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The Diels–Alder reaction is one of the most effective methods for the synthesis of substituted

cyclohexenes. The development of protein catalysts for this reaction remains a major priority, affording

new sustainable routes to high value target molecules. Whilst a small number of natural enzymes have

been shown capable of catalysing [4 + 2] cycloadditions, there is a need for significant mechanistic

understanding of how these prospective Diels–Alderases promote catalysis to underpin their

development as biocatalysts for use in synthesis. Here we present a molecular description of the

complete reaction cycle of the bona fide natural Diels–Alderase AbyU, which catalyses formation of the

spirotetronate skeleton of the antibiotic abyssomicin C. This description is derived from X-ray

crystallographic studies of AbyU in complex with a non-transformable synthetic substrate analogue,

together with transient kinetic analyses of the AbyU catalysed reaction and computational reaction

simulations. These studies reveal the mechanistic intricacies of this enzyme system and establish

a foundation for the informed reengineering of AbyU and related biocatalysts.
Introduction

The Diels–Alder reaction is a [4 + 2] cycloaddition between
a conjugated diene and a dienophile to form cyclohexenes.1

This transformation generates two new carbon–carbon bonds
and up to four new stereocentres in a single step, providing an
atom-efficient route to the assembly of cyclic and polycyclic
products.2 Although the Diels–Alder reaction has been exten-
sively studied and widely used in organic synthesis, the exis-
tence of naturally evolved protein catalysts for this reaction has
until recently remained a matter of contention.3 Initially,
support for the existence of natural Diels–Alderases was foun-
ded exclusively on the observation of putative Diels–Alder
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reaction products within the scaffolds of molecules isolated
from natural sources.4–6 More recently, however, studies of
prospective Diels–Alderases from natural product biosynthetic
pathways have resulted in the formal identication of a number
of enzymes shown capable of catalysing [4 + 2] cycloaddition
reactions in vitro.7,8 These biocatalysts could offer many
advantages over synthetic methods, circumventing the
requirement for Diels–Alder reactions to be conducted at
elevated temperature or pressure, in the presence of additives
such as Lewis acids, and with prolonged reaction times, whilst
providing more stringent control of product stereochemistry.
For these reasons, studies seeking to establish the molecular
details of enzyme catalysed Diels–Alder reactions remain an
important focus, enabling the development of these bio-
catalysts as viable tools for ‘green’ synthesis.9,10

Naturally evolved [4 + 2] cyclases are broadly divided into two
categories. The rst comprises those enzymes that appear to
have evolved to catalyse a reaction distinct from cycloaddition,
e.g., oxidation, but which serendipitously possess a protein
scaffold capable of facilitating cyclisation of the primary reaction
product, e.g., solanapyrone synthase.11,12 The second comprises
enzymes which function as explicit [4 + 2] cyclases,13–17 including
the Diels–Alderase AbyU.18 This biocatalyst generates the spi-
rotetronate skeleton of the antibiotic natural product abyssomi-
cin C (1) in the marine actinomycete Micromonospora maris
AB-18-032 (previously Verrucosispora maris AB-18-032).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Abyssomicin C readily converts to atrop-abyssomicin C under
mildly acidic conditions and the isolation of both natural prod-
ucts has been reported.19 The biosynthetic pathway to abysso-
micin C is encoded for within a single gene cluster (aby), which
accounts for ∼60 kb of the M. maris genome. This pathway
comprises seven polyketide synthase (PKS) modules, distributed
across three polypeptide chains (AbyB1–AbyB3), which function
in concert to generate the diketo thiol ester 2 (Fig. 1).20 This
molecule is subsequently liberated from the PKS assembly line
via the addition of a glycerate moiety presented on the stand-
alone ACP AbyA3, leading to installation of a tetronic acid ring
moiety, in a process catalysed by the enzyme AbyA1. Subsequent
formation of the exo-methylene (the dienophile) is achieved
through acetylation–elimination reactions, catalysed by the
Fig. 1 (a) Proposed abyssomicin C biosynthetic pathway. The AbyU cata
dienophile indicated by blue boxes. (b) Chemical structures of the synth
crystal structure of AbyU. Individual b-barrel monomers that comprise th
indicated by white asterisks in red circles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
AbyA4/AbyA5 enzyme couple to form 3.5,21 Next, AbyU catalyses
the key [4 + 2] cycloaddition reaction between the exo-alkene and
the terminal diene, leading to formation of the spirotetronate
framework 4 with complete stereocontrol via an endo cyclisation.
The biosynthesis of abyssomicin C is then completed by selective
epoxidation of the 11,12-alkene and an intramolecular attack to
form the ether bridge.22

Structural studies of AbyU have revealed that this enzyme
possesses a distinctive b-barrel fold, wherein the barrel lumen
constitutes the active site of the enzyme (Fig. 1c). Access to this
site is regulated via a exible capping loop, with catalysis
promoted by the conformational constriction of the linear
substrate 3.18 This mechanism is consistent with that proposed
for the related cyclase PyrI4, which is derived in part from
lysed [4 + 2] cycloaddition reaction is highlighted, with the diene and
esised substrate analogue 5 and (bio)synthesised product 6. (c) X-ray
e AbyU dimer are coloured blue and yellow, with enzyme active sites

Chem. Sci., 2024, 15, 11572–11583 | 11573
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unliganded and product-bound crystal structures of the
enzyme.17 Due to the instability of intermediate 3, studies of
AbyU have been conducted using the closely related
synthetic analogue 5, with care still required due to competing
polymerisation (Fig. 1b).18,23 This issue, along with similar
complications in other experimental systems, has to date
precluded the detailed in vitro kinetic characterisation of AbyU
and related [4 + 2] cyclases.

