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Abstract

Vanadium-dependent haloperoxidases (VHPOs) are biotechnologically valuable and
operationally versatile biocatalysts that do not require complex electron shuttling systems.
These enzymes share remarkable active-site structural similarities yet display broadly variable
reactivity and selectivity. The factors dictating substrate and halogen specificity and, thus, a
general understanding of VHPO reaction control still need to be discovered. This work's
strategic single-point mutation in the cyanobacterial bromoperoxidase AmVHPO facilitates a
selectivity switch to allow aryl chlorination. This mutation induces loop formation absent in the
wild-type enzyme, and that interacts with the neighboring protein monomer, creating a tunnel
to the active sites. Structural analysis of the substrate-R425S-mutant complex reveals a
substrate-binding site at the interface of two adjacent units. There, residues Glul39 and
Phe401 interact with arenes, extending the substrate residence time close to the vanadate
cofactor and stabilizing intermediates. Our findings validate the long-debated existence of
direct substrate binding and provide detailed VHPO mechanistic understanding. This work will

thus pave the way for a broader application of VHPOs in diverse chemical processes.
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Introduction

Halogenation plays a crucial role in molecule construction and manufacturing, as halogenated
compounds are found in almost all areas of our society, ranging from solvents, refrigerants,
propellants, plastics, pesticides to drugs. For example, in annual sales of the 100 most popular
pharmaceuticals, 13% of active pharmaceutical ingredients (APIs) contain chlorine or bromine.
Even more impressive, 63% of these blockbuster drugs require a halogenation step within their
manufacturing process.! The broad versatility of organohalides stems from their high reactivity
and chemical orthogonality, allowing for various selective transformations, particularly cross-
coupling and substitution chemistry. Generating organohalides still mainly involves adding
corrosive  molecular halogens in combination with metal catalysts or electrophilic
organohalogen reagents that enable nucleophilic substitution (Sn2) or electrophilic aromatic
substitution (SeAr).2 However, these reactions pose challenges regarding their environmental
impact, sustainability, and selectivity, mainly due to the toxic, corrosive, and non-atom
economic nature of the reagents employed and their tendency to produce complex product
mixtures. Although recent achievements in homogeneous catalyst development have led to
more selective catalytic halogenation approaches, these catalysts tend to be intricate,

expensive, and time-consuming to synthesize.

In contrast, nature has evolved different strategies to create C,X-bonds precisely under mild
conditions, as evidenced by ca. 5000 halogenated natural products isolated to date.® The most
common strategy in nature is electrophilic halogenation* facilitated by vanadium- (VHPQOs) and
heme-dependent haloperoxidases, and flavin-dependent halogenases. VHPOs exhibit an
attractive biotechnological potential for industrial applications® because of their unusually high
stability, high tolerance to synthetic reaction conditions, such as organic solvents, and their
broad substrate range.® In addition, they are capable of oxidizing halides (I, Br, CI) in the
presence of hydrogen peroxide rather than utilizing complicated electron delivery chains, e.g.,
via nicotinamide cofactors.” VHPOs are categorized according to the most electronegative
halide they can oxidize, leading to chloroperoxidases (VCPOs), bromoperoxidases (VBPOSs),
and iodoperoxidases (VIPOs). The general mechanism for VHPO-catalyzed reactions is based
on the two-electron oxidation of halides.**® Theoretical and experimental studies propose that
this process starts with hydrogen peroxide coordinating to the vanadium(V) center in 1, forming
a peroxo-vanadate complex. Subsequent attack of a halide ion at the partially positively
charged oxygen atom in 2 leads to an electrophilic halogen species, most likely in the form of
diffusible hypohalous acid (HOX), which reacts with a suitable substrate.** The vanadium(V)
oxidation state is retained in the catalytic cycle. Therefore, the metal cofactor remains redox-

neutral, and consequently, no regeneration is required. The existence of a binding site for
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70  organic molecules to be halogenated in VHPOs is controversially discussed.® In several
71  reports, a substrate binding site for organic substrates has been proposed®!° because of the
72  low halogenation reactivity of HOX in solution and the selective halogen delivery catalyzed by

