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A chimeric membrane enzyme and an engineered
whole-cell biocatalyst for efficient 1-alkene production

Tabish Igbal, Subhashini Murugan, Debasis Das*

Bioproduction of 1-alkenes from naturally abundant free fatty acids offers a promising avenue toward the next
generation of hydrocarbon-based biofuels and green commodity chemicals. UndB is the only known membrane-
bound 1-alkene-producing enzyme, with great potential for 1-alkene bioproduction, but the enzyme exhibits
limited turnovers, thus restricting its widespread usage. Here, we explore the molecular basis of the limitation of
UndB activity and substantially improve its catalytic power. We establish that the enzyme undergoes peroxide-
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mediated rapid inactivation during catalysis. To counteract this inactivation, we engineered a chimeric membrane
enzyme by conjugating UndB with catalase that protected UndB against peroxide and enhanced its number of
turnovers tremendously. Notably, our chimeric enzyme is the only example of a membrane enzyme successfully
engineered with catalase. We subsequently constructed a whole-cell biocatalytic system and achieved remark-
able efficiencies (up to 95%) in the biotransformation of a wide range of fatty acids (both aliphatic and aromatic)
into corresponding 1-alkenes with numerous biotechnological applications.

INTRODUCTION

The steep increase in the demand for fuels, coupled with the finite
availability of fossil fuels, is driving the exploration of sustainable fuel
pathways, spurring immense interest in developing renewable and
eco-friendly biofuels. Since hydrocarbons are the major constituents
of fossil fuels, their sustainable biosynthesis presents a promising av-
enue toward the next generation of hydrocarbon-based biofuels (1-4).
Notably, the medium-chain 1-alkenes are promising biofuel candi-
dates because of their exceptional properties, including low freezing
point, high energy content, recovery convenience due to their insolu-
bility in water, and compatibility with current engine systems and
transportation infrastructures (5). 1-Alkenes are also heavily used as
commodity chemicals in various industries as precursors of deter-
gents, polymers, and lubricants (6-10), making them attractive mol-
ecules to biosynthesize. A feasible route to 1-alkene biosynthesis is the
enzymatic one-step decarboxylation of naturally abundant free fatty
acids by fatty acid decarboxylases (11, 12). These enzymes include a
heme-containing soluble cytochrome P450 enzyme, OleT (13); a sol-
uble non-heme diiron enzyme, UndA (14, 15); and a recently ex-
plored integral membrane enzyme, UndB (16, 17). While OleT prefers
long-chain fatty acids (13), with the medium-chain fatty acids (C6 to
C12), the enzyme exhibits compromised chemoselectivity, producing
undesirable hydroxy fatty acids as side products (18). In contrast,
UndA and UndB prefer medium-chain fatty acids, producing
medium-chain 1-alkenes that are biotechnologically attractive mole-
cules (14, 16, 17). Notably, the sluggish nature of UndA and its narrow
substrate scope pose great challenges to its use for the efficient pro-
duction of medium-chain 1-alkenes (14).

The discovery of UndB, the only known membrane-bound fatty
acid decarboxylase, has added enhanced interest in using this enzyme
for the biosynthesis of medium-chain 1-alkenes (16). Previous studies
have demonstrated that UndB has a broader substrate range (C6 to
C18) and notably better activity than UndA (16, 19). However, the
properties of UndB remained poorly understood for nearly a decade,
primarily due to the membrane-bound nature of the enzyme.
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Recently, we reported the detailed biochemical characterization of
UndB (17). Using the purified full-length enzyme, we demonstrated
that UndB is an integral membrane non-heme diiron enzyme that
catalyzes the oxidative decarboxylation of free fatty acids to terminal
alkenes (Fig. 1). We established that UndB converts a broad range of
fatty acids (C10 to C18) to the corresponding 1-alkenes. The greatest
activity of the enzyme was observed with lauric acid (C12 fatty acid).
UndB activity was dependent on redox partners such as NADPH (re-
duced form of NADP")/ferredoxin (Fdx)/ferredoxin reductase (FNR)
(Fig. 1) (17). UndB was more effective than UndA and OleT in produc-
ing 1-undecene. However, we observed that the activity of the purified
UndB stalled within 1 min, with the total turnover numbers (TTN)
being only 14, limiting its scope for applications and underscoring the
necessity to uncover the origin of enzyme inactivation and finding
means to counter it. However, such investigation is challenging due to
the recalcitrant membrane-bound nature of the enzyme.

Here, we demonstrate that the mechanism of UndB inactivation
involves the inhibition by hydrogen peroxide (H,0,) produced
in situ by an uncoupled electron transfer step to molecular oxygen
during the enzyme reaction (Fig. 1, unproductive pathway, red ar-
rows). We found that the H,O, inhibition of UndB is reversible and
can be countered by catalase. We engineered a chimeric membrane
enzyme by conjugating UndB with catalase, with the chimera exhib-
iting a remarkably improved number of catalytic turnovers of fatty
acids to 1-alkenes. Further, we constructed a state-of-the-art whole-
cell biocatalyst that enabled highly efficient biotransformation of a
wide range of aliphatic and aromatic fatty acids to terminal alkenes.
Our findings demonstrate the potential of UndB as an efficient tool
for the preparative scale production of valuable medium-chain
1-alkenes with diverse industrial applications.

RESULTS

Origin of limited turnovers of UndB

The serendipitous discovery (16) and the recent investigation of
UndB (17), a member of fatty acid desaturase (FADS)-like super-
family, have revealed several unique catalytic properties of the en-
zyme. Among the members of the FADS-like superfamily, UndB is
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Fig. 1. Schematic illustrations of the redox-dependent conversion of fatty acids to 1-alkenes by UndB. The UndB reaction requires electrons, mediated by redox
partners such as Fdx/FNR/NADPH system (productive pathway, blue arrows). In this study, we discovered that UndB is inactivated by H,0,, produced in situ by uncoupled
electron transfer from the redox partners to O, (unproductive pathway, red arrows). The details of the protein structures are described in Materials and Methods. For UndB,

the transmembrane domain was predicted using the Deep-TMHMM tool (38).

the only known enzyme capable of converting free fatty acids to
1-alkenes, making it an attractive candidate for potential biotechno-
logical applications. Our recent study has illustrated that UndB re-
quires molecular oxygen (O;) and redox partners (NADPH/FNR/
Fdx) for catalysis (17). The catalytic rate of UndB was substantially
greater than OleT and UndA in converting medium-chain fatty ac-
ids to 1-alkenes. However, despite the initial optimism about UndB,
the purified enzyme in detergent exhibited poor activity (14 TTN)
and stalled in 1 min (17).