Here we resolve these issues and report a molecular
description of the complete reaction cycle of AbyU. Our
conclusions are based on an X-ray crystal structure of AbyU in
complex with a non-transformable substrate analogue, which
provides direct experimental evidence for the substrate binding
mode, along with transient kinetic studies and in silico reaction
simulations. Our ndings provide important insights into the
intricacies of the AbyU catalysed reaction, which is shown to
proceed via at least two experimentally veried routes, each
arising from a different substrate binding conformation within
the enzyme active site. These studies provide new fundamental
insights into biocatalytic Diels–Alder reactions and establish
a mechanistic framework for the rational reengineering of AbyU
and allied biocatalysts.
Results
Synthesis of a non-transformable AbyU substrate analogue

To establish the mode of substrate binding in AbyU the
substrate analogue 13, a non-transformable counterpart of 5
was designed for use in co-crystallisation studies. By using
analogue 13, it was hoped that issues of substrate instability
which had repeatedly frustrated previous efforts to obtain
a structure of the AbyU-substrate complex could be resolved. A
resulting co-complex crystal structure would then provide an
authentic representation of the AbyU substrate binding mode.
The novel enone 13 was prepared from the known lactone 7
(Scheme 1).18,24 Phosphonate addition to lactone 7 gave ketone
8, which, following a Horner–Wadsworth–Emmons (HWE)
reaction, generated the required framework for the substrate
side-chain as a single diastereomer in 94% yield over the two
steps. Dess–Martin Periodinane (DMP) oxidation of alcohol 9
gave aldehyde 10 ready for addition of the tetronate and several
approaches for the coupling were investigated. The most reli-
able method proved to be reaction of tetronate 11 (ref. 25) with
B-chlorodiisopinocampheylborane [(+)-DIP-Cl] and triethyl-
amine followed by generation of the exo-alkene with methyl
iodide giving amixture of diastereomeric alcohols 12. There was
no need to separate the alcohols and the nal transformation
was oxidation to the required enone 13, which was fully char-
acterised by spectroscopic methods (SI).
Crystal structure of the AbyU substrate analogue complex

Hexa-histidine tagged AbyU was recombinantly over-expressed
in E. coli BL21 (DE3) cells and puried to homogeneity as re-
ported previously.18 Recombinant AbyU was subsequently sub-
jected to crystallisation screening in the presence of substrate
analogue 13. Resulting crystals underwent X-ray diffraction
11574 | Chem. Sci., 2024, 15, 11572–11583
analysis which yielded a structure of the AbyU-13 complex to
1.95 Å resolution (Fig. 2 and Table S1†). Structure determina-
tion was performed using molecular replacement employing
the published AbyU crystal structure18 (PDB ID 5DYV) as
a search model. Inspection of the AbyU-13 complex reveals an
overall fold comprising a homodimer of two b-barrels consis-
tent with that previously reported for the polypeptide. Both the
characteristic hydrophobic active site capping loop and the
Glu19–Arg122 salt bridge were unambiguously resolved in the
electron density maps. Four copies of AbyU were observed in the
asymmetric unit (AU), comprising one intact dimer (between
chains A and C) and two copies (chains B and D) whose dimer
partner resides within a neighboring AU. Electron density cor-
responding to a single molecule of substrate analogue 13 was
observed in the active sites of three of the four copies (chains A,
B and D), with a single HEPES molecule in the fourth (chain C;
Fig. 2 and S1–S3†). To enable the unambiguous assignment of
electron density within the enzyme active site, polder OMIT
maps were generated by excluding local bulk solvent (Fig. 2c
and S3†). The resulting maps show an enhanced density region
for each molecule of substrate analogue 13. The percentage
occupancies of 13 differ in each copy of AbyU; 80% in chain A
and 70% in chains B and D. The side-chain of 13 exhibits
greater conformational heterogeneity than would be possible in
substrate analogue 5, and as a consequence deviates from the s-
cis conguration implicitly required to enable catalysis to
proceed. Superimposition of each of the four copies of AbyU
reveals equivalent side chain conformations for all active site
residues with the exception of Met126. The side chain of this
residue points away from the active site in each of chains A, B
and D, but inwards towards the barrel lumen in chain C
(Fig. S2†). Given spatial constraints, this reorganisation is
undoubtably required to enable substrate binding. In chain B,
electron density is observed consistent with two conformations
of the Met126 side chain. Consequently, this residue has been
modelled as a dual conformer with differing occupancy levels;
70% for conformation 1, and 30% for conformation 2. In chains
A, B and D a single hydrogen bond of 2.8 Å (oxygen–oxygen
distance) is observed between the enzyme and substrate
analogue 13, formed between the lactone carbonyl of 13 and the
side chain of Tyr76 (Fig. 2b).
Transient kinetic studies and observation of multiple
substrate binding modes in AbyU

