(Bio-)Synthesis of the Aquatic Phytotoxin Cyanobacterin — A Para-
digm for Furanolide Core Structure Assembly

Paul M. D’Agostino, 2+ Catharina J. Seel,®*" Tanja Gulder,®>*” and Tobias A. M. Gulder*?~

! Technische Universitit Dresden, Chair of Technical Biochemistry, Bergstrae 66, 01069 Dresden, Germany.

2 Biosystems Chemistry, Department of Chemistry and Center for Integrated Protein Science Munich (CIPSM), Technische
Universitat Munchen, Lichtenbergstralie 4, 85748 Garching bei Munchen, Germany.

3 Leipzig University, Chair of Organic Chemistry, Johannisallee 29, 04103 Leipzig, Germany.
4 Biomimetic Catalysis, Department of Chemistry and Catalysis Research Center (CRC), Technische Universitat Mnchen,

Lichtenbergstralle 4, 85748 Garching bei Miinchen, Germany.

KEYWORDS: cyanobacteria, cyanobacterin, biosynthesis, furanolides, furanolide synthase, DiPaC

ABSTRACT: The y-butyrolactone structural motif is commonly found in many natural signaling molecules and other specialized
metabolites. A prominent example is the potent aquatic phytotoxin cyanobacterin bearing a highly functionalized y-butyrolactone
core structure. The enzymatic machinery assembling cyanobacterin and the many structurally related natural products — herein
termed furanolides — has remained elusive over decades. Here we discover and characterize the underlying biosynthetic process of
furanolide core structure assembly. The cyanobacterin biosynthetic gene cluster (cyb) is identified by targeted bioinformatic screen-
ing and validated by heterologous expression in E. coli. Functional evaluation of the recombinant key enzymes provides in-depth
mechanistic insights into a streamlined C,C-bond-forming cascade that involves installation of compatible reactivity at seemingly
unreactive C-a-positions of the amino acid precursors and facilitates development of a one-pot biocatalytic in vitro synthesis. Our
work extends the biosynthetic and biocatalytic toolbox for y-butyrolactone formation. It thereby provides a general paradigm for the
biosynthesis of furanolides and thus sets the stage for their targeted discovery, biosynthetic engineering and enzymatic synthesis.

Cyanobacterin (1) was the first chlorinated natural product
identified from freshwater cyanobacteria when it was isolated
from Scytonema hofmanni in 1982 (Figure 1).! Its full chemi-
cal structure and stereochemistry was established in 1986
including X-ray structure analysis.?* It was shown to act as an
inhibitor of photosynthetic electron transport in photosystem 11
(PSIN)* and to likewise be active against higher plants (angio-
sperms).® Compared to other PSII electron transport inhibitors,
such as DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea), the
minimum concentration of 1 to inhibit electron transport (inhi-
bition of the silicomolybdate reduction) was significantly
lower (ICso = 16 nM versus 300 nM for DCMU). Cyanobacte-
rin (1) thereby seems to target a different binding site than
DCMU, since DCMU-resistant mutants are still sensitive to
1.57 Interestingly, the anhydro isomer® 2 resulting from dehy-
dratation of 1, lacks this biological activity.* Owing to its
strong biological activity, 1 is a promising lead structure for
the development of potent phytotoxins, for example, for agro-
chemical applications.

Cyanobacterin (1) contains a highly functionalized y-
butyrolactone core, a structural feature found in many other
natural products of diverse origin,® herein termed the
furanolide natural product family. Examples include the cyto-
toxic nostoclide | (3) from a cyanobacterial lichen symbiont®
and the antibiotics enhygrolide!® (4) and angiolactone (5)
from myxobacteria. The unifying structural feature of these
furanolides is a y-butyrolactone / furan-2(5H)-one core, in
which substituents R? (o) and R? (B) are either aromatic or

aliphatic and R® (y) exclusively aromatic (cf. common core
structure 6; Figure 1, box).

