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Abstract

In the biosynthesis of the tryptophan-linked dimeric diketopiperazines (DKPs), cytochromes P450
selectively couple DKP monomers to generate a variety of intricate and isomeric frameworks. To
determine the molecular basis for selectivity of these biocatalysts we obtained a high-resolution
crystal structure of selective Csp2~N bond forming dimerase, AspB. Overlay of the AspB structure
onto C-C and C-N bond forming homolog NzeB revealed no significant structural variance to
explain their divergent chemoselectivities. Molecular dynamics (MD) simulations identified a
region of NzeB with increased conformational flexibility relative to AspB, and interchange of this
region along with a single active site mutation led to a variant that catalyzes exclusive C-N bond
formation. MD simulations also suggest that intermolecular C-C or C-N bond formation results
from a change in mechanism, supported experimentally through use of a substrate mimic.
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The high-resolution crystal structure of C—N bond forming diketopiperazine dimerase, AspB, was
solved. However, the near complete superposition of active site residues and bound substrates
in AspB/NzeB masked the molecular basis for their orthogonal chemoselectivities. Molecular
dynamics simulations guided rational chimeragenesis to reprogram NzeB dimerase selectivity.
Substrate mimics further validated differential substrate binding by the chemodivergent dimerases.
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Diketopiperazine (DKP) natural products (NPs) have been isolated from all kingdoms

of life, with over 1300 identified to date.[] The structures of DKP-containing NPs are
highly diverse, and many possess densely functionalized scaffolds as a result of extensive
and selective enzymatic tailoring such as hydroxylation,[23] alkylation,[4] thiolation, ]
nitration,[8] nitrone oxidation,[”] desaturation,[8] dealkylation,[®] prenyltransfer and terpene
cyclization,[1% oxidative cyclization,[*1] coupling to nucleotides,[*2] spirocyclization,[1314]
Diel-Alder cycloaddition,[*5] and dimerization.[16] The tryptophan-linked dimeric DKP NPs
are of particular interest as dimers are isolated both as single compounds and mixtures

of constitutional isomers. This suggests that the selectivity of dimerization (and therefore
site of C—H functionalization) is under enzymatic control.[17:18] Prior to the isolation

of the (+)-naseseazine B (1), all tryptophan-linked DKP dimers had been isolated from
fungi. Identification of new bacterial DKP dimers has expanded significantly in the

past decade, including annotation of the associated biosynthetic gene clusters (BGCs)

for (+)-naseseazine constitutional isomers (-)-naseseazine C (2)[19 and C-N bond-linked
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metabolite (-)-aspergilazine A (3).[29] Recently, bacterial dimers possessing connectivities
previously observed exclusively from fungi such as tetratryptomycins A-C (4-6),[21] have
been characterized, and the decoding of their BGCs provided access to soluble surrogates
for fungal cytochromes P450 (P450s), including “fungal specific” scaffolds such as the
Cy+-Cs-linked (+)-pestalazine A (7),[17221 and C:-C,-linked luchunazine D (8).[23

Previously, we characterized the versatile DKP dimerase, NzeB, that catalyzes dimerization
of brevianamide F (9) into carbon-carbon (Cg—C3) linked dimer, (+)-naseseazine B (1),
[24.25] C;.-C4 linked (-)-naseseazine C (2)[26] as well as the carbon-nitrogen (C-N)

linked dimer (-)-aspergilazine A (3).127] Structural characterization of NzeB revealed two
monomers of 9 bound in discrete pockets in the active site, and through mutagenesis of
these residues we were able to abrogate formation of C—N linked dimers as well as perturb
the product distribution of C—C linked dimers. However, neither homologous substitution
nor alanine scanning mutagenesis of the NzeB active site generated a variant able to
catalyze exclusive formation of the Cg—Nq linked dimer, 3. Despite extensive screening,

we were unable to capture NzeB-substrate complexes that displayed a binding mode with
substrates preorganized to form the Cg—N; dimerization axis found in 3. Concomitant to our
efforts, Yu et. al. identified dimerase AspB (97% amino acid identity to NzeB),[20] which
exclusively catalyzes dimerization of 9 into 3. Based on this new functional information, we
hypothesized that the molecular basis for selective intermolecular Cg-—N1 bond formation
would become evident through structural characterization of P450 AspB.

