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Abstract

The Diels-Alder cycloaddition is one of the most powerful approaches in organic synthesis
and is often used in the synthesis of important pharmaceuticals. Yet, strictly controlling the
stereoselectivity of the Diels-Alder reactions is challenging, and great efforts are needed to
construct complex molecules with desired chirality via organocatalysis or transition metal

strategies. Nature has evolved different types of enzymes to exquisitely control cyclization
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stereochemistry, however, most of the reported Diels-Alderases have been shown to only facilitate
the energetically favorable diastereoselective cycloadditions. Here we report the discovery

and characterization of CtdP, as a member of a new class of bifunctional oxidoreductase/
Diels-Alderase, which was previously annotated as an NmrA-like transcriptional regulator.

We demonstrate that CtdP catalyses the inherently unfavored cycloaddition to form the
bicyclo[2,2,2]diazaoctane scaffold with a strict a-anti-selectivity. Guided by computational
studies, we reveal a NADP*/NADPH-dependent redox mechanism for the CtdP-catalysed inverse
electron demand Diels-Alder cycloaddition, which serves as the first example of a bifunctional
Diels-Alderase that utilizes this mechanism.
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Introduction

The Diels-Alder (DA) reaction is one of the most fascinating synthetic approaches for
building multiple C-C and C-heteroatom bonds to synthesize valuable pharmaceuticals with
complex chiral centersl. The [4 + 2] DA reactions can be classified into two different
types, normal electron demand Diels-Alder (NEDDA) and inverse electron demand Diels-
Alder (IEDDA) reactions, based on the relative energies of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of the diene and the
dienophile? (Fig. 1a). In contrast to the NEDDA reaction, an electron-poor diene and

an electron-rich dienophile are required for the IEDDA reaction, which is widely used

to construct heterocycles in organic synthesis. However, fundamental challenges remain

in controlling the stereoselectivity in the synthesis of complex chiral molecules by using
traditional organocatalysts or transition metal catalysts!. Several classes of Diels-Alderases
(DAases) have been characterized recently, including S-adenosyl-L-methionine-dependent
methyltransferase (MT) like enzyme Lepl3, flavindependent enzyme MaDA#, hydrolase
TS®, B-barrel protein Pyrl4%, lipocalin-like protein PvhB?, short-chain dehydrogenases/
reductases (SDRs) MalC and PhqES, inverse electron demand Diels-Alderase lccD?, and
unannotated protein EupfF10 (Extended Data Fig. 1a). While most of the DAases appear

to have lost their ancestral functions and only facilitate the [4 + 2] DA reactions and
stereocontrol in product formation, MalC and PhgE were demonstrated to simultaneously
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catalyse substrate reduction followed by an enantioselective DA reaction8. Meanwhile,

most characterized DAases possess energetically favorable diastereoselectivity according to
density functional theory (DFT) calculations!?, and their biosynthetic substrates can undergo
spontaneous DA cycloadditions to the corresponding racemic mixtures or diastereomers,
including their enzymatic products.

Prenylated indole alkaloids (P1As) containing the bicyclo[2.2.2]diazaoctane ring possess

a wide range of biological activities, including anticancer stephacidins?, vasorelaxant
malbrancheamides!3, anthelmintic paraherquamides!?, and insecticidal brevianamides!®.
The bicyclo[2.2.2]diazaoctane core arises from intramolecular [4+2] hetero-Diels-Alder
(IMDA) cycloaddition after assembly by a nonribosomal peptide synthetase (NRPS),
followed by a reverse prenyltransferasel6. The reactive azadiene species has been
acknowledged as the most plausible precursor for constructing the IMDA cycloaddition,
which has not been defined as a NEDDA or an IEDDA mechanism6:17 (Fig. 1b).
Theoretically, four products with different sterecisomeric bicyclo[2.2.2]diazaoctane rings
could be furnished via IMDA reaction, including a-syn (a represents the lactam ring in a-
position), B-syn (B represents the lactam ring in the p-position), a-ant/, and B-anti (Fig. 1b).
While several of these configurations are observed from different fungi, PIAs are commonly
isolated as a single isomer, with respect to the bicyclic corel®. Several monoketopiperazine
PIAs, such as (+)-premalbrancheamide (11) and (+)-paraherquamides, were shown to be
produced by the a.-syrselective DAases (MalC and PhqE)®, yet the biosynthetic origins

of the energetically disfavored!8 a-anti-selective PIAs, like the citrinadins?®, citrinalin

C20, and penioxamide A21, remained elusive (Fig. 1c and Extended Data Fig. 1b). In our
previous investigation of the biosynthesis of 21 R-citrinadin A (1)22, we identified an a.-antr-
bicyclo[2.2.2]diazaoctane intermediate, (+)-precitrinadin A (2), from Penicillium citrinum
ATCC 9849 (Fig. 1c and Extended Data Fig. 1c). Since the wild-type (WT) £ citrinum strain
was known to only produce the a.-anti form of the PIAs, we hypothesized the existence

of a dedicated DAase responsible for the strict diastereoselective and enantioselective
cycloaddition for the assembly of the a-an#/ product 2, which has yet to be characterized in
the citrinadin pathway.

Herein, we describe the discovery and characterization of an NmrA-like protein CtdP
representing a new class of bifunctional oxidoreductase/DAase. Unlike the previously
predicted function as a transcriptional regulator, CtdP catalyses the energetically demanding
a-anti-selective cyclization of the bicyclo[2.2.2]diazaoctane ring. Guided by rigorous
computational studies, we reveal an unexpected catalytic mechanism for CtdP, a NADP*/
NADPH-dependent redox pathway that mediates the IEDDA cycloaddition with high
stereoselectivity, which utilizes a biocatalytic LUMO lowering strategy via the active dienyl
iminium to impart precise stereochemical control.

Results and Discussion

Probing the a-anti DAase in the ctd cluster.

To uncover the possible DAase in the cfd cluster (Fig. 1d), we first used the characterized
SDR DAases, MalC and PhqES8, as bioinformatic probes to search for homologs that are
likely responsible for the IMDA cycloaddition due to the similar bicyclo[2.2.2]diazaoctane
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core structures in premalbrancheamide/preparaherquamide and 2. We found that CtdN was
the only homologous SDR in the ctd cluster, and showed high sequence identity with PhqE
(50.57%) and MalC (45.77%) (Extended Data Fig. 2a and Supplementary Table 3). To
investigate whether CtdN functions as an a.-ant/ DAase, we obtained the Acfa/V mutant

by using the split marker recombination approach?3 and compared its metabolic profile

to that in WT A citrinum (Supplementary Fig. 3). Our results showed the production

level of 1 was not abrogated by the deletion of cfd/N (Extended Data Fig. 2b). Next, we
synthesized its putative substrates 3 and 4 based on the analogous synthetic route for

MalC substrates® (Supplementary Fig. 1a, c) and the identification of pipecolate-tryptophan
dipeptide precursors in the cnd pathway?* (Extended Data Fig. 1c). Compound 3 is
relatively stable, and its structure was subsequently determined by 1D and 2D nuclear
magnetic resonance (NMR) analyses (Supplementary Table 5). However, the zwitterionic

4 derived from the dienamine 3 using the previously reported synthetic approach was
extremely unstable. The relative stabilities of 3 and 4 contrast significantly with the
analogous compounds in the premalbrancheamide/preparaherquamide pathways, where the
zwitterionic substrate was found to be more stable8. To verify the substrate and the function
of CtdN in vitro, we overexpressed and purified the C-His-tagged form of the CtdN protein
from Escherichia coli BL21(DE3) and performed in vitro assays. However, incubation of
CtdN and 3 failed to show any desired a-ant/ IMDA products under both anaerobic and
aerobic conditions compared with the no enzyme control, further indicating that the SDR
enzyme CtdN might not act as an a-anti DAase in the cfd pathway (Extended Data Fig. 3a).

