Downloaded at North Carolina State University Libraries on February 8, 2022

Check for
updates

Mechanistic analysis of carbon—carbon bond
formation by deoxypodophyllotoxin synthase

Haoyu Tanga'1 , Min-Hao Wu®'®, Hsiao-Yu Lin®®, Meng-Ru Han¢, Yueh-Hua TuS, Zhi-Jie Yang¢,
Tun-Cheng Chien“®**2¢), Nei-Li Chan®9-%, and Wei-chen Chang®?

2Department of Chemistry, North Carolina State University, Raleigh, NC 27695; PInstitute of Biochemistry and Molecular Biology, College of Medicine, National
Taiwan University, Taipei 100, Taiwan; “Department of Chemistry, National Taiwan Normal University, Taipei 116, Taiwan; “Department of Medicinal and
Applied Chemistry, Kaohsiung Medical University, Kaohsiung 807, Taiwan; Faculty of Pharmacy, National Yang Ming Chiao Tung University, Taipei 112,
Taiwan; 'Department of Chemistry, Chung Yuan Christian University, Taoyuan 320, Taiwan; and 9Life Science Group, National Synchrotron Radiation Research

Center, Hsinchu 300, Taiwan

Edited by Wilfred van der Donk, Department of Chemistry, University of Illinois at Urbana-Champaign, Urbana, IL; received July 26, 2021; accepted November

22,2021

Deoxypodophyllotoxin contains a core of four fused rings (A to D)
with three consecutive chiral centers, the last being created by the
attachment of a peripheral trimethoxyphenyl ring (E) to ring C.
Previous studies have suggested that the iron(ll)- and
2-oxoglutarate-dependent (Fe/20G) oxygenase, deoxypodophyl-
lotoxin synthase (DPS), catalyzes the oxidative coupling of ring B
and ring E to form ring C and complete the tetracyclic core. Despite
recent efforts to deploy DPS in the preparation of deoxypodophyl-
lotoxin analogs, the mechanism underlying the regio- and stereo-
selectivity of this cyclization event has not been elucidated.
Herein, we report 1) two structures of DPS in complex with 20G
and (+)-yatein, 2) in vitro analysis of enzymatic reactivity with sub-
strate analogs, and 3) model reactions addressing DPS'’s catalytic
mechanism. The results disfavor a prior proposal of on-pathway
benzylic hydroxylation. Rather, the DPS-catalyzed cyclization likely
proceeds by hydrogen atom abstraction from C7', oxidation of the
benzylic radical to a carbocation, Friedel-Crafts-like ring closure,
and rearomatization of ring B by C6 deprotonation. This mecha-
nism adds to the known pathways for transformation of the
carbon-centered radical in Fe/20G enzymes and suggests what
types of substrate modification are likely tolerable in DPS-
catalyzed production of deoxypodophyllotoxin analogs.
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odophyllotoxin (1) and its congeners, including etoposide
(2), teniposide (3), and etopophos (4), exhibit pronounced
biological activities including antitumor, anti-HIV activity, anti-
viral, antimalarial, and antiasthmatic properties (Fig. 1) (1-5).
Currently, 2, 3, and 4 are used as chemotherapeutic agents
against small-cell lung cancer, acute leukemia, lymphoma, and
testicular cancer (1-5). Podophyllotoxin-type compounds are
characterized by a fused ring system (the A to D rings) with
four chiral centers and a substituted benzene ring (the E ring).
These unique structural features and resultant biological prop-
erties have drawn the interest of natural product and medicinal
chemists. Recently, the genes required for podophyllotoxin bio-
synthesis were identified in Sinopodophyllum hexandrum
(Himalayan mayapple) using a transcriptome mining approach.
A pathway leading to (—)-4'-desmethylepipodophyllotoxin (5)
(the aglycone of 2, 3, and 4) was reconstituted in Nicotiana ben-
thamiana (6). Previous studies have shown that an iron(II)- and
2-oxoglutarate-dependent (Fe/20G) enzyme, deoxypodophyl-
lotoxin synthase (DPS), is responsible for constructing the
fused-ring system via coupling of aryl and benzylic carbons. In
addition, DPS has been utilized as a biocatalyst for the prepara-
tion of podophyllotoxin and analogs through a chemoenzymatic
approach (7, 8).
A key step in the formation of these secondary metabolites is
the maturation of the fused-ring system through a regio- and
stereospecific C-C bond formation in which (—)-yatein