To this end, we solved its x-ray crystal structure in complex with two units of 9 bound in the
active site (PDB: 753J).[28] Despite their orthogonal chemoselectivity, the overall structure
of AspB is completely superimposable with NzeB (root mean square deviation, RMSD=0.39
A) and substrates in each enzyme are bound in coincident positions and conformations
(Figure 2A). Despite this conservation of protein structure and substrate organization, we
reasoned the single amino acid variation between active sites of AspB and NzeB (AspB

= 11e68, NzeB = GIn68) may account for the observed switch in chemoselectivity and
AspB’s ability to catalyze exclusive intermolecular Cg—N1 bond formation (Figure 2B).

To evaluate the role of this active site variation in dimerization selectivity, we generated
variant NzeBqgg|. Dimerization reactions with NzeBggg) resulted in increased production
of 3, however full reconstitution of AspB selectivity was not observed (Figure 2B).

To identify potential substrate-enzyme interactions unique to AspB that may facilitate
selective intermolecular Cg—N1 bond formation, we performed extensive alanine-scanning
mutagenesis of the AspB active site and evaluated selectivity of these variants (Supporting
Information, Supplementary Figure S3), however the resulting variants did not perturb the
distribution of C-C or C-N linked dimers, implicating residues distal to the active site as
drivers of dimerization chemoselectivity.

As the divergent selectivities of the NzeB/AspB dyad cannot be attributed to major
variations in either sequence or structure, this motivated us to employ molecular dynamics
(MD) simulations to identify the structural elements that influence dimerase selectivity.
[29-31] Thus, we performed 1.2 microsecond simulations of each substrate-bound enzyme
and, to identify regions with differential conformational plasticity, we computed the RMSD
for the a-carbon of each residue (averaged over all three MD simulations) compared to the
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crystal structure (Figure 3). Comparing the a.-carbon RMSD vs. residue number for NzeB
and AspB revealed a region that appeared to be considerably less flexible in AspB from
residues 86-91 (Figure 3a), which also corresponds to a region with low shared sequence
homology (Supporting Information, Supplementary Figure S1). Overlays of representative
snapshots of the protein backbone for residues 87-90 across all three MD simulations of
both enzymes revealed that the higher RMSD for this region in NzeB (and absent in AspB)
is explained by the presence of an additional cluster of conformations in which residues
87-90 move away from the active site (Figure 3B). Thus, we hypothesized the decrease in
flexibility between residues 87-90 in AspB may be responsible for its ability to catalyze
exclusively Cg—N; bond formation. To functionally examine the role residues 87-90 play
in the chemoselectivity of these enzymes, we generated a chimera of AspB and NzeB,
using NzeB as a template, and the dimerization selectivity of the NzeBgg7a-ag9G-190v Was
evaluated /n vitro (Figure 4).

Analysis of the dimerization products of NzeBgg7a-ag96-190v revealed a significant shift
in product distribution with a clear preference for Cg~—N1 bond formation, albeit with
diminished dimerization activity. Additionally, we generated and evaluated a series of
chimeras from regions that MD simulations indicated were unlikely to affect selectivity,
and indeed no significant change in product distribution was observed compared

to wild-type NzeB (Figure 4B) and minimal perturbation of substrate turnover. We

then incorporated the active site variation at residue 68 into the NzeBgg7a-A89G-190v
chimera to generate NzeBqgg|-gg7A-A89G-190v and dimerization reactions with this new
variant resulted in exclusive Cg-—N1 bond formation. Structural characterization of the
NzeBqgs1-cs7a-A896-190v (PDB: 7S3T)[32] revealed a clear shift in the conformation of the
chimeric region compared to wild-type NzeB (Figure 4A).