Investigating the function of the NmrA-like genes.

To identify other possible DAase candidates, further bioinformatic analysis shifted our focus
to a group of NmrA-like family genes, including ctdO, ctdP, and ctdR, which are located
adjacent to the NRPS gene ctdQ (Fig. 1d). The nitrogen metabolite repression protein
NmrA was previously characterized as a transcriptional nitrogen metabolism repressor

in Aspergillus nidulans® and has a nicotinamide adenine dinucleotide (NAD)-binding

motif and showed unexpected similarity with the structure of SDR family enzymes?5,
Several NmrA-like proteins in other organisms were identified as redox-sensing regulators,
which can bind NAD(H) or NADP(H) cofactors but lack the function of catalysing
dehydrogenation/hydrogenation reactions?:28,

To explore the potential functions of NmrA-like proteins in the citrinadin biosynthesis,
deletions of each NmrA-like gene (ctdO, ctdP, and ctadR) were performed (Supplementary
Fig. 3). Compared to WT P~ citrinum, the LCMS metabolic profile of ActdO extract showed
reduced production of citrinadins, while the ActdR mutant abolishes the production of 1 but
not 2, and mainly accumulates a new metabolite R1 (/7/2464. 3 [M+H]*) that possesses
the a-anti scaffold based on its NMR profiles (Extended Data Fig. 2¢c and Supplementary
Table 10). Thus, CtdR is proposed to be involved in late-stage tailoring steps after the
formation of 2. These in vivo results indicated that cfdO and ctdR are likely not responsible
for the IMDA step in the citrinadin biosynthesis. Next, we determined that deletion of the
ctaP abolished the production of both 1 and 2, while accumulating two new products, 5
(retention time, RT = 18.4 min, m/z380.2 [M+H]*) and 6 (RT = 17.2 min, /7/2380.2
[M+H]") (Fig. 1e, f). The UV and MS spectra of 5 and 6 suggested that they were possible
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hydroxy-substituted analogs of 2 (Supplementary Fig. 4). Through comprehensive NMR
analysis, X-ray crystallographic data, together with electronic circular dichroism (ECD)
spectra, 5 and 6 were demonstrated to be the oxidative IMDA products possessing p-syn
and B-anti configurations, respectively (Extended Data Fig. 3b, d, CCDC 2127333 for

5). As the bioinformatic analysis of CtdP shows very low sequence similarity with MalC/
PhqE® (coverage/identity: ~309/30%, Supplementary Table 4), our in vivo gene knockout
study further indicated that this protein could function as a distinct DAase involved in the
formation of an antr-bicyclo[2.2.2]diazaoctane intermediate en routeto 1.

In vitro characterization of CtdP as an a-anti DAase.

To further validate our hypothesis, we overexpressed and purified all three NmrA-like
proteins (CtdP, CtdR, and CtdO) as C-His-tagged proteins from £. co/i BL21 (DE3). When
40 pM enzyme was incubated with 500 pM synthetic 3 and 1 mM NADP™*, CtdP catalysed
complete conversion of the substrate to the IMDA product 2 (Fig. 1g, traces ii, v), while no
evident enzymatic product was detected after a 2 h reaction with CtdO or CtdR (Extended
Data Fig. 3f). The Aga/ K value of CtdP with 3 and NADP* was measured to be 27.9 + 3.9
min~1 uM ~1 (Supplementary Fig. 7a, b). By replacing the exogenous addition of NADP*
with NADPH or NAD*, the production of 2 was decreased significantly to lower levels,
indicating the prebound NADP™* during CtdP purification (Fig. 1g, traces ii-iv, Extended
Data Fig. 3f). Indeed, we quantified that 7.8 + 2.6% NADP* was detected in purified

CtdP from E. coli (Supplementary Fig. 7c, d). Next, we added different concentrations

of exogenous NADP™ in the reaction and observed the conversion of 2 increased from
10.4% to 63.9% with the increased amount of additional NADP* from 0 to 1000 uM
(Supplementary Fig. 7f). To demonstrate whether NADP™ is essential for the CtdP-catalysed
IMDA cycloaddition, we removed the cofactor in CtdP protein by extensive dialysis?®. In
the absence of NADP*, the refolded CtdP could not catalyse the formation of 2, while

it can restore the partial activity with the exogenous addition of NADP* (Supplementary
Fig. 7g). Thus, the cofactor NADP* was deduced to be indispensable for CtdP catalysis.

In the absence of CtdP catalysis, 3 could spontaneously transform to compounds 4-8
(Extended Data Fig. 3b, €), consistent with previous in vivo ctfaP knockout study (Fig. 1e).
To investigate whether the CtdP reaction requires oxygen for catalysis, we also performed
enzymatic assays under rigorous anaerobic conditions (Extended Data Fig. 3a) and found
oxygen was not needed in the production of 2 when 3 was used as the substrate. Thus, these
assays unambiguously support that CtdP is responsible for converting 3 to the a-ant/ IMDA
product 2 through an enantioselective and diastereoselective cycloaddition in the presence of
NADP* (Fig. 1f).

To further understand the exquisite stereoselectivity of CtdP, we overexpressed and purified
the previously characterized DAase MalC and synthesized its cognate zwitterionic substrate
9 for comparative analyses8 (Supplementary Fig. 1b, e). Interestingly, when 9 was incubated
with CtdP and NADPH, it was converted almost completely into a new product 10 (Fig. 1h,
traces i, iii). Consistent with the stereochemistry of 2, 10 was elucidated as penicimutamide
E30 with a-anti configuration confirmed by NMR and single-crystal X-ray diffraction
analysis (CCDC 2127332, Fig. 1i). When NADPH was removed from the assay or replaced
by NADP*, CtdP could not transform 9 to 10 (Fig. 1h, traces iv, vii), indicating that
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zwitterion 9 must be reduced by NADPH before initiation of the IMDA cycloaddition. The
racemic syr-bicyclo[2.2.2]diazaoctane products of (+)-11 could be spontaneously generated
in the presence of NADPH, consistent with previously reported assays® (Fig. 1h, trace iii).
Our biochemical data revealed that CtdP catalyses the a-antr-selective IMDA cyclization
that converts the native substrate of dienamine 3 with cofactor NADP™ and also accepts
zwitterionic 9 with the reductive rescue by NADPH cofactor. Thus, the indispensable
cofactor NADP* may play a role in oxidation in the CtdP assays that transforms the native
substrate 3. To our best knowledge, CtdP represents a new class of NmrA-like DAase that
catalyses antr-selective IMDA cyclization.

