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SbzP is a unique pyridoxal-5’-phosphate-dependent enzyme, which

catalyses a[3+2] annulation between the pyridinium ring of -nicotinamide
adenine dinucleotide (B-NAD) and an electronrich 3,y-unsaturated
quinonoid derived from S-adenosylmethionine in natural product
azaindane antibiotics biosynthesis. The SbzP-mediated annulation has
been proposed to be arare tandem C-C bond formation, butits structural
basis and catalytic mechanism remain largely unknown. Here we report
the B-NAD-complexed structure of PseP (SbzP homologue), identified by
cryo-electron microscopy. Structure-based mutagenesis, stopped-flow
analysis, thermal shift and surface plasmon resonance analysis identified
theimportantresidues for the substrate binding. Molecular dynamics
simulations provided insights regarding how the enzyme orients the Cy of

the unsaturated quinonoid to 3-NAD. In addition, density functional theory
calculations confirmed that the proposed stepwise mechanism is more likely
thana pericyclization mechanism. This study provides the structural basis
of a pyridoxal-5’-phosphate-dependent enzyme that catalyses nucleophilic

Cyaddition and 3-NAD processing in natural product biosynthesis.

Pyridoxal-5’-phosphate (PLP)-dependent enzymes are among the
most versatile catalystsin many cellular metabolic pathways'2 They
catalyse a vast range of chemical reactions, including transamina-
tion®, decarboxylation*, racemization®, epimerization®, B/y elimi-
nation”® or addition’", aldol reaction®?, Claisen condensation®,
desaturation'", O,-dependent oxidation'®", cyclodehydration™
and Mannich cyclization®. The catalytic versatility of PLP-dependent
enzymes is mainly derived from the ability of PLP to work as an

electron pump?®?. Inaddition, these PLP-dependent enzymes exhibit
excellent regio- and stereo-selectivities, allowing for control over
product distributions of complex chemical reactions?, including
the synthesis of non-proteinogenic amino acids and chiral amine
compounds®>®'*?*?*, The discovery of biocatalysts in this family,
and the study of their mechanisms for controlling catalysis, could
empower the enzymatic synthesis of thus far inaccessible bioactive
compounds.
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Fig.1| The [3+2] annulation reaction by SbzP/PseP. a, The reaction scheme of
SbzP/PseP to produce 5’-methylthioadenosine (AdoSMe) and 1 from SAM and
B-NAD (ref. 25). b, The proposed reaction mechanism: (i) SAM reacts with an
internal aldimine via transaldimination, and the deprotonation at Ca generates
aquinonoid species; (ii) the deprotonation at Cf induces the elimination of
AdoSMe to produce a 3,y-unsaturated quinonoid; (iii) the attack on C-4 of 3-NAD
by the ,y-unsaturated quinonoid from the re-face generates the first C-C bond

to produce intermediate I; (iv) the attack on C-4’ of intermediate 1 by the catalytic
lysine facilitates the isomerization via reprotonation at Cf3 from the si-face,
restoring the electrophilicity of Ca and resulting in the geminal amine/imine;

(v) the attack on Ca from C-5 of the dihydropyridine from the si-face generates
the second C-C bond to produce intermediate II; (vi) the deprotonation of H-5
inintermediate Il generates the dihydropyridine; and (vii) transaldimination
releases the product 1. The number of the active lysine (K629) is from PsePQ.

Recently, we identified a PLP enzyme that catalyses a[3+2] annu-
lation between the pyridinium ring of 3-NAD and the 3,y-unsaturated
quinonoid derived from S-adenosylmethionine (SAM) to produce the
azaindane dinucleotide 1, in the biosynthesis of the actinomycetical
alkaloid altemicidin (Fig. 1a)*%. SbzP is the only known PLP enzyme
that catalyses tandem Cy and Cacadditions and that uses the cofactor
B-NAD as a substrate in natural product biosynthesis. The structural
basis of this enzyme-catalysed reactionisintriguing. A Pfam database”
search of SbzP did not assign any known 3-NAD binding motif's, sug-
gesting an unknown binding mode for the -NAD processing. Based
on the detection of a 3,y-unsaturated quinonoid in the stopped-flow
analysis and the ping-pong Bi-Bi mechanism confirmed by the kinetic
analysis, we proposed a reaction mechanism of SbzP (Fig. 1b)*: a step-
wise [3+2] annulation, involving initial C-C bond formation between

Cy of the f,y-unsaturated quinonoid and C-4 of 3-NAD (dearomative
pyridinium addition; stepiv), followed by C-Cbond formation between
Caand C-5 (step vii); asimilar process was described in the recent total
synthesis of altemicidin®’. However, we could not definitively eliminate
the possibility of the alternative concerted pericyclic reaction ([4+6]
or [4+2] cycloaddition) between the 3,y-unsaturated quinonoid and
B-NAD (Extended Data Fig.1).