Previous quantum mechanical (QM) calculations, and high-resolution structures of NzeB,
informed our mechanistic hypothesis that intermolecular C—-C and C-N bond formation
occurs via two distinct mechanisms.[27] Our QM calculations[?7] posited that dimerization
cascades leading to intermolecular C—C bond formation are initiated by abstraction of the
DKP Ng—H by the P450 iron-oxo species (Figure 5A, atoms and arrows colored blue).
Alternatively, dimerization reactions that result in formation of Cg—N; bond linked dimers
are initiated by indole N;—H abstraction (Figure 5A, atom and arrows colored red). While
N1-indolyl radical and the pentacyclic Cz-carbon centered radical may interconvert, it is
expected that their trapping by the dimerization partner in the active site may favor the
formation of the respective products as illustrated. Comparative MD simulations of AspB
and NzeB to identify the selectivity influencing regions also enabled examination of the
variations in position and orientation of substrates bound in the active site of these two
enzymes. MD simulations revealed that AspB maintains the indole N;—H proximal to

the iron-oxo throughout the trajectory (Figure 5B). By contrast, NzeB rapidly repositions
the DKP Ny—H proximal to the P450 iron-oxo (Figure 5C), followed often by indole N1—
H and DKP N,—H interchanging localization to the iron-oxo throughout the simulations
(Supporting Information, Supplementary Figure S2), consistent with NzeB’s ability to form
both C-C and C-N bond linked dimers.
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These MD-simulations reinforce our mechanistic hypothesis that selectivity in dimerization
is dependent on remodeling of the active site and repositioning of substrates upon formation
of the reactive iron-oxo species. Given the innate challenge in generation, spectroscopic
observation, and definitive assignment of substrate radical intermediates, we sought to

focus on experimentally validating differential binding of substrates between C-C and C-N
bond forming dimerases. Thus, we synthesized three substrate mimics incapable of N-H
abstraction at the N1—H and subjected them to dimerization conditions with AspB and
NzeB. While reactions with probes S1 and S2 failed to show differential reactivity across all
P450s examined, (Supporting Information, Supplementary Figures S18-S23), reactions with
substrate 10 resulted in the generation of significant quantities of a new product exclusively
formed by C-C bond forming P450 NzeB, and no observable products were formed in
reactions with AspB (Figure 6). High-resolution mass spectrometry revealed a product with
am/z of 317.0952 (M+H") (calculated = 317.0954) indicative of a single oxygen insertion.
Tandem MS/MS and NMR analysis enabled structural assignment of a new product 11
(Figure 6), which was further confirmed via chemical synthesis!33! and comparative analysis
by HPLC (Figure 6, trace iv) and NMR. The selective formation of 11 by C-C bond forming
dimerases and absence of reaction of 10 by C—N bond forming dimerases represents the
first experimental evidence that chemodivergent dimerases position substrates differentially
during catalysis despite completely superimposable x-ray structures.

In the current study, we determined the crystal structure of AspB, and while directed
evolution campaigns have generated enzymes capable of catalyzing intra-[34] and
intermolecular(3®] C—H amination, AspB is the first structure of a wild-type cytochrome
P450 that selectively catalyzes direct, intermolecular Csp2—H amination. In an effort to
distinguish the structural characteristics between AspB and chemodivergent homologue
NzeB, we used MD simulations to compare overall conformational flexibility of these
enzymes to uncover non-active site regions of the protein that control regioselectivity

in DKP dimerization. Notably, models of AspB generated via AlphaFold[36] are also
nearly superimposable with our experimentally determined structures of NzeB and AspB
with no reorganization of active site architecture (Supporting Information, Supplementary
Figure S29). These MD simulations guided our chimeragenesis, and through exchange

of a non-active site region along with a single active site residue, we generated an