To probe this poor activity of UndB, we explored the biotransfor-
mation of lauric acid to 1-undecene by UndB at various stages of the
enzyme preparation, including the whole cells, cell lysates, membrane
fractions, and spheroplast preparations (Fig. 2A), a recently promoted
preparation for biotransformation by membrane-bound enzymes (20).
UndB exhibited prolonged activity in all these preparations compared
to the purified enzyme. While the purified enzyme was stalled within
1 min, the enzyme activity within the whole cells persisted for 40 min
(Fig. 2B), leading to substantially greater values of TTN (Fig. 2C).
Therefore, we hypothesized that the lower activity of purified UndB
could be due to the separation of the enzyme from the native mem-
brane lipids, inducing protein instability—a phenomenon often ob-
served with detergent-purified membrane proteins (21-23).

To test whether UndB loses its stability upon purification in deter-
gents, we compared the thermal stability of the detergent-purified
UndB and the enzyme in the whole-cell lysates by measuring the rela-
tive activity of the enzyme upon providing thermal stress in a range of
temperatures. Unexpectedly, purified UndB exhibited a melting tem-
perature (Ty,) 46° + 1°C, a value close to the Ty, of UndB in the whole-
cell lysate (49° + 1°C) (Fig. 3, A and B), suggesting that loss of the lipid
environment due to detergent purification is not the reason of UndB
inactivation. Therefore, the limited activity of purified UndB could be
attributed to either exhaustion of assay components or enzyme inhibi-
tion during catalysis. We supplemented the enzyme reaction with each
assay component, individually or collectively, as the number of turn-
overs approached the maximum. We found that the addition of Fdx,
FNR, and NADPH—either alone or in combination—did not enhance
the TTN of UndB (Fig. 3C). Notably, the addition of an equimolar
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amount of UndB into the reaction resulted in the linear proceeding of
reaction for about 2 min and yielding nearly twice the product in ini-
tial 2 min (Fig. 3C). This observation suggests that inhibition of UndB
occurs during catalysis. We hypothesized that the involvement of non-
cognate redox partners (cyanobacterial Fdx/FNR) in the aerobic UndB
reaction could lead to uncoupled electron transfer from NADPH to O,
via FNR/Fdx, resulting in the in situ generation of reactive oxygen spe-
cies (ROS) that could inactivate UndB.

Previously, we demonstrated that UndB could not use H,O, as a
replacement for O, and external electrons when performing the ca-
talysis, suggesting that the peroxide shunt pathway does not operate
for UndB catalysis (17). To extend this observation, we included
H,0; in the UndB reaction in the presence of the redox partners that
support multiple turnovers of the enzyme. Unexpectedly, no product
was observed in the presence of H,O,, demonstrating that UndB was
inhibited by H,O, (Fig. 3D). This observation suggested the produc-
tion of H,O, as ROS during UndB catalysis. To substantiate the
in situ production of H,0,, we attempted to detect it in the UndB
reaction. Using the amplex red hydrogen peroxide/peroxidase assay,
we found that 139 + 3 pM H,O, was formed in the standard UndB
reaction (Fig. 3E). In contrast, no H,O, was detected upon omission
of NADPH from the assay (Fig. 3E). The amount of H,O, production
in the UndB reaction was very substantial, corresponding to the un-
coupled electron transfer of the majority of the NADPH electrons to
O in the reaction (fig. S1).

We also explored whether superoxide could also contribute to
UndB inhibition. We investigated the activity of UndB in the presence
of superoxide dismutase (SOD) that efficiently metabolizes superox-
ide. We found that the addition of SOD to UndB reaction did not af-
fect the enzyme activity, confirming that superoxide is not involved in
UndB inhibition (fig. S2). These findings suggested H,0,-mediated
rapid inhibition of UndB during catalysis. Therefore, we focused on
rescuing the enzyme activity by protecting it from H,O inhibition.

Enhancing UndB activity by rescuing it from H,0; inhibition
To further validate the H,O,-mediated inhibition of UndB, we intro-

duced catalase to a UndB reaction that was stalled by the pretreatment
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Fig. 2. UndB-catalyzed biotransformation of lauric acid to 1-undecene. (A) Schematic representation of UndB preparations used for the biotransformation of lauric
acid to 1-undecene. (B) Time course of UndB reaction using whole cells and membrane fractions. (C) Comparative end-point activity analysis of purified UndB with whole
cells, spheroplast preparations, cell lysates, and isolated membrane fractions harboring UndB. Assays were performed with UndB expressed with enhanced green fluores-
cent protein (eGFP) fusion (see Materials and Methods), and protein concentrations were measured by the fluorescence intensities (39). Assays were performed with 5 pM
enzyme in each preparation in the presence of 500 uM lauric acid and 2 mM ascorbate. Experiments were performed at 25°C for the indicated time points or up to 1 hour
for the end-point TTN determination. Error bars in (B) represent the standard deviation (SD) of two experiments performed in triplicate (n = 6). Error bars in (C) represent

the SD of quartet (n = 4) data.

with exogenous H,0O,. Catalase efficiently disproportionates H,O,
into O, and H,O. Notably, the inclusion of catalase led to the recovery
of UndB activity and also led to a substantial boost to the TTN of
UndB to 65 =+ 3, which is a 4.7-fold increase in the UndB activity com-
pared to the standard reaction (Fig. 3D). This finding suggests that the
H,O, inhibition of UndB is reversible. To further elaborate, we added
catalase at different time points to the standard UndB reaction in the
absence of exogenous H,0,. We observed that the addition of catalase
rescued the enzyme from inhibition at each time point, confirming
the reversible nature of H,O, inhibition (Fig. 3F). In the presence of
catalase, H,O, concentration in the UndB reaction was negligible,
suggesting rapid disproportionation of H,O, by catalase (Fig. 3E).
Further, the inclusion of sodium azide, a potent inhibitor of catalase
(24, 25), restored the H,0O, in the UndB assays (Fig. 3E), leading to
enzyme inactivation and confirming in situ generation of H,O, in the
UndB reaction.