73 VCPOs from Streptomyces bacteria,'! but its existence has yet to be proven.

74  Overlays of X-ray structures of VBPOs from different species (from A. marina, C. pilulifera, C.
75  officinalis, and A. nodosum) with the VCPO from C. inaequalis revealed that the key catalytic
76  residues in the active site are superimposable despite overall low sequence similarity between
77 VBPOs and VCPOs (e.g., AnVHPO vs CiVHPO; 21.5% sequence identity, see SlI,
78  SFig. 21).%%12 |n all VHPOs known so far, the vanadate anion is bound to an axial histidine and
79  further stabilized by hydrogen bonding interactions with the protein backbone. The amino acids
80 involved in vanadate coordination and cofactor binding are conserved in position and
81  orientation in this class of enzymes. Nevertheless, VHPOs differ in their oxidizing power. The
82  halogen specificity is thus due to structural changes in an outer sphere surrounding the active
83  center. Despite intense mechanistic and structural studies, especially on HOX generation,

84  essential halide, and substrate specificity questions remain unresolved.
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Central Questions on VHPO Structure and Mechanism

= What determines halogen specificity in VHPOs? = Does the halogenation occur inside the enzyme?
= How is halogen specificity controlled in VHPOs? = |s there a substrate binding site in VHPOs?

This work

LY ( /< Evolving the VHPO from A. marina to explore the structure-

function relationship of VHPO-catalyzed halogenations

Computer-guided, single-point mutation induced a
structurally defined loop interacting with the neighboring
subunit. This interaction formed a tunnel leading to the
vanadate cofactor containing the active site.

-> Structuring of a substrate binding site

- Altering the halogen specificity: chlorination of
aromatic and dicarbonyl compounds possible

Fig. 1 | Central questions on VHPO mechanism. a) Schematic representation of the mechanism of the VHPO-
catalyzed halogenation. b) Structure alignment of active site residues (green) and residues proximal to the active
site (grey) of selected vanadium-dependent haloperoxidases from A. marina (PDB: 5LPC, l l), A. nodosum (PDB:
1QI9, ), C. officinalis (PDB: 1QHB, [, ), C. pulifera (PDB: 1UPS8, , |, C. inaequalis (PDB: 1IDQ, [}, ). The
residue nomenclature follows the sequence of the bromoperoxidase of A. marina. The backbone in grey is derived
from the crystal structure of A. marina (PDB: 5LPC). c) Selected example of a non-selective and a selective
halogenation catalyzed by algal VHPOs!? and Streptomyces CNH-189, respectively.le d) This work delivering
molecular insights gained by single point mutations of R425 and the structure-activity analysis of this mutant.
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95 Here, we set out to decipher the structural factors determining halogen specificity in VHPOs.
96  Using computer-assisted protein design,* sampled mutations allowing for sequence variability
97 toinfluence chlorination rate while maintaining structural integrity and stability were predicted
98 in the cyanobacterial VBPO from Acaryochloris marina. The Arg at position 425, located
99  outside the active site, stood out as being replaceable with smaller and polar amino acids,
100 such as Ser (R425S). Mutagenesis experiments in the second shell combined with activity
101  screening assays revealed that R425S-VCPO was transformed into a chloroperoxidase
102  capable of efficient aromatic chlorination, even on a preparative scale. Subsequent X-ray
103  crystal structure analysis of the R425S variant visualized the formation of structural elements
104  (residues 390-404) that are intrinsically distorted in wild-type AmVHPO. Intriguingly, the
105  structural motif is only involved in intermolecular interactions with the active site of the
106  neighboring subunit. There, it introduces a tunnel to the catalytic metal center and, at the same
107 time, forms a precise binding site ideal for aromatic substrates. Thus, the combined
108 computational, structural, and chemical approach revealed that the halogen specificity is
109 coordinated at the intersection of subunits, and an induced fit mechanism for substrate binding
110 is proven by co-crystallization experiments of trimethoxybenzene (7) with the R425S-VCPO.
111  Insummary, the validated substrate binding channel and the halogen specificity are significant
112  observations for enzyme engineering and database-driven predictions of VCPO-enzyme