Crystal structure of CtdP and mutagenesis study.

To gain further insights into the catalytic mechanism of the NmrA-like DAase, the co-crystal
structure of CtdP bound with the cofactor NADP* and product 10 was determined at 2.5

A resolution by selenomethionyl (SeMet) single-wavelength anomalous diffraction (SAD)
phasing (Fig. 2a and Supplementary Table 13). The closest structural homolog to CtdP is
HSCARG (24% sequence identity, PDB 2exx, 2.1 A RMSD, 31.8 Z-score), which has been
proposed to be a mammalian homolog of NmrA that acts as a negative regulator in cellular
processes such as innate immunity and DNA damage repair in response to the cellular redox
state?8 (Extended Data Fig. 4 and Supplementary Table 14). Similar to HSCARG, CtdP
contains an A-terminal NADP-binding domain and a C-terminal substrate-binding domain
(Fig. 2b). The A-terminal domain contains the canonical Rossmann fold common to all
NmrA-like and SDR family proteins, including the conserved GxxGxxG nucleotide-binding
motif but lacking the YxxxK SDR catalytic motif2® (Extended Data Fig. 4).

The structure was solved with four chains (A-D) in the asymmetric unit, all in complex
with NADP*. Intriguingly, we found three chains (A, B, and D) in CtdP were bound

with 10, while chain C was a ligand-free form (Fig. 2a). Chains A and B are nearly
identical with an RMSD value of 0.290 A (Extended Data Fig. 5) and strong electron
densities are observed for both NADP* and 10 (Fig. 2c). Superposition of chain A with
chain C indicated remarkable conformational changes of the residues 162-174 (helices

a 12 to n3) and residues 260-273 (helices a8 to 12). The Ca atom of Pro268 (a12) in
chain C moved 6.2 A relative to chain A (Fig. 2b). Strikingly, a C-terminal tail (residues
329-346), which is disordered in chains C and D, is ordered in chains A and B, forming
close contacts with product 10 (Fig. 2b). The C-terminal tail is proximal to the substrate
and NADP* binding sites, in which Ser340 forms a hydrogen bond (2.6 A) with NADP*,
Arg345 is in electrostatic interaction (3.0 A) with Asp266, and Pro342 forms a hydrophobic
interaction (3.8 A) with the indole moiety (Extended Data Fig. 6a). To explore the function
of the C-terminal tail in CtdP, we constructed four truncated CtdP mutants (CtdPA330-
367, CtdPA335-367, CtdPA342-367, and CtdPA348-367). In vitro assays with substrate 3
indicated that the truncated CtdP proteins A330-367, A335-367, A342-367, and A348-367
retained 55.2 £ 0.7%, 46.5 + 2.9%, 61.5 £ 2.3%, and 91.5 + 4.0 % activity respectively.
While chain D is complex with NADP* and 10, the C-terminal tail is disordered, and a
symmetry mate occupies the same space as the ordered tail. The electron density of 10 in
chain D is significantly weaker than that in chains A and B, which could be a result of

the disordered C-terminal tail. Our data suggested that the C-terminal tail may interact with
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 7

the substrate-binding domain to promote product binding but was not observed to play a
significant catalytic role in CtdP.

To further investigate the structural characteristics of CtdP, the common Rossmann fold

of the NmrA-like CtdP and the SDR DAase PhqE were superimposed, which revealed
significant differences, particularly in the orientation of the bound products (Fig. 2d),
suggesting that the substrate-binding domain is the key determinant of stereoselective
catalysis. Product 10 is positioned over the nicotinamide group of NADP™* with a relatively
close distance (4 A) of C16 to C4 in the pyridine ring of NADP* (Fig. 3a), indicating a
typical w-mt stacking interaction. The relative positioning of the product and NADP* is also
similarly present in the previous PhqE co-crystal structure8. However, superimposing the
common bicyclo[2.2.2]diazaoctane rings of syrproduct (+)-11 of PhqE with ant/-product 10
in the CtdP active site revealed a major steric clash with bulky residues Trp160, Phel70,
and Phel74, indicating these residues could sterically block the syn conformation from
forming (Fig. 3b). At the interface between the cofactor NADP* and product 10 in CtdP,
Asn164 forms a hydrogen bond with the nicotinamide group of NADP* (2.8 A), and Tyr161
interacts with the phosphate oxygen atoms of the bound NADP* (3.0 A and 3.5 A, Fig.

3a). Compared with WT CtdP, N164A and Y161A mutations caused more than 90% loss of
enzymatic activity when using 3 as the substrate (Fig. 3c).

The substrate-binding domain of CtdP contains a hydrophobic binding pocket (Extended
Data Fig. 6b) surrounding product 10. Trp160, Phel70, Phel74, Phe277, and Pro342 form
close contacts with the aromatic ring of 10 (Fig. 3a). Mutants W160A, F170A, F277A,
F174A, and P342A retained 4.9 + 0.3%, 1.7 + 0.4%, 1.5 + 0.1%, 90.7 + 0.9%, and

95.5 + 3.0% activity, respectively (Fig. 3c). These adjacent hydrophobic residues Trp160,
Phel70, and Phe277, together with the NADP™* cofactor, likely play a critical role in the
substrate binding and conformation preorganization through -7 stacking and hydrophobic
interactions (Fig. 3a). Four residues Tyr280, Leul34, Val133, and GIn118, are proximal to
the proline ring or bicyclo[2.2.2]diazaoctane ring of the bound product 10. Mutants Y280A
and L134A completely abolished the enzyme activity with 3 while variants of Q118A

and V133A retained 34.9 + 1.4% and 80.2 = 1.6% enzymatic activity, respectively. To
explore whether the Ar-OH group of Tyr280 is critical to its function, we tested the Y280F
mutant with 3, which only retained 18.7 + 0.5% enzymatic activity. Therefore, Tyr280

may assist the formation of the reactive diene, and Leul34 likely facilitates orienting the
corresponding substrate dienophile. Additionally, polar residues Ser273 and Tyr269 near the
indole nitrogen of 10 are not critical for catalysis since variants S273A and Y269A still
retained 89.2 £ 2.1% and 83.7 £ 3.8% enzymatic activity, respectively (Fig. 3c).

Probing the redox catalytic mechanism of CtdP.