Here, based on our analysis of the cryo-electron microscopy
(cryo-EM) structure of PseP (the stable SbzP homologue), coupled with
structure-based mutagenesis, biophysical and computational analyses,
we propose a detailed molecular mechanism for the SbzP reaction®
and structure-function relationships for SbzP. The complex structure
of PseP with B-NAD and biophysical analyses including stopped-flow
analysis, thermal shift and surface plasmon resonance (SPR) analysis
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Fig.2|The cryo-EM structure of PseP complexed with B-NAD. a,b, The overall structure of PseP (a) and the B-NAD binding manner of PseP (b). Monomer A,
monomer B, the N-terminal region of monomer A and 3-NAD are coloured brown, blue, purple and orange, respectively.

show a binding mode of the PLP enzyme to the substrate 3-NAD, and
molecular dynamics (MD) simulations confirm that this is a possible
structurein the catalytic reaction. MD simulations provide structural
insights regarding how the enzyme orients the Cy of the unsaturated
quinonoid to C-4 of B-NAD. In addition, density functional theory
(DFT) calculations confirm that the pericyclic reaction mechanism
is unlikely, thus supporting a stepwise mechanism starting with Cy
alkylation of the quinonoid. This study provides the molecular basis
of a PLP-dependent enzyme that catalyses nucleophilic Cy alkylation
to decorate the structure of the cofactor 3-NAD in natural product
biosynthesis.

Results

Cryo-EM structure analysis of PseP

For structural analysis, we used PsePQ, a chimeric protein of an SbzP
homologue from Pseudomonas (52% amino acid identity)* fused to
the a-ketoglutarate-dependent oxygenase PseQ, an SbzQ homologue,
which catalyses the hydroxylation of 1 (Extended Data Fig. 2). PsePQ
proteinwas purified from the Streptomyces lividans expression system
by Ni-NTA affinity chromatography and gel filtration chromatography.
Because PsePQ proteinis unstable at high concentrations (>15 uM) and
difficult to crystallize, we chose cryo-EM as amethod for structural anal-
ysis. We spiked a PsePQ solution with several different compounds as
theligand, including B-NAD, 3-NADH, SAM, S-adenosyl-L-homocysteine
(SAH), aminovinylglycine, vinylglycine and sinefungin, and analysed
the samples by single-particle cryo-EM (Supplementary Figs.1-4 and
Supplementary Tables 1and 2). We successfully solved the structure
of PseP without any ligand at 2.83 A (PseP-apo, residues 332-811) and
the structure complexed with B-NAD at 2.86 A (PseP-NAD, in 20 mM
B-NAD, residues 335-811; Extended Data Fig. 2 and Supplementary
Table1). The proteinwith SAH or SAM was also tested, but the orienta-
tion of the protein molecules was not distributed enough, leading to
the failure of abinitio three-dimensional (3D) reconstruction. Thus, we
were unable to obtain the 3D structure of PsePQ complexed with SAH or
SAM. Although we analysed full-length PsePQ, only the 3D reconstruc-
tion of PseP could be established.

To biochemically characterize the PsePQ protein that we used
for cryo-EM grids, we conducted sodium dodecyl-sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE), gel filtration and size exclusion
chromatography with multiple angle laser light scattering (SEC-MALS)

analyses (Supplementary Figs. 5 and 6 and Extended Data Fig. 3). The
SDS-PAGE analysis confirmed that the purified protein had its full
length without cleavage of the PseQregion even when frozenin liquid
ethane (Supplementary Fig. 5). The gel filtration profile showed that
the protein had an almost identical multimerization state, and the
SEC-MALS analysis showed thatits molecular weight was172.9 + 1.2 kDa
(calculated molecular weight 187.4 kDa for the dimer of N-terminal
his-tagged (Nhis)-PsePQ; Supplementary Fig. 6 and Extended
Data Fig. 3). These data confirmed that the PsePQ protein used for
cryo-EM analysis has a dimeric structure and contains both PseP and
PseQ. The reason why the PseQ region is not clearly observed during
two-dimensional (2D) classification may be due to the variable relative
positions of PseP and PseQ. The Alphafold2 model of PsePQ indicates
that PseQislocated above a-helix 16 of PseP, and the 2D class average
with alarge mask suggests hints of supplementary density correspond-
ing to PseQ (Extended Data Fig. 4). This density indicates a possible
location of PseQ, but the data are not clear enough to determine the
position. Thus, it is likely that the position is not fixed under the con-
ditions tested in the cryo-EM experiment, as implicated by the high
predicted aligned error (PAE) value of the linker region between PseP
and PseQ (Extended Data Fig. 4).

The observed structuresinclude the 85-aa N-terminal region (aa,
amino acid), which can be aligned with the unusual N-terminal 144-aa
region of SbzP. This extended N-terminal 144-aaregion is not conserved
inthe other homologous PLP enzymes, but is essential for the activity
for SbzP as shown by N-truncation experiments®. The overall structures
formahomodimer (Fig.2a) and are similar with type | PLP-dependent
enzymes®, in accord with the phylogenetic analysis®. A homology
searchwiththe DALIserver revealed that the PseP-apo and PseP-NAD
structures are most similar to the PLP-dependent transaminases from
Eubacteriumrectale (Protein Data Bank (PDB) no. 3ELE)*°, withr.m.s.d.
values of 3.1and 3.4 A for the 363 and 362 Ca atoms, respectively (17
and 16% amino acid sequence identities, respectively).