Despite the pronounced biological activities and unusual struc-
tures of 1 and other furanolides, the biosynthetic process forg-
ing these compounds has remained elusive over decades. This
points at unusual biosynthetic logic to be involved in
furanolide assembly, which is not yet readily predictable by
bioinformatics. The substitution pattern of the furanolide core
6 could indicate its assembly from three amino acid precur-
sors. However, these would require to be condensed via the
three former amino acid C-a-positions (colored dots in 6,
Figure 1) that lack the required reactivity for C,C-bond for-
mation (between C-a/C-B and C-B/-C-y in 6) to deliver the
furanolide core structure. A new enzymatic strategy enabling
the fusion of three amino acid building blocks by installing
compatible C-a-reactivity would thus need to be involved. We
therefore set out to illuminate furanolide biosynthesis by the
targeted discovery and characterization of the biosynthetic
gene cluster (BGC) encoding 1. Overall, this led to a general
paradigm for furanolide biosynthesis and the discovery of
unprecedented C,C-bond forming biochemistry facilitated by
the first bona fide Morita-Baylis-Hillman (MBH) reaction
catalyzing biosynthetic enzyme.
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Figure 1. Structures of cyanobacterin (1), its anhydro analog
2, a selection of related furanolide natural products — nosto-
clide 1 (3), enhygrolide (4), angiolactone (5) — and the com-
mon furanolide core structure (6). Former C-a-positions of
putative amino acid precursor are indicated by colored dots.

Identification and functional validation of the cyanobacte-
rin BGC (cyb)

The reported producer of cyanobacterin (1), Scytonema hof-
manni UTEX B 2349 (now referred to as Tolypothrix sp. PCC
9009), was purchased from the UTEX Culture Collection of
algae and production of 1 was confirmed by LCMS analysis
(Figure S1). Considering the structure of 1, which bears a
chlorine substituent, the genome of Tolypothrix sp. PCC 9009
was screened for halogenase-encoding genes. A gene cybl,
putatively encoding a flavin-dependent halogenase (previously
incorrectly annotated as a dehydrogenase), was indeed identi-
fied. Based on sequence alignment, the corresponding protein
contained all known conserved residues required for halogena-
tion (Figure S2).12 In addition, genes flanking cybl encoded
functions potentially involved in cyanobacterin biosynthesis,
including tyrosine metabolic proteins (a potential building
block) and two O-methyltransferases (Table S1). The cyano-
bacterin BGC (cyb) was predicted to be 15.7 kb in size and to
consist of 11 genes spanning cybA-cybK (Figure 2A). To vali-
date its function, cyb was cloned into a GFP-reporter expres-
sion vector pET28-ptetO-GFP* in its native form as a single
PCR product using Direct Pathway Cloning (DiPaC)®*?° to
give vector pET28-ptetO-GFP::cyb. This vector was further
refactored by removing two putative transcriptional termina-
tors up- and downstream of cybl and all non-coding intergenic
regions, resulting in vector pET28-ptetO::refcyb (Figure S3).

The refactored construct pET28b-ptetO::refcyb was heterolo-
gously expressed in E. coli BAP1'® under the control of the
tetracycline inducible ptetO promoter. A total of 4 new prod-
ucts not detectable in the empty-vector control experiments
were identified (Figure 2B). HR-LCMS (ESI*) analysis re-
vealed m/z values ([M+H]*) of 337.1433 (compounds 7),
351.1590 (8), and 321.17 (*)* (Figure S4). The detected
masses were thus significantly smaller than that of 1. Com-
pounds 7 (11.75 and 26 mg/L) and 8 (2.75 mg/L) were pro-
duced in high amounts and thus amenable to structure elucida-
tion by NMR (Tables S2 and S3). All products were shown to
be new compounds resembling the anhydro cyanobacterin
analog 2, but only bearing p-phenolic functions at the aromatic
substituents without further decoration (Figure 2C).
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Figure 2. A. Schematic representation of cyb. B. HPLC-UV
(350 nm) analysis of recombinant expression experiments with
vector pET28b-ptetO-GFP containing (from top to bottom):
the streamlined, complete cyb BGC; cybCEF; cybCEF with
supplementation of coumaric acid (10); cybCEFB; empty
vector. C. Structure of the isolated furanolide expression
products precyanobacterins | (7) and Il (8). D. Stable-isotope
labelling experiment with uniformly 3C-labelled L-tyrosine
(resulting in labelling of 7 depicted in green) or L-valine
(blue). *3C NMR spectrum of 7 from labelling with L-valine is
shown exemplarily (cf. Figures S6 and S7).