To elucidate the catalytic mechanism of CtdP, we performed DFT computations to
investigate two mechanistic pathways for transforming native substrate 3 into product 2
(Fig. 4a). In the traditional tautomerization pathway, 3 undergoes two tautomerizations to
form reactive diene 3-taut, which subsequently undergoes a DA reaction to form 2-taut
and finally tautomerizes to product 2. However, the two tautomerizations needed to form
the reactive diene are energetically costly: reactive diene 3-taut is higher in free energy

Nat Chem. Author manuscript; available in PMC 2023 April 05.
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than native substrate 3 by 21.4 kcal mol~1, and this in turn causes the DA reaction to form
2-taut to have a high overall free energy barrier of 44.6 kcal mol~. Even with the benefit

of an enzyme catalyst (CtdP), such a high free energy barrier is unlikely to be overcome,
and we therefore reasoned that the NADP* cofactor mediates redox chemistry enabled by its
proximity to the substrate.

In this redox-mediated pathway, native substrate 3 is first oxidized by NADP* via a hydride
transfer reaction to form reactive diene 3-ox, which subsequently undergoes a DA reaction
to form 2-ox. Finally, the NADPH generated from substrate oxidation reduces 2-ox to
product 2 via a second hydride transfer reaction to regenerate NADP*. Substrate oxidation
by NADP* (modeled computationally by 1-methylInicotinamide) is much less energetically
costly than substrate tautomerization: the reactive dienyl iminium species 3-ox is only
higher in free energy than native substrate 3 by 7.1 kcal mol~21, and this allows the DA
reaction to form 2-ox with a much lower free energy barrier of 29.6 kcal mol~L. Further
orbital calculations indicated that a major role of NADP* is to lower the LUMOgjene €nergy
of 3-ox (-2.14 eV) in comparison to the LUMOjene €nergy of 3-taut (-0.10 eV), thus
enabling an IEDDA reaction in 3-ox between a low-lying cationic diene LUMO and the
dienophile HOMO. In contrast, 3-taut would react via a NEDDA reaction between the diene
HOMO and the dienophile LUMO, as these orbitals are closer to each other in energy

(6.50 eV gap) than the diene LUMO and the dienophile HOMO (8.68 eV gap). Thus,

DFT computations provide strong evidence that the a-anti-selective IMDA cycloaddition
catalysed by CtdP occurs through a redox-mediated pathway in which NADP* oxidation
lowers the LUMOyjene and enables an IEDDA reaction.

Further evidence supporting the redox-mediated pathway is derived from exchanging
NADP* with NADPH, which fails CtdP to catalyse the DA reaction (Fig. 1g, trace iii).

To further verify the role of a reduction step by NADPH during the CtdP redox-mediated
pathway, the enzymatic assay was performed in the presence of (S)-[4-2H] NADPH31-34 A
one Da increase at /7/2365.3 [M” + H]* was observed in the DA adduct 2H-2, indicating
that the deuterium was transferred to 2H-2 from (S)-[4-2H] NADPH (Fig. 4b and Extended
Data Fig. 7a). In accord with the computational results, this observation demonstrates that
reduction by NADPH occurs during the CtdP catalysed DA reaction, converting intermediate
adduct 2-ox to the final product 2. Taken together, our computational data and isotopic
labeling results reveal a unique redox mechanism for CtdP, in which direct involvement

of NADP™ lowers the free energy barrier. This requires that the NADP* cofactor should

be in an ideal position to oxidize substrate 3 to the active dienyl iminium intermediate

3-0x, thus lowering the energy of the LUMOyjene and enabling an accelerated IEDDA
reaction3. To the best of our knowledge, CtdP is the first natural biocatalyst that employs a
redox-mediated LUMOyjene-lowering strategy for catalysing a DA reaction.

Computational studies on the mechanism of a-anti selectivity.

To begin understanding why CtdP exclusively forms a-ant/ IMDA cycloadduct 2, we
compared the free energies of the four possible diastereomeric transition states, a-syn (TS
OXq-Syn), a-anti (TS-0Xg-anti), B-syn (TS-oxg.syn), and B-anti (T S-oxg-anti), in the redox-
mediated pathway. In the absence of CtdP, the a-antitransition state has the highest free
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energy (AG* = 29.6 kcal mol~1) and is not inherently favored over the other diastereomers
(Extended Data Fig. 7b). The transition state with the lowest free energy is the p-syn
transition state (AG¥ = 27.3 kcal mol™2), likely owing to slightly smaller steric interactions
of non-reacting methyl groups and consistent with the experimental finding that the major
oxidized DA cycloadduct 5 formed both in the ActadP mutant and non-enzymatic reactions
of 3 have B-syn stereochemistry (Supplementary Fig. 8). Therefore, quantum mechanical
computations demonstrate that the exclusive stereoselective formation of a-anf-IMDA
cycloadduct 2 by CtdP must be catalyst-controlled, and not mediated by the inherent
properties of the native substrate 3.

To obtain a more detailed understanding of how CtdP controls the stereoselectivity and
facilitates the cycloaddition reaction, we turned to classical molecular dynamics (MD)
simulations (Fig. 4c). The immediate precursor 3-ox of the DA reaction was docked into the
CtdP active site with the NADP*/NADPH cofactor simulated in the form present just before
the DA reaction (as NADPH). During three long-time 1.2-microsecond MD simulations,
we monitored the distances between the atoms of 3-ox that form the two new sigma bonds
as well as two dihedral angles ggiene and dgienophile that control the stereochemistry of the
IMDA adduct. By examining snapshots taken every 2.4 nanoseconds from all three MD
simulations, we identified a total of 510 snapshots where both DA forming bonds had
distances less than 4.0 A. Of these, 125 snapshots had dihedral angles consistent with the
formation of a.-syn cycloadduct, 385 snapshots were oriented to form a-anti cycloadduct,
and no snapshots were oriented to form B-syn or B-anti cycloadducts (Fig. 4c). Thus,

the MD simulations reveal that the CtdP active site binds oxidized substrate 3-o0x in an
orientation that favors the formation of a-antr-selective IMDA cycloadduct 2 by more than
a 3to 1 ratio, in reasonable agreement with the experimental finding that only the a-ant/
IMDA cycloadduct is formed in the CtdP assays.

In addition to revealing how CtdP controls the a.-antr stereoselectivity of the IMDA
cycloaddition, MD simulations also identified a second major catalytic role of the enzyme:
maintaining the substrate carbon C16 near the NADP™* cofactor so it is poised for oxidation.
Although the MD simulations are performed after the initial hydride transfer from 3 to

the NADP* cofactor, the oxidized carbon in 3-ox remains within 4 A of the hydride
throughout the 1.2-microsecond simulation time in all three MD replicas (Extended Data
Fig. 8a). Therefore, the MD simulations revealed that CtdP plays a major role in enabling
the oxidation step that makes IMDA cycloaddition possible. MD simulations also revealed
a persistent hydrogen bond between the amide N-H of 3-ox (H-bond donor) and the

ribose 2’-OH of NADPH (H-bond acceptor) that prevents the substrate from flipping into
cycloadducts with other conformations. This hydrogen bond is maintained at a length of
approximately 3 A throughout two of the three MD replicas (Extended Data Fig. 8b).
Moreover, the MD snapshot with the shortest DA bond lengths in which substrate 3-ox

has an a-anti conformation revealed a key rt-m stacking interaction between the positively
charged substrate and the nicotinamide group of NADPH, as well as possible polar
interaction with residue Tyr280 (Extended Data Fig. 8c). Concurrently, the nonpolar residues
Trp160, Phel70, and Phe277 identified through mutagenesis as essential to the activity of
CtdP may facilitate preorganization of the substrate by creating a substrate-binding pocket
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that best accommaodates the a.-anti conformation. This binding mode is likely enhanced

by the rt-r stacking interaction identified between substrate 3/3-ox and NADP*/NADPH.
Based on these data, we proposed a detailed picture of the unique redox mechanism of