To further investigate the AbyU catalysed reaction stopped-ow
kinetic studies were undertaken employing substrate 5. The
absorbance spectrum of 5 reveals a maximum at 325 nm
attributed to the triene system of the compound. This feature is
lost upon cyclisation and thus constitutes a viable spectropho-
tometric probe to monitor the AbyU catalysed conversion of
substrate 5 to product 6 (Fig. 1b). Using an excess of enzyme,
analysis of a single turnover of this reaction reveals a highly
complex, multi-phasic reaction transient (Fig. 3a and S4†), from
which three distinct exponential phases could be extracted
when tted to eqn (1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Chemical synthesis of the non-transformable substrate analogue 13.
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DA ¼
X# 3

i¼1

Ai expð�kitÞ (1)

where A is the amplitude, k is the observed rate constant (kobs)
for the ith exponential component (up to three) and DA is the
total amplitude change. We assessed the quality of the t from
the plotted residuals. The inclusion of additional exponential
phases will inevitably improve the tting statistics, however, we
found that in practice three phases was the minimum required
to adequately t the data.

Multiple exponential phases could indicate the formation of
a chemical intermediate, or conformational rearrangement of
the enzyme during catalysis.26,27 The former can be readily dis-
counted, as [4 + 2] cycloadditions do not proceed via a suffi-
ciently long-lived intermediate detectable over the timeframe of
the experiment.28,29 The latter is also improbable, as comparison
of our AbyU-13 complex with that of the unliganded polypeptide
reveals the absence of any signicant conformational reorgan-
isation during catalysis. Consequently, we suggest that the
presence of multiple resolvable exponential phases indicates
the existence of multiple possible substrate binding confor-
mations within the AbyU active site. As conformational
constriction of the linear substrate is a driver of catalysis, it is
conceivable that substrate 5 may be sequestered in different
orientations each with a distinct affinity and energetic barrier to
catalysis, as has been previously reported in other enzyme
systems.30,31 Given that a single binding mode is observed in our
AbyU-13 crystal structure, we infer that this conformation
represents the most energetically favoured conguration. Due
© 2024 The Author(s). Published by the Royal Society of Chemistry
to the implicit requirement for the diene to adopt an s-cis
conformation, conformational constriction of the substrate side
chain can be discounted as a contributing factor to absorbance
changes at 325 nm.

Analysis of the observed rate constants in each of the fastest
two exponential phases, kobs1 and kobs2, as a function of [5] over
10 s (Fig. 3b and S5†) reveals additional complexity. As the
concentration of 5 increases, a concomitant decrease in the rate
constants kobs1 and kobs2 is observed. This indicates that within
each observable phase there exists multiple different binding
conformations that react to form product at different rates, i.e.,
as the concentration of substrate 5 increases, weaker, less
productive binding conformations manifest, yielding an
apparent reduction in rate. These different conformational
populations cannot be individually resolved using ensemble
kinetic measurements unless their rate constants differ by at
least an order of magnitude, therefore, the observed rate
constant reects average behaviour. The relative equilibrium
saturation constants observed for two different binding
conformations can be obtained by examining the dependence
of kobs2 on [5] (Fig. 3b). From Fig. 3b, the data present as
apparent substrate inhibition. In this case, we can envisage that
the ‘slow’ reacting species effectively acts as a weak inhibitor
relative to the ‘fast’ reacting species, thus presenting as
apparent substrate inhibition. When tted to a classical
substrate inhibition curve (eqn (2)), the extracted Km, 13.2 ± 3.2
mM reects an approximation of the binding affinity for the
faster-reacting conformation(s), whilst the Ki, 54.9 ± 14.5 mM
Chem. Sci., 2024, 15, 11572–11583 | 11575

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/D4SC02908A


Fig. 2 Crystal structure of AbyU in complex with substrate analogue
13. (a) Overall fold of chain A in ribbon representation (PDB ID 7PXO).
Secondary structure elements are coloured as follows: a-helices,
turquoise; b-sheets, pale green; loops, grey. The solitary a-helix is
labelled 1, with b-sheets labelled sequentially 1–8. The non-trans-
formable substrate analogue 13 is coloured by atom. (b) The AbyU
active site. The hydrogen bond between Tyr76 and the lactone
carbonyl of 13 is indicated by a red dashed line. (c) Polder omit map of
13 in the active site of chain A, contoured at 3s. The electron density is
shown as a grey mesh. (d) Cut through view of the active site showing
a surface representation generated using CASTp and coloured pale
cyan.