PNAS 2022 Vol. 119 No. 1 2113770119

((—)-6a) is converted to deoxypodophyllotoxin (7a) (Fig. 2).
Based upon our current understanding of Fe/20G enzymes, it
was hypothesized that the conversion of 6a to 7a may proceed
through a sequence of steps involving hydroxylation, dehydra-
tion to a quinonemethide-like oxonium intermediate, polar
C-C coupling, and deprotonation to restore aromaticity (6). In
vitro assays using substrate analogs, however, suggest that
hydroxylation is less likely to be involved. Instead, a pathway
including a radical or a cation driven C-C bond formation
could be envisioned (Fig. 2) (8, 9). In both pathways, hydrogen
atom abstraction is a common step to produce the substrate
radical. In the latter pathway, instead of OH rebound, the
interception of the resulting radical or cation by the B ring ena-
bles C-C bond formation. Other examples of natural products
that are produced using a metalloenzyme to install key struc-
tural elements via C—C bond formation include complestatin,
kainic acid, mycocyclosin, and rebeccamycin (10-17). Although
metalloenzyme-catalyzed oxidative C—C bond-forming reactions
appear to be a commonly used strategy to expand
structural complexity in natural products, the underlying mech-
anisms, including the pathway leading to deoxypodophyllotoxin
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Fig. 1. Structure of podophyllotoxin (1), etoposide (2), teniposide (3), and etopophos (4). Asterisk (*) labels represent the chiral centers.

formation, remain underexplored. To gain structural insight
into the pathways involved in 1) the generation of the podo-
phyllotoxin core specifically and 2) oxidative C-C-coupling
reactions in general, we solved the structures of DPS in com-
plex with (+)-6a and 20G. Furthermore, we employed mecha-
nistic probes and model reactions to investigate the reaction
mechanism of the DPS-catalyzed cyclization. Instead of pro-
ceeding via benzylic hydroxylation, we have found that a path-
way involving a carbocation is likely utilized to affect 7a
formation.

Results and Discussion

Crystal Structures of Substrate- and 20G-Bound DPS. To provide
insight into DPS catalysis, DPS structures were solved in the
presence of the substrate (DPSeFeesuccinatee(+)-6a) and
20G (DPSeFee20G) at resolutions of 2.05 and 2.09 A, res-
pectively (Fig. 3 A and B and SI Appendix, Fig. 1 and Table 1;
Protein Data Bank identification code: 7E37 and 7E38). The
structure of DPSeFeesuccinatee(+)-6a was initially solved by
two-wavelength anomalous diffraction (MAD) at 2.45 A resolution
using datasets collected from a single selenomethionine-labeled
protein crystal followed by phase extension to 2.05 A resolution
using a higher-quality native dataset. The DPSeFee20G structure
was then solved by molecular replacement.

Similar to other members of the Fe/20G enzyme superfam-
ily (18), DPS adopts a double-stranded f-helix (DSBH) fold
with a B-barrel core composed of eight strands arranged in jel-
lyroll topology (SI Appendix, Fig. 1B). The active site of DPS
consists of a 2-His-1-carboxylate facial triad (formed by His184,
Aspl86, and His239) for iron coordination, an RXS motif
(composed of Arg249 and Ser251), a nearby Tyr169 for 20G
binding, and several residues with differential polarity that
enable substrate positioning (Fig. 3 C and D). The iron in the
DPSeFee20G ternary structure is octahedrally coordinated by
the side chains of the facial triad residues, bidentate ligation of
the a-keto acid moiety of 20G, and one water molecule. Nota-
bly, Fe-ligated 20G exhibits an offline-binding mode in which
the carboxylate group of 20G is positioned trans to the distal
histidine (His239) (Fig. 3C and SI Appendix, Figs. 24 and 3)
(18-23). Given that the coordinated water likely reflects the
position of the reactive iron—oxo group, we speculate that a
rearrangement of the presumptive iron—oxo species may take
place during the reaction.

