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ABSTRACT The Lewis acid-catalyzed Friedel-Crafts alkylation of an aromatic ring with an alkyl

halide is extensively used in organic synthesis. However, its biological counterpart was not



reported until the elucidation of the cylindrocyclophane biosynthetic pathway in Cylindrospermum
licheniforme ATCC 29412 by Balskus and co-workers. CylK is the key enzyme to catalyze the
formation of the cylindrocyclophane scaffold through the Friedel-Crafts alkylation reactions with
regioselectivity and stereospecificity. Further research demonstrates that CylK can accept other
resorcinol rings and secondary alkyl halides as substrates. To date, the crystal structure of CylK
has not been disclosed and the catalytic mechanism remains obscure. Herein we report the crystal
structures of CylK in its apo form and its complexes with the analogues of its substrate and reaction
intermediate. Combining the crystal structures, free energy simulations and the mutagenesis
experiments, we proposed a concerted double-activation mechanism, which could explain the
regioselectivity and stereospecificity. This work provides a foundation for engineering CylK as a

biocatalyst to expand its substrate scope and applications in organic synthesis.

INTRODUCTION

The [7.7]paracyclophane natural products, including cylindrocyclophanes, '~
carbamidocyclophanes,*’ merocyclophanes®” and nostocyclophanes,'” are a family of polyketides
found in cyanobacteria (Figure la).!" They feature an all-carbon 22-membered
[7.7]paracyclophane scaffold and possess a variety of biological activities, including antifungal,
antibacterial, and cytotoxic activities. Several elegant strategies have been developed toward
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chemical synthesis of cylindrocyclophanes,'”'” whereas their biosynthetic machinery has

intrigued scientists for many years.”?' Recently Balskus and co-workers identified the
biosynthetic gene cluster of cylindrocyclophane in C. licheniforme ATCC 29412 and deciphered

) ’)4

the biosynthetic pathway for cylindrocyclophane F (3).”*" The key enzyme named CylK that



catalyzes the dimerization and cyclization of compound 1 to form the [7.7]paracyclophane scaffold
was identified and characterized (Figure 1b).”* CylK is the first enzyme discovered to catalyze the
Friedel-Crafts alkylation reaction of an aromatic ring with an alkyl halide. It is Ca**-dependent
and only converts the electrophiles with R configuration on the halogen-bearing carbon atom into
the products (Figure 1b). In addition, Balskus and co-workers demonstrated that CylK could
catalyze stereospecific Friedel-Crafts alkylation reactions of other resorcinol rings with various
secondary alkyl halides.” These findings indicate the potential of using CylK as a mild biocatalyst
for stereospecific and regioselective aryl-alkyl C-C linkage. Balskus and co-workers proposed a
putative structural model for CylK based on structural prediction.”* Nonetheless, the substrate
binding mode and the reaction mechanism could not be inferred based on this model alone without

the three-dimensional structure of the enzyme.

cylindrocyclophanes and
carbamidocyclophanes

Cl

HO OH

(S,R)-1 2 cylindrocyclophane F (3)

Figure 1. The framework of [7.7]paracyclophane natural products is formed through the

biocatalytic Friedel-Crafts alkylation reactions. (a) Core structures of cyclindrocyclophane,



nostcyclophane and merocyclophane natural products. (b) Cylindrocyclophane F is synthesized

through head-to-tail dimerization of (S,R)-1 catalyzed by CylK.

In this article, we report the crystal structures of CylK in its apo form and its complexes
with the substrate analogues. We also carried out site-directed mutagenesis experiments and free
energy simulations employing a combined quantum mechanical and molecular mechanical
(QM/MM) potential’®*’ to pinpoint the functions of key residues in the active site. The studies
shed light on the reaction mechanism and provide guidance for the structure-based enzyme

engineering for the Friedel-Crafts alkylations.