Fig. 3 Single turnover analysis of the AbyU catalysed conversion of 5
to 6. (a) Example of the transient observed (blue) in the reaction of 25
mM 5 with 400 mM AbyU, plotted on a logarithmic scale with a linear
scale inset for comparison. The transient is fitted to eqn (1) with three
exponential terms (black line, see Fig. S4† for fitting analysis). (b)
Concentration dependent analysis of kobs1 and kobs2. kobs1 is fitted to
a straight line and kobs2 is fitted to a substrate inhibition curve (eqn (2)).
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conceptually reects the binding affinity for slower reacting
species.

v ¼ Vmax � ½S�
Km þ ½S� � ð1þ ½S�=KiÞ (2)

It should be noted that the species reected by the third
exponential phase has a larger equilibrium constant than the
faster reacting species, with a rate of reaction approximately 20-
fold slower than the steady-state rate of the enzyme (Fig. S6†). As
it represents an insignicant component of the steady-state
reaction, we have not analysed this phase any further.

Modelling and multiscale reaction simulations reveal three
key substrate binding orientations

To further investigate the possible alternative binding confor-
mations of substrate 5 in the active site of AbyU, molecular
docking, molecular dynamics simulations (with binding affinity
calculations) and combined quantum mechanical/molecular
mechanical (QM/MM) reaction simulations were performed.
As the atropisomer of the cyclised product 6/7 is not dened,
both possible isomers were investigated, with minimal
11576 | Chem. Sci., 2024, 15, 11572–11583
differences. Docking of 6/7 followed by QM/MM reaction
simulations (to form 5) identied four distinct reactive binding
modes of 5 (Fig. 4). The reaction simulations indicate that, of
these, binding mode A is the most reactive, with cyclisation
occurring in an asynchronous concerted manner (Fig. S8†),
consistent with our previous ndings.18 The reaction barrier
predicted for binding mode B is slightly higher than for A.

Binding modes C and D both have predicted barriers that are
signicantly higher than that for mode A and would therefore
result in an observably lower rate of turnover. Approximate
binding energy calculations (using the MM-GBSA method)
indicate that substrate binding mode A is thermodynamically
preferred, although modes B and D have comparable binding
affinity (Fig. 4). This suggests that substrate binding will likely
occur in a combination of modes A, B and D, and the substrate
may thus be turned over at two distinct rates, consistent with
kobs1 and kobs2, whilst the activation energy barrier for substrate
bound in orientation D would be too high for catalysis to occur
competitively. kobs3 therefore represents the rate of dissociation
and re-binding of substrate prior to catalysis in a productive
conformation.

Product release is rate limiting in the AbyU catalysed reaction

To formally identify the rate-limiting step in the AbyU catalysed
cycloaddition reaction, a multiple turnover kinetics experiment
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Possible bindingmodes and respective barriers to catalysis for 5
within the active site of AbyU. (a) Representative structures from
molecular dynamics (MD) simulations of substrate 5 in each of the four
bindingmodes obtained. (b) Average binding energy for eachmode (as
calculated using the MM-GBSA approach using 1000 snapshots of
each mode taken from 10 independent MD runs). (c) Predicted Diels–
Alder activation free energies for each pose (obtained from 10 inde-
pendent QM/MM umbrella sampling molecular dynamics simulations
using DFTB/ff14SB, with a 7.32 kcal per mole correction for each to
M06-2X/6-31+(d,p) level).18 Standard deviations are indicated for
binding and activation free energies. See Methods for details.

Fig. 5 Burst phase characterisation of the AbyU catalysed conversion
of 5 to 6. (a) Example of the transient observed (blue) in the reaction of
54 mM 5 with 1 mM AbyU, shown on a logarithmic scale with a linear
scale shown inset for comparison. The transient is fitted to eqn (3)
(black line, see Fig. S9† for fitting analysis). (b) The rate of turnover in
each burst phase as a function of the concentration of 5. Data for
kburst1 is fitted to a one-step binding model (eqn (4)) and kburst2 is fitted
to a two-step binding model (eqn (5)). (c) Steady-state kinetics fitted to
the Michaelis–Menten equation (eqn (S1)†).
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was undertaken. The stopped-ow transients (Fig. 5a) reveal two
distinguishable burst phases when tted to eqn (3), a derivative
of eqn (1), which incorporates a linear phase to account for
multiple turnovers in the steady-state.

DA ¼
X2

i¼1

Ai expð�kitÞ þmt (3)

The experimentally observed phases are approximately stoi-
chiometric with the concentration of AbyU (Fig. 5b) and there-
fore are suggestive of product formation via two parallel kinetic
routes, as suggested by our single turnover experiments, prior to
the rate-limiting step that regulates product release. This is
perhaps unsurprising, as the conformationally constricted
product must by necessity dissociate from the ‘closed’ active
site. Steady-state kinetics reveal the impact that product release
has upon the overall rate. The kcat of 6.94 ± 0.30 min−1 is
around 230 times slower than the initial rate of kburst1, although
the kcat/Km of 0.70 ± 0.11 mM−1 min−1 compares favourably to
many other enzymes (Fig. 5b). Together, these data demonstrate
that product release is rate limiting in the AbyU catalysed
reaction.
Cyclisation is driven by substrate rearrangement within the
AbyU active site

Further interrogation of the faster of the two phases identied
above, kburst1 (Fig. 5b), reveals a linear increase in observed rate
constant in relation to the increase in [5], and hence a one-step
binding mechanism. When the data for kburst1 are tted to eqn
© 2024 The Author(s). Published by the Royal Society of Chemistry
(4), kon and koff can be determined to be 0.88 ± 0.03 mM−1 s−1

and 3.4 ± 0.71 s−1, for substrate binding and dissociation
respectively, in this conformation.

