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ABSTRACT: Geminal, multihalogenated functional groups are widespread in

natural products and pharmaceuticals, yet no synthetic methodologies exist that SyrB1 SyrB1
enable selective multihalogenation of unactivated C—H bonds. Biocatalysts are \
e Fr L @, ;ﬂ‘*

powerful tools for late-stage C—H functionalization as they operate with high | P j l
degrees of regio-, chemo-, and stereoselectivity. 2-Oxoglutarate (20G)- 0 S = ‘f 0
dependent nonheme iron halogenases chlorinate and brominate aliphatic C—H S ""B 2

i ievi i i - yr X=Cl
bonds and offer a solution for achieving these challenging transformations. Here, HaN® I S

we describe the ability of a nonheme iron halogenase, SyrB2, to controllably
halogenate a non-native substrate @-aminobutyric acid (Aba) to yield
monochlorinated, dichlorinated, and trichlorinated products. These chemo-
selective outcomes are achieved by controlling the loading of the 20G cofactor
and SyrB2 biocatalyst. Furthermore, by using a ferredoxin-based biological
reductant for electron transfer to the catalytic center of SyrB2, we demonstrate
order-of-magnitude enhancement in the yield of trichlorinated products that were previously inaccessible using any single halogenase
enzyme. We also apply these strategies to broaden SyrB2’s reactivity scope to include multibromination and demonstrate
chemoenzymatic conversion of the ethyl side chain in Aba to an ethynyl functional group. We show how steric hindrance induced by
the successive addition of halogen atoms on Aba’s C, carbon dictates the degree of multihalogenation by hampering C;—C, bond
rotation within SyrB2’s catalytic pocket. Overall, our work showcases the potential of iron halogenases to facilitate multi—-C—H
functionalization chemistry.
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«  Controlling C(sp?®)-H multi-halogenation activity
* Molecularinsights into chemoselectivity
+ Proof-of-concept synthetic utility

Bl INTRODUCTION

ACP.'**>?% TIron halogenases have been identified to be
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Achieving direct and selective functionalization of aliphatic C—
H bonds poses significant challenges for organic synthesis.
Biocatalysis has emerged as a solution to this problem as
enzymes offer regio-, stereo-, and chemoselective functional
group installation in large yields." Nonheme iron enzymes,
specifically those which require a 2-oxoglutarate (20G)
cofactor, are of specific interest due to their incredibly diverse
reaction scope which includes epimerization,” hydroxylation,”*
desaturation,”™” epoxiclation,g_10 and aziridination."" Notably,
20G-dependent nonheme iron halogenases (hereafter referred
to as iron halogenases) can perform chlorination,'>"?
dichlorination,"*™2° and bromination'*'®*'7%* on unactivated
C—H bonds of their native substrates, though all of these
reactions compete with a hydroxylation side reaction. The
most extensively researched class of iron halogenases are the
ACP-dependent halogenases which require delivery of their
substrates by covalent attachment to a phosphopantetheinyl
(Ppt) group appended to an acyl-carrier protein
(ACP).!»!¥!19197222% 1 recent years, free-standing halo-
genases have also been discovered that bind and halogenate
substrates in their active sites without the need of an
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responsible for the incorporation of monochlorinated,
dichlorinated, or trichlorinated functional groups in a variety
of natural products (Figure la). Many of these natural
products possess antibiotic or antimicrobial properties,
sparking substantial research interest in recent deca-
des, 18242729

To date, no synthetic methodologies exist for direct
multihalogenation of unactivated C—H bonds.”*™*> Existing
methods for multihalogenation almost always act upon =«
bonds from alkenes/alkynes®*™** and activated C—H bonds
from ketones™™*® or require multistep synthesis*’ and few
offer chemoselectivity toward the degree of halogena-
tion.”**~>® In this work, we demonstrate systematic control
of the degree of regioselective halogenation of a non-native
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Figure 1. (a) Halogenated natural products containing a variety of
C—Cl, bonds, where n ranges from 1 to 3. Enzymes responsible for
halogenated product formation are given under the compound name.
(b) This work demonstrates chemoselective control of C—H
functionalization from mono- to trihalogenation. This is achieved in
a nonheme iron halogenase SyrB2 with a SyrB1-Ppt-Aba substrate.