RESULTS AND DISCUSSION

Expression, purification and characterization of CylK. The full-length CylK and its truncating
variant lacking the N-terminal 8 residues (denoted by CylK-AN8) were overexpressed in
Escherichia coli, purified from inclusion body, and refolded. To test the catalytic activity of these
proteins, we chemically synthesized (S,R)-1 from a readily available precursor, compound 4
(Figure 2a). Alkylation of oxazolidinone 5 with compound 4 provided intermediate 6 in 74%
yield,”® followed by reduction with lithium aluminum hydride to afford compound 7. Compound
7 was converted to the trifluoromethanesulfonate ester and coupled with Grignard reagent in the
presence of lithium tetrachlorocuprate.”” The resulted compound 8 was treated with AD-mix-f3 to
give diol 9,°Y which was transformed to epoxide 10. Chiral HPLC analysis showed that the
enantiomeric excess of compound 10 was only 60%. Therefore, the Jacobsen hydrolytic kinetic
resolution’'*? was used to provide compound 10 with >99% ee. The epoxide opening of compound
10 with propylmagnesium bromide and lithium tetrachlorocuprate gave compound 11. After

chlorination and deprotection of the benzyl groups, (S,R)-1 was obtained and used for the



enzymatic assay with both the full-length CylK and the CylK-ANS8 constructs. The reactions were

analyzed with HPLC at the 30-min time point. The CylK-ANS8 construct showed comparable

activity as the full-length protein (Figure

2b). We also synthesized two inactive substrate

analogues, (S,R)-F-1 and (S,5)-1 using similar approaches from compound 11 and compound 8,

respectively (Figure 2¢, Figure S1).
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Figure 2. Chemical synthesis of (S,R)-1 and the enzymatic assay of the full-length CyIK and its

truncating variant. (a) (S,R)-1 was chemically synthesized via a 10-step approach from readily

available compound 4. For detailed procedures, see Supporting Information. (b) HPLC analysis of

the wild-type CylK and CylK-ANS in vitro assays using (S,R)-1 as the substrate at the 30-min time

point. This assay was replicated three times.

(c) Two inactive substrate analogues, (S,R)-F-1 and



(5,9)-1, were synthesized from compound 11 and compound 8, respectively. For detailed

procedures, see Supporting Information.

The crystal structure of apo-CylK-ANS. The full-length CylK and its variant CylK-AN8 were
screened for crystallization and the latter provided high-quality crystals. Due to a lack of
homologous structures for molecular replacement, the structure of CylIK-ANS in its apo form was
solved at 1.55 A with single-wavelength anomalous dispersion technique (PDB ID: 7FH6, Figure
3). Except for the largely unstructured C-terminus (residues 663-676), the overall structure of
CylK-ANS is well defined from the electron density maps, and it consists of an N-terminal domain
(NTD, residues 10-247) and a seven-bladed fpropeller domain (SPD, residues 248-662) (Figure
3a). The NTD is composed of a parallel froll calcium-binding domain (CaBD) packed with
several helices (Figure 3b). The CaBD is stabilized by four Ca*" ions, three of which arranged in
a string to the more regularly organized side and the fourth one bound to the opposite side of the
Sroll. A search with DALI server’” revealed the structurally closest target to be the RTX domain
block V (RTX-5BD; PDB code: 5CVW) of an adenylate cyclase toxin from Bordetella pertussis.**
The structural similarity, however, is hard to project the functional similarity between these two
domains, as the latter used calcium-driven folding to ratchet the translocation of RTX domain
through type I secretion duct. It is noteworthy that the RTX-5/4D has in total seven calcium ions
bound to stabilize the froll domain, whereas the CaBD in CylK has only four bound calcium ions,
suggesting a need of extra stabilizing contribution from the aforementioned hydrophobic packing
with the N-terminal helices. Also, different from the typical Ca*" binding Sroll structures as
observed in RTX proteins, the CaBD of CylK features a long loop (L1, residues 133-150) that

bulges out from the middle of the CaBD and extends to interact with the BPD (Figure 3a, 3b).



\N-terminal helices

Figure 3. Crystal structure of apo-CylK-AN8 consists of a seven-bladed f-propeller domain
covered with its N-terminus. (a) The overall structure of apo-CylK-ANS viewed from the side. (b)
The NTD contains a parallel Aroll calcium-binding domain and a set of four loosely packed
helices. (c) The (3-propeller domain viewed down the central channel and from the side. (d) The
active site is formed at the interface of the NTD and SPD domains. (e) Cl, is located at the interface

of the two domains and binds to the proximal residues.