kburst1 = kburst1on[S] + kburst1off (4)

The relationship between the slower burst phase, kburst2 and
substrate concentration, in contrast, ts well to, and is highly
representative of, a two-step binding interaction (eqn (5) (ref.
32)).

kburst2 = 1/2(p − q) (5)
Chem. Sci., 2024, 15, 11572–11583 | 11577
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Table 1 Experimentally determined rate and binding constants for the
cyclisation of 5 by AbyU. K1 = k−1/k1 and K2 = k−2/k2. K3 and K4 are
calculated in the same way. Kapp = K2 × K4

Parameter Constant

k1 (mM
−1 s−1) 0.88 � 0.03

k−1 (s
−1) 3.41 � 0.71

k2 (mM
−1 s−1) 0.36 � 0.46

k−2 (s
−1) 0.71 � 0.62

k3 (mM
−1 s−1) z5.7 × 10−4 � 3.8 ×

10−5

k−3 (s
−1) z6.9 × 10−3 � 1.9 ×

10−3

k4 (s
−1) 1.37 � 2.38

k−4 (s
−1) 0.90 � 2.29

k5 (s
−1) N.D. (very quick)

k6 (s
−1) z0.12 � 0.05

kspont (mM
−1 s−1) 1.25 × 10−3 � 1.7 ×

10−5

K1 (mM) 3.86 � 0.94
K2 (mM) 1.97 � 4.24
K3 (mM) z1.2 × 10−5 � 4.1 ×

10−6

K4 0.66 � 2.81
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where:

p = kburst2on1 × [S] + kburst2off1 + kburst2on2 + kburst2off2 (5.1)

q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 � 4r

p
(5.2)

r = kburst2on1 × [S] × kburst2on2 + kburst2off1
× kburst2off2 + kburst2on1 × [S] × kburst2off2 (5.3)

This implies that substrate is initially bound in a sub-
optimal conformation, e.g., B in Fig. 4, with an on rate of 0.36
± 0.46 mM−1 s−1 and an off rate of 0.71± 0.62 s−1. The substrate
then rearranges within the active site to the most productive
conformation (A) at a rate of 1.37 ± 2.38 s−1 prior to catalysis.
Although our simulation data demonstrate that bound
substrate is unlikely to freely rotate along its horizontal axis
(Fig. 4), a partial dissociation would be sufficient to facilitate
rearrangement, thereby lowering the reaction free energy and
promoting catalysis. This process equates to kobs2 in the single-
turnover analysis, and also explains the large disparity between
the rate of kobs2 and kobs3.
Kapp (mM) 1.3 � 8.4
Complete description of the reaction cycle of AbyU

Deconvolution of our transient kinetic data enables the
formulation of a reaction scheme for the AbyU catalytic cycle
(Fig. 6). These data also permit the derivation of binding
constants for each conformation (Table 1). The steady-state rate
provides an approximation for product release (k6), whilst cyc-
lisation occurs rapidly once the substrate is bound (k5). Our
single turnover experiments reveal that each of ES and ES2
represent an average of multiple, subtly differentiated substrate
binding conformations. These data, together with our burst
phase kinetic analyses and in silicomodelling, reveal that whilst
substrate 5 is not selectively bound in a single favoured
conformation within the enzyme active site, the internal
topology of the AbyU barrel lumen facilitates substrate rear-
rangement from multiple starting orientations, to a sub-set of
reactive binding conformations permitting cyclisation to
proceed. The conformation adopted by substrate analogue 13 in
our AbyU-13 crystal structure (Fig. 2) is consistent with the
Fig. 6 Proposed reaction scheme for the AbyU catalysed Diels–Alder
reaction. There are three sets of binding conformations that can be
distinguished experimentally, denoted ES, ES2 and ES3. The intrinsic
rate constants calculated for each step are given in Table 1.

11578 | Chem. Sci., 2024, 15, 11572–11583
substrate binding mode indicated to be most favourable and
reactive in our simulations. This mode is thus the most likely
optimal binding mode from which catalysis can proceed.
Conclusions

Here we report the delineation of the complete reaction cycle of
the natural Diels–Alderase AbyU. Our combined experimental
and computational studies reveal a multiplicity of possible
binding conformations within the enzyme active site and
highlight the occurrence of at least two experimentally validated
catalytic routes. AbyU shows specicity for the most productive
binding conformations, as exemplied by that observed in our
AbyU-13 complex crystal structure. The architecture of the
enzyme active site is sufficiently exible to enable rearrange-
ment of the substrate without complete dissociation and in the
absence of signicant conformational rearrangement within
the enzyme active site. This permits the in situ adoption of
energetically favourable reactive binding modes. The rate-
limiting step in the AbyU catalytic cycle, product release, is
a barrier to optimal catalytic prociency and presents an
opportunity for rational reengineering. The use of enzyme
engineering approaches to promote conformational dynamics
and expedite product dissociation has been successfully
employed in other systems and is directly applicable to
AbyU.33,34 Whilst removal of the capping loop in its entirety is
unlikely to provide signicant benet, the introduction of
mutations in this region that subtly promote loop mobility may
enhance the enzyme's catalytic rate. Attempts to reengineer
Diels–Alder biocatalysts should also take into account the
multiple binding conformations observed herein and focus on
promoting the affinity of substrate binding in the most
productive orientations. Together, our ndings serve to high-
light the mechanistic complexities of biocatalytic Diels–Alder
© 2024 The Author(s). Published by the Royal Society of Chemistry
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reactions, which incorporate kinetic features that may be
readily neglected when applying conventional structure/
function experimental techniques.