substrate a-aminobutyric acid (Aba) by the SyrB2 halogenase
to yield mono-, di-, and trichlorinated products. Using
molecular dynamics (MD) simulations, we explore the
molecular basis for the observed reactivity patterns and
highlight the role of rotational flexibility of Aba within the
SyrB2 catalytic pocket on the degree of halogenation. By using
a ferredoxin-based biological reductant for electron transfer to
the catalytic center of SyrB2, we demonstrate order-of-
magnitude enhancement in the yield of trichlorinated products
that were previously inaccessible using any single halogenase
enzyme. We also reveal the ability of SyrB2 to perform di- and
tribromination reactions and a potential application of geminal
dibrominated Aba by converting it to an alkyne functional
group useful for biorthogonal chemistry applications. Overall,
our results offer new insights into controlling iron halogenase
catalysis and expand its functionalization capabilities.

B RESULTS AND DISCUSSION

Controlling Mono- vs Dichlorination in the SyrB2
Halogenase Using 20G Loading. We began our studies by
investigating the reactivity of SyrBl-Ppt-conjugated Aba
(SyrB1-Ppt-Aba) with SyrB2 in the presence of varying
equivalents of 20G. The assay involves incubating SyrB2
with substrate SyrB1l-Ppt-Aba and cofactors iron, 20G,
chloride, and O,. The unreacted or functionalized Aba is
subsequently released from SyrB1-Ppt-Aba via reaction with a
thioesterase and derivatized with 6-aminoquinolyl-n-hydrox-
ysuccinimidyl carbamate (AQC) tag for ultra-performance
liquid chromatography (UPLC) separation and mass spectro-
metric analysis by multiple reaction monitoring (MRM). As

expected, the reaction of SyrBl-Ppt-Aba with SyrB2 in the
absence of 20G yielded no products underscoring the need of
the 20G cofactor to jumpstart catalysis via formation of a
chloroferryl intermediate (Figure 2a, Figures S1—S3). How-
ever, the addition of 0.5 equiv of 20G yielded <1%
monochlorinated Aba (Cl-Aba) as a reaction product. We
reasoned that the conversion to Cl-Aba could be low due to an
intramolecular lactonization reaction, which has been demon-
strated to be occurring in halogenated products with other
nonheme iron enzymes (Figure 2a, inset).'*'“*° Subsequent
UPLC/MRM studies validated such expectations with the
major reaction product appearing in the MRM channel
corresponding to the lactonized form of Aba (Lac-Aba) and
were later confirmed via accurate mass measurements (Figures
2a and S4—S6). Moreover, by enhancing the 20G cofactor to
1 and 2.5 equiv with respect to the substrate, we achieve 33
and 41% conversion to the monochlorinated Aba product
(Lac-Aba + Cl-Aba), respectively. Intriguingly, with these
reaction conditions, we also start to observe the formation of a
product whose mass corresponds to dichlorinated Aba (Cl,-
Aba) (Figure S7). We reasoned that the dichlorination of Aba
could be happening by a second chlorination reaction on Aba’s
C, carbon. To validate this hypothesis and increase the
conversion to the dichlorinated product, we increased the
loading of the 20G cofactor. Indeed at 5 equiv 20G loading,
we achieve a conversion of up to 97% Cl,-Aba while decreasing
Lac-Aba and Cl-Aba to a combined 1.7% conversion (Figures
2a and S8). Unlike Cl-Aba, Cl,-Aba appears to be resistant to
intramolecular cyclization. We attribute this to the additional
steric hindrance of a second chlorine atom on C, that would
prevent lactonization. As we further increased the 20G loading
to 10 and 100 equiv, we also began to observe masses that
correspond to a trichlorinated product (Cl;-Aba, up to 9%
conversion) (Figures S8—S10) that correlated with a decrease
in conversion to Cl,-Aba (decreased to 87% conversion)
(Figure 2a). To confirm the identities of these analytes as Cl,-
Aba and Cl;-Aba, we performed accurate mass measurements
on our reaction products. These studies showed that the
theoretical isotopic [M + H]* distributions of Cl,-Aba and Cl;-
Aba match those exhibited by the experimental isotopic
distributions (Figure S11). Moreover, the mass error between
the theoretical and experimental monoisotopic masses is 2.3
ppm for Cly-Aba and 1.6 ppm for Cl;-Aba, validating their
identity. Overall, by systematic tuning of 20G loading, we
demonstrate controlled mono- vs dichlorination of Aba by
SyrB2.