The BPD has a typical topology of S-propeller domain,*> with seven blades arranged in a
closed circle, and each blade consisting of a four-stranded anti-parallel S-sheet (Figure 3c). The
longer loop of the B2i-B3;i hairpin in each blade bends outward and then downward to

approximately 180 degrees, in a fashion of curved bucket edge. This curve causes the new turn



before the 33 strand, relative to the normal short 32;-f3; turn, to rotate ~90 degree to make the turn
approximately parallel to the B4i-B1i+1 turn, resulting in the formation of a cavity between the [2;
-B3i and B4i-Bli+1 turns where a Ca*" ion is located (Figure S2). One unique feature of the CylK
BPD is that each blade is stabilized by a Ca?" ion and the CylK protein could not be folded to the
active form without Ca?* ion during refolding. At the binding locations mentioned above, a ring
of seven Ca®* ions, denoted as Ca; (i=6-12) (Figure 3¢, S2), is identified in the CylK SPD. To the
best of our knowledge, there were not such stoichiometric bindings of Ca?* ions to blade numbers
that had been reported previously for fPDs. A structure-based sequence alignment showed that the
motifs, GXXD within the B2-f3 loop and TXXXD/E within the B4i- f1i+1 loop, involved in the
Ca?* binding is highly conserved (Figure S3). The Ca®* binding draws close the distance between
the B3i and B4i-Bli+1. Five of the seven Ca?" ions (Cae75,11,12) have all their six-coordination from
the carbonyl groups or the carboxylate oxygen atoms of the D/E side chains. The bindings of Cag
and Cajo are associated with two relatively long [32i-B3; loops, L2 (residues 393-413) in blade 3
and L3 (residues 459-472) in blade 4, respectively. In each of the latter cases, one water molecule
was found to bind to the Ca®" ion. This is caused at least in part by the extra solvent accessibility
due to the flexibility from prolonged [2-B3 loop, and further influenced by the non-conserved

proline residue in L2.

The cavity between NTD and SPD constitutes the active site. The NTD covers the top of fPD
with a buried surface area of 1818 A2 The interaction between the NTD and the BPD leads to the
formation of a long, flat, and extensive hydrophobic cavity (Figure 3d). The L2 and L3 loops and
the o-helices in its proximity from BPD, together with the L1 loop from NTD, constitute the

entrance to the cavity (Figure S4). Interestingly, a chloride ion (Cli) was discovered inside this



cavity. This Cl ion interacts with the backbone NH of Val85 and the side chains of Argl05 (NHI)
and Tyr473 (OH) (Figure 3e). There is one water molecule that bridges Cl; and the side chains of
Asp440 and Asn457. The side chain of Phe499 shows close van der Waals contact to Cl; at a
distance of 3.7 A (Figure 3¢). A structure-based sequence alignment among the blades of the BPD
suggests that the charged residues Asp440 in blade 4 and Glu374 in blade 3 may be important for
the enzymatic catalysis (Figure S3). Based on the above analysis of the apo structure of CylK-
ANS, we proposed that the cavity that is located at the interface of NTD and BPD is the catalytic

site of CylK.

The crystal structures of CylK mutants complexed with the substrate analogues and the
reaction intermediate. To understand the substrate binding mode and the underlying reaction
mechanism, we synthesized (S,R)-F-1 and (S,S)-1 as the inactive substrate analogues (Figure 2c,
Figure S1). We also performed single-site mutagenesis of 16 residues in the proposed active site
(Figure S5). The substrate analogues were co-crystallized with wild-type CylK and its mutants,
and two crystal structures were obtained. The crystal structure of the Y37F mutant in complex
with (S,R)-F-1 was solved at 1.43 A resolution (PDB ID: 7FH7, Figure 4a). The complex structure
is essentially identical to the apo structure except for the L1 and L2 loops. In the complex structure,
the whole L2 loop at the entrance of the active site is defined by clear electron density, whereas
the L2 loop in the apo structure is more flexible and a part of it is not modelled on poor electron
densities, suggesting that the loop is stabilized due to its interactions with the substrate analogue.
This conformation of the enzyme may be considered as a closed state (Figure S6). Comparison of
the complex and apo structures also reveals a conformational change of the L1 loop and a different
orientation of Asn139. In the active site, three molecules of (S,R)-F-1 were located. The first copy