Structural Analysis Reveals Plausible Cyclization Pathways. Sub-
strate-bound DPS crystals were produced by cocrystallization
with the substrate (+)-yatein ((—)-6a and its enantiomer (+)-6a
in which the (+) and (—) signs reflect the rotation direction in
the polarimeter). The experimental MAD-phased electron den-
sity map of DPSeFeesuccinatee(+)-6a is of sufficient quality to
allow the three cyclic moieties of yatein, the benzodioxole
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bicyclic ring (the A and B rings), the lactone ring (the D ring),
and the phenyl ring (the E ring), to be placed unambiguously
in the active site (SI Appendix, Fig. 4). Automated ligand fitting
by Coot revealed that both (—)- and (+)-6a can be docked
readily (Fig. 3 E and F) (24), suggesting that (—)- and (+)-6a
may coexist in the crystals. Therefore, both enantiomers were
built into the structure and refined with partial occupancy.
Despite the chirality difference of the lactone ring (the D ring),
both enantiomers adopt a U-shaped conformation and have
similar interactions with surrounding amino acid residues (S
Appendix, Fig. 5). The benzodioxole moiety (the A and B rings)
forms a face-to-face n—r interaction with His165 and has van
der Waals interactions with Thr86, Metl67, Leul81, and
Phe290. In addition, it lies parallel to the polar surface formed
by four main-chain carbonyl oxygen atoms (residues Pro80,
Glu81, Tyr82, and Gly84) and a nearby water molecule (Fig. 4
A-C). The lactone ring (the D ring) is sandwiched by the side
chains of Phe255 and Phe290 and is in close proximity with
Phe257 and Leu286 (Fig. 4D). In addition, a buried hydrogen
bond is present between the carbonyl oxygen of the lactone and
the main-chain amide nitrogen of Lys187. The phenyl ring (the
E ring) is located in a spatially restricted hydrophobic crevice
created by Leul81, His184, Lys187, Phe290, and Val298. A
hydrogen bond between the para-methoxy group of the E ring
and a water molecule was also observed. In addition, n—r stack-
ing between the E ring and the imidazole of the proximal histi-
dine (His184) indicates that the 2-His-1-carboxylate facial triad
may contribute to substrate recognition beyond its canonical
role in Fe coordination (Fig. 4E). The highly comparable bind-
ing modes observed for (—)- and (+)-6a are consistent with the
reported observation that both enantiomers can be used as sub-
strates (8). Notably, compared with the 20G-bound structure
(DPSeFee20G), the substrate-bound structure (DPSeFce
succinatee(+)-6a) clearly shows that succinate is located at a
deeper position than the substrate in the active site (SI Appendix,
Fig. 2B). Assuming that 20G and succinate bind at a similar posi-
tion in the active site, this observation implies that 20G and the
substrate likely enter the active site sequentially.

The adoption of a U-shaped conformation by 6a in the active
site hints at possible pathways for C-C bond formation (Fig. 5
A and B). Specifically, the observed orientation of the benzo-
dioxole moiety with respect to the phenyl ring places C6 of the
B ring and C7' of the E ring in close proximity. The distance
between C6 and C7' in the active site is ~3.5 A for both (—)-6a
and (+)-6a, which accurately predicts the position and the
stereo-preference of the resulting C6~C7' bond (Fig. 5 4 and
B). Moreover, the benzylic carbon (C7') of the E ring in (—)-
and (4)-6a is positioned close to the iron center with an Fe-C
distance of 3.9 and 4.4 A, respectively. In this position, the
C7'-H is poised for hydrogen atom abstraction, By contrast,
the C6 carbon has Fe—C distances of 5.7 and 5.9 A that is inap-
propriate to serve in this capacity without significant
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Fig. 2. (A) DPS catalyzes the conversion of (—)-yatein (6a) to deoxypodophyllotoxin (7a), which serves as the key intermediate in (—)-4’-desmethylepipo-
dophyllotoxin (5) biosynthesis. (B) On the basis of current understanding of Fe/20G enzyme catalysis, a possible mechanism accounting for 7a production
is proposed. Following hydroxylation, the resulting quinone methide intermediate triggers C—-C bond formation. Subsequent deprotonation restores the
aromaticity and furnishes 7a. (C) Through in vitro assays using substrate analogs (8, 9), instead of OH rebound, pathways that include a radical electro-
philic aromatic substitution (rEAS) or an electrophilic aromatic substitution (EAS) are also conceivable (46).

reorientation. Notably, due to the offline binding of 20G
observed in the DPSeFee20G structure, rearrangement of the
iron-oxo species is anticipated to enable hydrogen atom
abstraction at C7' (SI Appendix, Fig. 3) (20, 22, 23).