Inthe PseP-NAD structure, two molecules of B-NAD are located at
the dimerinterface and bound to the enzyme viamultipleinteractions
with the adenosine, diphosphate and nicotinamide riboside moieties
(Fig. 2a,b and Supplementary Fig. 4). No substantial conformational
change was observed between the PseP-apo and PseP-NAD structures
(r.m.s.d. value = 0.3 A; Supplementary Fig. 7). The adenine is located
inthe other monomer, and supported by a r-stacking interaction with
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Fig.3|Mutagenesis analysis of PseP. a,b, Analysis of the relative production
ratios of 1(a) and AdoSMe (b). NC, negative control. All experiments were
repeated independently three times. The bars are means of N = 3 independent
experiments (each data point is shown by a black diamond), and error bars
indicate standard deviations. ¢, The 400 ns snapshot of an MD simulation of the

PseP complexed with B-NAD and f,y-unsaturated quinonoid. Red circles indicate
the residues important for 3-NAD binding, and blue circlesindicate the residues
important for SAM binding. The distance between Cy of the B,y-unsaturated
quinonoid and C-4 of B-NADis 3.7 A.

F457 and a m—cation interaction with R466, and hydrogen bonding
between Y699 and the 1”-NH,. The adenosine ribose is supported by
loop 6 between a-helices 6 and 7. The O-2 of the diphosphate is hydro-
gen bonded with R466. The nicotinamide riboside is accommodated
within the cleft between a-helix 5 of monomer Aand loop 6 of monomer
B, and supported by hydrogen bonding between the 3’-OH and D462 of
monomer B, the hydrophobicinteraction between the ribose and Y418
of monomer A and the -stackinginteractionbetween the nicotinamide
and F413 of monomer A. The a-helix 5, including F413 and Y418, is within
the 85-aa N-terminal region, indicating the importance of this region
for substrate binding (Fig. 2a,b).

Mutagenesis and biophysical analysis of PseP

To evaluate the importance of the amino acid residues that interact
with 3-NAD, PsePQ F413A, Y418A, F457A, R466A and Y699F variants
were prepared. We could not test D462A, as it was insoluble. Y460A was
constructed as anegative control, since Y460 is conserved for binding

to the phosphate of PLP and the mutation ruined enzyme activity®.
Wild-type (WT) and the variants were analysed by gel filtration, nega-
tive stain EM and SEC-MALS. The SEC-MALS analysis revealed that all
the variants adopt the same dimeric structure, and the negative stain
EM analysis showed that they have similar protein shape (Supplemen-
tary Figs. 6 and 8 and Extended Data Fig. 3). These data suggest that
the introduced mutations do not affect the multimeric structure and
the shape of the proteins. Each variant was assayed with 3-NAD and
SAM in the presence of PLP, and the production of 1 was analysed by
liquid chromatography mass spectrometry (LC-MS). Y460F abolished
the productivity of 1by 100%; F413A, F457A and R466A decreased the
activity by >95%; and Y699F and Y418A decreased the activity by >80%
(Fig.3a). These dataindicate that F413, Y418, F457,R466 and Y699 are
critical for the catalysis, as expected from the cryo-EM structures. To
evaluate theimportance of these residues for 3-NAD binding, we con-
ducted thermal shift and SPR assays. In the thermal shift assay, one of
the melting temperature peaks shifted 0.9 °C and 0.5 °C upward when
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B-NAD was present with WT and Y460F, respectively, but asimilar shift
was not detected with F413A, Y418A,F457A, R466A or Y699A (Supple-
mentary Fig. 9). Consistently, the SPR assay showed that the WT pos-
sesses binding affinity for B-NAD (K, =127.7 + 30.8 pM; K,,, dissociation
constant), while the other variants lacked acomparable binding affinity
(Kp>900 pM) (Supplementary Fig. 10). These thermal shift and SPR
assay datathusindicate theimportance of F413, Y418, F457,R466 and
Y699 for 3-NAD binding (Fig. 3c). We also conducted the thermal shift
assay inthe presence of both SAM and 3-NAD, but no additional obvious
thermal shift was observed compared to thatinduced by 3-NAD alone.
Since SAM rapidly reacts with PLP to generate 3,y-unsaturated qui-
nonoid, and the quinonoid diminishesin 5 s as shown by stopped-flow
analysis?, it is reasonable that SAM does not affect the thermal stability
oftheenzyme. By contrast, SAHincreased the thermal stability of both
theligand-free and the 3-NAD-bound enzymes (Supplementary Fig. 9).
Consistent with this result, SPR experiments with 1.5 mM SAH in the
running buffer showed a lower K, value between enzyme and 3-NAD
compared to the data from SAH-free buffer (Supplementary Fig. 11).