113 functions.
114

115 Computational screening for mutation sites close to the vanadate binding site. For
116  elucidating the halogen specificity in VHPOs, we chose the vanadium-dependent
117  haloperoxidase AmVHPO from the cyanobacterium Acaryochloris marina MBIC 11017.5¢
118  AmVHPO is available in high yields (30 mg L) using a recombinant E. coli expression system
119  and is structurally well characterized. In addition, the enzyme shows remarkable robustness
120 towards organic solvents and heat, together with a broad substrate scope for aromatic
121 bromination, making it a perfect candidate for mechanistic investigations and biotechnological
122  applications.®47130.15 We started our studies by identifying amino acids near the active site that
123  can be modified without affecting the expression of the enzyme (Fig. 2a). Using a model of the
124  AmVHPO structure (cf. SI, SFig. 13 and 14), we designed the sequence using the deep
125 learning-based method ProteinMPNN.¢ Interestingly, position R425 was predicted to respond
126 well to substitutions with smaller amino acids, such as Ala or Ser (Fig. 2b). Notably, this
127  arginine residue is located i-3 from the active site lysine (i-3K, Lys428 AmVHPO, see Sl, SFig.
128  13b). While the sequence alignment with other VHPOSs revealed R425 in VBPOs from the red
129  algae Corallina officinalis and C. pilulifera, chlorinating VHPOs from the fungus Curvularia
130 inaequalis and the brown alga Ascophyllum nodosum consist of a Trp in these positions (Fig
131 1b). Indeed, Izumi et al.}” showed that a mutation of R397 in CpVHPO (corresponds to R425
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132 in AmVHPO) to Phe or Trp increased chlorination activity. Additional calculations using the
133 cartesian AAG protocol implemented in Rosetta'® revealed that substitutions of R425 by small
134  side chains do not confer an energetic advantage. However, these mutations increase solvent

135  accessibility at the enzymatic site (see Sl, SFig. 13c and 16).

136
b) > Residue numbers
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138 Fig. 2 | Sequence design of residues in proximity to the active site. a) Visualization of the AmVHPO model.
139 Two chains of the decamer are shown. The design of surface-exposed residues was simulated in a 10 A radius of
140 the catalytic residue K428. Designed residues pointing towards the substrate channel are highlighted in violet. The
141 phosphate position was superimposed from 5LPC.54 b) Conditional probabilities predicted by ProteinMPNNZ6 for
142 the designed positions in the AmMVHPO dodecamer model.

143

144  Changing AmVHPO reactivity by mutagenesis at R425. We created a library of mutant
145  enzymes by site-saturated mutagenesis of the targeted R425 to validate the calculated results
146  and screened the catalytic fidelity of the obtained mutants using the UV monochlorodimedone
147  (MCD, 3) assay.!® The results clearly showed that position 425 is critical for the substrate
148  specificity of AmMVHPO (see Sl, chapter 3). Strikingly, the reaction rate of bromination and
149  chlorination drastically increased from 53% for bromination and 8% for chlorination for the wild-
150 type AmVHPO to 91% and 74%, respectively, for the R425S variant (Fig. 3 and Sl). The
151 exchange of R425 by Ala (21% bromination of 3; 28% chlorination of 3) and Thr (83%
152 bromination of 3; 11% chlorination of 3), which were both likewise predicted by ProteinMPNN

153  (cf. Fig. 2), also showed an overall enhanced halogenation activity compared to the wild-type,
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but this was not as significant in terms of chlorination as observed for the R425S mutant.
Interestingly, substituting R425 with either Phe (2% chlorination of 3) or Trp (10% chlorination

of 3) displayed almost no change or even a decrease in chlorination activity.

Enzyme kinetics for chloride, bromide (see Sl, chapter 5), and hydrogen peroxide as substrates
were determined using the MCD assay with saturating levels of the respective remaining
substrates at the optimum pH value (pH 6.0) to classify the reaction as pseudo-first order.
Kinetic parameters for chloride and H.O- were determined based on Michaelis-Menten curves.
The Kwm values for H,O, were similar between the R425S mutant (66 M) and the wild-type (60
uM),%d while the binding constants for chloride differed significantly. Only for the mutant it was
possible to determine the Ky for chloride, leading to 167 mM, which is in line with that of other
VHPOs showing significant chlorinating ability, such as the AnVHPO (344 mM) from brown
algal’’ or the VCPO from the deep-sea hydrothermal vent fungus Hortaea werneckii (237
mM).?° Taken together, the change of the i+3 amino acid did not affect the binding of the
oxidant H,O; to the enzyme’s active site but dramatically affected chloride processing. As
different amino acids three positions apart from the active site lysine (Lys428) trigger an
enhanced chlorination activity in different VHPOSs, such as, e.g., Phe and Trp in CpVHPO, Trp
in AnVHPO or Ser in AmVHPO, the halogen specificity cannot be traced back to a direct
interaction of a single amino acid residue with the halogen or the vanadate cofactor. Different
amino acids influence the oxidation potential towards chloride and/or accelerate the speed of
oxidation in the class of VHPO enzymes. Thus, a more systemic analysis of VHPOs is needed