These observations suggest that the primary hydrogen atom
abstraction site is at C7’, which is consistent with previous results
from in vitro assays (9). Moreover, given that the D and E rings
of the substrate are anchored tightly in the active site (Fig. 4 D
and E), formation of the C-C bond is likely enabled through rota-
tion of the benzodioxole moiety, which brings C6 toward C7' (Fig.
5 A and B). To elucidate the stereochemistry and the plausible
factors that govern this reaction, we performed manual docking
of the reaction products (7a and 8a, Fig. 64) and their

Tang et al.
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corresponding C7' epimers into the active site assuming that the
lactone ring occupies the same binding pocket as the substrate
(()-6a). The resulting chirality of C6 and C7' of the predicted
product generated by swinging the AB ring toward the E ring
matches those of 7a and 8a. In contrast, without relocating the D
ring, the formation of the product with the opposite chirality at
C7 would inflict severe steric clashes of the E ring with the iron
and the iron-ligating residues (Fig. 5 C and D).

Reconstitution of the DPS Reactivity In Vitro and Product
Characterization. The substrate-bound DPS structure reveals the
primary hydrogen atom abstraction site as well as the stereo-
specificity of the DPS-catalyzed reactions. To elucidate the
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Fig. 3. Structures of DPS in complexes with yatein and cofactors. (A) Overall structure of the DPSeFeesuccinatee(+)-6a quaternary complex (Protein Data
Bank identification: 7E38). DPS is composed of eight a-helices (a1 to «8) and twelve B-strands (B1 to $12) in which strands p5 through p12 adopt the
double-stranded B-helix architecture. The substrate (—)-6a and the coproduct succinate are shown in stick representation, and the catalytic iron is shown
as an orange sphere. (B) Overall structure of the DPSeFee20G ternary complex (Protein Data Bank identification: 7E37). The cofactor 20G is shown in
sticks, and the eight residues (292 to 299) missing in this structure are represented as dashed lines. (C and D) Structure of the DPS active site. Residues
responsible for 20G binding and iron coordination, according to the DPSeFee20G ternary complex, are shown in C. Residues responsible for substrate
and coproduct (succinate) binding and iron coordination, as observed in the DPSeFeesuccinatee(+)-6a quaternary complex, are shown in D. The coordina-
tion bonds formed by iron are presented as solid lines (gray); hydrogen bonds are presented as dashed lines (magenta). For clarity of visualization, only
(—)-6a is displayed. (E and F) Electron density map of the DPS-bound substrate. Unbiased mF,—DF_ electron density map of the substrate contoured at 3¢

(green mesh) fitted with (—)-6a (E) and (+)-6a (F).

reaction pathway, we carried out the DPS-catalyzed cyclization
reaction in vitro on the native substrate (—)-6a to produce the
desired product 7a. The reaction involved mixing 1 mM (—)-6a
and 2.5 mM 20G with 250 pM reconstituted DPS in 100 mM
Tris buffer (pH 7.5) at 4°C. After incubation, the enzyme was
precipitated using an equal volume of acetonitrile and centri-
fuged. The solution was then analyzed by high-performance lig-
uid chromatography coupled mass spectrometry (HPLC-MS)
using a C18 analytical column. As shown in Fig. 6B, consump-
tion of the substrate with concomitant formation of a new prod-
uct was detected. The peak of the new product has an m/z value
of 421.1 (electrospray ionization in positive mode), which corre-
sponds to the predicted product 7a. When a racemic mixture
containing (—)-6a and (+)-6a ((+)-6a) was used, two peaks
with the same m/z values were observed. This result suggests
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that two cyclized products, for example, 7a and 8a, are pro-
duced at the expense of (+)-6a. The second peak coeluted with
the product generated using (—)-6a as the substrate. Interest-
ingly, production of a peak which has an m/z value consistent
with hydroxylation (m/z = 439.1) was also detected when DPS
was incubated with (+)-6a but not with (—)-6a. NMR and
polarimetric analysis of a large-scale DPS reaction using (+)-6a
revealed that the isolated products are deoxypodophyllotoxin
(7a), the corresponding isomer which has the opposite stereo-
chemistry of the D ring (8a) and the C7' hydroxylation product
(9a) (Fig. 6A4). In both 7a and 8a, the stereochemical configura-
tion of C7’ retains an R configuration with H7-H8' coupling
constants of 2.6 and 11 Hz, respectively. In 7a, a coupling cons-
tant of 2.6 Hz indicates that the two vicinal protons at C7" and
C8 are oriented toward the same face. In contrast, a coupling