Toidentify the residues involved in SAM binding, we constructed
adocked model of PseP with SAM (Supplementary Fig. 12a). The con-
structed model suggested that SAM binds to the enzyme via hydrogen
bonding between O-3’ and D462, a hydrophobic interaction between
ribose and Y418, a cation-minteraction between the sulfonium cation
and F413 and hydrogen bonding between the a-carboxyl group and
R791. To verify the importance of these residues for generating the
B,y-unsaturated quinonoid, we measured the ability of these variants
to produce 5’-methylthioadenosine (AdoSMe) by HPLC. F413A unex-
pectedly enhanced the productivity of AdoSMe by 5%, and Y418A still
retained 67% of the productivity, compared with WT (Fig. 3b). These
data suggest that the interactions with F413 and Y418 are not essen-
tial for SAM binding. The strong ionic interaction between F413 and
the sulfonium cation may trap SAM, or F413 may also interact with
AdoSMe through m-stacking with the adenine moiety, thus decreas-
ing the turnover. By contrast, F457A, R466A and Y699F showed 21, 29
and15% AdoSMe productivities compared to that of WT, respectively.
Consistent with these biochemical analyses, inthe stopped-flow analy-
sis, the absorption at 520 nm corresponding to the 3,y-unsaturated
quinonoid was only detected in WT, F413A and Y418A (Supplemen-
tary Fig. 13). The loss of the activity to generate the 3,y-unsaturated
quinonoid for F457A, R466A and Y699F was unexpected, because
these residues are not involved in the PLP binding site. These data
suggest the possibility that SAM first binds to the adenosine binding
pocket, consisting of F457A, R466A and Y699, and then transfers to
the PLP binding site (Fig. 3c). Y525 islocated 3.4 A away from CBinthe
SAM-docked structure of PseP (Supplementary Fig.12a). This residue
is equivalent to Y152, which is proposed to attack the y-position of
SAMinaplant1-aminocyclopropane-1-carboxylate synthase (ACCS)*".
The Y525F PseP variant decreased the production of 1 and AdoSMe
substantially (Fig. 3a,b), suggesting that Y525 plays acrucial rolein the
y-elimination of the quinonoid. A docked model of PseP with PLP-SAM
external aldimine was also constructed (Supplementary Fig. 14). In
this model, the hydrogen bonding between the ribose and D462 was
no longer observed, but instead the hydrogen bondings among the
ribose, Y652 and S656 were observed. Y525 was located 2.5 A away from
CpB, also suggesting its role in y-elimination.

MD and DFT simulations of PseP reaction

To evaluate whether the position of 3-NAD binding in the cryo-EM
structure is reasonable for the enzyme reaction, MD simulations
were performed using the positional information of B-NAD from the
PseP-NAD structure and the conformation of the unsaturated qui-
nonoid predicted from DFT calculations (Methods for details). Both
ligands were docked into the enzyme and simulated for 1,000 ns tra-
jectories. The 3,y-unsaturated quinonoid was supported via hydro-
gen bonding with N573, D600, S626, K629, K637 and R791, and by

hydrophobicinteractions with Y525and L528 (Extended Data Fig. 5a).
The distance between the Cy of unsaturated quinonoid and the C-4
of B-NAD was maintained at less than 5.0 A most of the time (62.1% on
average) for the monomers in each calculation (Fig. 3c and Extended
Data Fig. 5b-f). These data indicate that the position of B-NAD in the
PseP-NAD structure likely represents the position for the reaction with
the 3,y-unsaturated quinonoid. Comparing the simulated structures
at 400 ns and PseP-NAD, we found that loop 6 containing F457 and
R466 and loop 15 containing Y699 moved 1.9-2.0 A and 2.8 A upward,
respectively (Supplementary Fig. 15). The position of 3-NAD also moved
1.5-2.0 Aupward, suggesting that the conformational changes around
the adenosine binding pocket may be important for adjusting the posi-
tion of B-NAD during the enzyme reaction.R791and K637 are conserved
residues for binding to the a-carboxyl group of the substrate and the
phosphate of PLP, respectively, as reported in ACCS (ref. 31) and CqsA
(refs. 32,33). As expected, R791A and K637A decreased the activity to
produce 1by 82% and 100%, respectively.

To evaluate the feasibility of concerted and stepwise reaction
mechanisms, DFT calculations were then conducted at the M06-2X/
def2-SVP level. Concerted cycloadditions were shown to be unlikely,
since these would produce an alkyl carbanion, which could not be
located asaminimumon the potential energy surface (Supplementary
Notes 1and 2). The predicted energetics for the proposed reaction
mechanism (Fig. 2)* with nucleophilic attack at C-4’ of PLP by a cata-
lytic lysine (Supplementary Fig.16) indicated that this mechanism was
the most energetically feasible of those examined (Supplementary
Figs. 16-19). In this mechanism, the two C-C bond-forming events
were predicted to have small free energy barriers (13 and 4 kcal mol™).
Additionally, we estimated the pK, (where Kj, is the acidity constant)
of the protonated alkene to be approximately -1 (Supplementary
Note 2). Although transition structures for proton transfer were not
modelled explicitly, Y460 and Y525 are located close to the C[3 of SAM
in the docked structure (Supplementary Fig. 12a) and are candidates
for mediating proton transfer.