of (S,R)-F-1 appeared likely to serve as the electrophile analogue. Its aliphatic chain inserts deeply



into the active site, whereas its resorcinol ring is exposed to the surface just out of the active-site
entrance. The orientation of the second copy of (S,R)-F-1, the nucleophile analogue, is aligned
approximately antiparallel to the electrophile, the first copy of (S,R)-F-1. The resorcinol ring of
this nucleophile analogue is completely buried in the active site, and its fluorine-bearing aliphatic
chain extends to approach the end of the aforementioned long hydrophobic core formed by the N-
terminal helices and the froll of NTD. The two reactive carbon atoms to form a covalent bond
are found at a distance of 3.7 A. In addition, for the nucleophile copy of (S,R)-F-1, the resorcinol
ring is located in between Asp440 and Glu374, with one hydroxyl group hydrogen bonded to OD1
of Asp440 (O...0 distance of 2.7 A) and the other hydrogen bonded (O...O distance of 2.5 A) to
the OE2 of Glu374. Remarkably, the observation of Cl; in the vicinity of electrophile copy of
(S,R)-F-1 enable us to surmise that the position of Cl; serves as the binding site of the chlorine
atom of the electrophile during the reaction process. In the current structure, Cl; pushes the fluorine
atom of the electrophile away. Interestingly, a third copy of (S,R)-F-1 was located. For this
molecule, its aliphatic chain is inserted into the aforementioned hydrophobic core formed within

the NTD domain, and its resorcinol ring is exposed to the surface at the entrance of the active site.
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Reaction product of
' (S,R)-F-1 and (S,R)-1

Figure 4. Structure of the CylK mutants complexed with ligands reveals the reaction mechanism.
(a) Crystal structure of CylK-Y37F complexed with three molecules of (S,R)-F-1. The distance of

the two reactive carbon atoms is 3.7 A. The resorcinol ring of this nucleophile is located in between
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Asp440 and Glu374, with the hydroxyl groups hydrogen bonded to the two residues. (b) Structure

of CylK-H391A complexed with the reaction product of (S,R)-F-1 and (S, R)-1.

Further insight into the catalytic mechanism is provided by the crystal structure of CylK-
H391A mutant complexed with compound F-2, the reaction product of (S,R)-F-1 and (S,R)-1
which was solved at 1.32 A resolution (PDB ID: 7FHS, Figure 4b). This structure features the state
of the first Friedel-Crafts alkylation as an intermediate of the overall cyclization reaction.
Overlaying this complex structure with the complex structure of (S,R)-F-1, again, did not reveal
significant changes in the protein structures, but the above-mentioned long, bulged loop region of
the CaBD does exhibit relatively large re-organization. As for the binding of substrate F-2, half of
the its structure occupies the same cavity as the electrophile (S,R)-F-1 in the active site. However,
the other half from the nucleophile (S,R)-1 was largely translated by 4.6 A, mostly due to the
extremely improved spatial restriction from the newly formed in-plane C-C bond. Such a change
forced the long aliphatic chain to be buried in the hydrophobic cavity within the NTD. Albeit to
the good will for an interpretation of substrate binding for the second Friedel-Crafts alkylation, we
had to accept that the binding to be the product-binding from the first Friedel-Crafts alkylation. In
this binding state, the distance between the two to-be-bonded atoms in the second Friedel-Crafts
alkylation is 9.1 A. To proceed with the final cyclization, the intermediate 2 needs to reorient and
meet the requirement for the nucleophilic attack in the active site, or to be released from the active
site and to re-enter it. In either case, it could be envisioned that the reaction would be hindered,
which is in a good accord with the observation that the second Friedel-Crafts alkylation by CylK

is much slower than the first step.”*

Catalytic mechanism and mutagenesis experiments. Based on the crystal structures of CylK,