Tang et al.
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Fig. 4. Structural basis of substrate recognition by DPS. (A) Interactions between DPS and the AB ring (benzodioxole moiety) of (+)-6a. (B) The electro-
static potential surface displayed for the pocket surrounding the AB ring of (+)-6a reveals that the surface is partially negatively charged due to the pres-
ence of several exposed main-chain carbonyl oxygen atoms. (C) Composition of the amino acid residues shown in B. For clarity, (—)-6a is omitted, and resi-
dues of DPS are shown as sticks. (D) Interactions between DPS and the D ring (the lactone ring) of (+)-6a. (E) Interactions between DPS and the E ring of
(+)-6a. The color and labeling follow those used in Fig. 3 with the selected DPS residues in blue sticks. Van der Waals interactions and = interactions are
represented by maroon and green arcs, respectively. Only one enantiomer ((—)-6a) is displayed for clarity of visualization.

constant of 11 Hz suggests a diaxial arrangement of H7-H§' in
8a. The NMR spectrum of 9a is consistent with the NMR spec-
trum of epi-podorhizol; however, it has a similar but opposite
specific rotation as epi-podorhizol (+25.5, [a]p*?, CHCl;,
¢ = 0.72 versus —20.8, [(x]D23, CH,Cl,-hexanes and —32.6,
[oc]D23, CHCl;, ¢ = 0.62) (25, 26). Thus, 9a is characterized as
the enantiomer of epi-podorhizol. Formation of 9a implies that
one of the following scenarios is conceivable for the reaction
with the enantiomeric substrate ((+)-6a): 1) hydroxyl rebound
competes more effectively with electron transfer as a result of
acceleration of the former step and/or retardation of the latter,
or 2) the coupling of the C7’ carbocation to C6 is impeded,
allowing it to be quenched by solvent. As shown in previous
work on Fe/20G halogenases, subtle differences in substrate
positioning can alter reaction outcomes in this fashion (27-30).
These results demonstrate that the DPS-catalyzed C-C bond-
forming reaction using both (—)-yatein and (+)-yatein retains
stereoselectivity regardless of the chirality of the D ring. The
C7 atom has an R configuration in both 7a and 8a, and is in

Tang et al.
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accordance with the crystal structure observation in which the
active site imposes constraints on the D and E rings of the sub-
strate to enable stereoselective C-C bond formation.

Using Analogs to Elucidate the Mechanism of the DPS-Catalyzed
C-C Bond Formation. In the previously proposed mechanism (6),
a lone pair of the para-methoxy group is used to enable forma-
tion of the quinone methide intermediate through removal of a
hydroxyl group that is installed via OH rebound. The quinone
methide intermediate then triggers C—C bond formation (Fig.
2B). In this scenario, replacement of the methoxy group with
other moieties that disable quinone methide formation should
prevent/impede C-C bond formation and possibly redirect the
reaction. Chemically synthesized substrate analogs where the
methoxy group was replaced with a proton or a methyl group
((£)-6b and (+)-6¢) were used as mechanistic probes to test
this hypothesis. When (+)-6b and (+)-6¢ were incubated with
DPS, the enzymatic products showed mass signals that matched
cyclized products. Further NMR and polarimetric analysis

PNAS | 50f10
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A (-)-Yatein

B (#)-vatein

Fig. 5. Yatein-binding mode observed in the DPS active site ensures the generation of regiospecific products. (A and B) Distances are shown between
C6-C7' and C7'—iron in DPS-bound (—)-6a (A) and (+)-6a (B). (C and D) The formation of 7a (C, Upper) and 8a (D, Upper) (purple sticks) can be readily
achieved by swinging the AB ring toward C7’ without relocating the lactone ring and E ring in the binding pocket. In contrast, due to steric conflicts with
the iron and the iron-ligating residues, formation of the C7’ epimers of 7a and 8a (12a and 11a, shown as gray sticks in Bottom of C and D, respectively)

is disfavored.