Discussion
We elucidated the overall and 3-NAD-complexed structures of PseP.
Based onthese structures, mutational and computational studies pro-
vided the structural basis for the recognition of B-NAD, SAM and the
B,y-unsaturated quinonoid. Inaddition, results from DFT calculations
suggested that the pericyclic mechanismis unlikely, and the proposed
stepwise reaction mechanism? is plausible (Fig. 2). Notably, there are
several reportson electrophilic y-addition-catalysing PLP enzymes, such
as CndF (ref. 34), Fub7 (ref. 10), FIVA (ref. 35), LolC (ref. 19) and Mur24
(ref.11), that generate the electron-deficient vinylglycine ketimine by
catalysingy-elimination and facilitate the Michael addition of acarbon
ornitrogennucleophile at the Cy position. This study presents the struc-
tural basis of a PLP enzyme that catalyses nucleophilic Cy addition®.
PseP accommodates 3-NAD in the adenosine, diphosphate and
nicotinamide riboside binding pockets in the active site. This mode
of B-NAD binding through multiple interactionsis distinct fromthose
ofthe canonical NAD oxidoreductases with aRossmann fold, in which
enzymes bind 3-NAD via two pairs of bidentate ribose-carboxylate
interactions that occur between the side chain of Asp/Glu and the
2’-hydroxyland 3’-hydroxyl groups of the ribose of adenosine or nico-
tinamide riboside”. In ADP-ribosyltransferase-like Clostridium difficile
toxin®® and poly ADP-ribose polymerase (PARP; refs. 39,40), B-NAD is
alsoaccommodated via multiple interaction sites. However, C. difficile
toxin binds 3-NAD through hydrophobic interactions and hydrogen
bonds with the adenine, ribose, phosphate and nicotinamide moie-
ties. In addition, B-NAD is folded in a conformation so the C-1 of the
nicotinamide riboside can be easily attacked by a nucleophile®, but
PseP does not adopt a similar ligand conformation. PseP also rec-
ognizes 3-NAD with hydrophobic interactions and hydrogen bonds
via multiple sites, but it additionally employs m-m stacking with the
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adenine and nicotinamide and the cleft between the two monomers.
This characteristic substrate binding mode contributes to the tight
substrate specificity of SbzP/PseP enzymes, which accept neither
«-NAD, B-NADP nor 3-nicotinamide mononucleotide (3-NMN; ref. 25).

Thisstudy elucidated the structural basis by which the PseP enzyme
accommodates a f3,y-unsaturated quinonoid. Recently, McKinnie’s and
Ryan’s groups reported the X-ray crystal structure of GntC complexed
with an external aldimine'® and Plu4 complexed with the quinonoid I,
respectively®. Inthestructures of PseP, GntC and Plu4, the aldimine or qui-
nonoid is supported by the hydrogenbonds among the a-carboxyl group,
arginine (R791-PseP) and asparagine (N573-PseP); the hydrogen bonds
betweenthe amine of aldimine or theimine of quinonoid and asparticacid
(D600-PseP); and the hydrogen bonds among the phosphate, the basic
residue (K637-PseP) and serine or asparticacid (S626-PseP; Extended Data
Fig.5g,h). By contrast, the positions of the aromatic residues (Y525-PseP)
and leucine (L528-PseP) vary among PLP enzymes. These differencesin
the hydrophobicinteractions may control the reactivity.

Including SbzP/PseP, several PLP-dependent enzymes have
been reported that use SAM or methylated SAM as a substrate:
plant ACCS (ref. 31), bacterial ACCS GnmY (ref. 41), Orf30 (ref. 42),
adenosylmethionine-8-amino-7-oxononanoate aminotransferase
(DAPA; ref. 43), CqsA (refs. 32,33) and Mur24 (ref. 11). Their amino acid
sequence similarities to PseP/SbzP are less than 15% (Supplementary
Fig.25a). Theaminoacid alignment reveals that the residues for binding
to SAM or PLP-SAM external aldimine are not well conserved among
them, though R791is completely conserved, and Y460 and Y525 are
partially conserved (Supplementary Fig. 25b). Among the enzymes,
SbzP/PseP, CqsA and Mur24 commonly catalyse the Cy elimination of
SAM. CgsA also produces the 3,y-unsaturated quinonoid, but it cataly-
sesnucleophilic Ca alkylation with afatty acyl coenzyme A (acyl-CoA).
Mur24 generates the quinonoid after Ca deprotonation, in common
with SbzP/PseP and CqsA, but it catalyses the protonation of C-4 of
the quinonoid and Cf3 deprotonation, leading to the generation of
a B,y-unsaturated ketimine. These three enzymes should possess a
common mechanism for the Cy elimination. We superimposed the
PseP structure onthe CqsA X-ray crystal structure, but the two did not
fit well due to their low identity (11.9%). Thus, PseP and CqsA should
use different structural bases to accommodate SAM in their active
sites. By contrast, the AlphaFold2 model of Mur24 superimposed on
PseP well"*, and the hydrogen bonds with SAM via D462 and R791 are
likely to be conserved in Mur24, but not the interactions with aromatic
residues corresponding to F413 and Y418 (Supplementary Fig. 12b).
Comparative structural and spectral analyses of Mur24 to identify the
residues required for substrate binding and the proton donor should
clarify the structure-function relationships of these two enzymes®.

Insummary, we elucidated the intimate structural and mechanis-
tic details of the PLP-dependent enzyme-catalysed nucleophilic Cy
addition reaction to generate 3-NAD-derived antibiotics. We expect
that these structure-function and mechanistic data will be useful for
further understanding and controlling the catalysis of PLP-dependent
enzymes. This information paves a way for enzyme engineering to
produce B-NAD-derived and pyridinium cofactor-derived molecules®
for future drug discovery.