Experimental methods
Chemical Synthesis

Substrate analogue 5 and Diels–Alder adduct 6 were synthesised
as previously described,18 and as outlined in the ESI.† Substrate
analogue 13 was synthesised as described in the ESI.†

Gene cloning, expression and purication of AbyU

AbyU was cloned, over-expressed and puried as previously
described,18 and as outlined in the ESI (Fig. S10†).

AbyU co-crystallisation

For crystallisation experiments AbyU (10 mg ml−1) was mixed
with substrate analogue 13 (2 mM nal concentration, dissolved
in 100% acetonitrile) at 20 °C. Conditions supporting the
growth of diffraction quality crystals of AbyU were reproduced
from Byrne et al., 2016 (ref. 18) and comprised 0.02 M MgCl2,
0.1 M HEPES, 22% polyacrylic acid sodium salt (MW 5100), pH
7.5. The protein-substrate complex was crystallised using the
hanging drop vapour diffusion method, with a 1.5 : 1 : 0.5 ratio
of protein complex, reservoir solution and seed stock (made
from crushing native AbyU crystals, diluted 1 : 10 with reservoir
solution). The resulting crystals were mounted in appropriately
sized cryoloops (Hampton Research) and immediately ash-
cooled in liquid nitrogen without additional cryoprotection
prior to analysis.

Diffraction data collection and structure determination

Diffraction data were collected at Diamond Light Source, UK, on
beamline I24. Data were auto-processed, merged and scaled
with Xia2/3dii35,36 using the Diamond Light Source Information
System for Protein Crystallography Beamline (ISPyB) managed
online environment. All subsequent downstream processing
was performed using the CCP4 suite of programs.37 The struc-
ture of the AbyU-13 complex was initially determined in space
group P1211 using molecular replacement in MOLREP,38 using
chain A of the native AbyU structure (PDB ID 5DYV) as a search
model. The structure was determined to 1.95 Å resolution, with
four molecules in the asymmetric unit. Three of the molecules
of AbyU contained the non-transformable substrate analogue 13
in their active site, the fourth contained a HEPES molecule. Two
additional HEPES molecules were identied in the asymmetric
unit. Iterative rounds of manual model building and renement
using COOT39 and Refmac5 (ref. 40) were used to rene the
structure. Data collection, phasing, and renement statistics for
the AbyU-substrate complex are provided in Table S1.† OMIT
maps were created to improve visualisation of the substrate
electron density using the Polder Maps program41 as imple-
mented by the Python-based Hierarchical Environment for
Integrated Xtallography (Phenix) suite of programs.42 Protein
structure graphics were prepared using PyMOL Molecular
Graphics System, Version 2.5.2. The structure of the AbyU-13
© 2024 The Author(s). Published by the Royal Society of Chemistry
complex has been deposited in the PDB with the accession code
7PXO.

Stopped-ow experiments

Stopped-Flow (SF) experiments were performed using a Hi-Tech
Scientic KinetAsyst Stopped-Flow System spectrophotometer
(TgK Scientic, Bradford on Avon, UK). Both syringe 1 and 2
were washed with ddH2O and SF buffer (18 mM Tris–HCl,
135 mM NaCl, 10% acetonitrile, pH 7.5). 10% acetonitrile was
maintained in both syringes at all times to ensure solubility of
the substrate. The stop-ow was zeroed and references were
taken using SF buffer in each syringe for burst phase kinetics.
Puried recombinant AbyU in SEC buffer (20 mM Tris–HCl,
150 mM NaCl, pH 7.5), was diluted to a nal concentration of
800 mM AbyU in SF buffer. This solution of AbyU was placed in
syringe 1 to obtain references for the single turnover experi-
ments. For the multiple turnover experiments, AbyU was added
to syringe 1 at a concentration of 2 mM (diluted in SF buffer).
Likewise, substrate 5 was diluted in SF buffer to double the
reaction concentration and placed in syringe 2. 50 mL from each
syringe was injected into the mixing chamber and measure-
ment immediately commenced. Reactions were observed using
a logarithmic timebase over either 1000 s or 10 s. For the 1000 s
experiments, the timeframe was split into 15 cycles, each with
200 points, each of which was distributed in a logarithmic
manner. This ensured a high number of readings in the rst
seconds of the experiment. It did not prove tractable to measure
each reaction over 1000 s as over this timeframe 5 can undergo
signicant background cyclisation to form 6, precluding accu-
rate repeats at a consistent starting concentration. This was
compounded by the weak affinity of substrate 5 for the plastic
components in the SF system, rendering it impossible to
precisely replicate the concentration of 5 in the reaction
chamber over multiple syringes. To measure the uncatalysed
rate of substrate cyclisation, the stop ow was zeroed and
references were taken using SF buffer in both syringes. Varying
concentrations of substrate 5 were added to syringe 2 and
measurements were taken using a linear time base over 10
seconds. All reactions were performed at 20 °C.

