1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Biochemistry. Author manuscript; available in PMC 2018 March 15.

-, HHS Public Access
«

Published in final edited form as:
Biochemistry. 2017 January 24; 56(3): 441-444. doi:10.1021/acs.biochem.6b01173.

Structure-guided reprogramming of a hydroxylase to halogenate
its small molecule substrate

Andrew J. Mitchelll, Noah P. Dunham?, Jonathan A. Bergman?, Bo Wang?, Qin Zhu3, Wei-
chen Chang?T, Xinyu Liu3", and Amie K. Boall2"
1Department of Biochemistry and Molecular Biology, University Park PA 16802

2Department of Chemistry, The Pennsylvania State University, University Park PA 16802
SDepartment of Chemistry, University of Pittsburgh, Pittsburgh PA 15260

Abstract

Enzymatic installation of chlorine/bromine upon unactivated carbon centers provides a versatile,
selective, and environmentally-friendly alternative to chemical halogenation. Iron(11)- and 2-(oxo0)-
glutarate (Fe'//20G)-dependent halogenases are powerful biocatalysts that are capable of cleaving
aliphatic C-H bonds to install useful functional groups, including halogens. Using the structure of
the Fe/20G halogenase, WelO5, in complex with its small-molecule substrate, we identified a
similar N-acyl amino acid hydroxylase, SadA, and reprogrammed it to halogenate its substrate,
thereby generating a new chiral haloalkyl center. The work high-lights the potential of Fe!'/20G
enzymes as platforms for development of novel stereospecific catalysts for late-stage C-H
functionalization.

Graphical abstract

Oxygen-activating Fe!!/20G enzymes routinely chlorinate or brominate aliphatic carbon
centers in reactions that, if successfully harnessed, could afford synthetically useful catalysts
for halogenation of unactivated C-H bonds.1 2 Eleven different Fe!!/20G halogen-installing
enzymes have been identified and biochemically characterized to date.3-13 Nine of these
systems modify aliphatic centers in amino-acyl or fatty-acyl substrates and require a second
carrier protein to deliver the chlorination/bromination target to the halogenase active site.
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The structural complexity and instability of the carrier-protein-linked substrates have been
significant impediments to their use in synthetic applications. However, the recent discovery
of two carrier-protein-independent Fe!//20G halogenases WelO5 and AmbQ5,12: 14, 15
responsible for regio- and stereo-selective chlorination of aliphatic carbons in hapalindole-
type indole alkaloids, provides new opportunities to overcome the barriers imposed by the
general requirement for a carrier protein.

The Fe!//20G-dependent halogenases are part of a much larger superfamily of Fe!l/20G
oxygenases, of which the vast majority act as hydroxylases.? In all superfamily members
characterized to date, reaction of a 20G-chelated Fe!! center with O, proceeds through a
hydrogen-abstracting Fe!V=0 (ferryl) intermediate that is produced in conjunction with
breakdown of 20G into succinate and CO5 (fig. S1). Ferryl accumulation has been observed
in both the prototypical hydroxylases8: 17 as well as in the carrier-protein-dependent
halogenases CytC318 and SyrB2.19 In all of these systems, the oxo unit of the ferryl
intermediate removes a hydrogen atom (He) from the primary substrate, yielding a substrate
carbon radical (Ce) and an Fe!''-OH complex. In the hydroxylases, attack of the substrate Ce
upon the ~OH ligand yields the hydroxylated product and an Fe!' complex.

Fe!l/20G enzymes share a characteristic His-X-(Asp/Glu)-X,-His metal-binding motif, in
which the His and carboxylate residues form a triad of protein-derived iron ligands. The
halogenases, however, universally deviate from this pattern and replace the carboxylate
residue with Ala or Gly, an effective ligand deletion that opens a coordination site for the
halide ion that is ultimately installed upon a substrate carbon during the reaction. During
catalysis, the halogenases couple the substrate Ce to the Fe!!'-coordinated halogen, enabled
by substitution of the Asp/Glu carboxylate ligand found in the hydroxylases to
accommodate coordination of —Cl or —Br.20 Given the relatively minimal modification
required to promote alternative group transfer, universal translation of this activity to the
more diverse set of substrates targeted within the larger superfamily of Fe!l/20G enzymes
could seemingly be accomplished by deletion of the carboxylate ligand. Several research
groups have attempted to reprogram well-characterized Fe!!/20G hydroxylases by single-
site substitution of the Asp in the His-X-Asp motif. In the TauD and prolyl-4-hydroxlase
targets tested thus far, this approach has not been successful. Loss of the carboxylate ligand
additionaly yields an inability to form a productive Fe!'-20G complex and failure to undergo
substrate-triggered reaction with O,.21: 22