Methods

General

Solvents and chemicals were purchased from Fujifilm-Wako Chemicals,
Sigma-Aldrich or Kanto Chemical, unless otherwise noted. Oligonu-
cleotide primers were purchased from Eurofins Genetics. Polymerase
chain reaction (PCR) DNA amplifications were executed using a PCR
Thermal Cycler Dice (TaKaRa), with Prime STAR Max DNA Polymerase
(RO45A, TaKaRa). Sanger DNA sequence analysis was outsourced to
Eurofins Genetics to ensure that no PCR errors exist. The LC-MS analysis
was conducted on a Bruker Compact qTOF mass spectrometer with a
Shimadzu Prominence HPLC system.

Expression and purification of recombinant proteins
PsePQand its mutants were expressed, and the proteins were purified
from . lividans/pHSA81 transformant. Because all attempts to express
PsePQ in Escherichia colifailed, we used the high protein production
system with pHSAS81 in Streptomyces. The pHSA81 expression vector
for the expression of PsePQ mutants was constructed via E. coli expres-
sion vector (pQTev) as described previously”, with the primers in
Supplementary Table 6. The pHSA81 expression systemis based onthe
regulation system from nitrile hydratase (H-NHase) from Rhodococcus
rhodochrous*®. The incubation of the heterologous expression strain
and purification of the proteins using Ni affinity and gel filtration chro-
matographies were carried out as described previously?.

Cryo-EM sample preparation

The cryo-grid was prepared as described previously”. A 3 pul sample
(6.0 pM PsePQ mixed with or without 20 mM B-NAD) was applied to
aholey carbon grid (Quantifoil, Au, R1.2/1.3,300 mesh). The grid was
hydrophilized, blotted and then flash frozen in liquid ethane.

Cryo-EM data collection

For the PseP-apo dataset, a Titan Krios G3i (Thermo Fisher Scientific)
microscope equipped with a Gatan Quantum-LS energy filter (slit
width, 25 eV) and a Gatan K3 Summit direct electron detector in elec-
tron counting mode (CDS mode) was operated at 300 kV to acquire
6,587 videos. The electron flux at the detector was set t0 7.561e” A% s™
where e isanelectron. Theimaging was executed at anominal magni-
fication of x105,000, corresponding to a pixel size of 0.83 A per pixel.
The total electron exposure was set to 49 e A Each video was subdi-
vided into1e~ A per frame for all datasets. Data were automatically
acquired by the image shift method using EPU software, with a defocus
rangeof -1.0to-1.8 pm.

For the PseP-NAD complex dataset, 3,006 videos were obtained
using the same equipment as above. The electron flux at the detector
was set to 8.698 e” A2 s\, The imaging and data subdivision were per-
formed using the same parameters as above. Data were automatically
acquired by the image shift method using SerialEM software, with a
defocusrange of -0.8to -1.8 um.

Cryo-EM data processing

All the following processes were conducted using RELION (v.3.1)*,
The data collection and refinement statistics are summarized in Sup-
plementary Table 1. For PseP-apo datasets, dose-fractionated videos
were processed as described previously***°. To build 2D templates
for automatic particle picking, 2,939,392 particles were selected by
using template-free Laplacian-of-Gaussian picking, extracted with
Laplacian-of-Gaussian picking and rescaled to 2.59375 A per pixel with
a 96-pixel box size. The extracted particle images were subjected to
three rounds of reference-free 2D classification. Fine quality 2D classes
(658,456 particles) were selected as templates, and 2D template-based
particle picking was performed. Picked 2,771,336 particles were
selected from motion-corrected micrographs with down-sampling to
apixel size 0f2.59375 A per pixel with a 96-pixel box size. These particles
were subjected to the reference-free 2D classification for three cycles
(first, 150 expected classes, 150 A mask diameter; second, 50 expected
classes, 135 Amask diameter; and third, 50 expected classes, 125 A mask
diameter). After three cycles of reference-free 2D classification, 243,377
particles corresponding to the best eight classes, which displayed
secondary-structural elements, were selected from the result,and then
used for ab initio reconstruction (asymmetry, single expected class,
130 A mask diameter). The 643,748 particles corresponding to the
best 27 classes, which displayed secondary-structural elements, were
selected for 3D classification from the second cycle of reference-free
2D classification. A C, symmetry was imposed on the generated ab
initio map, which was used for the 3D classification (C, symmetry,
140 A mask diameter). The 211,371 particles of the best 3D class, which
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displayed the highest resolution, were reextracted with a pixel size of
0.83 A per pixel with a 300-pixel box size, and subjected to auto-3D
refinement (C,symmetry, 150 A mask diameter). Two cycles of contrast
transfer function (CTF) refinement and Bayesian polishing were per-
formed®.. The 3D refinement (C, symmetry, 120 A mask diameter) witha
soft-edged 3D mask (15-pixel extension, 30-pixel soft cosine edge) was
conducted after each step of the CTF refinement and Bayesian polish-
ing. The last 3D refinement (C,symmetry, 120 A mask diameter) witha
soft-edged 3D mask (15-pixel extension, 30-pixel soft cosine edge) and
post-processing generated the final data at 2.83 A resolution.