Next, we investigated UndB activity in the presence of catalase
without adding exogenous H,O; to the reaction. We observed that the
addition of catalase led to a substantial increase in the TTN of UndB to
185 + 3. Subsequently, we systematically optimized the catalase-
assisted UndB reaction conditions (fig. S3) and achieved a TTN of
265 + 2 (Fig. 3D), which is a 19-fold enhancement in UndB activity
compared to the starting 14 TTN of UndB. To our knowledge, this is
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the greatest TTN achieved for lauric acid decarboxylation with the
1-undecene-producing enzymes. To validate this result, we performed
a comparative study of 1-undecene production by UndB, UndA, and
OleT, under their optimal reaction conditions (14, 26). Furthermore,
we used OleT fused with an endogenously H,O,-producing system
alditol oxidase (AldO), as described previously, for the comparative
analysis (27). For this purpose, we heterologously expressed UndA,
OleT, and OleT-AldO in Escherichia coli and purified them to homo-
geneity (figs. S4 and S5). While UndA exhibited poor activity, UndB,
OleT, and OleT-AldO showed substantial 1-undecene production
(fig. S6). The poor activity of UndA is possibly due to the cofactor in-
stability, as proposed earlier (28). The TTN achieved with UndB was
3.9-fold greater than OleT used with the CamAB system (redox part-
ner proteins for OleT, described in the Supplementary Materials) and
1.9-fold greater than the OleT-AldO system (fig. S6). It should be noted
that OleT is also known to produce unwanted side products such as
hydroxy fatty acids (12). Our study demonstrates that UndB is the
most effective 1-undecene-producing enzyme and highlights the criti-
cal role of catalase in bolstering the high activity of UndB.

Kinetic characterization of catalase-assisted UndB catalysis
We followed the time course of UndB in the presence of catalase and

found that the reaction persisted for 40 min (Fig. 4A), notably
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Fig. 3. Inhibition of UndB during catalysis and protection against the inhibition. Thermal denaturation curve of UndB in (A) whole-cell lysates and (B) detergent-
purified form. The activities of UndB presented in panels (A) and (B) resulted from assays performed with UndB expressed with eGFP fusion, and protein concentrations
were measured by the fluorescence intensities. The protein concentration used was 5 pM. After heating the sample at the indicated temperature (see Materials and Meth-
ods), the sample was cooled, and the assay was performed at 25°C. (C) TTN of UndB upon adding various assay components to the UndB reaction at the time point when
the reaction stalls (1 min). (D) Effect of H,0, and catalase (CAT) on UndB activity. (E) Detection of H,0; in the UndB reaction. (F) Effect of addition of catalase on the UndB
activity at different time points. Assays were performed at 25°C. Error bars in (A) to (F) represent the SD of triplicate (n = 3) data.

similar to the UndB time course in the whole cells or membrane
fractions and in contrast to the standard UndB reaction with puri-
fied enzyme that stalled in 1 min without catalase. The finding of the
catalase-assisted enhancement of UndB activity allowed us to con-
duct screening of the redox partners and a rigorous kinetic analysis
of UndB. We assessed the catalase-assisted activity of UndB in the
presence of Synechococcus elongatus (strain PCC 7942) Fdx/FNR
pair, Fdx from Prochlorococcus marinus MIT9313 (Pma-Fdx) paired
with FNR, putidaredoxin/putidaredoxin reductase (Pdx/PdR) pair
from Pseudomonas putida, and cytochrome bs/cytochrome bs re-
ductase (Cytb5/Cytb5R) from Arabidopsis thaliana (see the Supple-
mentary Materials for details). In the presence of catalase, we
observed an overall increase in UndB activity with all the redox
couples (Fig. 4B). Further, we observed greater activity of UndB
when using Fdx/FNR than the other redox couples. Under these op-
timized conditions, we probed the substrate specificity of UndB in
the presence of catalase by measuring the kinetics of the enzyme
with fatty acids of various chain lengths. We found that UndB has
the greatest catalytic efficiency (kc./Kin) with lauric acid (Fig. 4C).
Notably, the addition of catalase to the assay enhanced the UndB
activity with other fatty acids as well. The turnover numbers (kc,) of
UndB for the shorter-chain fatty acids (C10 to C11) were lower than
that for lauric acid but greater than that for longer-chain fatty acids

Igbal et al., Sci. Adv. 10, eadl2492 (2024) 26 June 2024

(C16 to C18) (Fig. 4C). It is noteworthy that although the addition
of catalase rescued UndB from H,O, inhibition, it did not limit the
uncoupling of electrons. We observed nearly four equivalents of
NADPH consumption per mole of product formed (fig. S7). Never-
theless, our study provides the basis for further engineering the sys-
tem and finding the native redox partners of UndB for effective
electron transfer.

Engineering the chimeric membrane enzyme, KatE-UndB

Catalase-assisted reversal of UndB inhibition and substantial en-
hancement of enzyme activity provided us with the opportunity to
use UndB for efficient biotransformation of free fatty acids to
1-alkenes. However, efficient 1-alkenes production using a whole-cell
biocatalyst requires that UndB be proximal to catalase to ensure sus-
tained enzyme activity in the complex cellular milieu. Therefore, we
designed and engineered a chimeric protein, KatE-UndB, where KatE
(catalase HPII from E. coli) is conjugated to the N terminus of UndB
(Fig. 5A) (see Materials and Methods and the Supplementary Materi-
als for the details of the genetic construct). We expressed the chimeric
protein in E. coli. The KatE-UndB chimeric protein retained the local-
ization of UndB to the cell membrane, and the purification was per-
formed with the aid of detergent (see Materials and Methods). The
purified protein exhibited a single band on the SDS—polyacrylamide
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Fig. 4. Catalase-assisted UndB catalysis. (A) Time course of the UndB reaction in the presence of catalase (inset: expansion of the short time course region of the UndB
reaction). (B) Redox partner screening for the UndB activity in the presence of catalase. (C) Michaelis-Menten kinetics of UndB with fatty acids of various chain lengths
(left). The kinetic parameters are mentioned in the associated table (right). The individual curves are presented in figs. S23 to S28. All assays were performed at 25°C with
0.5 pM purified UndB in the presence of catalase (1 mg/ml). The kinetic parameters presented in (C) were determined by measuring the initial rates after 10 min of the

reaction. Error bars in (A) to (C) represent the SD of triplicate data (n = 3).

gel electrophoresis (SDS-PAGE) (Fig. 5B) and eluted as a single peak
during the size exclusion chromatography (SEC) (fig. S8A), demon-
strating the homogeneity of the purified chimeric protein. The ultra-
violet (UV)-visible spectrum of the purified protein exhibited a peak
at 405 nm, corresponding to the Soret band of heme (29), confirming
the presence of heme-containing catalase in the chimeric protein
(fig. S8B).

