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Abstract: Caryoynencin is a toxic and antifungal fatty
acid derivative produced by a number of plant-patho-
genic and insect-protective bacteria (Trinickia caryo-
phylli and Burkholderia spp.). In addition to the reactive
tetrayne unit, the presence of an allylic alcohol moiety is
critical for antimicrobial activities. By a combination of
mutational analyses, heterologous expression and in
vitro reconstitution experiments we show that the
cytochrome P450 monooxygenase CayG catalyzes the
complex transformation of a saturated carbon backbone
into an allylic alcohol. Unexpectedly, CayG employs a
ferritin-like protein (CayK) or a rubredoxin (CayL)
component for electron transport. A desaturation-
hydroxylation sequence was deduced from a time-course
study and in vitro biotransformations with pathway
intermediates, substrate analogues, protegencin conge-
ners from Pseudomonas protegens Pf-5, and synthetic
derivatives. This unusual multifunctional oxygenase may
inspire future biocatalytic applications. )

Introduction

Cytochrome P450 monooxygenases (CYPs) are a large
superfamily of heme-dependent enzymes endowed with the
capacity to oxidize a broad range of compounds. In all
domains of life, CYPs not only play essential roles in
detoxification processes but also in the biosynthesis of highly
diverse natural products.l"! From a chemical point of view,
CYPs are fascinatingly versatile biocatalysts as they func-
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tionalize non-activated carbon atoms with high precision,
typically with outstanding regio- and stereoselectivity. More-
over, CYPs introduce a range of oxygenation patterns into
their substrates by means of C- and N-hydroxylations,
dehydrogenation of alcohols and aldehydes, desaturations,
and epoxidations.” Intriguingly, some CYPs have evolved
that mediate multiple oxygenations, such as oxygenations at
two different sites, and various sequential modifications that
are still difficult or impossible to emulate with chemical
reagents and catalysts.[3]

We have discovered a gene (cayG) tentatively coding
for a multifunctional CYP in a gene cluster (cay) for the
biosynthesis of a rare bacterial polyyne named caryoynen-
cin (1, Figure 1).1 Initially isolated from the carnation wilt
pathogen Trinickia caryophylli (formerly assigned to the
genera Pseudomonas, Burkholderia, and
Paraburkholderia),”” this toxic fatty acid metabolite is also
produced by Burkholderia gladioli strains, including a
mushroom pathogen®™ and a beetle symbiont that protects
the insect eggs from entomopathogenic fungi.l’ Although
the exact mode of action of caryoynencin is not yet known,
synthetic studies on structural analogues revealed that, in
addition to the terminal alkyne, the presence of the
secondary alcohol is critical for antimicrobial activity.[
Preliminary mutational analyses by single-crossover inser-
tional disruption indicated that cayG plays an important
role in caryoynencin biosynthesis. The resulting mutant is
incapable of forming 1 but instead produces, as the major
metabolite, a congener (2) lacking the allylic alcohol
moiety." Interestingly, the same compound (named prote-
gencin, aka protegenin) is also produced by Pseudomonas
protegens, which bears a gene cluster homologous to the
cay gene locus but lacks a CYP gene.”

While these findings indicated that CayG plays a role in
caryoynencin biosynthesis, the biosynthetic route to the
pharmacophoric allylic alcohol remained enigmatic. Here
we show that CayG catalyzes the complex transformation of
the saturated carbon backbone. We shed light on the
biochemical basis of this biotransformation, elucidate the
mechanism sequential allylic alcohol formation, and present
CayG as a novel multifunctional monooxygenase using two
unusual redox partners.
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Figure 1. Structures of the bacterial polyynes caryoynencin (1) and
protegencin (2), and architectures of the corresponding biosynthesis
gene clusters.

Results and Discussion

To systematically investigate the enzymatic function of
CayG and to clarify whether this biocatalyst would promote
a multistep-transformation involved in allylic alcohol for-
mation, we approached this task from two different angles:
a) by targeted gene deletion in the caryoynencin producer,
and b) by engineering the protegencin-producing pseudomo-
nad into a recombinant strain making caryoynencin.