The PseP-NAD dataset was analysed in the same way as the
PseP-apo dataset. To generate 2D templates for automatic particle
picking, 2,059,123 particles were picked, extracted and rescaled to
4.67000 A per pixel with a 64-pixel box size. The extracted particle
images were subjected to three rounds of reference-free 2D classifica-
tion. The 2D classes (250,424 particles) were selected as templates, and
2D template-based particle picking was executed. Picked 2,478,450
particles were selected from motion-corrected micrographs with
down-sampling to a pixel size of 3.32 A per pixel with a 96-pixel box size.
These particles were subjected to the reference-free 2D classification
for two cycles (first, 150 expected classes, 150 A mask diameter; and
second, 75 expected classes, 135 A mask diameter). After the two cycles
of reference-free 2D classification, the 574,184 particles correspond-
ing to the best eight classes, which displayed secondary-structural
elements, were selected from the result and then used for ab initio
reconstruction (asymmetry, single expected class, 140 A mask diam-
eter). The 1,142,873 particles corresponding to the best 17 classes,
which displayed secondary-structural elements, were selected for 3D
classification fromthe second cycle of reference-free 2D classification.
A C,symmetry wasimposed on the generated ab initio map, whichwas
used for the 3D classification (C, symmetry, 140 A mask diameter).
The 462,772 particles of the best 3D class, which displayed the highest
resolution, were selected and reextracted with a pixel size of 0.83 A per
pixel with a 300 pixel box size, and subjected to auto-3D refinement
(C,symmetry, 150 A mask diameter). A cycle of CTF refinement was per-
formed*. The 3D refinement (C,symmetry, 300 A mask diameter) with
a soft-edged 3D mask (15-pixel extension, 30-pixel soft cosine edge)
was conducted after the CTF refinement step. The last 3D refinement
(C,symmetry,150 A mask diameter) with a soft-edged 3D mask (15-pixel
extension, 30-pixel soft cosine edge) and post-processing generated
the final dataat 2.86 A resolution. A global resolution estimation with
phase randomization was carried out as described previously® ¢,

For the investigation of additional densities potentially corre-
spondingto PseQ, PseP-NAD datasets were used. Following CTFFIND4
analysis®®, 1,939,584 particles were picked by using template-free
Laplacian-of-Gaussian picking (250 A maximum diameter for the
Laplacian-of-Gaussian filter) and then extracted and rescaled to 3.32 A
per pixel with a 96-pixel box size. The extracted particle images were
subjected to ten rounds of reference-free 2D classification (249 A
mask diameter). The whole class of all good 2D classes were chosen
in the first and second rounds. Subsequently, the best classes with
additional densities potentially corresponding to PseQ were selected
from the third to tenth rounds. Since substantial improvement was not
observed from the fifth round, the 19,683 particles corresponding to
the six classes from the fifth round of 2D classification, which displayed
secondary-structural elements, were used for abinitio reconstruction
(asymmetry, single expected class, 249 A mask diameter). The models
were built, modified and refined in PHENIX*” and Coot™®.

SEC-MALS analysis

A Superdex 200 increase 10/300 GL column (Cytiva) with an Alliance
2695 system (Waters) was employed for the chromatography. PsePQ
WT and its variants (0.1-0.3 pM, 100 pl) were injected into the buffer
eluted at 0.5 ml min™, and the obtained datawere analysed as described
previously*®,

Grid preparation and data collection for negative stain EM
Proteins of PsePQ WT and its variants were diluted to 0.5 uM by
buffer A (25 mM potassium phosphate (pH 7.8), 150 mM NacCl, 0.1
mM PLP). Some 4 pl of each sample was applied to a glow-discharged
carbon-coated 200-mesh Cu grid (EM Japan). The sample was pre-
pared and analysed by aJEM-1400 Plus electron microscope (JEOL) as
described previously®.

PsePQ dimer model generation by AlphaFold-Multimer

The models of the PsePQ dimer were generated using AlphaFold-
Multimer® in ColabFold v.1.1.5 (ref. 61), and the top-ranked model was
used for the analysis. For multiple sequence alignment (MSA) genera-
tions, the mmseqs2_unisref_envand unpaired_paired mode were used
with default parameters. The number of recycle was 3, and relax_max_
iterations was 200. The PAE plot was generated by using the generated
PDB andJavaScript Object Notation (JSON) files in PAE viewer®.

Analysis of PsePQ reaction

The mixture (50 pl) containing 2.5 pM enzyme was incubated with
0.1mMPLP, 1.0 mM SAM and 1.0 mM 3-NAD at 30 °C for 1h in 50 mM
potassium phosphate (pH7.5). The reaction was quenched by addition
of 50 pl CH,CN, and the precipitated protein was removed by centrifu-
gation. To check the production of 1, the supernatant was subjected
to LC-MS with a COSMOSIL 2.5 HILIC column (2.0 mminner diameter,
100 mm length; Nacalai Tesque; solvent A, 50 mM ammonium formate
(pH9.0); solvent B, CH;0H; solvent gradient, 100-0% B over 15 min and
then 0% B isocratic over 10 min at a flow rate of 0.2 ml min; negative
ionization mode). To check the production of AdoSMe, the superna-
tant was subjected to HPLC with a COSMOSIL PBr column (4.6 mm
inner diameter, 250 mm length; Nacalai Tesque; solvent A, 50 mM
(CH,COO0)Na (pH4.7); solvent B, CH,CN; solvent gradient, 5-5% B over
5min, 5-50% B over 7 min and 50-100% B over 3 min at a flow rate of
1.0 ml min™). The negative control is the extract from the incubation
with boiled enzyme?.