we carried out molecular dynamics free-energy simulations of the carbon-carbon bond formation
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process employing a dual-level QM/MM approach.”” In this method, the M06-2X density
functional theory with the aug-cc-pVDZ basis set was used to determine the energies of substrates
along the reaction path for the Friedel-Crafts alkylation, and the semiempirical AM1 method was
used to describe substrate-protein-solvent interactions. The Michaelis complex configuration was
constructed using the head-to-tail complex structure of (S,R)-1, but the tail of the ligand that
undergoes the Friedel-Crafts reaction adopted the half-product bound conformation. The enzyme-
substrate complex is solvated in a cubic box of an edge of ca. 104 A, consisting of a total of 105283
atoms (36053 water molecules). It turns out that the conformation corresponding to the un-reacted
substrate complex was restored after dynamics relaxation. Both Syl and Sy2 mechanisms were
considered in the free energy simulations, but the Syl process features two free energy barriers —
the unimolecular dissociation of chloride ion and the electrophilic addition to the aromatic ring —
each of similar magnitude as the overall Sy2 pathway, separated by a shallow minimum of the
secondary carbocation intermediate. Thus, the overall process is not competitive in comparison

with the concerted Sy2 mechanism, which is shown in Figure 5c.
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Figure 5. Computed free energy profile (a), a snapshot of key residues in the active site in the
simulation near the transition state (b), and illustration of proposed catalytic mechanism of CylK
(c). The potential of mean force (free energy profile) along the reaction coordinate for the
nucleophilic substitution reaction was determined using umbrella sampling simulations with a
dual-level combined QM/MM method. The reaction coordinate is defined as the difference

between the substrate C.-Cl distance and aromatic-substrate carbon C,-C, distance.
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Analysis of the interactions between the substrates and the key amino acid residues in the
active site suggests a concerted double-activation mechanism for the observed regioselectivity and
stereospecificity (Figure 5¢). Two molecules of (S,R)-1 bind to the active site in a head-to-tail
manner. The C-CI bond of the electrophile is activated through ion-pair and hydrogen bonding
stabilization of the chloride leaving group by three key amino acid residues, Thr84, Argl05, and
Tyr473 (Figure 5b). Overall, we found a computed free energy barrier of 17.2 kcal/mol for the S2
process using the dual-level M06-2X/aug-cc-pVDZ for the substrates and the semiempirical AM1
QM/MM potential for substrate-protein-solvent interactions. Interestingly the C-Cl bond
activation of the Friedel-Crafts reactions through hydrogen bonding in a hexmeric resorcinarene
capsule have been reported by Neri and co-workers.*® In the meantime, Asp440 functions as a base
to deprotonate the hydroxyl group of the nucleophile and the electron-enriched C-2 of the
resorcinol ring attacks from the back-side of the C-CI bond resulting in an inversion of
stereochemistry. The intermediate then undergoes tautomerization via a proton abstraction at the
C-2 carbon and reprotonate the hydroxyl group of the aromatic ring. According to this model, if
(8,9)-1 is used as the electrophile, the C-Cl bond cannot be activated and attacked by C-2 of the
nucleophile from the back-side due to the clash between the aliphatic chain of (S,S5)-1 and the
surrounding residues. Previously, Balskus and co-workers reported that CylK could also accept
other secondary alkyl halide as electrophiles, and the reactivity of alkyl chloride is higher than
alkyl bromide and alkyl iodide.”> We reasoned that this abnormal trend was due to the hydrogen
bonding network that is more suitable for binding to the Cl atom than the Br and I substituents,

thus making the C-Cl bond more susceptible to activation.

To prove our hypothesis, Asp440 was mutated to Ala, Leu, His, Glu and Lys and the