confirmed that the reaction products are deoxypodophyllotoxin
analogs and the corresponding isomers that have the opposite
stereochemistry of the D ring (7b/7c and 8b/8¢c). These findings
strongly suggest that a quinone methide is not required for
C-C bond formation. Therefore, a distinct reaction pathway,
that is, a radical or a cation-induced C-C bond formation,
which does not involve quinone methide, should be considered.
To delineate the role of the para-substituent of the E ring in
the DPS-catalyzed reaction, steady-state kinetics were mea-
sured in duplicate over a concentration range of (+)-6a (100 to
500 pM) in the presence of 1 pM reconstituted DPS and 1 mM
20G in 100 mM Tris buffer (pH 7.6) at room temperature. The
analogous experiments were also carried out using (+)-6b and
(£)-6¢ (SI Appendix, Fig. 6). The Michaelis constants (K,,) for
(£)-6a, 6b, and 6¢ are 0.23, 0.05, and 0.13 mM. The resulting
Ca,/KM values for (+)-6a, 6b, and 6¢ are 11.7, 1.6, and 5.1
mM~! respectlvely In comparison with 6b, a ~7.2- and
3.2- fold increase in catalytic efficiency (k.../Kys) for 6a and 6c¢ is
possibly associated with the electron-donating properties of the
methoxy and methyl groups. In addition, the smaller K}, value
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for 6b likely reflects the steric effect of the para-substituent of
the E ring. On the other hand, it is possible that changing sub-
stituents on the substrate in enzyme catalysis may simulta-
neously alter several kinetic parameters.

To further explore the reaction mechanism, the hydroxylation
product (9a) isolated from the large-scale reaction was incubated
with DPS. Even after 20 h incubation, neither substrate consump-
tion nor product formation was observed by HPLC-MS (S
Appendix, Fig. 7). Although we cannot rule out the possibility of
nonoptimal binding of 9a that prevents C-C bond formation, this
observation is in accordance with the results obtained using sub-
strate analogs (6b and 6c) and further suggests that quinone
methide is unlikely to be involved in the DPS reaction.

Biomimetic Chemical Model Studies Reveal the Chemical Rationale
of DPS Catalysis. Based on the substrate-bound DPS structure,
in vitro results, and detailed product structural characterization,
it is unlikely that the DPS reaction proceeds through a pathway
involving hydroxylation and a quinone methide intermediate.
To gain insight into the chemistry of this reaction, chemically
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Fig. 6. (A) Products generated by DPS from various substrate analogs.
Regardless of the stereochemical configuration of the D ring, DPS cata-
lyzes stereospecific C-C bond formation. Substrate (—)-6a is converted to
7a. In the case of (+)-6a, in addition to 7a and 8a, the hydroxylation prod-
uct (9a) is also generated. Asterisks (*) denote newly generated chiral cen-
ter. (B) HPLC-MS chromatograms of the DPS-catalyzed reactions. For
(—)-6a, only the cyclized product 7a is produced (traces i and iii). When
(+)-6a is used as the substrate, cyclization products (7a and 8a) and the
hydroxylation product (9a) are detected (traces ii and iv). The traces iii and
iv are magnified by 10-fold for visualization.