The initial functional assessment of cayG was based on a
single crossover, which may lead to polar effects.*! Thus, for
the targeted gene deletion (approach a), we employed an
improved method in which we replaced the target gene with
an apramycin resistance cassette by double-crossover knock-
in®™! (Figure S1). As expected, the resulting cayG null
mutant strain produces 2 in lieu of 1 (Figure 2A, trace b).

To test whether co-expression of cayG confers to
P. protegens the ability to convert the polyyne 2 into 1
(approach b) we cloned cayG, ligated it into an expression
vector (pJB861) downstream of the inducible Pm
promoter,'” transformed P. protegens and induced gene
expression by addition of m-toluic acid. Monitoring the
metabolic profile of the transformant by HPLC-DAD and
HRMS, however, did not show any difference to the control
bearing the empty vector only (Figure 2B, traces a-b). Thus,

a) N)
b) N g
9 \G2m .

Absorbance at 220—-400 nm
.
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Figure 2. Mutational analysis of the oxygenase components, and
heterologous reconstitution of caryoynencin biosynthesis. A) HPLC-
DAD profiles of culture extracts of T. caryophylli wild type (a) and
mutants lacking individual genes or gene sets (b)—(e). B) HPLC-DAD
profiles of culture extracts of P. protegens Pf-5 transformants a) with
empty p)B861 vector (control), and b)—f) expressing individual genes
or gene sets. C) Sequence similarity network (SSN) of CayG (green).
CayG specific node is circled in green. Other CayG homologs of
Burkholderia species shown as cyan dots.

we concluded that CayG is essential but likely not sufficient
for the transformation of 2 into 1.

In order to identify the missing components, we scruti-
nized the cay and pgn gene loci with particular focus on the
differing gene region downstream the thioesterase gene. We
noted that the cay gene cluster bears two previously over-
looked genes (cayK, cayL) for a ferretin-like protein!'!
(Figure S2) and a rubredoxin™ (Figure S3), respectively,
whereas only one gene (pgnl) for a rubredoxin is present in
the pgn gene cluster. We investigated the roles of cayK and
cayL by deleting either the gene pair or each gene
individually. Surprisingly, polyyne production is fully abol-
ished in the absence of both cayK and cayL (Figure 2A,
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trace ¢), but unimpaired in mutants lacking either cayK or
cayL (Figure 2A, traces d—e). This result indicates that at
least CayK or CayL are required as redox partners of the
desaturases, CayB, CayC, and CayE. It appears that the
absence of one part of the electron transfer system, either
CayK or CayL, may be tolerated (because of a redundant
function) or complemented by the two rubredoxins encoded
elsewhere in the genome (Figure S3).

To investigate the impact of CayK and CayL on the
CayG-mediated biotransformation in vivo, we heterolo-
gously expressed the ferritin-like protein/rubredoxin and
CYP genes in various combinations (cayKLG, cayKG,
cayLG, cayKL, cayK) in P. protegens. HPLC-DAD analysis
of the culture extracts revealed that the co-expression of
cayKLG, cayKG or cayLG yields 1 (as a mixture of its E, E-
and Z,E-isomers) as in the wild-type producer (Figure 2A,
trace a and Figure 2B, traces c—¢). These results unequiv-
ocally show that CayG has to be minimally paired with
either CayK or CayL in order to achieve the conversion of 2
into 1.

CayL is likely required for electron transfer to the
desaturases involved in polyyne formation, because cayL
orthologues are highly conserved in all bacterial polyyne
biosynthetic gene clusters (Figure S4), whereas cayK is only
present in the cay gene cluster.”'”) Genome neighborhood
analysis!" of CayG through EFI (Enzyme Function Initia-
tive)-EST (Enzyme Similarity Tool) followed by EFI-GNT
(Genome Neighborhood Tool) corroborate this highly
specific pairing (Figure 2C, Table S6). As plausible explan-
ation for the specificity of CYP redox partners,"” is that
redox proteins have co-evolved with heme-binding domain
proteins such as CYPs."®! Although the pgn gene cluster of
P. protegens Pf-5 harbors a rubredoxin gene (pngl), the co-
expression of cayG does not produce 1, likely because of
redox partner specificity (Figure 2B, trace b). It is conceiv-
able that the original redox partner of CayG was CayK, but
during evolution, CayG was adapted to use rubredoxin as a
redox partner.