NzeB chimera that fully reconstituted the selective C—N bond formation of wild-type
AspB. In the course of our work, another group was able to achieve a similar goal
through stochastic substitution of amino acid residues in DKP dimerases.[37] However,
obtaining high-resolution crystal structures of the biochemically distinct homologues NzeB
and AspB offered an opportunity to develop an alternative methodology for rational
protein engineering: MD-guided targeted chimeragenesis. MD simulations also allowed
us to visualize substrate position and repositioning in the active site of both enzymes

in the presence of the P450 iron-oxo species, which reinforced our previous mechanistic
hypothesis that dimerase chemoselectivity is dictated by substrate reorganization and
selective N—H abstraction. Our results with substrate mimic 10 provide the first experimental
evidence for differential substrate repositioning in C—C bond forming dimerases (NzeB/
NascB) generating sulfoxide 11 compared to a lack of reactivity in the C—N bond forming
dimerase (AspB). While MD simulations have guided rational engineering of enzymes,
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[29.38,39] this work demonstrates its predictive power and utility for visualizing alternate
modes of substrate binding, conformational dynamics, and selectivity when confronted
with nearly complete structural homology. We expect the demonstrated ability of “MD-
targeted chimeragenesis” to identify selectivity motifs and guide protein engineering will be
applicable beyond cytochromes P450 and can be employed to engineer a diverse range of
chimeric enzymes with improved catalytic activity and non-native selectivities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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tetratryptomycin A (4), 3'R
tetratryptomycin C (5), 3'S

{(+)-pestalazine A (7)

uchunazine D (8)

Figurel.
Representative tryptophan-linked DKP homodimers representative of known dimerization

connectivities found exclusively in bacteria (1-2), those common to bacteria and fungi (3-6),
and exclusive to fungal DKP dimers (7-8).
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A) Crystal structure of AspB (salmon) with substrates bound in cyclization site (pink) and
dimerization site (mint green), heme (dark grey) and overlayed with NzeB (light grey) and
its bound substrates (light grey). B) HPLC traces of (i) 9 synthetic standard, (ii) reaction of 9
with AspB, (iii) reaction of 9 with NzeB, and (iv) reaction of 9 with NzeBggg). Fdx and Fdr
are ferredoxin and ferredoxin reductase, respectively (S. oferacea).

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2024 May 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Shende et al.

Page 11

~o-AspB_Avg
A -#-NzeB_Avg

-

Alpha Carbon RMSD (A)
w

nN

\H,Hf\ / \/\ /‘/

80 81 82 B3 B4 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
Residue Number

Figure 3.
A) RMSD for the a-carbon of amino acids 80-100 vs. residue number for NzeB (light grey)

and AspB (salmon) averaged over three 1.2 microsecond MD simulations (NzeB heme in
dark grey). B) Representative snapshots of the backbone of residues 87-90 for NzeB (light
grey) and AspB (salmon) taken every 24 ns over all three 1.2 microsecond MD simulations.
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A) Crystal structure of NzeBggg|-gg7a-Agac-190v (light blue) and NzeB wt (grey) with
chimeric region labeled. B) HPLC traces from reactions of 9 with (i) wild-type NzeB,
(i) NzeBpasH-vara, (iii) NzeBrspa ksse, (1) NzeBgooon, (V) NzeBseop-reoL-qesis (Vi)
NzeBqgg, (Vii) NzeBggra-agac-190v; (Viii) NzeBqsgi-Gg7A-A89G-190v
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Figureb5.
A) Proposed mechanistic divergence between C—C and C—-N bond formation catalyzed by

DKP dimerases. B) Plot showing distance from P450 iron-oxo species to indole N1—H (red)
and DKP N,—H (blue) over the course of a 1.2 microsecond MD simulation for AspB (left)
and a representative snapshot for N;—H abstraction catalyzed by AspB. C) Corresponding
distance plot and representative snapshot for the N,—H abstraction catalyzed by NzeB.
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Figure 6.
HPLC traces for (i) synthetic standard of 10, (ii) reactions of 10 with C—C bond forming

dimerase NzeB and (iii) C-N bond forming dimerase AspB, and (iv) synthetic standard
of 11. Asterisk indicates benzothiophene sulfone which is also exclusively generated in
reactions with C—C bond forming dimerases.
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