Protein stability analysis of PsePQ

Melting points of PsePQ were obtained using real-time monitor-
ing of changes in the intrinsic protein fluorescence by Tycho NT.6
(NanoTemper). The capillary was loaded with 10 pl of PsePQ (10 pM) in
150 mM NaCland 25 mM potassium phosphate, pH 7.8, with or without
1.0 mM B-NAD, and heated from 35 °C to 95 °C in 3 min overall time.
The melting temperature was calculated as the inflection point of the
350 nm/330 nmintrinsic fluorescence versus temperature function.

SPR analysis of PsePQ

With3-NAD used as aligand, and PsePQ and each mutant asananalyte,
the analysis was performed on a Biacore T200 SPR system (Cytiva) at
25°C.The1.0 pMPsePQ proteinsin300 mM NaCland 50 mM potassium
phosphate, pH7.8,and 0.005% Tween 20 with or without 1.5 mM SAH,
were immobilized on the surface of a Sensor Chip NTA (NTA, nitrilo-
triacetic acid; Cytiva). Twofold increasing concentrations of 3-NAD
(7.8-1,000 mM) were successively injected for 1 min at a flow rate of
30 pl min™, and finally one dissociation phase was recorded for1 min.In
bothsettings, blank runs were recorded using buffer only. Experimen-
tal data were fitted with a heterogeneous ligand model, and K, values
were calculated using Biacore T200 Evaluation software v.3.2 (Cytiva).

Stopped-flow analysis of PsePQ

PsePQ was purified by Ni-NTA affinity chromatography as described
above, and concentrated to 10 uM. The analysis was conducted as
described previously®.

MD simulations
A model of the dimeric structure of PseP complexed with 3-NAD and
the B,y-unsaturated quinonoid was constructed as follows. First, the
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Ca atoms of amonomer of the PseP-NAD structure were superposed
onthose of the corresponding monomer of the PseP-apo structure, and
B-NAD species were transferred into the PseP-apo structure to generate
aPseP-NAD complex model. Second, the covalent bond between the
C-4’atom of PLP and the NCatom of Lys629 in the model was deleted,
and a2-iminobut-3-enoic acid moiety wasadded to the C-4’ atom of PLP.
This procedure was repeated for the other monomer. The structural
modelling was performed using UCSF Chimera™.

The model thus constructed wasimmersed inacube of water with
dimensions 0f120 A x 120 A x 120 A, and potassium ions were employed
to neutralize the system using the LEaP module of AmberTools 20
(ref.63). The ff14SB force field®* was used for the protein and the ions.
The force field parameters of f-NAD were obtained from the AMBER
parameter database®**°, The general AMBER force field 2 (GAFF2)®’
was used for the 3,y-unsaturated quinonoid, and its atomic charges
were determined using the RESP method®® based on the electrostatic
potentials calculated at the HF/6-31G(d) level using Gaussian 16, revi-
sion B.01(ref. 69). The TIP3P model’® was used for water. After energy
minimization and equilibration, aproduction MD run was performed
for1ps, asdescribed previously”*°,

DFT calculations

Various [3+2] cycloaddition pathways were investigated computation-
ally using the Gaussian 16 program, revision C.01 (ref. 69). Geometry
optimizations were performed using the M06-2X functional®*?along
with the def2-SVP basis set®**. Calculations were performed with the
solvation model based on density (SMD)®’ continuum method with
water (¢ = 78.36; where ¢is permittivity). Intrinsic reaction coordinate
calculations were performed for all transition structures®*’,

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The cryo-EM density maps and the atomic coordinates for the PseP-apo
and PseP-NAD determined by cryo-EM have been deposited in the
Electron Microscopy Data Bank (EMDB) and PDB with accession codes
EMDB 36852 and PDB 8K3I, and EMDB 36851 and 8K3H, respectively.
DFT-generated structures are available from ioChem-BD at https://
iochem-bd.bsc.es/browse/handle/100/305360. Source data are pro-
vided with this paper.
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Extended DataFig. 5| The MD simulation of PseP and the overlay analysis of
the X-ray structures of the reported PLP-dependent enzymes. (a) The 400 ns
snapshot of apo-PseP (chain B, brown) complexed with 3-NAD based on the
ligand coordinate of PseP-NAD and the 3,y-unsaturated quinonoid (white) in MD
simulation. (b) The trajectories of the distance between Cy of the unsaturated
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quinonoid and C4 of B-NAD for Run1Chain B, Run2 Chain B, and Run 3 Chain A.
(d) Potential energy against simulation time for each replica. (e) The RMSD of the
non-hydrogen atoms in 3,y-unsaturated quinonoid against simulation time.

(f) The RMSD of the non-hydrogen atoms in 3-NAD against simulation time.

(g) The comparison of the structure shown in a and GntC'*/external aldimine
(PDBID: 8FFU, the residues shown in red). (h) The comparison of the structure
shownincand Plu4"/quinonoid I (PDB ID: 7RF9, the residues shown in red).
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