We subsequently explored the activity of KatE-UndB using lauric
acid to confirm that both partners of the chimeric protein are active.

Igbal et al., Sci. Adv. 10, eadl2492 (2024) 26 June 2024

We observed that the chimeric protein exhibits TTN of 271 + 2
(Fig. 5C), which is nearly identical to the TTN observed with the
purified UndB in the presence of exogenous catalase. Further, the
time course analysis of the KatE-UndB activity revealed that the en-
zyme sustains activity for 40 min (Fig. 5C), similar to the time
course of purified UndB with exogenous catalase. Notably, the inclu-
sion of exogenous catalase in the KatE-UndB assay did not improve
the TTN (fig. S9), demonstrating that the UndB conjugated catalase
is active and effectively supports the UndB activity. The successful
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construction of a fully functional chimeric membrane enzyme com-
posed of KatE (for detoxification of in situ-produced H,0;) and
UndB (for fatty acid decarboxylation) allowed us to use the construct
for developing a unique whole-cell biocatalyst for efficient biotrans-
formation of free fatty acids to terminal alkenes.

Engineering a whole-cell biocatalyst for efficient

1-alkene production

The E. coli cells expressing UndB (referred to as strain-U) (fig. S10A)
catalyzed the biotransformation of lauric acid to 1-undecene for up to
40 min (Fig. 2B). The time course of catalase-supported in vitro ac-
tivities of the purified UndB and the chimeric KatE-UndB was also
40 min (Figs. 4A and 5C), suggesting that the bacterial endogenous
catalase may support UndB activity in whole cells. However, strain-U
exhibited a TTN of 51 + 4 (Fig. 2C), which is substantially lower than
the TTN (271 = 2) of the chimeric KatE-UndB (Fig. 5C). Such a dif-
ference could be attributed to differences in the expression of UndB
and the endogenous catalase of E. coli, which might not provide suf-
ficient protection to UndB from H,0,. We rationalized that the chi-
meric KatE-UndB could minimize the detrimental effects of H,O,
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Fig. 5. Purification and activity analysis of chimeric KatE-UndB. (A) Schematic
of the chimeric protein KatE-UndB used in this study. The structure of the chimeric
protein was modeled using AlphaFold2 as described in Materials and Methods.
(B) SDS-PAGE analysis of the purified KatE-UndB. (C) Time course activity of chime-
ric KatE-UndB. Assays were performed at 25°C with 0.5 pM purified chimeric pro-
tein. Error bars in (C) represent the SD of triplicate (n = 3) data.

Igbal et al., Sci. Adv. 10, eadl2492 (2024) 26 June 2024

and exhibit better activity in whole cells than the UndB alone. There-
fore, we expressed the chimeric KatE-UndB in E. coli to generate the
strain-KU (fig. S10B) and compared its activity to produce 1-undecene
from lauric acid with strain-U (fig. S1I0A). We found that strain-KU
exhibits a conversion of 28%, which is nearly twofold greater than the
conversion with strain-U (14%) (Fig. 6A).

To further improve the strains for more efficient 1-undecene pro-
duction, we introduced the genes encoding Fdx/FNR from S. elongatus,
which supported the greatest in vitro activity of UndB, to strain-KU to
generate the strain-KUF (fig. S10C). To strain-KU, we also incorporated
genes encoding Pdx and PdR from P, putida, which were reported to
improve the in vivo production of 1-alkenes (19), to generate the
strain-KUP (fig. S10D).

Both the engineered strains exhibited substantially improved
1-undecene production when compared to the strain-KU. While the
strain-KUP showed 61 + 2% conversion of lauric acid to 1-undecene,
strain-KUF showed a remarkable 95 + 1% conversion (Fig. 6A). A
comparative time course study of the strain-U, strain-KU, and strain-
KUF demonstrated that the strain-KUF has the greatest rate of
1-undecene production from lauric acid (Fig. 6B), suggesting the syn-
ergistic effect of adequate electron transfer via FNR/Fdx and the pro-
tection of UndB against H,O, by the conjugated catalase by means of
protection via inhibitor metabolism (PIM) mechanism (30). Overall,
we successfully developed an engineered E. coli strain capable of pro-
ducing 1-undecene from lauric acid with very high efficiency.

Efficient microbial production of aliphatic and

aromatic 1-alkenes

The engineered strain-KUF showed a remarkable 95 + 1% conver-
sion in a preparative scale conversion of lauric acid (5) feed (1 mM)
to 1-undecene (Figs. 6A and 7). We subsequently explored the scope
for application of the developed strain-KUF in the biotransformation
of a range of aliphatic and aromatic fatty acids. Further, we compared
the biotransformation of fatty acids to 1-alkenes by the strain-KUF
with the E. coli cells expressing OleT with Pdx/PdR (referred to as
strain-OP) and UndA (referred to as strain-UndA) (see Materials and
Methods), the other known 1-alkene producing fatty acid decarbox-
ylases (Fig. 7). We also tested strain-OA, the E. coli strain expressing
OleT-AldO chimeric protein; however, strain-OA exhibited poor ac-
tivity compared to strain-OP (fig. S11). Therefore, we used strain-OP
for further studies (Fig. 7 and figs. S11 to S21). Notably, strain-KUF
exhibited substantially better production of a range of aliphatic
1-alkenes (1a to 6a) from the corresponding fatty acids than the oth-
er two strains (Fig. 7 and figs. S11 to S18). It is important to note that
the production of the short-chain aliphatic 1-alkenes (C5 to C7)
(1a to 2a) by E. coli cells expressing UndB, which were meager in the
previous report (16), were substantially improved (20 to 43% conver-
sion) when using the strain-KUF (Fig. 7). We observed an improve-
ment of 8.8-fold in 1-pentene production and 13-fold in 1-heptene
production by strain-KUF over strain-U (figs. S12 and S13). Strain-
KUF was also able to convert the longer-chain aliphatic fatty acids
(C16 to C18) (7 to 8) to corresponding 1-alkenes (7a to 8a) (Fig. 7 and
figs. S17 and S18) better than strain-OP harboring OleT that is known
to be more specific toward these substrates (13).