to reveal the structure-activity relationship.
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176 Fig. 3 | Mutant screening and aromatic halogenations of phenol red (5). a) Bromination and chlorination
177 activities of relevant R425 mutants using monochlorodimedone (MCD, 3) assay. The serine variant stands out with
178 a ten times higher conversion of MCD (3) than the wild-type. Comparison of b) the aromatic bromination and c)
179 aromatic chlorination ability over time using phenol red (5) and d) 1,3,5-trimethoxybenzene (7, TMB) using the wild-
180 type AmVHPO and the variants R425D and R425S.

181

182  Additionally, alternative substrates were examined for enzymatic halogenations. The R425S
183  mutant preferentially accepts aryl derivatives and thus exhibits a similar substrate scope as
184  the wild-type enzyme. A comparison of our standard reaction with phenol red (5) revealed that
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the R425S variant chlorinated both substrates. At the same time, no activity was measured in
the presence of the wild-type enzyme or the R425D mutant (Figure 3b). Intriguingly, a range
of other aromatic substrates, such as TMB (7), thymol indoles, pyridines. were transformed to
the corresponding chlorinated products with excellent regioselectivities and high yields (see
Sl, chapter 10).

Molecular insights into AmVHPO variants. To understand the role of position 425 for
halogen specificity in AmVHPO, we crystallized each, a catalytically highly competent VCPO
(R425S, PDB ID 8Q21 and 8Q22; see SI, STable 5) and a VBPO (R425D, PDB ID 8Q20; see
Sl, STable 5) mutant by the hanging drop vapor diffusion method. An isosteric phosphate,
obtained from the reservoir solution,® replaced the cofactor vanadate in the enzyme crystals.
Both mutant structures feature the identical characteristic assembly of a hexamer of dimers,
arranged in a "head-to-tail” orientation with superimposable key catalytic residues when
compared to the wild-type (Fig. 4a). Remarkably, variant R425S showed an interaction
between Ser425 and a region of the adjacent subunit (Fig. 4b, highlighted in blue). In detall,
residues 390-404 in the wild-type structure lack a defined electron density due to flexibility. In
contrast, in R425S, this section consolidated in a loop structure, strongly influenced by the
introduced serine residue (Fig. 4b, highlighted in blue). The hypothesis that this loop is
responsible for the halogen specificity is supported by the crystal structure analyses of the
AmVHPO mutant R425D (cf. Fig. 5), which has no chlorination activity and lacks a structured
conformation of residues 400-405.

b)

AmVHPO wild type
R425S: - R425S

Fig. 4 | X-ray structure of the AmVHPO-R425S mutant in complex with 1,3,5-trimethoxybenzene (7, TMB). a)
Ribbon diagram of dodecameric AmMVHPO-R425S mutant with its surrogate TMB (7, one subunit is depicted in
green, 7 and phosphate (PO4%) are shown as a ball-and-stick model with gold carbon atoms; PDB ID 8Q22). b)
Structural superposition of AmMVHPO-R425S (green) and wild-type AmVHPO (tan, PDB ID 5LPC). Dots indicate a
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212 loop region that lacks defined electron density in the wild-type structure (residues 390-404, highlighted in cyan) but
213 which adopts a defined motif in the mutant.

