH 7.4, 10%,,, D,0). Note that the stereochemistry of the diacid and alcohol products was not assigned.

evidence for formation of relatively low levels of 1-butylene from
4-ethyl-20G (4), as manifest by peaks for the methyl group of 1-
butylene (Figure S9). The results suggest that the C4 ethyl group
of 4 requires more space in proximity to the PSEFE residue-206
relative to the methyl group of 1 in order to adopt a conformation
enabling alkene formation. Consistent with this proposal, none of
the L206 PSEFE variants catalyzed formation of 1-pentene from
4-propyl-20G (5) (Figure S10).

3 | Discussion

Plants and/or microorganisms are reported to emit low mass
gaseous alkenes other than ethylene; however, it is unclear
whether all of these alkenes are produced in an enzyme-catalyzed
manner [57-59]. The effects of these alkenes on plant signaling

can differ from those of ethylene [60-63]. Pioneering work with
fruit extracts on the substrate scope of ACCOs revealed the pos-
sibility of ACCO-catalyzed propylene and 1-butylene production
from naturally occurring C-alkylated ACC derivatives [64-67]. By
contrast, reported studies on the substrate scope of wt PSEFE
indicate that it does not catalyze propylene production from
2-oxoadipate, 4-methyl-20G (1), or 3-methyl-20G (6) [39-42],
although wt PSEFE catalyzed production of fluoroethylene from
4-fluoro-20G [40], areaction likely lacking biological significance
as 4-fluoro-20G is not a naturally occurring cellular metabolite.

The results presented here show that decreasing the steric bulk at
PsEFE residue-206 can enable the capacity to catalyse production
of alkenes, that is, propylene from the natural product [68-70]
1 and 1-butylene from 4-ethyl-20G (4), as well as acetaldehyde
from the metabolite [54] 4-hydroxy-20G (3) (Figure 3), which is
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FIGURE 4 | L206V PSEFE catalyzes production of propylene from 4-methyl-20G (1). (a-d) 'H NMR analysis (~0.5 to ~4.0 ppm and ~5.5 to
~8.5 ppm) for ~90 min incubations of 4-methyl-20G (1) with: (a) L206G PSEFE, (b) L206A PSEFE, or (c) L206V PSEFE. (d) Reported 'H NMR analysis
of (~90 min incubation) for reaction of 1 with wt PSEFE [41]. (e) Reported "H NMR spectrum of 1 under standard conditions without PSEFE [41]. (f)
'H NMR spectrum of an authentic sample of propylene under assay conditions. Note that the C1 alkene protons of propylene were not observed, likely
because they coincide with the HOD peak. (g) 'H NMR spectrum of an authentic propylene in buffer. (h) "H NMR spectra (~5.8 to ~6.0 ppm and ~1.6
to ~1.8 ppm) showing that L206V PsSEFE catalyzed propylene production from 1. Conditions: 400 uM 1, 500 uM L-arginine, 500 uM L-ascorbic acid,
50 uM Fe(II), 800 uM TMSP-d,, and 10 uM PsEFE variant in buffer (50 mM sodium phosphate, pH 7.4, 10%,,, D,0). Peaks at ~3.6 and ~3.7 ppm are
from glycerol; the singlet at ~3.7 ppm corresponds to Tris buffer. Note that the stereochemistry of products was not assigned. Representative spectra of
independent triplicates are shown.