Notably, we did not observe any apparent adverse effect of the
added substrate and the ensuing product on the growth of strain-KUF
(fig. S22). Further, we observed that despite exhibiting lower expres-
sion levels of KatE-UndB (in strain-KUF) compared to UndA (in
strain-UndA) and OleT (in strain-OP), the strain-KUF showed better
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Fig. 6. Activity analysis of the microbial strains developed for biotransformation studies. (A) Percentage conversion of lauric acid to 1-undecene using various
strains. Experiments were performed on a preparative scale where 1 mM lauric acid was fed to the cultures. Error bars in (A) represent the SD of triplicate data (n = 3).
(B) Time course of 1-undecene production using the strain-U, strain-KU, and strain-KUF. Error bars in (B) represent the SD of two experiments performed in triplicate (n = 6).

conversion rates of fatty acids to 1-alkenes compared to strain-UndA
and strain-OP. Such efficacy of strain-KUF could be attributed to the
synergistic effect of the engineered strain-KUF coupled with the mem-
brane localization of UndB. The positioning of UndB in the cell mem-
brane may lead to the facile access of UndB to fatty acids, potentially
contributing to its superior conversion efficiency compared to the
other two enzymes expressed in the cytoplasm of bacterial cells.

The broad substrate specificity of strain-KUF and its substantially
greater conversion percentage of linear fatty acids to 1-alkenes com-
pared to strain-UndA and strain-OP led us to explore the ability of
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Fig. 7. Biotransformation of aliphatic and aromatic fatty acids to 1-alkenes us-
ing whole-cell biocatalysts developed using UndB, UndA, and OleT. Percentage
conversion of various aliphatic and aromatic fatty acids to corresponding 1-alkenes
by strain-KUF (green), strain-UndA (pink), and strain-OP (blue). Individual percent-
age conversion values with SDs are reported in figs. S11 to S21.
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strain-KUF to produce aromatic alkenes, which are high-value com-
modity chemicals with diverse industrial applications such as in the
polymer industry. We found that strain-KUF has a notable ability to
convert aromatic fatty acids of different chain lengths (9 to 11) into the
corresponding 1-alkenes (9a to 11a) with 65 to 70% conversion (Fig. 7 and
figs. S19 to S21). In contrast, the other two strains exhibited only low
activity (1.5 to 8.5% conversion) with these substrates (Fig. 7). To date,
there are scant reports on the biosynthesis of aromatic alkenes (31).
Mostly, these molecules are derived from petroleum resources for
commercial use. Our finding of facile biotransformation of fatty acids
into commodity aromatic alkenes could lay the foundation of meta-
bolic engineering and the development of chemo-enzymatic cascades
toward their bioproduction. Overall, our study demonstrates the re-
markable potential of the engineered strain-KUF for efficient biotrans-
formation of free fatty acids to medium-chain 1-alkenes (both
aliphatic and aromatic) for diverse industrial applications.

DISCUSSION

UndB is the only known membrane-bound fatty acid decarboxylase.
Despite being more effective than the other fatty acid decarboxylases
in producing medium-chain 1-alkenes, the activity of the purified
UndB stalled after only 14 TTN within 1 min. Here, we established
that the uncoupling of electrons in the UndB reaction resulted in the
in situ generation of H,O, that inhibits the UndB reaction. The en-
zyme activity was revived by introducing catalase to the reaction,
demonstrating the reversible nature of the inhibition. Our findings
align with the report of Shanklin et al. (30) on the hydrocarbon-
producing aldehyde deformylating oxygenase (ADO), which dis-
played reversible inhibition by H,O,. To counter H,O, inhibition of
UndB in vivo, we created a chimeric fusion protein of UndB with
catalase, which allowed the degradation of in situ-produced H,O,
and sustained UndB activity. It is noteworthy that our chimeric en-
zyme is a prime example of successfully engineering a membrane en-
zyme with catalase. In the ADO study, Shanklin et al. (30) elegantly
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proposed the term PIM for minimizing protein inhibition by metabo-
lizing inhibitors. Our strategy of designing and using a chimeric fu-
sion protein to counter UndB inhibition by metabolizing H,O, and
converting it to O,, the cosubstrate of UndB, is a precise illustration of
the PIM approach.

Among the 1-alkene-producing fatty acid decarboxylases, H,O,
was found to drive the catalysis of OleT, did not affect the activity of
UndA, and showed an inhibitory effect on UndB, as described here.
These findings underscore the evolution of different mechanistic
plots of oxygen activation at the active site of these enzymes. OleT is
a close homolog of heme-containing peroxygenases, such as P450gsp
(CYP152A1), that can use H,O; as the sole source of electrons and
oxygen to catalyze the fatty acid decarboxylation reaction (18).
UndA, conversely, belongs to the emerging superfamily of heme
oxygenase-like soluble diiron enzymes, which neither uses H,O, for
its catalysis nor gets inhibited by it. This is evident from an early in-
vestigation of UndA, where no H,0, was produced in the reaction
system, and the addition of catalase did not affect the catalytic activ-
ity of UndA (14). These findings contrast with our observations dem-
onstrating the inhibitory effect of H,O, on UndB. It was recently
reported that H,O, could also support the activity of the membrane-
bound stearoyl coenzyme A desaturase (SCD1) (32), a prototypical
member of the FADS-like superfamily, to which UndB also belongs.
SCD1 undergoes the peroxide shunt pathway that does not require
biological redox partners to desaturate long-chain fatty acyl CoA
(32). Unlike SCD1, UndB does not undergo the peroxide shunt path-
way; instead, it is inhibited by H,O,, highlighting that despite being
related to SCD1, UndB operates through a distinct mechanism to
ensure the decarboxylation of the fatty acid substrate, very precious-
ly, instead of desaturation or hydroxylation. Our observations could
instigate investigation into the other members of FADS-like super-
family, focusing on examining their dependency to, or inhibition
by, HzOz.