synthesized (+)-10a and 10b were subjected to a reaction con-
taining trifluoroacetic acid in dichloromethane. The consump-
tion of substrates (10a and 10b) with concomitant formation of
new products were detected by thin-layer chromatography and
NMR spectroscopy. The structures of the isolated products
were determined by NMR and X-ray analyses (SI Appendix,
Figs. 42-46, Tables 2-5). For (+)-10a, two pairs of enantiomers,
7a/11a and 8a/12a, were obtained with an isolated yield of 96%
(1% of 7a/lla and 95% of 8a/12a). In contrast, substrate
(%)-10b exhibits much lower reactivity. After a prolonged reac-
tion time (i.e., 14 d versus 4 h in (z)-10a), 7b/11b and 8b/12b
were obtained in 19% yield (6% of 7b/11b and 13% of 8b/12b,
Fig. 7). In addition, a trace amount of 13b was produced. Nota-
bly, we did not observe the corresponding desaturation product
using (+)-10a. The formation of the cyclized products using
10b indirectly supports that the reaction pathway does not
involve a quinone methide intermediate. Furthermore, produc-
tion of both 7/11 and 8/12 suggests that C—C bond formation is
not stereospecific under chemical conditions. Therefore, the
stereoselectivity observed in the DPS-catalyzed reactions is
most likely enabled by the spatial orientation of the substrate
within the enzyme active site.
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As suggested in the previous studies (31-34), the trifluoro-
acetic acid-promoted formation of deoxypodophyllotoxin using
10a and 10b most likely proceeds through formation of a ben-
zylic carbocation. The reaction is then followed by an intramo-
lecular Friedel-Crafts-type alkylation and deprotonation to
restore aromaticity. In comparison with 10a, generation of the
carbocation in 10b is less favored, which is consistent with lower
product yield and prolonged reaction time required for efficient
product formation. Importantly, this observation is in accor-
dance with the in vitro assay in which the catalytic efficiency of
(+)-6a is ~7.2-fold of (+)-6b. Even though the pathway leading
to carbocation formation in the model studies includes an acid-
assisted dehydration which is different from enzymatic catalysis,
the influence of the para-substituent at the E ring suggests that
both model studies and the DPS-catalyzed reaction may utilize
a similar intermediate to facilitate the C-C bond formation.

Conclusion

Since the recent discovery of C-C bond-forming reactions cata-
lyzed by Fe/20G enzymes, these proteins have been utilized in
the preparation of podophyllotoxins and kainic acid through
chemoenzymatic cascades. The mechanism of these chemically
challenging reactions, however, remains to be elucidated. An
analysis of the substrate- and 20G-bound protein structures
suggest that substrate positioning could be the primary determi-
nant in the DPS-catalyzed C—C bond-forming reaction. First,
the U-shaped configuration of both (—)- and (+)-6a in the
active site clearly indicates the primary hydrogen abstraction
site is at C7' of the E ring. Second, the active site imposes con-
straints on the D and E rings to facilitate the regio- and stereo-
selective formation of the C—C bond. The in vitro assay results
using the substrate 6a and its analogs (6b and 6c) demonstrate
that DPS is promiscuous toward the chirality of the D ring and
the para-substituent of the E ring. In addition, the opposite
configuration at C7' of 8a and 9a suggests that hydroxylation is
likely a side product and not the on-pathway intermediate. The
production of the corresponding cyclized products, that is, 7b/
7c¢ and 8b/8c, weigh against the function of the para-methoxy
group as enabling quinone methide intermediate formation: in
this case, replacement of the methoxy group with a methyl
group or a proton ought to have prevented quinone methide
intermediate to disable C-C bond formation. Notably, the
influence of the para-substituent toward catalytic efficiency is in
accordance with the involvement of a carbocation.

The verification of these observations using model studies
provides a chemical rationale for the DPS-catalyzed reactions.
The formation of cyclized product using 10b suggests that the
formation of quinone methide is not required for C-C bond
formation. Furthermore, there is a correlation between the
electron-donating property of the para-substituent and the
product yield in accordance with the involvement of a carboca-
tion intermediate. It is worth noting that the model reactions
and the enzymatic reactions were carried out under different
conditions, for example, pH and solvent, which may influence
the reaction pathway. The model studies further imply that the
stereoselectivity observed in the DPS reaction is enabled
through the conformation of the substrate in the active site.