While our accurate mass studies confirmed the identities of
Cl,-Aba and Cl;-Aba, we wanted to structurally characterize
the reaction products. More specifically, we wanted to confirm
that the C, position was the site where all of the new C—Cl
bonds were formed. Given the small scale of our reactions and
our existing detection by MS, we opted to use a deuterated
substrate to probe the site-selectivity of the reaction. By
appending 3,3-D,-Aba to SyrB1-Ppt and monitoring the
chlorination assay products via MS, we would be able to
detect how many deuterium atoms were retained in the Cl,-
Aba product (Figure 2b). If the Cl,-Aba product contained
only a single deuterium atom, then we could infer that one
chlorine atom was incorporated at Cs;, while the other was
incorporated at C,. If both deuterium atoms were retained,
then all C—Cl bonds would be formed at position C,, forming
a geminal dichlorinated product. In turn, we performed the
chlorination assay with the SyrB1-Ppt-3,3-D,-Aba substrate
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Figure 2. (a) AQC-tagged products detected as a percentage of total MRM peak area for SyrB2’s reaction with SyrB1-Ppt-Aba at varied 20G
loading. Error bars are the standard deviation from n = 3 reactions. The % MRM peak area reflects trends in product selectivity and not definitive
molar ratios. (b) For a dichlorinated product, the chlorine atoms can either install on C, or on C; and C,. By conducting the reaction with a
deuterated substrate probe, either both or a single deuterium can be retained on Cj. (c) Experimental high-resolution mass spectrometry (HR-MS)
spectrum of the Cl,-Aba product from the chlorination reaction of 3,3-D,-Aba overlaid with the simulated spectrum for 4,4,Cl,-3,3-D,-Aba. (d)
MD simulation results monitoring the H—C,—C;—C, dihedral angle of the SyrB1-Ppt-Aba and SyrB1-Ppt-Cl,-Aba substrates in the SyrB2 active
site. (e) MD simulation results monitoring the C, chlorine and hydrogen atom distances of SyrB1-Ppt-Cl,-Aba to the oxo ligand of the chloroferryl
intermediate in the SyrB2 active site. MD error bars are the standard error across three independent production runs. Suc = succinate.

and probed the identity of Cl,-products using accurate mass
measurements. When comparing our experimental result for
the dichlorinated product with 3,4,Cl,-3-D;-Aba, we see a poor
fit to the isotopic distribution pattern and a monoisotopic mass
error of 2933 ppm (Figure S12). On the other hand, when
comparing with the simulated mass spectrum in which both
deuterium atoms are retained (4,4-Cl,-3,3-D,-Aba), we
observe excellent agreement with the isotopic distribution
pattern and a monoisotopic mass error of 0.6 ppm (Figure 2c).
These observations support that both deuterium atoms were
retained, and all chlorine atoms were installed at position C,.
Next, we wanted to confirm that C, was the position at which
all three chlorine atoms were being installed for the Cl;-Aba
product as well. Upon comparing the experimental mass
spectrum to the simulated spectrum of 3,4,4-Cl;-3-D;-Aba, a
poor fitting to the isotopic pattern is observed, and the
monoisotopic mass error is 2671 ppm (Figure S13). When

13211

overlaying the experimental spectrum and the simulated
spectrum for 4,4,4-Cl;-3,3-D,-Aba, we see an excellent
agreement between the experimental and simulated isotopic
patterns and a monoisotopic mass error of 1.6 ppm (Figure
S13). This result shows that both deuterium atoms were
retained during the assay, and all three chlorine atoms were
installed at the C, position. Overall, these studies demonstrate
that SyrB2 can regioselectively multichlorinate Aba to produce
geminal di- and trichlorinated products.