CtdP catalysis (Fig. 4d). Driven by the close shape complementarity of the substrate-binding
pocket and cofactor NADP*, substrate 3 is preorganized into an a-anti conformation and
oxidized by NADP* to generate intermediate 3-ox with an active iminium diene, which is
likely stabilized by the 2’-OH of NADPH and residue Tyr280. This active dienyl iminium
3-ox then undergoes a highly stereoselective IEDDA cycloaddition to form iminium adduct
2-o0x, and a final reductive rescue by NADPH generates a.-anti-cycloadduct 2.

Just as CtdP uses NADP* to convert native dienamine substrate 3 to a-ant/-cycloadduct

2 via a NADP*/NADPH-dependent redox pathway, it is also able to convert zwitterionic
substrate 9 to a-anti-cycloadduct 10 via an NADPH-dependent reduction rescue. We sought
to understand why the native substrate for CtdP is the reduced dienamine form 3 while the
native substrate for MalC is the oxidized zwitterionic form 9. This difference in substrate
oxidation states was surprising given that the only other difference between the two native
substrates is that the 5-membered pyrrolidine ring in the MalC substrate has been replaced
by a 6-membered methylpiperidine ring in the CtdP substrate. However, DFT computations
revealed that CtdP native substrate 3 (6-membered methylpiperidine ring) is over 1000
times more energetically demanding to oxidize than the corresponding substrate bearing a
5-membered pyrrolidine ring (Extended Data Fig. 7c). Thus, DFT computations clarified
why the CtdP native substrate, present in reduced dienamine form 3, requires NADP* for
initial oxidation.

Finally, to further explore the antr-selective DAases, sequence similarity network (SSN)
analysis of amino acids sequences of CtdP homologs revealed a clear boundary of NmrA-
like proteins (Extended Data Fig. 9). Moreover, most of the CtdP homologs that appear in
the clusters remain uncharacterized, further genome mining approaches will aid to explore
more fascinating biocatalysts.

Conclusions

DAases involved in natural product biosynthesis had remained elusive for decades,

recent efforts have revealed the remarkable functional and structural diversity within

this non-traditional enzyme family. Unlike traditional enzyme families that are related

by their sequence and structures, DAases are derived from a wide range of progenitor
proteins with orthogonal catalytic functions discovering new types of DAases is

particularly challenging®. In this work, we have characterized the function, structure, and
mechanism of CtdP, an NmrA-like DAase that is responsible for the formation of a.-ant/-
bicyclo[2.2.2]diazaoctane scaffold of 21 R-citrinadin A (1). This represents the first NmrA-
like DAase, while this family of proteins has typically been characterized as transcriptional
regulators28 or redox sensors?’. We propose a redox mechanism in that CtdP utilizes NADP*
to oxidize substrate 3, producing the electron-deficient diene required for the favored
IEDDA cyclization that yields a-anti-cycloadduct 2-ox, and is subsequently reduced by
NADPH to generate 2. CtdP is distinct in its ability to catalyse the formation of the electron-
deficient diene for cycloaddition, which involves a LUMO lowering strategy. By contrast,
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MalC/PhqE syn-DAases also produce the reactive diene, but they catalyse its reductive
formation that is required for NEDDA reaction8. Furthermore, enzymes that catalyse
IEDDA cycloadditions are exceedingly rare, with only two other known examples, Lepl?3,
and IccD®. Finally, cocrystallization of CtdP and MD simulations revealed that NADP* and
bulky residues Trp160, Phe170, and Phe277 position the substrate for conversion into the
a-anti configuration, leading to CtdP’s exquisite stereoselectivity.

In conclusion, CtdP represents a novel addition to the expanding family of natural DAases.
Based on the biosynthetic elucidation of both a-anti-and a-syn- bicyclo[2.2.2]diazaoctane
core formation in the ctdand mall phg pathways, we propose that CtdP and other NmrA-like
DAases have played a critical role in the evolution and expansion of structural diversity in
PI1A natural products. The mechanistic insights gained from this study highlight the precise
stereocontrol that nature employs in the assembly of complex metabolites, and also reveal
new opportunities for utilizing DAases as biocatalytic tools.

Online content

Methods

Any methods, additional references, Nature Research reporting summaries, source data,
extended data, supplementary information, acknowledgments, peer review information;
details of author contributions and competing interests; and statements of data and code
availability are available.

Strains and materials.

The fungus Penicillium citrinum ATCC 9849 was purchased from the American Type
Culture Collection (ATCC, https://www.atcc.org/). Escherichia coli TOP10 was used as

the host for plasmid propagation and £. co/iBL21(DE3) (Novagen) was used for protein
expression. Primers and functional genes mal/C and BmGDH were synthesized by Integrated
DNA Technologies, Inc. (Coralville, USA). DNA sequencing was tested at GENEWIZ, Inc.
(South Plainfield, USA). Kits for plasmid preparation and DNA extraction were purchased
from Vazyme Biotech Co., Ltd (Nanjing, CN). Optical pure 21 R-citrinadin A (1) and (+)-
precitrinadin A (2) were respectively purified from the extract of 2 citrinum ATCC 9849 and
its ActdU mutant as previously described?2. Cofactors NADP*, NAD*, NADPH, NADH,
and FAD, as well as the NADP/NADPH quantitation Kit, were purchased from Millipore
Sigma (Burlington, USA).

Gene inactivation in P. citrinum ATCC 9849.

For targeted gene inactivation, split-marker recombination2> was performed in 2. citrinum
ATCC 9849 (Supplementary Fig. 3). Two specific homologous regions (~1.5 kb) were
designed and amplified from P, citrinum ATCC 9849 genome, and the glufosinate (bar)
resistant marker was amplified from plasmid pBARKSL. By using Gibson assembly, the
DNA fragments were further assembled into a pUC57 vector. PCR amplification and gel
purification were subsequently performed to obtain 10 ug of each DNA fragment for
homologous recombination. The protoplasts of 2 citrinum ATCC 9849 were obtained after
4 hours of digestion of the conidia (shake at 100 RPM at 30 °C) by Yatalase (2 mg/mL) and
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lysing enzyme (3 mg/mL), and further centrifuged and resuspended to the concentration of
108-10°. After that, the prepared DNA fragments (each 10 pg) were mixed and incubated
with the fresh protoplast for 50 min at 4 °C. Then the polyethylene glycol (PEG) mediated
recombinations were performed on GMM (10 g/L glucose, 7 mM salts without nitrate, 10
mM ammonium tartrate, 0.1% trace elements, 16 g/L agar, pH = 6.5) plates containing 10%
glufosinate and 1.2 M sorbitol. Colonies possessing correct genotype were verified by PCR
reaction with the primers listed in Supplementary Table 2. The PCR results were illustrated
in Supplementary Fig. 3.