Data tting and analysis of the stopped-ow transients

Results were tted using Graphpad Prism. Data obtained before
2 ms was discarded, reecting the dead-time of the instrument.
Data were t to equations as outlined in the text. The 10 s single
turnover kinetic data were tted to two exponentials with
a sloping baseline (eqn (3)). This t did not, however, reliably
determine the angle of the slope observed, due to the shallow
nature of the slope and bias introduced by the exponential
phases. To circumvent this, the data between 3 s and 10 s were
separately tted to a straight line to determine the initial rate of
k3. In order to fully analyse the change in the reaction rate with
respect to the concentration of 5, 3–6 transients at each
substrate concentration were taken and the rate and amplitude
parameters derived from the t appropriate for each transient
(Fig. S4 and S9†). The background rate of reaction (Fig. S11†)
was removed from the steady-state reaction and from the linear
Chem. Sci., 2024, 15, 11572–11583 | 11579
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portion of k3. The other exponential phases occur too rapidly for
the background rate of reaction to have an appreciable inu-
ence on the data. The amplitude of the change in absorbance
was converted to concentration using the following measured
absorbance coefficient for substrate 5: 3325 nm = 13
200 M−1 cm−1 and the following measured absorbance coeffi-
cient for product 6: 3325 nm = 1085 M−1 cm−1. The rate and
amplitude parameters were averaged across all transients from
the same concentration of 5, before plotting against the initial
concentration of substrate. Initial concentrations of substrate 5
were calculated from the absorbance at t = 0, to account for
uncatalysed substrate turnover, and the tendency of the
substrate to have a weak affinity with the plastic present in the
stop-ow apparatus. Once plotted the data were subsequently
tted as is outlined in the text. In order to calculate the rate of
spontaneous cyclisation by 5, the transients were each tted to
a straight line. The slope of the line was determined for each
substrate concentration and averaged over 3–5 repeats.

Molecular docking for binding mode investigation

Molecular docking was used to obtain different binding poses for
the possible reaction products of the AbyU substrate analogue 5
(Fig. S7†). Starting conformations (in PDB format) of the two
product atropisomers 6 and 7 were generated in Chem3D, opti-
mised using the built-inMM2minimiser. The coordinates for the
enzyme were taken from chain A of the crystal structure of AbyU
(PDB ID: 5DYV),18 removing the buffer molecule HEPES bound in
the active site. AutoDockTools 1.5.6 was used to create the input
les for each protein/product docking by assigning AutoDock
atom types to the relevant atoms as well as dening rotatable
bonds. Polar hydrogens are required in the input structures of
both the ligand and protein to order to determine hydrogen bond
donor/acceptors. Since the protein crystal structure doesn't
contain hydrogen atoms, polar hydrogens were rst added in
AutoDockTools, with all residues in their standard protonation
states. During docking, the side-chains of residues 76, 95, 124
and 126 (which line the cavity) were treated exibly; all formally
single bonds were dened as rotatable. The standard active
torsions detected by AutoDockTools were assigned for the prod-
ucts. Docking was then performed with AutoDock Vina43 using
a search grid of size 21.4 × 16.5 × 17.6 Å centred on the active
site, and an exhaustiveness of 16. Four poses (corresponding to
binding modes A–D in Fig. 4) for the atropisomer with the keto
groups pointing in ‘opposite’ directions and three poses for the
alternative atropisomer (6 and 7, respectively; a binding mode
corresponding to B for atropisomer 7 was not found) were
selected for further simulation to predict the reactivity and
binding affinity of the different modes. These binding modes are
analogous to those found in our previous work,18 the difference
being that this work now uses the substrate analogue rather than
the natural substrate.

Structural preparation, optimisation and molecular dynamics
of docked poses

The Enlighten (https://www.github.com/marcvanderkamp/
enlighten)44 protocol PREP was used to prepare the structures
11580 | Chem. Sci., 2024, 15, 11572–11583
obtained from docking for simulation. PREP rst takes the
combined protein and docked product structure; it then adds
hydrogens (to the protein only) via the AmberTools45 program
reduce. This assigned the only histidine, His88, as being
doubly protonated. Asp43 was protonated, since the predicted
pKa from PropKa 3.1 was 9.7.46 Then, in addition to the
crystallographically determined water molecules, a 20 Å
solvent sphere was added around the active site (with the
AmberTools program tleap), missing heavy atoms (and their
hydrogens) were added, and nally the topology and co-
ordinate les were generated, describing the resulting system
for simulation. The protein was parameterised by the ff14SB
force eld,47 and TIP3P was used as the water model. AM1-BCC
partial charges and General Amber Force Field48 parameters
were generated for each atropisomer using Antechamber. For
each of the poses, structural optimisation and Molecular
Dynamics (MD) simulation was performed to obtain starting
structures for QM/MM umbrella sampling. This was done using
the Enlighten protocols STRUCT and DYNAM, using Sander
from AmberTools16, with the entire structure treated MM. The
STRUCT protocol performs brief simulated annealing and
minimisation to optimise the structure. DYNAM then takes the
output from STRUCT and performs brief heating to 300 K, fol-
lowed by MD simulation. Ten repeat DYNAM runs were per-
formed to obtain ten independent 10 ps MD trajectories (2 fs
timestep), the nal snapshots of which were then used to start
umbrella sampling runs. Throughout, all atoms outside of the
20 Å solvent sphere were kept xed.