To confirm that CayG catalyzes allylic alcohol formation
and to gain insight into the reaction mechanism, we next
aimed at reconstituting the biotransformation in vitro.
Soluble N-Hisgs-tagged CayG and N-Hisg-tagged CayL were
heterologously produced in Escherichia coli BL21 (DE3)
(Figure S5). CayK was only obtained in soluble form as N-
MalE-tagged. Although we tested N-MalE-CayK as a redox
partner of CayG under several conditions (Figure S5,
Table S7), no biotransformation could be observed, indicat-
ing that CayK could either not be functionally reconstituted
in vitro or that additional factors are missing. However, we
succeeded in the in vitro reconstitution of the CYP/
rubredoxin pair. In Tris buffer with NADPH, E. coli
flavodoxin reductase (FDR), glucose-6-phosphate, and
baker’s yeast glucose-6-phosphate dehydrogenase, CayG
and CayL transform 2 into 1. Interestingly, HPLC profiling
of the reaction mixture and comparisons of retention times
in HPLC, UV spectra, and mass spectra indicated that in
addition to 1, two other compounds (3 and 4) are formed
(Figure 3A, trace a). When using CayG alone, we detected
small amounts of 3 in addition to unreacted substrate (2)
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(Figure 3A, trace b). Notably, the assay with CayL alone did
not yield any additional product (Figure 3A, trace c).

The occurrence of these congeners in the in vitro
biotransformations could shed light on the reaction mecha-
nism. The UV spectrum of 3 is very similar to the one of 1,
suggesting that these metabolites share the conjugated
diene-tetrayne system (Figure 3B, tracesa and c). From
HRMS data we deduced the molecular formula of C;sH;;0,
([IM—H]" calc. 263.1078, obs. 263.1076) for 3, which indicates
that two hydrogens were abstracted from 2. For further
characterization of the highly instable 3, we modified the
terminal alkyne by Cu'-catalyzed azide-alkyne cycloaddition
(CuAAC) with benzyl azide, ascorbic acid and copper (II)
sulfate, and methylated the carboxy group with trimeth-
ylsilyldiazomethane (Figure S6). From the 'H and 'H-'H
COSY spectral analysis of the stabilized derivative 5 we
concluded that 3 has one additional double bond (C7-C8)
(Figure S6 and Table S8). The presence of three stereo-
isomers (7E/9E, TE/9Z, 7Z/9E) was detectable in the NMR
spectra. Taken together, 3 represents the deoxy derivative of
1, named deoxycaryoynencin.

The second side product of the CayG/CayL-mediated
reaction (4, Figure 3A, trace a) has a UV spectrum similar
to that of 2, suggesting that both compounds have an ene-
tetrayne backbone. From HRMS data of compound 4 we
deduced a molecular formula of CgH;O; ([M—H] calc.
281.1183, obs. 281.1183), which indicated the presence of an
additional hydroxy group compared to 2. Again, CuAAC
yielded a derivative (6) that could be examined by NMR
(Figure S7-S12). 'H NMR spectral analysis supports the
proposed structure of 4 as a C8-hydroxy derivative of 2,
named 8-hydroxyprotegencin. The absolute configuration
(8S) of the secondary alcohol was determined by the Mosher
method (Figure S13-S16) and proved to be identical with
the secondary alcohol in 1. Notably, we also detected traces
of compound 4 in the extract of the T. caryophylli wild-type
culture (Figure 2A, trace a).