The difficulty in achieving halogenation by ligand deletion in a generic hydroxylation
scaffold can also be rationalized by an additional requirement for a unique disposition of the
halogenation substrate in the active site. A comprehensive investigation of SyrB2 reactivity
showed that the halogenation target must reside distal to the oxo moiety of the ferryl
intermediate when compared to substrates that are primarily hydroxylated.23: 24 Qur recent
x-ray structure of WelO5 in complex with its chlorination substrate, 12-ep/-fischerindole U,
revealed that the distinctive juxtaposition is accomplished by reconfiguring the Fe!! ligands
at an intermediate stage of the reaction to move the oxygen-derived ligand away from
substrate to suppress —OH transfer.25 The structure suggests the change occurs after addition
of O, to the WelO5+Fe!ls20G+CI/Br complex but prior to formation of the haloferryl
intermediate. In reaction with substrate, the oxo unit of the WelO5 Fe!V=0 complex is
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oriented transto the proximal His ligand and in the equatorial plane defined by the —Cl
ligand and the succinate coproduct (fig. S1). This off-line oxo configuration is promoted by
an unusual 20G conformation and key second-sphere interactions, both distinct from those
of canonical Fe!//20G hydroxylases. We show here that the structure of WelO5 can be used
to identify an Fe!l/20G hydroxylase platform that might be more easily converted to a
halogenation catalyst by rational site-directed mutagenesis. In the appropriate structural
context, reprogramming of outcome can be achieved by just a single substitution to enable
halide coordination.

Query of the DALI 3-D structural comparison server2® with the coordinates of WelO5
identified the enzyme SadA from Burkholderia ambifaria (PDB accession code 3W21) as
the match with the highest Z-score (fig. S2). Surprisingly, this hydroxylase, which shares
only 19% sequence identity with WelO5, ranks above several carrier-protein-dependent
halogenases. SadA was originally identified as part of an in vitro screen for catalysts that
hydroxylate A~modified aliphatic and aromatic amino acids (Scheme 1).27 The enzyme has
been characterized and optimized for use in the production of optically pure B-hydroxy
amino acids.2”- 28 Although the protein shares low overall sequence identity and modest
alignment of topology (rmsd 2.6 A over 193 Ca atoms) (fig. S3) with WelO5, the structures
of the active sites of both proteins are strikingly similar (Fig. 1b).29 Note that SadA retains
the Fe!l carboxylate ligand of the His-X-(Asp/Glu) motif, as is typical of Fe!l/20G
hydroxylases.

Reactions of wild-type (wt) SadA and its variants with Atsuccinyl-L-leucine substrate 1
were carried out under multiple turnover conditions and analyzed by liquid chromatography
coupled to mass spectrometry (LC-MS; Fig. 2a). The wt enzyme catalyzed near complete
consumption of the substrate and formation of a product with /m/zratio of 246.1, identical to
the calculated mass of the anticipated p-hydroxy-A-succinyl-L-Leu product 2. The structure
of 2 was verified by NMR analysis of the HPLC-purified product. Substitution of active site
Fe!l carboxylate ligand Asp 157 by a Gly residue, giving D157G SadA, combined with
inclusion of NaCl in the reaction mixture at concentrations in excess of 50 mM, yielded a
new product 3 with a /m/zratio of 264.1 (Fig. 2a). This value corresponds to loss of a single
hydrogen atom from Atsuccinyl-L-Leu and its replacement by chlorine. Note that
production of 3 is not observed in the wild-type enzyme and occurs only after deletion of the
carboxylate ligand in this scaffold. However, the modification is not sufficient to fully
convert the outcome to exclusive halogenation and the peak for hydroxylated compound 2 is
still present in significant amounts (70% of total product pool; Fig. 2b). The ligand
substitution additionally results in Fe!l oxidation that is not linked to substrate conversion.
Only 40% of D157G SadA succinate production is coupled to processing of 1, significantly
less than the near 1:1 value measured in the wt reaction (fig. S4). Inclusion of NaBr in the
reaction mixture yields analogous species 4 containing a single Br atom, a product with m/z
= 308. The variant enzyme prefers the smaller chloride anion (Fig. 2b) resulting in greater
production of 3 when both halides are present in equal proportions.