Whole-cell biocatalysts are considered efficient tools for convert-
ing bio-based wastes into value-added products. Free fatty acids de-
rived from household and various industrial wastes can be converted
into valuable chemicals for a circular economy and sustainability
(33). Toward this goal, we systematically developed a whole-cell bio-
catalyst to convert free fatty acids into terminal alkenes with high
industrial values. Our approach of protecting UndB from H,0O; in-
hibition in situ by conjugating UndB with catalase and coexpressing
the chimeric enzyme with Fdx-FNR in E. coli has led to the develop-
ment of a state-of-the-art whole-cell biocatalyst with an unprece-
dented efficiency for converting free fatty acids into 1-alkenes.

MATERIALS AND METHODS
Expression and purification of proteins
For the preparation of UndB, the protein was expressed and purified
as per our previously published protocol (17) with slight modifica-
tions as highlighted in the Supplementary Materials. The methods
used to express and purify the electron transfer proteins used in this
study (Fdxs, FNRs, Pdx, PdR, cytochrome bs, and cytochrome bs re-
ductase) are detailed in the Supplementary Materials. Expression
and purification of UndA, OleT, and OleT-AldO were performed fol-
lowing the methods described in the Supplementary Materials.

For the expression of the chimeric KatE-UndB protein, the KatE
gene of E. coli (UniProt ID: P21179) encoding catalase HPII was
cloned into a pET-16b(+) vector, followed by the AGCAGCGGT

Igbal et al., Sci. Adv. 10, eadl2492 (2024) 26 June 2024

sequence for the SSG linker, followed by the Pmen_4370 gene (Uni-
Prot ID: A4YOK1) encoding UndB from Pseudomonas mendocina
(strain ymp), followed by the sequence encoding for 8*His-tag. The
initial 24 nucleotides were deleted from the UndB encoding gene to
remove the first eight residues. Both the genes used were codon-
optimized (GenScript, Singapore) for optimal expression in E. coli.
The final construct obtained was KatE-SSG-UndB-Hisg (referred to
as KatE-UndB for simplification). The full sequence of the chimeric
protein can be found in the Supplementary Materials. For the ex-
pression of the chimeric protein, E. coli BL21(DE3) cells were trans-
formed with the plasmid, and the transformed cells were selected on
the lysogeny broth (LB) agar plate containing (100 pg/ml) ampicil-
lin. A single colony from the plate was used to inoculate 10 ml of
primary culture in LB medium containing the same antibiotic and
grown at 37°C at 220 rpm overnight. A 5-ml primary culture was
transferred to 500 ml of terrific broth medium with the same antibi-
otic. The secondary culture was grown at 37°C at 220 rpm until the
optical density at 600 nm reached 0.6, after which the culture was
cooled on ice for 10 min, and the protein expression was induced by
adding 0.5 mM isopropyl-p-p-thiogalactopyranoside. The culture
was then transferred to an incubator shaker at 16°C and grown at
220 rpm for 20 hours. The culture was supplemented with 0.1 mM
5-aminolevulinic acid and 0.2 mM of (NHy4),Fe(SO4),.6H,0 during
the induction for proper heme and iron incorporation into the
protein.

For the purification of KatE-UndB, the culture was centrifuged at
4000¢ for 30 min at 4°C. The harvested cells from 1 liter of culture
(~10 to 12 g) were resuspended in 200 ml of lysis buffer [50 mM
Hepes (pH 8.0), 200 mM NaCl, 0.5 mM PMSF (phenylmethylsulfo-
nyl fluoride), and deoxyribonuclease I (50 pg/ml)] and lysed by
sonication (45% amplitude, 2-s on to 3-s off, 3 cycles of 2 min each)
using a sonicator (Q500, Qsonica USA). Cells were kept on ice dur-
ing the sonication and rested for 5 min between sonication cycles.
The cell lysates were centrifuged at 12,000g for 10 min at 4°C to pel-
let the cell debris. The supernatant was collected and centrifuged at
150,000¢ for 65 min at 4°C using the Ti70 rotor in the optima XPN-
100 ultracentrifuge (Beckman Coulter, USA) to isolate the mem-
brane fraction.

The isolated membrane fraction was homogenized in 40 ml of hy-
pertonic buffer [50 mM Hepes (pH 8.0), 700 mM NaCl, and 0.5 mM
PMSF] and centrifuged at 150,000¢ for 65 min at 4°C to remove the
loosely bound peripheral proteins. The resultant brick-reddish colored
pellet was homogenized in 20 ml of homogenization buffer [50 mM
Hepes (pH 8.0), 200 mM NaCl, 0.5 mM PMSE and 0.5% (v/v) LMNG
(lauryl maltose neopentyl glycol)] and rotated for 1 hour at 4°C. The
solution was centrifuged at 25,000¢ at 4°C for 30 min to remove the
insoluble particles. The supernatant was incubated with 0.5 ml of co-
balt TALON resin (Takara Bio, Japan), pre-equilibrated with the bind-
ing buffer [50 mM Hepes (pH 8.0), 200 mM NaCl, and 0.005% (w/v)
LMNG] for 2 hours at 4°C. The slurry was transferred to an empty
column, and the resin was washed with 20 column volumes (CV) of
binding buffer, followed by 20 CV of wash buffer [50 mM Hepes
(pH 8), 200 mM NaCl, 0.005% (w/v) LMNG, and 10 mM imidazole].
The protein was eluted from the column using the 3 CV of elution buf-
fer [50 mM Hepes (pH 8), 200 mM NaCl, 0.005% (w/v) LMNG, and
250 mM imidazole]. The eluted fractions were collected and immedi-
ately injected into a HiLoad 16/60 Superdex 200 SEC column (catalog
no. 28989335, Cytiva, USA) pre-equilibrated with equilibration buffer
[50 mM Hepes (pH 8.0), 200 mM NaCl, and 0.002% LMNG]. The
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protein was eluted from the column using the same equilibration buf-
fer at the flow rate of 1 ml/min. The eluted fractions from the SEC
column were collected, and if required, the protein was concentrated
using the Amicon Ultra-15 centrifugal filter unit (catalog no. UFC9050,
Millipore, USA). The purity of the protein was analyzed by SDS-
PAGE. UV-visible spectroscopic studies of the purified chimeric pro-
tein were carried out using a Cary 3500 (Agilent, USA) UV-visible
spectrophotometer. The SEC equilibration buffer was used as a blank,
and the spectrum of the purified protein was recorded in the 240- to
600-nm range. The concentration of the chimeric protein was deter-
mined from the absorbance at 280 nm based on the extinction coeffi-
cient (Ez50nm) 168,595 M™' cm™! at 280 nm calculated using the
ExPasy-ProtParam tool (34).