The occurrence of 3 and 4 in the in vitro biotransforma-
tion assay raised the question whether these compounds are
intermediates or shunt products of the CYP-mediated
reaction. To clarify this, we monitored the course of the
reaction by HPLC-DAD (A=220-400 nm) at selected time
intervals (Figure 3C). While the size of peak for compound
1 increased at the expense of the substrate (2) in the course
of 120 min, the peak corresponding to compound 3 grew
concomitantly but reached its maximum at 60 min, then
decreased and was almost gone when the reaction was
stopped. Small amounts of compound 4, on the other hand,
accumulated over the course of the reaction, suggesting that
the alcohol is a shunt product. To corroborate this, we
subjected compound 4 to the in vitro assay with CayL-
CayG. As predicted, 4 was not accepted as substrate for
further oxidations (Figure 4C, trace b). Unexpectedly, how-
ever, purified 3, which was first isolated from the reaction
mixture and then re-subjected to a fresh CayG-CayL
enzyme assay, was not transformed (Figure 4C, trace a). A
plausible explanation for this observation is that the
intermediate likely does not leave the enzyme cavity during
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Figure 3. In vitro reconstitution and time course of allylic alcohol formation. A) HPLC-DAD profiles from enzyme assay with a) N-Hisg CayG and N-
Hiss CayL, b) N-Hisg CayG, and c) N-His, CayL using FDR. B) UV spectra and chemical structures of a) protegencin (1), b) caryoynencin (2),
c) intermediate 3, d) shunt product 4, and structures of stabilized derivatives 5 and 6. C) HPLC-DAD profiles of time course experiments

monitoring the biotransformation of 1 into 2.

the two-step reaction, which obviously requires a conforma-
tional change of the enzyme.

To obtain potential alternative substrates for CayG, we
revisited the metabolic profile of P. protegens and detected
various protegencin congeners (7-11) with polyyne finger-
print UV spectra (Figure 4A, Figure S17). HPLC-DAD-
HRESI-MS analyses of these compounds revealed their
molecular composition; C,H,,0, for 7, CH;,O, for 8§,
C3H,0, for 9, C3H30; for 10, and C;gH,,0O; for 11. Peak

Angew. Chem. Int. Ed. 2022, 61, €202203264 (4 of 8)

shifts in the HPLC traces after CuA AC of these compounds
indicated that 7-10, but not 11, have a terminal alkyne
moiety (Figure S17). Through purification and NMR analy-
sis, we were able to elucidate the structures of these
compounds (Figure 4 and Figure S18-S38). Protegencin B
(7) and C (8) share the highly instable conjugated enete-
trayne structure with 2 (C18 chain) but have shorter carbon
backbones (C14 and C16 chains). Protegencin D (9) and E
(10) have the C18 enetetrayne framework as 2 but feature

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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an additional o,B-unsaturation or a f-hydroxy group,
respectively. It appears that these compounds result from
fatty acid B-oxidation. Protegencin F (11) has a secondary
alcohol in lieu of the terminal alkyne and may be regarded
as a shunt product of the multiple chain desaturations.! We
also synthesized the CuAAC (12)" and the phosphopante-
theinyl-mimicking N-acetyl-cysteamine thioester (SNAC)!"”
(13) derivatives of 2 (Figure S39-S43) to probe the substrate
requirements of CayG.

The seven polyynes were subjected to the in vitro CayG
assay, and the metabolite patterns were evaluated on the
basis of retention times, UV spectra and HR-MS data. We
found that CayG does not catalyze any oxygenation of the
lower C14 homologue 7 (Figure 4C, trace c), whereas the
C16 homologue is transformed into three new compounds
that correspond to the desaturated intermediate (8c), the
hydroxylated shunt product (8b), and the allylic alcohol
(8a) (Figure 4C, trace d, Figure S44). Similar results were
obtained using the B-hydroxy and a.B-unsaturated protegen-
cin derivatives, in all cases yielding the hydroxylated variant
as the main product (Figure 4C, trace e and f, Figure S45,
S46). Interestingly, triyne compounds lacking polar and/or
bulky groups in place of the terminal alkyne, such as 11 and
12, are not accepted as substrates (Figure 4C, trace g and h).
Likewise, conversion of the thioester 13 was not observed
(Figure 4C, tracei). Thus, one may conclude that a free
carboxy acid is required for the processing of the polyyne
backbone, but not on ACP (since the SNAC derivative
mimics an ACP-bound substrate), indicating that the
installation of the allylic alcohol moiety takes place after the
polyyne fatty acid has been liberated from the acyl carrier
protein.