In summary, our substrate-bound DPS structure demonstrates
the importance of substrate positioning and delineates the most
likely reaction pathway as illustrated in Fig. 8. Upon entering the
active site, the conformational change of the substrate enables
hydrogen atom abstraction to occur at the proR hydrogen of C7'.
Rather than undergoing hydroxyl rebound, a pathway including a
carbocation-induced C-C bond formation is likely to be utilized.
The active site imposes constraints on the D and E rings to enable
regio- and stereo-selective cyclization. Deprotonation restores aro-
maticity and completes the reaction. Notably, this reaction is
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Fig. 7. Chemical model studies on the synthesis of deoxypodophyllotoxin analogs. (+)-10a and 10b are converted to 7/11 and 8/12. Under current reac-
tion conditions, the cyclization most likely proceeds through a Friedel-Crafts alkylation mechanism. A carbocation generated via trifluoroacetic acid-
assisted dehydration serves as the key intermediate to trigger C-C bond formation.

catalytic, and thus, the iron returns to Fe(II) at the end of the reac-
tion. This mechanistic hypothesis is also consistent with the
reduced catalytic efficiency and product yields using substrate ana-
logs in the biochemical assays and in the chemical model studies.
Taken together, these results provide the experimental insight and
chemical rationale that underpin a plausible reaction pathway for
C—C bond formation and add to a growing number of biochemical
transformations in which carbocation intermediates are likely to be
crucial (35, 36). Along with hydroxylation, halogenation, and other
recently identified transformations, including desaturation, endo-
peroxidation, isocyanide formation, and stereoinversion (18, 20,
37-45), these findings serve to highlight the mechanistic subtleties
of Fe/20G enzymes associated with natural product biosynthesis.

Materials and Methods

Detailed materials and methods are provided in S/ Appendix. The protein
structures (7E37 and 7E38) have been deposited to the Protein Data Bank.

X-ray Crystallographic Characterization. C-terminally Hiss-tagged DPS was
overexpressed and purified as detailed in S/ Appendix. The DPSeFee20G ter-
nary complex was crystalized by mixing 1 pL protein sample (0.3 mM DPS, 0.45
mM FeCl,, and 0.6 mM 20G) with an equal volume of reservoir solution
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(0.1 M Tris HCI pH 8.5, 0.2 M lithium sulfate, and 25% wt/vol polyethylene gly-
col (PEG) 3,350) and then equilibrated against 200 pL reservoir solution at 4 °C.
For the DPSeFeesuccinatee(+)-yatein complex, crystals were obtained by mix-
ing 0.15 pL protein sample (0.28 mM DPS, 0.42 mM FeCl,, 0.55 mM succinate,
and 0.55 mM (+)-yatein) with 0.15 pL reservoir solution (0.1 M Hepes pH 7.5
and 1.4 M sodium citrate) and 0.3 pL size-exclusion chromatography buffer
(25 mM Tris HCl pH 7.5, 150 mM NacCl, and 2 mM 2-mercaptoethanol) and
equilibrating against 20 pL reservoir solution at 4°C. Data collection and
refinement procedures are described in S/ Appendix.

Characterization of the DPS-Catalyzed Reaction. In vitro assays and the large-
scale enzymatic synthesis were carried out in Tris HCl buffer. After mixing the
substrate, reconstituted enzyme, and 20G, the reaction mixture was exposed
to air. The reactions were quenched by adding acetonitrile to the reaction
mixtures, and samples were analyzed by HPLC-MS. Detailed procedures and
product structure characterization are described in S/ Appendlix.

Chemical Model Studies. Chemical model studies were carried out in dichloro-
methane. To a solution that contains (+)-10a or (+)-10b was added trifluoro-
acetic acid (TFA) at 0°C. The reaction was warmed to room temperature, and
the progress was monitored using thin-layer chromatography (TLC). The sub-
strate and analogs syntheses and product structural characterizations are
described in S/ Appendix.
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Fig. 8. Proposed mechanism of DPS-catalyzed deoxypodophyllotoxin formation. Upon entering the active site, the substrate adopts a U-shaped conforma-
tion (Fig. 3 E and F), which poises the proR hydrogen at C7’ for hydrogen atom abstraction. As suggested by the substrate-bound DPS structure, the D and E
rings of the substrate are anchored tightly in the active site (Fig. 4 D and E), and C-C bond formation is likely to be enabled through rotation of the benzo-
dioxole moiety (the A and B rings), which brings C6 toward C7' carbocation. Subsequent to C-C bond formation, deprotonation at C6 restores the aromaticity
of the B ring. Based on the in vitro assay results using substrate analogs, hydroxylation is unlikely to be involved in the DPS-catalyzed C-C bond formation.

Data Availability. All study data are included in the article and/or S/ Appendiix.
The protein structures (accession numbers 7E37 and 7E38) have been deposited
to the Protein Data Bank.
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