The metabolite pair E/Z-7 (termed precyanobacterin 1) arises
from E/Z-isomerization of the double bond located at the vy-
position of the furanolide core. This resembles previous ob-
servations of other known furanolides such as enhygrolide (4)
and anhydro-cyanobacterin 2 (Figure 1).>'° The E-isomer E-7
seems to be the direct biosynthetic product, which slowly
interconverts into the thermodynamically preferred Z-isomer
Z-7 in solution (Figure S5). Compound 8 (precyanobacterin
I1), with a 14 u higher molecular mass when compared to 7,
was shown to possess a 2-butane substituent at B-position of
the furanolide core (Table S3).



Establishing the building blocks and the minimal BGC for
furanolide core biosynthesis

While the established expression system did not yield cyano-
bacterin (1) itself, indicating the required tailoring steps not to
be functional, it paved the way to elucidate the enigmatic C,C-
bond formation in furanolide core structure assembly. To get
first insights into the required biosynthetic building blocks,
stable-isotope labelling experiments were performed using the
potential precusors L-tyrosine and L-valine. Feeding these
amino acids in a uniformly **C-labelled form in two separate
experiments indeed revealed all carbon atoms in 7 to be de-
rived of these precursors (Figure 2D, Figures S6 and S7). The
furanolide core is thus exclusively assembled from amino acid
building blocks, despite being devoid of nitrogen. Most im-
portantly, the C,C-bond forming events required to establish
the central furanolide core structure must occur between the
three former oa-positions of these amino acids (cf. Figure 1,
colored dots in the structure of 7), pointing at the involvement
of unprecedented biochemistry.

To identify the minimal set of genes required for core structure
assembly, we applied a gene knockout approach utilizing
DiPaC and SLIC DNA assembly (Figure S8).1> Based on the
predicted function of the proteins encoded within cyb, we
initially excluded elements putatively involved in amino acid
metabolism and tailoring reactions (i.e., genes encoding CybA
= DHAP synthase; CybB = aromatic amino acid ammonia
lyase; CybD = O-methyltransferase; CybH = phenylpropionate
dioxygenase; Cybl = halogenase; CybJ = O-methyltransferase;
CybK = tyrosinase; cf. Table S1) and rather concentrated our
efforts on the genes encoding CybC (long-chain acyl-CoA
synthetase), CybE (TPP-binding protein), CybF (3-oxoacyl-
[acyl-carrier-protein]-synthase, and CybG (uncharacterized
protein with NAD(P) binding site). Of particular interest was
CybE, as TPP-dependent enzymes are involved in many bio-
synthetic Umpolung reactions, suggesting a major role in C,C-
bond construction.'®!® While deletion of cybG within pET28-
ptetO::refcyb did not change the metabolic profile, knock-outs
of either cybC, cybE or cybF resulted in complete abolishment
of furanolide production (Figure S9). We thus cloned a mini-
mal expression construct exclusively containing these three
genes, pET28-ptetO::refcybCEF. While experiments with this
vector again did not show formation of any furanolide, the
new product 9 was observed (cf. Figures 2B and 3). NMR
analysis of 9 isolated from expression experiments with uni-
formly *C-labeled amino acid building blocks — applied both,
individually and in a single experiment — permitted its struc-
tural assignment as acyloin 9 (Figure S10), a putative biosyn-
thetic intermediate or shunt product. Comparison of the struc-
tures of 7 and 9 revealed a p-coumaric acid (10) unit missing
for core structure assembly. Indeed, supplementation of 4-
coumaric acid (10) to recombinant expression experiments
with pET28-ptetO::refcybCEF fully restored furanolide pro-
duction (Figure 2B). Re-inspection of cyb suggested cybB,
encoding an ammonia lyase, might be required to provide 10
from L-tyrosine.?®? Insertion of cybB into the pET28-
ptetO::refcypCEF  expression vector delivering pET28-
ptetO::refcypCEFB finally resulted in identical results when
compared to pET28-ptetO::refcyb expression (Figure 2B), thus
establishing the minimal pathway required for furanolide
assembly in vivo to consist of only four genes, cybBCEF.