The results obtained from the in vitro analyses and the
time-course experiments provide first insight into the
reaction mechanism and the placement in the biosynthetic
pathway. From the mutational analyses and the biotransfor-
mation experiments, it is evident that the installation of the
allylic alcohol constitutes the final biotransformation in
caryoynencin biosynthesis, after the ACP-bound polyyne
fatty acid has been formed by the desaturases and liberated
by the thioesterase. Since CayG generates a desaturated
intermediate (3) as well as a hydroxylated shunt product (4),
it is likely that the reaction sequence is initiated by the
enzyme-mediated abstraction of a hydrogen atom at the
allylic position (C-8). The resulting allylic radical would
allow entry into two alternative reaction channels, either the
desaturation pathway (with sequential hydrogen abstraction
at C-7) or hydroxylation. We may rule out the possibility of
a hydroxylation-elimination sequence to yield a double
bond, since alcohol 4 is not further transformed in the CayL-
CayG enzyme assay (Figure 4C, trace b). Furthermore, we
exclusively observed the direct formation of 3 in the enzyme
assay with CayG. After the desaturation, CayG would
hydroxylate the newly formed allylic position at C-6 of the
dienetetrayne. In this transition, CayG may change its
conformation to (re)position the allylic carbon atom to
facilitate its hydroxylation (Figure 4C, trace a).

Competing desaturation and hydroxylation reactions
have been reported for various CYPs, for example, in trans-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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retinol processing of human cytochrome P450 27C1" and in  clearly reflecting lower precision than in the regio- and
bacterial lactimidomycin biosynthesis.'”) However, in these  stereoselective allylic alcohol formation observed for CayG.
cases hydroxylations occurred at both adjacent carbons, In this context it is also interesting to note the unusual
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pathway to allylic alcohol formation and desaturation in
lovastatin biosynthesis. The fungal cytochrome P450 mono-
oxygenase LovA catalyzes two oxidation reactions involving
a tentative allylic alcohol intermediate, dehydratation and
double-bond shifts to give a diene, followed by a regiodi-
vergent hydroxylation of the decalin core.” On the basis of
our findings and the different structural prerequisites in
both systems, CayG catalysis clearly differs from previously
described mechanisms.

To evaluate the distinctiveness of CayG, we generated a
maximum likelihood phylogenetic tree (Figure SB, Fig-
ure S47, and Table S9). The phylogenetic analysis shows that
CayG forms an own clade of CYP113-like protein. A
remarkable feature of CayG is the use of both a rubredoxin
and a ferritin-like protein as designated redox partner. In
our knowledge, these proteins which contain iron(s), but not
possess inorganic sulfide, have not yet been reported as
electron donors for CYPs.! Only recently, it was shown
that viability- and virulence-related CYP from Mycobacte-
rium tuberculosis could use rubredoxin instead of ferredoxin
under iron-deficient conditions.”” However, both CYP-
rubredoxin and -ferritin-like protein systems are unprece-
dented in the context of specialized biosynthetic pathways.

Conclusion

In conclusion, we demonstrated that sequential olefination
and hydroxylation on protegencin (2) in the biosynthetic
pathway of caryoynencin (1) is accomplished by a single
multifunctional cytochrome P450 monooxygenase CayG.
CayG is the first example for a CYP to catalyze allylic
alcohol formation from a saturated carbon chain and thus
represents an important addition to the family of multifun-
tional oxygenases. It was notheworthly that both CayK and
CayL are rare designated CYP redox partners. Interestingly,
the CayG-mediated desaturation and hydroxylation reac-
tions may be dissected depending on the reducing system
and the substrates employed. The results from the bio-
transformation experiments using protegencin homologues
and derivatives indicate that this sequential process pro-
moted by CayG is highly coordinated as it may be derailed
or even abolished when the carbon chain does not match the
preferred size of the substrate. Furthermore, both the
carboxy and the alkyne termini are important for substrate
recognition and docking to the active site. These results
expand our current understanding of cytochrome P450
monooxygenase and may be helpful to develop new multi-
functional (bio)catalysts for the regio- and stereoselective
modification of saturated carbon backbones.
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