Influence of Substrate C—C Bond Rotational Flexi-
bility on the Degree of Chlorination. Our results so far
demonstrate that chlorination reactions with equimolar SyrB1-
Ppt-Aba and SyrB2 in the presence of excess 20G yield
dichlorinated Aba with high selectivity (Figure 2a). Density
functional theory (DFT) bond dissociation energy calculations
reveal that C—H bond energy at the C, position of Aba is
lowered upon successive chlorination reactions, suggesting that
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Figure 3. (a) AQC-tagged products detected as a percentage of total MRM peak area for SyrB2’s reaction with SyrB1-Ppt-Aba at varied SyrB2
biocatalyst loading. No AQC-tagged monochlorinated, lactonized, or hydroxylated Aba analytes were detected in the assays. The 20G loading was
set to 100 equiv; error bars are the standard deviation from n = 3 reactions. (b) AQC-tagged products detected as a percentage of total MRM peak
area for SyrB2’s reaction with SyrB1-Ppt-Aba without and with the biological reductant (abbreviated as red). The substrate to catalyst loading ratio
was kept at 1:1, and the 20G loading was set to 100 equiv. Error bars are the standard deviation from n = 3 reactions. The % MRM peak area in
(a—b) reflects trends in product selectivity and not definitive molar ratios. (c) MD simulations of the SyrB2/SyrB1-Ppt-Aba complex with the
reactive chloroferryl intermediate show that the reactive carbon is positioned closer to the halide ligand, favoring a halogenation outcome; error
bars are the standard error over three independent production runs, and vertical lines indicate the distance at which 50% of the distribution occurs.

bond strength is not a factor for hindered multichlorination
(Figure S14). To understand why a third chlorination reaction
at the C, position is disfavored, we investigated the molecular
basis for the degree of chlorination. For a chlorination reaction
to proceed, the hydrogen atoms on Aba’s C, must approach
distances proximal to the oxo ligand of the reactive chloroferryl
intermediate so that they can be abstracted (Figure S3). We
hypothesized that the addition of two chlorine atoms to the C,
of Aba would introduce significant steric bulk and alter the
conformational positioning of the substrate in the active site,
disfavoring the third H atom abstraction needed to form Cl;-
Aba. We explored this hypothesis by performing MD
simulations of SyrB2 with both the SyrB1-Ppt-Aba and
SyrB1-Ppt-Cl,-Aba substrates. First, we compared the rota-
tional flexibility of the C;—C, bond between the two substrates
by observing the H-C,—C;—C, dihedral angle (Figures 2d
and S15). For SyrB1-Ppt-Aba, we observe three distinct
dihedral distributions, indicating facile rotation about the C;—
C, bond in the SyrB2 active site. When comparing the distance
distributions between the SyrB1-Ppt-Aba C, hydrogens and
the oxo ligand, we observe that they all overlay and can
approach distances within <3.0 A of the oxo ligand (Figure
S$16). This implies that any of the hydrogens of SyrB1-Ppt-Aba
can be easily abstracted to form a monochlorinated product. In
contrast to the nonfunctionalized Aba substrate, SyrB1-Ppt-
Cl,-Aba only has a single dihedral distribution, indicating that
the C;—C, bond is not rotatable, and the substrate is locked
into a single dihedral conformation (Figure 2d). As a result,
when we monitor the distance distribution between the C,’s
chlorine and hydrogen atoms to the oxo ligand, each has a
distinct distribution (Figure 2e). While the chlorine atoms are
more proximal to the oxo ligand (4.5 A or less; shaded gray),
the last abstractable hydrogen atom is located ~5.5 A from the
oxo ligand (shaded cyan). At these longer distances, H atom
abstraction would be greatly impeded,6 which could explain
hindered production of Cl;-Aba in our assays. In turn, the MD
simulations suggest that steric effects upon successive
chlorination can impact the optimal positioning of the
substrate’s C, hydrogen and may require multiple binding
events, thereby hindering trichlorination. While these analyses
provide context for our observed reactivity, we were also

curious as to whether the protein environment provided a
means for product release. Further calculations on our
trajectories revealed a potential tunnel for gas diffusion created
by the SyrB1-Ppt arm and SyrB2 residues Gly194, Phel9S, and
Phe196 (Figure S17). The nonpolar lining of this tunnel could
provide facile access for diffusion of O,/CO, from the SyrB2
active site. To enable the release of the other products, large-
scale changes in the SyrB2 tertiary structure would have to
occur to release succinate®’ and break SyrB1/SyrB2 protein—
protein interactions,”> which the time scales of our simulations
would not capture. Overall, our studies reveal that the steric
bulk caused by the subsequent addition of chlorine atoms on
the substrate can severely impede C;—C, bond rotation in the
SyrB2 active site and dictates the degree of multichlorination
reactivity.