Early steps of furanolide core structure assembly — the
catalytic functions of CybB, CybC, and CybE

The conducted stable-isotope labelling, gene knock-out, chem-
ical and genetic complementation experiments delivered a
conclusive picture of the early steps of furanolide biosynthe-
sis. The TPP-dependent enzyme CybE thereby catalyzes for-
mation of the observed acyloin 9. CybE thus acts identical to
homologous TPP-dependent enzymes characterized in various
natural product biosynthetic pathways, including those of
scytonemin (ScyA),'*? sattabacin (Thz0150)?® and sattazolin
(Cbei2730).* These enzymes employ diverse o-keto acid
analogs to perform an acyloin coupling, resulting in C,C-bond
formation to initially deliver an o-hydroxy-p-ketoacid product.
While in case of scytonemin biosynthesis, two distinct dehy-
drogenases provide each a-keto acid substrate, the cyb path-
way does not encode such enzymatic function. However, the
required keto acid precursors of CybE are ubiquitous interme-
diates in amino acid metabolism and can thus be provided by
house-keeping transaminases (TA) in both, Tolypothrix sp.
PCC 9009 and the recombinant E. coli expression host. CybE
performs acyloin coupling utilizing 4-hydroxyphenylpyruvic
acid (11, derived of L-tyrosine) and a-ketoisovaleric acid (12,
derived of L-valine) (Figure 3A). Pyruvic acid 11 gets attached
to the TPP-ylide cofactor by nucleophilic attack to give 13,
which upon decarboxylation delivers 14. Nucleophilic attack
of enamine 14 at the keto function in 12 furnishes 15, which
gets released from the enzyme to form carboxylic acid 16 in
analogy to previous reports of homologous enzymes.1%2224
Spontaneous decarboxylation leads to 9, the compound ob-
served in the recombinant expression experiments with
CybCEF (cf. Figure 2). This likely is a biosynthetic shunt
product, with 16 being the true biosynthetic intermediate re-
quired for furanolide assembly (cf. Figure 4). Overall, CybE
thus connects the first two building blocks derived of primary
metabolism, thereby establishing the C,C-bond between the o-
and B-position in the furanolide core (cf. Figure 1, box).

As shown by the chemical complementation experiments
above, the second required molecular building block for
furanolide biosynthesis is 4-coumaric acid (10), which is pro-
vided by CybB by elimination of ammonia from L-tyrosine
(Figure 3). CybC, annotated as long-chain acyl-CoA-
synthetase, was found to have high similarity with the 4-
coumarate:coenzyme A ligase (4CL) family of enzymes,
which convert various cinnamic acids to their respective CoA
esters.?>2¢ CybC will thus likely utilize 10 to give activated
CoA ester 17. CybB and CybC thus convert L-tyrosine to 4-
coumaroyl-CoA (17), identical to the initial steps of stilbene
biosynthesis (StIA and StIB).?” Overall, CybB, CybC and
CybE provide the two molecular building blocks that are fused
to form the furanolide core by a single enzyme, CybF.
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Figure 3. A. Assembly of 16 from 11 and 12 derived of L-
tyrosine and L-valine (provided by transaminases (TA) from
primary metabolism), respectively, by the TPP-dependent
enzyme CybE. R! and R? in the depicted TPP cofactor are
omitted for clarity (R! = —ethyldiphosphate, R? = —pyrimidine-
2,4-diamine). B. Biosynthesis of 4-coumaroyl-CoA (17) cata-
lyzed by CybB and CybC.