The new activities of D157G SadA are 20G-dependent (Fig. 3a) and product mass spectra
are fully consistent with halogen installation (Fig. 3b—c). Chlorinated product, 3, exhibits the
expected miz + 2 peak at 1/3 intensity of the parent peak in the two ionized species that
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retain the halogen, associated with the naturallyoccurring 37Cl isotope (Fig. 3b, center and
right). The dominant daughter ion (Fig. 3b, left) has lost the halide and the corresponding
m/z + 2 peak is absent. The brominated product displays the anticipated 1:1 intensity ratio
for its m/z+ 2 peaks (Fig. 3c) in all three of the most prevalent fragments. The location of
halogen installation in the HPLC-purified chlorination product 3 was verified by *H-/3C-
COSY and HSQC NMR spectroscopy. Comparison of the spectra to those of the
hydroxylated product 2 confirms installation of the -CI functional group at the C3 carbon of
the Leu side chain, as evidenced by a downfield shift in the peaks associated with the
protons at C2 and C3. Prior work established that the absolute stereochemical configuration
of the wt SadA hydroxylation product 2 is L-threc-B-hydroxy-Leu,28 consistent with
abstraction of the pro-(#) H-atom from C3. We anticipate an identical configuration for the
halogenated compound generated by D157G SadA and observe a single product peak in our
LC analyses of 3, implying formation of a single sterecisomer.

To improve the chemoselectivity and efficiency of the engineered catalyst, with the ultimate
goal of more complete conversion to the C3 halogenated version of 1, we inspected the
SadA active site to identify additional sites that could contribute to control of outcome. We
introduced a Ser residue that is implicated in stabilization of the uniquely disposed oxo/
hydroxo ligand in WelO5,2° substituted for a native Gly at that position in SadA, in the
background of the D157G variant (Fig. 1a). In WelO5, an S189A variant partially reverts the
outcome to hydroxylation and we anticipated the opposite effect, a shift in favor of
halogenation, in D157G/G179S SadA. Surprisingly, the ratio of -OH/-CI modified products
is unaltered in D157G/G179S (Fig. 2a). Diminished peak heights indicate a catalyst that is
even less robust/ efficient than D157G SadA. These findings do not discount the importance
of the Ser 179 equivalent in WelO5 halogenation. Instead, we hypothesize that wt SadA
already employs an off-line intermediate stabilized by other means. Addition of ascorbate to
D157G SadA also did not significantly improve activity, perhaps consistent with irreversible
catalyst inactivation during turnover (fig. S5).

Recent efforts to exploit halogenases in catalyst-directed activation of C-H bonds have
focused primarily on flavin-dependent tryptophan chlorinases3%-32 and heme-based
haloperoxidases.33 34 Native and engineered versions of these proteins produce non-native
halogenated compounds for use in stand-alone applications3>-38 or as synthetic
intermediates to novel aryl/amino/alkoxo compounds.3%-42 With only a few exceptions,43: 44
the flavin- and heme-utilizing systems are limited to transformation of aromatic substrates.
The ability to incorporate Fe/20G halogenation platforms would significantly expand the
chemical repertoire of such approaches to include routine halogenation of substrates with
completely unactivated aliphatic carbon centers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

A comparison of the active sites in halogenase WelO5 (@) and hydroxylase SadA (b). Gly

179 and Asp 157 in SadA were targeted for mutagenesis.
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Figure 2.
Total ion chromatogram (TIC) showing production of chlorinated (3) and hydroxylated (2)

N-succinyl-L-Leu with wt and variant SadA proteins under single turnover conditions (a).
Asterisk denotes the peak for 20G-derived co-product succinate. Reaction of D157G SadA
with NaCl and/or NaBr yields chlorinated (3) and brominated (4) products (b). Single ion
monitoring parameters and elution times are listed in Table S1.
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Figure 3.
Total ion chromatogram of D157G SadA reactions with and without 20G (a). Observation

of halogenated products 3 and 4 requires the cosubstrate. Mass spectra extracted at peak
time points in (a) for chlorinated product 3 (b) and brominated product 4 (c). Intensities and
my/z ratios are listed in Table S2.
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(1) R=CI(3

H
OH OH (2) R=Brm;

SadA
1+0,+20G —> 2+ CO, + succinate

Scheme 1. Reactions catalyzed by SadA
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