QM/MM umbrella sampling

The reaction involves the concerted formation of two new
carbon–carbon bonds, one between C10 and C15 and the other
between C13 and C14 (see Fig. S7†). As simulations are started
from the product, the reaction is sampled in reverse, by forcing
these two bonds to break. To do this, distances between the
respective carbons are gradually increased. A single reaction co-
ordinate can be used to describe this, as a weighted average of
the two distances:

RC = k1d(C10–C15) + k2d(C13–C14)

0 < k1, k2 < 1, k1 + k2 = 1

The underlying energy surface, together with the weights,
determines the path taken in the reaction simulations, since
these determine the relationship that the two distances must
satisfy for a given value of the reaction co-ordinate. To ensure
that the reaction coordinate leads to sampling along the
minimum free energy surface, we rst obtained the underlying
potential energy surface for the reaction (Fig. S8a; ESI
Methods†).

To determine the optimal reaction co-ordinate, umbrella
sampling was performed for the atropisomer with both keto
groups pointing in the same direction (6 in Fig. S7†) in mode A,
testing out different weight combinations. Ten repeat umbrella
sampling runs were performed for each weight combination,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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starting from the MD snapshots of the product complex.
Umbrella sampling was done at the SCC-DFTB/ff14SB level with
the QM region consisting of just the ligand and using 26
windows from reaction coordinate values 1.3 Å to 3.8 Å (i.e. steps
of 0.1 Å). A restraint of 200 kcal mol−1 Å−2 and 2 ps of simula-
tion was used for each umbrella sampling window. The simu-
lations were run with the Amber16 program Sander using a 1 fs
timestep and keeping all atoms outside the 20 Å solvent sphere
xed. Reaction coordinate values were recorded every 1 fs and
used as input for the Weighted Histogram Analysis Method
(WHAM)49 to obtain the potential of mean force (free energy
prole) along the reaction coordinate. In addition to this, the
bond distances themselves were recorded every fs to assess
sampling quality. Comparing the distances sampled using the
1D co-ordinate to the potential energy surface, the optimal
weight combination was found to be k1 = 0.3, k2 = 0.7, as this
ensured that the system sampled the correct (i.e. minimum
energy) reaction path through the transition state (Fig. S8b†).
The umbrella sampling protocol described above was then run
for the remaining product poses using the optimised reaction
co-ordinate, and in each case similar sampling was obtained.
For each pose, individual free energy proles were obtained
with WHAM for each of the repeat umbrella sampling runs. The
barrier was then calculated for each prole as the difference
between the transition state and substrate minimum and the
average (and standard deviation) taken from the ten repeats.
Binding affinity calculations

To calculate an approximate binding affinity for the reactive
poses of the substrate that correspond to the different product
poses, the MM-GBSA50 approach was used. First, an ensemble of
enzyme-substrate structures was generated for each pose. For
this purpose, 10 starting structures were obtained for each pose
by taking them from the nal window of the umbrella sampling
runs for the corresponding product pose. For each starting
structure, aer a brief QM/MM optimisation, the Enlighten
protocols PREP and STRUCT were run as before and DYNAM
was then used to run 100 ps of MD. Structures were saved every
1 ps, so each of the 10 starting structures provided 100 snap-
shots for an overall ensemble of 1000 structures for each pose.
These structures were used for calculating the binding affinity
with MM-GBSA using the single trajectory approach. The
average and standard deviation of the binding energy over all
the snapshots were then reported for each pose.

Representative structures (as shown in Fig. 4) were generated
for each pose by using cpptraj51 to cluster all 1000 structures
based on the all-atom RMSD of the substrate, without tting
(using the default hierarchical agglomerative clustering algo-
rithm) into a single cluster and taking the cluster centroid.
Note: in Fig. 4, results are only reported for one of the atro-
pisomers of each of the binding modes A–D. The trends in
reaction barriers were the same for both atropisomers. For
modes A and C, the substrate always ended up in a reactive
substrate conformation with both keto groups approximately
pointing in the same direction at the end of umbrella sampling,
regardless of which product it came from; reaction barriers and
© 2024 The Author(s). Published by the Royal Society of Chemistry
binding affinities are therefore reported for simulations starting
from the corresponding atropisomer, 7. For mode D, although
distinct substrate conformations were obtained for the two
atropisomers, the average barrier and binding energy obtained
was the same (within 0.2 kcal per mole); only the result obtained
when starting from the atropisomer 7 is therefore reported.
Finally, for mode B, results are only shown for the alternative
atropisomer, since this docking mode was only obtained for
that atropisomer.

Data availability

The data supporting this article have been included as part of
the ESI.†
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