formed in cells as an intermediate of 4-hydroxyproline catabolism L206G, and wt PSEFE [41], catalyze formation of 1-butene from
[71, 72]. They confirm the recently reported ability of L206V 4, suggest matching of specific 20G derivative:PSEFE variant
PsEFE to catalyze propylene production from 1 [37]. Thus, the pairs is required to enable substantial levels of novel PSEFE
biocatalytic potential of PSEFE variants extends beyond catalyz- reactivities (Figure 3). Thus, there is potential for design of PSEFE
ing production of ethylene, diacids, and alcohols [40, 41, 73, variants which catalyze alkene and/or acetaldehyde formation
74] to production of aldehydes and alkenes other than ethylene, more efficiently than the L206 PSsEFE variants tested in this work
which are commodities [74-77]. L206V and L206A PsEFE likely and for bump-and-hole studies with PSEFE to enable formation of
catalyze alkene formation from C4-substituted 20G derivatives (novel) products from 20G derivatives by varying PSEFE residues
via a radical Grob-type mechanism similar to that proposed for  other than residue-206.
the reaction of wt PSEFE with 20G [37, 40, 78, 79]. The reaction of
L206V PsEFE with 3 might involve transient production of vinyl Aside from the work on wt ACCO, the ability of substitutions
alcohol giving acetaldehyde following tautomerization. in the PSEFE active site to induce capacity for production of
alkenes from C4-substituted 20G derivatives is precedented by
The observations: (i) that L206V PsEFE, but not L206A, L206G, work on nitrogenases which catalyze ethylene production from
and wt PSEFE [41], catalyzed propylene formation from 1, (ii) acetylene in their wildtype form [23, 24, 80], as substitutions in
that the tested L206 PsEFE variants did not catalyze formation the active site of nitrogenases enabled production of propylene
of propylene and isobutylene from 6 and 4,4-dimethyl-20G  from propyne [81, 82]. The combined evidence highlights the
(2), respectively, and (iii) that L206A PsEFE, but not L206V, importance of second coordination sphere residues in influencing
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reactivity of mechanistically unrelated ethylene-producing nitro-
genases [83] and PSEFE [84, 85], as is also the case for more
typical 20G oxygenases [86-89]. Thus, mutations beyond the
simple bump-and-hole type studies reported here and elsewhere
will likely be required to optimize formation of specific PSEFE
products including alkenes. Given that the alkene products can
be measured by headspace analysis, a forced-evolution approach
[90, 91] (taking into account substrate stereochemistry) may be
particularly productive.

The combined results on the reactivity of the L206 PSEFE
variants and the observation that disease-associated variations
in the active sites of certain human 20G oxygenases can alter
their reactivity with 2-oxoacids [92, 93] raises the question as to
whether 20G oxygenase(s) can catalyze alkene formation from
naturally abundant C3- and/or C4-substituted 20G derivatives
in their wildtype form. To our knowledge, L206V/A (equivalent)
PsEFE variants have not yet been identified in microbes.

4 | Conclusion

The results reveal L206V and L206A PsEFE have capacity to
catalyze production of alkenes other than ethylene, including
propylene and 1-butylene, from 20G-derived substrates, includ-
ing from natural products. L206V PSEFE also catalyzed low
levels of acetaldehyde formation from the abundant metabolite
4-hydroxy-20G (3). The combined results further highlight the
remarkable versatility of the PSEFE reaction with respect to
2-oxoacid oxidation. They suggest that plants and/or microor-
ganisms may have potential to produce gaseous alkenes other
than ethylene in an enzyme-catalyzed manner, possibly to exert
signaling effects distinct from those of ethylene.

5 | Experimental Section

Protein production. Plasmid DNA encoding for the L206V,
L206A, and L206G PSEFE variants was obtained from our
reported wt PSEFE construct [49] by a standard site-directed
mutagenesis procedure (Table S1). The L206V, L206A, and L206G
PsSEFE variants were produced and purified as reported for wt
PsEFE [41, 49]. The L206 PsEFE variants were >90% pure by SDS-
PAGE analysis and had the anticipated masses (Figure S2). They
were stored at —70°C, at ~20-25 mg protein/mL.

20G derivatives. 2-Oxoglutarate (20G), 2-oxoadipate (20A),
and racemic 4-hydroxy-20G (3) were from Sigma-Aldrich. 4-
Methyl-20G (1), 4,4-dimethyl-20G (2), 4-ethyl-20G (4), 4-propyl-
20G (5), and 3-methyl-20G (6) were synthesized as reported [45];
chiral 20G derivatives were prepared as racemic mixtures.

'H NMR assays. 'H NMR assays were performed as reported
[41], typically using: 20G derivative (400 pM), L-arginine
(500 uM), L-ascorbic acid (500 uM), Fe(II) (50 uM), TMSP-d,
(800 uM), and L206 PsEFE variant (10 uM) in buffer (50 mM
sodium phosphate, pH 7.4,10%,,, D,0), if not specified otherwise
in the figure legends. Freshly thawed aliquots of L206 PSEFE
variants were used for all experiments. A Bruker AVIII 700 MHz
NMR spectrometer with a 5-mm inverse triple-resonance-inverse
cryoprobe was used for analysis. The water peak in 'H NMR

experiments was suppressed using the perfect echo-modified
WATERGATE solvent suppression method [94].
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