214

215 A long-standing hypothesis is that VHPO-catalyzed halogenation of organic compounds
216  occurs outside the enzyme, with the corresponding hypohalous acid diffusing freely in solution.
217  However, there is increasing evidence for a more complex mechanism within the catalytic
218 center of these enzymes.®? Recently, extensive investigations on the bacterial VCPOs
219  operating with high selectivity in the napyradiomycin and merochlorin biosynthesis*" and
220 computational studies together with kinetic experiments on CiVHPO? hinted at a substrate
221  binding site in these VHPOs. This assumption aligns with earlier investigations demonstrating
222  that indoles and terpenes are preferentially brominated over MCD (3) when these substrates
223  are present in equimolar concentrations.'%32 Despite these important studies, there is still a
224  massive debate on the existence of a substrate-binding site in VHPOs and whether the
225  halogenation occurs within the substrate enzyme complex or outside the enzyme by freely
226  diffusing HOX. However, for the highly reactive hypochlorous species HOCI, the chlorination
227  reaction likely occurs immediately after the in-situ formation of the electrophilic chlorine
228 reagent, rendering the halogenation of an enzyme-bound substrate very likely. Competition
229  assays for the chlorination of 3 in the presence of varying amounts of TMB (7) showed a
230 preference for TMB over 3 (see SlI, chapter 6). The hypothesis of a substrate binding site in
231  R425S-AmVHPOs was thus further verified. Encouraged by this result, we started co-
232 crystallization experiments using 7 as a ligand. As shown in Figure 5, TMB (7) only binds to
233 the AmVHPO once the ordered loop region at the interface of two enzyme subunits (loop
234 region, residue 390-404, cyan) is defined. In the R425D mutant, this motif is only partially
235  present (residue 390-400), so no interactions with 7 can occur. These molecular findings agree
236 with the wild-type structure, in which residues 390-404 are also flexible. Thus, the plasticity of
237  the specificity pocket depends on the introduced mutant, and only a small modular sequence
238  motif coordinates substrate selection (Fig. 6a). Consequently, no substrate-binding site is
239  presentin the wild-type AmVHPO.

240

241 Fig. 5| Surface cross-section of AmVHPO variants in complex with 1,3,5-trimethoxybenzene (7). The cartoon
242 represents one of 12 active sites in AmMVHPO. The substrate binding pocket comprises two AmVHPO subunits
243 shown in green and grey, respectively. Other subunits of the dodecamer are colored brown. TMB (7) is only bound
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in the R425S mutant (PDB ID 8Q22). Superposition of the liganded AmMVHPO-R425S mutant with wild-type (PDB
ID 5LPC) and R425D (PDB ID 8Q20) structures illustrates how 7 may bind in these variants. Residue 425 (magenta)
has a significant impact on the shape of the specificity pocket: TMB (7) is stabilized by a defined loop region from
the adjacent subunit (residues 390-404, highlighted in cyan), which is fully resolved in R425S, flexible in the wild-
type structure and partially present in R425D.

Figures 6a and 6b depict the protein residues surrounding TMB (7) in the substrate-R425S-
AmVHPO complex. These residues include Glul39 with GIn399 and Phe40l1 from the
neighboring subunit in proximity to the vanadate cofactor (replaced by phosphate in the X-ray
crystal structure). These amino acid side chains favor the anchoring of aromatic substrates. A
distance of 3.6 A between Phe401 and TMB (7) indicates a strong n-n stacking that stabilizes
the aryl-moiety of 7. Hydrogen bonding of Glu139 and GIn399 (2.8 A) and their interaction with
the active site His513 facilitate the electrophilic aromatic chlorination (SeAr). Taken together,
the combination of a narrowly shaped specific binding pocket that extends the residence time
of substrates near the active site, together with structural rearrangements forging a tunnel
structure at the interface of two neighboring subunits, enables chlorination reactions in our
engineered R425S-AmVHPO variant. These results are consistent with findings in flavin-
dependent halogenases in which tunnel formation can abolish HOX leakage, leading to

increased halogenation efficiency.??

To shed light on the effects of Glu139 and Phe401 on the catalytic chlorination process, we
replaced each of these two amino acids with glycine, generating conformationally more flexible
double mutants R425S E139G and R425S F401G, respectively. Intriguingly, the chlorination
reaction no longer took place in the F401G mutant, as shown in the enzymatic activity and
halide specificity assays (see Sl, SFig. 9), but was just slowed down for brominations (cf. Sl,
SFig. 8). This hints at the binding of the aryl substrate being decisive for chlorinations but only
having minor effects on bromination reactions. The E139G variant, however, showed a
different behavior. A significant decrease in chlorination activity was indeed observed in the
MCD (3, conversion of 3 was decreased by 20% after 15 min) and in the phenol red assay. At
the same time, no bromination was detectable at all. Moreover, the chlorination of TMB (7)
was only detectable in traces according to GC analysis. This emphasizes the supporting
function of the carboxylic acid for delivering the electrophilic halide species HOX to the

substrate and its role in stabilizing the cationic Whealand intermediate 9 (Figure 6c).
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282 only in the R425S mutant. b) Close-up view of the active site with protein side chains engaged in ligand and