T determination of UndB

For the determination of the Ty, of the UndB in whole-cell lysates,
the E. coli cells expressing UndB-SSG-TEV-eGFP-Hisg were grown
and lysed as mentioned in the Supplementary Materials. After lysis,
the lysates were aliquoted into 0.2-ml polymerase chain reaction
tubes and heated at different temperatures using a thermal cycler
(C1000 Touch thermal cycler, Bio-Rad, USA). After 5 min of heating,
the lysates were diluted fivefold in ice-cold assay buffer [50 mM
Hepes (pH 8.0), 200 mM NaCl, and 0.01% (w/v) LMNG]. One hun-
dred fifty microliters of the diluted lysates was used for the activity
analysis. The activity assays were performed in a final volume of
0.2 ml, as mentioned below for the purified protein. After comple-
tion, the product was analyzed by gas chromatography-mass spec-
trometry (GC-MS), as mentioned below. The data were normalized
with respect to the amount of the product obtained from the lysates
heated at 20°C. The Ty, values were obtained by fitting the data to the
Boltzmann equation using the GraphPad Prism 8 software. The Ty,
measurements of the purified tag-free UndB were also performed us-
ing the same method.

Activity assays of the purified proteins

Standard activity assays of the purified UndB (without H,O, or cata-
lase) were performed in 1.5-ml glass GC-MS vials, and the typical vol-
ume of the assays was 0.5 ml. A standard assay mixture contained 5 pM
purified UndB, 5 pM Fdx, 3 pM FNR, 0.5 mM lauric acid [prepared in
0.5% (w/v) tergitol NP-10], 100 pM (NHy),Fe(SO4),-6H,0, and 2 mM
NADPH. The assays were performed in assay buffer [50 mM Hepes
(pH 8.0) containing 200 mM NaCl and 0.01% (w/v) LMNG], initiated
with the addition of NADPH, and carried out at 25°C for the indicated
time points.

To explore the effect of H,O, on the enzyme activity, the above-
mentioned assays were carried out in the presence of 1 or 10 mM H,0,
(both giving the same results). For the assays performed in the pres-
ence of exogenous catalase, catalase (1 mg/ml; catalog no. C9322,
Sigma-Aldrich, USA) was introduced in the above-mentioned assays.

For the time course studies and Michaelis-Menten kinetics stud-
ies of UndB in the presence of exogenous catalase and the chimeric
KatE-UndB, assays were performed in the presence of 0.5 pM UndB
or KatE-UndB, 20 pM Fdx, 5 pM FNR, and 2 mM NADPH. For the
time course studies, lauric acid was added to the reaction at the final
concentration of 500 pM. For the Michaelis-Menten kinetics stud-
ies, varying concentrations (2 to 250 pM) of fatty acid substrates
were added to the reaction. The assays were performed at 25°C for
10 min to determine the initial rates, quenched, and extracted by
adding an equal volume of ethyl acetate. Product analysis was
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carried out by GC-MS, as mentioned below. Nonlinear data fitting
to the Michaelis-Menten equation was performed using the Graph-
Pad Prism 8 software. Methods for the activity analysis of UndA,
OleT, and OleT-AldO are described in the Supplementary Materials.

Generation of whole-cell biocatalysts and activity assays
Strain-U and strain-KU were generated by overexpressing UndB-
SSG-TEV-eGFP-Hisg and KatE-SSG-UndB-Hisg constructs in pET-
16b(+), respectively, in E. coli BL21(DE3) cells. Strain-KUP was
generated by coexpressing KatE-SSG-UndB-Hisg in pET-16b(+) plas-
mid and Pdx and PdR in pACYC-duet plasmid (26) in BL21(DE3)
cells. Strain-KUF was generated by coexpressing KatE-UndB-Hisg in
pET-16b(+) plasmid and Fdx and FdR in pCDF-Duetl plasmid
in BL21(DE3) cells. Cloning of FdR gene, synthesized by Genscript
(Singapore) after codon optimization, was performed in the pCDF-
Duetl plasmid between Bam H1 and Not 1 restriction sites. Cloning
of Fdx gene, synthesized by Genscript (Singapore) after codon opti-
mization, was performed in the pCDF-Duet1 plasmid between Nde 1
and Xho 1 restriction sites. Appropriate antibiotics were maintained
during all steps of transformation and expression, using ampicillin
(100 pg/ml) for strain-U and strain-KU, ampicillin (100 pg/ml) and
chloramphenicol (40 pg/ml) for strain-KUP, and ampicillin (100 pg/
ml) and spectinomycin (100 pg/ml) for strain-KUF.