Enhanced Geminal Trichlorinated Product Yields
with Ferredoxin as a Biological Reductant. The ability
to obtain ~9% Cl;-Aba in our halogenase assays was an
exciting reaction outcome as no sole enzyme has been shown
to directly trichlorinate a substrate, let alone one with
unactivated, aliphatic C—H bonds. Notably, the biosynthesis
of a geminal trichlorinated functional group of barbamide
requires the action of two independent iron halogenases,
BarB1 and BarB2.”° More specifically, while BarB2 dichlori-
nates the unactivated Cg carbon of the leucine substrate
(attached to BarA-Ppt ACP) (Figure la), BarB1 completes the
third chlorination step to yield the final trichlorinated product.
In an effort to increase the yield of Cl;-Aba in our assays, we
systematically varied the catalyst: substrate ratio (SyrB2:
SyrB1-Ppt-Aba) (Figure 3a). When the substrate is in excess
of the catalyst (SyrB2: SyrB1-Ppt-Aba ratios of 1:4 and 1:2),
we observe Cl,-Aba as the primary product with >98%
conversion, revealing how selective the enzyme is toward
dichlorination. At an equimolar catalyst: substrate ratio,
however, we start to observe the appearance of ~5% Cl;-
Aba, and the conversion of Cl,-Aba decreases to 87%. When
we overload the amount of catalyst with respect to the
substrate (SyrB2: SyrB1-Ppt-Aba ratios of 2:1 and 4:1), we
observe significant amounts of the trichlorinated product.
Notably, at a catalyst: substrate ratio of 4:1, we observe as high
as 72% of Aba converted to Cl;-Aba, with only 25% converted
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Figure 4. Iron halogenase catalyzed multibromination activity and demonstrated synthetic utility. AQC-tagged products detected as a percentage of
total MRM peak area for SyrB2’s reaction with SyrB1-Ppt-Aba at varied (a) 20G loading and (b) varied SyrB2 biocatalyst loading. Error bars are
the standard deviation from n = 3 reactions. The % MRM peak area in (a—b) reflects trends in product selectivity and not definitive molar ratios.
(c) HR-MS spectrum validating Br,-Aba identity. (d) HR-MS spectrum validating Bry-Aba identity. (e) Overview for the chemoenzymatic
conversion of Aba to ethynylglycine (ETG) and its detection via click chemistry assay. (f) Fluorescence responses demonstrating chemoenzymatic
alkyne formation from Br,-Aba and a 10 M homopropargylglycine standard. Error bars are the standard deviation from three independent

reactions/assays.

to Cl,-Aba (Figure 3a). We believe that the need for the excess
catalyst-complex for the trichlorination reaction arises from the
limited turnover number of 7 =+ 2 for SyrB2 before
inactivation.'””> MD simulations have shown that the dichlori-
nated substrate, SyrB1-Ppt-Cl,-Aba, is locked in a dihedral
conformation which can impede the third H atom abstraction
(Figure 2d,e). In turn, SyrB1-Ppt-Cl,-Aba bound to SyrB2 in
an unfavorable locked single-dihedral conformation will need
to disassociate from its partner and subsequently bind to an
active SyrB2 in a dihedral conformation that is favorable for
trichlorination. The opportunity for this to occur is
significantly enhanced in the presence of excess catalyst. We
reasoned that the low turnover for SyrB2 is likely related to

13213

inactivation via Fe** oxidation, a common uncoupling pathway
in 20G-utilizing iron enzymes.”*~°® Such inactivation can be
countered using a reductant, such as ascorbate, to reduce
oxidized iron. However, ascorbate can also perform a
nucleophilic attack on the thioester moiety of SyrB1-Ppt-Aba
to release the tethered amino acid from the Ppt arm.
Consequently, all assays with ACP-dependent halogenases to
date have been conducted without a reductant. To address this
challenge, we used a biological ferredoxin-based reductant
system. With a significantly low redox potential of —410 mV,"’
terredoxin is anticipated to reduce inactivated SyrB2 and bring
it back in the catalytic cycle. Indeed, in the presence of
ferredoxin, we observe an 11-fold enhancement in Cl;-Aba
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yields with as high as 61% of Aba converted to Cl;-Aba and
with 31% converted to Cl,-Aba at a catalyst: substrate ratio of
1:1 (Figure 3b). Overall, these results along with our
computational findings help understand what factors enable
or limit trichlorination reactions in iron halogenases.