Compounds purification and spectroscopic analyses.

The mutants of £ citrinum were cultured on a YES medium (150 g/L sucrose, 20 g/L

yeast extract, 0.5 g/L magnesium sulfate) at 28 °C for 5 days. The fungal cells were
extracted with ethyl acetate and ultrasonic-assisted three times. The EtOAc extracts were
subsequently evaporated to dryness and further separated by silica chromatography to
obtain the fractions containing the target compounds. After combination and concentration,
the targeted fractions were further purified on Sephadex LH-20 chromatography (40-70
pum; GE Healthcare Life Science, USA). The obtained subfractions were finally purified

by a preparative Agilent 1260 Infinity Il LC System (Agilent Technologies, Inc., Santa
Clara, USA) equipped with a semi-preparative column (Ultimate XB-C18, 10 x 250

mm, 5 um, Welch, China). A linear gradient program of 30%—70% acetonitrile (v/v)

with 0.01% triethylamine in H,O (v/v) over 30 min at a 4 mL/min flow rate was used

for compounds purification. The target compounds were collected and dried for further
structural identification. NMR spectra were measured on a Bruker NEO 600 MHz High-
Performance Digital NMR (BrukerBiospin, Sweden) equipped with Bruker NMR TOPSPIN
3.6.2 software. NMR samples dissolved in deuterated solvents (CDCl3, CD3CN, DMSO-
ds, Cambridge Isotope Laboratories). Electronic circular dichroism (ECD) spectra were
recorded on a Jasco-810 spectropolarimeter (Jasco Inc., Easton, MD). High-resolution mass
spectrometry (HRMS) was tested on an Agilent 1290 Infinity/6230 TOF LCMS system
using electrospray ionization (ESI) in positive mode.

Proteins overexpression and purification.

The target genes were amplified and cloned into a modified pETDuet-1 vector with a
C-terminal 6xhistidine tag. After sequencing verification, the plasmids were transformed
into £. coli BL21(DES3) for protein expression. £.coli cells were cultured in 1 L LB broth
containing 100 pg/mL ampicillin at 37 °C until the ODggg value reached 0.5, and then
protein expression was induced with 0.24 mM IPTG for 14 h at 16 °C. All purification steps
were conducted at 4 °C. The cells were harvested by centrifugation (4000 g) for 20 min, and
then resuspended in 30 mL lysis buffer (50 mM Tris-HCI, 300 mM NaCl, 5 mM imidazole,
1.0 mM TCEP, pH 8.0), and lysed by sonication. Subsequently, high-speed centrifugation
(12,000 g, 30 min) was applied to obtain the lysate soluble fraction. The soluble fraction

was added to 0.5 mL of Ni-NTA resin (QIAGEN) for protein binding (1 h), and then the
mixture was loaded into a gravity-flow column. Proteins were washed with washing buffer
(50 mM Tris-HCI, 300 mM NaCl, 20 mM imidazole, 1.0 mM TCEP, pH 8.0) and eluted with
elution buffer (50 mM Tris-HCI, 300 mM NaCl, 300 mM imidazole, 1.0 mM TCEP, pH 8.0).
The purified proteins were finally exchanged with the exchange buffer (50 mM Tris-HCI,
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300 mM NacCl, 10% glycerol, 1.0 mM TCEP, pH 8.0) and then concentrated. The obtained
proteins were used for in vitro assays and stored at =80 °C.

Dialysis of refolded CtdP preparations.

The purified C-His-tagged CtdP protein was diluted with denaturing buffer (8 M urea, 50
mM Tris-HCI, and 300 mM NaCl, pH 8.0). 1 mL solution containing CtdP was transferred
into a dialysis bag and incubated in denaturing buffer (4 L) for 24 h dialysis. To remove
residual urea and refold the protein, the denaturing buffer was subsequently exchanged with
refolding buffer (0.5 M L-arginine, 50 mM Tris-HCI, and 300 mM NaCl, pH 8.0) for 12 h
incubation. Finally, to remove the L-arginine, a further buffer exchange step was performed
in the reaction buffer (50 mM Tris-HCI and 300 mM NacCl, pH 8.0) and incubation for 5 h.
All the exchange steps were performed at 4 °C.

Chemical synthesis of compounds 3 and 9.

Substrate 3 was synthesized following the steps as shown in Supplementary Fig. 1la
(synthetic steps from S1 to S7 were conducted by WuXi Apptec Co., Ltd., CN). The

NMR data of 3 is shown in Supplementary Table 5. Substrate 9 was synthesized following
reference®. The synthetic steps from S1 to 9 are shown in Supplementary Fig. 1b. The NMR
and MS spectra of 9 are identical to those of the zwitterionl. The NMR spectra of 9 are
shown in Supplementary Fig. 13.

In vitro activity assays.

The standard enzyme assay containing 500 UM substrate, 1 mM NADP* and 40 pM enzyme
in 50 pL reaction buffer (50 mM Tris-HCI, pH 7.0) was performed at 28 °C for 2 hours. The
reactions were quenched with 50 pL LCMS grade methanol and centrifuged to remove solid
material. The samples were analysed on an Agilent 6120B Single Quadrupole LC-MS using
an Agilent Poroshell 120 EC-C18 column (3.0 x 150 mm) with the following time program:
5% acetonitrile over 5 minutes, 5%-60% acetonitrile over 25 minutes, 95% acetonitrile for
5 minutes, 95%-5% acetonitrile over 1 minute, and 5% acetonitrile for 4 minutes. 0.1%

of formic acid was added to H,O. The flow rate was 0.5 mL/min and the reactions were
monitored at 280 nm. LCMS data was collected on Agilent Openlab CDS ChemStation
Edition software, version C.01.08 [210].

Anaerobic assays.

Anaerobic assays were performed in a Whitley A35 anaerobic workstation (Don Whitley
Scientific Limited, West Yorkshire, UK) at 30 °C. The O, concentration inside the chamber
is monitored within 0~0.01%. The reaction buffer and other used components were degassed
with nitrogen mixture (5% Hy, 10% CO,) before transfer to the chamber, and placed in

the chamber over 1 h gas exchange before usage in the reaction. The 50 L reactions

were quenched with 50 uL. LCMS grade methanol in the anaerobic workstation. After
centrifugation of each sample, the supernatant was analysed on LCMS. All experiments
were repeated three times independently with similar results.
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(S)-[4-2H] NADPH assays.