CybF catalyzes an unprecedented acylation / C,C-bond
formation / hydride shift reaction cascade

The last enzyme proven obligatory for furanolide core assem-
bly by the recombinant expression experiments was CybF.
This suggests it to catalyze a remarkable reaction cascade that
efficiently fuses 16 and 4-coumaroyl-CoA (17). CybF is anno-
tated as a 3-oxoacyl-[ACP] synthase containing a FabH do-
main. These constitute a large family of fatty acid and natural
product biosynthetic enzymes that catalyze a range of highly
diverse reactions.?® Based on the available substrates for CybF,
compounds 16 and 17, we propose an initial decarboxylative
O-acylation to give 18 (Figure 4A). Subsequent tethering of 18
to CybF by nucleophilic attack of an active-site residue onto
the p-coumaric acid-derived Michael system gives enolate 19.
This sets the stage for C,C-bond formation to 20, followed by
detachment of intermediate 21 from the enzyme. This process
resembles a Morita-Baylis-Hillman (MBH) reaction mecha-
nism and thus defines CybF as the first bona fide MBH-
catalyzing enzyme.?®3! While the furanolide carbon frame-
work is thus fully established, positioning of the double-bonds
in 21 does not correspond to that observed in the final product
7. Adjustment of these structural features needs to take place
in the absence of an additional Red/Ox-enzyme. We therefore
suggest a unique 1,4-hydride shift to install the required exo-
cyclic double bond in 22 (located at the molecular portion
depicted in green), concomitantly removing the double-bond
at the former p-coumaric acid residue. This hydride-shift di-
rectly delivers enolate 22, which is set up for elimination of
H.0 to ultimately give precyanobacterin | (7).

HO.

HO.
1D
(o]
Ho. )
Me o
Me(‘ B
21 H Ph
OH
7a
[o]
o]
Me)\rHJ\OH Phx)I\H/OH HSCoA, ATP, TPP | g
Tris-HCI (pH 7.8)
1
12 O (o) MgCl, Me Ph
Ph Ph
| |
D/Ho\k(o 01( by
M — M o keto/enol
e\)\[o D,0 e tautomerism
D
Me Me OH/D
19
18 Ph Ph Ph A __OH
1,4-D-shift 42% D o)
by (see above)
keto/enol 1 D,0
tautomerism Ph o
from 7a from
D Me O precursor D o precursor Q
—_— ~«—— Ph OH
Me' OH —» Me -
o) 21%(D Ph o D) O
12 % Ve g 79%(D “

Figure 4. A. Proposed reaction course of CybF-catalyzed
assembly of the furanolide core from the two intermediates 16
and 17 involving an acylation / C,C-bond formation / hydride
shift reaction cascade. B. Biocatalytic total synthesis of precy-
anobacterin | (7). C. In-vitro verification of the final 1,4-
hydride shift reaction that facilitates adjustment of the oxida-
tive state from 21 to 7 without involvement of an additional
Red/Ox-enzyme. The reaction was carried out in D,O, leading
to deuterium incorporation at three positions, at two of which
by keto/enol-tautomerism (blue and green dots) and one by
1,4-deuterium-shift after core structure cyclization (yellow).