Molecular Basis for Chlorination over Hydroxylation
with a Non-native Aba Substrate. To establish a molecular
basis for our chemoselective chlorination outcome, we
conducted MD simulations of the SyrB2/SyrBl-Ppt-Aba
complex. We modeled the reactive chloroferryl intermediate
in the SyrB2 active site as a distorted five-coordinate
chloroferryl isomer with the oxo and chloro ligands in the
equatorial plane as spectroscopically identified previously and
monitored the distances between the reactive carbon center
(C,) and the oxo and chloro Iig:mds.é5 As classical MM force
fields fail to describe the substrate’s proper orientation about
the nonheme iron center, we also applied harmonic restraints
to enforce aggropriate iron-Aba distances and Aba-iron-oxo
angles.60’62’70’ Halogenases tend to organize the reactive
carbon of their substrates closer to the halide ligand to favor
rebound with the halogen upon H atom abstraction by the
haloferryl intermediate (Figure $3).°>°%**7%" We observe that
the reactive methyl group of Aba orients itself 0.5 A closer to
the chloride ligand than the oxo ligand over 1.5 us of
simulations (Figure 3c). This preference in distance distribu-
tion suggests that SyrBl-Ppt-Aba is positioned for a
halogenation outcome over hydroxylation, which is validated
by our experimental results (Figures 2a and 3a). In our studies,
the MRM channels corresponding to OH-Aba show negligible
peaks with no difference between the reactions of SyrB1-Ppt-
Aba with SyrB2 and those without SyrB2, indicating
chemoselective chlorination of Aba by SyrB2. We note that
we have employed a thioesterase, TycF, for liberating Aba
which is a well-established method for releasing amino acids
tethered to the Ppt arm across various ACPs.'>'®!9%1=%%
Previous studies that suggested similar propensity of Aba to
halogenate and hydroxylate did not discuss the potential for
cyclization of Cl-Aba or the potential for other side products
(including OH-Aba) from the basic conditions of hydroxyl-
amine derivatization (Figure $18).°%%°

Multibromination Activity of SyrB2. Thus far, we have
demonstrated control over the degree of multichlorination;
however, iron halogenases are also capable of monobrominat-
ing their native substrates."*'*****”* Given the propensity for
the SyrB1l-Ppt-Aba substrate to form multichlorinated
products, next, we investigated if this reactivity could be
extended to multibromination. We note that multibromination
reactions are harder to accomplish as H-abstraction, ferryl
decay, and radical rebound are all rendered slower for
bromination as compared to that for chlorination.””*** As
such, there are no previous reports of di- and tribromination by
iron halogenases. To characterize bromination activity, we
applied methods for controlling selectivity that were described
above for multichlorination. First, we tested how the
equivalents of the 20G cofactor affected the percent
conversion for all products (Figures 4a and S19—525). In
the absence of 20G, no products were observed, indicating
that the addition of 20G is required to initiate catalysis. Upon
increasing the addition of 20G up to 2.5 equiv, the Lac-Aba
product becomes the dominant product. Akin to the
chlorination reaction, Lac-Aba forms from an intramolecular
Sx2 reaction in which the carboxylate group attacks the C—Br
bond (Figure 4a, inset). Unlike the chlorination reactions,

however, no monobrominated product (Br-Aba) was observed
likely due to bromide being a better leaving group than
chloride for the lactonization reaction. As we increased the
20G loading to 5 equiv, a product with masses corresponding
to dibrominated Aba (Br,-Aba) became the major product,
with a still appreciable amount of Lac-Aba present. In our
chlorination assays, the Cl,-Aba product became the major
product after adding 2.5 equiv of 20G and was the dominant
product after adding S equiv (Figure 2). Since bromination is
not the native reaction for SyrB2, it appears that bromination
operates slower than chlorination as seen in kinetics assays
with iron halogenases,””**>*’ leading to a lower percent
conversion to multibrominated products. By adding 10 equiv
of 20G, we are able to increase the conversion of Br,-Aba up
to 85%, concomitant with a decrease in Lac-Aba (and thereby
Br-Aba). At 10 equiv of 20G, a product with masses consistent
with a tribrominated product (Bry-Aba) begins to appear. By
increasing the 20G loading to 100 equiv, we increase the
conversion of Br;-Aba up to 10%. Overloading 20G at this
amount also eliminates signals associated with Lac-Aba,
thereby fully shifting the chemoselectivity to multibrominated
Aba. Analogous to our chlorination assays, negligible OH-Aba
was detected at any amount of 20G loading during these
assays. Beyond 20G, it is possible that varying the
concentration of other cosubstrates such as O, and halide
could control halogenation product distribution. Overall, our
studies reveal the ability to modulate chemoselectivity between
mono- and multichlorinated/brominated products by altering
the levels of the 20G cofactor present in the halogenation
reaction.