(5)-[4-2H] NADPH was generated by the incubation of glucose dehydrogenase BmGDH,
NADP*, and [1-2H] D-glucose. The recombinant protein BmGDH was expressed in £. coli
and purified before reactions3L. 40 pM CtdP, 2 mM NADP*, 500 pM substrate 3, 4 mM
[1-2H] D-glucose (Cambridge Isotope Laboratories) and 100 uM BmGDH were added in
total 100 pL Tris-HCI buffer (50 mM, pH 7.0) for reaction. Controls were set as minus
CtdP and minus [1-2H] D-glucose, respectively. Then the solutions were incubated at 30
°C for 2 h. Finally, the reactions were quenched with 100 uL LCMS grade methanol. After
centrifugation of each sample, the supernatant was analysed on LCMS.

Mutagenesis of CtdP.

Primers for ctadP mutagenesis were ordered from IDT. After PCR amplification and gel
purification, the mutated DNA fragments were cloned into modified pETDuet-1 vectors
using Gibson assembly. The mutant plasmids were verified by DNA sequencing and
transformed into £. coli BL21(DES3) for protein expression. E. coli cells were cultured in 0.5
L LB medium to an optical density (ODgqg) value of 0.5. Protein expression was induced
with 0.24 mM IPTG for 13-16 h at 16 °C. The proteins were purified using the general
purification method and subsequently involved in the enzymatic assays. The conversion and
the relative activities of CtdP mutants were measured by the relative ratio of product 2
formation in the mutant compared to the wild-type. The concentration of product 2 was
estimated by its standard carve that was generated from peak areas at 280 nm (UV) by
LCMS. The data is shown in Supplementary Fig. 7a. The error bars represent the standard
deviation (s.d.) of three independent replicates.

Single-crystal X-ray diffraction analyses of small molecules 5 and 10.

Colorless needles of compounds 5 and 10 were obtained from CH3CN solution by

slow evaporation at room temperature, respectively. Data collection was performed on

a Rigaku Oxford Diffraction XtalLAB Synergy-S using Cu Ka radiation at Rigaku

Corp. The structures were solved with the SHELXT structure solution program using
Intrinsic Phasing3® and refined with the SHEL XL refinement package using Least Squares
minimization3’, performing on Olex238. The final refined crystallographic data of 5 and
10 have been deposited at the Cambridge Crystallographic Data Centre with deposition
numbers CCDC 2127333 (5) and CCDC 2127332 (10). The crystallographic data and final
refinement of 5 and 10 are presented in Supplementary Tables 11 and 12, respectively.

Overexpression and Purification of SeMet CtdP for Crystallization.

CtdP was subcloned from previously constructed plasmids into a modified pET28 vector
with a TEV-cleavable, N-terminal 8xhistidine-tag. Once validated, the plasmid was
transformed into £. co/i BL21(DE3) for protein overexpression. These transformed cells
were then grown in 1 L of M9 minimal media and 50 g/mL of kanamycin at 37 °C with
shaking at 200 RPM to ODggg = ~1.0. Cultures were subsequently supplemented with an
amino acid solution (100 mg each of lysine, threonine, and phenylalanine, 50 mg each of
leucine, isoleucine, and valine) including selenomethionine (SeMet, 50 mg) and induced
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with 1 mM IPTG, chilled to 18 °C with shaking at 200 RPM, and incubated for 18-20 h.
Cells were harvested by centrifugation and stored at —80 °C.

For purification of SeMet CtdP, 10 g of cells were resuspended in lysis buffer (0.5 mg/mL
lysozyme, 10% wi/v glycerol, 50 mM NaCl, 20 mM imidazole, 50 mM HEPES pH 7.6, 0.1
mM NADP?*, 0.2 mM TCEP). The resuspended solution was then subjected to sonication
followed by high-speed centrifugation (60,000 g, 30 min) to obtain a clarified lysate. The
clarified lysate was then applied to a Ni-NTA Histrap column and washed with 7 columns
volumes of Ni-NTA buffer (25 mM potassium phosphate buffer pH 7.8, 300 mM NacCl, 20
mM imidazole, 10% wi/v glycerol, 0.2 mM TCEP, 0.1 mM NADP™*). SeMet CtdP was eluted
using a solution of 250 mM imidazole pH 8.0, 0.2 mM TCEP, 0.1 mM NADP*, and 10%
wi/v glycerol. Fractions containing SeMet CtdP were pooled and combined with His-tagged
tobacco etch virus (TEV) protease ina 1 : 30 (TEV : CtdP) ratio and dialyzed overnight

at 4 °C into 10 mM HEPES pH 7.6, 50 mM NaCl, 0.2 mM TCEP, and 0.1 mM NADP™,

The dialyzed protein solution was subsequently passed through a Ni-NTA Histrap column to
remove the remaining His-tagged SeMet CtdP and TEV to obtain exclusively cleaved SeMet
CtdP. Finally, the cleaved SeMet CtdP was applied to a GE PD-10 desalting column using
storage buffer (L0 mM HEPES pH 7.6, 50 mM NaCl, 0.2 mM TCEP, and 0.1 mM NADP?).
Purified protein was drop-frozen into liquid nitrogen and stored at =80 °C.

Crystallization and structure determination of CtdP complex.

For crystallization of SeMet CtdP, a solution of CtdP (13 mg/mL), compound 9 (1 mM),

and NADPH (2 mM) was made in storage buffer. The solution was incubated at room
temperature for 1 h to allow the production of compound 10. The protein solution was
mixed 1:1 v/v with precipitant solution (0.1 M BisTris pH 6.75, 25% PEG monomethyl ether
2000, 0.1 M CaCly). Crystals formed after 24—48 h, harvested into a cryo-protectant solution
(10% ethylene glycol, 25% PEG monomethyl ether 2000, 0.1 M CaCl,, 0.1 M BisTris pH
6.75, 1 mM NADP*, 0.5% DMSO) and flash-frozen in liquid nitrogen. Diffraction data
were collected at beamline 23-1D-B at the Advanced Photon Source (APS) using an X-ray
wavelength of 0.979 A (360° of data, 100 K, 0.2° image width). Data were processed with
XDS39 and the structure of SeMet crystals was solved by SAD phasing with Autosol40.
Coot#! was used for model building and refinement was conducted using PHENIX.refine®2.
Cycles of manual building in Coot and refinement in PHENIX.refine were used to produce
a final model. The structure of CtdP crystals was solved as a tetramer (chains A, B, C, D)

in the asymmetric unit with NADP* bound in each chain and compound 10 in three chains
(chains A, B, D). MolProbity#3 was used to validate the structures. Figures were generated
using PyMol (https://pymol.org/2/).

Density functional theory calculations.

Conformational searches were performed using the Schrédinger MacroModel#* software
package to identify the lowest energy conformers for quantum mechanical calculations.