283 phosphate binding. S425 is colored pink. ¢) Proposed schematic mechanism of enzymatic chlorination in R425S-

284 AmVHPO.

285

https://doi.org/10.26434/chemrxiv-2023-7130h ORCID: https://orcid.org/0000-0003-4870-2266 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-7l30h
https://orcid.org/0000-0003-4870-2266
https://creativecommons.org/licenses/by-nc-nd/4.0/

286
287
288
289
290
2901
292
293
294
295
296

297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322

Discussion. Vanadium-dependent haloperoxidases (VHPOS) are, in principle, ideal enzymes
for applications in industrial processes as they are robust to organic synthetic reaction
conditions and need just simple halides together with H,O, and vanadate to be operative. The
structural features responsible for halogen specificity are still elusive as the amino acids inside
the active site in VHPOs are highly conserved. Therefore, halide specificity must be controlled
around the vanadate binding site in the second or third sphere. The majority of identified
VHPOs produce short-lived, highly reactive hypohalites, which exhibit non-specific
halogenation reactivity towards diverse substrates.*®?® In contrast, highly stereoselective
chlorofunctionalizations within the biosynthesis of napyradiomycins and merochlorins (cf. Fig.
1c) by VHPOs from marine Streptomycetes are known.!'? This led to a highly controversial

discussion on the location of halogenation, inside or outside the enzyme.

Our study reveals that position 425 in AmMVHPO, located i+3 from the active site Lys428, plays
an important role in halogen specificity and substrate binding. Exchanging Arg425 by serine
organizes residues 390-404 in R425S to a defined loop. This structural variation has no
immediate influence on its protein subunit but causes mutual interactions of two neighboring
monomers in the ‘“head-to-tail” orientation of the dodecameric enzyme structure.
Consequently, the loop triggers the formation of a defined tunnel with the vanadate cofactor at
the end. Within this tunnel, a combination of structure-induced interactions is observed to be
responsible for substrate halogenation. A compelling interplay of Glu139, His513, and GIn399
from the neighboring subunit near the active site was induced in the R425S-variant (Fig. 6).
Although the key catalytic residues in the first coordination sphere of cofactor binding are still
strictly conserved within the R425S-AmVHPO mutant, the Ser425 from the adjacent subunit
alters the hydrogen-bonding network within the active site, thus forming a tunnel protecting the
vanadate in the active site. This reduces the access of solvent molecules to the vanadate
cofactor and thus abolishes the degradation of the reactive CI* species. Such active sites with
hampered accessibility in VHPOs have been reported only in the structurally characterized
bacterial VCPOs, catalyzing stereoselective chlorofunctionalizations,'" and the VHPO from
Zobellia galactanivorans (ZgVHPO).?* Nevertheless, comparing the structures of the wild-type
VBPOs from A. marina, C. officinalis, and C. pulifera with those of VHPOs exhibiting
chlorination activity (A. nodosum, C. inaequalis, Streptomyces CHN-189) given the knowledge
gained in the presented study a significant correlation between the exposure of the vanadate
cofactor and their halogenation activity becomes obvious (cf. SI, chapter 9, SFig. 18) and
corroborates the conclusions drawn from our mutagenesis experiments. While the active site
vanadate is located at the end of a broad funnel in all VBPOs, ensuring fast substrate access
and release of the electrophilic HOX species, different tunnel structures toward the prosthetic
group are visible in all chlorinating VHPOs. In addition, a direct correlation between