For the initial activity analysis of the strains in the static state, the
strains were grown, and proteins were expressed as mentioned above
for chimeric protein. After 20 hours of growth at 16°C, a 0.5-ml cul-
ture was transferred into a gas-tight 2-ml glass vial, and the reaction
was started with the addition of 1 mM lauric acid and 1 mM ascorbate
(which we found to be sufficient to provide the reducing equivalents
to UndB present in the bacterial cells). The reactions were carried out
at 25°C for the indicated time points with gentle shaking. The assays
were quenched and extracted using an equal volume of ethyl acetate
and analyzed by GC-MS, as mentioned below. KatE-UndB protein
concentrations in whole cells were quantified using Western blot and
the ImageLab software (Bio-Rad, version 6.0.0). Purified KatE-SSG-
UndB-Hisg was resolved on a 10% SDS-PAGE gel at varying concen-
trations. The protein samples from SDS-PAGE were then transferred
to a PVDF membrane, and the blots were developed and detected us-
ing mouse anti-histidine monoclonal antibodies and rabbit F(ab’),
anti-mouse polyclonal immunoglobulin G antibodies conjugated
with horseradish peroxidase as per the manufacturer’s protocol
(Bio-Rad, USA). ImageLab software was then used to generate a stan-
dard curve, correlating the intensity of the protein band with the
known concentrations. The concentration of the KatE-SSG-UndB-
Hisg in whole-cell samples was measured by comparing the intensity
of its band against the standard curve generated above. The same pro-
cedure was used to determine the concentration of OleT in strain-OP
and UndA in strain-UndA.

Whole-cell biotransformation of aliphatic and aromatic

fatty acids

For the whole-cell biotransformation studies, strain-KUF was gen-
erated, as mentioned above. Strain-UndA was generated by trans-
forming E. coli BL21(DE3) cells with pET-28a(+)-TEV plasmid
harboring a codon-optimized UndA-encoding gene (cloned at Nde
I/Xho I site) from P. putida F1 (UniProt ID: ASW7G6). Since UndA
exhibited better activity in the presence of ascorbic acid compared
to any redox partner proteins (14), no redox protein was coex-
pressed in strain-UndA.
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Strain-OP was generated by cotransforming E. coli BL21(DE3)
cells with a pET-28a(+4) plasmid harboring a codon-optimized
OleT-encoding gene from Jeotgalicoccus sp. ATCC 8456 (UniProt
ID: E9NSU2) (26) and a pACYC-duet plasmid harboring genes cor-
responding to Pdx and PdR (26). Strain-OA was generated by trans-
forming E. coli BL21(DE3) cells with pET-15b(+) plasmid harboring
a codon-optimized gene encoding OleT-HRV3C site-AldO (cloned
at Nde I/Xho I site).

A single transformed colony was used to start a 3-ml seed culture
in LB medium. The culture was grown at 37°C at 220 rpm overnight.
A 50-pl overnight culture was used to start a 5-ml secondary culture
in ZYM-5052 auto-induction medium. The medium was prepared
as per the previously published protocol (35). The secondary culture
was first grown at 37°C at 220 rpm for 3.5 hours, after which 0.5 ml
of the culture was transferred to a 1.5-ml gas-tight glass vial and
grown at 25°C at 220 rpm for an additional 24 hours. The cultures
were supplemented with 1 mM ascorbate and 1 mM aliphatic (3 to
8) or aromatic fatty acids (9 to 11) prepared in ethanol, except for
small chain fatty acids (1 to 2) prepared in dimethyl sulfoxide
(DMSO). The final concentration of ethanol or DMSO was main-
tained at 5% (v/v). The product formation was analyzed by GC-MS,
as mentioned below.

Product analysis and GC-MS
To analyze the formation of medium- and long-chain aliphatic and
aromatic 1-alkenes (3 to 11), the reactions were quenched using an
equal volume of ethyl acetate, and the products were extracted after
centrifugation of the samples at 10,000¢ for 5 min and analyzed by
GC-MS. For analysis, 1 pl of the organic layer was injected into the
GC-MS system (Agilent, 8890 GC coupled with the 5977B inert plus
mass selective detector) equipped with a HP-5MS UI column
(Restek, 30 m by 0.25 mm by 0.25 pm; catalog no. 19091S-433UT)
using the autosampler (Agilent, ALS-G4513A) in the split mode
with a split ratio of 5:1 and a total flow of 6.6 ml/min. The flow rate
of the helium carrier gas was maintained at 1.5 ml/min, the inlet
temperature was maintained at 160°C, and the interface tempera-
ture was maintained at 250°C. The oven temperature was held at
50°C for 4 min, increased to 150°C at 10°C/min, and then increased
to 300°C at 25°C/min, at which it was held for 5 min. The mass spec-
trometer was operated with automatically tuned parameters at the
mass range of 50 to 550 mass/charge ratio (m/z). The signals of the
1-alkenes were identified and quantified by comparison with au-
thentic standards (TCI Chemicals, Japan) using the in-built analysis
software (OpenLab CDS, Agilent, version 2.6).

The detection and quantification of shorter-chain 1-alkenes (1 to
2) were performed using the headspace of the reaction vial. After per-
forming the reactions in 1.5-ml gas-tight vials, the vials were heated at
80°C for 5 min. Then, 1 ml of the headspace was collected using a
gas-tight syringe (Agilent, catalog no. 5190-1530) and injected manu-
ally into the GC-MS system. The injector temperature was set at
120°C. Helium was used as the carrier gas with a flow rate of 3 ml/min.
The temperature of the oven was initially maintained at 30°C for
3 min, followed by the increase in the temperature at 10°C/min to
100°C, and then at 30°C/min to 300°C. The temperature of the oven
was held for 3 min at 300°C. The mass spectrometer was operated
with automatically tuned parameters, and the acquired mass range
was set at m/z = 50 to 550. For quantification, the authentic 1-pentene
and 1-heptene standards (TCI Chemicals, Japan) were prepared in the
ZYM-5052 medium and analyzed by GC-MS, as mentioned above.
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The space-fill cartoons of the proteins were prepared using the
AlphaFold modeled structures of the proteins. The AlphaFold struc-
tures were obtained from the database using the UniProt IDs (men-
tioned in the Supplementary Materials) of the proteins UndB, Fdx,
FNR, Pdxm and PdR. The cartoon structure of the KatE-UndB chi-
meric protein was modeled by AlphaFold2 using the ColabFold
server (36, 37). The figure panels were organized in Adobe Illustra-
tor (versions 26.0 to 27.5).

Statistical analysis
All the statistical analyses were performed and plotted using Graph-
Pad Prism (versions 8). All the data were plotted as mean + SD. The

Ky and k¢, values are reported in terms of mean =+ standard error of

the mean (SEM).

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs.S1to S28

Tables S1 to S3
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