reactions catalyzed by these mutants were analyzed after 30 minutes and 24 hours (Figure 6). For
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the reaction that was catalyzed by the wild-type CylK, the peak area ratio of compound 3 was
37.2% after 30 minutes, and increased to 90.8% after 24 hours. Compared to the wild-type CylK,
the catalytic activities of Asp440 mutants decreased drastically, and the substrate conversion was
less than 9% after 24 hours. The D440N variant showed low substrate conversion (less than 2.2%)
at the 30-min time point, but their substrate conversion increased to 84.2% after 24 hours. The
mutagenesis studies combined with the crystal structures suggest the key role of Asp440 in the
deprotonation of the phenolic hydroxyl group. Indeed, proton transfer from the hydroxyl group of
the aromatic moiety to Asp440 is the first activation step followed by the Sy2 process in C-C bond
formation. On the other hand, mutation of Glu374 to Ala also led to decrease in activity, but the
influence was not comparable to that of Asp440 mutants. In the course of the umbrella sampling
simulations to determine the free energy profile in Figure 5, the side chain of Glu374 turns away
from the substrate to adopt hydrogen bonding interactions with two water molecules and Asn334.
Interestingly, simulation results show that Tyr376 and His391 donate hydrogen bonds to the
resorcinol moiety. We reasoned that Glu374 mainly functions for substrate recognition and
orientation through hydrogen bonding. When Asp440 is mutated to Asn, Glu374 functions as the
base to deprotonate the phenolic hydroxyl group. We also examined the sequences of CabK
(GenBank accession no. AMB48443.1)" and MerH (GenBank accession no. AQA28567.1),” two
enzymes that have been identified from [7,7]paracyclophane-producing strains and possibly
catalyze the similar Friedel-Crafts alkylation reactions. Sequence alignment shows that both
Asp440 and Glu374 were conserved (Figure S7), and supports the proposed functions of these two

residues.
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Figure 6. Friedel-Crafts alkylation of (S,R)-1 catalyzed by the CylK mutants. (a) After 30 minutes,
57.8% and 37.2% of the substrate has been converted to compound 2 and compound 3 respectively.

Mutation of Asp440 has a drastic effect on the mutant activity. (b) Peak area ratio of compounds

2 and 3 after 24 hours.

We then examined the effects of mutating the residues in close proximity to Cli and other
residues in the active site. The T84V, T84D and R105L mutants showed significantly lower
activity than the wild-type CylK in terms of both the intermolecular and the intramolecular
reactions. Although a different orientation of the Thr84 was assigned according to X-ray
diffraction density map, the present molecular dynamics simulations show that as the chloride
leaving group is cleaved, Thr84 along with Argl05 and Tyr473 provides stabilizing interactions
of the chloride ion. For the N457L/D, Y473F and F499A mutants, the intermolecular reaction was
not affected much, but the yield of the intramolecular reaction decreased significantly. These
results support the mechanism of the C-Cl bond activation through hydrogen bonding. We also
mutated the polar residues, including Tyr37, Tyr376, His391, and Thr414 in the active site. The

product profile showed only marginal effect on the enzymatic activity.

CONCLUSIONS

The Friedel-Crafts alkylation is one of the cornerstones of organic synthesis. Since the mid 1980s,
various of catalytic asymmetric Friedel-Crafts alkylation reactions have been developed, using
epoxides, C=C double bonds and C=X (X = O or NR) double bonds as electrophiles.’’*” However,
the biocatalytic Friedel-Crafts alkylation of an aromatic ring with an alkyl halide has not been
explored. The discovery of CylK has not only rationalized the formation of the
[7,7]paracyclophane skeleton in cylindrocyclophane biosynthesis, but also provides a mild,

stereospecific and regioselective method for constructing new aryl-alkyl linkages, which could
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serve as a powerful tool in organic synthesis and medicinal chemistry. In this work, we report the
crystal structures of CylK in its apo form and in complex with ligands. The structure of CylK is
comprised of an RTX-like domain and a Spropeller domain. The Spropeller domain of CylK is
stabilized by seven Ca?" ions, which has not been reported in other Spropeller proteins. The active
site is located at the interface of these two structural domains. Based on the apo structure and the
complex structure with the substrate surrogate, we propose a concerted double-activation
mechanism, which is supported by free-energy simulations and site-directed mutagenesis
experiments. The C-Cl bond of the electrophile is activated through hydrogen bonding interactions
and Asp440 functions as the base to deprotonate the hydroxyl group of the resorcinol ring. The
regioselectivity and stereospecificity originate from the orientation of the substrates in the active
site. Moreover, the reactivity of different secondary alkyl halides that has been reported by Balskus
and co-workers can be consistently explained on the basis of the present mechanism. Considering
the mild condition and catalytic efficiency of CylK, we envision that the structural insight
described in this work would guide engineering of this enzyme to expand its substrate scope and

synthetic applications.
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