halogenation activity and the extent of the tunnel is visual—the more shielded the cofactor, the
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higher and more specific the chlorination activity. The same structure-reactivity relationship is
visible between the wild-type AmMVHPO and the R425D and R425S mutants (cf. SI, chapter 9,
SFig. 20). The access to the active site in the native and the genetically altered enzymes forms
close to the interface between two protein subunits. The interaction between those monomers
is primarily determined by loop structures (cf. Sl, chapter 9, SFigure 19). While in the wild-type
AmVHPO, the upper loop is not resolved, leaving broad access to the vanadate group, two
distinct loops in CoVHPO and CpVHPO frame the active site entrance and form a wide and
surface-exposed funnel. In AnVHPO, however, it is mainly the upper loop that engages in
tunnel formation in front of the active site, correlating with an onset of chlorination activity. This
loop is in the same region as the non-resolved loop in wt-AmVHPO that becomes ordered in
the R425S mutant, hinting at the influence of this structure on halogen selectivity. Also, in the
bacterial NapH1, two prominent loops in the respective N-terminal part of each subunit strongly
interact at the monomers’ interface. They are responsible for the dense packing around the
active site. Only the chloroperoxidase CiVHPO acts as a monomer but likewise uses a loop
structure in front of the active site that closes off the entrance and takes partin tunnel formation.
All these observations show that the defined loop formation and its induction to form a tunnel
structure to the active site is a general scheme in VHPOSs that regulate substrate specificity
and reactivity. This further underlines the importance and broad application of our successful

engineering approach.

Furthermore, the structural rearrangement induced by the single point mutation led to a defined
specificity pocket inside the newly formed tunnel, enabling TMB (7) binding at the intersection
of two neighboring subunits. The released hypochlorous acid can now immediately react with
the substrate, thus further contributing to the enhanced chlorination ability of R425-AmVHPO.
The structural and biochemical studies highlight Phe401 and Glul39 as crucial residues for
substrate binding and halogenation activity, with a significant or even total activity loss upon
their exchange by glycine. Remarkably, glutamic acid also plays a dominant role in flavin-
dependent (FAD) halogenases and is crucial for high reaction rates.? For example, the single
point mutation E346Q in the flavine-dependent halogenase PrnA caused a reduction in
halogenation rate by two orders of magnitude.?® Theoretical investigations and active site
mutagenesis studies showed that localization of negative charge and the interaction with the
chlorinating species is essential for the electrophilic aromatic substitution in such enzymes. In
our R425S variant, the hypochloric acid formed at the vanadate cofactor coordinates to Glu139
via hydrogen bonding, thus shuttling CI* from the vanadate binding site to the substrate binding
site. Simultaneously, Glu139 increases the electrophilicity by this hydrogen-bonding interaction
or even by forming the glutamyl hypochlorite intermediate (D, Figure 6c). Both activation
modes will lead to an electrophilic addition of the aromatic ring to the corresponding hypohalite

species (dashed versus plain arrows). It is plausible that the E139G variant could not chlorinate
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TMB (7) due to lower electronic activation of the substrate compared to 3 and 5 (see SlI, chapter
4). After the electrophilic CI* is transferred to TMB (7), Glu139 stabilizes the cationic Wheland
intermediate (9, Figure 6c¢) via ionic interactions, and the carboxylate moiety in Glu139

facilitates deprotonation of cationic intermediate furnishing the final product 8.

In summary, our results provide insights into the long-standing question of halogen specificity
in VHPOs and have proven the existence of a substrate-binding site in VHPOs for the first
time. An Al-guided rational design led to a successful enzyme engineering to switch the
halogen specificity in AmMVHPOSs. A single point mutation of an amino acid residue outside the
active site (position 425) in AmMVHPO initiates a complex structural rearrangement within the
protein scaffold, leading to an engineered enzyme pocket, which enables efficient aromatic
chlorinations. Comparing the structures of different VHPOs points toward a general correlation
between the chloroperoxidase activity and the enclosure of the active site prosthetic group
within the enzyme, which is influenced by loops surrounding the entrance to the active site that
is mainly located at the interface of two neighboring protein subunits. Halogen oxidation and
halogen delivery in VHPOs are locally separated and occur at different binding sites that are
closely related. While the vanadate binding site is responsible for halogen oxidation, another
binding site in the surroundings accommodates a specific substrate. In addition, a glutamic
acid residue within the substrate binding site plays a decisive role in the chlorination ability of
aromatic substrates. These structural features are similar to those identified in FAD-dependent
halogenases and corroborate a similar concept applied by nature for selective halogenations
in both enzyme classes. Given the advantages of VHPOSs for organic synthesis compared to
classical chemical catalysts, especially regarding sustainability and environmental protection,
we are convinced that our findings will lay the foundation for their further engineering and, thus,

biotechnological application in the future.
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