In an attempt to increase the conversion to Brj-Aba, we
again varied the biocatalyst loading by altering the ratio of
SyrB2: SyrB1-Ppt-Aba (Figure 4b). At a catalyst: substrate
ratio of 1:4, we observe Lac-Aba as the dominant product at
72% conversion, while Br,-Aba is the minor product at 24%
conversion. This contrasts with our chlorination studies that
revealed Cl,-Aba as the major product (>95%) at a 1:4
catalyst: substrate ratio, suggesting the lower potency for
multiturnovers with bromide as compared to that with
chloride. However, as we increase the catalyst loading for
bromination with catalyst: substrate ratios of 1:2 and 1:1, we
start observing Br,-Aba as the major product with as high as
90% conversions. Finally, when the catalyst is in excess of the
substrate with catalyst: substrate ratios of 2:1 and 4:1, we
increase the conversion of Brs-Aba up to 32%, which is notable
but considerably less than 72% Cl;-Aba observed for
chlorination reactions under similar conditions. Unlike
trichlorination, incorporating a ferredoxin-based biological
reductant in our tribromination assay did not enhance the
yield of the tribrominated product, reaffirming the difficulty of
accomplishing bromination and suggesting the role of redox
potential effects (Figure S26). To verify our multibrominated
analytes’ identity, we obtained accurate mass spectra of these
products. For the Br,-Aba species, we observe a match between
the theoretical and experimental isotopic distribution patterns
and a monoisotopic mass error of 0.7 ppm (Figure 4c).
Comparison between the experimental and theoretical Br;-Aba
accurate mass spectra gives good agreement for the isotopic
distribution pattern and a monoisotopic mass error of 0.0 ppm
(Figure 4d). Moreover, we confirmed C, of Aba as the site of
functionalization for multibromination using the deuterium-
labeled SyrB1-Ppt-3,3-D,-Aba substrate similar to our
chlorination studies (Figures S27 and S28). Our studies
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suggest that for both Br,-Aba and Br;-Aba, all bromine atoms
were installed at C, and the regioselective outcome of C—H
functionalization does not differ between the native chlorina-
tion and non-native bromination reactions. To highlight the
utility of such multibrominated amino acid products, we
performed dehydrohalogenation of SyrB2-generated Br,-Aba
to ETG, an alkyne analogue useful for click chemistry reactions
and easily detected via an azide—alkyne cycloaddition
(CuAAc) click reaction with CalFluor 488 Azide (Figure
4e,f). Ultimately, these studies mark the first instance of an
iron halogenase exhibiting multibromination activity, which
further broadens their already diverse catalytic repertoires.

B CONCLUSIONS

The ability of iron halogenases to chlorinate unactivated
C(sp®)—H bonds with high chemo- and regioselectivity is
highly desirable from a chemical synthesis perspective. We
demonstrate how the degree of halogenation can be controlled
in SyrB2 halogenases to obtain chemo- and regioselective
multihalogenation of Aba, likely due to the proximal
positioning of C, toward the chloro ligand over the oxo
ligand of the reactive chloroferryl intermediate. Our studies
reveal unprecedented trichlorination (aided by the use of a
biological reductant system) and multibromination activity in
SyrB2, expanding the catalytic prowess of iron halogenases.
From a mechanistic perspective, we discuss the importance of
the substrate’s C—C bond rotational flexibility at the site of C—
H functionalization in controlling the degree of halogenation.
From a chemical synthesis perspective, our findings reveal the
utility of iron halogenases toward late-stage multi—C—H
functionalization. Insights gained from our work on controlling
the degree of C—H functionalization could find use in other
C—H functionalizing metalloenzymes as well.**"* Overall,
molecular insights gained from our work have the potential to
guide the design of next-generation high-performance multi-
halogenation biocatalysts.
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