Enzymatic synthesis of precyanobacterin | (7) — functional
validation of key biosynthetic steps

To enable further experimental validation of the proposed
pathway, we next individually cloned cybC, cybE, and cybF
into a pHis8-TEV vector for recombinant expression of the
respective fusion proteins in E. coli (see Sl, Figure S11). This
resulted in sufficient amounts of soluble CybC, CybE and
CybF for in vitro application. However, CybC turned out to be
inactive in the performed assays. It was thus replaced by the
homologous enzyme At4CL1 from Arabidopsis thaliana,



which was successfully overexpressed from a pET30a(+)
vector delivering Hiss-At4CL1.2% Application of these en-
zymes in vitro together with the CybE substrates 4-
hydroxyphenylpyruvic acid (11) and a-ketoisovaleric acid
(12), p-coumaric acid (10), HSCoA, ATP and Mg?* (see Sl for
details) indeed led to successful and selective production of 7,
thereby establishing a first, fully biocatalytic total synthesis of
the furanolide core structure (Figure 4B).

This in vitro setup was furthermore harnessed to investigate
the proposed reaction sequence of CybF, in particular the 1,4-
hydride shift reaction. We reasoned that performing the bio-
catalytic synthesis of 7 in D,O would be suitable to experi-
mentally prove this transfer. Two positions in 7 were thought
to be deuterated due to keto/enol tautomerization leading to
mono-deuterium-labelling of the 4-hydroxyphenylpyruvic acid
(11, corresponding deuterium highlighted in green) and o-
ketoisovaleric acid (12, blue) precursors. The assay was con-
ducted in sufficiently large scale to permit subsequent isola-
tion and NMR analysis of generated 7 (SI, Figure S12). This
indeed revealed that both positions in 7 were deuterated, as
expected to a significantly larger extent at the position derived
of 11 (approx. 79%) versus that from 12 (approx. 21%), as a
result of the higher acidity of the corresponding position in 11
(Figure 4C). Additionally, deuteration was thought possible in
pathway intermediate 19, prior to CybE-catalyzed C,C-bond
formation to 20. If the proposed 1,4-hydride shift indeed oc-
curred, this labelling would be transferred to the Michael
acceptor of the former p-coumaric acid residue in 21 (cf. Fig-
ure 4A, highlighted in yellow). To our delight, significant
deuterium transfer was indeed observed (42%), providing
unambiguous direct evidence for the postulated 1,4-hydride
shift in the assembly of 7, as well as indirect evidence for the
existence of 18/19 as intermediates and hence for the entire
proposed sequence catalyzed by CybF. Given the unprece-
dented reaction cascade catalyzed by CybF and its decisive
role in furanolide core structure assembly, we designate this
enzyme as furanolide synthase (FuSy).

Conclusions

Within this work, we establish a biosynthetic paradigm for the
assembly of the furanolide core structure 6. Initial steps of the
pathway resemble stilbene (i.e., production of 4-coumaroyl-
CoA (17) by CybB and CybC) and acyloin natural product
biosynthesis (i.e., formation of intermediate 19 by CybE).
Ultimately, the provided precursors are fused by the FuSy
CybF, which catalyzes an unprecedented reaction cascade
combining a formal MBH reaction and a final 1,4-hydride-
shift that facilitates late-stage adjustment of oxidative states at
residues R® and R? without involvement of a redox cofactor.
While enzymatic MBH reactions have been reported as appli-
cations of side-reactions of promiscuous nucleophilic carrier
proteins, such as albumins or hydrolytic enzymes,®>3* CybF
constitutes the first bona fide MBH-catalyzing enzyme and
thus significantly expands the natural biocatalytic repertoire
for C,C-bond formation. Overall, this remarkable biosynthetic
process fuses three amino acids by C,C-bond installation be-
tween all former C-a-positions and thus delivers the nitrogen-
free furanolide structural framework. Our work sets the stage
for the discovery of the family of furanolide BGCs and related
biosynthetic pathways employing CybF homologs, now possi-
ble by targeted genome mining. It also forms the basis for the
genetic engineering of furanolide BGCs and the biocatalytic

application of the discovered enzymatic machinery for the
design and optimization of furanolide-type bioactive small
molecules with potential applications in medicine and agro-
chemistry. This work, as well as the elucidation of the molecu-
lar mechanistic details of the CybF reaction cascade, are cur-
rently pursued in our laboratories.
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