All quantum mechanical calculations were performed using the Gaussian 16 software
package?®. Structures were optimized at the M06-2X*6/6-31+G(d) level of theory using
the CPCM4749 solvent model for water, which was chosen to mimic the role of the enzyme
active site in stabilizing charges; frequency calculations were used to confirm the presence
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of local minima (no imaginary frequencies) and transition states (one imaginary frequency).
Thermochemistry corrections to obtain enthalpies and free energies were computed at 298

K and 1 M, with Truhlar corrections®® applied to all frequencies below 100 cm™1 using

the GoodVibes®! software package. To obtain more accurate energetics, single-point energy
calculations were performed on the optimized structures at the M06-2X46/6-311++G(2d,2p)
level of theory using the CPCM47~49solvent model for water. Orbital energies were also
obtained at this level of theory. Visualizations of all computed structures were created using
the CY Lview2052 software package.

Molecular dynamics simulations.

Molecular dynamics simulations were prepared and equilibrated using the GPU code
(pmema)>?3 of the AMBER 16 package®*. Parameters for the substrate 3-ox and the NADPH
cofactor were generated within the antechamber module using the general AMBER force
field (gaff®°, with partial charges set to fit the electrostatic potential generated at the
HF/6-31(d) level by the RESP model®8. The partial charges were calculated according to
the Merz-Singh—-Kollman scheme57:58 using the Gaussian 16 package®®. Each protein was
immersed in a pre-equilibrated cubic box with a 10 A buffer of TIP3P%° water molecules
using the /eap module, resulting in the addition of around 19,000 solvent molecules. The
systems were neutralized by the addition of explicit counter ions (Na* and CI7). All
subsequent calculations were done using the widely tested Stony Brook modification of the
Amber14 force field (#14s5)%0. Water molecules were treated with the SHAKE algorithm
such that the angle between the hydrogen atoms was kept fixed. For the heating and
equilibration steps, long-range electrostatic effects were modeled using the particle-mesh-
Ewald method®1. An 8 A cutoff was applied to Lennard-Jones and electrostatic interactions.
First, a geometry optimization was performed on each system to minimize the positions

of solvent molecules and ions while imposing positional restraints on the protein backbone
and ligands using a harmonic potential with a force constant of 2 kcal mol=1-A=2. Second,
each system was gently and continuously heated over 1 ns from 0 K to 300 K under
constant-volume and periodic-boundary conditions. Harmonic restraints of 2 kcal mol~1
were applied to the protein backbone and ligands, and the Andersen equilibration scheme
was used to control and equalize the temperature. The time step was kept at 1 fs during

the heating stages, allowing potential inhomogeneities to self-adjust. Third, each system was
then equilibrated for a total of 4 ns at a constant pressure of 1 atm with a Berendson barostat
with a 2 fs time step; harmonic restraints of 2 kcal mol~1 were applied for the first 2 ns

and harmonic restraints of 0.5 kcal mol~1 was applied for the second 2 ns to the protein
backbone and ligands. Finally, production trajectories without harmonic restraints were run
on the Anton 2 supercomputer2 for 1200 ns with a 2.5 fs time step at 300 K and 1 atm using
the default NPT integrator and the default u-series treatment of electrostatic interactions.
Three production trajectories were obtained for the CtdP enzyme with the substrate 3-ox and
the NADPH cofactor present in the active site.
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Extended Data
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Extended Fig 3-
In vitro assays of 3 in anaerobic and aerobic conditions.
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Extended Fig 4-
Sequence alignment of CtdP and homologous NmrA-like proteins.
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Superposition of the different chains in CtdP.
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Extended Fig 6-
C-terminal tail and electrostatic surface structures of CtdP.
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Extended Fig 9-
Sequence similarity network analysis of NmrAlike protein CtdP.
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Fig. 1|. Fungal bicyclo[2.2.2]diazaoctane alkaloids biosynthesis and functional characterization
of CtdP.

a, Normal and inverse electron demand Diels-Alder reactions. EDG, electron-donating
group; EWG, electron-withdrawing group; LUMO, lowest unoccupied molecular orbital;
HOMO, highest occupied molecular orbital. b, The proposed azadiene intermediate and
products with different configurations of the bicyclo[2.2.2]diazaoctane ring in the IMDA
construction of PIAs. ¢, Chemical structures of natural PIAs with the a-syn or a-anti
bicyclo[2.2.2]diazaoctane rings. d, The ctd gene cluster from £ citrinum ATCC 9849. e,
LCMS analysis (extracted ion chromatogram, EIC) of 2 citrinum WT and mutant ActaP. f,
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CtdP catalyses the conversion from 3 to 2, and spontaneous IMDA cycloadducts from 3. g,
In vitro assays of 3 with CtdP. h, In vitro assays of 9 with CtdP and MalC, respectively.

i, CtdP catalyses the conversion from 9 to 10, and MalC catalyses the conversion from 9
to (+)-11. The symbol * represents the compound identified by MS and UV spectra, and #
represents the unknown compound.
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Fig. 2|. Crystal structure analysis of CtdP complex.
a, Overall structure of the CtdP asymmetric unit is shown in a cartoon model and colored by

each chain. Ligands are represented by spheres with NADP™ in yellow and penicimutamide
E (20) in salmon. b, Alignment of CtdP chains A and C are shown as a cartoon, with
NADP-binding domain in grey and substrate-binding domain forest green (chain A) or
pale yellow (chain C). NADP™* (yellow) and 10 (salmon) from chain A shown as sticks.
The C-terminal tail (residues 329-346) is highlighted with bright orange. c, The simulated
annealing omits maps (blue mesh, Fo-Fc, contoured at 3.0 o) of the NADP* and 10.

d, Superimposed CtdP-NADP*-10 (forest green) and PhgE-NADP*-(+)-11 (orange, PDB
6NKK) complex structures aligned by the NADP-binding domain.
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Fig. 3|. CtdP active site view and mutagenesis study.
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a, Active site of CtdP. The CtdP residues are shown in blue, while NADP* and

10 are shown in yellow and salmon, respectively. b, Superposition of the common
bicyclo[2.2.2]diazaoctane ring in (+)-11 (green) with that in 10 (salmon) in CtdP-NADP*
-10 complex. ¢, Analysis of the formation of 10 with CtdP mutants relative to wild-type
(WT) production. Data represents as mean = s.d. from triplicate independent experiments (7
= 3). The relative ratio of product 2 formation in the mutant compared to the WT CtdP is

based on the peak area of UV at 280 nm.
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Fig. 4 |. Proposed mechanism of CtdP-catalysed a.-anti-selective | M DA reaction.
a, Comparison of the energetics of a tautomerization pathway (left pathway in purple)

and a redox-mediated pathway (right pathway in blue) using the NADP* cofactor present
in the CtdP active site. b, MS spectra of 2 and 2H-2 produced in CtdP and (S)-[4-2H]
NADPH assay. ¢, Monitoring the two dihedral angles ggiene and @gienophile i substrate 3-ox
that controls the stereochemistry of the IMDA adduct during three 1.2-microsecond MD
simulations. Each point corresponds to an MD snapshot where both DA forming bonds are
4.0 A or less; to the right are the a-syn7and a-anti snapshots with the shortest DA bond
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lengths. d, The proposed mechanistic pathway of CtdP-catalysed a-antr-selective IMDA
reaction. Free energies are in kcal mol~1 and bond lengths are in A.
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